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ABSTRACT. The binding of M@* to calmodulin (CaM) and the effect of Mg on the binding of C&—

CaM to target peptides were examined using two-dimensional nuclear magnetic resonance and fluorescence
spectroscopic techniques. We found that?Mgreferentially binds to CGa-binding sites | and IV of

CaM in the absence of €aand that C&"-binding site Il displays the lowest affinity for Mg. In
contrast to the marked structural transitions induced By Gading, Mg* binding causes only localized
conformational changes within the four €ebinding loops of CaM. Therefore, M does not seem to

be able to cause significant structural effects required for the interaction of CaM with target proteins.
The presence of excess kigup to 10 mM) does not change the order and cooperativity &f Gading

to CaM, and as expected, the structure of'Csaturated CaM is not affected by the presence of'Mg
However, we found that the binding of €asaturated CaM to target peptides is affected by Mgith

the binding affinity decreasing as the Rtgconcentration increases. Three different peptides, corresponding
to the CaM binding domain of skeletal muscle myosin light-chain kinase (MLCK), CaM-dependent cyclic
nucleotide phosphodiesterase (PDE), and smooth muscle caldesmon (CaD), were examined and show
different reductions in their affinities toward CaM. The CaM-binding affinity of the MLCK peptide in
the presence of 50 mM Mg is approximately 40-fold lower than that seen in the absence éf Mumd

a similar response was observed for the PDE peptide. The affinity of the CaD peptide for CaM also
shows a M§" dependence, though to a much lower magnitude. Thé*Mgpendent decrease in the
affinities between CaM and its target peptides is an intrinsic property &f Wagher than a nonspecific

ionic effect, as other metal ions such as'dia not completely replicate the effect of kfg The inhibitory

effect of Mg?* on the formation of complexes between CaM and its targets may contribute to the specificity
of CaM in target activation in response to cellula’Caoncentration fluctuations.

The ubiquitous eukaryotic protein calmodulin (Cany loop—helix EF-hand motifs that are responsible for?Ca
responsible for converting the intracellular®aignal into binding. The 6 N-terminal residues in each of the four 12-
a wide range of physiological events. Successful signal residue C& -binding sites (sites—+IV) are highly mobile
conversion is achieved by transforming?Gdree CaM into (Zhang et al., 1995; Tjandra et al., 1995; M. Zhang,
its C&*-saturated form as the intracellular@&oncentration unpublished). C% binds in a sequential order to sites I
rises. The C¥-saturated CaM is capable of binding to many and IV and then to sites | and II; a cooperative binding within
target enzymes, including phosphodiesterase, myosin light-each pair of the G4 sites was observed (Andersson et al.,
chain kinases, CaM kinases, and calcineurin, thereby mediat-1 9g3: |kura et al., 1983; Dalgarno et al., 1984). The binding
ing a multitude of biological events (Means et al., 1991, ot c2+ induces large conformational changes through an
Vogel, 1994). _ _ orientational rearrangement of the existing secondary struc-

Ca'-free CaM contains two globular domains connected 15| glements in the protein. The two helices in each EF-

by a flexible central linker (Zhang et al., 1995; Kuboniwa hand chan . : : :

i . . . ge their orientation from nearly antiparallel in the
etal., 1995). Each domain contains two well-defined helix  ~ o ¢00 oiate (Zhang et al., 1995: Kuboniwa et al., 1995)
to almost perpendicular in the &asaturated state (Babu et

T Part of this work is sponsored by an RGC grant to M.Z. from the ;
Research Grant Committee of Hong Kong. M.I. is a Scholar of the al., 1988). Thus, both domains of CaM undergo a change

Medical Research Council of Canada. from a four-helix bundle-like “closed” conformation in the
* Corresponding author. Telephone: (852)-2358-8709. Fax: (852)- Ca'-free state to a well-separated “open” conformation in
2358-1552. E-mail: mzhang@uxmail.ust.hk. the C&*-saturated state (Zhang et al., 1995; Kuboniwa et
*Hong Kong University of Science and Technology. .
s University of Toronto. al., 1995; Babu et al., 1988). The €anduced structural

€ Abstract published ilAdvance ACS Abstractdviarch 15, 1997. transition leads to dramatic alterations in the molecular

1 Abbreviations: BsBAPTA, 5,5-dibromo-1,2-bisg-aminophenoxy)- i i il
ethaneN,N,N',N'-tetraacedic acid; CaD, smooth muscle caldesmon; surface of the protgln. Instead ofare!atlv]glt;y flat, hydrophilic
CaM, calmodulin; TR1C, N-terminal half-fragment (residues7s) surface characteristic of each domain of GCaiee CaM, a

of scallop calmodulin; TR2C, C-terminal half-fragment (residues 78  large solvent-exposed hydrophobic surface with a deep cavity

148) of scallop calmodulin; HSQC, heteronuclear single-quantum ; i i
coherence; MLCK, skeletal muscle myosin light-chain kinase; NMR, is observed in each domain of Czsaturated CaM (Zhang

nuclear magnetic resonance; PDE, calmodulin-dependent cyclic nucle-t al., 199_5; Ba_bu_e'[ al., 198_8)' The formation of the
otide phosphodiesterase. hydrophobic cavity is the most important structural feature
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in understanding the activation mechanism of CaM by*Ca
(Ikura et al., 1992; Meador et al., 1992, 1993).
Mg?t is just above C# in the element group IIA of the

periodic table, and these two metal ions bear many similari-

ties in their chemical properties. The intracellular free’Mg
concentration is on the order of 1 mM, which is about-10
fold higher than that of Cd. Previous studies have shown
that Mg* can bind to CaM with association constants
ranging between ¥O0and 10 M~ (Haiech et al., 1981,
Ogawa & Tanokura, 1984; lida & Potter, 1986; Milos et al.,

Ohki et al.

mL of an unbuffered 90% ¥D/10% DO mixture in the
presence of 0.1 M KCI. The concentration of CaM was 1.0
mM. The pH of the samples was adjusted to 6.5 and
maintained at this value by adding small aliquots of diluted
KOH or HCI during the titration process since binding of
metal ions tends to decrease the pH value of the samples.
One sample was initially titrated with Mg until 10 equiv

of Mg?* was added to the sample and then subjected 6 Ca
titration. The other CH- and Mg'-free sample was
prepared for CH titration in order to allow a measure of

1986; Tsai et al., 1987). Much controversy exists regarding the effect of Mg*™ on C&* binding to the protein.

the Mg*-binding sites in CaM. Microcalorimetric studies
showed that there are four identical Mepinding sites that
do not completely overlap with €&binding sites in CaM
(Milos et al., 1986; Tanoka & Yamada, 1993). WMdinding
studies using flow dialysis and ion selective electrode
techniques, however, have shown that’Mgnd C&* share

NMR spectra were obtained on a Varian Unity-plus 500
MHz spectrometer equipped with an activedygradient-
shielded triple-resonance probe and a pulse field gradient
(PFG) driver. A PFG was used to suppress spectral artifacts
and minimize the water signal (Bax & Pochapsky, 1992).
Sensitivity-enhancetH—°N heteronuclear single-quantum

the same binding sites in both domains of the protein and correlation (HSQC) spectra were recorded using a published
that the two metal ions compete with each other (Haiech et pulse sequence (Kay et al., 1992). The sample temperature

al., 1981; lida & Potter, 1986)2°Mg?" NMR spectroscopic
studies suggested the existence of a pair of high-affinity
Mg?*-binding sites in the N-terminal domain of CaM (Tsai
etal., 1987). M@" binding studies using mass spectrometry
detected a pair of strong Mtrbinding sites (with an
association constant of 4M1) in CaM that are distinct
from C&*-binding sites (Lafitte et al., 1995). Another key

was kept at 23.0C during collection of the FID signals.
Complex FID data matrices of 512 128 f, x f;) were
acquired for each spectrum. NMR data were processed and
displayed using the software nmrPipe and nmrDraw, respec-
tively (Delaglio et al., 1995).

C&" Binding Each calmodulin fragment (26M) was
titrated with C&" in 25 mM Tris buffer containing various

question which has not yet been addressed in detail is theconcentrations of Mg (0, 10, 50, and 100 mM), 2aM

functional relevance of Mg to CaM'’s target recognition
and activation, although it has been suggested that*Mg
might hinder active complex formation between CaM and
its targets at lower Ga concentrations (Ohki et al., 1993).

Br,.BAPTA, and 100 mM KCI at pH 7.5. The UV absor-
bance of the fragment mixtures at 263 nm was monitored at
room temperature on a Beckman DU-650 UV-Vis spectrom-
eter. C&" binding constants were determined by fitting the

In this work, we have used two-dimensional nuclear magnetic experimental data using the method described earlier by

resonance (NMR) spectroscopy to identify Meinding
site(s) of CaM by directly monitoring chemical shift changes
of individual amino acid residues of the protein during metal
ion titration. Mg*-induced structural changes have also been
studied with this approach. In addition, effects of Mgn

the binding of Céf-saturated CaM to its targets have been
investigated using fluorescence spectroscopy.

MATERIALS AND METHODS

Proteins and PeptidesUniformly '5N-labeled recombi-
nantXenopus lagis CaM was expressed in and purified from
Escherichia colicells as previously described (Zhang et al.,
1995; lkura et al., 1990). Metal-frééN-labeled CaM was
prepared following a published method (Zhang et al., 1995).
Unlabeled CaM was overexpressed in and purified fibm
coli cells as described earlier (Zhang & Vogel, 1993).
Calmodulin fragments corresponding to the N- and C-
terminal half-domains (residues-¥5, TR1C, and residues
78—148, TR2C) were prepared as previously described
(Yazawa et al., 1980; Minowa & Yagi, 1984).

Linse et al. (1991a).

Fluorescence ExperimentsThe concentration of each
stock solution of peptides was determined by the Biuret
method and by UV absorption using the excitation coefficient
of the single Trp residue in peptides. The CaM concentration
was estimated by the Biuret method and by the UV
absorption coefficient of\x;¢!* (=1.8). For the binding
assays between each peptide and CaM, four different
concentrations of Mg (0, 10, 50, and 100 mM) were used
to study the effect of M§ on the formation of the
complexes. In another set of Caipeptide binding experi-
ments, the complexes containing various concentrations of
Na* (0, 20, 100, and 200 mM) instead of Kfgwere studied
as a control for nonspecific ionic effects on complex
formation between CaM and its targets. The concentrations
of the peptides were 20M (for the MLCK peptide and the
PDE peptide) and 8.«M (for the CaD peptide). The
binding reaction was carried out in a buffer containing 25
mM Tris, 100 mM KCI, and 1 mM CaGlat pH 7.5. In the
case of the PDE peptide, 1 mM DTT was added to the

The 22-residue skeletal muscle myosin light-chain kinase peptide stock solution which was incubated at@7for 1 h

(MLCK) peptide (KRRWKKNFIAVSAANRFKKISS), the

20-residue CaM-dependent cyclic nucleotide phospho-

diesterase (PDE) peptide (QTEKMWQRLKGILRCLVKQL),

to ensure the complete reduction of the sulfhydryl group of
a free Cys residue in the peptide before fluorescence
measurement. The fluorescence titrations were carried out

and the 17-residue smooth muscle caldesmon (CaD) peptideby titrating each peptide solution with an appropriate aliquot

(GVRNIKSMWEKGNVFSS) were commercially synthe-

of a CaM stock solution.

sized and used as described previously (Zhang et al., 1993, Fluorescence spectra were observed at room temperature

1994; Zhang & Vogel, 1994). These peptides correspond with a Perkin-Elmer LS50B fluorometer.

to the CaM-binding domains of the respective proteins.
NMR Experiments The titration experiments were per-
formed using twd®N-labeled CaM samples dissolved in 0.5

Excitation and

emission band widths were 10 and 5 nm, respectively, for
the MLCK and PDE peptides. For the CaD peptide, the
emission band width was adjusted to 4 nm. An excitation
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Ficure 1: H—1N HSQC spectra of uniformly®N-labeled CaM with different concentrations of ffgand C&" ions. (A) M¢?*-free,
Ca*-free CaM; most of the resonances are labeled with their residue name and number. (B) CaM witt andChequiv of Mg"; the

open boxes highlight the resonances that disappear upon the addition of 1 equi¥"dabNtge sample. (C) Ca-free protein with 10 equiv
of Mg?*; the residues that are located in the helical regions of the protein are labeled with residue numbers.

wavelength of 295 nm was selected in order to minimize still undergoing chemical shift changes. At this point, we
contributions from the Tyr residues in CaM. Emission have also observed some line broadening for the resonances

spectra covered wavelengths from 300 to 400 nm. from site Il (Figure 1C). In the course of the titration, the
resonances corresponding to the helical regions throughout
RESULTS the protein as well as the central domain-linker region did

Mg?* lons Bind Preferentially to C4-Binding Sites |and 1Ot undergo.appreciable chemica! shift changes (Figgre 1A
IV. CaM and troponin C bear close similarities with respect C) suggesting that Mg binding induced conformational
to their metal ion binding properties. Work on troponin C c¢hanges localized only to the €abinding loops of the
has identified a pair of specific @aand Mg"* sites in the ~ Protein.
C-terminal domain of the protein (Potter & Gergely, 1975). ~ Mg*" Does Not Affect the Binding of €ato CaM We
Several points are still unclear: (a) the existence of specific also studied the effect of Mg on the binding of C# to
Mg?* site(s) in CaM, (b) the stoichiometry of Mgbinding the protein by comparative €atitration studies of Mg'-
to CaM, (c) the site preference of Migin CaM, and (d) the ~ free, C&*-free and Mg'-bound, Ca'-free CaM. As
conformational effects on CaM of Mg binding. In an expected, the first 2 equiv of €abound to sites Il and IV
attempt to resolve the above issues, we performedtMg Of the Mg**-free sample cooperatively, and then the next
titration experiments on apo-CaM by recordiflg—1°N two sites in the N-terminal domain were filled with €a
HSQC spectra of uniformly*N-labeled CaM for which (Andersson et al., 1983; Linse et al., 1991; data not shown).
complete backbone assignments are available both in theln the presence of 10 mM Mg, the order of C& binding
Ca*-free state (Zhang et al., 1995) and in théGCsaturated ~ to CaM remained the same as that in the absence 6f Mg
state (Ikura et al., 1990). and similar cooperativity was also observed. Figure 2A

Figure 1A shows the backbodll—3N HSQC spectrum  shows theH—**N HSQC spectrum of CaM in the presence
of C&*- and Mg'-free CaM at pH 6.5. When the first 0f 1.6 equiv of C&" and 10 mM Mg*. At this point of the
equivalent of M§" was added to the protein, the resonances C& titration experiment, the resonances of the C-terminal
corresponding to the first and fourth €abinding sites residues appeared at chemical shift values corresponding to
(highlighted with open boxes in Figure 1B) underwent the C&"-saturated state of the protein (Figure 2A,B), whereas
substantial line broadening, whereas the resonances from théhe resonances of the N-terminal residues still remained at
second and third Ca-binding sites remained almost un- the positions of the Ca-free state (Figures 1A and 2A).
changed. Such line broadening arises from the fact that theThe C&F titration profiles of CaM in the presence and
Mg2*-bound and the Mgj-free forms of CaM were ex-  absence of up to 10 mM Mg were indistinguishable within
changing at a fast to intermediate rate on the NMR time scale.€xperimental error, suggesting that the binding ofMdid
No further significant changes for the residues in sites | and not change Cd binding to the protein in an appreciable
IV were observed when the next 3 equiv of Mgvas added ~ manner. However, we were unable to quantitatively measure
to the sample (data not shown), whereas the resonances frorthe effect of Mg* on the dissociation constants betweeACa
site Il showed continuous chemical shift changes during the and CaM from the current NMR study due to experimental
titration. When the concentration of Mfgreached 10 equiv,  limitations.
a new set of resonances were observed (Figure 1C); these Using a competitive Ca-binding dye, BsBAPTA, we
resonances presumably belong to the residues from thie-Mg measured the CGa binding constants of calmodulin in the
bound C&" sites | and IV since resonances from site Il are presence of various concentrations of g In order to
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For clarity, only selected residues are labeled [for further details, see Ikura et al. (1990)].

Table 1: Macroscopic Ca Binding Constants of Calmodulin
Fragments in the Presence of ¥g

TR1C TR2C
[Mg?*] (mM) log K1 log K> log K1 log K>
0 4.7 5.7 5.0 6.0
10 4.8 5.7 4.9 5.8
50 4.5 53 4.6 5.6
100 4.5 5.2 4.5 5.2

aThe uncertainties are:0.2 for each value.

simplfy the curve fitting of the experimental data, the TR1C

shift changes of the residues in the fourrGainding loops
(Figure 1), indicating that Mg binds to CaM with some
specificity. It is likely that the decreased macroscopié'Ca
binding constants observed in this study resulted from
competition of M@" for Ca&*-binding sites as well as from

a nonspecific ionic strength effect.

Mg?" lons Reduce the Affinity of CaM for Target Peptides
Much work has focused on the effect of bulk kigpn the
C&" binding affinity of CaM (Haiech et al., 1981; Drab-
ikowski et al., 1982; lida & Potter, 1986; Milos et al., 1986).
However, the functional role of Mg ions on the target

and TR2C fragments rather than the intact protein were usedactivation of CaM is largely unaddressed in the literature,

to measure macroscopic €abinding constants of the
protein, as performed earlier (Linse et al.,, 1991). The

mainly due to the general belief that Rgdoes not play a
significant role in this process. In addition, it is difficult to

macroscopic binding constants of the CaM fragments are address the question of ¥igin the target activation of CaM

summarized in Table 1. The presence of ¥gp to 10
mM did not have a significant effect on the Tabinding
affinity and cooperativity of CaM, which is in good agree-
ment with the results of the NMR studies described above.
However, at higher M& concentrations, a noticeable
decrease in G4 affinity was observed for the C-terminal
domain of the protein, while the N-terminal domain of the
protein displayed a lower sensitivity to Migconcentration
changes. At a MY concentration of 100 mM, both the
N-terminal and the C-terminal domains had similarrCa
binding constants.

In order to answer the question of whether the?Mg
induced decrease of the macroscopié'Qzinding constant
is a result of (a) direct competition between’Cand Mg+
or (b) a pure nonspecific ionic effect, we have compared

since an excess amount of Rtgs used in the buffers under
many in vitro assay conditions. Here, we used three
synthesized peptides, encompassing the CaM-binding do-
mains of MLCK, PDE, and CaD, to study the effect of ¥Mg

on peptide-CaM complex formation. All three peptides
contain one Trp residue, and the fluorescence of the Trp
residue underwent significant changes in both its intensity
and emission maximum upon binding to CaM as shown in
Figure 3. Hence, the binding of these peptides to CaM at
various concentrations of Mg could be carefully examined.

Figure 3 shows fluorescence spectra of the target peptides
in the presence and absence of CaM. For all three peptides,
the maximum intensity appeared around 355 nm in the
absence of CaM, corresponding to a fully solvent-exposed
Trp residue. Fluorescence spectra of the free peptides were

the chemical shift changes of the backbone amides inducednot affected by the addition of Mg up to 100 mM (data

by the addition of K and Mg*. Similar to what was found

in a related C#&-binding protein calbindin b (Linse et al.,
1991b), addition of K (up to a concentration of 150 mM)
to apo-CaM solution causes little chemical shift change to

not shown). Addition of CaM to each peptide solution led
to a blue shift of the fluorescence spectra as well as to signal
intensification, indicating that the Trp residue was in a more
hydrophobic environment when the peptides were bound to

the backbone amide resonances throughout the protein (LinseCaM. Structure determinations of the CaILCK peptide

et al.,, 1991a; data not shown), indicating that Kas a
minimal effect on the structure of CaM. The reduced
macroscopic CA binding constants in the presence of K

complexes have indeed shown that the Trp residue of the
MLCK peptides is deeply buried in the hydrophobic interface
formed between the hydrophobic cavity of CaM and

are, thus, a pure nonspecific ionic effect. Whereas, the hydrophobic residues from the peptide (lkura et al., 1992;

binding of Mgt to apo-CaM induced much larger chemical

Meador et al., 1992). For high-affinity CaM targets such as
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Ficure 4: Plot of the relative fluorescence intensiB/Fy) against

o ~ the [CaM]:[peptide] ratio of (A) the PDE peptide, (B) the MLCK
FIGURE 3: Fluorescence emission spectra of (A) the PDE peptide, peptide, and (C) the CaD peptide. The symbols used are as
(B) the MLCK peptide, and (C) the CaD peptide. In all three panels, follows: 0 @), 10 (), 50 ©), and 100 £) mM Mg2".

the open squareddj represent the emission spectra of the free

Pg calmotln at a 11 ratlo I the absence oFgnd the crocses 2| 2~ CaM for ts target peptides. CD spectra of the Ca
(x) denote spectra obtained with the peptides’g;d calmodulin at aC_aI\_/I—p_eptlde cpmplexes with all three peptides were not
1:1 ratio in the presence of 100 mM Fig distinguishable in the presence and absence of'Mdata

) ] » not shown), indicating that the second- and higher-order
the MLCK peptide and the PDE peptide, the addition of giyctures of the complexes were not disturbed by the
Mg?" to the peptide-CaM complexes significantly reduced = 4qgition of M+
the signal intensity, although the wavelengths of the spectral  ypder the experimental conditions described here, virtually
maxima were unchanged when the concentration of'Mg 4| caM molecules are in the @asaturated form: hence,
increased (Figure 3A,B). With a weak CaM target such as {he pinding reaction can be described as a simple equilibrium:
the CaD peptide studied here, the addition ofMipto the
peptide-CaM complex not only reduced the signal intensity CaM; + P. <= CaM—P¢
but also led to a red shift in the emission maximum (Figure
3C), suggesting that the Trp residue spends less time in theand known equations are
bound, hydrophobic environment of the complex.

wavelength (nm)

Plots of relative fluorescence intensify/Fo, as a function Pr = P;/(1 + CaMXkK) @
of the [CaM]:[peptide] ratio for all three peptides are shown
in Figure 4. At various Mg concentrations, thE/F, values 0= PLLCaMKk + CaM. — iP; 2
increased with the addition of CaM and the changes
continued till the [CaM]:[peptide] ratio reacheel.0. The i = fCaM/P; 3)

results indicated that all three peptides bound tg*€a

saturated CaM with a 1:1 stoichiometry and furthermore that wherePg, Pr, CaM, and CaM are concentrations of free
the binding stoichiometry was not affected by ¥g Earlier peptide, total peptide, Casaturated CaM without peptide,
work with the same PDE peptide claimed that two PDE and total CaM, respectively, akds an association constant.
peptide molecules bound to one CaM molecule (CharbonneauFor each set of variables, the Newton method was used to
et al., 1991), but the results from this study together with solve for the concentration of Cahat each titration poinit

our earlier observation (Zhang et al., 1994) clearly indicate (including a factorf for correcting the concentration ratio)
that the PDE peptide binds tightly to CaM with 1:1 from the equations (2). Then the fluorescence intensity at
stoichiometry. The saturated value Bff, for all three titration pointi, F;, can be calculated as

peptides decreased when the concentration &f Mgreased
(Figure 5), suggesting that Mgions reduce the affinities Fi = Fo+ (Frnax— Fo)PeCaMk/Py (4)
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Ficure 5: Plot of the relative fluorescence intensiy/fo) of peptides in a CaM-saturated state as a function o'M@) and Na (O)
concentrations (millimolar). Panels-AC represent data for the PDE peptide, the MLCK peptide, and the CaD peptide, respectively. The
F/F, values for each peptide were taken at a [CaM]:[peptide] ratio of 2:1. The maxaimum efffif0b +0.2.

2+ o+ ; i
Table 2: Dissociation Constant&{ (Nanomolar)} between CaM of Mg _Or I\_la concentrations. Itis clear that thelelaffeit
and Target Peptides in the Presence of Various Concentrations of 0N F/Fq is different from that of Mg*. Unlike Mg**, Na

Mg?* has essentially no effect oR/F, values for the MLCK
Kq peptide at ion concentrations up to 200 mM, indicating that
omM 10mM 50 mM 100 mM the Mg”—mduced .decrea.f,(_e in Fhe affinity of the MLCK
Mg2* Mg2* Mg2* Mg2* peptide for CaM is specific (Figure 5A). For the PDE
, - L
MLCK peptide 20 70 80 78 pept!de: Mg‘_ _has a significantly larger effect on the
PDE peptide 45 9.5 ND NDP peptide’s affinity for CaM than does Naeven though the
CaD peptide 890 950 1200 2000 F/Fo values for the PDE peptide also decrease as a function

a Maximum error value oKy is less thart15%.° ND means that of the Na concentration (Figure 5B). Recently, another
theKq is not estimated due to abnormal titration curves as described in high-affinity CaM-binding domain, which is located about
the Results. 90 amino acid residues caboxy-terminal to the one studied

here, was identified for PDE (Sonnenburg et al., 1995).

whereF, is the observed fluorescence intensity of peptide Earlier studies have shown that only one molecule of CaM
without calmodulin and=na is the saturated fluorescence binds to one monomer of PDE (Sharma & Wang, 1986).
intensity. Before using eq 4, the contribution to e&icfrom Hence, there is a possibility that vizo both CaM-binding
the fluorescence intensity of calmodulin is subtracted. Each domains bind to one CaM molecule simultaneously as is the
binding constant, is estimated from the best curve fitting case found in they subunit of phosphorylase kinase
of the experimenta| data points_ (DaSgupta et al., 1989) Earlier NMR data have ShOWI’] that
Table 2 shows dissociation constaldt & 1/k) values for ~ the CaM-PDE peptide complex at a 1:1 ratio is not
each peptide in the presence of various concentrations ofconformationally homogeneous (Zhang et al., 1994). In
Mg?*. Dissociation constants of the MLCK, PDE, and CaD addition, the binding of the PDE peptide described here to
peptides in the absence of Mgvvere determined as 29 CaM is not StriCtly Cé*-dependent at low ionic Strengths
1079, 4.5 x 107 and 8.9x 107 M, respectively. These (Charbonnen et al., 1991). These unusual binding properties
constants are in good agreement with the values reportedf the PDE peptide may account for the partial ionic strength-
earlier (Zhan et al., 1991; Blumenthal et al., 1985; Char- dependent affinity decrease depicted in Figure 5B. For
bonneau et al., 1991). In the presence ofMgve observed ~ Weaker CaM targets like the CaD peptide, the effect ofMg
significant increases in the dissociation constants of all three@nd Na on CaM's target binding is more similar, although
peptides for CaM. The titration curves of the PDE peptide Mg** shows a somewhat larger effect (Figure 5C), indicating
at high Mg* concentrations displayed sigmoid-like shapes that pure ionic effects are probably playing more important
(Figure 3A), and we were not able to determigevalues roles in this case. It has been notlcedl before that the
under such conditions by fitting the experimental data using formation of complexes between CaM and its weaker targets
eq 3 above. However, the decreasd®, values at high could be salt concentration-dependent (Chapman et al., 1991).
Mg?* concentrations shown in Figure 3A clearly indicate The results shown in Figure 5 indicate that, at least for some
that the affinity of C&-saturated CaM for the PDE peptide  Of the targets, the Mg-induced affinity reduction on target
was reduced significantly, compared to the value in the binding by CaM is an intrinsic property of the protein, rather
absence of MRf. The lack of fluorescence intensity changes than a nonspecific ionic effect.
at low [CaM]:[peptide] ratios suggests that kignhibited
the formation of the complex under these conditions. DISCUSSION
To determine whether the My effect observed in this In eukaryotic cells, the concentration of CaM is in the
study is a specific, intrinsic property of Mg or rather is range of 3-20 x 10°® M. A rise in the intracellular C&
due to a nonspecific ionic effect on €asaturated CaM, concentration converts CaM into a Tasaturated form.
we repeated the fluorescence titration experiments with all However, when cells are in a resting state?Cfaee CaM
three peptides but with Naat concentrations of 0, 20, 100, is at least partially saturated with Migdue to the existence
and 200 mM) instead of Mg in the binding buffer. Figure  of a millimolar concentration of M. It is, therefore,
5 shows the-/F, values of all three peptides as a function important to characterize the ¥gbinding properties of apo-
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CaM and to understand the effect of KMgn the conforma-  induce tertiary structural changes of the protein, and the metal
tion of the protein. Such knowledge will also shed light on ions serve as structural stabilizers of the protein instead of
the mechanism of the specific response of CaM toward as a functional regulator as in the case in CaM (Zot & Potter,
narrow concentration fluctuations of €ain the presence  1987). The detection of a pair of high-affinity Migbinding

of high levels of Mg@*. sites in CaM using high-resolution NMR spectroscopy

The NMR results given here indicate the following. (i) presented in this work agrees with earlier results obtained
Mg?* shares the same binding sites with?Caince only from a mass spectrometric study (Lafitte et al., 1995),
the resonances from the €abinding sites experience line  although the mass spectrometric study failed to show that
width and chemical shift changes. Similar behavior is Mg?" and C&" share the binding sites. The existence of a
observed for the N-terminal half-domain of yeast calmodulin high-affinity (K4 on the order of 13 M) Mg?*-binding site
when it is titrated with Mg" (S. Ohki and K. Hikichi, in the N-terminal domain of CaM has also been demonstrated
unpublished data). However, in all likelihood, Ktgdoes earlier using®®Mg NMR spectroscopy (Tsai, 1987). The
not use the same ligands as?Cas the last three residues failure to detect the high-affinity Mg site in the C-terminal
in each 12-residue Cabinding loop do not undergo domain of CaM could be due to the large line width of the
chemical shift changes during titration. The side chains of bound Mg* signal, making it indistinguishable from the
the negatively charged Asp residues (e.g. D20, D22, and D24baseline. Earlier thermodynamic studies of CaM have shown
in site 1) in each C#-binding loop are the ligands most likely  that Mgt binding to apo-CaM did not affect the stability of
to interact with M@*. This is not unusual as Mg rarely the third EF-hand module of the protein (Tsalkova &
uses neutral oxygen donors such as carbonyls and hydroxylsPrivalov, 1985), in line with our result showing that kg
as ligands, and Mg always forms regular octahedral shows very little binding to site III.
coordination spheres with a coordination number of six (da  (iii) Mg ?*-induced conformational changes are localized
Silva & Williams, 1991). Ca&", however, interacts with both  only in the metal-binding sites, and the rest of the protein
negatively charged carboxyls and neutral carbonyls andremains unchanged. Hence, CaM specifically responds to
hydroxyls, and the seven oxygen ligands in eack*€a cellular C&" concentration fluctuations only, and a high
binding site are arranged in a distorted pentagonal bipyra-intracellular Mg* concentration does not affect the function
midal geometry around the €aion (Babu et al., 1988). of the protein. Moreover, Mg-free, C&*-free and Mg*-

(i) Mg?* binds to C&™binding sites | and IV first, and  bound, C&'-free CaM should have same overall conforma-
then to site Il. C&'-binding site Il displays the lowest tion except in the areas of the flexible metal ion-binding sites.
affinity for Mg?t. Mg?* titration of scallop CaM using one-  This notion reinforces the physiological relevance of the
dimensional'H-NMR spectroscopy supports the present Ca&'-free CaM structure determined earlier in the absence
NMR results (Ohki et al., 1991; S. Ohki, U. lwamoto, and of Mg?" (Kuboniwa et al., 1995; Zhang et al., 1995).

K. Hikichi, unpublished data). During Mg titration of Figure 2B shows théH—1"N HSQC spectrum of Ca-
scallop apo-CaM, the downfield-shiftettH resonance of  saturated CaM in the presence of ¥gand this spectrum
T26 in site | and the aromatic protons of Y138 in site IV is essentially identical to that of the Migfree, C&"-saturated
change at lower MR concentrations and the changes protein (Ikura et al., 1990; data not shown), indicating that
continue until the [M§']:[CaM] ratio reaches-5, consistent ~ C&'-saturated CaM has the same three-dimensional con-
with the result presented here (sites | and IV bincPMfyst). formation both in the absence and in the presence of excess
At intermediate M@" concentrations ([M&]:[CaM] ratios Mg?" (up to 10 mM). This indicates that, once CaM is
from ~1.5 to ~8), the downfield-shiftedi’H resonance of  activated upon the rising of the intracellular®&oncentra-
D64 in site Il changes to a slightly lower field position. Also, tion, Mg?" does not affect the structure of the?Caaturated

the downfield-shiftedx'H resonance of F99 (Y iX. laevis CaM. The results of Figure 2B suggest that the interaction
CaM) in site Il changes at higher Mgconcentrations (10  between Mg" and Ca—CaM is relatively weak and does

< [Mg?*]:[CaM] < 40), further indicating that site 1l has  not disturb the conformation of the protein in an appreciable
the weakest affinity for Mg'. manner.

As site Il and IV are the high-affinity sites for €5 this The Mg*-induced affinity decreases of the target peptides
result is rather unexpected, especially given the fact that afor CaM, seen here, indicate that the binding betweeti-Ca
pair of high-affinity C&"-binding sites (site Ill and IV) of  saturated CaM and targets in living cells may be less avid
troponin C are also the high-affinity sites for kfg(Potter than has been reported fram vitro studies in the absence
& Gergely, 1975). However, Mg and C&" may not of Mg?*. It is well-known that the intracellular Ga
necessarily share the same binding preference since theoncentration increases from TOM at the resting state to
coordination chemistry of these two ions is fundamentally 10°6 M or higher upon stimulation. Appearance/disappear-
different, as discussed above. *C&inding to CaM is a ance of target activity is modulated by the fluctuations of
cooperative event, and such cooperativity partly arises from the intracellular C& concentration. If we assumeka value
close helix pairing between the two EF hands in each domainof 1071°-10° M between a target and CaM, and that
(Zhang et al., 1995). The binding of €ato the protein concentrations of the target and CaM in the cells are 1 and
leads to global conformational changes in each domain, and10 uM, respectively, a theoretical simulation indicates that
such conformational changes link the two?Gainding sites nearly 100% of the target would form a complex with CaM
in each domain together. The Rfgbinding results in only even when intracellular aconcentration is 10 M, a result
localized conformational changes in the?Gainding sites in contradiction with experimental observations. Therefore,
of the protein (see below). Therefore, the affinity of each bulk cellular Mg+ may partially allow CaM to respond to
C&"-binding site for M@" in CaM is dependent only on its  narrow physiological cellular Ca concentration changes by
local sequence. In troponin C, however, both?¥gnd C&* decreasing the affinities between CaM and some of its
binding to the M@" and C&" sites in the C-terminal domain targets. This M§" effect is probably related to a recently
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proposed mechanism for the calcium regulation of CaM
target activation, involving an intermediate species-€a
CaM—target (two C&" ions binding to the C-terminal half-
domain of CaM) at an intermediate €aoncentration (Ohki

et al., 1993; Bayley et al., 1996). Certainly, there could be

Ohki et al.
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Chem. 25711584-11590.

Goldberg, J., Narin, A. C., & Kuriyan, J. (199®ell 84, 875-
887.

Haiech, J., Klee, C. B., & Demaille, J. G. (19&ipchemistry 20
3890-3897.
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of CaM to cellular C&" concentration fluctuations. The
limited accessibility of the CaM-binding domain in the intact

1772.
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using a synthetic peptide corresponding to the CaM-binding lkura, M., Clore, G. M., Gronenborn, A. M., Zhu, G., Klee, C. B.,

domain (Goldberg et al., 1996). Competition between many
target enzymes for CaM in living cells would also decrease

the effective CaM concentration for each individual target
enzyme. Uneven distribution of €aand CaM in a living
cell would provide another controlling mechanism of various
CaM-dependent enzymes.

In summary, our results have shown that CaM has one

high-affinity Mg?*-binding site in each domain of the protein,
and the M@"-binding sites are located within the €a
binding sites of CaM. The binding of Mg does not change
the structures of CaM at a significant level both in the
absence and in the presence ofCaSome of the CaM
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