
quantity of the ester 1 results in rapid for- chemistry with biology, and such synthetic 
mation of the efficient replicator 3a as the structures can be used to further model 
dominant product (Fig. 3). evolution at the molecular level. 
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Gating of the Cardiac ca2+ Release Channel: The 
Role of Na+ Current and ~ a + - C a ~ +  Exchange 

In cardiac myocytes, calcium influx through the calcium channel is the primary 
pathway for triggering calcium release. Recently it has been suggested that the 
calcium-induced calcium release mechanism can also be activated indirectly by the 
sodium current, which elevates the sodium concentration under the cell membrane, 
thereby favoring the entry of cctrigger" calcium via the sodium-calcium exchanger. To 
test this hypothesis, sodium current was suppressed by reducing the external sodium 
concentration or applying tetrodotoxin. At potentials positive to -30 millivolts, 
calcium release was unaffected. A small calcium release at more negative potentials 
could be attributed to partial activation of calcium channels, because it was unaltered 
by replacement of sodium with lithium and was blocked by cadmium. Thus, sodium 
influx or its accumulation does not initiate calcium release. In addition, sodium- 
calcium exchange-related calcium release at potentials positive to +80 millivolts has 
slower kinetics than calcium channel-induced release. Therefore, only the calcium 
channel gates the fast release of calcium from the sarcoplasrnic reticulum in the range 
of the action potential. 

I N h.LAMhlLALIAI-4 CARDIAC MYOCYTES, 

the release of Ca2+ from the sarcoplas- 
mic reticulum (SR) is controlled by 

Ca2+ influx through the Ca2+ channel (1-3) 
by Ca2+-induced Ca2+ release (4). This 
mechanism is specific to Ca2+ because Ca2+ 
can be released by rapid elevation of Ca2+ in 
skinned (4) or intact cardiac myocytes ( 5 ) ,  

and neither Na+ nor Ba2+ can substitute for 
Ca2+ in the release process when they are 
the charge carrier through the Ca2+ channel 
(2). As an extension of this scheme, it has 
been reported that the Na+ current can also 
trigger Ca2+ release (6) through subsar- 
colernrnal accumulation of Naf in quantities 
sufficient to reverse the Na+-Ca2+ exchang- 

er and allow Ca2+ to enter the cell and 
trigger Ca2+ release (6, 7). This could pro- 
vide a theoretical basis for a beat-to-beat 
regulation of Ca2+ release and contraction 
by the Na+ current via the ~ a + - C a ~ +  ex- 
changer. In this report, we examine the role 
of the Naf channel and Naf accumulation 
in the subsarcolernmal space in Ca2+ release. 

Rat ventricular myocytes were enzymati- . . 

cally isolated (8) and whole-cell voltage- 
clamped (9). Intracellular fura-2 (120 to 
200 kM) was used to monitor the intracel- 
lular Ca2+ activity. Fura-2 was excited at 
335 and 410 nm, and intracellular Ca2+ 
activity was determined from the ratio of the 
two fluorescence intensities, measured at 
520 nm (3). The external solution bathing 
the experimental cell was exchanged rapidly 
(20 to 100 ms) for short periods (usually 1 
to 5 s) with a concentration-clamp system, 
allowing minimal steady-state alteration of 
the cytosolic Na+ ind  Ca2+ concentrations. 

To examine the role of the Na+ current 
(I,,) in the release of Ca2+, we suppressed 
or abolished IN, by rapidly reducing extra- 
cellular Na+ from 142 to 10 mM (for about 
2 s) repeatedly at different potentials and 
analyzed the voltage dependence of intracel- 
lular Ca2+ transients in myocytes with an 
intracellular Naf concentration of 10 mM 
(Fig. 1). We chose 10 mM external Naf to 
set the equilibrium potential of Na+ (EN,) 
at about 0 mV during the experimental run. 
In a control solution (142 mM Naf ), depo- 
larization of the myocyte from - 80 to 0 mV 
activated both the Na+ and Ca2+ currents 
and a maximal Ca2+ release. Reduction of 
the Na+ concentration to 10 mM 0.5 to 1 s 
before the depolarization of the cell to 0 mV 
(EN, in test sblution) completely suppressed 
I,, but had no effect on the rate or magni- 
tude of Ca2+ release (Fig. 1, A and C). On 
the other hand, the smaller Ca2+ release in 
the control solution, triggered by depolar- 
ization of the myocyte to -50 mV, was 
abolished by the reduction of the Na+ con- 
centration to 10 mM (Fig. 1, A and C). 

The effects of rapid reduction of Naf 
were also examined at other membrane 
potentials, ranging from -50 to +60 mV 
(Fig. 1, B and D). Despite considerable 
suppression of the Na+ current, there was 
no significant difference in Ca2+ transients 
in high- and low-concentration Naf solu- 
tions except at potentials between -50 and 
- 30 mV, suggesting a very limited range of 
potential for the Na+ current-induced ef- 
fect. The results were highly reproducible (n 
= 7 cells) with only minor variations in the 
degree of suppression of the inward current 
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Fig. 1. The effect of extra- 
cellular Nai on inward cur- 
rent and intracellular CaZ+. 
(A and C) The effect of rap- 
id reduction of extracellular 
Naf on inward current and 
Ca2+ transients elicited by a 
100-ms depolarizing pulse 
from a holding potential 
(HP)of-80mVto -50or 
0 mV every 10 s. The exter- 
nal solution was changed 1 s 
before the clamp pulses 
from 142 to 10 mM Na+ by 
eauimolar substitution with 
c:+. The effect of Na+ 
withdrawal was tested only 
after a steady state of Ca2+ 
release had been reached af- 
ter three to five clamp puls- 
es. Similar results were ob- . - 
tained in seven cells. (B and 
D) The voltage-dependence 
of current (upper anel) and 
the change in Ca'+i (lower 
panel) in 142 mM and 10 
mM Na+ solutions. We cal- 
culated the change in intra- 
cellular Ca2+ concentration 
by subtracting peak intracellular Ca2+ concentration, measured at 100 ms after the onset of the clamp 
pulse, from the baseline intracellular CaZ+ concentration. The low-concentration Na+ solution was 
removed promptly after the pulse to minimk the change in SR Ca2+ loading. (O), 142 mM, and (O), 
10 mM external Na+; arrows indicate reversibility. (A) and (B) are from the same cell; (C) and (D) are 
from another cell. 

and CaZt transients in different myocytes 
(compare myocytes of Fig. 1, A and B, with 
myocytes of Fig. 1, C and D). These minor 
differences were thought to result from vari- 
ations in the degree of voltage control and 
Ca2+ loading of the SR. 

Similar results were obtained when tetro- 
dotoxin (TTX) was used to inhibit the Na+ 
current. Addition of 10 to 20 pM 'ITX 5 s 
before activation of the Nat channel caused 
complete suppression of the Na+ current at 
both -50 and 0 mV; in contrast, the Ca2+ 
transient was suppressed by 'ITX only at 
-50 mV, not 0 mV (Fig. 2A). Taken 
together, these results suggest that the Na+ 
influx and its possible accumulation cannot 
modify Ca2+ release when it is triggered by 
Ca2+ influx through the Ca2+ channel. 

The small and often variable Ca2+ tran- 
sients measured at -50 to - 30 mV could 
not be triggered by the direct interaction of 
NaC with the release channel because a large 
influx of Na+ through the Ca2+ channel in 
the absence of external Ca2+ was unable to 
elicit SR Ca2+ release (2). Influx of Ca2+ 
through TTX-sensitive Nat channels (lo), 
which would in turn trigger C,a2+ release, 
was also unlikely as the Ca2+ selectivity of 
Na+ channels is extremely low (1 1). Fur- 
thermore, the complete inhibition of the 
Ca2+ release transient at -50 mV by the 
reduction of the extracellular Na+ concen- 
tration (Fig. 1) indicates that Ca2+ influx 
through the Nat channel could not have 

been mediating the Ca2+ release process. 
To test whether transient accumulation of 

Na+ regulates the magnitude of Ca2+ re- 
lease, we substituted Li+ for Na+ just 0.5 s 
before the activation of Na+ channels. Be- 
cause Lit can easily permeate Na+ channels 
but is not transported by the Na+-Ca2+ 
exchanger (14, the possible involvement of 
Na+-Ca2+ exchangers in the Ca2+ release 
process could be evaluated. At either - 50 or 
0 mV, the currents through the Na+ chan- 
nel were almost identical, whether Na+ or 
Li+ was the charge carrier (Fig. 2B). At 
both potentials, however, the replacement 
of NaC with Li+ had no effect on the 
magnitude and the rate of activation of the 
Ca2+ transients. This finding suggests that 
the Ca2+ release at -50 mV is related to 
neither the influx of Na+ nor its accumula- 
tion in a subsarcolemmal space and the 
activation of the Na+-Ca2+- exchanger. The 
only noticeable effect of substitution of Na+ 
with Lit (Fig. 2B) or Cs+ (Fig. 1, A and C) 
on the Ca2+ transient is a slowing of Ca2+ 
removal, consistent with the well-docu- 
mented inhibition of Na+-Ca2+ exchange in 
Na+-deficient solutions (13). 

We examined the possibility that CaZt 
transients generated between - 50 and - 30 
mV were, in part, activated by inadequate 
voltage-clamp control which thereby acti- 
vated Ca2+ channels by testing whether the 
Ca2+ transients in this potential range could 
be suppressed by Ca2+ channel blockers. 

x g o  F 220- 

Fig. 2. The effect of TTX and LiC on inward 
current and the Ca2+ transient elicited at -50 and 
0 mv. In (A), 20 KM TIX was applied 5 s before 
the clamp pulses (100-ms clamp). (O), absence of 
TTX; (O),  presence of m[. Similar results were 
observed in five cells. In (B), an Li+ solution 
(completely replacing NaC) was applied 1 s before 
the clamp pulses. Traces were obtained before ( 0 )  
and after ( 0 )  replacement of external Naf with 
Li+. Similar results were observed in four cells. 
HP = holding potential. 

Cd2+ was used because this ion blocks the 
Ca2+ channel rapidly and reversibly without 
pcrmcating it (14). We applied Cd2+ (100 
p,M) to a ventricular myocyte 5 s before the 
depolarizing clamp pulses to -40 or 0 mV 
(Fig. 3A). CaZt transients were completely 
suppressed at both potentials, even though 
the Na+ current was not significantly altered 
in the presence of Cd2+. The suppression of 
Ca2+ release at 0 mV by Cd2+ was consis- 
tent with pre7:ious studies and supports the 
idea that the Ca2+ channel gates the release 
of Ca2+ in cardiac myocytes (1, 15). On the 
other hand, the suppression by Cd2+ of 
Ca2+ release at -40 mV without a signifi- 
cant effect on the Na+ current suggests that 
the Ca2+ current must have been partially 
activated at this potential, even though the 
clamp potential was set at -40 mV. Single- 
pipette whole-cell voltage clamping cannot 
adequately control the Na+ current (16), so 
part of the sarcolemmal or t-tubular mem- 
brane may have strayed significantly from 
the command potential during the Na+ 
spike (17), leading to a rapid activa- 
tion of a Ca2+ current masked by the much 
larger Nat current. Although Cd2+ at mil- 
limolar concentration inhibits Na+-Ca2+ ex- 
change (18), it has no effect on the exchang- 
er at 50 to 100 pM. Figure 3B confirms that 
100 p,M Cd2+ does not affect the entry of 
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Ca2+ through the Na+-Ca2+ exchanger 
during a 2 .5s  depolarizing pulse to + l o 0  
mV in myocytes pretreated with 5 mM 
caffeine to deplete their releasable Ca2+ 
pools, whereas 5 mM Ni2+ inhibits Ca2+ 
influx under such conditions (Fig. 3B) (18, 
19). These findings support the idea that the 
Ca2+ transient signals observed at -50 to 
-30 mV were generated secondary to acti- 
vation of Ca2+ channels rather than after 
activation of the Na+-Ca2+ exchanger. 

Next, we examined whether the entry of 
Ca2+ via the Na+-Ca2+ exchanger initiates 
Ca2+ release from the SR in cardiac myo- 
cytes. We tested this by either depolarizing 
the myocytes with long pulses to potentials 
positive to EN, and E,, (+SO to + l o 0  
mV), at which Ca2+ could enter the cell via 
only the Na+-Ca2+ exchanger, or lowering 
the extracellular Nat concentration to 10 
mM to accelerate Ca2+ entry via the ex- 
changer. Figure 4A illustrates the Ca2+ tran- 
sients in a myocyte when it was depolarized 
from -80 to + 100 mV for 1 s in the control 

Fig. 3. (A) The effect of 100 FM Cd2+ on inward 
current and the Ca2+ transient activated by a 
100-ms depolarizing pulse from -80 mV to -40 
and 0 mV. At both membrane potentials, the 
Ca2+ transients activated in the control solution 
(0) were completely abolished by Cd2+ ( 0 ) .  
Similar results were observed in four cells. (B) 
The effect of 100 pM Cd2+ ( 0 )  and 5 mM ~ i ' +  
(A) on Ca2+ influx through the ~ a +  -ca2+ ex- 
changer. ( 0 )  Indicates control traces. The Ca2+ 
transients were activated by a 2.5-s depolarizing 
pulse from -80 to + 100 mV in the presence of 5 
mM caffeine to abolish Ca2+ release from the SR. 
Similar results were observed in three cells. HP = 
holding potential. 

solution. Intracellular Ca2+ activity in- 
creased slowly for 200 to 700 ms, then 
became more rapid and decayed spontane- 
ously. The faster rise in intracellular Ca2+ 
activity was abolished by 5 mM caffeine, 
suggestive of the triggered release of Ca2+ 
from the SR. The slow increase, on the 

Fig. 4. (A) Membrane currents and Ca2+ tran- 
sients activated by a 1-s depolarizing pulse from 
-80 to +lo0 mV in the absence ( 0 )  or in the 
presence of 5 mM caffeine without ( 0 )  or with 
(A) 5 mM Ni2+. (B) The Ca2+ transients elicited 
by the Ca2+ current activated by repolarization 
from +80 to -80 mV (curve 1) and by a 0.7-s 
depolarizing pulse from -80 to +80 mV (curve 
2). (C) The effect of rapid reduction of external 
Na+ from 142 to 10 mM on the membrane 
current and the Ca2+ transient in a cell held at 
- 100 mV. HP = holding potential. The Na+ in 
the 10 mM solution was replaced with equimolar 
Cs+. Arrows indicate triggered release of SR 
Ca2+. 

other hand, represented the trans-sarcolem- 
mal Ca2+ influx through the Nat-Ca2+ 
exchanger as it persisted in the presence of 
caffeine and was stopped only by 5 mM 
Ni2+, which also suppressed a component 
of outward current related to Na+-Ca2+ 
exchange (18, 19). Figure 4B compares the 
Ca2+ release activated by the slow Ca2+ 
entry via the exchanger at +80 mV and that 
triggered by the Ca2+ entry through Ca2+ 
channels activated by repolarization of the 
membrane from +80 to -80 mV (1, 3). 
The Na+-Ca2+ exchange-triggered release 
was significantly slower but of equal magni- 
tude to that triggered by the Ca2+ current. 
Rapid reduction of extracellular Na+ from 
142 to 10 mM also elicited a slow rise in 
intracellular Ca2+, which was often followed 
by a faster rise in intracellular Ca2+ (Fig. 4C). 

These findings support the idea that the 
~ a + - C a ~ +  exchanger is capable of trans- 
porting sufficient'Ca2+ to induce Ca2+ re- 
lease but only under extreme experimental 
conditions. Even under favorable condi- 
tions, the slow onset (200 to 700 ms) and 
kinetics of release suggest a gating mecha- 
nism somewhat different from that induced 
by the Ca2+ channel. Furthermore, the abil- 
ity of the ~ a + - ~ a ~ +  exchanger to activate 
Ca2+ release following a slow and uniform 
elevation of intracellular Ca2+ (Fig. 4) ar- 
gues against the necessity for a subsarcolem- 
mal "fuzzy" space in which Na+ or "trigger" 
Ca2+ (or both) may accumulate (20). 

We conclude that Na+ influx through the 
Na+ channel and its accumulation do not 
initiate Ca2+ release, and that the Ca2+ 
channel gates the release of Ca2+ in the 
range of membrane potentials spanning the 
cardiac action potential. Our data support 
previous observations that show that Ca2+ 
may be released by an increase of Cai2+, 
either by influx of Ca2+ through the Ca2+ 
channel (1-3) or by its availability to the 
myoplasm through other pathways (4, 5 ) .  
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Tyrosyl Phosphorylation and Activation of MAP 
Kinases by p56'ck 

T cell signaling via the CD4 surface antigen is mediated by the associated tyrosyl 
protein kinase p56lCk. The 42-kilodalton mitogen-activated protein (MAP) kinase 
(p42""pk) was tyrosyl-phosphorylated and activated after treatment of the murine T 
lymphoma cell line 171CD4+, which expresses CD4, with antibody to  CD3. Treat- 
ment of the CD4-deficient cell line 1 7 1  with the same antibody did not result in 
phosphorylation o r  activation of ~ 4 2 " " ~ ~ .  Purified ~ 5 6 ~ ~  both tyrosyl-phosphorylated 
and stimulated the seryl-threonyl phosphotransferase activity of purified p44mpk, a 
MAP kinase isoform from sea star oocytes. A synthetic peptide modeled after the 
putative regulatory phosphorylation site in murine ~ 4 2 " ' ~  (Tyr18') was phosphoryl- 
ated by p56"k with a similar V,,, but a fivefold lower Michaelis constant (K,) than 
a peptide containing the Tyr394 autophosphorylation site from p561ck. MAP kinases 
may participate in protein kinase cascades that link Src family protein-tyrosyl kinases 
t o  seryl-threonyl kinases such as those encoded by rsk and raf, which are putative 
substrates of MAP kinases. 

M EMBERS OF A FAMILY OF n- 
rosyl-phosphorylated 42- to 45- 
kD seryl-threonyl kinases, known 

both as mitogen-activated protein (MAP) 
kinases and extracellular signal-regulated ki- 
nases ( E m s ) ,  have been implicated in a 
variety of cytokine signal transduction path- 
ways and in cell cycle control (1). Both 
p42"Opk (2) and ~ 4 3 " ~ '  (3) exhibit increased 
myelin basic protein (MBP) phosphotrans- 
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ferase activity after stimulation of quiescent 
mammalian cells with insulin and other mi- 
togens. The pMmpk is activated near the 
onset of germinal vesicle breakdown at M 
phase in maturing sea star oocytes (4). En- 
zymological and immunological character- 
ization of p42mapk, p43"k', and p44mpk SUP- 
ports their relatedness (3, 5), and primary 
sequence analysis has revealed at least 80% 
amino acid identity between these isoforms 
(6). Tyrosyl phosphorylation is required for 
activation of each of these MAP kinases (3, 
7, 8), but the responsible tyrosyl kinases 
have not been identified. 

Stimulation of Jurkat cells and normal 
N. Shastri, Department of Molecular and Cell Biology, human T cells with antibodies to CD3 and 
University of California, Berkeley, CA 94720. 

phorbol ester tumor promoters such as 
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tyrosyl phosphorylation of two proteins of 
42 and 43 kD, which were tentatively iden- 
tified as MAP kinases (9). CD4 is a cell 
surface glycoprotein that recognizes non- 
polymorphic regions of class I1 antigens of 
the major histocompatibility complex and 
potentiates the signal induced by stimula- 
tion of the CD3-T cell antigen receptor 
complex. A fraction of CD4 protein directly 
interacts with the CD3-T cell receptor com- 
plex (1 0). The functional importance of CD4- 
CD3-T cell receptor interaction is M e r  
supported by the observation that coaggrega- 
tion of CD3 and CD4 with monoclonal 
antibodies enhances CD3-mediated activa- 
tion of MAP kinase in Jurkat cells, although 
antibodies to CD4 alone failed to elicit stim- 
ulation of MAP kinase activity (9). The ty- 
rosy1 kinase p56Ick is physically associated 
with the cytoplasmic tail of CD4 via cysteine 
motifs (11) and is activated when CD4 is 
cross-linked with mbnoc~onal antibodies 
(12). T cell lines expressing CD4 protein with 
altered or truncated cytoplasmic tails are de- 
fective in CD4 signal transduction (13, 14). 

Mono Q ion-exchange chromatography 
of cytosol from the murine T lymphoma cell 
line 171CD4+ (13) resolved a peak of MBP 
phosphotransferase activity that was selec- 
tively stimulated after treatment of the cells 
for 5 min with monoclonal antibody 2 C l l  
to CD3 (anti-CD3) (Fig. 1A). When the 
Mona Q fractions surrounding this peak 
were probed on protein immunoblots with 
monoclonal antibody 4G10 to phosphoty- 
rosine, an irnrnunoreactive protein of 42 kD 
that cofractionated with the activated MBP 
kinase was evident only with extracts from 
cells treated with anti-CD3 (Fig. 1, B and 
C). A 44-kD phosphotyrosine-containing 
protein was detected in extracts from both 
untreated cells and those exposed to anti- 
CD3. Identification of the 42- and 44-kD 
phosphoproteins as MAP kinases was sup- 
ported by their immunoreactivity with &n- 
ity-purified rabbit polyclonal antibodies (an- 
ti-Erkl-CT) to a synthetic peptide patterned 
after the COOH-terminal 35 residues of rat 
p43'"' (6). Anti-Erkl-CT cross-reacted with 
purified preparations of sea star @4"pk, mu- 
rine p42"Opk, and human ~ 4 3 ' ~ '  (15). In 
Mono Q fractions from both control and 
anti-CD3-stimulated cells, anti-Erkl-CT re- 
acted intensely with protein bands of 41 and 
44 kD (Fig. 1, D and E). However, after 
treatment of cells with anti-CD3, proteins of 
42 and 45 kD were also detected. Such band 
shifts on SDS-polyacrylamide gels are typical 
consequences of protein phosphorylation. 
The simplest interpretation of these findings 
is that CD3-mediated stimulation of the T 
cells induced tyrosyl phosphorylation and ac- 
tivation of p42"Opk, but a 44-kD MAP kinase 
was already tyrosyl-phosphorylated in un- 
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