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Anisotropic expansion of plant cells requires organized arrays of
cortical microtubules. Mutations in microtubule-associated proteins
and a particular mutation in a-tubulins were reported to cause
abnormal microtubule arrays and result in helical growth in Arabi-
dopsis thaliana. However, the way in which these mutations affect
the organization of microtubules remains unknown. We here iden-
tified 32 Arabidopsis twisting mutants that have either missense or
amino acid deletion mutations in a- or B-tubulins. Mutations were
mapped to the GTPase-activating region in a-tubulin, intra- and
interdimer interfaces of tubulin heterodimers, and lateral contact
regions among adjacent protofilaments. These dominant-negative
tubulin mutants were incorporated into the microtubule polymer and
formed shallow helical arrays of distinct handedness along the long
axis of the root epidermal cells. A striking correlation exists between
the direction in which cortical helical arrays are skewed and the
growth direction of elongating roots. The GTPase-activating-region
mutant had left-handed helical arrays composed of highly stabilized
microtubules, which could be decorated along the entire microtubule
lattices with the otherwise tip-localized End Binding 1 protein. A
mutation at the intradimer interface, on the other hand, generated
highly dynamic microtubules and right-handed helical arrays. Cortical
microtubules in wild type and these two tubulin mutants were
composed mainly of 13 protofilaments. This comprehensive analysis
of tubulin mutations provides insights into the mechanism by which
tubulin structures influence microtubule dynamics and organization.
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D ifferentiated plant cells show a striking diversity of shapes that
are important to their functions. As a plant cell expands under
the force of turgor pressure, cellulose microfibrils in the wall
function as the primary load-bearing structure, and their spatial
arrangement generally determines the direction of cell expansion
and final cell shape (1). A long-standing paradigm proposes that
plasma membrane-associated microtubules direct or constrain the
movement of the cellulose-synthesizing complex and thus dictate
the deposition patterns of cellulose microfibrils, although the
relationship between the cortical microtubules and cell morpho-
genesis may be more complicated (1, 2).

Rapidly expanding cells in the roots and the etiolated hypocotyls
grow longitudinally to form highly elongated cylindrical cells and
possess arrays of cortical microtubules that are arranged largely
perpendicular to the cell’s long axis (3). The importance of trans-
verse arrays for straight growth has been indicated by pharmaco-
logical studies and experiments with helical growth mutants of
Arabidopsis thaliana. The rapidly elongating cells of these mutants
skew consistently either to the right or to the left and exhibit cortical
microtubule arrays that form shallow helices with fixed handedness
(4). Plant-specific microtubule-associated proteins are mutated in
two right-handed helical growth mutants (5-8), whereas an amino
acid exchange mutation in a-tubulins resulted in left-handed helical
growth (9). These results indicate that dysfunctional cortical mi-
crotubules can arrange in helical arrays, rather than normal trans-
verse arrays, and affect the direction of growth of expanding cells.

Cortical microtubules are nucleated at the cell cortex, frequently
on existing microtubules (10), and their minus ends usually detach
from the original nucleation sites (11). Polymerization-biased mi-
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crotubule instability at the plus ends and slow depolymerization at
the minus ends make cortically attached microtubules migrate
across the cell (11). Resulting interactions among microtubules
affect the reorientation of microtubules and formation of bundles
(12). The dynamics of and interactions among microtubules are thus
predicted to contribute to the organization of particular arrays.

In this study, we identified 32 Arabidopsis tubulin mutants that
twisted in a fixed orientation and analyzed microtubule dynamics
and the protofilament organization in two selected mutants. These
tubulin mutants provide insights into how conserved tubulin resi-
dues contribute to microtubule dynamics, and how dynamic micro-
tubules attribute to the growth pattern of the root.

Results

Various Tubulin Mutations Cause Directional Helical Growth. Wild-
type Arabidopsis roots grow toward the left side of hard-agar plates
containing 3 uM propyzamide, a microtubule-disrupting drug. We
screened mutagenized M2 seedlings in the presence of propyz-
amide for mutants that displayed root growth distinct from the wild
type (13). Candidate mutants were then tested for skewed root
growth phenotypes in the absence of the drug. After genetic loci for
root twisting were mapped with respect to the tubulin loci, closely
linked tubulin genes were sequenced. Finally, we obtained 40
tubulin mutant plants that showed either right- or left-handed
helical growth in the root and other rapidly elongating organs (Fig.
1) [also see supporting information (SI) Table 2]. Because the same
mutations were found independently in several isolates, the total
number of tubulin mutations was 32. The majority of tubulin
mutants were semidominant and often recovered as heterozygotes
from the original screening populations, whereas the remaining
weak tubulin mutants behaved like recessive mutants that showed
twisting phenotypes only in homozygotes in the absence of propy-
zamide but were semidominant in their growth responses to the
drug. Several semidominant mutants exhibited severe phenotypes,
such as isotropic cell expansion, imperfect cytokinesis, discon-
nected vasclature, and deformed root hairs and trichomes (see SI
Fig. 7 and SI Text) and did not grow to the reproductive phase or
set few seeds; these mutants were analyzed as heterozygotes.

We next examined whether mutant tubulin proteins are incor-
porated into the microtubule and produce dominant-negative ef-
fects (SI Fig. 8 and SI Table 2). Most mutations were individually
introduced into the Arabidopsis a-tubulin 6 (TUAG6) tagged with a
Myc epitope at the C terminus or into the Arabidopsis B-tubulin 4
(TUBA4) tagged with a multimerized Myc epitope at the N terminus.
When wild-type myc-tagged tubulin proteins were expressed in
Arabidopsis under the control of the cauliflower mosaic virus 35S
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Fig. 1.  Tubulin mutants show skewed growth and helical microtubule arrays.
(A) Ten-day-old seedlings. Twisting was most obvious in the cotyledon petioles.
(B) Root epidermis in the differentiated zone. Epidermal cell files formed steep
helices in tubulin mutants. (C) Cortical microtubules in the epidermal cells of the
elongation zone.

promoter, they were incorporated into the microtubule but did not
affect seedling growth or morphology. In contrast, ectopically
expressed mutant tubulins reproduced the twisting phenotypes
upon copolymerization with wild-type tubulins into microtubule
polymers.

Molecular Modeling of Mutations on a Tubulin Heterodimer. A com-
parison of amino acid residues among tubulin molecules from
different species indicated that mutated residues are invariant or
conserved (SI Fig. 9). Close inspection of the 3D structure of the
aB-tubulin heterodimer and the microtubule protofilament (14)
shows that mutations are classified into five categories (Fig. 2).
Tubulin mutations are described here as a combination of the
tubulin isoform and the exchanged amino acids. Three left-handed
helical growth mutants (fua45'82, wb4™>%F and ub45>'F) had
mutations at the intradimer interface between «- and B-tubulins.
The TUA4S!78A mutation is a precise one amino acid deletion in a
loop preceding Helix 5 (15) and situates very close to the mutated
residue in lefty] (TUAG6S'8F) and lefty2 (TUA4S180F) (9). Mutations
at the longitudinal interface between the ap-tubulin subunits
resulted in either right-handed helical growth (TUAG6P325S,
TUB13%F, TUB4S%F, TUB4S%P, and TUB4F?205) or left-handed
helical growth (TUA2T3491 TUA4T3491 TUB4T!781 and
TUB1434T), The lateral association between the protofilaments is
mediated largely by the M loop and its interacting regions of the
adjacent protofilament (14). Mutations at the lateral contact re-
gions led mostly to right-handed helical growth (TUA4S277F,
TU A65277F, TU A6A281T, TU A2E284K, TUB2P287L, TUB3P287L,
TUB4P27L TUA2TOL TUA4TOL TUA6T0L and TUA4VO?) but
also to left-handed helical growth in one case (TUB4E28K). One
right-handed mutant had a TUA5PZ'N mutation in the critical
residue that contacts the guanine nucleotide of B-tubulin during
microtubule polymerization, thus activating the inherent GTPase
activity in B-tubulin (14). The remaining mutations did not map to
particular functional regions defined by the structural analysis.
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Fig. 2. Tubulin mutations generally map to the interacting regions. Tubulin
heterodimers are viewed from the microtubule lumen side and with their B-sub-
units facing the plus end. Residues mutated in the right-handed helical growth
mutants are shown in orange, whereas those in left-handed mutants are in red.
a-tubulin, green; B-tubulin, cyan; and GDP bound in B-tubulin, magenta. The
model is based on a structural model of pig tubulins (14, 15). Note that S95 in
B-tubulin corresponds to $96 in TUB1 due to a single amino acid insertion in the
N terminus of TUB1.

However, because the N terminus of Arabidopsis a-tubulin has been
proposed to lie close to the GTPase-activating region (16), the
TUA4R?K mutations might interfere with this region.

Root Growth and Microtubule Organization. A collection of twisting
tubulin mutants offered us a good opportunity to examine the
relationship between the array organization of cortical microtu-
bules and the direction of root growth. Cortical microtubules were
examined in the epidermal cells at the root elongation zone.
Cortical arrays of tubulin mutants were arranged in shallow helices
of distinct handedness (Fig. 1C). Mean pitch angles of microtubule
helices (SI Fig. 10) were plotted against the skew angles of seedling
roots that were grown on the hard agar surface (SI Table 2). Fig.
3 shows a strong correlation (correlation coefficient —0.918) be-
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Fig. 3. Relationship between the root slanting angles and pitch angles of
cortical microtubules. Roots that grew toward the right side of the hard-agar
plate were assigned the plus sign, whereas roots that grew in the opposite
direction had the minus sign in the root-slanting angles. The right-handed
helices of cortical microtubules were assigned the plus sign, whereas the
left-handed helices had the minus sign. The wild type and all tubulin mutants
had the Col background. 1, tub4535'F; 2, tub4™V78); 3, tua2™34%; 4, tua3P205N; 5,
tua4s178%; 6, tua3R390W: 7, tub4L250F: 8, tub4E288K; 9, tua4qRK; 10, tub4P220s; 11,
tub3P287L; 12, tub2P?87\; 13, tua6™®; 14, tua2f284K; 15, tua6™M?68'; 16, tua6>2’’F;
17, tua6Vve?'; 18, tua5P25™N; 19, tub159F; 20, tua4™>6; 21, tub4G%D; 22, tua452’’F;
23, tua63?>; and 24, tua6*28'T,

tween the two parameters; all of the right-handed helical growth
mutants had left-handed microtubule arrays, whereas all of the
left-handed mutants had right-handed arrays.

Microtubule Dynamics. The GFP-TUB6 marker line (17) was used
to analyze the dynamic behavior of cortical microtubules in the wild
type and two select a-tubulin mutants. It should be noted that
elongating epidermal cells of the light-grown upper hypocotyls,
which were used for observation, had a more variable microtubule
orientation than elongating root epidermal cells. A GTPase-
activating region mutant ua5P>™N and an intradimer mutant
ua4S'782 respectively represent right- and left-handed helical
growth categories, because these mutations should not affect
binding sites of microtubule-associated proteins and motor pro-
teins. The microtubules or bundles of microtubules in fua5P>!N
were more numerous and tended to align more perpendicular to the
growth axis than those in the wild type and mma45'78 (Fig. 4). The
microtubule dynamics in ua5P?!™N was highly suppressed, as seen
by the slower growth and shrinkage (Table 1). Remarkably, the
lagging end of ua5P?™ microtubules did not depolymerize ap-
preciably and was highly stable. In fua45!784 microtubules, the effect
was most clearly observed at the leading end, which polymerized
more rapidly, resulting in a highly dynamic end. Catastrophe and
rescue frequencies of these mutant microtubules were not markedly
different from the wild-type frequencies at either end.

GFP-EB1 Localization. GFP fused to the Arabidopsis plus-end track-
ing protein EB1b (GFP-EBI; ref. 18) was next used to probe the
mutant microtubules (Fig. 5 and SI Movies 1-3). The growth rates
of the leading plus end were determined to be 4.54 * 1.64,3.77 =
1.95, and 5.35 * 1.65 wm/min (each from 12 microtubules observed
for longer than 1,000 sec) for the wild type, ua5P> W, and fua451784,
largely consistent with the analysis using GFP-TUB6. In the wild
type, GFP-EBL1 decorated the growing leading end of microtubules
as a comet with a trailing tail. The size of the GFP-EB1 comet was
slightly smaller in mua451784, whereas GFP-EBI also labeled the
entire side wall of ua5P% ™ microtubules. The fluorescence inten-
sity of the wall relative to the peak intensity at the plus end was 0.16,
0.43, and 0.10 for the wild type, ma5P>™N, and wa45'782, respec-
tively. Fluorescence redistribution after photobleaching showed
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Fig.4. Microtubules in tua5P2>'N hypocotyl cells are more abundant and align
more transversely. (A) Cortical microtubules in epidermal cells of 4-day-old hy-
pocotyls, visualized by GFP-TUB6. (B) Number of microtubules in unit length.

Cortical microtubules that crossed the mid-line of a cell’s long axis were counted.

that the photo-bleached GFP-EBI signal on the wall of fua5P%™N
microtubules recovered well before the photo-bleached GFP-
TUBS signal (SI Fig. 11), indicating that GFP-EBL in the cytoplas-
mic pool directly associated with the microtubule wall.

Protofilament Numbers in Cortical Microtubules. Tubulins in vitro can
be polymerized to form microtubules that contain between 9 and
16 protofilaments (19), among which only 13-protofilament micro-
tubules have unskewed protofilaments. When cortical microtubules
of the root epidermal cells were examined by electron microscopy
after glutaraldehyde-tannic acid fixation (20), we obtained 13
microtubule images (five from wild type, four from mma5P>'™N, and
four from a431782) for which the protofilament number could be
determined (Fig. 6 A-D). These microtubules were all composed of
13 protofilaments. Markham’s rotational analysis (21) also sup-
ported this number of 13 protofilaments (Fig. 6E). Therefore, the
majority of cortical microtubules that formed either transverse or
helical arrays are unlikely to have supertwisted protofilaments.

Discussion

Screening for Arabidopsis mutants that displayed twisted growth of
elongating organs and abnormal growth responses to propyzamide
resulted in a large collection of dominant-negative tubulin mutants.
The data presented here provide some of the strongest evidence to
date showing conserved residues of both «- and B-tubulins directly
contribute to the stability and helical pattern of cortical microtubule
arrays.

Incorporation of mutant tubulins into the microtubule polymer
suggests that the structure and/or dynamics of cortical microtubules

Ishida et al.
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Table 1. Parameters of microtubule dynamic instability

Leading ends

Lagging ends

Wild type  tuasP25N  tuaqgsi7sa Wild type  tua5P25IN  tua4s178a

Growth rate, um/min 4.68 2.80* 7.46%* 1.48 1.56 2.31%
Shrinkage rate, um/min 11.53 6.90* 11.91 5.50 1.49* 6.36
Catastrophe frequency, events/sec 0.086 0.083 0.092 0.174 0.189 0.203
Rescue frequency, events/sec 0.152 0.177 0.143 0.145 0.146 0.107
Time spent, growth 76.8% 63.4% 52.2% 9.1% 14.7% 8.4%

Pause 9.1% 15.4% 9.8% 46.2% 55.4% 56.9%

Shrinkage 14.0% 21.2% 38.0% 44.7% 30.0% 34.7%
Dynamicity, wm/min 4.89 2.65% 8.41* 1.89 0.45* 1.56

Wild type, n = 20 and t = 2,444 sec; tua5P?5'™N, n = 10 and t = 1,260 sec; tua4°'784, n = 10 and t = 1,228 sec.

*Statistically significant difference from wild type (P < 0.05).

are altered in these mutants. Many of the affected amino acid
residues are located at the longitudinal interface of the a- and
B-tubulins within and between the «f-heterodimer and at the
lateral interface between two adjacent protofilaments, indicating
that the mutations generally affect the protein—protein interactions
but not the stability or the folding of tubulin monomers. Several
mutated residues, such as P325 and T439 in a-tubulin and S95 and
G96 in B-tubulin, have indeed been implicated by atomic models of
the tubulin dimer and the microtubule to make direct contact with
their interacting partners in the microtubule (14).

Among six Arabidopsis a-tubulin genes, five are expressed in the
vegetative stage. Mutations were found in all of the five a-tubulin
genes, with a clear preference toward the TUA2/4/6 subfamily,
which was expressed more strongly than the TUA3/5 subfamily in
the Arabidopsis seedlings (22). Nine Arabidopsis B-tubulin genes,
however, are not classified into particular subfamilies. Nine of 17
B-tubulin mutations were found in 7UB4; the remaining mutations
were located in TUB2, TUB3, and TUBI. The severity of the P287L
mutation was greatest in the following order: TUB4>TUB3>TUB2,
whereas the severity of the SO6F mutation was stronger in TUB4
than in TUBI. Based on the expression profiles in the integrated
microarray database Genevestigator (ref. 23; www.genevestigator.

-8 Wild type
-o-tua5®*™
A tuag®"™

45 10 05 00 05 10 15 20 25 Wild type tua50%'™N tua4 S1784

Distance from the plus end (um)

Fig. 5. GFP-EB1 decorates tua5P2>'N microtubules along their entire length.
(A) GFP-EB1 usually tracks the plus end of polymerizing microtubules, but in
tua5P?5'N, the marker additionally decorated the side wall of microtubules.
Epidermal cells of 4-day-old hypocotyls were analyzed. (B) Tip gradient of
GFP-EB1. Mean values are plotted for fluorescence intensity along the length
of the labeled microtubules, with the peak intensity being set as 1. The labeled
ends grow toward the left. (C) Fluorescence intensity relative to the peak was
measured at position 1-2 um from the GFP-EB1 comet peak.
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ethz.ch/at), TUB4 is expressed most strongly in Arabidopsis roots,
followed by TUB2 and TUB3. Therefore, twisting mutants are
frequently found in the highly expressed tubulin genes, and their
expression levels in the seedling roots largely account for the
severity of the mutant phenotypes. We found no evidence for the
functional specialization of particular vegetative tubulin genes, at
least for the organization of cortical microtubules.

Previously, two left-handed skewing leffy mutants (fua45'8F and
ua6S'8F) were shown to have shallow right-handed helical arrays
(9). In this study using several dozen previously undescribed tubulin
mutants, we presented a remarkable correlation between skewed
direction of cortical helical arrays and growth direction of elongat-
ing roots. Thus, mutant roots skewed in a direction that is roughly
perpendicular to the microtubule arrays. This observation is con-
sistent with the current model in which cortical microtubule arrays
guide the movement of the cellulose synthase complex in the plasma
membrane and deposition of cellulose, thereby dictating the direc-
tion of cell expansion (24). This study also demonstrates that the

Fig. 6. Transverse section of cortical microtubules. (A) Electron micrograph
of a longitudinal section of a root epidermal cell in the elongation zone.
Cortical microtubules are seen associated with the plasma membrane (PM).
CW, cell wall. (B-D) Transverse sections of cortical microtubules from the wild
type (B), tua5P25'N (C), and tua4°'782 (D). (E) Multiple exposures of a tua5P25™N
microtubule, where n = 12, 13, or 14 equal arcs of a complete circle were used.
The strongest reinforcement of the ordered pattern occurred when n = 13.

PNAS | May 15,2007 | vol. 104 | no.20 | 8547

PLANT BIOLOGY



Lo L

P

1\

BN AS DN AS P

skewed microtubule arrays are not unique to the lefty tubulins but
are caused frequently by a wide range of tubulin mutations that
affect interactions among tubulin subunits. Such dominant-negative
tubulin mutations may underlie the evolution of the natural helical
asymmetry seen in tendrils, vines, and other twisting plant organs.
The TUASP?IN mutation affects a critical residue in a-tubulin
that triggers GTP hydrolysis in B-tubulin during microtubule po-
lymerization, thus offering a predictable consequence. Hydrolysis
of the GTP in B-tubulin within the microtubule would lead to a
conformational change, which would strain the lattice. The energy
of GTP hydrolysis thus stored in the microtubule drives microtubule
dynamic instability (25). A mutation at the corresponding aspartate
residue in a yeast a-tubulin inhibited microtubule depolymerization
and decreased dynamics (26). We observed comparable changes in
the dynamics of aua5P>™ microtubules; highly suppressed depo-
lymerization and decreased overall dynamics. Transgenic Arabi-
dopsis plants expressing TUAGOPZIAEZH#A gls0 exhibited similar
dynamics (16). The pronounced association of GFP-EB1 with the
lateral wall of mutant microtubules may indicate that EB1 recog-
nizes a small conformational difference between GDP-tubulin and
GTP-tubulin present in the lattice. The fission yeast EB1 homolog
Mal3p was recently shown to bind the microtubule lattice seam as
well (27). The tua5P>™ microtubules may be useful for studying
ill-defined microtubule recognition modes of plant EB1 proteins.
The more dynamic microtubules in fua45'7%4 contrast with
the more stable microtubules in ua5P?'N. Because these
mutants have contrasting microtubule arrays, with either right-
or left-handed helices, we believe that microtubule dynamics
is one of the major factors that contribute to the final
organization of arrays. Transgenic Arabidopsis plants express-
ing the modified a-tubulin with an N-terminal appendage
exhibited enhanced microtubule polymerization and sup-
pressed dynamicity, had a left-handed helical array organiza-
tion and right-handed skewing of the root (16), thus basically
consistent with the present study. Factors other than simple
dynamicity, however, may additionally contribute to the mi-
crotubule array organization. Low concentrations of microtu-
bule depolymerization drugs cause less dynamic but more
destabilized microtubules and right-handed helical arrays (17).
Whether the microtubule population is biased toward poly-
merization or depolymerization would be another key to the
array formation. Furthermore, other events may also be
important, such as the outcome of intermicrotubule interac-
tions (12) and the branching angle between the original
microtubule and the newly formed microtubule (10). Rotary
movements of cortical arrays may be another factor that
influences the final orientation of arrays (28). Future techno-
logical advances should allow us to examine microtubule
dynamics and other critical events in root epidermal cells.
To generate a helical array of fixed handedness, the left-right
asymmetry may be present in the microtubule lattice itself (4).
As an initial step to exploring the possible origin of the array
asymmetry, we examined the protofilament numbers in cortical
microtubules. Most microtubules assembled in vivo seem to be
composed of 13 protofilaments, in which the protofilaments are
aligned parallel to the microtubule axis, although many excep-
tions have been noted in different species and cell types (ref. 29
and refs. therein). In microtubules with protofilament numbers
other than 13, the protofilaments are skewed along the micro-
tubule axis, thus forming supertwists. The protofilaments in the
12-protofilament microtubule, for example, form right-handed
helices; the 14-protofilament microtubule conversely contains
protofilaments skewed in left-handed helices (19). Our obser-
vation of cortical microtubules in Arabidopsis root epidermal
cells indicated that the wild type and the two twisting mutants
had mainly 13-protofilament microtubules, as observed for
cortical microtubules of Juniperus and Euphorbia plants (21).
The helical asymmetry of microtubule arrays in tubulin mutants
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thus may not be traced back to the protofilament supertwist. It
should be noted, however, that individual polymerizing micro-
tubules in vitro can occasionally switch into energetically unfa-
vorable configurations (30). Ideally, microtubules should be
assembled in vitro from wild-type and mutant tubulins and their
structure analyzed in detail by cryoelectron microscopy.

Materials and Methods

Plant Materials. A. thaliana M2 seeds mutagenized using methane-
sulfonate or T-DNA insertions were obtained from Lehle Seeds
(Round Rock, TX) and the Arabidopsis Biological Resource Cen-
ter (Columbus, OH), respectively. Helical growth mutants were
screened in the presence of 3 uM propyzamide, as described (13).
All tubulin mutants were backcrossed at least twice before analysis.
The majority of the tubulin mutants reported in this study will
become available from the Arabidopsis Biological Resource
Center.

Immunostaining. A published protocol (16) was used with some
modifications. Anti-a-tubulin antibody YOL1/34 (Millipore, Bil-
lerica, MA) and Alexa Fluor 568-conjugated anti-rat IgG (Molec-
ular Probes, Eugene, OR) were used as primary and secondary
antibodies to label microtubules at dilutions of 1:40 and 1:500,
respectively. Fluorescent images were collected with a Cl-
ECLIPSE E600 confocal laser-scanning microscope (Nikon,
Tokyo, Japan).

Transmission Electron Microscopy. Whole seedlings were fixed in
2.5% glutaraldehyde and 8% tannic acid buffered with 0.1 M
phosphate at pH 6.8 for 3.5 h at room temperature (20). After a
brief wash with the buffer solution, the seedlings were postfixed in
1% osmium tetraoxide overnight at 4°C. Dehydration was done in
an ethanol series at low temperature and then in propylene oxide
at room temperature. Dehydrated seedlings were embedded in
Spurr’s resin (TAAB Laboratories, Berkshire, U.K.). Sections were
cut on an ULTRACUT UCT microtome (Leica Microsystems,
Wetzlar, Germany) with a diamond knife, mounted on copper
grids, stained with both uranyl acetate and lead citrate, covered with
carbon using a VE-1010 vacuum evaporator (Shinku Device Co.,
Ibaraki, Japan), and examined in an H-7100 transmission electron
microscope (Hitachi High-Technologies Corp., Tokyo, Japan) at 75
kV. Wild-type sections were cut in the longitudinal direction,
whereas mutant sections were cut in the oblique direction to slice
skewed microtubules transversely.

Image Analysis of Microtubule Dynamics and GFP-EB1 Labeling. Four-
day-old seedlings expressing GFP-TUB6 or GFP-EB1 were used
for dynamic analysis in the epidermal cells of upper hypocotyls.
Microscopy was done as described (16, 17), using a DMRE
microscope (Leica, Allendale, NJ) equipped with a CSU10 scan-
ning head (Yokogawa, Tokyo, Japan) and ORCA-ER CCD camera
(Hamamatsu Photonics, Shizuoka, Japan). Images were taken in
the 16-bit tiff format every 4 sec during the course of 6 min for the
analysis of GFP-TUB6 and during the course of 4 min for the
analysis of GFP-EB1. Acquired mages were processed and analyzed
using ImagelJ version 1.34 (http://rsb.info.nih.gov/ij) with domesti-
cally developed plugins.
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