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Metal ion transport by DCT1, a member of the natural
resistance-associated macrophage protein family, is
driven by protons. The stoichiometry of the proton to
metal ion is variable, and under optimal transport con-
ditions, more than 10 protons are co-transported with a
single metal ion. To understand this phenomenon bet-
ter, we used site-directed mutagenesis of DCT1 and an-
alyzed the mutants by complementation of yeast sup-
pressor of mitochondria import function-null mutants
and electrophysiology with Xenopus oocytes. The muta-
tion F2271I resulted in an increase of up to 14-fold in the
ratio between metal ions to protons transported. This
observation suggests that low metal ion to proton trans-
port of DCT1 resulting from a proton slippage is not a
necessity of the transport mechanism in which posi-
tively charged protons are driving two positive charges
of the metal ion in the same direction. It supports the
idea that the proton slippage has a physiological advan-
tage, and the proton slip was positively selected during
the evolution of DCT1.

Metal ions are vital elements for all living cells. The
NRAMP! family of metal ion transporters apparently plays a
major role in metal ion homeostasis (1-4). Most of the infor-
mation available about the mechanism of these transporters
has resulted from studies of the family members NRAMP2
(DCT1) from mammalian and SMF1 from yeast expressed in
Xenopus oocyte (5-9). Xenopus oocytes have a very low metal
ion uptake background, which makes them the ideal heterolo-
gous expression system for metal ion transporters. In addition
to the uptake measurements of the various divalent cations, it
is possible to analyze the electrophysiological parameters gen-
erated by imposed potentials in the transporter-expressing oo-
cyte as compared with control (10). The studies of DCT1 and
Smflp demonstrated that both of them function as general
divalent metal ion transporters and that a proton gradient is
the driving force for the metal ion transport (8, 9). However, the
transport of protons and metal ions is “loosely coupled” because
the process exhibits a variable stoichiometry. At pH 7 and
membrane potentials of —90 to —30 mV, DCT1 transports one
Fe?" ion with one H*. At high proton concentration (low pH),
the number of H" ions transported with one Fe?™ ion increased
to 10 (8). Moreover, on changing the membrane potential from
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+10 to —80 mV at this low pH, the number of H" ions trans-
ported with one Fe2" ion increased from 3 to ~18 (9). In DCT1,
this phenomenon was defined as a metal ion-dependent proton
slippage (1, 9, 11). In contrast to DCT1, Smflp showed a metal
ion-independent sodium slip through the proton-translocating
pathway (9, 12). The mechanism of this phenomenon is not well
characterized, and the sites on the transporters that generate
it are not known.

In this work, we addressed the coupling between proton and
metal ion transport, and report on a mutation in DCT1 that
exhibits an ~14-fold increase in the ratio of metal ion to proton
transport.

MATERIALS AND METHODS

Site-directed Mutagenesis of DCT1—Oligonucleotide-directed, site-
specific mutagenesis was performed by overlapping nucleotides with
the mutation using the polymerase chain reaction (PCR) method (13).
The DCT1 ¢cDNA was cloned into pSPORT1 plasmid and was used as a
template for PCR mutagenesis. Ndel and Spel restriction sites were
introduced at positions 145 and 1719 of the DCT1 reading frame (12).
This resulted in the substitutions G50M, S573T, and V574S, which did
not change the properties of DCT1. The mutation was confirmed by
sequence analysis. The cRNAs of DCT1 and the mutants were synthe-
sized by in vitro transcription from their cDNAs. Oocytes were injected
with 50 ul of water containing 50 ng of cRNA.

Oocyte Preparation and Uptake Measurements—Xenopus laevis o0o-
cytes were handled as described previously (12). Uptake experiments
were performed 1-4 days following injections. The uptake solution for
radiotracer experiments contained 100 mm NaCl, 10 mm Hepes, 2 mMm
Mes, 2 mm KCl, 1 mm CaCl,, 1 mm MgCl,, and 2 mM L-ascorbic acid, and
the pH was adjusted to 5.5 with Tris base. Usually, 20 oocytes were
incubated in 0.5 ml of a solution containing **FeCl,, **MnCl,, 9*ZnCl,,
or %°CoCl,. The radioactive tracer was usually mixed with 7-20 um
unlabeled metal ion, and the uptake was followed for 30 min. The
numbers given under “Results” are background-corrected and ex-
pressed in specific activity (pmol/oocyte/h).

Electrophysiological Experiments—Experiments utilizing the two-
microelectrode voltage clamp technique were performed as described
previously (14-16). Data analysis was performed as described previ-
ously (12). To analyze the pre-steady-state currents, the current traces
were fitted to I(¢) = I, exp(—¢/7)) + I, exp(—t/t,) + I, where I, is a
capacitative current with time constant r; associated with the oocyte
plasma membrane (7, is also observed in non-injected control oocytes),
I, is a transient current associated with DCT1 expression with time
constant ¢,, and I, is the steady-state current. The parameters 7, 7,, I,
I,, and I were allowed to vary in all fits. The transient charge move-
ments @ were obtained from the time integrals of I, ene @) = I,
exp(—#/7,) during the on and off responses for all depolarizing and
hyperpolarizing potentials and fitted by the Boltzmann equation,
Q = Q,.../{1 + expl(V — V;, )2F/RTI} + @,,,,, where @, represents
the total charge movement, z represents the effective valence, V,
represents the midpoint of the charge distribution, and @,,,,, represents
the charge movement for extreme hyperpolarizing potentials (14, 15).
R, T, and F are the usual thermodynamic constants.

Simultaneous Voltage-clamped Tracer and Current Measurements—
Before the start of tracer uptake, the oocyte was clamped at —50 mV
and perfused (washed) with substrate-free solution (that described
above). After the perfusion was stopped, 50 ul of the uptake solution
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containing **Fe®" (**FeCl, mixed with 20 pum unlabeled FeCl, to a final
concentration of 26 uMm) were added manually using a pipette, which
washed out the substrate-free solution. The uptake lasted 3 min in the
chamber, which volume was ~50 ul. To avoid dehydration, 1.5 min after
the uptake began, another 50 ul of uptake solution was added. The
uptake was terminated by perfusing the oocyte with the substrate-free
solution. Currents were continuously measured during uptake. The
oocyte was then dissolved in 50 ul of 10% SDS mixed with 4.5 ml of
scintillation mixture, and the uptake activity was measured. The trans-
ported charge was calculated by integrating the Fe?"-evoked current
over the uptake period (3 min). Next, the charge:uptake and the metal
ion to proton ratios were calculated. The transported charge (C, cou-
lomb) was converted to the number of electric charges (1
C = 6.24 X 10'® ¢7) and the uptake (pmol/oocyte/3 min) was converted
to the number of Fe?' ions that were transported (multiplying by
Avogadro’s number).

RESULTS

It has been shown that DCT1 and Smflp function as general
divalent metal ion transporters in mammals and yeast, respec-
tively. Both use protons as their motive force to transport a
broad-range of the same divalent metal ions and exhibit similar
affinities for their various substrates (8, 12, 16). The mamma-
lian DCT1 complements the phenotype of SMF1 null mutation
in yeast (5, 17-19). The null mutant smfIA is unable to grow in
the presence of EGTA. Expression of Smflp or the mammalian
transporter DCT1 suppresses the above phenotype and allows
growth of the yeast mutant in the presence of EGTA (18).
Despite the relatively high homology, there are a few known
differences between DCT1 and Smflp. The most striking one is
in the slips generated by the transporters, H' slip through
DCT1 and Na™ slip through Smflp (11). The differences be-
tween the two homologues have to be due to the non-conserved
amino acids in both proteins. Consequently, to locate the sites
on the transporters responsible for this phenomenon, we sub-
stituted amino acids in DCT1 for the corresponding ones resid-
ing in Smflp (19). It has been found that a mutation in the
conserved glycine at position 216 (G216R) in the putative TM4
of DCT1 causes microcytic anemia in mk—/— mice and Bel-
grade rats (20). This mutation was subsequently shown to
result in loss of Fe?™ transport ability (21). This suggests that
the TM4 may have an important biological function. Therefore,
we mutated the Phe-227 of DCT1, located in the same TM, to
the corresponding isoleucine residue of Smflp. The properties
of the mutant were analyzed by expression in Xenopus oocytes,
where measurements of uptake activity and electrophysiologi-
cal parameters of the oocytes expressing the mutated trans-
porter were recorded. In addition, the DCT1 mutant was tested
for complementation of EGTA sensitivity of the Smflp
null mutants.

Metal Ion Uptake Activity of DCT1 and F2271 Mutant—The
uptake activity of Zn?", Fe?* Mn2", and Co?" into the Xenopus
oocytes expressing DCT1 and the F227] mutant is exhibited in
Fig. 1. The data are representative of three experiments with
oocytes from different frogs. The mutation did not result in any
significant changes in uptake activity or specificity to the dif-
ferent metal ions, except for a small decrease in Co?* uptake.
Therefore, it was not surprising that the F227] mutant re-
tained the capability to suppress the growth arrest of the yeast
null mutant smfIA in the presence of EGTA.2 We generated
more than thirty amino acid substitutions in DCT1, none of
which exhibited the properties of F2271 substitution described
below.

Pre-steady-state Currents of DCT1 and the Mutation
F227]—At pH 5.5 and a millisecond time scale, oocytes ex-
pressing DCT1 exhibited pre-steady-state currents, mainly at
positively imposed potentials (8, 19). Pre-steady-state currents

2 A. Cohen, unpublished results.
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Fic. 1. Uptake of metal ions into X. laevis oocytes expressing
the DCT1 and F227I mutant. The uptake experiment was performed
at pH 5.5 in solution containing 100 mm NaCl, 2 mm KCl, 1 mm MgClL,,
1 mMm CaCl,, 10 mm HEPES, 2 mm MES, 2 mM ascorbic acid, and the
indicated metal ion in its chloride form at 7 pMm, as described under
“Materials and Methods.” Black bars show the metal ion uptake into
DCT1-expressing oocytes. Gray bars shown the metal ion uptake into
oocytes expressing the mutant F2271. The data for each bar represent
means (after subtraction of the control values) + S.E. (n = 20). S.A.,
specific activity.

are an excellent indication of the expression level of transport-
ers in Xenopus oocytes (10). The magnitude of the pre-steady-
state currents recorded in oocytes injected with cRNA of native
DCT1 or the mutant F2271 (Fig. 2, A and C) indicated similar
expression levels of the two transporters. To characterize the
features of the F227I mutant, we subtracted the capacitative
and steady-state currents to yield the transient current (@)
(Fig. 3B). At each applied voltage, time integration of the off
transients yielded the charge moved. The charge-voltage (Q-V)
relationship obtained (data not shown) was fitted to a single
Boltzmann function (see “Materials and Methods”), and @, of
43 nC and V5 of 42 mV were determined. Similar @,,,,, of 43
nC and a little higher V|, 5 of 49 mV were determined for native
DCT1 (Fig. 3A). The time constant 7 of the pre-steady-state
current decay in F2271, in the potential jump from —25 to +50
mV, was 35 ms for the on response and 23 ms for the off
response, and in DCT1,  was 43 and 26 ms, respectively.
According to the Q... ~2.5 X 10! transporters were ex-
pressed on the plasma membrane of each oocyte expression
DCT1 or F2271 mutant. This calculation was made based on
the mechanistic concept of transient charge movements in ion-
coupled transporters that was proposed by Wright and co-
workers (14, 22) for the Na"-coupled glucose transporter
SGLT1 and the similarity between the pre-steady-state prop-
erties of SGLT1 and DCT1. Essentially, the pre-steady-state
current results from imposed potential induction of occlusion
and release of protons by DCT1 in the absence of substrate (1).
The small decrease in V5 and in 7., of the mutation could
indicate a small decrease in the affinity of the transporter to
protons.

Metal Ion Induced Steady-state Currents in DCT1 and the
Mutation F2271—The addition of Fe?", Mn2*, and Co?" to
oocytes expressing DCT1 resulted in the disappearance of the
pre-steady-state currents and appearance of large steady-state
currents, especially at the negatively imposed potentials. At pH
5.5 and —80 mV, the coupling between H* and Fe?" is inter-
rupted, and the charge:uptake ratio is ~18 (9). The steady-
state currents in those conditions are therefore mainly because
of the protons transported (8, 9). The addition of MnZ* to
oocytes expressing the mutation F2271 did abolish the pre-
steady-state currents and generated only small steady-state
currents compared with DCT1 (Fig. 2, B and D). At —125 mV,
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Fic. 2. The effect of Mn?* on the pre-steady-state and steady-state currents in DCT1 and the F227I mutant. DCT1 and the mutant
were expressed in X. laevis oocytes, and the currents were recorded in a solution similar to that described in the legend to Fig. 1, with or without
0.1 mM Mn?". The membrane voltage was transiently (500 ms) jumped to different imposed potentials, and the corresponding currents were
recorded. The membrane potential was held at —25 mV and then jumped to varying potentials from +50 mV to —100 mV with 10-mV intervals.
The transient currents are plotted against time, and the arrows indicate the pre-steady-state currents. A, DCT1. B, DCT1 + MnCl,. C, F2271. D,

F227I + MnCl,. Control oocytes do not exhibit pre-steady-state currents.
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FiG. 3. Pre-steady-state charge movements were obtained from the total currents shown in Fig. 2 by subtraction of the capaci-
tative and steady-state currents, using the fitted method (see “Materials and Methods”). A, DCT1. B, F227] mutant.

the addition of 0.1 mm Mn2" induced an inward positive cur-
rent of ~350 nA for DCT1 and a current of ~20 nA for the
F227I mutant.

Simultaneous Measurement of Iron-induced Currents and
Uptake Activity in DCT1 and the Mutation F227I—To further
investigate these findings, we simultaneously measured the
iron-induced currents and **Fe?" uptake. First, the pre-steady-
state currents were recorded in DCT1 and F2271 expression
oocytes that were bathed in substrate-free solution, pH 5.5
(Fig. 4A and C). The wild-type DCT1 and F2271 mutant exhib-
ited similar pre-steady-state currents. Addition of solution con-
taining 20 uMm of FeCl, resulted in the disappearance of the
pre-steady-state currents and induced a steady-state current
(Fig. 4, B and D). Fig. 5D shows the currents generated at
different imposed potentials on DCT1 and its F2271 mutant by
the addition of FeCl,. At —125 mV, the addition of Fe®" in-
duced a steady-state current of ~650 nA for DCT1 and only 75
nA for F227I mutant. Similar phenomenon was recorded be-
tween —25 and —125 mV. To analyze the amounts of charge
movement in relation to metal ion uptake, we simultaneously
traced the charge movement and %°Fe?' uptake in oocytes
clamped at —50 mV. Fig. 5 shows the results of five different
oocytes injected with DCT1 or F2271 mutant. The charges that
were transported during the 3-min exposure to 26 um Fe2"

were 25 uC and 2.3 uC, and the uptake activities were 7.25
pmol/oocyte/3 min and 5.4 pmol/oocyte/3 min for DCT1 and
F2271, respectively. The charge:uptake ratio under these con-
ditions (pH 5.5 and membrane potential of —50 mV) was cal-
culated (see “Materials and Methods”) to be 36 for DCT1 and
4.4 for the F2271 mutant. Because each Fe?" contributes two
charges and each proton one charge, the number of protons
transported with each metal ion is 34 for DCT1 and 2.4 for the
F2271 mutation. Hence, the mutation exhibits a 14-fold in-
crease in the ratio of metal ion to proton transported. These
observations suggest that the mutation F2271 almost abolished
the proton slip through DCT1 without statistically significant
change in the metal ion transport activity.

Zinc Uptake Activity Exhibited by DCT1—At pH 5.5 and at
—50 mV, divalent metals, including Zn®", generated similar
inward currents of ~100 nA in oocytes expressing DCT1 (1, 12).
Moreover, Zn2" inhibits Fe?* and Mn2" uptakes in oocytes
expressing DCT1 or Smflp and in yeast cells expression Smflp
(5, 8, 12). However, in previous studies, we could not detect
657n2" uptake into Xenopus oocytes expressing DCT1 or Smflp
(12, 19). These observations were in line with results from
other studies with DCT1 expressed in Caco-2 TC7 cells, which
suggest that Zn?" is not transported by DCT1 (23). We there-
fore concluded that Zn2?" binds to the transporter, probably to
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Fi1G. 4. The effect of Fe>* on the pre-steady-state and steady-state currents in DCT1 and the F227I mutant. DCT1 and the mutant were
expressed in X. laevis oocytes. The experimental conditions were as described in the legend to Fig. 2, except that, instead of Mn?*, Fe?" at 20 um
was added as specified, and the membrane voltage was held at —25 mV and then jumped to varying potentials from +50 mV to —125 mV with 25
mV intervals. The transient currents are plotted against time, and the arrows indicate the pre-steady-state currents. A, DCT1. B, DCT1 + FeCl,.
C, F2271. D, F2271 + FeCl,. Control oocytes do not exhibit pre-steady-state currents.

A1

3 min 3 min

B 1,

of iron-induced currents and uptake
activity into X. laevis oocytes ex-
pressing DCT1 and the F227I mutant.
The experiment was performed as de-
scribed under “Materials and Methods.”
The second addition of 50 ul of uptake
solution is marked with an arrow. A, the
iron-induced currents recorded for oo-
cytes expressing DCT1. B, the iron-in-
duced currents recorded for the F227I
mutant. C, the iron uptake activity meas-
ured for the oocyte expressing DCT1
(black bar) and the F2271 mutant (gray
bar). D, the differential currents in the
presence and absence of the Fe?" meas-
ured in Fig. 4 were plotted against mem-
brane voltage. Diamonds, DCT1; squares,
F2271 mutant. The data for each point
and bar represent means (after subtrac-
tion of the control values) + S.E. (for A, B,
and C, n = 5; and for D, n = 3). S.A., spe-
cific activity.
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the same site as the other metal ions, and generates the proton
slip through DCT1 but does not transport. In this work, we
contradicted our previous findings, since we recently detected
657n2* uptake into oocytes expressing DCT1, in agreement
with the recently published data by Marciani et al. (24). As
depicted in Figs. 1 and 64, the values of %5Zn2" uptake activity
were ~10 pmol/oocyte/h. We measured the uptake activity of
Fe?* and Zn?" during various days after the injection of DCT1
cRNA to the oocytes (Fig. 6A). As shown in Fig. 6C, the ratio
between Zn2" and Fe?" uptake was altered during the various
days, from ~3% on the first day to ~30% on the fourth day. The
ratio between Mn?* and Fe?* was also altered, from 30% on
the first day to 116% on the fourth day (data not shown).
Although Fe?" uptake activity reached steady-state 2 days
after injection, Zn?" and Mn?" uptake activities continued to
rise even 4 days after injection. The data are representative of
four experiments with oocytes from different frogs. Reduction

=800 -

of the amount of cRNA that was injected into the oocytes, to an
amount that is under the saturation level, did indeed reduce
the uptake activity but did not change these ratios (data not
shown). This phenomenon did not occur when we measured the
uptakes of two substrates, GABA and betaine, by the GABA
transporter GAT3.2 These results can be explained either by
oligomerization or by conformation changes in DCT1 that occur
during the time of its presence in the plasma membrane, which
altered the specificity of the transporter to the various
substrates.

DISCUSSION

The family of NRAMP metal ion transporters plays a major
role in metal ion homeostasis (2—4, 25). We developed a con-
certed approach to the study of Smflp and DCT1. It employs

3 E. Kfir, unpublished results.
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Fic. 6. Characterization of zinc uptake activity into X. laevis
oocytes injected with mRNA of DCT1. The experimental conditions
were as described in the legend to Fig. 1. A, uptake of zinc and iron 1-4
days after the injection. B, zinc uptake activity by DCT1 at different pH
values (R2 = 0.98). The data for each bar and pH point represent means
(after subtraction of the control values) + S.D. (n = 20). C, the ratio (in
percent) between Zn?* and Fe®" uptake activity 1-4 days after injec-
tion. S.A., specific activity.
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yeast null mutants lacking the SMF metal ion transporters (18)
and Xenopus oocytes as an expression system for Smflp and
DCT1 (12). Using this approach, we investigated the first ex-
ternal loop of DCT1. The properties of various mutants in this
region suggest that loop 1 is involved in the metal ion binding
and its coupling to the proton-driving force (19). One of the
prominent mechanistic properties of these transporters is the
proton slip through DCT1 and the Na* slip through Smflp
(11). Under conditions of neutral pH and/or neutral membrane
potential, DCT1 would be in the coupled state; that is, the
stoichiometry of proton:metal ion transport would be close to
1:1. Increasing the driving force, by either reducing the pH or
increasing the negative potential, generates a proton slip,
which maintains the levels of substrate transport at rates that
are close to the “normal” rates of the coupled state. However, it
simultaneously increases the rate of proton movement through
the transporter. A similar mechanism applies to Smflp-medi-
ated slippage, except that here the ion that slips is Na™. Metal
ion transport by Smflp is also driven by proton motive force,
and inhibition of the latter by Na™ results in reduced metal ion
uptake. The physiological significance of this phenomenon in
metal ion transporters could be protection of cells against the

F227I Increases Coupling of Metal Ion Transport in DCT1

excessive transporting of these elements. Such a mechanism is
necessary when cells are exposed to conditions of abundant
metals and acidic environment. The mechanism of this phe-
nomenon is not well characterized, and the sites on the trans-
porters generating this phenomenon are not known. To locate
these sites, we attempted to gain control over the slippage
magnitude by reciprocal amino acid substitution between
DCT1 and Smflp. We managed to diminish the proton slip
through DCT1 by substituting a single amino acid (F2271). This
mutation did not generate any Na™ slip, and the transporter
properties were not influenced by the removal of Na™ from the
medium (not shown).

The amino acid Phe-227 is located in the putative TM4 of
DCT1 that may be situated in close proximity to the proton
pathway of the transporter. This notion is in line with a previ-
ous study that demonstrated the importance of TM4 for the
function of the transporter (20, 21). The mutation F2271 did not
result in any significant changes in the uptake activity or
specificity of the different metal ions, except for a small de-
crease in Co?" uptake. It was therefore not surprising that the
F227I mutant retained the capability to suppress the growth
arrest of smfIA in a medium containing EGTA. When ex-
pressed in Xenopus oocytes, the Q.. value of the F227] mu-
tant was comparable with that of native DCT1, indicating that
the expression levels of the mutant are similar to those of the
native DCT1.

The coupling between the driving force and substrate trans-
port may be modulated by different physiological conditions
(11). However, for most of the transporters studied so far, a
fixed number of driving ions are reported to cross the mem-
brane per the single substrate molecule that is transported
(26-29). Even for proliferated families of transporters, such as
the Na™/Cl™ neurotransmitter transporters, stoichiometric
amounts of Na™, Cl~, and substrate are reported (30-33).
Different transporters in this family operate with unique stoi-
chiometries, and some of them even utilize K™ as part of the
driving force (34—36). In contrast, transporters such as the
Escherichia coli lactose permease were reported to operate
with a fixed stoichiometry of 1 for the symport of proton and
lactose (37). Studies involving site-directed mutagenesis
yielded numerous mutants in which the properties of proton
and/or the substrate transport were modified (19, 38, 39). One
of these mutants, E269D, is of particular interest to this dis-
cussion (40-42). This delicate mutation, which changed the
position of a carboxylic acid by 1.5 A, led to a few changes in the
transport properties of lactose permease. The changes included
reduction of the coupling between proton to lactose transport,
such that ~10 protons had to cross the transporter for each
lactose. This proton slippage is comparable with the native slip
of DCT1.

The mild mutation F2271 in DCT1 resulted in marked reduc-
tion in the proton slip through DCT1 and essentially mimicked
the reversal of the E269D mutation in lactose permease (40—
42). The effect of the F227] mutation may also be analogous to
the one of E269D, except that in the former it may induce a
conformational change that cancels the slip that was evolution-
arily selected for the benefit of the physiology of metal ion
transport in the mammalian duodenum (11). Further studies
will be required to identify the proton translocation pathway
that was influenced by the F2271 mutation in DCT1.
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