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AND THE LOCALIZATION OF Ca*-BINDING PROTEINS
OF THE ENDOPLASMIC RETICULUM IN WHEAT
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Summary. The effects of low temperature (3°C, 7 days) and the anti-micro-
tubule drug, oryzalin, on the content and organization of reticuloplasmins
(Ca2*-binding marker proteins of the endoplasmic reticulum) in winter wheat
seedlings were studied. For identification and visualization of reticul o-
plasmins, one-dimensional SDS-PAGE with subsequent western blotting and
indirect fluorescent microscopy were applied. We used polyclonal HSP70
and CRH antibodies against BiP and calreticulin (Cal), respectively. Onim-
munoblots, the brightest bands corresponded to polypeptides with mol wts
of 58kD (calreticulin) and 79 kD (BiP). The content of calreticulinsin roots
was shown to be higher than in leaves. Cold acclimation enhanced the con-
centration of calreticulins and BiP in cells. Oryzalin (10 uM, treatment for
3h) did not affect on the level of reticuloplasminsin roots of non-hardened
and cold hardened plants. However, both oryzalin and low-temperature treat-
ments resulted in the accumulation of reticuloplasminsin the two spherical
structures in the vicinity of the plasmalemma and nuclear envelope. After
the combined action of oryzalin and low temperature, the cortical sphere of
BiP proteins was shifted into the endoplasm, and calreticulins appeared in
the nuclear matrix. We believe that these changes in reticuloplasmin local-
ization arerelated to the rearrangement of the endoplasmic reticulum deter-
mined by the cytoskel eton modification. They result in theimproved capacity
of reticuloplasmins to control Ca2* behavior and/or to function as chaper-
ones. The results obtained permit the conclusion that cytoskeletal proteins
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interact with reticuloplasmins, and this interaction may be involved in the
transduction of external and internal signals.

Key words: BiP, calreticulin, cold acclimation, cytoskeleton, oryzalin, Trit-
icum aestivum. L.

Abbreviations: BSIP —toluidine salt of 5-bromo-4-chloro-3-indolyl phos-
phate, Cal — calreticulin, ER — endoplasmic reticulum, DM SO — dimethyl
sulfoxide, NBT — nitro blue tetrazolium chloride, PBS — phosphate-buffered
saline, PM SF — phenylmethylsulfonyl fluoride.

I ntroduction

Reticuloplasmins, calreticulin (Cal) and BiP, are soluble polyfunctional marker pro-
teins of the ER (Denecke et a., 1995; Michalak et al., 1998). Cal is one of the basic
Ca?*-binding proteins (Denecke et al., 1995; Waser et al., 1997) controlling calcium
fluxes within the cell and between cells (Mery et al., 1996). Cal isinvolved in the
control of gene expression (Dedhar et al., 1994); it is alectin-like chaperone, which
regulates protein synthesis and its posttranslational modification (Michalak et al.,
1998). BiP proteins display obvious properties of chaperones too (Anderson et al.,
1994; Lievremont et al., 1997). Thesereticuloplasmins directly interact with growing
nascent polypeptides, stimulating their Ca*-dependent AT Pase activity (Lievremont
et al., 1997). BiP polypeptides are capable of Ca?* binding, thus affecting the pool of
this cation in the cytoplasm (Lievremont et a., 1997).

The composition and intracellular distribution of BiP and Cal proteins have been
studied in most detail in animal cells (Waser et ., 1997; Lievremont et al., 1997; Cop-
polino, Dedhar, 1999). Only few reports comprise such information relative to plants
(Deneckeet al., 1995; Mogelsvang, Simpson, 1998). It was shown that cold acclima-
tion, heat stress, cytokinin, abscisic and salicylic acids, and phytopathogenic bacteria
elevated the level of MRNAs for BiP and Cal proteinsin plant cells (Denecke et al.,
1995). However, there is no information concerning the effects of low temperature
on the content and the localization of reticuloplasminsin cells of various plant organs.
The role of the cytoskeleton, an important component of plant signal systems (Nick
et al., 1999), in the cold-induced ER rearrangements is also obscure. When planning
this work, we based it on the belief that plant cold acclimation and their treatment
with the antimitotic drug (oryzalin) should affect on the structure of the cytoskel eton
and increasetheintracellular calcium level, thus modifying both the level and the struc-
tural organization of Ca?*-binding proteins of the ER.

The aim of thiswork wasto study the content and spatial localization of reticulo-
plasmins (BiP and Cal) asrelated to the cytoskel etal rearrangementsinduced by plant
cold acclimation.
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M aterials and methods

L eaves and roots of winter wheat (Triticum aestivum L.) seedlings of Mironovskaya
808 (moderately frost tolerant) and Albidum 114 (highly frost tolerant) cultivars were
the objects of investigation. Non-hardened seedlings were grown in the laboratory
in trays with tap water at an irradiance of 100 W/m? with a12-h photoperiod, at 23°C
for 9 days. On the eighth day, some seedlingswere placedinaT 25/1.1 thermal cham-
ber (Monsator, Germany) and cold acclimated at 3°C for 7 days. To modify the cyto-
skeleton in situ, oryzalin (Dr. Ehrenstorfer GmbH, D-86199 Augsburg, Germany),
at concentrations of 10uM and 15puM for roots and leaves respectively, was used.
Thetime of exposure was 3 h.

BiP and Cal proteins were studied by one-dimensional SDS-PAGE with subse-
quent immunoblotting (Raudaskoski et al., 1987) and by indirect immunofluorescent
microscopy (Baluska et al., 1992). Samples of |eaves and roots (0.2 g) were ground
in liquid nitrogen. The powder obtained was extracted under denaturing conditions
with 0.2ml of buffer containing 30mM Tris-HCI, pH 8.5, 2% SDS, 20% glyceral,
25 pg/ml leupeptin (Boehringer-Mannheim Biochemicals, Germany), 25 pg/ml pep-
statin (Sigma, USA), and 1mM PM SF (Sigma). Samples were boiled for 5min, and
undissolved material was removed by centrifugation at 14000 g for 10 min. To estimate
the protein content, 40 ul of cold acetone were added to 10 pl of the supernatant and
left at —20°C overnight. The protein content was estimated by the method of Bradford
(1976). Polypeptides were separated in 10% PAAG containing SDSin the Bio-Rad
Mini-Protein® |1 dual slab electrophoretic system (USA).

For western-blot analysis, separated polypeptides were transferred onto nitrocel-
lulose membranes (Bio-Rad) using a blotter from Bio-Rad Laboratories (USA) first
at 0.1A overnight then at 0.4 A for 1 hinthecold (inice). Membranes were blocked
with 3% BSA in PBS, pH 7.3 (PBS contained 0.13M NaCl, 7mM NaHPO,, and
3mM NaH,PO,) at room temperature for 1h. Then, blots were incubated overnight
with polyclonal antibodies HSP70 and CRH (1:5000 dilutionin PBS) against BiP and
Cal, respectively (Mogelsvang, Simpson, 1998). After membrane washing, they were
treated with the second antibody (anti-rabbit 1gG conjugated with alkaline phosphat-
ase, L42008, Caltag Laboratories, USA) dissolved in PBS at adilution of 1:1000 for
3h. Then, membranes were washed with PBS and incubated in buffer containing
100mM Tris-HCI, pH 9.5, 100mM NaCl, and 5mM MgCl,, for 10 min. Proteinswere
visualized by blot treatment with 10 ml of buffer, pH 9.5, containing 200l of the sub-
strate of alkaline phosphatase (NBT/BCIP, N. 168145, Boehringer-Mannheim Bio-
chemicals).

For indirect immunofluorescent microscopy of BiP and Cal proteins, root seg-
ments 5—7 mm in length, which included tips, were excised in a stabilizing buffer
(pH 6.9) containing 50mM Pipes, 50mM MgSO,, 50mM EGTA, and 12% DM SO,
incubated in stabilizing buffer for 15 min, and fixed in 4% paraformal dehyde dissol-
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ved in stabilizing buffer for 3h. After rapid washing in DM SO-free stabilizing buffer,
roots were dehydrated in an ethanol seriesin PBS. Steedman’swax with alow melting
point was used as afixative (Baluskaet a., 1992). Tissueimpregnation with wax was
performed by vacuum infiltration using a series of mixtures of wax and ethanol
(2:2,1:1, and 2:1) at 37°C. Thereafter, tissue wasinfiltrated three times with pure wax.
Each treatment lasted for 2 h. Root segments were placed in special forms and left
overnight for polymerization. Sections 6-mm-thick were prepared using amicrotome,
and dried. To remove wax, specimens were treated with 100% acetone for 10 min.
Unspecific binding siteswere blocked with 0.1% BSA in PBS containing 0.1% Triton
X-100. Then, specimens were incubated with polyclonal HSP70 and CRH antibodies
against BiP and Cal, respectively, which were dissolved in PSB, at adilution of 1:500
at 4°C overnight. After washing with PBS, specimens were treated with the second
antibody (anti-rabbit 1gG) conjugated with biotin (RPN1004, Amersham, England)
and dissolved in PBSat adilution of 1:40 for 3h. After washing with PBS, specimens
were treated with streptavidin-fluorescein (RPN1232, Amersham), which was dissolv-
ed in PBS, at adilution of 1:40. After washing in PBS, pH 7.3 and in PBS, pH 8.9,
the specimens were mounted in 1: 1 mixture of PBS, pH 8.9, and glycerol. The prepara
tions were examined in the fluorescent-microscopy DMLB system (Leica, Germany).

Results
In extracts from wheat roots and leaves, several proteinsimmunologically related to

reticul oplasmins were detected (Fig. 1). Most bright bands corresponded to polypep-
tideswith mol wts of 58kD (Cal) and 79kD (BiP). Roots (Fig. Ia, 1c, lanes 1-4) con-
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Fig. 1. Immunoblots of (a, c) calreticulins and (b, d) BiP proteins from (1-4) roots and (5-8) leaves
of wheat seedlings. (1, 5) Non-hardened seedlings; (2, 6) treatment with oryzalin of non-hardened seed-
lings; (3, 7) hardened seedlings; (4, 8) treatment with oryzalin of hardened seedlings. (a, b) Albidum
114 cultivar; (c, d) Mironovskaya 808 cultivar. Mol. wts. of ER proteins are indicated on right (kD).
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Fig. 2. Immunofluorescent visuaization of BiPin root cells of (a) non-
hardened, (b) hardened, (c) oryzalin-treated, and (d) hardened and ory-
zalin-treated wheat seedlings of Mironovskaya 808 cultivar.

tained substantially higher amounts of calreticulins than leaves (Fig. 1a,1c, lanes 5—
8). In Albidum 114 cultivar, roots a so contained more BiP proteins (Fig. 1b), wheress,

in Mironovskaya 808 one, the content of BiP in roots and |eaves was approximately
similar (Fig. 1d, lanes 1-4 and 5-8).
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Fig. 3. Immunofluorescent visualization of calreticulinsin root cells of
(a) non-hardened, (b) hardened, (c) oryzalin-treated, and (d) hardened
and oryzalin-treated wheat seedlings of Mironovskaya 808 cultivar.

Cold acclimation resulted in the substantial accumulation of Cal proteinsin roots
(Fig. 1a, 1c, lanes 1 and 3) and some increase in the concentration of BiP in roots and
leaves (Fig. 1b, 1d, lanes 1 and 3, 5 and 7).
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Oryzalin did not affect the level of Cal and BiP proteins in roots and leaves of
non-hardened (Fig. la-ld, lanes 1 and 2, 5 and 6) and hardened (Fig. 1a-Id, lanes 3
and 4, 7 and 8) seedlings. However, after root incubation in the oryzalin solution, we
observed spatial redistribution of reticuloplasmins, that is, BiP and Cal accumulated
in the vicinity of the plasma membrane and nuclear envelope (Fig. 2¢, 3¢), whereas
these proteins were evenly distributed in the cytoplasm of non-treated seedlings (Fig.
2a, 33). We also observed similar redistribution of reticuloplasmins after seedling cold
acclimation (Fig. 2b, 3b).

When wheat seedlings were exposed to low temperatures and treated with oryz-
ain, BiP proteinswere found in the two concentrating circlesin the cytoplasm, around
the nucleus and at some distance from it (Fig. 2d). In this treatment, a distribution of
Cal proteins was different: they were visualized in the nucleoplasm (Fig. 3d).

Discussion

It seems evident from the literature that the functional role of calreticulinsis primarily
related to their involvement in the control of intacellular Ca2* concentration (Mery
et a., 1996), whereas BiP proteins, which are also Ca?*-binding proteins (Lievremont
etd., 1997), fulfill therole of chaperones (Anderson et a., 1994). We found that wheat
roots contained more calreticulinsthan leaves (Fig. la, 1¢). This permitsthe suggestion
that the ER stores more calcium in wheat roots than in leaves, and calreticulins can
contribute differently to the control of the calcium balance in these organs. Denecke
et a. (1995) obtained similar data concerning calreticulin distribution between various
tobacco organs. As distinct from calreticulins, the BiP level was essentially similar
in roots and leaves of Mironovskaya 808 seedlings (Fig. 1 d), whereas roots of Al-
bidum 114 seedlings were enriched in BiP as compared to their leaves (Fig. 1b). Thus,
some similarity in Cal and BiP protein distribution was observed only in the highly
frost-tolerant cultivar (Fig. la, 1b). It seems evident that, in frost-tolerant plants, close
interaction between reticul oplasmins exists. Thismight cause arapid response of Al-
bidum 114 seedlings to environmental changes, low temperature in particular.

Plant cold acclimation (3°C, 7 days) increased the content of calreticulinsin wheat
roots (Fig. la, 1c) and BiP proteinsin roots and leaves (Fig. 1b, 1d). It iswell known
that, during cold acclimation, the synthesis of stress proteins, which prevent denatura-
tion of cell polypeptides, isenhanced (Guy, 1990), and the concentration of cytosolic
Ca?*, asecond messenger of the low-temperature signal, isincreased (Monroy et al.,
1993). Therefore, the accumulation of reticuloplasmins in hardened tissues might be
related to their enhanced chaperone activity and/or their involvement in the control
of the intracellular Ca?* concentration.

Oryzalin, adinitroaniline herbicide and a highly specific inhibitor of plant micro-
tubule polymerization (Morejohn et a., 1987), isafactor elevating Ca2* concentration
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inplant cells(Thion et al., 1998). In spite of thiswe did not detect any oryzalin-induced
changes in the level of Ca?*-binding proteins of the ER in non-hardened seedlings
and in seedlingstreated with low temperature (Fig. 1a-1d). However, oryzalin induced
substantial rearrangements of Cal and BiP proteins, that is, their accumulation (within
the ER or outside) near the plasmamembrane and nuclear envel ope (Fig. 2c, 3¢). Cold
acclimation exerted a similar effect on the reticuloplasmin localization (Fig. 2b, 3b).
Thus, oryzalin and low temperatures exerted different effects on the content of Cal
and BiP proteins (low temperature increased but oryzalin did not affect it), whereas
both factors affected the spatial organization of reticuloplasmins similarly, assemb-
ling them near membranes. We believe that these results reflect the different action
of these factors on theintracellular level of Ca2*. Asdistinct from oryzalin, low tempe-
ratures evidently provided for a higher calcium concentration in the cell, which affec-
ted gene expression and enhanced the synthesis of Ca?*-binding proteins. In contrast,
in oryzalin-treated cells, where the calcium level increased to a lesser degree, there
was no additional synthesis of Cal and BiP proteins and calcium homeostasis can be
provided by reticuloplasmins occurring in the ER. It might be that a spatial rearrange-
ment of reticuloplasmins occurs in cooled and oryzalin-treated cells, that is, their
movement toward the plasmamembrane and nuclear envelope, where the bulk of cal-
cium accumul ates, maintains this homeostasis.

When both factors (low temperature and oryzalin) affected the cells, BiP proteins
were accumulated as two concentrating spheres around the nucleus and in the cyto-
plasm at some distance from thefirst one (Fig. 2d). Thus, in hardened seedlings, oryz-
alin induced BiP transport from the cortical zone to the endoplasm being within the
ER or outside of it. Cold hardening of winter cereal cropsis known to increase stab-
ility of microtubules during cooling (Pihakaski-M aunsbach, Puhakainen, 1995), which
can be determined by enhanced interaction between cortical microtubules and the plas-
malemma (Astrom et al., 1991). Therefore, we may suppose that, in hardened seed-
lings, oryzalin also destroysfirst endoplasmic microtubules, which are more sensitive
to depolymerizing agents than cortical ones (Baluskaet al., 1993). Oryzalin-induced
disorganization of the tubulin cytoskeleton in the endoplasm, that is, the injury of the
intactness of the cytoplasmic protein meshwork, might cause BiP chaperone transloca-
tion to this zone, where reticuloplasmins are needed for restoring damaged protein
complexes.

In oryzalin-treated hardened seedlings, we did not observe similar translocation
of calreticulins (Fig. 3d), which may indicate the weak chaperone activity of these
proteins. Asdistinct from BiP, Cal proteins were accumulated in the nucleoplasm in
many cells of hardened and oryzalin treated seedlings, which can be apparently ex-
plained by the increased permeability of the nuclear envelope for these proteins. The
appearance of careticulinsin nuclel indicate the possibility of their direct effects on
gene expression and their protective influence on the transcriptional machinery under
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the hypothermic conditions. Denecke et at. (1995) detected these polypeptidesin the
nuclear envelopesin the tobacco cells.

In general, the observed redistribution of reticuloplasmins can be related to the
rearrangements of the ER due to the cytoskel eton modification and enhanced Ca?*-
controlling and/or chaperone activity of reticuloplasmins. The data obtained permit
the conclusion that cytoskeletal proteinsinteract with reticuloplasmins, and these com-
plexes are involved in the external and internal signal transduction to the genome.

Acknowledgments. The authors are indebted to Prof. M. Raudaskoski (University of
Helsinki, Finland), who permitted us to perform the immunocytochemical analysis
of reticuloplasmins in her laboratory and kindly presented us with the antibodies
against these proteins.

Thiswork was supported by Academy of Sciences of Finland, project No. 46498.

References

Anderson, J., Q. Li, C. Guy, 1994. Structural organization of the spinach endoplasmic retic-
ulum luminal 70-kilodalton heat-shock cognate gene and expression of 70-kilodal -
ton heat-shock genes during cold acclimation, Plant Physiol., 104, 1459-1470.

Astrom, H., I. Virtanen, M. Raudaskoski, 1991. Cold-stability in the pollen tube cyl oskel eton,
Protoplasma, 160, 99-111.

Baluska, E., J. Parker, P. Barlow, 1992. Specific patterns of cortical and endoplasmic micro-
tubul es associated with cell growth and tissue differentiation in roots of maize (Zea
mays), J. Cell Sci., 103, 191-200.

Baluska, F., J. Parker, P. Barlow, 1993. The microtubular cytoskeleton in cells of cold-treat-
ed roots of maize (Zea mays) shows tissue-specific responses, Protoplasma, 172,
84-96.

Bradford, M., 1976. A rapid and sensitive method for the quantitation of micrograrn quantities
of protein utilizing the principle of protein-dye binding, Anal. Biochem., 72,
248-254.

Coppolino, M., S. Dedhar, 1999. Ligand-specific, transient interaction between integrins and
calreticulin during cell adhesion to extracellular matrix proteinsis dependent upon
phosphorylation/dephosphorylation events, Biochem. J., 340, 41-50.

Dedhar, S., P. Rennie, M. Shago, C. Leung-Hagesteijn, J. Filmus, R. Hawley, N. Bruchovsky,
H. Cheng, R. Matusik, V. Giguere, 1994. Inhibition of nuclear hormone receptor
activity by calreticulin, Nature, 367, 480-483.

Denecke, J., L. Carlsson, S. Vidal, A. Hoglund, B. Ek, M. Zeijl, K. Sinjorgo, T. Palva, 1995.
The tobacco homolog of mammalian calreticulin is present in protein complexes
in vivo, Plant Cell, 7, 391-406.

Guy, C., 1990. Cold acclimation and freezing stress tolerance: role of protein metabolism,
Annu. Rev. Plant Physiol. Plant Mol. Biol., 41, 187-223.



The organization of reticuloplasminsin cold-acclimated and oryzalin-treated wheat cells 241

Lievremont, J., R. Rizzuto, L. Hendershot, J. Meldolesi, 1997. BIP, amajor chaperone protein
of the endoplasmic reticulum lumen, plays adirect and important rolein the storage
of the rapidly exchanging pool of Ca?*, J. Biol. Chem., 272, 30873-30879.

Mery, L., N. Mesaeli, M. Michalak, M. Opas, D. Lew, K. Krause, 1996. Overexpression of
calreticulin increases intracellular Ca?* storage and decreases store-operated Ca?*
influx, J. Biol. Chem., 271, 9332—9339.

Michalak, M., P. Mariani, M. Opas, 1998. Calreliculin amultifunctional Ca?* binding chaper-
one of the endoplasmic reticulum, Biochem. Cell Biol., 76, 779-785.

Mogelsvang, S., P. Simpson, 1998. Changesin the levels of seven proteinsinvolved in poly-
peptide folding and transport during endosperm development of two barley geno-
types differing in storage protein localization, Plant Mol. Biol., 36, 541-552.

Monroy, A., Y. Castonguay, S. Laberge, F. Sarhan, L. Vezina, R. Dhindsa, 1993. A new cold-
induced alfalfageneis associated with enhanced hardening at subzero temperature,
Plant Physiol., 102, 873-879.

Morejohn, L., T. Bureau, J. Mole-Bgjer, A. Bajer, D. Fosket, 1987. Oryzalin, adinitroaniline
herbicide, binds to plant tubulin and inhibits microtubule polymerization in vitro,
Planta, 172, 252-264.

Nick, P, 1999. Signals, motors, morphogenesis—the cytoskel eton in plant development, Plant
Bial., 1, 169-179.

Pihakaski-Maunsbach, K., T. Puhakainen, 1995. Effect of cold exposure on cortical micro-
tubules of rye (Secale cereal €) as observed by immunocytochemistry, Physiol. Plant.,
93, 563-571.

Raudaskoski, M., H. Astrom, K. Perttila, |. Virtanen, J. Louhelainen, 1987. Role of the micro-
tubule cytoskel eton in pollen tubes: an immunocytochemical and ultrastructural ap-
proach, Biol. Cell, 61, 177-188.

Thion, L., C. Mazars, P. Nacry, D. Bouchez, 1998. Plasma membrane depol arization-activated
calcium channels, stimulated by microtubul e-depolymerizing drugs in wild-type
Arabidopsisthaliana protoplasts, display constitutively large activities and alonger
half-life in Ton 2 mutant cells affected in the organization of cortical microtubules,
Plant J., 13, 603-610.

Waser, M., N. Mesagli, C. Spencer, M. Michalak, 1997. Regulation of calreticulin gene expres-
sion by calcium, J. Cell Biol., 138, 547-557.



