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ABSTRACT. The ubiquitous C&-regulatory protein calmodulin activates target enzymes as a response to

submicromolar C& increases in a background of

millimolar Rty The potential influence of Mg/

Ca* competition is especially intriguing for the N-terminal domain of the protein which possesses the
sites with the lowest Ca specificity. The interdependence of Cand Mg binding in the N-terminal
domain of calmodulin was therefore studied usi#@a NMR,*H—15N NMR, and fluorescent Ga chelator
techniques. The apparent affinity for €avas found to be significantly decreased at physiologicatMg
levels. At C&* concentrations of an activated cell the {Qa state of the N-terminal domain is therefore
only weakly populated, indicating that for this domainfChinding is intimately associated with binding

of target molecules. The data are in good agreement with a two-site model in which each site can bind
either C&" or Mg?". The Mg*—Ca&" binding interaction is slightly positively allosteric, resulting in a
significantly populated (M§).(C&"), state. The CH off-rate from this state is determined to be at least
one order of magnitude faster than from the {Qastate. These two findings indicate that the @¥g-
(Ca&'); state is structurally and/or dynamically different from the {Qastate. The**Ca quadrupolar
coupling constant and théd and N chemical shifts of the (M&)(C&*), state were calculated from
titration data. The values of both parameters suggest that th&"[NI0a"), state has a conformation
more similar to the “closed” apo and (M9, states than to the “open” (€9, state.

The impact of Mg" on C&" binding to calmodulin
(CaM}tis of large physiological relevance and has long been
a matter of debatg1—5). Ca*-dependent regulation of
cellular activities is achieved by transiently increasing the
cytosolic C&" concentration from less than QuM to 1—10
uM (6, 7), in a milieu with a nearly constant Mg
concentration of 0.52.0 mM (8). Since this implies that
the primary protein targets of €amust be able to respond
in a background of a 10610 000-fold excess of Mg, the
interdependence of Mg and C&" binding is an issue of
great importance. While Mg-specific proteins can rely on
the large excess of Mg (9), the intracellular C&-binding
proteins, like CaM and other EF-hand proteins, need
discrimination against M. This may be accomplished by
taking advantage of the larger ionic radius of’Cand its
less stringent demands on the number (ofter8Band the
spatial arrangement of coordinating oxygen ligands, com-
pared to M@" that has a strong preference for 6-fold
coordination in an octahedral symme{(0, 11)

CaM consists of two distinct domains connected by a
flexible tether. The two domains are structurally similar, with
cooperative CH binding to a pair of “EF-hand” helix
loop—helix motifs(12) in each domain. Upon Gahinding
the secondary structural elements in both domains remain
essentially unchanged while their relative orientations change,
driving the protein from a “closed” to an “open” structure
(Figure 1). This results in the exposure of well-defined
hydrophobic patches in both domains, where targets such
as self-inhibitory peptide segments of various enzymes may
bind (13—16). The two domain “fragments” of CaM were
originally separated by trypsin cleavage in the presence of
C&" and are therefore named TRand TRC (17, 18) They
can be expressed and produced independ€gi®y, fold
independently20, 21) and have Cd-binding characteristics
similar to the corresponding domains in intact C422).

Presently, three crystal structures of WMdound to EF-
hand proteins have been solved. In all of these, the 6-fold
coordination of M@" is achieved in a way similar to that of
the 7-fold coordination of Ca (23—25). In the crystal
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by the same ligands as €awith the exception of a water
molecule replacing a glutamic acid. The bidentate'Ca
ligation by the side chain carboxylate oxygens of this
glutamic acid has been found crucial for the?Gaduced
structural rearrangemen86—29). A recent NMR study of
the N-terminal domair(30) suggests that Mg binds to the
same sites as Gawith binding constants in the millimolar
range, implying that the domain is saturated to almost 50%
by Mg?* at resting C#&" levels. No structure of Mij-loaded
CaM is available, but the NMR data suggest a coordination
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a Loop! Loop I 43Ca NMR.The line width of the**Ca NMR signal was
w0 TE, 61G IR followed when MgCj was added, ©180 mM, to a solution
T R A of 0.35 mM*¥CaCh and 0.18 mM TRC in 100 mM KCl at
AK kB Csial pde ‘ pH 7.2, 25°C, in a 5 mL egg-shaped sample tube. In
lor L2 BV Fa , , addition, the line width of thé*Ca signal was followed as
ne SpEoogr Ppm the temperature was varied between 5 and°@5for a
Alrs M3 oM M7 solution of 0.39 mM*CaCk and 0.21 mM TRC in 100
pr 5% B#? R mM KCI and 0 or 23 mM MgC], respectively, at pH 7.2.
YR Y TR < At each titration point, pH was adjusted to 7.2 by microliter
‘§'2 PGt 5t additions of 0.1 M HCI or KOH. The final protein, Mg,
D 80

and C&" concentrations were determined by amino acid
analysis after acid hydrolysis and atomic absorption spec-
trophotometry, respectively. TH8Ca NMR spectra were
FiIGure 1: Amino acid sequence and secondary structure (a) and obtained at 24.2 MHz using an Oxford Instrument 360 WB
three-dimensional structures of the “closed” ion-f(88) (b) and magnet operating at 4 frequency of 360 MHz equipped

“open” C&*-loaded(54) (c) states of the N-terminal domain of . . . . :
CaM (TRC). In (a) the one letter code for amino acid residues is with a horizontal solenoid prob@4) and interfaced with a

used. The secondary structure of;0R53)is indicated withhelical Varian Unity 400 console. A 90pulse width of 35s and
residues initalics and 3-sheetresiduesunderlined The C&* a spectral width of 10 kHz was used throughout these
coordination is indicated as follows: mainchain carbonyl oxygens, measurements. The RIDB5) pulse sequence was used to

asterisk (*); monodentate carboxylates, dagger (1); bidentate inAi i ; i
carboxylates, double daggers (11). The helices are den A reduce effects of probe ringing. Line widths were determined

In (b) and (c) residues ThrSle27 and lle63-Lys75 are colored using the VNMR program.

light gray and Thr28 Thr62 are dark gray. Thé-strands (Thr26 The theoretical line shape can be obtained by solving the
Thr28, Thr62-Asp64) are oriented similarly in the two structures. Bloch—McConnell equation$36) for exchange betweeN
This figure was generated using UCSF software Midas P63 sites.
similar to that revealed in (Mgd);—calbindin Dy. This offers dm j+(t) N
) . ; . N
an explanation to why Mg does not tr|g+ger_ the major = |5onMj+(t) — R%M]-Jr(t) + Y kM) (1)
structural rearrangements that occur upo@"@dnding (30 dt =
and references therginConsequently, targets proteins are
negligibly activated by Mg -loaded CaM(31, 32) where Mj+ is the transverse magnetization matrix at site

The goal of the present work is to understand the role of statej, ¢; is the chemical shift at sitg wo = 24.2 MHz is
Mg?* in Ca*/CaM signaling at physiological conditions. The = the “3Ca frequency,R) is the exchange-free transverse
+ . M B -y . -y .
ca affinity of the TRC fragment of vertebrate CaM  relaxation rate at sitg andkj is the transition rate from site

(comprising residues AlaiAsp80 and an additional N-  kto sitej. In the extreme narrowing regime¢r. < 1) valid

terminal Met) was measured as a function ofalgoncen- for free C&",

tration, using a fluorescent chelator. In addition, theé'Ca

and protein equilibria and kinetics as a function of g 3”29{1'2(2' + 3)rq-

concentration were monitored in Mig-Ca* competition I — (2)
studies using®Ca NMR and'H—N NMR. 10012 + 1)]

MATERIALS AND METHODS where y; is the nuclear quadrupole coupling constant

proportional to the electric field gradient, which is assumed
Protein SynthesisThe synthetic gene for TR was to be symmetric) = 7/, is the spin of*3Ca, andz, is the
constructed from a cloned CaM gene by PCR, using rotational correlation time. For a free €ar. ~ 10 ps and
oligonucleotide primers to yield the TR gene flanked by the resulting line width can be neglected. In the near extreme
cloning sites for the expression vector. The gene was clonednarrowing regime ot < 1.5, but not small compared to

into the pRCB1 plasmid. Unlabeled and uniformiN- unity), valid for bound C#', which tumbles with the protein
labeled TRC was expressed i&scherichia coland purified (37—39),

as reported previously for the B& fragment(20).
Chelator MethodThe macroscopic Ga-binding constants Rg =
were determined as described by Linse e{2®), using the ) s 2
fluorescent C& chelator 5SN-BAPTA(33). The absorbance 3772+ 3) i ST i 21

at 430 nm was measured as Ca®hs added up to a final 1000321 + 1)] b 1+ (wgrg)? 1+ (2wgry)? ©)
concentration of 2.5 mM, in solutions containing 0.028 mM 0" 0%d
SN-BAPTA and 0.074 mM TRC or 0.030 mM SN-BAPTA For TR.C at 25°C 7. ~ 4 ns. The transition rate from site
and 0.024 mM TRC in 2.0 mM TRIS/HCI buffer at 25C, k to statej is assumed to obey transition state theory.
pH 7.5, 150 mM KCI, and 0, 0.4, 2.0, and 10 mM Mg(Cl

respectively. The chelator 5SN-BAPTA was chosen because _ KT _—(aH#, - TASRT 4

of a C&" affinity in the appropriate range and high level of kik =5t (4)

discrimination against Mg (log Kca= 4.61, 4.57, and 4.46

in 150 mM KCl and 0, 2, and 10 mM Mgg&lrespectively). whereAH¥ andAS are the transition enthalpy and entropy,
The protein concentration was determined by amino acid respectivelykis Boltzmann’s constanh is Plank’s constant,
analysis after acid hydrolysis. R is the gas constant, aidis the absolute temperature.
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The rotational correlation time is assumed to be temper-
ature dependent

Ce!

n % N ]
1 _ KT -acyRT 5 ‘E 8’
g h © ©) @f AN '8' z ‘\‘@
whereAGy; is the activation free energy of rotation. N . % N ! %
A program using eqs -15 to calculate line shapes for ED CE
chemical exchange between up to four sites was used. Line AN f
widths of experimental or calculated signals are given as the @
full width at half-height of the Lorentzian line yielding the
best fit (2, 40, 41) b 0c.bo
H—1N NMR.Chemical shifts and line widths éH and IS

7
S

15N resonances were followed in a Rigtitration of C&*-
saturated TIRC at 25°C, pH 7.5, on a 0.15 m\PN-labeled
TR:C sample in HO with 10% DO, 0.75 mM Cadl, 150
mM KCI, 100uM NaNs, and 10uM DSS. Aliquots of Mg*
were added as solutions of MgCIThe resulting Mg"
concentrations were 0, 0.3, 0.7, 1.2, 2.7, 5.8, 11, 18, 35, and
66 mM. The final protein and the Mfjand C&" concentra-
tions were determined by amino acid analysis after acid FIGURE 2: (a) Model of the equilibria of Ca and Mg+ binding
hydrolysis and atomic absorption spectrophotometry, respec-0 TRiC and (b) macroscopic binding constants describing"Ca
tively. At each titration point, pH was adjusted to 7.5 by (open circles) and My (filled circles) binding.

microliter additions of 0.1 M HCI or KOH. ThéH—N
NMR spectra were recorded on a Varian Unity Plus

)

=

I
? [
=

[
A\

N

Table 1. C&" Binding Constants of TRC?

spectrometer at ¥ frequency of 599.89 MHz. Sensitivity- solution log
enhanced and gradient-selected #D-5N HSQC NMR conditions Kealcaz
spectrg42) were recorded with spectral widths of 1600 and igg mm Eg: S-Zi 8-1
7692 Hz, sampled over 256 and 2048 complex data points 0.4mmM le+ ' :
in the *N- andH-dimension, respectively. Using 18 scans 150 mM KCL. 9.0+ 0.08
pert; increment and a relaxation delay of 1.5 s between 2 mM Mg?*

scans, the total experimental time was 3.5 h per spectrum. 150 mM KCl, 8.0+£0.08

15N-nuclei were decoupled during acquisition using the 10 mM Mg

GARP-1 sequenc@3). *H chemical shifts were referenced 2The apparent binding constants for two’GaKcaKcaz (reported

to DSS at 0 ppm, anéN-chemical shifts indirectly via the as logKcaiKca), derived from metal ion titrations using a Tahelator.

1H frequency using the frequency ratic®®N/*H) of o ) )

0.101 329 118(44). The spectra were processed using a binding constants. Notice that the macroscopic treatment
Lorentzian line broadening window functiond and a 60 makes no di_stin_ction bgtween Qiﬁerent forms containing the
shifted Sine_squared window functiondﬂ_ After Zero_ﬁ”ing same Comp|nat|0n of ions. Since the measurements were
in w; the matrix size was 1024 512 real points. The line ~ Performed in the presence of 100 and 150 mM KCI,
widths were determined using the in-house curve fitting unspecific effects of Mg due to increased ionic strength
software CFIT (Gippert, G. P., unpublished material) as Were neglected.

described previously30).

Data Evaluation. Binding data were evaluated under the RESULTS
assumption that both €aand Mg* can bind to the same Chelator MethodThe apparent Ca-binding constants at
two sites, as shown in Figure 2a. In total five macroscopic 0, 0.4, 2, and 10 mM MgG] respectively, were measured
binding constants, shown in Figure 2b, are necessary tousing the fluorescent Cachelator 5SN-BAPTA and at high
describe the equilibria between the different ion-bound statesionic strength (150 mM KCI), as displayed in Table 1. Only

and the apo state: the value ofKcaKcaz is reported since Céa binding is too
cooperative to reliably resolve the individual binding con-
Pcar= KCaica2+] Papo (6) stants. To check the validity of the assumption of competitive

o binding, the mean value of the Mg binding constant,

Peaz= KcadC& 1Pcar () Kwmgmean Was estimated frorcamean,api= [(KcaKcadapd Y
o+ at each M@" concentration, using an equation describing

Pvgz = KugIMI™" 1Papo (8) the competition of two ions for a single sit45) (Figure 3).

Pmg2 = KMgz[Mgz+] Pmg1 ) Kcamean

(11)

KCa,mean,app=

ngCa: KMgCa[M92+][Ca2+] pApo (10) 1+ KMg,mear[Mgz+]
wherepapo, Pcat Pcaz Pmgts Pygz, @ndpugca are the popula-  where Kcamean= (KcaiKcag*? is the value obtained in the
tions of the apo, (Ca);, (C&'),, (Mg®")i, (Mg?"), and absence of Mg§f. The estimated lo&vg mean= 2.74+ 0.05

(Mg?%),(C&), state, respectively, arit| are the macroscopic  agrees with l0gKugmean= 2.88 + 0.12 obtained from the
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Ficure 3: Logarithmic mean calcium binding constants as a 0.16

function of MgChb concentration. The line was fitted using eq 11. g
Uncertainties were estimated as the deviation from the optimized Eon2}
value causing a doubling of the error square sum. £
2
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3
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FIGURE 5: (a)*3Ca line width at 25C, pH 7.2, in 100 mM KCl as
00— é —— TL — 8 a function of MgC} concentration (filled circles). The solid line
10 og K was calculated using,s = 6600 s for the (Mg?+),(C&™); state
Maca and the parameters in Table 2, and the dotted line was calculated

with the assumption of one fast exchanging site. (b) Concentrations
of the (Mg?"),(Ca"), state (solid line), (CH), state (dashed line),
and (Mg"), state (dotted line) as a function of Ffgconcentration,

FiGURe 4: Total error square sum as a function of lléggca for
the 2 chelator titrations at 10 mM Mg

previously determined microscopic binding constai®g) calculated using the parameters in Table 2.
and implies a reduction dfcameanapPy @bout a factor of 600 .
1.6 at physiological Mg levels. L o

The mixed ion binding constanKygca, Was optimized 500 | o= o o 1
against chelator data and previously determined binding con- I 1
stants(22, 30)which were allowed to vary within their error £ 400 ﬂ
limits. Kmgcais not very well determined from these measure- £ 200 |
ments. However, lo¢kpgca = 7.4 £ 0.5 could be estimated 2 ! 1
from the data obtained in 10 mM Mgg£{Figure 4). 5 200 | .

43Ca NMR. The line width of the*3Ca signal in the I 1
presence of TRC decreases as Mgis added, as shown in 100 r
Figure 5a. This suggests that¥€& displaced by Mg since 0 e
they compete for the same binding sites. When thé"Ca 0 10 20 30 40 50
exchange is fast on tf€Ca NMR time scale 2000 s1), Temperature (°C)
the **Ca line width is calculated as FiGURE 6: “%Ca line width as a function of temperature in the

absence (open circles) and presence (filled circles) of 20 m&t-Mg
Avyp = PAV; + ppAvy (12) at 25°C, pH 7.2, in 100 mM KCI. The upper dashed curve shows

the line width calculated using the activation parameters reported
whereAv; and Avy, are the line widths of the resonance of previously(46). The lower dashed curve has been calculated with
free and bound3Ca, respectively, ang: and p, are their the same parameters with the population of freé*Galjusted to

; ; ; i _ obtain the proper line width at 25C. The best agreement with
respective populations (Figure 5a). The Maffinity calcu experimental line widths is shown by the solid curve obtained using

!ate_d U,S_'ng this r.elat'on was Idgv‘gvmea”.: 3.7,a Vallue that a quadrupolar coupling that is 20% larger than in the*({;sstate

is significantly higher than those previously obtain@@). (y = 1.22 MHz) and an off-rate of 6600 5(compared to 5003
Under conditions of intermediate exchange, the interpreta- at 25°C for the upper curve).

tion is much more complex because the signals are non-

Lorentzian, even though the deviation from a Lorentzian line The upper dashed curve represents the calcutdBzsiNMR

shape associated with this effect could not be observed atline width as a function of temperature in the absence of

the signal-to-noise level of the present study. To determine Mg?*, using the activation parameters reported previously

the exchange conditions the temperature dependence of théAG* = 58 kJ/mol)(46), resulting in an off-rate of 50073

43Ca line width was measured in the presence of 0 and 20at 25°C. The lower dashed curve, calculated using the same

mM Mg?* (Figure 6). Using egs-15 it can be shown that  activation parameters but with the population of freé'Ca

the C&" off-rate increases at increasing Mgoncentrations.  adjusted to obtain the proper line width at 26 in the
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Table 2: Macroscopic Binding Constants A 'Y s c n D
binding constant log< binding constant logk 6 — T T . v —T5
Kcas 40+0.3 Kga® 32402 '
KcaKcaz 9.7+0.1 KiigiKig2” 5.8+ 0.4
KMgCa 7.6+ 0.3

aObtained from Linse et a(22). ® Obtained from Malmendal et al.
(30).

Ag, (ppm)

presence of 20 mM Mg, shows that these parameters are
incompatible with the data obtained in 20 mM RkigOne :
probable explanation is that the dominatinggGeontaining 4010 20 30 40 50 60 70 80
species at these conditions is the @g(Ca"); state with Residue number

a fast C&" off-rate. This means that three Tastates should  Ficure 7: Backbone amiddSN chemical shift changes induced

be considered under the experimental conditions**Ca by binding of one Mg" and one C& (filled circles), two C&"
bound to the (M§")1(C&?*), state; C&" bound to the (C#), gir?de)’ Sgdé%@ fo; '\(Aoé)ffjsg{gfaé:'g% gthaﬁrrggaflrzmﬁrsé%f t?ﬁeapo
_state; free C&. Assuming that the b'”d'!"g constants a‘.re. dark?ectangles represemthelical regions, and arcs repreéent loop
independent of temperature, we can estimate a lower limit regions.

of log Kmgca = 7.3 below which the population of the

(Mg?"),(C&), state is too low to account for the observed wheredsis the measured chemical shifca, anddyg, are
temperature dependence of t€a signal. Thus, the range  the chemical shifts of the fully Ga and M¢" saturated

of allowed values obtained from the chelator measurementsstates, respectively, determined previoug®), and pcaz

is reduced to loKmgca = 7.6 & 0.3, indicating a slightly  py,.,, andpugcaare the populations of the three fully saturated
positive allosteric interaction of2 kJ/mol. Populations of  states. Because of the high®devels, the populations of

all species present during th&€a NMR experiment can be  the apo and half-saturated states could, to a good approxima-
calculated from the binding constants in Table 2 as shown tion, be neglected.

in Figure 5b. If logKwgca= 7.6 is used, only two adjustable  The chemical shifts of the (Mg),(C&"), state are difficult
parameters remain in eqs-5, the quadrupolar coupling  to determine accurately. This state has a limited population
constant for “Ca in the (M@"),(C&*), state and the off-  (maximum 25%), and the exchange rates with the?{§3a

rate of C&" from this state. The best agreement with and (Mg*), states are not very fast on the chemical shift
experimental line widths, as shown by the solid curve in time scale(47). Thus, large differences betweég,, and
Figure 6, is obtained using a quadrupolar coupling constant ,,,c, will be underestimated since the true weight of the
that is 20% larger than in the (€3, state § = 1.22+ 0.05 dwmgca in the observed chemical shift will be smaller than
MHz) and an off-rate of 660& 500 s* (AG* = 51.1 kJ/  the weight calculated from the populations. To minimize such
mol), compared to 50078 for the (C&"), state at 25°C. errors,dumgca Was not calculated for nuclei with differences
The off-rate of C&" bound to TRC in the presence of 20 petweencazanddyg larger than 200 Hz (0.33 and 3.3 ppm
mM Mg?* have thus increased about 10-fold as compared for *H and 5N, respectively). To limit the weight of small

to the value in the absence of Kfg Using the same  deviations indwy, compared to previously determined values

constants, the line width at 28C depends on the Mg (30), only chemical shifts at Mg concentrations less than
concentration as shown by the solid curve in Figure 5a. 10 mM were included in the fit. The obtained backbdfé
!H—1N NMR.'H and >N chemical shifts andH line shifts are shown in Figure 7.

widths of backbone and side chalii—'5N pairs were
determined from HSQC spectra of 0.15 mM Ras a DISCUSSION
function of the Mg@" concentration (866 mM), in the
presence of 0.75 mM Cagand 150 mM KCI. The starting
conditions were such that the protein was 99%’'ca
saturated. As Mg was added most signals were broadened.
Some signals show line width maxima around 20 mMPWg
while others are continuously broadened throughout the titra-
tion. The chemical shift and line width curves can be reason-
ably well accounted for by an exchange from the 3Qa
state via a (Mg"),(Ca*), state to the (M§"), state with
the binding constants and exchange rates discussed abov
The chemical shifts of the (Mg).(Ca"), state,dwmgca
were determined under the assumption of chemical exchange
kex, that is fast on the chemical shift time scalex(>
2mvoAd, wherevg is the spectrometer frequency for the
nucleus in MHz andAJd is the chemical shift difference
between the two states in ppm).

The equilibria evaluated above include two types of ions
and a protein with two interacting ion-binding sites (Figure
2a). Each site can be either empty or have one of the two
ions bound. The interaction between the site and a given
ion may depend on what is bound to the other site, implying
that each site can have three different binding kinetics and
equilibria for each ion. To define these interactions, three
different methods were used. The chelator method measures
the ratio between free and total calcium at low protein
%oncentrations. The competition for the ions between the
protein sites and the chelator enables measurements of the
macroscopic binding constants for proteins that bind"Ca
cooperatively. However, even this method has a limited
capability to resolve the individual binding constants above
a certain degree of cooperativity. The signal line width in
43Ca NMR is dependent on the exchange rates and equilibria
between different environments for €a Similarly the
(13) chemical shifts and line widths ifH—°N NMR depend on
Pmgca the exchange rates and equilibria between different states of

S  Ogps ™ PcaPdcaz — Pug20mg2
MgCa —
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the protein. Many of the exchange processes occur on 1 R
intermediate'H and ®N NMR time scales, resulting in T
broadened resonances and/or signal loss. The NMR methods 08 f |
need significantly higher protein concentrations than the |
chelator method, and as a consequence, much higher ion 06 | !
concentrations are used. &% - |
Ca**—Mg?" Binding The data presented in this work 04t |
clearly show that Mg™ and C&" compete for the same sites |
in TR;C. This does not exclude the presence of auxiliary 02 | ;
binding sites, but the data are obviously not compatible with .
the conclusion of Gilli et al(5) that Mg+ does not compete 0 Lossnssazs i Lt
with Ce&* for the EF-hand sites. In the three available three- 1 10 100

dimensional structures of Mg bound to EF-hand proteins Calcium concentration (uM)

(23—25) Mg?" is bound in the EF-hand site with no
possibility of simultaneous Mg and C&*" coordination in
the same site.

The slightly positive allosteric interaction between ¥ig
and C&" binding is different from the significantly negative
allosteric C&"—Mg?" interaction which was recently found
in calbindin Dy (25). Even if the two proteins share many
features, the rigid and €aselective N-termingbseuddEF-
hand of calbindin [y and its different responses to €a
and Mg* binding may well explain the differeng@5).

Ca?" Off-Rate.The C&" off-rate of 6600 s! from the
(Mg?*t),(Cat), state is significantly faster than the off-rate
of 500 s* measured for the (C#), state. On the other hand,
the much faster off-rate agrees well with that the allosteric
interaction with M@" is much lower than the cooperative
interaction with an other Ca. Assuming that the Ca on-
rate is diffusion-limited for all species (& 10° st M71),
we can estimate the off-rates from the knowledge of the
binding constants; however, this relies on the possibility to
resolve the binding constanits,; andKca,and not only the
productKcaiKcaz The value of logkcar = 4 would give a
ko from the (C&"), state of 50 000 § and a value 1000
s 1 for the (C&"), state. This latter value agrees reasonably
well with the previously determined value of 500's
Similarly the exchange rate of &afrom the (Mg)1(C&"):1
state may be estimated from lé&Qugca = 7.6 and logKyg:
= 3.2 to be approximately 20 000 which should be
compared to our estimated Caoff-rate from the (Mg");-
(Cah), state, of 66008, a reasonable agreement considering
all assumptions made. An off-rate of about 10 000wsas
estimated for Mg" from loop Il (30). In a recent study of
the TRC fragment the CA off-rate from its (Ca"); state
was estimated to be about 15 00G $48).

Structure of the (Mgf),(Ca?"), State The faster C# off-
rate from the (Mg§")1(Ca"); state indicates that this state is
structurally and/or dynamically different from the Cx
state. The calculated backbof® chemical shifts of the
(Mg?™),(Cat), state shown in Figure 7 should be interpreted
with caution because of the fragility of the calculations.
However, the chemical shifts of helix A, which are very way, the apparent Ca-affinity is significantly increase®?2).
similar to those of the apo and (¥1g, states and not to the It is therefore highly plausible that €agenerally does not
(Ca&t), state, indicate a closed conformation of the N- bind to the N-terminal domain until binding to the target
terminal EF-hand. Even though the chemical shifts of the and that this event is triggered by Tainding to the higher
rest of the protein are hard to interpret, they may well agree affinity C-terminal domain. A significant decrease in the
with the accommodation of the ions in an essentially closed affinity for target molecules in the presence of Mdas
structure. The 20% largétCa quadrupolar coupling constant been observe). Furthermore, the rate of €abinding to

Ficure 8: Population of the Cd-loaded state of TEC as a
function of free C&" in the presence (solid line) and absence (dotted
line) of 1 mM M¢?* calculated using the parameters in Table 2.
The dash-dotted line represents the upper limit for the intracellular
C&*t concentration.

explanation may be that the bidentate glutamic acid in the
12th loop position does not coordinate?Can this state,
which further points toward a closed structure.
lon Selectiity of EF-Hand Loops It has earlier been
shown that loop | has the highest affinity for Rtg(4, 30).
In a study of a 33 residue EF-hand hetlioop—helix
construct, a loop sequence where the residues in positions
three, five, and nine were the same as in loop I, except for
a Ser instead of a Thr in position nine (Figure 1a), had higher
Mg?* affinity and slightly lower C&" affinity than with the
same residues as in loop Il in these positi@®). This is in
agreement with the calculated (k¢ (Ca"); chemical shifts
for helix A which are very similar to those of the (%19,
state, suggesting that it is mainly loop | that harborsMg
A difference in C&" affinity between the loops is also
suggested by equilibrium titration measurements on intact
CaM, showing about 5-fold stronger €abinding to one of
the loops in the N-terminal domaifd1). In the C-terminal
domain of CaM a higher Ca affinity of the C-terminal loop
IV is indicated by both binding constants of binding-site
mutants(26, 29) and the chemical shifts of the (€3 state
as monitored by*N-relaxation measuremen(48).
Physiological Implications of Mg—Ca" Interference.
The competition of the about 1 mM Mg present in the
cytosol for the same sites asCdas significant effects on
the population of the activated &aloaded state of the
N-terminal domain of CaM. Even iKcameanapdS reduced
by only a factor of 1.6, the population of the Tdoaded
state is about a factor of 2.3 lower in the presence of
Mg?" in the entire range of cytosolic €aconcentrations
(Figure 8). This imply that no more than 10% of the
N-terminal domains of the CaM molecules that are not
complexed with a target protein are ever fully’Cdoaded.
When CaM binds to a target molecule in a®Gaependent

compared to the (Ca), state § = 1.22 + 0.05 MHz)
indicates a lower symmetry in the coordination sphe®

the N-terminal domain is likely to be limited by the Kig
off-rate. Following the same line of reasoning as for thé"Ca

which may be interpreted as usage of different ligands. One off-rate, i.e., that the on-rate is constant, an off-rate of the
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order of 100 s' is estimated for loop I. The Ca on-rate
would be rate-limiting only if the presence of a&aon in
loop 1l speeds up the Mg dissociation from loop | by a
factor of at least 100.

CONCLUSIONS

Mg?*t and C&" binding data are well described by a two-
site model in which each site can bind eithe?Car Mg?*
but not both ions simultaneously. The apparent affinity for
C&" is significantly decreased at physiological Mdevels,
so that at C& concentrations of an activated cell the {Qa
state of this domain is only weakly populated. This suggests
that for this domain Ca binding is intimately associated
with target binding. The faster €a off-rate from the
(Mg?h)(Ca"), state and the slightly positive allosteric
Mg?t—C&" binding interaction indicate that the structure
of this state is different from the (€9, state. This is also
suggested by thCa quadrupolar coupling constant and the
IH and >N chemical shifts of the (M&)),(Ca"); state
calculated from titration data, which are both suggestive of
a conformation more similar to the “closed” apo and @\)g
states than to the “open” (€9, state.
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