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Highly Cooperative Opening of Calcium Channels by
Inositol 1,4,5-Trisphosphate

ToBias MEYER, DAvID HOLOWKA,* LUBERT STRYER

The kinetics of calcium release by inositol 1,4,5-trisphosphate (IP3) in permeabilized
rat basophilic leukemia cells were studied to obtain insight into the molecular
mechanism of action of this intracellular messenger of the phosphoinositide cascade.
Calcium release from intracellular storage sites was monitored with fura-2, a fluores-
cent indicator. The dependence of the rate of calcium release on the concentration of
added IP; in the 4 to 40 nM range showed that channel opening requires the binding
of at least three molecules of IP;. Channel opening occurred in the absence of added
adenosine triphosphate, indicating that IP; acts directly on the channel or on a protein
that gates it. The channels were opened by IP; in less than 4 seconds. The highly
cooperative opening of calcium channels by nanomolar concentrations of IP; enables
cells to detect and amplify very small changes in the concentration of this messenger in
response to hormonal, sensory, and growth control stimuli.

HE PHOSPHOINOSITIDE CASCADE

plays a central role in the transduc-

tion of many hormonal, sensory, and
growth control stimuli (). Hydrolysis of
phosphatidylinositol 4,5-bisphosphate by a
receptor-triggered phospholipase C gener-
ates two intracellular messengers, 1,4,5-tris-
phosphate (IP3;) and diacylglycerol. IP3
raises the cytosolic level of calcium ion by
releasing it from the endoplasmic reticulum
(2). High-affinity binding sites for IP; have
been detected in permeabilized cells (3) and
microsomal membrane preparations (4).
The effectiveness of IP; in releasing Ca** in
the absence of adenosine triphosphate
(ATP) or other high-potential phosphoryl
donors has suggested that IP; directly acti-
vates a Ca?*-selective channel (5).

We have investigated the kinetics of IP3-
induced Ca’* release from intracellular stor-
age pools in permeabilized rat basophilic
leukemia (RBL) cells (6) to gain insight into
the molecular mechanism of action of IPs.
The antigen-mediated cross-linking of im-
munoglobulin E (IgE)—receptor complexes
on the surface of RBL cells leads to the
formation of IP; (7). The consequent rise in

the cytosolic Ca®>* (8) contributes to the
exocytic release of histamine and other me-
diators. RBL cells from the 2H3 subline (9)
were harvested (10), washed by centrifuga-
tion, and resuspended in a buffered salt
solution without added divalent cations
(135 mM NaCl, 5 mM KCl, and 20 mM
Hepes, pH 7.4). After three washes,
2 % 106 cells per milliliter were resuspended
in an ice-cold, high ionic strength KCI buff-
er (140 mM KCI, and 30 maM Hepes, pH
7.4) that contained 1.5 pM fura-2 (Molecu-
lar Probes), a fluorescent Ca?* indicator
(11). Buffers containing fura-2 and all inosi-
tides were passed through a chelating col-
umn (diphenylenediaminepentacetic acid
coupled to w-aminobutyl agarose) to lower
the total Ca’>" concentration and that of
heavy metal ions to less than 100 nM. The
plasma membrane of the RBL cells was
permeabilized by incubating them in KCl
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Fig. 1. Time course of changes in [Ca®*]; in a
typical experiment with permeabilized RBL cells
at 11°C. The addition of 75 nM IP; (3 pl of a 50-
pM solution) to a 2-ml suspension of stirred,
saponin-permeabilized cells fully depleted the IP3-
releasable Ca?* store. The amount of Ca** in IP;-
insensitive stores was determined by the addition
of the Ca®* ionophore A23187 (2 ul of a 200-
pM solution in ethanol). Only 10% of the in-
crease in fluorescence came from the added
A23187. The downward deflection marker spikes
were obtained by interrupting the excitation beam
with the tip of the pipette during injection. The
mixing time was less than 2 seconds. The free
Ca?* concentration was of the order of 0.1 pM in
all experiments. A total of Ca®* release of 50 nM
increased f from about 0.31 to 0.34.

buffer containing saponin (40 pg/ml) (Sig-
ma) for 10 to 15 minutes at room tempera-
ture. Permeabilization was monitored by the
uptake of trypan blue. When more than
80% of the cells were permeabilized, ali-
quots of the suspension were transferred to
acrylic cuvettes (Sarstedt), cooled to 11°C in
a water bath, and used within 30 minutes
(12).

Measurements of fluorescence were car-
ried out with an SLM 8000 spectrofluorim-
cter. The system was calibrated with fura-2
in KCl buffer containing 2 mAf EGTA or 10
mM CaCl; (11). The initial concentration of
fura-2 and the fraction of fura-2 containing
bound Ca*" in the permeabilized cell sus-
pension were determined by fluorescence
(excitation, 340 and 370 nm; emission, 510
nm). The kinetics of Ca’* efflux from intra-
cellular stores of RBL cells were determined
by monitoring the increase in fluorescence
intensity obtained on excitation at 340 nm.
The concentration of unbound Ca®*
([Ca%*]y) is given by

[Ca*" ]y = KafI(1 = f)

where K is the dissociation constant of the
Ca**—fura-2 complex (220 nM) (11), and f
is the fraction of fura-2 containing bound
Ca®*. [Ca’*],, the sum of the concentra-
tions of free Ca’* and Ca>" complexed to
fura-2, is given by

[Ca®*], = [Ca?*]y + f [fura-2]

[Ca**]; is nearly equal to the total concen-
tration of released Ca®* because of neglible
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buffering by components other than fura-2,
as evidenced by the finding that the fluores-
cence change obtained on addition of a
known amount of Ca’* matched that calcu-
lated for binding to fura-2 alone (13).

IP; (75 nM) induced a rapid rise in free
Ca’* (Fig. 1). There was no further increase
after the addition of a second aliquot of IP;.
Our experiments were carried out in the
absence of added Mg?* and ATP to prevent
refilling of Ca’* stores by an ATP-driven
Ca®>" pump (14). A known amount of Ca>*
was then added to check the calibration of
the Ca®" release scale. Finally, A23187 (Sig-
ma), a Ca>* ionophore, was added to release
Ca** from compartments unaffected by IP;.
In most experiments, IP; released between
30 and 70% of the total sequestered Ca*".
For an intracellular volume of 1 ul per 10°
cells (15), release of this IPs-sensitive pool
would raise the cytosolic Ca** level from
0.1 pM in unstimulated cells (8) to more
than 20 pM (in the absence of buffering) in
fully stimulated cells. The rate of Ca** re-
lease changed by less than a factor of 3 in the
temperature range from 4° to 35°C. Nearly
all of the IPs-sensitive pool could be released
within a minute by the addition of as little as
20 nM IP;. The same concentration of
inositol 1,3,4,5-tetrakisphosphate (Calbio-
chem) or inositol 1:2-cyclic 4,5-trisphos-
phate (from P. Majerus) did not cause mea-
surable release of Ca?*. No change in bulk
Ca®" was observed after the addition of IP;
to a suspension of unpermeabilized cells.

[*H]IP; (NEN) (5 to 50 nM) was added
to permeabilized cells to determine whether
IP; was hydrolyzed to an appreciable extent
in the course of a Ca®*-release experiment.
No detectable hydrolysis occurred in 10
minutes, as monitored by anion-exchange
high-pressure liquid chromatography. Hy-
drolysis was minimal because of the absence
of Mg?* in the buffers used in the release
experiments (16). Preliminary binding stud-
ies showed that the concentration of high-
affinity binding sites for IP3 was less than
0.2 nM (17). Thus, the free concentration of
IP; was nearly equal to the concentration of
added IP; throughout the course of efflux
experiments.

The rate of release of Ca** increased with
increasing concentration (3 to 150 nM) of
IP; (Fig. 2). The extent of Ca*" release
elicited by IP; concentrations greater than
20 nM reached a saturating level within 30
seconds after addition (18). At the lowest
IP; concentrations (<10 nM), the extent of
Ca®* release at long times was sometimes
less than attained with higher concentra-
tions of IPs;, possibly because residual
Mg?*-ATP in the permeabilized cells
powered the refilling of Ca®* stores.

The smooth lines in Fig. 2 are nonlinear

‘ 150 nm
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Fig. 2. Time course of Ca®* efflux by a range of
concentrations of added IP; in a series of experi-
ments. The data were obtained as in Fig. 1 and
were corrected for injection spike artifacts and for
baseline drift. A second aliquot of 100 ni IP;
was added after 100 seconds to determine the
total amount of IP;-releasable stored Ca?* so that
the data could be normalized to the same scale.
The change in fin these experiments ranged from
0.02 to 0.03, ensuring a nearly linear relation
between fand the amount of Ca** released.

least-square fits of the data to single-expo-
nential rises of the form

f&) = [f(c) = fO)] [1 — exp(—kobs?)]

in which f(#) is the fraction of fura-2 con-
taining bound Ca?* at time #, f(0) is the
fraction before the addition of IP3, f(c) is
the fraction after complete release of the IP;-
sensitive pool, and kops is the observed first-
order rate constant for IP;-induced efflux of
Ca?*. In these experiments, f(¢) is nearly
proportional to [Ca**],. The good fit of the
efflux data to single-exponential decays im-
plies that the efflux rate is proportional to
the concentration of Ca?" in the IP;-sensi-
tive pool and is consistent with the passive
efflux of Ca’* through channels. The ab-
sence of a detectable lag between the addi-
tion of IP; and the onset of an initially
constant efflux rate indicates that the Ca®*
channels bind IP; and open in less than 4
seconds.

A plot of the logarithm of ks versus the
logarithm of IP3 concentration is shown in
Fig. 3. The slope of this log-log plot, deter-
mined from rates observed for IP3 concen-
trations ranging between 4 and 40 nM, is
2.7 + 0.2 (SD). The points for concentra-
tions of IP; greater than 50 nM deviate from
linearity. It remains to be determined
whether this deviation is a consequence of
the mixing time in our experiments, diffu-
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Fig. 3. Values of 4,5 obtained from the best fits
shown in Fig. 2 (@) and from another data set
(O) are plotted as a function of IP;. Error bars in
the horizontal direction correspond to the esti-
mated uncertainty in the concentration of IPs;
those in the vertical direction reflect the uncer-
tainty in the best fit values for &qps. The solid line
is the least-squares fit to a straight line for values
of concentrations of IP; ranging from 4 to 40
nM.

sion limitations in the permeabilized cells, or
an approach to a limiting efflux rate. It
seems likely that kqps is proportional to the
fraction p of open channels for concentra-
tions of IP3 less than 50 nM. The slope of
2. 7 *+ 0.2 then indicates that opening of a
Ca’* channel requires the bmdmg of at least
three molecules of IP; (19). Ca**-induced

* release (20) probably did not contrib-
ute signiﬁcantly to this high degree of coop-
erativity; release of the entire IP3-sensitive
store increased the concentration of free
Ca’* from 0.1 to only 0.11 pAL.

The experimental data can be fit to a
simple model in which the independent
binding of three molecules of IP; to the
closed state of the channel (C) is followed by
a rapid intramolecular transition to the open
form (O).

el k4L kL b

C=C=CG= C3f— Os

k- 2k- 3k-
In this minimal scheme, £, and k_ are the
forward and reverse rate constants for the
binding of IP; to a site on the channel (or on
a protein that gates the channel), and %, and
ky are the rates of channel opening and
closing, respectively. The fraction p of chan-
nels open at a given concentration L of IPs is
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(L/Ky)® K.
(1 + LIKy)® + (LIKg)K,

pd) =

where Kyq = k_/ky and K. = ki/k;. In this
model, channel opening is highly coopera-
tive, whereas IP; binding is noncooperative
or weakly cooperative for K. < 100, in
agreement with previous findings (3, 4).
The experimental data do not suffice to
define the values of these rate or equilibrium
constants. However, they do place con-
straints on allowable values. The absence of
a detectable lag in efflux (on the time scale of
4 seconds) indicates that

(k+L + k_) > 0.25 sec™! and
(ky + k) > 0.25 sec™!

Calculated plots of log p versus log L over a
wide range of values of K, are nearly linear
and have a slope greater than 2.5 for
L <K, The experimental data (Fig. 3)
obey these criteria for L less than 35 nM.
Hence, Ky must be greater than 35 nM.
This constraint, taken together with the
kinetic one noted above, implies that £_ is
greater than about 0.25 sec™! (21). Kinetic
studies of IP3-induced channel opening in
times of milliseconds are needed to test this
minimal model. Such information could be
obtained by rapid addition of IP; to micro-
somal vesicles loaded with Ca®*. Laser-
induced photolysis of caged analogs of IP;
(22) would be another means of generating
a rapid increase in the concentration of this
agonist.

The highly cooperative opening of Ca®*
channels by nanomolar concentrations of
IP; enables cells to detect and amplify very
small increases in the concentration of this
messenger molecule. Furthermore, the
channels are designed to be opened and
closed on the time scale of seconds or less.
Hence, large changes in the concentration of
Ca’* in the cytoplasm can be rapidly
achieved. Indeed, rapid oscillations and
spiking of cytoplasmic Ca®>* concentrations
have been observed in a variety of stimulated
cells (23). The high degree of cooperativity
of IP;-induced channel opening makes pos-
sible these repetitive bursts of Ca?* (24).
The concerted opening of the IP;-gated
channel exemplifies a recurring motif, the
construction of ion channels from multiple
subunits (25).
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ADP-Ribosyltransferase Activity of Pertussis Toxin
and Immunomodulation by Bordetella pertussis

W.J. BLack,* J. J. MuNoOz, M. G. PEACOCK, P. A. SCHAD,
J. L. CoweLL, J. J. BURCHALL, M. LM, A. KENT, L. STEINMAN,

S. FALkow

Pertussis toxin is produced by the causative agent of whooping cough, Bordetella
pertussis, and is an adenosine diphosphate (ADP)-ribosyltransferase capable of
covalently modifying and thereby inactivating many eukaryotic G proteins involved in
cellular metabolism. The toxin is a principal determinant of virulence in whooping
cough and is a primary candidate for an acellular pertussis vaccine, yet it is unclear
whether the ADP-ribosyltransferase activity is required for both pathogenic and
immunoprotective activities. A B. pertussis strain that produced an assembled pertussis
holotoxin with only 1 percent of the ADP-ribosyltransferase activity of the native toxin
was constructed and was found to be deficient in pathogenic activities associated with
B. pertussis including induction of leukocytosis, potentiation of anaphylaxis, and
stimulation of histamine sensitivity. Moreover, this mutant strain failed to function as
an adjuvant and was less effective in protecting mice from intracerebral challenge
infection. These data suggest that the ADP-ribosyltransferase activity is necessary for
both pathogenicity and optimum immunoprotection. These findings bear directly on

the design of a nontoxic pertussis vaccine.

ERTUSSIS TOXIN IS THE PRIMARY

I -) determinant of virulence produced by
Bordetelln  pertussis in  whooping
cough (I-3). Aspects of the systemic pathol-
ogy of the disease, including lymphocytosis
and hypoglycemia, can be reproduced in
laboratory animals with purified toxin alone
(4). The toxin is composed of five dissimilar
polypeptides that can be divided into two
functional subunits (5); an “A” monomer,
S1, mediates adenosine diphosphate
(ADP)-ribosylation of host G proteins (6),
and a “B” oligomer, composed of four dif-
ferent polypeptides, designated S2 through
S5, mediates binding of the toxin to host
tissue (7). Two molecular mechanisms of
pathogenesis have been proposed for pertus-
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sis toxin. The first is the ADP-ribosylation
and concomitant inactivation of host G pro-
teins involved in normal eukaryotic cell me-
tabolism (6). The second mechanism is the
lectin-like binding of the B oligomer to
eukaryotic cells (7), which has been pro-
posed to act mitogenically to cause the
lymphocytosis and other immunomodula-
tory activities mediated by pertussis toxin
8.

Pertussis toxin is also found in, and is
considered to be a primary protective com-
ponent of, both the traditional whole-cell
(2, 9) and the newer acellular (10) formula-
tions of the pertussis vaccine. However,
there is speculation that active toxin present
in the vaccines may cause certain rare but
serious vaccination sequelae including hypo-
tonic, hyporesponsive syndrome, convul-
sions, and encephalopathy (11). Recent ef-
forts to clone the toxin genes (12) are in part
predicated on the proposition that an enzy-
matically inactive version of the toxin mole-
cule produced by modified toxin genes
might serve as a valuable component in a
defined vaccine. We were interested in de-
termining the contribution of the ADP-
ribosyltransferase activity to pathogenesis
and immunoprotection and so constructed
B. pertussis strains with defined mutations in
the toxin genes. These genes were assayed

for the induction of leukocytosis (4, 13), the
potentiation of anaphylaxis (4, 14, 15), and
the stimulation of histamine sensitivity (4).
We also examined the capacity of the strains
to serve as adjuvants (4) and their immuno-
protective activity against experimental B.
pertussis infection in mice (16).

A B. pertussis strain with a nonpolar muta-
tion that altered the primary structure of the
pertussis toxin S1 or ADP-ribosyltransferase
subunit was constructed by in vitro linker
scanning mutagenesis (17), followed by alle-
lic exchange (18, 19) of the mutation into
the B. pertussis chromosome. This mutation,
ptxA3201, introduced a 12-bp insertion at
the Sal I restriction site of the S1 gene (Fig.
1), maintaining the reading frame integrity
and introducing four novel codons, for Val-
Asp-Gly-Ser, between Tyr'*! and Val'#
(12). We chose this site for modification
because of its proximity to Glu'*; Collier
and co-workers have shown that for each of
two other ADP-ribosyltransferase toxins,
diphtheria toxin and pseudomonas exopro-

PTX* BP370
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TOX3201

AS1, TOX058

] PTX™TOX3311
kan'

SRR
— w2 = m— '. PTX* TOX5105

PTX* TOX5167
—_—
1.0 kb

Fig. 1. Pertussis toxin operon mutations. Defined
mutations in the pertussis toxin operon were
constructed in vitro by means of standard recom-
binant DNA technology (30) and introduced into
the chromosome of B. pertussis strain BP370 (18)
by allelic exchange (18, 19). The parental B.
pertussis strain, PTX™, BP370, contains a polycis-
tronic arrangement of the genes for the five toxin
polypeptide subunits (12, 18). The S1 codon
insertion derivative, TOX3201, contains a 12-bp
insertion, GACGGATCCGTGC, at the Sal I site in
the S1 gene, introducing the amino acids Val-
Asp-Gly-Ser into the SI polypeptide between
Tyr'*! "and Val'® (12). The ASl derivative,
TOXO058, contains a deletion of the 3’ half of the
S1 gene, from the Sal I site to the Xba I site,
fusing the S1 codon for Asp'* to the stop codon
in the Xba I site. The construction of TOX3201
(19) and TOX058 (27) is described in greater
detail elsewhere. TOX3201 was previously desig-
nated BP370p#x-3201 (19). The PTX™ derivative,
TOX3311, has a deletion extending from about
200 bp inside the 5’ end of the S1 gene down
through about 1100 bp 3’ of the 83 gene, and a
kan® gene (26) ligated into the breach (18). The
PTX™, TOX5105 derivative has an insertion of
the kan" gene about 800 bp 3’ of the toxin
structural genes (I18). The PTX*, TOX5167 de-
rivative has an insertion of the kan" gene about
400 bp 5' of the toxin structural genes (18).
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