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ABSTRACT: Calmodulin (CaM) binds to a domain near the C-terminus of the plasma membrane Ca2+-
ATPase (PMCA), causing the release of this domain and relief of its autoinhibitory function. We investigated
the kinetics of dissociation and binding of Ca2+-CaM with a 28-residue peptide [C28W(1b)] corresponding
to the CaM-binding domain of isoform 1b of PMCA. CaM was labeled with a fluorescent probe on either
the N-terminal domain at residue 34 or the C-terminal domain at residue 110. Formation of complexes of
CaM with C28W(1b) results in a decrease in the fluorescence yield of the fluorophore, allowing the
kinetics of dissociation or binding to be detected. Using a maximum entropy method, we determined the
minimum number and magnitudes of rate constants required to fit the data. Comparison of the fluorescence
changes for CaM labeled on the C-terminal or N-terminal domain suggests sequential and ordered binding
of the C-terminal and N-terminal domains of CaM with C28W(1b). For dissociation of C28W(1b) from
CaM labeled on the N-terminal domain, we observed three time constants, indicating the presence of two
intermediate states in the dissociation pathway. However, for CaM labeled on the C-terminal domain, we
observed only two time constants, suggesting that the fluorescence label on the C-terminal domain was
not sensitive to one of the kinetic steps. The results were modeled by a kinetic mechanism in which an
initial complex forms upon binding of the C-terminal domain of CaM to C28W(1b), followed by binding
of the N-terminal domain, and then formation of a tight binding complex. Oxidation of methionine residues
in CaM resulted in significant perturbations to the binding kinetics. The rate of formation of a tight binding
complex was reduced, consistent with the poorer effectiveness of oxidized CaM in activating the Ca2+

pump.

Calmodulin is a cellular Ca2+ sensor that interacts with
numerous target enzymes in response to changes in intra-
cellular Ca2+ concentrations. The geometries of complexes
between CaM1 and target domains are diverse, as CaM and
the target may form not only compact structures but also
more extended bound conformations (1). It is well-established
that the C-terminal domain of CaM binds Ca2+ with an∼1
order of magnitude higher affinity than the N-terminal
domain (2, 3), and it also binds more tightly than the
N-terminal domain to some targets (4, 5).

One important CaM target is the plasma membrane Ca2+-
ATPase (PMCA), a membrane Ca2+ pump critical for
regulation of intracellular Ca2+ levels (6, 7). Several re-
searchers have speculated that an intermediate in the CaM-
mediated activation of PMCA corresponds to a bound
C-domain of CaM but a free N-domain (4, 5, 8). However,
despite being a potentially crucial link in the model of CaM
activation of PMCA, it is still uncertain whether this
intermediate exists and, if it does, what rate constants govern
its appearance and disappearance. A solution structure of
CaM bound to C20W, a 20-residue segment of the CaM-
binding domain of PMCA isoform 4b, shows the C-terminal
domain of CaM bound to the peptide while the N-terminal
domain is free [PDB entry 1cff (4)]. Other experiments show
that a peptide with just four more residues (C24W) binds in
a final structure where both terminal domains of CaM interact
with the target (9, 10). Squier and co-workers (5) showed
that CaMC (residues 74-144 of CaM) can activate PMCA,
but only upon addition of a sufficiently high concentration
of CaMC to allow for two CaMC molecules to bind to each
activated PMCA. Whereas CaMN (residues 1-74) is also
able to fully activate PMCA, a much higher concentration
is needed. These results suggest that although the C-terminal
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domain of CaM may interact more tightly with PMCA, two
domains must interact simultaneously with PMCA to fully
activate the enzyme.

Despite being the isoform expressed in the most tissues
(11), isoform 1 has been rarely studied due to difficulties in
expression (12, 13). Recent studies have examined the
kinetics of the interaction of CaM with isoform 4b of PMCA
(14, 15). In our study, kinetic measurements are reported
for the complex of CaM with the 28-residue CaM-binding
domain of PMCA isoform 1b [denoted C28W(1b)]. By
comparison of the response for CaM fluorescently labeled
in the C-terminal or N-terminal domain, it was possible to
determine the order of binding of the C- and N-terminal
domains. The goal was to determine the kinetics of C28W-
(1b) binding at high Ca2+ concentrations. However, experi-
mentally, it is useful to probe both the forward and reserve
(dissociation) reactions, which are, of course, governed by
the same set of time constants. Interaction of CaM with
C28W(1b) was detected by fluorescence quenching of the
probe Alexa Fluor 488 (AF488) tethered to CaM via cysteine
residues introduced into CaM at either position 34 or 110.
The rate of fluorescence change upon binding or dissociation
of C28W(1b) by CaM was monitored and compared to
kinetic models to obtain information about the kinetics of
binding and the existence and nature of intermediate
structures. For the complex of CaM with C28W(1b), the
dissociation process was best characterized by multiple time
constants, demonstrating a dissociation mechanism that
includes intermediate species. Slow isomerization steps were
also observed, which are likely associated with initial steps
in the dissociation of the high-affinity CaM-C28W(1b)
complex. An additional rate constant was required to fit the
data for CaM labeled at the N-terminal domain relative to
the CaM labeled at the C-terminal domain, evidence of an
intermediate in the pathway that involves changes experi-
enced uniquely by the N-terminal domain of CaM.

We also investigated the effect of oxidation of methionine
residues in CaM on its dissociation from C28W(1b). Me-
thionine residues comprise a large component of the binding
clefts of CaM (16). Oxidation of methionine residues to the
sulfoxides in CaM, specifically of methionine residues near
the C-terminus, is known to greatly decrease the potency of
CaM to activate PMCA (17-19). This result has important
implications for oxidative stress, calcium homeostasis, and
aging (18, 20). In addition, oxidation of CaM alters its
association with the CaM-binding domain of PMCA (21).
Thus, using fluorescently labeled oxidized CaM molecules,
we investigated the effects of CaM oxidation on the kinetics
of dissociation of CaM from C28W(1b) to examine mecha-
nistically how oxidation affects recognition by the PMCA.
The observed changes after oxidation suggest a reduced
propensity for oxidized CaM to form the tightly binding
conformations that may be necessary for full activation of
the enzyme.

EXPERIMENTAL PROCEDURES

Materials. Escherichia colistrain BL21(DE3) and the
pET-15b expression vector were purchased from Novagen
(Madison, WI). All other restriction and modifying enzymes,
reagents, and cells were purchased from Invitrogen (Carlsbad,
CA). Phenyl Sepharose CL-4B resin and Sephedex-G25 (fine

grade) were purchased from Amersham Pharmacia Biotech
(Uppsala, Sweden). The fluorescent probe conjugation was
performed with a maleimide derivative of AF 488 (Molecular
Probes) with a C5 linker. All other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further
purification.

The C28W(1b) peptide from PMCA isoform 1b was
synthesized by BioSource International (Hopkinton, MA).
Its mass was checked by electrospray ionization mass
spectrometry. T34C-CaM and T110C-CaM were expressed,
purified, and fluorescently labeled following methods de-
scribed previously (22). The preparation of T110C-CaM was
conducted like that of T34C-CaM. Unlabeled T34C-CaM
(used for competition experiments) was purified fromE. coli
cell paste with a phenyl-Sepharose column, eluted by addition
of EDTA, and dialyzed twice with a large excess volume of
buffer [HEPES (pH 7.4) and∼300µM CaCl2] to return CaM
to its high-Ca2+ state.

Fluorescence Labeling and Oxidation.CaM was fluores-
cently labeled in the N-terminal domain at residue 34 or in
the C-terminal domain at residue 110. The labeled proteins
are denoted T34C-CaM-AF488 and T110C-CaM-AF488. For
conjugation with AF488 C5 maleimide, T34C-CaM, or
T110C-CaM was diluted to a final concentration of 50-
100 µM. A 10-fold molar excess of TCEP was added to
prevent intermolecular disulfide bond formation. AF488 C5
maleimide was dissolved in HEPES buffer and added
dropwise to a final molar ratio of 12:1 (dye:protein). After
the mixture had been stirred at room temperature for 1 h,
the reaction was quenched by the addition of a 5:1 excess
of glutathione to dye. The free dye was separated from the
protein with the use of a Sephadex G-25 size-exclusion
column followed by dialysis in 4 L of buffer [10 mM
HEPES-NaOH (pH 7.4), 100 mM KCl, 1.0 mM MgCl2, and
100µM CaCl2]. The labeling percentage was approximately
75%. No attempt was made to separate unlabeled protein,
as it does not interfere with the kinetics of peptide release
from labeled proteins. Control experiments in our laboratory
have shown little or no effect of conjugation of a dye to
CaM with regard to interaction with or activation of target
enzymes (ref22 and Supporting Information in ref23). For
oxidation, CaM-AF488 was incubated with 10 mM H2O2

overnight at room temperature. Following oxidation, exten-
sive dialysis was carried out to remove H2O2. Of the nine
methionine residues, some are more solvent-exposed than
others and are thus oxidized more readily (17). Using mass
spectrometry, it was shown that the extent of oxidation was
nearly uniform: the sample was a mixture of CaM species
with seven, eight, or nine methionine residues oxidized (data
not shown).

Sample Conditions. Final buffer conditions were as fol-
lows: 10 mM HEPES-NaOH (pH 7.4), 100 mM KCl,
1.0 mM MgCl2, and 100 µM CaCl2. The free Ca2+

concentration of the solutions was checked with the Ca2+

indicator dye Rhod-5n calibrated with respect to a calcium
calibration kit (Molecular Probes, Eugene, OR). For com-
petition experiments after addition of unlabeled CaM, the
free Ca2+ concentration was 150µM. For binding experi-
ments, the free Ca2+ concentration was 105µM.

Kinetic Studies.The fluorescence of AF488 was monitored
at 517 nm with a Varian fluorimeter with excitation at
490 nm. Excitation slits were set at 1.5 nm, and emission
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slits were set at 5 nm. For dissociation experiments, CaM-
AF488 (70 nM) was incubated with C28W(1b) (3.0µM)
for up to 1 h. The fluorescence was monitored while adding
a volume of 100µL of concentrated unlabeled T34C-CaM
to yield a final concentration of 25µM unlabeled T34C-
CaM for a >300-fold molar excess with respect to CaM-
AF488. Upon dissociation of T34C-CaM-AF488 from C28W-
(1b), there was a high probability that C28W(1b) would bind
to the excess of T34C-CaM and not back to the minority
species T34C-CaM-AF488. The fluorescence of T34C-CaM-
AF488 was significantly higher in the absence of bound
C28W(1b) (see Figure 1), and therefore, the overall fluo-
rescence increased as C28W(1b) dissociated. The increase
in fluorescence was monitored at 10 Hz. Fluorescence counts
were binned before fitting to reduce noise. Control experi-
ments consisting of the addition of 100µL of buffer to the
incubated CaM-AF488-C28W(1b) sample were carried out
to estimate the mixing time under the stirring conditions.
The mixing time was on the order of 0.5-1 s. The
fluorescence output was recorded over the time scale of 100
ms to 10 000 s. No photobleaching was observed in control
experiments for up to 1 h. The dissociation measurement
was conducted for the N-terminal mutant, T34C-CaM-
AF488, and the C-terminal mutant, T110C-CaM-AF488.
Dissociation kinetic experiments were also carried out for
T110C-CaMox-AF488 and T34C-CaMox-AF488. For binding
studies, a small volume of concentrated C28W(1b) was added
to T34C-CaM-AF488 (70 nM) in a stirred 3.0 mL cuvette.
The final concentration of C28W(1b) was 3.0µM.

Maximum Entropy Fitting.MemExp was used to fit all
kinetic data (24). MemExp is a hybrid maximum-entropy,
least-squares fitting program developed specifically for use
in fitting complex kinetic data possessing information on
multiple time scales (25). For fitting of the data, the
uncertainty in fluorescence counts per period was assumed
to be constant. Both increasing and decreasing contributions
to the fluorescence change were allowed, but the data were
best fit by maximum-entropy distributions with monotonic
changes in fluorescence intensity, decreasing in the case of
peptide binding or increasing in the case of dissociation of
peptide from CaM. In each case, the fit recommended by
MemExp was chosen as the best fit. This fit was the last
iteration in which the goodness of fit parameter (ø2) and the

correlation length of the residuals both decreased by more
than 1%.

RESULTS

The fluorescence of AF488 conjugated to CaM, at site 34
or 110, was quenched by 60-70% upon C28W(1b) binding.
Examples of fluorescence spectra of 250 nM T34C-CaM-
AF488 in the presence and absence of 2.0µM C28W(1b)
and after addition of excess unlabeled T34C-CaM are shown
in Figure 1. The quenching was likely due to the proximity
of the fluorescence label and the conserved tryptophan
residue in C28W(1b). The results of kinetic measurements
are shown in Figure 2. Upon dissociation of C28W(1b) from
T34C-CaM-AF488 or T110C-CaM-AF488 in the presence
of a large excess of unlabeled T34C-CaM, the fluorescence
of the system increased. The free Ca2+ concentration for these
solutions was 150µM, as measured by the Ca2+ indicator
dye Rhod-5n.

Maximum Entropy Fits. The time dependencies of the
fluorescence increases in kinetic measurements consisted of
multiple phases. In such cases, fitting the data to discrete
exponentials requires an a priori assumption about the
number of exponential components and is susceptible to the
multiple-minimum problem (the fitted constants may depend
on the initial guesses used in the fit). Such fits may not show
conclusively whether an additional discrete time constant is
justified, and the addition of an extra component may affect

FIGURE 1: Fluorescence spectra of (s) T34C-CaM-AF488, (‚‚‚)
T34C-CaM-AF488 with C28W(1b) (2.0µM), and (- - -) T34C-
CaM-AF488 showing recovery 1.5 h after addition of excess,
unlabeled CaM (see the text).

FIGURE 2: (A) Increase in the fluorescence of T34C-CaM-AF488,
T110C-CaM-AF488, T34C-CaMox-AF488, and T110C-CaMox-
AF488 upon dissociation from C28W(1b) plotted with a log time
scale. Dissociation was detected by introduction of an excess of
unlabeled T34C-CaM. The free Ca2+ concentration was 150µM
in each case. The MEM fits are shown as solid lines through the
data, and the residuals are plotted in gray. (B) MEM fits for CaM
dissociation for each of the four CaM-AF488 species. Lines are
the inverse of the eigenvalues obtained after insertion of the rate
constants from the best global fit back into the kinetic rate equations
(see eqs S1 and S10).
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the fitting parameters for other components. The maximum
entropy method (MEM) is an excellent alternative for fitting
complex data (26, 27). MEM fits data to a distribution of
rates to minimizeø2 and simultaneously to maximize the
smoothness of the fit (28). Additional peaks in the MEM
distribution decrease the entropy (smoothness) and so appear
only if the corresponding decrease inø2 is sufficient to offset
the decrease in entropy. Thus, MEM does not require an a
priori assumption of the number of kinetic constants and is
useful in identifying the minimum number of rate constants
required to fit the data.

The increases in fluorescence upon dissociation of T34C-
CaM-AF488 and T110C-CaM-AF488 from C28W(1b) are
shown in Figure 2, along with the MEM fits, the residuals,
and the resulting MEM lifetime distributions. The data are
plotted on a log time scale, with fluorescence counts
normalized from 0 to 1 on they-axis. The absence of a
plateau at long times in the data is exaggerated by the
logarithmic time scale and results from a longer phase in
the fluorescence recovery (see below). The data and fits for
dissociation of C28W(1b) from the oxidized species T34C-
CaMox-AF488 and T110C-CaMox-AF488 are also shown in
Figure 2. The peaks of the MEM lifetime distributions and
their fractional amplitudes are listed in Table 1. Widths in
the distributions are an unavoidable result of noise in the
experimental data and may also reflect inhomogeneity in the
kinetic processes.

MEM fits yielded three peaks for dissociation of T34C-
CaM-AF488 and two peaks for dissociation of T110C-CaM-
AF488 and for the two oxidized CaM species. Peak time
constants and amplitudes are listed in Table 1. In all cases,
an extremely long time constant on the order of several
thousand seconds was also detected with an amplitude
estimated to be less than 10% of the total recovery.
Quantitative determination of the long time constant or
amplitude was experimentally difficult due to photobleaching
on this long time scale, even though steps were taken to
minimize the influence of photobleaching, including mini-
mizing exposure time and excitation intensity. As this step
is more than 1 order of magnitude slower than the other
processes, it can be excluded from the kinetic fit of the data
with little effect on the modeling. It was therefore omitted
to simplify the analysis. The extreme length of this time
constant suggests that it is not relevant to the function of
CaM. It may result from desorption of the protein from the
glass walls of the cuvette.

Dissociation of C28W(1b) from T34C-CaM-AF488 showed
the fastest peak (2.6 s). MemExp also predicted a fast
distribution for T110C-CaM-AF488 centered at 8.4 s. Cor-
responding fast release processes were not found for dis-
sociation of C28W(1b) from either of the oxidized species,

with the fastest peak for T34C-CaMox-AF488 centered at
36 s. The best fit for T110C-CaMox-AF488 did not identify
a well-resolved peak below 350 s, although there was a broad
shoulder centered at 118 s. There were similarities in the
MEM fits among the species that were important for
modeling the data (see below). In all cases, a peak time
constant was observed in the range of several hundred
seconds (270 s for T34C-CaM-AF488, 271 s for T110C-
CaM-AF488, 238 s for T34C-CaMox-AF488, and 380 s for
T110C-CaMox-AF488; see Table 1). In addition, the predicted
time constants were similar for T34C-CaM-AF488 and
T34C-CaMox-AF488, except for the absence of a fast
component in the case of T34C-CaMox-AF488. Oxidation
also produced a decrease in the resolution of the peaks
recovered from the MEM fits, especially for T110C-CaM-
AF488, suggesting possible kinetic heterogeneity.

To obtain more information for modeling kinetic steps
involving the N-terminal domain, the binding of C28W(1b)
to T34C-CaM-AF488 was also monitored and the resulting
fluorescence decrease was fit by MEM (Figure 3). Two peaks
were observed, corresponding to time constants of 3.2 and
54.7 s. The relative amplitudes for these peaks were 20 and
80%, respectively (Table 1). These data proved to be valuable
for determining rate constants for intermediate steps in the
binding pathway (see below).

Kinetic Modeling.The change in fluorescence intensity
upon peptide release from fluorescently labeled CaM contains
information about the mechanism of target binding and
release (29). The MEM fit for the increase in fluorescence
accompanying dissociation of C28W(1b) from T34C-CaM-
AF488 had three peaks (excluding the longest component),
suggesting a model with two intermediate species. One such
model was proposed previously by Caride and co-workers
for the kinetics of dissociation of CaM from the CaM-binding
domain (C28W) of isoform 4b of PMCA (14, 15) and is
shown in Scheme 1, where B, I*, and UB represent “bound”,
“intermediate”, and “unbound” species, respectively, and IN

is an intermediate possibly related to the release of the
N-domain of CaM from C28W(1b) (see Discussion). Under
the experimental conditions that were used (large molar
excess of unlabeled T34C-CaM relative to T34C-CaM-
AF488), the formation of UB can be considered irreversible
due to trapping by the nonfluorescent CaM(wt)-C28W(1b)
complex. The kinetic rate equations for this model can be
solved by standard methods as described in the Supporting
Information, yielding an expression for the predicted
observable time constants in terms of the rates constants in
Scheme 1 (eq S2 of the Supporting Information).

Upon addition of unlabeled T34C-CaM to the complex
of C28W(1b) with T110C-CaM-AF488, the MEM fit indi-
cated two kinetic processes and was best fit by MEM to two
lifetime distributions centered at 8.4 and 271 s with relative
amplitudes of 29 and 71%, respectively (Table 1 and

Table 1: Time Constants of the MEM Fits to Kinetic Data, with
Amplitudes in Parentheses

time constant (s)

Release Kinetics
T34C-CaM-AF488 2.6 (18%) 26.5 (31%) 270 (51%)
T110C-CaM-AF488 8.4 (29%) 271 (71%)
T34C-CaMox-AF488 36 (64%) 238 (36%)
T110C-CaMox-AF488 118 (86%) 380 (14%)

Binding Kinetics
T34C-CaM-AF488 3.2 (20%) 55 (80%)

Table 2: Rate Constants (s-1) Obtained from Modeling with eq 1a

k-3 k3 k-2 k2 k-1 k-c

native CaM 0.0039 0.0088 0.14 0.20 0.21 0.11

k-3
ox k3

ox k-c
ox

oxidized CaM 0.0039 0.0037 0.039
a See the Supporting Information for further details.
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Figure 2). Therefore, these results can be described by a
mechanism for dissociation that includes a single intermedi-
ate step. Such a mechanism is shown below in Scheme 2,
which has been proposed previously by To¨rök and Trentham
for dissociation of peptides derived from smooth muscle
myosin light chain kinase (29).

The kinetic rate equations for this model were solved by
the same method used for Scheme 1, yielding expressions
for the predicted observable rates (eq S11 of the Supporting
Information).

We assumed that the predicted time constants for
Scheme 1 or 2 correspond to the experimentally measured
time constants that are represented by peaks in the MEM
distributions. Therefore, we varied the values of the rate
constants in Scheme 1 (k3, k-3, k2, k-2, and k-1) or
Scheme 2 (k3, k-3, k-c, andk-1) to obtain the best fit of the
time constants predicted by the model to the observed MEM
peaks. The determination of these rate constants allowed for
calculation of the concentrations of the reactants, products,
and intermediate species as a function of time (see eq S4 of
the Supporting Information). As a function of time, the
increase in fluorescence [F(t)] for both T34C-CaM-AF488
and T110C-CaM-AF488 is given by

whereFX is the relative fluorescence efficiency in state X.
In determining fits to the rate constants, we discuss first

the determination of rate constants for Scheme 2. Then,
results from fits to Scheme 2 are used as constraints to
determine the rate constants for Scheme 1. If the longest
component is excluded (thousands of seconds), it is conve-
nient to fit the data for T110C-CaM-AF488 with the model
proposed by To¨rök and Trentham (29) (Scheme 2). With
the rates and relative amplitudes (Table 1) obtained from
the MEM fit for dissociation of C28W(1b) from T110C-
CaM-AF488, rate constantsk-3, k3, andk-c were obtained

(Table 2). The relative amplitudes obtained for the time
constants from the MEM fit depend on the relative kinetic
amplitudes from each kinetic step (or a combination of steps)
scaled by the relative fluorescence intensities for each species
(FB, FI* , andFUB). Initially, relative values of 1.0, 0.8, and
0.7 were chosen forFUB, FI* , andFB, respectively. The rate
constants changed only slightly with changes in the values
of FUB, FI* , andFB, provided that the fluorescence intensity
of UB was higher than that of B, which must be true on the
basis of the steady-state results (Figure 1).

The MEM fit for dissociation of C28W(1b) from T34C-
CaM-AF488 showed three time constants (see Figure 2).
Differences in MEM distributions for T34C-CaM-AF488 and
T110C-CaM-AF488 were assumed to be due to differences
in the sensitivity of the fluorescence intensity of the two
domains to each of the kinetic steps. Thus, although
Scheme 1 describes dissociation of C28W(1b) from both the
N-terminally and C-terminally labeled mutants of CaM, the
relative fluorescence yields of species B, I*, and IN are not
the same for T34C-CaM-AF488 and T110C-CaM-AF488.
On the basis of the additional peak in the MEM distribution
for T34C-CaM-AF488 relative to T110C-CaM-AF488, it is
apparent that two of the T110C-CaM-AF488 species have
similar fluorescence intensities so that their interconversion
was not resolved. We therefore expected that the time
constant of ca. 8 s reported by the MEM fit of T110C-CaM-
AF488 corresponds to the steps with time constants of 2.6
and 26 s detected for T34C-CaM-AF488, and the individual
steps are not resolved by the MEM fit for T110C-CaM-
AF488 because the CaM labeled on the C-terminal domain
is not sensitive to the formation of the IN intermediate.
Therefore, in the fit of the fluorescence data to eq 1, theFI*

) FIn constraint was set for T110C-CaM-AF488 but not
necessarily for T34C-CaM-AF488. With this restriction, the
amplitudes for each kinetic rate were varied along with the
fluorescence intensity of each species to fit the fluorescence
data (see eqs S7 and S9 of the Supporting Information).

FIGURE 3: Decrease in the fluorescence of T34C-CaM-AF488 upon addition of C28W(1b) (left), along with the MEM fit (solid line
through the data). The residuals are plotted in gray. The right panel shows the MEM distribution for binding of C28W(1b) to T34C-CaM-
AF488.

Scheme 1

Scheme 2

F(t) ) [B]( t)FB + [I*]( t)FI* + [IN](t)FIN + [UB]( t)FUB (1)

Dissociation of Calmodulin from Isoform 1b of PMCA Biochemistry, Vol. 46, No. 13, 20074049



The equations obtained by solving the kinetic rate equa-
tions for Scheme 1 were insufficient to determine all of the
rate constants, as there are five rate constants in Scheme 1
but only three equations (eq S2, for each non-zero eigenvalue
F). Additional constraints were therefore necessary to fit the
data. First,k-3 andk3 were obtained from fits of the data for
T110C-CaM-AF488 to Scheme 2 (see above). This is
reasonable because the same slow time constant (∼270 s)
was obtained for both T34C-CaM-AF488 and T110C-CaM-
AF488. Given these assumptions, multiple sets of values for
k-2, k2, and k-1 still fit the experimental data. Further
constraints on the values of the rate constants were therefore
needed. These were obtained from the binding kinetics
measured by the addition of concentrated C28W(1b) to
T34C-CaM-AF488 shown in Figure 3.

For analysis of the binding experiment, it was necessary
to include the binding step from UB to IN. Scheme 1 was
therefore modified to includek1 (Scheme 3). The system of
rate equations for Scheme 3 (see eq S13 of the Supporting
Information) yielded further conditions for the kinetic rate
constants. The fluorescence experiment reported here lacked
the time resolution to directly measurek1, which has been
reported for various enzymes to be on the order of 108 M-1

s-1 (14, 15, 30). Caride and co-workers recently analyzed
binding of CaM to the CaM-binding domain of isoform 4b
of PMCA (14, 15). It is widely believed that the initial
encounter between CaM and its targets involves the C-
terminal domain of CaM interacting with the N-terminal
region of the target domain (4, 5, 14, 31). The 18 N-terminal
residues of C28W from isoforms 1b and 4b are identical.
Therefore, we assumed that the rate constants for the initial
encounter between CaM and these two isoforms are similar.
The observed differences in the overall kinetics of association
of CaM with the 1b and 4b isoforms of C28W are therefore
likely due to differences in the contacts between CaM and
the C-terminal regions of the C28W isoforms, which show
some sequence variability (see below). Therefore, to model
the data, we used the value fork1 reported for binding of
CaM to isoform 4b of C28W [4.6× 108 M-1 s-1 (14)].

With k3 andk-3 fixed as described above, the remaining
rate constants were varied to find the best fit of the predicted
rates in both Schemes 1 and 3 to the peaks found by MEM
analysis. The rate constants that produced the best fit are
listed in Table 2. From the best fit, the concentration of each
species as a function of time is shown in Figure 4, and the
relative fluorescence intensities of each species are listed in
Table 3. As a check, the rate constants were substituted back
into the kinetic rate equations (see eqs S2 and S11 of the
Supporting Information), yielding time constants of 2.1, 15,
and 291 s for T34C-CaM-AF488 in Scheme 1 (eq S2) and
8.8 and 276 s for T110C in Scheme 2 (eq S11). The values
for T34C-CaMox-AF488 and T110C-CaMox-AF488 were 23
and 291 s, respectively. These values are shown as vertical
lines in Figure 2. These time constants are consistent with
the experimental dissociation time constants (Table 1).
Sources of possible error include the use of a single time

constant for a process that MEM fits with a distribution and
the assumption thatk1 for isoform 4b (14) is the same ask1

for isoform 1b (see Scheme 3).
Oxidized CaM.With only two experimental rate constants,

an analysis based on Scheme 2 was sufficient for the fit of
the dissociation data for oxidized CaM. The rateskc, k-3,
andk3 are here denotedk-c

ox, k-3
ox, andk3

ox, respectively.
The MEM distributions for T34C-CaMox-AF488 and T110C-
CaMox-AF488 (Figure 2) did not exhibit a peak on the time
scale of 1-20 s, suggesting that the fluorescence of AF488
at either domain is insensitive to any rapid interchange among
intermediate species or that such interchange does not occur.
Further, as opposed to the unoxidized species, for oxidized
CaM the slow process (time scale of hundreds of seconds)
is lower in amplitude than the faster process (time scale of
tens of seconds for T34C-CaMox-AF488 or ∼100 s for
T110C-CaMox-AF488). For T110C-CaMox-AF488 and T34C-
CaMox-AF488, the slower components had amplitudes of 14
and 36%, respectively. For the unoxidized species, the
corresponding amplitudes were 71 and 51%, respectively
(Table 1).

The experimental time constants for CaMox were fit
following the methods used for T110C-CaM-AF488 to yield
values for rate constantsk3

ox, k-3
ox, andk-c

ox. For the initial
analysis,FB

ox was set to 1.5 andFI*
ox andFUB

ox were set to
1.0. This analysis yielded values fork-3

ox for both T110C-
CaMox-AF488 and T34C-CaMox-AF488 that were similar to
the value ofk-3 for unoxidized CaM. This rate constant was
therefore fixed to the value for unoxidized CaM. The same
rate constants were used for T110C-CaMox-AF488 and
T34C-CaMox-AF488, and differences in the MEM distribu-
tions were assumed to be due to differences in the relative
fluorescence intensities of the intermediates for the N-
terminally and C-terminally labeled proteins. With the
amplitudes and experimental time constants from the MEM
distributions, rate constantsk3

ox andk-c
ox were varied along

with the fluorescence intensities ofFB
ox, FI*

ox, andFUB
ox to

generate a global fit to the dissociation data for both T110C-
CaMox-AF488 and T34C-CaMox-AF488. The results of an
iterative fit yielded the rate constants given in Table 2 and
the relative fluorescence intensities of each species listed in
Table 3. The value ofk3

ox for the final fit is lower for the
oxidized proteins than thek3 for unoxidized CaM as expected
on the basis of the lower relative amplitude of the slower
MEM peak for the oxidized proteins.

DISCUSSION

Binding Model. A number of studies have examined the
kinetics of CaM binding and dissociation from targets such
as myosin light chain kinase, CaM-dependent protein kinase
II, and isoform 4b of PMCA (14, 15, 29-33). In each of
these studies, a multiexponential time response was observed,
suggesting mechanisms with at least one intermediate. To
the best of our knowledge, this is the first study that
systematically monitored dissociation kinetics with CaM

Scheme 3
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labeled on both the N-terminal and C-terminal domains.
Perhaps the most interesting finding is the necessity for an
additional time constant to fit the data for dissociation of
C28W(1b) from T34C-CaM-AF488 relative to T110C-CaM-
AF488. This result suggests, as has been proposed (4, 5, 14,
31), that an intermediate step in the interaction of CaM with
PMCA involves release of the N-terminal domain of CaM.
T34C-CaM-AF488 would be expected to be sensitive to such
a step, while T110C-CaM-AF488 may not be.

On the basis of the number of peaks in the MEM
distributions, the model for dissociation of CaM from C28W-
(1b) must include two intermediate states. A similar model
was employed previously for binding of CaM to C28W from
isoform 4b of PMCA (15). Two of the intermediates must
have similar fluorescence characteristics for CaM labeled on
the C-terminal domain, because only one intermediate was
detected for dissociation of T34C-CaM-AF647. A model that
satisfies all of these conditions, shown in Figure 5, is based
on Scheme 1 and on a model proposed previously for
interaction of CaM with the binding domain of myosin light
chain kinase (34). NMR results suggest that the formation
of a tightly bound complex involves tight ionic contacts
between the target helix and CaM (34, 35). The model
consists of a bound complex B between CaM and C28W-
(1b), where the domains of CaM interact tightly with a fully
helical C28W(1b) peptide.

The first step in the dissociation pathway involves
structural rearrangements from the compact, collapsed com-
plex in which the C28W(1b) peptide is predominantly helical
to a less compact and more open form (34, 35). The C28W-
(1b) helix is destabilized, and partial unwinding of the helix
occurs during this step. The IN state is then formed as the

C28W(1b) peptide unwinds to form a random coil structure
and the N-terminal domain of CaM releases. Release of the
C-terminal domain of CaM completes the dissociation
process. The experiments presented here were conducted in
the presence of 150µM free Ca2+, a concentration that is
high enough to saturate Ca2+ binding in both domains of
CaM. Therefore, it is unlikely that any of the observed
intermediates in this study are caused by release of a Ca2+-
free N-terminal domain. Rather, it is likely that the ordered
release of the N- and C-terminal domains occurs with two
Ca2+ ions still bound in each domain.

Within the framework of this mechanism, the results in
Table 3 reflect the structural changes that accompany
rearrangement of compact complex B to intermediate I*. The
distance between the tryptophan in C28W(1b) (Trp8, re-
sponsible for the fluorescence quenching in the complex)
and the fluorescence probe is increased substantially upon
conversion of B to I* when the probe is in the C-terminal
domain, as indicated by the relatively large fluorescence
increase. The side chain of this tryptophan residue is
presumably bound in the hydrophobic cleft of the C-terminal
domain of CaM (4). Therefore, upon conversion of B to I*,
both orientational changes of the peptide in the C-terminal
binding cleft and concomitant structural changes in the
C-terminal domain promote a significant distance change
between the C-terminal fluorescent probe and the tryptophan
in the C28W(1b) peptide. Conversely, the distance between
the tryptophan in C28W(1b) and the fluorescence probe is
decreased when the probe is in the N-terminal domain
(T34C-CaM-AF488), as demonstrated by the moderate
decrease in fluorescence when B is converted to I*. This
change is smaller than that observed when the probe is in
the C-terminal domain and reflects a repositioning of the
N-terminal domain relative to the tryptophan in the C28W-
(1b) peptide perhaps due to unwinding and bending of the
C28W(1b) helix. Conversion to IN is accompanied by a large
change in the fluorescence of the complex when the probe
is in the N-terminal domain, consistent with dissociation of
the N-terminal domain of CaM from the peptide, but no
fluorescence change when the probe is in the C-terminal
domain, indicating little change in the interaction of the
C-terminal domain and the C28W(1b) peptide.

Relationship of the Model to PreVious Work.The model
in Figure 5 is consistent with other models presented in the
literature. Török and co-workers measured the binding and
dissociation kinetics for CaM with peptides from the CaM-
binding domains of myosin light chain kinase (29) and CaM-
dependent protein kinase II (33), with CaM labeled in the
central linker region or with a donor-acceptor pair. The
kinetics could be modeled by a two-step mechanism with a

FIGURE 4: Modeled concentration of each species as a function of
time for dissociation of C28W(1b) from CaM-AF488.

Table 3: Relative Fluorescence of Each Species from a Fit of the
Data to eq 1a

F(B) F(I*) F(IN) F(UB)

T34C-CaM-AF488 0.69 0.57 0.96 1.0
T110C-CaM-AF488 0.59 0.79 0.79 1.0

F(Box) F(I* ox) F(UBox)

T34C-CaMox-AF488 0.65 0.68 1.0
T110C-CaMox-AF488 0.72 0.93 1.0
a For oxidized CaM, the fluorescence of each species was found from

the iterative fit of T34C-CaMox-AF488 and T110C-CaMox-AF488 to
eqs A11 and A12.

FIGURE 5: Model for dissociation of CaM from C28W(1b). B
represents the bound CaM-C28W(1b) complex with a helical CaM-
binding domain. In the intermediate I*, the C28W(1b)-binding
domain is not fully helical. In IN, the N-terminal domain of CaM
is dissociated from the peptide. UB represents the fully unbound
state.
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single intermediate state. Caride and co-workers (for PMCA
isoform 4b) and Persechini and co-workers (for myosin light
chain kinase) suggested a CaM peptide binding pathway in
which the C-domain of CaM binds first and then the
N-domain, followed by further collapse of CaM around the
target to form the final complex (14, 31). The model
presented here is also consistent with one proposed by Wand
and co-workers based on NMR data of CaM binding to the
CaM-binding domain of smooth muscle myosin light chain
kinase, which predicts a binding intermediate consisting of
CaM complexed with a partially helical target CaM-binding
domain and a fully bound complex with a helical target
binding domain (34, 35).

Relationship to Isoform 4b. There are four isoforms of
PMCA, and changes of only a few residues in the CaM-
binding domain of some isoforms can greatly affect the
interaction between PMCA and CaM (6). Despite being the
most common isoform, isoform 1 has been rarely studied
due to difficulties in expression (12, 13). A detailed ex-
pression protocol has been developed and published
recently (36). The characterization of binding of CaM to the
peptide representing the CaM-binding domain of this iso-
form may be a useful precursor to studies with the intact
enzyme.

Recently, two studies have examined the kinetics of
binding of CaM to isoform 4b of PMCA and the CaM-
binding domain of this isoform (14, 15). The results of those
studies suggest a mechanism for binding of CaM to isoform
4b in which the C-terminal domain of CaM binds first,
followed by binding of the N-terminal domain and subse-
quent collapse of CaM around the target. Thus, the results
reported here are consistent with the kinetics of binding of
CaM to C28W from isoform 4b of PMCA. However, the
rates reported here for binding to isoform 1b are much slower
than those reported for binding of CaM to C28W from
isoform 4b.

The fact that amino acid sequence differences between
the CaM binding regions of these two isoforms are limited
to the C-terminal segment (see below) suggests that these
C-terminal amino acids control the strengths of interaction
with CaM. Sequences of the CaM-binding domains for
different isoforms of PMCA are shown in Figure 6. The first
18 N-terminal residues of the CaM-binding domains of these
isoforms are identical. However, differences in the 10
C-terminal residues of these isoforms are sufficient to
dramatically alter their CaM binding affinities (36, 37). For
instance, a recent study reported dissociation constants of
binding of CaM to C28W peptides from isoforms 3f and 2b
that were nearly 2 orders of magnitude apart (38), and these
differences must originate in the sequence differences in the
C-terminal portions of the respective CaM binding regions.

Thus, the differences in the kinetics reported for isoforms
1b and 4b must be due to the amino acid sequence differences
(only three of them, shown in lowercase in Figure 6) in the
10 C-terminal residues of the CaM-binding domains of
isoforms 1b and 4b.

Hydrophobic interactions are thought to be the dominant
force in target recognition and binding by CaM (1, 16).
However, it is unlikely that the changes in hydrophobicity
can account for the changes in binding kinetics between the
peptides for isoforms 1b and 4b. All of the residues involved
in these differences have similar hydrophobicities. [Kyte and
Doolittle hydrophobicity parameters are-4.5, -3.9, -3.5,
and -3.2 for arginine, lysine, asparagine, and histidine,
respectively (39).] Charge-charge interactions may contrib-
ute to the differences observed for the two isoforms of
PMCA. Isoform 1b has an asparagine at position 23 and an
arginine at position 26. At neutral pH, the asparagine would
be neutral while the arginine would have a positive charge.
In isoform 4b, these charges are switched: the lysine at reside
23 would have a positive charge while the histidine at residue
26 would be neutral. Altered interactions between negatively
charged CaM residues and positively charged residues in
C28W(1b) may thus explain the differences between the
affinity of CaM for isoform 1b observed here relative to that
of CaM for isoform 4b. This notion is consistent with the
idea that these electrostatic contributions are important for
the specificity of interactions (34, 35). It should also be noted
that the helix propensity of asparagine is significantly lower
than that of arginine, lysine, or histidine, and a decreased
helicity in the peptide domain could contribute to decreased
rates of association if the N-terminal domain of CaM interacts
preferentially with a helical segment.

Relation to PMCA ActiVation. The C28W(1b) peptide,
which consists of the CaM-binding domain of PMCA, is
located in the autoinhibitory region of the enzyme. This
domain of PMCA blocks activity of the enzyme in the
absence of CaM (40) but is released or dissociated when
CaM binds, thus activating the enzyme. The formation of a
helix in the CaM-binding domain of PMCA is believed to
be necessary for the release of the autoinhibitory domain.
The C-terminal domain of CaM is thought to bind more
tightly to target binding domains than the N-terminal domain,
even when both domains are loaded with Ca2+ (5). Binding
of both the C- and N-terminal domains of CaM to the CaM-
binding domain is required for activation of the enzyme (5).
The formation of fully bound complex B in C28W(1b) may
thus be related to the induction of conformational changes
in PMCA necessary for release of the autoinhibitory domain.
Nevertheless, as demonstrated by Caride and co-workers
(14), the kinetics of binding of CaM to PMCA are more
complex than binding to C28W because of the participation
of the rest of the enzyme and the possibility of CaM binding
to both the closed and open conformations of the autoin-
hibitory domain.

Changes upon Oxidation. The oxidation of methionine
residues has been shown to reduce the potency of CaM to
maximally activate PMCA (17-19). Interestingly, this loss
in activity is not due to a lack of binding of CaMox to
PMCA, but rather to a reduced activity of PMCA-CaMox
complexes (19, 41). The reduced productivity of CaMox
binding has been linked to a reduced tendency for CaMox
to generate structural changes in the CaM-binding domain

FIGURE 6: Sequences of the CaM-binding domains for different
isoforms of PMCA (37, 38). The first 18 residues (underlined) are
identical for all isoforms. Differences between isoforms 1b and 4b
are shown with lowercase letters.
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of PMCA that are necessary to induce dissociation of the
autoinhibitory domain from the catalytic region of the
enzyme to relieve autoinhibition (21, 41, 42). A recent study
of structural changes of binding of CaMox to C28W(1b)
suggests that these functional changes result from a reduced
helical propensity upon oxidation of Met144 and Met145 in
the C-terminal helix of CaM (21).

In this study, we found that the kinetics of dissociation of
C28W(1b) are perturbed by oxidation of the methionine
residues in CaM in the following ways. First, the fast
dissociation time observed with CaM (2-10 s) was not
observed in CaMox. Second, the intermediate dissociation
time constant (36-118 s) had a higher relative amplitude
for CaMox than the corresponding time constants for unoxi-
dized CaM. This result corresponds to a smaller fraction of
tight binding orientations for oxidized CaM relative to
unoxidized CaM. The resulting shift in the equilibrium away
from a fully helical binding domain is consistent with the
reduced tendency for release of the autoinhibitory domain
in PMCA bound to CaMox (42). As a result, the net
dissociation time for C28W(1b) is faster from that for CaMox
from unoxidized CaM.

The dissociation kinetics for CaMox suggest that a
mechanistic model based on Scheme 2 can be applied to the
dissociation kinetics for both T34C-CaMox-AF488 and
T110C-CaMox-AF488. The absence of a third time constant
for T34C-CaMox-AF488 in contrast to T34C-CaM-AF488
suggests that the final step in the dissociation of C28W(1b)
from CaMox does not result in different fluorescence signals
when for the fluorescent probe is in the C- or N-terminal
domain of CaMox. Thus, a distinct intermediate with one
domain dissociated (IN in Scheme 1) was not detected. This
suggests either that dissociation of one domain is rapidly
followed by dissociation of the other so that the IN f UB
step (Scheme 1) is not resolved, as suggested by the absence
of a time constant of less than 10 s for CaMox, or that
binding of the N- and C-terminal domains of CaMox may
no longer be ordered and sequential, as it is for unoxidized
CaM.

The rate constantk3
ox for formation of the final complex

(species B) of oxidized CaM and C28W(1b) is slower for
oxidized CaM than it is for native CaM (Table 2), signifi-
cantly altering the equilibrium for interconversion of B and
I* relative to that of native CaM. The reduced rate of
formation of species B with CaMox results in a predicted
drop in the equilibrium constant for this step in Scheme 2
from 2.3 to 0.95. The resulting shift in the equilibrium away
from a fully helical binding domain is consistent with the
weakened tendency for release of the autoinhibitory domain
in PMCA. The reduction of this rate may shift the equilib-
rium sufficiently to reduce the likelihood that oxidized CaM
induces the necessary structural changes in the target that
ultimately promote dissociation of the autoinhibitory domain.
This result is consistent with the observation that for species
B, the N- and C-terminal domains of CaM are closer in space
in the CaMox-C28W(1b) complex than in the CaM-C28W-
(1b) complex (41). As described above, we speculate that
elongation of C28W(1b) as it becomes helical in the final
binding step for unoxidized CaM is responsible for the
increase in the fluorescence of T34C-CaM-AF488 for species
B relative to I* (Table 3). A lack of full helix formation
would preclude this result. As expected for oxidized CaM,

the fluorescence yield of B was not increased relative to that
of I* for T34C-CaMox-AF488 (Table 3), consistent with a
final bound complex with oxidized CaM in which C28W-
(1b) is not fully helical.

CONCLUSIONS

The fluorescence of AF488 conjugated to CaM is sensitive
to the binding and dissociation of C28W(1b), the CaM-
binding domain of PMCA. Two CaM mutants, one with
AF488 conjugated to residue 34 in the N-domain and the
other to residue 110 in the C-domain, were used to elucidate
the nature of different species in the dissociation pathway.
The results indicate that binding of C28W(1b) involves an
intermediate consisting of a bound C-domain with a free
N-domain, followed by N-domain binding with partial helix
formation of the target, and finally a slight increase in the
distance between lobes of CaM as the helix fully forms.
Previous measurements with CaM labeled at Lys75 (15) also
favored a model in which CaM binds to C28W from isoform
4b of PMCA in three reversible steps with two intermediates.
These results for isoform 1b are consistent with that kinetic
model but with rates constants that are lower by at least 1
order of magnitude. Furthermore, by using CaM with
fluorescence labels in either the N- or C-terminal domains,
these results also reveal the different roles of the N- and
C-terminal domains in the individual kinetic steps. Analysis
of the dissociation kinetics for oxidized CaM suggests that
CaMox is less likely to form a tight binding complex due to
a decrease in the rate of formation of this complex. These
results support the idea that induction of helical structure in
the CaM-binding domain of PMCA is an obligatory step for
relief of autoinhibition and enzyme activation.
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