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Microtubule integrity within the cortical array was visualized in 
detergent-lysed carrot (Daucus carota L.) protoplasts that were 
exposed to various exogenous levels of CaZ+ and calmodulin (CaM). 
CaM appears to help stabilize cortical microtubules against the 
destabilizing action of Ca2+/CaM complexes at low CaZ+ concen- 
trations, but not at higher Ca2+ concentrations. The hypothesis that 
CaM interacts with microtubules at two different sites, determined 
by the concentration of CaZ+, is supported by the effects of the 
CaM antagonists K(6-aminohexy1)-1 -naphthalene-sulfonamide and 
K(6-aminohexyl)-5-chloro-l -naphthalenesulfanamide (20 p ~ )  and 
by affinity chromatography. Two classes of proteins were identified 
that interact with tubulin and bind to CaM. One class required CaZ+ 
for CaM binding, whereas the second class bound only when Ca2+ 
concentrations were low (e320 nM). Thus, CaM's ability to have 
two opposing effects upon microtubules may be regulated by the 
concentration of intracellular Ca2+ and its differential interactions 
with microtubule-associated proteins. Experimental manipulation 
of intracellular Caz+ concentrations, as monitored by Indo-1 , re- 
vealed that the effect of Ca2+ is specific to the cortical microtubules 
and does not affect actin microfilaments in these cells. 

Cellular elements such as microtubules must operate 
harmoniously within the cell under a variety of conditions. 
To understand how the cell orchestrates the behavior of 
microtubules, the molecular conductors that direct intra- 
cellular signals must be identified and their effects on 
microtubules characterized. Ca2+ is thought to be one of 
these regulators. 

Ca2", a well-known signaling molecule (Gilroy et al., 
1991; Bush, 1993, 1995), binds to a number of effector 
proteins, including CaM (Allan and Hepler, 1989; Roberts 
and Harmon, 1992), which, in turn, can interact with myr- 
iad intracellular targets, including microtubules (Keith et 
al., 1983; Cyr, 1991a). Ca2+ binds to CaM via four EF- 
hands, each of which possesses a characteristic helix-loop- 
helix motif. Upon binding to Ca2+, CaM changes from an 
extended configuration (with two EF-hands on each arm) 
to one that is more compact (Klee, 1988; Torok and Whi- 
taker, 1994). The configuration of the compact form is 
variable due to a coiled linker region termed the variable 
expansion joint (Torok and Whitaker, 1994). This flexibility 
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allows CaM to interact with a variety of different CaM- 
binding proteins (Klee, 1988; Torok and Whitaker, 1994). 

Microtubules are prominent components of the cytoskel- 
eton and are used by the cell in a number of diverse 
processes such as the orientation of cellulose microfibrils, 
nuclear positioning, chromosome segregation, and the as- 
sembly of new cell plates (Goddard et al., 1994). These 
dynamic polymers of tubulin interact with MAPs, thereby 
modulating microtubule behavior (Cyr, 1991b; Schellen- 
baum et al., 1992). MAPs also interact with a number of 
other cellular components, including CaM. Microtubule- 
associated proteins that interact with CaM include the 
stable, tubule-only proteins (Margolis et al., 1986; Pirollet et 
al., 1992) MAP2 and tau (Kotani et al., 1985) and a homolog 
to EF-1a (Durso and Cyr, 199413). These interactions with 
CaM have important functional repercussions: stable, 
tubule-only proteins lose their ability to stabilize microtu- 
bules (Pirollet et al., 1992), tau and MAP2 lose their ability 
to interact with actin (Kotani et al., 1985), and EF-la loses 
its ability to bundle microtubules (Durso and Cyr, 1994b). 
The physiological significance of these interactions is dem- 
onstrated by the observation that the in situ destabilizing 
effect of Ca2+ on microtubules requires the participation of 
CaM (Keith et al., 1983; Cyr, 1991a). 

Some of CaMs more subtle features have a profound 
influence on its molecular character and its role as a regu- 
lator. For example, the four Ca2+ molecules that bind to 
CaM do not associate simultaneously, but rather sequen- 
tially. This sequential binding is due to the unique arrange- 
ment of the EF-hands, which permits strong cooperation 
between the four Ca2+-binding sites on each molecule, 
resulting in two high-affinity sites (Kd values about 1 0 P  M )  

and two low-affinity sites (Kd values about 10-5 M; Klee, 
1988). Target proteins can also exert a strong influence on 
the Ca2+-binding capabilities of the protein. For example, 
in the presence of the target protein phosphodiesterase 
(Gregori et al., 1985), CaMs affinity for Ca2+ is enhanced 2- 
to 10-fold at the high-affinity Ca2+ binding sites, and by 
two orders of magnitude at the low-affinity sites. As CaM 
binds to Ca", its affinity for phosphodiesterase likewise 
increases from l O P 3  to 1 O P 1 O  M. Thus, there is strong coop- 
eration between the binding of Ca2+ to CaM, the subse- 

Abbreviations: CaM, calmodulin; EF-la, elongation factor l a ;  
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1-napthalene-sulfonamide; W7, N-(6-aminohexyl)-5-chloro-l- 
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quent interaction of CaM with its target proteins, and a 
feedback enhancement in the ability of CaM to bind pro- 
gressively more Ca2+. This interplay in cooperative bind- 
ing allows CaM to form loose associations with target 
proteins, which then typically become progressively tighter 
and more active as Ca2+ levels rise (Klee, 1988). Although 
the binding of CaM to its target enzyme is typically en- 
hanced as CaM binds additional Ca2+, decreases have been 
reported (Cimler et al., 1985; Baudier et al., 1991). Relevant 
to the present study is the observation that CaMs affinity 
for microtubules can decrease at higher concentrations 
of Ca2+. 

Fisher and Cyr (1993) raised an antibody against carrot 
(Daucus carota L.) CaM, and immunocytochemistry re- 
vealed that CaM associates with the cortical microtubules; 
however, this localization was sensitive to Ca2+ and oc- 
curred only when EGTA was included in the preparations 
(although microtubules were clearly present under the ex- 
perimental conditions). This observation is paradoxical be- 
cause cortical microtubules are destabilized by Ca2+ / CaM 
(Cyr, 1991a). How can CaM simultaneously lose its affinity 
for microtubules, yet still participate actively in their de- 
stabilization? One possible explanation is that CaM binds 
to microtubules at low [Ca”], but in the presence of ele- 
vated [Ca”] disassociates and causes the passive destabi- 
lization of microtubules. However, this is unlikely because 
stripping CaM from microtubules via Ca2+ does not lead to 
destabilization (Cyr, 1991a; see also Fig. 1 herein). An alter- 
native hypothesis is that CaM can associate with microtu- 
bules at two different sites: one site is Ca2+-sensitive (i.e. it 
is disfavored by Ca2+) and the other is Ca2+-dependent 
(i.e. it requires CaZf). The data presented in this study are 
consistent with this alternative hypothesis and, moreover, 
suggest that the Ca2+-sensitive site is involved in protect- 
ing microtubules against the destabilizing action by Ca2+ / 
CaM at the second site. 

MATERIALS A N D  METHODS 

Cell Culture and Protoplast Preparation 

Carrot (Daucus carota L.) suspension cultures were main- 
tained as previously described (Cyr and Palevitz, 1989). 
Protoplasts were produced using 1% Cellulase YC and 
0.1% Pectolyase Y-23 (Seishin Pharmaceutical, Tokyo, Ja- 
pan) with 0.35 M mannitol added as an osmoticum. Incu- 
bation in enzymes did not exceed 1.5 h. After conversion, 
the protoplasts were filtered through cotton, collected by 
centrifugation at 300g for 5 min, and washed twice with 
PMM buffer (50 mM Pipes, pH 6.9, 1 mM MgSO,, 1 mM 
EGTA, and 0.35 M mannitol). 

lsolation of CaM and Estimation of CaM Levels in 
Suspension Cells 

CaM is a highly conserved protein (Wylie and Vanaman, 
1988), and from both carrot and mammalian sources it is 
equally effective at destabilizing cortical microtubules in 
lysed carrot protoplasts (Cyr, 1991a). Experimental and 
phylogenetic data indicate that the source of CaM is not an 
experimental variable for destabilizing cortical microtu- 

bules; therefore, we used a well-characterized source ma- 
terial (bovine brain) from which high yields of CaM were 
obtained. CaM was isolated using a combination of isoelec- 
tric precipitation, heat treatment, and hydrophobic chro- 
matography (Gopalakrishna and Anderson, 1982). The fi- 
nal purity was 99.9% as judged by SDS-PAGE. To estimate 
the amount of CaM in the suspension cells used in this 
study a similar purification scheme was used, and the final 
yield of CaM was divided by the total amount of crude 
starting proteins. 

Caz+ Measurements 

An EGTA/Ca’+ buffer system was typically used in 
experiments that required a free-Ca2+ concentration below 
100 p ~ .  To verify the actual free-Ca2+ concentration, a 
Ca2+ electrode (Orion, Boston, MA) was used that had 
been calibrated with commercial Ca2+ standards from two 
sources (World Precision Instruments, New Haven, CT, 
and Molecular Probes, Eugene, OR). This electrode re- 
sponded linearly down to 100 nM and enabled an accurate 
titration of the Ca2+-EGTA (1 mM EGTA) buffer system to 
achieve the desired concentrations of Ca2+. 

To estimate the intracellular free-Ca2+ levels, the pen- 
tapotassium salt of Indo-1 (Molecular Probes) was loaded 
into cells under acidic conditions. The protoplasts were 
suspended in a solution containing 20 mM dimethylglutaric 
acid, pH 4.5,0.35 M mannitol, and 20 p~ Indo-1 for 30 min. 
The protoplasts, now loaded with Indo-1, were collected by 
centrifugation and washed severa1 times with PMM buffer. 
The cells were then placed into medium containing either 
high or low concentrations of Ca2+ (100 or 1 mM, respec- 
tively). The cells were imaged within 15 min on a laser 
scanning confocal microscope (model LSM 410, Zeiss) 
equipped with a UV laser (364 nm, Coherent Ltd., Auburn, 
CA) and an 80/20 beam splitter (Zeiss). Emitted light was 
detected simultaneously at 400 to 435 nm, and wavelengths 
greater than 460 nm were detected using an interference 
filter (Zeiss) at each of the two photomultiplier detectors. A 
ratio of the two resulting images was obtained, and the 
average pixel values within the cells were determined us- 
ing the morphometric software supplied by Zeiss. To ob- 
tain a standard curve, reference Ca2+ solutions (Molecular 
Probes) were mixed with 1 p~ Indo-1 and a suspension of 
5-pm latex beads was made. The beads facilitated focusing 
on the same focal plane to ensure high-fidelity measure- 
ments of each calibration solution. The average pixel value, 
as a function of [Ca2+], was plotted. 

Protoplast Lysis and Treatments 

Protoplasts, resuspended in PMM, were settled onto 
poly-L-Lys-coated slides (applied as a 1 mg mLpl solution, 
M ,  300,000; Sigma) for 5 min. Excess PMM was removed by 
wicking with blotting paper, and detergent lysis buffer was 
applied for 5 min. Lysis buffer consisted of 50 mM Pipes, 
pH 6.9, 1 mM MgSO,, 1 mM EGTA, 10 mM 3-[(cholamido- 
propyl)dimethylammonio]-1-propanesulfonic acid, and 10 
pg mL-l each of the following protease inhibitors: anti- 
pain, aprotinin, chymostatin, pepstatin, and leupeptin. The 
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extracted protoplasts were rinsed briefly with 50 mM Pipes, 
pH 6.9, and 1 mM MgSO,, and exposed to the various 
concentrations of Ca2+ and CaM for 15 min at room tem- 
perature. To remove endogenous CaM that resided on the 
microtubules prior to Ca2+ treatments, the lysed proto- 
plasts were exposed to 200 p~ Ca2+ for 1 min and were 
immediately and thoroughly rinsed with PM (PMM with- 
out mannitol). This treatment effectively removes CaM 
from the microtubules without causing their destabiliza- 
tion (see Fig. 1). 

Fixation and lmmunolocalization of Microtubules in 
Lysed Cells 

After treatments the protoplasts were fixed for 20 min 
with 4% (w/v)  formaldehyde (made fresh from parafor- 
maldehyde), 0.1% (v/v) glutaraldehyde, 50 mM Pipes, pH 
6.9, 1 mM MgSO,, and 5 mM EGTA. The fixative was 
removed by wicking with blotting paper, and the slides 
were washed for 5 min with PBS. 

After fixation the protoplasts were blocked for 5 min 
with 3% (w/v)  BSA, dissolved in PBS, and incubated with 
a monoclonal antibody raised against carrot tubulin (des- 
ignated mAblF8) or carrot CaM (designated mAblD10; 
Fisher and Cyr, 1993) for at least 45 min. After the slides 
were rinsed for 15 min in PBS, they were incubated in a 
goat anti-mouse fluorescein isothiocyanate-conjugated an- 
tibody (Sigma) for at least 45 min, followed by a 15-min 
rinse with PBS. The slides were mounted in 4 M glycerol, 
100 mM Tris, pH 9.0, containing 1 mg mL-l phenylenedi- 
amine (to prevent fluorescent fading) and 1 mg mL-’ 
Hoescht 33258 (Calbiochem) to visualize the nuclei. The 
slides were viewed with a Zeiss Axioskop equipped with a 
150-W xenon epifluorescent illuminator and X40 and XlOO 
plan-Neofluar objectives. Photomicrographs were obtained 
using Tri-X Pan film (Kodak), which was exposed and 
developed normally. 

Fixation and lmmunolocalization of Microtubules and 
Actin Filaments in lntact Protoplasts 

Protoplasts were produced as described above. Half 
were exposed to 100 mM Ca2+ in carrot medium (contain- 
ing mannitol as an osmoticum) for 15 min, and the rest 
were kept in medium only (containing 3 mM Ca2+), centri- 
fuged at 300g for 3 min, and the supernatant was dis- 
carded. The protoplasts were fixed and dehydrated as de- 
scribed by Andersland et al. (1994). Briefly, the fixative was 
the same as described above, but the gluteraldehyde was 
reduced to 0.05% (w/v) and the protoplasts were settled on 
the slides during the last 2 min of fixation. For dehydration, 
the slides were placed in methanol at -20°C for 10 min, 
and rinsed with PBS. The protoplasts were exposed to 
either an anti-tubulin soy antibody raised in rabbit or a 
monoclonal antibody raised in mouse against phalloidin-sta- 
bilized pea root actin (designated mAb3 H11) for 1 h. After 
rinsing in separate beakers of PBS plus 0.05% Tween 20 for 15 
min, they were exposed to either a goat anti-rabbit or a goat 
anti-mouse secondary antibody (both fluorescein isothio- 
cyanate-conjugated, Sigma) for 1 h and rinsed as de- 

scribed above. The slides were mounted as described 
above and viewed on the confocal microscope using the 
488-nm line of the argon-ion laser for excitation, a 488 
dichroic mirror (Zeiss), and 510- to 540-nm emission 
filters (Zeiss). 

lmage and Data Analysis 

Fluorescent images of cortical microtubules from lysed 
protoplasts were captured using a silicon-intensified tube 
camera (Hamamatsu Phototronics, Hamamatsu City, Ja- 
pan) and digitized using a video board (PC-Vision Plus, 
Imaging Technology, Woburn, MA) mounted in a micro- 
computer (model 286-12, CompuAdd, Austin, TX). The 
images were displayed on a monitor (model PVM 1344Q, 
Sony, Denver, CO) and analyzed with the aid of Canopy 
software (Los Alamos National Laboratory, Los Alamos, 
NM) (Rich, 1990). The area that was occupied by an indi- 
vidual protoplast was outlined, and a threshold feature 
was used to display microtubules as white pixels. Total and 
white pixels in the outlined region were calculated and 
used to compute microtubule frequency. Microtubule fre- 
quencies in at least 25 protoplasts per treatment were 
determined, and the average values were divided by the 
control values that were obtained from untreated prepara- 
tions produced and processed on the same day. The data 
reported here represent the pooled data obtained from 
triplicate experiments, each performed on separate days. 
The data were analyzed for statistical significance using the 
general linear model (Minitab, State College, PA), in which 
the microtubule response was compared with a model 
consisting of: three Ca2+ ranges (O-10,ll-50, and >50 p ~ ) ;  
the presence or absence of resident CaM on microtubules; 
and the interaction between the Ca2+ ranges and the pres- 
ente or absence of resident CaM on microtubules. 

CaM Affinity Chromatography 

Total soluble tubulin-binding proteins were collected by 
tubulin-affinity chromatography as described by Durso 
and Cyr (1994b), but without a 25 mM NaCl wash step. The 
proteins were passed over a CaM-affinity column in the 
presence of 1 mM EGTA. The CaM column was loaded and 
washed under lower ionic conditions to avoid biasing the 
chromatographic isolation for ionic or hydrophobic inter- 
actions. After washing the column with PM buffer until no 
further proteins were detectable in the flow-through by 
A,,,, PM plus 3 mM CaCl, was applied to the column and 
a small peak was observed by A,,,. This peak, containing 
Ca2+-sensitive CaM-binding proteins, was analyzed by 
SDS-PAGE. 

CaM lnhibitors 

Twenty micromolar W5, W7, and trifluoperizine was 
used in severa1 experiments. Higher concentrations were 
not used because these antagonists reportedly lose their 
selectivity at elevated concentrations and inhibit other 
Ca2+-binding proteins such as Ca2+-dependent protein 
kinase (Harmon et al., 1987). Protoplasts were treated 
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for various times (30, 45, and 60 min) with these inhibitors
after removal of the wall-degrading enzymes. The treated
protoplasts were lysed as described above, and the inhib-
itors were included in the lysis solutions. The slides were
fixed immediately after lysis. One set of experiments in-
cluded 20 JU.M Ca2+ and 5 /XM CaM in the lysis buffer, and
in another set of experiments, 200 p,M Ca2+ was applied
briefly to the protoplasts after lysis to remove resident CaM
from the microtubules, but before treating with inhibitors.
Antibodies against tubulin and CaM were employed for
immunocytochemical localization. Appropriate controls,
with and without Ca2+, CaM, and CaM inhibitors, were
rigorously included.

RESULTS

Concentration Dependence of CaM at Destabilizing
Cortical Microtubules

Data were obtained that revealed the nature of the func-
tional interdependence between Ca2+, CaM, and microtu-
bules. In the first set of experiments, a basal dose-response
curve for CaM's destabilization of microtubules was estab-
lished. Protoplasts that are detergent-lysed in the presence
of EGTA possess CaM on their microtubules (Fig. 1A; see
also Fisher and Cyr, 1993). This microtubule-bound CaM
complicated the interpretation of the dose-response curves;
therefore, resident CaM was removed from the microtu-
bules of EGTA-lysed protoplasts by a brief treatment with
200 JUM Ca2+ (Fig. IB). This treatment, although effective at
removing demonstrable microtubule-bound CaM (as
shown with the CaM monoclonal antibody mAblDIO),
does not appreciably affect the appearance of cortical mi-
crotubules (as judged by immunocytochemistry using an
anti-tubulin antibody) (Fig. 1C; also see Cyr, 1991a).

These CaM-free cortical microtubules were sensitive to
the action of Ca2+/CaM; the destabilization of these mi-
crotubules by exogenous CaM in the presence of 100 /HM
Ca2+ was found to be concentration-dependent, with a
one-half-maximal effect observed at 1 JU.M CaM (Fig. 2).
Although levels of cellular CaM can fluctuate (Braam and
Davis, 1990; Braam, 1992), documented values average 1
JU.M. The carrot cell line has a CaM concentration of approx-
imately 4 /XM, as determined from final yields after bio-
chemical purification. In the next set of experiments 5 JUM
CaM was used, because this physiologically relevant con-
centration, in the presence of Ca2+, effectively destabilizes
cortical microtubules.

Concentration Dependence of Ca2+ at Destabilizing
Cortical Microtubules

In the second set of experiments dose-response curves
for Ca2+ were established in the presence of 5 JU.M exoge-
nous CaM. These experiments were carried out on lysed
protoplasts with and without CaM residing on their micro-
tubules. We reasoned that cortical microtubules with resi-
dent CaM might respond differently to an exogenous ap-
plication of Ca2+/CaM. First, when protoplasts that
possessed resident CaM were lysed in the presence of
EGTA and exposed to increasing concentrations of free

Figure 1. CaM can be removed from the cortical microtubules of
lysed carrot protoplasts. Protoplasts, lysed in the presence of 1 HIM
ECTA, have CaM on their cortical microtubules that is demonstrable
with a plant anti-CaM antibody (A). Protoplasts, lysed in the presence
of 1 mM ECTA and treated with 200 JIM Ca2 + , no longer have
demonstrable CaM on their microtubules that is recognized by an
anti-CaM antibody (B), although anti-tubulin antibodies clearly show
the presence of an intact microtubular array (C). Bar = 2.5 /urn.

Ca2+ (without additional exogenous CaM), their cortical
microtubules appeared relatively stable (Fig. 3a). Next,
protoplasts were lysed in the absence of Ca2+; half were
treated with 200 /XM Ca2+ to remove resident CaM, and the
other half remained untreated (microtubules in possession
of resident CaM). Both preparations were then exposed to
5 ;UM CaM and a range of free Ca2+ concentrations.

Destabilization of cortical microtubules in both prepara-
tions was found to be dependent on the concentration of
free Ca2+ (Fig. 3b). However, protoplasts with CaM resid-
ing on their cortical microtubules were significantly more
resistant to destabilization by Ca2+ (P < 0.05%). The dif-
ference in the response to Ca2+ was more pronounced at
lower Ca2+ concentrations (10~6 to 10~5 M), which is sug-
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Figure 2. The  destabilizing effect of exogenous CaM, in the presence 
of 100 p~ Caz+, is concentration-dependent. Lysed and washed 
carrot protoplasts were exposed to 1 O0 FM Ca2+ in the presence of 
increasing concentrations of CaM. The frequency of immunolabeled 
cortical microtubules was then quantified, and the data were nor- 
malized with those obtained from untreated, control cells. The data 
points represent the mean -C SD of pooled data obtained from three 
experiments; n = 60. 

gestive of an interaction between Ca2+/CaM and CaM in 
residence on microtubules, and a significant interaction 
(P < 0.05%) was verified in support of this hypothesis. 
When the same experiment was performed with 10 p~ 
exogenous CaM, the cortical microtubules possessing res- 
ident CaM were relatively more resistant to destabilization 
(Fig. 3c), again with the differences occurring between 1 O P 6  
and l O P 5  M Ca2+. 

Effect of CaM lnhibitors on Ca2+/CaM-lnduced 
Microtubule Destabilization 

We reasoned that if CaM interacts with two opposing 
effects on cortical microtubles, then CaM inhibitors such as 
W5 and W7 might perturb these responses. These related 
compounds are useful because W7 is more effective at 
inhibiting CaM interactions than is W5, and provides an 
important control for inferring specific inhibition of CaM 
(i.e. nonspecific effects were expected to be identical be- 
tween the inhibitors). Lysed protoplasts, treated with 
Ca2+ / CaM, had disrupted cortical microtubules (Fig. 3b). 
The addition of 20 ~ L M  W5, W7, or trifluoperazine did not 
prevent this CaM-dependent microtubule destabilization 
(data not shown), and higher concentrations of these inhib- 
itors were not used because this reportedly leads to non- 
specific effects (Harmon et al., 1987). 

The inability of the inhibitors to affect the microtubule 
destabilization action of CaM suggests the interesting pos- 
sibility that this structural target of Ca2+ / CaM represents a 
nove1 form of interaction, differing significantly from the 
traditionally studied enzymatic regulation by this complex. 
However, when protoplasts containing CaM in residence 
on the cortical microtubules were treated with Ca2+ / CaM 
and W7, the microtubules were disrupted to a greater 

extent, compared with those treated with Ca2+/CaM and 
W5 (Table I), and this destabilization was more pro- 
nounced as the concentration of W7 was increased (Table 
I). These results indicate that W7 can inhibit the microtu- 
bule-stabilizing effect of CaM, leaving the microtubules 
hypersensitive to the destabilizing action of Ca2+ / CaM, 
which is insensitive to the inhibitors. Immunocytochemis- 
try, using an anti-CaM antibody, was performed on proto- 
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Figure 3. The destabilizing effect of exogenous CaM is dependent on 
the presence of Ca2+ and differs when resident CaM is present on 
microtubules. Protoplasts, lysed in the presence of 1 mM ECTA and 
treated with increasing concentrations of Ca2+, have relatively stable 
cortical microtubules (A). However, protoplasts lysed in the presence 
of 1 mM EGTA and treated with increasing concentrations of Caz+ in 
the presence of 5 p~ (B) or 10 p~ (C) CaM, show decreasing 
frequencies of cortical microtubules as Ca2+ concentrations increase 
(solid lines). lf  the protoplasts were lysed in the presence of 1 mM 

EGTA and treated with 200 PM Ca2+ (to remove resident CaM) prior 
to being exposed to the same concentrations of Ca2+ and CaM, their 
cortical microtubules appeared relatively more sensitive to Ca2+ 
(dashed lines). The relative percentage of the microtubules was 
obtained by comparing matched control preparations with the ex- 
perimental treatment, i.e. in  A the control preparations were treated 
with 1 mM ECTA only, and in B and C they were treated with Ca2+ 
(but not exogenous CaM) in either the presence or absence of resi- 
dent CaM. Error bars show SE; n = 20. 
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Table I. Effect of CaM antagonists
Intact protoplasts were pretreated for 30 min and detergent-lysed

for 5 min in the presence of the inhibitors W5 and W7. The lysed
protoplasts were then treated with 20 /IM Ca2+ and 5 /AM CaM in the
inhibitor's presence.

Inhibitor Concentration Percent of Microtubules3

5 /AM
10 JAM
20 JAM

88 ± 4
57 ± 2.6
47 ± 2.6

a The frequency of microtubules in W5-treated protoplasts was
used as the control value, i.e. percent of microtubules = (frequency
with W7/frequency with W5) x 100.

plasts treated with W5 and W7 to see if these inhibitors
affected the ability of CaM to bind to microtubules. These
studies showed that some CaM was still bound to micro-
tubules in the presence of W5 and W7 (data not shown);
thus, the inhibitors appear to block the ability of CaM to
stabilize microtubules against Ca2+ /CaM-induced destabi-
lization, but leave their microtubule-binding capability rel-
atively intact.

A Small Subset of Tubulin-Binding Proteins Bind CaM in a
Ca2+-Sensitive Manner

It has been shown that one plant MAP, EF-la (Durso et
al., 1996), binds to tubulin affinity columns and also binds
to CaM affinity columns in a Ca2+-dependent fashion
(Durso and Cyr, 1994). Moreover, the bundling of micro-
tubules mediated by this MAP is abolished in vitro by
Ca2+/CaM. Therefore, this MAP is a candidate for the
Ca2+-dependent CaM-binding site (i.e. the microtubule-
destabilizing site).

CaM affinity chromatography was employed to determine
if a second, Ca2+-sensitive CaM-binding site (i.e. the micro-
tubule-stabilizing site) could be found on microtubules. We
predicted that these Ca2+-sensitive proteins would bind to
CaM in the absence of Ca2+ but would be eluted when Ca2+

levels were raised. Proteins generated from tubulin affinity
chromatography, followed by Ca2+-sensitive CaM affinity
chromatography, yielded proteins within a small elution
peak. Analysis of the proteins by SDS-PAGE revealed a num-
ber of polypeptides. Prominent bands at 80, 78, and 75 kD,
along with minor bands of lesser molecular mass, were ob-
served (Fig. 4). These data show the existence of proteins that
can bind tubulin in vitro and that can interact with CaM in a
Ca2+-sensitive manner. These proteins are candidates for me-
diating the Ca2+-sensitive binding of CaM to microtubules
that are detected by immunofluorescence.

should have an effect on cortical microtubules. Experimen-
tally, this was done by exposing the protoplasts to high
levels of external Ca2+, a treatment shown to cause tran-
sient increases in cytoplasmic Ca2+ levels (Gilroy et al.,
1987). Using the ratiometric Ca2+-binding dye Indo-1, we
verified that the free cytoplasmic Ca2+ level increased from
a basal level of approximately 90 nM to a level greater than
600 nm upon transferring the protoplasts from solutions
with low levels of Ca2+ (3 mM or less) to solutions with
high levels of Ca2+ (100 mM) for 15 min. Protoplasts that
were treated in this manner and prepared for immunolo-
calization of cytoskeletal elements had full, intact, cortical
microtubule arrays under conditions in which the cytoplas-
mic Ca2+ concentrations were low (Fig. 5A), but had se-
verely disrupted arrays under conditions in which the
cytoplasmic Ca2+ levels were high (Fig. 5B). These data are
consistent with a role for Ca2+ in affecting the cortical
microtubules in vivo. Remarkably, under these same con-
ditions, actin filaments appeared unaffected (Fig. 5C).

DISCUSSION

CaM interacts with microtubules in plants (Vantard et
al., 1985; Wick et al., 1985; Fisher and Cyr, 1993) and in
animals (Welsh et al., 1979). The significance of this inter-
action is suggested by the observation that Ca2+/CaM can
destabilize microtubules in vitro (Marcum et al., 1978; Job
et al., 1981) and in situ (Keith et al., 1983). Data presented
here as well as in previous reports (Cyr, 1991a) show that
the cortical microtubule array in plants is sensitive to
Ca2+/CaM in situ. Here we have shown that the concen-

Effect of Elevated Cytoplasmic Ca2+ Levels on Cortical
Microtubule Destabilization in Vivo

Lysed cells are useful for studying the in situ effect of
Ca2+/CaM on cortical microtubules. However, because
this approach involves a major perturbation of the cell,
corroborative, in vivo evidence for this effect was also
sought. If Ca2+/CaM acts in vivo to destabilize cortical
microtubules, then the elevation of cytoplasmic Ca2+

1 2 3
Figure 4. A subset of tubulin-binding proteins bind CaM in a Ca2+-
independent manner. Total tubulin-binding proteins (lane 1) were
applied to a CaM affinity column in the absence of Ca2 + (1 HIM EGTA
present), and the unbound fractions were collected (lane 2). After
extensive washing, Ca2+ was applied and a subset of proteins was
released (lane 3). The positions of molecular weight standards (from
the top, H = 205,000, 116,000, 97,500, 66,000, 45,000, and
29,000) are noted on the left.
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Figure 5. Protoplasts with high intracellular Ca2 + levels have dis-
rupted microtubules but intact actin filaments. Intact protoplasts,
suspended in medium containing relatively low amounts of Ca2 + (3
mM), have intracellular Ca2 + levels of <90 nM and possess intact
microtubules (A). However, if the protoplasts are resuspended in
medium containing high levels of Ca2+ (100 HIM), the intracellular
Ca2+ levels rise to >600 nM, and intact microtubular arrays are no
longer demonstrable (B). Under the same conditions of elevated
intracellular Ca2 + , the actin filaments appear intact (C). All three
images represent immunofluorescent depictions of fixed protoplasts
using anti-tubulin antibodies (A and B) or an anti-actin antibody (C)
imaged with a laser confocal microscope. In all cases the protoplasts
were optically sectioned (four sections, 1 /urn apart), and the resulting
digital images were added and interpolated, to provide an extended-
focus image giving a full depiction of the cytoskeletal elements
within the cells. Scale bar = 2.5 /M,m.

trations of Ca2+ and CaM that are required to observe this
destabilization event are physiologically relevant.

The potential importance of Ca2+ as a microtubule reg-
ulator in vivo is supported in these experiments by show-
ing that an increase in free intracellular Ca2+ levels, in-
duced by increases in extracellular Ca2+, does destabilize
cortical microtubules. Although these data do not demon-
strate a direct participation of CaM in the Ca2+-mediated
microtubule destabilization in vivo, it does show that phys-
iologically relevant increases in Ca2+ do affect cortical
microtubules. Moreover, the lysed cell data (e.g. Fig. 1)
indicate that CaM is required for Ca2+ to destabilize cor-
tical microtubules. Therefore, the in situ and in vivo data
are consistent with the hypothesis that Ca2 +/CaM acts
to affect the assembly state of tubulin polymers in the cell
cortex. This hypothesis is not exclusive; other Ca2+-
dependent processes may also affect the cytoskeleton, e.g.
Ca2 + -dependent protein kinase (Putnam-Evans et al.,
1989) could also affect the appearance and/or behavior
of cytoskeletal elements.

We have found evidence for two opposing modes of action
for CaM on cortical microtubules. A Ca2+-dependent, CaM-
regulated event leads to microtubule destabilization,
whereas a Ca2+-sensitive (Ca2+-inhibited) event stabilizes
the microtubules. Because CaM probably does not bind
directly to tubulin (Lee and Wolff, 1984), it is likely that
Ca2+/CaM is activating nontubulin, microtubule proteins,
which consequently cause cortical microtubules to be sta-
bilized or depolymerized. We propose several mechanisms
that may operate alone, or in concert, to mediate the Ca2+ /
CaM-induced depolymerization of cortical microtubules.
First, EF-la binds microtubules in vitro (Durso and Cyr,
1994b) and associates with cortical microtubules in situ
(Durso et al., 1996). It also binds to CaM in a Ca 2 t -
dependent fashion. Functionally, this MAP bundles mi-
crotubules in vitro, and this activity is inhibited by
Ca2+/CaM. Because cortical microtubules are bundled
to varying degrees (Cyr and Palevitz, 1995), it is possible
that Ca 2 + /CaM can actively unbundle these microtu-
bules by inhibiting the action of EF-la. Once unbundled,
the microtubules may be inherently unstable and de-
polymerize in a zero-order reaction without the assis-
tance of additional factors.

Alternatively, in the unbundled state microtubules may
become susceptible to the action of a second Ca2+/CaM-
mediated process, which acts to destabilize individual mi-
crotubules. This second process may also involve EF-la.
Shiina et al. (1994) reported that EF-la is a microtubule-
severing protein. Although we have not been able to dem-
onstrate this capability for EF-la under the reported
conditions (N.A. Durso and R.J. Cyr, unpublished obser-
vations), the possibility that the severing activity might be
mediated by Ca2+/CaM, leading to microtubule destabili-
zation, is intriguing. When taxol-stabilized, carrot microtu-
bules are allowed to bind to EF-la in vitro, only large
bundles are observed. However, in the presence of Ca2+/
CaM these bundles dissipate, and free microtubules are not
observed (Durso and Cyr, 1994a). Currently, we are inves-
tigating the possibility that in the absence of Ca2+/
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CaM, EF-la induces bundling, and that in its presence, the 
bundling activity is lost and the severing activity is gained, 
thereby inducing microtubule depolymerization. Alterna- 
tively, EF-1a may, in some other manner, participate in 
the depolymerization of microtubules in the presence of 
Ca2+ / CaM. 

A third possible mechanism by which Ca2+/CaM may 
affect cortical microtubules is to interfere with their attach- 
ment to the plasma membrane. Although the nature of the 
linking protein is unknown, its presence has been inferred 
from both direct and indirect evidence (Shibaoka, 1993). 
Shibaoka proposed that hormones may affect the interac- 
tion between microtubules and the plasma membrane. In 
many cells changes in Ca2+ concentrations accompany hor- 
mona1 treatment (Bush, 1993, 1995), and it is reasonable to 
propose that Ca2+ may be involved in hormone-induced 
changes in the cortical array. Once the elusive plasma 
membrane / microtubule-linking protein has been charac- 
terized, it will be exciting to see if Ca2+ / CaM can modulate 
the affinity of microtubules for this protein. 

CaM also interacts with microtubles in a Ca2+-sensitive 
(Ca2+-inhibited) fashion, both in animals (Sweet et al., 
1988) and in plants (Fig. 1) (Fisher and Cyr, 1993). Sweet 
and Welsh (1988) proposed that CaM stabilizes microtu- 
bules in a Ca2+-sensitive manner. This interpretation was 
based on their observation that CaM-containing microtu- 
bules were the most stable microtubules in the cell, that 
microinjected fluorescent CaM was found to associate with 
drug-resistant microtubules (Sweet et al., 1989), and that 
CaM, modified to disrupt its ability to bind Ca2+, could 
still bind and stabilize microtubules in vivo (Sweet et al., 
1988). Two lines of functional data  presented here support 
a role for a Ca2+-sensitive CaM interaction with microtu- 
bules that results in the stabilization of cortical microtu- 
bules. First, when CaM is removed from the Ca2+-sensitive 
binding site of cortical microtubules by a high-Ca” wash, 
they become more susceptible to the destabilizing action of 
Ca2+/CaM. Second, in the presence of CaM antagonists 
cortical microtubules are more sensitive to the destabiliza- 
tion action of exogenous Ca2+/CaM. W7 does not cause 
CaM to disassociate from cortical microtubules; therefore, 
it appears that this compound interferes with CaMs ability 
to interactively stabilize microtubules. How this occurs is 
unknown; however, Figure 4 shows a set of tubulin- 
binding proteins that bind to CaM affinity columns in a 
Ca2+-sensitive fashion. These proteins were chromato- 
graphed in a low-ionic environment, and it is not likely 
that their interaction was due to nonspecific ionic inter- 
actions because 3 miv CaC1, affected their elution. One or 
more of these proteins are candidates for a MAP the 
microtubule-stabilizing activity of which can be modu- 
lated by CaM in a Ca2+-sensitive manner. 

Our data are consistent with the hypothesis that CaM has 
two opposing effects on cortical microtubules: one that 
stabilizes and the other that destabilizes. Together, these 
opposing effects may provide a mechanism with which to 
“fine tune” the responsiveness of the cortical cytoskeleton 
to free cytoplasmic Ca2+ levels, which reportedly can have 
an oscillatory character (Tsien and Tsien, 1990; Bush, 1995). 

In the scheme outlined above cortical microtubules are 
buffered from the action of small Ca2+ transients, and only 
when larger increases occur would the cortical microtu- 
bules become destabilized in a very rapid manner. This 
mechanism is analogous to the proposed interaction of 
CaM with neuromodulin and neuroginin in developing 
axons, where a Ca2+-sensitive interaction with CaM is 
hypothesized to function as a biochemical capacitor that 
serves t o  modulate the availability of Ca2+ / CaM (Skene, 
1989; Gerendasy et al., 1994). 

An unanticipated in vivo observation was that F-actin 
was relatively unaffected under conditions that caused 
the massive disruption of cortical microtubules. Ca2+- 
activated F-actin-severing proteins have been described, 
and there is evidence that these proteins exist in plants; 
for example, actin filaments in IiIy pollen are Ca2+- 
sensitive (Kohno and Shimmen, 1987). Our data indicate 
that the expression of a Ca2+-based F-actin-disrupting 
system may not be expressed (or active) in all cell types, 
or is highly regulated. 

Traditionally, the activity of CaM has been described in 
terms of a freely soluble molecule that interacts with its 
target upon binding with Ca2+. Our previous immunolo- 
calization data (Fisher and Cyr, 1993), however, indicate 
that CaM binds to microtubules in a low-Ca2+ state, and 
additional data show that CaM can also interact with mi- 
crotubules in a high-Ca2+ state (Keith et al., 1983; this 
study). Thus, in both cases the time that CaM spends as a 
freely diffusing molecule is limited. Presumably, the selec- 
tive advantage of such an arrangement is that CaM is 
always poised on, or near, a cortical microtubule. Under 
conditions in which the amplitude of Ca2+ levels is low, 
CaM can both locally scavenge Ca2+ as well as prevent a 
Ca2+ / CaM from prematurely acting to destabilize the mi- 
crotubule. Under conditions in which the Ca2+ levels rise 
above a threshold leve1 (the magnitude of which could be 
developmentally regulated in different cells), CaM disas- 
sociates in the form of a Ca”/CaM and then is immedi- 
ately poised in the vicinity to interact with the microtubule 
at a close, but distinct, site on the microtubule to affect its 
destabilization. In this manner cortical microtubules create 
their own ”microdomains” for monitoring and responding 
to fluctuations in the concentration of this important sec- 
ondary messenger. 
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