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Calmodulin (CaM) transduces the increase in cytosolic
Ca’* concentrations by binding to and altering the activi-
ties of target proteins, thereby affecting the physiological
responses to the vast array of stimuli. Here, we examined
the purified recombinant proteins encoded by three Cam
and eight Cam-like (CML) genes from rice. With the
exception of one OsCML, all recombinant proteins could
be purified by Ca’*-dependent hydrophobic chromato-
graphy and exhibited an electrophoretic mobility shift
when incubated with Ca**. The three CaMs all bound
CaM Kkinase II peptide, but none of the eight CMLs did,
suggesting a possible differential target binding between
the CaM and CML proteins. In addition, their confor-
mational changes upon Ca’*-binding were evaluated
by circular dichroism spectroscopy and fluorescence
spectroscopy using 8-Anilino-1-naphthalene-sulfonic acid.
Taken together, OsCMLs were found exhibiting a spec-
trum of both structural and functional characteristics that
ranged from typical to atypical of CaMs. From structural
comparison, the OsCMLs have overall main-chain confor-
mation nearly identical to OsCaMs, but with distinct
distribution of some charged and hydrophobic amino
acids on their target-binding site. These results suggest
that genetic polymorphism has promoted the functional
diversity of the OsCML family, whose members possess
modes of actions probably different from, though maybe
overlapping with, those of OsCaMs.
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Introduction

Eukaryotes utilize changes in the cytosolic Ca®" concen-
tration ([Ca2+]cyt) as a second messenger to generate cellu-
lar responses to a wide variety of extracellular stimuli. In
plants, Ca®* has been implicated in transducing signals
from wvarious environmental changes into adaptive

responses [1] by triggering rapid increases in [Ca“]cyt of a
different magnitude and specialized character, which are
not only transient but also vary spatially and temporally
with different organelles or cytoplasmic regions acting as
distinct compartments [2]. Thus, within cells a diverse
array of changes in the [Ca”]cyt must be correctly
perceived and discriminated so as to elicit the correct
subsequent cellular response, a task performed in part by
Ca*"-modulated proteins.

For the majority of Ca®"-modulated proteins, the
Ca*"-binding sites are composed of a characteristic helix —
loop—helix motif called an EF-hand [3]. The EF-hand
containing proteins are greatly diverse in terms of their
structure, composition, Ca®'-binding, and target inter-
action. In plants, genes encoding EF-hand containing pro-
teins have been extensively annotated in Arabidopsis
thaliana (L.) Heynh [4] and rice (Oryza sativa L.) [5]. An
important group of proteins in the EF-hand family is
the calmodulin (CaM) protein family, which transduces the
signal of increased [Ca”]Cyt by binding to and altering the
activities of a variety of target proteins. This results in sub-
sequent modulation of protein—protein interactions and the
expression of target genes. CaM possesses two pairs of
EF-hand domains connected by a long central helix giving
it a dumbbell-shaped appearance [6]. The N- and
C-terminal domains both contain a pair of EF-hand
domains and bind Ca*" cooperatively. Ca®"-loaded CaM
makes contact with its target proteins via large,
surface-exposed hydrophobic patches in both globular
domains of the molecule. Each hydrophobic patch is
formed by many highly conserved methionine and phenyl-
alanine residues, which are dispersed throughout the
primary structure of CaM [7]. When the EF-hands of CaM
bind Ca’", the exposed hydrophobic patches, in concert
with the central helix, a flexible linker domain, facilitate
the interaction of CaM with different target proteins.

A large family of Cam and Cam-like (CML) genes has
been extensively identified from the two model plants,
A. thaliana [8] and O. sativa [5]. Although the broad
significance of these proteins can be postulated to be
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important in distinguishing between the Ca”" signals from
different stimuli, and thus aid in eliciting the correct
response, the actual significance is, however, not clearly
understood. Until now, there is no detailed information on
the biophysical and structural features of the Cam and
CML gene products in rice, which is considered as a model
plant for monocot and cereal plants. To understand the
mechanisms by which Ca?" signals, rich in both spatial
and temporal information, are transduced, knowledge on
the biophysical characteristics of their sensor proteins that
help decode these complex signals is essential. Here, the
recombinant proteins encoded by 11 such genes (3 OsCam
and 8 OsCML genes) were produced in Escherichia coli,
purified to apparent homogeneity, and assessed for their
Ca*" and target peptide binding ability, and their confor-
mational changes on Ca?"-binding through measurements
by circular dichroism (CD) and fluorescence spectroscopy
using 8-Anilino-1-naphthalene-sulfonic acid (ANS).

Materials and Methods

Sequence retrieval and analysis

Nucleotide and amino acid sequences were obtained
from GenBank databases via the National Center for
Biotechnology Information (http:/www.ncbi.nlm.nih.gov/),
and the rice databases including the MSU Rice Genome
Annotation Project database [9] and the Rice Annotation
Project Database [10]. Multiple sequence alignment was
performed using ClustalW [11] via the European
Bioinformatics Institute database (http:/www.ebi.ac.uk).

Structure analysis

Comparative analysis was performed using structures from
the Protein Data Bank (PDB; http:/www.pdb.org/) as
templates for homology prediction: Ca”"-loaded N-CaM

(2RO8), Ca’"-loaded C-CaM (2RO9) [12], and Ca*'-
loaded N-Centrin (2AMI) [13]. The N- and C-terminal
structures were predicted using the ExPaSy SWISS-
MODEL program [14] and visualized by the 3D molecule
viewer (Invitrogen, Carlsbad, USA). All predicted 3D
structures were used for inter-helical angle calculation
using the program INTERHLX [15].

Cloning of OsCam and OsCML genes

To clone OsCam and OsCML genes, polymerase chain
reaction (PCR) was conducted using the cDNA clones
obtained from the DNA Bank of NIAS (Japan) as the tem-
plate. The forward and reverse primers for each gene,
excluding OsCaml, including the 5 flanking sequence
with the restriction site for directional cloning of the PCR
amplicon, were shown in Table 1, along with the
GenBank accession number of the gene sequence used. For
OsCaml, the previously reported expression clone
(OsCami-1) [16] was used. The mutant clone of OsCMLI
that lacked the sequence encoding the carboxyl-terminal
extension, termed as OsCMLId was constructed by PCR
using the indicated primers in Table 1.

PCR was performed in a total reaction volume of 50 .l
and comprised of 0.2—0.5 mM dNTP, 0.2—0.5 M of each
primer, 2 mM Mg”", 0.1 pg of DNA, and 2 U of Vent
DNA polymerase (NEB, Ipswich, USA) with an initial
denaturation of 95°C for 10 min followed by 30 cycles of
95°C for 60's, T,,—5°C for 45 s and 72°C for 90 s, and a
final elongation at 72°C for 10 min. All PCR products
were purified by agarose gel electrophoresis and cloned
into pTZ57R (Promega, Fitchburg, USA) for amplification,
and subsequently cloned into pET2la (Novagen,
Darmstadt, Germany) for recombinant expression using
appropriate restriction enzymes. Prior to expression,
selected clones were confirmed for correct amplification

Table 1 Primers used for PCR-based amplification and cloning of the OsCam and OsCML genes

Gene GenBank Primer sequence (5'—3)

Forward Reverse
OsCam?2 C73257 CCAACCCCATATGGCGGACC CCCAACGGATCCTATGCTCC
OsCam3 AU085804 GCATATGGCGGACCAGCTCA ATGGATCCTGGAACTCCCCC
OsCMLI AU006154 CTGCTCATATGGCGGACCAG GTGGAGGATCCTACTACACG
OsCMLI1d AU006154 CTGCTCATATGGCGGACCAG CTCCTCGAGCTTCACTTGGCCATC
OsCML3 AK111834 CATATGGACCACCTGACAAA GGATCCTGAAACCTACATCT
OsCML4 AK067694 CATATGGAAGGGCTGACGAG GGATCCATGAACGGCATCTT
OsCMLS5 AU085804 CACATATGGCGGAGGTGGAG GAGAGGATCCTAATTATTGGTCGGA
OsCMLS AK065782 CATATGGCGAGCAAATACAGAGGC AAGCTTAAAAAACCCGGCCCCA
OsCML9 AK105230 CATATGGCGGCCAAGCTGAC AAGCTTCTTGTTGTTCATCAACACC
OsCMLI1 AKO072726 CATATGAGCGAGCCGGCCCAC AAGCTTGGAGAAGATGTTGTCAAATGC
OsCMLI3 AKO074019 CTCCCATATGTCTACTGTCAAG AAGCTTGTAACCATATCCAGTC
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and absence of PCR/cloning mediated mutations by
sequencing.

Recombinant protein production

Protein production in E. coli BL21 (DE3) was induced for
4h by isopropyl B-D-thiogalactoside addition to a final
concentration of 0.3 mM. The cells were harvested and
resuspended in 50 mM Tris-HCI buffer (pH 7.5) containing
0.5 mM dithiothreitol and 1 mM ethylenediaminetetraacetic
acid, sonicated and then centrifuged at 27 000 g for 50 min
at 4°C. With the exception of OsCML9 for which
Ni-column chromatography was used, protein purification
was carried out using hydrophobic chromatography on
phenyl-Sepharose (Amersham, Little Chalfont, UK).
Binding and washing were carried out and proteins were
eluted as reported [17]. The protein concentration was
measured by the bicinchoninic acid assay (Pierce, Rockford,
USA) using bovine serum albumin as standards. All
proteins were dialyzed against sufficient ethylene glycol
tetraacetic acid (EGTA) to remove Ca*".

Electrophoretic shift analyses

To perform the electrophoresis shift assay, 1 mM of CaCl,
or 3 mM of EGTA was added to each protein (500 pmole)
and mixed prior to resolution by 12% (w/v) sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
and detected by Coomassie blue staining. To examine the
peptide-binding ability, each protein (200 pmole) was
mixed with the peptide (0—400 pmole) derived from CaM
kinase II (CaMKII) (Sigma, St Louis, USA) in 100 mM
Tris-HCI (pH 7.2) containing 1 mM CaCl, and 4 M urea,
incubated for 1 h at room temperature, and then fractionated
by 4M urea denaturing 12% (w/v) SDS—PAGE and
detected by Coomassie blue staining.

CD spectroscopy

CD spectroscopy was carried out at 25°C in a J-715
Spectropolarimeter (Jasco, Easton, USA) with constant N,
flushing. The far-UV CD spectra were measured from 190
to 250 nm in 1 mM Tris-HCI (pH 7.5) and 1 mM KCI in
the presence of 1 mM CaCl, or | mM EGTA. The final con-
centration of each protein used was 10 pM. All measure-
ments were performed 30 min after sample preparation,
using a 1-mm-path-length quartz cell with a 1 s response
time, 50 mdeg sensitivity, 50 nm/min scan speed, and a
2.0 nm spectral bandwidth. The average of three scans
was taken.

Fluorescence measurement

The fluorescence emission spectra of ANS (Sigma,
St Louis, USA) were performed on an LS55 Luminescence
Spectrometer (PerkinElmer, Waltham, USA) at 25°C.
Fluorescence emission spectra were monitored with an

excitation wavelength light of 370 nm and scan emission
spectra in the range 400—650 nm. All measurements were
performed using 1 uM of each protein in 1 mM Tris-HCI
(pH 7.5) and 1 mM KCI with ANS at a final concentration
of 100 uM in the presence of 1 mM CaCl, or 1 mM
EGTA.

Results

Production of recombinant OsCaMs and OsCML
proteins

To examine the biophysical properties of the three OsCaMs
and eight closely related OsCMLs, the recombinant proteins
were produced and purified to apparent homogeneity.
Comparison of their deduced amino acid sequences by
multiple sequence alignment is shown in Fig. 1. All these
proteins contain four EF-hand domains, as one pair in each
of the N- and C-terminal regions, with the exception of
OsCMLY that contains only one EF-hand. While the three
OsCaMs display very high amino acid sequence identity
(97.3%-98.7%) with AtCaM3, the eight OsCMLs share
43.6%—84.6% identity with the typical plant CaM.

Based on this sequence alignment, three OsCMLs
(OsCMLS8/11/13) contain an N-terminal extension harbor-
ing some unusual amino acid sequences. OsCMLS has a
region of nine consecutive glycines followed by a region
rich in arginine and lysine, OsCMLI11 has 10 consecutive
glutamines, and OsCML13 has a region rich in positively-
charged amino acids somewhat similar to OsCMLS. On the
other hand, two OsCMLs (OsCML1/3) contain a C-terminal
extension consisting of a basic domain and a CAAX (C is
cysteine, A is aliphatic, and X is a variety of amino acids)
motif, a putative prenylation site [18]. In addition, an extra
glycine-rich region (RGGENGGGGDDSGDAA) between
the two pairs of EF-hand domains of OsCMLS5, and a region
of eight consecutive glycines interrupting the supposed-
to-be second EF-hand domain of OsCML9 are found. These
unique sequence characteristics of these regions suggest that
they may be structurally and functionally significant.

In this study, a truncated OsCML1 (OsCML1d) with its
38 amino acid extension removed was produced in order
to determine its effect on the biophysical properties of
OsCMLI1. With the exception of OsCML9, all recombinant
proteins could be purified by Ca®>"-dependent hydrophobic
chromatography as shown by the representative examples
of OsCaM3 and OsCMLI13 in Fig. 2(A,B), respectively.
By SDS—PAGE, the apparent molecular weight (MW) of
each recombinant protein produced agrees with the pre-
dicted MW from the deduced amino acid sequences.

Ca** and CaMKII peptide-binding properties
One of the characteristics of CaM is its ability to bind
Ca’" in the presence of SDS, which increases its
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electrophoretic mobility relative to CaM in the absence of
Ca*™. Figure 2(C) showed that all 11 recombinant pro-
teins, plus the OsCML1d protein, displayed this shift when
incubated with Ca®". The three OsCaMs, and four
(OsCML4/5/8/13) of the eight OsCMLs exhibited a high
degree of mobility shift, while OsCML9 and OsCMLI11
displayed only a subtle, but still discernable, change. The
reduced mobility shift of OsCML9 matches its single
EF-hand domain, as opposed to those proteins with four
such domains, but any such correlation is offset by the
observation that OsCML11 also has a weak mobility shift
but four EF-hand domains. Even though the degree of
mobility shift varies among the different recombinant pro-
teins, these results indicate that OsCaMs and OsCMLs pro-
duced in E. coli and purified by Ca®"-dependent
hydrophobic chromatography are likely to be functional
Ca”"-binding proteins.

In addition, the ability to bind the peptide derived from
CaM kinase II (CaMKII) was assessed by gel mobility
shift assay. As CaMKII is a CaM-binding protein, examin-
ation of the ability of a CML to interact with its
CaM-binding domain would suggest whether the CML
potentially shares at least part of a similar set of binding
proteins to CaM and may potentially be (but not have to
be) redundant in terms of their functions. All three
OsCaMs were found to display an altered electrophoretic
mobility that could be distinguished from that of the free
proteins, as shown by the representative results of OsCaM2
and OsCaM3 in Fig. 2(D,E), respectively. The band shift
indicates that they are likely to bind the CaMKII peptide
and suggests that mechanisms of action of OsCaMs may
well be, at least in part, similar to those from known
typical CaMs. In contrast, under the same conditions, none
of the eight OsCMLs displayed detectable band shifts upon
incubation with the CaMKII peptide (data not shown), and
so may not form complexes with the CaMKII peptide.

Analysis of structural changes from CD spectroscopy

Far-UV CD spectroscopy was used to determine the
secondary structure of all recombinant proteins and
whether any structural changes occurred upon Ca®"

Figure 1 Comparison of the amino acid sequences of OsCaMs and
OsCMLs The amino acid sequences of OsCaMs and OsCMLs were
compared with those of 4. thaliana (AtCaM3) (GenBank accession no.
NP_191239), Mus musculus (MmCaM) (GenBank accession no.
NP_033920), and Saccharomyces cerevisiae (CMDIp) (GenBank
accession no. NP_009667) using OsCaM1 as a standard. Identical
residues in other sequences are indicated by a dash (—), and a gap
introduced for alignment purposes is indicated by a dot (.). Residues
serving as Ca”>*-binding ligands (EF-hand domains) are marked with an
asterisk (¥).
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Figure 2 Analyses of the recombinant OsCaMs and OsCMLs (A,B) Separation by 12% (w/v) SDS-PAGE of proteins extracted from E. coli
harboring pET21a expression plasmids following phenyl-sepharose hydrophobic chromatography of OsCaM3 (A) and OsCML13 (B). Lane M, molecular
mass standard proteins (Fermentas, Waltham, USA); lane 1, crude extract; lane 2, flow-through fraction; lane 3, eluted protein. (C) Calcium-induced
electrophoretic mobility shift analysis of all recombinant proteins examined. Each protein in the presence of 1 mM CaCl, (+Ca’*") or 3 mM EGTA
(+EGTA) was subject to SDS-PAGE. Lane M, molecular mass standard proteins (Fermentas). (D,E) Gel mobility shift analysis of OsCaM2 (D) and
OsCaM3 (E) after incubation with increasing amounts (indicated by closed triangle) of CaMKII peptide and then resolved by denaturing 4 M urea/

SDS-PAGE. Gels shown are representative of three repeated experiments.
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Figure 3 Ca**-induced conformational changes of OsCaMs and
OsCMLs measured by far-UV CD spectroscopy The spectra were
recorded in 1 mM Tris-HCI (pH 7.5) in the presence of 1 mM CaCl, or
1 mM EGTA and presented as the calculated CD difference spectrum,
[6], in the presence of Ca*" minus [0], in the presence of EGTA for each
protein (10 wM). Insets were the CD difference spectra of OsCML1 and
OsCMLI1d. Spectra shown are representative of three independent
experiments.

binding. For CaM, the major reported conformational
changes include an increase in the a-helicity upon Ca*"
binding [19,20], whereas very little structural information is
available for the CMLs. The far-UV CD spectra of all

proteins in the presence of Ca’' or EGTA have
two minima near 208 and 222nm (Supplementary
Figure S1), indicating that these proteins contain substan-
tial a-helical structure. For each protein, the CD difference
spectrum calculated from the mean residue ellipticity ([0],)
in the presence of Ca?' minus that in the presence of
EGTA, is shown in Fig. 3. On Ca®" addition, a change in
the [0], at 208 and 222 nm was clearly observed for all
three OsCaMs and for five (OsCML4/5/8/11/13) of the
eight OsCMLs, with OsCML1, OsCML3, and OsCML9
displaying very little change. However, the truncated form
of OsCML1 (OsCML1d) showed a clear increment in the
[0], in the presence of Ca®", which is in contrast to the
full sized OsCMLI1 protein.

Table 2 summarizes the values of 6,,, from the spectra
of all proteins in the presence or absence of Ca*" and thus
their changes on Ca®" addition. All OsCaMs displayed a
large increase in the molar ellipticity of >20% in the pres-
ence of Ca’" when compared with those in the absence
of Ca’", indicating that the helical content was highly
increased in these proteins upon Ca>" binding. In contrast,
OsCML1, which shares a high amino acid sequence identity
(84.6%) with typical CaMs, did not exhibit this induction,
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Table 2 Far-UV CD and ANS fluorescence measurements of OsCaMs and OsCMLs

Protein Far-UV CD ANS fluorescence
[0a]222 % 10° (deg-cm?/ [0n]222 (+Ca®ty/ Emission AN ax Imax (+Ca> ")/
dmole-number of residues)® [0,]222 (+EGTA)® maximum (nm) Lnax (+EGTA)?
+Ca?t +EGTA

OsCaM1 —14.35 —11.50 1.24 464 45 3.02

OsCaM2 —17.48 —13.37 1.30 469 44 4.28

OsCaM3 —16.99 —-11.17 1.52 466 48 4.26

OsCML1 —9.50 —10.09 0.94 475 37 5.02

OsCML1d —12.55 =779 1.61 470 44 4.67

OsCML3 —16.31 —14.76 1.11 468 46 4.75

OsCML4 —17.82 —11.03 1.62 480 34 1.81

OsCML5 —17.62 —7.53 2.34 484 33 2.28

OsCML38 —21.33 —17.42 1.22 480 8 1.59

OsCML9 —-17.17 —16.43 1.04 502 8 1.08

OsCMLI11 —14.30 —22.81 0.63 476 30 2.08

OsCML13 —19.92 —17.08 1.16 477 38 2.57

*The mean residue ellipticity at 222 nm; "The ratio of the mean residue ellipticity at 222 nm in the presence of Ca>" to that in the presence of EGTA;
“The difference of maximum emission of ANS between in the presence of Ca®" and in the presence of EGTA; “The ratio of the maximum fluorescence

intensity of ANS in the presence of Ca®" to that in the presence of EGTA.

250-
5201 - ANS+OsCaM3/Ca?
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(=] \
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Figure 4 Conformational changes of the representative example of
OsCaM3 measured by ANS fluorescence Emission spectra of 100 M
ANS in the absence and in the presence of 1 uM of OsCaM3 protein
were monitored at an excitation wavelength of 370 nm. The spectra were
recorded in 1 mM Tris-HCI (pH 7.5) in the presence of 1 mM CaCl, or
1 mM EGTA. Spectra shown are representative of three independent
experiments.

while OsCML3, whose sequence is 64.9% identical to that
of typical CaMs, exhibited only a small increase (11%).
Interestingly, when the C-terminal extension of OsCMLI1
was truncated (i.e. OsCMLI1d), a large increase (61%) in
molar ellipticity was observed. In contrast with the other
proteins, the CD spectrum in the presence of Ca®' of
OsCMLI11 displayed a significant decrease (>37%) in the
molar ellipticity at 208 and 222 nm, yet, similar to the other
proteins, its peak height at the interval of 190-200 nm
substantially increased in the presence of Ca®".
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Measurement of ANS fluorescence

ANS is a fluorescent probe that displays a blue shift when
its environment is changed from an aqueous to a non-polar
media. In addition, while its fluorescence in water is
usually weak, ANS shows an enhanced intensity when it is
in a non-polar media. Therefore, ANS is a useful probe for
the Ca*"-induced exposure of the hydrophobic patches in
the globular domains of CaMs. To examine this exposure,
the emission spectra of ANS in the presence of each
protein with or without Ca>", were monitored with an exci-
tation wavelength of 370 nm. When mixed with each
protein in the presence of EGTA, ANS displayed a rela-
tively weak fluorescence with a maximum wavelength near
520 nm, which is almost identical to that of ANS alone
either with or without Ca®" with the exception of
OsCML8 and OsCMLY. For these proteins, a significant
difference between the ANS alone and ANS mixed with
the protein was observed suggesting their ability to interact
with target proteins at resting levels of Ca*". Figure 4
shows a representative result of the emission spectra of
ANS in an aqueous buffer mixed with OsCaM3 protein.
With the exception of OsCML9, when Ca®" was added,
the aforementioned fluorescence changes were clearly
observed indicating the exposure of hydrophobic patches
of all OsCaMs and OsCMLs. Table 2 summarizes ANS
fluorescence in the presence of each recombinant protein.
In the presence of Ca*", the fluorescence spectrum of ANS
mixed with each of the three OsCaMs and the two most
highly conserved OsCMLs (OsCML1/3), exhibited signifi-
cant blue shifts in the maximum emission wavelengths
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Table 3 Interhelical angles in OsCaMs and OsCMLs

Protein v v v i v 1V

Ca’"-CaM1-N 1055 —139.4 1173 1141 —33.9 101.0
Ca?*-CaM1-C 994 —135.1 1123 1244 —474 1054
Ca®*-CaM2-N 1054 —139.5 1172 1141 —34.0 100.9
Ca?*-CaM2-C 99.4 —135.1 1123 1244 —474 1054
Ca’"-CaM3-N 1055 —139.4 117.3 1141 —33.9 101.0
Ca®"-CaM3-C 994 —135.1 112.2 1244 —473 105.5
Ca®"™-CMLI-N 1054 —139.6 117.1 114.1 —34.0 100.9
Ca?*-CMLI-C 99.5 —135.0 112.2 1244 —474 1055
Ca?*-CML3-N 1054 —139.5 117.1 1142 —34.1 101.0
Ca®*-CML3-C  100.0 —134.9 1122 1240 —46.9 105.7
Ca’*-CML4-N 1058 —139.3 1172 113.9 —33.5 101.1
Ca’"-CML4-C 994 —135.1 111.2 1244 —51.5 104.7
Ca®*-CML5-N 1057 —139.5 117.2 113.8 —342 100.9
Ca?*-CML5-C 99.3 —135.1 112.1 1245 —47.4 105.5
Ca?*-CML8-N  120.0 —120.8 1242 113.7 —29.9 114.7
Ca?*-CMLI3-N 119.9 —120.8 124.1 113.8 —30.1 114.8

(from 37 to 46nm) and relatively large concomitant
increases in the intensity (3.0—5.0-fold). OsCMLI1d also
exhibited broadly similar changes to the full-length
OsCMLI1. With the exception of OsCML9, on Ca*"
addition, the rest of the OsCMLs also caused similar
changes to the ANS fluorescence, however, with smaller
blue shifts and lower levels of intensity increment.
Nonetheless, the changes indicate that these OsCMLs
expose hydrophobic patches on their surfaces on Ca*"
binding.

Structural comparison of OsCaM and OsCML
proteins

Comparative analysis was carried out using structures from
the PDB as templates for homology prediction of the N-
and C-terminal domains of the OsCaM and OsCML
proteins. Interhelical angles among the four o-helices
within each domain were calculated using the program
INTERHLX [15]. The results shown in Table 3 indicate
that all structures possess an open conformation with all
OsCaMs and the highly conserved OsCMLs (OsCML1/3/
4/5) having similar respective interhelical angles, which
suggests their structural similarities. The more diverged
OsCML8 and OsCMLI13 also occupy the open confor-
mation but with a lesser degree of Ca*"-induced opening
of the EF-hand domains. An interesting question is
whether OsCaMs and the highly conserved OsCMLs are
redundant or they possess unique functionality. If the latter
was the case, how could one explain the functional diver-
sity of these proteins? CaM functions by exposing its
hydrophobic surfaces that interact with its target proteins

upon Ca?" binding, so another important feature of CaM
to be considered is the amino acid distribution on these
target-binding surfaces. Therefore, the hydrophobic target-
binding sites of these proteins were compared as shown in
Fig. 5. All proteins examined have extensive hydrophobic
surfaces containing clusters of several methionine residues.
In contrast to OsCaMs whose overall structures appear
identical to one another, OsCMLs have different patterns
of amino acid distribution within their putative target-
binding sites. The N-terminal domains display more
diverse patterns of methionine distribution than the
C-terminal domains with the exception of OsCML4 and
OsCMLS5, in which a larger cluster of methionine residues,
compared with OsCaMs, occupies the hydrophobic surface
of their C-terminal domain. In addition, the positively and
negatively charged residues surrounding the putative target-
binding sites, which also contribute to the target binding,
are uniquely distinct among the more diverged OsCML
proteins.

Discussion

Even though the biophysical and biochemical properties of
CaMs have been known in some plant species, those of
their related calcium sensors, CMLs, have not been
explored. This work reported the biophysical properties of
the 3 CaM proteins and 8 CML proteins encoded by 11
genes from the rice genome. All recombinant proteins dis-
played the characteristic gel mobility shift in the presence
of Ca®™, albeit to a varying degree. Based on the results of
protein purification by Ca®"-dependent hydrophobic
chromatography and Ca*"-induced gel mobility shift, as
well as the structural changes deduced from CD spec-
troscopy and ANS fluorescence, these proteins, with the
exception of OsCMLY, appear to bind Ca®" and undergo
certain structural changes on doing so.

Arbitrarily, five genes which encode three different pro-
teins that share the highest degree of amino acid sequence
identity with known typical plant CaMs have been classi-
fied as OsCam, while 32 CaM-related calcium sensors
have been annotated as OsCML [5]. To examine the poss-
ible differential target-binding characteristics, which are
indicative of how they can be classified, their ability to
bind the peptide derived from CaM kinase II in the pres-
ence of Ca®" was assessed. All three OsCaMs exhibited
this ability, while all eight OsCMLs examined did not bind
the peptide even though some of them share as high as
85% amino acid sequence identity with the OsCaMs.
These results suggest to some extent that the target proteins
of OsCMLs are likely to be at least in part different from,
though maybe overlapping, with those of OsCaMs and
support the annotation of the proteins encoded by five
highly conserved OsCam genes as ‘true’ CaM.
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OsCaM1-N

OsCaM2-N  OsCaM3-N

0sCaM1-C  OsCaM2-C  OsCaM3-C

OsCML3-C  OsCML4-C

Figure 5 Comparison of the putative target-binding surfaces between the Ca’*-bound OsCaMs and Ca**-bound OsCMLs Space-filling
representation displays target-binding sites occupied by the hydrophobic (yellow) and methionine (orange) residues. The surrounding positive and

negative residues are highlighted in blue and red, respectively.

Among the eight OsCMLs examined, excluding their
C-terminal extension, OsCML1 and OsCML3 share the
highest-sequence identities with OsCaM1 and contain a
high percentage of conserved methionines (4.3% and 4.9%).
These characters reflect in the obtained ANS fluorescence in
which their emission maximum is significantly shifted and
the intensity increased in the presence of Ca**. However,
the CD spectra of OsCML1 and OsCML3 did not reveal an
obvious increase in the helical content on Ca”"-binding,
suggesting that their mechanism of Ca®"-induced structural
change is potentially different from that of the OsCaMs.
When OsCMLI1 was truncated, it displayed a large increase
in the molar ellipticity upon Ca*" binding, suggesting that
the 38-amino-acid C-terminal extension plays an important
role in regulating the conformational change. OsCML1, also
known as OsCaM61, was reported to be membrane-
associated when it is prenylated and localized in the nucleus
when it is unprenylated [21]. We speculate that its associ-
ation with the membrane by its C-terminal extension causes
Ca®"-induced conformational changes that are different
from those of the free protein and may subsequently confer
the membrane-associated OsCMLI1 the ability to interact
with different target proteins.

OsCML4 and OsCMLS5, which share very-high-
sequence identities with OsCaM1 (68.9% and 66.2%), and
contain a high methionine percentage (6.5% and 4.8%),
were found to behave very similarly to the OsCaMs except
that, on Ca”—binding, their ANS emission maxima did not
increase as much. Among the proteins examined, OsCML5
displayed the highest degree of change in its molar ellipti-
city (134%) in the presence of Ca®", even more so than
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the three OsCaMs. OsCMLS5 has some interesting features,
namely the extra region rich in glycine between its two
EF-hand pairs. This structure likely affects the confor-
mational change of OsCMLS5 as well as how it interacts
with target proteins, because this structure interrupts the
central helix, of which its flexibility is key to the mechan-
ism of the protein action.

OsCMLS8 and OsCMLI13, which share lower sequence
identities with OsCaM1 (47.0% and 43.6%), exhibited
only a small increase in their molar ellipticity of the CD
spectrum as well as a smaller blue shift and intensity incre-
ment of the ANS fluorescence emission maxima. Small
changes in the ANS fluorescence in the presence of these
proteins were observed despite the fact that they possess a
very high percentage of methionines (5.2% and 5.3%,
respectively), most of them in the same positions as in
OsCaM1. OsCMLS8 and OsCMLI13 are two out of only
three OsCMLs in which one of their EF-hands contains
aspartate at residue 12. The presence of aspartate in this
position instead of glutamate is believed to raise the affi-
nity for Mg®" by 10-fold [22] and likely affects the
Ca®"-binding kinetics of OsCML8 and OsCMLI3. In
addition, both proteins also contain extra positively
charged amino acid sequences on the N-terminal end, of
which their regulatory functions are speculated.

OsCML11, which shares only 44.1% sequence identity
with OsCaM1, displayed similar Ca®>"-dependent changes
in the ANS fluorescence as that seen in OsCML4 and
OsCMLS5, but in contrast displayed a decreased molar ellip-
ticity in the presence of Ca®" indicating that OsCMLI11
was more helical in the Ca®"-free conformation than in the
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Ca®"-bound state. In contrast to the other proteins that
contain four EF-hands, OsCMLI11 did not clearly exhibit
the Ca®'-induced gel mobility shift. Interestingly,
OsCMLI11 contains a low percentage of methionines
(1.4%) and when its amino acid sequence was closely
inspected, aliphatic amino acids (leucine, valine, and iso-
leucine) were found instead at the corresponding methion-
ine positions in typical CaMs. Methionine has a greater
conformational flexibility compared with leucine, valine,
and isoleucine and is weakly polarized, allowing inter-
action with highly polarized solvents, such as water, and
target proteins in a sequence-independent manner [7]. The
presence of aliphatic amino acids would likely cause the
exposed surface to be less flexible and so only be able to
interact with more specific target proteins. OsCMLI11
shares a high amino acid sequence identity with
AtCML18, which was found localized in the plant vacuolar
compartment with a function of modifying the activity of
a Na'/H" exchanger (AtNHXI) in a Ca’"- and
pH-dependent manner [23].

From the structural comparison, OsCML proteins exam-
ined have nearly identical overall main-chain conformation
to OsCaMs, but contain some distinct charged and hydro-
phobic amino acid distribution on their target-binding site.
These features are likely responsible for the multifunction-
ality of the OsCaM and OsCML protein family. Similarly,
Ikura and Ames [24] have examined structure and target
recognition of NCS and S100 proteins, which revealed that
their main-chain globular folds are nearly identical, but an
important distinguishing structural property is the distri-
bution of charged and hydrophobic side-chains on the
protein surface. This genetic polymorphism has likely
promoted the functional diversity among the OsCaM and
OsCML family members.

CML proteins are a novel family of Ca®*"-binding pro-
teins that possibly play critical roles in Ca*'-mediated
stress responses in plants. Like other plants, O. sativa pos-
sesses a large family of genes encoding CaMs and their
related calcium sensor CMLs. For nearly all of these
proteins, their structures and functions have not been
previously explored. This report showed that all three
OsCaMs exhibited typical characteristics of CaM, confirm-
ing their likely functionality as typical CaMs. Conversely,
the OsCMLs exhibited a spectrum of both structural and
functional characteristics that ranged from typical to atypi-
cal of CaMs. These results suggest that OsCMLs represent
sensor proteins whose modes of actions are probably
different from, although maybe overlapping with, those of
OsCaMs and possibly serve distinct roles.
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