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INTRODUCTION

Introduction to the Pr.~;{tct and Specific Aims
"

~~.

Organic cations are a broad class of compounds that are either required for
cellular metabolism or ~re byproducts that are inherently toxic if not removed quickly.
The ability of a cell to handle cationic substances is effectively delegated to mariy
transport proteins. Structural and functional characterization of these transporters has
placed them within a larger gene family. Members of this family . are identified by their
ability to transport a variety of overlapping s·ubstrates. In the kidney, liver and placenta,
organic cation transpo~ter.s play a key role in the handling of a wide range of endogenous
.!/

and exogenous compm:mds. Common cationic substrates for these transporters include
ion-channel blockers, local anesthetics, antihistamines, anticholinergic agents,
neuromuscular blocking agents, cationic neurotoxins, and ~-lactam antibiotics. Therefore,
defining how these proteins function is crucial to a better understanding of their
pharmacological potential (Pritchard and Miller, 1993; Ullrich et al., 1994; Zhang et al.,
1999; Koepsell H., 1998; Burckhardt and Wolff, 2000).
The members. of this family include the organic cation transporters (OCT) 1 apd
OCT2, which are present in the liver and kidney, OCT3, which is expressed highly in the
~~

· placenta, and novel org~±nic cation transporters, OCTN 1 and OCTN2, which have a wide
expression throughout the body. These transporters are essential for transporting
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2

endogenous compounqs(;such as carnitine (OCTN2) and monoamines (OCTl, OCT2 and
'.;·

OCT3). OCTN2 is specifically of interest because it is essential for proper cellular energy
homeostasis and plays a_.role in human -disease (Tarnai et al., 1998; Wu
'·::-:·.

et al.,

1998). Our

laboratory has defined OCTN2 as a primary organic cation/carnitine transporter in
mammalian tissues (Wu et al., 1999). In this role, OCTN2 serves to transport not only
carnitine but also important organic cations. Organic cation transport by OCTN2 was
shown through the transport of the prototypical organic cation TEA as well as the uptake
of ~-lactam antibiotics (Ganapathy et al., 2000).
Carnitine is ess~btial for the production of energy from long chain fatty acids. It is
·.,,

responsible for their transfer across the mitochondrial membrane for subsequent ~oxidation (Wu et al., 1998). Therefore, it is not surprising that OCTN2 is expressed in the
heart, skeletal muscle and placenta, tissues that derive a considerable portion of their
metabolic energy from fatty acid oxidation (Eaton et al., 1996). OCTN2 is also expressed
in the brain, an organ that does not depend on fatty acid oxidation, but rather requires the
oxidation of glucose for metabolic energy. The physiological role for OCTN2 in the brain
has not yet been established, but we speculate that this transporter might play a role in the
Even though the brain
does not have an essential need for
transport of acetylcarnitjhe.
;
.,
'

carnitine, this organ utilizes acetylcarnitine in the synthesis of the fatty acid
docosahexaenoic acid (DHA). DHA is found exclusively in the plasma membrane of
excitable tissues such as brain, retina, heart, and skeletal muscle (Infante and Huszagh,
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2000). The high content of this fatty acid in the plasma membrane of these tissues is
essential for their optimal function.
Despite the potential role for OCTN2 in acetylcarnitine transport, and hence the
function of excitable tissues, it is the role of this transporter in transferring carnitine
across the plasma membrane for subsequent use in fatty acid oxidation that has drawn
much attention. Genetic..mutations in OCTN2 have b~en shown to be responsible for
primary systemic car~iti ne deficiency, a disease associated with cardiac and skeletal
1

myopathy, hypoketotic hypoglycemia, hyperammonemia and recurrent episodes of
encephalopathy (Gilbert-EF, 1985, Scholte et al., 1990; Treem et al., 1994; Breningstall
G, 1990; Lahjouji et al., 2001).
There are a number of gaps in our current understanding of the molecular and
physiological aspects of OCTN2. A unique feature of OCTN2 is its ability to transport
carnitine and its acyl esters in a Na+-coupled manner and organic cations in aNa+independent manner. Recent studies have indicated that the protein domains responsible
for transporting carnitin~ and organic cations may not be identical. Additional studies are
needed to map the exact domains in OCTN2 that are differentially involved in handling
these two classes of substrates. Another area of carnitine research in which there is a
dearth of knowledge is the regulatory aspect of carnitine transport. Little is known of the
regulation of OCTN2 expression and function. Since OCTN2 plays a critical role

i~

the

energy homeostasis of several organs, it is almost certain that the expression and function
of this transporter is modulated under physiological and pathological conditions. Our

·.. I
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_/

preliminary studies have suggested that the nuclear receptor PPAR-y (peroxisome
proliferator activated receptor-y) participates in the regulation of OCTN2. Therefore, the
data presented herein under specific aims 1 and 2 serve to address the regulation and
structure-function relationship and PPARy-dependent regulation of OCTN2.
·r·
Following the i.Q~:vestigation of OCTN2, the project turns to the transport of ~rebs
cycle intermediates. NaDC3 is aNa+- coupled high affinity transporter for di and tricarboxylate intermediates of the citric acid cycle. The substrates of NaDC3 include
succinate, malate, fumarate and a-ketoglutarate. NaDC3 is expressed primarily in the
brain, placenta, kidney·and liver. NaDC3 was cloned in our laboratory from rat and
human placentas (Kekuda et al., 1999; Wang et al2000). Recent findings in our
laboratory have uncov.ered an important function of N aDC3 in the high affinity transport
of the second most abundant molecule in brain (Huang et al., 2000). This transporter
;

mediates the cellular uptake of N-acetyl aspartate, a dicarboxylat.e that plays an essential
role in the nervous system. The discovery of this function implicates NaDC3 in the
maintenance of normal brain development and homeostasis. We speculate that genetic
mutations in N aDC3 gene may have serious clinical consequences. Future studies to
define the physiological function of NaDC3 in the brain will require a knockout animal
model. The mouse homolog has not been cloned. Isolation and characterization of the
mouse NaDC3 eDNA and gene will be essential for future studies in the generation of
such a knockout mouse rpodel.

5

The present project focused on the two transport systems, OCTN2 and N aDC3,
I·!

which play a role in th~,'·r~~ransport of acetyl moieties (acetylcarnitine by OCTN2 and Nacetylaspartate by NaliC3). To better understand the physiological, biochemical and
clinical significance of these two transporters, we proposed and completed the following
specific aims:

1. Define the structure-function relationship of OCTN2.
2. Investigate the interrelationship between OCTN2 expression, function and
PPARy.

3. Clone and.f1!pctionally characterize the mouse homolog of NaDC3 and
determine its expression in ocular tissues.
4. Construct a knockout vector, NaDC3-pKO, based upon the intron-exon
organization of the mouse N aDC3 gene.

6

;.
il

The Novel Organic Cation Transporter 2, OCTN2

The novel organic cation transporter 2 (OCTN2) was cloned from the screening of
a human placental trophoblast cell line (JAR) eDNA library. OCTN2 exhibits close
homology to OCTN1 and to the OCTs: OCT1, OCT2, and OCT3. OCTN2 is a 557 amino
acid protein consisting of 12 putative transmembrane domains with a large extracellular
loop of 107 amino acidsi.between the first two transmembrane domains. The expression
of OCTN2 is strong in the placenta, heart, skeletal muscle, kidney and pancreas. Lower
levels of expression are observed in the brain, lung and liver (Wu et al., 1998).
Expression of the eDNA for OCTN2 in HeLa cells induces the transport of TEA
(tetraethylammonium), a prototypical organic cation, in a pH dependent, but sodiumindependent manner. The transport of a wide variety of organic cations including TEA,
MPP (1-methyl-4-phenylpyridinium), cimetidine, procainamide and nicotine
demonstrates the polyspecific nature of OCTN2 (Wu et al., 1998). OCTN2 also plays an
essential physiological tp~e in the cellular uptake of carnitine. Unlike the transport of
organic cations, the transport of carnitine is a Na+-coupled process (Wu et al.,1998).
Carnitine transport is necessary for effective absorption of dietary carnitine in the
intestine as well as for the reabsorption of filtered carnitine by the kidney. In addition,
tissues such as heart and skeletal muscle take up carnitine from the blood for subsequent
.use in fatty acid-metabolism (Roe and Coates, 1995). OCTN2 is the primary transporter

7

responsible for the transport of carnitine in these tissues. OCTN2 transports not only
carnitine but also acyl

d~rivatives

of carnitine such as acetylcarnitine and propionyl

carnitine (Tarnai et al., 1998; Wuet al, 1999). The transporter exhibits high affinity for
carnitine (Km -5 !JM). The transport process is·electrogenic and Na+- dependent, with a
~

Na+:carnitine stoichiometry of 1:1. Interestingly, our studies have shown that OCTN2 is
also capable of transporhng a variety of organic cations (Wu et al., 1998). This transport
occurs in contrast to the Na+- dependent transport of carnitine, in that Na+ is not required
for cation movement. These findings define· OCTN2 as a transport protein capable of
mediating the movement of distinct categories of substrates under differing energetic
requirements. The dual: roles of OCTN2 define this transporter as an organic
cation/carnitine transporter. As such, OCTN2 is an integral player in the handling of
various xenobiotics and endobiotics as well as in the cellular uptake of carnitine.
Following the identification of the first patient with symptoms of carnitine
deficiency by Engel and: Angelini, there has been considerable effort to identify the
molecular defects causing this deficiency (Engel and Angelini, 1973). To date, more than
20 mutations have been identified in OCTN2 from patients with primary systemic
carnitine deficiency. Out laboratory has been involved in the identification of genetic
mutations in patients with primary systemic carnitine deficiency. These studies have
provided very interesting results. While some mutations in OCTN2 erase completely the
transport function of carnitine as well as organic cations, other mutations interfere with
only carnitine transport, but do not affect the uptake of organic cations. This suggests that

8

the transport sites for organic cations and carnitine overlap but are not identical (Seth et
al., 1999). Based on the knowledge of mutations from patients with primary systemic
carnitine deficiency, our laboratory has produced mutations in the eDNA of OCTN2 by
site-directed mutagenesis and assessed the effects of these 1nutations on the transport
function. Upon

charact~rizing

these mutations, we have identified amino acid residues in

OCTN2 which, when mutated, interfere with organic cation transport without affecting
carnitine transport and vice-versa. These mutations are the Y211F, W275G, and P478L.
Specifically, the W275G and P478L mutations provide the greatest contrast and
definition to the dual role of the organic cation/carnitine transporter: The W275G
mutation prevents the transport of TEA, a prototypical organic cation, but does not hinder
carnitine transport. This; rnutation is the first mutation to be characterized, which affects
'i··

the transport of only organic cations. These data provide evidence for the definition of a
separate region responsible for the transport of only organic cations. Currently, this
mutation has only been produced in the eDNA of rat OCTN2. It is essential to reproduce
the results of the rat W275G mutation in human OCTN2 eDNA. The P478L mutation
affects only carnitine transport without any deleterious effect on organic cation transport.
We have found that organic cation transport is actually stimulated by this mutation.
Given the dependence of carnitine transport upon the Na+ gradient, the sodium activation
kinetics were investigat~q. The P478L mutation was found not to interfere with sodium·
activation kinetics.

Th~refore,

these data provide evidence for a distinct region required

for carnitine transport based upon the mutation of human OCTN2 (Seth et al., 1999). In

9

summary, OCTN2 represents the first protein to contain significant spatial separation of
transport sites for diffe!~ent substrates, unique among organic solute transporters. These
data suggest that mutations in OCTN2 may have differential effects on the handling of
organic cations and carnitine. Individuals with primary carnitine deficiency exhibit loss
of function mutations affecting only carnitine transport. Likewise, mutations such as
W275G may exist in humans and result in the deleterious handling of organic cations in
various tissues. These individuals may not have any problems with carnitine transport but
may exhibit alterations in the pharmacokinetics of various therapeutic drugs, which are
organic cations and

serv.~

as substrates for OCTN2. In specific Aim 1 of the current

project, the effects of va:tious mutations in the OCTN2 eDNA on the differential transport
properties of OCTN2 were assessed. These mutations included those that were recently
identified in patients with primary systemic carnitine deficiency.

Regulation of OCTN2 ·

Regulatory mechanisms by which cells maintain the significant intracellular to.
extracellular concentration gradient for carnitine, which can be up to 40 times more
concentrated inside the cell, are relatively unknown. However, current research has
implicated several transcription factors termed peroxisome proliferator activated

10

receptors or PPA~s. PPARs are members of a greater family of nuclear hormone
receptors, whiGh include the steroid, thyroid and retinoid receptors. Structurally, the
PPARs have the conserved structure of four d01nains beginning at the NH 2 terminus with
the AlB domain. This region contains the transcriptional activation domain (AF1), which
is ligand-independent. The following C domain contains two zinc fingers essential in
DNA binding and is proximal to the D hinge domain, which is important in co-factor
docking. Lastly the ElF domain at the COOH terminus contains the ligand-dependent
I

activation-binding don1ain (AF2) (Shoonjans et al., 1996a). Ligand binding results in the
activation of specific transcription factors important in eukaryote homeostasis,
development and reproduction (Kastner et al., 1995; Maglesdorf et al., 1995; Braissant et
al., 1998; Barak et al 1999). Therefore nutritional, pharmacologic and metabolic stimuli
influence PPARs to direct changes in genes required for lipid metabolism (Rocchi and
Auwerx, 1999).
PPARs consist of three members, PPARy,
et al., 1997).

Specificaur~

a, and a (Kliewer et al., 1994; Forman

three isoforms of PPARy exist in hutnans whereas in mice

there are only two. Hurnan PPARy isoforms are termed PPARyl, y2, and y3; each with a
different expression pattern throughout the body. PPARyl and y3 are identical proteins
and are the predominant form. PP ARy2 however comprises 20% of the total and is found
only in adipose tissue. PPARy2 differs from y1 in that there are an additional twentyeight amino acids at the NH2 - terminus. PPARy expression is greatest within adipose
tissue, the large intestine and hematopoietic cells. Lower levels of expression are seen in

'

.....
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the kidney, liver and small intestine (Auboeuf et al., 1997). PPARyfunctions include the
maintenance of insulin·sensitivity as well as the development of macrophage foam cells.
The rapid increase in nu~ber of foam cells provides the initial insult in the generation of
atherosclerotic lesions (Tontonoz et al., 1994a, 1998). This isoform is also involved in
various other biologica~Jprocesses such as cell cycle .regulation and inflammation. But,
more importantly PPARy primarily functions to enhance lipid accumulation in
adipogenesis. The control of gene expression exerted by PPARy occurs upon the binding
of ligand to the

C-ter~inus.

This act initiates translocation of the complex to the nucleus

and the binding to PPAR-responsive elements (PPREs) (Schoonjans et al., 1996b). The
response element consists of a direct repeat of the nuclear receptor hexameric DNA core
recogn~tion

motif separated by one nucleotide. PPREs are present in genes encoding

protein's central to lipid and carbohydrate metabolism.
The control of;c.~ellular insulin sensitivity by PPARy stems from its activation by
the thiazolidinediones (TZDs). Troglitazone, rosiglitazone and piaglitazone comprise this
class of synthetic antidiabetic drugs known to be potent ligands for PPAR -y. Their effectshave been shown to improve hepatic and peripheral insulin action, and consequently
reduce blood glucose· ·ahd triglyceride concentrations. The explanation of the ability of
PPAR-y to affect insulin sensitivity is based on several hypotheses. Primarily, it is
believed that PPAR-y exerts its influence indirectly by modulating adipqcyte signal
mechanisms that affect insulin activity through TNF-a and leptin (Rocchi and Auwerx,
1999). It is also believe~i~~that PPAR-ymay initiate a clearance process that effectively
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lowers plasma levels of lipid and fatty acid. The result is a decreased systemic
availability and consequently a decreased uptake of fatty acids by muscle, improving
tissue insulin responsf'.: Conversely, PPAR-y may act in a more direct manner through the
regulation of associated genes. PPAR-y has been shown to affect the induction of mRNA
encoding glucose transporter 4 (GLUT-4) as well as the c-Cbl-associated protein (CAP)
(Wu et al., 1998, Ribbon et al., 1998). CAP is only expressed in cells that are
metabolically sensitive to insulin-stimulated tyrosine phosphorylation of c-Cbl (Ribbon et
al., 1998).
PPAR:...y has also been implicated as an inflammatory modulator as well as an
essential element in the development of atherosclerotic plaques. The inflammatory
process is cued by sev.eral schemes involving fatty acid-derived second messenger
systems. PPAR-y is believed to be involved in mediating these systems because agonists
seem to inhibit macrophage activation and limit the production of cytokines. It has been
shown that PPAR-y interferes with the transcription factors NF-KB, APl and STAT, all
of which regulate cytokine production (Jiang et al., 1998, Ricote et al., 1998).
Unfortunately, the _concentrations of agonist required to mediate these effects are much
greater than those, which activate PPAR-y. Additionally, the natural ligands for PPAR-y
are products of the cyclooxygenase (COX) pathway. This pathway is the pharmacological
target of NSAIDS (Non-·steroidal anti-inflammatory drugs), a common treatment for
inflammation. It has been shown that NSAIDS are potent activators of PPAR-y, leading
to the hypothesis that PPAR-y may be responsible for suppressing cytokine synthesis
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(Rocci and Auwerx, 19~J9). In atherogenesis the function of PPAR-y contrasts that
described above.

Th~

expression of PPAR-y in resting monocytes increases rapidly

during macrophage differentiation, resulting in atherosclerotic lesions. This process
becomes compounded through exposure to oxidized low-density lipoprotein (oxLDL).
Oxidized LDL induces PPAR-yexpression, upregulating the transcription of the oxLDL
receptor FAT/CD36 through a PPRE in the FAT/CD36 gene promoter. The result is a
feed forward loop inducing foam cell formation and atherosclerotic plaque. In support of
these developments, high amounts of PPAR-y co-localized with oxidized LDL were
I

observed in human arid ~urine artherosclerotic lesions (Ricote et a1.,.1998, Marx et al.,
1998).
The control of gene expression within the developing adipocyte is the primary
role of PPAR -y. The adipocyte is critical to energy homeostasis and dependent on the
transcription of several enzymes that are essential in adipogenesis and the maintenance of
the mature adipocyte (Tontonoz et al 1994, 1998? Schoonjans et al., 1996b; Sears et al
1996). PPREs have been identified in genes encoding AP2, phosphoenolpyruvate
carboxy kinase (PEPCK r, .1.cyl CoA synthase (ACS), fatty acid translocase/CD36
(FAT/CD36), fatty aci:i (ransport protein 1 (FATP-1) and lipoprotein lipase (LPL)
(Rocchi and Auwerx, 1999). This control relies on

~he

interplay of the PPAR-y/RXR

receptor heterodimer, CCAATT enhancer binding protein~ (C/EBP) and adipocyte
differentiation and determination factor 1/sterol regulatory element-binding protein
(ADD-1/SREBP-1) in vivo. In vitro, each of these factors can act to independently induce

14

adipocyte differentiation. The sequence is initiated by C/EBP~ and 8. These elements are
induced by the early adipogenic signals of insulin and glucocorticoids. The C/EBPs then
activate a cascade involving the expression of PPAR-y2 and finally J:>PAR-yl.
Additionally, the basic helix-loop-helix (bHLH) protein ADD-1/SREBP-1, a key player
in cholesterol homeostasis and the regulation of genes involved in fatty acid metabolism
is induced early in adip~,cyte differentiation (Tontonoz et al., 1993, Kim et al., 1998).
Because of its role in early adipocyte development, it has been hypothesized that ADD1/SREBP-1 may control the generation of PPAR-y ligands (Shimano et al., 1996, Kim et
al., 1998). Both PPAR-y1 and y3 contain response elements within their respective
promoter regions for ADD-1 and SREBP-1 and recent findings indicate ADD-1 and
r

~yr.':;9;1

SREBP-1 can influence the transcription of PPAR-y. Terminal differentiation of the
adipocyte is dependent upon the interaction of PPAR-y with another C/EBP family
member. C/EBPa appears late in the differentiation process and its expression is
controlled by PPAR-y. ~·:.:~cause PPARs share characteristics with the nuclear hormone
receptors, they exert their "influence as a heterodimer with the retinoic X receptor. RARs
define another element involved in the differentiation of adipocytes and a key component
of this feed forward loop essential in the maintenance of the mature adipocyte (Kliewer et
al., 1992a, 1992b).
The importance of PPAR-y was further recognized through the establishment of a
knockout animal. PPAR-y deficient mice were found to be completely lipodystrophic,
and upon embryonic rescue from the failure of terminal trophoblast differentiation,
. :-r .
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affected with myocardial thin wall syndrome (Barak et al., 1999). Most importantly, a
correlation was found between the placenta and developing heart. Clinical occurrences
of life-threatening cardiomyopathies in human newborns are as high as 1 in 200. Of
these, those born with a, IIr,lorbidly thin myocardium and/or incomplete ventricular septum
··.~

make up one-third (Freidman, 1988). The disruption of this placental-heart axis is
believed to preCipitate in the myocardial thin wall syndrome. With similar implications,
patients suffering from primary carnitine deficiency present with skeletal and cardiac
myopathies. Since PPAR-y as well as carnitine are involved in fatty acid metabolism, we
hypothesize that there may be a functional relationship between PPAR-y
expression/activation and cellular levels of carnitine.

Intrace~lular

concentration of

carnitine in tissues such as the heart, skeletal muscle and adipocyte is determined
primarily by OCTN2.

lh~refore

we hypothesize that PPAR-ymay be involved in the

regulation of OCTN2 expression and function. Similarly, cellular content of carnitine
may regulate the expression of PPAR-y. We have obtained the naturally occurring
OCTN2 transport-defective mouse from Japan (JVS). The homozygous mice must be
treated with carnitine administration to prevent carnitine deficiency leading to
cardiomyopathy and eventual death within 3-4 weeks after birth. The animal model was
used to investigate the potential regulation of PPAR-y expression by intracellular
carnitine levels. The studies proposed in Specific Aim 2 evaluated the interrelationships
between OCTN2 and PBAR-y.
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NaDC3, a Sodium Dependent Dicarboxylate Transporter

The Na+/dicarboxylate cotransporters are responsible for the transport of
dicarboxylate intermediates required for cellular metabolism. Examples of transport
substrates include the Krebs cycle intermediates succinate and a-ketoglutarate which are
dicarboxylates. Citrate, which is a tricarboxylate is carried by these proteins as a
protonated element. These transporters belong to a greater gene family, which also
includes Na+/sulfate cotransporters: NaSi-1 from kidney and intestine and SUT-1 from
endothelial cells

(Pajor~YOOO).

Specifically, the NaDC family is defined by two similar

transporters, which are differentiated in their affinity for succinate. NaDC1 is a low
affinity succinate transporter with a Km of 0.5 1nM. This transporter is localized to the
apical membrane of the renal proximal tubules and the absorptive cells of the small
intestine and was the first to be cloned. The gene encoding this transporter is termed
SLC13A2 (solute carrier family 13, member 2) and is located on chromosome 17 p11.1· q 11.1. From this .sequence it has been determined that N aDC 1 is composed of 12 exons
and the gene is 23.8 kb in length. NaDC3, the high affinity transporter, exhibits a Km for
succinate of 5-25 !JM:anli:i is found on the basolateral membrane of kidney and liver, in
the apical membrane of the placenta and in brain synaptosomes. Additionally, the gene
encoding NaDC3 or SDCT2 has been partially sequenced and is termed SLC13A3. The
gene coding for N aDC3 is located on chromosome 20 q 12-13.1. . ·
:.•.:
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~·"

High affinity transport by N aDC3 has. been identified through functional studies
in the basolateral membrane of the renal cortex and liver. Transport has been identified
· and characterized in the brush border membrane of the placenta and in brain
synaptosomes. NaDC3 niRNA has been identified within kidney, placenta, liver and
brain but not in.the heart, spleen, lung, skeletal muscle, or testis. Importantly, both
members of this family have broad overlapping substrate specificity including a wide
range of di-and tri-carbox.ylates such as succinate, citrate and a-ketoglutarate. The
(·.

transport of the amino a,dds· aspartate and glutamate has been defined however with a
much lower affinity (Chen et al., 1999, Yao et al., 2000). With reference to this transport
it has been determined in our laboratory that NaDC3 is the principal transport mechanism
for N-Acetylaspartate.
N-Acetylaspartate (NAA) is the second most abundant amino acid in the brain
next to glutamate and is involved in the cellular osmoregulation, the protection of cells
against osmotic stress, and cell specific signaling during development. NAA is involved
in the synthesis of the neuromodulator N-acetylaspartylglutamate (NAAG) and the supply
tl

of acetyl groups in the

2>~mthesis

of lipids (Taylor et al., 1995; Sager et al., 1995; Blakely

and Coyle, 1988). NAA is believed to be essential for the proper production of myelin by
glial cells (Patel and Clark, 1979; Shigematsu et al., 1983; Shimeno et al., 1984).
Interestingly, NAA is synthesized primarily in neurons but is hydrolyzed in glial cells
(Benuck and D' Adamo, 1968; Goldstein, 1976). This finding is consistent with the
observations that NAA concentrations up to 20 mM exist in neurons with barely
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detectable levels in glia (Taylor et al., 1994; Sager et al., 1997). NAA is synthesized from
acetyl-CoA and aspartate by the enzyme NAA acetyltransferase. It is believed that
neurons continually release NAA during excitation, which is then taken up and degraded
by glial cells. NAA does not enter into neuronal metabolism or any other neuronal
metabolic pathways with the exception of acting as a precursor for NAAG (Burri et al.,
~-

,.,

1991; Blakely and Coy.le, 1988). The importance ofNAA is seen in the genetic disorder
of aspartoacylase II deficiency, Canavan disease (Matalon and Michals-Matalon, 1999).
This rare disorder is associated with mental retardation and spongy degeneration of white
matter. Canavan disease is classified as an early onset spongiform leukodystrophy which
can, but does not always, present in the first few months of life. Initial apathy progresses
to optic atrophy, megaloencephalopathy, ataxia, myoclonus, and s01ne forms of epilepsy
(Baslow and Resnick, 1997). Considerable psychomotor and mental retardation
characterize later stages; -Affected individuals fail to meet developmental milestones and
before death, spasticity.,and paralysis are seen. Canavan ,disease is distinct from all other
leukodystrophies because of increased NAA levels in the brain in addition to disrupted
NAAG metabolism (Baslow, 2000).
The enzyme aspartoacylase II is located cytoplasmically and therefore NAA must
enter the cell for hydrolysis to proceed. This uptake of NAA from the extracellular space
has been described by Sager et al. as being carrier-mediated (1999). Transport of NAA
occurs through_ a single sodium- and chloride-dependent transporter which is saturable
exhibiting a Kr value of

~00

to 250 11M. Studies fro1n our laboratory have recently shown
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that NaDC3 is responsible for the observed carrier-mediated uptake of NAA in the brain
(Huang et al., 2000). Since NaDC3 is essential for the transport of extracellular NAA to
the intracellular site wl~\~?;e it can be degraded by aspartoacylase II, we hypothesize that
genetic defects in N aDC3 will have the same clinical consequences as the aspartoacy lase
II deficiency. A N aDC3 knockout animal model will be very useful to test this
hypothesis. Towards the long-term goal.of generating such a mouse model, we have
cloned and characterized the mouse NaDC3 eDNA (specific aim 3) and also elucidated a
general structure of the mouse

g~ne

encoding the eDNA of mNaDC3. The determination

of the structure and organization of the mNaDC3 gene allowed the construction of pKONaDC3, a targeted knockout vector for the creation of mice lacking functional NaDC3mediated transport.

It is of note that Canavan disease is associated with optic neuropathy. This is
interesting because NAA has been found to be present at high levels in neural retina
(Baslow and Resnick, 1997). Apparently, disruption of NAA metabolism due to
aspartoacylase II deficiency interferes with retinal function. Since cellular uptake of NAA
is a prerequisite for its hydrolysis inside the cell, we speculate that N aDC3 is expressed in
every region of the nervous system that is associated with NAA metabolism. While it has .
been clearly established that N AA metabolism occurs in the retina and optic nerve, there
is no information

avail~qle

at present on the expression of N aDC3 in these sites. As a part

of specific aim 3, we have proposed and completed the investigation of NaDC3 in the
ocular tissues in the mouse.

MATERIALS AND METHODS

Materials

Restriction enz};rties were purchased from Promega (Madison, WI) and New
England Biolabs (Beverly, MA). Plasmid isolation mini-preps were purchased from
Promega (Madison, WI). Midiprep plasmid kits were from Qiagen (Chatsworth, CA) and
GibcoBRL (Gaithersburg, MD). TRizol, Oligo (dT), Superscript™ plasmid system,
Lipofectin, and cell culture media.were purchased from GibcoBRL. PCR and RT-PCR
kits were purchased from Perkin Elmer (Branchburg, NJ). The digoxigenin-labeling kit,
the alkaline phosphatase coupled anti-digoxigenin antibody (anti-DIG-AP) and the
NBT/BCIP (nitroblue tetrazolium salt/5-bromo-4-chloro-3-indolyl-phosphate) stock
solutions were from

Bqe1 ~1ringer-Mannheim

(Indianapolis, IN). MACS mRNA isolation

kits were purchased from Miltenyi Biotec (Auburn, CA). Magna nylon transfer
membranes were purchased from Micron Separation, Inc. (Westboro, MA).

eC]TEA
4

was purchased from American Radiolabeled Chemicals (St. Louis, MO).
[2,3- 3H]Succinic acid, [3H]carnitine, [3H]acetylcarnitine, and [3H]propionylcarnitine were
purchased from Morayek Biochemicals (Brea, CA). [a- 32P]dCTP was purchased from
Amersham Pharmacia Biotech (Arlington Heights, IL). All other chemicals were
purchased from Sigma (St. Louis, MO) or Research Biochemicals (Natick, MA). The
Quickchange

site-direct~!.:fmutagenesis

kit was purchased from Stratagene (La Jolla, CA).

MCF-7 cells were kindly provided by Dr. J.A. Moscow (National Cancer Institute,
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Bethesda, MD). The ~~Jman retinal pigment epithelial (HRPE) cell line 165, used in
expression studies, was;::::,riginally provided by M.A. Del Monte (W.K. Kellog Eye
Center, Department of Ophthalmology, Ann Arbor, MI).

Site-directed Mutagenesis

The Quickchange site-directed mutagenesis kit (Stratagene, La Jolla, CA) was
used to generate OCTN2 mutants according to the manufacturer's protocol. The
procedure used Pfu polymerase, which replicates both strands of DNA with high fidelity
and without displacingthe mutant primers. Two synthetic oligonucleotide primers (sense
and antisense) specific for the eDNA and containing the desired mutation in the middle
were used. After PCR wit~ the wild-type eDNA as the template, the product is digested
with Dpn I to digest the parental DNA template, leaving behind the nicked doublestranded DNA contair1ing the desired mutation. The resultant product is then transformed
into Escherichia coli for repair of the nicks and amplification. The entire coding region of
the mutant cDNAs was sequenced to confirm the presence of the introduced mutations
and the absence of any upwanted mutations arising from PCR.
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Oligonucleotides used for creating mutations in rat OCTN2

Mutation

Sequence (5'- 3') of sense oligonucleotide

Y211C

CAGATCTCCAAC TGT GTGGCAGCATTTGTC

Y211E

CAGATCTCCAAC AGC GTGGCAGCATTTGTC

Y211H

CAGATCTCCAAC CAC GTGGCAGCATTTGTC

Y211K

CAGATCTCCAAC AAG GTGGCAGCATTTGTC

Y211L

CAGATCTCCAAC CTC GTGGCAGCATTTGTC

Y211S

· CAGATCTCCAAC AGC GTGGCAGCATTTGTC

Y211T

CAGATCTCCAAC ACC GTGGCAGCATTTGTC

Y211W

CAGATCTCCAAC TGG GTGGCAGCATTTGTC

E452K

GGTCTACGTGTACACAGCC AAG CTGTATCCCACAGTG

V446F

GCCTATTCCATGTTCTATGTGTACACGGCCCAGCTGTACC

W275G
R471P

CTGTGTGGGGCTCTCTGG GGG TTCATCCCTGAGTCC
GCTCCACAGCATCCC CCC TTGGCAGCATC

Oligoriucleotides used for creating mutations in human OCTN2

E452K
K1911

GGTCTACGTGTACACAGCC AAG CTGTATCCCACAGTG
GCAGATCTTCTCG ATC AATTTTGAGATGTTTGTCG
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R341A

CTGCTTCGAAACTGGAATATC GCG ATGGTCACCATC

T440M

GGGCAAGTTTGGAGTC ATG GCTGCCTTTTCC

R471P

GTCAGCTCCACAGCATCC CCC CTGGGCAGCATCC

W275G

TGCTGTGCGTGGCACTCTGG GGG TTCATCCCTGAGTC

W274G

.'TGCTGTGCGTGGCACTC GGG TGGTTCATCCCTGAGT

W274/275G

TGCTGTGCGTGGCACTC GGG GGG TTCATCCCTGAGTC

For PCR, the amount of the template DNA was 10 ng and the concentration of
upstream and downstream oligonucleotide primers were 62 ng. The concentration of
_dNTPs was 200 !JM .. 10X reaction buffer (100 mM KCl, 100 mM (NH4) 2S04 , 200 mM
Tris-HCl, (pH 8.8), 20 mM MgS0 4 , 1% Triton X-100 and 1 mg/ml nuclease free bovine
serum albumin) was used in a final PCR volume of 50 111. The PCR was as follows:
95°C, 30 seconds; 1 cy\de; 95°C, 30 second denaturation, 55°C, 1 min annealing, and
68°C, 11 rrrin and 40 sec elongation. The PCR products were digested with Dpn I (10
units/ !Jl) at 37°C for 3 hours and then transfonned in to Epicurian Coli XL1-Blue
supercompetent cells. .
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Functional Expression of Cloned cDNAs in Mammalian Cells

Functional

anC~J:t:·gis

of the wild type and mutant cDNAs was carried out by

heterologous expression in human retinal pigment epithelial (HRPE) cells by using the
vaccinia virus expression technique (Blakely et al., 1992) (Figure 1). The cloned eDNA
was present in pSPORT vector under the control of the T7 promoter. A recombinant
vaccinia virus carrying the gene for T7 RNA polymerase mediates the expres.sion of the
eDNA in mammalian cells. Transport of

eC] or [ H] labeled compounds in respective
4

3

cells expressing the eDNA of interest was measured at 37°C. In some experiments it was
necessary to assess the role of Na+ in the transport buffer. The transport buffer contained
'';t

~t;~·

25 mM Tris/Hepes (pHS'.5), supplemented with 140 mM NaCl, 5.4 mM KCl, 1.8 mM
CaC12 , 0.8 mM MgS04 , and 5 mM glucose or Na+- free buffer, which was prepared by
isoosmotic substitution of NaCl with N-methyl-D-glucamine chloride. After incubation
for the desired time, transport was terminated by aspiration of the uptake buffer followed
by two washes with 2 inl of ice-cold transport buffer. After this, the cells were solubilized
with 0.5 ml of 1% SDS and 0.2N NaOH and transferred to vials for quantitation of the
radioactivity associated with the cells. In experiments dealing with saturation kinetics,
data were analyzed by nonlinear regression and confirmed by linear regression. Cells
transfected with pSPOH:'I' vector alone were used to determine endogenous transport
activity. The transport activity in cDNA-transfected cells was adjusted for the
endogenous transport activity to

calcu~ate

eDNA-specific activity

Figure 1
Strategy for vaccinia virus expression system in mammalian cells
Subconfluent mammalian cells in 24-well culture plates were first infected with a
recombinant vaccinia virus (VTF7_3) encoding T7 RNA polymerase and then transfected
with the pSPORT-cDNA construct in the presence of Lipofectin. After 8-12 hours
following transfection, transport activity was measured. Cells transfected with pSPORT
vector alone under si1~,{ar conditions were used as control for measurement of
endogenous transport activity that is constitutively expressed in these cells. Human
retinal pigment epithelial cells (HRPE) cells were used in the present project for
heterologous expression of cloned transporters.
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Culture of MCF -7 Cells and Carnitine Transport Measurements

The human breast carcinoma cell line MCF-7 was maintained in Dulbecco's
Modified Eagle's Medium supplemented with 10% fetal bovine serum and 100 11g/ml of
penicillin and 100 units/ml streptomycin (Life Technologies Rockville, MD). Cells were
released by washing the cell monolayer once with phosphate-buffered saline (137 mM.
NaCl, 2.7 mM KCl, 10 mM Na2HP0 4 , pH 7.5) and then treated with 0.15 units
trypsin/0.25 mM EDT..'\. for about 1 min. Action of trypsin was stopped by adding
complete medium. Cells used in the measurement of carnitine transport under PPAR-y
activation were plated in 24 well plates and serurri starved prior to treatment for 90 min.
These conditions were followed by the treatment of the cells, without serum
supplementation, with different PPARy agonists for 24 hours. All steps involved in
uptake measurements were carried out at 37°C. The medium was aspirated, and the cells
were washed once with uptake buffer. One ml of uptake buffer containing radiolabeled
substrate (L-carnitirte orL-Leucine) was added to the cells and incubated for 15 min.
Uptake was terminated· by aspirating the buffer and subsequently washing the cells twice
with fresh cold uptake buffer. The cells were lysed with 1 ml of 1% SDS in 0.2N NaOH,
and the lysate transferred to scintillation vials for quantification of radioactivity. The
composition of the uptake buffer was 25 mM Tris/Hepes (pH 7.5), 140 mM NaCl, 5.4
mM KCl, 1.8 mM CaC1 2 , 0.8 mM MgS04 and 5 mM glucose. Kinetic parameters of
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OCTN2 function (Michaelis-Menten constant and maximal velocity) were determined in
control cells and in cells treated with PPAR-y agonists.

Protein Estimation

Protein concentration was determined by the Lowry method (Lowry et al., 1951).
Reaction buffer was prepared by mixing 1 vol of 1% CuS0 4, 1 vol of 2o/o Na-K-tartarate
and 100 vol of 2% N a2C03 in 0.1 N N aOH. To 1 ml protein solution, 5 ml reaction buffer
was added and incubated at room temperature. Then 0.5 ml of 1 N Folin phenol reagent
was added and incuba~ion was continued for 30 min. A Standard curve for varying
protein concentrations was constructed by using bovine serum albumin. Colorimetric
reading was made at 660 nm.
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Preparation of Total RNA from Tissues

Total RNA was prepared using the TRizol Reagent (Life Technologies) according
to the protocol supplied.J'JCF-7 cell samples and heart tissue from wild-type and JVS
mice were homogenized in.TRizol reagent (1 ml/50-100 mg tissue) using a polytron
homogenizer. The homogenate was stored for 5 min at room temperature. Next, the
homogenate was mixed with 0.2 ml chloroform per 1 ml of TRizol reagent and shaken
vigorously for 15 seconds. The mixture was stored at room temperature for 15 min and
centrifuged at 12,000 x g for 15 min at 4°C. The upper aqueous phase was transferred to
a fresh tube and the RNA was precipitated with isopropanol. The sample was stored at
room temperature for 10 min and centrifuged at 12,000 x g for 8 min at 4°C. The RNA
pellet was washed once:w--ith 75% ethanol by vortexing and then centrifuged at 7,500 x g
for 5 min at 4 °C.
HCI, pH7.5.

Finally,~

the RNA pellet was air dried and resuspended in 10 mM Tris-
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Poly (A+) RNA preparation

Poly (A+) RNA was isolated from total RNA prepared from MCF-7 cells and
from heart tissue of wild-type and .JVS mice using an mRNA isolation kit (MACs,
Miltenyi Biotec, Auburn, CA). Total RNA prepared as described above was denatured at
65°C for 10 min and diluted to 5 ml using Lysis/Binding buffer. Following dilution, 250
fll of Oligo (dT) Micro beads was added allowing a ratio of 25 fll per 100 flg total RNA.
MACS columns were prepared by a single rinse of 250 !Jl Lysis/Binding buffer and
subsequent addition of 250 111 of t.otal RNA mixture, which was allowed to pass
completely through

tr~e~ column

before ~dditional

mixtur~

was added. Magnetically

labeled mRNA was retained in the column. The columns were then rinsed with 250 111
Lysis/Binding buffer followed by four washes with Wash Buffer. Poly (A+) RNA was
eluted using 200 fll of pre-heated Elution Buffer. Eluted product was then precipitated
and washed using 70DJ:; EtOH. The pellet was dissolved in double distilled RNAse free
water.
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Northern Blot Hybridization for OCTN2

Total RNA isolated from control and treated cells was subjected to oligo-(dT)cellulose chromatography to purify poly (A+) mRNA. Messenger. RNA samples were size
fractionated and probed with a 32 [P] labeled hOCTN2 eDNA probe. 10 11g of isolated
mRNA was size fractionated in a 1% formaldehyde-agarose gel and subsequently
transferred to a nylon membrane (Hybond, Amersham) for 24 hours. After RNA was
cross-linked to nylon metnbrane, prehybridization and hybridization took place using
ExpressHyb Solution (Clontech, Palo Alto, CA). Using this solution, prehybridization
was done with pre-warmed solution at 68°C in 10 ml of ExpressHyb solution at 68°C for
'

.. ,,,._.,....

30 min. During this tim~, [32P]-labeled hOCTN2 and

eP]-labeled human glyceraldehyde
2

3- phosphate dehydrogenase (GAPDH) DNA probes were prepared for sequential
hybridization. The probes were labeled with [a- 32P]dCTP using the Ready-to-go
oligolabeling kit from Pharmacia and denatured at 95-1 00°C for 5 min and quickly
chilled on ice. Denatured probe was then added to prehybridization solution and
hybridization occurred for 1 hour. The blot was subsequently rinsed several times in 2X
SSC and 0.05% SDS at room temperature and then washed for 40 min with continuous
agitation with several changes of solution. Following this, the blot was transferred to
0.1X SSC and 0.1% SDS for further washing at 50°C. These washes took place for 40
min with a single change of wash solution. Detection of the probe took place through
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phosphoimager analy~is and quantification of the ~ranscript signals by using the STORM
. 840 (Molecular Dymanics, Sunnyvale, CA).

Semi-quantitative RT -PCR and Southern Analysis of JVS Cardiac Tissue

Total RNA from JVS and wild-type mouse cardiac tissue was prepared using
TRizol. RT-PCR was performed with primer pairs specific for mouse PPARy and mouse
glyceraldehyde 3-phosphate dehydrogynase (GAPDH) simultaneously. The primers for
mouse PPARywere 5'-TTT CAA GGGTGC.·CAGTTT CGA TCC GTA GA-3' (sense)
GGG ACT TTC CTG CTA
and 5'- TCA GCG GGT
.
. ATA CA-3' (antisense),
.
.
.

.

corresponding to nucle~tide positions 1005-1034and 1559-1588, respectively. for the
mouse PPARy cDNA.··. FCR was performed up' to ~5 cycles, with a denaturing phase of 3
minutes at 94 °C, an

ann~aling

phase of 30 seconds at 60°C, and an extension of 3
.

.

'

-

minutes at 72°C. Mouse GAPDH w~~-used as· an internal control. .The· upstream primer
5'-ACC GGA TTT GGC GTA TT-3' (sense) and the downstream primer 5'-TTC CCG
TTC AGC TCA GGG ATG ACC TTG CCC-3' (antisense) and correspond to nucleotide
positions 65-82 and 1132-1151, respectively. For semi-quantitative PCR samples from
the PCR were taken at cycles: 15, 21, 18, 24 and 27. These aliquots (10 Jll) were gel
electrophoresed and subjected to Southern hybridization with a 32P-labeled eDNA probes
specific for mouse PPA~y and mouse GAPDH. These probes were generated by labeling
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the respective subcloned RT-PCR products with C2P]dCTP. The intensity of the
hybridization signals for mouse PPARy versus mouse GAPDH in JVS and wild-type
mouse cardiac tissue vv~:t:;·.quantified using a imaging system (Alphaimager 2200, Alpha
Innotech Corp; San Leandro, CA) and processed using the accompanying software
(Alphaimager 2200, v5.1).

Isolation of Mouse NaDC3 eDNA from a Mouse Kidney eDNA Library

The Superscript Plasmid System (Life Technologies) was used to establish the
directional eDNA libr[i•:{ using mRNA isolated from mouse kidney (Fei et al., 1998). The
eDNA probe obtained by restriction digest of rat OCTN2 eDNA was labeled with [a32P]dCTP using the Ready-to-go oligolabeling kit (Pharmacia). The mouse kidney eDNA
library was screened under medium stringency conditions. Hybridization with the
labeled probe was carried out at 65°C for 20 hours ·in a solution containing 5X SSPE ( lX
SSPE = 0.15M NaCl, lOmM NaH2P04 and 1mM EDTA), 5X Denhardt's solution, 0.5%
SDS and 100 !J.g/ml of denatured salmon sperm DNA. Posthybridization washing was
done as described by Kekuda et al., (1999), which -involved extensive washing with 3X
SSPE/0.5% SDS at ro(n$ . temperature. Positive clones were identified and the colonies
purified by secondary screening. eDNA inserts in the clones were characterized by
restriction digest, Southern blot analysis, and DNA sequencing.
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Characterization ofth~ Structural Features of the Mouse NaDC3 eDNA

The nucleotide sequence of the eDNA was determined by the dideoxynucleotide
chain termination performed by Taq DyeDeoxy terminator cycle sequencing with an
automated Perkin-Elmer Applied Biosystems 377 Prism DNA sequencer (Perkin Elmer,
.

.

Norwalk, CT). The membrane topology of the mouse NaDC3 protein was determined
t

...

•

-

according to, the hydropathy method of Kyte and Doolittle (Kyte and Doolittle, 1982)
based on the amino acid sequence.

Analysis of NaDC3 in Mouse Eye by RT -PCR

Total RNA was isolated from mouse eye and mouse kidney (positive control)
with TRizol· reagent (Life Technologies) according to manufacturer's protocol. Poly (A+)
RNA was then prepared using a mRNA isolation kit (MACs, Miltenyi Biotec, Auburn,
CA). The integrity of the mRNA sample was checked by formaldehyde-agarose gel
electrophoresis.
Primers specific for the mouse NaDC3 eDNA were designed and RT-PCR was
conducted with Geneamp RNA-PCR kit (Perkin-Elmer, Norwalk, CT). The product
obtained was gel purified and cloned into pGEM T -easy vector

(Promega~

Madison, WI).
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The eDNA insert was sequenced by the chain dideoxynucleotide chain termination
method for confirmation of its identity.

Analysis of NaDC3 in Mouse Eye by In Situ Hybridization

In situ hybridization was performed on mouse eyes to localize the mRNA

transcripts encoding mNaDC3. Probes were constructed using a fragment of mNaDC3
eDNA cloned into·the pSPORT vector. Orientation of the fragment in the vector was
determined by sequencing. The plasmid was linearized using Kpn I and Hind III to
produce probes

specifi~' for mNaDC3. The Kpn !-linearized vector template was

transcribed in vitro by SP6 RNA polymerase to produce a single stranded sense riboprobe
(control). The Hind III-linearized vector template was transcribed in vitro by T7 RNA
polymerase to produce Q1. single stranded antisense riboprobe. The synthesized riboprobes
were labeled using a di:g~ocigenin labeling kit (Boehringer-Manneim, Indianapolis, IN).
Eyes from six albino mice were enucleated, frozen immediately in Tissue-Tek
OCT (Miles Laboratories, Elkhart, IN), sectioned at 10 11m thickness, and fixed in 4%
paraformaldehyde. After an adaptation of the method of Braissant and W ahli (Braissant
and Wahli, 1998), sectipns were rinsed in ice-cold phosphate buffered saline (PBS) and
treated with active 1% diethylpyrocarbonate prepared in PBS to facilitate penetration of
the labeled probes. Sections were permeabilized further with proteinase K ( 1 11g/ml) in
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PBS for 4 minutes. The proteinase K activity was stopped by rinsing the slides in glycine
(2 mg/ml) in PBS. Sections were washed in PBS, equilibrated in 5X sse and
prehybridized for 2 hours at 58°e in 50% vol/vol formamide, 5X sse, 2% wt/vol
blocking reagent (provided with the DIG Nucleic Acid Detection Kit, BoehringerManneim,

Indianapolis~ IN),

dodecyl sulfate.

Sectio~s

0.1% wt/vol N-lauroyl-sarcosine, and 0.02% wt/vol sodium

were hybridized with the probes (1 f-!g/ml) and incubated

overnight at 55°e. They were washed twice in 2X sse at room temperature, twice in 1X
SSe at 55°e, and twic~ in 0.1X SSe at 37°e. For immunologic detection of the probe,
sections were washed i:p a buffer containing 0.1M maleic acid and 0.15M Nael (pH 7.5)
and were blocked with the same buffer containing 1% blocking reagent provided in the
DIG Nucleic Acid Detection kit. The anti-DIG-AP (Boehringer-Manneim) was diluted to
1:5000, and slides incubated with this antibody for 2 hours at room temperature. Sections
were washed in the preceding wash buffer containing levamisol (200 f-lg/ml) twice for 15
minutes and equilibrated with a buffer containing 100 mM Tris-Hel (pH 9 .5), 100 mM
Nael and 50 mM Mgel 2 • The color reaction was developed in NBT/BeiP (BoehringerManneim). Slides were ,~ashed in distilled H 20 and placed on covers lips using glycerol
gelatin (Sigma, StLouis, MO). Slides were not counterstained in order that the purplishred-colored precipitate could be visualized in the sections.
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Isolation of t~e BAC Clone Containing the· NaDC3 Gene

Bacterial artificial chromosome (BAC) clones containing the mouse NaDC3 gene
were obtained from Genome Systems Inc. (St. Louis, Ml). This company offers a BAC
genomic library screening service. With NaDC3 eDNA provided by us, the company
screened a mouse BAC genomic library, identified the positive clones and shipped the
clones to us. In our lab<?ratory, the clones were digested with restriction enzymes and
subjected to Southern blot analysis using radiolabeled mouse NaDC3 probes.
Specifically, 2 probes were designed containing sections of the 5' and 3' portions of
mNaDC3 eDNA respect'ively. Positive clones were chosen on the basis of a strong
t:

-".1,

,

hybridization signal band from both probes. This BAC clone, with positive signals from
both probes, contained the entire mN aDC3 gene.

Analysis of the Murin~ NaDC3 Gene Structure

The BAC clone was subjected to restriction digest by various enzymes and the
fragments were

subclon~ft

into pSPORT. These fragments were confirmed by Southern

blot analysis and sequenced in their entirety by primer walking. Using the sequences
obtained from these clones, primers were designed to sequence the original BAC clone to
determine the relative position and order of the sequenced fragments in the gene.
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Fragments were aligned with the mouse NaDC3 eDNA allowing the determination of
intron-exon

o~ganizatjon.

From these sequenced clones, an adequate region was chosen

to construct the NaDC3-pKO targeting vector.

Construction of the NaDC3-pKO Targeting Vector

,,

Construction v,fas. based upon the use of the pKO-NTK - 1901 vector purchased
from Stratagene. The vector was designed to target the second and third exon region of
mouse NaDC3. Exon three was replaced with the Neo-Cassette and this maneuver
produced a truncated protein. Additionally, the insertion of the neo cassette removed two
Hind III sites from

th~· gene

allowing positive selection of recombinant ES cells

following homologous recombination. The recombinant ES cell will have a higher
molecular size band upon southern hybridi~ation of Hind III digestion fragments of
genomic DNA compared to the wild-type ES cell. The short arm of the vector was
·!·

obtained from PCR usjr~g:a subcloned and sequenced portion of the BAC clone described
previously. The PCR to·-subclone the long arm of the vector allowed for the use of an ~he
I restriction site generating a blunt end, and the use of a Not- I site at the other end. The
sense primer was 5'- GGA GAT CGA TAA GGA CAT CCC GAG ACT -3' and the
antisense was 5' - GOG .GTC GAC GGC AGA GAA AGA CTC AA- 3'. This product
of 6490 bp was subcloned into the pKO vector at the Sma I site (a blunt end site) at the 5'
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end and Not I site at the -3 'end. The short arm of the vector was also obtained using PCR,
the sense primer used was 5'- AAT GGA GAT CTT GCA CCG GAG AAT CGC- 3'
and the antisense primer was 5'- CCT CTC GAG GGG GAT GGG ACA GTG TCA C:,

3'. These primers allowed for the generation of a Bgl II site in the sense primer and a Xho
I restriction site within 'th·e antisense primer. Subsequent subcloning of this 1850 bp
product into pKO at the 1respective sites produced the complete knockout vector with the
Neo-Cassette residing between the short and long arms and eliminating exon three.
Positive selection of.clones was
digest using Hind III

an~

determine~

by Southern analysis through restriction

Southern hybridization. Genomic DNA from the recombinant

mice, upon digestion w;jth Hind III, will exhibit an upshift from 4136 bp for the wild-type
to· 11711 bp.

Statistics

Each experimental point was determined in triplicate and each experiment was
repeated two to three times allowing for an-value greater than 6 for the given
experiment. The results were expressed as means ± SE from these replicate
determinations. Statistical significance was determined by Student's t test. A p value
<0.05 was considered significant. Data was analyzed using SigmaPlot data analysis
software from SPSS Science (Chicago, Illinois).

RESULTS

1. Define the structure-function relationship of OCTN2

(a) Mutations Affecting the Ability of OCTN2 to Transport Organic Cations and
Carnitine

OCTN2 is unique among organic solute transporters in that it possesses two
distinct transport functions: the ability to mediate the transport of organic cations in a
Na+-independent manndt, and the ability to transport the zwitterion carnitine in aNa+dependent manner. Previous studies have suggested that the protein domains responsible
for these two functions overlap. This was supported by the identification of amino acid
mutations that cause impairment of both transport functions whereas other mutations.
(Y211F and P478L) interfere with carnitine transport function without affecting organic
cation transport.

Therefor~,

we wanted to map these protein domains in greater detail by

assessing the influence of additional amino acid mutations on the two distinct transport
functions of the transporter. In particular, we designed studies to determine the influence
various amino acid sub.s!/~.:ptions would have on the transport characteristics of OCTN2.
Specifically looking at i~yrosine 211, we wanted to determine how substitution of amino
acids of a different chemical nature would affect th~ transport function. In addition, we
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wanted to identify mutations in OCTN2 that would impair the organic cation transport
function without affecting the carnitine transport function.
OCTN2 mutants with different amino acid substitutions were generated by sitedirected mutagenesis. The mutants were sequenced to confirm the mutations as well as to
make sure that there were no other mutations introduced during the experimental
procedure. The transport' functions of each mutant were compared with those of the wildtype OCTN2. Most of these studies were done with human OCTN2 as well as with rat
OCTN2. The vaccinia ·?ilus expression system using HRPE cells was employed for
functional analysis of OCTN2 and its mutants. The carnitine transport function was
monitored by measuring the-uptake of [3H]carnitine (20 nM) in the presence of Na+. The
organic cation transport. function was monitored by measuring the uptake of C4C]TEA
(20 or 30

~M)

in the

abs~nce

of Na+. Endogenous transport activity in HRPE cells was

assayed by measuring the respective uptake activities in cells transfected with vector
alone. The transport activity measured in cDNA-transfected cells was adjusted for the
endogenous transport activity to calculate the eDNA-specific activity.
The mutations· generated for characterization in this _project were originally found
in patients with primary carnitine deficiency. These mutations were Y211C, E452K, and
V446F. Since these mutations were identified in patients with carnitine deficiency, they
were expected to

interfe~e

with the carnitine transport function. However, the influence of

these mutations on the organic cation transport function could not be predicted.
Therefore, we introduced these three mutations individually in rat OCTN2 and in human

Table 1

Influence of various amino acid mutations in rat and human OCTN2 on the transport
of TEA and carnitine

Mutations were introduced into the rat and human OCTN2 protein by sitedirected mutagenesis. These mutants were sequenced and confirmed by BLAST (Basic
Local Alignment Search Tool, http://www.ncbi.nlm.nih.gov) analysis for the indicated
amino acid alteration. Using the vaccinia virus transfection system, each mutant was
expressed in HRPE cells and the transport of TEA (20 11M) and carnitine (20 nM) was
evaluated. Cells transfected with empty vector were used to measure endogenous
transport activity. The tr.ahsport activity measured in cDNA-transfected cells was
adjusted for the endogenous transport activity to calculate the eDNA-specific activity.
Data given represent only the eDNA-specific activity. Results are shown as a percent of
wild type OCTN2 transport activity.

Mutation

Transport Activity (% of wild-type control)
TEA

Carnitine

E452K

0

0

T440M

0

0

R471P

2± 14

0

W275G

100±7

W274G

15.44 ± 16

6.7 :t: 5

49 ± 2

5.3 ±3

W274/275G

111 ± 1
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OCTN2 (Table 1) and compared the abilities of these mutants to transport carnitine and
TEA with the corresponding transport functions of the respective wild-type OCTN2. As
expected, the Y211 c· and E452K mutants exhibited loss of carnitine transport functions.
The loss of carnitine transport function in V446F mutant was complete. In terms of
organic cation transpbnJunction, the E452K and V446F mutants did not have any
detectable TEA transport activity. In contrast, the Y211C mutant showed significant TEA
transport activity (- 25% of the wild-type).
The data with the Y211 C mutant were unexpected with respect to TEA transport
because previous studies have shown that the Y211F mutant abolishes carnitine transport
activity without affecting TEA transport activity. This means that the substitution of
tyrosine at this position with a similar bulky aromatic, hydrophilic neutral amino acid
such as phenylalanine does not interfere with TEA transport even though it abolishes
carnitine transport.

Hov~ever,

substitution of the same tyrosine residue with the small

aliphatic and hydrophilit; neutral amino acid causes not only the loss of carnitine
transport function but also a significant loss of TEA transport function. This suggests that
the chemical nature of the amino acid substituent in place of tyrosine at this position has
differential influence on TEA transport function even though the carnitine transport
function is impaired irrespective of the chemical nature of the substituent. Therefore, we
carried out a systematic analysis of the relationship between the chemical nature of the
amino acid residue at position 211 and the transport function. We mutated the tyrosine

J

Figure 2
Structures of amino acids inserted at position 211 in rat OCTN2 in place of tyrosine
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Table 2

Influence of various amino acid mutations in rat OCTN2 at tyrosine 211 on the
transport of TEA and carnitine

Mutations were introduced into the rat OCTN2 protein by site-directed
mutagenesis. These mutants were sequenced and confirmed by BLAST analysis for the
indicated amino acid alteration. Using the vaccinia virus transfection system, each mutant
was expressed in HRPE cells and the transport of TEA (20 J.1M) and carnitine (20 nM)
was evaluated. Cells tran.'sf~cted with empty vector were used to measure endogenous
transport activity. The ti;ansport activity measured in cDNA-transfected cells was
adjusted for the endogenous transport activity to

calcu~ate

the eDNA-specific activity.

Data given represent only the eDNA-specific activity. Results are shown as a percent of
wild type rOCTN2 tran,~port activity.

Mutation

Transport Activity(% of wild-type control)
TEA

Carnitine

Y211C

26±3

0

Y211F

78 ± 11

6±1

Y211E

0

0

Y211H

0

0

Y211K

0

.0

Y211L

33 ±4

0

Y211S

2±1

0

Y211T

11 ± 2

0

Y211W

58± 10

0

E452K

9 ± 16

0

V446F

0

0

W275G
R471P

7±24
15 ±6

269 ± 16
0
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211 to various amino acids of differing chemical nature (Figure 2). These mutants were
Y211W and "X211F (aromatic, hydrophobic, and neutral substituent), Y211L (aliphatic,
hydrophobic, and neutral substituent), Y211C, Y211S, and Y211 T (aliphatic, hydrophilic
and neutral substituent)~ Y211K and Y211H (aliphatic, hydrophilic and cationic
substituent), and Y211E (aliphatic, hydrophilic, and anionic substituent). These mutants
were generated with rat OCTN2 and their abilities to transport carnitine and TEA were
compared with the corresponding abilities of wild-type rat OCTN2 (Table 2). All of these
mutants, irrespective of the amino acid substituent, had no detectable carnitine transport
activity. This shows that the presence of a tyrosine at this position is absolutely critical
for carnitine transport. But, the influence of these amino acid substituents on TEA
transport was markedly .xariable. Substitution of tyrosine 211 with phenylalanine had
only a minimal effect oh. TEA transport. Substitution with other hydrophobic, neutral
amino acids such as tryptophan and leucine reduced TEA transport activity but only
partially. The Y211W mutant had 58% residual activity and the Y211L mutant had 33%
residual activity. Substitution with small hydrophobic, neutral amino ad.ds such as
cysteine, serine, and threonine caused a much greater loss of TEA transport activity.
Similarly, substitution with anionic or cationic amino acids such as glutamate, lysine and
histidine also caused a complete loss of TEA transport activity. The influence of these
mutations on TEA tran~pprt is summarized in Figure 3.
Recently, one dfour collaborators (Nelson Tang, University of Hong Kong) has
identified two new mutations in OCTN2 in a patient with primary carnitine deficiency

Figure 3
Influence of mutations. at the Y211 position on rat OCTN2-meditated TEA transport
The wild type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of TEA (20 J.!M) was measured for 30 min at pH 8.5 in the absence of
N aCl. Transport measured in cells transfected with vector alone was subtracted from
transport in cDNA-transfected cells to calculate eDNA-specific transport. Values are
given as percent of control transport measured with wild-type rat OCTN2.
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These are R471P and T440M. Because of the association of these mutations with
carnitine deficiency, tfi~.se mutations are expected to have defective carnitine transport
function, but this had not been demonstrated experimentally. Therefore, we introduced
the two mutations individually in rat OCTN2 or human OCTN2 and assessed the
influence of these mutations on carnitine transport and TEA transport. The influence of
the rOCTN2 R471P mutation was -evaluated for its affect on carnitine, TEA,
acetylcarnitine and propionylcarnitine transport. This mutation exhibited a complete loss
of function for carnitine, acetylcarnitine and propionylcarnitine (Figures 4 & 5).
However, there was a s~gnificant residual activity for TEA transport. The eDNA-specific
transport of TEA for,the rat R471P mutant w.as 0.18 ± 0.01 nmol/10 6 cells/15 min
whereas transport by wild-type OCTN2 was 1.17 ± 0.09 nmol/10 6 cells/15 min (Figure 4).
In human, the T440M mutant exhibited no functional transport ability with respect to all
four substrates (TEA, carnitine, acetylcarnitine and propionylcarnitine) (Figure 6 &7).
R471P exhibited 0.07 .± 0.01 nmol/10 6 cells/15 min as compared to 0.39 ± 0.03 wild-ty.pe .
TEA transport and no measurable carnitine transport function.

Figure 4
Influence of the R471P mutation in rat OCTN2 on carnitine and TEA transport
The wild-type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of carnitine (20 nM) was measured for 15 min at pH 7.5 in the presence
of Na+. Transport of TEA (30
Na+.

~M)

was measured for 30 min at pH 8.5 in the absence of
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Figure 5
Influence of the R471P mutation in rat OCTN2 on acetylcarnitine and
propionylcarnitine transport
The wild-type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of acetylcarnitine (50 nM) and propionylcarnitine (50 nM) was measured
at pH 7.5 in the preseri2e·ofNa+.
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Acetylcarnitine

Propionylcarnitine

Figure 6
Influence of the T440M mutation in human OCTN2 on TEA and carnitine transport
The wild-type and mut~nt human OCTN2 cDNAs were expressed heterologously in
HRPE cells. Transport.;:,)f carnitine (20 nM) was measured for 15 min at pH 7.5 in the
presence of Na+. Transport of TEA (30 J.!M) for 30 min was measured at pH 8.5 in the
absence of Na+.
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Figure 7
Influence of the T440"&f.: mutation in human. OCTN2 on acetyl carnitine and
propionylcarnitine transport
The wild-type and . mutant human OCTN2 cDNAs were expressed heterologously in
HRPE cells.

Transpo~

of acetylcarnitine (50 nM) and propionylcarnitine (50 nM) was

measured for 15 min,.at pH 7.5 in the presence of Na+.
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(b) Transport of TEA, Carnitine, Acetylcarnitine and Propionylcarnitine by W275G
mutant

In our search for domains describing the spatial separation of TEA and carnitine
transport, a difference in amino acid sequence between OCTN2 cloned from the rat
intestine and the OCTN2 cloned. from the placenta was found. This difference was
interesting· because of the notable differences in transport function between the two
transporter clones. The rat intestinal OCTN2 was able to transport carnitine but had no
ability to transport TEA. In contrast, the rat placental OCTN2 was able to transport
carnitine as well as TEA .. This functional difference was most likely due to the
substitution of a glycine for a tryptophan in the OCTN2 protein cloned from intestine
(Figure 8). To test this; we introduced the W275G mutation in rat placental OCTN2 and
assessed the influence of the mutation on transport function. The W275G mutant
transported TEA with a value of 13.0 ± 3.16 pmol/106 cells/15 min compared to the
transport of 185.0 ± 19 pmol/106 cells/15 min by wild-type r0CTN2. In comparison, rat
P478L mutant transportf;dTEA with a value of153.0 ± 22 pmol/106 cells/15 min, similar
·to wild type. On the other hand, carnitine transport by the W275G mutant was 2.5 ± 0.4
pmol/106 cells/15 min compared to 0.9 ± 0.2 pmol/106 cells/15 min by wild-type
rOCTN2. The P478L mutation did not transport carnitine. These mutations highlight the
spatial separation of the, transport of carnitine and TEA. The W27 5G mutation abolished
TEA transport without negatively impacting carnitine transport and the P478L mutation

Figure 8

Comparison of two different rat OCTN2 sequences indicating the W275G mutation
Upon comparison of two independently published sequences of the rat OCTN2 protein, a
difference was found at a single amino acid residue. One of the sequences

wa~

reported

from our laboratory (Wu et al, 1998) and the other by Sekine et al (1998). The sequence
by Sekine et al is indicated by bold numbering and is found at the bottom of the figure.
The shaded box indicates the difference and site of the mutation, W275G~ We cloned
OCTN2 from rat placenta whereas Sekine et al. cloned OCTN2 from rat intestine.
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Figure 9
Influence of W275G and P478L mutations on carnitine and TEA transport
The wild type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of carnitine (20 nM) was measured at pH 7.5 in the presence ofNa+.
Transport of TEA
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Figure 10

Influence of W275G and P478L mutations on acetyl-carnitine and propionyl-carnitine
transport
The wild-type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of acetyl-carnitine (50 nM) and propionyl-carnitine (50 nM) was
measured at pH 7.5 in the presence of Na+.
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blocked carnitine transport while maintaining TEA transport (Figure 9). The transport of
acetylcarnitine and propionylcarnitine was also investigated. These compounds represent
valuable pharmacological potential in the treatment of several neurodegenerative
- disorders and are actively transported by wild-type OCTN2. The transport by W275G
..

.

mutant was not differen~.from wild-type for acetylcarnitine (4.0 ± 0.7 vs. 4.0 ± 0.7

.

pmol/106 cells/15 min) and propionylcarnitine (4.7 ± 0.9 vs. 4.3 ± 0.8 pmol/106 cells/15
min). Because P478L affects carnitine transport, the lack of transport of acetylcarnitine
and propionylcarnitine hy the same mutant indicates that P478L interferes with the
binding of carnitine as .well as its ester-derivatives. Kinetic analysis of the rat W275G
mutation was performed to evaluate both carnitine and organic cation transport functions.
The comparison between wild-type OCTN2 and W275G mutant in terms of affinity for
carnitine is shown in figure 11. Transport of [3H]carnitine by the W275G mutation was
inhibited at much lowe.{concentrations of unlabeled carnitine than that required for wildtype rat OCTN2 inhibition. The IC50 (i.e., the concentration of the inhibitor causing 50%
inhibition) for the mutant was 2.8 ± 0.2
OCTN2 was 33.4 ± 3.8

~·

~'

whereas the corresponding value for rat

This is consistent with the stimulation of carnitine transport

by the mutant as compared to wild-type OCTN2. The increase in carnitine transport by
the W275G mutant is apparently due to an increase in the affinity for carnitine. We then
compared the affinities for TEA between the wild-type OCTN2 and the W275G mutant.
Inhibition of eHJcarnitine transport by unlabeled TEA in the W275G mutation occurred

Figure 11
Comparison between ~ild type OCTN2 and the W275G mutant in terms of affinity for
carnitine
The wild-type and mutant rat OCTN2 cDNAs were expressed het~rologously in HRPE
cells. Transport of [3H]carnitine (30 nM) was·measured in a NaCl.contai£.lihg buffer in the
presence of increasing concentrations of unlabelled carnitine. Transport of eHJcarnitine
by W275G mutant rat OCTN2 (e) and wiid type rat OCTN2 (.._) is given as percent of
res~ective

control transport measured in the absence of unlabelled carnitine. Transport

measured in cells transf~~cted with vector alone was subtracted from transport in cDNAtransfected cells to calculate eDNA-specific transport. The values for control transport
(100%) are 1.0 ± 0.1 and 3.9 ± 0.~ pmol/106 cells/15 min for wild type OCTN2 and
W275G mutant, respectively. Data was analyzed using non-linear regression through the
SigmaPlot data analysis software (SPSS Science, Chicago Illinois).
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Figure 12

Comparison between wild type OCTN2 and the W275G mutant in terms of affinity for

TEA
The wild-type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of [3H]carnitine (30 nM) was measured in a NaCl containing buffer in the
presence of increasing concentrations of TEA. Transport of carnitine by W275G mutant
rat OCTN2 (e) and wrfd,type rat OCTN2 (£.)are given as percent of respective control
transport in the absence of TEA. Transport measured in cells transfected with vector
alone was subtracted from transport in cDNA-tra~sfected cells to calculate eDNAspecific transport. The values for control transport (100%) are 1.0 ± 0.1 and 3.9 ± 0.2
pmol/106 cells/15 min for wild .type OCTN2 and W275G mutant, respectively. Data was
analyzed usirtg n~:m-Iinear regression t~rough the SigmaPlot data analysis software (SPSS
Science, Chicago Illinois).
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at concentrations higher than that required for inhibition of wild-type rOCTN2. The IC50
for the mutant was 594.6 ± 28.4!-lM while the corresponding value for rOCTN2 was
106.2 ± 9.8 11M. This

~.~/a~;

expected due to the decreased ability of W275G to transport

TEA. Therefore, the decreased ability of the W27 5G mutant to transport TEA appears to
be due to a decrease in the affinity of TEA (Figure 12). Similar studies measuring the
affinity of acetylcarnitine and propionylcarnitine by the mutant W275G were undertaken.
Again, as expected frorn.the stimulatory nature of the W275G mutation on eH]carnitine
transport, the affinity for acetylcarnitine and propionylcarnitine increased, though less
dramatically than for carnitine, due to the W275G mutation (Figure 13 and 14). IC50
values for the mutant were 6.6 ± 0.6 11M and 3.4

± 0.2 11M. for acetylcarnitine and

propionylcarnitine, respectively. The corresponding values for wild-type rOCTN2 were
.

.

18.0 ± 2.0 11M and 10.3" ± 2.0 11M. Interestingly, the W275G mutation in the human
OCTN2 did not reproduce the results found in rat OCTN2. Human W27 5G did not show
any alteration in TEA or carnitine transport as compared to wild-type human OCTN2.
Because this human mu,tant did not behave as was seen in rat,_ two additional mutations
were undertaken to better understand TEA and carnitine transport by. human OCTN2.
The mutations were W274G and the mutation of both W274 and W275 to glycine (G).
These two tryptophan residues are conserved throughout the novel organic cation
transporter family

and·1Jt;twe~n

the rat and human OCTN2 proteins. The W274G mutant

transported carnitine at 0.07 ± 0.01 pmol/106 cells/15 min as compared to wild-type
transport of 10.5 ± 0.4 pmol/ 106 cells/15 min. TEA transport by the mutant was

Figure 13
Comparison between wild type OCTN2 and the W275G mutant in terms of affinity for
acetylcarnitine
The wild-type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of [3H]carnitine (30 nM) was measured in a NaCl containing buffer in the
presence of increasing concentrations of· acetylcarnitine. Transport of carnitine by
W275G mutant rat OCTN2 (e) and wild type rat OCTN2

(~)

is given as percent of

respective control transport in the absence of acetylcarnitine. Transport measured in cells
transfected with vector c;tlone was subtracted from transport in cDNA-transfected cells to
calculate eDNA-specific transport. The values for control transport (1 00%) are 1.0 ± .01
·\."f;·

and 3.9 ± 0.2 pmol/106 cells/15 min for wild type OCTN2 and W275G mutant,
respectively. Data was (lnalyzed using non-linear regression through the SigmaPlot data
analysis software (SPSIS';Science, Chicago Illinois).
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Figure 14
Comparison between wild type OCTN2 and the W275G mutant in terms of affinity for
propionylcarnitine
The wild-type and mutant rat OCTN2 cDNAs were expressed heterologously in HRPE
cells. Transport of [3H]carnitine (30 nM) was measured in a:NaCl containing buffer in the
presence of increasing c~ncentrations of propionylcarnitine. Transport of carnitine by
'

·.

W275G mutant rat OCTN2 (e) and wild type rat OCTN2 (.A) is given as percent of
respective control transport in the absence of propionylcarnitine. Transport measured in
cells transfected with vector alone was subtracted from transport in cDNA-transfected
cells to calculate cDNA~specific transport. The values for control transport (100%) are
1.0 ± 0.1 and 3.9 ± o.i-}3mol/106 cells/15 min for wild type OCTN2 and W275G mutant,
respectively. Data was analyzed using non-linear regression through the Sigma:Plot data
analysis software (SPSS Science, Chicago Illinois).
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Figure 15
The putative structure of the OCTN2 protein predicted from the hydropathy analysis
and the positions of the mutations that were examined in the present project
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16.5 ± 3.0 pmol/106 ,eeiis/15 min as compared to the control transport of 93.5 ± 7.8
pmol/106 cells/15 min. The W274/275G mutation exhibited a similar decrease in
transport function with 0.56 ± 0.2 pmol/106 cells/15 min transport of carnitine (wild-type,
10.5 ± 0.4 pmol/106 cells/15 min) and 45.7 ± 0.8 pmol/106 cells/15 min transport of TEA
(wild-type, 93.5 ± 7.8 pmo/106 cells/15 min). The relative positions of all mutations
studied in this project" are represented graphically in figure 15.

2. Investigate the interrelationship between OCTN2 expression, function and
PPARy
I:

~~·

(a) Troglitazone and the Regulation of OCTN2

PPARs play a role a critical role in the regulation of lipid metabolism. Since
carnitine is obligatory for the metabolism of fatty acids, we hypothesized that
intracellular levels of ca:tnitine as determined by the activity of plasma membrane
carnitine transport may ·be subject to regulation by PPARs. Therefore, we investigated in
the current project a potential role for PPARy in the function and expression of OCTN2:
PPARy-deficient mice exhibit derangement of lipid metabolism and defective cardiac
development.

OCTN2-d~fective

mice also exhibit defective fatty acid oxidation and

consequently lipid accull1ulation in tissues. These mice have cardiac dysfunction due to

81

decreased energy production. These similarities in metabolic and cardiac phenotypes
between PPARy deficiency and OCTN2 deficiency prompted us to investigate the role of
PPARy in the regulation of OCTN2. We performed these studies using the human breast
cancer cell line MCF-7 that expresses robust OCTN2 activity as monitored by Na+dependent carnitine transport. The role of PPARy was evaluated by assessing the
influence of troglitazone,.a PPARy-specific ligand. Troglitazone, rosiglitazone and
piaglitazone are all anfitliabetic drugs that are commonly known as thiazolidinediones.
These drugs act as specific activators of PPARy and are useful clinically in their ability to
enhance insulin sensitivity of insulin responsive tissues. To evaluate the influence of
troglitazone -on OCTN2 function in MCF-7 cells, the cells were treated with troglitazone
MJ.j~~J

over a concentration rap.ge of 5-15 !JM for 24 hours, following which the transport of
carnitine was measured in the presence of NaCl. Treatment with the drug was carried out
in a serum-free culture medium. For comparison, the transport of leucine was measured
in cells treated in an identical manner. The data given in figure 16. shows that treatment of
cells with 10 and 15 !JIW·troglitazone caused a significant reduction in carnitine transport.
The decrease was 33 ± 2% at 10 !JM troglitazone and 35 ± 3% at 15 !JM troglitazone.
There was no detectable effect on carnitine transport when the drug concentration was 5

!JM. In contrast to carn~ti~e transl?ort, the transport of leucine was not affected by
troglitazone in the concentration range of 5-15 !JM, showing that the influence of
troglitazone on OCTN2 function is specific.

\(\

Figure 16

Influence oftroglitazone on carnitine transport in MCF-7 cells
Transport of [3H]carnitine (20 nM) in confluent cultures of MCF-7 cells was measured in
a NaCl-containing buffer after a 24 hour treatment with different concentrations of
troglitazone in serum-free growth medium. Transport of CHJleucine (20 nM) was
measured in parallel ur1der identical conditions as a control. Filled bars represent leucine
transport and open bars represent carnitine transport. Statistical significance (*, p < 0.05)
as compared to the respective control was seen for the 10 and 15

~M

troglitazone.
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Figure 17

Influence oftroglitazone and prostaglandin ]2 on carnitine transport in MCF-7 cells
Transport of CH]carnitine (20 nM)' in confluent cultures ofMCF-7 cells was measured in
a NaCI containing buffl-ii. after a 24- hour treatment with troglitazone (10 J..lM) or PG-J2 (5

J1M) in serum-free growth medium. Transport of [ 3H]leucine (20 nM) was measured in
parallel under identical conditions as a control. Filled bars represent leucine transport and
open bars represent carnitine transport. Statistical significance(*, p < 0.05; **, p < 0.001)
as compared to the respective control was seen for both troglitazone and PG-J2.

85

,.......

-.::; 120
0

c
0
0

....0 1:00
~
...........,
~

0

c.
rJ)

ao·.

c

e
'1-

60

G)

c

·-::s
·(.)

CD

-I

40

.-

'-

0

Q)

c:
....,
·-

20

·-'-c:
cu
0

0

----1-...L.

86

We then investigated whether the effect of troglitazone on OCTN2 function could
be reproduced with an endogenous activator of PP ARy. For this purpose, we used
prostaglandin J2 (PG-J2) (Figure 17). Treatment of troglitazone ( 10 !JM) was used as a
positive control. Troglif~,z,one decreased the carnitine ·transport by 30 ± 3%. Under similar
conditions, PG-J2 (5 J.lM) decreased carnitine transport by 11 ± 2%. Even though the
effect of PG-J2 was smaller than the effect of troglitazone, the PG-J2 effect was
statistically significant. Again, the transport of leucine was not affected by troglitazone or
by PG-J2.
We then evaluated the influence of troglitazone treatment on the kinetic
parameters (Kt, Michaelis·-menten constant, and Vmax, maximal velocity) of carnitine
''t .

transl?ort. For this purpose, we me~sured carnitine transport in control cells and in
troglitazone (1 0 !JM, 2.4''.hour treatment)-treated cells over a carnitine concentration range
of 1-100 !JM. The transport rates were

~nalyzed

by linear as well as non-linear regression

analysis. Figure 18 represents the.data in the form of Eadie-Hofstee plots. The linear form
of the plots shows that carnitine transport was saturable in the control cells and in
troglitazone-treated cells. In control cells, the values for Kt and Vmax were 10.5 ± 1.1

!JM and 118 ± 7 nmol/mg protein/30 min. The corresponding values in troglitazonetreated cells were 12.6 ± 1 !JM and 80.7

± 5 nmol/mg protein/30 min, respectively. These

data show that the decrease in OCTN2 function associated with troglitazone treatment
was primarily due to a d.~prease in Vmax with negligible effect on carnitine affinity.

. Figure 18

Kinetic analysis of inhi!Jition for carnitine transport by human OCTN2 after
troglitazone treatment
Human OCTN2 transport activity was measured through the transport of [3H]carnitine
(20 nM) in confluent cultures of MCF-7 cells. Carnitine transport was measured over the
concentration range of 1 to 100 11M carnitine in two study groups (control and
troglitazone-treated). (e), Transport in control cells; (0), Transport in troglitazonetreated (10 J1M, 24 hour treatment) cells. Results are given as an Eadie Hofstee plot. V,
Carnitine uptake in pmol/mg protein/ 15 min and S,

~arnitin~ con~entration

in JlM.
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_Figure 19

Northern blot analysis of human OCTN2-specific mRNA transcripts in MCF-7 cells
Confluent MCF-7 cells were treated with (+ Trog) or without (- Trog) 10 pM troglitazone
for 24 h in serum-free growth medium. Poly(At RNA (2 pg/lane), obtained from these
cells, was size-fractionated, and probed with 32-P labeled eDNA probes specific for
human OCTN2 and glyceraldehyde 3-phosphate dehydro"genase (GAPDH).

90

Figure 20
Semi-quantitative RT- PCR analysis of human OCTN2-specific RNA transcripts in
MCF-7 cells
Confluent MCF-7 cells were treated with (+) or without (-) 10 11M troglitazone for 24 h ·
in serum-free growth n1edium. Total RNA was then isolated from these cells and used for
semi quantitative RT -PCR. Primer pairs specific for human OCTN2 and human GAPDH
were used. RT-PCR was done with a wide i'ange of PCR cycles (9-30). Resultant
products were run on a gel and evaluated. GAPDH and OCTN2-specific band intensities
were then compared b~tween control and troglitazone-treated cells.

92
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To determine whether troglitazone treatment influences steady-state levels of
OCTN2 rriRNA, we

is;Q]:~Jed

poly (At'RNA from control cells and from troglitazone-

treated cells and monitored the steady-state levels of OCTN2 mRNA by Northern Blot
(Figure 19) and by'semi quantitative RT-PCR (Figure 20). There was no change in the
steady state levels of OCTN2 mRNA as -assessed by these two different techniques,
showing that the decrease in OCTN2 transport function following troglitazone treatment
is not associated with any change in OCTN2 mRNA levels.

(b) Expression of PPAR,y in the JVS mouse

The juvenile visceral steatosis mouse (JVS) is the animal model for primary
carnitine deficiency in that it lacks a functional OCTN2 protein. Mutations within the
mouse OCTN2 gene have rendered these mice carnitine deficient and afflicted with the
physical manifestations. of systemic primary carnitine deficiency. Due to the alteration of
the lipid metabolism in these mice resulting from insufficient carnitine transport, we
wanted to explore the expression of genes possibly affected by these alterations. Based
upon the previous studies where troglitazone was shown to decrease carnitine transport
by OCTN2, we thoug.pt it would be interesting to evaluate the levels of PPARy in the JVS
mice. Using semi-quantitative RT -PCR followed by Southern blot analysis we compared
PPARy mRNA expression between JVS mouse cardiac tissue and control mouse cardiac
tissue. Total RNA was prepared from 4 week-old JVS mouse cardiac tissue as well as

Figure 21
Southe~n

Analysis of Semi quantitative RT- PCRs for mouse PPARy RNA transcripts

in the Juvenile Vicse~·q.(Steatosis Mouse Heart (JVS) versus control mouse heart
Total RNA was isolated from JVS mouse cardiac tissue and from control mouse cardiac
tissue and used for semi-quantitativ~ RT -PCR. Primer pairs specific for -mouse PPARy
and human GAPDH were used. RT-PCR was done with a wide range ofPCR cycles (930). Resultant products were run on a gel and evaluated by Southern analysis. GAPDH
and PPARy-specific band int~nsities were then.compared between control mouse and
JVS mouse.
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age-matched wild-type mouse cardiac tissue. Using mouse PPARy and GAPDH eDNA
specific primers, RT-PCR was performed simultaneously. Aliquots were taken (10 Ill) at
PCR cycles 15, 18, 21, 24 and 27. The samples from JVS mouse and control mouse were
run on a 1o/o agarose gel and transferred to a nylon membrane for Southern analysis.
PPARy was found to have a higher level of expression in the JVS heart as compared to
wild-type cardiac tissue. Through the quantification of the Southern hybridization signal
using densitometric software (Alphaimagef 2200 v5.1), JVS cardiac tissue was found to
I

have a 2.0- to 3.5-fold' ~:v-crease in the level of message of PPARy at the twenty- fourth
and twenty-seventh PCR cycles compared to control cardiac tissue. These levels were ,
normalized using the mouse GAPDH signal. Figure 21 shows the results of the Southern
analysis with the respective densitometric units for normalized JVS and wild-type PPARy
expression.

3. Clone and functionally characterize the ·m.ouse homolog of NaDC3 and
determin·e its

expre~-~jon

in ocular tissues

(a) Structural Features of Mouse NaDC3 eDNA

To clone the mq~we NaDC3 transporter, we screened a mouse kidney eDNA
library using a rat NaDC3 specific eDNA probe. From this screening, 4 clones were

Figure 22
Comparison of amino acid sequences of mouse NaDC3 (mNaDC3 ), rat NaDC3
(rNaDC3) and human NaDC3 (hNaDC3)
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selected and sequenced. A single positive clone was chosen for structural and functional
analysis. The deduced' amino acid sequence of mouse NaDC3, in comparison with other
members of the NaDC3 family is shown in Fig 22. The eDNA is 3227 bp long with an
1803 bp long open reading frame (including the termination codon). The 5' and 3'
untranslated regions are.27 and 1402 bp long, respectively. The 3' untranslated region
contains the poly(At tail and the polyc:tdenylation signal (AATAA). A comparison of
amino acid sequences shows that there is

asignificant similarity between mNaDC3, rat

NaDC3 and human NaDC3 (96% and 86% respectively). Additionally, mNaDC3 is 46%
similar to the recently

q~()ned

mN aDC 1 from kidney.

NaDC3 is a high affinity Na+-coupled transporter for succinate and other
dicarboxylate intermediates. NaDC3 readily transports a-ketoglutarate, oxaloacetate,
malate and fumarate. Rece·ntly, our laboratory determined the rat and human NaDC3s to
be responsible for the t~·ansport of N-acetyl-aspartate in the brain (Huang et al., 2000). To
define the functional

id~ntity

of mNaDC3, the eDNA was expressed in HRPE cells using

the vaccinia virus expression technique. The ability of the expressed protein to transport
succinate, other dicarboxylates and N-acetyl-aspartate was assessed. Cells transfected
with pSPORT vector alolle without the eDNA insert were used as control. Transfection
of HRPE cells with mouse NaDC3 eDNA resulted in a 130-fold increase in the transport
of [3H]succinate over vector-alone transfected cells (data not shown). The substrate
specificity of mouse NaDC3 is described in Figure 23. These studies were done in HRPE
cells' expressing mNaDG.3 and the specificity of mNaDC3 was inve~tigated by assessing

Figure 23

Substrate specificity of mouse NaDC3
HRPE cells were transfected with mouse NaDC3 eDNA. Transfected cells were
incubated with 20 nM [3H]succinate for 2 min in a NaCl-containing uptake buffer (pH
7 .5) in the absence or presence of various inhibitors. After incubation, the cells were
washed with ice-cold uptake buffer, and radioactivity associated with the cells was
quantitated. Final conG!~ntration of the inhibitors was 2 mM. Uptake of succinate in cells
transfected with vector alone was negligible (< 2%) compared to uptake in cDNAtransfected cells.
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the ability of various structurally related compounds (2 mM) to compete with
[

3

H]succinate for the transport process. The most effective inhibitors were a-

ketoglutarate, L-malate
e.
[

~-'t.

~pd
,

N-acetyl-aspartate. Unlabeled succinate inhibited

3

H] succinate transport by 100%. The inhibition caused by malonate, lactate and oxalate

was comparatively very small. Aspartate caused 70% inhibition and is a comparatively
less potent inhibitor than N-acetylaspartate.

(b) Kinetic Analyses of Mouse NaDC3 Transport

The saturation ~:~~;~~tics of mNaDC3-mediated succinate transport were then
studied. The transport rp.easurements were made in the presence of N aCl in HRPE cells
expressing mNaDC3. The concentration of succinate was varied in the range of 0.05 to
15 J.!M: The concentration of [3 H]succinate was kept constant at 20 nM. Transport
measured in cells transfecJed with pSPORT vector alone was used to adjust for the
endogenous transport activity. Figure 24 describes the data for mNaDC3-specific
transport. The transport was saturable with respect to succinate concentration and the data
fit well to a transport model consi_sting of a single saturable transport system. The
Michaelis-Menten
con~f~. nt (Kt) for the transport process was 3.4 ± 0.5 J.!M and the
.
~·· \}.~-}

.

maximal velocity CVm~xJ was 684 ± 32 pmol/106 cells/2 min. The effect.ofNa+ on
mNaDC3-mediated succinate transport was investigated under varying

concen~nitions

of

Figure 24
Saturation kinetics oftH]succinate transport by mouse NaDC3
Kinetic analysis of succinate transport in mNaDC3 cDNA-transfected cells was carried
out by measuring the transport over a succinate concentration range of 0.5-15 !JM.
Transport was measur~d with a 2 min incubation in NaCl-containing uptake buffer at pH
7.5. Transport in cells transfected with vector alone was negligible(< 2%) compared to
transport in cDNA-transfected cells. Data was analyzed using linear and non-linear
regression through the :SigmaPlot data analysis software (SPSS Science, Chicago
Illinois). Inset, Eadie-Hofstee plot.
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Figure 25

Sodium-activation kin~?tlts of mouse NaDC3-mediated t H]succinate transport
Uptake of 20 nM labeled succinate was studied in HRPE cells transfected with the
mNaDC3 eDNA with a 2 ·min incubation in the presence of increasing concentrations of
Na+ (0-140 mM) and a fixed concentration of Cl" (140 mM) in the extracellular medium.
The osmolality of the medium was kept constant by replacing Na+ with appropriate
concentrations of N-methyl-D- glucamine (NMDG). Data was analyzed using linear and
non-linear regression

throu~h

the SigmaPlot data analysis software (SPSS Science,

Chicago Illi,nois). Inset, Hill plot of the same data. V, uptake ~ates in pmol/106 cells/ 2.
min; V m' the maximal uptake rate ca~culated from the experimental data using the Hill
equation.
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extracellular N-~+. Experiments were carried out in HRPE cells expressing the
mNaDC3 eDNA. The concentration of NaCl in the extracellular medium was varied
from 0 to 140 mM. The relationship between the uptake rate and the Na+ concentration
was sigmoidal (Figure 25), suggesting the involvement of more than one Na+ per
succinate molecule transported. The data were fit to the Hill equation, and the Hill coefficient, which is the number of Na+ ions interacting with the carrier, was calculated.
The value, determined from the slope of the Hill plot (Figure 25, inset) was 2.7 ± 0.3.
This indicates that for every succinate molecule transported, three Na+ ions are
cotransported.· The proc~ss is therefore rheogenic; because with_every succinate
molecule, a divalent anion, that is transported, 3 Na+molecules enter the cell. This
process results in the transport of one net"positive charge into the cells. These data are
supported by previous findings of NaDC3, in rat and human, in which NaDC3 exhibits
identical characteristics. The ability of. the mouse NaDC3 to trans~ort N-acetyl-aspartate
is of vital importance in the production of an animal model allowing the study of its role
in Canavan disease and other neurological disorders. Transport of N-acetyl-aspartate was
measured through its ability to compete against radiolabeled succinate for the transport
process (Figure 26). [3!-HSuccinate transport was measured in the presence of increasing
concentration of N-acetyl-aspartate in the range of 10 to 1000 !JM. The Na+ dependent
uptake of [3H]succinate was inhibited by N-acetyl-aspartate in a dose dependent manner
with an IC 50 value of 66 ± 10 !JM. Under similar conditions, unlabeled aspartate
inhibited the uptake of eH]succinate with an IC50 value of 869 ±

Figure 26
Inhibition of NaDC3-mediated succinate transport by N-acetylaspartate (NAA) and
aspartate
Mouse NaDC3 was expressed in HRPE cells heterologously using the vaccinia virus
expression technique. The function of the expressed transporter was monitored by
measuring the uptake of 20 nM [3H]succinate for 2 min in a NaCl containing medium
(pH 7 .5) in the presence. of increasing concentrations of N-acetyl-aspartate (0) and
aspartate (e).

Uptak~- rr1tasured

in cells transfected with vector alone was subtracted

from·uptake in cells transfected with eDNA to calculate eDNA-specific uptake. The
eDNA-specific uptake in ·the absence of inhibitors was taken as 100%. Results are mean

± S.E. from four independent transfections. Data was analyzed using non-linear
regression through the~SigmaPlot data analysis software (SPSS Science, Chicago
Illinois).
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These data confirm mouse N aDC3 ·as a functional homolog to the human and rat

NaDC3s and identifies N-acetyl-aspartate as a substrate for this transporter (Figure 26).

(c) Expression of Mouse N aDC3 in Ocular Tissues

The expressio~· df mN aDC3 in the eye, rat and human neuronal tissues was
determined through RT -PCR. Expression within mouse eye was assessed by in situ.
hybridization. Total RNA samples from mouse eye, a rat ganglion cell line, a rat mueller
cell line, and a human RPE cell line (ARPE-19) were used for RT-PCR with speciesspecific primers for NaDC3. RNA samples from rat kidney and human placenta were
used as positive controls for NaDC3 mRNA expression. RT-PCR yielded products of
expected size for mouse eye'(949 bp), rat tissue cells (400 bp) and human tissue cells
(7 68 bp) based on the nti2leotide positions of the primers in mouse, rat and human
i;·

NaDC3 eDNA (Figure 27 and Figure 28). The product from mouse eye was analyzed for
restriction sites with two different enzymes Hind III and Pst I. This product was
digestibl~

with both enzymes, yielding restriction fragments of expected sizes based on

the nucleotide

sequenc~ ~f

mNaDC3 eDNA: 734 and 213 bp for Hind III, 660 and 237

for Pst I (Figure 27). To-determine whether NaDC3 was expressed in the eye and
specifically in the retina, in situ hybridization experiments were carried out using frozen

Figure 27

Expression of NaDC3 mRNA in mouse eye and kidney
RT-PCR and restrictiqr~ ~~nalyses of mouse NaDC3 mRNA in the ~otal RNA from mouse
eye and kidney.

Total.~NA
.

I

from mouse eye and kidney was used for RT-PCR with

.

mouse NaDC3-specific primers. The expected size of the RT-PCR product (uncut),
predicted from the positions of the primersis 947 bp. The RT -PCR product was gel
purified and then used for restriction analysis ·with Hind III and Pst I. DNA standards
( 100 bp-12.2 kbp) were run on the gel in parallel to determine the size of the RT-PCR
product and restriction fragments. The product was digestible·with both enzymes,
yielding restriction fragments of expected sizes based on the nucleotide sequence of
mNaDC3 eDNA: 734 0n<i 213 bp for Hind III, 660 and 237 for Pst I.
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Figure 28

Expression of NaDC3 mRNA in different retinal cell types
RT-PCR ofNaDC3 mRNA in the total RNA from rat kidney, ganglion, and mueller cells
as well as human placenta and ARPE-19 cell culture was carried out with total RNA from
each tissue or cell type. Respective species-specific primers were used in RT-PCR. RTPCR was done with (+) or without (-) reverse transcriptase. Reaction without reverse
transcriptase was used as a negative conti'ol. The expected sizes of the RT -PCR products,
based on the positions of the primers, are 400 bp and 768 bp for rat and human tissue/cell
type, respectively.

114

·+

RT
+

+

- .+

+

Figure 29

Assessment of mouse NaDC3 mRNA expression in mouse eye by in-situ hybridization
(A) Hematoxylin and eosin-stained cryosection of the anterior portion of the eye showing
the cornea (C), ciliary body (CB), iris (I) and lens (L). (B) Anterior portion of mouse eye
probed with the antisense digoxigenin-labeled NaDC3 riboprobe. (C) Hematoxylin and
eosin-stained section for comparison to adjacent unstained retinal sections. Several layers
of the retina are indicated (GCL =ganglion cell layer, INL =inner nuclear layer, ONL =
outer nuclear layer, IS = inner segment, RPE = retinal pigment epithelium). (D) Lower
magnification of mouse retina probed with the antisense digoxigenin-labeled NaDC3
riboprobe showing positive reaction in several layers. (E) Higher magnification of (D)
shows the outer retinal:region. Arrow points to inner segments (IS) of photoreceptor cells
and the arrowhead points to the RPE cells. (F) Lower magnification of optic nerve region
probed with

antise~se

NaDC3 riboprobe and (G) Higher magnification of optic nerve.

(H) Optic nerve probed With sense (negative control) digoxigenin-labeled NaDC3
riboprobe. No specifiC signal is detected with the sense probe (Magnifications: A,B,F,H =
200X; C,D,G = 400X; E = 630X).

116

GCL

lNL
ONL
IS

:RPE

117

sections of adult mouse eyes. In situ hybridization with an mNaDC3-specific antisense
riboprobe to mouse retina revealed extensive distribution in the retina and in other
portions of the eye

(Figu~e

29). A low magnification of a hematoxylin and eosin-stained

section of the anterior. ~iispect of the eye is shown in Figure 29A. The results of in situ
hybridization are shown in Figure 29B. The ciliary body and iris are intensely positive for
NaDC3, as are the epithelial cells at the equator and periphery of the lens. In the retina,
NaDC3 is abundantly expressed in the neurons of the ganglion cell layer, cells of the
inner nuclear layer and the inner segments of the photoreceptor cells (Figure 29D). A
corresponding tissue section with hematoxylin-eosin staining is shown in Fig 29C. The
retinal pigment epithelial cells that constitute part of the blood retinal barrier also express
N aDC3. The expression in these cells is shown at higher magnification in Figure 29E.
The optic nerve also showed an intense positive reaction for NaDC3 as shown in Figure
29F and 29G (higher magnification). The sense probe did not yield a positive signal
under identical experimental conditions anywhere in the eye (Figure· 29H), demonstrating
the specificity of the signals seen with the antisense probe.
NaDC3 is the transporter that is responsible for the uptake of extracellular NAA
into neuronal cells.

Si~ce

aspartoacylase II, the enzyme responsible for the hydrolysis of

NAA, is a cytosolic enzyme, NaD~3 and aspartoacylase II must function in a coordinated
manner in the breakdown of extracellular NAA. This would predict a co-expression of
aspartoacylase II with N.ai>C3 in tissues involved in NAA metabolism. Figure 30
describes the expression-pattern of aspartoacylase II mRNA in ocular tissues. The

Figure 30

Assessment of mouse aspartoacylase II mRNA expression in mouse eye by in-situ
hybridization
(A) Retina probed with antisense digoxigenin-labeled mouse aspartoacylase II riboprobe.
Different layers of the r~tina are identified: GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer; IS, inner segment; RPE, retinal pigment epithelium. (B)
Higher magnification of (A). (C) Ciliary body probed with antisense digoxigenin-labeled
mouse aspartoacylase II riboprobe. (D) Retina probed with sense digoxigenin-labeled
mouse aspartoacylase II riboprobe (negative control).
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expression was evident in the neurons of the ganglion cell layer, cells of the inner nuclear
layer and inner segmeri~t~ of the photoreceptor cells as well as in retinal pigment epithelial
cells (Figures 30A and 30B). The ciliary;body was also positive for expression of this
enzyme (Figure 30C). There was no positive signal with the sense riboprobe under
identical exper~mental conditions (Figure 30D).

4. Construct a knock-out vector, NaDC3-pKO based upon the intron-exon
organization of the mouse N aDC3 gene

(a) Determination of the Intron-Exon Organization of the Mouse NaDC3 Gene

We isolated two mouse genomic clones from a bacterial artificial chromosome
library of mouse genomic DNA by using a full length mouse NaDC3 eDNA as a probe
for screening. These t\yo clones were digested with Hind III and the resultant fragments
were analyzed by Southern blot hybridization using two different eDNA probes, one
specific for the 5' end of. mouse NaDC3 eDNA and the other specific for the 3' end of
mouse NaDC3 eDNA~, ~~~rie of the clones yielded positive hybridization signals with both
probes, indicating that this particular clone contained the entire gene coding for mouse
NaDC3. We then subjected the Hind III digestion fragments of this clone to Southern
hybridization with a full-length mouse eDNA probe and identified the fragments that
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were positive for hybridization. These fragments containing the exons were subcloned
and sequenced. We obtained a part of the sequence of the mouse N aDC3 gene based on
the information from our subcloned fragments and from Genebank, allowing us to deduce
a partial intron-exon organization of the mouse NaDC3 gene that was sufficient to design
and construct a N aDC3 gene-targeting knockout vector.

(b) Description of the N'aDC3-pKO Knockout Vector

The knockout vector was constructed using the commercially available pKO
Scrambler plasmid (Figure 31). We obtained an 1850 bp fragment and a 6490 bp
fragment of the mouse:'NaDC3 gene by PCR with the BAC genomic clone as the
template. The shorter fragment was ligated into the pKO plasmid a Bgl II and Xho I sites
on one side of the Neo cassette. The longer fragment was inserted into the pKO plasmid
at Sma I and Not I sites ;on the other side of the Neo cassette. The two PCR fragments
were designed in

sue~ lfl

;way that a small region of the N aDC3 gene containing exon 3

was deleted. The Neo cassette replaced the deleted position. This maneuver resulted in
the loss of two Hind III sites _in the mouse NaDC3 gene. Thus, in the constructed
knockout vector, the Neo cassette was flanked by an 1850 bp NaDC3-specific gene
fragment on one side and by a 6490 bp N aDC3-specific gene fragment on the other side.

Figure 31
Summary of the targeting vector, mouse NaDC3-pKO
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To analyze the· presence of the targeting vector in the DNA of the ES cells after
electroporation and in the genomic DNA of the chimeric mice during the generation of
the knockout mouse line, we had to design a NaDC3 gyne-specific DNA probe that lies
.

-

outside the region of gene that was incorporated in the targeting vector. This probe,
obtained by PCR, was 441 bp long. This sequence lies upstream of the 1850 bp short arm
of the targeting vecto1·. To establish the utility of this probe to differentiate between the
wild-type gene and the gene disrupted with the targeting vector, we used this probe to
analyze the wild-type genomic DNA by Southern hybridization. As indicated in fig1:1re
31, the mouse NaDC3 gene possesses four Hind III sites in the region containing exons
two and three. The

d~stance

between the first and the fourth Hind III sites is 11,711 bp.

Since the second and third Hind III sites have been deleted in the construction of the
targeting vector, the genomic DNA of the targeting vector-positive ES cells and the
genomic DNA of the ch~meric mice should yield an Hind/// digestion fragment of 11.7
kb in size that ~ill hybridize to the 441 bp Southern probe. In contrast, the wild-type
genomic DNA, because of the intact second and third Hind III sites, will yield only a
4136 bp long Hind III fragment that will hybridize to the 441 bp Southern probe. Figure
32 shows that the southern probe identifies a -4kb Hind III fragment in wild-type ES cell
genomic DNA and

al~ojn

the BAC clone, providing evidence to the future utility of the

approach to differentiate between the wild-type gene and the gene disrupted by the
targeting vector.

Figure 32
Confirmation of Southern probe required for phenotype identification of mNaDC3pKO

Genomic DNA from mouse embryonic stem cell line and the BAC clone containing the
mouse gene for mouse NaDC3 were digested with Hind III and size-fractionated. The
DNA was transferred to a nitrocellulose membrane and probed with a 32P-labelled eDNA
probe. This 441 bp probe was obtained through PCR, subcloned and confirmed by
sequencing. An expected size of 4136 bp was obtained from both ES cell genomic DNA
and the BAC clone.

126

4_kb

DISCUSSION

1. OCTN2.
Structure-function relationship·

.

.

.

.

Previous· chanicterization and functional studies have defined OCTN2 as an
is unique because of the differential
organic
cation/carnitine
cotransporter. OCTN2
. '
.
' .?
energy requirements required to transpor~:·ca~nitine and organic cations. The Na+dependent transport Qfcarnitine and Na+-:,in~ependent transport of. organic cations define.
.

'

..

.

~

the dual nature of OCTN2 and thus pr~~ide evidence for the physiological and
pharmacological importance of this transport protein. The mapping of the specific
domains and binding .sites responsible for transport of the two distinct classes of OCTN2
substrates are therefore important in understanding the functional properties of this
transporter.
Physiologically,

c~rnitine

is

ess~ntial

for the transport of long-chain fatty acids

across the inner-mitoc~b'i)ndrial membrane for subsequent ~-oxidation. The derangement
of OCTN2-mediated carnitine transport results in primary carnhine deficiency, an
autosomal recessive inherited disease. Hypoketotic hyperglycemia, failure to thrive,
cardiomegaly and lipid accumulation in various tissues are symptoms of defective
carnitine transport. If not treated with pharmacological doses of oral carnitine, the disease
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is fatal. Similarly, the symptoms of the JVS Uuvenile visceral steatosis) mouse resemble
the symptoms of primary carnitine deficiency. The JVS mouse carries a mutation in the
OCTN2 gene that le~ds to the loss of transporter function. This mouse offers an excellent
animal model for the human genetic disorder-primary carnitine deficiency. The
realization that defecti"'/.~):'0CTN2-mediated carnitine transport is responsible for the
clinical manifestations of primary carnitine deficiency seen in human and in the JVS
mouse underscores the importance of OCTN2 transport in lipid metabolism.
Additionally, OCTN2 is pharmacologically important because of the transport of various
cationic drugs, xenobiotics and cationic metabolic waste products. Ion-channel blockers,
local anesthetics, antihistamines, anticholinergic agents, neuromuscular blocking agents,
cationic neurotoxins, and ~-lactam antibiotics represent many of the important drugs
transported by OCTN2. ~he ability of OCTN2 to transport ~-lactani antibiotics,
valproate, pivampicillin_:-a:nd zivovudine is of clinical relevance because use of these

to . _result in competitive inhibition of OCTN2-

drugs for tberapeutic purposes is exp~cted

mediated carnitine transport in various tissues 'including the kidney .. Since OCTN2 in the
kidney is responsible for the: reabsorption of carnitine from the glomerular filtrate,
.'

•

•

•

•

<.

',

•••

'

•

inhibition of this reabsqrption by these therapeutic drugs will result in urinary loss of
carnitine and consequently in systemic carnitine deficiency. Therapeutic use of
cephaloridine, a

~-lactam

antibiotic substrate for OCTN2, has been shown to be

associated with increased urinary excretion of carnitine and nephrotoxicity resulting from
defective oxidation of fatty acids a key energy source. Similarly, long-term use of
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valproate,

pivampicillin~
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and zivovudine is known to cause carnitine deficiency in

humans. All of these dn1gs have been shown to act as competitive inhibitors of carnitine
transport via OCTN2 :(C)hashi et al., 1999).
The· sites or regions in OCTN2 responsible for the transport of carnitine and
organic cations have been elucidated to a greater degree. Analysis of a genetic defect
found in patients with primary carnitine deficiency has identified an amino acid residue
whose mutation results, ~p a differential effect on carnitine and TEA transport. The
mutation, P478L, results in a 1oss of carnitine transport without affecting the transport of
TEA. Subsequently, in the search for the Na+ binding. site required for carnitine transport
the Y211F mutation was· characterized. This mutation produces only a negligible effect
on TEA transport but causes a complete loss of carnitine transport. In addition to these
mutations, the L352R substitution found in JVS mice blocked both the transport of
carnitine and TEA (Seth et aL, 1999). Thus, certain mutations·such as P478L and Y211F
have differential influence on carnitine transport versus TEA transport whereas certain
mutations such as M352,~ (L352R in mouse) have similar effects on carnitine transport
and TEA transport. These data suggest that the domains responsible for carnitine
transport overlap to some extent with the domains responsible for TEA transport. But at
the same time, these domains are not exactly identical. The regions where the amino acid
residues P478L and Y2f! reside are:esseritial.for·carnitine transport but not for TEA
transport. On the other hand, the region where the amino acid residue M352 resides is
responsible for the transport of carnitine as well as for the transport of TEA. Interestingly,
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the P478L and Y211 ,residues are far apart in terms of the linear amino acid sequence of
OCTN2. However, in the native three-dimensional structure of OCTN2 in the plasma
membrane, these two regions are likely to interact closely, to form the carnitine transport
site. The significant overlap between the carnitine transport site and the TEA transport
site is evidenced from the mutual competition between carnitine and TEA for the
transport process. The construction of cross-species chime,ras, by our laboratory, between
.rat and human OCTN2 followed in an attempt to clarify the location of the carnitine and
organic cation transport domain or domains. Carnitine transport by human OCTN2 is
several-fold higher thon:oits transport of TEA whereas TEA and carnitine transport by rat
OCTN2 is comparable. T.hese differences in transport ability were exploited in the
functional analysis of several rat/human OCTN2 chimeras. Results indicated that the sites
responsible for carnitine ~ransport and TEA transport are spatially separated. Amino acids
1-122 and 240-449 were found to be responsible for TEA transport whereas camitine
transport was localized to the region pertaining to amino acids 123-239 and the Cterminal 108 amino acids. Therefore, it was found that OCTN2 possessed two transport
regions; each spatially

s~parated

but with a partial overlap in their ability to confer

organic cation and carn.itine transport (Seth et al., 1999).
The purpose of this project was to add to the current understanding of the
structure-function relationship of OCTN2 as well as to evaluate recently identified
mutations in patients

wit~

primary carnitine deficiency. The continued interest in the

structure-function relationship of OCTN2 is fueled by the findings that different domains
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in OCTN2 function differentially in the transport of carnitine and organic cations.
Genetic mutations that lead to defective carnitine transport are increasingly identified in
human patients with primary carnitine deficiency. But, whether or not these mutations
interfere with the transport of organic cations cannot be readily predicted. Therefore, a
systematic study of the mutations identified in hu~an patients for their effects on not
only carnitine transport but also organic cation transport is obligatory for a clear
understanding of the structure function relationship of OCTN2. Furthermore, there may
be mutations in humans that int~rfer¢ with organic cation transport without affecting
carnitine transpo~t, but such mutations are not likely to be identified because these
.

'

.•

mutations wjll not lead, tq clinical symptoms as with carnitine transport-defective
'

. '.,

~ f:,

'

~

'

mutations. Therefore, ·qnly systematic site-directed mutagenesis studies will. lead to the
identity of the domains in OCTN2 that ·spedfi~~lly mediate the transport of organic
cations without contributing to the carnitine tran.sport process.
Our study'began[,~.rith the characteri~ation of mutations found in patients with
primary carnitine defick,:.ncy. These mutations were done using rat OCTN2 eDNA
because of its ability to transport TEA·and carnitine in comparable quantities. The TEA
transport of these mutations varied from the negligible transport seen with the E452K
mutation to the partial trap.sport of V446F and Y211C (Table 1 and 2). The Y211C
-.

'}'f

•

mutation, found in a patient with carnitine deficiency proved interesting because Y211
was the residue that was investigated in a previous study as a potential site for Na+
binding. At the tyrosine 211 position, the Y211F mutation produced a differential effect
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on the transport of TEA and carnitine. However, substitution of Y211 with cysteine
(Y211 C) led to an eqdally deleterious effect on both transport activities. This suggested
that the physiochemical nature of the amino acid that substitutes the tyrosine residue is
important to determine. its relative influence on the two transport activities. The selection
of these amino acid substituents was intended to represent a range of physiochemical
properties leading to insight about the involvement of this domain in the transport of
carnitine and organic cations (Figure 2). With tyrosine possessing the properties given to
a hydrophobic, aromatic, find hydroxy!-containing molecule, each of these
,.

r • .'

physiochemical characteristics was evaluated individually and as a whole. Upon
'o

replacing the tyrosine 2lt with phenylalanine (F), the presence of the aromatic
: ~l .~, ~ '

hydrophobic R-group in Phe was found to only slightly reduce TEA transport. Similarly,
tryptophan (W) with an &.ndole ring joined to a methylene group, produced reduced but
significant TEA transport, as did the simple hydrophobic carbon side chain of leucine
(L). Because tyrosine is hydrophobic, these results were expected. The role of the
,,

hydroxyl group of tyrosine was then investigated. When the Y211 was replaced with Ser
or Thr, the mutations·res-u,lted
in the loss of both transport activities. Similarly,
. ..
:

(·

'

'

replacement of Y211 with ch(;lrged amino acids su~h· as Lys, flis, and Glu also caused
complete loss ofboth transport activiti~s (Figure 3). These data lead.tothe· following
conclusions. The presence of a Tyr afpositiort 411 is absolutely essential for carnitine
transport. Substitution -of this residue with any other amino acid, including the
structurally similar )?he abolishes ca~nitine transport. Obviously, the phenolic hydroxyl ·
1
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group pl~ys a critical ro~~ in the binding and/or translocation of carnitine. But, this
·,.

phenolic hydroxyl grouiJ cannot be substituted with aliphatic hydroxyl group as in Ser or
Thr, showing the oblig,atory

l).atu~e

of the aromatic hydroxyl group for optimal carnitine

transport. In teims of thy role ofthe amino acid residue2l.l in organic cation transport it
appears that the hydrop~?bicity of the residue is most crit~cal. However, an aromatic
hydrophobic amino acid., appears to be better suited than an aliphatic hydrophobic amino
acid in.facilitating organic cation transport.
While searching for mutations that would interfere with organic cation transport
without affecting carnitine transport, the work by Sekine et al. ( 1999) on rat OCTN2
came to our attention~

'E~e

functional characterization of rat OCTN2 by Sekine et al

differed from our studies with rat OCTN2 in that their clone did not transport TEA to any
I

significant degree. In contrast, our rat OCTN2 clone exhibited excellent TEA transport.
The transport by each c~qne with respect to. carnitine was comparable. This difference
was apparently based on_Jt single amino acid substituent at position 275 (Figure 8). The
clone described by Sekine et al possessed Gly at this position whereas our clone had Trp
at that position. Therefore we hypothesized that W275 is absolutely essential for organic
cation transport and that ,substitution of this amino acid with Gly would result in loss of
organic cation transport.'To test this hypothesis, we generated the W275G mutation in.
our rat OCTN2. We found that this mutation not only abolished TEA transport but also
stimulated carnitine transport (Figure 9). The loss of TEA transport in this mutant was
due to a decrease in affinity .for TEA and the enhancement of carnitine transport was due
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to an increase in affinity for carnitine (Figure 11 and 12). Interestingly, the W275G
mutation in human OCTN2 did not recapitulate the results obtained with the same
mutation in rat OCTN2 even though the W275 residue is conserved between the two
species, as are the surrounding amino acids (W274, F276, 1277 and P278). The reasons
for this discrepancy are not known at present.
Mutations with deleterious effects .on carnitit:J.e transport are relatively abundant
due to their identificatior1 in patients with primary carnitine deficiency. These mutations
are rarely studied for defective organic cation transport. The reason for this stems from
the nature of cellular handling of organic cations. OCTN2 is.not the only protein
responsible for organic cation transport. All members of the organic cation transporter
\. ~ 1

superfamily fulfill. this obligation. But, OCTN2 is the primary transport protein for
carnitine and therefore:~utations that affect carnitine transport are increasingly
identified·. Tang et al. recently described two mutations, R471P and T440M, which are
loss of function mutations resulting in primary carnitine deficiency. Our analysis of the
function.al characteristics., of these mutants began in rat OCTN2 eDNA and moved
subsequently to human·QCTN2 (Figure 4 and 6). R471P in rat confirmed the loss of
function of carnitine. But this mutant maintained significant organic cation transport
activity. The T440M however resulted in the loss of both transport activities. Similar
results were obtained with corresponding mutants in human OCTN2.
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Regulation of OCTN2

The activation of peroxisome proliferator receptor y is obligatory for adipocyte
differentiation. PPARyu.(l~ficient mice are embryonically lethal, but upon rescue from
failed trophoblast differentiation, the mice become completely lipodystrophic and are
subject to myocardial thin wall syndrome. 1t is this link that lead to our investigation of
PPARy as a potential regulator of carnitine transport. Carnitine is required for the transfer
of long-chain fatty- aci.d molecules across the inner-mitochondrial membrane for
subsequent ~..,oxidation. This transport is essential because long-chain fatty acids
represent the energy currency of choice for cells during periods of low carbohydrate fuel,
which occurs during exercise or fasting. More importantly, cardiac tissue relies on the
metabolism of long-cha.ih fatty acids to maintain its normal energy status. It is therefore
not surprising that patic-,.lts suffering from primary carnitine deficiency present with
cardiomegaly. Similar manifestations of deranged fatty acids metabolism are seen in the
JVS mouse. The-similarities between PPARy deficiency-induced cardiomyopathy and
lipodystrophy and the cardiomegaly and tissue lipid accumulation seen in JVS mice and
carnitine

~eficiep.cy patie~ts

pointed to

ppARy as a potential regulator of OCTN2-

mediated carnitine transport.
We approached this hypothesis through the use of a PP ARy agonist, troglitazone.
Troglitazone is a member of an anti-diabetic class of compounds termed
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thiazolidinediones. These compounds are potent activators ofPPARy and have been
shown to induce adipocyte differentiation through the transcriptional activation of key
;.. ; :.

.

enzymes including AP2, phosphoenol pyruvate carboxy kinase (PEPCK), acyl CoA
synthase (ACS), fatty acid translocase/CD36 (FAT/CD36), fatty acid transport protein 1
(FATP-1) and lipoprotein lipase (LPL) (Rocchi a.nd Auwerx, 1999). Each of these
contains in the respective gene a peroxisome proliferator response element (PPRE) to
which activated PPARy binds and induces transcription. The binding of troglitazone, a
synthetic compound, to the ligand binding domain of PPARy drives the formation of a
heterodimeric complex of PPARy and the retinoic acid X receptor. This heterodimer
subsequently binds the respective PPRE and up.,. regulates transcription of the respective
. '

'.'~;-:

gene. In the present st~1dy, a 10 JlM troglitazone treatment was found to reduce carnitine
transport in MCF-7 cells in a significant manner when compared to untreated cells. Due
to the use of ethanol as a solvent for the compound,

~.ell

death was a concern. Leucine

uptake was therefore measured simultaneously with carnitine uptake and specificity of
the decrease in carnitin~ •. transport was confirmed. Additionally, the endogenous PPARy
:·'

ligand prostaglandin J2 (PG-J2) was evaluated and found to also reduce carnitine
transport in a significant manner (Figure 17). Taken together, the treatment of MCF-7
cells by two PPARy agonists resulting in the inhibition of carnitine transport supported a
role for PPARy in the re.;ghlation of OCTN2 mediated carnitine transport. The PPARyinduced decrease in OCTN2 function was associated with a decrease in the maximal
velocity of the transporter with no detec,table change in the affinity for carnitine (Figure
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18). The reduced transport may be due to a change in the transporter density at the cell
surface, which may or may not be associated with a decrease in the steady state levels of
OCTN2 mRNA. Our data show that OCTN2 mRNA levels do not change as a result of
PPARy activation with troglitazone. The exact mechanism by which troglitazone and
PGJ2 decrease OCTN2 transport function is not known. This does not seem to involve
processes associated with gene regulation. An indirect pathway of activation must not be
dismissed because the action of PPARy on insulin sensitivity was recently shown to be a
more complex issue than previously thought. The treatment of mice on a high fat diet
with supraphysiologicafdose of rosiglitazone resulted in protection from adipocyte
hypertrophy induced insulin resistance. In contrast, the moderate reduction of PPARy
activity as seen in heterozygous PPARy deficient mice was also protective against the
development of insulin resistance and obesity. Therefore, the regulation of lipid
metabolism and energy' homeostasis becomes a complex issue involving many pathways
and a simple explanation as to their regulation is unlikely.
The JVS mouse provided a new perspective to understand the regulatory
mechanisms responsible':for the maintenance of the intracellular carnitine levels. As
stated previously this 1n0use is afflicted with primary carnitine deficiency due a defective
OCTN2 protein. To date, there have been no studies on how carnitine deficiency may
affect the expression of genes associated with lipid metabolism. Our laboratory has
undertaken preliminary studies using microarray technology to compare the RNA
populations of the JVS mouse with those of healthy control mice. The genechip analysis
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of JVS mouse heart RNA versus control mouse heart RNA revealed an increase in the
levels of several mRNA species. Specifically of interest was the expression of PPARy
and PP ARa. With each of these genes playing a role in lipid metabolism it was
interesting to find a 3-fold increase in the relative abundance of transcripts for each of
these transcription factors. Semi-quantitative RT -PCR analysis of PPARy expression in
JVS heart RNA reveale~ a similar rise in expression, which confinned the data from
microarray analysis·:{Pigure 21). This rise in expression supports a role for PPARyin
carnitine homeostasis. Intracellular carnitine levels may be involved in the regulation of
PPARy through changes in the cellular energy status. Carnitine-deficient heart tissue is
specifically under great s~ress from an inability to use long-chain fatty acids for energy.
Therefore, the cardiac tissue may be responding to this stress by increasing the transcripts
of key regulatory components involved in energy metabolism. As has been shown, the
PPAR family is a primary factor in the control of these genes and their up-regulation is an
expected response by .tissues under energetic stress.
These data pre::~-:::rit interesting findings relating not only to carnitine transport but
to lipid metabolism as well. The data from this preliminary study support a role for
PPARy in the control of carnitine transport. However,more work is needed to further
define the pathways that ~irectly link PPARy expression with OCTN2-mediated carnitine
transport. The continued study of the JVS mouse is potentially very rewarding avenue of
research and will no doubt provide valuable evidence towards a greater understanding of
carnitine homeostasis and transport.

I
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NaDC3

To date, two different transport systems have been identified that mediate the
Na+- coupled transport of dicarboxylates in the plasma membrane of mammalian cells.
(Pajor AM, 2000). Both transport systems, described by their low or high affinity for
succinate, have been identified at the mo1ecular level. The low-affinity transport, known
as NaDCl.(Na+-coupled_.dicarboxylate carrier 1), has a K, value (Michaelis constant) for
succinate, a dicarboxy late substrate, in the millimolar range. In contrast, the high affinity
transporter, known as NaDC3, has K, value for succinate in the micromolar range. Both
transporters belong to a distinct gene family that includes the Na+-coupled sulfate
transporters. NaDC1

i~.

expressed primarily in the kidney and intestine whereas NaDC3 is

expressed in the kidney~ liver, brain, and placenta. Several dicarboxy lates have been
identified as substrates for N aDC 1 and N aDC3. These substrates include succinate, aketoglutarate, malate, fumarate and oxaloacetate. Each of these compounds possesses a
backbone of 4 or 5 car~on
atoms and two carboxylate groups. Additionally, aspartate and
..
_,.

~~

glutamate also possess these minimal structural features, but the affinity of NaDCs for
these amino acids is several-fold lower than that for the structurally related
dicarboxylates such as a-ketoglutarate, indicating that the presence of the positively
charged amino group

inte~feres

with recognition by the transporter.
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The present proJect focused on the high affinity dicarboxylate transporter NaDC3.
Our laboratory cloned :this transporter first from rat placenta and then from human
placenta (Kekuda et al., 1999; Wang et al., 2000). Recently, we made an interesting
observation that NaDC3 is able to transport N-acetylaspartate (NAA) with high affinity
(Huang et al., 2000). This
compound arises through the acetylation of the amino group in
.
.

aspartate, which incr~ases the affinity for NaDC3 several fold. The characteristics of the
transport of NAA, the resulting aspartate derivative, via NaDC3 are similar to those
exhibited by transport of dicarboxylate substrates. The NaDC3-mediated transport of
NAA is Na+-coupled and electrogenic with aNa+: NAA stoichiometry of 3: 1. These
findings have physiolC?¥l£ial significance because NAA is the second most abundant
amino acid in the nervous system, with only glutamate occurring at higher
concentrations. Interestingly, NAA lacks a defined role in the CNS compared to the welldefined functions of glutamate (Tsai et al., 1995; Baslow MH, 1997;Clark JB, 1998).
Glial cells

expr~ss

a Na+-coupled transport system for NAA (Sager et al., 1999).

Interestingly, the characteristics of this NAA transport in glial cells are similar to those
via NaDC3. It is very likely that NaDC3 is responsible for the observed transport of NAA
in the glia. This prompte:d us to investigate the expression of N aDC3 in the brain and
provide unequivocal e\/{:r~E?nce for the expression of this transporter in the nervous system
;

in support of its role in

I,:,

l~AA

transport (Huang et al., 2000). Neurons represent the

primary site of synthesi..s for NAA and intraneuronal concentrations of this compound are
usually in the range of 10-15 mM (Tsai et al., 1995; Baslow MH, 1997;Clark JB, 1998).
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NAA is subsequently released from the neurons by a hitherto unknown mechanism
driving the extracellular concentrations of NAA in the brain interstitial space to -100
JlM. Degradation takes place in the glia which possess aspartoacylase II, the enzyme

responsible for the breakdown ofNAA (Benuck et al., 1968; and Goldstein FB, 1976).
Therefore, NAA must first enter the glial cells from the extracellular space for subsequent
hydrolysis by aspartoacy lase II. Thus, N aDC3 and aspartoacy lase II must function in a
coordinated manner to breakdown NAA (Figure 33). The brain content of NAA is
decreased in pathologiC;~{. conditions associated with neuronal loss because NAA is
released from the damaged neurons and efficiently broken down by glial cells thereby
lowering the overall NAA level. The measurement of NAA is the basis of the current
clinical use of proton magnetic resonance spectroscopy (NMR) to assess the levels in the
brain and determine neuronal loss in various pathological conditions associated with
disorders of the central nervous system.
NAA functions as an important source of acetyl groups in the synthesis of brain
lipids, which is a process closely related to the synthesis of myelin (Burri et al., 1991).
Recent studies have sho'wn that mature oligodendrocytes, responsible for myelination,
contain NAA (Bhakoo et al., 2000). Several cerebral pathologies such as multiple
"\

sclerosis, hypoparathyroidistn, and mitochondrial encephalopathies are due to a
dysfunction of proper myelination and associated with alterations in the content and
metabolism of NAA. The hnportance of NAA metabolism in myelination is underscored
by the clinical consequences of a genetic defect in aspartoacylase II. Canavan disease is

Figure 33
Summary of N-acetylaspartate metabolism in brain
NAA, N-acetylaspartate; ASPA II, aspattoacylase II.
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an autosomal recessive disorder with mutations in the gene coding for aspartoacylase II.
This is a neurodegenerative disease of infancy and early childhood characterized by
demyelination, leukodystrophy, megaloencephalopathy, and spongiform degeneration.
Recent studies have shown that targeted disruption of the gene coding for this enzyme in
mice produces central n~rvous system pathologies similar to those observed in patients
with Canavan disease (IViatalon et al., 1999). Because NaDC3 functions in a concerted
manner with aspartoacylase II in the hydrolysis of NAA, it is likely that dysfunction of
the transporter will also lead to similar clinical consequences. One of our long-term goals
is to generate a NaDC3 kpockout mouse to test this hypothesis. Towards this goal, we
initiated studies to clone, and characterize mouse NaDC3. The cloned mouse NaDC3 is
highly homologous to the previously reported rat and human orthologs (Kekuda et al.,
1999; and Wang et al., 2000) (Figure 22). When expresseq heterologously in HRPE cells,
the cloned mouse NaDG3 mediates Na+-coupled transport of succinate with a K 1 value of
-3

~M

(Figure 24). The transporter recognizes several other dicm·boxylates as substrates

as determined by competition experiments (Figure 23). The Na+: succinate stoichiometry
is 3:1, suggesting tha~ the transport process is electrogenic(Figure 25). The cloned
transporter recognizes ·NAA as a high affinity substrate(Figure 26). ··
Since Canavan .disease is assoCiated with dysfunction of the retina and optic
nerve, the metabolism of NAA apparently plays an important role in the eye. The
\

presence of NAA has been demonstrated in the retina (Tsai et al., 1995; Baslow MH,
1997;Clark JB, 1998). :But, there is no information available in the literature on the
•

1_>

•
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expression of aspartoacyla_se II, nor NaDC3. We speculated that the enzyme as well as
the transporter is obligatory for the metabolism of NAA and that both are expressed in
the retina. In the present study, we provide evidence that supports this speculation.
NaDC3 mRNA, as assessed by in situ hybridization, is express_ed in several layers of the
neural retina. The expression is evident in the ganglion cell layer, photoreceptor cells and
in the optic nerve (Figure 29). A similar pattern of expression is also seen with
aspartoacylase II (Figure 30). These findings suggest that the metabolism of NAA is
disrupted in Canavan disease not only in the brain but also in the retina, thus providing
the molecular basis for the retinal and optic nerve dysfunction in this disease.
Interestingly, NaDC3 and aspartoacylase II are also expressed in non-neuronal cells of
.•

the eye. The expression::is evident in the retinal pigment epithelial cells and in the ciliary
body. The physiological-relevance of the expression of NaDC3 and aspartoacylase II in
these non-neuronal sites remains to be established.

SUMMARY

The present project examined two distinct transport systems, OCTN2 and NaDC3.
OCTN2 is an organic cation/carnitine cotransporter with interesting transport
characteristics. Unique ~mong the known solute transporters, OCTN2 possesses the
ability to transport organic cations and carnitine under differing energy requirements. The
Na+-dependent transport of carnitine and Na+-independent transport of organic cations
implies that different domains in OCTN2 may be involved in the two transport functions.
.

.

The purpose of this project was to adci.to the current undlbrstanding of how
OCTN2 transports organic cations and carnitine. This was done through the site-directed
..

.

mutagenesis of specific residues in OCTN2. Up9n investigation of the Yi11 residue, we
concluded that the presence of Tyr at position 211 is absolutely essential for carnitine
transport. The phenolic l.i~droxyl group plays a cr~tical role in the binding and/or
.

.

translocation of caniitine\tnd cannot be substituted for an aliphatic ·hydroxyl residue.
Regarding to cation transport, it appears that an aromatic hydrophobic residue is required
at position 211. Because mutations affecting carnitine transport in OCTN2 are discovered
due to the symptoms of systemic carnitine deficiency, a mutation that affects only organic
cation transport without affecting carnitine transport would be interesting. The W275G
mutation in rat OCTN2 transported carnitine very well, but lacked significant organic
cation transport. Interestingly the differential influence of this mutation on organic cation
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transport was not observed in human OCTN2 despite the region being highly conserved
between the rat and human OCTN2 proteins. The W275G mutation specifically supports
~)

the hypothesis of a separation between the transport domains responsible for Na+dependent carnitine transport and Na+-independent cation transport. We characterized
two recently identified mutations in OCTN2 from patients with primary carnitine
deficiency. Our analysis-of these mutations, R471P and T440M, confirmed the loss of
function of carnitine tra~,sport for both mutations. The R471P mutant in rat OCTN2
maintained significant organic cation transport activity. Similar results were obtained for
these mutants in human OCTN2.
OCTN2 is vital in the maintenance of proper energy homeostasis because of its
ability to transport can1liine; defects in this transport process result in primary carnitine
. I

deficiency. JVS mice provide an excellent model-system for the study of primary
carnitine deficiency because they lack a functional OCTN2 protein. JVS mice provide
and excellent model system for the study of primary carnitine deficiency because they
lack a functional OCTN~~protein. Similar to JVS mice, mice deficient in PPARy
(peroxisome proliferator activated receptor) are lipodystrophic and suffer from
cardiomyopathy.

~e

sought to understand the potential role PP ARy has in the regulation

of OCTN2 because PPARy is essential in the developing adipocyte and PP ARy-deficient
mice and JVS mice sha~¢ a similar etiology. To investigate the role PPARy has in the
regulation of OCTN2, ·we used troglitazone (a potent PPARy agonist) and found that the
transport of carnitine into MCF-7 cells was
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significantly reduced; compared to controls. This decrease did not occur at the
transcriptional level as indicated by Northern blot analysis and semi-quantitative RTPCR. Interestingly, PPARy expression is increased 2.0- to 3.5-fold in JVS 'mice. This
dramatic increase may be explained by the cells' need to increase key regulatory elements
involved in energy metabolism.
NaDC3 is a sodium-dependent high affinity dicarboxylate transporter that has
been identified recently as

a high affinity transport system for N- acetylaspartate (NAA).

NAA is the second most abundant amino acid in the brain and is believed to serve a
variety of purposes inc:~~~ding cell signaling and osmoregulation. The transport of NAA
into glial cells for degradation by the glia-specific aspartoacylase II is essential in
removing excess NAA from the extracellular space. We hypothesize that the dysfunction
of N aDC3 in this capacity would result in central nervous system pathology. To better
study N aDC3 and its rol~. in the brain we cloned and characterized the murine homolog
of the rat and human NaDC3. Functional studies confirmed the ability of mouse NaDC3
to transport succinate and other dicarboxylates as well as NAA. The eDNA sequence
allowed the generation of an mNaDC3 riboprobe, which was subsequently used in in situ
hybridization studies :of::·~he mouse retina. The intron-exon organization of the mouse
NaDC3 gene was partially deduced and used in the constrw;;tion of a targeting vector for
the future generation of a N aDC3 knockout mouse. The creation of a knockout animal for
mNaDC3 will greatly enhance our ability to study this protein and its relation to. the
physiology and pathology of the central nervous system.
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