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Article Addendum

A novel mechanism important for the alignment of microtubules
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Using a live-cell imaging approach to study individual micro-
tubules, we have compared microtubule behavior between net-like
and aligned cortical arrays. In contrast to previous studies, a steep
angled collision between the growing end of a microtubule and a
preexisting microtubule was found to favor crossover. Frequencies
of microtubule crossovers, bundling and catastrophes are similar
regardless of whether the cell exhibited a net-like or aligned
microtubule array. In the predominantly aligned array of petiole
cells, severing occurs at the sites of microtubule crossovers and
serves to remove unaligned microtubules and to increase micro-
tubule density. Severing was observed to be rare in net-like arrays.
Microtubule severing is carried out by the katanin enzyme. In this
addendum, we present new insights into the possible mechanism
of crossing over and preliminary data looking at organization of the
array in a katanin mutant.

In plants, proper cell expansion requires the transformation of
the cortical microtubule array from a net-like configuration to an
aligned and predominantly transverse configuration. The mecha-
nisms underlying this transition have been, until recently, poorly
understood. Previous observations in tobacco BY2 cells suggested
that the outcome of a collision between a growing microtubule plus
end and an existing microtubule determined the configuration of
the array.! In microtubule arrays of BY2 cells, steep angled colli-
sions favor rapid depolymerization, termed a catastrophe, whereas
shallow angled collisions promote bundling. These different collision
outcomes are depicted in figures 1a and 1b. By applying these experi-
mental observations to a computer model of BY2 microtubules, a
disordered array could be seen to gradually transform into an aligned
array.

The cotyledons of Arabidopsis seedlings are well suited for deter-
mining how interactions between individual microtubules affect the
configuration of the whole array.? Pavement cells exhibit net-like
arrays whereas petiole cells exhibit aligned arrays. By using a yellow
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Figure 1. Schematic representations of collision outcomes (A) catastrophe (B)
bundling (C) crossover.

fluorescent protein-based microtubule reporter that exclusively labels
arrays of the outermost cell layer of the cotyledon, the behavior
of microtubules were examined in pavement and petiole cells and
compared with the data from the BY2 study.!

In both Arabidopsis and BY2 cells, shallow angle collisions
promote bundling and we expected catastrophe frequency from
steep-angled collisions to be similar in BY2 cells and Arabidopsis.
However, although steep angled collisions at the growing ends of
microtubules in BY2 cells exhibit a catastrophe frequency of 60%,
this is much reduced in Arabidopsis. The net-like arrays of pave-
ment cells and the aligned arrays of petiole cells exhibit catastrophe
frequencies of 24% and 9%, respectively.” The data suggests that
in Arabidopsis the transition from net-like to aligned microtu-
bule arrangement is accompanied by a decrease in the catastrophe
frequency, with most steep-angled collisions resulting in a crossover
event (Fig. 1C). A crossover event occurs when the growing leading
end of a microtubule overcomes an obstacle in the form of an existing
microtubule. The mechanism that allows a growing microtubule
end to form a crossover is not fully understood, however, the end of
the growing face of the microtubule is likely to be in contact with
the obstruction because crossovers are accompanied by a reduction
in the rate of microtubule growth.? These data suggest that, for
Arabidopsis, growing ends are somehow stabilized and resist the
catastrophes observed in BY2 cells. In Xenopus, XMAP215 increases
microtubule growth rates and reduces the catastrophe frequency in
egg extracts during interphase? as well as increasing crossovers similar
to those seen in Arabidopsis (http://www.mpi-cbg.de/downloads/
movie/interRT.mov). Consistent with this observation, depletion of
XMAP215 in Xenopus extracts results in an increase in the micro-
tubule catastrophe frequency. A temperature sensitive mutant allele
of morl, the Arabidopsis homolog of XMAP215 results in shorter
cortical microtubules and loss of parallel alignment.* MORT is there-
fore a strong candidate for a stabilizing factor during microtubule
crossover.
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Figure 2. A microtubule crossover before (left panel) and immediately after
(right panel) severing. Site of crossover is shown by an arrow. Bar = Tum.

Both the net-like arrays of pavement cells and the aligned arrays of
petiole cells exhibit high levels of microtubule crossover, suggesting
that some other mechanism contributes to array alignment. A
detailed analysis of microtubule dynamics in the aligned arrays of the
petiole cells revealed a single behavior that was markedly increased
compared to the pavement cells—severing at the sites of microtu-
bule crossover.” A severing event from an aligning array is shown
in Figure 2. Severing results in removal of the posterior portion of
the unaligned microtubule whilst the anterior portion can grow in
an arc and bundle with the rest of the array. The posterior portion
either depolymerizes completely or forms a new microtubule that
grows in a new direction in an attempt to align with the rest of the
array. This means that severing at crossovers has two roles, removing
those microtubules that are not aligned with the rest of the array
and increasing microtubule density. This results in a densely packed,
aligned array as seen in petiole cells.

In higher eukaryotes, severing is carried out by the enzyme
katanin.? In Arabidopsis, several katanin mutants have been described
and exhibit phenotypes consistent with a defect in cell expansion.®?
In one such mutant, called bozerol, roots fail to make the transition
from a net-like array in the division zone to the aligned array in the
elongation zone. Historically, the relationship between katanin func-
tion and array alignment has been hard to interpret because katanin
function has only been associated with severing at the sites of micro-
tubule nucleation. According to our data, alignment is dependent
upon severing at crossovers, therefore, in a katanin mutant, petiole
cells are predicted to contain only net-like arrays. Figure 3 compares
microtubule arrays in pavement and petiole cells between wild-type
Arabidopsis and the boterol-7 mutant. The cortical arrays of pave-
ment cells are very similar between WT and mutant suggesting
katanin function is not important for the generation of a net-like
array. However, in petiole cells of boterol-7 the microtubules fail
to adopt the aligned configuration observed in WT. This failure of
array alignment in the petiole cells has been observed previously for
another katanin mutant, 2.8

To determine the relative effects of severing and other behaviors of
microtubules upon array organization, accurate modeling of micro-
tubules will be essential. Work is currently underway to mimic, in
detail, microtubule dynamics using advanced computer modeling
techniques (Marshall R, Department of Physics and Astronomy,
University of Manchester, personal communication). This modeling
will include user changeable parameters such as severing frequency,
catastrophe frequency and the outcome of a catastrophe. Comparing
the models with biological systems will increase our understanding of
the importance of the various behaviours in array organisation.
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Figure 3. Comparison of microtubule arrays between WT (ecotype Ws) and
botero1-7 plants. Note the alignment defect in petioles of boterol-7. Bar =
10 um.
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