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Calcium as a Coagonist of Inositol
1,4,5-Trisphosphate—Induced Calcium Release

EL1zaBETH A. FINCH, TIMOTHY J. TURNER, STANLEY M. GOLDIN*

Inositol 1,4,5-trisphosphate (IP;)—induced calcium release from intracellular stores is
a regulator of cytosolic-free calcium levels. The subsecond kinetics and regulation of
IP;-induced calcium-45 release from synaptosome-derived microsomal vesicles were
resolved by rapid superfusion. Extravesicular calcium acted as a coagonist, potentiating
the transient IP;-induced release of calcium-45. Thus, rapid elevation of cytosolic
calcium levels may trigger IP;-induced calcium release in vivo. Extravesicular calcium
also produced a more slowly developing, reversible inhibition of IP;-induced calcium-
45 release. Sequential positive and negative feedback regulation by calcium of
IP;-induced calcium release may contribute to transients and oscillations of cytosolic-

free calcium in vivo.

VARIETY OF EXTRACELLULAR SIG-

nals regulate intracellular processes

by triggering increases in cytosolic
Ca?* concentration. Such increases are pro-
duced by entry of Ca®* across the plasma
membrane or release of Ca®>* from intracel-
lular stores, or both. IP; is a phospholipid
metabolite that couples the activation of cell
surface receptors to changes in intracellular
Ca®* concentration by stimulating Ca®*
release from intracellular stores (7). An IP;
receptor from mammalian brain has been
purified (2), cloned (3), and reconstituted in
lipid vesicles (4), and it appears that the IP;
binding site and the Ca®* release channel
reside in a single protein. Elevation of cyto-
solic or extravesicular Ca%* (Ca2™*) inhibits
IP;-induced Ca®™ release (5). To clarify the
relationship between Ca2* and the IP; re-
ceptor, we used a rapid superfusion system
(6) to study *5Ca®* release from microsomal
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vesicles derived from rat brain synapto-
somes, a nerve terminal preparation.

Microsomal vesicles were obtained by hy-
potonic lysis and discontinuous sucrose gra-
dient centrifugation of rat brain synapto-
somes (7). This resulted in six fractions, two
of which (D and E) released accumulated
*5Ca®* when exposed to IP;. Fraction D
was more active and was chosen for further
characterization.

The vesicles actively accumulated *5Ca?*
in an adenosine triphosphate (ATP)-depen-
dent manner (8), and were retained on filters
in a superfusion chamber accessed by three
solenoid-driven valves that were operated by
computer (6). Each valve controlled the
delivery of a separate pressurized solution to
the chamber. The *5Ca®* containing efflu-
ent was continuously collected by a high-
speed fraction collector. The high flow rate
(1 to 2 mbls) relative to the small dead
volume of the superfusion chamber (30 wl)
allowed rapid solution changes and precise
control of the extravesicular concentrations
of IP; and Ca®?* (9), and afforded a time
resolution <70 ms (6). The resulting rapid
removal of released *°Ca®* isolated the ef-
flux from other processes, such as reuptake,
Ca?* buffering, and agonist depletion.
Thus, the effects of various agents on release
could be readily quantified.

Continuous superfusion of vesicles with

1P, resulted in a transient release of *Ca®*
(Fig. 1A). Vesicles were initially superfused
with a buffer containing 100 nM Ca?*, and
*5Ca®* release was evoked by superfusion
with a buffer containing 1 uM IP; and 10
uM Ca?*. The release rate (10) reached a
maximum within 140 ms after introduction
of IP; and decayed exponentially over the
next second (11). The IP;-stimulated release
was blocked by heparin (100 pg/ml), which
inhibits the binding of IP; to its receptor
(2). There was an additional smaller and
kinetically distinct component of **Ca®*
release, stimulated by CaZ2* alone. It was not
sensitive to heparin, but was nearly com-
pletely blocked by 3 to 5 mM Mg?* (Fig.
1B). At <5 mM, Mg®* had no effect on net
45Ca®* release evoked by 1 uM IP; [calcu-
lated as described in (12)]. The selective
block of the IP;-induced **Ca®* release by
heparin and the CaZ*-mediated component
of *5Ca®* release by Mg®* suggested that
each of these processes was mediated by an
independent release mechanism and provid-
ed pharmacological criteria for distinguish-
ing them (12).

The dependence on IP; concentration of
the maximum observed rate of net *°Ca®*
release (12) (Fig. 2) indicated that IP; con-
centration and *Ca* release rate were re-
lated in a normal hyperbolic manner over
the range of 30 nM to 10 uM. The Hill
coeflicient (ny) + SD was 1.0 + 0.2, and
the half-maximal concentration (ECg,) was
240 + 60 nM (Fig. 2, inset). At saturating
IP; concentrations (10 uM), only 6% of the
total accumulated #*5Ca®* was released dur-
ing the 2-s stimulus, whereas all of the
#5Ca®* was discharged by the Ca®* iono-
phore A23187 (1 uM).

We then explored possible explanations
for the transient nature of the IP;-evoked
*5Ca®* release. If decay was due to deple-
tion of releasable °Ca?*, the total amount
of isotope released would have been the
same for all IP; concentrations, but the rate
of decay would have increased at higher
agonist concentrations (Fig. 2). In contrast,
the amount of *5Ca®* released increased as a
function of IP; concentration (Fig. 2, inset),
whereas the time constant for decay of the
45Ca* release was constant for each CaZ*
concentration (13). Gramicidin D (300
nM), a monovalent cation ionophore used
to collapse a transmembrane electrostatic
gradient that might develop from a net
efflux of cations, did not alter the kinetics of
#5Ca®* release (14). These observations sug-
gested that receptor inactivation, rather than
depletion of intravesicular **Ca* or elec-
trostatic forces, accounted for the rapid de-
cay of the *3Ca®* release.

The magnitude and the time course of
IP;-induced *5Ca* release were modulated
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by Ca2*. IP; (1 pM) was introduced in the
presence of various Ca2" concentrations
(100 nM to 3 pM). Elevation of the Ca2*
concentration above 100 nM potentiated
the maximum rate of IP;-induced *>Ca?*
release (Fig. 3A). The nyy for the potenti-
ation by CaZ* was 1.0 = 0.02, and the
ECyo was 660 + 2 nM. The IP;-induced
*5Ca®* release rate, plotted as a function of
CaZ* concentration, extrapolated to zero at
or below 60 nM Ca2* (Fig. 3A, inset)
(15). The requirement for both CaZ* and
IP; to evoke rapid, transient **Ca®* release
indicated that Ca®™ is a coagonist for IP,

Fig. 1. Kinetic and pharmacological characteris-
tics of IP;-induced #°Ca2* release and Ca2*-
mediated *°Ca®* release activities from synapto-
some-derived microsomal vesicles, fraction D.
Vesicles were loaded with #5Ca?*. The 3500-ms
superfusion protocol consisted of a 750-ms super-
fusion with wash buffer, a 2000-ms superfusion
with stimulation buffer, and another 750-ms su-
perfusion with wash buffer. Upward arrow,
switch to stimulation buffer (time = 0); down-
ward arrow, switch to wash buffer. Wash buffer
included 1 mM EGTA and 5 mM MgCl, (free
Ca®* concentration = 100 nM). Stimulation
buffer included 1 mM EGTA and was titrated
with CaCl, to the desired free Ca?* concentra-
tion, with or without IP; and other compounds,
as described below. See (6-9) for experimental
details. Each point represents the **Ca* con-
tent of a single superfusate fraction and corre-
sponds to a 70-ms bin of *Ca®* efflux. *°Ca®*
release in these and subsequent experiments is
expressed as percent of the total **Ca* accumu-
lated by the vesicles that is released in each
fraction (10), and thus is a measure of the average
rate of *°Ca®* efflux during that 70-ms period.
(A) Superfusion of vesicles with 10 uM Ca**
(Dg; 10 pM Ca?* plus 1 pM IP; (O); 10 pM
Ca®* plus heparin (100 pg/ml) in loading, wash,
and stimulation buffer (A); and 10 pM Ca** plus
1 pM IP; plus heparin (V). Heparin did not affect
ATP-dependent *5Ca®* uptake during vesicle

receptor activation.

The effect of increases in Ca2* concen-
tration at a constant IP; concentration
provided additional evidence for a potenti-
ating role of Ca2". In the continued pres-
ence of IP;, an increase in Ca2* concen-
tration to 250 nM, and then a second step
to 1 uM, resulted in two transients of
*5Ca®* release corresponding to the Ca®*
steps (Fig. 3B). This result implied that
incremental increases in Ca2* concentra-
tion may sustain and amplify Ca®* re-
lease, suggesting a positive feedback role
in vivo for cytosolic Ca®* in potentiating
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invariance of decay constant as a function of IP; concentration (13). The IP; dependence of **Ca?*
efflux was also determined in separate experiments with 1 pM Ca?* (n;; = 0.80 =+ 0.2 for maximum

rate and 1.0 + 0.002 for cumulative release) (17).
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IP;-induced Ca®™ release.

At higher Ca2* concentrations (10 to 100
uM), the maximum observed rate of *°Ca2*
release was diminished (Fig. 3C) and the
decay of release was more rapid (Fig. 3A)
(13), resulting in decreased cumulative
#5Ca" release (Fig. 3C). The biphasic Ca2*
concentration dependence suggested that
there was a second, inhibitory effect of
CaZ*.

We further characterized the inhibitory
effect of Ca2* by giving a conditioning pulse
with elevated Ca2* concentration in the
absence of IP; before a test pulse with a
buffer containing 1 pM IP; and 10 uM
Ca?* (Fig. 4A). The 1-s conditioning pulse
inhibited the subsequent IP; response in a
concentration-dependent manner (16), with
a concentration for 50% inhibition of cumu-
lative **Ca* release (IC5,) of 620 + 50 nM
(Fig. 4B). These observations suggested
that Ca2* promoted inactivation of the re-
lease mechanism, independent of whether
IP; was bound to the receptor. By varying
the duration of the conditioning pulse, we
determined the time constant for the onset
of inhibition by 10 pM CaZ* to be 580 +
10 ms (Fig. 4C). The inhibition by CaZ*
was reversible (17): vesicles were pulsed
with 10 uM Ca2™ for 1 s, then washed with
100 nM Ca2™ for various lengths of time to
allow for recovery before a test pulse with 1
pM IP; and 10 pM Ca®*. Approximately
50% of the release activity was recovered
after 1 s of low—Ca2™* concentration wash.
In the converse experiment, the response
was not inhibited by a 1-s preexposure to 1
uM IP; at 100 nM Ca2™* (17). Thus, Ca2*,
but not IP;, induced a reversible, concentra-
tion- and time-dependent inactivation of the
release mechanism.

Our data show that Ca2*, at physiological
concentrations, rapidly activates and more
slowly inactivates IP;-induced Ca®* release.
Although the molecular mechanism under-
lying the potentiation by Ca®* is unclear, an
ng; of 1.0 is consistent with the existence of
a regulatory Ca®>* binding site on the 1P,
receptor. The CaZ*- and time-dependent
control of the neuronal IP; receptor is sim-
ilar to that described for the structurally
homologous (3) ryanodine-sensitive Ca®*
release channels of sarcoplasmic reticulum
(18).

In previous studies, Ca*>* was reported to
inhibit IP;-induced Ca®* release (5), but the
rapid potentiation by Ca2* was not ob-
served (19). Measurement of *5Ca2* efflux
rates while maintaining constant Ca2* and
IP; concentrations allowed us to resolve and
characterize the transient potentiation by
CaZ*. Our results explain the observations
of Ca®*-dependent inhibition (5) and the
transient nature (20, 21) of IP;-induced
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Ca®* release by demonstrating that release
inactivates with time and that the time course
of inactivation is dependent on Ca2™* concen-
tration. Consequently, a small and Ca2*-
dependent fraction of the stored *5Ca®* is
released during superfusion. The fraction of
total Ca®" stores released by IP; is compara-
ble to that observed from neural [Jean and
Klee, in (5)] and hepatocyte (20) microsomes
but is smaller than that described in some
studies of permeabilized cells (20, 21). These
differences could be due to experimental con-
ditions or to tissue-specific differences in the
relative amounts of IP;-sensitive and IP,-
insensitive Ca®* stores.

Fig. 3. Dependence of IP;-induced *5Ca®* efflux
on Ca2* concentration. The IP; in the stimula-
tion buffer was 1 pM. The range of Ca2* concen-
trations in different experiments was 100 nM to
100 pM. Unless indicated otherwise, the super-
fusion protocol was as in Fig. 1. (A) Net IP;-
induced *5Ca?* efflux at 100 nM (Ag, 300 nM
(0), 1 M (V), and 10 pM () Cac™. (Inset)
CaZ* dependence of the maximum rate of IP;-
induced *5Ca®* efflux, in the Ca2* range where
potentiation was observed. The curve is a linear
plot of the least squares fit of the data to the Hill
equation (15). (B) Multiple IP;-induced *Ca*
release events in response to step increases in Ca2*
concentration. Superfusion with 1 pM IP; was
initiated at time = 0 and maintained throughout
the period shown. Ca2* was 250 nM for the first
second of superfusion and was then increased to 1
M (second vertical arrow). (C) Biphasic CaZ*
dependence of the maximum rate of (@) and
cumulative amount of (M) *5Ca®>* efflux over a
2-s superfusion period at various Ca2* concentra-
tions (100 nM to 100 pM). The data are normal-
ized to the maximum value obtained for each of
these measures. The data are from a series of
experiments, a subset of which was used to gen-
erate (A). Data are the means + SD for three to

Although we obtained a normal hyperbolic
relationship between IP; concentration and
#5Ca®* release, some studies have reported
positive cooperativity (20, 21). This could be
because, in a permeabilized cell system, diffu-
sion barriers produce a local increase in Ca2™*
concentration due to Ca®" release. The pre-
dicted positive feedback loop by CaZ* could
produce a steep IP; concentration—response
relationship. Alternatively, regulation of the
neuronal IP; receptor may differ from that of
peripheral subtypes.

Sequential positive and negative feedback
regulation of IP;-induced Ca®* release by
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Fig. 4. CaZ*- and time-dependent inactivation of
IP,-induced *°Ca®* release. (A) Exposure to
CaZ* inhibited subsequent IP;-induced *5Ca?*
efflux. After a 350-ms superfusion with wash
buffer, vesicles were exposed at time = 0 to a 1-s
conditioning pulse of stimulation buffer contain-
ing 100 nM (A), 300 nM (O), 1 pM (V), and 10
pM () Ca®*. Subsequently (second vertical
arrow), a standard 2-s test pulse with stimulation
buffer containing 1 pM IP; and 10 pM Ca®* was
delivered. (B) Concentration-response relation
for Ca2*-dependent inactivation of IP-induced
45Ca®* release. The data represent cumulative
#5Ca®* release from a series of experiments, a
subset of which was used to generate (A) (n = 2
or 3 for each Ca2* concentration). Error bars (+
SD) are not shown when smaller than the symbol.
(C) Rate of onset of inactivation to a prior 10 pM
Cal* exposure. A protocol similar to that in (A)
was used, but in this case the length of the
conditioning pulse varied from 50 to 1000 ms.
Data are plotted as the percentage of the control,
which was the cumulative IP,-induced #5Ca2*
release obtained with no conditioning pulse. A
time constant of 580 + 10 ms was derived
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cytosolic Ca®* transients in neurons as in
Ca®*-induced Ca>* release from sarcoplas-
mic reticulum (18) and could contribute to
the regulation of IP;-induced Ca®* oscilla-
tions by Ca2* (22). At constant IP; concen-
trations, an initial increase in local free Ca%™*
concentrations could trigger IP;-induced
Ca®* release (23). Sustained elevation of
local cytosolic Ca®>* would inactivate the
release process. The subsequent reduction in
cytosolic Ca>* effected by homeostatic
mechanisms would enable recovery from
inactivation, thus regenerating the release
activity. Regulation by Ca2* could be due
to Ca®* entry across the plasma membrane
or release from internal stores, or both,
suggesting additional complexity in the
crosstalk among various Ca®* signaling
pathways. Moreover, if Ca®* entry can trig-
ger IP;-induced Ca?* release, then this in-
ternal store may contribute, more than has
been appreciated, to increased cytosolic
Ca®* concentrations in response to activa-
tion of the N-methyl-D-aspartate (NMDA)-
gated subclass of glutamate receptors or
voltage-sensitive Ca®>* channels.
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Primary Structure and Functional Activity

of a

Phosphatidylinositol-Glycan—Specific Phospholipase D

BERNARD J. SCALLON,* WEN-J1AN C. FUNG, T. CHRIS TSANG,
SHIRLEY L1, HELEN KADO-FONG, KUO-SEN HUANG,

JAREMA P. KOCHANT

A phosphatidylinositol-glycan—specific phospholipase D (PI-G PLD) that specifically
hydrolyzes the inositol phosphate linkage in proteins anchored by phosphatidylinosi-
tol-glycans (PI-Gs) has recently been purified from human and bovine sera. The
primary structure of bovine PI-G PLD has now been determined and the functional
activity of the enzyme has been studied. Expression of PI-G PLD complementary DNA
in COS cells produced a protein that specifically hydrolyzed the inositol phosphate
linkage of the PI-G anchor. Cotransfection of PI-G PLD with a PI-G—anchored
protein resulted in the secretion of the PI-G—anchored protein. The results suggest
that the expression of PI-G PLD may influence the expression and location of

PI-G—anchored proteins.

HE ANCHORING OF PROTEINS TO

the lipid bilayer of plasma mem-

branes was initially thought to be
mediated mainly by hydrophobic amino
acid sequences. However, some proteins are
covalently linked to a phosphatidylinositol-
glycan (PI-G) molecule in the lipid bilayer
(Fig. 1) (1). This structure has been shown
to anchor numerous proteins in species as
diverse as trypanosomes, schistosomes,
mice, and humans (7). An enzyme has been
identified that selectively hydrolyzes the
inositol phosphate linkage of PI-G-an-
chored proteins, PI-G lipids, and related
molecules (2-5). The enzyme, PI-G—specific
phospholipase D (PI-G PLD), is abundant
in serum and has been purified and charac-
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terized (3, 4). Purified PI-G PLD from
serum can hydrolyze the inositol phos-
phate linkage of PI-G-anchored proteins
in vitro in the presence of detergents
(2-5). However, for reasons that are not
understood, it has not been possible to
release proteins with a PI-G anchor from
the surface of intact cells using PI-G PLD
(2-4).

. On the basis of the amino acid sequences
of eight tryptic fragments from bovine se-
rum PI-G PLD (3), four degenerate oligo-

Fig. 1. Structure of the PI-G anchor. The
COOH-terminal amino acid of the protein is
linked to an ethanolamine residue which in turn is
linked by a phosphodiester bond to a complex
glycan moiety. In PI-G anchors studied in detail,
such as variant surface glycoprotein from trypa-
nosomes (1) and Thy-1 antigen from rat brain (1),
the glycan is comprised of a mannose-mannose-
mannose-glucosamine core structure with variable
side chains. The glucosamine is linked to a mem-
brane-anchored phosphatidylinositol. The site of
PI-G PLD hydrolysis is marked.

nucleotide probes were made for the pur-
pose of screening bovine DNA libraries for
PI-G PLD DNA clones (6). A cDNA clone
that predicted the exact amino acid sequence
of all eight tryptic fragments was obtained.
Comparison of the deduced protein se-
quence to the NH,-terminal amino acid
sequence of intact PI-G PLD revealed that
the clone encoded the mature NH,-termi-
nus of the protein and that the translation
product contained a signal peptide of 23
amino acids. A translation stop codon indi-
cated that the gene encoded a mature pro-
tein of 817 amino acids (90.2 kD) with
eight potential sites of N-linked glycosyla-
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