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ABSTRACT: The enhancement of calmodulin’s (CaM) calcium binding activity by an enzyme or a recognition
site peptide and its diminution by key point mutations at the protein recognition interface (e.g., E84K-
CaM), which is more than 20 Å away from the nearest calcium ligation structure, can be described by an
expanded version of the Adair-Klotz equation for multiligand binding. The expanded equation can
accurately describe the calcium binding events and their variable linkage to protein recognition events
can be extended to other CaM-regulated enzymes and can potentially be applied to a diverse array of
ligand binding systems with allosteric regulation of ligand binding, whether by other ligands or protein
interaction. The 1.9 Å resolution X-ray crystallographic structure of the complex between E84K-CaM
and RS20 peptide, the CaM recognition site peptide from vertebrate smooth muscle and nonmuscle forms
of myosin light chain kinase, provides insight into the structural basis of the functional communication
between CaM’s calcium ligation structures and protein recognition surfaces. The structure reveals that
the complex adapts to the effect of the functional mutation by discrete adjustments in the helix that contains
E84. This helix is on the amino-terminal side of the helix-loop-helix structural motif that is the first to
be occupied in CaM’s calcium binding mechanism. The results reported here are consistent with a sequential
and cooperative model of CaM’s calcium binding activity in which the two globular and flexible central
helix domains are functionally linked, and provide insight into how CaM’s calcium binding activity and
peptide recognition properties are functionally coupled.

Calmodulin (CaM)1 is the most extensively studied
member of a class of proteins used by eukaryotic cells to
transduce intracellular calcium signals into biological re-
sponses (for a recent review, see ref1). CaM serves this
biological role through its ability to function as a calcium
binding regulatory subunit of a diverse array of enzymes,
structural proteins, and membrane transporters. Variations
on common molecular themes provide potential mechanisms
for the differential response of CaM-regulated pathways to
calcium signals (2). These include the varied expression of
specific CaM-regulated enzymes or isozymes among tissues,
differential subcellular localization provided through targeting
sequences in the CaM-regulated enzyme, and differential
calcium binding affinity of CaM due to its presence in
supramolecular complexes with various CaM binding struc-

tures. While an increasing level of insight into the molecular
basis of differential expression and localization has been
provided by the study of CaM-regulated enzymes and their
genes, less is known about the coupling of CaM’s calcium
binding activity to its enzyme regulation and recognition
properties. Because CaM-mediated pathways involve a single
protein in several discrete biological responses, knowledge
about this early step that is common to multiple signal
transduction pathways is required for an understanding of
how eukaryotic cells integrate their differential responses to
environmental stimuli and maintain organismal homeostasis.

The diverse biological, biochemical, and physical methods
used in the search for fundamental themes in CaM-mediated
calcium signal transduction pathways have revealed con-
served features of CaM and related them to cellular function
and enzyme regulation (for a recent review in relation to
CaM-regulated protein kinases, see ref2). For example,
phylogenetic analyses have revealed sets of amino acids in
CaM that have been conserved for an estimated 1 billion
years, and site-directed mutagenesis and functional analyses
have demonstrated the importance of such conserved amino
acids in enzyme regulatory activity and eukaryotic cell
survival (3). While a variety of charged and hydrophobic
amino acids throughout the CaM sequence exhibit phylo-
genetic conservation and have been correlated with CaM’s
biochemical activities (4-13), E84 is the only single amino
acid that has been demonstrated to be critical for both in
vitro and in vivo function (9-14).
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Quantitative analyses of the functional importance of
phylogenetically conserved amino acids of CaM have
benefited from the study of the broadly distributed vertebrate
smooth muscle and nonmuscle myosin light chain kinase
isozyme (sm/nmMLCK) and its more restricted skeletal
muscle isozyme (skMLCK). These are experimentally at-
tractive enzymes that have revealed fundamental themes
reiterated in a broad array of CaM-regulated proteins (for
recent reviews, see refs2 and 15). Briefly, MLCKs were
the first enzymes for which a CaM recognition site was
identified (16, 17), and are the most thoroughly characterized
of the CaM-regulated enzymes (2). The segmental organiza-
tion of function in the primary structure of CaM-regulated
enzymes and the relief-of-autoinhibition mechanism of
enzyme activation by CaM are two themes that were
elucidated through studies of MLCKs (13) and have since
been found in most CaM-regulated enzymes (2). In the case
of the sm/nmMLCK, synthetic peptide analogue studies (17)
and site-directed mutagenesis of the enzyme (13) demon-
strated that the CaM recognition properties of sm/nmMLCK
can be mimicked to a significant extent by more experimen-
tally tractable peptide analogues, called RS20 peptide
sequences (13, 17).

The availability of the RS20 peptide analogue and chemi-
cally homogeneous mutant sm/nmMLCKs allowed the
experimental uncoupling of the enzyme binding step from
the enzyme activation step in the molecular mechanism of
CaM regulation, and the mechanistic study of complementary
features in CaM and a CaM-regulated enzyme. For example,
CaMs mutated at the phylogenetically conserved E84 were
found to have selectively diminished sm/nmMLCK activator
activity (9, 13), and this loss of function could be suppressed
by complementary charge reversal mutations of sm/nm-
MLCK in the CaM recognition segment (13). The later
determination of the crystallographic structure of a complex
between CaM and an RS20 peptide analogue (18) demon-
strated that E84 of CaM was a contact residue at the interface
with the peptide, and provided insight into the structural basis
of the recognition between CaM and sm/nmMLCK. On the
basis of an array of hydrophobic interactions at the interface
between CaM and the peptide, site-directed mutagenesis of
specific methionine residues (M71, M72, M109, and M124)
of CaM demonstrated (4) their importance in the activation
of sm/nmMLCK. Therefore, a variety of structural, chemical
modification, site-directed mutagenesis, and activity results
reported over the past decade are in agreement concerning
the importance of the RS20 sequence of sm/nmMLCK in
CaM recognition, and the functional importance of key
hydrophobic and charged amino acids of CaM found at the
peptide recognition interface (2).

Although there is general agreement about the biochemical
relevance of CaM’s interaction with RS20 peptide sequences
and the functional importance of certain hydrophobic and
charged residues of CaM at the structural interface (4, 5,
13, 18), the importance of these key interface amino acids
to CaM’s calcium binding activity at structurally distant
calcium ligation sites has not been addressed. This is
especially important in light of the demonstration (19) that
the RS20 peptide is able to mimic sm/nmMLCK’s enhance-
ment of CaM’s affinity for calcium, and to suppress the loss
of calcium binding activity resulting from mutations of
calcium ligation residues in CaM. However, the available

crystallographic (18) and NMR-based structures (20-22) for
complexes of CaM-RS20 peptide analogues have demon-
strated that the nearest calcium ligation site of CaM is distant
from the functionally important interface residues. A full
understanding of the physiological roles of CaM-enzyme
complexes in the integration of intracellular calcium signals
requires that we gain additional insights into how the
interaction of CaM with specific enzymes is related to CaM’s
calcium binding activity, and whether the loss of CaM’s
enzyme activation activity by mutation at interface residues
has any effect on CaM’s signature calcium binding and
calcium-dependent regulatory activities.

While much has been learned over the past decade about
CaM’s enzyme recognition and ion binding properties,
controversy concerning the mechanism of calcium binding
still exists. It is now widely accepted that there is an ordered
binding of calcium (i.e., the first site to be occupied in the
mechanism is the calcium ligation structure III, and then
ligation structure IV, followed by binding to the amino-
terminal pair of calcium ligation structures), and that there
is cooperativity between each pair of sites found in each of
the two globular domains (1, 19, 23, 24). The controversy
surrounds whether CaM is composed of two coupled globular
domains with a functionally important flexible helix in the
center, or two independent domains that are tethered together
by a central linker sequence. A variety of studies have
supported the model of two coupled globular domains and
the functional importance of key residues in the flexible
central helix, including changes in susceptibility to proteoly-
sis (25-27), functional effects of site-directed mutagenesis
(8, 9, 12-14, 19), kinetics of calcium dissociation (28), and
site specific probes (23, 29). Recently, scanning calorimetric
studies (30) showed that the surface electrostatic potential
of CaM (8) may be a contributor to both CaM’s asymmetric
functional characteristics, in terms of the order of calcium
binding (19), and in the coupling between the two globular
domains (30). Therefore, a variety of experimental data and
computational analyses are consistent with a model in which
the four calcium binding sites in CaM are functionally
coupled in an ordered mechanism of calcium binding, the
flexible central helix is functionally important, and there are
discrete interactions among the domains. In other words, an
increasing body of evidence indicates that CaM is more than
the sum of its separate domains.

The enhancement of CaM’s affinity for calcium by the
RS20 peptide sequence (19) is consistent with either model
of calcium binding. A more detailed analysis of the change
in CaM’s calcium binding activity in the presence of the
RS20 peptide might allow a further discrimination between
the two prevailing models of the calcium binding mechanism,
and provide insight into how CaM’s enzyme recognition
activity and calcium binding activity are functionally linked.
In this regard, an examination of how point mutations at the
CaM-peptide interface affect the calcium dependence of
enzyme activation or CaM’s calcium binding activity might
provide the required experimental foundations for modeling
how these two fundamental features of CaM are linked.

We report here on investigations in which the well-
characterized CaM-sm/nmMLCK and CaM-RS20 peptide
system was used to gain insight into how CaM’s enzyme
recognition and calcium binding activities are linked func-
tionally. We found that the basis of RS20 peptide enhance-
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ment of CaM’s calcium binding activity is through selective
effects on each of the four macroscopic Ca2+ binding
constants of CaM, with the greatest effect being enhanced
binding by the two low-affinity sites of CaM. Further, we
report here that E84 is a key residue at the CaM-RS20
peptide interface for coupling the peptide recognition and
calcium binding activities of CaM, despite being more than
20 Å away from the nearest calcium ligation site in CaM.
The results described here were used as the experimental
foundation for a more detailed and generalizable computa-
tional description of the functional linkage between CaM’s
calcium and peptide recognition properties.

MATERIALS AND METHODS

Materials

Ultrapure water (Milli-Q system, Millipore) was used in
all experiments. Buffers were stored in polyethylene contain-
ers pretreated with acid and rinsed with deionized water.
Reagents were ACS grade or better. Highly pure MgCl2 and
KCl were from Aldrich Chemical Co.; a standard solution
of CaCl2 was obtained from Radiometer.45CaCl2 (specific
activity of 10.6 mCi/mg) was purchased from ICN.

The CaMs (GenBank accession numbers M11334, AF08-
3237, AF083238, and AF084435) used in this study were
produced inEscherichia coli, purified, decalcified, and
prepared for calcium binding studies using previously
described protocols (19). The sm/nmMLCK was purified
from chicken gizzard tissue (13) or produced by recombinant
DNA technology (rMLCK1) as previously described (13),
except for the use of a baculovirus Sf9 polyhedron-virus
expression system in place of anE. coli system. Briefly, the
infected cells were incubated at 27°C for 72 h prior to
harvest and then washed two times with PBS at 22°C. The
washed cells were harvested by gentle scraping and cen-
trifugation at 1000g for 20 min at 4°C. Cell pellets were
disrupted by douncing in 2 volumes of buffer A [50 mM
Tris-HCl, 5 mM EGTA, 1 mM EDTA, 5 mM DTT, and 5
mM benzamidine (pH 7.5)] on ice. The extract was then
centrifuged at 20000g for 20 min at 4°C. The supernatant
was applied to a DEAE-cellulose (Whatman DE-52) column
previously equilibrated in buffer A without benzamidine. The
column was washed with 10 column volumes of buffer A
and then step eluted with buffer A containing 150 mM NaCl.
Fractions containing the enzyme were pooled; Ca2+ was
added to a final concentration of 10 mM, and the enzyme
was further purified by CaM-Sepharose chromatography
(31). Fractions containing MLCK activity were made 5 mM
in benzamidine and concentrated on a Centriprep 30 (Ami-
con) concentrator to the desired concentration.

The RS20 peptide analogue (RRKWQKTGHAVRAIGR-
LSSS-amide) of the CaM binding site of sm/nmMLCK and
the CK20 peptide analogue (RRKLKGAILTTMLATRNFSS-
amide) of the CaM binding site of CaM-dependent protein
kinase II (CaMPKII) were synthesized, purified, and char-
acterized as previously described (17).

Methods

Protein and Peptide Concentration Determinations. The
concentration of proteins and peptides was determined by
amino acid analysis after acid hydrolysis (19).

MLCK ActiVator Assays. The ability of CaMs to activate
sm/nmMLCK was determined as described previously (13),
except that the standard assay conditions at 25°C were 50
mM HEPES (pH 7.5), 5 mM MgCl2, 150 mM KCl, 15 mM
NaCl, 0.2 mM [γ-32P]ATP (specific activity of 200-300
cpm/pmol), 50µM synthetic peptide substrate (KKRPQRA-
TSNVFAM-amide), 1 mM DTT, and 1 mg/mL bovine serum
albumin. The CaM dependence of sm/nmMLCK activation
was studied using 1-5 nM sm/nmMLCK and increasing
amounts of CaMs in the presence of 0.1 mM CaCl2. Values
for the apparent CaM activation constant (KCaM) were
calculated from the sm/nmMLCK activation data, using the
relationship

whereA is sm/nmMLCK activity at a given CaM concentra-
tion [CaM] andAmax is the maximal sm/nmMLCK activity
in the presence of a molar excess of CaM. The [CaM] used
in the calculations approximates the [CaM] added under the
conditions used here. The averageKCaM values were calcu-
lated using the linear regression algorithm of InPlot version
4.0 (GraphPad Software Inc.).

Values for the apparent Ca2+ binding constant (K′Ca2+) were
calculated from sm/nmMLCK activation data at various Ca2+

concentrations. Experiments were performed using 1-5 nM
sm/nmMLCK and 500 nM CaM. Ca2+ concentrations in the
EGTA-buffered solutions were calculated with a computer
program (32) based on the reported (33) dissociation
constants of EGTA and ATP for Ca2+ and Mg2+. K′Ca2+

values were determined by curve fitting of the Ca2+

dependence of sm/nmMLCK activation data, using the
relationship

whereA is the sm/nmMLCK activity at a given [Ca2+], A0

is the sm/nmMLCK activity in the absence of added Ca2+,
andR is the Hill slope for the activation curve. For all CaMs
studied,A0 was found to be equal to zero. The averageK′Ca2+

values were calculated using the nonlinear regression algo-
rithm of InPlot version 4.0 (GraphPad Software Inc.).

Calcium Binding Assays. Calcium binding experiments
were performed on decalcified CaM samples by the flow
dialysis method (34) as described by Haiech et al. (19) except
the buffer used consisted of 50 mM HEPES, 5 mM MgCl2,
150 mM KCl, and 15 mM NaCl (pH 7.5). In the flow dialysis
experiments, the CaM concentration varied from 10 to 60
µM depending upon the mutant studied and the presence of
the CaM binding peptides. In experiments with CaM-
peptide complexes, the molar ratio of synthetic peptide
concentration to that of CaM was 1.5:1. In each experiment,
2-3 µCi of 45CaCl2 was used, followed by subsequent
additions of unlabeled Ca2+ to the flow dialysis chamber each
1.5 min. The dialysis flow rate was 3 mL/min, and fractions
were collected in 20 mL scintillation vials at 20 s intervals.
Radioactivity was determined by adding 10 mL of Ecoscint
A (National Diagnostics) to each vial and counting in a
Beckman 6500 liquid scintillation counter. No quenching
corrections were applied.

Calculations of Calcium Binding Parameters. To calculate
the amounts of bound and free Ca2+, the specific activity of

1/A ) 1/Amax + KCaM/Amax[CaM]

A ) A0 + (Amax - A0)/[1 + 10(log K′Ca2+ - log[Ca2+])R]
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Ca2+ in the flow cell was corrected for the dilution occurring
upon the addition of unlabeled Ca2+ at each step and the
loss of radioactive ligand in the effluent at each step during
the course of the experiment. Calcium binding data were fit
to sigmoidal titration curves; half-maximal Ca2+ binding
values, stoichiometry, Hill coefficients, and 95% confidence
intervals for these values were calculated using InPlot version
4.0 (GraphPad Software Inc.).

Macroscopic Ca2+ dissociation constants for the CaM and
CaM-peptide complexes were obtained by fitting the
titration data to the Adair-Klotz multisite binding equation
(35) modified for flow dialysis-derived Ca2+ binding data
(36):

wherey is the bound Ca2+ ratio (moles per mole) andx is
the concentration of free Ca2+ (micromolar). Termsa-d are
defined, for CaMs in the absence of peptide, as follows:a
) 1/K1; b ) 1/K1K2; c ) 1/K1K2K3; d ) 1/K1K2K3K4. The
terms for CaM-RS20 peptide complexes are as follows:a
) 1/K1′; b ) 1/K1′K2′; c ) 1/K1′K2′K3′; d ) 1/K1′K2′K3′K4′.
The terms K1, K2, K3, K4, K1′, K2′, K3′, and K4′ are
macroscopic calcium dissociation constants, andj is the slope
term for nonspecific binding.

Calcium binding parameters were calculated from at least
two experiments for each CaM or CaM-peptide complex.

Fluorescence Assays. Fluorescence titrations of RS20
peptide with wild-type CaM and E84K-CaM were performed
using 300 nM RS20 in 50 mM HEPES, 5 mM MgCl2, 150
mM KCl, 15 mM NaCl, and 1 mM CaCl2 (pH 7.5) and a
SLM AB2 spectrofluorometer (SLM Instruments, Inc.) with
excitation at 295 nm and emission scanned from 310 to 370
nm. Fluorescence intensities were measured following each
addition of an aliquot of a CaM stock solution. The emission
spectra of E84K-CaM-RS20 and wild-type CaM-RS20
peptide complexes have maxima at 328 and 327 nm,
respectively. The fluorescence enhancements are 2.67 for
E84K-CaM-RS20 and 2.96 for wild-type CaM-RS20
peptide complexes. Curve fitting was carried out using eq
2, where the fractional fluorescence (F - Fo/Fmax - Fo) was
the ordinate and the added CaM/peptide ratio was the
abscissa with the nonlinear curve fitting routine of Prism
2.01 (GraphPad Software Inc.). Simulated curves using a
Monte Carlo routine for random error forKD values of 3.5
and 6.8 nM as well as standard simulations ofKD values of
35 and 350 nM and a peptide concentration of 300 nM were
obtained using eq 2 and Prism 3.0 (GraphPad Software Inc.).

E84K-CaM-RS20 Peptide Crystallography. The E84K-
CaM solution was 24 mg/mL in 25 mM Tris-HCl (pH 7.5);
the RS20 peptide solution was 15 mg/mL in water. E84K-
CaM-RS20 crystals grew at 4°C in hanging drops contain-
ing 4 µL of CaM solution, 2µL of RS20 solution, 2µL of
buffer A [20% polyethylene glycol (PEG8000), 100 mM
sodium acetate, 5 mM CaCl2, and 0.01% sodium azide,
titrated with acetic acid to pH 4.6], and 2µL of buffer B
(same as buffer A but at pH 6.0). One milliliter of buffer A
was used for the reservoir solution. Crystals appeared in
approximately 10 days. The crystals belonged to space group
P21 with the following dimensions:a ) 61.2 Å,b ) 40.56

Å, c ) 32.77 Å, andâ ) 91.71°, with one E84K-CaM-
RS20 peptide complex per asymmetric unit. X-ray diffraction
data were collected on the Xuong-Hamlin multiwire detection
system (37). The data were processed with the San Diego
Multiwire Systems software (38) with a finalRmergeof 6.49%
for all data collected to 1.9 Å resolution.

The E84K-CaM-RS20 structure was determined using
molecular replacement methods with the Ca2+-saturated wild-
type CaM-RS20 peptide analogue complex (molecule B of
PDB file 1CDL) as the search model. This model was judged
to have the fewest undefined atoms and the lowest average
rms deviation of the four complexes in the asymmetric unit.
After multiple cycles of simulated annealing using the
program X-PLOR (39) and model building using the program
O (40), the finalR-factor for the model is 17.1%. This model
was refined against 30-1.9 Å data, applying the X-PLOR
bulk solvent correction (41). The freeR-factor (42) for the
final E84K-CaM-RS20 model is 24.2%. The error in the
coordinates as estimated using the methods of Luzzati (43)
and Read (44) was 0.2 Å. The final model has one E84K-
CaM-RS20 complex per asymmetric unit which contains
the 148 residues of E84K-CaM, 4 calcium ions, 20 residues
of RS20, 148 ordered water molecules, and 1 ordered acetate
molecule from the crystallization buffer. The calculated (45)
average rms deviations from ideal bond lengths and bond
angles are 0.008 Å and 1.117°, respectively. The quality of
the electron density map can be seen in the region around
the E84K mutation that is shown in Figure 5.

RESULTS

The potential coupling between CaM’s Ca2+ binding
activity and enzyme recognition properties has not been well
explored, although it is established that a CaM recognition
site peptide from an enzyme, such as the RS20 peptide,
allows dissociation of enzyme recognition and enzyme
activation with retention of stimulatory effects on calcium
binding activity. Among the available point mutations of
CaM that are at the interface of CaM’s interaction with RS20
peptide, three have been especially useful in both activity
and functional analyses. E84K-CaM (accession number
AF083237) and E120K-CaM (accession number AF083238)
have diminished sm/nmMLCK activator activity (8, 9, 13),
and the combination of the E84K and E120K mutations (e.g.,
E84K/E120K-CaM; accession number AF084444) abolishes
activity (46). As a control for discrimination among CaM-
regulated protein kinases, the E120K mutation has an effect
on the activation of calmodulin-dependent protein kinase II
(CaMPKII), whereas the E84K mutation does not. However,
the effects of these CaM mutations on the calcium depen-
dence of sm/nmMLCK activator activity have not been
reported. Because these types of mutants are unique with
their proven ability to identify key residues in CaM’s in vitro
and in vivo functions (8-14, 47), they were used as the
starting point in explorations of how perturbation at the
CaM-enzyme interface might alter calcium responsiveness
and recognition. A detailed analysis of the calcium binding
data was carried out to gain insight into how the peptide
binding is coupled to calcium binding, and partially un-
coupled by the E84K mutation. The resultant computational
modeling of the calcium binding data for the wild-type
CaM-RS20 and E84K-CaM-RS20 peptide complexes
provided a basis for presenting a more detailed mathematical

y ) (ax + 2bx2 + 3cx3 + 4dx4)/(1 + ax + bx2 + cx3 +
dx4) + jx (1)
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description of the linked equilibria that describe the interac-
tions among Ca2+, CaM, and the enzyme, and the determi-
nation of the high-resolution crystal structure of the mutant
complex provided insight into the structural basis of this
functional coupling.

How Do the Functionally Diagnostic Mutants E120K-CaM
and E84K-CaM Alter the Calcium Dependence of sm/
nmMLCK Enzyme ActiVation?To determine if either E84K-
CaM or E120K-CaM were useful as perturbants of the
linkage between CaM’s calcium binding and enzyme rec-
ognition properties, the calcium dependencies of activation
by the two mutant CaMs and wild-type CaM were compared.
While both E84K-CaM and E120K-CaM are contact residues
and have reduced sm/nmMLCK activator activities compared
to wild-type CaM, only E84K-CaM requires a higher
concentration of calcium to attain its maximal activity (Figure
1).

It could not have been predicted in advance that E84 would
be more important than E120 in CaM’s calcium dependence
of sm/nmMLCK regulation. Neither residue is close to the
calcium binding sites of CaM, and both have been found to
be peptide contact residues in the crystal structure of the
CaM-RS20 peptide analogue complex. The apparent Ca2+

binding constant (K′Ca2+) for sm/nmMLCK activation (see
Materials and Methods) by E84K-CaM is 0.69( 0.02µM,
compared to 0.17( 0.02 µM for wild-type CaM. The
apparent CaM activation constant,KCaM (see Materials and

Methods), is 5.0( 0.4 nM for E84K-CaM, compared to 1.4
( 0.7 nM for wild-type CaM. In other words, a 4-fold change
in K′Ca2+ is correlated with a 3.6-fold change inKCaM.

The experimentally determined relationship betweenK′Ca2+

andKCaM is unexpected on the basis of the generally accepted
descriptions of the calcium dependence of enzyme activation
by CaM. The scheme that has traditionally been used to
describe the relationships among Ca2+ binding and enzyme
(E) interaction with CaM and to calculate the commonly used
K′Ca2+ andKCaM values is as follows (50) (Scheme 1):

whereKCaM is the apparent CaM activation constant for the
enzyme (E),KCa2+ is the apparent Ca2+ binding constant for
the interaction of Ca2+ with CaM, andK′Ca2+ is the apparent
Ca2+ binding constant for the interaction of Ca2+ with the
CaM-enzyme complex. If the E-CaM-Ca4 is the only
active species, then any changes inK′Ca2+ must be raised to
the fourth power to be proportional to changes inKCaM.
Therefore, the observed 4-fold change inK′Ca2+ seen with
the CaM point mutation (E84K) at the CaM-peptide
interface should have resulted in theKCaM for sm/nmMLCK-
E84K-CaM being changed by 256-fold [)(0.69/0.17)4],
rather than the observed 3.6-fold.

The results require that key assumptions be examined to
determine why the experimental results do not correlate with
the expected results. For example, the existing models (see
ref 1) allow only for an all-or-none effect of enzyme binding;
i.e., there is not a provision for variable coupling between
peptide and Ca2+ binding. Thus, any effect of an interface
mutation on Ca2+ binding would be simply due to the failure
to form a CaM-enzyme complex. In addition, it is assumed
that the Ca2+ binding properties of wild-type CaM and E84K-
CaM would be similar because the mutation is not in a
calcium binding site of CaM. As the next step in our
investigation, we tested the validity of some of these
assumptions.

Is the Change in Calcium-Dependent Enzyme ActiVation
Due to a Change in the Calcium Binding ActiVity of E84K-
CaM?One of the more straightforward assumptions that can
be checked by direct ligand binding using flow dialysis is
that a mutation of CaM outside of a calcium ligation structure
can alter the calcium binding activity. A comparison of the
Ca2+ binding properties of wild-type CaM and E84K-CaM
was carried out under the same conditions that were used
for enzyme activation analysis. As shown in Figure 2, the
calcium binding curves of wild-type CaM and E84K-CaM
are essentially superimposable, and plateau at a stoichiometry
of 4. Therefore, the results are consistent with the calcium
binding activity of wild-type and mutant CaMs being similar,
and do not provide an explanation for the deviation of the
experimental results in Figure 1 from the expected values
for KCaM. However, these results do not address the possibility
that the calcium binding properties of E84K-CaM might
differ from those of wild-type CaM if examined as part of a
complex with a CaM binding structure.

FIGURE 1: Calcium dependence of sm/nmMLCK activation by
wild-type and mutant CaMs. MLCK activation curves for wild-
type CaM (b), E84K-CaM (O), and E120K-CaM (×) are shown.
Plotted on theX-axes are calculated free Ca2+ concentrations in
the EGTA-buffering system (A and B). Plotted on theY-axis are
specific activities of sm/nmMLCK (A) or the percent of maximal
sm/nmMLCK activator activity for each CaM (B). These experi-
ments were carried out with 33.3 nM CaM and 50 nM sm/
nmMLCK (molar ratio of 1:1.5). Each point represents the mean
of triplicate measurements. The curves are the best fits of the data
to a sigmoidal function as described in Materials and Methods.
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Is the Change in Calcium-Dependent Enzyme ActiVation
Due to a Change in the Calcium Binding ActiVity of E84K-
CaM When It Is Part of a Complex? Related to This, Does
a Mutation at the Interface Partially Uncouple the Enhance-
ment of CaM’s Calcium Binding ActiVity by a CaM Recogni-
tion Site Peptide?The sm/nmMLCK or its CaM recognition
site peptide, RS20 peptide, can enhance the calcium binding
activity of CaMs. This raises the logical possibility that the
Ca2+ binding activity of the E84K-CaM might differ from
that of wild-type CaM when associated with a CaM binding
structure. Although E84 is more than 20 Å away from the
nearest calcium binding site, it is theoretically possible that
E84 might alter Ca2+ binding activity of the CaM-RS20
peptide complex through a critical functional role at the
CaM-peptide interface. To directly address this possibility,
the calcium binding activities of the E84K-CaM-RS20
peptide complex and that of the wild-type CaM-RS20
peptide complex were compared to each other and to those
of CaMs in the absence of RS20 peptide.

As shown in Figure 3A, the E84K-CaM-RS20 peptide
complex exhibited an 8.5-fold increase in overall calcium
binding affinity, whereas the wild-type CaM-RS20 peptide
complex showed about a 30-fold increase in Ca2+ binding
affinity compared to either CaM alone. However, the change
in the Hill coefficient for the calcium binding curves for
CaMs compared to those for the CaM-RS20 peptide
complexes is similar. That is, the values for both wild-type
CaM and E84K-CaMs are changed from 1.2 to 1.7 in the
presence of RS20 peptide. This is suggestive of an effect of
the E84K mutation that is not all-or-none with respect to
Ca2+ binding enhancement. This point is addressed in a
following section.

The reduced enhancement of the Ca2+ activity of E84K-
CaM-RS20 peptide complex compared to that of wild-type
CaM-RS20 peptide complex is a selective effect in that the
Ca2+ binding properties of the E120K-CaM-RS20 peptide
complex (Figure 3A) are essentially identical to that of the
wild-type CaM-RS20 peptide complex, even though E120K
is also a peptide contact residue. In addition, when E82K-
CaM (accession number AF084435) was tested for Ca2+

dependence of sm/nmMLCK activation and Ca2+ binding
activity, it was found to be indistinguishable from wild-type
CaM (data not shown). E82 is not a peptide contact residue
in CaM, but is located proximal to E84 in the same helix
structure. Therefore, the decreased calcium binding activity

of the E84K-CaM-RS20 peptide complex is a selective
effect that cannot be mimicked by similar mutations of
glutamic acids that are in the same helix as E84, or by similar
mutations of another glutamic acid that is a peptide contact
residue.

Although the data clearly demonstrate a key role for E84
in linking CaM’s calcium binding activity to its calcium-
dependent regulation of sm/nmMLCK, it is reasonable to
ask if this key role for E84 is potentially a general feature,
or selective for those enzymes which report a functional
effect of the E84K mutation. As an initial test of this question
about enzyme selectivity, the calcium binding activity of
E84K-CaM complexed with the CaM recognition sequence
from CaMPKII (CK20 peptide) was examined because of
this enzyme’s known resistance (8, 13) to the E84K mutation
in CaM. As shown in Figure 3B, the calcium binding
activities of mutant and wild-type CaMs complexed with
CK20 peptide are similar. In addition, the difference in the
affinity of Ca2+ binding by the CaM-CK20 peptide complex
compared to that of the CaM-RS20 peptide complex is
consistent with the differences in Ca2+ sensitivity of the
parent kinases. Therefore, the effect on the calcium binding
activity of E84K-CaM in a complex is a feature that shows
selectivity among CaM recognition site peptides, possibly

FIGURE 2: Ca2+ binding properties of wild-type and mutant CaMs.
Representative Ca2+ binding curves of wild-type CaM (b) and
E84K-CaM (O) are shown. The curves are the best fit of the data
to a sigmoidal function as described in Materials and Methods.

FIGURE 3: Ca2+ binding properties of wild-type and mutant CaMs
in the presence of CaM recognition peptides. (A) Ca2+ binding
curves from representative experiments with complexes containing
RS20 and either wild-type CaM (b), E84K-CaM (O), or E120K-
CaM (×) are shown. Curves were generated by the best fit of the
data to a sigmoidal function as described in Materials and Methods.
The dashed line indicates the relative position of the calcium binding
curve for wild-type CaM or E84K-CaM in the absence of RS20
(see Figure 2). (B) Ca2+ binding curves from representative
experiments with complexes containing CK20 peptide and either
wild-type CaM (b) or E84K-CaM (O) are shown. Flow dialysis
experiments were performed, and curves were generated by best
fit of the data to a sigmoidal function as described in Materials
and Methods.
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reflecting whether the CaM mutation affects the particular
enzyme activity.

Can the Loss of Calcium Binding ActiVity Seen with a
Point Mutation at the CaM-Peptide Interface Be Explained
Simply by the Loss of Peptide Binding ActiVity? An obvious
explanation, based on more simplified models of the interac-
tions between CaM and recognition site peptides, is that the
decreased ability of RS20 peptide to enhance E84K-CaM’s
Ca2+ binding activity compared to that of wild-type CaM is
due to a corresponding loss of RS20 peptide binding activity
by E84K-CaM. There is a 4-fold difference in the Ca2+

dependence of sm/nmMLCK activation and a similar dif-
ference in the Ca2+ affinity of the two CaM-peptide
complexes. As discussed above, the predicted change in
peptide binding affinity is therefore expected to be at least
44- or 256-fold if the linkage between calcium binding and
enzyme recognition is simply the ability to form a CaM-
Ca4 complex (all-or-none model). However, this prediction
does not consider coupling among the various calcium
binding events and between each calcium binding event and
peptide binding. To test the validity of prevailing models
and potentially gain insight into the mechanism, we directly
compared the binding of RS20 peptide to wild-type CaM
and E84K-CaM to see if there was a greater than 200-fold
loss of RS20 peptide binding activity.

The binding of RS20 peptide to CaM can be conveniently
monitored due to the fluorescence properties of the single
tryptophan residue in the peptide. The tryptophan emission
spectrum of RS20 peptide undergoes a blue shift (355 to
327 nm) for both wild-type CaM and E84K-CaM complexes
characteristic of a tryptophan residue placed in a hydrophobic
environment. In addition, the fluorescence signal is enhanced
to comparable levels in both the wild-type and E84K-CaM
complexes. Results of fluorescence monitoring of additions
of wild-type CaM and E84K-CaM to RS20 peptide in the
presence of saturating Ca2+ are shown in Figure 4.

The data for RS20 peptide binding by both wild-type CaM
and E84K-CaM plateau at CaM/RS20 peptide ratios close

to 1.0, and clearly do not reveal a 256-fold difference. To
obtain the dissociation constants, fluorescence data from 336
to 338 nm were averaged and fit to the nonlinear equation
(48)

whereF is the fluorescence intensity for each titration point,
Fmax is the maximal fluorescence intensity of the CaM-RS20
peptide complex,Fo is the fluorescence intensity of the
peptide in the absence of CaM,K is KD (the dissociation
constant for the CaM-RS20 peptide complex),x is the
concentration of CaM added, andE is the initial concentra-
tion of RS20 peptide (300 nM). Dissociation constants from
two independent experiments for each CaM were averaged.
The calculatedKD values for wild-type CaM and E84K-CaM
are 3.5( 1.9 and 6.8( 5.2 nM, respectively. TheKD value
for wild-type CaM is comparable to values calculated
previously from competition/inhibition binding experiments
(17, 49).

To address the question of assay discrimination (i.e., can
a 256-fold difference be detected), we generated simulation
curves with random error in the data for each of the average
KD values (see Materials and Methods). Simulated curves at
KD values 10- or 100-fold higher than that of wild-type CaM
were shifted to the right and readily distinguishable from
the experimental data (Figure 4). Thus, the method would
be able to distinguish differences much smaller than 256-
fold, indicating that the differences in Ca2+ binding between
wild-type CaM-RS20 and E84K-CaM-RS20 peptide com-
plexes cannot be explained solely by a difference in the RS20
peptide binding to Ca2+-saturated CaMs. Therefore, an
explanation of the results in Figures 3 and 4 requires an
expanded description that considers a variable effect of
peptide interactions on calcium binding. As described in a
subsequent section, an expansion of the Adair-Klotz equa-
tion allows a mathematical description of the relationship
between calcium binding and peptide binding activity.

Could the Enhancement of CaM’s Ca2+ Binding ActiVity
by RS20 Peptide and Its Partial Uncoupling in E84K-CaM
Be a Reflection of Discrete Effects on CaM’s Ca2+ Binding
ActiVity? The results with the E84K-CaM-RS20 peptide
complex indicate a partial uncoupling of RS20 peptide’s
ability to enhance CaM’s calcium binding activity. However,
current models of Ca2+ binding by CaM do not provide an
explanation for how RS20 peptide binding might enhance
CaM’s Ca2+ binding activity, much less its partial uncoupling
by a mutation at the CaM-peptide interface that is so remote
from a calcium binding site. As a first step toward gaining
insight into parameters that might be important in such a
model, we subjected the experimental data to a more detailed
analysis which considers the interactions between partially
saturated CaM and enzyme and/or peptide presented in
Scheme 2:

FIGURE 4: RS20 peptide binding properties of wild-type CaM and
E84K-CaMs. Analysis of RS20 peptide binding by monitoring the
fluorescence change in the single tryptophan residue of RS20 was
carried out as described in Materials and Methods. Binding data
were generated by titration of RS20 (300 nM) with increasing
amounts of wild-type CaM (b) or E84K-CaM (O). The curve fitting
routine (see Materials and Methods) yielded direct estimations of
KD values with anR2 of >0.98 for both wild-type CaM (3.5( 1.9
nM) and E84K-CaM (6.8( 5.2 nM). Data shown are from one
representative experiment for each CaM. Plotted on theX-axis are
the molar ratios of CaM to RS20 peptide; plotted on theY-axis are
the fractions of maximal enhancement of fluorescence intensity
upon RS20 binding for each CaM. To ascertain the sensitivity of
the assay method to changes inKD, simulated curves (see Materials
and Methods) forKD values 10- and 100-fold higher than that of
wild-type CaM were generated. The dotted line shows the simulated
curve for aKD of 35 nM, and the dashed line shows the simulated
curve for aKD of 350 nM.

F - Fo/Fmax - Fo ) 0.5{x/E + K/E + 1 - [(x/E +

K/E + 1)2 - 4x/E]1/2} (2)
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whereK1-K4 are dissociation constants for Ca2+ binding
by CaM andK1′-Κ4′ are the corresponding dissociation
constants for Ca2+ binding by each CaM-E complex.Ka-
Ke are the association constants for the interaction of E
(enzyme or CaM binding peptide) with CaM.

Ca2+ binding data for uncomplexed wild-type CaM and
E84K-CaM and their complexes with RS20 peptide were
analyzed using the Adair-Klotz equation for multisite ligand
interactions (eq 1; see Methods). This allowed an estimation
of how the individual macroscopic Ca2+ dissociation con-
stants might be altered by a CaM binding structure.

The estimated macroscopic calcium dissociation constants
for CaM and CaM-RS20 peptide complexes are listed in
Table 1. This more detailed analysis indicates an enhance-
ment of approximately 100-fold for two lower-affinity
macroscopic dissociation constants of wild-type CaM (com-
parison ofK3 andK4 to K3′ andK4′). Two other macroscopic
dissociation constants (comparison ofK1 andK2 to K1′ and
K2′) are also enhanced between 5- and 37-fold in the wild-
type CaM-RS20 peptide complex. The calculated macro-
scopic constants allow one to estimate an overall∆G for
the calcium binding by CaM or by the CaM-RS20 peptide
complex (Table 1). The difference in computed∆G values
for the wild-type CaM-RS20 peptide and wild-type CaM
alone (-8.5 kcal/mol) represents the free energy of coupling
(50) and is indicative of the overall difference in energetics
of Ca2+ binding by CaM compared to that by the CaM-
RS20 peptide complex.

The computed values in Table 1 reveal no net effect of
the E84K mutation on calcium binding by uncomplexed
CaM, consistent with the lack of a difference in the overall
calcium binding activity between wild-type CaM and E84K-
CaM (Figure 2). Similarly, smaller effects of RS20 peptide
on the individual constants for E84K-CaM (Table 1) are
consistent with the RS20 peptide only increasing the affinity
of E84K-CaM by 8.5-fold compared to the 30-fold change
observed for wild-type CaM (Figure 3A). Specifically, the
RS20 peptide only increases the macroscopic calcium
dissociation constants of E84K-CaM (comparison ofK1, K2,
and K4 to K1′, K2′, and K4′, respectively) between 3- and
8-fold. The greater enhancement (24-fold) is calculated only
for one lower-affinity macroscopic dissociation constant
(comparison ofK3 to K3′). The computed free energy of

coupling for the E84K-CaM-RS20 peptide complex is-5.0
kcal/mol. Overall, the difference in the energetics of coupling
between the two complexes (wild-type CaM-RS20 peptide
vs E84K-CaM-RS20 peptide) is approximately-3.5 kcal/
mol. This magnitude of the free energy difference would be
consistent with a change of perhaps one or two hydrogen
bonds or ion pairs, suggestive of discrete structural changes
(addressed in the last section of the Results).

Can an Expanded Version of the Generalizable Adair-
Klotz Equation Describe the Calcium Binding Data and the
Coupling of Ca2+ and Peptide Binding EVents?As mentioned
above, an expansion of the mathematical description of Ca2+

binding is necessary for determining how Ca2+ binding and
peptide binding are quantitatively coupled. A need for
expansion of the Adair-Klotz equation was proposed by
Klotz (51) to enable a mathematical description for multisite
binding of ligands to receptors. This is especially needed in
cases where the binding of one ligand affects the binding
affinity of another ligand, and where allosteric effects due
to protein conformation changes (e.g., arising from either a
second protein interaction or dimerization) must be accounted
for in the ligand binding process. In the CaM-peptide
complexes, both of these conditions are operative. Using
other terms, the calcium-CaM-RS20 peptide system has
both homotropic (between calcium binding events) and
heterotropic (between calcium and peptide binding events)
linkages. The expansion of the Adair-Klotz equation to more
accurately fit the experimental data for such complexes is
presented below and includes the introduction of coupling
terms:

wherey is the amount of bound Ca2+ (moles per mole) for
the CaM-RS20 peptide complex,x is the concentration of
free Ca2+, K1-K4 are macroscopic calcium dissociation
constants for CaM in the absence of peptide,Cn are the
coupling factors applied to each stoichiometric macroscopic
constant of the uncomplexed CaM, andj is a nonspecific
binding term. The calculated coupling factors derived from
the experimental data are shown in Table 2.

The expanded equation makes no assumptions about the
mechanism of Ca2+ binding, only that an external ligand (e.g.,
peptide or protein) can affect each Ca2+ binding parameter.
Ca2+ binding data obtained for the CaM and CaM-peptide
complexes can be fit to this expanded equation, allowing
solution for the coupling factors associated with each
macroscopic constant. However, the observation that cou-
pling between peptide and calcium binding is found at all

Table 1: Macroscopic Ca2+ Dissociation Constantsa for CaMs and
CaM-RS20 Peptide Complexes.

CaM
RS20

peptide
K1(K1′)
(µM)

K2(K2′)
(µM)

K3(K3′)
(µM)

K4(K4′)
(µM)

∆Gb

(kcal/
mol)

wild-type no 15.0( 2.0 13.0( 0.9 82.4( 8.4 102.0( 9.2 -24.3
wild-type yes 0.4( 0.1 2.5( 0.2 0.8( 0.2 1.1( 0.1 -32.8
E84K no 16.6( 4.0 23.4( 4.3 111.3( 4.1 45.4( 4.5 -24.2
E84K yes 5.1( 1.9 3.2( 1.0 4.6( 1.3 5.8( 0.6 -29.2

a Ca2+ binding by CaMs and CaM-RS20 peptide complexes was
studied using flow dialysis (see Figures 2 and 3A) under the standard
experimental conditions [50 mM HEPES, 150 mM KCl, 15 mM NaCl,
and 5 mM MgCl2 (pH 7.5)] as described in Materials and Methods.
Macroscopic dissociation constants (Kn for CaMs orKn′ for CaM-
RS20 peptide complexes) were determined by fitting the data to the
Adair-Klotz equation for four-site cooperative binding (eq 1).R2 )
0.999 for wild-type CaM and E84K-CaM;R2 ) 0.998 for wild-type
CaM-RS20 and E84K-CaM-RS20 peptide complexes.b The free
energy of calcium binding∆G was calculated with the equation∆G
) RT ln K1K2K3K4, whereR is the gas constant andT is 298 K.

Table 2: Peptide-Calcium Coupling Factorsa for CaM-Can-RS20
Peptide Complexes

CaM-RS20 peptide complex C1 C2 C3 C4

wild-type CaM-RS20 peptide 40.6 5.2 112.3 82.7
E84K-CaM-RS20 peptide 3.3 7.0 37.0 5.4

a Peptide-calcium coupling factors (C1-C4) were calculated by
fitting Ca2+ binding data for CaM-RS20 peptide complexes to the
modified Adair-Klotz equation (eq 3) using macroscopic dissociation
constantsK1-K4 from Table 1.

y ) (C1x/K1 + 2C1C2x
2/K1K2 + 3C1C2C3x

3/K1K2K3 +

4C1C2C3C4x
4/K1K2K3K4)/(1 + C1x/K1 + C1C2x

2/K1K2 +

C1C2C3x
3/K1K2K3 + C1C2C3C4x

4/K1K2K3K4) + jx (3)
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four Ca2+ binding events is consistent with the accumulating
body of evidence that supports a sequential and cooperative
mechanism for this process. The coupling between calcium
and peptide binding in the wild-type CaM and RS20 peptide
system is largest inC3 andC4 terms, which are associated
with the lower-affinity sites. These results support the
hypothesis that the affinity for the peptide increases as more
Ca2+ is bound, and concurrently, the Ca2+ affinity increases
as interactions with the peptide are enhanced. Thus, the
introduction of coupling factors allows one to describe by
the use of a generalizable equation the observed effects of
peptide binding on CaM’s macroscopic calcium dissociation
constants.

In addition to describing the effect of RS20 peptide on
the Ca2+ binding behavior of wild-type CaM, the expanded
equation can also be used to describe the effects on the
E84K-CaM (Table 2). Like with the wild-type CaM, the
effect of RS20 peptide is seen at four Ca2+ binding events.
In contrast to wild-type CaM, the effect of RS20 peptide on
the Ca2+ binding activity of E84K-CaM is smaller than on
wild-type CaM at three of the four coupling factors.
Differences in coupling factors between wild-type CaM and
E84K-CaM are largest atC1 (12-fold) andC4 (15-fold). These
demonstrate the partial uncoupling of peptide and Ca2+

binding that occurs as a result of the E84K mutation and
suggest that the effect is distributed among several sites.

If certain assumptions are made, then changes in coupling
factors can be associated with certain Ca2+ binding sites.
The first assumption is that the same ordered-sequential Ca2+

binding mechanism is operative in both wild-type CaM and
E84K-CaMs and their respective RS20 peptide complexes.
The second assumption is that the macroscopic constants
reflect apparent site constants. Previous studies (23, 24, 30)
have shown that macroscopic Ca2+ binding constants for
CaM can be associated with discrete sites. It is reasonable
to extend this relationship to the data for Ca2+ binding in
the presence of RS20 peptide because the values reported
here were obtained under identical conditions and with a
molar excess of peptide at least 1000-fold greater than the
KD for CaM and peptide. According to the sequential
mechanism, the order of binding is first to structural site III
followed by sites IV, I, and II. Thus, coupling factors
corresponding to the mechanistic first and fourth calcium
binding events (C1 andC4) of CaM can be associated with
the third and second calcium binding structures from the
amino terminus. These are the two sites closest to the middle
of the molecule. E84 is located in the helix that precedes
calcium binding structure III, the first site to be occupied in
the mechanism. Thus, the differences in the coupling factors
are entirely consistent with the structural and mechanistic
data.

Analysis of the experimental data by using the expanded
Adair-Klotz equation shows that the E84K mutation affects
the overall binding of Ca2+ to the CaM-RS20 peptide
complex by altering the linkage of Ca2+ binding with peptide
interaction at multiple steps in the Ca2+ binding process. The
coupling factors,Cn, are proportional to ratios of peptide
binding constants through the relationshipsC1 ) (1 + KbE)/
(1 + KaE), C2 ) (1 + KcE)/(1 + KbE), C3 ) (1 + KdE)/(1
+ KcE), andC4 ) (1 + KeE)/(1 + KdE), whereKa, Kb, Kc,
Kd, andKe are the apparent association constants of the five
possible complexes of CaM and RS20 with zero to four Ca2+

bound andE is the free peptide concentration (see Scheme
2 above).

Inspection of the resultant calculations offers insight into
why a large change in peptide binding by Ca2+-saturated
CaM is not required for an effect on calcium binding. For
example, coupling factorC4 differs by about 15-fold between
the two complexes (Table 2). An increase inKd, the peptide
association constant for E84K-CaM complexes containing
three bound calcium ions, can be a major contributor to the
decrease inC4 between wild-type CaM and E84K-CaM
complexes. A similar argument can be made for a change
in Ka and/orKb because the respectiveC1 values differ by
more than 12-fold between wild-type CaM-RS20 and E84K-
CaM-RS20 peptide complexes. Previous models for Ca2+

binding did not account for both increases and decreases in
peptide association constants for the various Ca2+-CaM-
peptide complexes. Only by considering the coupling at each
step in the Ca2+ binding mechanism can these changes in
Ca2+ and peptide interaction be rationalized.

Does the E84K Mutation in CaM Result in a Major
Change in Polypeptide Chain Fold in the CaM-RS20
Peptide Complex?E84 of CaM is partially buried and in
close association with a complementary charge environment
of the peptide in the previously reported (18) wild-type
complex. Therefore, the introduction of a charge reversal
perturbation in E84K-CaM has the potential to produce a
significantly different fold of the CaM-peptide complex.
This new fold could, in theory, retain peptide binding activity.
Alternatively, it is possible that a comparatively subtle change
at the CaM-peptide interface could compensate for the
charge reversal mutation in CaM. Precedents in the literature
are consistent with the latter model in whichR helices have
an apparent plasticity that allow for mutations or alternative
sequences to be accommodated with retention of overall
polypeptide fold (52-55). Regardless, insight into the
structural basis of the functional changes requires that the
high-resolution structure of the E84K-CaM-RS20 peptide
complex be determined. Therefore, we elucidated the crystal
structure of the calcium-saturated E84K-CaM-RS20 peptide
complex to distinguish among possibilities and gain more
detailed knowledge about this mutant CaM which has
provided so many insights into CaM function and activity.

The X-ray crystallographic structure of the E84K-CaM-
RS20 peptide complex was refined to 1.9 Å resolution. The
structure was determined using molecular replacement
methods with a previously reported (18) Ca2+-saturated
complex as a search model (molecule B of PDB file 1CDL).
After multiple cycles of refinement and model building, the
R-factor for the E84K-CaM-RS20 peptide model was
17.1%, and the freeR-factor (calculated from data not used
in the refinement) for the final model was 24.1%.

Comparison of the wild-type CaM and mutant CaM-RS20
peptide structures indicates that the conformation of the
individual domains of CaM and the orientation of the CaM
binding peptide are well conserved between E84K-CaM-
RS20 peptide and wild-type CaM-RS20 peptide analogue
complexes, with an rmsd ranging from 0.8 to 0.9 Å. There
is not a global change in the structure resulting from the
E84K mutation, consistent with the fluorescence properties
and RS20 peptide binding affinity exhibited by E84K-CaM.
The differences between the structures are largely localized
to the helix containing K84. In the wild-type structure, the
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side chain carboxylate of E84 makes hydrogen bond contacts
(3.0( 0.2 Å) with a pair of arginine side chains from RS20.
However, in the E84K-CaM-RS20 peptide complex, residue
84 is rotated away from the peptide (Figures 5 and 6A). The
average distance from the terminal nitrogen of the K84 side
chain to the nitrogen atoms of peptide arginines is 9.0(
1.0 Å. Thus, the movement of the side chain of K84
eliminates a charge-charge conflict in the structure.

Another difference between the structures is in the angle
that helix E of CaM, containing residue 84, makes with
respect to the C-terminal domain. This appears to be the
result of a rotational movement of this helix away from the
peptide (Figures 5 and 6). This movement could potentially
influence the binding of Ca2+ to CaM, especially at calcium
ligation structure III.

DISCUSSION

Insight into possible mechanisms for how a CaM binding
structure can enhance the calcium binding activity of CaM
has been gained by a detailed analysis of CaM’s calcium
binding events and their linkage to enzyme or peptide binding
and enzyme regulation. While the specific case study used
was that of sm/nmMLCK and its CaM recognition site
peptide, the approaches can be extended to most CaM-
regulated enzymes and a diversity of multiligand binding
systems. The demonstration that E84 is a key functional
residue in CaM that links its calcium binding activity with
enzyme binding and regulation, however, is probably re-
stricted to those CaM-regulated enzymes for which mutation
of E84 has resulted in a selective effect on enzyme
recognition and activation (9-13). Regardless of the restric-
tion of the results with E84 changes to a subset of CaM-
regulated proteins, the combination of utilizing charge
perturbation mutagenesis at a CaM-enzyme interface and
detailed ligand binding analysis is one that can be extended
to all CaM-regulated enzymes. Similar charge perturbation

mutagenesis approaches have been used in other multisubunit
enzyme systems (56, 57), demonstrating the potential for
combining direct ligand binding with perturbing, but not
lethal, mutations at protein-protein interfaces. Knowledge
about quantitative linkages between ligand binding sites and
receptor interactions with other proteins is required to gain
further insight into how the binding of small molecules, such
as ions and drugs, might be functionally coupled to the
modulation of macromolecular interactions that amplify or
transduce the stoichiometric interaction into a biological
response.

A unique aspect of this study is the use of the same
conditions to analyze the calcium-dependent enzyme activa-
tion, calcium binding activity, and peptide recognition. As
noted recently (1), it is imperative to carry out such
comparative measurements under identical conditions to
establish the significance of quantitative functional changes
and gain insight into molecular mechanisms. The common
conditions used here approximate those of the vertebrate
intracellular environment. The effects on calcium binding
activity and calcium dependence of enzyme activation under
the same conditions are not seen with a variety of control
mutations, thereby providing a strong correlation between
the functional significance of E84 for sm/nmMLCK regula-
tion and its location within the CaM-RS20 peptide complex.
The results with calcium-dependent enzyme activation and
calcium binding activity are consistent with each other, and
provide the foundation for a more detailed model of how
calcium binding activity and enzyme recognition and regula-
tion are coupled.

It is proposed that sm/nmMLCK and related enzymes
enhance the calcium binding activity of CaM through a
differential effect on each of the four calcium binding sites,
with the greatest effect being on the low-affinity calcium
binding sites of CaM. Further, E84 is one of several interface
residues that are functionally more important than others due

FIGURE 5: E84K-CaM-RS20 peptide complex structure in the vicinity of the mutation. Shown is a stereoview of the molecule oriented
such that helix E containing K84 of the E84K-CaM-RS20 peptide complex (ball-and-stick) is directed into the page. A 2Fo - Fc electron
density map of the complex is shaded around the atoms visible in this view. The same region of the wild-type CaM-RS20 peptide analogue
complex (yellow sticks) is shown for comparison. The 1.9 Å resolution E84K-CaM-RS20 peptide complex was superimposed on the 2.4
Å resolution wild-type CaM-RS20 peptide analogue complex (Protein Data Bank file 1CDL chain B, CaM, and chain F, peptide) by
alignment of CaM residues 91-145 and peptide residues 4-17. The ordered acetate molecule and several water molecules are also present
in the vicinity of the mutation. The presence of acetate does not affect Ca2+ binding by wild-type CaM-RS20 or E84K-CaM-RS20
peptide complexes (data not shown). Numbers 12 and 16 correspond to arginines of RS20 peptide making contacts with residue 84 in the
wild-type CaM complex.
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to their role in coupling the calcium binding and enzyme
recognition properties of CaM. Computation of the free
energy of coupling for individual Ca2+ events indicates that
the E84K-CaM-RS20 peptide complex has perturbed cou-
pling at sites represented by coupling factorsC1 and C4,
which correspond to the first and last Ca2+ binding events,
respectively.

Of considerable interest here is the crystallographic
structure determination for the E84K-CaM-RS20 peptide
complex, which shows that the structure of the mutant
complex is not dramatically different compared to the wild-
type CaM-RS20 peptide analogue complex. The change in
the structure is essentially localized to the site of mutation
and alters the orientation of the helix containing the mutated
residue. The effect of the E84K mutation on the movement
of the helix is particularly interesting because residue 84
precedes calcium binding structure III which is the initial
site occupied by calcium in the proposed sequential coopera-
tive mechanism in uncomplexed CaM. The estimated calcium
binding energy difference between E84K-CaM-RS20 and
wild-type CaM-RS20 peptide complexes available from this
study (-3.5 kcal/mol), and the distribution of the E84K
mutation’s effect across multiple dissociation and coupling
events, make specific structural correlations difficult. How-
ever, precedents in regulatory biology unrelated to CaM-
regulated pathways have shown (58-60) that alterations in
protein function can be related to changes of a fraction of
an angstrom in amino acid side chain positions, and that
R-helices can make localized changes in structure as an
adaptation to perturbing mutations with retention of protein
fold. Analysis of the experimental data with the expanded
Adair-Klotz equation revealed that the major effect of the
E84K mutation is on coupling factorC1, which is correlated
with the first Ca2+ binding event that occurs at Ca2+ binding
structure III. Therefore, alterations in the behavior of Ca2+

binding structure III are anticipated on the basis of the
structure, and alterations in the ion binding properties of this
first mechanistic site are expected, in turn, to make a
contribution to the affinity of each of the subsequent sites
on the basis of the relationships described by the expanded
Adair-Klotz equation.

In conclusion, the precedent reported here raises the
possibility that there may be a redundant theme used in CaM-
regulated signal transduction pathways in which certain
residues at the CaM-enzyme interface are more critical than
others in modulating the link between calcium binding
activity and enzyme regulation. Our results add to a growing
body of knowledge that indicates that each CaM-enzyme
complex can differentially contribute to the net response of
a eukaryotic cell to an intracellular calcium signal as a result
of their differential calcium responsiveness, adaptability, and
localization. For example, sequences outside of the CaM
regulatory and enzyme activity domains can determine the
subcellular targeting of a particular CaM-enzyme complex,
thereby contributing to the calcium signal transduction
process through differential subcellular localization of the
calcium signal transduction complex, and the calcium
sensitivity and adaptability of the signal transduction complex
can vary, depending on which particular CaM-regulated
enzyme is in the complex with CaM. The approach described
here can be extended to additional CaM-regulated enzymes
and allow a more predictive approach to how eukaryotic cells

FIGURE 6: Comparison of the relative position of helix E in wild-
type CaM and E84K-CaM in complexes with MLCK-based peptides.
The orientation of helix E in E84K-CaM is rotated 5° from its relative
position in the wild-type CaM when the two structures for CaM-
peptide complexes are compared. The plane in which the 5° variation
occurs is different from the variation seen among the different
molecules within the asymmetric unit of the CaM-RS20 peptide
complex, indicating that this small change is not simply a reflection
of experimental variance. Only the peptide and the relevant Ca2+

binding structure of CaM are displayed. Helices E and F (green ribbon)
of E84K-CaM are shown along with the helical RS20 peptide (blue
ribbon). The model for E84K-CaM is that presented for the 1.9 Å
resolution structure in this report. The model for wild-type CaM is
that from the 2.4 Å resolution structure (1CDL) reported previously
(18). (A) In the same orientation as in Figure 5, a portion of helix E
of each CaM is shown as a trace following the CR of each residue.
The difference in the position of the side chain at residue 84 and the
shift in the N-terminus of helix E are indicated by the red arrows. (B)
The molecules are rotated 90° around the horizontal as compared to
the view in panel A. All four complexes in the wild-type crystal
structure 1CDL (PDB) are used for comparison. The CR trace for each
molecule in the asymmetric unit of the 1CDL database file is shown
as a colored coil (yellow, yellow-orange, orange, and red).
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will respond to stimuli when the signal transduction response
involves CaM-regulated pathways.
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