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Primary structure and functional expression of a choline transporter
expressed in the rat nervous system

Wolfgang Mayser, Patrick Schloss and Heinrich Betz
Abteitung Neurochemie, Max-Planck-Institut fiir Firnforschung, Deutschordensirasse 46, D-6000 Frankfurt/M. 71, Germany

Received 29 April 1992

Synthesis of the neurotransmitter acetylcholine in cholinergic nerve terminals is regulated by a sodium-driven high-affinity choline uptake system

in the plasma membrane. We have isolated cDNAs from rat spinal cord and brainstem which encode a choline transporter (CHOT]1). The predicted

protein shares considerable amino acid identity and several structural features including twelve putative transmembrane regions with other

neurotransmitter transporters. Expression of in vitro transcribed CHOT 1 RNA in Xenopus oocytes generated Na*-dependent choline uptake, which

was not seen in control oocytes. Amplification by polymerase chain reaction (PCR) revealed significant amounts of CHOT1 mRNA in brain,
cerebellum, spinal cord and, to a lesser extent, heart, but only very low expression in lung, kidney and muscle.

Choline uptake; Neurotransmitter; Transporter; Xenopus oocyte, Nervous system; Rat

1. INTRODUCTION

Acetylcholine (ACh) was the first neurotransmitter to
be identified in the nervous system [1]. After its release
from presynaptic terminals, ACh binds to postsynaptic
nicotinic and muscarinic ACh receptors, which activate
distinct signal transduction mechanisms. Neurotrans-
mission is terminated by dissociation of ACh from the
receptor followed by its rapid enzymatic hydrolysis and
reuptake of choline from the synaptic cleft into the pre-
synaptic terminal (reviewed in [2-4]). Different investi-
gators have shown that this reuptake process provides
the major source of choline for the de novo synthesis of
ACh [3,4]. Choline uptake therefore constitutes a rate-
limiting step in .ACh synthesis, and its modulation has
been implicated in the control of synaptic efficacy [5~7].

[PH]Choline-uptake studies with synaptosomes [8-10]
and denervation experiments [11-13] indicate the pres-
ence of a Na*-dependent high-affinity choline transport
system at cholinergic nerve endings. Also, specific bind-
ing sites for the competitive inhibitor of choline uptake,
hemicholinium-3 [8,14], have been demonstrated in
brain tissue [15,16], and covalent attachment of this
inhibitor as well as antibody labeling have been used to
identify the insect neuronal choline transporter as a
polypeptide of 80 kDDa [17,18]. High affinity for choline
and the requirement for Na™ discriminate the neural
choline uptake from an ubiquitous low-affinity choline
transporter system, which provides the precursor for
phospholipid synthesis in most types of cells [3,4,9].
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Recently, purification of a GABA transporter protein
from rat brain [19] and molecular cloning of different
c¢DNAs encoding Na’-dependent mammalian neuro-
transmitter transporters have unraveled characteristic
structural features of this family of membrane proteins
[20]. The GABA (GAT1)[21,22), noradrenaline (NET1)
[23], serotonin (SERT1) [24-26] and dopamine (DAT1)
[27-30] transporters all share a common predicted
transmembrane topology, with 12 putative membrane
spanning segments, and significant amino acid identity
(30-65%) along most of their sequence. We have ex-
ploited this conservation to search for cDNAs encoding
novel neurotransmitter transporters by using the
polymerase chain reaction (PCR) with degenerate ol-
igonucleotides deduced from different regions of the
GATI sequence [26]. Here we report that functional
expression in Xenopus oocytes revealed one of our
cDNA clones to encode a Na*-dependent high-affinity
choline transporter (CHOT1).

2. MATERIALS AND METHODS

2.1. PCR amplification

PCR was performed on oligo(dT)-primed cDNA isolated from rat
spinal cord as described [26] using the foliowing degenerate oligonu-
cleotides complementary to the rat GATI ¢DNA [21]: 5GGCTT(C/
T)IGTC/GATC/T)TT(C/T)TCCATC-3' (sense, corresponding to
nucleoiide positions 1003-1023}; and 5-GAA(C/G)CG(G/A)TT(G/
CIAC(A/C)CC(A/G)TA(A/G)AACCA-3’ (antisense, complementary
to nucleotide positions 1417'1440). The ~440-bp amplification product
was cleaved by the restriction enzyme Aval, and residual undigested
DNA was subcloned into pBlueseript SK™ and subjected to dideoxy
sequencing [31] using synthetic primers.

2.2, Isolation and sequence analysis of cUNA clones
A rat spinal cord eDNA library constructed in AZAPI (7.5x10° pfu)
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was screened with the *P-labelled Avad40 fragment under the (ollow-
ing hybridization conditions: 209 (v/v) formamide, 750 mM NaCl, 75
mM Tris-HCI, pH 7.5, 12.5 mM EDTA, 0.1% (w/v) 8DS, 5xDenhard’s
solution and 100 ug/ml salmon sperm DNA at 50°C for 14 h. Filters
were washed in 0.2 x SSC, 0.1% (w/v) SDS at 65°C for 40 min, Inseris
were excised from hybridization-pusitive phages as described in the
Siratagene manual. Since no full-length clones ‘were derived from this
procedure, a randomly-primed Agt1n cDNA library prepared from rat
brainstem (Clonlech) was in addition screened with the **P-labelled
Ava440 fragment, Phage DNA was prepared, and inserts were sub-
cloned into pBluescript KS following standard procedures [32].

2.3, Expression of CHOT! in oocytes

CHOT1 RNA waus synth:usized from the Al5 ¢cDNA subeloned in
pBluescript KS by in vitro transcription using a commercial kit (Strat-
agene). Defolliculated cocytes of Xenopus luevis were prepared and
injected with 50 nl of the CHOT-]1 ¢RNA (1 gg/ul) as described [33),
After lwo days, individual oocytes were incubated in 200 4! of trans-
port buffer 1 (TB!: 100 mM NaCl, 2 mM KCl, | mM CaCl,, | mM
MgCl,, and 10 mM HEPES, pH 7.5) containing 0.25-1.0 uM
[*H]choline (specific activity 85 Ci/mmol; NEN, Dreieich, Germany).
After 1 h at room temperature, the oocytes were washed 3 times in
TBI, transferred into seintillation vials, solubilized by the addition of
100 u! of 10% (w/v) SDS, and radioactivity was determined by liquid
scintillation counting. For evaluating spscific CHOT! mediated
choline transport, values were corrected for tracer accumulation ob-
tained with non-injected oocytes. All values represent the mean
£5.E.M. of 4-6 individual cocytes.

2.4, Amplification of CHOT! transcripts

Poly(A)"'RNA was isolated from various rat tissues and reverse-
transcribed into single-stranded ¢cDNA using a commercial kit
(Boehringer). PCR amplification of these ¢cDNAs was performed as
described [26] using two pairs of oligonugleotide primers correspond-
ingto nucleotide positions 651674 (sense), 1739-1763 (antisense), and
1227-1251 (antisense), of the CHOT} cDNA. After 25 cycles, 5 ul of
each reaction were separated on (% agarose gels, blotted onto Nylon
membranes, and specific amplification products were visualized by
hybridization with radiolabeled CHOT!1 ¢cDNA probes. Parallel am-
plification of actin sequences was used to check the integrity and
relative amounts of the different cDNA samples (see [26)).

3. RESULTS

3.1. Structure of CHOTI ¢cDNA and protein

In an attempt to clone putative transporter cDNAs
from rat spinal cord, degenerate sense and antisense
oligonucleotides covering selected sequences of the rat
GATI1 ¢cDNA [21] were designed to encompass a region
which contains a unique Aval site at nucleotide position
1105, Using these oligonucleotides for PCR amplifica-
tion of spinal cord cDNA, a product of ~440 bp was
obtained, which *vas subjected to Aval digestion. In
addition to the expected fragments of 335 bp and 102
bp corresponding to GATI, uncleaved amplification
product remained. Subcloning and sequence analysis of
this DNA revealed a novel nucleotide sequence har-
bouring an open reading frame homologous to GATI.
We therefore used this fragment, termed Avad40, to
screen a AZAPII rat spinal cord cDNA library under
high stringency conditions. This resulted in the isolation
of a partial 2691 bp clone, termed A40, which covered
a large portion of the novel open reading frame and the
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3’-untranslated sequence including a potential poiyad-
enylation signal and a stretch of several A residues. To
obtain the 5’-ceding region, a Agt10 cDNA library pre-
pared from rat brainstemn was screened with a ~800 bp
5’ probe derived from the original A40 clone. This iden-
titied 4an overlapping cDNA (A1S) of 2741 bp with an
open reading frame of 1905 bp (Fig. 1). The initiation
codon was assigned to an ATG at positions 637-639 on
the basis of the Kozak initiation consensus sequence
[34]. The open reading frame encodes a mature protein
of 635 amino acids with a calculated molecular weight
of 70,631 Da and a theoretical isoelectric point of 6.38.

The protein deduced from the Al5 cDNA shares
many structural features with known neurotransmitter
transporter sequences. Twelve hydrophobic segments of
18-25 amino acid residues qualify as putative trans-
membrane domains (Fig. 2), and the lack of a N-termi-
nal hydrophobic signal sequence suggests a transmem-
brane topology identical to that proposed for other
transporters, with both N and C termini being located
cytoplasmically. Two consensus sites for N-glycosyla-
tion are present in a large presumptive extracellular
region between transmembrane segments III and IV
(Fig. 1); this region diverges between the different trans-
porters, but invariably contains N-glycosylation sites
[20]. A further potential site for N-glycosylation is
found in the most C-terminal extraceliuiar loop between
transmembrane domains XI and XII. Consensus sites
for phosphorylation by protein kinase C and tyrosine
kinase are located in the cytoplasmic N-terminal region
and the short loop connecting transmembrane segments
IV and V (Fig. 1).

Sequence comparison with GAT1, NET1, DATI and
SERT]1 (Fig. 2) revealed a high degree of conservation;
corresponding amino acid identities are 49%, 42%, 41%
and 37%, respectively. With isofunctional replacements
being in addition considered, homology values increase
to 64% for GATI, 55% for NET1, 56% for DATI1 and
53% for SERTI1. The highest sequence identity (51%;
homology 65%), however, is found with the recently
cloned betaine transporter, BGT1, from kidney, which
transports also GABA and represents another member
of the Na*-dependent transporter superfamily [35]. A
dendrogram derived from the sequence alignment (Fig.
2) places CHOT! into a subfamily including GAT1 and
BGT1, whereas the catecholamine transporters form a
distinct branch that is closely related to the SERTI1
protein. Most conserved residues and many isofunc-
tional replacemnents are positioned within or adjacent to
putative transmembrane segments. No conservation is
seen in the highly charged N- and C-terminal tails.

3.2. Functional expression in Xenopus oocytes

In vitro transcribed Al5 RNA was injected into Xen-
opus oocytes to test its putative neurotransmitter trans-
porter function. After incubation with [*H]choline,
[PHlglycine or [*H]glutamate, significant accumulation



Yolume 305, number 1

N

Fig. 1. Nucleotid¢ and deduced amino acid sequences of the ral
CHOTI1 cDNA. A polyadenylation signal in the 3’-untranslated re-
gion of the nucleotide sequence is underlined, potential extracellular
N-linked glycosylation sites are circled, and putative intracellular con-
sensus sequences {or phosphorylation by protein kinase C and tyro-
sine kinase are boxed. Numbering of nucleotides and amino acids is
indicated on the left side of the figure, Clone Al5 corresponds to
nucieotides 1-2741, and clone A40 to nucleotides 1281-3972, of the
DNA sequence,

of radioactivity exceeding that of non-injected controi
oocytes was only seen with [*H]choline (Fig. 3A). At 1
UM [PHlcholine, this uptake was about 5-10 times
higher as compared to control oocytes. Moreover, no
uptake was seen when Na® was exchanged with Li*,
indicating that transpert was Na™-dependent. Competi-
tion studies with unlabelied substrate (Fig. 3B) revealed
a maximal velocity (V,,,,) of 24.6 +£5.6 pmol/h of choline
uptake per oocyte and a K, of 9.6 £3.9 uM (means of
three independent experiments). The latter value is sim-
ilar to those reported for the high-affinity choline up-
take system present in rat brain synaptosomes [36). Sur-
prisingly, hemicholinium-3 had no significant effect on
[PH]choline uptake up to concentrations of 10~ M (not
shown). Control experiments showed that [*H]choline
uptake into non-injected oocytes differed from that seen
upon cRNA expression in that (i) this uptake was not
saturable up to 50 uM (Fig. 3B), and (ii) it showed no
significant reduction upon substituting Na* by Li* (not
shown). We hence conclude that the A15 ¢cDNA en-
codes a Na*-dependent high-affinity choline transporter
protein, termed CHOT].

3.3. Tissue Distribution of CHOTI transcripts
Attempts to reveal CHOT1 transcripts in rat brain
and spinal cord by Northern analysis were unsuccessful;
presumably expression of the corresponding gene is
low. PCR was therefore used to amplify CHOT1 se-
quences from poly(A)"RNA preparations isolated from
different rai tissues after reverse transcription into
cDNA. As demonsirated in Fig. 44, a ~1.1 kb PCR
amplification product specific for CHOT1 was readily
detected in developing (postnatal days 1 and 16) and
adult spinal cord as well as in adult brain and cerebel-
lum, but not in skeletal muscle, kidney, luig and heart.
Using a second set of CHOT 1-specific primers encom-
passing a shorter (600 bp) region of the RNA, signifi-
cant amounts of CHOTI amplification product were
also revealed in heart (Fig. 4B). This result is unlikely
to result from contamination by genomic DNA, but
most likely reflects the presence of cholinergic cells in
this organ. Indeed, autonomous innervation by cholin-
ergic neurons is crucially implicated in the control of
heart beat. Using a higher number of amplification cy-
cles and/or longer autoradiographic exposure times,
very low amounts of amplification product were also
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€61 COTATCTATACCS MITCTGOASACGACAAGAA GIG TCCTCTCATCG TG TECAGUCCEGAT
9 ai@Qsv S00EkKKXGTPTLIVYSG?POD

721 GETUCCRCUTCEA GUVCEATIACTT TOCUGGCC T SOt ECAGCAGC ORCCTTCT
29 C AP 3 KGO GPAGLGOGCAGMSETLA

781 GIGECONCORGACALAC MTOGACACGCCAGATOGACTTCATCATG TCGTGC GRS
43 ¥ P PR ETNT RQHEDF INBSCYG TP

041 GECUTUIICCTOGS TAACD TG TROCGC T T CTACC TG TOC TACAAGAAC GROIGA OGT
6 A ¥ QL G N Y XN ARY ¥ T LCIT L NGSG GG

907 OTOTICCITATICCCIATSTCLTGAT TOCCCTGO T IGIAGCAM TECECATT TTETICCTS
88 ¥ P LI P YV L IALVYGOSIZPIPFTF L

961 GAMITCTCACTORCCTAST TCATUARGUCCGICACCATCLAN T TOGANCA TCTGTCRED
100 £ 1 3 LOGQFMEKAG2INVYVENICGCTEP

1021 CTATTCAA GTOATTGTCTTCTACTGCAACACTTACTAC
l!ﬂl?!dhﬂfAIHVXVP!CNTI’T

1 Dl 1 Ammmmwnnmmmmm
¥Y¥LANWNQGCPFTTLYKSFT®TTITL P

1141 TGGOCTACOTUTOGCCACACCTUGAACAS TOC TGACTO TOTAGAMGATCTTTCOCCATGAA
1‘9"ATC°IITINTPDCVIT?IHI

1201 TGCCAGOT TGGCCAACTTCACATOTGACCAGE FTGCTGACTGACGG TCD
nlDCA&AﬂLA@LTcDQLADnII

1261 CCTGTCATCGAGTTCT “TCCACA MENGOTTCCA
200 P ¥ I £E F HENKYLAL ST SGLEVY B

1321 GAAQCCC TCAACTGOBANG TGACCCTOTRCCTUC TR CTGC TUGGTUC TUaTCTAC TTE
29 AL NMEVYTLCLLACNKHY LYY P

1381 TGTCTOTOCAMOGCOCTCAAGTEAN: AGGAMGA TCOTGTASTTC ACTOCTACATTCEEE
43 c Ve KkS YR sBGEGr1ITvYYTFTATFPP
1441 TASGTGG ECTCO T TOTOC TGC TG0 TOCUAGG AT TUCT GOTGCETOGAGCCCTAGATGAT
263 Y ¥ ¥ L ¥ Y L LV ANGYLLPGALGDSG G
1501 ATCATCTACTATCT TOGATAGAT
289 I 2 Y Y L KR P DWW 3 KL G GSPFGQRVY NI D

1361 GCTGRGACCCAGA TTTICTTCTCTTATECCA T CAGCCTGRGRICCCTCACAGCOCTAGIS
03 A G T QI F P B YAIGLGATLTA AILG

IBZIAGCTAGA.'\ TCANCANCAACTGCTICAAGTATGCCATCATCCTUGCACTCATCAAC
329 3 NAF N NNCTYTEDATIILAMAMLTIN

1681 AQCCOGACCAGCTTCTTICETUCCTT TG TUGTCT TCTCCATCC TGO TTCA TUGCE. A
4% 8 G T 8 F F AGF VY F S8 1ILGFMHNLL.,.

1741 GAGCAOGSTGTGC, AGA CCTGUTCTAGOC TTCATTOCS
369 E Q GV H I 35 K ¥ ATLSGPOGLAMTPRPTIOR

1801 TACCCACOAGATS T CACAC TGA TS NGO COCACTCTRCOCTOCCTTOTTCTTE IIC
388 Y P R A ¥ * L M PV A PLMWNAALTFFTF

1861 ATGCTOCTGOTGE TEGUTS TOOACAGCCAGTTTGTAGG TGTGRUAGRICTICATCACT MG
08 M L L L L O LD S3QF Y GVYEOGF 1 TG

1921 CTCCTGGATCTCS TOCCHICCTCCTACTACTTCCGTTT TCALAIGGAGA TC TOCG TGGES
429 L L D L L P A B2 Y Y P RPFQOQRETI S ¥ A

1381 CTCTGITGIGCCE TCTOCT TTOTCATCOATCTCTECAT GRTUACTGATOOCTUGATG TAC
449 L C C A L CF Y I DLSHMNVYTODOGGAEQN T
2041 GTCT TTGACTACTA

AT, TASTGICAC TACCCTGCTTTOGCAAGCE TTT
469 vV F ¢ L F D ¥ ¥ 3 A5G T TL LMW QAT

2101 TUOGAQTATOTOO TOGTOGCTTUGGT TTA TGO ACCTGACCOCTICATUOACGATATTGES
89 M E S ¥ ¥ ¥ A X ¥ Y GADRMRFMNDODTIA

2161 mn'mn TTOUCTACCOAC CTTOCTE TTRIATGAAA TGG TUCTUG TCC TIC TTEACCCRA
508 M I 3T APCPUWMENCHK ISP FT P

2221 CTGGTCTGOA mmmmmAnmmmm
528 L ¥ ¢ M 8 I F I F N v TR P LYY

2281 AATACCTACGICTACCCATOOTGOUS PGARGC TATGUGCTORUCE TTTGCACTCTCTICT
549 N T Y ¥ ¥ P WX G EA MG NATALS S

2341 ATGCTCTGTUIGCCCCTCCACCTCOT GAGETG TCTECTCAGICAMMAOGAACCATGGCA.
568 M L C ¥ P L BL LGCLLRAKGTHA

umm TTOGAA TACAGACCT
ERHQHLTQPIHGLHHLITHA

2461 CAGGATGCAGATG TCAGOGGLCTGACCACTCTGACTCCCUTUTCCGAN L AGCAAGGTT
603 0 D AD VRGCL TTLTPY S EISSSKVY

2521 QTCSTUOTUGAGAGTGTCA TUTGACAGOCACCCUCAGS TCACATCACCAGS TCATCS TTIT
€29 ¥ Y YV E S v
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Fig. 2. Alignment of Na*-dependent transporter proteins, Sequences are taken from the following references: BGTI1, {35} GATI, [21]; NET1, {23];
DATI, |28]; and SERT], [26]. Amino acids identical in all transporters are marked by asterisks, and isofunctional residues shared by at laast four
proteins by a dot. Putative transmembrane regions are indicated by bars. Gaps were introduced to optimize identical sequence positions. A

dendrogram at the C-terminal end of the sequences symbolizes the homology relationships between the individual transporters.

seen in muscle, lung and kidney (data not showm This 4, DISCUSSION
may be due to the presence of intramura! parasympa-

thetic ganglia. Control amplification with actin mRINA
specific primers confirmed the integrity of the RNA
preparations used for reverse transcription (Fig. 4C). In
conclusion, these PCR data are consistent with a local-
ization of CHOT1 transcripts in organs known to con-
tain cholinergic neurons.

34

Different lines of evidence indicate that the CHOT1
¢DNA described in this paper encodes a high-affinity
choline transporter, which is highly expressed in the
nervous system. First, the polypeptide sequence de-
duced from the single continuous open reading frame
displays considerable homology to previously cloned
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Fig. 3. Expression of CHOT1 in Xenopus oocytes. Xenopus oocytes
were injected with synthetic A15 RNA, and [*H]choline uptake was
delermined after 2 days as described in section 2. A. Uptake of
[*H]glycine, "H]glutamate and [*H]choline in control (open bars) and
injected (hatched bars) oocytes. B. Concentration dependence of
{*H}choline uptake. Saturation characteristics were determined by the
addition of differeny concentrations of unlabelled choline, and trans-
port kinetic values calculated using the Eadie-Hof5stee iransfermation
(38]). Non-specific uplake was determined using non-injected oocytes
(0); these values were subtracted from those obtained with RNA-
injected cells (Q) to yield CHOTI-specific uptake (@) data. (m),
CHOT 1-specific uptake in buffer, where Na* was substituted by Li*,
K. and V., values obtained in this particular experiment were 5.7 4M
and 20.7 pmol/h per cocyte.

neurotransmitter transporters, e.g. the GAT1, NET1,
DATI1 and SERT]1 proteins, as well as the betaine trans-
porter BGTI. In particular, the BGT1 and GAT1 pro-
teins show high sequence identities, suggesting that
CHOT1 may belong to an amino acid-related trans-
porter subfamily. Also, the transmembrane topology
suggested by hydropathy analysis [37] closely resembles
that assumed for the other transporter proteins [20).
CHOT!1 thus clearly is a member of this integral mem-
brane protein family. Second, heterologous expression
of in vitro transcribed CHOT1 mRNA in Xenopus
cocytes generated INa'-dependent high-affinity
[’H]choline uptake. Unexpectedly, this uptake was in-
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CHOT i-specific oligonucleotide primer combinations (A, fragment of
1112 bp; B, fragment of 600 bp) was performed in parallel using equal
amounts of cDNA synthesized from poly(A)*RNA isolated from dif-
ferent rat tissues as detailed in section 2, Control amplifications were
performed with a § actin-specific set of primer oligonucleotides (C).
The following poly(A)*'RNA preparations were used: lane 1, spinal
cord, postnatal day 1; lane 2, spinal cord, postnatal day 16; lane 3,
spinal cord; lane 4, skeletal muscle; lane 5, kidney; lane 6, heart; lane
7, lung; lane 8, total brain; and lane 9, cerebellum, Lanes 3-9, tissue
from adult (6-8 week-old) rats.

sensitive to the classical choline transport blocker hem-
icholinium-3 [8,14]; this may indicate that different
choline transporter subtypes of distinct pharmacology
may exist. Finally, PCR amplification of CHOT1 tran-
scripts revealed expression of the corresponding gene in
brain, spinal cord, cerebellum and, to a lesser extent,
heart. This distribution of CHOT1 mRNA is consistent
with the presence of cholinergic nerve cells in these tis-
sues.

Different sequence features of CHOT1 and the other
neurctransmitter transporter proteins enforce specula-
tions about possible functional domains of these mem-
brane proteins. Calculation of hydropathy values for
the individual transmembrane segments [37] and analy-
sis of their sequence conservation between the different
transporters suggest that some regions may be particu-
larly important in substrate binding and/or transport
function. First, the putative transmembrane segment [
shows a very high degree of conservation (Fig. 2), but
only a low content of hydrophobic residues. This seg-
ment thus may be implicated in ion translocation and
probably is centrally positioned in the assembled trans-
porter. Segment IX in contrast is not well conserved and
may have a specific function in substrate binding. Sim-
ilarly, the large extracellular loop connecting segments
I1I and IV is highly divergent, and thus may also partic-
ipate in substrate recognition and/or translocation. Re-
gions involved in Na* translocation have not been iden-
tified; however, a glutamate residue (Glu-490 in
CHOT!1) is absoiutely conserved in transmembrane seg-
ment X. This side chain thus might constitute an intra-
membrane binding site for Na*. Alternatively, it may
stabilize transporter conformation by pairing with other
intramembrane charged residues, e.g. a conserved
arginine in segment 1. Analysis of chimeric transporter
constructs and site-directed mutagenesis experiments

35
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should help to elucidate the precise role of these putative
substrate and ion binding regions.
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