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ABSTRACT. The activation mechanism of €dcalmodulin-dependent protein kinase HGaMKII) is
investigated by steady-state and stopped-flow fluorescence spectroscopiedalhgied TA-cal [Took,

K., and Trentham, D. R. (1994Biochemistry 3312807 12820] is used to measure binding events, and
double-labeled AEDANS,DDP-T34C/T110/C-calmodulin [Drum et al. (2QD®iol. Chem?275, 36334

36340] (DA-cal) is used to detect changes in calmodulin conformation. Fluorescence quenching of DA-
cal attributed to resonance energy transfer is related to the compactness of the calmodulin molecule.
Interprobe distances are estimated by lifetime measurements &fD2acal in complexes with
unphosphorylated nucleotide-free, nucleotide-bound, andsdipinosphoeCaMKIl as well as with
oCaMKIll-derived calmodulin-binding peptides in the presence ¢f"Cahese measurements show that
calmodulin can assume at least two spectrally distinct conformations when bouwrdafdKIl with
estimated interprobe distances of 40 and-2@ A. Incubation with ATP facilitates the assumption of the
most compact conformation. Nonhydrolyzable ATP analogues partially replicate the effects of ATP,
suggesting that while the binding of ATP induces a conformational changgssBlutophosphorylation

is probably required for the transition of calmodulin into its most compact conformer. The rate constant
for the association of C&/TA-cal with aCaMKll is estimated as 2 10’ M~! s and is not substantially
affected by the presence of ATP. The rate of net calmodulin compaction measured #pAGaal is
markedly slower, occurring with a rate constant of 2510° M~! s™1, suggesting that unproductive
complexes may play a role in the activation mechanism.

C&*/calmodulin-dependent protein kinase Il isozymes neurons 8). At the postsynaptic densitieeCaMKII cata-
(CaMKiIIs)! are signaling molecules downstream of?Qa lyzes the phosphorylation of glutamate receptebswith
calmodulin in eukaryotic cellsl(and references cited within).  the effect of changing the ion conductance of these channels
Upon neurotransmitter stimulus,CaMKII is translocated  (5). aCaMKIl function is important for the onset of long-
to postsynaptic densities in hippocampal slic& &nd term potentiation ), a paradigm for long-lasting changes
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adenylyl imidodiphosphate; ATP, adenosiridriphosphateCaMKIl, stacking of two six-membered rings formed by the C-termina
calmodulin-dependent protein kinase 1lCaMKII-ThrageP, Thige association domain of each monom#@-13). The catalytic

substituted T34C,T110C-calmodulin; DDP-maleimitie[4-(dimeth- - . -
ylamino)-3,5-dinitrophenyllmaleimide; DTT, 1,4-dithiothreitol; EDTA, but an alternative arrangement in which they stem from the

ethylenediamindy,N,N',N'-tetraacetic acid; EGTA, 1,2-bis(2-amino-  top and bottom of a cylinder has also been put forwag).(
ethoxy)ethan&y,N,N'|N'-tetraacetic acid; FRET, fluorescence resonance Another special feature aiCaMKIl is Ca*/calmodulin-

energy transfer; HPLC, high-pressure liquid chromatography; IAEDANS, : ; ;
5-[[2-[(iodoacetyl)amino]ethyllamino]naphthalene-1-sulfonic acid; LDH, dependent autophosphorylation of the sBaresidue which

lactate dehydrogenase; MLC, chicken gizzard smooth muscle myosin resides in the autoinhibitory domain. phyautophosphory-
light chain; MLCK, smooth muscle myosin light chain kinase; NADH,  lateda.CaMKIl (acCaMKII-Thryge-P) ‘traps’ calmodulin 15,

reduced nicotinamide adenine dinucleotide; PBS, phosphate-buffered ; : ;
saline, pH 7.4; PEP, phosphoenolpyruvate: PIPES, piperaghie- 16) and is thought to generate a®andependently active

bis(2-ethanesulfonic acid); PK, pyruvate kinase; PMSF, phenylmeth- €nzyme 17, 18.

ylsulfonyl fluoride; TA-calmodulin or TA-cal, 2-chloroefamino-Lyss)- ; _hindi
[6-(4-N,N-diethylaminophenyl)-1,3,5-triazin-4-yl]lcalmodulin; TA-CI, In calmodulin, tvyo g.|0bUIar Ca bmdgg lobes a.re
2,4-dichloro-6-(4N,N-diethylaminophenyl)-1,3,5-triazine; TFA, tri- ~ connected by a flexible linker). When C&'/calmodulin

fluoroacetic acid; Tris, tris(hydroxymethyl)aminomethane. is bound to the target peptide derived frarCaMKIl, the
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linker ‘collapses’, and the distance between the twé"€a
binding lobes is greatly reduced9—21). This process can
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min at 4°C. The supernatant of the cell lysate was loaded
onto a 10 mL calmodulinSepharose (Pharmacia) column

be monitored by the fluorescent calmodulin derivative DA- equilibrated with buffer A (20 mM TridHCl, pH 7.5, 1 mM

cal which reports the distance between the twééanding

CaCh, 1 mM DTT, 0.1 mM PMSF, &M leupeptin, 1.5

lobes of calmodulin by fluorescence energy transfer. The uM pepstatin), andxCaMKII was eluted with buffer B (20
spectral overlap of AEDANS emission and DDP absorption mM Tris-HCI, pH 7.5, 2 mM EGTA, 1 mM DTT, 0.1 mM
has been utilized before in demonstrating distance changePMSF, 8uM leupeptin, 1.5«M pepstatin). The eluted protein
between two Cys residues in a myosin fragment associatedwas applied to a Mono Q HR 10/10 FPLC column (Phar-

with ADP trapping 22). This chromophore pair was used

macia) equilibrated with buffer B. An 80 mL gradient{Q

to label a calmodulin double-mutant (C34T/C110T-cal- M NacCl) was appliedp.CaMKIl eluted at 450 mM NacCl.
modulin) so that the fluorescent donor (AEDANS) is located The protein was electrophoretically homogeneous (Figure
on one of the lobes and the acceptor (DDP) probe resides1C, lane 2). The fractions were rapidly frozen in liquid

on the other lobe of the molecul23—25). In the resulting
AEDANS,DDP-C34T/C110T-calmodulin, termed DA-cal,

nitrogen for storage at80 °C.
Synthesis of DA-caHuman liver calmodulin c-DNA was

fluorescence intensity is dependent on the distance betweerthe gift of Dr. R. Perham (Cambridge, U.K.). AEDANS/
the donor and acceptor, and quenching of the donor DDP-34/110-calmodulin was prepared as followa5)(
fluorescence corresponds to a decrease in distance betweehuman liver calmodulin c-DNA was subcloned into pAED4

the two C&"™-binding lobes. Using DA-cal, it has been
demonstrated that €dcalmodulin adopts extended confor-
mations with caldesmon and a bacterial adenylyl cyclase (
25) and that C#&'/calmodulin conformation is compact in
complex with MLCK and MLCK-derived calmodulin-
binding peptide 24). These studies show that DA-cal

vector [gift of Dr. D. S. Doering (Cambridge, MA)] &tdd

for the B8 end and aPst for the 3 end. Polymerase chain
reaction was used to substitute Cys for Thr110 using primers
5'-CAC GTC ATG TGC AAC TTA GGA G-3and 3-TCC
TAA GTT GCA CAT GAC GTG-3. Cys substitution of
Thr34 of the T110C mutant was then carried out using

accurately reports variations in calmodulin conformation primers >GAA CTT GGA TGC GTC ATG AGG-3and

corresponding to the distance between itd'@znding lobes.

5'-CCT CAT GAC GCA TCC AAG TTC C-3 Mutant

The conformation of the double-labeled calmodulin can be calmodulin was expressed in BL21-Gold (DE3) cells (Strat-
monitored by measurement of either the fluorescence inten-agene) and purified from the soluble fraction of the cell lysate
sity or the lifetime of the donor. A second fluorescent by Phenyl-Sepharose and Mono Q (Pharmacia) chromatog-
calmodulin, TA-cal, a Lys-labeled derivative, responds to raphy. For double-labeling, mutant calmodulin was first
C&" and target binding with fluorescence chandgg@, 7. incubated in 25 mM NaHEPES, pH 7.5, 100 mM NacCl,
TA-cal has been applied to determining the kinetic mecha- 0.1 mM EGTA with 0.4 equiv of IAEDANS for 12 h at 4
nism of its interaction with MLCK and peptides and for °C. To this mixture was added a 1.5-fold excess of DDP-
imaging of calmodulin activation during mitosiag, 28, 29. maleimide, and further incubation was carried out for 12 h
Using these two fluorescent calmodulin probes, here we at 4°C. In addition to the target derivatives C34-AEDANS/
report a study of the mechanism of C&almodulin activa- C110-DDP and C34-DDP/C110-AEDANS-calmodulin (to-
tion of aCaMKIl. gether termed DA-cal), the reaction mixture was expected
to contain unlabeled C34T/C110T-calmodulin, singly labeled
MATERIALS AND METHODS AEDANS- and DDP-maleimide derivatives, and double-
Vectors.oCaMKIl was obtained by overexpression in labeled C34-AEDANS/C110-AEDANS and C34-DDP/C110-
baculovirus (kindly provided by Dr. D. A. Brickey and DDP-calmodulin as well. The reaction mixture was separated
Professor T. R. Soderling, Portland, OR) transfected Sf9 by reverse-phase HPLC using g®acetonitrile gradient
insect cells. The plasmid pVL1393 containing the cDNA for containing TFA (0.082% in the aqueus solvent and 0.1% in
the expression of rattCaMKIl was cotransfected with a  the organic solvent). The labeled species were identified by
linearized baculovirus DNA (BaculoGold, PharMingen) into monitoring DDP absorption at 442 nm and AEDANS
Sf9 cells using Lipofectin (Gibco Life Technologies). fluorescence at 340 nm excitation and 500 nm emission.
Expression and Purification afCaMKII. Overexpression  Typically five peaks were observed; elution of residual
of aCaMKIl in baculovirus-transfected insect cells was unlabeled calmodulin was followed by AEDANS-cal, then
utilized so that a single isoform could be studied. Using a AEDANS/DDP-cal (DA-cal) in two peaks and DDP-cal.
single isoform and a homogeneous protein population is Desalted and lyophilized DA-cal fractions were screened to
advantageous in mechanistic studies. The expression systengelect those in which maximum donor quenching occurred
developed by Brickey et al.30), provides oligomerically by aCaMKIl peptide binding.
foldedaCaMKIl (11—-13). Foro.CaMKII expression, 1.& Characterization of DA-calDA-cal obtained by HPLC
107 Sf9 cells in a T225 flask were transfected with the purification of the double-labeled bacterially expressed C34T/
recombinant virus at 10:1 multiplicity of infection (moi) and C110T-calmodulin double-mutant was characterized with
incubated at 28C for 72 h. Typically the yield was-0.75 respect to its purity, composition, target binding properties,
mg of aCaMKII/1.8 x 107 cells. The cells were harvested and stimulation of steady-stat&CaMKII activity and Thpge
by centrifugation at 10a9for 10 min at 21°C. The cell autophosphorylation. Matrix-assisted laser-desorption ion-
pellet was resuspended in 2 mL of PBS, pH 7.4, containing izing time-of-flight (maldi-tof) mass and sequence analyses
2 mM DTT, 0.5 mM PMSF, 0.1 mM Cagl 400 uM were carried out at Kratos Analytical, Manchester, U.K. The
leupeptin, 73«M pepstatin. The cells were lysed by three molecular mass of the T34C/T110C mutant was 16 711 Da
repeated cycles of freezing in liquid nitrogen and thawing (for 16 710.5 Da calculated mass), confirming the structure
at 42°C. The cell lysate was centrifuged at 35@0d0r 20 of the bacterially overexpressed human calmodulin double-
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mutant. This mass was 4.0 Da larger than that for the wild- phospho-ThizsaCaMKIl was carried out as described
type calmodulin, as predicted. The mass of DA-cal was below. The time-course was assessed by densitometry of
measured as 17 315 Da (within 8 Da of the theoretical massWestern blots. An Alpha Innotech Corp. densitometer with
of 17 323 Da). DA-cal was further analyzed by identifying Fluorchem v 2.00 software was used. Densities up to 30%

peptides 3137 and 107115 and their labeled equivalents
in tryptic digests of the double-mutant and of DA-cal,

were proportionate to loaded protein.
Western BlottingWestern blotting was carried out by the

respectively. The correct masses for peptides correspondingnethod of Towbin et al.32). Anti-aCaMKII mouse mono-

to residues 31437 (804.4 Da) and 107115 (1027.5 Da)

clonal and anti-phospho-ThgaCaMKIl mouse monoclonal

were identified in the digest of unlabeled double-mutant. In antibodies were used to detect Idgrautophosphorylation
the digest of DA-cal, the respective derivatized peptides were by calmodulin and DA-cal. Protein samples were separated
identified (1113.4 and 1336.6 Da, respectively), and their on gradient SDSpolyacrylamide gels and transferred to a
labeling was confirmed by sequence analysis in maldi-tof nitrocellulose membrane equilibrated in Towbin transfer
mass spectrometry, although the mass difference of 0.2 Dabuffer (25 mM Tris, 192 mM glycine, containing 20%

between the AEDANS moiety (306.2 Da) and the DDP-

methanol, pH 8.3), using a semi-dry electrophoretic transfer

maleimide adduct (306.4 Da) was too small to further assesscell for 35 min at 80 mA. After incubation with 5% nonfat

the distribution of the two probes onzfand Gie Our

milk in PBS for 15 min, membranes were incubated with

detailed analysis thus showed specific labeling and homo-mouse monoclonal anti-phospld@aMKIl (Upstate Bio-

geneity of DA-cal.

Binding Affinity of C&"/DA-cal toa.CaMKII Peptide The
target binding affinity of C&/DA-cal for the Ac-294-309-
NH, peptide was compared with that of unmodified cal-
modulin purified from pig brain by equilibrium competition

technology) (final antibody concentration:@/mL) and anti-
aCaMKIll (Boehringer Mannheim, final antibody concen-
tration 0.5ug/mL) antibodies for 12 and 3 h, respectively.
Membranes were then incubated with alkaline phosphatase
conjugated secondary antibodies for 2 h, and bound antibod-

(26). Ca&*/DA-cal fluorescence was measured in a mixture ies were visualized by colorimetric detection with the Nitro-

of Ca2*/DA-cal and excess peptide to which aliquots of pig
brain C&*/calmodulin were added to displace?™#A-cal.

blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indolyl
phosphate (BCIP) color detection system (Boehringer Mann-

The fluorescence reading at each point gave the concentraheim) followed by washing with TE buffer (10 mM Tris-

tions of peptide-bound and free €&DA-cal as well as
defined the concentration of peptide-bound®*Ceal and,
thus, that of free Ca/cal. From the plot of these data, the
ratio of dissociation constant§g(cal)Ky(DA-cal) = 1.9, was
determined for the Ac-294309-NH, peptide. Thus, the
target binding affinity of C&/DA-cal was comparable to
that of C&"/calmodulin.

Enzyme Actiity. Steady-state protein kinase activity of
aCaMKII stimulated by calmodulin and DA-calmodulin was

HCI, pH 8.0, 1 mM EDTA).

Other Proteins and Peptide®ig brain calmodulin was
purified as previously described?@) and was used in
stopped-flow and equilibrium competition experiments to
displace DA-cal. TA-cal was synthesized as previously
described 26). MLC was used asuCaMKIl target as
oCaMKIl catalyzes the phosphorylation of $e£of MLC
(33). A previously developed high-yield MLC expression
system in BL21-Gold (DE3) cells (Stratagene) was utilized,

measured using the regulatory light chain of chicken gizzard and purification was carried out as described 3d){ 270
myosin MLC (see below for source and quantitation) as mg of MLC was purified fran a 3 L culture. aCaMKII-
target. A continuous enzyme-linked fluorescence assay wasderived peptides corresponding to residues Ac-2330-NH,

used to determine ADP production linked to NADH oxida-
tion with a 1:1 stoichiometry31). The reactions were carried
out at 21°C. The 0.5 mL assay solution contained 50 mM
K*-PIPES, pH 7.0, 100 mM KCI, 5 mM DTT, 2 mM Mggl

2 mM PEP, 50Q:tM CaCl, 4.5 units of LDH (bovine heart),

2 units of PK (rabbit muscle), 10.&M NADH. The
concentrations of ATP, calmodulin, and MLC were varied
as specifieddex was 340 nmAi.m, was set to 420 nm where
DA-cal emission was negligible. DA-cal and pig brain

(Ac-NARRKLKGAILTTMLA-NH ;) and 28+319 (MHRQ-
ETVDCLKKFNARRKLKGAILTTMLATRNFSGGKGG)

and its analogue, 281319-ThegsP, were synthesized by
f-moc chemistry and purified to homogeneity by reverse-
phase HPLC with a gradient (0.5% change/min) of 0.1%
TFA in HO to 0.082% TFA in CHCN on a Waters Deltapak

Cis column (30 mmx 30 cm) at a flow rate of 2.0 mL/min.
The molecular masses (theoretical values in parentheses)
were determined by electrospray mass spectrometry as 1797

calmodulin were compared in steady-state assays of phosDa (1798.2 Da), 4332.8 Da (4336.1 Da), and 4418.5 Da

phorylation of the target MLC by CaMKII. In the continu-

(4416.1 Da), respectively, confirming the peptide structures.

ous fluorescence coupled assay described above, at 1 mMElectrospray mass spectroscopy was carried out by Dr. S.

ATP, 50uM MLC, 160 nM a.CaMKII (My, 54 325), 1.&«M
calmodulin or DA-cal, the specific activities were 525 and
451 nmol of ADP min! (mg of aCaMKIl) ™%, corresponding
to keat Values of 0.48 gt for activation by DA-cal and 0.41
s tin the case of pig brain calmodulin.

Activation of Thegs-Autophosphorylation aiCaMKIl by
Ca?*/Calmodulin and C&/DA-cal. aCaMKIl (0.74 uM),
1 uM pig brain calmodulin or DA-calmodulin, and 0.25 mM
ATP were incubated in 50 mM PIPES t{Ksalt), pH 7.0,
100 mM KCI, 2 mM MgC}, 1 mM DTT, and 50«M CaCk

A. Howell at NIMR, London, U.K.

Protein and Peptide Concentration Measuremeiise
concentration ottCaMKII was measured using = 64 805
M~ cm™ (280 nm) calculated from the amino acid
composition 85). The Bradford assay was also used with
BSA as standard3g). The results of the two protein assays
were consistent within 10%. The valag= 1800 M1 cm™
(278 nm) in 2 mM EGTA was used for pig brain calmodulin
and T34C/T110C-calmodulin, and for ML&, = 4400 M
cm! (278 nm) was calculated from the amino acid composi-

at 21 °C for various times up to 120 s. The reaction was tion (35). DA-cal protein concentration was measured by
terminated by SDS sample-buffer. Western blotting with anti- Bradford assay using T34C/T110C-calmodulin as standard.
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For estimation of stoichiometry of labeling, = 6100 M Ca"/DA-cal free in solution were compared with those of
cm™! (337 nm) for the AEDANS and, = 2930 Mt cm? Ca*-free DA-cal, C&"/DA-cal in complex withaCaMKiI|
(442 nm) for the DDP moiety were use@2). Peptide in the presence and absence of ATP, and that in complex
concentrations were determined by weight and quantitative with aCaMKII peptide Ac-294-309-NH.. As seen in Figure
amino acid analysis and are accurate with a 10% error of 1A, the fluorescence intensity of DA-cal was the highest in
measurement. the presence of EGTA. The fluorescence of'@A-cal was
Determination of the Rfor DA-cal (37) Steady-state lower, ando.CaMKII binding caused further quenching of
fluorescence measurements were carried out to determineCa*/DA-cal fluorescence. Maximal quenching to 18% of
the values for the donor quantum yield in the absence of thethe fluorescence of free €dDA-cal was observed both with
acceptorQp, and the overlap integralpa, for DA-cal using oCaMKIl in the presence of ATP and with the Ac-294
an SLM spectrofluorometeBy). Corrected emission spectra  309-NH, peptide. As the reported dissociation constant for
were generated using quinine sulfate in 0.5 5B, and the complex ofaCaMKIl is relatively high, 45 nM 16), it
its true spectrum (Molecular Probes). The excitation wave- was important to check thatCaMKII binding to C&'/DA-
length was 347 nm. Donor quantum yields of AEDANS- cal was saturated. Thus, equilibrium binding measurements
T34C/T110C-calmodulin in different solution and liganded were carried out. These showed that the fluorescence?f Ca
conditions were determined relative to that of quinine sulfate DA-cal in the presence of saturatingCaMKIl (=6.4 uM)
of 0.55 in 0.5 M HSQO, using the relationship:Qp = was 70% of that of free Ca/DA-cal (Figure 1B). As seen
QreiFpAred FreiPn, Where the quantum yiel@® is expressed  in Figure 1C,D, Thigsautophosphorylation occurs when
as a function of the areas under the corrected emission spectraCaMKII, C&*/DA-cal, and ATP are incubated together.
F and the absorption values at the excitation wavele#gth  Thrygeautophosphorylation akCaMKII thus appears to be
for two fluorescent compounds. The areas were calculatedassociated with enhanced fluorescence quenching 8f/Ca
from fluorescence intensities measured at 0.2 nm intervals.DA-cal. These data show that spectroscopically different
The optical density of the chromophore solutions w&s03 complexes of CH/DA-cal are formed with nucleotide-free
at the excitation wavelength. o CaMKIl compared to that with Thgsautophosphorylated
In each solution condition, the spectral overlap between aCaMKII. Furthermore, the complex formed with the Ac-
the corrected emission spectrum of AEDANS-T34C/T110C- 294—309-NH, peptide is spectroscopically similar to that
calmodulin and the absortion spectrum of fhenercapto- with Thr,geautophosphorylatedCaMKII.
ethanol adduct of DDP-maleimide was determined to give  Fluorescence Lifetime Measurements of2CBA-cal
the overlap integrallpa (37). The DDP absorption spectrum  Conformation innCaMKIl ComplexesThe probes AEDANS
was not affected by calmodulin labeling. and DDP attached to T34C/T110C-calmodulin form a
Lifetime measurements were carried out on a modified resonance energy transfer pair; thus, the differences in the
ORTEC 9200 nanosecond fluorometer and an IBH system AEDANS fluorescence emission spectra of DA-cal can be
(Glasgow, U.K.) using a pulsed,N338 nm) or nanoLED  related to differences in the distance between the donor and
(370 nm) source, and data were acquired by time-correlatedacceptor probes. To monitor the interprobe distance in the
single-photon counting. Fluorescence decay curves were fitoCaMKII and peptide complexes of €dDA-cal, first the
with exponentials, and lifetimes were determined by the critical distanceR, was estimated for DA-cal in the different
method of moments procedurgg]. DistancesRR) between complexes.R, values were calculated as described under
the donor and acceptor probes were calculated from the life-Materials and Methods from the measurements of the
times using the relationship® = R,[(1 — E)/E — 1]¥¢and guantum yield and the overlap integral in each condition.
7oalto = 1 — E whererpa andzp represent the donor lifetime  As shown in Table 2, the estimat& value for both C#'-
in the presence and absence of acceptor, respectively, agree and C&-bound DA-cal was 26 A, a value similar to
given by the Foster theory of resonance energy transs).( that estimated for a myosin fragment labeled with these
Other SpectroscopyExperiments were carried out at 21 probes 22). Minor changes to the quantum yield and the
°C unless otherwise specified. The assay solution containedoverlap integral caused byCaMKIl or peptide binding
50 mM PIPES (K salt), pH 7.0, 100 mM KCI, 2 mM MgG] resulted in a<0.5 A increase in the value &, (Table 1).
1 mM DTT, and 500uM CaCl, unless otherwise stated. As a basis for distance estimation by energy transfer,
Fluorescence stopped-flow measurements were carried oufluorescence lifetime measurements were made of donor-
using a Hi-Tech PQ/SF-53 double-mixing apparatus (Hi-Tech only labeled AEDANS-C34T/C110T-calmodulin and of its
Scientific, U.K.) set tolex = 363 nm andleyn > 455 nm for complexes wittuCaMKII, aCaMKII-ThrygsP, and Ac-294
experiments with DA-cal. A Varian spectrophotometer, an 309-NH, peptide. The decay of AEDANS-C34T/C110T-
SLM spectrofluorometer, and a SPEX Fluorolog 2/2/2 calmodulin fluorescence was in each case well fit to a single
photon-counting fluorometer were used for absorption and exponential. The lifetime of AEDANS-C34T/C110T-cal-
other fluorescence measurements. modulin was 12 ns in the absence and 13 ns in the presence
Software.Hi-Tech RK-2 program and GRAFIT 4 were of C&", but was somewhat longer, 15 ns, in th€aMKI|
used to acquire and analyze the kinetic data. KSIM (by Neil and peptide complexes.
Millar) was used to generate simulated kinetic reactions. Lifetime measurements of donor- and acceptor-labeled
BINDPC (developed by Dr. E. P. Morris) was used to deter- DA-cal were then carried out. The fluorescence decay of
mine equilibrium binding constant of DA-cal ancCaMKIl. Ca&'-free DA-calmodulin was monoexponential with a
lifetime of 11.4 ns, corresponding to a slight reduction
RESULTS compared to donor-only labeled calmodulin (Table 1 and
Steady-State Fluorescence of?@®A-cal in aCaMKII Figure 1E). In the presence of €ahowever, the fluores-
ComplexesSteady-state fluorescence emission intensities of cence decay of free €dDA-cal in solution could be best
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Ficure 1: Resonance energy transfer measurements of complexes of AEDANS,DDP-34,110-calmodulin (DA-caQaafidll by
equilibrium fluorescence and lifetime measurements. Fluorescence?dfD@acal is defined as unity, 1, and that of buffer is 0. (A)
Emission spectra of the following complexes at 1:M8 DA-cal and 1uM aCaMKIl or peptide were recorded (relative fluorescence in
parentheses): DA-cal in 0.4 mM EGTA (1.23)) DA-cal in 0.6 mM C&" (1) (—); DA-cal andaCaMKIl in 0.1 mM C&* (0.85) Q);
DA-cal, aCaMKll, and 0.5 mM ATP in 0.1 mM C# (0.25) (+); aCaMKIl peptide and DA-cal in 0.6 mM Ca (0.19) (- - -). Excitation
wavelength was at 335 nm. Comparison of the emission spectra of donor-only labeled AEDANS-T34C/T110C-calmodulin in these conditions
showed that C& binding did not affect the emission spectrum in the range 0f4Q0-3 M free C&" concentration. A blue shift of 10

nm and an intensity increase by 9% at 500 nm were induced by the bindmGa¥1KIl peptide to AEDANS-T34C/T110C-calmodulin.
Both aCaMKIl and aCaMKII-Thr,geP binding to AEDANS-T34C/T110C-calmodulin caused a blue shift of 10 nm. (B) Measurement of
the dissociation constant for &dDA-cal ando.CaMKII by equilibrium binding. 80 nM C&/DA-cal was titrated with aliquots of a 14M

stock solution oxCaMKII in 500 uL. Maximum quenching of Ca/DA-cal fluorescence was 30% (to give relative fluorescence 0.7). Best
fit for Kg was 97 &5) nM. (C) Purity and Thigs-autophosphorylation aiCaMKIl. SDS-PAGE of molecular mass markers g of each
protein) (lane 1) and purifiedCaMKIl (8 ug) (lane 2). Thigeautophosphorylation was detected by Western blotting using anti-phospho-
ThrgsaCaMKIl as described under Materials and Methods. In lanes 3 and 4, Western blot of two different protein loads is shown. Samples
were taken from the autophosphorylation mixture stimulated by calmodulin at 120 s. Aliquots containing 0.34 augl & 6&aMKII

were loaded in lanes 3 and 4, respectively. (D) Time-course ghFautophosphorylation analyzed by densitometry of Western blots. The
plateau of density was reached by 20 s and was 168%3) and 17%+1) for calmodulin @) and DA-cal @), respectively. With double
amounts of protein loaded( duplicate samples), the density was 29%2). With T286A mutant, no staining was detected with anti-
phospho-Thigs-a.CaMKIl (not shown). Thigs-autophosphorylation was complete within 20 s by botA"@2A-cal and C&*/calmodulin
stimulation. ThuspCaMKIl was Thegeautophosphorylated in the presence of ATP ané(CsA-cal on the time-scale of our steady-state
experiments. (E) Fluorescence lifetime measurements in complexe$@bBecal ando.CaMKIl. The same samples were used as described
in panel A: ©) DA-cal in 0.4 mM EGTA [rgas 11.4 nsAy, 1; distance (dal), 39 A]—) DA-cal in 0.6 mM C& [r4a1, 12.5 ns;As, 0.56;
distance (dal), 50 Ataaz 7.9 ns; A, 0.44; distance (da2), 28 /3\]120 DA-cal andaCaMKIll in 0.1 mM C&" [74a;, 14.2 ns;A;, 0.39;
distance (dal), 45 Agqan 7.9 ns;A,, 0.61; distance (da2), 27 Al:H) DA-cal, aCaMKIl, and 0.5 mM ATP in 0.1 mM CH [tgas, 14.2 NS;

Ay, 0.25; distance (dal), 40 Kiuaz 5.0 ns:A,, 0.75; distance (da2), 23 A]; (- - 9CaMKIl peptide Ac-294-309-NH, and DA-cal in 0.6

MM C&" [r4a1, 13.7 ns;A, 0.16; distance (dal), 41 Ayap 4.2 ns;Ay, 0.84; distance (da2), 23 A]. Excitation wavelength was at 335 nm.

fit with two exponentials. In addition to the component with was best fit with two exponentials. The biexponential nature
11.9 ns lifetime, a shorter component of 5.7 ns appearedof the DA-cal fluorescence decay in the context of monoex-
representing 25% of the amplitude. Interestingly, similar ponential decay of the donor-only labeled calmodulin
lifetimes, 14.1 and 6.7 ns, were observed in the complex fluorescence can be explained by the presence of two
with aCaMKIl; however, the shorter lifetime was more calmodulin conformers with different interprobe distances.
abundant in theeCaMKII complex representing 52% of the  Interprobe distances were calculated from the ratio of the
amplitude. In the complex of G&DA-cal with aCaMKII- lifetimes measured in donor-only labeled calmodulin and that
ThrgsP, the major lifetime component was 3.8 ns, repre- in donor-acceptor-labeled calmodulin (Table 1).°Cdree
senting 80% of the amplitude; 20% of the fluorescence DA-cal appears to exist as a single conformer with a 39 A
appeared to be unquenched. A similar observation was madeénterprobe distance. In contrast, two*Ci®A-cal conformers
in the complex with the Ac-294309-NH, peptide, where are detected with estimated interprobe distances of 40 and
the 3.8 ns lifetime component represented 85% of the 28 A (Figure 1E and Table 1). In complex wittCaMKIl,
amplitude with 15% of the fluorescence remaining un- the decay of C&/DA-cal fluorescence was also biexponen-
guenched. tial, and the two lifetimes corresponded to interprobe
The fluorescence decay of DA-cal was monoexponential distances of 44 and 26 A (Table 1). These data suggest that
in EGTA; however, in all the other conditions, the decay Ca*/DA-cal exists in two conformations both in complex
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Table 1. Donor-Acceptor Distances of C&DA-cal in Complexes witttCaMKIl, oCaMKII-ThrygsP, andaCaMKIl Peptide
Ac-294—-309-NH2

Joa 7(d) T1(da) distance distance
(M~tcm?® R, (ns)(sd) (ns)(sd) A Ex (day) T2(da) Ay =) (de)
reactant Qb nm) A %3nd %3nd (sd) (sd)  (A)(sd) (ns)(sd) (sd) (sd) (A (sd)
EGTA 0.23 8.6x 10" 259 1241 11.44 1 0.08 38.9
(+0.01)  €0.03) ¢0.01) (0.2
<2.3 <6.7
Cat* 0.23 8.6x 108 259 12.73 11.9 0.75 0.07 40 5.7 0.25 0.39 28
(£0.13) (+0.8) (£0.15) €0.02) @2)  (+£3.3) (£0.15) @0.26) (4)
<24 <34
aCaMKII 0.25 8.9x 10 26.4 14.76 14.1 0.48 0.05 44 6.7 0.52 0.55 26
(+0.25) (0.7) (+0.08) 0.03) @3)  (+14) (+0.08) @0.10) 2)
<2.1 <7.4
oCaMKIIThrgeP° 0.24 9.0x 10 26.3 15.37 13.6 0.20 0.12 37 3.8 0.80 0.75 22
(+£0.14) @05) (+0.07) @0.03) @1)  (£0.4) (+0.07) (0.04) (1)
<4.1 <4.2
oCaMKIll peptide  0.25 8.9« 10* 26.4 14.66 13.7 0.15 0.06 41 3.8 0.85 0.74 22
AC-294-309 @0.31) @0.2) (0.07) (0.03) (2)  (+0.4) (+0.07) @0.03) @1)
-NH® <7.3 <3.7

a L ifetime measurements were carried out in solution conditions described in the legend to Figure 1A,E. Donor quant@n, yieldes were
measured as described under Materials and Methods relative to that of quinine sulfate. In the calculgfipthefvalue 0.667 was used for the
orientation factow? andn = 1.4 for the refractive indexg; and E, represent transfer efficiencies corresponding;tandz,, respectively’The
residual unquenched component likely represex@aMKII that remained unphosphorylated as well as some fré&/DA-cal. ¢ The amplitude of
the unquenched component (0.14) corresponded to the exces$ D &aal over peptide. At least three independent lifetime measurements were
made in each conditiofThe largest?/n value is shown for each condition. The range of valueg?tf obtained using the lifetime apparatus and
analysis system built by Dr. Terry Tao was similar to previously published data using the same system and corresponded to good fits to the data
(38, 49. Data collection was optimized for the several nanosecond long AEDANS lifetime; one channel corresponded to 0.67 ns. }atues of
> 3 in some samples appeared to arise due to scattering with lifetines. This component was analyzed as a third exponential in data (not
shown) collected at IBH (Glasgow, U.K.) with channel calibration 0.12 ns. Such an analysis did not significantly affect our conclusions drawn from
the data shown in Table 1. Th@&/n values listed in the column far s apply for the whole measurement to whitfya) andzzqa) values were fit.

with aCaMKIl and free in solution. Moreover, the two PNP while ADP caused 51% quenching (Table 2). Thus,
measured distances between the probes located in fiie Ca since the ATP analogues produce substantial quenching, it
binding lobes do not change substantially a€aMKII is likely that a considerable proportion of the total fluores-
binding. Thus, the extended €&DA-cal conformer with 40 cence quenching induced in ta€aMKIl-bound C&"/DA-

A interprobe distance appears to correspond to the conformercal by ATP can be ascribed to a direct effect rather than the
with 44 A in complex withaCaMKII. The equivalent of  subsequent autophosphorylation.

the less extended (semi-compact) conformer of (CaA- Kinetics of C&"/DA-cal Interactions withuCaMKIl and

cal of 28 A interprobe distance appeared in t@aMKI the Effect of Nucleotide§.o understand the mechanism of
complex with a similar distance of 26 A. The enhanced C&*/calmodulin binding taxCaMKII, the kinetics of C&t/
quenching byaCaMKII observed in steady-state can be DA-cal association with and dissociation from nucleotide-

explained by more of the semi-compact?@®A-cal con- free and nucleotide-boundCaMKIl complexes were in-

former (52%) being present in complex witliCaMKII than vestigated in fluorescence stopped-flow experiments. Control

when C&"/DA-cal is free in solution (25%). experiments showed that none of the nucleotides had a direct
In the C&"/DA-cal complexes with bothoCaMKII- effect on C&'/DA-cal fluorescence by itself. Throughout the

ThrgeP and aCaMKIl peptide Ac-294-309-NH,, the experiments, fluorescence was normalized so that relative
dominant lifetime corresponded to a 22 A interprobe distance fluorescence 1 corresponded to?@®A-cal and 0 to buffer.
(Figure 1E and Table 1). The overall conformation of Ca The association kinetics of €dDA-cal were studied with
DA-cal in these complexes can be viewed as compact. Takennucleotide-freexCaMKIl and withaCaMKII in the presence
together, our energy transfer measurements suggested thaif ATP and ADP. Figure 2A shows a typical fluorescence
ATP caused a transition in tkeCaMKIll-bound conformation  stopped-flow record of Ca/DA-cal association with nucle-
of C&"/DA-cal from extended to compact. otide-freea CaMKII in which the quenching of fluorescence
Effect of Nucleotides on the Global Conformation of which occurs over seconds can be described by a single
aCaMKIl-Bound C&f/DA-cal. In the presence of ATP, exponential (record 1). The observed rate of'CBA-cal
oCaMKIl autophosphorylation is stimulated by TDA- fluorescence changek,) was measured as a function of
cal (see Figure 1C,D) and givesCaMKII-ThrygsP. Thus, oCaMKIl concentration.kops sShowed little concentration
the ATP-induced transition in the global conformation of dependence and appeared to saturate withirot®aMKI|
C&*/calmodulin bound toaCaMKIl from extended to concentration range of @V (Figure 2B). In similar stopped-
compact may have been caused either directly by ATP flow experiments whenCaMKIl was mixed with ATP and
binding or by Thsgs-autophosphorylation. We therefore used Ca&"/DA-cal, the observed rate of €4dDA-cal fluorescence
nonhydrolyzable nucleotides to establish the contribution of change showed a linear dependence:@aMKII concentra-
nucleotide binding and Thys-autophosphorylation. All ex-  tion with a slope of 2.5< 1®* M~ s (Figure 2C). A similar
periments with these compounds showed significant quench-effect was observed when ATP was replaced with ADP
ing of Ca&'/DA-cal fluorescence. The fluorescence of (Figure 2C). The rate of fluorescence change showed a
oCaMKIl-bound C&"/DA-cal was 57% quenched by AMP-  similar linear dependence upai€aMKII concentration; only
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Table 2: Kinetic Parameters of the Interactions of'@@A-cal and C&"/TA-cal with aCaMKIl and o.CaMKII Peptides

slope kiotk-2 Kdiss Kqd
(Ca&/TA-cal) (M~ts™) (s (s (M) F1 F2 Fs Fo
aCaMKlla 2.1(@0.1)x 100 0.77:0.01)  3.52k.y) 7.47x 10°® 1 134 1014 1.12
0.343 K )

+ATP 2.10.1)x 107 1.0 (0.1) 2.7 ¢0.2) x 10°3 13x10% 1 126 060  0.640.1)
aCaMKII nd 5.0 -0.8) 5.83k 1) 9.7(#05)x 108 1 10 053  0.70£0.15)

(Ca&2*/DA-cal)

1.8 (+0.2) k-2)
slope K 1otk -2 Kaiss Kg
(C&*/DA-cal) M~1s) (s™ (s™ (M) Fi F, F'3 Fo

aCaMKiIl®©

+AMP-PNP nd nd 0.710.05) 3.4x 1078 1 1.0 nd 0.43£0.03)

+ADP 1.82 (£0.04) x 10° >7 0.36 (0.01) 1.7x 10°8 1 1.0 nd 0.5140.03)
aCaMKIl + ATP 2.50 (£0.12) x 10° >12 <6 x 10754 <28x10122 1 1.0 0.18  0.18£0.02)
aCaMKIl peptide 1.1140.02) x 108 >200 0.004 361011 1 1.0 0.18  0.18£0.02)

Ac-294—309-NH* (+0.0005)
aCaMKIl peptide 1.4940.06) x 10° >350 0.00017 1.k 102 1 1.0  0.18  0.18£0.02)

281319 (+0.00005)
aCaMKIl peptide 7.2540.16) x 107 >350 0.00017 2% 1012 1 1.0 0.18  0.18£0.02)

281-319-ThegsP® (40.00005)

aBest fit values to data in terms of Scheme 1. ValuesHpwere calculated fronfr. = (ki2F3 + k—2F2)/(k2 + k-2) (26). Slope corresponds to
ki1. P Kgq measured by equilibrium bindingKq corresponds tdisd2.1 x 107. kgiss for Ca2"/DA-cal corresponds té-,. ¢ This value refers to the
dissociation rate constant of €&DA-cal from aCaMKII-ThryseP (Figure 2A).6Kq for the peptides was calculated kgdslope. SD of linear
regression (for slopes) or exponential fit (for rates) to the data is given in parentheses. SEM is given for measurefaeinsstefady-state

measurements.

in this case, the slope, 1.8 10° M~ s71, was somewhat
reduced.

C&*/DA-cal dissociation from its complex withCaMKII
was measured by displacement with pig brair?'@zl-
modulin. Upon addition of unlabeled &dcalmodulin, the

to 3.2 s*. No fluorescence change appears to be associated
with the initial binding of C&"/DA-cal to aCaMKIl. Ca&*/
DA-cal fluorescence is quenched in an isomerization process.
The fluorescence of the initial €aDA-cal-aCaMKIl com-
plex is thus the same as that of free?BA-cal; in terms

Ce*/DA-cal fluorescence became unquenched, reaching theof Scheme 1, this can be expressedas F, = 1.0. As an

level of free C&f/DA-cal fluorescence at the rate 1.8's
(Figure 2D, record 1). Nonhydrolyzable nucleotides AMP-
PNP and ADP reduced the rate of®CdDA-cal fluorescence
increase upon displacement from th€aMKIl complex to
0.71 and 0.36°¢, respectively (records 2 and 3). Incubation
of aCaMKIl with ATP resulted in a marked decrease in the
rate of C&"/DA-cal dissociation such that little change was
observed in 10 s (record 4). From measurement over 17 min,
a rate of<6 x 107° s7* was estimated for C&/DA-cal
dissociation, consistent with the previously reported cal-
modulin trapping caused by Thsautophosphorylationl@).
Mechanism of Ca/DA-cal Interaction witha CaMKIl and
Its Complexes with ATP and ADRs seen in Figure 2B, in
the association wittuCaMKIl, Ca*/DA-cal fluorescence

quenching occurred in an essentially concentration-indepen-

dent manner in the range af5 uM enzyme. The simplest

estimate of the initial bindingg,1 of 2.1 x 10 Mt stis
taken from experiments with €aTA-cal (Figure 3). The
dissociation constari, for Scheme 1 correspondskok_,/
Ki1(ki2 + k-p). The value of 100 nM was measured for the
Kg by equilibrium binding (Figure 1B). This allows the
estimation ofk_; = 5.83 s*. An F3 of 0.53 is estimated as
described in 26). kops Values obtained by simulation of the
fluorescence changes using these parameters are consistent
with the data (Figure 2B, Table 2) and with the mechanism
in which rapid binding is followed by slow isomerization in
the interaction of C&/Da-cal withaCaMKIl.

The kinetics of C&'/DA-cal interaction withaCaMKII
in the presence of ATP can be described by a two-step
process analogous to Scheme 1. Similarly to the nucleotide-
free interaction, Cd/DA-cal binding appears to occur

mechanism to describe these data is a two-step process showfyithout a fluorescence change, with compaction occurring

in Scheme 1: in an isomerization which follows the initial binding. Thus
F, =F', = 1.0 andF '; = 0.2 for the ATP complex. The
Scheme 1 slope ofkqps in this model can be taken as the association

k
c&'/cal + aCaMKIl ==
F kg
% c£*calaCaMKiIl,
—2

Fs

c&t/calaCaMKiIl,
I:2

In terms of Scheme Xypscorresponds t@&_, + kio/(1 +
k-1/ki1[aCaMKII]). Thus, the isomerization rate,s tends
to saturate aky, + k—,. As seen in Figure 2B,,s appears
to saturate at 5.0 8. The value fork_, estimated in
displacement experiments was 1.8 §hus,k;, corresponds

rate constant';; = 2.5 x 18 M1 s™1. kypsvalues measured

in the association suggest that the isomerizationkatet+

k'—, > 15 s 1. Data obtained in the presence of ADP could
be analyzed in a similar manner with.; = 1.8 x 16 M~

s ! (Figure 2C).k'—, can be estimated from displacement
reactions as 0.3%, andF ', = 0.5 as measured in the steady-
state. In the CH/DA-cal interaction witha.CaMKIl in the
presence of ATP and ADP, the slope lqfs is lower than
that estimated for binding in the absence of nucleotide, and
isomerization appears to be faster than binding in the
concentration range studied.
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Ficure 2: Kinetics of C&"/DA-cal interactions withaCaMKII
and nucleotides. Fluorescence stopped-flow measurements wer
carried out in 50 mM K-PIPES, pH 7.0, 100 mM KCI, 2 mM
MgCl,, 0.5 mM CaC} at 21°C. Concentrations are given in the
mixing chamber. (A) Association kinetics of &aDA-cal with
oCaMKiIl. Record 1: Association reaction wittCaMKIl. 0.2 uM
Ca*/DA-cal was mixed with 1.tM aCaMKIl. kypswas 2.3 £0.2)

s L. Record 2: Association withCaMKII in the presence of ATP.
The mixture of 0.5«M Ca?*/DA-cal and 0.25 mM ATP was mixed
with 0.5u4M aCaMKIl. kspswas 0.78 £0.03) s'L. (B) Analysis of
the association kinetics of €dDA-cal with aCaMKIl. (¢) Plot

of kops @s a function ofaCaMKII concentration. 0.1 or 0.2M
Ca&*/DA-cal was mixed withaCaMKIl. (— —) Simulation ofkyps

in terms of Scheme 1 using parameter values given in Table 2.
(- - -) Slope 2.1x 10" M~ s 1 with intercept at 3.5 determined
for C&2"/TA-cal (see Figure 3) is shown. (C) Association kinetics
of Ca&2*/DA-cal with aCaMKII in the presence of ATP and ADP.
(m) The mixture of 0.2«M DA-cal and 0.25 mM ATP was mixed
with aCaMKII. Data were best fit with slope 2.50 10° M~1s1
(solid line) with the intercept fixed at origin®) The mixture of
0.2uM Ca**/DA-cal and 1.0 mM ADP was mixed withCaMKII.
Data were best fit with slope 1.82 10° M~1 s71 (solid line) with
the intercept at 0.873. (— —) Simulated data as shown in panel
B. (D) Dissociation kinetics of.CaMKII complexes of C&/DA-

cal. Record 1: The equilibrated mixture of Q81 aCaMKIl and
0.5 uM Ca2*/DA-cal was mixed with 2.5uM pig brain C&'/
calmodulin. The rate of fluorescence increase was 11&tmrting

at 0.85 relative fluorescence. Record 2: The equilibrated mixture
of 0.5uM aCaMKiIl, 1.25 mM AMP-PNP, and 0.2M C&*/DA-

cal was mixed with 2.5M pig brain C&"/calmodulin. The rate of
fluorescence increase was 0.71!sstarting at 0.43 relative
fluorescence. Record 3: The equilibrated mixture of pM
aCaMKiIl, 1 mM ADP, and 0.5uM C&?"/DA-cal was mixed with
2.5uM pig brain C&*/calmodulin. The rate of fluorescence increase
was 0.36 s! starting at 0.51 relative fluorescence. Record 4:
Dissociation kinetics of ThgsphosphorylatedaCaMKIl. The
equilibrated mixture of 0.5%M aCaMKIl, 0.5 uM Ca2"/DA-cal,
and 0.25 mM ATP was mixed with 2.aM pig brain C&'/

2 4
[CaMKII] (uM)
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aCaMKIl concentration with a slope of 2.4 10/ M1 st
(Figure 3B). By combining this measurement with the rates
of C&*/TA-cal fluorescence changes upon its displacement
from theaCaMKII complex by calmodulin (Figure 3C), the
rate constants of C&TA-cal interaction withaCaMKII
were estimated in terms of Scheme 1 (see Table 2t/Ca
TA-cal association witrmCaMKIl in the presence of ATP
also occurs in a biphasic reaction. As shown in Figure 3D,
the initial fluorescence increase is followed by a larger
decrease than in the absence of ATP to a final fluorescence
of 0.5. The slow fluorescence decrease occurs at.1The
rate of the initial, rising phase of €dTA-cal fluorescence
is, however, not affected by ATP; only the amplitude of the
fluorescence rise is attenuated. Thus, ATP appears not to
affect the rate of binding of Ca/TA-cal to aCaMKIl.
Displacement of Ca/TA-cal from the complex formed in
the presence of ATP occurred in a markedly slower process
than in the absence of ATP, with a rate of 0.003 $n the
presence of ATP and in terms of a two-step reaction analo-
gousto Scheme X1 =21x 100 M tst K, +K_p=
1.0s% F', =13, andF '; = 0.6 are estimated (Table 2).
Characterization of the Dissociation of the Initial Complex
of aCaMKIl by C&*/TA-cal Fluorescence Changd3ouble-
mixing displacement experiments were carried out to see how
the dissociation kinetics of the initial complex were affected
by ATP binding. The dissociation kinetics of the first
intermediate, the CaTA-cal-aCaMKII-ATP complex formed
by bimolecular association, were studied by calmodulin
displacement. Displacement of TArA-cal by C&'/cal-
modulin was carried out at 1 to prevent the breakdown
of ATP during the course of the experiment. First, the
optimum reaction time for isolating the first intermediate was
established. As shown in Figure 4A, TAA-cal fluores-
cence reached approximately 90% of its peak at 200 ms, at
which point the following slow isomerization characterized
by a decrease of fluorescence has not yet significantly
progressed. It is noteworthy that at A2 both the association
and the isomerization occurred at reduced rates; the isomer-
ization rate was 0.07 % (Figure 4A). The dissociation
kinetics of the C&/TA-cal-aCaMKIlI complex were deter-
mined in these conditions. €dTA-cal ando.CaMKII were
rapidly mixed, and the reaction was allowed to proceed for
200 ms. At 200 ms, displacement of CA A-cal by C&"/
calmodulin was initiated. Figure 4B shows that a biphasic
fluorescence decrease occurred. The rates of the two phases
were 1.47 £0.08) and 0.17+40.01) s* (the ratio of their

calmodulin. The rate of fluorescence increase was estimated byamplitudes was 0.90). Then, the dissociation kinetics of the

linear extrapolation of the record over 17 min 26.00006 s?.

Characterization of the Formation of the Initial Complex
of aCaMKIl by C&'/TA-cal Fluorescence Change$o
understand the process of the initial binding of?Qa
calmodulin toa.CaMKII in more detail, a second calmodulin
probe, TA-cal, was employed. €dTA-cal fluorescence

Cat/TA-cal-aCaMKII-ATP complex were determined. The
mixture of C&"/TA-cal and ATP was rapidly mixed with
aCaMKIl, and at 200 ms, displacement of CA A-cal by
C&t/calmodulin was initiated (Figure 4C). A biphasic
reaction similar to that without ATP occurred. The rates of
the two phases were 1.2&0.07) and 0.13£0.01) s* (the

ratio of the amplitudes was 0.62). These experiments showed

changes were used in association kinetic experiments tothat the dissociation kinetics of the initial complex of*Ca

monitor the binding process and the effect of ATP on it.
The fluorescence of C&TA-cal, a Lyss-derivatized fluo-
rescent calmodulin26), changes in a biphasic manner on
aCaMKIl binding and dissociation (Figure 3A,C, Table 2).
During binding, C&/TA-cal fluorescence initially rapidly
rises and then falls in a slower process at 0.77 Bhe rate

of the initial rising phase shows a linear dependence on

TA-cal andaCaMKII were similar with and without ATP.
Kinetics of the Interactions of Ca/DA-cal withaCaMKI|
Peptides.The rates at which the distance changes between
the two lobes of C&/calmodulin when it interacts with the
target sequence may be different when peptides representing
the calmodulin-binding domain are free in solution or
associated with the kinase catalytic domain. To investigate
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Ficure 3: Association and dissociation kinetics of &8 A-cal andaCaMKII. Fluorescence was monitored/at = 365 nm andiey >
400 nm, and the conditions were as described under Materials and Methods. (A) AssociatidhoA&al andaCaMKII. 82 nM Ca&*/
TA-cal was rapidly mixed with 407 nMwtCaMKII (concentrations in mixing chamber) in the stopped-flow fluorometer. The solid line
shows the experimental data. The rate constants of the two exponentials shown weré @iging fluorescence) and 0.77'5(decreasing
fluorescence). The fluorescence started frorfr{) &nd rose to 1.19F;), and equilibrium was achieved at 1.12.§. (B) konsrepresents the
observed rates of the fa®) and slow M) phases of the association reaction, an example of which is shown in panel A, plotted as a
function of aCaMKII concentration. The slope of the linear regression line fit to the djagavek;; as 2.1x 10° M~1 s and the
intercept at 2.8 (Scheme 1). A horizontal line drawn at 0.77 snarks the mean value of the dam) (at [oCaMKII] >400 nM to define
Kobs = k2 + k_ as 0.77 st. (C) Displacement of Ca/TA-cal by C&*/calmodulin from its complex wittuCaMKII. The equilibrated
mixture of 41 nM C&"/TA-cal and 205 nMaCaMKII was rapidly mixed with 1.5M calmodulin (mixing chamber concentrations). A
biphasic fluorescence decrease occurred (the arrow points to fluorescence intensity 1). The exponential rate of the first phase’was 3.33 s
and that of the second phase was 0.36 $he ratio of the amplitudes of the two exponentials Was- 4.8. Using the observed rate and
fluorescence values, the rate constants and fluorescences of the #Wad AGaal-aCaMKIl complexes were determined in terms of a
two-step reaction in which rapid binding is followed by isomerizati®@) (The experimental record was overlayed with a solid line generated
using the calculated values (line 1 through datlR); = 3.52 s%; ki, = 0.427 s, k-, = 0.343 s; F3 = 1.104 (Table 1). Line 2 was
generated by setting-; to 0.35 s, and sok;, = 0.20 s1, k-, = 0.57 s, andF3; = 0.647 followed. For line 3k_; was set to 6.0,
and sok;, = 0.57 s, k-, = 0.20 s, andF; = 1.097 followed k;; = 0 andF, = 1.34 were used throughout the simulations. (D) Initial
rapid phase of Ca/TA-cal fluorescence changes. 1.081 aCaMKII was rapidly mixed with 33.2 nM Ca/TA-cal (record 1) and with
the mixture of 0.5 mM ATP and 33.2 nM €dTA-cal (record 2). The fluorescence initially rose to 1.10 and 1.041, respectively. The
exponential rates were fit to 28.3 and 37:8.sThis difference, however, likely reflects the effect of ATP on the amplitude rather than the
rate of the initial C&"/TA-cal fluorescence rise in association witiCaMKII.

this, the interactions aiCaMKII-derived calmodulin-binding  of 1.7 x 10 s~ (Figure 5C, record 2 shows the TDA-
peptides with C&/DA-cal were studied in stopped-flow cal fluorescence change upon 2819-ThegeP peptide
experiments. As shown in Figure 5A, in the association of dissociation). In terms of Scheme 1, the following values
Ca*/DA-cal with the Ac-294-309-NH, peptide, maximum  are consistent with our datdk;; = 10* M~1s%; ky», > 350
guenching occurred. The fluorescence decay was rapid ands™; k- < 4 x 103s%; F; = F,=1.0; andF; = 0.2 (Table
could be described by a single exponential. Similar observa- 2).
tions were made with the 281319 and 281+ 319-ThpgeP
peptides as well. For each peptide, the observed rates Wertg)'SCUSS'ON
rapid, in excess of 2004 and showed a linear dependence  DA-cal, a Probe of @erall Calmodulin Conformation
on the peptide concentration (Figure 5B). The slopes were Our distance estimates by FRET can be compared with
1.1 x 1, 1.5 x 10° and 0.7x 108 M~ s™! for peptides distances in the crystal structures of calmodulin and its
Ac-294—309-NH,, 281-319, and 28%319-ThkgsP, re- complex with anaCaMKII target peptide. The distance
spectively. between the chomophore pair labeling the C34 and C110
Upon displacement of C&DA-cal from its peptide residues located on each of the two?Ghinding lobes of
complexes by unlabeled &dcalmodulin, the fluorescence calmodulin by FRET was estimated as 22 A in a target
guenching was reversed. The dissociation rate 8f {Da\- peptide complex of Ca/calmodulin in solution. The distance
cal from its complex with the Ac-294309-NH, peptide was between the Catoms of residues T34 and T110 in the?Qa
4.0 x 103 s7* (Figure 5C, record 1). The displacement of calmodulin complex of a similanCaMKII target peptide is
C&*/DA-cal from its complexes wittuCaMKIl peptides 15 A (19). In comparing the two types of estimate, the length
281-319 and 281 319-ThegsP occurred at the lower rate  of the Cys side chain and the probe dimensions have to be
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FIGURE 4: C&*/TA-cal dissociation kinetics frormCaMKII-ATP C
complex by double-mixing stopped-flow. All the reactions were 1 !
carried out at 12°C to reduce ATP hydrolysis during the 3
experiment. 100 nM Ca/TA-cal solution was rapidly mixed with ER
1.08uM oCaMKII. This first mixture was mixed with buffer or 2 = 8
uM Ca*/calmodulin after a 200 ms delay time which was required x 3 2
to allow the first phase of the association process to go to 90% -
completion. Time 0 indicates the time of the second mixing. (A) 0 ‘
Control for C&"/TA-cal displacement with buffer. The mixture of 0 Time (s) 200

TA-cal ando.CaMKII was mixed with buffer at 200 ms. As seen
in the record, after the first mixing step, the fluorescence of the o re 5: Kinetics of Cat/DA-cal interaction withaCaMKII-
initial complex withaCaMKIl appears; at 200 ms, the fluorescence ygrived peptides. (A) Association of E#DA-cal with Ac-294—
is rapidly reduced by dilution with buffer, and the slow decreasing 349 NH, peptide. 0.5«M Ca2*/DA-cal was mixed with 0.65M
phase of the fluorescence change occurs. (B) Displacementtf Ca  ac_294-309-NH, peptide kypswas 87 sL. (B) Association kinetics.
TA-cal from complex withoCaMKII. The first mixture of TA-cal 0.2 uM Ca2*/DA-cal was mixed with peptide ) Ca&*/DA-cal

and aCaMKIl was mixed with calmodulin at 200 ms. After the  5gq0ciation with Ac-294309-NH, peptide. The slope of the linear
rapid drop of fluorescence by the second mixing, the fluorescence fi; 14 the data points was 1.% 10° M~! s the intercept was at

decay indicates TA-cal dissociation in a biexponential process with 1 (¢ +IDA-cal iati ith 28431 tide. Th
rates 1.50 and 0.17-5(amplitude ratio 0.9). Note that these rates ;’gps; of( trzeclﬁzwe/ar ﬁtc ?0 ?ﬁso(;:é?;opnoms Wg:skgl%gpuc_i?.s_l ©

are slower than those shown in Figure 4, where the experimentsand the interce - L + _ L

A . pt was fixed at origir®) Ca&"/DA-cal association
were carried out at 21C. (C) Displacement of Ca/TA-cal from with 381—319-ThpssP peptide. The slope of the linear fit to the
complex withaCaMKII-ATP. The first mixture of TA-cal and data points was 0.% 10° M~! s%. The intercept was at 8.5'%

aCaMKIl in the presence of 10aM ATP was mixed with (C) Dissociation kinetics. Record 1: The equilibrated mixture of

calmodulin at 200 ms. A fluorescence change similar to that in 651M Ac-294—309-NH; peptide and 0.5M Ca2*/DA-cal was
panel B occurred, and the biexponential fluorescence decay Wasm.ixed with 2.5 M pig brain Czi*/calhwodulin. The rate of

fit with rates 1.37 and 0.13°$ (amplitude ratio 0.62). In further  ,5rescence increase was 0.004 Record 2: Dissociation kinetics
experiments (not shown), ATP concentrations up to 2 mM were ¢ 281—319-ThpssP peptide. The equilibrated mixture of QM
used. At 2 mM ATP, the rates were reduced to 1.04 and 0711 s 281-319-ThegeP peptide and 0.2M Ca?*/DA-cal was mixed

(amglitude ratio 0.49). This was most likely due to the presence of it 2.54M pig brain C&*/calmodulin. The rate of fluorescence
1-5% ADP in the ATP sample. increase was estimated at 0.00017 Isy linear extrapolation.

taken into account. The labeled SH- groups are each located The critical distance was estimated using the value 2/3
approximate} 3 A from the G, atoms. The distance between for the orientation factor? assuming full rotational flexibility
the center of the probe and the SH- group is 10 A for the of the probes 7). This assumption is commonly made in
dansyl group ash 6 A for DDP @22). Thus, in an extreme this type of measurement a8 is not readily determined
case, the Cys side chain and probe sizes may account for amxperimentally. We considered the fluorescence properties
additional 22 A in the measured distance. The probe of the donor to assess the validity of this assumption. The
dimensions thus are likely to contribute torauA greater relatively short 1215 ns lifetime of AEDANS-T34C/
distance estimate for the peptide complex compared to theT110C-calmodulin and the relatively low quantum yield of
crystal structure. the AEDANS fluorophore attached to T34C/T110C-cal-
The G, atoms of T34 and T110 are 50 A apart in the modulin (Table 1) are consistent with the probe being
crystal structure of Gd/calmodulin 21). Given the estimated  exposed to the aqueous medium and thus possessing
R, value of 26 A for DA-cal, the transfer efficiency is0.08 rotational flexibility. Steady-state anisotropy measurements
at distances greater than 39 A, and such distances are thushowed that AEDANS attached to T34C/T110C-calmodulin
less accurately estimated by this probe. The FRET measure-had low anisotropy, approximately 0.02, and changes little
ments showing two Ca/DA-cal conformers in solution with  (by <0.05) in the presence of €aand the other ligands.
interprobe distances of 4815 and 28 A are nonetheless Thus, even though its exact value remains uncertdidpes
consistent with the more dynamic and somewhat collapsednot appear to be significantly affected by these protein
structure of Ca'/calmodulin in solution compared to that interactions, and the assumption®f= 2/3 seems reasonable
in the crystal 20, 39. for our system.
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Multiple C&*/DA-cal Structures in Complex withCaMKIl.
At least two classes of Cdcalmodulin conformer are
reported by C&/DA-cal upon interaction withuCaMKII.
Initial binding appears to occur with little or no fluorescence
change in C&/DA-cal, indicating binding in extended
conformation retaining the dynamic distribution of “Ca
calmodulin conformers. It is likely that this type of €a
calmodulin binding occurs by attachment by one lobe only
(40, 4. Nucleotide binding and Thys-autophosphorylation
cause compaction of bound €#almodulin structure.
Substantial C&/calmodulin conformation change appears
to occur upon nucleotide binding eaCaMKII without Thrge
autophosphorylation. When &#DA-cal is bound to ADP-
and AMP-PNP complexes ofCaMKII, fluorescence quench-
ing is intermediate. It should be borne in mind that steric

Torok et al.

was seen in a concentration-dependent man?é: {This
observation can be viewed as initial TAA-cal binding
without a fluorescence change followed by rapid compaction
in an isomerization of the initial complex. Thus, the initial
binding of C&*/calmodulin to peptides may occur with one
lobe only as proposed here for theCaMKIl enzyme. A
similar model has been proposed for the interaction éfCa
calmodulin with MLCK @0, 41J).

The rate of C&'/calmodulin compaction is 350 s'1, and
the rate of its reversal for Ac-294309-NH;, is 0.004 s
thus, >8.75 x 10*fold stabilization of Ca‘/calmodulin
binding occurs in the calmodulin compaction that follows
initial binding. This factor is>2 x 1P for the 281319
peptide and its Thgsphospho analogue. The kinetic and
energetic differences between the interaction of peptides and

restriction of the freedom of movement of the probes may intactaCaMKII with Ca?*/calmodulin may be explained by

occur independently of further compaction of?0®A-cal.
Alternatively, in these complexes, &&calmodulin confor-

the attachment of the autoinhibitory and contiguoug™Ca
calmodulin-binding domain to the catalytic core, thereby

mation may be more compact and/or the equilibrium between restricting its folding. Previous studies using a fluorescently
the initial and the compacted complexes is shifted toward labeled K75C-calmodulin mutant showed marked differences
the compacted form. C&/calmodulin conformation appears in the dissociation between peptide complexes and suggested

maximally compact when bound tocCaMKII-Thr,gsP and
to aCaMKIl peptides Ac-294309-NH,, 281319, and its

that residues 293295 markedly stabilize Ca/calmodulin
binding @2). Our dissociation data with €aDA-cal and

Thrsephospho analogue. Our results described here for similar peptides gave equivalent results.

oCaMKII represent the first case in which multiple €a

Stabilization of C&"/Calmodulin Binding taxCaMKII by

calmodulin conformations associated with the regulation of Nucleotides.It has previously been shown that a
activity have been identified in a target enzyme. Putative calmodulin binding increases the ADP binding affinity for

Ca*/calmodulinaCaMKIl conformers are diagrammatically
illustrated in Figure 6.

Stoichiometry and Cooperatty. aCaMKII exists as an
oligomeric complex of 12 subunitd{—13). Activation by
Cé*/calmodulin, nucleotide binding, and autophosphoryla-

brain CaMKII (43). Here we observe that nucleotides such
as ADP and AMP-PNP increase the?@aalmodulin binding
affinity for aCaMKII. Our data suggest that stabilization of
C&*/calmodulin binding occurs in the isomerization that
follows the initial binding. Isomerization @iCaMKII-bound

tion are all to some extent cooperative, although the level C&"/DA-cal from extended to compact become&-fold

of cooperativity is still a matter of debaté &nd references
cited within, 17). Potential cooperativity and the precise
stoichiometry of the Cd/calmodulin transitions observed

more rapid, and Ca/DA-cal dissociation occurs at a 5-fold
lower rate in the presence of ADP, resulting irr&l0-fold
stabilization of C&f/calmodulin binding toaCaMKII.

here are difficult to establish. Thus, the observed interaction Nucleotides have a substantial effect on the mechanism of

between nucleotide and &dcalmodulin binding does not

interaction of C&"/calmodulin andxCaMKIl in that binding

necessarily require these ligands to be bound to the samebecomes rate-limiting to the isomerization of 2Caal-
monomer or to be bound with equal stoichiometries. Such modulin, making it closer to the behavior with target

effects would produce a set of subpopulations of the

intermediate states deduced from our kinetic analysis.

peptides.
Mechanism oftxCaMKII Activation by C&*"/Calmodulin

However, we have no evidence for such subpopulations fromand ATP.We consider our data in the framework of a two-

our analysis. This would suggest either that the level of
cooperativity is quite small or that individual subpopulations
have similar behavior with regard to their interaction with
Ca&*/calmodulin. Hence, for simplicity and clarity, coopera-
tive interactions are not included in our current model.
Mechanism of C&/Calmodulin Binding toaCaMKII
PeptidesEach peptide caused maximum quenching éfCa
DA-cal fluorescence, indicating that &&DA-cal conforma-

substrate reaction in which the ternary complex may in
principle be generated either by random or by compulsory
order mechanisms by pathway A or B (Figure 6).2Ca
calmodulin initially binds in extended conformation to
oCaMKIl or to aCaMKII-ATP to form a ternary complex
(species 3a). Ca/calmodulin compaction is postulated to
occur by rapid isomerization of species 3a to species 4a
followed by Thegs-autophosphorylation as transition 4a

tion was compact in each complex. The linear concentration 4b. C&*/calmodulin binding to nucleotide-freeCaMKII

dependence of the €dDA-cal conformational change in
the association process wittCaMKII peptides suggests that
the C&"/DA-cal conformational transition from extended to

corresponding to the transition of species~12a— 2b is
analyzed in terms of Scheme 1 above. The existence of ATP-
boundaCaMKIl in the absence of Ca/calmodulin has been

compact is faster than the binding in the concentration rangedemonstrated by CG&/calmodulin-independent autophos-

studied. This behavior is similar to the corresponding
interactions withaCaMKII induced by nucleotides except

phorylation ofaCaMKII with a Ky, 145uM for ATP (44).
When comparing the association kinetics ofGRA-cal

that the compaction rate is greatly enhanced with the and C&"/TA-cal in the presence of ATP, a paradox arises:
peptides. Similar observations were made in the interaction while C&*/calmodulin binding toaCaMKII appears to be

of Ca/DA-cal with MLCK and its C&*/calmodulin-binding
peptide, where rapid-50 st C&*/calmodulin compaction

rapid with rate constark; = 2.1 x 10° M~ s~1 with or
without ATP (Figure 3), the net rate of &€dcalmodulin
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Ficure 6: Diagrammatic representation of &&almodulin conformers iCaMKIlI complexes in a putative activation scheme. A typical
kinase catalytic domain is illustrated by ellipsoids representing the two core domains termed ‘propeller’ and substrate. Nucleotide binds in
the cleft formed by the two core domains linked by a hinge regi®). (The autoinhibitory and contiguous €éalmodulin binding

domain is represented by an elongated ellipsoid. On the basis of sequence homologies and crystallographic data wi®) Gadtin

kinase 46), it is supposed that this region alCaMKIl also adoptsx-helix—loop—a-helix fold, termed thexR1—loop—aR2 moatif (9). In

our illustration, transition from ellipsoid to cylindrical appearance indicates increadedical content of the calmodulin binding region.

Three classes afCaMKII-bound C&*/calmodulin conformation are represented. The first class is extended (intermediates 2a, 3a, and 3b).
Species 2a and 3a are on the activation path; 3b, however, represents a putative dead-end complex. Possible structural explanations for the
unproductive nature of a dead-end complex are that ATP binding (1) restriétéc@anodulin binding to an inhibitory site47) or (2)

causes Cd/calmodulin binding in an incorrect orientation and that (3¥'@ealmodulin is attached via the wrong lobe. For the purpose of
illustration, only the latter option is depicted. The second class@dMKII-bound C&t/calmodulin conformers adopts a semi-compact
conformation. Such conformation is observed in species 2b and probably 4a. This conformer is depicted with a reduced distance between
the C&" binding lobes. Semi-compact conformations may occur by partial helical folding of the calmodulin binding region, and this is
indicated in the diagram by depicting the autoinhibitory and calmodulin binding region as a cylinder. In species 4a, ATP binding to the
Cea*/cal complex ofaCaMKII stabilizes an intermediate in which TBhgis accessible for autophosphorylation. It must be noted that the
precise conformation of C&/calmodulin in the C&-calaCaMKII-ATP complex (species 4a) could not be determined by either our
equilibrium or transient kinetic studies. The third classx@faMKIl-bound C&*/calmodulin conformation is maximally compact. Such a
conformation is observed by energy transfer measurements?ini¥&cal complexes wittaCaMKIl peptides Ac-294-309-NH,, 281—

319, and 28%319-ThegsP as well as in species 4b in the diagram. Our data thus suggest that, as in peptide comp)exesx(mally

compact calmodulin conformation in complex with FgrphosphoaCaMKIl is accomplished when the calmodulin binding region in the
enzyme is stabilized as awhelix. We postulate that when €dcalmodulin conformation is extended or semi-compact, the attachments

of the autoinihibitory and calmodulin binding region to the catalytic core are not completely abolished. However, Wheali@adulin
conformation is maximally compact, in ThgphosphoecCaMKII, the calmodulin binding domain may be detached from the catalytic
core.

compaction observed in the presence of ATP (or ADP) is natively, the kinetic effects of ATP can be explained by an
described by a lower slope kf; =2 x 106 M~t s (Figure apparent reduction by ATP in the concentratiomGaMKI|
2C). The lower slope compared to the binding and concen- available for C&/calmodulin compaction. Such an effect
tration dependence of €dcalmodulin compaction could in  would be the result of the formation of unproductive as well
principle be explained if the initial Cé/cal binding to as productive Cd/calaCaMKII-ATP complexes. Species

oCaMKIll is destabilized by ATP such that the €kal 3b represents such a complex in which incorrectly bound
dissociation rate from the initial C&caloCaMKII-ATP C&*/calmodulin is illustrated for the purpose of the argument
complex is greatly increased. However, double-mixing (Figure 6). In our illustration, this complex is linked to the
displacement experiments comparing@aA-cal dissocia- general scheme by €dcalmodulin dissociation, a process

tion from the initial complexes formed in the absence and which may be significant in our experimental conditions of
presence of ATP (Figure 4) showed no such effect. Alter- saturating ATP and limiting Ca/calmodulin concentrations.
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Such a dead-end complex is characteristic of compulsory

order ligand-binding mechanisms.

In summary, at least twvaCaMKII-bound C&"/calmodu-
lin-binding conformations are demonstrated?@ealmodulin
binding is required for kinase activity; however, it appears
that ATP binding is necessary for the stabilization of bound

Cé&*/calmodulin. These two ligands together, thus, appear
to induce enzyme conformational changes which are not

generated by either ligand alone.
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