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ABSTRACT:. Cat-induced complex formation between calmodulin (CaM) and mastoparanX (MasX) was
studied by a fluorescence spectroscopy and by a stopped-flow method. The measurements of the
fluorescence anisotropy in the presence of calcium and the fluorescence titration Witre@zaled that

the N- and C-domains of CaM bound cooperatively MasX, while the tryptic fragments of CaMC(TR
1-77 and TRC, 78-148) bound independently MasX. The Trp-fluorescence stopped-flow experiments
revealed that the C&-induced binding of CaM and MasX was composed of two processes: one was a
rapid binding of the N-domain of CaM to MasX, which was induced by the rap# Gmding to the

N-sites of CaM. The other was a slow biphasic process. Its fast phase was the binding of the C-domain
of CaM to MasX, which was induced by the slow®ainding to the C-sites. Interestingly, the kinetics

of the slow process varied with the €aconcentrations. At the low €& concentrations, its rate constant
increased to around 20%sas the Ca&" concentration increased. At the high?Caoncentrations, the
C&*-induced binding of the C-domain of CaM to MasX proceeded at a constant rate arountd Phis
suggested an existence of a rate-limiting step for th&"@aluced binding of the C-domain of CaM to
MasX at the high C& concentrations. The slow phase of the slow process may be a rearrangement of
the CaM—-MasX complex. These results led to our model of a molecular kinetic mechanism ofthe Ca
induced complex formation between CaM and MasX.

Calmodulin (CaM) is a Ca&"-binding protein in all as a common feature of the CaM-binding sid,(25). Some
eukaryotic cells ). The physiological role of CaM is a  structures of the CaMtarget peptide complexes in the
Ca*-dependent modulator in the cell,2). When the cell presence of calcium were solved by X-ray crystallography
accepts the external stimuli, cytoplasmic?Ca&oncentra- and nuclear magnetic resonance methods. In the complexes,
tion rises by either or both the release of?Cdrom in- Ca&"-bound CaM takes a jack-knifed shape, in which the
ternal stores and the influx of extracellular 2€43—7). flexible central linker of CaM (Arg 74 to Glu 82) is bent to

Over a certain Cd concentration, CaM binds €aand surround the peptide which assumesdhbelical conforma-
changes its conformation. Through this conformational tion. Several types of arrangements have been reported for
change, CaM associates with or dissociates from many CaM-complexes of CaM and target peptides. One of them is an
dependent target proteins and peptides, and regulates theiantiparallel arrangement in which the N- and C-domains of
physiological functions{—11). Such sequential events are CaM interact with the C- and N-terminals of target peptide,
observed in the wide range of physiological phenoméha ( respectively 26—28); another is a parallel one with the
12—-20). reverse location of the domains of CaM in the comp[2S) (

CaM has a dumbbell structure with two similar domains In addition, the other structures have been recently reported
connected by a central helix (Phe 65 to Phe 24).(Each (30—34). Moreover, it is reported that even at low calcium
domain has two Ca-binding sites 22), which is composed  concentrations CaM interacts with some target proteins and
of a helix-loop—helix structure called an EF-hand motif peptides {3, 35—37). For instance, Hill et al. reported that
(23). C&" binding to the sites induces the exposure of apoCaM interacts with a peptide derived from myosin light
hydrophobic residues of CaM comprising the binding sites chain kinase (MLCK peptide) by electrostatic forces between
for target proteins and peptides. Many CaM-dependent targetthe charged residues within CaM and the MLCK peptide
proteins and peptides have basic and hydrophobic residueg3e).

Many research groups have been interested in the molec-
*To_whom correspondence should be addressed. Telephone:y|ar mechanism of the complex formation of CaM with target

:%ifiﬁiifém Fauit81-52-789-2436. E-mall: jaS694a@nucc.cc. o ovaing and peptides. Static and kinetic studies of the
I Abbreviations: CaM, bovine brain calmodulin; MasX, masto- complex formation have been performed by using fluores-

paranX; TRC, tryptic fragment comprising residues-17 of bovine cence spectroscopy, calorimetry, nuclear magnetic resonance,

brain calmodulin; TRRC, tryptic fragment comprising residues-7848 _ ;
of bovine brain calmodulin; MLCK, myosin light chain kinase; EGTA, stop_ped flow, tempergture !ump, and .Other. r.nethOds' In
ethylene glycol bis§-aminoethyl etherN,N,N',N-tetraacetic acid; ~ Particular, many kinetic studies of the dissociation ofCa

MOPS, 3-{N-morpholino)propanesulfonic acid. from Ca*-bound CaM and Ca-bound CaM complex with
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target peptide revealed interesting features of CaM andEGTA, 0.1 M KCI, and 50 mM MOPS, pH 7.00), and
CaM—target peptide complexe8&—49). ultrapure water (from Milli-Q apparatus, Millipor, Inc.).

It has been established that the calcium dissociation Preparation of Cé‘-Free Protein and PeptideWe
constantKdc,) of the C-domain of CaM is 2- or 3-fold lower ~ prepared C#-free protein and peptide by gel chromatog-
than that of the N-domainsQ, 51). Kinetic studies estab- ~ raphy on Sephadex G-25. At first, the column was equili-
lished that the rate constaritf) for the dissociation of Ca brated with buffer B. Then an aliquot of buffer A{3 mL)
from the N-domain of CaM is approximately 100-fold higher and a solution containing protein or peptide-@mL) were
than that of the C-domairB9—41, 44, 47). On the basis of  successively applied to a Sephadex G-25 column. ThénCa
these results, the rate constaky) for the C&* binding of free protein or peptide fraction was collected using buffer B
each domain of CaM is calculated frokgs/Kdca The kon as the eluant.
value for the binding of C4 to the N-domain of CaM is Fluorescence MeasuremenEuorescence anisotropy and
approximately 36-50-fold higher than that of the C-domain  fluorescence emission spectra were measured with a Hitachi
(44). These results allow us to recognize the feature of eachF-4500 fluorescence spectrophotometer. The fluorometer was
domain of CaM for C&; the C-domain of CaM binds Ga connected to a water bath to maintain a constant temperature
strongly, and the N-domain responds rapidly to the change (25 °C) of the samples. The buffer in the fluorescence
of the C&" concentration around CaM. With these properties experiments was 0.1 M KCI and 50 mM MOPS, pH 7.00.
of CaM, several models of the interaction between CaM and Measurements of fluorescence anisotropy for Trp of MasX
target peptide have so far been propostgt9, 52). were performed with excitation at 295 nm (band-pass 2.5

In contrast to these studies, little is known about the NM) through a dichroic polarizer, and the average fluores-
kinetics of the Ca&-induced complex formation between CENCe intensitieslg, v, In, and ln) at 340 nm were
CaM and target peptide. Our research aims to reveal themMonitored through a dichroic polarizer (band-pass 10 nm).
kinetic process of the complex formation: especially we are The anisotropyr( is calculated from the following equations:

interested in revealing how each part of CaM interacts with | —Gl

target peptide and in what role each part plays. We adopted, p=_w__—vh (1)
as a target peptide, mastoparanX (MasX). MasX is a 14 Ly + 2Gl,

residue peptide from the venom of wasp, whose amino acid .

sequence is INWKGIAAMAKKLL-NH, (53, 54). MasX G=ln/lhn ()

causes the degranulation of mast cell. It also activates GTP-

binding regulatory proteins56, 56). Many groups have wherel,, and |, are the intensities of the vertically and
reported that MasX binds to CaMi7, 57—64), and it is horizontally polarized fluorescence lights with vertically

known that MasX in the globular CaMMasX complex polarized excitation, respectively, amg and |y, are those

: . with horizontally polarized excitation6g).
assumedstﬁm—hehcal §truc';u|re 59t’h6%j’ (_33]2[ In this study, isot Measurements of fluorescence emission spectra for Trp
ropy measurement, fluorescence firaion method, and mainly . M25X Were performed with excitation at 295 nim (band-
stopped-flow method for the study of the Canduced pass 2.5 nm) and with the emission scanned from 300 to

complex formation between apoCaM or apoCaM tryptic 450 nm (band-pass 2.5 nm). The fluorescence intensity of
fragment(s) (apoTEC, apoTRC, or both) and MasX. On Trp at 330 nm was obtained by averaging at least two spectra.

the basis of our results, we constructed a scheme for theFree calcium ion concentration ([€3wed in solution was
lecular kinetic mecha,nism of the 2anduced complex calculated f_rom th_e concentratlo_ns of EGTA and Ga@dbed
g?nfgtbilon between CaM and MasX P to the solution using the numerical _cpnstants of Schwarzen-
: bach et al. §9). For two-state transition curves, the curve-
MATERIALS AND METHODS fitting of the_fluorescence titration data was performed with
a Hill equation as follows:

Materials CaM was extracted from bovine brain and

purified as described previously by Itakura and B&) The F=Fuin _ ([Ca Ned" 3)
puri_ty of the protein was _checked by 15% _S{—)yﬁ)lyacry- Frax — Frmin ([Ca2+]free)n + (Kdg)"

lamide gel electrophoresis. The concentration of CaM was

determined usin@\mg/mL276nm= 0.18 ©6) and a molecular pCa,, = —log(Kdc,) (4)

weight of 16 700 7). Tryptic fragments of CaM, TiC

(fragment +77) and TRC (fragment 78-148), were ob-  whereF, Frin, Fmax @andn are the fluorescence intensity,
tained, and the purity of the fragment was checked accordingat minimum,F at maximum, and Hill constant, respectively.
to the procedure described previously by Itakura andd®).(  TheKdc, is the calcium dissociation constant. The pgis

MasX was purchased from BACHEM AG (Bubendorf, the midpoint pCa value of the fluorescence titration curve.
Switzerland). Pure solutions @ M CaCh and EGTA were  For the three-state transition curve, a sum of two Hill

purchased from Shinyo Pure Chemicals Co., Ltd. (Osaka, equations was used for the curve-fitting.

Japan), and Dojindo (Kumamoto, Japan), respectively. A Microsoft Excel Solver function was used for minimiz-
Rema@al of Calcium ContaminatiorRemoval of calcium ing the error square sum for the curve-fitting of all data in

contamination is necessary in this study. We removed the anisotropy titration and calcium titration experiments, whose

calcium contamination by the following method. All labwares variances were less than 25 10° and 8.9 x 1074,

and flow passages within the stopped-flow spectrofluorom- respectively.

eter were successively washed with buffer A (5 mM EGTA,  StoppeeFlow Measurementsinetic measurements were

0.1 M KCl, and 50 mM MOPS, pH 7.00), buffer B (LM performed with an Applied Photophysics Ltd. (Leatherhead,
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Ficure 1: Fluorescence anisotropy titration of 2Bl MasX with (A) CaM, (B) equimolar mixture of TRC and TRC (TR,C—TR,C), (C)

TR;C, and (D) TRC. The open symbols designate the experimental data obtained in the solution containing 4 mM EGTA and 4.2 mM
CaCl (pCa 3.7); the closed symbols in 4 mM EGTA. All lines are calculated using the dissociation constants summarized in Table 1. The
dash-dotted line of panel B is the anisotropy titration curve for the CaM system (from panel A). The dotted line of panel B is an anisotropy
titration curve for independent binding of T& and TRC with MasX. The solid line of panel B is for competitive binding of the fragments

with MasX. Fluorescence anisotropy was measured at 340 nm emission wavelength (band-pass 10 nm) with excitation at 295 nm (band-
pass 2.5 nm) in 0.1 M KCIl and 50 mM MOPS, pH 7.00 at°25

U.K.) model SX.17 MV stopped-flow spectrofluorometer. values were obtained by the fluorescence titration method
The excitation monochromator was set to 290 nm (band- using 5uM TR;C and 5uM TR,C, respectively, in 0.1 M
pass 11.6 nm), and the fluorescence emission of Trp waskCIl, 50 mM MOPS, pH 7.00, and 58M 2-p-toluidinyl-
monitored through a 320 nm cutoff filter. Since the fluores- naphthalene sulfonate (purchased from Sigma). TKelsgs
cence intensity was observed through the cutoff filter, the were similar to those reported by Johnson et 44).(The
degree of kinetic fluorescence intensity change for the aforementionedk,, values were calculated frokas/Kdca
stopped-flow experiment was different from that of the static

fluorescence titration experiment. In particular, the;CR RESULTS

MasX system showed a fluorescence decrease in the Ca )
induced MasX binding reaction to T&, which was observed Fluorescence Anisotropy Measuremefitse fluorescence

by the stopped-flow method. On the other hand, it showed anisotropy dgpend.s on the rotat'lonal f_reedom of the chro-
a fluorescence increase in the static fluorescence titration™MopPhore, which is influenced by its environment. MasX has
experiment. The stopped-flow apparatus had a deadtime of2 TP residue at the third position, but CaM has no Trp

1.4 ms at a drive pressure of about 8 bar. The measurementé€sidue. We can determine the degree of complex formation
were made in 0.1 M KCI and 50 mM MOPS, pH 7.00 at 10 of CaM or CaM fragment(s) with MasX by measuring the

°C. We obtained reaction curves by averaging at least fourflgorescence anisotropy of the Trp residue. MasX was titrated
reaction traces. The curve-fitting program (by P. J. King, With CaM or CaM fragment(s) in the presence and the
Applied Photophysics Ltd.) used the nonlinear Levenberg absence of calcium, _and Trp-f_luor_escence anisotropy was
Marquardt algorithm. The reaction traces after 1.5 ms were Meéasured. These anisotropy fitration curves are shown in
fitted with single to triple exponential curves in the range of Flgure 1.
variance<7.2 x 1075 We determined theKd value of the proteirMasX
Computer SimulationdNumerical simulations were per- complex by curve-fitting of the experimental titration data
formed by Mathematica (Wolfram Research, Inc.) using the Shown in Figure 1 (variance2.7 x 10°°). TheKd values

following ko, andkyit Values of the C&-binding sites of Cam  are listed in Table 1. In the presence of calcium, titration
and EGTA at 10°C: kyy = 1.7 x 108 M~ s ! andkys = curves for CaM and TEC showed saturation at a 1:1 molar

480 s* for the N-sites of CaM70); 5.3 x 10° M~ s land ratio of protein/MasX (Figure 1, panels A and D). This means
3.5 st for the C-sites 70); 1.3 x 10° M~* s *and 0.55 st that CaM and TRC form a 1:1 complex with MasX,
for EGTA (44). Theseky; values of the N- and C-sites of ~ respectively. The titration curve for an equimolar mixture
CaM were determined by the stopped-flow method: a Of TRiC and TRC showed a steep increase at low molar
solution of 5uM Ca*-bound CaM in 0.1 M KCl and 50  ratio of fragments/MasX and leveled off at a 1:1 molar ratio
mM MOPS, pH 7.00, was mixed with a solution of the (Figure 1, panel B). The TR system showed no saturation
calcium chelator Quin 2 (100, 200, or 3gM), and the Quin  Of the anisotropy titration, indicating that T& bound more

2 fluorescence change was observed to determindghe Weakly to MasX than the others (Figure 1, panel C).
values. Thek values were similar to those obtained by the  In the absence of calcium, titration curves for CaM TR
same method for TEC and TRC (3941, 44). The Kdca and TRC—TR,C showed no saturation in the fluorescence
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Table 1: Dissociation Constant&q) of MasX and CaM or CaM

Fragment(s) Obtained by Fluorescence Anisotropy Measurefnents b
Kd (M) £ .
system —Catb +Cate § ]
CaM 2.19x 10°5¢ (3.33+0.95)x 1078 § ]
TR,C 5.25x 1074f 1.03x 10757 3 -
TR.C 5.71x 1075¢ (3.58+ 0.34)x 1078 § ]
1.03x 10759h 3 E

_ d 5 ) 3
TR:C-TR.C 3.54x 10°°5¢ {3.58>< 10-89i ué ]
~ .

2ln 0.1 M KCI and 50 mM MOPS, pH 7.00 at 2%C. P In the
presence of 4 mM EGTAC In the presence of 4 mM EGTA and 4.2
mM CacCl (pCa 3.7).9 TR,C—TR,C represents an equimolar mixture
of TR;C and TRC. ¢ We assumed that the level-off anisotropy of each
complex in the absence of calcium was the same as that in the presence
of calcium. We assumed that the level-off anisotropy of the;CR FIGURE 2: Fluorescence titration curves of CaM or CaM fragment-
MasX complex is the arithmetic mean of those for CaM CRand (s) and MasX with CaGl Trp-fluorescence of MasX (5,0M) in
TR]_C_TRZC systemsr(= 0113)g We assumed that -ELR and TBC the presence of 5W CaM (O) SOﬂM TR]_C (‘) 50IMM TR2C
bound independently to MasX (see texXtfor TRIC—MasX.' For (@), and a mixture of 5.@M TRiC and 5.uM TRZ’C (a) is shown
TR.C—MasX. as a function of pCa. The lines represent best-curve fits to the data

of the CaM-MasX system (solid line), the TR—TR,C—MasX

. o T P system (dashed line), the T&-MasX system (dotted line), and
anisotropy titration. The titration curve for 1& showed little - TRC—MasX system (dashdot—dashed line). Trp-fluorescence

change of the anisotropy. These res_ults indicate that apoCaM,yas monitored at 330 nm (band-pass 2.5 nm) with excitation at
apoTRC, and apoTRC—apoTRC bind weakly to MasX, 295 nm (band-pass 2.5 nm) in 0.1 M KCI and 50 mM MOPS, pH
while there is little binding of apoT to MasX. 7.00 at 25°C. The solution contained 4 mM EGTA, and its pCa

Since we could not determine the level-off anisotropy Was adjusted by adding CaCIThe inset shows the fluorescence
. . pectra of the CaMMasX system at (a) pCa 9.6, (b) pCa 6.7, and
values in the absence of calcium, we assumed here that th@:)" ;4 3.7, and of the TR —MasX system at (d) pCa 9.6 and ()

level-off anisotropy of each complex in the absence of pca 3.7.
calcium was the same as that in the presence of calcium.
We also assumed that the level-off anisotropy of thedR Table 2: Midpoints (pCa) and Hill Constants of the Fluorescence
MasX complex is the arithmetic mean of those for the CaM, Titration Curves of CaM or CaM Fragment(s) and MasX Sysfems

TR.C, and TRC—TR;C systemsi(= 0.113). system mole ratio pGa Hill constant
Calcium Titration qf CaM or CaM Fragme@) and MasX CalMasx 1 7311012 092+ 0.0
SystemsThe Trp residue of MasX changes its fluorescence “& as : 6.31+ 0.08 2.95+ 0.5¢
spectrum upon complex formation with CaM or CaM TRi,C—MasX 11 6.49+0.01  1.60+0.17
fragment(s). We carried out the titration of an equimolar TR:C—MasX 11 7.15:0.04  1.10+0.02
TR,C—TR.C—MasX 1:1 7.34£0.06  1.21+0.07

mixture of CaM or CaM fragment(s) and MasX with calcium
by measuring the Trp-fluorescence intensity change and the *In 0.1 MKCI, 50 mM MOPS, pH 7.00 at 25C. © A fluorescence
shift of the Trp emission peak of MasX. Titration curves of Ncrease phaséA fluorescence decrease phase.
Figure 2 showed that fragment(s) and MasX systems
underwent a two-state transition. Midpoints (p@eof the when the calcium concentration was increased from pCa 9.6
titration curves for these systems were determined by theto pCa 3.7, the Trp emission peak of the CaMasX system
curve-fitting analyses of the experimental data (varian8e shifted from about 350 nm to about 330 nm (inset of Figure
x 1074, and were listed in Table 2. The pzaf the TRC— 2). This result indicates that at the high calcium concentration
MasX system was higher than that of the ;TR MasX the Trp residue of MasX is close to the hydrophobic part of
system. This means that the ZR-MasX system binds Ca each domain of CaM or the tryptic fragment(s) of CaM. In
more strongly than the TIR—MasX system. The titration  the absence of calcium, the Trp-fluorescence emission
curve of the CaM-MasX system resulted in a three-state spectrum of the TRC—MasX system was the same as that
transition. Since the C-domain sites bind?Canore strongly of the free MasX, while the other systems showed little
than the N-domain sites, the first transition at the high-pCa fluorescence intensity increase in the region lower than 350
region is due to the Ca binding to the C-domain, thereby nm (inset of Figure 2).
causing the Ca-bound C-domain of CaM to bind to MasX. StoppeeFlow Studies of C&-Induced Complex Forma-
The second transition at the low-pCa region is due to the tion of CaM or CaM Fragmelis) with MasX We performed
C&* binding to the N-domain, thus forming the final CaM the stopped-flow experiments to study the kinetics of the
MasX complex in which both the €abound domains bind  C&*-induced binding of CaM or CaM fragment(s) to MasX.
to MasX. Malencik and Anderson reported the same transi- A solution containing apoCaM (1@M), MasX (10 uM),
tion curve for the CaM-MasX system as our$(). On the and EGTA (10uM) was mixed with a solution of calcium
other hand, an equimolar system of R TR.C, and MasX (CaM—MasX versus C& system), and the C&induced
showed a two-state transition. The pgaf this systemwas  complex formation was observed by following the Trp-
higher than those of the TR—MasX and TRC—MasX fluorescence intensity change. The resultant stopped-flow
systems. traces depended on the calcium concentrations of the calcium
The Trp chromophore of MasX showed the blue-shift of solution as shown in Figure 3. The traces were classified
the Trp emission peak upon €anduced complex formation  into two patterns as follows: (i) When the molar ratio of
between CaM or CaM fragment(s) and MasX. For instance, calcium to CaM was less than or equal to 4 (low calcium
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Ficure 3: Stopped-flow traces for the €ainduced binding of
CaM and MasX. A solution of 1M CaM, 10uM MasX, and 10

uM EGTA was mixed with CaGlsolution, and the time-course of
Trp-fluorescence intensity change was observed. Calcium concen
trations of the CaGl solutions are shown in the figure. Each
horizontal solid line represents the initial level of each trace. The
number of the line and the trace are on a pair. Trp-fluorescence
was measured through a cutoff filter of 320 nm with an excitation
light at 290 nm at 10C.

Time (sec)

Ficure 4: Stopped-flow traces for the €ainduced binding of
CaM fragment(s) and MasX. Stopped-flow traces in each panel
were obtained by the same method as in Figure 3. (A) A solution
of 10uM TR,C, 10uM MasX, and 1quM EGTA was mixed with
CaCl; (B) 10 uM TR,C, 10uM MasX, and 10uM EGTA was
mixed with CaC}; (C) 10uM TR;C, 10uM TR,C, 10uM MasX,

and 10uM EGTA was mixed with CaGl Calcium concentrations

. . . of the CaC} solutions are shown in the figure. Experimental
concentration), each curve of the Trp-fluorescence intensity conditions are the same as in Figure 3. The horizontal solid line

change was a sum of one rapid decrease and one slowepresents the initial level.

increase. (i) When the molar ratio was greater than or equal

to 5 (high calcium concentration), each curve had one rapid the static titration experiment shown in Figure 2. This is due
decrease and one slow decrease. The rate constants of the the difference for the detection methods as mentioned
rapid phase were from 448 62 to 495+ 11 s for the under Materials and Methods.) The rapid phase was analyzed
calcium concentrations from 5 to 4fM, and from 667+ by a double exponential curve except for a case of a calcium
13 to 778+ 15 s'* for the calcium concentrations from 50 concentration of 5&M. In the case of 5qM calcium, the

to 200 uM. The slow process was biphasic, and its rate trace was analyzed by a single exponential curve. The fast
constants were from 4.46 0.03 to 20.14- 0.5 s'* and from rate constants of the rapid phase were 3537 to 684+
0.8824 0.07 to 5.944 0.05 s for the calcium concentra- 20 st for the calcium concentrations of%0 uM; the slow
tions of 5-40 uM, and from 19.9+ 0.1 to 21.3+ 0.2 s! rate constants of the rapid phase were 3%.2.5 to 96.2+

and from 8.27+ 0.1 to 10.9+ 0.2 s for the calcium 64.4 s for the calcium concentrations of-30 uM. These

concentrations of 56200uM. The rate constants of €a results indicate that the €ainduced complex formation of
induced complex formation between CaM and MasX scarcely TR;C and MasX is a rapid process of the fluorescence
varied at the high calcium concentrations. decrease that finishes within 40 ms. As will be shown in a

The same types of experiments were performed for CaM later section, the slow fluorescence increase phase over about
fragment(s) and MasX (Figure 4). All TR—MasX (10uM/ 0.1 s in the calcium concentrations under/8@ is due to
10 4M) systems containing 10M EGTA showed one rapid  the C&" transfer from TRC to EGTA. The rate constants
fluorescence decrease that finished within 40 ms. In the Of the slow process were 1.94 0.1 to 3.774+ 0.2 s™* for
calcium concentrations under 30, a slow fluorescence  the calcium concentrations of-20 uM.
increase over about 0.1 s was observed (Figure 4, panel A). In the TRC—MasX (10 «M/10 uM) system containing
(It should be noted here that the stopped-flow kinetic process10uM EGTA, the reaction traces were observed as one slow
of the C&*-induced TRC binding to MasX showed the Trp-  fluorescence increase (Figure 4, panel B). The experimental
fluorescence decrease against the fluorescence increase itraces were analyzed by double exponential curves. The fast
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rate constants were 14411.1, 47.1+ 0.8, and 132 952 Time (sec)
for the calcium concentrations of 5, 20, and M, Ficure 6: Simulations of time-courses of the €accupancies of

respectively, and the slow rate constants were 0#3B1 the N- and C-domains of CaM. The initial Baconcentration at

to 32.64 2.6 s*. The C&"-induced complex formation of  time zero is (A) 1quM, (B) 25 4M, and (C) 10QuM in a solution

TR,C and MasX is a slow biphasic process, and the reactionof 5.0 uM CaM containing 5.:M EGTA. The thick and dashed

due to C&" transfer from TRC to EGTA was not observed lines represent the €aoccupancies of the N- and C-domains of
. CaM, respectively.

as an independent phase.

When calcium was mixed with the TR—TR,C—MasX rapid phase were in the range from 66713 to 847+ 26
(10 uM/10 uM/10 uM) system containing 1@M EGTA, s1, while the fast phase of the slow biphasic process had a
all reaction traces were always observed as one rapidconstant rate of 20.3 1.0 s independent of the calcium
fluorescent decrease and one slow increase (Figure 4, panetoncentrations. The slow rate constants of the slow process
C). The rate constants of the rapid phase were 218) to of the MasX versus Ca-CaM system were around 2.80
632+ 51 s* for the calcium concentrations of 30 uM. 1.3 s at the calcium concentrations over 10M. These
For the calcium concentration 8\, the rapid phase could  values were lower than those for the CaMasX system.
not be analyzed exactly because the amplitude of this phaseon the other hand, at the low calcium concentrations-ef®
was too small. The slow process was biphasic, and its rate,M, the rate constants of the rapid fluorescence decrease
constants of the fast phase were 1486.1, 9.85+ 0.3, and process of the MasX versus €aCaM System (22@: 3.5
115+ 6 s* for the calcium concentrations of 5, 20, and 50 tg 495+ 64 s1) are similar to those of the CaMMasX
uM, respectively, and those of the slow phase were 0.361 system. The slow fluorescence increase phases were analyzed
+ 0.05, 7.49+ 0.2, and 9.36t 0.07 s* for the calcium by a single exponential curve, and these rate constants had
concentrations of 5, 30, and 2/, respectively. Compared 3 constant value of 198 2.0 st independent of the calcium

with the results of the TRE—MasX and TRC—MasX concentrations. This value is larger than most of those of

systems, the fast and slow processes of theCFR'R,.C— the CaM—MasX system at the low calcium concentrations.

MasX system represent the Tanduced MasX binding of  These results indicate that the rapid and slow processes of

TR:C and TRC, respectively. this system also represent the MasX binding of the N- and
We performed another type of experiment in which MasX C-domains of CaM, respectively.

(10 uM) containing 10uM EGTA was mixed with C#&'- Numerical Simulations for G4 Binding of Each Domain

bound CaM (1Q«M) (MasX versus C&-CaM system) and  of CaM We simulated the time-course of €ainding to

the stopped-flow traces for this system were observed (Figureeach domain of CaM. Figure 6 shows time-courses of the
5, panel B). These traces were mostly similar to that of the C&" occupancies of the C&binding sites within the N-
CaM—MasX versus CH system (CaM-MasX system) and C-domains of CaM when the calcium concentration is
(Figure 5, panel A). At the high calcium concentrations from jumped, at time zero, from zero to a finite value in a solution
50 to 200uM for both systems, the rate constants of the of 5.0uM CaM containing 5.«M EGTA.
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In Figure 6, panels A and B show that the?Caccupancy stopped-flow experiment for the TR—MasX system (the
of the N-domain increased rapidly during the time range of upper trace in panel A of Figure 4). The simulation traces
2 ms, and then decreased gradually. In contrast, tfe Ca of the C&" binding of the single C-domain were composed
occupancy of the C-domain increased gradually and reachedf one rapid increase, which reached a peak at about 0.1 s,
a peak at around about 0.25 s (panel A) and 0.1 s (panel B),and one slow decrease due to the¥@Cmansfer to EGTA.
respectively. Then this CGa occupancy decreased very The rate constants of the former change of the’*Ca
slowly. These C& occupancy curves of the N- and occupancy were 53105 s for the calcium concentrations
C-domains by about 0.25 s reflect the differences in the static of 2.5—-25 uM, while those of the latter change were 0-87
and kinetic properties of the N- and C-sites. Th&'Cxfinity 8.5 s’1. These fast rate constants of the single C-domain were
of the N-sites is lower than the C-sites, while the?Ga  in the range of the fast rate constants of the slow biphasic
binding or C&*-removal reaction of the N-sites is faster than process observed experimentally in the,;CRMasX system.
the C-sites 70). In the time range of 2 ms0.25 s, Ca" On the other hand, the higher the calcium concentration, the
transfer from the N-domain to the C-domain occurs, causing smaller the amplitudes of the slow change of both single
the C&" occupancies of both domains to change as showndomains became. These mean less occurrence of the Ca
in panels A and B of Figure 6. The same behavior has beentransfer from the single N- or C-domains to EGTA.
suggested by the other report$4( 64). At the long time
range over 0.5 s, the €aoccupancies of both the N- and DISCUSSION
C-domains decreased gradually and leveled off by about 1 MasX Binding of CaM and CaM Tryptic Fragmenté&C
and 2.5 s, respectively. These gradual changes were due tand TRC. We can deduce the state of the complex of CaM
the C&" transfer to EGTA. When Cé& concentration was  or CaM fragment(s) and MasX from the fluorescence
high, the C&" occupancies of both domains increased rapidly anisotropy experiments. In the presence of calcium, the
and leveled off by about 20 ms (Figure 6, panel C). Thus, fluorescence anisotropy titration curve of MasX with an
little Ca?* transferred from the N- and C-domains to EGTA. equimolar mixture of TRC and TRC (TR,C—TR.C system)
These traces of the €a occupancies of the N- and showed a steep increase at lower molar ratio of the fragments
C-domains could be approximated by triple to double to MasX ([TR,C—TR.C]/[MasX] < 1) and saturation at a
exponential curves and double to single exponential curves,1:1 molar ratio of each fragment to MasX (Figure 1, panel
respectively. The increase phase of thé*'Gaccupancy of B). This means that the final product of the titration is either
the N-domain has the high rate constants of 950, 1900, 4700,a mixture of TRC—MasX complex and TEC—MasX
and 13 100 s' for the calcium concentrations of 2.5, 10, complex (competitive binding) or a 1:1:1 complex of R
25, and 100uM, respectively. These rate constants were TR,C, and MasX (independent binding). But the result of
much higher than those of the experimentally observed rapidthis experiment alone cannot lead us to determine the final
processes of the TR—TR,C—MasX, CaM-MasX, and state of the complex. So we considered how two kinds of
MasX versus C#-CaM systems. The decrease phase of the binding resulted in fluorescence titration with calcium, and
Ca&" occupancy of the N-domain was biphasic due to the compared the results with the experimental data of the
Ca* transfer to the C-domain and EGTA. The rate constants TR;C—TR,C—MasX system. If MasX binding of the TR—
were between 20 and 33sfor the calcium concentrations  TR,C system were competitive, the titration curve would be
of 2.5-50uM and between 0.08 and 2.8'gor the calcium the summation of the experimental titration curves of the
concentrations of 2:525uM. On the other hand, the increase TR,C—MasX and TRC—MasX systems. And the p@aof
phase of the Cd occupancy of the C-domain has the rate the curve would be an average of p@mof both systems.
constants of 50, 58, 95, and 470!sfor the calcium But the experimental pGa of this TRIC—TR,C—MasX
concentrations of 2.5, 10, 25, and 10M, respectively. system is larger than that of the JT®-MasX system,
These rate constants were similar to or higher than those ofindicating that the complex for the TR—TR,C system is
the experimentally observed fast phases of the slow processea 1:1:1 complex of TRC, TR.C, and MasX (independent
of the TRC—TR,C—MasX, CaM-MasX, and MasX versus  binding).
Ca&"-CaM systems. And the decrease phase of th& Ca Panel A of Figure 1 shows that CaM binds MasX strongly
occupancy of the C-domain, which was due to thé*Ca at a 1:1 stoichiometry in the presence of calcium. But this
transfer to EGTA, had the rate constants of-663 s for result alone does not determine whether either or both of
the calcium concentrations of 2:37.5uM. the two domains of CaM bind to MasX. The fluorescence

We also simulated the €abinding of an isolated single titration curve of Figure 2 determines the state of the
domain or fragment under similar conditions. The?Ca  complex. The titration curve of the CaMVasX system has
binding of the single N-domain proceeded at high speed, a three-state transition. Comparing the titration curve of the
and this C&" occupancy peaked at about 2 ms, and then CaM—MasX system with those of the TR—MasX and
decreased gradually due to the’Ctransfer to EGTA. The  TR,C—MasX systems, we can conclude that the transition
rate constants of the former change of thé'Gaccupancy of the titration curve of the CaMMasX system at the high-
were 2206-3800 s for the calcium concentrations of 25 pCa region is clearly due to the €ainduced binding of
25 uM, while those of the latter change were +56 s*. the C-domain of CaM to MasX, resulting in the formation
These fast rate constants of the rapid reaction are muchof a static intermediate. The transition at the low-pCa region
higher than those of the experimentally observed rapid is due to the C-induced binding of the N-domain of CaM
process of the TRE—MasX system, indicating that €a to MasX, leading the complex to a final product in which
binding of the single N-domain induces subsequent MasX MasX binds both the N- and C-domains of CaM. Since both
binding of C&*-bound N-domain. The slow Catransfer domains can bind MasX in the presence of calcium, the linear
from the single N-domain to EGTA was observed in the increase of the anisotropy at the low CaM concentrations



Complex Formations of Calmodulin and MastoparanX

Biochemistry, Vol. 41, No. 5, 20021625

([CaM]/[MasX] < 1) in the presence of calcium means that and greater enough for calcium to bind fully to {dR(10
both C&"™-bound domains of CaM hind cooperatively to «M), which has two C&-binding sites, and EGTA (16M).

MasX (62).

In the TRC—MasX system, the reaction traces were slow

Thus, we revealed that the N- and C-domains of CaM, biphasic processes of one fluorescence increase (Figure 4,
which were connected by the central linker, bound coop- panel B). The fast phase of the slow process had the rate
eratively to MasX in the presence of calcium. On the other constants of 142132 s! at the calcium concentrations of

hand, TRC and TRC bound independently to MasX. The
central linker of CaM plays an important role in the

5—50 uM. These rate constants were similar to the®'Ca
binding rates of the single C-domain obtained by the

cooperative binding of both domains to MasX. In other numerical simulation (53105 s1). So the fast phase of the
words, the cooperative interaction between the N- and slow process of the TIR—MasX system represents the
C-domains of CaM through the central linker results in the simultaneous reactions of the Tainding of TR.C and the
cooperative binding of both the domains to MasX. Another MasX binding of the C& -bound TRC. Although the slow
reason for the cooperative binding of both the domains is phase of the slow process had the rate constants of

the following: When one of the domains of CaM binds to

0.753-32.6 s1, similar to those of the CGa transfer from

MasX, the other domain is less than 6.5 nm apart from the the single C-domain to EGTA obtained by the numerical
MasX molecule, so that this situation is equivalent to that simulation (0.87-8.5 s'%), the sign of the amplitude of the
the concentration of the other domain around MasX is higher slow phase of the fluorescence change was the same as that

than 1.4 mM 22, 71). This value is so high that the other
domain also binds to the MasX molecule.

of the fast phase. Therefore, we can conclude that the slow
phase of the TRC—MasX system does not represent thé'Ca

In the absence of calcium, the fluorescence anisotropy transfer from TRC to EGTA. It represents another reaction,

titration of the CaM, TRC, and TRC—TR,C systems
resulted in no saturation, while the TR system showed

little change of the anisotropy. These experimental results

such as the structural rearrangement of theG-RMasX
complex.
Stopped-flow traces of the TR—TR,C—MasX system

suggest that in the absence of calcium the C-domain of CaMhad one rapid fluorescence decrease and one slow fluores-
interacts weakly with MasX and the N-domain does not. The cence increase (Figure 4, panel C). The rate constants of the
weak interaction between the C-domain of CaM and MasX rapid fluorescence decrease of the ;TRTR.C—MasX

may be due to the electrostatic interacti@®)(

system (216-632 s* at the calcium concentrations of 40

Our Kd values are higher than the values reported by the 50 M) were similar to the fast rate constants of the rapid

other groups47, 57, 58, 72). Although there are differences

process observed for the TR-MasX system (Figure 4,

in the experimental conditions between ours and the otherpanel A; rates 352684 s at the calcium concentrations

groups, we are not certain why the&& values were
different. However, it is certain that the €abinding to CaM
induces strong binding of the €abound CaM to MasX.
Kinetics of C&"-Induced CaM or CaM Fragme(s)
Binding to MasX We found in this kinetic study that the
reaction traces of the €ainduced complex formation of

of 5—50 uM). The rapid process, therefore, indicates the
MasX binding of the C&-bound TRC. On the other hand,
the slow process of the TR—TR,C—MasX system showed
one slow biphasic fluorescence increase similar to the
stopped-flow trace of the TIR—MasX system (Figure 4,
panel B). But the rate constants of the fast phase of the slow

CaM and MasX varied with the calcium concentrations of process of the TRE—TR,C—MasX system (1.86, 9.85, and
the calcium solutions as shown in Figure 3. Before discussing 115 s* at the calcium concentrations of 5, 20, and:80,
the details of the reaction traces of Figure 3, we discuss atrespectively) are lower than those of the;OR MasX system
first the simple cases of the CaM fragment(s) and MasX (14.1, 47.1, and 132§ at the calcium concentrations of 5,

systems.

20, and 50uM, respectively). In particular, these rate

The TRC—MasX system showed a rapid process of constants of the TR—TR,C—MasX and TRC—MasX
fluorescence decrease, which finished within 40 ms, at all systems showed a large difference at the low calcium

calcium concentrations of-5%50 uM and a slow process of

concentration. The rate constants of the TRTR,C—MasX

fluorescence increase over about 0.1 s at the calciumsystem for the low calcium concentrations are also lower

concentrations under 3tM (Figure 4, panel A). The rapid
process of the TRE—MasX system was biphasic. The fast

than those of the increase phase of thé"@&cupancy trace
of the C-domain for the low calcium concentrations in the

phase of the rapid process had the high rate constants ohumerical simulation of the coexisting N- and C-domains

352-684 s1. The numerical simulation revealed that the

(Figure 6; rates 50, 58, 95, and 470! dor the calcium

C&" binding of the single N-domain had rate constants concentrations of 2.5, 10, 25, and 1M, respectively).
higher than 200078. So the fast phase of the rapid process These would be due to rapid decreases of both the frée Ca

is the MasX binding of the Ca-bound TRC that follows
the rapid C&" binding of TRC, while the slow phase of
the rapid process (rates 3%96.2 s') would be a rear-
rangement of the structure of the T&®-MasX complex. In
contrast, the slow process of the ;lR-MasX system is due
to the C&" transfer from TRC to EGTA because of the
following: (i) the sign of the amplitude of the slow process

concentration and the free MasX concentration, which were
induced by the rapid Ga binding and MasX binding of
TR;C in the TRC—TR,C—MasX system. These rapid
decreases result in the slower’Gbinding reaction of TRC

and the simultaneous slower binding of?Géound TRC

to MasX in the TRC—TR,C—MasX system compared to
the TRC—MasX system at the same calcium concentration.

of the experimental trace was reversed to that of the rapid If the calcium concentration is not enough to bind fully to
process; this slow experimental trace was the same as theéhe whole C&'-binding sites of the N- and C-domains, some
result of the numerical simulation; and (ii) this slow process of the C&" ions that bound to the N-sites by the rapid binding

did not appear at the high calcium concentrations of:BD

reaction transfer gradually to the C-sites (Figure 6), because
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the C&" affinity of the N-sites is lower than that of the
C-sites, while the CGa-binding rate of the N-sites is much
faster than that of the C-sites. Thisdransfer from the

Murase and lio

tion of the CaM-MasX system takes a constant time (around
0.3 s) even if the calcium concentration increases.
As for the MasX versus Ca-CaM system, the stopped-

N-sites to the C-sites induces a removal of the N-domain flow traces resemble those of theZanduced binding of

from MasX and a binding of the C-domain to MasX. These

CaM and MasX (Figure 5). Stopped-flow traces of the MasX

processes result in the slow fluorescence increase at theversus C&-CaM system at high calcium concentration, such

second stage in the TR—TR,C—MasX system. The slow

as 200uM, represent the binding of MasX and both?Ca

process is biphasic. The fast phase of the slow process isbound domains of CaM. The rapid fluorescence decrease

due to the C&-induced binding of TRC to MasX, and the

shows the binding of the Gabound N-domain of CaM to

slow phase of the slow process may be due to a rearrangeMasX, and the slow fluorescence decrease shows the binding

ment of the complex structure.

Since the rate constants of the rapid reaction of the €aM
MasX system are similar to those of the 2Génduced
binding of TRC to MasX and are lower than those of the
C&" binding of the N-domain obtained by the numerical
simulation of the coexisting N- and C-domains, we can

between the Cd-bound C-domain of CaM and MasX, which
had already bound to the N-domain. The slow process is
biphasic. The rate constants of the fast phase of the slow
process have a constant value around20Ehis result also
means that the binding process of thé Gaound C-domain

of CaM to MasX, which binds already the €abound

conclude that the rapid process of the fluorescence decreas@&l-domain, has the rate-limiting step with the rate around

observed for the CaMMasX system was due to the €a
induced N-domain binding to MasX that follows the rapid
C&" binding of the N-domain. The rate constants of this
process were 443495 st at the calcium concentrations of
5—40 uM and 667778 s at the calcium concentrations
of 50—200 uM.

20 s*. The slow phase of the slow process had the rate
constants lower than those of the CaMasX system, and
may represent the slow rearrangement of the €alasX
complex.

At a low calcium concentration such as 2M, the C&*
occupancy of the N-sites of CaM is 0.29, and that of the

The slow process of the fluorescence increase or decreas€-sites is 0.63 before the €abound CaM is mixed with

observed for the CaMMasX system, which varied with the
calcium concentrations, represents thé'daduced binding
between the C-domain of CaM and MasX. At the low
calcium concentrations of40uM, the CaM-MasX system

MasX. (These C& occupancies were calculated from the
Kdc, values described under Materials and Methods.) The
rapid fluorescence decrease process represents the rapid
binding of the C&"-bound N-domain of CaM to free MasX.

showed the reaction traces with one rapid fluorescenceThe slow fluorescence increase process shows a sum of the

decrease and one slow increase (Figure 3, trae&3. These
stopped-flow traces are similar to those of the TRTR,C—
MasX system (Figure 4, panel C). At the high calcium
concentrations of 50200 uM, we observed the slow

slow binding reactions of the €abound C-domain of CaM

to both free MasX and MasX that had rapidly bound to the

Ca&"-bound N-domain. This slow process was observed in

this experiment as a single phase with the rate constant

biphasic fluorescence decrease after the rapid fluorescencaround 20 st. Therefore, the binding reaction between the

decrease (Figure 3, traces 80). These traces are different
from those observed for the TR—TR,C—MasX system.

Ca*-bound C-domain of CaM and MasX proceeds at the
maximal rate constant of around 20'sThe C&" transfer

This difference at the high calcium concentrations can be from the N-sites of CaM to the C-sites does not occur in

explained by the different binding schemes for the CaM
MasX system and the TR—TR.C—MasX system: the
cooperative binding of both domains of CaM for the CaM

this system.
Summarized, we revealed in this study that the rapitf Ca
binding of TRC induced the resultant binding of €abound

MasX system and the independent binding of the tryptic TR,C to MasX, while the slow Ca binding of TR.C and

fragments for the TRC—TR,C—MasX system. The N- and

the binding of C&"-bound TRC to MasX proceeded

C-domains of CaM are connected with the central linker of simultaneously. The C&-induced complex formation of the

CaM. The slow fluorescence decrease process in the-€CaM
MasX system represents the binding of the?'Glaound
C-domain of CaM to MasX that has already bound thét€a

TR;C—TR,C—MasX system is a sum of independent reac-
tions of the TRC—MasX and TRC—MasX systems. In the
C&*-induced binding of CaM to MasX, the rapid €a

bound N-domain. In the final product, CaM may assume a binding-induced N-domain binding to MasX precedes the
jack-knifed shape. The remarkable difference between thebinding of the slow C&-bound C-domain to MasX. The

CaM—MasX system and the TR—TR,C—MasX system

C-domain of CaM is connected to the N-domain by the

is in the rate constant of the fast phase of the slow biphasiccentral linker, and the binding of the C-domain to MasX
process. Even if the calcium concentration increased higheroccurs at the maximal rate constant of around 20 $his
than 10QuM, the rate constants of the fast phase of the slow result means that the binding process of the C-domain of

biphasic process of the CaMMasX system kept a constant
value around 208. In contrast, the fast rate constant of the
slow process (MasX binding of €abound TRC) of the
TR;,C—TR,C—MasX system increased over 100' @s the
calcium concentration increased more than:A0. These
results mean that the €ainduced binding of the C-domain

of CaM to MasX has a rate-limiting step. The slow phase of

CaM to MasX has a rate-limiting step; that is, the central
linker of CaM regulates the C-domain binding to MasX. This
rate-limiting step is characteristic of the cooperative binding
reaction of both domains of CaM to MasX, and would
represent the bending of the flexible central linker of CaM
for CaM to assume a jack-knifed shape around MasX.
Reaction Scheme for €alnduced Complex Formation

the slow process would be a structural rearrangement in thebetween CaM and MasXOn the basis of our experimental

final CaM—MasX complex, in which MasX binds both
domains of CaM. The whole €&induced complex forma-

results, we can describe the Zanduced CaM binding to
MasX using the kinetic scheme of Figure 7. The?Ga
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Ficure 7: Kinetic scheme of complex formation between CaM,
MasX, and C&". The abbreviations are as follows: CaM, apoCaM;
CaMV, CaM with the Ca*-bound N-domain; Cal¥} CaM with the
C&"-bound C-domain; CaNF, CaM with the C&"-bound N- and
C-domainsyCaM, MasX complex with apoCaM;CaMy, MasX
complex with the C&-bound N-domain of CaMyCaMc, MasX
complex with the C&-bound C-domain of CaMyCaMyc, MasX
complex with the C&-bound N- and C-domains of CaMCaM°,
MasX complex with the N-domain of full Ga-bound CaM. The
thick arrows are the kinetic routes of the Zanduced complex
formation between CaM and MasX; the dashed arrows, tReé-Ca
induced complex formation between CaM and MasX in the static
calcium titration experiment; the dashotted arrow (route 9), the
kinetic route of the complex formation between fullZdound
CaM and MasX. The dastdot—dotted line (route 6) represents
the equilibrium between apoCaM and apoCaMasX complex.
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the trace with one rapid fluorescence decrease and one slow
increase. At the higher calcium concentration, the reaction
proceeds through route 9 in which the complex forms
mCaM\© as a kinetic intermediate, so that the trace with one
rapid fluorescence decrease and one slow decrease is
observed. This molecular kinetic mechanism of'Gaduced

CaM binding to MasX can explain our experimental data.

On the basis of this molecular kinetic mechanism, the
behavior of CaM in the cell can be described as follows:
when the C&" concentration in the cell increases rapidly,
the N-domain of CaM responds to the ZCaoncentration
change and binds €afaster than the C-domain of CaM.
The other C&™-binding proteins such as phospholipasge A
and protein kinase C bind €aslower than CaM73). The
C&"-bound N-domain of CaM binds rapidly the target
protein. Then the CGa-bound C-domain of CaM binds slowly
and tightly the target protein, and activates it.

We examined finally what structure the full €abound
CaM complex with MasX assumed at the final equilibrium
state on the basis of our static studies and the other reports
(26, 28, 29, 38, 58, 59, 72, 74, 75). In the experiments of
the fluorescence spectroscopy, we observed the blue-shift
of the Trp emission peak of MasX from about 350 nm to
about 330 nm, which is induced by CaM or fragment(s)
binding of MasX 68). These observations mean that the Trp
residue of MasX is close to the hydrophobic part of each
domain of CaM. In addition, the calcium titration curve of

The other lines represent the equilibrium between species. Thethe CaM-MasX system resulted in a three-state transition.

numbers are explained in the text.

induced CaM binding to MasX proceeds mainly through

This is different from that of the CaMMLCK peptide
system that showed a two-state transitid8)( The structure
of the CaM-MLCK peptide complex has been solvezi(

routes 1, 7, and 12 at the low calcium concentration. When 28). According to the structure, CaM takes a jack-knifed
the calcium concentration is high, the main route is through shape around the MLCK peptide and the Trp residue of the
routes 1, 7, and 13. Routes 1, 7, and 10 are rapid processedVILCK peptide is buried around the hydrophobic part of the
and routes 12 and 13 are slow processes. Route 7 shows th€-domain of CaM. Moreover, Osawa et al. reported the
rapid fluorescence decrease in the stopped-flow experimentsgdetermination for the peptide-binding direction in the CaM
routes 12 and 13 show the slow fluorescence increase anccomplex, in which eight acidic residues of a channel that is

decrease, respectively. Route 13 has a rate-limiting step,formed by helix | of the N-domain and helices VI, VII, and

whose rate constant is around 20.4n the calcium titration
experiment, the CaMMasX complex is formed mainly

VIl of the C-domain of CaM are close to the basic cluster
of the Lys and Arg residues of the target pepti@8)( In

through routes 2, 8, and 14. Route 8 shows the fluorescencehe CaM-MLCK peptide complex, this channel of CaM is
increase in the fluorescence titration experiment, and routeclose to the basic cluster at the N-terminal of the MLCK
14 shows the fluorescence decrease. These routes have begreptide, resulting in an antiparallel structure. On the basis

suggested by other groups using different target peptiti:s (
48, 49, 52). Our experimental results support their sugges-
tions.

When C&"-bound CaM was mixed with MasX, four
species of CaM, that is, CaM, Ca\MCaM*, and CaM©,
bind MasX and produce,CaM, yCaMy, mwCaMs, and

of these characteristics, we think the CaMasX complex

is as follows: In the MasX molecule, the basic cluster that
is composed of Lys 11 and Lys 12 is located at the
C-terminal of MasX. This location of the basic cluster of
MasX suggests that the CaMMasX complex assumes a
parallel structure. So the environment of Trp in the CaM

mCaMyc through routes 6, 7, 8, and 9, respectively. Route 8 MasX complex would be different from that in the CaM
shows the slow process of the fluorescence increase, andMILCK peptide complex. The remarkable Trp-fluorescence
route 9 shows the rapid fluorescence decrease and the slovdecrease in our experiment of the CaMasX system would
decrease that has the rate-limiting step mentioned abovebe due to the structural effect on the Trp chromophore of
Route 6 shows little fluorescence intensity change. The MasX, such as quenching, in the CaflasX complex §9,

distribution of the four species of CaM depends on the
calcium concentration, and can be calculated usindthg
values of the N- and C-sites. For example, the [CaM]:
[CaMN:[CaMC]:[CaMN?] is 0.26:0.11:0.45:0.18 when the
system contains 2@M calcium, and 0:0:0.02:0.98 when total
calcium concentration is 200M, respectively. Since the
CaM° fraction is larger than the CaM fraction at the
calcium concentration of 20M, the observed reaction is

72, 74, 75). We assumed here that in the CaMasX
complex CaM took a jack-knifed structure around MasX
(63). But we cannot rule out the possibility that the CaM
MasX complex assumes the other type of structure.
Conclusion In this study, we revealed a molecular kinetic
mechanism of the Ca-induced CaM binding to MasX. At
first, rapid C&" binding to the N-domain of CaM induces
the resultant binding of MasX to this domain. This step
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allows the C-domain of CaM to be close to the MasX
molecule. Although the binding of €ato the C-domain of
CaM is a relatively slow process, the Tainding process
of the C-domain, which has high affinity for €aand MasX,
induces the binding of the C-domain to MasX through the

rate

-limiting step, forming the stable product of CaM and

MasX. The flexible central linker of CaM induces the
cooperative binding of both domains of CaM to MasX in

the

presence of calcium. The fast N-domain binding and

strong C-domain binding of CaM to target protein(s) are very
important and effective for the physiological function of
CaM.
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