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Calreticulin is a multifunctional protein mainly localized in the endoplasmic reticulum in

eukaryotic organisms. The protein comprises three distinct regions: the N-terminal N

domain, the C-terminal C domain, and the central P domain, reflecting the functional

diversity of calreticulin. In animal cells the protein can bind approximately 25 mol Ca2+

per mol protein. Although a similar Ca2+ binding capacity is evident for plant

calreticulins, the physiological relevance of the protein in endoplasmic reticulum Ca2+

regulation has been elusive. Nicotiana tabacum suspension cells were therefore

transformed with a maize crt cDNA, under the control of a heat-shock promoter.

Induction of the calreticulin transgene enhanced the endoplasmic reticulum Ca2+ content

in vitro. Furthermore, heat shock-induced Arabidopsis plants, transformed with the same

construct, grew better on medium containing low levels of Ca2+ compared with control

plants.

The multifunctional properties assigned to calreticulins have triggered a

search for additional isoforms and for two or more copies of calreticulin genes in

mammals. By performing BLASTP searches we found a calreticulin isoform (Crt2) in

human, which differed significantly from the previously established isoform. In addition,

a homolog to the Crt2 protein was obtained from mouse, and suggested an orthologous



Crt2 isoform present in several mammalian species. Similar to the calnexin homolog

calmegin, the crt2 gene was exclusively expressed in testis of the tissues investigated.

Arabidopsis contains three calreticulin isoforms. Phylogenetic analyses and

expression profiling revealed that both monocotyledons and eudicotyledons contain two

distinct calreticulin isoform groups: a Crt1/Crt2 and a Crt3 group. Whereas the crt1/crt2

genes were active in all tissue types investigated, peaking in flowers, the crt3 gene was

mainly expressed in root and leaf tissues. Furthermore, members from the different

isoform groups were induced differently in response to tunicamycin, an inhibitor of N-

linked glycosylation. To provide a common research basis for plant calreticulins, a new

nomenclature for the proteins was suggested. The discovery of two orthologous

calreticulin isoform groups in both animals and plants support an evolutionary duality,

and suggest functional diversity for calreticulins.
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Chapter I

Reviewing calreticulins-

Impacts and prospects of the calreticulin project

Every explicit duality is an implicit unity
Allan Watts
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1 Introduction

The endoplasmic reticulum (ER) is an intracellular compartment present in all eukaryotic

organisms. The ER branches out from the nucleus, and stretches throughout the cytosol in

a continuous network with labyrinths extending close to all of the cell’s other organelles

(Staehelin, 1997). Although a continuous network, the ER contains regions highly

enriched in specific molecules, generating a complex and dynamic functional entity

(Staehelin, 1997; Papp et al., 2003).

The ER contains machinery responsible for lipid synthesis, and is, together with

associated ribosomes, a site of synthesis and post-synthetic modifications of secretory

proteins (Baumann and Walz, 2001; Helenius and Aebi, 2001). Lipids and proteins can

then be transported to their final destinations through various secretory pathways

(Hadlington and Denecke, 2000; Stephens and Pepperkok, 2001). Furthermore, the ER

has emerged as an important source for intracellular signaling molecules, both in animal

and plant cells (Michalak et al., 2002; Sanders et al., 2002).

One of the components involved in several of these tasks is the protein calreticulin (Crt).

Crt was first discovered in 1974 as a calcium-binding protein in the ER/sarcoplasmic

reticulum (SR) of skeletal muscle cells (Ostwald and MacLennan, 1974). A name

reflecting both functional properties (calcium-binding), and cellular localization

(endoplasmic reticulum) of the protein was later chosen (Fliegel et al., 1989; Smith and

Koch, 1989).
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Although Crt is present in almost all higher eukaryotic organisms, functional

characterizations have mainly focused on the animal field (Crofts and Denecke, 1998;

Michalak et al., 1999). In animal cells, Crt is well established as a regulator of cellular

calcium homeostasis, a participant in folding processes of newly synthesized proteins,

and a component of large operative complexes together with other ER-resident proteins

(Michalak et al., 1992; Michalak et al., 1999). In addition, animal Crts are also suggested

to affect other cellular functions, such as cell adhesion, presentation of peptide fragments

for T-cell recognition, and regulation of gene transcription (Coppolino and Dedhar, 1998;

Gruhler and Früh, 2000; Johnson et al., 2001). In plants much less is known and the

protein has mainly been implicated in folding processes and as one of the main calcium

binding ER proteins (Crofts and Denecke, 1998).

Due to the functional diversity of the protein, Crt was suggested either to exist as a

protein family, i.e. two or more isoforms, or to be post-translationally modified

(Coppolino and Dedhar, 1998). Although the protein can be both phosphorylated

(Droillard et al., 1997) and glycosylated (Denning et al., 1997), and is a potential target

for proteolysis (Corbett et al., 2000), the functional implications of these modifications

remain elusive.

The overall aim of my thesis work was to broaden the understanding of Crt’s functional

and evolutionary features, focusing on plants. While plant Crts were shown to have

calcium binding properties similar to animal Crts (Hassan et al., 1995; Napier et al.,

1995), no physiological evidence for plant Crts in ER calcium-regulation was at hand.

One aim was therefore to reveal how Crt affects calcium fluxes across the ER membrane

in plants, and whether Crt can modulate responses to changes in external calcium levels



4

(Paper I). The calcium binding of Crts may be reflected in the number of negatively

charged amino acids in the C-terminal region (Baksh and Michalak, 1991), a region

highly sensitive to proteolytic activities (Corbett et al., 2000). An ER-targeted Crt C-

terminal/green fluorescent fusion protein indicated that the C terminus is susceptible to

proteolysis in plants (Paper II). The presence of closely related Crt isoforms within the

same organism was known (Treves et al., 1992; Liu et al., 1993; Chen et al., 1994;

Nelson et al., 1997), but no data supporting the existence of orthologous Crt isoforms

among different species were available. Another aim was therefore to elucidate whether

additional Crt isoforms exist in mammals and plants. Regulatory profiling would

subsequently be undertaken to support evolutionary models and provide a basis for

functional multiplicity between animal and plant Crts (Paper III and IV).
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2 The protein

Crt is a widespread protein, present in all cell types and all higher eukaryotes

investigated, except in yeasts (Michalak et al., 1999; see chapter 5 Evolution). The initial

characterization of the protein promoted an array of names for the present-day Crt, e.g.

the high-affinity calcium-binding protein (HACBP), calregulin, CAB-63 and CRP55

(Ostwald and MacLennan, 1974; Waisman et al., 1985; Macer and Koch, 1988).

However, in conjunction with the cloning of the crt gene, the nomenclature was

readjusted, resulting in the present name: calreticulin (Fliegel et al., 1989; Smith and

Koch, 1989).

Crt has a molecular weight of approximately 46 kD, but generally corresponds to 55 to 65

kD when analyzed with an SDS-PAGE system (Michalak et al., 1992). This deviation is

believed to be depending on the content of acidic residues in the C-terminal region and on

post-translational modifications (Michalak et al., 1992; Paper IV). The complexity of Crt

is reflected in its amino acid sequence, which comprises three major regions: the N, P and

C domains (Smith and Koch, 1989; Fliegel et al., 1989; Michalak et al., 1992; Fig. 1).

These domains are conserved among Crts from different kingdoms, and represent the

major hallmark for the protein. The domains contain distinct features conferring

functional characteristics of the proteins (Michalak et al., 1999).
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2.1 The N domain

The N domain is, together with the P domain, the most conserved region in Crt (Fig. 1;

Table 1). Similar to the P domain, the N domain interacts with a variety of molecules and

ions (Michalak et al., 1999; Fig. 2). The Crt N domain (vasostatin) has also been found

by itself at the cell surface, where it inhibits tumor growth and proliferation of endothelial

cells (Pike et al., 1999; Fig. 2). The N domain is generally of neutral charge and

hydrophobicity, and ends where the proline-rich P domain starts (Smith and Koch, 1989;

Fliegel et al., 1989).

The N terminus contains an ER-targeting signal sequence (Fig. 1). Although the signal

sequence shows low homology between Crts from different organisms, it does contain

similar features (Paper III). ER signal sequences typically start with positively charged

amino acids, followed by a stretch of hydrophobic residues and a section of polar

residues, and are usually terminated by an alanine (von Heijne, 1985). After entry into the

ER the Crt signal sequence is removed and is thus not part of the mature protein

(Michalak et al., 1992).

Three cysteine residues in the N domain are conserved in the majority of Crt amino acid

sequences (Michalak et al., 1999; Figs. 1 and 2). Two of the residues form a disulfide

bond, presumably important for the three-dimensional structure of the protein (Michalak

et al., 1999). However, the disulfide bond formation has been implicated to occur both

between the first and second (Højrup et al., 2001), as well as between the second and

third residue (Matsuoka et al., 1994). Whereas the bond formation between the first two

residues (Cys88, and Cys120) was reported for human placenta Crt (Højrup et al., 2001),
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E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

1 39 
1 41 
1 42 
1 43 

M R K E L W L G L L L S S Q A V L S T I Y Y K E T F E P - - D W E T R W T H S T A
M M W C K T V I V L L A T V G F I S A E V Y L K E N F D N - E N W E D T W I Y S K H
M L L S V P L L L G L L G L A V A E P A V Y F K E Q F L D G D G W T S R W I E S K H

M A K L N P K F I S L I L F A L V V I V S A E V I F E E K F E D - - G W E K R W V K S D W

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

40 81 
42 83 
43 83 
44 86 

K S - - - D Y G K F K L T S G K F Y G D K A K D A G I Q T S Q D A K F Y A I S S P I A S S
P G K - - E F G K F V L T P G T F Y N D A E A D K G I Q T S Q D A R F Y A A S R K F D G -
K S - - - D F G K F V L S S G K F Y G D E E K D K G L Q T S Q D A R F Y A L S A S F E P -
K K D D N T A G E W K H T A G N W S G D A N - D K G I Q T S E D Y R F Y A I S A E F P E -

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

82 125 
84 128 
84 128 
87 131 

F S N E G K D L V L Q F S V K H E Q D I D C G G G Y L K L L P - S V D A A K F T G D T P Y
F S N E D K P L V V Q F S V K H E Q N I D C G G G Y V K L F D C S L D Q T D M H G E S P Y
F S N K G Q T L V V Q F T V K H E Q N I D C G G G Y V K L F P N S L D Q T D M H G D S E Y
F S N K D K T L V F Q F S V K H E Q K L D C G G G Y M K L L S D D V D Q T K F G G D T P Y

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

126 169 
129 173 
129 173 
132 176 

H I M F G P D I C G - A T K K I H F I L T Y K G K N L L W K K E P R C E T D T L S H T Y T
E I M F G P D I C G P G T K K V H V I F S Y K G K N H L I S K D I R C K D D V Y T H F Y T
N I M F G P D I C G P G T K K V H V I F N Y K G K N V L I N K D I R C K D D E F T H L Y T
S I M F G P D I C G Y S T K K V H A I L T Y N G T N H L I K K E V P C E T D Q L T H V Y T

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

170 214 
174 218 
174 218 
177 221 

A V I K A D R T Y E V L V D Q V K K E S G T L E E D W E I L K P K T I P D P E D K K P A D
L I V R P D N T Y E V L I D N E K V E S G N L E D D W D F L A P K K I K D P T A T K P E D
L I V R P D N T Y E V K I D N S Q V E S G S L E D D W D F L P P K K I K D P D A S K P E D
F V L R P D A T Y S I L I D N V E K Q T G S L Y S D W D L L P A K K I K D P S A K K P E D

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

215 259 
219 262 
219 262 
222 266 

W V D E P D M V D P E D K K P E D W D K E P A Q I P D P D A T Q P D D W D E E E D G K W E
W D D R A T I P D P D D K K P E D W D K - P E H I P D P D A T K P E D W D D E M D G E W E
W D E R A K I D D P T D S K P E D W D K - P E H I P D P D A K K P E D W D E E M D G E W E
W D D K E Y I P D P E D T K P A G Y D D I P K E I P D T D A K K P E D W D D E E D G E W T

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

260 304 
263 307 
263 307 
267 311 

A P M I S N P K Y K G E W K A K K I P N P A Y K G V W K P R D I P N P E Y E A D D K V H I
P P M I D N P E F K G E W Q P K Q L D N P N Y K G A W E H P E I A N P E Y V P D D K L Y L
P P V I Q N P E Y K G E W K P R Q I D N P D Y K G T W I H P E I D N P E Y S P D P S I Y A
A P T I P N P E Y N G E W K P K K I K N P A Y K G K W K A P M I D N P E F K D D P E L Y V

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

305 349 
308 351 
308 352 
312 356 

F D E I A A V G F D L W Q V K S G T I F D N I I V T D S L A E A K A F Y D Q T N G A T K D
R K E I C T L G F D L W Q V K S G T I F D N V L I T D D V E L A A K A A A E V K N - T Q A
Y D N F G V L G L D L W Q V K S G T I F D N F L I T N D E A Y A E E F G N E T W G V T K A
F P K L K Y V G V E L W Q V K S G S L F D N V L V S D D P E Y A K K L A E E T W G K H K D

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

350 389 
352 394 
353 397 
357 399 

A E K K A F D S A E A D K R K K E E D E R K K Q E E E E - - - - - K K T A E E D E D D D D
G E K K M K E A Q D E V Q R K K D E E E A K K A S D K D - D E D - E D D D D E E K D D E S
A E K Q M K D K Q D E E Q R L K E E E E D K K R K E E E E A E D K E D D E D K D E D E E D
A E K A A F D E A E - - K K R E E E E S K D A P A E S D A E E E A E D D D N E G D D S D N

E. gracilis Crt
D. melanogaster Crt
H. sapiens Crt1*
A. thaliana Crt1a*

390 401 
395 406 
398 417 
400 425 

E - - - - - - E E E E D D K - - - - - - - - K D E L
K - - - - - - Q D K D Q S E - - - - - - - - H D E L
E - - - - - - E D K E E D E E E D V P G Q A K D E L
E S K S E E T K E A E E T K E A E E T D A A H D E L

Fig 1. Sequence comparison of Crt amino acid sequences from different organisms.
Alignment of Euglena gracilis Crt, Drosophila melanogaster Crt, Homo sapiens Crt1,
and Arabidopsis thaliana Crt1a (GenBank Accession numbers CAA70945, CAA45791,
AAA51916, and AAC49695, respectively) was done using a ClustalW analysis
algorithm. Vertical alignments between the sequences for identical amino acids are
highlighted in dark gray, and for similar amino acids in light gray. The ER signal
sequence (SS), three conserved cysteine residues (C), and the ER retrieval signal (ER-R)
are indicated. The approximate positions of the N, P and C domains are also shown.
*Nomenclature suggested in Papers III and IV is applied.

C

C C

ER-R

C dom

P domN dom

SS
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Table 1. Sequence identity (%) between the three domains of Crt proteins from different
species.

N domain
(%)

P domain
(%)

C domain
(%)

D. melanogaster Crt vs. A. thaliana
Crt1a*

54 61 35

D. melanogatser Crt vs. H. sapiens
Crt1*

53 63 34

D. melanogaster Crt vs. E. gracilis Crt 73 79 42

H. sapiens Crt1 vs. A. thaliana Crt1a 54 58 39

H. sapiens Crt1 vs. E. gracilis Crt 55 57 44

A. thaliana Crt1a vs. E. gracilis Crt 55 57 34

*Nomenclature suggested in Papers III and IV is applied.

the bond between the second and third residue (Cys120 and Cys146) was found in bovine

brain Crt (Matsuoka et al., 1994). Hence, differences in bond formation could be due to

either tissue-dependent variances, or to differences between species. Another tempting

hypothesis is that the location of the disulfide bond could be dependent on external

conditions. The disulfide bond might work as a functional switch (Fig. 2), rendering

specificity for Crt to substrates or other interactants.

Calreticulins ability to bind Zn2+ is, together with its Ca2+ binding characteristics, the most

well studied ion-interacting feature of animal Crts (Michalak et al., 1992; Fig. 2). Zn2+ is

involved in intracellular signal transduction and is a transcriptional activator (Beyersmann

and Haase, 2001). Animal Crts bind approximately 14 mol Zn2+ per mol protein (Khanna

et al., 1986). The binding of Zn2+ is mediated by five histidine residues, located in the N

domain (Baksh et al., 1995a). The binding of Zn2+ influences both structural features of
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Crt, as well as its interacting components (Corbett et al., 1999; Corbett et al., 2000).

Although the Zn2+ binding properties only have been established in animals, several of the

histidine residues are also conserved in plants.

The N domain of animal Crts can interact with the proteins within the protein disulfide

isomerase family, e.g. PDI and ERp57 (Baksh et al., 1995b; Corbett et al., 1999; Leach et

al., 2002; Fig. 2). Crt and Cnx, together with Erp57 and PDI, participate in folding

processes of newly synthesized proteins in the ER and are referred as letin chaperones

and co-chaperones, respectively (Ellgard and Helenius, 2001). The interactions between

Crt and PDI/ERp57 are dependent on the microenvironment surrounding the proteins

(Corbett et al., 1999). The PDI-Crt complex required low levels of free Ca2+ for formation

in vitro (below 100 µM), corresponding to ER Ca2+ store depletion, and dissociated upon

increased Ca2+ concentrations (> 400 µM; Corbett et al., 1999). The PDI-Crt complex

formation results in inhibition of PDI activity (Baksh et al., 1995b). In contrast, the Erp57

is activated by interactions with Crt in an in vitro folding system (Zapun et al., 1998). The

formation of the Erp57-Crt complex can be induced by a Zn2+-dependent, but Ca2+-

independent, conformational change of Erp57, which allows binding to Crt in vitro

(Corbett et al., 1999). The conformation of the Erp57-Crt complex is subsequently

dependent upon changes in the free Ca2+ levels in vitro. The ER Ca2+ status was therefore

suggested to regulate complex formation and activity for the PDI homologs (Corbett et

al., 1999). Although Crt and Erp57 and/or PDI may interact via the Crt N domain, the

Ca2+-sensitivity of conformation and stability of the complexes implies influences from

the high capacity Crt Ca2+ binding region (C domain; Corbett et al., 1999).



10

Crts from a variety of organisms can be post-translationally modified by addition of N-

linked glycans (Jethmalani et al.,1994; Navazio et al., 2002). The attachment of N-linked

glycans to Crts may facilitate a redistribution of the protein in animal cells (Jethmanlani

et al., 1997; Johnson et al., 2001). The differences in glycosylation between species and

kingdoms appear to lie in the stability and position of the modification. Whereas

mammalian Crts mainly contain a potential glycosylation site in the C domain (Michalak

et al., 1999), plant Crts generally have a conserved site in the N domain (Navazio et al.,

2002; Figs. 2 and 3). Plant Crts contain up to three potential glycosylation sites [A.

thaliana Crt1a (Fig. 4A) and Beta vulgaris (data not shown)] and, based on amino acid

sequence predictions, different Arabidopsis Crt isoforms may potentially acquire different

numbers of N-linked glycans (Paper IV; Fig. 4A). Treatment of an Arabidopsis

homogenate with the N-linked glycosidase PNGase F supported putative differences in

glycosylation status among the isoforms, consistent with the sequence predictions (Paper

IV; Fig. 4A). In addition, in tobacco suspension cells transformed with a maize crt1a

cDNA, the transgenic product acquired N-linked glycans as predicted from sequence

analysis (Fig. 4B). Thus, Crts from one species can obtain N-linked glycans when

transformed into another species. Although the glycosylation status of canine Crt was

suggested to affect perforin activity (Fraser et al., 2000), functional aspects of N-linked

glycosylation of Crts remain largely elusive.
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Fig 2. Schematic view of a Crt protein, adapted from Michalak et al., 1999, showing
approximate regions for the N, P, and C domains. The protein contains an N-terminal ER
signal sequence (SS), three boxes with high similarity to calnexin proteins (Boxes A, B
and C), two tandem triplet repeats (1 and 2), and a C-terminal ER-retrieval signal
(K/HDEL). Selected functional aspects and interacting components are listed. *Crt
proteins with neutral and positively charged C domains exist as well.
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Fig 3. Representative N-linked glycosylation patterns in animal and plant Crts. Sequence
analysis predictions suggest that animal Crts are preferentially glycosylated in their C-
terminal region, whereas plant Crts generally contain their putative N-linked
glycosylation sites in the N-terminal region.

2.2 The P domain

The P domain, with high conservation among organisms (Table 1), obtained its name

because of its high proline content (Smith and Koch, 1989; Fliegel et al., 1989; Baksh and

Michalak, 1991). Similar to the functional homolog calnexin (Cnx), the P domain of Crt

contains a tandem repeat segment (Ellgard and Helenius, 2001). Whereas the tandem

repeat occurs three times in Crt (Fig. 2), it is repeated four times in Cnx. Furthermore, the

P domain has homologous counterparts in several other chaperone-like proteins, e.g.

calmegin and CALNUC, and thus high-lights the importance of this domain (Michalak et

al., 1999).
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Fig 4. Glycosylation of different isoforms and in different species of plant Crt proteins.
Samples were analyzed with SDS-PAGE, transferred to a PVDF membrane and probed
with polyclonal maize Crt antibodies (1:5000). A. Glycosylation patterns in A. thaliana
Crt isoforms. Upper panel; Three N-linked glycosylation sites in Crt1a and one site each
in Crt1b and Crt3, respectively, are indicated as predicted from sequence analysis. Lower
panel; Western blot demonstrating Crt glycosylation patterns in an A. thaliana
homogenate before and after PNGase F treatment. Samples were treated with the N-
linked glycosidase PNGase F under native conditions for 5 to 60 minutes. Untreated
material is represented in lane denoted 0. Figure is modified from Paper IV. B.
Glycosylation patterns in Crt from tobacco suspension cells, and in maize Crt1a. Upper
panel; Two N-linked glycosylation sites in Nicotiana tabacum Crt and one site in Zea
mays Crt1a are indicated as predicted from sequence analysis. Lower panel; Western blot
demonstrating Crt glycosylation pattern in wild-type tobacco cells, tobacco cells
transformed with Z. mays crt1a, or for a purified Z. mays Crt, before (-) and after PNGase
F treatment for 30 min (+), in presence of detergent. *The annotated sequence
corresponding to N. tabacum Crt is truncated.
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The P domain is, both functionally and structurally, affected by the three tandem repeats

(Ellgaard et al., 2001a; Michalak et al., 2002). In mouse and human Crts the repeats

correspond to consensus sequence I: PXXIXDPDAXKPEDWDE, and II:

GXWXPPXIXNPXYX (Michalak et al., 1999). In contrast, the two repeats for plant Crts

are slightly different with consensus sequence PXXIXDPXXKKPEXWDD for repeat I

and GXWXAXXIXNPXYK for repeat II, based on 18 unique plant Crt sequences (Paper

IV). Thus, although similar, the repeats contain variations between the two kingdoms.

The P domain contributes, together with the C domain, to the Ca2+ binding ability of Crt

(Fig. 2). The P domain binds Ca2+ with high affinity, but has a low binding capacity for

the ion [approximately 1 mol Ca2+ per mol protein (Baksh and Michalak, 1991)].

Although functional aspects of the Ca2+ binding to the P domain are not clear, regulatory

implications have been suggested (Baksh and Michalak, 1991).

As for the N domain, the P domain in animal Crts also interacts with Erp57 (Leach et al.,

2002; Ellgard et al., 2002; Fig. 2). Truncation studies of rabbit Crt showed that the main

interaction was facilitated by the tandem repeat region of the P domain and was, in

contrast to the N domain, independent of Zn2+ (Leach et al., 2002). Recently, structural

analysis further demonstrated that the tip region of the repeats, formed by an extended

hairpin loop, is responsible for the Erp57 interaction (Ellgard et al., 2002).

Crt can bind to monoglucosylated oligosaccharides, i.e. Crt has lectin-like properties

(Vassilakos et al., 1998; Leach et al., 2002; Kapoor et al., 2002). Recent structural data

combined with oligosaccharide affinity studies have revealed that the residues involved in
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the interaction are localized to the N domain and to the interface between the P and C

domain in rat Crt (Kapoor et al., 2002; Box A and C in Fig. 2). It was further concluded

that Crt from rat only contains one oligosaccharide-binding site. In addition, truncation

studies of Crt from rabbit have revealed importance of the P domain for the lectin-like

characteristics (Vassilakos et al., 1998; Leach et al., 2002).

2.3 The C domain

The interface of the P and C domain is determined by the start of a more acidic amino

acid stretch (Michalak et al., 1992). The negatively charged C domain contributes to the

high-capacity Ca2+ binding ability of Crt (Baksh and Michalak, 1991; Fig. 2), and

distinguishes the protein from Cnx, which instead contains a transmembrane stretch in the

same position (Helenius and Aebi, 2001).

The C domain has a high capacity, but low affinity for Ca2+, and binds 20 to 25 mol Ca2+

per mol protein (Baksh and Michalak, 1991; Corbett and Michalak, 2000; Fig. 2).

Furthermore, the C domain plays important roles in Ca2+ storage within the ER and

affects agonist-mediated Ca2+ signaling from the ER in animal cells (Nakamura et al.,

2001a; Arnaudeau et al., 2002). To facilitate this, Crts from most species have a C

domain with a negative net charge (Michalak et al., 1992). In contrast, several Crts

possess a C domain with a neutral or even a positive net charge (Michalak et al., 1992;

Papers III and IV). Crt from Onchocerca volvulus and the Crt3 isoform in plants contain

C domains with positive and more or less neutral net charges, respectively (Michalak et

al., 1992; Paper IV). Regardless of a neutral or positive net charge, all Crt isoforms seem

to have a high level of charged amino acids in the C terminus. To date, no reports have
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shown how the Ca2+ binding ability of the C domain is affected by changes in the net

charge.

Although the N and P domains are the interacting points for Erp57 and PDI, the C domain

is important for the dynamics of these interactions (Corbett et al., 1999; Fig. 2). As

discussed previously, an increase in the free Ca2+ level leads to a dissociation of the PDI-

Crt complex in vitro, and mediates conformational changes to the Erp57-Crt complex.

These changes are likely due to structural alterations in the Ca2+ binding C domain

(Corbett et al., 1999). In vitro, Ca2+ binding affects the flexibility of the C domain, which

renders accessibility to proteolytic activity (Corbett et al., 2000; Li et al., 2001; Fig. 2).

At free Ca2+ levels lower than 100 µM, a rabbit Crt was readily degraded by trypsin, but

increasing the free Ca2+ level to 500 µM resulted in a stabilized Crt (Corbett et al., 2000).

The more protease-sensitive part was the C terminus (Corbett et al., 2000; Paper II). The

stability of the Crt was also affected by both ATP and Zn2+ in vitro (Corbett et al., 2000).

Since the ER retention/retrieval signal is localized to the far end of the C terminus, a

truncation of the C domain could facilitate an escape mechanism out of the ER for the

protein (Corbett et al., 2000). The truncation could also have functional implications on

internal ER processes (Li et al., 2001).

Plant Crts may be phosphorylated, possibly through phosphorylation sites in the C

domain (Baldan et al., 1996; Droillard et al., 1997; Li et al., 2003; Fig. 2). The C domain

in plants contains several putative phosphorylation sites for protein kinase CK2 (casein

kinase II), and can be phosphorylated by the kinase in vitro (Baldan et al., 1996). Crt was

further shown to appear as a phosphoprotein in response to cold-stress (Li et al., 2003)

and to oligogalacturonides [(Droillard et al., 1997); oligosaccharins released during
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fragmentation of homogalacturonan from the primary cell wall (Ridley et al., 2001)].

Although the functional aspects of phosphorylation of Crts are not known,

phosphorylation was suggested to affect the distribution and chaperone activity of the

protein (Baldan et al., 1996).

The C domain ends with an ER-retention/retrieval signal, generally K/HDEL (Michalak

et al., 1999; Fig. 2). This sequence is important for maintaining the protein within the ER

(Hadlington and Denecke, 2000, Stephens and Pepperkok, 2001). Although most Crts do

contain the typical motif (K/HDEL), derivates of the sequence exist (Paper III). Crts

from Trypanosoma congolense (KADL), Strongylocentrotus purpuratus (RDEL),

Necator americanus (HEEL), and the newly discovered Crt2 isoforms from H. sapiens

and Mus musculus (RNEL, and QGEL, respectively), all contain alternative sequences

(Paper III). To date, it is not known whether these proteins remain within the ER or not.
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3 Localization

Although Crts generally are found within the ER, Crts are also present in other

subcellular compartments (Johnson et al., 2001; Fig. 5). The diverse distribution may

provide the basis for the functional multiplicity for Crt (Coppolino and Dedhar, 1998;

Johnson et al., 2001). An important challenge is to reveal how Crt is transported to

different compartments, i.e. how Crt is escaping the ER retrieval sorting system.

Fig 5. Schematic view of the purported subcellular distribution of Crt in plant and animal
cells. Specific references according to the text.
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3.1 Endoplasmic reticulum

As described above, Crts (and a variety of other ER-resident proteins) contain an ER

retention/retrieval signal in the C terminus (Fig. 1). Thus, the bulk of Crts is found within

the ER. Nevertheless, Crts and other ER-resident proteins can be transported through the

Golgi network (Vitale and Denecke, 1999; Gomord et al., 1999; Johnson et al., 2001).

The translocation of Crt from the ER to the Golgi apparatus has mainly been studied by

structural analyses of attached N-linked glycans in both animals and plants (van Nguyen

et al., 1989; Matsuoka et al., 1994; Pagny et al, 2000; Phillipson et al., 2001; Navazio et

al., 2002). Whereas the N-linked glycans attached to proteins in the ER contain a strict

homogenous structure (see chapter 4 Function), the glycan moieties are becoming

extensively heterogenous when traveling through the Golgi network (Helenius and Aebi,

2001). Hence, determination of the composition of the glycan structure can reveal the

path that a Crt has traveled.

The processes facilitating shuttling between the ER and Golgi are complex with

differences among organisms (Vitale and Denecke, 1999; Antonny and Scheckman, 2001;

Stephens and Pepperkok, 2001). Generally, proteins leaving the ER are shuttled to the

Golgi via a COPII mediated vesicle system, referred to as anterograde transport (Antonny

and Schekman, 2001). Although the mechanisms of vesicle formation for anterograde

transport are well characterized, the processes of protein-internalization into the vesicles

are debated (Hong, 1998; Vitale and Denecke, 1999; Gomord et al., 1999). Two major

mechanisms for the protein-internalization have been proposed: either an active model or

a bulk flow model (Vitale and Denecke, 1999). In plants, the glycosylation status of Crt
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has been used to study the transport rate of resident ER proteins between the ER and

Golgi (Pagny et al., 2000; Phillipson et al., 2001). Pagny et al. (2000) showed that only a

very small proportion of the Crts from both tobacco suspension cells and maize contained

complex glycans, indicating that the anterograde vesicles were devoid of Crt.

Furthermore, a retention mechanism for resident ER proteins other than the H/KDEL

motif was suggested, supporting an active selection of secreted proteins from the ER

(Pagny et al., 2000). In contrast, Phillipson et al. (2001) showed that anterograde

transport of Crt was evident in tobacco protoplasts. The authors suggested an active

recycling model of resident ER proteins from the Golgi to the ER, resembling a bulk flow

secretory model (Phillipson et al., 2001). The contradictory results obtained in plants

might be explained by the systems investigated.

3.2 Golgi

Crt can be translocated to the Golgi in both animals and plants, most likely due to the

secretory transport system described above (Hadlington and Denecke, 2000; Johnson et

al., 2001). The Golgi localization has mainly been supported by structural features of N-

linked glycans (van Nguyen et al., 1989; Navazio et al., 2002), in situ immunolabeling

(Borisjuk et al., 1998; Torres et al., 2001), and by inhibitors of anterograde transportation

(Xiao et al., 1999). No distinct functions have emerged for Crt in the Golgi. This suggests

that the compartment mainly is a transitory location for Crt, either for retrograde transport

back to the ER or for post-Golgi distribution.
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3.3 Cytosol and nucleus

Cytosolic and nuclear-associated Crt has been implicated in both animal and plant cells

(Burns et al., 1994; Dedhar et al., 1994; Denecke et al., 1995; Napier et al., 1995;

Roderick et al., 1997; Holaska et al., 2001). Crt was shown to inhibit hormone-regulated

transcriptional activation by binding to the DNA-interacting region of various steroid

hormone receptors in animal cells, suggesting nuclear localization (Burns et al., 1994;

Dedhar et al., 1994). In addition, Crt can affect cell adhesion by interactions with the

cytosolic a-subunit of integrins in vitro (Rojiani et al., 1991), and transfection of crt

knock-out embryonic stem cells with a recombinant crt rescued defiencies in integrin-

mediated adhesion (Coppolino et al., 1997). The cytosolic and nuclear localizations of

Crts were based mainly on in situ immunolabeling experiments (Rojiani et al., 1991;

Denecke et al., 1995; Napier et al., 1995), and the data have been disputed as possible

artifacts from immunostaining procedures (Michalak et al., 1996; Johnson et al., 2001).

Furthermore, several of the described features for nuclear and cytosolic Crt could be

mimicked by ER targeted Crt (Michalak et al., 1996; Opas et al., 1996; Fadel et al., 1999;

2001). ER targeted Crt can modulate the status and gene expression of cytosolic factors

involved in adhesive processes, thereby indirectly affecting cellular adhesion (Opas et al.,

1996; Fadel et al., 1999; 2001). In addition, Michalak et al. (1996) showed that Crt

targeted to the cytosol was unable to inhibit glucorticoid-sensitive gene expression,

whereas an ER targeted Crt mediated inhibition. The controversy is not over, however, as

recently Crt was suggested as a cytosolic factor for nuclear export in HeLa cells (Holaska

et al., 2001). Further investigations will be necessary to resolve this apparent disparity.



24

3.4 Cell surface and extracellular matrix

Whereas cytosolic and nuclear Crt is debated, it is well established that the protein can

translocate to the cell surface and the extracellular matrix in animal cells (McCauliffe et

al., 1990; Pike et al., 1999; Xiao et al., 1999; Goicoechea et al., 2002). Still, the manner

of relocation of Crt from within the ER to the cell surface remains elusive (Johnson et al.,

2001). Cell surface Crt can affect numerous cellular functions, e.g. cellular adhesion

(Goicoechea et al., 2002), progression of angiogenesis (Pike et al., 1999), and is

implicated in a variety of diseases (Coppolino and Dedhar, 1998; Johnson et al., 2001). In

plants, immunocytological studies in maize root tips revealed that distinct ER domains,

enriched in Crt, were highly concentrated in close proximity to the plasmodesmata

(Baluska et al., 1999). A putative role for Crt as a Ca2+ buffering protein, regulating

gating activities of the plasmodesmata, was suggested (Baluska et al., 1999).
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4 Function

The multitude of interacting components, the distinct features residing in the amino acid

sequence, and the diverse subcellular locations are reflected in the functional properties of

Crt. Crt has to date been implicated in over 40 intra- and extracellular functions in

mammalian cells (Johnson et al., 2001).

4.1 Endoplasmic reticulum

As stated earlier, the ER is important for folding and modifications of newly synthesized

proteins, and is a source of intracellular signaling molecules (Michalak et al., 2002;

Schrag et al., 2003). As a Ca2+ binding and chaperone-like protein, Crt is involved in

several of these ER characteristics (Michalak et al., 2002). In mammalian cells, Crt is

involved in release, uptake and storage of the ion, thus a key regulator of ER Ca2+ (Papp

et al., 2003). In addition, the chaperone-like effectiveness of mammalian Crts is

dependent on the ER Ca2+ status, intimately linking the two major ER functions of the

protein (Corbett and Michalak, 2000; Michalak et al., 2002).

4.1.1 Protein folding

Crt mediates folding of newly synthesized proteins and has hence been referred to as a

chaperone-like protein (Chevet et al., 2001; Fig. 6). The interactions of unfolded peptides

and chaperones slow down the formation of tertiary structures, which allows a more

controlled maturation of the protein (Michalak et al., 2002). Crt works in conjunction

with Cnx to sense the folding status of proteins in a cycle referred to as the quality control
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Fig 6. Schematic view of the folding processes of newly synthesized proteins in the ER.
The Figure is merged and modified from Figures in Helenius and Aebi, 2001; Chevet et
al., 2001; Johnson et al., 2001. Specific references and numbers in Figure according to
the text.
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or the Cnx/Crt cycle (Crofts and Denecke, 1998; Michalak et al., 2002). Although both

Crt and Cnx contain lectin-like properties, they can bind to polypeptides lacking

oligosaccharides in vitro (Saito et al., 1999). In addition to Crt and Cnx, the quality

control cycle involves both glycosidases and a glucosyltransferase, emphasizing the

central role for glycoproteins in the cycle. Substrates can either exit the Cnx/Crt cycle if

correctly folded, or if persistently misfolded (Chevet et al., 2001). Whereas the latter

leads to an unfolded protein response (UPR), subsequently resulting in apoptosis in

animal cells, correctly folded proteins are allowed to exit the ER (Chevet et al., 2001).

In both animals and plants, secretory protein synthesis is mediated by ribosomes

associated to the rough ER via a translocon, homologous to the Sec61 translocon in yeast

(Römisch, 1999; Chevet et al., 2001; Fig. 6). When newly synthesized peptides emerge

through the ribosome they are threaded through the translocon into the ER lumen.

Concomitantly one or more oligosaccharides can be attached to the peptide by an

oligosaccharyl transferase (Helenius and Aebi, 2001; 1 in Fig. 6). The glycan is

transferred to an asparagine residue, in the consensus motif NXT/S. The glycan consists

of several mannose and glucose residues and is linked to the peptide through an N-

acetylglucosamine (Helenius and Aebi, 2001; Fig. 7).

The two terminal glucose residues are trimmed off by glucosidase I and II (2 in Fig. 6;

Fig. 7), generating a peptide with a monoglucosylated glycan, recognized by Cnx and Crt

(Ellgaard and Helenius, 2001). In animal cells, the peptide selectivity between Crt, Cnx

and other chaperones is dependent on where the glycan is located on the peptide

(Molinari and Helenius, 2000; 3, 4, and 5 in Fig. 6). Crt and Cnx preferably associate

with substrates containing a glycan within the first 50 amino acids (Molinari and
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Helenius, 2000). In contrast, BiP recognizes substrates with a glycan more C-terminal.

Although Crt and Cnx only exhibit partial overlap in substrate-specificity, they can

interact with different glycans on the same peptide in animal cells (Hebert et al., 1997; 6

in Fig. 6). In addition, Crt and BiP can interact in plants (Crofts et al., 1998) and can

interact indirectly, through chaperone complexes, in animal cells (Tatu and Helenius,

1997; 7 in Fig. 6). The interactions between Crt and BiP in plants have been suggested to

regulate the levels of free BiP in the ER (Crofts et al., 1998), and may indicate existence

of larger chaperone complexes in both animals and plants (Tatu and Helenius, 1997).

While the peptide is associated to Crt or Cnx, a glucosidase II removes the last glucose

residue, which terminates the peptide-chaperone interaction (Ellgaard and Helenius,

2001; 8 and 9 in Fig. 6; Fig. 7). The folding status of the protein is monitored by an UDP-

glucose: glycoprotein glucosyltransferase (UGGT). If the protein is correctly folded it

may exit the ER via the COPII mediated vesicle transport system, described earlier (10 in

Fig. 6). However, if the protein is misfolded, the UGGT will reglucosylate the peptide,

which then reenters the quality cycle (Ganan et al., 1991; Ellgaard and Helenius, 2001; 11

in Fig. 6). Thus, together with the UGGT and glucosidase II, Crt and Cnx represent a

unique self-correcting entity for misfolded protein substrates. If the peptide is misfolded

persistently the UGGT will let it pass through one of two possible routes, depending on

the ER status and on the organism investigated
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Fig 7. Schematic view of a N-linked glycan moiety, attached to newly synthesized
proteins in the ER. The terminal glucose and mannose residues are removed by ER
glucosidases and mannosidases as described in the text. Adapted from Helenius and Aebi,
2001. *The second glucose residue is removed when the peptide is attached to Crt/Cnx.

(Ma and Hendershot, 2001). The mannose at the a-1,2-position can be trimmed off by an

ER mannosidase I (Fig. 7), which serves as a signal for protein degradation (Helenius and

Aebi, 2001). The peptide will then be re-translocated to the cytosol where it becomes

ubiquinated and ultimately destroyed by the proteasome, i.e. ER-associated degradation

[(ERAD); Cabral et al., 2001; 12 in Fig. 6]. The misfolded peptides can also affect the

induction of UPR-related genes, ultimately initiating apoptosis in animal cells (Ma and

Hendershot, 2001). Misfolded peptides may bind to BiP/GRP 78, which indirectly

activates the ER protein kinase/ribonuclease, Ire1(p), inducing UPR-related genes

(Chevet et al., 2001; Patil and Walter, 2001; 13 and 14 in Fig. 6). A similar pathway is

starting to unravel in plants, where two Ire1(p) homologs have been characterized

(Koizumi et al., 2001). Additional pathways exist in mammals. In mammalian systems,
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the ER folding stress can activate a kinase with similar properties to Ire1(p): PERK, and

transcriptional regulators, e.g. ATF6 (Patil and Walter, 2001). While ATF6 upregulates

UPR-associated genes, similar to Ire1(p), PERK signaling represses protein translation

and slows down the cell cycle (Ma and Hendershot, 2001; 15 in Fig. 6). An UPR-like

effect can also be induced by adding inhibitors of N-linked glycosylation and disulfide

bond formation, i.e. tunicamycin and dithiothreitol, respectively (Travers et al., 2000).

Earlier studies showed that several ER chaperones, such as BiP, Crt and Cnx, are induced

in response to tunicamycin and dithiothreitol (Denecke et al., 1991; Llewellyn et al.,

1996; Paper IV). In addition, activation and repression of numerous genes was observed

in both yeast and Arabidopsis in response to tunicamycin and dithiothreitol treatments,

reflecting the complex patterns of pathways involved in UPR (Travers et al., 2000;

Martinez and Chrispeels, 2003). Thus, the ER from different organisms contains distinct

and intricate systems to adjust for folding errors and ER stresses.

4.1.2 Calcium signaling

Ca2+ is one of the most important signaling mediators in a wide variety of cells and

tissues, in both animals and plants. In addition, almost any changes of external conditions

results in Ca2+ mobilization within the cell, resulting in a cytosolic burst of Ca2+ (Sanders

et al., 2002; Michalak et al., 2002). Since Ca2+ apparently is triggering different responses

to different stimuli, a challenging task is to understand the manner in which the cell

discriminates between various Ca2+ signals. It is now evident that specificity can be

obtained either via size and periodicity of the signal, i.e. the amplitude and frequency, or

via heterogenous distribution of Ca2+ signaling components (Berridge et al., 2000;

Sanders et al., 2002; Papp et al., 2003). However, even though cytosolic Ca2+ signaling
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has been thoroughly dissected, the effects of Ca2+ fluctuations within the Ca2+ releasing

organelles are not understood in full detail (Corbett and Michalak, 2000).

Crt is involved in numerous aspects of ER Ca2+ signaling in animal cells (Michalak et al.,

2002; Fig. 8). It regulates the release of Ca2+, the size of the Ca2+ pool, and the uptake of

Ca2+ into the ER (Corbett and Michalak, 2000). In addition, Crt affects Ca2+ fluxes in

organelles other than ER by a tight control of the ER Ca2+ levels (Arnaudeau et al., 2002;

Michalak et al., 2002). Recently, evidences for Crt as an important ER Ca2+ regulator in

plants have also emerged (Paper I; Wyatt et al., 2002).

Fig 8. Schematic view of how Crt affects cellular Ca2+ homeostasis in animal cells.
Specific references according to the text.
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Several intracellular messengers trigger a release of Ca2+ from intracellular stores into the

cytosol, e.g. inositol-1,4,5-trisphosphate (InsP3), cyclic ADP-ribose and sphingosine-1-

phosphate (Berridge et al., 2000; Sanders et al., 2002). These molecules bind to specific

receptor proteins, thereby triggering Ca2+ release. In animal cells, Crt regulates the

activity of the InsP3-receptor in two major ways (Fig. 8): either by altering the ER Ca2+

content (Mery et al., 1996; Xu et al., 2000), or indirectly by affecting the structure of the

plasma membrane-associated bradykinin receptor (Mesaeli et al., 1999; Nakamura et al.,

2001a).

In animals, the ER Ca2+ status regulates Ca2+ fluxes across the plasma membrane by

activation of Ca2+ channels in a process referred to as “capacitative Ca2+ entry” or “store-

operated Ca2+ entry” (Putney, 1999). If the ER contains low levels of Ca2+, the plasma

membrane channels allow an influx of Ca2+ to refill the ER store. Overexpression of Crt

increases both the free ER Ca2+ and the Ca2+ storage capacity of ER (Bastianutto et al.,

1995; Arnaudeau et al., 2002; Fig. 8). Furthermore, overexpression of Crt prevents InsP3-

mediated depletion of ER Ca2+ in Xenopus oocytes, resulting in an attenuation of the

capacitative Ca2+ entry (Xu et al., 2000).

The level of Crt is tightly regulated during tissue and organism development (Mesaeli et

al., 1999; Nakamura et al., 2001b). Both Crt overexpression and crt gene knock-out

caused severe impairments on cardiac development in mice. While overexpression

resulted in a post-natal heart block (Nakamura et al., 2001b), crt knock-out was lethal

during embryogenesis (Mesaeli et al., 1999; Li et al., 2002). In addition, bradykinin-

induced Ca2+ release by the InsP3-dependent pathway was inhibited in fibroblasts from the

crt knock-out embryo (Mesaeli et al., 1999). A closer examination revealed that the
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inhibition was due to misfolded features in the plasma membrane localized bradykinin

receptor (Nakamura et al., 2001a; Fig. 8).

Overexpression of Crt increases the Ca2+ buffering capacity of the ER in both animals and

plants (Bastianutto et al., 1995; Mery et al., 1996; Arnaudeau et al., 2002, Paper I). A

1.6-fold increase in Crt expression in mouse L fibroblast cells resulted in a 2.1-fold

increase in total cellular Ca2+ and a 1.5-fold increase of the ATP-sensitive ER Ca2+

signaling pool (Mery et al., 1996). In addition, induction of HeLa cells transfected with a

rabbit crt under the control of a tetracycline promoter resulted in an increase in free ER

Ca2+ levels (Arnaudeau et al., 2002). The increased Crt level also increased the cytosolic

Ca2+ signal in response to the agonist carbachol. In plants, similar results were obtained

using tobacco cells transformed with a maize crt1a cDNA under the control of a heat-

shock inducible promoter (Paper I). A 2.5-fold increase in the total Crt level resulted in

approximately a 2-fold increase of 45Ca2+ uptake into ER-enriched membrane vesicles

(Paper I). These data suggest that Crt function as an important regulator of ER Ca2+ also

in plants.

To terminate Ca2+ signals the cell uses both Ca2+ pumps and ion exchangers (Sanders et

al., 2002; Papp et al., 2003). Crt can affect the Ca2+ uptake into the ER (Camacho and

Lechleiter, 1995; John et al., 1998; Fig. 8). Similar to Cnx, Crt can inhibit the activity of

one of the ER/SR Ca2+-ATPases, SERCA2b in Xenopus oocytes (John et al., 1998).

SERCA inhibition was facilitated by phosphorylation of the cytoplasmic tail of Cnx

(Roderick et al., 2000). On the other hand, Crt may inhibit the Ca2+-ATPase by

interaction with a glycosylated residue on the ER lumenal part of the SERCA (John et al.,

1998; Fig. 8). The inhibition resulted in a complete block of Ca2+ oscillations in the
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oocyte, resulting in an early termination of the Ca2+ signal (Camacho and Lechleiter,

1995).

Both plant and animal Crts bind similar amounts of Ca2+, and can act as Ca2+ buffering

proteins within the ER (Hassan et al., 1995; Paper I). However, only a limited amount of

information is available of the physiological relevance of Crt in plants. Arabidopsis

plants, overexpressing Crt, grew better on medium containing low levels of Ca2+

compared to control plants (Paper I). Furthermore, the amount of bioavailable Ca2+

increased in Arabidopsis plants expressing a Crt C domain fused to a green fluorescent

protein (GFP; Wyatt et al., 2002). These data suggest that Crts are important as ER Ca2+

regulators in plants.

4.2 Compartments outside the ER

As discussed earlier, Crt is purported to translocate to the cell surface and to the

extracellular matrix (Coppolino and Dedhar, 1998; Johnson et al., 2001). In animal

systems, cell surface effects of Crt exert a number of physiological functions and serve as

a marker for pathological processes (Coppolino and Dedhar, 1998; Johnson et al., 2001).

To date, no functional aspects have been reported for plant Crts outside the ER.

4.2.1 Cell adhesion

The cell is dependent on adhesion to its surrounding to facilitate cell motility, cytoskeletal

rearrangements and cell proliferation (Coppolino and Dedhar, 2000). The adhesive

properties of an animal cell are generally organized by integrins and integrin-associated
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molecules (Coppolino and Dedhar, 2000; Hynes, 2002). Integrins are believed to be

restricted to the Metazoan kingdom, and have yet to be discovered in plants and fungi. In

animal cells, Crt can modulate cellular adhesion, both indirectly when located in the ER

lumen (Opas et al., 1996; Fadel et al., 1999; 2001; Fig. 9) and possibly directly if present

at the cell surface (Goicoechea et al., 2000; 2002). From the ER lumen, Crt can indirectly

modulate cytosolic levels, and the molecular status, of molecules associated with

adhesion, e.g. vinculin expression levels and cytosolic phosphotyrosine levels (Opas et

al., 1996; Fadel et al., 1999; 2001; Fig. 9). Overexpression of Crt in the ER lumen of

mouse L fibroblasts resulted in an increased adhesiveness (Fadel et al., 2001). If located

at the cell surface of endothelial cells, Crt may bind to thrombospondin, an integrin-

associated regulator of focal adhesion events (Goicoechea et al., 2000). The far N-

terminal region of Crt can facilitate the interactions to thrombospondin, triggering signal-

processes for focal adhesion disassembly (Goicoechea et al., 2002). Thus, Crt may exert

opposing adhesive effects depending on cellular location of the protein. Another

possibility for Crt to affect cellular adhesion is via direct interactions with the cytosolic

part of a-subunits of integrins (Coppolino and Dedhar, 1999; Coppolino and Dedhar,

2000; Fig. 9). However, cytosolic Crt is still a matter of debate (Johnson et al., 2001).

4.2.2 Immunology and diseases

Cell surface Crt plays vital roles in a number of pathologically related processes in

mammals (Eggleton and Llewellyn, 1999; Momburg and Tan, 2002; Figs. 2 and 9).

Several studies have identified Crt and Crt fragments in a number of autoimmune

diseases, e.g. systemic lupus erythematosus and Sjögrens syndrome (Eggleton and

Llewellyn, 1999). Crt is involved in both the presentation of antigens at the cell surface
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and pathological aspects of the antigen recognition process (Coppolino and Dedhar, 1998;

Eggleton and Llewellyn, 1999). Within the ER lumen, Crt stabilizes components of the

major histocompatibility class I complex prior and during the peptide-loading of the

complex (van Endert, 1999; Momburg and Tan, 2002; Fig. 9). The complex is then

translocated to the cell surface where it exposes the cellular protein composition to

cytotoxic T-cells (van Endert, 1999). Crt can be antigenic in its own right (Rokeach et al.,

1991) and is also implicated as a component of the antigenic complex Ro/SS-A

(McCauliffe et al., 1990). The Ro/SS-A complex presents antigens at the cell surface and

is a mediator for several antigen-related

Fig 9. Schematic representation of selected putative functions of Crt in cellular adhesion
and pathological processes in mammalian cells. Adapted and merged from Eggleton and
Llewellyn, 1999; Johnson et al., 2001. Specific references according to the text.
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diseases, e.g. Sjögren’s syndrome and systemic lupus erythematosus (Eggleton and

Llewellyn, 1999). Antigenic properties of Crt are also implicated in other diseases, e.g.

rheumatoid arthritis (Verreck et al., 1995), celiac disease (Tuckova et al., 1997),

congenital heart block (Orth et al., 1996) and halothane hepatitis (Gut et al., 1993).

Crt inhibits formation of new blood vessels, i.e. has anti-angiogenesis properties,

preventing tumor spreading (Griffioen and Molema, 2000). The inhibition is facilitated by

an N-terminal Crt fragment termed vasostatin (Pike et al., 1999; Yao et al., 2002; Fig. 2).

In vivo experiments have confirmed vasostatin as a suppressor of angiogenesis in mice,

which may render the N domain of Crt a potent treatment for tumor growth (Pike et al.,

1999; Yao et al., 2002).

4.2.3 Additional functions

The versatility of Crt is further suggested by its involvement in an additional variety of

cellular processes (Eggleton and Llewellyn, 1999; Johnson et al., 2001). Crt can control

the lytic activity of perforin in cytotoxic lymphocyte granules (Andrin et al., 1998; Fraser

et al., 2000). The granule localized Crt still contained the KDEL retention signal, but was

suggested to escape the ER retrieval/retention by two lysosomal targeting signals (Andrin

et al., 1998). The controversy of cytosolic Crt was further stirred by results suggesting Crt

as a cytosolic iron-carrier in rat (Conrad et al., 1993). In addition, crt mRNA was induced

by increasing intracellular iron in epithelial cells (Núñez et al., 2001). Extracellular Crt

can affect the clearance of immune complexes, mainly mediated by C1q, a member of the

first component in the complement system (Eggleton et al., 2000). Crt can serve as an

interactant for C1q in human leucocytes and has been referred to as a C1q receptor
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(Malhotra et al., 1993; Eggleton et al., 2000). The interaction of Crt and C1q, preventing

immune complex clearance, can therefore contribute to the progression of autoimmune

diseases (Eggleton et al., 2000).
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5 Evolution

The crt gene seems to have arisen prior to the eukaryotic ancestor for present day animals

and plants (Llewellyn et al., 2000). Evolutionary studies have suggested the crt gene to

originate approximately 2 billion years ago (Llewellyn et al., 2000). Despite this, a high

conservation in the amino acid sequence is observed in species from different kingdoms,

and the exon/intron organization is well preserved within respective kingdoms.

5.1 The calreticulin gene

The first genomic sequence holding a crt was characterized in human in 1992

(McCauliffe et al., 1992). The gene covers approximately 6 kilobases of chromosome 19

and contains 9 exons. Since then, several genomes have been sequenced, allowing

predictions and comparisons of genomic sequences between different kingdoms.

In animals, two closely related crt isoforms in African clawed frog and bovine have been

reported (Treves et al., 1992; Liu et al., 1993). Recently a novel crt isoform in human

was described, with homologs in several Vertebrates, e.g. mouse, rat and pig (Paper III).

The newly discovered isoform was distinctly different from the earlier isoform, and was,

supported by phylogentic analyses, referred to as crt2. The crt2 gene also contains 9

exons, with similar or identical lengths compared to crt1 (Fig 10; Erratum in Paper III).

The early duplication event, generating the crt1 and crt2 genes in Vertebrates, implies

that all crt genes from Vertebrate species consist of 9 exons, with high conservation in

exon lengths (Paper III).
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In plants, crt cDNAs were initially cloned and sequenced in 1994 (Chen et al., 1994).

Several species contain two or more crt isoforms (Chen et al., 1994; Kwiatkowski et al.,

1995; Nelson et al., 1997). The sequencing of the A. thaliana and Oryza sativa (rice)

genomes have now made thorough bioinformatic analyses of different protein families

possible. The earlier established nomenclature implied three orthologous isoforms in

higher plants, i.e. Crt1, Crt2 and Crt3 in Arabidopsis (Nelson et al., 1997). However, only

two orthologous Crt isoform groups were evident when Crts from both monocotyledons

and dicotyledons were investigated (Paper IV). A reevaluation of the Crt nomenclature

in higher plants, according to current ontology, was therefore suggested (Paper III).

Since Crt1 and Crt2 appeared to be paralogs within respective species the proposed

nomenclature rendered Crt1 and Crt2 as Crt1a and Crt1b, respectively. To avoid

confusion the Crt3 isoform was maintained as Crt3 (Paper IV).

Figure 10 shows a phylogenetic tree, with corresponding gene maps, of crt genes with

known genomic sequences. Three subgroups, with differences in exon/intron

organization, can be observed in the kingdom Metazoa. These correspond to the phyla

Nematoda (Caenorhabditis elegans), Arthropoda (D. melanogaster and Anopheles

gambiae), and Chordata (H. sapiens and M. musculus). Comparison of the genomic

organizations among the arthropods reveals that the second exon is conserved, consisting

of 105 nucleotides. This exon corresponds to an exon with 102 nucleotides in the

chordates. Thus, the exon corresponding to the far N-terminal region in the mature

protein appears conserved, differing in length with only one codon between chordates and

arthropods. In addition, the exons 2, 3 and 4 are all conserved among the chordates. This

conservation is also reflected in the corresponding protein sequences (Fig. 1; Table 1).

Interestingly, exon 8, containing 93 nucleotides, is conserved in all investigated
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sequences among the chordates (Fig. 10). This exon is coding for a segment located at the

boundary of the P and C domain, corresponding to box C (Fig. 2), a region with high

conservation also in its amino acid sequence. The conservation in both exon size and

amino acid sequence suggests functional conservation of the oligosaccharide-binding and

polypeptide-interacting characteristics of this region.

The crt gene structure within the kingdom Viridiplantae is highly conserved (Fig. 10).

When comparing the number and individual lengths of the exons, a general pattern of

evolution became apparent (Fig. 10; Paper IV). Based on exon numbers and lengths,

crt3, with 14 exons in both monocotyledons and eudicotyledons, was suggested to best

represent the ancestral crt gene in higher plants (Paper IV).

Intriguingly, all the plant crt genes investigated end with an exon containing 12

nucleotides, corresponding to the ER-retrieval signal; H(K)DEL (Fig. 10; Paper IV). A

potential alternative splice variant, arising from the lack of this exon in its mature mRNA,

has not been reported. If present, this could be an alternative escape mechanism out of the

ER for Crt proteins in plants.

5.2 Calnexin, a functional homolog to calreticulin

As described previously, Cnx and Crt both reside in the ER lumen, are involved in Ca2+-

regulating processes, and have lectin-like chaperone properties (Ellgard and Helenius,

2001). Furthermore, they contain high similarities in both their primary and tertiary

structures, with the main difference residing in their C-terminal regions. Three regions,

denoted box A, B and C (Fig. 2), show particularly high sequence identity, and share
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Fig 10. A phylogenetic tree with topology representative for Crt proteins, and their
corresponding genomic organization. A heuristic search using the maximum parsimony
method was done on an alignment of 14 Crt amino acid  sequences, for which genomic
sequences were available, using the PAUP 4.0b10 software (Sinauer Associates, Inc.
Publishers; Sunderland, MA), with gaps treated as missing data. Bootstrap values of 100
replicates are indicated on respective branches. Black boxes indicate exons, and white
boxes indicate introns. The respective length of each intron and exon is indicated.
*Truncation of introns has been made in order to fit them into the Figure. **Intron
lengths have been obtained from the NCBI, which deviates from earlier established intron
lengths.
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functional properties in vitro (Leach et al., 2002). Deletion experiments showed that box

A can interact with Erp57 in a Zn2+-dependent manner, that box B exhibited the main

oligosaccharide-binding ability and that box C, together with the tandem repeat in the P

domain, was involved in prevention of protein aggregation in a similar manner for both a

rabbit Crt and a canine Cnx (Leach et al., 2002).

Besides their sequence homology, Cnx and Crt show functional overlaps. When the C

termini were interchanged between a canine Cnx and a rabbit Crt, generating a

membrane-bound Crt and a soluble Cnx, the properties of the two proteins were also

interchanged (Danilczyk et al., 2000). This suggests that the functional characteristics for

the N and P domain are dependent on topological differences within the proteins, and on

the proteins lumenal surroundings.

The similarity in structural features, and the overlapping functional properties imply

common ancestry for the two proteins. Figure 11 shows a phylogenetic analysis

including all unique Cnx and Crt protein sequences available in the public databases (as

of February 20th, 2003). Similar to what was found earlier, the two proteins clearly form

two distinct groups (Müller-Taubenberger et al., 2001). The clustering of the two proteins

suggests that a potential duplication event from a common ancestor took place before the

appearance of archaeprotists.

Figure 11 shows that no Crt homologs have been reported from species in the kingdom

Fungi, and that no Cnxs are found in the class Euglena so far. However, the protoctist

organism Tritrichomonas suis does contain a Cnx homolog (Felleisen et al., 2000). Since

T. suis belongs to the phylum Archaeprotista, a previous suggestion that the crt gene
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evolved prior to the cnx gene might have to be reevaluated (Llewellyn et al., 2000). More

sequence information is required to determine when the cnx and crt genes emerged.

The early split, generating the cnx and crt genes, implies that all eukaryotic species

should contain both genes, i.e. that both species within the kingdom Fungi and the

Euglenids should contain a cr t  and a c n x gene, respectively. Since both the

Saccharomyces cerevisiae, and the Schizosaccharomyces pombe genomes are sequenced,

it has become evident that several species within the kingdom Fungi lack an active crt

gene. However, a predicted sequence (GenBank Accession number CAB83177) from S.

pombe corresponds equally well to both Crt, and Cnx proteins (20% and 14% identity to

mouse Crt and Cnx, respectively). Using BLASTN analysis at the NCBI, no ESTs

corresponding to the sequence could be obtained. Thus, it seems likely that S. pombe

contains a pseudogene, reminiscent to the crt gene from other species.

No Crts have been discovered in prokaryotic organisms, however potential ancestors have

been suggested. The Crt P domain contains a structural feature consisting of an extended

hairpin loop with three antiparallel b-sheets [containing the tandem repeats (Schrag et al.,

2001; Ellgaard et al., 2002)]. A similar feature is found in the molecular chaperone DnaJ

from Escherichia coli (Martinez-Yamout et al., 2000). Furthermore, the predicted

globular structure of the N domain shows structural relation to both a Bacillus subtilis

glucanase and to a Vibrio cholera sialidase (Schrag et al., 2001). Hence, potential

ancestor-modules for Crt domains could exist both among chaperones and

oligosaccharide-interacting enzymes.
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Fig 11. A phylogenetic tree with topology representative for the Crt and Cnx protein
families. A heuristic search using the maximum parsimony method was done on an
alignment of 59 unique Crt and 31 unique Cnx amino acid sequences using the PAUP
4.0b10 software (Sinauer Associates, Inc. Publishers; Sunderland, MA), with gaps treated
as missing data. The two functional homologs Crt and Cnx form two major groups, with
several subgroups representing different kingdoms for the proteins respectively. Peptides
with a length below 300 amino acids were excluded from analysis. Bootstrap values of
100 replicates are indicated on respective branches. *The slime mold Dictyostelium
discoideum is classified as mycetozoa, but the difficulties in assigning the slime molds is
reflected in its clustering with different kingdoms, i.e. Fungi and Viridiplantae.
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5.3 Calnexin and calreticulin as a functional pair?

Both cnx and crt1 are expressed in almost all tissues and cell types investigated (Michalak

et al., 1992; Dodd and Drickamer, 2001). However, calmegin (cmg), an isoform of cnx in

mammals, is exclusively expressed in testis of tissues investigated (Watanabe et al., 1995;

Tanaka et al., 1997). Cmg is, among other things, involved in the attachment of sperm

cells to the egg, and deletion of the gene results in infertility (Ikawa et al., 1997).

Similarly, crt2 is also mainly expressed in testis (Paper III). A search for ESTs

corresponding to either cmg or crt2 in human resulted in very similar tissue distribution

(Table 2). Although the majority of ESTs for cmg and crt2 were found in testis, it is

apparent that both genes are expressed in other tissues as well. Furthermore, the similarity

in EST distribution for the two genes suggests a functional relationship between the two

proteins.

Arabidopsis contain two Cnx isoforms (Fig. 11), with an amino acid sequence identity of

84% (data not shown). Similarly, the amino acid sequences of Crt1a and Crt1b in

Arabidopsis show an identity of 85%, suggesting a duplication of both the ancestral cnx

and crt genes at a similar point in time in Arabidopsis. To date no reports have provided

evidences for isoform-specific cooperation among Crts and Cnxs. No Cnx isoform could

be found corresponding to the Arabidopsis Crt3 isoform.
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Table 2. Tissue distribution of ESTs corresponding
to human cmg and crt2.

As mentioned above, organisms from one kingdom (Fungi), and one class (Euglenazoa)

seem to lack either Crt or Cnx, respectively (Fig. 11). Knowledge regarding different

Crt/Cnx related pathways in the euglenids is limited, but several Crt/Cnx related

pathways are well characterized in yeast (Fungi).

Crt and Cnx are important components of the quality control cycle and are involved in the

UPR (Chevet et al., 2001). One plausible explanation for maintenance of Crt and Cnx

isoforms may therefore be found in signaling mechanisms evoking the UPR. Whereas

mammals can respond in two major ways to the UPR, both by inducing UPR-related gene

expression and by attenuating the overall protein synthesis (see chapter 4 Function),

yeasts respond by upregulating the ER chaperones (Chevet et al., 2001; Ma and

Hendershot, 2001). Whether these multiple UPR signaling pathways requires both Cnx

and Crt, or even multiple sets of the proteins, is so far not known.

              Isoform
Tissue

Calmegin Crt2

Brain (ESTs) 9 3

Testis (ESTs) 18 5

Pooled tissues (ESTs) 42 4
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6 Gene expression

Both animals and plants respond to environmental changes by activating signaling

networks, decoded by cellular machineries, to generate adaptive responses (Berridge et

al., 2000; Xiong et al., 2002). In this context, Crt is an important molecule, both in

balancing the ER Ca2+ levels and in folding processes of newly synthesized proteins.

6.1 Crt expression in mammals

In mammals, crt expression is modulated during cell differentiation (Khanna et al., 1986;

Mesaeli et al., 1999). In transgenic mice crt gene expression was highly activated during

the early stages of the cardiovascular system development (Mesaeli et al., 1999). Crt gene

expression was also high in the developing heart, but was repressed during maturation

(Mesaeli et al., 1999; Nakamura et al., 2001b). The transcriptional regulation of the crt

gene in the heart is suggested to be mediated by a titration between the activator Nkx2.5

and the repressor COUP-TF1 (Guo et al., 2001).

The promoter region for human crt contains several cis-elements found in other genes

corresponding to resident ER proteins in human, e.g. GRP78, GRP94 and PDI

(McCauliffe et al., 1992). Furthermore, the mouse crt promoter was activated by

depletion of ER Ca2+ (Waser et al., 1997). The promoter element responsible for the Ca2+-

inducible transcription was suggested to consist of a CCAAT sequence (Waser et al.,

1997). This element is also present in the grp78 promoter and induces transcription of the

gene in response to ER Ca2+-depletion (Roy et al., 1996). Transcriptional induction of the

crt gene in animals has also been detected during Zn2+ (Nguyen et al., 1996) and heat-
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shock (Conway et al., 1995; Nguyen et al., 1996) treatments, inhibition of N-linked

glycosylation (Llewellyn et al., 1996), amino acid deprivation (Heal and McGivan, 1998)

and T-cell activation (Burns et al., 1992).

As described previously, the newly discovered crt2 isoform and the cnx homolog cmg

seem to be exclusively expressed in testis of tissues investigated (Watanabe et al., 1995;

Paper III). A 152 basepair sequence segment of the putative cmg promoter bound

specifically to nuclear factors in the testis and was suggested to be important for

regulation of the cmg gene expression (Watanabe et al., 1995). Similar interactions for the

crt2 promoter region remain to be investigated.
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6.2 Crt expression in plants

In plants, Crt is generally found in all cells and tissues in varying amounts (Crofts and

Denecke, 1998). An abundant expression of crt was shown in floral tissues from different

species (Denecke et al., 1995; Nelson et al., 1997; Borisjuk et al., 1998). Furthermore, the

discovery of two crt isoform groups established that crt1a and crt1b were the isoforms

preferentially expressed in Arabidopsis flowers (Paper IV). In contrast, the crt3 isoform

was mainly expressed in leaves and roots in both Arabidopsis and maize (Paper IV).

Similar to animal crts, plant crts seem to be induced during cell proliferation (Chen et al.,

1994; Crofts and Denecke, 1998). Several hormonal derivates, triggering mitotic and

secretory processes, e.g. auxin and gibberellic acid, induced transcription of crt (Denecke

et al., 1995; Borisjuk et al., 1998). In plants, crt can also be induced by a variety of stress-

related treatments, e.g. tunicamycin, heat-shock and salicylic acid (Denecke et al., 1995;

Nelson et al., 1997; Shank et al., 2001; Paper IV). The sensitivity towards the stress

treatments appears to be dependent on species and cell type. Whereas heat-shock lead to a

several-fold increase in crt expression in tobacco plants (Denecke et al., 1995), no effects

on the crt levels were observed in Arabidopsis plants (Nelson et al., 1997). Treatments of

tobacco protoplasts with tunicamycin only slightly increased crt expression (Denecke et

al., 1995), but resulted in a several-fold increase in both Arabidopsis plants and

suspension culture cells (Martinez and Chrispeels, 2003; Paper IV). In addition, abscisic

acid increased crt expression dramatically in tobacco plants (Denecke et al., 1995),

whereas cold stress, which increased the total levels of abscisic acid, reduced crt

expression in rice (Li et al., 2003). Distinct functional properties of crts from the two

isoform groups (Paper IV), both in tissue-dependent and stress-related processes, need a

thorough investigation to resolve these apparent differences.
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7 Structure

Despite the functional importance of Crts, structural information is still limited

(Llewellyn et al., 2000). The structure of the P domain is known (Ellgaard et al., 2002).

Although the structure of the N and C domains are still unsolved, the Crt N domain is

proposed to have a structure similar to the Cnx N domain (Michalak et al., 2002).

The three-dimensional structure was solved for the Crt P domain in rat using NMR

(Ellgaard et al., 2001a; Ellgard et al., 2001b; Frickel et al., 2002; Ellgaard et al., 2002).

The P domain forms an extended hairpin loop composed of the tandem repeat sequences,

which form anti-parallel b-sheets (Fig. 12). These sheets stabilize the structure, resulting

in one of the smallest known stable polypeptides lacking helical features (Ellgard et al.,

2002). A similar hairpin loop is also found in Cnx (Schrag et al., 2001). The main

difference lies in the length of the respective hairpin loop. Whereas the hairpin loop

consists of three repeats in Crt, it consists of four in Cnx (Michalak et al., 2002). These

differences may render Crt and Cnx chaperone-like specificity for their substrates, i.e.

create specific “protein-folding modules” for respective protein (Michalak et al., 2002).
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Fig 12. Ribbon diagram representing the overall structures of the Crt P domain and the
lumenal part of Cnx. Structures were obtained from the Protein Data Bank (PDB) at
http://www.rcsb.org/pdb (PDB Accession numbers 1HHN and 1JHN, respectively).

Figure 12 shows the three-dimensional structures of the Crt P domain and the ER

lumenal part of Cnx. The amino acid sequence of the Crt N domain is highly homologous

to the Cnx N domain, and is therefore believed to contain similar structural features

(Schrag et al., 2001; Michalak et al., 2002). The Cnx N domain forms a compact globular

domain composed of a b-sandwich with antiparallel b-sheets (Schrag et al., 2001). This

globular domain contains the lectin-like properties of Cnx (Schrag et al., 2001), and

similar characteristics have been suggested for the N domain in Crt (Michalak et al.,

2002). However, using isothermal titration calorimetry Kapoor et al. 2002 showed that

several amino acids in the C domain should contribute to the overall lectin-like ability of

a rat Crt. The binding strength between the glycan and Crt was dependent on the size of

the oligosaccharide moiety, e.g. the binding strength was higher for a disaccharide than

for a monosaccharide (Kapoor et al., 2002). Whether the C domain contributes to Crts

lectin-like properties in vivo is not clear.

CalnexinCalreticulin
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The ER lumenal milieu is constantly changing, generating a highly dynamic network of

components (Papp et al., 2003). The structure of Crt, and Crts interaction with various

components, is affected by the ER status, i.e. Ca2+, Zn2+ and ATP levels (Corbett et al.,

2000). Under resting conditions the ER contains 400 µM to several mM of Ca2+, which

during agonist-triggered release decreases to 1 to 50 µM (Miyawaki et al., 1997; Corbett

and Michalak, 2000). The extended hairpin loop (P domain) is curved, most likely

forming a substrate/component-specific cavity together with the facing globular N

domain (Michalak et al., 2002; see Cnx structure in Fig. 12).  The fluctuation of ER

lumenal ions and molecules could thus influence the substrate/component-selection for

Crt and Cnx, possibly reflecting the overall demands for the cell at a given time.
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8 Summary and concluding remarks

Although animal and plant Crts appear to bind similar amounts of Ca2+ in vitro (Chen et

al., 1994; Hassan et al., 1995; Napier et al., 1995), the physiological relevance of the Ca2+

binding has remained unexplored (Crofts and Denecke, 1998). To understand how the ER

Ca2+ pool is affected by an increased Crt production, tobacco suspension cells were

transformed with a maize crt1a cDNA under the control of a heat-shock promoter (Paper

I). A 2.5-fold increase in Crt production resulted in a 2-fold increase in ATP-dependent

45Ca2+ uptake into ER-enriched membrane vesicles. Furthermore, addition of the Ca2+

ionophore ionomycin revealed an increased Ca2+ buffering capacity in vesicles containing

higher levels of Crt (Paper I). These findings are in agreement with recent reports

showing increased levels of free ER Ca2+ in HeLa cells overexpressing crt (Arnaudeau et

al., 2002), and a lower capacity for Ca2+ storage in Crt-deficient embryonic fibroblasts

from mouse (Nakamura et al., 2001a). Paper I thus establishes the importance of Crt for

the ER Ca2+ status in plant cells. Furthermore, Arabidopsis plants overexpressing the

maize crt1a showed significantly higher resistance towards low levels of external Ca2+,

implying that Crts are important as ER Ca2+ regulators in plants. In animal cells, a

depletion of ER Ca2+ leads to an induction of crt expression (Nguyen et al., 1996; Waser

et al., 1997). Analogous to the “store-operated calcium entry” (Putney, 1999), the

decreased levels of external Ca2+ levels could potentially affect the ER Ca2+ levels in plant

cells, thereby indirectly affecting the demand for Crt.

The C domain is implicated as the major Ca2+ binding part of Crts (Baksh and Michalak,

1991), and is most susceptible to proteolytic degradation in animals (Corbett et al., 2000).

To investigate Ca2+ related functions for C domains from plant Crts, the C domain from
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maize Crt1a was fused to GFP and transformed into both Arabidopsis plants and tobacco

suspension cells (Paper II). Arabidopsis plants expressing the fusion protein contained

significantly higher Ca2+ levels compared to control plants (Wyatt et al., 2002),

corroborating importance of the region for ER Ca2+ storage. However, the fusion protein

was partially degraded when expressed in tobacco cells (Paper II). In addition, the

degradation was dependent on the growth stage, and thus the growth rate, of the cell line.

The part mainly affected by the degradation was the C domain, making interpretations of

the fluorescence data difficult (Paper II).

Extensive bioinformatic analyses are now possible due to the accelerating rate of

sequence availability. Performing BLASTP analyses resulted in the discovery of a novel

putative crt isoform (Paper III). To confirm the gene as Crt encoding, the amino acid

sequence and the genomic organization were investigated. The amino acid sequence

contained several of the typical Crt features, including a putative ER signal sequence,

conservation of three cysteines in the N domain and similarity to an ER retention signal

(Paper III). Furthermore, the exon/intron organization showed high resemblance to the

previously established crt gene, i.e. nine exons with high similarity in exon lengths

(Paper III; Erratum in Paper III). Hence, the newly discovered gene, and the gene

product, were referred to as crt2 and Crt2, respectively. Similar to the cnx isoform cmg,

the crt2 was exclusively expressed in testis of tissues investigated (Paper III). In

addition, EST and phylogenetic analyses revealed that the crt2 gene exists and is active in

several other mammalian species.

Two or more Crt isoforms have been reported in plant species (Chen et al., 1994; Nelson

et al., 1997). Despite the fact that the Crt3 isoform in Arabidopsis exhibited high
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deviation in its amino acid sequence (Nelson et al., 1997), no attempts were made to

further characterize the isoform. A phylogenetic analysis revealed that the Crt3 isoform

should be ubiquitous among higher plants (Paper IV). Performing EST BLASTN

analyses revealed that a putative crt3 species was present in both rice and maize. To

corroborate the existence of the isoform in both eudicotyledons and monocotyledons the

corresponding crt3 isoform from Brassica rapa was cloned (Paper IV). The exon/intron

organization suggested that the crt3 isoform best resembles the crt ancestor gene in

higher plants. Thus, higher plants contain two distinct isoform groups, a Crt1/Crt2 and a

Crt3 group. Considering that the nomenclature suggested three orthologous Crt isoforms,

the naming was reevaluated to denote the Crt1 and Crt2 isoforms as Crt1a and Crt1b,

respectively, whereas the Crt3 isoform remained as Crt3 (Paper IV). To verify regulatory

differences of the genes for the isoform groups, tissue-dependent and stress-regulated

expression was investigated. The crt1a and crt1b were highly expressed in flowers, but

could be detected in all tissues investigated in both maize and Arabidopsis (Paper IV). In

contrast, the crt3 isoform was mainly expressed in leaves and roots in maize and

Arabidopsis. Furthermore, the crt3 isoform was rapidly induced in response to

tunicamycin, whereas the crt1a and crt1b isoforms showed a slower induction. According

to amino acid sequence predictions the isoforms may differ with respect to regulatory

features, e.g. glycosylation status and the number of negatively charged amino acids in

the C terminus, the latter possibly affecting the Ca2+ binding properties of the Crts (Paper

IV). To confirm potential differences in glycosylation status among the Crt isoforms, an

Arabidopsis homogenate was treated with the N-linked glycosidase PNGase F. The

obtained results supported the sequence predictions, which suggested that Crt1a can

acquire 3 glycans, while the Crt1b and Crt3 can aquire only one glycan each (Paper IV).

In Paper III and IV we thus establish two distinct Crt isoform groups among vertebrates
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and higher plants. Paper IV further shows that the two isoform groups are expressed

differently and that members within the Crt1a/Crt1b group can acquire different glycans

in plants.
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9 Future prospects

Papers III and IV establish two distinct isoform groups of Crts in both mammals and

higher plants. Numerous functional characteristics have been identified for Crts from one

of the groups (Crt1 and Crt1/Crt2 in mammals and higher plants, respectively) in vitro, of

which several have been confirmed in vivo (Coppolino and Dedhar, 1998; Crofts and

Denecke, 1998; Michalak et al., 1999; Johnson et al., 2001; Michalak et al., 2002).

However, Crts belonging to the other isoform group (Crt2 and Crt3 in animals and higher

plants, respectively) have not been characterized. Thus, the discovery of the two groups

should initiate comparative studies of earlier established Crt characteristics. Since these

comparisons could comprise essentially all known properties for animal and plant Crts,

the list below displays selected prospects.

ß Paper I implies Crt as a regulator of ER Ca2+ in plants. Furthermore, Arabidopsis

plants transformed with a maize crt1a C domain fusion protein contained higher

amounts of Ca2+ compared to control plants (Wyatt et al., 2002). The Ca2+ binding

ability of Crts mainly lies in the number of negatively charged amino acids in the

C domain (Baksh and Michalak, 1991). The Crt isoforms in plants contain

different numbers of negatively charged amino acids in the C domain (Paper IV).

This suggests differences in the Ca2+ binding ability for the isoforms. In vitro

45Ca2+ overlays and in vivo experiments using the Ca2+ indicator cameleon

(Miyawaki et al., 1997) should resolve differences in Ca2+ holding potential, and

in ER Ca2+ homeostasis, between plant Crt isoforms.
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ß Similar to the cnx homolog cmg (Tanaka et al., 1997), crt2 is primarily expressed

in testis in human (Paper III). Cmg deficiency in mice prevented sperm-cell

attachment to egg-cells, resulting in infertility (Ikawa et al., 1997). A similar

approach, i.e. utilizing homologous recombination to obtain homozygous crt2 null

mutants, could be used to investigate if the Crt2 homolog in mouse hold similar

properties. Furthermore, this approach might provide evidences for functional

overlap of Cmg and Crt2.

ß Paper IV shows that the plant crt isoforms display differences in tissue-dependent

and stress-related expression. Functional diversity among the isoforms was

therefore suggested. Phenotypical studies of knock-out plants for the different

isoforms could be undertaken to corroborate such diversity. Putative phenotypical

behaviours can subsequently be supported by complementary transfection with the

crt cDNA investigated, and by biochemical in vitro studies.

ß Arabidopsis contains two genes encoding Cnxs, which appeared at a similar point

in time as Crt1a and Crt1b in an evolutionary context (see chapter 5 Evolution). In

vitro affinity studies and Crt/Cnx protein-complex analyses could provide initial

evidence for the proteins as functional pairs. In addition, analyses of interacting

components for the different Crt isoforms should be rewarding considering studies

revealing presence of large ER chaperone complexes in both animals and plants

(Tatu and Helenius, 1997; Crofts et al., 1998).
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Although the listed prospects will only instigate the comparative task of the different Crt

isoforms, they should resolve possible functional diversity, and potentially corroborate

the anticipated evolutionary duality among Crts in both animals and plants.

De ä ja som ä morfar nu.
Pyret / Nikanor Teratologen
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Abstract

To investigate the endoplasmic reticulum (ER) Ca2+ stores in plant cells, we generated

Nicotiana tabacum (NT1) suspension cells and Arabidopsis thaliana plants with altered

levels of calreticulin (Crt), an ER-localized Ca2+ binding protein. NT1 cells and

Arabidopsis plants were transformed with a maize crt gene in both sense and antisense

orientations under the control of an Arabidopsis heat-shock promoter. ER-enriched

membrane fractions from NT1 cells were used to examine how altered expression of crt

affects Ca2+ uptake and release. We found that a 2.5-fold increase in Crt led to a 2-fold

increase in ATP-dependent 45Ca2+ accumulation in the ER-enriched fraction compared to

heat-shocked wild-type controls. Furthermore, after treatment with the Ca2+-ionophore

ionomycin, ER microsomes from NT1 cells overproducing Crt showed a 2-fold increase

in the amount of 45Ca2+ released, and a 2- to 3-fold increase in the amount of 45Ca2+

retained compared to wild-type. These data indicate that altering the production of Crt

affects the ER Ca2+ pool. In addition, crt transgenic Arabidopsis plants were used to

determine if altered Crt levels had any physiological effects. We found that the level of

Crt in heat-shock induced crt transgenic plants correlated positively with the retention of

chlorophyll when the plants were transferred from Ca2+ containing medium to Ca2+

depleted medium. Together these data are consistent with the hypothesis that increasing

Crt in the ER increases the ER Ca2+ stores and thereby enhances the survival of plants

grown in low Ca2+ medium.
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Introduction

Calcium is an essential second messenger that controls a variety of cellular functions

(Bush, 1993; 1995; Sanders et al., 1999). The efficacy of Ca2+ as a signaling molecule is

dependent on tightly regulated transport and storage. Ca2+ is stored in organelles, e.g. ER,

vacuole, mitochondria and chloroplasts, and the cell wall. Although the vacuole is the

main Ca2+ sequestration site in plant cells, the endoplasmic reticulum (ER) has also been

suggested to play an important role in regulating Ca2+ homeostasis (Klusener et al, 1995).

Calcium is also a required macronutrient and lack of calcium can be detrimental to plant

growth and development (Marshner, 1986). Plants grown on calcium deficient media are

more susceptible to plant pathogens, and show reduced growth of the apical meristem,

chlorotic leaves, softening of tissues, and cell wall breakdown (Simon, 1978). The cell’s

sensitivity and response to various stresses, such as salinity, cold and Ca2+ deficiency, is

dependent on its ability to sequester and use Ca2+ from internal Ca2+ signaling stores

(Cessna and Low, 2001; Hirschi, 1999, 2001; Miseta et al., 1999). The ability to modulate

intracellular Ca2+ pools could therefore provide a means for plants to gain resistance to

various external stresses.

The ER contains a variety of Ca2+ binding proteins such as the molecular chaperone

binding protein (BiP), calnexin and calreticulin (Crt). Of these, Crt is responsible for the

main Ca2+ retaining pool in plants (Hassan et al., 1995). Crt is an evolutionarily conserved

protein containing a HDEL retention sequence for ER lumen localization in plants. It has

a globular N domain and two Ca2+ binding regions; a high affinity, low capacity P domain

and a low affinity and high capacity Ca2+ binding C domain. The C domain of the

mammalian Crt can sequester at least 25 moles Ca2+ per mole protein (for review see

Krause and Michalak, 1997; Michalak et al., 1999; Corbett and Michalak, 2000). Because
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of its high Ca2+ binding capacity, Crt has been suggested to be involved in Ca2+ signaling

(Camacho and Lechleiter, 1995; Mery et al., 1996; John et al., 1998). Furthermore, Crt

has been proposed to be involved in chaperone activity (Denecke et al., 1995; Nauseef et

al., 1995; Hebert et al., 1996; Otteken and Moss, 1996; Crofts et al., 1999; Saito et al.,

1999), cell adhesion (Coppolino et al., 1997), gene expression (Burns et al., 1994; Dedhar

et al., 1994), apoptosis (Nakamura et al., 2000; Taguchi et al., 2000) and in store-

operated Ca2+ fluxes through the plasma membrane (Mery et al., 1996; Fasolato et al.,

1998; Llewelyn et al., 1998; Xu et al., 2000).

The Ca2+ binding properties of Crt are similar in both mammalian and plant homologues

(Mery et al., 1996; Chen et al., 1994). Although no reports have characterized Crt's Ca2+

storing ability or its potential role in Ca2+ signaling in plants, several reports in

mammalian systems have shown that increased production of Crt increases cellular Ca2+

levels and affects the response of cytosolic Ca2+ to external stimuli (Bastianutto et al.,

1995; Mery et al., 1996; Opas et al., 1996). Using mouse L fibroblast cells, Mery et al.

(1996) showed that an increase in Crt leads to an increase in the ER Ca2+ signaling pool.

Addition of either extracellular ATP, an activator of the P2y purinergic receptors, or

ionomycin plus thapsigargin resulted in a 1.5-fold increase in cytosolic Ca2+ in c r t

overexpressing lines compared to wild-type lines (Mery et al., 1996). In addition, it was

shown in crt overexpressing HeLa cells that stimulation by two agonists, ATP and

histamine, added in succession resulted in increased cytosolic Ca2+ after the second

agonist (Bastianutto et al., 1995). The increase in cytosolic Ca2+ was observed in both

fura-2 loaded crt-overexpressing cells, and in crt-overexpressing cells cotransfected with

aequorin. The magnitude of the response varied with the stimulus used and the
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physiological status of the cell, consistent with the hypothesis that Crt can function not

only as a Ca2+ buffering device but also as a regulator of agonist triggered Ca2+ release.

In view of the complexity of the role of Crt in the regulation of cellular Ca2+ homeostasis

and of the yet unexplored properties of Crt in plants, we decided to investigate whether

perturbation of Crt levels could affect ER Ca2+ in Nicotiana tabacum (NT1) suspension

cells and Arabidopsis thaliana plants. Here we show that Crt levels can be selectively

modulated in plant cells using a heat shock-inducible promoter and a maize crt cDNA.

45Ca2+ measurements were carried out in ER-enriched membrane vesicles generated from

NT1 cells. Heat-shock induced production of Crt caused a significant increase in ER-

accumulated Ca2+ in vitro. Similarly, decreased Crt levels correlated with a decrease in ER

Ca2+ accumulation in vitro. Treatment with the Ca2+-ionophore ionomycin showed that the

ER Ca2+ buffering capacity was Crt dependent. We also examined how an altered level of

Crt affects plant responses to stress. Heat-shock induced production of Crt in transformed

Arabidopsis plants enhanced the survival of plants transferred from Ca2+ containing

medium to Ca2+ depleted medium, compared to wild-type controls. These results suggest

that Crt plays a key role in the regulation of the Ca2+ status of the plant endoplasmic

reticulum and that the ER, in addition to the vacuole, is an important Ca2+ store in plant

cells.
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Results

Selection of transgenic tobacco cell lines

We used a transgenic approach to determine if ER calcium levels could be modulated by

altered expression of the calcium binding protein Crt.  Because calcium is sequestered in

various cellular compartments, we used an inducible promoter to control the crt transgene

to guard against long term compensatory mechanisms that might re-establish normal Ca2+

levels. By perturbing one component of the Ca2+ storage/regulatory network, we hoped to

begin to determine how cytoplasmic calcium levels are regulated.

Tobacco suspension culture cells (NT1) are readily transformed (An, 1985), and provide

ample material for isolating ER microsomes. NT1 cells were transformed with

Agrobacterium binary vectors carrying sense or antisense crt cDNA sequences, or mgfp5

(encoding ER-targeted GFP; Hasselhoff, 1997), all under the control of an Arabidopsis

heat shock promoter. Twelve independent kanamycin-resistant cell cultures were isolated

for each construct. All twelve cell lines showed HS-inducible changes in crt expression.

Three cell lines transformed with sense crt cDNA were selected and labeled Nt CRT:1, Nt

CRT:5, and Nt CRT:7, one cell line transformed with the crt cDNA in antisense

orientation was selected and labeled Nt CRT-A:3, and one cell line transformed with

mgfp5 was selected and labeled Nt GFP:4. Levels of gene induction were tested by

immunoblots of total protein (Fig. 1C), or by monitoring GFP fluorescence (data not

shown) of cells, harvested 16 hrs after a 2 hr heat shock.

To investigate the effects of altered Crt levels on ER Ca2+ fluxes in vitro, microsomes

were isolated from wild-type, crt transgenic cell lines, and mgfp5 transgenic cell lines and

were fractionated by discontinuous sucrose gradients (45, 38, 22 % (w/v) sucrose) to
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isolate ER-enriched fractions. 1 ml fractions were collected from the sucrose gradients

and equal amounts of protein per fraction were analyzed by SDS-PAGE, blotted, and

immunostained with polyclonal antibodies against either Crt or BiP, an ER-localized

chaperone. Crt showed a similar fractionation pattern as BiP (Figs. 1A and B). The

highest amounts of both proteins were recovered at approximately 40 % sucrose (fraction

2). This fraction was designated the ER-enriched fraction. The fractionated microsomes

from all the above mentioned cell lines showed a similar distribution of BiP and Crt based

on western blot analysis (data not shown). Our results are consistent with other studies in

which the ER was recovered in the range of 30-40 % (w/v) sucrose using similar isolation

conditions (Ahmed et. al., 1997).

The levels of Crt for both the wild-type and the transgenic cell lines, containing the maize

crt gene in sense (Nt CRT:7), antisense (Nt CRT-A:3), or mgfp5 gene (Nt GFP:4), were

investigated by immunoblot analysis of ER-enriched membrane fractions. Typical

expression patterns are shown in Figure 2. In three individual experiments the

overexpressing line (Nt CRT:7) showed a 2- to 3-fold increase and the antisense line (Nt

CRT-A:3) a 1.5- to 2-fold decrease in Crt expression levels following heat-shock. The

fold increase of Crt production in the Nt CRT:7 cell line is consistent with the fold

increase observed in mammalian Crt-overproducing cells (Bastianutto et al., 1995; Mery

et al., 1996). The induced Nt GFP:4 transgenic line and the wild-type line both showed

similar levels of Crt (Fig. 2C).
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Fig 1. Calreticulin and BiP, an ER localized chaperone, show similar distribution on
sucrose gradients. Microsomes were isolated from the wild-type cell line and layered
onto a discontinuous sucrose gradient (45, 38, 22 % (w/v) sucrose). 1 ml fractions were
collected and equal amounts of protein were analyzed by 10 % SDS-PAGE (10 mg
protein/lane). The bottom and top of the gradient are indicated. A. Equal amounts of
protein from collected gradient-fractions of a wild-type cell line, visualized with Gelcode
staining. B. Immunostaining of gradient-fractions from a wild-type cell line with
polyclonal antibodies against maize Crt (1:5000) and polyclonal antibodies against BiP
(1:10000), an ER marker (Denecke et al., 1991). C. Comparison of Crt in ER-enriched
fraction 2 from gradient-fraction of wild-type and Crt overproducing cell line 7 (Nt
CRT:7). Gelcode stained gel is on the left and immunostained western blot is on the right.
Lane 1: Heat-shocked wild-type, Lane 2: Heat-shocked crt sense line 7 (Nt CRT:7).
Migrations of standards and Crt are indicated.

To ensure that the maize crt transgene was being expressed, ER-enriched fractions from

wild-type and Nt CRT:7 were analyzed by a 10 % SDS-PAGE large-gel (20 cm) system,

blotted and probed with polyclonal antibodies against a castor bean Crt (1:10,000) (Fig.
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Fig 2. Altered crt expression in ER-enriched vesicles from transgenic cell lines. ER-
enriched vesicles from crt, gfp transgenic and wild-type cell lines were separated on
sucrose gradients. Fraction 2, containing ER-enriched membrane vesicles (Fig. 1), was
analyzed by 10 % SDS-PAGE (15 mg protein/lane), blotted and immunostained with
polyclonal antibodies against maize Crt (1:5000). A. Increased production of Crt in crt
sense lines. Lane 1: non heat-shocked wild-type. Lane 2: heat-shocked wild-type. Lane 3:
non-heat-shocked crt sense line (Nt CRT:7). Lane 4: heat-shocked crt sense line (Nt
CRT:7). B. Lowered production of Crt in crt antisense lines. Lane 1: non-heat-shocked
wild-type. Lane 2: heat-shocked wild-type. Lane 3: non-heat-shocked antisense crt (Nt
CRT-A:3). Lane 4: heat-shocked antisense crt (Nt CRT-A:3). C. No significant changes
in Crt production in mgfp5 transgenic cell lines (Nt GFP:4). Lane 1: non-heat-shocked
wild-type. Lane 2: non-heat-shocked Nt GFP:4 transgenic line. Lane 3: heat-shocked
wild-type. Lane 4: heat-shocked Nt GFP:4 transgenic line. D. Expression of a maize crt in
the transformed line Nt CRT:7. Lane 1: Purified maize Crt. Lane 2: heat-shocked  Nt
CRT:7. Lane 3: non-heat-shocked wild-type. Lane 4: Standard. E. Protein visualized with
silver staining. Lane 1: Purified maize Crt. Lane 2: heat-shocked Nt CRT:7. Lane 3: non-
heat-shocked wild-type. Lane 4: Standard.

2D). As can be seen from Figure 2D, the maize crt is expressed in the heat-shocked Nt

CRT:7 line, and the maize Crt and tobacco Crt could be resolved using a 10 % SDS-

PAGE 20 cm gel. One of the two bands detected in the Nt CRT:7 line correlated with a

purified maize Crt (lane 1), and one band correlated with the band that was recognized by
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the antibody in the wild-type line (lane 3). Our normal mini-gel system did not resolve

maize and tobacco Crt, and was therefore used to monitor changes in total Crt. For each

experiment Crt production was monitored in one aliquot of the ER-enriched fractions to

ensure that expression levels were within ranges indicated above for each transgenic cell

line.

Alterations of Crt levels affect the Ca2+ uptake capacity in vitro

To investigate the effects of altered Crt levels on ATP-dependent Ca2+ uptake, ER-

enriched vesicles were assayed for 45Ca2+-uptake in the presence and absence of 3 mM

ATP (Table 1, and Fig. 3). After 20 min of ATP-dependent 45Ca2+ uptake, the ER-

enriched membrane fractions from the heat-shocked Nt CRT:7  (sense) line had

accumulated 22.2 ± 2.2 nmol 45Ca2+/mg protein; whereas, the heat-shocked wild-type line

had accumulated 11.1 ± 0.7 nmol 45Ca2+/mg protein (Table 1). The ATP-dependent 45Ca2+

uptake for the non heat-shocked wild-type line was 10.0 ± 0.2 nmol 45Ca2+/mg protein.

These values are comparable to values obtained when the ER and plasma membrane Ca2+-

ATPases from carrot suspension culture cells were characterized (Hwang et al., 1997).

ER-enriched membrane vesicles from the Crt overproducing line showed a 2.0 ± 0.3-fold

increase (mean ± SD of duplicate values from three experiments) in ATP-dependent Ca2+

uptake after about 20 min incubation compared with the heat-shocked wild-type line (Fig.

3A). In addition, the ER from the antisense line showed a 40 % decrease in Ca2+ uptake at

20 min when compared with the heat-shocked wild-type cell line. These values showed a

positive correlation in ATP-dependent Ca2+ uptake and relative levels of Crt (compare

Figs. 2 and 3).
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Because stress, e.g. heat-shock, can affect the expression levels of chaperones such as

calreticulin and BiP, it was important to compare heat-shocked with non heat-shocked

controls for each of the cell lines (Conway et al., 1995; Nguyen et al., 1996; Leborgne-

Castel et al., 1999). As predicted, heat-shocked wild-type cells showed an increase in Crt

compared to non heat-shocked wild-type (Fig. 2); however, the Crt increase in the wild

type cells was small relative to that in heat shocked cells carrying the inducible crt

construct. Importantly, in all instances, there was a positive correlation between Crt

production and ATP-dependent Ca2+ uptake (compare Figs. 2 and 3).

Table 1. An increase in Crt levels increases ATP-dependent 45Ca2+ accumulation of
ER-enriched membranes in vitro. ER-enriched membrane vesicles (fraction 2, Fig. 1),
were obtained from heat-shocked and non heat-shocked crt transgenic, and wild-type cell
lines as indicated in Material and Methods. ATP-dependent 45Ca2+ uptake was performed
on the ER-enriched vesicles and terminated after 20 min incubation. The ATP-dependent
45Ca2+ uptake was measured in presence and absence of 3 mM ATP, and is shown as
amount accumulated 45Ca2+/mg protein after subtraction of control values (absence of
ATP). Data (mean of two values ± range) are shown from one experiment. The
experiment has been repeated at least 3 times with consistent results.

Cell type Recovered 45 Ca2+ (nmol 45Ca2+/mg protein)

Wild type 10.0 + 0.2

Nt CRT:7 14.1 + 0.2

Heat-shocked wild-type 11.1 + 0.7

Heat-shocked Nt CRT:7 22.2 + 2.2
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Fig 3. Increased levels of Crt increases Ca2+ uptake capacity in vitro. ER-enriched
membrane vesicles (fraction 2, Fig. 1), were obtained from crt transgenic, Nt GFP:4
transgenic, and wild-type cell lines as indicated in Material and Methods. ATP-dependent
45Ca2+ uptake was performed on the ER-enriched vesicles (see Material and Methods).
The ATP-dependent Ca2+ uptake was measured in presence and absence of 3 mM ATP,
and is shown as D ATP. Solid symbols denote heat-shocked cells and open symbols
denote non-heat-shocked cells. A.  ER-enriched membrane vesicles from Crt
overproducing (triangles), wild-type (squares), and crt antisense (circle) cell lines were
assayed for ATP-dependent 45Ca2+ uptake (10 mg protein/aliquot (see Material and
Methods)). The 45Ca2+ recovered was 11.1± 0.7 nmole 45Ca2+/mg protein at 20 min for
heat-shocked wild-type. B. ER-enriched membrane vesicles from GFP expressing
(triangles) and wild-type(squares) cell lines were assayed for ATP-dependent 45Ca2+

uptake (10 mg protein/aliquot). Data (mean of two values ± the range) are shown from
one experiment. The experiment has been repeated at least 3 times with consistent results.
The increase in 45Ca2+ uptake in the crt sense lines compared with heat-shocked wild-type
was 2.0 ± 0.3 fold (mean± SD) for three experiments.

When we compared Crt production in non heat-shocked wild-type and Nt CRT:7, we

observed higher levels of Crt in the uninduced Nt CRT:7 cell lines (Fig. 2A) and
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correlating higher Ca2+ uptake (Fig. 3A), suggesting that the heat-shock promoter in that

cell line was leaky. To determine whether enhanced ER protein accumulation per se

would alter Ca2+ transport, we analyzed ATP-dependent 45Ca2+ uptake in transgenics

expressing an ER targeted GFP. Both the heat-shocked and the non heat-shocked ER-

GFP expressing cell line showed no significant deviations in Ca2+ uptake compared to the

wild-type line (Fig. 3B). These data indicate that a general increase in a non-Ca2+-binding

ER protein, such as GFP, does not affect Ca2+ uptake.

To determine whether the enhanced Ca2+ accumulation in the ER-localized Crt

overproducing line was due to vanadate-sensitive, P-type ATPase activity, Ca2+-uptake

was measured either in the presence or absence of 200 mM vanadate. Vanadate has been

shown to inhibit P-type ATPases and would hence inhibit the P-type ER Ca2+-ATPases

(Cantley et al., 1977; O'Neal et al., 1979). In the presence of vanadate, there was no

increase in 45Ca2+ uptake over time indicating that uptake was dependent on a P-type

ATPase. In the absence of vanadate, Crt overproducing lines showed a 2-fold increase in

45Ca2+ accumulation, and crt antisense lines showed a lowered 45Ca2+ uptake compared

with wild-type similar to data shown in Figure 3A. The difference in 45Ca2+ uptake did

not result from a variation in the specific activity of the ATPase as there was no

significant difference in the specific activity of the vanadate-sensitive ATPase in wild-

type and Crt overproducing lines (data not shown).

Alterations of Crt levels facilitate an increase in Ca2+ storing ability in vitro

We investigated whether or not the ER accumulated Ca2+-pool was released by a Ca2+-

ionophore and, if so, how this release was affected by an alteration in ER-localized Crt.

Ionomycin (1.5 mM), a Ca2+/H+ ionophore, was added to the 45Ca2+ uptake assay when
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equilibrium was reached (after 22 min incubation, see Fig. 3). Addition of the ionophore

resulted in a decrease of the 45Ca2+ in the Ca2+-loaded vesicles (Fig. 4A). A low, stable

steady-state level was attained almost immediately after addition of ionomycin (data not

shown). Figure 4C shows that the Crt overproducing cell line retained approximately 2.5

times more 45Ca2+ in the ER than the heat-shocked wild-type ER after treatment with the

ionophore. Furthermore, when the Ca2+ contents from wild-type and crt antisense cell

lines were compared, the ER-enriched vesicles from wild-type contained almost three

times more 45Ca2+ than the crt antisense lines (Fig. 4C). No significant difference in the

rate of 45Ca2+ released between the induced and non-induced transgenic cell lines and the

wild-type control line could be detected. Overproducing GFP in the ER had no significant

effect on ionomycin-induced 45Ca2+ release or retention (Fig. 4B). These data indicate that

the remaining 45Ca2+ is sequestered, i.e. bound, and that overproducing Crt increases a

potential Ca2+ storage pool in the ER.

It has been suggested that InsP3 might trigger a Ca2+ release from the ER in plant cells

(Muir and Sanders, 1997). InsP3 was therefore added to the ER-enriched membrane

vesicles and Ca2+ release was measured. No significant 45Ca2+ release was observed after

InsP3 treatment (data not shown). Either InsP3 is not an agonist for Ca2+ release from the

isolated ER fraction or essential components involved in an InsP3-mediated release are

absent in this in vitro study (Dasgupta et al., 1997).
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Fig 4. Crt affects the amount of released and retained ER Ca2+ after treatment with
ionomycin in vitro. ER-enriched membrane vesicles (fraction 2, Fig. 1), were collected
from crt transgenic, Nt GFP:4 transgenic, and wild-type cell lines. Membranes were
incubated with ATP in the presence of 45Ca2+ for 22 min (see Material and Methods). The
Ca2+-ionophore ionomycin (1.5 mM) was added and membrane vesicles were analyzed for
45Ca2+ after 5 min. Open bars, vesicles from non heat-shocked cells; Solid bars, vesicles
from heat-shocked cells. A. ER-enriched vesicles from Crt over- and under-producing
cell lines were assayed for ATP-dependent 45Ca2+ uptake (10 mg protein/aliquot), and
compared with wild-type. Data are shown as amount 45Ca2+ released after addition of
ionomycin. The heat-shocked crt sense lines showed a 2 ± 0.5-fold higher amount of
released 45Ca2+ than heat-shocked wild-type (8.1±1.8 nmol 45Ca2+/mg protein for heat-
shocked wild-type, and 16±1.6 nmol 45Ca2+ /mg protein for the crt sense line). B. ER-
enriched vesicles from the Nt GFP:4 cell line were assayed for ATP-dependent 45Ca2+

uptake (10 mg protein/aliquot), and compared with wild-type. Data are shown as amount
45Ca2+ released after addition of ionomycin. C. ER-enriched vesicles from Crt over- and
under-producing cell lines were assayed for ATP-dependent 45Ca2+ uptake (10 mg
protein/aliquot), and compared with wild-type. Data are shown as amount 45Ca2+

associated with the ER vesicles after ionomycin treatment. The crt sense lines had a 2.5 ±
1-fold higher amount of retained 45Ca2+ after ionomycin treatment, compared with heat-
shocked wild-type (2.9±1.0 nmol 45Ca2+ /mg protein for heat-shocked wild-type, and
8.2±1 nmol 45Ca2+ /mg protein for the crt sense line). D. ER-enriched vesicles from Nt
GFP:4 cell line were assayed for ATP-dependent 45Ca2+ uptake (10 mg protein/aliquot),
and compared with wild-type. Data are shown as amount 45Ca2+ associated with the ER
vesicles after ionomycin treatment. Data are shown from one experiment. All experiments
have been repeated at least 3 times with similar trends.
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Phenotypic analysis of crt transgenic Arabidopsis lines

To investigate if increased production of Crt had any physiological effects in Arabidopsis

plants, we generated 40 transgenic lines of Arabidopsis, 20 with the sense cDNA

construct, denoted At CRT:1-20, and 20 with the antisense construct, denoted At CRT-

A:1-20. All 40 T2 generation lines showed alterations in crt expression after heat-shock.

Three plant lines, At CRT:3, At CRT:7 and At CRT-A:5, were selected for further study

based on immunoblot analysis of Crt levels (Fig. 5A) following heat-shock. To increase

transgene expression and potential physiological effects, At CRT:3 seedlings were given

repeated heat-shock treatments. As shown in Figures 5B and C, 2-hr heat-shock

treatments given on each of three consecutive days resulted in the largest increase in Crt.

This 2-h, 3-d heat-shock regime was used on seedlings for all subsequent physiological

studies. Heat-shock induction of the Crt transgene throughout development was not tested

because of potential secondary effects.

Plants carrying the crt transgene but not exposed to the inductive heat-shock displayed no

obvious phenotypic differences in appearance, growth rate, time to flower, or seed

production when grown to maturity in soil (data not shown). There also were no apparent

phenotypic differences when seeds from the crt transgenic line At CRT:3 were

germinated on AT medium, which contains 2 mM calcium, and heat-treated to induce

transgene expression. However, when heat-shock induced transgenic seedlings were

transferred to calcium-depleted medium (AT medium containing 10 mM EGTA),

phenotypic variations appeared (Fig. 5D). By day 9 after transfer to calcium depleted

medium the heat-shocked At CRT:3 plant line showed less chlorosis when compared to

the non-heat-shocked At CRT:3. In addition, the heat-shocked At CRT-A:5 showed severe

chlorosis on calcium depleted medium (Fig. 5D). In similarly treated sibling plants, there
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was an inverse correlation between Crt levels and the extent of chlorosis after growth on

calcium-depleted medium (compare Crt levels and chlorosis in Fig. 5). Greater than 80%

of the heat-shocked At CRT:3 plants remained green a minimum of 5 and 8 days longer

than the non-induced At CRT:3 plants and the heat-shocked At CRT-A:5 respectively. To

determine whether the observed phenotype on the calcium-depleted medium was

reversible, we transferred plants to calcium-depleted medium containing an additional 12

mM Ca2+. Chlorotic tissue did not regreen, but all lines except the heat-shock induced At

CRT-A:5 recovered and grew new leaves when the medium was supplemented with

Ca2+(data not shown).
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Fig 5. Increased transient expression of crt decreases chlorosis of Arabidopsis plants
transferred to calcium-depleted medium. Seeds from At CRT:3 and At CRT-A:5 were
germinated on nutrient medium. Sixteen days after germination, plants were incubated at
35 °C for 2 hours (heat-shock) and allowed to recover at 21 °C overnight. The heat-shock
procedure was repeated for 3 consecutive days. Heat-shocked plants were either placed
on fresh calcium-depleted medium on day 4 or harvested, homogenized and analyzed by
10 % SDS-PAGE (2.5 ml homogenate/lane). Proteins were blotted and immunostained
with polyclonal antibodies against Crt. A. Immunostaining of Crt in homogenized
transgenic plant lines with polyclonal antibodies against maize Crt (1:5000). (Lanes 1-5
non heat-shocked plants; lanes 6-10 heat-shocked plants). Lanes 1 & 6 At CRT:7, lanes 2
& 7 At CRT:3, lanes 3 & 8 At CRT-A:3, lanes 4 & 9 At CRT-A:4, lanes 5 & 10 At CRT-
A:5. B. Immunostaining of Crt in homogenized At CRT:3 with polyclonal antibodies
against castor bean Crt (1:10000). Lane 1. Non heat-shocked At CRT:3. Lane 2. At CRT:3
heat-shocked 1 day. Lane 3. At CRT:3 heat-shocked 2 days. Lane 4. At CRT:3 heat-
shocked 3 days. Lane 5. Standard. C. Total protein visualized with Gelcode® staining.
Lanes as indicated in B. D. Upper panel; photographs show non heat-shocked and heat-
shocked wild-type (left), At CRT:3 (center) and At CRT-A:5 (right) plants 16 hours after
induction. Lower panel; photographs show a non heat-shocked and heat-shocked wild-
type (left), At CRT:3 (center) and of At CRT-A:5 (right) plants transferred after induction
to calcium-depleted medium (AT medium containing 10 mM EGTA) for 9 days. 12
seedlings for each transgenic line and medium treatment were germinated, half were
induced for transgene expression and half were maintained as non-induced controls.
(Note, the wild-type plants shown were from a separate experiment.) The experiment has
been repeated three times with similar results. In subsequent experiments, 20-50 seedlings
for each line were assessed. In all experiments a minimum of 80% of the plants showed
the phenotypes represented.
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Discussion

We altered the expression levels of calreticulin and investigated its potential role in ER

Ca2+ homeostasis. We have shown that a 2.5-fold increase in ER Crt levels lead to a 2-

fold enhancement of ATP-dependent Ca2+ accumulation in isolated ER vesicles. These

observations are consistent with earlier studies in mammalian systems where an increase

in crt expression resulted in an increased accumulation of cellular Ca2+ in vivo (Mery et

al., 1996, Bastianutto et al., 1995). In all instances, the altered ER Ca2+-accumulation

correlated positively with ER-associated Crt levels and was shown to be ATP-dependent.

A Crt mediated alteration of the ER Ca2+ pool could potentially make Ca2+ more readily

accessible for release into the cytosol. Crt has been suggested to be associated with

agonist triggered Ca2+-channels and might be important for regulating ER-derived Ca2+

signals (Michalak et al., 1998; Corbett and Michalak, 2000). Alterations in Crt levels

might thus affect both the Ca2+ holding capacity in the ER and be involved in the

regulation of Ca2+ release. To investigate the buffering capacity in the Crt overproducing

lines, 45Ca2+-loaded ER vesicles were treated with ionomycin, an ionophore that will

allow passive transport of free and/or loosely bound Ca2+ across membrane vesicles. The

amount of Ca2+ released by ionomycin from the ER of the Crt overproducing lines was

higher than both the wild-type and antisense lines. In addition, Crt overproducing lines

showed higher levels of retained Ca2+ after ionomycin treatment. Although the Ca2+

released when calculated as percentage of the total Ca2+ taken up is similar for the wild-

type and the Crt overproducing line, the two-fold increase in the total amount of 45Ca2+

released and retained in crt overexpressors indicates that overproduction of Crt would

lead to an enhanced Ca2+ buffering capacity in the ER and could thereby affect the

availability of Ca2+ for an ER Ca2+-signaling pool.
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In Xenopus oocytes Crt interacts with a SERCA 2b isoform, an ER/SR Ca2+-ATPase and

decreases its activity (Camacho and Lechleiter, 1995; John et al., 1998). Overexpression

of both crt  and serca2b resulted in an inhibition of repetitive InsP3-induced Ca2+

oscillations in the oocytes. The SERCA 2b isoform contains a glycosylation site, which

was shown to be essential for an interaction between the ATPase and Crt. Two Ca2+-

ATPases have been reported in plant ER, one similar to the classical ER-type pump and

one that is activated by calmodulin (CaM) (Liang et al., 1997; Hwang et al., 2000).

Although we cannot rule out a possible regulation of ER Ca2+-ATPases by Crt, no

obvious glycosylation sites were present in the sequence for Eca1, an ER Ca2+-ATPase

from Arabidopsis (Liang et al., 1997), and no significant decrease in ATPase activity was

detected when Crt overproducing lines were compared with wild-type controls.

In addition to Crt, other ER-localized chaperones, such as BiP, have been shown to affect

Ca2+ homeostasis. Lièvremont et al. (1997) showed that an overexpression of BiP in HeLa

cells resulted in an increased InsP3-sensitive Ca2+ pool. Both BiP and Crt are induced by

stress, e.g. heat-shock. In this study we observed that in wild-type cells both BiP and Crt

increased in response to heat-shock [1.5-fold (data not shown) and 1.2-fold, respectively

(Fig. 2)]. BiP has been shown to bind 1-2 moles Ca2+/mole protein and to account for

about 25 % of the total ER Ca2+ in HeLa cells (Lièvremont et al., 1997). Because Crt

binds at least 25 moles Ca2+/ mole protein and is the primary Ca2+ binding protein in

45Ca2+ ligand overlay studies in peas (Hassan et al., 1995), it is unlikely that BiP would

make a major contribution to the total ER Ca2+ in this study. Furthermore, the increase in

a non-Ca2+ binding ER protein, such as GFP, did not affect the ER Ca2+ uptake or the ER

buffering capacity (Figs. 3 and 4).
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It has been proposed that plants use different Ca2+ stores and signaling patterns in

response to different signals (Knight et al., 1996; 1997; Trewavas, 1999; Sanders et al.,

1999). Variations in location, amplitude and frequency can thereby cause opposing

responses, as in the closure and opening of stomata in response to ABA and auxin

induced Ca2+ signals (Irving et al., 1992; Staxén et al., 1999; Allen et al, 1999; McAinsh

et al., 2000; Allen et al., 2000). If the ER Ca2+ is important in plant signaling, then an

increased level of Crt could affect the ER Ca2+ signaling pool and thereby regulate Ca2+

homeostasis.

To investigate whether transient overproduction of Crt in the ER has any physiological

effect in planta, crt transformed Arabidopsis plants were grown on Ca2+ containing

medium, induced for crt  transgene expression and subsequently transferred to Ca2+

depleted medium. Inducible overproduction of Crt delayed chlorosis on Ca2+-depleted

medium, and further strengthening the notion that the increased Ca2+ buffering capacity

generated by an overproduction of Crt was available for the cell to help maintain its Ca2+

homeostasis. In support of these data, we recently showed that expression of a heat-shock

inducible ER-targeted crt C domain in Arabidopsis enhanced survival on calcium

depleted medium (Wyatt et al., 2001). The crt C domain plants contained significantly

higher levels of total Ca2+ (approximately 10%) per gram dry weight. Increasing

intracellular Ca2+ levels alone, however, is not the key to withstanding lower levels of

extracellular Ca2+ (Hirschi, 2001). For example, Hirschi (1999) showed that an

overexpression of the vacuolar H+/Ca2+ antiporter (CAX1) in tobacco resulted in a 2-fold

increase in Ca2+ per dry weight as compared to wild-type plants. In spite of the increased

total Ca2+, the CAX1 overproducing plants, unlike the Crt overproducing plants were

more sensitive to lowered external Ca2+ levels than the wild-type plants.
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In summary, the data reported here strongly suggest that ER Ca2+ is involved in

maintaining Ca2+ homeostasis in the plant cell and that Crt has a key role as an ER Ca2+

sequestering protein in plants. The challenge is now to determine the various roles for

different Ca2+ stores and to understand how the orchestration of intracellular Ca2+ signals

is affected when levels and activities of Ca2+ storage and transporting proteins are altered.
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Materials and methods

Plasmid constructs

A full-length crt cDNA was isolated from a maize endosperm library (Wrobel and

Boston, unpublished data). The cDNA was sequenced (GenBank accession AF190454),

and was used in all crt derived constructs. The constructs used for transformation consist

of a binary plasmid vector containing an Arabidopsis heat shock promoter (AtHSP),

followed by the crt gene in either sense (pBIN2101) or antisense (pBIN210A) orientation,

or the gfp (pBIN2011). For these plasmids, the AtHSP was inserted into pUCAP (van

Engelen et al., 1995) to generate a plasmid containing the AtHSP, a multiple cloning site,

and the ocs terminator.  The resulting plasmid, labeled pWY2000, was digested with

XbaI.  A 1365 bp fragment containing the crt coding sequence and 40 bp of DNA

upstream of the start codon was isolated using XbaI, purified and ligated into the

pWY2000, creating both a sense, pWY2101, and antisense, pWY210A, calreticulin

construct under control of the AtHS promoter. The DNA fragments consisting of the

AtHSP- crt-ocs sequence and the AtHSP-antisense crt-ocs sequence were ligated into the

AscI and PacI sites of the binary plasmid vector pBINPLUS (van Engelen et al., 1995),

which contains a plant kanamycin resistance cassette.  The resulting plasmids were

labeled pBIN2101 and pBIN210A, respectively.

To serve as a control, an AtHSP-mgfp5 construct was designed.  The mgfp5 gene encodes

an ER-localized green fluorescent protein (GFP) (Hasseloff, 1997).  The 35S promoter

was removed from plasmid pWY1011 (Scott et al., 1999), containing the 35S promoter

driving mgfp5, and the ocs terminator, by digestion with HindIII and BamHI.  The

promoter was replaced with the AtHSP that had been similarly removed from plasmid
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pWY2000.  The DNA fragment consisting of the AtHSP-mgfp5–ocs sequence was then

ligated into the AscI and PacI sites of the binary plasmid vector to produce pBIN2011.

Tobacco tissue cultures

Nicotiana tabacum cell cultures (NT1 cells, An, 1985) were maintained in 50 ml liquid

culture medium (1 ḾS salts (Gibco BRL, Bethesda, MD), 0.18 g/l KH2PO4, 0.1 g/l myo-

inositol, 1 mg thiamine HCl, 0.2 mg/l 2,4-D, 30 g/l sucrose, pH 5.7) at 27 °C with

gyratory shaking at 125 rpm, in darkness. Cells were subcultured weekly with a 6 % (v/v)

inoculum. Care was taken to use cell lines with similar growth rates (25-30 g/50 ml flask

were recovered after initial centrifugation of cells).

Culture transformation and selection

NT1 cells were transformed using Agrobacterium-mediated gene transfer (An, 1985).

pBIN2101, pBIN210A and pBIN2011 were electroporated into Agrobacterium

tumefaciens, strain LBA-4404, using a Bio-Rad Gene Pulser system. A single

transformant Agrobacterium colony for each plasmid was cultured in 5 ml YEB (0.5 %

beef extract, 0.5 % peptone, 0.5 % sucrose, 0.1 % yeast extract, 0.05 % MgCl2)

containing 50 mg/l kanamycin, at 27 °C and 200 rpm for 2 days. Wild-type NT1 were

grown to logarithmic growth phase (Allen et al., 1993) in 100 ml NT1 culture medium for

4 days at 125 rpm. 4 ml of this culture was gently mixed with 200 ml of 2-day

Agrobacterium cultures transformed with pBIN2101, pBIN210A, or pBIN2011. The NT1

cell-Agrobacterium mix was incubated for 48 h at 27 °C and suspended in an equal

volume of NT1 culture medium. Approximately 0.5 ml of the resulting cell suspension

was plated onto NT1 culture medium-0.8 % Phytagar (Gibco BRL, Bethedsa, MD)

containing 50 mg/ml kanamycin and 200 mg/ml timetin. Plates were incubated for 14 days
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at 27 °C. For each transformation, at least 40 independent, transgenic microcalli were

picked, each microcalli was suspended in 1 ml NT1 medium containing 50 mg/ml

kanamycin and 200 mg/ml timetin, and incubated for 7 days at 27 °C, at 190 rpm in

darkness. For each transformation, 12 of these cell lines were selected and screened for

heat-shock inducible transgene expression. Each of the 12 cell lines showed heat-shock

inducible transgene expression based on western blot analysis. Three cell lines

transformed with pBIN2101, one cell line from pBIN210-A, and one cell line from

pBIN2011 were maintained for subsequent experiments. The selected cell lines were

transferred to 4 ml NT1 culture medium containing 50 mg/ml kanamycin and 200 mg/ml

timetin, and incubated for 7 days as described above. Three replicate cultures were

established for each independent, transgenic NT1 line by subculture of 0.5 ml cell

suspension into 5 ml NT1 culture medium containing 50 mg/ml kanamycin. One of these

replicates was cultured for 7 days and sub-cultured as described above to maintain the

line (Allen et al., 1993). The other two replicates were cultured for 4 days, to logarithmic

growth phase. One replicate set was incubated at 35 °C for 2 h with shaking at 190 rpm

and then returned to 27 °C for 12 h. The other replicate set was not heat-shocked. Cells

from putative crt transgenic lines were purified by filtration and frozen in liquid N2. 100

mg of frozen cells was ground in 100 ml 2  ́SDS-PAGE sample buffer, heated to 100 °C

for 3 min and centrifuged for 1 min at 13,000 rpm. Proteins in these crude lysates were

separated by SDS-PAGE, electroblotted, and probed with antibodies that recognize Crt.

Cultures that showed high variation in Crt signal compared to the non-heat shocked

control were retained for further analysis. Cell lines from putative mgfp5-transgenic lines

were screened for ER-targeted fluorescence under the microscope, using an excitation

wavelength of 488 nm, and emission wavelength recording at 500-550 nm. Cells that

showed GFP fluorescence were retained. Transgenic cell lines expressing pBIN2101,



111

pBIN210A, and pBIN2011 were labeled Nt CRT, Nt CRT-A, and Nt GFP, respectively.

Transgenic cell cultures were transferred to 5 ml NT1 medium containing 50 mg/ml

kanamycin and incubated for 7 days at 27 °C, at 190 rpm. Stock-cultures were maintained

in this manner by weekly subculture of 0.3 ml into 5 ml NT1 medium with 50 mg/ml

kanamycin.

Plant transformation and selection

A. thaliana plants were also transformed using Agrobacterium tumefaciens- mediated

gene transfer.  Binary vectors pBIN2101, pBIN210A 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 as

described (Bechtold and Pelletier, 1998). 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.  Plants were

grown for 2 weeks at 21 oC in constant light.  Kanamycin-resistant plants were transferred

to soil and cultivated at 21 oC, under a 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). T1 lines whose progeny segregated 3:1 for kanamycin

resistance, as would be expected for a single locus event, were selected for further

analysis. T2 plants from these lines were germinated on kanamycin-containing medium at

35 oC for 2 h for induction of the HS promoter and then allowed to recover overnight at

21 oC.  Leaf samples were taken from all plants, weighed, frozen in liquid N2, and stored

at –80 oC for analysis of protein expression.
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Preparation of ER-enriched microsomal membrane fraction

NT1 cells were harvested by centrifugation at 1,000 g for 10 min at 4 °C. All subsequent

operations were performed at 4 °C and/or on ice. 4 g of cells were homogenized in 5 ml

homogenization buffer (200 mM sucrose, 25 mM Hepes-KOH pH 7.0, 3 mM EGTA, 1

mM MgSO4, 1 mM PMSF and 1 mM DTT) using a tightly fitting glass/glass tissue

grinder. The homogenate was centrifuged at 1,000 g for 10 min and the supernatant was

centrifuged at 7,000 g for 20 min. The 7,000 g supernatant was loaded on a discontinuous

sucrose gradient and centrifuged at 100,000 g for 2 h. The sucrose gradient consisted of 2

ml each of 22%, 38 % and 45 % (w/v) sucrose in 25 mM Hepes-KOH pH 7.0, 1mM DTT

and 1 mM PMSF. Fractions (1.0 ml) were collected. Equal amounts of protein were

analyzed on SDS-PAGE and western blots. The ER-enriched membrane fraction (fraction

2, based on western blot analysis) was diluted with 5 ml dilution buffer (DB) containing

200 mM Sucrose, 25 mM Hepes-KOH pH 7.0, 1 mM DTT and 1 mM PMSF and

centrifuged at 40,000 g for 90 min. The pellet was resuspended in DB to a final

concentration of 1 mg protein/ml.

Protein determination

Protein concentrations was determined by the Bradford method (Bio-Rad Protein assay)

following the manufacturers protocol. BSA was used as a standard.

45Ca2+ uptake and release

Ca2+ uptake and release were performed at 22 °C and measured with 45CaCl2 as described

by Hsieh et al. (1991) with some modifications. Transport was measured in an ATPase

assay buffer containing 200 mM sucrose, 25 mM Hepes-KOH pH 7.0, 10 mM KCl, 100

mM 45CaCl2  (2 mCi/ml), 100 mM EGTA (yielding a final approximate Ca2+ concentration



113

of 0.5 mM (Bers et al, 1994)), 3 mM MgSO4, 1 mM DTT and 3 mM ATP. ATP-

dependent 45Ca2+ transport into the ER microsome lumen was initiated by addition of 100

ml of the membrane fraction (100 mg protein) in a final volume of 1 ml.  Aliquots (100 ml)

from duplicate reactions were removed, filtered and washed with 200 mM sucrose, 25

mM Hepes-KOH pH 7.0, 10 mM KCl, and 100 mM CaCl2 using a single millipore filter

set. The 45Ca2+ retained on the filter was determined by liquid scintillation counting. Net

active transport was determined as the difference in activity in presence and absence of

ATP. Ca2+ release was triggered from 45Ca2+-loaded (22 min) vesicles by addition of the

ionophore ionomycin (final conc. 1.5 mM). Ionomycin was taken from a 660 mM stock

solution in DMSO. The net release was determined as the difference of 45Ca2+ recovered

after the addition of ionomycin versus addition of DMSO alone. Results shown were

obtained from at least two replicate experiments run in parallel with a wild-type control

from three individual Nt CRT-Sense lines, one Nt CRT-Antisense line and, as a control,

one Nt GFP line.

ATPase assay

ATPase activity was measured at 22 °C. 10 ml of membrane (10 mg) were assayed in a

buffer containing 200 mM sucrose, 25 mM Hepes-KOH pH 7.0, 10 mM KCl, 3 mM

MgSO4, 3 mM ATP, 1 mM DTT, 100 mM CaCl2 and 100 mM EGTA (yielding a final

approximate Ca2+ concentration of 0.5 mM (Bers et al., 1994)) in a final volume of 200 ml.

The reaction was incubated for 30 min and stopped by the addition of 2 ml NH4/ FeSO4

reagent containing 1 % NH4Mo, 1 N H2SO4 and 0.18 M FeSO4-H2O. The absorbance was

read at 660 nm and the generated inorganic phosphate was determined as the difference in

activity in the presence or absence of 200 mM vanadate. KH2PO4 (0-0.1 mmol) was used
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as a standard. Inorganic free phosphate was measured according to Taussky and Shorr

(1953).

Phenotypic analysis of Arabidopsis lines

Seeds of each line T3 were germinated on normal AT growth 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)]. On day 16, 17, and 18 after germination the

plants were incubated at 35 °C 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 plants

were then transferred to fresh AT growth medium, calcium depleted medium [AT growth

medium with 10 mM ethylene glycol-bis(b-aminoethyl ether) N,N,N’,N’-tetraacetic acid

(EGTA)], or calcium depleted medium with 12 mM CaCl2. In the initial experiments, 12

seedlings for each transgenic line and medium treatment were germinated, half were

induced for transgene expression and half were maintained as non-induced controls.

Images of these plants were taken at day 2, 4, 6, 9 and 12 days after transfer.  In

subsequent experiments, only At CRT:3 and AtCRT-A:5 were used and 20-50 seedlings

for each line were assessed.

SDS-PAGE and immunoblotting

Protein was solubilized by addition of an equal volume of sample buffer (125 mM Tris-

HCl pH 6.8, 4 % SDS, 20 % glycerol, 10 % b-mercaptoethanol and 0.02 % bromophenol

blue). Equal amounts of solubilized proteins were separated on a 10 % SDS-

polyacrylamide gel at pH 8.8. For Arabidopsis plants, 20-50 mg samples of young leaves

were collected from each plant, weighed, and frozen in liquid nitrogen. Leaves were
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ground in sample buffer using 1 ml of buffer to 1 mg of plant material and equal amounts

of plant tissue were loaded on an 10 % SDS-polyacrylamide gel at pH 8.8. Gels were

either stained with Gelcode Blue Stain protocol (Pierce) or transferred to a hydrophobic

PVDF membrane (Gelman Sciences). Proteins were wet-blotted for 1 h at 100 V. After

transfer, the PVDF membranes were blocked with 1 % blocking reagent (Roche

Biochemical) in tris-buffered saline with 0.2 % (v/v) tween-20 (TBST) for 1 h at 22 °C.

The membranes were incubated with either an antiserum against Crt from maize diluted

1:5000, an antiserum against Crt from castor bean diluted 1:10000, or an antiserum

against BiP from maize diluted 1:10000. Antibodies were visualized with a

chemiluminescent detection of horseradish peroxidase according to the Supersignal West

Pico blotting protocol (Pierce), and microdensiometry of bands was analyzed using

Imagequant software.
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The stability of the self-contained structure of green fluorescent protein (GFP) has made

it the most widely utilized fluorescent marker for gene expression and subcellular

localization studies (Chalfie et al., 1994; Tsien, 1998; De Giorgi et al., 1999; Haseloff et

al., 1999). This same stability, however, may contribute to misinterpretation of the

fluorescence images. Using a constitutively expressed endoplasmic reticulum (ER)-

targeted GFP fusion peptide, we found that although there was no change in the GFP

fluorescence in the transformed tobacco (Nicotiana tabacum) cells, the GFP fusion

peptide was degraded over time. Most importantly, fluorescence microscopy alone was

not an effective means for monitoring the presence of the full-length fusion peptide in this

system.

The major advantages of using GFP are that the fluorescence is maintained even when

fused to peptide fragments or intact proteins, that GFP fusion proteins can be readily

monitored directly in living cells and tissues, and that GFP causes little perturbation to the

polypeptide to which it is fused (Leffel et al., 1997; Tsien, 1998; De Giorgi et al., 1999;

Margolin, 2000). Researchers designing GFP fusion proteins routinely check for

functional activity of the recombinant fusion peptide in vitro and use GFP fluorescence as

a convenient indicator for the presence of the recombinant peptide in vivo. In addition,

monitoring GFP fluorescence in vivo has proven to be an effective mechanism for

monitoring protein turnover (Cronin and Hampton, 1999; Silverstone et al., 2001). While

this is a valid approach when GFP is fused to a full-length protein that is ubiquitinated

and subsequently completely degraded (e.g. ER-localized HMG-CoA reductase; Ravid et

al., 2000), it would not be valid if GFP or a peptide fragment containing GFP were

cleaved from the fusion peptide before the peptide was targeted for degradation. Our

experience is that fragmentation of recombinant polypeptides from an ER-targeted GFP
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fusion polypeptide can occur without a detectable loss of in vivo fluorescence in the

tobacco cells and that the extent of loss of the recombinant polypeptide correlates

positively with cell growth rate and time in culture. Therefore, when studying cells grown

in suspension culture, in vivo fluorescence is not a sufficient indicator of the full-length

GFP fusion peptide.

In studies of ER calcium homeostasis of tobacco cells grown in suspension culture, we

used a fusion peptide that consists of an ER-targeted GFP fused to the carboxy-terminal

(C) domain of calreticulin (Crt). Specifically, tobacco suspension culture (NT1) cells

were transformed with binary plasmids carrying either an ER-targeted mgfp5 minus the

ER retention sequence (Haseloff et al., 1997) fused in frame with the last 366 nucleotides

in the maize (Zea mays) cDNA sequence of crt (corresponding to 122 amino acids of the

Fig 1. Plasmid constructs. Both constructs used a CaMV35S promoter and octopine
synthase terminator (ocs term). pGFP contained the mgfp5 sequence that contains a 5’
signal sequence derived from a gene encoding the ER-localized chitinase and an HDEL
ER retention sequence as noted (Haseloff et al., 1997). pGFP:C-domain contained mgfp5
with the HDEL sequence removed fused upstream of the C domain (366 nucleotides of
the 5’ end) of the Crt open reading frame that includes the HDEL ER retention sequence
as noted. Numbers in parentheses indicate nucleotide position.
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carboxyterminal (C) domain of maize Crt including the HDEL sequence), or a full-length

ER-targeted mgfp5 alone (Fig. 1). All constructs were under the control of a 35S

promoter and kanamycin resistance was used as the selectable marker. Ten independent,

kanamycin-resistant cell cultures were isolated for each transgene. Four cell lines

transformed with the GFP:C-domain fusion construct (denoted GCd-A, GCd-E, GCd-I

and GCd-J) and one control cell line transformed with ER-targeted mgfp5 (denoted GFP)

were selected. All of the cell lines were imaged using a laser scanning confocal

microscope and similar expression patterns and cell morphologies were observed.

Figure 2A shows the growth curves for wild-type and the transgenic lines. Both GCd-A

and GCd-E displayed a significant lag in growth, and reached the early stationary growth

phase 1 and 2 days later, respectively, than the wild-type and the GFP control. The

delayed growth rate of GCd-A and GCd-E lines also was observed with the 2 other

GFP:C-domain lines (GCd-I and GCd-J). To investigate how the recombinant GFP:C-

domain fusion peptide was affected by cell growth, microsomes from 3, 4, and 5-d-old

cells were isolated and proteins separated by SDS-PAGE, blotted, and immunostained

with polyclonal antibodies against either GFP (Clontech, Palo Alto, CA) (1:3000, Fig 2B)

or a maize Crt (1:5000, Fig 2C). Typical expression patterns of wild-type, and the

transgenic lines for d 3, 4 and 5 are shown. ER localization of the GFP:C-domain fusion

peptide was confirmed by sucrose gradient analysis as previously described (Persson et

al., 2001).



131

Fig 2. Increased degradation of GFP:C-domain fusion over time in NT1 suspension
culture cells. A. Fresh weight of NT1 cells from wild-type, GFP:C-domain lines GCd-A
and GCd-E and GFP-control (GFP) over time. Values plotted are the averages of at least
7 samples (standard errors are indicated).  Lines are drawn to show the best fit curve to
the average fresh wt. B. and C. Microsomes were isolated from cell lines wild-type (WT),
GFP:C-domain transgenic lines (GCd-A and GCd-E), and an ER targeted transgenic
mgfp5 control line (GFP) on 3, 4, and 5 days after transfer as noted. Equal amounts of
microsomal proteins were analyzed by 10 % SDS-PAGE (10 mg protein/lane), blotted and
immunostained with polyclonal antibodies against GFP (1:3000) (B), or with polyclonal
antibodies against maize Crt (1:5000) (C). D. Confocal fluorescence microscopy of NT1
cell lines. Confocal fluorescence images were taken of cells from ER-targeted transgenic
GFP-control line (ER-GFP) and GFP:C-domain transgenic lines GCd-A and GCd-E, from
d 3-6 after transfer to new NT1 culture medium. GFP was excited at 488 nm using an
argon laser.  Each image is a projection of 32 confocal planes. The GFP fluorescence
emission was recorded from 500 nm to 550 nm.  Simultaneous differential interference
contrast images were recorded using a transmitted light detector (Scale bar=25 mm).
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A comparison of two cell lines with slightly different growth rates emphasized the effect

of growth rate on the stability of the recombinant ER-fusion protein. As shown in Figure

2B, line GCd-A had more of the lower molecular weight GFP-cross-reacting bands (35

and 27 kD bands) than line GCd-E. By d 5, the size of the major breakdown product

correlated with a 27 kD peptide that was recognized by a polyclonal antibody against

GFP, but not by the polyclonal antibody against maize Crt (compare Figs. 2B and 2C).

These data indicate that the Crt C domain polypeptide was lost. Endogenous Crt (Fig. 2C)

and BiP (data not shown) showed no signs of degradation within the time frame of these

studies, which suggested that there was not a general loss of endogenous proteins in the

ER of the transformed NT1 cells. The loss of the GFP:C-domain fusion protein did not

arise from an increase in dead cells in culture, as there was no significant difference in

cell viability monitored with fluorescein diacetate over the time course of these studies.

The redesigned mgfp5 used to construct the fusion peptide had the HDEL sequence

removed so that both the residual 35 and 27 kD peptides could have been trafficked to the

vacuole or secreted by the cells. Analysis of the distribution of the recombinant peptides

in microsomes separated on discontinous sucrose gradients revealed that the 35 kD

peptide, like the full-length fusion protein, localized primarily with an ER-enriched

fraction. Some of the 27 kD GFP peptide was recovered in the ER-enriched fraction;

however, most was recovered on the top of the gradient, suggesting that it was

preferentially trafficked to the vacuole or more readily released from membrane vesicles

upon homogenization. Importantly, both the 27 kD and the 35 kD GFP-cross reacting

peptides fluoresced when the blots were analyzed with a Storm 860 Imaging System (450

nm excitation and 520 nm emission) indicating that both peptides could potentially

contribute to the in vivo fluorescence.
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To assess whether cells in which there was a significant loss of the GFP:C-domain fusion

peptide displayed any variations in fluorescent patterns or intensity, cells from the

GFP:C-domain-fusion lines, and GFP-control line were imaged with a Leica DMIRBE

fluorescence microscope equipped with a Leica PL APO 140x NA 1.25 oil immersion

lens and coupled to a Leica TCS 5P laser scanning head (Leica, Wetzlar, Germany). GFP

was excited at 488 nm using an argon laser and, GFP fluorescence emission was recorded

from 500 nm to 550 nm. As shown in Figure 2D, the in vivo fluorescence was reticular,

consistent with ER localization and there was no significant difference in the fluorescence

pattern between cells from d 3 to 5. It should be noted that if the 27 kD GFP peptide was

localized in the vacuole or cell wall, the low pH in these regions may have quenched the

fluorescence and decreased sensitivity (Scott et al., 1999).
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Fig 3. Degradation of the GFP:C-domain fusion protein in late stages of growth for
GFP:C-domain lines GCd-A and GCd-E. A. Confocal fluorescence images were taken
of cells from the GFP:C-domain transgenic lines GCd-A and GCd-E and the ER-targeted
mgfp5 control line (ER-GFP) from late stages of the culture period as noted (Scale bar
indicates 10 mm). B. Microsomal proteins from the same cell lines were analyzed by 10 %
SDS-PAGE (10 mg protein/lane), blotted and immunostained with polyclonal antibodies
against GFP (1:3000). Migration of GFP and the full-length GFP:C-domain fusion
peptide are indicated. The GFP:C-domain peptide and the proteolytic products indicated,
which cross reacted with GFP antibodies, fluoresced when analyzed with a Storm 860
Imaging system.

Consistently, the rate of degradation of the GFP:C-domain fusion peptide correlated

positively with the growth of the cells (Figs. 2A and 3B). Most importantly, even when

line GCd-A contained 4 to 5 times more of the 35 kD or 27 kD GFP peptide fragment

than line GCd-E (Figs. 2B and 3 B), the in vivo fluorescence images were

indistinguishable (Figs. 2D and 3A) indicating that the observations of in vivo ER
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fluorescence were not sufficient to conclude that the full-length GFP:C-domain fusion

peptide was still present in this system.

In summary, the transformed NT1 cells exhibited similar fluorescent patterns and

intensities even when a significant amount of the ER targeted GFP:C-domain fusion

peptide was degraded. With the increased use of GFP-fusion peptides for subcellular

localization of proteins, care must be taken to use cells growing at the same rate and to

constantly perform immunoblot analysis of cellular proteins to monitor the expressed

GFP-fusion peptides. Importantly, when using cells growing in suspension culture, a day

can make a difference in the interpretation of the data.
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Abstract

Calreticulin is a Ca2+-binding chaperone localized mainly in the

endoplasmic/sarcoplasmic reticulum in all higher organisms. To date, only one

calreticulin isoform has been identified in human and mouse. Here we report a novel

calreticulin isoform (Crt2) in human and mouse, with 53% (human) and 49% (mouse)

identity to the previously identified calreticulin in respective species. The gene encoding

the novel human calreticulin isoform spans 17 kb of genomic DNA and is expressed in

testis, showing a similar expression as the chaperone calmegin. Phylogenetic analysis

shows that two or more calreticulin (crt) genes are present both in plants and in mammals.

The duplication of the crt gene in human and mouse suggests functional diversity, and

variations in expression patterns among calreticulins. Two novel calreticulin (Crt2)

isoforms, with high homology to the human and mouse calreticulin isoform (Crt2), were

also identified in pig and rat via expressed sequence tags (ESTs).
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Introduction

Calreticulin (Crt) is a multi-functional protein localized mainly in the

endoplasmic/sarcoplasmic reticulum (ER/SR) in most cells of all higher organisms (for

review see; Michalak et al., 1992; Krause and Michalak, 1997; Michalak et al., 1999;

Corbett and Michalak, 2000; Johnson et al., 2001). Although Crt has been suggested to be

involved in over 40 intra- and extracellular processes, the research on Crt has mainly

focused on its role in protein folding (Denecke et al., 1995; Hebert et al., 1996; Saito et

al., 1999; Nakamura et al., 2001), and Ca2+ signaling (Camacho and Lechleiter, 1995;

Mery et al., 1996; John et al., 1998; Nakamura et al., 2001; Persson et al., 2001).

Crt is an evolutionary highly conserved protein typically containing an HDEL/KDEL C-

terminal ER-retention signal, and three major internal domains (Michalak et al., 1992;

Michalak et al., 1999). These consist of a globular N domain and two Ca2+ binding

domains; a high-affinity but low-capacity P domain, and a low-affinity but high-capacity

C domain. The P domain has furthermore been shown to contain two triplets of conserved

amino acid sequences necessary for the lectin-like chaperone function and potentially

involved in the high-affinity Ca2+ binding properties of the protein (Baksh and Michalak,

1991). In addition, Crt typically contains an N-terminal signal sequence for ER-targeting,

and three conserved cysteine residues involved in forming disulfide bridges to maintain

proper folding of the protein (Matsuoka et al., 1994; Højrup et al., 2001).

Two or more genes encoding Crt isoforms have been found in Arabidopsis thaliana, Zea

mays, Hordeum vulgare, Xenopus laevis and Bos taurus, but only one gene encoding Crt

has previously been identified in human and mouse (McCauliffe et al., 1990; McCauliffe

et al., 1992; Rooke et al., 1997). Furthermore, only one mRNA product had been
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identified in human and mouse, suggesting that there is no alternative splicing. The

previously identified crt gene in human is located on chromosome 19 (19p13.2)

(McCauliffe et al., 1990), and in mouse on chromosome 8 (Rooke et al., 1997). These

two crt genes consist of nine exons with similar intron-exon organizations, and span a

relatively short amount of genomic DNA (4.2 kb and 4.8 kb for human and mouse,

respectively) (McCauliffe et al., 1992; Waser et al., 1997).

Here we report a novel crt isoform (crt2) expressed in testis in human, with an ortholog in

mouse. The genomic structure, and chromosomal localization of the human crt2 is

discussed, and the phylogenetic relationship of Crt proteins is described. Two additional

crt2 isoforms, based on EST analysis, were discovered in pig and rat.
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Results and Discussion

Identification of novel Crt isoforms

Performing standard BLASTP analysis at NCBI against Crt protein sequences from

various species, we identified two novel Crt isoforms in human and mouse (GenBank

Accession numbers: XP_058951 and BAB24660, respectively). The novel isoforms were

for human 384 amino acids, and for mouse 380 amino acids in length. The sequences

showed 53% and 49% identity, and 69% and 66% similarity to the previously identified

Crt’s in human and mouse, respectively [GenBank Accession numbers: AAA51916

(human) and CAA33053 (mouse)]. The highest homology was observed in the N domain

of the proteins (Fig. 1), consistent with the general knowledge about Crt sequences

throughout various species (Michalak et al., 1992).

The Crt isoforms encoded by the novel genes, denoted H. sapiens Crt2 and M. musculus

Crt2, were aligned with the previously identified Crts H. sapiens Crt1, M. musculus Crt1,

B. taurus Crt1, and A. thaliana Crt3 (Fig. 1). Importantly, the three cysteine residues

(indicated with block arrows, Fig. 1) located in the N-terminal region, conserved among

Crts from various species and isoforms (Matsuoka et al., 1994), are present in the Crt2

isoforms. The two residues furthest downstream are believed to form disulfide bridges,

facilitating a proper folding of the Crt, whereas the residue closest to the N terminus

predominantly is found in reduced form.

Analogous to Crts from other species, the mouse and human Crt2 proteins also contain a

potential ER signal sequence localized in the far N terminus (Fig. 1). The signal sequence

for the Crt2 isoforms contain typical patterns for ER-localization consisting of: positively

charged amino acid(s) in close proximity of the N terminus, a hydrophobic stretch
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downstream of the positively charged amino acid(s), and a few polar amino acids together

with an alanine immediately upstream of the cleavage site (von Heijne, 1985). In fact, the

signal sequences of the human and mouse Crt2 isoforms correspond better to the typical

ER signal sequence than the Crt1 isoforms.

The P domain of Crt contains two triplets of conserved regions, denoted I and II (Fig. 1).

Although the sequences for Crt2 do not strictly correspond to the suggested consensus

sequence repeats for human and mouse Crt1 (repeat I c o n s e n s u s

PXXIXDPDAXKPEDWDE, and repeat II consensus GXWXPPXIXNPXYX), the Crt2

sequences show high similarity to the repeats. Whether this divergence between the Crt1

and Crt2 sequences confer specificity in their respective interactions with newly

synthesized glyco-proteins remain to be solved.

The C domain of Crt contains a high amount of charged amino acids (Michalak et al.,

1992). Although a small number of isoforms have a C domain with a positive net charge,

e.g. Onchocera volvulus (GenBank Accession number AAA59056), the net charge for the

C domain is typically negative. The human and mouse Crt2 isoforms contain a high

degree of negatively charged amino acids (24 negatively charged compared to 15

positively charged in the C-domain of human Crt2). The negative net charge of the C

domains for Crt2 are less than for the human Crt1, but greater than that for A. thaliana

Crt3 (29 negatively charged and 28 positively charged amino acids in the C domain), and

lies in the same range as most plant Crt isoforms (data not shown).
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Fig 1. Sequence comparison of Crt amino acid sequences from different species.
Comparison of H. sapiens (human) Crt1, M. musculus (mouse) Crt1, D. melanogaster
(fruitfly) Crt, B. taurus (bull) Crt1, A. thaliana Crt3, H. sapiens Crt2, and M. musculus
Crt2 calreticulins (GenBank Accession numbers AAA51916, CAA33053, CAA45791,
AAB30209, AAC49697, XP_058951, and BAB24660, respectively) was made using a
ClustalW analysis algorithm. Vertical alignments between the sequences for identical and
similar amino acids are highlighted in gray. The black line, denoted SS, overlaying the
immediate N terminus of the Crt2 isoforms corresponds to a putative ER signal sequence
segment. The three filled block arrows indicate the positions of three highly conserved
cysteine residues. The black lines, I and II, overlaying the sequence alignment
corresponds to two triplets of conserved regions in the P domain of the proteins. The
approximate position of the three domains, N, P, and C domain are indicated.
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The protein sequences for Crt are typically ended with a KDEL/ HDEL ER-retention

sequence (Michalak et al., 1999). In contrast, the Crt2 isoforms end with RNEL (human)

and QGEL (mouse) motifs (Fig. 1). Other ER-retention motifs are present in Crts from

various species, e.g. Trypanosoma congolese KADL, Strongylocentrotus purpuratus

RDEL, and Necator americanus HEEL (GenBank Accession number AAK52926,

AAD55725, and CAA07254, respectively), suggesting that the terminating motif varies

among Crt isoforms and species, as these homologues are found in different orders of

evolution (Fig. 4A).

Genomic localization and structure of the human crt2 gene

Using Genomic BLASTN analysis against the human genome, the position of the gene

encoding human Crt2 was determined (Fig. 2A). The gene is localized on the same

chromosome (chromosome 19) as crt1, but at position 19p13.12 instead of 19p13.2 for

the crt1 gene (McCauliffe et al., 1990). The crt2 gene spans approximately 17 kb

genomic DNA, which is significantly larger than the crt1 gene span (Fig. 2B).

Table 1. Comparison of exon lengths in human crt1 and crt2. Individual lengths of
exon 1-9 for crt1 and crt2 in human.

Exon crt1 (base pairs) crt2 (base pairs)
1 162 154
2 105 105
3 207 208
4 96 97
5 212 188
6 122 110
7 147 136
8 96 97
9 777 199
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Both the numbers of exons, nine for both crt1 and crt2, and the individual lengths of the

exons are conserved between the two isoforms (Table I). The similarity in the gene

structure between the two genes strongly suggests that a common ancestor for crt1 and

crt2 had a similar structure. The early duplication of the ancestor crt gene in human

further implies that all the vertebrate crt genes have a similar gene structure.

The mRNAs for crt1 and crt2 are 1.95 kb and 1.3 kb respectively (Fig. 2C). The

difference in length between the mRNAs is largely accounted for by the extensive 3’

UTR for crt1 of approximately 600 base pairs (black bar, Fig 2C), compared to

approximately 70 base pairs for crt2. Both the length and sequence of the 5’ UTR is, on

the other hand, similar for the two isoforms (45 % identity).

Expression of the human crt2

Using a full-length crt1 cDNA (IMAGE clone 3050717), and a truncated crt2 cDNA

corresponding to the P, C domain, and the 3’ UTR of the full-length crt2 cDNA

(generated from IMAGE clone 4822010) as probes, Northern blot analyzes were

performed using a blot containing poly(A)+ mRNAs from a variety of human tissues. Crt1

could easily be detected as a broad band at approximately 1.9 kb in all the tissues tested

(Fig 3A). Due to high cross-reactivity to the crt1 isoform when the full-length crt2 probe

was used (data not shown), the truncated crt2 probe was generated. Crt2 was detected as

a testis-specific band at approximately 1.3 kb (Fig 3B).
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Fig 2. The crt genes and mRNAs in human. Schematic representation of the genomic
localization, gene structure and mRNAs of the two human crt genes. (A) crt1 is localized
on chromosome 19, contig NT_011176.7 (19p13.2) and crt2 on chromosome 19, contig
NT_011141.7 (19p13.12). Transcriptional orientation is indicated with a horisontal arrow
below the genes. The gene symbols of neighboring genes, and their relative positions in
the region are indicated. The approximate start and end of the contigs are indicated at the
far ends, respectively. (B) Exon and intron configuration of crt1 and crt2. The numbers
below the configurations indicate the exon number for the gene. (C) Schematic view of
the mRNAs encoding Crt1 and Crt2. Shaded areas resemble the ORF regions, and black
bars the UTR regions.
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Fig 3. Expression of human crt2. Analysis of the expression of the human crt2 gene in
various tissues using crt2 and crt1 cDNAs probes. A human Multiple Tissue Northern
blot (MTN‚ blot II, Clontech laboratories, CA) was incubated with either a radiolabeled
probe corresponding to human crt1 (IMAGE clone 3050717) or to a truncated, specific
human crt2 (corresponding to the C domain, P domain, and the 3’ UTR, generated from
IMAGE clone 4822010), essentially according to manufacturers protocol. A radiolabeled
b-actin probe was used as a control. (A) Membrane probed with crt1 cDNA probe. (B)
Membrane reprobed with the specific crt2 probe.

Crt is highly homologous to the ER/SR-localized chaperone calnexin (Cnx) (Danilczyk et

al., 2000; for review see Bergeron et al., 1994). Both chaperones harbor a lectin site,

involved in their association with newly synthesized glycoproteins, and contain the high-

affinity Ca2+ binding P domain. In contrast to Crt, Cnx is known to have a tissue-specific

isoform, calmegin (Cmg), expressed in testis of mouse and human (Tanaka et al., 1997).

In addition, Cmg is expressed in a growth-stage dependent manner, with a dramatic

reduction in Cmg production during the spermatid maturation phase (Yoshinaga et al.,

1999). Crt and Cnx are also believed to act in concert during folding of newly synthesized

glycoproteins (Danilczyk et al., 2000). The testis-specific expression of both the Cnx
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isoform cmg and crt2 therefore opens the possibility to a functional link between these

two chaperones.

Phylogenetic analysis of Crt proteins

An unrooted phylogenetic tree based on 54 Crt protein entries was created (Fig. 4A). The

clustering observed for isoforms found in species within the kingdom Metazoa

corresponds well with organism evolution. In Vertebrates, there appear to be two or more

Crt isoforms, whilst only one isoform has been found in lower Metazoans. This suggests

that a gene duplication event took place late in the evolution of the Metazoan phylum.

The small sequential differences observed between the isoforms within B. taurus and X.

laevis [B. taurus Crt1* and Crt1-2, X. laevis (clone 3) and (clone 8)] suggest that this

duplication event took place late in the evolution of Vertebrates. However, a more

plausible explanation to the high sequence homology between these particular isoforms is

that they are either the result of alternative splicing or, more likely, examples of

polymorphism within the species. Further support to this notion is the large divergence

seen between isoforms in human and mouse (Crt1 and Crt2), which advocates early gene

duplication in the evolution of Vertebrates.
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Fig 4. Phylogenetic analysis of Crt protein sequences. (A) An unrooted phylogenetic
tree with topology representative for the Crt family. A heuristic search using the
maximum parsimony method was done on the alignment of 54 Crt protein sequences
using the PAUP 4.0b8a software (Sinauer Associates, Inc. Publishers, Sunderland, MA),
with gaps treated as missing data. Two major groups can be observed: Viridiplantae
(Plants), and Metazoa (Animals). In addition, Dictyostelium discoideum, and the
Euglenozoan isoforms form separate branches. The clustering observed within the
kingdoms Metazoa and Viridiplantae corresponds well with organism evolution, e.g.
vertebrates, insects, and worms cluster together. Different taxonomical clusters are
colored in different shades of grey. (B) An unrooted phylogenetic tree based on two
putative Crts from pig (denoted Crt2*) and rat (denoted Crt2*), translated from ESTs,
aligned with known Crt protein sequences from human (Crt1 and Crt2), mouse (Crt1 and
Crt2), pig Crt1, and rat Crt1. The putative isoforms were named according to the names
given to the previously discovered isoforms within the same ortholog cluster. Two
distinct clusters can be observed: Crt1 isoforms and Crt2 isoforms. Bootstrap values are
indicated.
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Fig 4 cont.

The discovery of a second Crt isoform in human and mouse makes existence of additional

isoforms in other Vertebrates highly likely. To investigate this, standard BLASTN

analysis for human crt2 was performed at NCBI against ESTs from various species. Two

ESTs were obtained from Sus scrofa (pig), and three ESTs from Rattus norvegicus (rat),

which were subsequently translated into amino acids. The overlapping sequences for both

pig and rat were used to create a pig Crt2 and a rat Crt2 using the human Crt2 as a
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template (data not shown). The generated sequences spanned 310 amino acids closest to

the N terminus for pig, and 122 amino acids closest to the C terminus for rat. The Crt2 pig

and rat peptide-fragments were aligned with human Crt1, mouse Crt1, rat Crt (denoted

Crt1; GenBank Accession number NP_071794), pig Crt peptide-fragment (denoted Crt1;

NCBI Protein Accession number P28491), human Crt2, and mouse Crt2, and an unrooted

phylogenetic tree was constructed (Fig. 4B). The clustering of Crt1 and Crt2 proteins,

forming two distinct groups, further strengthens the notion that vertebrate species contain

two distinct isoforms of crt’s with an early gene duplication. In the kingdom

Viridiplantae, Crt isoforms are found in species belonging to different orders. In A.

thaliana, for which the genome has been sequenced, three isoforms are found (Nelson et

al., 1997). To date, only one isoform has been identified in each of the other examined

Eudicotyledons. In Monocotyledons, there appear to be at least two isoforms.

Monocotyledon and Eudicotyledon isoforms fall on separate branches, suggesting that

gene duplications occurred after the split into these classes.

The fact that no Crt homolog is found in Archaebacteria suggests that the crt homologous

cnx gene, present in yeasts and prokaryotes, may be the ancestor (Michalak et al., 1992).

Although Cnx has a C-terminal transmembrane region, the ER lumenal parts of the

protein show high homology to the N and P domains of Crt. In addition, when the

transmembrane region of Cnx was removed the folding abilities of the protein largely

resembled those of Crt (Danilczyk et al., 2000). Although these data suggest the cnx gene

as the ancestor for crt, the prokaryotic species, Yersinia pestis contains a hypothetical

protein (GenBank Accession number: NP_405549) with higher similarity to Crt. More

species must therefore be examined before any conclusions regarding the evolution of Crt

can be definitely drawn.
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Conclusions

(1) A novel Crt isoform (Crt2) was identified in human and mouse.

(2) The human crt2 gene shows testis-specific expression.

(3) ESTs corresponding to novel crt2 genes were also found in pig and rat.

(4) Early duplication of the vertebrate crt gene, and similarity in gene structure for

      crt1 and crt2, imply similar gene structures for all vertebrate crt genes.
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Material and Methods

Sequence comparison of Crt proteins

Protein sequences corresponding to Homo sapiens Crt (denoted Crt1), Mus musculus Crt

(denoted Crt1), B. taurus Crt1, Drosophila melanogaster Crt, A. thaliana Crt3, H. sapiens

Crt2, and M.  musculus Crt2 (GenBank Accession numbers AAA51916, CAA33053,

AAB30209, CAA45791, AAC49697, XP_058951, and BAB24660, respectively),

obtained from the Genbank database via NCBI (www.ncbi.nlm.nih.gov), were used for

sequence analysis. ClustalW multiple alignments of protein sequences were performed

using the MacVector 7.0 software (Oxford Molecular Group plc, U.K.). The alignments

were carried out using the Blossum series matrix, with an open gap penalty of 10 and an

extend-gap penalty of 0.05, and adjusted manually. The two conserved triplet regions,

denoted “P-dom cons seq” in the alignment (Fig. 1), were obtained from Michalak et al.

(1999) and correspond to PXXIXDPDAXKPEDWDE (three times) and

GXWXPPXIXNPXYX (three times).

Genomic localization and gene analysis

Chromosomal localization was performed using Genomic BLAST against the human

genome at NCBI using the human crt2 nucleotide sequence.

Northern blot analysis

Tissue-specific expression of human crt2 was examined using a Human Multiple Tissue

Northern (MTN‚) blot II (Clontech laboratories, CA) that contained mRNAs derived

from various human tissues. cDNA clones harboring crt1 and crt2 were obtained from the

UK Human Genome Mapping Project Resource Centre, Cambridge, UK (IMAGE clone

3050717 and 4822010, respectively). The full-length human crt1, and a truncated human
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crt2 [corresponding to the P, C domain and the 3’ untranslated region (UTR) of the

cDNA], were radiolabeled and hybridized essentially according to the manufacturers

protocol (MTN‚, Clontech laboratories, CA). The truncated crt2 probe was generated

using the primer GGTTGATGGCTTCACACACCTG together with the commercially

available T3 promoter primer (Invitrogen, Life Technologies, Carlsbad, CA), generating a

PCR fragment of approximately 800 bp corresponding to the 3’ part of the P domain, the

C domain and the 3’ UTR. Cross-hybridization of crt1 and crt2 was investigated by dot-

blotting 30 ng of either denatured crt1 or crt2 onto a Hybond-N+ membrane (Amersham

Pharmacia Biotech, Sweden). The membrane was probed with either crt1 or crt2 probe in

parallel with the membranes above according to manufacturers protocol. Radiolabeled b-

actin was used as a control.

Computational analysis of Crt protein sequences

Protein sequences corresponding to different Crt isoforms were obtained from the

Swissprot and Genbank databases via NCBI using BLASTP (Altschul et al., 1997).

Sequences were compared within each species to eliminate incorrect or redundant entries.

Alignment of 54 Crt protein sequences was performed as described above, and adjusted

manually. A heuristic search using the maximum parsimony method was performed on

the alignment using the PAUP 4.0b8a software (Sinauer Associates, Inc. Publishers,

Sunderland, MA), with gaps treated as missing data. The Tree Bisection-Reconnection

(TBR) branch-swapping algorithm was used. Tree building and calculation of Bootstrap

values (not shown) were also carried out using the PAUP 4.0b8a software. Alleloforms

and protein sequences under 100 amino acids in length were excluded from the

phylogenetic analysis.
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EST analysis

The mouse and human crt2 sequences were used to obtain corresponding ESTs using the

BLASTN analysis (Altschul et al., 1997) via the NCBI. Only ESTs with scores higher

than 200, E values lower than 6e-65, were considered ESTs for putative Crt2 isoforms.

ESTs were translated into amino acid sequences using the MacVector 7.0 software.

Consensus amino acid sequences were created from the translated overlapping ESTs

using the human Crt2 isoform as a template. Alignment and tree building was carried out

as described above.
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Erratum

Persson et al. (2002) Gene 297: 151-158

Table 1. Comparison of exon lengths in human crt1 and crt2 a

Exon crt1 (base pairs) crt2 (base pairs)
1 90 90
2 102 102
3 204 204
4 95 95
5 210 186
6 114 108
7 144 132
8 93 93
9 201 141

a Individual lengths of exon 1-9 for crt1 and crt2 in human. Untranslated regions
have been excluded.
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Abstract

Calreticulin is a multifunctional protein mainly localized to the endoplasmic reticulum in

eukaryotic cells. Here we present the first analysis of evolutionary diversity and

expression profiling among different plant calreticulin isoforms. Phylogenetic studies and

expression analysis show that higher plants contain two distinct groups of calreticulins: a

Crt1/Crt2 group and a Crt3 group. To corroborate the existence of these isoform groups,

we cloned a putative crt3 ortholog from Brassica rapa. The crt3 gene appears to be most

closely related to the ancestral crt gene in higher plants. Distinct tissue-dependent

expression patterns and stress-related regulation were observed for the isoform groups.

Furthermore, analysis of post-translational modifications revealed differences in the

glycosylation status among members within the Crt1/Crt2 isoform group. Based on

evolutionary relationship, a new nomenclature for plant calreticulins is suggested. The

presence of two distinct calreticulin isoform groups, with distinct expression patterns and

post-translational modifications, supports functional specificity among plant calreticulins,

and could account for the multiple functional roles assigned to calreticulins.
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Introduction

Calreticulin (Crt) is a highly conserved protein mainly localized to the endoplasmic

reticulum (ER) in plants, and to the endoplasmic/sarcoplasmic reticulum (ER/SR) in

mammals (for reviews see Crofts and Denecke, 1998; Michalak et al., 1999; Hadlington

and Denecke, 2000; Johnson et al., 2001). Crt is a multi-functional protein, suggested to

be involved in over 40 intra- and extracellular processes in mammalian cells. However,

the main focus has been on its role in calcium signaling (Camacho and Lechleiter, 1995;

Nakamura et al., 2001, Arnaudeau et al., 2002), and as a chaperone (Hebert et al., 1996;

Saito et al., 1999; Nakamura et al., 2001). Crt comprises three major subdomains; a

highly conserved N domain, a high affinity but low capacity Ca2+ binding P domain, and a

low affinity but high capacity Ca2+ binding C domain ending with an ER retention signal

(Michalak et al., 1999).

Although the role of Crts as chaperone-like proteins and in calcium signaling is well

established in mammals, the functions of Crt have until recently been elusive in plants.

Plant Crts have been shown to bind calcium with similar characteristics as their

mammalian homologs (Chen et al., 1994; Navazio et al., 1995; Hassan et al., 1995;

Coughlan et al., 1997; Li and Komatsu, 2000), and recently also to have calcium-storing

functions in the ER of plant cells (Persson et al., 2001; Wyatt et al., 2002). In contrast to

most animal Crts, glycosylation of Crts is generally observed in plants (Navazio et al.,

1996; Pagny et al., 2000; Navazio et al., 2002). Plant Crts are upregulated in response to

a variety of stress-mediated stimuli, e.g. pathogen-related signaling molecules (Denecke

et al., 1995; Jaubert et al., 2002) and gravistimulation (Heilman et al., 2001), and are

highly expressed during mitosis (Denecke et al., 1995), embryogenesis (Borisjuk et al.,

1998) and in floral tissues (Chen et al., 1994; Denecke et al., 1995; Nelson et al., 1997).
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In addition, Crt preferentially localizes to plasmodesmata in maize root tips, and is

suggested to be involved in regulation of the closure of plasmodesmata (Baluska et al.,

1999).

The dogma for Crt in human and mouse has been; one gene, one mRNA, and one protein.

However, recently an additional isoform was identified (Persson et al., 2002a). The

sequence of the newly discovered Crt isoform differed significantly from the previously

established isoform, but still contained typical Crt features. Phylogenetic analysis

revealed that the early duplication of the crt genes in mammals generated two distinct Crt

groups. In plants, two or more isoforms exists in several species, e.g. Arabidopsis, maize,

and barley (Chen et al., 1994; Kwiatkowski et al., 1995; GenBank Accession number

190454; Nelson et al., 1997). With the exception of the Arabidopsis isoforms, the

reported isoforms all have a high sequence similarity, implying a recent duplication of the

crt gene in these species. Of the three described Crt sequences in Arabidopsis, the Crt1

and Crt2 sequences share higher sequence homology to each other than compared to the

third isoform, Crt3 (Nelson et al., 1997). In an evolutionary context this implies that two

duplications of the crt gene in Arabidopsis took place at different times.

Here we report that both monocotyledons and eudicotyledons contain two distinct groups

of Crts. The early duplication of the crt gene in plants is strikingly similar to the

duplication of the crt gene in mammals (Persson et al., 2002a). The intron/exon

organization of crt genes encoding different isoforms reinforces the prediction of a

common ancestry for the crt gene. To verify the existence of the two isoform groups we

cloned a crt3 ortholog in Brassica rapa based on the known Arabidopsis sequence

characteristics. In addition, analyzes of tissue-dependent and stress-related expressions,
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and post-translational modifications of the different isoforms were carried out to evaluate

in silica predictions and to test the proposed evolutionary model.
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Results

Phylogenetic analysis of Crt amino acid sequences in plants

The Arabidopsis genome harbors three expressed crt genes (Nelson et al., 1997). In

addition, the Arabidopsis genome also contains a crt pseudogene (locus At1g56390),

consisting of four putative exons, corresponding to exon 1, 2, 3, and 6 of crt1 (data not

shown). To get a more complete picture of the number of Crt isoforms identified in plants

we performed a standard BLASTP analysis at the National Center for Biotechnology

Information (NCBI) using Crt protein sequences corresponding to the Arabidopsis

isoforms. We found 18 unique protein sequences annotated as Crt (data not shown). From

these, a rooted phylogenetic tree was created (Fig. 1). In both monocotyledons and

eudicotyledons, there appears to be at least two Crt isoforms with high sequence identity,

e.g. Crt1 and Crt2 in maize, Arabidopsis, and barley (Fig. 1).

The topology of the phylogenetic tree reveals an early duplication event in the species

Arabidopsis thaliana, from which the Crt1/Crt2 and the Crt3 isoforms derive, perhaps

predating the evolutionary split of plants into dicots and monocots (Soltis, 1999). This

early divergence of Crts in Arabidopsis advocates the existence of orthologous isoforms

(Crt3s) in other plant species. A standard BLASTN with Arabidopsis crt3 was therefore

performed at the NCBI against ESTs and full-length cDNAs from various plant species.

Two putative full-length mRNAs (GenBank Accession number AY105822, and GenBank

Accession number AP003316), predicted from genomic sequences, were obtained from

Zea mays (maize), and Oryza sativa (rice). The sequences were denoted Z. mays crt3, and

O. sativa crt3, respectively.
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To investigate sequence homology to Crts from the two isoform groups, the Z. mays crt3

was translated into an amino acid sequence and aligned with Arabidopsis Crt1, Crt2 and

Crt3, and maize Crt1 and Crt2 (Fig. 2A). The maize Crt3 sequence consists of 415 amino

acids, and shows 70% identity to the Arabidopsis Crt3 isoform, but only 57% and 55%

identity to the maize Crt1 and Crt2 isoforms, respectively (data not shown). Several of the

typical Crt sequence features, conserved among Crt proteins from different kingdoms (for

review see Michalak et al., 1999), were conserved in the maize Crt3 sequence. These

include; three cysteine residues important for the correct folding of Crts (Matsuoka et al.,

1994), a potential ER signal sequence located in the N terminus, two triplets of conserved

regions in the P domain, and a typical ER retention motif (HDEL) in the far end of the C

terminus (Fig. 2A).

The two triplets of conserved regions in the P domain, denoted I and II, are well

conserved in maize Crt3 (Fig. 2A). Comparison of the 18 aligned plant Crt sequences

gave the repeats in region I the consensus sequence of PXXIXDPXXKKPEXWDD, and

in region II GXWXAXXIXNPXYK (data not shown). In animal Crts the repeat I and II

consensus sequences are PXXIXDPDAXKPEDWDE, and GXWXPPXIXNPXYX,

respectively (Michalak et al., 1999). Thus, the two triplet repeats are conserved but not

identical in Vertebrates and plants.
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Fig 1. Phylogenetic analysis of Crt protein sequences in plants. A rooted phylogenetic
tree with topology representative for plant Crts, generated with the C. reinhardtii Crt as
outgroup. A heuristic search using the maximum parsimony method was done on the
alignment of 18 unique plant Crt protein sequences. Two major groups are prominent:
monocotyledons and eudicotyledons. These groups are presented in different shades of
grey.
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To verify expression of the putative maize and rice crt3 genes, a BLASTN search was

performed at NCBI against ESTs from O. sativa, and Z. mays, respectively. We obtained

six ESTs from maize, and one EST from rice with e-values below 2 e-64 (score > 200),

confirming that the crt3 gene is transcribed in maize and rice (Table 1).

To corroborate that the putative maize and rice Crt3 isoforms are orthologs to the

Arabidopsis Crt3 isoform, a phylogenetic analysis of Arabidopsis, maize, rice and

Chlamydomonas Crt proteins was performed. A tree was constructed using Crt from

Chlamydomonas as outgroup (Fig. 2B). Two distinct clades of Crts, supported by high

Bootstrap values, were evident: a Crt1/Crt2 isoform group, and a Crt3 isoform group. To

emphasize the existence of the two clusters we are using the label Crt1/Crt2 isoform

group and Crt3 isoform group for Crts belonging to the respective isoform cluster. The

isoform-specific clades were similar when an analogous analysis was performed using

corresponding crt nucleotide sequences (data not shown).

     Table 1. EST analysis of crts from Arabidopsis, maize and rice.

                 *Due to sequence similarities between the isoforms crt1 and crt2 in
                 monocotyledons, ESTs correlating to respective isoform could not be
                 distinguished.

   1   6   12crt3 (ESTs)

   -   -   56crt2 (ESTs)

   43*  81*   65crt1 (ESTs)

O. sativaZ. maysA. thaliana          species
isoform
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Fig 2. Sequence comparison of Crt isoforms from Arabidopsis and maize.
Comparison of the amino acid sequences from Arabidopsis Crt1, Crt2, and Crt3 with
maize Crt1, Crt2, and Crt3 (GenBank Accession numbers AAC49695, AAK74014, and
AAC49697 with CAA86728, AAF01470, and AY105822, respectively) was made using
a ClustalW analysis algorithm. A. Vertical alignments between the sequences for
identical and similar amino acids are highlighted in different shades of grey. The black
line, denoted SS, overlaying the immediate N terminus of the Crt isoforms corresponds to
a putative ER signal sequence segment. The black arrows indicate the positions of three
highly conserved cysteine residues. The black lines, I and II, overlaying the sequence
alignment corresponds to two triplets of conserved regions in the P domain of the
proteins. The black line, denoted ER-R , overlaying the immediate C terminus
corresponds to an ER retention signal. The approximate position of the three domains, N,
P, and C domains are indicated. B. A rooted phylogenetic tree based on the protein
alignment, including Crt1/2, and Crt3 protein sequences from rice (GenBank Accession
numbers BAA88900, and BAC06263, respectively), and the Crt protein sequence from C.
reinhardtii (GenBank Accession number CAB54526), the latter used as outgroup. Two
distinct clusters can be observed: Crt1 and Crt2 isoforms versus Crt3 isoforms. Bootstrap
values are indicated on respective branch.
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Fig. 2 cont.

crt gene maps

Genomic crt sequences from the different isoforms in both monocotyledons and

eudicotyledons were analyzed to obtain the exon/intron organizations for the crt genes in

higher plants. In Arabidopsis, individual crt exon lengths were generally conserved

between the genes (Fig. 3).

Analogous information from monocotyledons were obtained using BLASTN searches of

the O. sativa genome (for draft descriptions see Goff et al., 2002; Yu et al., 2002) at the
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NCBI with cDNAs corresponding to the crt1/crt2 isoform group (GenBank Accession

number AB021259), and the crt3 isoform group. A 100 % sequence identity was obtained

when aligning the crt3 cDNA with the corresponding genomic clone (GenBank

Accession number AAAA01001172). However, when aligning the crt1/crt2 cDNA with

the reverse complement of the only genomic sequence hit obtained (GenBank Accession

number AAAA01007283), we discovered that the hit only showed 98% sequence identity

with the query entry, and thus harbored a novel crt isoform. The genomic sequence

corresponding to the O. sativa crt used in the initial BLASTN search is currently not

available. Hence, it appear that the evolution of Crt isoforms in rice is similar to the

isoform evolution in both maize, and Hordeum vulgare, yielding two closely related

paralogs for the Crt1/Crt2 isoform group, and a more distantly related Crt3 isoform (Fig.

1).

The obtained genomic clones from O. sativa were used to generate individual exon

lengths for the crt isoforms. Although only one genomic clone corresponding to the

crt1/crt2 isoform group was found, a 100% sequence identity in the splice regions to both

crt1 and crt2 in Z. mays gave the exon lengths for both isoforms (Fig. 3). Whereas exons

encoding the C terminus vary considerably for different isoforms and species, both in

lengths and splice codons, all exons encoding the N and P domains of the proteins are

conserved, with splice sites located in the same corresponding regions (Fig. 3).

Evolution of the crt gene in higher plants

In silica mapping of the A. thaliana crts reveals that the crt2 and crt3 genes are located

closely together on chromosome 1 at locus At1g09210 (GenBank Accession number

AY045656), and At1g08450 (GenBank Accession number U66345), respectively. The
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crt1 gene is also located on chromosome 1, at locus At1g56340 (GenBank Accession

number U66343). To investigate potential relationships between major duplication events

in the Arabidopsis genome and the evolution of the crt gene, we examined if any of the

crt loci were situated in known duplicated genomic segments. Whereas the crt1 and crt2

genes were found in a region that was duplicated approximately 50 million years ago

[Vision et al., 2000 (blocks 8a and 8b in figure 1)], the crt3 gene locus is located in a

region without any major duplication activity reported (data not shown).

The evolutionary split between the monocotyledons Z. mays and O. sativa has been

estimated to be 52 + 15 million years ago (Bremer, 2002). When comparing crt1/crt2

sequences for these species, an identity of approximately 85% is observed. Since the

sequence identity between crt1 and crt2 in A. thaliana is 83%, the predicted time of the

genomic duplication of the Arabidopsis crt locus appears probable.

A close examination of the exon/intron patterns of crts in different species revealed an

apparent pattern of evolution. Overall, the sizes of exons, including exon fusion products,

are conserved among isoforms and species investigated, with the exception of exons 1,

11, 12, and 13 [exon numbers for the crt3 isoforms (Fig. 3)]. The crt3 gene has 14 exons

in A. thaliana, O. sativa, and Z. mays, with exon sizes highly conserved except for exon 1

and 12 (Fig. 3). A comparison of genes from the crt1/crt2 isoform groups among species

revealed that crt1 and crt2 in both Z. mays and O. sativa contain 14 exons similar to the

crt3 genes, while crt1 and crt2 in A. thaliana, only contain 12 and 13 exons, respectively.

This result is predicted from exon fusions of exons 4, 5, and 6 in Arabidopsis crt3,

generating larger exons, exon 4 in crt1 , and exon 5 in crt2 (Fig. 3). Thus, the

conservation among the crt genes is highest for the crt3 isoforms in the investigated
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species, while the crt1/crt2  isoforms show evolutionary deviations among

monocotyledons and eudicotyledons.

Cloning and expression of crt orthologs in Brassica rapa

To obtain additional information regarding orthologous crt1/2 and crt3 isoforms, a

standard BLASTN search was performed against ESTs from various plant species at the

NCBI. Although several plant species were found to have ESTs corresponding to either

putative crt1/2 or crt3 isoforms (score > 200, respectively), only B. rapa contained ESTs

correlating to both isoform groups (data not shown). The ESTs corresponding to the

crt1/2 and crt3 isoform groups from B. rapa were aligned and the overlapping sequences

were used to generate specific probes for the putative crt1/2 and crt3 isoforms. Both

probes recognized a band at an approximate size of 1.4 kb of the total RNA from B. rapa

leaves, indicating that the two isoform groups are present in B. rapa (data not shown).

Overlapping ESTs for crt3 from B. rapa were also used to generate sequence specific

primers against the 5’-end of the putative crt3 isoform, whereas an oligo-dT15 primer was

used for extension from the 3’-end. A 1300 bp nucleotide sequence was obtained. Out of

these, the first 1146 were sequenced (Sequence is under submission to GenBank), and an

open reading frame encoding 381 amino acids was generated (Fig. 4). We were unable to

obtain the sequence for the far C terminal end, most likely due to secondary structures in

the nucleotide sequence (Technical support, MWG Biotech, Ebersberg, Germany). The

deduced amino acid sequence shows high homology to the Crt3 isoforms in Arabidopsis

and maize (91%, and 72% identity, respectively), but only 58%, and 57% identity to the

Arabidopsis Crt1, and Crt2 isoforms, respectively. Furthermore, the B. rapa Crt3 isoform

contained the typical Crt features indicated in Figure 4. The sequence was aligned with
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Fig 3. Gene maps of crt genes in A. thaliana and O. sativa. Exons are indicated as black
boxes and introns as white boxes. Exon and intron sizes are indicated in number of base
pairs within each box. The gene names and corresponding species are listed to the left.
The arrows to the right indicate the direction of evolution. Genes best representing the
most ancestral crt genes, crt3s, are in a grey bracket, and the direction of gene divergence
with adjacent arrows. Conservation of exon size between genes is indicated by shaded
areas.
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Fig 4. Cloning of crt3 from B. rapa. Nucleotide sequence, and deduced amino acid
sequence of the crt3 isoform (Sequence is under submission to GenBank) in B. rapa.
Several Crt characteristics are indicated in accordance with Figure 2. The transparent
boxes indicates the three conserved cysteine residues.
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Crt1, Crt2, and Crt3 from Arabidopsis and Crt from Chlamydomonas reinhardtii and an

exhaustive phylogenetic analysis was performed. Using the Crt from C. reinhardtii as

outgroup, two distinct clusters were obtained with the putative B. rapa Crt3 sequence

closely clustered with the Arabidopsis Crt3 (data not shown). These data strengthen the

hypothesis advocating two distinct Crt isoform groups in both mono- and eudicotyledons.

Tissue dependent expression of crt isoforms in Arabidopsis and maize

Northern blot analyzes of various tissue-types from both Arabidopsis and maize were

performed to determine where the crt1, crt2, and crt3 isoforms are expressed (Figs. 5A-

F). Specific probes for the crt1/crt2 and crt3 isoforms were generated, and cross-

reactivity among probes was checked. None of the probes showed any cross-reactivity

within respective species (Figs. 5A and 5D).

The Arabidopsis crt1 and crt2 isoforms were mainly expressed in leaves, roots and

flowers, with a lower expression in the inflorescence stem (Figs. 5B and C). On the other

hand, the Arabidopsis crt3 isoform was predominantly expressed in leaves and roots, and

was not detected in the inflorescence stem (Figs. 5B and C). A similar expression pattern

was observed in maize, where the crt1/crt2 isoforms were present in all investigated

tissues (data not shown), and the crt3 isoform was most abundant in leaves and roots

(Fig. 5E). Since the northern blot analysis only revealed relative expression levels within

each isoform group, we performed an EST analysis for the Arabidopsis, maize and rice

crt cDNAs at the NCBI. Substantially more ESTs corresponding to the crt1/crt2 isoform

group than to the crt3 isoform group were obtained, indicating that crt1 and crt2 are the

abundant isoforms in higher plants (Table 1).
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Fig 5. Expression of crt isoforms in Arabidopsis and maize. A, D. Examination of
cross-hybridization of the Arabidopsis crt1, crt2 and crt3 (A) and maize crt1/2 and crt3
(D) isoform probes. 100 ng of each probe was applied to the membrane, and subsequently
probed with radiolabeled crt1, crt2, and crt3 probes corresponding to respective species.
The cross-hybridization was performed in parallel with northern blot hybridizations. B, E.
Northern blot analyzes of total RNA [10 µg/lane (Arabidopsis) and 14 µg/lane (maize)]
from various tissues in Arabidopsis (B) and maize (E). Membranes were probed with
radiolabeled crt1, crt2, and crt3 probes (Arabidopsis), and a crt3 probe (maize) within
respective species. Radiolabeled rRNA was used as a control. Arabidopsis experiments
were performed independently three times and gave similar expression profiles. Maize
experiments were performed once to confirm Arabidopsis patterns. C. Visualization of
relative expression of crt isoforms in various tissues for Arabidopsis. * The maize crt3
probe corresponds to a 101 nucleotide 3’ UTR segment.
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Stress-induction of the crt genes in Arabidopsis

To obtain information about the regulation of the different crt isoforms, we used

Arabidopsis cell suspension cultures. All three crt isoforms were expressed in the

suspension cells (Fig. 6A). We also investigated the expression of the different isoforms

during different phases of the growth-period. Whilst both crt1 and crt2 showed a high

expression during the three first days, corresponding to a rapid phase of growth, the crt3

expression was more evenly distributed over the growth period examined (Fig. 6B). Since

high initial expression of the crt isoforms would diminish putative up-regulations of the

genes in response to certain stresses, we chose to perform stress-experiments on 4-day old

cell cultures. As seen in Figure 6B, 4-day old cells are on the border between logarithmic

and stationary growth phases, still containing actively dividing cells. We used salt,

tunicamycin (an inhibitor of N-linked glycosylation processes), and ABA as stress-

mediators and monitored changes in the expression for crt1, crt2 and crt3 after 30 min, 4

h and 12 h treatments (Fig. 6C). Crt3 showed a fast response to salt and tunicamycin,

with a several-fold increase in expression for both treatments (30 min in Fig. 6C). In

contrast, both crt1 and crt2 showed no major increase in expression in response to 30 min

treatments. However, after 4 h of stress exposure, both the crt1 and crt2 expression

increased several-fold in response to tunicamycin (4 h in Fig. 6C). The induction of crt1

and crt2 was maintained and further increased after 12 h of tunicamycin treatment (12 h

in Fig. 6C). On the other hand, the increased crt3 expression observed at 30 min was no

longer evident.
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Fig 6. Analysis of crt expression in Arabidopsis suspension cell cultures. Northern
blot analyzes of total RNA (5 µg/lane) from Arabidopsis cell suspension cultures.
Membranes were probed with radiolabeled crt1, crt2, and crt3 probes. Radiolabeled
rRNA was used as a control. A. Untreated material probed with the different isoform
probes. B. Upper panel shows the fresh weight for the Arabidopsis cell suspension
cultures at different days in culture. Lower panel shows relative expression of the
isoforms corresponding to different days in culture. C. Arabidopsis suspension culture
cells treated with either 150 mM NaCl, 15 µg/ml tunicamycin, or 100 µM ABA. Cells
were either treated for 30 min, 4 h or 12 h. Radiolabeled rRNA was used as a control.
Experiments were performed twice and gave similar expression patterns.
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To investigate if a similar induction of the crt genes occurs in whole plants, we performed

stress-experiments with Arabidopsis plants grown on liquid medium. In addition to the

treatments described above, plants were subjected to drought and EGTA treatments. Crt1,

crt2 and crt3 transcripts all increased in whole plants after 2h of tunicamycin treatment

(Fig. 7). Furthermore, the crt3 expression was increased in response to salt stress, similar

Fig 7. Crt expression in response to stress treatments in Arabidopsis plants. Northern
blot analyzes of total RNA (10 µg/lane) from Arabidopsis plants grown on liquid
medium. Membranes were probed with radiolabeled crt1, crt2, and cr t3 probes.
Radiolabeled rRNA was used as a control. Plants were treated with either 150 mM NaCl,
15 µg/ml tunicamycin, 10 mM EGTA, 100 µM ABA or exposed to drought stress. Plants
were harvested after 2 h treatments. The ABA treatment was performed as a separate
experiment. Experiments were performed twice and gave similar expression patterns.
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to what was observed in the cell cultures (compare Figs. 6C and 7). Hence, in addition to

differences in tissue-dependent expression, differences are seen in stress-induced

expression among the Arabidopsis crt isoforms.

Variation in glycosylation status among Crt isoforms in Arabidopsis

Potential differences in post-translational modifications among Crt isoforms were

analyzed using the MacVector 7.0 software. The two isoform groups differ in the number

of negatively charged amino acids in the C-terminal region (data not shown). In addition,

we found three potential glycosylation sites in the Crt1 sequence, but only one in the Crt2

and Crt3 sequences, respectively (Fig. 8A). Putative differences in the number of attached

glycans were further supported by western blots, where three bands, corresponding to

Crts, were obtained (Fig. 8B). To confirm that the size differences of the bands were due

to attached glycans, an Arabidopsis homogenate was treated with the glycosidase PNGase

F, which removes N-linked glycans. Figure 8C shows that the upper band disappears

after a brief PNGase F treatment, indicating that the glycans attached to this Crt were

easily accessible for the glycosidase. Furthermore, one band showed remarkable

resistance to the glycosidase, and disappeared only after prolonged treatment (band

termed 1 glycan in Fig. 8C). The changes in the apparent molecular weight observed after

treatment with glycosidase do not exclude variability within the glycan moieties.

However, the migration patterns are consistent with the predicted number of glycans

attached to the proteins.
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Fig 8. Differences in numbers of N-linked glycans attached to different Crt isoforms
in Arabidopsis. A. Analysis of Crt protein sequences revealed three glycosylation sites in
Crt1, and one in Crt2, and Crt3, respectively. Analysis was performed using MacVector
7.0 Software. B. An Arabidopsis homogenate was analyzed by 10% SDS-PAGE (15 mg
protein/lane), blotted and immunostained with polyclonal antibodies against maize Crt
(1:5000). Numbers of glycans are indicated next to the lane. C. Arabidopsis homogenate
treated with PNGase F for 5 to 60 min under native conditions. The panel to the right
shows lane probed with polyclonal antibodies against Arabidopsis calnexin (Cnx)
(1:1000).
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Discussion

Calreticulins have been implicated in a variety of cellular processes, spanning from a

mediator of cellular adhesion in the extracellular matrix, to regulation of calcium

signaling and protein folding in the ER lumen (Johnson et al., 2001). The functional

diversity of the protein has lead to a search for additional Crt isoforms, resulting in the

discovery of a second isoform (Crt2), present in several mammalian species (Persson et

al., 2002a). To further corroborate diversity among plant Crt proteins, we here report the

existence of two distinct Crt isoform groups among higher plant species.

Several investigations have established that plants contain two or more Crt isoforms

(Chen et al., 1994; Kwiatkowski et al., 1995; Nelson et al., 1997). The present

nomenclature for plant Crts suggests that duplication events resulted in two or several

orthologs. However, it now appears that plant Crt1 and Crt2 isoforms rather represent

paralogous isoforms within respective species, while the Crt3 isoform appears to have

orthologs (Figs. 1 and 2B). We have therefore used the label Crt1/Crt2 isoform group,

and Crt3 isoform group for Crts belonging to the respective isoform cluster. To avoid

future misunderstandings regarding functional aspects of Crt isoforms, we suggest a

reevaluation of the Crt nomenclature within the Viridiplantae kingdom. Proposed names

should be in accordance with current ontology, i.e. Crt1a and Crt1b for the Crt1/Crt2

isoforms, and Crt3 remaining as Crt3.

Alignment of the putative maize Crt3 isoform with other plant Crt isoforms revealed that

the sequence contains several features typical for Crt proteins, e.g. an ER signal sequence

in the N-terminus, three cysteine residues important for the proper folding of the protein,

the three tandem repeats in the P domain, and the ER-retrieval signal in the C terminus
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(Fig. 2A; Michalak et al., 1999). Although the signal sequence for the maize Crt3 isoform

is distinctly different compared to the other aligned isoforms (Fig. 2A), it does contain

typical features for ER-localization: i.e. positively charged amino acid(s) in close

proximity of the N terminus, an aliphatic/ hydrophobic stretch downstream of the

positively charged amino acid(s), and a few polar amino acids together with an

alanine/leucine immediately upstream of the cleavage site (von Heijne, 1985), suggesting

proper ER targeting.

Examining the genomic organization of the crt genes in Arabidopsis and rice showed that

the structure of the gene is highly conserved (Fig. 3). The crt3 genes in both Arabidopsis

and rice have 14 exons, with high similarity in exon sizes. In contrast, the crt1 and crt2 in

Arabidopsis consist of 12 and 13 exons, respectively, whereas the crt1/crt2 isoforms in

rice consist of 14 exons. The best representation of an ancestral crt gene is therefore

provided by the crt3 gene in higher plants. From the genomic sequences it is also evident

that the regions corresponding to the N, and P domains of the protein show a high degree

of conservation. In contrast, exons corresponding to the C domain are less well

conserved. The rate of conservation among the exons is also reflected in the amino acid

sequences, where the C domain is less conserved than the other domains. Apparently the

selection pressure is higher for the N, and P domains, possibly due to structural or

functional importance, compared to the C terminus.

It is believed that the main Ca2+-binding capacity of Crt proteins is given by the number

of negatively charged amino acids in their C-terminal region (Baksh and Michalak, 1991).

The differences in size and sequence among exons corresponding to the C terminus of the

Crts therefore imply differences in the efficiency of Ca2+-binding. When comparing the
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number of negatively charged amino acids in the C domain for the different isoforms it is

apparent that the Crt3 isoforms contain less acidic residues than both the Crt1 and Crt2

isoforms, in all investigated species (37%, 35%, and 26% for Arabidopsis Crt1, Crt2, and

Crt3, respectively). If the negatively charged residues truly correspond to the amount of

Ca2+ that Crt can withhold, the Crt3 isoforms should have less overall effect on the ER

Ca2+-levels. In addition, there are more ESTs corresponding to the isoforms in the

Crt1/Crt2 isoform group. This supports Crt1 and Crt2 as the major functional isoforms,

possibly due to an enhanced Ca2+-binding efficiency, and may indicate a less dominant

role for the Crt3 isoform in Ca2+ homeostasis.

Implications of the C domain sequence and length variations might also lie in its

sensitivity to proteolytic activity. Earlier reports have shown that the C domain is

sensitive to degradation, which might affect the subcellular location and functionality of

Crts (Persson et al., 2002b; Corbett et al., 2000). The differences observed in the domain

could therefore affect both the stability of the protein, possibly functioning as a turnover

mechanism or as a switch for other subcellular localizations, and interacting components

of Crts.

A close examination reveals that the last exon, containing 12 coding nucleotides,

corresponds to the ER-retrieval signal, important for the retention/retrieval of resident ER

proteins (Gomord et al, 1999). Since the Crt protein is suggested to be involved also in

processes occurring outside the ER, mechanisms to escape the ER retrieval machinery has

been suggested (Baldan et al., 1996; Eggleton and Llewellyn, 1999). Also, as mentioned

above, the sensitivity of the C domain to proteolytic activity could alter the localization of
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Crts (Corbett et al., 2000). It is therefore tempting to speculate whether an alternative

splice variant, lacking the HDEL signal, exists.

Here we show that crt1 and crt2 were most abundant in floral, root and leaf tissues with a

lower expression in stem tissues for both Arabidopsis and maize (Fig. 5B; data not

shown). In contrast, crt3 from Arabidopsis and maize showed highest expression in

leaves and roots (Figs. 5B and E). The higher relative expression of maize crt3 in roots

might be because the plants were soil-grown, whereas the Arabidopsis plants were grown

on liquid medium (compare Fig. 5B and E). Earlier reports have shown that crt, while

present in various tissues in curled-leaf tobacco (Borisjuk et al., 1998), Arabidopsis

(Nelson et al., 1997), tobacco (Denecke et al., 1995), and barley (Chen et al., 1994), was

most abundant in floral tissues. Although none of the latter investigations have performed

expression studies for the full set of crt isoforms, the overall expression patterns reported

here are consistent with these reports.

Members of the different isoform groups respond differently to applied external stimuli.

Whereas the crt3 was induced already after 30 min in response to salt or tunicamycin

treatments, the crt1 and crt2 isoforms showed a slower induction in Arabidopsis. The

faster response of the crt3 isoform could be due to an overall low expression level of this

isoform, implied by the small number of reported ESTs, and therefore lead to a

compensatory up-regulation of crt3. Another plausible explanation would be that the

different Crts participate in different regulatory pathways, and would support functional

diversity among the Crt isoforms. A several-fold induction of the crt2 gene was recently

reported in response to both tunicamycin and dithiothreitol in Arabidopsis (Martinez and

Chrispeels, 2003), supporting the up-regulation reported here.
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Examining the amino acid sequences for potential post-translational modifications

revealed that the members from the two isoform groups in Arabidopsis contain different

numbers of negatively charged amino acids and that there might be a difference in

numbers of attached glycans in the Crts. Here we show that the different Arabidopsis

isoforms potentially can acquire different numbers of N-linked glycans (Fig. 8). Both

plant and mammalian Crts can be glycosylated (Jethmalani et al., 1994; Navazio et al.,

2002). Although the function of glycosylation of Crts remains elusive, a potential role

could be to mediate a redistribution of Crts to other cellular compartments (Jethmalani et

al., 1997). Furthermore, the structural composition of the attached glycans also

corresponds to which compartments Crt has been translocated through, i.e. the complexity

of the glycan is enhanced when modified by enzymes associated with the Golgi apparatus

(Crofts et al., 1999; Pagny et al., 2000; Navazio et al., 2002). The structures of the glycan

moieties have therefore been used to monitor if Crt can escape out of the ER in plants

(Navazio et al., 2002). Since the glycosidase used in this study, PNGase F, removes N-

linked glycans which lacks a core a(1,3)fucose residue, it seems likely that the

investigated Crts did not translocate beyond the ER or cis-Golgi compartments (Pagny et

al., 2000; Navazio et al., 2002).

In conclusion, together with the establishment of a second Crt isoform (Crt2) in animals

(Persson et al., 2002a), the data presented here show that two distinct Crt forms are

generally present in both animals and higher plants. In addition, differences in expression

patterns, regulation and post-translational modifications support multi-functional roles of

Crts.
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Materials and Methods

Computational analysis of Crt protein sequences

Protein sequences corresponding to different Crt isoforms were obtained from the

Swissprot and Genbank databases via the National Center for Biotechnology Information

[NCBI (www.ncbi.nlm.nih.gov], using BLASTP (Altschul et al., 1997). Sequences were

compared within each species to eliminate incorrect or redundant entries. Multiple

alignment of 18 Crt protein sequences was performed using ClustalW, the MacVector 7.0

software package (Oxford Molecular Group plc, U.K.). The alignment was carried out

using the Blossum series matrix, with an open gap penalty of 10 and an extend-gap

penalty of 0.05, followed by manual adjustments. Heuristic searches using the maximum

parsimony method were performed on the aligned sequences using the PAUP 4.0b8a

software (Sinauer Associates, Inc. Publishers, Sunderland, MA), with Tree Bisection-

Reconnection (TBR) branch-swapping algorithm and gaps treated as missing data.

Alleloforms and protein sequences under 100 amino acids in length were excluded from

the phylogenetic analysis. The Crt amino acid sequence from Chlamydomonas reinhardtii

(GenBank Accession number CAB54526) was used as outgroup (phylum Chlorophyta).

Support of the phylogeny was estimated using bootstrap analysis of 100 replicates with

heuristic searches.

The Arabidopsis crt2 and crt3 sequences were used to obtain corresponding B. rapa ESTs

using a BLASTN analysis (Altschul et al., 1997) via the NCBI. Only ESTs with scores

higher than 200, E values lower than 6e-65, were considered ESTs for putative Crt2 and

Crt3 isoforms.
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Sequence comparison of Crt proteins

Protein sequences corresponding to Arabidopsis thaliana Crt1, A. thaliana Crt2, A .

thaliana Crt3, Zea mays Crt1, Z. mays Crt2, and Z. mays Crt3 (GenBank Accession

numbers AAC49695, AAK74014, AAC49697, CAA86728, AAF01470, and translated

from nucleotide sequence AY105822, respectively), obtained from the Genbank database

via the NCBI, were used for sequence analysis. A ClustalW multiple alignment of protein

sequences was carried out as described above. The two conserved triplet regions, denoted

I and II in the alignment (Fig. 2A), were obtained from Michalak et al. (1999) and

correspond to PXXIXDPDAXKPEDWDE (three times) and GXWXPPXIXNPXYX

(three times).

Exon/intron organisation

Arabidopsis crt exons were obtained at the NCBI. BLAST analyzes using Arabidopsis

ESTs against the A. thaliana genome at the NCBI were performed to retrieve genomic

clones harboring the corresponding gene. The exon/intron organization was obtained by

ClustalW pairwise alignment of each crt mRNA with corresponding genomic clone and

subsequent manual adjustment. The same crt mRNA sequences were used to confirm the

genomic localization.

Stress experiments

An Oryza sativa cDNA corresponding to Crt3 (GenBank Accession number AP003316)

was obtained performing BLASTN analysis at the NCBI with the Arabidopsis crt3

sequence against the nr database with an O. sativa limit. The obtained O. sativa crt1/crt2,

and crt3 sequences were used to BLAST search the O. sativa genome. Obtained genomic

sequences [GenBank Accession number AAAA01007283 (crt1/crt2), and GenBank
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Accession number AAAA01001172 (crt3)] were aligned against available mRNA

sequences and manually adjusted, to obtain corresponding intron and exon organizations.

Gene maps were drawn manually based on obtained exon and intron sizes.

Plant material

Brassica rapa (subspecies pekinensis) plants were grown in a growth chamber with a 14-

h light/10-h dark photoperiod at 22°C, and 70% relative humidity until 5 weeks after

germination. A. thaliana ecotype Columbia-0 were grown on soil with a 10-h light/14-h

dark photoperiod at 22°C, and 70% humidity until six weeks after germination. The

Arabidopsis plants were then transferred to a green house with a 16-h light/8-h dark

photoperiod until flowering was obtained. Arabidopsis roots, and Arabidopsis plants for

stress-related experiments, were obtained from A. thaliana ecotype Columbia-0, grown

on Murashige and Skoog liquid medium with a 14-h light/10-h dark photoperiod at 22 °C,

and 70% relative humidity until six weeks after germination. A. thaliana cell cultures

were maintained in 25 ml liquid culture medium (Gamborg B5 salts, 15 g/l sucrose, 0.1

mg/l 2,4-D, 1 mg/l kinetin, 2 mM KH2PO4, pH 5.7) at 22 °C with gyratory shaking at 150

rpm, in continuous light. Cells were subcultured weekly with a 10 % (v/v) inoculum.

Maize (Z. mays L. cv Pioneer 3183) plants were grown in soil in a greenhouse

supplemented with lights as previously described (Perera et al., 1999). Six-week old

plants were used for RNA isolation. For endosperm samples, variety W64A+ kernels

were harvested 18 d after pollination during the summer of 2002.

Arabidopsis plants, grown on liquid medium, were treated with either 150 mM NaCl, 10

mM ethylene glycol-bis(b-aminoethylether)-N, N, N’, N’-tetra-acetic acid (EGTA), 15

µg/ml tunicamycin, 100 µM abscisic acid (ABA) or subjected to drought. To avoid
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responses to fresh medium, respective treatments were added to medium that had been

changed 4 days earlier. Treatments were terminated after 2 h, and plants were harvested

into liquid nitrogen, and stored at –80 °C. Water, or methanol (solvent for tunicamycin

and ABA), was used as control treatments.

For the Arabidopsis suspension cultures, cells were harvested four days after inoculation

into new medium and treated with 150 mM NaCl, 15 µg/ml tunicamycin, or 100 µM

ABA. Flasks contained approximately 8 g cells/ 50 ml inoculum when treatments were

initiated. 5 ml was removed after 30 min, 4 h and 12 h treatments from each flask. Cells

were harvested by centrifugation (250 g) for 2 min, immersed into liquid nitrogen, and

stored at –80 °C.

Cloning and northern blot analysis

B. rapa leaves were harvested 5 weeks after germination, and total RNA was prepared

using a conventional phenol/chloroform extraction. Total RNA was used as template for

RT-PCR, using a primer designed against putative crt3 ESTs for the 5’ end (5’-

ATGAGATTAACCCAAAACAAGC-3’), and an oligo-dT15 primer (Boehringer

Mannheim Scandinavia AB, Bromma, Sweden) for the 3’ end. A QIAGEN OneStep RT-

PCR kit (QIAGEN, Merck Eurolab AB, Spånga, Sweden) was used for the first strand

synthesis, and subsequent PCR step. Obtained products were separated on a 1.5% (w/v)

agarose gel. The putative crt3 fragment was excised and sequenced for identification.

Total RNA was obtained using a conventional chloroform/phenol extraction from either

five-week old leaves from B. rapa, various tissues from Arabidopsis grown for 10 weeks

and from Arabidopsis cell cultures. During total RNA preparation from Arabidopsis
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flowers 2 mM dithiothreitol was included during the extraction step. The RNA was

separated using an agarose/formaldehyde gel, and blotted to a Hybond N+ membrane

(Amersham Pharmacia Biotech, Uppsala, Sweden). For maize, tissues were excised from

6 to 7 week-old maize plants. The upper portion of the maize plants were harvested and

frozen in liquid N2. Then roots were removed from the soil, washed in water, excised and

frozen in liquid N2. Samples were stored at – 80 º C and total RNA was extracted by

using TRIzol ® Reagent (Invitrogen Life Technology). The RNAs were separated in a

formaldehyde-containing gel (1.5% (w/v) of agarose, 40 mM triethanolamine and 2 mM

Na2EDTA). The RNAs were transferred from the gel to a nylon membrane (Osmonics)

and immobilized on the membrane using UV cross-linking (UV Stratalinker - Stratagene).

cDNA clones harboring Arabidopsis crt1, crt2, crt3, and maize crt1/2 were used as full-

length probes. A 101 nucleotide sequence corresponding to the 3’ UTR for maize crt3

was obtained from MWG (MWG Biotech, Ebersberg, Germany), and used as isoform

specific probe. Since the maize crt1 and crt2 isoforms are 98% identical on a nucleotide

level (UTRs included), we were unable to generate specific probes for these isoforms.

Probes were radiolabeled using the RediprimeTMII kit (Amersham Pharmacia Biotech,

Uppsala, Sweden). Cross-hybridizations among probes were investigated by dot-blotting

100 ng of either probe, or for the B. rapa control 100 ng of the cloned crt3 isoform, onto a

Hybond-N+ membrane. The membranes were subsequently hybridized with each probe in

parallel with the membranes containing the separated RNA to be investigated.

Hybridization was carried out using ExpressHybTM Hybridization Solution (Clontech

Laboratories, Palo Alto, CA, USA), essentially according to the manufacturer’s protocol.

A radiolabeled cDNA corresponding to 26S rRNA was used as a control.
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Analysis of N-linked glycans

Arabidopsis Crt1, Crt2, and Crt3 protein sequences were analyzed using the MacVector

7.0 software (Oxford Molecular Group plc, U.K.). Six week-old greenhouse grown

Arabidopsis plants were homogenized using a tight-fitting glass-glass homogenizer in 200

mM sucrose, 25 mM Hepes-KOH, pH 7.0, 3 mM EGTA, 1 mM MgSO4, 1 mM

phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol. The homogenate was centrifuged

at 1,000 g for 10 min at 4°C, and the supernatant was used for glycosidase analysis, SDS-

PAGE, and immunoblotting. Recombinant N-glycosidase F [PNGase F (New England

Biolabs, Beverly, MA, USA)] was used for the N-linked glycosidase treatment.

Deglycosidation was carried out essentially according to manufacturer’s protocol, under

native conditions.

SDS-PAGE and immunoblotting

The Arabidopsis homogenate was solubilized by addition of one third of 3.33¥sample

buffer (250 mM Tris-HCl, pH 6.8, 6% (w/v) SDS, 33% (v/v) glycerol, 15% (v/v) b-

mercaptoethanol, and 0.02% (w/v) bromophenol blue). Equal amounts of solubilized

proteins were separated on a 10% Laemmli SDS-polyacrylamide gel. Gels were either

stained with Coomassie Brilliant Blue, or transferred to a hydrophobic polyvinylidene

fluoride membrane (ImmobilonTM-P Transfer membrane, Millipore corporation, Bedford,

MA, USA). Proteins were wet-blotted at 100 V for 1 h. After transfer, the blotting

membranes were blocked with 4% blocking reagent (BioRad laboratories, CA, USA) in

Tris-buffered saline with 0.2% (v/v) Tween-20 for 1 h at room temperature. The

membranes were incubated with either an antiserum against Crt from maize diluted

1:5000, or an antiserum against calnexin from Arabidopsis diluted 1:1000. Polyclonal Crt

antibodies were raised against a purified deglycosylated maize Crt, essentially described
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in Pagny et al. (2000). Immunodecoration was visualized with chemiluminescent

detection of horseradish peroxidase according to the ECLTM western detection reagent

protocol (Amersham Pharmacia Biotech, UK).
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