
Localized All-or-None Calcium Liberation 
bv Inositol Trisphosphate 

ccll, \\.c ~ l scd  a confocal optical systcrn \\.ith 
Rhod 2 as the fluorcsccnt indicator ofC,12+ 
concentration ( 1.3). A certain thrcsholcl flash 

J I I 

d ~ ~ r a t i o n  \\.AS   gain needed to  e\.oke a cle- 
tcctablc Ca" signal (Fig .  1. (1 and Dl. 

h~ I'ARICER AND ISABEL IVORRA Ho\\,cvcr, the Ca2+ signal \ . a r id  in an al- 
most all-or-none ni'lnncr \\.it11 increasing 

Laser confocal microscopy was used to monitor calcium ion (Ca2+) liberation from liberation of  InsP,. A small incrc'1sc abo\.c 
highly localized (micrometer) regions of  intact Xenopus oocytes in response to thrcshold c\.okcd '1 largc j i g n ~ l  that grcn 
photo-released inositol 1,4,5-trisphosphate (InsP,). Local Ca2+ release varied in an \ e n  littlc as the flash duration \vas f~rrthcr 
all-or-none manner with increasing amount of InsP,, in contrast to signals recorded Icngthcnccl, although the rate of  risc and 
from larger areas, which grew progressively as the concentration of InsP, was raised duration of the responses incrc,lscd. Similar 
above a threshold. Liberation of CaZ+ was restricted to within a few microns of the site results \{.ere obtaineel in nine ooc?.tcs, ancl 
of  InsP, release and, in response to agonist activation, localized regions of  the ooq.te the nican increase in sizc o n  lengthening the 
showed asynchronous oscillations in cytoplasmic Ca2+ release. Results obtained with Hash from 8 t o  40% of  threshold to  more 
this technique provided direct evidence that InsP,-induced CaZ+ liberation was than thrcc trnics thc threshold \vas only 
quantized and suggest that the InsP,-sensitive Ca2+ pool may be a collection of  18  t 6% [nic,ln + standard error o f  the 
independent, localized compartments that release Ca2+ in an all-or-none manner. mean (SELI)] .  I t  \vas unlikely that satura- 

tion of  the fluorcsccnt ~ndicator  accounteel 

I ~ o s r r o ~  1,4,j-TRISPHOSPHATE (INsP,) 8 nis, \vhercas longer Hashcs c\.okcd pro- for this behavior, bccausc Khod 2 h'ls a 
IS a ~~b iqu i tous  innacellular second mes- grcssi\~cly larger responses. The abnipt onset relatively lo\\ ( 1  FLI) afinin.  for Ca' ' ( 12). 
senger that acts In part by liberating of  the Ca2+ signal \vith increasing Hash and the maximal InsP,-evoked slgn'lls nxrc 

c a 2 +  stored lvithin the cell (1). The proper- duration and the approxrmatcly linear rcla- sniallcr (53 k 7%; nine ooc!.tcsi than the 
ties of  the Ca2' release arc spatially and tionship \vith s~iprathrcshold Hashcs (Fig. peak H~rorcsccncc c\.okccl by I!.\ing the 
temporally cornplex ( 1 4 )  and are important 1K) suggest the cxlstcncc of 'a threshold in ooc?tcs in a high ( 1 2  mhl )  Ca" solution. 
for signal transduction in the cell. Ho~vever,  the Ca2' rclcasc process 'lncl cannot be fitted Sornc oocytcs gave Ca" signals of  rntcrnie- 
most quantitative srudes of  InsP,-evoked \vcll by a pon.er function 7). X similar diatc size to  strni~rli just nbo\.c threshold, but  
Ca2+ liberation have been clone with suspen- relation \vas sccn for the Ca2+-mediated C 1  thcsc rnay ha\.c ariscn from ,~ttcnuatcd clif- 
sions of  permeabilized cells ( 5 8 )  in which currcnt, except that the threshold \vas fusion of  Cap released ~t a site a fcv. 
spatial information is lost. Lt'e now describe slightly highcr, suggesting that an clc\,ation rnicrons from the nicas~rring spot, rather 
results obtained by the use of  an approach in free Ca2+ above the resting concentration than from a partral rclcasc of  CJ". The 
that cornbines flash photolysis of  caged InsP, may be rcq~rircd to  cvokc a detectable cur- Ca" signals cvokcd b!. succcssi\.c supra- 
(9, 10) lvith confocal fluorescence Ca2+ mon- rent. threshold stimuli at a given measuring posi- 
itoring to  allow rapid (millisecond) measure- The fluorcsccncc '1nd current signals (Fig. tion sho\vcd littlc v,~riabilin. In sizc; the 
ment of CaZ+ release from highly localized 1,  A and B) both reflected an average Ca2' standard deviation for stimuli of  2 to  10  
regions ~vithin a single intact cell. concentration throughout an appreciable times the threshold Lvas only 8 %  of  the 

Expcrinicnts \vcrc pcrforrncd on oocytcs ~ ~ I L I I I I C  of  c!.toplI~sm. T o  nionitor Ca' ' mean ( 4 1  obscn.ations, eight ooc!.tcsi. 
froni 2Y. 1cli.t~ic \vith light flash photolysis t o  signals froni a higlil!. localized region o f  the Xlcnibranc currents c\.okcd b!. the localized 
rclcasc InsP, froni intraccll~rlarly loaded, 
caged InsP, (10).  The resulting rise in cyto- A B C D 
plasrnic free Ca" \vas nionitorcd simultanc- 30 \,,.+-,\,-~,k, ~ *,.+ {<l.~,,.Li.. 

O L I S I ~  ivith volragc-clrnip recording of L---"_-'.--- 

Ca2+-activatccl nicrnbranc chloride (CI-) i~--~,---.-~--. 

concl~rctancc (1  1) and \\.it11 long \vavclcngth 35 ",?.,, ,... d ,  ~~.~.~+. i , .bd! \ . .  * 75 

Huorcsccnt Ca2+ indicators (12) to  monitor -7 2 
Ca2+ from either largc o r  minute rcglons of I 
the cell (13). X threshold amount ofInsP,  is 50 

rcq~rircd to  c\.okc any Cl- currcnt, but the 25 
current then Increases progrcssivcly n i t h  

,.,..A 

25 25 incrcasrng InsP, ( 10). Using the fluorcsccnt 
indicator, Fluo-3, t o  monitor Ca2+ libcra- 
tion t l iro~rghout thc area o f  the cell ( lo" I 

0 5 10 15 20 ~ m ~ )  exposed t o  the photol!.sis light, \ve p n A  
0 25 50 75 100 

Flash duration (ms) 2 s Flash duration (ms) 
found that ~ntraccllular Cap rclcasc fol- 
lo\vcd a pattern similar t o  that o f  the C1- Fig. 1. Fluorc\ccnt C.1'- s~gnals  and Ca2--dependent rncnibranc currcnts c \okcd h!. photorclcasc o f  

current ( ~ i ~ ,  1, A allel B ~~~~~~~i~~ \ q 1 1 1 g  a~l lounts  of Insl',. ( A )  Records obtained n . ~ t h  cotncldent large-diameter (150 )*m) 11ght spots 
for p l io tol \s i  and monitoring o f  CaL+-dependent  fluorcsccncc of Fluo-3. The  upper trace in cacll t*amc of InsP3 "ltcrirlg slio\\~s fluorcsccncc i up\vard deflection = increasing Ca2+  I and the lo\+ cr trace sho\\.s nicmbranc 

light flash ( I 0 ) .  No Ca" c ~ ~ r r c ~ i t .  Fl.lslies o f  ultraviolet light of 1-arious durations (indicated In n ~ ~ l l i s c c o n d s ~  u c r c  g i \ cn  at the 
signal was dctcctccl \vlth flashes shortcr than arro\~.licads. (BI  I'cak sires of fluoresccncc s igna l  (filled sytnbols. thlck 11nc) .lnd mcmbranc currcnts 

(open synihols, t h ~ n  line) c \okcd h!. flashes r ) fvan ing  dur .~t~onb.  Data are from the same oocytc a\ in 
( A )  and arc scalcd .is a pucc~ l t agc  o f  that cvokcd by a 20 ms flash. Similar rcsults \ \ere obtained In three 
add~t ional  oocytcs iC and D )  Rcsults ti-om .111 cspcrimcnt likc that in (.A and K I ,  cxccpt th ,~t  the 

I-,lh,rJton. (,f CcliLliJr Xlolccil13r sciln,hloii,8, confocal optical system \\,as used t o  record Ca2 ' -dcpendcnt fluorcccncc from .a ncar point source, and 
~ ) C I , . , ~ n w n ~  ~ ~ \ \ . C 1 l l ~ ~ i O 1 i , p ~  ~ l l l \ c r . i n -  1 , ~  (:Jliii,rni.,, the photol\sis light \vas rcstrictcd t o  an area o f  60 I*m< concentric \ \ .~ th  the moni tc~r ing ilght. I>.it.l in 
Inirlc. CA 92717. (1)) arc scaled as a pcrccntagc of the m~x in ia l  responses. 
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signals even in the absence of stimulation. 

- 100 rns 

8 urn : *& ~ ~ k w ~ h + ~ ~ p ~ r ' r d ~ ' 1 " 1 r ~ ~ ~ ~ ~ ~ " r c ~ , 7 e ~ ~ r y  
Fig. 2. L,atency and spatlal spread of confocal 
Ca2- signals. (A) Latcncy of confocal fluorcs- 
cencc (uppcr tracc) and nicnibranc currcnt (lo\vcr 
tracc) s~gnals evoked by pliotorclcase of 11isP3. 
Bar i~idicatcs duratio~i of thc light flash. The 
fluoresccncc tracc is blanked out during and 
shortly aftcr the flash because stray light saturated 
tlic photomultit>licr. (B) Lateral sprcad of the 
Ca2- signal c\okcd by local photorclcasc of InsP,. 
Traces shotv confocal rccords obtaincd from a 
fixcd point (indicated b!. a dot in the diagrams). 
\\,hilt the photolysis light (square) \vas displaced 
by difikrent distances. Numbcrs indicatc the dis- 
tance in mlcrolis from the monitoring spot to the 
edge of the photolysis light. Flashes of constant 
intensin and duration \{,ere given at each position 
of the photolysis light. a t  the tinic marked by tlic 
arro\vhcad. Data presented arc from a singlc 
oocytc. Similar results \vere obtaincd in nvo ad- 
ditional oocytcs. Control rccords (\\.it11 the plio- 
tolysis light ccntcred on the moliitoring spot) 
obtaincd bcforc and aftcr tlic espcrimcnts indi- 
catcd that the diminution in response sizc a-as not 
due to photoblcaching of Rliod-2. 

(50  to  100  I*m2) light flashes used in these 
experiments sho~vcd  the same thresholds as 
the Ca2+ signals, but gre\v progressively as 
the flash duration was further lengthened 
(Fig. 1 D ) .  This graded increase may have 
arisen because increasing numbers of  Ca2 ' 
release sites were recruited throughout that 
area of  the membrane covered by the pho- 
tolysis light. 

Confocal (;a2' signals began ~ v i t h  a la- 
ten? that decreased from more than 500 ms 
with just suprathreshold stimuli t o  5 3  i 3 
ms (SEXI; six oocytes) \I ith stimuli of  about 
ten times the threshold. The  risc in Ca2+ 
Lvas abrupt. beginning after a perloci of  
apparent quiescence and lasting about 5 0  ms 
(Fig. 2A) .  Because photorelease o f  InsP, is 
virtually complete \vithirl 1 0  ms ( 1 4 ) ,  some 
intermediate process benvcen InsP, forma- 
tion and Ca2 + liberation (possibly regener- 
ati1.c) ma! be in~,ol\.ed. Ber\veen the onsets 
of  the Ca2- and membrane current signals, 
an additional latency of  about 5 0  ms \vas 
seen that might be due to  buffered difusion 

Fig. 3. Oscillaton fluorcscencc and currcnt sig- 
nals cvokcd \vith serum as an agonist to actimtc 
phosphoinositide signaling (19). (A) Tlic uppcr 
tracc is the confocal fluorcscencc ~ i i o n ~ t ~ r  and the 
lo\vcr tracc 1s the nienibranc current. Scruni ( lo3  
dilut~on) \\as bath-appllcd for thc timc indicated 
by tlic bar. (B) Section oftlie record in (.A) shonn 
\vitli an expanded tin~c scale. 

of  Ca2- to\vard the membrane. 
T o  determine the extent t o  n-hich Ca2- 

release is localized, Ca2- signals Lvcre mon-  
ltored confocc~lly from a fixed point, and the 
light spot used to  photoI!.se caked InsP, \vas 
displaced (Fig. 2B) .  The Ca2+ signal de- 
creased progressi\,ely ~ v i t h  increasing separa- 
tion and sho\ved a slourer rising phase and 
longer peak time, as would be expected for 
difhsional spread. In the esample sho~vn ,  
the signal size decreased to  about one-half of 
the masimum value at a distance of  5 k m  
and \vas barely detectable at 8 ~ r n  

Calcium mbbi~izing dgonists' e\rokc osciI- 
laton- C1- currents in the ooc\.te ( l j) ,  \{.hich 
probabl! arise through oscilldtonr liberation 
of  Ca2- (2, -1). Ho\vc\,er, previous attempts 
to  record oscillations ~ v i t h  Ca2- indicators 
\\.ere i~nsilccessfill ( 16).  \t'e simultaneously 
measured membrane (11  current (which 
monitors intracellular Ca2+ throughout the 

u 

\vhole oocyte) and localized intracellular 
Ca2+ (confocal monitor) cluring bath appli- 
cation of  agonist. The current response be- 
gan earlier (30  s)  than the confocal Ca2- 
signal, indicating that regions of  the oocyte 
distant from the nle,~suring point Lvere acti- 
vated \vith a shorter latency. Furthermore, 
the confocal record initially sho\ved a series 
of  fairly regular oscillations in Ca2 ' concen- 
tration that had no ob\.ious relation \vith the 
irregular fluctuations in CI- current. In ad- 
dition, the Ca2+ oscillations died a\va!. dur- 
ing agonist application, leaving a more sus- 
tained elevation in Ca2 + concentration. 
Some oocytes displayed spontaneous Ca2+ 

~ h c s e  \\.ere of ,I similar timc course to  the 
signals evoked by just suprathrcshold light 
flashes, but \\.ere often o f  smaller amplitude. 
The small sizc ma!. 11'1ve resulteci if Ca2 + 

reledse originated ' ~ t  points that Lvcre distant - 
from the mcasilring spot. 

In pcrme~bilizcd cells, s u b ~ n ~ x i n ~ a l  doses 
o f  InsP, liberate only a fraction o f  the 
available C a 2 .  that can be released by a 
masimal dose ( 7 .  6 ) .  This h ~ s  been inter- 
preted as reflecting a quanta1 process, such 
that a given submnimal  concentration of  
InsP, releases all the Ca2 ' from a fraction of  
the Ca2- stores, \vhercas none is released 
from the remaining stores ( j l .  Ho\ve\,er, it 
\%.as not clear from those cspcrinlents 
~vhcther  the efect  arose from heterogenein 
benveen cells o r  Lvithin the stores ofeach cell 
(6).  In this report, n.c show directly that 
locc~lized Ca2 ' liber'ltion ni th in  a singlc cell 
is quantized (all o r  none) , ~ n d  indicate h r -  
tller that oscillations in Ca2 are generated 
indcpendentl! and asvnchro~lousl\  at dlf- 
ferent locations Lvithin the ccll. In the large 
(1 m m  in diameter) ooc!.te, graded \\,hole- 
cell resvonscs mav arise if different local 
Ca2' -release units shonr vanring thresholds, 
so that greater numbers arc recruited b!. 
increasing concentration o f  InsP3. On the 
other hand, the all-or-none current re- 
sponses t o  InsP, ciescribed ln hepatocytcs 
(i4) could arlsc if those snlall cells contain a 
single release unit o r  a homogeneous popu- 
lation of  units. The  ident in  o f  the auantal 
C a 2 '  release unit, 'und the mechanism un- 
dcrlyil~g the local quanta1 rclc'~se are not \,et 
clear. Quantal rcle'xse may arise because of 
depletion of  stored Ca2-,  feedback inhibi- 
tion of  Ca2 + release b!. a rise in cytoplasmic 
Ca2+ (4 ,  17). or  a decrease in intraluminal 
Ca2- (18). 
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Binding of SH2 Domains of Phospholipase C,1, 
GAP, and Src to Activated Growth Factor Receptors 

Phospholipase C y l  (PLCyl) and p2lraS guanosine triphosphatase (GTPase) activating 
protein (GAP) bind to and are phosphorylated by activated growth factor receptors. 
Both PLC,l and GAP contain two adjacent copies of the noncatalytic Src homology 
2 (SH2) domain. The SH2 domains of PLC,l synthesized individually in bacteria 
formed high &ity complexes with the epidermal growth factor (EGF)- or platelet 
derived growth factor (PDGF)-receptors in cell lysates, and bound synergistically to 
activated receptors when expressed together as one bacterial protein. In vitro complex 
formation was dependent on prior growth factor stimulation and was competed by 
intracellular PLC,l. Similar results were obtained for binding of GAP SH2 domains 
to the PDGF-receptor. The isolated SH2 domains of other signaling proteins, such as 
p6OS" and Crk, also bound activated PDGF-receptors in vitro. SH2 domains, 
therefore, provide a common mechanism by which enzymatically diverse regulatory 
proteins can physically associate with the same activated receptors and thereby couple 
growth factor stimulation to intracellular signal transduction pathways. 

VARIETY OF POLYPEPTIDE HOR- receptor dimerization and subsequent auto- 
mones that elicit cell growth and phosphorylation on tyrosine, evoking a cat- 

. differentiation bind to cell-surface alytically active receptor capable of phos- 
receptors with intracellular protein-tyrosine phorylating cellular substrates (1-3). 
kinase domains (1). Growth factors appar- Activated EGF- and PDGF-receptors 
ently activate their receptors by inducing (EGF-R; PDGF-R) complex with a set of 

cytoplasmic proteins that directly regulate 
intr~cellular signal transduction pathways. 

Div~sion of Molecular and Dcvclopn~cntal Biology, Sam- 
uel Luncnfcld Research Institute, Mount Sinai Hospital, These include the isoform of the 
600 University Avenue, Toronto, Ontario, M5G 1x5, phosphoi~ositide-speCific phospholipase C 
Canada. (PLC) (4, 5),  p21r"" GTPase activating pro- 
*TO whom correspondence should be addressed. tein (GAP) (6, 7), phosphatidyl inositol (PI) 

3'-kinase (8), and p74'"' (9). These results 
suggest that criticaltargets for receptor tyro- 
sine phosphorylation are selected from the 
pool of potential substrates by their ability 
to physically complex with the receptor. A 
simple mechanism to accomplish these inter- 
actions would be the provision of cytoplas- 
mic ligands with a common structural do- 
main that recognizes autophosphorylated 
receptors. 

The proteins that associate with activated 
g o w t h  factor receptors have quite distinct 
enzymatic properties and are structurally 
unrelated within their catalytic domains. 
However, PLC,l (10) and GAP (11) each 
contain two adjacent copies of a noncatalytic 
domain of - 100 amino acids, called the Src 
homology (SH) region 2 (12) (Fig. 1). The 
SH2 domain was first identified in nonre- 
ceptor protein tyrosine kinases like Src and 
Fps, by its apparent ability to interact with 
the kinase domain and phosphorylated sub- 
strates (13-15). An SH2 sequence has also 
been identified in the v-Crk oncoprotein, 
which complexes with several tyrosine phos- 
phorylated proteins in crk-transformed cells 
(16). Most SH2-containing proteins also 
contain a motif. SH3. which is found inde- 
pendently in several cytoskeletal proteins 
and may mediate interactions with the cp- 
toskeleton (12, 16, 17). The SH2 domains 
have been implicated in protein-protein in- 
teractions that involve protein-tyrosine ki- 
nases and their substrates (13, 15). This 
raises the possibility that enzymes such as 
PLC, and GAP associate directly with acti- 
vated tyrosine kinase receptors by virtue of 
their SH2 domains (18). 

To test this hypothesis, restriction sites 
were introduced into the complementary 
DNA (cDNA) for bovine PLC,l, which 
allowed the precise excision of the NH,- 
terminal and COOH-terminal SH2 do- 
mains (SH2[N] and SH2[C]), either alone 
or together (Fig. 1) (19). The individual 
SH2 domains, or the two SH2 domains 
together (SH2[N + C]) were introduced 
into a bacterial expression vector (PATH) 
and expressed as TrpE fusion proteins in 
Escherichia coli. These proteins were isolated 
from bacterial lysates by irnmunoprecipita- 
tion with antibodies to TrpE (anti-TrpE) 
attached to Sepharose beads (20). The im- 
mobilized bacterial proteins were then incu- 
bated with lysates df either Rat-1 cells that 
expressed the human EGF-R, which had 
been stimulated with EGF or Rat-2 cells 
that expressed the PDGF-R, which had 
been stimulated with PDGF. The immuno- 
precipitates were recovered, washed exten- 
sively, and analyzed for associated phospho- . - 

tyrosine (P.Tyr)-containing proteins by 
irnrnunoblotting with antibodies to P.Tyr 
(anti-P.Tyr) (Fig. 2). The TrpE-PLC- 
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