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Inositol 1,4,5-trisphosphate (IR) plays a key role in
Ca?* signalling, which exhibits a variety of spatio-
temporal patterns that control important cell func-
tions. Multiple subtypes of IP; receptors (IP;R-1, -2
and -3) are expressed in a tissue- and development-
specific manner and form heterotetrameric channels
through which stored Ca2* is released, but the physio-
logical significance of the differential expression of
IP3R subtypes is not known. We have studied the
Ca?*-signalling mechanism in genetically engineered
B cells that express either a single or a combination of
IP3R subtypes, and show that C&*-signalling patterns
depend on the IBR subtypes, which differ significantly
in their response to agonists, i.e. Ig, Ca?* and ATP.
IP3R-2 is the most sensitive to IR and is required for
the long lasting, regular C&* oscillations that occur
upon activation of B-cell receptors. IRR-1 is highly
sensitive to ATP and mediates less regular C4 oscilla-
tions. IPsR-3 is the least sensitive to IR and Ca?*,
and tends to generate monophasic CGd transients.
Furthermore, we show for the first time functional
interactions between coexpressed subtypes. Our results
demonstrate that differential expression of IRR sub-
types helps to encode IRmediated C&* signalling.
Keywords calcium/calcium imaging/gene targeting/
inositol 1,4,5-trisphosphate/{Receptor

Introduction

Inositol 1,4,5-trisphosphate (Pmediated C&" signalling
controls important cell functions, such as contraction,
secretion,

specific C&*-signalling patterns. Multiple subtypes of;IP
receptors (IER-1, -2 and -3) are expressed in a tissue-
and development-specific manner (Newtehal., 1994;
Woijcikiewicz, 1995; Dentt al, 1996) and form hetero-
tetrameric channels (Josephal., 1995; Monkaweet al.,
1995). Therefore, the complex expression pattern gRIP
subtypes may be responsible for the generation of cell type-
specific C&" signalling. Recent studies of individualR
subtypes incorporated into lipid bilayers have suggested
functional differences (Hagaat al, 1998; Ramos-Franco

et al, 1998). However, the properties of 3/ subtypes
have not been systematically compared under equivalent
cellular conditions and it has not been demonstrated
whether or not there are JR subtype-specific Ca-
signalling patterns. We have studied the physiological
significance of the differential expression of;RP sub-
types in conjunction with Ca-signalling patterns, using
genetically engineered B cells that express either a single
or a combination of IR subtypes. Our results show that
temporal patterns of G4 signals depend critically on the
expressed set of R subtypes, which differ significantly

in their response to intracellular agonists, i.es, IB&"

and ATP. Furthermore, we present the first evidence that
coexpressed HR subtypes make functional interactions.
Thus, C&"-signalling patterns can be encoded by differ-
ential expression of HR subtypes.

Results and discussion

Ca?* signalling in cells expressing a single IP;R
subtype
Three subtypes of HRs are expressed in DT40 B cells
(Sugawarat al., 1997). Using an homologous recombina-
tion technique, we disrupted either one, two or all three
IP3R subtype genes (Sugawaetal., 1997) (Figure 1A).
The loss of protein expression ofR-1 and IRR-2 was
confirmed in the cells with the respective gene disruption
using antibodies specific to eachPsubtype (Figure 1B).
Ligation of the B-cell receptor (BCR) with an anti-
BCR antibody induces the production ofslRia phos-
phorylation of phospholipaseyCresulting in mobilization
of the C&* stores in DT40 B cells (Kurosaki, 1997). We
studied the changes in intracellular “Caconcentration

gene expression and synaptic plasticity ([Ca2*];) upon activation of BCR in Fura-2-loaded DT40

(Berridge, 1993). It is remarkable that a molecule as cells with various combinations of R subtype expres-

simple as C& can control a multitude of cellular functions

sion. C&" oscillations were observed in wild-type cells,

with specificity, and the variety of spatio-temporal patterns which decayed in ~2—3 min and resumed thereafter, lasting

of C&* signalling has been implicated in its versatility.

for 1 h or longer (Figure 2A). Strikingly, mutant cells

Indeed, the frequency of periodic increases in intracellular expressing only 1BR-2 showed C& oscillations which

C&" concentration (Ca oscillation) has been shown to
be important for the efficiency and specificity of gene
expression (Dolmetscht al., 1998; Liet al, 1998), and

protein kinase activation (De Koninck and Schulman,
1998). However, it is not known how cells generate

© European Molecular Biology Organization

were more regular and robust than those observed in wild-
type cells (Figure 2C). On the other hand, mutant cells
expressing either WR-1 or IRBR-3 showed only
monophasic C& transient or very rapidly damped €a
oscillations (Figure 2B, D and E). In ~75% of the mutant

1303



T.Miyakawa et al.

cells expressing R-1, irregular C&" oscillations with specific C&"-signalling patterns were not altered when
attenuated amplitude resumed subsequently (Figure 2B,the antibody concentration was varied between 0.01 and
lower panel). A delayed Caresponse was rarely observed 10pug/ml, although the fraction of cells responding
(<1/h) in cells expressing §R-3. Mutant cells expressing changed (data not shown). These results indicate that the
IP;R-2 along with either IER-1 or -3 also showed robust characteristic Ca-signalling patterns were determined
Ca&" oscillations, while those expressing both;RP1 not by the stimulus intensity but by the expressed subtypes
and -3 but not IFR-2 showed a Cd response similar to  of IPsRs.
that of cells expressing only 4R-1 (data not shown). Thus,
expression of IER-2 is required for efficient generation of
C&" oscillations in DT40 cells. Disruption of lR genes To investigate further the subtype-specifi¢Caignalling
did not significantly affect cell-surface expression of the mechanism, we examined the functional differences
BCR (Sugawarat al., 1997). Furthermore, the subtype- between the subtypes using luminal 2Camonitoring
(Hofer and Machen, 1993; Hirose and lino, 1994;

Luminal Ca?* monitoring to study IP;R functions

A Hajnoczky and Thomas, 1997). Cegséwere loaded with
-~ ; v i Furaptra, a low-affinity fluorescent €aindicator (Raju
g2l o SRR o E SRE et al, 1989) (Figure 3A and B). The fluorescence
- ' .“. remaining after permeabilization of the cell membrane
.. o bl with -escin was distributed in the extranuclear region in
;é accordance with its localization within the endoplasmic
-288 -288 | B reticulum (Figure 3C). Indeed, the luminalCaoncentra-
Probe Type 1 Probe Type 2 Probe Type 3 tion increased with activation of the &€a pump and

declined upon application of }R(Figure 3D). Thus, we
measured the unidirectional flux of &athrough the
IP;Rs by continuous monitoring of luminal €a con-
centration after withdrawing Mg-ATP to disable C#' -
pump activity. No C&' release was observed upon applica-
tion of caffeine, an activator of the ryanodine receptor
(Figure 3E); nor was IRinduced C&" release observed
in cells in which all the three BR genes were disrupted
(Sugawareet al., 1997) (Figure 3F). Therefore, the three
IP;R subtypes account for all the €arelease channels
expressed in this cell line.

The time course of C4 release did not follow a single
exponential as reported in many other cell types (Figure
3G). However, as was the case in smooth muscle cells
(Hirose and lino, 1994), the time course of’Caelease
at lower IR, concentrations became superimposable with
that at 10uM IP3 if normalized to the half timet{).
This indicates that the level of activation of theR3 can
be quantitatively compared by the initial rate of ’Ca
release, which we estimated by fitting an exponential

ant-IP,A-1 antibody ~ anti-IP,R-2 antibody
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Fig. 1. Generation of DT40 cells expressing a singlgRPsubtype.

(A) Northern analysis of wild-type (WT) and mutant DT40 cells with
disruption of two of the three R genes (e.g. R-2 and -3 genes
were disrupted in cells marked with 2J3(B) Western blot analysis
after immunoprecipitation confirming the loss of expression gRH2
and -2 when the respective genes were disrupted using a polyclonal
antibody against either §R-1 or IPR-2 (see Materials and methods).
In cells marked with 1/2/3 all three IBR subtype genes were

disrupted. curve to the initial part of the Ga decay signal. Thus, the
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Fig. 2. C&" signalling in DT40 cells expressing a single;fPsubtype upon BCR stimulationA{D) C&** response in single cells upon ligation of
BCR with anti-BCR antibody (Jug/ml). Wild-type cells (A) and mutant cells expressing eithesRA (B), -2 (C) or -3 (D). At the antibody
concentration used, 95% of the cells exhibited at least orfé @ansient within 220 s in all cell types. Upper and lower traces show representative
traces of the early and late responses, respectively. Antibody was applied as indicated by the horizontal bars below tE® Hetegrgm for the
number of C&" oscillations within 220 s of BCR stimulation (100 cells from three cultures in each cell type).
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combined use of luminal & monitoring and genetically

IP3R subtypes in Ca2™* signalling

expressing cells with an Egof 0.39 mM, while no effect

engineered cells provided us with a unique system to studywas observed in wild-type cells (Figure 4A and B). The

guantitatively the properties of 4R subtypes expressed
individually or along with other subtypes in an identical
cellular context.

Agonist sensitivities of individual IP;R subtypes

We first analysed the FFnduced C&' release in cells
expressing a single R subtype. Although I£(10 pM)
induced rapid C& release in wild-type cells in the
absence of ATP, the rate of €arelease was extremely
low in IP;R-1-expressing cells (Figure 4A). It has been
shown that IRR activity is enhanced by ATP in a

effect of ATP on IBR-1 was mimicked by3,y-methylene
ATP, a nonhydrolysable ATP analogue (data not shown).
A less significant effect of ATP on BR-3 was observed,
whereas C& release via IFR-2 was insensitive to ATP
(Figure 4C).

We then studied the BPconcentration dependence of
C&" release (Figure 5A). The iPsensitivity was in the
order of IRR-2 > IP3R-1 > IP3R-3; the EG, obtained
by hyperbolic fitting (see the legend to Figure 5) being
0.35, 4.7 and 18.AM, respectively. The extrapolated
values of the maximal rate of €arelease () were

hydrolysis-independent manner in smooth muscle and 0.063, 0.129 and 0.108%in cells expressing WR-1, -2
cerebellar preparations (lino, 1991; Bezprozvanny and and -3, respectively. Thus,,, was comparable within a

Ehrlich, 1993; Missiaenet al., 1998) in which the
dominant IRR subtype is IER-1 (Newtonet al., 1994;
Wojcikiewicz, 1995). Indeed, the rate of €arelease was
enhanced by ATP (in the absence of My in IP;R-1-
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Fig. 3. Luminal C&* measurement in single cells. Single DT40 cells
under transmitted lightX), fluorescence intensity at 380 nm after
loading with Furaptrag) and after subsequent permeabilization with
B-escin C). The central region of the cells is occupied by the nucleus.
Scale bar, 1um. (D) Change in fluorescence intensity ratk) (
normalized byR, in the C&*-depleted state during €a loading

(400 nM C&™" plus 0.5 mM Md@*-ATP), washout of M§"-ATP and
C&" release (M IP5 at 100 nM C&"). The C&" loading—release
cycles could be repeated several times in the same cE)<C4ffeine
(Caf; 20 mM) failed to induce CA release, but subsequent
application of IR (10 uM) released C& . (F) IP3 (10 pM) failed to
induce C&" release in cells in which all three 4R subtype genes
were disrupted, although subsequent application of ionomycin (10;
1 uM) induced C&" release. @) Normalized time course of Ga
release at different BPconcentrations. Continuous lines, time courses
of C&* release at 0.1, 1 and 1M IP5 (lower abscissa). Time course
at 0.1pM (O), 1 pM (O) and 10uM (continuous line) was
normalized to the half-timet{,) of C&* release for each P
concentration (upper abscissa).

factor of two among DT40 clones expressing different
IP3R subtypes.

IPsR activity has been shown to be dependent on the
cytoplasmic C&" concentration in a biphasic manner in
many cell types (lino, 1990; Bezprozvaney al., 1991;
Finch et al, 1991). This property has been thought to
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Fig. 4. ATP dependence of fFinduced CA" release. &) ATP

(5 mM) had virtually no effect in wild-type cells, but greatly enhanced
IPs-induced C&" release in IBR-1 expressing cellsB) ATP
dependence of the rate ofgihduced C4" release in IgR-1-
expressing cells.Q) Percentage of the rate of €arelease (1M

IP3, 300 nM C&") in the absence of ATP compared with that in the
presence of 10 mM ATP in cells expressing variougRIBubtypes.
Results are the mean SEM for four experiments.

1305



T.Miyakawa et al.

0.14 7

0.12

0.1

IP,;R-2 s
0.08

0.06

Cax release rate (s-1)

0.04

0.02

0.01

[IP3] (uM)

Fig. 5. IPs-concentration dependence of Caelease. &) C&" release in cells expressing a singlgRPsubtype. Continuous curves represent the
best fit hyperbolic equations,ayi/(1 + ECsg;/[IP3]) for subtypei. For IP;R-1 and -3, the fitted curves were scaled upward (dashed curves) so that
I'max Was the same as that of JR-2 for the ease of comparison of ES. B) C&" release rate in cells expressing multiplgRPsubtypes. Dashed
curve shows the fitted curve for JR-2 in (A). Dotted curves show summation of the fitted equatiagf, - rmax;/(1 + ECso;/[IP3])}, for i = 1, 2,

3. When subtypé was not expresseqwas set to zero. Sets ofy(ff,, f3) obtained by a least-squares method were as follows: (0.32, 0.60, 0), (O,
0.57, 0.82), (0.71, 0, 0.51), (0.37, 0.70, 0.31) for cells expressigy #Abtypes 1/2, 2/3, 1/3 and 1/2/3 (wild type), respectively ‘Gancentration

was 100 nM. C&' release via IER-1 was studied in the presence of 5 mM ATP. Results are the me8EM for 4-5 experiments.

Cc

900

500

400

300

Caz2+-induced activation (%)

200

100

1,000 1 2 3 12 23 13 1/23

0.12 §

0.10 .
3

@ 0.08- ]

©o !\ {0 e

e 7L/ N\ 1) e
2

©
& 0.06 :
o IPsR-2/3
5

e

5 0.04- .
o

0.02 .

0.00 T — 4 T T 0

10 100 1,000 10 100
[Caz] (M)

(WT)
IP3R subtype(s)

Fig. 6. C&*-concentration dependence ofiitduced CA" release. &) C&" release in cells expressing a singleRPsubtype. B) C&" release in
cells expressing multiple YR subtypes.€) C&"-mediated activation of lRinduced C&" release. Percentage increase of thé'Qalease rate at
300 nM C&* compared with that at 10 nM 4. IP; concentrations were 03M for cells expressing subtype(s) 2, 1/2, 2/3, 1/2/31\ for
subtype(s) 1, 1/3; and 20M for subtype 3. C&' release via IFR-1 was studied in the presence of 5 mM ATP. Results are the meSEM for

3-5 experiments.

underlie the regenerative €arelease during the Ga
wave and rapid upstroke of [€4; increase (lino and
Endo, 1992; Lechleiter and Clapham, 1992; liebal,
1993; Bootmanet al, 1997; Horne and Meyer, 1997).
Ca&*' release via IER-1 and IRR-2 exhibited clear

variability with regard to the IR function. However,
functional interactions between the ;R subtypes have
not previously been investigated. We studieg-iliRluced

C&* release in cells expressing multiplesRP subtypes.
The IR, dependence of the €arelease rate in cells with

biphasic C&" dependence with a peak rate obtained near multiple IP;R subtypes was closely fitted by the summation

300 nM (Figure 6A), whereas jR-3-mediated Ca
release exhibited flatter €adependence. Figure 6C plots
the extent of C& -induced activation, or the percentage
activation of the rate of G4 release, when the cytoplasmic
C&* concentration was increased from 10 to 300 nM in
cells containing the various R subtypes.

Functional interaction between IP3;R subtypes
It has been shown that the JfR subtypes form hetero-
tetramers (Josepht al., 1995; Monkawaet al., 1995),

of the fits to the corresponding individual subtypes after
reduction of the maximal rates to 31-82% of those in
cells expressing a single subtype (Figure 5B, dotted
curves). The downward scaling of the maximal release
rate may reflect compensatory upregulation ofR® in
cells expressing only a single subtype. This is consistent
with the increased mRNA or protein levels observed in
mutant cells (Figure 1). We also studied the ATP and
Ca&" dependence of Ca release in cells expressing
multiple subtypes (Figures 4C and 6B). WhegRPL and

which were thought to create an additional degree of IP;R-3 were coexpressed, the ATP dependence was similar
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to that of IRR-3 but the Ca" dependence was similar to
that of IR;R-1. IP;-induced C&" release in cells expressing
both IRR-1 and IRR-2 lost the prominent ATP depend-
ence that was characteristic of;RR1. Cells expressing
both IRR-2 and IRR-3 showed ATP and CGa sensitivities

similar to those of IBR-2-expressing cells. In wild-type
cells, the ATP sensitivity was similar to that of ;R-2-

IP3R subtypes in Ca2™* signalling

localization (Leeet al.,, 1997). Our results provide a clear
functional basis for the physiological significance of the
differential expression of HR subtypes in cell-type-
specific encoding of G4 signalling.

Materials and methods

expressing cells. Taken together, coexpression of multiple Cell culture and generation of DT40 B cells expressing only

subtypes resulted in simple additive zIPsensitivity,

IP;R-1 or IP;R-2

whereas the property of either one of the subtypes becaméDT4O chicken B lymphoma cells were cultured in RPMI1640 supple-

dominant in terms of ATP and €& sensitivity. The latter
result indicates that there is indeed a molecular interaction
between the different subtypes, probably within the hetero-
tetrameric structure of the &arelease channels.

Ca?* signalling and IP;R subtypes

The present results highlight the functional variations
among IBR subtypes. IER-1, when expressed singly,
exhibited prominent ATP dependence and the potential to
function as an ATP sensor just like the ATP-sensitive K
channels in pancreat{g cells. IBR-3 has the lowest P
and C&" sensitivities, while IBR-2 has the highest
sensitivity to IR. The order of IR sensitivity is in general
agreement with that of the iinding affinity of the
IPsR subtypes (Newtoet al., 1994). Furthermore, BCR-
mediated C& -signalling patterns differed significantly
among cells expressing different ;R subtypes: Ca
oscillations were found in HR-1 and -2 expressing
cells, while monophasic G& transients were observed in
IP;R-3-expressing cells. Although difference in the level
of expression of various HR subtypes may affect the
Ca"-signalling patterns, the following considerations
make it unlikely to be a major determinant in the present
study. The expression levels of ;R subtypes can be
estimated fronm,,,,, i.€. the maximum rate of Carelease,
and the values were comparable within a factor of two
among DT40 clones expressing differengRPsubtypes
(Figure 5A). If we take ATP dependence of;fRR3 into
consideration (see Figure 4C), differencerijgy, values
between IBR-2- and IRR-3-expressing cells is probably
minimal under physiological intracellular conditions,
where ATP is present at millimolar levels. Moreover, the
Imax Value of IRR-3-expressing cells was greater than that
of IP;R-1-expressing cells even in the presence of ATP.
Thus there is no correlation between the?Gascillation
pattern in intact cells and the level of functional expression
of IP3Rs.

We have obtained evidence for the first time that
coexpressed HR subtypes interact functionally. Co-
expression of subtypes with different affinities forsIP
widens the range of iPsensitivity of intracellular C&
stores. Furthermore, expression offR2, with or without
other subtypes, facilitates €aoscillations in DT40 cells.

It is of interest to note that YR-2 is the dominantly
expressed IfR in hepatocytes (Wojcikiewicet al., 1994),

in which C&* oscillations were first observed (Woods
et al, 1986). The high IR sensitivity of IBR-2 may
underlie the long-lasting Ga oscillations, but other
possibilities, such as preferential modification ofRP2
during C&" oscillations, cannot be excluded. The expres-
sion patterns of IR subtypes differ among different
tissues (Newtoret al., 1994; Wojcikiewiczet al., 1994),
during development (Dert al., 1996), and in subcellular

mented with 10% fetal calf serum (FCS), 1% chicken serum, penicillin,
streptomycin and glutamine. To inactivate thgRP3 gene, two targeting
vectors, pIBR type 3bleo and pIRR type 3bsr, were used. The latter
was constructed by replacing theeo cassette of plfR type 3bleo
(Sugawaraet al, 1997) with thebsr cassette. For disruption of both
alleles of the IBR-3 gene, these two targeting vectors were transfected
sequentially into DT40 cells expressing a combination gRH2/IP;R-3

or IP3R-2/IP3R-3, thereby resulting in the generation of DT40 cells
expressing only IgR-1 or IRR-2, respectively. Other R gene-targeted
DT40 cells had been established previously (Sugawail, 1997).

Northern analysis

RNA was prepared from wild-type and mutant DT40 cells using the
guanidium thiocyanate method. Total RNA (R@) was separated in a
1.2% formaldehyde gel, transferred onto a Hybond-N membrane and
probed with 32P-labelled cDNA fragments specific for each type of
chicken IRR gene (Sugawaret al.,, 1997) and the chickefractin gene
(Kost et al., 1983).

Immunoprecipitation and immunoblotting

Cells were lysed in a solution containing 30 mM Tris—HCI pH 8.0,
10 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40,
1 mM NgVO, 30 mM NaF, 1 mM PMSF, 10ug/ml leupeptin,

10 pg/ml aprotinin and 0.1% bovine serum albumen (BSA) (lysis buffer).
Lysates were clarified by centrifugation at 15 0@@or 10 min at 4°C.
Immunoprecipitation was performed at 4°C using a rabbit polyclonal anti-
IP3R antibody (raised against a synthetic peptide within the C-terminal
cytoplasmic domain of either chickenaR-1, LGHPPPMNVPQPA, or
IP3R-2, LGSHTPHVNHHMPPP) for>1 h, and then with addition of
protein G—Sepharose for1l h. The immune complexes were washed
and heated at 100°C in SDS sample buffer. Solubilized proteins were
separated by SDS—PAGE and transferred electrophoretically to a PVDF
membrane. After blocking in 5% fatty acid-free BSA, the blot was
incubated with the same anti4R antibody and then incubated with
[*?H]protein G. The associated radioactivity was visualized using a Fuiji
BAS2000 Bio Imaging Analyzer.

Ca?* imaging

Cells were attached to polysine and collagen-coated coverslips, and
loaded with either UM Fura-2AM for 20-30 min or 2M FuraptraAM

for 60 min in a physiological salt solution: 150 mM NaCl, 4 mM KClI,

2 mM CaCh, 1 mM MgCl, 5 mM HEPES, 5.6 mM glucose, pH 7.4.
The Furaptra-loaded cells were then permeabilized by incubation with
40 pM B-escin for 2—4 min in an internal solution (Hirosé al., 1998)

to wash out the Furaptra in the cytoplasm, which enabled measurement
of the C&" concentration within the organelles. An Olympus 1X70
inverted microscope, equipped with a cooled CCD camera (Photometrics,
USA) and a polychromatic illumination system (T.l.L.L. Photonics,
Germany), was used to capture the fluorescence images at a rate of one
pair of frames with excitations at 340 and 380 nm per 1, 2, 5 or 10 s.
The ratio of the fluorescence intensity between the pair of frames was
then calculated after subtraction of the baseline fluorescence. Cells were
viewed under an oil-immersion objective (2OONA 1.35). Experiments
were carried out at room temperature (22—24°C), and solutions were
applied to the cells through an electrically controlled puffing pipette.
Solutions containing various concentrations ofCavere prepared by
mixing CaEGTA and EGTA solutions at appropriate ratios (Hirose
et al, 1998).

Evaluation of IP3R activity

The IRR activity was evaluated in terms of the initial €arelease rate

as described previously (Hirose and lino, 1994). Briefly, the observed
change in the ratio of fluorescence intensities of 30-40 cells within a
frame were normalized so that 1 and O corresponded, respectively, to
the values just before the application of ihd after complete depletion
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by 10uM IP5 at 300 nM C&". The initial 20 s period of the normalized Lee,M.G., Xu,X., Zeng,W., DiazJ., Wojcikiewicz,R.J., Kuo,T.H.,

time course was fitted by a single exponential functie®, The rate Wuytack,F., Racymaekers,L. and Muallem,S. (1997) Polarized

constantr (s73), thus estimated was used as an index of thR &ctivity. expression of C& channels in pancreatic and salivary gland cells.
Correlation with initiation and propagation of [€4; waves.J. Biol.
Chem, 272, 15765-15770.
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