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ABSTRACT TRPV6 (CaT1l/ECaC2), a highly Ca?*=selective member of the TRP superfamily of cation channels,
becomes permeable to monovalent cations in the absence of extracellular divalent cations. The monovalent cur
rents display characteristic voltage-dependent gating and almost absolute inward rectification. Here, we show that
these two features are dependent on the voltage-dependent block/unblock of the channel by intracellular Mg?*.
Mg?* blocks the channel by binding to a site within the transmembrane electrical field where it interacts with per-
meant cations. The block is relieved at positive potentials, indicating that under these conditions Mg?* is able to
permeate the selectivity filter of the channel. Although sizeable outward monovalent currents were recorded in
the absence of intracellular Mg?*, outward conductance is still ~10 times lower than inward conductance under
symmetric, divalent-free ionic conditions. This Mg?*-independent rectification was preserved in inside-out patches
and not altered by high intracellular concentrations of spermine, indicating that TRPV6 displays intrinsic rectifi-
cation. Neutralization of a single aspartate residue within the putative pore loop abolished the Mg?* sensitivity of
the channel, yielding voltage-independent, moderately inwardly rectifying monovalent currents in the presence of
intracellular Mg?*. The effects of intracellular Mg?* on TRPV6 are partially reminiscent of the gating mechanism
of inwardly rectifying K* channels and may represent a novel regulatory mechanism for TRPV6 function in vivo.
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INTRODUCTION

The TRP superfamily consists of cation channels with
six transmembrane segments that are related to the
product of the Drosophila trp (for transient receptor po-
tential) gene (Clapham et al., 2001). Based on se-
quence homology, the 21 mammalian TRPs can be sub-
divided into three subfamilies: members of TRPC sub-
family (the C stands for canonical) display the highest
homology to Drosophila TRP, members of the TRPV sub-
family are most homologous to the vanilloid receptor 1
(VR1, now TRPVI) and members of TRPM subfamily
show the highest homology with melastatin (TRPM1).
TRP channels vary significantly in their biophysical
properties and gating mechanisms, and the exact regu-
lation and function of most TRPs is still unclear.
TRPV6 (previously known as CaTl and ECaC2) and
the homologous TRPV5 (ECaCl) are the two members
of the TRP superfamily with the highest known Ca?* se-
lectivity (Pc,/Pn, 100), and are supposed to be involved
in Ca?* reabsorption in kidney and intestine (Hoen-
derop etal., 1999, 2001; Peng et al., 1999; Vennekens et
al., 2000; Voets et al., 2001; Yue et al., 2001). Like all
other Ca?*=selective channels (Hille, 2001), they be-
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come permeable to monovalent cations when all extra-
cellular divalent cations are removed (Vennekens et al.,
2000; Yue et al., 2001). In the case of TRPVb) it has been
demonstrated that high Ca?* selectivity and sensitivity
to extracellular divalents depends on a single aspartate
residue in the pore region between transmembrane do-
mains 5 and 6 (Nilius et al., 2001). Monovalent TRPV6
(and TRPVDH) currents are characterized by voltage-
dependent opening at negative potentials and extremely
strong inward rectification (Voets et al., 2001). These
properties are unique within the TRP superfamily,
since all other studied members show weak rectifica-
tion in both inward and outward directions and lack
voltage dependence (Clapham et al., 2001). Moreover,
these distinct properties can be used to discriminate
between TRPV6 and CRAC, the Ca?* release—activated
Ca?* channel that has been equaled to TRPV6 (Yue et
al., 2001), but lacks its voltage dependence and high
degree of inward rectification (Voets et al., 2001). The
mechanisms underlying the strong inward rectification
and voltage-dependent gating of TRPV6 are, however,
not well understood.

Rectification of inwardly rectifying K* (Kir) channels
arises from a voltage-dependent block by intracellular
Mg?* and polyamines, which occlude the pore and
thereby inhibit outward K* flux (Vandenberg, 1987;
Ficker et al., 1994; Lopatin et al., 1994; Fakler et al.,
1995). Upon hyperpolarization, these blocking parti-
cles are expelled from the pore, which is observed as a
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time-dependent opening of the channel (Nichols and
Lopatin, 1997). It has been shown that two negative
charges in the second transmembrane domain and the
COOH-terminal cytoplasmic domain of strongly in-
wardly rectifying K* channels are required for the high
affinity binding of Mg?" and polyamines, and that neu-
tralization of these residues leads to weakly rectifying
channels (Stanfield et al., 1994; Wible et al., 1994; Yang
et al., 1995). We have shown recently that the voltage-
dependent gating of TRPV6 depends on intracellular
Mg?* (Voets et al., 2001), raising the question of
whether the mechanism of strong inward rectification
of this TRP channel is similar to that of Kir channels. In
the present work we present data demonstrating that
Mg?*-dependent gating indeed contributes to strong
inward rectification of TRPV6 and that Mg?* ions act as
a permeant pore blocker.

MATERIALS AND METHODS

Cell Culture and Transfection

HEK-293 cells were grown in DMEM containing 10% (vol/vol)
fetal calf serum, 2 mM L-glutamine, 2 U/ml penicillin, and 2
mg/ml streptomycin at 37°C in a humidity-controlled incubator
with 10% CO,. They were transiently transfected with the pCI-
Neo/IRES-GFP/mCaT1 vector (Hoenderop et al., 2001) using
methods described previously (Trouet et al., 1997) and electro-
physiological recordings were performed between 8 and 24 h af-
ter transfection.

Single amino acids in the pore region of TRPV6 were mutated
using the standard PCR overlap extension technique, and the
nucleotide sequences of all mutants were verified by sequencing
of the corresponding cDNAs.

Electrophysiology

Transfected cells were identified by their green fluorescence
when illuminated at 480 nm using the polychrome IV monochro-
mator (T.ILL.L. Photonics, GmbH). Patch-clamp experiments
were performed in the tight-seal whole-cell configuration at
room temperature (20-25°C) using an EPC-9 patch-clamp ampli-
fier and Pulse software (HEKA Electronics). Patch pipettes had
DC resistances of 2-4 M{) when filled with the different intracel-
lular solutions. Series resistances were between 3 and 10 M(), and
were compensated for 60-80%. Residual voltage errors due to
uncompensated series resistances were generally <10 mV, and
cells with larger voltage errors were omitted from the analysis.
Currents were sampled at 10 kHz and filtered at 2.9 kHz using an
eight-pole Bessel filter.

Most solutions used in this study were used both as pipette and
as extracellular solution. The standard divalent cation-free
(DVF) solution contained (in mM): 150 NaCl, 10 EDTA, and 10
HEPES, titrated to pH 7.4 with NaOH. To test the effect of the
permeant cation, all NaCl in the DVF solution was either re-
placed by 150 mM LiCl, CsCl, or KCl, or by 100 mM NMDG and
30 mM BaCl,. In these cases, titration to pH 7.4 was done using
the corresponding hydroxide or HCI. Solutions with free Mg?*
concentrations <500 pM were obtained by adding the appropri-
ate amount of MgCl, to the DVF solution. To obtain solutions
containing free Mg?" concentrations >500 uM, the appropriate
amount of MgCly, was added to a solution containing 10 mM
EGTA instead of EDTA. The free Mg2* concentration of these
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solutions was calculated using the CaBuf software (ftp://
ftp.cc.kuleuven.ac.be/pub/droogmans/cabuf.zip). The intracel-
lular solution used in the Mg?* uncaging experiments contained
(in mM): 150 NaCl, 10 HEPES, 10 EGTA, 5 DM-nitrophen (Mo-
lecular Probes, Inc.) and 3 MgCl,, titrated to pH 7.4 with NaOH.

HEK-293 cells endogenously express TRPM7, and TRPM7-like
currents have been described in HEK-293 cells dialyzed with
Mg?*-free solution (Nadler et al., 2001). To assess the contribu-
tion of this channel to the whole-cell currents in HEK-293 cells
transfected with TRPV6, we routinely measure currents after
switching to an extracellular solution containing 2 mM free Ca?*.
Under this condition, TRPV6 carries virtually no outward cur-
rent, whereas the TRPM7-like current is observed as a strongly
outwardly rectifying current (Nadler et al., 2001; Runnels et al.,
2001). We found that in most batches of HEK-293 cells, the con-
tribution of these TRPM7-like currents was negligible compared
with the robust TRPV6-mediated currents. In batches of cells
where the contribution of the TRPM7-like currents was relatively
large, we added 100 uM GTPyS to the pipette solution, which
has been shown previously to effectively inhibit a TRPM7-like
current in RBL cells (Hermosura et al., 2002).

Data analysis and display were done using Microcal Origin
software version 7.0 (OriginLab Corporation). Unless noted oth-
erwise, averaged data are shown as mean *= SEM from at least
four cells.

RESULTS

HEK-293 cells expressing TRPV6 display large cation
currents that are active immediately after breaking into
the cell with a NaCl-based pipette solution containing
10 mM EGTA and 2 mM Mg?*. In the presence of phys-
iological concentrations of Ca’?" in the extracellular
medium, TRPV6 is highly selective for Ca%*, resulting
in currents that reverse at potentials more positive than
50 mV. However, omitting all divalents from the extra-
cellular medium renders the channel permeable to
monovalent cations, resulting in large, inwardly rectify-
ing currents that reverse close to 0 mV and display volt-
age-dependent activation at negative potentials (Hoen-
derop et al., 2001; Voets et al., 2001; Yue et al., 2001).
In general, the TRPV6-mediated currents further in-
crease in amplitude in the first minutes after break-in.
We attribute this increase in amplitude to the decrease
of the intracellular-free Ca?' concentration by the
wash-in of Ca?™ buffer, which relieves TRPV6 from slow
Ca?*-dependent inhibition (Hoenderop et al., 2001;
Voets et al., 2001). Unless noted otherwise, all experi-
ments described in this work were performed after the
current reached a steady-state level, which was normally
achieved within 200 s.

Mgz *-dependent Gating and Strong Inward Rectification
of TRPV6

Fig. 1 A displays a TRPV6 I-V relation in the absence of
extracellular divalents obtained from a 200-ms linear
voltage ramp from —150 to 100 mV. Two typical fea-
tures of this current trace have been put forward as the
TRPV6 fingerprint (Schindl et al., 2002): the negative
slope conductance in the voltage region more negative
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Strong inward rectification and voltage-dependent gating of monovalent currents through TRPV6. Extracellular solution con-

tained 150 mM Na* and 10 mM EDTA; intracellular solution contained 150 mM Na*, 10 mM EGTA, and 2 mM Mg™*. (A) I-V relation ob-
tained during a 200-ms linear voltage-ramp from —150 to 100 mV. (B) Currents measured during 100-ms voltage steps ranging from —180

to 100 mV from a holding potential of 0 mV.

than —100 mV, which reflects time-dependent activa-
tion of the current when the voltage is stepped from
holding potential (0 mV) to —150 mV, and the extreme
inward rectification. However, the shape of the I-V
relation obtained from such voltage-ramps depends
strongly on the speed and voltage range of the ramp,
making this protocol less well suited for quantitative
analysis of the rectification and gating behavior of
TRPV6. The time dependence of current activation at
negative potentials can be better appreciated from the
step protocol in Fig. 1 B. Stepping to potentials more
negative than —40 mV from a holding potential of 0
mV gives rise to inward current showing time-depen-
dent activation, whereas only very small outward cur-
rents are measured at positive potentials (Fig. 1 B).

We have shown recently that the time-dependent acti-
vation of TRPV6 is only observed in the presence of in-
tracellular Mg?* (Voets et al., 2001). To assess the im-
pact of the Mg?*-dependent gating on inward rectifica-
tion, we employed the voltage protocol shown in Fig. 2
C. In this protocol, TRPV6 is maximally activated by a
hyperpolarizing prepulse to —100 mV, before stepping
to test potentials ranging between —160 and 100 mV.
The amplitude of the current immediately after the
prepulse (I,;;) represents the current through fully acti-
vated TRPV6, whereas that at the end of the test pulse
gives the steady-state current (I). In the presence of 1
mM intracellular free Mg?", clear deactivation of the
channel can be observed during the test pulses to po-
tentials more positive than —60 mV (Fig. 2 A). As a re-
sult, the I-V relation for I normalized to the current at
—100 mV is clearly much more inwardly rectifying than
for I;,;; (Fig. 2, D and E). The rectification score, which

247 VOETS ET AL.

we defined as the ratio of the slope conductances at
—80 and 80 mV and used as a quantitative measure of
inward rectification, was 32.1 = 5.4 for I (n = 7) ver-
sus 11.1 = 4.2 for I,; (n = 7). In contrast, the currents
in the absence of intracellular Mg?* show no noticeable
time dependence (Fig. 2 B) and consequently I and
I;,; are virtually identical. The shape of the I-V relation
for I (Fig. 2, D and E) and the slope conductance ratio
(109 = 1.2; n = 9) are not different from that of I;; in
the presence of intracellular Mg?*. Together, these data
indicate that TRPV6 shows clear inward rectification in
the absence of intracellular Mg?*, and that deactivation
in the presence of 1 mM intracellular Mg?* increases
the degree of steady-state inward rectification by a fac-
tor of three.

The voltage protocol shown in Fig. 2, A-C, also allows
quantification of the voltage dependence of Mg?*-
dependent deactivation. We assessed the apparent open
probability (P,) (Fig. 2 F) from the instantaneous in-
ward current during a step to —100 mV following the
100-ms test pulses and by normalizing this value to the
maximal inward current. With 1 mM intracellular
Mg?*, the apparent P, steeply decreases between —80
and —20 mV, reaches a minimum of ~0.25 at —20 mV
and then slightly increases at more positive potentials,
whereas in the absence of intracellular Mg?* it remains
virtually constant at a value close to 1.

Fig. 3, A-C, illustrates the concentration dependence
of the effect of intracellular Mg?* on inward rectifica-
tion and voltage-dependent gating of TRPVG6. Increas-
ing [Mg?*]; from 8 uM to 5 mM leads to a more pro-
nounced time dependence of the currents and a signif-
icant reduction of the steady-state outward currents.
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The rectification score of I increased from around 10
at low [Mg?"]; to ~50 with 5 mM [Mg?*]; (Fig. 3 D),
and half maximal reduction of the relative outward
conductance, as estimated from fitting a Hill equation
to the data points, occurred at a concentration of 154 *
28 uM. Fig. 3 E shows the voltage dependence of the
apparent P, for different [Mg?"];. Increasing [Mg?"];
causes a leftward shift of the deactivation curve and
leads to a decrease of the minimal apparent P,. The
Mg?* concentration at which the apparent P, at 0 mV
was half-maximally reduced was 57 = 14 uM (Fig. 3 F).
Note that for all tested intracellular Mg?" concentra-
tions the apparent P, goes through a nonzero mini-
mum around 0 mV and then increases at more positive
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potentials, an effect that was most clear at submillimo-
lar [Mg?*]; (for example, see Fig. 3 B, inset).

Interaction between Mg” and Permeant Cations within the
Channel Pore

The most straightforward explanation for the Mg?*-
dependent rectification and gating of TRPVG6 is that in-
tracellular Mg?* binds to one or more sites in the chan-
nel pore and within the transmembrane electrical field,
and thereby blocks permeation of other cations in a
voltage-dependent manner. However, it cannot be fully
excluded that Mg?* allosterically modulates an intrinsic
gating mechanism. To discriminate between these pos-
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Concentration dependence of the effect of intracellular Mg?* on inward rectification and voltage-dependent gating. (A-C)

Current traces with three different intracellular free Mg2* concentrations obtained using the protocol shown in Fig. 2 C, except that test
pulses ranged from —120 to 100 mV. (D) Mg2?* dependence of inward rectification. The rectification score of I, was determined as the ra-
tio of the slope conductances at —80 and 80 mV. The solid line represent a Hill function fitted to the data. (E) Voltage dependence of the
apparent P, for the different intracellular Mg?* concentrations. (F) Mg?* dependence of the apparent Py at 0 mV. The solid line repre-

sent a Hill-function fitted to the data.

sibilities we tested whether Mg?*-dependent gating is
modulated by the permeant cation.

As shown in Fig. 4, reducing the extracellular Na*
concentration from 150 to 70 or 30 mM (isomolar sub-
stitution by the impermeant cation NMDG*) not only
reduces the inward current (Fig. 4, A and B) but also
shifts the voltage dependence of the apparent P, to
more negative potentials (Fig. 4 C). Similarly, isomolar
substitution of extracellular Na* by the less permeant
monovalent cations K* or Cs* causes a leftward shift of
the voltage dependence of the apparent P, (Fig. 5, A
and C), whereas with 30 mM Ba?* as the sole charge
carrier the voltage dependence is shifted to more posi-
tive potentials (Fig. 5, B and C), consistent with the
higher relative permeability of Ba?" compared with
Na*. As shown in Fig. 6, there is a linear relation be-
tween the measured reversal potential for the different
extracellular solutions and the potential for 50% deac-
tivation (Vp, = 0.5). Together, these data demonstrate
that permeant cations interact with Mg%*-dependent
gating, consistent with direct binding of Mg?" within
the channel pore. Unfortunately, we were not able to
directly measure the effects of intracellular Mg%* on
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Ca?* currents through TRPV6. Ca?" currents undergo
rapid and slow Ca’*-dependent inactivation (Hoen-
derop et al., 2001; Yue et al., 2001), which makes it im-
possible to accurately measure the apparent P, and the
effects of intracellular Mg?* on thereon.

Mg” Acts as a Bidirectional Permeant Blocker

As noted above, the apparent P, reaches a minimum
around 0 mV and increases at more positive potentials
(see Fig. 3, B and F). This relief of block at positive po-
tentials suggests that under these conditions Mg?* can
be expelled from its binding site(s) and permeate
through the channel into the extracellular space. If this
were the case, it is expected that the same binding site(s)
within the channel pore can also be occupied in a volt-
age-dependent manner by extracellular Mg?* ions.

As shown in Fig. 7, A-C, submillimolar concentra-
tions of extracellular Mg%* ions indeed cause a voltage-
dependent block of TRPV6 currents. The voltage
dependence of block by extracellular Mg?* mirrors
that by intracellular Mg?*: the apparent Po is maximal
at very positive potentials, decreases to a minimum
around —40 mV, and increases again at more negative
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FIGURE 4. Modulation of the voltage dependence of TRPV6 by
the extracellular Na® concentration. Intracellular solution con-
tained 150 mM Na*, 10 mM EGTA and 2 mM Mg*. (A and B) Cur-
rent traces in 150 mM (A) or 70 mM extracellular Na*™ obtained
using the protocol shown in Fig. 2 C, except that test pulses ranged
from —140 to 100 mV. (C) Voltage dependence of the apparent P,
for three different extracellular Na* concentrations.

values (Fig. 7 D). The extracellular Mg?* concentration
at which the apparent P, at 0 mV was half-maximally re-
duced was estimated to be 75 * 7 uM, comparable to
the value of 57 = 14 pM obtained for intracellular
Mg?* (see Fig. 3 F). Together, these data indicate that
Mg?* can block the TRPV6 pore from either side of the
membrane, and permeate the channel if sufficient volt-
age is applied.

Yue et al. (2001) observed that voltage-dependent ac-
tivation of TRPV6 at negative potentials only occurs in
the full absence of extracellular Mg?*. At 1 mM intra-
cellular Mg?* and with extracellular Mg?* buffered at 3
M, they observed slow inactivation of TRPV6 currents
at negative potentials. Under these conditions, the acti-
vation at negative potentials due to unblock of intracel-
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lular Mg?* is probably masked by a rapid block of the
pore by extracellular Mg?*.

Kinetics of Mg?" Binding and Unbinding

Fig. 8 presents a quantitative analysis of the kinetics of
Mg?* block and unblock from either side of the mem-
brane. Fig. 8, A-C, show results that were obtained in a
divalent-free extracellular solution and with 1 mM in-
tracellular Mg?*. In this condition, maximal block of
the channel by the intracellular Mg?* jons is achieved
around 0 mV, whereas the apparent P, is maximal at
—100 mV (see Fig. 2 F). Stepping from 0 mV to nega-
tive potentials, as illustrated in Fig. 8 A, results in time-
dependent opening of TRPV6, which we interpret as
the time course of Mg?* release from its binding site(s)
in the channel pore. In the same way, we interpret the
negative slope of the I-V relation obtained from linear
voltage ramps (e.g., Fig. 1 A) as the time-dependent un-
blocking of Mg?" during the hyperpolarized part of the
ramp protocol. Conversely, stepping from —100 mV to
more depolarized potentials (Fig. 8 B) results in time-
dependent closing of the channel, which mainly repre-
sents the time course of binding of intracellular Mg?*
into the channel pore. From the superimposed fits of
the current traces it can be seen that neither block nor
unblock are monoexponential and that two exponen-
tial terms are required for an adequate fit. Over the ex-
amined voltage range, the two time constants differed
roughly by one order of magnitude (Fig. 8 C).

Fig. 8, D-F, illustrates a kinetic analysis of current
traces obtained with a divalent cation—free intracellular
solution and with 500 uM extracellular Mg?*. In this
condition, maximal block of the channel by extracellu-
lar Mg?* ions is achieved below —20 mV, whereas block
is relieved at more positive potentials (see Fig. 7 B).
Stepping from 80 mV to negative potentials (Fig. 8 D)
results in a time-dependent block of TRPV6 by extracel-
lular Mg?*, whereas stepping from —100 mV to more
depolarized potentials (Fig. 8 E) results in time-depen-
dent release of bound Mg?* to the extracellular me-
dium. The time course of extracellular Mg?* block at
hyperpolarized potentials (—80 mV and below) again
required two exponential terms for an acceptable fit
(Fig. 8 D), yielding two time constants that differed by
approximately one order of magnitude (Fig. 8 F). In
contrast, block at less negative potentials and unblock
at positive potentials (Fig. 8, E and F) were well de-
scribed by a monoexponential function. However, due
to the relatively short length of the test pulses (100 or
200 ms), a second slow exponential term with time-con-
stants >100 ms may have escaped detection.

Mg?*-independent Inward Rectification Is Intrinsic

As shown above (Figs. 2 and 3) TRPVG still displays in-
ward rectification in the absence of intracellular Mg?*
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and with identical solutions on either side of the
plasma membrane. Inward rectification of Kir channels
in the absence of intracellular Mg?* is due to a pore
block by intracellular polyamines such as spermine,
spermidine, and putrescine (Nichols and Lopatin,
1997), which is slowly lost in inside-out patches due to
the washout of these cytoplasmic gating molecules (Lo-
patin et al.,, 1994). To investigate whether a similar
mechanism causes rectification of TRPV6 in the ab-
sence of intracellular Mg?*, we first measured whole-
cell currents using a Mg%*free intracellular solution
containing 5 mM spermine. Currents measured under
these conditions were time-independent, displayed
moderate inward rectification (rectification score =
10.1 * 0.7; » = 4) and were indiscernible from cur-
rents measured in the absence of intracellular sper-
mine and Mg?* (unpublished data).

Additionally, we tested whether rectification was sen-
sitive to washout of cytoplasmic factors in inside-out
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apparent P, for the different permeant cations.

patches. As shown in Fig. 9, inside-out patches excised
in Ca?™- and Mg?*-free medium display macroscopic,
inwardly rectifying currents. The amplitude of these
currents increased significantly during the first ~100 s
after excision (Fig. 9, A and B). We attribute this cur-
rent increase mainly to the relief of the tonic inhibition
of TRPV6 by intracellular Ca*" and Mg?* ions, which
have both been shown to exert an inhibitory effect on
TRPV6 activity (see below and in Hoenderop et al.,
2001; Voets et al., 2001). Addition of 200 pM Mg?* to
the cytoplasmic side of the patch reversibly induced
voltage-dependent gating, similar to what is observed in
whole-cell currents (Fig. 9 C). Most importantly, chan-
nel activity was generally stable for at least 1000 s, with-
out significant changes in rectification (Fig. 9 D). The
average rectification score 1,000 s after patch-excision
amounted to 9.8 = 1.4 (n = 4). Together, our data
demonstrate that MgZ™-independent rectification does
not depend on block by polyamines or other soluble cy-
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toplasmic factors, suggesting that TRPV6 displays in-
trinsic rectification.

Asp>*! within the Pore Region Is Required for Mg?* Binding

In the strong inward rectifier K* channel Kir2.1
(IRK1), high-affinity binding of intracellular Mg?*- and
polyamines is strongly affected by neutralizing a single
negatively charged aspartate residue (Aspl72) in the
second transmembrane domain (M2) (Stanfield et al.,
1994). The corresponding sixth transmembrane do-
main (TM6) of TRPV6 does not contain any negatively
charged residue, but four negative residues (one
glutamate and three aspartates) are present in the pore
region between TM5 and TM6. To investigate their pos-
sible involvement in Mg?* binding, we replaced these
negatively charged residues one by one by neutral
amino acids. All four mutants expressed as functional
channels, and three of them (E534A, D547S, and
Db549A) were indiscernible from WT TRPV6 with re-
spect to Mg?*-dependent gating and inward rectifica-
tion (Fig. 10, A, B, E, and F). In contrast, the mutant
D541A showed no obvious voltage-dependent gating
and only moderate inward rectification with 1 mM free
intracellular Mg?* (Fig. 10, C and F). Moreover, omit-
ting Mg?" from the intracellular solution did not affect
the inward rectification and time-independent nature
of the currents through this mutant (Fig. 10 E and un-
published data). Interestingly, the D541A mutation also
affected the shape of the I-V relation in the absence of
intracellular Mg?*, passing significantly more outward
current than WT TRPV6 at potentials >50 mV (Fig. 10
D). Similar to the effect of mutating the corresponding
amino acid in TRV5 (Nilius et al., 2001), the D541A
mutant channel was also insensitive to application of 1
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mM Mg?* to the extracellular solution and only poorly
permeable for Ca?* (unpublished data). Thus, Asp®! is
a crucial determinant of the Mg?* affinity of TRPVS, in-
dicating that it may form part of a Mg?* binding site
within the channel pore.

Mg?" Uncaging Reveals a Second, Slower Inhibitory Action of
Intracellular Mg®*

During the course of the present experiments we con-
sistently observed that the TRPV6 current density was
inversely correlated to the intracellular Mg?* concen-
tration, in line with previous findings (Hoenderop et
al., 2001). In a specific set of experiments, the average
inward Na* current density at the end of a 100-ms step
to —100 mV measured 500 s after establishment of the
whole-cell configuration was 762 * 245 pA/pF (n =
14) with 1 mM free intracellular Mg?* versus 1712 =+
384 pA/pF (n = 14) in the absence of intracellular
Mg?* (P < 0.05; unpaired ¢ test). To test whether the
effect of Mg?" on overall current density can be
separated from the above-described voltage-dependent
pore block, we performed experiments using the pho-
tolabile Mg?* chelator DM-nitrophen. Fig. 11 shows an
experiment in which a TRPV6-expressing cell dialyzed
with a pipette solution to which DM-nitrophen 60%
loaded with Mg?* was added (calculated free Mg?* con-
centration of 3.75 pM) was held at 20 mV and stepped
to —100 mV for 100 ms every 3.2 s. In Fig. 11 A, the cur-
rent amplitude at the beginning and end of this step
are plotted as a function of time, with on top represen-
tative current traces corresponding to the indicated
time points. As expected, dialyzing with this low Mg?*
solution led to a rapid washout of the Mg**-dependent
gating, resulting in time-independent inwardly rectify-
ing currents (Fig. 11, A and C). Moreover, the ampli-
tude of the current grew significantly during the first
minutes after establishment of the whole-cell configu-
ration. Subsequently, the cell was illuminated with
pulses of UV light from the Polychrome IV monochro-
mator (380 nm; 100-ms pulses at 1 Hz during 20 s) in
order to partially photolyze the DM-nitrophen. The re-
sulting increase of the free intracellular Mg** concen-
tration, which we estimated to reach ~1 mM, had a
biphasic effect on the TRPV6 current. Initially, the in-
ward currents became time dependent, but the steady-
state inward current at the end of the 100-ms step was
not affected. However, after ~10 s of increased intracel-
lular Mg?*, the amplitude of the steady-state current
also started to decrease (Fig. 11, A and C). Fig. 11 B dis-
plays the ratio of initial over steady-state current, as a
quantitative measure of voltage-dependent gating. By
comparing the time course of this ratio with that of the
steady-state current, the different timing of the two
Mg?*-dependent processes can be appreciated: the ef-
fect on gating reached its maximum at the end of the
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UV illumination period (Fig. 11 B), whereas the de-
crease of the steady-state current was maximal ~60 s
later (Fig. 11 A). The effect of UV illumination was only
slowly and partially reversible (Fig. 11 A). We attribute
this to the fact that not only the cell but also the tip of
the patch-pipette had been illuminated with UV light,
such that the increase in intracellular Mg?* outlasted
the period of UV illumination for several hundreds of
seconds. To exclude the possibility that photoproducts
of the DM-nitrophen photolysis contributed to the dual
effects of UV illumination, we performed similar exper-
iments using a DM-nitrophen-containing pipette de-
void of Mg?*. Under this condition, UV illumination
had no effect on the voltage-dependent properties
or steady-state amplitude of TRPV6 currents (unpub-
lished data).

Finally, we investigated whether this slower inhibition
is conserved in cellfree inside-out patches (Fig. 12).
Fig. 12 A shows TRPV6 current traces measured after
maximal development of the current in an inside-out
patch with the cytoplasmic side exposed to a Ca?*- and
Mg?*-free solution (10 EDTA). Subsequently, the patch
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ward current measured immediately after the

160 100-ms test pulses normalized to the maximal in-

ward current.

was rapidly exposed to a solution containing 1 mM free
Mg?* (10 EGTA and 2 mM MgCly). As expected from
the above, this leads to a voltage-dependent block of
TRPV6, which is observed within 5 s as a reduction of
outward currents and a negative slope conductance at
potentials below —120 mV (Fig. 12 B; see also Figs. 9 C
and 1 A). After this virtually immediate, voltage-depen-
dent effect of intracellular Mg?*, the currents through
the patch continued to decrease during the next 20-30 s
(Fig. 12 C). This second, slower effect of Mg?* did not
show clear voltage dependence, as evidenced by the
close match of the superimposed, normalized I-V rela-
tions obtained 5 and 30 s after addition of Mg?* (Fig.
12 D). On average, the current decrease between 5 and
60 s after addition of 1 mM Mg?* to the patch
amounted to 55 * 13% at 100 mV and 53 = 7% at
—100 mV (n = 4). Together, these data demonstrate
that increasing intracellular Mg?" has two distinct ef-
fects on TRPVG: it causes a direct voltage-dependent
block of the channel pore and a slower, voltage-inde-
pendent inhibition of the channel. Moreover, both ef-
fects are preserved in cellfree inside-out patches, indi-
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FIGURE 8. Analysis of the kinetics of Mg?* block and unblock. (A and B) Current traces obtained with a divalentfree extracellular solu-
tion and with 1 mM free intracellular Mg?* in response to the indicated voltage step. Single (solid gray) and double (dotted gray) expo-
nential fits are superimposed. (C) Fast (squares) and slow (circles) time constants obtained from double exponential fits as in A and B.
The open symbols were obtained from the fits to currents in response to a hyperpolarizing step from a holding potential of 0 mV, as in A.
The filled symbols were obtained from the fits to currents in response to a depolarizing step from a holding potential of —100 mV, as in B.
(D and E) Current traces obtained with a divalent—free intracellular solution and with 500 pM free extracellular Mg?* in response to the
indicated voltage step. Single (solid gray) and double (dotted gray) exponential fits are superimposed. (F) Fast (squares) and slow (cir-
cles) time constants obtained from single or double exponential fits as in (D and E). The open symbols were obtained from the fits to cur-
rents in response to a hyperpolarizing step from a holding potential of 80 mV, as in D. The filled symbols were obtained from the fits to
currents in response to a depolarizing step from a holding potential of —100 mV, as in E.

cating that the actions of Mg?* do not require any solu-
ble cytosolic factors.

DISCUSSION

In this study, we have systematically studied the effects of
intracellular Mg?* on the inward rectification and volt-
age-dependent gating of the cation channel TRPV6. Our
results demonstrate that submillimolar concentrations
of intracellular Mg?* cause voltage-dependent gating of
the channel, which contributes to the strong inward
rectification of monovalent cation currents through
TRPV6. We found that the voltage dependence varies in
parallel with the concentration and relative permeability
of the main permeant cation, consistent with a direct in-
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teraction between the blocking particle Mg?* and per-
meant cations within the channel pore. Block is relieved
at positive potentials, indicative a “punch through”
mechanism whereby Mg?* escapes from its binding site
toward the extracellular space. Moreover, we show that
neutralizing a single negatively charged amino acid
within the putative selectivity filter fully abolishes the ef-
fect of intracellular Mg?* on inward rectification and
voltage dependence of TRPV6. Thus, Mg?* acts as a volt-
age-dependent gate for TRPV6 that directly interacts
with the selectivity filter and permeates the channel if
the driving force is sufficiently large.

It is well known that Mg?* acts as a gating particle in
other types of cation channels (Hille, 2001). In NMDA-
type glutamate receptors, block of the channel pore by
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opening at negative potentials, comparable with the behavior of the whole-cell current in Fig. 1 A. (D) The effect of intracellular Mg?2*
was rapidly reversible, and inward rectification was preserved up to 1,000 s after patch excision.

extracellular Mg?* causes outward rectification and in-
hibits glutamate-induced currents at hyperpolarized
potentials (Nowak et al., 1984). Conversely, block by in-
tracellular Mg?* of outward K* fluxes causes rectifica-
tion of Kir channels (Nichols and Lopatin, 1997). From
our study, a number of parallels between the effects of
intracellular Mg?* on inward rectification of TRPV6
and Kir channels become apparent. First, the interac-
tion of intracellular Mg?* with both channel types man-
ifests itself as a time-dependent activation upon hyper-
polarization and deactivation upon depolarization. Sec-
ond, the affinity of TRPV6 and Kir channels for Mg?* is
voltage-dependent with apparent Ky, values at depolar-
ized potentials in the micromolar to low millimolar
range (Vandenberg, 1987). Third, the voltage depen-
dence of Mg?* block of Kir channels and TRPV6 de-
pends on the nature and extracellular concentration of
the permeant cation (Horie et al., 1987), indicating
that in both channels the permeant cation can knock
Mg?* off its binding site within the pore.

However, there are also some clear differences be-
tween the mechanisms underlying inward rectification
in Kir channels and TRPV6. First, we show that intracel-
lular Mg?" can be “punched” through the channel
pore, which relieves block at more depolarized poten-
tials, whereas such a relief of block by intracellular
Mg?* has never been observed in Kir channels (Nichols
and Lopatin, 1997). Second, inward rectification of Kir
channels in the absence of intracellular Mg?* reflects
channel block by polyamines such as spermine and
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spermidine (Ficker et al., 1994; Lopatin et al., 1994;
Fakler et al., 1995). Although an intrinsic gating mech-
anism has been proposed for Kir channels (Lee et al.,
1999), complete washout of Mg?* and polyamines in in-
side-out patches, which is typically achieved within
~100 s (Lopatin et al., 1994), produces intrinsically
nonrectifying K* channels (Guo and Lu, 2002). In con-
trast, inward rectification of TRPV6 is preserved in in-
side-out patches after perfusion of the cytoplasmic side
of the patch for >1,000 s with Mg?*- and polyamine-
free solution, suggesting that TRPV6 displays intrinsic
rectification. Finally, high Mg?* affinity in Kir channels
depends on at least two negatively charged residues:
one in TM2 (corresponding to TM6 of TRP channels)
and one in the COOH-terminal cytoplasmic domain
(Stanfield et al., 1994; Wible et al., 1994; Yang et al.,
1995). In contrast, we found that block of TRPV6 by in-
tra- and extracellular Mg?* is abolished after neutraliza-
tion of a single aspartate (Asp>!) that is located in the
pore loop between TMb5 and TM6. Assuming that the
overall structure of the pore of TRP channels is similar
to that of K* channels (Doyle et al., 1998), this finding
indicates that the Mg?* binding site in TRPV6 is lo-
cated in the selectivity filter, whereas binding of Mg?*
(and polyamines) in Kir channels is thought to occur
in the wider channel vestibule closer to the cytoplasmic
side of the channel.

The simplest model for voltage-dependent block by a
permeant blocker consists of a single binding site in the
channel pore that can be reached by Mg?* from either
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side of the membrane and from which Mg?* can be re-
leased to either side. Such a simple model fits the
steady-state open probability in function of TRPV6 in
function of voltage and Mg?* reasonably well (unpub-
lished data), but cannot explain the experimentally ob-
served double exponential time dependence of the
currents, for which more complicated models should
be considered. For example, biexponential time de-
pendence can be modeled assuming two distinct bind-
ing sites for Mg?* within the channel pore. Alterna-
tively, one can envisage that the rate of Mg?* binding/
unbinding to a single binding site can vary, for example
depending on the transmembrane voltage or the pres-
ence of permeant cations in the channel pore. A more
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detailed structural analysis of the TRPV6 pore would be
needed to assess the validity of such more complex
models.

When comparing the rectification properties of
TRPV6 (and the highly homologous TRPV5) with the
two other known types of highly Ca%-selective chan-
nels, namely the superfamily of voltage-gated Ca’*
channels (VGCGCs) and the calcium release—activated
Ca?* channel (CRAC), some interesting differences be-
come apparent. TRPV6, VGCCs and CRAC all display
anomalous mole fraction behavior in Na*/Ca?* mix-
tures, and conduct large monovalent cation currents in
the absence of divalent cations (Hess and Tsien, 1984;
Hoth and Penner, 1993; Lepple-Wienhues and Ca-



FiGure 11.

Separation of two effects of intracellular Mg?* using photolysis of caged Mg?*. Intracellular solution contained 5 mM DM-

nitrophen and 3 mM Mg?*. (A) Time course of the inward current measured at the beginning (I;;;) and end (I) of a 100-ms step to —100
mV from a holding of 20 mV. The traces on top were recorded at the time points indicated by numbers 1-5. (B) Time course of the ratio
of I,; over I as a measure of the voltage-dependent block by intracellular Mg?*. (C) Current traces obtained at the time points indicated
by an arrow in A using the protocol shown in Fig. 2 C, except that test pulses ranged from —120 to 80 mV.

halan, 1996; Hoenderop et al., 2001; Vennekens et al.,
2001). However, monovalent cation currents through
TRPV6 and CRAC are inwardly rectifying, even under
symmetrical ionic conditions (Hoth and Penner, 1993;
Voets et al., 2001; Yue et al., 2001; Bakowski and
Parekh, 2002), whereas instantaneous monovalent
cation currents through VGCCs are linear (Lux et
al., 1990). Additionally, intracellular Mg?* further in-
creases the degree of inward rectification of TRPV6,
whereas it has no significant effect on the I-V relation
of CRAC (Hermosura et al., 2002; Kozak et al., 2002;
Prakriya and Lewis, 2002). Thus, although the mecha-
nism of selecting between Ca?* and monovalent cations
appears to be similar in TRPV6, CRAC, and VGCCs,
the structural elements that underlie rectification and
Mg?* sensitivity clearly differ among these Ca?*-selec-
tive channels. Mg?* sensitivity and inward rectification
are therefore instrumental criteria for the comparison
of currents though endogenous and cloned channels.
The origin of the “intrinsic” inward rectification of
TRPV6 that remains in inside-out patches in the ab-
sence of cytoplasmic Mg?* is presently not known.
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TRPV6 may be endowed with an intrinsic, voltage-
dependent gating mechanism that closes the channel
at positive potentials. Alternatively, rectification could
originate from the rapid voltage-dependent block of
outward current by some unknown cytosolic factor that
withstands perfusion of an inside-out patch for more
than 1,000 s or by contaminants in the intracellular re-
cording solution. For example, impurities in typical
constituents of recording solutions such as HEPES and
EDTA have been shown to cause a moderate degree of
inward rectification of Kir channels (Guo and Lu,
2002). However, any voltage-dependent gating mecha-
nism would need to be extremely fast (time constant
<100 ws), since with our sampling rate we were unable
to resolve time-dependent current inactivation at posi-
tive potentials in the absence of intracellular Mg?*. Fi-
nally and probably more likely, rectification could be
an intrinsic property of the channel pore, and reflect
the asymmetric distribution of energy barriers along
the channel conduction pathway (Hille, 2001). The
finding that the D541A mutation also alters the shape
of the I-V relation in the absence of Mg?* could point
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Ficure 12.  Both effects of intracellular Mg?* on TRPV6 are preserved in cell-free inside-out patches. The extracellular (pipette) solution
contained 150 mM NaCl and 1 mM EDTA. Currents were measured during 400-ms voltage ramps from —150 to 100 mV. (A) I-V relation
obtained 200 s after patch excision in a divalentfree solution. At this time point, the TRPV6 current had maximally developed. (B) I-V re-
lation obtained 5 s after addition of 1 mM Mg?* to the intracellular side of the patch. (C) I-V relation obtained 30 s after addition of 1 mM
Mg?* to the intracellular side of the patch. (D) Overlay of the IV relations shown in B and D after normalization to the current at 100 mV,
illustrating the lack of voltage dependence of the slow Mg2*-dependent inhibition of TRPV6.

to an alteration of the energy barriers in the selectivity
filter, although alternative explanations are certainly
possible. Studying the properties of additional pore
mutations may help to further elucidate the origin of
the Mg®*-independent rectification of TRPV6.

Our results confirm previous results showing that in-
tracellular Mg?* has a slow inhibitory action on steady-
state TRPV6 current (Hoenderop et al., 2001). By using
the photolysable Mg?* cage DM-nitrophen, we show
that this inhibitory effect of Mg?* can be separated
from the voltage-dependent pore block: the voltage-
dependent pore block occurs immediately upon Mg?*-
uncaging, whereas the slow inhibitory effect develops
over ~60 s after Mg?* uncaging. The molecular mecha-
nism of this slower inhibitory effect of intracellular Mg?*
is presently unknown, but its voltage independence
and slow development argues against a direct binding
of Mg?" in the channel pore. Our finding that the slow
inhibition is preserved in inside-out patches points out
that no soluble cytosolic factors are required for this
Mg?*-dependent effect. Note that voltage-independent
inhibition of a TRP channel by intracellular Mg?* is
not unprecedented: TRPM7, a member of the TRPM
branch of the TRP superfamily, is inhibited by intracel-
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lular Mg?* ions with a halfmaximal inhibition at ~0.5
mM (Nadler et al., 2001). This inhibition by Mg?* is
regulated by intracellular nucleotides, and it has been
hypothesized that this mechanism couples the activity
of TRPM7 to the metabolic state of the cell (Nadler et
al,, 2001). Interestingly, the activity of CRAC channels,
which were proposed to be mediated by TRPV6 (Yue et
al., 2001; but see Voets et al., 2001; Prakriya and Lewis,
2002), is not significantly modulated by the intracellu-
lar Mg?* concentration (Kozak et al., 2002; Hermosura
et al., 2002; Prakriya and Lewis, 2002).

In this study, voltage-dependent block of TRPV6 by
intracellular Mg?* was studied in the complete absence
of extracellular divalents or with extracellular Ba?* as
the sole charge carrier. In the presence of millimolar
concentrations of extracellular Ca2?", in which case cur-
rents through TRPV6 are almost solely carried by Ca®*,
an accurate measurement of the extent of block by in-
tracellular Mg?* was impossible due to the prominent
Ca?*-dependent inactivation of the channel (Hoen-
derop et al., 2001; Yue et al., 2001). At present, the
mechanism of Ca?*-dependent inactivation of TRPVG6 is
still unresolved, although a calmodulin-binding site in
the COOH terminus and residues in the intracellular



loop between TM2 and TM3 of TRPV6 have been im-
plicated in the process (Niemeyer et al., 2001; Nilius et
al.,, 2002). However, mutations affecting these sites only
slow down the inactivation of TRPV6 without fully abol-
ishing it (Niemeyer et al., 2001; Nilius et al., 2002).
Therefore, the actual impact of the block by intracellu-
lar Mg?* on Ca?* influx through TRPV6 and its physio-
logical implications remain unclear. If the linear rela-
tion between reversal potential and Vp, — o5 (Fig. 6)
holds true for Ca?* currents, one would expect that
TRPV6 currents at 1 mM extracellular Ca%*, which re-
verse around 30 mV (Hoenderop et al., 2001; Yue et al.,
2001), would be half maximally blocked by 1 mM intra-
cellular Mg?* in the voltage range between 0 and 20
mV. TRPV6 is prominently expressed in the apical
membrane of enterocytes, and has been proposed to
function as the major gatekeeper for Ca?" absorption
in the intestine (Peng et al., 1999). In conditions where
the diet contains very low amounts of Ca?* and/or high
concentrations of Ca?' chelating molecules, the free
Ca?* concentration in the intestinal lumen may drop
sufficiently to allow significant monovalent TRPV6 cur-
rents (Mupanomunda et al., 1999). Under such condi-
tions, the voltage-dependent block of TRPV6 by intra-
cellular Mg?* ions could be important to prevent depo-
larization of the apical membrane and massive Na*
influx into the enterocytes.

In conclusion, our data demonstrate that intracellu-
lar Mg?* acts as a permeant pore blocker of TRPV6 and
contributes to the strong inward rectification of this
channel, and that Mg?*-binding requires an aspartate
in the putative selectivity filter of the pore. Additionally,
high intracellular Mg?* also induces a slow, voltage-inde-
pendent inhibition of TRPV6. These Mg?*-dependent
effects may contribute to the regulation of TRPV6 func-
tion in vivo and represent instrumental criteria for the
molecular identification of TRPV6-like channels in na-
tive cells.
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