
Methods
Two-hybrid screening

We used the Matchmaker Two-Hybrid system (Clontech). DNA coding the proline-rich
region of WAVE1 was ampli®ed by PCR and subcloned in pGBT9 plasmid vector. This
recombinant plasmid was transformed into Y190 yeast, which was then used as a host cell
for screening. A human brain cDNA library (Clontech) was introduced into the
transformed yeast and selected.

Recombinant proteins

We expressed various partial fragments of IRSp53 as GST±fusion forms in Escherichia coli
using pGEX plasmids (Pharmacia). GST±fusion proteins of Grb2/Ash, Fyn, and p85
(phosphatidylinositol 3-kinase) were prepared as described23. Cdc42 and Rac were
expressed as GST±fusion forms in Sf9 cells using recombinant baculoviruses, which were
produced using the BAC-TO-BAC system (Gibco BRL). After puri®cation with
glutathione-sepharose beads, GST was cleaved off by thrombin treatment. Full-length
WAVE1, WAVE2 and IRSp53 were also expressed as either GST±fusion forms or non-
tagged forms in Sf9 cells by recombinant baculoviruses.

Antibodies

Rabbit polyclonal anti-WAVE antibody was prepared as described10. Anti-IRSp53 anti-
body was prepared in a rabbit immunized with the N-terminal 157-residue proteins
expressed in E. coli. The antibody was af®nity puri®ed. We used commercially available
antibodies for Myc-tag (polyclonal and monoclonal, both from Santa Cruz), Flag-tag
(monoclonal from Sigma), Cdc42 (polyclonal from Santa Cruz), Rac (monoclonal from
Transduction Laboratory) and GST (polyclonal from Santa Cruz). Control mouse IgG was
purchased from Sigma.

Pull-down assay

GST±fusion proteins (10±50 mg) were ®rst immobilized on 20 ml of glutathione-
sepharose beads and then mixed with 400 ml protein samples such as cell lysates and
puri®ed proteins. After 2 h, the beads were washed with lysis buffer ®ve times and 20 ml of
SDS sample buffer was added. Samples (5 ml) were separated by SDS±PAGE, followed by
immunoblotting and Coomassie staining. Cell lysates of Swiss3T3, COS7 and NIH3T3
cells were obtained by lysing half-con¯uent cells in a dish (diameter, 150 mm) with 1 ml
lysis buffer. In the case of Sf9 cells infected with baculoviruses, cells were collected by
centrifugation and then lysed in 1/20 volume of lysis buffer.

Ectopic expression in mammalian cells

NIH3T3 cells were transfected by the Ca2+-phosphate method as described23. COS7 cells
were transfected by electroporation as described2. In all expression analyses, pEF-BOS
plasmid vectors2 were used.

Pyrene actin assay

Actin was puri®ed from rabbit muscle. We carried out pyrene labelling as described9. Arp2/
3 complex was puri®ed by af®nity chromatography as described5. Arp2/3 complex and
various proteins except actin were mixed in assay buffer (2 mM Tris-HCl (pH 8.0), 2 mM
MgCl2, 100 mM KCl, 0.2 mM CaCl2, 0.2 mM ATP and 0.5 mM dithiothreitol). After
incubation for 5 min at room temperature, actin (0.2 mM labelled actin in 2 mM non-
labelled actin) was added and then subjected to ¯uorometry. Excitation and emission
wavelengths were 365 nm and 407 nm, respectively.
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Receptor-mediated generation of inositol 1,4,5-trisphosphate
(InsP3) initiates Ca2+ release from intracellular stores and the
subsequent activation of store-operated calcium in¯ux1. InsP3 is
metabolized within seconds by 5-phosphatase and 3-kinase2,
yielding Ins(1,4)P2 and inositol 1,3,4,5-tetrakisphosphate (InsP4),
respectively. Some studies have suggested that InsP4 controls Ca2+

in¯ux in combination with InsP3 (refs 3 and 4), but another study
did not ®nd the same result5. Some of the apparent con¯icts
between these previous studies have been resolved6; however, the
physiological function of InsP4 remains elusive7,8. Here we have
investigated the function of InsP4 in Ca2+ in¯ux in the mast cell
line RBL-2H3, and we show that InsP4 inhibits InsP3 metabolism
through InsP3 5-phosphatase, thereby facilitating the activation
of the store-operated Ca2+ current ICRAC (ref. 9). Physiologically,
this mechanism opens a discriminatory time window for coinci-
dence detection that enables selective facilitation of Ca2+ in¯ux by
appropriately timed low-level receptor stimulation. At higher
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concentrations, InsP4 acts as an inhibitor of InsP3 receptors,
enabling InsP4 to act as a potent bi-modal regulator of cellular
sensitivity to InsP3, which provides both facilitatory and inhibitory
feedback on Ca2+ signalling.

Evidence suggests that a functionally distinct store is involved in
activating ICRAC and that depletion of this store requires fairly high
InsP3 levels10,11. This lower InsP3 sensitivity is probably due to InsP3

metabolism through 5-phosphatase, which results in a nonlinear
relationship between InsP3 concentration and ICRAC activation10,12.
As early work on 5-phosphatase identi®ed InsP4 as an inhibitor of
this enzyme in vitro2, we performed whole-cell patch-clamp experi-
ments in which we perfused InsP4 and other potential 5-phospha-
tase inhibitors in combination with InsP3. We found that inhibition
of 5-phosphatase-dependent InsP3 metabolism facilitates activation
of ICRAC.

Perfusion of 20 mM InsP4 into RBL-2H3-M1 cells, a transfected
cell line that stably expresses muscarinic M1 receptors13, produces
no measurable Ca2+ release nor does it activate Ca2+ in¯ux (n = 12;
Fig. 1a). By contrast, carbachol-stimulated production of InsP3

causes a sharp Ca2+ release transient followed by activation of
store-operated Ca2+ entry. This carbachol-stimulated Ca2+ in¯ux
accounts for the Ca2+ increases during hyperpolarizing shifts in
membrane potential. Similarly, under experimental conditions that
favour electrophysiological detection of the store-operated Ca2+

current ICRAC (ref. 9), InsP4 (20 mM, n = 12) failed to activate

ICRAC, whereas the same concentration of InsP3 readily did so (n =
36; Fig. 1b).

We next assessed the effects of InsP4 on ICRAC in combination with
de®ned InsP3 concentrations. Activation of ICRAC occurs over a
concentration range of 2 to 5 mM (Fig. 1d; see also ref. 10); however,
in the presence of InsP4 the threshold for InsP3-mediated activation
of ICRAC is lowered considerably, enabling cells to develop the
current even at subthreshold InsP3 levels (1 mM and less). InsP3 at
concentrations of 2±5 mM activates ICRAC with near-maximal
amplitude, but with a delay and slow-activation time constant
(Fig. 1d). At these InsP3 concentrations, InsP4 facilitates activation
of ICRAC by reducing the delay and by speeding-up activation of the
current. Facilitation by InsP4, however, is no longer evident at high,
saturating InsP3 concentrations (above 5 mM; Figs 1d and 2a). As
InsP4 is produced in numerous cell types, we tested whether the
facilitation of ICRAC also occurs in Jurkat T lymphocytes, another
immune cell line with store-operated currents that are well
characterized14. InsP4 also facilitates ICRAC activation induced by
1 mM InsP3 in T cells (Fig. 1c), indicating that this mechanism may
be of general importance.

The effects of InsP4 on InsP3-mediated ICRAC activation are shown
in Fig. 2. First, InsP4 lowers the threshold at which InsP3 activates
ICRAC, which results in a signi®cant left shift (P , 0.05) of the InsP3

dose±response curve (Fig. 2a). Second, InsP4 reduces delays in
activation of the current, particularly at threshold levels (2±3 mM)
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Figure 1 InsP4 facilitates InsP3-dependent activation of ICRAC. a, Representative [Ca2+]i
measurement in a patch-clamped RBL-2H3-M1 cell perfused with 20 mM InsP4. Identical

hyperpolarizations to -80 mV (top trace) were induced before and after carbachol

(100 mM) challenge to increase the driving force for Ca2+ and probe Ca2+ entry.

b, Average inward currents of RBL-2H3-M1 cells at -80 mV in the presence of 20 mM

InsP4 (n = 12) and 20 mM InsP3 (n = 36). c, Average inward currents at -80 mV of Jurkat

lymphocytes perfused with 1 mM InsP3 (n = 6) or in combination with 20 mM InsP4 (n = 6).

d, Average inward currents of RBL-2H3-M1 cells at -80 mV in response to a given InsP3

concentration or in combination with 20 mM InsP4. Experimental conditions in b±d are

optimized for electrophysiological detection of ICRAC (10 mM external Ca2+ and [Ca2+]i
buffered to 100 nM by 10 mM BAPTA + 4.3 mM CaCl2).
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Figure 2 Quantitative analysis of InsP4-induced facilitation of ICRAC. a, Average peak

amplitude of ICRAC (6 s.e.m., n = 14±35) at -80 mV induced by concentrations of InsP3

and by the additional presence of 20 mM InsP4. Half-maximal effective concentration

(EC50) required for ICRAC activation is 1.9 mM for InsP3 and 830 nM for InsP3 + InsP4. The

difference between the data sets is highly signi®cant (P = 0.007, paired t-test). b, Average

time required for half-maximal activation of ICRAC (thalf 6 s.em., n = 14±35). Student's

t-test evaluates the differences for data obtained at 2 mM and 3 mM InsP3 as highly

signi®cant at P = 0.000003 and P = 0.000002, respectively. At 5 mM and 10 mM InsP3,

the difference becomes insigni®cant with P = 0.09 and P = 0.56, respectively.

c, Percentage of cells that develop ICRAC.
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of InsP3 (Fig. 2b). Last, InsP4 increases the percentage of cells that
activate ICRAC at low InsP3 concentrations (Fig. 2c) so that, in the
presence of InsP4, a dose as low as 2 mM InsP3 can evoke ICRAC in
100% of the cells tested, whereas at least 5 mM InsP3 is needed to
obtain this level of ICRAC activation when only InsP3 is used. Thus,
InsP4 is particularly effective at low InsP3 concentrations (0.5±
3 mM), where it mediates statistically signi®cant facilitation of ICRAC

activation (P , 0.05).
As InsP4 can also be metabolized, albeit to a lesser extent than can

InsP3, we investigated whether downstream metabolites of InsP3 or
InsP4 could account for the observed stimulatory effects on ICRAC.
However, none of the various inositol phosphates that lack intrinsic
Ca2+ release activity was effective in facilitating activation of ICRAC at
concentrations of 1±40 mM (data not shown). In addition, the
inability of InsP4 to induce either Ca2+ release or activation of ICRAC

(Fig. 1) eliminates the possibility that it produces inositol phos-
phates with release activity, such as InsP3 or Ins(1,4,6)P3 (ref. 15).
Furthermore, other possible direct actions of InsP4 do not seem to
be involved in this particular aspect of InsP4 function, as InsP4 does
not lead to activation of ICRAC and seems to enhance Ca2+ in¯ux only
when combined with InsP3.

These data suggested that other InsP3 5-phosphatase inhibitors
should behave in a similar way to InsP4. To test this hypothesis
directly, we studied three analogues that are inhibitory to InsP3 5-
phosphatase (see Fig. 3a for structures): L-myo-inositol 1,3,4,5-tetra-
kisphosphate, (L-InsP4); the enantiomer of InsP4, L-threitol-1,2,4-
trisphosphate (L-Thre(1,2,4)P3); and D-2,3-bisphosphoglycerate
(D-2,3-PG), which acts as a competitive inhibitor of 5-
phosphatase16. We synthesized L-Thre(1,2,4)P3 speci®cally to

improve the inhibitory actions of D-2,3-PG, whereas L-InsP4 was
expected to have inhibitory effects on the basis of its structural
similarity to InsP4. We con®rmed that D-InsP4, as well as the above
compounds, inhibits 5-phosphatase by acting as a co-substrate
(Fig. 3b). D-InsP4 is the most potent 5-phosphatase inhibitor,
(IC50 (half-maximal inhibitory concentration) < 0.15 mM) and is
at least one order of magnitude more effective than L-InsP4, (IC50 <
1.8 mM). The physiological metabolite D-InsP4 seems to be more
potent than previously described synthetic 5-phosphatase
inhibitors17, such as L-chiro-Ins(2,3,5)PS3 (IC50 < 0.23 mM) and L-
chiro-Ins(1,4,6)PS3 (IC50 < 0.30 mM).

Figure 3e shows the average inward currents of cells perfused
with the threshold concentration of 1 mM InsP3 and each of the
inhibitors. Three of the 5-phosphatase inhibitors facilitated InsP3-
mediated activation of ICRAC, with D-InsP4 being the most effective,
followed by L-Thre(1,2,4)P3 and then D-2,3-PG (see also Table 1).
Notably, L-InsP4 was completely ineffective in facilitating ICRAC,
although it is a potent inhibitor of 5-phosphatase, second only to D-
InsP4 (Fig. 3b).

As D-2,3-PG interacts with InsP3 receptors16, we looked at the
potential interaction of 5-phosphatase inhibitors with InsP3 recep-
tors (InsP3R). InsP3 binding assays show that all four compounds
inhibit InsP3-binding to InsP3R with an order of potency similar
to that of 5-phosphatase inhibition (Fig. 3c). InsP3R binding and
5-phosphatase inhibition would have opposing effects on InsP3-
mediated activation of ICRAC, with the ®rst contributing a positive
effect and the second contributing a negative effect. The resulting
net-facilitation curves (Fig. 3d) can be calculated as the product of
these two factors, where the amplitude re¯ects ef®cacy and the
location of the curve on the x axis re¯ects potency. These net-
facilitation curves predict InsP4 to be the most potent and the most
effective facilitator of ICRAC activation, followed by L-Thre(1,2,4)P3

and then D-2,3-PG. L-InsP4 is predicted to be the least effective,
because its strong inhibition of InsP3 binding essentially obliterates
any facilitation through 5-phosphatase.

These predictions are con®rmed qualitatively by patch-clamp
experiments, which clearly show that InsP4 provides the most
effective facilitation of ICRAC, whereas its enantiomer, L-InsP4,
has no measurable effect (Fig. 3e and Table 1). D-2,3-PG and
L-Thre(1,2,4)P3 are similar both in ef®cacy and in delay of activation
(Table 1). Although a high ef®cacy (y axis) of D-2,3-PG is predicted
in Fig. 3d, the potency of D-2,3-PG (x axis) peaks at fairly high
concentrations above 100 mM; however, there is maximum
enhancement of ICRAC activation with 10±20 mM D-2,3-PG, with
decreasing effects above 100 mM. Similarly, the net-facilitation
curve for InsP4 predicts it to be most potent at about 100 nM to
1 mM, but there is no facilitation until 5 mM. Although the bio-
chemical data are in good agreement with the rank order of ef®cacy
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Figure 3 InsP4 and related compounds inhibit 5-phosphatase and InsP3 receptor binding.

a, Chemical structures of 5-phosphatase inhibitors. L-InsP4 is shown in a binding

orientation in which it can mimic its enantiomer D-InsP4; the relationship of the acyclic

L-Thre(1,2,4)P3 to InsP3 / InsP4 is shown by a dashed line. b, Inhibition pro®le of

type I 5-phosphatase activity (see Methods). Data points are averages 6 s.e.m. (n = 3).

c, Inhibition pro®le of [3H] InsP3 binding to InsP3 receptors (see Methods). Data points are

averages 6 s.e.m. (n = 3). d, Facilitation pro®les of 5-phosphatase inhibitors. Net-

facilitation curves re¯ect the product of inhibition pro®les of 5-phosphatase activity and

InsP3 binding of InsP3 receptors from b and c. e, Average inward currents carried by ICRAC

at -80 mV. Cells are co-perfused with various 5-phosphatase inhibitors and subthreshold

levels of InsP3 (1 mM). Traces are averages of experiments in which D-InsP4 (n = 14),

L-InsP4 (n = 15) and L-Thre(1,2,4)P3 (n = 5) were used at 20 mM. D-2,3-PG (n = 4) was

used at 10 mM.

Table 1 5-Phosphatase inhibitors faciitate Ins(1,4,5)P3-mediated activation
of ICRAC

D-InsP4 L-Thre(1,2,4)P3 D-2,3-PG L-InsP4
.............................................................................................................................................................................

Peak current (pA/pF)* -2.1 6 0.4
(n = 14)

-1.1 6 0.3
(n = 5)

-0.9 6 0.4
(n = 4)

0
(n = 15)

Half-maximal activation (s)* 93 6 12
(n = 14)

71 6 14
(n = 5)

79 6 9
(n = 4)

n.a.

Concentrations tested (mM) 1±20 10±100 10±1,000 1±50

Most effective
concentration (mM)

5±20 100 10±20 n.a.

IC50 for 5-phosphatase
(mM)²

0.15 7.5 16.0 1.8

IC50 for [3H]Ins(1,4,5)P3

binding (mM)²
0.22 5.0 165 0.66

.............................................................................................................................................................................

* Values of peak currents and half-maximal activation times of ICRAC represent means 6 s.e.m. They
are derived from time course analysis of inward currents illustrated in Fig. 3e and correspond to
experiments in which inhibitors were used at 20 mM, except D-2,3-PG, which was used at 10 mM.
² Half-maximal inhibitory concentrations (IC50) for 5-phosphatase and Ins(1,4,5)P3 binding are
derived from dose±response ®ts to data sets presented in Fig. 3b and c, respectively. n.a., not
applicable.
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of the test compounds in facilitating ICRAC, it seems that the
potencies cannot be predicted accurately, simply from the com-
bined effects of 5-phosphatase inhibition and InsP3R binding. This
is not an unexpected conclusion as the predictions are based on in
vitro biochemical analyses, which do not necessarily replicate in vivo
conditions. In addition, the InsP3-binding data were obtained from
cerebellar microsomes, which contain mainly type I InsP3

receptors18, whereas RBL cells have a mixed set of InsP3 receptors19,
primarily comprising of type II. Possibly, interaction of InsP4 and
the other analogues with InsP3 receptors may be subtype-speci®c,

just as the sensitivities of InsP3 receptor subtypes to InsP3 are
different15.

If InsP4 acts primarily by regulating InsP3 metabolism, then InsP4

should be largely ineffective when ICRAC is activated by Ins(2,4,5)P3,
a non-metabolizable analogue of InsP3. This is con®rmed in Fig. 4a,
which shows development of ICRAC in cells perfused with InsP4 and
5 mM or 20 mM Ins(2,4,5)P3. InsP4 does not facilitate Ins(2,4,5)P3-
mediated activation of ICRAC, but instead inhibits it; a ®nding that is
compatible with the inhibition of Ca2+ in¯ux observed in lacrimal
cells20 and presumably stems from the competitive antagonism of
InsP4 on InsP3 receptors (Fig. 3c). Therefore, InsP4 can compete
effectively with Ins(2,4,5)P3 for the InsP3 receptors, but cannot
in¯uence Ins(2,4,5)P3 levels as they are not regulated by
5-phosphatase.

We next tested for effects of InsP4 on Ca2+ signals induced
by receptor stimulation. Figure 4b shows carbachol-induced
Ca2+ signals in RBL-2H3-M1 cells in the presence (5±20 mM
InsP4; n = 13) and absence of InsP4. Carbachol application induces
Ca2+ release, and the time to peak of the release transient in the
presence of InsP4 occurs with a statistically signi®cant delay of
4 s (control, 4.2 6 0.3 s; + InsP4, 8.6 6 0.9 s, P = 0.0008). No
statistical signi®cance was found for maximal release rates (control,
237 6 38 nM s-1; + InsP4, 155 6 28 nM s-1, P = 0.09). This is
consistent with a competitive antagonism of InsP4 on InsP3 recep-
tors. After Ca2+ release, Ca2+ in¯ux is activated and, unlike the ®rst
hyperpolarization, the second one triggers a change in [Ca2+]i,
which, in the presence of InsP4, is larger and more sustained than
that of control cells. Analysis of control and InsP4-enhanced in¯ux
phases, by integrating the area under the in¯ux transient (10 s
period), reveals statistically signi®cant enhancement of Ca2+ entry
that leads to a twofold increase in [Ca2+]i (control, 441 6 81 nM s-1;
+ InsP4, 858 6 109 nM s-1; P = 0.008).

In intact cells, InsP4 is produced by InsP3 3-kinases21 at the
expense of InsP3 itself. Nevertheless, InsP4 could ultimately induce
a net elevation of InsP3 levels where metabolism through 5-phos-
phatase outweighs that of the 3-kinase, for example, underneath the
plasma membrane where 5-phosphatase is localized22. Therefore,
low levels of InsP3 generated by an initial weak-agonist signal may
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induce spatially con®ned InsP3 production that, owing to effective
metabolism, is not suf®cient to cause Ca2+ release or to activate
ICRAC. However, the concomitant production of InsP4 might prime
and sensitize cells to respond more effectively to a second
stimulation by the same, or different agonist. We challenged
receptor-mediated Ca2+ signals in intact RBL-2H3-M1 cells with
two identical stimuli of 30 nM carbachol, which were delivered for
15 s at different time intervals (Fig. 5a). This agonist concentration
is well below the threshold for measurable Ca2+ release, and we
observed no visible Ca2+ signal after the ®rst stimulus. Continued
stimulation for another 15 s also failed to induce a Ca2+ signal
(Fig. 5a; orange trace). However, when the second identical stimulus
was given after 90 s, 20 out of 24 cells generated a long-lasting
plateau of elevated [Ca2+]i (Fig. 5a, red trace). Such facilitation was
not observed when the second carbachol application was delivered
with a delay of 365 s (Fig. 5a, blue trace).

These results suggest that the ®rst carbachol stimulation gener-
ates a priming factor that facilitates subsequent Ca2+ signalling. In
RBL-2H3-M1 cells, carbachol only produces diacylglycerol and
InsP3. As diacylglycerol activates protein kinase C, which is
known to cause inhibition of Ca2+ in¯ux in RBL cells23, we must
conclude that the facilitation is due to an inositol phosphate,
speci®cally InsP4, as its lifetime is consistent with the time
window of facilitation24 and all other inositol phosphates failed to
facilitate ICRAC (data not shown). The results also suggest that a local
increase in InsP3 levels can selectively release Ca2+ from stores that
activate ICRAC (`CRAC stores'). As Ca2+ release from these `CRAC
stores' does not contribute signi®cantly to global cytosolic Ca2+

signals10, there is only a Ca2+ in¯ux signal and no visible Ca2+

transient. The experiments shown by the green trace in Fig. 5a
support this idea. There the facilitation of Ca2+ signalling proceeds
as in the red trace; a subsequent challenge with a large dose of
carbachol (100 mM) releases all Ca2+ from InsP3-sensitive stores,
which results in a large Ca2+ release transient. Thus, it seems that
`CRAC stores' can be emptied by localized InsP3 signalling, whereas
the bulk of InsP3-sensitive stores remain full.

The experiments in intact cells were done in Cs+-containing
external solution, which minimizes agonist-mediated changes in
membrane potential that could indirectly enhance Ca2+ in¯ux. To
further exclude any such effect and to ascertain that the Ca2+ signal
facilitation was due to Ca2+ in¯ux, we con®rmed that facilitation of
a second subthreshold carbachol stimulus also occurs when stimu-
lating cells in the whole-cell con®guration (Fig. 5b). As in the intact
cells, carbachol did not induce Ca2+ release, but selectively facili-
tated Ca2+ in¯ux, as changes in [Ca2+]i during membrane hyperpo-
larizations were signi®cantly enhanced after the second, but not the
®rst, application of carbachol.

We also tested adriamycin (doxorubicin), which is known to
inhibit InsP3 3-kinase25 and suppress InsP4 production. Cells treated
with 10 mM adriamycin did not have a facilitated Ca2+ in¯ux
component after a second subthreshold carbachol stimulation
(Fig. 5c, blue trace). Adriamycin also suppressed facilitation in
patch-clamped cells and did not inhibit ICRAC directly (data not
shown), thereby eliminating nonspeci®c drug effects on ion chan-
nels. We can also eliminate reduced InsP3 production as a possible
side-effect, as the threshold carbachol concentration of 1 mM in
adriamycin-treated cells was similar to that of control RBL cells and
produced enough InsP3 to consistently reach the threshold for
visible Ca2+ release (Fig. 5c, red trace). Even under these conditions,
adriamycin largely suppressed the facilitatory effects on Ca2+

signalling. Therefore, the adriamycin experiments are consistent
with the hypothesis that InsP4 production mediated by InsP3

3-kinase is primarily responsible for the observed facilitation of
repetitive subthreshold stimuli.

We have presented evidence that shows InsP4 to be a potent,
naturally occurring 5-phosphatase inhibitor that facilitates Ca2+

in¯ux by sensitizing InsP3-mediated activation of ICRAC. As InsP4

production occurs at the expense of InsP3, and high levels of InsP4

can inhibit InsP3 receptors, it is possible that in some cell systems,
the overall effect of InsP4 on Ca2+ signalling may be inhibitory. This
would apply particularly to cells with high levels of endogenous or
experimentally over-expressed InsP3 3-kinase22,26. The impact of
InsP4 on Ca2+ signalling may be multifaceted and cell-type speci®c,
varying with strength of receptor stimulation, subcellular localiza-
tion of InsP3-metabolizing enzymes, heterogeneity of intracellular
Ca2+ stores, InsP3 receptor subtype composition and additional
regulatory mechanisms that affect the above. M

Methods
Synthetic inositol phosphates and 5-phosphatase inhibitors

We synthesized D-InsP4 and L-InsP4 as described27. L-Thre(1,2,4)P3 was prepared from
(2S,3S)-(+)-2-benzyloxybutane-1,3,4-triol (Fluka). Brie¯y, phosphitylation of the triol
with N,N-diethyl-1,5-dihydro-2,4,3-benzodioxaphosphepin-3-amine in the presence of
1H-tetrazole, followed by oxidation in situ with 3-chloroperoxybenzoic acid, gave the
protected trisphosphate, which was puri®ed by ¯ash chromatography on silica gel.
Deprotection by hydrogenolysis over palladium on carbon gave L-Thre(1,2,4)P3, which
was puri®ed by ion-exchange chromatography on Q-Sepharose fast ¯ow resin before use.
All synthetic compounds showed analytical and spectroscopic data in full accordance with
structure. We obtained other inositol phosphates and D-2,3-PG from Sigma.

5-Phosphatase inhibition and InsP3 receptor-binding assays

The assays of InsP3 5-phosphatase activity were performed at pH 7.2 using puri®ed
recombinant enzyme expressed in Escherichia coli as described28. We performed the InsP3

receptor-binding assays by using microsomal fractions of rat cerebellum prepared as
described29. The assay mixture (0.5 ml) contained 50 mM HEPES/NaOH buffer pH 7.2,
1 mM EDTA, 6 nM [3H] InsP3 and ,30 mg of microsomal fraction, in the presence of
various concentrations of compounds of interest. Incubation was performed on ice for
10 min, followed by the separation of bound radioactivity from free form by
centrifugation (15,000 r.p.m. for 10 min). Nonspeci®c binding (150±200 d.p.m.) was
determined in the presence of 10 mM InsP3 and was subtracted from that in its absence to
determine the speci®c binding (4,000±5,000 d.p.m.).

Electrophysiology

For patch-clamp experiments, RBL-2H3-M1 cells grown on glass coverslips were
transferred to the recording chamber and kept in a standard modi®ed Ringer's solution
containing (in mM): 145 NaCl, 2.8 KCl, 10 CsCl, 10 CaCl2, 2 MgCl2, 10 glucose, 10 HEPES
NaOH, pH 7.2. We used CsCl to inhibit inward recti®er potassium currents. For Ca2+

measurements, the external Ca2+ concentration was adjusted to 2 mM. We used carbachol
at the indicated concentrations. The standard intracellular pipette-®lling solution
contained (in mM): 145 caesium-glutamate, 8 NaCl, 1 MgCl2, 0.5 Mg-ATP, 0.3 GTP,
pH 7.2, adjusted with CsOH. Except for the fura-2 experiments, the internal solution was
supplemented with a mixture of 10 mM caesium-BAPTA and 4.3±5.3 mM CaCl2 to buffer
[Ca2+]i to resting levels of 100±150 nM and to avoid spontaneous activation of ICRAC.
We carried out patch-clamp experiments in the tight-seal whole-cell con®guration at 21±
25 8C. We acquired high-resolution current recordings by a computer-based patch-clamp
ampli®er system (EPC-9, HEKA, Lambrecht, Germany). Patch pipettes had resistances
between 2 and 4 MQ after ®lling with the standard intracellular solution. Immediately after
establishment of the whole-cell con®guration, voltage ramps of 50-ms duration spanning
the voltage range of -100 to +100 mV were delivered from a holding potential of 0 mVat a
rate of 0.5 Hz over a period of 300±400 s. All voltages were corrected for a liquid junction
potential of 10 mV between external and internal solutions. We ®ltered currents at 2.3 kHz
and digitized them at 100-ms intervals. Capacitive currents and series resistance were
determined and corrected before each voltage ramp using the automatic capacitance
compensation of the EPC-9. For analysis, the very ®rst ramps before activation of ICRAC

(usually 1±3) were digitally ®ltered at 2 kHz, pooled and used for leak subtraction of all
subsequent current records. The low-resolution temporal development of inward currents
was extracted from the leak-corrected individual ramp current records by measuring the
current amplitude at -80 mV.

Calcium measurements

The cytosolic calcium concentration of individual patch-clamped or intact cells was
monitored at a rate of 5 Hz with a photomultiplier-based system using a monochromatic
light source tuned to excite fura-2 ¯uorescence at 360 and at 390 nm for 20 ms each.
Emission was detected at 450±550 nm with a photomultiplier whose analogue signals were
sampled and processed by the X-Chart software package (HEKA, Lambrecht, Germany).
Fluorescence ratios were translated into free intracellular calcium concentration on the
basis of calibration parameters derived from patch-clamp experiments with calibrated
calcium concentrations. In patch-clamp experiments, we added fura-2 to the standard
intracellular solution at 100 mM. Ester loading of intact cells was performed by incubating
cells for 45±60 min in standard solution (2 mM extracellular calcium) supplemented with
5 mM fura-2-AM. In all experiments, where intracellular Ca2+ was monitored (patch-
clamp or intact cells), the standard external solution contained 2 mM Ca2+. Local
perfusion of individual cells with carbachol was achieved through a wide-tipped, pressure-
controlled application pipette (3 mm diameter) placed approximately 30 mm from the cell
under investigation.
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DNA from bacteria has stimulatory effects on mammalian
immune cells1±3, which depend on the presence of unmethylated
CpG dinucleotides in the bacterial DNA. In contrast, mammalian
DNA has a low frequency of CpG dinucleotides, and these are
mostly methylated; therefore, mammalian DNA does not have
immuno-stimulatory activity. CpG DNA induces a strong T-helper-
1-like in¯ammatory response4±7. Accumulating evidence has
revealed the therapeutic potential of CpG DNA as adjuvants for
vaccination strategies for cancer, allergy and infectious diseases8±10.
Despite its promising clinical use, the molecular mechanism by
which CpG DNA activates immune cells remains unclear. Here we
show that cellular response to CpG DNA is mediated by a Toll-like
receptor, TLR9. TLR9-de®cient (TLR9-/-) mice did not show any
response to CpG DNA, including proliferation of splenocytes,
in¯ammatory cytokine production from macrophages and matura-
tion of dendritic cells. TLR9-/- mice showed resistance to the lethal
effect of CpG DNA without any elevation of serum pro-in¯amma-
tory cytokine levels. The in vivo CpG-DNA-mediated T-helper
type-1 response was also abolished in TLR9-/- mice. Thus, verte-
brate immune systems appear to have evolved a speci®c Toll-like
receptor that distinguishes bacterial DNA from self-DNA.

The Toll-like receptor (TLR) family is a phylogenetically con-
served mediator of innate immunity that is essential for microbial
recognition11. Mammalian TLRs comprise a large family with
extracellular leucine-rich repeats (LRRs) and a cytoplasmic Toll/
interleukin (IL)-1R (TIR) homology domain. So far, six members
(TLR1±6) have been reported12±14, and two additional members
have been deposited in GenBank as TLR7 and TLR8 (accession
numbers AF240467 and AF246971, respectively). TLR2 and TLR4
are responsible for immune responses to peptidoglycan (PGN) and
lipopolysaccharide (LPS), respectively15±22.

By using a BLAST search, we identi®ed an expressed sequence
tag (EST) clone (AA273731; mouse) that showed high similarity
with the previously identi®ed TLRs. Using this fragment as a probe,
we isolated a full-length complementary DNA from the mouse
macrophage cDNA library. We also isolated the human counterpart.
Sequence analysis revealed the presence of regions conserved in the
TLR family, such as LRR and TIR domain (Fig. 1a, b). Therefore, we
designated this gene TLR9. Northern blot analysis of various tissues
indicated that mouse TLR9 transcripts were most abundantly
expressed in the spleen (Fig. 1c).

To assess the biological function of TLR9, we generated TLR9-/-

mice by homologous recombination in embryonic stem (ES) cells.
The targeting vector was constructed to replace a 1.0-kb fragment of
the mouse Tlr9 gene encoding a part of LRR with a neomycin
resistance cassette (neo) (Fig. 2a). Correctly targeted ES cell clones
were micro-injected into C57BL/6 blastocysts, which contributed to
transmission of the mutated allele through the germ line. We
intercrossed heterozygotes to produce offspring that were homo-
zygous for the disrupted Tlr9 allele (Fig. 2b). The mutant mice were
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