
Abstract 
 
TSOU, PEI-LAN. Characterization of calcium binding peptide derived from 
calreticulin and its effect on increasing bioavailable calcium in plants (Under the 
direction of Dr. Dominique Robertson) 
 

Modulation of cytosolic calcium levels in both plants and animals is achieved by 

a system of Ca2+ -transport and storage pathways that include Ca2+ buffering proteins in 

the lumen of intracellular compartments.  We used a transgenic approach to modulate 

calcium stores in the lumen of the endoplasmic reticulum in plants.  We were able to use 

the low affinity, high capacity Ca2+ binding characteristics of the C-domain of 

calreticulin (CRT) to selectively increase Ca2+ storage in the endoplasmic reticulum, and 

to determine if those alterations affected plant physiological responses to stress. 

I fused the CRT C-domain to the C-terminal portion of the green fluorescent 

protein (GFP) and obtained transgenic plants that expressed high levels of the GFP-CRT 

C-domain fusion protein in the ER.  I showed that this fusion protein was able to bind 

Ca2+ in vitro.  These plants had increased Ca2+ stores in the ER and the ER calcium stores 

were used by the plant in times of calcium stress.  The transformed seedlings also showed 

delayed loss of chlorophyll after transfer to high salt medium.  The data suggest that 

expression of this calcium binding protein not only has the ability to increase bioavailable 

calcium stores but that the ER Ca2+ stores are important for plants to relieve the effect of 

salt stress. 

In the process of developing the transgenic plants, I also developed an array of 

other tools for subcellular localization, and targeting of the C-domain to various 

subcellular organelles.  With two other colleagues, we also developed a GFP imaging 



system using the onion epidermal cells for visualizing subcellular localization of GFP and 

GFP fusion proteins. 
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Introduction: Calcium Signaling, Function of Calreticulin  

 

 

 

 

 

 

Abbreviations: 

Ca2+, calcium; Ca2+-ATPase, calcium pumps; CRT, calreticulin; ER, endoplasmic 

reticulum; HSP, heat-shock protein; CaM, calmodulin; IP3, Inositol (1,4,5) trisphosphate; 

ψpm, electrical potentials across the plasma membrane; ψm, electrical potentials across 

the membrane; [pH]cyt, cytosolic pH; PM: plasma membrane; Mg2+, Magnesium; NT1 

cells, Nicotiana tabacum suspension cells; WT, wild type; PDI, protein disulfide-

isomerase 
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1. Calcium signaling  

 Calcium (Ca2+) is essential in both plant and animal growth and is involved in 

multiple signal transduction pathways (1). Ca2+, in its soluble form, plays important roles 

in stabilizing membrane structure, as a cofactor for proteins, a carrier of electric charge, 

and as a diffusible intracellular messenger.  Within cells, Ca2+ is usually bound primarily 

to phospholipids, proteins, and nucleic acids or sequestered in organelles; only 0.1% of 

the total cellular Ca2+ content is found free in the cytosol (2).  Cytoplasmic calcium 

concentrations are tightly regulated at 100-200 nM but higher levels of calcium (µM-

mM) are found in subcellular organelles (3).  Transient increases in cytosolic Ca2+ 

concentrations have been shown in response to a variety of physiological stimuli such as 

touch, cold shock, heat shock, oxidative stress, anoxia, hypo osmotic shock, salinity, 

wounding, and pathogen infection (4-16).  A stress-induced change in cytosolic calcium 

may be one of the primary transduction mechanisms whereby gene expression and 

biochemical events are altered to convert the stimuli into adapted biological responses 

(15, 17-19).  These alterations in the intracellular calcium concentration regulate a variety 

of diverse cellular functions like secretion, cell-cycle progression, gene expression, 

protein synthesis, protein modification and folding (20-23). 
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Table 1. Stimulus-induced changes in cytosolic Ca2+: (Abbreviations: ψpm: electrical 
potentials across the plasma membrane; ψm: electrical potentials across the membrane; 
[pH]cyt: cytosolic pH; PM: plasma membrane) 
 

Stimuli Cell type Character of Ca2+ 
Change 

Other Cellular 
Mediators 

Reference 

Touch Tobacco epidermi 
 

Rapid transient (seconds) 
 

 (5) 

 Physcomitrellas Transient increase 
(seconds) 

 (8) 

Cold Tobacco epidermis Rapid transient (seconds)  (4) 
Red Light Wheat mesophyll 

protoplasts 
Transient increase, then 
decrease 

 (24) 

 Oat mesophyll 
protoplasts 

Increase [pH]cyt  

Hypoxia Corn suspension cells Steady-state increase  (25) 
Gravity Corn coleoptile  Increase Decrease in [pH]cyt (26) 
Elicitor Tobacco epidermis Rapid transients (1-2 min)  (4) 
Auxin Corn coleoptile Oscillation for 20-30 min ψpm, [pH]cyt (27) 
 Sinapis root hairs Steady-state 

increase/decrease 
Depolarization 
ψpm, increase in 
[pH]cyt 

(28) 

 Coleoptile epidermis Increases Decrease in [pH]cyt (29) 
GA Barley aleurone cells Slow steady-state increase  (30) 
 Wheat aleurone cells Rapid steady-state increase  (31) 
Cytokinins Funaria caulonema Steady-state increase  (32) 
 Raphiopedilum guard 

cell 
Rapid increase Decrease in [pH]cyt (33) 

ABA Commelina guard cell Repetitive increase, steady-
state increase, or no 
change 

 (34, 35) 

 Vicia guard cell Repetitive increase ψm (36) 
 Paphiopedilum guard 

cell 
Small increase Increase in [pH]cyt (37) 

 Barley aleurone 
protoplasts 

Rapid increase Increase in [pH]cyt (38) 

 Corn, Petroselinum 
coleoptile 

Rapid increase Increase in [pH]cyt (26) 
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Because of its multiple actions, tight regulation of cytosolic Ca2+ levels is 

required.  This is achieved by a complex system of Ca2+ -transport and storage pathways 

that include Ca2+ pumps (Ca2+-ATPase) and Ca2+ channels on the membranes, and Ca2+ 

buffering proteins in the lumen of intracellular compartments (3, 11).  Ca2+ shows a 

transient release through Ca2+ channels, presumably when the channels receive messages 

from the stimuli (Table 1).  The Ca2+ stores are later refilled by the Ca2+-ATPase 

pumping calcium back into the organelles.  

 

ER

Vacuole

Chl

Nucleus

Cell wall [Ca2+] = mM
Plasma membrane

[Ca2+] = 0.1uM, pH = 7.2

[Ca2+] = mM, pH = 5.5

[Ca2+] = mM

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

H+

Mito.

Ca2+

V

V IP3

ATP

ATP

ATP

ATP

ATP

Ca2+ binding proteins
Ca2+ binding proteins

 

Fig.1. Schematic representation of the distribution of Ca2+ in plant cells.  A model of 
how Ca2+ is controlled and altered. Abbreviations: ER: endoplasmic reticulum; Mito: 
Mitochondria; Chl: chloroplast; V: voltage.  Ca2+-ATPase are indicated in green; Ca2+ 
channels in red; Ca2+/ H+ anti-porter in blue and Ca2+ binding proteins in yellow. 
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2. Calcium Deficiency 

In addition to being a secondary messenger, calcium is also an important 

micronutrient involved in normal plant growth and development.  Higher plants generally 

contain appreciable amounts of calcium, usually about 1-50 mg calcium/g dry tissue.  

Most soils contain enough Ca2+ for adequate plant growth.  However, in low pH soils 

calcium is insoluble and it is more common for plants to show calcium deficiency 

symptoms such as hooking of the stem or browning of veins (39).  More frequently these 

low pH conditions lead to symptoms of phosphate deficiency, aluminum (Al3+) or 

manganese (Mn2+) toxicity rather than Ca2+ deficiency (39).  Lime (a mixture of CaO and 

CaCO3) is often used to raise the pH in acid soils especially where rainfall is high.  This 

simultaneously increases the calcium content of the soil.  

Calcium is largely restricted to uptake via the root tips, which have a high cation 

exchange capacity, and is not usually remobilized from old to young tissues, even under 

calcium-stress conditions.  It is believed that factors which disturb root development, 

even transiently, such as physical impedance and low temperature, might also disturb 

calcium nutrition (39).  According to Foy et. al (1972), at least part of the effect of Al3+ 

toxicity in acidic soil is brought about by Al3+ replacing Ca2+ in cellular exchange sites.  

This may explain why classical calcium deficiency symptoms are rare, and Al3+ toxicity 

is more frequently seen in the field (40). 

Ca2+ cannot be loaded into translocating phloem cells like Mg2+ (39).  As a result, 

Ca2+ deficiency symptoms are always more pronounced in younger tissues (39) and the 

meristematic zones of roots, stems, and leaves, where cell divisions occur, are most 

susceptible.  Twisted and deformed tissues result from calcium deficiency, and the 
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meristematic zones die prematurely.  Localized deficiencies of calcium in plants appear 

to occur predominantly in intensive agriculture and horticulture.  The most well known 

are the bitter pit of apples (Malus pumila Mill.), black heart of celery (Apium graveolens 

L.), blossom end rot of tomatoes (Lycopersicon esculentum) and water melon (Cucumis 

melo L.), internal browning of brussels sprouts (Brassica oleracea L.) and tipburn of 

lettuce (Lactuca sativa L.) (39, 41, 42).  These all display the classic calcium deficiency 

symptoms of reduced growth or death of apical meristems, chlorotic or “burned” leaves, 

softening of tissues and cell wall breakdown, and increased susceptibility to plant 

pathogens (43). 

3. Approaches to Altering Cellular Calcium 

Most of the calcium in plants is found in vacuoles or bound to pectate 

polysaccharides in cell walls (44).  In vacuoles, calcium is frequently precipitated as 

insoluble crystals of oxalates, and in some species as insoluble carbonate, phosphate, or 

sulfate.  The endoplasmic reticulum (ER), cell wall, and the vacuoles contain high levels 

of calcium compared to the cytoplasm, and participate in maintaining calcium 

homeostasis (45).  To perturb Ca2+ homeostasis and Ca2+ stores within plant cells, it is 

necessary to manipulate the complex system of Ca2+ transport and storage pathways.  

These pathways consist, in part of Ca2+ pumps and channels on organelle and cellular 

membranes and Ca2+ buffering proteins in the lumen of intracellular compartments (3, 

11).  To alter Ca2+ pathways, the NASA Specialized Center of Research and Training 

(NSCORT) at North Carolina State University (NCSU) took a multi-pronged approach in 

an attempt to alter Ca2+ signaling.  First, Ca2+ storage was altered using calreticulin as a 

target protein.  The second approach was to alter calcium sensitivity in the cytosol by 
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manipulating calmodulin (CaM), and, third, to alter levels of PI-5 kinase, a protein 

crucial to the production of IP3 to manipulate phosphinositol (PI) pathway and Ca2+ flux 

within the cell.  My work focused on the first approach, altering Ca2+ storage in the ER 

by modulating CRT expression. 

4. ER Calcium Stores and Regulation 

Cellular Ca2+, as mentioned above, plays a key role in plant growth and 

development.  Acting through Ca2+ modulated proteins and their targets, it regulates an 

astonishing variety of cellular processes.  The ER in animal cells is considered to be one 

of the most important sources of cellular calcium (21, 46-49).  Calcium is released from 

the ER by the Ins(1,4,5,)P3 receptor and /or calcium channels and stores are refilled by 

the sarcoplasmic/ER Ca2+-ATPase (SERCA) (50-54).  Unlike animal cells, high levels of 

Ca2+ in plant cells are found in the vacuole and cell wall, as well as in the ER (55).  

However, the ER calcium store may be an important component of signal transduction 

pathways in plants as well as in animals as suggested by the discovery of a voltage-gated, 

calcium-release channel in the ER, rather than the vacuole, of touch-sensitive tendrils of 

Bryonia dioica (56). 

5. CRT Structure and Functions 

The ER contains a variety of Ca2+ binding proteins such as immunoglobulin 

binding protein (BiP), calnexin and calreticulin (CRT).  In plant cells, CRT sequesters the 

major Ca2+ retaining pool in the ER, whereas in animal muscle cells, calsequestrin is the 

predominant Ca2+ binding protein the ER (57, 58). 

Calreticulin is a multifunctional protein that is highly conserved in eukaryotic 

cells (23, 46, 59).  The first CRT was isolated in 1974 (60) and then was cloned from 
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mice (61) and from rabbit skeletal muscle sarcoplasmic reticulum (62) in 1989.  The size 

of the protein from different organisms ranged from 46-57 kDa (61-67). CRT is found in 

almost every eukaryotic cell type, with the exception of yeast and erythrocytes. (47, 58, 

68-74).  CRT in higher plants was first purified from spinach leaves in 1993 (69) and 

cloned from barley in 1994 (70).  The plant CRTs share 70-93% homology (Fig. 2) with 

each other and about 50% homology to mammalian CRTs (47).  We have obtained and 

sequenced a maize cDNA encoding the full-length CRT (75).  Alignment with protein 

sequences of CRT from other species shows significant homology across species 

especially in the calcium binding domains. 
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        1                                                   50 
  Arab  .......... .......... NSARASAAVI FEERFDD.GW ENRWVKSEWK 
Nplumb  MATQRRANPS SLHLITVFSL LVAVVSAEVF FEESFND.GW ESRWVKSEWK 
 maize  ..MALRKGSS YAVAALLALA SVAAVAGEVF FQEKFED.GW ESRWVKSEWK 
Dmelan  ........MM WCKTVIVLLA TVGFISAEVY LKENFDNENW EDTWIYS..K 
bovine  .MCLNHFLLS LVLSIVLLFH FVFYICL... ..HHIVTFLR EETVFFS..E 
 
        51                                                 100 
  Arab  KDDNTAGEWK HTAGNWSGDA .NDKGIQTSE DYRFYAISAE FPEFSNKDKT 
Nplumb  KDENMAGEWN HTSGKWNGDA .NDKGIQTSE DYRFYAISAE FPEFSNKGKN 
 maize  KDENMAGEWN HTSGKWNGDA .EDKGIQTSE DYRFYAISAE YPEFSNKDKT 
Dmelan  HPGKEFGKFV LTPGTFYNDA EADKGIQTSQ DARFYAASRK FDGFSNEDKP 
bovine  QFLTLDLKYK ASKLSSIREA LSMSKVGIIE NFCFSEISFL QESIKSHGRR 
 
        101                                                150 
  Arab  LVFQFS..VK HEQKLDCGGG YMKLLSGDVD QKKFGGDTPY SIMFGPDICG 
Nplumb  LVFQFS..VK HEQKLDCGGG YMKLLSGDVD QKKFGGDTPY SIMFGPDICG 
 maize  LVLQFS..VK HEQKLDCGGG YVKLLGGDVD QKKFGGDTSY SIMFGPDICG 
Dmelan  LVVQFS..VK HEQNIDCGGG YVKLFDCSLD QTDMHGESPY EIMFGPDICG 
bovine  TLVGCSPWGH EEQNIDCGGG YVNVFPAGLD QTDMHGDSEY NIMFGPDICG 
 
        151                                                200 
  Arab  YSTKKVHAIL TYNGANHLIK KDVPCETDQL THVYTFILRP DATYSILIDN 
Nplumb  YSTKKVHAIL TYNDTNHLIK KEVPCETDQL THVYTFILRP DATYSILIDN 
 maize  YSTKKVHTIL TKDGKNHLIK KDVPCETDQL THVYTFIIRP DATYSILIDN 
Dmelan  PGTKKVHVIF SYKGKNHLIS KDIRCKDDVY THFYTLIVRP DNTYEVLIDN 
bovine  PGTKKVHVIF NYKGKNVLIN KDIRCKDDEF THLYTLIVRP NNTYEVKIDN 
 
        201                                                250 
  Arab  VEKQTGSLYS DWDLLPPKKI KDPSAKKPED WDEQEYISDP EDKKTDGYDD 
Nplumb  VEKQSGSLYS DWDLLPPKTI KDPSAKKPED WDEKEFIDDP EDKKPEGYDD 
 maize  EEKQTGSIYE HWDILPPKKI KDPEAKKPED WDDKEYIPDP EDKKPEGYDD 
Dmelan  EKVESGNLED DWDFLAPKKI KDPTATKPED WDDRATIPDP DDKKPEDWDK 
bovine  SQVESGSLED DWDFLPPKKI KDPDAAKPED WDDRAKIDDP TDSKPEDWDK 
 
        251                                                300 
  Arab  IPKEIPDTDS KKPEDWDDEE DGEWTAPTIP NPEYMGEWKP KQIKNPNYKG 
Nplumb  IPEEITDPDA KKPEDWDDEE DGEWTAPTIP NPEYKGPWKP KKIKNPNYKG 
 maize  IPKEIPDPDA KKPEDWDDEE DGEWTAPTIP NPEYKGPWKP KKIKNPNYKG 
Dmelan  .PEHIPDPDA TKPEDWDDEM DGEWEPPMID NPEFKGEWQP KQLDNPNYKG 
bovine  .PEHIPDPDA KKPEDWDEEM DGEWEPPLIQ NPEYKGEWKP RQIDNPEYKG 
 
        301                                                350 
  Arab  KWEAPLIDNP DFKDDPELYV FPKLKYVGLE LWQVKSGSLF DNVLICDDPD 
Nplumb  KWKAPLIDNP DFKDDPDLYV FPKLKYVGVE LWQVKSGTLF DNIVICDDPE 
 maize  KWKAPMIDNP DFKDDPYIYA FDSLKYIGIE LWQVKSGTLF DNILITDDPA 
Dmelan  AWEHPEIANP EYVPDDKLYL RKEICTLGFD LWQVKSGTIF DNVLITDDVE 
bovine  IWIHPEIDNP EYSPDSNIYA YENFAVLGLD LWQVKSGTIF DNFLITNDEA 
 
        351                                                400 
  Arab  YAKKLADETW GKLKDAE... KAAFDEAEKK NEEEE.SKDA PAESDAEDEP 
Nplumb  YAKAIAEETW GKQKDAE... KAAFEEAEKK REEEE.SKAA PADSDAEEDD 
 maize  LAKTFAEETW GKHKEAE... KAAFDEAEKK KEEEDAAKGG DDEDDDLEDE 
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Dmelan  LAAKAAAEVK N.TQAGEKKM KEAQDEVQRK KDEEEAKKAS DKDDEDEDDD 
bovine  YAEEFGNETW GVTKAAEKQM KDKQDEEQRL HEEEEEKKGK EEEEAEKDDD 
 
        401                                  437 
  Arab  EDDEGGDDSD SESKAEETKS EDSEETSEKD ATAHDEL 
Nplumb  DADDDSDDAD DKSES..... ........KD DEAHDEL 
 maize  EDDEKADEDK ADSDAEDGKD SD.......D EKQHDEL 
Dmelan  DEEKDDESKQ DKDQSE...................HDEL 
bovine  EDKDEDEEDE DEKEEEEEED AAAA........QAKDEL 

Fig. 2. Alignment of representative calreticulin sequences with the maize CRT.  All 
include a signal sequence and H(K)DEL for ER localization and the 3 functional 
domains.  The high affinity Ca2+-binding sites of the P-domain are indicated in blue, the 
putative nuclear localization signal in red, and the acidic residues of the high 
capacity/low affinity Ca2+ binding C-domain in green.  Abbreviations: Nplum: Nicotiana 
plumbaginifolia; Arab: Arabidopsis thaliana; Dmelan: Drosophila melanogaster; maize: 
Zea mays 
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A number of cellular functions in different biological systems have been proposed 

for CRT.  These functions fall into two principal categories: functions within the lumen 

of the ER (chaperone and Ca2+ storage) and those requiring extra-ER localization: CRT-

dependent modulation of cellular functions such as cell adhesion and gene expression 

(72, 76-82).  CRT contains at least three functional domains: a globular N-domain, a 

proline rich, high affinity (Kd = 1.6 µM), low capacity (Bmax. = 1 mol/mol of protein) 

Ca2+-binding domain (the P-domain) and a highly acidic, low affinity (Kd = 0.3-2mM), 

high capacity (Bmax. = 20-50mol/mol of protein) Ca2+-binding domain (the C-domain).  

CRT includes an N-terminal signal sequence and an ER retention motif in the C-domain 

(83).  The P-domain shares homology with the ER chaperone calnexin, which has led to 

research assessing the putative role of CRT as an ER chaperone (72, 77, 79-81, 84).  It 

also contains a putative nuclear localization signal, and several KPEDWD repeats, which 

are essential for the high-affinity Ca2+ binding of CRT and are also present in calnexin 

(67, 85). Several ‘PEST’ regions (region rich in proline, glutamic acid, serine and /or 

threonine residues) may serve as proteolytic targets in CRT.  In addition, the P-domain 

has been implicated as a regulatory site for Ca2+ signal transduction in Xenopus oocytes 

(86).  The C-domain is a highly acidic region of the protein that is rich in aspartic and 

glutamic acid residues and can bind up to 20-50 moles of Ca2+ per mole of protein (67).  

Ca2+ binding in this region plays a regulatory role in the control of CRT interaction with 

PDI (protein disulfide-isomerase), Erp57 (ER protein 57) and other chaperones in 

mammalian cells (87).  The C-domain is less conserved than other domains of CRT 

among different species (83).  
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Table 2. Functions and structures of CRT domains. (Abbreviations: PDI: protein 
disulfide-isomerase; ERp57: ER protein 57; CALNUC: The mammalian calcium-binding 
protein, nucleobindin) 
 
1. Structural features and function of calreticulin 
N-domain P-domain C-domain 
N-terminal signal sequence 
targeting the protein to the ER 
lumen (46) 

Highly conserved amino acid 
sequence 

Highly folded globular structure 
(8 anti-parallel ß-strands 
connected by protein loops) 
(46) 

Potential glycosylation site both 
in plants (47, 57, 88, 89) and in 
animals (46) 

Potential phosphorylation site in 
animals (90) 

Inhibits PDI activity  in animals 
(91) 

Suppresses tumours in animals 
(92) 

Inhibits angiogenesis in animals 
(93) 

Proline-rich domain (46, 94) 
Amino acid sequence similarity 
to calnexin, calmegin and 
CANLUC (46, 95) 

Putative glycosylation site in 
Leishmania (96) 

Regulates intracellular Ca2+ 
waves in animals (86) 

H(K)DEL ER retrieval signal (46, 
61, 62) 

Rich in acidic amino acids (46, 
61, 62) 

Putative glycosylation site in 
animals (64, 83, 90, 97)  

Putative phosphorylation site only 
in plants (98) 

Ca2+ Sensor of CRT-protein 
interactions (87) 

Lacks a well-defined polypeptide 
backbone structure and most 
susceptible to degradation (46) 

Antithrombotic activity in animals 
(99) 

Prevents restenosis in animals 
(100) 

 
2. Ion binding in animals 
N-domain P-domain C-domain 
Low affinity (Kd = 300 µM), 
high capacity (Bmax. = 14 
mol/mol of protein) Zn2+-
binding domain (91, 101) 

High affinity (Kd = 1.6 µM), low 
capacity (Bmax. = 1 mol/mol of 
protein) Ca2+-binding domain 
(67, 85) 

Low affinity (Kd = 0.3-2mM), 
high capacity (Bmax. = 20-
50mol/mol of protein) Ca2+-
binding domain (67) 

 
3. Molecular interactions and binding in animals 
N-domain P-domain C-domain 
Binds to the DNA-binding 
domain of steroid receptor 
(102) 

Binds to α–subunit of integrin 
(82, 103, 104) 

Binds to rubella RNA (105) 
Interacts with PDI (91) 
Interacts with ERp57 (106) 
Weak interactions with perforin 

Binds to a set of ER proteins 
Strong interactions with PDI (87, 
91) 

Strong interactions with perforin 
(107, 108) 

Lectin-like chaperone site (3 
repeats of the sequence 
PXXIXDPDAX-KPEDWDE 
followed by three repeats of 
GXWXPPXIXNPXYX) (46, 
83, 90) 

Binds a set of ER proteins 
Binds blood-clotting factor IX 
and factor X (99) 

Plays regulatory role in the 
control of CRT interaction with 
PDI, ERp57 and other 
chaperones (87) 
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Several reports in mammalian systems have shown that overexpression of CRT 

increases cellular Ca2+ levels and affects the response of cytosolic Ca2+ to external 

stimuli.  Mary et. al. showed that an overexpression of CRT leads to an increase in the 

ER Ca2+ signaling pool in mouse L fibroblast cells (76).  In CRT overexpressing lines, 

the cytosolic Ca2+ increased 1.5-fold compared to the wild-type lines when treated with 

either ATP or ionomycin plus thapsigargin.  According to these results, CRT has been 

suggested to be involved in Ca2+ signaling and store-operated Ca2+ fluxes through the 

plasma membrane (70, 76).  In HeLa cells that overexpressed CRT and were stimulated 

by two agonists, ATP and histamine added in succession, an increase of cytosolic Ca2+ 

was observed after the second agonist was added (109).  These results showed that CRT 

functioned not only as a Ca2+ buffering device but also as a regulator of agonist triggered 

Ca2+ release.  In addition, overexpression of CRT in Xenopus oocytes inhibited repetitive 

IP3-induced Ca2+ waves (86).  Deletion mutagenesis demonstrated that this inhibition was 

mediated by the P-domain, not the C-domain, which suggested that this function of CRT 

in intracellular Ca2+ signaling may be regulated by Ca2+ occupancy of the high affinity 

binding site (86).  Recently, studies in mouse embryonic fibroblasts showed that the C-

domain plays a critical role in determining the Ca2+ storage capacity of the ER (110).  

These results clearly show that in animal systems, CRT plays a very important role in 

regulating both the Ca2+ signaling and buffering pathways in the cell and that the ER Ca2+ 

stores are essential in these pathways. 
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ER lumen
[Ca2+] = mM

ATP
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CRT receptor?
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Fig 3. Putative model of CRT function in the ER of mammalian cells adapted from 
Krause et al (23).  CRT binds as a chaperone to unfolded glycoproteins (UFGP).  At low 
Ca2+ concentrations it also binds to PDI.  Through its C-domain the protein binds more 
than 25 mol of Ca2+ /mol of protein.  Functional evidence suggests that CRT may also 
interact with a Ca2+ pump (Ca2+-ATPase) and a Ca2+ release channel (IP3 receptor).  The 
extra-ER function of CRT might be explained either by cytosolic translocation of the 
protein or by an extra-ER signaling pathway.  CRT-dependent extra-ER signaling is 
depicted in the figure and includes a hypothetical ER membrane protein that is able to 
transmit signals from CRT to the cytosol.  
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In order to explore CRT’s Ca2+ storing ability and its potential role in regulating 

Ca2+ homeostasis in plant cells, Persson et. al. used Nicotiana tabacum (NT1) suspension 

cells to measure Ca2+ accumulation in ER-enriched membranes in vitro (111).  The 

results showed that the amount of Ca2+ accumulation in ER-enriched membranes was 

related to the amount of CRT expressed in these cell lines.  The CRT overexpressing cell 

lines showed more Ca2+ uptake while CRT underexpressing lines showed less Ca2+ 

uptake when compared to the wild type (WT) lines and the transgenic control line 

expressing GFP in the ER.   

6. Cellular Localization of CRT 

Despite numerous studies, there is still considerable controversy in the literature 

concerning the cellular localization of the CRT protein.  Studies in several species, 

including plants, indicated an ER localization of the CRT protein (62, 66, 70, 76, 80, 109, 

112-124).  However, CRT has also been localized to the cytoplasmic granules of the 

cytotoxic T-cells (107, 108, 125), sperm acrosomes (113), tick saliva (126), the cell 

surface of activated human peripheral blood T lymphocytes, human fibroblasts and 

mouse cells (127-129), and Sueyoshi et. al. (1991) suggested that CRT may even be 

secreted into the bloodstream (130). 

CRT has a putative nuclear localization sequence (PPKKIKPDP) in the P-domain 

region (63, 119) and has been localized to cytosol (131).  There are reports showing that 

CRT controls steroid-sensitive gene expression, cell adhesion and other functions unique 

to animal cells (23, 82, 90, 102, 112, 114, 116, 124, 132-141).  The remarkable finding 

about the modulation of steroid-sensitive gene expression by CRT (102, 132) suggested 

that CRT can bind the DNA-binding domain of steroid receptors and prevents their 
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interaction with DNA in vitro.  Furthermore, it was also shown that transcriptional 

activation by steroid receptors in vivo was inhibited in cells overexpressing CRT (102, 

112, 132).  For CRT to bind to these molecules, the protein would have to be present in 

the nucleus and/or cytosol.  By using antibodies against CRT, researchers have detected 

CRT in the nucleus (102, 119). However, because of the potential artifacts associated 

with immunostaining (112), debate on this topic still remains unresolved.  In plants, CRT 

has recently been localized to ER-containing plasmodesmata (142, 143) raising the 

intriguing possibility that it may play a role in regulating intercellular transport. 

Given the many proposed functions for CRT, it is remarkable that the protein is so 

conserved among different species.  For my thesis research, I focused on developing CRT 

as a transgenic tool to manipulate cellular calcium stores in the ER of plants (Chapter 4).  

I chose to use the C-domain of the protein alone to avoid possible complications involved 

with using the other domains that have been implicated in regulating various signal 

transduction pathways.  Once the plants with altered CRT C-domain expression were 

constructed, I characterized the effects of transgene expression on plants undergoing a 

selection of environmental stresses (Chapter 4 and 5).  In the process of developing the 

transgenic plants, I also developed an array of other tools for subcellular localization, and 

targeting of the C-domain to various subcellular organelles (Chapter 2). 
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Introduction 

Background cassette 

We used a molecular approach to modulate calcium stores that participate in 

physiological responses.  Tight regulation of cytosolic Ca2+ levels is thought to be 

required within plant cells by a complex system of Ca2+ -transport and storage pathways 

that includes Ca2+ pumps (Ca2+-ATPase), CAX (calcium Ca2+/H+ antiporter) and Ca2+ 

channels on the membranes, and Ca2+ buffering proteins in the lumen of intracellular 

compartments (1, 2).  Ca2+ ions are released transiently through Ca2+ channels, 

presumably when the channels receive messages from external stimuli.  The Ca2+ stores 

are later refilled by the Ca2+-ATPase pumping Ca2+ ions back into the organelles.  Many 

calcium-dependent protein kinases and other calcium responsive signaling enzymes are 

present in the cell to respond to the calcium signals.  One way to alter cellular calcium 

levels is to manipulate Ca2+ pumps (Ca2+-ATPase), Ca2+ channels, and /or Ca2+ buffering 

proteins.  The NASA Specialized Center of Research and Training (NSCORT) at North 

Carolina State University (NCSU) took a multi-faceted approach: 1) to alter Ca2+ storage 

using calreticulin as a target protein, 2) to affect calcium sensitivity in the cytosol by 

manipulating calmodulin (CaM), and 3) to alter Ca2+ using a Ca2+-ATPase and by 

altering the phosphinositol (PI) pathway by manipulating PI-5 kinase.  My work focused 

on the first approach, altering Ca2+ storage in the ER by modulating expression of CRT. 

In order to manipulate the calcium stores in plant cells, constructs were made to 

target CRT into different compartments of the cell: the ER, the cell wall and the cytosol.  

To do this, the gene encoding CRT was modified by adding signal sequences or HDEL 

retentional sequences for targeting of the protein to the desired subcellular compartment.  
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Additionally, appropriate controls were made for the experimental constructs.  A total of 

11 constructs were made for these experiments. 

Because of the complexity of the task and the quantity of the cloning work that 

was involved, Dr. Sarah Wyatt and I devised a cloning strategy based on a pUC based 

background cassette with appropriate promoters and terminators.  This minimized the 

cloning effort allowing generation of multiple constructs from one or two digestion/ 

ligation steps.  Constructs containing a plant promoter, sequence for translation into 

protein in plant cells, and transcription terminator are referred to as expression cassettes.  

These cassettes were also designed to allow for manipulation of promoters with minimal 

disruption of the basic construct. 

The binary vector 

Agrobacterium binary vectors were used to transform expression cassettes into 

Arabidopsis to make stable transformants.  Binary vectors are large (~12 kB) and 

replicate with low copy numbers in E. coli.  Thus it is hard to purify large amounts of 

DNA for cloning.  To avoid these problems, the design of all constructs was initiated in 

the high copy, E. coli vector (pUCAP) which was designed with a AscI site at the 5’ end 

and a PacI site at the 3’ end of the expression cassettes to allow for transfer of the final 

construct into binary vector (pBIN plus) which was optimized for Arabidopsis 

transformation.  This way, we did not have to work with the binary vectors directly. 

CRT C-domain and GFP fusion 

The C-domain was isolated from the full length CRT gene in order to avoid 

potentially confounding interactions resulting from other regions of the protein and to 

specifically test a theoretically neutral calcium binding peptide's ability to alter calcium 
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storage within the cell.  The only known function of the CRT C-domain is to bind 

calcium, suggesting that it could serve as a calcium binding peptide with sufficient 

binding capacity in the ER to alter the level of calcium stores.  The CRT C-domain was 

fused to the green fluorescent protein (GFP) for two reasons.  First, I used the GFP as a 

reporter gene to test for proper localization of the expressed proteins.  The timing and 

localization of the gene would be monitored by imaging plant cells under a fluorescence 

microscope with the UV filter.  This provides an in vivo, noninvasive assay to detect the 

transgene expression.  Second, GFP helps to stabilize the CRT C-domain fusion.  The 

CRT C-domain, when expressed alone, is very unstable (3).  Despite numerous attempts, 

others were unable to create mammalian cell lines expressing the C-domain of CRT alone 

(4).  According to Bouvier et. al. (2000), the highly acidic segment at the C-terminus (C-

domain) of CRT is most susceptible to proteolytic digestion because it lacks a well-

defined polypeptide backbone structure (5).  The mGFP5er clone used was generously 

provided by Dr. Jim Haseloff’s lab (Cambridge, UK).  It was modified to optimize for 

fluorescence in plant cells and was shown to have stable expression in plant cells (6).  We 

hoped that by fusing the CRT C-domain with GFP would decrease the likelihood that the 

C-domain would be degraded in plants.  We also decided to fuse the CRT C-domain at 

the 3’ end rather at the 5’ end of the GFP.  This decision was made based on the fact that 

the C-domain is normally located at the C terminus of the CRT protein.  Hereafter, the 

GFP-C domain fusion will be referred to as GFP-CBP, a GFP calcium binding peptide 

translational fusion. 
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Fig. 1.  Schematic model of the full length CRT and CBP fusion.  This is a 
diagrammatic represention of the various domains of CRT including a signal sequence 
(ss) and H(K)DEL for ER localization and the 3 functional domains.  The high affinity 
Ca2+ binding sites of the P-domain is indicated in blue, the putative nuclear localization 
signal in red and the acidic region of the high capacity/ low affinity Ca2+ binding C-
domain in green.  The lower model shows the core GFP-CBP construct for localization to 
the ER. 
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2. Material and Methods 

 Prior to investing the time in generating binary constructs and transfer them into 

Arabidopsis for stable transformants, I bombarded the pUC-based constructs into onion 

epidermal cells to test for functionality of the construct.  Originally, we used an inducible 

Arabidopsis heat shock promoter for the constructs, but this promoter did not function 

properly in the monocot onion cells to induce the expression of the transgene.  In order to 

test all the constructs, the heat shock promoter was replaced by the CaMV35S promoter 

that constitutively expresses the gene.  We were able to image the constructs to confirm 

the targeting before we cloned them into binary vectors and to make stable transformants 

in plants.  We were also able to show that with the addition of the CRT C-domain 

peptide, the structure of the GFP was not disrupted and it was still able to fluorese.  

Bombardment of the onion epidermal cells are described in Chapter 3, the paper 

published in Biotechniques (7).  

Plasmids Constructions: 

1) pWY2010 clone (Cloned by Dr. Sarah Wyatt): an expression cassette for 

inducible cytosolic mGFP5 

The gene encoding soluble mGFP5 (6) was amplified by PCR without the HDEL 

retention sequence using specific PCR primers that harbor BglII sites.  The PCR product 

was cut with EcoRI and BglII.  This fragment encoding for the GFP without the signal 

sequence was inserted into the clone pWy2000 behind the HSP promoter.  The resulting 

plasmid was labeled pWY2010, a pUCAP based expression cassette for inducible 

cytosolic mGFP5. 
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2) pPLT 2011 clone: a cassette for inducible expression of ER-targeted GFP 

To serve as a control, an HSP-GFP construct (pBIN2011) was designed and 

constructed.  A fragment of DNA containing the signal sequence, GFP coding frame, the 

HDEL sequence and the stop codon was isolated from the clone pBIN mGFP5 (6) using 

the BamHI and the SacI sites.  The SacI site was made blunt by mungbean nuclease and 

inserted into the clone pWy2000 using the BamHI and SmaI sites.  The new construct 

was labeled pPLT2011.  This clone was sequenced with both the Universal M13 primer 

(5’- TGTAAAACGACGGCCAGT- 3’) and the Reverse M13 sequencing primer (5’- 

CAGGAAACAGCTATGACC- 3’).  An AscI/ PacI DNA fragment consisting of the At 

HSP-mGFP5-ocs sequence was ligated into the AscI/PacI sites of the binary plasmid 

vector pBINPLUS (8), and the resulting plasmid was labeled pBIN2011. 

 

Fig. 2.  Arabidopsis seedling expressing pBIN2011.  GFP expression under control of 
the heat shock promoter was visible in both roots and shoots of At2011 (GFP). 
Chlorophyll autofluorescence (red) masks the GFP signal in hypocotyl and leaves, but 
roots and shoot apical meristems are green (left).  The bright field image of the same 
seedling is shown on the right.  Plants were photographed 18 h after a 2 h heat shock at 
35°C.  Images were taken as previously described (7) using a Leica MZ12 fluorescence 
dissecting microscope (1.6X) (Leica, Deerfield, IL, USA) attached to a Hamamatsu 
chilled 3CCD colour camera, controller unit and monitor.  Images were acquired and 
processed using Adobe Photoshop software.  The visible light source was a tungsten 
lamp.  GFP was excited using a super-high pressure mercury lamp placed behind a 
480/40 nm filter.  GFP fluorescence was visualized using a 510 nm filter.  Scale bar = 1 
mm. 
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3) pPLT2012 clone: a cassette for inducible expression of mGFP5 targeted to the 

cell wall 

A BamHI/ NcoI fragment of pWy2010 was replaced by a BamHI/ NcoI fragment 

from the clone pPLT2011.  This new fragment had the signal sequence but lacked the 

HDEL retention sequence to allow the mGFP5 to follow the “default” protein secretion 

pathway described by Denecke and colleagues (9).  This default pathway facilitates 

secretion of proteins to the cell wall independent of active sorting mechanisms. 
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Fig. 3.  Arabidopsis seedling expressing pBIN2012.  GFP expression under control of 
the heat shock promoter was visible in both roots and shoots of At2012 (GFP). 
Chlorophyll autofluorescence (red) masks GFP signal in hypocotyl and leaves, but roots 
and shoot apical meristem are green (left).  The bright field image of the same seedling is 
shown on the right.  Plants were photographed 18 h after a 2 h heat shock.  Images were 
taken as previously described in Fig, 2 using Leica MZ12 stereomicroscope with a 
fluorescence attachment.  Scale bar = 1 mm.  The GFP cell wall constructs shown very 
high fluorescence in the trichome of the leaves (lower left), perhaps because of the lack 
of chloroplasts in these cells.  The autofluorescence of the chlorophyll (red) is filtered out 
with a 525/50 nm barrier filter. 
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4) pPLT2311 clone: a cassette for inducible expression of mGFP5-CBP targeted to 

the ER 

Specific PCR primers (5’- GCTCTAGAATGAAGACTAATCTTTTTCT- 3’and 

5’- GCATGCTGTTTGTATAGTTCATCC- 3’) were used to amplify the signal sequence 

and coding sequence of the GFP gene from pBIN mGFP5 (6) with an embedded XbaI site 

5’ of the mGFP5 start codon and a SphI site before the HDEL coding sequence.  Using 

the XbaI and the SphI sites, this fragment was ligated into the plasmid pWy2000 

containing the Arabidopsis heat shock promoter (AtHSP) (10), multicloning site 

(containing XbaI and SphI), and ocs terminator, the resulting construct was labeled 

pPLT2013. 

A full-length putative CRT cDNA (pWY0101) was isolated from a maize 

endosperm library by Dr. Russel Wrobel and Rebecca Boston, NCSU.  This clone was 

sequenced and shown to be a CRT by comparison with other CRT sequences.  The clone 

was labeled pWY0101 (originally named pZnCXN13) which consisted of an EcoRI/ 

XhoI insert in pBluescript.  The sequence (Fig. 2.) was deposited into GenBank 

(accession # AF190454). 

Clone pPLT2013 is a clone encoding an ER targeted green fluorescent protein 

(GFP) (6) and stop codon of octopine synthase without the HDEL sequence.  Specific 

PCR primers (5’ - ACATGCATGCCCCTATGTTGACAACC - 3’ and 5’- 

ACATGCATGCCGATCTAGAGCTCGTC - 3’) containing SphI sites were designed to 

amplify a sequence corresponding to the C-domain of the maize CRT gene.  The 

amplified CRT C-domain fragment including the HDEL sequence and the stop codon 

was then ligated into pPLT2013 using the SphI site, and the new plasmid was labeled 
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pPLT2311.  This clone was sequenced to ensure that the GFP-CRT C-domain fusion was 

in the right direction and in frame.  An AscI, PacI DNA fragment consisting of the At 

HSP-GFP-CRT C-domain-ocs sequence was then ligated into the AscI and PacI sites of 

the binary plasmid vector pBINPLUS (8), and the resulting plasmid was labeled 

pBIN2311. 

 

 

 
Fig. 4.  Arabidopsis seedling expressing pBIN2311.  GFP expression under control of 
the heat shock promoter was visible in both roots and shoots of At2311 (GFP-CRT C-
domain). Chlorophyll autofluorescence (red) masks the GFP signal in hypocotyl and 
leaves, but roots and shoot apical meristems were green (left).  The bright field image of 
the same seedling is shown on the right.  Plants were photographed 18 h after a 2h heat 
shock.  Images were taken as previously described in Fig. 2 using Leica MZ12 
stereomicroscope with a fluorescence attachment.  Scale bar = 1 mm. 
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1      gaattcggca cgagcacgac cttaggggtt cagatcggat cggaagcttc 
 
51 cataagtttc catcgggcgt cgccggtatg gcgatccgca aggggtcttc 
                                    M   A  I  R  K   G  S  S  
 
101 gtacgccgtc gcggcacttc tcgcgctcgc ctctgtcgcc gccgtcgcag 
        Y  A  V   A  A  L  L   A  L  A   S  V  A   A  V  A  G 
 
151 gggaggtctt cttccaggag aagttcgaag atggctggga aagtcggtgg 
         E  V  F   F  Q  E   K  F  E  D   G  W  E   S  R  W   
 
201 gtcaagtccg agtggaagaa ggatgagaac atggctggtg aatggaacca 
       V  K  S  E   W  K  K   D  E  N   M  A  G  E   W  N  H  
 
251 cacatctgga aaatggaatg gagatgccga ggacaaaggt attcaaacct 
        T  S  G   K  W  N  G   D  A  E   D  K  G   I  Q  T  S 
 
301    ccgaggatta caggttctat gccatttcag ccgaataccc tgagttcagc 
         E  D  Y   R  F  Y   A  I  S  A   E  Y  P   E  F  S   
 
351    aacaaggata agaccctggt gctgcagttc tctgtgaagc acgagcagaa 
       N  K  D  K   T  L  V   L  Q  F   S  V  K  H   E  Q  K  
 
401    gcttgactgc ggcggtggct acgtcaagtt gctgggtggt gatgtagacc 
        L  D  C   G  G  G  Y   V  K  L   L  G  G   D  V  D  Q 
 
451    agaagacatt aggtggagac acatcttaca gcattatctc tcgcccagat 
         K  T  L   G  G  D   T  S  Y  S   I  I  S   R  P  D   
 
501 atctctcggt acagcaccaa gaaggttcac actatcctga ccaaggatgg 
       I  S  R  Y   S  T  K   K  V  H   T  I  L  T   K  D  G  
 
551    caaaaaccac ttgatcaaga aggatgtccc ttgtcagact gatcagttga 
        K  N  H   L  I  K  K   D  V  P   C  Q  T  D   Q  L  T 
 
601    ctcatgttta cactttcatc atccgtcctg atgcaacata cagcattctc 
         H  V  Y   T  F  I   I  R  P  D   A  T  Y   S  I  L   
 
651    attgataatg aagagaagca tactggcagc atctacgagc attgggatat 
       I  D  N  E   E  K  H   T  G  S   I  Y  E  H   W  D  I  
 
701    tcttccccct aagaaaatca aggacccaga ggctaagaag cctgaggact 
        L  P  P   K  K  I  K   D  P  E   A  K  K   P  E  D  W 
 
751 gggatgacaa ggagtacatt cctgaccctg aggacaagaa gccagagggc 
         D  D  K   E  Y  I   P  D  P  E   D  K  K   P  E  G   
 
801 tatgatgata ttcccaagga aattcctgac cctgatgcta agaagcctga 
       Y  D  D  I   P  K  E   I  P  D   P  D  A  K   K  P  E  
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851 ggactgggac gatgaggaag atggtgaatg gactgcccct accattccca 
        D  W  D   D  E  E  D   G  E  W   T  A  P   T  I  P  N 
 
901 acccagaata caagggacca tggaaacaaa agaaaatcaa gaacccgaac 
         P  E  Y   K  G  P   W  K  Q  K   K  I  K   N   P  N  
 
951    taccagggta aatggaaggc acctatgatt gacaacccag attttaagga 
       Y  Q  G  K   W  K  A   P  M  I   D  N  P  D   F  K  D  
 
1001   tgatccatac atttacgcct tcgacagctt gaagtacatt ggcattgagc 
        D  P  Y   I  Y  A  F   D  S  L   K  Y  I   G  I  E  L 
 
1051   tgtggcaggt taaatcgggc actctgttcg acaacatcat catcactgat 
         W  Q  V   K  S  G   T  L  F  D   N  I  I   I  T  D   
 
1101   gaccctgcgt tggccaagac ttttgcagag gagacctggg gcaagcacaa 
       D  P  A  L   A  K  T   F  A  E   E  T  W  G   K  H  K  
 
1151   ggaggcagaa aaggctgctt ttgatgaggc cgagaaaaag aaggaagaag 
        E  A  E   K  A  A  F   D  E  A   E  K  K   K  E  E  E 
 
1201   aggatgccgc caagggtggg gatgatgagg atgatgacct agaggatgag 
         D  A  A   K  G  G   D  D  E  D   D  D  L   E  D  E   
 
1251   gaagacgatg agaaggcaga cgaggacaag gccgactctg atgccgagga 
       E  D  D  E   K  A  D   E  D  K   A  D  S  D   A  E  D  
 
1301   tggcaaggat tctgatgatg agaagcacga cgagctctag atggcgagga 
        G  K  D   S  D  D  E   K  H  D   E  L  * 
 
1351   tgatgttgct ggcctagatt tatcagctct gccactatga agttcttttt 
 
1401   tttttcccgt gaccatcaag aagtagaaca ctgctaataa gcagatggac 
 
1451   agtttgggtc gccgtagcgc tttgtagtca tttttcccat taaagccgat 
 
1501   aacactgaac aaggaggaag gatcttttgc caaaaaaaaa aaaaa 
 
 
Fig. 5.  Sequence of the maize cDNA encoding the full-length CRT (pWy0101).  The 
sequence was deposited into GenBank (accession # AF190454). 
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5) pPLT2312 clone: an inducible expression cassette for targeting GFP-CBP to the 

cell wall 

Specific PCR primers (5’- ACATGCATGCGCTTCTCATCATCAGAATCC- 3’ 

and 5’- ACATGCATGCCGATCTAGAGCTCGTC- 3’) containing SphI sites were 

designed to amplify a sequence corresponding to the C-domain of the maize CRT gene.  

The amplified CRT C-domain fragment did not include the HDEL sequence.  This 

fragment was then ligated into pPLT2013 using the SphI site, and the new plasmid was 

labeled pPLT2312.  This clone was sequenced with both the Universal M13 primer and 

the Reverse M13 sequencing primer to ensure that the GFP-CRT C-domain fusion was in 

the right direction and in frame.  An AscI, PacI DNA fragment consisting of the At HSP-

GFP-CRT C-domain-ocs sequence was ligated into the AscI and PacI sites of the binary 

plasmid vector pBINPLUS (8), and the resulting plasmid was labeled pBIN2312. 
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Fig. 6.  Arabidopsis seedling expressing pBIN2312.  GFP expression under control of 
the heat shock promoter was visible in both roots and shoots of At2312 (GFP-CRT C-
domain). Chlorophyll autofluorescence (red) masks GFP signal in hypocotyl and leaves, 
but roots and shoot apical meristems are green (left).  The bright field image of the same 
seedling is shown on the right.  Plants were photographed 18 h after a 2 h heat shock.  
Images were taken as previously described in Fig. 2 using Leica MZ12 stereomicroscope 
with a fluorescence attachment.  Scale bar = 1 mm.  
 
6) pWY1010 clone (Cloned by Dr. Sarah Wyatt): a cassette for constitutive 

expression of mGFP5 in the cytoplasm 

The gene encoding soluble mGFP5 (6) was amplified by PCR without the HDEL 

retention sequence with specific PCR primers that harbor BlgII sites.  This PCR product 

was cut with EcoRI and BlgII.  This fragment that codes for the GFP without the signal 

sequence was inserted into the clone pWy1000 behind the CaMV35S promoter. 

7) pPLT1011 clone: a cassette for constitutive expression of mGFP5 in the ER 

The heat shock promoter of the clone pWy2011 was replaced by a fragment 

containing the CaMV35S promoter from the clone pBIN mGFP5 (6) using the HindIII 

and BamHI site.  This clone was labeled pPLT1011 and sequenced with the Reverse M13 

sequencing primer.  An AscI/ PacI DNA fragment of pPLT1011 consisting of the 
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CaMV35S-mGFP5-ocs sequence was ligated into the AscI and PacI sites of the binary 

plasmid vector pBINPLUS (8), and the resulting plasmid was labeled pBIN1011. 

 

Fig. 7.  GFP expression of clone pPLT1011 in the ER.  ER localized GFP fluoresces in 
the onion epidermal cell 12 hour after bombardment (left) with the construct pPLT1011.  
The DIC image of the same cell is shown on the right.  Images were taken as previously 
described (7) using a Zeiss Zxiophot® microscope equipped with 25X and 40X water, 
and 100X oil immersion lenses (Carl Zeiss, Thornwood, NY, USA).  Images were 
captured using a Pentamaz cooled CCD Camera (Model TE/ CCD-K1317; Princeton, NJ, 
USA) and analyzed using Image One™ software (Universal Imaging, West Chester, PA, 
USA).  Images were acquired and processed using Adobe Photoshop software.  GFP was 
excited using a super-high pressure mercury lamp placed behind a 425/40 nm filter.  GFP 
fluorescence was visualized using a 540/50 nm emission filter.  Scale bars = 25 µm.   
 
 
8) pPLT1012 clone: a cassette for constitutive expression of mGFP5 in the cell 

wall 

The heat shock promoter of the clone pPLT2012 was replaced by a fragment 

containing the CaMV35S promoter from the clone pBIN mGFP5 (6) using the HindIII 

and BamHI site.  This clone was labeled pPLT1012 and sequenced with the Reverse M13 

sequencing primer.  An AscI, PacI DNA fragment of pPLT1012 consisting of the 

CaMV35S-GFP-CRT C-domain-ocs sequence was ligated into the AscI and PacI sites of 

the binary plasmid vector pBINPLUS (8), and the resulting plasmid was labeled 

pBIN1012.  An AscI/ PacI DNA fragment of pPLT012 consisting of the CaMV35S–
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ssGFP-ocs sequence was ligated into the AscI and PacI sites of the binary plasmid vector 

pBINPLUS (8), and the resulting plasmid was labeled pBIN1012. 

 

Fig. 8.  GFP expression of clone pPLT1012 in the cell wall.  GFP fluoresced in the 
onion epidermal cell 12 hour after bombardment with the construct pPLT1012 but 
showed no fluorescence in the cell wall (A).  Same as (A) but cell wall localized GFP 
fluoresces in the cell wall when bathed in buffer (pH 7.0) for 12 hour (B).  The DIC 
image of the same cell is shown on the right.  The onion epidermal cells were 
plasmolyzed with 1M NaCl.  Images were taken as previously described in Fig. 7.  Scale 
bars = 50 µm.   
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9) pPLT1310 clone: a cassette for constitutive expression of mGFP5-CBP in the 

cytosol 

The heat shock promoter of the clone pPLT2310 was replaced by a fragment 

containing the CaMV35S promoter from the clone pBIN mGFP5 (6) using the HindIII 

and BamHI site.  This clone was labeled pPLT1310 and sequenced with the Reverse M13 

sequencing primer.  An AscI/ PacI DNA fragment of pPLT1310 consisting of the 

CaMV35S-GFP-CRT C-domain-ocs (no signal sequence and no HDEL) sequence was 

ligated into the AscI and PacI sites of the binary plasmid vector pBINPLUS (8), and the 

resulting plasmid was labeled pBIN1310. 

 

10) pPLT1311 clone: a cassette for constitutive expression of mGFP5-CBP in the 

ER 

The heat shock promoter of the clone pPLT2311 was replaced by a fragment 

containing the CaMV35S promoter from the clone pBIN mGFP5 (6) using the HindIII 

and BamHI site.  This clone was labeled pPLT1311 and sequenced with the Reverse M13 

sequencing primer.  An AscI/ PacI DNA fragment of pPLT1311 consisting of the 

CaMV35S-GFP-CRT C-domain-ocs sequence was ligated into the AscI and PacI sites of 

the binary plasmid vector pBINPLUS (8), and the resulting plasmid was labeled 

pBIN1311. 
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Fig. 9.  GFP expression of clone pPLT1311 in the ER.  ER localized GFP-CRT C-
domain fluoresces in the onion epidermal cell 12 hour after bombardment (left) with the 
construct pPLT1311.  The DIC image of the same cell is shown on the right.  Images 
were taken as previously described in Fig. 7.  Scale bars = 25 µm.   
 

11) pPLT1312 clone: pPLT1311 clone: a cassette for constitutive expression of 

mGFP5-CBP in the cell wall 

The heat shock promoter of the clone pPLT2312 was replaced by a fragment 

containing the CaMV35S promoter from the clone pBIN mGFP5 (6) using the HindIII 

and BamHI site.  This clone was labeled pPLT1312 and sequenced with the Reverse M13 

sequencing primer.  An AscI, PacI DNA fragment of pPLT1312 consisting of the 

CaMV35S-GFP-CRT C-domain-ocs (lacking the HDEL) sequence was ligated into the 

AscI and PacI sites of the binary plasmid vector pBINPLUS (8), and the resulting 

plasmid was labeled pBIN1312. 
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Fig. 10.  GFP expression of clone pPLT1312 in the cell wall.  Cell wall localized GFP-
CRT C-domain fluoresces in the cell wall when bathed in buffer (pH 7.0) for 12 hour 
(left).  The DIC image of the same cell is shown on the right.  The onion epidermal cells 
were plasmolyzed with 1M NaCl.  Images were taken as previously described in Fig. 7.  
Scale bars = 50 µm.   
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Table 1. A complete list of cloning materials derived from other labs.  The list 
includes several clones (with original name), promoters and cloning materials that were 
generously provided by the individual named in parenthesis. 
 
Clone Resistance Description 

pBIN-HYG-TX (Kan) 35S promoter with XXX operator in pBIN bkgd. 
(Thompson) 

pUCA7-TX (Amp) 35S promoter with XXX operator in pBluescript  
(John Love) 

pZnCXN 1 (Amp) Calnexin in pBluescript  (Russel Wrobel) 

pZnCXN 13 (Amp) Calreticulin in pBluescript  (Russel Wrobel) 

pCXN Bar (Amp) Calnexin from Barley in pBluescript (Russel 
Wrobel) 

pHSP 5' (Amp) Heat shock promoter in pBluescript SK+, 5' 
orientation (Chi-Leng Cheng) 

pHSP 3' (Amp) Heat shock promoter in pBluescript SK+, 3' 
orientation (Chi-Leng Cheng) 

pRSET (Amp) Expression vector with His tag 

pUCAP (Amp) Cloning vector with PacI/ AscI for pBIN PLUS 
insertion (Campbell/ Sederof) 

pBIN PLUS (Kan) Binary vector optimized for vacuum infiltration of 
Arabidopsis (Campbell/ Sederoff) 

pAHC17 (Amp) Ubi1 promoter /intron in pBluescript (Peter Quail) 

pAHC25 (Amp) Ubi1 promoter /intron /GUS in pBluescript (Peter 
Quail) 
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Table 2. A complete list of cloning intermediates.  This list includes several cassettes 
made originally for cloning purpose, PCR products in TA cloning vectors and small 
pieces of DNA used during the cloning process.  pPLT, plasmid constructed by Pei-Lan 
Tsou, pWY plasmid constructed by Dr. Sarah Wyatt. 
 
Clone Resistance Description 

pWY0101 (Amp) calreticulin (ER) in pBluescript (Russel Wrobel, 
Boston lab) 

pWY2000 (Amp) HSP promoter with MCS and OCS term. In 
pUCAP bkgd 

pWY4000 (Amp) Triple X promoter with MCS and OCS term. In 
pUCAP bkgd 

pPLT0301 (Amp) Calreticulin C-domain without HDEL seq. in 
pUC19 

pPLT0302 (Amp) Calreticulin C-domain with HDEL seq. in pUC19 

pPLT0303 (Amp) CRT C-domain + HDEL in TA-cloning vector 

pPLT0304 (Amp) CRT C-domain in TA-cloning vector 

pPLT2013 (Amp) HSP-signal sequence-GFP (no stop codon), OCS 
term. in pUCAP 

pWY2101- (Amp) pWY2101 minus MCS in pUCAP 

pWY1111+ (Amp) 35S promoter, CRT, MCS, mGFP-5, NOS term. In 
pUC 18 
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Table 3. A complete list of calreticulin and GFP experimental constructs.  Clones 
made by Dr. Sarah Wyatt are labeled pWY, made by Pei-Lan Tsou are labeled pPLT and 
those made by Linda Cowen are labeled pLLC. 
 

Key to Construct Nomenclature 
 
  Top 10 promoter   3000 series 
  Heat shock promoter (HSP)  2000  
  35S promoter   1000 
  Ubi1 promoter   5000 
 
CRT     100 series  GFP(green)(sol)     10(s) 
   P-domain     200   GFP(red shift)      20 
   C-domain    300   GFP(blue)      30 
   N-domain    400   GFP (blue excited)       40  
                        Aequorin      50 
      GFP (uv, Ross')     60 
   P+C     500    CaMeleons      80 
   N+P     600    
   N+C     700   antisense        A 
      cytosol                    0 
PIP-5 kinase    800   ER         1 
CaATPase    900   cell wall        2 

 
Experimental Constructs 

 
Clone Resistance Description 
pUC based    (+Constructs also cloned into binary vectors.  See listing below). 
+pWY1011 (Amp) 35S promoter, mGFP-5,-3'MCS, OCS term in 

pUCAP 

+pPLT1012 (Amp) 35S-signal sequence-GFPcw, OCS term. in 
pUCAP 

+pWY1101 (Amp) 35S promoter, CRT, NOS term. in pUC 18 bkgd. 

+pWY110A (Amp) 35S promoter, anti-CRT, NOS term. in pUC 18 
bkgd. 

+pPLT1310 (Amp) 35S-GFP-CRT C-domain, OCS tem. in pUCAP 
(cytosolic) 

+pWY1311 (Amp) 35S- GFP- C-domain, ER localized in pUCAP 
+pPLT1312 (Amp) 35S-ssGFP-CRT C-domain, OCS tem. (cell wall) 

+pWY2010 (Amp) Heat shock promoter, MCS, GFPcyt, OCS term. In 
pUCAP 
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+pPLT2011 (Amp)  HSP-signal sequence-GFPer, OCS term. in pUCAP

+pPLT2012 (Amp)  HSP-signal sequence-GFPcw, OCS term. in 
pUCAP 

+pWY2101 (Amp)  HSP, CRT (ER) w/ OCS term in pUCAP bkgd 

+pWY210A (Amp)  HSP, antisense CRT with OCS term in pUCAP 
bkgd 

+pPLT2310 (Amp)  HSP-GFP-CRT C-domain, OCS tem. in pUCAP  
(cytosolic) 

+pPLT2311 (Amp) HSP-ssGFP-CRT C-domain-HDEL, OCS term. 
(ER) 

+pPLT2312 (Amp) HSP-ssGFP-CRT C-domain, OCS tem. (cell wall) 

pWY2400 (Amp) HSP, CRT N-domain w/ OCS term in pUCAP 

pWY2600 (Amp) HSP, CRT NP-domains w/ OCS term in pUCAP 

pWY3101 (Amp) Top 10 promoter, CRT (ER) with OCS term in 
pUC19 bkgd 

pPLT5011 (Amp) Ubi promoter-signal sequence-GFPer, OCS term in 
pUCAP (ER) 

pPLT5311 (Amp) Ubi promoter-ssGFP-CRT C-domain-HDEL, OCS 
term in pUCAP. (ER) 

pLLC9100 (Amp) Maize CRT in pRSET bacterial expression cassette 

pLLC9400 (Amp) CRT  N domain in pRSET bacterial expression 
cassette 

pLLC9600 (Amp) CRT  NP domains in pRSET bacterial expression  
cassette 

Binaries   
pBINm-gfp5er  (Kan) GFP-5 with ER localization in pBIN bkgd (Jim 

Haselhoff) 

pBIN1050 (Kanbact) 35S Aequorin, R1 frag. of pMAQ2 (Molecular 
Probes) into  (MethyltrexateArab) pGPTV HFT 
MCS (John Love) 

pBIN1012 (Kan) 35S promoter, GFPcw and OCS term. in pBIN+ 
pBIN1310 (Kan) 35S-GFP-CRT C-domain-OCS in pBIN+ 

(cytosolic) 
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pBIN1311 (Kan) 35S-ssGFP-CRT C-domain-HDEL-OCS in pBIN+ 
(ER) 

pBIN1312 (Kan) 35S-ssGFP-CRT C-domain- OCS in pBIN+ (cell 
wall) 

pBIN2010 (Kan) Heat shock promoter, MCS, GFP and OCS term in 
pBIN+ 

pBIN2011 (Kan) Heat shock promoter, GFPer and OCS term in 
pBIN+ 

pBIN2012 (Kan) Heat shock promoter, GFPcw and OCS term. in 
pBIN+ 

pBIN2101 (Kan) Heat shock promoter, CRT (ER) with OCS term in 
pBIN+ 

pBIN210A (Kan) HSP- antisense CRT (ER)- OCS  in pBIN+ 
pBIN2310 (Kan) HSP-GFP-CRT C-domain-OCS in pBIN+ 

(cytosolic) 

pBIN2311 (Kan) HSP-ssGFP-CRT C-domain-HDEL-OCS in pBIN+ 
(ER) 

pBIN2312 (Kan) HSP-ssGFP-CRT C-domain- OCS in pBIN+ (cell 
wall) 
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On the Cover: 
A 4-day old Arabidopsis seedling is expressing green fluorescent protein localized to the 
endoplasmic reticulum.  The red in the leaves is chlorophyll auto-fluorescence.  This 
image was taken using a Leica MZ-12 fluorescence dissecting microscope.  See 
accompanying article by Scott et al., p. 1125. 
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On the Cover:  
Epidermal cells of onion (Allium cepa) expressing green fluorescent protein localized to 
the endoplasmic reticulum.  See A. Scott, S. Wyatt, P.-L. Tsou, D. Robertson and N. 
Strömgren Allen.  1999. BioTechniques 26:1125-1132.  This high-efficiency method of 
transformation using particle bombardment provides rapid transient expression and 
allows visualization of novel proteins in specific cellular compartments. 
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Abstract 

Modulation of cytosolic calcium levels in both plants and animals is achieved by 

a system of Ca2+ -transport and storage pathways that include Ca2+ buffering proteins in 

the lumen of intracellular compartments.  To date, most research has focused on the role 

of transporters in regulating cytosolic calcium.  We used a reverse genetics approach to 

modulate calcium stores in the lumen of the endoplasmic reticulum.  Our goals were two 

fold: to use the low affinity, high capacity Ca2+ binding characteristics of the C-domain 

of calreticulin to selectively increase Ca2+ storage in the endoplasmic reticulum, and to 

determine if those alterations affected plant physiological responses to stress.  The C-

domain of calreticulin is a highly acidic region that binds 20-50 moles of Ca2+ per mole 

of protein and has been shown to be the major site of Ca2+ storage within the endoplasmic 

reticulum of plant cells.  A 377 bp fragment encoding the C-domain and ER retention 

signal from the maize calreticulin gene was fused to a gene for the green fluorescent 

protein and expressed in Arabidopsis under the control of a heat shock promoter. 

Following induction on normal medium, the transformed seedlings showed delayed 

senescence after transfer to calcium depleted medium when compared to seedlings 

transformed with green fluorescent protein alone. The data suggest that ectopic 

expression of the calreticulin C-domain not only has the ability to increase Ca2+ stores, 

but that this Ca2+ reserve can be used by the plant in times of stress.  
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Introduction 

Calcium plays an essential role in both plant and animal growth and is involved in 

multiple signal transduction pathways.  Cytoplasmic calcium concentrations are tightly 

regulated at 100-200 nM but higher levels of calcium (µM-mM) are found in subcellular 

organelles (1).  Transient increases in cytosolic Ca2+ concentrations have been shown in 

response to a variety of physiological stimuli (2).  In addition, calcium is an important 

micronutrient involved in normal plant growth and development.  Ca2+ deficiency in 

plants can result in reduced growth or death of apical meristems, chlorotic or “burned” 

leaves, softening of tissues and cell wall breakdown, and increased susceptibility to plant 

pathogens (3).  Conversely, the addition of supplemental Ca2+ can enhance salt tolerance 

in plants (4, 5). 

Modulation of cytosolic calcium levels is achieved by a system of Ca2+ -transport 

and storage pathways that include Ca2+ buffering proteins in the lumen of intracellular 

compartments (1, 2).  The endoplasmic reticulum (ER), cell wall, and the vacuole contain 

high levels of calcium compared to the cytoplasm that may participate in maintaining 

calcium homeostasis.  Unlike animal cells, high levels of Ca2+ in plant cells are found in 

the vacuole and cell wall, as well as in the ER (6).  However, the fact that a voltage-

gated, calcium-release channel was found in the ER, rather than the vacuole, of touch-

sensitive organs suggests that the ER calcium store may be an important component of 

signal transduction pathways in plants as well as animals (7). 

Calreticulin (CRT) is a multifunctional protein that is highly conserved in 

eukaryotic cells (8-10) and is the major Ca2+-binding protein in the ER of plant cells (11, 

12).  The protein contains three functional domains: a globular N-domain, a proline rich, 
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high affinity (Kd = 1.6 µM), low capacity (Bmax. = 1 mol/mol of protein) Ca2+-binding 

domain (the P-domain) and a highly acidic, low affinity (Kd = 0.3-2mM), high capacity 

(Bmax. = 20-50mol/mol of protein) Ca2+-binding domain (the C-domain).  CRT includes 

an N-terminal signal sequence and an ER retention motif in the C-domain (13).  The P-

domain shares considerable homology with the ER chaperone calnexin which has led to 

work on CRT’s role as an ER chaperone (14-19).  In addition, the P-domain has been 

implicated as a regulatory site for Ca2+ signal transduction in Xenopus oocytes (20). The 

C-domain is a highly acidic region of the protein that binds 20-50 moles of Ca2+ per mole 

of protein and is less conserved than other domains of CRT (13). 

We used a reverse genetics approach to augment calcium stores that participate in 

physiological responses.  By using the Ca2+ binding characteristics of the C-domain of 

the maize CRT to selectively increase Ca2+ storage in the ER, we could determine if ER 

Ca2+ stores affected the plant’s response to stress. The C-domain alone was fused to GFP 

in order to avoid potentially confounding interactions resulting from other regions of 

CRT and to specifically test the C-domain’s ability to alter calcium storage within the 

cell.  In this paper, we demonstrate: 

1) increased calcium storage in Arabidopsis expressing an ER-targeted peptide derived 

from the C-domain of CRT, and  

2) an apparent ability of the transgenic plants to access these stores under calcium stress 

conditions. 
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Materials and Methods 

Plasmid Constructions 

A full-length CRT cDNA was isolated from a maize endosperm library and 

sequenced.  The sequence was deposited into GenBank (accession # AF190454).  The 

plasmids used for transformation of Arabidopsis plants are diagrammed in Figure 1.  A 

fragment encoding the CRT C-domain was fused in-frame and downstream of mGFP5, 

encoding an ER targeted green fluorescent protein (GFP) (21).  Specific PCR primers (5’- 

GCTCTAGAATGAAGACTAATCTTTTTCT- 3’and 5’- GCATGCTGTTTGTATAGT 

TCATCC- 3’) were used to amplify the signal sequence and coding sequence of the GFP 

gene from pBIN mGFP5 (21) with an embedded XbaI site 5’ of the mGFP5 start codon 

and a SphI site before the HDEL coding sequence.  This fragment was ligated into a 

plasmid containing the Arabidopsis heat shock promoter (AtHSP) (22), mutlicloning site, 

and ocs terminator, digested with XbaI and SphI and the resulting construct was labeled 

pPLT2013.  Specific PCR primers (5’- ACATGCATGCCCCTATGTTGACAACC- 3’ 

and 5’- ACATGCATGCCGATCTAGAGCTCGTC- 3’) containing SphI sites were also 

designed to amplify a sequence corresponding to the C-domain of the maize CRT gene.  

The amplified CRT C-domain fragment including the HDEL sequence and the stop 

codon was then ligated into pPLT2013 using the SphI site, and the new plasmid was 

labeled pPLT2311. This clone was sequenced to ensure that the GFP-CRT C-domain 

fusion was in frame.  An AscI, PacI DNA fragment consisting of the At HSP-GFP-CRT 

C-domain–ocs sequence was ligated into the AscI and PacI sites of the binary plasmid 

vector pBINPLUS (23), and the resulting plasmid was labeled pBIN2311. 
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 To serve as a control, an At HSP-mgfp5-ocs construct (pBIN2011) was designed 

and constructed as described (24). 

 

Fig. 1.  Plasmid constructs.  Both constructs used an Arabidopsis heat shock promoter 
(AtHSP) and octopine synthase terminator (ocs Term.).  pBIN2011 contains the mGFP5 
sequence, which contains a 5' signal sequence and 3' HDEL ER retention sequence (21).  
pBIN2311 is identical to pBIN2011 except that it contains a CRT C-domain coding 
sequence downstream of an mGFP5 gene modified to remove its HDEL. 
 
Plant Transformation and Selection  

Binary vectors pBIN2311, and pBIN2011 were electroporated into A. 

tumefaciens, strain GV3101, using a Bio-Rad electroporator according to the 

manufacture’s instructions (Bio-Rad, Hercules, CA).  Wild type A. thaliana var. 

Columbia plants (generation T0) were then transformed by vacuum infiltration (25, 26). 

Seeds from these plants, labeled generation T1, were sterilized for 30 min in 30% bleach 

and plated onto AT medium [4.3 g/l MS salts (Gibco BRL, Bethesda, MD), 1X B5 

vitamins, 2% sucrose, 0.05% MES pH 5.8, 1% Phytagar (Gibco BRL, Bethesda, MD)] 

containing 30 mg/l kanamycin.  Seedlings were grown for 2 weeks at 21oC in constant 
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light.  Kanamycin resistant seedlings were transferred to soil and cultivated at 21oC, 

under an 8 h light-16 h dark photoperiod.  Plants were then transferred to a 16 h light-8 h 

dark photoperiod, allowed to self fertilize, and the resulting seed collected (T2 

generation).  Progeny were selected from each T1 line that showed a 3:1 ratio of 

kanamycin resistance consistent with single locus insertion of the transgene.  Seedlings 

from the T2 generation were placed at 35oC for 2 h for induction of the HSP promoter and 

then allowed to recover overnight at 21oC.  Leaf samples were taken from all plants, 

weighed, frozen in liquid N2, and stored at –80oC for analysis of protein expression. 

 

Analysis of GFP Expression 

The T2 generation of plants transformed with pBIN2011 and pBIN2311 were 

selected for GFP fluorescence.  Seedlings were germinated on AT growth medium.  At 5 

days after germination, seedlings were heat shocked for 2 h at 35oC, then allowed to 

recover overnight at 21oC prior to imaging.  Fluorescence images were acquired as 

described (27), and those plants showing the brightest GFP fluorescence were selected 

and grown to seed. 

 

Analysis of Protein Expression  

Plants transformed with pBIN2311 were also analyzed for GFP expression by 

Western blot analysis to ensure stability of transgene expression.  Approximately 20-50 

mg samples of young leaves were collected from each plant, weighed, and frozen in 

liquid nitrogen.  Leaves were ground in 2x sample buffer (28) using 1 µl of buffer to l mg 

of plant material.  Equal amounts of plant tissue were loaded into each lane of a 10% 
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SDS polyacrylamide gel, and proteins were separated by electrophoresis.  Separated 

proteins were either stained with Gelcode Blue (Pierce, Rockford, IL) or transferred to a 

nitrocellulose membrane (Bio-Rad, Bethesda, MD) using a Bio-Rad Mini Trans-Blot 

Assembly.  Proteins were detected using polyclonal antibodies against recombinant GFP 

(Clontech, Palo Alto, CA) diluted 1:1000 and horseradish peroxidase-conjugated 

secondary antibodies using a chemiluminescent substrate (Pierce Scientific, Rockford, 

IL) according to the manufacturer’s instructions. 

 

Assessment of Seedling Viability 

Seeds of each line T3 were germinated on normal AT growth media.  On day 16, 

17, and 18 after germination the seedlings were incubated at 35oC for 2 hours each day to 

induce expression of the transgene.  On day 19, Parafilm was removed from the plates 

for 6 hours, and the plates opened in a laminar flow hood for 30 min to increase 

transpiration and calcium uptake.  The seedlings were then transferred to fresh AT 

growth medium, calcium depleted (CD) media [AT growth medium with 10 mM 

ethylene Glycol-bis(β-aminoethyl ether) N,N,N’,N’-Tretraacetic Acid (EGTA)], or CD 

medium with 12 mM CaCl2 (CDC medium).  Images of these plants were taken at 3-day 

intervals until 12 days after transfer.  At day 9 and day 12, randomly selected seedlings 

were sacrificed for determination of chlorophyll content.  The entire shoot of each plant 

was removed, weighed, and place in an Eppendorf tube containing 1 ml of N,N-

dimethylformamide.  Total chlorophyll was determined according to Moran (29). 
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Total Calcium Measurement 

Approximately 300 seeds of each line were germinated on normal AT growth 

medium. Transgene expression was induced as above, and on day 19 calcium uptake was 

augmented by increasing the transpiration rate as above.  Seedlings were then harvested 

and gently washed with deionized water until the agar was completely removed.  The 

tissues were dehydrated at 50oC overnight, ground, and weighed.  0.3 grams of dried 

tissue from each line was analyzed for total calcium using a Perkin-Elmer Plasma 2000 

System spectrometer (Perkin Elmer Corp., Norwalk, CT) at the Analytical Services 

Laboratory, Department of Soil Science, North Carolina State University. 

 

Results 

Expression of the CRT C-Domain 

Multiple homeostatic mechanisms regulate calcium levels in plants.  We used an 

inducible promoter to test whether ectopic expression of the CRT C-domain in the ER 

could affect ER calcium stores.  This approach was used to guard against potential 

compensatory mechanisms that might restore calcium to initial levels.  The C-domain 

sequence was expressed as a fusion protein with the GFP to allow visualization of protein 

expression and to stabilize the peptide. 

Alignment of the maize cDNA sequence with sequences of CRT from other 

species shows significant homology across species.  The maize clone and Arabidopsis 

CRT1 show an overall identity of 73%, with 82% and 69% identity in the calcium-

binding P and C domains, respectively (30).  The maize sequence was used in all CRT 

derived constructs to avoid any possible effects from transgene silencing. Two constructs 
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were made for these experiments using GFP targeted to the ER, one with the C-domain 

fused to the GFP gene and another as a GFP control, both using the Arabidopsis heat 

shock promoter for inducible control. 

A total of 8 independent transformed lines were tested for GFP expression and 

stability. Transgenic lines of Arabidopsis, At2311-7 and At2311-8 were selected as pure 

lines that express the GFP-CRT C-domain fusion, and At2011-1 for the ER-targeted 

mGFP5, based on GFP expression after heat shock. These lines showed undetectable 

GFP expression until heat shock. Fig. 2 demonstrates the results from one of these lines, 

line At2311-7. GFP expression was visible in both shoot and root tissues under control of 

the heat shock promoter (Fig. 2a), and expression was localized to the ER (Fig. 2b).  The 

induced levels of expression resulted in no apparent abnormalities or swelling of the ER 

or nuclear envelope (Fig. 2b) as seen with constitutive overexpression of CRT (31).  

Western blot analysis, using antibodies directed against GFP, showed the predicted size 

for the GFP-CRT C-domain fusion protein and demonstrated that the fusion protein was 

not degraded (Fig. 3).  GFP expression for this line remained high for at least 5 days 

following heat shock.  
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Fig. 2.  Uniform expression of the GFP-CRT C-domain fusion.  (A) GFP expression 
under control of the heat shock promoter was visible in both roots and shoots of At2311 
(GFP-CRT C-domain) (right) compared to a wild type seedling (left). Chlorophyll 
autofluorescence (red) masks GFP signal in hypocotyl and leaves, but roots and shoot 
apical meristem are green.  (B) GFP expression was localized to the ER as demonstrated 
by this fluorescence image of a root hair from an 11-day-old seedling of At2311. Plants 
were photographed 18 h after a 2h heat shock.  Images were taken as previously 
described (Scott et al. 1999) using (A) Leica MZ12 stereomicroscope with a fluorescence 
attachment, and (B) a Zeiss Axiovert microscope equipped with a 100X oil immersion 
lens. 
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Fig. 3.  Minimal degradation of the C-domain fusion protein in Arabidopsis.  Total 
protein was extracted from the seedlings, run on SDS-PAGE (2.5 mg tissue/lane), and 
transferred onto a nitrocellulose membrane. The membrane was probed with polyclonal 
antibodies against GFP and detected by chemiluminescence.  Lane 1, WT Arabidopsis; 
Lane 2, Arabidopsis expressing mGFP5 under the control of the Arabidopsis HS 
promoter (At2011); and Lane 3, Arabidopsis expressing the GFP-CRT C-domain fusion 
protein under the control of the HS promoter (At2311). 
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Seedling phenotype 

Seedlings harboring the mGFP5-CRT C-domain fusion protein showed no 

obvious phenotype when germinated, induced for transgene expression, and grown on 

normal AT growth medium containing 2mM Ca2+ (Fig. 4a).  However, when transferred 

to calcium depleted (CD) medium (containing 10 mM EGTA) after induction, phenotypic 

differences become detectable.  The most obvious difference was the delayed loss of 

chlorophyll of line At2311-7, containing the mGFP5-CRT C domain fusion protein, on 

CD medium.  By day 9 after transfer to CD medium, heat-shocked WT plants and 

transgenic controls were chlorotic whereas plants from line At2311-7 were still green 

(Fig. 4b).  After 12 days, all plants, including line At2311-7, were chlorotic. This 

experiment was repeated three times and the same trend was apparent by visual 

inspection; line At2311-7 contained more chlorophyll than the other lines on days 6−12.  
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Fig. 4.  Expression of the GFP-CRT C-domain increases viability of Arabidopsis 
seedlings transferred to calcium depleted medium.  Seeds from At2311-7 (GFP- CRT 
C-domain) (left) and At2011 (GFP) (right) were plated on AT medium and allowed to 
germinate.  Sixteen days after germination, seedlings were incubated at 35°C for 2 hours 
(heat shock) and allowed to recover at 21°C overnight.  This was repeated for 3 
consecutive days.  On day 4, the plants were placed on fresh CD medium.  Photographs 
shown were taken (A) at time 0 and (B) 9 days after transfer to CD medium.  (C) An 
individual seedling of At2311 (left) and At2011 (right) 9 days after transfer to CD 
medium.  Arrows indicate new growth, which remained green longer in line 2311-7. 
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Measurements of total chlorophyll indicated that plants from line At2311-7 

induced for mGFP5-CRT C domain fusion protein expression maintained over 60% of 

their total chlorophyll content after 9 days on CD medium when compared to plants from 

the same line on normal medium.  WT and transgenic mGFP5 control plants retained 

only 15-30% of their chlorophyll content under the same conditions (Table 1).  After 12-

15 days, mGFP5-CRT C-domain transgenics also lost chlorophyll (data not shown).  As 

an additional control for the secondary effects of EGTA, we transferred seedlings to CD 

medium containing an additional 10 mM Ca2+ (CDC medium).  Supplementation of CD 

medium with calcium partially restored seedling survival on EGTA-containing medium 

demonstrating that at least part of the accelerated senescence on CD medium was 

reversed by adding calcium (Table 1).  When compared to plants grown on CDC 

medium, At2311 plants maintained over 90% of their total chlorophyll content whereas 

the WT and transgenic control maintained 30-50% (Table 1, Fig. 5).  Under continued 

stress, the plants from line At2311-7 continued to lose chlorophyll suggesting that the 

increase in stored calcium had been depleted.  However if returned to normal calcium 

medium, plants from At2311-7 were able to recover and grow normally (data not shown). 
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Table 1. Chlorophyll content of seedlings on media with variable calcium content. 

mg of chlorophyll/g of tissue (mean +SD) 
(Medium) 

 
 

Transgenic line 

 
Normal Ca2+ 

(N) 

 
Ca2+  Depleted  

(CD) 

 
CD + Ca2+ 

(CDC) 
At2311    

+ Heat shock (HS) 536+158 333+160 359+40 
-HS 

 
738+103 143+95 319+73 

At2011    
+ HS 850+87 131+44 397+103 
- HS 

 
588+108 169+93 446+179 

Wild Type    
+ HS 1225+270 368+99 623+31 
- HS 1306+214 327+106 639+84 

* At least 3 plants were used for each sample. Experiment was repeated 3 times with 
similar results. 
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Fig. 5.  Normalized chlorophyll content of seedlings on calcium depleted (CD) 
medium. Chlorophyll content of plants transferred to CD medium was normalized to 
plants transerred to fresh normal AT medium (N) and those transferred to CDC medium. 
Increased ratios of chlorophyll in the seedlings of At2311-7 expressing the GFP-CRT C-
domain fusion indicated reduced senescence of these plants as compared to seedlings of 
At 2311-7 not induced by heat shock, wild type with and without heat shock, and 
transgenic controls (At2011) with and without heat shock. Total chlorophyll content was 
determined 9 days after transfer of seedlings to thee experimental medium. Each data 
point represented minimum of 10 plants/treatment. The experiment was repeated 3 times 
with similar results. 
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To determine if ectopic expression of the mGFP5-CRT C-domain fusion protein 

caused an increase in total calcium, or whether calcium was simply reallocated to the ER 

from other cellular compartments, we measured the total calcium contained in the 

seedlings. Calcium measurements were performed on at least 200 seedlings for each line 

and the experiment was repeated three times with similar results. Plants from line 

At2311-7 induced for the mGFP5-CRT C-domain fusion showed  a 15.2% increase and a 

9% and 35.7% increase in two other experiments in total plant calcium compared to wild 

type plants and transgenic mGFP5 control plants (Fig. 6).  A second transgenic line 

induced for the mGFP5-CRT C-domain fusion protein, line At2311-8, showed a 13% 

increase compared to wild type (Fig. 6).  There was no significant difference between the 

WT, with and without heat shock (0-2.2%), the transgenic GFP controls (-11.1- 2.2%) 

and the uninduced At2311-7 plants (1.1%).  These data support our hypothesis that the 

increased viability of the transgenic plants on calcium depleted medium is related to 

increased calcium stores sequestered during growth on normal medium. 
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Fig. 6.  Plants expressing the GFP-CRT C-domain fusion protein accumulated 
higher levels of calcium.  Seeds from At2311-7 (GFP-CRT C-domain), At2011 (GFP 
control), and WT were plated on nutrient medium and allowed to germinate.   Twenty-
day-old plants were either subjected to a heat shock at 35oC for 2 hours followed by a 22 
h recovery at 21oC or maintained at 21oC.  This was repeated for 3 consecutive days.  On 
day 24 all shoot and root tissue was harvested, washed, and dried.  The total calcium 
content is shown as a percent of the total dry weight of the tissue. There was no 
significant difference between the WT +/- HS, At2011, or At2311-HS. The data represent 
1 of 3 experiments that all showed similar results. 
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Discussion 

Here, we have shown that (i) we can increase cellular calcium by expression of 

the high capacity, low affinity Ca2+-binding domain of CRT as a GFP fusion protein in 

the ER and (ii) the increase in total calcium can, at least temporarily, mitigate the effects 

of calcium deficiency in the growth medium.  We used a heat shock promoter to express 

the C-domain-GFP fusion protein.  The C-domain of CRT provided a vehicle for 

sequestering large amounts of loosely bound calcium molecules.  Expression of the C-

domain-GFP fusion protein caused an increase in cellular calcium with no apparent 

deleterious effects on seedling growth (Fig. 4).  This suggests that the ER stores of 

calcium do not interfere with cytoplasmic calcium regulation under normal conditions.  

To our knowledge, this is the first report demonstrating that ER-localized calcium can be 

modulated transgenically, and that this transgenic store of calcium is biologically 

available for growth and development.  To determine if the ER-localized calcium 

sequestered by ectopic expression of the C-domain was subsequently available for 

cellular processes, we monitored seedling viability on calcium depleted medium.  Plants 

were induced for C-domain expression on normal medium to enable them to sequester 

calcium.  They were then transferred to medium containing EGTA, which chelates 

divalent cations.  Similar conditions of low calcium may occur if plants are grown in 

marginal environments with infrequent application of fertilizer.  Seedlings expressing the 

C-domain fusion protein retained chlorophyll for longer periods of time, suggesting that 

survival was improved in plants with ER reserves of calcium. 

Heat shock induction of the mGFP5 control also increased calcium levels relative 

to uninduced mGFP5 seedlings (Fig. 6).  Although the relative increase (approximately 
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15%) was similar to that seen for mGFP5-CRT C-domain seedlings, the highest calcium 

level were consistently seen in plants expressing the GFP-CRT C-domain.  It remains 

possible that expression of any ER targeted transgene will cause increased accumulation 

of calcium, perhaps as a consequence of an unfold protein response.  However, we have 

not demonstrated that such an increase can surpass normal levels in non-transgenic 

plants, unless the C-domain is part of the expressed transgene. 

Hirschi (32) recently altered Ca2+ homeostasis in plants by over-expressing 

CAX1, a putative vacuolar Ca2+/H+ antiporter.  CAX1 over-expression resulted in a 

significant increase in total Ca2+ concentration, but the plants showed an increased 

sensitivity to cold (32).  CAX1 may have negatively altered the magnitude or duration of 

a cytoplasmic calcium signal (33) with respect to transduction of an appropriate stress 

response to cold.  Although our increases in total plant calcium were modest compared to 

that attained by CAX1 over-expression (9- 35.7% vs. 50-150%), the increased calcium 

sequestered by the mGFP5-CRT C-domain fusion protein appeared to benefit plants 

when grown in a calcium-deficient situation.  Experiments are in progress to test for 

altered stress response of these plants. 

Our data suggest that the CRT C-domain not only has the ability to store Ca2+ but 

that it can act as a capacitor to store calcium until needed, whereupon it is released to the 

cytoplasm.  This model of cellular calcium control suggests that calcium stores in the ER 

are re-filled from channels in the plasmalemma upon depletion, and that the ER is key to 

sensing cellular Ca2+ homeostasis (34).  CRT levels may be a limiting factor for Ca2+ 

storage in the ER and by over-expressing the C-domain, the calcium “capacity” of the ER 

may be increased.  Experiments are in progress to determine if constitutive expression of 
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the GFP-C-domain fusion protein has a similar effect on modulation of plant responses to 

stress. 

An interplay between Ca2+ and other cations is essential for proper growth and 

development.  K+ transport in plants is dependent on Ca2+ (Epstein, 1961).  Increased 

Ca2+ inhibits Na+ influx and maintains K+/Na+ selectivity in plants under salt (35).  A 

number of plant diseases and growth disorders causing substantial losses to horticultural 

crops have been attributed to calcium deficiency (3, 36-40).  Addition of CaCO3 (lime) 

does not always remedy the problem, especially in areas where additional factors such as 

soil salinity and pH are sub-optimal (41, 42) or where the condition resulted from 

localized deficiencies caused by uneven Ca2+ distribution in the plant tissues (42, 43).  

Even a temporary calcium deficiency resulted in reduced stem growth and death of the 

apical meristem in tomato (44).  The increased stored calcium available in the CRT C-

domain expressing plants may be beneficial in a plant’s ability to withstand a calcium 

deficiency and the adverse effects associated with it.  Experiments testing the response of 

these plants to a battery of stresses are in progress. 

In addition to the importance of Ca2+ in normal growth and development, Ca2+ has 

long been recognized as an important second messenger responsible for mediating the 

activities of many environmental and endogenous signals.  Transient increases in 

cytosolic Ca2+ occur in response to environmental signals such as touch, cold or heat 

shock, wounding, anoxia, salinity, and hypoosmotic shock (45-55).  A change in 

cytosolic Ca2+ may be one of the primary mechanisms used to initiate changes in gene 

expression and biochemical processes as plant cells adapt to environmental stresses (54, 

56-58).  The origin of these signaling pools has not been fully elucidated.  However, if 
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ER Ca2+ is important, then an increase in the ER stores as generated by expression of the 

CRT C-domain could affect the duration, amplitude or regeneration time of the signal.  

This hypothesis is supported by recent work demonstrating that altered expression of the 

full-length CRT affected Ca2+ uptake and release in ER-enriched membrane fractions in 

vitro (24).  However, the effects of the full-length CRT may not be the result of simple 

Ca2+ buffering alone.  In Xenopus, CRT has been proposed to regulate intracellular Ca2+ 

signaling via the P domain through interactions with the Ca2+ ATPase or IP3 receptor, and 

the interaction was independent of calcium storage (20).  Comparison of the full-length 

CRT and the CRT C-domain transgenic plants may help delineate the role of calcium 

storage in signaling events and better define the cellular location of calcium pools 

responsible for those events. 
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Abstract 

In order to investigate the relationship between endoplasmic reticulum (ER) Ca2+ 

stores in salt tolerance of plant cells, we generated Arabidopsis plants that expressed a 

green fluorescent protein (GFP)-calcium binding peptide (CBP) fusion protein.  The CBP 

was derived from the C-domain of calreticulin (CRT), an abundant ER protein which has 

been shown to bind 20-50 moles of Ca2+ per mole of protein (1).  A 377 bp fragment 

encoding the C-domain and ER retention signal from the maize (Zea mays) CRT gene 

was fused to the mGFP5 gene (2) and constitutively expressed in Arabidopsis using a 

CaMV 35S promoter.  Transgenic plants expressed high levels of this fusion protein in 

the ER and the fusion protein bound Ca2+ in vitro.  The transformed seedlings also 

showed loss of chlorophyll after transfer to high salt medium when compared to control 

seedlings expressing GFP alone.  The data suggest that expression of the CBP not only 

has the ability to increase bioavailable calcium stores but also that the ER Ca2+ store is 

important for salt tolerance. 
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Introduction 

Calcium is an essential secondary messenger that controls a variety of cellular 

functions (3, 4).  In both plants and animals, Ca2+ is stored in organelles, e.g. 

endoplasmic reticulum (ER) and mitochondria.  In plants, it is also stored in vacuoles, 

chloroplasts and cell walls.  Cytoplasmic Ca2+ concentrations are tightly regulated at 100-

200 nM but higher levels of calcium (µM-mM) are found in subcellular organelles (5).  

Cytosolic Ca2+ levels are controlled by a system of membrane localized Ca2+ pumps and 

channels and by calcium storage proteins in the lumen (4, 5).  Ca2+ also plays a key role 

in plant growth and development as changes in cellular calcium, acting through Ca2+ 

modulated proteins and their targets, regulate an astonishing variety of cellular processes.  

Transient increases in cytosolic Ca2+ concentrations have been shown in response to a 

variety of physiological stimuli such as touch, cold shock, heat shock, oxidative stress, 

anoxia, hypoosmotic shock, salinity, wounding, and pathogen infection (4, 6-17).  Plants 

grown under calcium deficient conditions are more susceptible to plant pathogens and 

show reduced growth of apical meristem, chlorotic leaves, softening of tissues, and cell 

wall breakdown (18).  The cell’s sensitivity and response to various stresses is dependent 

on its ability to sequester and use Ca2+ from internal Ca2+ -signaling stores (19-21), and 

the ability to modulate intracellular Ca2+ pools using transgenes could provide a means 

for plants to gain resistance to various external stresses (22).  

Soil salinity is one of the most significant abiotic stresses for plant agriculture 

since the majority of crop plants have low salt tolerance.  Today, ~20% of the world’s 

cultivated land and nearly half of all irrigated lands are affected by salinity.  However, 

salt tolerance is a complex trait involving responses to cellular osmotic and ionic stresses 
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and their consequent secondary stresses (e.g. oxidative stresses) and whole plant 

coordination (23).  However, it was shown that the addition of supplemental external 

Ca2+ can enhance salt tolerance in plants (24, 25).  High levels of extracellular Ca2+ exert 

numerous effects on plant cells, many of which may be correlated with alleviating Na+ 

toxicity.  These effects include, for example, improved K+ and Ca2+ nutrition, and 

reduced cellular Na+ content.  Many of the effects of extracellular Ca2+ in relieving salt 

toxicity are most likely achieved by activating signaling pathways for K+ and Na+ 

transport.  These pathways include regulation of influx, efflux, and compartmentalization 

of these ions.  Na+ stress is known to cause Ca2+ depletion in the extracellular space and 

the outer surface of the plasma membrane (26). 

The ER is considered to be one of the most important and metabolically relevant 

sources of cellular Ca2+ (27-29).  The ER contains a variety of Ca2+ -binding proteins 

such as the molecular chaperone binding protein (BiP), calnexin, and calreticulin (CRT).  

Among them, CRT is responsible for the main Ca2+-retaining pool in plants (30).  It is a 

multifunctional protein that is highly conserved in eukaryotic cells (31-33).  It contains 

the signal sequence and an HDEL retention sequence for ER lumen localization.  It has at 

least three functional domains: a globular N-domain, a proline rich, high affinity (Kd = 

1.6 µM), low capacity (Bmax. = 1 mol/mol of protein) Ca2+-binding domain (the P-

domain) and a highly acidic, low affinity (Kd = 0.3-2mM), high capacity (Bmax. = 20-

50mol/mol of protein) Ca2+-binding domain (the C-domain) (1).  CRT has been 

suggested to be involved in Ca2+ signaling (34-36), chaperone activity (37-41), cell 

adhesion (42), gene expression (43, 44), apoptosis (45, 46), and in store-operated fluxes 

through the plasma membrane (35, 47-49).  Overexpressing CRT in both plants (22, 50) 
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and animals (35, 51, 52) increases the ER Ca2+ stores.  Ectopic expression of calreticulin 

or the calreticulin C-domain alone not only can increase Ca2+ stores, but this Ca2+ reserve 

can be used by the plant in times of stress, thus enhancing the survival of plants grown in 

low Ca2+ medium (20, 22, 50). 

In view of the fact that Ca2+ is involved in responses to salt stress (53) and that 

addition of supplemental external Ca2+ can enhance salt tolerance in plants (24, 25), we 

tested plants expressing a fusion protein containing an N terminal green fluorescent 

protein (GFP) and a C terminal calcium binding peptide (CBP) derived from CRT (50) 

for salt stress.  We found that transgenic plants constitutively expressing the CBP fusion 

protein were more salt tolerant as compared to the GFP control plants.  

 

Results 

Selection of Transgenic Arabidopsis Lines 

We used a transgenic approach to determine if the ER calcium stores are 

important to plants under salt stress conditions.  The GFP gene was fused to a sequence 

encoding the CRT C-domain to allow visualization of protein expression and to stabilize 

the calcium binding peptide.  Because calcium is sequestered in various cellular 

compartments and is essential for many signaling pathways, we first used an inducible 

heat shock promoter to control the GFP-CRT C-domain (GFP-CBP) transgene to guard 

against compensatory mechanisms that might reestablish normal calcium levels and to 

avoid any long term developmental problems (50).  Here, we also tested transgenic plants 

harboring the GFP-CBP under the control of the constitutive CaMV35S promoter (Fig. 

1).
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Fig. 1. Plasmid constructs  
Both constructs used a CaMV35S promoter and octopine synthase terminator (ocs 

term).  pPLT1011 contains the mGFP5 sequence, with a 5’ signal sequence derived from 
a gene encoding ER-localized chitinase and HDEL ER retention sequence (2).  
pPLT1311 is identical to pPLT1011 except that it contains a CRT C-domain coding 
sequence and HDEL downstream of an mGFP5 gene.  The HDEL from the mGFP5 gene 
was removed, leaving only one HDEL sequence in this construct. 
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Expression of the GFP- CBP 

We tested seed from 35 independent transgenic T1 lines containing a 35S GFP-

CBP construct.  The seeds were harvested and these lines which gave a 3:1 ratio of 

kanamycin resistance were chosen and grown to maturity.  The T2 plants were then 

grown and analyzed by microscopy and immunoblots for GFP-CBP expression.  

Transgenic lines of Arabidopsis, At1311-10, At2311-13, At2311-14, At2311-21, At2311-

18 and At2311-33 were selected as lines that express the GFP-CBP fusion protein, and 

At1011-1 for the ER-targeted GFP, based on GFP expression.  Fig. 2 demonstrated 

microscopy results from two of the lines in which GFP expression was visible in both 

shoot and root tissues (Fig. 2A).  By bombarding the construct into the onion epidermal 

cells, we were able to visualize the GFP expression in the ER (Fig. 2B).  Western blot 

analysis, using antibodies directed against GFP, showed the predicted size for the GFP-

CRT-CBP fusion protein (Fig. 3).  Unlike the inducible GFP-CBP expression shown in 

Wyatt et al. (50), the constitutive, the high levels of expression of the fusion protein 

resulted in degradation in some lines (Fig. 3A).  The size of the breakdown product was 

27 kDa and the product cross reacted with the anti-GFP antiserum.  In contrast, lines 

showing a lower level of constitutive expression appeared to lack detectable breakdown 

products. 
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Fig. 2. Uniform expression of the GFP-CBP fusion.  
A. Under control of the 35S promoter, GFP expression was visible in both roots and 

shoots of At1011 (GFP) (lower left) and At 1311-10 (upper left) and At 1311-13 
(upper right) (GFP-CBP) as compared to a wild type seedling (lower right).  
Chlorophyll autofluorescence (red) masks GFP signal in hypocotyls and leave.  GFP 
was excited at 480/40 nm and fluorescence was visualized using a 510 nm filter.  The 
scale bar = 1 mm. 

B. Video microscopy demonstrates that GFP expression was localized to the ER by 
fluorescence image of onion epidermal cells bombarded with the constructs pPLT1011 
(left) or pPLT1311 (right).  Both constructs are localized to the ER.  The scale bar = 
25 µm. 
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Breakdown of the GFP-CBP Fusion Protein Is not Due to ER Stress 

 Different transgenic lines showed various levels of protein expression.  In most of 

the transgenic lines, the GFP-CBP fusion protein was stable and degradation was 

minimal.  This is also true in the heat shock inducible expression lines (50).  However, in 

lines with high expression (line 10 and 21), we detected an extra band the size of the GFP 

alone (27 kDa) using western blots (Fig. 3A).  We suspected that this was an ER stress 

response caused by the large amount of foreign protein saturating the ER, so the same 

blots were probed with anti-BiP (immunoglobulin binding protein) antibodies.  The 

amount of BiP showed no direct correlation with the amount of GFP-CBP fusion or the 

breakdown product expressed in these plants.  This indicates that the breakdown is 

probably not part of a generalized ER stress response. 
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Fig. 3. Western analysis of expression of the GFP-CBP fusion protein. 
A. Total protein was extracted from the seedlings, run on SDS-PAGE, and transferred 

onto a nitrocellulose membrane. The membrane was probed with polyclonal antibodies 
against GFP and detected by chemiluminescence.  The western blot analysis indicated 
the appropriate size shift (13 kDa) for the GFP-CBP fusion (At1311), lane 3 to 8 as 
compared to the Arabidopsis expressing mGFP5 under the 35S promoter (At1011).  
Lane 1 are plants expressing the GFP-CBP fusion under the control of the HS 
promoter (At2311).  The high expression lines (line 10 and line 21) shown in lane 3 
and lane 6 have some breakdown products whereas lower expression lines (lane 4, 5, 7 
and 8) show no detectable breakdown. 

B. The same membrane was also probed with BiP antibodies.  Lanes as indicated in A.  
There was no direct correlation with the expression level of BiP and the expression of 
GFP-CBP in different transformants.  

C. Equal amounts of plant tissue were loaded into each lane of a 10% SDS 
polyacrylamide gel, and proteins were separated by electrophoresis.  Total proteins 
were visualized with Gelcode Blue (Pierce, Rockford, IL).  Lanes are as indicated in A 
and lane 0 shows the molecular-mass standards (Kaleidoscope prestained standards 
from Bio-Rad, Bethesda, MD).  



 102

Phenotypic Analysis of 35S-GFP-CBP Transgenic Arabidopsis Lines 

Phenotypic analysis of 7 of the lines demonstrated that growth rate and 

morphology were similar to non-transgenic control plants.  No detectable differences in 

flowering and seed set were noticed in the transgenic plants. We conclude that 

constitutive expression of the GFP-CBP fusion was not deleterious to plants under 

normal growth conditions. 

The GFP-CBP Fusion Protein Binds Ca2+ 

 The CRT C-domain is just a portion of the whole CRT protein.  Although the 

CRT protein binds calcium and the C-domain is known to be the high capacity Ca2+ 

binding site (54), I needed to verify that the GFP-CBP fusion could also bind Ca2+.  

Protein extracts from At1311 and At1011 plants were electrophoresed on separate 

SDS/PAGE gels in the presence of either 1 mM ethylenebis (oxyethylene nitrilo) 

tetraacetic acid (EGTA) or 1 mM CaCl2.  Following transfer to nitrocellulose membrane, 

GFP-CBP fusion proteins and GFP were visualized by immunoblotting using polyclonal 

antibodies made against recombinant GFP (Clontech, Palo Alto, CA).  Identical 

molecular weight standards were used to align the two gels.  The GFP-CBP fusion 

protein migrated more slowly in the presence of EGTA (Fig. 4, lane 3-8) than in the 

presence of Ca2+ (Fig. 4, lane 11-16), whereas the GFP control (Fig. 4, lanes 2 and 10) or 

the breakdown product from At1311 (Fig. 4, lanes 3, 7, 11 and 15) showed no difference 

in migration in calcium or EGTA-containing gels. 

The apparent molecular mass of GFP-CBP  shifted from 43 to about 48 kDa.  This 

result is consistent with the Ca2+ -dependent electrophoretic mobility shown by other 

calcium binding proteins (55-57), including full length CRT (56, 58).  This result 
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indicated that the GFP-CBP fusion protein exhibited Ca2+ -dependent mobility and that 

the recombinant fusion protein was able to bind calcium in vitro.  

 

Fig. 4. Calcium –dependent electrophoretic mobility. 
SDS-PAGE of protein extract from independent transformants of At1311 are shown in 
lane 3-8 and 11-16.  Protein extracts from At1011-1 is loaded in lane 2 and 10.  The GFP-
CBP fusion protein and GFP were visualized by immunoblotting with anti-GFP serum.  
The migration of calcium-loaded or calcium-depleted GFP-CBP (lane 3-8 and 11-16) was 
compared using molecular-mass standards (Kaleidoscope prestained standards), lane 1 
and 9, and with GFP alone (lane 2 and 10).  A. EGTA donates lanes from a gel 
containing 1 mM EGTA.  B. Ca2+ donates lanes from a gel containing 1 mM CaCl2. 
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Alteration of CRT Levels Increases Salt Tolerance 

Both GFP-CBP and GFP plants showed stress when grown on high salt medium, 

but At2311-7 containing the GFP-CBP fusion protein showed delayed stress symptoms 

compared to the GFP control line At2011-1 on high salt medium (150 mM).  When seeds 

were germinated directly on the medium with high salt (200 mM), most of the seeds did 

not germinate.  Therefore, seeds were germinated on normal MS medium and then 

transferred onto medium contain a higher level of NaCl (either 150 mM or 200 mM).  

One month after transfer to 200 mM high salt medium, both the control and At2311 plant 

was chlorotic (data not shown) but those transferred onto 150 mM salt medium, the 

control plants (At2011-1), were mostly chlorotic whereas plants from line At2311-7 were 

still green (Fig. 5A).  Previous studies demonstrated that increased Ca2+ inhibits Na+ 

influx but K+/Na+ selectivity is maintained in plants (59).  Our earlier results showed (50) 

that heat shock induction of an inducible GFP-CBP fusion protein increased total plant 

calcium levels.  Results presented here suggest that plants constitutively expressing the 

GFP-CBP have a higher viability as measured by a higher chlorophyll level under 

continued salt stress. 

Similar results were found when 35S GFP-CBP (At1311) plants were tested on 

high salt medium (Fig. 5B).  However, compared to HSP GFP-CBP (At2311) plants, 

these plants expressed significantly higher levels of the transgene.  The plants were also 

tested on 150 mM and 200 mM NaCl medium.  The most significant difference was 

observed on 200 mM NaCl medium rather than on 150 mM.  Although both lines showed 

stress, the control plants (At1011) were mostly chlorotic whereas most of the plants from 

line At1311 were still green (Fig. 5B). 
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During the induction of the transgene in plants controlled by the heat shock 

promoter (At2011 and At2311), a 2 hr heat shock was administered to the plants three 

times.  This process might contribute additional stress, along with the salt stress.  Because 

the heat shock was not administered to the 35S GFP-CBP plants, higher levels of salt 

tolerance were seen than the HSP plants. 
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Fig. 5. Expression of the GFP-CBP increases salt tolerance of Arabidopsis seedlings 
when transferred to high salt medium. 
A. Seeds from At2311-7 (GFP- CBP) (left) and At2011 (GFP control) (right) were plated 

on AT medium and allowed to germinate.  Nine days after plating, seedlings were 
incubated at 35°C for a 2 h heat shock and allowed to recover at 21°C overnight.  This 
was repeated for 3 consecutive days.  On day 4, the plants were transferred to high salt 
medium (MS medium+ 150 mM NaCl).  Image was taken 30 days after transfer to 
high salt medium. 

B. Seeds from At1311-10 (GFP- CBP) (left) and At1011 (GFP) (right) were plated on 
MS medium and allowed to germinate.  The GFP-CBP was constitutively expredded 
and no heat shock was administered.  On day 19 after germination, plants were placed 
on high salt medium (MS medium+ 200 mM NaCl).  Photographs shown were taken at 
14 days after transfer. 
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Discussion 

Studies in mammalian systems showed that up-regulation of CRT expression 

resulted in increased accumulation of cellular Ca2+ in vivo (35, 51).  Recently, studies in 

plants also showed that ER-associated CRT levels were positively correlated with Ca2+ 

accumulation and was mediated in an ATP-dependent manner (22).  The increased Ca2+ 

accumulation observed in the ER of NT1 cells appears to result from an increased 

buffering capacity contributed by CRT (22).  In addition, CRT transformed Arabidopsis 

plants showed delayed chlorosis on Ca2+ -depleted medium (22).  Support for the calcium-

buffering property of CRT as a critical mediator of this response comes from experiments 

following heat shock induction of the fusion protein by overexpressing the CRT C-domain 

as a GFP-CBP fusion protein (50).  These GFP-CBP expressing plants accumulated higher 

levels of total Ca2+ (~9%) per gram dry weight following heat shock induction of the 

fusion protein.  Our data showing the calcium-dependent electrophoretic mobility of the 

GFP-CBP also supports the fact that the CBP helps the plant to store more calcium in the 

ER. 

It has been proposed that plants use different Ca2+ stores and signaling patterns in 

response to different signals (4, 8, 9, 60).  Although the ER contains lower total Ca2+ than 

the vacuole, it was shown that the ER Ca2+ pool is important in plant tolerance for calcium 

stress (22, 50).  Unlike Ca2+ stored in the vacuole, ER Ca2+ was available to plants when 

they were subjected to stresses (20, 50).  Therefore, increasing intracellular Ca2+ levels is 

not the only key to withstanding lower levels of extracellular Ca2+ (61).  The location of 

the Ca2+ store is also an important factor for whether calcium stores are available for the 

plants when they are under stress. 
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Our data suggest that the ER Ca2+ pool is important for salt stress.  A large amount 

of information has accumulated on the role of Ca2+ in salt tolerance (62, 63).  It is thought 

that the toxic levels of sodium may displace Ca2+ from the membrane of root cells (15, 64, 

65), leading to increased membrane leakage.  The GFP-CBP expressing plants were able 

to store more total calcium and these plants were more salt tolerant when transplanted 

from normal medium onto a high salt medium.  Our data suggest that the ER calcium store 

is also important in relieving Na+ toxicity.  However, the mechanism is still unclear. 

The discovery of SOS (salt overly sensitive) genes in Arabidopsis might give us an  

indication of how the regulatory pathway for plant salt tolerance works.  The SOS3 gene 

has been proposed to be involved in mediating the beneficial effects of Ca2+ (23, 53).  A 

mutation of this gene increases the level of extracellular Ca2+ required to relieve salt stress 

(53).  SOS3 encodes a Ca2+ binding protein with 3 predicted EF-hands (25).  It is most 

similar to the B-subunit of calcineurin (66) and animal neuronal Ca2+ sensors (NCS) (67).  

In yeast, calcineurin regulates K+, Na+, Ca2+ homeostasis and pheromone responses (66, 

68).  Calcineurin is required for the transcriptional induction of genes coding a Na+-

ATPase, Ca2+-ATPase, and a cell wall ß-1, 3 glucan synthase (68).  This study also 

showed that SOS3 is capable of binding Ca2+.  The novel Ca2+-binding properties of SOS3 

are likely to be important in determining the specificity of Ca2+ signaling under Na+ stress. 

Our earlier data suggested that the CRT C-domain not only has the ability to store 

Ca2+ but that it can act as a capacitor to store calcium until needed (50).  This model of 

cellular Ca2+ control suggests that Ca2+ stores in the ER are re-filled from channels in the 

plasmalemma upon depletion, and that the ER is key to sensing cellular Ca2+ homeostasis 

(69).  CRT levels may be a limiting factor for Ca2+ storage in the ER and by over-
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expressing the C-domain the calcium “capacity” of the ER may increase.  Clearly, the 

expression of the GFP-CBP fusion protein has a beneficial effect on modulation of plant 

responses to salt stress.  Besides salt stress, calcium is also a key player in other stress 

responses.  We are currently testing transgenic expression of GFP-CBP for its effects on 

protecting plants from other environmental stresses. 

 

Material and Methods 

Plasmid Constructs 

A full-length CRT cDNA was isolated from a maize endosperm library and the sequence 

was deposited into GenBank (accession # AF190454).  The plasmids used for 

transformation of the onion epidermal cells and Arabidopsis are diagrammed in Figure 1.  

At HSP-mgfp5-CRT-CBP-ocs construct (pBIN2311) was designed and constructed as 

described (50).  The heat shock promoter of the clone pPLT2311 was replaced by a 

fragment containing the CaMV35S promoter from the clone pBIN mGFP5 (2) using the 

HindIII and BamHI site.  This clone was labeled pPLT1311 and sequenced with the 

Reverse M13 sequencing primer (5’- CAGGAAACAGCTATGACC- 3’).  An AscI/ PacI 

DNA fragment of pPLT1311 consisting of the CaMV35S-GFP-CBP-ocs sequence was 

ligated into the AscI and PacI sites of the binary plasmid vector pBINPLUS (70), and the 

resulting plasmid was labeled pBIN1311. 

To serve as a control, a 35S-mGFP5 construct was designed.  Clone pWy2011 is 

constructed as described (22, 50).  The heat shock promoter of the clone pWy2011 was 

replaced by a fragment containing the CaMV35S promoter from the clone pBIN mGFP5 

(2) using the HindIII and BamHI sites.  This clone was labeled pPLT1011 and sequenced.  
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An AscI/ PacI DNA fragment of pPLT1011 consisting of the CaMV35S-mGFP5–ocs 

sequence was ligated into the AscI and PacI sites of the binary plasmid vector pBINPLUS 

(70), and the resulting plasmid was labeled pBIN1011. 

Bombardment of Onion Epidermal Peels 

Before the constructs were inserted into binary vectors, the pUC based constructs 

pPLT1011 and pPLT1311 were bombarded into the onion epidermal cells to insure the 

correct cellular localization and expression.  The method of bombardment transformation 

has been described (71).  The Images were taken using a Zeiss Zxiophot® microscope 

equipped with 25X and 40X water, and 100X oil immersion lenses (Carl Zeiss, 

Thornwood, NY, USA).  Images were captured using a Pentamaz cooled CCD Camera 

(Model TE/ CCD-K1317; Princeton, NJ, USA) and analyzed using Image One™ 

software (Universal Imaging, West Chester, PA, USA).  Images were acquired and 

processed using Adobe Photoshop software.  GFP was excited using a super-high 

pressure mercury lamp placed behind a 425/40 nm filter.  GFP fluorescence was 

visualized using a 540/50 nm emission filter. 

Plant Transformation and Selection 

Arabidopsis thaliana plants var. Columbia were transformed using 

Agrobacterium tumefaciens-mediated gene transfer.  Binary constructs pBIN1311, and 

pBIN1011 were electroporated into A. tumefaciens, strain GV3101, using a Bio-Rad 

electroporator according to the manufacture’s instructions (Bio-Rad, Hercules, CA).  

Wild type A. thaliana var. Columbia plants (generation T0) were then transformed by 

vacuum infiltration as described (72, 73).  Seeds from these plants, labeled generation T1, 

were sterilized for 30 min with 50% (v/v) bleach, 0.02% (w/v) Triton, then plated onto 
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AT medium [4.3 g/l Murashige and Skoog salts (Gibco BRL, Bethesda, MD), 1X B5 

vitamins, 2% sucrose, 0.05% MES pH 5.8, 1% Phytagar (Gibco BRL, Bethesda, MD)] 

containing 30 mg/l kanamycin.  Seedlings were grown for 2 weeks at 21°C in constant 

light.  Kanamycin resistant seedlings were transferred to soil and cultivated at 21°C, 

under an 8-h light/ 16-h dark photoperiod.  Plants were then transferred to a 16-h light/ 8-

h dark photoperiod, allowed to self fertilize, and the resulting seed collected (T2 

generation).  Progeny were selected from each T1 line that showed a 3:1 ratio of 

kanamycin resistance consistent with single locus insertion of the transgene.  Seedlings 

from the T2 generation were analyzed by fluorescence microscopy and leaf samples were 

taken from all plants, weighed, frozen in liquid N2, and stored at -80°C for analysis of 

protein expression. 

Analysis of GFP Expression 

The T2 generation of plants transformed with pBIN1011 and pBIN1311 were 

selected for GFP fluorescence.  Seedlings were germinated on AT growth medium.  

Fluorescence images were acquired 10 days after germination as described (71, 74) using 

a Leica MZ12 fluorescence dissecting microscope (1.6X) (Leica, Deerfield, IL, USA) 

attached to a Hamamatsu chilled 3CCD colour camera, controller unit and monitor.  

Images were acquired and processed using Adobe Photoshop software.  The visible light 

source was a tungsten lamp.  GFP was excited using a super-high pressure mercury lamp 

placed behind a 480/40 nm filter.  GFP fluorescence was visualized using a 510 nm filter.  

Those plants showing the brightest GFP fluorescence were selected and grown to seed. 
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Protein Extraction and Immunoblot Analysis 

Plants transformed with pBIN1311 and pBIN1011 were also analyzed for GFP 

expression by western blot analysis to ensure stability of transgene expression.  

Approximately 20-50 mg samples of young leaves were collected from each plant, 

weighed, and frozen in liquid nitrogen.  Leaves were ground in 2x sample buffer (75) 

using 1 µl of buffer to l mg of plant material.  Equal amounts of plant tissue extract were 

loaded into each lane of a 10% SDS polyacrylamide gel, and proteins were separated by 

electrophoresis.  Separated proteins were either stained with Gelcode Blue (Pierce, 

Rockford, IL) or transferred to a nitrocellulose membrane (Bio-Rad, Bethesda, MD) 

using a Bio-Rad Mini Trans-Blot Assembly.  Proteins were wet blotted for 16 h at 30V.  

After transfer, the membranes were blocked with 5% (w/v) non-fat milk in Tris-buffered 

saline with 0.2% (v/v) tween 20 for 2 h at 22°C.  Proteins were detected using polyclonal 

antibodies against recombinant GFP (Clontech, Palo Alto, CA) diluted 1:2000, or an 

antiserum against BiP from maize diluted 1:5000 and horseradish peroxidase-conjugated 

secondary antibodies (Pierce Scientific, Rockford, IL) using a chemiluminescent 

substrate, Supersignal West Pico blotting protocal (Pierce Scientific, Rockford, IL) 

according to the manufacturer’s instructions. 

Assessment of Calcium Binding 

 To test for calcium-dependent electrophoretic mobility, protein extracts from 

individual lines of At1311 (lane 3-8, lane 11-16) and At1011-1 (lane 2 and 10) were 

analyzed by SDS/PAGE in the presence of either 1 mM EGTA or 1 mM CaCl2 according 

to the methods of Li et. al. (58), transferred to a nitrocellulose membrane (Bio-Rad, 

Bethesda, MD) and detected by immunoblots as above.  The migration of calcium-loaded 
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or calcium-depleted GFP-CBP (At1311) was compared using molecular-mass standards 

(Kaleidoscope prestained standards from Bio-Rad, Bethesda, MD) and GFP alone 

(At1011-1). 

Assessment of Seedling Viability on High Salt Medium 

T3 seeds of line At2311-7 (GFP-CBP) and control At2011-1 (GFP) (50) were 

germinated on normal AT growth medium and grown for 8 days at 21°C.  At days 9, 10 

and 11, the seedlings were incubated at 35°C for 2 hours each day to induce the 

expression of the transgene, then returned to 21°C to allow recovery. On day 12, 

seedlings were transferred onto high salt medium (normal AT medium + 150 mM NaCl).  

Plants of each line were placed on the same plate.  These plates were placed vertically in 

the growth chamber at 21°C.  Images of these plants were taken 12 days to 1 month after 

transfer. 

Seeds from At1311-10 (GFP-CBP) and At1011-1 (GFP) were plated on AT 

growth medium and allowed to grow for 19 days at 21°C.  On day 19 after germination, 

plants were placed on high salt medium (MS medium+ 200 mM NaCl).  Plants of each 

line were placed on the same plate.  These plates were placed vertically in the growth 

chamber at 21°C. 
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1. Expressing the GFP-CRT C-Domain in Maize 

Introduction 

Previously, I generated Arabidopsis plants that expressed the C-domain of 

calreticulin (CRT).  Transgenic plants that expressed high levels of this fusion protein in 

the ER were obtained and the fusion protein was able to bind Ca2+ in vitro.  These plants 

had increased Ca2+ stores in the ER and these stores were shown to be bioavailable to the 

plant in times of calcium and salt stress (1).  The data suggest that expression of the CRT 

C-domain not only has the ability to increase bioavailable calcium stores but also this ER 

Ca2+ store is important for plants to relieve salt stress, thus exhibiting increased salt 

tolerance.  It would now be useful to study the biochemistry of these events.  Whether or 

not the activities of the enzymes involved in signaling (2) and enzymes involved in the 

carbohydrate pathways (3) were altered and whether or not the gravitropic response 

changed at the upper and lower half of the maize pulvinus would clarify the role of ER 

calcium in the gravitropic response.  However, these are experiments that require a large 

amount of tissue, thus, Arabidopsis plants are not a desirable system to do such 

experiments.  We therefore decided to put the construct into maize plants.  The 

CaMV35S promoter was replaced with Ubi-1 promoter because it was reported that this 

promoter was as much as 10 times more active for protein expression in monocot plants 

than the 35S promoter (4). 
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Materials and Methods 

Plasmid Constructs 

 The plasmids used for transformation of the onion epidermal cells and maize are 

diagrammed in Figure 1.  The Ubi-mgfp5-CRT-C-domain-ocs construct (pBIN5311) was 

designed and constructed as follows.  The heat shock promoter of the clone pPLT2311 

was replaced by a fragment containing the ubiquitin promoter, the first intron of the 

maize ubiquitin (Ubi-1) gene from the clone pAHC-17 (4) using the HindIII and BamHI 

site.  This clone was labeled pPLT5311 and sequenced with the Reverse M13 sequencing 

primer (5’- CAGGAAACAGCTATGACC- 3’). 

To serve as a control, an Ubi-mGFP5 construct was designed.  The heat shock 

promoter of the clone pWy2011 (5) was replaced by a fragment containing the ubiquitin 

promoter and the first intron of the maize ubiquitin (Ubi-1) gene from the clone pAHC-

17 (4) using the HindIII and BamHI site.  This clone was labeled pPLT5011 and also 

sequenced with the Reverse M13 sequencing primer (5’- CAGGAAACAGCTATGACC- 

3’). 
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Fig. 1. Plasmid constructs  
Both constructs used a Ubi promoter/1st intron and octopine synthase terminator (ocs 
term).  pPLT5011 contains the mGFP5 sequence, with a 5’ signal sequence derived from 
a gene encoding ER-localized chitinase and HDEL ER retention sequence (6).  
pPLT5311 is identical to pPLT5011 except that it contains a CRT C-domain coding 
sequence and HDEL downstream of an mGFP5 gene.  The HDEL from the mGFP5 gene 
was removed, leaving only one HDEL sequence in this construct. 
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Transformation of Maize 

The constructs pPLT5011 and pPLT5311 were sent to Dr. Kan Wang at the Plant 

Transformation Facility at Iowa State University.  Both constructs were transferred into 

maize using a Bio-Rad Biolistic Apparatus as the gene delivery system for transformation 

of immature corn zygotic embryos of Hi Type II hybrid line. 

Protein Extraction and Immunoblot Analysis 

Maize callus tissue transformed with pPLT5311 and pPLT5011 by bombardment 

was analyzed for GFP expression by Western blot analysis to ensure stability of 

transgene expression.  Approximately 20-50 mg samples of maize callus were collected 

from each plant, weighed, and frozen in liquid nitrogen by the Transformation Facility at 

Iowa State University and shipped to our lab.  Tissues were ground in 2x sample buffer 

(7) using 1 µl of buffer to l mg of plant material.  Equal amounts of plant tissue were 

loaded into each lane of a 10% SDS polyacrylamide gel, and proteins were separated by 

electrophoresis.  Separated proteins were either stained with Gelcode Blue (Pierce, 

Rockford, IL) or transferred to a nitrocellulose membrane (Bio-Rad, Bethesda, MD) 

using a Bio-Rad Mini Trans-Blot Assembly.  Proteins were transferred for 16 h at 30V.  

After transfer, the membranes were blocked with 5% (w/v) non-fat milk in Tris-buffered 

saline with 0.2% (v/v) tween 20 for 2 h at 22°C.  Proteins were detected using polyclonal 

antibodies against recombinant GFP (Clontech, Palo Alto, CA) diluted 1:2000 and 

horseradish peroxidase-conjugated secondary antibodies (Pierce Scientific, Rockford, IL) 

using a chemiluminescent substrate, Supersignal West Pico blotting protocol (Pierce 

Scientific, Rockford, IL) according to the manufacturer’s instructions. 
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Selection of Transgenic Lines 

 According to the protein expression levels of the callus, 20 individual transgenic 

lines were selected out of 80 possible callus lines for each of the constructs (pPLT5011 

and pPLT5311).  These calluses were then grown on MSS medium (MS major and minor 

salts and vitamins, no hormones, 3% sucrose and 0.3% gelrite, pH 5.8) for regenerating 

plants.  These plates were incubated at 25ºC in 80-100 µE/m2/s intensity light (16hr/8hr 

light/dark photoperiod), and wrapped in vent tape (3M Health Care, Borken, Germany).  

When the leaf was 5-10 cm long and had developed a good sized root, they were sent to 

our lab.  They were transferred into soil covered with plastic bags for humidity and 

grown at 25ºC, 16 hr/ 8 hr light/ dark photoperiod.  Two days after transfer, the plastic 

bags were removed. 

 

Results 

Analysis of the Expression of the GFP-CRT C-Domain Protein 

The C-domain sequence was expressed as a fusion protein with GFP to allow 

visualization of protein expression and to stabilize the C-domain peptide.  Two constructs 

were made for the experiments using GFP targeted to the ER, one with the C-domain 

fused to the 3’ end of the GFP gene and another as a GFP control, both using the 

constitutive Ubi-1 promoter followed by the first intron of the maize ubiquitin gene (4). 

A total of 80 independent transformed callus lines of each construct were tested 

for GFP expression and stability.  The total proteins were extracted from the callus tissue 

and analyzed by a western blot.  Fig. 2 demonstrates the results from some of the 

transgenic lines transformed with pPLT5011.  Western blot analysis, using antibodies 
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directed against GFP, showed the predicted size for the GFP protein.  Comparing lanes 1 

and 12 with the maize samples (lanes 2-11 and lanes 13-24), the proteins extracted from 

Arabidopsis (pPLT1311-10) expressing GFP-CRT C-domain, the size of the GFP protein 

expressed in maize was about 27 kDa, the same size as the lower band of the fusion 

protein from Arabidopsis.  Some lanes (lanes 7-11, 14-16) showed a doublet, with a 

second band migrating more slowly than the 27 kDa Arabidopsis band.  The nature of the 

second band is unclear but may be explained as an artifact of the transformation 

procedure. 
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Fig. 2. The Western blot of the protein extracted from callus expressing mGFP5.  
Total protein was extracted from the callus tissue, run on SDS-PAGE, and transferred 
onto a nitrocellulose membrane. The membrane was probed with polyclonal antibodies 
against GFP and detected by chemiluminescence.  Lane 1 and 12 are from Arabidopsis 
expressing the GFP-CRT C-domain fusion protein under the control of the 35S promoter 
(At1311).  Lane 2-11 and 13-24 are individual maize transgenic callus lines constitutively 
expressing the GFP protein in the ER. 
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Fig. 3 demonstrates the results from some of the transgenic lines transformed with 

pPLT5311.  Western blot analysis, using antibodies directed against GFP, showed the 

predicted size for the GFP-CRT C-domain fusion protein.  Compared to lane 1, the 

proteins extracted from Arabidopsis expressing the 35S-GFP-CRT C-domain 

(pPLT1311), the size of the GFP fusion protein was about 40 kDa, the same size as the 

fusion protein expressed in Arabidopsis plants.  In Arabidopsis, plants expressing high 

levels of the transgene fusion protein also showed some breakdown products at the size 

of native GFP.  However, this only occurred in lines with high expression and not in low 

expression lines.  This is not always true in the maize callus tissues.  Some lines (lane 16, 

17 and 20) that have high levels of breakdown products don’t necessarily have high 

levels of expression of the fusion protein.  Some high expression lines (lanes 9, 10, and 

15) showed breakdown products around 27 kDa, similar to the 35S-GFP-CRT C-domain 

Arabidopsis plants.  Some lines (lanes 4, 7, 11, 12, 13, 14, 18 and 19) showed no 

detectable breakdown products.  There were also lines that had high levels of breakdown 

products and low levels of fusion protein (lanes 8, 16 and 20).  In these lines, the GFP-

CRT C-domain fusion protein was appearing very unstable.  In one line (lane 6), there 

was a detectable band around the size of 31 kDa which was not evident in the transgenic 

Arabidopsis plants.   

 



 130

 
 
 
 
 
 

 
 
 
 

Fig. 3. Western analysis of expression of the GFP-CRT C-domain fusion protein. 
Total protein was extracted from the callus tissue, run on SDS-PAGE, and transferred 
onto a nitrocellulose membrane.  The membrane was probed with polyclonal antibodies 
against GFP and detected by chemiluminescence.  Lane 1 is Arabidopsis expressing the 
GFP-CRT C-domain fusion protein under the control of the 35S promoter (At1311).  
Lanes 2-20 are individual transgenic callus lines expressing the GFP-CRT C-domain 
protein in the ER.  The western blot analysis indicated the appropriate size for the GFP-
CRT C-domain fusion is about 40 kDa (lanes 2-20). 
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2. New Perspectives and Directions 

The maize transgenic plants generated will be tested for their gravitropic response 

and associated biochemical events.  Several key enzymes involved in signaling (2) and 

the carbohydrate pathways (3) will be tested in the upper and lower half of the pulvinus.  

The generation of the transgenic maize plants will provide us with uniform material for 

the assays. 

Also, in the Arabidopsis plant, we found that expressing the CRT C-domain 

increased bioavailable calcium stores and these plants were more tolerant to calcium 

stress and high salt conditions.  Corn is a major crop plant in many areas, and it would be 

important to test the corn plants with the similar assays to determine if the GFP-CBP will 

result in more environmental tolerant maize plants which would have economic value. 

Aluminum, when it is in soluble form, is toxic to many crops.  Aluminum becomes 

more soluble as acidity increases and is often the major toxic element in acidic soil and 

water (8).  High aluminum concentrations disrupt calcium signaling in plant cells and 

inhibit root elongation (9-12).  The inorganic monomeric octahedral hexahydrate, 
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Al(H20)63+ or Al3+ is generally considered the principal rhizotoxic form (8).  It dominates 

in solutions more acidic than pH 5.0 (13).  Under these conditions, aluminum can be toxic 

to plants even at submicromolar levels.  Soil acidification accelerated by certain farming 

practices and by acid rain affects about 40% of the arable land worldwide (14, 15).  

Although crop production on acid soils can be sustained by application of lime, runoff 

pollution is an undesirable side effect.  Thus, the production of an Al-tolerant plant 

appears to be the best solution.  Preliminary data using the Arabidopsis plants expressing 

the GFP-CRT C-domain (At2311) showed that these seedlings grew better on a high 

aluminum environment (Ivo deSilva and Dana Moxley, unpublished).  More research in 

this area may give us some indication on how plants tolerate aluminum toxicity and how 

to make plants more aluminum tolerant. 

Calcium has been shown to play a role in response to many physiological stimuli, 

including touch, cold shock, heat shock, oxidative stress, anoxia, hypoosmotic shock, 

salinity, wounding, and pathogen infection (16-28).  Stress-induced changes in cytosolic 

calcium is hypothesized to be one of the primary transduction mechanisms to convert the 

signals into adapted biological responses (27, 29-31).  We were able to increase calcium 

stores in the ER by expressing a calcium binding peptide, the C-domain of the CRT.  It 

would be interesting to challenge the plants with other stresses that involve calcium 

signaling and find out whether or not increased stores of calcium in the ER would affect 

the stress response.  It would also be very interesting to test the plant expressing the CRT 

C-domain in other compartments of the cell, like the cell wall and vacuoles, and see how 

the calcium signaling and stores are affected.  Another approach would be to cross the 

CRT C-domain plants with other transgenic plants such as the CAX1 plants (32).  In 
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addition, transgenic plants generated by NSCORT to alter Ca2+ pathways, like the 

transgenic plants expressing calmodulin (CaM) or plants expressing PI-5 kinase could be 

crossed and tested to determine how these plants responsed to stresses and changes in 

calcium signals.  These experiments will give us a better insight into how different 

proteins regulate calcium signaling in plants. 
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CONFIDENTIAL (NCSU Patent Office Use Only) 
 
NCSU File No. 00-57 
 
Lawyer's File No. 
 

NCSU INVENTION DISCLOSURE FORM 
 
This form must be signed by the Department Head and the College Dean/Associate Dean 
prior to submission. 
 
Inventor's Name: Sarah Wyatt     Citizenship: USA 
Title: Research Associate       Dept: Botany 
Mailing Address: Campus Box 7612, NCSU, Raleigh, NC 27695 Tel: 919-515-9570 
Social Security No: 406-82-7029 
 
Inventor's Name: Pei-Lan Tsou     Citizenship: ROC 
Title: Graduate Research Assistant     Dept: Botany 
Mailing Address: Campus Box 7612, NCSU, Raleigh, NC 27695 Tel: 919-515-9570 
Social Security No: 241-81-9368 
 
Inventor's Name: Dominique Robertson    Citizenship: USA 
Title: Associate Professor       Dept: Botany 
Mailing Address: Campus Box 7612, NCSU, Raleigh, NC 27695 Tel: 919-515-6319 
Social Security No: 130-44-9826 
 
1.   Title of Invention: A Peptide Sequence for Increasing Biologically Active Calcium in 
Plants  
 
2.   Date Invention Conceived (Conception Date): 3/28/98; Wy Book3, p. 102 
 
3.   Has the Invention been reduced to practice?  Yes 
 
4.   Supporting Data Notebook No. CRT 8/14/98; page for Feb. 15, 1999 
 
Has the Invention been published: Orally: no   In Writing: yes (see enclosed 
abstracts) 
 
6.   Brief Description. Is the Invention a new process, composition of matter, a device or 
one or more products? A new use for, or an improvement on an existing process? Please 
Describe. 
 
The invention is a method that uses one portion of a previously identified gene in a new 
way.  Calreticulin is an endoplasmic reticulum-localized protein that binds calcium.  The 
C-terminal part of this gene is approximately 385 bp long and is the least conserved 
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portion of the gene.  The proposed function of the C-domain is to bind large amounts of 
calcium (approximately 20-50 moles of Ca2+ per mole of peptide) with relatively low 
affinity, thus providing a store of calcium. 
 
7.   Write a brief descriptive abstract of your Invention without making a disclosure. This 
will be used for marketing purposes. 
 
This invention is a method for increasing bio-available calcium in plants.  Calcium is 
stored in the endoplasmic reticulum until plants are moved to calcium-limiting nutrient 
conditions, when the calcium becomes available for growth.  The invention causes an 
increase in total calcium levels of plants grown on normal medium without affecting 
growth or development. 
 
8.   From the description, pick out and expand on novel and unusual features. How does 
the Invention differ from present technology? What problems does it solve or what 
advantages does it possess? 
 

Plants require calcium for growth and development.  Calcium is required for 
signal transduction pathways that respond to cold temperatures, pathogens, and the 
regulation of cell division and gene expression.  Low calcium levels are known to cause 
blossom end-rot in many fruits and, if the levels are low enough, leaf distortion and 
terminal bud necrosis.  Calcium availability can change depending upon factors such as 
the mineral composition of the soil and the pH.  

We generated plants transformed with a gene containing sequence for one portion 
of a gene encoding a calcium binding protein. When these plants are germinated in 
calcium-containing medium and then transferred to medium lacking calcium, they 
showed enhanced growth and survival.  The recombinant peptide appears to confers an 
ability to store extra calcium to be used as a reserve when external calcium 
concentrations are low. 

Prior to this invention, it was not known if the vacuole, cell wall, or endoplasmic 
reticulum could store calcium that would be biologically available under calcium-limiting 
conditions.  Because cytoplasmic calcium levels are tightly regulated in plants, the effects 
of altering calcium levels might be expected to have dramatic effects on plant growth. 
We describe a strategy to sequester calcium using a naturally occurring peptide localized 
to the endoplasmic reticulum. We provide a method for stabilizing expression of this 
peptide so that it functions to increase calcium stores without affecting plant morphology.  
We also demonstrate that this increased calcium is available for cellular processes such 
as growth and cell division under calcium-limiting conditions. Our results also 
demonstrate that the endoplasmic reticulum can be used to a reserve of calcium that may 
increase the nutritional value of plants. 
 
9.   If not indicated previously, what are possible uses for the Invention? In addition to 
immediate applications are there other uses that might be realized in the future? 
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This invention has been demonstrated in a small plant, Arabidopsis.  Because the 
peptide is part of a highly conserved, endoplasmic reticulum-derived protein, we are 
confident that the invention will apply to most crop and horticultural plants.  The 
invention confers higher levels of bio-available calcium, which may enhance calcium 
utilization by humans who consume the plants.  Calcium is a micronutrient that is often 
limiting in the diet of people in developed countries who do not consume milk on a 
regular basis.  Lack of adequate calcium in the diet is causing an epidemic of 
osteoporosis, a medical condition that increases health care costs.   

Although not directly demonstrated, these plants are likely to be able to tolerate 
wider ranges of soil pH and salt composition. Calcium plays an important role in the 
plant's response to stress.   Thus, increasing a plant's calcium stores will decrease the 
need for frequent applications of fertilizer and may increase the plant's response to stress 
and pathogens especially in marginal environments. 

The ability to nondestructively alter calcium levels in living cells may have other 
applications. 
 
10.  Does the Invention possess disadvantages or limitations? Can they be overcome? 
How? 
 

This invention poses no major limitations that we know about.  The use of this 
invention in some plant species may be limited by current plant transformation 
technologies.   

 
11. Enclose sketches, drawings, photographs and other materials that help illustrate the  
    description. (Rough artwork, flow sheets, Polaroid photographs and penciled graphs 
    are satisfactory as long as they tell a clear and understandable story.) 
 
Need graph of total calcium and photo (one plate would be fine) of C-domain plants on 
low calcium medium.  The whole plate must be in the picture. 
 
1.  Is a publication or oral disclosure descriptive of the Invention planned within the 
    next six months? Please give the date (estimate, if known) and attach copies of any 
    existing manuscripts, preprints, abstracts or poster material. 
 
A publication is planned within the next 3 months. 
 
2.  Is there an urgency in making a patent application? If so, please give the reason such 
as, past or future public use of the technology or the likelihood that similar technology 
may be developed elsewhere. 
 
A paper will be submitted shortly entitled “An endoplasmic reticulum-targeted calcium 
binding peptide increases growth on low calcium medium.” 
 
3.  Have any graduate students and/or other technicians been involved in this research? 
    If so, should the individual(s) be included as a co-inventor? 
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  Yes. Pei-Lan Tsou is included as a co-inventor. 
 
4.  Has the Invention been tested experimentally? Are experimental data or prototypes 
available? 
 
See attached. 
 
5.  Are there any prior applications for patent by the inventor on this subject? If so, give 
the serial  
number(s) and the filing date(s). 
 
  No 
 
6.  Are there known inventions by other researchers that are related to this one? Please 
describe, including information on relevant patents and publications, if available. 
 
7.  Was the work that led to the Invention sponsored by industry or funded by State or 
Federal appropriations? If so, attach a copy of the contract or agreement, if  possible, and 
fill in the appropriate blanks below. One of the below MUST be completed. (This 
includes the source(s) of funds for the salary of each inventor.) 
 
    a. Complete name of government agency: NASA 
 
       Contract or Grant No: NAGW-4984 
 
    b. Name of industrial company: none 
 
    c. Name of private sponsor: none 
 
    d. State or Federal appropriation: Dr. Robertson is paid by the State of NC. Dr. Wyatt 
and Ms. Tsou’s stipends are paid by a NASA fellowship. 
 
8.   Has the Invention been disclosed to industry representatives? Has any commercial 
interest been shown  
in it? Please name companies; listing specific individuals and their titles if you know 
them. 
 
  No. 
 
    a.    Do you know of other companies that might be particularly interested in the 
Invention? 
 
  Any plant biotechnology  company that is generating transgenic crops. 
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    b.    List any manufacturers making comparable equipment or products. none 
 
    c.   How much do you estimate that your Invention will cost to make? 
 
The invention has been tested in a model plant.  It needs to be tested in a crop plant.  This 
would cost about $200,000 for plant transformation, testing, and personnel salary. 
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Fig. 1. Western blot showing total protein from wild type (wt) and transgenic 
Arabidopsis expressing the GFP protein alone (GFP) or fused to the C-domain of 
calreticulin (GFP-C domain).  Proteins were detected using an anti-GFP antibody.  
Thus experiment demonstrates that the GFP-C domain fusion protein is stable and 
expressed at high levels in Arabidopsis. 
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Fig. 2. Increased growth and viability of Arabidopsis expressing the GFP-C domain.  
Plants are shown 9 days after transfer to medium containing 10mM EGTA, which 
sequesters calcium and prevents uptake.  GFP-C domain transgenic plants grew larger 
and maintained viability longer than wild type and transgenic control plants that lack the 
C domain construct.  
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Appendix B.  

 

 

Senescence Experiments 

 

 

 

 

 

 

 

Abbreviations: ER, endoplasmic reticulum; CRT, calreticulin; GFP, green fluorescent 

protein; N, normal; CD, calcium depleted; CDC, calcium depleted plus calcium; HS, heat 

shock 
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Material and Methods 

Induction of the Transgene Expression 

 Wild type plants and the T2 generation of plants transformed with pBIN2011 and 

pBIN2311 were grown on soil under a 16h/8h light/dark cycle.  On days 45, 46, and 47 

after germination the seedlings were incubated at 35oC for 2 hours each day to induce 

expression of the transgene, then the plants were returned to the growth chamber for 

recovery.  At day 48, I randomly selected 10 leaves of about the same size from different 

plants of each treatment and recorded the total weight of the 10 leaves. 

Incubation of the Leaves 

The leaves were surface sterilized by swirling them in a 15% Chlorox® (Na-

Hypechlorite) solution for 5 minutes, then the leaves were rinsed in sterile DI water for 2 

minutes for at 3-4 times to remove the Chlorox®.  Fifteen ml sterile DI water or 10 mM 

EGTA were added to each 100x15 mm petri dishes.  Then the sterilized leaves were 

placed into labeled petri dishes adaxial side up.  The petri dishes were wrapped tightly 

with Parafilm® and left under constant light.  The pictures were taken 5 days later. 

Measurement of Chlorophyll Content 

After 5 days of treatment, the leaves were dried thoroughly with paper towels, 

then placed in 1.6 ml microfuge tube containing 1 ml of N,N-dimethylformamide.  Total 

chlorophyll was determined according to Moran (1). 

 

Results and Discussion 

Leaves expressing the GFP-CBP (At2311) showed no obvious differences in the 

rate of senescence compared to GFP and WT controls.  In previous experiments, these 
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plants stored higher levels of calcium and showed delayed chlorosis when transplanted 

onto low calcium medium.  The lost of chlorophyll content in these plants was slower 

compare the GFP control plants (2).  We wanted to test whether or not we may have the 

same result in an ex-plant system. 

Although the leaves of the At2311 plants stores more calcium in the ER (2), we 

showed that in an ex-plant system, the expression of the GFP-CRT C-domain does not 

seem to have an advantage over the control plants, even when the leaves are under 

calcium stress in 10 mM EGTA (Fig. 2).  The senescence phenomenon in plants is a 

complex physiological stage that involves degradation of proteins, membranes, RNA and 

the lost of chlorophyll.  The lost of chlorophyll is often used as an indication of 

senescence.  However, our results show that the chlorophyll level is significant lower 

when incubated in 10 mM EGTA (Fig. 2, Table 1) then water (Fig. 1, Table 1), but the 

expression of the GFP-CRT C-domain, unlike the whole plant system, does not seems to 

have any advantage over the control plants expressing the GFP alone (At2011) or the 

wild type plants. 



 148

 

 

 

 

Fig. 1.  Five days after the leaves were incubated in DI water.  Wild type, At2011 
(GFP) and At2311 (GFP-CRT C-domain) plants were grown on soil under 16 h/ 8 h light/ 
dark cycle.  On days 45, 46, and 47 after germination the seedlings were incubated at 
35oC for 2 hours each day to induce expression of the transgene.  At day 48, 10 leaves 
were randomly selected and were placed into DI water facing up after surface 
sterilization.  The petri dishes were wrapped tightly with Parafilm® and left under 
constant light.  The pictures were taken 5 days after incubation. 
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Fig. 2.  Five days after the leaves were incubated in 10 mM EGTA.  Wild type, 
At2011 (GFP) and At2311 (GFP-CRT C-domain) plants were grown on soil under 16 h/ 
8 h light/ dark cycle.  On days 45, 46, and 47 after germination the seedlings were 
incubated at 35oC for 2 hours each day to induce expression of the transgene.  At day 48, 
10 leaves were randomly selected and were placed into 10 mM EGTA facing up after 
surface sterilization.  The petri dishes were wrapped tightly with Parafilm® and left 
under constant light.  The pictures were taken 5 days after incubation. 
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Table 1. Chlorophyll content of leaves incubated in water or 10 mM EGTA for 5 
days. 

mg of chlorophyll/g of tissue (mean +SD)  
 

Transgenic line  
D. I. H2O 

 
10mM EGTA 

Wild Type 456.735+168.783 40.021+39.762 
   

At2011 264.793+220.883 34.87+31.738 
(GFP)   

At2311 357.945+153.682 18.31+20.050 
(GFP-CRT C-domain)   

 

Reference 

1. Moran R. Formulae for determination of chlorophyllous pigments extracted with N, 
N-Dimethylformamide. Plant Physiology 1982;69:1376-1381. 

 
2. Wyatt SE, Tsou P-L, Robertson D. Expression of the high capacity calcium-binding 

domain of calreticulin increases bioavailable calcium stores in plants. Transgenic 
Res 2002; in press. 
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Table of Available Transgenic Plants 
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Table 1. Table of available transgenic plants 
 
Code Plant Selection 

markers 
Description 

At1011  Arabidopsis Kan mGFP5 with ER localization  
At1311 Arabidopsis Kan 35S-ssGFP-CRT C-domain-HDEL (ER) 
At2010 Arabidopsis Kan Heat shock promoter-CRT (ER) 
At2011 Arabidopsis Kan Heat shock promoter-GFPer  
At2012 Arabidopsis Kan Heat shock promoter, GFPcw (cell wall) 
At2101 Arabidopsis Kan Heat shock promoter, CRT (ER)  
At210A Arabidopsis Kan Heat shock promoter, antisense CRT (ER) 
At2311 Arabidopsis Kan HSP-ssGFP-CRT C-domain-HDEL (ER) 
At2312 Arabidopsis Kan HSP-ssGFP-CRT C-domain (cell wall) 
Zm5011 Maize Bar Ubi- GFP-5 with ER localization 
Zm5311 Maize Bar Ubi- ssGFP-CRT C-domain-HDEL (ER) 
 




