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Abstract

Background: Autophosphorylation of the Ca2+/calmodulin (CaM)-dependent protein kinase II (CaMKII) at T286 generates
partially Ca2+/CaM-independent ‘‘autonomous’’ activity, which is thought to be required for long-term potentiation (LTP),
a form of synaptic plasticity thought to underlie learning and memory. A requirement for T286 autophosphorylation also for
efficient Ca2+/CaM-stimulated CaMKII activity has been described, but remains controversial.

Methodology/Principal Findings: In order to determine the contribution of T286 autophosphorylation to Ca2+/CaM-
stimulated CaMKII activity, the activity of CaMKII wild type and its phosphorylation-incompetent T286A mutant was
compared. As the absolute activity can vary between individual kinase preparations, the activity was measured in six
different extracts for each kinase (expressed in HEK-293 cells). Consistent with measurements on purified kinase (from
a baculovirus/Sf9 cell expression system), CaMKII T286A showed a mildly but significantly reduced rate of Ca2+/CaM-
stimulated phosphorylation for two different peptide substrates (to ,75–84% of wild type). Additional slower CaMKII
autophosphorylation at T305/306 inhibits stimulation by Ca2+/CaM, but occurs only minimally for CaMKII wild type during
CaM-stimulated activity assays. Thus, we tested if the T286A mutant may show more extensive inhibitory autopho-
sphorylation, which could explain its reduced stimulated activity. By contrast, inhibitory autophosphorylation was instead
found to be even further reduced for the T286A mutant under our assay conditions. On a side note, the phospho-T305
antibody showed some basal background immuno-reactivity also with non-phosphorylated CaMKII, as indicated by T305/
306A mutants.

Conclusions/Significance: These results indicate that Ca2+/CaM-stimulated CaMKII activity is mildly (,1.2–1.3fold) further
increased by additional T286 autophosphorylation, but that this autophosphorylation is not required for the major part of
the stimulated activity. This indicates that the phenotype of CaMKII T286A mutant mice is indeed due to the lack of
autonomous activity, as the T286A mutant showed no dramatic reduction in stimulated activity.
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Introduction

CaMKII is a ubiquitously expressed Ser/Thr kinase, with at

least one of its four isoforms (a, b, c, d; encoded by different genes)

found in any tissue examined, but with the highest expression level

found in brain, where CaMKIIa alone constitutes 1% or more of

total protein in the hippocampus and the cortex [1–3]. CaMKII is

best known for its involvement in regulating forms of synaptic

plasticity underlying higher brain functions such as learning and

memory (for review see [4–6]). For instance, long-term potenti-

ation (LTP) of synaptic strength requires CaMKII activity [7–12].

CaMKII activity is stimulated by Ca2+/CaM (,1000fold), but

LTP induction additionally requires a form of Ca2+/CaM-

independent ‘‘autonomous’’ CaMKII activity [13,14] that is

generated by T286 autophosphorylation [15–18]. Interestingly,

T286 autophosphorylation is, like LTP, more readily induced by

high frequency stimulation [19–21]. However, contrary to

common perception, T286 phosphorylated ‘‘autonomous’’ CaM-

KII is not fully active but is instead significantly further stimulated

by Ca2+/CaM, at least for regular ‘‘R-substrates’’ [18]. Higher

levels of autonomy (the ratio of autonomous over maximal

stimulated kinase activity) were seen only for special substrates and

required a special mechanism (additional binding to the CaMKII

T-site by ‘‘T-substrates’’) [18]. The default mechanism of further

Ca2+/CaM-stimulation of autonomous CaMKII still allows for

a ‘‘molecular memory’’ of past Ca2+ signals, but additionally

prevents complete uncoupling from subsequent cellular Ca2+-

stimuli [18].

T286 autophosphorylation occurs as an inter-subunit reaction

within the 12meric CaMKII holoenzymes. This requires CaM

binding not only to the subunit acting as kinase but also to the

subunit acting as substrate (in order to make T286 accessible for

phosphorylation) [22,23], and this dual requirement is thought to

underlie the frequency detection of Ca2+ oscillations by CaMKII
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[19–21]. Maximal Ca2+/CaM stimuli (.10fold activation con-

stant of ,100 nM Ca2+/CaM for CaMKIIa) induce T286

autophosphorylation with fast kinetics (,12 sec21 at 30uC) [24].

Thus, in assays of stimulated CaMKII activity, the initially naı̈ve

CaMKII becomes quickly autophosphorylated at T286 (within the

first few seconds), and most of the activity measured by substrate

phosphorylation is consequently mediated not by naı̈ve but by

T286-phosphorylated CaMKII (even when relatively short re-

action times of ,1 min are used). Indeed, several studies have

described T286 phosphorylation as a pre-requisite for efficient

Ca2+/CaM-stimulated substrate phosphorylation [25–28]. How-

ever, other studies indicated a requirement of phospho-T286

exclusively in autonomous but not in Ca2+/CaM-stimulated

substrate phosphorylation [29–31].

Here, the substrate phosphorylation rates of CaMKII wild type

and its T286A mutant were compared directly in order to

determine the relative contribution of T286 autophosphorylation

to stimulated CaMKII activity. The results indicate a significant

but very modest (,15–25%) contribution of T286 phosphoryla-

tion to maximal Ca2+/CaM-stimulated CaMKII activity. Beyond

mere interest in the detailed regulation of an important signaling

molecule, these findings support the interpretation that the

phenotype of CaMKII T286A mutant mice (which show impaired

LTP and learning) [13] is indeed due specifically to the lack of

autonomous CaMKII activity (and not to a dramatic reduction of

all forms of CaMKII activity).

Materials and Methods

Material
CaM and CaMKIIa was purified after bacterial or baculovirus/

Sf9 cell expression [32–34]. The purification (as well as CaMKII

activity assays and detection of CaMKII autophosphorylation) are

described and discussed in detail elsewhere [34]. Substrate

peptides were purchased from Genescript. Chemicals were

obtained from Sigma and Perkin Elmer.

Cell extracts and protein concentration
HEK 293 cells were transfected with GFP-CaMKIIa expression

vectors by the calcium phosphate method (on 10 cm plates, 1 day

after a 1:5 split from confluent plates), and harvested 72 h later.

Cells were rinsed, scraped into ice-cold PBS, and collected by low

speed centrifugation (5 min at 1,000 g at 4uC). Then, the cells

were homogenized with a motorized pellet pestle (Kontes) for

10 sec in 0.4 ml ice cold 50 mM PIPES pH 7.2, 10% glycerol,

1 mM EDTA, 1 mM DTT, and complete protease inhibitor

(Roche). Debris was removed by centrifugation (20 min at

16,000 g at 4uC). A total of 12 CaMKII extracts were prepared

in two separate rounds, with 3 extracts of each CaMKII wild type

and T286A prepared in parallel in each individual round.

CaMKII concentration was determined by their GFP-fluorescence

measured in a spectrofluorometer (Fluoromax3; Horiba Jobin

Yvon) at 488 nm excitation and 510 nm emission wavelength

(based on at least three samplings with increasing extract

concentrations). This method allows a very accurate comparison

of the relative CaMKII concentrations in the different extracts;

absolute concentrations were derived by comparison to a GFP-

CaMKII standard (with its concentration determined by quanti-

tative Western analysis [18]). The CaMKII concentrations in all

extracts were within a three-fold range (1.12–3.68 mM subunits).

CaMKII activity assays
Kinase activity assays (1 min at 30uC) were started by adding

CaMKIIa (2.5 nM subunits) to a reaction mix containing 50 mM

PIPES pH 7.2, 0.1% BSA, 1 mM CaM, 1 mM CaCl2, 10 mM

MgCl2, 100 mM [c-32P]ATP (,1 Ci/mmole), 1 mM okadaic acid,

and 75 mM substrate peptide (syntide 2 or AC2, as indicated).

Under these conditions (used in Fig. 1), the Ca2+/CaM-stimulus

and the substrate concentration are at or near saturation, while the

chosen reaction time is within the linear range [18]. Additionally,

submaximal Ca2+/CaM-stimuli (0.1 mM CaM) were used where

indicated (in Fig. 2). Reactions were stopped by spotting the mix

onto P81 cation exchange chromatography paper (Whatman)

squares. After extensive washes in water, phosphorylation of the

substrate peptide bound to the P81 paper was measured by the

Cherenkov method.

CaMKII autophosphorylation at T286 and T305
CaMKII phosphorylation at T286 and T305 was assessed by

Western-analysis with phospho-selective antibodies (PhosphoSolu-

tions) as described [18,35]. The T286 phosphorylation state was

assessed after reactions essentially as in the kinase activity assays

(but with unlabeled ATP and without substrate peptide, and after

different reaction times in presence of either 1 mM or 0.1 mM

CaM as indicated). The T305 phosphorylation state was assessed

after two different reaction schemes: (i) after prior CaMKII T286

Figure 1. Maximal stimulated activity of CaMKII wild type and its T286A mutant was induced by 1 mM Ca2+/CaM and measured by
the phosphorylation rate of two different substrates (syntide 2 and AC2) in biochemical assays. Error bars indicate mean 6 s.e.m; **:
p,0.01, *: p,0.05 in two-tailed t-test. A, CaMKII activity in the different extracts for each kinase form (n= 5 individual assays). B, The average activity
of CaMKII from the individual extracts shown separately in panel A (N= 6 different extracts). C, The relative activity of the T286A mutant (compared to
wild type activity normalized as 1 for each substrate) based on the results shown in panel B.
doi:10.1371/journal.pone.0037176.g001

T286 Phosphorylation in Stimulated CaMKII Activity
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autophosphorylation on ice followed by chelation of Ca2+ with

EGTA (and with subsequent reaction times and temperatures as

indicated), or (ii) after reactions with naı̈ve CaMKII essentially as

in the kinase activity assays (with 1 mM CaM but with unlabeled

ATP and without substrate peptide).

Results

T286A mutant CaMKII shows lower Ca2+/CaM-stimulated
activity

We have previously described the mechanisms underlying low

CaMKII autonomy that is significantly further CaM-stimulated

for regular ‘‘R-substrates’’ (such as syntide 2) compared to higher

autonomy that is only mildly further Ca2+/CaM-stimulated for T-

site binding ‘‘T-substrates’’ (such as AC2) [18]. As part of that

study, we have ruled out differential effects of T286 autopho-

sphorylation on the rate of Ca2+/CaM -stimulated phosphoryla-

tion of syntide 2 compared to AC2 as an underlying mechanism;

for both CaMKII wild type and for its T286A mutant, Ca2+/

CaM-stimulated syntide 2 phosphorylation occurred with an

approximately 2fold higher Vmax compared to AC2 phosphor-

ylation [18]. The results were reported with the activity of

CaMKII wild type and T286A towards syntide 2 each normalized

as 100%, in order to correct for differences between the individual

purified kinase preparations [18], which can yield different levels

of activity per mg of purified kinase. Indeed, the two preparations

differed in the maximal CaM-stimulated activity, with the activity

of the T286A mutant ,55% of the wild type activity for both

substrates tested.

In order to distinguish if the different activity of the purified

CaMKII wild type versus T286A mutant was due to the individual

kinase preparations or was instead caused by the mutation, we

directly compared the activity of the two different kinase forms in

six different extracts for each kinase (Fig. 1A). Again, lower CaM-

stimulated phosphorylation rates were measured for the CaMKII

T286A mutant compared to wild type (Fig. 1B), indicating that

there is indeed a difference directly caused by the mutation. Such

reduced phosphorylation rates by the T286A mutant were found

both for syntide 2 (to ,75%) and for AC2 (to ,84%) (Fig. 1C).

This reduction was statistically significant for both substrates

(Fig. 1B), and statistically indistinguishable between them (Fig. 1C).

However, the extent of the effect was rather mild, with only ,1.2–

1.3fold higher activity for CaMKII wild type compared to the

T286A mutant. This indicates that the slightly larger difference

initially seen between the two individual purified CaMKII wild

and T286A mutant preparations (,1.8fold) was caused in part by

variability among individual preparations. Such variability was

indeed observed among the six different individual preparations

for CaMKII wild type (up to ,1.5fold) as well as T286A (up to

,1.6fold; see Fig. 1A).

Next, we decided to compare the activity of CaMKII wild type

and the T286A mutant also at submaximal stimulation (0.1 mM

Figure 2. Submaximal stimulated activity of CaMKII wild type and its T286A mutant was induced by 0.1 mM Ca2+/CaM and
measured by the phosphorylation rate of the substrate syntide 2 (in 1 min reactions at 30uC). Error bars indicate mean 6 s.e.m; **:
p,0.01, n.s.: p.0.05 in two-tailed t-test. A, T286 autophosphorylation of CaMKII wild type was assessed by Western analysis (left), and quantified by
arbitrary relative immuno-detection values (IDV; right). T286 autophosphorylation stimulated by 0.1 mM Ca2+/CaM was slower compared to
stimulation by 1 mM Ca2+/CaM, but the same level of maximal autophosphorylation was still achieved within 1 min reaction time at 30uC. B,
Submaximal activation by 0.1 mM Ca2+/CaM was verified by comparing one individual preparation of each CaMKII wild type and T286A mutant to the
activity induced by 1 mM Ca2+/CaM (n= 4 individual assays). C, The average activity of CaMKII from multiple preparations (N = 5) stimulated by 0.1 mM
Ca2+/CaM did not differ significantly between CaMKII wild type and the T286A mutant. While the ratio of the mean activities of T286A over wild type
was similar as observed at maximal stimulation (compare Fig. 1B,C), the variability at submaximal stimulation was greater (with standard deviations of
35–36% of the mean at submaximal stimulation compared to 13–17% at maximal stimulation for syntide 2 substrate).
doi:10.1371/journal.pone.0037176.g002
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instead of 1 mM CaM) using syntide 2 as substrate. As expected,

T286 autophosphorylation of CaMKII wild type was slower at

such submaximal stimulation, but still reached the same level

within the 1 min reaction time (Fig. 2A). Submaximal stimulation

was also verified by direct comparison of one individual kinase

preparation for each CaMKII wild type and the T286A mutant

with the different CaM concentrations in parallel assays (Fig. 2B).

Compared to 1 mM CaM, activity stimulated by 0.1 mM CaM was

,83% for CaMKII wild type and ,70% for the T286A mutant

(Fig. 2C). We reasoned that the difference between CaMKII wild

type and the T286A mutant may become more obvious at

submaximal stimulation. Contrary to this prediction, when five

different extracts of the two CaMKII forms were compared after

stimulation by 0.1 mM CaM, the mean activity of T286A

compared to wild type remained reduced to a very similar level

(,81%; Fig. 2C) as seen with 1 mM CaM (,75%; compare

Fig. 1B,C). However, at submaximal stimulation, the variability

was greater and the apparent difference between CaMKII wild

type and the T286A mutant was no longer statistically significant

(Fig. 2C).

In summary, the significant but mild (,1.2–1.3fold) contribu-

tion of T286 autophosphorylation to stimulated activity under

maximally Ca2+/CaM-stimulated conditions was not enhanced by

submaximal Ca2+/CaM-stimulation conditions.

The T286A mutant shows less T305 autophosphorylation
In order to explain the rational of our next experiments, several

background issues need to be addressed first. The T305/306

residues are located within the Ca2+/CaM-binding region of the

CaMKII regulatory domain (Fig. 3A). T305/306 autophosphor-

ylation interferes with Ca2+/CaM binding and, vice versa, Ca2+/

CaM binding is thought to interfere with this inhibitory autopho-

sphorylation (for review see [5]). Autophosphorylation of T306

(but not T305) can be mediated by CaMKII in its basal state

without any activation [36]. However, T305 and T306 autopho-

sphorylation is induced most efficiently by dissociating Ca2+/CaM

from T286 phosphorylated ‘‘autonomous’’ CaMKII (for instance

by chelating Ca2+ with EGTA, as done in Fig. 3B,C), in a reaction

that has been termed ‘‘burst’’ phosphorylation [37]. Compared to

the fast T286 phosphorylation (see Fig. 2A; ,12 sec21 at 30uC
[24] and near maximal phosphorylation within 0.5 min even on

ice [38]), T305 ‘‘burst’’ phosphorylation (i.e. after addition of

EGTA to T286 phosphorylated CaMKII) was dramatically slower

(Fig. 3B,C), indicating a rate of ,0.01 sec21 during the linear

phase at 30uC (here up to 1 min) and with no appreciable

phosphorylation on ice even after 30 min (Fig. 3C). Previous

studies that used the effect on stimulated CaMKII activity as

a readout indicated similar rates for the T305/T306 burst

phosphorylation (,0.01–0.05 sec21, based on the time observed

for half-maximal kinase inhibition) [37,39,40], and found identical

rates for T305 compared to T306 phosphorylation [37]. Note that

the autophosphorylation induced by adding EGTA to T286-

phosphorylated CaMKII causes a band-shift in the Western

analysis (see Fig. 3B), and that this ‘‘burst’’ autophosphorylation

includes additional sites (such as S314), but that only phosphor-

ylation at T305 or T306 inhibits Ca2+/CaM-stimulation [37].

Also note that the phospho-antibody is directed only against T305

and showed significant immuno-reactivity also with non-phos-

phorylated CaMKII (10–20%), but was significantly further

increased during phosphorylation reactions at 30uC (but not on

ice; see Fig. 3B,C). The basal immuno-reactivity did not appear to

be due to residual basal T305 phosphorylation in our CaMKII

preparations, as indicated by comparison to T305/306A mutant

CaMKII (Fig. 3D), consistent with a previous report of basal

Figure 3. CaMKII T305/306 ‘‘burst’’ auto-phosphorylation in
vitro. A, The sequence of the CaMKII regulatory domain with T286 in
the autoinhibitory region and T305/306 in the CaM-binding region
indicated. B, T305/306 phosphorylation was assessed by Western
analysis. CaMKII was pre-phosphorylated at T286 on ice; the ‘‘burst’’
was induced by EGTA addition at 30uC or on ice, and stopped after
different reaction times. Note the band-shift caused by phosphorylation
of additional sites during the ‘‘burst’’ at 30uC, and the basal immuno-
detection without phosphorylation reaction. C, Quantification of the
relative T305/306 phosphorylation during the ‘‘burst’’ by arbitrary
relative immuno-detection values (IDV). Basal immuno-detection prior
to the phosphorylation reactions was subtracted in the quantification
shown. No increase in phosphorylation was detected on ice. For 30uC,
the results indicate an initial phosphorylation rate (at reaction times of
1 min or less) of ,0.45 min21 (assuming that saturation represents
near-complete phosphorylation; otherwise the rate is even lower). D,
The basal immuno-detection with the phospho-T305 antibody prior to
the phosphorylation reactions was likely due to background immuno-
reactivity, as indicated by comparison to T305/306A mutant CaMKII.
doi:10.1371/journal.pone.0037176.g003
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immuno-reactivity remaining also after phosphatase treatment

[41]; this background was subtracted in the quantification of

phosphorylation.

For CaMKII wild type, suppression of T305/306 phosphory-

lation by Ca2+/CaM during 1 min stimulated activity assays

prevents significant contribution of this inhibitory phosphorylation

to the kinase activity measured [18,37,39,40]. Nevertheless, under

our kinase activity assay conditions (but with substrate omitted), up

to ,20% of CaMKII wild type may become autophosphorylated

at T305 after 1 min (which is reduced to ,2–10% in the presence

of substrate peptides) [18]. By contrast, T286 should be nearly

maximally phosphorylated within the first few seconds of the

reaction [24]. We reasoned that in the presence of Ca2+/CaM

(which suppresses T305/306 phosphorylation), phospho-T286

may suppress T305/306 phosphorylation even further, as it slows

down the Ca2+/CaM off-rate from ,130 min21 to ,0.06 min21,

which should prevent any appreciable un-binding of CaM in the

presence of Ca2+ (‘‘CaM trapping’’) [42]. Thus, we decided to test

if the T286A mutant shows enhanced T305 autophosphorylation,

which could explain its reduced Ca2+/CaM-stimulated activity.

Contrary to this prediction, in a direct comparison to CaMKII

wild type, the T286A mutant instead showed even less T305

autophosphorylation (less than one third compared to wild type)

during 1 min reactions at 30uC (Fig. 4A,B). This indicates that

T286 autophosphorylation does not contribute to the suppression

of T305/306 autophosphorylation under Ca2+/CaM-stimulated

conditions, and thus does not explain the mild reduction in kinase

activity seen for the T286A mutant CaMKII in Fig. 1.

Discussion

The results of this study indicate that CaMKII autopho-

sphorylation at T286 (which generates Ca2+/CaM-independent

‘‘autonomous’’ CaMKII activity [15–18]) significantly but rather

mildly (,1.2–1.3fold) also further increases the maximal Ca2+/

CaM-stimulated activity of CaMKII. This was done by directly

comparing multiple preparations of CaMKII wild type and its

T286A mutant for their phosphorylation rate, using two different

substrates. Previous studies either described T286 autophosphor-

ylation as a pre-requisite also for efficient Ca2+/CaM-stimulated

CaMKII activity [25–28], or found no contribution of T286 to this

stimulated activity at all [29–31]. These opposing conclusions

impact not only our understanding of a regulatory detail of an

important signaling enzyme, but also the interpretation of the

phenotype of CaMKII T286A mutant mice [13,43–47]. These

mice show impaired LTP and learning [13], and our findings

support the common interpretation that this is indeed due to the

specific lack of autonomous CaMKII activity. A dramatic

contribution of T286 also to stimulated activity would not allow

conclusions about the specific form of CaMKII activity involved,

and thus provide no additional information compared to the

kinase dead CaMKII K42R mutant mice (which indeed also show

impaired LTP and learning, as expected [48]) or to studies with

CaMKII inhibitors (which, again, impair LTP [7,14,49–51] and

learning [14]). But what caused the fundamentally different

conclusions in the various biochemical studies? Most studies

appeared to compare only individual CaMKII preparations,

which can differ significantly in their activity (as was also seen

here). This included a study that reported a ,6fold higher activity

of CaMKII wild type compared to the T286A mutant [28], using

myosin light chain as substrate (which has a ,12fold higher Km

compared to syntide 2 [52]). Even without any change in the

principle state of CaMKII activation, T286 phosphorylation may

influence the interaction of CaMKII with some specific substrates,

which would in turn effect their phosphorylation. Indeed, T286

phosphorylation can regulate CaMKII binding to several proteins

(for review see [53,54]), although binding to myosin light chain has

to our knowledge not been examined. Two other studies reached

their conclusion not based on comparison to a T286A mutant, but

based on the observation that T286 autophosphorylation preceded

substrate phosphorylation, with a lag-phase of substrate phos-

phorylation seen for naı̈ve but not for T286 pre-phosphorylated

CaMKII [25,26]. As T286 autophosphorylation occurs very fast

[24], it should indeed precede substrate phosphorylation even if it

is not a principle requirement for the Ca2+/CaM-stimulated

activity. Additionally, the lag-phase was observed only at ATP

concentrations ,2000fold lower than seen within cells (2 mM

compared to cellular ,4 mM). Under our assay conditions

(100 mM ATP; ,12fold its Km for CaMKII), no appreciable

lag-phase is observed [18]. Another study found dramatically

Figure 4. CaMKII T305 phosphorylation is further reduced for the T286A mutant. A, T305 phosphorylation was detected by Western
analysis after reactions corresponding to the kinase activity assays shown in Fig. 1 (1 min at 30uC, but without substrate peptide) or after extended
reaction times (10 min). B, Quantification of the relative T305 phosphorylation by the ratio of the phospho-T305 and total CaMKII immuno-detection
values (IDV) shows significantly lower phosphorylation of the T286A mutant in our 1 min kinase assay conditions (N = 3 different extracts for each
kinase form; *: p,0.05 in two-tailed t-test). The IDV ratio for T286A was ,28% (67.6%) of wild type after the 1 min reactions; in the 10 min reaction
experiment shown in panel A, this ratio was ,83%, consistent with the faster wild type reaction reaching saturation faster.
doi:10.1371/journal.pone.0037176.g004
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reduced Ca2+/CaM-stimulated activity for a T286A mutant, but

again only at the low 2 mM nucleotide concentration (using

ATPcS) [27]. At 50 mM ATP, the reported difference between the

CaMKII wild type and T286A preparation was only ,1.3fold, the

same mild effect as observed here. Other studies instead found no

difference between CaMKII wild type and several T286 mutants

regarding Ca2+/CaM-stimulated CaMKII activity [29,30] or even

a mild increase [31]. This included CaMKII T286L in Cos-7 cell

extracts [29], T286A and T286P partially purified from CHO

cells (with the T286P mutant exhibiting mildly increased non-

stimulated basal activity) [30], and T286A produced in a re-

ticulocyte in vitro translation system (additionally describing that

a T286D mutant mimics the phosphorylated state by resulting in

almost the same level of autonomous activity) [31]. Again, in all

cases, this appears to be based on individual kinase preparations.

However, in hippocampal extracts from three wild type and three

T286A mice, no significant difference in Ca2+/CaM-stimulated

CaMKII activity was detected either [13]. When an approximate

25% contribution of CaMKIIb in the extracts is subtracted, the

mean activity in the wild type extracts was ,1.1fold higher

compared to T286A extracts. However, based on the observed

variability, only effects larger than ,1.6fold could have reached

significance, while the mild ,1.2–1.3fold effect reported here

could not have been resolved.

CaMKII made ‘‘autonomous’’ by T286 phosphorylation is

significantly (,3–6fold) further stimulated by Ca2+/CaM [18],

indicating an only partial opening of the CaMKII inhibitory gate

by T286 phosphorylation, with significant further opening by

additional Ca2+/CaM binding. The results of this study indicate

that the more complete opening of the CaMKII inhibitory gate by

Ca2+/CaM binding alone may, vice versa, also be further increased

by additional T286 phosphorylation, albeit much more mildly

(with only ,1.2–1.3fold increased kinase activity). Several partial

crystal structures of CaMKII in its auto-inhibited basal state are

now available [21,55–57], and are consistent with the inhibitory

gate (physically provided by interactions of the regulatory domain

with the kinase domain) mainly blocking substrate access and to

a lesser extent also reducing ATP binding (for review see [5]). A

partial crystal structure of an activated state of CaMKII provides

information about structural shifts in the kinase domain and about

the Ca2+/CaM interaction [57], consistent with mutually exclusive

CaM-binding and T305/306 phosphorylation. However, while it

is clear that the positioning of the regulatory domain must change

in the different activation states of CaMKII, the actual position

relative to the kinase domains within a holoenzyme remains to be

elucidated for both the stimulated and autonomous states of

CaMKII.
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