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Calmodulin Trapping by Calcium-Calmodulin- 
Dependent Protein Kinase 

Tobias Meyer,Vhyllis I. Hanson, Lubert Stryer, 
Howard Schulmant 

Multifunctional calcium-calmodulin-dependent protein kinase (CaM kinase) transduces 
transient elevations in intracellular calcium into changes in the phosphorylation state and 
activity of target proteins. By fluorescence emission anisotropy, the affinity of CaM kinase 
for dansylated calmodulin was measured and found to increase 1000 times after autophos- 
phorylation of the threonine at position 286 of the protein. Autophosphorylation markedly 
slowed the release of bound calcium-calmodulin; the release time increased from less than 
a second to several hundred seconds. In essence, calmodulin is trapped by autophospho- 
rylation. The shift in affinity does not occur in a site-directed mutant in which threonine at 
position 286 has been replaced by a non-phosphorylatable amino acid. These experiments 
demonstrate the existence of a new state in which calmodulin is bound to CaM kinase even 
though the concentration of calcium is basal. Calmodulin trapping provides for molecular 
potentiation of calcium transients and may enable detection of their frequency. 

Multifunctional CaM kinase is a ubiqui- 
tous mediator of Ca2+ effects in neurotrans- 
mission, neuronal plasticity, ion channels, 
and carbohydrate metabolism ( I ) .  CaM 
kinase constitutes up to 1% of total brain 
protein and 2% of hippocampal protein, 
and its concentration in synaptic spines is 
roughly comparable to that of total calmod- 
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ulin (2). Neuronal CaM kinase consists of 
a (54 kD) and P or P' (60 or 58 kD) 
subunits in -10 subunit multimers. Each 
isoform has a catalytic domain, a regulatory 
domain consisting of an autoinhibitory and 
a calmodulin-binding region, and an asso- 
ciation (oligomerization) domain. Each sub- 
unit of the kinase becomes activated when 
Ca2+-calmodulin binds to and dis~laces the 
autoinhibitory domain from its active site. 
The activated kinase further disruuts the 
interaction of the autoinhibitory region with 
the catalytic site by phosphorylating ThrZs6 
and ThrZs7 of the a and p subunits, respec- 
tively. After dissociation of calmodulin from 
an autophosphorylated CaM kinase, the 

modified subunit remains partially active 
(termed autonomous). Subsequent Ca2+-in- 
dependent autophosphorylation occurs 
within the vacated calmodulin-binding re- 
gion; these phosphorylated residues are 
termed inhibitory sites because their modifi- 
cation blocks the binding of calmodulin and 
therebv Drevents maximal activation. , . 

We have investigated the effect of auto- 
phosphorylation of CaM kinase on binding 
and release of calmodulin by the technique 
of fluorescence emission anisotropy (3) with 
dansylated calmodulin (CaMF) as a probe 
(4). The rotational mobility of CaMF can 
be assessed by exciting with vertically po- 
larized light and measuring differences in 
emission of vertically (Fv) and horizontally 
(F,) polarized light. The emission anisot- 
ropy is defined as A = (Fv - F,)I(Fv + 
2FH). The value of A increases when cal- 
modulin (17 kD) binds to CaM kinase 
(-600 kD) because the rotational mobility 
of the fluorescent probe is markedly de- 
creased. The binding of Ca2+ to CaMF in 
tkie absence of CaM kinase resulted in a 
small decrease in anisotropy (Fig. 1). Sub- 
sequent addition of purified rat brain CaM 
kinase (5) in the absence of adenosine 
triphosphate (ATP) led to a large increase 

I I 
0 60 120 180 240 300 

Time (s) 

Fig. 1. Time course of binding and release of 
dansylated CaM from CaM kinase. The buffer 
solution contained 5 mM Mg2+, 50 mM potas- 
sium acetate, and 15 mM Hepes (pH 7, adjust- 
ed with KOH). Increasing the free Ca2+ con- 
centration from 100 n M  to 200 JLM decreases 
the fluorescence anisotropy of CaMF (20 nM) 
slightly from 0.054 to 0.040. Addition of an 
excess of CaM kinase (60 nM binding sites) 
markedly increases the fluorescence anisot- 
ropy to 0.1 2. This increase is due to the binding 
of CaMF to the large CaM kinase oligomer. 
When the free Ca2+ concentration is lowered to 
less than 100 n M  by addition of 3 rnM EGTA, 
the fluorescence anisotropy drops rapidly to 
0.054, the value characteristic of free CaMF 
without bound Ca2+. 
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Fig. 2. Dissociation kinetics of CaMF in the A CaM 
presence and absence of ATP. (A) Release of 
CaMF (20 nM) after the addition of an excess of 
unlabeled CaM (-300 nM). Ca2+ (50 pM), 
CaMF, and CaM kinase (18 nM binding sites) 
were preincubated with or without ATP (+ATP 
or -ATP) for 60 s. &,, is the anisotropy level 

4 h J  
-ATP 

before kinase addition. (6) Rapid mixing stud- - 
ies to resolve the subsecond CaMF dissociation - 60 s 
kinetics in the absence of ATP were performed 2 6 
by filling one syringe with 50 pM Ca2+, 100 n M  " 
CaMF, and 120 n M  CaM kinase and the other .8 +Ca2+ 
one with either 2 mM EGTA or 50 pM Ca2+ and 5 
2 pM unlabeled CaM. Data are the average of 
12 experiments performed with the same instru- j hIn ment and a Hi-Tech SFA-II stop-flow device. In 0 I 
these measurements, the integration time of the l ime (s) 
signal was 25 ms. (C) Release of bound CaMF 
on lowering free Ca2+ to 200 n M  (in combina- C 
tion with an excess of CaM). &,, is here the 
steady-state anisotropy after addition of Ca2+ 
and EGTA. For these experiments, the maximal 
anisotropy level (&,) is defined relative to the 
final anisotropy level (&,,): &, = &,, + AA. 
This is because the addition of EGTA leads to a 
slight increase of the anisotropy of unbound 
CaMF (Fig. 1). AA is determined from the initial -ATP 

60 s 
anisotropy difference when kinase was added to Ca2+-CaMF. 

in anisotropy, which is indicative of the 
binding of CaMF to the oligomeric CaM 
kinase. Addition of EGTA to lower the free 
Ca2+ concentration to less than 100 nM 
(6) led to the dissociation of CaM, as 
shown by the reversal of the increase in 
anisotropy. 

How is the rate of calmodulin dissocia- 
tion affected by exposure to ATP? Incuba- 
tion of CaM kinase with Ca2+-CaMF and 
ATP leads to the virtually irreversible bind- 
ing of calmodulin (Fig. 2A). At high Ca2+ 
concentration, labeled CaMF does not sub- 
stantially exchange for unlabeled calmodu- 
lin in hundreds of seconds. In the absence 
of ATP, however, the exchange rate is 
rapid and can be resolved in stopped-flow 

measurements (Fig. 2B). CaMF exchanges 
for unlabeled calmodulin in 460 ms (63% 
exchanged). CaMF is also rapidly released 
when the free Ca2+ concentration is low- 
ered by the addition of EGTA (Fig. 1). 
CaMF then dissociates in 170 ms (Fig. 2B). 
CaM kinase that has been preincubated 
with ATP also releases CaMF slowly when 
Ca2+ concentrations are decreased. At 200 
nM free Ca2+, CaMF dissociates in 20 s 
(Fig. 2C). We measured the dependence of 
the dissociation time for calmodulin for 
samples that were previously incubated ei- 
ther with or without ATP at a high Ca2+ 
concentration. Prior exposure to ATP in- 
creases the dissociation time of calmodulin 
100- to 1000-fold, depending on the final 
Ca2+ concentration. In the absence of 
ATP, the dissociation time of calmodulin is 
much faster and depends only slightly on 
the final Ca2+ concentration. Thus, cal- 
modulin cannot dissociate from kinase that 
was incubated with ATP unless the Ca2+ 

Table 1. Binding of dansylated calmodulin to 
a-CaM kinase. 

a-CaM l/ko, k M Kd 
kinase (s) - 1  (nM) 

-3 
P = 
c 102 
E - - 
5 - 
C it 101 

m - 
u 

5 
0 100 

10-1 

Unphos- +Ca2+ 0.46 1.5 x lo8 14.5 
phorylated 

-Ca2+ 0.17 
Phospho- +Ca2+ >I000 0.5 x lo8 <0.02 

rylated 
at ThrzE6 -Ca2+ 10 

concentration drops back to basal (-100 
nM) for at least 10 s (Fig. 3). At higher 
Ca2+ concentrations or in shorter times, 
calmodulin remains trapped. 

The same kinetic method enabled us to 
measure the rate at which CaMF bound to 
ATP-treated and untreated CaM kinase 
and thereby to deduce the dissociation con- 
stants of the complexes. On-rate constants 
were about 0.5 x 10' M-' s-' after incu- 
bation with ATP and 1.5 x los M-' s-' 
without ATP (7). Hence, the affinity of 
CaMF increases about 1000-fold after expo- 
sure to ATP, from 15 nM to less than 20 
pM (Table 1). Competitive binding studies 
demonstrated that trapping is not confined 
to dansylated calmodulin and that unla- 
beled calmodulin can also be trapped (8). 

Is the trapping of calmodulin caused by 
the binding of ATP or by the consequent 
autoph~sphor~lation of the kinase? Trap- 
ping cannot be induced by incubation with 
adenosine p, y-imidoadenosine-5'-triphos- 
phate, a hydrolysis-resistant analog of ATP. 
Once trapped, calmodulin remains bound 
when ATP is rapidly depleted by addition 
of hexokinase and glucose (9). This implies 
that a persistent ATP-mediated modifica- 

lo1 I@ I* Io4 absence of ATP. These data points were measured by 
Ca2+ (nM) rapid-mixing as described in Fig. 28. 

?' 
.re 
1 

;I./* 

-ATP 
/ ;-./ . . . . . . a .  I . . . ..... I . . . .,, 

Table 2. Dissociation constants of complexes 
between Ca2+-calmodulin and target proteins 
(77). 

Target proteins Kd (nM) 

Fig. 3. Ca2+ dependence of the dissociation time of 
CaMF from its complex with the kinase. Dissociation 
kinetics were measured in experiments similar to those 
in Fig. 2C after the combined addition of 300 n M  
unlabeled CaM and various Ca2+/EGTA ratios (2 mM 
final EGTA) to CaMF (20 nM) and kinase (18 n M  sites). 
The inclusion of 300 n M  unlabeled calmodulin in- 
creases the amount of released CaMF at intermediate 
Ca2+ concentrations. The time constants on the y axis 
correspond to the times required for dissociation of 
63% of bound CaMF (Ilk,,). The upper curve gives the 
dissociation times following preincubation with ATP. 
The lower curve gives the dissociation times in the 

Neuromodulin* 
CaM kinase, unphosphorylatedt 
Phosphorylase kinase* 
Adenylate cyclase 
Calcineurin 
Ca2+-ATPase pump (plasma 

membrane) 
MARCKS 
Myosin light chain kinase (smooth 

muscle) 
Cyclic AMP phosphodiesterase 
CaM kinase, autonomous 

*This affinity is independent of calcium level. +The 
threefold lower affinity of a-CaM kinase for calmodulin 
is shown instead of the one for CaMF. It is assumed 
that the shifi in K,, between calmodulin and CaMF is 
similar for phosphorylated and unphosphorylated 
CaM kinase. *Two calmodulin are needed for 
maximal activation, the first calmodulin is a subunit of 
phosphorylase kinase. 

1200 SCIENCE VOL. 256 22 MAY 1992 



4-K' Wild type 

- 
30 s 

Fig. 4. Trapping of CaMF by recombinant CaM 
kinase. (A) Wild-type a-CaM kinase (-12 n M  
sites) was preincubated for 30 s with 15 n M  
CaMF either with 200 pM ATP (+ATP) or without 
ATP (-ATP). The free Ca2+ concentration was 
then lowered from 200 pM to 100 n M  by addi- 
tion of EGTA to initiate dissociation. (B) Mutant 
kinase containing AlaZE6 instead of ThrZE6 was 
preincubated with or without ATP trapping and 
examined as above. (C) a-CaM kinase (1 -326), 
a monomeric CaM kinase expressed in COS-7 
cells and purified, autophosphorylates its au- 
tonomy site during a preincubation with ATP 
only at a high monomer concentration. Trap- 
ping exhibits a similar concentration depen- 
dence. There is little trapping following a 30-s 
preincubation of monomeric a-CaM kinase (1 - 
326) at a low concentration (-12 nM) (L). 
Almost complete trapping does occur after a 
similar preincubation of monomer at a high 
concentration (-200 n M  sites) for 2 min (H). 

tion is necessary for trapping. A candidate 
for this process is autophosphorylation of 
the autonomy site (ThrZs6 on a-CaM ki- 
nase) (1 0, 1 1). 

Site-directed mutants of CaM kinase 
were used to test this hypothesis. Recombi- 
nant wild-type CaM kinase ( a  isoform) 
purified from transfected COS cells (12) 
shows virtually the same ATP-mediated 
trapping as does CaM kinase purified from 
brain kinase (Fig. 4A). Mutants in which 
ThrZs6 is replaced by an amino acid that 
cannot be phosphorylated, such as alanine 
(AlaZE6 a-CaM kinase), have wild-type lev- 
els of Ca2+-stimulated activity toward ex- 
ogenous substrates but do not exhibit Ca2+- 
independent activity (1 2, 13). Trapping is 
not observed in the AlaZE6 a-CaM kinase 
mutant (Fig. 4B). Phosphorylation of the 
autonomy site is therefore necessary for 
calmodulin trapping. Does trapping depend 
on the oligomeric structure of CaM kinase, 
or might a phosphorylated monomer suf- 

fice? A monomeric a-CaM kinase was gen- 
erated by deleting the oligomerization do- 
main (1 4). Figure 4C demonstrates that the 
~hos~horvlated monomeric mutant can . . ,  
trap calmodulin. Hence, each of the eight 
to ten calmodulin traps of a multimer is 
controlled by whether its own autonomy 
site is phosphorylated. 

Autophosphorylation of ThrZs6 has been 
shown to confer partial activity on CaM 
kinase in the absence of bound Ca2+-cal- 
modulin (1 1-1 3, 15). The presence of a 
phosphate moiety within the autoinhibitory 
domain of the kinase allows it to maintain 
activitv even when s t r i ~ ~ e d  of calmodulin. 

.A 

Here we show that autophosphorylation 
also markedly increases the affinity of CaM 
kinase for calmodulin. The dissociation of 
calmodulin from CaM kinase after a de- 
crease in the concentration of Ca2+ is more 
than 100-fold slower for the phosphorylated 
than for the unphosphorylated enzyme., Is 
this slowed dissociation reflected in pro- 
longed calmodulin-stimulated kinase activ- 
ity after chelation of Ca2+ from the auto- 
phosphorylated kinase? Without autophos- 
phorylation, CaM kinase is rapidly deacti- 
vated when the Ca2+ concentration is 
decreased to 10 nM. Average kinase activ- 
ity measured during the first 10 s after 
chelation of Ca2+ drops from the stimulat- 
ed level of 100% to 5.5 2 0.8% (n = 4). By 
contrast, activity remains at 85 2 8% (n = 
6) of maximal during the first 10 s if Ca2+ is 
lowered after autophosphorylation has oc- 
curred. Activity in this trapped state is 
higher than the autonomous activity (activ- 
ity of the autophosphorylated kinase after 
complete dissociation of CaMF), which un- 
der these conditions was 38 2 6% (n = 4). 

These experimental data demonstrate 
the existence of a new state in which CaM 
stays bound even though the Ca2+ level has 
returned to baseline. This new state is likelv 
to be biologically significant for several 
reasons: (i) Trapping allows the kinase to 
maintain full activity for many seconds after 
Ca2+ declines to basal levels. This mecha- 
nism may be of particular importance in the 
potentiation of brief ( < I  s) Ca2+ tran- 
sients. (ii) Many systems respond to hor- 
monal stimuli with an initial rapid rise in 
Ca2+ that is followed by a longer period in 
which Ca2+ declines to a plateau level that 
is higher than basal. Under these circum- 
stances, kinase activity would be prolonged 
even further. because at intermediate Ca2+ 
concentrations calmodulin is trapped for 
tens of seconds (Fig. 3). (iii) Finally, cal- 
modulin trapping masks the inhibitory 
phosphorylation site and thus delays the 
formation of an enzyme that is refractory to 
further stimulation by Ca2+-calmodulin. 

A new consequence of trapping would 
come into play if calmodulin is limiting 
(16). This condition could result from 

Ca2+ concentrations that do not saturate 
calmodulin, from Ca2+ pulses that are too 
short to permit the attainment of equilibri- 
um, or from calmodulin concentrations 
that are locally lower than the concentra- 
tion of calmodulin-binding sites. It is re- " 
vealing to compare the affinity of dephos- 
phorylated and phosphorylated CaM kinase 
for Ca2+-calmodulin with that of other 
calmodulin-binding proteins (Table 2). De- 
phosphorylated CaM kinase has one of the 
lowest affinities for calmodulin, whereas 
CaM kinase phosphorylated at the autono- 
my site has the highest. How might nature 
exploit this large shift in affinity? Consider a 
calcium spike that elicits only partial occu- 
pancy of the calmodulin-binding sites of 
CaM kinase and hence submaximal activa- 
tion of the kinase. As Ca2+ declines, auto- 
phosphorylated subunits transit through a 
highly active trapped state and then a less 
active calmodulin-free autonomous state be- 
fore dephosphorylation and return to the 
basal state. At a low frequency of stimula- 
tion, each Ca2+ spike would produce the 
same submaximal activation of CaM kinase. 
If the frequency of Ca2+ transients is high, 
however, trapped calmodulin will not signif- 
icantly dissociate between spikes. At each 
successive spike, the kinase will recruit ad- 
ditional calmodulin molecules that dissoci- 
ate from other calmodulin-binding proteins 
and thereby become increasingly activated. 
Thus trapping, in addition to potentiating 
brief repetitive Ca2+ signals, may enable the 
kinase to detect their frequency. 
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A Mutant of TTX-Resistant Cardiac Sodium 
Channels with TTX-Sensitive Properties 

Jonathan Satin,* John W. Kyle, Michael Chen, Peter Bell, 
Leanne L. Cribbs, Harry A. Fozzard, Richard B. Rogart 

The cardiac sodium channel a subunit (RHI) is less sensitive to tetrodotoxin (mo and 
saxitoxin (STX) and more sensitive to cadmium than brain and skeletal muscle (KI) 
isoforms. An RHI mutant, with Tyr substituted for Cys at position 374 (as in p,I) confers three 
properties of m(-sensitive channels: (i) greater sensitivity to m( (730-fold); (ii) lower 
sensitivity to cadmium (28-fold); and (iii) altered additional block by toxin upon repetitive 
stimulation. Thus, the primary determinant of high-affinity m(-STX binding is a critical 
aromatic residue at position 374, and the interaction may take place possibly through an 
ionized hydrogen bond. This finding requires revision of the sodium channel pore structure 
that has been previously suggested by homology with the potassium channel. 

T w o  classes of Na+ channel subtypes (1) 
have been distinguished by their sensitivity 
to T T X  and STX. Sodium channels in 
brain and innervated skeletal muscles that 
are TTX-sensitive (TTX-S) are blocked by 
nanomolar concentrations of TTX (2) , 
whereas TTX-resistant (TTX-R) Na+ 
channels in heart and denervated skeletal 
muscle are blocked by micromolar concen- 
trations of TTX (3, 4). Molecular cloning 
and expression of Na+ channel cDNAs 
show multiple isoforms of Na+ channels 
that are encoded by a multigene family in 
mammals (5) , where a difference in primary 
structure accounts for the possession of 
TTX-S or TTX-R properties (6, 7). 

Molecular studies have provided infor- 
mation that locates the structural domain 
where TTX and STX bind to and block the 
Na+ channel, thereby identifying the ex- 
ternal entrance to the channel pore. The 
SS2 domain (Fig. 1) is a seven-amino acid 
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segment that forms part of the external loop 
that connects membrane-spanning units S5 
and S6. In the Brain I1 Na+ channel, substi- 
tution of GldE7 with Gln in SS2 of the first 
(NH2-terminal) repeat abolished sensitivity 
to TTX and STX (8, 9). In K+ channels, 
mutagenesis of a region analogous to SS1 and 
SS2 (Fig. 1) modifies pore properties, includ- 
ing sensitivity to external blocking agents 
acting like TTX and STX (1 0). 

Two of the seven amino acids in SS2 of 
the first NH2-terminal repeat differ between 
the RHI (1 1) and the TTX-S Na+ channel 
isoforms (Fig. 1). We mutated these two 
positions (12) to the corresponding amino 
acids found in the TTX-S skeletal muscle 
Na+ channel isoform ( ~ 1 ) .  We determined 
the TTX and STX sensitivity for the RHI 
Arg377 + Asn mutant, where substitution 
of the positively charged Arg with a neutral 
Asn was predicted to restore TTX and STX 
sensitivity to the RHI Na+ channel (8). 
The Na+ current (I,,) was elicited by a 
7-ms de~olarization to -10 mV in the 
presence of various concentrations of TTX 
(Fig. 2). Single-site dose-response curves 
for blockage of I,, by toxin for the wild- 
type RHI and the Arg377 + Asn mutant are 
best fit with apparent dissociation constants 
(Kd) for TTX of 0.95 pM and 7.58 pM, 
respectively (Fig. 3A); the Kd)s for STX are 
91 nM and 184 nM, respectively. Thus, the 
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