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Choline is an important metabolite in all cells due to the major
contribution of phosphatidylcholine to the production of mem-
branes, but it takes on an added role in cholinergic neurons where
it participates in the synthesis of the neurotransmitter acetylcho-
line. We have cloned a suppressor for a yeast choline transport
mutation from a Torpedo electric lobe yeast expression library by
functional complementation. The full-length clone encodes a pro-
tein with 10 putative transmembrane domains, two of which
contain transporter-like motifs, and whose expression increased
high-affinity choline uptake in mutant yeast. The gene was called
CTL1 for its choline transporter-like properties. The homologous rat
gene, rCTL1, was isolated and found to be highly expressed as a
3.5-kb transcriptin the spinal cord and brain and as a 5-kb transcript
in the colon. In situ hybridization showed strong expression of
rCTL1 in motor neurons and oligodendrocytes and to a lesser
extent in various neuronal populations throughout the rat brain.
High levels of rCTL1 were also identified in the mucosal cell layer
of the colon. Although the sequence of the CTL7 gene shows clear
homology with a single gene in Caenorhabditis elegans, several
homologous genes are found in mammals (CTL2-4). These results
establish a new family of genes for transporter-like proteins in
eukaryotes and suggest that one of its members, CTL1, is involved
in supplying choline to certain cell types, including a specific subset
of cholinergic neurons.

ells contain large amounts of choline incorporated in their

membranes, and all plant and animal cells, including uni-
cellular organisms, absorb free choline as a nutrient. At cholin-
ergic nerve terminals, the sodium-dependent high affinity cho-
line uptake mechanism that is coupled to acetylcholine synthesis
has been particularly well characterized at the functional level
(1-3) but has thus far eluded diverse attempts at identification
based on protein purification (4), even in conjunction with the
use of a selective and irreversible ligand (5).

The yeast choline transporter has been isolated by homolo-
gous complementation by using a choline transport deficient
yeast strain (6), and heterologous complementation of yeast
mutants with a yeast expression library made with Arabidopsis
thaliana cDNA has been used to identify the potassium trans-
porter of plants (7). We decided to adapt the strategy of
complementation cloning to the problem of neuronal choline
transport by using choline transport deficient yeast with the
highly cholinergic electric lobes of Torpedo as a source of cDNA.
However, the single clone isolated, capable of partially restoring
choline uptake in the mutant yeast, did not resemble the yeast
choline transporter (8) and is thus considered to be a heterol-
ogous suppressor for the choline transport mutation. We report
the sequences of genes both homologous and orthologous to the
Torpedo choline transporter-like protein, tCTL1, and we begin
the characterization of this new family of transmembrane pro-
teins by studying the cellular distribution of CTL1 in the rat and
its chromosomal localization in humans.

Materials and Methods

Complementation of the Choline Transport Mutation in Yeast. The
yeast strain (ctr ise URA3A) used in this study was obtained by
crossing D308-14D (ctr ise leu2 his4) (6) with a URA3A strain
(9). This strain will not grow in uracil-depleted medium, nor in
high myoinositol unless both external choline and a choline
uptake mechanism are made available. poly(A)*RNA was pre-
pared from frozen electric lobes from Torpedo marmorata. The
corresponding cDNAs prepared using the cDNA cloning kit
from Amersham were inserted in the BstXI site of the plasmid
pFL61 (9). Transformation of yeast was done by using an
improved lithium acetate method (10). Transformed yeast were
grown on solid medium under selective growth conditions (no
uracil/20 ug/ml choline/20 wg/ml myoinositol); ise revertants
were eliminated as being capable of growth in the absence of
choline. After elimination of ctr revertants and yeast suppressor
mutations by transformation of mutant yeast with isolated
plasmids, five clones were retained and tested for choline uptake.

Choline Uptake by Pools of Transformed Yeast. Aliquots of mutant
yeast were transformed with individual isolated plasmids and,
following amplification, tested for choline uptake in nitrogen-
free medium (11) at 30°C for 10 or 30 min with 25 nM
[*H]choline (0.1 nCi, 2.8 TBq/mmol, Amersham) and with the
indicated concentrations of unlabeled choline and hemicho-
linium-3 (HC-3, Sigma), then filtered, and washed. The apparent
K in the presence of the competitive inhibitor HC-3, determined
by nonlinear regression, was used to calculate the inhibitory
constant Kj as follows: Kj = [I]/[(Kiapp/Ki) — 1].

Cloning and Sequence Analysis of CTL1 Orthologs and Homologs.
Full-length cDNAs for the electric organ suppressor of the yeast
choline transport mutation, tCTL1, and its rat ortholog, rCTL1,
were isolated from AZAP II (Stratagene) libraries constructed
from the T. marmorata electric lobe and rat brain, respectively.
The complete sequence of a 4.4-kb tCTL1 clone and a 2.9-kb
rCTLI1 clone were obtained by using both T7 Sequenase (Am-
ersham) and an external sequencing service (ESGS-Cybergene,
Evry). The predicted transmembrane domains (TMDs) of CTL

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: TMDs, transmembrane domains; ISH, in situ hybridization; HC-3, hemicho-
linium-3; EST, expressed sequence tag; YACs, yeast artificial chromosomes.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database [accession nos. AJ245618 (tCTLT), AJ245619 (rCTLT), AJ245620 (hCTLT), and
AJ245621 (hCTL2)].

To whom correspondence and reprint requests should be addressed. E-mail:
oregan@nbcm.cnrs-gif.fr.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.030339697.
Article and publication date are at www.pnas.org/cgi/doi/10.1073/pnas.030339697

PNAS | February 15,2000 | vol.97 | no.4 | 1835-1840

NEUROBIOLOGY



proteins were assigned based on Kyte and Doolittle hydropathy
plots. Homologous expressed sequence tags (ESTs) were gath-
ered using BLAST programs. Sequences for the coding regions of
the human ortholog, hCTL1 (Unigene accession no. Hs.179902),
and its homolog hCTL2 (Unigene accession no.: Hs.167515 and
Hs.105509) were completed by sequencing PCR products ob-
tained using cDNA from the Ewing’s sarcoma cell line, ICB 112
(12). Other full-length coding sequences were available as
conceptual translations of genomic sequence from the MHC 111
region: NG22 from mouse (GenBank accession no. AAC84166)
and human (GenBank accession no. AAD21813) are renamed
here, respectively, mCTL4 and hCTL4; F35C8.7 from C. elegans;
YORI161c from yeast; and F20M13.200 from A. thaliana. The
alignment of selected sequences was done using GCG:PILEUP.
EST analysis further indicated CTLI homologs in Drosophila
(GenBank accession no. AA697340), Dictyostelium (GenBank
accession no. C24622), and another human homolog that we
have called hCTL3 (GenBank accession no. Aa329432) and its
equivalent in the mouse, mCTL3 (GenBank accession no.
W64177). The clustering relationships between these proteins
are presented as a dendrogram drawn using CLUSTALW.

Northern Blot Analysis for rCTL1. poly(A)*RNA (2 ug) extracted
from various rat tissues were analyzed by Northern blot using a
5’-BamHI/EcoRI fragment from rCTLI labeled with [3?P]dCTP
and then washed at high stringency. The blots were exposed for
7 then 40 (not shown) hr and reprobed with B-actin.

In Situ Hybridization (ISH). ISH experiments were done as de-
scribed (13, 14). A 1.6-kb Pst1 restriction fragment derived from
rCTLI was subcloned into pGEM-4Z and used to synthesize
digoxigenin-labeled antisense and sense riboprobes. The double
ISH protocol (15) was done using a fluorescein-labeled choline
acetyltransferase riboprobe encoding a fragment corresponding
to nucleotides 1-2,332 (16). The rCTL1 sense riboprobe gave no
specific signal, whereas the antisense cCRNA probe led to reac-
tion products observed in a cytoplasmic rim around the cell
nucleus.

Positioning of hCTL1 on Chromosome 9 Using Yeast Artificial Chro-
mosomes (YACs). A sequence tag site (WI-17320) has recently
been linked to an EST corresponding to the 3'-coding region of
hCTL1. YACs within the indicated region, 9q22/31, were ob-
tained from the Centre d’Etudes du Polymorphisme Humain
(Paris). The yeast harboring the YACs were used for PCR
analysis. PCR primers for WI-17320 were as given (GenBank
accession no. G24229), and for yeast actin (GenBank accession
no. X61502) were forward: CAAAA TTGGC TAGAG
AAACA ACCG and reverse: AAAGA ACAAT GGCCT
TATAC AGG. The primers used to localize the coding region of
the hCTL1 gene were forward: CATGT GGTGG TACCA
TGTGG TGGG and reverse: CGAAT AAGGC GATTT
ACTGA TGCC. The PCR product using the latter primers,
CTL1-F3, was longer than predicted by the cDNA, 762 bases
instead of 161, and was found to include an intron when
sequenced.

Results

Isolation of a Torpedo Electric Lobe cDNA That Induces Choline Uptake
in Mutant Yeast. Complementation for choline-dependent growth
under selective conditions by mutant yeast (ctr ise URA3A)
transformed with a Torpedo electric lobe yeast expression
library in pFL61 led to the isolation of an unique clone, named
4.17, associated with an increase in saturable [*H]choline uptake
by mutant yeast beyond that observed with empty pFL61 (Fig.
14). Sequencing of the ¢cDNA corresponding to clone 4.17
indicated that it encodes a truncated transmembrane protein of
175 aa comprising three TMDs before the stop codon. A
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Fig. 1. Suppression of a yeast choline transport mutation by heterologous

expression of electric lobe cDNAs. (A) Pools of mutant yeast were transformed
with individual plasmids isolated from colonies showing choline-dependent
growth under selective conditions. Transformed yeast were incubated at 30°C
for 30 min with 25 nM [3H]choline. Saturable choline uptake was measured as
the difference in uptake in the presence and absence of 1 mM cold choline and
normalized for growth (ODgqo); n.i. is a control plasmid without insert. Only a
truncated clone, 4.17, had the capacity to induce choline uptake (means =
SEM for three to five independent transformations) above the low endoge-
nous level. (B) The characterization of choline uptake by mutant yeast trans-
formed with the full-length clone, tCTL1, corresponding to 4.17. Choline
uptake by yeast transformed with tCTL1 was characterized by a Ky = 1.2 + 0.6
uM and a Vimax = 211 = 38 fmol/ODggo in 10 min. The apparent Kis in the
presence of 0.5 and 1 uM HC-3 rose to 2.0 and 3.1 uM; respectively, the
deduced Kis for HC-3 were 0.6 and 0.5 uM. Yeast transformed with a plasmid
with no insert take up choline with a Ky = 1.7 = 0.8 uM and V.« = 82 = 15
fmol/ODggo in 10 min. Results are presented as means = SEM. from three
independent transformations.

full-length cDNA coding for tCTL1 was cloned by hybridization
with probes based on 4.17 from a AZAP electric lobe cDNA
library and found to encode a protein with 10 putative TMDs
(Fig. 2). When tCTLI was expressed in mutant yeast, choline
uptake was once again higher than for the empty plasmid (Fig.
1B). The analysis of the kinetic parameters for choline uptake
showed that both yeast transformed with the empty plasmid and
tCTL1 took up choline by high affinity mechanisms with K,,s of
~1 pM, but the maximal rate of choline uptake by yeast
transformed with tCTLI was 2.5 times greater than for yeast
transformed with the plasmid itself. The tCTLI-transformed
yeast were very sensitive to the competitive inhibitor HC-3 with
a Kj of ~0.5 uM (Fig. 1B). Yeast transformed with the control
plasmid were similarly inhibited by 1 uM HC-3 (data not shown).
The addition of 50 mM NacCl to the yeast medium, initially at 10
mM, had little effect on choline uptake by either group of yeast
and had an inhibitory effect at 100 mM (data not shown).
Choline uptake by mutant yeast expressing tCTLI thus closely
resembles the residual choline uptake in ctr yeast and partly
resembles the neuronal choline transporter in cholinergic nerve
terminals, known to have a high affinity for choline and to be
inhibited by low concentrations of HC-3, but which is sodium
dependent (1, 17). Only part of the tCTL1 proteins may be
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Fig.2. Sequence alignments of CTL proteins and a model of their membrane topology. (4) Amino acid sequence alignment of CTL1 from Torpedo (tCTL1), rat
(rCTL1), and human (hCTL1) with two homologous proteins, hCTL2 and hCTL4, and the single homologous C. elegans protein, F35C8.7. Black shading indicates
100% conservation and grey shading indicates 80% conservation (BLosum 62). Stretches of hydrophobic amino acids that may form TMDs are indicated under
the alignments and numbered. Potential N-glycosylation sites are underlined in each sequence. Conserved cysteines are marked with asterisks under the
alignment. (B) Structural model of CTL1. (C) Dendrogram of tCTL1 and related proteins obtained by using cLustaLw. No prokaryote homologs have been found.
The asterisks indicate that only partial protein sequences were used for the analysis.
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functional under these conditions because vertebrate trans-
porters are not always readily sorted to the yeast plasma
membrane (18).

Sequence Analysis and Alignment of the Members of the CTL Family.
A full-length cDNA coding for the rat ortholog (rCTLI, 69%
identity with tCTL1) was cloned by hybridization from a rat brain
cDNA library and sequenced. The protein sequences for the
Torpedo and rat CTLI genes as well as their human ortholog
(hCTL1, 96% identity with the rat) are presented in Fig. 24.

We further uncovered the first members of a family of several
related proteins in humans and mice: hCTL4 (43% homology
with hCTL1) and mCTL4, from conceptual translations of
human and mouse genomic sequences (see Materials and Meth-
ods), and hCTL2 (43% homology with hCTL1 and 67% homol-
ogy with hCTL4), for which we have completed the sequence
corresponding to the coding region. All of these sequences are
homologous to a single gene of this nature found in the genome
of C. elegans, F35C8.7 (Fig. 2A4). None of these proteins has
either a known function or any apparent homology with other
proteins. Neither domain analysis with BLOCKS or PROSITE
databases nor pattern searching are consensual, but transporters
are frequently cited in alignments within TMDs 2 and 3. pSI
BLAST can be guided to list the majority of sodium-dependent
transporters.

These proteins all show several transmembrane domains and
can reasonably be thought to traverse the membrane 10 times
(Fig. 2B). A first, large and variable loop between TMDs 1 and
2 is potentially extracellular and glycosylated. A highly conserved
region covers the last four TMDs and includes the fourth
extracellular loop that contains three of the 11 conserved
cysteines and is potentially glycosylated only in the CTL1
orthologs. Interestingly, the conserved region includes the sup-
pressor, 4.17, whose first ATG corresponds to M471 of tCTL1,
suggesting that this region is sufficient to induce choline uptake.
The proteins lack a clear signal peptide and are expected to be
targeted to the plasma membrane.

Clustering relationships among these sequences and other
partial sequences for another protein, CTL3, in mouse and
human, as well as more distant homologs in other eukaryotes
including conceptual translations from plant genomes are pre-
sented in Fig. 2C. The two plant proteins show only 26%
homology with the hCTL1. Taken together, the information on
the structure and sequence relationships indicates that this new
transporter-like family has a widespread distribution among
eukaryotes compatible with the nature of their proposed func-
tion as choline transporters.

Distribution of rCTLT mRNA. Northern blot analysis of rat mRNA
distribution with an rCTL1 probe showed a particularly striking
signal at 3.5 kb in the spinal cord and to a lesser extent in the
brain, while a larger 5 kb form was prominent in the colon and
notable in the lung and spinal cord (Fig. 3). A closer look at the
tissues with strong expression by ISH showed that, indeed,
several types of cells are expressing rCTLI (Fig. 4). In the spinal
cord, the highest expression was observed in large sized cells in
the ventral horn, which were identified as motor neurons by
double ISH experiments using, in addition, choline acetyltrans-
ferase cRNA antisense riboprobe (Fig. 4 £ and F). Strong
expression of rCTLI transcripts was also observed in presump-
tive motor neurons present in the facial nucleus, suggesting an
important role in these cholinergic neurons (data not shown).
However, other neurons expressing choline acetyltransferase
mRNA, such as those found in septal areas or the nucleus basalis,
did not express high levels of rCTLI mRNA (data not shown).
Moreover, rCTLI is not a specific marker for cholinergic neu-
rons, even in the spinal cord, because we detected a high density
of rCTL1 expressing cells scattered throughout both the gray and
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Fig. 3. Northern blot analysis of rCTL1 mRNA in adult rat tissues. poly(A)*
RNA (2 ng) from the specified tissues was hybridized with a probe for rCTL1
and exposed for 7 hr. The lower panel shows hybridization with a g-actin
probe.

white matter (Fig. 4C). In the gray matter, the small, labeled cells
might correspond to oligodendrocytes and interneurons. Indeed,
in the brain, rCTL1 mRNA expression was particularly strong in
myelinated fiber tracts. A high density of intensely labeled cells
was observed in the cerebellar white matter, the brainstem, the
corpus callosum, the fimbria of the hippocampus, and the lateral
olfactory tract. In these areas, labeled cells appeared as short
chains (Fig. 4B) as has been described for oligodendrocytes (19).
Double ISH experiments using a riboprobe specific for myelin
basic protein, a marker of oligodendrocytes (19), and rCTLI
performed at the level of the white matter of the cerebellum
indicated that rCTL I was indeed expressed in oligodendrocytes
(data not shown). rCTL1I was also expressed at a lower level in
neurons throughout the brain as exemplified in the hippocampal
formation where rCTL1 transcripts were observed in pyramidal
cells of the Ammon’s horn and granule cells of the dentate gyrus
(Fig. 44), and also in dispersed cells throughout the hippocam-
pus. Thus, rCTL1 appears to be expressed by both neurons and
oligodendrocytes in the central nervous system.

rCTL]I expression also occurs outside of the central nervous
system, especially in the colon where the larger transcript is
prominent. In the colon, high levels of expression were observed
in the mucosal cell layer both lining the crypts and exposed to
the lumen (Fig. 4D).

Chromosomal Localization of hCTL1. The analysis of human ESTs
also indicated that sequences associated with hC7TL I included an
sequence tag site, WI-17320, which has been mapped to 9922 /31.
No YACs were known to carry this marker, so six YACs mapped
to this locus were chosen for testing and two, 786_H_8 and
802_A_1, were found to be positive for WI-17320 by PCR
analysis. Only these two YACs were also positive for a marker,
CTLI1-F3, defined for the 5'-coding region of hCTLI (Fig. 5).
Both YAC:s also carry the genetic marker D9S299, indicating a
more precise localization of hCTLI to 9q31.2. D9S299 is just
proximal to the locus of mutation for familial dysautonomia
(MIM 223900) (20).

Information on the chromosomal localization of hCTL4 and
hCTL?2 is also available; human NG22 (hCTL4) was sequenced
as part of the major histocompatibility complex III at 6p21.3, and
the assembled hCTL?2 sequence includes two sequence tag sites
independently mapped to 19p13.1. Hence, CTL resembles many
other human genes with duplication between chromosomes 1, 6,
9, and 19 (21-23). More information on normal patterns of
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Fig.4. Distribution of rCTL1 in adult rat tissues by ISH. (A) Intense labeling with the antisense rCTL1 cRNA probe was observed within scattered cells present
at a higher density in the corpus callosum (CC) than in cells located in the gray matter, as well as in the hippocampal neurons of the Ammon’s horn (CA1-CA3)
and of the dentate gyrus (DG). (B) A higher magnification of labeled cells within the CC showed chains of cells suggesting the labeling of oligodendrocytes
(arrowheads). (C) A frontal section of cervical spinal cord showed a high density of small labeled cells in both white and gray matter, and larger labeled cells in
the ventral horns (arrowheads); VMnF, ventral median fissure. (D) The cell layer constituting the colonic mucosa (M) expressed high levels of rCTL1 transcript.
(E and F) Double ISH using the digoxigenin-labeled rCTL1 cRNA antisense probe (E) and a fluorescein-labeled choline acetyltransferase antisense riboprobe (F)
identify the large cells expressing rCTL1 as motor neurons (arrowheads). Cryosections hybridized with digoxigenin-labeled and fluorescein-labeled sense probes

showed no significant signal. Bars correspond to 200 um (A, C, and D), 25 um (B), and 100 um (E and F).

expression for these genes may be informative for potential links
with genetic disorders.

Discussion

While looking for the neuronal choline transporter, we have
isolated a Torpedo electric lobe clone, 4.17, capable of suppress-
ing a choline transport mutation in yeast. High levels of expres-
sion of the rat homolog, rCTL 1, are found in motor neurons and
oligodendrocytes, but lower levels of expression also occurred in
neuronal populations throughout the brain. The distribution of
rCTL]1 in the central nervous system, thus, clearly differs from
that expected for a presynaptic cholinergic protein. In addition,
a larger 5-kb rCTL1 transcript is associated with strong expres-
sion in the mucosal cell layer of the colon; given the stringency
of the hybridation conditions, this mRNA probably represents a
splice variant of rCTLI. CTL1 may provide choline for phos-

O’Regan et al.

pholipid synthesis rather than for acetylcholine synthesis. None-
theless, cholinergic neurons may be particularly sensitive to any
changes in choline metabolism because they need choline for
both membrane and neurotransmitter synthesis (24, 25).

In ctr mutant yeast, the expression of tCTL 1 is associated with
an increase in sodium independent high affinity choline uptake,
similar in nature to the choline uptake that remains in the mutant
yeast. This observation is perhaps not so surprising since the
yeast also have a gene, YOR161c, that is homologous to CTLI
and, hence, could act as a backup under these conditions.

The description of the CTL1 orthologs has further led to the
description of a novel family of membrane proteins, which we call
the CTL family. This family is characterized by 10 putative
TMDs and 11 highly conserved cysteines. These proteins share
limited structural homology with transporters, especially in
TMDs 2 and 3, but none of the CTL family proteins has a known
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Fig.5. Colocalization of WI-17320 and hCTL1-F3 to YACs mapped to 9931.2.
Among the six YACs tested, only YACs 786_h_8 and 802_a_1 were found to be
positive for the marker WI-17320 by PCR; the same YACs were also positive for
a marker, CTL1-F3, for the 5'-coding region of hCTL1. Both of these YACs are
alsoknown to carry the genetic marker D95299. Yeast actin is used as a positive
control. The localization of the YACs on chromosome 9 (dotted lines leading
to bars) is based on GenBank data.

function. Plants and simple animals, such as C. elegans, have only
one gene of this nature. Humans and mice, on the other hand,
clearly have three, and probably four, different homologous
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genes located at chromosomal positions already known for
grouping of duplicated genes.

Cloning of this novel family of proteins opens the way to the
development of pharmacological tools that might be useful for
the treatment of diseases linked to perturbations of CTL func-
tions in humans. The chromosomal localization of the hCTL1 in
the vicinity of D9S299 at 9q31.2 places this gene in close
proximity to the locus responsible for the genetic disorder
familial dysautonomia. The strong expression of rCTL1 in motor
neurons and oligodendrocytes, as well as the functional link to
choline uptake make it an appealing candidate for the site of
mutation causing familial dysautonomia, a disease that includes
a peripheral cholinergic component (26) with both autonomic
and motor manifestations at birth, and progressive demyelina-
tion in the central nervous system of adults (27). However, our
present efforts to refine the genomic localization of hCTL1
combined with the recent narrowing in the range of markers
neighboring with the locus associated with familial dysautono-
mia (20) indicate that the exonic region of hCTL1 is close, but
proximal, to the site of mutation, leaving the possibility of a
perturbation in the 5’ regulatory domain. Further genetic and
functional studies should delineate the implication of hCTL1 in
this or other disease states.
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