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Single-Channel Function of Recombinant Type 2 Inositol
1,4,5-Trisphosphate Receptor
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Department of Physiology, Loyola University Chicago, Maywood, lllinois 60153 USA

ABSTRACT A full-length rat type 2 inositol 1,4,5-trisphosphate (InsP;) receptor cDNA construct was generated and
expressed in COS-1 cells. Targeting of the full-length recombinant type 2 receptor protein to the endoplasmic reticulum was
confirmed by immunocytochemistry using isoform specific affinity-purified antibodies and InsP;R-green fluorescent protein
chimeras. The receptor protein was solubilized and incorporated into proteoliposomes for functional characterization.
Single-channel recordings from proteoliposomes fused into planar lipid bilayers revealed that the recombinant protein formed
InsP,- and Ca®* -sensitive ion channels. The unitary conductance (~250 pS; 220/20 mM Cs™ as charge carrier), gating, InsPs,
and Ca?" sensitivities were similar to those previously described for the native type 2 InsP;R channel. However, the maximum
open probability of the recombinant channel was slightly lower than that of its native counterpart. These data show that our
full-length rat type 2 InsP;R cDNA construct encodes a protein that forms an ion channel with functional attributes like those
of the native type 2 InsP5;R channel. The possibility of measuring the function of single recombinant type 2 InsP;R is a
significant step toward the use of molecular tools to define the determinants of isoform-specific InsP;R function and

regulation.

INTRODUCTION

The inositol 1,4,5-trisphosphate receptor (InsP;R) gene en-
codes an intracellular Ca®" release channel that is funda-
mental to many intracellular Ca®>" signaling processes in
metazoans. The InsP;R channels, a family of three highly
conserved isoforms, mobilize intracellular Ca®" in response
to InsP; generated by surface membrane receptor-activated
hydrolysis of phosphatidyl-inositol 4,5 bisphosphate.
Despite the high degree of amino acid conservation be-
tween the three InsP;R homologs, each isoform has a
unique pattern of regulation by InsP; and cytosolic Ca®".
The three InsP4R proteins have different InsP;-binding af-
finities. Type 2 InsP;R has the highest affinity, and type 3
has the lowest (Stidhof et al., 1991; Newton et al., 1994;
Perez et al., 1997; Miyakawa et al., 1999). These isoform-
specific differences in InsP; sensitivity were confirmed at
the single-channel level after incorporation of isolated chan-
nels into artificial planar lipid bilayers (Watras et al., 1991;
Perez et al., 1997; Ramos-Franco et al., 1998a; Hagar et al.,
1998) and patch clamping of Xenopus oocyte nuclei (Mak et
al., 1998). Single-channel studies also revealed that the
native InsP;R channels have isoform-specific differences in
Ca’* sensitivity. The Ca®" sensitivity of the type 1 InsP;R
channel is bell-shaped (Bezprozvanny et al., 1991; Ramos-
Franco et al., 1998a), suggesting that high cytosolic Ca**
concentrations inhibit the channel. In contrast, the Ca®"
sensitivities of the native type 2 and type 3 channels are
sigmoidal, implying that these channels are not regulated by
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the same intrinsic Ca®"-dependent inhibition mechanism
(Ramos-Franco et al., 1998a; Hagar et al., 1998). Thus
single InsP;R channel studies have generated valuable in-
sights into InsP,-dependent intracellular Ca®" signaling,
while also generating interesting new questions regarding
isotype-specific InsP;R function.

Kaftan et al. (1997) and Mak et al. (1998) suggest that
InsP; modulates the Ca®" sensitivity of the native type 1
channel. Kaftan et al. (1997) have proposed that two differ-
ent types of InsP; binding sites (i.e., low and high affinity)
modulate the Ca®" sensitivity and consequently that InsP,
levels define the biphasic nature of Ca®”" sensitivity for the
type 1 channel. Mak et al. (1998) propose that InsP; acts
solely at a single high-affinity site to “tune” the Ca®"
inhibition of InsP;R channel. The type 2 and type 3 chan-
nels may lack such complex interactive Ca>* and InsP,
regulation (Ramos-Franco et al., 1998a; Hagar et al., 1998).
The type-specific nature of Ca®"-dependent inhibition may
also involve the presence of an associated nonprotein factor
(Watras et al., 1999). Presumably, this factor would be
missing or does not associate with the native type 2 or type
3 channels. Furthermore, it has been suggested that certain
closely associated regulatory proteins (e.g., FKBP12, cal-
modulin, calcineurin, etc.; Cameron et al., 1995; Michikawa
et al., 1999) may also modulate InsP;R channel function
and thus may contribute to isoform-specific regulation.
Studies utilizing recombinant InsP;R channels can effec-
tively be applied to test such proposals.

Although all three InsP;R have been cloned, only the
single-channel function of the recombinant type 1 InsP;R
has been well defined in planar lipid bilayers. Two groups
independently confirmed that the full-length rat type 1
cDNA encodes channels with Ca®>" and InsP; sensitivity
similar to that of the native type 1 InsP;R channel (Kaz-
nacheyeva et al., 1998; Ramos-Franco et al., 1998b). A
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full-length construct of the type 3 InsP;R exists but has not
yet been evaluated in single-channel studies using planar
lipid bilayers. Recently, however, the recombinant type 3
cRNA has been injected into Xenopus oocytes, and its
single-channel properties were defined in patch-clamp stud-
ies (Mak et al., 2000). The first single-channel recordings of
the recombinant type 2 InsP;R channels will thus be a
significant step toward defining the mechanisms that under-
lie the functional heterogeneity of the three InsP;R channel
isoforms. However, defining the single-channel function of
the type 2 InsP;R channel will require the generation of an
appropriate full-length cDNA construct.

The goal of this study was to construct, express, and
functionally characterize a full-length rat type 2 InsP;R
cDNA. A full-length type 2 expression plasmid was assem-
bled from overlapping cDNAs (Mignery et al., 1990; Siid-
hof et al., 1991) and expressed in COS-1 cells. The recom-
binant type 2 protein specifically bound InsP; and formed
cationic ion channels when incorporated into planar lipid
bilayers. The permeation properties and InsP;/Ca*" regula-
tion of the recombinant channels were similar to those of the
native type 2 InsP;R channel. This type 2 InsP;R cDNA,
therefore, represents a significant tool for future InsP;R
structure-function studies and will provide the means to
dissect the molecular determinants of the InsP;R functional
diversity. A mutagenesis-based experimental strategy can
now be applied to dissect the molecular aspects of the
putative InsP;/Ca®" regulatory interactions and assess con-
tributions of certain titratable factors or regulatory proteins.

MATERIALS AND METHODS
Materials

[*H]Inositol 1,4,5-trisphosphate (21 Ci/mmol) was obtained from NEN
Life Science Products (Boston, MA). Unlabeled inositol 1,4,5-trisphos-
phate (InsP;) was purchased from LC Laboratories (Woburn, MA), and
heparin was from Sigma (St. Louis, MO). The lipids, phosphatidylserine,
phosphatidylcholine, and phosphatidylethanolamine were obtained from
Avanti Polar Lipids (Alabaster, AL).

Antibodies

The antibodies designated as T2NH and T2C used in this study recognize
either the amino- or carboxyl-terminal regions of the type 2 InsP;R protein.
The anti-peptide T2NH antibody is directed against the sequence CP-
DYRDAQNEGKTVRDGELP (residues 320-338), and T2C recognizes
the carboxyl-terminal 22 amino acids (CNKQRLGFLGSNTPHENH-
HMPPH). These peptide antibodies were affinity purified using the immu-
nogenic peptide. The secondary antibodies used in immunofluorescence
studies were fluorescein isothiocyanate- and Texas Red-conjugated goat
anti-rabbit IgG from ICN Pharmaceuticals (Aurora, OH). The type 1
carboxyl-terminal antibody used corresponds to amino acid residues 2731—
2749 of the type 1 sequence and has been previously described in detail
(Mignery et al., 1989; Ramos-Franco et al., 1998b).

1389

Expression plasmid construction

The full-length type 2 InsP;R plasmid (pInsP;R-T2) was assembled from
overlapping ¢cDNA clones originally isolated from a rat brain library
(Stdhof et al., 1991). Briefly, the ~1.9-kb BamHIg;,/HindIllgs55 (sub-
scripted numbers indicate nt positions in type 2 cDNA sequence, accession
number X61677) fragment was excised from pll5, inserted into pBlue-
script to form plasmid A, cut with Hindlll, Klenow DNA polymerase
repaired, and religated (plasmid Bggs,_gs35)- The BamHI fragment of pI15
encompassing nt. 5830-6631 was inserted to generate plasmid Csgs(_gs3s-
Next the Smalsg,,/HindI1l 434, and EcoRlsg, ¢/Smalse,, from pIl5 and pl41
(respectively) were inserted into pBluescript forming plasmid Dsg 6 6352-
To this, a BamHI;44,/Ncol,ys, of pl65 and the Ncol,y,o/EcoRlsg, ¢ from
pI53 were inserted (plasmid Esgg_355)- The Sacl,,s/Pstl 3475 of pl70 was
ligated into a plasmid intermediate, and the Pstfl fragment of pI70 (nt
3475-3904) was then inserted (plasmid F,,45 3004). The Bgllls,o,/
EcoRl,,,, fragment was ligated to this plasmid, generating plasmid
Ga268-4700-

These plasmids were then used to assemble the full-length expression
construct as follows. The Bsml,,q,/Hindlll54, fragment of plasmid E was
inserted into plasmid G, which was digested with Bsml and HindlIl
(plasmid H,,64_g35,)- This plasmid (H) was digested with HindIIl and
Xhol, and the Hindlll435,/Xholgsss.,+ of plasmid C was inserted, generat-
ing plasmid I,,45 g535- Next the EcoRI,/Kpnl,,,, of pIP;R2-Stop1078
(Stidhof et al., 1991) was ligated into similarly digested pCMV5 (plasmid
J\_5440)- To this the Kpnl,,¢o/Salgsss. v of plasmid I was inserted, forming
plasmid K 5440 7260_gs35- The final step involved the insertion of the Kpnl
fragment of plasmid I (nt 2440—-7260) and produced our full-length type 2
InsP;R expression plasmid, pInsP;R-T2.

A type 2 InsP;R chimera amino-terminally tagged with enhanced green
fluorescent protein (EGFP) (pEGFP-T2C573) was generated by inserting
the BamHl g5,/ Xbalgsss,  fragment of the type 2 plasmid (pInsP;R-T2)
into similarly digested pEGFP-C1 (Clontech, Palo Alto, CA). This con-
struct encodes EGFP fused to the carboxyl-terminal 573 residues of the
type 2 receptor.

A full-length type 1 InsP;R-green fluorescent protein chimera (pEGFP-
T1FL) was constructed using a custom enhanced green and blue fluores-
cent protein vector in which the 1081 amino-terminal amino acids were
inserted. This plasmid was digested with Kpnl and Xbal, removing nts
1589-3571 of the receptor and the enhanced blue fluorescent protein
carboxyl-terminal tag. To this, the Kpnl-Xbal fragment (nts 1589-9465) of
the type 1 InsP;R was inserted to generate the EGFP-full-length type 1
InsP;R chimera. Construction of the full-length type 1 InsP;R (pInsP;R-
T1) construct was previously described (Mignery et al., 1990).

COS cell transfections

COS-1 cells were transiently transfected either singly or doubly with the
pInsP;R-T1, pInsP;R-T2, pEGFP-T1FL, pEGFP-T2C573 expression plas-
mids, using the diethylaminoethyl-dextran method as described by Gorman
(1985). COS-1 cells mock transfected with sheared salmon sperm (SS)
DNA served as the negative control. Cells were incubated at 37°C in 5%
CO, for 4872 h before harvesting for biochemical and functional analysis.
Typical transfection efficiencies were 50% or greater, as determined by
indirect immunofluorescence or via the EGFP reporter chimeras, although
the efficiency of doubly transfected cells was less (~30%).

Immunocytochemical analysis

Transiently transfected COS cells were harvested by brief trypsinization
followed by plating onto poly-D-lysine-coated glass coverslips. After an
attachment interval, the cells were fixed with 4% paraformaldehyde in 200
mM phosphate buffer, permeabilized with 0.3% Triton X-100 in phos-
phate-buffered saline, and blocked in buffer containing 10% goat serum.
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Expression of pInsP;R-T2 and pInsP3R-T1 was detected by incubation
with the affinity-purified anti-peptide antibodies T2NH, T2C, and T1C.
Coverslips were then incubated with a fluorescein isothiocyanate-goat
anti-rabbit secondary antibody. Cells expressing pPEGFP-T2 and pEGFP-
T1FL were fixed with 4% paraformaldehyde in 200 mM phosphate buffer,
washed in phosphate-buffered saline, and imaged directly. COS-1 cells that
were cotransfected with EGFP plasmids and either pInsP;R-T2 or
pInsP;R-T1 were reacted with T2C or T1C, respectively, and counter-
stained with Texas Red—goat anti-rabbit secondary antibody. All cover-
slips were analyzed with a Nikon Diaphot 300 inverted microscope and
imaged with a Diagnostics Spot-II digital camera and software.

Microsome preparation, solubilization, and
gradient sedimentation

COS-1 cells transfected with pInsP5-T2, pInsP;R-T1, or SS DNA were
harvested 48—72 h after transfection. Microsomes were prepared as de-
scribed previously (Mignery et al., 1990). Briefly, COS-1 cells were
washed with phosphate-buffered saline; harvested by scraping into 50 mM
Tris-HCI (pH 8.3), 1 mM EDTA, | mM 2-mercaptoethanol, | mM phe-
nylmethylsulfonyl fluoride (PMSF); and lysed by 40 passages through a
27-gauge needle. Membranes were pelleted by a 20-min centrifugation
(289,000 X g,,), resuspended in buffer, and either used immediately or
frozen at —80°C. Microsomal fractions were solubilized in 50 mM Tris-
HCI (pH 8.3), | mM EDTA, 1 mM 2-mercaptoethanol, 1 mM PMSF, 1.8%
3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS)
on ice for 1 h. Insoluble fractions were eliminated by a 10-min centrifu-
gation at 289,000 X g,,, and the supernatants containing the solubilized
receptor were fractionated through 5-20% sucrose (w/v) gradients as
previously described (Mignery et al., 1989). Gradient fractions containing
the InsP;R protein were then identified by immunoblotting with the T2NH
and T2C antibodies and reconstituted into proteoliposomes as previously
described (Mignery et al., 1992; Perez et al., 1997; Ramos-Franco et al.,
1998b).

[®H]lInsP; saturation binding

InsP, binding to membrane preparations from COS-1 cells transfected with
pInsP;R-T2 membrane preparations was performed in the presence of
increasing concentrations of [*H]InsP; ranging from 0.038 to 26.3 nM.
Each assay contained 50 ug protein in binding buffer (50 mM Tris-HCI, 1
mM EDTA, 1 mM B-mercaptoethanol, pH 8.3) and was conducted like the
centrifugation binding assay previously described (Mignery et al., 1990).
The binding assays were incubated on ice for 10 min in the presence of
[*H]InsP;, and then microsomes were pelleted with a 10-min 289,000 X
g, centrifugation. The supernatants were removed from the assay tube,
and the membrane pellet was solubilized in 1% sodium dodecyl sulfate
(SDS) and counted in a Beckman liquid scintillation counter. All assays
were performed in quadruplicate, and nonspecific [*H]InsP; binding for
each concentration was determined in the presence of 30 uM unlabeled
InsP;. Similar results were obtained from two independent assays.

[®HlInsP; competition binding

Displacement-competition assays of [*H] InsP; binding in the presence of
increasing concentrations of unlabeled InsP; were performed on microso-
mal fractions from COS-1 cells transfected with either pInsP;R-T2 or -T1
expression vectors. Each 100-ul assay contained 50 g protein in binding
buffer (above). Quadruplicate assays were incubated on ice for 10 min in
the presence of [*H]InsP; (3.14 nM) and increasing concentrations (0—20
uM) of unlabeled InsP; competitor and then pelleted with a 10-min
289,000 X g,, centrifugation. Nonspecific binding for each sample set was
determined in the presence of 30 wM unlabeled InsP;. Binding was
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determined by scintillation counting, and data were analyzed using Graph
Pad Prism v3.0. Similar results were obtained from two independent
assays.

Immunoprecipitations

Transfected COS-1 cells were harvested and microsomes were prepared as
described above. Microsomes were solubilized with mixing on ice for 2 h
in buffer A (1% CHAPS, 150 mM sodium chloride, 10 mM Tris-HCI (pH
7.4), 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, and 2% bovine serum
albumin). Samples were clarified by centrifugation at 106,120 X g, for 5
min at 4°C. The supernatants were removed and mixed with 2 ul (~ 2 ug,
1:250 dilution) of the immunoprecipitating antibody (T2NH) directed
against the amino terminus of the type 2 InsP;R. The samples were
incubated on ice for 4 h. Samples were clarified by centrifugation in a
microcentrifuge (16,000 X g,,) at 4°C for 5 min, and the supernatants were
retained. To each supernatant fraction, 20 ul of a 10% protein A-Sepharose
CL4B (Pharmacia) slurry was added and incubated at 4°C for 2 h with
gentle agitation. The antigen-IgG-protein A-Sepharose conjugates were
pelleted by a 10-s centrifugation at 16,000 X g,.. The samples were
washed three times for 5 min each in 0.5 ml buffer B (1% Triton X-100,
150 mM sodium chloride, 10 mM Tris-HCI (pH 7.4), 1 mM EDTA, 1 mM
EGTA, and 1 mM PMSF), two times in buffer C (1% Triton X-100, 300
mM sodium chloride, 10 mM Tris-HCI1 (pH 7.4), | mM EDTA, 1 mM
EGTA, and 1 mM PMSF), and once briefly in buffer D (10 mM Tris-HCI
(pH 7.4), | mM EDTA, 1 mM EGTA, 1 mM PMSF). Bound antigen was
released from the protein A beads by the addition of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)-sample buffer
and boiling for 3 min.

SDS-PAGE and immunoblotting

COS-1 cell microsomes and sucrose gradient fractions were analyzed by
5% SDS-PAGE as described previously (Mignery et al., 1990). This was
followed by immunoblotting and detection using chemiluminescence re-
agents (Enhanced ECL; Amersham Life Sciences, Arlington Heights, IL).

Single-channel recording

Planar lipid bilayers were formed across a 220-um-diameter aperture in the
wall of a Delrin partition as described (Perez et al., 1997). Lipid bilayer-
forming solution contained a 7:3 mixture of phosphatidylethanolamine and
phosphatidylcholine dissolved in decane (50 mg/ml). Proteoliposomes
were added to the solution on one side of the bilayer (defined as the cis
chamber). The other side was defined as the frans chamber (virtual
ground). Standard solutions contained 220 mM CsCH;SO; cis (20 mM
trans), 20 mM HEPES (pH 7.4), and 1 mM EGTA ([Ca® " Jirpe = 250
nM). Proteoliposome fusion was detected by a sudden increase in baseline
leak current. Single InsP;R opening events were observed on top of this
baseline leak. The calcium salt used was either CaCH;SO; or CaCl,. The
[Ca®*grer Was verified using a Ca’* electrode. The Ca’** electrodes
employed the Ca-ligand ETH 129 in a polyvinyl chloride membrane at the
end of a small (2 mm) polyethylene tube. These Ca>* minielectrodes were
made and used as described previously (Baudet et al., 1994). A custom
current-voltage conversion amplifier was used to optimize single-channel
recording. Acquisition software (pClamp; Axon Instruments, Foster City,
CA), an IBM-compatible 486 computer, and a 12-bit A/D-D/A converter
(Axon Instruments) were used. Single-channel data were digitized at 2 kHz
and filtered at 1 kHz. Channel sidedness was determined by InsP; sensi-
tivity. The orientation of the channels studied was such that the InsP;-
sensitive side (i.e., cytoplasmic side) was in the cis compartment.
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RESULTS
Expression of type 2 InsP;R

The InsP;R expression plasmid (pInsP;R-T2) was assem-
bled from overlapping cDNA clones (Siidhof et al., 1991)
and transiently transfected into COS-1 cells (Gorman,
1985). The full-length type 1 InsP;R expression plasmid
(pInsP;R-T1) and SS DNA were also transfected into
COS-1 cells for comparison. The expression plasmids were
under the control of the cytomegalovirus promoter (Mign-
ery et al., 1990) and expressed high levels of immunoreac-
tive protein, shown by Western blotting with the antibodies
directed against the type 2 and type 1 receptor isoforms
(Fig. 1). Equivalent amounts of microsomal protein (20 ug)
from COS-1 cells transfected with pInsP;R-T2, pInsP;R-
T1, or SS DNA were immunoblotted with the T2NH, T2C,
and TIC antibodies (Fig. 1, A-C). These data reveal a
prominent immunoreactive ~260-kDa protein, indicating
that significant levels of the full-length type 2 protein were
expressed (Fig. 1, 4 and B). Neither of the two type 2
antibodies (T2NH and T2C) reacted to a significant extent
with the type 1 InsP;R expression product. A smaller im-
munoreactive band is observed in the pInsP;R-T2 expres-
sion products with the use of T2NH antibody (Fig. 1 A).
This band likely represents proteolysis of the full-length
expression product or possibly premature translational ter-
mination. It does not appear to represent cross-reactivity
with another protein species, because of the lack of signal in
the adjacent SS DNA and pInsP;R-T1 control lanes. An
antibody that specifically recognizes the carboxyl-terminal
end of the type 1 InsP5R protein (T1C) detected the type 1
InsP;R expression products (Fig. 1 C). The mock trans-
fected (SS DNA) COS-1 cells had little detectable endoge-
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nous InsP;R signal (Fig. 1, A-C). The T1C antibody de-
tected no type 1 InsP;R signal above that of the SS DNA
control in cells expressing pInsP;R-T2 expression products
(Fig. 1 C). This indicates that overexpression of the type 2
InsP5R did not result in enhanced expression of endogenous
type 1 InsP;R. Previous studies have demonstrated similar
results for the three endogenous isoforms in COS-1 cells
overexpressing type 1 InsP;R splice variants (Ramos-
Franco et al. 1998b).

Protein expression was also confirmed by using the
T2NH antibody to immunoprecipitate the type 2 protein
from CHAPS-solubilized microsomes of COS-1 cells trans-
fected with either pInsP;R-T2 or SS DNA (Fig. 1 D). No
signal was observed in the control (SS DNA) sample, using
T2C as the detection antibody. The smaller immunoreactive
band with greater apparent mobility than the full-length
receptor observed in the pInsP;R-T2 expression products
with the use of the T2NH antibody (Fig. 1 4) was not
observed in the Western blot of immunoprecipitation prod-
ucts or in the immunoblot of expression products with the
use of T2C. Similar results were obtained when T2C was
used as the immunoprecipitating antibody, followed by im-
munodetection with T2NH antibody (data not shown).

InsP3-binding properties

Equilibrium InsP; binding assays were performed using
microsomal fractions from COS-1 cells transfected with
pInsP;R-T2 and SS DNA. The full-length type 2 recombi-
nant InsP;R protein bound significant amounts of InsPs,
whereas the SS DNA control microsomes did not bind InsP
at significant levels above nonspecific background. These
results are consistent with previous studies in which micro-
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FIGURE 1

Analysis of type 2 InsP;R expression in transfected COS-1 cells by Western immunoblotting and immunoprecipitation. Microsomal protein

(20 pg) isolated from COS-1 cells transiently transfected with salmon sperm DNA (SS control), rat type 2 InsP;R (pInsP;R-T2), and rat type 1 InsP;R
(pInsP;R-T1) were resolved on 5% SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted. Western blots were reacted with (4) type 2
InsP;R amino-terminal (T2NH), (B) type 2 carboxyl-terminal (T2C), and (C) type 1 carboxyl-terminal (T1C) antibodies. (D) Microsomal proteins from
COS-1 cells transfected with either salmon sperm DNA (SS control) or pInsP;R-T2 were solubilized in CHAPS detergent and subjected to immunopre-
cipitation using the type 2 amino-terminal antibody (T2NH). Immunoprecipitable products were resolved on 5% SDS-PAGE and Western blotted using the
type 2 specific carboxyl-terminal antibody. Note that no detectable signal is observed in the SS control, whereas there is a prominent immunoprecipitation
product from COS-1 cells expressing pInsP;R-T2.
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somes of transfected COS-1 cells contained abundant
amounts of immunoreactive receptor protein and bound
significant amounts of [*H]InsP; (Mignery et al., 1990;
Stidhof et al., 1991; Ramos-Franco et al., 1998b). Saturation
binding assays were performed to determine the apparent
affinity of the pInsP;R-T2 expression product (Fig. 2 4). In
these assays increasing amounts of radioligand were incu-
bated with a constant amount of microsomal protein (50 ug)
from transiently transfected COS-1 cells. Nonspecific bind-
ing was determined in all conditions with the use of 30 uM
unlabeled InsP;. Nonlinear regression analysis predicted an
apparent K; and a B,,, of 16.9 nM and 0.29 pmol/mg
protein, respectively (SE: K; = 3.923 nM, B,,,, = 0.037
pmol/mg).
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FIGURE 2 [*H]InsP; binding to recombinant type 2 InsP;R. (4) Satu-
ration InsP; binding properties of microsomes from COS-1 cells transiently
transfected with the full-length type 2 InsP;R (pInsP;R-T2). [*H]InsP,
concentrations ranged from 0.04 to 26.3 nM, and nonspecific binding was
determined in the presence of 30 uM unlabeled InsP5. (B) Comparison of
recombinant type 1 and type 2 InsP;R ligand-binding properties by com-
petition binding. Microsomes from transiently transfected COS-1 cells
expressing the full-length type 2 (pInsP;R-T2) or the type 1 (pInsP;R-T1)
isoforms were incubated with 3.14 nM [*H]InsP; and increasing concen-
trations of unlabeled InsP; competitor (0—20 uM).
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Previously, Stidhof and co-workers reported that the ap-
parent affinities of the recombinant type 1 and type 2
InsP4R isoform ligand-binding domain regions (NH,-amino
acids 1081 and 1078, respectively) differed by approxi-
mately threefold (Stidhof et al., 1991). In those experiments,
the type 2 ligand-binding domain exhibited the highest
apparent affinity, with a predicted K, of 27 nM, whereas the
type 1 isoform had a K; of 89 nM. To determine whether the
recombinant full-length type 1 and type 2 isoforms exhib-
ited similar heterogeneity in InsP; affinity, we performed
InsP; competition binding assays (Fig. 2 B). Microsomes
from COS-1 cells that were transfected with either
pInsP;R-T1 or pInsP;R-T2 were incubated in the presence
of a constant amount of [°H]InsP; (3.14 nM) and increasing
concentrations of unlabeled InsP; (0-20 uM) (Fig. 2 B).
Nonspecific binding for each condition was determined
using 30 uM unlabeled InsP;. Nonlinear data analysis pre-
dicted K, values of 17.1 and 62.1 nM for the full-length
recombinant type 2 and type | receptor isoforms, respec-
tively. This three- to fourfold difference is similar to that
previously reported for the soluble ligand-binding regions
(Stidhof et al., 1991).

Immunolocalization

The expression and targeting of the type 2 recombinant
InsP;R protein in transfected COS-1 cells were analyzed by
immunofluorescence microscopy, using the T1C, T2NH,
and T2C antibodies and green fluorescent protein/type 1 and
type 2 InsP;R chimeras (Fig. 3). The type 1 InsP;R has
previously been shown to target to the endoplasmic reticu-
lum (ER) and associated structures as a multipass integral
membrane protein in transfected COS-1 cells and is in-
cluded as a localization standard (Takei et al., 1994; Ramos-
Franco et al., 1998b; Galvan et al., 1999). COS-1 cells
overexpressing the full-length type 1 receptor (pInsP;R-T1)
were labeled with T1C antibody (Fig. 3 7). The expressed
protein is localized to tubular membranous networks that
are widespread throughout the cell and have morphological
characteristics of the endoplasmic reticulum. Previous stud-
ies demonstrated that this reticular network was immuno-
reactive for the ER marker Bip (Takei et al., 1994). COS-1
cells transfected with pInsP;R-T2 reveal numerous brightly
immunoreactive cells with antibodies T2NH and T2C (Fig.
3, 2 and 3). The expressed full-length type 2 InsP;R was
targeted to reticular networks throughout the cell and the
tips of extending processes. This targeting was indistin-
guishable from that observed with the type 1 receptor. Some
perinuclear enrichment was evident with both the type 1-
and type 2-expressing cells. The intense perinuclear signal
is due to saturation of the digital acquisition exposure in-
tervals necessary to visualize the fine reticular meshwork in
the cell periphery. Nontransfected COS-1 cells visible
within the fields or those transfected with control SS DNA
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FIGURE 3 Targeting and localization of the type 2 InsP;R. COS-1 cells were singly transfected or cotransfected with type 1 and type 2 InsP;R expression
plasmids and were analyzed by immunofluorescence microscopy. (/) Type 1 InsP;R-positive control: COS-1 cell expressing full-length type 1 receptor
(pInsP;R-T1) that was immunolabeled using the type 1 carboxyl-terminal antibody (T1C). Note the clear reticular localization in the cell periphery. (2 and
3) Expression of full-length type 2 InsPyR: COS-1 cells transfected with the full-length type 2 expression plasmid (pInsP;R-T2) and detected with the type
2-specific amino-terminal antibody (T2NH) (2) or the carboxyl-terminal antibody (T2C) (3). (4a—c) COS-1 cells cotransfected with a GFP-tagged
full-length type 1 (pEGFP-T1FL) and the full-length type 2 (pInsP;R-T2) InsP;R vectors. GFP-type 1 InsP;R (pEGFP-T1FL) expression is illustrated in
4a, and type 2 (pInsP;R-T2) expression identified using T2C antibody is shown in 4b. The overlapping distribution of both receptor isoforms as observed
with simultaneous excitation of both the red and green wavelengths is pictured in 4c. (5a—c) COS-1 cells cotransfected with a GFP-tagged type 2 construct
containing the carboxyl-terminal 573 amino acids (pEGFP-T2C573) and the full-length type 1 InsP;R vectors (pInsP;R-T1). GFP type 2 InsP;R expression
is shown in 5a, and type 1 expression identified using T1C antibody is shown in 5b. 5S¢ shows the overlapping distribution of both receptor isoforms
observed with simultaneous excitation of both the red and green wavelengths.

(not shown) exhibited little (if any) specific immunoreac- expression plasmids. To accomplish this we prepared a
tivity to the T1C, T2NH, or T2C antibodies. full-length type 1 InsP;R construct that was amino-termi-

To further demonstrate that the type 1 and type 2 InsP;R  nally tagged with green fluorescent protein (GFP) (pEGFP-
proteins are targeted to the same membranous structures, T1FL) and a type 2 InsP;R chimera (pEGFP-T2C573). The
COS-1 cells were cotransfected with type 1 and type 2 pEGFP-T2C573 chimera includes the carboxyl-terminal
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573 amino acids, encompassing all of the membrane-span-
ning regions in the channel domain. Similar truncated type
1 expression plasmids have been shown to oligomerize and
target as their full-length counterpart (Sayers et al., 1997;
Kiselyov et al., 1999; Galvan and Mignery, unpublished
observations). These chimeras were cotransfected with the
full-length type 1 and type 2 InsP;R’s (pInsP;R-T1 and
pInsP;R-T2). COS-1 cells cotransfected with pEGFP-T1FL
and pInsP;R-T2 are illustrated in Fig. 3, 4a—c. The pEGFP-
T1FL expression products localize to the ER (Fig. 3 4a) and
are indistinguishable from those of immunostained cells
transfected with pInsP;R-T1 (Fig. 3 7). Immunolabeling the
cells with T2C and Texas Red secondary antibody revealed
robust expression of the type 2 receptor (Fig. 3 4b) that was
localized to the ER. Imaging the cell with a dual excitation
filter set (Fig. 3 4c) reveals that the two recombinant pro-
teins are located in the same structures. In the reciprocal
experiment, COS-1 cells were cotransfected with
pInsP;R-T1 and pEGFP-T2C573 (Fig. 3, 5a—c). The target-
ing of the type 2-GFP chimera (pEGFP-T2C573) expression
product is shown in Fig. 3 5a and is identical to that
observed for the full-length type 2 expression product with
either T2NH or T2C antibodies (Fig. 3, 2 and 3). The
full-length type 1 receptor was visualized using T1C and
Texas Red antibody (Fig. 3 5b), and the two expression
products appear to colocalize when imaged with dual-wave-
length filter sets (Fig. 3 5¢). These results indicate that in
COS-1 cells the recombinant type 1 and type 2 InsP;R
isoforms target to the endoplasmic reticulum.

Properties of single recombinant type 2
InsP3R channel

The recombinant type 2 InsP;R protein expressed in trans-
fected COS-1 cells was solubilized with CHAPS and en-
riched by sucrose density centrifugation on 5-20% linear
gradients. The preparative gradients were fractionated and
Western blotted, using T2NH and T2C antibodies to iden-
tify the recombinant receptor (Fig. 4). Note that the smaller
immunoreactive band was observed in the Western blots of
expressed proteins using T2NH (Fig. 1 A4) sediments as an
apparent monomer and was not found at significant levels in
the fractions containing tetrameric type 2 InsP;R (e.g.,
fractions 14—18). This sedimentation profile (monomeric) is
consistent for a receptor protein missing the carboxyl-ter-
minal region (Mignery and Stdhof, 1993; Galvan et al.,
1999). Gradient fractions containing the enriched receptor
(fractions 14—18) were reconstituted into liposomes as pre-
viously described (Perez et al., 1997; Ramos-Franco et al.,
1998a,b). These InsP;R-enriched proteoliposomes were
then fused into artificial planar lipid bilayers. This strategy
was previously applied by our laboratories to define the
single-channel function of the native type 1, recombinant
type 1, and native type 2 InsP;R Ca®" channels (Perez et al.,
1997; Ramos-Franco et al., 1998a,b). Here single-channel
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FIGURE 4 Partial purification of InsP;R proteins by sedimentation over
sucrose density gradients. Microsomes from COS-1 cells transiently trans-
fected with pInsP;R-T2 were solubilized in 1.8% CHAPS and sedimented
over 5-20% (w/v) sucrose gradients. An equivalent sample volume from
each gradient fraction was analyzed by SDS-PAGE and immunoblotted
with T2NH and T2C antibodies. Strong immunoreactive signals were
detected in gradient fractions consistent with the sedimentation properties
of InsP4R tetramers. Fractions containing the highest amounts of receptor
(nos. 14-18) were used in the preparation of proteoliposomes for single-
channel studies. Note that the smaller band observed using T2NH antibody
(see also Fig. 1), which is hypothesized to represent a carboxyl-terminal
proteolysis product or translational truncation, does not sediment with the
bulk of the receptor and is most abundant in fraction 8. Sedimentation to
this gradient position is typical for that of monomeric InsP;R protein
(Galvan et al., 1999). (Fraction numbering starts at the top (5% sucrose) of
the gradient.)

studies of the recombinant type 2 InsP;R channel were
performed with similar solutions and experimental condi-
tions. Thus the properties of the recombinant type 2 InsP;R
and the properties of these other channels could be directly
compared, providing a stronger context in which the data
can be interpreted.

Functional attributes of single recombinant type 2 InsP;R
were studied, using Cs™ as the cationic charge carrier. The
single-channel recording solutions contained 220 mM
CsCH;SO0; cis (20 mM trans), 20 mM HEPES (pH 7.4), 1
mM EGTA, and 0.781 mM CaCl, ([Ca®" zrpr = 250 nM).
The [Ca®* |prpe Was verified using a Ca®* electrode. In the
absence of added InsP, the channel was quiescent, with only
very rare opening events. The addition of 1 uM InsP; (cis)
resulted in a channel that was spontaneously active, exhib-
iting frequent and rapid opening events (Fig. 5). The pres-
ence of 10 uM ryanodine had no effect on channel gating or
permeation. No detectable InsP;-sensitive, Cs*-conducting
channels were incorporated into the bilayer after fusion of
proteoliposomes containing gradient fractions from control
(SS DNA) transfected COS-1 cells. The absence of channels
in the SS DNA control proteoliposomes demonstrates the
low abundance of the endogenous receptors compared to
liposomes containing the expressed recombinant protein.
The ratio of the number of incorporation attempts to the
number of type 2 channels observed was close to 5 (Table
1). This value is similar to that we previously described for
the recombinant type 1 channels (Ramos-Franco et al.,
1998D).
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FIGURE 5 Sample recombinant type 2 InsP;R single-channel record-
ings. Single InsP;R channels were incorporated into planar lipid bilayers
by fusion of proteoliposomes. Recording solutions contained 20 mM
HEPES (pH 7.4), 1 mM EGTA (250 nM free Ca), and 1 uM InsP;. (4)
Single-channel recordings at two different steady-state membrane poten-
tials (—60 and 0 mV). Open events are shown as downward deflections at
—60 mV and upward deflections at 0 mV. The zero-current level is
marked. Records are characterized by frequent fast opening events. (B)
Single-channel recording during a voltage ramp. Open events at positive
potentials are upward deflections from the marked zero-current level
(dotted line). Leak current was subtracted. (C) Unitary current-voltage
relationship. Points represent means and standard errors of many measure-
ments from several single InsP;R channels (» = 5-8). Open symbols
indicate measurement in a 220/20 mM Cs* gradient. The slope conduc-
tance was 249 * 12 pS with a reversal potential of —38 mV. Filled
symbols indicate measurement in symmetrical 220 mM Cs*. The slope
conductance was 276 = 8 pS with a reversal potential of 0 mV.

Sample single-channel recordings at two different steady-
state membrane potentials are presented in Fig. 5 4. Open
events at —60 mV are shown as downward deflections from
the marked zero-current level. The amplitude of the unitary
current at —60 mV was near —5 pA. Open events at 0 mV
are shown as upward deflections from the zero-current
level. Unitary current amplitude at this potential was near 8
pA. Unitary current was recorded during slow membrane
potential ramps (—70 to +70 mV; Fig. 5 B). The data in
Fig. 5 B were collected while the voltage was slowly ramp-
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TABLE 1 Frequency of InsP;R channel incorporation into
planar lipid bilayers

No. of No. of
Preparation attempts incorporations Success rate
pInsP;R-T2 158 31 20%
SS control 281 0 0

ing at a relatively slow sample rate (0.5 kHz). The reversal
potential was —32 mV, indicating a cationic channel. These
data illustrate the relatively high inherent variability in
stationary open probability and open times between differ-
ent individual InsP;R channels.

Unitary current was measured at several steady-state
membrane potentials, plotted, and fit by a linear regression
(Fig. 5 C). The slope of the unitary current-voltage relation-
ship was 249 = 12 pS, and the reversal potential was —38
mV. The negative reversal potential here also indicates that
the channel is selective for the permeable cation. There was
no clear rectification of the current-voltage plot in these
asymmetrical solutions (220/20 Cs™). Three factors may
contribute to this observation. First, The K4 for Cs™ in the
InsP;R pore may be close to 20 mM. Second, net currents
were not measured far from the reversal potential. Third, the
inherent error level associated with measuring small net
currents may make subtle differences difficult to detect. For
clarity, the unitary current-voltage relationship in symmet-
rical salt solutions (220/220 CsCH;SO;) is also shown
(Fig. 5 O).

The InsP; sensitivity of the recombinant type 2 InsP;R
channel was defined. Sample single-channel recordings at
two different InsP5 concentrations are presented in Fig. 6 4.
These recordings were made at 0 mV, and open events are
shown as upward deflections. The current carrier was a
monovalent cation (Cs™; 220/20 mM CsCH;SO; gradient)
to avoid free Ca®" concentration changes in the channel’s
microenvironment. The free Ca>* concentration was buff-
ered (1 mM EGTA) at 250 nM on both sides of the channel.
The InsP; was added only to the cytoplasmic side of the
channel (cis side). As stated above, P, and open time vary
with time and vary between different individual InsP;R
single channels (compare Figs. 6 4 and 5 A4). Thus the
average open probability (P,) of the channel over several
minutes is plotted as a function of InsP; concentration in
Fig. 6 B. These data represent recordings from four different
channels. The dose of InsP; required for half-maximum
activation (ECs,) of the recombinant type 2 InsP;R channel
(solid line, R-T2) was 122 £ 100 nM (mean = SE) with a
Hill coefficient of 1.38. Previously published data collected
on native type 2 (Wt-T2) (Perez et al., 1997; Ramos-Franco
et al., 1998a), native type 1 (Wt-T1) (Ramos-Franco et al.,
1998a), and recombinant type 1 (R-T1) (Ramos-Franco et
al., 1998b) InsP;R channels are presented by the broken
lines. Note that the maximum P, of both recombinant
InsP;R channels (type | or type 2) appears to be less than
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FIGURE 6 The InsP; sensitivity of single recombinant type 2 InsP;R
channels. Recording solutions contained 220/20 mM CsCH;SO; (cis/
trans), 20 mM HEPES (pH 7.4), and 1 mM EGTA (250 nM free Ca>*).
The InsP; concentration on the cytoplasmic side of the channel was varied.
Steady-state single-channel data were recorded at 0 mV. (4) Single-
channel recordings at two different steady-state InsP, concentrations (0.03
and 0.30 uM). The zero-current level is marked. (B) Open probability
plotted as a function of InsP; concentrations. Filled symbols represent
means (= SEM) of many measurements from several single InsP;R chan-
nels (n = 4). Recombinant type 2 InsP;R channel data (R-T2) are repre-
sented by the solid line and were best fit by a Hill equation with an
apparent K, of 122 £ 100 nM (mean * SE) and a Hill coefficient of 1.38.
Previously published recombinant (R-T1) and wild-type (Wt-T1) type 1
InsP;R channel data are represented as dashed lines (Ramos-Franco et al.,
1998b). Previously published wild-type (Wt-T2) type 2 InsP;R channel
data are also shown (Ramos-Franco et al., 1998a).

that of their native counterparts. Nevertheless, there was no
significant difference between the maximum P, values of
the native and recombinant type 2 InsP;R channels (Table 2,
top).

The Ca*" sensitivity of the recombinant type 2 InsP;R
channel was also defined. Sample single-channel recordings
at three different free Ca>* concentrations are presented in
Fig. 7 A. These recordings were made at —20 mV; open
events are shown as upward deflections. Like the InsP;
sensitivity data presented above, the current carrier was a
monovalent cation (Cs™; 220/20 mM CsCH;SO; gradient).
The InsP; concentration on the cis side of the channel was
1 uM. The free Ca®" concentration was adjusted by altering
the Ca®"-EGTA mixture and verified with a Ca®" electrode.
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Channel activity increased when the free Ca®" concentra-
tion was raised from 0.02 to 0.25 uM. A substantial level of
spontaneous channel activity was evident, even at a rela-
tively high free Ca?* concentration (400 uM). Representa-
tive total amplitude histograms are presented to better illus-
trate the Ca®*-dependent P, changes (Fig. 7 4, right). The
average open probability (P,) of the channel is plotted as a
function of Ca?* concentration in Fig. 7 B. These data
points (mean *= SE) represent recordings from seven dif-
ferent channels. Peak activation of the recombinant type 2
InsP;R channel (solid line, R-T2) occurred at the 250 nM
Ca®" mark. Previously published data collected on native
type 2 (Wt-T2), native type 1 (Wt-T1), and recombinant
type 1 (R-T1) InsP;R channels are represented by the bro-
ken lines (Ramos-Franco et al., 1998a,b). The Ca®" sensi-
tivities of the native and recombinant type 1 InsP;R chan-
nels were bell-shaped. The Ca®" sensitivities of the native
and recombinant type 2 InsP;R channels were more sigmoi-
dal in nature, with substantial channel activity occurring at
high Ca?* concentrations. The absolute value of peak P,
was not statistically different between native and recombi-
nant type 2 InsP;R channels (Table 2, bottom), and the
overall shapes of their Ca>* dependencies were remarkably
similar.

DISCUSSION

This study reports the expression of the full-length type 2
InsP;R and demonstrates that the protein encoded forms
functional ion channels with properties similar to those of
the native type 2 receptor from ventricular cardiac myo-
cytes. The type 2 InsP;R, when transiently transfected into
COS-1 cells, was expressed at high levels and was targeted
to the endoplasmic reticulum. Immunoblot studies demon-
strate that overexpression of the recombinant type 2 InsP;R
in COS cells did not result in up-regulation of endogenous
InsP;R expression. This is consistent with our earlier expe-
rience with the expression of recombinant type 1 InsP;R in
COS-1 cells (Ramos-Franco et al., 1998b). Microsomal
fractions isolated from pInsP;R-T2 transfected COS-1 cells
specifically bound [*H]InsP; at significant levels when
compared to that of control (SS DNA). Saturation and
competition radioligand binding predicts an apparent affin-
ity of the recombinant type 2 isoform of ~17 nM. Com-
parison of the full-length type 1 and 2 expression products
reveals that the type 2 exhibit an approximately three- to
fourfold higher apparent affinity for InsP; than the type 1
isoform. These results are consistent with those reported for
the two isoforms’ ligand-binding regions (Siidhof et al.,
1991).

Immunocytochemical analysis of transfected COS-1
cells, using the amino- and carboxyl-terminal antibodies,
revealed that the recombinant type 2 InsP;R was targeted to
the same structures (ER) as the type 1 InsP;R (Takei et al.,
1994; Ramos-Franco et al., 1998b; Galvan et al., 1999).
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TABLE 2 Pg values at 1 uM IP,
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No. of determinations Two-tailed p value

Type 2
InsP;R Mean P Standard error
Pg at 1 uM IP; in the presence of ~250 nM free Ca**
Native 0.524 0.058
Recombinant 0.380 0.097
Pg at 1 uM IP; in the presence of ~1 uM free Ca**
Native 0.720 0.025
Recombinant 0.452 0.113

6 p > 0.05 (0.21)*
4
6 p > 0.05 (0.055)*
;

* Not significant.

Some enrichment was also noted in the perinuclear and
trans-Golgi regions. Cotransfection of COS-1 cells with
different type 1 and 2 receptor constructs confirmed that the
targeting of the two isoforms was very similar.

Most cells contain one or more endogenous InsP;R chan-
nels, and the COS-1 cell is no exception (Newton et al.,
1994). Thus it is important to address the possibility that the
InsP;R examined here are not simply endogenous channels.
The experimental strategy applied here was to use an exist-
ing cell line (COS-1) and simply overexpress the recombi-
nant receptor to the extent that any endogenous receptor
present represents an almost negligible fraction of the total
InsP;R pool. This strategy has previously been applied by
two independent groups in defining the function of recom-
binant type 1 InsP;R channels in planar lipid bilayers
(Ramos-Franco et al., 1998b; Kaznacheyeva et al., 1998).
Several pieces of experimental evidence support the verac-
ity of this experimental approach. First, Western blots of
type 2 InsP;R in control (SS-DNA transfected) and test
(pInsP;R-T2) revealed that very little endogenous receptor
was present compared to recombinant receptor. These data,
together with those of previous studies using antibodies
specific for the three InsP;R homologs, reveal that overex-
pression of one receptor isoform does not result in substan-
tial up-regulation of endogenous receptors. Second, immu-
nofluorescence data illustrated that COS-1 cells transfected
with the type 2 receptor exhibited intense signals with the
antibodies directed against the type 2 receptor. Third, mi-
crosomes from COS-1 cells transfected with the type 2
receptor bound InsP; at levels significantly above those of
control (i.e., endogenous) and had an apparent affinity for
ligand consistent with that reported for the type 2 receptor
(Siidhof et al., 1991). Fourth, no detectable InsP;R channels
were found when proteoliposomes prepared from SS DNA
transfected or nontransfected COS-1 cells were fused into
planar lipid bilayers (Table 1; Ramos-Franco et al., 1998Db).
In contrast, frequent and robust single-channel activity was
observed when proteoliposomes prepared from pInsP;R-T2
transfected cells were fused into planar bilayers. Fifth, the
InsP; and Ca®" sensitivities of single recombinant type 1
and type 2 InsP;R channels were different, reflecting those
of their native counterparts, indicating that the single InsP;R

channel attributes observed correspond with the identity of
the transfected cDNA construct. All of these data support
the idea that the recombinant InsP; receptors dramatically
outnumbered endogenous receptors in the pInsPR-T2-trans-
fected COS-1 cells. Thus it is reasonable to conclude that
the single-channel properties defined here represent the
properties of the recombinant type 2 channel proteins.

The unitary conductance and gating of the single recom-
binant type 2 InsP;R channel were similar to those reported
for native type 2 InsP;R channels (Perez et al., 1997;
Ramos-Franco et al., 1998a). It is noteworthy that there
appears to be a tendency for some channels (~60%) to be
more open at negative voltages (Fig. 5, 4 and B). However,
a significant fraction of channels (~40%) did not show this
tendency. This variability evident in our single-channel
records probably explains the relatively large error associ-
ated with the P, measurements reported on the Ca>* and
InsP; dependency data plots.

The experimental conditions used here for the recombi-
nant type 2 channels were similar to those we applied
previously to native type 2 channels (Ramos-Franco et al.,
1998a). This is consistent with the overall goal of this work
of comparing the function of recombinant and native chan-
nels. Despite the relatively high variability associated with
the P, measurements and the small (< 20 mV) differences
in steady-state holding potential, recombinant type 2 chan-
nel function was not significantly different compared to the
native receptor (Table 2).

SUMMARY

The InsP;R gene family has been shown to be a fundamen-
tal component of many intracellular calcium-signaling path-
ways. Members within this small gene family of intracellu-
lar Ca®" release channels have been shown to have a high
degree of structural and functional homology. Despite the
overall high degree of similarity in sequence and perme-
ation properties between receptor types, each isoform ap-
pears to be subject to heterologous regulation by InsP5 and
Ca’*. The data here demonstrate the expression and single-
channel function of the full-length recombinant type 2 InsP5
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FIGURE 7 The Ca?" sensitivity of single recombinant type 2 InsP;R
channels. Recording solutions contained 220/20 mM CsCH;SO; (cis/
trans), 20 mM HEPES (pH 7.4), | mM EGTA, and 1 uM InsP;. The free
Ca®™" concentration on the cytoplasmic side of the channel was varied by
changing the Ca-EGTA ratio. Steady-state single-channel data were re-
corded at —20 mV. (4) Single-channel recordings at three different steady-
state Ca®>* concentrations (0.02, 0.25, and 400 uM). Open events are
shown as upward deflections from the marked zero-current level. Corre-
sponding total amplitude histograms collected at each Ca®>" concentration
are shown at the right. Open probabilities calculated from fits of the
histograms are indicated. (B) Open probability plotted as a function of free
Ca?" concentration. Filled symbols represent means (= SEM) of many
measurements from several single InsP;R channels (» = 7). Recombinant
type 2 InsP;R channel data (R-T2) are represented by the solid line and
were fit by eye. Previously published recombinant (R-T1) and wild-type
(Wt-T1) type 1 InsP;R channel data are represented as a dashed line
(Ramos-Franco et al., 1998b). Previously published wild-type (Wt-T2)
type 2 InsP;R channel data are also shown (Ramos-Franco et al., 1998a).

receptor. The functional attributes of the recombinant type 2
InsP;R at the single-channel level were very similar to its
native counterpart. Thus this study establishes a tool that
can be used to define the elements responsible for the
unique regulatory properties of individual InsP;R receptor
isoforms.
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