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In Vivo Identification and Manipulation of the Ca®™"
Selectivity Filter in the Drosophila Transient Receptor

Potential Channel
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Null mutations in the transient receptor potential (trp) gene eliminate the major, Ca*"-selective component of the light-sensitive con-
ductance in Drosophila photoreceptors. Although it is the prototypical member of the TRP ion channel superfamily, conclusive evidence
that TRP is a pore-forming channel subunit in vivo is lacking. We show here that mutating a specific acidic residue (Asp ®*') in the putative
pore virtually eliminated Ca>* permeation in vivo and altered other biophysical properties of the native TRP conductance. The results
identify Asp®*' as a critical residue of the TRP Ca®" selectivity filter, provide the first rigorous demonstration that a TRP protein is a
pore-forming subunit in any native system, and point to the likely location of the pore in mammalian canonical TRP channels. The
specific elimination of Ca>* permeation in TRP also provided a unique opportunity to address the roles of Ca>* influx in vivo. We found
that Asp ** mutations profoundly affected several key aspects of the light response and caused light-dependent retinal degeneration.
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Introduction

Belonging to the wider superfamily of voltage-gated channels (for
review, see Yu et al., 2005), transient receptor potential (TRP)
channels were first identified in Drosophila photoreceptors, in
which they are believed to mediate the light-induced current
(LIC), activated downstream of phospholipase C (PLC). Dro-
sophila trp was originally isolated as a mutant, in which the light
response decayed to baseline during prolonged illumination (Co-
sens and Manning, 1969; Minke et al., 1975). The gene was later
cloned and found to encode a novel protein with multiple trans-
membrane (TM) segments reminiscent of cation channels
known at the time (Montell and Rubin, 1989). Hardie and Minke
(1992) subsequently demonstrated that the Ca** selectivity of
the LIC was profoundly reduced in trp mutants and proposed
that trp encoded a Ca**-selective channel responsible for the
major component of the LIC. At the same time Phillips et al.
(1992) reported a second gene (trp-like, or trpl) encoding a pro-
tein with 40% identity to TRP, which is now believed to be re-
sponsible for the residual LIC in trp (Niemeyer et al., 1996; Reuss
et al., 1997). In the meantime, numerous TRP homologs have
also been identified in vertebrates (Wes et al., 1995; Zhu et al.,
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1995), spawning the TRP superfamily with its seven subfamilies.
Of these, Drosophila TRP and TRPL belong to and define the
canonical TRP (TRPC) subfamily, which are all activated down-
stream of PLC (for review, see Montell, 2005; Ramsey et al.,
2006).

Although the #rp gene is required for the major component of
the LIC (Hardie and Minke, 1992), conclusive evidence that it
represents a pore-forming subunit in vivo is lacking. Drosophila
TRP has been expressed heterologously, resulting in the appear-
ance of Ca** and cation-permeable ion channels (Vaca et al.,
1994; Xu et al., 1997); however, their biophysical properties
showed significant differences from the native conductance.
More generally, unambiguous identification of a pore-forming
subunit of an ion channel requires the demonstration that muta-
tions in the pore region result in corresponding changes in per-
meation properties. Although this has been achieved for mem-
bers of the TRP vanilloid receptor (TRPV) and TRP melastatin
(TRPM) subfamilies in heterologous expression studies (Nilius et
al., 2001; Voets et al., 2002; Owsianik et al., 2006), in no case has
such a demonstration of channel identity been achieved for any
TRP channel in vivo. Indeed, the selectivity filter has yet to be
identified in any of the TRPC subfamily, although mutations in
acidic residues lying outside the predicted pore region have been
reported to alter the ionic selectivity of heterologously expressed
TRPC1 and TRPCS5 channels (Jung et al., 2003; Liu et al., 2003).

In the present study, we identified a specific acidic residue
(Asp®*"), which is required for the high Ca** permeability of the
native TRP-dependent current. The results identify the selectivity
filter in Drosophila TRP and provide an unequivocal demonstra-
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tion that TRP is a pore-forming channel subunit in vivo. As well
as eliminating Ca** permeation, mutations in Asp ®*' resulted in
dramatic changes to the LIC and caused retinal degeneration,
thereby providing a direct demonstration of the profound func-
tional role of Ca®" influx in many aspects of phototransduction
and cell survival.

Materials and Methods

Flies. Unless otherwise stated, white-eyed (cn,bw) Drosophila melano-
gaster were raised in the dark at 25°C. To generate the trp transgenes, we
used the pHFK—#rp construct, which spans a 6480 nt trp genomic region
shown previously to fully rescue the trp mutant phenotype (Montell et
al., 1985; Li and Montell, 2000). The trpD62'G, trp[)626c, trpDﬁZ'N, and
trpP°?'E mutations were introduced using the QuickChange method
(Stratagene, La Jolla, CA), and the mutant trp genomic fragments were
subsequently subcloned into the NotI site of pCaspeR4. The constructs
were injected into w'!*® embryos, and transformants were identified on
the basis of eye color. Transgenic lines with third chromosome insertions
were selected and, unless otherwise stated, recombined into a cn,bw,
trpl”z;trppj‘” background (Niemeyer et al., 1996; Wang et al., 2005), so
that they were the only light-sensitive channel expressed. Control mea-
surements of wild-type (WT) TRP channel activity were performed in
trplP%? flies and also in trplP%%trp™>* flies expressing a wild-type TRP
transgene. For in vivo measurements of phosphatidylinositol-4,
5-bisphosphate (PIP,) hydrolysis, we used trpl°%;trp™>** flies expressing
the appropriate trp transgene and also the PIP,-sensitive Kir2.1%225Q
channel as a biosensor under control of the Rh1 promoter as described
previously (Hardie et al., 2001, 2004). The R228Q point mutation re-
duces the effective affinity of the Kir2.1 channel for PIP, approximately
fivefold, providing a near-linear relationship between PIP, concentra-
tion and K * current (Hardie et al., 2004).

Whole-cell recordings. Dissociated ommatidia were prepared as de-
scribed previously from recently eclosed adult flies (Hardie, 1991; Hardie
etal., 2001) and transferred to the bottom of a recording chamber on an
inverted Nikon (Tokyo, Japan) Diaphot microscope. The standard bath
was composed of the following (in mwm): 120 NaCl, 5 KCI, 10 N-Tris-
(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid (TES), 4
MgCl,, 1.5 CaCl,, 25 proline, and 5 alanine. For bi-ionic reversal poten-
tial (E,.,) measurements, solutions contained 130 mm NaCl, 130 mm
N-methyl-p-glucamine CI (NMDG), 10 mm CaCl,, or 10 mm MgCl, (for
divalent ions, 130 mM NMDG was also included). The solutions were
applied by broad-mouthed (~10 uwm) puffer pipette positioned close to
the cells as described previously (Hardie and Mojet, 1995). For measure-
ments of Kir2.1 channel activity, the extracellular solution contained (in
mu) 110 NaCl, 10 KCl, 4 CsCl, 1.5 CaCl,, and 4 MgCl,, and measure-
ments were made at a holding potential of —84 mV as described previ-
ously (Hardie etal., 2004). Also included in all bath solutions were 10 mm
TES, 25 mM proline, and 5 mM alanine. The standard intracellular solu-
tion was as follows (in mm): 140 K-gluconate, 10 TES, 4 MgATP, 2
MgCl,, 1 nicotinamide-adenine dinucleotide (NAD), and 0.4 Na GTP.
For reversal potential measurements, the following was used (in mm):
130 Cs-gluconate, 10 TES, 3 MgATP, 1 K,ATP, 1 NAD, and 0.4 Na GTP.
The pH of all solutions was adjusted to 7.15. All chemicals were obtained
from Sigma (Poole, UK).

Whole-cell voltage-clamp recordings were made using electrodes of
resistance ~10-15 M(), and series resistance values were generally below
25 M) and were routinely compensated to >80%. Maximum series
resistance errors for E,., measurements were estimated at <2 mV. A
correction was made for the measured junction potential (—10 mV).
Data were collected and analyzed using an Axopatch 200 amplifier and
pClamp 9 software (Molecular Devices, Palo Alto, CA). Cells were stim-
ulated via one of two green light-emitting diodes (LEDs), with maximum
intensity of ~3 X 10° and 10° effectively absorbed photons per second
per photoreceptor, respectively. Relative intensities were calibrated using
a linear photodiode and converted to absolute intensities in terms of
effectively absorbed photons by counting quantum bumps at low inten-
sities in wild-type flies (Henderson et al., 2000).

Immunolocalizations and Western blots. For immunolocalization ex-
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periments, adult fly heads were hemisected, fixed in paraformaldehyde,
and embedded in LR White. Cross sections (0.5 wm) of compound eyes
were obtained from the distal region of the retina, which included the R7
cells. The sections were stained with primary rabbit anti-TRP antibody
(1:200) and secondary goat anti-rabbit IgG (Alexa Fluor 488, 1:200; In-
vitrogen, Carlsbad, CA).

To perform the Western blots, fly heads were homogenized in SDS
sample buffer with a Pellet Pestle (Kimble-Kontes, Vineland, NJ). The
proteins were fractionated by SDS-PAGE and transferred to
Immobilon-P transfer membranes (Millipore, Bedford, MA) in Tris—
glycine buffer. The blots were probed with rabbit antibodies [«-TRP,
a-INAD (inactivation no afterpotential D), a-G,] or mouse a-Rh1 and
then subsequently with a-rabbit IgG peroxidase conjugate (Sigma) or
anti-mouse IgG peroxidase conjugate (Sigma). The signals were detected
using ECL reagents (Amersham Biosciences, Little Chalfont, UK).

Retinal degeneration. The time course of retinal degeneration was fol-
lowed by monitoring the integrity of the retina using the presence or
absence of the deep pseudopupil (DPP) in white-eyed (cn,bw) flies, ob-
served under a stereomicroscope with oblique illumination. Flies were
reared in either the dark or a 12 h light/dark cycle in a chamber illumi-
nated by white LEDs (average effective luminance, 100 cd/m?). Flies were
scored as having normal DPP (1.0), a weakly visible DPP (0.5), or no
visible DPP (0). A normalized degeneration index was generated from
cohorts of newly eclosed flies (n =15 for each condition), inspected daily.
Degeneration was confirmed by transmission electron microscopy (EM)
at representative time points. Flies were prepared and sectioned for EM
as described previously (Raghu et al., 2000).

Results

Generation of putative pore mutants

Although TRPL has the properties of a nonselective cation chan-
nel with moderate permeability for Ca** (PP, =~ 4:1), the
TRP-dependent current (i.e., that eliminated by the ¢trp mutation
and isolated in the trpl mutant) is highly Ca*" selective (Pc,:Pc,
~100:1) (Reuss et al., 1997). In several other Ca>"-selective
channels, including voltage-gated Ca** channels (Yang et al.,
1993), cyclic nucleotide-gated channels (Eismann et al., 1994),
and the Ca*" -selective TRPV5 and TRPV6 channels (Nilius et al.,
2001), Ca*" selectivity is believed to be conferred by a ring of four
acidic residues within the pore, which coordinate a binding site
for divalent ions. We therefore compared the sequences of TRP
and TRPL in the putative pore region and sought acidic residues
that were unique to TRP. Over the ~30 amino acids immediately
N-terminal to the sixth transmembrane helix (TM6), the TRP
and TRPL sequences show a high degree of identity (78%). How-
ever, close to the expected vicinity of the pore, there is one aspar-
tate (Asp®') in TRP, which is substituted for glycine in TRPL,
and a second aspartate (Asp ®*°), which is conservatively substi-
tuted for another acidic residue (glutamic acid) in TRPL. The
only other acidic residue in the vicinity of the putative pore of
TRP (Glu®”) is conserved in TRPL (Fig. 1A).

To test whether either of these acidic residues was responsible
for the high Ca®" selectivity of TRP, we generated mutant
genomic transgenes encoding TRP isoforms in which the aspar-
tate residues were neutralized to glycine (trp”®?'“ and trp”°?%“).
Flies stably expressing these transgenes were generated by germ-
line transformation. Unless otherwise stated, the mutant TRP
channels were expressed in a trpl’*%trp™** double null mutant
background, so that they were the only light-sensitive channels
expressed in the photoreceptors. Western blot analysis confirmed
that the mutant TRP proteins were stably expressed, although the
levels of TRP P°%C were lower than in wild type (Fig. 1 B). Immu-
nostaining revealed that TRP”**' and TRP "%*° were correctly
targeted to the microvillar portion of the photoreceptor cells, i.e.,
the rhabdomeres (Fig. 1C). Other major components of the
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transduction cascade, including Gy Rh,PLC
[NORPA (no receptor potential A)], and the
PDZ (postsynaptic density-95/Discs large/
zona occludens-1) domain scaffolding pro-
tein (INAD), were expressed at normal lev-
els in both mutants (supplemental Fig. S1,
available at www.jneurosci.org as supple-
mental material).

Ionic selectivities

We determined ionic selectivities by mea-
suring the E,., of the LIC from whole-cell
voltage-clamped photoreceptors. The in-
tracellular solution contained Cs™* (130
mM) as the only cation, apart from trace
amounts of unchelated Mg>*, K, and
Na™ in nucleotide salts (ATP/GTP), re-
quired to sustain the operation of the pho-
totransduction cascade.

With the normal physiological bath so-
lution (in mm: 120 Na™, 5 K™, 1.5 Ca?™,
and 4 Mg>"), E,., for the wild-type TRP
channel isolated in trpl mutants (or trpl;
trp expressing a wild-type frp transgene)
was +19.2 = 2.2 mV (mean = SD; n =
34). As reported previously (Reuss et al.,
1997), this rather positive value reflects
both a significant selectivity for Na ¥ over
Cs™, which is diagnostic of high field
strength sites (Eisenmann series = V), and
also the significant permeation of Ca*"
and Mg>" ions in the bath solution. Ac-
cordingly, under bi-ionic conditions, with
130 mM Na ™ as the only permeable extra-
cellular cation, Py,:P, was estimated as
1.3:1 (E,., of +6 mV) whereas with 10 mm
extracellular Ca** or Mg®™, E,., values of
+35and +10 mV, respectlvely, indicated
permeability ratios of ~60:1 (P,: PLS) and
16:1 (Py:Pc) (Fig. 2, Table 1). E., in
bath containing 130 mM NMDG (the “im-
permeant cation” in the divalent cation
solutions) was —75 mV, indicating a small
residual permeability for this large organic
cation.
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Figure 1.  Generation and expression of mutations in acidic residues in putative selectivity filter. A, Alignment of TRP and TRPL

sequences in the vicinity of the putative pore region, which by analogy to other channels would be expected to be located toward
the end of the region linking TM5 and TM6. Acidic residues are indicated in bold. A total of 78% of residues are identical in this
region (shaded). Asp ®*" and Asp % are the only acidic residues unique to TRP sequence. B, Western blot showing TRP protein
levels in trpl, wild-type, trp, and the four transgenic lines used in this study: trp°6?', trp®5?™ trp®52'€ and trp®5?%°. The blot was
also probed with a- B-tubulin antibodies to provide a loading control. ¢, Immunofluorescent localization of mutant TRP isoforms
insemithin LR White sections stained with «-TRP antibodies. Eachimage shows the pattern of rhabdomeres in one ommatidium.
All TRP isoforms were correctly localized, although the TRP %2%° signal was weaker because of the lower level of expression. No
staining above background was seen in the negative control (trp), which was the null allele trp** (Wang et al., 2005).

permeability for Ca*" (P,:Pc, < 0.2). Compared with the wild-

To characterize the mutagenized TRP channels in the absence
of TRPL, we obtained E,., data from trpltrp flies expressing the
transgenic TRPP®*' or TRPP**C channels. E,., values deter-
mined under both control and bi-ionic conditions in trp”**“
were very similar (within ~5-10 mV) to those recorded in con-
trol (¢rpl) flies expressing wild-type TRP channels. However, we
found large shifts in E,., in trp”®?'“, indicating profoundly al-
tered ionic selectivity profiles. With Na™ as the only external
cation, a ~15 mV negatlve shift in E,, to —8 mV revealed that
permeability for Cs * was now greater than for Na ¥, indicating a
shift toward a lower field strength site (Eisenmann series I-1V).
Even more strikingly, the same single amino acid substitution
induced huge (~100 mV) negative shifts in E,., for divalent ions,
to —65 mV for 10 mm Ca** and —73 mV for Mg>". For Mg*™,
this was indistinguishable from E,, determined in the presence
of NMDG alone (—76 mV), indicating that the channels were
essentially impermeable for Mg>*, whereas for Ca*", E,., was
slightly more positive than for NMDG, indicating a small residual

type channel, however, the reduction in relative permeability for
divalent ions was several hundred-fold, indicating that this single
amino acid substitution had converted a primarily Ca**-
selective channel into one that permeates almost exclusively
monovalent cations.

Titrating the charge on Asp °*' reduces relative permeability
for both Ca’* and Na*

If Asp ®*! does indeed represent a key pore-lining residue respon-
sible for Ca*" selectivity, then one would predict that manipu-
lating the charge and/or side chain length of this residue would
result in additional systematic changes in permeation properties.
We therefore generated flies in which Asp®*' was mutated to a
polar residue, asparagine (trp”®*'M), and to glutamic acid
(trp™®?'E), another acidic residue with a longer side chain and a
weaker py. The concentrations of the TRP protein levels in both
of these transgenic lines were at least as high as in wild-type flies
(Fig. 1B).
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In contrast, when Asp 621 was substi-

tuted for glutamic acid (trp”**'F), sub-
stantial Ca®* permeation was maintained.

307 Control bath 130 MM Na* tmpl Nevertheless, even with this more conser-

20_1 e : *532“/ vative st}bst.itution, the channe.ls . sti.ll

. 1 100 pA showed significant changes to their ionic

> ] |ﬂ) ms selectivity profile. E,,, in 10 mm Ca** was

= 10_: negatively shifted by 12 mV, indicating an

P 0_3 tpD621G approximately threefold reduction in P:

L 1 i P +20 Pcstoonly ~20:1, whereas there was also a
104 gl o »0 signiﬁcan'? (.iecrease in PP to 1.17. .

E. Sy N' In addition, we generated heteroallelic

201 o] 1o 200 ms flies, expressing one copy of the wild-type

trp gene and one copy of trp”*?'“ or

trpP*?'N, in which the majority of the ion

98]

H
H

Figure 2.

impermeant cation in bath. £, values in trp %€

rev

3

Te

130 mu Cs gluconate. The trp transgenes were expressed on a trpP%%trp™* background.

Table 1. Permeability ratios measured under bi-ionic conditions in trp/ (to isolate
the wild-type TRP channel) and in flies expressing different trp transgenes (all
expressed on trpl;trp double-mutant background

PeaPes PrgPes PratPes PrumosPes
WI (trpl) 56.9 15.8 130 0.04
trpPe25¢ 35.2 74 1.06 n.d.
trp™?'E 2.0 29 117 0.02
trpP2™ ~0.2 0 0.99 0.02
trp™e21¢ ~0.1 0 0.70 0.04
trp”02™/+ 155 nd. n.d. n.d.
trp®?15/+ 43 nd. n.d. n.d.

n.d., Not determined. Internal solution contained 130 mm Cs,,. External solutions contained 10 mm Ca%*, 10 mm
Mg**, 130 mm Na™, or 130 mm NMDG (divalent cation solutions also contained 130 mm NMDG). Permeability
ratios were derived from £, measurements according to the following:

Py
o = p(EFIRT), 6
Cs
in which Xis the monovalent cation, and
Py  1[Cs7];
P ZWCXP(EWF/RT)(CXP(EWF/RT) +1), (2)

in which X is the divalent cation.

With the polar but uncharged asparagine substitution
(trpP*?™N), both Mg®" and Ca’" selectivities were again pro-
foundly reduced; however, the residual Ca®" permeability was
marginally but significantly higher ( p < 0.05). The relative per-
meability for Na ™ was also substantially reduced compared with
wild type, but again significantly less so than in trp”*?'“ (Fig. 3A).

501 10 mM Ca ** 10 mM Mg?* M\M
] \.__/¥_,__,+60

1 —_— _“‘—’\\/—*—M +20
0. 100 pA

Reversal potential measurements in putative pore mutants. Reversal potentials (£,,,, mean = SD) measured from
responses to brief flashes at different holding potentials in 10 mV steps (sample traces shown on the right). A, In control bath (in
mu: 1.5Ca%", 4Mg?",120Na ™, and 5K ™) (n = 634 cells) and under bi-ionic conditions with only 130 mm NaCl in the bath
(n = 4-6). B, Under bi-ionic conditions with 10 mm Ca™ (n = 4-9) or 10 mm Mg?™ (n = 3-7), using 130 mm NMDG as
were within ~5-10 mV of control trp/ values. In contrast, massive shifts were
observed in rrpD”’G. The dotted line shows the mean £,,,, for 130 mm NMDG alone (—76 mV), which was indistinguishable from
o recordedin 10mmMg 2™ butslightly more negative than thatin 10mmCa®* . Inall cases, the intracellular electrode contained

channels should be heteromultimers con-
taining both wild-type TRP and mutant
TRP *?'N subunits. The LIC in photo-
receptors from these flies had intermedi-
ate reversal potentials, indicating that

z 1al|gl © ~lgl o 100 ms such heteromultimers also have greatly al-

- 1 S = [<% - . ..
2 gl o = gl g 621G 5pA tered ionic sle)lésgvny. Erev for thfe h.et-
Ul 50 ol o SRS M eroallelic trp /+ flies were signifi-
] -40 cantly more negative than for trpP*?"N/+,
T B I -NMDG _ - - particularly for bi-ionic conditions with
1 Ca*" asthe sole extracellular cation. Close

-100 -70

examination of the traces of recordings
from trp”®?'“/+ or trp”**"N/+ photore-
ceptors also revealed that responses near
reversal potential were clearly biphasic, in-
dicating contributions of channels with
different E,, (Fig. 3A). Presumably, these
represented heteromultimers with differ-
ent subunit stoichiometry (i.e., 2:2 and
1:3). The earlier phases of these biphasic
currents were always inward, indicating
that the channels with higher Ca®" permeability were more rap-
idly activated, consistent with previous studies indicating that
TRP channel activity is facilitated and accelerated by Ca*" influx
(Hardie, 1991, 1995). Formally, we cannot exclude the possibility
that the conductances responsible for these biphasic reversal po-
tentials represent the independent contribution of pure WT and
pure mutant homotetramers. However, it is difficult to envisage a
mechanism that would prevent otherwise identical subunits, ex-
pressed under control of the same promoter, from being assembled
as heteromultimers.

In summary, for both Ca®" and Na ™ permeation, there was a
clear, continuous and systematic trend of decreasing permeabil-
ity, which follows the decreasing charge on this residue: Asp >
TRPD621E > TRPDGZIN/+ > TRPDSZIG/J’_ > TRPDGZ]N >
TRP 'S (Fig. 3). The fact that neutralizing or otherwise manip-
ulating Asp®*!, but not the other acidic residue in the putative
pore region (Asp®*®), had such dramatic and charge-dependent
effects on Ca** permeability and smaller but still highly signifi-
cant effects on the permeation of monovalent ions indicates that
Asp®*! is a pore-lining residue with a key role in conferring the
high Ca*" selectivity of the wild-type TRP channel.

Remodeling Asp **! influences pore diameter and
single-channel conductance

Interestingly, E,., measured in the presence of NMDG alone was
~15 mV more negative in both trp”®*'F and trp”**'N (but not
trpP°?') than for the wild-type channel, suggesting that these
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Figure3. A, B, Bi-ionicreversal potentials. £, recorded in 10 mm Ca 25 () (n = 4-9 cells)
and 130 mm Na ™ (B) (n = 3—4), in trpP%;trp™* flies expressing trp transgenes with the
indicated substitutions of Asp®?' (glutamic acid, trp”*?'; asparagine, trp”*"™; and glycine,
trp®"%). For 10 mm Ca™*, values are also shown for heteroallelic flies expressing one copy of
the trp®®?™ or trp®?¢ transgenes and one copy of wild-type trp (D621N/+-, D621G/+). Rep-
resentative traces were all recorded in 10 mm Ca®™. Results, which are plotted in order of
decreasing charge on Asp %', show a continuous gradation in both relative Ca2* and Na *

permeability as the charge on Asp %' is reduced. D, E, N/D, G/D, N, and G indicate residues.

mutations may also have reduced the absolute pore diameter To
explore this more systematically, we measured relative perme-
ability for a number of organic cations ranging in size from 4.6 A
(dimethylammonium) to 6.8. A (NMDG). The results (Fig. 4)
confirmed striking and significant differences shifts in E,.,, with
up to ~40 mV negative shifts in E,,, in trp”**'F and smaller,
although still significant, shifts in trp”**'™ and trp™**'“ photore-
ceptors. In principle, the permeability ratios (Px:P,) derived
from these data (using Eq. 1 in Table 1) can be used to estimate
the effective diameter of pore, if this is assumed to act as a simple
molecular sieve. In this case, permeability should decrease with
increasing cation diameter according to some form of excluded
volume equation (Dwyer et al., 1980), for example, as follows:

Py:Pe, = k(1 — a/d)*a, (3)

where d is the pore diameter, and a is the diameter of the cation.
Fitting all of the data to this equation suggests the wild-type TRP
channel has a diameter of 8.6 A (Fig. 4B, solid curve). However,
the data point for dimethylammonium in particular appeared to
be poorly fitted, and, if this was omitted from the fit, an estimate
of 7.4 A was obtained (Fig. 4B, dotted curve). The data for the
three mutants were all reasonably fitted by Equation 3, yielding
the estimates of pore diameter shown in the inset to Figure 4 B.
The analysis suggests a conspicuous reduction in pore diameter
(to 6.6 A) in the TRPP°*'E channel, which would be consistent
with the extra length (one additional C-C bond) of the glutamate
side chain, assuming that this residue occupies the narrowest part
of the pore. Estimates of the pore diameter for TRPP**'™ (7.5 A)
and TRPP2C (7.8 A) fell between the two estimates for the WT
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Figure4. Permeability to organic cations. 4, £, recorded under bi-ionic conditions (130 mm

(s;,) with a series of organic cations of increasing size (all 130 mw), dimethylammonium (2MA),
trimethylammonium (3MA), tetramethylammonium (4MA), and NMDG. Mean == SD; n = 3-7
cells per data point. B, Relative permeabilities (P,:Pc,; Eq. 1in Table 1) derived from data in 4,
plotted against cation diameter. The data have been fitted with an excluded volume equation
(Eg. 3). On the assumption that relative permeability is determined by size alone, this can be
used to derive the effective diameter of the pore. The data for the wild-type channel (WTis trp/
mutant) have been fitted both with (solid curve) and without (dotted curve) the data point for
dimethylammonium (see Results). The inset shows the effective diameter of the pore derived
from these fits: the wild-type pore diameter was estimated at 8.6 A when the dimethylammo-
nium data point was included in the fit but only 7.4 A when it was excluded (dotted line). The
estimated TRP "*2'E pore diameter (6.6 A) was substantially smaller than either of these esti-
mates, whereas values for TRP 2™ and TRP "' fell between the two wild-type estimates.

channel, leaving it uncertain as to whether pore diameter was also
altered in these mutants. However, the differences in relative per-
meabilities for several organic cations in both trp”®?'¢ and
trpP%?™N photoreceptors are an additional clear indication of al-
terations to the permeation pathway in both TRP”*'™ and
TRP"*?'C channels.

Although only one of many factors that can influence single-
channel conductance, we also asked whether the changes in ef-
fective pore diameter induced by Asp °*' mutations might also be
reflected in the single-channel currents. Estimates of single-
channel conductance can be derived by steady-state noise analy-
sis of spontaneous channel activity (“rundown current”) after
metabolic inhibition (Hardie and Minke, 1994; Agam et al,,
2000), although the small single-channel conductance, combined
with very short open times (~0.5 ms) and the high capacitance
(>50 pF) of the photoreceptors (resulting in slow clamp time
constants), makes accurate estimates difficult. Under optimal
conditions, the wild-type TRP channel (isolated in #rpl) has been
estimated to have a single-channel conductance of ~8 pS (Raghu
et al., 2000); however, such values have only been resolved in
mutants with greatly reduced microvillar surface area (and hence
lower capacitance), and, in normal wild-type or trpl photorecep-
tors, the derived values are typically 2—4 pS (Hardie and Minke,
1994; Reuss et al., 1997).

After channel activation by the metabolic inhibitor di-
nitrophenol (DNP) (100 M), we were able to resolve a low level
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240 uM, i.e., slightly lower than the value
reported previously in wild-type flies ex-
pressing both TRP and TRPL channels
(Hardie and Mojet, 1995). However, in
trpP?1C, the ICs, was shifted ~10-fold to
2.1 mMm (Fig. 6A).

Asp®®' mutations also resulted in a
striking change in the rectification charac-

o

200 ms

D621N

D621G trp

D621E

Figure 5.

similar to wild-type bumps.

of channel noise in favorable recordings of the steady-state run-
down currents (Fig. 5A). After appropriate analysis (see legend to
Fig. 5), such recordings yielded effective single-channel conduc-
tance estimates of 0.3 pS for TRPP*'™, 0.7 pS for TRPP**'S, and
0.9 pS for TRPP®*'E, whereas the wild-type channel (in trpl)
recorded under the same conditions yielded values of 2.1 pS,
within the range reported previously. Values for TRP**'S and
TRP"*'F were not significantly different from each other, but
both were significantly smaller than the wild-type channel (p <
0.005) and larger than for TRPP**'™ ( p < 0.03). In contrast, the
estimated single-channel conductance (2.9 pS) for TRP P2 was
similar although apparently slightly larger than the wild-type
channel (Fig. 5B).

Asp **! mutations influence the block by Mg** and
ruthenium red but not La**

In common with other highly selective Ca** channels, monova-
lent currents mediated by wild-type TRP channels are blocked by
extracellular divalent ions. Because of additional actions of Ca**
on components of the transduction cascade, it is only practicable
to quantify this block for the case of Mg?™, which was reported
previously to block the wild-type LIC in a voltage-dependent
manner with an IC, of 280 uM (Hardie and Mojet, 1995). To ask
whether the same acidic residue responsible for Ca™ selectivity
might also be responsible for divalent ion block, we measured the
block of the LIC in the absence of extracellular Ca*" while vary-
ing the extracellular Mg>*. In trpl mutants, ICs, was estimated at

Spontaneous channel noise recorded after activation by the metabolic inhibitor DNP (100 w.m) (Agam et al., 2000;
Hardie etal., 2003). A, Each pair of traces shows control noise in the dark (top) before channel activation and steady-state channel
noise after activation by DNP. B, The underlying single-channel currents were calculated as variance/mean current (after subtract-
ing the dark control values) and converted to effective single-channel conductances (vy) assuming respective measured reversal
potentials (mean = SD; n = 4 -5 cells for each genotype). Measurements were made in both series compensated (>80%) and
uncompensated mode. For uncompensated cells, a correction was made for the noise lost by filtering by the clamp time constant
as described previously (Hardie and Minke, 1994; Reuss et al., 1997). This required knowledge of the frequency characteristics of
the channel openings, which were derived by Lorentzian fits to power spectra of the noise. Both approaches yielded similar values.
Values for TRP "' channels were not significantly different from TRP °62'€ but were significantly ( p = 0.03) larger than for
TRPP62™N_ Both TRP °62'F and TRP °°*' channel conductances were significantly smaller than WT ( p = 0.003). €, Quantum
bumps recorded in response to dim illumination in trp°®?’E. Mean amplitude (3.7 == 1.1 pA; n = 4 cells) was ~40% of that
recorded in wild-type or trp/ flies (9—10 pA) (Henderson et al., 2000). Waveform and duration (half-width of 24 = 6 ms) were

teristics of the conductance. As reported
previously, in physiological solutions, the
wild-type TRP channel (in the trpF’* mu-
tant) showed a dual inward and outward
rectification with a low slope conductance
between —10 and +40 mV primarily at-
tributable to a voltage-dependent Mg*™
block (Hardie and Mojet, 1995). In
marked contrast, in both trp”*?!S and
trpP%?™N | the slope conductance was high
in this region, whereas the overall rectifi-
cation characteristics were now indepen-
dent of extracellular divalent ions (data
not shown). In both trp™%?!< and trp”*?!N,
an additional complex double rectifica-
tion developed below —40 mV and above
+100 mV. The basis of this was not fur-
ther investigated, but the near zero slope
conductance between —100 and —30 mV
is probably a reflection of intrinsic voltage
dependence of the channels revealed in the
absence of Ca*" influx (i.e., the expected
increase in current attributable to the
greater driving force is counteracted by
lower open probability). The rectification
profile in trpP?°% was very similar to that
in wild-type (Fig. 6 B), whereas in trp”**'%,
it appeared intermediate between that in
and wild-type (data not shown).

Although these results are consistent with Asp®*' also repre-
senting the binding site responsible for the voltage-dependent
block by Mg>™, we cannot exclude the possibility that the site lies
deeper within the channel, as reported for TRPC5 (Obukhov and
Nowycky, 2005). This is because, unlike the case for the wild-type
TRP channel, neither TRP%*'S and TRP "**'™ appear to perme-
ate Mg>", and hence extracellular Mg>* would no longer have
access to sites deeper within the pore or in the inner vestibule.

Many Ca**-permeable channels, including several TRP chan-
nels, are also blocked by the polyvalent cation ruthenium red
(RR), and targeted mutagenesis in TRPV1 and TRPV4 has sug-
gested that the same residue responsible for Ca®" selectivity also
represents the RR binding site (Garcia-Martinez et al., 2000;
Voets et al., 2002). We found that the LIC mediated by both the
wild-type TRP channel (isolated in trpl) and TRP"**S was also
almost completely (80-90%) blocked by 1 um RR (Fig. 6C) and
completely blocked by 10 um RR. In contrast, 1 uM RR induced at
most only a weak block (<20%) of either TRPP**'S or TRP P**!N
channels, whereas TRPP*'E channels showed an intermediate
sensitivity. Responses in trp”**'“ were ~90% blocked by increas-
ing the concentration of RR to 10 um (n = 3), indicating an
~10-fold reduction in the affinity for this channel blocker.

Finally, another hallmark of the TRP channel that distin-
guishes it from TRPL channels is its sensitivity to block by low
micromolar concentrations of La®". We therefore asked whether
Asp **! might also represent the site of action of La>"; however, in
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fact, TRPP®*1S and TRPP®*N as well as
TRP P> channels were all blocked to a
similar degree (~80-90%) by 1 um La’"
and, like the wild-type channel, com-
pletely blocked by 10 um La’™. This indi-
cates that the La’* binding site includes
residues other than Asp®*' and Asp®*®
(Fig. 6C).

Ca’"-dependent shaping of the

light response

As well as identifying a critical molecular
determinant of Ca*" selectivity and pro-
viding unequivocal demonstration of the
identity of TRP as a pore-forming subunit
in vivo, the availability of photoreceptors
expressing Ca>* -impermeable TRP chan-
nels provides a powerful tool allowing the
direct and independent in vivo testing of
many of the proposed functional roles
for Ca’" influx via TRP channels in
Drosophila.

Under normal physiological condi-
tions, phototransduction in fly photore-
ceptors is regarded as the fastest known
G-protein-coupled signaling cascade (for
review, see Montell, 1999; Hardie and
Raghu, 2001). Ca** influx via TRP chan-
nels has been proposed to be essential for
these rapid kinetics, because removing ex-
tracellular Ca** greatly slows down both
the rising and falling phases of the re-
sponse (Hardie, 1991, 1995; Ranganathan
etal., 1991). However, such results do not
exclude the involvement of extracellular
Ca** binding sites or effects mediated by
changes in intracellular Ca 2% levels, which
accompany changes in extracellular Ca*™.
We therefore investigated the effects on
phototransduction resulting from virtu-
ally eliminating Ca** influx by neutraliz-
ing Asp®*".

Indeed, the most immediately obvious
phenotype of photoreceptors expressing
TRPP®*'S channels was the ~10-fold
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Figure 6. Modification of channel block by Asp ®" mutations. 4, Inhibition of the LIC by extracellular Mg ™ in Ca > -free bath

(120 mu NaCl, 5 mm KCl, and 0 Ca > ™). The light responses were initially recorded under Ca** - and Mg >* -free conditions, and
then differing concentrations of Mg 2 * were applied by puffer pipette. Wild-type TRP channels (in trp/) were inhibited with an 1Cso
of ~240 v, whereas trp”%2'¢ was ~10-fold less sensitive (ICy, of 2.1 mm). Data (mean = SD; n = 45 cells) fitted with a Hill
equation with slope (n) of 1. The traces show responses to brief flashes (arrows) recorded first in 0 Mg (larger responses) and
thenin4mumMg 2", showing the greater degree of block in the trp/ control compared with trp®27¢. B, Current—voltage relation-
ships of the steady-state light-induced current obtained using continuous voltage ramps from —100 to +120 mV (duration of
ramp, 1) in physiological Ringer’s solution (in mu: 120 Nadl, 5 KCl, 1.5 CaCl,, and 4 MgCl,). Currents were activated by dim red
lightadjusted inintensity to generate approximately equal currents at resting potential (—70 mV). The traces were then corrected
for leak and voltage-dependent currents by subtracting a template recorded in the dark immediately beforehand and normalized
to the current at resting potential. As reported previously, the wild-type TRP channel (in the trpP°” mutant) showed dual inward
and outward rectification with a low slope conductance between —10 and +40 mV primarily because of a voltage-dependent
Mg 2™ block (Hardie and Mojet, 1995). In both trp”?"¢ and trp°®*"™, the conductance was high in this region, although an
additional complex double rectification developed below —40 mVand above +100 mV. Similar results were recorded from seven
157" and trp°@?™ cells, with essentially identical profiles being recorded in the absence of external divalent cations (data not
shown). Rectification characteristics in trp”25° appeared similar to the WT channel (n = 4), whereas trp°®’ was intermediate
(datanot shown). €, Block by La®* and RR. The degree of block (5- to 10-fold) by 1 um La®* applied by puffer pipette was similar
in trpl, trp®27¢, trpP52™ and trp”®?°°. RRat 1 wum blocked responses in trp/ by more than fivefold, but responses in trp”®2¢ and
trp°5?™ were barely affected; an intermediate block was seen in trp”?7€, Data plotted as maximum LIC during block, normalized
to response before application (mean == SD; n = 3—6 cells per data point; ***p << 0.005 compared with trp/ control).

20 ms in duration (half-width); however, in the absence of exter-

slower kinetics of the light response (Fig. 7). Strikingly, the kinet-
ics and amplitude of responses in these transgenic flies no longer
showed any significant differences when Ca**-free solutions
were rapidly applied by perfusion with puffer pipettes (Fig. 7C,E).
Furthermore, the waveforms of flash responses recorded in phys-
iological, Ca”*-containing solutions were indistinguishable
from those recorded in wild-type or #rpl flies in the absence of
extracellular Ca*" (Fig. 7D, E). The response kinetics in trp”*?'™
flies in Ca*"-containing solutions were similarly slow to trp
(data not shown); however, in trp”®*'¥, in which there was only a
modest reduction in Ca®" selectivity, the kinetics of the light
response were only slightly slower than those recorded in wild-
type flies and similarly sensitive to extracellular Ca** (Fig. 7 B, E).

D621G

Quantum bumps

Ca*"-dependent feedback is believed to be mediated primarily at
the level of the quantum bumps, which are the responses to single
absorbed photons. Normally, these are ~10 pA in amplitude and

nal Ca*", they are reduced in amplitude to <1 pA and greatly
increased in duration (Henderson et al., 2000). The combination
of reduced single-channel conductance, together with the lack of
Ca’*"-dependent positive feedback, meant that quantum bumps
could not be resolved in either trp”*?'“ or trpP*?™N flies. An esti-
mate of the single-photon response amplitude was derived in-
stead by dividing the amplitude of responses to brighter flashes by
the number of effectively absorbed photons (based on calibra-
tions in wild-type photoreceptors), yielding values of 0.05 = 0.02
pA (n = 7) in trp”*?' and 0.03 *+ 0.02 pA (n = 6) in trp”*?™™.
These values, which are more than 100X smaller than the wild-
type quantum bump, are an order of magnitude smaller than
would have been predicted on the basis of the estimated reduc-
tion in single-channel conductance alone, consistent with the
additional effect of the lack of positive feedback by Ca®" influx.
In contrast, quantum bumps were clearly resolved in trp”®*' flies
with similar waveform to wild-type bumps. Their amplitude
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of the Kir2.1 current over a similar time

WT \ trpP621E trpP621G course (Fig. 8E), confirming the loss of

PIP, reported previously in null trp mu-

tants (Hardie et al., 2001). In contrast, in

5pA  oca trpP*?'E, even 10-fold brighter intensi‘Fies

500 ms only caused a modest (~25%) reduction

in the Kir2.1 current, as reported previ-

ously for wild-type flies. This strongly sug-

gests that it is Ca?" influx, and not some

t25% other function of the TRP channel, that is

essential for inhibition of PLC activity and
maintaining the light response.

Asp ®*! substitutions induce
retinal degeneration
It has long been known that #rp mutants
: : undergo light-dependent retinal degener-
WT D621E D621G ation. Recently, retinal degeneration in trp
was shown to be partially rescued by an
andtrp”””" (B), responses tobrief 4 ditjonal mutation of the Na */Ca2" ex-
changer, CalX, suggesting that reduced
Ca** influx was responsible for the retinal
degeneration (Wang et al., 2005). We
therefore asked whether elimination of
2! mutants was

0-

, responses were slow under both

D621G

significant dependence on extracellular Ca*, and response kinetics were statistically indistinguishable from wild type. sufficient to result in retinal degeneration.

(3.7 £ 1.1 pA; n = 4 cells) was ~40% of values in trpl or wild-type
flies, now fully consistent with the estimated twofold to threefold
reduction in single-channel conductance (Fig. 5C).

Point mutations of Asp **' mimic the original null

trp phenotype

TRP channels are so-called because, during maintained bright
light, the light response in ¢rp mutants is transient and decays to
baseline. The cause of this has long been debated and variously
attributed to exhaustion of intracellular Ca" stores (Hardie and
Minke, 1992; Cook and Minke, 1999) or Ca”-dependent inac-
tivation of the residual TRPL channels (Scott et al., 1997). More
recently, we showed that the decay was strictly correlated with a
complete loss of PIP, during continuous illumination in #rp mu-
tants. We proposed that Ca®" influx via TRP channels was re-
quired to inhibit PLC and that, when this influx was compro-
mised, the maintained PLC activity resulted in hydrolysis of
essentially all of the available PIP, in the microvilli (Hardie et al.,
2001). We therefore asked whether eliminating Ca*" influx via
point mutations in the selectivity filter would also result in a
trp-like response decay. Indeed, in flies expressing either
TRP PG or TRPP?!N, with or without wild-type TRPL chan-
nels, responses to maintained illumination rapidly decayed to
baseline, thereby mimicking the #rp null phenotype (Fig. 8). In
contrast, responses in trp”**'* failed to show this decay. To con-
firm that the decay in trp”%*'“ and trp”**'™ was also associated
with a loss of PIP,, we monitored PIP, levels in the rhabdomeres
using a PIP, biosensor, namely the PIP,-sensitive ion channel
Kir2.1%2%%Q, genetically targeted to the microvillar membrane as
described previously (Hardie et al., 2001, 2004). The Kir2.1 chan-
nels mediate a large constitutive inward K * current that is main-
tained by endogenous levels of PIP, and that is normally resistant
to bright stimulation. When Kir2.1 channels were expressed in
trpP?1 or trpP%?™N flies, the same intensities that induced the
response decay also induced the virtually complete suppression

In the first instance, we examined the DPP

in white-eyed flies to monitor the integrity
of the retina (Franceschini and Kirschfeld, 1971). In flies reared in
the dark, the DPP remained clearly visible over a period of at least
3 weeks. However, in flies reared on a 12 h light/dark cycle, the
DPP disappeared in 100% of trp”**'™ flies within 7 d, even faster
than null #rp mutants reared under the same conditions, indicat-
ing that the retina had undergone rapid light-dependent degen-
eration. Similar results were obtained in trp”**'“, but, in trp”?'E
flies, which have substantial remaining Ca>" permeability, the
DPP was still clearly visible after 2 weeks of light/dark rearing
under the same conditions (Fig. 9A).

To confirm the degeneration, we examined retinas of dark-
and light-reared trp”**'™ flies by transmission electron micros-
copy (Fig. 9B). After 7 d in a 12 h light/dark cycle, profound signs
of degeneration were obvious in all trp”**"N ommatidia, with
most thabdomeres either entirely absent or exhibiting extensive
signs of disruption, fragmentation, and/or internalization of the
microvillar structure. The cell bodies also contained multivesicu-
lar bodies and exhibited signs of phagocytosis by the surrounding
pigmented glia. These morphological features were similar but
more advanced than those found in #p null mutants reared un-
der the same conditions (Wang et al., 2005). In contrast, the
rhabdomeric structure in trp”*?'F was essentially intact after 7 d
light/dark rearing. Even dark-reared trp”®*'N showed some ab-
normalities after 7 d, namely a reduced microvillar length result-
ing in an elongated cross-sectional profile. This was not explored
further but may indicate the onset of a much slower light-
independent degeneration attributable to the chronically low
Ca*" levels expected in these cells.

Discussion

Identification of the TRP selectivity filter

We have shown that mutating a single negatively charged residue
(Asp®") in the putative pore region of the prototypical TRP
channel profoundly altered the permeation properties of the na-
tive conductance in vivo. Neutralization of Asp ®*! virtually elim-
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inated permeability to Ca?", reduced
single-channel conductance, altered the
rectification characteristics, and alleviated
channel block by Mg** and RR. Overall, a
continuous trend in relative permeability
to both Ca®" and Na™ was seen as the
charge on Asp ®*' was reduced, whereas in-
creasing the side chain length by mutating
Asp®*! to glutamate significantly reduced
the pore diameter An equivalent mutation
in the only other acidic residue in the pu-
tative pore region (Asp®*°) had, at most,
minor effects on the biophysical proper-
ties of the pore. These results provide
compelling evidence that Asp®*' is a criti-
cal pore lining residue, required for the
high selectivity for Ca™.

Previous studies have failed to identify
the pore in any of the TRPC channels (for
review, see Owsianik et al., 2006). The
close homology of the pore regions of the
Drosophila and vertebrate TRPC channels
now allows one to suggest some structural
principles for the TRPC subfamily as a
whole. Assuming overall structural simi-
larity to the bacterial cation channels KcsA
(Doyle et al., 1998) and NaK (Shi et al,,
2006), the pore itself is expected to be a
stretch of five amino acids, after the pore
helix with a sharp turn (Fig. 10B). Both
the end of the pore helix, and the transi-
tion into the putative pore region (FGL),
are highly conserved among the TRPCs
(Fig. 10A), suggesting that these features
are essential structural elements. We sug-
gest that the FGL motif represents the turn
aligning the pore with the pore helix and
may also include the first residue of the
pore. In Drosophila TRP (dTRP), the pore
helix is predicted to terminate two to four
amino acids N-terminal to Asp ®*!, and the
pore itself is thus likely to include five res-
idues from (LV)DLV(S) (critical Asp ®*' in
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Figure 8. FEliminating Ca* permeation mimics trp decay. A, A 5 s step of light (bar; ~3 X 10° photons/s) caused a rapid
peak-to-plateau transition in both wild type, followed by a maintained plateau that terminated at lights off. Responses to
subsequent brief test flashes (arrows) were only slightly attenuated because of light adaptation. B, A similar behavior was seenin
trp®5?". €, In a null trp mutant, even an ~10-fold weaker stimulus (4 X 10* photons/s) resulted in decay to baseline, and
responses to subsequent test flashes were eliminated. D, This phenotype was mimicked in trp®®’C. A similar behavior was also
always seen in trp”?™" and trp®5?' flies with TRPL channels present (data not shown). E, Responses from trp°®", trp, and
trp”®?'¢ expressing the PIP, biosensor channel Kir2.1%2%2, These channels generate a large constitutive inward K ™ current
(extent indicated by double arrow; dotted line represents zero current), which provides a measure of PIP, in the microvilli. In
trp®5"  brightillumination resulted in only a modest ~25% reduction in Kir2.1 current, as reported previously in wild-type or trp/
flies (Hardie et al., 2001, 2004); however, 10-fold dimmer stimuliin trp, trp°*’C, and trp®%?™ (n = 3; data not shown) resulted in
near complete decay of the Kir2.1 current over a similar time course to the decay of the LIC, reflecting almost complete depletion
of PIP, from the microvilli. Representative traces of at least three cells for each genotype.

bold). Asp ®*® lies just outside this region,

and the minor effects of the trp”°?*“ mu-

tation might be consistent with a location

in the outer vestibule of the pore. This proposed pore sequence is
not conserved among the TRPC family as a whole, but the equiv-
alent residues are well conserved in specific subgroups of the
family. Thus, the sequence becomes (MV)GLD(D) in dTRPL,
(LS)EVX(S) in TRPC3/6/7, and (LI)NLY(V) in TRPC4/5 (Fig.
10A), whereas the more divergent TRPC1 and TRPC2 have their
own specific sequences (supplemental Fig. S2, available at
www.jneurosci.org as supplemental material).

Interestingly, TRPL has a glycine (Gly®*®) in the equivalent
position to Asp®*! yet still has substantial permeability to Ca**
(Reuss et al., 1997). We speculate that one or other of the aspar-
tates (Asp *° and Asp®*!) in the putative TRPL pore may contrib-
ute to its Ca®" permeability. TRPC3 and TRPC6 have reported
Pca:Pna values of between 1.6:1 and 5:1 (Dietrich et al., 2005),
perhaps consistent with our finding that the D621E substitu-
tion in dTRP preserves a modest Ca*" selectivity. In TRPC4/5,
Asp®*! is substituted for asparagine, and the putative pore

sequence contains no acidic residues. This may be consistent
with most recent studies of TRPC4/5 channels, which suggest
that they have no specific selectivity for Ca** (Py,:Pc, of
~1.0) (Plant and Schaefer, 2003).

This overall topology of the pore region is similar to that of the
bacterial KesA and NaK channels (Fig. 10) and also TRPV6 (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material), in which an acidic residue (Asp >*?) has been similarly
implicated as the Ca*™ selectivity filter (Nilius et al., 2001; Voets
etal., 2004). We exploited this similarity to generate a hypothet-
ical, minimum energy model of the dTRP pore region based on
the crystal structure of KcsA (Fig. 10 B). The model assumes that
the pore helix ends at Gly°'®, placing Asp®*' in the middle of the
pore (LVDLV). Because of the low sequence homology between
dTRP and KcsA, the model should be treated with caution but
serves to illustrate the structural principles discussed above. Ca*™
selectivity in several other channels is believed to be conferred by
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Figure9.  Retinal degeneration attributable to disruption of Ca2* selectivity. A, Time course of degeneration monitored using
the DPP. Flies were scored as having normal DPP (1.0), a weakly visible DPP (0.5), or no visible DPP (0) and a normalized
degeneration index (= nominal SD) generated from cohorts of flies (n =15 for each condition). The DPP remained clearly visible
in all trp®*?™ flies even after 2 weeks and also in trp”?™™ flies reared in the dark. However, when light reared under a 12 h
light/dark cycle, the DPP in trp”5?™ flies deteriorated even more rapidly than in trp”>* null mutants. B, Representative electron
micrographs of trp”2" and trp”%?™" after 7 d of light/dark rearing and after 7 din the dark. Light/dark-reared trp®*"" flies showed
clear signs of degeneration in all R1—R6 photoreceptors, although the ultraviolet-sensitive R7 cell was unaffected (arrow). Scale
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TRP is not only the dominant light-
sensitive channel (Reuss et al., 1997) but
also has other roles. For example, TRP is
coordinated into a multimolecular assem-
bly, the signalplex, with PLC and other sig-
naling proteins via the INAD scaffolding
protein, and is required for the stability
and retention of INAD in the rhab-
domeres (Huber et al., 1996; Shieh and
Zhu, 1996; Chevesich et al., 1997; Tsunoda
etal, 1997, 2001; Xu et al., 1998; Wes et al.,
1999; Li and Montell, 2000; Tsunoda et al.).

In this respect, Asp 62l mutants, in
which Ca’* permeation is essentially
eliminated, provide a powerful tool for
testing the role of Ca*™ influx. Previous
studies have shown that the rapid kinetics
of phototransduction are dependent on
external Ca”*, whereas bump amplitudes
are reduced and bump duration greatly
prolonged in Ca**-free solutions. This
has led to a model of sequential positive
and negative feedback by Ca*" influx act-

bars, 2 pm.

a ring of four acidic residues forming a binding site for divalent
ions (Yangetal., 1993; Eismann et al., 1994; Nilius etal., 2001). If,
as seems likely, TRP forms a homotetramer (Reuss et al., 1997; Xu
et al., 1997), Asp 621 could be well situated to perform a similar
role in dTRP.

In vivo demonstration of TRP identity

Two previous studies examined the biophysical properties of
channels in cells heterologously expressing dTRP cDNAs. The
first study, in insect Sf9 cells, reported permeation by divalent
ions but with significantly lower Ca** permeability and much
lower Ba*" and Mg>* permeability than for the native channel
(Vaca et al., 1994). Xu et al. (1997) reported properties of chan-
nels in HEK293T cells, which, although broadly similar, again
had a lower Ca*" selectivity (P,:Py, of 10:1) than that of the
native TRP conductance (>50:1) and were also much less sensi-
tive to block by La>*. Although dTRP is the defining member of
the TRP superfamily, these discrepancies thus raise questions
about the identity of TRP as a pore-forming channel subunit in
vivo.

It is generally accepted that the unequivocal identification of a
pore-forming channel subunit in vivo requires the demonstration
that targeted mutations in the putative pore affect the permeation
properties of the channel. The list of pore properties systemati-
cally affected by mutating Asp®*' now provides this rigorous
demonstration. Although similar effects on permeation have
been reported after mutagenesis of pore residues in members of
the TRPV and TRPM subfamilies when heterologously expressed
(for review, see Owsianik et al., 2006), to our knowledge, such a
demonstration has not been achieved for any member of the TRP
family in a native system and indeed has rarely been achieved for
any channel.

Roles of Ca** influx
frp mutants exhibit a number of phenotypes that have been in-
terpreted as attributable to defects in the Ca?" influx. However,

ing at the level of quantum bumps (Hen-
derson et al., 2000; Hardie and Raghu,
2001). Our results strongly support this
model by showing that the response kinet-
ics are greatly slowed and quantum bump amplitude dramati-
cally reduced by point mutations eliminating Ca>* permeation
(Figs. 5, 7). Neutralizing Asp®*' also mimicked the original trp
phenotype, namely the decay of the light response during main-
tained illumination and the associated loss of PIP,. This provides
strong independent support for the proposal that the decay rep-
resents the failure of Ca*>*-dependent feedback acting to inhibit
PLC activity rather than any other function of the TRP channel
(Hardie et al., 2001).

Finally, we showed that Asp %21 mutants underwent severe
light-dependent retinal degeneration. This supports and extends
the results of a recent study of a novel trp allele, trp'*, which
expresses normal levels of TRP protein and also interacts nor-
mally with INAD (Wang et al., 2005). Despite this, trp'* mutants
have a defective light response and undergo retinal degeneration
in a similar manner to null #rp mutants, suggesting that a defect in
the TRP channel function, rather than its scaffolding role in the
INAD complex, was responsible for the retinal degeneration
(Wang et al., 2005). However, the mutation in trp'* was outside
the pore region, and the biophysical nature of the underlying
defect is not known. In contrast, we clearly show here that a point
mutation specifically disrupting Ca*>* permeation induces light-
dependent retinal degeneration, thereby providing strong addi-
tional evidence that disruption of Ca*”" influx leads to retinal
degeneration.

In conclusion, our results provide compelling evidence that
Asp®! is a key residue lining the pore of the prototypical TRP
channel and is required for its high Ca®" selectivity. The results
also identify the likely location of the pore in mammalian TRPC
channels and raise the possibility that the equivalent acidic resi-
dues in TRPC3, TRPC6, and TRPC7 (Glu®®, Glu®'®, and Glu®*?,
respectively) may play a similar role in controlling Ca** selectiv-
ity. In addition, by generating mutants of Asp®*' in which Ca**
permeation is effectively eliminated, we have provided a direct
demonstration of the essential roles of Ca*" influx in many as-
pects of phototransduction and cell survival. Finally, the results

1
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Figure 10.  TRPC pore sequences and putative structure of the dTRP pore. A, ClustalW alignments of the TM5—TM6 region of
dTRP, dTRPL, dTRP-y, mammalian TRPC3-TRP(7 (for alignments with additional TRPCand TRPV family members, see supplemen-
tal Fig. S2, available at www.jneurosci.org as supplemental material). The TM5, TM6, and pore helixes (predicted by PSIPRED) are
shown in light gray (dotted lines indicate uncertainty of prediction). The pore tselfis likely to be lined by five amino acids from the
six residue stretch indicated in dark gray/black and includes the critical Asp 2" in dTRP and the equivalent residues N and E in other
TRPCs (underlined in bold). For clarity, a variable number of amino acids (number in brackets) have been omitted from the region
that links TM5 and the pore helix. The pore helix (e.g., the sequence LFW) and also the sequence leading to the selectivity filter
region (FGL) are highly conserved (conserved residues in bold) among the TRPCs. Residues within the putative selectivity filter are
variable although conserved within subgroups of the TRPC family (3,6,7 and 4,5). The overall topology is similar to that of the
bacterial KcsA (Streptomyces lividans) and NaK (Bacillus cereus) channels (selectivity filter in black). Because of low sequence
homology, ClustalW alignments of the TRPCs with KcsA and NaK are unreliable. The alignment shown is based on structural
grounds (see below, B). B, Hypothetical structural model of the dTRP pore region based on the crystal structure of KcsA (1BL8). Two
subunits are shown in side view on the left, and four subunits are shown from the top (extracellular) on the right. The model is
based on the alignment shown in 4, placing the critical Asp %' in the middle of the selectivity filter (LVDLV). Models based on five
different alignments, with Asp ®*' ranging from the inner to outer mouth of the pore, were explored, and this gave the structure
with the lowest energy. The image was generated in Swiss PDB viewer, after modeling the TRP pore region (pore helix, pore, and
TM6) on the KcsA channel template. B, Bacillus cereus; SI, Streptomyces lividans; Hs, Homo sapiens; Mm, Mus musculus. TRPC
alignments made using ClustalW (http://www.ebi.ac.uk/clustalw/) with the PAM scoring matrix (Chenna et al., 2003). The
secondary structure prediction was performed with PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/psiform.html) (McGuffin et al.,
2000). Protein modeling was performed with Modeler 8.2 (Accelerys, San Diego, CA).
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