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I. INTRODUCTION

A Brief Introduction of C. elegans Biology

C. elegans is a free-living soil nematode with cylindrically-shaped and transparent body
. tapered at both ends. Adult C. elegans is about 1 mm long. While the growth of C. elegans
can be inhibited by overgrowing bacteria, C. elegans is normally cultured on a bacterial lawn
with bacteria as the food. fu the laboratory, C. elegans is fed on a slow-growing mutant E.
coli strain OP50.

C. elegans has two sexes, males and hermaphrodites with males accounting for only
0.1 % of the· total population. The adult C. elegans is composed of an exterior cuticle with a
layer of epithelia underneath, a digestive system including pharynx, intestine and rectum, a
kidney, a nervous system and a reproductive system (Fig.1. ).

Mature adult hermaphrodites

have 959 somatic cells and adult males 1,031 somatic cells. Among all the somatic cells,
about one third is neurons which are organized into pharyngeal and central nervous system
{Strange, 2003 #150}. C. elegans does not have eyes, but its sensory neurons located in the
head and tail may respond to chemicals, temperature, touch and physical surroundings. Like
mammalian organisms, C. elegans has both striated and nonstriated muscles. Striated
muscles are responsible for locomotion and nonstriated muscles are involved in feeding,
excretion and reproduction. Some specialized nonstriated muscles are involved in mating
between male C. elegans and herm~phrodites.

The lifespan of C. elegans depends largely on its surrounding t~mperature and food
resources available. Under optimal laboratory conditions? C. elegans can live about 3 ~ 4
weeks. fu our laboratory, we culture the C. elegans at 20 °C at which. the development from a
fertilized C.. elegans egg to a reproductive young adult takes about 3 days (Fig. 2.. ).

1

Fig. 1. Anatomical structure of an adult hermaphrodite.
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Fig. 2. The life cycle of C.elegans at 25 °C under optimal laboratory conditions.
A mature hermaphrodite can produce about 3 00 fertilized eggs during its reproductive stage.
Embryogenesis of the fertilized eggs takes about 14 h. Postembryonic development which
includes four larval stages from Li to L4 takes about 36 h.

3

JI ...r ::~:11 ·
·:e:{19,I!!::

4

Use of C. elegans as a model system for fundamental biological studies has a lot of
advantages. C. elegans is a simple organism with a short life cycle; it can be cultured_ easily
in the laboratory; it generates large nuin.bers of offspring in a very short time. In addition,
self-fertilization of C. elegans hermaphrodites makes the isolation of homozygous mutant
worm relatively easy and cross-fertilization between males and hermaphrodites allows
genetic crosses to be made. On top of these, the most important advantage is that C. elegans
shares many of the essential biological Ieharacteristics wiih mammalian organisms including
-

I

humans including cellular· function, differentiation and development.

Introduction to Current Project

Our original goal was to clone C. elegans taurine transporter with the purpose of using
this organism as a model system to understand the biological role of the taurine transporter.
We have performed amino acid analysis with C. elegans homogenate and detected large
quantities of taurine. Mammalian taurfo.e transporter (TAUT) is a Na+-and

er-

coupled

I

transporter belonging to the neurotransmitter transporter gene family, .called Solute-Linked
Carrier family 6 (SLC6). All of the jtransporters in this family whose molecular and
functional characteristics have been elufidated code for Na+- and

er -coupled transporters

for neurotransmitters (e.g., serotonin,,·1opamine, norepinephrine, and y-aminobutyrate) or
osmolytes (e.g., ~aurine and betaine). It ·s n~t known wheth~ C. elegans ex~resses a taurine
transporter. But, C. elegans genome consists of snf (sodnim/neurotransm1tter transporter
.

.

.

I

.

family) which h~s at least 13 members. So far, only the transporters for dopamine, serotonin
and acetylcholine have been identified at the molecular level.

Taurine (2-aminoethanesulfonic acicl) is the most abundant sulfur-containing amino acid
in mammalian plasma and tissues.· It 1·is synthesized in liver from :cysteine and is not
incorporated into proteins. Cysteine +lfinate decarboxylase (CSD). is the rate-limiting
enzyme in the biosynthesis of taurine. The biological functions of taurine include bile acid
conjugation, os~oregulation, antifidan~ effects, calcium regulation, membrane stabilization
and modulation of immune responses ( : uxtable, 1992; Park et al., 1995; Welch and Brown,
1996; Yancey et al., 1982).

AJiimal and in vitro studies showed that taurine plays an

I
i

!

5
important role in the regulation of

owth and development (Gaull et al., 1983; Hayes et al.,

1980). Taurine deficiency in cats hJs been found to cause permanent retinal degeneration and
cardiomyopathy (Hayes and 'f.rautwein, ·1989; Pasantes-Morales et al., 1986).

The intracellular taurine concentration in mammalian tissues is much higher than the
extracellular concentration. The marked intracellular to extracellular gradient of taurine is
built up and maintained by a highly active taurine transport system in the plasma membrane.
This transporter has .been characteriz~d at molecular level in a number of mammalian
organisms. It has· been shown that disruption of the taurine transporter gene leads to retinal
degeneration in mice by apoptosis (Heller-Stilb et al., 2002). However, the underlying
mechanisms for the diverse functions of taurine as an immunomodulator and neruomodulator
are still not well 1.µ1derstood.

Taurine tratj.sporter is a member of the neurotransmitter transporter gene family. It
represents memb~r 6 (SLC6A6) in the gene family (Kwon and Handler, 1995; Schloss et al.,
!

I

,

.

,

,

1994). Our laboratory has had a1oi?-gstanding interest in the biology oftaurine. In our lab, the
characteristics o( the' taurine ·transport system have been elucidated in the retinal pigment
epithelium, intestine, and placenta and the human taurine transporter was cloned from a
!

placental cDNA ~ibrary (El-Sherbeny et al., 2004; Ramamoorthy et al., 1994a; Ramamoorthy
et al., 1993; R~amoorthy et al., :1994b). Recently, we have cloned the zebrafish taurine
I

transporter and ·have shown that the morpholino-induced ~ockdown of the taurine
'

'

'

transporter in zebrafish embryos leads to massive apoptosis ·in the· central nervous system,
heart, and retina (unpublished data). To further analyze the role of the taurine transporter in
neurons, I wanted to clone the taurine transporter in C. elegans because I can employ the
bacteria-mediated RNA intereference (RNAi) technique to knockdown the transporter and
then assess the ~onsequences in t4f nervous system. For this, I had to answer the question:
does C. elegans ~ontain taurine? Since there is no information in literature as whether or not
C. elegans contains taurine, I c

ed out an experiment to determine the amino acid profile

of this organism.I In this experime t, I homogenized adult C. elegans and prepared a proteinfree extract using the sulfosalicyli1 acid reagent which precipitates cellular proteins. Amino
acid analysis of this
extract indica~ed
that this organism contains abundant levels of taurine. ·
I
l

I

6

I

This indicated that

IC. elegans may also express a taurine transporter. When we searched the

data base for the snf gene family with the mammalian taurine transporter as a query to
identify the most likely candidate for the C. elegans taurine transporter, the search yielded
snf-11 as the likely candidate based on amino acid sequence. Therefore, we isolated a full-

length snf-11 cDNA clone from a C. elegans cDNA library and characterized its transport
function, hoping that this clone_ would function as a Na+/Cr-coupled transporter for taurine.
Quite unexpectedly, these studies· showed that snf-11 is not a taurihe transporter but a GABA
transporter. This represents the first GABA transporter to be identified at the finiGtional level
in C. elegans. __ The next two potential candidates for C. elegans taurine transporter that I
cloned, snf-3 and snf-5, turned out to be a betaine transporter and an amino acid transporter,
respectively. Taurine was not their substrate. Thus, my efforts to clone _the taurine transporter
led to the molecular identification of the GABA transporter snf- i 1, the amino acid
transporter snf-5 and the betaine transporter snf-3 in C.elegans.

7

GABA and GAB~ Transporters
j

y-Aminobutyric acid (OABA) is the most abundant inhibitory neurotransmitter in
vertebrates and inv1ertebrates. GABAergic neurotransmission is used clinically as the target of
!

antiepileptic, anxiolytic, and antispasmodic drugs (Ashton and Young, 2003; Bowery, 1989;
Brambilla et al., 2003; Lydiard, 2003; Sarup et al., 2003). Several molecular components are
involved in GABA-ergic neurotransmission. These include glutamic acid decarboxylase (the
enzyme needed for the production of GABA from glutamate), vesicular GABA transporter
(the transporter in presynaptic neurons that transports GABA into synaptic vesicles), GABA
receptors (the receptors present on the postsynaptic membrane to transmit the GABAergic
signals), and G~A transporters (the transporters present in presynaptic neurons and glial
cells that participate in the clearance of GABA from the synapse). Mammals, including
humans, express four different GABA transporters (GATs), of which only two are present
I

,

specifically in GAJ3A-ergicneurons. These are GAT-1 and GAT-3 (Chen et al., 2004; Dalby,
2003). GAT-1 is the predominant GABA transporter in the brain, co-localizes with markers
ofGABAergic neJrons, and is expressed in the axons and presynapticmembranes (Ikegaki et

al., 1994; Minelli let al., 1996; Radia~ et al., 1990). GAT-3 is also expressed exclusively in
the brain where it lis found in GABA-~rgic nerve terminals as well as in glial cells (De Biasi

et al., 1998; Minflli et al., 1995). The other two GABA transporters (GAT-2 and BGT1/GAT-4, also

f

own as betaine/qABA transporter) are not related to GABA-ergic

neurotransmission. Antiepileptic, anxiolytic, and antispasmodic drugs produce their
therapeutic effect~ by enhancing G~Aergic neurotransmission (Ashton and Young, 2003;
!

Bowery, 1989; Btambilla et al., 2003; Lydiard, 2003; Sarup et al., 2003). The activation of
i

GABAergic neurotransmission can be accomplished by drugs that function either as agonists
of GABA receptJrs or inhibitors of GABA transporters. The latter class of drugs such as
I

tiagabine (an anti~pileptic drug) increases the levels of GABA in the synaptic cleft by their
ability to block th~ clearance of the neurotransmitter from the synapse via GABA transporters
and thus enhance~ GABA-ergic neurotransmission (Sarup et al., 2003). Even though GAT-1
and GAT-3 have! been identified at the molecular level more than a decade ago and are
known to be

linkt to diseases such as epilepsy and schizophrenia (Chen et al., 2004; Dalby,

2003), there are

o

animal models reported m the literature describing the

I

phenotypic change that oJur as a consequence of specific deletion of either GAT-1 o:
I

GAT-3.

!
:

I

GABA-ergic neurotransmission plays a critical role in the function of body muscles and
enteric muscles in fthe nematode CaenJrhabditis elegans (Schuske et al., 2004). There are 26
. neurons m thi s orgamsm
. i as 1'dentl'fj1ed b y 1mmunocytoc
.
h em1stry
.
.
GABA-ergic
usmg
a
I

.

polyclonal antibod,f specific for GABt (McIntire et al., 1993b). These consist of the 6 DD
neurons, 13 VD neurons, 4 RMB neurons, 1 AVL neuron, 1 DVB neuron, and 1 RIS neuron.
: I

I

·.I

I

The connectivity d( all of these neurons that use GABA as the neurotransmitter has been well
established (McIntire et al., 1993b). Tpe DD and VD neurons control the function of body
muscles that are iriJolved in locomotidn. The RMB neurons innervate the muscle in the head
that participates

~J~I foraging. The A\(L and DVB neurons control the function of enteric
I

muscles that parti 'tate, togetherwith rody muscles, in the defecation cycle. The function of
the RIS neuron is not well understood. The molecular components of GABAergic
· · ~n
I. C. elegans are s1m1·1ar· to th ose m
. mammaIs. These me
. Iude g1utanuc
.
neurotransm1ss1on
I .

acid decarboxylas (known as unc-25), vesicular GABA transporter (known as unc-47), and a
!

GABA receptor (known as unc-49) (McIntire et al., 1993a; Schuske et al., 2004). Two other

If

proteins have also een shown to be essential for normal GABAergic neurotransmission in C.
elegans (i.e. uncJr that participates in the differentiation of GABA-ergic neurons and unc46 that is essentill for synaptic release of GABA) (McIntire et al., 1993a; Schuske et al.,

2004). unc-25, ujJ-30, unc-46, unc-47, and unc-49 are members of the uncoordinated gene
class. All of the Jembers of this gene class, when made nonfunctional, lead to a loss of
coordination of ~uscle function in the organism. The C. elegans counterpart(s) of
mammalian GAB~ transporters has/haVe not yet been identified at the molecular level.
GABA tr~orters in mammals belong to the SLC6 gene family,which consists of at
least 20 members! (Chen et al., 2004). Most of the transporters in this gene family recognize
neurotransmitterJsiJeuromodulators (e.g., GABA, Serotonin, norepinephrine, dopamine,
glycine, proline, land taurine) as substrates · and . are energetically coupled to the
transmembrane

dients of Na+ and er. Therefore, this family is called_Na+/Cr-dependent
·
II
.gene .Laml
c.· ·1y~· C. elegan~ aIso contams
: . a so·d.mm-dependent
neurotransmitter
transporter
I

neurotransmitter symporter family (snj). A search in the WormBase (Release WS93 at

www.worrnbase.org) using the mammalian GABA transporter protein sequence as a qu~
·

I

I

has revealed that there are ltmembers in this snf gene family (snf-1, snf-2, and so forth) in
the worm genome.jOnly.two of them have so far been identified at the functional level. dat-1
(T23G5.5) encode$ a dopami; e transporter (Jayanthi et al., 1998) and mod-5 (Y54E10BR.7)
l

I

encodes as~rotoni~ transporter (Ranganathan et al., 2001). snf-11 represents the first GABA
transporter to be identified atlthe functional level in C. elegans.
I

i

i

Amino Acid TraU:sporters
Transfer of l o acids across the animal cell plasma membrane occurs via a multitude
I

I

of transport systenis which differ in their substrate specificity and driving forces (Broer, 2002;
Palacin et al., 199k). Most

Jr

these transport systems have been identified at the molecular

level by successfi.A cloning +the proteins that are responsible for the transport function. The
amino acid transpdrters cloned thus far have been classified into seven different solute-linked

t

carrier (SLC) gen~I families based on their amino acid sequence. These gene families are

SLCJ (Kanai and fediger, 2 04), SLC3 (Palacin and Kanai, 2004), SLC6 (Chen et al., 2004),
1

SLC7 (Verrey et al., 2004), SLC16 (Halestrap and Meredith, 2004),_SLC36 (Boll et al., 2004),

and SLC38 (MacJenzie an, Erickson, 'w04). Mutations in. some of these transporters are
responsible for sprific dis,aseS in humans. Examples of these diseases include cystinuria
(mutations in either SLC3A1 or in SLC7A9) (Kanai and Endou, 2001; Palacin et al., 2001),
lysinuric protein ihtolerance 1·(mutations in SLC7A 7) (Palacin and Kanai, 2004), and Hartnup
disease (mutation in SLC6A) 9) (Kleta et al./ 2004; seow et al., 2004). Even though it has not
i

I

.

been established ~et, mutations in· SLClAl ·(known as EAAT3 or excitatory amino acid
transporter-3) an~ SLC6A2b (known as SITl or sodium/imino. acid cotransporter-1) are

f

likely to be associ~ted with tcarboxyl{c aciduria· and iminoglyci~uiria, ·respectively (Chesney,
2002; Kanai and

ediger, 2604; Kowalczuk et al., 2005; Rothstein et al., 1996; Takanaga et

al., 2005). Most of these traJsporter proteins function independently without the participation
of other proteins ihereas s1me of them function as heterodimers (Bo11 et al., 2004; Chen et
al., 2004; Halestri and Meredith, 2004; Kanai and Hediger, 2004; Macke~ie and Erickson,
2004; Palacin an I Kanai, 2bo4; Verrey et al., 2004). Amino acid transporters can also be·

classified into two major groups depending on the involvement of transmembrane Na+
gradient in the energization of the transport process: those which mediate the transport
process passively without the participation of the transmembrane Na+ gradient and those
which mediate the transport process actively using the energy derived from the
transmembrane Na+ gradient (Broer, 2002; Palacin et al., 1998).

The nematode C. elegans is an excellent model system to study various ·aspects of
human diseases. This organism has the potential to enhance our understanding of dise~ses
associated with amino acid transport defects. Very little information is available on the
molecular and functional identity .of amino acid transporters that are expressed in this model
organism. l'o our knowledge, there are only two reports to date in the literature .on the
molecular identification of ~ino acid transporters in C. elegans (Veljkovic et al., .2004a;
Veljkovic et al., 2004b). The amino acid transporters des.cribed in both reports belong to one
particular gene family and represent the category of Na+-independent transporters which
mediate the transport of amino acids pa~sively in· an energy-independent manner. There are
nine members in this gene family and ,these transporters have been named AATl-9 (Amino
Acid Transporter 1-9). This gene family seems to be the C. elegans counterpart of SLC7
gene family in mammals. Here we report on the molecular and functional identification of an
amino acid transporter in C. elegans that belongs to a different gene family known as the
sodium-dependent neurotransmitter transporter family (snj). This gene family is the C.
elegans counterpart of SLC6 gene family in mammals. The newly identified transporter

represents the first Na+ gradient-driven active amino acid transporter to be identified in C.
elegans. The functional characteristics and the gene family association of this transporter

suggest that it is most likely the C. elegans counterpart of SLC6A19, also known as B0AT
(B 0 Amino Acid Transporter), the transporter that is defective in Hartnup disease in humans.
We name this newly identified transporter in C. elgans NAT-1 (Na+-coupled Amino acid
Transporter-1 ).
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Betaine and Betaine transporters
Cells regulate their volume by adjusting their intracellular and extracellular solute
content. This is carried out either by activating osmolyte transport across the plasma
membrane or by regulating metabolic processes involved in the production and degradation
of osmotically active substances . or both. Betaine, • al~o . known as glycine betaine or
trimethylglycine, is one of, the major organic osmolytes which ~an be grouped into three
classes: polyols, amino ·acids and methylamines (Strange, 2004). Betaine plays an important
role in the maintenance of cell volume homeostasis. It can be obtained either from dietary
intake or converted from choline by cholin~ dehydrogenase in the kidney and liver.-,In
addition to the function as an osmolyte, betaine also participates in many biochemical
pathways as an important methyl group donor. Inadequate dietary intake of methyl groups
can cause hypomethylation in many important biochemical pathways and lead to various
diseases. Betaine supplementation has been shown to improve the clinical conditions in
diseases such as homocysteinemia which is related to transmethylation disorders (Franken et
al., 1994; Schwahn et al., 2003; Surtees et al., 1997; Wendel and Bremer, 1984).

The first betaine transporter BGT-1 is also known as GAT-4. BGT-1 was first cloned
from Madin-Darby canine kidney (MDCK) cells in 1992 (Yamauchi et al., 1992). Like the
mammalian taurine transporter (TAUT), BGT-1 is also a member of Solute-Linked Carrier
family 6 (SLC6) and its transport activity is both sodium- and chloride-dependent. BGT-1
transports both betaine and y-aminobutyric acid (GABA) with its affinity for GABA higher
+

-

than for betaine (Ahn et al., 1996). The Na :Cl :betaine (GABA) stoichiometry for BGT-1mediated uptake is 3:2:1 (Rasola et al., 1995). BGT-1 transporter is expressed in kidney as
well as many other many mammalian tissues including the brain (Bitoun and Tappaz, 2000;
Matskevitch et al., 1999). Osmotic stress-bearing cells such as the cells in the renal inner
medulla are protected from osmotic stress by BGT-1-mediated uptake of betaine.

Kidney BGT-1 transporter activity was found to be highly upregulated under
hyperosmotic stress. This phenomenon can be partly explained by the subcellular
redistribution of the renal betaine transporter to the plasma membrane during hypertonic
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stress as reported by Stephen A. Kempson in 2003 (Kempson et al., 2003). The primary
mechanism by which renal BGT-l transporter is strongly induced in response to hypertonic
stress is due to transcriptional upregulation of BGT-1 mRNA expression. It was found that at
the upstream promoter region of BGT-1 gene, there was a tonicity-responsive-element {TonE)
which contains 13 nucleotides (Burg et al., 1997). A transcription factor, TonE binding
protein {TonEBP), specifically binds to this· 13-bp TonE (Miyakawa et al., 1999). TonEBP
content in the nucleus is significantly increased due to increased translocation of TonEBP
from the cytoplasm to the nucleus under hypertonic stress (Woo and Kwon, 2002; Woo et al.,
2000) and thus leads to increased expression of BGT-1.

Corresponding to the mammalian Na+/Cr-dependent SLC6, C. elegans has a sodiumdependent neurotransmitter transporter family (snj). Since our initial amino acid analyis
indicated that C. elegans most likely expresses a taurine transporter, we searched the
Wormbase (Release WS93 at www. wormbase.org) using the mammalian taurine transporter
as a query to identify the most likely candidate for the C. elegans taurine transporter. snf-3
was identified as one of the likely C. elegans taurine transporters. So we screened a C.
elegans cDNA library and i'solated a full-length snf-3 cDNA clone. We used a variety of
possible amino acids including betaine, GABA and taurine to test its possible substrates in
the hope that snf-3 is a C. elegans sodium and chloride-coupled taurine transporter.
Functional characterization showed that snf-3 is a specific Na+ - and er -coupled transporter
for betaine. It does not recognize taurine as a substrate. Surprisingly, uptake studies in
mammalian expression system and electrophysiology studies in Xenopus oocytes showed that
GABA also is not a substrate for snf-3. We name this newly identied snf-3 clone C. elegans
SBT-1 (ceSBT-1 ). Here we describe the characterization of ceSBT-1 and investigation of its
in vivo tissue expression pattern.
SID-1 and RNA Interference
Perhaps the greatest discoyery of the past decade is the RNA interference (RNAi). First
discovered in C. elegans by A. Fire in 1998 (Fire et al., 1998), RNAi has been widely used in
defining gene functions. RNAi in C. elegans can be conducted by direct injection _of dsRNA
into the worm's body, soaking the C.elegans _in buffers containing dsRNA, or by feeding the
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C.elegans with bacteria expressing dsRNA. The exact mechanism ofRNAi is still unknown.
It is generally thought that RNAi is a component of endogenous gene silencing mechanism

which protects C. elegans from virus and other malicious genetic elements.
The effects ofRNAi-mediated gene-silencing can be systemic or cell autonomous. It has
been found that in Drosophila, microinjection of dsRNA only causes localized gene silencing
effects; while in C. elegans, microinjection of dsRNA anywhere in the worm leads to
systemic effects of RNAi-mediated gene silencing (Feinberg and Hunter, 2003). The
systemic spread of gene silencing effects mediated by RNAi has been partly attributed to the
expression of a transme~brane protein SID-1 in C. elegans (Feinberg and Hunter, 2003;
Winston et al., 2002). Drosophila does not express this protein and lacks a systemic RNAi
(Hammond et al., 2000; Tavemarakis et al., 2000; Winston et al., 2002). It has also been
found that in C. elegans, SID-1 is expressed primarily in non-neuronal and environmentallyexposed cells. Neurons do not express SID-1 (Winston et al., 2002). These findings help to
explain, at least partially, why neurons are relatively refractory to RNAi-mediated gene
silencing.
The possible mechanism of RNAi has been proposed by C. D. Novina in 2004 (Novina
and Sharp, 2004). Briefly, in fruitflies and mammals, once the dsRNA is taken up into the
cells, it is recognized by a specific endonuclease called Dicer which cuts the dsRNA into
small interfering RNAs (siRNA) about 21-base long. The antisense strands of siRNAs are
then recognized and bound by a protein complex RISC. RISC removes the sense strands of
the dsRNAs and the remaining antisetise strands of dsRNAs then direct the complex to bind
to the corresponding mRNA and destroy th~ specific mRNAs. In C. elegans and plants, there
are extra cycles mediated by .RNA-dependent RNA polyi:n.erase (RdRP) which further
amplifies the effects of RNAi gene silencing effects. However, the above. mechanism helps to
explain what happens ~fter the dsRNA gets inside the cells. It do~s not explain how dsRNAs
enter the cells.
SID-1 is a putative transmembrane_ protein ·predicted to have 776 amino acid residues
and eleven transmembrane domains (Feinberg and Hunter, 2003). A previous study showed
that SID-1 was mainly expressed in environment-exposed non-neuronal cells and expression
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of SID-1 was required for systemic RNAi-mediated gene silencing effects including
transmission of RNAi effects to the progeny, and spread of RNAi between C. elegans gonad
arms (Winston et ~l., 2002). Another study conducted by the same group of researchers
found that in Drosophila cells transfected with SID-1, ·dsRNA entered the transfected cells in
an ATP- and temperature- independent manner, This means that the uptake process of
dsRNAs is mediated by SID-1; the SID-1 mediated uptake of dsRNA is a passive process
(Feinberg and Hunter, 2003).

Recently, a mammalian homolog of C. elegans SID-1,

FLJ20174, has been cloned and found to enhance the efficiency of siRNA uptake and gene
silencing effects in human cells (Novina and Sharp, 2004).
Since my research project focuses on functional analysis of various transporters in C.
elegans using the RNAi technique and also because SID-1 itself is a transporter, I chose to

clone SID-1 from C. elegans for the purpose. of characterizing its function as a transporter for
dsRNA.
Specific Aims of Current Project
Aim 1: Study the structure and function of snf-11,. establish its tissue expression pattern,
'

,

and assess the con~equences of RNAi-induced knockdown of the transporter.

y-Aminobutyric acid (GABA) is the .major inhibitory neurotransmitter in mammalian
brain. The reuptake. of GABA from the synaptic cleft is mediated by specific transporters and
four GABA transporters have been cloned in mammals. Whereas many of the components of
the GABA-ergic neurotransmission in C. elegans have been identified at the molecular and
functional levels, no transporter specific for this neurotransmitter has been identified to date.
Because of the pre~ence of multiple GABA transporters in mammals, there have been no
attempts to generate knockout mouse models to analyze the role of these transporters. C.
elegans is an ideal drganism for studies of gene knockdown using the RNAi technique.

\._

I

Aim 2: Clone and characterize snf-5, and assess the phenotypic changes in snf-5
knockout C. elega~s strain RB687 (ok447).

15
Transfer of thJ amino acids across the plasma membrane occurs through a variety of
transport systems with different substrate specificity and driving forces. Mutations in some of
the amino acid tra~sporters have been associated with human diseases. However, little is
known about the amino acid transporter systems in C. elegans. snf-5 belongs to the C.
elegans snf gene family. Our initial study showed that snf-5 is a sodium-coupled amino acid

transporter with broad specificity. It is very interesting that snf-5 activ~ty is chlorideindependent since all other transporters which have been cloned so far in this family are both
Na+- and er -dep:endent. We want to further characterize this transporter using both
mammalian expression system and Xenopus oocyte expression system. Since we have the
snf-5 knockout C. elegans strain RB687 (ok447}, i~•will be very conyeriie11t for us to observe
the possible pheno~ypic changes which may associate with the kn~ckout of this particular
gene.

Aim 3: Clone and! functionally characterize C. elegans snf-3, and investigate its tissue
i

expression pattern~

Betaine is one bf the major osmolytes and plays an important role in the maintenance of
cell volume homeo~tasis. In addition, betaine is also a methyl group donor and is involved in
the transmethylatio:p. process of many important biochemical pathways. Betaine transporter
!

actively participat:e~ in the uptake of betaine. Our preli~inary functional studies showed that
the newly cloned :snf-3 is a highly specific Na+-and er-dependent betaine transporter.
Different from its ;mammalian counterpart BGT-1 transporter, snf-3 does not recognize
GABA as its substrate. In this specific aim, I plan to characterize this transporter in both
I

mammalian and Xehopus oocyte expression systems. I will also investigat~ its in vivo tissue
expression pattern. :
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Aim 4: Study the ~ransport function of SID-1 in heterologous express!on_ systems using
fluorescent tagged !dsRNA as the substrate.

Since the discdvery of RNA interference (RNAi) in C. ele~ans in by Dr. A. Fire in 1998
(Fire et al., 1998), this technique has been widely used in defining gene functions. SID-1 is a
putative transmembrane p~otein and· it has- been found _to pl~y a very important role in the
uptake of double-st~anded (dsRNA) RNA in C. elegans (Feinberg and Hunter, 2003; Winston
et al., 2002). Syste~ic RNAi effects in C. elegans require the expression of SID-1 (Winston
et al., 2002). RNAi ·effects in Drosophila rrielanogaster are only autonomous simply because
it does not express ~ID-1 (Fortier and Belote, 2000; Piccin et al., 2001). In this specific aim, I
plan to clone SID-l from C. elegans and investigate_ its ability to transport dsRNA in a
mammalian cell expression system.

II. MATERIALS AND METHODS

Materials
[3H]GABA, eH]-glycine and [3H]-betaine were purchased from PerkinElmer Life
i

Sciences. [a-32P]dCTP was purchased from Amersham Pharmacia Biotech (Arlington
Heights, IL). The human retinal pigment epithelial (HRPE) cell line, used routinely in our
laboratory for heterologous expressio11 of cloned transporters, was maintained in Dulbecco's
minimum essential :medium/F-12 medium (1:1) supplemented with 10% fetal bovine serum,
100 units/ml peni9illin, and 100 µg/ml streptomycin. Lipofectin was purchased from
Invitrogen. Restriction enzymes were obtained from New England Biolabs (Beverly, MA).
i

PCR and RT-PCR ~ts were purchased from pe,rkin Elmer (Branchburg, NJ). Plasmid miniprep and plasmid ;,¢idiprep _kits were purchased from Qiagen (Valencia, CA). mMESSAGE
mMACHINE kit was from Ambion ( ·~ustin; TX). Magiia nylon transfer membranes used in
library ~creening ·Jere purchased from Micron Separations (Westboro, MA). All other
chemicals were obtained from Sigma. A wild type nematode strain; C. elegans N2 (Bristol)
.

'

and all of the other ::C. e/egans mutant strains such as rrf-3 (NL-2099), und-25 (e156), unc-47
(e307), unc-2 (e55) and RB687 (ok447) were obtained from the Caenorhabditis Genetics
Center (St. Paul,~;

Nematode Culture; and RNA Preparation
Nematode cul~e was carried out using a standard procedure with a large-scale liquid
I

cultivation protocol {Lewis, 1995 #19}. The nematodes were cleaned by sedim~ntation
.

I

•

through 15% (w/y~ Ficoll 400 in 0.1 M NaCl. The pellet was then used for total RNA
preparation. Total ~A was isolated using the TRizol reagent (Invitrogen). Poly(At mRNA
was purified by affiµity chromatography using oligo(dT)-cellulose.
I
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Construction of aDirectional C. elegans cDNA Library
SuperScript plasmid system from Invitrogen was used to establish the cDNA library
using the poly(A/ RNA from C. elegans. The transformation of the ligated cDNA into
Escherichia coli was performed. by electroporation using ElectroMAX DHl OB-competent

cells. The bacteria plating, the filter lifting, the DNA fragment labeling, and.the hybridization
methods followed the routine procedure (Fei et al., 1998; Fei et al., 2003; Fei et al., 2004;
George et al., 1999; Wu et al., 1999). The DNA sequencing of the full-length cDNA clones
was performed using an automated PerkinElmer Applied _Biosystems 377 Prism DNA
sequencer (Foster City, CA) and the Taq DyeDeoxy terminator cycle sequencing protocol.
cDNA Library Screening
Plasmid DNAs of the C. elegans cDNA library were crosslinked to nitrocellulose
membranes under UV light, and 5colony hybridization was used to screen the library. Primary
hybridization was carried out at 62 °C overnight. The DNA probe labeled with a-32P was
denatured before adding to the hybridization buffer composed of SX SSPE, SX Denhardt's
solution, 0.5% sodium dodecyl sulfate (SDS) and lOO ug/ml of denatured salmon sperm
DNA (SSD).

Post-hybridization washing was performed 2-3 times using wash buffer

containing 3X SSC and 0.5% SDS. After autoradiography, positive colonies were picked up
and spread on agar plates containing ampicilin with proper density for secondary screening.
Positive single colonies from secondary screening were picked up and plasmids from these
colonies were extracted and sequenced.
Functional Expression of cloned cDNA in Mammalian Cells by Vaccinia Virus
Expression System
Functional expression of the full-length cloned cDNAs in HRPE cells was done using
the vaccinia virus expression system as described previously (Fei et al., 1998; Fei et al., 2003;
Fei et al., 2004; George et al., 1999; Wu et al., 1999). HRPE cells grown in 24-well plates
were infected with. a recombinant vaccinia virus (VTF7_ 3) at a multiplicity of 10 plaqueforming units/cell. This virus carries the gene for T7 RNA polymerase in its genome. The
virus was allowed to adsorb onto the cells for 30 min at 37 °C with gentle shaking of the

.
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plate. Cells were th¢n transfected with the plasmid DNA (empty vector pSPORT.or cl9ned
transporter cDNA construct) using the lipofection procedure (Invitrogen). The cells were
incubated at 37 °C for 12 h and then used for the determination of transport activity. The
uptake activity was determined at 37 °C. In most experiments, the uptake medium was 25
mM Hepes/Tris, pH 7.5, containing 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCh, 0.8 mM
MgSO4, and 5 mM glucose. In experiments in which the cation and anion dependence of the
transport process was investigated, NaCl was replaced isosmoticallyby sodium gluconate or
N-methyl-D-glucaniine (NMDG) chloride. Uptake measurements were routinely made in
parallel in control cells transfected with the empty vector alone and in cells transfected with
the vector-cDNA construct. The uptake activity in cDNA-transfected cells was adjusted for
the endogenous activity measured in control cells to calculate the cDNA-specific activity.

ancl each experiment was repeated two to three

Experiments were performed -in, triplicate,
times.
cRNA Synthesis

cRNA synthesis was perfo.rined using the Ambion mMESSAGE mMACHINE kit
(Ambion, Austin, TX). Plasmid DNA was first linearized at it 3' end using proper restriction
.

,,

'

.

enzyme. A 20 µl re'action system ·was- set up· containing_ 1 .µg_ oflinerized DNA, 2.0 µl lOX
T7 buffer, 10 µl 2XNTP MIX ·and 2.0 µl enzyme MIX. After 2-h incubation at 37°C, the
reaction was stopped and 1.0 µl DNAse was added to the reaction mixture and incubated at
37 °C for 30 min to degrade the DNA template. Synthesized cRNAs were extracted with
equal volume of phenol and chloroform from the cRNA reaction mixture and precipitated
with 2-propanol. The resulting cRNA pellet after centrifugation at 4 °C was washed twice
with 80% ethanol and vacumn-dried. Proper amount of RNAse-free water was added to
dissolve the pellet and cRNA concentration was determined at 260 nm.
Oocyte Expression~ and Electrophysiological Studies
I

I

'

Transporter jcRNA was expressed .heterologously in Xenopus laevis oocytes by
I

.

.

microinjection of the specific cRNA. The procedures for oocyte isolation and microinjection
!

'

'

•

have been described
previously
(Fei et al., 1998; Fei et al., 2003; Fei et al., 2004; Fei et al.,
I ,
.
!

!

'

'
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2000). The electrdphysiological characteristics of the heterologously expressed transporters
were then studied, as described previously (Fei et al., 1998; Fei et al., 2003; Fei et al., 2004;
Fei et al., 2000).
Investigation of Tissue-specific Expression Pattern

(a)Analysis of Tissue-specific Expression Pattern of ceGAT-1
To study the tissue-specific expression pattern of the cegat-1 gene in C. elegans, a
transcriptional cegat-1::gfp fusion gene was constructed and transgenic animals expressing
these transgenes were established as described previously (Fei et al., 1998; Fei et al., 2003;
Fei et al., 2004; Fei et al., 2000). The GFP expression v,ector pPDl 17.01 was kindly provided
by Dr. A. Fire (Carnegie Institute, Baltimore, MD). The cosmid T03F7.l containing the
cegat-1 gene and its promoter was obtained from the Sanger Center (Cambridge, United
Kingdom). A DNA fragment containing the cegat-1 gene promoter region was generated by
PCR using this cosmid DNA as the template. The sense primer (coordinates in cosinid
I

T03F7.1 are 3,896-3,925) with anXbal adapter attached to the 5'-end was 5'-TCT AGA CAT
TCG GCG AAG GAT GGT CGA GAG~_3', and the re~erse primer (coordinates in cosmid
T03F7.l are 5,609~5,637) with- a BamlII adapter attached to the 5'-end was 5'-GGA TCC
CCT GCA GGA 9AT TTC TGG ATA CAA-3'. A recombinant KlenTaq DNA polymerase
(AB Peptides, St. Louis, MO) was used for the long-range PCR. The size of the expected
PCR product is 2.0 kb. The amplified region contains the putative promoter for the cegat-1
gene. The PCR product was digested with Xbal and BamHI and ligated into multiple cloning
sites II in the pPD i" 17.01 vector. Bacterial transformat~on -and plasmid preparation followed a
standard protocol (Mello and Fire, 1995; Sulston, 1988). The minigene fusion constructs
were verified by DNA sequence analysis. Transgenic lines were established using a standard
germ line transformation protocol (Mello and Fire, 1995; Sulston, 1988). A cloned mutant
collagen gene contalning the rol-6 (plasmid pRF4) was used as a dominant genetic marker for
i.

I

DNA transformat~oh. The Fl rollers were picked up according to their characteristic rolling
behavior and cultured individually to establish transformed lines. GFP expression pattern was
determined by flup~escence microscopy (Fei et al., 1998; Fei et al., 2003; Fei et al., 2004; Fei
et al., 2000; Mellp !and Fire, 1995; Sulston, 1988). F2 rollers with extrachromosome arrays
I
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were selected for: fluorescence microscopy to determine the GFP expression pattern. Cell
identification was ·validated by their morphology in combination. with relative positions of the
GFP-positive cells in the same animals using differential interference contrast image.
(b)Analysis of Tissue-specific Expression Pattern of ceSBT-1
We cloned the putative promoter region of cesbt-1 by PCR using C. elegans genomic·
DNA. The PCR primers were designed based on the sequence of C. elegans cosmid C07D2
which contains the putative promoter region of cesbt-1 gene.
The sense primer (coordinates in cosmid C07D2 are 80-106) with a Pstl adapter
attached to its 5'-end was 5'- CTG CAG GTG TCG GCT GCT TAA TCA TGT ATA - 3',
and the reverse primer (coordinates in cosmid C07D2 are 2,837-2,864) with a BamHI
adapter attached to its 5'-end was 5'- GGA TCC CTG TTA CCA GTT GAT CCA AAT CTA
-3'. The PCR product which is 2.8 kb was first digested with Pstl and BamHI then inserted
into the GFP expression vector pPDl 17.01. The other procedures used in the investigation of
ceSBT-1 tissue expression pattern was the same as these used in the analysis of tissuespecific expression pattern of ceGAT-1.
Semi-quantitative RT-PCR

(a) Evaluation of the Efficiency ofRNAi-induced Down-regulation of ceGAT-1 Expression
Total RNA was isolated from control and experimental (RNAi) worms, and ceGAT-1
·mRNA levels were measured by semi-quantitative RT-PCR. Because RNAi was induced with
a dsRNA representing the 5'-half of ceGAT-1 cDNA, RT-PCRprimers were designed based
on the sequence in the 3'-half of the cDNA.
The sequence of sense primer:
5'-CAAGAAAA_#GTGTAGCCGAAG-3'
The sequence of 4n,iisense primer:
5'-GCCATAAAA.GTGCCCATCC-3'
I

.Semi-quantitativ¢ RT-PCR was carried o_ut as described previously (Bridges et al., 2004)
I
. ..
.
using a mMES~AGE mMACHINE kit from Ambion (Austin, TX) kit following

I
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manufacturer's pr!t?col. Universal 18 S RNA primers were used as an internal control.
Briefly, a linear range of the RT-PCR was determined using a series of PCR cycles at fixed
interval. An appropriate PCR cycle which falls in the linear range was selected to perform the
RT-PCR. An optimal 18S primer/competimer ratio was determined at the selected PCR
cycles. Semi-quantitative RT-PCR was then performed us~ng the optimal PCR cycle and 18S
primer/competimer ratio. The RT-PCR products were separated on an agarose gel, and the
bands were visualized with ethidium bromide. The signals were quantified using STORM
phosphorimaging · system (Molecular ·Dynamics, Sunnyvale, CA) and processed using
ImageQuant (version 4.2a) software application. The experiment was repeated twice with
separate sets of control, and RNAi worms and RT-PCR experiments were repeated three
times with each set ·or RNA samples. Data are expressed as ceGAT-1 mRNA/18 S RNA ratio.

(b) Investigation of the Upregulation of ceSBT-1 mRNA under Hypertonicity
Total RNA was isolated from control (cultured on normal NGM plates containing
50 mM NaCl) and experimental (cultured on NGM plates containing 350 mM NaCl)) worms.
ceSBT-1 mRNA levels were measured by semi-quantitative RT-PCR. Primers were designed
based on ceSBT-1 CDS sequence.
Sense primer:
5'- AGTAGCCTCTAACCTTCCGATGAA -3'
· antisense primer:
5'- AAGACAAGA ACCATCCGAAAGC-3'
Semi-quantitativeRT-PCR was performed as described in the evaluation of the efficiency of
RNAi-induced down-regulation of ceGAT-1 expression.

Bacteria-mediat~d RNAi of ceGAT-1
A fragment

of the coding region of ceGAT-1 cDNA was generated by EcoRI d1gestion

and subcloned in~d a "double T7'' plasmid pPD129.36 (kindly provided by Dr. A. Fire,
I

I

i

'

Carnegie Institut~)~ which was s1:1bsequently transformed into HTl 15 (DE3) cells. The
induction of HT~ 15 cells harboring the double T7 plasmid to express dsRNA and the
I

I,

'

,• .

bacteria-mediatedRNAi procedure were carried out as described previously (Fei et al., 2003;
.

Fei et al., 2004).

!

.

.

Tq serve as a negative control for the bacteria-mediatedRNAi in assessment
I

I
. I
I

l
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of the influence of qeGAT-1 on animal behavior, we included an HT115 strain containing the
'

I

empty vector alone. RNAi experiments were carried out using the normal strain N2 as well as
the RNAi-hypersen~itive rrf-3 strain. 1hree mutant strains, unc-25 (e156), unc-47 (e307), and
unc-2 (e55) (Jin :et al., 1999; McIntire et al., 1993a; McIntire et al., 1997; Schafer and
Kenyon, 1995) were also used as references for animal phenotypes associated with defective
GABA-ergic neurotransmission.

Assay of Aldicarb-induced Paralysis:
This was· done according to the procedure described by Mathews et al. (Mathews et al.,
2003) .. Control and experimental (RNAi) worms (N2
worms/experiment) 'were exposed to 0,.5

and·· rrf-3

strains) (20-25

mM aldicarb. Paralyzed worms were identified by a

lack of response j~ terms of movement upon poking with a metal wire. The number of
paralyzed worms was counted _at -different time periods following exposure to aldicarp. The
•1

I

•

,

.

experiment was .repeated three ti~es;: and the. data were .analyzed as the percent of animals
that were paraly~e~ at each time point. In the experiment in which the ·relevance of the
'

I

,

I

abolition of GABA-ergic neurotransmission to aldicarb-induced paralysis was investigated
I

using mutant strains, the worms (control strain N2 and the mutant strains unc-25, unc-47, and
unc-2) were exposed to 0.5 mM aldicarb without the bacteria-mediated RNAi and the percent
of paralyzed worms was. determined at different time points following the exposure to
aldicarb. This expenmentwas repeated twice.

C. elegans Thrashing Assay
This assay was used to investigate the frequency of contraction of body muscles in
worms subjected to RNAi. These experiments were done using the RNAi-hypersensitiverrf-3
strain. Control and experimental (RNAi) worms were synchronously grown to the U stage.
Individual worms J~ere transferred int~ a microtiter well containing 60 µl of M9 buffer- on top
of agar. After a 2 ~in recovery period: from the picking procedure, thrashes were counted for

7

2 min. A thrash iJ defined as a change in the direction of bending in the middle of the body
(Liu and Thomas,!: i994; Mathews et al., 2003; Sulston, 1988). Eight worms were examined
i;
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m each group. the experiment was repeated twice. Data are given as frequency< of
thrashing/2 min.
Defecation Failure Assay
This assay was used to investigate the function of enteric muscles. These experiments
were also done using the RNAi-hypersensitive rrf-3 strain. For the analysis of expulsion of
the intestinal contents during the ~efecation cycle, synchronously grown control and
experimental (RNAi) worms were examined with a dissecting microscope (x50 magnification)
for the presence or absence of an expulsion of intestinal contents through the anus after each
contraction of the posterior muscles of the body (Liu and Thomas, 1994; Mathews et al.,
2003; Sulston, 1988; Thomas, 1990). 10 worms were examined in each group, and each
animal was observed for 12 consecutive -defecation cycles. The experiment was repeated
twice. Data are given as the percent of events in which there was no discharge of intestinal
contents, but defe~~tio·n cycle occurred as- determined by posterior muscle contraction.
Oligonucleotide Annealing

Complimentary oligonucleotides were dissolved in annealing buffer (1 0mM Tris, pH
',\

•

¥

i

•

7~5-8.0, 50mM NaCl, 1mM EDTA) at the same molar concentration. Equal volume of the
dissolved complimentary oligonucleotides were mixed in a 2 ml Eppendorf tube and the tube
containing the mixed complimentary oligonucleotides was put on a standard heatblock at
95°C for 2 minutes. The tube was then removed from the heatblock and allowed to cool
down to room temperature. The sample was then put on ice for use.

Statistics

Experiments: were performed in duplicate or triplicate, and each experiment was
I

I

•

repeated at ·1east 'twice. Results are presented as means ± S.E. for these replicate
· determinations.· Student's t test performed with Microsoft Excel Data Analysis software
I

.

1.

'.

(Office 2000) wasI 'used to determine the statistical significance and a p value < 0.05 was
considered to be ~tatistically significant.
!

III. RES ULTS
Molecular Cloning· and Structural Characterization of ceGAT-1

We isolated a full-length cDNA ~lone coded by the gene T03F7.l, which we thought of
as a likely candidate for the Na+/Cr-coupled taurine transporter in C. elegans based on the
similarity in amirio acid sequence. However, functional studies with this cDNA clone in
heterologous expression systems revealed that it was a Na+/Cr-coupled transporter for
GABA rather than; taurine (see below). Therefore, we named this transporter ceGAT-1
because it represented the first GABA transporter to be identified at the molecular and
functional levels ip C. elegans. The gene coding for this transporter is localized on
chromosome V. The cegat-1 gene was originally designated as snf-11 (sodium-dependent
neurotransmitter symporter family member 11 ). Its size is at least -3 .1 kb, excluding the
putative promoter region. The gene 'consists of six exons as deduced by a comparison
between the sequ~rice of the cloned ·cDNA and that of the GenBank™ accession number
Z74041 for T03F7.l from the nematode genome sequence project (WonnBase release WS93).
The structural organization of the gene is shown in Fig. 3A. The ceGAT-1 cDNA is 2,162-bp

a poly(A) tail.

long and contains

The 5'- and the 3'-untranslated regions are 27- and 302-bp

long, respectively. The ceGAT-1 protein deduced from the cDNA sequence contains 610
,'

.

amino acids with .aµ estimated· m~iecuiat si~e of 69.3 kDa and an isoelectric point of 6.3 8
(Fig. 3B). Accordi11:g to the Kyte-Doolittle hydropathyplot, the ceGAT-1 protein possesses
12 putative· transin~mbrane domains. The sequences of ceGAT-1 cDNA and its encoded
protein have been deposited into (he Gen)3ank™ (accession number AY529124). A pairwise
•

I

comparison analy~i~ of the transporter:protein sequences between ceGAT-1 and its functional
i'

!

.

:

counterparts in hul'l;lans, GAT-1, GAT-2, GAT-3, and GAT-4 (BGT-1) using the BESTFIT
1,,;

.

.

.

.

.

.

algorithm in the GQG package (version 1'0.2) has -shown that ·ceGAT-1 is most closely related
Ir

·•

.

.

·

to GAT-1 (66.3'Zo !similarity and 55.5% identity). The silllilarity/identity ratios between
1.

I

ceGAT-1 and GA[.;.2/GAT-3/GAT-4are 63.4/53.7, 63.2/52.5, and 62.4/52.7%, respectively.
''
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A putative snf signature domain (pfam00209. l 1, www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) is
1

present in the highly conserved region of the ceGAT-1 protein sequence that spans the Cterminal part of the first transµiembrane domain, the first extracellular loop, and the Nterminal part of the second transmembrane domain. The signature domain has the following
sequence: WRF(GIP)YX4NGGGX(FN). Trp 34 and Arg35 in this domain are conserved in
human GAT-1 (trp68 and Arg69) (Fig. 4) where these residues have been shown to be
involved in the binding of Na+ and er, respectively (Chen et al., 2004). The position of the
tyrosine residue that is known to be involved in the binding of GABA in human GAT-1
(Tyr140) (Chen et al., 2004) is also conserved in ceGAT-1 exactly at the same location (Tyr106)
with reference to the, Na+- and. er-binding resid~es ,n their respective proteins (Fig. 4).

Functional .Characterization of ceGAT-1 Using a Heterologous ~xpression System in
Mammalian Cells
The functional analysis of the cloned ceGAT-1 was carried out by heterologous
expression of the cDNA in HRPE cells using the va~cinia virus expression system. GABA
:

.. .

.

I

-

.

uptake (2.5 µM) in the assay medium containing 140 mM NaCl, pH 7.5 increased severalfold
I

in cDNA-transfect~d cells compared with control cells transfected with vector alone (Fig. 5).
There was little time-dependent uptake of GABA in control cells, suggesting that these cells
may not possess: any constitutive GABA transporter activity. The uptake in cDNAtransfectedcells was:linear during the time period examined (up to 30 min). The initial uptake
rates in cDNA-tratlsfected cells were -18-foldhigher than in control cells (27.1 ± 0.6 versus
1.5 ± 0.1 pmol/106 :,c~lls/min) (Fig. 6). The cDNA-induced uptake was obligatorily dependent
on the presence of Na+ and er since th~ uptake was abolished com,pletely when measured in
the assay medium . containing sodium gluconate (absence of chloride) or NMDG chloride
(absence of ~odium) in place of NaCl (Fig. 6). There was negligible Na+- and er-dependent
GABA uptake in :control cells, again indicating that there was no or little constitutive
I :

.

expression of GABA transporter in HRPE cells.
~-

!

I ,

The substratej• ~pecificity of ceGAT-1 was studied using a competition analysis by
monitoring the abitit~ of unlabeled GABA and variou_s structurally related compounds at a
concentration of 2.? ~ to compete with [3H]GABA (2.5 µM) uptake via ceGAT-1 (Fig. 7).
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Uptake measurements were made in parallel in vector-transfected cells and in cDNA1

'

.

transfected cells, and the cDNA-specific uptake was calculated by subtracting the uptake in
vector-transfectedcells from the uptake in cDNA-transfected cells. Only the cDNA-specific
1:1ptake was used in the analysis. Among the compounds tested, only unlabeled GABA and ~aminobutyric acid were able to compete with [3H]GABA to a marked extent. However, the
affinity of the transporter for the latter compound was lower than that for GABA as evident
from the dose-response relationship for the inhibition of [3H]GABA by unlabeled GABA and
~-aminobutyric acid. The IC 50 values (concentration necessary to cause 50% inhibition) were
13 ± 2 and 233 ± 30 µM for GABA and ~-aminobutyric acid, respectively. These data
suggest that the shifting of the amino group from the y-carbon to ~-carbon interferes
significantly with recognition by the transporter. If the amino group was moved even further
as in a-amiilobutyric acid, it completely abolished the interaction with the transporter. ~Alanine, glutamat~, and carnitine showed very little but significant ability to compete with
l

GABA. Other compounds such as taurine, creatine, choline, betaine, and glycine had no
effect on GABA upt~e. It is of interest to note that betaine, a substrate for mammalian BGT1/GAT-4, was not recognized by ceGAT-1. The ceGAT-1-mediated GABA uptake was
saturable with a Michaelis constant (Ke) ofl 7 *-4 µM (Fig. 8). These data show that ceGAT-1
is a Na+/cr -coupl~dhigh-affinity GAB~_transporter.

I

The effect of ;Na+ or er on the ceGAT-1-mediated uptake of GABA was then
investigated by ~easuring the uptake· 'in the presence of varying concentrations of
extracellular Na+ (with a fixed concentration of Cr) or er (with a fixed concentration ofNal.
These experiments: were done only with cell~ transfected. with ceGAT-1 cDNA. The uptake
r

i

-

·

·

measured in the ab$ence of either Na+ o·r er was subtracted from the uptake measured in the
presence of varying ~oncentrations ofN.a+ or er to calculate cDNA-specific uptake. For Na+
i

I

activation kinetics, !tlie concentration of Na+ in the uptake medium was varied from Oto 140
.

!'

i

mM. The osmolality bf the medium was maintained by adding the appropriate concentrations
!

;

'

of NMDG chloride;· ~s a substitute for ·NaCl. The relationship between the cDNA-specific
uptake and Na+ concentration was sigmoidal with a Hill coefficient of 1.7 ± 0.2, suggesting
I'

I

the involvement of! more than one Na+ per GABA molecule transported (Fig. 9). For er
\

I

\.

!
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activation kinetics, the concentration of er in the uptake medium was varied froin 0 to 140
mM. The osmolality of the medium was maintained by adding appropriate concentrations of
sodium gluconate as a_isubstitute for NaCl. The, relation_ship between the cDNA-specific
uptake and er concentration was hyperbolic with a Hill coefficient of 0.8 ± 0.1, suggesting
the involvement of one er per GABA molecule transported (Fig. 10). Thus, the Na+:cr
:GABA stoichiometry for ceGAT-1-mediated uptake is 2:1:1.

Functional Characterization of ceGAT-t· Using the Xenopus laevis Oocyte Expression
System
GABA/exists as a zwitterion ·with one positive ·charge and one negative charge on the
molecule ·;hider the experimental conditions. Therefore, the predicted Na+:cr:GABA
stoichionyAtry of 2: 1: 1 would suggest that the transp:ort _process mediated by ceGAT -1 should ·
be electr~genic. To determine whether this is
'

,

true,. we used the X
r

laevis oocyte expression
,

system 'to express ceGAT-1 heterologously. ~ir~t, we tested whether the transporter is
expressed in oocytes injected with ceGAT-1 cRNA by measuring the uptake of [3H]GABA (1
µM) .in the presence of NaCl in cRNA-injeqt?.d oocytes and in uninjected control oocytes.
The uptake in cRNA-injected oocytes was )..45 ± 0.04 pmol/oocyte/h (Fig. 11). This value
-was 4-fold higher than the uptake meas~r~d under identical conditions in control oocytes
(0.38 ± 0.02 pmol/oocyte/h). Second, we ...(!xainined the electrogenic nature of the ceGAT-1..

mediated transport process by using · the iwo-microelectrode voltage-clamp technique.
Perfusion of cRNA-injected oocytes with GABA (1 mM) in the presence of NaCl induced
inward currents (•15 nA) at aholdin? membrane potential of-50 mV (Fig. 12A). These data
show unequivocally that ceGAT-1-yiediated GABA transport is electrogenic, associated with
transfer of positive charges into the oocytes. The GABA-induced current was obligatorily
dependent on the presence of both Na+ and er. In the absence of Na+ or er (NaCl was
substituted by NMDG chloride ~r by sodium gluconate, respectively) in the perfusion buffer,
GABA did not induce any detectable current in cRNA-injected oocytes (Fig. 12A). The
GABA-induced currents of ceGAT-1 \Vere further analyzed in terms of their dependence on
membrane potential. Steady-·state currents induced by 1 mM GABA were determined at

I
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different testing membrane potentials (from +10 to -150 mV) using a jumping protocol
(Software Clampex, version 10.0, Axon Instruments, Inc., Union City, CA). The GABAinduced currents increased with rising testing membrane potentials (i.e. more negative
membrane potentials) (Fig. 12B). These data show that t~e transport rate increases with
'tncreasing membrane potentials, suggesting a role for membrane potential as a driving force
1

for ceGAT-1. Thus, the transport process mediated by ceGAT-1 derives its driving force
from the electrochemical Na+ and

er gradients as well as from membrane potential. We did

not attempt to investigate the kinetics of the transport process (substrate saturation kinetics,
Na+ activation kinetics, and

er activation

kinetics) using the oocyte expression system

because of.the small magnitude of the currents induced by the substrate.

Analysis of Tissue Expression Pattern of the cegat-1 Gene

We investigated the tissue expression pattern of the cegat-1 gene in C. elegan_s. using
transgenic GFP fusion technique in which the transgene consisted of cegat-1 gene-specific
promoter fused with GFP cDNA. The expression of GFP in this fusion gene is controlled by
the cegat-1 gene-specific ~romoter. Therefore, the expression pattern of GFP in transgenic C.
elegans expressing the fusion gene is likely to match the expression pattern of the native
cegat-1 gene. With this technique, we determined that ceGAT-1 is expressed in all of the

GABA-ergic

neurons

whose

identity

has

been

previously

established

by

I

immunocytochemistry by McIntire et al. {McIntire et al., 1993b) using polyclonal antibody
against GABA. These GFP-positive ne1,rrons include the VD and DD neurons in the ventral
cord, the RMED, RMEV~ RMEL, Rl\1ER, AVL, and RIS neurons in the head area and the
DVB neuron in the tail region (Fig. 13). There are two additional GFP-positive neurons in the
tail region that have not been classified as GABAergic neurons based on lack of staining for
GABA by immunocytochemistry (McIntire et al., 1993b). These two neurons are PVQR and
PVQL, which are the anterior interneurons in the right and left lumbar ganglia. These two

/ <
I.

neurons innervate the ventral cord motor neurons and may also participate in the regulation of
the coordinated body muscle movement (www.wormatlas.org). We confirmed the identity of
these GFP-positive neurons by epifluorescence microscopy and by the location of .the

)/1
;
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neurons as revealed by a combination of No~arski-differential interference contrast
microscopic observation and 4\6-diamidino-2-phenylindole nuclei-staining method. This
expression pattern is evident from the· early larva stage through the adult stage. We observed
an identical expression pattern with at least 10 transgenic animals.

Consequences ofRNAi-mediated Down-regulation of cegat-1 in C.elegans
GABA-ergic neurons are involved in the function of body muscles and enteric muscles,
and ablation of specific GABA-ergic. neurons by laser microsurgery leads to specific
phenotypes as a consequence of a loss of function of body muscles and enteric muscles
(Mello and Fire, 1995; Schuske et aL, 2004). These phenotypes include three distinct types: 1)
a "shrinker" phenotype related to body muscles; 2) a "loopy" phenotype related to muscles in
the head involved in foraging; and 3) "defecation defect" phenotype related to enteric
muscles (McIntire et al., 1993b). Because ceGAT-1 is expressed specifically in GABA-ergic
neurons, we hypothesized that RNAi-mediated down-regulation of this transporter would
influence the function of body muscles and enteric muscles and hence produce specific
phenotypes. First, we evaluated the function of body muscles by analyzing the influenc~ of
RNAi-mediated down-regulation of ceGAT-1 on aldicarb-induced paralysis. Aldicarb is an
inhibitor of acetylcholinesterase, and exposure of the worms to this compound leads to
paralysis due to enhanced cholinergic signals at the motor endplate (Mathews et al., 2003).
When we used the normal strain N2, exposure of the worms to aldicarb (0.5 mM) induced
paralysis in a time-dependent manner; however, this phenotype was not altered by feeding
the worms with bacteria harboring dsRNA specific for ceGAT-1 (Fig. 14). It is known that
neurons are refractory to RNAi effects compared with other cell types in C. elegans (Simmer
et al., 2003; Simmer et al., 2002). Because ceGAT-1 is expressed exclusively in neurons, it is
likely that the apparent lack of any effect on aldicarb-induced paralysis by RNAi in N2
worms is due ~o the refractory nature o.f the neurons. Therefore; we repeated the RNAi
experiments using the RNAi-hypersensitive .strain rrf3. In this strain, even neurons are
sensitive to RNAi (Simmer et al., 2003; Simmer et al., 2002). With this strain, we found that
RNAi-mediated down-regulation of ceGAT-1 enhanced the sensitivity. of the worms to

31
aldicarb-induced paralysis (Fig. 14). The time needed for aldicarb exposure, to induce
paralysis in 50% of the worms doubled in worms subjected to RNAi compared with controls.
Both with normal strain and rrf-3 strain, control experiments consisted of feeding the worms
with bacteria harboring the pPD 129 vector alone without the ceGAT-1-specific cDNA insert.
These data show that ceGAT-1-specificRNAi renders the rrf-3 worms, but not the N2 worms,
hypersensitive to aldicarb-induced paralysis. Thus, there is clearly an interaction between
cholinergic neurotransmission and GABA-ergic neurotransmission.
We also evaluated the role of GAB.A-ergic neurotransmission in cholinergic signaling
by using unc-25 (a mutant lacking glutamic acid decarboxylase) and unc-47 (a mutant
lacking the vesicular GAaA transporter). We compared the rate of aldic.arb-induced paralysis
between control N2 worms and the two mutant worms (Fig. 15). These experiments did not
involve RNAi. Control N2 worms exhibited normal GABAergic neurotransmission, whereas

unc-25 and unc-47 exhibited a loss of GABA-ergic · neurotransmission. Therefore, a
comparison among these worms in terms of their response to aldicarb-induced paralysis
would directly provide information on the role of GABA-ergic neurotransmission in
cholinergic signaling. These studies showed that both mutants that lack GABA-ergic
neurotransmission exhibited markedly enhanced sensitivityto aldicarb-induced paralysis. As
an internal control for these experiments, we used the unc-2 mutant that lacks a major
calcium channel and hence refractory to cholinergic signaling (Schafer and Kenyon, 1995).
As predicted, exposure to aldicarb, which is expected to enhance cholinergic signaling by
increasing the levels of acetylcholine at the motor endplates, did not have any effect on the
worms (Fig. 15). In other words, there was no paralysis in CD55 mutant worms in response to
aldicarb exposure.
Aldicarb functions similar to nerve gases such as sarin and tabun, which increa_se the
levels of acetylcholine at nerve terminals and at motor endplates and induce paralysis. The
experiments described thus far show that down-regulation of ceGAT-1 in the presence of
aldicarb sensitizes the worms to aldicarb-induced paralysis. What happens to the function of
body muscles and enteric muscles when ceGAT-1 is down-regulated in the absence of
aldicarb? To answer this question, we subjected the RNAi-hypersensitive rrf-3 worms to
ceGAT-1-specific RNAi and quantified the changes in the function, of body muscles and
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enteric muscles by the thrashing assay and the defecation failure assay, respectively. GABA
acts as an inhibitory neurotransmitter in body muscles (McIntire et al., 1993b; Schuske et al.,
2004), and congruent with this function of GABA-ergic neurons, the rates of body movement
as assessed by the thrashing assay were significantly increased by RNAi-induced downregulation of ceGAT-1 (thrashing rate: 152 ± 8 times/2 min in control worms and 188 ± 9
times/2 min in RNAi worms; p < 0.005) (Fig. 16A). In contrast, GABA acts as an excitatory
neurotransmitter in enteric muscles (McIntire et al., 1993b; Schuske et al., 2004) and hence
GABA-ergic neurons are involved in the maintenance of normal defecation cycle. In
agreement with this function, the rates of defecation failure increased significantly in worms
subjected to RNAi-induced down-regulation of ceGAT-1 (Fig. 16B).
To determine the effectiveness of RNAi-induced down-regulation of ceGAT-1
expression, we compared the steady-state levels of ceGAT-1 mRNA in control rrf 3 strain
worms and in rrf-3 woims subjected to RNAi. Semi-quantitative RT-PCR was used to
monitor the levels of ceGAT-1 mRNA. The levels of 18 S . RNA were measured
simultaneously as an internal control. These studies showed that RNAi led to a 40% decrease
in ceGAT-1 mRNA levels (Fig. 17).
Taken collectively, these functional studies show that GABA-ergic neurotransmission is
affected by ceGAT-1-specific RNAi and that GABA plays a critical role in the function of
body muscles and enteric muscles through interaction with cholinergic signaling.

FIG. 3. Organization of cegat-1 gene (A) and primary structure of ceGAT-1 (B).
A, exons are indicated by filled boxes and numbered, and introns are indicated by solid lines.
The untranslated regions in exons 1 and 6 are indicated by blank boxes. The consensus
polyadenylation signal AATAAA is also shown. Sizes and positions of the exons and the
introns are drawn to the exact scale. B, amino acid sequence of ceGAT-1. Putative
transmembrane domains are underlined and numbered.
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FIG. 4. Comparison of amino acid sequence between ceGAT-1 and human GAT-1.
Identical amino acid residues are indicated by a vertical line, conservative substitutions are
indicated by two dots, and non-conservative substitutions are indicated by a single dot. The
amino acid residues in human QAT-1 involved in the binding ofNa+ (Trp 68),

er (Arg69), and

GABA (Tyr1 40). are boxed: These residues are conserved in ceGAT-1. The locations of these
residues are identical in both proteins.
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FIG. 5. Time .course of GABA uptake via ceGAT-1 in HRPE cells.
Cells were transfected with either vector alone (pSPORT) vector carrying ceGAT-1 cDNA.
Uptake of [3 HJ GABA (2. 5 µM) was determined in these transfected cells for different time
periods in uptake medium containing 140 mM NaCl.
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FIG. 6. Ion dependence of GABA uptake via ceGAT-1 in HRPE cells.
Cells were transfected with either vector alone (pSPORT) or vector carrying the ceGAT-1
cDNA insert. Uptake of GABA (2. 5 µM) was determined for 15 min in buffers with or without
Na+/Cf ions (NaGLU, a chloride-free buffer in which NaCl was replaced isosmotically with
sodium gluconate; NMDG. Cl, Na+ -free buffer in which NaCl was replaced isosmotically
with NMDG chloride).
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FIG. 7. Substrate specificity of the transport process mediated by ceGAT-1 in HRPE cells.
Uptake of 2. 5 µM

f HJ GABA was measured in, the absence or presence of potential

inhibitors (2.5 mM) in cells transfected with vector alone (pSPORT) or ceGAT-1 cDNA.
Uptake was measured for 15 min in the presence of NaCl. The cDNA-specific uptake was
calculated by adjusting for the uptake in vector-transfected cells. P-Amino BA, Paminobutyric acid; a-Amino BA, a-aminobutyric acid.
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FIG. 8. Saturation kinetic of the transport process mediated by ceGAT-1 in HRPE cells.
Uptake of GABA was measured for 15 min in the presence of NaCl over a substrate
concentration range of 1-100 µMin cells transfected with vector alone (pSPORT) or ceGAT1 cDNA. The cDNA-specific uptake was calculated by adjusting for the endogenous uptake
measured in vector-transfected cells.
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FIG. 9. Na+ activation kinetics of GABA uptake via ceGAT-1 in HRPE cells.
HRPE cells were transfected with vector carrying ceGAT-1 cDNA. The uptake of [3H}GABA
(2. 5 µM) was determined in these transfected cells with a 15-min incubation in uptake
medium containing various concentrations of Na+. The concentration of

er

was kept

constant at 140 mM Inset, Hill plot. Endogenous GABA transport activity was not taken into
account because the Na+ - dependent uptake activities were calculated by subtracting uptake
values obtained at zero concentration of Na+. Because HRPE cells do not express Na+/CT·coupled GABA transporter endogenously, the uptake measured in cDNA-transfected cells in
the absence ofNa+ represented the endogenous GABA uptake activity.
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FIG. 10. er activation kinetics of GABA uptake via ceGAT.:.1 in HRPE:cells.
HRPE cells were transfected with ;vector carrying ~eGAT-1 cDNA. The uptake of fHJGABA
(2. 5 µM) was determined in these transfected cells with a 15-min incubation in uptake
medium containing various concentrations of er. Concentration ofNa+ was kept constant at
140 mM Inset, Hill plot." Endogenous GABA transport activity was not taken into account
because the Cr-dependent uptake activities were calculated by subtracting uptake values
obtained at zero concentration of Ct. Because HRPE cells do not express Na+!Cr-coupled
GABA transporter endogenously, the uptake measured in cDNA-transfected cells in the
absence of er represented the endogenous GABA uptake activity.
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FIG. 11. Uptake of [3H]GABA via ceGAT-1 in X laevis oocytes.
Uptake of (1 µM) was measured in the presence of NaCl for 1 h in control (uninjected
oocytes) oocytes and in oocytes injected with ceGAT-1 cRNA. The horizontal bars indicate
the mean value for each group.

41

ceGAT-1

Control

FIG. 12. Functional expression of ceGAT-1 in X laevis oocytes.
A, oocytes injected with ceGAT-1 cRNA were sequentially perfused with 1 mM GABA in a
NaCl-containing buffer, a chloride-free buffer in which NaCl was replaced isosmotically
with sodium gluconate (NaGlu), or a Na+ -free buffer in which NaCl was replaced
isosmotically with NMDG chloride (NMDG.Cl). B, I-V relationship for GABA-induced
currents in oocytes injected with ceGAT-1 cRNA examined in the presence of Na+ and er, in
the presence of Na+ but in the absence of er, or in the presence of er but in the absence of
Na+.
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FIG. 13. Identity of the neurons expressing cegat-1 gene in C.elegans.
Expression of the cegat-1 gene in C. elegans was determined by a GFP reporter fusion
construct. The construct was designed such that the expression of GFP was driven by the
cegat-1 gene-specific promoter. This construct was then used to generate GFP-expressing
transgenic worms. The top panel identifies the GFP-positive DD and VD neurons in the
v~ntral cord (]Ox), the middle panel identifies the GFP-positive neurons in the tail region
(20x), and the bottom panel identifies the GFP-positive neurons in the head region (40x).
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FIG. 14. Influence of bacteria-mediated cegat-1 gene-specific RNAi on aidicarb-induced
paralysis in wild type strain (N2) and in RNAi-hypersensitive rrf-3 strain.
Control worms (•, N2 strain;

■,

rrf-3 strain) were fed bacteria carrying the empty vector

pPDJ 29, and experimental (RNAi) worms (0, N2-RNAi; □, rrf-3-RNAi) were fed bacteria
harboring the plasmid with the ceGAT-1-specific cDNA insert. The control and experimental
worms were exposed to aldicarb (0.5 mM), and the number ofparalyzed worms was counted.
Each group had 20-40 worms, and the experiments were repeated three times. Data are
given as the percent of worms that went into paralysis.
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FIG. 15. Aldicarb-induced paralysis in control N2 strain and in unc-25 (defective in glutamic
acid decarboxylase), unc-47 (defective in vesicular GABA transporter), and unc-2 (defective
in a calcium channel) mutant strains.
In this experiment, there was no RNAi. Wild type and mutant strains were ·exposed to
aldicarb (0. 5 mM), and the number ofparalyzed worms was counted. Each group had 25
worms, and the experiments were repeated twice. Data are given as the percent ofworms
that went into paralysis. •, N2 strain; 0, unc-25;

■,

unc-47;

□,

unc-2.
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FIG. 16. Phenotypes induced by bacteria-mediated cegat-1 gene-specific RNAi in rrf3 strain.
Control worms were fed bacteria carrying the empty vector pPDJ 29, and experimental
(RNAi) worms were fed bacteria harboring the plasmid with the ceGAT-1-specific cDNA
insert. A, thrashing frequency was .counted for 2 min in control and experimental (RNAi)
worms. B, defecation failure (i.e. absence of discharge of intestinal contents after posterior
body contraction) was determined in control and experimental (RNAi) worms. Statistical test
was performed using the Microsoft Excel data analysis software. Values are reported as the
mean ± S.E. Comparison between experimental worms and control worms was made using a
two-sample Student's t test. *, statistically different from control (p < 0. 005).
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FIG. 17. Analysis of ceGAT-1 mRNA levels by semi-quantitative RT-PCR in control rrf 3
worms and in rrf 3 worms subjected to RNAi.
A, a representative gel showing the relative"signals for RT-PCR products for ceGAT-1 mRNA
and 18 S RNA in control (pPD129) worms and in experimental(RNAi) _worms. B, data from
two independent experiments expressed as the ceGAT-1 riiRNA/18 S RNA ratio. *,
statistically different from control (p < 0. 005).
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Molecular Cloning and Structural Characterization of ceNAT-1

We isolated a full-length cDNA clone from a C. elegans cDNA library, which is a
putative membrane transporter and a member within the snf gene family. This cDNA is
derived from the gene snf-5 (GenBank™ accession number, ALl 10485). Functional studies
in heterologous expression systems revealed that the cloned cDNA codes for a Na+-coupled
amino acid transporter. Therefore, we named this transporter ceNAT-1 because it represents
the first Na+-coupled amino acid transporter to. be identified at the molecular and functional
levels in C. elegans. The gene encoding for this transporter is localized on chromosome II.
The size of the cenat-1 (snf-5) gene is at least ~4.4 kb, excluding the putative promoter
region. The gene consists of eight exons as deduced by a comparison between the sequences
of the cloned ceNAT-1 cDNA and that of the GenBank™ accession number AL110485
( Caenorhabditis elegans YAC Y46G5A, complete sequence from the nematode genome

sequence project, WormBase release WS138). The structural organization of the gene is
shown in Fig. 18. The ceNAT-1 cDNA is 2352-bp long and contains a poly(A) tail. The 5'and the 3 '-untranslated regions are 99- and 66-bp long, respectively. The ceNAT-1 protein
deduced from the cDNA sequence contains 728 amino acids with an estimated molecular
size of 81. 7 kDa and an isoelectric point of 6.04. According to the Kyte-Doolittle hydropathy
plot, the ceNAT-1 protein possesses 12 putative transmembrane domains. The sequences of
ceNAT-1 cDNA and its encoded protein have been deposited into the GenBank™ (accession
number

AY525249).

A

putative

snf

signature

domain

(pfam00209.11,

www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) is present in the highly conserved region of the
ceNAT-1 protein sequence that spans the C-terminal part of the first transinembrane domain,
the first extracellular loop, and. the N-tenninal part of the second transmembrane domain.
The signature domain has the following sequence: WRF(G/P)YX4NGG9X(F/Y).

According to a multiple protein sequence analysis using a PILEUP program within
GCG package Version 10.2 (Madison, WI, U. S. A), we generated a phylogenic tree for all
known members of the SLC6 gene family i~ humans (Fig. i9). The relationship of ceNAT-1
to these human transporter proteins is also shown. The presence of two major clusters in this
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family is clearly obvious from this sequence analysis. The members of the upper cluster
function as Na+/Cr-coupled transporters for neurotransmitters such as monoamines and
GABA. The lower cluster consists of six members in humans. Among them, the functional
identities of only three have been established~ B0AT (SLC6A19) is a transporter for neutral·
amino acids(Broer et al., 2004; Kleta et al., 2004; Seow et al., 2004), SIT-1 (SLC6A20) is a
transporter for imino acids and glycine (Kowalczuk et al., 2005; Takanaga et al., 2005), and
XTRP2/ROSIT (SLC6A18) seems to be a transporter for glycine [33]. B0AT and SIT-1 do
not show any obligatory dependence on er. Whether or not SLC6A18 is er-dependent is not
known. ceNAT-1 belongs to this lower cluster and similar to the other known members of
this cluster, ceNAT-1 is also er-independent. Recently, Boudko et al (Boudko et al., 2005)
categorized a group of amino acid transporters as a nutrient amino acid transporter (NAT)
subfamily within the lower cluster of the ~LC6 gene family through a comprehensive
analysis of the transport phenotype and the phylogenic analysis of a group. of insect amino
acid transporters, such as aeAATl from Aedes aegypti larvae, KAATl and CAATCHl from
Manduca Sexta, and agNAT8 and agNAT6 from Anopheles gambiae.

Functional Characteristics· of ceNAT-1 in HRPE cells

Functional analysis of the cloned ceNAT-1 was carried out by heterologous expression
of the cDNA in HRPE cells using the vaccinia virus expression system. We tested various
compounds as potential substrates for the transporter in a preliminary screening and found
glycine to be a transportable substrate. Uptake of glycine (2.5 µM) in the presence of NaCl
increased "'30-fold in cDNA-transfected cells compared with control cells transfected with
vector alone. (Fig. 20). The basal uptake .activity for. glycine in control cells was' thus less
than 3% of uptake activity· in cDNA-transfected cel~s. Uptake of glycine in ceNAT-1'

'

expressing cells was linear at least up to 20 min. Therefo~e, a 15 min incubation time was
used to·· represent linear uptake r~tes for characterization of the· functional features of the
transport process. The cDNA-induced uptake of glycine was obligatorily dependent on the
presence of Na+ in the extracellular medium as evidenced from the almost complete
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abolishment of uptake when NaCl in the medium was replaced iso-osmotically with NMDG
chloride, LiCl, or KCl (Fig. 21A). On the other hand, when NaCl was iso-osmotically
replaced with sodium gluconate, there was no significant change in ceNAT-1-induced uptake,
suggesting that the transport process mediated by ceNAT-1 is er independent.

The substrat~ selectivity of ceNAT-1 was then studied in HRPE cells usmg a
competition analysis by monitoring the ability of unlabeled glycine and various other amino
acids (2.5 mM) to compete with [3H]-glycine (2.5 µM) for uptake via ceNAT-1 (Fig. 21B).
Uptake measurements were made in parallel in vector-transfected cells and in cDNAtransfected cells, and the cDNA-specific uptake was calculated by subtracting the uptake in
vector-transfected cells from the uptake in cDNA-transfected cells. Only the cDNA-specific
uptake was used in the analysis. Among the amino acids tested, only neutral amino acids
were able to compete with [3H]-glycine for ceNAT-1-mediated transport process. The most
potent inhibitors were alanine, asparagine, glycine, valine, serine, methionine, glutamine,
isoleucine, leucine, and threonine. These amino acids caused >90% inhibition under the
experimental conditions. Histidine, tryptophan, and phenylalanine were also able to inhibit
the ceNAT-1-mediated uptake of [3H]-glycine to a significant extent, but the extent of
inhibition was much smaller (45-70%) than that seen with other neutral amino acids. Among
the neutra~ amino acids, cysteine was the least effective. The cationic amino acids lysine and
arginine and the anionic amino acid aspartate were not able to compete with [3H]-glycine for
uptake via ceNAT-1. However, the anionic amino acid glutamate caused an inhibition that
was comparable to that seen _with tryptophan, phenylalanine, and cysteine. These data show
that neutral amino acids are the preferred substrates for ceNAT-1. Glutamate seems to be the
only exception.

The kinetic features of ceNAT-1-inediated glycine uptake were determined. The
transport process was saturable with increasing concentrations of glycine (Fig. 22A). The
data obtained were analyzed by using the Michaelis-Menten equati~n, first by nonlinear
regression (Fig. 22A) and then by linear regression (Fig. 22A, inset). This analysis yielded a
value of 103 ± 15 µM for the Michaelis constant (Kt). The relative affinities of ceNAT-1 for
several other neutral amino acids were investigated by determining the dose-response
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relationship for the inhibition of ceNAT-1-mediated uptake of [3H]-glycine (12.5 nM) by
unlabeled amino acids. The IC50 values (concentration necessary to cause 50% inhibition) for
alanine, leucine, serine, and isoleucine were 35, .65, 140 and 260 µM, respectively. TI:ie Na+activation kinetics of ceNAT-1-mediated glycine uptake was then investigated by measuring
the uptake in the presence of varying concentrations of extracellular Na+ (with a constant
concentration of Cl} These experiments were carried out in HRPE cells transfected with
ceNAT-1 cDNA and the uptake measured in the absence of Na+ was subtracted from the
uptake measured· in the presence of varying conce~trations of _Na+ to calculate Na+dependent, cDNA-specific uptake. The relationship between glycine uptake and Na+
concentration was hyperbolic with a Hill coefficient (h) of 0.98 ± OJ 5 (Fig. 22B). The value
for h was confirmed by linear regression analysis of the data (Fig. 22B~ inset). These data
suggest that the ceNAT-1-mediated glycine uptake is likely to involve one Na+ per transport
cycle in the activation process.

Functional Characteristic~ of ceNAT-1 in Xenopus laevis Oocytes

Functional studies of ceNAT-1 in HRPE cells show that transporter is able to mediate
Na~-coupled transport of neutral amino acids.

Based on Na+-activation kinetics, the

Na+ :amino acid stoichiometry for the neutral amino acid glycine is 1: 1. This would suggest
that the transport process is likely to be electrogenic, resulting in the transfer of a net positive
charge per transport cycle into the cells. To determine if this is true, we used the Xenopus
laevis oocyte expression system to analyze the functional characteristics of ceNAT-1 by the

two-microelectrode voltage-clamp method. ceNAT-1 was ~xpressed in oocytes by
microinjection of cRNA. When cRNA-injected oocytes were perfused with glycine (5 mM)
in the presence of NaCl, marked inward currents (125 ± 20 nA in three differe~t oocytes)
were detectable under voltage-clamp conditions (Fig. 23A). These currents were almost
completely abolished when perfusion with glycine was done in the absence of Na+ (NMDG
chloride substituting for NaCl iso-osmotically). However, substitution of er with gluconate
(sodium gluconate :substituting for NaCl iso-osmotically) affected the magnitude of glycineinduced currents only minimally (94 ± 12 nA). In contrast, glycine-induced currents were not
detectable in oocytes injected with water, indicating that the glycine-induced currents
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observed in cRNA-injected oocytes are specifically due to the heterologously expressed
ceNAT-1. These data show that the Na+-coupled glycine transport mediated by ceNAT~l in
oocytes is electrogenic, the transport process being associated with the transfer of net positive
charge into the oocytes. Furthermore, the data show that the glycine-induced currents are
obligatorily dependent on Na\

Since we· were able to monitor the transport function of ceNAT-1 in oocytes using the
electrophysiological method, we investigated further the functional features of the transporter
using this expression system as a complementary approach to the mammalian cell expression
system. We studied the substrate selectivity of·ceNAT-1 by comparing the inward currents
induced by a variety of amino acids (5 mM). All neutral amino acids induced marked inward
currents in ceNAT-1-expressing oocytes under voltage-clamp conditions (Fig. 23B). ·With
glycine-induced currents taken as the reference for· comparison (taken as 100%), the neutral
amino acids valine, methionine, threonine, and glutamine induced more currents than glycine.
The currents induced by the neutral amino acids serine, isoleucine, and leucine were
comparable to that induced by glycine. Alanine, asparagine, histidine, and cysteine also
induced significant currents, but the magnitude was much smaller than t~at seen with glycine.
The aromatic amino acids tryptophan and phenylalanine and the cationic amino acids
arginine and lysine induced no or little currents under identical conditions. The currents
induced by the anionic amino acid aspartate were comparable to those induced by the neutral
amino acids cysteine, tryptophan, and phenylalanine. On the other hand, the anionic amino
acid glutamate was able to induce significant currents (,··--40% of glycine-induced currents).
These substrate selectivity data are in general similar to those observed in HRPE cells.

We also used the Xenopus laevis oocyte expression system for kinetics analysis of
ceNAT-1. The inward currents induced by glycine in ceNAT-1-expressing oocytes were
saturable with increasing concentrations of glycine (Fig. 24A). The relationship between
glycine concentration and glycine-induced currents obeyed Michaelis-Menten kinetics
describing a single saturable transport process. The Michaelis constant for glycine (Ko.5), at a
testing membrane potential of -50 mV, was 30 ± 5 µM. This value was confirmed by nonlinear regression analysis as well as by linear regression analysis. We also determined the
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influence of membrane potential on the kinetic parameters associated with the saturation of
glycine-induced currents. When the testing membrane potential was changed stepwise from
+30 mV to -30 mV, the maximum for glycine-induced current (Imax) showed very little
change. However, when the testing membrane potential was changed to more negative values
(-30 mV to -150 mV), the values for Imax increased dramatically. There was a 5-fold increase
in this parameter when the testing membrane potential was changed from -30 mV to -150
mV. These data show that the transport process is activated when the membrane is
hyperpolarized. In other words, the transport process can be energized not only by the
transmembrane Na+ gradient but also by membrane potential. In contrast, the Michaelis
constant for glycine (K

0.5 )

did not seem to change significantly over the· testing membrane

potential range of -:-30mV to -150 mV. However, the value for this parameter increased
significantly (2.5-fold) when the testing membrane potential was changed to +30 mV,
suggesting that extreme depolarization of the membrane decreases the affinity of the
transporter for its substrate.

The Na+-activation kinetics of glycine-induced currents was also analyzed in oocytes
expressing ceNAT-1. The magnitude of the currents increased as the concentration of Na+
increased and the relationship was hyperbolic (Fig. 25A). The data were analyzed by Hill
equation and the values for K 0.5 (i.e., concentration of Na+ needed for half-maximal
activation) and h (Hill coefficient; the number of Na+ involved in the activation process)
were calculated by non-linear regression as well as by linear regression. At the testing
membrane potential of -50 mV, the-values for these parameters were 6.3 ± 1.3 mM and 0.9 ±
0.2, respectively. _We_ then evaluated the influence of testing membrane potential on these two
parameters. The value for K

0 .5

was affected markedly by testing membrane potential over the

range -10 mV to -150 _mV (Fig. 25B). The change was ~10-fold (2.2 ± 0.3 ·at-150 mV; 24.5 ±
8.9 at -10 mV). In contrast, the value for h remained close to 1 at all membrane potentials
tested.

54
Influence ofNAT-1 knockdown by bacteria-mediated RNAi

To determine the influence of NAT-1 lmockdown on the orgamsm, we used the
, bacteria-mediated RNAi first with the normal nematode strain N2. We looked for changes in
lifespan, body size, and motility. We failed to detect any change in any of these parameters
as a result of RNAi-mediated NAT-1 lmockdown. All cell types, with the exception of
neurons, are susceptible for RNAi in normal strain (Fei et al., 2003; Fei et al., 2004; Jiang et
al., 2005). Since we do not have information on the cell type-specific expression pattern of
NAT-1 in this organism, we repeated the RNAi experiment using the RNAi-hypersensitive
nematode strain rrf-3. All cell types including neurons are susceptible for RNAi in this
particular strain (Simmer et al., 2003; Simmer et al., 2002). Again, we failed to detect any
changes in lifespan, body size or motility as a result ofRNAi. A search ofWormbase website
indicated that a mutant strain, RB687 (ok447) with large deletion in the cenat-1 gene, is
available through the Caenorhabditis Genetics Center (St. Paul, MN, U. S. A.). We used this
naturally occurring NAT-1 lmockout strain to compare with the normal strain N2 in terms of
lifespan, body size, and motility. These studies showed no detectable differences in these
parameters between the two strains. These data suggest that absence ofNAT-1 function does
not lead to any detectable phenotype under the experimental conditions employed in the
present study.

Fig. 18. Structure of ceNAT-1
Exons are indicated by filled boxes and numbered accordingly; introns are indicated by
horizontal lines. The untranslated regions in exons in 1 and 8 are indicated by empty boxes.
The consensus polyadenylation signal, AATAA, is also shown. Sizes and positions of the
exons and the introns in the figure are drawn to the scale.
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Fig. 19. Phylogenic dendrogram of the SLC6 (SNF) gene family
A dendrogram of the members in the human SLC6 gene family and the relative position of
ceNAT-1. A multiple sequence alignment algorithm by Feng and Doolittle was used to create
the phylogenic dendrogram using PILEUP Program (GCG package, Version 10.2, Madison,
WI). The two major clusters within the SLC6 family are divided by a dashed line.
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Fig. 20. Time course of ceNAT-1-mediated glycine uptake in HRPE cells.
Uptake of [3H]-glycine (2.5 uM) was determined in HRPE cells transfected with pSPORT
vector alone

<•) or with pSPORT

carrying ceNAT-1 cDNA (0) in uptake medium

containing 140 mM NaCl. The S. E.for each point is within the symbols.
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Fig. 21. Ion-dependence and substrate selectivity of ceNAT-1-mediated glycine uptake in
HRPEcells
(A) lon-dependen~e of ceNAT-1. Uptake of [3Hj-glycine (2.5 uM) was measured in HRPE
cells transfected with pSPORT carrying ceNAT-1 cDNA in uptake m~dium containing 140
mM NaCl. The uptake activity in cDNA-transfected cells was adjusted for the endogenous
activity. NaCl in the uptake buffer was replaced iso-osmotically with one of the following:
sodium gluconate (NaGlu), N-methyl-D-glucamine chloride (NMDGCl), LiCl and KC/. Data
are presented as means± S.E. (B) Substrate selectivity of ceNAT-1. The substrate selectivity
of ceNAT-1 was investigated by monitoring the ability of unlabeled glycine and other amino
acids at a conc~ntration of 2.5 mMto compete with [3HJ-glycine (2.5 uM) uptake via ceNAT1 in HRPE cells transfected with ceNAT-1 cDNA in uptake medium containing 140 mM NaCl.
Data were normalized against the control (without competitors). Data are presented as
means±S.E.
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Fig. 22. Saturation kinetics and Na+ -activation kinetics of glycine uptake via ceNAT-1 in
HRPE cells
(A) Saturation kinetics. The ceNAT-1-mediated glycine uptake was studied as a function of
glycine concentration in HRPE cells. Data (means± S.E.) represent only the cDNA-specific
uptake and are from three independent experiments. Inset: Eadie-Hofstee plot [glycine
uptake/glyine concentration (vis) versus glycine uptake (v)]. (B) Na +-activation kinetics. The
effect of increasing concentrations of Na+ on ceNAT-1-mediated glycine uptake was
investigated in HRPE in the presence of a fixed concentration of Cf (140 mM). concentration
of Na+ in the uptake medium was varied from O to 140 mM Osmolality of the medium was
maintained by adding the appropriate concentrations of NMDG chloride as a substititute for
NaCl. Data (means ± S.E.) represent only the Na+ -dependent uptake for ceNAT-1. Inset: Hill
plot.
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Fig. 23. Ion-dependence and substrate selectivity of ceNAT-1 in Xenopus laevis oocytes
(A) Ion-dependence of ceNAT-1. The ion-dependence of the ceNAT-1-mediated glycine
transport was investigated by an electrophysiological approach in Xenopus laevis oocytes
expressing ceNAT-1. Glycine (5 mM)-induced inward currents under voltage-clamp
conditions (holding potential, -5 0 m V) in standard perfusion buffer containing 100 mM
NaCl, or in chloride-free perfusion buffer (NaGlu), or in Na+-free perfusion buffer
(NMDGCl) are shown. (B) Substrate selectivity of ceNAT-1. The substrate selectivity of
ceNAT-1 was determined in ceNAT-1 expression Xenopus laevis oocytes using the
electrophysiological method. Substrate-induced currents were recorded and normalized by
taking the current induced by 5 mM glycine as the control (100%). Data (means ± S.E.) are
from three different oocytes.

60

A

0ca .
z·

0
C)
C

==·
z

:L

1·min

B
150
+'

C

!.... 125
:::,
0100
i::,

-E~
■-

75

ca

a..

.50

0

z

25

GRKWFDCEANHSILVMTQ

Fig. 24. Saturation kinetics ofglycine-induced currents in ceNAT-1-expressing oocytes
(A) Saturation kinetics of glycine-induced inward currents. Currents were monitored at
different concentrations of glycine in ceNAT-1-expressing oocytes. Data are from three
independent ceNAT-1-expression oocytes and the glycine-induced current was normalized in
each oocyte by taking the current induced by 0. 5 mM of glycine (the maximal concentration
ofglycine used in these studies) as 1. Inset: Eadie-Hofstee plot. (B) Glycine-induced maximal
current (/max) and Michaelis constant (Ko.s) as a function of testing membrane potential
{VtesJ.
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Fig. 25. Na +-atictivation ofglycine-induced currents in ceNAT-1-expressing ooytes
(A) Dependence of glycine-induced currents on varying concentrations of Na+. Oocytes
injected with ceNAT-1 cRNA were perfused with buffer containing different concentration of
Na+ (0 to 50 mM) and 5 mM glycine. Osmolality and concentration of Cf in the perfusion
buffer were kept constant by appropriately substituting NaCl with NMDG chloride. Inward
currents induced by glycine (5 mM) were recorded at different testing membrane potentials

(+50 m V to -15 0 m V) in stepwise changes of 20 m V. Data given are from a representative
experiment at a testing membrane potential of -50 mV. Inset: Hill plot. (B) Michaelis
constant for Na+ (Ko.s) as a function of testing membrane potential
three independent oocytes.

(VeesJ- Data are from
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6_3
Molecular Cloning and Structural Characterization of ceSBT-1

We isolated a full-length cDNA clone from a C. elegans cDNA library. The cloned
cDNA is a putative membrane transporter and a member within the snf gene family. This
(

cDNA is derived from the gene snf-3 (GenBank™ accession number, NM_061509).
Functional studies carried out in heterologous expression systems using HRPE cells revealed
that the cloned cDNA codes for a Na+- and er-coupled betaine transporter. Therefore, we
named this transporter ceSBT-1 because it represents the first Na+-and er -coupled betaine
transporter to be identified at the molecular and functional levels in C. elegans. The gene
encoding for ceSBT-1 is localized on chromosome II. The size of the ceSBT-1 (snf-3) gene is
about ~5.5 kb, excluding the putative promoter region. The gene consists of nine exons as
deduced by a comparison between the sequences of the cloned ceSBT-1 cDNA and that of
the GenBank™ accession number AF 026211 ( Caen~rhabditis elegans eOSMID Tl 3B5,
complete sequence from the nematode genome sequence project) using online mRNA to
genomic alignment program SPIDEY (www.ncbi.nlm.nih.gov/spidey). The structural
organization of the gene is shown in Fig. 26. The ceSBT-1 cDNA is 2212-bp long and
contains a poly(A) tail. The ceSBT-1 protein deduced from the cDNA sequence contains 600
amino acids with an estimated molecular size of 67.4 kDa and an isoelectric point of 7.23.
According to the Kyte-Doolittle hydropathy plot, the ceSBT-1 protein possesses 12 putative
transmembrane domains. The· sequence of ceSBT-1 cDNA and its encoded protein have been
deposited into the GenBank™ (accession number DQ118731). Just like ceGAT-1 and
ceNAT-1, ceSBT-1 also contains the putative snf signature domain (pfam00209 .11,
www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) in the highly conserved region of the ceSBT-1
protein sequence that spans the e-terminal part of the first transmembrane domain, the first
extracellular loop, and the N-terminal part of the second transmembrane domain. The
signature domain has the following sequence: WRF(G/P)Y~NGGGX(FN).

Functional Characterization of ceSBT-1 in HRPE cells

Hetero_logous expression of the ceSBT-1 cDNA-in HRPE cells using the vaccinia virus
expression system was used to conduct the functional analysis of the cloned ceSBT-1.
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Potential substrates including taurine, petaine and GABA were tested in the preliminary
screening and betaine was found to be a transportable substrate. The cDNA-induced uptake
ofbetaine was obligatorily dependent on the presence of both Na+ and Crin the extracellular
medium as evidenced from the almost complete abolishment of uptake when NaCl in the
medium was replaced iso-osmotically with NMDG chloride (absence of sodium) or sodium
gluconate (absence of chloride) (Fig. 27).

The kinetic features of ceSBT-1-mediated betaine uptake were also determined using
vaccinia virus expression system. The transpo_rt process was saturable with increasing
concentrations ofbetaine (Fig. 28). The data obtained were analyzed by using the MichaelisMente~ equation, first by 1:1onlinear regression (Fig. 28) ~d then by linear regression (Fig. 28,
inset). This analysis yielded a value 9f 0.32 ± 0.05 mM for the ly.1ichaelis constant (Kt). The
effect of Na+ or

er on the ceSBT-1-medi~ated uptake of betaine was then investigated by

measuring the uptake in the presence of varying concentrations of extracellular Na+ (with a
fixed concentration of Cr) or

er (with a fixed concentration of Na+).

These experiments

were done only wi~h cells transfected with. ceSBT-1 cDNA. The uptake measured in the

er was subtracted from the uptake measured in the presence of
varying concentrations of Na+ or er to calculate cDNA-specific uptake. For Na+ activation
absence of either Na+ or

kinetics, the concentration of Na+ in the uptake medium was varied from Oto 140 mM. The
osmolality of the medium was maintained by adding the appropriate concentrations of
NMDG chloride as a substitute for N aCI. The relationship behveen the cDNA-specific uptake
and Na+ concentration was sigmoidal with a Hill coefficient of 1.5 ± 0.03, suggesting the
involvement of more than one Na+ per betaine molecule transported (Fig. 29). The value for h
was confirmed by linear regression analysis of the data (Fig. 29, inset). For

er activation

kinetics, the concentration of er in the uptake"medium was varied from O to 140 mM. The
osmolality of the medium was maintained by adding appropriate concentrations of sodium
gluconate as a substitute for NaCl. The relationship between the cDNA-specific uptake and
.

'

er concentration

was hyperbolic with a Hill coefficient of 0.7 ± 0.03, suggesting the

involvement of one

er per GAB}\ molecule transported (Fig. 30). Thus, the Na+:cr:betaine

stoichiometry for ceSBT-1-mediated uptake is 2: 1: 1.
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Functional Characteristics of ceSBT-1 in Xenopus laevis Oocytes

Functional studies of ceSBT-1 in HRPE cells show that this transporter is able to
mediate sodium and chloride-coupled transport of betaine. Based on Na+ and er activation
kinetics, the Na+:cr: betaine stoichiometry is 2:1:1 which suggests ~hat the transport process
is most likely to be electrogenic since there is a transfer of a net positive charge per transport
cycle into the cells. To determine if this is true, we used the Xenopus laevis oocyte
expression system· to analyze the functional characteristics of ceSBT-1 by twomicroelectrode voltage-clamp method. ceSBT-1 was expressed in oocytes by microinjection
of cRNA. When cRNA-injected oocytes were perfused with-betaine (5 mM) in the presence
of NaCl, marked inward currents were detectable under voltage-clamp conditions (Fig. 31 ).
· These currents were almost completely abolished when perfusion with betaine was done in
the absence of Na+ (NMDG chloride substituting for NaCl iso-osmotically) and er (sodium
gluconate substituting for NaCl iso-osmotically). Betaine-induced currents were not
detectable in oocytes injected with water, indicating that the betaine-induced currents
observed in cRNA-injected oocytes are specifically due to the heterologously expressed
ceSBT-1. These data show that the Na+- and er-coupled betaine transport mediated by
ceSBT-1 in oocytes is electrogenic, the transport process being associated with the transfer of
net positive charge into the oocytes. Furthermore, the data show that the betaine-induced
currents are obligatorily dependent on both Na+ and er.

We also investigated substrate specificity using Xenopus expression system as a
complementary approach to the mammalian expression system. To study the substrate
selectivity of ceSBT-1, a variety of compounds with different degree of structural simi\arity _
including betaine, dimethylglycine, glycine, sarcosine, GABA and L-carnitine at 5 mM in
NaCl perfusion buffer were tested in Xenopus oocytes microinjected with ceSBT-1 cRNA.
Only betaine was able to induce detectable inward current via ceSBT-1 under voltage-clamp
conditions as shown in Fig. 32. This result suggests that the uptake via ceSBT-1 is highly
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specific. These substrate selectivity data are well in consistent with those observed in HRPE
cells.

We also used the Xenopus laevis oocyte expression system for kinetics analysis of
ceSBT -1. The inward currents induced by betaine in ceSBT-1 expressing oocytes were
saturable with increasing concentrations of betaine (Fig. 33). The relationship between
betaine concentration and betaine-induced currents obeyed Michaelis-Menten kinetics
describing a single saturable transport process. The Michaelis constant for betaine (Ko. 5), at a
testing membrane potential of -50 m V, was 1.2 ± 0.05 mM. This value was also confirmed
by linear regression analysis (Fig. 33, inset). We also determined the influence of membrane
potential on the kinetic parameters associated with the saturation ofbetaine-induced currents
(Fig. 34). When the testing membrane potential was changed stepwise from -30 mV to -150
mV, the maximum for'betaine-induced inward current (Imax) increased. There was a 2-fold
increase in this parameter when the testing membrane potential was changed from -30 m V to
-150 mV. These data show that the transport process is activated when the membrane is
hyperpolarized which means the transport process can be energized not only by the
transmembrane Na+ and er gradient but also by membrane potential. The Michaelis constant
for betaine (K

0.5 )

decreased significantly over the testing membrane potential range of -

30mV to -150 m V, suggesting that hyperpolarization of the membrane potential increases the
affinity of ceSBT-1 transporter for betaine.

We also investigated the Na+- and er-ctivation kinetics of betaine-induced currents in
oocytes expressing ceSBT-1. The relationship between betaine-induced inward currents and
Na+ concentration was sigmoidal (Fig. 35) with .a Hill coeffiecient (h) of 2.2 ± 0.08 which
I

was also confi~ed by linear regression analysis (Fig. 35, inset).The Ko.5 (i.e., concentration
of Na+ needed for ·half-maximal activation) is 36.9 ± 1.0 .inM. The relationship between
betaine-induced inward c~ents and er concentration was hyp.erbolic (Fig. 36) and the linear
regression analysis showed a Hill coeffiecient (h) of 1.1 ± 0.02 (Fig. 36, inset).The Ko.5 (i.e.,
concentration of er needed for half-maximal activation) is 11.8 ± 0.7 mM. These data are
well in agreen:ient with those ~e obtained from the study using vaccinia virus expression
system.

)
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Analysis of Tissue Expression Pattern of the ceSBT-1 Gene

'The tissue expression pattern of the cesbt-1 gene in C. elegans was investigated using
transgenic GFP fusion technique in which the transgene consisted of cesbt-1 gene-specific
promoter fused with GFP cDNA. The. expression of GFP in this fusion gene is controlled by
the cesbt-1 gene-specific promoter. Therefore, the expression pattern of GFP in transgenic C.
elegans expressing the fusion gene is likely to match the expression pattern of the native
cesbt-J · gene. At least five transgenic animals were used to observe the e~pression pattern of
cesbt-1 in C. elegans. We found that cesbt-1 is primarily expressed in the excretory cell of C.
elegans kidney (Fig. 37). We believe that cesbt-1 is also expressed in C. elegans intestine.

However, we were unable to confirm this due to the intensive interf~rence caused by C.
elegans endogenous fluorescent granulae in its intestine.

Investigation of the Effects of Hypertonicity on ceSBT-1 ·mRNA

The effects of hypertonicity on the expression levels of ceSBT-1 were analyzed using
semi-quantative RT-PCR Total RNA of the C. elegans cultured on NGM plates containing
350 mM NaCl and on normal NGM plates containing 50 mM NaCl were prepared. Semiquantitative RT-PCR was then performed to monitor the ceSBT-1 mRNA levels. 18S
ribosomal RNA levels were also measured as an internal control. The results showed that
there was a 44% increase in ceSBT-1 mRNA level (Fig. 38) in C. elegans that were cultured
with medium containing 350 mM NaCl compared to C. elegans cultured under normal
conditions (50 mM NaCl).

Fig. 26. Structure of ceSBT-1 gene
Exons are indicated by filled boxes and numbered, and intrans are indicated by solid lines.
The untranslated regions in exonl and 9 are indicated by blank boxes. The translation start
codon ATG <ind the polyadenylation signal AATAAA is also shown in the figure. Sizes and
positions of the exons and intrans are drawn to the exact scale.
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Fig. 27. Ion-dependence of ceSBT-1-mediate_d uptake of betaine in HRPE cells.
HRPE cells were transfected with pSPORTvector carrying cdSBT-1 cDNA insert. Uptake of
betaine (2.5 uM) was determined over a period of 15 min in buffers with or without Na+/Cf
ions.
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Fig. 28. Saturation kinetics of betaine uptake in HRPE cells transfected with ceSBT-1
Uptake of betaine was measured in HRPE cells transfected with vector carrying ceSBT-1
cDNA. Uptake of [3H]-betaine

(2.5 µM) at various concentrations of cold betaine was

measured in these transfected cells over a 15 min incubation period in uptake medium
containing NaCl. . Inset: Eadie-Hofstee plot
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Fig. 29. Na+ -activation kinetics of betaine uptake in HRPE cells transfected with ceSBT-1
HRPE cells were transfected with vector carrying ceSBT-1 cDNA. The uptake of fH]betaine (2. 5 µM) was determined in these transfected cells with a 15-min incubation in
uptake medium containing various concentrations of Na+. The concentration of
constant at 140 mM Inset, Hill plot.
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Fig. 30. Ct activation kinetics of betaine uptake via ceSBT-1 in HRPE cells
HRPE cells were transfected with vector c~rrying ceSBT-1 cDNA. The uptake of [3HJbetaine (2.5 uM) was determined in these transfected cells with a 15-min incubation in
uptake medium containing various concentrations· of er. Concentration of Na+ was kept
constant at 140 mM Inset, Hill plot

72

1_2.Q

Log[CI-J

:·OJ>'--------------

2-0

40

'80,

100:

'120

140

160

Fig. 31. Ion dependence of ceSBT-1-mediated inward currents in Xenopus oocytes
Xenopus oocytes injected with ceSBT-1. cRNA were sequentially perfused with 2. 5 mM
I

betaine in a NaCl-containing buffer, a chloride-free buffer in which NaCl was replaced
isosmotically with so4ium gluconate (NaGlu), or a Na+ -fr~e buffer in which NaCl was
.

.

replaced isosmotically with NMDG chloride .(NMDG. Cl)~
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Fig. 32. Substrate specificity of ceSBT-1 in Xenopus oocytes
The substrate specificity of ceSBT-1 was investigated in ceSBT-1-expressing Xenopus laevis
oocytes using the electrophysiological method. Different substrates (5 mM) in perfusion
buffer containing NaCl were tested for their ability to induce inward current in Xenopus
oocytes expressing ceSBT-1.
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Fig. 33. Saturation kinetics of betaine-induced currents in ceSBT-1-expressing oocytes.
Betaine-induced currents were measured in ceSBT-1-expressing oocytes. Data from three
independent ceSBT-1-expressing oocytes were normalized using the current maximum
induced by betaine in each ceSBT-1-expressing oocytes. Inset: Eadie-Hofstee plot ·
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Fig. 34. Effects of testing membrane potential (V) on betaine-induced maximal current (/max)
and Michaelis constant (Ko. 5)
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Fig. 35. Na+ -activation kinetics of betaine-induced currents in ceSBT-1 expressing Xenopus
oocytes.
Oocytes injected with SBT-1 cRNA were perfused with buffer containing different
+

concentration of Na (0 to 100 mM) and JO mM betaine. Osmolality and concentration of Cl
in the perfusion buffer were kept constant by appropriately substituting NaCl with NMDG
chloride. Inward currents induced by betaine (10 mM) were recorded at different testing
membrane potentials (+50 mV to -150 mV) in·stepwise changes of 20 mV. Data given are
from a representative experiment at a testing membrane potential of ~50 m V. Inset: Hill plot.
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Fig. 36.

er activation kinetics ~betaine-induced currents in ceSBT-1 expressing Xenopus

oocytes.
Oocytes injected with SBT-1 cRNA were perfused with buffer containing different
concentration of er (0 to 80 mM) and 10 mM betaine. Osmolality and concentration of Na

+

in the perfusion buffer were kept constant by appropriately substituting NaCl with sodium
gluconate. Inward currents induced by betaine (10 mM) were recorded at different testing
membrane potentials (+50 mV to -150 mV) in stepwise changes of 20 mV. Data given are
from a representative experiment at a testing membrane potential of-50 m V. Inset: Hill plot.
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Fig. 37. In vivo tissue expression pattern of cesbt-1 gene in C. elegans
Expression of the cesbt-1 gene in C. elegans was determined by a GFP reporter fusion
construct. The construct was designed such that the expression of GFP was driven by the.
cesbt-1 gene-specific promoter.
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Fig. 38. Investigation of the effects of hypertonicity on ceSBT-1 mRNA expression level
A, representative gel showing the relative signals for RT-PCR products for ceSBT-1 mRNA
and 18 S RNA in control worms cultured on iso-osmotic NGM plates containing 50 mM NaCl
and in experimental worms cultured on NGM plates containing 350 mM NaCl. B, data from
two independent experiments expressed as the ceSBT-1 mRNA/18 S RNA ratio. *, statistically
different from control (p < 0. 005).
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Cloning ofSID-1

PCR primers

were \designed based on the predicted cDNA sequence of SID-1

(GenBank™ accession number NM_071971): forward primer, 5'- ACC CTC ATT TCC
ATC AAA ACC -3' and reverse primer, 5'- CCC TCT TCT ACG CTC GTT TC -3'. These
primers yielded a single RT-PCR product with RNA from C. elegans. The predicted size of
the product is ~0.8 kb. The RT-PCR product.was gel~purified and subcloned into pGEM-T
easy vector (Promega Madison, WI). The molecular identity of the insert was established by
sequencing. This cDNA fragment was used as a probe to screen a C. elegans cDNA library.
Two full-length candidates of the isolated SID-1 cDNA clones was sequenced using an
automated Perkin-Elmer Applied Biosystems 377 Prism DNA sequencer (Foster City, CA)
and the Taq DyeDeoxy teminator cycle sequencing protocol. One of them was confirmed to
be the full length clone of SID-1.

Analysis of SID-I-mediated Uptake of Fuore~cent Tagged dsRNA
Two

fluorescent

tagged single-standed RNA oligos were

synthesized with

complementary sequences through a commercial source (IDT, Coralville, IA).
Forward oligo: 5 ' - FAM/rGrGrUrUrArUrGrUrArCrArGrGrArArCrGrCrA -3'
Reverse oligo: 5 '-FAM/rUrGrCrGrUrUrCrCrUrGrUrArCrArUrArArCrC -3'.
These two , complementary strands were annealed to yield double-stranded RNA using
standard procedures. This dsRNA was used as a substrate for SID-1 for functional analysis in
a heterologous expression system. The HRPE cell expression system was used for this
purpose. The annealed fluorescent dsRNA (50 nM) was added to HRPE cells transfected
with cloned SID-1 and the transfected cells were kept at 37 °C. Uptake of fluorescent tagged
dsRNA in HRPE cells was monitored using a fluorescence microscopy 30 min after the
addition of the dsRNA. The experiment was repeated three times. However, no uptake of
fluorescent dsRNA was observed in HRPE cells transfected with SID-1.

IV. DISCUSSION

We have cloned and functionally identified a GABA transporter from C. elegans. The
transporter is a member of the snf family identified in this organism. The cloned transporter
is snf-11 and functions as a Na+/Cr-coupled transporter for the neurotransmitter GABA. It
exhibits high-affinity for GABA (K1 -15 µM) and is highly selective for GABA. The only
other structurally ·related compound with the ability to interact with the transporter to a
significant extent is ~-aminobutyric acid. Other neurotransmitters/he!lfomodulators such as.
taurine, glycine, and glutamate do not interact with the transporter. The function of this
transporter is demonstrable in two different heterologous expression systems: 1) mammalian
cells and 2) X laevis oocytes. The transport process exhibits a Na+:cr: GABA stoichiometry
of 2: 1: 1 and is electrogenic. Because this is the first GABA transporter identified at the
molecular and functional levels in C. elegans, we named this transporter ceGAT-1.
Mammals express four different GABA transporters known as GAT-1, GAT-2, GAT-3,
and BGT-1/GAT-4 {Dalby, 2003 #7;Chen, 2004 #8}. Based on the functionalcharacteristfos
and expression pattern, the cloned ceGAT-1 is distinct from BGT-1/GAT-4 because ceGAT1 does not interact with betaine. Whereas ceGAT-1 is expressed exclusively in GABA-ergic
neurons, there is no overlap between the markers of GABAergic neurons and BGT-1/GAT-4
in mammalian brain {Dalby, 2003 #7;Chen, 2004 #8}. Furthermore, we have cloned snf-3,
another member of snf family from C. elegans, which we have shown to function as a
Na+/Cr-coupled transporter for betaine. Whether C. elegans expresses additional GABA
transporters is not known at present. We have cloned three other members of the C. elegans
snf family (snf-5, snf-6, and snf-12), and functional analysis with heterologous expression in
mammalian cells.has shown that none of these cells possesses the ability to transport GABA.
Nonetheless, because ceGAT-1 is selectively- associated with GABA-ergic neurons, we
postulate that this transporter is likely to be .the C. elegans ortholog of either GAT-1 or
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GAT-3 in mammals. GAT-1 and GAT-3 are closely associated with GABA-ergicneurons in
m~alian brain. The identification of GAT-1 in C. elegans suggests that the role of the
transporter in the modulation of GABA-ergic neurotransmission is likely to be similar to that
of GAT-1 and/or GAT-3 in mammalian GABA-ergic neurons. The functional characteristics
of ceGAT-1 identifying it as a Na+/Cr-coupled, high-affinity, and selective transporter for
GABA support the hypothesis that the transporter funct~ons in the clearance of GABA from
the synaptic cleft or motor endplate. These findings are of significance with respect to the
biology of GABA-ergic neurotransmission in C. elegans. Previous studies have identified at
the molecular and functional levels the enzyme responsible for GABA synthesis (unc-25), the
transporter responsible for packaging GABA in synaptic vesicles (unc-47), and the receptor
responsible for the transmission of GABA signals (unc-49) (McIntire et al., 1~93a), but there
are no reports in the literature on the molecular and functional identity of any transporter that
is responsible for the clearance of GABA from the synaptic cleft or motor endplate. Thus, the
findings presented in this paper fill an important gap in our knowledge in terms of GABA- .
ergic neurotransmission in this organism.
Even though all of the currently known GABA transporters in mammals have been
cloned and functionally characterized several years ago, there are no reports to date in the
literature on the generation of knock-out animal models for any of these transporters. There is
strong evidence from clinical and pharmacological studies that GABA-ergic neurons are
involved in muscle function as evidenced from a convincing relationship between epilepsy
and GABA-ergic neuronal dysfunction (Gupta et al., 2003; Scheffer and Berkovic, 2003;·
Wong et al., 2003). The data presented in this paper provide evidence for the first time for the
involvement of a GABA· transporter in the maintenance of muscle function in an animal
model by characterizing the phenotype associated with the down-regulation of the transporter.
The phenotype resulting from the RNAi-mediated down-regulation of ceGAT-1 is seen
only with the RNAi-hypersensitive rrf-3 strain but not with the normal"N2 strain. This is
expected beca~se neurons in normal worms are' comparatively more refractive to RNAi than
non-neuronal cells (Simmer et al., 2003; Simmer et al., 2002). The rrf-3 strain exhibits
hypersensitivity to RNAi, and neuron-specific genes· can be down-regulated by RNAi in this
strain. RNAi is made possible in C. elegans because of the expression of Sid-1, a transporter
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for dsRNA in cells (Feinberg and Hunter, 2003; Winston et al., 2002). However, Sid-l is
expressed at very low levels in neurons in this organism (Winston et al., 2002) and that is
why neurons in C. elegans are resistant to RNAi-induced effects. Recently, this problem was
solved by the identification of a C. elegans strain (rrf-3) in which neurons became sensitive
to RNAi (Simmer et al., 2003; Simmer et al., 2002). The hypersensitivity of the rrf3 strain to
RNAi despite the low levels of expression of Sid-1 is attributed to the loss of function of a
putative RNA-directed RNA polymerase. The neurons that are generally refractory to RNAi
C

in the wild type strain respond effectively to RNAi in the rrf-3 mutant strain. It was necessary
to use the rrf-3 strain for our studies because ceGAT-1 is expressed exclusively in neurons.
The RNAi-mediated down-regulation of ceGAT-1 in the rrf3 mutant strain produces a
specific phenotype associated with changes in the function of body muscles and enteric
muscles. The phenotype includes increased rates of body movement that is detectable in the
frequency of thrashing, decreased function of enteric muscles that is detectable in the
frequency of defecation failure, and increased sensitivity to aldicarb-induced paralysis.
GABA has a differential function in body muscles and in enteric muscles. In the control of
the function of body muscles, GABA serves as an inhibitory neurotransmitter, whereas in the
control of the function of enteric muscles, it serves as an excitatory neurotransmitter
(McIntire et al.,· 1993b; Schuske et al., 2004). This differential function is made possible
because of the distinct GABA-related receptors associated with these functions. The unc-49
region contains three genes coding for different isoforms of GABA receptors, which function
as anion channels (Bamber et al., 1999; Bamber et al., 2003; Richmond and Jorgensen, 1999).
GABA-induced influx of chloride via these receptors leads to hyperpolarization of muscle
membrane and thus causes relaxation of the muscles. The body muscles are associated with
unc-49 gene products, and thus GABA functions as an inhibitory neurotransmitter in these

muscles. In contra.st, enteric. muscles are associated with exp-1 gene product that codes for a
GABA-gated cation-selective channel (Beg and Jorgensen, 2003). Therefore, GABA-induced
influx of cations via this receptor in enteric muscles leads to ·depolarization and hence
contraction of the muscles. There is precedence for such a differential function of GABA.
Whereas GABA acts predominantly as an inhibitory neurotransmitter in adult mammalian
brain, it serves as an excitatory neurotransmitter in immature mammalian brain (Hebert et al.,
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2004). In contrast to C. elegans, however, the differential functions of GABA in the
mammalian brain are not mediated by different GABA receptors but rather by the varied
functions of the same receptors (chloride influx versus. chloride 'efflux due to changes in
transmembrane chloride gradients in immature brain versus adult brain). In the rrf-3 mutant
strain, ceGAT-1-specific RNAi leads .to. increased frequency of thrashing, which suggests that
the body·muscl_es contract at a higher frequency. This was an unexpected result. Because
ceGAT -1 is expected to function in the clearance of GABA from the synaptic cleft or motor
endplates, we thought that RNAi-mediated down-regulation of ceGAT-1 would lead to
increased levels of GABA signaling. GABA is an inhibitory neurotransmitter in the function
of body muscles, and therefore, increased GABA signaling resulting from the downregulation of ceGAT-1 is expected to increase the inhibitory tone in the function of body
muscles. Instead, what we found was that the· down-regulation of ceGAT -1 led to a decrease
in the inhibitory tone of these muscles as evidenced from increased body movement. We
speculate that chronic up-regulation of GABA signaling due to continued loss of the GABA
clearance mechanism leads to either desensitization or down-regulation of GABA receptors.
Such an effect would explain the increased frequency of body movement in the rrf-3 mutant
strain subjected to ceGAT-1-specific RNAi. This would also provide the molecular basis for
the increased defecation failure in these wonns. Because GABA normally functions as an
excitatory neurotransmitter in the function of enteric muscles, down-regulation of GABA
signaling would decrease the contraction frequency of enteric muscles that are intimately
involved in the defecation process. This would result in increased defecation failure, as it has
been indeed observed in our studies.
The phenotype associated with increased sensitivity to aldicarb-induced paralysis in the rrf 3
mutant strain subjected-to RNAi-mediated down-regulation of ceGAT-1 is also interesting.
Cholinergic neurons function in the contraction of body muscles, and aldicarb, an inhibitor of
acetylcholineesterase, is expected to increase cholinergic neurotransmission by interfering
with the breakdown of acetylcholine. However, aldicarb exposure does not result in increased
muscle function but rather causes paralysis. This is again most likely due to desensitization or
down-regulation of cholinergic receptors following continued elevation of acetylcholine in
the synaptic cleft or motor endplates. Alternatively, aldicarb may lead to hypercontractile
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paralysis. A loss of GABA-ergic neurotransmission in unc-25 and unc-47 mutants enhances
the sensitivity of the worms to aldicarb-induced paralysis. The molecular mechanisms
responsible for these effects are not clear, but the findings show convincingly that GABAergic neurons modulate the function of cholinergic neurotransmission. RNAi-mediated downregulation of ceGAT-1 in rrf-3 mutant strain also enhances the sensitivity of the organism to
aldicarb-induced paralysis, an effect similar to that resulting from the loss of GABA-ergic
neurotransmission in unc-25 and unc-47 mutants. These findings again support o~
hypothesis that chronic RNAi-mediated down-regulation of ceGAT-1 actually leads to a loss
of 0-ABAergic neurotransmission rather than an increase in-GABA signaling.
Cloning and characterization of C. elegans neurotransmitter transporter family member
snf-5 was the second specific aim of my project. Previous studies have established the
functional identity of_ four members of this gene_ family. dat-1 {T23G5.5) encodes a
dopamine transporter(Jayanthi et al., 1998), mod-5 (Y54E10BR.7) encodes a serotonin
transporter (Ranganathan et al., 2001), snf6 [MlOGS.50 encodes and acetylcholine
transporter (Kim et al., 2004) and gat-1 [T03F7.1] encodes a GABA transporter (Jiang et al.,
2005). snf5, as shown by the data, encodes' a neutral amino acid transporter. A Worm
database search indicates that there are at least nine additional family members in the snf
gene family whose functional identities are yet to be established. Based on the functional
characteristics of snf-5, we have named this transporter ceNAT-1. This represents the first
Na+-coupled amino acid transporter to be identified in this organism. ceNAT-1 has a broad
substrate specificity and recognizes almost all of the neutral amino acids as substrates. The
transporter process is electrogenic and is energized by a transmembrane Na+ gradient. The
Na+ :amino acid stoichiometry is 1:1. Based on the functional features, ceNAT-1 appears to
be the C. elegans counterpart of the recently ,identified mammalian amino acid transporter
B0AT (Broer et al., 2004). In addition to the functional similarity, the gene family
classification of ceNAT-1 and B0AT is also similar. B0AT belongs to the SLC6 gene family
which consists of various neurotransmitter transporters. The gene family in C. e!egans that
corresponds to SLC6 is snf. The members of the SLC6 gene family include dopamine
transporter, serotonin transporter, and GABA transporter: The same is true for the snf gene
family which contains the C. elegans dopamine transporter, serotonin transporter, and GABA
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transporter. A pair-wise comparison analysis of the amino acid sequences between ceNAT-1
(snf-5) and B 0AT (SLe6A19), using .the BESTFIT algorithm in the GeG package (version
10.2), has shown that the two proteins exhibit 33% identity (44% similarity). The members
of the SLC6 gene family are generally described as Na+/er-coupled transporters. This
description is true for most of the members of the gene family. Examples of this category
include the dopamine transporter, serotonin transporter, and the GABA transporter. However,
there are exceptions. B 0AT does not show any dependence of er for its transport activity.
Likewise, while the dopamine transporter, serotonin transporter and GABA transporter in C.
elegans function as Na+/er-coupled transporters, NAT-1 does not exhibit er-dependence.
B 0AT in mammals is expressed primarily in the small intestine and kidney (Broer et al.,
2004). This is the transporter that is defective in the genetic disorder Hartnup disease (Kleta
et al., 2004; Seow et al., 2004). Patients with Hartnup disease excrete higher than normal
levels of neutral amino acids in urine. The clinical phenotype of this disease varies markedly
because of the influence of non-genetic factors such as nutritional status (Levy, 2001). In
industrialized countries, Hartnup disease is generally considered as benign disorder. Since an
average diet in these countries contains more than adequate amounts of proteins, patients
with Hartnup disease do not exhibit any detectable protein malnutrition. Dietary proteins are
absorbed in the sm~ll intestine predominantly in the form of small peptides rather than as free
amino acids (Ganapathy, -2001; Ganapathyy, 2003). Therefore, a genetic defect in the
transport of free neutral amino acids as seen in · Hartnup disease does not cause any
significant defect in the intestinal absorption of protein digestion end products. These
patients do, however, lose neutral amino acids in urine, but the urinary loss is more than
adequately compensated by dietary protein intake. Therefore, Hartnup patients with adequate
dietary protein intake may occasionally suffer from niacin deficiency due to marginal
tryptophan deficiency, but no other serious clinical consequences are present i~ these patient.
The situation is quite different in Hartnup patients in developing countries. Since dietary
protein is generally less than optimal in these countries, patients with Hartnup disease suffer
form significant protein malnutrition, caused by the combined effect of reduced dietary
protein intake and increased loss of neutral amino acids in urine. This has serious clinical
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consequences. Hartnup patients in developing countries present with severe neurological
complications including mental retardation.
\

ceNAT -1 is the C. elegans counterpart of mammalian B0AT. Therefore, deletion of
ceNAT-1 expression is expected to generate a model for Hartnup disease. But, RNAimediated knockdown of ceNAT-1 failed to produce any detectable phenotype. We performed
the RNAi experiments using the notmal N2 strain as well as the RNAi-hypersensitive rrf-3
strain. Therefore, the failure to observe any phenotype is not likely to be due to ineffective
RNAi-mediated knockdown of the gene expression. In addition, we have examined the
mutant strain RB687 (ok447) which has a large deletion in the nat-1 gene. There is no
detectable phenotype in this mutant strain. We speculate that the experimental conditions in
which this organism is grown in the laboratory may not be suitable for generating a
detectable phenotype as a result of ceNAT-1 knockdown. For example, we did not control
the dietary conditions while culturing the organism. It is very likely that these culture
conditions provide more than adequate dietary protein for the organism. This may be similar
to Hartnup patients in developed countries. It may be possible to observe significant changes
in phenotype as a result of ceNAT-1 knockdown if different experimental conditions are used
such that dietary protein is less than adequate. Further work is necessary to determine C.
elegans with deletion ofNAT-1 is useful as a model system for studies ofHartnup disease.

We have cloned and functionally charactefi:zed a betaine transporter from C. elegans.
The cloned transporter is srif-3 and we named this transporter ceSBT-1 because it functions
as a sodium- and chloride-dependent betaine transporter. This transporter also belongs to the
C. elegans.snf gene family which includes at least 14 members. ceSBT~l ~as a low affinity

for betaine (Ko. 5 ~0.32 mM) . We tried a variety of other potential substrates for ceSBT-1
including dimethylglycine, glycine, sarcosine, GABA and L-carnitine. We found that ceSBT1 has no transport activity for ~y of these compounds although some of these chemicals
'

share high degree · pf structural similarity with betaine. This suggests that the transport
activity of ceSBT-1 for betaine is highly specific.
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Mammalian BGT-1 is a member of SLC6 family. It transports betaine as well as GABA
with its affinity for GABA higher than for betaine~ C.elegans also contains a similar gene
family called sodium-coupled neurotransmitter transporter family (snj). ceSBT-1 (snf-3) is a
member of snf family. To our surprise, GABA is not a substrate for ceSBT-1. So far in snf
family, we have cloned ceGAT-1 transporter, ceNAT-1 transporter and ceSBT-1 transporter.
There are still at least nine snf members whose identities have not been identified. ceSBT-1 is
the first Na+-and er-coupled betaine transporter _to be identified in C. elegans. The transport
process mediated by ceSBT-1 is elec~ogenic as · evid~nced by betaine-induced inward
currents in Xenopus oocytes expressing ceSBT-1. The ion-dependence studies of ceSBT-1
were conducted in heterologous expression system including vaccinia virus expression
system using HRPE cells and Xenopus oocyte expression system. The Na+:cr:betaine
stoichiometry for ceSBT-1-mediated uptake was confirmed to be 2: 1: 1 in both systems.
Kinetics stud\es in Xenopus oocyte system showed that ceSBT-1 has a Ko.5 value of 1.2 ±
0.05 mM for betaine which is generally consistent with the K 0.5 yalue we obtained from the
mammalian cell expression system.

C. elegans is a free-living soil nematode and its life strategy is well adapted to the rough
environment it lives in. Precise cell volume regulation plays a very important role in its
adaptation to its surrounding environment and is critical for its survival. Investigation of the
tissue expression pattern of ceSBT -1 in C. elegans using GFP fusion technique revealed that
ceSBT-1 is mainly expressed in the excretory cell of C. elegans kidney which consists of
only three cells: an excretory cell, a duct cell and a pore cell. Considering betaine transporter
as one of the major players in cell volume regulation, we believed that ceSBT-1 would also
be expressed in osmotic stress-exposing orgfil?.s such as C. elegans intestine. However,
because we were unable to remove the intensive interference caused by C. elegans
endogenous fluorescent granulae in its intestine, we cannot conclude unequivocally if the
ceSBT-1 is expressed in C. elegans intestine. Our semi-quantitative RT-PCR analysis using
total RNA extracted from C. elegans subjected to hypertonic culture environment (350 mM
NaCl) showed that the expression of ceSBT-1 mRNA under hypertonicity was upregulated
44% compared to its expression in iso-osmotic culture conditions (50 mM NaCl), suggesting
the expression of ceSBT-1 is upregulated during hypertonicity.
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Cells respond to hypertonicity by activating membrane transporters and regulating
metabolic processes so that cell volume homeostasis· can be maintained. It has been shown
that extreme hypertonicity. can generate breaks in double-stranded DNA (Kultz and
Chakravarty, 2001) which can resuldn cell death. Betaine, as one of the major osmolytes,
plays an important role in the maintenance of cell volume homeostasis. In addition to its role
as an osmolyte, betaine can also serve as · a methyl group donor in various biochemical
pathways. Inadequate betaine intake can cause disorders in liver metabolism which can lead
to various human diseases including cardiovascular and hepatic diseases. Betaine transporter
actively participates in the up.take of betaine into .cells and study of ceSBT-1 transporter will
·undoubtedly provide us with important insights into and better understanding of the
pathology of these diseases.

SID has been reported to be required for systemic RNAi in C. elegans (Winston et al., 2002).
The spread of RNAi effects from the local injection sites of the dsRNA to its whole body in
C. elegans may be explained by the ability of SID-1 to form a passive channel across the

plasma membrane of C. elegans (Feinberg and Hunter, 2003). It has been shown that
Drosophila cl-8 cells, which are resistant to RNAi when the cells are soaked in dsRNA

solution, are able to induce soaking-induced RNAi effects 'when transfected with SID-1
(Feinberg and Hunter, 2003). However, it is not known whether or not the mammalian cells
will gain the ability to take up dsRNA when the cells are transfected with C. elegans SID-1.
We think that if mammalian cells transfected with SID-1 were able to take up dsRNA, we
could easily develop a stably transfected mammalian cell line expressing SID-1 which can be
used for RNAi experiments. Unfortunately, our attempts to test the dsRNA transport activity
of SID-1 in HRPE cells failed. Recently a report has shown that a mammalian homologue of
SID-1, FLJ20174, greatly enhances siRNA uptake and RNA~ effects in human cells
(Duxbury et al., 2005). I think there may be two possible reasons which m~y have
contributed to the failure of our SID-1 experiment: 1) Some C. e/egans genes are not
expressed very well in mammalian cells; SID-1 may be one of them. 2) SID-1 may be
functional only in the ·presence of it~ necessary accessory proteins and/or factors which are
not present in mammalian cells.

V.SUMMARY

l3y homologous screening of a cDNA_ library, we isolated three C. elegans transporters
which are members of the snf gene family: ceGAT-1, ceNAT-1 and ceSGT-1. The present
project focused on the study of these three transporters.

GABA functions as an inhibitory neurotransmitter in body muscles and as an excitatory
neurotransmitter in enteric muscles in Caenorhabditis elegans. Whereas many of the
components of the GABA-ergic neurotransmission in this organism have been identified at
the molecular and functional levels, no transporter specific for this neurotransmitter has been
identified to date. Here we report on the cloning and functional characterization of a GABA
transporter from C. elegans (ceGAT-1) and on the functional relevance of the transporter to
the biology of body muscles and enteric muscles. ceGAT-1 is coded by snf-11 gene, a
member of the sodium-dependent neurotransmitter symporter gene family in C. elegans. The
cloned ceGAT-1 functions as a Na+/Cr-coupledhigh-affinity transporter selective for GABA
with a K 1 of 15 µM. The Na+:cr:GABA stoichiometry for ceGAT-1-mediated transport
process is 2: 1: 1. The transport process is electrogenic as evidenced from GABA-induced
inward currents in Xenopus laevis oocytes that express ceGAT-1 heterologously. The
transporter is expressed exclusively in GABA-ergic neurons and in two other additional
neurons. We also investigated the functional relevance of ceGAT-1 to the biology of body
muscles and enteric muscles by ceGAT-1-specific RNA interference (RNAi) in rrf-3 mutant,
a strain of C. elegans in which neurons are not refractory fo RNAi as in the wild type strain.
The down-regulation of ceGAT-1 by RNAi leads to an interesting phenotype associated with
altered function of body muscles (as evident from_ changes in thrashing frequency) and enteric
muscles (as evident from the rates ofdefecation failure) and also with altered sensitivity to
aldicarb-induced paralysis. These findings provide unequivocal evidence for a modulatory
role of GABA and ceGAT-1 in the biology of cholinergic neuro~s and in the function of
body muscles and enteric muscles in this organism.
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V ~ry little information is available on the molecular and functional identity of amino
aced transporters expressed in C.elegans. ceNAT-1, which is identified in Wormbase as snf5, is the first sodium-coupled transorter _for amino acids in C. elegans. When expressed
heterologously in mammalian cells,ceNAT-1_ mediates_the uptake of a broad spectrum of
neutral amino acids in a Na+-dependent manner. The transport process exhibits a Na+:amino
acid stoichiometry of 1: 1. There ·is no involvement of er in the transp~rt process. When
expressed heterologously in Xenopus laevis oocytes, ceN.AT-1 induces ·inward currents in
response to neutral amino acids under voltage-clamp conditions, indicating that the transport
process is electrogenic. Based on functional features, ceNAT-1 seems to be the C. elegans
counterpart of the-amirio acid transporter B0AT.in-mammals. Mutations in the gene coding
for B0AT cause Hartn~p disease in humans. The clinical phenotype of hartnup disease varies
markedly depending on the environmental conditions. The present study shows that RNAimediated knockdown of ceNAT-1 or genetic deletion of NAT-1 in C. elegans is not
associated with any detectable phenotype. This may be similar to situation in humans where
environmental conditions influence the clinical outcome of hartnup disease. Further studies
with altered experimental conditions are needed to determine if C. elegans with deletion of
NAT-1 is a useful model system for investigations of Hartnup disease.

Vf e also cloned and functionally characterized a C. elegans betaine transporter ceSBT-1.
Like ceGAT-1 and ceNAT-1 we have cloned, ceSBT-1 is also a member of the snf gene
family. It is coded by snf-3. Unlike mammalian SBT-1, functional studies using both
mammalian and Xenopus oocyte expression systems showed that ceSBT-1 recognizes only
betaine as its substrate but not GABA. ceSBT-1-mediated betaine transport is both Na+- and
Cr-dependent. The Na+: Cr: betaine stoichiometry for ceSBT-1-mediated betaine uptake is
2:1:1

which

suggests

that

this

transporter

is

electrogenic

as

confirmed

by

electrophysiological studies conducted in Xenopus laevis oocytes using two-electrode
voltage-clamp technique. Saturation kinetics showed that the ceSBT-1 has a K, of 1.2 ± 0.05
mM for betaine. Investigation of the tissue expression pattern of ceSBT-1 in C. elegans using
GFP fusion technique revealed that ceSBT-1 is mainly expressed in the excretory cell of C.

elegans kidney. Semi-quantitative RT-PCR showed that the expression of ceSBT-1 mRNA
under hypertonicity (350 mM NaCl) was upregulated 44% compared to its expression in iso-
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osmotic culture conditions (50 mM NaCl). Betaine functions as an osmolyte as well as an
important methyl donor. Cell volume homeostasis is critical for tlie survival of the organism;
inadequate dietary intake of methyl groups is associated with many human diseases including
cardiovascular and hepatic diseases. Betaine transporter is one of the major players of
osmoregulation and actively participates in the uptake of betaine into cells. Further studies of
ceSBT-1 transporter including the knockdown of ceSBT-1 using bacteria-mediated RNAi
will undoubtedly provide us with important insights into and better understanding of the
mechanisms of osmoregulation and the development of the diseases associated with
inadequate methyl group intake.
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