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ABSTRACT: A calcium/calmodulin-dependent protein kinase

3Ca2+ J4 Caz*

(CCaMK) is essential in the interpretation of calcium oscillations in

plant root cells for the establishment of symbiotic relationships with
rhizobia and mycorrhizal fungi. Some of its properties have been studied
in detail, but its calcium ion binding properties and subsequent
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conformational change have not. A biophysical approach was taken

with constructs comprising either the visinin-like domain of Medicago

— 90s

truncatula CCaMK, which contains EF-hand motifs, or this domain

together with the autoinhibitory domain. The visinin-like domain binds three calcium ions, leading to a conformational change
involving the exposure of hydrophobic surfaces and a change in tertiary but not net secondary or quaternary structure. The
affinity for calcium ions of visinin-like domain EF-hands 1 and 2 (K; = 200 + S0 nM) was appropriate for the interpretation of
calcium oscillations (~125—850 nM), while that of EF-hand 3 (Ky < 20 nM) implied occupancy at basal calcium ion levels.
Calcium dissociation rate constants were determined for the visinin-like domain of CCaMK, M. truncatula calmodulin 1, and the
complex between these two proteins (the slowest of which was 0.123 + 0.002 s™'), suggesting the corresponding calcium
association rate constants were at or near the diffusion-limited rate. In addition, the dissociation of calmodulin from the protein
complex was shown to be on the same time scale as the dissociation of calcium ions. These observations suggest that the
formation and dissociation of the complex between calmodulin and CCaMK would substantially mirror calcium oscillations,

which typically have a 90 s periodicity.

he majority of land plants form an ancient symbiotic

association with arbuscular mycorrhizal fungi that
facilitates the uptake of water, phosphate, and other nutrients."
Legumes also form a symbiotic relationship with rhizobia,
allowing them to fix nitrogen from the atmosphere.” The latter
symbiosis appears to have evolved from the former because the
distinct developmental changes in the plant root required for
each symbiotic relationship to become established involve
many common elements in their signaling pathways. Central to
the common symbiosis pathway is the occurrence of calcium
spiking, whereby the intracellular calcium ion concentration
oscillates in response to nodulation or mycorrhization factors
secreted by the respective microbial symbionts.>* A calcium/
calmodulin protein kinase (CCaMK) has been shown
genetically to be downstream of calcium spiking® and to be
essential for both symbiotic relationships.”” The immediate
output of CCaMK appears to be the phosphorylation of
downstream targets, such as CYCLOPS,® and both loss and
gain of function mutants of CCaMK have been reported.**'°
Thus, CCaMK appears to be responsible for the interpretation
of calcium spiking.

CCaMK was first identified in lily."" It comprises an N-
terminal kinase domain (Figure 1), a central autoinhibitory
domain (AID), which is capable of binding calmodulin (CaM),
and a C-terminal visinin-like domain (VLD),"* which contains
EF-hand motifs associated with the binding of calcium ions.
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Experiments in vitro have shown that the binding of calcium
ions stimulates autophosphorylation of Thr267 in lily
CCaMK."* CCaMK also binds CaM in a calcium ion-
dependent manner,'" and autophosphorylation enhances the
affinity between these two proteins.'* Interestingly, the binding
of CaM also inhibits autophosphorylation."> The phosphor-
ylation of targets by CCaMK is dependent on both calcium
ions and CaM, and the maximal activity is enhanced by
autophosphorylation.'* CCaMK from Zea mays has properties
similar to those of the lily protein except that CaM does not
inhibit autophosphorylation and that autophosphorylation gave
calcium ion-independent target phosphorylation."®

The VLD of CCaMK appears to be unique among protein
kinases. Deletion of some or all of the EF-hands of this domain
in lily CCaMK removes the stimulation of autophosphorylation
by calcium ions'>'* without abolishing the binding of CaM."?
By contrast, deletion of successive EF-hands leads to a gradual
loss of target phosphorylation activity, which decreases to 4% of
the wild-type activity.'"> Point mutations in the EF-hands of
Lotus japonicas CCaMK abolish the accommodation of rhizobia
in nodules and adversely affect mycorrhization.16 Therefore, the
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Figure 1. Domains, motifs, and constructs of CCaMK. Features of CCaMK are indicated with numbers relating to the primary sequence of the
Medicago truncatula protein. The motif of EF-hand 0 is poorly conserved (Table 2).

VLD appears to be essential for the correct interpretation of
calcium spiking.

This study focuses on how tightly the VLD of Medicago
truncatula CCaMK binds calcium ions and the time scale on
which it occurs together with the nature of any associated
protein conformational change in the context of calcium
spiking.

B MATERIALS AND METHODS

Expression and Purification of Proteins. The gene for
M. truncatula CCaMK was synthesized (Figure S1 of the
Supporting Information) with optimal codon usage for
Escherichia coli expression (Genscript). It was used as a
template to generate an AID and VLD construct (AID-VLDC;
CCaMK residues 318—523) without a tag and a VLD construct
(VLDC; CCaMK residues 347—523) with an N-terminal Hisg
tag using the pET101/D-TOPO kit (Invitrogen). The forward
primers for the AID-VLDC and VLDC were S5'-CAC-
CATGCCGGAAATTGTGTCTCGC and 5'-CACCATGCAT-
CACCATCACCATCACTTCCTGCGCACCAAAAAAC (di-
rectional cloning overhang in italics, start codon underlined,
and tag sequence in bold), respectively, and the reverse primer
for both was 5'-CTACGGGCGGATTGACGACAGA (reverse
complement stop codon in italics). Site-directed mutations of
the EF-hands of the VLDC were generated using the
QuikChange Lightning site-directed mutagenesis kit (Strata-
gene). The invariant Asp residue (corresponding to the first
residue of the motif and ligand X to a bound calcium ion'”) in
each of EF-hands 1—3 was mutated to Ala to abolish the ability
to bind calcium ions (residues 413, 449, and 491 in the context
of the full-length CCaMK sequence, respectively). The forward
primers for mutating EF-hands 1—3 were 5-CGCATTTTC-
GATCTGTTCGCTAATAATCGCGACGGT, 5'-
TGCTTTCAAATGTATGCTACCGACCGTTCGGGTTGC,
and S-GAAATTTTCGATCTGATGGCTGCCAACAAT-
GATGGC (mutated base underlined), respectively. All
constructs were verified by sequencing.

The AID-VLDC was expressed in E. coli BL21 Star(DE3)
cells grown in autoinduction medium (Formedium) at 37 °C
for 2 h'® followed by 20 °C for 20 h. Cells were harvested at
5000g for 20 min at 4 °C, resuspended in S0 mM Tris-HCI
(pH 7.5) containing 1 M NaCl, 1 mM CaCl,, 1 mM DTT,
DNase I, and cOmplete ULTRA EDTA-free protease inhibitor
cocktail tablets (Roche), and disrupted with a TS Series
Benchtop 1.1 kW cell disruptor (Constant Systems Ltd.) at
25K psi. The cell lysate was centrifuged at 20000g for 30 min at
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4 °C, and the supernatant was loaded onto a 10 mL
Calmodulin Sepharose 4B column (GE Healthcare) that was
previously equilibrated with S0 mM Tris-HCl (pH 7.5)
containing 1 M NaCl, 2 mM CaCl,, and 1 mM DTT. After
being washed with 5.5 column volumes of the same buffer, the
protein was eluted with 50 mM Tris-HCI (pH 7.5) containing 2
mM EDTA and 1 mM DTT. The protein was further purified
using a HiLoad 16/600 Superdex 75 gel filtration column (GE
Healthcare), previously equilibrated with SO mM Tris-HCI (pH
7.5) containing 100 mM NaCl and 1 mM DTT. The protein
concentration was determined by the absorbance at 280 nm
using a predicted extinction coefficient of 9970 M~ cm™."

The VLDC was expressed, and cells were harvested as
described above for the AID-VLDC except that cells were
resuspended in S0 mM Tris-HCl (pH 7.5) containing 300 mM
NaCl, 10 mM imadazole, DNase I, and cOmplete ULTRA
EDTA-free protease inhibitor cocktail tablets (Roche). The cell
free extract was applied to a 1 mL HisTrap FF column (GE
healthcare) that was previously equilibrated with 50 mM Tris-
HCI (pH 7.5) containing 300 mM NaCl and 10 mM imidazole.
After application of a further S column volumes of this buffer,
the protein was eluted with SO mM Tris-HCl (pH 7.5)
containing 300 mM NaCl and 500 mM imadazole. The protein
was further purified using size exclusion chromatography as
described above. Because of the lack of Trp residues in the
VLDC, a theoretical extinction coefficient may have been
unreliable. The protein concentration was therefore determined
by absorbance at 280 nm using an extinction coeflicient of 4745
M™! cm™ that was defined by reference to amino acid analysis
of the VLDC (University of Cambridge Protein and Nucleic
Acid Facility, Cambridge, United Kindgom).

The gene for canonical M. truncatula CaM 1 (GenBank entry
AAMS81202.1) was synthesized (Genscript) with optimal codon
usage for expression in E. coli (Figure S2 of the Supporting
Information) and subcloned into pET-21a(+) (Novagen). E.
coli BL21(DE3)pLysS harboring the resulting expression
plasmid was grown at 37 °C in 6 L of LB, and protein
expression was induced with the addition of 1 mM isopropyl -
D-1-thiogalactopyranoside when the culture OD at 600 nm
reached 0.5. After incubation for a further 3 h, cells were
harvested at 5000g for 10 min at 4 °C, resuspended in 50 mL of
50 mM Tris-HCI (pH 7.5) containing 1 mM CaCl,, 6 mg/mL
DNase I, and a cOmplete ULTRA EDTA-free protease
inhibitor cocktail tablet (Roche), and disrupted and centrifuged
as described above. The supernatant was heated to 90 °C for 3
min, cooled on ice for 5 min, and centrifuged again. CaM was
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purified using a Phenyl Sepharose Fast Flow column (GE
Healthcare) as described previously® with further purification
using gel filtration as described above. An experimental
extinction coefficient of 2545 M™' cm™' at 280 nm was
determined as described above.

The identity of each purified protein was confirmed with
tryptic digestion and mass spectrometric fingerprinting using
standard procedures.

Analytical Ultracentrifugation. Samples were analyzed
using a Beckman (High Wycombe, United Kingdom) Optima
XL-I analytical ultracentrifuge equipped with absorbance optics
and an An-50 Ti rotor. The measurements were taken at 20 °C
in 10 mM HEPES buffer (pH 7.5) containing SO0 mM NaCl, 1
mM TCEP, and 2 mM CaCl,. Equilibrium experiments were
performed, and absorbance profiles were measured at 280 nm
every 4 h until equilibrium had been reached. Five scans were
collected per velocity. The partial specific volumes of proteins
were calculated from their amino acid sequences using
SEDNTERP. Data were analyzed using Ultrascan II*' using
the one-component ideal model. Errors were estimated with
the Monte Carlo analysis module with default settings except
for “ignore runs with variance above”, which was set to 2 X 1074
(default, 1 X 107).

Mass Spectrometry. The binding of calcium ions to
proteins was detected using electrospray ionization mass
spectrometry (ESI-MS).****> The VLDC WT and its EF-hand
muteins were buffer exchanged 1000-fold into 10 mM
ammonium acetate (pH 7.5) using Sartorius 10 kDa Vivaspin
devices. Samples of 20 uM protein in 25% acetonitrile
containing either 100 uM EDTA or 100 yM calcium acetate
were analyzed by ESI-MS in negative ion mode on a Q-TOF 2
mass spectrometer (Waters/Micromass UK). Samples were
applied to the mass spectrometer via an electrospray ionization
interface with a flow rate of 5 uL/min, a desolvation
temperature of 150 °C, a desolvation gas flow of 6.7 L/min,
and a capillary spray voltage of 2.3 kV. The cone voltage was set
to 65 V and the source temperature to 80 °C. Calibration was
performed using an 8 M myoglobin (Sigma) solution in 50%
acetonitrile containing 0.1% NH,OH. Scans were acquired in
the mass range m/z 1000—4000. Data were acquired and
processed using MassLynx version 4.1 (Waters). Final spectra
were generated by combining a number of scans and applying
background removal and a Savitzky—Golay smoothing method.

Spectrofluorimetry. The calcium ion-dependent exposure
of hydrophobic surfaces on proteins was monitored using 8-
anilino-1-naphthalenesulfonic acid (ANS).** Samples com-
prised 10 mM Tris-HCl (pH 7.5) containing S M protein,
50 mM NaCl, 1 mM TCEP, 15 uM ANS, and either 2 mM
CaCl, with 2 mM EDTA or 5 mM MgCl, with 2 mM EGTA.
Fluorescence emission spectra were recorded between 400 and
650 nm on a PerkinElmer LS 55 fluorescence spectrometer
using an excitation wavelength of 380 nm with 10 nm slits.

Tryptophan fluorescence was recorded between 310 and 400
nm using an excitation wavelength of 290 nm. Solutions were
buffered with 10 mM Tris-HCI (pH 7.5) containing S0 mM
NaCl, 1 mM TCEP, and 2 mM CaCl,. To 0.8 mL of 5§ uM
AID-VLDC was added 0.2 mL of 50 uM CaM followed by 0.1
mL of 0.25 M EDTA.

Circular Dichroism Spectroscopy. Circular dichroism
(CD) spectra were recorded on a Jasco J-710 spectropolarim-
eter. Samples comprised 10 mM HEPES (pH 7.5) containing
40 puM protein and either 2 mM EDTA, 2 mM CaCl, or 5 mM
MgCl, with 2 mM EGTA. Near-UV (250—330 nm) and far-UV
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(180—260 nm) spectra were recorded using 10 and 0.1 mm
quartz cuvettes, respectively. Spectra were recorded with a
sensitivity of 100 mdeg, a data pitch of 0.2 nm, a response time
of 4 s, and a bandwidth of 1.0 nm at a scan speed of 20 nm/
min. Quadruplet spectra were averaged followed by the
subtraction of buffer only control spectra. Far-UV spectra
were smoothed using the Savitzky—Golay method with a factor
of S using the Jasco CD spectropolarimeter software and
analyzed with Dichroweb” using the CDSSTR algorithm and
reference set 6.2

Removal of Calcium lons from Solutions. For the
removal of calcium ions from buffers, a 40 mL Chelex 100
column (Bio-Rad) was treated with 2 column volumes of 1 M
HCI followed by 2.5 column volumes of Milli-Q water, 2
column volumes of 1 M Tris-HCl (pH 7.5), and S column
volumes of Milli-Q water. The sample buffer consisted of 10
mM Tris-HCl (>99%; Formedium) (pH 7.5) containing SO
mM NaCl (>99.8%; Sigma) and 1 mM TCEP (>98%; Sigma)
unless stated otherwise. This was passed through the column as
a 2-fold concentrate three times before being diluted to the final
concentration allowing a final volume of up to 1 L to be
prepared. Plasticware that was washed with 1 M HCl and rinsed
with Milli-Q water was used throughout this work.

For the removal of calcium ions from either the VLDC or the
AID-VLDC solutions, a 1 ml His-Trap FF column (GE
Healthcare) was treated with with 2 column volumes of 1 M
HCI followed by S column volumes of Milli-Q water before
being equilibrated with 15 column volumes of buffer. Protein
solutions were concentrated to 0.5 mL using a Sartorius
Vivaspin 4 mL device with a 10000 molecular weight cutoft that
had been prewashed with Milli-Q water. Concentrated samples
were passed through the column, and fractions containing
protein were pooled, reconcentrated, and passed through the
column again. This was repeated to give a total of three column
passes.

Calcium ions were removed from CaM solutions in 25 mM
Tris-HCI (pH 7.5) containing S0 mM NaCl by treatment with
10 mM EDTA and dialysis against buffer without EDTA
followed by three rounds of desalting with PD-10 columns and
concentrating with Vivaspin devices. This method was not
suitable for either the VLDC or the AID-VLDC because of an
inability to remove all of the chelator from these proteins.

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) experiments were conducted using an iTC
200 instrument (Microcal/GE Healthcare) at 25 °C using
either the VLDC in 10 mM Tris-HCl buffer (pH 7.5)
containing 50 mM NaCl and 1 mM TCEP or CaM in 25
mM Tris-HCI buffer (pH 7.5) containing SO mM NaCl that
had been subjected to calcium ion removal as described above.
Data were processed using the Origin software package with
the iTC 200 plug-in. CaCl, solutions were prepared from
99.99% Ultradry grade (Sigma) and titrated into the ITC cell
over 20 injections (1 X 0.4 uL followed by 19 X 2 uL) at a
stock concentration of 275 uM for the WT VLDC, 250 uM for
the EF-hand 1 mutein, 1.3 mM for the EF-hand 2 mutein, 300
uM for the EF-hand 3 mutein, and 2.4 mM for CaM. In a
separate experiment, the WT VLDC was used at a
concentration of 15 M and CaCl, at 225 uM with the
inclusion of S mM MgCl, in both solutions.

Inductively Coupled Plasma Optical Emission Spec-
troscopy. The concentration of calcium ions was determined
using inductively coupled plasma optical emission spectroscopy
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(ICP-OES) by the School of Environmental Sciences,
University of East Anglia, Norwich, United Kingdom.

Stopped-Flow Spectrophotometry. Dissociation of
calcium ions was detected by rapidly mixing calcium ion-
loaded protein [1:1 (v/v)] with 2 mM Quin-2 and monitoring
absorbance at 390 nm at 15 °C unless stated otherwise. The
lower temperature was chosen to maximize the extent of
calcium ion release observed. The high concentration of Quin-2
required for non-rate-limiting capture of calcium ions precluded
fluorescence as a detection method because of excessive inner
filtering effects. Furthermore, a wavelength of 390 nm was
required with Quin-2 at such a high concentration to obtain an
absorbance of ~1.0, which decreased in the presence of calcium
ions. Data were collected using a Hi-Tech Scientific SF-61 DX2
stopped-flow spectrophotometer equipped with a 75 W Xe arc
lamp (TgK Scientific, Bradford-on-Avon, United Kingdom).
Unless otherwise stated, samples were formed in 10 mM Tris-
HCI (pH 7.5) containing S0 mM NaCl and 1 mM TCEP. All
protein solutions were adjusted to contain 100 yuM CaCl, and
100 4M calcium ion binding sites before mixing (e.g., 33.3 uM
VLDC with three sites and 144 uM AID-VLDC—-CaM
complex with seven sites) except for that of the VLDC EF-
hand 1/2 mutein, which was 33.3 M (33.3 uM protein with
one site) because of its limited expression yield. Signals were
calibrated by mixing 2 mM Quin-2 with either 20 mM EDTA,
buffer only, 50 uM CaCl, or 100 uM CaCl, Control
experiments confirmed that Quin-2 bound free calcium ions
within the dead time of the equipment (~1 ms). Data were
collected in at least triplicate and analyzed in the Hi-Tech
Scientific KinetAssist3 software package.

Stopped-flow spectrofluorimetry was conducted as described
above except that the instrument was in fluorescence mode and
equipped with a 100 W Hg arc lamp. The excitation and
emission wavelengths were 290 and >320 nm, respectively.
Samples containing protein (S uM each), 0.1 mM CaCl,, and
buffer [10 mM Tris-HCI (pH 7.5), 50 mM NaCl, and 1 mM
TCEP] were mixed with 2 mM EDTA in buffer.

Surface Plasmon Resonance. Surface plasmon resonance
(SPR) spectroscopy was conducted using a Biacore T100
instrument (GE Healthcare). A sample of the AID-VLDC in 10
mM ammonium acetate (pH 4) was immobilized onto a
Biacore CMS chip using amine coupling. The reference cell was
prepared with ethanolamine as the blocking agent. Binding
experiments were performed with 50 mM Tris-HCl buffer (pH
7.5) containing 150 mM NaCl, 0.1 mM CaCl,, and 0.005% P20
surfactant. CaM was injected over the surface, and surfaces
were regenerated with 2 mM EDTA. Data were analyzed using
the Biacore T100 evaluation software (GE Healthcare).

B RESULTS

Expression and Properties of CCaMK Constructs.
Expression and purification of the full-length recombinant M.
truncatula CCaMK were possible with or without a His tag or
glutathione S-transferase fusion. However, size exclusion
chromatography and dynamic light scattering showed that the
full-length protein immediately started to form large aggregates
that increased in mass with time (data not shown). EDTA and
high NaCl concentrations promoted aggregation, and although
the rate of aggregation was decreased slightly in the presence of
dithiothreitol, glycerol, ADP, and MgCl,, conditions were not
found to prevent aggregation.

To study the binding of calcium ions to CCaMK and any
associated conformational change, constructs were required to
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possess the EF-hands of CCaMK and not to aggregate. Two
shorter constructs were therefore generated: one containing the
autoinhibitory and visinin-like domains (AID-VLDC; CCaMK
residues 318—523) and one containing the visinin-like domain
alone (VLDC; residues 347—523). The AID-VLDC could be
readily purified using CaM affinity chromatography, and the
VLDC had an N-terminal His tag to allow nickel affinity
chromatography. Both constructs were further purified using
size exclusion chromatography to homogeneity (Figure S3 of
the Supporting Information). The constructs existed as
monomers in solution according to analytical ultracentrifuga-
tion (AUC) (Table 1) and remained stable over time as a single
species according to size exclusion chromatography and
dynamic light scattering (data not shown).

Table 1. AUC of Proteins and Their Complexes in the
Presence of 2 mM Calcium Ions

expected molecular observed molecular

protein (uM) mass” (kDa) mass (kDa)
VLDC (125)° 21.1 20.8 + 0.1
AID-VLDC (50) 23.5 177 + 02
CaM (50) 167 14.4 + 001
AID-VLDC (50) with 402 349 + 02
CaM (50)

“Molecular mass expected per monomer or 1:1 complex. YData were
collected at 10000, 15000, and 20000 rpm with this sample and at
10000, 20000, and 30000 rpm for the remaining samples.

Experimental Evidence of the Existence of Three
Functional EF-Hands in CCaMK. CCaMK has been reported
to possess three EF-hands based on sequence alignments.''
This was surprising because EF-hands normally exist in pairs.'”
Inspection of the sequence of M. truncatula CCaMK revealed
the existence of the majority of the motif of a fourth EF-hand
upstream of the three already identified (Table 2). A similar
observation has recently been made with the L. japonicas
CCaMK, ' giving EF-hands 0—3 (Figure 1). The substitution
of the Z ligand associated with the binding of a calcium ion to
EF-hand 0 shows that it is the least well conserved of the four
EF-hands, resulting in it being potentially missed by motif-
seeking algorithms. Furthermore, an additional substitution of
the normally highly conserved Gly at position 6 suggests that
EF-hand 0 is functionally compromised, leaving only three sites
capable of binding a calcium ion each as previously assumed.
Both EF-hands 0 and 2 have substitutions of their —Y ligands
(Table 1). However, because the protein backbone interacts
with the calcium ion at position —Y, such side chain
substitutions are normally tolerated.'”

An electrospray ionization mass spectrometry (ESI-MS)
approach was used to establish how many and which EF-hands
are functional in CCaMK. All species in the mass spectrum of
the VLDC in the presence of 100 uM EDTA were either the
apoprotein or sodium adducts thereof (Figure 2A). In the
presence of 100 uM calcium ions, the dominant species had
three calcium ions bound (Figure 2B) and there was no
evidence of a species with four calcium ions bound, even with
200 uM calcium ions (data not shown). These observations
provide the first experimental evidence that CCaMK has three
EF-hands that are capable of binding one calcium ion each.

To identify which EF hands are functional, EF-hands 1-3
were each mutated by substituting the first residue of their
motifs from a normally invariant Asp to an Ala (Table 2), a
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Table 2. EF-Hands of M. truncatula CCaMK at Loop Positions 1—12“

1 2 3 4

ligand to Ca** X Y Z
most common” D K D G D
frequency (%)” 100 29 76 56 52
also observed” A N K S

T R N

R N

X¢
EF-hand 0 (380) D R D N A
EF-hand 1 (413)7 D N N R D
EF-hand 2 (449)¢ D T D R S
EF-hand 3 (491)¢ D A N N D

6 7 8 9 10 11 12
-Y -X -Z
G T I D F E E
96 23 68 32 23 29 92
K v S K D D
Xe L T Xe K
E X
x¢
T L S E E E E
G T v D M R E
G C 1 N K E E
G K v T E D E

“The EF-hand loop peptide sequences of CCaMK are shown in the context of the sequence motif observed in functional EF-hands."” Amino acid
residues conforming to the motif are underlined. “Most commonly observed amino acid residues according to Gifford et al."” “Some other amino
acid residues not present in the EF-hands of CCaMK are also frequently observed.'” “Number of the first amino acid residue of the M. truncatula

CCaMK protein sequence.

apo +Na* o
2349.9 (2349.7)| 2352.3 (2352.1) +3Ca
2362.6 (2362.4)
A +2 Na* B
2354.7 (2354.6) +3Ca?* + Na*
+3Na* 2365.0 (2364.8)
2357.3 (2357.0) +2Ca
+4Na* 2358 3 (2358.1) " .
23596 (2359.4) _+3Ca®* +2Na
+5Na* 2367.4 (2367.2)
— 2362.1(2361.9)
~__  +6Na’
2364.4 (2364.3)
+2Ca? +Ca?*
2353.2 (2353.2) 2344.3 (2344.1)
¢ D + Ca?* + Na*
+2Ca2* + Na* 2346.5 (2346.6)
+Ca?* 2355.6 (2355.7) +2Ca?
2349.0 (2349.0) - 2348.5 (2348.4)
apo \ apo
2344.9 (2344.8) 2340.4 (2339.9)
I [ ] [ I [ [ [
2320 2340 2360 2380 m/z 2320 2340 2360 2380 m/z

Figure 2. VLDC that is capable of binding three calcium ions according to ESI-MS. The spectra show the —9 charge series of ions associated with
the VLDC and some if its muteins. While the —9 charge series was the most dominant in almost every case, all charge series (typically from —8 to
—17) gave essentially identical distributions of species (data not shown). The assignment of peaks is indicated together with the observed (and
predicted) values of m/z. (A) Spectrum of the VLDC (21156 kDa) in the presence of 100 uM EDTA, where the apoprotein was the dominant
species. (B) Spectrum of the VLDC in the presence of 100 uM calcium acetate, where a species with three calcium ions bound was dominant and a
species with four calcium ions bound (predicted m/z 2366.6) was not observed. (C) Equivalent spectrum of the VLDC EF-hand 1 mutein (21112
kDa), where a species with two calcium ions bound was dominant and a triply bound species (predicted m/z 2357.5) was not observed. (D)
Equivalent spectrum of EF-hand 1/2 mutein (21068 kDa), where a singly bound species was dominant and only a trace of a doubly bound species

was detected.

strategy used successfully in other systems.””*® Thus, a series of
muteins were generated with either one or a combination of
two EF-hands disabled (although EF-hand muteins 2 and 1/2
expressed less well than the wild type and mutein 2/3 did not
seem to be expressed at all). ESI-MS of the VLDC EF-hand 1
mutein in the presence of calcium ions gave predominantly a
species with two calcium ions bound and none with three
(Figure 2C). The doubly bound species was also dominant with
each of the EF-hand 2 and 3 muteins (data not shown). The
EF-hand 1/2 mutein gave predominantly a singly bound species
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(Figure S2D of the Supporting Information) with only a trace
of the doubly bound species. The singly bound species was also
dominant in the EF-hand 1/3 mutein (data not shown). These
results provide strong evidence that EF-hands 1—3 are each
functional and that EF-hand 0 is not, providing direct
experimental evidence of the bioinformatic predictions.
Binding of Calcium lons to the EF-Hands of CCaMK
Exposes Hydrophobic Surfaces. EF-hand proteins undergo
conformational changes on binding calcium ions.'” This is
expected to be the case with CCaMK because calcium ions
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Figure 3. Calcium-dependent increase in ANS fluorescence with the AID-VLDC, VLDC, and VLDC EF-hand muteins. (A) Fluorescence spectra of
ANS in the presence of either the AID-VLDC (red lines), the VLDC (black lines), or no protein (gray lines) with either 2 mM CaCl, (dashed lines)
or 2 mM EDTA (solid lines). The increase in fluorescence demonstrated the exposure of hydrophobic protein surfaces in the presence of calcium.
(B) Corresponding spectra of the VLDC and VLDC EF-hand muteins in the presence of EDTA (as annotated in color). (C) Equivalent spectra in
the presence of calcium ions (as annotated in color). The disruption of EF-hand 1 reduced the calcium-dependent increase in fluorescence.

regulate this protein.'> The only reported experimental
evidence of this is a calcium ion-dependent shift in mobility
of CCaMK using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE).">'® Such evidence is potentially
ambiguous because a change in mobility could be the result of a
change in either the net charge or the susceptibility to SDS
denaturation. In addition, calcium ions carry the opposite
charge to proteins in the presence of SDS, leading to the
potential loss of all but the most tightly bound ions from the
proteins during electrophoresis.

A defining feature of EF-hand proteins, such as CaM,, is the
exposure of a hydrophobic cleft between the N- and C-terminal
domains of two pairs of EF-hands allowing the binding of a
target peptide.'” The exposure of hydrophobic surfaces in EF-
hand proteins can be conveniently monitored by an increase in
the fluorescence of a reporter dye, ANS.** With the VLDC,
ANS fluorescence was minimal in the presence of EDTA and
increased markedly in the presence of calcium ions (Figure 3A)
but not in the presence of magnesium ions (data not shown). A
calcium-dependent increase was also seen with the AID-VLDC
(Figure 3A). This provides unambiguous evidence that the EF-
hands of CCaMK undergo a calcium-dependent conforma-
tional change analogous to those of other EF-hand proteins.

Interestingly, some background ANS fluorescence was also
observed with the AID-VLDC in the presence of EDTA,
implying hydrophobic patches on its additional AID peptide
(318-PEIVSRLQSFNARRKLRAAAIASVWSSTI-346) may
have given rise to this signal.

An analysis of the VLDC EF-hand muteins showed that they
all behaved like the wild-type VLDC with the exception of
muteins that included the disruption of EF-hand 1 (Figure
3B,C). In these cases, the fluorescence increase in the presence
of calcium ions was diminished, implying the extent or
character of the conformational change was somehow different
when EF-hand 1 was not functional.

The Conformational Change Does Not Involve a
Change in Net Secondary or Quaternary Structure. To
establish whether the secondary structure of the AID-VLDC of
CCaMK changes in a calcium ion-dependent manner, far-UV
spectra were recorded and analyzed (Figure S4A and Table S1
of the Supporting Information). The data show that the protein
was predominantly helical in the presence of 2 mM EDTA (64
+ 2%) with the remainder consisting of strand (5%), turns
(11%), and unordered structure (19%). This distribution of
secondary structure is typical of EF-hands."” In the presence of
2 mM calcium ions, the CD spectral peak maximum shifted by
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~0.5 nm, a phenomenon also observed with calbindin-D,g.>
In addition, the amount of helix increased by only 3% at the
expense of unordered structures, while magnesium ions had an
even weaker effect. Thus, any net change in secondary structure
is very small, consistent with many other EF-hand proteins.17

The VLDC had less helical content in the presence of EDTA
[60 + 2% (Table S1 of the Supporting Information)] than the
AID-VLDC. While the VLDC was 178 amino acids long
(including its extra N-terminal Met residue) giving 107 + 4
residues in helical conformations, the AID-VLDC was 213
amino acids long (including its extra N-terminal Met residue
and Hisg tag) giving 136 + 4 residues in helical conformations.
Thus, there were 29 + 6 more residues in a helical
conformation in the AID-VLDC than in the VLDC. It is
therefore highly likely that the extra 29 amino acids of the AID-
VLDC that are associated with the AID are a-helical. This is
consistent with other CaM-binding peptides that are a-helical
such as that in CaMKIL*

The helical content of the VLDC changed by <1% in the
presence of either calcium or magnesium ions despite an ~1
nm shift in the spectral maximum in the presence of calcium
ions (Figure S4A of the Supporting Information). Therefore, as
with the AID-VLDC, the net secondary structure of the VLDC
did not change significantly in the presence of calcium ions. It
therefore seems likely that the AID in the AID-VLDC remains
helical regardless of the presence of calcium ions.

The VLDC EF-hand 1, 3, and 1/3 muteins had helical
contents similar to that of the VLDC (Table S1 and Figure S4B
of the Supporting Information), suggesting their secondary
structures were not significantly perturbed by their amino acid
substitutions. EF-hand 2 and 1/2 muteins had ~10% less helical
content, suggesting some perturbation of secondary structure
associated with disruption of EF-hand 2. Interestingly, the shift
in the spectral peak maximum was not observed in any mutein
with EF-hand 1 disrupted, suggesting the shift is associated with
occupancy of this EF-hand.

The presence of not only EF-hands that expose a
hydrophobic surface in a calcium-dependent manner but also
a CaM-binding peptide in the AID-VLDC opens up the
possibility that these parts of the protein could interact with
each other intermolecularly. However, AUC (Table 1), size
exclusion chromatography, and dynamic light scattering (data
not shown) showed that this protein construct existed as a
monomer regardless of the the presence of calcium ions,
precluding such an intermolecular interaction. Therefore, these
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Figure 4. Near-UV CD spectra of the AID-VLDC, VLDC, and VLDC EF-hand muteins in the presence of either EDTA or calcium ions. (A) Near-
UV CD spectra of the VLDC (black lines) and the AID-VLDC (red lines) in the presence of either 2 mM EDTA (solid lines) or 2 mM CaCl,
(dashed lines). (B and C) Equivalent spectra of the VLDC EF-hand 1, 2, 3, 1/2, and 1/3 muteins (as annotated in color) in the presence of EDTA
and CaCl,, respectively. The spectra for the VLDC (black line) from panel A are plotted again in panels B and C to aid comparisons. (D)
Occurrence of Phe, Tyr, and Trp residues within the AID-VLDC. Amino acid sequence numbers refer to full-length M. truncatula CCaMK.

observations showed that there was no change in quaternary
structure on binding calcium ions.

The Conformational Change Involves a Change in
Tertiary Structure. Near-UV CD spectroscopy provides
information about the relative environments of aromatic
amino acid side chains.! The side chains of Phe, Tyr, and
Trp can give signals in the ranges of 250—270, 250—295, and
250—30S nm, respectively. The more solvent-exposed the side
chain, the less chiral the environment it will experience leading
to a smaller CD signal.

The near-UV CD spectra of the VLDC and AID-VLDC
showed significant negative signals likely to arise from both Phe
and Tyr residues (Figure 4). A lack of significant difference
between the spectra of the two constructs suggested the
Trp342 residue that is present in only the AID-VLDC gave no
significant signal, likely because it is solvent-exposed. Perhaps
this residue contributed to the background ANS fluorescence
with the AID-VLDC described above.

The spectra of both constructs changed in a calcium-
dependent manner, showing that the environments of the Phe
and Tyr residues changed as a result of a conformational
change. The spectra associated with the AID-VLDC changed
slightly more in the 250—270 region, implying the additional
Phe residue of the AID also experienced a change in its
environment.

The spectra of the VLDC EF-hand muteins in the presence
of EDTA were very similar to that of the wild-type protein
(Figure 4B), suggesting they all had very similar structures. By
contrast, there were significant differences in the spectra in the
presence of calcium ions (Figure 4C), suggesting that the ability
of the muteins to undergo the calcium ion-dependent
conformational change was altered in some cases. A difference
common to all muteins in the presence of calcium ions was a
weaker signal (less negative) in the 270—295 nm region, which
would be associated with one or more of three Tyr residues
[Tyr360 near the N-terminus of these constructs and Tyr448
and Tyr470 flanking EF-hand 2 (Figure 4D)]. A loss of signal
across the whole 250—295 nm region was observed with EF-
hand 2 mutein, particularly above 270 nm indicating no signal
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from Tyr residues. Therefore, occupancy of EF-hand 2 by a
calcium ion is important for the conformational change. It is
also possible, but not certain, that the Tyr residues that flank
EF-hand 2 are responsible for most of the Tyr signal in the
wild-type VLDC in the presence of calcium ions.

Both the VLDC EF-hand 1 and 1/3 muteins exhibited an
increased signal magnitude in the 250—270 nm region in the
presence of calcium ions, compared with that of the wild-type
protein. The occupancy of EF-hand 1 is therefore also
important in the conformational change. This may also suggest
the disruption of EF-hand 1 leads to a relative change in the
environment of the Phe residues within this EF-hand. The
spectrum of EF-hand 1/2 mutein in the 250—270 nm region
appeared to display a compromise between the increase and
decrease in the magnitude of the signal associated with the
disruption of EF-hands 1 and 2, respectively, consistent with
the two effects being additive.

EF-hand 3 mutein had a wild-type-like spectrum in the 250—
270 nm region. Consistent with this was the similarity in this
region of the spectra associated with EF-hand 1 and 1/3
muteins. Either occupancy of EF-hand 3 is not required for the
conformational change, or there are no amino acid side chains
that report on its occupancy. It is also possible that the Phe
residues of EF-hand 3 do not contribute to the signals.

Affinity for Calcium lons. The affinity of the VLDC for
calcium ions was determined using ITC. The binding curve
(Figure S) could be fit to a model with 1.79 + 0.02 identical
noninteracting independent sites with a K4 of 200 + 50 nM and
favorable changes to both enthalpy and entropy (Table 3).
Because of the quality of the fit to this simple model, there was
no compelling evidence of cooperativity and we could not
distinguish the affinities of the two sites observed. As three
binding sites for calcium ions per subunit were expected, the
protein sample was subjected to inductively coupled plasma
optical emission spectroscopy (ICP-OES) to establish the
calcium ion contamination level that remained despite attempts
to minimize it using solid phase chelators. The level of
contamination of the protein sample was 1 order of magnitude
higher than that of buffer alone. If all of the contaminating
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Figure S. ITC of the binding of calcium ions to the VLDC. The
isotherm associated with the titration of calcium ions into a VLDC (15
uM) sample at 25 °C is shown (top). The bottom panel shows the
integrated data together with a best fit line using a model with one
type of noninteracting independent binding site giving a Ky of 200 +
50 nM and 1.79 sites (see Table 3).

calcium ions were bound to the protein, only 2.1 sites per
subunit would have remained unoccupied (Table 3), which was
reasonably consistent with the number of sites observed using
ITC. One can therefore conclude that there was likely to be one
site that had a significantly higher affinity for calcium ions (<20
nM) than the two that were observed by ITC.

When the experiment was repeated in the presence of 5 mM
magnesium ions, the Ky increased only modestly to 300 + 30
nM, showing that magnesium ions have a very low affinity for
the VLDC and compete poorly with calcium ions. Because the
cytoplasmic concentration of magnesium ions in plant cells
approximates to 0.4 mM,> it would appear unlikely that these

ions would affect the affinity for calcium ions significantly in
planta.

To establish which site is the high-affinity site, the VLDC EF-
hand 1—3 muteins were also assessed using ITC (Table 3 and
Figure SS of the Supporting Information). The mutein that
gave the largest number of observed sites was that with EF-
hand 3 disrupted. A total of 1.66 + 0.3 sites were observed with
2 theoretical sites remaining and 1.6 expected when calcium ion
contamination was taken into account. The number of sites
observed with the other two muteins was close to 1. It therefore
follows that EF-hand 3 is the high-affinity site.

Disruption of EF-hand 3 led to a modest 3.5-fold increase in
the observed K (Table 3), presumably because of some weak
influence on the ability of EF-hands 1 and 2 to function
normally. Disruption of EF-hand 1 had the smallest effect on
Ky which increased by 1.6-fold. Interestingly, the entropic
contribution to binding became slightly unfavorable, implying
some change in the behavior of this mutein. The largest effect
on Ky was observed with EF-hand 2 disrupted, giving an ~30-
fold increase that was reflected mostly in a loss of a favorable
entropic contribution to binding. The largest discrepancy
between the number of sites per subunit observed by ITC and
ICP-OES was with this mutein, implying that this construct
might not have been functionally homogeneous.

Dissociation of Calcium lons. The interpretation of
calcium spiking by CCaMK is expected to be governed by the
kinetics of the system and not just the affinities between each
species involved because spiking is a nonequilibrium phenom-
enon. The rate at which the protein constructs release calcium
ions was therefore determined by rapidly mixing calcium ion-
loaded proteins with Quin-2, a calcium ion-responsive dye,
using stopped-flow spectrophotometry.**

A calcium ion dissociation rate constant for the VLDC was
determined to be 2.11 + 0.01 s~' (Table 4 and Figure S6 of the
Supporting Information). By comparison with controls, it was
clear that 1.5 of the 3 theoretical calcium ions per subunit were
observed to dissociate. Attempts to fit the observed data to two-
exponential functions failed to satisfactorily resolve the
properties of 1.5 observable sites. Experimental conditions
were such that it was expected that >99% of the binding sites
were preloaded with calcium ions based on the measured
affinities (Table 3). It was therefore apparent that the
remaining 1.5 calcium ions must have dissociated before we
could begin the measurement (dead time of ~1 ms) and
therefore with a rate constant of >500 s~". Although it was not

Table 3. ITC and ICP-OES Data for Calcium Ions Binding to either the VLDCs or CaM

no. of sites sites observed by sites observed by AH? As? AG*?
protein expected” ICP-OES” ITce? K;? (nM) (kJ mol ™) (J mol™! K7') (kJ mol ™)

VLDC 3 2.1 1.79 + 0.02 200 + SO —33.1 + 0.6 24 —40

VLDC EF-hand 1 2 1.2 1.07 + 0.01 325 + 60 =377 £ 0.7 =2 =37
mutein

VLDC EF-hand 2 2 1.5 0.80 + 0.01 5800 + 600 —222 + 0.6 25 =30
mutein®

VLDC EF-hand 3 2 1.6 1.66 + 0.03 700 £ 100 —29.6 + 0.7 19 =35
mutein

CaM 4 3.3 1.1 +£0.1 1000 + S00 —0.6 + 0.6 113 -34

1.8 £ 02 15000 + 3000 -13+2 48 -28

“Number of calcium ion binding sites per protein subunit expected. The number of free calcium-binding sites per protein subunit was estimated by
subtracting the calcium ion concentration of protein samples determined using ICP-OES from the total expected concentration of sites followed by
dividing the resultant value by the protein subunit concentration. “Number of calcium ion binding sites per protein subunit observed according to
ITC. “ITC data for the VLDCs and CaM were fit with a model involving identical independent noninteracting sites and two types of independent

noninteracting sites, respectively. “Concentration of 75 yM for this mutein, 15 yM for the other VLDCs, and 60 uM for CaM.

6902

dx.doi.org/10.1021/bi300826m | Biochemistry 2012, 51, 6895—6907



Biochemistry

Table 4. Dissociation of Calcium Ions

kog® (s71)
protein(s) no. of sites expected” no. of sites observed? fast medium slow

VLDC 3 LS nd? 2.11 + 001 nd?
AID-VLDC 3 2.0 40 +02 0.57 + 0.01 nd?
CaM 4 2.5 19.6 + 0.2 0.615 + 0.004 nd?
AID-VLDC with CaM 7 5.5 4.96 + 0.06 0.54 + 0.01 0.123 + 0.002

na‘ na‘ 4.61 + 0.06" 0.53 + 0.0 nd?
VLDC EF-hand 1 mutein 2 1.0 12.8 + 02 1.55 + 0.02 nd?
VLDC EF-hand 2 mutein 2 1.0 152 + 0.3 2.55 + 0.06 nd9
VLDC EF-hand 3 mutein 2 1.0 nd? 5.03 + 0.03 nd?
VLDC EF-hand 1/2 mutein 1 1.0 nd? nd? nd?
VLDC EF-hand 1/3 mutein 1 0 nd? nd? nd?

“Number of calcium ions per subunit expected. “Number of calcium ions per subunit observed to dissociate. “First-order dissociation rate constants
of calcium ions were determined using stopped-flow spectrophotometry by mixing calcium ion-loaded proteins with Quin-2 and monitoring
absorbance at 390 nm. Time courses fit best to either one-, two-, or three-exponential functions. “Not determined. *Not applicable. /These rate
constants were determined using stopped-flow fluorescence spectroscopy of the Trp of the AID-VLDC (Figure 4D) using excitation and emission

wavelengths of 290 and >320 nm, respectively.

possible to resolve the individual dissociation rate constants for
each of the three EF-hands, it was possible to establish that
there are at least two types that differ by at least 2 orders of
magnitude. Similar results have been reported for other EF-
hand proteins, including CaM, where its N-terminal lobe
releases calcium ions with a rate constant of >850 s71.3

Two of the three expected calcium ions were observed to
dissociate from the AID-VLDC. In this case, it was possible to
resolve two exponential phases with amplitudes on the same
order of magnitude giving rate constants of 4.0 + 0.2 and 0.57
+ 0.01 s} (Table 4, Figure 6, and Figure S6 of the Supporting

100
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Figure 6. Dissociation of calcium ions from CaM, the AID-VLDC, and
the AID-VLDC—CaM complex. The dissociation of calcium ions from
protein was monitored using stopped-flow spectrophotometry with
Quin-2. The data are plotted as a percentage of total calcium binding
site concentrations expected. The most rapid dissociation was that
from CaM (red line; k. = 0.615 =+ 0.004 and 19.6 + 0.2 s7*), with the
AID-VLDC (green line; also shown in Figure S6 of the Supporting
Information; k,z = 0.57 + 0.01 and 4.0 + 0.2 s™') and the AID-
VLDC—CaM complex (black line; k. = 0.123 + 0.002, 0.536 + 0.009,
and 4.96 + 0.06 s™') giving progressively slower dissociation (see
Table 4).

Information). There must again have been a very rapid rate
constant (>500 s™!) associated with the release from a site that
was not observable. The presence of the AID in this construct
therefore had a small influence on the dissociation rate
constants such that three could now be resolved.

It was reasonable to predict that the very fast rate constant
was associated with EF-hands 1 and/or 2 to reflect the relatively
low affinities of these sites (Table 3). The experiment was
therefore repeated with the VLDC EF-hand muteins (Table 4)
to resolve the identities of the very fast and slower dissociating
EF-hands. One of two ion release events was detected with EF-
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hand 1 mutein, implying this EF-hand was not the one with the
very fast release kinetics. Surprisingly, two exponential
functions that differed by 1 order of magnitude were required
to fit the data despite only one net site being observed. This
implies that other processes were partially rate-limiting and
these could include the protein conformational change.
Unexpectedly, similar observations were made with EF-hand
2 mutein, implying this site was not the very fast site either. It
must be noted that even though the affinity of this mutein for
calcium ions is the poorest of those tested (Table 3), its sites
would have been expected to be >90% preloaded in the
stopped-flow experiment. EF-hand 3 mutein also gave a similar
result, except that only one intermediate rate constant could be
resolved. Therefore, the very fast release site could not be
identified by disrupting single EF-hands.

The one potential calcium ion was observed to be released
from EF-hand 1/2 mutein, implying that EF-hands 1 and 2
together participate in the very fast release event. The kinetics
of the observable process could not be satisfactorily fit even
with three exponential functions, suggesting other processes
being somewhat rate-limiting also with this construct. Zero of
one calcium ion release was observed with EF-hand 1/3
mutein, suggesting that EF-hand 2 can release calcium ions very
quickly. In conclusion, EF-hands 1 and 2 probably contribute to
the very fast release event, and EF-hand 3 likely dominates the
observable calcium ion release event. In addition, the kinetics of
the release of calcium ions is complex and could involve a
partially rate-limiting conformational change.

Although it has not been possible to assign specific
equilibrium and dissociation rate constants to each EF-hand,
it was possible to calculate the likely magnitudes of the
association rate constants. The affinity of EF-hands 1 and 2 for
calcium ions was 200 nM (Table 3), so if the kg was 500 s, it
follows that k,, would be ~10° M~' s™%. Similarly, the affinity of
EF-hand 3 for calcium ions was the highest (say 20 nM), and its
associated kg appeared to be 2.11 s (Table 4), giving a k,, of
~10° M~" s7!. Although these are merely estimates of k,, values
(noting that they are also based on data sets obtained at
different temperatures of 15 and 25 °C), they appear to indicate
that the association of calcium ions to each of the EF-hands is
rapid and probably limited by diffusion rate.

Properties of M. truncatula CaM. AUC showed that M.
truncatula CaM exists as a monomer in solution (Table 1),
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which is typical for a canonical CaM."” ITC showed that CaM
exhibited two types of calcium ion-binding site that had
affinities of 1 + 0.5 and 15 + 3 uM, the former having a greater
entropic component (Table 3). The presence of two types of
sites was clear from the presence of distinct phases in the
titration (Figure SSD of the Supporting Information). These
observations are consistent with Drosophila CaM having
distinguishable affinities of 2 and 13 uM associated with its N
and C-terminal domains, respectively, where the former
comprises the lower-affinity EF-hand pair.>*

Two values of kg (19.6 + 0.2 and 0.615 + 0.004 s™*) with
similar amplitudes were distinguishable for the release of
calcium ions from CaM using stopped-flow spectrophotometry
(Table 4 and Figure 6). A total of 2.5 of 4 sites were observed
to dissociate, showing that 1.5 sites released their calcium ions
with a rate constant of >500 s~ (noting that CaM would be
expected to have been >90% loaded at the start of the
experiment). By comparison with Drosophila CaM (with kg
values of 11.8 and >850 s™'), it would appear that the very fast
rate is probably associated with the N-terminal domain.> It is
therefore likely that the limiting k,, values for the N- and C-
terminal domains of M. truncatula CaM are 3 X 10” and 6 X 10°
M™' 57!, respectively, both close to or at diffusion rate
limitation.

Interaction between the AID-VLDC and CaM. CCaMK
is known to bind to CaMs in a calcium ion-dependent
manner,"* and sequence analysis has suggested the presence of
one binding site for CaM in the AID.” AUC clearly showed
that a 1:1 complex was indeed formed between CaM and the
AID-VLDC (Table 1).

The observed dissociation of calcium ions from the complex
was slower than from either of the individual proteins alone
(Figure 6), as would be expected for a stable tripartite complex.
Three values of k. could be resolved with the complex (Table
4). Two (4.96 + 0.06 and 0.54 + 0.01 s™') were similar to
those observed with the AID-VLDC alone, the slower of which
was also similar to one observed with CaM. However, the third
rate constant (0.123 + 0.002 s™') was slower than all others
measured, making the overall release of calcium ions from the
complex the slowest.

CaM does not contain any tryptophan residues, but the AID-
VLDC contains one within its AID (Figure 4). This provided
the opportunity to monitor complex formation using
fluorescence. When CaM bound to the AID-VLDC in a
calcium ion-dependent manner, there was a shift in the
tryptophan fluorescence emission spectrum (Figure S7 of the
Supporting Information). This made it possible to monitor the
EDTA-induced dissociation of the complex using stopped-flow
spectrofluorimetry (Figure S8 of the Supporting Information).
Two rate constants could be resolved from the time course
[4.61 + 0.06 and 0.53 + 0.01 s~ (Table 4)] that were very
similar to the two faster rate constants determined for the
dissociation of calcium ions [4.96 + 0.06 and 0.54 & 0.01 s™/,
respectively (Table 4)]. This implied the concerted release of
some of the calcium ions with the dissociation of the proteins.

It was also possible to monitor the formation of the complex
using SPR spectroscopy. The extent of complex formation
exhibited a CaM concentration dependence as expected (Figure
S9 of the Supporting Information). However, the kinetics were
complex, precluding the ability to confidently fit the data to
reasonable models. Nevertheless, plotting the extent of complex
formation versus CaM concentration provided an estimate of
the affinity between the two proteins of 46 + 8 nM, which is
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similar to that determined between potato CaM and lily
CCaMK of 55 nM."* In addition, the association rate constant
appeared to be in the 10°*—10° M~ s™" range in the presence of
calcium ions, but this was model-dependent. Most striking was
the contrast between the very slow dissociation of the protein
complex in the presence of calcium and the much faster
dissociation in the presence of EDTA (i.e., absence of calcium
ions), with rate constants estimated to be ~10™* and ~0.1 s/,
respectively.

B DISCUSSION

The VLD of CCaMK Undergoes a Calcium lon-
Dependent Conformational Change. To study the calcium
ion-dependent conformational change in CCaMK, two non-
aggregating constructs were generated that each possessed the
VLD. In general, the VLDC and the AID-VLDC behaved
similarly, indicating that the presence of the AID had little
effect on the properties of the VLD. While it is likely that the
same is true in the presence of the kinase domain, the key
findings presently described should be checked with a
nonaggregating full-length construct of CCaMK when available.

Sequence analysis predicts the presence of three functional
EF-hands in CCaMK,""'® and deletion or disruption of these
EF-hands affects the properties of CCaMK in vitro and in
vivo.'%!31*%16 However, mass spectrometry has provided the
first direct experimental evidence that EF-hands 1—3 are indeed
each capable of binding a calcium ion (Figure 2) and that EF-
hand 0 is not. The presence of an inactive EF-hand is not
unusual because they have been observed in other proteins.>*>°
Occupancy of the functional EF-hands of CCaMK is known to
promote autophosphorylation," implying a calcium-dependent
conformational change. A range of biophysical methods has
provided unequivocal experimental evidence of such a
conformational change. This change occurred at the tertiary
level according to near-UV CD spectroscopy (Figure 4), with
little change at the secondary level and no change at the
quaternary level (Table 1 and Figure S4 and Table S1 of the
Supporting Information).

The VLD was shown to be predominantly an a-helical
protein (Figure S4 and Table S1 of the Supporting
Information), while the AID appeared to be entirely a-helical
as expected for a target of CaM such as the CaM-binding
domain of CaMKIL>*® Near-UV spectroscopy suggested that the
AID experiences a calcium-dependent change in its environ-
ment (Figure 4), but whether occupancy of the EF-hands of the
VLD is required for the AID to be available for the binding of
CaM remains to be elucidated.

The calcium-dependent exposure of a hydrophobic surface
within the VLD is consistent with other EF-hand proteins.'”
This begs the question of why this occurs because in other EF-
hand proteins it normally allows the binding of target peptides.
Perhaps the VLD is capable of binding the AID. However, we
have shown that no intermolecular interaction occurs between
AID-VLDC constructs regardless of the presence of calcium
ions. An intramolecular interaction appears unlikely in the
presence of calcium ions because ANS is not excluded from
binding to the hydrophobic surface with the AID present and
the AID is the target of CaM under these conditions. An
intramolecular interaction in the absence of calcium ions is
similarly unlikely because the integrity of the VLD appeared to
be similar regardless of the presence of the AID. In addition,
the AID-VLDC gave a significant signal with ANS, implying the
somewhat hydrophobic AID was accessible without calcium
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ions present. These results are consistent with a report that the
lily VLD does not bind its AID."* Therefore, the hydrophobic
surface could interact with the kinase domain. Indeed, a
conformational change in calcium-dependent protein kinases
has been shown to involve the rearrangement of intramolecular
hydrophobic interactions.*® However, preliminary experiments
suggest that the exposure of new hydrophobic surfaces still
occurs with a full-length CCaMK protein construct that
includes the kinase domain (J. Harrison and S. Bornemann,
unpublished observations). It therefore remains possible that
the VLD could bind to a phosphorylation target protein of
CCaMK.

Contribution of Each EF-Hand. EF-hand 1 appears to be
one of the lower-affinity calcium ion-binding sites with a Ky of
200 nM (Table 3) and could contribute to the very fast calcium
ion release event with a rate constant of >500 s™'. The
disruption of this site led to less exposure of a hydrophobic
surface in the presence of calcium ions (Figure 3), the loss of a
small shift in the near-UV spectral maximum (Figure S$4 of the
Supporting Information), and some changes in the near-UV
spectrum of the VLDC in the presence of calcium ions (Figure
4). Nevertheless, the modest change in the affinity for calcium
ions of the EF-hand 1 mutein suggests that disruption of this
site led to relatively modest disruption to the functionality of
the VLD as a whole.

Like EF-hand 1, EF-hand 2 also appeared to have an affinity
for calcium ions of 200 nM and was associated with the very
rapid release of calcium ions. However, disruption of EF-hand
2, in contrast to EF-hands 2 and 3, appeared to affect the VLD
severely. The VLDC EF-hand 2 mutein expressed less well: it
had an altered secondary structure in the presence and absence
of calcium ions (Figure S4 and Table S1 of the Supporting
Information), its near-UV spectrum in the presence of calcium
ions was significantly altered (Figure 4), and ITC analysis
showed a significant impairment of the binding of calcium ions.
These findings together imply the functional heterogeneity of
this mutein (Table 3 and Figure SS of the Supporting
Information). Therefore, the integrity of EF-hand 2 appeared
to be particularly important for the overall function of the VLD.

EF-hand 3 had the highest affinity for calcium ions (<20
nM) and is presumably linked to the slowest calcium ion
release rate. Like with EF-hand 1, disruption of EF-hand 3 led
to an only modest change in the affinity for calcium ions (Table
3 and Figure SS of the Supporting Information). It is
noteworthy that a shift in the mobility of a L. japonicus
VLDC via SDS—PAGE was abolished by disruption of EF-hand
3, but not 1 or 2,' and, in the case of the equivalent lily
protein, by disruption of EF-hand 3 and to a small extent EF-
hand 2."* This might have reflected the high affinity of EF-hand
3 for calcium ions rather than the dominance of this EF-hand in
a conformational change given the limitations of SDS—PAGE
(see above). Interestingly, it is the disruption of EF-hand 3 in L.
japonicus CCaMK that led to the most severe compromise in
the accommodation of rhizobia and mycorrhizae.'®

Each EF-hand clearly contributed differently to the calcium
ion-dependent conformational change and functionality of the
VLD. The complexity of this functionality was reflected in the
kinetics of the release of calcium ions from the VLD. Although
the kinetics of the binding of calcium ions has not been
determined directly, estimates of the rate constants suggest that
binding is very likely to be at or near the diffusion rate
limitation.
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Overall, it would appear that all three EF-hands are
important for the full functionality of the VLD. That each
EF-hand is important is consistent with reports of the effect of
disrupted or deleted EF-hands of CCaMK on autophosphor-
ylation, target phosphorylation, the accommodation of rhizobia,
and mycorrhization,'>'*¢

Implications for the Interpretation of Calcium
Spiking. The basal intracellular calcium ion concentration
within a Medicago sativa root hair cell is 125—150 nM,*” while
the peak concentration during calcium spiking is 500—700 nM
higher, giving 625—850 nM.’> This range appears to be
reasonably well matched to the Ky value of 200 nM associated
with EF-hands 1 and 2. Because the affinity of EF-hand 3 is
much greater, it is likely to be occupied at basal calcium ion
concentrations. Therefore, while all three EF-hands have
important structural roles, only EF-hands 1 and 2 appear to
be poised to respond to calcium spiking.

We have also studied the calcium ion binding properties of
M. truncatula CaM 1. Although its K4 values of 1 and 15 pM are
typical for canonical CaMs,* they are 1 or 2 orders of
magnitude higher than the calcium ion concentration at the
peak of a spike. However, the affinity of CaMs for calcium ions
can increase 1 or 2 orders of magnitude in the presence of a
target peptide, potentially compensating for this apparent
discrepancy.” Consistent with this is the observation that the
ability of lily CCaMK to bind CaM is compromised when the
calcium ion concentration is in the 100 nM range.'*

The association of calcium ions to both the VLD and CaM
was estimated to be at or near the diffusion rate limitation. It
therefore follows that when the calcium ion concentration
increases in the ~10 s up phase of a spike, a new equilibrium
position where both proteins have more calcium ions bound
will be substantially reached within this time frame. The
formation of a CCaMK—CaM complex would subsequently
occur because the binding of CaM to CCaMK is calcium ion-
dependent. This is reflected in the calcium ion-dependent
decrease in the Ky of CCaMK for CaM by several orders of
magnitude to 35 nM'* with a corresponding decrease in kg
from ~0.1 to ~107* s™! according to SPR spectroscopy (Figure
S9 of the Supporting Information). The down phase of a spike
then occurs on a slightly longer time scale but is nevertheless
complete well before the next spike, which typically has a
periodicity of 90 s.*> As the calcium ions are removed from the
system by pumps in the membranes of the calcium ion stores,
the ions will dissociate from both the VLD and CaM, regardless
of whether they are in a protein complex with each other, with
k. rate constants of at least 0.123 = 0.002 s™' (Table 4 and
Figure 6), i.e., with half-lives of <5.6 s. Preliminary experiments
with a full-length CCaMK construct suggest that the rate of
release of calcium ion from the VLD is not influenced by the
presence of the kinase domain (L. Zhou and S. Bornemann,
unpublished observations). It therefore follows that CCaMK
and CaM will lose their calcium ions essentially concomitantly
with the down phase of a spike. According to both stopped-flow
spectrofluorimetry (Table 4 and Figure S8 of the Supporting
Information) and SPR spectroscopy (Figure S9 of the
Supporting Information), CaM dissociates from the AID-
VLDC on the same time scale as calcium ions dissociate from
the protein complex when calcium ions are removed from the
system. One can therefore conclude that the formation and
dissociation of the CCaMK—CaM complex would substantially
mirror calcium spiking,
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It is known that autophosphorylated CCaMK has an 8-fold
higher affinity for CaM in the presence of calcium ions, giving a
Ky of 6.5 nM,"* suggesting that a protein complex between
these two species would reach a higher level during each spike
than in the absence of autophosphorylation. Unless the affinity
of autophosphorylated CCaMK for CaM increases significantly
in the absence of calcium ions and is due to a corresponding
reduction in kg which seems unlikely,"* the complex between
autophosphorylated CCaMK and CaM would also substantially
mirror calcium oscillations. The kinetics of autophosphoryla-
tion, cognate target protein phosphorylation, and dephosphor-
ylation will require study in the future, not least because
(auto)phosphorylation could persist between spikes allowing
the integration and interpretation of calcium spiking with the
opportunity for frequency or amplitude modulation as seen in
animal systems.
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