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The generationof the twoinositol trisphosphate (IP3)
isomers, 1,4,5-IP3 and 1,3,4-IP3, and its relation to
changes in the cytosolic free calcium concentration,
[Ca2+Ii,in response to the chemotactic peptide m e t Leu-Phe was studied in thehuman promyelocytic cell
line HL-60, induced to differentiatewithdimethyl
sulfoxide. Stimulation by fMet-Leu-Phe within seconds transiently elevates 1,4,5-IP3 to peak values averaging 8-fold basal levels, and leadsto a concomitant
rise in [Ca2+liand to degranulation. These responses
are followed by a slower and more sustained rise in
1,3,4-IPS. Alterations in[Ca2+Iimodulate differentially
the generation of the twoIP3isomers. At [Ca2+Iilower
than 30 nM, no IPS is generated upon fMet-Leu-Phe
stimulation. Working at normal resting [Ca2+]i,but
preventing thefMet-Leu-Phe induced transient rise in
[Ca2+Ii (byprior depletion of intracellular Ca2+stores
and working in calcium-free medium) the Met-LeuPhe stimulation of 1,3,4-IP3 levels is attenuated,
whereas the response of 1,4,5-IP3 is not significantly
altered. Maintained elevationof [Ca2+]ito micromolar
levels with the Ca2+ ionophore ionomycin generates
enhanced 1,3,4-IP3levels in the absence of Met-LeuPhe, whereas the Met-Leu-Phe stimulation of 1,4,5IP3 generation is markedly inhibited. Pertussis toxin
selectively abolishes theMet-Leu-Phe-induced
IP3
production, whereas ionomycin stimulation of 1,3,4IP3 generation is unaffected. These findings indicate
that in intact cells: (a)receptor-triggered phosphatidylinositol bisphosphate phosphodiesterase activation
has a minimal Ca2+requirement, but does not depend
on a previous or concomitant rise in [Ca2+Ji;(b) Ca2+
elevations above micromolar levels decrease theM e t Leu-Phe-induced generation of 1,4,5-IP3;and
(c)
1,3,4-IP3 generation isnot directly linked to receptor
activation and appears to result both from increased
[Ca2+Iiand 1,4,5-IP3levels.

The relationship between receptor-mediated stimulation of
phosphoinositide metabolism and theconcomitant rise in the
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cytosolic free Ca2+concentration, [Ca2+]i,lhas been a controversial issue for many years. Indeed, Michell’s hypothesis,
that increased phosphoinositide metabolism might somehow
cause an elevation in [Ca2+]i(1-3), appeared at first unacceptable in view of observations in many systems (reviewed
in Refs 4-6), including neutrophils (7, 8), that phosphoinositides werehydrolyzed in response to the addition of Ca2+
ionophores. These observations suggested that phosphoinositide hydrolysis was the consequence and not the cause of
Ca2+ mobilization. The observation that inositol 1,4,5-trisphosphate (1,4,5-IP3) can mobilize Ca2+ from intracellular
stores (9, lo), however, favors the inverse causal relationship:
Receptor stimulation of PIP2 phosphodiesterase (phospholipase C) generates 1,4,5-IP3,which in turn mobilizes Ca2+and
causes a rise in [Ca2+Ii (11). These observations mark a
breakthrough in the comprehension of Ca2+-linkedmembrane
signal transduction. However, they do not refute the fact that
phosphoinositide hydrolysis can be directly stimulated by an
elevation of [Ca2+Ii.Indeed, in some cell types there is aclear
Ca2+dependence for receptor-stimulated inositol phosphate
generation (12, 13).
Analysis of phosphoinositide metabolism has become increasingly complex. Byphosphodiesterase cleavage and interconversion, at least three distinct inositol trisphosphates can
be generated: 1,4,5-IP3, 1,3,4-IP3, and 1,2,cyclic-4,5-IP3(1417).The present study is limited to theanalysis of two isomers
shown to be produced in intact cells: 1,4,5-IP3and 1,3,4-IP3.
The precise relationship between the levels of these IPS isomers and [Ca2+]i,in response both to a calcium ionophore and
agonist acting on a cell surface receptor, forms the basis of
this report.
MATERIALSANDMETHODS

The materials and their sources were as follows: pertussis toxin
(List Biological Laboratories Inc. CA); fMet-Leu-Phe, phorbol myristate acetate, cytochalasin B and cytochrome c (Sigma); my0-[2-~H]
inositol and quina acetoxy-methylester (Amersham, United Kingdom); 4-methylumbelliferyl substrates (Koch Laboratories, Haverhill,
England). Ionomycin was a kind gift of C. M. Liu of Hoffmann-La
Roche, Nutley, NJ.
Culture of HL-60 Cells-The cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum,
penicillin (100 units/ml) and streptomycin (100 rg/yml). The cells
The abbrevations used are: [Ca2+];,cytosolic free calcium; fMetLeu-Phe, formylmethionylleucylphenylalanine;IP1, inositol phosphate; IPn, inositol bisphosphate; Ips, inositol trisphosphate; PIP2,
phosphatidylinositol bisphosphate; PIP, phosphatidylinositol monophosphate; PI, phosphatidylinositol; Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesufonic acid; EGTA, [ethylenebis(oxyethylenenitrilo)]
tetraacetic acid.
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were passaged once or twice every week, and only cells with passage
number below 35 were used for the experiments. Differentiation of
the cells was induced by adding Me2S0 (final concentration 1.3%, V/
v) to thecell suspension. Cells were used for all experiments after 4
days of differentiation.
Labeling and Preparing the Cells for Various Reactions-Phosphoinositides and inositol phosphates were labeled by incubating cells in
RPMI medium containing my0-[2-~H]inositol (1 pCi/ml) and 10%
heat-inactivated serum. HL-60 cells were incubated under these conditions for 48 h from day 2 to day 4 of the differentiation process.
For the determination of stimulus-induced changes in phosphoinositides and inositol phosphates, changes in [Ca2+]i,and exocytosis, the
prelabeled cells were washed by suspending twice at 37 "C for 10 min
in RPMI medium without inositol. The cells were finally suspended
in a medium containing 138 mM NaCl, 6 mM KCl, 1 mm MgSOa, 1.1
mM CaC12, 100 p M EGTA, 1 mM NaHP04, 5 mM NaHC03, 5.5 mM
glucose, 20mM Hepes, pH 7.4. (This medium will be referred to as
"calciummedium"; "calcium-free medium"will refer to the above
medium without CaC12,supplemented with 1 mM EGTA.) The cells
were warmed for 5 min a t 37 "C followed as indicated by loading with
the fluorescent probe quin2/AM and by the addition of various stimuli
for the indicated time.
Measurement of Phosphoinositides and Inositol Phosphates-The
number of cells used for each incubation condition was 3 X lo6 cells
for assessment of total IP,, IPZ, and IP,, whereas to resolve between
the two IP3 isomers the number of cells used was 25 X IO6. Preincubation of HL-60 cells with lithium (10 mM LiClz for 10 min at 37 "C)
in some experiments did not alter basal or stimulated IP3 levels.
Therefore, all our experiments reported here were performed in its
absence.
Incubations were terminated by addition of 10%(v/v) trichloroacetic acid. The samples were kept on ice 5-10 min and centrifuged.
The phospholipids in the trichloroacetic acid precipitate were extracted with 5.5 ml of chloroform/methanol/HCl, 12 N (2:1:0.0075),
the extracts washed three times with 1 ml of chloroform/methanol/
HCl, 0.6 N (3:4847) and dried under a stream of air. Phosphoinositides were analyzed by thin layer chromatography according to Jolles
et al. (18).
The supernatant was washed three times with a 5-fold excess of
diethyl ether. The washed extract was adjusted to pH 7.5 with 0.2 M
Tris andinositol phosphates separatedby stepwise elution from small
Dowex (anion exchange) columns as described (19). Radioactivity in
the fractions was determined by liquid scintillation counting with
67% (v/v) Aquasol.
To resolve between the two isomers of IP3 the ether-washed and
neutralized trichloroacetic acid extracts were analyzed by high pressure liquid chromatography, essentially as described previously (15).
Following addition of ATP (10 p ~ and
) EDTA (1 mM), the trichloroacetic acid extracts (maximally 1 ml) were chromatographed on a
Partisil SAX 10 anion exchange column (packed by Technic01 Ltd.,
Stockport, Cheshire, U. K.) at a flow rate of 1.6 ml/min. An initial 5min washing period in HzO was followed by a linear gradient of
ammonium formate (adjusted to pH 3.7 with phosphoric acid). The
gradient reached a concentration of 1 M after 24 min; this final
concentration was then maintained for an additional period of 5 min.
Fractions were collected a t 0.3- or 0.4-min intervals. The 32P-labeled
1,4,5-IP3that served as standard was generously provided by Dr. R.
Irvine, Cambridge, U. K. Fig. 1shows HPLC elution profiles of N e t Leu-Phe-stimulated HL-60 cells. 3H-labeled 1,3,4-IPsis eluted shortly
after ATP, whereas 3H-labeled 1,4,5-IP3 follows approximately 1.8
min later.These elution profiles closely resemble those recently
published (15, 16, 20). Under these conditions basal levels of 1,3,4IP3 were 33 f 7.5 dpm, and of 1,4,5-IP3 were 53 f 9 dpm (mean
S.E., n = 12), thus clearly distinguished from variations in base line
which show typically a standard error of f 5 dpm (in over 70 elution
profiles). Stimulated levels are expressed as totaldisintegrations/min
or alternatively as percent basal levels. This lastcalculation is useful
for comparison among different experiments despite the fact that the
low basal levels lead to a larger apparent variation.
Superoxide Production-Superoxide production was monitored
continuously in a double beam spectrophotometer, thermostated at
37 "C as previously described (21). The nitro blue tetrazolium test
was performed as described previously (22).
Incubation with Pertussis Toxin-50 pg of pertussis toxin were
diluted in 500 p1 of a buffer containing 0.1 M sodium phosphate, pH
7.0, and 0.5 M NaC1, yielding a stock concentration of 100 pg/ml.
Cells were suspended in calcium medium at a concentration of IO7
cells/ml and incubated for 2 h a t 37 "C with the respective concentra-
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FIG. 1. High pressure liquid chromatography analysis of

IPSisomers induced by met-Leu-Phe in calcium-containing

medium. Trichloroacetic acid extracts of dimethyl sulfoxide-differfor 8 s
entiated HL-60 celIs stimulated with fMet-Leu-Phe
(upper panel) and 30 s (lower panel), and analyzed by high pressure
liquid chromatography as described, are shown.
tion of pertussis toxin. Control cells were incubated with the equal
amount of buffer.
Measurement of Cytosolic Free Calcium-Quin2 loading was performed as described previously (23). Cells washed and suspended a t
a concentration of 5 X IO7cells/ml were equilibrated at 37 "C for 5
min. Quin2/AM (in dimethyl sulfoxide) at the final concentration
indicated in the text was then added. Control cells were incubated
only with dimethyl sulfoxide. 10 min after quinZ/AM or dimethyl
sulfoxide addition, the cells were diluted to lO'/ml with warm medium
plus 0.5% bovine serum albumin and left for another 50 min a t 37 "C.
After loading, the cells were kept at room temperature. Before use,
an aliquot of the cells was centrifuged and resuspended in the indicated medium. Fluorescent measurements were performed with a
Perkin-Elmer fluorimeter (LS3, Perkin-Elmer Corp., Norwalk, CT).
The fluorimetric cuvette holder was kept at a constant temperature
(37 "C) and magnetically stirred. The cell number was 1.8-2 X lo6
cells/ml. Excitation and emission wavelengths were 339 f 5 and 492
f 10 nm, respectively. To minimize light scattering artifacts,two cutoff filters, UV D25 and UV35, for excitation and emission, respectively, were used. Calibration of quin2 fluorescence to determine
intracellular calcium was performed as described previously (23).
Intracellular quin2 concentrations were calculated by comparing the
fluorescence of loaded cells after lysis with 0.1% Triton X-100 in
calcium medium with that of quin2 (free acid) standards.
Degranulation--1.25 X lo6cells were suspended in 500 plof calcium
medium containing 2.5 pg of cytochalasin B and warmed at 37 'C for
5 min before addition of stimuli at the indicated concentration and
time. Incubation was terminated by rapid cooling with an equal
volume of ice-cold buffer and further cooled in ice before centrifugation (800 X g for 10 min). Enzymes were assayed in the supernatants
and calculated as a percentage of initial cellular content.Initial
cellular content was assessed from an aliquot of the same cell suspension treated with 0.025% Triton X-100 for 5 min at 37 "C. N-Acetyl8-glucosaminidase was measured fluorimetrically with 4-methylumbelliferyl substrates (24). Background release by unstimulated controls was 7 & 2%. fMet-Leu-Phe- and ionomycin-stimulated exocytosis was 17 k 3% and 15 f 2% (n = 6) of total cellular content.
Exocytosis is expressed as percent maximal release in each individual
experiment after substraction of basal levels. Statistical analysis of
the data was performed by analysis of variance followedby an a
posteriori test (Duncan test) or by paired Student's t test.
RESULTS

fCa'+]b ZP3 Production, and Exocytosis Znduced by the Chemotactic Peptide fMet-Leu-Phe or the Ca2+Ionophore Zonomycin in the Presence of Extracellular Ca2+-Table I shows
the alterations in inositol phosphate levels in response to the

Ca2+Modulation of Inositol
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TABLE
I
Time course of IP3, IPa and IP1in response to fMet-Leu-Phe (fMLP) and wnomycin (IONO)
HL-60 cells were cultured in the presence of my0-[2-~H]ionositol(1 pCi/ml) for 48 h. fMet-Leu-Phe, 1 p ~
ionomycin 1 p ~ or, dimethyl sulfoxide 0.1% (basal) were added to 4 X lo6 cells. The reaction was stopped after
indicated times by adding trichloroacetic acid. Inositol phosphates were determined in the supernatant, phosphoinositides in the precipitate. The values are given as percentage of basal values. Basal values of control cells were
122 f 6,140 f 6, and 350 f 36 dpm for IP3, IP2, and IP1, respectively, and 671 f 64,1027 f 130, and 1287 f 237
dpm for PIP2, PIP, and PI,
respectively. Values are mean f S.D. of n = 4 to n = 15 determinations.
Time

IP,

IP,

,

IP3

fMLP

IONO

fMLP

IONO

fMLP

IONO

101 f 2
129 f 16
137 f 12'
138 f 10'
115 & 10

ND"
102 f 3
105334
f6
121 f 13'
140 f 23'

185 f 28'
328 f 115'
f 139'
164 f 30'
109 f 10'

ND
103 f 5
145255
f 32
213 f 87'
273 f 141'

263 f 24'
290 f 87'

ND
104 f 7
139 f 32
163 f 44'
176 f 49'

S

8
30
60
120
300

f 88'

134 f 18'
109 f 11

ND, not determined.

* Statistically significant when compared to basal values, p c 0.01.
chemotactic peptide met-Leu-Phe (
M) or following the
addition of the calcium ionophore ionomycin
M) in the
presence of extracellular Ca2+.Interaction of met-Leu-Phe
with dimethyl sulfoxide-differentiated HL-60 cells leads to a
rapid ((8 s) and significant rise in IP,. There is a concomitant
rise in IPp aswell as a weaker elevation of IPI, which is only
significant at 30 s. IP3 levels are maximally increased around
30 s and inositol phosphates returnclose to basal levels within
5 min despite the continous presence of met-Leu-Phe.
The addition of the Ca2+ionophore ionomycin
M) to
HL-60 cells in thepresence of extracellular Ca2+leads rapidly
to a persistent elevation of [Ca2+Iito micromolar levels (see
Fig. 3). Under these conditions, astimulation of inositol
phosphate levels is observed (Table I). IP, rises after a lag
time of at least 30 s, a significant rise being observed at 2
min, andelevated IP3 levels are maintained for at least 5 min,
whereas phosphoinositide levels areunaltered(datanot
shown). Total IP, levels thus rise more slowly and to lower
maximal values after an increase in [Ca2+]ithan after M e t Leu-Phe stimulation. The alterations in IP2 and IP, levels
following the addition of ionomycin occur in parallel or lag
behind the changes in IP3, similar to what is observed after
Met-Leu-Phe stimulation. This latter observation suggests
that IP, and IP, are increased due to hydrolysis of enhanced
IP3 levels, and are therefore not further considered in the
present study.
Sinceboth met-Leu-Phe and ionomycin stimulate IP,
production, albeit with different kinetics, and since both are
known to elevate [Ca2+Ii and to induce secretion, we have
further investigated these three processes in parallel in the
same batches of quin2-loaded cells. In Fig. 2, the time course
of the met-Leu-Phe-inducedrise in [Ca2+Ii,in IP, levels, and
in exocytosis of primary granules, measured as secretion of
glucosaminidase, are shown. As with the rise in IP, levels, the
elevations of [Ca2+]iand of secretion start to occurvery
rapidly (lag time (5 s) and reach maximal values with 30-60
s. In contrast, the data in Fig. 3 indicate that the rise in IP,
levels and the stimulation of secretion induced by ionomycin
lag behind the elevation of [Ca2+Ii.Both the levels of IPS and
the secretion continue to rise up to 5 min after the elevation
of [Ca2+Iiis completed. The kinetics and thelag phase of the
ionomycin-provoked release of primary granule enzymes in
HL-60 cells are very similar to those observed for human
neutrophils (25). It is thus evident that exocytosis does not
simply follow the alterations in [Ca2+Ii.Comparing the kinetics of the stimulation of exocytosis by met-Leu-Phe and
ionomycin, it appears that Met-Leu-Phe is more efficient, a
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FIG. 2. Cytosolic free calcium rises, IP3 production, and
glucosaminidase release induced by met-Leu-Phe in calciumcontaining medium. A single batch of differentiated HL-60 cells
was loaded with quin2 (0.2 nmol of quin2/106 cells) and then tested
in parallel at 37 "C for the above parameters as described under
"Materials and Methods." fMet-Leu-Phe (FMLP)
M) was added
where indicated. Shown is a typical experiment reproduced four times.
Basal levels of IPSwere 110 dpm.

result which probably relates to the fact that Met-Leu-Phe
produces other "second messengers" simultaneously with the
rise in [Ca2+]i(23). A better understanding of the discrepancy
between receptor-mediated and receptor-independent cell activation may be obtained by a more detailed study of IP,
production following elevation of [Ca2+Ii.
FMet-Leu-Phe-induced ZP, Production at Resting [Ca2+Ii
in Cells Depleted from Intracellular Ca2+Stores-It has been
shown previously in human neutrophils, PC12 cells, and
RINm5F cells that under certain experimental conditions IP,
can stillbe generated, although at lower amounts, by a recep-
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FIG. 3. Cytosolic free calcium rises, IP3 production, and
glucosaminidase release induced by ionomycin in calciumcontaining medium. Experiment performed as described in the
legend to Fig. 2. Ionomycin (1PM) was added where indicated. Shown
is a typical experiment reproduced seven times. Basal levels of IP3
were 120 dpm.
EGTA lonanvcln
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where Ca2+ influx is ruled out, ionomycin causes a brief
elevation of [CaZ+li,of small amplitude, followed by a return
to basal levels, around 80-100nM, i.e. not different from
normal resting [Ca2+Iiin HL-60 cells. It is important to note
that thismanipulation does not alter PIP2
levels significantly.
If under these conditions the chemotactic peptide Met-LeuPhe is added, a rapid rise in IP3 is observed without any
change in [Ca2+Ii,confirming that receptor stimulation of IP,
levels does not depend on the elevation of [CaZ+li.However,
a comparison of the kinetics of the IP, response in normal
and Ca2+-depletedcells reveals that IP3levels are modulated
by a concomitantrise in [Ca2+Ii,which amplifies and prolongs
the IP3response (compare Fig. 2 uersus Fig. 6). This result is
readily explained as aCa2+-dependentgeneration of the more
stable 1,3,4-IP3isomer (see below).
IP3 Generation in HL-60 Cells atVanishinglySmall
[Ca2+]i-The question arises whether PIPz phosphodiesterase
is completely independent of Ca2+in intact cells. To testthis,
[Caz+];in HL-60cells was loweredto extreme values by quin2
loading in the absence of extracellular Ca2+(28). This leads
to a rapid depletion of intracellular Ca2+ stores and to decreased [Caz+]ilevels, which inhibit any Ca2+-dependentcellular processes. Note, however, that-similar to human neutrophils (28)"the cells remain viable, responding to phorbol
esters by enhanced superoxide production. As is shown in Fig.
5, no IP, is generated in response to Met-Leu-Pheunder this
condition. This total loss of Met-Leu-Phe action cannot be
explained by the slight changes in PIP2, PIP, or PI levels,
which were found to be, respectively, 83 & 5,86 k 5, and 119
f 6 of control cells (mean + S.E., n = 7). Lowering of [Ca2+Ii
to these extreme values alters phosphoinositide levels only
slightly; a 15%reduction in PIP and PIPpand a simultaneous
increase in PI indicates that the equilibrium may be slightly
shifted toward the nonphosphorylated PI. Thus, although
receptor stimulation of PIPz phosphodiesterase is independent of a previous or concomitant rise in [CaZ+li,the enzyme
requires the presence of Caz+to function.
fMet-Leu-Phe-induced Generation of 1,4,5-IP3and 1,3,4IP,in HL-60 Celk Is Modulated by the Concomitant Rise in
[Ca2+]i-In Fig. 6, the levels of 1,4,5-IPSand of 1,3,4-IP3 at
various times after Met-Leu-Phe stimulation are shown for
control cells (panel A ) and for cells in which transient elevaEGTA
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FIG. 4. Cytosolic free calcium rises (A) and total IPS production ( B ) , induced by met-Leu-Phe at basal [Ca2+Iifree
medium. HL-60 cells were loaded with quin2 (0.2 nmol of quin2/106
cells) in calcium-containing medium and were then resuspended in
calcium-free medium. Ionomycin (1 p ~ was
) added where indicated
to deplete intracellular calcium stores followed 5 min later by m e t Leu-Phe (10- M). Experiments A and B were performed in the same
batch of quin2-loaded cells. [Ca2+Ii= 80 nM. Shown isa typical
experiment reproduced four times. Basal levels of IP3 were 108 dpm.

tor-operated mechanism under conditions in which the normal [CaZ+lirise is abolished (20, 26, 27). An experiment
performed with a similar aim in HL-60 cells is shown in Fig.
4. Cells loaded with the Ca2+ indicatorquin2 were incubated
in the absence of extracellular ea2+, and
ionomycin was added
to deplete intracellular Caz+ stores. Under these conditions,

FIG. 5. Cytosolic free calcium rises (A) and total IPS production (B) in Ca2+-depletedcells. HL-60 cells were loaded with
quin2 (0.8 nmol of quin2/106 cells) in calcium-free medium (Ca2+out
M) and were then resuspended in the same medium as
was
described under "Materials and Methods." [Ca2+]i= 30 nM. A and B
were performed in the same batch of quin2-loaded cells. Met-LeuPhe concentration used was
M. Shown is a typical experiment
reproduced four times. Basal levels of IP, were 90 dpm.
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FIG.6. Increases in 1,4,5-IP3 and 1,3,4-IPs induced by
Net-Leu-Phe in calcium containing-medium (A) or at basal
[Cas+], in Ca2+-freemedium (B). HL-60 cells were loaded with

quin2 (0.2 nmol of quin2/1o6 cells) in calcium-containing medium
and were resuspended in calcium or calcium-free medium. The experiment shown in A was performed as described in the legend to Fig.
2, whereas the experiment shown in B was performed as described in
the legend to Fig. 4. Shown is a typical experiment reproduced four
times. Basal levels of 1,4,5-IP3 and 1,3,4-IP3 were, respectively, 85
and 66 dpm in A and 38 and 25 dpm in B.

tion of [Ca2+Iihas been prevented as described above (panel
B ) . In both conditions, Met-Leu-Phe causes an immediate
rise in 1,4,5-IP3,which reaches maximal levels at 8 s averaging
9 f %and 11 f 3 (S.E., n = 4)-fold basal values for control
and Ca2+-depletedcells, respectively. 1,4,5-IP3 levels decline
rapidly such that 30 s after Met-Leu-Phe they average 4-6fold basal levels, and at60 s a significant elevation over basal
values is no longer apparent. Thus, kinetics and magnitude
of the Met-Leu-Phe-induced 1,4,5-IP3 response are largely
unaffected by the comcomitant elevation in [Ca2+Ii.The difference in the total IP3
response described above (Fig. 2 versus
Fig. 4) indeed resides in an effect on 1,3,4-IP3. This latter
isomer is increased only after a lag time of at least 8 s. A
marked difference in the rise of 1,3,4-IP3 levels is observed
between control cells and Ca2+-depletedcells. In control cells,
a marked rise in 1,3,4-IP3 follows rapidly the initial lag such
that at30 s an average 10 f 2.6-fold stimulation is measured.
In the absence of a rise in [Ca2+];,the rise in 1,3,4-IP3levels
is significantly attenuated only 3.5 f 0.8-fold increase over
basal levels is observed at 30 s (mean f S.E., n = 4, p < 0.01).
Thus, the concomitant rise in [Ca"Ii potentiates the m e t Leu-Phe-induced generation of 1,3,4-IP3.In both conditions,
elevated 1,3,4-IP3 levels are maintained such that at 1 min
after Met-Leu-Phe stimulation similar 1,3,4-IP3 levels are
observed as at30 s.
Generation of ZP3 Isomers at Ekvated [Ca2+ji--It is shown
above that a maintained elevation of [Ca2+Iito micromolar
level is sufficient to enhance IP3 levels. It appears that this
rise is due exclusively to elevated 1,3,4-IP3 levels. In several
experiments it was found that 2 and 5 min after theaddition
of ionomycin, i.e. at times at which total IP3levels are maximally elevated (Fig. 3), 1,4,5-IP3 levels are not significantly
increased, averaging 1.3 f 0.6- and 0.94 f 0.2-fold prestimulatory controls, whereas 1,3,4-IP3 levels are stimulated 4.7 f
6 and 2.6 t 1.4-folda t 2 and 5 min, respectively. Thus, without
receptor activation, 1,3,4-IP3 is the predominant isomer at
micromolar [Ca2+Ii.In order to assess in which way elevated
[Ca2+Iiwould modulate receptor-mediated IP3 isomer gener-
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ation,HL-60 cells were stimulated with Met-Leu-Phe at
normal and elevated [Ca2+Iiin the same experiment. The
results are presented in Fig. 7. Cells are exposed to either
dimethyl sulfoxide as a control or to ionomycin. In control
cells, Met-Leu-Phe leads rapidly to a marked elevation of
1,4,5-IP3.This rise is markedly attenuated in cells exposed to
ionomycin in which [Ca2+Iiis at micromolar levels at thetime
of stimulation. Repetition of the experiment presented in Fig.
7 with different batches of HL-60 cells shows that theaverage
1,4,5-IP3 level 8 and 30 s after Met-Leu-Phe addition at
elevated [Ca2+Iicorresponds to 43 f 9 and 47 f 9% of the
respective control values (mean f S.E., n = 4); the attenuation
of 1,4,5-IP3 levelsby micromolar [Ca2+]iis thus highly significant (p < 0.01) at both times. This decrease in 1,4,5-IP3
cannot be attributed to changes in PIP,, PIP, or PI, which
were found to be, respectively, 97 f 4, 85 k 1, and 112 f 5%
of control levels (mean f S.E., n = 7).
Although Met-Leu-Phe-induced 1,4,5-IP3 generation is
lowered byan elevation of [Ca"], 1,3,4-IP3levels are elevated
under the same conditions already in nonstimulated cells. It
is therefore difficult to quantify an effect of [Ca2+Iion receptor-stimulated 1,3,4-IP3generation. It appears that atelevated
[Ca2'Ii, Met-Leu-Phe induces 1,3,4-IP3 generation with kinetics similar to those observed in control cells, leading after
a lag of a few seconds to a rapid rise to elevated levels which
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FIG. 7. Effect of elevated cytosolic free calcium on MetLeu-Phe-induced 1,4,5-IP~and 1,3,4-IP3 generation. HL-60
cells were loaded with quin2 (0.2 nmol of quin2/106 cells and subsequently tested incalcium-containing medium. Ionomycin or dimethyl
sulfoxide were added as indicated. After 4 min Met-Leu-Phe (lo4
M) was added. Top panel shows [Ca"], upon addition of ionomycin
followed by Net-Leu-Phe (maximal [Ca2+],reached was >2 WM).
Middle panel shows Met-Leu-Phe-induced 1,4,5-IP3 transients in
cells pretreated with dimethyl sulfoxide ([CaZ+li= 100 nM) or ionomycin (micromolar [Ca'+],). Lower panel has the same conditions as
middle panel but 1,3,4-IP3was measured. Shown is a typical experiment reproduced four times. Basal levels of 1,4,5-IP, and 1,3,4-IP3
were, respectively, 40 and 38 dpm. DMSO, dimethyl sulfoxide.
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1,4,5-IP3in response to carbamylcholine actually precedes the
elevation in [Ca2+li(20). The kinetics of 1,4,5-IP3production
and its generation at stable basal [Ca2+Ii arethus consistent
with a second messenger role for 1,4,5-IP3in Ca2+mobilization. Yet, 1,4,5-IP3levels are clearly modulated by [Ca2+Ii:at
"
extremely low [Ca2+Ii,no IPSis produced in response to M e t Leu-Phe, whereas at elevated constant [Ca2+Ii,the Met-LeuPhe-induced rise in 1,4,5-IP3is attenuated. It appears
unlikely
that thereduction of 1,4,5-IP3at micromolar [Ca2+],is due to
the inhibition of thePIP, phosphodiesterase, an enzyme
which can be activated by Ca2+(13), and hence an increased
metabolism of 1,4,5-IP3at elevated [Ca2+Jiis a more probable
0
30
100
250
explanation. An elevation of [Ca2+Iicould thus counter-reguPertussis t o x l n (ng/ml) for 2 h
late the signal for Ca2+mobilization and act as a feedback
FIG. 8. Effect of pertussis toxin on IPS production induced inhibitor.
by Met-Leu-Phe or ionomycin. HL-60 cells were pretreated with
The data on the generation of 1,3,4-IP3 strongly suggest
variable concentrations of pertussis toxin for 2 h and thentested for
maximal met-Leu-Phe-induced 1,4,5-IP3(after 8 s) or 1,3,4-IP3(after that a Ca2+-sensitivestep is involved in its production. First,
30 s) production. A similar protocol was used for maximal 1,3,4-IP3 the generation of 1,3,4-IP3 following stimulation with M e t produced by ionomycin (after 2 min). met-Leu-Phe concentration Leu-Phe is sensitive to therise in [Ca2+Ii;preventing this rise
used was
M and ionomycin 1 IM. The experiments were perleads to markedly diminished 1,3,4-IP3levels. (Fig.6). Second,
formed in calcium-containing medium. Results are expressed as percent control (cells not treated with pertussis toxin). In this experi- the IP3 that is generated by ionomycin-induced elevations of
ment, stimulatedvalues were respectively, 640 and 700 dpm for m e t - [Ca2+Iiwithin the physiological range (Fig. 3) is, to the best
Leu-Phe-induced 1,4,5-IP3 and 1,3,4-IP3 and 294 dpm for 1,3,4-IP3 of our knowledge, exclusively 1,3,4-IP3.The pathway generinduced by ionomycin. Shown is a typical experiment reproduced four ating 1,3,4-IP3is not known at present, but it appears
unlikely
times.
to be a product of PIP, phosphodiesterase, since a corresponding phospholipid has not been described. More recently it has
are maintained for at least 1 min. Since the rise in 1,3,4-IP3 been shown that stimulation of brain cortex slices with musat micromolar [Ca2+Iistarts from elevated levels, the maxima carinic agonists leads rapidly to the production of 1,3,4,5reached are correspondingly higher than in control cells.
inositol tetrakisphosphate, IP, (32), ametabolite also present
Abolishes fMet-Leu-Phe-induced in GH4 cells (33). This lead to the hypothesis that 1,3,4-IP3
Pertussis Toxin Selectively
Generation of 1,3,4-IP3-Pertussis toxin has been shown pre- could be generated in a two-step isomerization process: phosviously to block the stimulation of IP, production by M e t - phorylation of 1,4,5-IP3yielding 1,3,4,5-IP4,and dephosphoLeu-Phe and leukotriene B, in human neutrophils and HLrylation, giving rise to 1,3,4-IP3.However, using intact cells,
60 cells (29, 30).' This effect is presumably due to the ADP- it would be difficult to distinguish this proposal from other
ribosylation of a nucleotide regulatory protein, N-protein (31), possibilities, unless specific inhibitors were available.
involved in the coupling of cell surface receptors to the actiIn any event,it appears that a large rise in [Ca2+Iiprovokes
vation of PIP, phosphodiesterase. As shown in Fig. 8, pertus- simultaneously the appearance of 1,3,4-IP3 and the disapsis toxin at a dose which maximally supresses Met-Leu-Phe pearance of 1,4,5-IP3.This would be most simply explained
stimulation of 1,4,5-IP3 and of 1,3,4-IP3 (250 ng/ml) only
by a Ca2+-stimulatedconversion of 1,4,5-IP3 into1,3,4-IP3.In
marginally affects the ionomycin-induced rise in 1,3,4-IP3
the absence of a precedent rise in the level of 1,4,5-IP3due to
levels. However, it appears that the Met-Leu-Phe effect on
receptor activation, 1,3,4-IP3 can onlybe generated by a
1,4,5-IP3and on 1,3,4-IP3is equally susceptible to the action
prolonged rise in [Ca2+Ii.Under these circumstances, 1,3,4of pertussis toxinbeing abolished with a similar dose dependIP, could be nevertheless produced by conversion from 1,4,5ency. This suggests strongly that the receptor-induced genIP,, which is present at low levels even in nonstimulated cells.
eration of the two isomers is linked, and that a Ca2+-dependent reaction distal to receptor stimulation and insensitive to In favor of this hypothesis is the fact that receptor-triggered
1,3,4-IP3production, which is preceded by an increase in 1,4,5pertussis toxin is involved in the generation of 1,3,4-IP3.
IP,, is larger and has a shorterlag time than a Ca'+-triggered
elevation alone.
DISCUSSION
The lag time between receptor stimulation and the rise in
The presentstudy investigates the role of [Ca2+Iiina
1,3,4-IP3 as well as its selective increase by a calcium ionolimited sector of the phosphoinositide metabolism, namely phore suggest strongly that the generation of this isomer is
the generation of the two inositol trisphosphate isomers, 1,4,5an event distal to PIP, hydrolysis and secondary to an eleIP3 and1,3,4-IP3.It is shown that variations of [Ca2+Iiwithin
vation of [Ca2+Ii.W e used pertussis toxin to test thishypothphysiological range affect Met-Leu-Phe-stimulated levels of
esis. Pertussis toxin interferes with Met-Leu-Phe signal
the two isomers differentially: Elevated [Ca2+Ii attenuates the
transduction (29, 30, 32), but should not inhibit an event
rise in 1,4,5-IP3,whereas it potentiates Met-Leu-Phe stimudistal to receptor activation, such as Ca2+-triggeredelevations
lation of 1,3,4-IP3 levels, and only the latter isomer is inof 1,3,4-IP3. This is exactly what we found experimentally.
creased by a receptor-independent rise in [Ca2+Ii.Stimulation
of HL-60 cells by Met-Leu-Pheat normal basal [Ca2+Ii Ionomycin-induced 1,3,4-IP3 elevations were not inhibited,
results in a transientrise in 1,4,5-IP3,which is hardly modified whereas Met-Leu-Phe-induced 1,3,4-IP3rises were inhibited
by a precedent or concomitant rise in [Ca2+Ii (Fig. 6 ) . This in a dose-dependent manner in parallel to the inhibition of
specifically shows that the generation of the Ca2+-mobilizing the rise in 1,4,5-IP3and in [Ca2+Ii.
It could be argued that an elevation of [Ca2+],triggers the
isomer, 1,4,5-IP3,does not depend on a rise in [Ca2+Ii.Indeed,
it has been recently shown that, in RINm5F cells, the rise in production of another second messenger such as leukotriene
B, (34), which could secondarily activate a specific receptor,
Andersson, T., Schlegel, W., Monod, A., Krause, K.-H., Stendahl, thereby generating IP,. However,two observations argue
against this hypothesis. First, no 1,4,5-IP3could be detected
O., and Lew, D. P. Bwchem. J., in press.
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under theseconditions. Second, pertussis toxindid not inhibit
ionomycin-induced IP, formation but does block the leukotriene B4-induced IP3 elevation, both in neutrophils andHL60 cells (30):
In summary, the data presented show a defined role of
[CaZ+liin modulation of the levels of 1,4,5-IP3 and1,3,4-IP3.
An elevation of [CaZ+li appearsto favor 1,4,5-1P3catabolism
and 1,3,4-IP3 generation. A simple unifying hypothesis to
account for both observations would propose a Caz+-sensitive
conversion of 1,4,5-IP3 into1,3,4-IP3.Indeed, recent evidence
obtained with RINm5F cells shows that one of the enzymes
involved in this two-step isomerization, 1,4,5-1P33-kinase is
activated by Ca2+.3It is beyond the scope of the present study
to elucidate the potential pathway(s) of such an interconversion in HL-60cells, a question to be addressed with a more
direct approach. More importantly, ourdata demonstrate that
the generation of 1,3,4-IP3 is sensitive both to alterations in
the levels of 1,4,5-IP3and [CaZ+li,thus reflecting the relative
activation of PIPz phosphodiesterase and the concomitant
rise in [CaZ+li.This exquisite sensitivity tothatstate of
activation of two branches of the signal transduction pathway
raises the question of whether there is a role for 1,3,4-IP3 in
cellular activation.
In addition, our results indicate that in intact cells PIPz
phosphodiesterase activation has aminimal Caz+requirement
but does not depend on aprevious or concomitant [CaZ+li
rise,
and that [CaZ+lielevations diminish receptor-mediated geneneration of 1,4,5-IP3,the calcium-mobilizing second messenger, thus acting as anegative feedback.

