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Abstract The inositol (1,4,5)-trisphosphate receptor (InsP;R)
is an intracellular calcium release channel that plays a crucial
role in cell signaling. In Drosophila melanogaster, a single
InsP;R gene (itpr) encodes a protein (DmInsP;R) that is ~60%
conserved with mammalian InsP;Rs. The functional properties
of wild-type (WT) and mutant DmInsP;Rs have recently been
described [Srikanth et al., Biophys. J. 86 (2004) 3634-3646].
Here, we use the planar lipid bilayer reconstitution technique to
describe single channel properties of a ka901 point mutant
(G2630S) in the pore-forming region of DmInsP;R. We find that
homomeric ka901 channels are not functional, but the hetero-
meric WT:ka901 mutant channels display increased conduc-
tance, longer channel open time and altered ion selectivity
properties when compared to WT DmlInsP;R. Obtained results
are consistent with the gain of function phenotype observed in
ka901/+ mutant flies.

© 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

The inositol (1.,4,5)-trisphosphate receptor (InsP3;R) is an
intracellular calcium (Ca®") release channel that plays a critical
role in Ca?* signaling [1]. The mammalian genome encodes
three different isoforms of the InsP3;R-type I (InsP3R1), type 11
(InsP3;R2) and type III (InsP3R3) [2], while a single gene (itpr)
codes for DmInsP;R in the Drosophila genome [3.4]. All 3
mammalian isoforms share a common domain structure and
60-70% sequence identity [2]. InsP3Rs are subjected to multi-
ple levels of regulation [1,5,6]. The structural determinants
responsible for InsP;R1 conductance and gating properties
[7.8] and modulation by Ca®* [9-11], ATP [12] and phos-
phorylation [13] have been uncovered in recent functional ex-
periments with InsP3;R1 wild-type and mutant channels.
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The Drosophila InsP3R protein (DmInsP3;R) shares the same
domain structure and ~60% sequence identity with mamma-
lian InsP3;R isoforms (reviewed in [14]), with the highest level
of conservation in the amino-terminal ligand binding and the
carboxy-terminal channel regions. Recently, single channel
properties of the Drosophila wild-type isoforms and two single
point mutants (wc703 and ug3) identified in a genetic screen
have been described [15,16]. An additional mutant identified in
genetic screen (ka901) contains a single point mutation in a
putative pore-forming region of the DmInsP3;R. Expression of
full-length ka901 mutant in Sf9 cells did not result in InsP3-
gated channels in bilayers, indicating that ka901 homomeric
channels are not functional [15]. To analyze ka901 functional
properties, here we investigated functional properties of het-
eromeric WT:ka901 channels formed by co-infection of wild-
type (WT) DmlInsP;R and ka901 viruses into Sf9 cells. The
observed results provide a novel information about structural
determinants of DmInsP;R pore and explanation to the gain-
of-function phenotype observed in ka901/+ mutant flies.

2. Materials and methods

2.1. Expression of DmInsP;R in Sf9 cells

Generation of DmInsP;R wild-type and ka901 recombinant bacu-
lovirus has been previously described [15]. Equal amounts of
DmlInsP;R and ka901 baculovirus were used for co-infection in Spo-
doptera frugiperda (Sf9) cells as previously described [15]. Expression
of DmlInsP;R and ka901 isoforms in Sf9 cells was confirmed by
Western blotting with the affinity purified anti-DmlInsP;R rabbit
polyclonal antibody (IB-9075) that was previously described [15].

2.2. Single channel recordings and analysis of DmiInsP;R activity

Recombinant DmlInsP;R channels expressed in Sf9 cells were in-
corporated into the bilayer by microsomal vesicle fusion as previously
described [10,12,15]. The cis chamber contained 250 mM HEPES-Tris,
pH 7.35, and the trans chamber, which was held at virtual ground,
contained 55 mM Ba(OH), dissolved in 250 mM HEPES, pH 7.35.
Single-channel conductance values of heteromeric ka901 channels were
determined from the slope of a linear fit to unitary current amplitude
versus transmembrane voltage data in the range between +10 and
=30 mV.

3. Results
The domain structure of the InsP3R [2] is conserved between

DmlInsPsR and mammalian InsP3R isoforms. The ka901
mutation (G2630S) described in earlier studies [15,16] resides
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in a carboxy-terminal channel-forming domain of DmInsP;R.
G2630 residue mutated in ka901 is located within a putative
pore-forming region and highly conserved within InsP;R and
RyanR gene families and in a region homologous to the se-
lectivity filter of K* channel family (Fig. 1). Flies with one
copy of ka901 mutation and a deficiency for the InsP;R
(itpr®°8%) die as second instar larvae [16], similar to the ho-
mozygous deficiency (itpr®*®/itpr®8° [17]), indicating that in
homozygous state ka901 mutation behaves similar to the loss
of function mutation. Consistent with this conclusion, ka901
mutants expressed in Sf9 cells by baculovirus infection failed to
form functional channels in bilayers [15]. In contrast to these
results, Ca’>" release experiments with microsomal vesicles
extracted from adult heads of ka901/+ heterozygotes showed
over twofold higher calcium release as compared to wild-type
[15], indicative of a gain-of-function phenotype.

To explain the discrepancy between ka901/ka901 and ka901/+
phenotypes, we reasoned that ka901 forms functional channels
only when assembled with the wild-type (WT) DmInsP;R sub-
units, but not in the homomeric state. To test this prediction and
to examine the functional properties of WT: ka901 channels, we
co-expressed ka901 and DmInsP;R subunits in Sf9 cells at 1:1
ratio by baculovirus co-infection. The expression levels of WT:
ka901 channels in Sf9 cells were similar to the wild-type
DmlInsP;R and ka901 subunits expressed in isolation (Fig. 2).

In contrast to experiments with ka901 microsomes [15],
InsP;-gated channels were observed routinely (in 13 out of 18
experiments) in bilayer experiments with WT:ka901 micro-
somes. In three out of 18 experiments, the properties of ob-
served channels were similar to the wild-type DmInsP;R (data
not shown), and we reasoned that these channels result from
WT homotetramers. However, in 10 out of 18 experiments the
conductances and gating properties of the observed channels
(Fig. 3B) were clearly distinct from the wild-type DmInsP;R.

ka901
G2630S
DmInsP3R A
CelInsP3R W
InsP3R1
InsP3R2
InsP3R3 PA

RyanR1 GVRRGGGIGDI DIFAGBIRYELYR
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DmRyanR ClgVIREIL VINGVRINGGG I GDiiTiein PiRaDDNgAvAS
CelRyanR FEYHF A GVRRGGGIGDLP LEPR
C

KcsA PRALWWSVETATTVEYE#YPVTLWGRCHAVY

Fig. 1. Sequence alignment of the putative pore regions of InsP;R and
RyanR gene families with the KcsA potassium channel. Amino acid
sequence of the putative pore regions of the Drosophila InsP3R
(DmInsP3;R), C. elegans InsP3R (CellnsP3R), mammalian InsP;R1,
InsP3R2, InsP3R3, Drosophila RyanR (DmRyanR), C. elegans RyanR
(CelRyanR), mammalian RyanR1, RyanR2, RyanR3, and bacterial
potassium channel (KcsA). Residues with 50% sequence identity
(black) or similarity (grey) are colored by BoxShade. The arrow shows
the G2630 residue mutated in ka901 [15,16].
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Fig. 2. Expression of WT:ka901 heteromeric channels in Sf9 cells.
Western blot of Drosophila larval and adult head (AH) lysates and
microsomes isolated from Sf9 cells infected with DmlInsP;R,
WT:ka901 and ka901 baculoviruses as indicated. The DmInsP;R was
detected using an affinity purified anti-DmInsP3R polyclonal antibody.
For the larval lysate 30 pg of total protein was loaded, while 20 pg was
loaded in the lane containing the adult head lysate. For each micro-
somal preparation, 100 ng of total microsomal protein was loaded on
the gel.

We reasoned that these channels are formed by WT:ka901
heteromers. Although exact stoichiometry of these heteromers
in the bilayers is unknown, the frequency of these channels’
occurrence indicates that the presence of a single ka901 sub-
unit in a tetramer is sufficient to change DmInsP;R gating and
conductance properties (see Section 4). Only heteromeric WT:
ka901 channels were considered in the following analysis.

The mean current amplitude of WT:ka901 channels at 0 mV
holding potential is equal to 1.87+0.03 pA (n=4) with a
mean open dwell time of 6.2+ 0.5 ms (Fig. 3B). In the same
recording conditions, WT DmlInsP3;R display unitary current
amplitude of 1.8 pA and mean open dwell time of 4.3 ms [15].
Thus, unitary current is increased by 4% and mean open time
is increased by 44% in the presence of ka901 subunit. In con-
trast to DmlInsP;R, WT:ka901 channels displayed a sub-
conductance state with amplitude of 70% of the open
state (Fig. 3B) in about 25% of the channel openings. This
sub-conductance state was found to be a property of a sin-
gle hybrid channel, as transitions between open and sub-
conductance states were observed in membranes with only a
single functional channel. The presence of a single functional
tetramer in the bilayer was deduced by the amplitude of
channel opening observed over 10-30 min. In cases where
more than one functional channel is present in the bilayer,
some openings have amplitudes which are greater than that of
the single channel opening.

Single-channel conductances of 86.0 £0.2 pS and 39.0 +0.1
pS were estimated for the open and sub conductance states,
respectively (Fig. 4), as compared with the 70.0 £0.1 pS con-
ductance of the WT DmlInsP;R (Fig. 4) [15]. Extrapolation of
the current-voltage curve to the intercept on the voltage axis
indicated a —18 mV shift of approximated reversal potential
for the I/V curve of the full-open state of the WT:ka901
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Fig. 3. Functional properties of WT:ka901 channels. (A) Representa-
tive channel activity of WT:ka901 channels recorded in the standard
recording conditions. Current records are shown at compressed and
expanded time scales as indicated. Full open state (o) and subcon-
ductance state (s) levels are indicated on the expanded record. Unitary
current amplitude histograms and open dwell time distributions from
the same experiments are shown below the current records. (B) Unitary
current distribution was fitted (bold line) with the sum of two Gaussian
functions (thin lines), which were centered at 2.0 pA for the full open
state and 1.34 pA for the subconductance state. Open time distribu-
tions for a full open state were fit with a single exponential function
(curve) that yielded a 7y of 7.4 ms. Similar analysis was performed for
at least four independent experiments with WT:ka901 microsomes.
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Fig. 4. Current-voltage relationship of ka901:WT heteromeric chan-
nels. Current-voltage relationship of the full open state (filled circles)
and subconductance state (open circles) of WT:ka901 channels mea-
sured at transmembrane voltages between +10 and —30 mV. The av-
erage data from at least three independent experiments are shown as
means + S.E.M at each voltage. The linear fit to the data (thick lines)
yielded single channel conductance of 86 pS for full open state and 39
pS for the subconductance state of WT:ka901 channels. The current—
voltage relationship of the wild-type DmInsP;R (embryonic form,
filled triangles) from [15] is also shown (thin line). Extrapolation of
current-voltage relationships of WT:ka901 and DmInsP;R channels
yielded extrapolated reversal potential equal to +24 mV for full open
state of WT:ka901 channels, +50 mV for the subconductance state and
+42 mV for the wild-type DmInsP;R channels.
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channels when compared to wild-type channels (Fig. 4). Since
55 mM Ba®* in the trans chamber is the sole current carrier in
the system, this change in reversal potential in the mutant in-
dicates an alteration in ion selectivity of the heteromeric
WT:ka901 channel.

The observed effects on single-channel conductance, selec-
tivity and channel gating are consistent with the position of the
ka901 mutation (G2630S) in the pore region of DmInsP;R
(Fig. 1). In additional experiments, we determined the Ca’*-
sensitivity of WT:ka901 channels. Firstly, the presence of only
heteromeric channels in the bilayer was confirmed by mea-
suring current-voltage relationship as described above (Fig. 4).
Subsequently, calcium dependence experiments were carried
out with the same bilayer. We observed that the bell-shaped
Ca?*-dependence of the WT:ka901 channels was similar to
that of the wild-type DmlInsP;R [15] (data not shown), sug-
gesting that DmInsP3R modulation by Ca®* is not influenced
by the ka901 mutation.

4. Discussion

The absence of functional channels from ka901 homomers
in bilayer experiments [15] agrees with the genetic finding that
the allelic strength of ka901 is equivalent to that of the null
allele itpr®*%’ [16]. However, when co-expressed with the wild-
type DmInsP;R, ka901 mutant behaves as a “gain of func-
tion”” mutant in the vesicle flux assay [15]. As shown here, these
results can be explained by increasing single-channel conduc-
tance (23% increase) and open dwell time (44% increase) of
heteromeric WT:ka901 DmlInsP;R channels. These effects on
conductance and gating properties of DmInsP;R are consis-
tent with the position of ka901 mutation (G2630S) within the
predicted pore-forming region of DmlInsP;R (Fig. 1). The
pore-forming regions of InsP3;R and RyanR families are highly
conserved and contain a putative pore-forming motif
GXRXGGGI/VGD (the G2630 residue of DmlInsP;R mu-
tated in ka901 is underlined). The G4826 residue in RyanR?2 is
homologous to the G2630 residue mutated in ka901. Mutation
studies of this residue revealed conductance properties that
support our observations in ka901 [18,19]. The G4826C mu-
tant does not form functional homomeric channels in bilayer
experiments [19], similar to what we observe with ka901 ho-
momeric channels. Co-transfection studies of G4826C with
wild-type RyanR2 showed the presence of a single type of
hybrid channel and not four types of hybrid channels, as seen
in the case of the G4824A mutant and RyanR2 co-transfec-
tions [18,19]. Interestingly, similar to our observation of in-
crease in conductance of WT:ka901 hybrid channels, the
conductance of the full open state of WT:G4826C hybrid
channels is also increased by ~25% when compared with
RyanR2. The exact subunit composition of heteromeric
channels is not known for either WT:ka901 DmInsP3;R (Figs. 3
and 4) or WT:G4826 RyanR2 [19]. The observation of a single
sub-conductance state and a single full-open state indirectly
suggests that some hybrid channels may not be functional.
Thus, properties of WT:ka901 DmlInsP;R channels mirror
those of WT:G4826C RyanR2 channels, presumably due to
the similarity between the cysteine (CH2-SH) and serine (CH2-
OH) side chains found in G4826C and ka901 mutants, re-
spectively. Most likely, the presence of a larger side-chain in



98

these mutants in narrow selectivity filters of DmlInsP;R
or RyanR2 channels puts a limit on a number of mutant
subunits in a functional channel. The presence of a single sub-
conductance state indicates the presence of only one functional
heteromer. Multiple sub-conductance states were observed in
case of the G4824A mutant of RyanR2, which indicated the
stoichiometry of wild-type and mutant channels in the tetra-
mer [18]. Similarly, we reasoned that the presence of different
sub-conductance states would indicate the presence of mul-
tiple heteromers in different stoichiometries. Instead, we ob-
served only a single sub-conductance state. Since a tetramer
consisting of four ka901 subunits does not form functional
channel [15], we reason that the most likely functional tetramer
would comprise 3WT and 1 ka901 subunits. An alternate
stoichiometry is also possible.

Increase in conductance of the single functional state in
WT:ka901 DmInsP;R (Fig. 4) or WT:G4826 RyanR2 [19] may
arise from an interaction of the side chain (either -OH or -SH)
with the back bone. The idea of an interaction between the side
chain and the backbone is supported by another study, of the
14898T mutation of RyanR 1, which has been linked to central
core disease [20]. The 14898 position in RyanR1 corresponds
to the isoleucine residue in the GGGI/VGD putative pore-
forming motif of RyanR and InsP3;R, and thus lies adjacent to
the G residue mutated in ka901. It has been shown that RyanR
channels are leaky in cells co-transfected with WT RyanR1
and 14898T mutants [20]. Similar to our findings with ka901,
homomeric tetramers of the 14898T mutant of RyanR1 are
non-functional as judged by Ca?* photometry experiments
[20]. Consistent with our observations of ka901 channels, it
seems likely that the leaky channel arises from an interaction
of the —OH (in the threonine side chain) with the backbone,
while in the mutant homotetramer the pore is blocked. Overall,
these results highlight the importance of the putative pore-
forming motif for ion conductance by InsP;R and RyanR
channels. These results also agree with previous analysis of
InsPsR1 [7,8] pore forming mutants and with the known
structure of the potassium channel selectivity filter, which is
composed of a similar sequence [21]. In summary, our results
demonstrate the conserved function of the G2630 residue in
InsP;R and RyanR Ca* channel families.
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