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The deposition of cellulose is a defining aspect of plant growth and
development, but regulation of this process is poorly understood.
Here, we demonstrate that the protein kinase BRASSINOSTEROID
INSENSITIVE2 (BIN2), a key negative regulator of brassinosteroid
(BR) signaling, can phosphorylate Arabidopsis cellulose synthase A1
(CESA1), a subunit of the primary cell wall cellulose synthase com-
plex, and thereby negatively regulate cellulose biosynthesis. Accord-
ingly, point mutations of the BIN2-mediated CESA1 phosphorylation
site abolished BIN2-dependent regulation of cellulose synthase ac-
tivity. Hence, we have uncovered a mechanism for how BR signaling
can modulate cellulose synthesis in plants.
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lant growth is controlled by a plethora of intra- and extra-

cellular processes; however, the major driving force for plant
cell growth stems from changes in vacuolar turgor pressure that
modulate cell volume. Because all plant cells are encased in cell
walls, plant cell expansion is also dependent on synthesis and
remodeling of cell wall polysaccharides, including cellulose (1).
Cellulose is the most abundant biopolymer on Earth and is a
fundamental constituent of plant cell walls. This paracrystalline
polysaccharide is synthesized at the plasma membrane by cellulose
synthase A (CESA) complexes (CSCs) (2). Current models sug-
gest that the CSC is a heterotrimeric complex in which CESALl-,
CESA3-, and CESAG6-like CESAs are involved in primary wall
cellulose synthesis in Arabidopsis thaliana (3, 4). Nascent cellulose
chains are incorporated into the cell wall matrix, and additional
synthesis pushes the CSC through the plasma membrane (5),
which was confirmed by motile fluorescently labeled CESA pro-
teins at the plasma membrane (6). Nevertheless, the regulation of
CSC activity remains largely ill defined.

Phytohormones control plant growth and development. Among
these hormones, brassinosteroids (BRs) are particularly important
for normal plant cell expansion. BRs are perceived at the plasma
membrane by the receptor-like kinase BRASSINOSTEROID
INSENSITIVEL (BRI1), which activates a signal transduction
cascade, leading to the transcriptional regulation of BR-responsive
genes (7, 8). A key regulator in BR signaling is the glyco-
gen synthase kinase 3 (GSK3)-like BRASSINOSTEROID
INSENSITIVEZ2 (BIN2) (9). In the absence of BRs, BIN2 is active
and phosphorylates the two homologous transcription factors,
BRASSINAZOLE RESISTANT1 (BZR1) and BZR2/BES1 (10,
11), which results in their inactivation and degradation. In con-
trast, when BR is present, BIN2 is inactivated and degraded
(12), which leads to activation of BZR1 and BZR2/BESI, and
therefore to transcriptional activation of BR-responsive genes.
Thus, BIN2 serves as a key negative regulator of BR-mediated
transcriptional responses. However, additional targets of BIN2 ki-
nase and their role in the regulation of cell expansion remain to
be elucidated.

www.pnas.org/cgi/doi/10.1073/pnas.1615005114

Considering the importance of cell wall synthesis and environ-
mental signaling for plant growth, close links between these pro-
cesses have been postulated (13). For example, live-cell imaging
has revealed that CSC speed is regulated by the red light/far-red
light ratio in a PHYTOCHROME B (PHYB)-dependent manner,
and this regulation was proposed to be mediated through CESAS
phosphorylation (14). Additionally, the BR-regulated BZR1/BES1
transcriptional activators directly bind the promoters of CESA
genes involved in cellulose biosynthesis of the primary and sec-
ondary cell walls (15). However, more direct associations between
CSC activity and BR signaling remain tenuous. Here, we show that
BIN2 can phosphorylate CESA1 and that this phosphorylation
negatively regulates CSC activity.

Results

Defects in BR Synthesis and Signaling Impair Cellulose Synthesis.
Previous work has demonstrated a potential relationship between
BR signal transduction and the transcriptional regulation of CESA
genes (15). To investigate the influence of BR signaling on cellulose
synthesis in more detail, we first analyzed crystalline cellulose content
in BR-deficient seedlings via the Updegraff assay. We found that
mutations in DET?2 (det2-1; a key enzyme in BR synthesis) (16) or a
hypermorphic mutation in BIN2 that renders BIN2 constitutively
active (bin2-1) (9) negatively impacted crystalline cellulose content in
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Fig. 1. Cellulose biosynthesis depends on BR synthesis and signaling. The
crystalline cellulose content of 5-d-old dark-grown seedlings was analyzed as
described in Materials and Methods. (A) Crystalline cellulose content of wild-
type Col-0 (black bars) and det2-1 (white bars) seedlings grown in the
presence or absence of 100 nM eBL. (B) Similar analyses were performed for
bin2-1 heterozygous (bin2-1*'~; gray bars) and homozygous (bin2-17'~; white
bars) mutants in the presence or absence of 5 pM bikinin (BK). Crystalline
cellulose contents are reported as a percentage of the crystalline cellulose
content of wild-type untreated controls. Error bars for both A and B rep-
resent SEM (n = 3 biological replicates per biological replicate, n = 2 tech-
nical replicates per biological replicate; ***P < 0.005 by Student's t test). ns,
not significant by Student’s t test.

etiolated seedlings compared with wild-type seedlings (Fig. 1 4 and
B). Furthermore, etiolated de2-1 seedlings grown on media supple-
mented with epibrassinolide (eBL; 100 nM) restored the crystalline
cellulose content to wild-type levels (Fig. 14). Likewise, the crystal-
line cellulose content was restored to wild-type levels in bin2-1
seedlings grown on bikinin (5 pM; a potent BIN2 inhibitor) (17) (Fig.
1B). These data indicate that changes in BR synthesis and signaling
impact the production of crystalline cellulose.

To investigate the relationship between cellulose synthesis and
BR in more detail, we introgressed a transgenic YFP-CESA6
fluorescent reporter under the control of the CESA6 native pro-
moter (6) into the det2-1 or bin2-1 mutant background. Previous
studies have demonstrated that the speed of the CSC at the
plasma membrane indicates cellulose synthase activity (6, 18-21).
Hence, we investigated the CSC motility using time-averaged
projections of CSC trajectories collected by spinning disk mi-
croscopy in det2-1 and bin2-1 and compared those trajectories with
the trajectories of wild-type control (Fig. 2 A and B). The speeds
of the CSCs were reduced by ~20% in the der2-1 background
(13 cells, seven seedlings, 790 particles), and treatment of exoge-
nous eBL (10 nM for 30 min; 12 cells, six seedlings, 954 particles)
significantly increased the CSC speeds in det2-1 (Fig. 2 B and C).
Similarly, the CSC speeds were reduced by 40% in the bin2-1
mutant compared with wild-type control (YFP-CESAG: five cells,
five seedlings, 330 particles; bin2-1: 14 cells, seven seedlings,
1,100 particles; Fig. 2 B and C). Furthermore, the speeds of the
CSCs were significantly increased (eight cells, eight seedlings,
546 particles) in bin2-1 seedlings treated with bikinin (5 pM for
40 min) compared with control-treated bin2-1 seedlings (Fig. 2 B
and C). Wild-type Col-0 plants treated with 10 nM eBL for 30 min
did not exhibit increased CESAI transcript levels (Fig. S14). In
contrast, both the bin2-1 mutant and the bin2-1 mutant treated
with 5 uM BK had slightly higher transcript levels of CESAI
compared with control seedlings (Fig. S1B). Nevertheless, because
CSC speeds were significantly reduced in bin2-1, it appears that
the changes in CESAI transcripts do not relate directly to CSC
speeds. These data indicate that reduced BR synthesis in det2-1 or
increased BIN2 activity in the constitutively active bin2-1 nega-
tively impacts cellulose synthesis in Arabidopsis seedlings.

The BIN2 Protein Kinase Can Phosphorylate Arabidopsis CESA1.
Genes that are transcriptionally coexpressed with the CESAs typi-
cally impact cellulose biosynthesis (22). To assess if any BR-related
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genes that could potentially influence cellulose biosynthesis were
coexpressed with the CESAs, we used the recently developed
FamNet (23) with several primary wall cellulose-related genes as
queries, including CESA1, CESA6, the CSC-associated KORRIGAN
1 (KORI) endoglucanase (24, 25), the GPI-anchored COBRA
(26, 27), and the companion of cellulose synthase 1 (CCI) (28).
Interestingly, we found that BIN2 was coexpressed with many of
the primary wall cellulose-related genes (Fig. S2), suggesting that
BIN2 might influence cellulose production, potentially through its
protein kinase activity. Many CSC subunits can become phos-
phorylated at multiple positions (29-32), and some of these
phosphorylation events have been demonstrated to regulate the
CSC functionally (14, 33, 34). However, the corresponding protein
kinases have remained unidentified.

To test the hypothesis that BIN2 directly phosphorylates a
component of the CSC, we produced synthetic peptides (Table
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Fig. 2. CSC speeds are altered in BR mutants. CSC speeds were examined in
4-d-old dark-grown seedlings by spinning disk microscopy. (A) Single-frame
and time-averaged images of YFP-CESA6 control seedlings. (Scale bar: 5 pm.)
(B) Kymographs of YFP-CESA6 are shown for the indicated genotype and
treatment. The dashed yellow line indicates the slope of a representative
YFP-CESA6-containing particle. (Scale bar: 5 pm.) (C) YFP-CESA6 speed dis-
tributions of det2-1 plus or minus 10 nM brassinolide (BL; blue boxes) and
bin2-1 (red boxes) seedlings plus or minus 5 uM BK are shown compared with
YFP-CESA6 control seedlings. Treatments were performed at the indicated
concentration for 30 min before imaging. Error bars represent minimum and
maximum values (n = 324-1,100 particles). One-way ANOVA indicated a
significant difference: F(4, 3,681) = 249.5 (**P < 0.01 by Tukey post hoc
analysis between the indicated conditions).
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S1) that corresponded to all reported phosphorylation sites in
several cellulose-related proteins in Arabidopsis, including CESAL,
CESA3, and CESAS, as well as KOR1 (29-32). BIN2 is a member
of the GSK3-like kinase family, whose members can recognize
substrates by either forming a stable protein complex with them or
recognizing substrate epitopes that have been previously phos-
phorylated by an alternative protein kinase in a process known as
priming phosphorylation. Because GSK3-related kinases may
need phospho-primed substrates (35), we also generated several
phospho-primed versions of the above peptides. We expressed and
purified Arabidopsis BIN2 in Escherichia coli and performed
in vitro protein kinase assays against the peptide substrates listed
in Table S1. BIN2 phosphorylated a peptide with a phospho-primed
serine residue corresponding to phosphorylated CESA15'* (re-
ferred to as +pS162; Fig. 34), but none of the other tested peptides
(Fig. 3B). Interestingly, an identical peptide sequence with no
phosphate (—pS162; Fig. 34) was not phosPhorylated by BIN2,
suggesting that phosphorylation at CESA15!? was required for
substrate identification. To map the BIN2 phosphorylation site in
the +pS162 peptide, we synthesized +pS162 peptides in which
serine and threonine residues were systematically mutated to ala-
nine, a residue that cannot be phosphorylated (Fig. 3C). We then
retested whether BIN2 could phosphorylate these peptides by
in vitro kinase assays. These assays revealed that BIN2 was unable
to phosphorylate the +pS162 T157A variant, but could phosphor-
ylate all other alanine substitution peptides to varying degrees (Fig.
3C). We further tested whether acidic amino acid substitutions
could mimic the effect of the phosphoserine at CESA15'®% but
these peptides were not BIN2 substrates (Fig. S3). These results
indicate that BIN2 can phosphorylate a threonine residue corre-
sponding to CESA1™7 in CESAL if it is primed by CESA15'®
phosphorylation in vitro.

Point Mutations in CESA1 Render It Insensitive to BIN2 Phosphorylation
and Enhance Cell Expansion. To examine the physiological function
of the CESA1™’ BIN2 phosphorylation site, we generated
transgenic Arabidojpsis lines expressing the CESAI™ (A1™),
CESAI™ 7 (A1™77), or CESAI™7F (A17°7F) gene under the
control of the native CESAI promoter in cesal-null background
(Materials and Methods). Because cesal null mutants are
gametophytic-lethal (4), we transformed segregating heterozygous
cesal™~ plants and monitored cesal homozygosity via PCR gen-
otyping. Transgenic lines expressing 41" in the cesal-null back-
ground were phenotypically indistinguishable from wild-type
seedlings in a hypocotyl growth assay (Fig. 4 A and B). Similarly,
cesal seedlings expressing A177°7F also did not show any pheno-
types that deviated from wild-type seedlings (F}% 4 A and B). In
contrast, cesal mutant seedlings expressing 417" were 20-40%
longer than A 1*"-complemented cesal control lines or Col-0 con-
trols (Fig. 4 A and B). Transcript levels of CESA! in all lines were
assayed to ensure that the phenotypes were not due to over-
expression as a consequence of positional genomic effects (Fig.
S4). All CESAI transcript levels in the transgenic lines were within
1.5-fold levels of the expression in wild-type seedlings (Fig. S4),
indicating that the growth differences between the lines are likely
not due to differences in CESAI expression (as discussed in the
previous section). These results indicate that the inability of
BIN2 to phosphorylate 417">* could enhance cell expansion. To
test this hypothesis, we introgressed bin2-1 into the AI17°7L
expressing cesal mutants. Indeed, we found that both homozygous
and heterozygous bin2-1 mutants containing the 417" mutant in
the cesal-null background produced significantly longer hypo-
cotyls than the bin2-1 control seedlings (Fig. 4 C and D), sug-
gesting that 47777 partially complements the bin2-I mutant
hypocotyl growth phenotype.

BIN2-Insensitive CESA1 Mutants Exhibit Increased CSC Activity. To
assess further whether the increased seedling growth of 41774

Sanchez-Rodriguez et al.
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Fig. 3. BIN2 can phosphorylate CESA1 in vitro. Recombinant Arabidopsis
BIN2 was assayed using a series of peptides by in vitro kinase assays.
(A) Region of Arabidopsis CESA1 that is phosphorylated is shown with the
position of the +pS162 and its unphosphorylated counterpart (—pS162) in-
dicated. Asterisks indicate potential phosphorylation sites in the +pS162
peptide. (B) Recombinant BIN2 was screened for activity against synthetic
peptides representing experimentally supported phosphorylation sites in
Arabidopsis CESA1 (gray bars), CESA3 (hatched bars), CESAS5 (lined bar), and
KOR1 (checked bars). (C) Synthetic peptides containing alanine substitutions
at all possible S/T residues in the +pS162 peptide were assayed as substrates
for recombinant BIN2. All assays were repeated at least two times in tripli-
cates. Error bars represent SEM (n = 3).

mutants corresponded to enhanced CSC activity, we introgressed
YFP-CESAG6 into the AIT°".expressing cesal bin2-1 double
mutant. Due to the fact that bin2-1 homozygotes display a dras-
tically reduced seed set, seedlings were genotyped after imaging to
verify the bin2-1 genotype. As demonstrated in Fig. 4E, the CSCs
(YFP-CESAG6) moved significantly faster in bin2-1 cesal seedlings
that expressed 4177”1 compared with the CSC speeds in the bin2-1
cesal seedlings that expressed A1™". These results indicate that
the A1T57A mutant is not susceptible to the enhanced BIN2-
mediated phosphorylation in bin2-1, corroborating the hypothe-
sis that BIN2 phosphorylates CESAL1, decreases CSC activity, and
thus reduces cellulose bios;fnthesis. Additionally, transgenic plants
expressing only the A77">’* mutant exhibited faster CSC speeds
than wild-type controls (Fig. 4E). Defects in secretion of the CSCs
also affect cellulose synthesis (36). To assess whether the inability
of BIN2 to phosphorylate CESA1 also resulted in trafficking
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Fig. 4. Mutations of BIN2-targeted CESA1 phosphorylation sites restore
growth and CSC velocity in bin2-1. Arabidopsis cesal-null mutants were
transformed with CESAT"* or CESA1""7 phosphorylation site mutants, and
the growth behavior of these mutants was examined in 5-d-old dark-grown
hypocotyls compared with wild-type Col-0 controls. (A) Representative im-
ages of CESA17"7A and CESA17"57F phosphorylation site mutants compared
with wild-type Col-0 seedlings or cesal-null mutants transformed with
CESA1**. (B) Quantification of hypocotyl lengths in seedlings from A. The
means and SEM are presented as in Fig. 1B. One-way ANOVA revealed a
significant difference: F(6, 518) = 16.32 (**P < 0.01; n = 58-103). ns, not
significant from wild-type control by Tukey post hoc analysis. The CESA77">74
mutant was introgressed into a segregating population of the bin2-1 mutant
to determine if CESA17"°74 could partially complement bin2-1. (C) Repre-
sentative images of bin2-1 (+/-) or bin2-1 (-/-) plants with or without
CESA1T'37A_ (D) Quantification of hypocotyl lengths from C. Error bars rep-
resent SEM (n = 19-30). One-way ANOVA revealed a significant difference: F
(4, 198) = 34.26. Multiple Student’s t tests were performed against the in-
dicated conditions (**P < 0.01, ***P < 0.005). ns, not significant. () CSC
velocities were measured in the bin2-1 background with or without
CESA17'37A and in the CESA17"*7A mutant by spinning disk microscopy. These
results were compared with YFP-CESA6 control CSC velocities. Error bars
represent minimum and maximum values (n = 320-1,784 complexes). One-
way ANOVA revealed a significant difference: F(3, 4,379) = 1057 (**P <
0.01 by Tukey post hoc analysis between the indicated conditions).

defects, we performed fluorescence recovery after photobleaching
experiments (19). We did not find any differences in YFP-
CESA6 fluorescence recovery rates between the bin2-1 AI™
(1.85 = 0.75 insertions per hour and square micrometer; five
seedlings, 17 cells) and the bin2-1 A1™°* mutant (1.80 + 0.78 in-
sertions per hour and square micrometer; three seedlings, nine
cells), indicating that the BIN2 is not having any major effects on
the secretion of CESAs to the plasma membrane. To determine
whether these alterations in CSC speed paralleled changes in cel-
lulose deposition, we measured the crystalline cellulose contents of
bin2-1 dark-grown seedlings with or without the expression of
AIT7A This experiment revealed that in both homozygous and
heterozygous bin2-1 mutants, crystalline cellulose content was in-
creased in genetic backgrounds that contained 417" (Fig. S5).

3536 | www.pnas.org/cgi/doi/10.1073/pnas.1615005114

These observations are again consistent with the hypothesis that
BIN2 phosphorylates residue T157 in CESAI to regulate cellulose
biosynthesis negatively in Arabidopsis.

Discussion

Although many recent genetic and cell biological studies con-
tinue to define the components of the CSC (e.g., ref. 28), regu-
latory aspects of the complex are largely unresolved. In this
study, we demonstrate that BIN2 kinase, which is transcription-
ally coregulated with genes known to encode components of
the CSC, can directly and uniquely phosphorylate Arabidopsis
CESAL in a priming phosphorylation-dependent manner.

Phosphoproteomic surveys in Arabidopsis (29-32), as well as in
other plant species (37), indicate that CESA proteins are highly
phosphorylated at a number of sites clustered in the N terminus
and catalytic loop regions, and that these modifications might
functionally regulate CSC activity. Indeed, mutations of CESA1
and CESA3 phosphorylation sites can influence the bidirectional
motility of CSCs in Arabidopsis (33, 34). Similarly, phosphoryla-
tion of CESAS regulates CSC speed in response to red light/far-
red light in a phytochrome-dependent manner (14), suggesting
that light quality influences CSC activity. Finally, studies of Ara-
bidopsis CesA7 phosphorylation suggest that phosphorylation
within the CesA7 N terminus potentially regulates the stability of
CesA7 during development (38). Although these studies corrob-
orated that CESA phosphorylation influences CSC activity, the
identities of the corresponding kinases have remained unknown.

Priming phosphorylation has been described previously in
metazoan and fungal systems by GSK3-like kinases (39-41).
Typically, these phosphorylation events occur in the consensus
phosphorylation sequence S/T-X-X-X-pS/pT-P, and this sequence
is present around the T157 CESALI in Arabidopsis and conserved
across CESALI orthologs in many plant species (Fig. S6). Although
several BIN2 substrates have been identified in Arabidopsis (42—
51), further analyses have revealed that these substrates associate
with BIN2 in stable complexes during phosphorylation events and
do not require priming phosphorylation. Hence, the CESALl
BIN2 phosphorylation represents a pioneering example of priming
phosphorylation in plant systems. Nevertheless, it will be impor-
tant to identify the protein kinase that catalyzes CesAl phos-
phorylation at S162. Additionally, it is important to emphasize
that the in vivo T157 phosphorylation event was not specifically
observed by biochemical means in this study. The T157 phos-
phorylation site has been observed in a previous large-scale
phosphoproteomic survey (52), suggesting that this phosphoryla-
tion site can be phosphorylated in vivo. It will be important in the
future to develop methods that allow for the specific in vivo in-
vestigation of this and other CSC-related phosphorylation sites,
but we would also highlight that genetic experiments presented
here support a role of the BIN2 phosphorylated T157 site in the
regulation of CSC speed and cell expansion. Such in vivo studies
will help us to understand more fully the regulatory controls that
influence cellulose biosynthesis.

Plant growth is essentially mediated by two basic processes: cell
division and cell expansion. Both phytohormones and cell wall
polysaccharide biosynthesis have been demonstrated to participate
in these basic developmental processes (3, 4, 13, 53, 54). For ex-
ample, BR biosynthesis or signaling defects lead to decreased cell
expansion, which also may be seen in cellulose biosynthesis mu-
tants (3, 4, 9, 53, 55, 56). However, direct links between these
processes have remained scarce. In this paper, we outline a
mechanism by which BR signaling can modulate CSC activity, and
thus plant biomass production. In the absence of BR, BIN2 is
active and phosphorylates CESA1, thereby reducing CSC activity
(Fig. 5). When BIN2 is inhibited, or when BR is added,
BIN2 becomes inactive and degraded, the CSC is activated, and
cellulose synthesis increases (Fig. 5). Our finding that BIN2 directly
phosphorylates CESA1, and that this phosphorylation event
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http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615005114/-/DCSupplemental/pnas.201615005SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615005114/-/DCSupplemental/pnas.201615005SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1615005114

L T

/

1\

=y

e e e e el

* 5 -
i Microtubules Microtubules Microtubules
'ELG BIN2-P -BL OGBINZVP 7777777 R W BN DT e
— i
D w EW ! gi:‘r‘]’;‘r:f(sc‘g‘gase . CESA1
— » (EETRIXTRIRIRIN ' c .
o Microtubules _gL &, Microtubules; CSC speed BIN2 (active)

BIN2 (inactive)

-BL 0 bin2-1 + Bikinin bin2-1

Fig. 5. BIN2 regulates cellulose synthesis activity in Arabidopsis. (A) Without
BRs (—BL), BIN2 is phosphorylated, and thus active. (B) Under these condi-
tions, BIN2 phosphorylates CESA1, which, in turn, changes the speed, and
thus the activity, of the CSC. (C) When BL is added (+BL), BIN2 becomes
dephosphorylated by BSU1, which leads to CSC activation. (D and E)
BIN2 activation may be inhibited by BK (GSK3 inhibitor), which leads to re-
duced BIN2 activity and activation of the CSC.

changes the CSC activity, reveals a prominent protein kinase as a
key regulator of cellulose synthesis and directly connects an
important hormone signal transduction pathway with a funda-
mental process in plant growth and development.

Materials and Methods

Growth Conditions. A. thaliana (Col-0) plants were germinated and grown as
described by Persson et al. (22). Dark-grown seedlings were grown on Mura-
shige and Skoog (MS) agar without sucrose in darkness at 22 °C for 7 d. For
small-molecule treatments, Col-0, det2-7, and bin2-1 seedlings were grown on
1/2x MS media in the dark for 5 d. Hypocotyls were collected and placed in
1/2x MS liquid media with 10 nM brassinolide or 5 uM bikinin and incubated
on a rotating table for 30 min. Treated hypocotyls were filtered to remove
media, immediately frozen in liquid nitrogen, and stored at —80 °C until further
use. For cellulose quantification experiments, the seed coats were removed.

Recombinant Purification of BIN2 Kinase. The BIN2 gene was amplified by PCR
from Arabidopsis inflorescence cDNA using gene-specific primers [BIN2 for-
ward (F) and BINZ2 reverse (R); Table S2] and Phusion DNA polymerase
(ThermoFisher Scientific), and were cloned into the pENTR-D-TOPO vector (Life
Technologies). The BIN2 ORF was transferred from pENTR-o-TOPO to the
pET60-DEST plasmid (Novagen) using LR Clonase Il Enzyme Mix (Life Tech-
nologies), and then transformed into E. coli BL21* cells (Life Technologies). Cell
were grown at 37 °C to an ODggp of 0.6-0.8 and then induced with 0.5 mM
isopropyl-p-p-thiogalactopyranoside for 4 h at 37 °C, and the cells were col-
lected by centrifugation and stored at —80 °C until further use.

Bacterial cells were suspended in buffer A [20 mM Tris-HCl (pH 7.5), 300 mM
NacCl, 10 mM MgCl,, and 20 mM imidazole] containing Roche EDTA-free
protease inhibitors and lysed with an Avestin Emulsiflex C3 homogenizer
(Avestin) at 20,000 psi. The insoluble material was removed by centrifugation
at 120,000 x g for 1 h at 4 °C, and the supernatant was applied to a 1-mL
nickel-nitrilotriacetic acid (Ni-NTA) agarose column equilibrated in buffer A.
The column was washed with 500 mL of buffer A and eluted with 10 mL of
20 mM Tris-HCI (pH 7.0), 300 mM Nacl, 10 mM MgCl,, and 350 mM imidazole.
The Ni-NTA eluate fraction was then applied to 0.5 mL of glutathione-
Sepharose 4B (GE Healthcare) and incubated on a rocker table at 4 °C for
1 h. The resin was loaded into a column, washed with 250 mL of wash buffer,
and then eluted in 8 x 1-mL fractions with buffer A containing 10 mM reduced
glutathione and adjusted to pH 7.0. Purity of the purified recombinant protein
was assessed by SDS/PAGE analysis.

Protein Kinase Assays. In vitro kinase assays were conducted in 50-pL reactions
containing kinase buffer [25 mM 3-(N-morpholino)propanesulfonic acid-NaOH
(pH 7.0), 10 mM MgCl,, and 100 M ATP containing 1,000 dpm/pmol y-[32P]-
ATP]. Peptide substrates were included in the assays at a concentration of
100 uM, and the assays were initiated by the addition of recombinant protein
kinase. Samples were incubated at 37 °C for 30 min; then, a 25-uL aliquot was
removed from each reaction, spotted on P81 phosphocellulose paper, dried for
2 min, and placed in 75 mM phosphoric acid. The filters were washed three
times for 5 min in 75 mM phosphoric acid and 5 min in 95% (vol/vol) EtOH, and
then dried. Incorporation of 2P was monitored by scintillation counting using
a PerkinElmer TriCarb 2810TR scintillation counter.

Confocal Microscopy. Transgenic lines expressing pCESA6::YFP-CESA6 in the

prc1-1 mutant background have been described previously (6). Seedlings for
image analysis were grown in the dark on MS-agar media at 22 °C for 4 d.
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Seedlings were imaged using a CSU-W1 spinning disk head (Yokogawa)
mounted to an inverted Nikon Ti-E microscope equipped with a 100x oil-
immersion objective (Apo total internal reflection fluorescence, N.A. = 1.49)
and a deep-cooled iXon Ultra 888 EM-CCD camera (Andor Technology)
controlled by Metamorph software. Photobleaching was achieved using an
Andor FRAPPA scanning instrument attached to the system above (36). For
CSC motility assays, seedlings were imaged with an 800-ms exposure every
10 s for 5-8 min.

The recorded time-lapse movies were corrected for drift and bleaching using
the ImageJ (NIH) plug-ins “stackreg,” “subtract background,” and “bleach
correction” with default settings. In cases of weak intensity, we further applied
the “walking average” plug-in. Velocities were analyzed using the “kymo-
graph evaluation” plug-in of the free tracking software FIESTA (57). More than
100 kymographs were analyzed per cell, and the velocities of CESAs were de-
termined by approximating the slopes of their trajectories with a straight line.

Complementation Experiments. To generate plant transformation vectors
containing CESAT or phosphorylation site mutants under the native CESAT
promoter, the pCESA1/pDONR P4-P1r vector, the respective CESAT entry clone,
and a Nos-terminator/pDONR P2r-P3 vector (58) were combined in the pres-
ence of the pH7m34GW multisite gateway vector (59) and LR Clonase Il Plus
(Invitrogen). Constructs were transformed into a heterozygous cesal T-DNA
insertional mutant line (SALK_092266) by the standard floral dip method (60).

An Arabidopsis mutant harboring a T-DNA insertion in CESAT exon 14 was
obtained from the Arabidopsis Biological Resource Center (https:/abrc.osu.edu),
and individual seedlings were genotyped by PCR using the primers SALK_092266
LP, SALK_092266 RP, and LBb1.3 shown in Table S2. As expected, no homozy-
gous plants were obtained due to the previously described lethality of cesa?-null
mutations (3, 4). To circumvent this issue, primary transformants containing the
appropriate pCESAT::CESAT cDNA construct were identified by PCR genotyping
using the Hph F and Hph R primers listed in Table S2, which amplify the
hygromycin resistance cassette associated with the pH7m34GW transformation
vector. A second set of genotyping primers was designed to amplify selectively
the genomic CESAT sequences surrounding the SALK_ 092266 T-DNA insertion
site (CESA1 intron 13 F and CESA7 3'UTR R; Table S2). These primers were used in
conjunction with the LBb1.3 primer to identify primary pCESA1::CESAT cDNA
transformants that were heterozygous for the SALK_092266 T-DNA insertion.
These plants were allowed to self-fertilize, and the progeny of subsequent
generations were analyzed by PCR genotyping in a similar manner to identify
plants containing a copy of the pCESAT1::CESAT ¢cDNA complement construct as
well as a homozygous T-DNA insertion in the endogenous copy of CESAT. These
transgenic lines were subsequently crossed to the previously described YFP-CESA6
reporter line (6) and/or the bin2-1 mutant (9) to generate the appropriate
transgenic lines. Arabidopsis mutants harboring YFP-CESA6 in the prci-1 back-
ground were genotyped using YFP genotyping F and CESA6 genotyping R pri-
mers. Arabidopsis bin2-1 lines were genotyped using BIN2 Xhol F and BIN2 Xhol R
(Table S2), and subsequent restriction digest of amplified products with Xhol was
required to identify heterozygous and homozygous mutants for the bin2-1 point
mutation (9).

RNA Isolation, cDNA Synthesis, and Quantitative RT-PCR. RNA was isolated
using the PureLink Plant RNA Kit according to the manufacturer’s instructions
(ThermoFisher Scientific). First-strand cDNA was synthesized using the Invi-
trogen SuperScript Ill First-Strand Synthesis System according to the manu-
facturer’s protocol (ThermoFisher Scientific). Real-time quantitative PCR was
performed using BioRad iTaq Universal SYBR Green Supermix. PCR reactions
were performed on a BioRad CFX 96 Real-Time System using suggested
Universal SYBR Green Supermix conditions, and data analysis was performed
using Prism software (GraphPad). The following genes were used as
amplification references: GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE
(GAPDH; At1913440; Fig. S1A), ACTIN2 (ACT2; At3g18780; Fig. S4), UBIQUITIN
CONJUGATING ENZYME 21 (UBC21; At59g25760; Fig. S1B). The primer sequences
for these reference genes and all transcripts assayed in this study are included in
Table S2.

Cellulose Measurement. Crystalline cellulose content was measured by pre-
viously described methods (61), with minor modifications (62). More detailed
materials and methods are available in S/ Materials and Methods.
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