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ABSTRACT The InsPsR proteins have three recognized domains, the InsPs-binding, regulatory/coupling, and
channel domains (Mignery, G.A., and T.C. Sudhof. 1990. EMBO J. 9:3893-3898). The InsP; binding domain and
the channel-forming domain are at opposite ends of the protein. Ligand regulation of the channel must involve
communication between these different regions of the protein. This communication likely involves the interced-
ing sequence (i.e., the regulatory/coupling domain). The single channel functional attributes of the full-length
recombinant type-1, -2, and -3 InsPyR channels have been defined. Here, two type-1/type-2 InsP3R regulatory/cou-
pling domain chimeras were created and their single channel function defined. One chimera (1-2-1) contained
the type-2 regulatory/coupling domain in a type-1 backbone. The other chimera (2-1-2) contained the type-1 reg-
ulatory/coupling domain in a type-2 backbone. These chimeric proteins were expressed in COS cells, isolated,
and then reconstituted in proteoliposomes. The proteoliposomes were incorporated into artificial planar lipid bi-
layers and the single-channel function of the chimeras defined. The chimeras had permeation properties like that
of wild-type channels. The ligand regulatory properties of the chimeras were altered. The InsP; and Ca?* regula-
tion had some unique features but also had features in common with wild-type channels. These results suggest
that different independent structural determinants govern InsP;R permeation and ligand regulation. It also sug-
gests that ligand regulation is a multideterminant process that involves several different regions of the protein.
This study also demonstrates that a chimera approach can be applied to define InsP3R structure-function.
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INTRODUCTION

The inositol 1,4,5-trisphosphate receptor (InsP3R)*
genes encode intracellular Ca?* release channels that
are fundamental to many intracellular Ca®*-signaling
processes in mammalian cells. The InsPsR Ca?*-release
channels are found in intracellular membranes, pre-
dominately the ER. These channels mobilize intracellu-
lar Ca?* in response to InsP; generated by receptor-ac-
tivated hydrolysis of phosphatidyl-inositol 4,5 bisphos-
phate in the inner leaflet of the surface membrane.
The InsP3Rs are part of a family of three homologous
proteins. The InsP;R proteins have three recognized
domains: the InsPs-binding, regulatory/coupling, and
channel domains (Mignery and Stdhof, 1990, 1993;
Sudhof et al., 1991; Blondel et al., 1993). The ligand
binding and channel domains are relatively well con-
served between the different InsP;R family members.
The least conserved domain is the regulatory/coupling
domain that contains several potential regulatory sites
(including the putative Ca’?* binding region; Mignery

Address correspondence to Michael Fill, Department of Physiology,
Loyola University Chicago, 2160 South First Avenue, Maywood, IL
60153. Fax: (708) 216-5158; E-mail: mfill@lumc.edu

* Abbreviation used in this paper: InsPsR, inositol 1,4,5-trisphosphate
receptor.

et al., 1992; Sienaert et al., 1996, 1997). The regula-
tory/coupling domain physically links the amino-termi-
nal InsPs;-binding domain to the carboxyl-terminal
channel domain.

One consequence of this structural heterogeneity is
thought to be the isoform-specific functional differ-
ences between the different InsP3R family members ob-
served in single channel studies (Watras et al., 1991;
Perez et al., 1997; Hagar et al., 1998; Mak et al., 1998;
Ramos-Franco et al., 1998a). A prominent isoform-spe-
cific functional attribute is how InsP; and cytosolic Ca?*
regulate these channels. For example, the Ca?* sensitiv-
ity of the type-1 and -2 InsP3R channels are quite differ-
ent (Bezprozvanny et al., 1991; Ramos-Franco et al.,
1998a). Under identical experimental conditions, one
is sharply bell-shaped (type-1) while other is not (type-
2). The type-1 and -2 channels are also regulated by
InsP; differently. The type-2 InsPsR has the higher
InsP; affinity (Stidhof et al., 1991; Newton et al., 1994;
Perez et al., 1997; Miyakawa et al., 2001) and higher
InsP; efficacy (Ramos-Franco et al., 1998a).

The function of single recombinant type-1 and -2
InsP3;R channels has been defined and this func-
tion matches that of their native counterparts (Kaz-
nacheyeva, et al., 1998; Ramos-Franco et al., 1998b,
2000; Mak et al., 2000; Boehning et al., 2001). The
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InsP; binding site and the channel pore are in distinct
regions at opposite ends of the protein. The cytosolic
region encompassing the InsP; binding domain region
apparently undergoes a significant conformational
change upon ligand binding (Mignery and Stdhof,
1990). Despite the large linear separation of the InsPy
binding and channel domains, Boehning and Joseph
(2000) reported that there may be a direct association
of these two domains. Thus, ligand regulation of the
pore may involve interactions with distant regions of
the protein (considering the linear protein sequence).
Intuitively, these interactions may depend on proper-
ties of the interceding sequence (i.e., the regulatory/
coupling domain). Single channel data suggest that
these interactions may be different in the different
InsP4R isoforms.

To test this possibility, the single channel function of
type-1 and type-2 InsP;R regulatory/coupling domain
chimeras was defined here. Two domain-swap InsP;R
chimeras were tested. One chimera contained the type-
2 regulatory/coupling domain in a type-1 backbone
(i.e., the 1-2-1 chimera). The other chimera contained
the type-1 regulatory/coupling domain in a type-2
backbone (i.e., the 2-1-2 chimera). The ligand regula-
tory properties of the chimeric channels were analyzed
and compared with their full-length progenitors.

MATERIALS AND METHODS

Materials

Lipids (phosphatidylcholine, phosphatidylethanolamine, and
phosphatidylserine) were obtained from Avanti Polar Lipids, Inc.
D-myo inositol 1,4,5-trisphosphate was purchased from LC Labo-
ratories. Ryanodine was purchased from Calbiochem. All re-
agents and enzymes were of molecular biology grade.

Construction and Transfection of InsP;R Expression Vectors

The chimeras were constructed using the strategy described below.
The type-1 ligand binding, type-2 coupling, and type-1 channel do-
main chimera (1-2-1) were constructed exploiting a unique Bst BI
restriction site located at the beginning of the channel domain.
The type-1 ligand-binding region (residues 1-607, nucleotides
236-2148) was PCR amplified (CGGAATTCAGATCGTCACCA-
AGGAGCTG and CCGGACGCGTGTGCTTCTCGAGGAGCTTT-
CGG) to introduce a unique Xhol restriction site without altering
the amino acid sequence. This product was digested with EcoRI
and Mlul and ligated into similarly digested pCMV5 to generate
the first intermediate plasmid (pA). Next nucleotides 2066-3418
of the InsP;R type-2 cDNA were PCR amplified to introduce a sim-
ilar unique Xhol site using the following primers (CGCAAACTC-
CTCGAGAAACACATC and GCCTGAAGCACTTCTGC) and di-
gested with Xhol and AflIl. The full-length type-2 InsP;R cDNA
(Sudhof et al., 1991; Ramos-Franco et al., 2000) was digested with
AflII-Sal I (vector site) and the 5.13-kbp fragment was gel purified.
Intermediate plasmid A was digested with Xhol-Sall and ligated
with the Xhol-AfllI-digested PCR product and the AflII-Sal I frag-
ment of pInsP;R-T2 to generate a second foundational plasmid
(pB) consisting of the type-1 ligand binding domain and the type-2
coupling and channel domains (1-2-2).

A third intermediate (pC) exploiting the unique Bst BI restric-
tion site located at the beginning of the channel domain in the
type 1 receptor was prepared. Specifically, the ligand-binding
and regulatory/coupling type-2 sequence (residues 1-2,177) was
inserted into the type-1 cDNA at residue 2225. This was accom-
plished by combining the ~6.4 kbp EcoRI-HindIII (nucleotides
1-6383) fragment from the full-length type-2 cDNA (pInsP;R-
T2) with a PCR product spanning the Hind III site at nucleotide
6383 and extending 3’ through nucleotide 6792 that had a BstBI
site introduced at nucleotide 6779. The primers for this amplifi-
cation were CGCCTCCAAGCTTCTGCTGGCC and CCGATTCT-
AGAGTTGAACATTCGAAATTTGGATTCCC. This product was
digested with HindIII-Xbal and the two fragments were ligated
to EcoRI-Xba I cut pCMV5. Intermediate pC was digested with
Bst BI-Xba I and the 2.47 kbp BstBI-Xbal fragment of the type-1
receptor (pInsP3R-T1) was inserted to form a type-2 ligand
binding/coupling/type-1 channel domain chimera (2-2-1,
pD). The addition of the BstBI site at the 3" end of the type-2
sequence resulted in the substitution of Y2178 to an F. The in-
ter-domain linkages in the chimeras and native receptors are
shown in Fig. 1.

The final assembly of the 1-2-1 chimera was accomplished by
digesting pB with Bam HI and inserting the 2.85 kbp BamHI
fragment of pD containing nucleotides 6630-6780 of the type-2
coupling domain and the type-1 channel domain (nucleotides
7000-9465).

The type-2 ligand binding and channel domains interspersed
with the type 1 coupling/regulatory domain was constructed as
follows. The type-1 InsPsR (pInsP3R-T1) was digested with BstBI-
Nhe I and the resulting 11.33 kbp fragment was isolated. To this
the Nhe I-BstBI fragment (nucleotides 7637-8535) of the type-2
receptor was inserted generating intermediate pE. The type-2
InsP;R cDNA pill-2 (Stdhof et al., 1991) was linearized with
BamHI and sequences spanning residues 6781-7637 were PCR
amplified introducing a BstBI site at nucleotide 6781 (primers:
CCAAATTTCGAATCTTCAACACAACGG and GGTCCTCTC-
GATGCCG). This fragment was digested with BstBI and inserted
into BstBl-digested pE resulting in a 1-1-2 chimera (intermediate
pF). Note, that in addition to introducing the Bst BI site in this
PCR product, V2180 was changed to an 1. This allows the type-2
channel domain to be introduced into intermediate pE such that
there are no spurious residues introduced and the actual type-1/
-2 junction begins between 12226 of the type-1 receptor and
F2181 of the type-2 receptor. The fulllength type-1 cDNA
(pInsP3R-T1) EcoRI-Xba I fragment was inserted into similar
sites of pGEM3Z in which the Sphl site was abolished. Residues
236-4733 were excised by digestion with Eco RI-Sph I and the re-
sulting vector fragment was ligated with a PCR product spanning
nucleotides 2142-4746 that introduces an Xhol site spanning
residues 606 and 607 of the type-1 receptor to generate interme-
diate pG. Next, nucleotides 1-2081 of the type-2 InsP;R cDNA
were PCR amplified with the following oligonucleotides: GGAAT-
TCGGGACGCAGAGGGAGCGC and CCGTGATGTGTTTCTC-
GAGGAGTTTGCG, which introduced a unique Xhol, site span-
ning residues 606 and 607. This PCR product was ligated into
Eco RI-Xhol-digested intermediate pG at similar sites and then
the entire EcoR I-Xba I fragment was inserted into pCMV5 to
generate a 2-1-1 chimera (intermediate pH). The final assembly
of the 2-1-2 chimera was achieved by digesting the 1-1-2 plasmid
(pF) with EcoRI-Xhol and inserting the EcoRI-Xhol fragment of
the 2-1-1 chimera (pH).

PCR products and junctional sequences in the chimeric con-
structs were determined by DNA sequence analysis using either a
Sequenase 2.0 sequencing kit (Amersham Biosciences) or out-
sourced to the Loyola University sequencing facility using an ABI
Model 310 sequencer.
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Equivalent numbers of COS-1 cells were transiently transfected
with the chimeric cDNA using the DEAE-dextran method. Cells
were incubated at 37°C (5% CO,). Typical transfection efficien-
cies were generally =60% as determined by indirect immunoflu-
oresence or via a green fluorescent reporter.

CHAPS Solubilization and Gradient Sedimentation

The transfected COS-1 cells were harvested 48-72 h posttransfec-
tion and microsomes were prepared following established proce-
dures (Mignery et al., 1990; Ramos-Franco et al., 1998b, 2000).
Briefly, cells were washed with PBS and scrapped into 50 mM
Tris-HCl pH 8.3, 1 mM EDTA, 1 mM 2-mercaptoethanol, 1 mM
PMSF, and lysed by 40 passages through a 27-gauge needle. Mem-
branes were pelleted by a 20-min centrifugation (289,000 g), re-
suspended in buffer, and frozen at —80°C. Microsomal fractions
were solubilized in 50 mM Tris-HCI pH 8.3, 1 mM EDTA, 1 mM
2-mercaptoethanol, 1 mM PMSF, 1.8% CHAPS on ice for 1 h. In-
soluble fractions were eliminated by a 10-min centrifugation at
289,000 g The supernatant containing solubilized channel com-
plex were fractionated through 5-20% continuous sucrose (wt/
vol) gradients. Gradient fractions containing the chimeric InsP;R
channel complex were then identified by immunoblotting and
analyzed by 5% sodium dodecyl-sulfate PAGE (SDS-PAGE) as de-
scribed previously (Mignery et al., 1990). Gradient fractions con-
taining recombinant receptor protein were reconstituted into
proteoliposomes as described previously (Perez et al., 1997; Ra-
mos-Franco et al., 1998a).

SDS-PAGE and Immunoblotting

SDS-PAGE and immunoblotting were performed as described
(Mignery et al., 1990; Ramos-Franco et al., 1998b, 2000) using
5% discontinuous polyacrylamide gels and antipeptide antibod-
ies directed against the amino and carboxyl termini of both the
type-1 and -2 InsP; receptors. The antibodies were generated in
rabbits against the following sequences: TINH = CLATGHY-
LAAEVDPDQDASR; TIC = CRIGLLGHPPHMNVNPQQPA;
T2NH = CPDYRDAQNEGKTVRDGELP; T2C = CNKQRLG-
FLGSNTPHENHHMPPH and were affinity purified against im-
munogenic peptide.

Single Channel Assay

Planar lipid bilayers were formed across a 150-wm diameter aper-
ture in the wall of a Delrin partition as described previously (Ra-
mos-Franco et al., 1998b, 2000). Lipid bilayer-forming solution
contained a 7:3 mixture of phosphatidylethanolamine and phos-
phatidylcholine dissolved in decane (50 mg/ml). Proteolipo-
somes were added to the solution on one side of the bilayer (de-
fined as cis-chamber). The other side was defined as the trans-
chamber and was held at virtual ground. Standard solutions
contained 220 mM CsHEPES cis (20 mM trans), pH 7.4, and 1
mM EGTA ([Ca?t]ree = 200 nM). The [Ca?" ] prpr was verified
using a Ca?* electrode. The Ca?* electrodes contained the Ca-
ligand ETH 129 in a polyvinylchloride membrane at the end of
small (2 mm) polyethylene tube. These Ca%" minielectrodes
were made and used as described previously (Baudet et al.,
1994). A standard patch clamp amplifier and D/A system were
used for single-channel recording. The method used to estimate
the number of reconstituted channels relied on the principles of
stochastic interpretation of ion channel gating as outlined by
Colquhoun and Hawkes (1981). In other words, it relied on the
probability of multichannel opening events in long recordings (a
classic approach).

The proteoliposome preparations consist of overexpressed
InsP3R protein that has been CHAPS-solubilized and sedimented
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on sucrose gradients before its reconstitution into proteolipo-
somes. Consequently, most potential contaminating channel pro-
teins are lost and the contribution of endogenous InsP;R dramat-
ically diluted. The channels tested had permeation properties
identical to those of native and recombinant InsP3R channels
(Ramos-Franco et al., 1998a,b, 2000).

Acquisition and analysis software were obtained from Axon In-
struments, Inc. Single channel data were digitized at 5-10 kHz
and filtered at 2 kHz. Ligands (Ca®* and InsP;) were applied in
the cis-chamber at the concentrations specified in the text. Ryan-
odine was added in control experiments (unpublished data) to
test that reconstituted channels were not ryanodine receptor
channels. Chimeric InsP3R channel sidedness was determined by
InsP; sensitivity. The InsPj-sensitive side of the reconstituted
channels was consistently in the cis-chamber compartment.
Open probability and unitary current amplitude of the chimeric
InsP;R channels was defined from Gaussian fitting of total ampli-
tude histograms. Long duration (>2 min) single channel record-
ings were idealized using a conventional 50% detection criteria
to identify open-closed transitions. Open and closed dwell time
histograms were fit by two exponential components. Time con-
stants and proportions of these components were pooled from
several different channels and averaged. Data was statistically
evaluated using a two-tailed 7 test.

RESULTS

Expression and Isolation of Chimeric InsP;R Channels

The amino-terminal end of the receptor forms the
ligand binding domain and the carboxyl terminus,
which harbors the multiple membrane spanning se-
quences responsible for subunit assembly (Galvan et
al., 1999; Galvan and Mignery, 2002), forms the per-
meation pathway (Ramos-Franco et al., 1999). Inter-
spersed between these two domains is the coupling or
modulatory domain (nearly 1,700 amino acids) that
undergoes an apparent conformational change upon
InsP; binding. This change may couple ligand occu-
pancy to channel gating (Mignery and Stdhof, 1990).
In addition, this region contains several sequence mo-
tifs that may regulate the channel and include PKA-
phosphorylation sites, ATP, calmodulin, and Ca?* bind-
ing sites as well as alternative splicing events. Recently,
electron microscopy of negatively stained InsPsR re-
vealed that the protein also undergoes a conforma-
tional change in response to elevated Ca?* and that this
change may also be important to regulation of InsPsR
channel activity (Hamada et al., 2002).

Two chimeric InsP;Rs were used in this study. The
1-2-1 chimera contains the type-2 coupling domain in-
serted in the type-1 backbone (i.e., type-1 binding and
channel domains). The 2-1-2 chimera contains the
type-1 coupling domain inserted in the type-2 back-
bone (i.e., type-2 binding and channel domains). The
chimeric receptors were constructed such that the
junctional sequences between heterologous domains
were relatively conserved (see Fig. 1). COS-1 cells were
transiently transfected with the chimeric 1:2:1 and 2:1:2
expression constructs (Gorman, 1985). Cells were har-



Figure 1. Amino acid se- Domains: Binding
quences across the chimera

junctional boundaries. Se-

quences of the type-1 and -2 1:2:1 Wi~ LLHNNRKLLE
wild-type sequences are shown 2:1:2 LLHNNRKLLE
for comparison. The heavily Type-1 LLHNNRKLLE
shaded residue (F) in the 1:2:1 Type-2 LLEHNNRKLLE

chimera represents a spurious
residue substituting the L resi-
due normally in the type-1 re-
ceptor sequence that was in-
troduced during the construc-
tion of this chimera.

vested 48-72 h posttransfection. Microsomal protein
(10 pg) from the transfected cells was immunoblotted
using type-1- and 2-specific amino- and carboxyl-termi-
nal antibodies to confirm expression (Fig. 2). The anti-
bodies directed against the type-1 isoform (T1NH and
T1C) reacted with only the 1-2-1 chimera and type-1
control, pInsPsR-T1 (panels TINH and TI1C). The
type-2 antibodies (T2NH and T2C) only reacted to the
2-1-2 chimera or the full-length type-2 control, pInsP3;R-
T2 (panels T2NH and T2C). Both chimeric proteins
expressed at significant levels. There was, however,
some weak cross-reactivity observed in all lanes appar-
ently due to endogenous type-2 or perhaps type-3 iso-
forms in the COS cells using T2C (bottom). The type-2
and -3 receptor isoforms share some sequence homol-
ogy over the carboxyl terminus. Additionally, the chi-
meras integrity was evaluated for the ability to bind
InsP;. The two chimeras bound similar levels of *H
InsP; as their wild type progenitors (unpublished data)
and together with the recognition of the recombinant
proteins by the appropriate carboxyl-terminal antibod-
ies, we concluded that the constructs were faithfully ex-
pressed as full-length products.

The transfected COS-1 microsomal proteins were
CHAPS solubilized and enriched on 5-20% sucrose lin-
ear gradients for incorporation into proteoliposomes.
In all cases the chimeric proteins sedimented to posi-
tions on the sucrose gradients consistent with those of
tetramers (unpublished data).

Permeation Properties of the Chimeric InsP;R Channels

Proteoliposomes containing the chimeric InsP3;R chan-
nels were fused into artificial plannar lipid bilayers.
The method used was identical to that applied previ-
ously to define the single channel function of the na-
tive and recombinant InsPsR channels (Perez et al.,
1997; Ramos-Franco et al., 1998a,b). The single chan-
nel function the full-length type-1 and -2 recombinant
InsP3R channels were previously compared by Ramos-
Franco et al. (2000). The permeation properties of the
type-1 and -2 recombinant channels were indistinguish-
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able. This is consistent with the highly conserved na-
ture of the InsP4;R channel domain.

The permeation properties of the two chimeric chan-
nels were defined in solutions containing 220 mM
CsHEPES cis (20 mM trans), pH 7.4, and 1 mM EGTA
([Ca?t]grer = 200 nM). The cis-chamber solution also
contained 1 uM InsP;. The channel was spontaneously
active exhibiting frequent and rapid opening events.
Sample single channel recordings obtained from the
1-2-1 chimeric channel at three different steady-state
membrane potentials are presented in Fig. 3 (left).
Open events at —70 mV are shown as downward deflec-

Oy 2y,
%O@ g0 5
Qlu)s\}\{? ?
2, 2

e

TINH

T1C

T2NH

T2C =

FIGURE 2. Immunoblot analysis of chimera expression products
from transiently transfected COS-1 cells. Microsomal protein (10
ng) from COS-1 cells transiently transfected with control (SS), the
full-length type-1 and -2 (pInsP3;R-T1, pInsP;R-T2 respectively), or
the two chimeras pInsP;R-1:2:1 and pInsP;R-2:1:2 were electro-
phoresed on 5% SDS-PAGE and immunoblotted. The antibodies
were directed against the type-1 and -2 receptor amino and car-
boxyl termini (T1INH, T1C, T2NH, and T2C).

Domain-Swap InsPsR Channel Function
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Ficure 3. Unitary currentvoltage plots. Solu-
tions contained 220 mM CsHEPES cis (20 mM
trans), pH 7.4, and 1 mM EGTA ([Ca®'Jprpr =
200nM). The cis-chamber solution also contained
1 uM InsP;. Sample single 1-2-1 chimeric channel
recordings at three different steady-state mem-

-70 mV
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tions (zero current level marked). Open events at —20
and 0 mV are shown as upward deflections. Averaged
unit current values obtained from both the 1-2-1 chi-
mera (filled symbols; n = 9) and 2-1-2 chimera (open
symbols; n = 8) are plotted as a function of membrane
potential (Fig. 3, right). The slope conductances of the
chimeric channels were nearly identical (~220 pS).
Unitary current reversed near —45 mV, indicating the
chimeric channels were cation selective (i.e., permeat-
ing Cs*). These data are very similar to those obtained
in similar studies on the recombinant full-length type-1
and -2 channels (Ramos-Franco et al., 1998b, 2000).
The data is also similar to that obtained from native
full-length type-1 and -2 channels (Ramos-Franco et al.,
1998a). Thus, the permeation pathway of the chimeric
channels functions quite normal retaining features
common to their native and full-length recombinant
progenitors.

InsP; Sensitivity of the Chimeric InsP;R Channels

The InsPj sensitivity of the chimeric channels was de-
fined. Sample single channel recordings of both chime-
ras in the absence of InsP; and three different InsPq
concentrations are shown in Fig. 4 A. These recordings
were made at 0 mV and open events are shown as up-
ward deflections. The current carrier was Cs* and solu-
tions contained 200 nM free Ca?*. The addition of
InsPy (cis-chamber) activated both chimeric channels.
Application 1 uM InsPg robustly activated the 1-2-1 chi-
mera to high Po levels but activated the 2-1-2 chimera
to a lesser extent. The relatively short single channel re-
cordings shown (Fig. 4 A) were selected to illustrate rel-
ative changes in open probability (Po).

Mean steady-state Po of the two chimeric channels at
different InsP; concentrations is plotted in Fig. 4 B.
These data represent the behavior of 11 different 2-1-2
channels and 8 different 1-2-1 channels. The dose of
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brane potentials are presented. Calibration bar
represents 10 pA and 200 ms. Zero current levels
are marked. Mean unit current for 1-2-1 (filled
symbols) and 2-1-2 (open symbols) chimeric
channels are plotted. Error bars represent stan-
dard errors. The conductance of both channels
was ~220 pS.

InsP; required for half maximal activation (ECy,) of the
2-1-2 chimeric channel was 13.9 £ 38 nM (Hill coeffi-
cient = 1.27). The EC;, of the 1-2-1 chimeric channel
was 261 £ 114 nM (Hill coefficient = 1.43). These val-
ues are statistically different (P < 0.05). Previously
published data collected on fulllength recombinant
type-1 (Ramos-Franco et al., 1998b) and type-2 (Ramos-
Franco et al., 2000) InsP3R channels are presented as
dashed lines. The ECy, of InsP; activation of the full-
length recombinant type-1 channel was 97 = 66 nM.
The EC;, full-length type-2 recombinant channel was
122 = 100 nM. The InsP; EC;, for the 1-2-1 chimera
was in a range similar to that of the full-length recombi-
nant channels. The InsP; EC;, for the 2-1-2 chimera
was shifted substantially to lower InsP3; concentrations.

Different efficacies of InsP; in the activation of the
chimeric channels were also noted. At very low InsP;
concentration (i.e., 1 nM, the lowest dose applied
here), the 2-1-2 chimera had a Po of near 0.18. This was
similar to the Po of the 2-1-2 chimera channel when no
InsP; was added. In contrast, the Po of the 1-2-1 chi-
mera was near 0 at 1 nM InsP; (or when no InsP; was
added). At high InsP; concentrations (e.g., 1-10 uM
InsP;), the 2-1-2 chimera had a maximal Po close to
that of the full-length recombinant type-2 channel (Fig.
4 B, dashed line). The 1-2-1 chimera had a substantially
higher maximal Po ~2—4 fold higher than either of the
fulllength channels. Thus, InsP; regulation of the
pores of the chimeric channels is not identical to that
of their full-length counterparts. The fact that InsPy
regulates their pores and that this regulation has cer-
tain similarities with wild-type InsP; regulation implies
that, (a) the ligand-binding domains in the chimeric
channels modulate the interaction of InsP; binding
and channel domains and, (b) this interaction depends
on the identity of the interceding coupling or modula-
tory sequence.
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The gating kinetics (open and closed dwell times) of
the two chimeric channels in the presence of 1 pM
InsP; are shown in Fig. 5. Under these conditions, the
1-2-1 chimera was characterized by frequent long open
events and short closed events. This was not the case for
the 2-1-2 chimera. The gating kinetics of the two chime-
ras in the absence of InsP; and at different InsP; con-
centrations are summarized in Table I.

The Ca®* Sensitivity of the Chimeric InsP;R Channels

The Ca?* sensitivity of the 2-1-2 chimeric channel is
shown in Fig. 6. These data were collected in the pres-
ence of 1 uM InsP; (cis-chamber). Sample single chan-
nel recordings at two different free Ca’?" concentra-
tions are presented (Fig. 6, left). The free Ca?* concen-
tration was adjusted by altering the Ca?*-EGTA mixture
and verified using a Ca?* electrode. Channel activity
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(Po) of the 2-1-2 chimeric channel was similar at 10 nM
and 10 uM free Ca%" (cis-chamber). Mean Po (* SE,
n = 4) of the 2-1-2 chimeric channel at different free
Ca?* concentrations is plotted in Fig. 6 (right). These
data show that the activity of the 2-1-2 chimera was not
Ca?* dependent over a wide free Ca?* range (10 nM to
100 wM). This implies that the interceding type-1 regu-
latory/coupling domain (i.e., containing the putative
Ca?* regulatory sites) does not confer Ca?" binding in-
formation to the surrounding type-2 backbone.

The Ca?* sensitivity of the 1-2-1 chimeric channel is
shown in Fig. 7. These data were also collected in the
presence of 1 uM InsP;. Sample single channel record-
ings at three different free Ca?* concentrations are pre-
sented (Fig. 7 A, left). Channel activity (Po) of the 1-2-1
chimera at a low free Ca?* concentration (20 nM) was
relatively high (~0.6). Compared with the either of the

Domain-Swap InsPsR Channel Function



A 2-1-2 Chimera

0 i 2 3 0
Open Time (Log ms)

0 1 2 3 0
Closed Time (Log ms)

recombinant full-length channels (type-1 or -2; Ramos-
Franco et al., 1998b, 2000), this is a usually high activity
level under these conditions. From this apparently
basal activity level (at 1 uM InsP;), the Po of the 1-2-1
chimera increased to ~0.85 at intermediate free Ca?"
concentrations (150 nM) and then decreased again to
~0.6 at higher Ca?* concentrations (e.g., 10 uM).
Mean Po (* SE, n = 7) of the 1-2-1 chimeric channel is
plotted (solid symbols) as a function of free Ca?* con-
centrations in Fig. 7 B. For comparison, the Ca?" de-
pendencies of the full-length recombinant type-1 and

1

Open Time (Log ms)

1-2-1 Chimera

3

FIGURE 5. Open and closed dwell time
histograms. Sample open (A) and
closed (B) logarithmic dwell time histo-
grams (10 bins per decade) are shown.
These histograms were generated from
more than 15,000 events in the pres-
ence of 1 pM InsPs. The 2-1-2 chimera
data were best fit by two exponential
components with open time constants
of 0.52 and 6.67 ms. The 2-1-2 chimera
closed time constants were 1.49 and
11.65 ms. The 1-2-1 chimera data were
best fit by two exponential components

1
Closed Time (Log ms)

2 3

with open time constants of 1.40 and
18.2 ms. The 1-2-1 chimera closed time
constants were 0.44 and 2.88 ms.

-2 InsPsR channels are also shown (Fig. 7 B, dashed
lines). The full-length recombinant type-1 channel has
the classical bell-shaped Ca%?" dependency (Ramos-
Franco et al., 1998b). The full-length type-2 recombi-
nant channel has a more sigmoidal Ca?* dependency
(Ramos-Franco et al., 2000). The Ca%*" dependency of
the 1-2-1 chimera has a bell-shaped component, like
that of the fulllength type-1 channel, but this bell-
shaped Ca?* dependency arises from a substantially ele-
vated basal Po level. Further, the peak of the bell-
shaped component is shifted to lower Ca?* concentra-

TABLE I

Duwell Times of the 2-1-2 and 1-2-1 Chimeras

2-1-2 Chimera data!

Tel

Te2

ms
2.02 = 0.09 (0.70)
3.05 = 0.48 (0.71)
1.63 + 0.56 (0.87)

ms
50.6 = 19.51 (0.30)

57.78 = 10.65 (0.29)
19.98 = 7.75 (0.13)

Tel

Te2

[InsPs] Top Too

ms ms
0 1.01 = 0.04 (0.89) 16.31 = 7.24 (0.11)
50 nM 1.43 = 0.21 (0.86) 21.49 = 1.51 (0.14)
1pM 1.69 = 0.50 (0.79) 22.13 = 11.79 (0.21)

1-2-1 Chimera data'

[InsPs] Tol To2

ms ms
0 1.49 + 0.31 (0.62) 99.55 = 14.03 (0.38)
50 nm 1.33 = 0.34 (0.64) 11.45 = 2.8 (0.36)
1 pM 470 + 1.95 (0.60) 16.14 = 3.05 (0.40)

ms
2.99 + 1.22 (0.70)
9.74 = 0.82 (0.43)
1.19 = 0.22 (0.47)

ms
52.95 + 14.62 (0.30)
47.95 = 18.24 (0.57)
492.99 + 41.51 (0.53)

Values represent means and standard deviations of three to five different channels.
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2-1-2 Chimera (1 uM InsP,)

FIGURE 6. Ca’' sensitivity of
the 2-1-2 chimeric channel.
Sample single channel re-
cordings from the 2-1-2 chi-
mera are shown at two differ-
ent Ca%* concentrations (left)
in the presence of 1 puM
InsP;. The holding potential
was 0 mV and open events are
upward deflections. The cur-
rent carrier was Cs*. Mean Po
of the 2-1-2 chimeric channel
is plotted as a function of
Ca?* concentration (right).
Data points represent means
(% SE). Data represent four
different 2-1-2 chimeric chan-

10 nM Ca**

10 pM Ca**

10 pAI

nels. 200 ms

tions compared with the full-length type-1 channel. Ac-
tivation at such low Ca?* levels is more reminiscent of
the fulllength type-2 than the type-1 channel. Thus,
the interceding type-2 regulatory/coupling domain
(i.e., containing the putative Ca?* regulatory sites)
does confer Ca?* binding information to the surround-
ing type-1 backbone but in an atypical way. The Ca?*
dependency of the chimera has features associated with
both type-1 (i.e., bell-shaped) and type-2 (i.e., high af-
finity) but also has features unlike either (i.e., high
basal Po).

Interdependency of InsP; and Ca®* Sensitivity of the 1-2-1
Chimeric Channel

The pore of the 1-2-1 chimera is regulated by both
InsP; and Ca%*. This implies that the InsPy and Ca?*
binding regions of the protein (i.e., the binding and
regulatory/coupling domain, respectively) both inter-
act with the channel domain. It has been suggested that
InsP; and Ca?* may interact to regulate the InsPsR pore
(Kaftan etal., 1997; Mak et al., 1998). Here, possible in-
terdependency of InsP; and Ca®" in regulation of the
1-2-1 chimera pore was evaluated by comparing its Ca*
sensitivity at two InsP; concentrations.

In Fig. 8 A, sample single channel recordings illustrate
the Ca?* sensitivity of the 1-2-1 chimera in the presence
of 0.2 pM InsPg (cis-chamber). The Po of the 1-2-1 chi-
mera at 40 nM free Ca?* was relatively high (~0.5). The
Po increased at higher Ca?* concentrations (150 nM and
20 wM). The corresponding total amplitude histograms
(Fig. 8 A, right) also illustrate the Ca?*-dependent
changes in Po (unit current remained constant). The
mean Po of the 1-2-1 chimera (n = 9) in the presence of
0.2 uM InsP; is plotted (open circles) as a function of
free Ca?* concentrations in Fig. 8 B. The Ca?* depen-
dency of this channel in the presence of 1 uM InsPs is

Ol AN AP A
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represented by the thin bell-shaped line (reproduced
here from Fig. 7 B). To compare the two curves, the Po at
10 nM was subtracted from each. These offset-subtracted
curves are superimposed in the inset (Fig. 8 B). The gen-
eral shape of the 1-2-1 chimera’s Ca?* dependency was
different at the two InsP; concentrations. At one InsPy
level (1.0 uM), it was bellshaped (EC;, = 62.8 = 13.1;
IG5y = 159.5 = 35.9). The Hill coefficients associated
with these values (EC;, and IC;, at 1 pM InsP3) were
about three. At the other InsP; level (0.2 wM), the chan-
nel’s Ca?" dependency was sigmoidal (EC;, = 216.6 *
43.9; Hill coefficient = 3.2). The EC;, values of Ca%" acti-
vation at the two different InsP; concentrations were sta-
tistically different (P < 0.05). These data suggest that the
Ca?" regulation of the 1-2-1 chimera pore is modulated
by InsPs;. Thus, the interceding type-2 regulatory/cou-
pling domain (i.e., containing putative Ca?* regulatory
sites) appears to exchange Ca?" binding information in
both directions (i.e., to the amino-terminal InsPs-binding
domain and the carboxyl-terminal channel domain).

DISCUSSION

Several labs have defined the single-channel function
of InsPsR channels by reconstituting these channels
into planar lipid bilayers (Bezprozvanny et al., 1991;
Watras et al., 1991; Ramos-Franco et al., 1998a). There
has been particular attention lately on defining the iso-
form-specific attributes of the InsP3sR channels. Some
studies have focused on the type-3 InsP3R channel
(Hagar et al., 1998; Mak et al., 2000). Others have fo-
cused on the type-1 InsP;R channel (Bezprozvanny et
al., 1991; Kaznacheyeva et al., 1998). Our group has fo-
cused on the type-2 InsP3;R channel (Perez et al., 1997;
Ramos-Franco et al., 1998a, 2000).

All three InsPsR channels have similar permeation
properties. However, their regulation by Ca?* and InsPg
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is isoform specific. All three InsPsR channel have been
cloned and are routinely expressed in heterologous sys-
tems (Kaznacheyeva et al., 1998; Ramos-Franco et al.,
1998b, 2000; Mak et al., 2000). Thus, the stage is set to
use molecular genetic manipulations to explore the
molecular determinants of InsP;R channel structure
and function.

The InsP;R Permeation Pathway

The single-channel properties of the two chimeras were
similar to each other and to their full-length wild-type
counterparts (Ramos-Franco et al., 1998a,b, 2000). Spe-
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FIGURE 7. Ca®" sensitivity of the 1-2-1 chimeric channel. (A) Sam-
ple single channel recordings from the 1-2-1 chimera are shown at
three different Ca?* concentrations in the presence of 1 uM InsPs.
The holding potential was 0 mV and open events are upward de-
flections. The current carrier was Cs*. Corresponding total ampli-
tude histograms (3-5 min of recording) are shown for each Ca?*
concentrations. (B) Mean Po of the 1-2-1 chimeric channel is plot-
ted as a function of Ca%* concentration (filled circles). Data points
represent means (= SE). Data represent seven different 1-2-1 chi-
meric channels. The Ca’" dose response curves of the full-length
type-1 and -2 InsP;R channels are also shown (dashed lines; Ra-
mos-Franco et al., 2000).

cifically, their conductance (~220 pS in a 220/20 Cs*
gradient) and selectivity (reversal potential of —45 mV
in GCs-HEPES salts) were preserved. This indicates that
the genetic manipulations required to create these do-
main-swap chimeras did not interrupt the structural in-
tegrity of the permeation pathway. However, the Ca®* and
InsP; regulation of the pores formed by the chimeric
proteins was not identical to that of the wild-type chan-
nels. The pores were ligand regulated (in most cases)
but the molecular manipulations clearly altered the na-
ture of this regulation. These results are consistent with
a previous study involving gross TMR-deletion mutants
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Figure 8. (A) Ca**-depen-
dent gating of 1-2-1 chimeric
channels at low InsP3 concen-
trations. Sample single chan-
nel recordings from the 1-2-1
chimera are shown at three
different Ca?"  concentra-
tions in the presence of 0.2
uM InsP;. The holding po-
tential was 0 mV and open
events are upward deflec-
tions. The current carrier was
Cs*. Corresponding total am-
plitude histograms (3-5 min
of recording) are shown for
each Ca?' concentrations.
(B) InsP; sensitivity of 1-2-1
chimeric channel Ca?* de-
pendence. Mean Po of the
1-2-1 chimeric channel is
plotted as a function of Ca?*
concentration (open circles)
in the presence of 0.2 uM
InsP;. Data points represent
means (* SE). Data repre-
sent 5—11 single channels. The
Ca®" dose response curve of
the 1-2-1 chimeric channel in
the presence of 1 uM InsPj is
shown as the bell-shaped
curve. The Po at 1 nM free
Ca®" was subtracted from
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both curve fits and the result-
ing curves are plotted on an
expanded scale in the inset.

1E-8 1E-7

(Ramos-Franco et al., 1999). There a gross deletion of
the four amino-terminal TMRs generated mutant pro-
teins that formed channels when reconstituted in bilay-
ers. The permeation pathway of these channels had the
well-defined permeation properties of the InsP3R chan-
nel but was not ligand regulated. Deletion of the four
TMRs effectively disrupted the information flow from
the binding and the regulatory/coupling domain to the
channel domain. Thus, it appears that the InsPsR pore
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structure is a robust structure that is relatively resistant
to manipulations around it. This is not true for the regu-
lation of the InsP3R pore (i.e., how often it opens and
closes). The ligand regulation of the pore is clearly im-
pacted by the presence and identity of the structures
surrounding it. The salient point here is that the perme-
ation and ligand regulatory properties of the InsP3R
channel appear to be governed independently by differ-
ent structural determinants of the protein.

Domain-Swap InsPsR Channel Function



InsP; Regulation

The type-1 and -2 InsP;R proteins contain InsP; bind-
ing sites with different InsPy affinities (Stidhof et al.,
1991; Newton et al., 1994; Perez et al., 1997). The InsP;
binding affinity of the soluble binding domain of the
type-2 InsP3R is ~3 times higher than that of the type-1
receptor (Sudhof et al., 1991). A similar relationship is
evident in the InsP; sensitivity of the native and recom-
binant InsP3R channels (Ramos-Franco et al., 1998a,b,
2000). Together, these data imply that the relative InsP;
affinity of the type-1 and -2 channels is defined by struc-
tural determinants that lie within the binding domain
of the protein.

Here, the InsP; sensitivity of two chimeric InsPsR
channels with different binding domains was defined.
The InsP; modulation of the chimeric channels was dif-
ferent than that of either of the full-length progenitors.
The type-2 binding domain did impart high InsP; sensi-
tivity. The type-1 domain did impart lower InsP; sensi-
tivity. This confirms that the identity of the binding do-
main does indeed play a role in establishing InsP; affin-
ity. Efficacy of InsP; activation of the 2-1-2 chimera was
similar to that of the fulllength recombinant type-2
channel (Po’s 0.42 vs. 0.40, respectively). Efficacy of
InsPg activation of the 1-2-1 chimera was about fourfold
higher than that of the full-length recombinant type-1
channel (Po’s 0.70 vs. 0.17, respectively). Interestingly,
there was also substantial activity of the 2-1-2 chimera
(Po ~0.2) at very low InsP; concentrations (or when no
InsP; was added). Such sustained channel activity is not
observed in the full-length progenitor channels. Thus,
the transduction of InsP; binding to channel opening
is altered in these chimeric channels. These alterations
could be due to the identity of the introduced reg-
ulatory/coupling domains or abnormal interdomain
crosstalk. In either case, the implication is that struc-
tural determinants that define InsP; binding affinity in
the binding domain are not the only factors that define
InsP; regulation of the channel.

Ca?* Regulation

Several Ca?* binding sites and residues key to the cal-
cium sensor (E2100 of the rat type-1 isoform) that reg-
ulate the InsP3R channel have been shown to reside
in the regulatory/coupling domain of the receptor
(Mignery and Siidhof, 1990; Sienaert et al., 1996, 1997;
Miyakawa et al., 2001; Nadif-Kasari et al., 2002). Addi-
tionally, all three isoforms contain Ca®* binding sites in
the ligand binding as well as channel domains (Sie-
naert et al., 1996, 1997, 2002; Sipma et al., 1999). The
details of calcium’s role in activation and inhibition are
beginning to emerge, yet much more information is re-
quired to elucidate which critical residues are involved
in the complex modulation of the receptor by this ion.
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The 2-1-2 chimera has the type-1 regulatory/coupling
domain and the 1-2-1 chimera the type-2 regulatory/
coupling domain. The activity of the 2-1-2 chimera was
not Ca?* sensitive. One possible interpretation is that
the 2-1-2 chimera does not bind Ca?*. Considerable
care was taken to craft smooth junctional transitions
between the different receptor domains and these tran-
sitions are relatively distant from the putative Ca%*
binding sites. However, a failure to bind Ca?* may in-
volve coordination of different regions of the protein
and this coordination may not be available in the 2-1-2
chimera structure. Another possibility, and perhaps
more likely, is a process that transduces Ca?* binding
into channel regulation is disrupted in the 2-1-2 chi-
mera. In this case, the data would suggest that the type-1
regulatory/coupling domain does not communicate
well with the type-2 channel (and/or binding) domain.
This result is not entirely surprising in that the type-1
and -2 coupling/regulatory domains are the least con-
served (having only ~60% identity). These domains
contain large interspersed stretches of heterologous se-
quence. This provides multiple putative modulatory
binding sites that may contribute to the observed iso-
form-specific Ca®" signaling of these channels. The im-
plication is that the type-1 and -2 coupling domains are
not interchangeable.

The function of the 1-2-1 chimera was Ca?* depen-
dent. Its Ca?* dependence was bell shaped (like that
of the full-length type-1), but this bell shape was sub-
stantially offset from 0 Po. This Po offset may be re-
lated to the unusually high InsP; efficacy of this chi-
mera. Its bell-shaped Ca?* dependency was centered
at lower Ca%" concentrations compared with that of
the full-length type-1 receptor. Activation at such low
Ca?* levels is typical of the full-length type-2. Thus,
chimera has features common to its progenitors. It is
interesting that a channel containing the type-2 regu-
latory/coupling domain has a bell-shaped component
of Ca%* sensitivity reminiscent of that generally associ-
ated with the full-length type-1 channel. This could
imply that some of the structural determinants of the
bell-shaped Ca?* modulation may lie outside the regu-
latory/coupling domain. Alternatively, it could mean
that structural determinants outside the regulatory/
coupling domains alter the bell-shaped Ca*" modula-
tion in the native full-length type-2 context. Numer-
ous Ca?" binding motifs have been detected in other
regions of these receptors, including their ligand
binding and channel domains. Further, it has been
suggested that InsP3R Ca®* inactivation may be modu-
lated (or “tuned”) by InsP; binding (Hagar et al.,
1998; Mak et al., 1998). In any event, these data sup-
port the notion that InsPsR ligand (InsP3 and Ca®")
regulation is a multideterminant and isoform-specific
process.



Potential InsP; and Ca?" Interaction

There is a consensus that the function of the single
InsP3;R channels is isoform specific (Hagar et al., 1998;
Mak et al., 1998; Ramos-Franco et al., 1998a, 2000).
Studies of type-1 and -3 InsP3R channel regulation indi-
cate that InsP; binding regulates Ca%* inactivation of
the channel (Hagar et al., 1998; Mak et al., 1998). The
underlying mechanism of the Ca?"—InsP; interaction is
debated. Kaftan et al. (1997) has proposed that two
InsP; binding sites regulate InsP3R channels. A high af-
finity InsP; binding site activates the channel while a
lower affinity InsP; binding site modulates the Ca?* in-
activation of the channel. Occupancy of the low affinity
site reduces the degree of Ca%" inactivation. In con-
trast, Mak et al. (1998) has proposed that a single high
affinity InsP; binding site “tunes” the Ca?* sensitivity of
the InsP3;R channel. Increased InsP; occupancy of this
site reduces the affinity of the Ca%* inactivation process
(i.e., inactivation occurs at higher Ca?* levels).

There are certain considerations that must be taken
into account if our results are to be interpreted in
the type-1/type-3 regulatory context outlined above.
First, the InsPy binding affinities of the type-2 and -3 iso-
forms are very different relative to the type-1 channel
(type-2 < type-1 << type-3; Newton et al., 1994). Second,
all three isoforms share at least one potential Ca?" reg-
ulatory site (E2100; Miyakawa et al., 2001) but likely have
others. Third, it has been suggested that calmodulin
binding may be critical in InsP; and Ca%* regulatory in-
teraction (Michikawa et al., 1999) and the calmodulin—
InsP;R interaction may be isoform-specific (for review
see Nadif-Kasari et al., 2002). For example, the type-3
does not contain the calmodulin-binding motif as the
type-1 or -2 receptors. Recently, the complex role of cal-
modulin in the modulation of the type-1 receptor has
been examined by Nosyreva et al. (2002), in which
a mutant (W1577A) abolished Ca%"-dependent CaM
binding of the rat type-1 receptor. Despite the absence
of CaM binding, the channel activity showed a similar
biphasic response to Ca?* as the wild-type receptor and
similar sensitivity to exogenously applied CaM. At the
present, the role of CaM in the regulation of the recep-
tor family is a confounding and elusive property of the
receptor that remains to be elucidated. Fourth, the
same InsP; and Ca?' regulatory interaction scheme
may simply not apply to all three InsP;R channel iso-
forms. It may be misleading to interpret the ligand reg-
ulation of the three channels in a single conceptual
framework.

The possibility that InsP; alters the Ca?>* dependence
of the 1-2-1 chimeric channel was examined here. In
the presence of 1 uM InsP;, the Ca?* dependence of
the 1-2-1 chimera had a bellshaped component. In the
presence of a lower InsP; concentration (0.2 uwM), the

Ca?* dependence of the 1-2-1 chimera was sigmoidal
(i.e., lost its bell-shaped component). This data is diffi-
cult to explain in the context of either the Kaftan et al.
(1997) or Mak et al. (1998) Ca?'/InsP; regulatory
schemes. For example, the apparent Ca?* inactivation
was lost at lower InsP3 concentrations in the chimeric
channels. Also, the EC;;, of Ca?" activation was InsP; de-
pendent (i.e., it was more sensitive to Ca?* activation at
high InsP; concentrations). This is not observed in the
previously published Ca?*/InsP; regulatory results on
full-length channels (Kaftan et al., 1997; Hagar et al.,
1998; Mak et al., 1998, 2001). In any event, chimeric
channel behavior was defined over a wide range of
[Ca%*]s (1078 to 2 X 107> M) at two [InsPs]s (1 and 0.2
wM; see Fig. 8 B). The Ca?* sensitivity of the 1-2-1 chi-
mera was different at the two [InsPs]s tested (i.e., its
Ca?* sensitivity was InsP; dependent). This suggests
that this channel does not behave as a solely Ca?"-gated
or InsPsggated channel. Thus, the chimera results
clearly show that there is an InsP3—Ca?* regulatory in-
teraction. This interaction has three components. One
involves InsP; modulation of the EC;, of Ca?>" activa-
tion. A second involves InsP; modulation of high Ca?*
inactivation. The third involves InsP3 modulation of the
Po offset at low Ca?* concentrations.

These initial chimera studies demonstrate that it is
possible to use a chimera strategy to define InsP;R
structure-function. The large domain-swap chimeras
created here formed functional channels, but these
structural manipulations introduced unique ligand reg-
ulatory attributes. Application of a more conservative
chimera strategy that exchanges certain nonconserved
motifs and/or regions of heterologous sequence, in
tandem with these bulk domain exchanges, will likely
lead to important information regarding isoform-spe-
cific structure and function.
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