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The gene of a novel prokaryotic member (Tyt1) of the neuro-
transmitter:sodium symporter (NSS) family has been cloned
from Fusobacterium nucleatum. In contrast to eukaryotic and
some prokaryotic NSSs, which contain 12 transmembrane
domains (TMs), Tytl contains only 11 TMs, a characteristic
shared by ~70% of prokaryotic NSS homologues. Nonetheless
upon heterologous expression in an engineered Escherichia coli
host, Tytl catalyzes robust Na*-dependent, highly selective
L-tyrosine transport. Genetic engineering of Tytl variants
devoid of cysteines or with individually retained endogenous
cysteines at positions 18 or 238, at the cytoplasmic ends of TM1
and TM6, respectively, preserved normal transport activity.
‘Whereas cysteine-less Tyt1 was resistant to the inhibitory effect
of sulfhydryl-alkylating reagents, N-ethylmaleimide inhibited
transport by Tyt1 variants containing either one or both of the
endogenous cysteines, and this inhibition was altered by the
substrates sodium and tyrosine, consistent with substrate-in-
duced dynamics in the transport pathway. Our findings support
a binding model of Tyt1 function in which an ordered sequence
of substrate-induced structural changes reflects distinct confor-
mational states of the transporter. This work identifies Tyt1 as
the first functional bacterial NSS member putatively consisting
of only 11 TMs and shows that Tyt1 is a suitable model for the
study of NSS dynamics with relevance to structure/function
relationships of human NSSs, including the dopamine, norepi-
nephrine, serotonin, and y-aminobutyric acid transporters.

Na™/Cl™ -dependent neurotransmitter transporters fulfill an
essential role in the nervous system by terminating synaptic
transmission and recycling neurotransmitters for reuse (1, 2).
These proteins are secondary active transporters that utilize the
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Na™ electrochemical gradient across the plasma membrane of
the presynaptic neuron or glia to catalyze the (re)uptake of a
variety of neurotransmitters from the extracellular milieu
against their concentration gradient in a cotransport (symport)
mechanism (3-5). Hence they are referred to as neurotransmit-
ter:sodium symporters (NSSs)? (6). Substrates of NSSs include
biogenic amines, such as dopamine, norepinephrine, and sero-
tonin, as well as amino acids (y-aminobutyric acid, glycine, and
proline) and osmolytes (betaine and creatine) (Ref. 7; for recent
reviews, see Refs. 8 and 9). The transporters for the biogenic
amines dopamine, norepinephrine, and serotonin (DAT, NET,
and SERT, respectively) are of particular interest because they
are targets for the action of numerous drugs, including the
widely abused psychostimulants cocaine and amphetamine
(10), as well as for antidepressant drugs (11).

Although some mechanistic features of a variety of cloned
members of the NSS family (GAT (12), DAT (13), SERT (14),
and NET (15)) have been elucidated in eukaryotic expression
systems, these systems are not well suited for large scale expres-
sion and purification of these transporters (16, 17). To obtain
information on the structure and function of membrane pro-
teins, prokaryotic homologues can be extremely valuable
because recombinant transporters can be expressed in bacteria
in large quantities (18), a prerequisite for their subsequent puri-
fication and biochemical/biophysical analyses (19, 20).

Recently the structure of a bacterial NSS homologue, LeuT of
Aquifex aeolicus, was solved using such an approach (21). The
availability of this structure is a major advance with wide ram-
ifications for the field. The structure of LeuT is of a substrate-
bound “closed” state blocking access of substrate to either side
of the membrane. The structure provides only limited clues to
the location of the transport pathway, and additional structural
and functional information will be vital to determining the loca-
tion of the transport pathway and the conformational changes
involved in the transport cycle. Ironically LeuT was crystallized

2 The abbreviations used are: NSS, neurotransmitter:sodium symporter; DAT,
dopamine transporter; GAT, y-aminobutyric acid transporter; Mes, 2-(N-
morpholino)ethanesulfonic acid; NEM, N-ethylmaleimide; NET, norepi-
nephrine transporter; SERT, serotonin transporter; TM, transmembrane
domain; CL, Cys-less; WT, wild type; SGLT, sodium/glucose transporter;
MelB, melibiose permease of Escherichia coli.
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successfully in part because it is so tightly bound to substrate.
Although this is a clear advantage for crystallization, it is a dis-
advantage for reconstitution and functional studies, which
require addition and removal of substrates. Indeed the pub-
lished value for transport velocity per milligram of protein with
reconstituted LeuT (21) is several orders of magnitude slower
than that seen in other NSSs (e.g. ~0.5s™ ' for human DAT (22)
and ~5 s~ ! for rat GAT (23)), suggesting the need for other
bacterial NSS proteins that may be more amenable to studies of
transporter dynamics.

Here we report the functional characterization of a novel
prokaryotic member of the NSS family, the Na™-dependent
tyrosine transporter (Tyt1) of Fusobacterium nucleatum heter-
ologously expressed in Escherichia coli. This transporter is the
first characterized NSS homologue predicted to have only 11
transmembrane segments and is therefore representative of
more than 180 novel prokaryotic NSS members that can now be
predicted also to function as sodium-dependent transporters.
We also present biochemical studies which, interpreted in the
structural context of a LeuT-based molecular model, serve to
elucidate substrate-induced alterations in the transporter
structure and identify elements of the transport pathway.

EXPERIMENTAL PROCEDURES

Cloning of the tyt1 Gene—The gene of the proposed sodium-
dependent tyrosine transporter (designated tytl hereafter) of
F. nucleatum (GenBank™ accession number NP_602780) was
PCR-amplified from genomic DNA generously provided by Dr.
Susan Kinder Haake (UCLA School of Dentistry) using the
following primers: tytl s, GTACAAAAAAGCAGGCTC-
CATGGACAATTCGGAAAGGAAGTTTCAGTC (the Ncol
restriction site is shown in italic); and tytl_as, GCTCAGC-
TAATTAAGCTGTACAAGAAAGCTGGGTAAGCTTATC-
CAATACC (the HindIII restriction site is shown in italic). The
resulting PCR product contained the entire tytI gene flanked by
unique Ncol and HindIII restriction sites at the 5'- and 3'-ends,
respectively. Using these sites, the amplified fragment was
introduced into a derivative of pT7-5 (24), and the fidelity of the
insert was confirmed by DNA sequencing (ABI 310 automated
sequencer; Columbia University DNA facility). For overpro-
duction of Tyt1 via the inducible T5 promoter, tytI was cut with
Ncol/HindIII and subcloned into a similarly digested derivative
of pQE60 (Qiagen) containing a 10-histidine coding region
before the tyt1 start codon (N-terminal amino acid sequence of
recombinant Tyt1l: MS[H],,[D],KAMDNS; native amino acid
residues 1-4 of Tytl are underlined). The resulting plasmid
was designated pQ2.

Bacterial Strains—E. coli XL1Blue (recAl endAl gyrA96
thi-1 hsdR17 supE44 relAl lac (F'proAB lacl’ZAMI15 Tnl0
(Tet"))) (Stratagene) served as host strain for basic cloning pur-
poses and plasmid isolation. E. coli CY15212 (SVS1144 mtr
aroP tnaB271:Tn5) (25) was used as parental strain for the
engineering of a suitable E. coli host, MQ614 (CY15212 tyrPI1
pheP::cat) that is devoid of all known intrinsic aromatic amino
acid uptake systems (see below). E. coli MQ614 harboring the
indicated plasmids was used for the in vitro characterization of
tyrosine transport kinetics and biochemical studies.
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Generation of E. coli MQ614—Chromosomal gene disrup-
tion in E. coli CY15212 (mtr~ aroP~ tnaB™) was performed
according to the method of Datsenko and Wanner (26) using
the “gene disruption kit” obtained from the Yale E. coli Stock
Center. For each disruption cycle cells of CY15212 (and deriv-
atives) were transformed with pKD46 as the Red-recombinase
expression plasmid by electroporation. After antibiotic screen-
ing of successful clones, the antibiotic resistance gene was elim-
inated by transforming the cells with the FLP helper plasmid
pCP20. Chromosomal deletions of the tyrP and pheP genes
were sequentially introduced using the following primers:
tyrP_s, GCAGATATCACTCATAAAGATCGTCAGGACA-
GAAGAAAGCGTGAAAAACAGAACCCGTGTAGGCTGG-
AGCTGCTTC; tyrP_as, CCCCACTTCTGGTAACAACCCT-
GCCGCAATCAAAAATTGCACGCCCATATGAATATCCT-
CCTTA; pheP_s, CCTCAACAAAAAAGACACACAGGGGA-
AAGGCGTGAAAAACGCGTCAACCGTATCGGAAGGT-
GTAGGCTGGAGCTGCTTC; pheP_as, GCAGAGATAGTT-
GCCGAACGGATAGAGCAGCGCCTTAAACTGTGTTTC-
ACGCCCCCATATGAATATCCTCCTTA (P1 and P2 sites are
shown in italic), and pKD3 as template plasmid. After isolating
the genomic DNA from the respective E. coli knock-out strain
(DNeasy kit, Qiagen) the elimination of the target gene was
confirmed by agarose gel electrophoresis of PCR-amplified
DNA fragments that enclosed the target region. Genomic DNA
of the parental strain CY15212 served as a control.

Site-directed Mutagenesis—Site-directed replacement of the
two intrinsic cysteine residues in Tytl (Cys-18 and Cys-238)
was performed using a two-step PCR protocol (27) with pQ2 as
template. For each pair of mutagenic primers the sense primer is
presented with the altered nucleotides underlined: C18A, GGTT-
TCATTTTAACTGCTGTTGGATCTGC; C238F, GGAA-
TGATAGTCTTCGGAGCATACTTAG. The resulting PCR
fragments were digested with Ncol/HindIII and inserted indi-
vidually into similarly cut pQ2 to generate pQ2-C18A or pQ2-
C238F (encoding Tyt1 with a single cysteine at amino acid posi-
tion 238 or 18, respectively). After verification of the DNA
integrity by sequencing of the resulting plasmids, a cysteine-
free version of Tytl (Tyt1l-CL) was engineered by combining
the corresponding fragments of pQ2-C18A and pQ2-C238F
using a suitable restriction enzyme combination. Substitution
of Gly-24 with Asp was performed in a single step PCR using
mutagenic oligo G24D, CAGTCCATGGACAATTCGGAAA-
GGAAGTTTCAGTCAAAAATAGGTTTCATTTTAACTT-
GTGTTGGATCTGCTGTTGACATGG (altered nucleotides
are underlined; the Ncol restriction site is shown in italic), with
pQ2 as template. The modified zyzI gene was introduced by
means of an Ncol/HindIII digest into pQ2, and its correctness
was verified by sequencing.

Transport Assay—Active transport was measured in E. coli
MQ614 (aroP mtr tnaB tyrP1 pheP:cat) transformed with
derivatives of pQ2 encoding Tyt1 with the indicated amino acid
replacements. The cells were grown aerobically in Luria-Ber-
tani medium (28) containing 100 ug/ml ampicillin at 37 °C.
Overnight cultures were diluted 50-fold and were allowed to
grow to an optical density at 420 nm of 1.0 followed by induc-
tion of gene expression by addition of 0.15 mm isopropyl 1-thio-
B-p-galactopyranoside for 2 h. Cells were harvested by centrif-
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FIGURE 1. Phylogenetic tree of 252 prokaryotic NSS proteins. The PHYLIP package (Version 3.65 (62))
was used. The trees were calculated with the maximum parsimony method implemented in protpars. The
final consensus tree was determined by “majority rule (extended)” consensus method in consense and is
based on a bootstrapped parsimony analysis (1,000 replicas, data sets were generated with seqboot). The
branches with bootstrap values higher than 50% are indicated with black dots at the forks. To improve
bootstrap values, only the TM regions were included because they could be unambiguously aligned. To
facilitate comparison with 11-TM NSS proteins, only the first 11 TMs of the 12-TM family members were
considered. Leaves representing NSS proteins with 12 TMs are shown in red, whereas blue leaves represent
NSS proteins with only 11 TMs. Archaeal sequences are indicated with the letter A. LeuT, TnaT, and Tyt1 are
indicated. Note that rather than being distributed throughout the entire tree, most of the prokaryotic
12-TM transporters are clustered in three groups, a large one of 52 and two small ones of seven, suggest-
ing that the number of TMs is a conserved property of distinct subfamilies of prokaryotic NSS proteins.

ugation at 12,000 X g for 10 min and washed four times with 50
mM Tris/Mes, pH 7.5, at 4 °C to eliminate Na* contamination
(29). For routine uptake experiments, cells were diluted in 50
mM Tris/Mes, pH 8.5 to a total protein concentration of 0.125
mg/ml. Transport of 0.1 uMm L-[ring-3,5-°H]tyrosine (54
Ci/mmol), L-[1-**C]tyrosine (434 Ci/mol) (Moravek Biochemi-
cals), or [ring-3,5-*H]tyramine (50 Ci/mmol) (American Radio-
labeled Chemicals, Inc.) was assayed in the presence of 10 mm
NacCl (unless otherwise noted) at 23 °C for the indicated time
periods using a rapid filtration method (30). Kinetics of sodium-
dependent tyrosine transport of Tytl wild type and variants
were determined by measuring the initial portion of the time
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course at different L-tyrosine con-
centrations (i.e. 10 s). The maximal
velocity (V2" ) and apparent affinity
constant at half-maximum velocity
(K3Y") of tyrosine transport was
determined by varying the L-[1-
C]tyrosine concentration from
0.01 to 5 um in the presence of 10
mM NaCl. For the determination of
the apparent Na™ activation con-
stant (K)2') of tyrosine transport
(0.1 or 1 uM final L-[1-"*C]tyrosine
concentration), the NaCl concen-
tration was increased from virtually
Na™ -free to 10 mm and was replaced
with equimolar Tris/Mes to main-
tain a constant molarity of 60 mm.

Inhibition of Tyrosine Transport
by Thiol Reagents—E. coli MQ614
harboring pQ2 or derivatives
encoding Tytl wild type (WT),
Tytl-CL, Tytl-C18A, or Tytl-
C238F was cultivated and treated as
described above (see “Transport
Assay”). Prior to transport, cells
were incubated in the presence of
S N-ethylmaleimide (NEM) for 5 min
in the presence or absence of sub-
strate at 23 °C. The NEM concen-
tration for each cysteine-containing
Tytl variant was chosen to inhibit
tyrosine transport by ~95% in the
absence of substrate. Unbound
NEM was removed by washing the
cells three times with the incubation
buffer (without NEM) followed by a
wash with 50 mm Tris/Mes, pH 7.5.
For transport studies treated cells
were diluted in 50 mMm Tris/Mes, pH
8.5, and uptake of 0.1 um L-[1-
“Cltyrosine was measured for
1-min time intervals in the presence
of 10 mm NaCl as described above.

Data Analysis—All experiments
were repeated at least three times
with cells from different cultures.
Figures are based on data obtained from a typical experiment,
and, unless otherwise noted, data points represent the mean of
a triplicate determination *£S.D. (note that error bars are not
always detectable due to the size of the symbols). Data fits of
kinetic analyses were performed using the non-linear regres-
sion algorithm in Prism (Version 4.03, GraphPad Software,
Inc.), and errors represent the S.E. of the fit.

RESULTS

The sequences of 252 prokaryotic NSS proteins were
obtained from the National Center for Biotechnology Informa-
tion RefSeq data base through a PSI-BLAST (position-specific
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FIGURE 2. Sequence alignment. The sequences of human DAT (hDAT), TnaT of Symbiobacterium thermophilum, LeuT of A. aeolicus, and Tyt1 of
F. nucleatum were aligned by ProbCons (63) followed by manual adjustment. Identical residues are highlighted with black background, while conserved
amino acid substitutions (sequence similarity) are indicated by gray background. Transmembrane segments are indicated as rectangles based on the
LeuT structure (21) and numbered using Arabic numerals. Asterisks indicate endogenous cysteine residues 18 and 238 (index positions 1.39 and 6.65,

respectively (38)) in Tyt1.

iterated basic local alignment search tool) search. Initial predic-
tions of the number and location of the TM segments in these
252 prokaryotic NSS proteins were obtained from topology
predictions with the algorithms HMMTOP (31) and TMHMM
(32). These predictions were corrected by visual inspection of
the predicted TM boundaries based on a complete alignment
of prokaryotic and eukaryotic NSS members.> Of the 252
prokaryotic NSS proteins that were considered, ~28% (71
including TnaT and LeuT) were predicted to have TMs 1-12,
whereas ~72% (181 including Tyt1; see below) were predicted
to have TMs 1-11 but lack a 12th TM. This is in marked con-
trast with eukaryotic NSS proteins where virtually all members
have 12 TMs (data not shown). It was not previously known
whether NSS proteins can function without TM12 and thus
whether this large set of prokaryotic NSS sequences encode
pseudogenes or functional proteins.

To determine whether prokaryotic NSS proteins with either
11 or 12 TMs belong to different subfamilies, the prediction
results were plotted on a phylogenetic tree (Fig. 1) calculated
with a maximum parsimony method (PHYLIP package, see leg-
end to Fig. 1). Most of the 71 prokaryotic 12-TM transporters

3T.Beuming, L. Shi, J. A. Javitch, and H. Weinstein, submitted.
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are clustered in three groups, two of seven (groups 1 and 2) and
one of 52 (group 3), rather than distributed throughout the
entire tree. In addition, although the 11-TM NSS proteins are
relatively diverse, the node support for the 12-TM members is
strong (bootstrap value of 89% for the major 12-TM cluster).
Thus, the number of TMs is a conserved property of distinct
subfamilies of prokaryotic NSS proteins as there are very few
examples of homologues that are very similar in sequence but
different in the number of TMs. Notably the majority of
archaeal sequences (12 of 17) have 12 TMs.

To compare the sequence similarity between the 12-TM and
11-TM subfamilies, pairwise sequence identities were cal
culated from the alignment of these 252 prokaryotic NSS pro-
teins. For the 11-TM and 12-TM subfamilies, the average sim-
ilarity within the group is similar (33% in 11-TM and 35% in
12-TM subfamilies). The 11-TM and 12-TM subfamilies
exhibit the same level of intragroup similarity (33% in 11-TM
and 35% in 12-TM subfamilies). However, the average simi-
larity is significantly lower (24%) between the two subfamilies,
suggesting again that NSS proteins with 11 and 12 TMs
represent distinct subfamilies.

Two bacterial members of the 12-TM family, TnaT (33)
and LeuT (21), have been shown to be sodium-dependent
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tryptophan and leucine transporters, respectively. However,
it was not known whether the ~70% of prokaryotic NSS
proteins with 11 TM segments are functional transporters.
Fig. 2 shows a sequence alignment of representative mem-
bers of the two classes, illustrating the absence of TM12 in
Tytl of F. nucleatum (34). This protein was suggested to be a
sodium-dependent tyrosine transporter of the oral pathogen
F. nucleatum subsp. nucleatum (The Institute for Genomic
Research locus FN1989, chromosome position 492571-
493887) based on its linkage to a catabolic enzyme (tyrosine
phenol-lyase, B-tyrosinase, 4.1.99.2) open reading frame
(The Institute for Genomic Research locus FN1988, chro-
mosome position 491058 —492440).

After cloning of the tytI gene into a pT7-5 expression plas-
mid derivative (24), initial transport measurements were incon-
clusive due to high endogenous aromatic amino acid uptake
activity (i.e. Phe, Tyr, and Trp) observed in several E. coli K12
and B strains tested (data not shown). Expression of tytI from
the inducible T5 promoter in a pQE60 derivative revealed only
marginal tyrosine accumulation above background (data not
shown). To generate a suitable host strain for detailed kinetic
and biochemical studies, we used E. coli CY15212, a strain
already deficient in the three aromatic amino acid uptake sys-

80 1m  MQ614/Tytl
. O CYI5212
%< ~60{0 MQ614
E
& 24
H
gt B

_l:',_ E

=]

Time (min)

FIGURE 3. Time course of tyrosine uptake by intact E. coli. Cells were incu-
bated and treated as described under “Experimental Procedures.” Uptake of
0.1 uMm L-[ring-3,5-3HItyrosine was assayed in 50 mm Tris/Mes, pH 7.5 in the
presence of 100 mm NaCl at 23 °C. 200-ul aliquots of E. coli strain CY15212 (O),
MQ614 (), or MQ614/pQ2 (M) at a total cell protein concentration of 0.125
mg/ml were used per rapid filtration assay.

A B

tems, Mtr, AroP, and TnaB (25), as the parental strain for the
subsequent disruption of the yrP and pheP genes. As shown in
Fig. 3, disruption of the two additional genes in E. coli MQ614
abolished the endogenous tyrosine uptake activity observed in
CY15212. Transforming MQ614 with pQ2, a pQE60 derivative
containing the #yzI gene under control of the T5 promoter,
resulted in robust [*H]tyrosine accumulation after induction
with isopropyl 1-thio-B-p-galactopyranoside.

To optimize the experimental conditions for active transport
measurements we tested the effect of increasing the pH gradi-
ent (Afi;+) and the membrane potential (AW) by decreasing the
external pH of the uptake buffer and/or adding 20 mm lactate,
methods generally used to stimulate secondary active transport
processes (35—37). Surprisingly at pH 6.5 the uptake activity of
MQ614 transformed with pQ2 was indistinguishable from
MQ614 transformed with the control plasmid (Fig. 44). In con-
trast, tyrosine transport was dramatically stimulated by
increasing the pH with an optimum of pH 8.5 (Fig. 4B). Fig. 4C
shows the effect of varying, simultaneously, the NaCl concen-
tration and the pH. Increasing the NaCl concentration to 100
mM (the concentration used in Fig. 4, A and B) inhibited Tyt1-
catalyzed transport at both pH values tested (Fig. 4C). There-
fore, with the exception of the analysis of the ion dependence on
active tyrosine transport (see Fig. 5), all subsequent uptake
experiments were performed at pH 8.5 in the presence of 10 mm
NaCl. Under such conditions, with 100 nm [*H]tyrosine, the
initial rate of tyrosine transport was ~1500 pmol X mg of cell
protein ' X min !, whereas the steady state of tyrosine accu-
mulation reached about 500 pmol X mg of total cell protein '
after 1 min (see also Fig. 84).

The requirement for Na* as the coupling cation is
depicted in Fig. 5. Under standard transport conditions (0.1
pM L-[1-"*C]tyrosine) the apparent half-maximum stimula-
tion constant of Na™-driven tyrosine transport (KE?) was
0.75 £ 0.03 mm with a Hill coefficient of 2 = 0.2 (Fig. 54,
inset). At more saturating concentrations of L-[1-"*C]ty-
rosine (1 uM; Fig. 5A4), the Kg? was 1.4 = 0.1 mm (Hill coef-
ficient of 1.9 * 0.2). Fig. 5B shows that the highest transport
activity was observed in the presence of Na™*, whereas the
chloride anion under these test conditions was dispensable

C

0.2 0.4 2.0
O~ @ E g £ 1.5
E "o s E 3 E pH 7.5
g 5. 2. M pH 85
2 = 0.1 ~ o0 0.2 2 oo 1.0
£ 32 £ £ £ E
£ 3 — |
= & g & g 05 ﬂ
: < |
0.0 0.0 O T T T T | 0.0
65 70 75 80 85 9.0 2 10 100
Time (min) pH [NaCl] (mM)

FIGURE 4. Effect of the pH on Tyt1-mediated tyrosine accumulation. A, time course of L-[1-'*Cltyrosine uptake by MQ614/pQ2 was measured in the
presence of 100 mm NaCl in 50 mm Tris/Mes, pH 6.5 (O), pH 7.5 (A), pH 8.0 (V), pH 8.5 (l), or pH 9.0 (A). B, pH dependence of initial rates of L-[1-'*C]tyrosine
transport by E. coliMQ614/pQ2. Initial rates were calculated from the linear portion of tyrosine accumulation between 0 and 10 s shown in A. Symbols were used
accordingly. C, initial rates of L-[1-"*Cltyrosine uptake were determined in the presence of 2, 10, or 100 mm NaCl in 50 mm Tris/Mes, pH 7.5 (open bars) or 8.5

(closed bars).
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sponding residue is an aspartate (see

An. Sub. Fig. 2).® We showed previously that
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FIGURE 5. lon dependence of tyrosine transport by Tyt1. A, stimulation of active tyrosine transport by
increasing NaCl concentrations. Initial rates of 1 uw (M) or 0.1 um (A, inset) L-[1-"*Cltyrosine transport were
measured by varying the NaCl concentration from virtually L\la*—free to 10 mm (equimolar replacement of NaCl
with Tris/Mes). The half-maximum activation constant (Kj3 ) was determined by a least squares fit of the data
as 0.75 = 0.03 mm NaCl (Hill coefficient of 2 = 0.2) and 1.4 = 0.1 mm (Hill coefficient of 1.9 = 0.2) at tyrosine
concentrations of 0.1 or T uMm, respectively. B, cation and anion dependence of Tyt1-mediated transport. Initial
rates of tyrosine transport (at 0.1 uM final L-[1-"*Cltyrosine concentration) were measured in uptake buffer in
which 10 mm NaCl was substituted with N-methyl-b-glucamine-Cl (NMDG-CI), KCl, or LiCl (cationic substitution
(Cat. Sub.)) or NaNO;, NaCNS, sodium glucuronate, Nal, sodium gluconate, Na,SO,, or sodium phosphate

(anionic substitution (An. Sub.)).

for function. Similarly chloride was not essential for trans-
port by either LeuT or TnaT (21, 33).

Kinetic characterization of Tytl-mediated active tyrosine
transport in the presence of 10 mm NaCl revealed that tyrosine
transport is saturable with a K3 %" of 0.34 * 0.08 um and a VI¥"
of 6.9 = 0.3 nmol X mg of cell protein ' X min " (Fig. 64; see
also Table 1). The specificity of Tytl-mediated transport was
determined by measuring L-[1-'*C]tyrosine uptake in the pres-
ence of a 100-fold excess, i.e. 10 uM, of each of the 20 naturally
occurring L-amino acids (Fig. 6B) as well as several tyrosine
analogues (Fig. 6C). With the exception of L-tyrosine, none of
the naturally occurring amino acids significantly inhibited
Tytl-catalyzed L-tyrosine uptake. D-Tyrosine, tyramine, 6-
hydroxy-pL-(3,4-dihydroxyphenyl)-L-alanine, 5-diiodo-L-tyro-
sine, and a-methyl-L-tyrosine also failed to inhibit tyrosine
uptake. 3-Amino-L-tyrosine and O-methyl-L-tyrosine showed
weak inhibition (27 and 34% reduction of L-tyrosine transport,
respectively, at a concentration of 10 um), and 3-(3,4-dihyroxy-
phenyl)-L-alanine reduced transport activity to 40% at 10 um,
consistent with a loss of potency of ~30-fold by the addition of
the OH in the 3-position. Note that the absence of the OH in the
4-position (phenylalanine) led to a virtually complete loss of
affinity, demonstrating the remarkable specificity of Tytl for
tyrosine.

At amino acid position 24 in Tytl (index position 1.45) is a
glycine residue that is highly conserved among the amino acid
transporters of the NSS family (See Ref. 38 for a description of
the indexing system for NSS.? Briefly to facilitate comparison of
the NSS sequences, the most conserved position in the
sequence alignment is chosen for each TM segment, and this
position is assigned the number 50. Other positions are num-
bered relative to this reference position, e.g. positions directly
N- and C-terminal are designated as 49 and 51, respectively.)

In the biogenic amine transporters, however, the corre-
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mutation to Asp of this conserved
Gly in TnaT abolished tryptophan
transport but did not lead to trans-
port of serotonin (33). Based on the
LeuT structure, Yamashita et al
(21) proposed that in the biogenic
amine transporters the B-carboxyl
group of Asp, ,5 substitutes for the
a-carboxyl group of the amino acid
substrate and coordinates a Na™
ion. To test this hypothesis, we
replaced Gly-24 in Tytl with Asp
and assayed transport of tyrosine
and the corresponding biogenic
amine, tyramine. Whereas the
mutation had no significant effect
on the amount of Tyt1 in the mem-
brane of MQ614 (based on immu-
noblot analysis using a monoclonal
antibody against the His,, tag of
each Tyt1 variant (data not shown)),
replacement of Gly-24, ,o by Asp
completely abolished Na™-driven tyrosine transport (Fig. 7, left
ordinate) even when tested for 2 h, conditions that have allowed
us to observe uptake by dramatically impaired TnaT mutants
for which no transport could be measured at 2 min (data not
shown). However, as for TnaT, this mutation did not change
the amino acid transporter into one that catalyzes amine (tyra-
mine) transport (Fig. 7, right ordinate). Lowering the pH of the
uptake buffer or replacing the coupling cation Na™ with Li™
also did not produce tyramine transport by the G24,,.D
mutant (data not shown).

Tytl contains two endogenous cysteines at positions 18 and
238 (index positions 1.39 and 6.65, respectively; see also Fig. 2)
near the intracellular ends of TM1 and TMBS6, respectively. In a
homology model of Tytl based on the LeuT structure, these
cysteines face each other deep within the core of the cytoplas-
mic part of the transporter (see Fig. 94). Nonetheless in prelim-
inary experiments we observed that in intact E. coli, sodium-
dependent tyrosine transport by the wild type Tytl was
rapidly eliminated by the membrane-permeant sulfhydryl-
alkylating reagent NEM (see below). Replacing Cys-18; ,, with
Ala and/or Cys-238 4. with Phe did not significantly alter the
initial rate and steady state of tyrosine transport (Fig. 8A).
Kinetic analyses of Na™-coupled tyrosine transport by Tytl-
C18A, -C238F, and -CL revealed that KJ¥ and VY were
not significantly altered when compared with Tytl wild type
(Table 1).

Whereas Tyt1-CL activity was unaffected by NEM, Tytl-
WT, Tytl-C18A, and Tyt1-C238F showed a strong sensitiv-
ity toward this sulthydryl reagent when the reaction was per-
formed in Na*-free Tris/MES buffer (Fig. 8B). A similar
result was obtained when the NEM reaction was performed
in the presence of 10 um tyrosine (also in the absence of
NaCl). Remarkably, however, when NEM was added in the
presence of 10 mm NaCl, its inhibitory effect on tyrosine
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FIGURE 6. Kinetic analysis of tyrosine uptake by Tyt1. A, initial rates of
tyrosine transport were measured at L-[1-'*Cltyrosine concentrations
between 0.05 and 5 um in the presence of 50 mm Tris/Mes, pH 8.5 plus 10 mm
NaCl. A non-linear least squares fit of the data yielded a K’ of 0.34 + 0.08 um
and a V¥X of 6.9 = 0.3 nmol X mg of protein ' X min~'. Band C, substrate
specificity of Tyt1. Uptake of 0.1 um L-[1-"*Cltyrosine by intact cells of E. coli
MQ614 expressing Tyt1 was assayed in the presence or absence of a 10 um
concentration of the indicated compound for 1 min. Data are presented as
the percentage of the untreated control (—). B, effect of L-amino acids on
Tyt1-mediated tyrosine transport. Letters represent the standard single letter
amino acid code. C, effect of tyrosine analogues on L-tyrosine transport by
Tyt1. Numbers indicate the following compounds: 3-(3,4-dihydroxyphenyl)-L-
alanine (7); O-methyl-L-tyrosine (2); 3-amino-L-tyrosine (3); D-tyrosine (4);
a-methyl-L-tyrosine (5); 5-diiodo-L-tyrosine (6); 6-hydroxy-pL-(3,4-dihydroxy-
phenyl)-L-alanine (7); tyramine (8); and dopamine (9).

J

transport by Tytl-WT, Tytl1-C18A, and Tyt1-C238F was
greatly diminished (Fig. 8B). This diminished inhibition
resulted from a decrease in the reactivity of the cysteines
with NEM because high concentrations of NEM could still
inhibit transport even in the presence of NaCl (data not
shown). When NEM was added in the presence of both NaCl
and tyrosine, thereby enabling transport, the inhibitory
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TABLE 1

Tyrosine kinetics of Tyt1 variants

Initial rates of L-[1-"*C]tyrosine uptake by E. coli MQ614 harboring the given Tyt1
variant were measured at tyrosine concentrations from 0.05 to 10 uM in the pres-
ence of 10 mm NaCl. Kinetic constants were determined by a least squares fit of the

data from a typical experiment (data points in triplicate), and errors represent S.E. of
the fit.

Tytl WT CL C238F C18A

Kg};‘ ([.LM) 0.34 =0.08 0.21 =0.04 0.29 £0.04 0.27 £ 0.05

VD (nmol X mg™'  69+03 59+03 62*03 66+03

X min~?)

B 1500 - 4 [0~
< 1250 A £
£ 3 g E

. E 1000 5~

XM L5 =

: 8

= °ED g

@ 5 F1 & —

= A ® <

Z 3 s E

St E 0 _j 0 = 3"

> 2

] T

-5 -
co WT  G24D

FIGURE 7. Effect of the G24D mutation in Tyt1. E. coli MQ614 harboring
Tyt1-WT, Tyt1-G24D, or a control plasmid (co) were prepared for transport
measurements as described under “Experimental Procedures.” Initial rates of
0.1 um L-[1-"*Cltyrosine transport (filled bars, left ordinate) or 0.1 um [*H]tyra-
mine (open bars, right ordinate) were determined in 50 mm Tris/Mes, pH 8.5
plus 10 mm NaCl.

effect of NEM was increased, consistent with an increase in
the accessibility of each of the endogenous cysteines during
the transport cycle.

DISCUSSION

Here we present data on the function of a new member of the
NSS family, Tytl of F. nucleatum. Based on the sequence
homology to the NSS family and the localization of the £yt1 gene
adjacent to a catabolic gene locus (B3-tyrosinase gene) on the F.
nucleatum chromosome, Tytl was suggested to function as a
tyrosine transporter (34). We cloned the £yzI gene and overex-
pressed the protein in a novel E. coli strain, MQ614, which we
engineered to be devoid of all aromatic amino acid transport.
Our analysis revealed that Tytl is a functional Na™ -dependent
tyrosine transporter. Tytl is representative of ~70% of pro-
karyotic NSS members that are predicted to consist of 11 TMs
in contrast to the remaining prokaryotic NSSs and eukaryotic
NSSs that contain a 12th transmembrane segment. The func-
tion of Tytl, despite the absence of TM12, suggests that this
large 11-TM subfamily of NSS contains functional transporters
and not pseudogenes. Interestingly the protein core of LeuT
consists of the first 10 of 12 transmembrane segments with
segments 1-5 related to segments 6 —10 by a pseudo-2-fold axis
in the membrane plane (21). TM11 and TM12 are located on
the periphery of the LeuT structure and are not known to play a
critical role in binding or transport (21). Thus, our sequence
analysis and experimental data are consistent with an evolu-
tionary divergence in the structure of the C-terminal part of the
protein while conserving the functional core.

Although Tytl lacks TM12, its overall sequence homology,
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the conservation of key residues (Ref. 38),% and its functional
properties clearly identify it as a member of the NSS family. Like
most NSS family members, Tytl-mediated tyrosine transport is
highly selective and exhibits a substrate affinity in the 10~"—
10~° M range. In addition, the ion dependence of Tyt resem-
bles that of DAT, SERT, and NET in so far as these transporters
exhibit a strict dependence on Na™ as the coupling ion for sub-
strate uptake (3, 22). Whereas several other Na™*-dependent
transporters can substitute Li™ or even H" as the coupling ion
(MelB (39), sodium/proline transporter of E. coli (40), human
SGLT (27), and rabbit SGLT (41)), H" and K™ failed to drive
substrate uptake by Tytl, whereas Li* showed small but signif-
icant transport activation.

In contrast to DAT, NET, and SERT (3, 22, 42), however,
Tyt1 activity is unaffected by the presence or absence of C1™.
A similar lack of chloride ion dependence was observed for
TnaT (33) and LeuT (21). Although a chloride ion was
detected in the crystal structure of LeuT (bound to the outer
surface of the protein), a role for this ion in (co)transport
remains enigmatic.

The high apparent affinity of Tytl for Na™ in the ~1 mm
range may reflect the physiological role of Tytl in the oral
pathogen F. nucleatum as a transport system for the essential
amino acid tyrosine (34) because salivary sodium concentra-
tions are 10-20-fold lower than typical extracellular sodium
concentrations (43). Several other bacterial transport systems
with an apparent Na™ affinity in the micromolar range also
have been detected (29, 44, 45). However, the strong inhibitory
effect of NaCl concentrations above 10 mm on Tyt1 activity has
not been observed in other bacterial symporters with a high
Na™ affinity (29, 40).

Tyt activity peaked at a pH of 8.5. A similar tendency has
been observed for other members of the NSS family, namely
mouse B°AT?2 (46), KAAT1 (47), and CAATCH-1 (48), the lat-
ter two of which are situated in a nutrient absorptive epithelium
of Manduca sexta and are exposed to high transmembrane
voltages and alkaline pH. The Tyt1 pH dependence might also
result, in full or part, from the effect of pH on NhaA, the major
Na™/H™ antiporter in E. coli (the expression system used for
the present study). The physiological role of this transporter is
the extrusion of intracellular Na™ from cells coupled to import
of H". NhaA function is stimulated ~2000-fold by increasing
the external pH from 6.5 to 8.5, a pattern similar to that of Tyt1
activity (compare Fig. 6 in Ref. 49 and Fig. 4B in the present
study). Therefore, increased NhaA activity at higher pH
might lead to increased Na™ extrusion and a lower intracel-
lular Na™ concentration and in turn to a larger Na™ driving
force and increased tyrosine uptake. Differentiating these
mechanisms will require study of purified Tyt1 reconstituted
into proteoliposomes.

Our results support a Na*/tyrosine cotransport (symport)
mechanism by Tyt1 with the electrochemical Na™* gradient as the
immediate driving force for substrate uptake. The Hill coefficient
of ~2 is consistent with an apparent stoichiometry of 2 Na™:1
tyrosine for coupled uptake. This is in line with much functional
data in other NSSs, such as the Hill coefficient of 2 for sodium in
dopamine transport by DAT (3, 50) as well as the identification of
two bound Na™* ions in the crystal structure of LeuT (21). In this
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FIGURE 8. Role of cysteine residues in Tyt1. A, time course of tyrosine
uptake by intact E. coli MQ614 harboring Tyt1-WT (M), Tyt1-CL (), Tyt1-
C238F (A), or Tyt1-C18A (V). Uptake of 0.1 um L-[1-"*H]tyrosine was assayed in
50 mm Tris/Mes, pH 8.5 in the presence of 10 mm NaCl at 23 °C. B, effect of NEM
on Tyt1 activity. Cells of E. coli MQ614 producing Tyt1-WT, -CL, -C18A, or
-C238F were cultivated and treated for transport as described under “Exper-
imental Procedures.” Prior to uptake measurements, cells were incubated
with NEM in the absence (none) or presence of 10 um L-tyrosine (Y), 10 mm
NaCl (Na), or 10 mm NaCl, 10 um L-tyrosine (Na+Y) for 5 min at 23 °C. The
concentration of NEM was adjusted for each NEM-sensitive Tyt1 variant
(Tyt1-WT and -C18A: 1 mm; -C238F: 1.5 mm) to produce ~95% reduction of
active tyrosine transport in the absence of substrate compared with non-
treated cells. As control, cells expressing Tyt1-CL were treated with 1.5 mm
NEM. Means of data, except data of untreated cells (control) and cells express-
ing Tyt1-CL, were significantly different with p < 0.05 as determined by one-
way analysis of variance with posthoc analysis by Tukey's test.

structure, the carboxyl oxygen of the substrate, leucine, forms an
ion pair with one Na™ (Nal). The authors proposed that the -car-
boxyl group of Asp, ,-, which is conserved among the eukaryotic
biogenic amine transporters, could substitute for the carboxyl
group of leucine and thereby coordinate Nal (21). Replacing the
corresponding residue in Tytl (Gly-24, ,5) with Asp impaired
tyrosine transport, consistent with our previous results for muta-
tion of the aligned position in TnaT (33). However, despite the
presence of the Tyt1-G24D protein in the membrane, this mutant
did not transport tyramine, indicating that the mechanism of bio-
genic amine transport requires more than substitution of the res-
idue at position 1.45. Moreover using a newly developed method
for measuring substrate binding,* we have determined that
neither tyramine nor tyrosine bind to Tytl-G24D and that
Tytl-WT binds tyrosine but not tyramine. Thus, it seems likely
that an Asp must be present at position 1.45 for biogenic amine

4 M. Quick and J. A. Javitch, in preparation.
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A

FIGURE 9. State-dependent accessibility of Cys-18 and Cys-238. A, a molecular model of Tyt1 with tyrosine, shown in the left and middle panels, was
constructed with the homology modeling algorithm Modeler 8v1 (64) based on the crystal structure of LeuT (21) and the proposed sequence alignment
(T.Beuming, L. Shi, J. A. Javitch, and H. Weinstein, in preparation). The figure was prepared with Insightll (Accelrys, San Diego, CA) and PyMOL (DeLano Scientific
LLC). The molecular models in all three panels are rendered with molecular surfaces obtained with a probe radius of 1.4 A. The transmembrane segments, TM1,
TM3, TM6, and TM8, which contact the substrate tyrosine, are shown as ribbons. Tyrosine is rendered in stick representation, and Cys-18 and Cys-238 are in
space-filling representations. In the left panel, the molecular surface is made partially transparent to depict the positioning and orientations of the TMs, tyrosine,
two sodium ions (blue balls), and the two endogenous cysteines (yellow Corey-Pauling-Koltun) buried within the core of the Tyt1 model. In the middle panel, the
model is rotated clockwise by 90° around an axis in the plane of the page, and the molecular surface is clipped to a plane whose position is indicated by the
vertical line in the left panel. In the right panel, the model is shown in the same orientation and clipping as in the middle panel. To illustrate the increased
accessibility of Cys-18 and Cys-238 from the intracellular milieu in the absence of Na™ as well as during transport, TM1 was manually repositioned to reflect a
movement away from TM6. Such a rearrangement would open a potential crevice in which Cys-18 and Cys-238 become accessible to the aqueous milieu. This
crevice does not exist in the corresponding region of the crystal structure of LeuT but illustrates the type of opening expected for a transport pathway that must
be associated with the inward facing conformation of the transporter. B, kinetic scheme for Na*/tyrosine cotransport. The six-state binding model consists of
the empty transporter (states C1 and C6), the Na*-bound states (C2 and C5), and the Na™*- and tyrosine-bound states (C3 and C4) facing the external (C1-C3)
or the internal (C4-C6) surface of the membrane. Binding of two Na™* ions (blue balls) to Tyt1 (C1 — C2) organizes the tyrosine binding site. Binding of tyrosine
(red diamond) causes a conformational change leading to C3 and subsequently to C4. The sequence of the physiological transport cycle is represented in
clockwise fashion (black arrows), whereas the reverse reactions are indicated by gray arrowheads. Note that there is no experimental evidence for the unbinding
sequence of tyrosine and Na™ ions (states C4 and C5, dashed rectangle) as well as for the C2 <> C5 transition (Na™ leak; gray arrow). The position of cysteine
residues 18 and 238 (index positions 1.39 and 6.65, respectively) are highlighted.
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binding and transport, but other changes in the protein are neces-
sary for amine recognition and transport.

Structural information at the atomic level is important to
elucidate the architecture of transport proteins and the location
of bound substrates, but without functional data the structure
of a single conformational state provides few clues about the
dynamics of a transport protein during the transport cycle. Tyt1l
contains two endogenous cysteine residues located at position
18, 55 and 238, ... These positions align with amino acid resi-
dues Met-18, ;o and Tyr-265 .- in LeuT that are located within
the cytoplasmic segments of TM1la and TM6b, respectively
(21). In Tytl, replacement of either or both of these Cys resi-
dues yielded a functional protein with transport kinetics com-
parable to Tytl wild type (Fig. 84).

Probing the structural arrangements associated with sodium
binding, we found that in the presence of 10 mm NaCl, WT and the
single cysteine mutants were protected against NEM inactivation
(Fig. 8B). This is consistent with a decreased accessibility of these
endogenous cysteines in the sodium-bound state. We have
observed a parallel increase in the accessibility to externally
applied impermeant sulthydryl reagents of substituted Cys in TM3
near the binding site in TnaT.? Thus, sodium appears to produce a
“closed-inward/open-outward” configuration of the transporter,
poised to bind the substrate from the extracellular milieu.

In contrast, in the absence of sodium, tyrosine had no effect
on reaction of Tytl with NEM (Fig. 8B), consistent with an
ordered binding scheme in which the binding of sodium orga-
nizes the transporter structure to allow tyrosine binding. This
result also parallels predictions for other secondary transport
proteins for which an alternate-access ordered binding model
has been demonstrated (SGLT1 (27, 51, 52), Na™/iodide sym-
porter (53), MelB (54), and NaPi-2 (55)). It is also consistent
with the inference that initial binding of Na™ ions to LeuT is
required to organize the substrate binding site, particularly the
partially unwound regions in TM1 and TM6 that make an
essential contribution to binding (21). Our binding studies indi-
cate that sodium is also essential for tyrosine binding.* Curi-
ously there is evidence suggesting that dopamine and serotonin
can interact with DAT and SERT in the absence of sodium (22,
56), suggesting that there may be subtle differences in dynamics
within the NSS family, but other reports are consistent with an
ordered binding scheme for DAT as well (57).

Addition of Na™ together with tyrosine facilitates reaction of
WT and the single-Cys Tyt1 mutants with NEM. This is consistent
with increased accessibility of cytoplasmic NEM to the transport
pathway that is opened during the transport cycle. A molecular
model of Tytl based on the homology to LeuT (see Fig. 94 for
details) shows the endogenous Cys residues at positions 18, 55 and
238, ¢ buried deep within the structure when the cytoplasmic
gate is closed (Fig. 94, left and middle panels); these cysteines
would not be expected to have significant reactivity in this con-
figuration. But our data from accessibility studies are consistent
with the type of kinetic model proposed for SGLT1 (51) (Fig.
9B) in which, in the absence of sodium, the structure fluctuates
between an outward facing and an inward facing configuration

>N.R. Goldberg and J. A. Javitch, in preparation.
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(C1 and C6, respectively). According to the model, this would
make Cys-18, 5, and Cys-238; .- intermittently accessible to
react with intracellular NEM. Sodium facilitates the transition
to C2 (sodium-bound state), thereby shifting the transporter
population away from C6 into an outward facing conformation.
As a consequence, the accessibility of Cys-18, 5, and
Cys-238 45 to NEM is decreased by burying them within the
protein interior, likely in a configuration similar to that seen in
the LeuT structure (compare Fig. 94; note that the LeuT struc-
ture presumably represents a closed outward and closed inward
state trapped between C3 and C4). When tyrosine is added in
the presence of sodium (state C3), transport ensues, making
Cys-18, 5, and Cys-238, ., accessible from the cytoplasm
(states C4, C5, and/or C6).

Taken together, these results identify the cytoplasmic ends of
TM1 and TM6 as dynamic contributors to the transport path-
way. Interestingly in DAT the nearby residue Cys-342.,- (10
residues after 6.65) was inaccessible to a membrane-permeant
sulfhydryl reagent applied in the presence of extracellular
sodium but became accessible during the transport cycle when
the substrate tyramine was added (58). This cysteine was also
protected from reaction when cocaine was present, consistent
with a model in which cocaine stabilizes an outward facing con-
formation of DAT (58). This dynamic rearrangement is under-
scored by our findings that cocaine is not a neutral blocker but
rather alters the conformation of extracellular and intracellular
cysteines in DAT (59, 60). That cocaine binding is greatly
enhanced by sodium (61) is also consistent with cocaine bind-
ing preferentially to a C2- or C3-like configuration.

The detailed conformational changes that are associated
with opening of the transport pathway must be determined
experimentally. Yamashita et al. (21) have proposed that move-
ment of TM1 and/or TM6 around their unwound regions
might be part of the gating mechanism (21). Our results lead us
to speculate that the opening of the translocation pathway
involves the separation of the intracellular ends of TM1 and
TM6, which makes Cys-18, ., and Cys-238; 5 accessible from
the internal aqueous milieu. Fig. 94, right panel, illustrates such
an “inward facing” conformation.
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