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Summary. Because the activity of calmodulin (CAM) may be depen- 
dent upon its structural distribution, we have examined its spatial 
localization in living cells. We have focused on ceil division and ceil 
plate formation, where conventional immunofluorescence studies 
report that CaM is specifically associated with microtubules (MTs) 
of the spindle and the phragmoplast. In dividing stamen hair cells of 
Tradescantia virginiana that were injected with fluorescently 
labeled CaM and examined by confocal laser scanning microscopy 
(CLSM), we found that the labeled protein is uniformly distributed 
throughout the cell and is not localized with the phragmoplast MTs 
or any other obvious structure. To explore why these images from 
live cells differ from those prepared by immunolabeling, we investi- 
gated the fate of CaM during fixation and compared it with the local- 
ization of fixable dextran and tubulin. The results show that fixation 
causes severe changes in cell morphology and in the distribution of 
CaM and dextran in three quarters of the cells. Conversely, injected 
rhodamine-tubulin did not show redistribution after fixation. We 
conclude that in the live cell, CaM is largely uniformly distributed 
throughout the cytoplasm, and secondly that conventional chemical 
fixation does not preserve CaM, and probably many other soluble 
proteins, in its in vivo distribution. The role postulated for CaM in 
mitosis, solely based on indirect immunofluorescence microscopy, 
has to be re-evaluated. 
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Introduction 

CaM is a highly conserved calcium-binding protein 
that functions in many eukaryotic signaling pathways 
to shape and pass on signals encoded in temporally 
and spatially defined calcium concentrations (for 
reviews, see Rhoads and Friedberg 1997, James et al. 
1995, Means 1994, T6r6k and Whitaker 1994, Cohen 
and Klee 1988a). In plants many functions for 
calmodulin have been found that are similar to those 
in animal cells, however, some special binding targets 
and activities have been described as well (Poovaiah 
and Reddy 1993, Roberts and Harmon 1992, Braam 
1992, Allen and Hepler 1989), including a CaM-bind- 
ing form of the microtubule motor protein kinesin 
(KCBP) (Reddy et al. 1996). Following the discovery 
of CaM, considerable attention has been focused on 
its binding targets and how a ubiquitous, conserved 
protein like CaM with multiple interactions can be a 
regulatory key component. Its localization in cells 
and tissues has been investigated, with the view that 
its differential spatial distribution could contribute to 
specific functions. From immunofluorescent labeling 
studies it has been reported that CaM is localized to 
the mitotic apparatus in various vertebrate cell lines 
(Mitsuyama and Kanno 1993, Welsh and Sweet 1989, 
Dedman et al. 1982, Welsh et al. 1978). In some stud- 
ies CaM localization to the cytoplasmic microtubules 
was found only after extracting mammalian cells with 
detergents (Deery et al. 1984). 
In pea and onion root tip cells, CaM has been local- 
ized to the interzone of the spindle during anaphase 
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and to the phragmoplast, but not to the preprophase 
band (Wick 1990, Wick et al. 1985). Therefore CaM 
may be involved in regulation of these two dynamic 
microtubule (MT) arrays, but not in regulation or the 
formation of the preprophase band. Vantard et al. 
(1985), on the other hand, found CaM in Haemanthus 
endosperm within the polar MT converging centers, 
but not within the phragmoplast, in patterns distinct 
from those of MTs. They suggested a role for CaM in 
the regulation of kinetochore MT dynamics, i.e., 
spindle formation, MT disassembly, and chromosome 
movement. 
Unfortunately, all the above studies were carried out 
on fixed and permeabilized cells, and as a conse- 
quence, a protein like CaM, which is largely soluble, 
may have suffered extensive redistribution (Melan 
and Sluder 1992). Although association of fluores- 
cein-CaM with the mitotic apparatus has been report- 
ed in live animal cells (Welsh and Sweet 1989, Stem- 
ple et al. 1988, Zavortink et al. 1983, Hamaguchi and 
Iwasa 1980), the influence of the light path length and 
the accessible volume has not been addressed ade- 
quately in these studies. The spindle and the phrag- 
moplast are devoid of larger organelles, such as mito- 
chondria and dictyosomes, and thus contain relatively 
more cytosol. Every cytoplasmic molecule will there- 
fore display a "higher concentration" in these regions. 
Moreover these earlier studies have not benefitted 
from confocal laser scanning microscopy (CLSM) 
(Hepler and Gunning 1998). 
Here we report on the localization of CaM in living 
stamen hair cells of Tradescantia virginiana during 
mitosis, cytokinesis and interphase and compare it 
with the data on the distribution of dextran as a vol- 
ume marker. Our results show that CaM is not local- 
ized with any MT array but is merely distributed 
according to the accessible cytoplasmic volume in the 
cell. Cells that were injected with labeled CaM or 
dextran and then chemically fixed, generally showed 
severe and artifactual redistribution of these soluble 
fluorescent probes. The distribution of labeled tubulin 
on the other hand did not show any redistribution 
after fixation. When chemical and cryofixation where 
compared with the live cell distribution it was clear 
that chemical fixation did not conserve the live cell 
distribution of CaM. 

Material and methods 
Plant material 

Tradescantia virginiana plants were grown at 22 ~ 8 ~ during an 
18 h light cycle in a growth chamber. For injection experiments 

young stamen hairs were prepared from immature flower buds as 
described in Vos et al. (1998), Valster and Hepler (1997) and Hepler 
and Callaham (1987). For quantitative Western blot analysis, young 
buds of inflorescences were used. 

Pressure micro-injection 

Stamen hairs were injected as described by Vos et al. (1998). In 
brief, stamen hairs were dissected and immobilized in 1% low 
gelling temperature agarose VII (Sigma, St. Louis, MO) in Trades- 
cantia stamen hair culture medium (5 mM Hepes, pH 7.0, 1 mM 
KC1, 1 mM MgC12, 0.1 mM CaCI2) and 0.025% Triton X-100 on HF 
treated or poly-L-lysine (1 mg/ml) coated coverslips mounted on 
slides. Cells were pressure injected with precision micromanipula- 
tors (Narishige, Greenvale, NY and Newport, Irvine, CA) and capil- 
lary glass needles (World Precision Instruments, Sarasota, FL) 
mounted in a pressure syringe system (Eppendorf, Brinkmann, West- 
bury, NY and Gilmont Instruments, Barrington, IL). Needles were 
filled with indocarbocyanine(Cy3)-labeled bovine CaM (D. L. Tay- 
lor and A. H. Gough), 5-iodoacetamido-fluorescein (IAF) (Molecu- 
lar Probes, Eugene, OR) labeled spinach CaM (Sigma), fluorescein- 
labeled 10 kDa neutral dextran (Molecular Probes) or lysine fixable 
Texas-red-labeled 10 kDa dextran (Molecular Probes) in concentra- 
tions ranging from 0.3 to 1.0 mg/ml in 0.5 mM Tris or PIPES with 
0.75 mM NaCI, pH 7_0-7.5. Rhodamine-labeled tubulin (Cytoskele- 
ton, Denver, CO) was injected at 0.2-0.25 mg/ml in 20 mM gluta- 
mate, 0.5 mM MgSO4, 1.0 mM EGTA, pH 7.0. Images were taken 
with an argon or krypton/argon CLSM (MRC600; Bio-Rad, Hercu- 
les, CA) mounted on an upright or inverted Zeiss microscope (Zeiss, 
Thornwood, NY) or an inverted Nikon microscope (Nikon, Melville, 
NY) equipped with a • wide angle, noncorrected Nikon Fluor 1.3 
NA oil immersion lens. Small corrections for bleed-through between 
the two photomultipliers were only used with images captured with 
the argon laser. Images were processed by Adobe Photoshop 3.0 
(Adobe, San Jose, CA). 

Quantitative Western blot analysis 

Total protein extraction 

Endogenous CaM concentrations were determined from total protein 
extracts from Tradescantia infloreseences based on plant CaM puri- 
fication protocols (Anderson 1983). Young flower buds were ground 
in liquid nitrogen and the powder was added to hot (85-90 ~ 
extraction buffer (50 mM Tris, 150 mM NaC1, 5 mM MgSO4, 5 mM 
EGTA, 2% SDS, 10 mM DTT). After boiling for 5 rain and quickly 
cooling, the mixture was centrifuged at 16,000 g for 30 rain at 4 ~ 
Protein in the supematant was precipitated with 4 volumes of cold 
(-20 ~ acetone for 1 h, and centrifuged at 16,000 g for 30 min. 
After rinsing with cold acetone, pellets were dried under vacuum for 
40 rain and resuspended in 50 mM Tris, 150 mM NaCI, 0.02% 
NAN3. 

SDS-PAGE and Western blotting 

Total Tradescantia protein extracts and standards of doubling dilu- 
tions (0.625 to 20 gg/ml) of purified spinach CaM (Sigma) were run 
on I7.5% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis) gels. Protein was transferred to polyvinylidene di- 
fluoride membranes (Hulen et al. 1991) in potassium phosphate 
buffer (25 mM KH2PO4/K2HPO4, pH 7.0) at 10-20 V for 16 to 20 h. 
Membranes were fixed for 45 rain at room temperature with 0.2% 
glutaraldehyde in above buffer, followed by a blocking step in 5% 
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BSA in TBS for 3 h at room temperature or overnight at 4 ~ Pri- 
mary antibody (IgG monoclonal anti-carrot CaM from mouse, clone 
1D10; R. Cyr) (Fisher and Cyr 1993) was applied 1 : 500 in TBS 
with 1% BSA for 2 h at room temperature. Secondary antibody 
(alkaline phosphatase-conjugated goat anti-mouse; Boehringer 
Mannheim Biochemicals, Indianapolis, IN) was applied 1 : 2000 in 
above buffer with 0.05% Tween-20 (w/v) for 2 h at room tempera- 
ture. Enzyme substrates, nitro blue tetrazolium chloride (NBT) and 
5-bromo-4-chloro 3' indolylphosphate p-toluidine (BCIP) in Tris 
buffer (Pierce, Rockford, ILL were applied according to manufactur- 
er's instructions. 

Quantification 

Computer images of membranes were analyzed with PipScan (J. G. 
Kunkel) and Origin (Microcal, Northampton, MA). In brief, pixel 
vatues (0-255) of protein bands were converted to 8 averaged 
columns (band width): 2 bands of unknown concentrations of Trade- 
scantia CaM and 6 spinach CaM standards. The final total-band 
pixel intensities were determined by plotting the intensities of the 
band lengths, subtracting the background and summing the pixel 
values under the curve. 

Total protein assay 

Total protein concentrations were determined by a Lowry (1951) 

assay as modified by Schacterle and Pollack (1973). 

Statistical analysis of mitotic transition times 

Medians of minimal metaphase transition times, as determined from 
the first observation after nuclear-envelope breakdown to the start of 
anaphase, and anapbase transition times, from the separation of chro- 
matids to the start of the phragmoplast formation, of bovine CaM- 
and dextran-injected cells were compared by the Mann-Whitney U- 
test for small samples sizes (Campbell 1974). 

Labeling of spinach CaM with IAF and Ca 2§ shift assay 

Purified spinach CaM (Sigma) was labeled at the only cysteine at 
position 27 (Friedberg 1990) with IAF (Zot et al. 1990). 10 mg of 
IAE per ml dimethylformamide was added at 107< molar excess to 

1 mg of CaM per ml 50raM Tris, 75 mM NaC1, pH 7.5, 1 mM 
EDTA, 1-2 mM DTT, and 0.01% NAN3, and incubated at 4 ~ over- 
night. A Microcon-30 microconcentrator (Amicon, Beverly, MA) 
was blocked with 1% BSA, 0.1% NaN> mad 0.05% Tween 20 in PBS 
for 2 h at room temperature, and than carefully rinsed with 50 mM 
Tris and 75 mM NaC1, pH 7.5. The IAF-CaM mixture was loaded on 
the filter, centrifuged at 16,800 g for 20 rain at 4 ~ and washed 
twice while centrifuging with Tris-buffer to remove free dye. The 
retentate was retrieved by inverting the filter and centrifuging it for 
10 rain at 67,200 g. The supematant, ca. 0.7 mg of CaM-IAF per ml 
in Tris-buffer, was stored at 4 ~ To test Ca > binding, IAF- and un- 
labeled spinach CaM was incubated with 5 mM CaCla or 5 mM 
EGTA for 5 min before adding SDS-sample buffer. Samples were 
run on standard SDS-PAGE gels and transferred to polyvinylidene 
difiuoride membranes for Western blotting (see above). 

Fluorescent analog cytochemistry followed by chemical fixation 

After injection of Cy3-CaM, IAF-CaM, lysine-fixable Texas red- 
dextran (10 kDa) or rhodamine-tubulin as described above, stamen 
hairs were chemically fixed and processed as for whole-cell indirect 
immunofluorescent labeling (Larsen and Wotniak 1993). CLSM 

imaging of the distribution of fluorescent analogs was continued 
during these steps. In brief, stamen hairs were fixed for 30 min to 1 h 
with 3.7% formaldehyde (from stock), 4% paraformaldehyde (made 
fresh fiom powder), or 4% paraformaldehyde and 0.1% glutaralde- 
hyde in PIPES, magnesium, EGTA buffer (8 mM PIPES, 1 mM 
MgSO4, 1 mM EGTA, pH 7.0), or Tradescantia culture medium. In 
some instances the cuticle and cell wall were digested with a mixture 
of 0.1% cutinase (InterSpex Products, Foster City, CA), 0.5 % pecto- 
lyase, 1% Onozuka cellulase, I% macerase, 1% cellulysin, 0.4 M D- 
mannitol and 0.05% Nonidet P-40 in PIPES, magnesium, EGTA 
buffer for 1 h. All stamen hairs were continued to be bathed in above 
buffer or culture medium with 1% Nonidet P-40 for up to 20 h. 

Indirect immunofluorescent labeling of sectioned material 

Tradescantia stamen hairs were cryoflxed on agar or formvar coated 
loops in liquid propane (Lancelle et al. 1986) or fixed chemically 
with 4% paraformaldehyde or 4% paraformaldehyde and 0.1% 
glutaraldehyde in Tradescantia culture medium, embedded in butyl- 
lnethylmethacrylate mix and prepared for immunofluorescent label- 
ing (Baskin et al. 1992, 1996). Cryofixed material was substituted in 
acetone at -80 ~ with or without postfixation with 4% paraformal- 
dehyde, 0.1% glutaraldehyde, or both. Chemically fixed material 
was substituted at room temperature. 2 gm thick sections were cut 
with glass knives and immunofluorescently labeled for CaM or tubu- 
lin. In brief, the embedment was dissolved with acetone for 30 min, 
free aldehyde residues were neutralized with 1% NaBHa for 30 min, 
and nonspecific binding sites were blocked with 1% BSA, 0.1% 
NAN3, 0.05% Tween 20 in PBS for 1 h at 37 ~ Primary antibodies 
were applied as follows: monoclonal mouse anti-carrot CaM IgG, 
clone 1D10 (R. Cyr) undiluted, and monoclonal mouse anti-chicken 
a-mbulin IgG1, clone DM1A (Sigma) 1 : 100 in blocking solution, 
both for 2 h at 37 ~ or overnight at 4 ~ Secondary antibody, Cy3- 
conjugated goat anti-mouse IgG (Boehringer Mannheim), was 
applied 1 : 200 in blocking solution, for 2 h at 37 ~ or overnight at 
4 ~ Sections were embedded in VectaShield (Vector Laboratories, 
Burlingame, CA) and imaged with CLSM. 

Results 

Localization of labeled calmodulin and dextran in 
living cells 

To ascertain the localization of CaM in the living cell, 
stamen hair cells of Tradescantia virginiana were 
injected with low concentrations of bovine Cy3-CaM 
at various phases of cell division. The incorporation 
of exogenous CaM into the cell was fast, within 30 s, 
did not depend on the phase of the cell cycle, and did 
not visibly affect or halt cytoplasmic streaming in 
interphase cells. In total, 27 successful injections with 
bovine Cy3-CaM were performed of which 2 were 
into interphase cells, 6 into prophase, 16 into meta- 
phase, and 3 into anaphase. All cells stayed alive and 
all but 4 cells injected during metaphase or anaphase 
went on to the next mitotic phase. A typical example 
is shown in Fig. 1, in which a cell was injected during 
prometaphase with Cy3-CaM at a needle concentra- 
tion of 0.3 mg]ml and followed by CLSM as it contin- 



Fig. 1. Cy3-calmodulin localization during cell division. A stamen hair cell in prometaphase was injected with a needle concentration of 0.3 nag 
of Cy3-CaM per ml and followed by CLSM. Numbers on the panels are minutes after injection. Metaphase: 8 min after injection, anaphase: 16 
to 32 min, telophase: 55 to 110 min, interphase: 146 min. The distribution of CaM is uniform in the cytoplasm, but appears nonspecifically 
excluded from the chromosomes, and concentrated in the phragmoplast. This is due to variations in the accessible volume (see Fig. 2). Bar: 
10 ~tm 



Fig. 2. Fluorescein-dextran localization during celt division. A prometaphase cell was injected with 0.2 mg of fluorescein-dextran (10 kDa) per 
ml and followed by CLSM. Numbers on the panels are minutes after injection. Anaphase: 8 to 17 min after injection, telophase: 25 to 70 rain, 
interphase: 92 min. The localization of dextran corresponds to the accessible volume that varies between regions of the cytoplasm. Note the 
similarity in fluorescence distribution with the cell injected with CaM (Fig. 1). Bar: 10 ttm 
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ued mitosis (from 8 to 32 min after injection) and 
completed cytokinesis (from 55 to 110 min) within 
2 h. The Cy3-CaM permeated through the cytosol and 
was only excluded from vacuoles and regions in the 
cytoplasm occupied by chromosomes and large 
organelles, During late telophase (110 min after injec- 
tion), as the phragmoplast widened and a torus of 
MTs is formed, the CaM also seemed to be relocated 
to this area. After cytokinesis, the two newly formed 
nuclei appeared more fluorescent than the chromo- 
somes did during telophase but slightly less than the 
surrounding cytoplasm due to the decondensing of the 
chromatin (146 min after injection). In this regard 
CaM, while it is not concentrated in the nuclei, 
neither is it excluded. 
Because CaM appeared to concentrate in the phrag- 
moplast region (Fig. 1, from 60 to 80 min) it became 
important to determine the underlying cause. In pre- 
vious work with BSA (Zhang et al. 1990) and p13 ~ucl 
(Hepler et al. 1993), similar phragmoplast accumula- 
tions were observed that could be attributed to the 
increased accessible volume created by the palisade 
of MTs, which excludes large organelles. To correct 
for variations in accessible volume, stamen hair cells 
were injected with 10 kDa fluorescein-dextran, an 
inert volume marker. In total, 14 cells were success- 
fully injected and followed through cell division. All 
showed the same distributions for dextran as were 
found for CaM. Figure 2 shows a ceil injected with 
0.2 mg of fluorescein-dextran per ml during prometa- 
phase that was followed through cell division (from 8 
to 70 min after injection). The 10 kDa fluorescein- 
dextran was not taken up by the vacuoles, nor did it 
leak out of the protoplast or spread to neighboring 
cells. The dextran concentration within the chromo- 
somes was lower than in the surrounding cytoplasm 
due to the reduced accessible volume of condensed 
chromatin. During telophase, dextran was concentrat- 
ed in the phragmoplast, possibly caused by the exclu- 
sion of  larger organelles by the dense array of MTs. 
However, a dark line at the cell plate indicated that, as 
with CaM, dextran has been excluded from the nas- 
cent cell plate. 
When CaM and dextran with different fluorescent 
labels were injected together into dividing stamen 
hair cells, the two images were nearly identical (Fig. 
3) and could be superimposed (not shown). Thus 
injection of small amounts of labeled CaM into sta- 
men hair cells shows that the protein is uniformly 
spread throughout the accessible cytoplasmic volume 
during any phase of the cell cycle (Fig. 1) as illustrat- 
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Fig, 3 a, h. Co[ocalization of calmodulin and dextran, A stamen hair 
cell was injected during telophase with 0.5 mg of Cy3-CaM per ml 
mixed with 0.5 mg of FITC-dextran (I0 kDa) per ml, The distribu- 
tion of Cy3-CaM (b) is similar to that of FITC-dextran (a) except at 
the site of rejection where some of the CaM seems to be trapped in 
the wound plug. It can be reasoned from this and like images that the 
CaM distribution is uniform throughout the cytoplasm. Gain and 
black level of both photo multiplier tubes on the MRC600-CLSM 
were adjusted to give similarly bright images, but otherwise the 
images were not separately enhanced. Bar: 10 ~tm 

ed with the injection of the volume marker fluores- 
cein-dextran (Fig. 2). There is no specific localization 
of CaM with any structure in the dividing cell. Its 
localization thus is completely unlike that of injected 
labeled tubulin (compare with Fig. 6 i, k) (Zhang 
et al. 1990, 1992; Valster and Hepler 1997). 

Quantitative Western blot analysis of endogenous 
CaM concentrations 

To test if the total CaM concentration was not 
swamped by the injected analog, the endogenous 
cytoplasmic concentration was determined by densi- 
tometry of Western blottings of total protein extracts 
of Tradescantia flower buds and standards of purified 
CaM from spinach (Fig. 4). Both Tradescantia CaM 
(Fig. 4 a, lanes 1 and 2) and doubling dilutions of 
spinach CaM (Fig. 4 a, lanes 3 to 7) were recognized 
by the carrot CaM antibody and were identical in size. 
The standard curve (Fig. 4 b) shows the two Trades- 
cantia samples and five dilutions of spinach CaM 
from the above membrane. Extrapolation of the two 
unknown samples resulted in concentrations of ca. 3.0 
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Fig. 4 a, b. Quantitative analysis of endogenous calmodulin. The 
endogenous Tradescantia CaM concentration was compared to 
known dilutions of spinach CaM. a Western blot showing single 
bands of two total protein samples of Tradescantia flower buds (1 
and 2) and five bands of doubling dilutions (10 to 0.625 gg/ml) of 
purified spinach CaM (3 to 7) probed with carrot CaM-antibody. b 
Band darkness (pixel intensity) of the standard dilution samples (11). 
The CaM concentrations of the two Tradescantia samples ( 0 )  are 

extrapolated to be ca. 3.0 ~g/ml and ca. 5.1 ~xg/ml 

~g/ml and ca. 5.1 ag/ml. The average concentration 
of CaM, from three measurements with two protein 
samples, was ca. 4 ~tg/ml. This is equivalent to ca. 
20 p~g CaM per gram fresh weight, ca. 0.5 mg CaM 
per gram total protein as determined by a Lowry 
assay, or to a cytoplasmic concentration of ca. 11 ~tM 
(assuming the cytoplasm constitutes 10% of the aver- 
age cell volume). These amounts agree with concen- 
trations found in other plant tissues (Allen and Hepler 
1989, Muto and Miyachi 1984, Anderson 1983). Pres- 
sure injection increased the CaM concentration by 
about 6%, if we assume that in dividing cells the 
vacuole occupies 50% of the total cell volume of 
10 pl, and that injection adds about 1% to it (Zhang 

Fig. 5 a-c.  Calcium shift assay and localization of spinach IAF- 
CaM. a Western blotting of CaM incubated with either 5 mM Ca 2§ (1 
and 3) or 5 mM EGTA (2 and 4) suggests that the labeled spinach 
CaM (l and 2) is able to bind Ca 2+ as its mobility is equal to the unla- 
beled spinach CaM (3 and 4). b and c A metaphase cell was injected 
with 0.5 p.g of  lAP-CaM per ml, and followed through anaphase, 
24 rain after injection (h), and telophase, 47 min after injection (e). 
Spinach CaM, potentially highly homologous to Tradescantia CaM, 
has a similar, uniform distribution as bovine CaM (Fig. 1) and dex- 
tran (Fig. 2). Bar: 10 ~m 

et al. 1990). Thus we concluded that the endogenous 
pool was not dominated by the injectate. 

Mitosis transition times of injected cells 

Because CaM activity could be involved in cell divi- 
sion and MT stability (Keith et al. 1983, Lee and 
Wolff 1982), we verified that indeed injection of 
small amounts did not alter mitotic transition times. 

Fig. 6 a-I.  Redistribution and differential extraction of CaM and dextran after chemical fixation. Cells were injected with 0.5 mg of Cy3-CaM 
(a-d),  0.5 mg of 10 kDa Texas red, lysine-fixable dextran (e-h),  or 0 .2~.25 mg of rhodamine-tubulin (i-l) per ml, and imaged before (a, c, e, 
g, i, and k) and after fixation (b, d, f, h, j, and 1). In three quarters of the injected cells, the CaM or dextran redistributes to the chromatin, 
nucleoli, phragmoplast, and cell plate (b and f). Only in a quarter of the cells is the distribution similar to that of the live cell (d and h), although 
morphological artefacts are still visible. By contrast, redistributions of  this kind are not seen when tubulin-injected cells are fixed (j and 1). Bar: 

10 ~xm 
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Both metaphase and anaphase transition times were 
found to be similar between cells injected with CaM 
or dextran as tested by the Mann-Whitney U-test. The 
median of the minimal length of metaphase in CaM- 
injected cells, as measured from first observation 
during prometaphase to the separation of the chroma- 
tids, was 26 + 6 min, and in dextran-injected cells 
29 + 10 min. Anaphase, from the separation of the 
chromatids to the phragmoplast formation, in CaM- 
injected cells had a median length of 25 + 7 min and 
in dextran-injected cells a length of 24 + 4 min. 

Localization of labeled spinach CaM 

To determine if CaM from a more closely related 
source would behave similarly to injected bovine 
CaM, we labeled commercially available spinach 
CaM with IAF, tested its capability to bind calcium 
(Fig. 5 a), and injected it into stamen hair cells (Fig. 5 
b, c). Both IAF-labeled and unlabeled spinach CaM 
showed a calcium-dependent conformational change 
of equal magnitude under denaturing conditions. 
When calcium was bound, the protein moved faster 
on SDS-PAGE gels (Fig. 5 a, lanes 1 and 3) due to its 
active, globular form. If incubated with EGTA before 
adding sample buffer and electrophoresis, the protein 
moved more slowly (Fig. 5 a, lanes 2 and 4) due to its 
inactive state, i.e., dumbbell shape. All 11 successful 
injections of this spinach CaM preparation showed 
the same uniform distribution as with Cy3-1abeled 
bovine CaM or FITC-dextran. Figure 5 b and c shows 
a cell injected in prometaphase and followed through 
anaphase (Fig. 5 b), 24 rain after injection, and telo- 
phase (Fig. 5 c), 47 min after injection. 

Redistribution and differential extraction of CaM 
and dextran after chemical fixation 

To determine why CaM in chemically fixed cells 
appears to be colocalized with the mitotic apparatus 
(Vantard et al. 1985), or the phragmoplast (Wick et al. 
1985), we followed the fate of fluorescently labeled 
CaM, 10 kDa lysine-fixable dextran or tubulin in 
living and chemically fixed cells. Standard proce- 
dures were used as if the cells were being prepared for 
antibody labeling including fixation with paraformal- 
dehyde and glutaraldehyde (Wick and Duniec 1986), 
and treatment with wall-digestive enzymes and/or 
detergents (Larsen and Wolniak 1993), The results 
show that the distribution of the injected CaM and 
dextran changed dramatically during and after fixa- 
tion (Fig. 6), with three quarters of the cells showing 
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abnormal distributions, including leakage of CaM and 
dextran into the vacuole or neighboring cells, and 
movement of CaM and dextran onto the chromo- 
somes, nucleoli, phragmoplast, and cell plate (Fig. 
6 b, f). These redistributions were independent of the 
method of fixation and post-treatment. Only in a 
quarter of the cells (4 out of 16 injections for CaM, 
and 2 out of 8 injections for dextran) was the distrib- 
ution of either CaM or dextran the same before and 
after fixation (compare Fig. 6 c with d, and g with h). 
In contrast, rhodamine-labeled tubulin, which had 
incorporated into the phragmoplast array (Fig. 6 i, k), 
did not show redistribution after fixation (Fig. 6 j, 1), 
although cells did show morphological artefacts (5 
cells injected). It is also important to note that the 
process of fixation, which took 1-2 min to halt cyto- 
plasmic streaming, causes distortions in the cell mor- 
phology including loss of the turgid appearance, dis- 
appearance of cytoplasmic strands, wrinkling of the 
cell wall, shrinking of the spindle halves, and loss of 
distinctive cytoplasmic zonation associated with the 
phragmoplast. 

Comparison of cryofixed and chemically fixed 
sections, labeled with CaM and tubulin antibodies 

Lastly, to compare the fluorescent-analog eytochem- 
istry approach with previous results on fixed cells, the 
distribution of CaM was compared between cryofixed 
and chemically fixed material (Fig. 7). Stamen hairs 
were cryofixed in liquid propane and prepared for 
immunolabeling (see Material and methods). Thin 
sections of this material (Fig. 7 a, b, e, and f) were 
compared with chemically fixed material subjected to 
the same post-fixational procedures as the cryofixed 
material (Fig. 7 c, d, g, and h). In general, cells kept 
their live cell morphology better after cryofixation. 
The turgid appearance was not lost, the chromosomes 
kept their live cell size, cytoplasmic strands were visi- 
ble in most medial sections and the cell walls and 
plasma membranes were not wrinkled. 
The labeling of CaM in cryofixed cells during telo- 
phase (Fig. 7 a) and interphase (Fig. 7 e) was general- 
ly similar to the live cell distribution of CaM and 
unlike that of tubulin during telophase (Fig. 7 b) or 
interphase (Fig. 7 f). The cytoplasm was uniformly 
labeled, chromosomes and nuclei appeared darker, 
and the phragmoplast was more intensely labeled, 
similar to the live cell distribution. The only differ- 
ence from the live cell distribution was an accumula- 
tion of CaM antibody at the cell plate in many sec- 
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Fig. 7 a-h. Comparison of cryofixed and chemically ftxed material. Cryofixed (a, b, e, and f) or chemically fixed (e, d, g, and h) sections of 
telophase cetis (a, h, e, and d) and interphase cells (e, f, g, and h) were labeled with anti-CaM (a, c, e, and g) or a~lti-t~bulin (b, d, f, and h). 
Both the CaM localization and the morphological preservation show the superiority of cryofixation over chemical fxation. The CaM distribu- 
tion in cryofixed cells is largely uniform throughout the cytoplasm (a and e) and differs greatly from the tubulin localization (b and f). although 
the cell plate is brightly stained with the CaM antibody (a). In chemically fixed telophase cells CaM (c) and tubulin (d) colocalize, but not in 
interphase cells (g and h). a and b and c and d Sections of the same cells. Bar: 10 gm 

tions. Including fixatives during substitution did not  

not iceably affect the overall  quality o f  preservat ion or 
the CaM labeling. 

By  contrast,  CaM labeling in chemica l ly  fixed cells 

during telophase (Fig. 7 c) was very much  like the 

tubulin distribution (Fig. 7 d), being almost  exclu- 

sively within the phragmoplast ,  and little or no label- 

ing o f  the cortical cytoplasm.  In interphase cells, CaM  

labeling (Fig. 7 g) was general ly  uniformly,  along the 

partly col lapsed cortical and perinuclear  cytoplasm.  

Tubulin labeling in interphase cells (Fig. 7 h) was 

similar to the labeling in cryof ixed cells a l though with 

more  artefacts, such as a loss of  clearly defined 

microtubules  in medial  sections. Controls in which 

first or both antibodies were omitted only showed 

weak  f luorescence o f  agar and cells (not shown). 

Discussion 

Calmodulin is uniformly dispersed throughout 
the cytoplasm in the live cell 

In contradict ion to earlier work (Wick et al. 1985, 

Vantard et al. 1985), which reported that CaM is 

localized to the mitotic apparatus and the phragmo-  

plast, our results show that CaM  is uni formly distri- 

buted throughout  the plant cell during all phases o f  
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the cell cycle. Injection of small amounts of fluores- 
cently labeled bovine or spinach CaM (Figs. 1 and 5) 
indicated the same distribution as injected dextran 
(Fig. 2), an inert polysaccharide that if injected will 
percolate throughout the cytosol. Injecting both 
probes together into one cell (Fig. 3) also revealed 
clearly that CaM and dextran have similar distribu- 
tions. That the injectate was not merely streaming 
around the cytoplasm in surplus was shown by quan- 
titative Western blot analysis of the endogenous CaM 
concentration (Fig. 4) together with estimates of the 
amounts of injectate. The results indicate that less 
than 10% exogenous CaM has been added, and this is 
unlikely to dominate the endogenous cytoplasmic 
pool. In addition we emphasize that the amount of 
CaM injected had no effect on the progression of 
meta- and anaphase or on cytoplasmic streaming. 
The high concentration of CaM observed in the 
phragmoplast is due to the larger accessible volume 
within that region, where a dense palisade of MTs 
excludes large organelles like mitochondria, dictyo- 
somes, and vacuoles (Gunning 1982), creating a zone 
into which small, unbound components can freely 
percolate. These properties of the phragmoplast can 
give the illusion that CaM is concentrated therein but 
in reality the concentration of the protein is the same 
throughout the entire cytosol, a conclusion strongly 
supported by the colocalization of fluorescent dex- 
tran. In drug experiments in which MTs were depoly- 
merized, CaM localization was also affected (Sweet 
et al. 1989, Stemple et al. 1988). However, because 
the accessible volume is largely maintained by the 
cytoskeleton, the distribution of any soluble protein is 
likely to change if MTs (or actin microfilaments) are 
destabilized, especially in a structure like the phrag- 
moplast. Likewise, preparatory processes, such as 
those used for Haemanthus endosperm cells (Vantard 
et al. 1985), might change the accessible volume and 
cause differences observed in the CaM localization 
between these cells and pea and onion cells (Wick 
et al. 1985) 'when fixed. 
Our results do not deny a role for CaM in cell divi- 
sion, nor that it could be bound to certain components 
such as MT-binding proteins or kinesin light chains 
which have structural or functional associations with 
the cytoskeleton (Fisher et al. 1996, Matthies et al. 
1993, Gratzer and Baines 1988). If (indirect) binding 
to the cytoskeleton occurs, these events involve a 
small population of the total endogenous CaM pool 
and are too small to be detected by the method used 
here. 

CaM and dextran are redistributed and differentially 
extracted during chemical fixation 

The discrepancy between the apparent uniform distri- 
bution of CaM in the cytoplasm of the live cell and 
the results with indirect immuno-localization studies 
on chemically fixed cells has been examined by fluo- 
rescent analog cytochemistry of living cells followed 
by fixation (Fig. 6), as used previously by Melan and 
Sluder (1992) to examine the distribution of selected 
proteins in animal cells. Their conclusion was that for 
proteins that form polymers like actin and tubulin 
most chemical fixations are sufficiently fast and sta- 
ble to use, but for soluble or transiently soluble pro- 
teins like 0valbumin, BSA, and ~-lactoglobulin B in 
vivo distribution is not conserved. Proteins were 
redistributed and/or differentially extracted during the 
preparation of cells to yield artifactual association 
with the nucleus, nucleoli, perinuclear region, and 
centrosomes. Also, after fixation the fluorescently 
labeled proteins displayed a fibrous, reticulate texture 
not observed in living cells (Melan and Sluder 1992). 
We similarly found erroneous, artefactual localiza- 
tions of CaM and dextran to the phragmoplast, cell 
plate, chromatin, and nucleoli after various Chemical 
fixations. In marked contrast, the localization of tubu- 
lin did not change during fixation. The CaM localiza- 
tion in live cell images was always consistent whereas 
the results from chemically fixed cells varied widely; 
cell plates in identically treated preparations could 
exhibit positive or negative localization of CaM. 
CaM is known to be a "sticky" protein that can inter- 
act with hydrophobic regions of many proteins 
(Cohen and Klee 1988b). During the first minutes of 
conventional chemical fixation, as the regulation of 
Ca 2+ and CaM interactions is being destroyed, Ca 2+ 
influx could activate nonphysiological amounts of 
CaM that subsequently bind to fixation-stable struc- 
tures, such as MTs, by means of nonspecific interac- 
tions. 

Chemical versus cryofixation 

The discrepancy in CaM localization between the live 
and fixed cell was also examined by comparing struc- 
tural rearrangements in the protein distribution 
between conventional chemically fixed and cryofixed 
cells probed with antibodies (Fig. 7). In contrast to 
chemical fixation, cryofixation gave an excellent pre- 
servation of the cell morphology and the cytoplasmic 
distribution of CaM was maintained. Only in sections 
of telophase cells was there a redistribution of some 
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of  the C a M  to the cel l  p la te  un l ike  that  in the l ive cell .  

This  concen t ra t ion  migh t  be due to an t igen  red i s t r ibu-  

t ion dur ing  subst i tu t ion,  a l though add i t ion  o f  f ixa-  

t ives  dur ing  subs t i tu t ion  d id  not  p reven t  it. A l t e rna -  

t ive ly  the e l eva ted  concen t ra t ion  o f  C a M  migh t  repre-  

sent  a m e m b r a n e - b o u n d ,  n o n e x c h a n g e a b l e  poo l  of  

C a M  that  is access ib le  to an t ibod ies  but  not  to f luo-  

rescen t  ana log  cy tochemis t ry .  Genera l ly ,  c ryo f ixa t ion  

has been  shown to be  an exce l l en t  me thod  for  p re se rv -  

ing the ce l lu la r  s t ructure  and for  ind i rec t  i m m u n o f l u -  

o rescent  l abe l ing  of  MTs and act in  mic ro f i l amen t s  

(Bask in  et al. 1996), and even  though it does  not  p ro -  

duce ident ica l  resul ts  to the l ive cel l ,  st i l l  it is p roba -  

b ly  the bes t  choice  i f  m ic ro - in j ec t i on  is not  an opt ion.  

Consequences for CaM function 

The imp l i ca t ion  f rom these  obse rva t ions  is that it is 

not  poss ib l e  to de te rmine  the func t ion  o f  C a M  from 

its overa l l  loca l iza t ion .  We therefore  are forced  to 

reassess  mode l s  that  p ropose  a role  for  the p ro te in  as 

a r egu la to r  o f  mi tos i s  (Wick  et al. 1985) and k ine to -  

chore  M T  d y n a m i c s  (Vantard et al. 1985), as both  

sugges t ions  were  in i t ia l ly  and p r imar i ly  based  on the 

loca l i za t ion  o f  C a M  in chemica l  f ixed  mater ia l .  The  

p ro te in  m a y  indeed  funct ion  in these events  but  o ther  

l ive -ce l l  da ta  are needed ,  such as the spat ia l  and tem-  

pora l  d i s t r ibu t ion  o f  Ca2+-act ivated C a M  (Hahn et al. 

1992) and response  e l e m e n t - b o u n d  C a M  (Gough  and 

Taylor  1993). We  p r e sume  that  b o u n d  C a M  wil l  

r ep resen t  a small ,  but  c ruc ia l  f rac t ion  of  the total  C a M  

pool ,  wh ich  m a y  be gove rned  in part ,  at least ,  by  a 

spa t ia l ly  l oca l i zed  re lease  o f  Ca  2+. 

Conclusions 

We conc lude  that  C a M  is un i fo rmly  d is t r ibu ted  

th roughout  the c y t o p l a s m  and that  chemica l  f ixa t ion  

techniques  in c o m b i n a t i o n  wi th  indi rec t  im muno-  

loca l i za t ion  do not  necessa r i ly  p rese rve  and represen t  

in v ivo  d i s t r ibu t ion  o f  this protein.  S tudy ing  C a M  

loca l i za t ion  in chemica l  f ixed  mate r i a l  is not  sui table  

for  e luc ida t ing  C a M  funct ions  or  to base  func t iona l  

mode l s  upon,  and in genera l ,  this app roach  is not  pre-  

fe r red  to demons t r a t e  so lub l e -p ro t e in -dependen t  

effects.  As  a l te rna t ive  p rocedure  s we  p romo te  f luo-  

r e scen t -ana log  cy tochemis t ry ,  g reen - f luo rescen t -p ro -  

tein cy tochemis t ry ,  or c ryo f ixa t i on  in combina t i on  

with  i m m u n o - l o c a l i z a t i o n  at the l ight -  or e lec t ron-  

m i c r o s c o p y  level  as super io r  me thods  for  fa i th fu l ly  

p rese rv ing  de ta i l ed  s t ructural  re la t ionsh ips  (Heple r  

and Gunn ing  1998, Vals ter  and Hep le r  1997, S taehe-  

l in and Hep le r  1996, Mi l l e r  et al. 1996, Bask in  et al. 

1996, Hush  et al. 1994), and espec ia l ly  the d is t r ibu-  

t ion o f  p ro te ins  that  are soluble .  
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