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Abstract

We describe here the cloning and functional characterization of an organic cation transporter from Caenorhabditis elegans
(CeOCT1). The CeOCT1 cDNA is 1826 bp long and codes for a protein of 568 amino acids. The oct/ gene is ~ 3.2 kb in size
and consists of 12 exons. The location of this gene corresponds to the F52F12.1 gene locus on chromosome 1. The predicted
protein contains 12 putative transmembrane domains. It exhibits significant homology to mammalian OCTs. When
expressed in mammalian cells, CeOCT1 induces the transport of the prototypical organic cation tetraethylammonium. The
Michaelis—Menten constant for this substrate is 80 = 16 uM. The substrate specificity of CeOCT]1 is broad. This represents

the first report on the cloning and functional characteristics of an organic cation transporter from C. elegans. © 1999

Elsevier Science B.V. All rights reserved.
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Polyspecific organic cation transporters mediate
the excretion of a wide variety of positively charged
endogenous metabolites and xenobiotics [1,2]. These
transporters are expressed in the kidney, liver and
intestine. This tissue distribution pattern is consistent
with the function of the organic cation transporters
in the elimination of cationic xenobiotics from the
body. In recent years, several organic cation trans-
porters (OCTs) have been cloned and functionally
characterized from several animal species [3,4], pro-
viding an insight into the molecular nature and func-
tional mechanism of these transporters. The first
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member of the fast growing organic cation transport-
er family to be cloned was OCT1 [5]. Subsequently,
OCT2 and OCT3 were cloned [6,7]. These three
OCTs form a subgroup within the OCT family and
the predicted amino acid sequences exhibit ~ 70%
similarity among them. Another subgroup of the
OCT family consists of OCTN1 and OCTN2 [8,9],
which are much closer to each other than to the
members of the first subgroup at the level of primary
structure. All of the organic cation transporters
cloned thus far mediate the transport of the proto-
typical organic cation tetracthylammonium (TEA).
Interestingly, OCTN2 has recently been shown to
function also as a Na'-dependent carnitine trans-
porter [10,11].

Caenorhabditis elegans is being increasingly recog-
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nized as a very useful model system to study the
function of various genes expressed in higher ani-
mals. The complete structure of the C. elegans ge-
nome has been completed recently [12]. Database
searches of the C. elegans genomic DNA sequence
for genes homologous to mammalian organic cation
transporters identified a putative candidate. The lo-
cation of this gene corresponds to the F52FI12.1 gene
locus on chromosome I. In this paper, we report on
the cloning of the full-length cDNA coding for this
C. elegans protein and on the functional character-
ization of the protein by heterologous expression of
the cDNA in mammalian cells. The functional stud-
ies have established the cloned C. elegans cDNA as
an organic cation transporter with a broad specificity
for structurally diverse cationic compounds.

Total RNA was isolated from C. elegans with Tri-
zol reagent (Life Technologies) according to manu-
facturer’s protocol. Poly(A)* RNA was then pre-
pared by affinity chromatography on an oligo-dT
cellulose column (Life Technologies). The integrity
of the RNA sample was checked by formaldehyde-
agarose gel electrophoresis.

A pair of PCR primers specific for the putative C.
elegans organic cation transporter encoded by the
gene in the F52FI12.1 locus was designed: 5'-
GTTTCTGCAATGTTTATGCC-3" (forward prim-
er) and 5-TCGACTACTTCTCCGTCTTC-3' (re-
verse primer). Reverse transcription—polymerase
chain reaction (RT-PCR) was conducted using C.
elegans poly(A)™ RNA with Geneamp RNA-PCR
kit (Perkin Elmer). A single product was obtained
with an estimated size of 450 bp as predicted by
the primers. The PCR product was genecleaned
and cloned into pGEM-T vector (Promega). The
cDNA insert was sequenced by the dideoxynucleo-
tide chain termination method for confirmation of its
identity.

The SuperScript Plasmid system (Gibco BRL) was
used to establish the directional cDNA library using
the poly(A)™ RNA isolated from C. elegans [13]. The
cDNA probe obtained by RT-PCR was labeled with
[0-3?P]dCTP using the Ready-to-go oligolabeling kit
(Pharmacia). The C. elegans cDNA library was
screened with the probe under medium stringency
conditions. Hybridization was carried out at 65°C
for 20 h in a solution containing 5XSSPE
(IXSSPE=0.15 M NaCl, 10 mM NaH,PO4, 1 mM

EDTA), 5XDenhardt’s solution, 0.5% SDS, and
100 pg/ml of denatured salmon sperm DNA. Post-
hybridization washing was done as described earlier
[7,9], which involved extensive washes with 3 X SSPE/
0.5% SDS at room temperature. Positive clones were
identified and the colonies purified by secondary
screening.

Functional analysis of the cloned cDNA was car-
ried out by heterologous expression in human retinal
pigment epithelial (HRPE) cells using the vaccinia
virus expression technique [14]. This cell line has
been shown to be much better suited than the more
widely used HeLa cells for functional characteriza-
tion of organic cation transporters [15]. The cloned
cDNA is present in pSPORT vector under the con-
trol of T7 promoter and expression of the cDNA in
mammalian cells is mediated by a recombinant vac-
cinia virus carrying the gene for T7 RNA polymer-
ase. Transport of ['*C]JTEA in HRPE cells expressing
the CeOCT1 cDNA was measured as described pre-
viously [7,9]. The transport buffer was 25 mM Tris—
Hepes (pH 8.5), supplemented with 140 mM NacCl,
54 mM KCI, 1.8 mM CaCl,, 0.8 mM MgSOy4, and
5 mM glucose. When the influence of pH on trans-
port was studied, buffers of different pH were pre-
pared by appropriately mixing two buffers: 25 mM
Mes-Tris (pH 5.5) and 25 mM Tris—Hepes (pH 8.5).
Both buffers contained all other salt supplements and
glucose. Cells transfected with pSPORT vector alone
was used to determine endogenous organic cation
transport activity. The transport activity in cDNA-
transfected cells was adjusted for the endogenous
transport activity to calculate cDNA-specific activity.

Two positive clones were isolated by screening of
~5X103 colonies of the C. elegans cDNA library,
with ¢cDNA inserts of 1.8 and 1.3 kbp in size. Se-
quencing of the clones indicated that the 1.8 kbp
cDNA, designated CeOCT1, was a full-length clone
whereas the 1.3 kbp cDNA was a truncated
CeOCTT1.

The nucleotide sequence (GenBank accession no.
AF110415) and the deduced amino acid sequence of
CeOCT]1 are given in Fig. 1. The cDNA is 1826 bp
long with a 1707 bp long open reading frame (includ-
ing termination codon). The cDNA codes for a pro-
tein of 568 amino acids. Hydropathy analysis of the
predicted amino acid sequence indicates that the pro-
tein possesses 12 putative transmembrane domains.
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1 agtttgaggagacatttgctgagatcagtcaagaaatattgatgtctgcaactaaacctc 60
M S A T K P P
61 cagattttgatttcgttctagaacaggttggcaactatggtacttatcagattgttttet 120
b F DVF VL E Q VGN Y GGG T Y QI V F F
121 tctttataatttgccttccaactagtttaccatcagcattctcggcattcaacattccat 180
F 1 1 ¢ L P T S L P S A F S A F N I P F
181 ttgttgttggaaatccaccgcatacatgtcatattcctgaaggaaaagaatatttacgac 240
V V GNP P HTCHTIPEGI KE YL R P
241 cattgactaatgatactcaaattctctcttgcaaacagtacaacgagactcaaataaacg 300
L T*N D T Q I L S C K Q Y*N E T Q I N V
301 tgttcecgggcttttacatcagctccagtcgatacttacagegatcgaataagtttagtge 360
F R A F TS A P VDT Y S DU RI S L V P
361 cgtgccaaaatggatgggattatgataactctacatatttggatagcttggtgacagagt 420
C Q NG WD Y D*N S T Y L D S L V T E F
421 tcaatttggtgtgtgatcaacaagcatggattgaaatatcaacaacgtccttctatgtcg 480
N L v ¢C D Q Q AW I E I S T T S F Y V G
481 gaagttttattggaaactgtctatttggatatgttgctgataaattcggacgaagaagat 540
S F I G N C L F G Y V A D K F G R R R 8§
541 cattttttgtaattctaacagttttgatcgtatgtggaactgcgagctcatttgcaaaag 600
F F V I L T V L I V C€C G T A S S F A K D
601 atatcgaatccttcattattcttcgattcttcactggtttggcatttccagegttattee 660
I E s F I I L R F F T G L A F P A L F O
661 agattccttttattatttgtatggaatttatgggcaactctggaagaatattttctggac 720
I p F I I C M E F M G N S G R I F S G L
721 ttatgacatcacttttctttggagcagctatggctttgctecggagtagtggecatgttca 780
M T S L F F G A A M A L L G V V A M F I
781 tcagaagatggcgtcagctaacattcttctgcaatgctccatttgcattctatataattt 840
R R W R Q L T F F C N A P F A F Y I I Y
841 attacttcttcctcccagaatctccaagatggtcagtttcagtcggaaaatgggetgacg 900
Y F F L P E S P R W S V S V G KW A D A
901 ctaagaaacagcttaagaaaattgcaaagatgaatggaaagtcaaatgttgatgttgatg 960
K K Q L K K I A K MNG K S N V D V D E
961 aattagtggatagtatgaaaaaccatcaaaatgctgcagaagaaaaagaaacgaagagaa 1020
L v D S M K NH QDN AW AZEEI KET K R 8
1021 gtcacaatgtgacagatctttttaaaactcctaatttaagaagaaaaactttgattgtga 1080
H NV T DL F KT PN L R R K T L I V T
1081 cctatatatgggtaatgaatgcaattatttacaatggattaactttgaatgtttcaaatc 1140
Y I w V M N A I I ¥ N G L T L N V S N L
1141 ttccagttgatgattattggagttttataataaatggagcagttgaattacctggatatt 1200
P VvV D DY W S F I I N G A V E L P G Y F
1201 tcgttgtttggcctctacttcaatgtgecgggtecgtegttggacacttgcagcaacaatga 1260
v v w P L L O C A G R R W T L A A T M I
1261 ttgtatgtggtattggatgtgtttctgcaatgtttatgccagatggttatccatggettg 1320
v ¢ 6 1 6 ¢ VvV s A MF M P DG Y P W L V
1321 tggccagtgcttcgtttataggaaaatttggagttggatccggattegetgttatctata 1380
A S A S F I G K F G V G S G F A V I Y I
1381 tatttgctggagagctttatccaactgttgttagagcaattggaatgggaatgagtagca 1440
F A G E L Y P T V V R A I G M G M S S M
1441 tggttgccggttctgggctcecttgttggctcecgecatattgttaatttggggaaaatagtaa 1500
v A G S G L L L A P H I V N L G K I V K
1501 agatattgcctctacttatcatgggcctgatggectttgtctgecggtattttgacatttt 1560
I L p L L I M G L M A L S A G I L T F F
1561 tcctacccgaaactcttggagcaccactgccaatgacaattgaggatgcagagaattttg 1620
L P ETUL GAPLPMTTIEDA ATENTF G
1621 gtaaaaagccagaaccagacagtggaatgttcacacaagcagccaagaaacgagaatctce 1680
K K P E P D S G M F T QA A K KR E S Q
1681 aaccacttctggaaccccatacaccaatggatagaagacggagaagtagtcgacttatga 1740
P L L E P HTPMUDI R R RIRS S RUL MN
1741 atatttagacttttattgttctccattgttttctgaggataattggtaggttttaataaa 1800
I *
1801 actttgatctcaaaaaaaaaaaaaaa 1826
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Fig. 1. Nucleotide sequence of CeOCT1 cDNA and predicted amino acid sequence. Putative transmembrane domains are underlined

and putative N-glycosylation sites are indicated by asterisks.

When modeled similar to the other known mamma-
lian organic cation transporters, both the amino ter-
minus and the carboxy terminus of the CeOCT]1 pro-
tein face the cytoplasmic side of the membrane.

There is a long extracellular loop consisting of
98 amino acids between the first two transmembrane
domains. This loop contains three potential sites for
N-glycosylation (Asn-70, Asn-81, and Asn-116).
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Fig. 2. Exon-intron organization of the gene encoding CeOCT1
and its organizational relationship to the CeOCT1 cDNA.
Black boxes represent the protein coding regions of the exons,
and stippled boxes represent the 5’ untranslated region in exon
1 and 3’ untranslated region in exon 12.

The predicted molecular mass of the protein is 63.5
kDa.

At the level of amino acid sequence, CeOCT] is
closely related to the mammalian organic cation
transporters (27-30% identity; 45-51% similarity)
(Table 1). A comparison of the CeOCT1 cDNA se-
quence with the complete C. elegans genomic se-
quence has enabled us to deduce the exon-intron
organization of the gene (Fig. 2). The gene consists
of 12 exons and 11 introns. All exon—intron bounda-
ries conform to consensus donor—acceptor sequences
(gt/ag) for RNA slicing.

In order to establish the functional identity of
CeOCT1 as an organic cation transporter, we em-
ployed the vaccinia virus expression system to func-
tionally express the CeOCT1 ¢cDNA in HRPE cells.
Cells transfected with empty pSPORT vector served
as the control. Transport measurements were made

200 -

® pSPORT
O CeOCTI1 cDNA

TEA Transport
(pmol / 10° cells)
= =
(=} [=}

W
(=}
L

20 40 60 80 100 120

Time (min)

Table 1
Comparison of amino acid sequence between CeOCT1 and
mammalian OCTs

Mammalian OCT CeOCT1
% ldentity % Similarity
Rat OCT1 29 47
Rat OCT2 29 46
Rat OCT3 27 45
Rat OCTNI1 30 51
Rat OCTN2 29 49

at room temperature using [*C]TEA. Fig. 3 de-
scribes the time course of TEA transport in cDNA-
transfected cells versus vector-transfected cells. The
transport was several-fold higher in cells expressing
the CeOCTl cDNA compared with vector-trans-
fected cells. The transport was linear even up to
2 h. A 60-min incubation was used for subsequent
characterization of the transport function. With this
incubation period, TEA transport in CeOCT1
cDNA-transfected cells was 8-fold higher compared
with transport in cells transfected with vector alone.
The cDNA-mediated transport of TEA was found to
be highly pH-sensitive, the activity becoming increas-
ingly higher as the pH of the transport buffer was
changed from 5.5 to 8.5 (Fig. 4). Under similar con-
ditions, the endogenous TEA transport activity

250
e pSPORT
= 200 O CeOCTI cDNA
g
v o
22 150 |
g2
=8
<5 100 |
m ~
[l
[=]
g o

T T T T

5.5 6.0 6.5 7.0 7.5 8.0 8.5
pH
Fig. 4. Influence of pH on the transport function of CeOCT]I.

HRPE cells were transfected with either vector alone (e®) or
fected with either vector alone (@) or CeOCT1 cDNA (0). CeOCT1 cDNA (0). Transport of [“C|TEA (25 uM) was
Transport was measured at pH 8.5. Concentration of ['*C]TEA measured at different pH (5.5-8.5) using a 60-min incubation
was 15 uM. time.

Fig. 3. Time course of TEA transport in HRPE cells trans-
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Fig. 5. Substrate specificity of CeOCT1. HRPE cells were trans-
fected with either vector alone or CeOCT1 cDNA. Transport
of ["“C]TEA (20 uM) was measured at pH 8.5 using a 60-min
incubation time in the presence or absence of unlabeled inhibi-
tors (2.5 mM). Transport measured in cells transfected with
vector alone was subtracted from transport measured in cDNA-
transfected cells to calculate CeOCT]1-specific transport. TEA,
tetracthylammonium; MPP", 1-methyl-4-phenylpyridinium ion;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

measured in vector-transfected cells was not influ-
enced by pH.

The substrate specificity of the c¢DNA-induced
transport activity was investigated by assessing the
effect of various organic cations on the transport of
['*CITEA in cDNA-transfected cells (Fig. 5). The
transport of ['*C]TEA (20 uM) was almost com-
pletely inhibited by all organic cations (2.5 mM)
tested except guanidine, showing that CeOCT1
cDNA encodes an organic cation transporter with
a broad substrate specificity.

Fig. 6 describes the saturation kinetics of TEA
transport in HRPE cells mediated by CeOCTl.
Transport was measured in vector-transfected cells
and in ¢cDNA-transfected cells with varying concen-
trations of TEA (25 uM-2 mM). The transport in
control cells was subtracted from the transport in
cDNA-transfected cells to determine the cDNA-spe-
cific transport which was then used in kinetics anal-
ysis. The CeOCT1-mediated TEA uptake was satu-
rable, with a Michaelis-Menten constant of 80+ 16
uM.

This represents the first report on the cloning and
functional characterization of an organic cation
transporter from C. elegans. The cloned CeOCT1

500 -

400 -

300 -

200 -

100

TEA Transport
(pmol / 10° cells / 60 min)

500 1000 1500 2000 2500 3000

V/S

T T

0.5 1.0 1.5 2.0
[TEA] (mM)

Fig. 6. Saturation kinetics of CeOCT1-mediated TEA transport.
Transport was measured in CeOCTl1-expressing HRPE cells
over a TEA concentration range of 25 uM-2 mM. Incubation
time was 60 min. Transport measured in cells transfected with
vector alone was subtracted from transport in cDNA-trans-
fected cells to calculate CeOCT1-mediated transport. Inset: Ea-
die-Hofstee plot. V, TEA transport in pmol/10° cells per 60
min; S, TEA concentration in mM.

recognizes structurally diverse organic cations as sub-
strates. Many of these substrates are pharmacologi-
cally active drugs or neurotoxins. Therefore, the
CeOCT1 might play a role in the elimination of
xenobiotics from the organism. The findings that
MPTP and MPP" are substrates for the CeOCT1
are interesting because these compounds are known
to be specific toxins for dopaminergic neurons due to
the concentrative accumulation of these toxins inside
the neurons via the dopamine transporter [16]. There
is evidence for dopaminergic neurotransmission and
expression of a dopamine transporter in C. elegans
[17-19], suggesting that MPP™ and MPTP may have
neurotoxic effects in this organism as has been found
in higher animals. The OCT1 might play a protective
role in eliminating these and other toxins from the
organism. A more recent database search has indi-
cated that there may be additional genes homologous
to OCT1 in C. elegans, raising the possibility that the
OCT1 reported in this paper may not be the only
organic cation transporter in this organism. It is
very likely that C. elegans expresses multiple organic
cation transporters with overlapping substrate specif-
icity which work together to eliminate a broad spec-
trum of structurally diverse xenobiotics and environ-
mental toxins. The organic cation transporters are
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not the only transporters involved in the elimination
of xenobiotics in C. elegans. This organism also ex-
presses proteins similar to mammalian P-glycopro-
tein which is known to transport actively a wide
variety of xenobiotics out of the cell [20,21].

C. elegans is a free-living soil nematode and is
exposed to natural toxins in the soil produced by
microorganisms and plants. The soil also contains
toxic chemicals present in the environment. The nem-
atode is likely to have transport mechanisms to elim-
inate these toxic compounds from the body. In ani-
mals, the kidney, intestine and liver possess the
ability to excrete drugs and toxins. These organs ex-
press various drug transporting systems including the
organic cation transporters and the P-glycoprotein.
C. elegans has neither liver nor kidney. Instead, the
nematode contains an excretory system consisting of
four cells which probably functions in the elimina-
tion of environmental toxins. The nematode intes-
tine, consisting of a tube of 20 cells, may also play
a role in the elimination of toxins. The P-glycopro-
teins are present in the lumenal membrane of the
cells in the excretory system and intestine in C. ele-
gans [20,21]. It is likely that the cloned OCTI also
exhibits a similar distribution pattern consistent with
its suggested role in the elimination of toxins.
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