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ABSTRACT: The role of adenosine 5′-triphosphate (ATP) in the activation mechanism ofR-Ca2+/calmodulin-
dependent protein kinase II (RCaMKII) was investigated using the T286A non-autophosphorylatable mutant
of RCaMKII. Characterization of the T286A-RCaMKII mutant revealedkcat ) 0.06 ( 0.02 s-1 for the
T286A mutant, a 6 (( 2)-fold lower value compared to wild-typeRCaMKII with 100 µM smooth muscle
myosin light chain (MLC) as substrate. MLC phosphorylation by the T286A mutant and wild-typeRCaMKII
was cooperative, with Hill coefficients 2.3( 0.1 and 2.4( 0.3, respectively.Km values for MLC were
96 ( 28 µM with T286A-RCaMKII and 49( 29 µM for wild-type RCaMKII. Thus, while the activity
of RCaMKII was sensitive to mutation of the Thr286 residue to Ala, the mechanisms of the wild-type and
T286A mutant enzyme appeared similar.Kd for Ca2+/calmodulin was 2-fold reduced to 40 nM compared
to that of wild-typeRCaMKII (75 nM). ATP induced a 9-fold stabilization of Ca2+/calmodulin binding
to the T286A mutant enzyme. Fluorescence stopped-flow kinetic experiments revealed that two Ca2+/
calmodulin-enzyme complexes were formed, the first, unaffected by ATP, with association and dissociation
rate constants of 2× 107 M-1 s-1 and 5 s-1, respectively, containing calmodulin in extended conformation.
The second complex, in which calmodulin adopted a compact conformation, was formed with association
rate constant 3× 106 M-1 s-1 and dissociation at 0.15 s-1 in the absence and 0.015 s-1 in the presence
of ATP. These data show that ATP is involved in the activation mechanism by forming two classes of
Ca2+/calmodulin‚RCaMKII‚ATP complex. It is likely that only one of the complexes is on the activation
pathway.

Ca2+/calmodulin-dependent protein kinase II isoformR
(RCaMKII)1 is a major protein transducer of the upstream
Ca2+ and calmodulin signals in neurons (1, 2). RCaMKII is
a homo-oligomeric enzyme consisting of 12 identicalR
subunits arranged as two stacked concentric hexameric rings
formed by the C-terminal association domains of each
monomer (3, 4). The higher-order oligomeric organization
of this protein kinase is tightly coupled to its unique

functional and regulatory properties.RCaMKII function is
necessary and sufficient for the induction of LTP (1), a model
for long-lasting increases in synaptic strength likely to play
important roles in learning and memory (5). RCaMKII is
able to translocate to (6) and co-localize with the NR2B
subunit of N-methyl-D-aspartate (NMDA) receptor to the
postsynaptic density, where it is thought to respond to local
Ca2+ signals (7) and mediate LTP and synaptic plasticity by
modulating NMDA receptor inactivation (8) andR-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptor-mediated rapid excitatory synaptic transmission (9,
10). The role ofRCaMKII in spatial learning and memory
has been demonstrated by experiments using transgenic mice
deficient inRCaMKII (11, 12). Furthermore, the role of site-
specific Thr286-autophosphorylation ofRCaMKII in spatial
learning has been shown in behavioral studies of transgenic
mice expressing the non-autophosphorylatable (T286A)
mutant analogue ofRCaMKII (13, 14).

Autophosphorylation is a unique feature ofRCaMKII,
which is critical for the regulation of the enzyme (15). Thr286

is the major regulatory autophosphorylation site inRCaMKII
that resides in the autoinhibitory domain. A number of studies
suggest thatRCaMKII forms a weak complex with cal-
modulin and that Ca2+/calmodulin-dependent Thr286-auto-
phosphorylation leads to calmodulin “trapping” (16, 17).
Thr286-autophosphorylation of wild-typeRCaMKII is thought
to generate an enzyme which is active even in the absence
of bound Ca2+/calmodulin (18). It has been previously shown
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that calmodulin trapping does not occur in the T286A point
mutant (16). It has also been shown that the T286A point
mutant does not exhibit any Ca2+/calmodulin-independent
activity (19) unless it is bound to the NR2B subunit of the
NMDA receptor (20).

The kinetic mechanism of brain CaMKII has been studied
by steady-state enzyme kinetic methods. Rapid equilibrium
random (21) and ordered (22) mechanisms have been
described with protein and peptide substrates, respectively.
There is controversy regarding ATP binding toRCaMKII
in the inactive state, in the absence of Ca2+/calmodulin.
While steady-state analysis has suggested that ATP cannot
bind to inactiveRCaMKII (23), transient kinetic studies are
consistent with the existence of anRCaMKII.ATP complex
(17).

We have previously shown that ATP affects the inter-
actions of Ca2+/calmodulin withRCaMKII and suggested
that both ATP binding and the resulting Thr286-autophos-
phorylation contribute to these effects (17). To investigate
the effects of ATP binding on the conformation as well as
the affinity of Ca2+/calmodulin toRCaMKII independently
of Thr286-autophosphorylation, we used the T286A mutant
of RCaMKII. The steady-state activation properties of
T286A-RCaMKII were characterized and compared with
those of wild-typeRCaMKII. The interactions of fluores-
cently labeled calmodulin derivatives with the mutant enzyme
were studied in comparison with the wild-type enzyme using
stopped-flow spectroscopies.

MATERIALS AND METHODS

Proteins and Peptides. Recombinant baculovirus for the
overexpression of T286A mutant was a kind gift from Dr.
D. A. Brickey and Professor T. R. Soderling (Vollum
Institute, Oregon Health and Science University, Portland,
OR). T286A-RCaMKII mutant was expressed and purified
as described for wild-typeRCaMKII (17). The yield typically
was 2 mg of T286A-RCaMKII mutant from a 200-mL
suspension culture of Sf9 cells. The protein was rapidly
frozen in liquid nitrogen and stored at-80 °C. TA-cal and
DA-cal were prepared as previously described (17, 24). Pig
brain calmodulin was purified as previously described (24)
and was used in stopped-flow experiments to displace TA-
cal and DA-cal. A previously developed high-yield MLC
overexpression system in BL-21 cells was utilized, and
purification was carried out as described in ref25. RCaMKII
peptide, residues 281-319, was synthesized by P. Fletcher
(National Institute for Medical Research, London, UK) and
purified by reversed-phase HPLC to homogeneity. Its identity
was checked and confirmed by mass spectrometry.

The concentration of T286A-RCaMKII was measured
usingεo ) 64 805 M-1 cm-1 (280 nm), calculated from the
amino acid composition (26). The Bradford assay was also
used with bovine serum albumin as standard (27). The results
of the two protein assays were identical within 10%.εo )
1800 M-1 cm-1 (278 nm) in 2 mM EGTA was used for pig
brain calmodulin and T34C/T110C-calmodulin, andεo )
4400 M-1 cm-1 (278 nm) was used for MLC calculated from
the amino acid composition (26). RCaMKII peptide, residues
281-319, was measured by weight.

Spectroscopy.Experiments were carried out at 21°C
unless otherwise specified. The assay solution contained 50

mM K-PIPES pH 7.0, 100 mM KCl, 2 mM MgCl2, 1 mM
DTT, and 500µM CaCl2, unless otherwise stated. DA-cal
(λex ) 335 nm andλem ) 500 nm) and TA-cal (λex ) 365
nm andλem ) 415 nm) emission spectra were recorded on
an SLM spectrofluorimeter.

Fluorescence stopped-flow measurements were carried out
using a Hi-Tech PQ/SF-53 double-mixing apparatus (Hi-Tech
Scientific, UK) set toλex ) 363 nm andλem > 455 nm for
experiments with DA-cal andλem > 400 nm for TA-cal.
Concentrations are given in the mixing chamber. A Perkin-
Elmer spectrophotometer and an SLM spectrofluorimeter
were used for absorption and other fluorescence measure-
ments. In all experiments, fluorescence was normalized so
that Ca2+/DA-cal or Ca2+/TA-cal fluorescence corresponded
to 1 and buffer fluorescence to 0.

Software.The steady-state kinetic data were analyzed using
GRAFIT v. 4.0 and fitted to the Michaelis-Menten equation,
V ) Vmax[S]/(Km + [S]), or the Hill equation,V ) Vmax[S]n/
(Km + [S]n). The Hi-Tech RK-2 program was used to acquire
and analyze the stopped-flow kinetic data. KSIM (by Neil
Millar) was used to generate simulated kinetic reactions.

Enzyme ActiVity. Steady-state protein kinase activities of
wild-type and T286A mutantRCaMKII, stimulated by
calmodulin and DA-calmodulin, were measured using MLC
as target. A continuous enzyme-linked fluorescence assay
was used to determine ADP production, linked to NADH
oxidation with a 1:1 stoichiometry (28). The reactions were
carried out at 21°C. The 0.5-mL assay solution contained
50 mM K-PIPES pH 7.0, 100 mM KCl, 5 mM DTT, 2 mM
MgCl2, 2 mM PEP, 500µM CaCl2, 4.5 units of LDH (bovine
heart), 2 units of PK (rabbit muscle), and 10.8µM NADH.
The concentrations of ATP calmodulin and MLC were varied
as specified.λex was 340 nm, andλem was set to 460 nm
(for NADH). When DA-cal was added in the reaction
mixture,λem was set to 420 nm where DA-cal emission was
negligible, thus avoiding interference with NADH fluores-
cence emission.

DA-cal and pig brain calmodulin were compared in steady-
state assays of phosphorylation of MLC target by T286A-
RCaMKII mutant. At 37.5 nM enzyme concentration, 1 mM
ATP, 100µM MLC, and pig brain calmodulin or DA-cal at
g0.5 µM, the activities were 56( 6 nmol of ADP min-1

(mg of enzyme)-1 stimulated by calmodulin and 61( 8 nmol
of ADP min-1 (mg of enzyme)-1 stimulated by DA-cal.

MLC binding to calmodulin was not detected by TA-cal
fluorescence; however, as high MLC concentrations were
used in the enzyme assay, we tested MLC binding to
calmodulin by additional methods. Calmodulin-Sepharose
chromatography revealed that some MLC bound in a Ca2+-
dependent manner. Fluorescence polarization measurements
were then carried out to quantify the binding affinity.
Fluorescein-labeled calmodulin labeled on residue Lys75 (FL-
cal) (29), the same site as in TA-cal, was used because its
fluorescence responds by increased polarization toRCaMKII
binding (K. Török, unpublished data). MLC up to 305µM
was tested for Ca2+/FL-cal binding. AKd value of 75µM
was derived from the anisotropy change of 0.04. It was then
investigated how this binding affected our enzyme kinetic
measurements. These experiments were all carried out at 5
µM [cal]o. It was calculated that MLC binding removed up
to 3.7 µM calmodulin at 220µM MLC from the solution.
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At the typically used 100µM MLC concentration, 2.8µM
calmodulin was bound to MLC. Thus, even at the highest
MLC concentrations used, the calmodulin concentrations
available for enzyme activation were>1.3µM and typically
2.2 µM. The calmodulin concentrations were thus not
critically reduced by MLC binding in our assays and
represented saturating concentrations for the wild-type and
mutant enzymes. Calmodulin concentrations were corrected
for MLC binding in Figure 1B, and the corrected plot is
shown. MLC concentrations for the assays in Figure 1C,D
were also corrected for calmodulin binding and reanalyzed.

The analysis showed that this correction did not noticeably
affect the fitted values.

RESULTS

Comparison of the Steady-State Kinetics of Wild-Type and
T286A MutantRCaMKII. The T286A mutant ofRCaMKII
was expressed in baculovirus-transfected insect cells and
purified to homogeneity by the method previously developed
for wild-typeRCaMKII enzyme (17). Electron micrographic
images of negatively stained T286A-RCaMKII mutant
protein had a similar appearance to those of dodecameric

FIGURE 1: NADH-coupled substrate concentration dependence of steady-state activities of T286A-RCaMKII and wild-type enzyme. All
steady-state parameters are listed in Table 1. (A) Measurement of the specific activity of the T286A mutant enzyme: 0.2µM T286A
mutant, 500µM Ca2+, 5 µM calmodulin, 40µM MLC, and 1 mM ATP were present in the assay mix at 21°C. Enzyme was added last
to start the reaction. The specific activity of the T286A mutant enzyme was 19 nmol min-1 mg-1. (B) Calmodulin concentration dependence
of T286A-RCaMKII steady-state activity: 0.2µM T286A mutant, 100µM MLC, and 1 mM ATP were present in the assay mix. (C,D)
MLC concentration dependence of the steady-state activities of T286A-RCaMKII and wild-typeRCaMKII, respectively: 0.1 or 0.2µM
enzyme, 1 mM ATP, and 5µM Ca2+/calmodulin were present in the assay mix. (E,F) ATP concentration dependence of the steady-state
activities of T286A-RCaMKII and wild-typeRCaMKII, respectively: 0.1 or 0.2µM enzyme, 100µM MLC, and 5µM Ca2+/calmodulin
were present in the assay mix.
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RCaMKII (data not shown). Steady-state kinase activities
of both the T286A-RCaMKII mutant and wild-typeRCaMKII
enzyme were determined in an NADH-coupled assay,
measuring ADP release with MLC as substrate (28). We have
previously determined that Thr286-autophosphorylation of
wild-type RCaMKII enzyme does not occur in the presence
of >30 µM MLC (Tzortzopoulos et al.,Biochemistry, in
press). A steady-state assay of T286A mutant activity is
shown in Figure 1A. Typically, the reaction was started by
the addition of enzyme. In the absence of calmodulin, the
enzyme activity was<2% of that measured in its presence
for both the T286A mutant and wild-typeRCaMKII (17).
Steady-state kinetic parameters of both the T286A-RCaMKII
mutant and wild-type enzymes were determined. Figure
1B-F shows the steady-state activities of the T286A-
RCaMKII mutant and wild-type enzyme as a function of
calmodulin, MLC, and ATP concentrations.

The steady-state kinase activity of the T286A mutant was
measured at various calmodulin concentrations (range 0-5
µM) using 0.5 mM Ca2+, 1 mM ATP, and 100µM MLC.
The best-fitVmax value for the T286A mutant enzyme was
84 ( 6 nmol min-1 mg-1. Determination of theKm for
calmodulin was not possible at the enzyme concentration of
200 nM. An S0.5 value of <100 nM was thus estimated
(Figure 1B, Table 1).

Steady-state rates of T286A mutant and wild-typeRCaMKII
activities were determined over a range of MLC concentra-
tions. At 5µM calmodulin and 1 mM ATP,Vmax values for
MLC were 126( 8 nmol min-1 mg-1 T286A mutant and
866( 76 nmol min-1 mg-1 wild-type RCaMKII, revealing
a ratio 6( 2 in thekcat values for the wild-type and mutant
enzymes Steady-state activation of both enzymes showed
positive cooperativity as a function of MLC concentration
and was best fit withKm values for MLC of 96( 28 µM
with the T286A mutant and 49( 29 µM with wild-type
RCaMKII. For MLC, Hill coefficients of 2.3( 0.2 for the
mutant and 2.4( 0.3 for the wild-typeRCaMKII were
obtained (Figure 1C,D, Table 1).

The ATP concentration dependence of the T286A mutant
andRCaMKII steady-state activities in the presence of 5µM
calmodulin and 100µM MLC gave Vmax values of 99( 7
nmol min-1 mg-1 for the T286A mutant and 440( 37 nmol
min-1 mg-1 for wild-typeRCaMKII. TheKm values for ATP
were 27( 9 µM for the T286A mutant and 66( 18 µM for
wild-type RCaMKII (Figure 1E,F, Table 1). Thus, detailed
examination revealed differences in both turnover rate and
substrate affinities between the T286A mutant and wild-type
RCaMKII enzymes.

Ca2+/TA-cal Interactions with T286A-aCaMKII Mutant
and Its ATP Complex by Stopped-Flow Kinetics.The effect
of ATP on the kinetics of association and dissociation of
Ca2+/calmodulin from the non-autophosphorylatable T286A
mutant was studied by fluorescence stopped-flow. A Lys75-
derivatized fluorescent calmodulin, TA-cal (24), was used
to study its interactions with T286A-RCaMKII in the
presence of Ca2+. In association experiments, the fluores-
cence of Ca2+/TA-cal changed in a biphasic process by
T286A-RCaMKII binding (Figure 2A,B). Ca2+/TA-cal fluo-
rescence initially increased rapidly from relative fluorescence
1 (which is the normalized Ca2+/TA-cal fluorescence) to
1.30, and then fell in a slower process to the value of 1.02.
In the presence of ATP, similar fluorescence changes
occurred, although the relative fluorescence values were
somewhat different. The initial rise reached a maximum at
1.18, and the final fluorescence was 0.71 (Figure 2A,B). Both
in the absence and in the presence of ATP, the rate of the
initial rising phase was concentration dependent (Figure
2C,D). The gradient ofkobs1 of the rapid rising phase as a
function of T286A mutant concentration was 2.0 (( 0.2)×
107 M-1 s-1 in the absence and 1.9 (( 0.2) × 107 M-1 s-1

in the presence of ATP. The intercepts of the extrapolated
linear plots ofkobs1 versus [T286A mutant] are 7.8( 1.9
(Figure 2C) and 7.9( 1.2 s-1 in the presence of ATP (Figure
2D). The rate of the second, slow phase appeared to be
concentration independent at 0.78( 0.05 s-1 in the absence
of ATP. In the presence of ATP (Figure 2C), however, a
better fit was obtained with two exponentials: the first rate
was concentration dependent, with a gradient of (2.3( 0.1)
× 106 M-1 s-1, while the second process was concentration
independent, at 0.45( 0.05 s-1 (Figure 2D).

Dissociation of Ca2+/TA-cal.T286A-RCaMKII was mea-
sured by monitoring Ca2+/TA-cal fluorescence changes upon
its displacement from the T286A-RCaMKII and the ATP-
bound T286A-RCaMKII complexes by pig brain calmodulin
(Figure 2E,F). Ca2+/TA-cal fluorescence changed in a
biphasic manner upon dissociation from the nucleotide-free
RCaMKII complex. The fluorescence first decreased to 0.95
at a ratekdiss1 ) 6.0 ( 0.9 s-1, and subsequently increased
to 1 at a ratekdiss2) 0.15 s-1 (Figure 2E). In contrast to the
nucleotide-free Ca2+/TA-cal.T286A-RCaMKII complex, dis-
sociation of Ca2+/TA-cal from ATP-bound Ca2+/TA-
cal.T286A complex was described by a monophasic Ca2+/
TA-cal fluorescence increase withkdiss ) 0.015( 0.001 s-1

from relative fluorescence 0.71 to 1, which corresponds to
normalized free Ca2+/TA-cal fluorescence (Figure 2F). The
biphasic dissociation curve in Figure 2E indicates a well-
poised equilibrium between the two Ca2+/cal.T286A-
RCaMKII complexes, as the decay of both complexes can
be observed. The monophasic dissociation curve in Figure
2F indicates that the equilibrium is strongly biased toward
one of the complexes.

Mechanism of Ca2+/TA-cal Interactions with T286A-
RCaMKII Mutant and Its ATP Complex.The association
kinetics presented in Figure 2C show a mechanism of
interaction of TA-cal with the T286A mutant enzyme in
which rapid binding is followed by slow isomerization.
Relative fluorescence initially increases and then decreases
but remains>1 throughout association. The fluorescence in
the dissociation process of the Ca2+/TA-cal.T286A complex,
however, drops below the value of 1. Thus, one of the

Table 1: Kinetic Constants of MLC Phosphorylation by T286A
Mutant and Wild-TypeRCaMKII Enzymes

T286A RCaMKII

S0.5

(µM) na Vmax
b

S0.5

(µM) na Vmax
b

Cal <0.100 84( 6
ATP 27( 9 99( 7 66( 18 440( 37
MLC 96 ( 28 2.3( 0.1 126( 8 49( 29 2.4( 0.3 866( 76

a n denotes Hill coefficient. The values forn represent the best-fit
values to the Hill equationV ) Vmax[S]n/(Km + [S]n). Fixing n at 2 did
not significantly alter the best-fitVmax andS0.5 values.b Vmax represents
the enzyme specific activity at 100µM MLC expressed in nanomoles
per minute per milligram of enzyme.
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intermediates has relative fluorescence<1. The simplest
mechanism to explain these data is one in which the
formation of an initial complex (described by rate constants
k+1, k-1) is followed by isomerization to a second complex
(k+2, k-2). According to such a mechanism, wherek+2 +
k-2 is 0.78 s-1, taking the observed rates of dissociation and
the amplitudes of the fluorescence changes into account as
described in ref24 gives the following parameter values to
fit the data: k+1 ) 2.0× 107 M-1 s-1, k-1 ) 5.0 s-1, k+2 )
0.66 s-1, k-2 ) 0.12 s-1, F1 ) 1, F2 ) 1.50, andF3 ) 0.93.

An alternative scheme consistent with our data represents
the formation of two independent Ca2+/TA-cal.T286A com-
plexes, as shown in Scheme 1.

Scheme 1

Ca2+/TA-cal.RT286A
F1

y\z
k+1

k-1
Ca2+/TA-cal + RT286A

F2

y\z
k+2

k-2

Ca2+/TA-cal.RT286A*
F3

FIGURE 2: Association and dissociation kinetics of Ca2+/TA-cal and T286A-RCaMKII. Fluorescence was monitored atλex ) 365 nm and
λem > 400 nm, and the conditions were as described in Materials and Methods. (A,B) Association of Ca2+/TA-cal and T286A-RCaMKII
in the presence (records 2) and absence (records 1) of ATP on a short (A) and a long (B) time scale. The solid line shows the exponential
fit to the experimental data. For record 1, 25 nM Ca2+/TA-cal was rapidly mixed with 0.7µM T286A-RCaMKII (concentrations in mixing
chamber) in a stopped-flow fluorimeter. The rate constants of the two exponentials shown werekobs1) 26.0( 0.5 s-1 (rising fluorescence)
andkobs2 ) 0.60 ( 0.01 s-1 (decreasing fluorescence). The fluorescence started from 1 (F1) and rose to 1.30 (F2), and equilibrium was
achieved at 1.02 (F∞). For record 2, 25 nM Ca2+/TA-cal was rapidly mixed with 0.7µM T286A-RCaMKII and 0.5 mM ATP. The rate
constants of the two exponentials shown werekobs1) 32.0( 1.1 s-1 (rising fluorescence) andkobs2) 0.50( 0.01 s-1 (decreasing fluorescence).
The fluorescence started from 1 (F1) and rose to 1.18 (F2), and equilibrium was achieved at 0.71 (F∞). (C) Secondary plot of the association
kinetic data in the absence of ATP.kobs1andkobs2, representing the fast and slow phases of the association reaction, are plotted as a function
of T286A-RCaMKII concentration. The gradient of the linear regression line fit to the data ([) was 2.0 (( 0.2) × 107 M-1 s-1, with the
intercept at 7.2( 1.9 s-1. A horizontal line drawn at 0.78( 0.05 s-1 marks the isomerization rate. (D) Secondary plot of the association
kinetic data in the presence of ATP. The gradient of the linear regression line fit to the data ([) was 2.0 (( 0.2) × 107 M-1 s-1, with the
intercept at 9.4( 1.2 s-1 and to the data (9) 2.3 ((0.1) × 106 M-1 s-1 with the intercept at the origin. The isomerization rate was 0.57
( 0.05 s-1 (---).. The isomerization rate was 0.57( 0.05 s-1. (E) Displacement of Ca2+/TA-cal by pig brain Ca2+/calmodulin from its
complex withRCaMKII. The equilibrated mixture of 25 nM Ca2+/TA-cal and 250 nM T286A-RCaMKII was rapidly mixed with 2.5µM
Ca2+/calmodulin (mixing chamber concentrations). A biphasic fluorescence change occurred. The exponential rate of the first decreasing
phase,kdiss1, was 6.0( 0.9 s-1, and that of the second rising phase,kdiss2, was 0.16( 0.01 s-1. (F) Displacement of Ca2+/TA-cal by
Ca2+/calmodulin from its complex withRCaMKII in the presence of ATP. The equilibrated mixture of 25 nM Ca2+/TA-cal, 250 nM
RCaMKII, and 0.5 mM ATP was rapidly mixed with 2.5µM Ca2+/calmodulin (mixing chamber concentrations). A monophasic fluorescence
change occurred. The exponential rate of the rising phase,kdiss, was 0.015 s-1.
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This mechanism was first analyzed in detail by Bagshaw et
al. (30) and discussed in ref24 as one that is often difficult
to distinguish from that referred to above, for example, when
only one concentration-dependent process is measurable by
a fluorescence change. One of the complexes, the more
highly fluorescent Ca2+/TA-cal.T286A, would form more
rapidly and dissociate more rapidly. The second complex,
Ca2+/TA-cal.T286A*, would have fluorescence<1, and
would form and dissociate more slowly. Formation of the
second complex thus would depend on dissociation of the
first complex, the equilibration of the two complexes giving
the observed slow isomerization. Dissociation of Ca2+/TA-
cal.T286A would represent the first, decreasing phase of
fluorescence change, leaving the Ca2+/TA-cal.T286A* com-
plex to dissociate slowly with a rise of fluorescence to 1.
This mechanism is shown in Scheme 1. A set of values that
fit the data arek+1 ) 5.0 s-1, k-1 ) 2.0× 107 M-1 s-1, k+2

) 3.2× 106 M-1 s-1, k-2 ) 0.12 s-1, F1 ) 1, F2 ) 1.50,F3

) 0.93. Although the concentration dependence of the
formation of the Ca2+/TA-cal.T286A* complex is not seen,
the data are consistent with the mechanism shown in Scheme
1; thus, this mechanism cannot be ruled out for the interaction
of Ca2+/TA-cal with T286A enzyme.

In the presence of ATP, similar biphasic association
kinetics were observed (Figure 2B). Upon closer examination
of the second phase of the Ca2+/TA-cal fluorescence change
in the association reaction, however, it became evident that
the second phase of Ca2+/TA-cal fluorescence change was
better fit with two exponentials than with one. Such analysis
revealed that the second phase was composed of a concen-
tration-dependent process and a concentration-independent
process. As shown in Figure 2D, the gradient of the
concentration-dependent process was 2.3 (( 0.1)× 106 M-1

s-1. Slow isomerization occurred at 0.45( 0.05 s-1. This
analysis thus provided evidence for the mechanism shown
in Scheme 2.

In this model, Ca2+/TA-cal.T286A.ATP forms rapidly, while
Ca2+/TA-cal.T286A.ATP* is formed more slowly, and the
formation of the Ca2+/TA-cal.T286A.ATP* complex requires
dissociation of the Ca2+/TA-cal.T286A.ATP complex. The
Ca2+/TA-cal.T286A.ATP* complex is the stable form after
equilibration, and the measured dissociation rate constant of
0.015 s-1 represents its dissociation. A set of parameters that
fit the data arek ′+1 ) 5.0 s-1, k ′-1 ) 2.0 × 107 M-1 s-1,
k ′+2 ) 3.2× 106 M-1 s-1, k ′-2 ) 0.015 s-1, F1 ) 1, F ′2 )
1.38, andF ′3 ) 0.71. Equilibration of the first and second
complexes would appear as an isomerization the rate, which
is given askisom ) (k ′+1k ′+2 + k ′-1k ′-2)/(k ′-1 + k ′+2) (24).
This gives an isomerization rate for the T286ARCaMKII
mutant in the absence of ATP of 0.79 s-1, in excellent
agreement with our measured rate of 0.78 s-1 (Figure 2C).
The isomerization rate calculated for the complex in the
presence of ATP is 0.70 s-1. This is in reasonable agreement
with the measured value of 0.45 s-1, considering that the
value ofk ′+1 is estimated to be identical to that measured
for ATP-free conditions.

Kd values are distinct for the complexes in Schemes 1 and
2: the first complex hasKd1 ) 2.5× 10-7 M both with and
without ATP; the second complex hasKd ) 4.7 × 10-7 M
in the absence and 4.6× 10-9 M in the presence of ATP.
ATP binding thus stabilized the Ca2+/TA-cal.T286A-
RCaMKII complex 9-fold (Table 2).

Steady-State Fluorescence of Ca2+/DA-cal in T286A-
RCaMKII Complexes.Changes in global Ca2+/calmodulin
conformation can be monitored in real time using DA-cal, a
double-mutant (T34C,T110C)-calmodulin labeled with a
donor-acceptor pair of probes (17, 31). The donor (AEDANS)
equilibrium fluorescence emission intensities of DA-cal (at
λ ) 490 nm) free in solution were compared with those of
DA-cal in complex with T286A mutant orRCaMKII or
RCaMKII281-319 peptide, T286A mutant in the presence of
AMP-PNP, andRCaMKII in the presence of ATP. Figure 3
shows the fluorescence emission spectra of DA-cal. In the
presence of EGTA (60 nM free Ca2+, record 1), the
fluorescence was maximum (relative fluorescence 1.16). In
the presence of 0.5 mM Ca2+ (record 2), the DA-cal
fluorescence was reduced (relative fluorescence 1). Binding
to 1.1 µM RCaMKII (record 3) caused a 15% reduction
(relative fluorescence 0.85). Binding of DA-cal to 1µM
T286A mutant (record 4) caused a 60% decrease in
fluorescence (relative fluorescence 0.40), and binding in the
presence of 1.5 mM AMP-PNP (record 5) caused a 68%

Table 2: Kinetic Parameters of the Interactions of Ca2+/TA-cal and Ca2+/DA-cal with Τ286Α-RCaMKII and Nucleotides in Terms of Schemes
1 and 2

k′+1
(s-1)

k′-1
(M-1 s-1)

k′+2
(M-1 s-1)

k′-2
(s-1)

kisom
(s-1)

Kd1
(M)c

Kd2
(M)d

Kd
(M)e F1 F ′2 F ′3

Ca2+/TA-cal
+ RCaMKIIa 3.52 2.0× 107 3.2× 106 0.343 0.78 2.5× 10-7 1.1× 10-7 7.6× 10-8 1 1.40 1.04
+ RCaMKII + ATPa 5.0 2.0× 107 3.2× 106 0.0027 0.75 2.5× 10-7 8.4× 10-10 8.4× 10-10 1 1.26 0.60
+ T286A 5.0 2.0× 107 3.2× 106 0.15 0.79b 2.5× 10-7 4.7× 10-8 3.95× 10-8 1 1.50 0.93
+ T286A + ATP 5.0 2.0× 107 3.2× 106 0.015 0.70b 2.5× 10-7 4.7× 10-9 4.6× 10-9 1 1.38 0.71

Ca2+/DA-cal
+ RCaMKII 5.83 2.0× 107 2.5× 106 1.8( 0.2 5.0( 0.8 2.5× 10-7 7.2× 10-7 9.7 (( 0.5)× 10-8 1 1 0.53
+ RCaMKII + ATP 5.0 2.0× 107 2.50 (( 0.12)× 106 e6 × 10-5 ndf 2.5× 10-7 e 2.4× 10-11 e 2.4× 10-11 1 1 0.18
+ T286A 5.0 2.0× 107 1.8 (( 0.1)× 106 0.05 nd 2.5× 10-7 2.8× 10-8 2.5× 10-8 1 1 0.40
+ T286A + ATP 5.0 2.0× 107 2.8 (( 0.4)× 106 0.0022 0.83( 0.06 2.5× 10-7 7.9× 10-10 7.9× 10-10 1 1 0.20
+ T286A + AMP-PNP 5.0 2.0× 107 6.9 (( 0.1)× 105 0.06 0.6( 0.2 2.5× 10-7 8.7× 10-8 6.5× 10-8 1 1 0.30

a Best-fit values to Schemes 1 and 2 of data in ref17. b Values calculated from the formulakisom ) (k ′+1k ′+2 + k ′-1k ′-2)/(k ′-1 + k ′+2) (20).
c Kd1 corresponds tok ′+1/k ′-1. d Kd2 corresponds tok ′-2/k ′+2. e Kd corresponds toKd1/(1 + Kd1/Kd2). f nd, not determined.

Scheme 2

Ca2+/TA-cal.RT286A.ATP
F ′2

y\z
k ′+1

k ′-1

Ca2+/TA-cal + RT286A.ATP
F1

y\z
k ′+2

k ′-2

Ca2+/TA-cal.RT286A.ATP*
F ′3
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reduction in fluorescence (relative fluorescence 0.32). Finally,
binding to 1µM T286A mutant in the presence of 2 mM
ATP (record 6) caused a 78% fluorescence reduction (relative
fluorescence 0.22), and similarly binding to 1µM
RCaMKII281-319 peptide (record 7) caused an 80% fluores-
cence reduction (relative fluorescence 0.20).

Thus, the data show that, in spectroscopic terms, different
complexes of Ca2+/DA-cal with nucleotide-free T286A-
RCaMKII compared to nucleotide-bound T286A-RCaMKII
are formed. Furthermore, Ca2+/DA-cal fluorescence quench-
ing was greater in the presence of the T286A mutant (relative
fluorescence 0.4) than that with the wild-typeRCaMKII
(relative fluorescence 0.7 (17)). Finally, the complex of Ca2+/
DA-cal.RCaMKII281-319peptide was spectroscopically similar
to that of Ca2+/DA-cal.ATP-bound T286A mutant enzyme.

Ca2+/DA-cal Interactions with T286A-RCaMKII and the
Effect of ATP Binding Studied by Stopped-Flow Kinetics.

The kinetics of the conformational change of Ca2+/DA-cal
during association with and dissociation from nucleotide-
free and nucleotide-bound T286A-RCaMKII complexes were
investigated in fluorescence stopped-flow experiments in
order to understand the mechanism of Ca2+/calmodulin
binding to the enzyme. Control experiments showed that
none of the nucleotides affected DA-calmodulin fluorescence
by themselves (data not shown). Figure 3B shows the Ca2+/
DA-calmodulin fluorescence changes in association reactions
with T286A-RCaMKII mutant. The rate and amplitude (given
in parentheses) as well as the % quenching of DA-cal
fluorescence or relative fluorescence for each reaction
follow: (i) T286A mutant with no nucleotide added (record
1, kobs ) 3.2 ( 0.1 s-1), amplitude corresponds to 60% of
maximal fluorescence quenching or relative fluorescence 0.4;
(ii) T286A and 1.5 mM AMP-PNP (record 2,kobs1) 2.5 (
0.1 s-1, amplitude 0.65, andkobs2) 0.5( 0.02 s-1, amplitude

FIGURE 3: Interactions of Ca2+/DA-cal with T286A mutantRCaMKII. (A) Fluorescence emission spectra of the following complexes of
0.2 µM DA-cal and T286A mutant or wild-typeRCaMKII at concentrations specified below by steady-state at 21°C: 1, free DA-cal in
the presence of 2 mM EGTA; 2, in the presence of 0.5 mM Ca2+; 3, in complex with 1.1µM RCaMKII; 4, in complex with 1µM T286A
mutant; 5, with 1µM T286A mutant and 2 mM AMP-PNP; 6, with 1µM T286A mutant and 2 mM ATP; and 7, with 1µM RCaMKII281-319
peptide. (B) Association kinetics of the T286A mutant and Ca2+/DA-cal in the presence and in the absence of nucleotides. For record 1,
0.35µM Ca2+/DA-cal was mixed with 0.60µM T286A; kobs ) 3.2 ( 0.1 s-1. For record 2, 0.35µM Ca2+/DA-cal was mixed with 3.8µM
T286A and 1.5 mM AMP-PNP;kobs1 ) 2.5 ( 0.1 s-1 (amplitude 0.65) andkobs2 ) 0.5 ( 0.02 (amplitude 0.35). For record 3, 0.1µM
Ca2+/DA-cal was mixed with 1.25µM T286A and 0.25 mM ATP;kobs1 ) 3.5 ( 0.2 s-1 (amplitude 0.84) andkobs2 ) 0.49 ( 0.08 s-1

(amplitude 0.16). (C) Secondary plot ofkobs of Ca2+/DA-cal association with T286A-RCaMKII in the absence of nucleotide. The gradient
of the linear regression line fit to the data ([) was 1.8 (( 0.1) × 106 M-1 s-1. The intercept was at 1.67 s-1. (D) Secondary plot ofkobs
of Ca2+/DA-cal association with T286A-RCaMKII in the presence of ATP (2,[) and AMP-PNP (×,9). The gradients of the linear regression
line fit to the data were 2.8 (( 0.4)× 106 M-1 s-1 (intercept at 0) when ATP was present and 6.9 (( 0.1)× 105 M-1 s-1 (intercept at 2.45
s-1) when AMP-PNP was included. The isomerization rate was 0.83( 0.06 s-1 with ATP present (marked by solid line) and 0.6( 0.2 s-1

in the presence of AMP-PNP. (E) Dissociation kinetics of Ca2+/DA-cal from its T286A-RCaMKII complex by pig brain calmodulin. For
record 1, the equilibrated mixture of 0.5µM T286A and 0.2µM Ca2+/DA-cal was mixed with 2.5µM pig brain Ca2+/calmodulin. The rate
of fluorescence increase was 0.050( 0.003 s-1. For record 2, the equilibrated mixture of 0.5µM T286A, 1 mΜ ATP, and 0.2µM Ca2+/
DA-cal was mixed with 2.5µM pig brain Ca2+/calmodulin. The rate of fluorescence increase was 0.0022( 0.0001 s-1.
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0.35), total amplitude corresponds to 70% of maximal
fluorescence quenching or relative fluorescence 0.30; and
(iii) T286A mutant in the presence of 0.25 mM ATP (record
3, kobs1) 3.52( 0.24 s-1, amplitude 0.84, andkobs2) 0.49
( 0.08 s-1, amplitude 0.16), total amplitude corresponds to
80% of fluorescence quenching or relative fluorescence 0.2.

Thus, the stopped-flow data revealed that Ca2+/DA-cal
fluorescence was more quenched in the presence of T286A
mutant (Figure 3B) than withRCaMKII (17), as was also
shown by the steady-state fluorescence data (Figure 3A).
ATP caused maximum quenching of Ca2+/DA-cal fluores-
cence in complex with T286A mutant without Thr286-
autophosphorylation (Figure 3B).

In the absence of nucleotides, the DA-cal fluorescence
decrease was well fit by a single exponential. The observed
rate (kobs) was dependent on enzyme concentration in the
range studied with T286A mutant (Figure 3C), with a
gradient of 1.5 (( 0.1)× 106 M-1 s-1 for the T286A mutant
enzyme (Table 2). Thus, T286A mutant differed from wild-
type RCaMKII, for which the observed rate constant (kobs)
remained unchanged as a function ofRCaMKII concentra-
tions, showing a plateau at 5 s-1 (17).

The association kinetics of Ca2+/DA-cal with T286A
mutant in the presence of ATP showed biphasic fluorescence
decay. In Figure 3D, the observed rates of DA-cal confor-
mational change are plotted as a function of T286A mutant
concentration. The initial fast phase (kobs1) showed a linear
dependence on enzyme concentration in the range studied.
The apparent second-order rate constant was 2.8 (( 0.4) ×
106 M-1 s-1 for T286A mutant (Table 2). This rate constant
was close to that ((2.50( 0.12)× 106 M-1 s-1) previously
determined forRCaMKII (17). The slow phase was inde-
pendent of enzyme concentration, withkobs2 ) 0.83( 0.06
s-1 for T286A mutant enzyme (Figure 3D, Table 2).

DA-cal conformational change was also biphasic during
association of Ca2+/DA-cal with T286A-RCaMKII and
AMP-PNP, with one phase (kobs1) dependent on enzyme
concentration, with gradient 6.9 (( 0.1)× 105 M-1 s-1, and
the other phase concentration independent, withkobs2 ) 0.6
( 0.2 s-1 (Figure 3D), corresponding tok ′+2 and kisom in
Scheme 2, respectively (Table 2).

Ca2+/DA-cal dissociation rates were measured in displace-
ment reactions with pig brain Ca2+/calmodulin. In the
absence of nucleotide, a Ca2+/DA-cal fluorescence increase
occurred at 0.05 s-1 (Figure 3E, record 1). In the presence
of nucleotides, the rates of Ca2+/DA-cal displacement from
its complex with T286A mutant were 0.0022 (ATP; Figure
3E, record 2) and 0.06 s-1 (AMP-PNP; data not shown).
AMP-PNP thus did not have a significant effect on the rate
of Ca2+/DA-cal dissociation. The data, however, show that
while AMP-PNP slightly destabilizes the complex, ATP
binding stabilized the T286A-RCaMKII mutant complex by
reducing the rate of Ca2+/DA-cal dissociation 23-fold.

Mechanism of Interactions of Ca2+/DA-cal with T286A-
RCaMKII and Its Complexes with ATP and AMP-PNP.In
the absence of nucleotide, association of Ca2+/DA-cal with
T286A-RCaMKII showed monophasic Ca2+/DA-cal fluo-
rescence quenching with a rate that was essentially inde-
pendent of the concentration of T286A-RCaMKII; however,
as shown in Figures 3B and 4D, Ca2+/DA-cal fluorescence
quenching was biphasic in the presence of ATP and AMP-
PNP, withkobs1linearly dependent on enzyme concentration

andkobs2independent of T286A-RCaMKII mutant concentra-
tion. The data can be interpreted in terms of Schemes 1 and
2, in the absence and in the presence of nucleotide,
respectively (24, 30). In this case, Ca2+/DA-cal binding to
T286A-RCaMKII or to T286A-RCaMKII.ATP appeared to
occur without a fluorescence change, whereas the second
complex, Ca2+/DA-cal.T286A-RCaMKII* or Ca2+/DA-
cal.T286A-RCaMKII.ATP*, had a relative fluorescence of
0.4 or 0.2, respectively. The gradient ofkobs1gave a second-
order rate constant (k ′+2) of 2.8 × 106 M-1 s-1 in the
presence of ATP (Figure 3D).kobs2 corresponds to the
isomerization at 0.83 s-1, similar to that obtained with TA-
cal (Table 2). Data obtained with AMP-PNP could be
interpreted in a similar way, withk ′+2 ) 6.9× 105 M-1 s-1

and isomerization at 0.6( 0.2 s-1 (Table 2). Thus, in terms
of Schemes 1 and 2, values for the dissociation constants
Kd for Ca2+/DA-cal complexes with T286A-RCaMKII
mutant, T286A-RCaMKII.ATP, and T286A-RCaMKII.AMP-
PNP were calculated as 2.9× 10-8, 7.9× 10-10, and 6.5×
10-8 M, respectively (Table 2).

DISCUSSION

Steady-State Characterization of T286A-RCaMKII En-
zyme.The T286A mutation has been widely used to study
the structure/function relationship of theRCaMKII enzyme
in vitro and in vivo (reviewed in refs1, 2; see also refs6, 7,
9, 11-14, 16, 17, 19, 20, 32, 33). In this study, the T286A
mutant ofRCaMKII was characterized in the steady state
and compared with the wild-type enzyme. The dependence
of the specific activities of the T286A mutant andRCaMKII
on the concentrations of substrates (MLC and ATP) and
activator calmodulin was determined. Both enzymes cata-
lyzed phosphorylation of MLC in the presence of Ca2+/
calmodulin and ATP under steady-state conditions (17). The
maximum activity (Vmax) of the mutant enzyme was 126(
8 nmol min-1 mg-1, whereas that of the wild-type enzyme
was 866( 76 nmol min-1 mg-1 (Table 1). Overall, the (6
( 2)-fold difference measured inVmax for the two enzymes
differs from previous reports that present the two kinases as
equally 100% active (19). It may be, though, that this
difference in activity is a consequence of the substitution of
T286A residue with A in the mutant enzyme. OurVmax of
RCaMKII is higher compared to previously reported values
for MLC as substrate (34, 35).

The activities of both enzymes were totally dependent on
the presence of Ca2+/calmodulin. Determination of theKm

for calmodulin was difficult due to practical limitations. It
was not possible to work at a low enough enzyme concentra-
tion to measureKm. S0.5 for activation by Ca2+/calmodulin
was estimated to be<100 nM (Table 1). This value for the
T286A mutant is in agreement with previously published
values of 50-150 nM, depending on the experimental
conditions, of the activation constantKact for calmodulin,
determined in other studies for wild-typeRCaMKII (32, 35-
37). As can be seen in Figure 1B, Ca2+/calmodulin at
concentrations>3 µM appeared to inhibit MLC phos-
phorylation, suggesting that a second calmodulin molecule
may bind with lower affinity.

The activities of both wild-type and mutantRCaMKII
showed sigmoid dependence on MLC concentration, indicat-
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ing positive cooperativity (Table 1). TheKm values for MLC
were determined to be 96( 28 µM for T286A mutant and
49 ( 29 µM for RCaMKII. These values are consistent with
those reported in the literature for purified rat brain CaMKII
(34, 35). The positive cooperativity may be due to an
interaction of the substrate-binding domain with the cal-
modulin-binding domain, as the calmodulin-binding domain
is part of a kinase domain that possesses autoinhibitory
properties of pseudosubstrate (38) or bisubstrate (33) nature
with regard to its molecular interaction with the catalytic
domain ofRCaMKII. However, cooperativity may arise as
a result of intersubunit substrate phosphorylation, consistent
with the two-fold symmetry observed in theRCaMKII
dodecamer (3, 4). The 2-fold increase inKm for MLC caused
by the mutation of T286 to A indicates that the A insertion
possibly causes a conformational change or a partial dis-
placement of the autoregulatory domain which lowers the
affinity for MLC. It thus suggests that the T286 residue may
be part of or may affect the conformation of the protein
substrate-binding domain. It also indicates that substrate
specificity may be affected by conformational changes in
the region of the T286 residue.

The rates of MLC phosphorylation byRCaMKII and
T286A mutant as a function of the concentration of ATP
showed a hyperbolic dependence. The best-fit values forVmax

at 100µM MLC were 99( 7 nmol min-1 mg-1 for T286A
mutant and 440( 37 nmol min-1 mg-1 for RCaMKII (Table
1). Our S0.5 values (Table 1) are consistent with others
previously published for wild-typeRCaMKII using different
substrates (33, 34, 39, 40). Km for ATP was 2.4-fold lower
in the T286A mutant than in the wild-typeRCaMKII enzyme.
This may be the effect of the changes this mutation causes
to the calmodulin binding site and affinity. As shown by
our kinetic analysis,Kd for calmodulin was approximately
2-fold lower in T286A-RCaMKII. Our data further show that
ATP increased the affinity for calmodulin. It is thus expected
that calmodulin binding increases the affinity for ATP. There
appears to be an interdomain interaction between the two
sites (17). The decrease inKm for calmodulin by the T286A
mutant enzyme thus may reflect the decreasedKd for
calmodulin.

The 7-fold lower activity of the T286A mutant enzyme
compared to that of the wild-typeRCaMKII was ac-
companied by a 2-fold difference in theKm for ATP. Overall
this indicates that, since the autoregulatory domain overlaps
with the calmodulin-binding domain and the latter overlaps
with the substrate-binding domain, the A insertion in the
regulatory domain affects calmodulin binding, which in turn
may change the specificities of the substrate- and ATP-
binding domains.

Effect of ATP Binding to Ca2+/Calmodulin Conformation
and Binding to T286A-RCaMKII without Thr286-Autophos-
phorylation. ATP caused stabilization of Ca2+/calmodulin
binding to T286A mutant by reducing the rate of Ca2+/
calmodulin dissociation from the ATP-bound T286A-
RCaMKII complex, as was shown in experiments using both
fluorescent calmodulins (TA-cal and DA-cal) (Table 2). The
presence of ATP reduced the dissociation constantKd of
T286A mutant enzyme to Ca2+/calmodulin by 9- and 21-
fold, as revealed by experiments using TA-cal and DA-cal,
respectively. Ca2+/TA-cal association experiments with the
T286A mutant enzyme showed similar association rate

constants (k+1) in the absence and in the presence of ATP.
The isomerized Ca2+/calmodulin.RT286A.ATP* complexes
were strongly favored in the presence of ATP, as was shown
by Ca2+/TA-cal dissociation kinetic experiments as well as
by Ca2+/DA-cal steady-state fluorescence experiments. This
finding also is applicable to the wild-typeRCaMKII (17).

Furthermore, our data show that ATP binding itself to
T286A-RCaMKII without Thr286-autophosphorylation in-
duces changes in the global conformation of Ca2+/calmodu-
lin. Distinct complexes of Ca2+/DA-cal upon interaction with
T286A-RCaMKII are reported. The structure of Ca2+/DA-
cal is more compacted with the T286A mutant than with
the wild-type enzyme, as reported in ref17. AMP-PNP and
ATP binding caused intermediate and maximum compaction
of T286A-bound Ca2+/DA-cal conformation, respectively.
In these complexes, the Ca2+/calmodulin conformation is
more compact and/or the equilibrium between the initial and
compacted complexes is shifted toward the compacted form.
The Ca2+/DA-cal conformation also appears maximally
compact when bound to theRCaMKII281-319 peptide and
Thr286-phospho-RCaMKII. These results reveal multiple
Ca2+/calmodulin conformations, which may have a direct
effect on the regulation of the T286A-RCaMKII activity,
similar to that of the wild-typeRCaMKII (17).

The stabilization of Ca2+/calmodulin binding to the T286A
RCaMKII mutant by ATP is likely to be applicable to the
wild-type enzyme as well, although the ATP-bound inter-
mediate undergoes Thr286-autophosphorylation and is thus
not readily isolated. Moreover, a reciprocal stabilization of
ATP binding by Ca2+/calmodulin is expected. Calmodulin
binding has previously been shown to cause a 9-fold increase
in the affinity of Mg2+ADP to brain CaMKII (41).

Interactions of T286A-RCaMKII with Ca2+/Calmodulin
and ATP and Implications for the ActiVation Mechanism of
RCaMKII. As discussed above, T286A mutant binding to
Ca2+/DA-cal caused 60% quenching of its fluorescence as
opposed to 30% quenching caused byRCaMKII binding.
The mechanism of interaction of Ca2+/DA-cal with the
T286A mutant was analogous to that withRCaMKII, with
two main differences. First, the equilibrium between the two
complexes, defined by the isomerization, was strongly biased
to the second complex, in which Ca2+/DA-cal was bound in
a more compact conformation than in the case ofRCaMKII
(17). Second, the Ca2+/DA-cal dissociation constant for the
T286A mutant was 3-fold reduced compared to that for the
RCaMKII enzyme, revealing previously undetected subtle
differences between the wild-type and mutant enzymes,
making the T286A mutant enzyme more similar to phospho-
Thr286-RCaMKII than previously thought (19). A left shift
in the Ca2+ dependence of the activity and Ca2+ dissociation
kinetics similar to those of phospho-Thr286-RCaMKII are
consistent with higher affinity for Ca2+/calmodulin by the
T286A mutant compared to the wild-type enzyme (A.
Tzortzopoulos and K. To¨rök, unpublished data). While the
equilibrium between the Ca2+/DA-cal.RCaMKII and Ca2+/
DA-cal.RCaMKII* complexes is well poised, in the case of
the T286A mutant it is biased toward the second complex
of lower fluorescence. The dissociation constant (K ′d2) of
the Ca2+/DA-cal.RT286A* complex is 22-fold lower than
that for the wild-type enzyme (Table 2).
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Taken together, the observations made with TA-cal and
DA-cal suggest the following model, consistent with the data
obtained with both probes in the presence of nucleotide
ATP or AMP-PNP: two independent complexes, Ca2+/
cal.RΤ286Α.ATP and Ca2+/cal.RΤ286Α.ATP*, are formed.
The TA-calmodulin fluorescence increase is characteristic
of the formation of the Ca2+/cal.RΤ286Α.ATP complex
(Scheme 2,k ′-1 ) 2.0 × 107 M-1 s-1). In this complex,
calmodulin remains in an extended conformation, not
detected by DA-cal. The Ca2+/cal.RΤ286Α.ATP* complex
is formed with rate constantk′+2 ) 3 × 106 M-1 s-1. This
is seen as calmodulin compaction by DA-cal (Figure 3C,D)
and as the first phase of TA-cal fluorescence decrease which
follows the initial increase (Figure 2D). The slow isomer-
ization measured by both probes corresponds to equilibration
of the Ca2+/cal.RΤ286Α.ATP and Ca2+/cal.RT286A.ATP*
complexes (Table 2).

The lower rate of 6.9× 105 M-1 s-1 with AMP-PNP is
probably related to the different nature of the non-physio-
logical and non-hydrolyzable nucleotide. In studies charac-
terizing the interaction of non-physiological nucleotides with
enzymes, a lower affinity of AMP-PNP binding to nucleoside
diphosphate (NDP) kinases was measured (42).

The models presented are applicable to the activation of
RCaMKII by calmodulin and ATP (17, 43). One of the
complexes formed by Ca2+/cal, RCaMKII, and ATP would
represent an unproductive complex with incorrectly bound
calmodulin. This may occur if, for example, calmodulin is
associated with the binding region of the enzyme in opposite
polarity compared to the productive complexes, in which
calmodulin binding is stabilized in a collapsed conformation.

The Ca2+/cal.RT286A intermediates involved in the ac-
tivation mechanism can be related to those suggested for
wild-type RCaMKII (17). In the absence of nucleotide, the
formation of two Ca2+/cal.RT286A complexes (species 2a
and 2b in ref17) is shown to occur by the mechanism of
rapid Ca2+/calmodulin binding followed by isomerization;
however, it is not possible to exclude the mechanism shown
in Scheme 2, in which the two complexes form indepen-
dently. In the presence of ATP, the mechanism demonstrated
for the T286A mutant enzyme corresponds to that shown in
Scheme 2 and can be related to that suggested for the wild-
type enzyme (17), where the two complexes of Ca2+/cal,
RT286A, and ATP correspond to species 3a and 4a (17).
The rate constants consistent with the mechanism in Scheme
2 for RCaMKII and T286A mutantRCaMKII are listed in
Table 2. It is likely that only one of the two complexes is
on the activation pathway, and thus the formation of an
unproductive complex may play a key role as rate-controlling
steps in subsequent activation ofRCaMKII. Our kinetic data
are consistent with the existence of a T286A-RCaMKII.ATP
complex; however, it remains to be determined whether a
random or ordered mechanism governs the activation process.

In conclusion, different kinetic properties of the T286A
mutant compared with those of the wild-typeRCaMKII were
revealed. ATP binding to T286A mutant without the interfer-
ence of Thr286-autophosphorylation increases the affinity of
the enzyme for Ca2+/calmodulin and induces significant
changes to the structure of T286A-RCaMKII-bound Ca2+/
calmodulin complex.
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