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Abstract
Project Code: BRG5680019
Project Title: Mechanisms of calcium signaling and salt stress tolerance in rice using
transcriptomics analysis and molecular approaches
Investigator: Teerapong Buaboocha, Ph.D.

Department of Biochemistry, Faculty of Science, Chulalongkorn University

Email Address: Teerapong.B@Chula.ac.th

Project Period: 3 years

Transcriptome profiling of the ‘KDML105’ rice and its transgenic derivative over-expressing OsCaM1-1
has revealed 1,756 and 1,190 genes with significantly different expression levels when grown under normal
and salt stress conditions, respectively. Gene Ontology (GO) Enrichment analysis of differentially expressed
genes under salt stress with higher expression level in the transgenic rice showed that GO terms involved
with carbohydrate metabolic process, protein phosphorylation, response to water, regulation of transcription,
and lipid transport were enriched. Expression of differentially expressed genes was verified by real-time RT-
PCR including those encoding a transcription factor AP2, B-amylase, isocitrate lyase, malate synthase,
aconitase, ERD1, and glycosyl hydrolase. Pathway analysis by Mapman revealed that genes with higher
expression levels in the transgenic rice were mapped to cellular processes including transcription, starch and
sucrose degradation, and glycolysis, tricarboxylic acid cycle and glyoxylate cycle suggesting that OsCani-1
overexpression may affect carbohydrate metabolism in rice grown under salt stress. Expression of Os/CL,
which encodes isocitrate lyase was confirmed to be higher in all three available transgenic rice lines when
grown in both normal and salt stress conditions presenting a ¢ood candidate for further characterization.

Previously, putative OsCaM1 and OsCML3 target putative proteins were identified from rice by cDNA
expression library screening. One of the putative OsCaM1 target protein is Myosin heavy chain like (MHCL)
protein. Here, the pull-down assay showed that OsCaM1 interacted with OsMHCL in the presence of calcium.
In addition, the yeast two-hybrid system showed that OsMHCL interacted with OsCML4, OsCMK5, and
OsCMLS8 both in the presence and in the absence of calcium. For the characterization of the CaM-like protein,
OsCML3 and its truncated form lacking the C-terminal extension (OsCML3m), they were found to exhibit a
Ca*"-binding property and subsequent conformational change, but the ability to bind the CaM kinase I
peptide was only observed for OsCML3m. Changes in their secondary structure upon Ca”*-binding measured
by CD revealed that OsCML3m had a higher helical content than OsCML3. Moreover, OsCML3 was mainly
localized at the plasma membrane, whereas OsCML3m was found in the nucleus. The rice high mobility
group B1 (OsHMGB1) protein was identified as one of the putative OsCML3 targets. Bimolecular fluorescence
complementation analysis revealed that OsHMGB1 bound OsCML3, OsCML3m or OsCML3s (cysteine to serine
mutation at the prenylation site) in the nucleus, confirming that OsHMGB1 is a target protein in planta.
Examination of the effect of OsCML3 or OsCML3m on the DNA-binding ability of OsHMGB1 revealed that
OsCML3m decreased the level of OsHMGB1 binding to pUC19 double stranded DNA whereas OsCML3 did
not. Taken together, OsCML3 probably provides a mechanism for manipulating the DNA-binding ability of

OsHMGB1 in the nucleus and its C-terminal extension provides a regulatory switch.

Keywords: calmodulin; CaM; transcriptome; rice
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Introduction

To tolerate salt stress, plants have evolutionarily developed several mechanisms. Some
have special anatomical and morphological adaptations, others have highly-regulated
physiologically adaptive mechanisms such as the compartmentalization of the cytotoxic ions,
typically Na* and Cl, into the vacuole. However, the proceeding events, which involve how
plants perceive and transduce the initial signals to elicit the appropriate responses including
the sequestration of the cytotoxic ions, are needed to be identified. Beside the ion cytotoxicity,
salt stress also causes the primary effect, which is the water potential reduction that leads to
cellular dehydration. Both of these primary effects also lead to several secondary effects that
plants have to cope with, such as reduced cellular and metabolic activities, photosynthesis
inhibition, ROS production, and cell death. Therefore, under saline environments, in addition to
coping with the ion cytotoxicity, plants must perceive and transduce the hyperosmotic stress,

as well as minimize the secondary effects that may occur.

Since calmodulin, a multifunctional protein, likely represents one of the important nodes,
which can be considered a major hub for transducing Ca** signals, which are generated by
many developmental events and numerous stimuli including salt stress. Altering expression of
calmodulin gene would likely affect several nodes within the signal transduction and
transcriptional regulation networks. In general, even though Ca?* signaling and Ca?*/CaM
regulation appear to mediate plant responses to environmental stress, the downstream effects
of CaM in response to environmental stress remain largely unknown. We would like to discover
the mechanisms that generate these effects, which include identifying genes, proteins,
pathways and cellular processes that are regulated by this early Ca?*-controlled molecular

switch.

Therefore, this work will attempt to characterize the mechanisms carried out by OsCaM1, a
calmodulin protein in rice and to identify other important nodes that are connected to
OsCaM1. Because CaM is a multifunctional protein that regulates activities of numerous target
proteins, genome-wide analysis techniques such as transcriptome and proteome profiling are
particularly suitable for identifying the effectors or cellular processes that are potentially
regulated by CaM. In this project, two strategies will be used. First, gene expression profiling in
a genome-wide scale will be conducted on the transgenic rice lines that over-express OsCam1-
1 gene when grown under salt stress. Previously, we have generated such transgenic rice lines
overexpressing OsCam1-1, which appeared more tolerant to salt stress than the control plants
(Figure 1) as they exhibited better ability in maintaining the shoot and the root dry weights
during salt stress (Figure 2) (Saeng-ngam et al., 2012). Therefore, OsCaM1 likely plays essential

roles as the early messenger to convey the message of the Ca?* signal generated by salt stress.



In this study, we used RNA-Seq, an approach to transcriptome profiling using the 2™
generation sequencing technology, Illumina Genome Analyzer platform. This approach targeted
only the differences in transcripts whose expression levels were affected by the over-expression
of OsCam1-1 gene in the transgenic rice plants compared with the transgenic control plants. We
discovered a list of up-regulated and down-regulated genes whose expression levels were
altered by this manipulation, pointing to the cellular processes that possibly involve in the

responses mediated by CaM1 under salt stress.
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Figure 1 The phenotype comparison Figure 2 The dry weight of the overexpressing OsCam1-
of (i) wild type (KDML-wt) rice cultivar, 1 transgenic lines (355CaM1-1T1, 355CaM1-1T2 and
the three transgenic rice lines, (ii) 355CaM1-1T3), the control transgenic line (T1; KDML-
CaM1-1T1, (iii) CaM1-1T2 and (iv) CaM1- vector) and the wild type KDML105 rice cultivar, plants
173, and (v) the control KDML-vector grown under (A) normal and (B) salt-stress conditions.
(T1) line, all grown under (A) normal or Means with a different lowercase letter differ
(B) salt-stress conditions for 15 d. significantly (P < 0.05; DMRT), when the comparison was

performed with the data at the same period of time.

Since Ca?*-mediated action of CaM depends on specific CaM-target protein interactions,
meaning that CaM does not possess an enzymatic activity but, in the presence of Ca?, it
functions by binding to and altering the activities of various proteins, therefore we have earlier
identified several putative OsCaM1 target proteins by cDNA expression library screening in hope
of identifying downstream elements of transduction pathways mediating responses to salt stress

via CaM1. Here, putative target proteins of CaM1 as well as a CaM-like (CML) 3 were



characterized. Their identities are valuable for identifying what effectors or cellular processes
CaM1 and CML3 potentially regulates and how CaM1 and CML3 acts in a molecular detail. By
these studies, genes that likely represent important nodes in the signal transduction and
transcription regulation networks of Ca* signals in conjunction with calmodulin and its related

sensor proteins under salt stress were identified.



Materials and Methods

Preparation of plant materials and RNA isolation

The transgenic Oryza sativa L. cv. KDML105 rice line overexpressing OsCamI-1 and the
control rice line, which was generated similarly to the overexpressing line but without the
inserted gene, were hydroponically grown in the greenhouse. Three-week old rice seedlings
were treated with salt stress by transferring the seedlings to the medium containing 150 mM
NaCl. For transcriptomics, the experiments were done in two replicates. For confirmation of
differentially expressed genes obtained from the transcriptome analysis, the experiments were
done in three replicates. After four hours, shoots were collected and immediately frozen in
liquid nitrogen and stored at -80°C. Rice tissues were ground in liquid nitrogen to fine power.
For isocitrate lyase (icl) gene (LOC_0s07g34520) expression analysis, the first and third/fourth
leaves were separately collected. Total RNA was isolated using TRI REAGENT (Molecular
Research Center) according the manufacturer’s instruction. In the final step, RNA was
precipitated by mixing with 0.5 ml isopropanol per 1 ml of TRI REAGENT used for the initial

homogenization.

Library preparation

Library preparation consisted of the first four following steps. (1) mRNA isolation - mRNA
was isolated from 10-25 pg of total RNA using the Invitrogen Dynabeads® magnetic separation
technology. (2) First strand cDNA synthesis - The Invitrogen SuperScript® Il First-Strand Synthesis
Kit was used to synthesize the first strand cDNA using random hexamers. The reaction was
incubated in a PCR machine under the following program: 25°C for 5 min, 50°C for 60 min, and
70°C for 15 min. (3) Second strand synthesis - The second strand cDNA was synthesized in a
reaction consisting of DNA polymerase | (50 Units/100 pl) and RNaseH (1.6 Units/100 ul) at 16°C for
2.5 hours. The cDNA product was then cleaned up using AMPure (Agencourt). (4) DNA
fragmentation - The NEB dsDNA fragmentase was added to generate dsDNA breaks in a time-
dependent manner. The DNA product was then cleaned up using AMPure.

Then, the next four steps include the followings. (5) End repair - The DNA ends was
repaired using the NEBNext® End Repair Enzyme Mix (NEB). The reaction was then cleaned up
using AMPure. (6) Addition of ‘A’ bases to the 3 end of the DNA fragments - ‘A’ nucleotides
were added to the DNA ends using Klenow exo™ (NEB). The reaction was then be cleaned up
using AMPure. (6) Ligation adapters to DNA fragments - Premixed adapters were ligated using
the NEB quick ligation ligase. The ligation product was then cleaned up using AMPure. (7)
Enrichment of the adapter-modified DNA fragments by PCR - The DNA was enriched by DNA

polymerase using premixed adapter primers in a PCR machine under the following program:
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98°C for 30 sec, 14 cycles of 98°C for 10 sec, 65°C for 30 sec and 72°C for 30 sec, then
followed by 72°C for 5 min. The PCR product was then cleaned up using AMPure. The final DNA
was eluted in 20 ul EB.

Ilumina sequencing

High-throughput sequencing by Illumina was conducted using the facilities at University of
California at Berkeley, USA, in collaboration with Professor Luca Comai, University of California
at Davis. Four-base barcoded adaptors were used, so six libraries with different barcodes can be

pooled into one 50-base single-end read sequencing lane.

Bioinformatic analysis
The resulting sequence reads was aligned with the reference rice genome Release 7 at the

Rice Genome Annotation Project (http://rice.plantbiology.msu.edu) (Quyang, 2007) and RNA

expression levels determined by the bioinformatic pipeline developed at the laboratory of

Professor Luca Comai, University of California at Davis, USA. Mapman Application Sorfware

(http://mapman.gabipd.org) (Thimm, 2004) was used to gain insights into what cellular processes

that OsCaM1 potentially regulates in response to salt stress.

cDNA synthesis and real-time PCR

The first cDNA synthesis was synthesized by iScript cDNA synthesis kit (Bio-Rad) according to
the manufacturer’s instruction. Then, PCR was performed in a final volume of 20 ul, which
contained a 2-ul aliquot of the first strand cDNA reaction, 0.05 mM of each of the gene-specific
primers, and 1x SsoFast EvaGreen Supermix (Bio-Rad). The reaction included an initial 8 min
denaturation at 95°C, followed by 40 cycles of PCR (95°C for 30 sec; Ta®C for 30 sec; 72°C for 45
sec. The specific oligonucleotide primers for each gene examined and its T, are shown in Table 1.

The OsEFla (AK105030) gene was used as an internal control via the specific primers
EFlalp-F1 and EFlalp-R1 (Table 1). The PCR reactions were performed as above with the annealing
temperature of 57.9°C. The level of gene expression was determined in comparison with OsEFla
gene expression with reference to the expression of the wild-type. The PCR reaction of the same

cDNA preparation was performed in triplicate for technical replication.


http://rice.plantbiology.msu.edu/
http://mapman.gabipd.org/
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Table 1 Oligonucleotide primer sequences used in this study.

Gene Primer Sequence Ta
(°O
AP2 Forward 5’ CTGTGGAGCTTCGACGACTT -3 59.6
Reverse 5'- ACAAACACAAACACCGCAAT -3
p-amylase | Forward 5'- ATGGATGATGCCCCCTGT -3’ 57.0
Reverse 5 - TTGGGGTACACGTCTCATGT -3/
ERD1 Forward 5'- GAGCCACCTGAATGAGAAGG -3’ 59.6
Reverse 5'- TTATATGCCCGAACGAATCC -3’
glycosyl | Forward 5'- GCTCAGGTGTGTGTGGTACA -3’ 59.6
hydrolase | Reverse 5'- CGACAGCACCACTCCTCTGT -3
isocitrate | Forward 5'- AGAGCAGCAGCCATGTTCTT -3/ 59.6
lyase Reverse 5'- CGTGCGTGCTGTAGTTCAGT -3/
malate | Forward 5'- CGTACAACCTCATCGTGGTG -3 59.6
synthase | Reverse 5'- CGGAGAAGTTACACGGAGAGA -3’
aconitase | Forward 5'- CATCCTCCCATACGTCATCC -3 59.6
Reverse 5'- TGTCTCCTGCGGCTTTATTT -3’
myosin | Forward 5" TGTACAGAAAGCTTCTGCTGG -3' | 59.0
heavy | Reverse 5'- TTATACAGATTTGTCCCCAGG -3
chain like
EFlX Forward 5 ATGGTTGTGGAGACCTTC -3’ 57.9
Reverse 5'- TCACCTTGGCACCGGTTG -3’

Electrophoretic Shift Analysis

To analyze the recombinant proteins by electrophoresis shift assay, a final concentration
of 1 mM CaCl, or 3 mM ethyleneglycoltetraacetic acid (EGTA) was added to each protein (500
pmole) solution, mixed and then resolved by sodium dodecylsulfate-polyacrylamide gel
electropho- resis (SDS-PAGE) with a 12.5% (w/v) acrylamide resolving gel. Proteins were then
detected by Coomassie blue staining. To examine their peptide-binding ability, each protein
(200 pmole) was mixed with the peptide derived from CaMKIl (Sigma) at different molar

equivalents and then analyzed as previously described.
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Circular Dichroism (CD) Spectroscopy

CD spectroscopy was performed at 25 °C in a J-715 Spectropolari- meter (Jasco, Easton,
USA) with constant N, flushing. The far-UV CD spectrum was measured from 190 to 250 nm in 1
mM Tris-HCl (pH 7.5) and 1 mM KCl in the presence of 1 mM CaCl, or 1 mM EGTA. The final
protein concentration was 10 mM. All measurements were performed within 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

Measurement of the fluorescence emission spectra of 8-anilino-1-naphthalenesulphonate
(ANS; Sigma, St Louis, USA) was 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 emission spectra in the range 400-650 nm were
scanned. All measurements were performed using 1 mM of protein in 1 mM Tris-HCl (pH 7.5)/1
mM KCl with ANS at a final concentration of 100 mM in the presence of 1 mM CaCl, or 1 mM
EGTA.

Screening of Rice cDNA Expression Library

The *°S-labeled purified rOsCaM1, rOsCML3 and rOsCML3m proteins were prepared as
probes to screen a rice cDNA expression library. To construct the library, polyadenylated RNA
was purified from the ‘KDML105’ rice total RNA using the GenElute mRNA Miniprep Kit (Sigma,
USA) and then used as template for cDNA synthesis using the cDNA synthesis Kit (Stratagene,
USA). The Uni-ZAP XR Vector Kit (Stratagene, USA) was used to ligate the prepared rice cDNA to
the lambda vector, resulting in the primary library. Primary, secondary and tertiary screenings of
the amplified library were performed. Single clones were excised and analyzed with the Pstl
restriction enzyme. All unique pBluescript SK(+) plasmids obtained from the single-clone
excision were sequenced. The obtained sequences were BLAST-searched against the Rice
Genome Annotation Project and Rice Annotation Project databases to identify the cloned cDNA

inserts.

Pull down assay

The E. coli plasmid expressing MHCL gene was constructed by cloning the MHCL cDNA
clone into the expression vector pRZ850 using the forward primer: 5'-
ATGCGGATCCGTCAAAGCTGCAGTAAGCTTA-3" and the reverse primer: 5'-
ATGCGCGGCCGCTAACTCTTTCTGGGCCAA GTG-3', respectively. The recombinant MHCL protein
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was expressed in E. coli strain NiCo21(DE3). The His-tagged MHCL protein was purified by gravity-
flow Ni-NTA agarose chromatography. Calmodulin Sepharose 4B, calmodulin immobilized by
the CNBr method to Sepharose 4B, was used for testing of the interaction of the MHCL with the
calmodulin. To verify the interaction, protein blot analysis on the PVDF membrane was
performed using Biotinylated AtCaM2 with Streptavidin-HRP.

Yeast two hybrid analysis

The coding regions of OsCaM, OsCML and MHCL genes were amplified from their
respective cDNA clones, which were obtained from the National Institute of Agrobiological
Sciences, Japan. The forward and reverse primers of each gene were designed based on the
cDNA sequences from the database. The sequence and the length of the oligonucleotide
primers are shown in Table 2. PCR products were cloned into pENTRTM/D-TOPO and
subsequently cloned into either pDEST™32 or pDEST™22 to generate bait and prey plasmids
by LR recombination. For testing of the activation of HIS3 reporter gene, serial dilution of
MaV203 yeast cells transformed with a selected pair of resulting plasmids were dropped on the
SC-LTH +3AT medium plates. The bait auto-activation was performed by transforming the gene-
pDEST™32 and the empty vector pDEST™22 into yeast strain MaV203. Serial dilutions of the
transformed yeast cells were dropped on the SC-LTH +3AT plates containing either CaCl, or
EGTA.

Subcellular Localization

To construct the pCAMBIA1302 containing either OsCML3 or OsCML3m fused with GFP at
the N-terminal end, the coding region of OsCML3, OsCML3m and GFP were PCR amplified using
the primers shown in Table 1. All PCR reactions were performed using Vent DNA polymerase
(NEB, Ipswich, USA) with 30 cycles of 94 °C for 1 min, 59.3 °C for 1 min and 72 °C for 1 min and
30 s and then followed by a final 72 °C for 10 min. The resulting amplicons were cloned into
the T&A cloning vector (RBC, Taiwan) to give pTA-OsCML3, pTA-OsCML3m and pTA-OsGFP,
respectively. The gene fragments of OsCML3 and OsCML3m were individually inserted into pTA-
OsGFP via the Xho | and BstE Il sites at the 3’ end of the GFP coding sequence, resulting in pTA-
GFP-OsCML3 and pTA-GFP-OsCML3m, respectively. The fragments of GFP-OsCML3 and GFP-
OsCML3m were sub-cloned into pCAMBIA1302 using Ncol and BstEll sites, resulting in pCAMBIA-
GFP-OsCML3 and pCAMBIA-GFP-OsCML3m, respectively. The pCAMBIA1302 plasmids containing
GFP-OsCML1 or GFP-OsCML1m were also constructed and used for comparison. Each
recombinant plasmid was introduced into Agrobacterium tumefaciens strain GV3101 by heat
shock. The solution of Agrobacterium was then infiltrated into the leaf of tobacco plants and

the plants were grown in the dark for 16 h followed by 48 h in the growth chamber. Confocal



14

microscopy was performed with a Leica SPE microscope (Leica, Germany) using an excitation

wavelength of 488 nm.

Table 2 Oligonucleotide primers used in the yeast two-hybrid system experiment.

Gene Primer Sequence (5'—>3’) T. (°0)

OsCam1-1 | Forward 5’-CACCATGGCGGACCAGCTCACC-3 58
Reverse 5’-TCACTTGGCCATCATGACCTTG-3’

OsCam2 Forward 5’-CACCATGGCGGACCAGCTCACC-3’ 55
Reverse 5’-TCACTTGGCCATCATGACCTTA-3’

OsCam3 Forward 5’-CACCATGGCGGACCAGCTCACC-3 57
Reverse 5’-TTACTTGGCCATCATGACTTTAACG-3’

OsCML1 Forward 5’-CACCATGGCGGACCAGCTCTCC-3’ 59
Reverse 5’-TTACAGGATCACGCACTTCTGGC-3’

OsCML4 Forward 5’-CACCATGGAAGGGCTGACGAGC-3’ 57
Reverse 5’-TCACCCAGATATCTTCCGTTCAG-3’

OsCML5 Forward 5’-CACCATGGCGGAGGTGGAGGTG-3’ 55
Reverse 5’-TTATTGGTCGGAGAGCATCATC-3’

OsCMLS8 Forward 5’-CACCATGGCGAGCAAATACAGAGGCT-3’ 55
Reverse 5’-CTAAAAAAACCCGGCCCCA-3

OsCML11 Forward 5’-CACCATGAGCGAGCCGGCCAC-3’ 57
Reverse 5’-TCAGGAGAAGATGTTGTCAAATGCG-3’

OsCML13 | Forward 5’-CACCATGTCTACTGTCAAGGGACAGA-3’ 58
Reverse 5’-CTAGTAACCATATCCAGTCCTCC-3’

OsMHCL Forward 5’-CACCATGGCTACAAAACTCCGT-3’ 53
Reverse 5’-TTATACAGATTTGTCCCCAGG-3’

BiFC Assay

The gene fragments of OsHMGB1 (AK062226), OsCML3, OsCML3m and OsCML3s (serine-to-
cysteine mutation at the prenylation site) were amplified by PCR using individual cDNA clones
from the DNA Bank of NIAS (Japan) and the respective primer pairs (Table 1). All PCR reactions
were performed using KOD DNA polymerase (Toyobo, Japan) with 35 cycles of 94 °C for 1 min,
59 °C for 45 s and 68 °C for 1 min and then followed by a final 68 °C for 10 min. PCR products
were ligated into the pENTR vector (Invitrogen, Japan) via a TOPO reaction, resulting in pENTR-
HMGB1, pENTR-CML3, pENTR-CML3m and pENTR-CML3s, respectively. Then, the pcCFPxGW
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construct [37] was used to generate pCFP-CML3, pCFP-CML3m and pCFP-CML3s by LR
Clonase™ Il enzyme mix (LR recombination reactions) between pcCFPxGW and pENTR-CML3 or
PENTR-CML3m or pENTR-CML3s, respectively, and prepared as above. The pnYFPxGW construct
(Qu et al, 2011) was also used to construct pYFP-HMGB1 by a similar reaction between
pnYFPxGW and pENTR-HMGB1. Each pair of plasmids of pCFP-CML3 and pYFP-HMGB1, or pCFP-
CML3m and pYFP-HMGB1 or pCFP-CML3s and pYFP-HMGB1 was then co-transformed into
Agrobacterium strain GV3101. The mixtures of the two Agrobacterium strains: GV3101 (ODggo =
0.5) and p19 (OD¢go = 0.3) were co-infiltrated into the leaf of 6-week-old tobacco plants. The
treated plants were grown in the dark for 16 h followed by 48 h in the growth chamber (Qu et
al.,, 2011). Confocal microscopy was performed with a Fluoview FV10i (Olympus, Japan) using an

excitation wavelength of 488 nm.

Electrophoretic Mobility Shift Assay (EMSA)

To generate the recombinant plasmid encoding HMGB1 fused with a (His)s-Tag at the N-
terminal end, PCR ampilification by Phusion DNA polymerase (BioLab) was performed using the
cDNA clone for OsHMGB1 as the template and the primer pair shown in Table 1. The PCR
consisted of 30 cycles of 98 °C for 7 s, 53 °C for 20 s and 72 °C for 30 s, followed by a final 72
°C for 10 min. The PCR product was cloned into pET28b (Novagen, Darmstadt, Germany).
Protein production was performed in E. coli BL21 (DE3) for 4 h by IPTG addition to a final
concentration of 0.4 mM. The cells were harvested and resuspended in binding buffer | (50 mM
Tris-HCl buffer pH 7.5, 30 mM imidazole, 0.5 M NaCl, 0.5 mM dithiothreitol, 1 mM EDTA and 1X
protease inhibitor mix (GE Healthcare, USA)). Purification of rOsHMGB1 was performed by Ni-
column chromatography (Amersham, Little Chalfont, UK). The purified rOsHMGB1 (1.0 uM) was
mixed with 100 ng pUC19 supercoiled DNA and various amounts (0-2.0 uM) of purified rOsCML3
or rOsCML3m (0-2.0 uM) in binding buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 5%
(v/v) glycerol, 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene cyanol) and then incubated
at room temperature for 10 min. In addition, purified rOsCaM1, prepared previously [38], was
incubated with rOsHMGB1 as above for direct comparison. The samples were analyzed by
electrophoretic resolution in 1% (w/v) agarose-0.5x TBE, and visualized under UV-light after

ethidium bromide staining, as previously described (Gresser et al., 2004).
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Results and Discussion

1. Transcriptome analysis

Libraries of the OsCam1-1-overexpressing transgenic rice (L1) and the control wild-type
rice (WT) under non-stress (NS) and stress (S) conditions were sequenced using the second-
generation Illumina HiSeq2000 platform. The numbers of raw sequence reads obtained from
all eight libraries are presented in Table 3. The 50-bp reads were aligned to the Oryza
sativa japonica assembly and gene annotation Version 7 with 35,679 annotated coding
genes using Bowtie (Langmead et al., 2009). The RNA-Seq data were normalized in reads per
kilobase per million reads (RPKM), which considered gene length as parameter (Mortazavi et
al, 2008).

Table 3 Summary of the RNA-seq libraries and their raw 50-bp sequence reads

Plant Condition Abbreviation | Replicate Raw read
(Mb)

OsCam1-1- Non-stress LINS 1 23.26
overexpressing 2 23.94
transgenic rice Salt stress L1S 1 22.36
2 22.98

Wild-type rice Non-stress WTNS 1 24.02
2 22.86

Salt stress WTS 1 23.05

2 23.44

Differential expression (DESeq) analysis was carried out on the transcriptomes of the
OsCam1-1 overexpressing transgenic ‘KDML’ rice compared with those of the wild type
‘KDML’ rice when grown under normal or salt stress condition. Differentially expressed
genes were identified when comparing LINS with WTNS and comparing L1S with WTS. An
overview of the number of these genes is presented in Table 4. The total number of
differentially genes between LINS vs WTNS is 1,756 and the total number of differentially
expressed genes between L1S vs WTS is 1,190. Under salt stress treatment, the total
number of differentially genes between WTNS vs WTS is 11,734 and the total number of
differentially expressed genes between L1S vs WTS is 12,874.



17

Table 4 Number of genes differentially expressed between the OsCam1-1-overexpression rice

and the wild-type rice

Comparison Number of differentially | Number of genes | Number of genes
expressed genes with higher with higher

expression level | expression level
in WT in L1
WTNS vs LINS 1,756 956 800
WTS vs L1S 1190 338 852
WTS vs WTNS 11,734 5,997 5,737
L1S vs LINS 12,874 5,690 7,184

All differentially expressed genes between WT and L1 were mapped onto the diagrams
of metabolic pathways or other cellular processes using MapMan. Table 5 summarizes the
selected genes that are differentially expressed between the OsCam1-1-overexpressing rice
and the wild-type rice. Several genes obtained in Table 5 are those with higher expression
level induced by salt stress (150 mM NaCl) in the OsCam1-1-overexpressing rice. This group
includes genes encoding proteins or enzymes in TCA cycle (aconitate hydratase, isocitrate
lyase, malate synthase), sucrose degradation (sucrose synthase, B-amylase), transcription
(AP2 domain containing protein, WRKY, zinc finger protein), and several enzymes in
hormone biosynthesis (NCED, GA 3-B-dioxygenase, GA 2-f-dioxygenase, oxophytodienoate
reductase, lipoxygenase, allene oxide synthase, arginine decarboxylase).

One the contrary, several genes in photosynthesis pathways were found down-regulated
at a higher degree in the OsCam1-1-overexpressing rice when compared with those of the
control wild-type rice. They are genes encoding thylakoid lumenal protein, PSII polypeptide,
PSI membrane protein, PSI reaction center subunit and chlorophyll A-B binding proteins.
Expression of these genes is normally down-regulated under salt stress. However, their
expression was found consistently decreased upon salt stress at a higher degree in the
OsCam1-1-overexpressing rice. These genes are candidates for further investigation into the
physiological functions of OsCaM1 in the Ca®*-mediated salt stress responses.

When pathway analysis was carried out for these genes (Figure 3), we found that they
are involved in several processes including transcription (Figure 3A), starch and sucrose
degradation (Figure 3B), and glycolysis, tricarboxylic acid cycle and glyoxylate cycle (Figure
3C). Several genes whose expression levels were more elevated in the transgenic rice than
the wild type when grown under salt stress condition were selected for verification by real-
time RT-PCR
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metabolism

Process Locus Description RPKM
WTNS LINS WTS L1S
TCA LOC 0Os08g09200 | Aconitate hydratase 31.6 + 3.6 304 + 2.6 105.2 + 5.0 140.0 + 7.1
LOC 0Os03g04410 | Aconitate hydratase 182+ 1.3 16.2 + 0.4 92.1+35 1035+ 35
LOC 0s07g34520 | Isocitrate lyase 2.6 +0.5 96 +7.4 2679 + 11.1 458.6 + 39.8
LOC 0s04g40990 | Malate synthase 7.6+05 131+ 4.7 296.6 + 36.8 | 4449 + 15.1
Sucrose and LOC 0s03g22120 | Sucrose synthase 357+ 88 476 £ 3.0 209.8 + 21.6 2620+ 1.4
starch LOC 0Os03g22790 | Beta-amylase 74.3 + 10.0 83.1 £ 5.7 2155+ 29 251.0 £ 16.1
metabolism LOC 0Os04gd45290 | Invertase 18.6 + 1.6 211+ 04 212+ 26 257+ 1.0
LOC 0s01g22900 | Invertase 1258 £ 0.3 136.2 + 18.6 94.0 + 19.1 120.1 £ 15.7
LOC 0s09g08072 | Invertase 14.6 £ 0.1 151 +£0.8 234+ 1.1 272 +4.3
LOC 0s02g¢33110 | Invertase 223+ 0.6 225+ 24 6.9 +09 9.4 +09
Transcription LOC 0s03g08470 | AP2 domain containing protein 88 25 92+ 1.1 539+ 7.1 86.7+ 1.0
LOC 0Os04g¢32620 | Ethylene-responsive transcription factor 13+0.1 1.5+0.2 74124 108+ 1.0
LOC Os05g¢41780 | AP2 domain containing protein 333+ 1.1 349 £ 6.3 63.1 + 10.9 89.7 + 20.5
LOC Os08g41030 | AP2 domain containing protein 0.0 £0.0 0.0 £0.0 20+ 05 54 +0.1
LOC 0s02g08440 | WRKY71 15.6 £ 1.6 178 + 6.8 579+ 138 93.0+ 6.4
LOC 0s03g20550 | WRKY55 19+0.2 1.9 £0.0 133+ 2.0 19.1 £ 0.0
LOC 0s12g¢39400 | C2H2 zinc finger protein 1.6 £+ 0.3 1.8+£0.1 16.0 £ 04 20.7 £ 0.1
LOC 0s01¢55340 | C2C2-Dof zinc finger protein 13+0.2 1.4+0.1 128 + 0.4 199 +22
ABA LOC 0s07g05940 | 9-cis-epoxycarotenoid dioxygenase 1 27 +0.2 4.2 +3.7 399+ 17.0 74.2 £ 10.9
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Process Locus Description RPKM
WTNS LINS WTS L1S

GA metabolism | LOC 0s01g08220 | Gibberellin 3-beta dioxygenase 36+1.2 6.0+0.2 4.6 + 1.1 72+23
LOC 0Os05¢48700 | Gibberellin 2-beta dioxygenase 1.0 £ 0.4 4.7 + 0.6 27.6 + 0.6 453 + 6.5

JA metabolism | LOC 0s01g¢27230 | 12-oxophytodienoate reductase 117+ 22 16.8 + 3.1 10.2 £ 0.5 13.8+24
LOC 0Os03g49380 | Lipoxygenase 32+03 37+0.2 209 + 20 44.4 + 8.4
LOC 0s12g37260 | Lipoxygenase 77.8 +16.9 52.7 £ 6.5 235+ 4.6 9.7 +£35
LOC 0s02g12680 | Allene oxide synthase 0.14 + 0.07 0.18 + 0.06 339 + 8.7 598 +5.0

Polyamine LOC 0s06g04070 | Arginine decaboxylase 23.1+0.9 193+ 6.0 20.6 = 0.6 278 +4.3

synthesis

Photosynthesis | LOC 0s12g19470 | RUBISCO 575.1 £ 2143 552.2 + 149.6 70.7 + 8.3 47.2 £7.0
LOC 0s04g59440 | Chlorophyll A-B binding protein 30.3 + 8.7 203 +9.7 928 + 144 572 £32
LOC 0s01g64960 | Chlorophyll A-B binding protein 234.5 + 68.0 207.2 + 51.6 28713 19.6 + 2.6
LOC 0s08g39430 | thylakoid luminal 19 kDa protein 68.5+9.1 62.9 + 3.8 224 + 3.8 143+ 33
LOC 0s07g05360 | Photosystem Il 10 kDa polypeptide 2071.6 £ 407.6 | 21952 + 101.1 | 798.6 + 15.6 | 582.7 + 80.4
LOC 0Os04g33830 | membrane protein 2799.4 + 35.7 2908.4 + 73.3 | 1179.9 +30.6 | 877.2 + 136.8
LOC 0Os07g05480 | PSI reaction center subunit 2502.6 + 187.2 | 24209 + 132.7 | 11855 +59 | 8859 + 68.9
LOC Os07g25430 | PSI reaction center subunit 24649 + 2434 | 24098 + 177.6 | 9135 +50.0 | 706.2 + 58.4
LOC 0Os12g08770 | PSI reaction center subunit 1291.8 + 159.0 | 1291.6 £ 112.2 | 417.7 + 3.8 328.2 + 50.2
LOC 0s01g41710 | Chlorophyll A-B binding protein 7527.0 £ 159.2 | 75253 + 181.1 | 1140.0 +£ 36.2 | 826.1 + 124.8
LOC 0s03g39610 | Chlorophyll A-B binding protein 3468.4 + 320.0 | 3310.1 £ 169.5 | 8223 +14.8 | 602.8 + 89.8
LOC 0s04¢38410 | Chlorophyll A-B binding protein 1830.6 + 117.2 | 1688.7 +23.4 | 258.8 + 22.3 184.2 + 46.4
LOC 0s11g13890 | Chlorophyll A-B binding protein 3878.4 + 308.2 | 3819.6 +91.7 | 8793 +855 | 6659 +935
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Figure 3 Mapman analysis of genes with differentially expressed levels between the wild-type
and the OsCam1-1 overexpressing transgenic rice grown under normal or salt stress condition.

A. Transcription B. sucrose-starch metabolism and C. glycolysis-TCA pathways
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Figure 3 (Continued) Mapman analysis of genes with differentially expressed levels between
the wild-type and the OsCam1-1 overexpressing transgenic rice grown under normal or salt

stress condition. A. Transcription B. sucrose-starch metabolism and C. glycolysis-TCA pathways
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To show possible relations between these sets of comparison, Venn diagrams showing
numbers of genes with higher or lower expression level in the transgenic rice under both

normal and salt stress condition shared by differentially expressed genes under salt stress in

both wild type and transgenic rice were constructed as shown in Figure 4.

Figure 4 Venn diagrams showing numbers of differentially expressed genes under salt stress in
wild type (wt_deg) and transgenic rice (l1_deg) shared by (A) genes with higher expression level
in the transgenic rice under normal (L1>wt ns) and salt stress (L1>wt_s) or (B) genes with lower

expression level in the transgenic rice under normal (wt>l1_ns) and salt stress (wt>(1_s).

Analysis of differentially expressed genes under salt stress with higher expression level
in the transgenic rice (Figure 4A) using Gene Ontology Enrichment analysis, in the term of
biological process (Figure 5A), showed that many genes involved with carbohydrate
metabolic process, protein phosphorylation, response to water, regulation of transcription,
and lipid transport were enriched. In the term of molecular function (Figure 5B), enriched
GO terms include sequence-specific DNA binding, heme binding, hydrolase activity, acting on
glycosyl bonds, transcription activity, carbohydrate binding, protein kinases activity, electron
carrier activity, and oxidoreductase activity.

Analysis of differentially expressed genes under salt stress with lower expression level in
the transgenic rice (Figure 4B) using Gene Ontology Enrichment analysis, in the term of
biological process (Figure 6A), showed that many genes involved with fatty acid biosynthesis
process, lipid transport, amino acid metabolic process, cellulose biosynthetic process,

nitrogen compound metabolic process, response to oxidative stress, translation, and
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Figure 5 Gene Ontology Enrichment Analysis of differentially expressed genes under salt stress
with higher expression level in the transgenic rice in term of Biological Process (A) and

Molecular Function (B).
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photosynthesis were enriched. In the term of molecular function, enriched GO terms

include structural components of ribosome, cellulose synthase activity, and peroxidase

activity (Figure 6B). Enriched GO terms in cellular component include membrane part,

ribosome, and photosystem (Figure 6C).
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Confirmation of differentially expressed genes

Real-time RT-PCR was performed to confirm the RNA-Seq result and most real-time RT-
PCR results agreed well with the RNA-Seq including the genes encoding a transcription
factor AP2, B-amylase, isocitrate lyase, malate synthase, aconitase, ERD1, and glycosyl
hydrolase (Figure 7). In the ‘KDML’ rice, salt stress was found to induce the expression of
these genes. Interestingly, in the transgenic rice, their expression levels were significantly
higher than the wild type when grown under salt stress conditions.

Overall, the transcriptome profile showed that several genes in the core metabolism of
carbohydrate were altered when Oscam1-1 was over-expressed under salt stress suggesting
that OsCam1-1 possibly enhances the salt-tolerant ability in rice via regulating the
carbohydrate metabolism.

Expression of isocitrate lyase (icl) gene (LOC Os07¢34520) was further confirmed in all
three OsCam1-1 overexpressing independent transgenic lines L1, L2, and L3 that we have
previously produced. The results of real-time RT-PCR are presented in graphs shown in
Figure 2. In addition, expression of icl gene was examined in the first and third/fourth leaves
of the wildtype, the control transgenic rice line, and the OsCam1-1 overexpressing Oryza
sativa L. cv. KDML105 independent transgenic lines L1, L2, and L3 grown under either
normal or salt stress condition. The level of gene expression was determined in comparison
with OsEF1a gene expression with reference to the expression of the wild-type grown
under normal condition. The results of real-time RT-PCR are presented in graphs shown in

Figure 8 and 9.
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Figure 7 Expression of the selected genes differentially expressed in the OsCam1-1

overexpressing transgenic rice compared with the wild-type rice by real-time RT-PCR.
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Figure 8 Expression of isocitrate lyase gene (LOC Os07¢34520) in the OsCam1-1 overexpressing
transgenic rice (L1, L2, L3) compared with the wild-type rice (WT) and the control transgenic
line (VC) by real-time RT-PCR either under normal (A. and B.) or salt stress (B) condition. The
levels of gene expression were determined in comparison with OsEFla gene expression in

reference with the expression of the wild-type grown under normal condition.
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normal or salt stress condition. The levels of gene expression were determined in comparison
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grown under normal condition.
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3. Pull down assay

The CaM binding site of MHCL (CBS) was searched using the Calmodulin Target Database
(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/). The putative CBS was cloned, expressed,
and used to produce the recombinant CBS fusion protein. The binding ability of the purified
recombinant protein to CaM-Sepharose was analyzed. As shown in Figure 10, the purified
CBS elution 4 (Lane 8) was able to bind CaM in the presence of Ca”". To confirm that the
CBS fusion protein bound CaM not the resin in the column, western blot analysis was
performed. The proteins from SDS-PAGE were transferred to the PVDF membrane and

blotted with Biotinylated AtCaM2. The result showed that the CBS fusion protein bound
AtCaM2 (Figure 11).
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Figure 10 Analysis of the putative CaM binding domain of MHCL protein by CaM-Sepharose
pull-down assay. The gel was stained with GelCode® Blue Stain Reagent. Lane M, prestained
SDS-PAGE standards (Bio-RAD); lane 1, input protein; lane 2, unbound protein; Lane 3, wash 1,

lane 4, wash 2; lane 5, purified CBS elution 1; lane 6, purified CBS elution 2; lane 7, purified CBS
elution 3; lane 8, purified CBS elution 4.
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Figure 11 Western blot analysis of the CaM-Sepharose binding assay. The membrane was
incubated in freshly mixed SuperSignal® reagents and photographed by the C-digit blot scanner.
Lane M, prestained SDS-PAGE standards (Bio-RAD); lane 1, input protein; lane 2, unbound
protein; lane 3, wash 2; lane 4, purified CBS elution 1; lane 5, purified CBS elution 2; lane 6
purified CBS elution 3; lane 7, purified CBS elution 4.

4. Yeast two hybrid

Interaction of the MHCL protein with OsCaM1 or other OsCaMs as well as some of the
OsCML proteins was further tested using yeast two hybrid. Testing of the bait (GAL4 DBD
fusion) for nonspecific activation was performed by transforming the pDEST™32/MHCL and
the empty-pDEST™22 into the yeast strain MaV203. The extent of self-activation was
accessed on the reporter gene HIS3 by determining the concentration of HIS3 inhibitor 3AT
necessary to repress growth. This concentration would later be used in two-hybrid screening
to suppress growth of yeast cells not containing interacting bait and prey. The result
showed that the MHCL protein can be used as a bait protein without auto-activation of the

reporter gene HIS3 (Figure 12).



strong

negative

MYO-BD/Empty-AD
MYQ-BD/Empty-AD
MYO-BD/Empty-AD
MYO-BD/Empty-AD
MYO-BD/Empty-AD

Figure 12 Testing of the bait auto-activation. Yeast strain MaV203 co-transformed with the test
constructs was grown at 30 °C for several days under non-selective (SC-LT) and selective (SC-

LTH + 3AT) conditions. Serial dilutions of transformed cells are shown by narrowing triangles.

To verify that the rice MHCL is a CaM-binding protein by yeast two hybrid,
pDEST™32/MHCL and each of the pDEST™22 harboring OsCaM or OsCML: pDEST™22/CaM
or pDEST™22/CML, were transformed into MaV203 cells. The result of the activation of the
reporter gene HIS3 in these transformants showed that the OsMHCL can interact with
OsCML4, OsCML5 and OsCML8 proteins both in the presence and in the absence of calcium
as shown in Figure 13. However, yeast two hybrid analysis did not show the interaction
between OsMHCL and OsCaM1 as expected. This may be due to the flexibility of the
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Figure 13 Interaction of OsMHCL protein with OsCaMs and OsCMLs examined by the yeast two-
hybrid system. Yeast strain MaV203 co-transformed with the MHCL and CaM/CML constructs
were grown at 30 °C for several days under selective (SC-LTH +100 mM 3AT containing either 50
mM CaCl, or 25 mM EGTA) condition. Serial dilutions of the transformed cells are shown by

narrowing triangles.

5. Expression pattern of MHCL gene under salt and drought stress

The two-week-old ‘KDML105’ rice seedlings challenged by salt stress (150 mM NaCl)
and drought stress (20% PEG6000) had survived for at least 48 hours within the
experimental period. The expression level of MHCL gene compared to EFI-alpha as an
internal control in leaf tissues after induction of salt stress was examined by real-time RT-
PCR. The result showed that no significant change in the expression level of MHCL gene was
detected under salt stress (Figure 14A). Under drought stress, significant difference in the
expression level of MHCL gene was found at 6 hours after treatment, but at the other time
points, no significant change in the expression level of MHCL gene was detected (Figure
14B).
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Figure 14 MHCL gene expression in the leaf of the ‘KDML105’ rice seedlings under salt stress

(A), and drought stress (B) compared to those under normal conditions. Bar is the standard

deviation (S.D.)
(* represent p<0.05).
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Characterization of recombinant OsCML3 and its truncated form (OsCML3m)

The far-UV CD spectra of OsCML3 (Chinpongpanich et al, 2011) and OsCML3m in the
presence of 1 mM CaCl, or 1 mM EGTA had two minima near 208 and 222 nm indicating
that both proteins contain substantial a-helical secondary structure (Figure 15A-B). The
molar ellipticity per residue for n amino acid residues ([08],) at 222 nm of rOsCML3m from
the spectra in the presence of 1 mM CaCl, or 1 mM EGTA and their changes upon Ca**
addition in comparison with that of rOsCML3 is summarized in Table 2, where Az, and %
Ay, are the absolute and percentage difference in [8], at 222 nm between the presence
and absence of Ca®". Upon Ca’* addition, an increase in [0], at 222 nm was clearly observed
for rOsCML3m with a 68.7 percent change while rOsCML3 showed a much smaller change in
[B], (10.5%). These results indicate that the helical content is highly increased in rOsCML3m
protein upon Ca** binding.

In this study, ANS was used to measure the Ca®*-induced exposure of hydrophobic
patches in the globular domains because its fluorescence spectrum is changed and can be
monitored when it binds to the accessible hydrophobic surface of the proteins. The
emission spectra of ANS when mixed with rOsCML3 or rOsCML3m in the presence of Ca®* or
EGTA are shown in Figure 15C-D. Table 2 summarizes the changes in ANS fluorescence in
the presence of rOsCML3m upon Ca?* addition in comparison with those of rOsCML3. When
mixed with each protein in the presence of EGTA, ANS displayed a relatively weak
fluorescence with a maximum wavelength near 520 nm, which is almost identical to that of
ANS alone. In the presence of Ca?*, a significant blue shift (by 46 and 47 nm for rOSCML3 or
rOsCML3m, respectively) in the maximum emission wavelength, was observed. Similar large
increases in the fluorescence intensity of rOsCML3 (4.75-fold) and rOsCML3m (5.31-fold)
were observed, suggesting that the 35-amino-acid CTE does not impede the exposure of its
hydrophobic surface upon Ca®* binding. However, in agreement with its smaller change in
the increased helical content upon Ca®* binding, exposure of the hydrophobic surface in
rOsCML3.
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Figure 15 Ca**-induced conformational changes of rOsCML3 and rOsCML3m. The far UV circular

dischromism (CD) spectroscopy (A-B) and ANS fluorescence spectra (C-D) of rOsCML3m
compared with those of rOsCML3 (published in Chiknpongpanich et al., 2011) were recorded in
1 mM Tris-HCL (pH 7.5) in the presence of 1 mM CaCl, or 1 mM EGTA. Spectra shown are
representative of three independent experiments. In (A-B), [B], is the molar ellipticity per

residue for n amino acid residues.

7. OsCML3 localization

OsCML3 also has a potential prenylation site in the CTE domain, as described above,

which may function in membrane association similar to OsCML1. To test whether the basic

CTE domain containing the prenylation site imposed such a role on OsCML3, we
determined the cellular localization of the CTE-truncated OsCML3m protein compared to
the full-length protein (OsCML3). To examine the localization of OsCML3 and OsCML3m in
planta, the pCAMBIA-GFP-OsCML3 and pCAMBIA-GFP-OsCML3m fusion constructs were

individually introduced into Agrobacterium tumefaciens strain GV3101, and then into
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tobacco leaf cells. The green fluorescence signal of GFP-CML3, which contained the CTE
and putative prenylation site, was mostly observed in the plasma membrane of tobacco
cells, while the GFP signal of GFP-CML3m (lacking the CTE and predicted prenylation site)

was found in both the cytoplasm and the nucleus (Figure 16).

Fluorescence Bright Field Overlay

“

-

OsCML3m

Figure 16 Subcellular localization of GFP-OsCML3 and GFP-OsCML3m in tobacco leaf cells. The
green fluorescence, bright field and overlay images (60 x magnification) observed in tobacco
leaf cells expressing the fusion proteins. Scale bar indicates 50 um. Images shown represent
those seen from at least 100 such fields of view per sample and five independent samples.

Nucleus was indicated with white arrow.

8. OsCML3 interaction with OsHMGB1, a novel target protein, in the nucleus

To identify target proteins of OsCML3, cDNA expression libraries were prepared from the
leaf of Oryza sativa L. ‘Khoa Dok Ma Li 105, and used for screening against rOsCML3m and
rOsCML3 as described above. The results revealed that one of the ten putative novel
OsCML3m-binding proteins was OsHMGB1. Note, however, that when the full-length
rOsCML3 was used as the probe, only two target proteins were identified and these did not
include OsHMGB1. Since chromosomal HMGB1 proteins are generally considered to be
nuclear proteins (Grasser et al, 2007, Reeves, 2010). Although there is no experimental
evidence on the subcellular localization of OsHMGB1, it was convincing from the theoretical

predictions that the OsHMGB1 protein is localized in the nucleus.
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The interaction between OsCML3 and its putative target, OsHMGB1 in planta, was
evaluated using BiFC (Hu et al, 2002). The N-terminal fragment of yellow fluorescent
protein (YFP) was fused with the N-terminal end of OsHMGB1 (YFP-HMGB1), while the C-
terminal fragment of cyan fluorescent protein (CFP) was fused with the N-terminal end of
OsCML3, OsCML3m or OsCML3s to vyield CFP-CML3 or CFP-CML3m or CFP-CML3s,
respectively. A green fluorescence signal was clearly observed in all combinations
(OsHMGB1 with OsCML3, OsCML3m or OsCML3s) in the nucleus (Figure 17), confirming the
interaction between OsCML3 and OsHMGB1 in planta. The interaction in the nucleus
possibly occurred through the nuclear localization signal (NLS) of OsHMGB1. The N-terminal
fragment of YFP or the C-terminal fragment of CFP, used as a negative control, yielded no
fluorescent signal in leaf cells co-infiltrated with YFP and CFP-CML3, CFP-CML3m or CFP-
CML3s, nor with YFP-HMGB1 and CFP.

OsCML3m inhibits OsHMGB1 binding to supercoiled DNA

The supercoiled DNA-binding property of rOsHMGB1 was examined by incubating
supercoiled pUC19 plasmid (100 ng) with increasing concentrations of rOsHMGB1 (0-3 uM).
That the pUC19 DNA interacted with rOsHMGB1 was shown by the resolved bands of lower
electrophoretic mobility of the protein-DNA complex compared to that of the free DNA
(Figure 18A). Examination of the effect of rOsCML3 or rOsCML3m upon the DNA-binding
ability of rOsHMGB1 was evaluated by incubation of 1.0 uM of rOsHMGB1 and 100 ng of
pUC19 at room temperature for 10 min and then adding increasing concentrations of
rOsCML3 or rOsCML3m (0-2 uM). With increasing concentrations of rOsCML3, no effect on
rOsHMGB1 binding to pUC19 was detected, as a similar rOsHMGB1 mobility shift as that
without the addition of rOsCML3 was observed (Figure 18B). In contrast, the electrophoretic
mobility of the rOsHMGB1-pUC19 complex increased in a dose-dependent manner in the
presence of rOsCML3m from 0.1 uM (Figure 18C). Thus, only the CTE-truncated rOsCML3m
affected the DNA-binding ability of rOsHMGB1. In addition, due to the high amino acid
sequence identity shared with rOsCML3m, rOsCaM1 was tested under the same conditions
to examine if rOsCaM1 could also interfere with the supercoiled DNA-binding ability of
rOsHMGB1. However, like rOsCML3, rOsCaM1 had no effect on the rOsHMGB1 binding to
supercoiled pUC19 (Figure 18D), indicating that the truncated (CTE-free) rOsCML3m
specifically affected the supercoiled DNA-binding ability of rOsHMGB1. Without rOsHMGB1,
rOsCML3, rOsCML3m and rOsCaM1 caused no mobility shift in the supercoiled pUC19 DNA
(Figures 18E, 18F and 18G).
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CFP and YFP CFP-CML3 and YFP
CFP-CML3m and YFP CFP-CML3s and YFP

CFP and YFP-HMGB1 CFP-CML3 and YFP-HMGB1

CFP-CML3m and YFP-HMGB1 CFP-CML3s and YFP-HMGB1

Figure 17 BiFC analysis of the OsHMGB1 interaction with OsCML3, OsCML3m and OsCML3s
Fluorescent signals were observed in the nuclei of tobacco leaf cells. YFP and CFP represent
the N-terminal fragment of yellow fluorescence protein and the C-terminal fragment of cyan
fluorescence protein. As a control, Co-transformed constructs: of CFP and YFP, CFP-CML3 and
YFP, CFP-CML3m and YFP, CFP-CML3s and YFP, and CFP and YFP-HMGBlwere analyzed in
parallel as the controls. Images shown represent those seen from at least 50 such fields of view
per sample and five independent samples. Scale bars represent 50 um. Nucleus was indicated

with white arrow.



A Supercoiled DNA mixed with various OsHMGB1 concentrations 39

0 10 125 15 175 225 3.0 pM OsHMGB1

2.0 kbs p 4 2.0 kbs

B 1.0 yM OsHMGB1 mixed with various OsCML3 concentrations

P 0 010250507510 15 20 pM OsCML3

2.0 kbs p 42.0 kbs

C 1.0 pM OsHMGB1 mixed with various OsCML3m concentrations

P 0 010250507510 15 20 upM OsCML3m

2.0 kbs p 42.0kbs

D 1.0 yM OsHMGB1 mixed with various OsCaM1 concentrations

P 0 010250507510 15 20 pM OsCaM1

2.0 kbs p» 2.0 kbs

E Supercoiled DNA mixed with various OsCML3 concentrations

0 0102505 0751015 20 pM OsCML3

2.0 kbs pr 42.0kbs

F Supercoiled DNA mixed with various OsCML3m concentrations

0 0102505 07510 15 20 pM OsCML3m

2.0 kbs p . s 4 2.0 kbs

G Supercoiled DNA mixed with various OsCaM1 concentrations

0 0102505 07510 15 2.0 pM OsCaM1

2.0 kbs p 4 2.0 kbs

Figure 18 EMSA evaluation of the interaction of rOsHMGB1 with supercoiled pUC19 DNA (A)
Various rOsHMGB1 concentrations (0-3.0 uM) mixed with 100 ng supercoiled pUC19. (B-D)
Mixtures of 1.0 uM rOsHMGB1, supercoiled pUC19 (100 ng) and various rOsCML3, rOsCML3m or
rOsCaM1concentrations (0-2.0 uM). (E-G) Mixture of supercoiled pUC19 (100 ng) and various
rOsCML3, rOsCML3m or rOsCaM1concentrations (0-2.0 uM). Gels shown are representative of

those seen from three independent repeats. Lane P represents pUC19 alone.



40

References

Chinpongpanich A, Wutipraditkul N, Thairat S, Buaboocha T. Biophysical characterization of
calmodulin and calmodulin-like proteins from rice, Oryza sativa L. Acta Biochim Biophys
Sin 2011, 43: 867-876.

Grasser KD, Launholt D, Grasser M. High mobility group proteins of the plant HMGB family:
dynamic chromatin modulators. Biochim Biophys Acta 2007, 1769: 346-357.
Hu CD, Chinenov Y, Kerppola TK. Visualization of interactions among bZIP and Rel family
proteins in living cells using bimolecular fluorescence complementation. Mol Cell 2002, 9:
789-798.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short
DNA sequences to the human genome. Genome Biology 2009, 10: R25.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nature Methods 2008, 5: 621-628.

Ouyang S, Zhu W, Hamilton J, Lin H, Campbell M, Childs K, Thibaud-Nissen F, Malek RL, Lee Y,
Zheng L, Orvis J, Haas B, Wortman J, Buell CR. The TIGR Rice Genome Annotation

Resource: improvements and new features. Nucleic Acids Res 2007, 35: D883-D887.

Qu B, Yin KQ, Liu SN, Yang Y, Gu T, Hui JMW, Zhang L, Miao J, Kondou Y, Matsui M, Gu HY, Qu
LJ. A High-throughput screening system for Arabidopsis transcription factors and its
application to Med25-dependent transcriptional regulation. Mol Plant 2011, 4: 546-555.

Reeves R. Nuclear functions of the HMG proteins. Biochim Biophys Acta 2010, 1799: 3-14.

Saeng-ngam S, Takpirom W, Buaboocha T, Chadchawan S. The role of the OsCam1-1 salt stress
in ABA accumulation and salt tolerance in rice. J Plant Biol 2012, 55: 198-208.

Thimm O, Blasing O, Gibon Y, Nagel A, Meyer S, Krtger P, Selbig J, Muller LA, Rhee SY, Stitt M
MAPMAN: a user-driven tool to display genomics data sets onto diagrams of metabolic
pathways and other biological processes. Plant J 2004, 37:914-939.



41

Output #ildanlasensIde

1.

HAUANLNTLITE15I9INITUIUITIA

Chinpongpanich A, Phean-o-pas S, ThongchuangM, Qu Li-Jia, Buaboocha T. C-
Terminal Extension of Calmodulin-Like 3 Protein from Oryza sativa L.: Interaction
with a High Mobility Group Target Protein. Acta Bioch Bioph Sin 2015, 47: 880-889

(Under preparation) Yuenyong W, ThongchuangM, Chinpongpanich A, Comai L,
Chadchawan S, Buaboocha, T. Transcriptomics analysis of rice overexpressing the
calcium sensor OsCaM1-1 revealed its effects on carbohydrate metabolism

under salt stress.

nsinanululguselovd
TUsAudanonduuaslusiuadefauondudungulusiusudygnaunadouiddnuas
ﬁwﬁwﬁﬁ%mﬂwawmﬂumaéam‘ﬁam IﬂaLa‘m“asiN?JahnalamsmauauawiammLﬂ'%*am
MNAUINFOL VDI mwmmmﬂumimmumaﬂﬂimuﬂamumﬂ‘wszjmuuaa 3 miuwwu
mﬁmLLuﬂmIUimuﬂauumﬂmaquLLm iy ox510neUTa 91 mwmmaummumm
asulushudauendurdelusiudynraueadeniindrondtu frdumsfinwmnshouas
audfnludei e veusazduidianudfyiastglisndlanalnludiausnues
nsnevALawaAIndoNTeIi 1IN LAy uuAaTsTendeTUsAUS U MLARTEY
wianil weduuumdlunmsldussleninnBumailunsuiugaiugdnlvdauanse
Tumsumuseaunaieaanduindenldnely

3. mMseulesiuasUsna

HAAINTINHaN19N1sITeAuTnITeluasUssInasall
3.1 Professor Dr. Luca Comai, University of California, US

3.2 Professor Dr. Li-Jia Qu, Peking University, Beijing, China



AMANUIN

a2



Acta Biochim Biophys Sin, 2015, 47(11), 880-889
doi: 10.1093/abbs/gmv097

= . Advance Access Publication Date: 29 September 2015
-— _./" Original Article

(0).€10):80)

Original Article

C-terminal extension of calmodulin-like 3 protein
from Oryza sativa L.: interaction with a high
mobility group target protein

Aumnart Chinpongpanich, Srivilai Phean-O-Pas’, Mayura Thongchuang?,
Li-Jia Qu3-4, and Teerapong Buaboocha'-*

'Department of Biochemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand, 2Division of
Food Safety Management and Technology, Department of Science, Faculty of Science and Technology,
Rajamangala University of Technology Krungthep, Bangkok 10120, Thailand, 3National Laboratory for Protein
Engineering and Plant Genetic Engineering, College of Life Sciences, Peking University, Beijing 100871, China, and
*National Plant Gene Research Center (Beijing), Beijing 100101, China

*Correspondence address. Tel: +662-2185436; Fax: +662-2185418; E-mail: teerapong.b@chula.ac.th

Received 3 June 2015; Accepted 28 July 2015

Abstract

A large number of calmodulin-like (CML) proteins are present in plants, but there is little detailed in-
formation on the functions of these proteins in rice (Oryza sativa L.). Here, the CML3 protein from rice
(OsCML3) and its truncated form lacking the C-terminal extension (OsCML3m) were found to exhibit
a CaZ*-binding property and subsequent conformational change, but the ability to bind the CaM
kinase Il peptide was only observed for OsCML3m. Changes in their secondary structure upon
Ca?*-binding measured by circular dichroism revealed that OsCML3m had a higher helical content
than OsCML3. Moreover, OsCML3 was mainly localized in the plasma membrane, whereas
OsCML3m was found in the nucleus. The rice high mobility group B1 (OsHMGB1) protein was iden-
tified as one of the putative OsCML3 target proteins. Bimolecular fluorescence complementation
analysis revealed that OsHMGB1 bound OsCML3, OsCML3m or OsCML3s (cysteine to serine muta-
tion at the prenylation site) in the nucleus presumably through the methionine and phenylalanine-
rich hydrophobic patches, confirming that OsHMGB1 is a target protein in planta. The effect of
OsCML3 or OsCML3m on the DNA-binding ability of OsHMGB1 was measured using an electrophor-
etic mobility shift assay. OsCML3m decreased the level of OsHMGB1 binding to pUC19 double-
stranded DNA whereas OsCML3 did not. Taken together, OsCML3 probably provides a mechanism
for manipulating the DNA-binding ability of OsHMGB1 in the nucleus and its C-terminal extension
provides an intracellular Ca?* regulatory switch.

Key words: calcium, calmodulin (CaM), cell signaling, DNA—protein interaction, high mobility group

Introduction binds Ca®* and alters the activity of a large number of target proteins

GTOZ ‘82 JequenoN Uo A1seAIUN uloxBuofenyd Te /Bio'sfeunolpiojxo'sqoe//:dny wodj pepeojumod

Calcium signals play an important role in the response and adaptation
to a variety of stimuli, including light, abiotic and biotic stresses, and
hormones [1]. Changes of intracellular calcium levels are transduced
through the stimulation of calcium ion (Ca**) sensor proteins, one
of which is the small multifunctional protein calmodulin (CaM) that

in eukaryotes including plants. Structurally, CaM has two globular
domains that are connected by a flexible o-helix, and each globular do-
main contains two Ca>*-binding sites (EF-hands). Functionally, CaM
regulates a variety of target proteins, including kinases, metabolic pro-
teins, cytoskeletal proteins, ion channels and pumps, and transcription

© The Author 2015. Published by ABBS Editorial Office in association with Oxford University Press on behalf of the Institute of Biochemistry and Cell Biology, Shanghai Institutes

for Biological Sciences, Chinese Academy of Sciences.
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factors [2]. Specific biological functions of plant CaMs are not well
known [3], but plants possess a large family of unique CaM-like
Ca**-binding proteins (CMLs), most of which contain an EF-hand
Ca**-binding motif with no other identifiable functional domains.
A large family of 50 CML genes in Arabidopsis (AtCML) [4] and
32 CML genes [5] in rice (OsCML) have been identified from their
annotated genomes. Previously, AtCML24 (one of the first CMLs
characterized) was shown to play a role in ion homeostasis, photo-
period-response, and abscisic acid-mediated inhibition of germination
and seedling growth [6]. Moreover, AtCML43 and AtCML18 had
been implicated in pathogen responses [7] and salinity tolerance [8],
respectively. AtCMLS8 expression was shown to respond to salicylic
acid or NaCl stress [9]. AtCML37, AtCML38, and AtCML39 play
important roles as sensors in Ca**-mediated developmental and stress
response pathways [10]. These reports suggest that CMLs likely have
diverse functions to interpret Ca®* signals during development and
stress responses.

In rice (Oryza sativa L.), 3 OsCaM and 32 OsCML proteins have
been classified [5]. They are small proteins, consisting of 145-250
amino acid residues, and share an amino acid identity of 30.2—
84.6% with OsCaM1. However, there is little information on the
functional properties, subcellular localization, and transcriptional ex-
pression in different tissues and organelles, although OsCaM and
OsCML genes showed differential expression patterns in different
rice tissues or osmotic stresses [11]. OsCML31 (alias OsMSR2) was
shown to confer enhanced tolerance to salt stress in transgenic Arabi-
dopsis [12] and rice [13]. Interestingly, three OsCMLs contain a basic
C-terminal extension (CTE) with a putative prenylation CAAX motif
(Ciscysteine, A is aliphatic, and X is a variety of amino acids) found as
CVIL in OsCML1 and CTIL in OsCML2 and OsCML3. OsCML1
(alias OsCaM61) [14] was reported to be membrane-associated
when it was prenylated and localized in the nucleus when it was un-
prenylated [15]. A similar protein, PhCaM353 previously found in pe-
tunia, also contained a basic CTE with a CAAX motif, and this was
required for efficient prenylation in response to specific changes in car-
bon metabolism [16]. A similar subcellular localization of PhCaM53
in petunia was also reported to depend on its prenylation state.

As mentioned, there have been many CaM-binding proteins iden-
tified in plants [17], but no report of CML-binding proteins in rice is
available. Here, the difference in biophysical characteristics and sub-
cellular localization of OsCML3 and a truncated version of OsCML3
lacking the CTE (OsCML3m) were examined to investigate the effect
of the CTE. To investigate the function of OsCML3, the rice high
mobility group B1 (OsHMGB1), as one of the OsCML3-binding pro-
teins, was identified and the interaction was verified using bimolecular
fluorescence complementation (BiFC) assays. HMGB1 is a DNA-

Table 1. Primers used for PCR in this study

binding protein that contains a non-specific sequence DNA-binding
domain, which can bind to four-way junctions, cisplatin modified
DNA and DNA minicircles [18]. HMGBI1 functions as an architec-
tural factor to facilitate the assembly of nucleoprotein complexes,
and other DNA-dependent processes, which are involved in the regu-
lation of transcription, recombination, and DNA repair [19,20-23].
Electrophoretic mobility shift assay (EMSA) was used to examine
the DNA-binding ability of OsHMGB1 in the presence of OsCML3
or OsCML3m. A possible mechanism of the regulation of DNA-
binding ability of OsHMGBI1 via the action of OsCML3 was proposed.

Materials and Methods

Sequence retrieval and analysis

Nucleotide and amino acid sequences were obtained from the Gen-
Bank database via the National Center for Biotechnology Information
(http:/www.ncbi.nlm.nih.gov/) [24], and the rice databases, including
the MSU Rice Genome Annotation Project database [25] and the Rice
Annotation Project Database [26]. Subcellular localization prediction
was performed using the predicting plant protein subcellular location
(Plant-PLoc) [27-30], Subnuclear Compartments Prediction System
(Version 2.0) [31,32], and WoLF PSORT [33,34] programs.

Cloning, expression, and purification of recombinant
OsCML3 and OsCML3m proteins

For OsCML3, the previously reported expression clone (OsCML3)
[35] was used. The truncated clone of OsCML3 that lacked the se-
quence encoding the CTE, termed OsCML3m, was constructed by
polymerase chain reaction (PCR) using the ¢cDNA clone of the
OsCML3 gene (AK111834) obtained from the DNA Bank of NIAS
(Nagasaki Institute of Applied Science, Nagasaki, Japan) as the tem-
plate and the OsCML3m primers (Table 1). PCR was performed using
Phusion DNA polymerase (New England Biolabs, Ipswitch, USA)
with thermal cycling for 30 cycles of 94°C for 5 min, 63°C for
1 min and 72°C for 1 min, and then a final 72°C for 10 min. The PCR
product was cleaved and cloned into pET21a (Novagen, Darmstadt,
Germany) using the selected restriction enzymes (Ndel and Xhol).
The resulting selected clone was confirmed by DNA sequencing. In-
duction of recombinant protein production was performed in Escher-
ichia coli BL21 (DE3) for 4 h by isopropyl B-D-thiogalactoside (IPTG)
with a final concentration of 0.3 mM. The cells were then harvested,
resuspended in 50 mM Tris—=HCI buffer (pH 7.5) containing 0.5 mM
dithiothreitol and 1 mM ethylenediaminetetraacetic acid (EDTA), so-
nicated and then centrifuged (27,000 g for 50 min at 4°C). Protein
purification was performed using hydrophobic chromatography on

Gene name Forward (5'=3’) Reverse (5'—3) Used for

OsCML3m CATATGGACCACCTGACAAA ATCTCGAGTCATCGCTTTGCC Protein expression
OsHMGB1 CACCATGAAGGGGGCCAAATCC TCACTCGTCATCGTCTTCATCC BiFC assay

OsCML3 CACCATGGACCACCTGACAAAGG TCAGAGGATGGTACATGAGG BiFC assay

OsCML3m CACCATGGACCACCTGACAAAGG TCACTTTGCCATCATGACCTTGAG BiFC assay

OsCML3s CACCATGGACCACCTGACAAAGG TCAGAGGATGGTAGATGAGG BiFC assay

OsHMGBI1 GGAATTCCATATGAAGGGGGCCAAATCC CCGCTCGAGTCACTCGTCATCGTCTTC EMSA

GFP CCATGGTAGATCTGACTAGTAAAGG GGTCACCAATCTCGAGGTGGTGGTGG Subcellular localization
OsCML1 CTCGAGGGTGGTGGTGGCATGGCGG GGTAACCTTACAGGATCACGCAC Subcellular localization
OsCML1m CTCGAGGGTGGTGGTGGCATGGCGG GGTTACCCTACTTGGCCATCATGC Subcellular localization
OsCML3 CTCGAGGGGGGCGGAGGAATGGACC GGTCACCTTTTTCAGAGGATGG Subcellular localization

OsCML3m

CTCGAGGGGGGCGGAGGAATGGACC

GGTTACCTTCACTTTGCCATCATGACC

Subcellular localization
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phenyl-Sepharose (Amersham, Little Chalfont, UK). Binding and
washing were performed and proteins were eluted as previously re-
ported [36]. The recombinant proteins were prepared as previously de-
scribed [35]. All proteins samples were analyzed by 12% (w/v)
SDS-polyacrylamide gel electrophoresis (PAGE) and then stained
with Coomassie blue.

Electrophoretic shift analysis

To analyze the recombinant proteins by electrophoresis shift assay, a
final concentration of 1 mM CaCl, or 3 mM ethyleneglycoltetraacetic
acid (EGTA) was added to each protein solution (500 pmole), mixed
and then resolved by SDS-PAGE with a 12.5% (w/v) acrylamide re-
solving gel. Proteins were then detected by Coomassie blue staining.
To examine their peptide-binding ability, each protein (200 pmole)
was mixed with the peptide derived from CaMKII (Sigma, St Louis,
USA) at different molar equivalents and then analyzed as previously
described [35].

Circular dichroism (CD) spectroscopy

CD spectroscopy was performed at 25°C in a J-715 Spectropolari-
meter (Jasco, Easton, USA) with constant N, flushing. The far-
ultraviolet (UV) CD spectrum was measured from 190 to 250 nm in
1 mM Tris-HCI (pH 7.5) and 1 mM KCl in the presence of 1 mM
CaCl, or 1 mM EGTA. The final protein concentration was 10 uM.
All measurements were performed within 30 min after sample prepar-
ation, 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. The secondary
structure of the protein was estimated using K2D3 method (http:/
k2d3.ogic.cafindex.html) [37].

Fluorescence measurement

Measurement of the fluorescence emission spectra of 8-anilino-
1-naphthalenesulphonate (ANS; Sigma) was 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 emission spectra in the range 400-
650 nm were scanned. All measurements were performed using
1 uM of protein in 1 mM Tris-HCI (pH 7.5)/1 mM KCl with ANS
at a final concentration of 100 uM in the presence of 1 mM CaCl,
or 1 mM EGTA.

Screening of rice cDNA expression library

The 3S-labeled purified rOsCML3 and rOsCML3m proteins were
prepared as probes to screen a rice cDNA expression library. To con-
struct the library, polyadenylated RNA was purified from the
‘KDML105’ rice total RNA using the GenElute mRNA Miniprep
kit (Sigma) and then used as template for cDNA synthesis using the
c¢DNA synthesis kit (Stratagene, La Jolla, USA). The Uni-ZAP XR
Vector kit (Stratagene) was used to ligate the prepared rice cDNA to
the lambda vector, resulting in the primary library. Primary, second-
ary, and tertiary screenings of the amplified library were performed.
Single clones were excised and analyzed with the Pst restriction
enzyme. All unique pBluescript SK(+) plasmids obtained from the
single-clone excision were sequenced. The obtained sequences were
BLAST-searched against the Rice Genome Annotation Project and
Rice Annotation Project databases to identify the cloned cDNA
inserts.

Subcellular localization

To construct the pCAMBIA1302 containing either OsCML3 or
OsCML3m fused with green fluorescent protein (GFP) at the
N-terminal end, the coding region of OsCML3, OsCML3m, and
GFP were amplified using the primers shown in Table 1. All PCR re-
actions were performed using Vent DNA polymerase (New England
Biolabs) with 30 cycles of 94°C for 1 min, 59.3°C for 1 min and
72°C for 1 min and 30s, and then followed by a final 72°C for
10 min. The resulting amplicons were cloned into the T&A cloning
vector (RBC Bioscience Co., Taiwan, China) to give pTA-OsCMLS3,
pTA-OsCML3m, and pTA-OsGFP, respectively. The gene fragments
of OsCML3 and OsCML3m were individually inserted into
pTA-OsGFP via the Xhol and BstEll sites at the 3’ end of the GFP cod-
ing sequence, resulting in pTA-GFP-OsCML3 and pTA-GFP-OsCML3m,
respectively. The fragments of GFP-OsCML3 and GFP-OsCML3m were
sub-cloned into pPCAMBIA1302 using Ncol and BszEIl sites, resulting
in pCAMBIA-GFP-OsCML3 and pCAMBIA-GFP-OsCML3m, re-
spectively. The pCAMBIA1302 plasmids containing GFP-OsCML1
or GFP-OsCML1 m were also constructed and used for comparison.
Each recombinant plasmid was introduced into Agrobacterium tume-
faciens strain GV3101 by heat shock. The solution of Agrobacterium
was then infiltrated into the leaf of tobacco plants and the plants were
grown in the dark for 16 h followed by 48 h in the growth chamber.
Confocal microscopy was performed with a Leica SPE microscope
(Leica, Solms, Germany) using an excitation wavelength of 488 nm.

BiFC assay

The gene fragments of OsHMGBI1 (AK062226), OsCML3,
OsCML3m, and OsCML3s (serine-to-cysteine mutation at the preny-
lation site) were amplified by PCR using individual cDNA clones from
the DNA Bank of NIAS (Nagasaki Institute of Applied Science) and
the respective primer pairs (Table 1). All PCR reactions were per-
formed using KOD DNA polymerase (Toyobo, Tokyo, Japan) with
35 cycles of 94°C for 1 min, 59°C for 45 s and 68°C for 1 min, and
then followed by a final 68°C for 10 min. PCR products were ligated
into the pENTR vector (Invitrogen, Carlsbad, USA) via a TOPO reac-
tion, resulting in pENTR-HMGB1, pENTR-CML3, pENTR-CML3
m, and pENTR-CML3s, respectively. Then, the pcCFPxGW construct
[38] was used to generate pCFP-CML3, pCFP-CML3 m, and
pCFP-CML3s by LR Clonase™ II enzyme mix (LR recombination re-
actions) between pcCFPxGW and pENTR-CML3 or pENTR-CML3
m or pENTR-CML3s, respectively, and prepared as above. The
pnYFPxGW construct [38] was also used to construct pYFP-HMGB1
by a similar reaction between pnYFPxGW and pENTR-HMGBI1.
Each pair of plasmids of pCFP-CML3 and pYFP-HMGBI1, or
pCFP-CML3 m and pYFP-HMGBI1, or pCFP-CML3s and pYFP-
HMGB1 was then co-transformed into Agrobacterium strain
GV3101. The mixtures of the two Agrobacterium strains: GV3101
(ODgpp =0.5) and p19 (ODgpo = 0.3) were co-infiltrated into the leaf
of 6-week-old tobacco plants. The treated plants were grown in the
dark for 16 h followed by 48 h in the growth chamber [38]. Confocal
microscopy was performed with a Fluoview FV10i (Olympus, Tokyo,
Japan) using an excitation wavelength of 488 nm.

Electrophoretic mobility shift assay (EMSA)

To generate the recombinant plasmid encoding HMGBI1 fused with a
Hisg-Tag at the N-terminal end, PCR amplification by Phusion DNA
polymerase (New England Biolabs) was performed using the cDNA
clone for OsHMGBI1 as the template and the primer pair shown in
Table 1. The PCR consisted of 30 cycles of 98°C for 7's, 53°C for
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20 s, and 72°C for 30 s, followed by a final 72°C for 10 min. The PCR
product was cloned into pET28b. Protein production was performed
in E. coli BL21 (DE3) for 4 h by IPTG with a final concentration of
0.4 mM. The cells were harvested and resuspended in binding buffer
I [50 mM Tris-HCI buffer pH 7.5, 30 mM imidazole, 0.5 M NaCl,
0.5 mM dithiothreitol, 1 mM EDTA, and 1 x protease inhibitor mix
(GE Healthcare, Waukesha, USA)]. Purification of rOsHMGB1 was
performed by Ni-column chromatography (Amersham). The purified
rOsHMGB1 (1.0 uM) was mixed in a final volume of 10 ul with
100 ng of pUC19 supercoiled DNA and various amounts (0—
2.0 uM) of purified rOsCML3 or rOsCML3m (0-2.0 uM) in the pres-
ence of either 5§ mM CaCl, or 2 mM EGTA in binding buffer [10 mM
Tris-HCI pH 7.5, 50 mM NaCl, 1 mM DTT, 5% (v/v) glycerol,
0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene cyanol] and
then incubated at room temperature for 10 min. In addition, purified
rOsCaM1, prepared previously [39], was incubated with rOsHMGB1
as above for direct comparison. The samples were analyzed by electro-
phoretic resolution in 1% (w/v) agarose-0.5 x Tris-borate-EDTA
(TBE), and visualized under UV-light after ethidium bromide staining,
as previously described [40].

Results

The 35-amino-acid CTE of OsCML3 interferes with its
target protein binding

When the deduced amino acid sequences of Oryza sativa CaM-Like 3
(OsCML3) and its CTE-truncated form (OsCML3m) were compared
by multiple sequence alignment with that of the rice CaM, OsCaM1,
they were found to be highly similar (Fig. 1). All these proteins have
four EF-hand domains and OsCML3 and OsCML3m shared 55.4
and 68.5% amino acid sequence identities with OsCaM1, respective-
ly. In addition, OsCML3 contains a basic CTE domain with a putative
prenylation CAAX (C is cysteine, A is aliphatic, and X is a variety of
amino acids) motif (CTIL in OsCML3) [41].

To examine the role of the CTE, the rOsCML3m was produced
and purified by Ca**-dependent hydrophobic chromatography using
phenyl-Sepharose as shown in Fig. 2A. The apparent molecular weight
(My), derived from SDS-PAGE resolution, corresponded to the pre-
dicted My from the deduced amino acid sequence. One of the charac-
teristics of a typical CaM is its ability to bind Ca** in the presence of
SDS, which increases its electrophoretic mobility relative to that in the
absence of Ca?*. The rOsCML3m displayed this characteristic

EF-hand 1
* ok Kk ok Kk *

mobility shift when incubated prior to electrophoresis with 1 mM
Ca** compared with that with 3 mM EGTA (Fig. 2C). The degree of
mobility shift of rOsCML3m appeared to be similar to that of the full-
length OsCML3 as shown in Fig. 2B. When incubated with the CaM
kinase IT (CaMKII) peptide, a CaM-binding protein, rOsCML3m dis-
played a peptide—protein complex in the presence of Ca>* (Fig. 2E),
whereas rOsCML3 did not (Fig. 2D). In the absence of Ca®*, both
proteins showed no binding ability to the peptide (data not shown).
These results suggest that rOsCML3 has structural regions for binding
the CaMKII peptide similar to those in CaM, but that the CTE domain
appeared to obstruct this interaction.

The helical content upon Ca%* binding of OsCML3 is
affected by CTE

Far-UV CD spectrum was used to study whether secondary structure
changes of OsCML3m occurred upon Ca** binding. Previously,
major conformational changes, including an increase in o-helix
upon Ca**-binding, have been documented for CaM [42,43]. The
far-UV CD spectra of OsCML3 (Fig. 3A) and OsCML3m (Fig. 3B)
in the presence of 1 mM CaCl, or 1 mM EGTA had two minima
near 208 and 222 nm indicating that both proteins contain substantial
o-helical secondary structure. The molar ellipticity per residue for n
amino acid residues ([6],) at 222 nm of rOsCML3m from the spectra
in the presence of 1 mM CaCl, or 1 mM EGTA with their calculated
alpha helicity [37] and changes upon Ca?* addition in comparison
with that of rOsCML3 are summarized in Table 2, where A,,, and
% Azzs are the absolute and percentage difference in [6], at 222 nm
between the presence and absence of Ca®*. Upon Ca®* addition, an
increase in [0], at 222 nm was clearly observed for rOsCML3m
with a 68.7% change while rOsCML3 showed a much smaller change
in [0], (10.5%). These results indicate that the helical content is highly
increased in rOsCML3m protein upon Ca** binding.

In this study, ANS was used to measure the Ca>*-induced exposure
of hydrophobic patches in the globular domains because its fluores-
cence spectrum is changed and can be monitored when it binds to
the accessible hydrophobic surface of the proteins. The emission spec-
tra of ANS when mixed with rOsCML3 [35] or rOsCML3m in the
presence of Ca®* or EGTA are shown in Fig. 3C,D, respectively.
Table 3 summarizes the changes in ANS fluorescence in the presence
of rOsCML3m upon Ca** addition in comparison with those of
rOsCML3. When mixed with each protein in the presence of EGTA,
ANS displayed a relatively weak fluorescence with a maximum

EF-hand 2
* ok ok ok Kk *

0sCaMl MADQLTDDQIAEFKEAFSLFDKDGDGCITTKELGTVMRSLGONPTEAELQDMINEVDADGNGTIDFPEFLNLMARK 76

OsCML3 -.-H--KE--——-- R-—=N-=—————— T-—8——————= G-—==8—=———= KK-VE----—-85-S8-E-E---G-L--- 75
0sCML3m -.-H--KE-—-—-- R——=N-=————— T-—8=—————— G-—==8—————— KK-VE----—-5-8-E-E---G-L--- 75
EF-hand 3 EF-hand 4
* ok k k * * ok ok ok Kk *

OsCaM1l MKDTDSEEELKEAFRVFDKDONGFISAAELRHVMTNLGEKLTDEEVDEMIREADVDGDGQINYEEFVKVMMAK 149
0OsCML3 LR--GA-DDIRD-============ TP D i A--SDP-S5-D-LAD-LH---8-=-====== T o ] e 148
0OsCML3m LR--GA-DDIRD~=rm=r—r———=— PR D A-—-SDP-S-D-LAD-LH-~-8—~—=———= N-=Li——==—— 148
[0 )L e — 149

0sCML3 RRONMMEGHGSGGHRSSNSHKKSGCCGPNSSCTIL 176

0sCML3m

148

Figure 1. Comparison of the amino acid sequences of OsCML3 and OsCML3m with that of O0sCaM1 by multiple sequence alignment The sequences are compared
with OsCaM1 as a standard; identical residues are indicated by a dash (-), and a gap introduced for alignment purposes is indicated by a dot (.). Residues serving as
Ca?*-binding ligands in the EF-hand motifs (EF-hand 1-4) are marked with an asterisk (*). Methionine (M) and Phenylanine (F) residues and the polybasic C-terminal
extension (CTE) are shown in bold and italic, respectively. The CaaX box of OsCML3 for prenylation is underlined.
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Figure 2. Analysis of the recombinant OsCML3m Representative protein patterns of E. coli BL21 (DE3) harboring pET21-OsCML3m detected by SDS-PAGE during
recombinant protein purification by a phenyl-Sepharose column (A). Lane M, molecular mass standard proteins; lane 1, crude extract; lane 2, flow-through fraction;
lane 3, eluted protein. Calcium-induced electrophoretic mobility shift analysis of rOsCML3 (B) and rOsCML3m (C). rOsCML3 and rOsCML3m proteins in the presence
of 1 mM CaCl, (+Ca?*) or 3 mM EGTA (+EGTA) were subjectto SDS-PAGE. Lane M, molecular mass standard proteins. Gel mobility shift analysis of rOsCML3 (D) and
rOsCML3m (E) after incubation with increasing amounts of CaMKIl peptide and in the presence of Ca?* 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 rOsCML3 and rOsCML3m  The far UV circular dischromism (CD) spectroscopy (A and B) and ANS fluorescence
spectra (C and D) of rOsCML3m compared with those of rOsCML3 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. In (A and B), [6], is the molar ellipticity per residue for n amino acid residues.

wavelength near 520 nm, which was almost identical to that of ANS
alone. In the presence of Ca*, a significant blue shift (46 and 47 nm

for rOsCML3 or rOsCML3m, respectively) in the maximum emission

wavelength was observed. Similar large increases in the fluorescence

intensity of rOsCML3 (4.75-fold) and rOsCML3m (5.31-fold) were
observed, suggesting that the 35-amino-acid CTE does not impede

the exposure of its hydrophobic surface upon Ca** binding. However,

in agreement with its smaller change in the increased helical content
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Table 2. Far-UV CD measurements of OsCML3 and OsCML3m Fluorescence Bright Field Overlay

Protein [6a]222 x 10° (deg. Axzs %Az,  Alpha helicity /
cm?/dmole.number (%)
of residues)? .| OsCML3
+Ca®*  +EGTA +Ca*  +EGTA

OsCML3  -16.31" -14.76" 1.55> 10.5° 49.08 36.35

OsCML3m -22.73 -13.47 926 68.7 69.38 37.68

“The mean residue ellipticity at 222 nm. OsCML3m

"Data obtained from Chinpongpanich et al. [35] for comparison.

Table 3. ANS fluorescence measurements of OsCML3 and
OsCML3m

Protein Emission  AMlax  Imax Lnax  (+CaZ*)/

Lnax (+EGTA)P

fmaximum +Ca®*  +EGTA
(nm)
OsCML3  468° 46° 8727 1837 475
OsCML3m 467 47 10137 19.09  5.31

The difference in the maximum emission of ANS in the presence of Ca>* and
in the presence of EGTA.

PThe ratio of the maximum fluorescence intensity of ANS in the presence of
Ca®* to that in the presence of EGTA.

“Data obtained from Chinpongpanich et al. [35] for comparison.

upon Ca** binding, exposure of the hydrophobic surface in rOsCML3
occurred in such a way that it did not allow the protein to interact with
the CaMKII peptide.

OsCML3 is localized to the plasma membrane via the CTE
OsCMLI1 (alias OsCaMé61), the CML protein most similar to
OsCML3 [14], was reported to be membrane-associated when preny-
lated and localized in the nucleus when unprenylated [15]. OsCML3
also has a potential prenylation site in the CTE domain, as described
above, which may function in membrane association similar to
OsCMLI1. To test whether the basic CTE domain containing the pre-
nylation site played such a role in OsCML3, the cellular localization of
the CTE-truncated OsCML3m protein compared with the full-length
protein (OsCML3) was determined. By bioinformatics analysis using
PlantLoc, WoLF PSORT, and Plant-mPLoc, OsCML3 and OsCML3m
were predicted to localize in several compartments (data not shown),
but the actual localization of OsCML3 and OsCML3m could not be
concluded from these predictions. To examine the localization of
OsCML3 and OsCML3m in planta, the pPCAMBIA-GFP-OsCML3
and pCAMBIA-GFP-OsCML3m fusion constructs were individually
introduced into A. tumefaciens strain GV3101, and then into tobacco
leaf cells. The green fluorescence signal of GFP-CML3, which contained
the CTE and putative prenylation site, was mostly observed in the plas-
ma membrane of tobacco cells, while the GFP signal of GFP-CML3m
(lacking the CTE and predicted prenylation site) was found in both the
cytoplasm and the nucleus (Fig. 4).

OsCML3 interacts with OsHMGB1, a novel target
for a CaZ*-binding protein, in the nucleus
To identify target proteins of OsCML3, cDNA expression libraries

were prepared from the leaf of Oryza sativa L. ‘Khoa Dok Ma Li
105°, and used for screening against rOsCML3m and rOsCML3 as

Figure 4. Subcellular localization of GFP-OsCML3 and GFP-OsCML3m in
tobacco leaf cells The green fluorescence, bright field, and overlay images
(60 x magnification) observed in tobacco leaf cells expressing the fusion
proteins. Scale bar=50 um. Images shown represent those seen from at
least 100 such fields of view per sample and five independent samples.
Nucleus was indicated with white arrow.

described above. The results revealed that one of the ten putative
novel OsCML3m-binding proteins was OsHMGB1. However, when
the full-length rOsCML3 was used as the probe, only two target pro-
teins were identified and these did not include OsHMGB1. Since
chromosomal HMGBI1 proteins are generally considered to be nuclear
proteins [44,45]. Although there is no experimental evidence on the
subcellular localization of OsHMGB1, the theoretical predictions
using three subcellular localization prediction programs similarly indi-
cate that the OsHMGBI1 protein is mainly localized in the nucleus.

The interaction between OsCML3 and its putative target,
OsHMGBI1 in planta, was evaluated using BiFC [46]. The N-terminal
fragment of yellow fluorescent protein (YFP) was fused with the
N-terminal end of OsHMGB1 (YFP-HMGB1), while the C-terminal
fragment of cyan fluorescent protein (CFP) was fused with the N-terminal
end of OsCML3, OsCML3m or OsCML3s to yield CFP-CML3 or
CFP-CML3m or CFP-CML3s, respectively. A green fluorescence signal
was clearly observed in all combinations (OsHMGB1 with OsCML3,
OsCML3m or OsCML3s) in the nucleus (Fig. 5), confirming the inter-
action between OsCML3 and OsHMGB1 in planta. The interaction in
the nucleus possibly occurred through the nuclear localization signal
(NLS) of OsHMGBI1. The N-terminal fragment of YFP or the C-terminal
fragment of CFP, used as a negative control, yielded no fluorescent signal
in leaf cells co-infiltrated with YFP and CFP-CML3, CFP-CML3m or
CFP-CML3s, nor with YFP-HMGB1 and CFP.

OsCML3m but not OsCML3 inhibits OsHMGB1 binding
to supercoiled DNA

The supercoiled DNA-binding property of rOsHMGB1 was examined
by incubating supercoiled pUC19 plasmid (100 ng) with increasing
concentrations of rOSHMGB1 (0-3 uM) in the presence of Ca>*.
The use of supercoiled DNA was to mimic the structure of DNA within
the cells, which is packed and required for DNA/RNA synthesis. The
pUC19 DNA interacted with rOsHMGB1 was shown by the resolved
bands of lower electrophoretic mobility of the protein-DNA complex
compared with that of the free DNA (Fig. 6A). The effect of rOsCML3
or rOsCML3m upon the DNA-binding ability of rOsHMGB1 was
evaluated by incubation of 1.0 pM of rOsHMGB1 and 100 ng of
pUC19 at room temperature for 10 min and then adding increasing
concentrations of rOsCML3 or rOsCML3m (0-2 pM) in the presence
of Ca**. With increasing concentrations of rOsCML3, no effect on
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CFP and YFP

CFP-CML3 and YFP

CFP-CML3m and YFP CFP-CML3s and YFP

CFP and YFP-HMGB1 CFP-CML3 and YFP-HMGB1

Figure 5. BiFC analysis of the OsHMGB1 interaction with OsCML3, OsCML3m,
and OsCML3s Fluorescent signals were observed in the nuclei of tobacco leaf
cells co-infiltrated with a pair of Agrobacterium harboring YFP-HMGB1 and
CFP-CML3, YFP-OsHMGB1 and CFP-CML3 m, or YFP-HMGB1 and CFP-CML3s.
YFP represents the N-terminal fragment of yellow fluorescence protein (YFP)
and CFP represents the C-terminal fragment of cyan fluorescence protein
(CFP). Co-transformed constructs: CFP and YFP, CFP-CML3 and YFP,
CFP-CML3 m and YFP, CFP-CML3s and YFP, and CFP and YFP-HMGB1 were
analyzed in parallel as the controls. Images shown represent those seen
form at least 50 such fields of view per sample and five independent
samples. Scale bars represent 50 um. Nucleus was indicated with white arrow.

rOsHMGB1 binding to pUC19 was detected, as a similar rOsHMGB1
mobility shift as that without the addition of rOsCML3 (Fig. 6B). In
contrast, the electrophoretic mobility of the rOsHMGB1-pUC19 com-
plex increased in a dose-dependent manner in the presence of
rOsCML3m from 0.1 pM (Fig. 6C). Thus, only the CTE-truncated
rOsCML3m affected the DNA-binding ability of rOsHMGBI1. The in-
hibitory effect of the rOsCML3 was not observed in the absence of
Ca* (data not shown). In addition, due to the high amino acid se-
quence identity shared with rOsCML3m, rOsCaM1 was tested
under the same conditions to examine if rOsCaM1 could also interfere
with the supercoiled DNA-binding ability of rOsHMGB1. However,
like rOsCML3, rOsCaM1 had no effect on the rOsHMGB1 binding
to supercoiled pUC19 (Fig. 6D), indicating that the truncated (CTE-
free) rOsCML3m specifically affected the supercoiled DNA-binding
ability of rOsHMGBI1. Without rOsHMGB1, rOsCML3, rOsCML3m,
and rOsCaM1 caused no mobility shift in the supercoiled pUC19 DNA
(Fig. 6E-G).

A Supercoiled DNA mixed with various OsHMGB1 concentrations

0 10 125 15 1.75 225 3.0 pM OsHMGB1

2.0 kb p 42.0kb

B 1.0 yM OsHMGEB1 mixed with various OsCML3 concentrations

P 0 010250507510 15 20 pM OsCML3

2.0 kb P- 42.0kb

C 1.0 yM OsHMGB1 mixed with various OsCML3m concentrations

P 0 010250507510 15 2.0 pM OsCML3m

2-°"b>_42.0 kb

D 1.0 pM OsHMGB1 mixed with various OsCaM1 concentrations

P 0 010250507510 15 2.0 pM OsCaM1

2.0 kb ?_42.0 kb

E Supercoiled DNA mixed with various OsCML3 concentrations

0.1 025 0.5 0.75 1.0 1.5 2.0 pM OsCML3

zok»_«zokb

F Supercoiled DNA mixed with various OsCML3m concentrations

0 0102505 07510 15 2.0 pM OsCML3m

42.0kb

Supercoiled DNA mixed with various OsCaM1 concentrations

0.1 02505 075 10 15 20 pM OsCaM1

20kbb_420kb

Figure 6. Electrophoretic mobility shift assay of the interaction of rOsHMGB1
with supercoiled pUC19 DNA (A) Various rOsHMGB1 concentrations (0—
3.0 uM) mixed with 100 ng supercoiled pUC19. (B-D) Mixtures of 1.0 uM
rOsHMGB1, supercoiled pUC19 (100 ng) and various rOsCML3, rOsCML3m, or
rOsCaM1concentrations (0-2.0 uM). (E-G) Mixture of supercoiled pUC19 (100 ng)
and various rOsCML3, rOsCML3m, or rOsCaM1 concentrations (0-2.0 uM). Gels
shown are representative of those seen from three independent repeats. Lane P
represents pUC19 alone.

Discussion

The use of Ca?*-dependent phenyl-Sepharose hydrophobic chroma-
tography to successfully purify rOsCML3 [35] and rOsCML3m was
based upon the presence of several methionines and other hydropho-
bic amino acids, which constitute the hydrophobic patches that are ex-
posed in the Ca**-bound form. Both OsCML3 and OsCML3m
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exhibited the characteristic electrophoretic gel mobility shift and simi-
lar changes in the ANS fluorescence spectra in the presence of Ca**.
These results suggest that the polybasic CTE had no apparent effect
on the ability of OsCMLS3 to bind Ca>* and to expose the hydrophobic
regions.

Examination of the OsCML3 CD spectra showed a relatively small
change in the [6], at 208 and 222 nm upon Ca** binding, similar to
that previously observed with OsCML1 [35]. In contrast, OsCML3m
displayed a significant change, indicating a large increase in the helical
content of OsCML3m upon Ca** binding. Within the CTE, the apo
form of OsCML1 (alias OsCaM61) was previously reported to have
an extended final helix compared with the holo form, but the
Ca**-bound form seemed to have a much shorter final helix that became
flexible in the Ca**-saturated protein [47]. OsCML3 was predicted to
have an extended final helix as well (data not shown), but it was shorter
than that of OsCML1 suggesting that, if both proteins behave similarly
upon Ca** binding, the increased helical content of OsCML3 likely
comes from other parts of the protein. Supported from previous reports,
the increased helical content may be resulted from the central o-helix be-
coming more structured upon Ca** binding [48], which may be inhibited
by the presence of the CTE, thus the smaller change observed in the [6],,
from full-length OsCML3. These results suggest that the CTE of
OsCML3 has regulatory effects on Ca>*-induced conformational
changes, and in turn upon the specific binding of OsCML3 to its
targets, in which the hydrophobic patches and the helices surrounding
the Ca**-binding loops are very important [49-51].

Interestingly, OsCML3m interacted with the CaM-binding pep-
tide derived from CaMKII while the full-length OsCML3 did not.
Thus, the CaM-like region of OsCML3 could interact with the CaM-
KII peptide upon a Ca**-induced conformational change similar to
typical CaMs, but the CTE appeared to obstruct this interaction sug-
gesting that the CTE interacts with the rest of the protein. A previous
nuclear magnetic resonance study indicated that the CTE of OsCML1
indeed interacted with the rest of the protein, leading to a decreased
flexibility of this region [47]. The truncated OsCML1 without its
CTE was shown to possess a higher ability to activate MLCK and
CaMKII compared with that of the full-length OsCML1, supporting
the inhibitory effect of the CTE [15].

For other target proteins, the CTE of OsCML1 has been reported
to decrease the activation of phosphodiesterase [2]. In contrast,
OsCML1 was reported to activate the CaM-binding protein kinases
(OsCBKs) in a Ca**-dependent manner, while the CTE domain was
not required for this effect [52]. These results suggest a differential ac-
tivity of the CTE domain upon the binding ability of these CML pro-
teins to different target proteins. Nonetheless, the CTE likely plays
regulatory roles in the Ca®*-modulated activity of these CML proteins.
For OsCML3, to overcome the interfering effect of its CTE in vivo, we
hypothesized that other proteins or mechanisms may be involved in
the target binding of OsCML3, or that there are post-translation mod-
ifications of either OsCMLS3 or its target protein or both proteins to
facilitate their interaction.

OsHMGB1 was found to be one of the putative targets of
OsCML3m by screening a cDNA expression library with OsCML3m
as the probe. Screening with the full-length OsCML3 identified only a
few targets and not OsHMGB1, which conforms to the notion that the
CTE interferes with target binding of OsCML3. The BiFC assay
showed that OsHMGB1-OsCML3, OsHMGB1-OsCML3m, and
OsHMGB1-OsCML3s interactions all occurred in the nucleus. The
NLS of OsHMGBI1 likely facilitated the movement of these protein
complexes to the nucleus. Possibly, either unknown proteins or me-
chanisms are involved in exposing specific regions of OsCML3 for

binding to OsHMGB1, or that post-translational modification of
OsHMGB1 or OsCMLS3 facilitates the interaction. The latter scenario
has been observed from the phosphorylation of maize HMGB1 by
protein kinase CK2 that abolishes its interaction with transcription
factor Dof2 and the stimulation of Dof2 DNA binding [53] or the
methylation and phosphorylation of CaM, which affect its activity
for binding to target proteins [54-56].

In general, HMGB proteins are known to play a role in the regula-
tion of transcription and other DNA-dependent processes [19,21,45],
and OsHMGB was observed to accumulate in cold-treated rice seed-
lings [57] while over-expression of AtHMGB2 reduced seed germin-
ation under dehydration conditions in Arabidopsis [58]. These results
indicated that HMGB proteins likely play a role in the responses to vari-
ous stresses, possibly through DNA-binding dependent processes. Here,
the examination of the effect of OsCML3 or OsCML3m on the bind-
ing of OsSHMGBI to supercoiled DNA revealed that OsCML3m de-
creased the binding of OsHMGB1 and supercoiled pUC19 DNA in
the presence of Ca>*, while OsCML3 did not. These findings indicated
that in vitro the CTE of OsCMLS3 inhibits its binding ability to
OsHMGBI. Since the interaction between OsCML3 and OsHMGB1
was observed in the nucleus, we speculate that, probably with the help
of other proteins or unknown mechanisms, the inhibitory effect of the
CTE is released leading to the interaction of OsCML3 with OsHMGB1
and the transport of the complex into the nucleus, where OsCML3
might function to regulate the DNA binding of OsHMGBI in the nu-
cleus and subsequently affect transcription and other DNA-dependent
processes [19,21,45].

Overall, OsCML3 and OsCML3m both possessed Ca>*-binding
ability, but exhibited differences in their changes in the CD-spectra
upon Ca®* binding, where OsCML3m showed a larger increase in
the helical content. It is suggested that the CTE affects the Ca?
*-induced conformational change of OsCML3. Exposure of the
hydrophobic patches was observed for both OsCML3 and
OsCML3m; however, the CTE of OsCML3 appeared to influence
the Ca®*-induced conformational change in such a way that
OsCML3 cannot interact with OsHMGB1 (identified here as a
novel target for Ca®* sensor proteins). In planta, OsHMGB1 inter-
acted with OsCML3m as well as with full-length OsCML3 in the nu-
cleus, suggesting a mechanism for releasing the inhibitory effect of the
CTE exists in the cytosol. OsCML3 is then likely brought into the nu-
cleus through the NLS of OsHMGB1. Moreover, the supercoiled
DNA-binding ability of OsHMGB1 was interfered by the presence
of OsCML3m in the presence of Ca®*. Taken together, OsCML3
may provide a mechanism for manipulating the DNA-binding ability
of OsHMGBI in the nucleus with the CTE providing an intracellular
Ca** regulatory switch.
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