














has been established for this protein, it is not possible to per-
form functional complementation experiments. However, the
high sequence similarity leads us to propose that RPL60 is
the plant homolog of mammalian calreticulin and that it should
therefore be called tobacco calreticulin.

Antibodies prepared against the C-terminal portion of the
protein gave the same pattern of immunolabeling as that ob-
served for BiP, whose localization in the ER is beyond doubt.
Staining patterns that would be typical for the Golgi appara-
tus (Satiat-Jeunemaitre and Hawes, 1992; Henderson et ai.,
1994) were not observed. However, cell fractionation and im-
munofluorescence microscopy are unsuitable techniques for
excluding the possibility that ER resident proteins such as cal-
reticulin and BiP can leak out to the Golgi apparatus.

Interestingly, calreticulin and BiP are detected in microtu-
bule arrays of dividing cells. It has been shown that the ER
is arranged parallel to the microtubules during cell division
in plant cells (Schmiedel et al., 1981), and our data support
these observations. The concentration of RPL60 and BiP at
the cell plate may refiect a high level of activity of the endo-
membrane system after cell division to synthesize cell wall
polysaccharides and proteins at the newly formed cell wall.

Is Calreticulin a Calcium Storage Protein or a
Chaperone?

Calreticulin is a highly abundant reticuloplasmin in both mam-
malian and plant cells. Due to its calcium binding capacity,
this protein could be involved in calcium immobilization in the
ER lumen and have a role in signal transduction mechanisms
that are based on the release of calcium by the ER. In mam-
malian cells, the protein is known to bind calcium through
a low-capacity/high-affinity region and a high-capacity/low-
affinity region (Michalak et al., 1992). In the plant protein, the
high-affinity region is extremely conserved. The low-affinity
region is at the C terminus of the protein, and on the amino
acid level there is less similarity except for the conserved pre-
dominance of acidic residues within this region. The barley
homolog of calnexin is 79.3% identical to the tobacco homo-
log and was shown to possess calcium binding activity similar
to that reported for mammalian calreticulin (Chen et al., 1994).
Itis unclear in any eukaryotic system whether the calcium bind-
ing activity is involved in calreticulin function. Our data indicate
that RPL60/calreticulin is a homomultimeric glycoprotein in its
native form, although the number of subunits is unknown.
It has been shown that radiolabeled calreticulin of mam-
malian cells binds to proteins blotted on nitrocellulose
membranes and that the interaction occurs mainly through its
C-terminal domain (Burns and Michalak, 1993). Here, we pres-
ent evidence that plant calreticulin is present in protein
complexes in vivo. Native complexes could be immunoprecip-
itated, complex formation was shown to be stress dependent,
and complexes could be dissociated by addition of ATP and
Mg?*. These observations indicate that complex formation is
of biological significance. The polypeptides that form complexes
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with calreticulin have not yet been identified. It is unclear how
ATP is involved in the dissociation of calreticulin complexes,
because the sequence of the cDNA clone does not reveal any
obvious consensus sites for ATP binding. The 75-kD protein
has the same molecular mass as BiP and is associated even
when cells are grown in the absence of stress; this calreticu-
lin protein complex is the most abundant one. This finding
would explain the ATP-mediated release of the 75-kD protein
from calreticulin. However, it cannot explain the ATP-dependent
coprecipitation of the other polypeptides, because BiP has
never been shown to bind to several polypeptides simul-
taneously. In particular, the 32-kD protein that interacts with
calreticulin to some extent even in the presence of ATP indi-
cates that calreticulin is forming complexes independent of
the presence of the 75-kD protein. Clearly, further work is re-
quired to determine whether the presence of calreticulin in
protein complexes reflects a chaperone activity, as suggested
for calnexin.

Is Calreticulin a Soluble Counterpart of Calnexin?

The primary structure of calreticulin is very similar to that of
calnexin, an ER resident type | transmembrane protein. Cal-
nexin has a longer C terminus comprising the transmembrane
domain and a charged cytoplasmic tail, and its lumenal por-
tion could be regarded as a membrane-anchored form of
calreticulin (see Figure 2A). Calnexin was shown to associate
with secretory glycoproteins (Ou et al., 1993) but with a bind-
ing specificity different from that reported for the ER lumenal
molecular chaperone BiP. Moreover, complexes were shown
to be formed with membrane proteins through transmembrane
interactions that are postulated to be unavailable to the major
soluble ER chaperone BiP (Margolese et al., 1993). Whereas
calnexin binds to a variety of newly synthesized proteins,
prolonged association was observed for unassembled ER-
retained T-cell receptor B chains (David et al., 1993). Also, the
ability of calnexin to protect and retain major histocompatibil-
ity complex class | assembly intermediates was proposed to
contribute to the efficient intracellular formation of class | pep-
tide complexes (Jackson et al., 1994). Engineered calnexin that
lacks the ER retention motif for type | membrane proteins and
localizes to the Golgi apparatus was able to redirect normally
ER-retained CD3 e-chains to the Golgi in coexpression experi-
ments in vivo (Rajagopalan et al., 1994). The latter report
provided the most direct evidence for an in vivo chaperone
function, and calnexin may thus be involved in protein assem-
bly and perhaps in the retention within the ER of unassembled
protein subunits in vivo. The high similarity between the lu-
menal portion of calnexin and calreticulin suggests that
calreticulin may have a similar function in protein assembly.

Other Functions for Calreticulin?

Mammalian calreticulin was shown to contain a putative nu-
clear targeting signal (PPKKIKDPD), and the possibility of a
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nuclear localization has been suggested by Michalak et al.
(1992). However, the corresponding sequences in the tobacco
protein (PPKTIKDPS) and the barley protein (PPKEIKDPS) do
not have such a consensus site. Moreover, the probability that
the signal peptide of calreticulin would escape retrieval by the
signal recognition particle, which can occur either cotransia-
tionally or post-translationally, is not very high, and to our
knowledge, this situation has never been reported for any pro-
tein. This view is challenged by the recent observation that
purified calreticulin is capable of inhibiting nuclear hormone
receptor activity by binding to the KXFFKR DNA binding do-
main of steroid hormone receptors (Burns et al., 1994; Dedhar
et al., 1994). These authors also report the detection of cal-
reticulin in nuclear extracts and in the cytoplasm. Our studies
do not exclude this possibility. Clearly, further research is re-
quired to define the function of calreticulin in vivo, but the
subceliular localization and the primary sequence suggest a
function in the lumen of the ER/nuclear envelope rather than
in the nucleoplasm.

Regulation of Transcript Levels of Calreticulin
and Other ER Proteins

We have studied the mRNA levels of calreticulin and other ER
proteins in several conditions under which the activity of the
ER changes. During seed germination, hydrolase secretion
is needed for a relatively short time to mobilize starch reserves
from the endosperm. The barley aleurone undergoes dramatic
morphological changes at the onset of hydrolase secretion,
one of which is the proliferation/reorganization of ER mem-
branes (Jones, 1969a, 1969b, 1980; Evins and Varner, 1971;
reviewed in Jones, 1985). Calreticulin, BiP, and endoplasmin
represent a large proportion of the steady state content of the
ER lumen and could thus be regarded as a measure for ER
abundance. The GAz-mediated induction of secretory enzyme
synthesis in barley aleurone cells was accompanied by a coor-
dinated increase in the mRNA concentrations for calreticulin,
BiP, and endoplasmin. Both the timing and the GA3 dose de-
pendence of reticuloplasmin mRNA correlate with that of
a-amylase, an abundant secretory protein we used as a rep-
resentative marker to monitor secretory activity in these cells.
These observations correspond well with ultrastructural studies
and measurements of lipid metabolism which have indicated
that ER proliferation occurs (Jones, 1969a, 1969b; Evins and
Varner, 1971). However, this observation could also indicate
merely a higher secretory activity of the ER. The latter possi-
bility is supported by measurement of cytochrome ¢ reductase
levels, a classic marker of the ER in qualitative cell fraction-
ation. In purified microsomes of GAa-treated aleurone celis,
a putative BiP cognate was found to enrich relative to
cytochrome ¢ reductase compared with microsomes prepared
from ABA-treated cells (Jones and Bush, 1991). Hence, it re-
mains to be determined whether the ER proliferates or merely
reorganizes at the onset of hydrolase secretion in response
to GA3

ER chaperones such as BiP are thought to be regulated via
a feedback mechanism termed the malfolded protein response.
The tunicamycin-mediated induction of BiP and PDI was pro-
posed to be achieved by such a feedback regulation, and
recently, a transmembrane receptor kinase located in the en-
domembrane system of yeast was implicated in this process
(Cox et al., 1993; Mori et al., 1993). Results from our experi-
ments revealed that calreticulin, BiP, and PDI are not always
coordinately regulated. Treatment of tobacco cells with tuni-
camycin mainly induced BiP and PDI, whereas calreticulin
expression was almost unaffected under these conditions.
Other stress treatments were also shown to result in differen-
tial responses. To explain these results, we postulate that signal
transduction pathways other than the malfolded protein re-
sponse must exist to induce the enhanced synthesis of different
ER proteins under specific stress conditions. The cloning of
genes encoding other ER resident proteins involved in pro-
tein biosynthesis by the endomembrane system will provide
the necessary target genes to study signal transduction start-
ing from the lumen of the endomembrane system and to study
regulatory mechanisms that ensure correct function of the ER
under various conditions.

METHODS

Protein Purification and Microsequencing

Microsomal fractions were prepared from germinating tobacco seed
3 days after the start of imbibition, as described by Denecke et al.
(1992). Soluble proteins were extracted by osmotic shock treatment
in a buffer containing 50 mM Tris-HCI, pH 7.5, 2 mM EDTA, 10 mM
B-mercaptoethanol, and 1 mM phenylmethylsulfonyi fluoride, during
5min on ice. The pellet was resuspended by gently pipetting the solu-
tion through a Pasteur pipette. The suspension was centrifuged at 16000
rpm during 10 min in an Eppendorf centrifuge (Eppendorf-Netheler-
Hinz GmbH, Hamburg, Germany), and the membrane peliet was
resuspended once more, extracted once more as described previously,
and then discarded. The supernatants were pooled, frozen, thawed,
and centrifuged as given previously, and the supernatant was dialyzed
against 20 mM Tris-HCI, pH 75. The dialyzed solution was centrifuged,
and the supernatant was loaded on a Mono-Q column using the Phar-
macia FPLC system. Proteins were eluted with a continuous salt
gradient (buffer B was 20 mM Tris-HCI, pH 75, 1 M NaCl), and frac-
tions were analyzed by protein gel blotting using the monoclonal
antibodies 1D3 and 5D3 and polyclonal antibody KX5-KDEL (Vaux et
al., 1990). Fraction 9 in Figure 1 was concentrated by spin dialysis
using centricon 10 microconcentrators (Amicon Inc., Beverly, MA), and
gel filtration was performed on a Superose 6 column (Pharmacia) with
20 mM Tris-HCI, 100 mM NaCl as the mobile phase.

1D3-reactive gel filtration fractions containing either RPL60 or RPLS0
were brought to pH 2 with trifluoroacetic acid (TFA) and concentrated
by reverse phase chromatography on a C4 Brownlee column (2.1 x
30 mm) (Applied Biosystems Inc., Foster City, CA). Buffer A was 0.12%
TFA in water. Buffer B was 90% acetonitrile, 10% water, 0.1% TFA.
The column was developed with a gradient of 2 to 62% buffer B dur-
ing 60 min. The flow rate was 0.1 mL/min. The chromatogram was
monitored with a Waters Diod array detector (Millipore AB. Waters



Chromatography Division, Sundbyberg, Sweden) at 214 nm. The
purified fraction was concentrated in the Savant spin (Savant Instru-
ments Inc., Farmingdale, NY). The protein pellet was resuspended in
6 M guanidine hydrochloride, diluted threefold with 20 mM Tris-HCI,
pH 8., and digested with Achromobacter lyticus Lys C protease ac-
cording to Riviere et al. (1991). Peptides were purified by reverse phase
chromatography as described previously. Purified peptides were ap-
plied to a 470A gas phase sequencer with online HPLC analysis
essentially according to the manufacturer's instructions (Applied Bio-
systems Inc.).

First-Strand cDNA Synthesis for Amplification by the
Polymerase Chain Reaction (PCR)

First-strand cDNA was synthesized starting from 1 pg of poly(A)* RNA
using the Stratagene cDNA synthesis kit. The reaction mixture (50
ul) was diluted twice with distilled water, boiled for 5 min, and cen-
trifuged for 5 min in an Eppendorf centrifuge at maximum speed. The
supernatant was kept and is referred to as the cDNA mix. For maize
coleoptiles, barley root tips, and germinating seed of Arabidopsis
thaliana, the same procedure was followed except that 20 pg of total
RNA was used for the first-strand cDNA synthesis.

Oligonucleotides and PCR Amplifications

The sequences of the oligonucleotides are given in the 5’ to 3' direction:
CRP1, AARAARCCNGARGAYTGGGA; CRP2, AGCTGCAGARGT-
NTTYTTYGARGA; KDEL, CGTTATCTTACAGYTCRTCYTT; HDEL,
CGTTATCTTACAGYTCRTCRTG; PDI, TGGTGYGGNCAYTGYAA; PDI2,
CACCAAGGNGCRTARAAYTC; and BiP1, TTYGCAGARGARGAY-
AARAA. For all amplifications, 40 cycles of 30 sec at 85°C, 30 sec
at 45°C, and 2 min at 71°C were done using Dynazyme Taq polymer-
ase (Finnzmes OY, Espoo, Finland) and the buffer recommended by
the manufacturer. A reaction mixture of 30 pmol/50 ulL was used of
each degenerated oligonucleotide, and a reaction mixture of 0.2 uL/50
uL was used of the aforementioned cDNA mix. Specificity for KDEL
or HDEL amplification was tested with 10 ng of plasmids carrying the
chimeric genes described by Denecke et al. (1992). These genes en-
code phosphinothricin acetyltransferase (PAT)-HDEL, PAT-KDEL,
PAT-RDEL, and PAT-SDEL. Amplifications were done in the presence
of HDEL or KDEL oligonucleotides in combination with a 5’ primer
that covers the N terminus of the coding region. Under the aforemen-
tioned reaction conditions, HDEL amplification did not result in
amplification products using PAT-KDEL, PAT-RDEL, and PAT-SDEL
plasmids. Similar specificity was observed for KDEL. CRP1 and CRP2
were combined with HDEL for the cloning of RPLE0 ¢cDNA molecules.
Protein disulfide isomerase 1 (PDIt) (WCGHCK) was used in combi-
nation with KDEL for the cloning of tobacco PDI. PDI1 and PDI2
(EFYAPWC) were used to amplify an internal fragment from the gel-
purified fragment obtained with PDI1/KDEL. The PCR amplification
products were found to be highly conserved with the recently cloned
alfalfa PDI cDNA (Shorrosh and Dixon, 1991). The complete tobacco
PDI sequence will be published elsewhere. Binding protein (BiP)
homologs from barley and Arabidopsis were isolated by PCR using
oligonucleotide BiP1 (FAEEDKK) in combination with the HDEL primer.

Cloning and Sequencing

DNA fragments of the appropriate size from the PCRs were ligated
into an EcoRYV site in the plasmid pGEM5z, yielding pRPL60/1 (490-
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bp fragment), pRPL60/2 (600-bp fragment), and pRPL60/3 (1200-bp
fragment). Calreticulin- and BiP-encoding DNA fragments from differ-
ent plant species as well as the tobacco PDI amplification products
were cloned in the same vector. The plasmids obtained were prepared
using the Qiagen midiprep kit (Diagen, Stockholm, Sweden) and
sequenced with the dideoxy method using the 2.0 Sequenase kit
(Amersham).

Plasmid Constructs

All DNA manipulations were performed according to established proce-
dures (Sambrook et al., 1989). The Escherichia coli strain used for
plasmid construction was MC1061 (1) (Casadaban and Cohen, 1980).
pRPL60A, which contains DNA sequences encoding the last 104 amino
acids of tobacco RPL60, and the expression vector pGSFRC1
(Botterman et al., 1991) were cut with Bglll and filled in using the Klenow
fragment of DNA polymerase |. Both plasmids were then cut with Pstl
and ligated. The plasmid then encoded a fusion protein between PAT
and calreticulin.

Purification and Characterization of the PAT-RPL60 Fusion
Protein

The PAT-RPL60 fusion protein was synthesized under control of the
inducible A Pg promoter using the E. coli strain NF1 carrying pLC101.
The strain was grown at 28°C to OD 0.6. The promoter was then in-
duced by switching the temperature to 42°C. This was done by adding
an equal volume of fresh Luria-Bertani medium (Sambrook et al., 1989)
at 56°C, followed by further incubation at 37°C for 4 hr. The cells
were harvested, spun down, and frozen. The bacterial pellet was dis-
solved in 20 mL of extraction buffer (50 mM Tris, 2 mM EDTA, 10 mM
B-mercaptoethanol), and the suspension was sonicated and centrifuged
for 30 min at 18,000 rpm and then frozen. After thawing and centrifu-
gation, the DNA in the supernatant was removed by streptomycin sulfate
precipitation, and the supernatant was applied to an anion exchange
column, Mono-Q 10/10, using the Pharmacia FPLC system. Proteins
were eluted using a linear salt gradient of 0 to 1 M in 20 mM Tris-HCI,
pH 7.5. Fractions were analyzed for PAT activity according to Denecke
etal. (1992), and the fractions with the highest PAT activity were pooled
and applied on an S300 gel filtration column (Pharmacia). The frac-
tions containing PAT activity were concentrated on a Mono-Q 5/5 column
and analyzed on SDS-PAGE. The purified protein was dialyzed against
PBS and used as such for immunization.

Antibody Production

Two rabbits were immunized with the purified chimeric protein. Ali-
quots (1 mg/mL) of purified fusion protein were sent to Agrisera AB
(Umea, Sweden), and two rabbits were injected during 3-week inter-
vals. Serum was recovered by consecutive bieedings 6 days after the
third, fourth, and fifth injections.

Cell Fractionation

Protoplasts (25 x 107) were washed in 250 mM NaCl, pelleted, and
resuspended in 2 mL of fractionation buffer (12% sucrose, 100 mM
Tris-HC!, pH 7.5, 1 mM EDTA). Resuspended cells were gently disrupted
by passing through a Pasteur pipette, and cell debris was spun down
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at 1800g for 5 min in a swing-out rotor. Supernatant (1.5 mL) was layered
on a sucrose gradient (15 to 42.5%) and centrifuged at 150,000g for
2 hr. Twenty fractions were taken from the bottom of the gradient.

Plant Material and Culture

Imbibition of barley grains (cv Triumph, crop 1988), isolation of aleu-
rone layers, and further incubations were done as described by Sinjorgo
et al. (1993) using a medium of 20 mM succinic acid, 20 mM CaCl,,
pH 4.2. Nicotiana tabacum cv Petit Havana SR1 plants (Maliga et al.,
1973) were grown axenically and in the greenhouse under conditions
described by Denecke et al. (1991), and germinating seeds for RNA
extraction were prepared as described by Denecke et al. (1992). Pro-
toplasts of tobacco leaves from axenically grown plants were isolated
and kept in culture as described by Denecke et al. (1989). Six-week-
old axenically grown tobacco plants were sprayed with 10 mL of aque-
ous solutions containing 0.2% Tween 20 and either naphtalene-acetic
acid (2 ng/mL), 6 benzyl-aminopurine (2 ng/mL), abscisic acid (50 uM),
salicylic acid (5 mM), or DDT (5 mM). Every leaf of each plant was
sprayed from both sides. Erwinia carotovora culture filtrate containing
pectinolytic and cellulolytic enzymes was prepared by centrifuging an
overnight culture (grown at 28°C for 15 hr after diluting a preculture
at OD 0.4 1:100 in fresh Luria-Bertani medium) and filter sterilizing the
supernatant. Ten milliliters of this culture filtrate, supplemented with
0.2% Tween 20, was sprayed as described for the other treatments.
Heat shock treatment was done by incubating the glass jar with the
axenically grown plant at 42°C for 4 hr. All other treaiments were done
for 12 hr.

Tobacco tissues extracted for RNA gel blot analysis (Figure 9) rep-
resent roots from 10-day-old axenically grown plants, leafs and stems
from 6-week-old axenically grown plants, and flower tissues from
greenhouse-grown plants.

Immunocytochemistry

Tobacco seeds were imbibed in Murashige and Skoog medium
(Murashige and Skoog, 1962) for 3 days at 28°C. Germinating seeds
were fixed by incubation in 3.7% paraformaldehyde in PBS at 8°C over-
night. Dehydration was done using a series of watery solutions with
increasing ethanol concentrations. The germinating seeds were then
incubated in xylene and embedded in Histowax (tissue-embedding
medium, pellet melting point 56 to 58°C; Histolab, Gothenburg,
Sweden). Sections (5 to 10 um) were placed on cromogelatin-coated
microscope slides, deparaffinized in xylene, and rehydrated in a se-
ries of watery solutions with decreasing alcohol concentrations, distilled
water, and finally PBS. For immunofluorescence staining, the sections
were blocked for 10 min with normal goat serum diluted 1:10 in PBS
containing 4% (w/v) BSA. Detection of calreticulin was done by a 1-hr
incubation at room temperature with the rabbit antisera (diluted 1:200
in PBS containing 4% BSA), followed by a 30-min incubation with flu-
orescein isothiocyanate-labeled anti-rabbit IgG antiserum from swine
(Dakopatts, Copenhagen, Denmark) diluted 1:200 in the same buffer.
After several washes in PBS containing 4% BSA, the sections were
mounted in Fluoromount (Southern Biotechnology Associates Inc., Bir-
mingham, AL). For the indirect method (based on peroxidase activity),
the sections were treated with 0.3% H,0, in PBS for 20 min to pre-
vent further endogenous peroxidase activity. Blocking of unspecific
binding and primary antibody incubations was done as for the immuno-
fluorescence staining. Following rinse in PBS, sections were incubated

for 30 min with swine anti-rabbit antibodies (Dakopatts) diluted 1:40
in PBS with 4% BSA. Finally, the sections were incubated for 30 min
with a complex of horseradish peroxidase and rabbit peroxidase anti-
bodies diluted 1:200 in PBS with 4% BSA followed by development
for 15 min in 0.8 mM 3-amino-9-ethyl carbazole, 11% DMSO, 0.02 M
sodium acetate, pH 5.0, to which 30% H,0, was added to a final con-
centration of 0.005%. For counter staining, Mayers hematoxylin
(Histolabs Products AB, Frvlunda, Sweden) was used followed by a
10-min wash in water. Specimens were mounted in glycin-gelatin. Sec-
tions were studied in a Nikon optiphot microscope (Nikon Corp., Tokyo,
Japan). Photographs were taken with Fuji (Tokyo, Japan) or Kodak 400
ASA film.

Detection of Protein Complexes

Tobacco leaf protoplasts were produced as described by Denecke and
Vitale (1995) and incubated at a ce!l density of 108 protoplasts per mL
in 15-mL Falcon tubes (Becton Dickinson and Co., Lincoln Park, NJ)
(1 mL per tube). Protoplasts were incubated at room temperature in
the presence of tunicamycin (20 pg/mL) or DDT (5 mM). Heat shock
treatment was done at 42°C. All treatments were done for 3 hr and
in the presence of 35S-methionine (100 pCi/mL). All other manipula-
tions were done essentially as described by Denecke and Vitale (1995).

RNA Isolation

Total RNA and poly(A)* RNA were prepared from different tobacco tis-
sues or cells as described by Dean et al. (1985). Total RNA from maize
coleoptiles were kindly provided by K. Palme (Max-Planck-Institut, Co-
logne, Germany). For the work with the barley aleurone celis, 20

- aleurone layers were incubated in 4 mL of incubation buffer for 10 hr

as described previously. The aleurone layers were ground in a mortar
with a pestle in liquid N,, and RNA was isolated as described by
Hensgens and Van Os-Ruygrok (1989).

RNA and Protein Gel Blotting

Gel blots of glyoxylated RNA (10 ng per slot) were prepared according
to the established procedures of Sambrook et al. (1989) on Hybond-N
nylon membrane, as suggested by the manufacturer (Amersham).
Radioactive-labeled DNA probes for DNA and RNA gel biot analyses
were prepared from gel-purified DNA fragments using a multiprime
labeling system (Amersham). A high-pi a-amylase cDNA probe was
prepared by isolation of the 153-bp BamHI-Hinfl fragment from plas-
mid pM/C (Rogers, 1985). The barley endoplasmin probe was prepared
from the complete cDNA sequence as described by Walther-Larsen
et al. (1993). Barley BiP and calreticulin and tobacco calreticulin and
PDI were prepared from the complete inserts in pGEM5z as described
previously. The tobacco BiP probe was identical to the one described
by Denecke et al. (1991). The basic glucanase GN1 (Castresana et
al., 1991) probe was prepared from pGN1 (kindly provided by Dr. D. Inzé,
Laboratory of Genetics, University of Ghent Belgium). Hybridization
was performed at 65°C in 50 mM Tris, pH 8.5, 10 mM EDTA, 0.5% SDS,
1 M NaCl, 0.1% sodium pyrophosphate, 0.2% Ficoll (Pharmacia), 0.2%
polyvinylpyrrolidone, 0.2% BSA, and 0.5 mg/mL sonicated herring
sperm DNA. After hybridization, the blots were washed at 65°C twice
in5 x SSC (1 x SSCis 0.15 M NaCl, 0.015 M sodium citrate) plus
1% SDS, twice in 2 x SSC plus 1% SDS, and finally twice in 0.2 x



SSC plus 1% SDS. All blots were rehybridized with a pea ribosomal
RNA probe to check for differences in loading.
Protein gel blots were done as described by D'Halluin et al. (1992).

ACKNOWLEDGMENTS

We are indebted to Drs. Stephen Fuller and David Vaux for providing
antibodies from the hybridoma cell lines 103 and 5D3 and the polycional
antiserum KX5-KDEL, for communicating unpublished data, and for
many helpful discussions. We thank Dr. Klaus Palme for providing total
RNA from maize coleoptiles. We also thank Dr. Dirk Inzé for providing
the GN1 clone, Dr. David Collinge for providing the barley endoplasmin
clone, and Dr. John Rogers for providing the high-pl a-amylase cDNA
clone. Dr. Lars Rask is thanked for critically reading the manuscript
and Dr. Bob Bakhuizen for critical remarks during the interpretation
of the immunofluorescence studies. This project was supported by
the Swedish Natural Science Research Council (Grant No. B-BU 06863-
301), Swedish Agency for Research Cooperation with Developing Coun-
tries, EUREKA Grant No. EU270 (ABIN No. 137).

Received November 10, 1994; accepted February 2, 1995.

REFERENCES

Andres, D.A., Dickerson, |.M., and Dixon, J.E. (1990). Variants of
the carboxyl-terminal KDEL sequence direct intracellular retention.
J. Biol. Chem. 265, 5952-5955.

Andres, D.A., Rhodes, J.D., Meisel, R.L., and Dixon, J.E. (1991).
Characterization of the carboxyl-terminal sequences responsible for
protein retention in the endoplasmic reticulum. J. Biol. Chem. 266,
14277-14282.

Botterman, J., Gosselé, V., Thoen, C., and Lauwereys, M. (1991).
Characterization of phosphinothricin acetyl transferase and C-termi-
nal enzymatically active fusion proteins. Gene 102, 33-37.

Burns, K., and Michalak, M. (1993). interactions of calreticulin with
proteins of the endoplasmic and sarcoplasmic reticulum membranes.
FEBS Lett. 318, 181-185.

Burns, K., Duggan, B., Atkinson, E.A., Famulski, K.S., Nemer, M.,
Bleakley, R.C., and Michalak, M. (1994). Modulation of gene ex-
pression by calreticulin binding to the glucocorticoid receptor. Nature
367, 476-480.

Casadaban, M.J., and Cohen, S. (1980). Analysis of gene control sig-
nals by DNA fusion and cloning in Escherichia coli. J. Mol. Biol. 138,
179-207.

Castresana, C., de Carvalho, F., Gheysen, G., Habets, M., Inzé, D.,
and Van Montagu, M. (1991). Tissue-specific and pathogen-induced
regulation of a Nicotiana plumbaginifolia B-1,3-glucanase gene. Plant
Cell 2, 1131-1143.

Chen, F., Hayes, P.M,, Mulrooney, D.M., and Pan, A. (1994). ldentifi-
cation and characterization of cDNA clones encoding plant
calreticulin in barley. Plant Celi 6, 835-843.

Cox, J.S., Shamu, C.E., and Walter, P. (1993). Transcriptional induc-
tion of genes encoding endoplasmic reticulum resident proteins
requires a transmembrane protein kinase. Cell 73, 1197-1206.

Plant Calreticulin Homolog 405

David, V., Hochstenbach, F., Rajagopalan, S., and Brenner, M.B.
(1993). Interaction with newly synthesized and retained proteins in
the endoplasmic reticulum suggests a chaperone function for hu-
man integral membrane protein [P90 (calnexin). J. Biol. Chem. 268,
9585-9592.

Dean, C., van der Elzen, P., Tamaki, S., Dunsmuir, P., and Bedbrook,
J. (1985). Differential expression of the petunia ribulose bisphosphate
carboxylase small subunit multi-gene family. EMBO J. 4, 3055-3061.

Dedhar, S., Rennie, P.S., Shago, M., Hagesteijn, C.Y.L., Yang, H.,
Filmus, J., Hawley, R.G., Bruchovski, N., Cheng, H., Matusik,
R.J., and Giguere, V. (1994). Inhibition of nuctear hormone recep-
tor activity by calreticulin. Nature 367, 480-483.

Denecke, J., and Vitale, A. (1995). The use of plant protoplasts to
study protein synthesis, quality control and transport through the
plant endomembrane system. In Methods in Cell Biology, Vol. 50,
DW. Galbraith, D.P. Bourque, and H.J. Bohnert, eds (San Diego,
CA: Academic Press Inc.), in press.

Denecke, J., Gosselé, V., Botterman, J., and Cornelissen, M. (1989).
Quantitative analysis of transiently expressed genes in plant cells.
Methods Mol. Cell. Biol. 1, 19-27.

Denecke, J., Botterman, J., and Deblaere, R. (1990). Protein secre-
tion in plant cells can occur via a default pathway. Plant Cell 2, 51-59.

Denecke, J., Goldman, M.H.S., Demolder, J., Seurinck, J., and
Botterman, J. (1991). The tobacco luminal binding protein is en-
coded by a multigene family. Plant Cell 3, 1025-1035.

Denecke, J., De Rycke, R., and Botterman, J. (1992). Plant and mam-
malian sorting signals for protein retention in the endoplasmic
reticulum contain a conserved epitope. EMBO J. 11, 2345-2355.

Denecke, J., Ek, B., Caspers, M., Sinjorgo, K.M.C., and Palva, E.T.
(1993). Analysis of sorting signals responsible for the accumulation
of soluble reticuloplasmins in the plant endoplasmic reticulum. J.
Exp. Bot. 44(suppl.), 213-221.

D’Halluin, K., De Block, M., Denecke, J., Janssens, J., Leemans,
J., Reynaerts, A., and Botterman, J. (1992). The bar gene as selec-
table and screenable marker in plant engineering. Methods Enzymol.
216, 415-426.

Evins, W.H., and Varner, J.E. (1971). Hormone controlied synthesis
of endoptasmic reticulum in barley aleurone cells. Proc. Natl. Acad.
Sci. USA 68, 1631-1633.

Fontes, E.B.P, Shank, B.B., Wrobel, R.L., Moose, S.P., OBrian, G.R.,
Wurtzel, E.T., and Boston, R.S. (1991). Characterization of an
immunoglobulin binding protein homolog in the maize floury-2 en-
dosperm mutant. Plant Cell 3, 483-496.

Goosen-de Roo, L., Bakhuizen, R., van Spronsen, PC., and
Libbenga, K.R. (1984). The presence of extended phragmosomes
containing cytoskeletal elements in fusiform cambial cells of Fraxi-
nus excelsior L. Protoplasma 122, 145-152.

Haugejorden, S.M., Srinivasan, M., and Green, M. (1991). Analysis
of the retention signals of two resident luminal endoplasmic reticu-
lum proteins by in vitro mutagenesis. J. Biol. Chem. 266, 6015-6018.

Henderson, J., Satiat-Jeunemaitre, B., Napier, R., and Hawes, C.
(1994). Brefeldin A-induced disassembly of the Golgi apparatus is
followed by disruption of the endoplasmic reticulum in plant cells.
J. Exp. Bot. 45, 1347-1351.

Hensgens, L.A.H., and Van Os-Ruygrok, P.E. (1989). isolation of RNA
from different rice tissues. Rice Genet. Newslett. 6, 163-168.

Higgins, T.JV., Jacobsen, JV., and Zwar, J.A. (1982). Gibberellic acid
and abscisic acid modulate protein synthesis and mRNA levels in
barley aleurone layers. Plant Mol. Biol. 1, 191-215.



406 The Plant Cell

Huang, J.K., Swegle, M., Dandekar, A.M., and Muthukrishnan, S.
(1984). Expression and regulation of the a-amylase gene family in
barley aleurones. J. Mol. Appl. Genet. 2, 579-588.

Huang, L., Franklin, A.E., and Hoffman, N.E. (1993). Primary struc-
ture and characterization of an Arabidopsis thaliana calnexin-like
protein. J. Biol. Chem. 268, 6560-6566.

Jackson, M.R., Cohen-Doyle, M.F., Peterson, P.A., and Williams,
D.B. (1994). Reguiation of MHC class | transport by the molecular
chaperone, calnexin (p88, IP90). Science 263, 384-387.

Jones, A.M., and Herman, E.M. (1893). KDEL-containing auxin binding
protein is secreted to the plasma membrane and the cell wall. Plant
Physiol, 101, 595-606.

Jones, R.L. (1969a). Gibberellic acid and the fine structure of barley
aleurone cells. |. Changes during the lag-phase of a-amylase syn-
thesis. Planta 87, 119-133.

Jones, R.L. (1969b). Gibberellic acid and the fine structure of barley
aleurone cells. Il. Changes during the synthesis and secretion of
a-amylase. Planta 88, 73-86.

Jones, R.L. (1980). Quantitative and qualitative changes in the en-
doplasmic reticulum of barley aleurone layers. Planta 150, 70-81.

Jones, R.L. (1985). Protein synthesis and secretion by the barley aleu-
rone: A perspective. Israel. J. Bot. 34, 377-395.

Jones, R.L., and Bush, D.S. (1991). Gibberellic acid regulates the
level of a BiP cognate in the endoplasmic reticulum of barley aleu-
rone cells. Plant Physiol. 97, 456-459.

Koch, G.L.E. (1987). Reticuloplasmins: A novel group of proteins in
the endoptasmic reticulum. J. Cell Sci. 87, 491-492.

Koltunow, A.M., Truettner, J., Cox, K.H., Wallroth, M., and Goldberg,
R.B. (1990). Different temporal and spatial gene expression patterns
occur during anther development. Plant Cell 2, 1201-1224.

Kozutsumi, Y., Segal, M., Normington, K., Slaughter, C., Gething,
M.~J., and Sambrook, J. (1988). The presence of malfolded pro-
teins in the endoplasmic reticulum signals the induction of
glucose-regulated proteins. Nature 332, 462-464.

Macer, D.R.J., and Koch, G.L.E. (1988). {dentification of a set of cal-
cium binding proteins in reticuloplasm, the luminal content of the
endoplasmic reticulum. J. Cell Sci. 92, 61-70.

Maliga, P., Breznowitz, A., and Marton, L. (1973). Streptomycin-
resistant plants from callus cuiture of haploid tobacco. Nature 244,
29-30.

Margolese, L., Waneck, G.L., Suzuki, C.K., Degen, E., Flavell, R.A.,
and Williams, D.B. (1993). Identification of the region on the class
| histocompatibility molecule that interacts with the molecular chaper-
one, p88 (catnexin, IP90). J. Biol. Chem. 268, 17959-17966.

Mazzarella, R.A., Srinivasan, M., Haugejorden, S.M., and Green,
M. (1990). ERp72, an abundant luminal endoplasmic reticulum pro-
tein, contains three copies of the active site sequences of protein
disulfide isomerase. J. Biol. Chem. 265, 1094-1101.

Michalak, M., Milner, R.E., Burns, K., and Opas, M. (1992). Calretic-
ulin. Biochem. J. 285, 681-692.

Mori, K., Ma, W., Gething, M.~J., and Sambrook, J. (1993). A trans-
membrane protein with a cdc2*/cdc28-related kinase activity is
required for signaling from the ER to the nucleus. Cell 74, 743-756.

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth
and bioassays with tobacco tissue culture. Physiol. Plant. 15, 473-497.

Napier, R.M., Fowke, L .C., Hawes, C., Lewis, M., and Petham, H.R.B.
{1992). Immunological evidence that plants use both HDEL and KDEL

for targeting proteins to the endoplasmic reticulum. J. Cell Sci. 102,
261-271.

Ou, W.-)., Cameron, P., Thomas, D.Y., and Bergeron, J.M. (1993).
Association of folding intermediates of glycoproteins with calnexin
during protein maturation. Nature 364, 771-776.

Pedrazzini, E., Giovinazzo, G., Bollini, A., Ceriotti, A., and Vitale,
A. (1994). Binding of BiP to an assembly-defective protein in plant
cells. Plant J. 5, 103-110.

Rajagopalan, S., Xu, Y., and Brenner, M.B. (1994). Retention of un-
assembled components of integral membrane proteins by calnexin.
Science 263, 387-390.

Riviere, L.R., Fleming, M., Elicone, G., and Tempst, P. (1991). Study
and applications of the effects of detergents and chaotropes on en-
zymatic proteolysis. In Techniques in Protein Chemistry, Vol. Il, J.J.
Villafranca, ed (San Diego, CA: Academic Press Inc.), pp. 171-179.

Rogers, J.C. (1985). Two barley a-amylase gene families are regulated
differently in barley aleurone cells. J. Biol. Chem. 260, 3731-3738.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Cion-
ing, A Laboratory Manual. (Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press).

Satiat~Jeunemaitre, B., and Hawes, C. (1992). Redistribution of a Golgi
glycoprotein in plant cells treated with Brefeldin A. J. Cell Sci. 103,
1153-1166.

Schmiedel, G., Reiss, H.-D., and Schnepf, E. (1981). Associations
between membranes and microtubules during mitosis and cytoki-
nesis in caulonema tip cells of the moss Funaria hygrometrica.
Protoplasma 108, 173-190.

Shorrosh, B.S., and Dixon, R.A, (1991). Molecular cloning of a plant
putative endomembrane protein resembling vertebrate protein
disulfide-isomerase and a phosphatidylinositol-specific phospholi-
pase C. Proc. Natl. Acad. Sci. USA 88, 10941-10945.

Sinjorgo, K.M.C., de Vries, M.A., Heistek, J.C., van Zeijl, M.J., van
der Veen, S.W., and Douma, A.C. (1993). The effect of the external
pH on the gibberellic acid response of barley aleurone. J. Plant Phys-
iol. 142, 506-509.

Smith, M., and Koch, G.L.E. (1989). Multiple zones in the sequence
of calreticulin (CRP55, calregulin, HACBP), a major calcium bind-
ing ER/SR protein. EMBO J. 8, 3581-3586.

Vaux, D., Tooze, J., and Fuller, S. (1990). Identification by anti-idiotype
antibodies of an intracellular membrane protein that recognizes a
mammalian endoplasmic reticulum retention signal. Nature 345,
495-502.

Vitale, A., Ceriotti, A., and Denecke, J. (1993). The role of the en-
doplasmic reticulum in protein synthesis, modification and
intracellular transport. J. Exp. Bot. 44, 1417-1444.

Wada, |., Rindress, D., Cameron, P., Ou, W~J., Doherty, .J., Louvard,
D., Bell, AW., Dignard, D., Thomas, D.Y., and Bergeron, J.M.
(1991). SSRa and associated calnexin are major calcium binding
proteins of the endoplasmic reticulum membrane. J. Biol. Chem.
266, 19599-19610.

Walther-Larsen, H., Brandt, J., Collinge, D.B.,, and Thordal-
Christensen, H. (1993). A pathogen-induced gene of barley encodes
a HSP90 homologue showing striking similarity to vertebrate forms
resident in the endoplasmic reticulum. Plant Mol. Biol. 21, 1097-1108.

Wang, M., Bakhuizen, R., Heimovaara-Dijkstra, S., van Zeijl, M.J.,
de Vries, M.A., Van Beckum, J.M., and Sinjorgo, K.M.C. (1994).
The role of ABA and GA in barley grain dormancy. Russian J. Plant
Physiol. 41, 577-584.



The tobacco homolog of mammalian calreticulin is present in protein complexesin vivo.
JDenecke, L E Carlsson, SVidal, A SHoglund, B Ek, M Jvan Zeijl, K M Sinjorgo and E T Palva
Plant Cell 1995;7;391-406
DOI 10.1105/tpc.7.4.391

Thisinformation is current as of February 26, 2021

Permissions https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X & issn=1532298X & WT.mc_id=pd_hw1532298X

eT0Cs Sign up for eTOCs at:
http://www.plantcell.org/cgi/alerts/ctmain

CiteTrack Alerts Sign up for CiteTrack Alerts at:
http://www.plantcell.org/cgi/alerts/ctmain

Subscription Information Subscription Information for The Plant Cell and Plant Physiology is available at:
http://www.aspb.org/publi cations/subscriptions.cfm

© American Society of Plant Biologists
ADVANCING THE SCIENCE OF PLANT BIOLOGY



https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X&issn=1532298X&WT.mc_id=pd_hw1532298X
http://www.plantcell.org/cgi/alerts/ctmain
http://www.plantcell.org/cgi/alerts/ctmain
http://www.aspb.org/publications/subscriptions.cfm



