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ABSTRACT: Calmodulin (CaM) is a calcium-sensing protein that can bind to and activate various target
enzymes. Here, electrospray ionization mass spectrometry (ESI-MS) was used to investigate calcium-induced
structural changes of CaM, as well as binding to the model target melittin (Mel). Nonspecific metalation
artifacts were eliminated by conducting the experiments in negative ion mode and with calcium tartrate as
metal source [Pan et al. (2009) Anal. Chem. 81, 5008]. Two coexisting CaM subpopulations can be distin-
guished on the basis of their ESI charge state distributions, namely, relatively disordered conformers (CaMD,
high charge states) andmore tightly folded proteins (CaMF, low charge states). Calcium titration experiments
on isolated CaM reveal that the transition from apo-CaMD to Ca4 3CaMF proceeds with apparent Kd values
of 10, 14, 30, and 12 μM. In the presence ofMel, a gradual [Ca2þ] increase results in an overall population shift
from apo-CaMD to Ca4 3CaMF 3Mel. This transition involves various intermediates, Can 3CaMF 3Mel with
n=0, ..., 3, as well as apo-CaMD 3Mel. Thus, neither the binding of four Ca2þ nor the existence of a tightly
foldedCaM conformation is a prerequisite for target binding.Millisecond time-resolved ESI-MS experiments
were conducted to monitor the response of a premixed CaM-Mel solution to a calcium concentration jump,
thereby mimicking the conditions encountered in a cellular signaling context. The resulting data suggest that
the formation of Ca4 3CaMF 3Mel proceeds along three parallel kinetic pathways: (1) metal binding to CaMD

followed by formation of a compact protein-target complex, (2) folding of the apoprotein, then target
binding, followed by metal complexation, (3) target binding to apo-CaMD followed by sequential metal
binding. The exact structural properties of the various metal-unsaturated CaM species, as well as their
physiological roles, remain to be elucidated.

Intercellular communication involves the binding of effectors
such as hormones or metal ions to specific protein receptors.
Calmodulin (CaM)1 is a highly conserved protein that is involved
in numerous eukaryotic calcium signaling pathways (1, 2). CaM
has a bilobal architecture with distinct N-terminal and C-terminal
domains. In the calcium-free (apo) form, each of these domains
folds into a twisted four-helix bundle while retaining a high degree
of internal dynamics (3). The N-terminal helices A/B and C/D,
as well as the C-terminal helices E/F and G/H, form helix-
turn-helix motifs that act as EF-hand calcium binding sites. The
domains are connected by a flexible linker (4) (Figure 1).

External stimuli can trigger a sudden increase in the cytoplas-
mic Ca2þ concentration from 10-7 to ca. 10-5 M (5), and CaM
binds these metal ions with micromolar affinity (1, 6-12). The
formation of calcium-saturated Ca4 3CaM leads to dramatic
structural changes, involving helix reorientations and the expo-
sure of hydrophobic elements in both domains (3, 4). The crystal

structure of Ca4 3CaM reveals a dumbbell-shaped conformation,
where theN- andC-terminal lobes are separated by a long helical
linker (5, 13). However, in solution this linker is dynamic and
only partially helical as shown by NMR spectroscopy (1, 3-5).

In the presence of calcium CaM forms noncovalent complexes
with target enzymes, resulting in target activation. Hundreds of
different proteins can interact with CaM, including many phos-
phatases and kinases (14, 15). Some insights into the mechanism
of CaM-mediated target activation have been obtained on the
basis of X-ray studies involving peptides that represent isolated
target segments. These peptides share a basic and amphiphilic
character, and they typically form anR-helix in their CaM-bound
form (1, 15-17). In themost commonly encountered (“canonical”)
binding mode CaM collapses into a compact, globular structure.
In these complexes the central CaM linker forms a loop, allowing
the two domains to engulf the target peptide and interact with it
through hydrophobic and electrostatic interactions (18) (Figure 1).
However, some targets interact with CaM in different ways, e.g.,
by binding to only one of the two lobes (1).

A number of studies have suggested that the presence of fully
metalated Ca4 3CaM is a prerequisite for target binding and acti-
vation (6, 19, 20). Yet, the intracellular Ca2þ concentration rarely
reaches levels that are capable of saturating all four EF-hands
(8, 10). It therefore appears unlikely that the formation of CaM-
target complexes generally occurs via a simple two-stage mecha-
nismwhere complexation of four metal ions is followed by target
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binding. Alternative scenarios have been proposed that involve
metal-unsaturated CaM-target complexes (9-11, 16, 21-23).
A difficulty encountered in many previous studies is the low
selectivity of traditional titration methods that rely on optical
readouts or activity assays, leading to possible ambiguities in the
determination of metalation levels.

A number of electrospray ionization mass spectrometry (ESI-
MS) techniques have been developed in recent years that are
capable of providing detailed information on various aspects of
protein-ligand interactions. For example, the structure and dyna-
mics of noncovalent complexes can be probed by using ESI-MS
in combination with hydrogen exchange (24-26), chemical
labeling (17, 27), cross-linking (28), or ion mobility measure-
ments (29). Conceptually the most straightforward avenue is a
direct mass analysis after transfer of intact solution-phase com-
plexes into the gas phase by ESI. These measurements allow the
detection of coexisting binding states, aswell as the determination
of the corresponding stoichiometries. In several cases it has even
been possible to measureKd values based on the signal intensities
of free vs bound gas-phase species (30-33). Factors that may
have to be considered for such binding affinity studies include
differences in response factors (34), the possible disruption of non-
covalent bonds during or after ESI (35), and the potential occur-
rence of nonspecific binding events (36). These caveats notwith-
standing, direct ESI-MSmeasurements have become an extremely
useful tool for gaining insights into biomolecular interactions
(37-39). In addition to providing information on protein binding
events, this approach allows alterations in protein compactness
to be monitored through changes in the ESI charge state dis-
tribution. Unfolded proteins generally form higher charge states
[i.e., higher protonation (deprotonation) states in positive (negative)
ion mode] than tightly folded conformers (40-46). In this way,
ESI-MS can report simultaneously on inter- and intramolecular
aspects of protein-ligand binding (47-50).

The direct ESI-MS approach has been applied to the calcium-
CaM system in a number of studies (10, 16, 51-59). Measure-
ments of this type tend to suffer from interferences caused by the
tendency of metal ions to form nonspecific adducts, giving rise to
gas-phase assemblies with elevated binding levels that do not exist
in bulk solution (60-62). The use of negative ion ESI can help to
mitigate this problem (63), but nonspecific metalation often per-
sists even under those conditions. Several negative ionmode inves-
tigations reported that CaM binds up to four Ca2þ (52, 63, 64),
which is consistent with the presence of four EF-hand metal
binding sites (1). However, other negative ion studies found that
the protein can accommodate up to eight calciums, a result that
implies the occurrence of nonspecific adduction (51, 54, 55). Even
higher calcium binding levels were observed in positive ion mode
(16, 59). Hence, considerable uncertainties remain regarding the
number of calcium ions that are associated with CaM under a
given set of conditions. Also, the exact relationships between
metal binding, CaM conformational changes, and CaM-target
interactions remain to be elucidated.

Our group recently demonstrated that the performance of
calcium tartrate (Ca2þ -OOC-CH(OH)-CH(OH)-COO-) as
metal source in ESI-MS-based Ca2þ binding studies is greatly
superior to the widely used calcium chloride and acetate. Calcium
tartrate results in almost complete elimination of nonspecific
Ca2þ adduction in negative ion mode, while retaining preexisting
solution-phase interactions (65). Tartrate is a weak calcium
chelator (Kd ≈ 10-2 M) (66). Its mode of action likely involves
the sequestration of metal ions during the final stages of droplet
evaporation (67), thereby reducing the number of free Ca2þ that
would otherwise undergo nonspecific ion pairing with protein
carboxylates (65). Using calcium tartrate, this work examines the
behavior of CaM in ESI-MS-based metal titration experiments.
We then discuss titration data obtained in the presence ofmelittin
(Mel), a peptide that represents a common model for studying

FIGURE 1: Three-dimensional structure of apo-CaM (PDB code 1CFD (3), left) and an example of a canonical Ca4 3CaM 3 target complex (PDB
code 1CM1 (18), right). CaM helices A-H are shown in red, and the target peptide is depicted in dark blue. Cyan-colored spheres represent
calcium ions.
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CaM-target interactions (17, 20, 51, 68-70). Ultimately, time-
resolved ESI-MS (71) is used for exploring the response of CaM
to a sudden jump in calcium concentration. Compared to
equilibrium titration experiments, these kinetic measurements
more closelymimic the situation experienced byCaM in a cellular
signaling context.

EXPERIMENTAL PROCEDURES

Materials.CaMwas expressed and purified as described else-
where (72). The protein used represents the chicken, bovine, and
human variants, all of which share the same 148-residue primary
structure (73) with a MW of 16706 Da and a calculated pI of
4.1 (13). N-Acetylation was not observed for the samples used
here (68). Stock solutions of CaM were extensively dialyzed
against 10 mM ammonium acetate before use. Mel (GIGAVL-
KVLTTGLPALISWIKRKRQQ-NH2, MW=2846.5 Da, pI=
12) (68) and calcium tartrate [(þ)-L-(2R,3R) stereoisomer] were
purchased from Sigma and used without further purification.
Calcium tartrate was used as the calcium source for all experi-
ments. All solutions used for ESI-MS contained 2 mM ammo-
niumacetate at pH7andhad a final CaMconcentration of 10μM.
Mass Spectrometry. ESI mass spectra were acquired on an

UltimaAPI (Waters/Micromass,Manchester, U.K.) quadrupole
time-of-flight (Q-TOF) instrument, utilizing a standard Z-spray
ESI source in negative ion mode with a capillary voltage of 2 kV,
cone voltage of 45 V, and RF lens 1 voltage of 40 V. The desol-
vation and source temperatures were set to 120 and 80 �C, res-
pectively. N2 was used as nebulizer and desolvation gas. Samples
for equilibriummeasurementswere infused into themass spectro-
meter at a flow rate of 10 μLmin-1 via a syringe pump (Harvard
Apparatus, South Natick, MA).

Details of the continuous-flow apparatus used for time-
resolved ESI-MS measurements have been described elsewhere
(74). Briefly, two syringes (termed 1 and 2) were connected to a
concentric capillary mixing setup that was directly interfaced
to a customized ESI source. Mixing of solutions from syringe 1
(40 μM CaM and 40 μM Mel in 2 mM NH4Ac, 5 μL/min) and
syringe 2 (80 μM calcium tartrate in 2 mM NH4Ac, 15 μL/min)
resulted in aCa2þ concentration jump from 0 to 60 μM,with final
CaM and Mel concentrations of 10 μM. The reaction time is
determined by the distance between the mixing point and the ESI
source. Efficient mixing of the setup has been demonstrated
previously (75) andwas confirmed for the experiments conducted
here using pulsed hydrogen exchange control experiments on a
bradykinin test system (data not shown). The mass spectrometer
was calibrated with CsI in positive ion mode. Measured protein
mass spectra were converted to mass distributions using the
MassLynx MaxEnt deconvolution software provided by the
instrument manufacturer. Binding of calcium (40 Da) induces a
mass shift of 38 Da because metalation is accompanied by the
loss of two protons (63). Theoretical calcium binding distri-
butions were calculated using Maple (MapleSoft, Waterloo,
Ontario, Canada), following a procedure similar to that outlined
by Nemirovskiy et al. (7).

RESULTS AND DISCUSSION

Calcium Titration of CaM. Prior to studying metal binding
to CaM in the presence of a target peptide, it is instructive to
examine the behavior of the isolated protein. ESI mass spectra of
CaMwere acquired as a functionofCa2þ concentration.As expec-
ted, data recorded in the absence of externally added calcium
(Figure 2A) are dominated by apo-CaM. The lack of metal

binding to the overwhelming majority of protein ions is evident
from the deconvoluted mass distributions shown in Figure 2B,C.
Low intensity signals for Ca 3CaM and Ca2 3CaM reveal the
presence of a very small amount of residual Ca2þ in the dialyzed
samples. Apo-CaM shows a broad distribution of charge states
with a maximum around 18- (Figure 2A). The predominance of
highly charged protein ions indicates that most polypeptide chains
adopt partially unfolded conformations in solution (40-50). This
interpretation is consistent with NMRdata that found apo-CaM
to be semidisordered, particularly in the metal binding loops
of the N-terminal domain, the central linker, and the entire
C-terminal domain (3). In addition, Figure 2A shows less abun-
dant protein ions in lower charge states, down to 7-. These signals
are attributed to coexisting apo-CaM conformers that are more
tightly folded. Using a global structural categorization, we can
therefore distinguish ions representing relatively disordered solu-
tion-phase proteins (denoted as CaMD) from signals that repre-
sent more compact conformations (referred to as CaMF). In this
notation the subscripts “D” and “F” stand for “disordered” and
“folded”, respectively. An approximate dividing line that sepa-
rates the two subpopulations is indicated in Figure 2.

FIGURE 2: ESI mass spectra of 10 μMCaM recorded in negative ion
mode after addition of calcium tartrate at different concentrations:
0 μM(A-C), 10μM(D-F), 20μM(G-I), 40μM(J-L), and 60μM
(M-O). Panels on the left represent the raw data; selected CaM
charge states are indicated as 8-, 9-, etc. Panels in the center column
are deconvoluted mass distributions for high charge states (23- to
15-). Panels on the right are deconvolutedmass distributions for low
charge states (14- to 7-). In the spectra on the left, the dotted vertical
line separates high charge states (CaMD, disordered protein) and low
charge states (CaMF, folded protein). The number of calcium ions
corresponding to the individual peaks is denoted as 4, 3, 2, 1, and apo
(corresponding to zero).
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After addition of 60 μM Ca2þ the protein displays metal
binding states n = 0, ..., 4 (Figure 2M-O). Importantly, the
almost complete lack of signals with n> 4 confirms that non-
specific metalation artifacts are negligible due to the use of cal-
cium tartrate in combinationwith negative ionmode (65). Hence,
the ESI-MS data obtained here closely reflect the calciumbinding
behavior in solution, and the metalation states of CaMD and
CaMF can be monitored separately.

The mass spectrum in Figure 2M for 60 μMCa2þis dominated
by Ca4 3CaMF in a charge state distribution that is centered
around 11-. The prevalence of relatively compact solution-phase
conformers under these conditions is in accord with previous
hydrogen exchange (12) and NMR studies (4). Yet, Figure 2M
also reveals that a significant fraction of CaMD is retained. The
latter exist in metalation states from apo-CaMD to Ca4 3CaMD

(Figure 2N), and they have their most intense charge state at 16-
(Figure 2M).

Readers are reminded that there is no general correlation
between the net charge of a protein in solution and the charge
states seen in ESI-MS (76, 77). Instead, the solution-phase structure
represents the main determinant of the ESI charge state distribu-
tion, as outlined in the introduction (40-50). Hence, it would be
incorrect to attribute the less negative ions seen for Ca4 3CaMF to
a trivial charge neutralization caused by the binding of positively
charged metal ions. The inadequacy of such scenario is evident
from the fact that even CaMD in charge states up to at least 20-
can carry four calciums (Figure 2M,N).

Figure 2 also includes data recorded at intermediate calcium
concentrations of 10 μM (panels D-F), 20 μM (panels G-I),
and 40 μM (panels J-L). The average metalation of both CaMD

and CaMF increases with increasing calcium concentration.
Close inspection reveals that this gradual change inmetal binding
is associated with a continuous shift in the maximum of the
CaMD charge state distribution, from 18- to 16- (Figure 2A,G,
M). This phenomenon indicates a gradual conformational trend
toward somewhat less disordered structures within the CaMD

subpopulation as more Ca2þ is added.
In addition to a dramatically highermetalation level for CaMF

than for CaMD, the spectra in Figure 2 also reveal mechanistic
differences in calcium binding for the two subpopulations. Some
previous experiments suggested thatmetalation of individual EF-
hands in CaM corresponds to independent events (78). Other
studies favor models where each pair of EF-hands shows positive
cooperativity, such that binding of one metal ion enhances the
affinity for the other one (4, 5, 52). Interestingly, the data in
Figure 2 reveal elements of both scenarios. TheCaMDmetalation
levels n = 0, ..., 4 in Figure 2E,H,K,N resemble binomial
distributions that are consistent with four independent sites of
similar affinity (52, 79). In contrast, binding of the first two
calcium ions to CaMF is clearly cooperative. This is evident from
the nonbinomial distribution in Figure 2F that has dominant
peaks for n=0 and n=2 and a weaker signal for n=1 (52). The
metal affinity of the C-terminal lobe is believed to be higher than
that of the N-terminal domain (1, 4, 9, 80). Hence, the coopera-
tivity seen in Figure 2F likely reflects the behavior of EF3 and
EF4 in theC-terminal segment.Themass distributions inFigure 2
do not support the occurrence of cooperativity for the n=3, 4
(EF1 andEF2)metalation steps ofCaMF, evenwhen considering
data for additional calcium concentrations that are not included
in Figure 2 (not shown).

Summarizing the conclusions reached so far, an ESI-MS
titration of CaM with Ca2þ reveals the presence of coexisting

CaMconformers that canbe roughly grouped into two categories
according to their overall compactness, CaMD and CaMF. The
validity of this grouping is supported by dramatic differences in
calcium binding behavior for the two species. Members of both
subpopulations can exist in metalation states n = 0 to n = 4.
However, CaMF has a significantly higher calcium affinity than
CaMD, such that Ca4 3CaMF becomes the dominant species at
high calcium concentration. Metalation of the C-terminal lobe is
cooperative only for CaMF, not for CaMD. N-Terminal binding
of the third and fourth metal ion appears to be noncooperative
for both conformers.
Apparent Dissociation Constants. The interaction of CaM

with calcium is commonly discussed on the basis of a four-step
binding/dissociation model: apo-CaM þ calcium T Ca1 3CaM;
Ca1 3CaM þ calcium T Ca2 3CaM; Ca2 3CaM þ calcium T
Ca3 3CaM; and Ca3 3CaM þ calciumT Ca4 3CaM. Apparent Kd

values for each step have beenmeasured by different laboratories,
yielding quite a range of results (Table 1) (1, 6-12). Those earlier
studies generally focused on the ensemble-averaged behavior, not
taking into account the presence of coexisting CaM subpopula-
tions that are clearly apparent from Figure 2. For comparing
those previous findings to the data obtained here, we generated
deconvoluted mass distributions from the entire mass spectra
(Figure 2A,D, etc.), thereby considering the contributions of
both CaMD and CaMF (Figure 3). Some features of the binding
behavior become distorted by taking such an ensemble-averaged
approach. For example, the n=1, 2 cooperativity seen for CaMF

(Figure 2F) is no longer evident in Figure 3B. Conversely, the
seemingly cooperative n=3, 4 behavior (52) in Figure 3E is a
superposition artifact that is not substantiated by inspection of
the individual CaMD and CaMF data of Figure 2K,L. When
modeling the combined mass distributions of Figure 3 within the
four-step sequential scheme, it is found that the calcium binding
behavior can be reasonably well described by four apparent
Kd values of 10, 14, 30, and 12 μM(black circles in Figure 3).Kd1,
Kd3, and Kd4 are within the range of previously reported dis-
sociation constants, whereas Kd2 is somewhat larger than the
literature values (Table 1). We note, however, that differences of
this magnitude are not uncommon when measuring protein-
ligand binding affinities by different assays (12, 25), a notion that
is supported by the wide spread of previously reported values in
Table 1.

It would be interesting to apply Kd analyses of the type
conducted in Figure 3 to CaMD and CaMF independently.
Unfortunately, such a procedure is not feasible due to the
unknown relative ESI-MS response factors of the two confor-
mers. Existing methods for estimating response factors are not

Table 1: Apparent Calcium-CaM Dissociation Constants (μM) Deter-

mined in Different Studiesa

Kd1 Kd2 Kd3 Kd4 ref

7.7 2.7 31 31 6, 7

33 0.7 25 0.4 8, 9

∼0.2 ∼0.2 ∼2 ∼2 1

7.9 1.7 35 8.9 10

33 0.5 158 10 11

n/db n/db 14 9 12

10 14 30 12 this work

aKd1-Kd4 refer to four sequential metal binding equilibria in order of
their occupancy; e.g.,Kd1 is for binding of the first calcium, etc. bValue not
determined.
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applicable to a highly heterogeneous system such as Can 3CaMD/F

(34, 81). Compact protein conformers generally tend to have a
lower response factor (81), and therefore the mass spectra of
Figure 2 likely underrepresent the solution-phase contribution of
CaMF. Such a scenario could account for the relatively large
value of Kd2 in Table 1. Differences in the response factors of
CaMD and CaMF will also affect the deconvoluted mass dis-
tributions of Figure 3 (55). Nonetheless, it is gratifying to see that
the semiquantitative approach taken here provides estimates that
are in reasonable agreement with previous conformer-averaged
data.
Calcium Titration of the CaM-Melittin System. Melittin

(Mel) is a 26-residue peptide found in bee venom. Exposure of
CaM to Mel under saturating calcium conditions results in the

formation of a Ca4 3CaM 3Mel complex that has a peptide bind-
ing affinity on the order of 3 nM (20). Although the exact struc-
ture of this assembly remains unknown, it represents a widely used
model system for exploring CaM-target interactions (51, 55).
Insights into the architecture ofCa4 3CaM 3Mel come from small-
angleX-ray scattering (69), various spectroscopic techniques (20),
calorimetry (70), covalent labeling (17), and cross-linking stu-
dies (68, 82). Accordingly, the complex possesses a tightly folded
globular conformation where the two lobes engulf the R-helical
target and bind it through hydrophobic and Coulombic interac-
tions, in a manner similar to other canonical CaM-target
assemblies (1, 70) (Figure 1).

ESI mass spectra were recorded at various Ca2þ concentra-
tions for samples containing 10 μM CaM and 10 μM Mel
(Figure 4). As for the data of Figure 2, high and low charge
states are assigned to conformational subpopulations CaMD and
CaMF, respectively.Additionof calcium induces dramatic changes,
from spectra that are dominated by apo-CaMD (Figure 4A,B) to
data that almost exclusively show Ca4 3CaMF 3Mel (Figure 4M,
O). The charge state distribution of Ca4 3CaMF 3Mel is quite
narrow and centered around 9- (Figure 4J,M). A comparison
with the distribution observed for Ca4 3CaMF in the absence of
Mel (Figure 2M) indicates that the target-bound complex is

FIGURE 3: DeconvolutedESImass distributions of 10 μMCaMin the
presence of calcium tartrate at different concentrations (0-100 μM,
as indicated in each panel). The data shown here were obtained by
including all charge states (23- to 7-) in the deconvolution
procedure. Filled circles represent the abundance of the various
calcium binding states, apo (0) to 4, calculated for a sequential
binding model with four apparent Kd values (see text).

FIGURE 4: ESI mass spectra of 10 μMCaM in the presence of 10 μM
Mel recorded after addition of calcium tartrate at different concen-
trations: 0 μM (A-C), 10 μM (D-F), 20 μM (G-I), 30 μM (J-L),
and 40 μM (M-O). Panels in the center of the figure show mass
distributions of CaMD, obtained by deconvolution of the experi-
mental data form/z<1600. Panels on the right depict mass distribu-
tions ofCaMF 3Mel, resulting fromdeconvolution of the data form/z
>1600. Asterisks in panels A, D, and G indicate signals in the high
charge state range arising from apo-CaM 3Mel complexes.
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substantially more compact. The mass distributions of Figure 4
(e.g., panels H and I) show that the calcium affinity of CaMF 3
Mel is greatly enhanced compared to that of freeCaMD, a finding
that is consistent with data for other target peptides (10, 20).
Cooperativity for the interaction of CaMF 3Mel with calcium is
apparent from the nonbinomial distributions of Figure 4C,F.
Free Mel is not observed in Figure 4 due to its low ionization
efficiency in negative ion mode.

The presence of a tightly folded CaM-target complex is
thought to be a prerequisite for the activation of many proteins
(1). One goal of this workwas to explore theminimumnumber of
bound calcium ions required for the formation of such a compact
assembly. As expected, Figure 4 confirms that tightly folded
Ca4 3CaMF 3Mel becomes the most strongly populated species at
high calcium concentration (Figure 4M-O). Surprisingly, how-
ever, Figure 4 also reveals the presence of compact Can 3CaMF 3
Mel assemblies in othermetalation levels, from calcium-free com-
plexes up to n=3 (panels C, F, and I). These metal-unsaturated
species are readily apparent for Ca2þ concentrations around
10 μM (Figure 4F), which is within the range typically encoun-
tered after Ca2þ influx into the cell (1, 5). On the basis of their ESI
charge states, the overall compactness of these unsaturated
CaMF 3Mel complexes is indistinguishable from that of the cano-
nical Ca4 3CaMF 3Mel structure. The observation of apo-CaMF 3
Mel is particularly interesting, because it suggests the possible
calcium-independent formation of a canonically bound complex.
Figure 4 also demonstrates the presence of another type of assem-
bly that is mostly calcium-free (marked by asterisks in panels A,
D, and G; see also Figure 5A). The high charge states of this
species (around 18-) attest to a disordered structure, such that it
can be categorized as apo-CaMD 3Mel.

Previous evidence for the occurrence of weak calcium-inde-
pendent CaM 3Mel complexation comes from equilibrium dia-
lysis experiments (20). Unexpectedly, that earlier work suggested
the presence of Mel:apo-CaM binding stoichiometries of 2:1 and
higher, a scenario that is not confirmed by our observations.
A previous positive ion ESI-MS study observed 1:1 binding of
calcium-free CaM to a synthetic peptide (16). To the best of our
knowledge, however, the current work provides the first evidence
for the coexistence of apo-CaM 3 target complexes in two vastly
different structures, apo-CaMD 3Mel and apo-CaMF 3Mel. The
latter exhibits a compact (possibly canonical) fold. The former
may represent a structure where Mel is bound to just a single
CaM lobe, allowing the other lobe and the central linker to
remain extensively disordered. Some support for the feasibility of
such a scenario comes from recent X-ray data for complexes
involving noncanonical CaM targets (1).
Time Dependence of Ca4 3CaMF 3Mel Formation. The

titration experiments of Figure 4 monitor CaM-target interac-
tions as a function of calcium concentration. Such equilibrium
studies provide interesting information, but they are not repre-
sentative of the situation encountered by CaM in a cellular
signaling context where the protein is premixed with its target(s)
and experiences a sudden calcium influx. This concentration
change occurs within micro- to milliseconds (83, 84). Surpris-
ingly, investigations into the kinetic mechanisms of CaM-metal
and CaM-target interactions are rare (11).

Time-resolved ESI-MS allows the acquisition of mass spectra
at various times after triggering a kinetic process bymixing of two
solutions. The experiments involve the use of a customized ESI
source that is coupled online to a continuous-flow mixing device
(71). Using this approach, changes in the mass spectrum of a

premixed solution containing CaM and Mel (10 μM each) were
monitored following a [Ca2þ] jump from∼0 to 60 μM(Figure 6).
The high solution flow rate used in these experiments compro-
mises the signal-to-noise ratio somewhat, but various species are
nonetheless clearly discernible in the spectra. Small differences in
themaximaof the charge state distributions compared toFigure 4
are attributed to the altered desolvation characteristics of the
customized ESI source (85).

The earliest time point that could be studied with our device
represents a reaction time of 40 ms (Figure 6A). The resulting
spectrum is dominated by CaMD in various metalation states.
The most intense peaks correspond to apo-CaMD, whereas the
n=1, ..., 4 species exhibit successively lower intensities (Figure 6B).
This pattern remains roughly constant throughout the entire
reaction, indicating that apo-CaMD and the various Can 3CaMD

states are in rapid equilibriumwith each other (Figure 6E,H) (74).
After 30 s the abundance of CaMD has reached a level close to
zero (Figure 6J,K).

The depletion of CaMD occurs concomitantly with the forma-
tion of Can 3CaMF 3Mel (Figure 6J-L). The metalation pattern
of the latter exhibits an interesting time dependence. Data obta-
ined at 40 ms exhibit a distinct signal at n=2, a more intense
contribution for n=3, and a dominant peak at n=4 (Figure 6C).
With increasing time there is a gradual change, where the n=2
and subsequently the n = 3 peaks fade from the spectrum
(Figure 6F,I) until ultimately only Ca4 3CaMF 3Mel is observable
(Figure 6J,L). This behavior is consistent with sequential binding
of the third and fourth calcium ion.

Comparison of Figure 6 with the corresponding equilibrium
data (Figure 4A, D) reveals a lack of apo-CaMF in the kinetic
spectra. In contrast, CaMD 3Mel signals are observed in the high
charge state region of both data sets (marked with asterisks in
Figure 6A,D). Close inspection reveals that under kinetic condi-
tions these species aremostly in the apo state, in addition to n=1,
2 metalation (Figure 5B).
Kinetic Model for Ca4 3CaMF 3Mel Formation. Time-

resolved ESI-MS reveals a surprisingly complex picture of the

FIGURE 5: (A) Expanded viewof theESImass spectrum inFigure 4D,
obtained after equilibration of a solution containing CaM, Mel, and
calcium tartrate (10 μMeach). (B) Expanded viewof the time-resolved
spectrum in Figure 6A, obtained 40 ms after exposing a premixed
solution containing CaM and Mel (10 μM each) to 60 μM calcium
tartrate (final concentrations). Asterisks are meant to facilitate the
identification of correspondingly marked signals in Figures 4 and 6.
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Ca4 3CaMF 3Mel formation process from apo-CaMD, involving
coexisting conformers in various metalation states, and a mix of
target-bound and target-free protein species. The current section
collates this information into a kineticmodel. The proposedmecha-
nism involves three parallel pathways, each of which is repre-
sented by a vertical progression in Figure 7.

Pathway 1 reflects the occurrence of rapid equilibration be-
tween apo-CaMD and Can 3CaMDwith n=1, ..., 4 (Figure 6B,E,
H). These equilibration processes are represented by double-
headed arrows in Figure 7. Target binding and folding to the
canonical Ca4 3CaMF 3Mel structure can occur once the Ca4 3
CaMD state has been reached. This final step is indicated by a
unidirectional arrow. On the basis of our data it cannot be deci-
ded whether CaM folding and Mel binding occur concomitantly
or whether one precedes the other during this terminal transition
on pathway 1.

Pathway 2 accounts for the presence of various Can 3CaMF 3
Mel assemblies throughout the reaction (Figure 6C,F,I,L). As a
general fact, any transiently formed species will be undetectable if
its decay rate greatly exceeds the rate of formation (86). Pathway
2 represents such a scenariowhere not all of the kinetic species are
observable in the time-resolved data of Figure 6. Importantly,
however, the existence of all species can be verified under
equilibrium conditions (Figure 4). Pathway 2 begins with forma-
tion of apo-CaMF. Successive target binding and the association
with two Ca2þ occur rapidly. The first kinetic intermediate that
accumulates on this pathway is Ca2 3CaMF 3Mel (Figure 6C).
Subsequent binding of two additional Ca2þ results in formation
of the Ca4 3CaMF 3Mel reaction product.

The detection of apo-CaMD 3Mel andCan 3CaMD 3Mel (n=1,
2; asterisks in Figures 5B and 6A,D) suggests the existence
of a third pathway that commences by association of Mel with

apo-CaMD, followed by binding of a first and then a second cal-
cium ion. As mentioned earlier, the intermediates formed in this
way may haveMel bound to only a single CaM lobe, in a fashion
similar to that seen for some noncanonical targets (1). Unfortu-
nately, Figure 6 does not provide information on the kinetic fate
of these species. A transition to a compact CaM conformation
could result in merging of pathways 3 and 2. Alternatively,
Ca2 3CaMD 3Mel could bind twomore calcium ions before under-
going a final transition to Ca4 3CaMF 3Mel. These two possibi-
lities are indicated by dotted arrows in Figure 7.

Because the rate constants associated with our model remain
unknown, it is not possible to predict the fluxes through the
individual reaction pathways.Notably, rate constantsmay not be
the only determinant of kinetic partitioning because preexisting
inhomogeneities within the apo-CaMD pool might favor one
pathway over another. For example, non-native cis/trans iso-
merization of the protein’s two X-Pro bonds would likely
interfere with the initial folding step (apo-CaMD f apo-CaMF)
on pathway 2 (87). Kinetic experiments can never provide
ultimate proof of a reaction mechanism, but they allow the
development of models that are compatible with the measured
data. Hence, the parallel pathway mechanism of Figure 7 is a
possible scenario that captures the major features of our time-
resolved data, but other models could exist as well.

CONCLUSIONS

This work employed ESI-MS for gaining insights into the
interaction of CaM with Ca2þ and a model target peptide, Mel.
The use of calcium tartrate ensured that the metal binding
distributions observed in the gas phase closely resemble those
in solution. Using the ESI charge state distribution as a probe for

FIGURE 6: ESI mass spectra recorded at various time points after
exposing a premixed solution containingCaMandMel (10 μMeach)
to60μMcalcium tartrate (final concentrations): (A) 40ms, (B) 190ms,
(C) 1.5 s, and (D) 30 s. Further information is provided in the
captions of Figures 1 and 3.

FIGURE 7: Proposed kinetic mechanism for the formation of Ca4 3
CaMF 3Mel from apo-CaMD under the conditions of Figure 6. The
scheme involves three parallel pathways. Reaction steps that are
essentially irreversible are indicated as single-headed arrows; rapid
equilibration is denoted by double-headed arrows. Dashed arrows
with question marks denote steps for which insufficient information
is available. Further information is provided in the text.
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the protein compactness in solution, we found a surprisingly
high degree of conformational heterogeneity. Under most con-
ditions studied, CaM forms coexisting conformers. Using a
global categorization, one can distinguish disordered species
(CaMD) from proteins that adopt more folded structures
(CaMF). Both conformational ensembles appear in a wide range
of metal binding states, from the apoprotein all the way to
Ca4 3CaM. The majority of these species are capable of target
binding, evident from the direct observation of various Can 3
CaMD/F 3Mel complexes in the mass spectra. The only two
species that were unobservable correspond to the disordered
conformers Ca3 3CaMD 3Mel and Ca4 3CaMD 3Mel, suggesting
that these assemblies are highly unstable and, once formed,
would likely undergo rapid turnover to the corresponding folded
conformers.

Our work confirms an overall trend toward the formation of
tightly folded Ca4 3CaMF 3Mel in the presence of elevated
calcium levels, as expected on the basis of previous structural
and biochemical evidence (1). Yet, neither the binding of four
calcium ions nor the presence of a tightly folded CaM conforma-
tion is a prerequisite for the formation of aCaM-target complex.
To a certain extent, the kinetic experiments conducted heremimic
the physiological situation where CaM and target molecules are
premixed in the cytoplasm prior to experiencing a sudden
increase in calcium concentration. The kinetic transition from
apo-CaMD to Ca4 3CaMF 3Mel involves a number of transient
intermediates. We propose that the reaction occurs along three
parallel pathways (Figure 7): metal binding toCaMD followed by
formation of a compact protein-target complex (pathway 1),
folding of the apoprotein, then target binding, followed by
sequential metal complexation (pathway 2), and target binding
to apo-CaMD followed by metal binding (pathway 3). These
reactions occur on a time scale of 30 s under the conditions of this
work, which is surprisingly slow when considering the physio-
logical role of CaMas a signal-transducingmolecule. However, it
is possible that the kinetics are accelerated in the crowded
environment of the cytoplasm (88).

The observation of metal-unsaturated CaM 3Mel complexes in
this work is consistent with earlier reports that substoichiometric
amounts of calcium can be sufficient for CaM-mediated target
activation (9-11, 16, 21-23). Models where complexation of
four calcium ions by CaM is a prerequisite for target binding
(6, 19, 20) can be ruled out. Instead, our results support a diffe-
rent view of the CaM regulatory mechanism whereby target
binding can already occur under conditions where not all of the
EF-hands are occupied andwhere subsequentmetal binding after
calcium influx is required for full activation of the target (23). It
remains an open question which of the assemblies observed here
exhibit a conformation that corresponds to such a “fully acti-
vated” complex. On the basis of the ESI-MS data presented here
there is no evidence for structural differences between the
canonical Ca4 3CaMF 3Mel assembly and metal-unsaturated
Can 3CaMF 3Mel species with n=0, ..., 3. However, ESI charge
state distributions only provide a global view of protein structure.
In future work, it will be interesting to use complementary
approaches such as hydrogen/deuterium exchange or covalent
labeling techniques (41) for gaining additional insights into the
properties of these metal-unsaturated species. Considering the
well-established role of Ca2þ as a chemical messenger, those
future studies will likely uncover subtle but functionally impor-
tant differences betweenmetal-unsaturated and saturated CaM-
target complexes.
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