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ABSTRACT: Diverse physiological processes are regulated differ-
entially by Ca2+ oscillations through the common regulatory hub
calmodulin. The capacity of calmodulin to combine specificity with
promiscuity remains to be resolved. Here we propose a mechanism
based on the molecular properties of calmodulin, its two domains
with separate Ca2+ binding affinities, and target exchange rates that
depend on both target identity and Ca2+ occupancy. The binding
dynamics among Ca2+, Mg2+, calmodulin, and its targets were
modeled with mass-action differential equations based on
experimentally determined protein concentrations and rate
constants. The model predicts that the activation of calcineurin
and nitric oxide synthase depends nonmonotonically on Ca2+-
oscillation frequency. Preferential activation reaches a maximum at
a target-specific frequency. Differential activation arises from the accumulation of inactive calmodulin-target intermediate
complexes between Ca2+ transients. Their accumulation provides the system with hysteresis and favors activation of some targets
at the expense of others. The generality of this result was tested by simulating 60 000 networks with two, four, or eight targets
with concentrations and rate constants from experimentally determined ranges. Most networks exhibit differential activation that
increases in magnitude with the number of targets. Moreover, differential activation increases with decreasing calmodulin
concentration due to competition among targets. The results rationalize calmodulin signaling in terms of the network topology
and the molecular properties of calmodulin.
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A wide variety of external stimuli induce transient elevations
in cytoplasmic Ca2+ concentrations, via intake through

gated channels or by mobilization of endoplasmic reticulum
stores. Ca2+ transients typically occur in series (oscillations) and
vary in amplitude, duration, and frequency. Experimental data
suggest that the temporal and spatial dynamics of Ca2+

transients contribute to specificity and sensitivity in regulation
of a diverse range of physiological processes.1−4 Many Ca2+-
regulated processes, for example, cardiac and neuronal
rhythms,5 are sensitive to temporal dynamics, including
activation of some processes and simultaneous down-regulation
of others.5−7 This pattern implies the existence of global
mechanisms that transduce the information encoded in the
common Ca2+ oscillations into distinct cellular responses. This
important question has been addressed by experiments and
models that explore mechanisms of frequency-dependent
regulation based on local concentration gradients of
[Ca2+].3,8−10 These models show that indeed slow diffusion
of calcium can result in local microdomains of high [Ca2+]; the
higher the frequency of calcium oscillation, the higher the
microdomain [Ca2+] and the activity of all targets in the
microdomain.

Ca2+-binding proteins, most prominently calmodulin (CaM),
regulate downstream functions in response to Ca2+. CaM is a
promiscuous regulator with several hundred targets known to
date, including kinases, phosphatases, cytoskeletal proteins,
synaptic proteins, cell cycle proteins, ion channels, and the
buffer proteins that regulate intracellular Ca2+ stores.11−25 The
central importance of the molecular structure of CaM is
underscored by its identical sequence in all vertebrates,26,27 and
the observation that the Drosophila point mutants investigated
to date are lethal.28 It has been unclear, however, how the
molecular properties of CaM can enable a single regulatory hub
to differentially activate targets in response to the common
signal of Ca2+ flux.
The molecular properties of CaM appear compatible with a

direct role in temporal response to Ca2+ oscillations. Here, a
biophysical model is developed that incorporates explicitly
CaM ligand-binding dynamics to explore whether the
promiscuity of CaM could be rationalized if it were the locus
of global regulation. CaM contains four EF-hands, each binding
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one Ca2+ ion, that are organized as pairs in two globular
domains connected by a flexible tether (Figure 1).29,30 Pairing
of the EF-hands allows each domain to bind two Ca2+ ions with
positive cooperativity;31,32 thus, species with zero, two, or four
Ca2+ ions bound dominate over those with one or three Ca2+

(Figure 1D). The domains display distinct ion affinities and
kinetics, with approximately 6-fold higher Ca2+ affinity31 and
∼10-fold lower Ca2+ off-rates (24 vs 240 s−1; ref 33) in the C-
terminal domain than in the N-terminal domain at physio-
logical salt concentration. Mg2+ is a potent physiological
competitor with Ca2+ for CaM binding despite much lower
affinity (KD = 1.5−6 mM for Mg2+ and KD = 0.05−15 μM for
Ca2+ depending on ionic strength31,34−36) due to its much
higher cytoplasmic concentration (0.5−2 mM34,37). Its
opposite domain preference sets up competition at the N-
terminal domain that can make Mg2+ dissociation rate-limiting
for response to Ca2+. Taking these properties into account and
modeling the formation and dissociation of active complex may
capture essential biologically important dynamics in the
activation of CaM targets.
The two domains of CaM cooperate in target binding38−40

(Figure 1C). Their flexible linkage allows the domains to take
many orientations relative to one another,41 as the electrostatic
repulsion between the Ca2+-bound domains is largely screened
at physiological salt.42−44 The prevalence of methionine side-
chains at the hydrophobic pockets allows for optimization of
van der Waals and steric interactions with a variety of
targets.25,45 These factors equip CaM with a wide substrate
tolerance and high affinity.29,30,46 Thus, calmodulin combines
high specificity in folding and EF-hand pairing47,48 with a
remarkable promiscuity in target recognition. Most CaM
targets have highest affinity for, and are activated only by,
CaM with four Ca2+ ions bound. Due to thermodynamic
linkage, target binding increases the affinity of CaM for Ca2+,
but at basal Ca2+ concentrations (∼0.1 μM) a significant
fraction of CaM-target complexes have only two bound Ca2+

ions.37 Although CaM is abundant in all eukaryotic cells (∼2−
20 μM49,50), the very large number of targets could make it
stoichiometrically limiting in some conditions. In the present
work, simulation of model networks with experimentally
constrained rate constants and concentrations was used to
investigate whether ligand binding dynamics in the CaM
network can result in frequency-specific CaM target activation.

■ RESULTS

Network Model. To explore the role of ligand binding
dynamics in the CaM network, the binding interactions among
Ca2+, CaM, and target proteins were modeled with differential
(eqs 1−5) and mass-balance (eqs 6−8) equations. Importantly,
eqs 1−5 can account explicitly for the dynamics of formation
and dissociation of intermediary species that are commonly
neglected. Solving these equations numerically describes the
species distribution and rates of conversion among species in
response to trains of Ca2+ transients with defined frequency and
durations. A first set of simulations modeled a small network
with only two targets, containing in total 12 different species
(Figure 2). Calcineurin (CN) and nitric oxide synthase (NOS)
were chosen as model target proteins because of the availability
of experimental rate constants with divergent ranges (Table 1).
This small network was used to determine how the distribution

Figure 1. Calmodulin. (A) NMR structure of apo calmodulin (1cfc.pdb), (B) X-ray structure of CaM-Ca4 (1cll.pdb) and (C) crystal structure of
CaM-Ca4 peptide complex (1cdl.pdb). Panels A−C were prepared using MOLMOL75 with EF1 in light green, EF2 in green, EF3 in light blue, and
EF4 in blue. Ca2+ ions are shown as black balls and the target peptide in red. (D) Fraction of calmodulin with one (light blue, dashed), two (blue),
three (light green, dashed), and four (green) Ca2+ bound as a function of free Ca2+ concentration at physiological KCl concentration based on
experimental binding constants.31

Figure 2. Network model. Reactions and species taken into account in
the simulations are shown. Calmodulin (CaM) is shown as a dumbbell
indicating its two-domain structure, open circles denote unoccupied
Ca2+-binding sites, filled black circles are Ca2+ ions, and the gray oval
denotes the jth target protein. The subscript 2C indicates two Ca2+

ions in the C-terminal domain of calmodulin, and subscript j indicates
the jth target protein. The top line cartoon and reactions indicate
stepwise reversible binding of pairs of Ca2+ ions to calmodulin. The
bottom line cartoon and reactions indicate stepwise reversible binding
of pairs of Ca2+ ions to calmodulin in complex with the jth target
protein. The vertical reactions indicate reversible binding of the jth
target.
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of species varies over time in response to defined Ca2+-
oscillation profiles differing in frequency and duration of Ca2+

transients in the presence and absence of competing Mg2+ ions.
Low versus High Frequency of Ca2+ Transients. Figure

3A shows the results of simulations of networks including CaM,
Ca2+, NOS, and CN at two frequencies of Ca2+ transients. Such
trains of Ca2+ transients with similar midwidth duration are
commonly measured in nonexcitable cells, such as hepato-
cytes.6 At low frequency (0.04 Hz, Figure 3A, top left panel),
the formation and decay of active complexes (i.e., CaM-

(Ca)4CN and CaM(Ca)4NOS) closely trace the Ca2+

transients. The concentration of active CN complex is greater
than that of NOS during each spike, reflecting their differences
in affinity, but all spikes result in equivalent extents of activation
because the intertransient intervals (25 s) are long enough for
all network species to return to their equilibrium concen-
trations between spikes. In contrast, at high frequency (1 Hz),
the intertransient periods are too short (<1 s) to allow for
complete relaxation to equilibrium values, and activation of
both target proteins becomes hysteretic (Figure 3A, top right

Table 1. Rate Constants for CN and NOSa

Ca2+ binding target binding

ka/μM
−2 s−1 kd/s

−1 ka/μM
−1 s−1 kd/s

−1 refs

CaM k1 = 65 k2 = 850
k3 = 6 k4 = 12 26, 52

CaM CN k11 = 65 k21 = 425 k51 = 46 k61 = 348

k31 = 6 k41 = 0.06 k71 = 46 k81 = 0.008

k91 = 46 k101 = 0.0012 45, 51

CaM NOS k12 = 65 k22 = 116 k52 = 0.13 k62 = 2.1

k32 = 60 k42 = 1 k72 = 0.13 k82 = 0.0013

k92 = 0.13 k102 = 2.5 × 10−5 42, 43, 52
aThe rate constants for CN and NOS are marked with subindices 1 and 2, respectively, and are according to Figure 2. The association rate constants
are designated as ka and have units of μM

−2 s−1 for the association of Ca2+ ions (which was modeled as trimolecular; for justification, see Supporting
Information Figure S4) and μM−1 s−1 for the association of the targets. The dissociation rate constants are designated as kd and have units of s

−1. The
constants inferred from the thermodynamic cycles in Supporting Information Figure S2 are underlined.

Figure 3. Activation of CN and NOS by Ca2+ oscillations. Concentrations of network species are shown as a function of time under different
simulation conditions. The Mg2+ concentration and the midheight duration of Ca2+ transients are given above each set of panels (A−D). Within each
set of panels, the top panels show active species with CaM(Ca)4CN in red and CaM(Ca)4NOS in blue; the middle panels show inactive
intermediates with CaM(Ca)2CCN in magenta, CaM(Ca)2CNOS in green, CaM(Ca)2C(Mg)2NCN in yellow, and CaM(Ca)2C(Mg)2NNOS in cyan.
The bottom panels show the concentration of free Ca2+ (black), oscillating at low frequency (0.04 Hz; left) and at high frequency (1 Hz; right).
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panel). The response to the first transient is identical at both
frequencies, but the amplitude of response to subsequent Ca2+

spikes differs. CN becomes more activated on each spike
(asymptotically approaching a maximum) and NOS becomes
less active on each spike (asymptotically approaching a
minimum).
This response is found to depend on the extent to which

CaM is redistributed among CaM(Ca)2CCN, CaM(Ca)2CNOS,
and free CaM during the intertransient period (Figure 3A
middle), governed by the association and dissociation rates.
Depending on the frequency of transients, inactive intermediate
CaM-target complexes with two Ca2+ ions bound may
accumulate between transients. Since binding of Ca2+ to the
C-domain of free CaM is slow relative to the duration of
individual transients,51 activation of CaM target protein Pj is
proportional to CaM(Ca)2CPj at the beginning of the Ca2+

transients. Thus, slow redistribution makes the activation of
CaM targets dependent on the timing of Ca2+ transients.
Differential activation emerges due to the accumulation of
inactive intermediate states and the variation among targets in
the rate constants for formation and dissociation of these
intermediates. Therefore, the introduction of explicit terms for
the intermediary states (eqs 1−5) allows capturing important
dynamics that are missed by simpler models. The rate constants
in the CaM-Ca2+-target protein network thus permit some
target complexes to accumulate, leading to sequestration of
CaM, suppression of other target(s), and preferential activation.
Therefore, increased frequency can also lead to deactivation for
some targets, as observed for NOS (Figure 3). This activation
mechanism allows for truly differential regulation, not simply
monotonically increasing activation with increasing frequency.
Frequency Dependence. To evaluate the frequency

dependence of the observed differential regulation over a
wider range of frequencies, simulations with 11 transients of
157 ms duration were carried out for the model network
including CN and NOS at 28 frequencies ranging from 0.01 to
5 Hz (data up to 4 Hz shown in Figure 4). The concentration
of each active species, CaM(Ca)4CN or CaM(Ca)4NOS, at the
11th transient is shown as a function of frequency in Figure 4,
left, and the ratio of the concentrations the two active forms in
Figure 4, right. There is not a discrete frequency at which
behavior switches from equal response to each transient to

altered response to subsequent transients. Rather there is a
progressive change in behavior starting already in the very low
frequency end (compare first two points in Figure 4). However,
around 0.5 Hz, the discrimination between CN and NOS
reaches a maximum. This optimum reflects the largest
amplification of CN activation and largest suppression of
NOS activation around 0.5 Hz. This difference is maintained in
the presence of physiological concentrations of Mg2+, although
its magnitude diminishes (Figure 4, right) and the peak shifts
very slightly to lower frequency values. At frequencies above ∼3
Hz, no difference in the ratio of active species is detected
because transients are too rapid to permit species redistribution
between spikes. These results suggest that the level of
differential activation is largest when the frequency of Ca2+

oscillations is tuned to rates in the system that allow for
efficient resonance with the frequency.

Duration of Ca2+ Transients. Typical durations of
transients range from a few milliseconds in excitable cells to
around 1 s.6,52 Networks including CaM, Ca2+, NOS, and CN
were simulated with two durations of the Ca2+ transients
(midheight duration 57 or 157 ms) at frequencies of 0.04 and 1
Hz. As expected, longer transients (midheight duration 157 ms,
Figure 3A) result in longer durations of activation for both CN
and NOS as compared to shorter transients (57 ms, Figure 3B).
Shorter transients lead to a lower level of formation of active
species during the transient, and lower intermediate concen-
tration between transients. However, the amplitudes of
activation for CN and NOS respond differentially to the
change in duration of Ca2+ transients. This is seen mainly at the
higher frequency (compare Figure 3A and B, top right panels).
Decreasing the duration decreases the amplitude of activation
of CN while slightly increasing the amplitude of NOS
activation. This reduction is seen mainly for the more slowly
dissociating CaM(Ca)2CCN that gives CN less chance to
suppress NOS with short transients and the competition is
reduced.

Wider Range of Rate Constants. Other combinations of
rate constants besides those estimated from experiment for CN
and NOS were evaluated to determine the range of values that
could lead to target discrimination and a frequency optimum. A
set of 2500 hypothetical networks of two targets was generated
by picking at random rate constants within the ranges given in

Figure 4. Frequency dependence of CN and NOS activity. (Left) Concentration of active target CN (CaM(Ca)4CN in red) and NOS
(CaM(Ca)4NOS in blue) and (right) ratio of concentrations of active species (CaM(Ca)4CN over CaM(Ca)4NOS) on the 11th transient as a
function of Ca2+ frequency. Data at the following Mg2+ concentrations are shown: 0 mM (filled circle), 0.5 mM (filled upward triangle), 1.0 mM
(filled diamond), 1.5 mM (filled downward triangle), 2.0 mM (open circle), and 2.5 mM (open triangle).
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Table 2 and protein concentrations in the range 1−100 μM as
observed experimentally.14 The tabulated rate constants span

many orders of magnitude and encompass all values estimated
for the CaM targets that have been studied experimentally,
representing affinity variations over 7−9 orders of magnitude.
Simulation of each of the 2500 networks was performed with
11 Ca2+ transients of 157 ms duration at 28 frequencies
between 0.005 and 5 Hz. Figure 5 shows results for the first 50

networks, which are representative of the simulated set. The
ratio of the concentrations of the two active species,
CaM(Ca)4P1 and CaM(Ca)4P2, at the 11th transient is
normalized to facilitate comparison. For almost all pairs, the
data reveal differential regulation and distinct frequency
dependence with an optimum within the studied frequency
range. Furthermore, the optimum frequency varies considerably
among pairs of hypothetical targets. This behavior indicates
that if several targets are part of the same network, activation of
different groups of targets may occur at different frequencies.
Networks with Higher Numbers of Targets. To evaluate

the effect of increasing the number of targets in a network,
simulations were carried out for three sizes of hypothetical
networks containing two, four, or eight targets. Protein
concentrations were picked at random within the experimen-
tally observed range 1−100 μM,14 and rate constants were

varied over 3−6 orders of magnitude within the ranges given in
Table 2 to generate 10 000 parameter sets for each network
size. All networks were simulated at frequencies of 0.04 and 1
Hz with Ca2+ trains of 11 transients with midheight duration of
157 ms. To compare the level of differential target activation
between networks with different numbers of targets, two
metrics, ΔPj and ΔA, are introduced. ΔPj measures the fold
change in activation of one target at two frequencies. ΔA
averages ΔPj over all targets in the network (see eqs 13 and 14
in the Methods section).
For networks of two targets, 92% of the simulated networks

yield frequency-dependent activation of target proteins as
judged by ΔA values (Figure 6A). For the remaining 8% of

parameter sets, ΔA is close to 1, implying no frequency
dependence. The fraction of parameter sets yielding frequency-
dependent activation (frequency dependence of both ΔPj and
ΔA) increases with the number of targets, and already with four
targets this fraction is >99%. This behavior is also evident in
Figure 6A as distributions shifted toward higher ΔA values
when more targets are present in the networks. The networks
with 2, 4, and 8 targets proteins have mean ΔA values of 1.58,
2.0, and 2.4, respectively. This trend suggests that inclusion of
even more targets will lead to further increase in ΔA. The
dispersion of the distribution also decreases with the number of
targets. The shifting and narrowing indicate that the number of

Table 2. Rate Constant Limits for Generic Target Proteinsa

Ca2+ binding target binding

ka/μM
−2 s−1 kd/s

−1 ka/μM
−1 s−1 kd/s

−1

lower limit k1j = 1 k2j = 1 k5j = 0.1 k6j = 1 × 10−4

k3j = 0.1 k4j = 0.001 k7j = 0.1 k8j = 1 × 10−4

k9j = 0.1 k10j = 1 × 10−6

upper limit k1j = 1000 k2j = 1000 k5j = 100 k6j = 100
k3j = 100 k4j = 10 k7j = 100 k8j = 1

k9j = 100 k10j = 0.1
aLimits for randomly generated rate constants. All notations and units
are the same as in Table 1 and according to Figure 2.

Figure 5. Frequency dependence in generalized networks. Ratio of
active targets in a network of two targets using parameters picked
randomly within the ranges in Table 2, and calmodulin concentration
in the range 1−100 μM. The Ca2+ train consisted of 11 transients with
157 ms midheight duration and simulations were performed at Ca2+

oscillation frequency ranging from 0.005 to 5 Hz. Each curve
represents one pair of targets and the different colors are used only to
facilitate viewing of the curves.

Figure 6. Differential activation in generalized networks. Distribution
of ΔA values among 10 000 simulations for generalized networks with
rate constants generated at random within the ranges given in Table 2.
ΔA is calculated comparing 1 and 0.04 Hz oscillations, and the
fractions of simulations yielding the indicated ranges of ΔA values are
shown. The simulations used trains of 11 Ca2+ transients with 157 ms
midheight duration without Mg2+. (A) Effect of number of targets. ΔA
distributions for networks of two (black), four (blue), or eight (red)
targets. The calmodulin concentration was chosen randomly in the
range 1−100 μM, and the total target concentration in the range 1−
100 μM. (B) Effect of limiting calmodulin concentration. Distribution
of ΔA values for networks containing two targets and calmodulin
concentration sampled in the ranges 1−10 μM (green), 1−100 μM
(black), or 1−1000 μM (magenta).
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parameter combinations yielding higher ΔA values is larger
when more targets are present in the network. This effect
reflects the fact that with more targets, the likelihood is higher
that some will have rate constants supporting differential
activation between 0.04 and 1 Hz oscillations, that is, having
rate constants that allow efficient coupling with the frequency
in this range.
Replotting the graph in Figure 6A for a randomly chosen

subset of 6000 simulated parameters from each set shows
convergence to the same distribution of ΔA (not shown),
indicating that the number of simulated sets is large enough to
be representative of calmodulin network behavior over the
studied ranges of rate constants. The 100 sets of rate constants
that resulted in the smallest or largest differential responses
(lowest or highest ΔA values, respectively) are distributed over
the whole parameter space (Supporting Information Figure
S1). Thus, differential activation of CaM targets depends on the
frequency of Ca2+ oscillations for a very wide range of rate
constant values.
Competition from Mg2+. Even though binding of Mg2+ to

CaM does not lead directly to target activation, Mg2+ competes
with Ca2+ for binding to CaM and, thus, influences target
activation.35 Mg2+ has opposite domain preferences for CaM,
and the complexes CaM(Ca)2C(Mg)2NPj may influence target
activation since dissociation of Mg2+ may be slower than the
association of Ca2+.35 The role of Mg2+ was investigated by
repeating the simulations of the networks containing CN and
NOS at 28 different frequencies ranging from 0.01 to 5 Hz in
the presence of 0.5, 1, 1.5, 2, or 2.5 mM Mg2+. Inclusion of
Mg2+ expands the network from 12 to 19 species and adds four
new rate constants. The new species are Mg2+, CaM(Mg)2N,
CaM(Mg)4, CaM(Ca)2C(Mg)2NNOS, CaM(Ca)2C(Mg)2NCN,
CaM(Mg)4NOS, and CaM(Mg)4CN, whereas CaM-
(Mg)2C(Ca)2NCN and CaM(Mg)2C(Ca)2NNOS are omitted,
as their concentrations will under all circumstances be
negligible due to opposite ion preferences of the domains.
Examples of simulations at 0.04 and 1 Hz are shown in

Figure 3 at 0.5 mM Mg2+ (Figure 3C) and 2 mM Mg2+ (Figure
3D). The inclusion of Mg2+ affects the level of activated CN
much more than NOS over the entire frequency range (data up
to 4 Hz shown in Figure 4). The concentration of
CaM(Ca)4CN at the 11th transient is reduced in the presence
of Mg2+ and shows an almost linear dependence on Mg2+

concentration, whereas the concentration of CaM(Ca)4NOS is
largely independent of Mg2+ concentration (Figure 4A). In the
presence of 1−2.5 mM Mg2+, CN is more activated than NOS
around 0.5 Hz, whereas at both lower and higher frequencies
NOS is more activated than CN. Suppression of CN reduces
the ratio of CaM(Ca)4CN to CaM(Ca)4NOS over the whole
frequency range. Still, the ratio shows a peak around 0.5 Hz at
all Mg2+ concentrations tested (Figure 4B), indicating a
frequency-dependent difference in activation of the targets in
the presence of biologically relevant concentrations of Mg2+.
Calmodulin Concentration. The role of CaM concen-

tration was first evaluated by performing a series of single
simulations with 10 μM NOS and 10 μM CN and the CaM
concentration set to 1, 2, 5, 10, 20, 50, or 100 μM. When the
CaM concentration is lower than the total target concentration,
these simulations show a higher level of differential activation
with suppression of NOS (data not shown), suggesting
sequestration of CaM in CaM(Ca)4CN complexes. Thus,
competition for limited CaM leads simultaneously to
preferential activation of one target and suppression of the

other, implying a mechanism for truly differential regulation,
rather than monotonically increasing activation.
The role of CaM concentration was further evaluated by

generating 10 000 networks of two targets for each of three
concentration ranges of CaM (1−10, 1−100, and 1−1000 μM).
Rate constants were selected randomly within the ranges given
in Table 2, and concentrations of target proteins in the range
1−100 μM. Figure 6B shows the ΔA distributions for the three
CaM concentration ranges. A shift of the distribution to higher
ΔA values is seen for networks with CaM concentrations
sampled in the range 1−10 μM compared to 1−100 μM, and
there is a small shift in the same direction also when 1−100 μM
is compared to 1−1000 μM. This indicates that the frequency
dependence increases as the CaM concentration range becomes
more limited. Although differential activation is maintained
even when the concentration of CaM exceeds the total
concentration of all targets, it is strongest when CaM is
stoichiometrically limiting, as is thought to be the case in vivo.14

Sensitivity Analysis. A sensitivity analysis was carried out
for networks with two targets to investigate which parameters
are most critical for the appearance of differential activation and
to evaluate potential interdependence of parameters. Partial
correlations between ΔA and each parameter and between ΔA
and each pair of parameters (not shown) were computed based
on 10 000 generated networks with protein concentrations in
the range 1−100 μM and rate constants in the ranges given in
Table 2. The absolute value of each partial correlation is
proportional to the influence of the corresponding parameter
on ΔA, and its sign indicates whether the influence is negative
or positive (see Methods). A negative partial correlation is
found between ΔA and the CaM concentration (Figure 7), in
agreement with the finding that low CaM concentrations are
associated with increased competition between targets.
Consistent with the interpretation of the results in Figure 3,
the rate constants for association and dissociation of Ca2+ at the
C-terminal domain of target-bound CaM, k3j and k4j, have the

Figure 7. Sensitivity analysis. Partial correlation coefficient between
ΔA and each varied parameter for 10 000 simulations of networks
having two targets and no magnesium. The rate constants kij
(indicated by their indices i) are displayed as upward triangle
(association rate constants) or downward triangle (dissociation rate
constants) and concentrations as filled circles (C1 = total calmodulin
concentration, C2 = target concentration).
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strongest influence on ΔA, with low values for these rate
constants associated with high values of ΔA. This is seen as a
negative partial correlation between ΔA and these rate
constants (Figure 7). Target proteins for which these rate
constants are low have slowly evolving intermediate complexes,
leading to enhanced differential activation. Other association
rate constants are more weakly correlated with ΔA, either
positively (k1j and k9j) or negatively (k7j) except for k5j that is
uncorrelated. All dissociation rate constants except k8j are
negatively correlated with ΔA, meaning that on average low
dissociation rate constants favor high ΔA. The results of the
sensitivity analysis thus imply that differences in rates among
the intermediate complexes provide the network with
frequency dependence and lead to differential activation of
targets. The pairwise sensitivity analysis points to a number of
interdependencies (data not shown). For example, a synergistic
effect is seen between k7j and k8j, suggesting that ΔA increases
with the rate of exchange between free target and target bound
to CaM with a Ca2+-saturated C-terminal domain. The finding
that nearly all rate constants display partial correlation to ΔA
and thus contribute to differential regulation suggests that the
observed differential activation is an emergent property of the
whole network rather than a property arising from the
superposition of a few individual interactions.

■ DISCUSSION
The mechanism described here makes it possible, based on
temporal dynamics alone, for a Ca2+-calmodulin signaling
network to decode the information in spike timing to
distinguish among different cellular pathways that use Ca2+ as
a common second messenger. The calmodulin signaling
network is thus a striking example of the importance of kinetic
discrimination in a system of multiple competing interactions.
Both the relative rates of different reactions and the rates of the
reactions relative to the timing of the signaling event set up the
selectivity among branches of the network. The network is
dynamically driven if the intertransient intervals are shorter
than the time required for equilibration of the slowest steps in
the network. Therefore, the activation of CaM targets is
determined by kinetics rather than by affinities except at very
low Ca2+ oscillation frequencies.
Kinetic Discrimination. Kinetic competition may arise

from differences in association and/or dissociation rates.
Association rate differences have, for example, been invoked
to explain competition in DNA binding,53 whereas protein
folding may rely on longer average lifetime of native relative to
non-native contacts.54 For the calmodulin signaling network,
differences in both association and dissociation rate constants
are found to contribute to differential activation. Differential
activation requires that the rates of some binding reactions are
low relative to the frequency of the Ca2+ signaling event. Low
dissociation rates of some complexes lead to accumulation of
intermediates between transients, leading both to fast activation
of those targets and suppressed activation of other targets. With
intermediates at low concentrations association rates may
become slow and rate limiting. High association rates of some
targets can deplete CaM and limit association rates of other
reactions.
Role of Intermediates. One mechanism for differential

activation found here relies on the buildup of the CaM(Ca)2CPj
species between transients. Most targets in complexes with
CaM having only two Ca2+ ions bound are inactive, and the
slow dissociation of CaM(Ca)2CPj reflects the high stability of

such complexes. Many Ca2+-activated CaM targets, such as
CaN, NOS, myosin light-chain kinase, CaM kinase II, and Ca-
ATPase are indeed known to form very stable complexes with
Ca2−CaM (KD = k10j/k9j < 100 pM),10,37,55−57 and the isolated
C-terminal domain fragment of CaM also has very high affinity
for many targets (KD < 1 nM).32 With such high affinities, even
the highest measured association rate constants (ka = 108 M−1

s−132,56) imply relatively low dissociation rate constants, koff =
KD/ka < 0.1 s−1. The importance of intermediates is
underscored by comparing the simulations at high Ca2+

oscillation frequency with those at very low frequency allowing
dissociation of the intermediates between transients, under
which conditions the level of differential activation is reduced
(Figure 3). In some exceptional cases, such as the plasma
membrane calcium pump, targets are activated by CaM-
(Ca)2C,

58−60 but can, in competition with targets activated by
CaM(Ca)4, be regulated differentially by the kinetic mechanism
described here, because dynamics in the CaM signaling network
affect species having two Ca2+ ions bound.

Role of Calmodulin Concentration. The mechanism
described here for differential activation does not depend
directly on the stoichiometry between CaM and target protein.
Thus, this mechanism can be responsible for differential
activation even when there is a single target protein, as
reflected in the frequency dependence of ΔPj. However, the
frequency dependence of the accumulation and depletion of
intermediate species is enhanced by competition between
targets for CaM. Competition is intensified by decreasing
concentrations of CaM. Thus limiting CaM concentration
enhances differential activation without being necessary for it.

Calmodulin Domain Structure. The results underscore
the intricate optimization of CaM structure and function. The
basis for hysteretic behavior in the network is the covalent
coupling of two domains that bind Ca2+ sequentially, but with
cooperativity in each domain, and that cooperate in target
binding. The importance of paired sites in each domain is
illustrated by the perturbation of target activation by mutations
that deteriorate single EF-hands.61 An important contribution
to the essential hysteresis underlying the differential response is
that CaM-target complexes with two Ca2+ ions bound may
persist between transients but only complexes with four Ca2+

ions are active. This effect differs fundamentally from hysteresis
due to accumulation of Ca2+ because of slow diffusion. Ca2+

accumulation can only increase the level of target activation,
whereas accumulation of intermediates can also decrease the
activation of some targets as illustrated by NOS. The high
affinity and slow kinetics of Ca2+ binding to the C-terminal
domain37 explains why the CaM(Ca)2CPj species play a pivotal
role in activation of target proteins. The much higher affinity
for Ca2+ compared to the more abundant Mg2+, and the
opposite domain preferences of Mg2+ and Ca2+, are also critical
and allow differential activation even at physiological Mg2+

concentrations.
Advantages of a Central Hub. The results underscore the

many advantages of having the calmodulin signaling network
centered on a common hub, calmodulin, as opposed to a
signaling network composed of many Ca2+-binding target
proteins. A hub network facilitates coupling among network
species by linking reactions involving different targets, making
the whole network sensitive to the range of temporal dynamics
of its most sensitive members. Distributed control would not
allow the activation of some targets to suppress other ones one
in a frequency sensitive manner, because they would not
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compete for the same activator. A network centered on one
common hub provides a mechanism for the cell to use Ca2+-
spike frequency to select which Ca2+-regulated activities should
be switched on at elevated Ca2+ concentration, as has indeed
been found experimentally62−64 and theoretically.65

Number of Targets. Increasing the number of target types
increases the range of temporal dynamics the network can
transduce into differential regulation. In the large-scale
simulations, this is seen as a shift in the ΔA distribution
toward higher values as the number of target types increases.
The effects reported here have not saturated in networks with
eight targets. Considering the large number of CaM target
proteins found in eukaryotic cells,11−23 the reported results are
likely to underestimate the level of differential regulation in vivo.
Importantly, the mechanism found here for differential
activation would permit selective activation even of targets
present in very low copy number, as the defining parameters
are the rate constants. While association rate depends also on
concentration, dissociation rate does not; thus even low copy
number targets may build up a high fraction of inactive
intermediates between transients.
Temporal versus Spatial Dynamics. The present study

considers only temporal and not spatial dynamics in Ca2+

concentration. Slow diffusion of Ca2+ has been explored
extensively as a mechanism for nonlinear activation of Ca2+-
dependent processes.66 The low spatial resolution of
experimental measurements, together with cytoplasmic hetero-
geneity, are obstacles for accurate modeling of spatial dynamics.
However, for CaM target proteins that move slowly relative to
the temporal dynamics of Ca2+, such as immobilized or tethered
targets or those that are part of large multiprotein complexes,
spatial heterogeneity means that CaM targets in different
locations experience different temporal dynamics. Thus, the
different frequencies in the present simulations serve as a proxy
for different locations. The kinetic mechanism described here is
fully compatible with and may coexist with other mechanisms
for signal modulation, such as alternative splicing of target
proteins67,68 and accumulation of Ca2+ in local microdomains.9

Stochasticity. The differential equations used here assume
continuous concentrations, whereas the numbers of protein
molecules and calcium ions are discrete and potentially small. A
typical mammalian cell has a volume of 1 pL, which at the
protein concentrations used in the simulations represents 6 ×
105−6 × 108 molecules per cell. A simple measure of the effect
of stochasticity is the counting error estimated as the coefficient
of variation (CV) of Poisson distributions whose expectation
values are in the range 6 × 105−6 × 108. At the low end of this
range, CV is 0.001, and at the high end it is 4 × 10−5. These
values indicate that the continuous assumption underlying the
use of differential equations is reasonable for the binding
interactions modeled here.
Amplification from Opposing Activities. Some CaM

targets have mutually opposing activities (e.g., adenylate cyclase
and cAMP phosphodiesterases) or inhibit each other (e.g., CN
and CaMK II). In such cases, modest ΔA values may be
amplified by the dynamics of reciprocal inhibition and
contribute to differential signal transduction. If CN activity is
higher than CaMK II activity, CN will suppress CaMK II
activation while at the same time relieving the inhibition of its
own activation. Amplification may even result in bistable
responses, such as the induction of long-term synaptic
potentiation (LTP) and depression (LTD).

■ CONCLUSIONS

Differential target activation in the calmodulin signaling
network can be regulated by the Ca2+ oscillation frequency.
Differential activation increases with increasing numbers of
targets and with decreasing CaM concentration. The under-
lying mechanism relies on the two-domain structure of CaM,
the opposite binding preferences of the two domains for Ca2+

and Mg2+, and differences in association and dissociation rates
among target-CaM complexes. Given the generality of the
model, it may be relevant to other oscillatory dynamics in signal
transduction and transcriptional regulation.69,70.

■ METHODS
Network Model. The network model (Figure 2) includes free

Ca2+, free target proteins, calmodulin (CaM) with zero, two or four
Ca2+ bound, as well as target-bound CaM with zero, two, or four Ca2+

bound. With one target protein, the network thus contains 8 species
(Ca2+, CaM, CaM(Ca)2C, CaM(Ca)4, Pj, CaMPj, CaM(Ca)2CPj,
CaM(Ca)4Pj) and 14 rate constants (Figure 2). Each additional target
adds 4 species (Pj, CaMPj, CaM(Ca)2CPj, CaM(Ca)4Pj) and 10 rate
constants to the network. Due to positive cooperativity of Ca2+

binding within each domain,31 complexes of CaM with one or three
Ca2+ ions bound will have much lower concentration (Figure 1D) and
only those with zero, two or four Ca2+ ions bound are considered in
the model. The lower affinity and faster dissociation of Ca2+ from the
N-terminal domain make the concentrations of CaM(Ca)2N and
CaM(Ca)2NPj insignificant

37 and these species were not included in
the model. In the initial simulations with two targets, the total
concentrations of CaM and targets were all fixed at 5 μM. In larger-
scale simulations with networks of two, four, or eight hypothetical
targets, target concentrations were sampled from the range 1−100 μM,
and CaM concentration in the ranges 1−10, 1−100, or 1−1000 μM.

Rate Equations. Differential mass-action equations (eq 1−5) and
mass-balance equations (eq 6−8) describe the rates of conversion
between species and species distribution. Each differential equation
describes the rate of change in the concentration of one species and
contains production terms accounting for the reactions that generate
the species, and degradation terms accounting for the reactions that
consume the species. The equations are written in a general form for
the jth target protein (Pj) to model networks containing any number
of targets. For n targets there are 2 + 3n differential equations and 1 +
2n mass balance equations.
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where [Ca2+] denotes free Ca2+ concentration, [CaM] the free CaM
concentration, [CaM(Ca)2C] the concentration of CaM with two Ca2+

ions bound to its C-terminal domain, [Pj] the free concentration of the
jth target protein, and [CaM(Ca)iPj] the concentration of the complex
of CaM and the jth target protein having i Ca2+ ions bound.
Rate Constants. The binding of Ca2+ to CaM is described by four

rate constants (k1, k2, k3, and k4; Figure 2) with values that have been
reported by multiple laboratories (Table 1). Using eqs 9−12, two rate
constants (k2j and k4j) were expressed in terms of the remaining eight
rate constants. For nitric oxide synthase and calcineurin, some
equilibrium and rate constants have been estimated experimen-
tally;10,55−57,71−73 their values and the sources of the rate constants are
listed in Table 1. The association rate constants for Ca2+ binding to
CaM complexed to these targets are unknown but could be calculated
from the other values using eqs 11 and 12. These rate constants are
listed in Table 1 as inferred. Equations 9 and 10 describe the
thermodynamic cycles by which the binding reactions are linked; ΔGC
and ΔGP,C are the free energy of Ca

2+ binding to free and target-bound
CaM, respectively, and ΔGP and ΔGC,P are the free energy of target
binding to free and Ca2+-bound CaM, respectively.

Δ + Δ = Δ + ΔG G G GC C,P P P,C (9)
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In larger scale simulations with generalized networks of two, four, or
eight targets, the sets of rate constants for each target were sampled
randomly from the log-scale ranges established by the upper and lower
limits presented in Table 2. These limits were chosen to encompass
the highest and the lowest values reported in the literature.52,55 Each
set of parameters was generated as follows. Each unknown rate
constant, except k2j and k4j, was sampled randomly from the log range
for its values, and the sampled values were used to compute k2j and k4j.
Sets of rate constants were discarded if they correspond to target
proteins with target affinity for CaM(Ca)4 lower than that for
CaM(Ca)2; target affinity for CaM(Ca)2 weaker than 105 M−1 (KD >
10 μM); or Ca2+ affinity of the N-terminal CaM domain in target
complexes greater than 107 M−1 (KD < 0.1 μM).32 Such targets cannot
be regulated by Ca2+ transients because CaM-target complexes would
be more than half-saturated even at basal concentrations of free Ca2+

(∼0.1 μM).

Ca2+-Concentration Profile. A train of Ca2+ spikes was generated
as a piece-wise continuous function as follows.

μ=+During intertransient intervals: [Ca ] 0.1 M2

ω τ μ= + −+ t iDuring transient: [Ca ] (0.1 0.9sin( { ( )}) ) Mn2

τ(i) is the start position of the ith transient in the train. This yields
trains of identical Ca2+ transients with peak [Ca2+] = 1 μM separated
by intertransient periods with [Ca2+] = 0.1 μM, closely resembling the
experimentally measured profiles.5,6 Each transient lasted for one-half-
period of the sine wave, and the midheight duration is t1/2 =
2ω−1[arcsin(1) − arcsin (2−1/n)]. This work used ω = 10 and n = 2
yielding t1/2 = 157 ms, or ω = 20 and n = 4 yielding t1/2 = 57 ms.

Simulations. To investigate the activation of CaM target proteins
in response to the train of Ca2+ transients, the evolution of the
different species in the network was calculated using eqs 1−8. The
system of coupled differential equations was integrated using
numerical and backward differentiation formulas74 with adaptive
time steps ranging from 10 fs to 10 ms. In test simulations of networks
with two target proteins, the numerical integration was performed with
a modified Rosenbrock formula of order 2 (ref 74) and gave the same
results, indicating numerical convergence and to the absence of large
systematic errors.

Including Mg2+. The binding of Mg2+ was modeled in analogy
with the binding of Ca2+. The Ca2+ and Mg2+ networks are coupled by
the following elementary reactions involving mixed species with both
Ca2+ and Mg2+.
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Dissociation of Mg2+ from the N-terminal sites may be rate limiting for
binding of Ca2+, and is described by the combination of elementary
reactions. The species CaM(Mg)2C and CaM(Mg)2C(Ca)2NPj were
not included because Mg2+ has opposite preference for the two
domains of CaM compared to Ca2+ and competes for the N-terminal
domain only. As found experimentally, the binding of Mg2+ to one
CaM domain does not change the affinity of the other domain for Ca2+

or the affinity of CaM for target protein.35 By thermodynamic linkage,
the presence of targets does not alter the affinity of CaM for Mg2+.
Thus, the rate constants for binding of a target are assumed to be
unaffected by Mg2+ binding, and the rate constants for the binding of
Mg2+ to one domain are not altered by the binding Ca2+ to the other
domain or by the binding of targets. These assumptions reduce to four
the number of new rate constants needed to include Mg2+. The values
used for these four constants are found in Table 3.

Metrics for Differential Activation. Two metrics ΔPj (eq 13)
and ΔA (eq 14) are defined to quantify differential activation in the
large-scale simulations. Two oscillations are compared that have eleven
identical Ca2+ transients and differ only in the time intervals between
successive Ca2+ transients.

Table 3. Rate Constants for Mg2+a

ka/mM−1s−1 kd/s
−1

k1
m = 172 k2

m = 380
k3

m = 127 k4
m = 1635

aRate constants for association and dissociation of Mg2+ from ref 34
and 35. For notation see Supporting Information Figure S3.
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ΔPj quantifies the fold increase in the activation of the jth target
protein (Pj) as a function of the intertransient periods T1 and T2. ΔA is
the arithmetic average of the absolute values of ΔPj for all CaM target
proteins included in the simulation. Cj

T1, Cj
T2, and Cj

B are the
concentrations of active complexes, CaM(Ca)4Pj, during transients
with periods T1 and T2, and at basal [Ca2+] = 0.1 μM, and n is the
number of target proteins in the network. t1 and t2 are the durations of
the trains of transients (oscillations) with frequencies 1/T1 and 1/T2,
respectively. t1T1= t2T2, that is, the number of Ca2+ transients, is the
same for both frequencies.
Sensitivity Analysis. Partial correlations were calculated between

ΔA and each parameter (α1) for the 10 rate constants k1j−k10j and the
total concentrations of CaM (C1) and target proteins (C2), as well as
between ΔA and each pair of parameters (α2):

α α= → = −P dA P P P dA( ) ( )1 1
T T1 (15)

α α= → = −Q dA Q Q Q dA( ) ( )2 2
T T1 (16)

P is a matrix in which each column corresponds to a parameter and
each row is a simulated set of parameters. dA is a vector with the
corresponding values of differential activation. Each column of P
contains the Z-scores of one parameter, meaning the simulated values
of that parameter normalized to have zero mean and unit variance to
permit comparison on the same scale of parameters with orders-of-
magnitude differences in their dynamic ranges. Similar to P, Q is a
matrix containing all pairwise products of parameters, for example, the
first column is the Z-score (normalized to zero mean and unit
variance) of the element-wise product of the first and second columns
of P, the second column of Q is the Z-score of the pairwise product of
the first and the third columns in P and so on. This overdetermined
linear system (in the least-squares sense) is solved for ε1 and ε2, the
vectors of partial correlations. The interdependence between a pair of
parameters (say, i and j) is measured by the difference between the ε2
element corresponding to i and j and the product of ε1 elements
corresponding to i and j. This approach is a simplification that
decomposes a nonlinear dependence into a set of component
functions (second order polynomials), which approximate the
influence of each parameter on the level of differential activation.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published on the Web on February 5, 2013,
with a missing operator from the last term in eq 2. The
corrected version was reposted on February 12, 2013.
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