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Abstract

Cellulose synthase 5 (CESAS) and CESAG6 are known to share substantial functional overlap. In the zinc-finger domain
(ZN) of CESAS. there are five amino acid (AA) mismatches when compared to CESA6. These mismatches in CESAS
were replaced with their CESA6 counterparts one by one until all were replaced. generating nine engineered CESASs.
Each N-terminal enhanced yellow fluorescent protein-tagged engineered CESAS was introduced to prcl-1, a cesa6 null
mutant, and resulting mutants were subjected to phenotypic analyses. We found that five single AA-replaced CESAS
proteins partially rescue the prc/-I mutant phenotypes to different extents. Multi-AA replaced CESASs further rescued
the mutant phenotypes in an additive manner. culminating in full recovery by CESAS5G#R+S49T+S54P+S80A+YSEF Tnyyectiog-
tions in cellulose content, cellulose synthase complex (CSC) muotility, and cellulose microfibril organization in the same
mutants support the results of the phenotypic analyses. Bimolecular fluorescence complementation assays demonstrated
that the level of homodimerization in every engineered CESAS is substantially higher than CESAS. The mean fluorescence
intensity of CSCs carrying each engineered CESAS fluctuates with the degree to which the prcl-/ mutant phenotypes
are rescued by introducing a corresponding engineered CESAS. Taken together, these five AA mismatches in the ZNs of
CESAS and CESAG6 cooperatively modulate the functional properties of these CESAs by controlling their homodimeriza-
tion capacity, which in turn imposes proportional changes on the incorporation of these CESAs into CSCs.

Key message
The N-terminal zinc-finger domain of the cellulose synthase likely plays a critical role in the functional assembly of the
cellulose synthase complex in planta.

Keywords Cellulose synthase (CESA) - Amino acid mismatches - Zinc-finger domain - Homodimerization - Cellulose
synthase complex (CSC) - CSC assembly

Introduction

Cellulose is a major component of terrestrial plant cell
walls, facilitating load-bearing and tensile properties as
well as morphological remodeling in the cell walls (Polko
and Kieber 2019). The cellulose microfibril (CMF) com-
prises a bundle of para-crystalline (1—4)- p- D-glucan
chains, making it a source of glucose molecules essential in
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manufacturing various industrial items, biofuels, and bio-
materials (Ragauskas et al. 2006). An earlier landmark study
visually confirmed, through electron microscopy, the pres-
ence of plasma membrane-bound hexameric rosette struc-
tures named cellulose synthase complexes (CSCs)., from
which CMFs are synthesized in vascular plants (Haigler and
Brown Jr., 1986). A series of groundbreaking studies ele-
gantly demonstrated that a CSC is comprised of three differ-
ent classes of cellulose synthases (CESAs) in Arabidopsis
thaliana. CSC assembly has been believed to occur in the
Golgi body based on the presence of two Golgi-localized
proteins, STELLOI1 and 2, which were identified as glyco-
syltransferases that are associated with the CSC assembly
and trafficked to the Golgi body (Worden et al. 2012; Zhang

1 3



76 Page 2 of 17

Plant Molecular Biology

et al. 2016). CSCs are transferred to the plasma membrane,
where they synthesize CMFs while moving bidirectionally
under the guidance of cortical microtubules (Paredez et al.
2006; Persson et al. 2007; Gutierrez et al. 2009).

Comprehensive genetic and biochemical studies demon-
strated that CESA1 and CESA3 are indispensable for two
positions in a CSC lobe and a remaining third position is
occupied by one of the CESAG-like proteins to complete
the CSC assembly and accomplish primary cell wall (PCW)
synthesis in Arabidopsis (Desprez et al. 2007; Persson et al.
2007). For secondary cell wall (SCW) synthesis, CESA4,
CESA7. and CESAS are known to engage in cellulose syn-
thesis and all these CESA isoforms have been shown to play
important roles to this process (Taylor et al. 2003).

In Arabidopsis, CESA2, CESAS, CESA6, and CESA9
are classified as CESAG6-like proteins based on their
sequence similarity and functional compatibility (Desprez
et al. 2007; Persson et al. 2007). In CESA6-like proteins,
CESAS and CESAG share the closest sequence identity and
phylogenetic relationship, implying their considerable func-
tional overlap (Endler and Persson 2011). However, exog-
enous expression of CESA2. CESAS. and CESA9 under
the control of native CESA6 promoter in cesaé null mutants
resulted in only a partial rescue of their mutant phenotypes
(Persson et al. 2007), indicating incomplete functional
compatibility with CESAG6. Previous studies unveiled that
CESA2. CESAS, and CESA9 play central roles in bolster-
ing radial cell walls during seed coat formation. CESAS in
particular is implicated in mucilage cellulose synthesis in
Arabidopsis in concert with CESA1, CESA3, and poten-
tially CESA10 (Sullivan et al. 2011; Griffiths et al. 2017).
In addition, cellulose content in cesa5 mutants was found to
be comparable to wild type (WT) unlike substantial reduc-
tion observed in cesa6 mutants (Bischoff et al. 2011). These
findings imply that CESA2, CESAS. and CESA9 specialize
in cellulose synthesis under spatiotemporally specific condi-
tions, while CESA6 generally engages in cellulose synthe-
sis for the PCW.

This study is a follow-up to our previous study (Park and
Ding 2020). In the previous study, we found that ZNs of
CESAS and CESAG are critical in determining the functional
properties of these CESAs by modulating their homodimer-
ization capacity. In this study. we provide further insights
into the molecular basis of modulating the homodimer-
ization capacities of CESAS and CESAG by the stepwise
replacement of all five amino acid mismatches in their ZNs
and the subsequent impacts on selecting a CESA6-like pro-
tein for the CSC assembly. We investigated the mechanism
for selecting a CESAG6-like protein for the third position in
CSCs with an emphasis on CESA5 and CESAG6. To accom-
plish this goal. we generated a series of engineered CESAS
proteins by replacing amino acid (AA) mismatches in the

1 3

zine-finger domain (ZN) of CESAS with their CESA6 coun-
terparts one by one until all five mismatches were replaced.
This was followed by multilateral analyses on the conse-
quences of these replacements. This stepwise replacement
provides a series of engineered CESAS proteins. We found
that the exogenous expression of each engineered CESAS
tagged with the N-terminal enhanced yellow fluorescent
protein (EYFP) in prci-1, a cesa6 null mutant, induces a
gradual rescue of its mutant phenotypes. This restoration
culminates in the full recovery of WT phenotypes in prci-
I by introducing engineered CESAS carrying the CESAG6
counterparts in all five mismatch positions, suggesting that
these mismatches in their ZNs are critical in determining
their respective functional properties. Further evaluations in
cellulose content, CMF organization, and CSC motility sup-
port the pattern of rescuing the mutant phenotypes in prel-1.
Bimolecular fluorescence complementation (BiFC) showed
that the level of homodimerization in every engineered
CESAS was significantly improved when compared to WT
CESAS. Furthermore, we found that the fluorescence inten-
sity of motile CSCs carrying each engineered CESAS in the
plasma membrane fluctuates in accordance with degree to
which the mutant phenotypes of prci-1 were rescued. Taken
together. our findings indicate that these five mismatches in
the ZNs of CESAS and CESAG play pivotal roles in deter-
mining the functional properties of these CESAs by altering
their homodimerization capacity, which results in propor-
tional changes on their incorporation into CSCs.

Materials and methods
Plant materials and phenotypic analysis

All Arabidopsis seedlings were grown on half-strength MS
medium containing 1% sucrose, 0.05% 2-(N-morpholino)
ethanesulfonic acid (MES). and 0.6% phytagel at pH 5.7.
All light-grown seedlings used for phenotypic analyses
were grown in an upright position on the MS medium plates
with a photoperiod of 16 h light/8 h dark at 22 °C. All dark-
grown etiolated seedlings were generated under the same
growth conditions in the absence of light. To perform phe-
notypic analyses, the total lengths of light-grown seedlings
and the hypocotyl lengths of dark-grown seedlings were
measured in millimeters to the second decimal place using
a digital caliper. Mean and standard deviation values were
calculated based on measurements from the 7-day-old light
or dark-grown seedlings from each sample and used for sub-
sequent comparative statistical analyses in a pairwise man-
ner. For each mutant line, seeds collected from at least four
independent TO plants were used for further propagation.
T3 or subsequent generations of mutant and control plant
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samples were employed throughout all experiments con-
ducted in this study.

Plasmid vectors and transgenic plants

A series of target-specific editing in the full CESAS5 CDS was
carried out by overlap extension PCR. In brief, the CDS was
amplified into two split fragments, whose overlapping part
contains modified nucleic acid sequences that are intended
to introduce target point mutations. Subsequent PCR using
both split fragments as PCR templates facilitated the ampli-
fication of full CDS containing the target mutation(s). To
generate the CESAS5 CDS with the multiple mutations, the
same strategy as above was adopted, except using result-
ing full CDS amplicons from previous PCRs as a PCR tem-
plate. Each target CDS was inserted in-frame downstream
to the gene cassette of CESA6 native promoter:EYFP in
pCAMBIAI30]1. Sequences of primers used are presented
in Table S6. Sequences of all CDS inserts were confirmed
by sequencing. The resultant plasmid vectors were sepa-
rately transformed into GV3101 Agrobacterium competent
cells and introduced to prci-1 by the floral dipping method
(Clough and Bent 2008).

Immunoblotting

Total protein isolated from the light-grown 7-day-old seed-
lings of each sample using a plant protein extraction kit
from Thermo Fisher Scientific (Waltham, MA, USA) was
used for immunoblottings. About 50 ng of total protein from
each sample was subjected to SDS-PAGE, and then proteins
were transferred to a polyvinylidene fluoride (PVDF) mem-
brane. The membrane loaded with the proteins was incu-
bated with either anti-GFP (1:5000, Abcam) or anti-tubulin
(1:5000, Abcam) primary antibody, followed by another
round of incubation with horse radish peroxidase-labeled
anti-rabbit IgG secondary antibody (1:10000, Abcam). Sig-
nals from target proteins were detected using an ECL sub-
strate reagent kit.

Cellulose content analysis

Cellulose content was measured from one-month-old plants
from each sample based on a previous protocol (Kumar and
Turner 2015). 5-cm-long stems that were excised 0.5 cm
above the soil level were cut in half. Two consecutive 70%
ethanol incubations at 70 °C were performed for 1 h each.,
followed by an incubation in acetone for 5 min. Stem tis-
sues were dried overnight at 37 °C and incubated in 3 mL
acetic/nitric acid mixture (90% acetic acid: 70% nitric acid:
water=2_8:1:2) and boiled for 30 min, followed by draining
the mixture by aspiration. This was followed by incubation

with water and acetone in order, and then dried overnight at
37 °C. Each dried sample was subjected to incubation in 1
mL of 67% sulfuric acid for an hour with shaking. 20 pL of
each resultant incubate was taken and diluted with 500 pL
water.1 mL of 98% sulfuric acid containing 0.3% anthrone
was introduced to each dilution and boiled for 5 min, fol-
lowed immediately by cooling on ice. The concentration
of free glucose released from crystalline CMFs from each
sample was measured by colorimetric assay using a Nano-
Drop 2000c spectrometer (Thermo Scientific), and then cel-
lulose content was calculated as the protocol suggests. For
this analysis. stems from at least ten independently grown
plants were employed for each sample.

Atomic force microscopy

Hypocotyl tissues from the 7-day-old etiolated seedlings
of each plant line were cut into pieces as small as possible
in water using micro-tools under a light microscope. The
resulting pieces were gently pushed to make them adhered
to the surface of a poly-lysine coated micro slide. A single
layer of cell wall exposing inner CMFs was selected for
imaging. AFM imaging was taken using the Bruker Fast-
Scan AFM system (Billerica, MA, USA) with ScanAsyst™
imaging mode and ScanAsyst-Fluid + probe under the same
imaging settings as described previously (Park and Ding
2020). The directionality of cellulose microfibrils in the cell
walls on AFM images was analyzed using ImageJ with the
directionality plugin. For each sample, at least three inde-
pendently grown etiolated seedlings were used for AFM
imaging.

Laser-scanning microscopy

Time-lapse imaging by TIRF microscopy was performed
using the Olympus IX73 microscope installed with
cellTIRF-4Line system (Tokyo, Japan) and an ORCA-
Flash4.0 C11440 digital camera from Hamamatsu Photonics
(Shizuoka, Japan). All time-lapse imaging was performed as
described previously (Park and Ding 2020) at 22 °C.

To take Z-stack images, confocal microscopy was per-
formed using Nikon A1 laser-scanning confocal microscope
(Tokyo, Japan) installed with photomultiplier detectors. All
Z-stack images were taken as described previously (Park
and Ding 2020) with following imaging settings: -33 off-
set, 106 Vickers number (HV), 514 nm laser excitation at
2% laser power along with 535 nm emission collection.
Z-stack images were taken every 0.5 pm from the cell sur-
face containing the plasma membrane to subjacent~30 pm
thick subcellular regions. 3D rendered images were gener-
ated using Nikon Element software. Both time-lapse and
Z-stack images were taken on the hypocotyl epidermal cells
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of 4-day-old etiolated seedlings. More than five indepen-
dently prepared seedlings were imaged per plant line for
TIRF microscopy and three for confocal microscopy.

CSC movement speed analysis

Using time-lapse sequences taken by TIRF microscopy.
the movement speed of motile CSCs on each sample was
determined by kymograph analysis using Imagel] software
installed with plugins as described previously (Park and
Ding 2020). The velocity of each CSC particle was identi-
fied by calculating the travel distance of each motile CSC
particle over time based on kymographs generated from
time-lapse sequences. To calculate the representative mean
and standard deviation of CSC movement speed for each
sample, the trajectories of multiple CSC particles (> 200)
were analyzed. To perform kymograph analyses for each
sample, more than five different time-lapse movies were
taken using at least five independently prepared etiolated
seedlings.

Bimolecular fluorescence complementation (BiFC)
assay

The DNA fragment covering N to VR1 of a designated
CESA gene was individually amplified by PCR. The full
CDS of each Plasma membrane Intrinsic Protein 1 (PIPI)
and PIP?2 in Arabidopsis was amplified as well. Each ampli-
con was initially TA-cloned into pCR8 (Thermo Fisher
Scientific), and then subcloned in-frame downstream to the
35 S: half-split YFP gene cassette installed in two different
BiFC vectors, YFC43 and YFN43 (Addgene) using Gate-
way LR clonase II (Thermo Fisher Scientific). Sequences
of all DNA inserts were verified by sequencing, and the
sequences of primers used are presented in Table S7. Result-
ing vectors were transformed separately into GV3101
Agrobacterium competent cells. To evaluate the binary
interactions between the different pairs of CESA subjects,
Agrobacterium cells carrying YFC43 containing the CDS
insert of CESA subject 1 or YFN43 containing the CDS
insert of CESA subject 2 were cultured respectively in 7 mL
LB medium containing 100 mg/L kanamycin at 30 °C and
220 rpm for approximately 16 h. Transformation of tobacco
(Nicotiana benthamiana) leaves was performed according
to a previous protocol (Sparkes et al. 2006). Briefly, each
cell culture was centrifuged at 3000 g for 10 min at 22 °C
and resuspended in 1 mL of infiltration medium (50 mM
MES, 27.7 mM D-glucose, 2 mM Na;PO,*12H,0, and 100
UM acetosyringone). Additional centrifugation followed at
10,000 g for 1 min at 22 °C, and the resulting cell pellet was
resuspended in 1 mL infiltration medium. The concentration
of each cell resuspension was measured at ODgg, using a
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NanoDrop 2000c, followed by adjusting its concentration
to 2.5 at ODgg, using infiltration medium. To produce a sin-
gle inoculum for a pair of CESA subjects, 200 puL of each
equilibrated resuspension was taken and mixed by vortex-
ing. The resulting inoculum was inoculated on the under-
side of tobacco leaves using a syringe. For all BiFC assays,
about four to five-week-old tobacco plants were employed
for inoculation on their leaves. Imaging YFP signals from
inoculated tobacco leaves was performed at 72 h post-inoc-
ulation using the Olympus IX73 laser-scanning microscope
system installed with an ORCA-Flash 4.0 C11440 digital
camera (Hamamatsu) using a 20x LUCPlanFLN (0.45 NA)
objective with following settings: 514 nm laser excitation
and 510-550 nm emission collection, 100 ms exposure
time, and 10% laser power. For each pair of CESA subjects,
more than three independently grown tobacco plants inocu-
lated with individually prepared inoculums were used for
imaging.

Calculating the corrected total fluorescence of CSCs
carrying each EYFP-CESA subject

A description of methods for time-lapse imaging by TIRF
microscopy is given earlier. The first frame of each resul-
tant time-lapse sequence was used to measure the fluores-
cence intensity of CSCs carrying a designated EYFP-CESA
subject. For each mutant or control plant line, five indepen-
dently grown etiolated seedlings were imaged and analyzed.
The values of integrated density and mean background read-
ing were measured using Imagel. We then calculated the
values of corrected total fluorescence from each image by
the following formula: integrated density— (area of selected
rectangular region X mean fluorescence of background
readings). A pairwise comparative statistical analysis was
performed based on the calculated values of corrected total
fluorescence from each sample.

Results

The rescue of mutant phenotypes in prc1-1 by
introducing engineered CESAS5 proteins occurs in an
additive manner

To understand their functional roles, the five AA mis-
matches in CESAS were replaced with their CESAG6
counterparts one by one until all the mismatches were
replaced. These successive replacements generated a series
of engineered CESAS proteins, CESA5SS®R, CESA5SS¥T,
CESAS™  CESASSS%A, CESASYSS, CESASS¥T+SS#
CESASGHR+SUTISSP  CEgA SGHRESOTISSPLYESE 4y

CESASCHR+SIITHSIPHSI0A+YEEE A1 grabidopsis CESAs
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share a similar domain structure and their ZNs are located
near the N-terminal end (Fig. 1A). Figure 1B illustrates
how the AAs in the ZN of each engineered CESAS were
replaced. In the ZN of CESAS in Arabidopsis. there are
five AA mismatches compared to AA sequence found in the
ZN of CESAG, located at Gly43, Ser49, 54, 80, and Tyr88
(Fig. 1B). Expression of each N-terminal EYFP-tagged
engineered CESAS was controlled by the CESA6 native
promoter and introduced into the pre-1 mutant. Phenotypic
changes of prcl-1 were evaluated in response to the exog-
enous expression of individual engineered CESAS under
light- or dark growth conditions. The prci-I is a cesa6
null mutant that possesses a nonsense mutation at Glu720,
resulting in non-functional CESAG6 and shows stunted
growth under both light- and dark conditions when com-
pared to WT (Fagard et al. 2000). EYFP-WT CESAS and
-CESAG were also exogenously expressed separately, under
the control of the same native CESA6 promoter, in prcl-1
and used as controls along with WT and prel-1.

To probe the phenotypic consequences of introducing
each engineered CESAS5, WT CESAS. or CESAG into prcl-
1, the seedlings of all mutants and controls were grown on
half-strength Murashige and Skoog (MS) medium plates for
seven days under the same light- (Fig. 1C) or dark condi-
tions (Fig. 1D), followed by phenotypic evaluation. The
total lengths of 7-day-old light-grown seedlings from all
mutants and controls were measured in millimeters to the
second decimal place and subjected to a pairwise compara-
tive statistical analysis (Table S1). The mean seedling length
of preil-1 complemented with any engineered CESAS was
found to be statistically longer than prci-1 or prcil-1 comple-
mented with WT CESAS, indicating that replacing any AA
mismatches in the ZN of CESAS with their CESA6 coun-
terparts resulted in the functional shift of CESAS toward
CESAG to different degrees. Based on the results of com-
parative statistical analysis, the mean total length of prcil-1
seedlings complemented with CESAS%** was confirmed
to be longer than any other single AA-switched CESAS.
CESASS*R registered the second largest increase in mean
seedling length, followed by CESA5S*T, CESASSA, and
CESASY®F with each exhibiting similar increases in seed-
ling length.

The seedling lengths of prel-1 complemented with
engineered CESAS carrying more than one replaced AA
in the mismatches were found to be further augmented in
an additive manner. The mean seedling length of preci-I
complemented with CESA5%*T+5 is Jonger than prel-1
complemented with either CESA5*T or CESA5*. Like-
wise, the mean seedling length of prcl-I complemented
with CESASSBR+S#THS34P iq 1onger than CESA5S#T+S34P
but shorter than CESASCBR+S4ITHSHPHYEEE Thiq progres-
sive elongation of seedling lengths was found to culminate

in full recovery from the stunted growth of prci-1 seedlings
by introducing CESASGHR+S49T+S54P+SS0A+YSSF The mean
length of these seedlings was statistically comparable to WT
or prel-1 complemented with CESAG6, indicating the five
AA mismatches collaborate on defining the functional prop-
erties of CESAS and CESAG. The mean seedling lengths of
all samples and results of the associated statistical analysis
are shown in Fig. 1E.

The hypocotyl lengths of 7-day-old dark-grown prel-1
seedlings from the same set of plant lines were measured
as well and subjected to a pairwise comparative statistical
analysis (Table S2). The progressive elongation of hypocot-
yls in etiolated prcl-I seedlings complemented with each
different engineered CESAS was observed as well. How-
ever, some minor differences were also noticed. The average
hypocotyl length of etiolated seedlings of prci-I comple-
mented with CESA5%*7 is statistically comparable to prci-
I complemented with WT CESAS, suggesting that the S49T
mutation does not substantially affect the hypocotyl elon-
gation of prcl-I under dark conditions. Any of the other
engineered CESASs were found to prominently increase the
hypocotyl elongation of etiolated prci-1 seedlings. Particu-
larly, the mean hypocotyl lengths of prci-1 complemented
with CESA558%A or CESASY®F were found to be signifi-
cantly augmented, making them statistically comparable to
the mean hypocotyl length of prci-I complemented with
CESASS#R+SPTHSHP The mean hypocotyl lengths of all
samples and results of the associated statistical analysis are
given in Fig. 1F.

A previous study discovered that phytochrome B (PhyB)
affects the CSC motility by regulating deterrent factors in
the movement of CSCs on cortical microtubules. It has
been proposed that the signaling of this regulation on CSC
movement is triggered by phosphorylation on four serine
residues, S122, 126, 229. and 230, in CESAS (Bischoff et al.
2011). Another report has further confirmed that PhyB plays
vital roles in sensing both temperature and light-dependent
signals in plants (Legris et al. 2016). We can infer that some
minor differences between light- and dark-grown seedlings
may arise from this additional light-sensing regulatory
system. Nevertheless. the overall pattern of rescuing the
mutant phenotypes of prci-1 by introducing the series of
engineered CESAS proteins under light- or dark conditions
is maintained in the same additive manner. Furthermore,
both the stunted hypocotyl elongation and seedling growth
of prel-1 under light- or dark conditions are fully rescued
by introducing CESASCR+S9T+SS4P+SS0A+YESE (o hon com.
pared to prel-1 complemented with CESAG6 or WT.
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of each engineered CESAS. (C) Image showing representative 7-day- mean lengths of 7-day-old light-grown seedlings of different samples.
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1+CESA5“43R+549T+S54P+YSSF (5) prel-1+CESASCHR+SOTISHE  ciatistical significance of analysis: *#*P<0.0001, ****P <0.00001,
(6) prel-14+CESASSYT+SME (7) prel-1+CESASC¥R, (8) prel-  and*P>0.4
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Expression levels of all EYFP-tagged CESA proteins
in prc1-1 are comparable to each other

To evaluate the expression level of N-terminal EYFP-tagged
engineered CESAS, WT CESAS. or CESAG6 in precl-1.
whose expression was governed by the same CESA6 native
promoter, two independent sessions of immunoblottings
were performed using total protein from each sample. The
first session of immunoblotting with anti-GFP primary anti-
body detected comparable amounts of target proteins, such
as EYFP-tagged engineered CESASs, WT CESAS. and
CESAG, in the same prcl-1 background at about 150 kDa,
which matches the estimated size of EYFP-tagged CESAS or
CESAG. No target-sized protein band was detected in prci-
1, which is devoid of any EYFP-tagged CESA (Fig. 2). This
result indicates that each engineered CESAS, WT CESAS,
or CESAG6 was exogenously expressed at a similar level
in prcl-1. The second immunoblotting was implemented
using anti-tubulin primary antibody with the same amount
of total protein isolated from the same set of samples used
in the first immunoblotting. This additional immunoblotting
demonstrated a comparable amount of the target protein.
tubulin, formed at about 50 kDa on all samples, including
prel-1. This confirmed that an equal amount of total protein
from each sample was used for both immunoblottings.

The cellulose content of each mutant is in
agreement with the degree of restoration of the
stunted seedling growth on corresponding mutants

Cellulose content is considered a direct indication of cel-
lulose synthesis (Kumar and Tumner 2015). In this light,

the cellulose content of each sample was calculated based
on the concentration of free glucose released from crystal-
line CMFs deposited in the cell walls of stem tissues from
each sample, followed by a pairwise comparative statistical
analysis. The mean cellulose contents of all samples and the
results of associated pairwise statistical analysis are pre-
sented in Fig. 3 and Table S3.

The overall pattern of fluctuations in the cellulose con-
tents of pre /-1 complemented with CESA5SS#R CESA 5T,
CESA5%* CESAS5%%2 and CESASY¥ respectively, pri-
marily matches the pattern of rescuing stunted seedling
growth in prel-1 seedlings complemented with a corre-
sponding engineered CESAS under light conditions. In addi-
tion, the cellulose contents of prcl-I complemented with
any engineered CESAS are statistically higher than prci-1
and prci-1 complemented with CESAS, which is a reminis-
cent of the case shown in the recovery of seedling growth.
Differences in cellulose contents vary and correlate with the
activity of cellulose synthesis conducted by CSCs carrying
each different engineered CESAS. This leads to different
amounts of CMF production in each sample. The cellulose

content of prcl-I complemented with CESAS5S#¥T+S5
CESASGHRHSHTHSSP  ~pg A 5GHIR+S49THSSAPLYESE,

CES A5G43R+ S549T+S54P+S80A+YSE8F

or
was found to increase
progressively in the order listed. This is reminiscent of the
pattern seen in rescuing stunted seedling growth in prel-1
seedlings complemented with a corresponding engineered
CESAS3. Likewise, the cellulose content of prcl-1 comple-
mented with any engineered CESAS carrying more than
one replaced mismatch with their CESA6 counterpart was
verified to be higher than prcl-1 complemented with engi-
neered CESAS carrying any single AA replacement as seen

Total proteins Immunoblot
Ladder
marker1 2 3 45 6 7 8 9 10 1112 . .
kDa [Vl ' 1% 3 v anti-GFP antibody 1. pre1-1
185 W i 1234567891112 2. prc1-1 + WT CESA6
! - ’ “” i .' 3' prc‘f-‘f +CESA5643R+S49T!W!SQM!Y8&F
115 | w M I H _ F"’ = q‘r " -\d‘;‘l 4. pred=1 + CESABGGR ST+ 554+ var
i i l 5- prc1_1 +CESA5643R+SA.§T!M
80 Wi | | 1 o 6. prci-1 + CESAGSeTsser
65 . * | ‘ 7. prc1-1 + CESA5S6R
| l 12345678910M12 8. prc1-1 + CESA5™
50 I 9, prc1-1 + CESA5S®
. | :"-‘.-..---‘_ 10. prc1-1 + CESA5™™*
A anti-tubulin antibody =~ 1. pre?-7+ CESAS®™
309 12. prc1-1 + WT CESAS5

Fig. 2 Immunoblot analyses indicate that the expression level of each
EYFP-tagged engineered or WT CESAS5 or CESAG are similar to
each other in prel-1. Equal amounts of total protein extracted from
the 7-day-old light-grown seedlings of each sample were subjected to
SDS-PAGE and subsequent Coomassie blue staining (left). Two sepa-

rate immunoblots were performed using anti-GFP (upper middle) or
-tubulin primary antibody (bottom middle) and show that the expres-
sion of each target protein out of the same amount of total protein
mntroduced occurred at similar levels. Identifications of samples indi-
vidually numbered are specified on the right

1T 3
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Fig. 3 Comparative analysis of cellulose content in different mutant
and control lines. Cellulose contents from different samples were cal-
culated based on the concentration of free glucose released from crys-
talline CMFs in stems, followed by a comparative statistical analysis.
Bar graphs and error bars respectively represent the mean cellulose
contents and SDs of designated samples (n> 10). Fluctuation pattern

in rescuing the seedling growth in prci-1. The escalation of
cellulose content culminated in prcl-/ complemented with
CESASCGHRA+SIITHSPHSB0AYEEF ) oce cellulose content is
statistically identical to WT or prcl-1 complemented with
CESAG, suggesting that CESA 5G43R+S49T+S54P+S80A+YEEF jq
functionally comparable to CESAG in respect to the activity
of cellulose synthesis.

The organization of cellulose microfibrils in the cell
walls of each mutant is considerably different from
prcl-1

The organization of CMFs in the cell walls is fundamentally
determined while they are deposited in the cell walls and
by later post-modifications during cell growth (Ding and
Himmel 2006). The mode of controlling the arrangement
of CMFs in the cell wall remains opaque, but it is believed
that the array pattern of CSCs in the plasma membrane is
directly implicated in determining the orientation of CMFs
in the cell wall (Taylor et al. 2008).

We probed the near-native organization of CMFs in the
cell walls of hypocotyl epidermal cells of etiolated seedlings
from each sample using atomic force microscopy (AFM).
A representative image of each sample is shown in Fig. 4.
Based on the distributions of CMFs in different orientations
(Fig. S1), we found that the organization of CMFs in the
hypocotyl epidermal cell walls of prci-1 complemented
with any engineered CESAS is substantially altered when
compared to prcl-1 in respect to the arrangement of CMFs.

1 3

in the cellulose contents of designated samples is consistent with the
pattern shown in the restoration of seedling growth on the same set of
samples under light conditions. P-values were calculated by two-tailed
Student’s f-test. Asterisks and the symbol # denote the statistical sig-
nificance of analysis: *P< 0.03, **P<0.01, and *P> 0.4

Likewise, the arrangement of CMFs in prcl-1 carrying
CESAS or CESAG6 was found to be considerably different
from prei-1. In prcl-1. the organization of CMFs appears to
be relatively compact and simple because CMFs are tightly
and unidirectionally deposited in the cell wall. This compact
and simple arrangement of CMFs in prcl-1 likely accounts
for its overall stunted growth by constricting cell growth
due to the compact and simple organization of CMFs. By
contrast, the organization of CMFs in WT or prci-1 comple-
mented with CESAG6 appears to be more random and disor-
dered due to multi-directed CMFs as well as larger intervals
between CMFs, making it look like multilamellated mesh-
like structures. Likewise, the organization of CMFs in prcl-
I complemented with any engineered CESAS was found to
be different from prcil-1 and appears to be similar to WT
or prcl-1 complemented with CESAG6 in terms of the dis-
ordered arrangement of CMFs. Considering stunted hypo-
cotyl elongation in etiolated prel-1 seedlings, the altered
organization of CMFs in prci-1 complemented with any
engineered CESAS, CESAS, or CESA6 concurs with pre-
vious reports in that the orientation of cellulose deposition
is transverse to the axis of cell elongation and reoriented
during cell growth accompanied by cell wall expansion
over time (Lloyd and Chan 2004). As the case shown in
rescuing the mutant phenotypes and cellulose content of
prel-1, the organization of CMFs in prcl-1 complemented
with CESASG#R+S4T+SS4P4SS0A+YESF seominely resembles
those of WT and prei-1 complemented with CESAG, under-
pinning its functional similarity with CESAG.
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Fig. 4 Near-native organizations of CMFs in the hypocotyl epider-
mal cell walls of etiolated seedlings from different plant lines show
different organizational patterns. Representative AFM images taken
from designated plant lines are presented. The arrangement patterns
of CMFs in different samples vary considerably and show a tendency

A previous study demonstrated that the movement and
distribution patterns of motile CSCs in the plasma membrane
are considerably different during PCW and SCW synthesis,
and these differences determine the organization of CMFs in
the cell walls (Li et al. 2016). Based on given circumstances,
we can infer that the engineered CESAS proteins in CSCs,
which are functionally shifted toward CESA6. make the
movement and distribution patterns of active CSCs match
the patterns of CSCs carrying CESAG6. This in turn makes
the organization of CMFs in prci-1 complemented with any
engineered CESAS imitate the organization of CMFs in WT
or prcil-1 complemented with CESAG.

The velocity of motile CSCs carrying each
engineered CESAS varies in agreement with its
contribution to rescuing mutant phenotypes in
prcl-1

The velocity of motile CSCs in the plasma membrane is
a direct indicator of the rate of cellulose synthesis. It is
considered an important parameter signifying relevant
changes conveyed by the mutations relating to cellulose
synthesis (Woodley et al. 2018). A series of time-lapse
image sequences was taken on each sample by live-cell
imaging using total internal reflection fluorescence (TIRF)
microscopy.

Exploiting the time-lapse image sequences., we cal-
culated the velocities of motile CSCs carrying each engi-
neered CESAS, WT CESAS. or CESA6 by analyzing the
spatial positions of CSC particles over time and compared
the motilities of CSCs on different samples. A representa-
tive kymograph for each sample is presented in Fig. 5A, and
the mean velocities of CSCs carrying different EYFP-CESA

prcid+
CESASs s

prel-1+ CESAS™

pret-d «
CESAG=m ame

pref-1 « WT CESAS

to become more complex and disordered similarly to WT by the exog-
enous expression of each engineered CESAS, WT CESAS, or CESA6
in prel-1. By contrast, the organization of CMFs in prel-1 lacks com-
plexity and is simple and compact. Each AFM imaging was performed
on an area measuring 1 um’. Scale bars =200 nm

subjects along with the results of associated statistical anal-
ysis are presented in Fig. 5B and Table S4. The mean veloci-
ties of CSCs carrying CESAS®*R, CESA5*T, CESA5S**,
CESAS5584 or CESASY®F were verified to be proportional
to the level of rescuing hypocotyl elongation in etiolated
prel-1 seedlings complemented with each corresponding
engineered CESAS5. The mean velocity of CSCs carry-
ing WT CESAS was found to be significantly lower than
those carrying CESA6. However, it is statistically compa-
rable with CSCs carrying CESAS55*T, which matches the
degree of hypocotyl elongation recovery in etiolated prci-
I seedlings upon introducing WT CESAS or CESASS¥T.
Besides, the velocities of CSCs carrying CESASS¥T+S54F
CESASGHUR+SHTHSSP  Cpga sGHR+SOTISSIPLYESE
CESASCGPRFSITHSHPHSBOA+YSEE wore verified to increase
progressively in the order listed. This concurs with the pat-
terns shown in rescuing both mutant phenotypes and cellu-
lose content in prcl-1. Furthermore, the mean velocities of
CSCs carrying CESAG or CESASG43R+ S4T+S54P+S80A+ YESF
were verified to be statistically identical to each other.

Taken together. the mean velocity of motile CSCs carry-
ing each different engineered CESAS is elevated to differ-
ent extents, reflecting a fluctuating CSC activity in precl-1
complemented with a corresponding engineered CESAS.
Considering given circumstances, we can infer that the
accelerated velocity of CSCs carrying each different engi-
neered CESAS is accompanied by the increased activity of
cellulose synthesis in prcl-1 complemented with a corre-
sponding engineered CESAS. This greater cellulose syn-
thesis likely results in an increase in cellulose content and.,
by extension, the rescue of mutant phenotypes in prcl-1
accordingly.
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Fig. 5 Comparative analysis of the velocity of CSCs carrying differ-
ent EYFP-CESA subjects. (A) Representative kymographs of motile
CSCs carrying designated EYFP-CESA subjects are presented, which
were generated based on time-lapse sequences showing the motion of
CSCs using ImageJ and necessary plugins. (B) Each bar graph repre-
sents the mean velocity of CSC particles carrying a designated EYFP-

BiFC assays show that the homodimerization of
each engineered CESAS is substantially promoted
compared to WT CESA5

BiFC assay is an advanced platform for facilitating a live-
cell imaging of binary protein-protein interactions between a
pair of target proteins in homologous or native species using
standard molecular biology techniques and epifluorescence
microscopy (Kerppola 2008). In conventional techniques
for probing protein-protein interactions, including yeast
two-hybrid (Y2H), split-ubiquitin assays. and co-immuno-
precipitation (co-IP), the production and post-modification
of target plant proteins generally occur in heterologous sys-
tems, such as yeast and bacteria. This can negatively affect
the native folding and post-modifications of target proteins,
impeding original protein-protein interactions between the

1 3

CESA. Each error bar represents the SD of calculated velocities of
different motile CSC particles (n>200) carrying a designated EYFP-
CESA subject. P-values were calculated by two-tailed Student’s f-test.
Asterisks and the symbol # indicate the statistical significance of anal-
ysis: #*P<0.011, ***P< 0.0003, **++P < 0.00003. and *P>0.19

target proteins (Kudla and Bock 2016). By contrast, the
BiFC platform permits native or homologous systems for
the target protein production and modification, which is ben-
eficial for retaining native protein structures and properties.

We performed BiFC assays to probe the binary interac-
tion of different CESA subjects in various pairwise com-
binations using the N-terminal region of each engineered
CESAS, CESAIL, CESA3, CESAS, or CESA6. The N-termi-
nal region we used for BiFC assays comprises the N-termi-
nal end (N). ZN., and variable regionl (VR1) of each CESA
subject (Fig. 6A). This allows the N-terminal region of
CESAS3 to retain four serine residues (S122, 126, 229, and
230) in its VR1 (Fig. 6A). which are known to be crucial
in the regulation of CSC motility (Bischoff et al. 2011). To
minimize false results, all BiFC assays were implemented
under the same stringent experimental conditions. Briefly,
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the same concentration of Agrobacterium cells carrying the
expression vectors containing the coding sequence (CDS) of
each CESA subject was employed for each inoculation. In
this way. any false results caused by combining imbalanced
or inconsistent amounts of the two CESA subjects in Agro-
bacterium cells can be reduced to monitor impartial binary
interactions. In our experimental conditions, we confirmed
that negative controls, a blank and a pair of plasma mem-
brane intrinsic protein 1 (PIP1) and CESAI, do not exhibit
any prominent fluorescent signals in contrast to a positive
control, a pair of PIP1 and PIP2, which show substantially
stronger fluorescent signals (Fig. 6B). Both positive inter-
actions between PIP1 and PIP2 and negative interactions
between PIP1 and a random CESA were demonstrated in

CESASMI+CESASS®

CESAS o -vie CEGAS'a 23 CESAS-Ca4CERAS=

CESAS+CESASHmmatemer

CESASHCESATN= CESAS:CESAS™

Fig. 6 The protein-protein interactions of different pairs of primary
CESA subjects. (A) Schematic diagram showing a general domain
structure of Arabidopsis CESAs. Regions in the green dotted box cov-
ering N to VR1 were used for each CESA subject in all BiFC assays.
Four short lines in the green dotted box indicate rough positions of
serine residues in CESAS. Full names of abbreviations: N, N-terminal
end: ZN, zine-finger domain; TM, transmembrane domain; VR, vari-
able region; P-CR, plant-conserved region: CR, class specific region;

previous studies using the same BiFC assays (Carroll et al.
2012). In addition. our BiFC results were found to coincide
with the results of previous studies demonstrating binary
interactions between CESA1, CESA3, CESAG6, and PIPs in
possible pairwise combinations (Desprez et al. 2007), indi-
cating the reliability of our results.

In all possible pairwise combinations between CESAI,
CESA3, CESAS. and CESAG6, we could observe signifi-
cant fluorescent signals under our experimental conditions,
except the homologous pairs of CESAS5s (Fig. 6C). The
CESAS5-CESAS pairs generate considerably weaker fluo-
rescent signals than any other primary CESA pairs as nearly
faint as the negative controls (Fig. 6B, C). This indicates
that protein-protein interaction between the same CESAS

CESA Satm1ar1-415m Shiie VIl CESAScrm=1altur-Tae
+CESA St aa it il LGN Boasornal® i riar

o

CESASa R -sutr
ACESARGes i visar

CESAS+CESAS"™

C, C-terminal end. (B) Representative images showing the BiFC assay
results for binary protein-protein interactions in a positive control
(PIP1+PIP2) and two negative controls (PIP1+CESAI or blank).
Scale bar =50 pm. (C) Representative images showing homologous
interactions between each primary CESA or engineered CESAS.
(D) Representative images showing binary interactions between WT
CESAS and each engineered CESAS.
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proteins is likely weaker than any other pairs of primary
CESAs, implying that attractions between the same CESAS
proteins are weaker than other primary CESA pairs. On the
other hand, we could observe strong fluorescent signals
in any homologous pairs of our engineered CESAS pro-
teins under the same conditions (Fig. 6C). This suggests
that attractions between any two homologous engineered
CESAS proteins are stronger than attractions between WT
CESAS proteins, resulting in notably greater fluorescent sig-
nals between any homologous pairs of engineered CESASs
than the homologous pairs of WT CESAS. In addition, we
found that any pairs of CESAS in combination with CESAI,
CESA3. or CESA6 are confirmed to produce prominent
fluorescent signals (Fig. S2B). meaning that CESAS can
intimately interact with other classes of primary CESA part-
ners. We also confirmed that any engineered CESAS can
interact intimately with CESA6 under the same conditions
(Fig. S2A). Besides, we found that any pairs of WT CESAS
in combination with a random engineered CESAS partner
produce strong fluorescent signals as well (Fig. 6D), sug-
gesting that our engineered CESAS proteins behave simi-
larly to CESAG in respect to protein-protein interactions.

Taken together, we can infer that the five AA mismatches
in the ZNs of CESAS and CESAG are specifically impli-
cated in protein-protein interactions required for homodi-
merization. Therefore, the replacement of these mismatches
in CESAS5 with their CESA6 counterparts likely motivates
the functional shift of CESAS toward CESAG by altering its
capability of homodimerization.

Mean fluorescence intensity of CSCs carrying
each engineered CESAS varies in proportion to its
contribution to rescuing mutant phenotypes in
prcl-1

During a series of time-lapse imaging of CSCs carrying
different EYFP-CESA subjects in different samples, we
found that the overall fluorescence intensity of CSCs car-
rying each engineered CESAS, WT CESAS. or CESAG
varies considerably under the same imaging settings and
surrounding conditions. This motivated us to measure the
fluorescence intensity of CSCs in different samples, fol-
lowed by a comparative statistical analysis. To accomplish
an accurate comparison of fluorescence between samples,
every time-lapse imaging was performed on hypocotyl epi-
dermal cells located about five to six cells below the api-
cal hook fo minimize developmental differences in target
cells. In addition, to prevent any compromise in the fluores-
cence intensity of CSCs due to photobleaching, an optimal
focal point, where CSC particles are most sharply visible,
was set on a neighboring spot immediately next to a target
area beforehand. This was followed by a prompt relocation

1 3

to the target area while maintaining the same focal point
and commencing time-lapse imaging. The measurement of
fluorescence intensity of CSCs was implemented using the
first frame of each time-lapse image sequence, where the
fluorescence intensity of CSCs is generally the brightest.
We put equal-sized rectangular boxes, whose dimensions
were 10X 20 pum, on each target area that was packed with
CSC particles. The integrated density, representing the total
fluorescence of CSCs in the box, was measured from five
independently grown etiolated seedlings of each sample,
followed by calculating a corrected total fluorescence by
subtracting background fluorescence from the integrated
density measured using Imagel.

Based on the calculated values of corrected total fluo-
rescence on different samples, a comparative statistical
analysis was executed in all pairwise combinations. Repre-
sentative images showing CSCs carrying each EYFP-CESA
subject are presented in Fig. 7A in addition to supplemen-
tary movies showing motile CSCs carrying a corresponding
EYFP-CESA (Movies S1-S12), which all were produced
under the same imaging settings and surrounding condi-
tions. The mean fluorescence intensities of CSCs carrying
different EYFP-CESA subjects, respectively, and the results
of associated statistical analysis are presented in Fig. 7B
and Table S5. We verified the fluctuations of mean fluores-
cence intensity of CSCs carrying each EYFP-CESA sub-
ject. In addition, we found that the pattern of fluctuations
in the mean fluorescence intensities of CSCs on different
samples coincide with the pattern of rescuing hypocotyl
elongation in etiolated prci-1 seedlings by introducing each
corresponding EYFP-CESA. The mean fluorescence inten-

sities of CSCs carrying EYFP-CESASS¥T+5F EYFP-
CESA5G43R+ S49T+554P EYFP_CESA5G43R+ S49T4+554P+Y88F

s

or EYFP_CESA5G43R+ S49T+S54P+S80A+Y88F were fo.lmd to

progressively increase in the order listed, which is also
consistent with the results of the other experiments con-
ducted here. The mean fluorescence intensity of CSCs
carrying EYFP-CESASG#R+S4T+SS4P+SS0A+YESE g gpn_
tistically comparable as EYFP-CESAG6, implying that
CESASGHR+S4T+SS4P+SS0A+YSSE o ccupy the third posi-
tion in a CSC as efficiently as CESAG6. In this light, we can
infer that this elevation of fluorescence intensity of CSCs
is attributed to an increase of CSCs carrying each different
engineered CESAS compared to WT CESAS.

Taken together, our engineered CESAS proteins likely
occupy the third position in CSCs more efficiently than WT
CESAD3, leading to an increase of CSCs carrying any engi-
neered CESAS in the plasma membrane. A direct compari-
son between the fluorescence intensity of EYFP-CESAS and
EYFP-CESAG in the prci-1 background may not be relevant,
because indigenous CESAS proteins with no EYFP-tag exist
in prcl-1. Hence, they compete with exogenously expressed
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Fig.7 Comparative analysis of fluorescence intensity of CSCs carrying
different EYFP-CESA subjects. (A) Representative images showing
CSC particles carrying designated EYFP-CESA subjects. All images
were taken from regions of interest with the same area (10x 20 pm)
under the same imaging settings and surrounding conditions. Scale bar
=4 um. (B) Bar graphs and error bars respectively represent the mean
values of corrected total fluorescence and SDs of designated mutant

EYFP-CESAS for the same position in CSCs, which likely
compromises the fluorescence intensity of CSCs carry-
ing EYFP-CESAS5. However, no functional native CESAG6
exists in prel-1, so no such internal competition occurs. On
the other hand, the mean fluorescence intensity of CSCs car-
rying EYFP-CESASCHR+SIT+SSP+SS0A+YEE (o vorifiad
to be comparable to CSCs carrying EYFP-CESAG under the
same competitive environments with endogenous CESAS
in prel-1, underpinning that our EYFP-engineered CESAS
proteins occupy the third position in a CSC more efficiently

or control lines (n=>5). Pairwise comparative statistical analyses on
the calculated values of corrected total fluorescence from different
samples by two-tailed r-test indicate that there are significant differ-
ences between the fluorescence intensities of CSCs carrying different
designated EYFP-CESA subjects. Asterisks and the symbol # indi-
cate the statistical significance of analysis: *P<0.01, **P<0.001,
#H4 P < 0.00001, and *P> 0.4

than WT CESAS. However, we cannot exclude the possibil-
ity that the increased number of CSCs carrying those engi-
neered CESAS proteins, when compared to WT CESAS, is
due to other factors. These include a possible rise in the traf-
fic of engineered CESAS proteins to the Golgi body. where
CSC assembly takes place, resulting in a greater chance of
being used as a component of the CSC assembly.

To further investigate the fluorescence intensity of
CSCs carrying each EYFP-tagged engineered CESAS, WT
CESAS3, or CESAG in subcellular regions, Z-stack images

1 3
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were taken from the hypocotyl epidermal cells of etiolated
seedlings from each sample by confocal microscopy under
the same imaging settings and surrounding conditions. Uti-
lizing the Z-stack images. three-dimensional (3D) rendered
images were computationally generated. enabling us to read-
ily compare the subcellular distributions and overall fluores-
cence intensities of CSCs carrying different EYFP-CESA
subjects in the same subcellular regions (Fig. S3). Using
our established imaging settings, we found that all EYFP-
CESA subjects are enriched near the plasma membrane
and Golgi bodies, where CSCs containing those EYFP-
CESAs are localized. However, we could not observe any
significant fluorescent signals from other organelles below
the Golgi body, including the endoplasmic reticulum (ER).
We assume that we only observed a fraction of the EYFP-
CESAs located near the plasma membrane due to insuffi-
cient penetration of the laser during confocal microscopy
with the settings we used. This implies that the fluorescent
signals of each different EYFP-CESA subject, shown in Fig.
S3, do not represent the total amount of each CESA sub-
ject. We confirmed the equal amounts of each CESA subject
retained in whole cells by using immunoblotting as shown
in Fig. 2. In addition, recycling of existing CSCs in the
plasma membrane by clathrin-mediated endocytosis (Bash-
line et al. 2014) likely intensifies the enrichment of those
EYFP-CESA subjects near the plasma membrane, making
it more difficult to observe relatively weak fluorescent sig-
nals from the organelles located in deep subcellular regions,
including the ER. Furthermore, CSC assembly occurs in
the Golgi body (Zhang et al. 2016), suggesting that EYFP-
CESAs do not aggregate, but are dispersed in those subja-
cent organelles, including the ER. This likely makes it more
difficult to observe fluorescent signals from those regions.
Regarding the distribution pattern of CSCs carrying each
EYFP-CESA subject, no prominent differences were found
between different samples. On the other hand., we could
visually observe noticeable differences in the fluorescence
intensities of CSCs carrying different EYFP-CESA subjects
on 3D rendered images, and the fluctuating patterns of fiuo-
rescence intensities seemingly match a pattern shown in the
analytic results of fluorescence intensities of CSCs carry-
ing corresponding CESA subjects in the plasma membrane
based on the values of corrected total fluorescence.

Discussion

Among ten CESA isomers in Arabidopsis, solely CESAG6-
like proteins have evolved to be functionally redundant and
replaceable with each other, albeit partially (Persson et al.
2007). Not much is known about the underlying mechanism
of selecting a CESAG6-like protein for the third position in
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CSCs. It is unclear if the selection of a CES A6-like protein is
systematically controlled or merely occurs by chance. This
topic has been poorly studied despite the role it plays in the
process of CSC assembly. This motivated us to conduct this
research to further understand the selection mechanism of
CESAG®-like proteins for the third position in CSCs in Ara-
bidopsis. CESAS and CESAG were chosen for this investi-
gation, because they are believed to considerably share their
functional properties based on their high sequence identity in
spite of multiple amino acid mismatches scattered through-
out different functional domains in these CESAs (Park and
Ding 2020). It is plausible that such considerable functional
overlap between CESAS and CESAG leads to their stronger
competition for the third position in CSCs when compared
to other CESAG6-like proteins.

Zinc fingers are protein structures known to be impli-
cated in mediating protein-protein or protein-nucleic acid
interactions (Cassandri et al. 2017). This suggests that ZNs
in CESAs likely contribute to the oligomerization of CESAs
in the CSC assembly. We produced a series of engineered
CESAS proteins and introduced them to prel-1 respectively.
Consequential changes were evaluated in each mutant uti-
lizing genetic. biochemical. and microscopic imaging tech-
niques. In this way. we found that the functional properties
of CESAS are gradually altered and become similar to
CESAG®6 with each successive mismatch replacement. This
functional shift of CESAS toward CESA6 was demonstrated
in the progressive rescue of mutant phenotypes in prcl-1I
by introducing each engineered CESAS. This progressive
rescue of mutant phenotypes in prel-1 culminated in full
recovery by introducing CESASGHR+S49T+S54P+S80A+Vs8
F The fluctuations of cellulose content and CSC motility
in prel-1 in response to the introduction of different engi-
neered CESASs coincide with the overall pattern of recov-
ery in the growth of seedlings or hypocotyls of prci-1 under
light- or dark conditions. Furthermore, the organization of
CMFs deposited in the cell walls of etiolated precl-I seed-
lings complemented with each engineered CESAS was
found to be similar to WT or prcl-1 complemented with
WT CESA6. accounting for molecular-level structural
changes that are likely associated with the rescue of mutant
phenotypes in prel-1. In all experiments, we found that the
exogenous expression of CESASCHR+S49THS54P+S80A+Y8EF
in prel-1 results in similar impacts as introducing CESAG6,
implying that they are functionally comparable. BiFC
assays showed that the level of homodimerization in any
engineered CESAS was substantially improved compared
to WT CESAS and became comparable to CESA6, imply-
ing that this change in homodimerization motivates the
functional shift of these engineered CESAS proteins toward
CESAG®6. In our experimental conditions for BiFC assays, we
could not detect significant fluorescent signals between WT
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CESAS proteins, but this does not mean that WT CESAS
proteins do not interact with each other and form homodi-
mers. In our previous study, we observed stronger fluores-
cent signals between the same WT CESAS proteins when
an inoculum containing a higher concentration of Agrobac-
terium cells carrying the expression vectors containing the
CESAS CDS was introduced into tobacco leaves (Park and
Ding 2020).

Previous studies demonstrated the formation of CESA
homodimers or homotrimers through their catalytic- and
transmembrane domains under in vitro conditions (Puru-
shotham et al. 2020; Qiao et al. 2021; Olek et al. 2023).
In this study we demonstrated that the homodimerization
of CESAS and CESAG, through five amino mismatches in
their ZNs, is vital to determine their functional properties
and likely impose proportional changes on the incorpora-
tion of these CESAs into CSCs. This implies that the ZNs
of the CESAs likely play roles for the CSC assembly along
with other domains, including catalytic- and transmem-
brane domains. Previous studies discovered compelling
evidence demonstrating that dimerization of CESAs is cru-
cial in establishing higher-order structures in a CSC using
a combination of genetic, biochemical, and spectroscopic
techniques. In cotton (Gossypium hirsufum), spontaneous
homo- or heterodimerization of GhCESA1 and GhCESA?2
through their ZNs was empirically demonstrated (Kurek et
al. 2002). In addition, spontaneously formed homodimers
of all SCW CESAs were found in total protein isolated from
Arabidopsis stems by epitope tagging and successive pull-
down assays (Atanassov et al. 2009). These authors propose
that the homodimerization of CESA components is vital to
establish further higher-order structures in CSCs. the greater
homodimerization of each engineered CESAS elevates the
incorporation of a corresponding engineered CESAS into
CSCs compared to WT CESAS and the resultant increase of
CSCs carrying the engineered CESAS.

We found that the mean fluorescence intensity of CSCs
carrying each engineered CESAS is increased in accordance
with its contribution to rescuing the hypocotyl elonga-
tion of etiolated prci-1 seedlings. Considering a boost in
CSC motility and cellulose content in combination with
the higher fluorescence intensity of CSCs by the same
set of engineered CESASs, we can infer that an increase
of CSCs carmrying any engineered CESAS protein in the
plasma membrane likely drives the promotion of cellulose
biosynthesis. Earlier studies proposed that the propulsion
of p (1—4) glucan chains synthesized by CESAs in CSCs
presents a driving force for the movement of CSCs in the
plasma membrane (Diotallevi and Mulder 2007). From
the information given above, we can infer that an increase
of CSCs carrying any engineered CESAS consequen-
tially promotes the net production of glucan chains, which

concomitantly accelerates the motility of CSCs. In addi-
tion, the polymerization/depolymerization of microtubules
that guide the direction of CSC movement can affect the
velocity of CSCs (McFarlane et al. 2014). Recent studies
demonstrated that the direction of motile CSCs is guided by
the trails of pre-existing CMFs synthesized by other CSCs
in the plasma membrane (Chan and Coen 2020; Khan and
Persson 2020). In this light, the increased number of CSCs
in the plasma membrane is possibly accompanied by more
frequently with pre-existing CMFs synthesized from sur-
rounding CSCs, which potentially facilitates smoother traf-
fic of CSCs and eventually boosts the motility of CSCs. In
this context, CESASG#R+S4T+SP+SB0A+YSEF |jkely occu-
pies the third position in a CSC as efficiently as CESAG6 due
to its improved homodimerization abilities. This makes it
functionally similar to CESA6 and thus compensates for the
lack of a functional CESAG6 in prcl-1. However, we do not
mean that CESA 5G#3R+S49T+S54P+S80A+YSEF i f,]]y jdentical
to CESAG in respect to their functions. It has been demon-
strated that cesa6 null mutants exhibit a substantial reduc-
tion of crystalline cellulose microfibrils (Fagard et al. 2000;
MacKinnon et al. 2006; Rongpipi et al. 2024). Our data indi-
cates that the reduction of CMFs in prcl-1 is progressively
recovered by introducing our engineered CESASs one at
a time. In addition, we found that comparable amounts of
crystalline cellulose microfibrils are found in both preci-1I
complemented with CESASGHR+S4IT+S4PHSB0A+YEEE 57
WT CESAG. Despite this, it remains unclear if the degree of
crystallinity and other qualitative aspects of CMFs in both
mutants are the same. Additional verification is required to
determine whether CESASC#R+SITHSHPHSI0ATYESE 5
CESAG6 are fully interchangeable in terms of their func-
tional roles in vivo.

Conclusion

Our study uncovers that the five AA mismatches in the ZNs
of CESAS and CESAG are implicated in controlling their
homodimerization, and consequential differences generated
in their homodimerization likely lead to the different levels
of incorporation into CSCs between CESAS and CESASG.
In short, different homodimerization between CESAS and
CESAG drives the selective mechanism that distinguishes
CESAS3 from CESAG6 by modulating their incorporation into
CSCs and, by extension, their functional properties. How-
ever, it remains unclear whether the higher share of CESA6
incorporated in CSCs than CESAS is motivated directly by
the preference of homodimerized form of these CESAs as
a component of the CSC assembly. A recent study revealed
that point mutations introduced in key motifs in the catalytic
domain of CESAG disrupt the trafficking of those mutated
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CESAGs to vesicles and to the dynamics of the CSCs carry-
ing them (Huang et al. 2023). We cannot exclude the pos-
sibility that homodimerized CESAs potentially promote
their trafficking to the Golgi body. where the CSC assem-
bly occurs. This will likely result in a greater concentration
of those CESAs in the Golgi. naturally leading to a higher
chance of being used for the CSC assembly. Further clari-
fication is needed. Based on a high sequence similarity
between CESAG6-like proteins, we expect that analogous
mechanism governs the selection of CESA2 and CESA9,
and further verification will follow in the future. Based on
our findings, the homodimerization of CESAS or CESAG is
vital to proceed with its oligomerization with CESA1 and
CESA3 to complete the formation of a CSC. However, we
do not know why homodimerized CESAS or CESAG6 facili-
tates their incorporation into the third position in CSCs, and
how the homodimerized CESAS or CESAG is perceived by
CESA1 and CESA3 to establish further oligomerization.
Therefore, our future research will aim at uncovering the
context of incorporation of homodimerized CESAG6-like
proteins into CSCs in concert with CESA1 and CESA3.
Based on a similar approach used for evaluating CESA class
specificity (Kumar et al. 201R8), it is tempting to investigate
the consequences of replacing the ZN of CESA1 or CESA3
with its counterpart from CESAS or CESAG, or vice versa,
with an emphasis on evaluating capacity for homodimer-
ization. degree of incorporation into CSCs, and functional
properties in resultant engineered CESAs.

Though remarkable progress has been made during the
last a few decades, we are far from a comprehensive and
systematic understanding in the entire process of cellulose
synthesis. The advent of recent super-resolution microscopy
enables us to visualize subcellular structures at sub-100-nm
resolution (Schermelleh et al. 2019). Rapid technical prog-
ress raises the possibility of a direct visualization of CESA
placement in a CSC in the near future. A firm grasp of the
configuration of CESAs in a CSC and its assembly mecha-
nism may enable us to manipulate cellulose synthesis and
engineer the structure of CMF in the future. We hope that
our findings further our understanding of the assembly
mechanism for CSCs.
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