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The CESA1 component of cellulose synthase is phosphorylated
at sites clustered in two hypervariable regions of the protein. Mu-
tations of the phosphorylated residues to Ala (A) or Glu (E)
alter anisotropic cell expansion and cellulose synthesis in rapidly
expanding roots and hypocotyls. Expression of T166E, S686E, or
S688E mutants of CESA1 fully rescued the temperature sensitive
cesA1-1 allele (rsw1) at a restrictive temperature whereas muta-
tions to A at these positions caused defects in anisotropic cell ex-
pansion. However, mutations to E at residues surrounding T166
(i.e., S162, T165, and S167) caused opposite effects. Live-cell imag-
ing of fluorescently labeled CESA showed close correlations be-
tween tissue or cell morphology and patterns of bidirectional mo-
tility of CESA complexes in the plasma membrane. In the WT, CESA
complexes moved at similar velocities in both directions along mi-
crotubule tracks. By contrast, the rate of movement of CESA par-
ticles was directionally asymmetric in mutant lines that exhibited
abnormal tissue or cell expansion, and the asymmetry was re-
moved upon depolymerizing microtubules with oryzalin. This sug-
gests that phosphorylation of CESA differentially affects a polar
interaction with microtubules that may regulate the length or
quantity of a subset of cellulose microfibrils and that this, in turn,
alters microfibril structure in the primary cell wall resulting in or
contributing to the observed defect in anisotropic cell expansion.

Arabidopsis | cell wall | CESA protein | microtubule | regulation

n higher plants, cellulose is a composite polymer of long un-

branched fp-1,4-linked glucan chains that are hydrogen-bonded
to form microfibrils of approximately 36 chains (1). The micro-
fibrils are the primary load-bearing component of cell walls (2,
3), and defects in cellulose synthesis or organization (4) result in
decreased anisotropy of cell wall expansion and an inability to
achieve differentiated cell shape (2-4).

Cellulose is synthesized by plasma-membrane complexes that
have been visualized by freeze-fracture EM as hexagonal rosettes
25 to 30 nm in diameter (5). The complexes are thought to be
composed of three functional types of structurally similar CESA
proteins that are believed to be the catalytic subunits. For primary
wall cellulose synthesis, CESA1 and CESA3 appear to be abso-
lutely required whereas CESA2, CESAS, CESA6, and CESA9
are at least partially redundant (6). Dynamic visualization of CESA
complexes in growing Arabidopsis cells showed that labeled (YFP::
CESAD®) synthetic complexes appeared as discrete particles at the
plasma membrane that move bidirectionally along linear paths
coincident with underlying cortical microtubules (7). These ob-
servations, together with previous (8) and subsequent studies (9-
11), suggest that cortical microtubule organization plays a role in
guiding the orientation of cellulose microfibril deposition.

All CESA proteins are predicted to have two transmembrane
helices in the N-terminal region and six in the C-terminal region
(Fig. 1). Between the two regions lies a large central domain that,
for the most part, is highly conserved among all CESA proteins,
including three conserved aspartate residues and a Q/RXXRW
motif that are believed to be important for substrate binding and
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catalysis. The central and N-terminal domains each contain
a hypervariable region that is not found within the catalytic
subunit of bacterial and cyanobacterial cellulose synthases (12).
Comparison of CESA sequences from many species reveals that
the hypervariable region in the central domain of CESA proteins
differs between putative paralogues but is well conserved in
putative orthologues, leading to this region being renamed the
class-specific region (13).

A proteomics survey of plasma membrane phosphoproteins
revealed that CESA1, CESA3, and CESAS proteins were phos-
phorylated at a number of sites clustered in the two hyper-
variable regions (14). In this study we explored the effects of
mutating the identified threonine or serine residues in CESAL1 to
alanine (A) or glutamate (E) residues to eliminate or mimic
phosphorylation, respectively.

Results

We mutagenized all known and potential phosphorylation sites
in CESA1 to A and E by site-directed mutagenesis of a cDNA
sequence. We refer to these as ces41” mutations. The WT and
mutated cDNAs were introduced into a temperature-sensitive
cesAl mutant, rswl (2), under transcriptional control of the na-
tive cesAl promoter. For each of the 14 gene constructs, we
analyzed at least three independent transgenic lines to confirm
phenotypes. Tissue expansion was used as an indicator of CESA
complex activity. As reported previously (2), growth of rswl was
strongly inhibited when seedlings were grown at a restrictive
temperature of 30 °C (Fig. 24). Expression of WT CESA1 com-
plemented the rswl mutation, and root elongation was restored
to levels similar to those seen with Col-0 (Fig. 24).

Effects of Phosphorylation of the Central Domain. In rswl lines
expressing constructs with alanine substitutions at S686 and
S688, roots and etiolated hypocotyls were significantly shorter
than those in rswi expressing WT CESAL1 (Fig. 24). By contrast,
when these residues were mutated to glutamate, a mild pro-
motion of root length was observed for both mutants (P < 0.001
for S686E and S688E, ¢ test) and in etiolated hypocotyl length for
S686E (P < 0.001; Fig. 24). In light-grown seedlings, the size of
aerial organs of these four transgenic lines was unaltered relative
to the WT control line. All together, these results suggest that
phosphorylation of position 686 or 688 promotes CESA1 activ-
ity, particularly in tissues with rapid cell elongation.
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Fig. 1. [lllustration of the structure of CESA1 (1081 aa). Indicated phos-
phorylation sites include S162, T165, T166, S167, S686, and S688.

Phosphorylation of the N-Terminal Domain. Four residues were
mutated in the N-terminal domain. Similar to the central domain
mutations, a glutamate substitution at T166 promoted root
growth, whereas an alanine substitution at this residue resulted in
root stunting (a 27% increase and a 56% decrease, respectively,
compared with WT transgenic line; Fig. 24). A contrasting pat-
tern of growth was observed for mutations at the other three
residues in the N-terminal domain. The root lengths of S162E,
T165E, and S167E transgenic lines were reduced relative to WT
control whereas alanine mutations at these residues resulted in
root lengths similar to WT. The size of aerial organs of light
grown seedlings was not changed in the S162E, T165E, and S167E
transgenic lines.

A similar pattern of changes in growth rate was observed for
hypocotyl growth in dark-grown seedlings. Relative to the WT
control, T166A caused an approximate 35% decrease in hypo-
cotyl length (Fig. 24). The hypocotyl length of the T166E trans-
genic line was, however, similar to that of the WT. Mutations
of S162E, T165E, and S167E led to short hypocotyls relative to
WT control or S162A, T165A, and S167A mutants, and a pro-
motion of hypocotyl length was observed with the S162A mutant
(P < 0.001). Considered together, these results suggest that
phosphorylation of T166 results in a more active CESA complex
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Fig. 2. Lengths of primary roots and hypocotyls (A) and their epidermal
cells at the mature zone (B) of Col-0, rsw1, and rsw1 transgenic lines con-
taining WT CESA1 cDNA or cesA1® mutants. For root measurements, seed-
lings were grown in continuous light (200 pmol/m?%/s) on vertical 0.5x MS
agar plates at 30 °C for 7 d. For hypocotyl measurements, seedlings were
grown on vertical 0.5x MS agar plates at 30 °C for 5 d in darkness. Mean
values are shown with SEs (>50 measurements).
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whereas phosphorylation of surrounding residues (i.e., S162,
T165, and S167) reduces activity.

Effects on Anisotropic Cell Expansion. Radial swelling of the root is
commonly the result of a loss in cell elongation anisotropy (15).
At the nonpermissive temperature, the rswl mutation caused
root swelling that was typically associated with root tips (Fig. S1).
Root swelling was also observed in the transgenic lines that had
displayed reduced root and etiolated hypocotyl lengths: T166A,
S162E, S167E, S686A, and S688A (Fig. S1). However, the root
tips of these transgenic lines were not swollen or abnormal (Fig.
S1). Instead radial swelling was observed further up the root axis,
in the elongation or differentiation zones of these transgenic lines.
Radial swelling of the root axis was accompanied by both a re-
duction in cell length (Fig. 2B) and by swelling of individual epi-
dermal cells in both the primary root axis and etiolated hypo-
cotyl (Figs. S1 and S2). By contrast, the transgenic lines with
normal or increased root or dark-grown hypocotyl elongation
(S162A, T165A, T166E, S167A, S686E, and S688E) had relatively
long epidermal cells (Fig. 2B) and cell swelling was not observed
(Figs. S1 and S2). These results suggest that phosphorylation
of T166, S686, or S1688 promotes anisotropic cell expansion,
whereas phosphorylation of S162, T165, or S167 inhibits aniso-
tropic cell expansion.

Effects on Cellulose Synthesis in the Primary Cell Wall. Measure-
ments of cellulose content showed that the transgenic lines with
abnormal organ and cell expansion (S162E, T165E, T166A,
S167E, S686A, and S688A) had slight but significant reductions
of crystalline cellulose in their roots as compared with WT or
mutant lines with normal organ and cell expansion (Table S1).
However, compared with rswi, all the transgenic lines contained
relatively high levels of cellulose.

To examine directly the effects of the various mutations on
cellulose synthase activity, we visualized CESA complexes in epi-
dermal cells of dark-grown hypocotyls using a functional YFP::
CESAG fusion expressed from the native CESA6 promoter (7).
Transgenic lines were created that contained both YFP::CESA6
and CESAL1 transgenes in a background that was homozygous for
both prcl (7, 16) and rswl.

In control experiments, in which YFP::CESAG6 was expressed
in the rswl/prcl mutant, YFP::CESAG6 was detected in the Golgi
and plasma membrane at permissive temperature but was ob-
served in the Golgi and other intracellular compartments only at
nonpermissive temperature (Fig. 3). These observations are con-
sistent with a previous freeze-fracture analysis of the zswl mutant
(2), which demonstrated that exposure to restrictive temperature
causes CESA rosettes to disappear from the plasma membrane.
Expression of WT CESAI under the CESA1 promoter in the
rswl/prc1/YFP::CESAG line restored the accumulation of CESA
complexes in the plasma membrane at nonpermissive tempera-
ture (Fig. 3).

Effects of CESA1 Phosphorylation on Bidirectional Mobility of CESA
Complexes. Previous measurements of movement of CESA com-
plexes in the plasma membrane of epidermal cells in the upper
hypocotyl of dark-grown seedlings revealed that WT CESA
complexes move in opposite directions along linear tracks de-
fined by cortical microtubules at similar rates (6, 7). We con-
firmed that CESA complexes in the WT control moved bidi-
rectionally with similar velocities, as reflected by the similar
slopes of the tracks derived from kymograph analysis of CESA
complexes moving along common linear tracks (Fig. 4 A-C), and
by measurement of particle movement in extended image
regions using automated particle tracking analysis (Fig. S3 A-D
and Table S1). The CESA particle trajectories also tended to be
distributed evenly in opposite directions (50 + 6% as measured
by kymograph analysis of 2,916 particles in 11 cells from seven
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Fig. 3. Effect of temperature on the accumulation of YFP::CESA6 in Golgi
and plasma membrane in an rsw1 prc1 background. Etiolated seedlings were
grown at restrictive temperature (30 °C) for 2 d, then used to visualize CESA
complexes at 29 °C. YFP::CESA6 localization in etiolated hypocotyl cells of
rswil/prci-1 seedlings expressing YFP::CESA6 (Left) or both YFP::CESA6 and
WT CESA1 (Right). Both transgenic lines are heterozygous for YFP::CESA6.
(Scale bar: 10 pm.)

plants; Fig. 4 A-C and Movie S1) (6, 7). Most transgenic lines
with patterns of organ and cell growth similar to WT (i.e., S162A,
T166E, S167A, S686E, and S688E) also showed similar bidi-
rectional velocities by both kymography analysis (Fig. S4) and
automated particle tracking (Fig. S3 and Table S1). By contrast,
all the transgenic lines with reduced organ elongation and loss of
cell anisotropy (S162E, T165E, T166A, S167E, S686A, and
S688A) showed a marked partitioning of particle velocities mov-
ing in opposite directions, as reflected by the different slopes of
the tracks derived from kymograph analysis of CESA com-
plexes moving along common linear tracks (Fig. 4 G-I and Fig.
S4). The discrepancy was also observed by measurements of
particle movement in extended image regions, i.e., labeled par-
ticles moving in one direction were, on average, significantly faster
than those moving in the opposite direction (Fig. 4 G-I, Figs. S3 I-
L and S4, and Table S1).

T165A was an exception. This line had normal morphology
but CESA complexes moved at different rates in opposite di-
rections (Fig. 4 D-F, Fig. S3 E-H, and Table S1). However, in
this line, a significant majority of labeled CESA particles moved
in one direction along individual kymograph analysis tracks (70%
and 30% as measured by kymograph analysis of 1,460 particles in
nine cells from four plants; the probability of measuring these
frequencies if the true frequency is 50% was P < 0.05 in nine of
nine cells by binomial test; Fig. 4 D—F and Movie S2).

Altogether, the results suggest that organ and cell morpholo-
gies observed with the ces4]"™ mutants correlate not only with
cellulose content but also with bidirectional motilities of CESA
complexes in the plasma membrane of these transgenic lines,
particularly with the velocity discrepancy of bidirectional move-
ment of CESA complexes.

Effects of Oryzalin on Bidirectional Mobility of CESA Complexes. To
examine whether the observed discrepancy of bidirectional move-
ment of CESA complexes relates to interactions between CESA
complexes and microtubules, we applied oryzalin, a drug that dis-
rupts the cytoskeleton. After treatment of intact seedlings ex-
pressing the microtubule marker GFP::MAP4 at a nonpermissive
temperature of 29 °C with 20 pM oryzalin for 2 h, most detectible
microtubules were cleared from the cortex (Fig. S5), as also pre-
viously observed by Debolt et al. (9), at a permissive temperature.
Kymograph analysis of CESA particle movement in both the
T165A and T165E lines indicated that, after oryzalin treatment,
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Fig. 4. Kymograph analysis of bidirectional movement of CESA complexes
in the WT, T165A, and T165E transgenic line. The data for the other
mutants is presented in Fig. S4. Time-lapse confocal images of YFP::CESA6
in hypocotyl cells of etiolated seedlings grown at restrictive temperature
for 2 d were used to measure CESA particle velocity at 29 °C. To analyze
bidirectional movement of CESA particles, we defined the average axis of
CESA particle movement in a given image series of a cell as the major axis
and classified CESA particles as moving in upward (u) or downward (d)
direction along the major axis, as illustrated in Fig. S4 A and B. (A, D,
and G) Representative kymograph displays effects of mutations on bi-
directional particle translocations, derived from kymograph analysis of
CESA particles moving along common linear tracks. (B, E, and H) Average
time projections of 61 frames representing 5 min. (C, F, and /) Histograms
of particle velocities calculated from kymograph analysis of 100 to 200
particles from three to six cells of a single seedling. Similar results were
obtained from different cells in different seedlings. (Scale bars: 10 pm in B,
E, and H.)
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CESA particle velocities no longer defined a bimodal population
(Fig. 5 and Fig. S6). These results were confirmed by automated
particle tracking analysis, which also indicted that CESA particle
velocities after oryzalin treatment were not significantly different
compared with those in untreated WT cells (Table S1).

We also examined effects of oryzalin on S167A, one of the
transgenic lines that showed symmetrical bidirectional velocity.
As observed previously with WT seedlings (9), oryzalin treat-
ment appeared to have no significant effect on bidirectional
velocities of CESA particle movement in this line compared with
mock treatment (Fig. S6 and Table S1).

Discussion

Cell Expansion and Cellulose Contents in the Primary Cell Wall. Organ
morphology depends on cell placement and directional cell ex-
pansion, but the underlying mechanisms of primary cell wall
expansion still remain incompletely understood (17). The pri-
mary cell wall has to be strong enough to withstand hydrostatic
pressure and external loads as well as extensible enough to allow
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Fig. 5. Effects of oryzalin on bidirectional movement of CESA complexes in
the T165E line. Time-lapse confocal images of YFP::CESA6 in hypocotyl cells
of 2-d-old etiolated plants grown at 30 °C were used to measure CESA
particle velocity. u and d represent two opposite directions of particle
movement relative to the major axis (Fig. S4 A and B). (A-C) Control treat-
ment with 0.02% methanol or DMSO at 30 °C for 2 to 3 h. (D-F) Treatment
with 20 pM oryzalin at 30 °C for 2 to 3 h. (A and D) Representative kymo-
graph displays effects of oryzalin treatment on bidirectional particle trans-
location. (B and E) Average time projections of 61 frames representing
5 min. (C and F) Histograms of particle velocities calculated from kymograph
analysis of 100 to 200 particles from three to six cells of a single seedling.
(Scale bars: 10 pm in B and E.)
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anisotropic cell expansion. It has been proposed that, in addition
to the amount of cellulose in the primary cell wall, directional
cell expansion depends on the orientation, length, and tensile
properties of cellulose microfibrils (18).

Cellulose-deficient mutants, such as rsw! (2) and korrigan (19,
20), show a dramatic loss of anisotropic expansion of light-grown
and etiolated seedlings. Similar morphological effects can result
from inhibition of cellulose synthesis by dichlorobenzonitrile (9).
In the current study, ces41” mutants that showed defects in cell
expansion and axial growth also tended to have reduced cellulose
content (Table S1). A simple hypothesis is that the observed
defects in cell expansion were caused, at least in part, by a re-
duction in total cellulose content of the wall.

However, the reductions in cellulose content in ces4If mu-
tants with cell growth defects were less than observed in rswl
(Table S1), and the phenotypes of these mutants differed in
discrete respects from those observed in mutants such as rsw/
and korrigan or following treatment with inhibitors. In particular,
rswl caused severe cell swelling in root tips of light-grown seed-
lings but the cesA41% mutant lines showed cell swelling only in the
elongation and differentiation zones of primary roots (Fig. S1).
Similarly, mutations, such as cobl, only influence a subset of
the cell types that are affected by rswi, and swollen cells are ob-
served in the elongation zone but not within the meristem of cob?/
roots grown under restrictive conditions (21). It has been pro-
posed that COBI participates directly in regulating microfibril
orientation, with slightly decreased cellulose synthesis reflecting
feedback from the disordered deposition (4). By analogy, it is
possible the defects in microfibril assembly or deposition also
contribute to the observed organ and cell morphologies of the
cesAI® mutants.

Bidirectional Synthesis of Cellulose Microfibrils. The studies repor-
ted here confirm previous observations (7) that CESA complexes
move bidirectionally along linear tracks in the plasma mem-
brane at similar rates. However, cellulose microfibrils from
higher plants are in the form of cellulose I, in which individual
microfibrils consist of parallel cellulose chains. This arrangement
might be created if fibrils are formed from one complex or if
they are formed by multiple complexes moving in one direction.
Thus, the observation that complexes move bidirectionally sug-
gests that nearby microfibrils might often be antiparallel. The
cellulose I allomorph can be converted to cellulose II by swell-
ing and recrystallizing cellulose I, a phenomenon that has long
been puzzling. In cellulose 11, glucan chains have an antiparallel
arrangement and there is extensive intrasheet hydrogen bonding
conferring the greatest thermodynamic stability on this allo-
morph. Previous studies on conversion of cellulose I to cellu-
lose II (22) suggest that, whereas cellulose chains within native
microfibrils are parallel, adjacent microfibrils are antiparallel, and
during swelling in alkali, the native microfibrils are broken into
separate sheets. When the swelling agent is removed, preferential
reassociation occurs between chains of adjacent microfibrils. As
the cellulose II structure is more favorable energetically than
cellulose I, the net result of reassociation would be expected to be
enrichment of cellulose II structures. Thus, the studies reported
here and elsewhere appear to provide an explanation for the
conversion from cellulose I to cellulose II.

Cell Expansion and Bidirectional Synthesis of Cellulose Microfibrils.
Measurements of bidirectional movement of CESA complexes in
the plasma membrane indicate that WT complexes in rapidly
growing cells move at similar velocities in opposite directions
along microtubules or microtubule bundles (7). The cesA1” mu-
tations affect the velocity of the complexes and have differential
effects depending on the direction of displacement relative to the
major axis of complex movement. The velocity discrepancy in
bidirectional movement of CESA complexes was closely corre-
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lated with defects in organ or cell expansion observed in the
mutant transgenic lines.

Wasteneys has proposed that the length of cellulose micro-
fibrils, in addition to the orientation and tensile properties of
cellulose microfibrils, may be a determinant of cell expansion
anisotropy (18). Presumably, the length of microfibrils is a func-
tion of the rate of cellulose microfibril deposition and the lifetime
of the CESA complexes. Taylor reported that in vitro phos-
phorylation of CESA7 causes the protein to be rapidly degraded
via a 26s proteasome-dependent pathway and proposed that
phosphorylation of CESA proteins may affect their lifetimes (23).
However, the role of phosphorylation may be different for the
CESA proteins that synthesize primary and secondary cell walls.

Recent images of growing cell walls by atomic force micros-
copy showed that fibrils of primary cell walls are likely bundles of
microfibrils or cellulose microfibrils coated with a dense layer of
matrix polysaccharides (24). Ding et al. (25) observed macro-
fibrils or large bundles of microfibrils that were found to exist only
on the innermost layer of the primary cell wall, the layer adjacent
to the plasma membrane. It is likely that interactions between
microtubules and CESA complexes influence microfibril assem-
bly and/or arrangement and thus direct or indirect interactions of
adjacent microfibrils, which may in turn affect growth anisotropy
(15, 18). This is consistent with the observation that microtubule
removal by oryzalin causes rapid loss of growth anisotropy (26).

Phosphorylation of CESAl may affect growth anisotropy
through effects on microfibril arrangement or interactions of ad-
jacent microfibrils. For example, if the velocity of CESA com-
plexes represents microfibril synthetic rate (9), and if CESA
complex stability and structure are independent of the direction
and velocity of CESA complex movement, the discrepancy in
the velocity of bidirectional movement of CESA complexes in
some of the cesA1” mutants would be predicted to result in dif-
ferences in the length of oppositely oriented microfibrils. This
local difference in microfibril length could result in decreased
uniformity of cell wall structure, leading to a loss of anisotropic
restriction of cell expansion. By contrast, in the WT and trans-
genic lines in which CESA complexes move bidirectionally along
microtubules at the same velocities, a more equal distribution of
microfibril lengths would be produced in opposite directions
and the guided synthesis and deposition of cellulose microfibrils
would produce an antiparallel microfibril arrangement with a
more uniform microfibril composition. The results with the
T165A transgenic line were an exception to the relationship of
observed discrepancy in bidirectional CESA complex velocity
and defects in cell expansion. However, labeled CESA complexes
in this line were also observed to show a significant bias in the
percentage of complexes moving in one direction along common
tracks. This pattern of movement would tend to produce a more
parallel arrangement of microfibrils along these tracks, with most
of the reducing ends pointing to the same direction. It is possible
that this structure may have a mechanical strength more similar to
the uniform antiparallel arrangement inferred in WT. However, it
is not clear whether the directional bias observed in T165A is
specific to dark-grown hypocotyls.

Regulation of Cellulose Synthase by Phosphorylation. Interactions
between CESA complexes and microtubules have previously
been shown to influence cellulose microfibril orientation and
deposition (7, 9). In view of the differential effects of ces41” mu-
tations on bidirectional mobility of CESA complexes, we pro-
pose that such mutations affect the interaction between CESA
complexes and microtubules or modify the effects of such in-
teractions. This idea is supported by the observation that re-
moval of microtubules by oryzalin eliminated the discrepancy of
bidirectional movement of CESA complexes in the T165A line
(Table S1 and Figs. S5 and S6).
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We envision that each cortical microtubule, or microtubule
bundle, has lateral interactions with CESA complexes, resulting
in organization of two linear arrays of CESA complexes, one on
either side of the microtubule (27) (Fig. S7). This could account
for the fact that clear evidence for collision of CESA complexes
is not observed (27) and is consistent with freeze-etching experi-
ments that revealed rosettes to lie alongside, but not directly on top
of, cortical microtubules (28). Lateral interactions, whether direct
or through a protein linker, would have inherent asymmetry with
respect to each side of the microtubule as a result of microtubule
polarity and confinement of CESA orientation by its integration
into the plasma membrane (Fig. S7 A and B). Thus, mutations af-
fecting these interactions and their effects on complex activity could
also act asymmetrically, resulting in different complex velocities on
each side of the microtubule. If there is a strong bias in the net
polarity of the cortical microtubule array, such as has been observed
byboth Eb1-GFP (29, 30) and by high-resolution scanning EM (31),
abiasin CESA activity with respect to the cell axis would result. The
relative orientation of the CESA complex and tubulin could also
affect delivering or distributing CESA complexes onto micro-
tubules (32, 33), as in the case of the T165A mutant.

Phosphorylation sites in CESAL1 are clustered in its two hy-
pervariable regions (Fig. 1). These regions are not present within
the catalytic subunits of bacterial and cyanobacterial cellulose
synthases, suggesting that they are not required for the catalysis
of cellulose chain polymerization (12). In view of the effects of
phosphorylation on interaction with microtubules, it seems
possible that these regions evolved to support or regulate the
CESA-microtubule interactions.

In view of the relatively large number of phosphorylation sites
present in CESA1, CESA3, and CESAS, it is notable that the
single-site mutations described here have significant effects.
Presumably, the combined effects of many phosphorylations or
dephosphorylations may have profound effects that cannot be
envisioned by studying the sites one at a time. It is also noted
that, under in vivo conditions, phosphorylation or dephosphor-
ylation may modify only some of the CESA1 subunits in a com-
plex whereas mutagenesis changes all the CESAL subunits in
the complex, but at only one site. It is also worth noting that
mutations at T166 had different effects on cell and organ mor-
phology and CESA movement from mutations at the surround-
ing residues. Thus, a full accounting of the effects of phos-
phorylation on cellulose synthase activity will require additional
multifactor studies and the development of additional tools.

In conclusion, results presented here show that phosphoryla-
tion of primary cell wall CESA proteins plays a critical role in
regulation of anisotropic cell expansion. In particular, phosphor-
ylation of CESA1 regulates cell elongation in rapidly expanding
tissues. This appears to be achieved through regulation of bi-
directional deposition of cellulose microfibrils. Further study of
phosphorylation of CESA proteins and its effects on microfibril
assembly, deposition, and properties, including microfibril length,
tensile properties, and arrangements in cell walls will help to
further understand the relationships among cellulose microfibril
synthesis and deposition, cell wall structure, and cell expansion.

Materials and Methods

Construction of cesA1® Mutants. pCesA1-gateway, a Ti plasmid containing the
CESA1 promoter flanking recombination ATT sites, and a donor vector
containing a CESA1 ¢cDNA was constructed and used for site-directed mu-
tagenesis as described in S/ Materials and Methods. Sequence-verified con-
structs were introduced into the Arabidopsis thaliana Col-0 cesAT mutant
(rsw1) by Agrobacterium-mediated transformation.

Tissue, Cell Length, and Cellulose Measurements. Standard methods were used
for measurements of tissue and cell size as described in S/ Materials and
Methods. Cellulose content of freeze-dried dried material was determined
as described by Updegraff (35).
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Measurements of CESA Particle Velocity. Seeds were germinated on 0.5x
Murashige and Skoog (MS) agar and grown vertically in the dark for 2 d at
30 °C. Seedlings were manipulated under a red safety light to avoid the blue
light response known to inhibit growth (35). Seedlings were mounted be-
tween two coverslips in water with their apexes pointing to the back of
microscope. To examine oryzalin effects, seedlings were submerged in a 20-
uM oryzalin solution and incubated in the dark before mounting in the same
solution between coverslips. Imaging of YFP::CESA6 particles or GFP::MAP4-
labeled microtubules was performed in hypocotyl cells just below the hook
of etiolated seedlings. EGFP and YFP were excited at 488 nm, and fluores-
cence was collected through a 525/50-nm band-pass filter (Chroma Tech-
nologies). All image processing was performed by using Metamorph
(Molecular Dynamics) and ImageJ (National Institutes of Health) software.
The obtained sequential frames were averaged by using the Walking Av-
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imaging, subpixel frame alignment was performed using a nonlinear least
squares algorithm [StackReg plug-in for ImageJ (36)]. As frame alignment
can fail, fiducial markers in each data set were analyzed for drift and only
those data sets with less than 135 nm of drift over a period of 5 min were
kept for analysis. The fiducial markers used were intrinsic autofluorescent
spots on cell walls. Particle velocities were measured by using two meth-
odologies as described in S/ Materials and Methods.
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