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The closely related cation channels TRPM2 and TRPMS8 show
completely different requirements for stimulation and are reg-
ulated by Ca" in an opposite manner. TRPMS is basically gated
in a voltage-dependent process enhanced by cold temperatures
and cooling compounds such as menthol and icilin. The putative
S4 voltage sensor of TRPMS is closely similar to that of TRPM2,
which, however, is mostly devoid of voltage sensitivity. To gain
insight into principal interactions of critical channel domains
during the gating process, we created chimeras in which the
entire S5-pore-S6 domains were reciprocally exchanged. The
chimera M2-M8P (i.e. TRPM2 with the pore of TRPMS)
responded to ADP-ribose and hydrogen peroxide and was reg-
ulated by extracellular and intracellular Ca®>* as was wild-type
TRPM2. Single-channel recordings revealed the characteristic
pattern of TRPM2 with extremely long open times. Only at far-
negative membrane potentials (—120 to —140 mV) did differ-
ences become apparent because currents were reduced by
hyperpolarization in M2-M8P but not in TRPM2. The recipro-
cal chimera, M8-M2P, showed currents after stimulation with
high concentrations of menthol and icilin, but these currents
were only slightly larger than in controls. The transfer of the
NUDT9 domain to the C terminus of TRPMS8 produced a chan-
nel sensitive to cold, menthol, or icilin but insensitive to ADP-
ribose or hydrogen peroxide. We conclude that the gating pro-
cesses in TRPM2 and TRPMS differ in their requirements for
specific structures within the pore. Moreover, the regulation by
extracellular and intracellular Ca®>* and the single-channel
properties in TRPM2 are not determined by the S5-pore-S6
region.

TRPM2 and TRPMS display the highest sequence homology
within the family of transient receptor potential (TRP)? cation
channels (1). TRPM2 is gated mostly by intracellular ADP-ri-
bose (ADPR) and possibly by oxidative stress, for which extra-
cellular application of hydrogen peroxide is an experimental
paradigm (2, 3). ADPR binds to the intracellular NUDT9
domain, forming the C-terminal part of the TRPM2 protein (2,
4, 5). Little is known about the further details of the gating
mechanism initiated after binding of ADPR; no further protein
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domains have been identified that mediate gating by interac-
tion with the pore. The resulting currents of TRPM2 show a
linear I-V relation, indicating the absence of a voltage depen-
dence of the gating process. In contrast, TRPMS8 is, in principle, a
voltage-gated channel, equipped with a voltage sensor in the S4-S5
region, in analogy to voltage-gated K* channels (6, 7). Activation
requires strongly depolarized membrane potentials. The physio-
logical role of TRPMS is, however, thought to be not the sensing of
voltage but of cold and of some cooling agents such as menthol (1,
8, 9). It has been demonstrated that these physical and chemical
stimuli shift the activation curve of TRPMS into the negative volt-
age range corresponding to normal membrane potentials (6, 7).
Interestingly, the S4-S5 regions of TRPMS8 and TRPM?2 are quite
similar. In particular, all the basic amino acid residues within this
region are present in TRPM2 as well as in TRPMS (7). Therefore,
we reasoned that the apparent insensitivity to voltage in TRPM2
results from differences in the pore region from S5 to S6 rather
than in the voltage-sensing region. An experimental test of this
hypothesis should be enabled by chimeras of TRPM2 and TRPMS8
in which the respective pore regions are reciprocally exchanged.
Thus, one chimera is basically a TRPM2 channel with the pore
region of TRPMS, and the other is a TRPMS8 channel with the pore
region of TRPM2. We refer to these chimeras as M2-M8P and
M8-M2P, respectively.

Furthermore, this experimental approach offers the oppor-
tunity to study the importance of the pore with respect to other
functional criteria, beyond the voltage dependence. First, sin-
gle-channel properties as shown in isolated patches may be
essentially determined by the pore. Although the single-chan-
nel conductance of TRPM?2 and TRPMS is similar, the channel
kinetics differ widely, especially in terms of the open times,
which are extremely long in TRPM2 and short in TRPMS8 (2, 10,
11). Of even greater functional relevance may be the question of
whether regulation of the channels by intracellular and extra-
cellular Ca®™ is related to the pore region. Remarkably, Ca®"
regulation is opposite in several aspects in TRPM2 and TRPMS.
TRPM?2 essentially requires extracellular Ca>* for channel
function (12); intracellular Ca®>* acts cooperatively with ADPR
in channel activation (13) to an extent that, at low intracellular
concentrations of ADPR, which may represent the physiologi-
cal situation, the channel becomes regulated mainly by intra-
cellular Ca®>* (14). In contrast, no Ca®" is required for activa-
tion of TRPMS by cold and menthol, although a distinct Ca**
dependence exists for activation by another stimulus, icilin
(15). Moreover, desensitization of TRPMS8 channel activity is
largely dependent on Ca®>" (16, 17), whereas TRPM2 hardly
exhibits any desensitization. Extracellular binding sites for
Ca®*, possibly localized in the pore region, which represents
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the main part of the protein exposed to the extracellular space,
have been suggested (12, 18).

In this study, we created and functionally characterized the
two reciprocal chimeras M2-M8P and M8-M2P, as well as a
chimera in which the NUDT9 domain of TRPM2 was linked to
the C terminus of TRPMS8. The aim of this approach was to gain
insight into the role of the S5-pore-S6 domain as a functional
counterpart of the TRPMS8 voltage sensor and the TRPM2
NUDT9 domain.

EXPERIMENTAL PROCEDURES

Molecular Cloning—The ¢cDNAs of human TRPM?2 and
TRPMS8 were subcloned into the pIRES-hrGFP-2a vector
(Stratagene, La Jolla, CA). For the generation of the chimeric
channels, we designed recognition sites for restriction enzymes
(New England Biolabs, Beverly, MA) at corresponding posi-
tions of the open reading frame of both channels. Site-directed
mutagenesis was performed using the QuikChange mutagene-
sis system (Stratagene). Defined oligonucleotides were ob-
tained from MWG Biotech AG (Ebersberg, Germany). The
preparation and ligation of the DNA fragments that had to be
exchanged between the two channels were performed as described
previously (4). After having exchanged the S5-pore-S6 domains,
the original sequences at the cut-paste limits were restored.
Each point mutation, as well as the correct orientation of the
exchanged domains, was verified by DNA sequencing with the
BigDye Terminator kit (PerkinElmer Life Sciences). To exclude
the presence of inadvertent mutations in other regions of
the channel, two clones with identical results were tested for
each chimera or point mutant. All procedures were performed
in accordance with the respective manufacturers’ instructions,
if not indicated otherwise.

Cell Culture and Transfection—Stable expression of wild-
type and chimeric channels was achieved as follows. Each of the
expression constructs, pIRES-TRPM2 and pIRES-TRPMS, and
the corresponding chimeric variants were recombined with a
neomycin resistance module (EC-Neo, Stratagene) according
to the manufacturer’s instructions. The recombination con-
structs were transiently transfected into HEK-293 cells (Ger-
man Collection of Microorganisms and Cell Cultures, Braun-
schweig, Germany) using the FUGENE transfection reagent
(Roche Applied Science). The transfected cells were main-
tained at 37 °C and 5% CO, in DMEM supplemented with 4 mm
L-glutamine, 1 mm sodium pyruvate, and 10% (v/v) fetal calf
serum and selected in the presence of G418 (gentamycin sul-
fate, 1 mg/ml; Invitrogen). Surviving clones that were visibly
positive for the expression of enhanced green fluorescent pro-
tein were isolated and frozen at early passage numbers. These
stocks were propagated in the presence of G418 (1 mg/ml) for
further studies.

Electrophysiology—Whole-cell recordings were performed
using a EPC 9 amplifier equipped with a personal computer
with Pulse 8.5 and X Chart software (HEKA, Lambrecht, Ger-
many).The standard bath solution contained 140 mm NaCl, 1.2
mm MgCl,, 1.2 mm CaCl,, 5 mm KCl, and 10 mm HEPES, pH 7.4
(NaOH). For Na™-free solutions, Na* was replaced with 150
mM N-methyl-p-glucamine (NMDG), and the titration was per-
formed with HCI. The divalent cation-free bath solution con-
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tained 150 mMm NaCl, 10 mm EGTA, and 10 mm HEPES, pH 7.4
(NaOH). The pipette solution contained 145 mm cesium gluta-
mate, 8 mm NaCl, 2 mm MgCl,, and 10 mm HEPES, pH 7.2
(CsOH), and the Ca®* concentration was adjusted either to
<10 nm (10 mM CsEGTA, no Ca®>* addition) or to values
between 1 umand 1 mm using defined Ca®* concentrations and
1 mm CsEGTA.

The Ca®" concentrations of the solutions were calculated
using the MAXC program (Stanford University). In all experi-
ments, Cs* and glutamate were the main intracellular ions to
minimize potential contaminating currents through K* and
Cl™ channels. For the stimulation of TRPM2 currents, ADPR
(100 mMm stock solution in distilled water) was added to the
intracellular solution, yielding a final concentration of 0.05-1
mM. Alternatively, TRPM2 currents were evoked by superfu-
sion of the cells with standard bath solution containing hydro-
gen peroxide (30% stock solution). TRPMS8 currents were
induced with menthol (Sigma; 400 mMm stock solution in
Me,SO) or icilin or WS-12 (Cayman Chemical; 80 mM stock
solutions in Me,SO) by application to the bath (final concen-
trations as indicated in the experiments). If not stated other-
wise, the experiments were performed at room temperature
(21 °C), and the current-voltage relations were obtained during
voltage ramps from —90 to +60 mV and back to —90 mV
applied over 200 ms. The holding potential was —60 mV. The
stimulation by cold was performed by adding ice-cold bath
solution directly to the bath chamber during measurement; the
bath temperature was monitored with a digital thermometer.
For analysis, maximal current amplitudes (pA) in a cell were
divided by the cell capacitance (picofarads (pF)), a measure of
the cell surface. The result is the current density (pA/pF).

Single-channel currents were recorded from inside-out
patches at room temperature (21 °C). Patch pipettes were made
of borosilicate glass (Hilgenberg GmbH, Malsfeld, Germany)
and had tip resistances of between 5 and 7 megohms. Pipette
tips were coated with dental wax (Moyco, Philadelphia, PA) to
minimize background noise. Single-channel currents were
recorded with an Axopatch 200B amplifier in combination with
a Digidata 1440A AD/DA converter controlled by the
pCLAMPI10 software suite (Axon Instruments, Foster City,
CA). A gap-free acquisition mode was used with analogous fil-
tering at 2 kHz performed with a 4-pole Bessel filter (—3 db).
External and internal solutions were the same as those used in
whole-cell recordings. Patches with TRPM2 and M2-M8P were
activated with ADPR (either 1 mm in Ca®" -free solutions or 0.2
mM in solutions with 1 um Ca®") added to the bath (internal)
solution. Stimuli for TRPMS8 were intracellular icilin (0.1-0.2
uM) and menthol (1-5 um).

For analysis, single-channel transitions were identified on
the basis of the half-amplitude threshold crossing criteria.
Closed times were quantified only in patches showing exactly
one active channel. Closed and open time histograms were con-
structed by attribution to bins of constant widths. Dwell times
were fitted to a monoexponential or biexponential probability
function using the built-in “compare models” algorithm of the
pCLAMPI10 software. Unitary current amplitudes (i,) were
determined as the difference of maxima in Gaussian fits of all-
points histograms. Plots of i, versus membrane voltage (V. cn)
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FIGURE 1. Design of TRPM2/TRPM8 channel chimeras. The presumed basic
structure of TRP channels, including the exchanged S5-pore-S6 domain (gray
shading), is illustrated. The corresponding amino acid sequences of TRPM2
and TRPM8 are shown in single-letter code, and conserved residues are
shown in boldface. The site within S6 where the exchange of a hydrophobic
residue with a lysine reverses the charge selectivity of the pore in both TRPM2
and TRPM8 is marked with an asterisk (19).

were fitted with linear regression to obtain slope conductances.
Data are presented as mean * S.E. if not indicated otherwise.

RESULTS

As illustrated in Fig. 1, we swapped two segments of TRPM2
and TRPMS that contained 98 and 100 amino acid residues,
respectively, and showed identity of ~46% altogether. The
exchanged sequences contained the entire pore region, includ-
ing the adjacent transmembrane segments S5 and S6, and
exhibited the most pronounced homology within S5 (83%) and
S6 (70%) and the less pronounced homology in the pore (30%).

Pore Exchange of TRPM2 Does Not Change Gating—First we
studied the chimera M2-M8P (TRPM2 channel containing
the S5-pore-S6 domain of TRPMS) with respect to its acti-
vation, single-channel properties, and requirements for
Ca>". It should be noted that this chimera differs from a pre-
viously characterized one that was anion-selective due to the
single amino acid exchange [1045K (indicated in Fig. 1) (19). In
whole-cell experiments with ADPR (0.05- 0.6 mm) added to the
pipette fluid or after extracellular stimulation with 10 mm
hydrogen peroxide, this chimera displayed cation-selective cur-
rents with a linear I-V relation that were readily blocked in the
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inward direction by NMDG. No difference was noted in com-
parison with wild-type TRPM2 (Figs. 2—4). No currents were
evoked (1 = 4) by the typical stimuli of TRPMS8, menthol (up to
0.2 mm) and cold (6 °C). Removal of Ca®* from both sides of the
cell membrane completely abolished any currents both through
TRPM2 and M2-M8P (Fig. 2). When the intracellular fluid con-
tained 1 um Ca>™, removal of extracellular Ca®>* inhibited the
currents as well. However, the inhibition was considerably
slower (Fig. 3). The ¢y, of current decline in wild-type TRPM2
was 16 = 1.5 s (n = 4) in the presence and 2.8 = 1.0 s (n = 6) in
the absence of intracellular Ca®*. The corresponding ¢, values
of the M2-M8P chimera were 22 = 3.6 s (n = 5) and 3.5 = 0.9 s
(n = 4). Therefore, the kinetics of current decline after extra-
cellular Ca®>" depletion were nearly identical in both channels.
In both cases, the replenishment of extracellular Ca®>* led to a
complete recovery of currents through TRPM2 and M2-M8P
(Figs. 2 and 3). It has been proposed that TRPM2 does not
necessarily require ADPR for its activation when extremely
high levels of intracellular Ca®>* are present (20). In our hands,
however, these results could not be reproduced. Even with
Ca>" concentrations of 0.25 and 1 mM in the pipette fluid, no
current activation was observed either in cells expressing wild-
type TRPM2 (n = 6) (Fig. 44) or in cells expressing the
M2-M8P chimera (n = 5) (Fig. 4B). As a control, we demon-
strated that the cells that proved nonresponsive to Ca®>" alone
were capable of producing normal TRPM2 currents when
exposed to 10 mm hydrogen peroxide. As a known stimulus of
TRPM2 and in contrast to ADPR, hydrogen peroxide is effec-
tive when applied to the extracellular side of the cell membrane.
Fig. 4 (A-C) shows the typical hydrogen peroxide-stimulated
currents of wild-type TRPM2 and M2-M8P appearing after a
characteristic delay of 2—4 min.

The single-channel properties of M2-M8P were studied in
inside-out patches and compared with those of wild-type
TRPM2 and TRPMS (Fig. 5). The standard holding potential
was —60 mV. When TRPMS8 was stimulated with icilin (0.1
uM), characteristic channel openings were observed with dura-
tions that allowed the determination of unitary current ampli-
tudes and of the channel conductance (Fig. 54). In contrast, in
the presence of menthol (1-2 um), only extremely short open-
ings appeared that could hardly be resolved at the standard
filtering rate of 2 kHz (Fig. 54). A detailed analysis indicated
that the openings in the presence of icilin had a conductance of
63 = 2 picosiemens and a mean open time of 1.31 = 0.04 ms;
additionally, a component of shorter openings was present with
a mean open time of 0.21 * 0.01 ms. This shorter component
was completely predominant under basal conditions (at room
temperature; data not shown) as well as in the presence of men-
thol (Fig. 5A4). Channel openings of wild-type TRPM2 revealed
a completely different pattern, although the single-channel
conductance (64 * 2 picosiemens) was almost identical to that
of TRPMS. Channel openings of TRPM2 were extremely long,
and the open probability in the presence of ADPR (200 wm) and
Ca®" (1 um) on the cytosolic face of the patch approached 1
(Fig. 5B). The mean open time was calculated as 296 = 12 ms,
exceeding that of TRPM8 by >2 orders of magnitude. The
M2-M8P chimera displayed channel openings that were virtu-
ally identical to those of wild-type TRPM2. In particular, the
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FIGURE 2. Activation of M2-M8P by ADPR and regulation by extracellular Ca*. Aand B, whole-cell (w.c.) currents of cells expressing M2-M8P and wild-type
TRPM2, respectively, elicited by infusion of 0.6 mm ADPR through the patch pipette. Each example represents four to five similar experiments. The Ca?*
concentration of the pipette solution was buffered with EGTA to below 10 nm. Horizontal black bars indicate time periods during which the standard bath
solution (1.2 mm Ca®") was exchanged with either a divalent cation-free solution (DVF) or a solution containing NMDG as the main extracellular cation. C and
D, I-V relations of currents shown in A and B, respectively, obtained during voltage ramps from —90 to +60 mV from a holding potential of —60 mV.

mean open time was 293 = 11 ms (Fig. 5C). The single-channel
conductance of the M2-M8P chimera was similar as in the case
of the two parental channels (supplemental Fig. S1). Thus, the
typical channel properties of TRPM2 were left unaltered after
the exchange of the pore.

TRPMS8 Pore Transfers Some Voltage Sensitivity to TRPM2—
For TRPMS, an essentially voltage-dependent gating mecha-
nism is well established (6, 7). However, the putative voltage
sensor of TRPM8 is well conserved in TRPM2, although this
channel is largely insensitive to membrane voltage (2, 7). We
reasoned that the original S5-pore-S6 region of TRPMS8 may
contain a critical counterpart or extension of the voltage sensor
in S4-S5. Accordingly, the insertion of the TRPMS8 pore might
transfer some kind of voltage sensitivity to TRPM2. Indeed,
there was a slight change in the I-V curve (Fig. 64) at strongly
hyperpolarized potentials, more negative than usually applied
during voltage ramps. Current amplitudes were no longer
enhanced but rather decreased when potentials more negative
than —120 mV were applied, especially when the currents were
developing during infusion of ADPR in the beginning of whole-
cell experiments. To test how this I-V behavior is reflected in
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single-channel analysis, we applied voltage steps from —60 to
—120 or —150 mV (or up to 120 mV as a control) to inside-out
patches from TRPM2 and M2-M8P activated with ADPR (Fig.
6, B and C). In control experiments with TRPM2, the long
openings were not influenced by the holding potentials. In con-
trast, strongly reduced open probabilities were evoked in
M2-MB8P by far-negative potentials. This was due to frequent
channel closures of sizeable duration not seen at control hold-
ing potentials. Specifically, wild-type TRPM2 had a mean clo-
sure time of ~0.22 ms at —60, —120, and —140 mV (for details,
see Fig. 7). M2-M8P had a mean closure time in the same range
at —60 mV. However, a second component of 3 ms appeared at
—120 mV; the weight of this component was increased from 24
to 70% when the holding potential was more strongly hyperpo-
larized to —140 mV. Therefore, the flattening of the I-V curve in
whole-cell experiments of M2-M8P is explained by a compo-
nent of long single-channel closings induced by strongly nega-
tive membrane potentials. Single-channel unitary conductance
was not reduced by hyperpolarization (data not shown). Thus,
if the I-V relation is considered over a wide range, M2-M8P
produces larger currents at more positive voltages, in principle
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similar to wild-type TRPMS8 but clearly different from wild-
type TRPM2.

Pore Exchange of TRPM8 Dramatically Decreases Activa-
tion—The reverse chimera M8-M2P, in which a TRPMS8 chan-
nel was substituted with the entire S5-pore-S6 domain of
TRPM2 (Fig. 1), was studied under conditions previously estab-
lished to induce currents in wild-type TRPMS8 (e.g. Ref. 21).
TRPMS can be activated by menthol and some menthol deriv-
atives, by icilin, and by cold temperatures (1, 8, 22). In M8-M2P,
there was no current induction when the chemical stimuli were
applied in standard concentrations or when cooling was per-
formed to 6 °C. We then applied menthol and icilin in combi-
nation and in very high concentrations (0.5—1 mm and 60-120
uM, respectively). Unfortunately, control cells (native HEK
cells) displayed significant currents under these conditions,
which were slow in development, blocked by NMDG (sup-
plemental Fig. S2A4), and inhibited by N-(p-amylcinnamoyl)-
anthranilic acid (data not shown). The current density was
20.4 * 3.9 pA/pF at =60 mV (1 = 8). In HEK cells transfected
with M8-M2P, the current density was 46.5 = 4.4 pA/pF at —60
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mV (n = 21) in the presence of menthol and icilin, which was
significantly larger (Wilcoxon signed rank test, p = 0.0039) but
only by a factor of ~2. As in controls cells, current development
was slow, in contrast to the rapid effects of the stimuli on wild-
type TRPM8 (e.g. Ref. 17), but sensitive to NMDG and N-(p-
amylcinnamoyl)anthranilic acid (data not shown) and removed
by washout of the stimulus menthol (supplemental Fig. S2B).
For comparison, the current density of wild-type TRPM8 after
stimulation with 200 um menthol or 30 uM icilin was 306 % 30
pA/pF at —60 mV (n = 10). Because native HEK cells exhibit
variable outward currents, probably related to volume-sensitive
chloride channels, the outward component of currents through
M8-M2P could not be analyzed in a meaningful way. Taken
together, the results show that the insertion of the pore of
TRPM2 into TRPMS channels dramatically reduces if not abol-
ishes channel function.

The NUDT9 Domain Does Not Directly Interact with the Pore
Domain—It is unknown whether the NUDT9 domain of
TRPM?2 interacts with the channel pore as suggested for the
voltage sensor in the case of TRPMS8. To address this experi-
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tively, recorded in the presence of high concentrations of Ca™ in the patch
pipette (horizontal gray bars, concentrations as indicated). Hydrogen perox-
ide (10 mm) was applied to the extracellular (bath) solution as marked by
arrows. C, I-V relations of currents shown in B.

mentally, we transferred the NUDT9 domain, including the
preceding linker of 68 amino acid residues, to the C terminus of
TRPMS (Fig. 84). This linker, absent in TRPMS, should ensure
that the distance between the NUDT9 domain and domains is
preserved. In whole-cell patch-clamp experiments with this
chimera (M8M2-nud), no obvious differences from wild-type
TRPMS8 were noted with respect to voltage dependence, cold
sensitivity, and sensitivity to chemical agonists such as the men-
thol analog WS-12 (Fig. 8, B and C) (17). On the other hand,
even after prolonged infusion of the cells with 1 mm ADPR
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FIGURE 5. Comparison of the single-channel kinetics of TRPM2, TRPMS,
and M2-M8P. A-C show representative traces from inside-out patches from
cells transfected with wild-type TRPM8, wild-type TRPM2, or M2-M8P, respec-
tively, along with an analysis of the open times. The number of openings was
attributed to bins of widths shown on the abscissa. Mono- or biexponential
fits of the histograms yielded the open times (,,,,.,,) indicated for each panel.
The holding potential was —60 mV. Data were sampled from a total of 12
patches. ¢, closed; o, open.

together with 1 um Ca®*, there was no current activation at any
holding potential (n = 5).

DISCUSSION

The two channels TRPM2 and TRPMS8 are closely related but
gated by quite different mechanisms. As a main finding of this
study, we report that the gating of TRPMS8, mediated by the
voltage sensor and largely facilitated by specific stimuli, criti-
cally depends on the pore region between S5 and S6. This is
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FIGURE 6. Behavior of M2-M8P at far-negative potentials. A, current-volt-
age relation of M2-M8P and TRPM2 obtained with voltage ramps from —150
to +150 mV. B and C, increased closed times of M2-M8P at strong hyperpo-
larization. B shows characteristic traces from TRPM2 (upper) and M2-M8P
(lower) during activation by ADPR (0.1 mmin 1 um Ca®™). After the opening of
several channels, the holding potential was changed from —60 to —120 mV.
C shows the effects of hyperpolarization to —150 mV of ADPR-activated
M2-M8P at two different time scales.

demonstrated by the almost complete loss of function of the
M8-M2P chimera, in which the pore of TRPM2 was inserted
into TRPMS. In contrast, the gating initiated by binding of
ADPR to the NUDT9 domain of TRPM2 is versatile with
respect to the required properties of the pore because the
M2-M8P chimera behaved almost identically to wild-type
TRPM2. Only at extremely negative holding potentials did the
pore of TRPMS confer some voltage sensitivity to TRPM2. As a
further major finding, the single-channel properties of TRPM2
were completely preserved after the exchange of the pore with
that of TRPMS, indicating that characteristic channel features
like mean open and closed times are determined mainly by gat-
ing rather than by specific pore properties. Finally, regulation
by extracellular and intracellular Ca*" of TRPM2 and M2-M8P
was identical, ruling out that the pore governs the opposite
sensitivity to Ca®>" in TRPM2 and TRPMS.

This opposite regulation by Ca®>" of TRPM2 and TRPMS is
most evident when activation of TRPMS8 by menthol and cold is
compared with that of TRPM2 by ADPR. Menthol and cold are
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effective in the presence and absence of Ca®* alike, and Ca®"
removal may even enhance currents (15, 17, 23, 24). Con-
versely, there is a strict cooperative effect of intracellular Ca**
in the ADPR-dependent activation of TRPM2 (2, 13). At low
micromolar and submicromolar concentrations of ADPR,
TRPM2 becomes a Ca® " -activated channel (12, 14). It has even
been proposed that intracellular Ca®>* alone is sufficient to fully
activate TRPM2 at concentrations exceeding 50 um (20),
although these findings could not be reproduced in this study
and are not supported by the results of other groups (e.g. Ref.
18). In the same line, we did not find Ca®* -induced activation of
TRPM2 currents in neutrophil granulocytes when ADPR was
removed from the cytosol by an ADPR-free pipette solution
(14). Notwithstanding, the positive role of Ca®>" in the activa-
tion of TRPM2 is clearly established, involving extracellular as
well as intracellular Ca>*. For example, activated TRPM2 cur-
rents were inhibited during exposure of the cells to Ca®>*-free
bath solution containing Ca®>* chelators (12). In our hands, the
kinetics but not the amount of this effect were dependent on the
presence of intracellular Ca>". Importantly, binding sites for
Ca>" have been proposed within the intracellular as well as the
extracellular face of the TRPM2 pore (12, 18). However, our
experiments reveal that Ca®" regulation cannot be localized
within the S5-pore-S6 domain because the characteristic hall-
marks of regulation by Ca*>* of wild-type TRPM2 were fully
conserved in M2-M8P, contrasting with the converse regula-
tion by Ca®>" of wild-type TRPMS.

Characteristic channel properties that can be used in single-
channel analysis as “fingerprint” markers include channel
amplitudes, open times, closed times, and voltage dependence.
The single-channel amplitudes in TRPM2 and TRPMS are so
similar (2, 11) that they can hardly be distinguished; therefore, it
is not surprising that M2-M8P exhibited the same conductance
as well. However, open times differ by >2 orders of magnitude
between TRPM2 and TRPMS. The openings of TRPM2 are
extraordinarily long and interrupted by very short closures,
resulting in an open probability of almost 1 (2, 10). Because of
the high open probability and short duration of the closures, the
results of a mean open time analysis depend critically on the
definition of a closure that is considered to interrupt an open-
ing; with filter rates that suppress the detection of short clo-
sures, mean open times of several seconds can be obtained. The
unique behavior of TRPM2 channels may be a consequence of
unique gating mechanisms initiated by ADPR binding to the
NUDT?9 domain. Single-channel studies on M2-M8P revealed
the same pattern as in TRPM2, characterized by long open
times with only a few and short closures. Therefore, our exper-
iments clearly demonstrate that the open time of TRPM2 does
not represent an intrinsic property of the pore; rather, pro-
cesses outside of the pore determine the kinetics of pore open-
ings and closings.

The classical voltage sensors of voltage-gated cation chan-
nels have 5-7 cationic arginine or lysine residues at every third
position, with hydrophobic and nonpolar residues between.
This pattern is strongly conserved among the known voltage-
gated Na*, K*,and Ca®>* channels (e.g. reviewed in Refs. 25 and
26). For voltage-sensitive TRP channels, especially TRPMS,
TRPV1, and TRPA]I, a rudimentary voltage sensor was postu-
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TRPM2, the interaction takes place
with a strongly reduced effectivity, if
at all. The M8-M2P chimera exhib-

ited currents only at extremely high
concentrations of menthol and icilin;
these currents were slow in onset and
could be distinguished from similar
currents in control cells only by statis-
tical means, precluding further de-
tailed biophysical analysis.
Wild-type TRPM2 is largely de-

void of voltage dependence; only a
voltage-dependent deactivation has
been described (2). Interestingly,
the S4-S5 region in TRPM2 con-
tains the same pattern of positively

charged residues as the homologous
region in TRPMS that is considered
the voltage sensor. This sensor en-
ables channel openings of TRPMS8
at positive potentials, whereas op-
ening is obstructed at negative ones.
In principle, this phenomenon was
observed in M2-M8P as well, even
though the relevant voltage range

was considerably shifted to the left.
The data would be in line with the
idea that there is a voltage-sensing
domain in TRPM2 as well; however,

this domain is dysfunctional under
normal conditions because of lack
of a suitable counterpart in the
native pore.

Although the role of the voltage
sensor in the gating of TRPMS is
well established, it is unknown
how gating is achieved in TRPM2
after binding of ADPR to the
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lated. In particular, TRPMS8 shows a regular pattern of lysine
and arginine residues within S4 and the S4-S5 linker (6, 7, 27).
The voltage dependence of TRPMS is especially predominant
at low levels of activation, e.g. as induced by cooling from 36 to
20 °C. It has been demonstrated by Voets et al. (6, 7) that acti-
vation of TRPMS by cold as well as by menthol involves a shift
in the voltage dependence of the channel, resulting in dramat-
ically reduced energies required for activation. It has been pro-
posed that the underlying mechanism involves interaction of a
voltage sensor in the S4-S5 region with the pore region (28, 29).
These data demonstrate that this interaction depends in a crit-
ical way on specific structures in the pore. With the pore of
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FIGURE 7. Closed times of wild-type TRPM2 and M2-M8P are different at far-negative holding potentials.
The duration of closings was attributed to bins and counted. The distribution could be well fitted to a mono-
exponential function in the case of TRPM2 (left panels), yielding a single Tsimilar for each holding potential (HP;
—60, —120, and —140 mV). In the case of M2-M8P (right panels), a fit to a biexponential function was required
at the two more negative potentials, yielding a second 7, which contributed 24% at —120 mV and 70% at — 140

NUDT9 domain. If NUDT9 inter-
acted directly with the pore, the
results on M2-M8P would indicate
that this interaction could take
place with the pore of TRPMS as
well. However, the extension of
TRPMS8 with the NUDT9 domain
failed to convey the capability to
develop ADPR-induced currents, although it did not notice-
ably change the sensitivity to cold and chemical agonists.
Therefore, there is no support for the hypothesis of a direct
interaction of the NUDT9 domain with the pore. Thus, other
gating mechanisms distinct from that of TRPMS8 seem to
take place in TRPM2 involving yet unidentified further
domains. It has been proposed that calmodulin-binding sites
in the N terminus of TRPM2 play a decisive role (30). In our
hands, cytosolic Ca>" alone even at concentrations up to 2
orders of magnitudes above physiological ranges did not
activate TRPM2 or M2-MS8P, whereas ADPR was effective
despite intracellular EGTA concentrations of 10 mm, sug-
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FIGURE 8. Whole-cell patch-clamp analysis of the M8M2-nud chimera.
A, illustration of the channel structure of the M8M2-nud chimera, in which the
NUDT9 domain of TRPM2 was C-terminally linked to TRPM8 (amino acids 1097—
1104 of TRPM8 were replaced with amino acids 1168 -1503 of TRPM2). B, whole-
cell currents of a cell expressing M8M2-nud. The pipette solution contained 1 mm
ADPRand 1 umCa?™. After infusion of ADPR and Ca** for >2 min did not induce
currents, the cell was exposed to ice-cold bath solution for ~10's (as indicated by
the horizontal black bar) and then stimulated with the menthol analog WS-12 (30
um; arrow). The example shown is representative of five similar experiments. C, -V
relation of currents shown in B obtained during voltage ramps from —150 to
+150 mV from a holding potential of —60 mV. RT, room temperature.

gesting that activation does not essentially require contribu-
tion of calmodulin binding.

In conclusion, the exchange of the S5-pore-S6 domain had
remarkably few effects on TRPM2. In particular, single-channel
properties and regulation by Ca®>" were completely indepen-
dent of this domain. The fact that the activation of M2-M8P
and wild-type TRPM2 by ADPR was almost identical, whereas
the voltage-dependent activation of M8-M2P was nearly abol-
ished, illustrates the presence of different gating mechanisms
for TRPM2 and TRPMS. Evidence has been presented that
TRPMBS has evolutionarily developed from an ancestral type of
a TRPM2-like channel (31); this process involved not only loss
of the C-terminal Nudix domain but also the switch to a differ-
ent gating mechanism. The potential of pore domains to respond
to various gating scenarios after mild structural modifications may
be an important prerequisite for the development of the extremely
broad spectrum of different activation mechanisms and biological
roles characteristic for the TRP family.
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