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Such detailed experimental information 
is hardly accessible with transient absorp- 
tion or other purely optical techniques that 
have been used to time-resolve electron dy- 
namics in bulk materials (1 1,  12). It is one 
of the great virtues of time-resolved photo- 

Calcium Signaling: Up, Down, Up, 
electron spectroscopy from two-dimen- Down .... What's the Point? 
sional systems that by measuring the kinetic 
energy, 'the emissionangle and possibly also 
the spin of the emitted photoelectron, one 
is able to completely determine the time 
evolution of its quantum state before ejec- 
tion. On the picosecond time scale, these 
capabilities have been applied most success- 
fully at semiconductor surfaces (1 3, 14). Re- 
cent progress toward a time resolution of 10 
fs and the investigation of coherence phe- 
nomena have opened up many possibilities 
(10, 15, 16). The work by Ge et d. might 
very well mark the point where this power- 
ful probe for ultrafast electron dynamics is 
applied to areas of research that are not di- 
rectly connected to the physics and chemis- 
try of surfaces. 

In chemistry and biology, for example, 
the interplay between localization and delo- 
calization of weakly bound electrons is cru- 
cial for electron transfer reactions in large 
molecules such as ~hotosvnthetic reaction 
centers. Furthermore, self-trapping phe- 
nomena are im~ortant  in the dvnamics of 
solvated electrons (that is, excess electrons 
in liquids that are used as models for study- 
ing the chemical physics of solvation). 
And, quite generally, there is a close rela- 
tion between the theory of polarons and 
the electron transfer theory of Marcus 
(17). In terms of technological applica- 
tions, small polarons are believed to play 

James W. Putney Jr. 

T h e  simple, ionized form of the element 
calcium belies its value as a key carrier of 
information in cells. Just over a decade ago, 
this messenger was first seen: Calcium-sensi- 
tive photoproteins and fluorescent dyes al- 
lowed scientists to track calcium concentra- 
tions in the cytoplasm of single, living cells 
in real time and as they responded to outside 
cues (1). In neurons and other excitable 
cells, where calcium channels are opened by 
membrane depolarization, it was not surpris- 
ing that intracellular calcium concentra- 
tions rose and fell along with the cyclical 
depolarizations associated with action po- 
tentials. However, it came as something of a 
shock that, even in nonexcitable cells, hor- 
mone stimulation triggered a series of pulses 
of calcium inside cells, superimposed on a 
baseline level (2). 

Two fundamental questions remain: How 
do these oscillations arise? And what is their 
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function (3)?  From years of research, some- 
thing is known about the answer to the first 
question, but the answer to the secod- 
what the oscillations are actually doing- 
has remained a mystery. Now, an elegant 
and creative experimental approach to un- 
derstanding how molecules decode intrac- 
ellular calcium oscillations is described in 
a report by De Koninck and Schulman on 
page 227 of this issue (4). 

Calmodulin-dependent protein kinase I1 
(CaM kinase 11) is a ubiquitous enzyme target 
of calcium signaling pathways. I t  is not di- 
rectly activated by calcium, but rather re- 
sponds to another ubiquitous molecule, cal- 
modulin, but only when in its calcium-bound 
form (calcium-calmodulin). The kinetics of 
this interaction are complex. In addition to 
acute activation of the enzyme resulting in 
phosphorylation of appropriate protein sub- 
strates, association of calcium-calmodulin 
also catalyzes the autophosphorylation of 
CaM kinase I1 (3, with the result that the 
enzyme "traps" calmodulin and continues to 
be active even after calcium levels decline 
(6). In this state, the enzyme becomes au- 
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tonomous and can be said to have a short- 
term molecular "memory" that could sustain 
its activity between repetitive oscillations 
in intracellular calcium levels. This property 
could thus impart the complex, nonlinear be- 
havior of the enzyme in response to the digi- 
tal and cvclical activation associated with 
intracellular calcium oscillations. The poten- 
tial for such behavior has been demonstrated 
in computer simulations (7). Until the cur- 
rent studv. however. this nonlinear behavior , . 
has not been demonstrated experimentally. 

In the approach used by De Koninck and 
Schulman, the CaM kinase I1 enzyme is im- 
mobilized on the inner surface of a section 

expect, shorter pulse durations required 
greater frequencies for activation, but once 
the threshold was achieved, the steepness of 
the frequency activation curve was much 
greater. In other words, it is possible to prime 
the system with calcium bursts of a given fre- 
quency and subsequently to maintain the re- 
sponse level with signals of substantially 
lower frequency. An important feature of 
these results is that the pulse durations and 
oscillation frequencies to which CaM kinase 
I1 can respond span a broad range, from rapid, 
action potential-dependent spiking associ- 
ated with synaptic transmission in the brain 
to the slower but much broader waves and os- 
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Calcium rollercoaster. (Top) At low fre- 
quency, there is no incremental rise in en- 
zyme activity because the kinase fully 
deactivates between spikes. At high fre- 
quency, the kinase cannot fully deacti- 
vate which ratchets up the activity. Inset: 
a CaM kinase II subunit either deacti- 
vates slowly if autophosphorylated, or 
quickly if unphosphorylated. (Right)After 
a series of high frequency CaZ+ spikes, 
the kinase (shown as a hexamer) is auto- 
phosphorylated (P on dark gray subunit). 
As the Ca2+ declines, calmodulin (small 
dots) dissociates but the subunit remains 
active (light gray). Additional phosphoryl- 
ation occurs at the next Cap+ pulse, 
but more readily because the calmodulin 
binds to a subunit that is already active. 
This continues until the enzymgissma3i; 
rnally phosphorylated. *.I  . : 

of polyvinyl chloride tubing, so that cal- 
cium-calmodulin-containing or calcium- 
calmodulin-free solutions can be altema- 
tively perfused, producing rapid and con- 
trolled changes in the levels of the activa- 
tor complex. Perfusion with calcium- 
calmodulin-containing solutions induces 
autonomous activation of the enzyme, mea- 
sured as kinase activity that persists even in 
the absence of the activating principles. 

With this system, De Koninck and 
Schulman make a number of intriguing 
observations. Regardless of the calcium- 
calmodulin pulse duration, autonomous ac- 
tivation of CaM kinase I1 increased steeply 
as a function of frequency. As one might 
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cillations of nonexcitable cells. 
Why does the cell use these calcium 

pulses to control downstream targets instead 
of seemingly simpler steady-state- calcium 
levels? Speculation has focused on the ad- 
vantages of a digitally encoded signal (all or 
none pulses) for favorable "signal-to-noise" 
ratios (3). By relying on large, discrete digi- 
tal events (intracellular calcium spikes), 
cells can readily distinguish an "intentional" 
calcium signal from potentially spurious 
wanderings of the steady-state, cytoplasmic 
calcium concentration. Indeed, in the 
brain, bursts of electrical activity are more 
readily perceived as signals than are action 
potentials that amve singly (8). In addition, 

a much broader range of signal strengths can 
potentially be distinguished with a digitally 
encoded system, because the baseline value 
is essentially zero. For example, agonists can 
sometimes activate gene expression in re- 
sponse to extremely low concentrations of 
peptide hormones that are known to act 
through the phospholipase C-calcium path- 
way (9). In such cases, however, the ex- 
tremely low-frequency oscillations one might 
expect would be unlikely to result in autono- 
mous activation of CaM kinase 11, but pulsa- 
tile activation of the enzyme could produce 
integrated phosphorylation of other proteins 
whose rates of dephosphorylation are very 
slow. Thus, the kinetic properties of CaM 
kinase I1 are well suited for detecting and, 
more important, qualitatively distinguishing 
acute, moderate- to high-freauencv oscilla- 
tions from chronic, 1ow;r freqiency'signals. 
CaM kinase I1 can immediately integrate 

or decode frequency-encoded inkaceiular 
calcium signals. Oscillating calcium signals 
mav also be decoded bv other means. For 
example, mitochondria can apparently se- 
lectively sense and integrate intracellular 
bursts of calcium release because of their in- 
timate s~atial association with the calcium 
release sites in the endoplasmic reticulum 
and their ability to retain accumulated cal- 
cium for prolonged periods (10). And in 
some instances, the final cellular output or 
response may retain the oscillatory behavior 
of the initial calcium signal; that is, no inte- 
gration may occur. For example, secretory 
rates in single pituitary cells appear to track 
hormone-induced intracellular calcium os- 
cillations ( 1 1 ). 

The breadth of functions controlled bv 
calcium is sizable, ranging from subsecond 
secretory and contractile events, to the ini- 
tiation of cell division or cellular apoptosis 
requiring several hours. Thus, it should not 
be surprising that the kinetics of intracellu- 
lar calcium signaling similarly exhibit sig- 
nificant variation in patterns and mecha- 
nisms of recognition. 
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