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ABSTRACT. The role of reversible phosphorylation in histamine-induced™@sacillations in HeLa cells

has been investigated by using various activators and inhibitors of protein kinases and phosphatases.
Electroporation was employed to introduce impermeable materials into single cells, which proved to be
a useful and convenient tool. Of the kinases examined, CAMP-dependent kinase, protein kinase C, and
calmodulin-dependent kinase Il (CaMK II), only CaMK Il was essential. When added during oscillations,
both W-7, a calmodulin antagonist, and KN-62, a specific CaMK Il inhibitor, caused one lafje Ca
spike before halting the process. Introduction of thé"@almodulin-independent catalytic domain of
CaMK Il into the cells forestalled their response to histamine. These results show that intracelftilar Ca
cannot oscillate when CaMK Il is locked in either the inactive or the stimulated state. Exterfial Ca
electroporated into cells preloaded with the catalytic domains was quickly removed (but not when the
cells were pretreated with the endoplasmic reticulurfi"@er Pase inhibitor, tapsigargin), indicating that

the ATP-driven C&" pump was somehow activated by CaMK Il. Protein phosphatase inhibitors calyculin

A and okadaic acid abolished ongoing oscillations and, when added at low concentrations, prolonged the
interspike interval. Immunoprecipitation experiments wiR-labeled cells provided the first evidence

that inositol 1,4,5-trisphosphate receptorsRPwas phosphorylated by CaMK ith vivo. The extent of
phosphorylation was increased in the presence of histamine, significantly enhanced by calyculin A, and
greatly reduced by W-7. Our observations are consistent with the concept that repetitive phosphorylation-
dephosphorylation cycles regulatings®Pand C&" pumps are a controlling factor for sustained*Ca
oscillations in HeLa, and possibly other, cells.

Calcium oscillations, or spikes, observed in many eukary- however, the essence of the regulatory mechanism must
otic cells signify the regulation of cellular processes by reside in the control of frequency. Presumably, holding the
external stimuli like hormones, neurotransmitters, and growth released CH at a constant level is necessary in order to
factors in a frequency-modulated manner. Many an excellentelicit responses from various cooperative 2Ghinding
review on this topic has appeared [e.g. Berridge (1993), components.

Meyer and Stryer (1991), and Tsunoda (1991)], and several \ye set out to examine the role of reversible phosphory-

models based on positive or negative feedback 8f@ave  |ation in the histamine-stimulated HeLa cells because one
been proposed (Cuthbertson & Chay, 1991; Goldbettet, way to regulate the frequency of spiking or to achieve
1990; Harootuniaret al, 1991a; Keiser & Young, 1992;  systained oscillations is through repetitive phosphorylation
Meyer & Stryer, 1988; Parker & Ivorra, 1990; Payeteal., dephosphorylation cycles. 4R can be stoichiometrically

1990; Somogyi & Stucki, 1991; Woodst al, 1987). phosphorylatedh vitro by cAMP-dependent protein kinase
Although the mechamsm; involved are not wholly under- (PKA), cGMP-dependent protein kinase, protein kinase C
stood and seem to vary with cell types, a generally accepted(PKC), and C&-/calmodulin-dependent protein kinase II
sequence of events leading to’Cascillations has emerged,  (CaMK II) (Ferriset al, 1991; Komalavilas & Lincoln, 1994;
namely, t'he bmdmg of an agonist tq the membrane receptor, Supattaponest al, 1988; Volpe & Alderson-Lang, 1990),
the ensuing activation of phospholipase C (PLIB) GTP-  or undergo autophosphorylation (Fereisal, 1992). Phos-
binding protein (G-protein) or tyrosine kinase to produce the phorylation of IRR by PKA had been reported to impair
inositol 1,4,5-trisphosphate (JPmessenger, and the release Cz* release from reconstituted vesicles (Supattagsira,
of Ca&* from, and its sequestration into, intracellular stores
involving the IR receptor (IRR) and the C&-ATPase ! Abbreviati CICR. caloiuminduced cald | Goorotel
- . : reviations: , calcium-induced calcium release; G-protein,
pumps. How the OS(_:'"at"_)nS are SL_JStamed remam_s l'Inc'ea‘r'GTP-binding protein; IR inositol 1,4,5-trisphosphate; JPinositol
In view of the rather invariant amplitude of &€atransients, 1,3,4,5-tetrakisphosphate; »|Pinositol 1,4-bisphosphate; 4R, IP;
receptor; CaM, calmodulin; CaMK I, calmodulin-dependent kinase II;
PKC, protein kinase C; PKA, cAMP-dependent protein kinase; cCAMP,
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1988) or enhance CGa release from membrane vesicles
(Volpe & Alderson-Lang, 1990). Ca-ATPase associated
with sarcoplasmic reticulum is known to be activated when
phospholamban is phosphorylated by CaMK Il or PKA (Inui
et al, 1986; Jamest al, 1989). Furthermore, various kinase

activators and inhibitors such as forskolin, adenylate cyclase,

phorbol ester, the calmodulin (CaM) antagonist W-7, etc.,
reportedly abolished ongoing &aoscillations (Hill et al.,
1988; Tsunodat al,, 1990; Uneyamat al, 1993; Zhacet
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containing 121 mM NacCl, 5 mM KCI, 1.8 mM Ca&;10.8

mM MgCl,, and 5 mMb-glucose]. The cells were washed
three times after 0.5 h of incubation at 3€ with 2 uM
fluorescent C# indicator, Fluo-3/AM (Molecular Probes,
Inc.), and resuspended in fresh buffer. They were either used
immediately or kept at 4C for later use. A fluoromicro-
scope linked to an image analysis setup was used for
monitoring C&" signals in single HelLa cells at excitation
and emission wavelengths of 480 and longer than 510 nm,

al., 1990). Ca/CaM-dependent kinase and phosphatase alsorespectively. Cell images were recorded on a videotape and

had been reported to control the release of"Geom intact
(Hill et al,, 1988) or permeabilized cells (Zhaagal., 1993).
It is important to identify the key players and to find out

then transferred to a computer for data processing; the light
intensity of each frame was calculated by the computer.
Because of dye bleaching by light, the fluorescence intensity

where and how they exert their effects. Hela cells were of Fluo-3 decreased with time. The decrease, however,
chosen as the system for investigation for the following followed a precise first-order kinetic process. Thus, all the

reasons. First, more than 80% of the cells consistently fluorescence intensities in the figures have been corrected
exhibited C&" oscillations in response to the stimulation of for this time-dependent loss using the experimentally deter-
histamine. Second, as we shall show later, oscillations in mined first-order rate constants.

Hela cells can be studied by focusing on the-$Ensitive

Electroporation The cell-impermeable materials like

stores, independent of considerations about the influx of cCAMP, PKA inhibitor protein, CaM binding domain, CaMK

extracellular C&" and the ryanodine-sensitive €astores
(i.e. the C8™-induced C&" release, CICR).

Il catalytic domain, and Ca were electroporated into HeLa
cells [equipment described in Tekket al. (1991)]. The

To introduce compounds that cannot penetrate the celllengths of the square pulses with a constant electric field
membrane, we used the method of electroporation. Cellsstrength of 1.1 kV/cm were 200s, except that 50@s was
subjected to properly controlled electroporation, when re- used for PKA inhibitor protein and CaMK Il catalytic
sealed, were capable of normal oscillations. Electroporationdomain. The efficiency of electroporation varies with
also permits the introduction of materials into a cell popula- the size, charge, and structure of the material. For small
tion instead of single cells. We found it to be a useful molecules, using varying concentrations #i]IPs up to 40
alternative to the more commonly used microinjection. M, the amount electroporated into the cells was about 10%

We report here that periodic phosphorylation-dephos- Of that present in the bath at 1.2 kv/cm, 2@6. Using
phorylation involving CaM-dependent kinase Il and a caly- fluorescein-labeled IgG (1 mg/mL, MW 150K) as a sample
culin A and okadaic acid-inhibitable protein phosphatase is ©f & large protein molecule, we found the efficiency to be
vital to sustaining C# oscillations in HeLa cells. These ~0-3% at 1.2 kV/em, 50Qus. Since it is not feasible to
enzymes also seem to participate in the regulation of the determine the efficiency of electroporation for every com-
interval between spikes. It is possible that such reversible Pound, only the bath concentration is given for each

phosphorylation coordinating the functions offPand the
Ca&™-ATPase pump is a common mechanism by which
oscillations in different cells are maintained.

EXPERIMENTAL PROCEDURES

Materials. PMA, STA, TG, forskolin, ryanodine, calm-
odulin binding domain from CaMK Il (LKKFNARRKLK-
GAILTTMLA), and (Cg).cAMP were purchased from Cal-
biochem. H-89, KN-62, calyculin A, and okadaic acid were
obtained from Biomal Research Lab, Inc., a#q6-amino-
hexyl)-5-chloro-1-naphthalenesulfonamide (W-7) was pur-
chased from Sigma. Polyclonal antisRP antibody was
kindly provided by Dr. K. P. Campbell, University of lowa
College of Medicine, lowa City; PKA inhibitor protein by
Dr. S. Taylor, University of California, San Diego; the cloned
monomeric CaMK Il by Dr. J. Hurley, NIDDK, NIH; FK506
by Dr. C. Klee, NCI, NIH; and Ro 31-7549 by Dr. M. A.
Beavens, NHLBI, NIH.

Culture of HeLa Cells Hela cells seeded on plastic dishes
were grown in 90% minimum essential medium (Gibco) with
nonessential amino acids, Earle’s Salts, agtlitamine, with
10% fetal bovine serum, at 37C, and in a humidified
atmosphere of 5% C{and 95% air.

Loading with Fluo-3 and Measurement of LaSignal.
HelLa cells were detached from dishes by 0.25% trypsin
(Gibco) with 1 mM EDTA for 2 min and then washed with
and resuspended in buffer A [10 mM Hepes buffer (pH 7.4)

experiment.

Preparation of CaMK Il Catalytic DomainsPreparation
and assay for CaMK Il catalytic domains were performed
as described by Kwiatkowslet al. (1990). Briefly, the
cloned monomeric CaMK Il (14#g/mL) (Takeuchi-Suzuki
et al, 1992) was autophosphorylated at© for 1 h in 50
mM Hepes (pH 7.5) containing 0.1 mM dithiothreitol (DTT),
1mM ATP, 3.7uM CaM, 0.5 mM CaCJ, 10 mM MgCl,

0.1 mM EDTA, 9% glycerol, and 0.2% Tween 40. Trypsin
(type I, 2 ug/mL, Sigma) was then added to proteolyze
CaMK 1l at room temperature. After proteolysis was
terminated by the addition of trypsin inhibitor-agarose
(Sigma), centrifugation (50@0) 30 min) was applied to
remove trypsin and its inhibitor. The activities of CaMK Il
catalytic domains obtained at different proteolysis times were
tested with syntide ang/[?P]JATP in C&" free buffer with
0.1 mM EDTA. Due to the 1660 min limited proteolysis,
the total activity was about 2.5-fold of that of intact enzyme,
which was in good agreement with the results of Kwiat-
kowski and King (1989).

Preparation and Solubilization of YR-Associated Mi-
crosomes. After 4 h of incubation with 0.5 mCi3P]-
orthophosphate at 3TC, the Hela cells were washed three
times and resuspended in buffer A, plus protease inhibitors
[8 mM benzamidine, 1 mM phenylmethanesulfonyl fluoride
(PMSF), 0.1 mM leupeptin, and 0.1 mM 4-(2-aminoethyl)-
benzenesufonyl fluoride (AEBSF)], 1 mM DTT, and 20 mM
sodium orthophosphate. The cells were then treated with
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various compounds like histamine, calyculin A, and W-7. A
After 5 min of incubation, the cells were homogenized, and 1407
5 mM EDTA was added to the homogenate immediately.
The homogenate was spun at 500fbr 20 min. The
supernatant was then centrifuged at 30@p@fr 1 h, and
microsomal membranes were obtained from the pellet.
Solubilization of the microsomal membranes was carried out
in buffer A with 1% Triton X-100 (Joseph & Samanta, 1993). 607
The mixture was incubated on ice for 1 h, followed by an 40

additional centrifugation at 3000§0for 1 h. The final : o0 00 00 avo
supernatant was saved and used for immunoprecipitation of TIME [S]

IP3R.

Immunoprecipitation of IfR. The 32P-labeled IBR-
containing extracts (50L) were first absorbed by 50L of
rabbit serum-agarose (Sigma) through a 1.5 h incubation
in 400 uL of immunoprecipitation buffer [10 mM Tris (pH
7.8), 0.32 M sucrose, 1 mM EDTA, 0.1% Triton X-100,
0.1% SDS, 8 mM benzamidine, 0.5 mM PMSF, 0.1 mM
leupeptin, 0.1 mM AEBSF, 0.4 mg/mL soybean trypsin
inhibitor, 0.9 mg/mL pepstatin A, 0.9 mg/mL antipain, and 207 Ty
1.2 mg/mL aprotinin]. After removal of rabbit serum-
agarose, 2@L of anti-IPsR (Paryset al, 1992) or preimmune S
serum was added and the mixture rotated for 2 h aC4 TIME [s]

The samples were then mixed with . of protein FiGURE 1: Histamine-induced Ga oscillations in single HeLa cells.
A-agarose (Sigma) which had been prewashed with immu- Cell preparation and measurement of fluorescence interfSitgrée
noprecipitation buffer three times and incubated for an as described in Experimental Procedures. (A) The arrow indicates
additional 2 h at £C. The supernatants were removed by when the cells were exposed to 200 histamine. This agonist

. - . concentration was maintained in the bath throughout the experiment.
centrifugation, and the pellets were washed with cold The zero time refers to the time point at which monitoring of the

immunoprecipitation buffer six times, dissolved in 40 of cells was started. Unless otherwise stated, the buffer used contains
SDS gel sample buffer, and boiled for 5 min. The final 1.8 mM C&*. (B) C&" oscillation was initiated by 20Q:M
supernatants were used to run SDS-PAGE. The SDS gelhistamine prior to the addition of 20 mM EGTA (at arrow) to

; chelate C&" (1.8 mM) in the buffer. To avoid pH changes due to
\p,)vr%?e?r?abn;nedds by a phosphoimager to locate*#Rdabeled the chelation, 50 mM (instead of 10 mM) Hepes buffer was used

in this experiment.
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RESULTS either by incubating it with HeLa cells for over 30 min prior
Histamine-Induced C& Oscillations in HelLa Cells: to histamine stimulations or by adding it directly to oscillating
Effects of Remal of Extracellular Ca+ and Addition of cells. In either case, no effect on oscillations was detected.
Ryanodine In single HeLa cells, histamine induced repeti- Furthermore, binding experiments according to the method
tive C&* spikes whose frequency increased with the agonist ©f McPherson and Campbell (1990) showed no binding of
concentration. Above 5:M histamine, however, the [®H]ryanodine to the membranous fractions of HeLa cells.
frequency became histamine dosage-independent. For ex- The above experiments demonstrated that the basic mech-

ample, the average frequency (per minutes 10) for the anism of C&" oscillations in HeLa cells can be studied by
cell lot used in the experiment shown in Figure 1Awas 1~ concentrating on the gsensitive pool without considering
0.4 at 5uM histamine, 1.4+ 0.3 at 25uM, 1.7 + 0.3 at 50 the ryanodine-sensitive €apool and influx of external C4.

uM, and 1.7+ 0.5 at 200uM. Figure 1A shows representa- Role of cAMP-Dependent Protein Kinas@o examine
tive C&" responses of a single HelLa cell stimulated with the role of the major kinases known to phosphorylagR|P
200uM histamine. The amplitudes are quite homogeneous, we employed their activators and inhibitors as probes. The
and each spike rises and falls back to the base line. Uponeffect of PKA on C&" oscillations has been reported for
addition of 20 mM EGTA to the bath to chelate the 1.8 mM other systems, but its role in HelLa cells is not known. The
Ca* present in the buffer, the ensuing spike was delayed cell-permeable activators, N6,02-dioctanoyladenosine 3,5-
but the oscillations continued for minutes with smaller monophosphate [§:cAMP, 10uM], and forskolin (4uM),
amplitudes and a lower frequency (Figure 1B). This an activator of adenylate cyclase, were preincubated with
observation indicates that, while extracellular’Chas an Hela cells for 10 min before addition of 10/ histamine.
effect on the oscillations, its absence is not critical on a short Normal oscillations comparable to those of untreated cells
time scale. Similar observations had been reported for HeLawere observed. Forskolin (4M) added to the bath during
cells by Bootmanet al. (1992b). In carbamylcholine- oscillations also produced no effect. H-89, a specific
stimulated insulinoma cells, €aoscillations also occurred  inhibitor of PKA with an 1G, of 48 nM (Chijiwaet al, 1990)

in the absence of external €a(Prentkiet al. 1988). likewise had no effect on ongoing oscillations at a bath
The existence of IPsensitive C&" stores in HelLa cells ~ concentration of .M.
has been reported by Bootmanal. (1992a). To examine The cell-impermeant effectors were electroporated into

whether the CICR mechanism also operates in HelLa cells, cells by the procedure described in Experimental Procedures.
we checked the effect of 40M ryanodine or 10 mM adenine It should be noted that the efficiency of electroporation varied
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1407 A nM), the latter seemed to partially activate PKC;?Ca
oscillations were not inhibited, but the frequency was slightly
1207 decreased (Figure 2B). When the order of addition was
reversed, oscillations were first abolished by 200 nM PMA
and then restored by 130 nM STA with an altered pattern
(Figure 2C). Similar observations have been reported by
Tsunodaet al. (1990), Uneyamat al. (1993), and Zhaet
al. (1990). STA has also been shown to inhibit PK& €
FMA 100 7 nM) (Tamaokiet al,, 1986) and CaMK Il (IGo = 20 nM;
0 50 100 150 200 Yanagihareetal,, 1991)in vsitro. But we found that it does
TIME [s] not seem to penetrate beyond the plasma membrane of HeLa
B cells. Therefore, it is specific for PKC and has no effect on
these cytosolic enzymes. Only when STA was electroporated
into HeLa cells did it interrupt Ca oscillations, presumably
by inhibiting CaMK 1l (see next section).
120 Another highly specific inhibitor of PKC, Ro31-7548((
1007 =70 nM) (Elliott et al,, 1990; Ozawat al, 1993), behaved
80] h in a manner similar to that of STA. It had no effect orCa
60 oscillations at bath concentrations up to /1.
404 py Dioctanylglycerol (DOG), a DAG-like activator of PKC
20 . . ; : : (Ganonget al,, 1986), when used to mimic the endogenous
o 0020 [2100 400 500 DAG only slightly increased the interval between spikes at
concentrations up to 10@M with little effect on the
amplitude. It seems that DOG, unlike PMA, cannot ef-
fectively activate PKC in HelLa cells.

Effects of CaMK Il on IRR and the ER CHd-ATPase.
Because of its activity dependence or?Cand CaM, the
broad specificity CaMK Il is a likely candidate for feedback
regulation of Ca" oscillations. W-7 (56-200uM), a C&*-
dependent antagonist of CaM, when added during oscilla-
tions, caused a large burst of Tathat was sometimes

. . . — followed by a smaller, continuous &arelease (Figure 3A).
0 0 . 150 200 Similarly, HeLa cells preloaded with W-7 or the 20-residue
CaM binding domain (10@M) from CaMK Il by electropo-

Ficure 2: Effect of PKC on C&" oscillations in HeLa cells(A) . . : .
Inhibition of C&" oscillations by PMA. C& oscillation was started ration produced a large €aburst upon histamine stimula-

by 200u4M histamine; 100 nM PMA was then added. (B) Lack of tion. To ascertain that the effects of these inhibitors were
effect of STA and partial inhibition by PMA. G4 oscillation was due to their action on CaMK Il and not due to inhibitions of

initiated by 200uM histamine, followed by the addition of 150  other CaM-dependent enzymes, we used a highly specific

nM STA at the first arrow and then followed by the addition of ;nini . ;
100 nM PMA at the second arrow. (C) Reversal of PMA inhibition :zl.hg)ltgrgol;aal\:l({( ]!(I)’rKIL\IKiZ zglr)]zthptlfg Cgpetrgﬂg‘iolg Zt I\'\//Ilj
1 . ’ 1

by STA. The Hela cell was stimulated by 2@M histamine, ) . o . .
followed by the addition of 200 nM PMA and 130 nM STA at  (Tokumitsuet al, 1990), which exhibited identical effects

different time points (indicated by arrows). on oscillating cells (Figure 3B). Since W-7 should have
inhibited the CaM-dependent phosphatase, calcineurin, and
with each material. Cells electroporated with either cCAMP we did not detect any inhibition of calcineurin by KN-62
(1 mM in cuvette) or the 26K PKA inhibitor protein (40 (up to 10uM) in assays using-nitrophenyl phosphate as
nM in cuvette,K; = 0.22 nM) also showed normal &a substrate, the fact that W-7 and KN-62 gave the same results
oscillations in response to stimulation by histamine. also shows that calcineurin played no role in HeLa ceff'Ca
Effect of PKC and Its Specific Inhibition by Staurosporin. oscillations. This observation is supported by our experiment
PKC has been proposed to play a key role id'Qescillations showing the lack of any effect on oscillations byu
(Keizer & Young, 1991; Woodst al, 1987) because FK506 (Liu et al, 1991) which, when complexed with its
diacylglycerol (DAG), the coproduct of §Pand C&" can binding protein, becomes a potent and specific inhibitor of
activate PKC which, directly or indirectly, suppresses the calcineurin.
activity of PLC (Cockcroft & Gomperts, 1985; Ryet al,, The effects of W-7, CaM binding domain, and KN-62,
1990). In the case of HelLa cells, 100 nM phorbol 12- however, were different from those of thapsigargin (TG)
myristate 13-acetate (PMA), a potent exogenous activatorwhich selectively and irreversibly inhibits the endoplasmic
of PKC, generally abolished €aoscillations with one (or  reticulum (ER) C&-ATPase pump (Thastrugt al,, 1990).
two) more delayed spike(s) with a smaller amplitude (Figure As can be seen from Figure 3C, TG added during*Ca
2A). On the other hand, a potent PKC inhibitor, staurosporin oscillations gave rise to a sustained ?Caelease and
(STA, ICso = 0.7 nM), did not inhibit ongoing Ca abolished further Ca oscillations. Moreover, neither W-7
oscillations at 150 nM, and histamine was able to steadily nor KN-62 had an effect on resting cells, though upon
induce normal CH oscillations in HeLa cells preincubated addition of histamine, these cells produced a larg& @aak,
with STA. When 150 nM STA was added during spiking demonstrating that the €arelease mechanism of JR was
prior to the addition of a suitable concentration of PMA (100 not blocked. TG upon addition induced a?Cdeak in
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FicUrRe 4: Effect of W-7 and TG on Ca signals induced by
180+ B electroporation of external €ainto the cell. Electroporation was
J applied to Fluo-3-loaded cells suspended in buffer A, containing
_ ' 200u4M CaCk in the presence of 100M W-7 (dashed line) or 5
‘E 1401 uM TG (dotted line). The solid line is the control (in the absence
2 1204 of W-7 and TG). The electroporation procedure is as described in
£ Experimental Procedures.
'g 100+
= gof 4, solid line), reaching a maximum in about 3 s and returning
60 s to the base line in about 10 s. This pattern indicates that
0 , — [ (1) openings for C& influx as a result of the electrical pulse
0 40 80 120 are made and closed at the cell plasma membrane in a few
TIME [s] seconds and only a limited amount ofgets into the cell
1800 ¢ S and (2) C&" electroporated into the cytosol is quickly
1604 M removed, possibly partially into intracellular stores by the
1401 ER C&" pump and partially out of the cell by the plasma
2 120. C&" pump. Inthe presence of W-7, removal of2¢:ao.m
2| the cytosol was considerably slowed as shown in Figure 4
5 100 (dashed line), confirming that CaM-dependent processes are
E 801 essential to the activation of the €aATPase pumps in HeLa
607 cells. Participation of the ER €aATPase was shown by
401 the experiment in which the cells, after preincubation with
20 — . - TG to inhibit the ER C&-ATPase and deplete the €a
0 50 TM;[‘;;’ 150 stores, were rather slow in removing the electroporated Ca

_ ) ) o (Figure 4, dotted lines).
QZGU:E(\? 'Té?oclgh?fgﬁ;ﬁgg%;ggsﬁézcﬂ?tgwmggrhﬁ:? Similar C&" electroporation experiments were carried
(A)’ 2004M W-7, (B) 104M KN-62, and (C) 44M TG were added out with cells that have been preloaded with the?'Ca
at points indicated by arrows. CaM-independent CaMK Il catalytic domain (4u®1). At

an external C& level of 200 uM, these cells (23 out

resting cells. The observations are consistent with the ideaof 25) gave little or no CH signals (solid line in Figure 5)
that W-7 and KN-62 inhibit CaMK II which is largely  while the control cells (24 out of 28) displayed a typical
inactive at the low CH level of resting cells, while TG  burst (dotted-and-dashed line in Figure 5). Introduction of
inhibits the basal activity of the ER €aATPase pump. the active CaMK Il domain did not damage the ER

To verify the involvement of CaMK 1l in CH oscillations, Ca*-ATPase since addition of TG to HelLa cells so-treated
the HeLa cells were electroporated with CaMK Il catalytic resulted in a sustained &arelease. Moreover, HelLa cells
domain (4.2uM in cuvette) prepared by limited proteolysis. (10 out of 10) preloaded with CaMK Il catalytic domain
The catalytic domain is active in the absence ot'@aaM. and pretreated with GM TG for 20 min to inhibit the ER
Of the cells so treated, 82%  84) lost any detectable pump were unable to remove electroporated*Gguickly
Ca*t signal when stimulated by 2Q@M histamine; mean-  (dotted line, Figure 5). These results confirm the idea that
while, 81% of the cellsr{ = 42) used for control (exposed the ER C&"™-ATPase, when preactivated by CaMK II,
to the same electric field without, or with, boiled CaMK 1l quickly pumps the influxed G4 into intracellular stores. It
catalytic domain) gave normal €aspikes in response to  should be noted that raising the external>Céo higher
the same level of histamine. concentrations, as expected, resulted in increasingly larger

CaMK Il has been reported to activate the sarcoplasmic C&* bursts since the pumps, even when activated, have finite
reticulum C&*-ATPase pump through phosphorylation of capacities.
phospholamban (Carafoli & Chiesi, 1992). The plasma Itis clear from the above experiments that CaMK Il is an
Cat-ATPase pump, on the other hand, is directly activated indispensable link in maintaining repetitive Taspikes in
by CaM (Gopinath & Vincenzi, 1977; Jarrett & Penniston, Hela cells. When it is inhibited by W-7, the CaM binding
1977). Whether CaM/CaMK |l also regulates the?Ca domain, or KN-62, or when its presence is “over expressed”
ATPase pumps in HelLa cells was examined by direct by the introduction of CaMK Il catalytic domain, the delicate
electroporation of Cd into HelLa cells loaded with Fluo-3.  regulation of its activity, which in turn regulates the;R
In the absence of W-7, the intensity of fluorescence burst and the ER CH-ATPase, is disturbed and &aoscillations
immediately upon application of the electrical pulse (Figure are interrupted.
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2.07 gradient gel; the location of BR is indicated by an arrow.

Compared with the control (lane C, without histamine),

histamine clearly enhanced phosphorylation ofRRlane

E), indicating that the extent of phosphorylation offRvas

increased during Ca oscillations. When IgR was exposed

to W-7, and pretreated with histamine (lane D), the intensities

of the IBR bands were essentially the same as that of the

control. Lane F confirms that the presence of calyculin A

significantly increased HR phosphorylation. Addition of

0 20 40 60 80 100 120 14 okadaic acid gave similar results (data not shown). These
TIME [s] findings clearly show that a type 1 (or a type 2A) phosphatase

FiGURe 5: Suppression of Ca signals by CaMK Il catalytic is responsible for dephosphorylation otR? In a separate

domain in Hefg cells. HeLa cellsgwere fi¥st electroporate)c/i with experiment, the microsomal fractions of HeLa cells were run

4.2 uM CaMK Il catalytic domain according to the method ©N SDS gels and the 4R bands localized by Western

described in Experimental Procedures. The cells were then trans-immunoblotting (data not shown). The results were identical

ferred into buffer A containing 200M C&2*. A second electropo- to those shown in Figure 7.

ration was applied with a pulse length of 2@9and a field strength

of 1.1 kv/cm to trigger the entry of Ca The dashed-and-dotted ) 1SCUSSION

line represents the result typical of control with (or without) boiled

CaMK Il active domain (24 out of 28 cells). The solid line is an
example of suppressed €aignals (due to rapid removal) in cells

F [normalized]
* o
1 1

-y
n
!

After screening several cell types, we chose the HelLa cell

(23 out of 25 cells) preloaded with 42V CaMK Il catalytic for studying Ca* oscillations because it represents a typical
domain. The dotted line shows results from cells (10 out of 10) IPs-induced Ca&' release system. This notion is supported
preloaded with CaMK Il catalytic domain and treated with/@ by the insensitivity of HeLa cells to ryanodine and adenine

Tct;. fm%ﬁ mOiI” tﬁ ir&r}ibit EE Cﬁ'ATP?S? F’Iri‘){ to C%t_e'e‘:tmpo? (and the lack of binding of ryanodine to the membranous

ration. € aasned line shows a control electroporation experimen . . . . . .

in C2* free buffer without CaMK Il catalytic domain. preparatlops, whlch |n('1|cate that the CICR mechgmgm is not
operative in this cell line. The fact that aoscillations

The effects of inhibitors on CaMK Il and the CaMK ||  continued for minutes after removal of externaPCalso is
catalytic domain on histamine-induced®ascillations are  Inconsistent with the CICR model which requires replenish-
summarized in Table 1. ment of the C& stores from external Ca sources for

Effects of Phosphatase Inhibitors Calyculin A and Okadaic sustained oscillations.

Acid. If phosphorylation by CaMK Il is vital to maintaining To introduce impermeable materials into the cells, we
Ca* oscillations, then dephosphorylation must be equally adopted the method of electroporation. With the experi-
important. Two cell-permeable inhibitors specific for types mental conditions established by us, 2ED0us at 1.1 kV/
1 and 2A phosphatases, calyculin A and okadaic acid (Cohencm, we did not encounter detectable adverse effects. In
et al, 1990), were employed to test this concept. Calyculin control experiments, cells that were subjected to electropo-
A was found to affect G4 oscillations in a dosage-dependent ration and allowed to reseal gave normal oscillating patterns
manner. At a bath concentration 8200 nM, it generally when stimulated with histamine. The cell membrane also
halted ongoing C& oscillations (Figure 6A), sometimes after appeared to open and reseal rather quickly as shown by the
a sing|e de|ayed, smaller Spike in a way ana|ogous to thatsma” amount of C& eIeCtroporated into the cell by a 500
observed with PMA (Figure 2). Interestingly, lower doses 4S pulse shown in Figure 4. Thus, electroporation is a
of calyculin A led to an altered pattern of €aoscillations, versatile alternative to other methods like microinjection for
a longer interspike interval and a lower amplitude (Figure the following reasons. (1) Since the desired components can
6B). Ca&" oscillations were not perturbed if the bath be delivered into many cells, one can scan the cells and select
concentration of calyculin A was lower than 20 nM. When the representative ones for monitoring. (2) The fate of
the cells were preincubated with 100 nM calyculin A for 5 electroporated compounds that have no readily detectable
min, histamine was unable to elicit any response. Okadaic Signals or indicators can be followed as a population by
acid had a similar effect, but higher doses2(uM) were disrupting the cells at different time intervals and analyzing
needed to abolish ongoing &aoscillations. Addition of  their contents. (3) Injury to the cell in well-controlled
100 nM okadaic acid to ongoing oscillations also led to €lectroporation is considerably less than that in microinjec-
longer intervals between spikes (data not shown). Although tion. (4) Technically, the method is easy to use once the
the higher dosage of calyculin A and okadaic acid needed device is set up.
for inhibition may suggest that the phosphatase likely falls  To study the role of phosphorylation in histamine-induced
in the type 1, rather than the type 2, category (Bialojan & C&" oscillations, we examined kinases that have been
Takai, 1988; Ishiharat al,, 1989), our data do not permita implicated in previous reports, PKA, PKC, and CaMK II.
clear distinction between the two. PKA has been reported to promote?Canobilization in some
Phosphorylation of IER by CaMK Il In Vvo. To answer cells but inhibit the process in some others. In a mouse
the question of whether phosphorylation offPby CaMK fibroblast cell line (Hornet al,, 1991) and rat hepatocytes

Il actually occurred during histamine-induced?Cascilla- (Blackmore & Exton, 1986), cAMP raises the;IBvel which
tions in HeLa cells, we prepared cells labeled Vi under in turn mobilizes C&". In guinea pig hepatocytes (Capiod
varying experimental conditions. Figure 7 shows tPe- et al, 1991), cAMP generates &a fluctuation without

labeled protein bands from microsomal fractions of HeLa changing the IP level. However, cAMP inhibits Ca
cells that were immunoprecipitated by antgRPantibody release in renal JG cells (Kurts & Penner, 1989) and rat
(see Experimental Procedures for details) on a 4 to 12% SDSmegakaryocytes (Uneyamet al, 1993). In GBUL cells
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Table 1: Effects of Inhibitors and the Catalytic Domain of CaM-Dependent Kinase Il on Histamine-Indute®<dlations in HeLa Cells

addition concentration(uM) experiment result
inhibitors
W-7 (Ki = 30uM) 50—-200 added after stimulation oneThurst (23/26)
preincubation before stimulation oneTdurst (14/15)
electroporation of external €a removal of C&" slower than
control (17/20)
KN-62 (Ki = 0.9uM) 10 added after stimulation one €aurst (10/10)
preincubation before stimulation oneTdhurst (6/7)
CaM binding domain of 100 electroporated before stimulation onéClaurst (12/14)
CaMK Il (K; = 52 nM)
CaMK Il catalytic domain 4.2 electroporated before stimulation no oscillations &r Sgnal (69/84)

catalytic domain electroporated

before electroporation of external €a
above experiment performed

with cell pretreated with TG

Ca* rapidly removed (51/56)

Ca* slowly removed (20/20)

a Experimental conditions are as described in Experimental ProcedRefers to the concentration in the bath or cuvet&timulation means
addition of histamined Number of responses are given in parentheses. The total number of experiments were samples taken from hundreds of
video recordings.

o] ABCDEF
= 120J kD
imo« 250 —} - = g ﬁ(—IP3R
£ 80 200 —_° |
E 601
116.3 —_ |
97.4 T
66.3 m—

F [arbitrary unit]

FiGure 7: 32P-labeled phosphorylation of 4R in intact cells
treated with different effectors. ThedR-containing extracts from
Hela cells and the immunoprecipitation ofsRPwith polyclonal
anti-IP;R were described in Experimental Procedures. The precipi-
tates were boiled for 5 min in SDS sample buffer, run el2%

0 T T
0 50 100

T T T T
150 200 250 300
TIME [s]

Ficure 6: Effect of calyculin A on C& oscillations. C&"
oscillations were initiated by 2Q@M histamine prior to the addition
of 200 nM (A) or 100 nM (B) calyculin A at points indicated by

SDS gels, and scanned on a phosphoimager: lane A, protein
markers; and lane B, control cells (no addition of any effector)
with preimmune serum. Lanes<F are extracts immunoprecipitated

arrows. with anti-IPsR: lane C, control; lane D, cells incubated with 400

uM histamine for 5 min followed by 5 min of incubation with 200
uM W-7; lane E, cells incubated with 4QM histamine for 5 min;

(Kim et al,, 1989) and Jerkat cells (Par¢t.al, 1992), PKA
and lane F, cells incubated with 200 nM calyculin A for 5 min.

phosphorylates PLC, thereby inhibitingsjfroduction. With
Hela cells, we used cAMP and forskolin as activators and ) o
H-89 and the 26K PKA inhibitor protein as inhibitors. We PKC probably abolishes oscillations or lowers the frequency
found no effect of these compounds on the histamine-inducedby inhibiting PLC through phosphorylation of the phospho-
Ca* oscillations. Therefore, we conclude that PKA does lipase and therepy a!tering its interaction with G-protein (Ryu
not take part in C& spiking in this cell line. Tsunoda (1990) etal, 1990). Activation of the plasma €aATPase by PKC

likewise did not observe any PKA effect in pancreatic acinar May also be the cause (Smallwoed al, 1988). The
cells. inhibitory effect is not due to phosphorylation of;#R by

Contrary to the diverse effects of PKA, PKC always PKC because (1) our data clearly showed thaRIphos-
decreases Garelease in various cell types when activated Phorylation was suppressed in the presence of W-7, a CaM
by PMA (Tsunodzt al, 1990; Uneyamat al, 1993; Zhao antagonlst that has no effect on PKC,'and (2) a mlcrosomal
etal, 1990). But inhibition or down regulation of PKC does fraction of Hela cells pretreated with staurosporin and
not hinder normal oscillations, indicating that PKC is histamine showed the normal extent of phosphorylation of
nonessential (Harootuniat al, 1991b). Our data confirm  IPsR?
these observations and reaffirm the concept that PKC is not
required for sustaining Ga oscillations. PMA-activated

2D. M. Zhu, P. B. Chock, and C. Y. Huang, unpublished data.
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Our experimental results (Table 1) strongly suggest that

CaMK Il is the kinase actively involved in the control of
Ca* oscillations in HeLa cells. Insertion of either inhibitors
of CaMK Il or its catalytic domain leads to abolition of

Biochemistry, Vol. 35, No. 22, 199221

The concept that reversible phosphorylation cycles mediate
C&* oscillations in HelLa cells is strengthened by experi-
ments using phosphatase inhibitors calyculin A and okadaic
acid. The presence of these compounds clearly enhanced

oscillations; i.e. oscillations cease to operate when the kinaselPsR phosphorylation (Figure 7) and abolished oscillations

is locked in the inactive or stimulated state. Of the inhibitors
used, W-7 combines with CaM in a €adependent manner;
the CaM binding domain from CaMK Il is specific for CaM.
KN-62, on the other hand, at a bath concentration ofil¥D
should be specific for CaMK IIK; = 0.9uM) sinceK; values

for PKA and PKC are greater than 1@01. The fact that
the catalytic domain of CaMK Il was able to block €a

or prolonged the period between spikes (Figure 6). The role
of the phosphatase (or phosphatases since the deactivation
of ER C&"-ATPase may require a different phosphatase),
as we shall discuss later, may be pivotal in the modulation
of frequency.

A salient feature of sustained €apscillations is the rather
constant amplitude originally noted by Wooelsal. (1986).

oscillations further demonstrates that this CaM-dependent This phenomenon is not surprising since thé'Gancentra-

kinase likely is involved. CaMK II's role in activating the
ER ATPase pump is shown by the ability of the CAMK |l
catalytic domains to quicken the removal of?Calectropo-
rated into the cell. Steinhardit al. (1994) reported that
CaMK Il may function in cell membrane resealing. One
may wonder whether the quick removal offCavas actually
the result of rapid membrane sealing, i.e. little or ng'Ca
getting into the cell. This possibility is eliminated by our
experiments showing that cells loaded with CaMK Il catalytic
domain were incapable of quick removal of electroporated
C&" if the ER ATPase had been inhibited by TG (Figure
5). All of our observations are consistent with the idea that,
when C&" is released, CaMK Il is activated; phosphorylation
of IPs;R then shuts off the Ca channel, and the phospho-
rylation of a phospholamban-like component activates the
ER Ca&"-ATPase pump to refill the Ca stores. Our
experiments with IfR immunoprecipitated from cells labeled
with 32P, (Figure 7) under stimulative and inhibitory condi-
tions provided the first evidence that;HPis phosphorylated
by CaMK Il in vivo during oscillations. Such phosphory-
lation apparently impairs BR’s ability to extrude C# since
cells preloaded with CaMK Il active domain were unable to
respond to histamine stimulation. This view is supported
by the fact that addition of histamine to HeLa cells pretreated
with calyculin A, a condition leading to phosphorylation of
IPsR, did not evoke any response at all. If the phosphory-
lation did not close the Ca channel, one would expect to
see a single Ca spike. Also, calyculin A added to ongoing
C&" either interrupted oscillations (blocked any furthefCa

tion must be maintained at a certain threshold level in order
to activate various highly cooperative Tdinding processes.

It has been recognized that cooperativity is required to
generate the threshold (Meyer & Stryer, 1991). For example,
the C&" concentration dependence of the CaM-stimulated
cyclic nucleotide phosphodiesterase is very sharp (Heang
al., 1981). At a CaM concentration of2 uM, the enzyme

is basically inactive at Ca concentrations below & 1077

M, but rises to half-maximal activation at6 10~ M and
becoming fully active at- 1078 M. The C&* concentration
required for half-maximal activation decreases with increas-
ing CaM concentrations. Thus, the amplitude of?Ca
oscillation may vary in different cells, depending on the
concentration and type of €abinding proteins present.
Given the requirement that the amplitude must be maintained
at or above a functional level, the only way to regulate
cellular activities in a certain time period is to adjust the
frequency.

It can be envisioned in a simplistic way that keeping the
C&* spikes at a constant level can also be accomplished
through the highly cooperative CaM-dependent reactions. For
instance, in a system like the HelLa cells (cf. Scheme 1),
when cytosolic C& reaches a “threshold” level, CaMK I
will be activated, resulting in the shutting off of the €a
channel activity of IBR and the activation of the ER &a
pump. The plasma membrane Zgpump will also be
activated by C&/CaM. Such a mechanism will automati-
cally maintain the amplitude of the €aspikes near the cell's
threshold level.

How can the frequency be regulated, or how is the

release) or generated a single, smaller spike. Furthermore;nerspike interval controlled? The sharp rising phase of a

the large C&" burst seen on addition of CaMK Il inhibitors
(Figure 3A,B) is consistent with unphosphoryatediRP
failing to curtail C&* release. Although the Gaburst can

Ca&* spike is often considered to be due partly to the highly
cooperative nature of fbinding to IRR (Meyer & Stryer,
1988). Assuming the binding process is rapid, the period

also be explained by lack of activation of the ER and plasma petween transients can be the time required to accumulate a

membrane Cd-ATPase pumps by CaM, it is rather unlikely.
The rate of C&" removal was not seriously reduced in the
presence of W-7 (Figure 4). The basal activity of ERCa

threshold concentration of 4P Oscillation offree IP; is a
requirement of such a mechanism. Bug Ifeed not be
generated anew for each spike; it only needs to oscillate

ATPase must be quite h|gh because the irreversible inhibitor between free and bound forms. With other mechanisms, IP

of the pump, TG, caused a rather rapic?Ceelease in the

oscillation is not a requisite (Goldbeteral, 1990; Somogyi

absence of stimuli; the basal activity presumably is necessaryg Stucki, 1991; Wakuiet al, 1989). In a system like the

to counteract this considerabledeakage” from the stores

Hela cells, the lull between spikes can be the time required

even when the cells are at rest. However, the ATPaseto reactivate the IR for IP; binding or C&" release. Since

activity can be stimulated many-fold by CaMK Il as shown
by the swift removal of electroporated €an cells preloaded
with the active domain of CaMK Il (Figure 5). Our finding
agrees with thén vitro studies of Supattaporet al. (1988)
which held that phosphorylation results in inhibition off€Ca
release from IR, though Volpe and Alderson-Lang (1990)
reported enhancement.

IPsR is a tetramer with two phosphorylation sites per subunit
(Mikoshiba, 1993), the dephosphorylation (reactivation)
process may be a highly cooperative one if only the totally
dephosphorylated R is capable of releasing €a In this
sense, the interspike interval would be the time required for
dephosphorylation of HR and/or activation of the phos-
phatase. This concept is in agreement with our observation
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Scheme 1: Proposed Mechanism ofC@scillations in
HelLa cell$
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aHR, histamine receptor; Gp, G-protein; RIBhosphatidylinositol
bisphosphate; IRinositol 1,4-bisphosphate; &ar, C&" in ER stores;
Ca*;, cytosolic C&"; IPsR-®, phosphorylated form of YR; Ca-

—_— CaMK II

ca™,

Zhu et al.

those reported for CaMK Il in other systems (Somogyi &
Stucki, 1991; Zhangt al, 1993) in that it is one of negative
feedback. Negative feedback by Laor PKC has been
invoked to be the cause of oscillations (Parker & Ivorra,
1990; Payneet al, 1990; Woodset al,, 1987). However,
we do not exclude the possibility that there may be a positive
Ca* feedback in the gating of BR or in the generation or
binding of the hypothetical X factor. Albeit the proposed
mechanism for CH oscillations presented in Scheme 1 is
intended for the HelLa cell system, conceivably reversible
phosphorylation steps regulating the release and sequestration
of intracellular C&" can be a general mechanism for
sustaining oscillations in different cells.
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