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Abstract
Voltage-gated sodium channels initiate and propagate action potentials in excitable
cells. Ten distinct pore-forming a-subunits of voltage-gated sodium channels have
been identified. The tetrodotoxin-resistant (TTX-r) sodium channel Navl.8 (also
known as SNS/PN3) is primarily expressed in small diameter C-fiber-associated
sensory neurons. Behavioral studies on Navl.8 null mutant mice have demonstrated a
role for Nay 1.8 in the detection of noxious thermal, mechanical and inflammatory
stimuli. Unlike other sodium channels, Nayl.8 is poorly expressed in mammalian cell
lines even in the presence of accessory p-subunits. Experimental evidence suggests that
Nay 1.8 requires accessory neuronal co-factors for high-level expression to produce
currents comparable to characteristics exhibited in sensory neurons by endogenous
Nayl.8. A yeast two-hybrid screen was used to identify novel regulatory proteins for
Nayl.8. Twenty-eight interacting clones were identified by using the intracellular loops
of the a-subunit of Nayl.8 as baits in the yeast two-hybrid screen. All clones identified
are expressed in small-diameter sensory neurons as indicated by in situ hybridization,
and co-immunoprecipitation studies confirmed most of the clones bind strongly to
Nayl.8. After initial screening, one of the clones, pi 1, which is a member of the family
of S I00 related calcium-binding proteins, was chosen for further studies, p i 1 binds
directly to the N-terminus of N ayl.8 a-subunit and promotes the translocation of
Nayl.8 to the plasma membrane resulting in channel activity in CHO cell line. The
endogenous N ayl.8 current in sensory neurons is inhibited by antisense downregulation of p i 1 expression. Thus, a p i 1-Nay 1.8 direct interaction is required for
functional expression of N ayl.8 in sensory neurons. However, the biophysical
properties of the pll-induced Nayl.8 current in Chinese Hamster Ovary (CHO) cells
are different from endogenous N ayl.8 current found in neurons. This suggests that
other regulatory factors, perhaps extracellularly interacting ones, are involved in the
functional expression of this channel. Hence, a second yeast two-hybrid screen was
carried out using the extracellular loops as bait.
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Chapter One
Identification of Sensory Neuron-Specific Sodium Channel Nayl.8
(SNS) Interacting Proteins in Rat Dorsal Root Ganglia Using the
Yeast Two-Hybrid Screen.
Synopsis
This chapter provides a general introduction to nociception, voltage-gated sodium
channels and the importance of the sensory neuron-specific sodium channel, Navl.8, in
pain pathways. This chapter also describes the use of a yeast two-hybrid screen in the
identification o f potential regulatory proteins for Navl.8 by using the intracellular
domains of the a-subunit of Navl.8 as baits.
Introduction
Nociception

Nociception is the activation of sensory neurons by noxious stimuli. The
primary sensory neurons that are involved in the detection of noxious stimuli are
known as nociceptors and can be excited by a number of different noxious stimuli. For
example: thermal nociceptors are activated by extreme temperature whereas
mechanical nociceptors are activated by intensive pressure applied to the skin.
Meanwhile, polymodal nociceptors are activated by high intensity mechanical,
chemical or thermal stimuli (reviewed by Julius and Basbaum, 2001). The nerve
endings of these damage-sensing neurons are not localized to a particular anatomical
structure, but are instead dispersed over the body, innervating skin, muscle, joints, and
internal organs. Their cell bodies are located outside the spinal column in the dorsal
root ganglia (DRG). Noxious stimuli are translated into action potentials at the sensory
endings of nerves and are transmitted to the spinal cord then onto the cerebral cortex,
where the perception of pain occurs. When nociceptors are excited by noxious stimuli,
it is the voltage-gated sodium channels that are responsible for the initiation and

propagation of action potentials.
Primary sensory neurons vary substantially in size, peptide content, and
electrophysiological properties. Broadly, they can be divided into two groups; largediameter cell bodies o f myelinated (A fibers) and small-diameter cell bodies of
unmyelinated axons (C-fibers) (Figure 1.1). These afferent fibers conduct action
potentials at different rates and the conduction velocity is directly related to fiber
diameter. The myelinated, rapidly conducting A a/p fibers, arising from cell bodies
with the largest diameter, are important in detecting innocuous stimuli and are involved
in mechanoreception or proprioreception. Some nociceptive neurons also have fibers
that conduct in the A a/p fiber conduction range (Lawson, 2002). Meanwhile, cell
bodies with small to medium diameter give rise to most of the nociceptors, including
unmyelinated, slowly conducting C-fibers and thinly myelinated, more rapidly
conducting A8 fibers. Aô fibers can further be divided into two main classes that can be
distinguished by their differential responsiveness to intense heat and tissue injury, but
both classes respond to intense mechanical stimuli. Most C-fiber nociceptors are
polymodal, responding to noxious thermal and mechanical stimuli while others are
mechanically insensitive but respond to noxious heat. Also, most C-fiber nociceptors
respond to noxious chemical stimuli such as acid or capsaicin (reviewed by Julius and
Basbaum, 2001).
Similarly, unmyelinated C-fibers can be futher divided into two classes:
peptidergic and non-peptidergic. The peptidergic population contains peptide
neurotransmitters, such as substance P, and expresses TrkA, the high-affmity tyrosine
kinase receptor for nerve growth factor (NGF) (reviewed in Julius and Basbaum, 2001).
Under normal circumstances, the most common neuropeptides found in these primary
afferents are substance P and calcitonin gene-related peptide (CGRP). Under
pathological conditions, such as nerve injury or peripheral inflammation, peptide and
peptide receptor content are dramatically altered. For example, substance P and CGRP
levels in DRG neurons increase during inflammation, but dramatically decrease
following axotomy. The non-peptidergic population does not express substance P or
TrkA but can be labelled selectively with the a-D-galactosyl-binding lectin IB 4 . The
IB 4 population of cells express a tyrosine kinase receptor, c-ret, and are regulated by
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glial cell line-derived neurotrophic factor (GDNF) (reviewed in Wiesenfeld-Hallin and
Xu, 2001).
Primary nociceptive afferent fibers transmit information regarding noxious
stimuli to the dorsal horn of the spinal cord. The dorsal horn comprises laminae I-VI,
while lamina VIII and IX are the medial and lateral ventral horn, respectively. A6 and
C fibers terminate in different laminae o f the dorsal horn. C fibers primarily project
into IIo (the outer part o f lamina II) and lamina V, while AÔ fibers project
predominantly into lamina I (Ma and Xian, 2001). Following nociceptive signalling
originating from the periphery to the dorsal horn, intemeurons of the dorsal horn
transmit this input to the supraspinal centers. The five main ascending pathways are the
spinothalamic, spinoreticular, spinomesencephalic, cervicothalamic and spinothalamic
tracts (Willis and Westlund, 1997).
The perception o f pain is a complex interaction that involves sensory,
emotional, and behavioral factors. Many forms of pain arise from direct activation or
sensitization of primary afferent neurons, especially C-fibers. Insults to afferent fibers
and peripheral tissues, such as neuropathy and inflammation, frequently give rise to
exaggerated responses to non-noxious and noxious stimuli. These exaggerated
responses are known as allodynia and hyperalgesia respectively. There is evidence
suggesting that allodynia and hyperalgesia are due to peripheral sensitization (an
increased sensitivity of peripheral afferent nociceptors at the site of injury) and central
sensitization (altered sensory processing in the spinal cord).
Tissue injury leads to the release of inflammatory mediators from damaged
cells including ions (K^, H^), bradykinin, histamine, 5-hydroxytryptamine (5-HT),
ATP, and nitric oxide and gives rise to inflammatory pain. Some of the mediators
released activate peripheral nociceptors directly, whereas others act indirectly via
inflammatory cells to stimulate the release of additional pain-inducing agents (reviewed
in Kidd and Urban, 2001). The neurotrophic growth factor, nerve growth factor (NGF),
contributes to the changes in neuron sensitivity observed during inflammation and
plays an important role in mediating inflammation-induced hyperalgesia. NGF is
produced in the periphery by fibroblasts and Schwann cells and a large number of
inflammatory mediators act to increase NGF production, such as interleukin-Ip (IL-lp)
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and tumor necrosis factor alpha (TNFa).The levels of NGF have been reported to
increase in animal models of inflammation and in human disorders including arthritis,
cystitis and asthma. The importance of hyperalgesia induced by high levels of NGF has
been highlighted by a number of studies showing a significant reduction in pain
behavior when NGF is removed by the presence of anti-NGF antibodies (reviewed in
Kidd and Urban, 2001).
Direct injury to nerves in the peripheral or central nervous system can result in
neuropathic pain. Neuropathic pain can originate from a variety of conditions but is
often caused by diseases, such as HIV infection, diabetes and shingles, or fi*om trauma,
surgery, or amputation. Animal models used to study neuropathic pain often
concentrate on mechanical nerve injury, such as axotomy, and metabolic diseases, i.e.
the streptozotocin-induced diabetic rat. Neuropathic pain is often debilitating and
difficult to treat. Hyperexcitability and increased baseline sensitivity o f primary
sensory neurons following nerve injury can lead to abnormal activity associated with
pain. Studies have shown that following axonal injury, neurons display changes in
excitability associated with altered sodium channel expression (Dib-Hajj et a l, 1996;
Okuse et a l, 1997).
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Figure 1.1. A simplistic schematic diagram of dorsal root ganglion sensory neurons.
Peripheral nerves include small diameter (A5) to medium-to-large diameter (Aa, p)
myelinated afferent fibers, as well as small diameter non-myelinated (C) fibers
(modified from Julius and Basbaum, 2001)
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Voltage-Gated Sodium Channels
Voltage-gated sodium channels (VGSCs) mediate the sodium conductance
responsible for the rapidly rising phase of the action potential in excitable cells such as
nerve and muscle. When primary sensory neurons are excited by noxious stimuli,
VGSCs are responsible for the initiation and propagation of action potentials. Sodium
channels are characterized by voltage-dependent activation, rapid inactivation, and
selective ion conductance. Depolarization of the cell membrane opens the ion pore
which allows sodium to passively enter the cell down its concentration gradient. The
increase in sodium conductance further depolarizes the membrane to near the sodium
equilibrium potential. Inactivation of the sodium channel occurs within milliseconds,
initiating a brief refractory period during which the membrane is not excitable.
VGSCs are glycoproteins formed by a central, pore-containing a-subunit of 260
kDa, and in some tissues the a-subunit is associated with accessory (3 subunits. Ten
genes encoding sodium channel a-subunit have been identified so far. The a-subunit
isoforms have distinct patterns of development and localization in the nervous system,
skeletal and cardiac muscle. Four isoforms N ay l.l, Nayl.2, Nayl.3, and Navl.6 are
expressed at high levels in the central nervous system (CNS). Two isoforms are found
in muscle; Nay 1.4 in adult skeletal muscle and Nayl.5 in embryonic and denervated
skeletal muscle and heart muscle. Three isoforms Nayl.7, Nayl.8 and Nay 1.9 are
expressed primarily in the peripheral nervous system (PNS) (reviewed in Goldin,
2001). The remaining one isoform, Nax, is expressed in the heart, uterus, glia, and in
the PNS (reviewed in Ogata and Ohishi, 2002).
Besides the distinct pattern of localization of these ten isoforms, they also show
differences in their electrophysiological characteristics and in their sensitivity to the
neurotoxin, tetrodotoxin (TTX) (Table 1.1). TTX is a guanidinium toxin found in
Puffer fish. TTX-sensitive (TTX-s) VGSCs are blocked by TTX at single nanomolar
concentrations. Action potential generation and propagation in skeletal muscle fibers
and in many nerve fibers is blocked by TTX. O f the ten isoforms of VGSCs, only
N ay 1.5, N ay l.8 , and N ay 1.9 are tetrodotoxin-resistant (TTX-r) (reviewed in Baker and

Wood, 2001).
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Despite differences in functional properties, pharmacology, and localization, all
VGSCs a-subunits consist of four repeated homologous domains (DI-IV), each
containing six a-helical transmembrane segments (S I-6), intracellular loops connecting
the four domains (ID 1-4), and intracellular amino- and carboxy-termini (Figure 1.2).
The a-subunit forms the ion pore and is responsible for the voltage-sensitive
characteristics of the channel. Functionally critical domains are highly conserved
amongst the different isoforms o f VGSCs. For instance, the short hydrophobic
segments between S5 and S6 (designated as SSI and SS2) in the four domains are
involved in channel pore formation. The preceding SS1/SS2 segments, also known as P
loops, form the narrower, ion-selective outer lining of the pore (reviewed in Catterall,
2001). Meanwhile, the positively charged S4 transmembrane segment in each domain
serves as a voltage sensor for channel activation, responding to changes in the
transmembrane potential. The S4 segments contain from two to eight positively
charged residues, typically separated from one another by two neutral residues. S4
segments rotate when depolarized, causing charged residues to move from an
intracellular vestibule to an extracellular vestibule (Horn, 2000). This movement of the
S4 segments leads to the opening of the channel. The short intracellular loop
connecting domains III and IV is involved in the inactivation the channel by folding
over and blocking the inner mouth of the pore shortly after the opening of the channel
(reviewed in Catterall, 2001).
Cryo-electron microscopy and nuclear magnetic resonance (NMR) analyses
have shed light on the 3D structure of the a-subunit of VGSCs. The sodium channel
protein is bell-shaped, with about 47% of its mass on the intracellular side of the
membrane and 24% on the extracellular side. Much of the intracellular mass is likely to
be contributed by the large amino- and carboxy- regions and the large intracellular
loops connecting domains I, II, and III (reviewed in Catterall, 2001).

15
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Old Name

Gene

Tissue

Symbol

Present in

Sensitivity

DRG

to TTX

N a v l.l

Type I

SCNIA

CNS

Yes

+

N a v i. 2

Type II

SCN2A

CNS

Yes

+

Nayl.3

Type III

SCN3A

CNS

Yes*

+

Nayl.4

SkMl

SCN4A

Skeletal Muscle

No

+

Nay 1.5

SkM2

SCN5A

Heart

Yes*

-

Nay 1.6

PN4

SCN8A

CNS, PNS

Yes

+

Nay 1.7

PNl

SCN9A

PNS

Yes

+

Nayl.8

SNS, PN3

SCNIOA

PNS

Yes

-

Nay 1.9

NaN, SNS2

SCN llA

PNS

Yes

-

Nax

NaG, Nay2.1,
Nay2.2,
Nay2.3

SCN7A

PNS, uterus,
heart, skeletal
muscle

Yes

Table 1.1. Mammalian sodium channel a-subunits showing gene name and tissue
distribution, also displaying sensitivity to the neurotoxin, tetrodotoxin (TTX).
Abbreviations: VGSC, voltage gated sodium channel; DRG, dorsal root ganglion;
CNS, central nervous system; PNS, peripheral nervous system. + indicates
tetrodotoxin-sensitive and - indicates tetrodotoxin-resistant. * In embryonic DRG only,
Waxman et a l, 1994; Renganathan et a l, 2002.
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Figure 1.2. A two-dimensional representation of the a-subunit of the voltage gated
sodium channel. Voltage gated sodium channels consist o f four homologous
transmembrane domains (labelled as domain I-IV) and each domain comprises six
transmembrane segments (labelled here as 1-6) (reproduced from Catterall, 2001).
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Sodium Channel B Subunits

Most of the sodium channel a-subunits are likely to be associated with accessory p
subunits in vivo (reviewed in Isom, 2002). The a-subunit forms the central aqueous
pore of the channel while accessory P subunits modulate channel properties and
interact with cytoskeletal and extracellular matrix proteins. The P subunit gene family
consists of three members: p i (SCNIB), P2 (SCN2B), and P3 (SCN3B). plA , a splice
variant of the SCNIB gene, has also been described (reviewed in Isom, 2002). The pi
subunit is expressed in adult spinal cord, brain, large-diameter sensory neurons in
DRG, sciatic nerve, skeletal muscle, glia, and heart. The splice variant, p i A-subunit,
has an additional 66-residue region inserted between the transmembrane and Nterminal domains as compared to pi. Immunohistochemical analysis of pi A expression
revealed that it is expressed in adult DRG, spinal cord, brain, and heart. Studies
examining the developmental time course of pi and pi A mRNA expression in rat brain
showed that p iA is expressed early in embryonic development. Its expression declines
to undetectable levels after birth as the expression of p i increases (reviewed in MalikHall et al., 2002). P2 is expressed at low levels during embryonic brain development
and then at high levels in brain and spinal cord following postnatal day 7. p2 is also
found in heart muscle and in peripheral sensory neurons (reviewed in Isom, 2002). By
using in situ hybridization, Shah et al. (2000) showed that the p3 subunit is found
primarily in small diameter, but is poorly expressed in large diameter sensory neurons.
The coding region of the rat p3 nucleotide sequence is 57% identical to rat pi and 40%
identical to rat P2 (Morgan et al., 2000). The 36 kDa p i subunit is noncovalently
attached to the a-subunit while the 33kDa p2-subunit is covalently linked to the asubunit by disulfide bonds. The association of p3 with the a-subunit is more likely to
be non-covalent, like the p i subunit, since it has similar extracellular domains as
pi (reviewed in Isom, 2002).
P-subunits are transmembrane proteins with extracellular immunoglobulin
domains that are structurally homologous to the V set of the immunoglobulin super
family that includes cell adhesion molecules (CAMs) (reviewed in Isom, 2002). CAMs
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play a diverse role in neural development. The IgG-like folds in CAMs bind
extracellular proteins and influence neuronal migration, axonal extension, and
interaction with substrate and other cells. Sequence analysis of p2 revealed that its
extracellular domain contains an immunoglobulin fold and an extended region with
similarity to the CAM contactin. The extracellular domains of p i, piA , and p3 showed
similar homology to the CAM myelin P q.
Several groups have examined the effects of P-subunits on the expression and
kinetics of different a-subunits. Co-expression of p i with rat Nay 1.2 a-subunits in
Xenopus oocytes increased the size of the peak sodium current, accelerated its
inactivation, and shifted the voltage dependence of inactivation to a more negative
membrane potential, suggesting that p i is important in the assembly, expression, and
functional modulation of N ayl.2 (Isom et al., 1992). Co-expression of p i and the
Nay 1.2 a-subunit in Chinese Hamster Ovary (CHO) cells also shifted the voltage
dependence of inactivation and voltage dependence of channel activation to a more
negative membrane potential and increased the level of sodium channels at the plasma
membrane (Isom et al., 1995a). Meanwhile, functional co-expression of Nay 1.2 with
p i A in transfected Chinese hamster lung fibroblasts resulted in a 2.5 fold increase in
current density compared with cells expressing a-subunit alone (Kazen-Gillespie et al.,
2000). Co-expression of P2 with Nay 1.2 a subunits'm Xenopus oocytes caused an
increase in functional expression of sodium charmels, and a small negative shift in the
voltage dependence of channel inactivation (Isom et al., 1995a).
Xenopus oocytes expressing rat N ay l.3 , either alone (Joho et al., 1990) or with
P subunits exhibit sodium currents with a prominent component showing a slow rate of
inactivation and slow recovery from inactivation (Shah et al., 2001). However,
Cummins et al. (2001) found that rat N ay l.3 , when expressed in human embryonic
kidney (HEK) cells, mediates a rapidly repriming and rapidly activating and
inactivating sodium current. They found no effects of p i on rat N ay l.3 function and
positive shifts in activation and inactivation with P3. These data are very different from
the behavior of rat N ay l.3 currents recorded in Xenopus oocytes. Chen et al. (2000)
showed that human N ay l.3 sodium channels expressed in CHO cells also form rapidly
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inactivating and repriming sodium channels, in the absence of P subunits. Meadows et
al. (2002) investigated the effect of P subunits on the channel properties by expressing
them in a stably transfected CHO cell line expressing human Nay 1.3. P2 did not affect
channel properties, either when expressed by itself or in combination with p i or pS.
Co-expression of p i or p3 subunits, on the other hand, shifted the inactivation curve to
more negative potentials and slowed the repriming rate three-fold, although neither
affected the inactivation time course or the voltage dependence of activation. Their
results also showed that the transient expression of P subunits does not increase the
number of functional sodium channels expressed in CHO cells. Therefore, it is clear
that the association between VGSC a - and p-subunits plays a critical role in channel
gating, voltage dependence of activation and inactivation, and in the levels of channel
protein expression, but the effects are cell-type specific. Functional modulation of asubunit by P-subunits can be qualitatively different between Xenopus oocytes and
mammalian cells (reviewed in Isom, 2002). However, observations from oocytes and
mammalian cells both show that P-subunits can modify the functional expression and
perhaps the trafficking of the a-subunit of VGSCs.
Another line of evidence which support the role of P-subunits in determining
the level of expression and kinetics of functional Nay 1-2 a-subunits comes from the
P2-subunit null mutant mice (Chen et a l, 2002). Chen et al. has shown that there is a
reduction in the level of plasma membrane sodium channels in P2-subunit null mice by
using [^H] saxitoxin (STX) binding. STX, like TTX, selectively blocks VGSCs at the
outer vestibule lined by P loops of the four domains and can be radioactively labelled.
The maximal amplitude of the sodium current in P2-subunit null mice was also reduced
and the voltage dependence of inactivation was shifted to more negative potentials.
However, these mutant mice have normal brain, axon, and neuronal morphology as
well as normal neurological function. Their observations suggest that even though the
P2-subunit is not required for sodium channel expression, it is still nevertheless
important in the maintenance of normal levels of sodium channels at plasma membrane
and is required for normal voltage dependence of inactivation.
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Earlier studies focused on the effect of (3-subunits on levels of channel
expression and kinetic properties. Since P-subunits are similar in structure to CAMs, it
has been suggested that P-subunits play a vital role in determining the pattern of
expression of functional a-subunits (reviewed in Isom, 2002). A tight control of the
cell surface density and localization o f VGSCs is imperative for normal neuronal
function. The localization of VGSCs is particularly important at nodes of Ranvier of
myelinated axons where high densities of sodium channels are needed for rapid and
reliable saltatory conduction (Salzer, 1997). Malhotra et ah (2000) have shown that pi
or P2 subunit-transfected S2 {Drosophila Schneider's line 2) cells exhibit strong
homophilic cell adhesion leading to ankyrin recruitment at sites of cell-cell contact
whereas untransfected S2 cells do not adhere to each other. S2 cells transfected with
mutated pi or P2 subunits, which lack the intracellular C-terminal, adhere to each other
but were not able to recruit ankyrin, suggesting the intracellular C-terminal is necessary
for ankyrin recruitment but not necessary for cell aggregation. The ankyrins are a
family of spectrin-binding proteins associated with the cytoplasmic surface of the
plasma membrane. Therefore, these data revealed that the intracellular domains of pi
and P2 are required for cytoskeletal interactions. It has also been shown by Davis et al.
(1996) that ankyrin-G colocalizes with VGSCs, neurofascin, and neuronal cell adhesion
molecule (NrCAM) at nodes of Ranvier. Taken together, these observations suggest
that P-subunits and ankyrin-G may interact at nodes of Ranvier and may therefore play
a role in cell adhesion and in sodium channel placement at nodes of Ranvier (Figure
1.3).
Other studies have also provided evidence to indicate that P subunits may play
an important role in determining the pattern of expression of functional a-subunits.
When rat embryonic brain neurons were cultured, a-subunits that were not linked to P2
subunits could be detected. However, a-subunits, which were disulfide-linked to P2
subunits, were found primarily at the cell surface, suggesting that p-subunits may be
important in directing, promoting and/or stabilizing sodium channel a-subunit
localization in the plasma membrane (Isom et al., 1995b). In Zimmer’s study (2002),
they found that the p i subunit but not the p2 subunit co-localizes with the human (h)
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N avi.5 within the endoplasmic reticulum (ER) when expressed in HEK293 cells. Their
results indicate that hNavl.5 and P2 are transported separately to the plasma
membrane. In contrast, formation of the hN ayl.5/pi complex occurs within the ER,
which possibly facilitates trafficking of the channel complex to the plasma membrane.

NrCAM or
Neurofascin

adjacent cell

Extracellular

intracellular

Ankyrin

Figure 1.3. Model of P-subunit-ankyrin interactions. Two possible mechanisms
whereby sodium channel P-subunit interacts with ankyrin are presented, p-subunit may
bind ankyrin directly following homophilic interactions with P-subunit on adjacent
neurons. Alternatively, P-subunits may interact with ankyrin via Nr-CAM and
neurofascin. This interaction of P-subunits with ankyrin is an indirect mechanism.
(Reproduced from Malhotra et a l, 2000).
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Figure 1.3. Model of p-subunit-ankyrin interactions. Two possible mechanisms
whereby sodium channel p-subunit interacts with ankyrin are presented, p-subunit may
bind ankyrin directly following homophilic interactions with p-subunit on adjacent
neurons. Alternatively, p-subunits may interact with ankyrin via Nr-CAM and
neurofascin. This interaction of P-subunits with ankyrin is an indirect mechanism.
(Reproduced from Malhotra et al., 2000).
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Navl.8, Goldin et al., 2000). Nayl.8 was found to be expressed primarily in smalldiameter sensory neurons of the dorsal root and trigeminal ganglia (Akopian et al.,
1996; Sangameswaran et al., 1996). This pattern of expression has been demonstrated
by in situ hybridization and reverse transcriptase polymerase chain reaction
examination of a range of tissues. In addition, the destruction of small-diameter sensory
neurons by capsaicin, which acts predominantly on nociceptors, leads to a loss of
Nayl.8 transcript. N ayl.8 produces a slowly inactivating sodium current with a
relatively depolarized voltage dependence of activation and inactivation. Multiple
sodium channels are expressed within DRG neurons and several distinct kinetic types
of sodium current are expressed. Large-diameter neurons (>50|im diameter) appeared
to generate a single type of TTX-s current, which is identified as having “intermediate
inactivation kinetics.” Meanwhile, medium-diameter neurons (30-50 |Lim diameter)
generate both “intermediate” and “fast” inactivating currents. Small-diameter neurons
(<30|im), on the other hand, display a high activation threshold, slow activating and
inactivating current (reviewed in Baker and Wood, 2001). Along with Nay 1.9, Nayl.8
is responsible for the TTX-r sodium currents within DRG neurons. Nayl.8 is more
resistant to TTX than any of the other sodium channel isoforms, with an IC50 of greater
than 50|uiM (Akopian et al., 1996). Site-directed mutagenesis of a critical residue in the
a-subunit of Nayl.8 fi*om serine to phenylalanine, dramatically increased its sensitivity
to TTX to a level shown by other TTX-s sodium channels (Sivilotti et al., 1997).
Another TTX-r sodium channel, Nay 1.5, is also found in small-diameter DRG neurons
but it is expressed in embryonic DRG neurons and is down-regulated with development
(Renganathan et ah, 2002).
N a y l.8 is found primarily in C-fibers that transmit nociceptive impulses and

due to its precise localization, N ay l.8 may have clinical significance in pain treatment.
Given the restricted expression of TrkA, the high affinity receptor for NGF, on the
neuronal subpopulation that is predominantly nociceptive, NGF may be involved in the
regulation of inflammatory pain thresholds via an effect on N ay l.8 (reviewed in Wood,
2000). There is evidence, indeed, suggesting that NGF is a key regulator of nociceptive
thresholds. NGF application has been shown to cause dramatic decreases in thermal
thresholds of pain perception in animal models and NGF levels rise in damaged tissues.

24

Furthermore, NGF is also necessary for the production of inflammatory hyperalgesia.
Preventing the increase in NGF by using anti-NGF antibody or by an NGF-specific
immunoadhesion molecule during animal inflammatory models diminishes the
hyperalgesia (reviewed in Mendell et al., 1999). On addition of NGF to sensory
neurons in culture, there is an up-regulation of both N a v l.8 transcript (Black et al.,
1997) and the protein (Okuse et al., 1997), together with the appearance of a splice
variant (Akopian et al., 1999). Sequence analysis showed that the splice variant, named
SNS-A, contains an identical repeat of three exons, encoding four transmembrane
regions of domain II, including a partial S4 domain that comprises the voltage sensor.
The splice variant is induced several-fold by NGF.
Another neurotrophin, GDNF, may also regulate Navl.8 expression in the IB4positive-GDNF-sensitive small-diameter sensory neurons as this class of neurons
express Navl.8 as well (reviewed in Wood, 2000). GDNF belongs to the transforming
growth factor-p superfamily (TGF- P) An increase in N avl.8 mRNA levels was
observed on addition of GDNF to cultured DRG neurons (Fjell et al., 1999) and
subsequent studies by the same group have shown that exposure to GDNF can
significantly increase TTX-r sodium currents, which is paralleled by an increase in
Navl.8 mRNA and protein level, in axotomized DRG neurons in vitro (Cummins et al.,
2000). Boucher et al. (2000) also show that intrathecally administered GDNF increases
Navl.8 mRNA levels in axotomized DRG neurons in vivo.
It is well established that inflammatory mediators can modulate TTX-r sodium
currents in DRG. Studies performed in vitro suggested that these inflammatory
mediators produce hyperalgesia via a cAMP-protein kinase A (PKA) second messenger
cascade (England et al., 1996). In their study, the application of the cAMP analogue
dibutyryl cAMP and forskolin, an activator of adenyl cyclase, to cultured neurons
mimicked the effects of PGE 2 on TTX-r sodium current, whilst the application of a
protein kinase A inhibitor inhibited the effect of PGE 2 on TTX-r sodium current. The
hyperalgesic responses of sensory neurons to inflammatory mediators such as serotonin
and PGE 2 may therefore be caused by the PKA modulation of Navl.8. This was
supported by a study by Fitzgerald et al. (1999). They showed with site-directed
mutagenesis of Navl.8 that this channel is phosphorylated after activation of PKA and
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that PKA-induced phosphorylation of Navl.8 results in a hyperpolarizing shift in
activation and an increase in current amplitude. The major substrates necessary for
PKA modulation of Nay 1.8 are located within the intracellular loop between domains I
and II. The changes in gating properties due to PKA-induced phosphorylation are
similar to those induced by inflammatory mediators suggesting that inflammatory
mediator-induced modulation of TTX-r currents reflects a direct phosphorylation of the
channel. These observations suggest that during tissue damage and inflammation, the
release of PGE 2 leads to an increase in cAMP. The increase in cAMP in turn causes the
activation of the PKA cascade thereby affecting the phosphorylation status of Nay 1.8.
The phosphorylated channel activates at more negative potentials than the nonphosphorylated channel (Fitzgerald et al., 1999). This decrease in activation threshold
can contribute to a more rapid depolarization of the neuronal membrane, potentially
affecting pain threshold. Khasar et al. (1998) provided further evidence to suggest that
Nay 1.8 plays a central role to inflammatory pain. Intrathecal administration of
antisense oligodeoxynucleotide that is specific to Nay 1.8 into Sprague-Dawley rats
resulted in a significant decrease in PGE 2 -induced hyperalgesia. From this experiment,
Khasar et al. suggested that the Nay 1.8 contributes to mechanical nociceptive
thresholds in inflammatory hyperalgesia.
Arachidonic acid (AA) is metabolized by cyclooxygenase to prostaglandins,
where PGE 2 , a hyperalgesic metabolite is produced. Since AA is a precursor of
prostaglandins, Lee et al. (2002) studied the effect of AA on the modulation of TTX-r
sodium current in DRG neurons. Application of AA to DRG neurons caused a
hyperpolarizing shift in the conductance-voltage curve and in the steady-state
inactivation curve. Indomethacin, a cyclooxygenase inhibitor, suppressed the AAinduced shift of the conductance-voltage curve. Also, eicosatetraynoic acid (ETYA), a
non-metabolized analogue of AA, did not cause a hyperpolarizing shift in the activation
curve, suggesting that the effect o f AA on TTX-r sodium channel activation is not
caused by AA itself but by its metabolites.
In order to investigate the role of VGSCs in the pain pathway in vivo, a number
of inflammatory models, such as the injection of Freund’s adjuvant in rats, and
neuropathic pain models, including partial nerve ligation, streptozotocin-induced
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diabetic rats, were developed. Okuse et al. (1997) examined the levels of expression of
mRNA encoding N avl.8 in rat DRG in a variety of models of inflammation and
neuropathic pain. By using RNase protection, they found that Nay 1.8 transcript levels
are not up-regulated in inflammation models, such as injection of Freund’s adjuvant or
NGF but interestingly, there was a small increase in the amount of membraneassociated Nay 1.8 protein in DRG on NGF treatment. On the other hand, Tanaka et al.
(1998) have shown that there is an increase in Nay 1.8 mRNA expression following
carrageenan injection into the hind paw with an increase in the amplitude of the TTX-r
sodium current consistent with in vitro studies on the effect of inflammatory mediators
on TTX-r sodium currents.
One powerful method in studying the significance of a particular gene and its
effects in vivo is the generation of transgenic or knockout mice. Characteristics of the
mutant mice are identified in comparison to normal controls. Akopian et al. (1999)
generated N ay 1.8 null mutant mice and subjected these mutant mice to pain behavior
tests. It was found that normal, healthy, and fertile Nay 1.8 null mutant mice show
partial deficits in the perception of noxious thermal, mechanical and inflammatory
stimuli. TTX-s and TTX-r currents were found in wild type but only TTX-s currents
were found in DRG neurons of null mutants at normal resting potentials. The null
mutants show an altered pattern of expression of the TTX-s channel N ay 1.7 in DRG
and there was a significant up-regulation of the TTX-s currents.
Altered sodium channel expression and activity in peripheral neurons have been
observed in a number of different animal models used to simulate neuropathic pain. In
contrast to the up-regulation o f TTX-r currents and Nay 1.8 transcripts with
inflammatory mediators, a variety of manipulations that lead to neuropathic pain, such
as axotomy and diabetic neuropathies, lead to a down-regulation of Nay 1.8 expression
(Okuse et al., 1997). Dib-Hajj et a l (1996) studied the expression of Nayl.8 in axonal
transection and noticed a decrease in the expression of Nayl.8. It has been suggested
that nerve injury-induced down-regulation of Nayl.8 might be due to the loss of NGF.
This suggestion has been supported by studies showing that addition of NGF to smalldiameter DRG neurons in vitro up-regulates Nayl.8 (Okuse et al., 1997) and also the
delivery of NGF to an injured sciatic nerve counteracts the effects of axotomy and
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rescues N ayl.8 mRNA in small-diameter DRG neurons. The down-regulation of
Nayl.8 in neuropathic pain animal models is accompanied by an increase in Nay 1.3
(reviewed in Zimmermann, 2001). In normal DRG neurons, levels of Nay 1.3 are very
low. Boucher et al. (2000) has shovm that these changes and neuropathic pain behavior
can be reversed by ectopic application of GDNF. In another study by Waxman et al.
(1994), following axotomy of the sciatic nerve, there was also an up-regulation of
Nay 1.3 in DRG neurons and a down-regulation of both N ayl.8 and Nay 1.9 gene
expression, which led to a decrease in TTX-r sodium currents in these DRG neurons.
Using antisense oligonucleotides targeted at N ayl.8 expression in DRG neurons,
Porreca et al. (1999) showed that hyperalgesia and allodynia are prevented in spinal
nerve ligation injury. In another study by Coward et al. (2000), they showed a decrease
in the distribution and levels of Nayl.8 and Nay 1.9 a-subunit in human sensory cell
bodies after central axotomy (spinal cord root avulsion) but N ayl.8 and Nay 1.9
accumulated in hypersensitive injured nerve terminals. Their findings suggest that
expression of Nayl.8 and Nay 1.9 in neuronal cell bodies is reduced after central
axotomy but that pre-synthesized ion channel proteins may undergo translocation with
accumulation at sites of peripheral nerve injury.
Altered Nayl.8 expression has also been associated with pathology of axons.
Black et al. (1999) demonstrated an increased expression of Nayl.8 within Purkinje
cells of a mutant rat known as the Taeip rat following the loss of myelin in their axons.
The Taeip rat carries a mutation in myelination of the CNS. Nayl.8 is selectively
present in DRG and trigeminal neurons and is not normally expressed within the brain.
Black et al. (2000) also demonstrated that Nayl.8 is expressed within Purkinje cells of
mice with chronic relapsing experimental allergic encephalomyelitis (EAE), and in
patients with multiple sclerosis but not in normal subjects with any neurological
disease.
The sensation o f pain is important as it alerts us to imminent injury and
therefore prompts us to make protective responses. Nevertheless, pain can become
chronic and debilitating. The transition to chronic pain involves changes in primary
sensory neurons, the spinal cord, as well as in the brain (reviewed in Julius and
Basbaum, 2001). Determining how these neurons detect pain-producing stimuli can
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reveal new signalling mechanisms and thereby provide a better understanding of the
molecular events that facilitate transitions from acute to persistent pain. The sensory
neuron-specific sodium channel, N ayl. 8 , has been shown to play a central role in the
pain pathway, particularly in inflammatory pain, by numerous studies. Hence, a better
understanding in the regulation of this channel may lead to the development of more
specific and effective analgesic drugs. In order to gain this understanding, it is vital to
be able to express the channel in heterologous systems, where manipulations on the
channel can be made and the effects of the manipulations studied.

Expression of Navl.8 in Heterologous Systems
Several studies have characterized the biophysical properties of the TTX-r
N avl . 8 sodium channel and compared them to those of TTX-s VGSCs in DRG neurons
(Roy and Narahashi, 1992; Ogata and Tatebayashi, 1993; Elliott and Elliott, 1993). In
Ogata and Tatebayashi’s study (1993), they showed that the activation thresholds were
about -60 and -40 mV for the TTX-s and the TTX-r sodium current, respectively
(Figure 1.4). In addition, the rate constant of activation indicated that under similar
membrane potential conditions, the TTX-r channels open 4-5 times slower than the
TTX-s ones upon depolarization. Furthermore, the rate constant of inactivation
indicated that the TTX-r channels inactivate 3-7 times more slowly than the TTX-s
ones upon repolarization (Figure 1.5).
Although N av l . 8 mRNA is expressed predominantly in small-diameter DRG
neurons in vivo, micro-injection of N ay l . 8 cDNA into the nuclei of superior cervical
ganglion (SCG) neurons results in the expression of a sodium current that shows the
same biophysical properties as those observed in DRG neurons (England et a l, 1998)
(Table 1.2). In contrast, it is difficult to express the micro-injected N ay l . 8 cDNA well
in COS-7 (Fitzgerald et al., 1999), CHO, HEK-293, and other mammalian cell lines
(England et a l, 1998), and the expressed channel shows different biophysical
properties to the endogenous DRG TTX-r sodium current. Although, the N ay l . 8
current expressed in COS-7 cells possessed similar pharmacological properties to those
of endogenous TTX-r current, the voltage dependence of activation and the voltage for
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half-maximal activation occurred at more depolarized potentials compared with
endogenous N avl . 8 currents in DRG neurons (Fitzgerald et al., 1999).
It is also difficult to express functional N av l . 8 in Xenopus oocytes and the
expressed channel once again exhibits different properties from the endogenous TTX-r
sodium current in DRG neurons. In Xenopus oocytes, a similarly depolarized activation
threshold of current was observed when N avl . 8 was expressed (Akopian et a l 1996;
Sangameswaran et a l 1996). The N a v l . 8 channel, whether expressed in Xenopus
oocytes or mammalian cell lines, has a markedly depolarized current-voltage
relationship and slower inactivation kinetics when compared with endogenous TTX-r
currents recorded from DRG neurons. In addition, the current amplitude is also much
smaller for N avl . 8 expressed in heterologous systems than endogenous current.
Unlike other sodium channels, pi does not facilitate the expression of N avl . 8 in
mammalian cell systems although it up-regulates expression in Xenopus oocytes
(Vijayaragavan et a l, 2001). A study by Sangameswaran et a l (1997) also showed that
when the a-subunit of N av l . 8 is expressed in oocytes, a slow inactivating current is
observed, but this is not modulated by either p i- or P2 -subunits. Recently, several
stable transformants of CHO cells, which express N av l . 8 mRNA and immunoreactive
protein, have been generated. Although these transformants express N avl . 8 mRNA and
show strong immunoreactivity for N av l . 8 when detected by using anti-N avl . 8
monoclonal antibody (Okuse et a l, 1997), none of these transformants showed TTX-r
sodium currents. It is interesting to note that the N av l . 8 protein in these cells is not
localized on the plasma membrane, as shown by immunocytochemistry studies (Figure
1.6). It is likely that the N a v l . 8 protein is localized in golgi bodies or in the
endoplasmic reticulum (ER) as the immunoreactivity shows that it is not localized on
the plasma membrane. This suggests that correct trafficking of N av l . 8 from the
endoplasmic reticulum in the cytosolic fraction to the plasma membrane does not occur
in these CHO cells. The lack of an essential regulatory protein for N avl . 8 that exists in
DRG and SCG neurons but is absent in CHO cells may provide an explanation for the
failure in the translocation of N avl . 8 protein from the cytosol to the plasma membrane.
Even though p-subunits can function as CAMs and might therefore facilitate the
trafficking of N avl. 8 , they do not in fact help the functional expression of N av l . 8 when
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transiently co-expressed with N ay l . 8 in COS cells (unpublished data, personal
communication, Dr. M. Baker, UCL). Theseobservations suggest that Nay 1.8 requires a
distinct specific subunit or regulatory protein different from known P-subunits for
folding, transport, or as a stabilizer to promote the functional expression of N ayl . 8 on
the plasma membrane.
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Figure 1.4. Representative current-voltage (I-V) relationship curves for TTX-s (a) and
TTX-r (b) sodium channels found in DRG neurons, (modified from Lee et a l, 2002)
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Figure 1.5. Representative traces of total sodium current (a), TTX-r (b) and TTX-s (c)
sodium currents present in DRG neurons, (reproduced from Gold et al., 1996)
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Cell Type

Activation
threshold
(mV)
Fmax (mV)

DRG*

SCG"^"

-40±5

-40

"

Xenopus
oocytes®
-30

Between
and + 2 0
164+72 nA

COS-7'^

CHO-SNS22*

Between
-20 and -25

-5

+129 + T 6

+40

Approx.
480pA

114+11.8 pA

-24-43 +
652

-12.34+2.76

+ 6 T 6 + T3

+81

+ 1 0

Peak
current
amplitude
Current
density
(pA /pF)
Frev (mV)

+38 to +40

Vvi (mV)

-15+5

Tact (ms)

"^inact (ms)

Approx.
2nA

35.5+2.2
-16

-2-1 + 1-4
+0-95 +
0-13
( a t+15
mV)
+12-08 +
0-77
(at+15mV)

+8.5

Table 1.2. A comparison of the biophysical properties of the endogenous N av l . 8 in
DRG and when the a-subunit is expressed in SCG, Xenopus oocytes, COS and CHOSNS22 cells. Abbreviations: DRG, dorsal root ganglia; SCG, superior cervical ganglia;
CHO-SNS22, a stably transfected Chinese Hamster Ovary cell line expressing Nay 1.8
protein and transcript but do not generate Nay 1.8 current; /max, current density; Krev,
current reversal potential; Vvi^ voltage for half-maximal activation; Tact, Tmact, time
constants of current activation and inactivation, respectively at peak current amplitude.
&Roy and Narahashi, 1992; %England et al., 1998; @Akopian et al., 1996; ^Fitzgerald
et a l, 1999; *only CHO-SNS22 cells transfected with p l i exhibited a TTX-r Nay 1.8like sodium current (refer to chapter two for details). - denotes data not available.
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Figure 1.6. A N ayl . 8 stably transfected Chinese Hamster Ovary (CHO-SNS22) cell
line expressing strong Nay 1 .8 -like immunoreactivity detected by a specific antibody
against N ayl. 8 . This immunoreactivity is not in the plasma membrane where the
channel should be, and these cells do not generate any N ayl . 8 sodium current.
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Protein-Protein Interactions
The a - and (3-subunits of VGSCs are known to associate with a number of proteins
such as receptor protein tyrosine phosphatase P, ankyrin-G, contactin, tenascin, and
fibroblast growth factor homologous factor IB. The functional role(s) of the interaction
between some of these proteins and VGSCs are well documented, while others are
unknown.
Cytoskeletal interactions through ankyrin and the P subunits may be critical to
sodium channel placement in excitable cells as mentioned earlier. Zhou et a l (1998)
demonstrated that ankyrin-G is vital for normal targeting of VGSCs to the initial
segments of granule cells and for normal firing properties in Purkinje cells. They
showed that targeted disruption of ankyrin-G gene expression in the cerebellum
abolishes targeting of VGSCs to axon initial segments of granule cells, impairs action
potential firing in Purkinje neurons and results in progressive Purkinje neuron
degeneration. This results in progressive ataxia. Ankyrin is also localized to the VGSCenriched regions of the neuromuscular junction and is associated with VGSCs at early
stages in the morphogenesis of the node of Ranvier (reviewed in Malik-Hall et a l,
2002).
Using co-immunoprecipitation, Ratcliffe et a l (2000) have shown that VGSCs
in brain neurons were found to associate with receptor protein tyrosine phosphatase p
(R PTP-p), which is a member of a diverse family of plasma membrane proteins with
highly active intracellular catalytic domains. The extracellular carbonic anhydrase
domain and the intracellular phosphatase domains of RPTP-p both bind to the a and pi
subunits of sodium channels. RPTP-p, which is expressed primarily in the CNS, is a
chondroitin sulphate proteoglycan existing in three isoforms, long, short, and
phosphacan. The phosphacan isoform lacks the intracellular and transmembrane
domains. However, all three isoforms of RPTP-p contain an extracellular N-terminal
carbonic anhydrase homology domain and a fibronectin homology domain. The
carbonic anhydrase domain of RPTP-P induces neurite outgrowth in primary cultured
optic neurons through association with contactin and Nr-CAM. a and p i, but not P2
subunits of VGSCs in neonatal rat brain interact with the short isoform and the
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interaction with (31 requires only the intracellular domain. Phosphacan binding to the
extracellular domain of VGSCs may compete for interaction with the short isoform and
inhibit its activity on sodium channels, providing a mechanism through which RPTP-|3
isoforms can modulate sodium chanel activity (reviewed in Malik-Hall et al., 2002).
The proteins tenascin-R (TN-R) and tenascin-C (TN-C) are glial-derived
extracellular matrix molecules that play important roles in cell interactions, such as
neuronal migration, neuritogenesis, and neuronal regeneration. Both of these interact
with (3 subunits (Xiao et al., 1999). Glutathione-S-transferase (GST) fusion proteins
containing various domains of TN-R and TN-C were tested for their ability to bind to
purified sodium channels or the recombinant (32 subunit extracellular domain. Both aand |32-subunits bound specifically to fibronectin type III repeats of TN-C and TN-R,
but not to the epidermal growth factor (EGF) like repeats or the fibrinogen-like domain
of either molecule (Srinivasan et a l, 1998). The interaction between P-subunits and
TN-R occurs in the absence of a subunit, suggesting that p subunits also function as
CAMs.
Contactin, a glycosylphosphatidyl inositol-anchored member o f the
immunoglobulin gene family that promotes neurite outgrowth and fasciculation and
possibly synapse formation and maintenance, is expressed by neurons in the PNS and
CNS as well as by oligodendrocytes but not Schwann cells. It has high homology with
the P2 subunit, but the extracellular region of contactin includes six IgG-like domains
whereas the P2 subunit has a single IgG-type domain in the extracellular region.
Contactin also interacts with RPTP-P and it is also linked to the localization of axonal
ion channels through its association with contactin-associated protein.
Immunocytochemical studies showed a transient co-localization of contactin and
sodium channels at new nodes of Ranvier during remyelination in the PNS. Meanwhile,
there is a high level of co-localization of sodium channels and contactin at nodes both
during development and in adult in the CNS. The co-expression of Nay 1.2, contactin,
and p i in Chinese hamster lung cells resulted in a fourfold increase in saxitoxin
binding and current amplitude as compared to co-expression of Nayl.2 alone with p i
subunit. However, the co-expression of Nay 1.2 with contactin and p i only led to an
increase in sodium channel expression level as no change in channel-gating kinetics or
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voltage dependence was observed, Contactin has thus been suggested to influence the
distribution and functional expression of sodium channels in neurons but its effect on
sodium channel expression requires the presence of p i, perhaps through heterophilic
cell adhesive interactions (reviewed in Malik-Hall et al., 2002).
Recent evidence suggest that indirect interactions of VGSCs with calcium
channels may be mediated by binding to synaptotagmin, a synaptic vesicle protein that
is involved in Ca^^-regulated exocytosis (Sampo et ah, 2000). Synaptotagmins belong
to a large family consisting of
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isoforms that exhibit distinct patterns of expression,

both in neuronal and non-neuronal tissues. Using co-immunoprecipitation and in vitro
recombinant protein binding assays, Sampo et ah showed that synaptotagmin interacts
directly with Navl.2 and this interaction is Ca^^-dependent. The binding site was
identified on the intracellular loop between domain I and II of N ay 1.2 a-subunit. Based
on the observation that the elevation of intracellular Ca^^ concentration in growth cones
induced insertion o f sodium channels at the cell surface (Wood et al., 1992),
synaptotagmins might be involved with sodium channel trafficking and insertion of
sodium channels in neurons.
Using a yeast two-hybrid screen, Mori et al. (2000) identified calmodulin
(CaM) as an interactor for Navl.2. CaM is a calcium binding protein which acts as an
intracellular calcium sensor and which translates calcium signals into cellular responses
by interacting with target molecules. From the two-hybrid screen, Mori et al. specified
the CaM interaction site in Nay 1.2 to 38 amino acids in the c-terminal region, which
contains consensus sequence IQ motifs and Baa motifs (basic amphipathic a-helix).
The same technique was used by Liu et al. (2001) to identify potential regulatory
proteins for N ayl.9. This led to the identification of fibroblast growth factor
homologous factor IB (FHFIB), a member of the fibroblast growth factor family, as an
interacting partner of rat Nayl.9. FHFIB binds specifically and directly to the Cterminus of rNayl.9. FHFIB did not interact with C-termini of either human Nay 1.7 or
rat N ayl . 8 using GST-pull down assay. The functional significance of the interaction
between Nayl.9 and FHFIB is not clear at present but a recent study by the same group
has shown that FHFIB also binds to the C-terminus of Nay 1.5 and when co-expressed
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in HEK 293 cells, the growth factor causes a significant hyperpolarizing shift in the
voltage-dependence of channel inactivation (Liu et aL, 2002).

Yeast Two-Hvbrid Screen
The study of protein-protein interactions can be broadly divided into three areas: the
identification of the proteins involved in the interaction, the characterization of these
proteins, and the manipulation of these proteins in order to study the significance of
such interactions. In recent years, the yeast two-hybrid screen has been widely used to
identify unknown interactive proteins. The yeast two-hybrid system takes advantage of
modular elements in eukaryotic transcriptional activators which have discrete DNAbinding domains and transcriptional activation domains. In general, in any yeast twohybrid experiment a protein of interest is fused to a DNA-binding domain and
transfected in a yeast host cell bearing a reporter gene. When this fusion protein cannot
activate transcription of the reporter gene on its own, it can be used as “bait” to screen a
library of cDNA clones that are fused to an activation domain, known as “prey”
(reviewed in Van Criekinge and Beyaert, 1999). The colorimetric reporter lacZ,
encoding P-galactosidase, which cleaves substrates such as X-gal to produce a blue
pigment, and auxotrophic reporters such as LEU2, which allow growth on medium
lacking leucine, have been commonly used to identify cDNA clones that interact with
the bait. In this system, the cDNA proteins are expressed under the control of the
GAL4 promoter, making its expression galactose-dependent. Hence, the “positive”
clones can be identified based on the fact that growth on leucine minus medium and
colorimetric phenotypes are dependent on the presence of galactose as the carbon
source in the growth medium.
Fields and Song (1989) first reported the yeast two-hybrid system as a novel
approach to detect protein-protein interactions. They used the yeast transcription factor
Gal4 for both the DNA-binding domain and transcriptional activation domain. This
transcription factor consists of two separable and functionally essential domains: an Nterminal domain which binds to specific DNA sequences (UAS g) and a C-terminal
domain containing acidic regions which is necessary to activate transcription. Fields
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and Song generated a system of two hybrid proteins containing parts of Gal4: the Gal4
DNA-binding domain fused to the “bait” protein and the Gal4 activating regions fused
to the “prey” protein. Only when there is an interaction between the bait and prey
proteins, transcription of a gene regulated by UAS q occurs. Because of the strong
transcriptional activity of Gal4 and its endogenous expression in yeast, this method
gives high sensitivity with a high background.
Gyrius et al. (1993) modified this method altering the Gal4 DNA binding
domain to the bacterial repressor LexA and the Gal4 transcriptional activation domain
to the bacterial activation domain B42. The acid blob protein B42 has weaker
transcriptional activity than the Gal4 activation domain. Since LexA is bacterial in
origin, endogenous yeast proteins do not bind to the LexA operators. This method
shows, therefore, lower sensitivity with very low background. In addition to Gal4 and
B42, the Herpes simplex virus protein VP 16 has also been used as a transcriptional
activation domain in combination with the Gal4 DNA-binding domain (Fearon et al.,
1992) or LexA (Vojtek et al., 1993). Because of its higher transcriptional activity than
Gal4 and B42, the systems which utilize VP 16 are likely to have highest sensitivity
among the different yeast two-hybrid systems.
The yeast two-hybrid system has been widely used for the identification of
protein interactions in recent years. According to Von Mering et al. (2002), there are a
number of advantages of using yeast two-hybrid screening to identify protein-protein
interactions as compared to other methods such as mass spectrometry of purified
complexes, protein affinity chromatography, and co-immunoprecipitation. The
advantages are (i) yeast two-hybrid is an in vivo technique; (ii) transient and unstable
interactions can be detected; and (iii) it is independent of endogenous protein
expression. The drawbacks of the yeast two-hybrid screening are (i) only interactions
directly involving two proteins can be tested and (ii) interactions between proteins
occur in the nucleus so many proteins are not in their native compartment. Also, the
major disadvantage of assaying protein-protein interaction in any heterologous system
is that some interactions depend on post-translational modifications that may not occur
in yeast, such as phosphorylation, glycosylation, and the formation of disulfide bridges.
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Over the last few years, the two-hybrid system has been modified to be used in
a wider range of applications. For example, protein-DNA interactions have been
studied through the development of a one-hybrid system. In this one-hybrid system, an
activation-domain-fused library is screened for proteins that bind and activate
transcription through a regulatory motif o f interest that has been inserted directly
upstream of reporter genes in yeast. There is also a one-and-a-half-hybrid screen that is
used to identify proteins which conditionally bind to specific DNA motifs only in the
presence of a co-expressed auxiliary protein. Other derivatives of the yeast two-hybrid,
such as reverse two-hybrid, and the split-hybrid have been used to detect mutations or
molecules that dissociate protein-protein interactions (reviewed in Toby and Golemis,
2001). A bacterial two-hybrid system (Joung et al., 2000) has also been developed,
recently to screen large libraries of proteins. Mammalian two-hybrid screen kits
(Stratagene; Clonetech) are now commercially available for use to study protein
interactions in mammalian cells, such as HEK and CHO cells.

Objectives
The objective of this study was to identify potential regulatory proteins that interact
with N av l . 8 by using the Yeast Two-Hybrid Screen. It is important to understand and
identify such proteins since disrupting a specific regulatory protein of this sodium
channel can lead to the development of more specific and effective analgesic drugs.

Methods and Materials

Yeast Two Hybrid Screening

DNA construct: Polymerase chain reaction (PGR) primers were designed to amplify the
intracellular segments of the a-subunit of Nay 1.8 to generate six baits corresponding to
the following amino acid residues; BAIT I (N-terminal, amino acids (a.a) 1 to 125),
BAIT II (between D1 and D2, a.a. 399 to 659), BAIT III (between D2 and D3, a.a. 893
to 1148), BAIT IV (between D3 and D4, a.a. 1419 to 1472), BAIT Va (the C-terminal
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divided into two parts, a.a. 1724-1844) and BAIT Vb (a.a. 1842-1956) (Figure 1.7).
EcoRI and Notl restriction sites were introduced into PCR products in the 5’ and 3’ ends
respectively. The five intracellular loops were cloned in frame into pEG202 vector
(Figure 1.8).
Forward primers:
SNSYH-1, 5 ’-GCGAATTCATGGAGCTCCCCTTTG-3 ’;
SNSYH-3. 5’-GCGAATTCGAAGAGCAGAGCCAGG-3’:
SNSYH-5, 5’-GCGAAIIÇAGCGCGGACAACCTCAC-3 ’;
SNSYH-7, 5’- GCGAATTCGACAACTTCAACCAACAG-3':
SNSYH-9, 5’- GCGAATTCGAGAACTTCAACGTAGCC-3 ’:
SNS YH-12, 5 ’-GCGAAÎÎÇCCAATAGCCACC ACCC-3 ’.
Reverse primers:
SNSYH-2, 5 ’-TATAGCGGCCGCTTTGATGGCTGTTCTTC-3 ’;
SNSYH-4, 5 ’-TATAGCGGCCGCGAACAGCGCCATCTTG-3 ’;
SNSYH-6 , 5’-TATAGCGGCCGCGCGGTAGCAGGTCTTG-3’;
SNSYH-8 , 5 ’-TATAGCGGCCGCGTCAAACACGAAGCCTTG-3 ’;
SNSYH-10,5’-TATAGCGGCCGCTCACTGAGGTCCAGG-3’;
SNSYH-11, 5’-TATAGCGGCCGCGGCTATTGGTTCATAG-3’.
EcoRI sites are underlined, Notl sites are boldfaced. PCR was used to amplify the
inserts using the following primer sets: SNSYH-1/ SNSYH-2, SNSYH-3/SNSYH-4,
SNSYH-5/SNSYH-6, SNSYH-7/SNSYH-8, SNSYH-9/SNSYH-10, SNSYH12/SNSYH-ll for bait I, bait II, bait III, bait IV, bait Va, and bait Vb respectively.
N avl . 8 in pRK7 expression vector was used as template DNA for the PCR. 5pi lOX
Mg^"^ Free Taq Buffer (Promega), 3pi 25mM MgCb (Promega), 2pl 5mM dNTP
(Sigma), Ipl 40pM forward primer, Ipl 40pM reverse primer, 0.5pl Taq DNA
Polymerase and 37.4pl distilled water were added to 0.1 pi of Ipg/pl DNA template per
reaction. The following PCR cycles were used: 5 cycles of 94°C for lmin/48°C for
2mins/72 °C for 2mins, followed by 25 cycles of 94°C for 1min/58 °C for 2mins/72 °C
for 2mins. These PCR fragments were digested with EcoRI and Notl restriction
enzymes and cloned into the EcoRI/Notl site of the pEG202 plasmid which contains
the DNA binding domain after phenol/chloroform extraction.
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cDNA library'. A rat DRG cDNA library (Kong et al., 2001) was used to screen for
proteins that interact with the intracellular domains of rat N ay l. 8 . pJG4-5 is a yeast
E.coli shuttle vector that contains a yeast expression cassette which includes the yeast
G all promoter gene (Figure 1.9). cDNA fragments flanked by BstXI/Notl were
inserted into the BstXI/Notl sites of pJG4-5. The fusion moiety includes the nuclear
localization signal, the bacterial B42 transcription activation domain and the
hemagglutinin (HA) epitope tag. The cDNA library was a gift from Dr. Moses Chao
(NYU, USA).

Phenol-Chloroform extraction'. lOOpl phenol-chloroform (pH>8.0) was added to each
50pl PCR reaction after its completion. The mixture was briefly vortexed and
centrifuged atl4,000rpm for 5mins. PCR reaction mixture was removed and lp-1 3M
sodium acetate (pH5.2) was added along with lOOpl ethanol. The mixtures were left at
4°C for 30mins and then centrifuged at 14,000rpm for 20mins. PCR products were
washed once with 70% ethanol and vacuum dried. They were then resuspended in 20|il
of distilled water. All 20pl of each PCR product were run on a 1.5% agarose gel. The
expected size of bait I is 400bp, bait II is 780bp, bait III is 780bp, bait IV is 140bp, bait
Vb is 360bp and bait Va is 320bp. PCR products were cut out from the agarose gel and
DNA was extracted from the gel by using GeneCleanll kit (Bio 101, Inc.). The excised
agarose gel containing the appropriate bait according to size was dissolved in 1ml Nal
( 6 M solution) at 55°C for lOmins. lOpl Glassmilk (Aqueous suspension of silica
matrix) was added, and the mixture was left on ice for 5mins. The glass bead/DNA
mixture was pelleted and washed three times with cold New Wash Solution (Bio 101,
Inc.). DNA was eluted from the washed glassmilk mixture by adding 20pl of distilled
water and incubated at 55°C for lOmins.
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Figure 1.7. A schematic diagram showing the baits used in the yeast two-hybrid screen.
The intracellular loops of N avl.8 were used to generate baits I to Vb (outlines in red).
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Figure 1.8. Map of plasmid pEG202. This plasmid, which encodes for amino acids 1202 of the bacterial repressor protein LexA, contains the selectable marker genes HIS3,
along with yeast promoter ADHl gene. Bait proteins expressed from this plasmid
contain LexA, which includes the DNA binding domain. Baits were cloned into
EcoRI/Notl sites, (reproduced from http://www.fccc.edu/research/labs/golemis
/InteractionT rapInWork.html)
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EcoRI/XhoI insertion sites in the fusion moeity. Expression of the cDNA library is
under the control of the Gall promoter. This plasmid also contains the TRP I selectable
marker, (reproduced from http://www.fccc.edu/research/labs/golemis/InteractionTrapIn
Work.html)
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Restriction enzyme digestion and ligation'.

8

^il of PCR product extracted by

GeneCleanll was added to lp,l Buffer H (Boehringer), 0.5|il Notl (0.5pg/|il,
Boehringer) and 0.5p,l EcoRI (0.5pg/pl, Boehringer). 2pl of pEG202 plasmid (Gift
from Alan Hall, LMCB, UCL) was added to 1 p,l Buffer H, 0.5p,l Notl, 0.5fil EcoRI,
and 6 |il distilled water. These reactions were incubated at 37°C for 2 hr followed by
85°C for lOmins. 5[il of restriction-enzyme-cut DNA, 3p,l of linearized pEG202 vector,
lp-1 T4 DNA ligase, and lp-1 lOX T4 DNA ligase buffer (50mM Tris-HCl pH7.5,
lOmM MgCL, lOmM dithiothreitol, ImM ATP, 25pg/ml Bovine serum albumin) (New
England Biolabs) were incubated at 16°C overnight.

Transformation by heat shock method’. 50p-l of E. coli XL 1-Blue cells were incubated
with 5p,l of ligation DNA on ice for lOmins. The cell/DNA mixture was then incubated
at 42°C for Imin. 450|xl of SOC medium (20mM glucose, 2% Bacto-Tryptone, 0.5%
Bacto-yeast extract, 0.05% NaCl, 2.5mM KCl, lOmM MgCL) was added to the
mixture and with agitation, incubated at 37°C for Ihr. lOOjxl of the mixture was plated
on Luria Broth (LB) agar plates supplemented with ampicillin (0.05mg/ml) and
incubated at 37°C overnight.

Bacterial Mini Prep: XL 1-Blue transformants were picked from LB plates and
inoculated into 3ml LB broth supplemented with ampicillin. The culture was incubated,
with agitation, overnight at 37°C. The culture was centrifuged at max speed for 5mins
the following day. The pelleted cells were resuspended in 150p,l of Solution I (50mM
glucose, 25mM Tris-HCl pH 7.5, lOmM EDTA, 100p.g/ml RNase A) and 150p,l of
Solution II (200mM NaOH, 1% SDS) was added. The mixture was incubated at room
temperature for 5 mins. 150|xl of Solution III (3M potassium acetate, 5M glacial acetic
acid) was then added and chilled on ice for 15mins. The cells were pelleted by
centrifugation and 450|il of phenol/chloroform was added to the supernatant. The
mixture was vortexed briefly and centrifuged. The water-phase containing the DNA
was retained. DNA was precipitated by adding 1ml ethanol. DNA was pelleted by
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centrifugation at MOOOrpm for 20mins and the pellet was washed with 70% ethanol.
The pellet was resuspended in 20)^1 of water.

Sequencing: The bacterial mini-prep DNA was used as template in PCR sequencing
reactions. Ipl lOX sequencing buffer, Ipl reaction mixture (BigDye DNA Sequencing
Kit, ABI Prisms), 3.2pM (20pM stock) of appropriate primer and 6 pl distilled water
was added to 0.5pg bacterial mini-prep DNA for each reaction. The following cycles
were used: 25 cycles of 96°C for 35 sec/49°C for 45 sec/60°C for 4mins.

Yeast Transformation: All yeast transformations were carried out using the Lithium
Acetate Method. Yeast was grown in YPD Medium (1% yeast extract, 2% peptone,
0.01% NaOH, 2% glucose) at 30°C until growth reached ODôoo = 0.3 to 0.5. Cells were
then pelleted by centrifugation and resuspended in 1.5ml buffered lithium solution
(Iv/v lOX TE Buffer [lOmM Tris-CL pH 7.5, ImM EDTA], Iv/v lOX Lithium Acetate
Stock Solution [IM Lithium Acetate pH 7.5, 0.5M EDTA, IM Tris-Cl pH 7.5]). For
each transformation, 16pl herring sperm carrier DNA (Promega) with 4pl transforming
DNA was added to 200pl resuspended yeast. 1.2ml PEG solution (Iv/v lOX TE Buffer,
Iv/v lOX Lithium Acetate Stock Solution in 50% PEG-400) was added. The
yeast/DNA mixture was incubated at 30°C for 30mins with agitation and then
incubated at 42°C for 15mins. The yeast/DNA mixture was then pelleted and
resuspended in 50pl of IX TE Buffer. The mixture was spread onto agar plates
supplemented with 2 % glucose minus the appropriate amino acid and incubated at
30°C.

Activation assay: The Activation assay was performed to ensure that the bait proteins
do not have intrinsic transcriptional activity of the LEU2 and LacZ reporter genes. The
yeast strain EGY48 was transformed with a second reporter gene, pSH 18-34 plasmid,
using the Lithium Acetate Method. The transformants were plated on glu ura' (glucose
uracil ) dishes (2% glucose, 6.7g/l yeast nitrogen base without amino acids, 1.5% bacto
agar, 2 g/l amino acid dropout powder lacking the appropriate nutrients) and grown at
30°C for 2 days. 3ml of glu ura" solution was inoculated with a single colony from glu
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ura' dish and incubated with agitation at 30°C. The saturated culture was then used to
inoculate

2 0 0

ml of glu ura' medium and grew at 30°C until ODeoo = 0.7. Using lithium

acetate method, the yeast transformants containing the pSH18-34 plasmid were
transformed with either pSH17-4 (positive control), pRFHMl (negative control), or
pEG202-baits. The pSH17-4, pRFHMl and pEG202 plasmids all contain the selectable
marker HISS gene. All transformants were plated on glu ura' his' (histidine ) dishes and
grown at 30°C for 3-5 days. Four colonies from each transformation were used to
inoculate 5ml glu ura' his' liquid medium. At the same time, the same colonies were
streaked onto glu ura' his' plates for storage and later recovery. The plates were
incubated at 30°C for 3-5 days and then stored at 4°C. The liquid culture was grown
until ODôoo = 0.5 and 10^- and 10^-fold dilutions of each culture were made in sterile
water. lOpl of culture and lOpl of each dilution were plated onto two plates: Gal/Raf
ura' his' (galactose/raffinose) and Gal/Raf ura' his' leu' (leucine ) (2% galactose, 1%
raffmose).

Repression assay: Baits that do not have intrinsic transcriptional activity (i.e. inert
baits) and therefore cannot activate transcription of the reporter genes on their own
were tested to see whether they enter the nucleus and bind to the LexA operators. A
repression assay was, therefore, carried out. The reporter plasmid pJKlOl is used to
perform the repression analysis. pJKlOl contains the GALl upstream activating
sequence (UASg), and in between the UASq and the GALl transcription start, a colEl
derived LexA operator, which provides high affinity binding sites for LexA proteins.
Yeast harbouring pJKlOl have significant P-galactosidase activity when grown on
galactose medium. The repression assay is based on the observation that LexA and
non-activating LexA fusions can repress transcription of the yeast reporter gene by
binding to the LexA operators (Figure 1.10). LexA binding to the operators will block
activation from the UASq thus repressing the transcription of LacZ reporter gene. The
yeast strain EGY48 was transformed with the pJKlOl plasmid, using the lithium
acetate method. The transformants were harvested and were transformed with either
pEG22 (negative control), pRFHMl (positive control), or pEG202-baits. The pEG22
plasmid, derived from the pEG202 plasmid, serves as a negative control for the
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repression assay as the whole LexA coding region has been removed. The pRFHMl
plasmid expresses LexA fused to a transcriptionally inert fragment of the Drosophila
bicoid product. This fusion protein has no ability to activate transcription and therefore
when this LexA fusion protein binds to the LexA operators harboured by the pJKlOl
plasmid, the LacZ gene is not transcribed. The pJKlOl plasmid also contains the
selectable marker URA3 gene, thus all transformants were plated on glu ura' his' dishes
and grown at 30°C for 2 days. Four individual colonies from each transformation were
picked and streaked onto X-gal glu ura' his' (6.7g/l yeast nitrogen base without amino
acids, 1.5g/l dropout powder, 1.5% bacto agar, 10% lOX BU salts [70g/l Na 2 HP 0 4 ,
30g/l NaH 2 ? 0 4 ], 80mg/l X-gal, 2% glucose) and X-gal gal/raf ura' his' dishes. Plates
were incubated at 30°C and examined after 2 days.
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Figure 1.10. A schematic diagram representing the repression assay. The reporter
plasmid pJKlOl, which contains the LexA operators (purple box) positioned between
the GALl upstream activating sequence (UASg) and the LacZ reporter gene, is used to
perform this assay. When LexA fusion protein from the positive control binds to the
operators, it represses the transcription of the LacZ reporter gene and thus the colonies
remain white on X-gal plates. The negative control plasmid does not produce LexA,
therefore the LacZ gene is transcribed, causing colonies to turn blue on X-gal plates.
The LexA-bait fusion proteins also bind to the LexA operators and thus repress the
transcription of the LacZ gene.
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Figure 1.11. A schematic diagram displaying the steps and plasmids involved in the
yeast two-hybrid screen. The yeast strain, EGY48, is transformed with the three
different plasmids (pHS 18-34, pEG202, and pJG4-5) sequentially. Each plasmid carries
a specific auxotrophic marker gene (in italics) allowing yeast transformants at each
stage of transformation to be selected on medium lacking the specific amino acid. HISS
allows selection on medium lacking histidine; TRPI is tryptophan; URA3 is uracil;
LEU2 is leucine. Abbreviations: LexA op, LexA operators; DBD, DNA binding
domain; AD, activation domain
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Interaction Trap: The three plasmids pSH 18-34, pEG202, pJG4-5 were transformed
into the yeast strain EGY48 sequentially (Figure 1.11), in order to ensure high
transformation efficiency for each plasmid introduced. The yeast strain EGY48, which
harbours the LexA operator-LE'C/2 fusion reporter gene, was transformed with a second
reporter gene, pSH 18-34 plasmid which harbours the LexA operator-LacZ gene and the
URA3 selectable marker gene. Hence, transformants containing both the LexA
operator-LacZ fusion reporter gene and LexA operator-LE'C/2 gene were selected on glu
ura' plates. Yeast cells which grown on glu ura' plates were harvested and were then
transformed with pEG202 plasmid containing the separate Nay 1.8 intracellular loops
(the baits). This plasmid contains the selectable marker gene, HIS3, along with yeast
promoter AD H l gene, followed by full length LexA coding region. Bait proteins
expressed from this plasmid contain amino acids

1 -2 2 0

of the bacterial repressor

protein LexA, which includes the DNA binding domain. These transformants were
selected on glu ura" his" plates. Transformants that grew on glu ura" his" plates were
again harvested and transformed with pJG4-5 vector containing the cDNA library.
Serial dilutions (10^, 10^) of these transformants were made and plated on glu ura" his'
trp" (tryptophan") in order to calculate the colony-forming units (c.f.u.) for the
subsequent steps. These transformants were also plated on glu ura" his" trp" plates and
incubated at 30°C until colonies were l-2mm in diameter. When the colonies grew to
the appropriate size, the colonies were scraped from the yeast plates and transferred to
50ml Falcon tubes. The cells were washed twice with 15ml of TE solution and
centrifuged at 2000g for 4mins. The cells were resuspended in one pellet volume of
sterile glycerol solution (65% v/v glycerol, O.IM MgS 0 4 , 25mM Tris (pH7.4)) and 1ml
aliquots were frozen at -70°C. From the serial dilution plates, the number of colonies
on each dilution plate was counted and c.f.u was calculated.
A 10^ c.f.u of library transformants was thawed from the previously frozen
stock and grown for 4hr at 30°C by diluting tenfold in gal/raf ura" his" trp" liquid
medium. The cells were pelleted at 2000g for 4mins and resuspended in sterile water
and plated on gal/raf ura" his" trp" leu" plates. The final amount plated corresponded to
10^ transformants. Colonies grew for 2-5 days at 30°C and were then picked with
sterile toothpicks, streaked onto grided and numbered gal/raf ura" his" trp" leu" plates
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and left to grow for further 2-3 days. To turn off the Gall promoter, the transformants
were patched onto glu ura' his' trp" m aster plates prior to the interaction trap. The
interaction trap was set up by making replicas from the master plates onto the following
4 plates: glu ura' his' trp'-X-gal, gal/raf ura' his' trp'-X-gal dishes to test for LacZ
expression and glu ura' his' trp' leu', gal/raf glu ura' his' trp' leu' for Leu"^ expression.
The plates were incubated at 30°C and results were examined after 1, 2, and 3 days.
Library transformants containing cDNAs that encode proteins that interact with the bait
exhibited galactose-dependent growth on media lacking leucine (gal/raf ura' his' trp'
leu'), and galactose-dependent p-galactosidase activity (LacZ^). Yeast transformants
that grew on galactose medium lacking leucine but not on glucose medium lacking
leucine, and turned blue on galactose X-gal plates but remained white on glucose X-gal
plates were identified as positive clones and subjected to yeast mini-prep and
subsequently transformed into E. coli strain KC 8 by electroporation.

Yeast Mini Prep: Yeast colonies from gal/raf ura' his' trp' leu' plates were scraped and
placed in 1ml TE buffer. The cells were spun briefly and resuspended in 0.5ml S Buffer
(lOmM K2HPO4 pH 7.2, lOmM EDTA, 50mM 2-mercaptoethanol, 50|xg/ml lyticase).
They were then incubated at 37°C for 30mins. lOOpf lysis solution (25mM Tris-HCl
pH 7.5, 25mM EDTA, 2.5% SDS) was added and the mixture was incubated at 65°C
for 30mins. 166pl 3M potassium acetate (pH 5.5) was added to the mixture which was
then chilled on ice for lOmins. The mixture was centrifuged for lOmins and the
supernatant was retained. DNA was precipitated from the supernatant by adding 0.8ml
ice-cold ethanol. DNA was pelleted and washed with 70% ethanol. Before
transforming E. coli strain KC 8 with crude yeast mini-prep DNA, the DNA was
amplified

by

PCR

with

forward

G CTCA G CA G A G CTTCA CCA TTG -3’)

and

primer
reverse

BCOl

prim er

BC 02

( 5 ’(5 ’-

GACAAGCCGACAACCTTGATTGGA-3’). The PCR products were then cut with
restriction enzyme Haelll to determine which yeast mini-prep DNA contain identical
library inserts by comparing the size of the insert on 1.5% agarose gel. Identical yeast
mini-prep DNA was transformed into KC 8 only once.
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Electroporation: Electroporation was performed with a Gene Puiser apparatus (BioRad). For each transformation, 40|il of KC 8 cells was mixed with lp-1 yeast mini-prep
DNA in an ice-cold 0.1cm electroporation cuvette (BioRad) and an electric pulse was
delivered at 1.8kV, 600Q resistance and lOpF capacitance. Immediately after the pulse,
1ml of SOC medium was added, and after 1 hour of incubation with agitation at 37°C,
cells were plated on M9 agar plates (0.4% glucose, 90mM Na 2 HPO4 *H2 0 , 22mM
KH 2 PO 4 , 8 mM NaCl, 20mM NH 4 CI, 12% agar, ImM thiamine, 0.74g/l Trp- DO
supplement) , which lacked tryptophan so that only transformants containing the
plasmid pJG4-5 can be recovered. One colony from each transformation was picked
and grown in 3ml LB medium with ampicillin (LB+) overnight at 37°C. The cells were
pelleted the next day and subjected to bacterial mini prep.

Sequencing: Ipl of bacterial mini prep DNA was used to transform 50pl of XL 1-Blue
cells using the heat shock method, plated on LB+ plates and grown overnight at 37°C.
Colonies were picked and grown in 3ml of LB+ overnight at 37°C and then subjected
to bacterial mini-prep. The bacterial mini-prep DNA from XL 1-Blue transformants was
used as template in sequencing reactions with forward primer, Bcol (5’CCAGCCTCTTGCTGAGTGGAGATG-3’). Sequences were compared with known
protein sequences by using BLAST search.

The yeast two-hybrid screen for baits I-IV was carried out by Dr. Malik- Hall (UCL).

Anti-Sense DNA Constructs

DNA constructs: Clones identified from the yeast two-hybrid screen were subcloned in
3’ to 5’ direction in different expression vectors. The sense direction cDNA in the
original pJG4-5 vector obtained from the yeast-two interaction trap was excised with
the appropriate restriction enzymes and subcloned in the anti-sense direction into either
pBS500, pcDNA3, or pRK7 expression vector as listed in Table 1.3. All restriction
enzymes were obtained from Boehringer Mannheim. All cDNA antisense generated
were confirmed by sequencing.
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Clones

Expression Vector

Restriction Sites

I-l, A-10, A-165, A-140

pBS500

Ncol

II-5, m-27

pRK7

Hindlll/Sall

II-6

pcDNA3

Hindlll/Xhol

IV7-40, A-32, A-92, B-18, B-20

pcDNA3

Hindlll/EcoRI

HI-42, IV-40

pcDNA3

EcoRI/Hindlll

A-145

pcDNA3

BamHI/Hindlll

A -103

pRK7

XhoI/PstI

A-148

pcDNA3

Baml/EcoRJ

A-123

pcDNA3

EcoRI

A-133

pcDNA3

Hindlll

B-4

pRK7

Hindlll/Xhol

B-13

pRK7

Hindlll

B-15

PRK5

Xbal/Kpnl

B-25

pRK7

BamHI/Kpnl

Table 1.3. Anti-sense cDNA constructs. Clones were excised from pJG4-5 vector and
subcloned in 3’ to 5’ direction in different expression vector at different restriction
sites.
Microiniection of Antisense Expression Vectors into Dorsal Root Ganglion
Neurons

DRG Culture'. Dorsal root ganglia (DRG), excised from 3-week old rats were incubated
in 1ml collagenase solution (GIBCO Dulbecco’s PBS without Ca^^ or Mg^^ with
lOmM Glucose, Protease (Dispase), and 0.6mg/ml Collagenase type XI (Sigma)) for
45mins at 37°C. A P I 000 eppendorf pipette was used to triturate the DRG after
incubation. Triturated DRG was washed once with 10ml Dulbecco’s Modified Eagle’s
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Medium (DMEM) (with L-glutamine (Gibco BRL), 10% fetal bovine serum (Sigma),
and 250 iu/ml penicillin/streptomycin (Gibco BRL)) medium and then resuspended and
plated on poly-D-lysine coated cover slips in 2ml medium. DRG cultures were
incubated at 37°C for 24hr prior to microinjection.

Microinjection o f DRG Neurons in Culture'. 25 pg of antisense DNA was vacuum dried
and the DNA was resuspended in 5pi Texas red and 45 pi KCl loading buffer (118mM
KCl, 5mM HEPES, 22.2mM NaHCOs, 1.2mM MgCli). The solution was passed
through a 0.2pm Whatman’s VectaSpin Micro filter by centrifuging for 5mins on a
bench top centrifuge. The samples were kept on ice at all times during injection and
stored at 4°C. The solution containing the antisense was injected into nuclei of 3-weekold rat small-diameter DRG neurons (<30pm) using Eppendorf microinjector. Control
was generated with 25pg GPP in pRK7 expression vector containing 20pl KCl
injection buffer and 5pi Texas red. During the injection, the DMEM was replaced by a
calcium free buffer (PBS containing lOmM glucose and 2.4mM MgClz, pH 7.4). After
completion of the injections, the calcium free buffer is replaced by 10% fetal bovine
serum/250 iu.ml streptomycin-penicillin DMEM and the injected DRG neurons were
incubated at 37°C for 3 days prior to electrophysiological recording. Microinjections
were performed by Dr. Malik-Hall (UCL).

Molecular Cloning of Full Length Clones and Transfection

Cloning'. Full-length clones were subcloned from the original pJG4-5 library vector
into either pRK7, pRK5, or pBS500 expression vectors as listed below. Full-length
clones were not obtained for all positive interactors for Nay 1.8 identified from the yeast
two-hybrid screen (Table 1.3). In such cases, RT-PCR was performed to obtain fulllength cDNA using the cDNA library as template with specific primer pairs for the
clones. In such a way, full-length cDNA for clones II-6 and A-140 were obtained. Fulllength Papin (clone III-42) and Periaxin (clone IV-40) cDNA were also obtained from
Yoshimi Takai (Osaka University) and Peter Brophy (University of Edinburgh)
respectively.
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•

Clone I-l was excised from pJG4-5 using Ncol restriction enzyme and ligated
into pre-linearized pBS500 expression vector.

•

Clone II-6 was ligated into pre-linearized pRK7 expression vector at
Sall/Hindlll restriction sites.

•

Clones IV7-40, A-148, B-4, and B-13 were ligated into pre-linearized pBS500
expression vector at Ncol/Xbal restriction sites.

• Clones IV73, A-10, A-32, A -103, A-136, B-18, and B-20 were ligated into prelinearized pRK7 expression vector at EcoRI/XhoI restriction sites.
• Clone A-140 was ligated into pre-linearized pRK5 expression vector at
EcoRI/Xbal restriction sites.
• Clone A-145 was ligated into pre-linearized pRK7 expression vector at
BamHI/Hindlll restriction sites.

Transfection: Stably transformed CHO cells (CHO-SNS22) that express Navl.8 protein
in the cytosol were transfected with the full-length clones individually by lipofection.
The CHO-SNS22 cell line was kept in Nutrient Mixture F-12 (Ham) medium (Gibco
BRL) with 2.5% fetal bovine serum, 250 iu/ml streptomycin/penicillin and 1mg/ml
Geneticin G418 sulphate (Gibco BRL). 1.1 pg of full-length clone cDNA and 5pi of
lipofectamine were used for each transfection in the 35mm Falcon petri dish. Whole
cell patch-clamp recording and immunocytochemical analysis of these transfected cells
were done three days after transfection. The original expression vector pBS500 encodes
for the recombinase enzyme, CRE, which is flanked by Ncol and Xbal restriction cut
sites at the 5’ and 3’ end of CRE respectively. Clones were subcloned into the pBS500
vector at the sites within this Ncol/Xbal CRE-encoding region of pBS500 expression
vector. The CRE-encoding region contains a nuclear localization signal and during the
subcloning, the nuclear localization signal is excised. The sequence encoding green
fluorescent protein (GFP) is positioned upstream of the Ncol insertion site and is under
the control of the EFl-a promoter. The GFP-clone protein would thus be expressed in
the cytosol and not in the nucleus of the transfected cells. 1.1 pg pBS500 expression
vector with CRE excised was transfected into CHO-SNS22 cells as control. Non
transfected CHO-SNS22 cells were also patch clamped as control.
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Immunocvtocheinistrv/Translocation Assay
Three days after transfection, the transfected CHO-SNS22 cells were fixed with 4%
paraformaldehyde (PFA) (4% PFA in PBS, pH7.4) for ISmins on ice and subsequently
incubated with 1:1000 anti-Nayl.S polyclonal antibody (S N S ll). The cells were
washed with PBS and incubated with rhodamine-labelled anti-rabbit IgG. The cells
were mounted in CITI-fluor and analyzed with a confocal microscope.

Electrophvsiology Study
Membrane currents were recorded from CHO-SNS cells using the whole-cell patchclamp technique (Hammill et al., 1981). The extracellular recording solution contained
140mM NaCl, lOmM TEA Cl, lOmM HEPES, 2.ImM CaCl], 2.12mM MgClz, 0.5mM
4-aminopyridine (4-AP), 7.5mM KCl, and 250nM tetrodotoxin (TTX). The solution
was buffered using NaOH to pH 1.2-1.3. The intracellular solution contained 145mM
CsCl, 3.6mM EGTA Na, lOmM HEPES, 1.21mM CaCb, 1.21mM MgCb, and lOmM
TEA Cl and was buffered to pH7.2 using CsOH. Chemicals were either ‘AnalR’
(BDH), or supplied by Sigma. TTX was obtained from Alomone labs (TCS
Biologicals). Electrodes were fabricated from thin-wall glass capillaries (GC150TF-10;
Harvard Apparatus), and had an access resistance of 2-4 MQ when filled with
recording solution. Recordings were made using an Axopatch 200B patch-clamp
amplifier (Axon Instruments). Pulse protocols were generated and data stored to disk
using pClampb software (Axon Instruments). CHO-SNS cells were held at -90mV.
Voltage-clamp protocols incorporated a negative pre-pulse to -llO m V , and the cell
was subsequently stepped to more depolarized potentials for 50ms (up to a final value
of +80mV), in lOmV increments. All experiments were performed at room
temperature. All electrophysiology recordings and analysis were done by Dr. M. Baker.

In situ Hybridization

Preparation o f linearized DNA: In situ hybridization was performed on 2-week-old rat
DRG sections to determine whether the clones were expressed in Nay 1.8-positive small
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diameter neurons in DRG. PCR fragments of clones were subcloned into pGEM T Easy
(Promega) vector, and D IG -ll-U TP (digoxigenin-11-uridine-5’-triphospate) labeled
sense or antisense cRNA were generated using T7 RNA polymerase. PCR products
were ligated into pGEM T Easy vector and then linearized by incubating with
restriction enzyme Spel at 37°C overnight. This was followed by phenol/choloform
extraction the following day.

DIG-Labeled Probe: A solution of 2pl of Ipg linearized DNA, 2pi of lOX dNTP mixwith DIG (lOmM each of ATP, GTP, CTP; 6.5mM UTP, 3.5mM DIG-11-UTP in TRIS
neutralized solution, pH7.5), 2pl of lOX transcription buffer (0.4M TRIS, pH 8 ; 60mM
MgCb, lOOmM DTT, 20mM spermidine, lOOmM NaCl, 1 Unit/pl RNase inhibitor),
200 units T7 RNA polymerase, 0.5pl RNase inhibitor, and 13.3pl water was incubated
at 37°C for 2hr and the transcription reaction was stopped by addition of 0.2M EDTA,
pH 8 . lOpl NH 4 OAC was added, followed by 90pl of ice-cold ethanol. The mixture was
then incubated for 2hr at -20°C. The mixture was centrifuged for lOmins at MOOOrpm
and the pellet washed with ice-cold 70% ethanol. The pellet was dried and resuspended
in 50pl water. Ipl RNase inhibitor was added and the probe was stored at -20°C.

In Situ Hybridization: Fresh frozen sections (15pm) of 2-week-old rat DRG were fixed
by ice-cold 4% Paraformaldehyde (40g PFA added to 900ml H 2 0 ,100ml lOX PBS) for
lOmins on ice. Sections were washed 3 times with IX PBS and acetylated with
triethanolamine (3.5ml triethanolamine and 750pl acetic acid in 300ml H 2 O) for
lOmins. Sections were washed 3 times with IX PBS. 500pl hybridization solution
(50% formamide, 4X SSC, 2X Denhardt's solution, 15pi of lOpg/pl tRNA, 90pl of
5mg/ml salmon sperm DNA) was added and the sections incubated at room
temperature for Ihr. Then 500pl hybridization solution containing 0.5pl DIG-labelled
probe was added to the sections and incubated overnight at

6 6

°C. The slides were

washed 3 times with 2X SSC for lOmins at 72°C the next day. The slides were
incubated at 72°C for 30mins with 2X SSC followed by Ihr incubation at 72°C with
O.IX SSC solution. The sections were given a final wash for lOmins at room
temperature with 0.2X SSC solution.
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Detection o f DIG-labelled Probes: DRG sections were incubated for lOmins at room
temperature in buffer B1 (O.IM TRIS pH 7.5, 0.15M NaCl) followed by buffer B2
(O.IM TRIS pH7.5, 0.15M NaCl, 2% sheep serum) for 1 hour. Anti-DIG antibody
(alkaline phosphatase conjugated) (Roche) solution was made up in B2 buffer and
added to the sections for 90mins. The sections were then washed with buffer B3 for
Smins (O.IM TRIS pH9.5, O.IM NaCl, 50mM MgCb). Buffer B4 was added to
sections and the slides incubated overnight (4.5 pi nitroblue tétrazolium salt
(0.34mg/ml) (NBT), 3.5pi 5-bromo-4-chloro-3-indoly 1 phosphate toluidinium salt
(0.18mg/ml) (BCIP), 25pl of 5mg/ml levamisole in 1ml solution B3). The reaction was
stopped the following day by washing with IX PBS solution.

Immunohistochemistry
15 pm thick sections were cut from two-week-old rat DRG and placed on superfrost
plus charged slides. Sections were air-dried for 2hr and were then washed twice for
lOmins with PBS-Triton (PBS-T) (0.5% Triton X-100). 20% sheep serum in PBS-T
was applied to the sections to block non-specific binding sites for Ihr prior to the
addition o f primary antibodies (polyclonal anti-L-periaxin, 1:1500 dilution; gift from
Dr. P. Brophy, Edinburgh University; monoclonal anti-peripherin, 1:10 dilution
(Chemicon International)). Primary antibodies were incubated at 4°C overnight in a
humidified chamber. The sections were washed 4 times with PBS-T the following day
and secondary antibody (anti-mouse IgG - conjugated with Texas Red for peripherin;
1:50 dilution in PBS-T; anti-rabbit IgG - conjugated with FITC for periaxin; 1:200
dilution in PBS-T) was applied for 2hr at room temperature. The sections were washed
4 times with PBS-T and were then mounted. The sections were examined under a
fluorescent microscope. Immunohistochemistry studies were not performed for the
other clones due to the lack of available antibody. Peripherin antibody was used to
identify small-diameter neurons and to distinguish them from large-diameter neurons.
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Co-Immu noprecipitation

DNA construct: All positive clones identified from yeast two-hybrid screen were
subcloned into pBS500 plasmid vector except for clones A 123 and A 145, which were
subcloned into pcDNAB expression vector. Using PCR with the forward primer NcoHA (5’-TAACCATGGCCTACCCTTATGATGTG-3’) and reverse primer BC02-2
(5’-AGACATCTAGACAACCTTGATTGGAG-3’), rat DRG cDNA library inserts in
pJG4-5 vector were amplified with the restriction sites for Ncol and Xhol introduced
into the 5’ and 3’ end of the PCR products respectively. The PCR products were then
digested with Ncol and Xbal restriction enzymes and ligated into pre-linearized
pBSSOO using T4 DNA ligase. cDNA for the rat N avl . 8 a-subunit was also cloned into
pBSSOO vector. Using recombinant PCR, intracellular loop I (N-terminal of Nay 1.8,
amino acids 1-127), II (between D1 and D2 amino acids 400-660), III (between D2 and
D3 amino acids 893-1148), IV (between D3 and D4 amino acids 1420-1472) were
separately fused with the immunoreactive C-terminal of Nay 1.8 and then cloned into
pBSSOO vector. PCR primers were designed for the 3’ end of the products of the four
intracellular loops to bind to the 5’ end of the amplified C-terminal region. PCR was
carried out using SNSYH-1-2/SNSYH-2-2, SNSYH-3-2/SNSYH-4-2, SNSYH-52/SNSYH-6-2, SNSYH-7-2/SNSYH-8-2 primer pairs for intracellular loop I, II, III,
and IV respectively.
Forward primers: SNSYH-1-2, 5 ’-AACCATGGAGCTCCCCTTTGCATC:
SNSYH-3-2, 5 ’-AACCATGGAAGAGCAGAGCCAGGC-3 ’;
SNSYH-5-2, 5’-AAÇÇATGGCGGACAACCTCACGGC-3’;
SNSYH-7-2, 5’-CACCATGGACAACTTCAACCAACAG-3’. N col

sites

are

underlined.
Reverse primers: SNSYH-2-2, 5 '-AAGTTCTCAGACGCTTTGATGGCTGT-3';
SNSYH-4-2, 5’-AAGTTCTCCTCGAACAGCGCCATCT-3’;
SNSYH-6-2, 5’-AAGTTCTCGCGGTAGCAGGTCTTGC-3’;
SNSYH-8-2, 5’- AAGTTCTCGTCAAACACGAAGCCTTG-3’.
C-terminal of N ay 1.8 was amplified by forward primers:
SNSYH-9-2, 5’- AAGCGTCTGAGAACTTCAACGTAGCC-3’;
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SNSYH-9-3, 5’- TGTTCGAGGAGAACTTCAACGTAGCC-3’;
SNSYH-9-4, 5- GCTACCGCGAGAACTTCAACGTAGCC-3’;
SNSYH-9-5, 5’- TGTTTGACGAGAACTTCAACGTAGCC-3 ’ and reverse primer
SNSYH-10-2, 5’- GATCTAGATCACTGAGGTCCAGGG-3 ' for matching to the 3’
end of the PCR products of intracellular loops I, II, III, and IV respectively.

Transfection'. COS cells maintained in DMEM were transiently co-transfected with
N avl . 8 bait/C-terminal fusion DNA in pBSSOO expression vector and clone construct
DNA by means of lipofection.

Protein extraction'. Transfected COS cell cultures were washed with PBS (pH7.4) at
4°C three times and then incubated in 1ml of ice-cold RIPA lysis buffer (ISOmM NaCl,
1% Nonidet P-40, 0.1% SDS, 50mM Tris pH 8.0) with Ipg/ml each of aprotinin,
leupeptin, and pepstatin and 0.0ImM PMSF (phenylmethylsulfonyl fluoride} at 4°C for
1 hr. Lysate was centrifuged at 10,000rpm for lOmins at 4°C. Supernatant was retained
and centrifuged at 14,000rpm for 30mins at 4°C. The supernatant was then incubated
with a 1:1000 dilution of antibody (anti-hemagglutinin (anti-HA) or anti-N ayl . 8
antibody) for Ihr at 4°C. lOOp.1 of Protein A Sepharose beads was added and left at 4°C
for Ihr. The mixture was centrifuged at 14,000rpm for lOmins and the sepharose beads
were washed with lysis buffer three times.

SDS-PAGE: Protein A Sepharose beads were spun briefly and excess lysis buffer was
removed. 50p,l SDS-PAGE sample buffer (lOOmM Tris-Cl pH

. , 4% SDS, 0.2%
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Bromophenol Blue, 20% Glycerol, 200mM DDT) was added to the sepharose beads
and heated at 85°C for lOmins. The mixture was spun briefly and 20|iil of supernatant
was loaded onto 8 % SDS-PAGE. The gel was run at 200mAmps and 170V for approx.
5hr. After electrophoresis, protein bands on the gel were transferred to a nitrocellulose
membrane for Western Blotting.

Immunoblotting: Proteins on SDS-PAGE were electrophoretically transferred onto
Hybond-ECL (nitrocellulose) membrane in transfer buffer (20mM Tris pH 8.3, 0.01%
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SDS, 240mM glycine, 20% methanol) overnight at 50V and 200mAmps. The
membrane was blocked in 5% non-fat dry milk in PBS-Tween (0.1%v/v Tween-20 in
phosphate-buffered saline, pH 7.4) at room temperature for 30mins with gentle
agitation. It was then washed 3 times with agitation in large volume of PBS-Tween for
Smins each time. The membrane was incubated with primary antibody in either a
1:1000 dilution o f anti-HA or 1:1500 dilution of anti-Nayl.S antibody at room
temperature for Ihr. After incubation, the membrane was washed as described above.
The membrane was incubated with 1:1500 dilution of horseradish peroxidase
conjugated secondary antibody, either anti-mouse (if primary antibody used was antiHA) or anti-rabbit antibody (if primary antibody was anti-N avl. 8 ) for Ihr at room
temperature. The membrane was washed as described above. ECL™ western blotting
detection reagents (Amersham) were mixed in 1:1 ratio and applied onto the membrane
for Imin. Membrane was then exposed to BioMax (Kodak) film.

GST-Fusion Protein Pull-Down Assay

GST-Fusion Protein: G ST-N ayl . 8 fusion protein was used to circumvent low
transfection efficiency experienced in co-immunoprecipitation. DNA of intracellular
loops I, II, III, IV, Va and Vb (the C-terminal divided into two parts; amino acids 17241843 and 1842-1956, respectively as in the yeast two-hybrid screen) of a-subunit of
N avl . 8

was cloned into pGEX-5X-l vector (Amersham). The primers used were

designed to introduce an EcoRI restriction site in the 5’ direction and Notl in the 3’
direction of each of the intracellular loop of N ayl. 8 .
Forward primers: 1-5, 5’-GGAATTCATGGAGCTCCCCTTTGCG-3':
II-5, 5’-GGAATTCGAAGAGCAGAGCCAGGCA-3 ’:
III-5, 5’-GGAATTCAGCGCGGACAACCTCACG-3
IV-5, 5'-GGAATTCGACAACTTCAACCAACAGAAA-3%
Va-5, 5’-GGAATIÇGAGAACTTCAACGTAGCCACC-3
Vb-5, 5’-GGAATTCCCAATAGCCACCACCCTC-3’.
Reverse primers: 1-3, 5’-AATTGCGGCCGCAGACGCTTTGATGGCTGT-3’;
II-3,5’-AATTGCGGCCGCCTCGAACAGCGCCATCT-3’;
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III-3,5’-AATTGCGGCCGCGCGGTAGCAGGTCTT-3’;
IV-3, 5’-AATTGCGGCCGCGTCAAACACGAAGCCTT-3
V a-3,5’-AATTGCGGCCGCGGCTATTGGTTCATAG-3’;
V b-3,5’-AATTGCGGCCGCTCACTGAGGTCCAGG-3’.
EcoRI sites are underlined. Notl sites are boldfaced. PCR was carried out using I-5/I-3,
II-5/II-3/ III-5/III-3, IV-5/IV-3, Va-5A^-3, Vb-5/Vb-3 primer pairs for GST-I, GST-II,
GST-III, GST-IV, GST-Va, and GST-Vb, respectively. The following cycles were
used: 25 cycles of Imin at 94°C, followed by Imin 30sec at 55°C, and then Imin 30sec
at 72°C. PCR products were digested with EcoRI and Notl and ligated into linearized
pGEX-5X-l vector. The resulting constructs were sequenced with forward primer
5'pGEX (5’- GGGCTGGCAAGCCACGTTTGGTG-3’) and reverse primer 3'pGEX
( 5 CCGGGAGCTGCATGTGTCAGAGG-3 ’).
The six pGEX-5X-Navl.8 constructs were separately transformed into E.coli
strain BL-21 by heat shock method. 5p,l of ligation DNA was used per transformation.
pGEX-5X-l vector was transformed into BL-21 cells as negative control. One BL-21
transformant per transformation was used to inoculate 12ml of liquid Luria Broth
medium containing ampicillin and grown overnight at 33°C with agitation. This culture
was used the following day to inoculate

2 0 0

ml of the same medium to an initial

concentration of ODeoo = 0 .2 . The culture was then left to grow until ODôoo =

0 .6

-

. .

1 0

Protein production was induced with O.lmM IPTG for 4 hr. Cells were then pelleted by
centrifugation at 4800rpm for lOmin at 4°C and resuspended in 20ml PBS (pH 7.4).
Resuspended cells were lysed by sonication and 2ml of Triton X-100 was added. Cells
were again pelleted by centrifugation at 4800rpm for lOmins and the supernatant was
retained. 1ml of 50% glutathione-agarose beads slurry (prepared according to
manufacturer’s recommendation) (Amersham) was added to the supernatant and mixed
gently at room temperature for lOmins. Glutathione-agarose beads were washed three
times with 40ml ice-cold PBS and then resuspended in 1ml PBS.

Clone cDNA Transformation and Protein Extraction'. For transfection of COS cells
with cDNA constructs, the same protocol was used as listed in Coimmunoprecipitation. Three days after transformation, cells were lysed using 4% SDS
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in phosphate buffer (lOmM sodium phosphate, pH 7.4) at 4°C for Ihr. The lysate was
centrifuged at 10,000rpm at 4°C for lOmins, followed by centrifugation at 14,000rpm
at 4°C for 30mins. The supernatant was then transferred to a macrosep 3OK omega
centrifugal concentrator (Pall Filtron) and 10ml ice-cold PBS (pH 7.4) was added. It
was centrifuged at 5,000rpm for 2hr at 4°C. The filtrate was discarded and the residue,
containing the solubilized protein, was used in the pull-down assay experiment.

GST-Pull Down Assay: GST-Nayl.S glutathione-agarose beads complex were
incubated in 1:10 ratio of clone protein extracted from transfected COS cells at 4°C
overnight. The mixture was washed 3 times with PBS (pH7.4). GST-Nayl.S fusion
protein was eluted from glutathione-agarose beads by adding 50pl of SDS-PAGE
sample buffer and heated at 85°C for lOmins. Eluted proteins were subjected to 12%
SDS-PAGE. GST only glutathione-agarose beads complex were also incubated with
cloned protein as negative control and subjected to 12% SDS-PAGE. The same
protocol was followed as described previously for immunoblotting.

Results

Cloning and Identification of Positive Clones from Yeast Two-Hvbrid Screen

A yeast two-hybrid screen was used to identify potential interactive proteins for N ayl . 8
by using the intracellular loops as baits. Before setting up the interaction trap, it was
important to verify that the bait proteins chosen were suitable for the yeast two-hybrid
screen. It is essential that they were not toxic to the yeast and that they did not have
intrinsic transcriptional activity of the two LexA operator-based reporter genes, LacZ
and LEU2, prior to the transformation of the cDNA library. Therefore, an activation
assay was carried out. In the activation assay, the positive control (pSH17-4 plasmid)
turned blue on Glu ura' his' X-gal plates while the negative control (pRFHMl plasmid),
and all the baits remained white as they did not have intrinsic transcriptional activity
(Table 1.4). In addition, both controls and the baits grew on Gal/Raf ura' his' plates but
neither the negative control nor the baits grew on Gal/Raf ura' his' leu' medium.
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To ensure that LexA-bait fusion proteins were synthesized in the yeast and
thereby able to bind to the LexA operators harboured by the reporter genes, the
repression assay was performed (Figure 1.5). Yeast lacking the LexA protein will begin
to turn blue on the Gal/Raf ura’ his’ X-gal plates after one day and will appear light
blue on Glu ura’ his’ X-gal plates after 2-3 days because the transcription of the LacZ
reporter gene is not blocked. In the repression assay, the negative control (pEG22)
lacks LexA, and thus cannot bind to the LexA operators. As a result, the reporter gene,
LacZ, is transcribed producing blue colonies (Table 1.5). The positive control
(pRFHMl plasmid) produces a LexA-fusion protein that has no transcriptional activity,
binds to the LexA operators positioned between UASg and the LacZ reporter gene and
thereby blocks the transcription of the LacZ gene. This resuts in white colonies on
Gal/Raf ura’ his’ X-gal plates. The LexA-bait fusion proteins also effectively bind to
the LexA operators and in doing so, block the transcription of the LacZ reporter gene.
Once it was verified that the baits were inert and non-toxic to the yeast, an
interaction trap was carried out. Positive interactors were identified as yeast colonies
which exhibited strong Leu^, LacZ^ phenotype on Gal/Raf ura’ his’ trp’ leu’ and
Gal/Raf ura’ his’ trp’ X-gal plates respectively, with little or no growth on Glu ura’ his’
trp’ leu’ and no change in color on Glu ura’ his’ tip’ X-gal plates. The auxotrophic
markers URA3, HIS3, TRPI are conferred by pSH 18-34, pEG202, pJG4-5 plasmids,
respectively, allowing yeast transformants that have these plasmids to grow on ura’ his’
trp’ medium. Meanwhile the auxotrophic marker LEU2 that has been integrated into the
yeast strain, EGY48, is only transcribed if there is an interaction between the bait and
the prey protein. Twenty-eight independent clones were identified as positive
interactors for N avl . 8 from this yeast two-hybrid screen (Table 1.6).
Clone I-l:

This clone showed 100% homology to the rat clone of S-100

related protein, annexin II light chain protein, also known as p l l . Our clone encoded
the full-length protein which consists of 96 amino acids and included a 51bp 5’UTR
(untranslated region) and a 450bp 3’UTR. In the database, only a 240bp 3’UTR was
reported. More details are presented in Chapter Two.
Clone II-4:

This clone showed 93% homology to the human clone for

huntingtin interacting protein 1 (HIPl). The full-length transcript including the 219bp
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5’UTR, 2745bp coding regions and l.Skb 3’UTR was cloned. Huntington disease, a
neurological disorder characterized by selective loss of striatal and cortical neurons,
results from polyglutamine expansion o f the protein huntingtin. H IPl, was first
identified in a yeast two-hybrid screen as a protein that associates with huntingtin
(Wanker et al., 1997). Legendre-Guillemin et al. (2002) showed that HIPl strongly
associates with clathrin-coated vesicles (CCVs). They suggested that HIPl is involved
in clathrin-mediated endocytosis and interacts with clathrin light chain that appears to
contribute to clathrin assembly.
Clone 11-5:

This clone showed 92% homology to mouse clone zyxin related

protein (ZRP). Three-hundred-and-one amino acids out of 542 were cloned and it has
an 180bp 3 ’UTR. The zyxin protein displays a collection of proline-rich sequences as
well as three copies of the LIM domain, a zinc finger domain found in many signalling
molecules (Macalma et al., 1996). Zyxin is a component of adhesion plaques that has
been suggested to perform regulatory functions at these specialized regions of the
plasma membrane. Zyxin has also been shown to bind to a-actinin, an actin binding
and cross-linking protein that is enriched at the termini of stress fibers in focal
adhesions (Crawford et ah, 1992).
Clone 11-6:

This clone had a 100% homology to a rat clone follistatin related

protein (FRP). Our clone encoded 150 amino acids out of 306 and included a 1.4kb
3’UTR of which 389bp have been reported. FRP is a recently described member of the
growing follistatin-related gene family and it binds with high affinity to activin, a
member of the transforming growth factor beta (TGF-|3) protein family which
stimulates the release of pituitary follicle-stimulating hormone (Sidis et ah, 2002).
Overexpression of FRP in transgenic mice results in defects such as reduced female
reproductive capacity but does not appear to affect males. These results suggest that
FRP may modulate the activity of one or more TGF-p superfamily members within the
developing follicle which results in disruption of normal follicular development
(Schneyer et ah, 2001).
Clone 111-27: This clone had 87% homology to mouse clone mRNA for
Syntrophin-associated serine/threonin kinase (SAST). The coding region for 781 out of
1567 amino acids was isolated and our 2.5kb insert included 200bp 3’UTR although
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only 97bp has been reported. SAST was identified as a P2-syntrophin binding protein
in a yeast two-hybrid screen (Lumeng et al., 1999). They showed that SAST binds to
p2-syntrophin via a PDZ domain and co-localizes in the cerebral vasculature, spermatic
acrosomes, and neuronal processes.
Clone III-42: This clone showed 100% homology to rat plakophilin-related
armadillo-repeat protein-interacting protein (PAPIN). Our clone encoded 201 amino
acids out of 2767 and included a 2.4kb 3’UTR. The armadillo repeat is a repeated
motif of about 40 amino acids originally identified in the Drosophila segment polarity
gene (Hatzfeld, 1999). Deguchi et al. (2000) first identified this multiple PDZ domaincontaining protein by using a yeast two-hybrid screen with NPRAP (neural
plakophilin-related arm-repeat protein)/0-catenin as bait. Multiple PDZ domaincontaining proteins are considered to bind various ligands via distinct PDZ domains
and provide a scaffold for these ligands. PAPIN may also interact with various
molecules besides NPRAP/6 -catenin via the PDZ domains. Because both the PDZ
domain-containing protein family and the armadillo repeat-containing protein family
are localized at cell-cell junctions, these interactions may be important in the
architecture of cell-cell junctions (Deguchi et al., 2000).
Clone IV-40'. This clone had 100% homology to rat clone for periaxin. Our
clone encoded 482 out of 1389 amino acids but full-length periaxin was obtained from
Prof. Peter Brophy (Edinburgh University, UK). The L-periaxin protein, which
contains PDZ domains, was thought to have a role in the stabilization of myelin in the
PNS (Gillespie et al., 1994). Mice lacking a functional Prx gene which encodes both Land S-periaxin, assemble compact PNS myelin. However, the sheath is unstable,
leading to demyelination and reflex behaviors that are associated with the painful
conditions caused by peripheral nerve damage (Gillespie et al., 2000). L-periaxin also
possesses an unusual tripartite nuclear localization signal (NTS) (Sherman and Brophy,
2000). They showed that NTS localizes L-periaxin to the Schwann cell nucleus when it
is first expressed in the embryonic PNS and is then subsequently localized to the
plasma membrane.
Clone rV-73: This clone had 100% homology to rat clone mRNA for cdc37
(cell division cycle 37 homolog), a homologue of a yeast cell cycle protein. The full
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length of the clone was obtained which included a 36bp 5’UTR, 1140bp coding region
and 377bp 3’UTR. Cdc37 is often associated with members of the Hsp90 heat shock
family and it is thought that the Cdc37 protein is a kinase-targeting subunit of the
chaperone Hsp90 (Mort-Bontemps-Soret et ah, 2002). Cdc37 also interacts with
kinases involved in signal transduction, cell growth and differentiation. A number of
transcription factors and protein kinases involved in signal transduction are recovered
from cells in heterocomplexes containing Hsp90 (Pratt, 1999).
Clone IV7-40: This clone had 100% homology to rat clone mRNA for dynein
light chain, Tctex-1. The full-length 800bp clone was isolated which included 15bp
5’UTR, 342bp coding region and 400bp 3’UTR of which only 6 bp has been reported.
Dyneins are divided into 2 classes, axonemal, which are involveld in the movement of
flagella and cilia, and cytoplasmic, which are involved in trafficking of vesicles and
retrograde axonal transport in nerve cells (Xiang et al., 1994). Cytoplasmic dyneins
interact with a variety of structures such as lysosomes, the golgi complex, synaptic
vesicles, and the endoplasmic reticulum and is implicated in transport of these
organelles and vesicle transport between these organelles (Hirokawa, 1998). The
dynein motor is a multicomponent protein and contains two heavy chains, two
intermediate chains, four light intermediate chains, and several light chains. Tctex-1 is
a 14 kDa dynein light chain. As a component of the dynein motor complex, Tctex-1 is
involved in the transport of membranous organelles and protein complexes along
microtubules (Lane and Allan, 1998).
Clone A-10".

This clone showed 99% homology to rat clone mRNA for

proline rich inositol polyphosphatate 5-phosphatase (PIPP). The full-length clone
which included 24bp 5’UTR, 2985bp coding region and 274bp 3’UTR was isolated
although our clone lacked 7 amino acids at position 35. Inositol and
phosphatidylinositol polyphosphates play important roles in a variety of signal
transduction systems. Inositol polyphosphate 5-phosphatase is an enzyme that
specifically hydrolyzes phosphate at the D-5 position of inositol or phosphatidylinositol
polyphosphates. All inositol polyphosphate 5-phosphatases share a 5-phosphatase
domain and various protein modules such as SH2 domain, proline-rich sequences, and
prénylation sites, that are responsible for specific cell localization or recruitment
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(Emeux et al., 1998). Mochizuki and Takenawa (1999) cloned and characterized a
novel 5-phosphatase, PIPP, an enzyme that dephosphorylates the D-5 position of
inositol and phosphatidylinositol polyphosphates at ruffling membranes. They
suggested that due to the localization of PIPP at membrane ruffles, it may be involved
in the modulation of the function of proteins that are present at membrane ruffles.
Clone A-32:

This clone had 98% homology to rat clone for a voltage

dependent anion channel (RVDAC3v). The full-length clone including the 774bp
coding region and 26bp 3’UTR was isolated but our clone has extra 9 amino acids at
the N-terminal region. Voltage dependent anion channel, also known as eukaryotic
porins, are a group of membrane proteins whose best known role is to form an aqueous
pore channel in the mitochondrial outer membrane (Sorgato and Moran, 1993). VDACs
have been shown to bind cytosolic kinases (Adams et a l, 1991) and this interaction
allows the bound kinases access to mitochondrial ATP derived from oxidative
phosphorylation.
Clone A-91:

This clone had 94% and 92% match to mouse and human

tetraspanins (TM4SF) respectively. The TM4SF proteins have four transmembrane
domains and are present in nearly all mammalian cells and many other species
including C.Elegans and Drosophila (Todd et al., 1998). TM4SF have been implicated
in cell development, differentiation, motility and tumor cell invasion. They are also
believed to act as adaptors in multimeric complexes that link integrins with other
signalling molecules such as phosphatidylinositol 4-kinase at the plasma membrane
(Yauch et al., 1998). Although TM4SF molecules often associate with integrins,
TM4SF proteins themselves have little influence on cell adhesion (Hemler, 1998), and
these proteins do not localize into focal adhesion complexes (Berditchevski and
Odintsova, 1999). By using reciprocal co-immunoprecipitation and covalent crosslinking experiments, Zhang et al. (2001) showed the translocation of conventional
protein kinases C (PKCs) to the plasma membrane leads to their specific association
with TM4SF proteins.
Clone A-103: This clone showed 93% homology to mouse clone for necdin
gene. The full length of this clone which has a 60bp 5’UTR, 978bp coding region and
544bp 3 ’UTR was isolated. The necdin gene is mainly expressed in terminally
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differentiated neurons, although its expression levels vary among neuronal types, being
most abundant in the hypothalamus (Aizawa et al., 1992). Uetsuki et al. (1996) have
shown that necdin mRNA is expressed in all post-mitotic neurons in the CNS as well as
in SCG and DRG in the PNS. A recent study by Takazaki et al. (2002) showed that
necdin mediates the terminal differentiation and survival of NGF-dependent DRG
neurons and necdin-deficient nascent neurons are destined to caspase-3-dependent
apoptosis. They showed that the suppression of necdin expression in DRG cultures
treated with antisense oligonucleotides led to a marked reduction in the number of
terminally differentiated neurons.
Clone A-123: This clone showed 98% homology to rat mRNA for intermediate
chain of dynein (IC2). Our clone encoded 271 amino acids out of 613-639 depending
on which type o f IC2 (A, B or C) was isolated as there are three types. The
intermediate chains of the dynein complex are localized in the base of motor complex
and although cytoplasmic dynein interacts with microtubules via the heavy chains, it
has been postulated that the intermediate chains link the motor complex to membranous
organelles (Pashal et al., 1992). By using GST-pull down assay, Mok et al (2001)
showed that Tctex-1 (clone IV7-40), the dynein light chain, binds directly to the Nterminal of the intermediate chain of dynein.
Clone A-133: This clone had

88

% homology to mouse connexin gene, Cx43.

Our clone encoded 349 out of 1217 amino acids. Connexins are gap junction proteins
that form transmembrane channels between adjacent cells. Cx43 is the most widely
expressed connexin member and it is the dominant gap junction protein o f the
developing and mature heart (Duncan and Fletcher, 2002). Giepmans et al. (2001)
showed that the C-terminal of Cx43 binds to microtubules that consist of a - and Ptubulin dimers.
Clone A-136: This clone showed 89% homology to mouse Pelota. Our fulllength clone had 9bp 5’UTR, 1158bp coding region and 181bp 3’UTR. The expression
and function of the pelota gene has originally been characterized in Drosophila. A lossof-function mutation in Drosophila pelota was found to result in male infertility.
Sallam (2001) generated a pelota knockout mice and found that homozygous pelota
knockout mice were not viable due to cell cycle arrest at the G2/M transition.
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Clone A-140'. This clone showed 97% homology to rat gene for moesin. Our
clone encoded 564 out of 578 amino acids and has a 267bp 3’UTR. Moesin, along with
ezrin and radixin, are known as ERM proteins. These proteins are members of the
4.1 superfamily of proteins and are expressed differentially in the microvilli of many
cell types (Berryman et al., 1993). Members of this family share a highly conserved
amino-terminal domain, known as the Four-point-one/ezrin/radixin/moesin (PERM)
domain, which binds directly or indirectly to the plasma membrane, and a C-terminal
domain that interacts laterally with actin filaments. ERM proteins have been regarded
as linkers between membrane proteins and the actin cytoskeleton, concentrated in
and/or involved in the morphogenesis of microvilli as well as filopodia, membrane
ruffles, and cell adhesion sites (Bretscher, 1999). Meledez-Vasquez et al. (2001)
showed by staining teased rat sciatic nerves with antibodies against the three ERM
proteins that the ERM proteins are localized in Schwann cell microvilli at the node of
Ranvier.
Clone A-145: This clone showed 100% homology to rat clone for a-tubulin.
Our clone encoded 290 out of 452 amino acids and has a 195bp 3’UTR. Microtubules,
formed by a - and P-tubulin, are fibrous elements found in the cytoplasm of eukaryotic
cells. They are involved in cell motility, division and in organelle transport.
Clone A-148: This clone had

88

% homology to mouse tyrosine-rich heat shock

protein. Our full-length clone had a 21bp 5’UTR, 564 amino acid coding region, and
1.7kb 3’UTR. Heat shock proteins (HSPs) are produced by all cells in response to heat
stress and other noxious stimuli (Lindquist and Craig, 1988). Some HSPs are also
expressed in unstressed cells and act as molecular chaperone that play important role(s)
in folding/unfolding, assembly/disassembly, and translocation of cellular proteins.
Clone A-150: This clone showed

8 6

% homology to mouse Pmpb (Long

incubation prion protein) and prion-like protein. The prion protein was first identified
in scrapie-infected rodents. The cellular prion protein, PrPC, is a copper binding
glycosylphosphatidylinositol (GPI)-anchored glycoprotein abundant in neurons as well
as in other cells (Castagna et al., 2002). Prion diseases (also known as transmissible
spongiform encephalopathies) are associated with the conversion of the normal cellular
form of PrPC to an abnormal scrapie-isoform (PrP(Sc)). The conversion of PrPC to
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PrP(Sc) is post-translational and causes protein conformational change. It has been
suggested that molecular chaperones may be involved in the folding of prion proteins.
Clone A-165'. This clone showed 100% homology to rat clone for thousandand-one-amino-acid protein kinase 2 (TA02). Our isolated clone encoded 531 out of
1236 amino acids. TA02, a rat homologue of the S.cerevisiae protein kinase sterile 20
protein (Ste20p), activates mitogen-activated protein/extracellular signal regulated
kinase kinases (MEKs) in the stress-responsive mitogen-activated protein (MAP)
kinase pathways (Chen et a/., 1999).
Clone A-189'. This clone showed homology to mouse 10 days embryo cDNA,
RJKEN full-length enriched library, clone 2610001E01.
Clones B-4, B-13, B-15:

Clone B-4 showed 99% homology to the rat

calmodulin III gene. Our full-length clone had a 33bp 5’UTR, 450bp coding region and
33bp 3’UTR. Clone B-13 showed 95% homology to calmodulin II and had a 21bp
3’UTR, 450bp coding region and 592bp 3’UTR. Clone B-15 showed

86

% homology

to calmodulin I and our clone encoded 92 out of 150 amino acids of the coding region
and a 3kb 3’UTR. Calmodulin (CaM) is an ubiquitous highly conserved acidic Ca^^binding protein present in all eukaryotic organisms. CaM has been implicated in a
number of cellular processes, ranging from the synthesis and degradation of cyclic
nucleotides and phosphoinositides, the phosphorylation/dephosphorylation cycle of
proteins, gene transcription, and the regulation of different transport systems (reviewed
in Benaim and Villalobo, 2002). CaM I is detected in large amount in brain, testis,
skeletal muscles, and intestines whereas CaM II is detected in heart, liver, and kidney.
CaM III is also abundant in brain and testis and in smaller quantity in muscles and
intestine (reviewed in Friedberg and Rhoads, 2001). While some protein interact with
CaM in a Ca^^-dependent manner, others interact in a Ca^^-independent manner
(reviewed in Bahler and Rhoads, 2002). The Ca^^-dependent CaM-binding proteins
often possess a region that is characterized by a basic, often amphipathic, helix
consisting o f approximately 20 amino acids, known as the Baa motif. On the other
hand, the Ca^^-independent binding sites responsible for CaM recognition is referred to
as the IQ motif.
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Clone B-18:

This clone showed 90% homology to rat mRNA for PKC-zeta-

interacting protein (ZIP). Our full-length clone had a 6 bp 5’UTR, 1320bp coding
region and 279bp 3’UTR. Puls et al, (1997) isolated ZIP as an interactor for atypical
protein kinase C (PKC-Ç) in a yeast two-hybrid screen. ZIP is a cytoplasmic and
membrane associated protein that interacts with the regulatory domain of PKC-Ç but
not classic PKC. ZIP mediates complexes between PKC- Ç and other proteins and is
phosphorylated by PKC-Ç. The atypical PKC-Ç has been implicated in several signal
transduction pathways regulating differentiation, proliferation, or apoptosis of
mammalian cells. One of the signalling pathway is where PKC-Ç participates in
phosphorylation events downstream of phosphatidylinositol 3-kinase activation by
receptor tyrosine kinases (Nakanishi et a/., 1993). Another is where PKC-Ç acts as a
mediator of the growth inhibitory and apoptotic actions of ceramide, an intracellular
messenger generated by hydrolysis of sphingolipids (Obeid and Hannun, 1995).
Clone B-20: This clone showed 97% homology to mRNA for the mouse
cytoskeletal beta-actin. The full-length clone which included a 54bp 5’UTR, 1127bp
coding region and 684bp 3’UTR was isolated. The actin multigene family is an
abundant protein that polymerizes to form microfilaments which, in turn, play an
important role in the maintenance of cell shape, division, and motility. There are at
least six actin isoforms known in mammals. Although they are encoded by separate
genes, they differ by less than 10% in their amino acid sequence (Erba et a l, 1988).
Zhang et al, (1999) showed that localization of P-actin mRNA and protein to growth
cones o f forebrain neurons is stimulated by neurotrophin-3 (NT-3). They found a
similar response occurred when neurons were exposed to forskolin or dibutyryl cAMP
suggesting the involvement of cAMP-dependent signalling pathway.
Clone B-25:

This clone showed 85% homology to human Rab3 GTPase-

activating protein. Our clone encoded 233 out of 983 amino acids and had a 687bp
3 ’UTR. Small GTP-binding proteins of the Rab family play a pivotal role in controlling
membrane trafficking along the endo- and exocytic pathways (Schimmoller et a l,
1998). The Rab family members alternate between the GDP-bound inactive and GTPbound active forms and between the cytosol and membrane fractions, and these
changes are essential for their action in vesicle trafficking. The Rab3 subfamily
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consists of four members, Rab3A, -B, -C, and -D. Of these members, Rab3A and -C
are implicated in Ca^^-dependent exocytosis, particularly in neurotransmitter release
from nerve terminal (reviewed in Fischer von Mollard et al., 1994).

Co-Immunoprecipitation

Co-immunoprecipitation was used to confirm direct interaction between the clones and
N av i. 8 . Clones with HA epitopes fused to their N-terminals were subcloned into
pBS500 expression vector which encodes GFP. They were then expressed transiently
along with Nayl.S in COS cells by means of lipofection. Due to solubility problems
with Nayl.S, each of the intracellular regions of Nayl.S were separately fused to the
immunoreactive C-terminal and used for co-immunoprecipitation studies. Figure 1.12
shows the bands obtained for clones IV-40 (periaxin) and IV7-40 (dynein light chain)
when the shorter bait fragment o f Nayl.S was used for the co-immunoprecipitation.
COS cell lysates containing co-expressed HA-tagged clone proteins and Nayl.S were
precipitated with either anti-Nayl . 8 or anti-HA antibody and subsequent western blot
was visualized with anti-HA antibody. Anti-Nayl.S brought down the HAimmunoreactive bands of appropriate sizes for clones IV-40 and IV7-40 showing an
interaction between the co-expressed proteins. Controls demonstrated that the antiNayl.S antisera did not pull down HA-tagged clones in the absence of Nayl.S co
expression.

GST Pulldown Assay

Results for clone I-l are presented in Chapter Two.

In Situ Hybridization

To determine whether the clones were expressed in Nayl.S-positive small-diameter
neurons in DRG, in situ hybridization was performed. All clones binding to baits I-IV
were tested and all demonstrated strong staining in small-diameter neurons showing
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that these clones are expressed in neurons that are known to express endogenous
N avi . 8 (Table 1.8). Antisense probes for clones II-4 (Huntingtin interacting protein),
II-5 (Zyxin related protein), II- 6 (Follistatin related protein), 111-42 (Papin), and IV7-40
(dynein light chain) were detected both in small- (red arrows) and large- (yellow
arrows) neurons (Figure 1.13A-E), while sense probes for all of the clones did not show
any positive staining (example for sense IV7-40 probe shown in Figure 1.13F).
Antisense probe for clone I-l (Figure 1.14A) demonstrates strong staining in both
small- (red arrow) and large- (yellow arrow) diameter neurons showing that mRNA for
this clone is expressed in small-diameter neurons that have endogenous N ay l . 8
revealed by immunohistochemistry using anti-Nay 1.8 antibody (Figure 1.14B).
Expression of mRNA in DRG for most of the clones binding to baits Va and Vb were
tested by RT-PCR. The pattern of expression of mRNA encoding transcripts detected
by RT-PCR is shown in Table 1.8.

Immunohistochemistrv
Immunohistochemistry studies were carried out for clone IV-40 (periaxin) to check if
periaxin protein is co-expressed with N ay l.8 in the small-diameter neurons. Figure
1.15 shows clone IV-40 staining in both small- and large-diameter neurons.
Immunohistochemistry studies were not performed for the other clones due to the lack
of available antibodies.
Immunocvtochemistrv/Translocation Assay
CHO-SNS22 cells are a stably transfected cell line, which do not generate any TTX-r
N ayl . 8 current despite high expression of full-length N ay l . 8 mRNA and protein. The
N ay l . 8 protein is primarily distributed in the cytosol as shown by immunocytochemical
studies using anti- N ayl . 8 polyclonal antibody, and not on the plasma membrane where
channel proteins need to be in order to produce functional channels (Figure 1.6). To
study whether any of the clones are involved in trafficking o f the channel protein,
GFP/full-length clone fusion cDNAs were transiently transfected into this CHO-SNS22
cell line. The expression of the clones could thus be detected as green fluorescence
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signal. Clones I-l ( p li) and A 148 (tyrosine-rich heat shock protein) showed trafficking
of N ayl . 8 from the cytosol to the plasma membrane when expressed in CHO-SNS22
cells independently. (More details on clone I-l are presented in Chapter Two). Figure
1.16A-C shows N avi. 8 -like immunoreactivity (red fluorescence) in the clones I-l (A)
and A148 (B, C) transfected CHO-SNS22 cells. The Nay 1.8-like immunoreactivity is
less prominent in the cytosol and there is a clear ring shape delineating the plasma
membrane of the cell when GFP-clone fusion proteins are present, suggesting that these
two clones facilitate the translocation of Nay 1.8 from the cytosol to the plasma
membrane. Figure 1.16D shows an example of a clone (IV-40) which did not facilitate
the trafficking of N ay l . 8 from the cytosol to the plasma membrane when expressed in
CHO-SNS22 cells. The location of the Nay 1.8-like immunoreactivity is noticeably
more diffused in the cytosol. All full-length clones were transiently expressed in CHOSNS22 cells and subjected to immunocytochemical study (Table 1.8). Some clones
could not be isolated in full-length form and these were not tested in this study.

Anti-Sense cDNA Microiniection

Expression vectors containing anti-sense direction cDNA o f the clones were
microinjected into nuclei of DRG neurons. The assumption of this method is that the
generated 3’ to 5’ direction mRNA will bind to the endogenous sense direction mRNA
for the corresponding clone and inhibit appropriate protein production. The majority of
the clones were pooled together and microinjected simultaneously while some were
microinjected individually. The mean peak sodium current density was significantly
reduced for the pooled III-42/IV-40/A-145 (Papin/Periaxin/a-tubulin) (Table 1.9). The
current density was reduced (46.7 ± 14.3 pA/pF (n=7)) when compared to the mean
peak sodium current density for GFP (179.2 ± 40.3 pA/pF (n=9)) controls showing
significance at P< 0.05 (students unpaired two-tailed t-tests). Another set of triplet
which significantly reduced the peak sodium current was A-140/A-148/B-25
(Moesin/tyrosine-rich heat shock protein/RAB3 GTPase-activating protein) and was
significant at P<0.02. Another antisense which was seen to down regulate the current
was A -123, this is the intermediate chain of dynein and it was significant at P<0.05.
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(Results for clone I-l ( p ll) refer to Chapter Two.) None of the other clones tested
significantly altered the mean peak sodium current. All electrophysiology studies and
data analyses were done by Dr. M. Baker.

Full Length cDNA Expression in CHO-SNS22 Cells

In order to study whether any of the positive clones would induce a TTX-r Nay 1.8-like
current in the CHO-SNS22 cell line, this cell line was transiently transfected with GFPclone fusion cDNA. Out of the 28 clones, only full-length clones were transfected into
the CHO-SNS22 cell line. The expression of the clones was confirmed by green
fluorescence signal. Two clones produced a Nayl.S current after transfection. In the
presence o f clones I-l ( p ll ) and A -148 (tyrosine-rich heat shock protein),
independently, a TTX-r current was detected from the transfected CHO-SNS22 cells
(Table 1.10). No other clones induced a N ayl . 8 current when expressed in CHOSNS22 cells. A minority of CHO-SNS22 cells generate endogenous TTX-s sodium
current (personal communications. Dr. M. Baker) which was eliminated from all
recordings by including 250nM TTX in the extracellular media. No inward currents
were recorded in non-transfected cells under these circumstances.
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Gal/Raf Ura' His'

Gal/Raf Ura' His'

Gal/Raf Ura' His' Leu'

X-gal
Positive Control

Blue

+

+

Negative Control

White

+

-

Bait I

White

+

-

Bait II

White

+

-

Bait III

White

+

-

Bait IV

White

+

-

Bait Va

White

+

-

Bait Vb

White

+

-

Table 1.4. Results for the activation assay. + and - indicates growth and no growth,
respectively, of the yeast transformants on different selective medium. Yeast
transformants containing the pSH17-4 plasmid (positive control) turned blue on Glu
Ura' His' X-gal dish while transformants harbouring the pRFHMl plasmid (negative
control) or pEG202-baits remained white indicating that the baits were inert.
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Gal/Raf Ura' His' X-gal Medium

Positive Control
(pRFHMl plasmid)

Negative Control

LexA protein binds to the LexA operators positioned
between UASg and LacZ reporter gene and thereby
inhibits the transcription of LacZ. Colonies remain white.
No LexA is produced by this plasmid, therefore LacZ
gene is transcribed. Colonies turn blue.

(pEG22 plasmid)
H aiti
Bait II
Bait III
Bait IV

LexA protein is produced and binds to the LexA
operators. This inhibits the transcription of LacZ gene
and thereby represses P-gal activity. Colonies turn blue
more slowly than negative control.

Bait Va
Bait Vb

Table 1.5. Results for repression assay. The repression assay is used to ensure LexAbait fusion proteins are synthesized in yeast and can therefore bind to the LexA
operators harboured by the reporter genes. The reporter plasmid used for repression
assay is pJKlOl. For a bait to be used in the yeast two-hybrid interaction trap, it should
repress p-galactosidase activity as the LexA-bait fusion protein binds to the LexAoperators. Binding of LexA to the operators block activation from the Gall upstream
activation sequences (UASq), inhibiting the transcription of the LacZ reporter gene.
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Baits

Clones

Clone Identity

I

I-l

p ll Annexin II light chain

II-4

II

II-5

II- 6

III

IV

Similar to human
Huntingtin Interacting
Protein (HIP-1)
Similar to mouse Zyxin
Related Protein (ZRP)
Follistatin Related Protein
(FRP)

III-42

Similar to mouse
syntrophin associated
serine/threonine kinase
(ST Kinase)
PAPIN

IV-40

Periaxin

HI-27

IV-7-40

IV-73

Dynein Light Chain
(Tctex-1)
Cell Division Cycle
(CDC37)

Va

A-10

A-32

Similar to rat Proline-Rich
Inositol Polyphosphate 5Phosphatase (PIPP)
missing 7 amino acids at
postion 35
Similar to rat Voltage
Dependent Anion Channel
(VDAC3v)

GeneBank
Accession Number

Copy Number

J03627

5

U79734

3

AF09751I
1

U06864
2
2

NM_019945
AF169411

2

Z29649

3

AB010119

9

NM_053743
2

2

AB032551

AF048830

3

A-91

Similar to mouse
Transmembrane 4
Superfamily (TM4SF)

NM 019656

2

A-I03

Similar to mouse Necdin

NM_010882

2

A-123

Intermediate Chain of
Dynein (IC2)

U39044

3
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A-133

Connexin 43 (Cx43)

L10388

2

A-136

Similar to mouse Pelota

AF132951

1

A-140
A-145

2

AF004811
VO1227

3

XM_110140

3

B-4

Similar to mouse tyrosinerich heat shock protein
Similar to mouse Pmpb
(Long incubation prion
protein)
Thousand-And-One Amino
Acid Protein Kinase
(TA02)
Similar to mouse 10 days
embryo cDNA, clone
2610001E01
Calmodulin III

NM_012518

10

B-13

Calmodulin II

NM_017326

1

B-15

Calmodulin I

AF178845

1

Similar to rat PKC zetainteracting protein and rat
Oxidative stress induced
protein
Beta-Actin

Y08355 (ZIP)
NM_011018
(oxidative stress
induced protein)
NM_031144

Similar to human RAB3
GTPase-activating protein

XM_040048

A-148
A-150

A-165

A-189

Vb

Membrane Organizing
Extension Spike Protein
(Moesin)
Alpha-Tubulin

B-18
B-20
B-25

1

U29187

AF140556

2

1

AKO11254

2

2
1

Table 1.6. Positive clones identified as interactors for Nayl.8 from rat DRG cDNA
library using yeast two-hybrid screening analysis. Clones bind to different baits in the
yeast two-hybrid analysis. Bait I is the intracellular N-terminal; bait II, intracellular
loop between domains I and II; bait III, intracellular loop between domains II and III;
bait IV, intracellular loop between domains III and IV and baits Va and Vb, C-terminal
of the a-subunit of Nay 1.8 divided into two parts. The number of each clone isolated is
indicated.
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Clones

Cloned/Full length (amino acids)

I-l

96/96

II-4

914/914

II-5

301/542

II-6

150/306

m-27

781/1567

III-42

201/2767

IV-40

482/1389

IV-7-40

114/114

IV-73

380/380

A-10

995/995

A-32

285/285

A-91

46/246

A-103

326/326

A-123

271/613

A-133

349/1217

A-136

385/385

A-140

563/578

A-145

290/452

A-148

565/565

A-150

26/255

A-165

531/1236

A-189

104/223

B-4

150/150

B-13

150/150

B-15

92/150

B-18

440/440

B-20

376/376

B-25

233/982

Table 1.7. The length of positive clones isolated from the yeast two-hybrid screen
compared to the reported full length.
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Figure 1.12. Results for co-immunoprecipitation of clones IV-40, IV7-40 and bait IV-V
fragment of N ayl.S HA-tagged IV-40 and IV7-40 were co-expressed independently
with bait IV-V fragment of N avi .8 in COS cells. Lysates were precipitated with either
anti-HA or anti-Nay 1.8 antisera, before visualization with anti-HA antibody (arrows
indicate expected sizes of clones). Controls demonstrated that the anti-Nay 1.8 antisera
did not pulled down HA-tagged clones in the absence of Nay 1. 8 co-expression.
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4

Figure 1.13. Results for in situ hybridization analysis. Anti sense probes for clones II-4
(A), 11-5 (B), II- 6 (C), III-42 (D), and IV7-40 (E) demonstrate strong staining in both
small- (red arrow) and large- (yellow arrow) diameter neurons showing that mRNA for
these clones are expressed in small-diameter neurons. Sense probes (F): example for
clone IV7-40 does not show any specific neuronal staining.
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V
•

#

%

Figure 1.14. Results for in situ hybridization analysis for clone I-l. Anti sense probe for
clone I-l demonstrates strong staining in both small- (red arrow) and large- (yellow
arrow) diameter neurons showing that mRNA for this clone is expressed in nociceptive
sm all-diam eter neurons that have endogenous Nay 1 8 revealed by
immunohistochemistry using anti-Nay 1.8 antibody SNSll (B).
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Clones
I-l

mRNA in DRG

Translocation Assay

4-

4-

II-4

+

-

II-5

+

ND

II-6

+

-

m -27

+

ND

III-42

+

-

IV-40

4-

-

IV-7-40

4-

-

IV-73

4-

-

A-10

+

-

A-32

+

-

A-91

ND

ND

A-103

+

-

A-123

4-

ND

A-133

ND

ND

A-136

+

ND

A-140

4-

-

A-145

4-

ND

A-148

4-

4-

A-150

ND

ND

A-165

4-

ND

A-189

+

ND

B-4

4-

-

B-13

4-

-

B-15

+

ND

B-18

+

-

B-20

4-

-

B-25

+

ND

Table 1.8. The presence of interacting clones within DRG neurons as judged by in situ
hybridization (clones against baits I-IV) and RT-PCR (baits Va and Vb), and data for
plasma membrane translocation analyzed by immunocytochemistry using anti-Navl.8
antibody. ND indicates No Data.

50 urn

Figure 1.15. Immunohistochemistry data showing staining for clone IV-40 (periaxin)
protein in small-diameter neurons (red arrow) and in large-diameter neurons (yellow
arrow) using L-periaxin polyclonal antibody (gift from Dr. P. Brophy).
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Figure 1.16. Results for translocation studies. N a v i. 8-like immunoreactivity
translocated to the plasma membrane in CHO-SNS22 cells transfected with full-length
clone I-l (p ll) cDNA (A) and A148 (tyrosine-rich heat shock protein) (B, C). Cells
transfected with full-length cDNA for clone IV7-40 (tctex-1) shows cytosolic
immunoreactive Nay 1.8 with no obvious membrane translocation (D).
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Antisense
Combination
with GFP

Number of
Cells
Recorded

III-42/IV-40/A-145

7

Num ber of
Cells
without N ayl.8
C urrent
1

A-92/A-103/B-18

9

3

0.60

A-10/A-32/A-165

10

1

0.67

B-4

9

3

0.54

A-123

8

2

0.40*

I-l

8

0

0.35**

B-13/B-15/B-20

7

1

0.49

II-5/II-6/III-27/IV-740

5

0

0.70

A-91/A-103/B-18

9

3

0.60

A-133

5

4

A-140/A-148/B-25

8

1

0.28***

GFP

10

1

1.00

Non-injected Neurons

55

5

1.01

Mean C urrent
Density/
GFP C urrent Density
0.26***

—

Control:

Table 1.9. Antisense mRNA expression of several clones in DRG neurons caused a loss
of N avi.8 current. (* Significant at p<0.05, ** significant at p<0.03, *** significant at
p<0.02 when compared with ten cells microinjected with GFP only, Student’s unpaired
two-tailed t-tests)

Electrophysiology recordings performed by Dr. M. Baker. Antisense micro injection
performed by Dr. Malik-Hall.
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Clones

Number of Cells

Cells with Current

Recorded

>50pA

I-l

42

9

IV-40

5

0

IV-73

6

0

IV7-40

7

0

A-10

5

0

A-32

6

0

A-103

1

0

A-123

6

0

A-140

11

0

A-148

3

1

B-4

8

0

B-13

5

0

B-18

7

0

B-20

6

0

GFP

40

0

Non-transfected cells

41

0

Control

Table 1.10. Full-length cDNA o f positive clones were transiently transfected into
CHO-SNS22 cells and N ayl.8 current was recorded from clones A-148 and I-l
transfected cells.

Electrophysiology recordings were done by Dr. M. Baker.
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Discussion
An interaction trap analysis for proteins that regulate the functional expression of
voltage gated N a y l.8 channel is of particular interest because it appears to play a
specialized role in pain pathways. However, this channel is difficult to express in
heterologous systems even in the presence of P-subunits, suggesting that other
unknown regulatory proteins and co-factors are involved in the functional expression of
this channel. The yeast two-hybrid screen is one method that can be used to identify
interactive proteins. The sensitivity of the yeast two-hybrid system depends on a
number of factors, one of which is the DNA-binding domain/activation domain
complex. Fields and Song (1989), who first reported the use of yeast two-hybrid screen
as a novel method to study protein-protein interaction, used the yeast transcription
factor Gal4 for the DNA-binding domain as well as the transcriptional activation
domain in their yeast two-hybrid system. However, this method gave high sensitivity
with a high background due to the strong transcriptional activity of Gal4. In order to
minimize the chance of cloning non-specific interactors, we chose a less sensitive
system by combining a LexA DNA-binding domain with a B42 transcriptional
activation domain. The B42 acid blob has weaker transcriptional activity than the Gal4
activation domain and since LexA is bacterial in origin, endogenous yeast proteins do
not bind to the LexA operators. This method thus gave us lower sensitivity but also
lower background.
The sensitivity of the yeast two-hybrid system also depends on the number of
reporter genes used during the interaction trap analysis. The intensity of the expression
for each reporter gene depends on the number of operators in the promoter region. In
order to minimize the cloning of false positives, most yeast two-hybrid systems rely on
two reporter genes; the colorimetric reporter, LacZ, encoding p-galactosidase, and an
auxotrophic reporter such as LEU2, HIS3, or URA3 gene which allows growth on
medium lacking either leucine, histidine, or uracil respectively. The yeast strain we
used, EGY48, has an integrated LEU2 gene with its upstream regulatory region
replaced by six LexA operators. This is a very sensitive assay and can be activated by
weak transcription activators fused to LexA. For the second reporter, we chose the
plasmid pSH 18-34, which has eight LexA operators positioned upstream of the LacZ
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gene. Other possible plasmids such as pJK103 and pRB 1840, which harbour the LacZ
gene as well, have only two and one LexA operator, respectively. They are therefore
less sensitive than pSH18-4. Our chosen system therefore utilized the most sensitive
reporter system, driven by the least sensitive DNA binding domain/transcriptional
activation domain complex.
Using this system, twenty-eight positive interactors for Nay 1.8 were identified.
By using in situ hybridization and RT-PCR, we have shown that the transcripts
encoding these proteins are present in the same cell population that expresses the
Navl.8 channel. We have also shown that the over-expression of some of these proteins
using HA-epitope tagging results in association with the Navl.8 a-subunit. Of the
twenty-eight clones identified from this yeast two-hybrid screen, we have been able to
elucidate the role of clone I-l (pi 1) in the functional expression of Navl.8 (Okuse et
al., 2002) thus far. The functional role of clone I-l is discussed in detail in Chapter
Two.
A nother

clone

that

is

o f p articular

interest

is

clone

A-148.

Immunocytochemistry studies showed that clone A-148 facilitates the translocation of
Navl.8 protein from cytosol to the plasma membrane in CHO-SNS22 cells when
transiently expressed by means of lipofection. Also, the full-length expression of this
clone in CHO-SNS22 cells induced a TTX-r Nay 1.8-like sodium current, although the
current was smaller in amplitude than the endogenous current found in DRG neurons.
Clone A-148 has 94% homology to mouse tyrosine-rich heat shock protein. Heat shock
proteins (HSPs) are produced by all cells in response to heat stress and other noxious
stimuli. They are a family of highly conserved cellular proteins that are expressed in
the nucleus, mitochondria, and endoplasmic reticulum (Lindquist and Craig, 1988).
HSPs control protein folding, transport of proteins to and from the nucleus,
incorporation of proteins into the cell membrane, and maintenance of the functional
activity o f several proteins involved in transcriptional control. In neurons, stressful
insults have been shown to induce the expression of various members of the HSP
family. McDowell and Yukhananov (2002) showed that HSP90 inhibitors can alter
currents mediated by the ligand-gated channels, P2X and VRl in DRG neurons. P2X
and VRl are membrane receptors activated by ATP and capsaicin, respectively, and are
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thought to be involved in inflammation-related nociception. Their results suggest a
potential involvement of HSPs in nociception. Thus it is possible that clone A-148 also
has a role in nociception, possibly via an interaction with Navl.8.
The role of the remainder of the clones in the functional expression of Nay 1.8
still has to be determined and their potential roles can only be speculated from
circumstantial evidence. The range of interacting proteins associated with Nayl.S is
extremely varied; from cytoskeletal proteins (clones A-145 (a-tubulin) and B-20 (Pactin)) to two components of the dynein motor protein (clones IV7-40 (Tctex-1) and A123 (IC2)). There are also associations with other channel-like molecules such as
tetraspanins (clone A-91) and an anion channel (clone A-32). Some enzymes also
associate with Nayl.8, for example: inositol 5-phosphatase (clone A-10) and thousandand-one protein kinase (clone A-165). In addition, calmodulin (clones B-4, B-13, B15), a well-known sodium channel regulatory protein, also interacts with Nayl.8.

Cvtoskeletal proteins
We have identified two cytoskeletal proteins as interactors for Nayl.8; a tubulin (clone A-145) and P-actin (B-20). The major filamentous proteins of the
cytoskeleton are tubulin, actin, and intermediate filament proteins. These proteins are
the basic building materials of the cytoskeleton. The importance of the putative role of
cytoskeletal proteins in the functional expression of VGSCs has been highlighted by a
number of studies. In a study by Shcherbatko et al. (1999), they observed an effect of
nocodazol, an inhibitor of microtubule polymerization, on the inactivation kinetics of
Nayl.4 a-subunit when expressed in Xenopus oocytes. Nocodazol-treated oocytes
exhibited an abrupt shift in inactivation kinetics rather than the slow transition normally
observed, suggesting that there is an indirect role of microtubules on the kinetics of
VGSCs. However, they found that the disruption of actin by cytochalasin, which
depolymerizes microfilaments, had no effect on voltage-dependence or channel
kinetics. Another study, by Undrovinas et al. (1995), also supports the role of
cytoskeleton in the regulation of kinetics of VGSCs. They applied colchicine, an agent
that inhibits microtubule polymerization, to rat ventricular cardiac myocytes in order to
study the role of cytoskeleton on the regulation of Nay 1.5. They observed a reduction
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in whole cell peak current but no changes in steady-state voltage-dependent availability
or recovery from inactivation. In contrast, a more recent study by Moran et al. (2000)
suggested that neither microtubules nor microfilaments interfere directly with the
sodium channel function or with the heterologous expression of channels in the cell
membrane. They showed that CHO cells transfected with the rat Nay 1.4 a-subunit
incubated with either cytochalasin-D or colchicine, displayed no significant differences
in voltage dependence, kinetic parameters or surface density of the expressed sodium
channels compared to non-treated cells.
Although the role of cytoskeleton in the functional expression of VGSCs is
under dispute, a number of studies have implicated that the disorientation of axonal
microtubules in nociceptors contributes to neuropathic pain. Neuropathic pain
accompanies peripheral nerve injury after a wide variety of insults including metabolic
disorders, traumatic nerve injury, and neurotoxic drugs. Chemotherapy-induced
neuropathic pain, caused by drugs such as vincristine and taxol, occurs in cancer
patients who receive these drugs (Tanner et a l, 1998a). Systemic vincristine produces
hyperalgesia to mechanical stimuli. However, vincristine does not increase spontaneous
firing in sensory neurons nor does it decrease the heat or mechanical activation
thresholds of C-fibers (Tanner et al. 1998a). Another study by Tanner et al. (1998b)
found a significant decrease in microtubule density in unmyelinated axons from
vincristine-treated rats. This decrease in microtubule density was due to a significant
increase in the cross-sectional area of unmyelinated axons, suggesting swelling of
axons. Moreover, vincristine-treated axons had significantly fewer microtubules cut in
cross-section and significantly more tangentially oriented microtubules per axon
compared to controls. These results suggest that vincristine causes disorganization of
the axonal microtubule cytoskeleton, as well as an increase in the caliber of
unmyelinated sensory axons.

Although numerous studies have shown a down-

regulation of Nayl.8 accompanied by an up-regulation of Nay 1.3 in several different
neuropathic pain models (Okuse et a l, 1997; Dib-Hajj et a l, 1996), Nayl.8 has also
been implicated to play a role in neuropathic pain. By selectively down-regulating the
expression o f Nayl.8 by the intrathecal administration of antisense oligonucleotides
(ODN) specific for Nayl.8, Porreca et al. (1999) showed that the hyperalgesia and
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allodynia caused by chronic nerve and tissue injury was prevented. Meanwhile, the
down-regulation of Nay 1.9 by the same technique had no effect on nerve injuryinduced behavioral responses, suggesting that N ayl.8 is involved in chronic
inflammatory and neuropathic pain. A similar study by the same group (Lai et al.,
2002) showed that the administration o f ODN specific for Nayl.S also reversed
neuropathic pain induced by spinal nerve injury.
Aley and Levine (2002) studied and compared mechanisms mediating enhanced
nociception of four different models of neuropathic pain: the streptozotocin-induced
hyperalgesia, a model of diabetic (metabolic) peripheral neuropathy, vincristineinduced hyperalgesia, a model o f chemotherapeutic agent (toxic) peripheral
neuropathy, and chronic constriction injury and partial nerve ligation, models of
trauma-induced painful neuropathies. By administering Walsh inhibitor peptide, a
protein kinase A (PKA) inhibitor, bisindolylmadeimide, a protein kinase C (PKC)
inhibitor, and L-NMA, a nitric oxide synthase inhibitor to rats of different neuropathic
pain models and subjecting them to pain behavior studies, they showed that in
vincristine- and streptozotocin-induced hyperalgesia, the PKA, PKC and nitric oxide
second messenger pathways in the periphery contributed to the hyperalgesia. However,
none of the second messengers contributed to the chronic constriction injury- and
partial nerve ligation-induced hyperalgesia. Fitzgerald et al. (1999) showed with sitedirected mutagenesis of Nayl.8 that this channel is phosphorylated after activation of
PKA and that PKA-induced phosphorylation of Nayl.8 resulted in a hyperpolarizing
shift in activation and an increase in current amplitude. Hence, the functional regulation
of Nayl.8 may have a role in certain models of neuropathic pain via the PKA pathway.

Cvtoskeletal associated proteins
Several clones that were identified, such as Cx43 (clone A-133), dynein, and
Zyxin related protein (clone II-5), interact with cytoskeletal proteins as well as with
Nayl.8. Connexins are gap junction proteins that form transmembrane channels
between adjacent cells. Since connexins are transmembrane proteins, it is of no surprise
that they associate with cytoskeletal proteins, as they have to be transported from the
cytosol to the plasma membrane. Giepmans et al. (2001) showed by using GST-pull
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down assay that the C-terminal of Cx43, the most widely expressed connexin member,
binds directly to both a - and P-tubulin. They suggested that Cx43 may function as a
microtubule-anchoring protein and thus play a role in regulating microtubule stability
in contacted cells. Various members of the connexin gene family, including Cx43, have
been shown to be regulated after peripheral nerve injury. Cx43, a phosphoprotein, has
is known to be phosphorylated by several protein kinases, such as PKC, PKA, MAP
kinases, and the pp60^"^^ kinase (Lampe and Lau, 2000). Li and Nagy (2000)
investigated the phosphorylation status of astrocytic Cx43 in the spinal cord after
topical application of capsaicin, which selectively activated unmyelinated C-fibers,
onto the rat skin. They showed an increase in the dephosphorylated form of Cx43 after
treatment with capsaicin using Western blot analysis and immunohistochemistry. They
also showed that following sciatic nerve transection, an increase in the
dephosphorylated form of Cx43 was observed, suggesting that the dephosphorylation
of Cx43 is due to activation of C-fibers. It is not known how the phosphorylation status
of Cx43 affects its interaction with both a - and (3-tubulin or its interaction with N ayl.S .
Two components of dynein were identified as interactors for Nayl.S from this
yeast two-hybrid screen; the intermediate chain 2 (IC2) (clone A-123) and the
cytoplasmic light chain, Tctex-1 (clone IV7-40). Dynein is a microtubule-associated
protein that is involved in axonal transport in nerve cells. It has been implicated in
many cellular functions, including vesicle transport and organelle positioning (Vallee
and Sheetz, 1996). Cytoplasmic dynein consists of two heavy chains, three intermediate
chains, and three light chains. Tctex-1 (clone IV 7-40), the light chain of dynein, is
expressed in primary cultures of SCO and DRG neurons. Tctex-1 has been shown to
associate with the NGF receptor, TrkA, suggesting a critical role for dynein in
neurotrophin transport (Yano et al., 2001). Trafficking of neurotrophins is believed to
be required not only for survival but also has a modulatory effect on neuronal activity
and synaptic function. Nayl.8 is an NGF regulated channel (Dib-Hajj et al., 1998) and
dynein binding to NGF receptors suggests that this protein may indirectly regulate
Nayl .8 through its association with the NGF receptor TrkA.
Tctex-1 has also been identified as an interacting protein to hVDACl (human
voltage dependent anion channel 1) in a yeast two-hybrid screen (Schwarzer et al..
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2002). Interestingly, rat VDAC3 (clone A-32) was identified as an interacting protein
for Navl.8. All VDAC proteins purified from eukaryotes so far have a remarkably
conserved set of biophysical properties (Balchly-Dyson and Forte, 2001); they are
primarily responsible for mediating the exchange o f metabolites across the
mitochondrial membrane.
O f the other clones identified, there are several cytoskeletal-binding proteins
involved in microtubule assembly like Zyxin related protein (ZRP), which is a
recruiting protein that contributes to the regulation of actin polymerization at the
plasma membrane (Sadler et a l, 1992). Zyxin is a phosphoprotein that is localized at
focal adhesions and along actin filaments (Macalma et al., 1996). It has also been
shown that Zyxin binds to a-actinin, an actin binding and cross-linking protein that is
enriched at the termini of stress fibers in focal adhesions (Crawford et al., 1992).

PDZ domain-containing proteins
Clones IV-40 (L-periaxin) and 111-42 (plakophilin-related armadillo-repeat
protein-interacting protein (PAPIN)) are PDZ domain-containing proteins. PDZ
protein-binding domain is a motif which was named after the three proteins in which it
was first identified, specifically post-synaptic density protein PSD-95, Drosophila discs
large {dig) tumor suppressor gene, and the tight junction-associated protein ZO-1. This
motif consists of an approximately 90-amino acid protein-binding module found in a
growing family of proteins that are believed to have an organizing and signalling
function at sites of cell-cell contact (Sheng, 1996). PDZ domains are known to be
involved in protein-protein interaction. However, the periaxin clone that was isolated
from this yeast two-hybrid screen encoded only 482 out of 1389 amino acids and no
PDZ domains are present within this region. Thus N ay 1.8 does not interact with Lperiaxin via a PDZ domain. PAPIN, a member of a p i 20^^" family of proteins which
has been identified as major substrates of tyrosine kinase phosphorylation, has six PDZ
domains. We isolated the last 210 amino acids of PAPIN, which include two PDZ
domains in the C-terminal of PAPIN and it is possible that N ay 1.8 binds to this region.

Kinases
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Two kinases, TA02 (thousand and one protein kinase) (clone A-165) and SAST
(syntrophin associated serine/threonine kinase) (clone III-27), were identified as
interactors for N a v l.8 . N ay l.S , a channel that is regulated by phosphorylation, is
phosphorylated after the activation of protein kinase A (PKA) (Fitzgerald et al., 1999).
TA 02 is a rat homologue of the S. cerevisiae protein kinase sterile 20 protein
(Ste20p). Rausch et al. (2000) identified and characterized a sterile 20-like protein
kinase, nerve injury-associated kinase (NAK), in DRG in a rat neuropathic pain model.
They showed by in situ hybridization and quantitative PCR analyses that following
sciatic nerve injury, there is an up-regulation of NAK mRNA in DRG. In mammals,
there are two families of kinases that are related to Ste20p: the PAK and GCK family
(Dan et al., 2001). Both TA 02 and NAK belong to the GCK family. Due to the
similarity between TA02 and NAK, it is highly possible that TA02 is also regulated in
neuropathic pain models.
SAST is a syntrophin associated serine/threonine kinase that associates with (3syntrophin via a PDZ domain, p-syntrophin, a member of a large family of
intracellular peripheral membrane protein, is part of the dystrophin-associated protein
complex (DAPC). Lumeng et al. (1 9 9 9 ) showed that SAST links the
dystrophin/utrophin network with microtubule associated protein kinases via the
syntrophins. The dystrophin/utrophin network also binds to sodium channel proteins
(Gee et al., 1998) and links them to the actin cytoskeleton. Gee et al. (1998) showed
that the C-terminal of N ay 1.4 and N ay 1.5 bind directly to syntrophins via the PDZ
domain. SAST binds to the intracellular loop between domains II and III (bait III in the
yeast two-hybrid screen) of N a y l.8 and since N ay l.8 is highly homologous to N a y l.5,
it is possible that syntrophins also bind directly to the C-terminal of N a y l.8 while
interacting with SAST.

Clones that interact with TrkA and/or p75
A number of clones also interact with either the high affinity receptor for NGF,
TrkA, or the low affinity receptor, p75, while some clones are known to be regulated
by NGF. This is of particular importance since Nayl.8 is a NGF regulated channel.
NGF-treated DRG neurons in culture show a small increase in the amount of
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membrane-associated N avi.8 protein (Okuse et al., 1997) and an increase in the
expression of the splice variant, SNS-A (Akopian et al., 1999). PKC zeta-interacting
protein (ZIP) (clone B-18) was first identified by a yeast two-hybrid screen as an
interactor specifically for atypical PKC and not classical PKC (Puls et al., 1997).
Geetha and Wooten (2002) have shown that ZIP and p62, a homologue of ZIP, colocalize with TrkA in the presence of NGF in the endosomal compartment. They
suggested that ZIP might play a role in the trafficking of TrkA receptor to the endocytic
pathway. In addition, transfection of an antisense p62 construct into PC 12 cells
significantly diminished NGF-induced neurite outgrowth, suggesting that ZIP/p62 acts
as a shuttling protein involved in routing activated atypical PKC to an endosomal
compartment and is required for mediating NGF's biological properties.
Necdin (clone A -103) has recently been identified as an interactor for the
intracellular domains of p75, by using the Ras Rescue System for protein interaction
trapping in yeast (Tcherpakov et al., 2002). Tcherpakov et al. (2002) examined the
effects of NGF-induced p75 signalling via necdin by transiently expressing necdin in
PC 12 cells and found that necdin causes an acceleration of neuronal differentiation.
Necdin is mostly expressed at DRG and at the hypothalamus in rodents where p75 and
TrkA receptors are also found. Necdin binding to p75 suggests that this protein may
regulate Nay 1.8 through its association with the NGF receptor.
Calmodulin (CaM) (clones B-4, B-13, B-15), a member of a family of calciumbinding proteins, act as an intracellular calcium sensor that translates calcium signals
into cellular responses. It has previously been demonstrated to interact with the Cterminal regions of other sodium channels by yeast two-hybrid screen. Mori et al.
(2000) identified CaM as an interactor for rat N ay 1.2 using the C-terminal as bait. The
interaction occurs in the presence and absence of Ca^"^. Using the same technique. Tan
et al. (2002) have shown that CaM binds to the IQ motif within the C-terminal of
human N ay 1.5 and this binding interaction enhances the slow inactivation of this
channel. CaMI (clone B-15), CaMII (clone B-13), and CaMIII (clone B-4) were
isolated from this yeast two-hybrid screen by using the C-terminal of N ay 1.8 as bait,
particularly from amino acids 1842 to 1947. CaMI, CaMII, and CaMIII have the exact
protein sequence although their genes are different. In rat PC 12 cells that express all
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CaM genes, NGF treatment causes an increase of CaMII mRNA level whereas
treatment with dibutyryl cAMP induces the largest increase in CaMI mRNA levels.
The mechanism by which NGF induces CaM gene expression is unclear (reviewed in
Friedberg and Rhoads, 2001). The application of dibutyryl cAMP, an analogue of
cAMP, to cultured neurons can mimic the effects of the inflammatory mediator PGE2
on TTX-r sodium current (England et al., 1996). Both NGF and dibutyryl cAMP cause
a hyperpolarizing shift in the voltage-dependence of activation and an increase in TTXr sodium currents in DRG neurons. Meanwhile, both NGF and dibutyryl cAMP upregulated CaM expression and as previously mentioned, NGF-treated DRG neurons in
culture show a small increase in the amount of membrane-associated Nay 1.8 protein.
Taken together, it can be hypothesized that an up-regulation of CaM in the presence of
NGF or cAMP may directly or indirectly regulate the functional expression of Nayl.S.

Future work
Detailed analysis of the remaining 26 clones is desirable but difficult to
accomplish in a time efficient manner. Although patch-clamp recording allows detailed
biophysical characterization of channel activation, inactivation, and gating, it is
nevertheless a time consuming and labor intensive method as only one cell can be
recorded at a time. While p i 1-transfected CHO-SNS22 cells can produce a TTX-r
Nay 1.8-like sodium current, the amplitude is smaller and the activation voltage
dependence is more hypopolarized than the endogenous Nayl.8-mediated current
found in DRG neurons (details are presented in Chapter Two). This suggests that other
factors are involved in the functional expression of Nay 1.8. Given the range of clones
identified, from cytoskeletal proteins to enzymes, it is possible that they interact with
each other which in turn affect the functional expression of Nay 1.8. It is, therefore, of
interest to find out if p l l in combination with the remaining 27 clones enhances the
functional expression of Nay 1.8. By using patch clamp technique to test out all the
combination and permutations of the 27 clones with p l l in CHO-SNS22 would be a
lengthy process. One methodology that has been developed in recent years that can
circumvent this problem is the high throughput dye-based Fluorometric Imaging Plate
Reader System (FLIPR®). The FLIPR system can be used to measure changes in
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membrane potential of ion channels. It relies on the use of fluorescent indicator dyes
which are excited hy an argon-ion laser, and the emitted light is detected hy a CCD
camera. The emission can he measured from 96- or 384 well microplate
simultaneously. The transfected cells expressing clones of interest first have to he
labelled with a fluorescent dye and a number of dyes are available for this purpose,
such as styryl, hisoxonol (DiBAC 4 ), fluorescence energy transfer-based voltagesensitive dye, and FLIPR membrane potential dye (Baxter et a l, 2002). The dye
diffuses through the plasma membrane and equilibriates depending on the membrane
potential and the dye concentration. Following labelling of cells with dye, TTX-r
sodium channels can be opened by veratridine or ô-methrin in the presence of TTX.
When the cells depolarize, the fluorescent dye is redistributed, causing a change in
fluorescence. This change depends on a number of factors, such as the number
functional channels that are present, the concentration of veratridine or ô-methrin used,
and the concentration of extracellular sodium.
To ensure the FLIPR assay is suitable for measuring sodium channel
expression, CHO-SNS22 cells were transfected with p l l , incubated with fluorescent
dye and were subjected to the FLIPR assay. The level of fluorescence obtained when
sodium channels were depolarized has been shown to be dependent on the
concentration of Ô-methrin used, as well as the concentration of sodium (Ms. E, Donier,
UCL; personal communications). Although the FLIPR system cannot provide
information on channel kinetics, it is still useful as a first screening step to investigate
the effect o f the clones on the functional expression of Nay 1.8. This is based on the
assumption that if a clone (or a number of clones) interact synergistically with p l l and
increase the number of functional Nay 1.8 channels on the plasma membrane, a larger
change in fluorescence would be measured when these channels are depolarized, due to
an increase in the flux of fluorescent dye into the cells through more open channels.
This could be due to a number o f factors, such as (i) an increase in the amount of
Nay 1.8 channel protein transported from the cytosol to the plasma membrane; or (ii)
the Nayl.8 channel is more stable on the plasma membrane when co-expressed with
the clones.
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Conclusion
In summary, 28 clones were identified as interactors for Nayl.8 by using the
intracellular loops of the a-subunit as baits in a yeast two-hybrid screen. The large
number of these clones that are cytoskeletal proteins or are involved in proteintransport processes is indicative of the complex manner by which the Nayl.8 protein is
translocated from the cytosol to the plasma membrane in order to produce functional
channels. After preliminary screening of all 28 clones, p l l (clone I-l) was one of the
two clones that can induce a TTX-r Nay 1.8-like sodium current in CHO-SNS22 cells
when it was transiently expressed in this cell line. Although this stably transformed cell
line, CHO-SNS22, which expresses Nayl.8 mRNA and immunoreactive protein, it
does not produce a TTX-r sodium current. A more detailed investigation on the role of
p l l in the functional expression of Nayl.8 was therefore carried out. The findings are
presented in Chapter Two.
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Chapter Two
The Annexin II Light Chain p ll Regulates the Functional Expression
of the Sensory Neuron-Specific Sodium Channel, Nayl.8.
Synopsis

Following the initial screening of the 28 clones identified from the yeast two-hybrid
screen, detailed analysis of clone I-l ( p ll) was carried out. This chapter provides an
introduction to p l l and depicts a detailed study on the role of p l l in the functional
expression of Nayl.8.
Introduction

A rat DRG cDNA library was used to screen for proteins that interact with the
intracellular N-terminal domain of rat Nayl.8 (Chapter 1). Five identical positive
clones encoding a full-length p l l were identified. The 11 kDa protein p l l , also known
as SIOOAIO, belongs to the S I00 protein family. So far 20 members of S I00 proteins
have been identified and they have been implicated to be involved in a large number of
extracellular and intracellular activities, such as signal transduction, cell differentiation,
transcription, regulation o f protein phosphorylation, and cytoskeletal assembly
(reviewed in Donato, 2001). S I00 proteins are small (-10 kDa) proteins characterized
by two consecutive EF hands connected by a flexible linker region and flanked by
unique NH 2 - and COOH- terminal extensions. The EF hand denotes a helix-loop-helix
Ca^^ binding motif, p l l is the only member of the SI 00 family that has deletions and
mutations in its two EF hand loops, rendering the Ca^"^ sites nonfunctional (reviewed in
Gerke and Moss, 2002).
Subsequent studies indicated that this protein is a light chain in the annexin II
(also known as calpactin I or lipocortin II) complex (Waisman, 1995), which is a
member of the calcium- and phospholipid-binding annexin family. It has been shown
that several annexins form complexes with proteins from the S I00 EF-hand Ca^^-
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binding protein family, e.g.: annexin I with S I00A 11 and annexin XI with S100A6.
The annexin II complex is composed of two copies of the annexin II heavy chain, also
known as calpactin I, lipocortin II, or p36, and two copies of p l l , forming a
heterotetramer. Annexin II heavy chain, p36, is a 36 kDa protein comprising two
principal domains, a C-terminal protein core comprised of four homologous segments
of 70 amino acids, which are known as annexin repeats, and a 30-amino-acid long Nterminal region. The C-terminal harbours the binding sites for Ca^^, phospholipid and
F-actin, while the N-terminal sequence contains phosphorylation sites for ppbO®'^'^
(Osborn et al., 1988) and protein kinase C as well as the binding site for p i 1. p36 is
expressed in most DRG neurons but it is highly concentrated in small-diameter sensory
neurons (Naciff et al., 1996). p36 appears to play a role in the organization of
membrane-associated actin at sites of cholesterol-rich membrane domains, since p36 is
a prominent component of cholesterol-rich plasma membrane rafts (reviewed in Gerke
and Moss, 2002).
Despite its mutated EF hands, it appears that the resulting conformation of p ll
represents a permanently active state with respect to its capacity to bind to p36. The
p36-binding site on p l l , which has been determined by progressively truncating the
p l l molecule, resides in a highly hydrophobic region located in the C-terminal
extension between residues 85 to 91 (Kube et al., 1992). The heterotetramer complex
formation is regulated by protein kinase C phosphorylation in the N-terminal domain
(reviewed in Gerke and Moss, 2002). p36 and p l l are present in a variety of cells both
separately and as a heterotetramer. The association of p l l with p36 is Ca^^-independent
(Rety et a l, 1999) and the percentage of p36 that resides in the complex with p l l
varies from cell type to cell type. In the mucosa of porcine small intestine, for example,
more than 90% o f p36 is associated with p l l , whereas fibroblasts contain
approximately 50% of p36 in a monomeric form (reviewed in Gerke and Moss, 2002).
In the tetrameric complex, p l l can modulate some biological properties of p36.
p l l has been shown to link p36 to the cytoskeleton. The monomeric form of p36 is
found primarily in the cytoplasm whereas the annexin II complex is localized to the
plasma membrane-actin cytoskeleton interface (Sagot et al., 1997). The binding of p i 1
to p36 strongly enhances the ability of p36 to bundle F-actin and results in an increased
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affinity for calcium and lipid and an inhibition of annexin II phosphorylation.
The annexin II complex has been suggested to play a role in membrane
trafficking events such as exocytosis, endocytosis and cell-cell adhesion since it is also
associated with endosomes (Gerke and Moss, 2002). It has been shown to alter the
activity of mechano-sensitive chloride channels in pulmonary artery endothelial cells
(Nilius et ah, 1996). Introduction of an N-terminal fragment of p36 led to the rundown
of osmotically-activated chloride channel activity. Elimination of p l l binding by a
single amino acid substitution abolished this effect, suggesting an additional role for
p l l in controlling the activity of this channel.
Besides forming a heterotetramer with p36, p i 1 is known to interact with other
proteins. Wu et al. (1997) identified p l l as an interactor for cytosolic phospholipase A]
(cPLA]) from a yeast two-hybrid screen in which the C-terminal of cPLAz was used as
the bait. PLA 2 belongs to a group of enzymes that degrade phospholipids, resulting in
the production of free fatty acid and lysophospholipids. These lipid products can serve
as intracellular second messengers or can be further metabolized to potent
inflammatory mediators. The release of arachidonic acid (AA) from membranes by
PLA 2 and its subsequent conversion into leukotrienes, prostaglandins, and other
eicosanoids play a key role in the process leading to inflammation. Wu et al. have
shown that the association between p l l and CPLA2 inhibits the activity of PLA 2 in
vitro. In addition, by expressing antisense p i 1 plasmid in a stably p l l transfected cell
line, the reduction in p l l expression reversed the inhibitory effect of p l l on CPLA2 ,
resulting in increased PLA 2 activity and AA release. They also found that p36 did not
alter the inhibitory effect of p l l on CPLA2 , i.e. p i 1 itself was sufficient to inhibit the
CPLA2 enzymatic activity.
In another yeast two-hybrid screen, p l l was identified as an interactor for
PCTAIRE-1, a cyclin dependent kinase like protein found in mammalian brain
(Sladeczek et al., 1997). It was suggested that p i 1 links PCTAIRE-1 to p36 and plays
a role in the protein networks responsible for the transduction of multiple signals in
eukaryotic cells. Hsu et al. (1997) have also identified p l l as a binding protein for a
member of the apoptotic Bcl-2 family, BAD, in a yeast two-hybrid screen and shown
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that it preferentially binds to the unphosphorylated form. Over-expression of p l l
transiently in CHO cells was found to partially block BAD-induced apoptosis.
In a more recent study, p l l has been shown to bind to the background
channel, TASK-1 (Girard et al., 2002). TASK-1 is found in brain, heart, pancreas,
placenta, lung, kidney. Ovary, prostate, and small intestine. The association with p l l
requires the integrity of the last three C-terminal amino acids, Ser-Ser-Val (SSV), in
TASK-1. Mutagenesis work showed that the valine residue is of particular importance
in the regulation of TASK-1 expression. Transient transfection of TASK-1 channels in
COS cells whereby the valine residue was removed resulted in an absence of the
TASK-1 mediated K+ current. This loss of function was reversed by the covalent
addition of p l l to the mutated TASK-1 channel. Immunocytochemistry studies have
shown that wild type TASK-1 channel is found primarily in the plasma membrane. In
contrast, mutated TASK-1 channel in which the SSV sequence is removed, preventing
association with p l l , is located primarily in the cytosol. This translocation of channel
protein onto the plasma membrane could also be seen in the mutant TASK-1 lacking its
SSV sequence but with p l l covalently added. This is due to the masking of the ER
(endoplasmic reticulum) retention signal in TASK-1 when p l l binds to the SSV
sequence. The ER retention signal is responsible for retaining proteins within the ER
and the masking of the ER signal by p l l allows trafficking of TASK-1 to the plasma
membrane to take place. Although the p i 1-annexin II heterotetramer is known to bind
to F-actin (Filipenko and Waisman, 2001), the trafficking of TASK-1 does not involve
F-actin. Girard et al. used cytochalasin-D to depolymerize actin microfilaments in COS
cells transfected with TASK-1. It was shown that the cytochalasin-D microfilament
disruption did not significantly modify the TASK-1 current densities.
Besides intracellular roles, p l l has also been shown to be involved in the
regulation of blood coagulation by binding to plasminogen either alone or as a complex
with p36 (reviewed in Donato, 2001).
A total of 28 clones were identified as interacting proteins for N ay l.8 by using
the intracellular loops of the a-subunit of N a y l.8 in a yeast two-hybrid screen.
However, p l l was the only protein identified as an interactor for N a y l.8 by using the
N-terminal region as bait. Initial screening (Chapter One) has shown that transient
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expression of p l l in CHO-SNS22 cells, a stably transfected cell line which expresses
Nayl.8 mRNA and protein but do not generate any TTX-r sodium current, induced a
TTX-r Nay 1.8-like current. A more detailed analysis of p l l on its role in the functional
expression of Nayl.8 was thus carried out.
Objectives
The objective of this study was to elicit the functional role of p l l in the expression of
N ayl.8.

Methods and Materials
Molecular Cloning of N-terminal N avl.8 for Binding Assay to p l l

cDNA of the N ayl.8 N-terminal was divided into three fragments and cloned into
pGEX-5X-l vector (Amersham). This was done using PCR and resulted in three
constructs: N1 (amino acids (a.a.) 1-25), N2 (a.a. 26-50), and N3 (a.a. 51-127). The
primers used were designed to introduce an EcoRI restriction site in the 5’ end and
Not! in the 3’ end of each construct.
Forward primers:
SNS I-F, 5’-GGAAITCATGGAGCTCCCCTTTGCG-3’
SNS I(N2)-F, 5’-GGAATTCAAGCAGATTGCTGCTCACCGC-3’
SNS I(N3)-F, 5-‘ GGAATTCCCCAGGCCTCAGCTGGACTTG-3 ’
Reverse primers:
SNS I(N1)-R, 5’-AATTGCGGCCGCCTCGATCTCTGCCAGTGACTC-3’
SNS I(N2)-R, 5’-AATTGCGGCCGCCTTCTCGCCCTTGTCCTCCTG-3’
I-R, 5 ’-AATTGCGGCCGCAGACGCTTTGATGGCTGT-3 ’
EcoRI sites are underlined. Notl sites are boldfaced. PCR was carried out using SNS IF/SNS I(N1)-R, SNS I(N2)-F/SNS I(N2)-R, SNS I(N3)-F/I-R primer pairs for N l, N2,
and N3 fragments respectively. The following cycles were used: 25 cycles of Imin at
94°C, followed by Imin 30sec at 55°C, and then Imin 30sec at 72°C. PCR products
were digested with EcoRI and Notl and ligated into linearized pGEX-5X-l vector. The
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resulting constructs were sequenced with forward prim er 5'pGEX (5 ’GGGCTGGCAAGCCACGTTTGGTG-3’) and reverse prim er 3'pGEX (5 ’CCGGGAGCTGCATGTGTCAGAGG-3 ’).
The N3 fragment was further cut into three smaller fragments to elucidate the
exact binding site on N avl.8 after GST pull-down assay showed that p l l binds
specifically to N3 (see Results section). The three fragments, named N3-1 (a.a 51-73),
N3-2 (a.a. 74-103), and N3-3 (a.a. 104-127) were cloned into pGEX-5X-l vector as
described above.
Forward primers:
N3-1-5', 5 ’-GGAATTCCCCAGGCCTCAGCTGGACTTG-3’
N3-2-5', 5’-GGAAÎIÇCTGGTCGGGGAGCCCCTGGAG-3 ’
N3-3-5', 5 ’-GGAATTCTTCAGTGCCACTTGGGCC-3 ’
Reverse primers:
N3-1-3', 5 ’-AATTGCGGCCGCTTCTGCTGGGAGCTC-3 ’
N3-2-3', 5’-AATTGCGGCCGCTCTGGAAATGGTCCTGCT-3’
PCR was carried out using N3-l-5'/N3-l-3', N3-2-5'/N3-2-3’, N3-3-57I-R primer pairs
for N3-1, N3-2, and N3-3 respectively. The same PCR cycles were used as described
above and the constructs were sequenced with forward primer 5'pGEX and reverse
primer 3'pGEX.

Molecular Cloning of p l l to Elucidate the Navl.8 Binding Domain

p l l was initially divided into three fragments (amino acids 1-32, a. a. 33-77, and a. a.
78-95) and cloned into pBS500 expression vector. The primers used were designed to
introduce a Ncol restriction site in the 5’ end and Xbal in the 3’ end.
Forward primers:
p i 1-5', 5’-AACCATGGATGCCATCCCAAATG-3’:
p i 1-2-5', 5'- AACCATGGGTGCTCATGGAAAG-3':
p i 1-3-5', 5’- AACCATGGGGGCTCATCATTG-3'.
Reverse primers:
p i 1-1-3', 5 '-GATCTAGATCTCAGGTCCTCCTTTGTC-3';
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pi 1-2-3', 5’- GATCTAGACGCCACTAGTGATAGAAAGC-3’;
p i 1-3-3', 5’-GATCTAGACTACTTCTTCTGCTTCATGTGTAC-3’.
Ncol sites are underlined. Xbal sites are boldfaced. PCR was carried out using p i 1-5'/
p i 1-1-3', p i l-2-5'/pl 1-2-3’, pi l-3-5'/pl 1-3-3’ primer pairs for fragments p i 1-1, p i 1-2,
p i 1-3 respectively. The following cycles were used: 25 cycles of Imin at 94°C,
followed by Imin 30sec at 55°C, and then Imin 30sec at 72°C. PCR products were
digested with restriction enzymes Ncol and Xbal and ligated into pre-linearized
pBS500 vector. The resulting constructs were sequenced with forward primer GFP5
(5 ’-ACCACATGGTCCTTCTTGAG-3 ’)

and

reverse

p rim er

CSF-R

( 5 ’-

TGCTGTTTAAATATTAAACAGGG-3 ’).
The p i 1-2 fragment was further cut into two smaller fragments (amino acids
33-51 and 52-77) and cloned into pBS500 expression vector as described above.
Forward primers:
pll-2-2F, 5’-AACCATGGGTGGACAAAATAATGAAAGAC-3’: p i 1-2-5'.
Reverse primers:
p i 1-2-3'; p ll-2 -lR , 5’-GATCTAGAAGCCAGAGGGTCCTTTTGA-3’. PCR was
carried out using p ll-2 -5 '/p ll-2 -lR and pll-2-2F / p i 1-2-3' primer sets for fragment
pi 1-2-1 and pi 1-2-2 respectively. Another fragment p i 1-1A (amino acids 1-51) was
also cloned using the primer set p i 1-5' and p i 1-2-1R.

GST-Full Down Assay

The same protocol was used as described under "GST-Pull Down Assay” in Chapter
One.
In situ Hybridization

A 284bp p l l PCR fragment was subcloned into pGEM-T Easy (Promega), and DIGUTP labelled sense or antisense cRNA probe were generated using T7 RNA
polymerase. Frozen DRG sections (10pm thick) were fixed for 15mins in 4%
paraformaldehyde on ice and were acetylated in 0.1 M triethanolamine, 0.25% acetic
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anhydride for 10min. Prehybridization was carried out in 50% formamide, 4x SSC,
lOOttg/ml herring sperm DNA, 50|ig/ml tRNA, 2x Denhardt’s solution at room
temperature for 1 hr. Hybridization was carried out in the same buffer containing
50ng/ml cRNA probe at 65°C for 16 hr. Sections were washed in O.lx SSC at 72°C and
incubated with alkaline phosphatase conjugated anti-digoxygenin antibody (Roche).
The same sections were then stained with anti-Nayl.S polyclonal antibody (SNS 11)
followed by rhodamine-conjugated anti-rabbit IgG antibody.

Northern Blot Analysis

RNA Extraction: RNA was isolated from 2-week old rat brain, kidney, DRG, liver, and
heart tissues by the acid guanidinium thiocyanate-phenol-chloroform extraction method
(Chomczynski and Sacchi, 1987). Frozen tissues were homogenized in 5ml of Solution
D (4M guanidine thiocyanate salt (Sigma), 25mM citric acid (Sigma) pH7.0, 0.5% Nlauroyl sarcosine sodium salt (Sigma), O.IM 2-mercaptoethanol (BDH)). Then 500p,l of
2M sodium acetate (pH4.0) and 5ml of water-saturated phenol were added. The
homogenized tissues were briefly vortexed and 1.2ml of chloroform was added. The
mixtures were vortexed for 10s, cooled on ice for 15mins and centrifuged at 4800rpm
at 4°C for 20mins. The aqueous phase containing the RNA was transferred to a new
eppendorf and an equal amount of isopropanol was added. The mixture was incubated
at -20°C overnight and then centrifuged at 14,000rpm for 20mins at 4°C. The RNA
pellet was washed twice with 70% ethanol and resuspended in the appropriate amount
of water to make the final concentration Ip-g/iil.

Glyoxylation: 10p,g of RNA from different tissues was mixed with 12p,l of glyoxal
solution (6M glyoxal, 7.8p,l DMSO (Sigma)), and O.IM NaH 2 ? 0 4 (pH6.5). The
mixture was incubated at 50°C for 30mins. 4p,l of loading dye (50% glycerol; 0.0IM
NaH 2 ? 0 4 (pH7), 0.4% bromophenol-blue) was added to the heated mixture. The
mixture was fractioned by electrophoresis on 1.5% agarose gel in lOmM phosphate
buffer (pH6.5).
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Northern Blot: RNA was blotted onto Hybond

nylon membrane in 20x SSC solution

(175.3g NaCl; 88.2g sodium citrate in 11 distilled water, pH7) for 6 hr and fixed by UV
irradiation. The membrane was stained with methylene blue (0.5M NaOAc; 0.04%
methylene blue) to confirm even recoveries of RNA. The membrane was then
destained by rinsing with distilled water and a final rinse with 5% acetic acid.

DNA Probe'. The ^^P-labeled p l l DNA probe was generated fi*om 284bp PCR fi-agment
of p ll (a.a. 3-127) using Klenow enzyme and random primer in the presence of [a-^^P]
ATP at 37°C for 15mins. 5pl dNTP mixture (Strategene), 2.5pl [a-^^P]dATP, 0.5pl
Klenow enzyme and 17pl water were incubated at 37°C for ISmins . Unincorporated
nucleotides were removed using the QIAquick nucleotide removal kit according to the
manufacturer’s recommendation (Qiagen).

Hybridization: The membrane was prehybridized with 10ml of hybridization buffer
(5ml 100% Formamide (Sigma), 3ml 20x SSC solution, 1ml 0.5M NaH 2 P 0

4

(pH 6 .5 ),

20|il 0.5M EDTA, 1ml 10% SDS, 500pl 50x Denhardt’s solution (1% BSA; 1% Ficoll
400; 1% polyvinylpyrollidone), and lOmg/ml Herring sperm DNA) at 43°C for Ihr and
hybridized with lOOpl of ^^P-labeled p l l DNA probe (50ng, specific activity 2x 10^
c.p.m. per pg DNA) at 43°C in hybridization buffer (50% formamide, 6x SSC, 50mM
NaH 2 P 0 4 , ImM EDTA, 1% SDS, 2.5x Denhardt’s solution, 250pg herring sperm
DNA, pH6.5) for 18hrs. Hybridized membrane was washed with 0.2x SSC/0.1% SDS
at 53°C and exposed to BioMax film (Kodak) at -70°C. Nothem blot analysis was
performed by Dr. Malik-Hall.

Immunofluorescence Analvsis/Translocation Assay
The same protocol was used as listed under “Immunocytochemistry” in Chapter One.

Anti-Sense Studies for n i l in Cultured DRG Neurons
The same protocol was used as listed under “Micro-injection of Antisense into Dorsal
Root Ganglion Neurons” in Chapter One.
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Immunocytochemistry: Microinjected neurons were washed with PBS and incubated
with anti-bovine p l l polyclonal antibody (1/1000 dilution) (AMS Biotechnology) at
4°C. The cells were washed 4 times with PBS-T (0.1% Tween 20 in PBS, pH7) and
secondary antibody (rhodamine conjugated anti-rabbit; 1:150 dilution in PBS-T) was
applied for 2hr at room temperature. The cells were washed 4 times with PBS-T and
were then mounted. The cells were examined under a fluorescence microscope.
Imuunocytochemistry study of microinjected neurons was done by Dr. Malik-Hall.

Electrophvsiology

The same protocol was used as listed under “Electrophysiology” in Chapter One.

RT-PCR
DRG neurons from 2-week old rats were cultured in DMEM containing 3.3ng/ml
aphidicoline for 7 days. Cultures were supplemented with NGF (50ng/ml) or grown in
the absence of NGF and in the presence of rabbit anti-NGF antiserum. Total RNA
extracted from the culture using acid guanidinium thiocyanate-phenol-chloroform
extraction method (Chomczynski and Sacchi, 1987) was treated with DNase I and
cDNA was synthesized with Superscript using random hexamer. PCR (94°C, Imin;
58°C, Imin 30sec; 72°C, Imin 30sec) was started with the primer pair specific for p i 1
(284bp), 5'-CATCCCAAATGGAGCATG-3', 5'-CTACTTCTTCTGCTTCATGT
GTACTAC-3'. A fter 2 cycles, the prim er pair for CGRP (222bp), 5'GGTGTGGTGAAGGACAAC-3', 5'-CATAGGGAGAAGGGTTTC-3' was added. In
separate tubes, PCR was started with the primer pair for CGRP, and the primer pair for
cyclophilin

(300bp),

5'-ACCCCACCGTGTTCTTCGAC-3',

5'-

CATTTGCCATGGACAAGATG-3’, was added to the reaction 3 cycles after the start.
Ten pi of the PCR solution was collected every 3 cycles and applied for 1.5% agarose
gel electrophoresis and the PCR products were visualized by ethidium bromide. The
intensity of each band was analyzed using NIH Image program and plotted. The linear
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range of amplification ( pl l , 32-38 cycles; CGRP, 30-36 cycles; cyclophilin 27-33
cycles) has been identified. The midpoint of this range ( pl l , 35 cycles; CGRP, 33
cycles; cyclophilin, 30 cycles) were used for the RT-PCR experiments and Ipl of the
reverse transcribed solutions was used for PCR.

Results

GST Pulldown Assay

A GST pulldown assay was used to confirm the interaction between p l l and the Nterminal region of Navl.8. G FP-pll fusion protein was expressed in COS-7 cells by
means of lipofection and the N-terminal domain of Nayl.8 was expressed as a GST
fusion protein, GST-SNS(I), in bacterial cells. Affinity-purified GST and GST-SNS(I)
immobilized on glutathione-sepharose beads were incubated with cell lysates over
expressing either green fluorescence protein (GFP) or G F P-pll. The GFP only cell
lysate served as a control to ensure that any binding to Nay 1.8 was due to p l l and not
GFP. Neither purified GST nor GST-SNS(I) pulled down GFP protein in this assay
(Figure 2.1, lanes 3 and 5), thus demonstrating that GFP does not bind directly to either
the GST protein or the N-terminal of Nayl.8. There was also no direct binding between
purified GST and p l l , as purified GST did not pull down G FP-pll fusion proteins
(Figure 2.1, lane 4). By contrast, GST-SNS(I) pulled down the GFP-pl 1 fusion proteins
(Figure 2.1, lane 6). This shows a direct interaction between p l l and the N-terminal of
Nayl.8 that is not due to the presence of other proteins in the fusion protein system (i.e.
GST or GFP).
To narrow down the binding region in the N-terminal of Nayl.8 to pi 1, the Nterminal was divided into three smaller fragments (a.a. 1-25, 26-50, and 51-127) and
expressed as GST-fusion proteins, GST-Nl, -N2, and -N3. Figure 2.2 shows fusion
protein GST-N3 binds directly to G FP-pll (lane 5). Neither purified GST, GST-Nl,
nor GST-N2 pulled down GFP-pl 1 protein in this assay (lanes 2, 3, 4), demonstrating
that G FP-pll lysate binds specifically to amino acids 51-127 of Nayl.8. This region
was further divided into three smaller fragments and expressed as GST-fusion protein.
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named N3-1 (a.a 51-73), N3-2 (a.a 74-103), and N3-3 (a.a 104-127). Figure 2.3 shows
GST-N3-2 pulled down G FP-pll fusion proteins specifically (lane 3), demonstrating
that GFP-pl 1 lysate binds to a.a. 74-103 of Navl.8.

Mapping of Binding Domain in p l l

To determine the region of p l l that binds to Nay 1.8, p l l was divided into three
fragments (a.a. 1-32 (pi 1-1), 33-77 (pi 1-2), 78-95 (pi 1-3)), subcloned into the pBS500
vector and transiently expressed in COS-7 cells by means of lipofection. The GFPfusion proteins, G FP/pll-1, G FP/pll-2, and G FP/pll-3 were incubated with GSTSNS(I). Figure 2.4 shows that G FP/pll-2 binds specifically to the N-terminal of
Navl.8 (lane 5). GST-SNS(I) did not pull down cell lysates GFP/pll-1 and GFP/pl 1-3
(lanes 4 and 6). Amino acids 33-77 (pi 1-2) of p i 1 which contains the EF hand binding
motif, was further divided into two smaller fragments, p i 1-2-1 (a.a. 33-51) and p i 1-2-2
(a.a. 52-77) and expressed as before as GFP-fusion protein. Another segment, p i 1-1A
(a.a. 1-51) was also expressed as GFP-fusion protein and incubated with GST-SNS(I).
The p l l protein contains two EF hand binding motifs, one of which is located within
fragment p i 1-2. Figure 2.5 shows that when this EF hand is divided into smaller
fragments (pi 1-1 A, p i 1-2-1, and p i 1-2-2), none of the smaller fragments bind to the
N-terminal of Nayl.8 (lanes 6, 7, and 8), indicating that an intact EF hand binding
motif is required for the binding to occur between p l l and Nayl.8.

Northern Blot

Northern blot analysis was used to examine the tissue distribution of the p l l transcript.
High levels of expression of p l l mRNA were seen in DRG, modest expression in heart
and liver and weak expression in brain isolated from 2-week old rats (Figure 2.6). No
expression was detected in kidneys. Data provided by Dr. Malik-Hall.

In situ Hybridization
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To determine whether p i 1 is appropriately expressed in Nayl.8-positive small diameter
neurons in DRG, in situ hybridization was performed on a section of 2-week old rat
DRG. An antisense p l l probe demonstrated strong staining in both small and large
diameter neurons (Figure 2.7), consistent with an association between Navl.8 and p i 1
in nociceptive small-diameter DRG neurons.

Reverse-Transcription Polymerase Chain Reaction
RT-PCR showed a large increase of p l l mRNA in cultured rat DRG neurons treated
with nerve growth factor (NGF) (Figure 2.8) which is known to cause decreases in
thermal, chemical and mechanical thresholds of pain perception in animal models.
CGRP and cyclophilin served as positive and negative control, respectively, as CGRP
is well documented to be up-regulated by NGF, and cyclophilin expression is not
regulated by NGF.

Immunocvtochemistrv/Translocation Assay

To examine the effect of p l l on Nay 1.8 trafficking, G F P-pll fusion cDNA was
transfected into CHO-SNS22 cells (a cell line stably transfected with rat Nay 1.8 cDNA
that expresses Nayl.8 mRNA and cytosolic immunoreactive protein, but does not
generate N ayl.8 current). The expression of p l l protein was detected as a green
fluorescent signal. The green fluorescence was localized specifically in the plasma
membrane (Figure 2.9b, arrow head). In the same cell, Nayl.8-like immunoreactivity
(red fluorescence) translocated to the plasma membrane (Figure 2.9a, arrow head). The
merged picture shows co-expression of p l l and Nayl.8 in the plasma membrane as
indicated by the yellow color (Figure 2.9c, arrow head). Densitometric analysis of
Nay 1.8-like immunoreactivity of the G FP-pll fusion or GFP protein expressed CHOSNS22 cells showed that 16.5% (S.E.M. 1.2, n=30) of Nay 1.8-like immunoreactivity
moved to the plasma membrane fraction after the expression of GFP-pl 1 fusion protein
(Figure 2.10A), while only 4.3% (S.E.M. 0.4, n=30) of Nay 1.8-like immunoreactivity
localized on the plasma membrane in the GFP expressing CHO-SNS22 cells (Figure
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2.1 OB). These data demonstrate that p l l promotes the translocation of Nayl.8 protein
to the plasma membrane.

Electrophvsiologv Recordings

In 9 of 42 CHO-SNS22 cells transfected with GFP-pl 1 cDNA expression vector (Table
2.1), TTX-r currents were found that very closely resembled the Nay 1.8 Na^ current
recorded from transfected COS-7 cells (Fitzgerald et al., 1999), both in terms of
voltage-dependence and kinetics (Table 1.2). Superfusion with a solution lacking Na^
abolished inward current and enhanced outward current (by shifting the Na"^ ion
equilibrium potential to more negative potentials), providing strong evidence that the
novel inward current was indeed a Na"^ current. The currents began to activate around 0
mV, and peaked at +40 mV (Figure 2.1 IB). Peak current amplitudes varied from 77 to
170 pA (114 +/- 11.8 pA, mean +/- s.e.m., n = 9) with a minimum of several hundred
channels contributing to the currents (>550 channels, assuming a single-channel
conductance of 3.5 pS as in Roy et al. (1994) and a driving potential of 40mV). The
reversal potential was close to the theoretical reversal potential for Na^ (+81 mV),
consistent with them being Na^ currents. Although no TTX-resistant inward currents
have been recorded from either non-transfected or GFP transfected CHO-SNS22 cells,
following p i 1 transfection a little over 20% of the cells generated small Na"^ currents.
This is statistically significant at p < 0.002 vs. GFP transfected or control nontransfected (Fisher exact test). All electrophysiology recordings and data analyses were
performed by Dr. Mark Baker.
Anti-Sense cDNA Microiniection
To test the possible regulatory role o f p l l on Nayl.8 channels in vivo, the p l l
antisense expression vector, pBS-GFP/AS(pl 1), was microinjected into the nuclei of
DRG neurons in culture. Immunocytochemistry studies, using anti-pll polyclonal
antibodies, confirmed an efficient reduction of p ll-lik e immunoreactivity in DRG
neurons by the introduction of pBS-GFP/AS(pl 1) (Figure 2.12) (Data provided by Dr.
Malik-Hall). The introduction of pBS-GFP/AS(pll) caused a dramatic loss of Nayl.8

118

current. The mean peak Na"^ current density was reduced in pBS-GFP/AS(pl 1) injected
neurons (63,1 +/- 24,5 pA/pF, mean ±S,E,M, n = 8) when compared with control
neurons injected with GFP only (179,2 +/- 40,3 pA/pF, « = 9, P < 0,04; Student’s two
tailed t-test) (Figure 2,13), Analysis of peak Na"^ current density revealed a population
skewed towards small values, and the statistical significance of the effect of antisense
was therefore calculated for both normal and log transformed data, both of which
showed a highly significant reduction in Na^ current density with antisense injection.
All electrophysiology recordings and data analyses were performed by Dr, Mark Baker,
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Figure 2.1. Direct interaction between p ll and the N-terminal region of Navl.8. GFP
and GFP/pl 1 fusion proteins were expressed in COS-7 cells by transient transfection
The COS cell lysates were incubated with affinity-purified GST and GST-SNS(I), the
N-terminal domain of Navl .8 fused to GST, immobilized on glutathione-sepharose
beads and examined by immunoblotting with anti-GFP antibody. Purified GST or GSTSNS(I) did not pull down GFP (lanes 3, 5). Purified GST did not pull down GFP/pl 1
(lane 4), while GST-SNS(I) efficiently pulled down the GFP/pl 1 fusion protein (lane
6).
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Figure 2.2. Mapping of the Nayl.8 binding domain to p ll. GFP/pl 1 fusion protein was
expressed in COS-7 cells by transient transfection. The Nayl.8 N-terminal region was
divided into three separate fragments, fused to GST, immobilized on glutathionesepharose beads and examined by immunoblotting with anti-GFP antibody. GFP/pl 1
binds directly to N3 region (a.a. 51-127) (lane 5). Purified GST-Nl and GST-N2 did
not pull down GFP/pl 1 (lanes 3 and 4) nor did GST control bind to GFP/pl 1 (lane 2).
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Figure 2.3. Direct interaction between amino acids 74-103 of Navi.8 and pi 1. GFP and
GFP/pll fusion proteins were expressed in COS-7 cells by transient transfection. The
COS cell lysates were incubated with affinity-purified GST-N3-1, -N3-2, and -N3-3
fragments of the N-terminal domain of Navl.8 fused to GST, immobilized on
glutathione-sepharose beads and examined by immunoblotting with anti-GFP antibody.
Purified GST-N3-1 and GST-N3-3 did not pull down GFP/pl 1 (lanes 2 and 4), while
GST-N3-2 efficiently pulled down the GFP/pl 1 fusion protein (lane 3).
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Figure 2.4. Mapping of p l l binding domain to Navl.8. G FP/pll-1, -2, -3 fusion
proteins were expressed in COS-7 cells by transient transfection. The COS cell lysates
were incubated with affinity-purified GST-SNS(I), the N-terminal domain of Navl .8
fused to GST, immobilized on glutathione-sepharose beads and examined by
immunoblotting with anti-GFP antibody. GST-SNS(I) did not pull down cell lysates
pi 1-1 and pi 1-3 (lanes 4 and 6), but it efficiently pulled down cell lysate pi 1-2 (lane
5).
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Figure 2.5. Intact p ll EF hand is required for a direct interaction with the N-terminal of
Navl.8. GFP/pl 1-1 A, p ll-2, pi 1-2-1, and pi 1-2-2 fusion proteins were expressed in
COS-7 cells by transient transfection. The COS cell lysates were incubated with
affinity-purified GST-SNS(l), the N-terminal domain of Navl.8 fused to GST,
immobilized on glutathione-sepharose beads and examined by immunoblotting with
anti-GFP antibody. GST-SNS(l) did not pull down cell lysates pi 1-1 A, pi 1-2-1, and
pi 1-2-2 (lanes 6, 7, and 8). These protein fragments correspond to amino acids 1-51,
33-51, 52-77 respectively. GFP/pl 1-2 fusion protein served as positive control.
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Figure 2.6. Comparison of pi 1 mRNA levels between various tissues. Total RNA
isolated from 2-week old rat DRG, heart, liver, kidney, and whole brain was subjected
to northern blot analysis. High expression of p ll mRNA is shown in DRG, modest
expression in heart and liver, and weak expression in brain. No expression has been
detected in kidney.

Data provided by Dr. Malik-Hall.
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Figure 2.7. pi 1 mRNA expressed in small and large diameter neurons in DRG. In situ
hybridization on 10p,m section of 2-week old rat DRG was carried out using
digoxygenin-labelled pi 1 anti sense cRNA probe. The signal was visualized by using
alkaline phosphatase-conjugated anti-digoxygenin antibody. Both small-diameter
(arrows in red) and large-diameter neurons (arrow heads in yellow) expressed pH
mRNA.
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Figure 2.8. RT-PCR showed an increase of pi 1 mRNA in cultured rat DRG neurons
treated with nerve growth factor. CGRP and cyclophilin served as positive and negative
control respectively.
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Figure 2.9. pi 1 regulates trafficking of Navi.8 from cytosol to plasma membrane, (a)
Nayl.8-like immunoreactivity in CHO-SNS22 cells visualized using anti-Navi. 8
polyclonal antibody, SN Sll, and anti-rabbit IgG rhodamine. (b) Transient expression
of GFP-pll fusion protein in CHO-SNS22 cells transfected with GFP-pll cDNA
expression vector by lipofection. (c) Merged picture of (a) and (b) showing co
expression of pi 1 and N avi.8 in the plasma membrane.
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Figure 2.10. Densitometric analysis of Nayl 8-like immunoreactivity in CHO-SNS22
cells. Microscopic images were quantitated using public domain NIH Image program
(http://rsb.info.nih.gov/nih-image/). Typical pictures of Nayl.8-like immunoreactivity
obtained from GFP/pll fusion protein or GFP control protein expressed CHO-SNS22
cells are shown above Nayl.8-like immunoreactivity showed that 16.5% (SE 1.2,
n=30) of N ayl.8 protein moved to the plasma membrane fraction in the GFP/pll
fusion protein transfected cells, while only 4.3% (SB 0.4, n=30) of Nay 1.8 protein
localized on the plasma membrane in the GFP transfected CHO-SNS22 cells.
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Figure 2.11. TTX-resistant inward currents recorded in CHO-SNS22 cells after
lipofection with pBS-GFP/pl 1. (a) High threshold TTX-resistant Na^ current recorded
from fluorescent CHO-SNS22 cells following transfection with GFP-pll cDNA
expression vector. Na"^ current had characteristically slow kinetics, and inward current
is abolished by removing extracellular Na^ ions. Pulse protocol is shown above, (b)
Average current-voltage relation for the Na^ current (« = 5). The threshold for
activation is close to 0 mV, and the current peaks at +40 mV. pBS-GFP transfected
CHO-SNS22 cells did not generate any TTX-resistant inward currents.

Electrophysiological recording and data compilation by Dr. M. Baker.
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G FP/p11-antisense

p i 1-like immunoreactivity

Figure 2.12. pH antisense expression vector when microinjected into cultured DRG
neurons reduced pi 1 protein expression. Immunocytochemistry study showing pi 1-like
immunoreactivity revealed by bovine anti-pi 1 antibody after GFP-Anti sense/p 11
microinjection, (a) the green fluorescent signal indicates the presence of GFPantisense/p 11 in the microinjected cell (arrow head) (b) the red fluorescent signal
indicates pi 1-like immunoreactivity. Non-m icr oi nj ected cells show strong pH-like
immunoreactivity (arrows) whereas microinjected cell expressing GFP-antisense/p 11
(arrow head) do not, indicating a down-regulation of pH protein.

Data provided by Dr. Malik-Hall.
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Figure 2.13. p ll antisense mRNA expression in DRG neurons caused a loss of N ayl.8
current. Log current density distribution for Nay 1.8 recorded in rat cultured sensory
neurons The values of current densities for GFP transfected and control neurons are
not significantly different (P = 0.9, Student’s t-test, unpaired, two-tailed), whereas
comparison of p ll anti sense transfected with GFP transfected reveals a significant
difference (P < 0.02, Students t-test, unpaired, two-tailed). The n number was 9 and 8
for GFP only transfected cell and GPF-pl 1 transfected cell respectively.

Microinjection of DRG neurons by Dr. Malik-Hall.
Electrophysiological recording and data compilation by Dr. M. Baker.
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Number of cells recorded

Cells with currents >5 OpA

G FP-pll

46

9

GFP

40

0

Non-transfected cells

41

0

Table 2.1. Results for transient full length transfection of G FP-pll into CHO-SNS22
cell line showing a total number of cells recorded and number of cells showing a
N ayl.8 current. GFP-transfected and non-transfected cells served as control.

Electrophysiology recordings carried out by Dr. M. Baker.
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Discussion
The annexin II light chain protein, p l l , was identified as an interactor of N ay 1.8 by
using the N-terminal as bait in a yeast two-hybrid screen. We have been able to show
that p l l plays an important role in promoting the functional expression of Nay 1.8. p ll,
a member of the S-100 family of small calcium binding proteins, is present in a variety
of cells both separately and as part of a heterotetramer (Waisman, 1995). The
heterotetramer is composed of two copies of the annexin II heavy chain, also known as
calpactin I, lipocortin II, or p36, and two copies of pi 1. The transient expression of p ll
in a stably transfected cell line, CHO-SNS22 cells, which expresses high levels of
N ay 1.8 protein and mRNA but does not generate any TTX-r sodium currents, induced a

TTX-r N ay 1.8-like current. Immunocytochemistry studies showed that the
translocation of N ay 1.8 from the cytosol to the plasma membrane is enhanced by the
presence o f p l l in these cells. The translocation of the channel protein produces
functional channels on the plasma membrane and thereby enables the pll-expressing
CHO-SNS22 cells to generate TTX-r sodium currents. The importance of p l l in the
expression o f N ay 1.8 was further supported by the significant down-regulation of
endogenous N ay 1.8 current when p l l antisense expression vectors were microinjected
into cultured DRG neurons. We have also shown that the whole intact EF hand of p ll
is required to bind directly and specifically to amino acids 74-103 within the Nterminal of N ay 1.8. Furthermore, by using RT-PCR we showed that NGF up-regulated
p l l expression in cultured DRG neurons.
Functional expression of Nay 1.8 channel is difficult to express in heterologous
systems, even when co-expressed with P-subunits (England et a l, 1998; Vijayaragavan
et al., 2001). The transient expression of p l l in the CHO-SNS22 cell line induced a
TTX-r Nay 1.8-like current. Immunocytochemistry studies showed that when p l l is
expressed in CHO-SNS22 cells, there was an increase in membrane-bound Nay 1.8
protein. This suggests that p l l plays a vital role in the translocation of Nay 1.8 protein
from the cytosol to the plasma membrane, where it is then able to form functional
channels and thereby generate a TTX-r sodium current. One mechanism whereby p l l
translocates Nay 1.8 from the cytosol to the plasma membrane might be through its
interaction with p36. The p36-binding site on p l l is located in the C-terminal (Kube et
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al., 1992) whereas in our study, we have shown that Nay 1.8-binding site on p i 1 is in
the mutated EF hand, amino acids 33-77, Hence, it is possible that p l l interacts with
N ayl.8 and p36 simultaneously. p36 is expressed in most DRG neurons but it is highly
concentrated in small-diameter sensory neurons (Naciff et al., 1996) where p l l and
Nay 1.8 are also expressed. p36 also binds to F-actin and this interaction is enhanced by
its binding to p l l (reviewed in Gerke and Moss, 2002). The monomeric form of p36 is
mainly found in the cytoplasm whereas the annexin II complex (p ll/p 3 6
heterotetramer) is localized to the plasma membrane-actin skeleton interface. It is thus
possible that Nay 1.8 is translocated from the cytosol to the plasma membrane through a
direct interaction with p l l and an indirect one viap36.
The interaction between p l l and p36 might also help to stabilize Nay 1.8 on the
plasma membrane. In our study, we showed that when p l l antisense expression vectors
were microinjected into cultured DRG neurons, there was a down-regulation of the
endogenous Nay 1.8 current. This down-regulation of endogenous Nay 1.8 current might
be due to less Nay 1.8 channel protein being translocated from the cytosol onto the
plasma membrane. However, lowered levels of p l l might also lead to the
destabilization of N ay l.8 channel that are already on the plasma membrane. As
mentioned earlier, the annexin II complex is known to be localized to the plasma
membrane-actin skeleton interface and it has also been implicated to be involved in the
organization and dynamics of membrane rafts (reviewed in Gerke and Moss, 2002).
The annexin II complex has been shown to associate with membrane rafts in several
types of cells, such as smooth muscle cells, adrenal chromaffin cells, and canine kidney
(MDCK) cells. Rafts and membrane microdomains are found in the plasma membrane
as well as in the membranes o f biosynthetic and endosomal system. p36 and p H ’s
association with membrane rafts in the plasma membrane might act as an anchor for
stabilizing Nay 1.8 on the membrane. It is therefore possible that p l l has multiple roles
in regulating the functional expression of this channel; one in translocation, and the
other in the stabilization of Nay 1.8.
N ay 1.8 plays a vital role in pain pathways and N ay 1.8 null mouse mutants show

specific deficits in pain perception (Akopian et al., 1999). Moreover, increased
functional expression of N ay 1.8 has been suggested to be associated with diminished
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pain thresholds (Baker and Wood, 2001). Since it is well known that inflammatory
mediators such as PGE2 can modulate TTX-r sodium currents in DRG neurons (Gold et
a l, 1996; England et a l, 1996), the actions of inflammatory mediators on p l l
expression are therefore of interest. In addition, there is mounting evidence suggesting
that p l l plays an important role in inflammation. The possibility that p l l may have a
role in inflammation is consistent with the binding of p l l to phospholipase A 2 (PLA 2 )
(Wu et a l, 1997). During inflammation, PLA 2 degrades membrane phospholipids,
releasing arachidonic acid (AA) which is then metabolized by cyclooxygenase-2
(COX-2) to give rise to prostaglandins (PG).
The levels o f NGF have been reported to increase in animal models of
inflammation. Treatment with NGF caused an up-regulation of p l l mRNA levels in
cultured DRG neurons in our study, p l l is already known to be up-regulated by NGF
in PC 12 cells (Masiakowski and Shooter, 1988) and NGF is also known to increase
sodium current density in both PC12 cells (Garber et a l, 1989) and DRG neurons (Fjell
et <3 /.,1999). Meanwhile, a small increase in the amount of N ayl.8 protein in cultured
DRG neurons on NGF treatment has been observed (Okuse et a l, 1997). These
observations suggest that an increase in the levels of NGF during inflammation and
tissue injury may lead to an up-regulation of p l l which in turn enhances the
translocation o f Nay 1.8 and the increased Nay 1.8 activity may contribute to the
hyperexcitability of sensory neurons.
Tissue injury often leads to the release of other inflammatory mediators from
damaged cells such as nitric oxide (NO) (reviewed in Kidd and Urban, 2001). NO plays
a central role in the development of peripheral inflammatory hyperalgesia. Peripheral
administration of a nitric oxide synthase inhibitor, NG-methyl-L-arginine (L-NMA),
inhibited PGE 2 -induced hyperalgesia in rats (Aley et a l, 1998). Nitric oxide (NO) is
also known to induce the expression of both p l l protein and mRNA in non-neuronal
epithelial cells (Pawliczak et a l 2001). This further suggests that an increased level of
NO during tissue injury and inflammation which leads to an up-regulation of p l l may
in turn enhances the translocation of Nay 1.8 and the increased Nay 1.8 activity may
contribute to the hyperexcitability of sensory neurons. Since diminished peripheral pain
thresholds in inflammatory pain states has been suggested to be due to the up-
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regulation of N a y l. 8 activity (Gold, 1999) and p l l may increase the translocation of
N ay 1.8 into the plasma membrane during tissue damage, disrupting the interaction

between p l l and N ay 1.8 may therefore provide a new strategy to lowering the
expression of TTX-r sodium channels in nociceptive neurons. This in turn might affect
analgesia.
In contrast, glucocorticoids, which can inhibit the release of AA and COX-2
expression (Newton et al., 1998), are also known to regulate the expression of p ll . Yao
et al. (1999) have shown that the application of the anti-inflammatory glucocorticoid,
dexamethasone, in BEAS-2B (human bronchial epithelial cell line) and HeLa cells
increased p l l protein and mRNA levels. Moreover, an increase in the expression of
p i 1 correlated with lowered levels of arachidonic acid. In an earlier study by Wu et al.
(1997), p l l has been reported to inhibit PLA 2 activity in vitro. These studies taken
together suggest a potential role for p l l in the regulation of arachidonic acid
metabolism, p l l , whose expression is up-regulated by anti-inflam m atory
glucocorticoids, may also inhibit PLA 2 activity in vivo and thereby inhibits the release
of AA. Hence, these two studies suggest that p l l has an anti-inflammatory role,
contradicting the other studies mentioned above.
At present, the functional role of p l l in nociception is based on circumstantial
evidence. Generating tissue-specific p l l knockout mice would provide a better
understanding of the importance of p l l in the regulation of Nay 1.8 and its role in
nociception.
In conclusion, even though p l l can enhance the functional expression of
N ay 1.8 in the CHO-SNS22 cell line, the current expressed is smaller and the voltage-

dependence of activation is different from endogenous current found in DRG neurons.
This suggests that other unknown regulatory factors might be necessary for the
functional expression of N ay 1.8. It still has to be determined if the remaining 27 clones
identified from the yeast two-hybrid screen may facilitate the functional expression of
this channel. The remaining 27 clones all interact with N ay 1.8 intracellularly. However,
the kinetics and the biophysical properties of this channel can also be regulated by
proteins that interact extracellularly, as in the case of other isoforms of VGSCs with 13subunits. The extracellular domain of |3l is critical for channel gating and modulation
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of voltage-dependence o f rat N a y l. 4 (Chen and Cannon, 1995) and N ay 1.2
(M cCorm ick et al., 1999) when expressed in X e n o p u s oocytes. A study by
Vijayaragavan et al. (2001) showed that (31 up-regulates the expression of N a y l.8 in
Xenopus oocytes but not in mammalian cell system, suggesting that perhaps a bridging
factor between N ay 1.8 and P -subunit is present in Xenopus oocytes but absent in
mammalian cell systems. Other regulatory proteins and/or unknown |3-like proteins that
are specific to N ay 1.8 might interact extracellularly. A second yeast two-hybrid screen
was thus carried out using the extracellular regions of N ay 1.8 as baits (Chapter Three).
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Chapter Three

Identification of Sensory-Neuron-Specific Sodium Channel Nayl.8
Accessory Subunits in Rat DRG by Using Extracellular Loops as Baits
in Yeast Two-Hybrid Screen.
Synopsis
Beta subunits are important components o f voltage gated sodium channels. This
chapter provides an introduction to the significance of P-subunits in pain mechanisms,
followed by a detailed account on the use of the extracellular region DIV/SS2-S6 of
N avi.8 as bait in a yeast two-hybrid screen in an attempt to identify unknown subunits
that might interact specifically and extracellularly with Nay 1.8.
Introduction
Beta subunits play a critical role in channel gating, voltage dependence of
activation and inactivation, channel protein expression levels, and interaction with
other signalling molecules such as extracellular matrix and the cytoskeleton (reviewed
in Isom, 2000). Several studies have also provided evidence that P-subunits are
involved in the development of chronic pain. Expression of p i- and P2-subunits within
the dorsal horn of neuropathic rats has been shown to be differentially regulated after
chronic constriction injury to the sciatic nerve (Blackbum-Munro and FleetwoodWalker, 1999). They showed that p i mRNA level increased while P2 mRNA levels
decreased significantly within laminae I-II of the spinal cord 12-15 days after
neuropathy. However, within laminae 111-lV, the expression of p i mRNA remained
unchanged whilst the expression of P2 decreased on the the ipsilateral side of dorsal
horn of neuropathic rats. Using the same neuropathic pain model, Shah et al. (2000)
examined the expression of P3. Results revealed a significant increase in P3 mRNA
expression in small-diameter sensory neurons of the ipsilateral DRG. Another study by
the same group, Shah et al. (2001) showed that the expression of p i mRNA remained
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unchanged in both the spinal cord and DRG while the expression of |33 mRNA was
significantly increased in both the spinal cord and in medium-diameter Aô type DRG
neurons in streptozocin-induced diabetic neuropathy. Taken together, these studies
suggest that the development of the neuropathic pain state is associated with distinct
changes in the pattern of P-subunits expression and that these changes might be
specific to the neuropathic pain state induced.
Another line of evidence which supports the involvement of P-subunits in the
development of chronic pain is the up-regulation of pi-subunit mRNA in cultured
DRG neurons incubated in NGF-containing medium (Zur et a l, 1995). NGF
contributes to the changes of neuron sensitivity observed during inflammation and
plays an important role in inflammatory hyperalgesia (reviewed in Kidd and Urban,
2001) and in regulating the expression of N ayl.8 (Okuse et a l, 1997; Akopian et a l,
1999). The levels of p t and P2-subunits mRNA are up-regulated in spinal cord
astrocytes, B50 neuroblastoma cells, optic nerve astrocytes, sciatic nerve astrocytes,
and Schwann cells after exposure to increased levels of cAMP (Oh et a l, 1994; 1997).
Nayl.8 channels are phosphorylated by PKA, resulting in an increase in TTX-r sodium
current amplitude as well as a hyperpolarizing shift in the current-voltage relationship
(Fitzgerald et a l, 1999). This in turn reduces the threshold for activation. Therefore, the
increase in cAMP mediated by hyperalgesic agents might result in hyperexcitability of
VGSCs via two mechanisms: the phosphorylation of a-subunits and the up-regulation
of p-subunit expression.
Many studies have shown that VGSCs are modulated by P-subunits (Isom et a l,
1994; Patton et a l, 1994; Morgan et a l, 2000). However, the precise structural basis
for the a /p subunit interaction is unprecise. Chen and Cannon (1995) examined the
structural features of the p i subunit which is required for the modulation of Nay 1.2.
Nay 1.2 is modulated from slow to fast gating modes when co-expressed with p i in
Xenopus oocytes (Smith and Goldin, 1998). Using deletion mutagenesis, Chen and
Cannon (1995) found that the C-terminal, comprising the entire predicted intracellular
domain, can be deleted without a loss o f activity; whereas small deletions in the
extracellular N-terminal disrupted the modulation of the a subunit by pi subunits. This
finding was confirmed by a similar study by McCormick et a l (1998). Using the same
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technique, McCormick et a l (1998) also showed that the deletion of the intracellular
domain o f the p i subunit did not affect modulation of the N ay 1.2 a subunit, but
deletion of segments of the extracellular domain prevented the modulation by p i
subunits. These studies suggest that the extracellular domain of p i subunit is essential
for the oc/p subunit interaction.
In order to search for potential a /p interaction sites on the extracellular
segments of the a-subunit, Makita et a l (1996a) constructed chimeras by exchanging
the extracellular S5-S6 interhelical loops of each domain between human (h) Nay 1.5
and hNayl.4 a-subunit and then examined for effects on inactivation induced by co
expressed p i subunit in Xenopus oocytes. The underlying principle of this experiment
is based on the observation that Nay 1.4, similar to Nay 1.2, is modulated from slow to
fast gating modes when co-expressed with p i whereas Nay 1.5 channels gate in a fast
mode in the absence of p i subunits when expressed in oocytes. Substitutions of both
domain I (DI)/S5-S6 and DIV/S5-S6 in hNayl.4 by the corresponding loops from
hNayl.5 completely abolished the effects of the p i subunit on inactivation. These
results suggest that the DI/S5-S6 and DIV/S5-S6 loops in the a-subunit are important
determinants of the p i subunit-induced gating modulation in sodium channels. Two
hypotheses can be made based on these results: (1) extracellular domains of the pi
subunit interact with a discontinuous epitope formed by DI/S5-S6 and DIV/S5-S6 of
the a-subunit and (2) the p i subunit interacts elsewhere on the subunit, but the DI/S5S6 and DIV/S5-S6 loops are required for changes in gating behavior. Qu et a l (1999)
carried out a similar study where individual extracellular loops of the rat (r) Nay 1.5
a-subunit were substituted for the corresponding segment of the rNayl.2. A series of
Nay 1.2/Nay 1.5 chimeras showed that the substitution of the extracellular DIV/SS2-S6
segment in Nay 1.2 with the corresponding domain in Nay 1.5 produced a channel that
did not shift to a fast gating mode in the presence of p i subunits. Qu et a l thus
suggested that the extracellular region DIV/SS2-S6 as the main interaction site between
a and pi-subunit as substitution of this region resulted in a reduced modulation of the
a subunit by p i. The extracellular region DIV/SS2-S6 is located within DIV/S5-S6 so
both studies by Makita et a l (1996a) and Qu et a l (1999) have identified the same
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extracellular region as the main extracellular interaction site between the a and p i
subunit.
There is 100% homology between the extracellular segments DIV/SS2-S6 of
the TTX-r sodium channels. Nay 1.5 and Nayl. 8. Co-expression of p i and Nay 1.5 in
Xenopus oocytes led to an increase in current amplitude (Qu et a l, 1995) but had no

effects on the either kinetics or voltage dependence on the Nay 1.5 channel (Makita er
al., 1994). It is difficult to express functional Nayl.8 in heterologous systems, even
when co-expressed with P-subunits. In a study by Vijayaragavan et al. (2001), they
showed that mammalian cell lines, such as tsA201 and CHO cells, transfected with
Nayl.8, both in the presence or absence of p i subunit, showed negligible amounts of
current suggesting that the expression of Nayl.8 channel is poor in mammalian

systems. However, the amplitude of sodium current in

oocytes expressing

Nayl.8 increased when co-expressed with p i subunit. The p i subunit also has

significant effects on the kinetics of Nayl.8, particularly on the kinetics of inactivation
when co-expressed in oocytes. Interestingly, pi-subunit is expressed primarily in largediameter Ap fibers (Oh g/ a/., 1995) and in low levels in unmyelinated C-fibers where
Nayl.8 is predominantly expressed. Taken together, these observations suggest that (i)
it is possible that the modulation of TTX-r sodium channels may require regulatory

proteins and subunits that are different from P subunits, which have modulatory effects
on TTX-s channels; (ii) the interaction between pi-subunit and the a-subunit of Nayl.8
might be an indirect one, requiring a bridging factor that is present in Xenopus oocytes,

but not in mammalian heterologous systems; (iii) the functional expression of Nayl.8
might require completely different regulatory proteins or auxiliary subunits than known
P subunits. The co-expression of P2 and Nay 1.2 in Xenopus oocytes caused an increase
in the capacitance of the oocytes which resulted from an increase in the surface area of
the plasma membrane microvilli (Isom et al., 1995). This suggests that p subunits may
have the ability to expand cell membrane surface area, particularly in Xenopus oocytes.
It is well known that functional modulation of a-subunit by P-subunits can be
qualitatively different between Xenopus oocytes and mammalian cells (reviewed in
Isom, 2002). Even though p i has been to shown to up-regulate the expression of
Nayl.8 in oocytes (Vijayaragavan et a l, 2001), this might be caused by a change in the
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surface area or topology of the oocytes membrane due to the presence of the P subunits.
Thus, it is possible that the observations made by Vijayaragavan et al. (2001) are as
result of the effect of p subunits on the membrane topology and not due to a directly
interaction between Nay 1.8 and p i subunit; (iv) other unknown P-like subunits, which
are specific to Nayl.8, might be involved in modulating the functional expression and
biophysical properties of Nayl.8. One P-subunit, pS, which is expressed in high levels
in small-diameter but poorly expressed in large-diameter neurons, has been shown to
cause a hyperpolarizing shift in the threshold of activation of N ayl.8 as well as an
increase in the magnitude of the peak current when co-expressed in Xenopus oocytes
(Shah et al., 2000). However, the modulation of p3 on Nayl.8 has not been studied in
mammalian heterologous systems. It is also not known whether the interaction between
P3 subunit and the a-subunit of Nayl.8 is a direct one or via other regulatory proteins.
As discussed in chapter two, the expression of p l l in CHO-SNS22 cells
induced a TTX-r Nay 1.8-like current, but the amplitude and voltage dependence of
activation is different from endogenous Nayl.8 current found in DRG neurons. This
suggests that other factors are involved in modulating this channel. It is still not known
if the remaining 27 clones identified from the first yeast two-hybrid screen may
facilitate the functional expression and/or modulate the biophysical properties of this
channel. However, these clones all interact with Nayl.8 intracellularly. The biophysical
properties of this channel can also be regulated by proteins that interact extracellularly.
Therefore, in an attempt to identify other regulatory proteins and unknown P-like
subunits that interact with Nayl.8 extracellularly, a second yeast two-hybrid screen was
carried out using the extracellular loop DIV/SS2-S6 as bait.

Objectives

The objective of this study was to identify accessory subunits that might modulate
Nayl.8 by using the extracellular loop DIV/SS2-S6 as bait in a yeast two-hybrid
screen.
Methods and Materials
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Molecular Cloning of Extracellular Loop DIV/SS2-S6

DNA Constructs'. PCR primers were designed to amplify the extracellular loop
DIV/SS2-S6 of the a-subunit of N ay 1.2, N ay 1.8, and N ayl.9 (Figure 3.1) to generate
three baits corresponding to the following amino acid residues: Nay 1.2, amino acids
(a.a.) 1715-1750 (a.a. sequence: GLLAPILNSGPPDCDPEKDNPGSSVKGDCGNPS);
Nayl.8, a.a. 1666-1697 (a.a. sequence: GLLSPILNTGPPYCDPNLPNSNGSRGNCGS
PA); N ayl.9, a.a. 1533-1558 (a.a. sequence: SLFNIGLLLFLVMFIYAIFGMSWFSKV
KKGSGIDD); with restriction enzymes sites EcoRI and Xhol introduced at the 5’ and
3 ’ end respectively. PCR was carried out using Type2-bl-F/Type2-bl-R, SNS-blF/SNS-bl-R, and NaN-b 1-F/NaN-b 1-R primer pairs for extracellular loop DIV/SS2-S6
o f the a-subunit o f Nay 1.2, N ayl.8, and Nay 1.9 respectively. EcoRI sites are
underlined and Xbol sites are boldfaced. Forward primers:
Type2-b 1-F, 5 ’-CGAATTÇGGACTGCTGGCCCCTATACTAAATAGCG-3 ’;
SNS-b 1-F, 5 ’-CGAAÎIÇGGCCTCCTCAGCCCCATCCTCAACACG-3’;
NaN-bl-F. 5’-CGAATTCACCCTCCTCAACCCCATGCTGGAG-3’.
Reverse primers:
Type2-bl-R, 5’- ACTCGAGATGGGTTCCCACAGTCCCCCTTC-3’;
SN S-bl-R , 5’ACTCGAGCCGGGCTCCCGCAGTTCCCCCG-3’;
NaN-bl-R, 5’- ACTCGAGCCTGCGGCTGCTGACAGCTGTCTT-3’.
Nayl.8 in pRK7 vector and Nay 1.2 cDNA and Nay 1.9 cDNA derived by
mRNA extracted from brain and DRG, respectively, were used as template DNA for
PCR. The following PCR cycles were used: 30 cycles of 94°C for lmin/65°C for
2mins/72°C for 2mins. PCR products were digested with EcoRI and Xbol restriction
enzymes and ligated into the EcoRI/XboI site of the pEG202 vector. The pEG202
constructs were named pEG202-Nayl.2, pEG202-Nayl.8, and pEG202-Nayl.9.
cDNA library: The same DRG library was used for this yeast two-bybrid screen as
described in Chapter One.
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Figure 3.1. A schematic diagram showing the bait used in the yeast two-hybrid screen.
The extracellular loop DIV/SS2-S6 of N a y l. 2, N ayl.8, and N a y l.9 were used to
generate baits for the yeast two-hybrid screen (outlined in red).
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Yeast Two-Hvbrid Screen
Activation Assay: The yeast strain EGY48 was transformed with a second reporter,
pSH 18-34 plasmid, as described in Chapter One. Using the lithium acetate method, the
yeast transformants containing the pSH 18-34 plasmid were transformed with either
pSH17-4 (positive control), pRFHMl (negative control), pEG202-Navl.2, pEG202Navl.9, or pEG202-Nayl.8. The same protocol was then followed as described in
Chapter One.

Repression Assay: The yeast strain EGY48 was transformed with a second reporter,
pJKlOl plasmid, and then the yeast transformants were transformed with either pEG22
(negative control), pRFHMl (positive control), pEG202-Navl.2, pEG202-Navl.9, or
pEG202-Navl.8 using the lithium acetate method. The same protocol was followed for
subsequent steps as described in Chapter One.

Interaction Trap: The three plasmids pSH 18-34, pEG202-bait, pJG4-5 were
transformed into the yeast strain EGY48 sequentially as previously described in
Chapter One. The same protocol was followed for subsequent steps (Figure 3.2) as
described in Chapter One.

Confirmation o f Interaction between the Extracellular Loop DIV/SS2-S6 and p i
Subunit: p i subunit was amplified using PCR with forward primer betal-F (5’ATGGGGACGCTGCTGGCTCTC-3’)

and

rev erse

p rim er

b e ta l- R

( 5 ’-

GTACAGGCGTCCAGGTGGCTGAATAG-3’). p i subunit in pRK7 vector was used
as template DNA. The following PCR cycles were used: 27 cycles of 94°C for
lmin/58°C for 2mins/72°C for 2mins. The PCR product was ligated into pGEM-T easy
vector (Promega), cut with EcoRI and Xhol restriction enzymes and cloned in frame
into pJG4-5 vector at EcoRI/XhoI sites. The pJG4-5 construct was named pJG4-5/pl.
The yeast strain EGY48 that has already been transformed with pSH18-34 and with
either pEG202-Navl.2, pEG202-Navl.9, or pEG202-Navl.8, was transformed with
pJG4-5/pi using the lithium acetate method. The transformants were plated on glu ura"
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his' tip' medium and incubated at 30°C for two to three days. Four colonies from each
transformation were streaked onto glu ura' his' trp' plates and once again incubated at
30°C for two days. Each of the four colonies from each transformation were then
spotted onto four different plates: glu ura' his' trp' X-gal and gal/raf ura' his' trp' X-gal
dishes to test for LacZ expression and glu ura' his' tip' leu' and gal/raf ura' his' trp' leu'
for Leu^ expression. The plates were incubated at 30°C for three days.

Second Interaction Trap'. Instead of selecting transformants exhibiting Leu^ phenotype
as positive clones, in the second interaction trap, library transformants with strong LacZ
expression was identified as positive clones (Figure 3.3). A lO^c.f.u. of library
transformants was thawed from previously frozen stock of yeast transformants that
harbour the pSH18-4, pJG4-5/cDNA library and either pEG202-Navl.2, -Nay 1.8 or Nay 1.9 plasmids and plated on gal/raf ura' his' tip' X-gal dishes at a concentration of
2x10"^ c.f.u. per 14cm dish. Transformants which turned blue on this medium were
patched onto glu ura' his' trp' plates to encourage growth of the colonies so sufficient
amount o f yeast would be present for the yeast mini prep. Plates were once again
incubated at 30°C for 3 days. These yeast transformants were then subjected to yeast
mini-prep and subsequently transformed into E.coli strain KC8 by electroporation. The
bacterial mini-prep DNA was afterwards transformed into XL 1-Blue cells using heat
shock method and was subsequently sequenced (refer to Chapter One for details).
Sequences were compared with known sequences by using BLAST search.
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Yeast
Transformants
harbouring

glu ura his' trp'

pSH 18-34,
pEG202-bait, &
pJG4-5 plasmids

gal/raf ura' his' trp' leu

glu ura his trp' leu
gal/raf ura' his' trp X-gal
glu ura' his' trp' X-gal

Testing for LacZ expression:
Positive interactors are blue in
color on gal/raf but
white on glu plate.

gal/raf ura' his' trp' leu

Testing for Leu+ phenotype:
Positive interactors grow on
gal/raf but not on glu plate.

Figure 3.2. A schematic diagram showing the steps involved during interaction trap in
yeast two-hybrid screen. At each stage, the yeast transformants are patched onto
different medium (written in brown) to select for either LacZ expression or LEU^
phenotype. Abbreviations: gal, galactose; raf, raffinose; glu, glucose; ura, uracil; his,
histidine; trp, tryptophan; leu, leucine.
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Yeast
transformants
harbouring
pSH18-4,
pEG202-bait, &
pJG4-5 plasmids

Blue colonies were
identified as potential
positive interactors and
they were patched onto:
glu ura' his' trp'

gal/raf ura' his' trp' X-gal

Yeast mini-prep

Transformation into E.coli
KC8 and then into XL1Blue cells

Sequencing

Figure 3.3. A modified interaction trap used in the yeast two-hybrid screen. Yeast
transformants were plated on gal/raf ura' his' trp' X-gal medium instead of on gal/raf
ura' his' trp' leu' and potential positive interactors were identified by LacZ expression.
Blue colonies were patched onto glu ura' his' trp' to promote growth of the colonies
prior to yeast mini-prep. Abbreviations: gal, galactose; raf, raffinose; glu, glucose; ura,
uracil, his, histidine; trp, tryptophan.
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Results

Yeast Two-Hvbrid Screen
An activation assay was used to verify that the baits had no intrinsic transcriptional
activity on the two reporter genes prior to the transformation of the cDNA library into
the yeast. In the activation assay, the positive control, pSH17-4 plasmid, turned blue on
glu ura' his' trp' X-gal medium while the negative control, pRFHMl plasmid, and all
the baits remained white as they did not have intrinsic transcriptional activity.
Moreover, both controls and the baits grew on gal/raf ura' his' plates but neither the
negative control nor the baits grew on gal/raf ura' his' leu' medium. A repression assay
was performed to ensure that the LexA-bait fusion proteins binds to the LexA operators
harboured by the reporter genes. In the repression assay, yeast transformants containing
the negative control, pEG22 plasmid, turned blue on gal/raf ura' his' X-gal plates
whereas the positive control and the baits remained white. Once the baits were verified
as inert and non-toxic to the yeast, the cDNA library was transformed into yeast
transformants that were already harbouring the pSH18-4 and pEG202 plasmids.
In the first interaction trap, approximately 10^-10^ colonies of cDNA library
yeast transformants were plated onto gal/raf ura' his' trp' leu' plates. These colonies
were then patched onto four different growth medium: glu ura' his' trp' X-gal and
gal/raf ura' his' trp' X-gal to select for yeast colonies exhibiting LacZ^ phenotype, and
glu ura' his' trp' leu' and gal/raf ura' his' trp' leu' for transformants exhibiting Leu^
phenotype. However, there was no noticeable difference in growth rate between
transformants plated on glu ura' his' trp' leu' and gal/raf ura' his' trp' leu' medium. The
auxotrophic marker, LEU2, and the colorimetric marker, LacZ, are only transcribed if
there is an interaction between the bait and the prey protein. In addition, the expression
of the prey protein is under the control of a Gall promoter, making its expression
galactose-dependent. Therefore, positive clones should growth well on gal/raf ura' his'
trp' leu' but not on glu ura' his' trp' leu' medium. Since all transformants were able to
grow on glu ura' his' trp' leu' plates, it was not possible to select for positive clones
based on Leu^ phenotype. In spite of this, numerous potential positive clones were
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identified based on LacZ expression. Some transformants turned blue on gal/raf ura'
his' trp' X-gal plates while remaining white on glu ura' his' trp' X-gal plates. Positive
interactors were therefore identified as yeast colonies which exhibited strong LacZ
expression only. Over 100 clones were isolated as potential positive interactors of
N avi.2, Nay 1.8, and Nayl.9 based on LacZ expression and were subjected to yeast
mini-prep and subsequently to sequencing. Sequences were compared to known
sequences by using BLAST search. All of the clones isolated were false positives as
sequencing revealed that most of them were not cloned in frame into pJG4-5 vector,
while others encoded only the 3’UTR of known proteins. No positive interactors were
isolated despite repeating the interaction trap (Table 3.1).

Confirmation of Interaction between the Extracellular L o o p DIV/SS2-S6 and Bl
Subunit
Although studies by Qu et al. (1999) and Makita et al. (1996) underscored the
importance of the extracellular loop DIV/SS2-S6 in the modulation of sodium channel
by p i, it is not known if p i physically binds to this particular region on the a-subunit.
Therefore, to examine whether the extracellular loop DIV/SS2-SS6 does indeed
directly interact with p i, p i was amplified using PGR and subcloned into pJG4-5
vector. It was then transformed into yeast transformants already harbouring the reporter
plasmid, pSH18-4 and the bait plasmid, either pGEG202-Nay 1.2, -Nay 1.8, or -Nayl.9.
In this assay, the bait protein was the extracellular loop DIV/SS2-SS6 of Nay 1.8,
Nay 1.2, and N ayl.9. Meanwhile, the prey was p i subunit. A positive interaction
between the bait and prey proteins was thus identified as yeast colonies that exhibited
Leu^ and LacZ^ phenotype on gal/raf ura' his' trp' leu' and gal/raf ura' his' trp' X-gal
plates respectively.
Yeast transformants containing the plasmids pSH 18-34, either pEG202Nayl.2, - Nay 1.8, -Nayl.9, and pJG4-5/pi remained white on glu ura' his' trp' X-gal
and turned blue on gal/raf ura' his' trp'X -gal dishes (Figure 3.4a and b). This
observation suggests that there is direct interaction between p i subunit and the
extracellular loop DIV/SS2-SS6 of Nay 1.2, Nay 1.8, and Nayl.9 but this interaction is
weak, especially for Nay 1.8, and Nayl.9, as the intensity of the blue color is weaker
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than yeast colonies harbouring the plasmid pEG202-Navl.2. However, these yeast
transformants exhibited little difference in growth pattern when plated on glu ura' his'
trp' leu' and gal/raf ura' his' trp' leu' medium (Figure 3.4c and d), suggesting that the
Leu^ phenotype could not be used to identify positive interactors. As the expression of
the prey protein is under the control of the galactose-dependent promoter, G all, it will
only be expressed on galactose containing medium, and not on glucose containing
medium. The LEU2 reporter gene which confers the LEU^ phenotype, should only be
transcribed if there is an interaction between the bait and the prey protein and as a
result, the LEU^ phenotype would only be exhibited on galactose containing medium.
Figure 3.3c shows that there is also growth of yeast transformants on glu ura' his' trp'
leu' medium. This observation provides an explanation for the results obtained from the
earlier interaction trap which yielded only false positives. The yeast transformants
harbouring the plasmids pSH18-4 and pEG202-bait were selected on leu' medium after
the library transformation and prior to the interaction trap. This results in selecting
colonies for the interaction trap that might not be exhibiting true interaction between
the bait and the prey proteins as all colonies grew on glu ura' his' trp' leu' medium. To
circumvent this problem, cDNA library transformants were re-plated on gal/raf ura' his'
trp' X-gal plates and the selection of positive interactors was based on LacZ expression.
Second Interaction Trap'. Approximately 3x10^ colonies were plated on gal/raf ura' his'
trp' X-gal medium per bait. Positive interactors were identified as yeast colonies which
exhibited strong LacZ expression on this medium. Approximately 60 clones were
identified as potential interactors for Nay 1.2, Navl.8, and NavL9. These clones were
isolated, sequenced and compared to known sequences by using BLAST search.
However, these clones were false positives as sequencing revealed that most of them
were not cloned in frame into pJG4-5 vector, and others encoded only the 3’UTR of
known proteins.
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Bait

Number of False Positives

D IV/SS2-S6 of N ay l.2

23

D IV/SS2-S6 of N ay l.8

41

D IV/SS2-S6 of N ay 1.9

36

Table 3.1. Results for the yeast two-hybrid screen by using the extracellular loop
DIV/SS2-S6 o f Nayl.2, N ayl.8, and N ayl.9 as baits. Approximately 1x10^ yeast
transformants were screened. Potential positive interactors isolated from the interaction
trap were sequenced. All the clones isolated were false positives as sequencing
revealed that most of them were not cloned in frame into pJG4-5 vector, while others
encoded only the 3 ’UTR of known proteins. Results shown are combined results from
both interaction traps.
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N ay l.2 Nay1.8 Nay1.9

Nay1.2 Nay1.8

Nay1.9

* #
Na\/1.2

Nay/1.8

Nay/1.9

Nay/1.2

Nay/1.8 Nay/1.9

1

Figure 3.4. Extracellular loops DIV/SS2-S6 of N ay l.2 , N ay l.8, and N a y l.9 interact with pisubunit. Four yeast colonies for each bait (1-4), containing the plasmids pSH 18-34 and pJG45/pl remained white on glu ura his trp X-gal (a) and turned blue on gal/raf ura his trp'X-gal
dishes (b), indicating there is a direct interaction between the bait protein and pi-subunit.
However, yeast transformants grew on both glu ura' his trp leu (c) and gal/raf ura his trp leu'
(d) medium.
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Discussion
From this yeast two-hybrid screen, using the extracellular loop DIV/SS2-S6 as bait, no
positive clones were identified as interactors for Nayl.2, Nayl.8, or Nayl.9. During the
interaction trap, yeast transformants were patched onto glu ura' his' trp' X-gal and
gal/raf ura' his' trp' X-gal dishes to test for LacZ expression and glu ura' his' trp' leu'
and gal/raf ura' his' trp' leu' for Leu^ expression. Yeast transformants exhibiting strong
Leu^ and LacZ^ phenotype were identified as positive clones. The potential clones, that
were isolated from the interaction trap and subsequently sequenced, encoded for short
fragments of non-specific proteins that had not been cloned in-frame into the pJG4-5
plasmid. The interaction trap was repeated several times in an attempt to obtain specific
interacting clones. However, efforts were proven to be futile. Subsequent interaction
traps also yielded only false positives.
The modulation of a-subunits by p-subunits is well documented for a number
of VGSCs, including Nayl.2 (Isom et a l, 1992; Isom et a l, 1995, Kazen-Gillespie et
a l, 2000) and Nay 1.3 (Cummins et a l, 2001; Meadows et a l, 2002). Although a study
by Qu et a l (1999) has indicated that the extracellular loop DIV/SS2-S6 of the asubunit is an important extracellular interaction site between the a and p i subunit, the
precise structural basis for the a/p subunit interaction is still unknown. Makita et a l
(1996a) showed that substitutions of both DI/S5-S6 and DIV/S5-S6 in hNayl.4 by the
corresponding loops from hNayl.5 completely abolished the effects of the p i subunit
on inactivation on the hNayl.4 chimera. These observations suggest that the DI/S5-S6
and DIV/S5-S6 loops in the a-subunit are important determinants of the p i subunitinduced gating modulation in sodium channels. A number of studies indicate that in a
three-dimensional model of the VGSC a-subunit, DI and DIV are adjacent, where
DI/S6 and DIV/S5 lie in close proximity to one another in the folded structure of the
sodium channel. Therefore, for a stable interaction between p i- and a-subunits to take
place, a larger interaction site may be required than just the short fragment DIV/SS2-S6
used in this yeast two-hybrid screen. It is possible that the tertiary structural
conformation of the a-subunit is required for the interaction with p i to take place.
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Accordingly, to find out if the extracellular loop DIV/SS2-S6 was sufficient as
an interaction site for ot/p interaction, pi subunit was subcloned into pJG4-5 vector and
transformed into yeast transformants already harbouring the bait and reporter plasmids.
These yeast transformants were then subjected to the interaction trap by plating them
onto four different growth medium, testing for LacZ and Leu^ expression. We were
able to show that p i subunit does indeed bind to the extracellular region DIV/SS2-S6
of N a v i. 2, N a y l.8 , and N a y l.9 , as yeast transformants harbouring the p i subunit in
pJG4-5 vector and the bait plasmid turned blue in color on gal/raf ura' his' trp' X-gal
but remained white on glu ura' his' trp' X-gal plates. The results based on the Leu^
phenotype were more ambiguous as the yeast transformants grew on both gal/raf ura'
his' trp' leu' and glu ura' his' trp' leu' medium. The growth of the yeast transformants on
medium lacking leucine relies on the transcription of the LEU 2 gene, which on
producing leucine enables the yeast transformants to survive on leu' medium. The
transcription of the LEU 2 gene is under the condition that there is an interaction
between the bait and the prey proteins and in galactose containing medium only. This is
because the prey protein, whose expression is under the control of the Gall promoter, is
fused with the activation domain. The bait protein, on the other hand, is fused with the
DNA binding domain which binds to the LexA operators located upstream of the LEU2
gene. Having no intrinsic transcriptional activity, the bait protein must interact with the
prey protein bringing the activation domain in close proximity to the LEU2 gene,
causing the transcription of the gene. In the presence of glucose, the prey protein is not
expressed and as a result, the LEU2 gene is not transcribed. The growth of the yeast
transformants on glu ura' his' trp' leu' medium could be due to a number of reasons: (i)
the bait protein has intrinsic transcriptional activity; (ii) endogenous yeast proteins with
transcriptional activity are interacting with the bait protein, thereby causing the
transcription o f the LEU2 gene; (iii) the Gall promoter is slightly leaky so even in
glucose-containing medium, some prey proteins are expressed and bind to the baits;
(iv) the glu ura' his' trp' leu' medium was contaminated with leucine; (v) a mutation in
the integrated LEU2 gene promoter in the yeast leading to continuous activation of the
gene. Prior to carrying out the interaction trap, an activation assay was performed to
ensure that the baits did not have intrinsic transcriptional activity. In the activation
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assay, both the negative control and the baits grew on gal/raf ura* his* medium but
neither grew on gal/raf ura* his* leu* medium. Thus, the bait proteins did not have
intrinsic transcriptional activity.
The growth of yeast transformants on glu ura" his* trp* leu* medium provides an
explanation to the unsuccessful interaction trap. A number of reasons as mentioned
above might be causing the transcription of the LEU2 gene, conferring the Leu^
phenotype on glucose-containing, leucine-lacking growth medium. This gives a very
high background in the yeast two-hybrid screen. As a result, false positives were
repeatedly isolated.
Although the LEU^ phenotype can no longer be used as a marker to identify
potential interactors in the interaction trap, it is still possible to rely on LacZ^
phenotype for this purpose. The two reporter genes differ in their sensitivity and are
under the control of different promoters. Another interaction trap was then carried out
by utilizing only the LacZ^ phenotype for the identification of potential positive
interactors. Approximately 3 x 10^ colonies were screened per bait but no positive
clones were identified.
The failure in obtaining any positive clones may be due to a number of reasons,
one of which might be the size of the baits used in this yeast two-hybrid screen The
baits consist of around 30 amino acids, much shorter than the baits used for the first
yeast two-hybrid screen. A longer fragment of the bait might allow for a more stable
tertiary structure, which could affect its ability to bind to specific proteins. For this
reason, one improvement that could be made for this yeast two-hybrid screen would be
to use the extracellular loop DIV/SS1-S6, consisting of approximately 53 amino acids,
as bait. This might give the bait protein a more stable tertiary structure and thereby
enable more specific interactions to take place.
Although we have shown that there is a direct interaction between the
extracellular region DIV/SS2-S6 and p i subunit, other domains, both intracellular and
extracellular, might also be involved. A number of studies have suggested that
a-subunits and p i interact through intracellular domains while others have suggested
that the interaction is found mainly in the extracellular regions. In a study by Makita et
al. (1996b), chimeras in which one or more of the intracellular interdomain regions
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(ID 1-2, ID2-3, and ID3-4) were exchanged between hNayl.5 and hNayl.4, exhibited
inactivation properties identical to the wild type channel isoform, suggesting that these
regions are not sufficient to cause gating differences. In contrast, a study by An et al.
(1998) has shown that the intracellular domains may also be active participants for the
a/p interaction. A mutation in the C-terminal domain of Nay 1.5 has been suggested in
LQT-3 (Long QT syndrome-3), an inherited cardiac arrhythmia. This mutation, which
according to topology predictions is located intracellularly, has been shown to lead to
the disruption of a /p i subunit interaction when expressed in transfected HEK cells. In
our yeast two-hybrid screen where the intracellular domains were used as baits, no psubunits were identified as interactors for Nayl.8, indicating that perhaps for Nayl.8,
P-subunits do not interact intracellularly, but extracellularly, if they do in fact interact.
A study by Vijayaragavan et al. (2001) showed that p i up-regulates the
expression of Nayl.8 in Xenopus oocytes. However, p i subunit is expressed primarily
in large-diameter DRG neurons, with little expression in small diameter neurons where
Nayl.8 is predominantly expressed (Shah et a/., 2000). In addition, the up-regulation in
the expression of Nayl.8 by p i was not observed in mammalian cells (Vijayaragavan
et al., 2001). These observations taken together indicate that it is unlikely that in vivo,
p i would interact with Nayl.8 and modulate the fimctional expression of this channel.
However, a couple of deductions can be made from these observations and from our
study: (i) all four known p-subunits show high homology to one another. So, an
unknown P-like subunit, with high homology to p i, might modulate the functional
expression of Nayl.8 specifically; (ii) P3 subunit, which is highly homologous to pi
(Morgan et a l, 2000) and expressed in the same cell type as Nayl.8 (Shah et a l, 2000),
might interact with N ayl.8. P3 subunit has already been shown to cause a
hyperpolarizing shift in the threshold of activation of Nayl.8 as well as an increase in
the magnitude of the peak current when co-expressed in Xenopus oocytes (Shah et a l,
2000). Similar modulatory effects of P3 subunit on Nayl.8 were also seen when co
expressed in mammalian cells (Powell et a l, 2001). However, co-expression of
p3 subunit and Nayl.8 in COS cells caused a significant reduction of TTX-r sodium
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inward current when compared to cells not expressing any P subunits (unpublished
data, personal communications. Dr. M. Baker, UCL).
Neither p i nor P3 were isolated from the interaction trap as positive clones.
Both p i and p3 subunits are expressed in DRG and should be represented in the DRG
cDNA library used. We have verified that p i subunit binds to the extracellular region
DIV/SS2-S6 of N a y l.8 , N a y l.2 , and N ay l.9 and therefore p i subunits should have
been isolated from the interaction trap. The main reason why neither p-subunit was
isolated from the interaction trap is most likely because of the high background level
(short fragments of protein interacting with the baits indiscriminately), which means
that more colonies would have to be screened before any real interactors could
potentially be isolated.

General Conclusion

From the first yeast two-hybrid screen where the intracellular domains were used as
baits (Chapter One), p l l was identified as a positive interactor for Nayl.8. We have
provided evidence that p l l is vital to the functional expression of Nayl.8 (Chapter
Two). In spite of this, the biophysical properties of the expressed Nayl.8 channel in
CHO-SNS22 cells when co-expressed with p l l are different from endogenous Nayl.8
found in DRG neurons. This prompted the start of the second yeast two-hybrid screen
as other unknown regulatory proteins or P-like subunits might be involved in the
modulation of Nayl.8 by interacting with this channel extracellularly. However, no
positive clones were isolated using the extracellular region DIV/SS2-S6 of Nayl.8,
Nayl.2, and N ayl.9 as baits in the yeast two-hybrid screen. By subcloning p i subunit
into pJG4-5 vector and then transforming it into yeast transformants harbouring the bait
plasmid, we have shown that the extracellular region DIV/SS2-S6 of Nayl.8, Nayl.2,
and Nayl.9 binds to p i subunit. Although p i subunit binds directly to Nayl.8, the
expression of Nayl.8 is found mainly in small diameter DRG neurons whereas p i
subunit is found predominantly in large diameter neurons, thereby making it an
unlikely modulatory partner for Nayl.8 in vivo. However, an unknown P-like subunit
or P3, which has high homology to p i, might have modulatory effects on Nayl.8.
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Furthermore, the role of the remaining 27 clones identified from the first yeast twohybrid screen on Navl.8 still has to be determined.
The sensory neuron-specific sodium channel, Nay 1.8, has been suggested to
play an important role in the pain pathway. A better understanding of the functional
expression of this channel may therefore lead to the development of more specific and
efficacious analgesic drugs. From our study, the p l l protein has been shown to be an
important interacting partner for N ayl.8. Hence, the p ll/N a y l.8 interaction may
provide a new target for future analgesic drugs. However, the regulatory function of
p l l on Nayl.8 needs to be further analyzed in vivo. Since p l l is expressed in many
different tissues, such analysis can be done by utilizing a tissue-specific p l l knock-out
mouse. The Cre/loxP system is a tool for generating tissue-specific knock-out mice. A
Nayl.8-driven Cre transgenic mice is already available. The generation of a p i 1 knock
out mouse might provide us with futher insights on its role in regulating the functional
expression of Nayl.8 and perhaps its significance in nociception as well.
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