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Temperature sensors are crucial for animals to optimize liv-
ing conditions. The temperature response of the ion channel
transient receptor potential A1 (TRPA1) is intriguing; some
orthologs have been reported to be activated by cold and others
by heat, but the molecular mechanisms responsible for its
activation remain elusive. Single-channel electrophysiological
recordings of heterologously expressed and purified Anopheles
gambiae TRPA1 (AgTRPA1), with and without the N-terminal
ankyrin repeat domain, demonstrate that both proteins are
functional because they responded to the electrophilic com-
pounds allyl isothiocyanate and cinnamaldehyde as well as heat.
The proteins’ similar intrinsic fluorescence properties and cor-
responding quenching when activated by allyl isothiocyanate or
heat suggest lipid bilayer-independent conformational changes
outside the N-terminal domain. The results show that Ag-
TRPAL is an inherent thermo- and chemoreceptor, and analo-
gous to what has been reported for the human TRPA1 ortholog,
the N-terminal domain may tune the response but is not
required for the activation by these stimuli.

The discovery of transient receptor potential (TRP)? ion
channels, such as the TRP subtype Al (TRPA1), being
involved in chemo- and thermosensation, has opened up
new avenues for understanding how organisms monitor the
physicochemical environment (1-5). The identification by
us and others of TRPA1 as a chemosensor activated by plant-
derived electrophilic and thiol-reactive compounds (6-9),
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including isothiocyanates and diallyl disulfide from mustard
and garlic, together with findings from numerous subse-
quent studies have established TRPA1 as a unique detector
of tissue-damaging environmental chemicals and proinflam-
matory compounds in both invertebrates and vertebrates (5,
10-12).

Several TRPA1 homologues exist in the animal kingdom, and
the ability of TRPA1 to sense potentially harmful electrophilic
compounds has been conserved for ~500 million years,
whereas the ancestral thermosensitive properties of TRPA1 are
unclear and diverged later (5, 11). A role for mammalian
TRPA1, and especially the human TRPA1 (hTRPA1), as nox-
ious cold sensors has been controversial ever since it was pro-
posed (13), whereas the heat-sensitive role of TRPA1 homo-
logues in non-mammalians has been easily accepted (5, 10).
However, we have recently shown that hTRPA1 is indeed an
intrinsically cold-sensitive protein (14). If it is true that all
TRPA1ls are intrinsic thermo-gated ion channels, then it
appears that human, rat, and mouse TRPA1 respond to cold
temperatures below 20 °C, whereas, for example, the rattle-
snake, fruit fly, and mosquito TRPA1 respond to warm temper-
atures above 25 °C (13, 15-24). However, this simplistic view
may not hold true because it was recently shown that human
TRPA1 also responds to heat (25).

It has been suggested that the intracellular N-terminal
ankyrin repeat domain (ARD) of TRPA1 in snakes contains the
necessary thermosensitive modules for heat detection, whereas
both the N-terminal ARD and the pore region of Drosophila
(melanogaster) TRPA1 may contain heat-sensitive elements (4,
16, 18, 26, 27). However, these and similar conclusions have to
be regarded with some caution because the use of mutagenic
and chimeric strategies results in artificial constructs, which
makes it difficult to exclude indirect effects on a temperature
sensor located elsewhere in the protein (5, 10). Furthermore,
each of three single point mutations of amino acids in the
N-terminal ARD, not previously regarded critical, like certain
cysteine and lysine residues (28, 29), changed the mouse
TRPA1 from being cold-sensitive to being heat-sensitive (30).
Importantly, the authors concluded that this could best be
explained by an effect on the coupling of temperature to chan-
nel gating rather than altering the nature of the thermosensitive
domain itself (30). This reasoning is in line with our view that
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FIGURE 1. Purification of full-length AGTRPA1 and N-terminally truncated (A1-776 AgTRPA1) constructs. A, schematic representation of AgTRPA1 and
A1-776 AgTRPA1 showing the N-terminal truncation, the six transmembrane helices (S7-56) with the pore region connecting the last two helices (55 and S6),
and the N and C termini facing the cytoplasm. The N-terminal containing ankyrin repeats (AR; filled black circles) and C-terminal hexa-His tag (6xHis; blue stars)
are also indicated. B, purification profile of AQTRPAT and A1-776 AgTRPA1 using a Superdex 200 16/26 column with the tetrameric fraction indicated by an
asterisk. C, SDS-PAGE and Western blotting of AGTRPA1 and A1-776 AgTRPA1. The panel is assembled from several gels and blots; thus, two molecular mass
markers are shown. Lanes 1 and 6, molecular mass markers (in kDa); lanes 2 and 3, AQTRPA1 after Ni-NTA affinity chromatography; lanes 4 and 5, tetrameric
fraction after size exclusion chromatography. Lanes 7 and 9, A1-776 AgTRPA1 after Ni-NTA affinity chromatography; lanes 8 and 10, tetrameric fraction after
size exclusion chromatography. Two major bands are seen in Western blots of the purified proteins (lanes 5 and 10) corresponding to monomeric and

multimeric forms of the proteins.

conformational changes of the N-terminal ARD indirectly
affect thermo- and chemosensitive structures outside the
N-terminal ARD of TRPA1 (10, 14). Studies of purified TRPA1
without its N-terminal ARD should therefore be a valuable con-
tribution in the search for TRPA1 thermo- and chemosensory
domains (14). Clearly, various methodological approaches are
needed to identify the location of distinct temperature-sensing
domains if they exist at all (31-34).

The Anopheles gambiae TRPA1 (AgTRPA1), which exists as
the two isoforms AgTRPA1(A) and AgTRPA1(B), is heat-sen-
sitive as well as activated by electrophilic compounds when
expressed heterologously (12, 16, 17, 23, 24). Depending on the
anatomical location and isoform, AgTRPA1 is linked to avoid-
ance or host-seeking behaviors (16, 23, 35). In the present study,
we have purified the AgTRPA1(A) with the aim to determine
whether this protein has inherent thermo- and chemosensitive
properties and whether such properties are also located outside
the N-terminal ARD. We show that AgTRPA]I, irrespective of
its N-terminal ARD, undergoes conformational changes and is
activated by the electrophilic compounds allyl isothiocyanate
(AITC) and cinnamaldehyde, as well as by temperatures above
25°C. Thus, our recent proposal that electrophiles modify
TRPA1 channel activity by interacting with binding sites, such
as cysteine and lysine residues, outside the N-terminal ARD
(14) is not restricted to hTRPA1 but also valid for the heat-
sensitive AgTRPA1. Most important is our conclusion that
temperature-sensitive regions of AgTRPA1l should be
searched for outside the N-terminal ARD, as proposed for
the cold-sensitive hTRPA1 (14).
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Results

Overexpression and Purification of AgTRPA1—The methyl-
otrophic yeast Pichia pastoris has been established as an excel-
lent host for efficient expression of a number of heterologous
eukaryotic membrane proteins (14, 36, 37). In this study, we
have used this system to express the full-length isoform A of
AgTRPA1 (16, 23) as well as a truncated construct lacking the
N-terminal ARD (A1-776 AgTRPAI; Fig. 1A). After cell lysis,
peripheral proteins were removed from the Pichia membrane
fraction by urea and alkali washes, and TRPA1 proteins were
extracted by the detergent fos-choline-12, which was identified
as the best choice for protein stability and yield in screens per-
formed with various detergents (data not shown). The proteins
were further purified, by means of a hexa-His tag in the C-ter-
minal extension by nickel affinity chromatography followed by
size exclusion chromatography. The highly expressed A1-776
AgTRPA1 was quite pure already after the affinity purification,
whereas the full-length construct suffered from both con-
taminating proteins and some degradation products after
the corresponding step (Fig. 1C). In size exclusion chroma-
tography, A1-776 AgTRPAI eluted mainly as a tetramer,
whereas AgTRPA1 eluted as a double peak corresponding to
the tetramer and the dimer (Fig. 1B). After the two-step puri-
fication, the tetrameric A1-776 AgTRPA1 yield was esti-
mated to be 1.3 mg from 20 g of Pichia cells. In comparison,
the yield of the 2.5 times longer AgTRPA1 was found to be
0.7 mg from the same amount of cells. Only the tetrameric
fractions were used for structural and functional character-
ization of TRPAL.
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FIGURE 2. SRCD spectra and thermal transition curves. A, SRCD spectra of AGTRPA1 and A1-776 AGTRPA1 obtained at higher temperatures show gradual
loss of the maximum at 193 nm and the two minima at 210 and 222 nm that are characteristic for a-helical proteins. B, differential plot of spectra recorded at
two different temperatures for AGQTRPAT and A1-776 AgTRPA1. C and D, normalized transition curves at 193 and 222 nm as a function of temperature for
AgTRPA1 (C;n = 2) and A1-776 AgTRPAT (D; n = 2). Additional data points collected between 24 and 45 °C for the latter construct (right) are plotted without
normalization of data (n = 3).In Cand D, the average is plotted, and error bars indicate S.D.

Synchrotron Radiation Circular Dichroism Spectra and Ther-
mal Denaturation of AgTRPAI1—The tetrameric fractions of
purified AgTRPA1 and A1-776 AgTRPA1 were subjected to
synchrotron radiation circular dichroism (SRCD) spectroscopy
to examine their overall fold and thermal unfolding (Fig. 2A4). At
low temperature, the SRCD spectra of both constructs exhib-
ited the expected characteristic a-helical protein signature with
amaximum at 193 nm and two deep minima at 210 and 222 nm,
suggesting that the proteins retained their native fold after puri-
fication. The SRCD spectra obtained at higher temperatures
show that both proteins gradually lose their secondary struc-
ture to become almost completely unfolded around 80 °C. The
unfolding appears to be irreversible because lowering the tem-
perature does not result in the reappearance of an «-helical
spectrum (data not shown).

TRPA1 channels are believed to act as thermoreceptors;
hence, we performed more careful analysis of the thermal dena-
turation of AgTRPA1 and A1-776 AgTRPA1 to monitor tem-
perature-induced changes in the purified proteins. From differ-
ential plots of the spectra obtained at 24.3 °C and at 41.4 °C, the
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TABLE 1
Midpoints of temperature transitions for AgTRPA1 and A1-776
AgTRPA1 as measured by SRCD

The midpoint = S.D. was obtained from a fitted curve to two experiments.

AgTRPA1 A1-766 AgTRPA1
Midpoint Midpoint Midpoint Midpoint
193 nm 222 nm n 193 nm 222 nm n
°C °C °C °C
55.3 £0.8 58.1*0.8 2 53.6 £ 1.0 53.8 £ 1.1 2

most prominent changes were found at 193 nm and at 222 nm
(Fig. 2B). Therefore, we chose these two wavelengths for con-
struction of thermal transition curves (Fig. 2, C and D).
Although the complete transition of the truncated construct
has a slightly lower midpoint (Table 1; ~54 °C, both at 193 and
222 nm) than the full-length TRPA1 (55 and 58 °C at 193 and
222 nm, respectively), there appear to be additional early minor
transitions at 30 and 45 °C in the latter. A closer investigation of
the thermal denaturation between 24 and 45 °C in the trun-
cated construct cannot conclusively support or exclude a sim-
ilar early transition at 30 °C due to the relatively large variability
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FIGURE 3. Tryptophan positions and potential AITC binding sites. A, topology plot of A1-776 AgTRPA1 highlighting all lysines and cysteines, which are
potential binding sites for AITC, as well as the eight tryptophans. B, equivalent structure of tetrameric human TRPA1 (PDB entry 3J9P without the N-terminal
ARD). The monomers are color-coded, and residues corresponding to tryptophansin A1-776 AgTRPAT1 are indicated in magenta, omitting Trp-903, Trp-1138,
and Trp-1227, which are located in unresolved regions. Transmembrane domains are shown at the top, and cytoplasmic regions are shown in the bottom half
of the picture. Close-ups are shown of two conserved tryptophan residues, corresponding to Trp-779 and Trp-950 in AgTRPA1. A similar setting of these
residues in AGTRPA1 and hTRPAT1 is supported by the alignment in Fig. 4. Trp-950 in helix S4 is positioned in a hydrophobic pocket, sandwiched between
helices ST and S5 from a neighboring monomer, whereas Trp-779 resides in a more polar environment, likely to resultin a lower quantum yield of fluorescence.

All atoms within 5 A of the indole ring of the tryptophans are shown as spheres; oxygen and nitrogen atoms are colored red and dark blue, respectively.

between samples, but a distinct transition between 41 and 43 °C
is observed (Fig. 2D).

Intrinsic Tryptophan Fluorescence Is Quenched by an Agonist
and Temperature—In contrast to CD spectrometry that moni-
tors the secondary structure of a protein, tryptophan residues
in a protein can be informative when it comes to detecting
changes in tertiary structure caused by, for example, the bind-
ing of agonists. The intrinsic fluorescence of tryptophans resid-
ing in a non-polar environment may be quenched or shifted in
wavelength by direct interaction with a ligand or due to induced
conformational changes exposing the tryptophan to a different
milieu (38). In AgTRPAL, there are 13 tryptophan residues, of
which eight are retained in A1-776 AgTRPA1 (Fig. 34). An
alignment with the sequence of the recently reported structure
of hTRPAL1 (39) reveals that five of the corresponding amino
acid residues are resolved in the structure and that tryptophans

26902 JOURNAL OF BIOLOGICAL CHEMISTRY

915, 926, and 1108 are likely to be located on the surface of the
protein, interacting with detergent in the micelle or the aque-
ous phase (Fig. 3B). Two conserved tryptophans, correspond-
ing to Trp-779 and Trp-950 in AgTRPAI, are buried in the
structure: a classification of these tryptophans in the structure
of hTRPA1 using PFAST (Protein Fluorescence and Structure
Toolkit (40)) suggests that the former is located in a fairly polar
environment (class III, p = 0.87), whereas the latter is packed
into more hydrophobic milieu (class S (p = 0.55) or class I (p =
0.45)). The conserved amino acid residues within 5 A of the two
tryptophan indole rings (Fig. 4) support a similar polar and
hydrophobic setting in AgTRPA1 for Trp-779 and Trp-950,
respectively. The expected emission maximum for a trypto-
phan of class III is between 346 and 350 nm, whereas the ranges
for tryptophans belonging to classes S and I are blue-shifted to
321-325 and 330-333 nm (40). Concentration-response
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FIGURE 4. Conservation of residues surrounding Trp-779 and Trp-950. Alignment of hTRPA1 and AgTRPAT omitting the N-terminal ARD. The secondary
structure of hTRPA1 extracted from PDB entry 3J9P is displayed at the top with transmembrane helices S1-56 colored in blue. Residues within 5 A of the indole
rings of two tryptophans in 3J9P corresponding to Trp-779 and Trp-950 of AgTRPA1 are indicated in brown and blue, respectively, below the alignment.

experiments show that both constructs have intrinsic trypto-
phan fluorescence with a maximum at 337 nm, which can be
totally quenched by the agonist AITC without any associated
shift of the maximum in the spectra (Fig. 54). Although statis-
tical analysis favors a model with different pEC, values for
AITC of the two constructs (p < 0.005), the corresponding
EC,, values 256 and 444 um, for AgTRPA1 and A1-776
AgTRPAL, respectively, differ less than 2-fold.

To investigate whether the quenching of tryptophan fluores-
cence also occurs at thermal activation of the protein, we mon-
itored the tryptophan fluorescence as a function of temperature
in the interval 25—48 °C (Fig. 5B). There is indeed a thermal
quenching with a midpoint at 38.7 = 1.0 and 41.1 = 3.3 °C for
AgTRPA1 and A1-776 AgTRPA1, respectively, and similar to
the ligand-induced quenching, there is no associated shift of the
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wavelength for the maximal intensity. Notably, in contrast to
AITC, the maximal quenching in the temperature range inves-
tigated does not totally abolish the fluorescence. Instead, the
intensity at the highest temperature corresponds to about half
of the non-quenched signal.

Chemical and Heat Activation of AgTRPA1—Several studies
have shown that heterologously expressed AgTRPALI is acti-
vated by electrophilic compounds and by heat and that the TRP
channel pore blocker ruthenium red inhibits the activity evoked
by such stimuli (12, 16, 17, 23, 24). In this study, we used AITC
and, to a lesser extent, cinnamaldehyde to study electrophile
activation of purified AgTRPA1 with and without its N-termi-
nal ARD. As shown in patch-clamp voltage ramp recordings,
both AgTRPA1 and A1-776 AgTRPA1 when inserted into pla-
nar lipid bilayers were activated by either AITC or cinnamalde-
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FIGURE 5. Quenching of intrinsic tryptophan fluorescence. A, binding of AITC quenches the tryptophan fluorescence emission intensity at 337 nm of
AgTRPA1and A1-776 AgTRPA1 in a concentration-dependent manner. The data were fitted to a sigmoidal concentration-response equation, and the EC5, was
estimated to be 256 and 444 um (3.591 = 0.046 and 3.352 * 0.056; average pECs, = S.E,; n = 4) for AGTRPA1 and A1-776 AgTRPA1, respectively. The null
hypothesis with a common pECs, value was rejected (p < 0.005). B, temperature-induced quenching of intrinsic tryptophan fluorescence of AgTRPA1 and
A1-776 AgTRPA1. The midpoints are 38.7 = 1.0 and 41.1 = 3.3 °C (average * S.E,; n = 3) for AgTRPA1 and A1-776 AgTRPAT, respectively. No shift is detected
in the intrinsic fluorescence maximal intensity wavelength when AgTRPA1 or A1-776 AgTRPA1 is exposed to either AITC (A) or temperature (B).

hyde (each 100 um) at negative and positive test potentials (Figs.
6-38). This concentration of AITC and cinnamaldehyde has
been shown to evoke robust insect TRPA1 responses (12, 24).
Importantly, the vehicle of AITC and cinnamaldehyde (1% eth-
anol) had no effect on AgTRPA1 and A1-776 AgTRPA1 (Figs. 6
and 7), and neither AITC nor cinnamaldehyde evokes currents
in bilayers without protein (14). At a steady state test potential
of +60 mV, we observed mainly one single-channel current
level and occasionally a lower single-channel current level
when using AITC as agonist. Analysis of the main single-chan-
nel current level showed higher single-channel mean conduct-
ance (G,) and lower P, values for A1-776 AgTRPA1 as com-
pared with AgTRPA1 (Table 2). As shown for AgTRPA1, the
AITC-induced activity was inhibited by ruthenium red at a con-
centration of 40 um (n = 4; Fig. 6), which is within the concen-
tration range that abolished both AITC and heat activation of
heterologously expressed AgTRPA1 (12, 16, 23).

Heat responses of AgTRPA1 and A1-776 AgTRPA1 were
observed in voltage ramp recordings (—100 to +100 mV in 2 s)
and studied in detail at a single-channel level at a steady state
test potential of +60 mV (Fig. 9). Both TRPA1 channels dis-
played intense channel activity at 30 °C and above (Fig. 9). No
activity was shown in bilayers without AgTRPA1 and A1-776
AgTRPAL1 (1 = 4; not shown) (25). At 25 °C, sporadic activity of
AgTRPAI, but not of A1-776 AgTRPA1, was recorded (Fig. 9).
Using a simplified approach (41, 42), a Q,, value of 28 was
calculated for AgTRPA1 using P, values at 25 and 30 °C from
three separate bilayer recordings. The analysis of G, and P_ ata
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steady state test potential of +60 mV revealed differences
between AgTRPA1 with and without its N-terminal ARD
(Table 2). Thus, at 30 °C, the G for A1-776 AgTRPA1 was 39%
of that for AgTRPA1 (Table 2). However, when the tempera-
ture was raised to 40 °C, the G, for A1-776 AgTRPA1 increased
by 72%, whereas the G, for AGTRPA1 decreased by 46% (Table
2). Although not reaching statistical significance, raising the
temperature from 30 to 40 °C increased the P, by 45% for
A1-776 AgTRPA1 (Table 2). As shown by continuous record-
ings, the heat responses were temperature-dependent in a
reversible manner (Fig. 10).

Discussion

Studies of isolated proteins are crucial for elucidation of the
molecular mechanisms responsible for activation of thermo-
and chemoreceptors. Here we report on the heterologous
expression and purification of functional full-length AgTRPA1
as well as the truncated A1-776 AgTRPA1, lacking the N-ter-
minal ARD. The truncated version not only produced a higher
yield than the full-length protein; it also formed a more stable
tetramer under the conditions applied because most of the pro-
tein eluted in the tetrameric peak when size exclusion chroma-
tography was applied. In contrast, almost half of the full-length
AgTRPA1 was lost in dimeric fractions. The tetrameric struc-
tures suggest that the isolated proteins are correctly folded.
This was confirmed by SRCD measurements generating char-
acteristic spectra for a-helical proteins. Although the quater-
nary structure of A1-776 AgTRPA1 appeared more stable,
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FIGURE 6. The electrophilic compound AITC activates purified AGTRPA1. A, as shown in experiments measuring ramp currents (—100 to +100 mVin 2s),
AgTRPA1 responded to AITC (100 um) with inward and outward channel currents (black trace) at negative and positive test potentials, respectively. The orange
trace shows baseline currents. B, at a steady state test potential of +60 mV, distinct single-channel openings were observed. The vehicle (1% ethanol) of AITC
and cinnamaldehyde (Fig. 8) did not evoke activation of AGTRPA1. Shown are representative traces and corresponding amplitude histograms (see Table 2 for
calculated single-channel G and P, values). C, the non-selective TRP channel blocker ruthenium red (40 um) abolished the activity of several AGTRPA1 channels.
Purified AGTRPA1 was inserted into planar lipid bilayers, and channel currents were recorded with the patch-clamp technique in a symmetrical K* solution (c,

closed channel state; upward deflections, open channel state).

there was more variability between samples at the lower tem-
peratures of the thermal denaturation curve, as compared with
the full-length construct. This might hint that the N-terminal
ARD helps to stabilize the helical content at lower tempera-
tures. However, overall, the thermal stabilities of the two con-
structs were very similar, and there appear to be some minor
transitions between 25 and 45 °C in both constructs, although
compelling evidence for common distinct transitions specifi-
cally coupled to the thermal activation of the channel is missing
due to the variation between samples.

Tryptophan fluorescence might be quenched by a direct
interaction with the ligand or may report on subtle conforma-
tion changes that are not detected by CD. Surprisingly, both
constructs had a similar molar intrinsic fluorescence. Although
a simple explanation would be that the five tryptophans in the
N-terminal ARD do not contribute much to the fluorescence of
AgTRPAL, there are other possibilities. Further studies of the
fluorescence intensity decay might resolve the contributing
residues.

The EC;, of fluorescence quenching is somewhat high com-
pared with functional studies of activation of AgTRPA1 by
AITC in CHO cells (70.7 = 12.4 um) (24). This may indicate
that some low affinity binding sites that are required to bind
AITC for complete quenching are not necessary for the activa-
tion of the protein by this agonist and that any conformational
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changes associated with activation of the channel are not suffi-
cient to obtain complete quenching. This is in line with the
partial quenching obtained by temperature. The full-length
AgTRPALI and the truncated construct exhibit similar temper-
ature quenching curves, and it is interesting to note how well
they follow each other between 40 and 46 °C with a common
transition between 42 and 44 °C. Identification of tryptophans
that contribute to the fluorescence may indicate where AITC
binds and, more importantly, where structural changes take
place. AITC is expected to bind to cysteines and lysines. In
AgTRPALI, there are 65 lysines and 23 cysteines, but there are
only 25 lysines and 4 cysteines in the truncated variant. Exam-
ination of the corresponding amino acid residues in the
recently solved hTRPA1 structure (39) allows a crude evalua-
tion of the environment where some of the tryptophans reside.
From this structural analysis, Trp-950 appears as a promising
candidate for some of the intrinsic fluorescence that is
quenched by activation of the channel. It is situated in a hydro-
phobic pocket at the interface between S1 and S5 helices of
neighboring subunits and may therefore report on conforma-
tional changes in the tetramer. This is supported by the fact that
there are no lysines or cysteines in the close vicinity of Trp-950
that could act as binding sites. The changes in conformation
reflected by quenching of fluorescence may report on the acti-
vation state of the channel and can potentially be used to inves-
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FIGURE 7. The electrophilic compound AITC activates purified AgTRPA1 lacking its N-terminal ARD. A, as shown in experiments measuring ramp currents
(=100 to +100 mV in 2 s), AGTRPA1 without its N-terminal ARD (A1-766 AgTRPA1) responded to AITC (100 um) with inward and outward channel currents
(black trace) at negative and positive test potentials, respectively. The orange trace shows baseline currents. B, at a steady state test potential of +60 mV, distinct
single-channel openings were observed. The vehicle (1% ethanol) of AITC and cinnamaldehyde (Fig. 8) did not evoke activation of A1-766 AgTRPA1. Shown
are representative traces and corresponding amplitude histograms (see Table 2 for calculated single-channel G, and P, values). Purified A1-766 AQTRPA1 was
inserted into planar lipid bilayers, and channel currents were recorded with the patch clamp technique in a symmetrical K* solution (¢, closed channel state;
upward deflections, open channel state).
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FIGURE 8. The electrophilic compound cinnamaldehyde activates purified AgTRPA1 with and without its N-terminal ARD. A, as shown in experiments
measuring ramp currents (—100to +100 mVin 2 s), AQTRPA1 responded to cinnamaldehyde (100 um) with macroscopic inward and outward channel currents
(black trace) at negative and positive test potentials, respectively. Gray trace, baseline currents. B, at a steady state test potential of —60 mV, distinct single-
channel openings were observed for AGTRPA1 with and without its N-terminal ARD (A1-766 AgTRPA1). The vehicle (1% ethanol) of cinnamaldehyde did not
evoke activation of AgTRPAT or A1-766 AgTRPA1 (see Figs. 6 and 7). Shown are representative traces and corresponding amplitude histograms yielding
single-channel conductances of 41 and 57 picosiemens for AGTRPA1 and A1-766 AgTRPAT1, respectively. Purified AGTRPA1 and A1-766 AgTRPA1 were
inserted into planar lipid bilayers, and channel currents were recorded with the patch-clamp technique in a symmetrical K solution (¢, closed channel state;
downward deflections, open channel state).

tigate the mechanisms behind activation in a membrane-inde-
pendent manner. We note that the complete integrated nexus,
as recognized in the structure of hTRPAI, is missing in our
truncated construct (39). This would indicate that neither acti-
vation by temperature nor AITC-mediated activation requires
helix-turn-helix 1 or 2 of this intricate structure.

Our patch clamp studies provide evidence that the purified
AgTRPALI is a functional ion channel with and without its
N-terminal ARD. We show for the first time, to our knowledge,
that both thermo- and chemosensitivity of a non-mammalian
TRPA1 are functionally relevant inherent channel properties.
Using the purified AgTRPA1 without its N-terminal ARD
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allows us to conclude that TRPA1 polymodal sensory proper-
ties, which are proposed to be mediated by the N-terminal
ARD domain (4), are also determined by channel structures
outside the N-terminal ARD. A similar conclusion was
reached regarding the intrinsically cold- and chemosensitive
hTRPA1 (14). Although the possibility cannot be excluded
that a truncation of AgTRPA1 may reveal hidden channel
properties (5, 10), like exposure of new binding sites, studies
of purified TRPA1 without its N-terminal ARD should be a
valuable complementary strategy to identify the electrophile
binding sites and temperature domains linked to TRPA1
channel gating.
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TABLE 2
Single channel conductance and open probability values for AgTRPA1 and A1-776 AgTRPA1 activated by AITC and heat at a test potential
of +60 mV
AgTRPA1 A1-766 AgTRPA1 AgTRPA1 A1-766 AgTRPA1
Conductance, Conductance, Open probability, Open probability,
Stimuli mean * S.E. n mean * S.E. n mean * S.E. n mean * S.E. n
»S »S
AITC (100 M) 56 + 6“ 6 87 * 3¢ 6 0.53 * 0.06” 5 0.28 *+ 0.05” 6
30°C 74 * 657 3 29 + 2¢¢ 4 0.45 £ 0.06 4 0.44 = 0.04 5
40°C 40 + 47 4 50 *= 3¢ 3 0.53 £ 0.06 4 0.64 = 0.04 3

“ p < 0.01; unpaired ¢ test, two-tailed.
b p < 0.05; unpaired ¢ test, two-tailed.
¢~¢p < 0.0001, one-way analysis of variance, multiple comparisons.

The AgTRPA1 exists as A and B isoforms, of which
AgTRPAI1(B) is extremely heat-sensitive (16). Corresponding
isoform-dependent differences in heat properties have also
been shown for Drosophila TRPA1, whereas the maximal
response and sensitivity to the electrophilic compound
N-methylmaleimide were not different (16), indicating that
heat sensitivity may not always be evolutionarily gained at the
expense of electrophile sensitivity (5, 26). Here, we have
focused on AgTRPA1(A) because this isoform was originally
reported as the heat-sensitive TRPA1 in Anopheles gambiae
(17, 23). In agreement with these studies, we observed heat
responses within the same temperature interval starting at
25 °C and reaching saturation at 30 °C for both G, and P, when
compared with 40 °C. Although this very steep temperature-
response interval (25-30 °C) did not allow us to perform a
detailed thermodynamic analysis of Q;, and the thermal
threshold for AgTRPA1(A) activation, our data suggest a Q;, of
28 based on P, values obtained at 25 °C and 30 °C and a thermal
threshold close to 25 °C, which is within the temperature acti-
vation range of this AgTRPA1 isoform when expressed in Xeno-
pus oocytes (17, 23). However, a later study, also using the
Xenopus oocyte expression system, determined a thermal
threshold of 32 °C and a Q,, of 4 for AgTRPAI1(A) (16). This
discrepancy may perhaps be due to the AgTRPA1(A) basal
activity observed below thermal threshold even at 15 °C (16).
Furthermore, variation in channel expression levels and test
potential are confounding factors in the thermodynamic anal-
ysis of TRP channels (42). Compared with AgTRPA1(B),
AgTRPA1(A) has additional amino acids at the distal end of the
N terminus reducing its heat sensitivity (16). However, without
the N-terminal ARD, both isoforms of AgTRPALI are identical
and thus have the same thermo- and chemosensitive properties
as described for A1-776 AgTRPAIL in the present study.
Whether the N-terminal ARD of AgTRPA1(B) renders it more
sensitive than AgTRPA1(A) to heat in our test system remains
to be shown. Nevertheless, there is no doubt that the purified
AgTRPAI1(A) used in our study is a functional thermosensitive
ion channel either intact or without its N-terminal ARD,
because we could only observe heat responses in bilayers con-
taining AgTRPA1 or A1-776 AgTRPAL. It has been suggested
that the sensitivity of TRPA1 to electrophiles is species-depen-
dent (4, 5). Indeed, at a single-channel current level, there are
clear differences between the purified hTRPA1 and
AgTRPAL1 in such a way that we observed mainly one current
level in AgTRPA1, whereas hTRPA1 displayed several current
levels in response to AITC at 100 uM (14). The G, calculated for
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the main current level, was much lower for AgTRPA1 com-
pared with hTRPA1 both in the presence and absence of the
N-terminal ARD. Furthermore, without the N-terminal ARD,
the P, for AgTRPA1 was much smaller than that of hTRPA1
(14). Altogether, this may be related to differences in the num-
ber of cysteine residues, with hTRPA1 having 28 and AgTRPA1
23 cysteines, of which AgTRPA1 only has 4 cysteines compared
with 9 for hTRPA1 outside the N-terminal ARD. Interestingly,
the G,and P_ of AgTRPA1(A), when exposed to heatand AITC,
were different in the presence and absence of the N-terminal
ARD, indicating that the temperature and chemosensitivity of
AgTRPA1 is modulated by the N-terminal ARD, as has also
been proposed for the purified hTRPA1 (14).

In conclusion, our study on the purified AgTRPA1 together
with that on purified h TRPA1 (14) yield the important finding
that heat and cold thermosensation as well as electrophile che-
mosensitivity of TRPA1 are also detected by channel structures
and binding sites outside the N-terminal ARD. This TRPA1
thermo- and chemosensitive framework should help to identify
the molecular mechanism behind temperature and ligand gat-
ing of TRPA1 as well as species-selective fine tuning chemicals
of TRPA1 that can be used as analgesics and repellents.

Experimental Procedures

AgTRPA1 Overexpression and Purification—The coding
sequence for AgTRPA1 (23) (accession number EU624401),
referred to previously as isoform A (16), was inserted into
the pPICZB vector in the Sacll and Notl restriction sites,
using forward primer TGCCGCGGCAAAATGTCTCCTA-
CTCCGCTGTAC and reverse primer TTTTCCTTTTGC-
GGCCGCTTTGCCAATAGATTTGT (Sacll and Notl sites
underlined), resulting in a translational fusion with the plas-
mid-encoded C-terminal hexahistidine tag. An N-terminal
truncated construct lacking the first 776 codons (AI-776
AgTRPAI) was also subcloned into the pPICZB vector between
EcoRI and NotlI restriction sites, using forward primer GCG-
GAATTCAAAATGTCTAAGTGGAACTCCTACGGC (EcoRI
site underlined) and the same reverse primer as was used for the
full-length construct. Both forward primers introduced an
extra serine residue after the initiation methionine to optimize
the translational initiation in P. pastoris.

The constructs were verified by DNA sequencing, and plas-
mids encoding the His-tagged AgTRPA1 (hereafter referred to
as AgTRPA1) or the His-tagged A1-776 AgTRPA1 (hereafter
referred to as A1-776 AgTRPA1) were electroporated into the
methylotrophic P. pastoris strain X-33 (Pichia Expression Kit

JOURNAL OF BIOLOGICAL CHEMISTRY 26907



Electrophile and Heat Activation of Truncated Mosquito TRPA1

AgTRPA1 ooc
"l
oYk
15 °C 5 pA : __M""
el
C - L 100 o prmee 15796
-100 mv
+100 mv
N 5 pA el PO
22°C T s 200 ms
!
C ;"f""w
L
5 pA 50
25 0C ?‘ S w0 15 °C 4, 22°C ¢, 25 °C
S
J‘ J L %30 = 40
C e Wy pobiam ——" S O 2 % 40
810 20 20
0 0 0
30°C S pA 202468 202468 202468
300 ms 1(PA) 1 (PA) 1 (pA)
LT T ) ol | 309 0y 1 40°C
% 6 6
40 °C 5 pA g, s
500 ms 8 2 2
O+ O+
C'QU%WWMWWMWWMMWW 202468 20246 8
1(pA) 1 (pA)
A1-776 AgTRPA1
Wi 40 °C
T
15 °C 5 pA M‘““W
1s T
w
(G e ———————————rys 100 my W 15 °C
+100 mv
# 10 pA
5 DA 'w"/ J P
220G B o 200 ms
1s el
Cw P ] ‘
80
15 °C 22 °C &0 25 °C
25°C PA g %
Ts g e =
(C A RS PO 40 o
§ 20 20 fg
L e e e e T e e e e e T e e e M|
30°C 5 PA 202468 2024608 202468
s 1oA) 1oA) 1oA)
AT AT )
30 °C

Counts (x 1000)

FIGURE 9. Heat activates purified AgTRPA1 with and without its N-terminal ARD. As shown in experiments measuring ramp currents (—100 to +100 mV
in2s), AgTRPA1 and AgTRPA1 without its N-terminal ARD (A1-766 AgTRPA1) responded to increased temperatures with inward and outward channel currents
(red traces) at negative and positive test potentials, respectively. At a steady state test potential of +60 mV, distinct single-channel openings were observed at
30 and 40 °C. Occasionally, channel opening appeared already at 25 °C for AGTRPA1, but never for A1-766 AGTRPAT (n = 3). No activity was observed for
AgTRPA1and A1-766 AgTRPAT at 15and 22 °C (n = 2-3). Shown are representative traces and corresponding amplitude histograms (see Table 2 for calculated
single-channel G, and P, values). Purified AGQTRPA1 and A1-766 AgTRPA1 were inserted into proteoliposomes that were used to form planar lipid bilayers, and
channel currents were recorded with the patch-clamp technique in a symmetrical K* solution (c, closed channel state; upward deflections, open channel state).

manual, Invitrogen). High gene copy clones were selected on
zeocin as described previously (43), and the integrity of con-
structs was confirmed by PCR and subsequent agarose gel
electrophoresis. Crude lysates of induced cultures were
screened to identify high expression clones, using an anti-
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tetrahistidine antibody and Western blotting as described
previously (43).

Large scale expression of AgTRPA1 and A1-776 AgTRPA1
was conducted in a 3-liter bench top fermenter (Belach
Bioteknik). The cells obtained after expression in a fermenter
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FIGURE 10. Reversibility of AGTRPA1 heat responses. The heat responses of AGTRPA1 with and without its N-terminal ARD (A1-766 AgTRPAT) were
reversible when continuously exposed to different temperatures (30-35-min total recording time). Shown are representative recordings from 2-3 separate
experiments. Black traces are shown at the same time scale (1 s), whereas orange traces show part of the recordings at a higher time resolution (30 and 100 ms).
Purified AGTRPA1 (temperatures 30, 40, 30, and 25 °C) and A1-766 AgTRPA1 (temperatures 30, 25, 15, and 40 °C) were inserted into planar lipid bilayers, and
channel currents were recorded with the patch clamp technique in a symmetrical K* solution at a test potential of +60 mV (¢, closed channel state; upward

deflections, open channel state).

were collected, and crude membrane was prepared as described
elsewhere (44). Briefly, the cells were resuspended in ice-cold
breaking buffer (50 mm NaH,PO,, 1 mm EDTA, 5% glycerol, 1
mm PMSF (MBL International Corp.), pH 7.4), and lysis was
carried out using a bead beater (Biospec Products, Inc.). The
cell lysate was centrifuged in the cold at 7,000 X g for 30 min to
remove the cell debris, and the supernatant was centrifuged
again at 100,000 X g for 2 h to pellet the crude membrane. The
crude membranes were washed with urea and alkali to remove
peripheral proteins (44).

The washed membranes were resuspended in buffer A (20
mwm HEPES, 0.5 M NaCl, 10% glycerol, 2 mm B-mercaptoetha-
nol, 1 mm PMSF, 100 uMm leupeptin (Sigma-Aldrich), 10 um
pepstatin (Sigma-Aldrich), and 1% fos-choline-12 (FC-12; Ana-
grade, Anatrace), pH 7.8) at room temperature for 2 h to solu-
bilize the AgTRPA1 and A1-776 AgTRPA1 protein. The solu-
ble fraction was separated by ultracentrifugation at 100,000 X g
for 30 min. The supernatant was loaded onto equilibrated Ni-
NTA resin and incubated overnight at 4 °C with gentle agitation
to allow binding of His-tagged proteins. The Ni-NTA resin was
washed with buffer B (20 mm HEPES, 0.3 M NaCl, 10% glycerol,
2 mM -mercaptoethanol, 1 mm PMSF, 100 um leupeptin, 10
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1M pepstatin, and 0.15% FC-12, pH 7.8) supplemented with 30
mM imidazole to remove loosely bound proteins, and the His-
tagged proteins were eluted with 300 mm imidazole in buffer B.
Eluted proteins were concentrated using a VIVASPIN concen-
trator with a 50 and a 100 kDa cut-off for A1-776 AgTRPA1
and AgTRPAL, respectively.

The proteins were further purified on a Hiload Superdex 200
16/60 gel filtration column (GE Healthcare) equilibrated with
PBS buffer (10 mM potassium phosphate, 150 mm NaCl, pH 7.5)
supplemented with 10% glycerol and 0.15% FC-12. The purity
of AgTRPA1 and A1-776 AgTRPA1 was assessed by SDS-
PAGE and Western blotting. The protein concentration was
determined with a NanoDrop spectrophotometer using calcu-
lated extinction coefficients based on the amino acid composi-
tion (ProtParam, available from the ExPASy website). The
extinction coefficients for AgTRPA1 and A1-776 AgTRPALI in
water measured at 280 nm were 121,475 and 69,580 M ' cm ™},
respectively. Fractions of the tetramer peak (marked by an
asterisk in Fig. 1B) corresponding to AgTRPAL fractions 45— 48
(equivalent to elution volume in ml) and to A1-776 AgTRPA1
fractions 48 -52 in the presented chromatograms were col-
lected for further functional and structural studies.
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SDS-PAGE and Western Blotting—Protein samples were
mixed with 6X sample loading buffer (125 mm Tris-HCl, pH
6.8, 20% glycerol, 4% SDS, 10% (v/v), 2.4 M 3-mercaptoethanol,
and 0.1% bromphenol blue) and incubated for 10 min at room
temperature before separation on 12% SDS-PAGE. Protein
bands were visualized by staining the gel with Coomassie Bril-
liant Blue R250.

Similarly, for Western blots, proteins were separated by SDS-
PAGE and subsequently transferred to a PVDF membrane
(Millipore). His-tagged AgTRPA1 and A1-776 AgTRPA1 were
visualized by immunodetection. Briefly, a tetra-His antibody
(Qiagen) was diluted 1:10,000 in TBS (50 mm Tris, 150 mm
NaCl, pH 7.6) supplemented with 3% BSA and allowed to bind
to the His-tagged protein on the PDVF membrane overnight at
4 °C. The secondary anti-mouse IgG antibody conjugated to
horseradish peroxidase (GE Healthcare) was diluted 1:10,000 in
TBS containing 10% nonfat milk powder and incubated with
blots for 2 h at room temperature. The blots were washed
with TBS containing 0.01% Tween 20 for 10 min three times
and then developed by enhanced chemiluminescence (GE
Healthcare).

SRCD—Far UV SRCD spectra of purified AgTRPA1 and
A1-776 AgTRPAL, at a concentration of 0.6 and 1.3 mg/ml,
respectively, in 10 mMm potassium phosphate, 40 mm NaCl, 60
mM KF, 10% glycerol, and 0.15% FC-12, pH 7.5, were collected
at beamline CD1 of the ASTRID2 storage ring at the University
of Aarhus (Aarhus, Denmark). To monitor the temperature-de-
pendent changes in secondary structure, spectra between 180
and 280 nm were collected at different temperatures (25—
80 °C), allowing 5 min of equilibration time at each tempera-
ture. The temperature of the sample was set using Peltier
elements regulated by a Eurotherm controller. All of the mea-
surements were performed in a quartz cell (0.0102 cm path
length). The buffer without protein was also measured to sub-
tract the baseline from SRCD spectra (45). The subtracted
SRCD (millidegrees) signals were normalized to the maximal
values and plotted against the temperature to generate transi-
tion curves (46). To obtain midpoints, the data were fitted to a
non-linear Boltzmann sigmoidal equation using GraphPad
Prism version 6.00 (GraphPad Software, La Jolla, CA).

Tryptophan Fluorescence—Changes in emission of intrinsic
tryptophan fluorescence upon binding of the electrophilic
ligand, AITC, were monitored at ambient temperature (22 °C)
using a PerkinElmer Life Sciences spectrofluorimeter. Briefly,
the purified AgTRPA1 or A1-776 AgTRPA1 (0.6 um) was pre-
incubated with different concentrations of AITC (0—4,000 wm)
for 15 min at room temperature. Excitation was done at 280 nm,
and emission spectra were collected from 310 to 400 nm. The
spectra for different concentrations of AITC without protein
were also recorded in a similar manner to correct the baseline.
The emission data at 337 nm were fitted to a sigmoidal dose-
response equation using GraphPad Prism version 6.00
(GraphPad Software) to estimate pEC, values. The extra-sum-
of-squares F-test within GraphPad Prism was used to evaluate
the null hypothesis of a shared pECy, value for AGTRPA1 and
A1-776 AgTRPA1. Temperature-dependent changes in fluo-
rescence emission of AGTRPA1 were also examined from 25 to
48 °C, with a 2 °C interval. The temperature of the measuring

26910 JOURNAL OF BIOLOGICAL CHEMISTRY

cell was controlled by an external water bath connected to the
fluorimeter. Three individual samples were incubated at each
temperature point to determine the temperature-related
change in fluorescence. Samples were first equilibrated for 5
min in the measuring cell at the set temperature before starting
the fluorescence scanning.

A topology plot was generated with TeXtopo (47) via the web
application Protter (48), based on manual alignments and the
structure of hTRPA1 (PDB entry 3J9P). Structural pictures
were rendered in PyMOL (49).

Preparation of Giant Unilamellar Vesicles—Giant unila-
meller vesicles (GUVs) were produced by the electroformation
method, using a Vesicle Prep Pro Station (Nanion Technolo-
gies) (50, 51). Briefly, a lipid stock was prepared by mixing 10
mM 1,2-diphytanoyl-sn-glycero-3-phosphocholine and 1 mm
cholesterol in trichloromethane. Approximately 20 ul of this
solution was placed on the indium tin oxide (ITO)-coated glass
slide and allowed to dry. After complete evaporation of trichlo-
romethane, an O-ring was placed on the dry lipids. The ITO-
coated glass surface is electrically conductive and serves as an
electrode. To prevent conduction between two glass slides, 300
wl of 1 M sorbitol was added gently. The ITO-coated glass slides
were assembled on the Vesicle Prep Pro Station (Nanion Tech-
nologies), orienting ITO-coated conductive surfaces toward
each other. Vesicles were formed by electroswelling under the
influence of an alternating electrical field for 2 h at 36 °C.

Reconstitution of Purified Proteins into Planar Lipid Bilayer
or Giant Unilamellar Vesicles—Further, GUVs were used for
making either planar lipid bilayers or proteoliposomes (50, 51).
For formation of a planar lipid bilayer, 5 ul of GUV solution was
pipetted onto the patch clamp chip (aperture of 1-2 um),
applying a negative pressure from —10 to —40 millibars to posi-
tion vesicles over the aperture. The process of bilayer formation
was controlled by Patch Control software (Nanion Technolo-
gies). Approximately 0.2 ul of AgTRPA1 or A1-776 AgTRPA1
protein micelle solution of concentration 50-100 ug/ml was
added to preformed planar lipid bilayers (final concentration of
protein, 0.15- 0.2 ug/ml) in studies of the AITC responsiveness
of the ion channels.

For preparation of proteoliposomes, the purified proteins
were added to the GUV solution (final protein concentration of
2.5-10 pg/ml for AgTRPA1 and A1-776 AgTRPA1), and the
mixture was incubated for 2 h at room temperature. Detergent
was removed with polystyrene Biobeads SM2 (Bio-Rad), using
40 mg of beads/ml. After an initial incubation at room temper-
ature for 2 h, the incubation was continued overnight at 4 °C,
and Biobeads were subsequently removed by centrifugation.
The proteoliposomes were applied onto the patch clamp chip
to allow formation of planar lipid bilayers, as described above,
and used in studies of heat activation of the ion channels.

Electrophysiological Recordings—A symmetrical K* solution
of the following composition was used in all lipid bilayer
recordings: 50 mm KCl, 10 mm NaCl, 60 mm KF, 20 mm EGTA,
and 10 mM HEPES (adjusted to pH 7.2 with KOH). Signals were
acquired with an EPC 10 amplifier (HEKA) and the data acqui-
sition software PatchMaster (HEKA) at a sampling rate of 50
kHz. The recorded data were digitally filtered at 3 kHz. The
patch clamp experiments were performed either at room tem-
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perature or the stated temperatures. The Port-a-Patch was
equipped with an external perfusion system (Nanion Technol-
ogies) and an SC-20 dual in-line solution heater/cooler con-
nected to a temperature-controlled (CL-100) liquid cooling
system (Warner Instruments) to control the temperature of the
perfusion solution. Electrophysiological data were analyzed
using Clampfit version 9 (Molecular Devices) and Igor Pro
(Wave Metrics software). Data were filtered by a low pass
Gaussian filter at 1,000 and 500 Hz for analyses and traces,
respectively. The G, value was obtained from Gaussian fit of
all-points amplitude histograms based on a 0.1-picoampere
separation. The single-channel mean P was calculated from
time constant values, which were obtained from exponential
standard fits of dwell time histograms.

The Q,, for P_was obtained from the following equation (32,

41).
POZ 10/(T2 — Th)
20~ (52
o1
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