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The plasma membrane Na*/H™ exchanger 1 is activated in response to
various extrinsic factors, and this process is regulated by an intracellular
pH-sensing mechanism. To identify the candidate residues responsible for
intracellular pH regulation, we analyzed the functional properties of engi-
neered Na*/H™" exchanger 1 mutants with charge-reversal mutations of
charged residues located in the intracellular loops. Na*/H™ exchanger 1
mutants with mutations at 11 positions were well expressed in the plasma
membrane, but that with E247R was not, suggesting that Glu247 is impor-
tant for the functional expression of Na*/H™ exchanger 1. Charge-rever-
sal mutations of Glul31 (E131R, E131K) and Arg327 (R327E) resuited in
a shift in the intracellular pH dependence of the exchange activity mea- |
sured by 2Nat uptake to the acidic side, and it abolished the response to
growth factors and a hyperosmotic medium; however, mutations of Asp448
(D448R) and Arg500 (RS00E) slightly shifted it to the alkaline side. In
E131R, in addition to the change in intracellular pH dependence, the affi-
nities for extracellular Na®, Li* and the inhibitor 5-(N-ethyl-N-iso-
propylamiloride significantly increased. Furthermore, charge-conserved
mutation of E131 (E131D) was found to have no effect, whereas charge
neutralization (E131Q) resulted in a slight acidic shift of exchange. These
results support the view that the multiple charged residues identified in this
study, along with several basic residues reported previously, participate in
the regulation of the intracellular pH sensing of Na*/H™ exchanger 1. In
addition, Glul31 may also be important for cation transport.

Na*/H™ exchangers (INHEs) belong to a solute car-
rier family (SLC9) that. is involved in catalyzing the
electroneutral exchange of Na* and H* and regulat-
ing pH homeostasis, cell volume, and transepithelial
Na™ absorption [1-6). Various extrinsic factors,
inciuding hormones, growth factors, pharmacoiogic
agents, and mechanical stimuli, control the activity of
the ubiquitous exchanger isoform NHEI1 {1-6]. NHE1
" activation is occasionally a risk factor involved in the
pathogenesis of various diseases. For example, it plays

Abbreviations

a critical role in the onset of cardiac hypertrophy and
heart failure during ischemia and reperfusion, as con-
firmed by the significant reduction in heart damage
observed on administration of NHEIl-specific inhibi-
tors [7,8]. Various extrinsic factors have been shown to
enhance NHEI1 activity by shifting the intracellular pH
(pH)) dependence of the Na*/H™ exchange to the
alkaline side, and this is presumed to occur via interac-
tions between regulatory factors and the cytoplasmic
domain of NHE1 and/or by the post-transiational

EIPA, 5-(N-ethyl-N-isopropyl)amiloride; HA, hemaglutinin; IL, intraceliular loop; NHE, Na*/H* exchanger; NHS-LC-biotin, succinimidyl-
6-(biotinamide)héxanoate; pH;, intracellular pH; TM, transmembrane-spanning region.
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modification of NHEI or its accessory factors. This
phenomenon is usually explained by the assumption
that NHE!I possesses an allosteric regulatory site for
intracellular protons that is distinct from the Na™¥ or
H™ transport site, and that external stimuli increase
the H* affinity of this H™* -regulatory site {1,9-11].

Members of the NHE family possess similar general
structures, comprising a C-terminal cytoplasmic reguia-
tory domain (~ 300 amino acids) and an N-terminal
transmembrane domain (~ 500 amino acids) that con-
tains 12 membrane-spanning segments [1-3]. In the
plasma membrane, NHEI is known to exist as a dimer
[12,13], and our recent study provided evidence that
dimerization is essential for this molecule to maintain
physiologic pH; sensitivity [14]. We previously demon-
strated that deletion of the cytoplasmic subdomains of
NHE]1 shifted the pH; dependence of the Na*/H™
exchange either to the acidic or the alkaline side [15],
implying the importance of the cytoplasmic domain in
regulating pH sensitivity. Recently, we also presented
evidence that calcineurin homologous protein, an
obligatory binding partner of NHE], is one of the key
molecules involved in regulating pH sensitivity [16-18].
Furthermore, we [19] and others [20] reported that
mutation of Arg residues, namely Arg440 in intracellu-
lar loop 5 (IL5) and Arg327 in IL4, largely shift the
pH; dependence of the exchange to the acidic side.
These latter observations raised the interesting possibil-
ity that a cluster of charged residues in the ILs along
with the calcineurin homologous protein-bound cyto-
plasmic subdomain may regulate the function of
NHE1 as a pH sensor. In this study, in order to
further identify the critical residues responsible for reg-
ulating pH sensitivity, we analyzed the effect of charge-
reversal mutation of charged residues in putative ILs or
in transmembrane-spanning region (TM)/IL bound-
aries on the kinetics of the Na*/H* exchange. Of the
12 mutations examined in this study, we identified
Glul31 in IL1 as an important residue invoived in reg-
ulating pH; sensitivity and Na™* transport.

Resulits

In this study, we focused on the mutation of charged
residues in the intraceliular loops of NHEIL. Fig-
ure 1A shows the previously reported membrane
topology model of human NHEI] [22}. As the first
search, we introduced charge-reversal mutations (Arg,
Lys or His to Glu, Glu or Asp to Arg) in 12 charged
residues, namely: Argl4 in the N-tail; Giui3l in IL1I;
Glu247 and His250 in IL3; Arg321 and Arg327 in
IL4; Lys438, Lys443, Lys447 and Asp448 in ILS5; and
Arg500 and Asp504 in the C-tail of hemaglutinin

FEBS Journal 274 (2007} 4326-4335 © 2007 The Authors Journal compilstion ©® 2007 FEBS
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Fig. 1. Expression of charge-reversal mutant NHE1s. (A) Secondary
structure model of NHE1. Relative positions of engineered residues
are indicated in the figure. R-loop, re-entrant loop. Arg440 [19] and
Arg327 and Arg180 [20) were previously reported to be critical resi-
dues responsible for pH; dependence of NHE1. (B) Immunoblot of
proteins obtained from cells stably expressing the wild-type .or
other mutant NHE1s. Cell lysate proteins (20 pg per lane) were
subjected to 3-8% SDS/PAGE and immunostained with antibody
to HA. n.t., nontransfected PS120 cells.

(HA)-tagged NHEI. We transfected expression vec-
tors carrying these individual NHE] point mutants
into NHE-deficient PS120 cells and selected the popu-
lation of cells expressing the NHE variants by activ-
_ ity-dependent selection procedures, i.e. by H™ -killing
selection [23]. Of the 12 different mutants, E247R
was not expressed, indicating that the substitution of
Glu247 with Arg causes a severe functional defect
(catalytic inactivity and/or a membrane-expression
defect) in the NHEI molecule. The other 11 NHEI
mutants were well expressed in PS120 celis, as
observed in the immunoblot analysis (Fig. 1B). First,
we assessed the surface expression of these mutant
NHEs by surface biotinylation. To semiquantitatively
evaluate this surface expression, we estimated the

4327
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Fig. 2. Surface biotin labeling of various NHE1 variants. (4) Cells
expressing various NHE1 variants were treated with 1 mm NHS-LC-
biotin, and the cell lysate was incubated with streptavidin-agarose
beads. An aliquot of cell lysates before {(total, T) and after
(unbound, U} incubation with beads was subjected to immunoblot
" analysis with an antibody to HA. (B) Density of mature and imma-
ture protein bands was measured by densitometric scanning and
determining the amount of NHE1 proteins absorbed to streptavidin-
agarose beads by subtracting the amount of unbound NHE1 from
that of total NHE1 (inciuding all four forms of NHE1). Data are rep-
resented as-a percentage of bead-bound NHE1.

amount of NHE] protein adsorbed onto streptavidin-

agarose beads by subtracting the amount of unbound
NHEI! (including immature NHE1) from the amount
of total mature NHE!I expressed (Fig. 2A). On the
basis of this analysis, we concluded that approxi-
mately 75% of the total wild-type NHEI, including
the nonspecifically bound proteins that accounted for
5-10%, were adsorbed onto the beads, i.e. expressed
on the cell surface (Fig. 2B). Charge-reversal muta-
tions did not aiter the surface expression of NHEI to
a large extent, except for the mutations of Glul3l,
Arg327, and Asp448, which slightly reduced it

T. Hisamitsu et al.

(Fig. 2B). Essentially the same results were obtained
using two different batches of cell populations derived
from different transfectants.

Next, we measured the pH; dependence of the
5-(N-ethyl-N-isopropyl)amiloride =~ (EIPA)-inhibitable
22Na* uptake in cells expressing the individual charge-
reversal mutants (Fig. 3A). The maximal exchange
activity at pH; 5.4 (Vmax) Was normalized with regard
to the amount of surface NHEI, and these normalized
values are summarized in Table 1. Whereas the Glul31
(E131R) mutation reduced the normalized activity to
~ 50%, most other mutations did not alter it to a great
extent (Table 1). Interestingly, the pH; dependence of
the Na™ uptake greatly shifted to the acidic side in
the E131R and R327E mutants (Fig. 3B). It should be
particularly noted that the steepness of the pH; depen-
dence curve was highly reduced in E131R, i.e. the Hill
coefficient reached approximately 1.0; this result was
in sharp contrast to those of all other NHE!] variants,
which yielded a higher Hill coefficient of more than
1.0 (Table !). Furthermore, the pH; dependence
slightly shifted to the alkaline side in D448R and
R500E (Fig. 3B). Thus, we identified several charge-
reversal mutations (EI31R, R327E, D448R, and
RS00E) that affected the pH; dependence of the
Na*/H™ exchanger.

We further constructed some NHE! mutants at
Glul31 (E131Q, E131D and E131K) and measured the
pH; dependence of *Na™ uptake in cells expressing
these mutant exchangers. These mutant proteins were
well expressed in celis, although the surface expression
levels appeared to be slightly lower than that of the
wild-type NHE1 (data not shown). We found that
charge-preserved mutation (E131D) had no effect on
pH; dependence, suggesting that mutation itself does not
much influence the function of NHE1. In contrast,
charge-reversal substitution of E131 with another posi-
tive residue, Lys, similar to Arg, resulted in a large
acidic shift of pH; dependence as well as a decrease in
the normalized Vg (Table 1). Thus, the charge of
E131 appears to be important for the normal function
of NHEI. Furthermore, we found that charge neutral-
ization (E131Q) also resulted in a slight decrease in pKa.

Various extrinsic factors are known to activate
NHEI! and bring about long-lasting cytoplasmic alka-
linization, particularly in the absence of bicarbonate
[1-6]. As shown in Fig. 4, thrombin, the protein kinase

C activator 4B-phorbol 12-myristate 13-acetate and

hyperosmotic stress (200 mM sucrose) all induced a
high level of cytoplasmic alkalinization in cells express-
ing wild-type NHE1, D448R, or R500E. In contrast,
such alkalinization was completely absent in cells
expressing E131R or R327E (Fig. 4), suggesting that

4328 FEBS Joumal 274 (2007) 4326-4335 © 2007 The Authors Journal compilation ® 2007 FEBS
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Fig. 3. The pH; dependence of E!PA-sensitive 22Na* uptake. (A) #*Na* uptaké was measured in cells expressing the wild-type or mutant
exchangers in the presence or absence of 0.1 mm EIPA after pH; clamping at various values with K*/nigericin. The wild-type or mutant
exchangers exhibited high maximal 22Na* uptake activities {4-20 nmolmg™"-min~! at pH; 5.4). Data were fitted to the sigmoidal dose depen-
dence equation as described in 'Experimental procedures’. (B) Data are normalized to the maximal uptake activity at pH; = 5.4.

these residues are important for the physiologic
response of the exchanger. NHE] is thought to be acti-
vated in response to external stimuli via alkaline shift
of a ‘pH set-point’, i.e. pH; dependence [1]. The lack of
alkalization in cells expressing these NHEI] mutants
would be due to their low exchange activity in the

FEBS Journal 274 (2007) 4326-4335 © 2007 The Authors Journal compilation © 2007 FEBS

neutral pH; range, resulting from the acidic shift of pH;
dependence, even in the case that extracellular stimuli
had slightly activated these mutants via an alkaline
shift. In previous studies, we identified many mutations
resulting in a large acidic shift of pH; dependence and
in a lack of cytoplasmic alkalinization [15,19,23].

4329

_35_



Charge-reversal mutation of NHE1

T. Hisamitsu et al.

Table 1. Kinetic parameters for the pH; dependence of 22Na* uptake. The pH; dependence of EIPA-sensitive 22Na* uptake (Fig. 3) was fitted
to a sigmoidal dose-dependent equation. The best fitted value with standard error is represented for pK and the Hill coefficient. The Viax
value is the Z2Na* uptake activity at pH; 5.4 (means = SD, n = 3). The relative amount of surface-expressed NHE1 was calculated from the

amounts of total and streptavidin bead-absorbed proteins, and the V.., value was normalized (means + SD, n = 3).

NHE1 variants - Vimax Normalized
(%) pK for pH; Hilt coefficient (nmotmg™~"-min~") Vinax

NHE1 6.57 + 0.02 1.40 £ 0.08 16.19 £ 0.55 100.0

R14E 6.56 + 0.02 1.40 £ 0.07 13.77 + 1.04 103.7 £ 8.1
E131R 635+ 0.03 1.00 £ 0.07 4.24 + 0.32 55.0+ 9.6
H250E 6.56 + 0.02 1.68 £ 0.09 10.42 + 0.12 855z 1.2
R321E 6.57 + 0.05 1.30 £ 0.17 8.39 £ 0.70 89.7 + 3.2
R327E 6.13 + 0.02 1.68 +£ 0.10 9.93 + 0.72 1616 £ 22.0
K438E 6.66 £ 0.02 1.60 = 0.12 15.85 + 0.96 100.8 + 8.0
K443E 6.48 + 0.02 1.51 £ 0.07 18.25 + 0.20 1184+ 9.7
Ka47E 6.52 + 0.01 1.48 £ 0.07 16.09 x 0.30 1111270
D448R 6.78 + 0.02 1.84 + 0.16 8.64 + 0.07 146.0 £ 11.6
R600E 6.71 = 0.02 1.73 £ 0.10 10.17 = 0.50 1001+ 7.4
D504R 6.43 + 0.02 1.65 £ 0.10 12.88 + 0.62 827+ 44
E131Q 6.44 + 0.02 1.62 £ 0.10 14.66 = 0.65 126.4 + 8.1
E131D 6.61 + 0.02 1.63 = 0.08 14.63 = 0.12 135.6 £+ 16.4
E131K 6.34 £ 0.05 1.16 £ 0.10 4.68 + 0.20 57.7+29

As E131R exhibited an unusual pH; profile, we were
interested in the other kinetic properties of this NHE1
mutant. Figure SA shows the dependence of *Na™
uptake on the external Na™ concentration ([Na*],).
Interestingly, EI31R was observed to have a higher
-affinity for Na™ as compared to the wild-type NHE1
(Km, 1.6 mM versus 6.0 mM; Table 2). Similarly, it also
exhibited a higher affinity for Li*. However, the extra-
cellular pH dependence did not differ between wild-
type NHE1 and E131R (Table 2). Furthermore, the
NHE!1 affinity for the inhibitor EIPA also increased
slightly following this mutation (Fig. 5B and Table 2).
These results suggest that Glul3l is important for
transported cation binding as well as pH;-sensitivity
regulation.

Discussion

In this study, we analyzed the effect of charge-reversal
mutations that were introduced in charged residues
located in the intracellular loops of NHE1 on the func-
tion of this molecule. The surface expression levels and
normalized exchange activity (V.. of NHE1 were
not drastically altered for molecules with 11 tested
mutations, suggesting that these mutant exchangers
exhibit normal protein folding, proper membrane tar-
geting, and relatively high transport activity. However,
we were unable to obtain the stable expression of
E247R by using an activity-dependent selection proce-
dure. Among the NHE isoforms, Giu247 located
in TM6 or IL3 is highly conserved and may play a

critical role in cation transport and/or membrane
expression. We observed that the substitution of
Glul3l with Arg shifted the pH; dependence of the
Na*/H¥ exchange to the acidic side, whereas muta-
tions at Asp448 and Arg500 induced a slight alkaline
shift. In addition, we confirmed a previous result [20]
that charge-reversal mutation of Arg327 brought about .
a large acidic shift. Thus, the present study provides
reasonable evidence that the side chains of charged
residues located in the intracellular loops of NHE]
may play an important role in pH; regulation by this
molecule. ' '

" Although NHEI] catalyzes electroneutral Na*/H ™
counter-transport, it is also known to be a highly
proton-dependent transporter [1]. Whereas NHE1 is
activated with an increase in the cytosolic H* concen-
tration, it is completely inactivated at pH; > ~ 7.4
(pH set-point). There is substantial evidence that this
fascinating function of NHEI can be attributed to the
existence of cytosolic H ™ -modifier site(s) distinct from
its cation transport site [1,9-11]. For example, we pre-
viously reported that 2?Na* efflux from cells express-
ing NHEl can be activated by mild cytosolic
acidification only from pH 7.4 to 7.2, implying the
existence of an H*-regulatory site(s) that is required
for H"-induced activation of NHEI {11). Further-
more, the steep activation curve for ?Na* efflux
suggested that protonation of multiple amino acid side
chains may be involved in the regulation of pH;
sensing by NHE1 [11}. The invoivement of muitiple
protons was also suggested in a recent kinetic study on
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Fig. 4. Change in pH; in response to extrinsic stimuli. Changes in
pH; were measured as described in Experimental procedures using
the ['Clbenzoic acid equilibration method. Celis expressing the
wild-type or other NHE1 mutants were stimulated for 15 min at
37 °C with 2 U'mL™" thrombin, 1 um 4B-phorbol 12-myristate 13-
acetate, or 200 mm sucrose (hyperosmotic stress). Data are repre-
sented as the difference in pH; before and after stimulation of cells
with external agents. The resting pH; before stimulation was in the
range 7.2-7.4.

NHES3 expressed in MDCK cells, although the activa-
tion kinetics in this case were slower when compared
with NHEI [24,25]. In general, a His residue is consid-
ered to be a probable candidate involved in pH sensing

EIPA-sensitive
ZNa* uptake (%)
[%),

[-

T

c ' _
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by NHEL1, because its imidazole moiety is the only side
chain that ionizes in solution within a physiologic pH
range. Indeed, His225 and His367 were reported to be
important residues in the Na*/H™ antiporters of Esc-
herichia coli [26,27) and Schizosaccharomyces pombe
(Sod2) [28,29]. In addition, the mutations of His479
and His499 in rabbit NHE3 were reported to shift the
pH; dependence of Na*/H™ exchange to the acidic
side [30]. However, recent studies suggest the impor-
tance of residues other than His in regulating pH sen-
sitivity. For example, in Helicobacter pylori NhaA,
several non-His residues (Lys347, Aspl72, etc.) were
identified as critical residues for pH regulation [31]. In
human NHEL1, Argd40, Arg327 and Argl80 were pre-
viously identified as important residues involved in reg-
ulating pH; dependence [19,20]. Our present study
provides additional information about the critical role
of charged residues located at the regions of NHE1
facing the cytoplasm. We found that charge-preserved
mutation (E131D) had no effect on pH; dependence,
whereas charge-reversal substitution of E131 with
another positive residue, Lys, similar to Arg, resulted
in a large acidic shift of pH; dependence. Furthermore,
we found that charge neutralization (E131Q) also
resulted in a slight decrease in pKa. These results sug-
gest that negatively charged residues at position 131,
but not positively charged ones, are required for the
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Fig. 5. External Na*, pH or EIPA dependence of 22Na* uptake. {A) EIPA-sensitive Z?Na* uptake in celis expressing the wild-type NHE1 or
E131R was rhieasured as a function of Na* concentration. (B) EIPA-sensitive 2Na* uptake in cells expressing the wild-type NHE1 or E131R
was measured as a function of EIPA concentration. Data were fitted to the dose dependence equation as described in Experimental proce-
dures. (C) Sequence alignment of the TM2/IL1/TM3 boundary regions of human NHE1-NHE5 (GenBank accession numbers: NM_003047,

NM_003048, NM_004174, NM_177084, and NM_004594, respectively).
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Table 2. Kinetic parameters of 2?Na* uptake in cells expressing the
wild-type NHE1 or E131R. The data for the extracellular Na* were
fitted to the steady-state kinetic equation, and the extracellular Li*,
EIPA or pH dependencies of #Na* uptake were fitted to the
one-site competition equation. Data are the best fitted values with
standard error. 1ICsg is the concentration of Li* or EIPA giving half-
maximal inhibition of 2Na* uptake.

Parameters NHE1 E131R

K for Na*, (mm) 6.04 x 0.28 1.60 + 0.16
[Csp for Li*s {mm) 528 + 0.57 266 £ 0.17
ICgp for EIPA (nm) 9.27 + 0.45 5.89 + 0.70
pK for pH, 7.57 + 0.09 7.47 £ 0.0

normal function of NHEI. We also showed that in
addition to decreasing the pKa value, charge-reversal
mutation of Glul31 also reduces the Hill coefficient
(~ 1.0), and consequently, the pH; profile becomes
nonsigmoidal. As the Hill coefficient would generally
reflect the number of protons involved in the pH;
dependence of Na*/H™ exchange, Glul31 might serve
as an H* -accepting side chain. There is substantial evi-
dence that the pKa values of charged residues such as
Glu and Arg existing in proteins are often considerably
different from those of amino acids in an aqueous
solution, and consequently, these residues are capable
of undergoing protonation/deprotonation in the physi-
ologic pH; range. For example, a recent electrostatic
analysis based on the crystal. structure of the bacterial
Na*/H¥ antiporter NhaA suggests that there exists a
set of charged residues with unusual pKa values that
may be involved in the pH-induced activation of
NhaA [32]. Thus, in the present study, we demon-
strated the importance of charged residues of NHEIL.
However, we do not exclude the possibility that muta-
tion might cause local structural distortion, in addition
to charge displacement. For example, it should be
noted that mutants E131R and E131K, but not E131D
or E131Q, exhibited reduced Vi, activity normalized
by the surface expression level, suggesting that the
introduction of a positive charge may also inhibit the
rate-limiting step of transport reaction, which could be
related to the local structural change.

We observed that, as compared to wild-type NHEI,
E131R shows a higher affinity for Na*/Li* and a
slightly higher affinity for EIPA, exhibiting an acidic
and nonsigmoidal pH; dependence. On the other hand,
such a large increase in Na™ affinity was not observed
in R327E (data not shown) and in R440F, which is
reported to exhibit a similar large acidic shift in pH;
dependence [19]). There is increasing evidence that the
binding site for cation transport in NHEI is located
within its membrane-spanning region. For example,

4332

T. Hisamitsu et al.

previous studies have shown that mutations of residues
within TM4 and TM9 of NHEI reduce the Na ™ affin-
ity or the cation transport activity of this molecule
[33-36]. TM4 and TM9Y are aiso suggested to be
involved in the binding of amiloride derivatives, i.c.
NHE inhibitors [33,34,37-39]. Furthermore, a recent
study reported that some cysteine residues engineered
in TM4 are accessible to SH-modifying reagents from
the aqueous phase, suggesting that these residues may
form the pore-lining region that permits cation translo-
cation [40]. In addition, mutations of Glu262 and
Asp267 in TM7 and E391 in the re-entrant loop
(Fig. 1A) were reported to abolish or greatly reduce
the exchange activity of these exchangers, suggesting
that these residues may play a critical role in cation
binding [5,13). Thus, TM4 and TM9Y along with
reported critical regions contain probable candidate
residues involved in the cation transport pathway.
Giul3l is highly conserved among the NHE isoforms
(Fig. 5C) and is considered to be located in the
TM3/IL1 boundary. Our observations suggest that
TM3/IL1 may be structuraily linked to the cation
transport pathway, and that a Glul31 mutation may
significantly alter the structure of the cation transloca-
tion pore.

At present, the precise mechanism by which ion
exchange by NHEL] is activated via the protonation
of modifier sites remains unclear. Two-dimensional
crystal analysis of the Methanococcus jannaschii
Na*/H™ antiporter MjNhaP1 that showed its homo-
logy with eukaryotic exchangers revealed that the
density distribution within bundles of transmembrane
helices is significantly altered in a pH-dependent man-
ner [41]. Furthermore, the recently reported crystal
structure of the bacterial Na*/H™ antiporter NhaA
predicted that the modification of charged residues
within cytoplasmic loops may activate NhaA by
exposing its cation transport site by reorienting the
transmembrane helices [42]. These studies raise the
possibility that a pH-dependent conformational
change in the transmembrane helices from the inac-
tive to the active form commonly occurs in various
Na®/H" antiporter family members. It is possible
that several critical charged residues identified in
NHE! may control the opening/closing of the cyto-
plasmic gate of the exchanger in a pH-dependent
manner. In this context, it is of interest to note that
in the Na'/Ci-dependent neurotransmitter trans-
porter (LeuTa,), some salt bridges between Arg and
Glu residues are suggested to control substrate trans-
port via the opening/closing of cytoplasmic and
extracellular gates [43]. Although further experiments
will be necessary, we consider that Giul31 would be
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