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Abstract

Mg21 binds to calmodulin without inducing the changes in secondary structure that are characteristic of Ca21 binding,
or the exposure of hydrophobic surfaces that are involved in typical Ca21-dependent target interactions. The binding
of Mg21 does, however, produce significant spectroscopic changes in residues located in the Ca21-binding loops, and
the Mg-calmodulin complex is significantly different from apo-calmodulin in loop conformation. Direct measurement
of Mg21 binding constants, and the effects of Mg21 on Ca21 binding to calmodulin, are consistent with specific binding
of Mg21, in competition with Ca21. Mg21 increases the thermodynamic stability of calmodulin, and we conclude that
under resting, nonstimulated conditions, cellular Mg21 has a direct role in conferring stability on both domains of
apo-calmodulin. Apo-calmodulin binds typical target sequences from skeletal muscle myosin light chain kinase and
neuromodulin withKd ; 70–90 nM~at low ionic strength!. These affinities are virtually unchanged by 5 mM Mg21,
in marked contrast to the strong enhancement of peptide affinity induced by Ca21. Under conditions of stimulation and
increased@Ca21#, Mg21 has a role in directing the mode of initial target binding preferentially to the C-domain of
calmodulin, due to the opposite relative affinities for binding of Ca21 and Mg21 to the two domains. Mg21 thus
amplifies the intrinsic differences of the domains, in a target specific manner. It also contributes to setting the Ca21

threshold for enzyme activation and increases the importance of a partially Ca21-saturated calmodulin–target complex
that can act as a regulatory kinetic and equilibrium intermediate in Ca21-dependent target interactions.
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The crucial molecular events in the translation of a Ca21 signal
into the activation of a cellular process are the binding of this ion
by calmodulin~CaM!, and the subsequent transition in CaM to a
conformation that binds to and activates one or more of the family
of Ca21–CaM-dependent enzymes~such as kinases! and channel
proteins~Berridge et al., 1998!. CaM shows great versatility in the
range of targets with which it interacts in a Ca21-dependent man-
ner, and the molecular basis of this versatility is evidently linked to
the distinctive Ca21-binding properties of the two structural do-
mains of CaM~see, e.g., Bayley et al., 1996; Peersen et al., 1997!.
The binding of Ca21 to CaM has been studied extensively in vitro
and comprises the binding of four Ca21 ions, two to the C-terminal
domain, with an averageKa of ;6 3 105 M21 and two to the

N-terminal domain with averageKa of ;6 3 104 M21 at physi-
ological ionic strength~Linse et al., 1991; Bayley et al., 1996!. In
vivo, this process occurs in response to the increase in resting
@Ca21# from ,100 nM to.1 mM following cellular stimulation.
It has long been recognized that cells contain relatively high levels
of Mg21 ~;1–5 mM; Ebel & Gunther, 1980!, and that the presence
of this ion reduces the apparent affinity of both the CaM domains
for Ca21 ~Haiech et al., 1981!. There is considerable debate over
the precise magnitude of the association constants of CaM for
Mg21 ~generally reported to be in the range 102 to 104 M21; see
Tsai et al.~1987! and references therein! and the relative specific-
ity for the two domains. Controversy also remains over the relative
affinity of individual sites and whether Mg21 binds at additional
~allosteric! sites distinct from the four Ca21 binding sites~as in-
ferred from binding studies; Milos et al., 1986; Gilli et al., 1998!,
or competes directly with Ca21 for the binding sites in the EF-
hand loops~as deduced from NMR studies; Seamon, 1980; Tsai
et al., 1987; Ohki et al., 1997; Ouyang & Vogel, 1998!. Finally,
Mg21 is known to be ineffective in replacing Ca21 as the stimulus
for Ca21-dependent enzyme activation, consistent with the inabil-
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ity of Mg21 to cause hydrophobic exposure~Follenius & Gerard,
1984!. This suggests that the two ions have important and specific
effects on CaM conformation, which are translated into differences
in the interaction with target sequences of susceptible enzymes. We
therefore address the quantitative basis of how the presence of
physiological@Mg21# affects and contributes to the domain spec-
ificity and versatility of Ca–CaM target interactions in the Ca21-
dependent regulatory process of the eukaryotic cell.

In the present work, we extend previous applications to CaM of
the methods of optical spectroscopy, absorption, near- and far-UV
circular dichroism~CD! and fluorescence~Bayley et al., 1996! to
study: ~1! the effect of Mg21 on the conformation of CaM, as
judged by probes of secondary and tertiary structure;~2! the quan-
titation of Mg21 binding to CaM by direct fluorometric titrations
using WT CaM and a T26W mutant of syncam~Kilhoffer et al.,
1992!; ~3! the effect of Mg21 on the binding of Ca21 to CaM using
the 5,59-Br2BAPTA indicator method~Linse et al., 1991! and di-
rect fluorometric titrations; and~4! the effect of Mg21 on the
interaction of CaM with target sequences from skeletal muscle
myosin light chain kinase~sk-MLCK! and from neuromodulin, in
the presence and absence of Ca21.

We find that the effect of Mg21 depends on the Ca21 sensitivity
of the CaM–target interaction. The higher affinity of Mg21 for
N-domain compared with C-domain increases the apparent relative
weakness in the Ca21-dependent target affinity of the N-domain,
under conditions of cellular stimulation and@Ca21# increase. Nu-
merical simulations show that this factor significantly enhances the
specificity of the Ca21-dependent target affinity for the C-domain
of CaM in a partially Ca21-saturated intermediate, as previously
postulated~Bayley et al., 1996!. We conclude that intracellular
Mg21 has an effective role in modulating the relative affinities of
Ca21-dependent target interactions. Numerical simulations of the
competitive binding of Mg21 and Ca21 to CaM in the presence of
target sequences illustrate how Mg21 contributes significantly to
the unique versatility of the regulatory Ca21-dependent inter-
actions of CaM.

Results and discussion

Conformational effects of Mg21

Interpreting changes in the optical properties of apo-CaM induced
by adding metal ions~or, indeed, by changing solution conditions
such as pH, ionic strength, or temperature! is complicated by the
fact that the C-domain of apo-CaM is intrinsically unstable, par-
ticularly at low ionic strengths. The free energies for unfolding of
the C-domain~DG820! are;0.5 kcal0mol ~no KCl! and;1.5 kcal0
mol ~100 mM KCl!; the N-domain is significantly more stable
~DG820 ;3.55 kcal0mol in 100 mM KCl! ~Masino et al., 2000!.
Thus, the far-UV CD spectrum of apo-CaM recorded in 25 mM
Tris at 208C ~Fig. 1A, curve B! is significantly less intense than
those recorded in 25 mM Tris at 28C ~curve B*! or in 25 mM Tris
containing 200 mM KCl at 208C ~curve K!. These differences are
consistent with the C-domain~;30% unfolded in 25 mM Tris at
208C! being stabilized by decreasing the temperature or by in-
creasing the ionic strength.~Note: the N-domain of apo-CaM,
which accounts for;55% of the total CD signal~Martin & Bay-
ley, 1986!, is not significantly unfolded in the absence of KCl at
208C.! Addition of Mg21 to apo-CaM in 200 mM KCl has no
effect on the far-UV CD spectrum. Adding Mg21 to apo-CaM in
25 mM Tris increases the intensity~curve Mg! but only to that

obtained by increasing@KCl# or by lowering the temperature. We
conclude, therefore, that the secondary structure of Mg-CaM is
closely similar to that of apo-CaM at physiological ionic strengths,
and that the effect of Mg21 in low ionic strength buffers may be
attributed to Mg21 stabilizing the C-domain of CaM through pref-
erential binding to the native folded state. The well-known effect
of Ca21 ~curve Ca! on the far-UV CD intensity is much larger
~Martin & Bayley, 1986!.

The absorption, near-UV-CD, and Tyr138 fluorescence spectra
of apo-CaM recorded in 25 mM Tris~Fig. 1B–D! show intensities
that are intermediate between those recorded in 200 mM KCl and
those recorded under denaturing conditions~typically 6 M Gu-
HCl!. In each case the intensity measured in 25 mM Tris is con-
sistent with the C-domain of apo-CaM~containing Tyr138, the
major contributor to these spectra! being ;30% unfolded under
these conditions. The absorption~Fig. 1C! and near-UV CD
~Fig. 1B! spectra of CaM in the presence of 10 or 20 mM MgCl2

are closely similar to those of apo-CaM recorded in 200 mM KCl.
In neither case is the characteristic Ca21-induced change ob-
served; suggesting that Mg21 binding has significantly less effect
on the tertiary structure of CaM. In the case of Tyr138 fluorescence
~Fig. 1D!, the addition of Mg21 produces an increase in fluores-
cence similar to, but smaller than that produced by Ca21 ~cf. Kil-
hoffer et al., 1981!. Because the CD results show that Mg21 binding
does not change the secondary or tertiary structure of CaM, this
must mean that the signal from Tyr138 derives from occupancy of
site IV by Mg21 and is not a conformational effect~cf. Seamon,
1980!.

The results reported here are consistent with NMR studies in
which it was concluded that the effects of Mg21 on CaM are
limited to the immediate vicinity of the metal–ion-binding site
~Seamon, 1980; Tsai et al., 1987; Ohki et al., 1997; Ouyang &
Vogel, 1998!. Magnesium therefore should not cause the hydro-
phobic surface exposure characteristic of Ca21 binding. We have
compared hydrophobic exposure in Ca-CaM with that in Mg-CaM
in two ways. The hydrophobic probe TNS binds to Ca-CaM~but
not to apo-CaM! and generates intense fluorescence; we could not
observe this TNS binding in the presence of 10 mM MgCl2 ~cf. Fol-
lenius & Gerard, 1984!. Similarly, we have employed two cysteine
mutants of CaM~S38C and N111C! labeled with the fluorescent
probe dansyl maleimide. In both cases the addition of Ca21 to the
labeled apo-CaM mutant causes a large blue shift in the fluores-
cence, consistent with the probe interacting with exposed hydro-
phobic surfaces on the protein. This effect is not observed upon the
addition of 10 mM MgCl2 to either of the mutant proteins in the
apo state.

Direct measurement of Mg21 binding to the
C- and N-terminal domains of calmodulin

Binding of Mg21 to the C-terminal domain of CaM has been
monitored using the changes in Tyr138 fluorescence described in
Figure 1D. Figure 2A shows Mg21 titrations of apo-CaM per-
formed in the presence of 0, 25, and 100 mM KCl. The final
intensity at saturating@Mg21# is the same at all@KCl#, confirming
that there is no direct effect of KCl on the Tyr138 fluorescence of
Mg-CaM. The signal at the starting point is higher in the absence
of KCl because the C-domain of CaM is partly unfolded under
these conditions and unfolding leads to an increase in the fluores-
cence~see Fig. 1D!. The free@Mg21# at the midpoints of the fluo-
rescence changes correspond toKav~Mg!

C values of 580, 330, and
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175 M21, respectively~cf. Drabikowski et al., 1982!. The corre-
sponding values for calcium~i.e., Kav~Ca!

C ! are given in Table 1.
Binding of Mg21 to the N-terminal domain of CaM has been

monitored using Mg21-induced changes in the tryptophan fluores-
cence of the T26W syncam mutant~Kilhoffer et al., 1992!. To
confirm that the changes in Trp26 fluorescence monitor the bind-
ing of the metal ion to the N-domain of CaM, we performed a
control titration of apo-T26W-syncam with Ca21 in the presence
of 100 mM KCl ~Fig. 2B!. This gave a direct estimate ofKav~Ca!

N as
;4.73 104 M21; in reasonable agreement with a value of;6 3
104 M21 deduced for WT CaM~Linse et al., 1991; Bayley et al.,
1996!.

Figure 2C shows Mg21 titrations of apo-T26W-syncam per-
formed in the presence of 0, 25, and 100 mM KCl. The free
@Mg21# at the midpoints of the fluorescence changes correspond to
Kav~Mg!

N values of 2,700, 1,250, and 570 M21, respectively. The
corresponding values for Ca21 binding to WT-CaM~i.e., Kav~Ca!

N !
are given in Table 1. The effect of ionic strength on the metal ion
affinity appears to be significantly smaller for Mg21 than for Ca21.

This is, however, difficult to quantify because of the ionic strength
contribution from Mg21 itself.

Magnesium0calcium competition

The effects of Mg21 on Ca21 binding have been assessed by the
indicator method using Ca21 titrations of CaM in the presence of
the chelator 5,59-Br2BAPTA and by direct fluorescence titrations
using Tyr138~WT-CaM! or Trp26 ~T26W-syncam!.

Calcium titrations of apo-CaM using the chromophoric chelator
5,59-Br2BAPTA were performed in the presence of 0, 1, 2, 5, and
10 mM MgCl2, with the ionic strength maintained at a constant
value~0.1 M! by appropriate variation in the total KCl concentra-
tion. The titrations are shown in Figure 3A, and the results of the
analyses are presented in Table 2. The productsK1K2 and K3K4

~which reflect binding to the C- and N-terminal domains of CaM,
respectively—see Materials and methods! are both reduced as
@Mg21# is increased. The effect of Mg21 is clearly greatest in the
case ofK3K4, which falls below the detection limit of this chelator

Fig. 1. Optical spectra of CaM.~A! Far-UV CD,~B! near-UV CD,~C! absorption, and~D! fluorescence~280 nm excitation! spectra.
All measurements were made at 208C in 25 mM Tris, pH 8.0~unless otherwise noted!. The symbols denote spectra recorded in buffer
alone~B!, in buffer alone at 28C ~B* !, in buffer plus 200 mM KCl~K !, in buffer plus 1 mM CaCl2 ~Ca!, and in buffer plus 20 mM
MgCl2 ~Mg!. Spectra for the unfolded form~U! were obtained in 10 mM Hepes~pH 7.5! at 758C for far-UV CD and in buffer
containing 6M GuHCl in all other cases.
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at @Mg21# 5 10 mM. The calculatedKav~Mg! values are clearly
rather sensitive to errors in the product of the stoichiometric as-
sociation constants~typically 0.15 log units!. Nevertheless, the
calculated values are closely similar to the average values mea-
sured using direct fluorescence titrations of Tyr138~C-domain,
WT-CaM! and Trp26~N-domain, T26W-syncam!.

Because the responses of Tyr138 fluorescence~WT-CaM! and
Trp26 fluorescence~T26W-syncam! are substantially greater for
Ca21 binding ~see Figs. 1D, 2B,C! it is possible to use these
signals to measure apparent Ca21 affinities in the presence of
Mg21. Ca21 titrations in the presence of 0, 5, and 10 mM Mg21

are shown in Fig. 3B~Tyr138! and 3C~Trp26!. The analysis of
these experiments is presented in Table 3. Given the necessary
approximations involved in these calculations, the estimatedKav~Mg!

values are in good agreement with those derived from Mg21 ef-
fects on the stoichiometric association constants~Table 2!.

Effect of magnesium on interaction
of CaM with target sequences

To assess the effects of Mg21 on the interaction of CaM with
typical target sequences, we have used two Trp-containing pep-
tides, WFFp ~18 residues! and NM2 ~19 residues!. WFFp corre-
sponds to the major part of the CaM-binding domain of sk-MLCK,
and is bound to Ca-CaM with very high affinity at physiological
ionic strengths~Kd ; 2 pM; Martin et al., 1999!. NM2 corresponds
to part of the CaM-binding domain of neuromodulin~with an I4W
substitution! and is bound to Ca-CaM with significantly lower
affinity ~Kd ; 30 nM!. Stoichiometric Ca21 association constants
measured in the presence of WFFp ~or NM2! are logK1 5 6.86
~6.45!, logK2 5 8.01 ~7.19!, logK3 5 6.97 ~5.17!, and logK4 5
6.93 ~5.43!.

The analyses presented here are based on the fact that the Trp
fluorescence spectrum of the peptide depends on the nature of the
CaM species with which it interacts. This is illustrated in Fig-
ure 4A, which shows the spectra of WFFp in the absence of CaM
~lem; 356 nm!, in the presence of apo-CaM~lem; 344 nm!, in
the presence of CaM plus 10 mM Mg21 ~lem; 336 nm!, and in
the presence of CaM plus 1 mM Ca21 ~lem ;332 nm!. These
different signals allow the determination ofKds for the interaction
of the peptide with CaM in the presence and absence of Mg21 or
Ca21. Typical titrations of 2.25mM WFFp with CaM are shown in
Figure 4B. TheKds for the interaction with CaM in the absence of
calcium are;88 nM~at@KCl# 5 0!, ;720 nM~at@KCl# 5 30 mM!,
and;1.4 mM ~at @Mg21# 5 10 mM, @KCl# 5 0!. In the presence

Fig. 2. Interaction of Mg21 and Ca21 with CaM and T26W-syncam.
A: Magnesium titrations of apo-CaM~7.0 mM ! in the presence of 0~▫!,
25 ~n!, and 100~C! mM KCl. The measurements were made at 208C in
25 mM Tris ~pH 8.0!. Excitation was at 280 nm.B: Calcium titration of
apo-T26W-syncam~10.7 mM !. C: Magnesium titrations of apo-T26W-
syncam~5.35mM ! in the presence of 0~▫!, 25 ~n!, and 100~C! mM KCl.
Excitation was at 290 nm. All measurements were made at 208C in 25 mM
Tris ~pH 8.0!.

Table 1. Average Mg21 and Ca21 affinities
of the N- and C-terminal domains of CaM

@KCl#
~mM!

Kav~Mg!
C a

~M21!
Kav~Ca!

C b

~M21!
Kav~Mg!

N c

~M21!
Kav~Ca!

N b

~M21!

0 580 2.03 107 2,700 3.53 106

25 330 2.53 106 1,250 3.53 105

100 175 5.03 105 570 6.03 104

aMeasured using Tyr138 fluorescence~WT CaM!.
bKav~Ca!

C andKav~Ca!
N were calculated from data in Linse et al.~1991! as

described in Materials and methods.
cMeasured using Trp26 fluorescence~T26W syncam!.
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of Ca21 ~25 mM !, the Kd for this peptide is much too low to be
measured by direct fluorometric titration at the concentrations used
here. Interestingly, however, the same curve is obtained when this

titration is repeated in the presence of 10 mM Mg21. Calculation
shows that any effect of Mg21 in reducing theKd must be less than
100-fold. Because of the very lowKd, it is not possible to quantify
the effect of Mg21 in this assay. We have therefore performed
similar studies with the peptide NM2, which binds to Ca-CaM with
much lower affinity, and any effects of Mg21 should be more
readily observable. The results of these experiments are summa-
rized in Table 4. Several features may be noted.

1. The interaction of both peptides with apo-CaM is strongly ionic
strength dependent; thus, theKd in 30 mM KCl is approxi-
mately one order of magnitude greater than that in the absence
of KCl ~cf. Tsvetkov et al., 1999!.

2. Mg-CaM binds either of the peptides more weakly than does
apo-CaM. At the two ionic strengths examined, theKd for the
peptide measured for Mg-CaM is between two- and fivefold
higher than that of apo-CaM. The effect appears to be some-
what greater for NM2 than for WFFp. Although the effect is
small, it would serve to minimize any CaM–target interactions
occurring at resting calcium concentrations. Because the struc-
tures of the complexes formed with apo-CaM are not known the
origin of the effect is unclear. However, as such interactions
appear to be primarily electrostatic in nature~Tsvetkov et al.,
1999!, it may be that the binding of Mg21 ~partially! screens
some important negative charges on CaM.

3. The effect of 5 mM Mg21 on the apparent affinity of Ca-CaM
for NM2 is small, even at the lowest@Ca21# employed~10mM !.
At this @Ca21# the Kd for Ca-CaM in the absence of Mg21 is
also slightly increased compared with values measured at higher
@Ca21#. Part of the effect of Mg21 may be attributable to the
small ionic strength difference in these experiments.

Two testable predictions emerge from these results.

1. Because the affinity of the peptides for CaM is not increased in
the presence of Mg21 ~in fact, it is slightly decreased! then it
should also be true that the affinity of an apo-CaM-peptide
complex for Mg21 is similar to that of apo-CaM. This was
confirmed using a fluorescence titration of the apo-CaM-WFFp

complex with Mg21 in the absence of KCl~Fig. 4C!. The
midpoint of the titration is;0.4 mM, corresponding to an
apparent binding constant for Mg21 to the complex of the order
of 2,500 M21 ~cf. values for apo-CaM itself,Kav~Mg!

N 5 2,700
M21 andKav~Mg!

C 5 580 M21!.

2. Because the Ca21 affinity of CaM is greatly increased in the
presence of target sequences, only low concentrations of Ca21

Fig. 3. Magnesium0calcium competition.A: Ca21 titrations of 26.0mM
5,59-Br2BAPTA plus 48mM apo-CaM in the presence of 0~▫!, 1 ~n!,
2~n!, 5 ~m!, and 10~C! mM MgCl2. A control titration with no CaM~d!
is shown for comparison. The measurements were made at 208C in 10 mM
Tris, 100 mM KCl ~pH 8.0!. The total absorbance change has been nor-
malized to facilitate comparison of the curves.B: Ca21 titrations of apo-
CaM ~3.5 mM ! in the presence of 0~▫!, 5 ~n!, and 10~C! mM MgCl2
monitored using Tyr138 fluorescence. Excitation was at 280 nm. Measure-
ments were made at 208C in 25 mM Tris, 100 mM KCl~pH 8.0!. C: Ca21

titrations of apo-T26W-syncam~10.7mM ! in the presence of 0~▫!, 5 ~n!,
and 10~C! mM MgCl2 monitored using Trp26 fluorescence. Excitation was
at 290 nm. Measurements were made at 208C in 25 mM Tris, 100 mM KCl
~pH 8.0!.

Effects of magnesium on calmodulin–target interactions 2481



should be required to displace Mg21 from the Mg-CaM-peptide
complex. This was confirmed by the observation~data not shown!
that only low calcium concentrations~,12 mM ! were required
to convert the Mg-CaM-WFFp spectrum to the Ca-CaM-WFFp

spectrum in the presence of 10 mM Mg21.

Analysis of Mg21 effects on Ca21-dependent
CaM–target interactions

The effect of Mg21on Ca21-dependent interaction of CaM with
typical target sequences has been assessed by measuring affinities
under specified Ca21, Mg21 concentration conditions. Stoichio-
metric association constants for Ca21 binding in the presence of
WFFp and NM2 have also been measured. In the absence of target,
the productsK1K2 andK3K4 reflect binding to the C- and N-terminal
domains of CaM, respectively~Linse et al., 1991!. In the presence
of WFFp, both these products are increased, showing that both
domains undergo a Ca21-dependent interaction with different parts
of the target. The affinities for Ca21 in the presence of NM2 show
that the productK1K2 is increased significantly more thanK3K4,
indicating that it is the C-domain that is mainly involved in the
Ca21-dependent interaction. Calcium titrations of apo-CaM plus
WFF ~Martin et al., 1996! and NM2 ~not shown! show that the
near-UV CD signals associated with the peptide Trp and Tyr138

are .75% complete upon the addition of two Ca21 ions. This
shows that the first two Ca21 bind principally to the C-terminal
domain of CaM~as with CaM in the absence of target!, which
interacts with the N-terminal portion of the WFFp ~or NM2! se-
quences to form the Ca2-CaM-WFFp and Ca2-CaM-NM2 com-
plexes. We conclude that the productsK1K2 andK3K4 also reflect
C- and N-domain binding in the presence of these target sequences.

We model the behavior of this system of CaM, Ca21, Mg21, and
peptide by calculating the concentrations of appropriate species as
a function of@Ca21#. The interrelationships of the main species are
shown in Scheme 1. We adopt a simple model in whichK1 andK2

for the interaction of Ca21 with a CaM–peptide species are re-
duced by 10~1 1 Kav~Mg!

C @Mg21#!, while the correspondingK3 and
K4 are reduced by 10~11 Kav~Mg!

N @Mg21#!. We have confirmed the
validity of this assumption by measuring stoichiometric Ca21 as-
sociation constants for CaM in the presence of NM2 in a buffer
containing 5 mM MgCl2. The values~log K1 5 5.93, logK2 5
7.05, logK3 5 4.55, and logK4 5 4.66! correspond to reductions
by factors of 3.3~K1!, 1.4~K2!, 4.2~K3!, and 5.9~K4!, which agree
moderately well with predicted values~see above! of ;1.9~K1 and
K2! and;3.85 ~K3 andK4!. Nevertheless, this is a minimal illus-
trative model since the effects of Mg21 are attributed solely to
competition with Ca21. Thus, any Mg21-induced changes in target
affinity are ignored; i.e., it is implicitly assumed that Mgx-CaM
and apo-CaM have the same affinity for the target, and the same
relationship holds for MgxCay-CaM and Cay-CaM. If Mgx-CaM
actually binds the target more strongly than does apo-CaM, then
the enhancement of target affinity by Ca21 binding could be at-
tenuated even further than indicated. These calculations allow an
illustration of the principles by which Mg21 can exert a significant
influence on target interactions, despite the limited ability of Mg21

to produce conformational changes in CaM.
For simplicity, we show only the concentrations of species with

0, 2, and 4 bound Ca21 ions. Figures 5A and 5B shows that the
saturation curve for the appearance of Ca4-CaM is shifted from
pCa 4.8 to pCa 4.2 in the presence of 5 mM Mg21. At the same
time, the behavior of the intermediate species Ca2-CaM changes
significantly, being maximally 72% of total CaM at pCa 5.3
~Fig. 5A! and 82% at pCa 4.9~Fig. 5B!. Thus, an increased amount
of CaM is present at this intermediate, and this exists at a higher
@Ca21#. In the presence of peptide WFFp, all four stoichiometric
association constants are significantly increased. Hence, the satu-
ration curve is displaced from pCa 4.8~Fig. 5A! to pCa 6.3~Fig. 5C!
by the peptide, and in the presence of Mg21, from pCa 4.2~Fig. 5B!

Table 2. Ca21 titrations of apo-CaM in the presence of 5,59-Br2BAPTA at different [Mg21 ]

@Mg21#
~mM!

Measured
log~K1K2!

Measured
Kav~Ca!

C

~M21!a

Calculated
Kav~Mg!

C

~M21!b
Measured
log~K3K4!

Measured
Kav~Ca!

N

~M21!c

Calculated
Kav~Mg!

N

~M21!b

0 11.55 5.953 105 — 9.61 6.383 104 —
1 11.44 5.253 105 135 9.36 4.783 104 333
2 11.28 4.373 105 182 8.89 2.783 104 649
5 10.82 2.573 105 264 8.66 2.143 104 397

10 10.71 2.263 105 163 — — —

aCalculated as~K1K2!
0.5.

bCalculated as described in Materials and methods.
cCalculated as~K3K4!

0.5.

Table 3. Fluorescence titrations in the presence
of different [Mg21 ]

@Mg21#
~mM!

Measured
Kav~Ca!

C a
Calculated
Kav~Mg!

C b
Measured
Kav~Ca!

N c
Calculated
Kav~Mg!

N b

0 5.553 105 — 4.673 104 —
5 3.123 105 167 9.903 103 745

10 2.223 105 150 5.523 103 748

aMeasured using Tyr138 fluorescence~WT CaM!. The @Ca#0.5 values
used in the calculation ofKav~Ca!

C were corrected for minor N-domain oc-
cupancy, which was estimated to be;3% at the midpoint@Ca21# observed
in the experiment with no Mg21.

bCalculated as described in Materials and methods.
cMeasured using Trp26 fluorescence~T26W syncam!. The @Ca#0.5 val-

ues used in calculation ofKav~Ca!
N were corrected by assuming that the

C-domain was at least 97% occupied at the midpoint@Ca21# observed in
the experiment with no Mg21.
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to pCa 5.8~Fig. 5D!. Again, the maximal proportion of the inter-
mediate species~Ca2-CaM-WFFp! increases, from 42% at pCa 6.6
~Fig. 5C! to 61% at pCa 6.2~Fig. 5D!. The intermediate species is
present in a significantly greater proportion of the total CaM, and
this is achieved optimally at the expense of an increase in the
@Ca21# of approximately threefold~from pCa;6.3 to;5.8!; i.e.,
at a level~;1 mM ! only slightly above resting@Ca21#. Thus, the
effect of Mg21 is to moderate the effect of peptide in enhancing
the apparent affinity of CaM for Ca21 and setting the range over
which formation of the Ca4-CaM-target complex is formed and,
hence, by analogy over which enzyme activation by Ca21 is gen-
erally expected to occur.

An interesting contrast is presented by the peptide NM2, based
on the target sequence of neuromodulin, which shows Ca21-
independent interaction with CaM. The main category of such
targets includes proteins with the IQ motif, IQxxxRGxxxR, as
reviewed by Houdusse et al.~1996!. These include the~generally!
multiple IQ sequences of unconventional myosins, and the single
IQ motifs of the neuronal proteins, neuromodulin~GAP43!, neuro-
granin ~RC3!, and Pep19. Neuromodulin itself binds CaM some-
what more strongly in the absence of Ca21 ; we report the affinity
for a modified version of the target sequence with the I4W sub-
stitution ~NM2! in the presence and absence of Ca21 : the affinity
for CaM is seen to be ionic strength dependent in the absence of
Ca21 ~Table 4!. The affinity for the target sequence is enhanced
only 1,000-fold in the presence of Ca21, in marked contrast to the
case of sk-MLCK. The species plots show that the affinity of NM2
is such that in the absence of Mg21 ~Fig. 5E!, the intermediate
species Ca2-CaM-NM2 is formed to;75% at pCa5 6.1: the effect
of 5mM Mg21 ~Fig. 5F! is to increase the maximum amount of
Ca2-CaM-NM2 to ;83% at pCa5 5.6, with a significant broad-
ening of the@Ca21# range over which this species is significantly
populated. At the same time, the midpoint for full saturation in-
creases from pCa; 5.1 to pCa; 4.5, representing the increased
@Ca21# required to effect full formation of Ca4-CaM-NM2. It may
be noted that the saturation curve is also a function of the absolute
concentration of CaM, for a given@NM2#0@CaM# ratio, and, at
higher values, the saturation curve in the presence of NM2 be-

Fig. 4. Effect of Mg21 on the interaction of CaM with a target peptide.
A: Fluorescence spectra of WFFp ~6.7 mM ! and its complexes with apo-
CaM, Ca-CaM, and Mg-CaM.B: Titrations of WFFp ~2.3 mM ! with CaM
in buffer alone~▫!, 250mM CaCl2 ~d!, 100mM CaCl2 1 10 mM MgCl2
~C!, 30 mM KCl ~n!, and 10 mM MgCl2 ~L!. C: Titration of apo-CaM-
WFFp complex ~6.7 mM ! with MgCl2. All measurements were made at
208C in 25 mM Tris ~pH 8.0!. Excitation was at 290 nm.

Table 4. Peptide affinities in the presence of different
concentrations of Ca21, Mg21, and KCl

@Ca21#
~mM !

@Mg21#
~mM!

@KCl#
~mM!

Kd ~WFFp!
~nM!

Kd ~NM2!
~nM!

0 0 0 88~12! 70 ~12!
0 5 0 720~80! 780~120!
0 10 0 1,400~150! 2,500~400!
0 0 15 420~70! 260~45!
0 0 30 750~120! 490~120!
0 0 100 35,000~5,000! 39,000~8,000!

10 0 100 nda 71 ~7!
26 0 100 nd 31~9!

100 0 100 nd 34~6!
1,000 0 100 0.002b 31 ~6!

10 5 100 nd 158~18!
26 5 100 nd 75~12!

100 5 100 nd 72~14!

and, not determined.
bFrom Martin et al.~1999!.
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comes more biphasic, reflecting the dominant effect of the C-domain
specificity, and the enhancement of this by Mg21.

Figure 6 shows the effect of varying free@Ca21# on the apparent
target affinity for the two peptides in the presence and absence of
5 mM Mg21. These curves are calculated from~1! measured val-
ues of the stoichiometric association constants for Ca21 ~K1 2 K4!
in the presence and absence of either target peptide;~2! values of
the stoichiometric association constants for Mg21 estimated from
the measuredKav values using the simplifying assumption that the
two sites within each domain are identical; and~3! the measured
affinity of either peptide for apo-CaM~all measurements in 100 mM
KCl at pH 8!. The curves show the target specific Ca21 sensitivity
of the affinity of the interactions, with limiting values ofKp ap-
proaching 1012 M21 and 107 M21 for WFFp and NM2, consistent
with measured values~Martin et al., 1999, and this work!. Also,
over a 100-fold range of@Ca21# corresponding to the typical stim-
ulation ~pCa 7 to 5!, the presence of Mg21 has a marked effect in
reducingKapp by 1.4 log units~325! for WFFp and 0.6 log units
~43! for NM2. These differences indicate the practical range of
modulation by Mg21, which can be produced for a target~WFFp!
in which both domains interact with Ca–CaM~hence, there is a
strong effect of Mg21 on the N-domain interaction with the target
sequence! and for a different sequence~NM2!, which interacts
preferentially with the C-domain~and hence the N-domain effect
is lacking!. Thus, the sensitivity of a Ca21-dependent target inter-
action to the presence of Mg21 ion can provide information about
whether one or more domains of CaM are involved. For example,
the lesser effect of Mg21 on CaM interaction with caldesmon site
A peptide, compared with the larger effects with sk-MLCK and
PDE ~Ohki et al., 1997!, suggests that it is the C-domain of CaM
that interacts with this portion of the caldesmon target protein.

Discussion

In addressing the question of how the presence of Mg21 affects the
interactions of CaM with target sequences, we have sought to
rationalize some of the apparent differences in the literature re-
garding the interactions of Mg21 with CaM itself. In this regard,
the intrinsic instability of apo-CaM, and the subsequent sensitivity
of its conformation to solution conditions such as temperature and

ionic strength mean that these factors have to be controlled to
allow quantitative deductions to be made on effects that are spe-
cific to divalent ion binding. We have concentrated on elucidating
when the binding of Mg21 causes observable effects in terms of
conformational or spectroscopic differences. These are found gen-
erally to occur in the physiological range of@Mg21# ~1–5 mM; i.e.,
much greater than the estimated concentration of cytoplasmic CaM
~;10 mM; Persechini & Cronk, 1998!. In view of the affinities
involved, the studies reported here do not allow a definite assess-
ment of the stoichiometry of Mg21 interactions. The effects we
report are consistent with Mg21 binding at the same four sites as
Ca21, as indicated by specific Mg21-dependent site-related signals
in NMR studies~Seamon, 1980; Tsai et al., 1987; Ohki et al., 1997;
Ouyang & Vogel, 1998!. Experiments with the isolated N-domain
of CaM ~Malmendal et al., 1998! show that Mg21 binds with
threefold higher affinity to site I, where it perturbs residue I27
~cf. perturbation of I27, and the analogous residues I63, I100, and
V136 on occupancy of sites I–IV by Ca21 ~Biekofsky et al., 1998;
Biekofsky & Feeney, 1998!. In the present work, spectrophoto-
metric titration with Mg21 indicates occupancy of sites in the N-
and C-domains of CaM withKav 570 and 180 M21. However, we
cannot exclude the possibility that other external sites can be in-
volved in additional Mg21 binding, as suggested by mass spec-
trometry and calorimetry~Milos et al., 1986; Lafitte et al., 1995;
Gilli et al., 1998!.

We therefore now discuss the effect of the direct substitution of
Mg21 for Ca21 in an EF-hand site of CaM in terms of~1! the
likely conformational consequences in the immediate vicinity of
the ion and beyond, and~2! the possible functional effect in target
interactions.

The main effect of replacement of Ca21 by Mg21 in EF-hand
structures appears to be the change from seven-~or higher! coor-
dination of the metal ion to a more regular six-coordinated octa-
hedral liganding~Falke et al., 1994!. The conformational adjustment
involves mainly the ligand from position 12 of the canonical EF-
hand binding loop. In CaM, this is a strongly conserved glutamate
residue~Falke et al., 1994!, which is the second residue of the
outgoing “F-helix.” This residue provides bidentate~-Z-axis! liga-
tion to Ca21 in each of the four EF-hands of CaM, and this binding
is coupled to the conformational change of a given domain from

Scheme 1.Principal species in the system: calmodulin1Mg21 1 Ca21 1 target~P!.
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the apo “closed” form, to the holo “open” form~Finn et al., 1995;
Kuboniwa et al., 1995; Zhang et al., 1995!. This change is most
readily represented as a modification in the interhelical angle of
the two helices of a given EF-hand~see also Yap et al., 1999, for
intermediate examples!. It is the open form that has the hydropho-
bic exposure used in target recognition and interaction by Ca-CaM
~Crivici & Ikura, 1995!.

It appears that -Z liganding in an EF-hand is a potential deter-
minant for either local or more global conformational effects. CD
and NMR data show that binding of Mg21 to CaM induces little of
the global conformational effect produced by Ca21 binding, but
fluorescence data suggest that Mg21 binding does cause local
effects on binding loop residues in both domains. NMR structures
of apo-CaM~1cfd.pdb, 1dmo.pdb! show the close proximity of the
side chains of Tyr138 and Glu139, which could be responsible for
the highly quenched tyrosine fluorescence emission~cf. Kilhoffer
et al., 1981; Pundak & Roche, 1984!. Several high-resolution Ca-
CaM structures~e.g., 1osa.pdb and 4cln.pdb!, show that the biden-
tate Ca21 binding to Glu140 is accompanied by the displacement
of Tyr138 from Glu139 toward Glu82, and Ca-CaM shows a nor-
mal intense fluorescence emission spectrum. We postulate that
~even monodentate! liganding of Glu140 by Mg21 could account

for the similar ~but smaller! increase in fluorescence emission
observed upon Mg21 binding. In Ca21-binding site I~N-domain!,
ligation of Mg21 by Glu31 and by the polypeptide carbonyl of
residue 7 in the loop~T26 in WT CaM! causes a change in the
local environment as monitored by NMR of Thr26~Malmendal
et al., 1999! and Ile27~Ohki et al., 1997!. This could account for
the observed Mg21-induced change in the fluorescence emission
of the substituted Trp residue at position 26 in the T26W syncam
mutant.

X-ray data are not available for Mg21 bound to CaM, but high-
resolution structures exist for Ca21 and Mg21 bound to the arche-
typal EF-hand of parvalbumin. These structures show that when
bidentate Ca21 is replaced by monodentate Mg21, there is very
little effect on the conformation and interhelical angle of the parv-
albumin EF-hand pair, which remains in the normal “open” form
~4pal.pdb; Declercq et al., 1991!. In a parvalbumin mutant with a
Glu to Asp substitution at position 12 of Ca21-binding site I, Mg21

binding causes a translation of 1.1A in the position of the F-helix
~1b8c.pdb; Cates et al., 1999!, showing again that Mg21 can be
fully six-coordinated in an EF hand. However, the function of
parvalbumin is thought to be that of a Ca21 buffer rather than a
Ca21 sensor or trigger~Ikura, 1996!, and the open conformation is

Fig. 5. Computer simulation of Ca21 saturation curves. Concentrations of species containing zero~dotted lines!, two ~dashed lines!,
and four~solid lines! calcium ions calculated for:~A! CaM, ~B! CaM in 5 mM Mg21, ~C! CaM1 WFFp, ~D! CaM1 WFFp in 5 mM
Mg21, ~E! CaM 1 NM2, ~F! CaM 1 NM2 in 5 mM Mg21. The curves were calculated for 10mM CaM plus 25mM peptide using
the stoichiometric association constants given in the text. The constants for CaM alone~log K1 5 5.23, logK2 5 6.42, logK3 5 4.33,
log K4 5 5.33! were taken from Martin et al.~1996!.
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apparently not associated with target interactions. In the case of
CaM, mutation of Glu to Gln or Lys in position 12 of any of the
Ca21-binding loops has been shown to affect Ca21 affinity and
domain conformation~Martin et al., 1992; Maune et al., 1992a,
1992b!, but does not necessarily prevent target interactions, which
can occur with reduced affinity~cf. Haiech et al., 1991; Findlay
et al., 1995!. The effect of mutating the Glu at position 12 of the
loop to Gln has been investigated in detail by the Forsén group,
and in the case of site IV, evidence exists for the loop adopting a
multiplicity of conformations in dynamic interchange~Evenäs et al.,
1997!.

Thus, the question arises: does Mg-CaM represent the confor-
mation of apo-CaM, but with Mg21 ligated ~possibly monov-
alently! in the usual Ca21 sites? The resemblance between the two
is found in ~1! far-UV CD spectra~Fig. 1A, curves Mg and K!
indicating a similar~stable! secondary structure;~2! the absence of
hydrophobic exposure in either domain with Mg21 ; and ~3! the
similarity in near-UV CD and absorption spectra~Fig. 1B,C; curves
Mg and K!. Differences are shown in~1! the NMR spectra; and~2!
and in the fluorescence of Tyr138~Fig. 1D, curves Mg and K!,
both markedly different from the emission spectrum of apo-CaM.
These results lead us to postulate that apo-CaM and Mg-CaM are
probably similar in the globular portion of each domain containing
the hydrophobic core~which is not exposed to solvent!, but with a
more specific conformation to the loop sequences bound to Mg21

than the flexible empty binding loops of apo-CaM. The binding of
Mg21 has the additional effect of stabilizing both domains against
thermal denaturation~Tsalkova & Privalov, 1985! and recent stud-
ies of chemical denaturation~Masino et al., 2000! show that the
stabilizing effect is greater in the N-domain, consistent with the
higherKav of this domain for Mg21. Thus, 5 mM Mg21 increases
the stabilities of the N- and C-domains of CaM at 208C by ;1.4
and 0.6 kcal0mol. It is therefore likely that physiological@Mg21#
helps to ensure that CaM is largely in the Mg21-bound form under
“Ca21-free” conditions. Presumably this helps to protect against
possible thermal or enzymatic degradation, and further protection

may result from interaction with Ca21-independent targets such as
neuromodulin.

It is well established that Mg21 does not substitute for Ca21 in
promoting the CaM-dependent activation of target enzymes, and
this selectivity is the basis of the Ca21-dependent physiological
response. However, the ability of Mg21 to compete with Ca21

suggests that it can exert a modulating effect in the regulation of
CaM–target interactions. In previous work, we have investigated
the nature of the species generated as a result of the response of
CaM to changing@Ca21#. It was suggested that a species of inter-
mediate calcium saturation~Ca2-CaM-target!, involving occu-
pancy of the C-domain sites may function under both equilibrium
and kinetic conditions as an inactive but readily activatable inter-
mediate, with a role in the regulatory process~Bayley et al., 1996;
Brown et al., 1997!. The existence of such a species is due to the
difference in average affinity~and corresponding rate constants!
for Ca21 binding to the two domains, deriving from the significant
differences that exist in the otherwise highly conserved loop se-
quences. The presence of Mg21 has a different effect on the Ca21

affinity of each domain. The values ofKav for Mg21 binding to
either domain derived from competition studies using the indicator
method agree well with the values obtained from direct Mg21

titrations. Hence, we deduce that these affinities correspond to
Mg21 binding processes that cause the small but specific confor-
mational effects in the binding loops of both domains. These val-
ues also agree with earlier work in showing that Mg21 binds
significantly more tightly to the N-domain. The result is that the
intrinsic differences in the average Ca21 affinity of the two do-
mains is significantly amplified in the presence of Mg21.

The simulation of a relatively simple mechanism of competition
of Ca21 and Mg21 for the normal binding sites illustrates the
magnitude of the modulating influence of Mg21 that can be gen-
erated by this mechanism. Any such competition clearly attenuates
the apparent increase in Ca21 affinity of CaM in the presence of a
~Ca21-dependent! target sequence. In addition, Ca21 binds pref-
erentially to the C-domain, whereas Mg21 binds preferentially to
the N-domain. Thus, the optimal proportion of the intermediate
Ca2-CaM-target complex is increased by the presence of Mg21,
and this occurs in a target specific way. This adds a further degree
of versatility in the domain specificity of CaM-target interactions.

In conclusion, the biological effect of Mg21 is significant in two
main respects: first, Mg21 increases the thermodynamic stability
of both domains of CaM, decreasing the fraction of unfolded pro-
tein potentially present under physiological conditions. Thus, a
primary role of Mg21 could be the avoidance of CaM in a truly
apo state in which it would be vulnerable to unfolding and pro-
teolytic cleavage~Mackall & Klee, 1991!. Second, the opposite
differential affinities of Ca21 and Mg21 for the N- and C-domains
of CaM mean that the domain specificity in the Ca21-dependent
interaction of CaM with a given target sequence can be modulated
by Mg21. The target preference is normally for the C-domain, and
this can be further enhanced by persistence of the Ca2-CaM-target
complex at higher@Ca21# due to the fact that Mg21 competes
more effectively with Ca21 for binding to the N-domain. If a
particular target sequence selectively increased the Mg21 affinity
of the N-domain, then such effects could be enhanced still further.
By contrast, in the case where the target sequence interacts only
with the C-domain, the modulating effects of Mg21 vs. Ca21 are
expected be less significant. In the case of “Ca21-independent”
target interactions, the present work indicates that it is important to
evaluate affinities of target not simply for Ca21-free CaM, but also

Fig. 6. Mg21 effects on target affinity. The effect of Mg21 on the apparent
affinity ~Kapp, M21! of CaM for the target peptides WFFp ~squares! and
NM2 ~circles! as a function of free@Ca21#. Open symbols, no Mg21;
closed symbols, 5 mM Mg21. Calculations were performed as described in
the text.
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for Ca21-free CaM in the presence of Mg21, because in physio-
logical concentrations of Mg21, apo-CaM is largely converted into
the Mg21-bound form.

Materials and methods

Proteins and peptides

DrosophilaCaM was expressed inEscherichia coliand purified as
described~Browne et al., 1997!. CaM was made Ca21-free by
incubating with 15 mM EGTA and then desalting by passage though
two Pharmacia PD10~G25! columns equilibrated with Chelex-
treated buffer~25 mM Tris, 100 mM KCl, pH 8.0!. The peptides
WFFp ~Ac-KRRWKKNFIAVSAANRFK-NH 2! and NM2 ~Ac-
ATKWQASFRGHITRKKLKG-NH2! were prepared as described
~Findlay et al., 1995!. WFFp is the first 18 residues of M13, the
CaM target sequence of sk-MLCK; NM2 corresponds to part of
the target sequence of neuromodulin with an I4W substitution.
Concentrations were determined spectrophotometrically usingE2805
5,690 M21 cm21 for the peptides~Gill & von Hippel, 1989! and
E279 5 1,578 M21 cm21 for Ca-CaM~Maune et al., 1992b!.

Optical spectra

Near- and far-UV CD spectra of CaM were recorded on a JASCO
J-715 spectropolarimeter as described~Findlay et al., 1995; Bayley
et al., 1996!. Spectra are presented as the CD absorption coeffi-
cient calculated using the molar concentration of CaM~5 DEM!
rather than on a mean residue weight~mrw! basis. Values ofDEmrw

may be calculated asDEmrw 5 DEM0N, whereN is the number of
peptide bonds~5 146 for CaM!. Absorption spectra were recorded
using a Cary 3E spectrophotometer. Uncorrected tryptophan emis-
sion spectra were recorded using a SPEX FluoroMax fluorimeter
with lex5 280 or 290 nm~bandwidth 1.7 nm! and emission from
310 to 450 nm~bandwidth 5 nm!. Spectra were recorded in 25 mM
Tris ~pH 8.0! with added KCl, CaCl2, and MgCl2 as appropriate.
Buffers for measurements in the absence of Ca21 contained some
EGTA ~;20mM ! to ensure the complete absence of Ca21. Spectra
were recorded at 208 unless otherwise noted.

Calcium binding studies

The stoichiometric Ca21 association constants for CaM in the
presence and absence of Mg21 ~1–10 mM! were determined from
Ca21 titrations of apo-CaM performed in the presence of the che-
lator 5,59-Br2BAPTA, using published methods~Linse et al., 1991;
Martin et al., 1996!. Measurements were made at 208C in 10 mM
Tris, 100 mM KCl, pH 8.0. The presence of Mg21 does not in-
terfere with the assay, because the association constant of the
chelator with Mg21 is ,5 M21 under these conditions~S.R. Mar-
tin, unpubl. obs.; cf. Pethig et al., 1989!. Titrations of apo-CaM in
the presence of excess NM2 or WFFp were performed using 5,59-
Br2BAPTA or Quin 2, as described elsewhere~Bayley et al., 1996!.

For an isolated CaM domain~with two stoichiometric calcium
association constants,K1 and K2!, it is convenient to define an
average~or mean! calcium affinity asKav~Ca! 5 ~K1K2!0.5. The
reciprocal ofKav~Ca! is the free Ca21 concentration at the midpoint
of the saturation curve. If Mg21 competes directly with Ca21 for
the two available sites, then the average Ca21 affinity measured
in the presence of a fixed concentration of Mg21 should be equal

to Kav~Ca!
C 0~1 1 Kav~Mg!

C ! for the isolated C-domain andKav~Ca!
N 0

~1 1 Kav~Mg!
N ! for the isolated N-domain~Malmendal et al., 1999!.

In the case of intact CaM, the situation is more complex because
there are four stoichiometric constants to be considered. However,
the C-domain of CaM binds Ca21 more strongly than the N-domain,
and it is easy to show~Linse et al., 1991! that the average affinity
of the C-domain for Ca21, Kav~Ca!

C , is approximately equal to
~K1K2!0.5, while the average affinity of the N-domain for Ca21,
Kav~Ca!

N , is approximately equal to~K3K4!0.5. The effects of Mg21

on the average Ca21 affinities of the two domains in intact CaM
may then be assessed in the same way as for an isolated domain.

Determination of peptide affinities

Dissociation constants for WFFp and NM2 were determined by
direct fluorometric titration of the peptide with CaM in 25 mM Tris
at pH 8.0 as described elsewhere~Findlay et al., 1995!.
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