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Abstract. Iron(II) exacerbates the effects of oxidative
stress via the Fenton reaction. A number of human
diseases are associated with iron accumulation in-
cluding ischemia-reperfusion injury, inflammation
and certain neurodegenerative diseases. The func-
tional properties and localization in plasma mem-
brane of cells and endosomes suggest an important
role for the divalent metal transporter DMTI (also
known as DCT1 and Nramp2) in iron transport and
cellular iron homeostasis. Although iron metabolism
is strictly controlled and the activity of DMTI1 is
central in controlling iron homeostasis, no regulatory
mechanisms for DMT1 have been so far identified.
Our studies show that the activity of DMTI1 is
modulated by compounds that affect its redox status.
We also show that both iron and zinc are transported
by DMT1 when expressed in Xenopus laevis oocytes.
Radiotracer uptake and electrophysiological meas-
urements revealed that H,O, and Hg>" treatments
result in substantial inhibition of DMTI. These
findings may have a profound relevance from a
physiological and pathophysiological standpoint.
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Introduction

Oxidative stress is a state of imbalance between the
production of reactive oxygen species (ROS) and
antioxidant mechanisms that leads to oxidation of
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lipids, proteins, DNA and RNA molecules. ROS are
produced within cells by metabolic reactions in
physiological conditions as well as in a number of
pathological circumstances, such as infectious and
inflammatory states (Babior, 1978; McCord, 1987),
ischemia-reperfusion (McCord, 1985) or in neurode-
generative disorders such as Parkinson’s disease
(Dexter et al., 1989; Gerlach et al., 1994). ROS can
also be produced and released by phagocytes to affect
target cells during immunological response (Fridov-
ich, 1995).

Oxidation of receptor (Aizenman, Hartnett &
Reynolds, 1990), channel and transporter proteins
(Ruppersberg et al., 1991; Trotti, Danbolt & Volter-
ra, 1998; Trotti et al., 1999) can modulate their ac-
tivities.

Massive cellular impairment occurs when hy-
droxyl radicals (OH") are produced from H,O, by the
catalytic action of iron (Fe’") via the Fenton’s re-
action (Fenton, 1894). Fenton’s reaction converts
H,05 to the highly toxic HO® radical, and Fe’* acts
as a catalytic agent producing a cascade of free rad-
icals. Fe*" can recycle to its reduced state by reduc-
ing agents such as ascorbic acid, glutathione or
superoxide radicals via the Haber-Weiss reaction:

Fe’t + H,0, — Fe’* + OH™ + HO®

Fe’t + 05~ — Fe?* 4+ 0,

Hence, excess of iron exacerbates the effect of oxi-
dative stress. Indeed, in ischemia-reperfusion, cell
damage can be prevented by administration of iron
chelators (van der Kraaij et al., 1988; Omar et al.,
1989; Fantini & Yoshioka, 1993). Since increased
iron deposition in neurons of the substantia nigra has
been reported in Parkinson’s disease (PD), iron is
thought to play a significant role in selective neuronal
loss in PD by oxidative damage (Dexter et al., 1989;
Gerlach et al., 1994; Kaur et al., 2003).
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In order to minimize these toxic effects of iron,
the body as a whole, as well as individual cells, tightly
controls iron homeostasis by specific transport me-
chanisms. In the intestine, uptake into enterocytes
takes place directly via the divalent metal transporter,
DMTI (also known as Nramp2 or DCT1) (Gunshin
et al., 1997); outside the intestine, iron is taken up by
the transferrin receptor-mediated process (Richard-
son & Ponka, 1997), in which DMT]1 participates by
transferring iron from the endosomes into the cyto-
plasm.

DMT]1 mediates rapid uptake of Fe’" in both
voltage- and pH-dependent fashion. On the basis of
electrophysiology measurements DMT1 was sup-
posed to transport divalent cations other than iron, in
particular Zn**, Cd**, Mn**, Cu*", Co®*, Ni**
and Pb>" (Gunshin et al., 1997). Some of these ions
are quite toxic to the cell, indicating that DMT1 must
have significant toxicological implications. DMT]1 is
ubiquitously expressed; in the nervous system, it is
expressed in neurons, but not in glial or ependymal
cells (Gunshin et al., 1997).

DMT]1 expression is tightly regulated by body
iron requirement, at both the mRNA and protein
level (Canonne-Hergaux et al., 1999; Fleming et al.,
1999). In the past few years, a regulatory mechanism
for iron metabolism in response to oxidative stress
has been described (Pantopoulos et al., 1997; Panto-
poulos & Hentze, 1998; Brazzolotto et al., 1999). This
mechanism is activated by H,O, and involves the
interaction between iron regulatory protein 1 (IRP1)
and iron responsive elements (IREs) of the mRNAs
of numerous proteins involved in iron metabolism
(Ponka, Beaumont & Richardson, 1998). Recently,
Caltagirone, Weiss and Pantopoulos (2001) demon-
strated a modulatory effect of H,O, on iron meta-
bolism. In their study on B6 fibroblasts they found an
increase in levels of TTR mRNA and TfR expression
on the cell membrane, a reduction of ferritin cell
content, at both mRNA and protein level. Interest-
ingly, the DMT1 mRNA level was not affected by
hydrogen peroxide treatment.

By means of electrophysiology techniques and
radiotracer uptake measurements we investigated the
effects of H,0, and Hg?" on the activity of DMTI
expressed in Xenopus laevis oocytes.

Materials and Methods

OO0CYTE PREPARATION AND MICROINJECTION

Xenopus laevis were anaesthetized in 0.1% tricaine methanesulfo-
nate (w/v, pH 7.5). Portions of the ovary were removed and the
oocytes harvested by incubation for 2 h at 18°C in 2 mg/ml Col-
lagenase A (Roche) dissolved in Ca’"-free medium (in mm: 88
NaCl, 1 KCl, 2.4 NaHCOs, 0.82 MgSOy, 0.66 NaNO;, 5 HEPES,
buffered to pH 7.4 with Tris base). Stage V-VI oocytes were se-
lected, defolliculated and injected with 25 ng/50 nl of capped RNA
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encoding (wild type) wt-DMTI1. Control oocytes were obtained
injecting 50 nl of water.

UPTAKE MEASUREMENTS

Oocytes were incubated 30 min at room temperature in 250 pl of
uptake solution (in mm: 90 NaCl, 1.8 KCl, 0.6 CaCl,, 0.6 MgCl,,
10 HEPES-Na, pH 6.0) containing 20 um *Zn>* or 10 um >Fe?*
(radioactive chemicals from NEN Life Sciences Products, Boston,
MA) plus 1 mm ascorbic acid to keep iron in its divalent form. The
specific activity of radioactive tracers was: *>FeCl,, 16.94 mCi x
mg~'; ®ZnCl,, 3.46 mCi x mg~". The radioactive tracers were not
mixed with unlabelled metal ion. Uptake was stopped by washing
with cold uptake solution. ®Zn>* uptake was assessed by directly
counting the zinc content of the oocytes (1282 Compugamma
Pharmacia LKB Nuclear, Turku, Finland). For the assessment of
oocyte Fe?" content, oocytes were dissolved in 10% SDS and
counted for radioactivity (Tricarb 2200Ca Packard Instrument,
Meridan, CT).

ELECTROPHYSIOLOGICAL EXPERIMENTS

Oocytes were mounted in a small recording chamber (100 pl vol-
ume) and continuously superfused (5 ml/min) with test solutions.
The solute composition of control superfusate (ND96) was in mm:
96 NaCl, 1.8 KCl, 0.6 CaCl,, 0.6 MgCl,, 10 HEPES-Na; pH 6.0.

Two-electrode voltage-clamp recordings were performed at
room temperature (20-23°C) using Clampator-1B (Dagan Corp.
Minneapolis). Microelectrodes were filled with 3 M KCI and had a
tip resistance of 0.5-2 MQ. Currents were measured at a holding
potential (V) of —30 or —50 mV. Current-voltage (I-V) curves were
generated by stepping for 300 ms from the holding potential to
potentials (V},) ranging between —100 and —10 mV in 10 mV in-
crements. The current output was low-pass filtered at 1 kHz. Data
generation, acquisition and analysis were carried out with pClamp
8.0 software package (Axon Instruments, Foster City, CA).

Solutions of H,O, and dithiothreitol (DTT) were freshly pre-
pared just before use and perfused at their final concentration. The
agents were then washed out for 30 s before measuring zinc-evoked
inward currents. The currents were generated adding 50 um ZnCl,
to the perfusing solution.

In the experiments involving injection of H,O, into oocytes, 9.2
or 23.0 nl of 100 mm hydrogen peroxide in 50 mm K-phosphate
buffer, pH 7.4 were delivered by a nano-injector (Automatic in-
jector, Drumond, Broomall, PA). Input resistance of the oocyte
membrane was monitored before and after H,O, injection. Hg ions
were added to the perfusing medium in their chloride form.

DATA ANALYSIS

In electrophysiology experiments steady-state data (obtained by
averaging the points over the final 100 ms at each V},,) were fitted to
equation:

Imz\x [Mez+ ] nH

I= n 2411 (1)

(Kos)™ + [Me*t]™
for which 7 is the evoked current (that is, the difference in steady-
state current measured in the presence and absence of metal ions
Me?"; I, the derived current maximum; [Me” "], the divalent
cation concentration; K s, the metal concentration at which cur-
rent was half-maximal; and ny, the Hill coefficient.

Data are expressed as the mean + sgm, unless otherwise spe-
cified. Statistical analysis was carried out employing either Stu-
dent’s unpaired z-test when comparing two data sets or a one-way
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Table 1. Rates of uptake of ®*Zn>" and *Fe?>" into Xenopus laevis oocytes expressing DMTI

Me? " Me* . pm t min Control pmol oocyte™" t™! DMTI pmol oocyte ™'t~ AMe? "] um P
Fe?* 10 30 0.1 £ 0.0(9) 29.1 £ 1.7.(9) 583 +35(9) <0.01
Zn>" 20 30 0.2 £ 0.0 (10) 11.2 + 0.8 (7) 223 + 1.5(7) ns
Fe?* 10 45 0.2 £ 0.0 (5) 529 + 1.6 (4) 105.8 + 3.2 (4) <0.01
Zn>" 20 45 0.5 £ 0.0 (5) 29.1 + 42 (4) 58.1 + 8.4 (4) <0.01

Oocytes were from two different batches. Oocytes from the same batch were incubated ¢ minutes at room temperature in 250 pl uptake
solution (see Methods). The rates of uptake of both Zn>" and Fe?" into DMTI-expressing oocytes were significantly greater than into
water-injected controls (P < 0.01). Assuming an oocyte volume of 500 nl, the uptakes of Zn>" and Fe?" at the rates measured potentially

lead to an increase in intracellular metal concentrations AMe>*J; at 7. Comparison of the calculated A[Me

2%, with the extracellular metal

concentrations during uptake experiments, [Me? '], indicate intracellular accumulation of metals (see P). Data are means £ SEM of the

tested oocytes (number of oocytes in parentheses).

analysis of variance when comparing multiple data sets. Differences
were considered significant at P < 0.05.

Results
DMTI-MEDIATED > Fe?™ anp ©Zn?" UpTAKE

Fe?" is a redox-active and unstable cation that tends
to be oxidized to Fe(Ill). Therefore, during our up-
take studies we kept it in its reduced state by in-
cluding in the uptake solution 1 mm ascorbic acid.

As shown in Table 1, after 45 min incubation
with 10 pm P Fe? " or 20 um °Zn?*, the radioactivity
taken up by oocytes expressing DMT1 was con-
sistently higher than in control oocytes, respectively,
about 294- and 61-fold. Another batch of oocytes,
after 30 min incubation, gave about 246- and 55-fold
uptake, respectively, for *Fe?" and ®Zn’>". We
therefore concluded that Zn efficiently and sa-
tisfactorily substituted Fe(Il) as a substrate for
DMTI. This allowed us to use Zn>" rather than
Fe>" to study the redox modulation of DMT]1 ac-
tivity and to avoid the presence of ascorbic acid in the
uptake solution.

CONCENTRATION DEPENDENCE OF THE Zn’ ' -EVOKED
CURRENTS

When an oocyte expressing DMTI1 was voltage-
clamped to a negative potential, externally applied
Zn*" induced an inward current (Fig. 1a; pH 6.0).

At any given Zn’" concentration the induced
current was smaller at higher pH, (Fig. 15; pH 7.4).

No significant responses were observed in control
water-injected oocytes when external Zn?" was in the
range 5-150 pum (not shown).

Typical steady-state current-voltage curves in the
absence and presence of external Zn>" are shown in
Fig. lc.

The magnitude of the Zn-evoked current de-
pended on the membrane potential (V,,) as well as the
metal concentration (Fig. 2). A typical current-vol-
tage relationship for the Zn-induced current shows a

a) b)

Zn evoked

0
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. ‘. '
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s 1 400

Fig. 1. Representative Zn>"-evoked currents associated with the
divalent cation transporter DMT1 expressed in oocytes. (a) Cur-
rent was continuously monitored in a single oocyte expressing
DMT]I, clamped at —50 mV and superfused at pH 6.0. Zinc (50 um)
was applied for the period shown by the solid bar, then washed out
with Zn-free solution. (b) As in (a) but pH 7.4. (¢) Typical steady-
state current-voltage curves from the same oocyte expressing
DMTI in the absence (control) and presence of the indicated con-
centrations of Zn ions; pH 6.0. Oocytes were voltage-clamped at Vy,
= —30 mV and 300 ms rectangular pulses (from —100 to —10 mV
in 10 mV increments) were applied before and after the addition of
Zn>*. The curves are representatives of 7 experiments using
oocytes from two animals.

near linear dependence of Iz, cvokeq 1N the physiolo-
gical range of potentials (—80 to —10 mV).
Saturation was observed when the metal con-
centration increased, as expected for a transport
system with a fixed number of substrate binding sites.
To characterize the dose dependency of activa-
tion, the steady-state responses with respect to



94

V_ [mV]
-100 -80 -60 -40 =20 0 0
g, —0— - O—0 — - T o—"x j
5uM __/-/—;:_—v
—a =T .9 -50
7 5* ./;/ 'ﬁ’ . O T A —_—
-/.10 eyl z//” . e 2/ E
V/./ .00 / 3
s o £
0 o e {1-100 %
.o S
% -
o
- 1-150
‘/Tso

Fig. 2. Voltage- and concentration-dependence of steady-state
Zn>*-evoked currents. Zn>"-induced currents were obtained by
subtracting the responses in presence of Zn>" (ZnCl, 5, 7.5, 10, 20,
50 and 150 pm) from the corresponding responses in control so-
lution; pH 6.0. Same representative oocyte as in Fig. I¢; V}, = =30
mV.
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Fig. 3. Concentration-dependence of steady-state Zn>"-evoked
inward current into Xenopus laevis oocytes expressing DMTI.
Oocytes were voltage-clamped at different membrane potentials V7,
(from —10 mV to —100 mV in 10 mV increments) and each curve is
a three-parameter Hill fit at the respective V},,. Same representative
oocyte as in Fig. 2; V, = —30 mV, pH 6.0.

changing Zn>" concentration at a given membrane
potential were fitted with a three-parameter Hill
equation (Fig. 3).

Kinetic parameters, I,,x (Zn-evoked), ny and
Ky 5, from seven oocytes are plotted against the
membrane potential in Fig. 4. The significance levels
resulting from one-way analysis of variance within
membrane voltage were P < 0.01 for /I, and Ky s,
not significant for ny.

ErrecT oF H,O, ADDITION ON THE Zn> "
TRANSPORT

The effect of extracellular H,O, on the °Zn?* uptake
was studied as a function of H,O, concentration
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Fig. 4. Voltage-dependence of I,,.x (Zn-evoked), K, s and ny, as
obtained by fitting to equation (1) the currents evoked by 5, 7.5, 10,
20, 50 and 150 pum ZnCl,. The significance levels resulting from
one-way analysis of variance within membrane voltage were P <
0.01 for I,.x and Ky s, not significant for ny. Values are means +
SEM (n = 7). V = =30 mV, pH 6.0.

(0.05, 0.1, 0.2, 0.4, 1 mm). Following 3 h preincuba-
tion in H>,O, and 30 min in uptake solution con-
taining 20 pm ®Zn®", we obtained the results
reported in Fig. 5. DMTI-mediated °Zn®* uptake
was affected by extracellular application of H-O, in a
dose-dependent fashion. ®Zn*" uptake, as % of
control, was fitted to a three-parameter logistic
equation; log(/Csp) resulted in —4.08 £+ 0.03 (n = 38
oocytes), ICsg = 83.2 um.

In voltage-clamp experiments (¥}, = —50 mV)
the injection of H,O, (2 or 5 mm, initial intracellular
concentration calculated assuming an oocyte volume
of 500 nl) into oocytes expressing DMTI1 did not
affect the Zn>" -evoked currents (Fig. 6a and 6b).

In experiments like the one reported in Fig. 6a we
surely missed an H,O, effect because of an insufficient
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Fig. 5. Dose-dependent inhibition of ®*Zn>" uptake by hydrogen
peroxide into Xenopus laevis oocytes expressing DMTI1. %Zn>*
uptake assays were performed on 38 oocytes from the same batch
following 3 h preincubation in H,O, and further incubated for 30
min in uptake solution containing 20 um Zn**. Data are means
+ sem of the tested oocytes (numbers in parentheses). *:P < 0.01,
indicating significant difference in zinc uptake at the indicated
H,0, concentrations compared with control oocytes. **Zn** up-
takes, as % of control, were fitted to a three-parameter logistic
equation; log(/Csp) resulted in —4.08 + 0.03 (n = 38), ICso = 83.2
WM.

H,O, concentration and of the large time lag to in-
duce currents by Zn*" application.

No effects were observed when the H,O, initial
intracellular concentration was 5 mm and Zn’>" ap-
plied 30 s after H,O, injection. A new injection of
H,0,, 6 min from the previous one, did not alter the
Zn*>"-evoked currents (Fig. 6b).

In contrast, H,O, 5 mm reduced Zn>"-evoked
currents about 40% when added to the bathing so-
lution. This inhibition was reversed by application of
the reducing agent DTT 2 mwm (Fig. 6¢).

EFFECTS OF THE HYDROPHILIC
SULFHYDRYL-CHELATING AGENT Hg? "
oN DMTI1

Hg”>" is a specific thiol-reactive compound that is
capable of coordinated ligation of two cysteinyl res-
idues (S-Hg-S) or of coordinated binding to a single
cysteine residue (S-Hg ™).

As shown in Fig. 7, exposure of an oocyte ex-
pressing DMTI to a 1 um Hg? " -containing solution
induced a slow inward current to maintain V;, =
—50 mV. After superfusion with 1 pm Hg>"-con-
taining solution, the Zn>"-evoked current, in the
absence of Hg?", was inhibited by 41.1 + 2.7% (n
= 13; 5 oocytes). Simple washout did not restore
the initial holding current. The increased holding
and the reduced Zn?"-evoked currents were stable
after Hg?" treatment in the absence of a reducing
agent.
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DMTI1 activity was slowly restored by extracel-
lular application of the specific disulfide reducing
agent DTT (2 mm).

After Hg?" treatment, the magnitude of the
Zn-evoked current continued to depend on the
membrane potential (V,,) as well as on the metal
concentrations. Typical steady-state responses with
respect to changing Zn>" concentration at a given
membrane potential are reported in Fig. 8.

Data from two oocytes after 20 min superfusion
with 1 pm Hg? " were analyzed using equation 1. At
any given V, (=100 to —10 mV) the calculations
revealed that: 1) I, (Zn-evoked) was always lower
than before Hg®" treatment; 2) K5 did not vary
appreciably and resulted in 5.0 £ 0.0 and 5.5 + 0.1
uM (n = 10 voltages), lower than before Hg>"
treatment (Fig. 4); 3) ny values did not change sig-
nificantly in individual experiments but the two
oocytes gave different values, 7.5 £ 0.2 and 3.9 + 0.1
(n = 10), both higher values than in control oocytes
(Fig. 4).

Discussion

The capability of the cell iron transfer system to
adapt to iron content is of great importance to pre-
serve homeostasis of iron because regulation through
secretion is not possible.

The divalent metal transporter DMT1 may re-
present a key mediator of iron absorption. It is a
561-amino-acid protein with 12 putative membrane-
spanning domains, and it has been found ubiqui-
tously expressed (Gunshin et al., 1997). At least two
isoforms of DMTI, resulting from alternative splic-
ing, were identified and shown to have different cel-
lular localization (Gruenheid et al., 1995; Fleming
et al., 1998; Lee et al., 1998; Rolfs et al., 2002). Hu-
bert and Henze (2002) recently showed the existence
of four DMT]1 isoforms with at least two iron regu-
latory regions, one being the IRE-containing 3 UTR
exon and the other is defined by the presence of exon
1A. The two regulatory regions seem to be used in
different ways in distinct tissues and, at subcellular
levels, these isoproteins could localize depending on
the N and/or C terminus as well as differ in their
metal selectivity and/or transport capacity.

However, under oxidative stress conditions, as
produced by oxidative metabolism in which energy
activation and electron reduction are involved, a di-
rect cellular mechanism to regulate DMTI1 activity
would be beneficial to cells to prevent excessive iron
uptake.

The balance between free radical production and
antioxidant defenses determines the degree of oxida-
tive stress (Finkel & Holbrook, 2000). Fe** is a re-
dox-active cation. During uptake studies ascorbic
acid must be added to the solutions to maintain iron
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Fig. 6. Effect of H,O, on Zn?" -induced DMTI-
mediated current. DMT1 cRNA-injected oocytes
were superfused (ND96, pH 6.0) and voltage-
clamped (V}, = —50 mV). The injection (time
indicated by the arrow) of H,O, (2 or 5 mm,
intracellular concentration) into oocytes did not
affect the Zn>"*-evoked currents (a, b). For a
number of reasons (see Discussion section), in
experiments like the one shown in (a), the possible
effect of H,O, was surely missed because of its low

l-

[H0, SmM| [H,0,| [H)0, |

[ DTT2mM |

concentration and of the time lag to Zn>"
application (50 pm Zn>"; black dash). No effects

extracellular
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% 100 96 67 59 56 56 56 72 76

Fig. 7. Susceptibility of DMTI to Hg”*. Representative record-
ings of zinc-activated currents. Wild-type DMTI-cRNAs 25 ng
were injected into oocytes and Zn? " -induced currents were meas-
ured under voltage-clamp conditions (V;,, = —50 mV). 1 pm Hg>™*
(empty boxes) and 2 mm DTT were applied in control superfusate;
during Hg?" and DTT treatment, 50 um Zn? " (black dashes) was
given after a brief washout. Percentage of control maximal acti-
vation (calculated with respect to the average of the peak values
before Hg?>* treatment) is indicated at the bottom of each Zn-
evoked current peak.

in ferrous form. However, such a reductant would
interfere with redox compounds used in the present
research. Thus, Fe?" would have been inappropriate
to study the effect of oxidative alterations of DMT].

Our data show that DMTI transports Zn>"* as
well as Fe* " (Table 1). Even though Zn>" uptake by
DMTI was smaller than Fe?™ uptake, we took ad-
vantage of this result, using Zn>" (which does not
interfere with redox compounds) rather than Fe** to
study DMTI1 modulation by redox compounds. As-
suming an oocyte volume of 500 nl, the uptake of
Fe’" and Zn?" at the measured rates would poten-
tially lead to an increase in intracellular metal con-
centration, A[Me®> "], as summarized in Table 1. In

were observed either when the H,O, intracellular
concentration was 5 mm and Zn>" applied 30 s
after H,O, injection. New injections of H,O,

(6 min from the previous one in b) did not alter the
Zn>"-evoked currents. In contrast, HyO, 5 mm
reduced Zn>"-evoked currents about 40% when
added to the bathing solution; 2 mm DTT fully
recovered DMT] activity. Zinc-activated currents
were obtained applying Zn>" after 30 s washout of

redox reagents (c). Percentage of activation is given
for each Zn?

*.evoked current peak.

40 50
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Fig. 8. Concentration-dependence of the steady-state Zn>"-
evoked current after Hg>" treatment. Oocytes expressing DMT1
were voltage-clamped at different membrane potentials V,, (from
—10 mV to —100 mV in 10 mV increments) and each curve is a
three-parameter Hill fit at the respective V,,,. Same representative
oocyte as in Fig. 3 after 20 min superfusion with 1 pm Hg> " (V}, =
—30 mV, pH 6.0). Currents were measured in the absence of Hg
ions.

DMT]1-expressing oocytes both Fe** and Zn*>" up
takes appear to be accumulative. Zn>" intra- and
extracellular concentrations were at equilibrium in
uptake experiments and followed for 30 min (ns in
Table 1). Intracellular metal ions, however, are pro-
tein-bound and the calculated concentrations must be
considered an overestimate.

This is the first direct documentation of Zn*"
transport by DMTI1 and confirms the previous spec-
ulation based on measuring Zn> " -evoked currents in
oocytes expressing DMT1 (Gunshin et al., 1997).
Recently Sacher, Cohen & Nelson (2001) reported
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that there is no detectable transport of *Zn*" into
Xenopus laevis oocytes expressing DMT1 and the
elevation of the concentration from 0.5 to 10 um had
no detectable effect on uptake activity. We have to
consider the following: 1) in our uptake experiments
we used ©ZnCl, (20 pm) without mixing radioactive
tracer with unlabelled metal ion; 2) in two different
batches, working at pH,y, 6.0 in NaCl medium, we
measured *°Fe uptake of 52.9 + 1.6 (n = 4 oocytes)
and 29.1 £ 1.7 (n = 9) pmol per oocyte, respectively,
over 45 and 30 min, compared with about 27.4 + 8.2
pmol h™! oocyte™! (in choline chloride medium, pH
5.5; Sacher, Cohen & Nelson, 2001); Gunshin et al.
(1997) reported 88 £ 12 pmol over 1.5 h per oocyte
at pH 6.2 in NaCl medium; 3) in voltage-clamp ex-
periments (¥, = —50 mV) we observed large inward
currents (100 — 120 nA) when 50 pm Zn>" were
added to the bathing solution; Gunshin et al. (1997)
reported a similar value (~122 nA), Sacher et al.
(2001; V4, not indicated) ~91 nA adding 1 mm ZnCly;
all measurements were performed at pH 5.5 in NaCl
medium. The rate of uptake and the currents are re-
lated to the number of transporters expressed in the
membrane; the above observations could be ac-
counted for by a low expression of DMT1 in exper-
iments of Sacher et al. (2001).

Our data are in agreement with the observation
of a divalent cation transporter in small intestine
BBMYV (Knopfel et al., 2000); the authors report a
pH dependence of Zn?" transport and kinetic pa-
rameters resembling DTM1 characteristics. These
findings have not been confirmed in a recent study on
Caco-2 cells. Nevertheless, as the same authors sug-
gest, ““..high levels of DMTI are needed for the
DMTI1-mediated transport of lead and zinc, Caco-2
cells rather express low levels of DMT1 but express
other transporters in sufficient amounts to transport
lead and zinc”” (Bannon et al., 2003).

The magnitude of the Zn-evoked current de-
pended on the membrane potential as well as the metal
concentrations (Fig. 2) and, at a given membrane
potential, saturation was observed when [Z0* " Jout
increased, as expected for a transport system with a
fixed number of substrate binding sites. Kinetic pa-
rameters, I.x (Zn-evoked) and K s, were dependent
on the membrane voltage, whereas ny was not.

H»0, induces protein thiol oxidation. Oxidation
of SH- groups by H,O, (van Iwaarden, Driessen &
Konings, 1992) results in the formation of inter- or
intramolecular disulfide bonds 2R-SH < R-S-S-R +
2H" + 2e and/or other compounds. Zinc uptake
progressively decreases with increasing hydrogen
peroxide concentration (Fig. 5). The concentration-
response curve has a baseline response at about 20%
of the control and a Hill slope of —5.3; the resulting
1C59 was 83.2 pum.

The dose response for hydrogen peroxide inhi-
bition of radioactive tracer uptake (Fig. 5) appears
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quite different from that of intracellularly injected
(~2 or 5 mm) or externally applied (5 mm) H,O, ef-
fects on Zn-evoked currents (Fig. 6). Application of 5
mM H,0O, only suppresses ~40% activity, but based
on an ICsq of 83.2 pum, metal transport should be
entirely blocked at the baseline value. Arguments
accounting for this discrepancy could be: 1) the
voltage dependence of the metal-evoked currents
(Gunshin et al., 1997)—only in electrophysiological
experiments the membrane voltage was controlled; 2)
the time of exposure to H,O, was very different in
uptake and electrophysiological experiments.

Injection of H»,O, into voltage-clamped oocytes
expressing DMT1 did not affect holding currents,
while a small increment of [, (~10 nA) has been
observed when oxidant has been given in the bathing
solution. This finding is not in disagreement with data
reported by Kim & Han (2001), since our experiments
were performed more than three days after Xenopus
surgery.

Even though H»0, is a permeant molecule, H,O»
did not affect Zn-evoked current when added (~5
mM) to the intracellular side (Fig. 6b), whereas H,O,
in the bathing solution has been shown to inhibit the
Zn-generated current by about 40% (Fig. 6¢). Incu-
bation in 2 mm DTT, a specific hydrophilic thiol re-
ductant (van Iwaarden et al., 1992), restored the
Zn* " -activated currents, suggesting a redox-sensing
region within the transporter protein.

It is not surprising that H,O, was ineffective
when intracellularly injected (~2 mwm, Fig. 6a); its
large membrane permeability coefficient (~10~* cm x
s~ 1), the small intracellular volume (~500 nl) and the
activity of H,O,-removing enzymes account for rapid
emptying of cell H,O,, before Zn>" application.
Then we increased H,O, intracellular concentration
to 5 mm (Fig. 6b) and applied Zn>* 30 s after H,O,
injection. Zn®*-evoked current was not affected. A
new injection of H,O,, 6 min after the previous one,
was ineffective too. In these conditions, neglecting
solute metabolization as well as a rapid turnover of
injected H,O, by catalases or other H,O,-removing
enzymes and simply considering diffusion through
the membrane, the half-time for equilibration is 114 s
and the intracellular actual concentrations of H5O,,
at the time of current measurements (30 s after H,O,
injection), would be 4.2 and 4.6 mm™ respectively.

Our study shows that the transport activity of the
divalent metal transporter DMT]1 is inhibited (—41.1
+ 2.7%) by thiol- reactive agents such as Hg” " . It is
conceivable that similar to Zn>*, Hg?" is actually
transported by DMT1 and that it exerts its action on
thiol (SH) groups located at the inner surface of the
protein. DMT]1 function was rescued after incubation
with DTT (Fig. 7).

Hg>" is an environmental toxicant and H,O,
is an oxidant formed in vivo during biological
processes. It reaches higher concentration under
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conditions of oxidative stress, which is enhanced in
the presence of free iron due to OH® production
(Stadtman, 1993; Jellinger, 1999).

Under physiological conditions, iron metabolism
is tightly regulated and iron accumulation is associ-
ated with oxidative damage in some pathologies
(Gerlach et al., 1994). H,O, production in cells is a
normal physiological process; despite its toxicity,
H,0; can act as a second messenger in glial and
neuronal function (Finkel, 1998; Kaltschmidt, Spa-
rna & Kaltschmidt, 1999). We suggest DMT]1 in-
hibition by hydrogen peroxide to be part of these
defensive mechanisms; DMT1 molecule would sense
the oxidative state of cell environment and modulate
iron intake in order to avoid the catalysis of radical
production.

Although several amino-acid residues are sensi-
tive to oxidative agents, a number of proteins, among
them transporters, channels and receptors (Aizenman
et al., 1990; Ruppersberg et al., 1991; Trotti et al.,
1997a, 1997b, 1999) exhibit redox modulation in-
volving sensitivity of reactive cysteine residues. The
evidence that Hg?" inhibits the transport activity of
DMTI1 together with the protective action of the re-
ductant dithiotreitol points towards the involvement
of cysteine residues.

Massive ROS production occurs in a broad
spectrum of pathological situations, such as infectious
(Babior, 1978) and inflammatory diseases (McCord,
1987), and in all the pathologies that cause ischemia
and reperfusion (McCord, 1985). Under these cir-
cumstances, the oxidative burst of circulating neu-
trophils and macrophages leads to the production of
reactive oxygen intermediates and to the increase of
extracellular H,O, (Thannickal & Fanburg, 1995). It
is worth noting here that this production of active
oxygen intermediates depends upon the availability of
transition metal ions, especially iron and manganese,
and that DMT]1 localizes in macrophages (Goswami,
Rolfs & Hediger, 2002). Moreover, iron overload and
oxidative damage colocalize in Parkinsonian neurons
(Dexter et al., 1989; Gerlach et al., 1994).

Little is known about the mechanism of iron
accumulation in specific regions of the brain affected
in neurodegenerative diseases (e.g., Parkinson’s and
Alzheimer’s diseases). In addition to the Tfr-mediated
pathway (Qian, Pu & Wang, 1998), Qian et al. (1999)
provided some evidence for the presence of mem-
brane iron carrier-mediated transport in the cultured
cerebellar granule cells in rats; the ion selectivity of
the transporter resembled that of DMTI. In agree-
ment with these findings, the transferrin receptor
expression was not increased in substantia nigra of
Parkinsonian rats, indicating that the TfR-mediated
process may not be involved in iron accumulation in
Parkinsonian neurons (He, Lee & Leong, 1999).

Recently, the involvement of iron and the bene-
ficial effect of iron chelation has been demonstrated
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in a Parkinsonian animal model (Kaur et al., 2003).
The brain iron content is reduced in Belgrade rats as
a result of the inactivating GI85R DMT1 mutation,
indicating that DMTT1 is an important component of
the iron transport system in the brain (Burdo et al.,
1999). In situ hybridization and immunocyto-
chemistry of rat brains revealed that DMTI1 is ex-
pressed in neurons throughout the CNS (Gunshin
et al., 1997; Burdo et al., 2001).

In conclusion, our data indicate a possible in-
hibitory regulation of iron uptake involving DMT],
which could be part of a defensive mechanism to
protect cells from oxidative injury in oxidative stress-
associated pathologies. However, whether and to
what extent such inhibition is important in patho-
logical situations remains to be determined.
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