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Ca®*/calmodulin-dependent protein kinase II (a«CaMKII) is
thought to exert its role in memory formation by autonomous
Ca’*-independent persistent activity conferred by Thr**® auto-
phosphorylation, allowing the enzyme to remain active even
when intracellular [Ca®*] has returned to resting levels. Ca®*
sequestration-induced inhibition, caused by a burst of Thr?0%/30¢
autophosphorylation via calmodulin (CaM) dissociation from
the Thr?%%/3% sites, is in conflict with this view. The processes of
CaM binding, autophosphorylation, and inactivation are dis-
sected to resolve this conflict. Upon Ca®>* withdrawal, CaM
sequential domain dissociation is observed, starting with the
rapid release of the first (presumed N-terminal) CaM lobe,
thought to be bound at the Thr3°*/3%¢ sjtes. The time courses of
Thr3°%/3% autophosphorylation and inactivation, however, cor-
relate with the slow dissociation of the second (presumed C-ter-
minal) CaM lobe. Exposure of the Thr3°>/3%¢ sites is thus not
sufficient for their autophosphorylation. Moreover, Thr°>/30¢
autophosphorylation and autoinactivation are shown to occur
in the continuous presence of Ca®>* and bound Ca>*/CaM by
time courses similar to those seen following Ca®* sequestration.
Our investigation of the activity and mechanisms of phospho-
Thr,ge-aCaMKII thus shows time-dependent autoinactivation,
irrespective of the continued presence of Ca?* and CaM,
allowing a very short, if any, time window for Ca®>*/CaM-free
phospho-Thr*#¢-aCaMKII activity. Physiologically, the time-
dependent autoinactivation mechanisms of phospho-Thr?8¢-
aCaMKII (¢, of ~50 s at 37 °C) suggest a transient kinase
activity of ~1 min duration in the induction of long term
potentiation and thus memory formation.

Ca?"/calmodulin-dependent protein kinase II («CaMKII)*
is essential in hippocampal learning and N-methyl-p-aspartate
receptor-dependent synaptic plasticity, causing long term
potentiation (1, 2). The exact mechanisms of aCaMKII in
memory functions have not yet been identified.
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aCaMKIl is a broad specificity Ser/Thr protein kinase, which
catalyzes the phosphorylation of over 100 protein and peptide
substrates in vitro (3). Uniquely, the CaMKII family possesses
two distinct kinase mechanisms. The first mechanism is a
“canonical” intrasubunit phosphorylation, commonly found in
monomeric kinases, in which the phosphorylatable residue of
the substrate bound to the helical subdomain of the catalytic
domain at the active site is lined up with the terminal phosphate
of ATP (4). Although there is a large number of potential
“canonical” substrates for «CaMKII at the synapse (5), so far
AMPA receptors have been shown to be possible physiological
substrates of «CaMKII (6). For the purpose of this study, syn-
tide 2, a commonly used peptide substrate derived from phos-
phorylation site 2 of glycogen synthase (7), was chosen.

The second mechanism, intersubunit autophosphorylation,
takes advantage of the oligomeric organization of CaMKII (8).
The most important autophosphorylation site in the o isoform
is Thr?®®, which resides in the vicinity of the autoinhibitory
domain (9). Peptide substrates with homologous sequences to
this region have been reported to be phosphorylated by
aCaMKII. This, however, occurs with a low V.., and these
substrates show properties of a non-competitive inhibitor with
respect to phosphorylation of “canonical” substrates (10) and of
Thr?®® autophosphorylation itself (11). Examples of such sub-
strates include autocamtide, a peptide substrate derived from
the autoinhibitory region (12) and the NR2B subunit of the
N-methyl-p-aspartate receptor, which has been identified as a
potential physiological target of phospho-Thr***-aCaMKII at
the postsynaptic membrane (13). The possible physiological
significance of NR2B phosphorylation is not yet known. There
is evidence to suggest that Thr?*¢ autophosphorylation is
required to achieve full activity of the enzyme, since the
unphosphorylatable T286A mutant enzyme has much dimin-
ished activity compared with wild type enzyme (14, 15).

Thr?®¢ autophosphorylation causes CaM “trapping,” a >10*-
fold increase in the affinity of «CaMKII for Ca**/CaM (16 —18).
At the same time, Thr?#¢ autophosphorylation is also attributed
to confer Ca”>*- and CaM-independent persistent “autono-
mous” kinase activity to aCaMKII. However, due to the
extremely high affinity of phospho-Thr,g,-aCaMKII for Ca*>*/
CaM, [Ca®"] of <10 nM is required to achieve full dissociation
of Ca*>*/CaM, since CaM trapping occurs by virtue of Ca*"
trapping (19). Partial activity measured upon partial Ca>* with-
drawal therefore may not always reflect Ca®>"/CaM-free
enzyme (9). Furthermore, the physiological resting [Ca®"]
range is 50—100 nm; therefore, phospho-Thr*#¢-aCaMKII is
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likely always to have residual Ca®*/CaM bound. This may be
partially Ca®*-saturated CaM (19).

Persistent autonomous activity conferred by Thr**® auto-
phosphorylation is thought to enable «CaMKII to function as a
memory molecule (20, 21). In contrast, however, following the
development of chemical long term potentiation, rapid inacti-
vation has also been reported (22). The extent of an autono-
mous activity is further obscured by the finding that Ca®"
sequestration induces a burst of autophosphorylation at resi-
dues Thr3°*/3%¢, followed by a loss of activity (23). Moreover,
when examined across a broad range of [Ca®"], the Ca®>"/CaM
dependence of phospho-Thr**¢-aCaMKII activity is apparent
(19). It is thus vital to establish the mechanisms of activation
and inactivation of «CaMKII at the molecular level in order to
understand how it may function physiologically in learning and
memory. To this end, it is necessary to dissect the mechanisms
of Ca®>"/CaM dissociation, Thr®**/3° autophosphorylation,
and inactivation of phospho-Thr**¢-aCaMKII and to establish
the time window for autonomous Ca®*/CaM-independent
activity.
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MATERIALS AND METHODS

Proteins—Mouse «CaMKII (cDNA kindly provided by Dr. D.
Brickey and Prof. T.R. Soderling, Vollum Institute, Oregon
Health and Science University, Portland, OR) was overex-
pressed in baculovirus-transfected Sf9 insect cells and puri-
fied by CaM-Sepharose and Mono Q fast protein liquid chro-
matography (17). Rat CaMKIV (cDNA kindly provided by
Dr. K. A. Anderson and Prof. A. R. Means, Department of
Pharmacology and Cancer Biology, Duke University Medical
Center, Durham, NC) was purified by the same method.
Human liver recombinant calmodulin, Lys”*-FL-calmodulin
(FL-CaM), and AEDANS/DDP-T34C/T110C-CaM (DA-
CaM) were generated as described previously (17, 24). Mouse
monoclonal anti-phospho-Thr**®- and rabbit polyclonal anti-
phospho-Thr**>-«CaMKII antibodies were purchased from
Millpore Chemicon. Western blotting was carried out as previ-
ously described, and antibodies were used at a 1:1000 dilution
(19).

Protein Concentration Measurements—Protein concentra-
tions were determined spectrophotometrically using molar
extinction coefficients (e€,) calculated from the amino acid
composition: «CaMKII (subunits), €, = 64,805 M~ cm ™" (280
nm); CaM, €, = 3,300 M~ " cm™' (278 nm); CaMKIV, €, =
47,330 M ' cm ™' (280 nm) (17). The concentration of FL-CaM
was determined using €, = 70,000 M~ ' cm ™! (492 nm) at pH 9.0
(Molecular Probes).

Time Course of Thr*5¢ and Thr*°*"3°¢ Autophosphorylation of
aCaMKII— 6 um aCaMKII, 8 um calmodulin, and 1 mm ATP
were incubated in 50 mM K™ -PIPES, pH 7.0, 100 mm KCI, 2 mm
MgCl,, 5 mMm 1,4-dithiothreitol, and 0.05 mm CaCl, at 21, 30,
and 37 °C for various times from 0 to 3600 s. The reaction was
either allowed to proceed in the presence of Ca®", or 4.2 mMm
EGTA was added at 15 s, and the reaction was terminated using
4X SDS sample buffer at predefined time points. The phospho-
Thr?®¢-aCaMKII was detected by Western blotting using a spe-
cific mouse monoclonal anti-phospho-Thr?*#¢-aCaMKII and
anti-phospho-Thr*°*3°°_oCaMKII antibodies as described in
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Ref. 19. The time course was assessed by densitometry of West-
ern blots using a Fuji Film Luminescent Image Analyzer with
LAS4000IR software. Densitometry was carried out using
Image] software from the National Institutes of Health as fol-
lows. The average density reading for each band on the Western
blot and a reading for the background was taken. The following
formula was used to calculate relative density on an inverted
scale: (D,,.x — D,)/(D,,.x — Dg), where D, represents the
average density of the darkest band, D, is the average density at
a particular time point, and Dy is the average density of the
background. The scale was thus inverted by subtracting each
value from the highest density value. Relative density was cal-
culated with reference to the highest density, and the data were
fitted with an exponential function using the GraFit software
program, version 4.0.

Steady-state Assay of aCaMKII Enzyme Activity—A contin-
uous enzyme-linked spectrofluorometric assay was used to
determine ADP production by monitoring the decrease in
NADH fluorescence due to its oxidation to NAD™. Fluores-
cence excitation was set to 340 nm, and emission was detected
at 460 nm. The experiments were carried out at the specified
temperatures. Typically, 5 mm 1,4-dithiothreitol, 4.5 units of
lactate dehydrogenase, 2 units of pyruvate kinase, 2 mm phos-
phoenolpyruvate, 22 um NADH, 6 um calmodulin, 50 um syn-
tide-2, and 1 mm ATP were present in the assay mix. 0.1 um
aCaMKII or phospho-Thr?*¢-aCaMKII was added last to a
final volume of 0.05 ml of assay solution (19).

Free Ca®" concentrations of Ca®>"/EGTA mixtures were cal-
culated using a K, value of 4.35 X 10”7 M, which was deter-
mined in buffer conditions and ionic strength similar to those
used in this study (25). A Fortran program was written to solve
the quadratic equation, [Ca**] = (b = \/(b* — 4« [Ca®"], X
[EGTA],))/2, where b = K, + [Ca®>"], + [EGTA], from total
Ca®" [Ca®"],, total EGTA [EGTA],, and the K,. To verify the
calculated [Ca®*] concentrations, the fluorescent Ca®>" indica-
tor fluo3 was titrated in Ca>*/EGTA mixtures. Best fit to the
titration curve gave a K, value of 433 = 55 nwm for fluo3, in good
agreement with the K, value of 390 nm previously described for
fluo3 (Molecular Probes), thus verifying our calculated [Ca*®"]
values (19).

Fluorescence Spectroscopy—Stopped-flow kinetic measure-
ment of DA-CaM dissociation was carried out using a Hi-Tech
Scientific SF-61DX2 stopped-flow system as follows. Fluores-
cence excitation was set to 365 nm with a 1-nm slit width, and
fluorescence emission from AEDANS was collected using a 400
nm cut-off filter. The assay solution contained 50 mm K*-PIPES,
pH 7.0, 100 mm KCl, 2 mm MgCl,,. Equilibrium fluorescence meas-
urements of DA-CaM and FL-CaM polarization were carried out
using a SLM Model 8000 spectrofluorimeter by ISS, Inc. (cham-
paign, IL).

Software—Data were analyzed using the GraFit software pro-
gram, version 4.0. Stopped-flow kinetic data were fitted using
the KinetAsyst software program (Hi-Tech Scientific).

RESULTS

Thr*3¢ Autophosphorylation in the Presence of an Exogenous
“S” Type Peptide Substrate—Thr**® autophosphorylation is a
rapid reaction that occurs immediately upon Ca*>*/CaM and
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FIGURE 1.Ca2* dependence of peptide substrate and Thr?2¢ autophosphorylation by «CaMKII. A, steady-
state activity of 50 nM enzyme in the presence of 50 um syntide 2 as peptide substrate was measured at 25 °C at
the indicated Ca?* concentrations. B, Thr*® autophosphorylation was quantified by densitometry of Western
blots as shown in C. A mouse monoclonal anti-phospho-aCaMKIl (Thr?®¢) antibody was used (Millipore).
C, autophosphorylation mixtures containing 6 um aCaMKIl, 8 um CaM, 50 um syntide 2, and T mm ATP at the
specified [Ca®"] were incubated for 15 s at 25 °C, and the reaction was quenched with SDS sample buffer.
Western blot of samples is shown.
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FIGURE 2. Temperature-dependent «CaMKII activity and Ca®* sequestration-induced inactivation of
Ca?*/CaM-phospho-Thr?®*5-aCaMKIl. A, steady-state activity measured by an NADH-coupled assay as
described under “Materials and Methods.” 50 nm aCaMKIl was added (indicated by the asterisk) to start the
reaction in the presence of 50 um syntide 2 as peptide substrate at 10 um [Ca®"] concentration at 21 °C.
Temperature-dependent steady-state activity and inactivation induced by the addition of 4.2 mmEGTA at 21 °C
(B), 30 °C (C), and 37 °C (D) were measured. The reaction was started by the addition of the enzyme, marked by
an asterisk. A double asterisk denotes where 4.2 mm EGTA was added. As a base-line control, NADH fluorescence
was monitored prior to starting the reaction by the addition of the enzyme (the section before that marked
with an asterisk). In B and C, which had the longest time courses, additionally independent photobleaching
controls were also run for the same duration as the experiment (top lines). The fluorescence decay rates due to
enzyme activity or inactivation by EGTA were corrected for the appropriate base line.

ATP activation of a«CaMKII and changes the enzyme proper-
ties (19). It was therefore important to know whether «CaMKII in
our steady-state assays was Thr***-phosphorylated. To determine
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the state of «CaMKII with regard to
Thr**®  autophosphorylation, first
the Ca*>* dependence of phosphor-
ylation of exogenous peptide sub-
strate syntide 2 was compared with
that of Thr*®*® autophosphorylation.
The Ca?>" dependence of phos-
phorylation of peptide substrate
syntide 2, shown in Fig. 14, revealed
aK,, of612 +26nmfor Ca**,aV,
0f 2.0 = 0.2 umol X min~" X mg of
enzyme, and a Hill coefficient () of
5.6 £0.5at25 °C. The K,,, and n val-
ues were similar to those previously
determined for the Ca>" depend-
ence of aCaMKII activation of
phosphorylation of protein sub-
strate smooth muscle myosin light
chain kinase, whereas the V__, for
syntide 2 was higher than that for
smooth muscle myosin light chain
kinase (19).

Thr?®¢ autophosphorylation of
aCaMKII in the presence of satu-
rating peptide substrate syntide 2
was analyzed by Western blotting.
AsshowninFig. 1,Band C,a K, of
500 = 14 nm for Ca®>* and an #
value of 8.2 * 1.7 for Thr?*® auto-
phosphorylation were measured.
These data showed that exogenous
substrate phosphorylation and
Thr?®¢  autophosphorylation by
aCaMKII were activated in the
same [Ca®"] concentration range
and that saturating exogenous
peptide substrate did not effec-
tively compete with Thr?®*® auto-
phosphorylation. These data sup-
port the existence of distinct
phosphorylation mechanisms at the
“canonical” and the Thr*®® site with
alow level of competition presented
by “canonical” phosphorylation to
Thr?®¢ autophosphorylation.

Ca’" Sequestration-induced In-
activation of Ca®"/CaM-Phos-
pho-Thr*#¢-aCaMKII—Following
activation and thus Thr**® auto-
phosphorylation, EGTA is thought
to expose “autonomous” activity of
aCaMKII (9), but the enzyme is also
reported to undergo a burst of
inhibitory ~Thr®°**%¢  autophos-
phorylation (7). In order to dissect

this process, first the time course of kinase activity during syn-
tide 2 phosphorylation activity was monitored. As shown in Fig.
2, A-D, steady-state activity was initiated by the addition of
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FIGURE 3. Thr3°5/3°¢ autophosphorylation time course estimated by Western blotting. 1 um aCaMKIl was allowed to autophosphorylate for 15 s, as
described under “Materials and Methods.” At that point, 4.2 mm EGTA was added, and aliquots were taken at the indicated time points; the reaction was
quenched by pipetting the aliquots taken into SDS sample buffer. A rabbit polyclonal anti-phospho-aCaMKIl (Thr3%®) (Millipore) was used. Shown are Western
blots and respective densitometric analyses of representative time courses at 21 (A and D), 30 (B and E), and 37 °C (C and F). Densitometric analysis of Western

blots was carried out as described under “Materials and Methods.”

aCaMKII into the assay as denoted by the asterisks. At the
points indicated by double asterisks, 4.2 mm EGTA was added,
and this induced an exponential decay of activity. The rate con-
stants of EGTA-induced inactivation were 0.0017 s~ !, 0.0053
s~ ',and 0.0125s™ " at 21, 30, and 37 °C, respectively. In order to
exclude the possibility that inactivation occurred due to unfold-
ing, Trp fluorescence, an indicator of the integrity of the tertiary
structure of proteins, of «aCaMKII in the assay conditions was
monitored. EGTA caused a rapid quenching of Trp fluores-
cence; there were, however, no further changes in the slow time
course of inactivation (data not shown). The EGTA-induced
autoinactivation time courses were next compared with those
of Thr?®>/3% autophosphorylation, the dissociation of Ca*",
and the subsequent release of CaM from the Ca®"'/
CaM-phospho-Thr?*¢-aCaMKII complex.

Time Course of Thr*?*3% Autophosphorylation Induced by
Ca®* Sequestration—The rate of Thr***/3°® autophosphoryla-
tion of Ca®>'/CaM-phospho-Thr?*®-aCaMKII induced by
EGTA was estimated from the semiquantitative densitometric
analysis of Western blots (Fig. 3, A-C). Rate constants 0of 0.0013
s 'at21°C, 0.0086 s ' at 30 °C, and 0.0098 s~ " at 37 °C were
obtained (see Table 1). The EGTA-induced Thr®°*/3°¢ auto-
phosphorylation and autoinactivation rates (shown above;
Fig. 2) were thus closely related.
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Mechanism of CaM Dissociation in Ca®" Sequestration-in-
duced Autoinactivation of Phospho-Thr**°-aCaMKII—The
kinetics of Ca®>* dissociation from Ca®*/CaM-phospho-
Thr?*-aCaMKII had previously been examined. Ca®" dissoci-
ation rate constants were 8 s~ ' for one site, 0.31 s~ ' for two of
the sites, and 0.023 s~ for the one remaining site at 21 °C (19).

To study CaM dissociation kinetics, DA-CaM, a probe of
CaM conformation with the fluorescent donor quenching
reporting distance changes between the N and C lobes of CaM
(17), was used. Conformational changes of CaM were moni-
tored during the time course of inactivation of phospho-
Thr,g,-aCaMKII upon the addition of EGTA. Stopped-flow
kinetic experiments in which aCaMKII, DA-CaM, and ATP
premixed in the presence of Ca®" were rapidly reacted with 25
mM EGTA showed a biphasic process; DA-CaM became extended
with two rate constants: 0.82 s~ * (amplitude 0.70) and 0.088 s~ *
(amplitude 0.30) at 21 °C (Fig. 4A and Table 1).

These data showed that both Ca®" dissociation and CaM
“stretching” were more rapid than Thr®°*/3°¢ autophos-
phorylation and inactivation (Table 1). However, DA-CaM
unquenching may not have signified its complete dissocia-
tion, and instead it may have indicated that DA-CaM
adopted an extended conformation as a result of the disso-
ciation of one of its lobes only (17); thus, fluorescence polar-
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TABLE 1
Inactivation and dissociation rates of the Ca**/aCaM-phospho-Thr?®6-CaMKIl complex

The autoinactivation processes of the Ca®*/CaM-phospho-Thr***-aCaMKII complex were dissected by measurements of Ca** and CaM dissociation, inactivation, and

Thr**® autophosphorylation rates.

k
CaM dissociation . Thr3% 305
Temperature Ca?™* off* CaM “stretching” (polarization) Il(l]};lg).iwt;\o)n autophosphorylation Inhibition (Ca®*) toph ;f hr lati Ca2+
(slow phase) (EGTA) autophosphorylation (Ca™")
1
21°C 8*14 0.00105 = 0.00047 0.0013 = 0.0002 0.000450 =+ 0.000002% 0.0013 *= 0.0002
(n=4) (n=2)°
0.31 = 0.03 0.82 * 0.02
(0.70)?
0.023 = 0.016 0.088 = 0.002
(0.30)*
30°C 0.00485 = 0.00064: 0.0086 = 0.0002 0.0043 = 0.0028 0.0060 = 0.0051
(n=2)° (n=3)° (n=2)°
37°C 0.0200 * 0.0075¢ 0.01255 = 0.00007 0.0098 *= 0.0064 0.01335 = 0.00092 0.0157 = 0.0050
(n=5) (n =2)° (n = 2)°

“ Data from Tzortzopoulos et al. (19).
b Relative amplitude.

¢ n specifies the number of independent experiments; the mean and the S.D. are shown. Where # = 1, the fitted value and the S.E. of the fit is given.

4 The temperature in this experiment was 22 °C.

¢ A p value of 0.244 obtained using an unpaired two-tailed ¢ test showed this value not to be significantly different from the rate constant of 0.01255 *+ 0.000071 (S.D.) s *

(n = 2) obtained for inhibition induced by EGTA.
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FIGURE 4. Mechanism of CaM dissociation from its complex with phospho-Thr?2¢-aCaMKIl upon Ca?*
sequestration. A, calmodulin stretching shown by DA-CaM unquenching. The mixture of 1T um aCaMKIl, 1 um
DA-CaM, and 0.5 mm ATP in 50 mm K-PIPES, pH 7.0, 100 mm KCl, 2 mm MgCl,, 1 mm 1,4-dithiothreitol, and 0.1 mm
CaCl, was rapidly mixed with 50 mm EGTA adjusted to pH 7.0 with KOH at 21 °C. DA-CaM fluorescence (donor
AEDANS was excited at 365 nm, and emission was detected using a 455 nm cut-off filter) was quenched in
complex with phospho-Thr,g-aCaMKIl. The arrow indicates relative fluorescence 0.2. Upon EGTA addition,
DA-CaM fluorescence was unquenched in a biphasic process. B, polarization of FL-CaM upon Ca®"-dependent
binding to aCaMKII (squares) and CaMKIV (diamonds). The mixture of 120 nm FL-CaM and 1.4 um CaMKIV or 2.0
M aCaMKIl in the same conditions as above except for the presence of 2 mm EGTA was titrated with CaCl,.
[Ca®"] was determined as described under “Materials and Methods” (19). C, FL-CaM dissociation from phos-
pho-Thr?®-aCaMKIl was monitored by polarization. B, the starting values of polarization of the Ca®"/FL-
CaM-phospho-Thr?#%-aCaMKi; the time course of polarization decay (O) upon the addition of 4.2 mm EGTA is
shown. Inset, controls that contained no ATP but in which 2 mm EGTA was present from the start (n = 4); these
show no time-dependent change. In the main panel, a mean rate constant of 0.0200 + 0.0075s ' (+S.D.) was
obtained for the polarization data on CaM dissociation (n = 5).

ization was used to further probe the state of CaM binding to
phospho-Thr?*¢-aCaMKII.

Ca®" Sequestration-induced FL-CaM Dissociation Monitored
by Polarization—Steady-state polarization measurements

protein kinases «aCaMKII and
CaMKIV. As seen in Fig. 4B,
FL-CaM polarization increased
from 0.24 to 0.4 and 0.33 upon
Ca®"-dependent association with
CaMKIV and «aCaMKII, respec-
tively, in the absence of ATP or pro-
tein substrates in the [Ca>"] range
applied. The high polarization of
Ca’"/CaM in complex with
CaMKIV (P, 0.39) was consistent
with compact Ca**/CaM binding to
CaMKIV indicating that both CaM
lobes were engaged®; similarly, the
lower polarization of Ca®>*/CaM in
complex with unphosphorylated
aCaMKIl in the absence of ATP and
protein substrates (P, 0.34) was con-
sistent with Ca®>*/CaM binding in
an extended conformation, mainly
with one lobe only (17). The differ-
ences in affinities governed by the
binding conformations were also in
accord with a greater effect on the
Ca®" binding affinities in the Ca®"/
CaM:CaMKIV complex (K, for
Ca’®", 0.96 = 0.03 um) compared
with that in the Ca®>"/CaM:
aCaMKII complex (K, for Ca’",
270 £ 0.37 uMm). The lack of
involvement of both lobes of CaM in
binding to «CaMKII was also
reflected in a low Hill coefficient,
n = 122 %= 0.14 in contrast
with n = 2.13 = 0.10 for CaMKIV.

In order to probe the dissociation process of CaM by polar-
ization, Ca®>*/CaM-phospho-Thr***-aCaMKII was generated

showed that FL-CaM (24) was a useful probe of CaM bindingto  * K. Térék, unpublished data.
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in a mixture of «CaMKII with Ca®>*/FL-CaM and ATP; this
resulted in an increase of polarization from 0.23 to 0.4 consist-
ent with high affinity compact binding of Ca** /CaM (17). Upon
the addition of EGTA, most of the polarization was rapidly
reversed, reaching 0.27 after 15 s, indicating that CaM became
substantially more flexible than it was in the presence of Ca>";
this was most likely due to the dissociation of one of its lobes.
The rapid phase of depolarization was, however, followed by a
slow phase with a rate constant of 0.0200 s ' at 37 °C (Fig. 4C).
The EGTA-induced inactivation rate constant was 0.0125 s~ *
at the same temperature. There was no significant difference
between the two values (Fig. 4C and Table 1).

Temperature Dependence of Autoinactivation of Phospho-
Thr*®°-aCaMKIl in the Presence of Ca”" —A burst of autoinhi-
bition triggered by the addition of EGTA has been well docu-
mented (7). We have, however, previously also observed a loss
of activity upon incubating «CaMKII in the presence of Ca>",
CaM, ATP at 30°C for 2 min* and have decided to further
investigate the phenomenon. From the data shown in Fig. 1, it is
evident that the enzyme complex that undergoes this inactiva-
tion is Ca®>"/CaM-phospho-Thr**®-aCaMKIL. First, autoinac-
tivation of Ca*>*/CaM-phospho-Thr***-aCaMKII was meas-
ured in the presence of peptide substrate syntide 2. Fig. 5, A-C,
shows the time courses of activity in the presence of syntide 2
and an ATP-regenerating system at 22, 30, and 37 °C. It can be
seen that aCaMKII activity was lost in an exponential proc-
ess, and the rate constants of Ca®>" -dependent autoinactiva-
tion were 0.0004 s~ ' at 22 °C,0.0043 s~ ' at 30 °C, and 0.0127
s ' at 37 °C, similar to those obtained by inactivation in
EGTA (Table 1).

Thr3%°/3% Autophosphorylation in the Presence of Ca®*—We
then asked if Thr®°*/3°¢ autophosphorylation occurred in the
presence of Ca®". As seen in Fig. 6, A—C, Thr®°*/3°¢ autophos-
phorylation occurred in these conditions. At 50 um Ca*”, the
rate constants for Thr***3°¢ autophosphorylation were esti-
mated from densitometric analysis of Western blots as 0.0013
s 'at21°C,0.0024 s " at 30 °C,and 0.0157 s~ ' at 37 °C (Fig. 6,
D-F). These values were not significantly different from those
seen when Thr3°°/3°¢ autophosphorylation was thought to be
induced by Ca®" removal by the addition of 4.2 mm EGTA.
These data also highlight that autoinactivation of Ca**/
CaM-phospho-Thr**®-«CaMKII in the presence and, as
described above, in the absence of Ca>* has a physiologically
relevant time course, with a half-life of ~50 s at 37 °C.

CaM Conformation during Autoinactivation of aCaMKII in
Ca®*—We have shown above that «CaMKII becomes inacti-
vated upon continued incubation with Ca®>*/CaM and ATP
following its activation. Thr®°>/3°¢ autophosphorylation was
also detected during the period of inactivation. Since the
Thr39%/3% sites are located in the CaM binding domain, it was
expected that Ca*>*/CaM may be displaced by Thr?°>/3°¢ auto-
phosphorylation. We thus checked if Ca®>*/CaM remained
bound or dissociated during inactivation, using DA-CaM (see
above). The fluorescence of DA-CaM is strongly quenched
when bound to a target in a compact conformation, due to the

4 C. Fraser and K. Térék, unpublished observation.
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FIGURE 5. Autoinactivation of phospho-Thr?2¢-aCaMKIl in the presence
of Ca®*. Temperature-dependent aCaMKIl activity and time-dependent
inactivation of Ca®"/CaM-phospho-Thr?#%-aCaMKIl was monitored in the
NADH-coupled assay. Activity of 50 nm enzyme in the presence of 50 um
syntide 2 as peptide substrate at 10 um [Ca? "] concentration was measured at
22 (A), 30 (B), and 37 °C (C). Exponential decays of activity (traces 2 at 22 and
30 °C) were corrected for photobleaching (traces 7 at 22 and 30 °C) and were
fitted with rate constants.

donor and acceptor labels on the N and Clobes of CaM being in
a closer proximity than the critical distance between them for
resonance energy transfer. Unbound CaM is more extended,
and less energy transfer is shown by the greater, unquenched
fluorescence. A complex of Ca*>"/DA-CaM-aCaMKII also has
high fluorescence (relative fluorescence 1), since CaM is bound
in an extended conformation (17). Fig. 7 shows that upon the
addition of ATP, which results in immediate Thr**® autophos-
phorylation and Ca*"/CaM trapping, the fluorescence of DA-
CaM becomes quenched, indicating that Ca®>*/DA-CaM is
bound in a compact conformation. It was expected that at least
one CaM lobe, assumed to be the N lobe covering the Thr3°>/3°¢
sites, dissociates, allowing CaM to adopt the extended confor-
mation during Thr*°*3°® autophosphorylation. It is clearly
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FIGURE 6. Thr3°33°¢ autophosphorylation in the presence of Ca®*. Thr’®*/3° autophosphorylation time course estimated by Western blotting. 1 um
aCaMKIl was allowed to autophosphorylate for the indicated lengths of time as described under “Materials and Methods.” Aliquots were taken at the indicated
time points; the reaction was quenched by pipetting the aliquots taken into SDS sample buffer. Shown are Western blots and respective densitometric analyses
of representative time courses at 21 (A and D), 30 (B and E), and 37 °C (C and F). Care was taken that the intensity of the bands was in the quasilinear range of
densities (for details, see Fig. 3). Densitometric analysis of Western blots was carried out as described under “Materials and Methods.”
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FIGURE 7. Ca®>*/DA-CaM trapping in phospho-Thr*®¢-aCaMKIl during
Thr3°5/3%_autophosphorylation. 0.5 um DA-CaM and 1 um aCaMKIl were
preincubated at 37 °C; DA-CaM fluorescence intensity was defined as 1. At the
point indicated by an arrow, T mm ATP was added, resulting in substantial
quenching of DA-CaM fluorescence, indicating its adopting a compact con-
formation bound to phospho-Thr?®-aCaMKIl. As indicated by the second
arrow, at 1600 s, 4.2 mm EGTA was added, resulting in unquenching of DA-
CaM fluorescence, indicating the stretching of DA-CaM to an extended
conformation.
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seen however, that DA-CaM fluorescence remained quenched
in the autoinhibited and presumed Thr?8¢/3%%/3%_phosphoen-
zyme complex, as monitored for 4000 s at 21 °C (not shown)
and 1600 s at 37 °C (Fig. 7). In the latter conditions, as shown
above, autoinactivation occurred with a #, of 50 s. Ca®>*/DA-
CaM supports both Thr?®¢ and Thr***/3°¢ autophosphorylation
(data not shown). These data show that Thr***/3°¢ autophos-
phorylation of phospho-Thr,¢-aCaMKII proceeds in the pres-
ence of bound Ca*>"/CaM, contrary to previous reports sug-
gesting that CaM dissociation is a prerequisite for it to occur.
Arrhenius Plots of Temperature Dependences of Activation
and Autoinactivation Processes of aCaMKII—Fig. 8 shows the
Arrhenius plots of the measured reactions. Data set 1 repre-
sents the temperature dependence of the turnover rate of
aCaMKII-phosphorylating peptide substrate syntide-2. This
reaction had a high In A value and an E, of 101 kJ/mol; these
values were consistent with a favorable reaction characterized
by a transition state that was more highly disordered than the
ground state, an average activation energy, and a fast rate con-
stant (14.6 s~ ' at 37 °C). The values for data set 2 were esti-
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mated using published data for the Thr?*¢ autophosphorylation
reaction (26). These values show a reaction similarly favorable
and rapid as substrate phosphorylation, consistent with the
observation that Thr?*® autophosphorylation occurs in prefer-
ence to substrate phosphorylation (Fig. 1) (27).

The autoinactivation reactions were represented by a dis-
tinctly different group of Arrhenius plots compared with those
of activation. Data set 3 illustrates the inactivation induced by
EGTA addition, and data set 4 corresponds to autoinactivation
that occurs in the presence of Ca®", following activation and
Thr?®® autophosphorylation. The E, value for EGTA-induced
inactivation (data set 3) was 106 kJ/mol; the In A value was,
however, much lower than that for the activation processes.
Similar values were obtained for Thr****°® autophosphoryla-
tion (data set 5 and Table 2), indicating an unfavorable reaction
in which the transition state may be more ordered than the
ground state. A low rate of reaction may thus be due to a reduc-
tion in the degrees of freedom during acquisition of the transi-
tion state. The rates and temperature dependence of autoinac-
tivation in the presence of Ca>* were similar to those in EGTA
in the 30-37 °C range (data set 6). Although the inactivation
rates in Ca®>" when fitted gave an E,, value of 172 kJ/mol, this
value was not significantly different from the others for inacti-
vation and Thr3°>/3°¢ autophosphorylation.

The temperature dependence of the reaction rates shows
that distinct, less favorable structural changes underlie the
autoinactivation processes compared with those for activation.
Correspondingly, there is a difference of approximately 3
orders of magnitude between the activation and inactivation
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FIGURE 8. Arrhenius plots of activation and inactivation processes of
aCaMKIl. Turnover rates were calculated from steady-state activity measure-
ments (data set 1; @); Thr*®® autophosphorylation rates were estimated using
data from a previous publication (26) where autonomous activity was used as
a measure of Thr?®® autophosphorylation (data set 2, X); inactivation rates
were obtained in EGTA (data set 3; A); and Ca®* (data set 4; @) and Thr30>/30¢
autophosphorylation rates were measured in EGTA (data set 5; *) and Ca?*
(data set 6; O), as described above (also see Table 1).

TABLE 2

Arrhenius parameters of activity, autophosphorylation, and inactivation of the Ca>*/CaM-phospho-Thr

aCaMKIl Autoinactivation

rates of aCaMKII. At physiological temperature (37 °C), how-
ever, the autoinactivation processes occur with a 1, of ~1 min,
which is in the range of relevant rates for signal transduction
and may explain the observed inactivation in chemically
induced long term potentiation (22).

DISCUSSION

First, the conditions of phospho-Thr?**¢-aCaMKII formation
were studied. In our observation, Thr**® autophosphorylation
and phosphorylation of an exogenous peptide substrate have
similar Ca®* dependences with K, values of ~500 nm for Ca>".
This value is typical for the [Ca®>"] responsible for activation. It
is, however, at variance with the previously reported K,,, or EC,,
values for Ca*>" for Thr®®® autophosphorylation of 1.6 um (26)
and 2 uM (28), obtained by the measurement of “autonomous”
activity and Thr*®*® autophosphorylation by Western blotting,
respectively. An 7 value of ~8 for Ca®" activation was meas-
ured, suggesting that the Ca”>" sites from two CaM molecules
are simultaneously involved, supporting the previously deter-
mined intersubunit mechanism for Thr*®*® autophosphoryla-
tion (29). Such a high # value has previously been reported for
the measurement of “autonomous” activity in the presence of
phosphatase only (26). These discrepancies are probably
related to “autonomous” activity measurements being greatly
dependent on experimental conditions. Our data furthermore
clearly show that Thr*®*® autophosphorylation occurs immedi-
ately upon activation and that it proceeds regardless of the pres-
ence of saturating exogenous peptide substrate, demonstrating
the highly preferential nature of Thr**¢ autophosphorylation
over an exogenous substrate (27).

Autoinactivation of phospho-Thr**°-aCaMKII was investi-
gated in two different conditions. Ca>* sequestration and
Ca®"-induced autoinactivation had common and distinct fea-
tures; both were characterized by Thr***/3°¢ autophosphoryla-
tion, but the fate of CaM was distinct. Upon Ca®" sequestra-
tion, Ca®>*/CaM sequential lobe dissociation occurred, whereas
in the presence of Ca>", Ca®>"/CaM remained trapped in phos-
pho-Thr?**-a@CaMKII during Thr3°*/3°® autophosphorylation
and autoinactivation.

In the mechanism of inactivation upon Ca®>" sequestration
following initial activation by Ca®>"/CaM, one CaM lobe was
shown to dissociate rapidly, but the second lobe remained
attached, probably by virtue of a high affinity Ca®* binding site
in trapped CaM (19). The structures of the Ca>"/CaM-peptide
complexes of peptides derived from the CaM binding domain
of aCaMKII show anti-parallel binding (30), suggesting that the
N lobe of CaM is attached to the C-terminal region of the CaM
binding domain in the proximity of or over the Thr?°*/3%¢ sites.
Thus, according to previous models, dissociation of the N lobe,

286

286_aCaMKIl complex

Arrhenius plots were constructed from temperature-dependent activation and inactivation data sets obtained in the specified conditions. Each set of data was fitted by linear

regression.
Activity Thr?8¢ ) Inactivation Thr3°5. Inacti\;ﬁtion Thr?%® ) e
autophosphorylation (EGTA) autophosphorylation (EGTA) (Ca*™*) autophosphorylation (Ca®")
E InA E InA E InA E InA E InA E InA
kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
101 41.4 77 33.10 106 36.7 29 34.1 172 62.5 114 39.9
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bound throughout the experiment,
~30 min at 37 °C. Despite predic-
tions, Ca®"/CaM dissociation was
not required for Thr3%*/3°¢ auto-
phosphorylation to occur. Interest-
ingly, the rate of Thr°>/3%¢ auto-
phosphorylation resembled that of
3) Ca’*/CaM dissociation in Ca®"
(17), suggesting that CaM binding
dynamics may play a role.

Since autoinactivation is contem-
poraneous with the slow dissocia-
tion of the second CaM lobe, it is
further evident that rapid dissocia-
tion of the presumed N lobe of CaM
does not cause inhibition of phos-
pho-Thr***-aCaMKIL. It is impor-
tant to consider whether the state in
which  phospho-Thr?*¢-aCaMKII
has CaM attached by one lobe only
(presumed to be the C lobe) has any
special properties in terms of activ-
ity and if it limits the rate of
Thr3°%/3%¢  autophosphorylation.
Although the existence of stable,
partially ~Ca®"-saturated CaM-

P + ADP

Calmodulin

Kinase domain

Autoinhibitory/
Ca®/CaM binding
domain

A4

v
i % P + AD P T305/306

SCHEME 1. Mechanisms of auto-inactivation of Ca?*/CaM-phospho-Thr?®¢-aCaMKIl. Two alternative
pathways of autoinactivation leading to Thr*°>/3°¢ autophosphorylation are illustrated from the perspective of
asingle kinase domain. The top and bottom ellipses represent the 3-sheeted propeller domain and the a-helical
substrate binding domain connected by a hinge and with the ATP binding site in between (4). The pathway in
the left column includes initial rapid dissociation of the CaM N lobe followed by a slow conformational change
accompanying the dissociation of the CaM C lobe, allowing a conformational change permissive for Thr3°>/30¢
autophosphorylation to occur. This path results in an inactivated enzyme complex free of CaM. 1, active
Ca**/CaM-phospho-Thr*®¢-aCaMKIl; the autoinhibitory domain is detached from the kinase domain and is
Ca?*/CaM-bound. 2, upon Ca>* chelation by EGTA, rapid dissociation of the N lobe of CaM is seen. 2b, slow
dissociation of CaM C lobe; slow conformational change positions Thr°>3°¢ as a “canonical” substrate, adja-
cent to the ATP binding pocket. 2¢, Thr3°>/3%¢ autophosphorylation of Ca?*/CaM-free kinase. In the right-hand

bound phospho-Thr?*¢-aCaMKII
has been demonstrated at Ca®"
concentrations that correspond to
resting intracellular [Ca®*"] (19),
further work is required to estab-
lish their functional significance.
How does autonomous activity fit
into the observed processes? Inter-
estingly, whether autonomy is con-
sidered during Ca®" sequestration
or in the continuous presence of
Ca?", it is difficult to find a time

column, Thr30%/306

conformational change leads to the conformation permissible for Thr?9>/306.

which is likely to correspond to the rapid phase of CaM disso-
ciation, should allow Thr***/3°¢ autophosphorylation. If N lobe
dissociation controlled Thr3°*/3° autophosphorylation, it
would thus be rapid (31). However, this was not seen. Thr3°%/39¢
autophosphorylation correlated with the slow phase of dissoci-
ation, assumed to represent the C lobe (Scheme 1). Thus, our
data show that exposure of the Thr?°*/3° residues is not suffi-
cient to allow their autophosphorylation.

Is complete dissociation of CaM required for Thr
autophosphorylation? Thr?**/3°®  autophosphorylation is
shown here to proceed in the continued presence of Ca*>* with
rates similar to those in its absence. Thr?**/3°¢ autophosphory-
lation observed in the presence of Ca®>" was expected to occur
with the concomitant dissociation of at least the CaM lobe that
binds at or near residues Thr*°*/3°°, Our DA-CaM experi-
ments, however, showed no detectable change in the compact
structure of Ca®>*/CaM, indicating that Ca>*/CaM remained

305/306

28154 JOURNAL OF BIOLOGICAL CHEMISTRY

286

autophosphorylation of the Ca?*/CaM-bound phospho-Thr
-autophosphorylation.

window for such a process. The
enzyme is not inactive until both
CaM lobes have dissociated; thus, C
lobe-attached partially Ca®*-saturated CaM may be the active
species. Upon Ca>* dissociation from the high affinity Ca>™ site
and the subsequent dissociation of the second CaM lobe, inac-
tivation occurs, and thus there appears to be no time window
for autonomous activity.

The activity of Ca**/CaM-bound phospho-Thr**®-aCaMKII
also declines in time. It is unclear at present by what mechanism
phospho-Thr?*¢-aCaMKII becomes inactivated upon the con-
tinued presence of Ca*>*/CaM. Inactivation in the presence of
Ca®" has been shown to occur by self-association (32). Autoin-
activation in Ca>* observed here, however, does not appear to
be the same process as self-association, which was seen at 10 um
ATP and pH 6.3 (32). Our experimental conditions of 1 mm
ATP and pH 7.0 would not be expected to give rise to
self-association.

As seen in the Arrhenius plots, the rates of autoinactivation
correlated well with those of Thr***/3°¢ autophosphorylation.

-aCaMKIl is shown. 3, slow
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This suggests that similar intermediates and mechanisms may
lead up to Thr3°>/3°¢ autophosphorylation and autoinactivation
irrespective of the presence or absence of bound Ca**/CaM. It
is worth noting that the existence of phospho-Thr?8¢/305/3%6_
aCaMKII itself has not been directly confirmed, since detection
of autophosphorylation by immunotechniques does not allow
definitive determination of whether the same subunit of
aCaMKII becomes autophosphorylated in all three sites. If
phospho-Thr?8¢/305/396_qCaMKII can be reactivated by selec-
tive dephosphorylation at Thr®**/3°¢, the Ca®"/CaM-bound
and free forms may have different susceptibilities to phospha-
tases (33, 34).

The NR2B subunit of the NMDA receptor has been reported
to fix aCaMKII in an active state (35). It has, however, also been
shown that the resulting activity is very low compared with that
with other substrates (11), that NR2B in fact is an effective non-
competitive inhibitor of aCaMKII activity (10), and that it does
not prevent Thr®>/3° autophosphorylation (10) and is thus
unlikely to prevent the above described autoinhibition.

It is concluded that Ca>*/CaM binding does not determine
the rate of Thr***/3°¢ autophosphorylation but that slow con-
formational changes in the phospho-Thr?*¢-aCaMKII enzyme
result in a conformation permissible to Thr3°*/*°®-autophos-
phorylation with or without Ca*>* and CaM present. Thr°>/3%¢
autophosphorylation may be the common process that is
responsible for autoinhibition both in the presence and absence
of Ca®" (Scheme 1). Further questions do, however, still remain
as to by what mechanism Thr?°*/3°¢ autophosphorylation may
cause inactivation.

In conclusion, phospho-Thr?*#¢-aCaMKII, universally the
functionally essential form of «CaMKII, appears to be pro-
grammed for autoinactivation, having a brief time window of
~1 min to exert its activity. After this, new enzyme is
required to respond to new Ca>" stimuli. These observations
suggest a transient activity by a«CaMKII at the synapse and
may explain why new protein synthesis is required from local
mRNA in synaptic plasticity (36). Coincidentally, transient
activation of «CaMKII in single dendritic spines lasting for
~1 min has been reported during long term potentiation;
however, the mechanism of inactivation has yet to be deter-
mined in vivo (34).
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