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Regulation of cell elongation is important for plant morphogenesis. Many studies have shown that cortical microtubules
play crucial roles during cell elongation and that microtubule stability, organization, and dynamics are regulated by
microtubule regulatory proteins.1 Recently, we reported that a novel protein from Arabidopsis, termed microtubule-
destabilizing protein 25 (MDP25), functions as a negative regulator of hypocotyl cell elongation. MDP25 destabilizes
microtubules and exerts its effect on microtubules as a result of transient elevation of cytosolic calcium levels.2

Although micromolar levels of calcium can inhibit tubulin
assembly and depolymerize microtubules in vitro, microtubules
in plant cells have been shown to be less sensitive to short-term
treatment with calcium, even in the presence of high concentra-
tions of Mg2+ or high ionic strengths.3-5 Therefore, in cells,
calcium likely exerts its effect on microtubules via indirect
mechanisms. However, it is important to understand the
underlying mechanisms by which calcium affects microtubule
dynamics. Assessing the function of calcium-binding microtubule
regulatory proteins represents a reasonable approach to explore
this issue. Previous studies have indicated that the MDP25
protein directly binds calcium in vitro and that calcium regulates
MDP25 translocation from the plasma membrane to the
cytosol.2,6 However, the effects on microtubules of calcium
binding to MDP25 remain unknown. In this addendum, we
tested the possibility that calcium affects the ability of MDP25 to
destabilize microtubules.

Various concentrations (0, 2, 4 and 6 mM) of MDP25 protein
were incubated with 5 mM paclitaxel-stabilized microtubules in
the presence or absence of calcium, followed by a high-speed co-
sedimentation assay. The amount of tubulin in the supernatant
was estimated by gel density scanning analysis. Results from this
experiment revealed that increasing concentrations of MDP25 did
not affect the amount of depolymerized tubulin in the absence of
calcium (Fig. 1A, upper gel, and B). However, in the presence of
calcium, MDP25 increased the amount of tubulin in the
supernatant in a concentration-dependent manner (Fig. 1A, lower
gel, and B). Rhodamine-labeled, paclitaxel-stabilized microtu-
bules were used to further confirm this result via confocal
microscopy. Results from this analysis confirmed that fewer
microtubule filaments were detected in the presence of 1 mM

(Fig. 1E) or 10 mM (Fig. 1F) MDP25 in the presence of calcium,
in comparison to microtubules treated with calcium (Fig. 1C) or
10 mM MDP25 protein alone (Fig. 1D), respectively. These
results indicate that calcium dramatically enhances the micro-
tubule-destabilizing activity of MDP25. Notably, no small pieces
of microtubules were observed under the microscope in the
presence of MDP25 and calcium. Considering the fact that our
previous study showed that MDP25 depolymerized microtubules
directly,2 we hypothesize that the binding of calcium to MDP25
may affect its activity in microtubule depolymerization, but not
severing.

Next, we further investigated whether enhanced depolymeriza-
tion also occurred in the presence of bundled microtubules, a
common state for cortical microtubules in plant cells. The
Arabidopsis MAP65-1 protein, a microtubule bundling and
stabilizing protein that is ubiquitously expressed during the cell
cycle in most plant organs and tissues,7,8 was employed for the
test. We analyzed whether, in the presence of calcium, MDP25
could disrupt microtubule bundles induced by MAP65-1 in vitro.
Microtubule-MAP65 bundles were obtained by incubating
20 mM tubulin with 8 mM GST-MAP65-1, followed by low-
speed centrifugation at 5,900 � g. Co-sedimentation of MDP25
and microtubule-MAP65 bundles was performed in the presence
of various concentrations of calcium or the absence of calcium,
respectively. Results from this experiment revealed little difference
in the amount of tubulin in the pellets for samples incubated with
0 or 6 mM MDP25 or 8 mM GST protein in the absence of
calcium, indicating that MDP25 alone did not disrupt the
formation of microtubule bundles induced by MAP65-1 (Fig. 2A,
left gel, and B). However, when various concentrations of free
calcium (0, 0.2, 0.5 and 1 mM) were added in the same
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co-sedimentation analysis, the amount of tubulin in the pellets
was reduced dramatically (Fig. 2A, right gel, and Fig. 2B).
Rhodamine-labeled microtubule-bundles induced by the addition
of MAP65-1 were used to confirm these results by confocal
microscopy. Microtubule bundles induced by MAP65-1
(Fig. 2C) showed little change in the presence of calcium
(Fig. 2D), 8 mM MDP25 (Fig. 2E), or 10 mM GST protein and
calcium, respectively (Fig. 2G). However, microtubule bundles
were greatly disrupted in the presence of 8 mM MDP25 and
0.5 mM free calcium (Fig. 2F). These results demonstrate that
calcium enhances MDP25-induced disruption of microtubule
bundles.

Protein function is frequently modulated by covalent modifica-
tions, such as phosphorylation. For example, the microtubule-
associated protein NtMAP65-1 is phosphorylated, and its
microtubule-bundling activity is regulated by the tobacco
mitogen-activated protein kinase (MAPK) cascade, specifically
by NRK1/NTF6.9 The activity of many actin-binding proteins
(ABPs) has been reported to be calcium-dependent, and these
proteins often play a regulatory role in actin dynamics. For
example, F-actin bundles of uniform polarity induced by plant
villin are formed in a calcium-dependent fashion in vitro.10-12 This
report is the first to demonstrate that the function of a
microtubule regulatory protein can also be regulated by calcium.
The diversity of microtubule array structures underlies the distinct
patterns of cell morphogenesis in plant cells, and regulation of
these arrays, therefore, must require the diverse functions of
many microtubule regulatory proteins. Based on our in vitro

experimental analysis and our previous model,2 we propose that
MDP25 is involved in disrupting cortical microtubule bundles by
facilitating microtubule reorganization in a calcium-dependent
manner, resulting in inhibition of hypocotyl cell elongation.

Conclusions and Perspectives

MDP25 plays a crucial role in the negative regulation of
hypocotyl cell elongation by destabilizing microtubules. This
study demonstrates that, in addition to regulating MDP25
cellular localization, calcium also enhances the microtubule-
depolymerizing activity of MDP25. The precise mechanism by
which calcium regulates the microtubule-depolymerizing activity
of MDP25 is of interest and will be dissected in future studies. In
addition, investigation of the interactions of calcium with
microtubule regulatory proteins will give a new insight into
understanding how the functions of microtubule regulatory
proteins are regulated in plant cells.
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Figure 1. MDP25 depolymerizes paclitaxel-stabilized microtubules in the presence of calcium in vitro. (A) MDP25 protein co-sedimented with paclitaxel-
stabilized microtubules in the presence of calcium or EGTA, respectively. S, supernatant; P, pellet. (B) The amount of disassembled tubulin is presented as
a percentage of total tubulin determined by gel density scanning. (C–F) Rhodamine-labeled and paclitaxel-stabilized microtubules were co-incubated
with MDP25 proteins with or without calcium and examined by confocal microscopy. Representative images show microtubules in the presence of
calcium (C), 10mM MDP25 (D), or 1 mM and 10mM MDP25 plus calcium (E and F), respectively. Scale bar in (F) = 20mm.
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Figure 2. MDP25 disrupts microtubule bundles induced by the addition of MAP65-1 in vitro. MDP25 protein co-sedimented with microtubule bundles
induced by MAP65-1 in the presence of various concentrations of free calcium or 1 mM EGTA. (A) The gel on the left shows that MDP25 does not
depolymerize microtubule bundles in the presence of EGTA. Lanes contain microtubule bundles formed by MAP65 (lanes 1 and 2), with the addition of
MDP25 (lanes 3 and 4) or GST (lanes 5 and 6), respectively. The gel on the right shows that MDP25 depolymerizes microtubule bundles in a calcium-
dependent manner. Lanes contain microtubule-MAP65 bundles incubated with MDP25 in the presence of 0 mM (lanes 1 and 2), 0.2 mM (lanes 3 and 4),
0.5mM (lanes 5 and 6), and 1 mM free calcium (lanes 7 and 8), respectively, or microtubule bundles in the presence of GST protein plus 1 mM free calcium
(lanes 9 and 10). (B) The amount of tubulin was estimated by gel density scanning, and the amounts of microtubule bundles in the pellets are presented
as percentages of total tubulin. (C–G) Preformed rhodamine-labeled microtubule bundles induced by the addition of MAP65-1 were incubated
with MDP25 in the presence of 0 or 0.5mM calcium and observed by confocal microscopy. Representative images reveal microtubule bundles alone (C)
or in the presence of calcium (D), MDP25 (E), MDP25 plus calcium (F), or GST plus calcium (G). Scale bar in (G) = 20 mm.
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