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A B S T R A C T

Plants contain a large family of so-called calmodulin-like proteins (CMLs) which differ from canonical calmo-
dulin in that they show greater variability in sequence, length, and number of EF-hand domains. The presence of
this extended CML family has raised questions regarding the role of these proteins: are they functionally re-
dundant or do they play specific functions in physiological plant processes? To answer these questions, com-
prehensive biochemical and structural information on CML proteins is fundamental. Among the 50 CMLs from
Arabidopsis thaliana, herein we described the ability of CML7 to bind metal ions focusing on the Ca2+ and Mg2+

sensing properties, as well as on metal-induced conformational changes. Circular dichroism and nuclear mag-
netic resonance (NMR) studies indicated that both Ca2+ and Mg2+ stabilize CML7, as reflected in conforma-
tional rearrangements in secondary and tertiary structure and in increases in thermal stability of the protein.
However, the conformational changes that binding induces differ between the two metal ions, and only Ca2+

binding controls a structural transition that leads to hydrophobic exposure, as suggested by 8-anilino-1-naph-
thalenesulfonic acid fluorescence. Isothermal titration calorimetry data coupled with NMR experiments revealed
the presence of two high affinity Ca2+-binding sites in the C-lobe of CML7 and two weaker sites in the N-lobe.
The paired nature of these CML7 EF-hands enables them to bind Ca2+ with positive cooperativity within each
globular domain. Our results clearly place CML7 in the category of Ca2+ sensors. Along with this, the protein can
bind to a model target peptide (melittin) in a Ca2+-dependent manner.

1. Introduction

In plants, calcium (Ca2+) ions play key roles in the regulation of
many physiological processes. A significant diversity and abundance of
proteins that bind Ca2+ using the EF-hand, an evolutionarily preserved
helix-loop-helix motif, have evolved in plants, including calmodulin
(CaM) and calmodulin-like proteins (CMLs). CaMs and CMLs are largely
considered to act as Ca2+ sensors that can mediate cellular responses
through a well-known mechanism in which the Ca2+-bound form of
these proteins can interact with specific downstream targets to mod-
ulate cellular activity [1].

After plant genome sequencing projects were completed, the pre-
sence of a multitude of genes predicted to encode either identical or
highly homologous isoforms of CaM and various CMLs has emerged as a
typical feature in plants. CaM/CML gene families are represented by
seven CaM and 50 CML genes in Arabidopsis thaliana [2] and five CaM

and 32 CML genes in rice [3]. Additionally, lists of CaM and CML genes
have been identified in many vegetable and fruit crops, such as tomato,
[4], strawberry [5], grapevine [6], and cabbage [7]. Interestingly,
while CaMs are well-conserved in all eukaryotes, the CML family is
unique to the plant kingdom. Similarly to CaM, CMLs are characterized
by the presence of EF-hand motifs and no other known functional do-
mains [2].

The presence of a large CML family in plants has raised fundamental
and still open questions regarding the evolutionary selection in pre-
serving such apparently redundant family in the plant genome. To this
end, the CML field has experienced an explosion of investigations in the
last years, mainly focused on: i) elucidation of the metal binding ability
and the structural features of CMLs [8–14]; ii) identification of specific
targets of CMLs as well as the processes in which they are involved
[10,15–22]; iii) determination of the expression patterns and regulation
at the protein and messenger RNA levels during different processes, e.g.
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plant development or response to external stimuli [4–7,23]. Acquired
knowledge has provided evidence that CMLs are not a simple CaM
safety backup system; rather, they are likely to play specific functions in
coordinating plant responses to endogenous and environmental stimuli.
However, although significant insights into the function and regulation
of various CMLs have been provided, and a holistic view of how the
CML genes function at different levels is emerging, how this family can
contribute to cellular signaling and still maintain properties that are
dissimilar from CaM and other Ca2+ sensors is still elusive.

Accumulating evidence suggests that the biochemical properties of
individual CMLs, such as the number of Ca2+ binding sites, co-
operativity, metal affinity, capacity to distinguish between Ca2+ and
other physiological ions (i.e. Mg2+), and conformational rearrangement
upon binding to metal ions are crucial parameters that contribute to the
specificity of various Ca2+ mediated responses. Sequence divergence
among CMLs may lead to different binding properties, creating diverse
subsets of CMLs capable of perceiving stimulus-specific Ca2+ signals
and regulate specific targets, thus coupling the perception of different
signals to precise physiological responses. In this light, the comparison
of the Ca2+ binding and structural properties of CMLs which are related
to conserved eukaryotic CaM with those more divergent from CaM may
help to distinguish between specificity and redundancy in the plant
CaM/CML families.

According to a recent phylogenetic analysis performed taking into
the account the occurrence of CaM and CML proteins in the genomes of
the green lineage [24], CMLs recognized as being closely related to
CaMs (subgroup Ia) were distributed to subgroups Ib and Ic, while
CMLs that diverge more from conserved CaMs could be categorized in
seven subgroups (from II to VIII). Herein, we investigated the isoform
CML7 from A. thaliana (At1g05990). Interestingly, even if CML7 has
been classified as a member of subgroup VII, it possesses significant
sequence similarity with CaM2 from A. thaliana (~ 45% of amino acid
sequence identity). CML7 is a 16.9 kDa protein composed of 150 amino
acid residues and characterized by four EF-hands that are predicted to
be functional Ca2+ binding sites by PROSITE ProRule annotation [25],
based on the presence of canonical Ca2+-coordinating groups [26].
These observations suggest the potential capacity of CML7 to bind Ca2+

in vitro.
Functional analyses, albeit limited, have revealed that CML7 is

likely involved in root development processes, in which the protein
appears to act as a negative regulator, inhibiting hair tip growth [27].
However, its properties as a Ca2+ sensor, its downstream targets, and
the mechanism of action by which CML7 can negatively transduce Ca2+

signals into a physiological response have not been elucidated yet.
Accordingly, we characterized CML7 from A. thaliana in terms of

Ca2+ binding affinity, structural properties, and conformational per-
turbation upon metal binding using spectroscopic and calorimetric
techniques, and we determined its subcellular localization using con-
focal microscopy. We examined the behavior of CML7 also in the pre-
sence of Mg2+, a physiologically relevant cation that, due to its che-
mical properties similar to Ca2+ and its high concentration in plant
cells (in vivo, cytosolic Ca2+ and Mg2+ concentrations are about
100–200 nM and 0.5–1mM, respectively) could represent a possible
Ca2+ competitor towards CML7 binding [28]. Moreover, we studied the
interaction of CML7 with the model CaM-binding peptide melittin.

We believe that the structural information obtained in our study, in
addition to the demonstration that CML7 behaves as a Ca2+ sensor, will
help aid in better understanding the specificity of CML7 in the evolu-
tionary panorama of the multigene family of CMLs present in plants.

2. Experimental procedures

2.1. DNA constructs

The cDNA sequence for CML7 (At1g05990) was obtained from the
Arabidopsis Information Resource (TAIR) into a pUNI51 vector. The

coding sequence was polymerase chain reaction (PCR)-amplified using
the following primers: forward, 5′-CATATGGATCCGACAGAGCTAA
AAC, and reverse, 5′-GGATCCCTACAAAGAATTAAAACCACCG. The
forward primer carried a NdeI restriction site (bold), while the reverse
primer contained a stop codon and a BamHI restriction site (bold). For
protein expression, the cDNA sequence was further cloned using stan-
dard laboratory protocols into pET21a vector using NdeI/BamHI re-
striction sites and the plasmid construct was verified by DNA sequen-
cing.

For CML7 subcellular localization studies, the complete coding se-
quence (CDS) of the red fluorescent protein (RFP) was amplified by PCR
using Phusion® High-Fidelity DNA Polymerase (New England Biolabs,
USA) according to the manufacturer's protocol. The following primers,
forward 5′-GCGGCCGCGATGGCCTCCTCCGAGGACG-3′ and reverse
5′-GCGGCCGCTCACCCGGGTGCTCCAGTACTGT-3′ were used to add a
NotI site (bold) to both ends of the PCR product. Following NotI di-
gestion, RFP was inserted into the polylinker of the plant expression
vector pGREEN0029::ter [29] under the control of the cauliflower
mosaic virus (CaMV) 35S promoter (pGREEN0029::RFP). The complete
CDS of CML7 was PCR amplified using forward 5′-ACGCTCGAGATGG
ATCCGACAGAGCTAAAACG-3′ and reverse 5′-CGGAATTCCAAAGAAT
TAAAACCAC-3′ primers to add XhoI and EcoRI restriction sites (bold) at
5′ and 3′ respectively during amplification. The reverse primer also
eliminates the stop codon at the 3′ of CML7 CDS. Following a XhoI/
EcoRI digestion, CML7 CDS was inserted into pGREEN0029::RFP for the
in frame fusion at the C-terminus with RFP. Sequencing confirmed the
accuracy of the construct.

2.2. Protein production

Recombinant CML7 was expressed in E. coli strain BL21(DE3)pLysS
(Stratagene) and purified by heat treatment and Ca2+-dependent
phenyl-Sepharose chromatography. Expression was induced by adding
0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to 1 L of bac-
terial culture [pET21a-CML7] grown in LB medium supplemented with
100 μg/mL ampicillin and 34 μg/mL chloramphenicol to exponential
phase and incubating at 24 °C for 16 h.

Cells were isolated by centrifugation (5000g for 15min), and the
pellet was resuspended in 50mM Tris-HCl, 150mM KCl, 0.5mM di-
thiothreitol (DTT) pH 7.5 buffer containing 0.1 mg/mL lysozyme,
stirred at room temperature for 30min, and then sonicated on ice. After
removing cell debris by centrifugation, the supernatant was subject to
heat treatment (6min at 85 °C followed by 40min on ice). The pre-
cipitate was removed by centrifugation and the heat-treated lysate
containing 5mM CaCl2 was loaded onto a phenyl-Sepharose column,
previously equilibrated with buffer containing 50mM Tris-HCl, 0.5 mM
CaCl2, 0.5 mM DTT pH 7.5. The column was then washed with the same
buffer containing 150mM KCl. CML7 was eluted in 50mM Tris-HCl,
150mM KCl pH 7.5, 2mM ethylene glycol-bis(2-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) buffer. The purity of CML7 was es-
timated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) analysis and the protein concentration was determined by
the Bradford assay [30]. Final yield was about 20mg/L culture.

15N and 13C labeled CML7 samples for NMR experiments were ob-
tained using M9 minimal medium supplemented with 1 g/L 15NH4Cl
and 4 g/L 13C-glucose as the sole sources of nitrogen and carbon. In M9
medium the final yield was about 10mg/L culture.

CaM1 from A. thaliana was produced as described [31].

2.3. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance III spectrometer (Bruker, Karlsruhe, Germany) operating
at 600.13MHz proton Larmor frequency, and equipped with a cryo-
genic probe. 1H-15N Heteronuclear Single Quantum Coherence (HSQC)
experiments were recorded at 298 K on a 15N labeled sample, in 50mM
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Tris-HCl, 50mM KCl, 0.5mM DTT, 7% D2O pH 7.5 at protein con-
centration of 270 μM in the presence of EGTA (5mM), or MgCl2 (5mM
EGTA+10mM MgCl2) or CaCl2 (5mM). The data matrix consisted of
2048 (F2, 1H)×256 (F1, 15N) complex data points, spectral windows
of 8417.509 Hz (1H)× 2189.445 Hz (15N), 8 transients, and 1.5 s re-
laxation delay. Standard triple resonance experiments, HNCACB,
CBCA(CO)NH, and 1H-15N Nuclear Overhauser Effect SpectroscopY
(NOESY) HSQC were recorded at 298 K on 15N,13C-labeled samples at
protein concentration of 500 μM to achieve partial sequence-specific
backbone atoms assignment of CML7 bound to Ca2+. The HNCACB, and
CBCA(CO)NH spectra were acquired with a data matrix consisting of
2 K (F3, 1H)× 90 (F2, 15N)× 120 (F1, 13C) complex points, spectral
windows of 8417.51 Hz (1H)× 2189.42 Hz (15N)× 11,318.16 Hz
(13C), 8 transients, and 1.5 s relaxation delay. The 1H-15N NOESY HSQC
spectrum was acquired with a data matrix consisting of 2 K (F3,
1H)×40 (F2, 15N)× 128 (F1, 1H) complex points, spectral windows of
8417.51 Hz (1H)× 2189.42 Hz (15N)×8417.51 Hz (1H), 16 transients,
and 120ms mixing time. Data processing was performed with
Topspin3.2 (Bruker, Karlsruhe, Germany).

2.4. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed
on a TA nanocalorimeter (TA Instruments). In each experiment, 1.5 μL
injections of 3mM CaCl2 were made to a 200 μL sample cell containing
200 μM of apo- or Mg2+-bound CML7 in 50mM Tris-HCl, 150mM KCl,
0.5 mM DTT pH 7.5 buffer. Mg2+-loaded CML7 was obtained by in-
cubation of apo-protein with 10mM MgCl2 for 15min at 25 °C.
Experiments were performed at 25 °C with injections at 300-s intervals
and 250 rpm stirring speed. The buffer was decalcified using a Chelex-
100 ion-exchange resin (Sigma) as described [8,32] and all solutions
were degassed prior to each experiment. Control experiments (injecting
ligand solutions into the buffer) were conducted to obtain a baseline for
each experiment and determine the heat of dilution/mixing. These
values were subtracted from the experimental runs in the presence of
protein. Analysis of the data was performed using Origin-based soft-
ware. The reported values represent the mean ± SEM of at least three
independent titrations using at least two different CML7 preparations.

2.5. Circular dichroism spectroscopy

All circular dichroism (CD) spectra were recorded on a Jasco J-1500
spectropolarimeter equipped with a thermostatically controlled Peltier
type compartment, using the protocols described in [14,15,33]. Briefly,
near UV (320–250 nm) and far UV (250–200 nm) spectra of ~ 100 μM
and ~12 μM CML7, respectively, were collected at 25 °C after con-
secutive additions of 1mM EGTA, 2mMMgCl2 and 2mM CaCl2. Quartz
cuvettes were used both for near UV (1 cm) and far UV (0.1 cm). CD
spectra of protein/peptide complex were obtained using a pro-
tein:peptide ratio of 1:1 in 50mM Tris-HCl, 150mM KCl, 0.5 mM DTT
pH 7.5 in the presence of 2mM EGTA or 2mM CaCl2. Spectra from five
scans were averaged and were corrected for background signal by
subtracting out the spectrum of the buffer. Denaturation profiles were
recorded in the same conditions as for far UV spectra by following CD
signal at 222 nm between 4 and 96 °C (scan rate 90 °C/h).

2.6. Fluorescence spectroscopy

8-Anilinonaphtalene-1-sulfonate (ANS) fluorescence spectra were
measured using a Jasco FP8200 spectrofluorometer to probe the
changes in hydrophobicity of CML7 following Mg2+ and Ca2+ binding,
as described in [14,33]. Protein at 1 μM was incubated with 15 μM ANS
and fluorescence was measured after 1 h incubation at room tempera-
ture with EGTA (2mM), or MgCl2 (0.5 mM EGTA+5mM MgCl2)
or CaCl2 (2mM). ANS fluorescence spectra were recorded at room
temperature with slit widths set to 5 nm. Excitation wavelength was

380 nm and emission spectra were collected in the range 400–650 nm.
For the CML7/melittin and AtCaM1/melittin interaction the single

Trp residue of melittin was excited at 295 nm, and fluorescence emis-
sion spectra were recorded with a single scan over the range
305–450 nm. Melittin (2 μΜ) was titrated with increasing concentra-
tions of AtCaM1 or CML7 in 50mM Tris-HCl, 150mM KCl, 0.5 mM DTT
pH 7.5 in the presence of 2mM CaCl2. Titration experiments were
performed by monitoring the blue-shift in wavelength (λ) of the peptide
emission peak. The dissociation constant (Kd) was determined ac-
cording to a tight binding hypothesis [34–36]:
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where fb is the fraction bound, x is the protein concentration, e0 is the
peptide concentration, λ is the value of wavelength of the peptide
emission peak as a function of protein concentration, λ0 is the value at
zero protein concentration and λmax is the value at saturating protein
concentration.

2.7. Limited proteolysis

CML7 at 0.5mg/mL concentration was digested with trypsin (1:500
w/w) in 50mM Tris-HCl, 150mM KCl, 0.5 mM DTT pH 7.5 in the
presence of 5mM CaCl2 or 5mM EGTA, respectively, at 25 °C. At var-
ious times (0, 1, 5, 10, 20, 40, 60, 120, and 180min), 20 μL aliquots
were taken for 15% SDS-PAGE analysis. The reaction was stopped by
sample boiling and addition of reducing Laemmli buffer. Bands in de-
naturing gel were visualized by Coomassie Blue staining.

2.8. Ca2+-dependent electrophoresis mobility shift assay

CML7 recombinant protein was analyzed by SDS-PAGE (15%) or
native PAGE (12%) after incubation (30min at room temperature) with
5mM CaCl2 or 5mM EGTA in the presence and absence of DTT, as
previously described [8,14,32].

Peptide-protein stoichiometry was analyzed by incubating AtCaM1
or CML7 (20 μM) for 20min at room temperature with increasing
concentrations of melittin in 100mM Tris-HCl pH 7.5 in the presence of
5mM CaCl2 or 5mM EGTA, as described [33]. Samples were analyzed
under native conditions on a 12% continuous gel containing 5mM
CaCl2 or 5mM EGTA.

2.9. A. thaliana protoplast isolation and transformation

Mesophyll protoplasts were isolated and transiently transformed
according to [37]. Leaves from four week old A. thaliana Col-0 plants
were collected and cut in 0.5–1mm strips with fresh razor blades and
put into multiwell cell culture in the presence of the following enzy-
matic plasmolysis mix: 20mM KCl, 0.4M D-Mannitol, 20mM 2-(N-
Morpholino)ethanesulfonic acid,4-Morpholineethanesulfonic acid
(MES), 1.25% R10 Cellulase, 0.3% R10 Macerozyme. Enzymes were
pre-heated at 55 °C for 10min and 10mM CaCl2 and 0.1% bovine serum
albumin (BSA) were added to the mix after the incubation. The enzy-
matic mix was filtered and added to the cut leaves. A 10min vacuum
favored enzymes entering the leaves through the cuticle. Digestion was
performed in the dark for about 3 h without shaking. Protoplasts were
separated from the cell debris by filtering the mixture through a nylon
sieve of 50 μm pore size. Protoplasts were spun at 100g for 6min in
presence of 50mM CaCl2, washed once in cold W5 washing solution
(154mM NaCl, 125mM CaCl2, 5 mM KCl, 2mM MES) and resuspended
in the same solution. After incubation on ice for 30min, protoplasts
were resuspended in 600 μL MMg (0.4M D-Mannitol, 15 mM MgCl2,
4 mM MES pH 5.7) and centrifuged at 100g for 1min. For the co-
transformation with the free enhanced green fluorescent protein
(EGFP), the DNA constructs (5–10 μg of pGREEN0029::CML7-RFP and
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pGREAT::eGFP; [38]) were mixed together before adding them to
100 μL MMg isolated protoplasts and then an equal amount of poly-
ethylene glycol (PEG) solution (40% v/v PEG4000, 0.2M D-Mannitol,
1 mM CaCl2) was added, mixed gently and incubated at room tem-
perature for 20min. The protoplasts suspension was then diluted by
adding a 4-fold volume of W5 to remove PEG. The supernatant was
carefully removed after 3min centrifugation at 100g and the trans-
formed protoplasts resuspended in 1mLW5 solution and maintained at
23 °C in the dark. Protoplasts were microscopically analyzed 16–24 h
after transformation.

2.10. Confocal laser scanning microscopy

Confocal microscopy analysis was performed using a Nikon Eclipse
Ti2 inverted microscope, equipped with a Nikon A1R+ laser scanning
device (Nikon, http://www.nikon.com/products/microscope-
solutions/lineup/confocal/a1/index.htm). EGFP and chlorophyll were
excited with the 488 nm laser and the emission was collected at
500–550 nm and 663–738 nm, respectively. RFP was excited with the
561 nm laser and the emission was collected at 570–620 nm. The pin-
hole was set to 1.2 airy unit. Images were acquired by a CFI Plan Apo
Lambda 60X Oil (N.A. 1.4) objective and were analyzed using Fiji
software (https://fiji.sc).

2.11. Homology modelling and sequence analysis

The homology model of the CML7 from A. thaliana in the Ca2+-

bound form was generated using SWISS-MODEL Homology Modelling
server (swissmodel.expasy.org) [39,40]. The template chosen for
modelling procedure was the CaM from Paramecium tetraurelia (Protein
Data Bank (PDB) entry: 1clm [41]) that shares with CML7 the higher
sequence identity (42.0%) among proteins whose structures have been
solved so far. The Global Model Quality Estimation (GMQE) index was
0.77, and the Qualitative Model Energy Analysis (QMEAN) potential
scoring function was 1.21, indicating a good reliability for the obtained
model. Sequence alignments were performed with NPS@ server [42].
Molecular graphics images were produced using the UCSF Chimera
package from the Resource for Biocomputing, Visualization, and In-
formatics at the University of California, San Francisco (supported by
NIH P41 RR-01081) (http://www.cgl.ucsf.edu/chimera). Molecular
surface was coloured with the Coulombic Surface colouring (colouring
parameters: μ= 4, thresholds± 12 kcal mol−1 at 298 K) implemented
in Chimera (http://www.cgl.ucsf.edu/chimera).

3. Results

3.1. CML7 production

CML7 from A. thaliana was successfully expressed as a recombinant
protein in E. coli and purified to homogeneity by heat treatment and
hydrophobic interaction chromatography; CML7 binds to a phenyl-se-
pharose column in the presence of Ca2+ and is released by the addition
of EGTA (see Section 2.2). Ca2+-dependent hydrophobic binding to
phenyl-sepharose is typical of classic Ca2+ sensors, and thus represents

Fig. 1. Two-dimensional 1H-15N HSQC NMR spectra of apo- (A), Mg2+-bound (B), Ca2+-bound (C) 15N-CML7 and zoom of the Gly6 downfield peaks of Ca2+-bound
CML7 (D). The assignment of the Gly of the EF-hands is indicated by the position number of the residue. The spectra were recorded at 600MHz at 298 K. All samples
were at a protein concentration of 270 μM in 50mM Tris-HCl, 50mM KCl, 0.5 mM DTT, 7% D2O pH 7.5.
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a first clue indicating that CML7 has Ca2+ sensor properties. Moreover,
CML7 displayed a large electrophoretic mobility shift in the presence of
Ca2+, in both native and denaturing conditions (Supplementary Fig.
S1), which is another characteristic of Ca2+ sensors. Both apo- and
Ca2+-bound CML7 show a single band on gel electrophoresis in the
presence of DTT (Supplementary Fig. S1, lanes 1 and 2), while addi-
tional bands were present in the absence of DTT for both forms, in-
dependently of the presence of Ca2+ (Supplementary Fig. S1, lanes 3
and 4). This behavior is likely due to the presence of oligomers through
formation of intermolecular disulphide bridges via Cys oxidation.

3.2. Apo-, Mg2+- and Ca2+-bound states of CML7 exist in distinct
structural conformations

A hallmark of CaM and related Ca2+ sensors is the ability to ex-
perience a reversible conformational change upon Ca2+ binding that
leads to the exposure of hydrophobic regions through which these
proteins bind and regulate their downstream targets. Two-dimensional
NMR spectra (1H-15N HSQC) of 15N-labeled CML7 were collected to
monitor conformational changes in CML7 resulting from Mg2+ and
Ca2+ binding to the protein (Fig. 1). In each spectrum, the peaks are
representative of protons in the main and side chain amides, and their
dispersion is a good probe of protein conformation. As shown in Fig. 1,
the apo-, Mg2+- and Ca2+-bound states of CML7 exist in distinct
structural conformations. Easily observed in the 1H-15N HSQC spectra,
upon addition of either Mg2+ or Ca2+ ions to the apo-protein a better
dispersion of NMR signals was observed, and new peaks appeared, in-
cluding downfield shifted peaks between 10 and 11 ppm in the 1H di-
mension and 111–115 ppm in the 15N dimension, which are indicative
of metal binding in the EF-hand motifs. In particular, the 1H-15N HSQC
spectra indicate that the Mg2+-bound conformation of CML7 is separate
from both its apo- and Ca2+-bound states (Fig. 1). The broadening of
the existing resonances line and the fewer number of peaks observed in
the spectrum of Mg2+-CML7, compared to that of the Ca2+-CML7,
suggest that Mg2+ and Ca2+ bind to CML7 with different affinities and
that the Mg2+-bound form of CML7 may still possess a degree of flex-
ibility. Despite this partial conformational instability, the dispersion of
resonances observed in the two-dimensional spectrum of Mg2+-CML7 is
distinct from the narrow range of 1H chemical shifts observed in the
apo-CML7 spectrum and favors a more folded conformation of the
protein when bound to Mg2+. The addition of Ca2+ to CML7 promoted
a further change in chemical shifts that describes the transition between
a closed apo conformation and an open Ca2+-bound state, analogous to
that observed with both mammalian and plant CaMs
[8–10,13–15,43,44].

Many EF-hand proteins, including CML7, are characterized by a
hydrogen bond network in metal-bound loops that causes the appear-
ance of downfield-shifted peaks in the 1H-15N HSQC spectra, which

belong to the backbone amides of glycine residues present at position 6
(Gly6) of the EF-hands when bound to metal [14,15,43,45,46]. The
extent of this downfield shift enables these resonances to act as in-
dicators for the Ca2+-bound state of a given EF-hand, providing in-
dication on the stoichiometry of ion binding. The 1H-15N HSQC spectra
of Ca2+-bound CML7 showed four downfield shifted resonances
(Fig. 1). Based on standard triple resonance NMR experiments acquired
on 15N,13C-labeled CML7 in its Ca2+ bound state, we assigned the four
resonances at positions 10.68, 10.55, 10.40 and 10.35 ppm (1H di-
mension) to the Gly6 of the EF-hands, Gly19 (EF-1), Gly55 (EF-2),
Gly93 (EF-3), and Gly131 (EF-4), respectively (Fig. 1D). Thus, the
presence of four low-field resonances corresponding to Gly6 of the four
EF-hands strongly suggests that CML7 can bind Ca2+ ions with a stoi-
chiometry of 1:4 protein to metal ratio.

The 1H-15N HSQC spectral features of CML7 were consistent with
our CD experiments. The near UV CD fingerprint of CML7, which re-
flects protein tertiary structure through local arrangements of aromatic
residues, closely resembles that of CaM. Bands at 269 and 262 nm
arising from Phe side chains are very well resolved with a broad
minimum for Tyr at around 280 nm. No peaks corresponding to Trp
residue are present as CML7 lacks Trp. Binding of Mg2+ to apo-CML7
produced significant changes in the near UV CD spectrum, with a de-
crease in the negative ellipticity both in the Phe and Tyr bands (Fig. 2A,
dashed line). Addition of Ca2+ refined the spectrum, slightly increasing
the signal intensity, consistently with further changes in the tertiary
structure upon Ca2+ binding (Fig. 2A, dotted line). These results were
supported by CD spectra in the far UV region which indicated CML7 to
possess significant α-helical structure and characteristic negative el-
lipticity bands at 222 nm and 208 nm in both the apo- and metal-bound
forms (Fig. 2B). Upon Ca2+ binding, CML7 showed a change of the
spectrum characterized by an increase in intensity and variations in
shape. These are visible as a change in the θ222/θ208 ratio (0.94 for apo-
CML7 and 0.86 for Ca2+-bound CML7), which could be ascribed mainly
to helix reorientation within the tertiary structure, and not merely to a
change in α-helical content [47,48].

CD data clearly indicated that both Ca2+ and Mg2+ ions induce
conformational changes, affecting the secondary and tertiary structure
of CML7. The metal binding also resulted in an increase of the thermal
stability of the protein. Fig. 3A shows the thermal unfolding profiles of
apo- and metal-bound CML7 obtained by following the CD signal at
222 nm as a function of temperature. In comparison to the sample
containing CML7 and EGTA, the melting temperature (Tm) of CML7
with Mg2+ increased from 40.9 ± 0.8 °C to 60.0 ± 0.4 °C (Table 1). In
the presence of Ca2+, no estimate of Tm was possible as the denatura-
tion curve increases monotonically with increasing temperature up to
~95 °C, and even at 95 °C the protein maintains a partially folded state.
Along with this, the Ca2+-bound form of CML7 was more stable against
proteolysis by trypsin compared to the apo-form (Supplementary Fig.

Fig. 2. Near and far UV CD spectra of CML7. (A) Near UV CD spectra of 100 μM CML7 and (B) far UV CD spectra of 12 μM CML7 after sequential addition of 1mM
EGTA (solid line), 2 mM MgCl2 (dashed line) and 2mM CaCl2 (dotted line).
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S2).
This data suggests that the binding of Ca2+ or Mg2+ strongly sta-

bilizes CML7 by leading to a rearrangement in both the secondary and
the tertiary structures. However, for each metal the stabilized final
conformation is distinct. Using the hydrophobic fluorescent probe ANS,
we demonstrated that the binding of Ca2+ induces a domain opening in
CML7 leading to the exposure of hydrophobic regions, whereas Mg2+

does not. As shown in Fig. 3B and Table 1, upon addition of Ca2+ to
CML7 a blue-shift in the emission peak of ANS fluorescence (from
525 nm to 504 nm) was observed along with a ~2-fold increase in the
maximal emission intensity, indicating that the hydrophobic regions of
the recombinant CML7 were exposed to solvent, and therefore acces-
sible to the ANS probe. On the contrary, the addition of Mg2+ to CML7
did not cause a significant change in the ANS fluorescence spectrum
compared to that observed in the apo form. However, few variations in
the emission spectra were observed for either apo-CML7 or Mg2+-
bound CML7 compared to the spectrum of ANS alone, suggesting that
some hydrophobic exposure is present even in the absence of Ca2+

(Fig. 3B and Table 1). Thus, we showed that, in accordance with a
putative function as a Ca2+ sensor, CML7 undergoes a large structural
rearrangement leading to hydrophobic exposure only upon binding
Ca2+.

3.3. The C-lobe contains the higher affinity Ca2+ binding sites

We assessed Ca2+ binding to CML7 by ITC, starting from conditions
of decalcified protein and buffer (Fig. 4). Data were fit using a se-
quential binding model with the stoichiometry of Ca2+ binding fixed to
four (as deduced by NMR experiments) and following a procedure used
previously for mammalian CaM and similar EF-hand containing Ca2+-
binding proteins [14,15,33,43,49–52]. The values obtained for the four
macroscopic binding constants showed that the Ca2+ binding sites in

CML7 are grouped into two pairs of different strength (Table 2): a first
set of sites that comprises two high-affinity sites (Kd1= 0.9 ± 0.2 μM,
Kd2= 0.5 ± 0.1 μM, respectively) and a second set that likely re-
presents the binding of two Ca2+ ions with lower affinity
(Kd3= 14.7 ± 0.8 μM, Kd4= 29.4 ± 4.7 μM). Ca2+ binding to CML7
followed an exothermic reaction, displaying a negative enthalpy
change, which can be ascribed almost entirely to Ca2+-induced con-
formational changes in the N- and C-terminal domains of CML7, since
the ΔH associated with Ca2+ binding/desolvation can be approximated
to be zero [43,49].

To learn more about the pathways of Ca2+ binding to CML7, Ca2+

was titrated into a solution of apo-CML7 and two-dimensional 1H-15N
HSQC spectra were recorded at each step. As shown in Fig. 5A, the Gly6
peaks for the C-terminal lobe (Gly93 and Gly131) appeared simulta-
neously at Ca2+: protein ratios lower than those of the N-terminal Gly6
(Gly19 and Gly55) which develop together only at higher Ca2+: protein
ratios. These observations indicate that the high affinity sites are lo-
cated in the C-lobe of CML7 and allowed us to assign the dissociation
constants determined from ITC Kd1 and Kd2 to the C-terminal domain
(higher affinity Ca2+-binding sites), and Kd3 and Kd4 to the N-terminal
EF-hands (lower affinity Ca2+-binding sites).

The paired nature of these plant CML7 EF-hands and the fact that
two of the sites have higher Ca2+ affinity than the other two enabled us
to estimate the cooperativity within each EF-hand pair. The co-
operativity in a two-site system (EF-hand pair) can be quantified in
terms of free energy, with the term −ΔΔG reflecting the increase in
affinity of the second EF-hand as a result of Ca2+ binding to the first
[53,54]. If the affinity for the second ion is greater than the first, this
term is positive, indicating positive cooperativity. As shown in Sup-
plementary Table S1, each pair of CML7 EF-hands displayed positive
cooperativity. Thus, we can conclude that the two sites of the C-term-
inal domain in CML7 bind Ca2+ most strongly in a cooperative manner.

We next investigated the influence of Mg2+ on the Ca2+-binding
thermodynamic parameters as well as association constants of CML7 by
ITC. Ca2+ titrations were performed upon incubation of CML7 with
10mM MgCl2 (Fig. 4B, Table 2, Supplementary Table S1). Although the
four EF-hand Ca2+-binding sites still bind Ca2+ with positive co-
operativity, the presence of 10mMMg2+ slightly decreased the Ca2+

association constants of sites 1 and 2 (~up to 6-fold), while it did not
significantly modify the Ca2+ association constants of the lower affinity
sites (sites 3 and 4) of CML7. In the presence of Mg2+, the Ca2+-binding
preference of the EF-hands of CML7 remains unchanged, and the C-
terminal sites are occupied before the N-terminal sites, as observed in
NMR titration experiments (data not shown). Importantly, Ca2+ addi-
tion to Mg2+-bound CML7 leads to the disappearance of the peaks as-
sociated with Mg2+ bound form in 1H-15N HSQC spectrum and the

Fig. 3. CML7 thermal stability and ANS fluorescence. (A) Thermal denaturation profiles of 12 μΜ CML7 in the presence of 1mM EGTA (circle), 2 mM MgCl2
(triangle) and after addition of 2 mM CaCl2 (square). (B) ANS fluorescence spectra of CML7 upon incubation with 2mM EGTA (dashed line), 0.5mM EGTA plus 5mM
MgCl2 (dot dashed line) and 2mM CaCl2 (dotted line). The fluorescence spectrum of ANS alone is also shown (solid line).

Table 1
Analysis of ANS and CD thermal denaturation data for CML7.

Blue shift (nm)a Fmax/Frefb Tm (°C)c

CML7+EGTA 7 ± 1 1.2 ± 0.1 40.9 ± 0.8
CML7+MgCl2 6 ± 2 1.2 ± 0.1 60.0 ± 0.4
CML7+CaCl2 21 ± 2 1.6 ± 0.1 > 95

a Shift of the wavelength of maximum emission of CML7+ANS mixture
following excitation at 380 nm as compared to that of ANS alone.

b Ratio between maximal fluorescence emission of CML7+ANS mixture and
that of ANS alone.

c Melting temperature obtained by data fitting in thermal denaturation
profiles.
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concomitant appearance of the peaks characteristic of the Ca2+-bound
CML7; the resulting spectrum is nearly superimposable with that of
Ca2+-CML7 (Figs. 1C, 5). This provides evidence of Mg2+ displacement
by Ca2+, and that CML7 attains the same conformation after binding
Ca2+, in both the presence and absence of Mg2+.

3.4. Melittin binds to CML7

Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ) is an amphipathic
model peptide that is widely used to study the interaction of down-
stream targets with proteins of the CaM family. It is well-known that
melittin interacts with Ca2+-saturated bovine CaM to form a 1:1 com-
plex with nanomolar affinity [55], assuming an α-helix conformation
upon binding [56]. In an effort to demonstrate that CML7 behaves as a
member of CaM family towards the interaction of targets and since the
CML7 physiological target in plants has not been identified, we ex-
amined CML7 for interaction with melittin. A canonical plant CaM
(AtCaM1 from A. thaliana) was used as a positive control in our

experiments.
First, we monitored the interaction of CML7 or AtCaM1 with me-

littin in the presence of increasing amounts of the peptide by native
PAGE (Fig. 6A). Nondenaturing gel band shift electrophoresis directly
confirmed that melittin forms a 1:1 complex with AtCaM1 in the pre-
sence of Ca2+, but not in its absence (i.e. in the presence of 5mM EGTA
(Fig. 6A)). The peptide also forms a complex with CML7 in the presence
of Ca2+. Upon addition of melittin, the single band reflecting pure
CML7 disappeared and a new protein band of lower mobility appeared,
indicating the formation of a new complex. At 1:1 protein:peptide ratio,
almost all the free CML7 disappeared, suggesting the 1:1 formation of a
peptide/CML7 complex. At higher concentrations of melittin, a
smearing of the band representing the complex was observed, likely
indicating that additional binding occurs (up to 4mol of melittin/mol
of CML7).

Formation of CML7/melittin and AtCaM1/melittin complexes was
also studied by fluorescence spectroscopy. Both CML7 and AtCaM1 do
not have any Trp residues, while melittin possesses one Trp (Trp19).

Fig. 4. ITC analysis of the Ca2+ binding to apo- and Mg2+-bound CML7. Representative raw trace (top) of the calorimetric titration of CaCl2 into 200 μM apo-CML7
(A) and 200 μM CML7 pre-incubated with 10mM MgCl2 (B), and integrated binding isotherm (bottom). Curve fitting was performed using a four-site sequential
binding model. The ligand dilution blank experiments (Ca2+ ions titrated into buffer only) were subtracted from the binding isotherm obtained in the presence of
protein.

Table 2
Thermodynamic parameters for Ca2+ binding to CML7. The mean values from triplicate experiments and SEM using at least two different CML7 preparations are
presented.

No Mg2+ +10mMMg2+

Ka

(M−1)
Kd
(μM)

ΔH
(kcal mol−1)

Ka

(M−1)
Kd

(μM)
ΔH
(kcal mol−1)

Site 1 1.1E6 ± 2.9E5 0.9 ± 0.2 −6.6E3 ± 0.8E3 2.6E5 ± 6.3E4 3.8 ± 0.9 −5.9E3 ± 0.9E3
Site 2 2.2E6 ± 4.1E5 0.5 ± 0.1 −1.6E3 ± 0.4E3 3.2E5 ± 6.2E4 3.1 ± 0.6 −1.9E3 ± 0.3E3
Site 3 6.8E4 ± 3.9E3 14.7 ± 0.8 −3.1E3 ± 0.7E3 4.9E4 ± 7.3E3 20.4 ± 3.0 −2.6E3 ± 0.6E3
Site 4 3.4E4 ± 5.4E3 29.4 ± 4.7 −1.5E3 ± 0.4E3 2.6E4 ± 8.4E3 38.5 ± 6.9 −0.8E3 ± 0.1E3

Sites 1 and 2 can be assigned to the C-terminal lobe and sites 3 and 4 to the N-terminal lobe. The domain-specific assignment is based on NMR analysis (see text for
explanation).
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This intrinsic fluorophore is a useful probe to monitor binding of the
peptide to the protein since, upon complex formation it usually ex-
periences changes in its spectral properties (maximum emission wave-
length and/or fluorescence intensity). As expected for a solvent exposed
Trp residue, for melittin alone, the maximum fluorescence emission
wavelength is 354 nm. Upon the addition of CaCl2 to the melittin so-
lution, no changes in the fluorescence spectrum were observed, while
the fluorescence was blue shifted to 339 nm and 338 upon binding to
AtCaM1 and CML7, respectively (in the presence of saturating con-
centrations of Ca2+) (Fig. 6B). This large blue shift is indicative of an
augmented hydrophobicity of the Trp environment, suggesting that
interaction between proteins and melittin occurs. The weaker intensity
of the Trp fluorescence emission when melittin is bound to CML7
compared to AtCaM1 may be due to increased quenching either by the
surrounding amino acid side chains or from a greater exposure to sol-
vent. The microenvironment of the Trp residue of melittin could be
perturbed in a different way in the two complexes. However, it might
also suggest that the Trp is less rigidly held in the binding pocket,
therefore we cannot exclude the presence of conformational changes
which could potentially alter the fluorescence properties of melittin in a
different manner in the two complexes.

To estimate the apparent affinity between proteins and melittin,
titration experiments in Trp fluorescence were performed (Fig. 6C). Our
data showed that, in the presence of Ca2+, AtCaM1 binds melittin with
high affinity (Kd of 8 ± 2 nM) and with 1:1 stoichiometry, in line with
previously reported data for bovine CaM/melittin interaction [55].

Binding of melittin to Ca2+-bound CML7 also occurs with high affinity
(Kd of 0.3 ± 0.1 μM), even if lower compared to AtCaM1.

Furthermore, we acquired CD spectra to examine whether binding
of melittin to AtCaM1 or CML7 is associated with changes in secondary
structure. As shown in Fig. 6D and 6E, CD signals of both AtCaM1 and
CML7 were increased following the addition of melittin. In aqueous
solution, free melittin has a small α-helical content. The observation of
α-helix formation is not uncommon in monomeric peptides that are
20–25 residues in length [57,58]. The far UV CD spectrum of AtCaM1
and CML7 showed two minima peaks at 208 and 222 nm, which is ty-
pical of a protein with a significant α-helical content, as described
above [33,59]. Addition of equimolar melittin to AtCaM1 or CML7
yielded a spectrum that was more negative than the sum of each taken
separately, suggesting that the α-helical content of the Ca2+-protein/
peptide complex increases (Fig. 6D, E). The higher value of CD signal
observed is attributable to induced helicity in melittin, since Ca2+-CaM
itself does not gain secondary structure following binding to target
peptide [60,61]. Moreover, in the case of AtCaM1, the shape of the
spectrum representing the complex was also different from the in-
dividual components. In the presence of melittin and Ca2+, the θ222/
θ208 ratio for AtCaM1 approaches the value of ~1.08 observed for
coiled-coil motifs. Thus, it is possible that a tight interaction between α-
helices, which in certain regions may coil together, occurs when
AtCaM1 binds melittin.

Importantly, in the presence of EGTA, CD spectra were character-
ized by only a modest change upon addition of melittin to CML7

Fig. 5. NMR analysis of the Ca2+ binding to apo- and Mg2+-bound CML7. (A) Downfield region of selected 1H-15N HSQC NMR spectra of CML7 recorded as a
function of increasing Ca2+ concentration. The molar ratio of Ca2+: protein was 2 (a), 4.5 (b), 10 (c). (B) Superimposition of 1H-15N HSQC spectra recorded on 15N-
CML7 after addition of 5 mM CaCl2 (red), 20mM MgCl2 (green), or 20mM MgCl2+ 20mM CaCl2 (black). (C) Zoom of the Gly downfield peaks. The spectra were
recorded at 600MHz and 298 K. All samples were at protein concentration of 270 μM in 50mM Tris, 50mM KCl, 0.5 mM DTT, 7% D2O pH 7.5.
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Fig. 6. Interaction of melittin with AtCaM1 and CML7. (A) Native PAGE in the presence of CaCl2 or EGTA. (B) Complex formation monitored by Trp fluorescence.
Emission spectra, recorded in the presence of CaCl2, of melittin (dashed line), melittin/AtCaM1 (dash dotted line) and melittin/CML7 complex (dotted line). The
spectrum of melittin before addition of CaCl2 (solid line) is also shown. (C) Fluorescence titration of AtCaM1 (open circles) or CML7 (filled circles) with melittin in the
presence of CaCl2. The Kd value is determined by fitting the fraction bound (fb) to Eq. (1). (D–E) Far UV CD spectra changes in secondary structure for AtCaM1/
melittin (D) and CML7/melittin complex (E) in the presence of CaCl2. Melittin alone (solid line), AtCaM1 or CML7 alone (dotted line), and protein/peptide complex
at 1:1 molar ratio (dashed line).
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(Supplementary Fig. S3), suggesting that the interaction takes place
mainly in the presence of Ca2+.

Our results showed that CML7 has a high affinity interaction with
melittin, a model CaM interacting peptide, in a Ca2+-dependent
manner. Therefore, we can envisage that CML7 may be involved in
Ca2+ mediated protein-protein interactions even if its physiological
partner/s is still unidentified.

3.5. CML7 sequence analysis and homology model

A homology model of the CML7 from A. thaliana in the Ca2+ bound
form was generated using the structure of the CaM from Paramecium
tetraurelia (PDB entry: 1clm [41]) as template. The model assumes the
dumbbell-like structure typical of CaM proteins formed by two struc-
turally similar globular domains (the N-term lobe and the C-term lobe),
containing a pair of Ca2+-binding motifs connected by a central α-helix
(Fig. 7B, C). It was recently reported that while the conformation of

animal and P. tetraurelia CaM proteins are very similar, CaM6 from
potato [62] and CaM7 from A. thaliana [63] show a different orienta-
tion of the central helix. The central linker connecting the two globular
domains has been described as “magical” because it is highly flexible,
allowing CaM to interact with a wide range of targets in a remarkable
variety of conformations [64–66]. For this reason, while the CML7
model can be considered highly accurate in the Ca2+ binding domains,
the region corresponding to the central helix may be less accurate.
Moreover, CML7 has an amino acid insertion (Asp79) in the C-terminal
end of the central helix (Fig. 7A, B) that may lead the linker to adopt
different orientations compared to typical CaMs.

The Ca2+ binding site is composed of 12 residues in which positions
1, 3, 5, 7, 9 and 12 are occupied by residues that, together with a water
molecule, contribute to Ca2+ coordination. Among them, residues in
positions 1, 3, 5, and 12 participate in Ca2+ binding through side chain
oxygen, residue in position 7 with main chain oxygen while residue in
position 9 coordinates a water molecule (Fig. 7A, D, F) [26]. Analysis of

Fig. 7. Sequence alignment and molecular modelling of CML7. (A) Sequence alignment of CML7_ARATH (CML7 from A. thaliana; Uniprot: Q9LNE7), CALM_PARTE
(CaM from P. tetraurelia; Uniprot: P07463), CALM1_ARATH (CaM1 from A. thaliana; Uniprot: P0DH95), CALM2_ARATH (CaM2 from A. thaliana; Uniprot: P0DH97),
CALM7_ARATH (CaM7 from A. thaliana; Uniprot: P59220), CALM5_SOLTU (CaM5 from S. tuberosum; Uniprot: Q7DMN9), CALM1_HUMAN (CaM1 from H. sapiens;
Uniprot: P0DP23); residues involved in Ca2+ coordination are highlighted in light blue, Met in yellow; black arrows represent amino acid insertion in the CML7
sequence. Numbering and secondary structure elements assignments are highlighted for CML7. (B) Cartoon representation of the CML7 molecular modelling; Ca2+ is
represented as a pink sphere; arrows represent region of amino acid insertion in the CML7 sequence. (C) Coulombing surface colouring of the CML7 molecular
surface. (D–F) Close view of the N-lobe and the C-lobe respectively. Residues involved in Ca2+ coordination are represented in stick, water molecules (red spheres)
were transferred from the template (E–G) Coulombing surface coloring of the CML7 N-lobe and the C-lobe.
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the primary structure of CML7 showed that all the four EF-hands in
CML7 resemble those found in CaM proteins, especially in the positions
devoted to Ca2+ binding (Fig. 7A), with minor differences. In the EF-
hand 1, position 3, which is usually occupied by an Asp residue, is
replaced by an Asn in CML7 (Fig. 7A). This conservative substitution is
also present in other CMLs from A. thaliana belonging to the VII sub-
group in the classification performed by Zhu [24], with the only ex-
ception of CML6 (Supplementary Fig. S4). EF-hand 2 of CML7 shows an
Asp to Asn substitution in position 3, while position 5 (in which an Asn
is usually present) is occupied by an Asp residue. Interestingly, EF-hand
2 is less conserved in the CMLs belonging to subgroup VII and appears
to be not functional in CML42, CML43, and CML44 (Supplementary Fig.
S4) [9,10,67]. Similarly to EF-hand 2 of CML7, also in EF-hand 3 Asp to
Asn substitutions in positions 3 and 5 are present. The residues re-
sponsible for Ca2+ coordination are fully conserved in EF-hand 4. In-
terestingly, a two-residue insertion is present in the loop connecting EF-
hand 3 and EF-hand 4 and it seems to be a general feature in the CML
proteins belonging to subgroup VII (Supplementary Fig. S4).

In analogy to what reported for CaMs, it is likely that the binding of
Ca2+ to each globular domain in CML7 changes the inter-helical angles
in the EF-hand motifs, inducing exposure of hydrophobic sites that fa-
vors the interactions with downstream partners. As shown in Figs. 7E
and G, the Coulombic surface of both N-terminal and C-terminal lobes
of the model of CML7 in the Ca2+-bound form revealed the presence of
hydrophobic patches in which Met residues likely play a key role in the
interaction with targets [68]. CML7 primary sequence contains eight
Met residues; two of them are located in the N-lobe (Met12 and Met45),
two in the central region (Met70 and Met80), and three in the C-lobe
(Met121, Met141 and Met142). Only five of them are conserved in
other CaMs (Fig. 7A). In addition to the exposure of hydrophobic re-
sidues upon Ca2+ binding, the ability of CaM to recognize different
interacting molecules is assured by the presence of the helix [68,69]. In
CML7, this helix appears to contain a negatively charged region that is
longer than that present in CaM proteins (Fig. 7A, C). This region is
quite variable among CMLs belonging to subgroup VII (Supplementary
Fig. S4), and this diversity may contribute to different modes of target
recognition and/or binding topology that distinguish CMLs from one
another.

3.6. CML7 is localized in the cytoplasm

Protein localization is a necessary step if we aim to understand the
function of CML7 in a physiological context and examine functional
redundancy between CaM and CML isoforms. To determine the sub-
cellular localization of CML7 in plant cells, we fused the RFP at the C-
terminus end of CML7 and placed it under the control of the CaMV35S
promoter. A. thaliana protoplasts cotransformed with the CML7-RFP
fusion and the free EGFP showed green fluorescence with typical cy-
toplasmic localization (Fig. 8A). The red fluorescence from the CML7-
RFP fusion was also restricted to cytoplasm (Fig. 8B), perfectly

overlapping with the green fluorescence (Fig. 8E).

4. Discussion

Ca2+ has a central role in adaptive developmental and stress re-
sponse programs in plants, regulating many important physiological
processes. A number of abiotic and biotic stimuli elicit specific Ca2+

signals that usually occur via changes in cytosolic free Ca2+ con-
centration, and the shape of these Ca2+ signals is believed to specify the
nature of the response [21,22]. The mechanisms by which changes in
intracellular Ca2+ concentration can lead to diverse responses is a topic
of widespread interest among plant biologists that has recently focused
on the roles of CMLs as specialized Ca2+ sensors [20–22,70,71]. Im-
portantly, the plant CML protein family is revealing its diversification
among Ca2+-binding proteins with respect to CaM [12,20–22,70–73].

There are 50 isoforms of CML in A. thaliana, and characterization of
the different isoforms is essential to understand their functional sig-
nificance. To this end, we have recently described the ion and target
binding properties of several A. thaliana CMLs including CML14,
CML19, and CML36 [8,14,15]. This investigation reports on the Ca2+

and Mg2+ sensing properties of CML7, as well as on metal induced
conformational changes and binding to the model target peptide me-
littin.

Our results provide significant information regarding modulation of
the structure of CML7 in the presence of saturating concentrations of
Ca2+. In the absence of Ca2+ ions, the CD spectrum shows extensive
helical content, while ANS fluorescence suggests that the protein has a
closed conformation and no or only limited exposure of hydrophobic
surfaces. The 1H-15N HSQC spectrum is characterized by broad peaks,
indicating conformational heterogeneity in the absence of Ca2+. Under
saturating Ca2+conditions, transition between the heterogeneous
closed conformation and the open conformation took place. Ca2+-de-
pendent exposure of hydrophobic regions as measured by ANS fluor-
escence, Ca2+-dependent interaction of CML7 with hydrophobic
phenyl-Sepharose, and increased mobility in electrophoresis in the
presence of Ca2+, collectively corroborated the significant Ca2+-in-
duced conformational change in CML7.

Moreover, molecular modelling of CML7 was performed in the
Ca2+-bound form. Our model suggests that the overall structure in
CML7 is well conserved and assumes the dumbbell-like structure typical
of CaM proteins, in which the N-lobe and C-lobe are devoted to Ca2+

binding through conserved or conservatively mutated residues. CML7
possesses four EF-hand motifs and the ability of all of them to bind
Ca2+ was confirmed by the appearance in the NMR spectrum of Ca2+-
bound CML7 of four downfield-shifted resonances, which belong to the
conserved Gly residues at position 6 of Ca2+-occupied EF-hands. This
stoichiometry was further supported by ITC analysis and by both amino
acid sequence predictions and inspection of the CML7 model generated
in silico. According to the ITC and NMR results, CML7 was shown to
possess two high affinity Ca2+ sites in the C-lobe and two weaker sites

Fig. 8. Subcellular localization of CML7-RFP in A. thaliana mesophyll protoplasts. The CML7-RFP fusion protein was transiently coexpressed in protoplasts with free
EGFP. Fluorescence was analyzed by confocal microscopy. (A) EGFP fluorescence (green) from a single focal plane of a representative protoplast. (B) RPF fluor-
escence (magenta) from the same protoplast as shown in (A). (C) Chlorophyll autofluorescence of chloroplasts. (D) Bright field image. (E) Overlay image of A and B.
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in the N-lobe. This high/moderate Ca2+ affinity appears to be an
emerging pattern in CMLs [12–14], and a wide range of Ca2+ affinity
(nM-μM range) has been determined for this class of Ca2+ sensors
[9,10,13,15]. The growing idea is that CMLs might possess different
Ca2+ binding affinities to specifically sense a broad range of cytosolic
free Ca2+ variations, being thus key players in Ca2+ signaling trans-
duction. Along with this, the apparent affinity for Ca2+ for most CMLs
differs considerably from the universal Ca2+ sensor CaM
[9,10,13,15,33,43]. Importantly, positive cooperativity of Ca2+

binding is observed within each globular domain of CML7, in line with
the paired nature of these plant CML7 EF-hands, and as frequently
observed in EF-hand containing proteins [26,43,54,74].

We also studied the effect of Mg2+ on the binding of Ca2+ and the
conformation of CML7. The interaction between Mg2+ and CML7 is
crucial for understanding how CML7 specifically responds to micro-
molar variations in free cytosolic Ca2+ concentrations in the presence
of ~1000-fold excess of the chemically similar Mg2+ ions. Ca2+ affi-
nities of CML7 decreased by ~4–6-fold for C-terminal sites and ~1.3-
fold for N-terminal sites when assessed in the presence of Mg2+.
Importantly, the order of Ca2+ binding to CML7 remained the same as
that in the absence of Mg2+, and similar positive cooperativity was also
observed. The modest effect of Mg2+ on Ca2+ affinity of CML7, which
is similar to the Mg2+-based change in Ca2+ affinity seen for mam-
malian CaM [49], likely allows the EF-hands of CML7 to be classified as
Ca2+-specific sites [26]. The effect of Mg2+ on Ca2+ binding is still
controversial and competition or allosteric effects of Mg2+ with respect
to Ca2+ binding have been suggested [26,49,75,76]. Moreover, the
presence of auxiliary Mg2+ binding sites distinct from the EF-hand
Ca2+ binding sites in CaM has been proposed [44]. NMR spectra of
Mg2+-CML7 showed two downfield shifted Gly6 resonances, pointing to
the Mg2+ binding sites being located within the EF-loop structure.
However, only the comparison of the crystal structure of Mg2+-bound
CML7 with the Ca2+-bound CML7 could provide more insight into this
aspect.

Owing to the excess Mg2+ concentration in the resting cell, many
Ca2+-specific EF-hands have enough affinity for this cation to be par-
tially or even fully saturated with Mg2+ [26,77]. The crucial factor for
efficient Ca2+ signaling is the difference in the resulting metal-bound
protein conformation. Binding of Mg2+ to apo-CML7 induced changes
in the secondary structure similar to those induced by Ca2+. Moreover,
both Ca2+ and Mg2+ stabilize CML7, as reflected in a large increase in
the unfolding temperature. However, the Mg2+-bound conformation of
CML7 differs from the Ca2+-bound form of the protein, as observed in
NMR spectra, and CML7 does not experience a marked increase in
surface hydrophobicity in the presence of Mg2+, as demonstrated by
the ANS data. This suggests that the Mg2+-bound protein and the
Mg2+-bound loops likely remain in a “closed” conformation, analo-
gously to that seen with Mg2+-bound mammalian CaM [46], and
therefore Mg2+ is not predicted to replace Ca2+ in hydrophobic-de-
pendent target interaction. Consistent with this, the bidimensional
NMR spectrum of Ca2+-saturated CML7 in the presence of Mg2+ is
essentially identical to that of the Mg2+-free, Ca2+-bound protein, in-
dicating that Ca2+-saturated CML7 has the same three-dimensional
conformation both in the absence and in the presence of excess Mg2+.

Overall, the results obtained indicate that CML7 belongs to the
group of classical Ca2+ sensors instead of Ca2+-buffering proteins,
which experience only minor structural variations and bind very tightly
to Ca2+ [26]. Working as a Ca2+ sensor, CML7 is therefore expected to
interact with and/or regulate specific target proteins. Inspection of the
coulombic surface of CML7 in our in silicomodel indicates that the inner
surfaces of the N- and C-term lobes contain Met-rich hydrophobic
patches, while acidic clusters are present in the linker region. The
presence of these hydrophobic and acidic regions is likely instrumental
for interaction with target proteins and suggests the necessity for pre-
serving the contact sites with the effector molecule with respect to CaM.
CaM-binding sites are usually positively charged, amphiphilic α-helical

peptides with bulky hydrophobic anchor residues (e.g. Trp) that are
often located at one or both ends of the helix [78]. Thus, CaM binding
to its targets usually involves both hydrophobic and electrostatic in-
teractions [60,61]. Melittin, a small peptide of 26 residues, is widely
used to study protein–peptide interactions in Ca2+-binding proteins,
including CaM, and can provide insight into target recognition mode of
CaM [55,79,80]. Earlier studies of the Ca2+-CaM/melittin complex
have shown that the binding of melittin to bovine CaM occurs with high
affinity (Kd in nanomolar range) and in a parallel orientation, meaning
that the N- and C-terminal regions of the peptide are associated with the
N- and C-term domains of the protein, respectively [56,79]. Herein, by
nondenaturing-PAGE, CD spectroscopy, and steady state Trp fluores-
cence we showed that plant CaMs (i.e., CaM1 from A. thaliana) are also
able to bind melittin peptide with a 1:1 stoichiometry and very high
affinity, in agreement with the previously reported bovine Ca2+-CaM/
melittin interaction [55]. Importantly, we further demonstrated that
CML7 binds the natural peptide melittin in the presence of Ca2+. Ac-
cording to our results, the melittin/CML7 interaction has a 1:1 stoi-
chiometry with a Kd of 0.3 ± 0.1 μM. Binding of melittin to Ca2+-
AtCaM1 and Ca2+-CML7 occurred in an α-helical conformation, and
the interaction involved the Trp residue of the peptide which becomes
solvent shielded.

The binding of melittin definitely places CML7 in the group of Ca2+

sensors, but more insightful information will require identification and
examination of the formation of complexes between CML7 and peptides
that arise from its physiological targets. Moreover, although important
clues can be obtained by the analysis of CML complexes with short target
peptides, these complexes do not always perfectly reflect the biophysical
and structural properties of the full-length protein. Therefore, in the ab-
sence of physiologically significant functional information, the structural
and biochemical data should be interpreted with caution.

An involvement of CML7 in root development has been proposed
[27], even if the downstream targets of CML7 have not yet been
identified. Despite the large number of molecular interactions that take
place with members of the CaM superfamily, specific differences in the
structure of physiological targets are likely to ensure specificity of in-
teractions. Indeed, there may be large differences in target binding
among CMLs, and ultimately each CML/target interaction must be
verified separately. However, it is worth noting that the structural
properties and the mechanism of action of CML7 and AtCaM1, as pre-
dicted from our results, seem to be very similar. Thus, it is unclear how
they can have non-overlapping physiological functions. Clearly, for
Ca2+ sensors it is crucial to consider the Ca2+ binding properties in
connection with the target. Moreover, factors other than Ca2+ binding,
such as relative abundance of Ca2+ sensor and target, tissue expression,
and cellular localization as well as phosphorylation may have sig-
nificant implications for target regulation mechanism. Subcellular lo-
calization is an important attribute of protein function, since, usually,
Ca2+ sensors and their interacting targets colocalize. CML7 was em-
pirically demonstrated to be cytosolic, therefore providing further clues
into understanding of the Ca2+/CML7 signal transduction pathway.
However, only the identification of the physiological targets of CML7
will allow us to obtain deeper insights into the cellular events that this
protein participates in and to determine its selectivity and mechanism
of action.
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