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Regulation of the Type lll InsP; Receptor by InsP; and ATP
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ABSTRACT Many hormones and neurotransmitters raise intracellular calcium (Ca®") by generating InsP, and activating the
inositol 1,4,5-trisphosphate receptor (InsP5R). Multiple isoforms with distinct InsP, binding properties (Cardy et al., 1997) have
been identified (Morgan et al., 1996). The type Ill InsP4R lacks Ca®*-dependent inhibition, a property that makes it ideal for
signal initiation (Hagar et al., 1998). Regulation of the type Il InsP4R by InsP; and ATP was explored in detail using planar lipid
bilayers. In comparison to the type | InsP;R, the type Il InsP4R required a higher concentration of InsP; to reach maximal
channel activity (EC, of 3.2 uM versus 0.5 uM for the types Il and | InsP3R, respectively). However, the type Il InsP;R did
reach a 2.5-fold higher level of activity. Although activation by InsP; was isoform-specific, regulation by ATP was similar for
both isoforms. In the presence of 2 uM InsP,, low ATP concentrations (<6 mM) increased the open probability and mean
open time. High ATP concentrations (>6 mM) decreased channel activity. These results illustrate the complex nature of type
Il InsP4R regulation. Enhanced channel activity in the presence of high InsP; may be important during periods of prolonged
stimulation, whereas allosteric modulation by ATP may help to modulate intracellular Ca®* signaling.

INTRODUCTION

The inositol 1,4,5-trisphosphate receptor (IgRPis an im-  InsRR, and intracellular pH (Ferris et al., 1991a,b; Finch et
portant component of intracellular €asignaling in most  al., 1991; lino, 1990; Missiaen et al., 1992; Supattapone et
cells (Berridge, 1993; Clapham, 1995). Activation of theal., 1988). Regulation by G4 is bell-shaped with maximal
InsP,R opens a C& -permeable channel that leads to anchannel activity occurring at 300 nM free €a(Bezproz-
increase in cytoplasmic €& by releasing Ca" from the vanny et al., 1991). ATP has been shown to enhance the
endoplasmic reticulum. IngPmediated C&" release regu- gating of the type | InsfR by allosteric regulation (Bez-
lates many cellular processes, such as the expression pfozvanny and Ehrlich, 1993; Mak et al., 1999) Xenopus
transcription factors (Negulescu et al., 1994), the formatiorpocyte nuclei, ATP was shown to alter the’Casensitivity
of the fertilization envelope during egg activation (Nuc- of C&"-activation sites on the IngR (Mak et al., 1999).
citelli et al., 1993), stimulus-contraction coupling in smooth This type of regulation allows ATP to shape the extent and
muscle (Walker et al., 1987), and the development of longguyration of cytoplasmic G4 signals depending upon stim-
term depression (Finch and Augustine, 1998; Inoue et aly|ys intensity and a cell’s metabolic state.
1998; Khodakhah and Armstrong, 1997). The InsRR contains a large regulatory domain between
The InsRR exists as a tetramer in which each subunit isie InsR binding site (at the NH2-terminal end) and the
260 kD. Th_reg isoforms have been cloned (Blondel et al.pore_forming region (the COOH-terminal end, which con-
1993; Furuichi et al., 1989; Maranto, 1994; Mignery et al., (5ing six membrane-spanning regions) where these modula-
1989; Morgan et al., 1996; Sudhof et al., 1991). Both theygrs are able to exert their effects. Additional cytoplasmic
expressed isoform and the extent of expression depend Up@Qetors and associated proteins (MacKrill, 1999; Thrower et
the cell type. Cerebellar Purkinje cells, for example, eXpress - 1998) contribute important regulatory functions that
almost exclusively the type | IngR. Pancreatic acinar' ceII.s permit the wide range of responses that are seen forinsP
express types Il and Il IngR, whereas several epithelia i, ceq C3* release. Pancreatic cells, for example, display
express all three isoforms (Bush et al., 1994; Nathanson %arkedly different C&" responses depending on the ago-

a_I., 1.994; Wojcikiewicz, 1995). Addi.tional receptor diver- nist (such as acetylcholine and cholecystokinin) that is used
sity is achieved through the formation of heterotetramer% stimulate the cells (Lawrie et al., 1993; Osipchuk et al.,

due to the association of different isoforms (Joseph et a|'1990; Petersen et al., 1991: Thorn et al., 1993: Yule et al.,

1995, Monkawa et al., 1995). 1991). These agonists can produce different ‘Cascilla-

n .
C.’a2 release by the type | InsR s regl.JIated. by a tion patterns by affecting the phosphorylation state of the
variety of cofactors and cellular processes, including cyto-

: : . . InsP,R (LeBeau et al., 1999).
solic and intraluminal free Ca, phosphorylation of the Recently, the single-channel properties of the types Il and

Il InsP3R have been determined in planar lipid bilayers.
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InsPR, however, are ideal for signal initiation because theywarner Instruments Corp., Hamden, CT) and stored on VHS tape (In-
lack C&"-dependent negative feedback—a characteristiéttfjtekﬂ CfOVP-’ Gfeatt NeCk'INY)- Data Wecfle f”tef:‘é gt (1A'<HZ T”dtdigiﬂzid
. : . . a Z Tor computer analysis usin am 0. Xon Instruments,
that su_pports the generation of ?CaOSCIIIatIO.nS' Differ- Foster City, CA).FfAdditions{)f Ins?(CgZaFI)biochgm, La Jolla, CA), ATP
ences in the Czé—dependence of the three isoforms may(disodium salt, Sigma, St. Louis, MO), and GTP (disodium salt, Sigma)
underlie the spatial and temporal patterns of cytosoli%*Ca were made to theis chamber to obtain the desired concentrations of each
signals that are important for many cellular responses. Fursompound. The cytosolic €4 concentration was fixed at 160 nM (pGa
ther, the subcellular distribution of the different isoforms 6-8) using calibrated amounts of CaGind EGTA in thecis chamber

may help to coordinate G4 signals within the cell. (Fablatp, 1988). At Ieast_3 min of contlnuous_recordmg was anal_y;ed to
determine mean open times, mean closed times, open probability, and

The types Il and IIl InsER have an overall sequence ¢y ent amplitude. The number of active channels in each bilayer was
homology with the type | InsfR of 69 and 64%, respec- estimated using a statistical model that is dependent on the maximum
tively (Blondel et al., 1993; Sudhof et al., 1991). Despite number of channels that are observed simultaneously during the course of
their similarity, the three isoforms possess different affini-an experiment (Horn, 1991).
ties for InsR: the relative order of affinity is type [ type
I > type lll (Maranto, 1994). A specific binding site for
ATP on each subunit of the IngR has been identified RESULTS
through biochemical studies (Maeda et al., 1991). For th@pen probability of the type lli InsP,;R as a
type | InsRR, low concentrations of ATP<(4 mM) in-  function of InsP; concentration

crease channel open probability (Bezprozvanny and Ehr-

lich, 1993). Concentrations of ATP above 4 mM cause dAfter incorporation of RIN-m5F endoplasmic reticulum mi-
decrease in channel activity crosomes with planar lipid bilayers, the type Ill In§Pwas

In the current study, the effects of both Ingfhd ATP on activated with InsPconcentrations ranging from 0.1 to 200
the type IIl INSRR were investigated. Channel activity and #M (Fig. 1, AandB). In these experiments, 0.5 mM ATP

mean open time were measured over a range of,InsFA"d 2uM ruthe?lum red Vﬁere present. Tr;er;ATPhwas aldde((jj
concentrations. The type Ill IngsR required a 10-fold [© @ct as a cofactor in the activation of the channel, an

higher InsR concentration (with respect to the type | ruthenium red was added to inhibit any ryanodine receptors

InsPR) to be maximally activated. As found for the type | that may have co-incorporated into the bilayer. A 10-fold
InsPR, low concentrations of ATP<(6 mM) increased the NCT€ase in Insp concentration (2 to 2QuM) caused a

open probability of the type Il InsfR, and high concen- thre_efold increase in chanr_1e| open_probablllty (2.2t0 7.6%).
trations of ATP (-6 mM) inhibited channel activity. Ele- 1© fit the data with the Hill equation, a value of 1.9 was
vated InsR levels restored channel activity inhibited by USed for the Hill coefficient, suggesting that at least 2
ATP, suggesting that ATP can displace Ig&®m the InsR molecules of Insp are needed to bind to the receptor

binding site. Thus, the effects of ATP on the types | and I11C0MPlex before the channel will open. Over this range of
InsPR are similar, whereas the activation by 1gs® iso- InsP; concentrations, the mean open time was unchanged
form-specific (Fig. 1 C) for the type Ill InSBR. The open probability was

maximal once the InsRroncentration was raised to 20M

(Fig. 1,AandB, circlesandsolid ling). In contrast, the open
METHODS probability for the type | InsgR was maximal with 2uM
Insk; (Fig. 1B, dashed linedata from Moraru et al., 1999).
As shown in Fig. 1B, the EG, for the types | and Il InsER
Endoplasmic reticulum microsomes were isolated from RIN-m5F cellswere 0.5 and 3.2uM, respectively_ Finally, the type 1l
using the gradient centrifugation protocol for cerebellum as describeqnsp3R remained very active at 10 nM free cytoplasmic

previously (Bezprozvanny and Ehrlich, 1994). All solutions used for the g . .
isolation and storage of microsomes included a protease cockiad/(Bl Ca" in the presence of 20M InsP; (see Fig. 4; open

leupeptin, 2ug/ml aprotinin, 1 pug/ml pepstatin A, 10ug/ml trypsin pro_bgbility was 6.8 0.8%,n = 3). This high level of
inhibitor, and 1 mg/ml Pefabloc Plus) to minimize proteolysis. activity at high InsR and low C&* was predicted by a
recent model that considers the effect of*Can InsR

binding for the type Ill InsER (LeBeau et al., 1999).

Isolation of microsomes

Single-channel recordings

Microsomal vesicles were fused into planar lipid bilayers composed of the

synthetic lipids phosphatidylethanolamine and phosphatidylserine (3:1Activation of the type IlI InsP5R by low

wt:wt; Avanti Polar Lipids, Alabaster, AL) dissolved in decane (20 mg/ml) concentrations of ATP

so that thecis andtrans chambers corresponded to the cytosol and lumen

of the endoplasmic reticulum, respectively. Cytoplasmic bilayer solutions|n the presence of AM InsP; and 2uM ruthenium red, the
contained 110 mM TRIS and 250 mM HEPES (pH 7.35), and lumenal.p4nnel open probability was observed with increasing

solutions contained 53 mM Ba(OHand 250 mM HEPES (pH 7.35). The . . . .
trans chamber was held at virtual ground, and the transmembrane voltaggmounts of ATP (Fig. 2A andC). Variation in the single-

was maintained at 0 mV. Single-channel currents were recorded undé€ghannel open probability in separate experiments was min-
voltage clamp conditions using a bilayer clamp amplifier (BC-525B, imized by normalizing the single-channel open probabilities
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FIGURE 1 InsR dependence of the types | and Il Ing® (A) Channel activity for the type Il InsfR was observed at several Instbncentrations
(indicated at the right of each trace) with 0.5 mM ATP and 150 nM fre&"C&hannel openings are shown as downward deflections from the baseline.
(B) Data for the type Il InsER were plotted as open probabilitgifcles mean= SEM, n = 4) and fit using the Hill equation. A value of 1.9 for the Hill
coefficient resulted, indicating that two molecules of Igsfust bind for the channel to open. Data for the type | isRlashed ling were taken from
Moraru et al. (1999). The type Ill IngR was activated at higher Ingloncentrations (the EGwas 3.2uM versus 0.5uM for the type | InsBR). (C)

Mean open time for the type Ill IngR (mean*= SEM, n = 4) is not affected by the IngRoncentration.D) In the presence of 20.M InsP;, the type
1l InsP3R remains active at 10 nM free cytoplasmic®Ca

in each experiment to the value obtained at 6 mM. The datéhe apparent dissociation constant for the YRsFATP com-
were then fit using a modified Hill equation:

P(x) = P(O) + [Pmax * Xn]/[kn + Xn],

where PX) is the single-channel open probability oPis the
channel open probability in the absence of added AiB,

plex, andx corresponds to the ATP concentration. The best
fit was obtained wittk = 2.8 mM andn = 2.9 (the line in

Fig. 2C uses these parameters). When two concentrations
of GTP were used, the open probability was unchanged
(Fig. 2,B and C, squares n = 3). This result shows that
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activation of the type Ill InsgR by nucleotide triphosphates
is specific for the adenosine derivative. Similar specificity
has been observed for the activation of type | KisBPy
ATP (Bezprozvanny and Ehrlich, 1993).

As the ATP concentration was raised from 0.5 to 6 mM,
the mean open time increased (FigA)3 whereas mean
closed time decreased (Fig.B3. Over this range of ATP
concentrations, the current amplitude was unchanged (Fig.
3 C). A similar result was obtained for the type | IngPin
Xenopusocyte nuclei; ATP activated gating by stabilizing
the open state and destabilizing the closed state (Mak et al.,
1999). As aresult, it is likely that ATP activates the type Ill
InsP;R by increasing both the duration of channel openings
(mean open time) and the frequency of the openings (by
decreasing the mean closed time).

Inactivation of the type lll InsP;R by high
concentrations of ATP

High ATP concentrationsX6 mM) inhibited the type llI
InsPR (Fig. 4,A and C). The single-channel open proba-
bility in each experiment was normalized to the channel
open probability at 6 mM ATP. The steep inhibitory effect
of high ATP concentrations suggests cooperative binding of
ATP to a low affinity site as found previously for the type

I InsP;R (k = 10.6 mM,n = 5; Bezprozvanny and Ehrlich
1993). Although channel activity was completely inhibited
by these high levels of ATP, activity was restored by raising
the InsR concentration (Fig. 8). This finding supports
previous studies that have found a competitive interaction
between InsP and ATP (Guillemette et al., 1987; lino,
1991; Maeda et al., 1991; Spat et al., 1987).

DISCUSSION

In this paper, two properties of the type Il Ing®P were
examined: the effects of different IngBoncentrations and
regulation by ATP. The channel open probability increased
threefold as the InsRconcentration was increased from 2 to
20 uM, and open probability was maximal at 20 InsP;
(Fig. 1, A andB). The type Ill InsBR reached a maximal
level of channel activity that was 2.5-fold higher than the
maximal level for the type | InsfR (Fig. 1B, dashed line

FIGURE 2 Activation of the type Ill InsfR by low concentrations of
ATP. (A) Channel activity for the type Ill InsfR was monitored at several
ATP concentrations (indicated at the right of each trace) in the presence of
2 uM InsP;. (B) Channel activity at two GTP concentrations was similar.
(C) Open probability was plotted as a function of nucleotide triphosphate
concentration. Open probability at each ATP concentration was normalized
to the open probability in the presence of 6 mM ATP. Activation of the
type Il Insk,R is specific for ATP €ircles mean+ SEM, n = 3); GTP
(squares mean* SEM, n = 3) did not change the open probability. The
best fit for the ATP data was obtained using Eq. 1 Witk 2.8 mM and
n=209.
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data from Moraru et al., 1999). Although both isoforms
required the binding of at least two molecules of Ins®
open the channel, the type | IngPactivated at lower InsP
concentrations (the EGwas 0.5uM for the type | InsBR
and 3.2uM for the type Il InsRBR). For these two reasons,
activation by InsRis an isoform-specific characteristic.

The EG for the type Il InsBR (3.2M) is much higher
than the InsRPbinding affinity of the type Il InsBR (K, =
151 nM) (Maranto, 1994). However, this value for theJ5C
is consistent with the IngRconcentration that is necessary
for half-maximal release in both pancreatic islet cells (2.5
M) (Wolf et al., 1985) and insulinoma microsomes (3.0
M) (Prentki et al., 1984). In addition, Ingleoncentrations
needed to induce half-maximal €arelease are often in the
uM range (Berridge, 1987) even though IgsBinding
affinities in a variety of tissues are in the low nM range
(Taylor and Richardson, 1991). This discrepancy is likely
due to the very different conditions under which IgsP
binding and C&" release measurements are generally per-
formed. Frequently, InsPbinding is done on ice, in the
absence of ATP, and at pH 8.5, whereag Caobilization
is done at 37°C, in the presence of ATP and at physiological
pH, 7.4. When conditions for binding and release were
matched, similar values for theand EG, were obtained
(Mauger et al., 1989; Nunn and Taylor, 1990).

Calcium release from rat insulinoma microsomes (con-
taining predominately the type Il IngR) showed a similar
threefold increase in open probability when the InsBn-
centration was raised from 2 to 20M (Prentki et al., 1984).
Interestingly, a second addition of InsBid not elicit a
subsequent release of €aln light of the fact that the type
Il InsP3R can deplete intracellular stores in RIN-m5F cells
(Hagar et al., 1998), it is likely that activation of the type IlI
InsP,R allowed depletion of the microsomal €astores
during the first stimulation so that a second response did not
occur.

Despite the change in open probability as the ysbh-
centration was increased from 0.1 to 200/, the mean
open time did not change (Fig.Q). The increase in channel
activity is unlikely to involve other cellular processes that
have been implicated in the regulation of IgRRCameron
et al., 1995). Phosphorylation of the channel by protein
kinase C, for example, could not occur because the exper-
imental protocol uses Na-ATP and does not include a ki-
nase. A low affinity Insk binding site K4 = 10 uM) has
recently been identified for the type | Ing® (Kaftan et al.,
1997) and explains persistent channel activity at high'Ca
and InsR levels. An alternate explanation is that an elevated
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FIGURE 3 Effect of ATP on the single-channel properties of the type IlI
InsP;R. (A) Mean open time increased ari8) (nean closed time decreased
as the ATP concentration was raised in the presence pM2InsP;.
However, the amplitude of channel openin@ was unaffected. Individ-
ual points with error bars are the meanSEM forn = 3.
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InsP; concentration relieves €4 inhibition by decreasing
the affinity of C&™ for a C&" inhibitory site on the InsfR
(Mak et al., 1998). It is presently unknown whether the type
Il InsP4R also possesses the low affinity Indbnding site,

or if elevated InsRrelieves C&" inhibition. Calmodulin, a
Ca " -dependent regulatory protein with four €abinding
sites (Means and Dedman, 1980), has recently been shown
to mediate C&'-dependent inactivation of the type | IngP
(Michikawa et al., 1999). Although RIN-m5F cells contain
high levels of calmodulin, which are not affected by glucose
stimulation (Nelson et al., 1983), the type Il IngPis
unigque among the IngR isoforms because it does not bind
calmodulin (Yamada et al., 1995).

InsP; binding to the type Il InsER is enhanced by an
increase in cytoplasmic €& (Cardy et al., 1997;
Yoneshima et al., 1997). Modeling that considers the effect
of C&" on InsR binding predicts a leftward shift of the
steady-state open probability curve for the type Il IsRP
as the Insk concentration is increased (LeBeau et al.,
1999). Indeed, a high level of channel activity exists in the
presence of 10 nM G& and 20uM InsP; (Fig. 1D). Under
these conditions, the type | InglR is not active (Kaftan et
al., 1997). Likewise, open probability for the type 11l IngP
is very low at this C&" concentration when the IngP
concentration is 24M (Hagar et al., 1998). Consequently,
high InsR concentrations can strongly activate the type I
InsP3R even when cytoplasmic €alevels are low. High
concentrations of Insfhave been found in a variety of cell
types under both basal (0.143M InsP;) and agonist-
stimulated (1-2QwM) conditions (Putney, 1990).

Two putative ATP binding sites are located in the region
between the InsPbinding site and the transmembrane re-
gion in the primary sequence of the InEP(Furuichi et al.,
1989; Mignery et al., 1990; Mignery and Sudhof, 1990).
Both high- and low-affinity sites are present and mediate the
effects of ATP. For the type I IngR, the high affinity site
provides allosteric regulation of channel activity (lino,
1991; Maeda et al., 1991; Smith et al., 1985); ATP concen-
trations &4 mM) increase the intrinsic efficacy of IngP
(Bezprozvanny and Ehrlich, 1993). Low concentrations of
ATP are also able to increase channel open probability for
the type Il InsRR (Fig. 2, A and C). The increase in
channel activity reflects an increase in the mean open time

FIGURE 4 Inhibition of the type Ill InsER by high concentrations of
ATP. (A) Channel activity was observed at several ATP concentrations
(>6 mM) in the presence of &M InsP;. Channel openings were very
infrequent when the ATP concentration was above 10 nB}IRaising the
InsP; concentration to 1QuM restored channel activityQ) Open proba-
bility was plotted as a function of ATP concentration for the type Il 4P
(mean*= SEM, n = 3). The open probability at each ATP concentration
was normalized to the open probability in the presence of 6 mM ATP. High
ATP concentrations had a strong inhibitory effect on channel activity due
to the cooperative binding of ATP to a low affinity site € 8.5 mM) on

the type Il InsBRR.
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and a decrease in mean closed time with no change in trisphosphate receptor- FKBP12 complex modulates+C#ax. Cell.
current amplitude (Fig. 3A-C) as found for the type | 082:46?347;-T W Tavior. 1667, Differential eculation of

: ardy, T. J., D. Traynor, and C. W. Taylor. . Differential regulation o
InsPR of dog cerebellum (Be;prozvanny and Ehrlich, types-1 and -3 inositol trisphosphate receptors by cytosolic+Ca2
1993) andXenopusoocyte nuclei (Mak et al., 1999). In Bjochem. J328:785-793.

addition, this effect is specific for ATP; GTP is unable to Clapham, D. E. 1995. Calcium signalingell. 80:259—268.

increase channel activity (Fig. B, andC, square}. Fabiato, A. 1988. Computer programs for calculating total from specified
High ATP concentrations inhibit IngF?nduced CA" re- free or free from specified total ionic concentrations in aqueous solutions
. . containing multiple metals and ligandsdethods Enzymoll57:
lease from permeabilized smooth muscles if low neéh- 378-417.
centrations are used (lino, 1991). Other studies also suggegtyris, c. b., A. M. Cameron, D. S. Bredt, R. L. Huganir, and S. H. Snyder.
a competitive interaction between InsBnd ATP (Guil- 1991a. Inositol 1,4,5-trisphosphate receptor is phosphorylated by cyclic

lemette et al., 1987; Maeda et al., 1991; Spat et al., 1987) AMP-dependent protein k.inase at serines 1755 and 1B&$chem.

di v th he | fini ite is the InsBindi . Biophys. Res. Commuh75:192—-198.
a'_q imply that the OW a 'mty .S|.te IS the Ing 'n ) ing site. Ferris, C. D., R. L. Huganir, D. S. Bredt, A. M. Cameron, and S. H. Snyder.
High ATP concentrations inhibit channel activity for both  1991b. Inositol trisphosphate receptor: phosphorylation by protein ki-
the type | (Bezprozvanny and Ehrlich, 1993) and type Ill nhase C and calcium calmodulin-dependent protein kinases in reconsti-
(Fig. 4, A andC) InsP,R. In both cases, raising the IngP tuted lipid vesiclesProc. Natl. Acad. Sci. USA&8:2232-2235.

. Lo > . Ferris, C. D., R. L. Huganir, and S. H. Snyder. 1990. Calcium flux
concentration restores activity in the presence of an inhib- mediated by purified inositol 1,4,5-trisphosphate receptor in reconsti-

itory amount of ATP (Fig. 8B). tuted lipid vesicles is allosterically regulated by adenine nucleotides.
In summary, InsPand ATP both regulate the activity of  Proc. Natl. Acad. Sci. USA&7:2147-2151. S
the tvpe Il InsRR in important ways. Hiah In oncen- Finch, E. A., and G. J. Augustine. 1998. Local calcium signalling by
_yp 3 p_ . Y 9 . .SPC inositol-1,4,5-trisphosphate in Purkinje cell dendritéature. 396:
trations (10—1OQLM) maintain channel activity and_may 753_756.
allow a cell to raise C){tOplasm'C é?élevels during periods  Finch, E. A, T. J. Tumer, and S. M. Goldin. 1991. Calcium as a coagonist
of prolonged stimulation. Regulation of the types | and Ill  of inositol 1,4,5-trisphosphate-induced calcium reles@eience 252:
InsP,R by ATP is similar: both isoforms are activated by _ 44_3;_44?' S Voshiana A Myvawak K. Wada N. Macda. and K
: . ; uruichi, T., S. Yoshikawa, A. Miyawaki, K. Wada, N. Maeda, and K.
low concer)tratlons of ATP<(6 mM) and Inhlblteq b,y hlg_h Mikoshiba. 1989. Primary structure and functional expression of the
concentrations of ATPX6 mM). From a mechanistic point  inositol 1,4,5- trisphosphate-binding protein P4B@iture. 342:32—38.
of view, it is likely that ATP allosterically regulates each Guillemette, G., T. Balla, A. J. Baukal, and K. J. Catt. 1987. Inositol
isoform at low concentrations and competes for the insP 1,4,5-trisphosphate binds to a specific receptor and releases microsomal

. . . . . . calcium in the anterior pituitary gland®roc. Natl. Acad. Sci. USA.
binding site at high concentrations. Allosteric regulation of g,.6195 g199

the type Ill InsRR by ATP may be important for the Hagar, R. E., A. D. Burgstahler, M. H. Nathanson, and B. E. Ehrlich. 1998.

modulation of intracellular Cd signaling (Ferris et al., Type IIl InsP3 receptor channel stays open in the presence of increased
1990) and the maintenance of cell viability during condi- calcium.Nature.396:81-84.
tions of energy starvation (Katz, 1992) Horn, R. 1991. Estimating the number of channels in patch recording.
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