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Abstract

Background: The cellulose synthase complex (CSC), composed of cellulose synthase (CesA) proteins, is a catalytic
enzyme complex involved in cellulose synthesis in the plant cell. CesA proteins synthesize cellulose microfibrils
corresponding to the microtubule direction and export linear products across the plasma membrane. However, the
CSC arrangement and the mechanism of cellulose synthesis in plant cells remain unclear. Purified CesA proteins are
required to determine biochemical and biophysical characteristics.

Results: In this study, we constructed, expressed, and purified six heterologously expressed cellulose synthases
from Bambusa oldhamii (BoCesA) and analyzed the associated enzyme activity. The conjugating sequences of the
maltose-binding protein (MBP) gene and the BoCesA genes were constructed into the expression vector pYES2/
CT and were further transformed into yeast cells (BCY123) for fermentation culturing. Purified BoCesA recombinant

proteins were obtained by a two-step purification procedure, consisting of immobilized metal affinity chromatogra-
phy to purify MBP-BoCesAs and size-exclusion chromatography (Superdex-200) to isolate BoCesAs in oligomeric form.
The enzymatic activity of oligomeric BoCesAs with 80% purity was determined by partially methylated alditol acetate
(PMAA)-coupled gas chromatography—mass spectrometry (GC-MS) analysis. Furthermore, the long fiber-like products
synthesized by oligomeric BoCesAs were observed under a transmission electron microscope (TEM) and were further
confirmed as cellulose microfibril products.

Conclusions: In this study, we successfully established a heterologous expression and purification system for BoC-
esAs. The purified recombinant BoCesA proteins display enzyme activity and can produce protein in milligram quanti-
ties for further studies on molecular composition and structure.
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Background

Cellulose, a major renewable substance derived from
plant cell walls, is ubiquitous in woody plants. As an
extensive feedstock for daily use, cellulose is an important
source of bioethanol, thermal energy, and pulp produc-
tion. Cellulose content could reach 40% in dicot woody
plants [1], providing a stable source for pulp produc-
tion [2]. With respect to fast-growing woody monocots,
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3—5-year-old bamboo could be a potential polysaccha-
ride resource for renewable material based on biomass
yield [3] and composition analysis [4]. Several studies
on fast-growing monocots have referenced the growth
and development of moso bamboo, Phyllostachys edulis,
demonstrating the mechanism of rapid shoot growth, cell
wall biosynthesis and cell metabolism using draft genome
sequencing [5], transcriptome sequencing [6] and signal
pathway analysis [7].

Plant cell walls are composed of cellulose, hemicellu-
lose and lignin [8]; cellulose is the major representative in
the plant cell wall of a p-1,4 glucan with potential value.
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Cellulose microfibrils, the main load-bearing polymers
of the plant cell wall, have specific inter-/intra-molecular
hydrogen bonds and are important determinants of the
physical characteristics of cell walls [9]. The cellulose syn-
thase complex (CSC) is a transmembrane protein com-
plex that synthesizes cellulose microfibrils in plant cells.
The catalytic units in CSC, cellulose synthase (CesA)
proteins, play the most important role in producing mas-
sive amounts of glucan. During cellulose synthesis, CesA
proteins are guided by microtubules [10] to transfer glu-
cosides of UDP-glucose into 3-1,4 glucan chains [11] and
to translocate these glucan chains to the cell wall to form
cellulose microfibrils [12]. Catalyzed by the CesA protein
in CSC, the cellulose is finally polymerized and exported
to form the essential part of the plant cell wall.

Cellulose synthase complexes, which have been found
in green algae, mosses and higher plants [13], were ini-
tially regarded as a cellulose microfibril-linked terminal
complex [14] and have also been proposed as a rosette-
like complex [15]. In the plasma membrane, CSC forms
a 25-nm hexagonal rosette shape through assembly by
different types of cellulose synthases [13]. In maize, a
36-CesA structure was proposed based on cellulose
microfibril diameter analysis [16], i.e., the 36-chain cel-
lulose microfibril cross-section could have the same
arrangement of CesA proteins in CSC. In mosses, an
18-CesA structure was proposed by computational
analysis [17], i.e., the CesA protein model could fit into
the images of the rosette-like complex in the plasma
membrane.

As indicated by sequence comparison, plant CesA
homologs contain several conserved domains. The gly-
cosyltransferase domain (GT-2 fold) with specific motifs
(DD, DxD, ED, QxxRW) [17] in CesA proteins is a large
catalytic domain that synthesizes cellulose using UDP
glucose as substrate. The hydrophobic transmembrane
helices provide both membrane anchoring and product
translocation during cellulose biosynthesis [18]. In con-
trast to prokaryotic cellulose synthases [17, 19-21], in
plant cellulose synthase the zinc-finger domain, hyper-
variable region, plant-conserved region and class-specific
region are four specific insertions that might be involved
in protein—protein interactions during CSC formation
and movement [17, 19, 20].

In Arabidopsis, 10 cellulose synthase genes (AtC-
esA1-10) have been identified as playing a role in pri-
mary and secondary cell wall synthesis [22]. In general,
genetic complementation and co-immunoprecipitation
experiments have shown that cellulose biosynthesis in
Arabidopsis cells involves up to three distinct AtCesAs
[23, 24]. A series of research have indicated that AtC-
esAl, 3, 6 are involved in primary cell wall synthesis [25],
AtCesA4, 7, 8 participate in secondary cell wall synthesis
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[26, 27] and AtCesA2, 5 show redundancy with AtCesA6
in primary cell wall synthesis [25]. In the primary cell
wall of green bamboo, Bambusa oldhamii, 10 cellulose
synthase genes (BoCesA 1-10) have been identified via
gene structure and in situ gene expression analysis [28].
Phylogenetic analysis of the CesA amino acid sequences
indicated that the BoCesAs associated with the primary
cell wall are divided into three clades that correspond to
the AtCesAs in Arabidopsis: BoCesAl, 2, 3, 8 and AtC-
esAl, 10 belong to Clade VI; BoCesA4, 5 and AtCesA3
belong to Clade V; and BoCesA®6, 7 and AtCesA2, 5, 6, 9
belong to Clade I [28].

In this study, we establish a procedure for the milli-
gram-scale purification of six cellulose synthases (BoC-
esAs) with detection of catalytic activity from B. oldhamii
[28], which participate in primary cell wall formation.
The total content of the target protein was improved by
maltose-binding protein (MBP) conjugation and fer-
menter incubation. The recombinant CesA protein
(MBP-BoCesA) and full-length CesA protein (BoCesA)
were purified by immobilized metal affinity chromatog-
raphy (IMAC) and size-exclusion chromatography (SEC),
respectively. The BoCesA protein particles and the syn-
thesized glucans could be observed using TEM, and the
synthesized glucans were identified as -1,4 glucans by
linkage analysis. Full-length BoCesA proteins with high
yield and enzymatic activity were obtained through this
purification protocol.

Experimental procedures and methods

CesA genes, vector construction, and small-scale protein
expression

The cDNA sequences of plant cellulose synthase genes
from green bamboo (B. oldhamii) were provided by
Dr. Ai-Yu Wang [28]; six full-length cellulose synthase
genes were available. The DNA sequences of BoCesAl,
2, 3,4, 5, 7 (Accession number: DQ020208, DQ020209,
DQO020216, DQ020212, DQ020213, and DQ020215,
respectively) were chosen for protein purification and
functional assays.

For vector construction and small-scale protein expres-
sion, the BoCesAS gene was cloned into the expression
vectors pET30a (Novagen) and pYES2/CT (Invitrogen)
with and without an N-terminus MBP fusion tag. Briefly,
expression vectors containing BoCesA5/MBP-BoCesAS
sequences were transformed into Escherichia coli (strains
BL21(DE3), C43, and RIL) and Saccharomyces cerevisiae
(strain BCY123) for protein expression. The prokaryotic-
grown BoCesA5 was expressed in LB broth (Neogen)
medium via 8 h induction with 0.1 mM isopropyl 3-D-
1-thiogalactopyranoside (IPTG, Bionovas biotech) at
37 °C. The eukaryotic-grown BoCesA5/MBP-BoCesA5
was expressed in YPG medium (1% yeast extract, 2%
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Fig. 2 Fed-batch culture procedure. The process of three-step
fed-batch culture. Step 1: Inoculation of yeast liquid culture; Step 2:
Yeast cell culture with glucose; Step 3: Protein induction by galactose

peptone, and 2% galactose) and induced for 24 h at 30 °C.
The cell pellets were collected at 4 °C for cell lysis and
immunoblotting.

For large-scale protein expression, BoCesA genes
were first cloned into the pYES2/CT vector with differ-
ent restriction enzyme sites (BoCesAl, 2, 3, 7: Kpnl and
Notl; BoCesA4, 5: HindIll and Notl). A sequence inser-
tion (6 x His-MBP-cleavage site [TEV]) was subsequently
cloned into the N-terminal site of BoCesA by HindIlII site
insertion which generated an MBP-BoCesA open reading
frame (Fig. 1).

Large-scale protein expression by fermentation culture
The recombinant protein yield was improved by fermen-
tation culture. Cell density in the fermenter (FM-01 and
FS-V-D, Major Science) was 2.5-fold greater than that
of flask culture for the same volume. Yeast were grown
at 30 °C/pH 5.0 in sterile culture media with injection
of filtered air to create positive pressure in the tank. The
fermentation culture utilized a three-step expression pro-
cedure (Fig. 2): preparation (step 1), growing (step 2), and
induction (step 3).

Step 1 consisted of preparation of the main medium of
the tank by combining 60 g yeast extract, 120 g peptone,
20 g glucose, 36 g NaH,PO,, 6 g MgSO,-7H,0, and 5.5 L
RO water with sterilization.

Step 2 consisted of inoculation of the medium in the
tank with 250 mL high-density cell culture (ODg,>30)
and growth of yeast for 12 h with glucose supply (10%
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glucose, 400 mL). Cell density increased to ODg,=20
after 12 h, at which point it was ready for induction.

Step 3 consisted of induction of the recombinant pro-
tein expression. Sterile fed-batch medium (50 g yeast
extract, 100 g peptone, 4 g MgSO,-7H,0, 150 g galactose,
and 2.1 L RO water) was injected into the tank within
20 h and cultured for an additional 4 h. The fermenter
culture was then harvested (about 120 g in wet weight)
and frozen until lysis.

Primary purification of MBP-BoCesA protein

To prevent protein degradation, all purification proce-
dures were performed at 4 °C. The frozen cells (about
50 g) were resuspended with 250 mL lysis buffer (20 mM
NaH,PO, pH8.0, 1 M NaCl, and 1 mM tris (2-carboxy-
ethyl) phosphine (TCEP)) and mechanically lysed using a
French press (TS2, Constant System Limited) at 35 kpsi.
The debris was removed by centrifugation (9800xg,
JA-14, J2-MC; Beckman) for 20 min and supernatant
was collected for ultracentrifugation. The membrane
pellet was harvested by ultracentrifugation (140,000xg,
P28S, CP80WX, Hitachi) for 2 h and resuspended
(about 8.5 g) by stirring in 100 mL resuspension buffer
[20 mM NaH,PO, pH 8.0, 1 M NaCl, 1 mM TCEP, 10%
glycerol, 20 mM imidazole, and 0.5% n-dodecyl-B-D-
maltopyranoside (DDM)] overnight.

After resuspension, the debris was removed by cen-
trifugation (22,000xg, JA-20, J2-MC; Beckman) and the
solution was filtered for purification. The MBP-BoCesA
protein was purified using fast performance liquid chro-
matography (FPLC; AKTA Prime, GE Healthcare) on
an immobilized metal affinity chromatography column
(His-Trap, GE Healthcare). The membrane solution was
injected into the column, washed with binding buffer
(20 mM NaH,PO, pH8.0, 1 M NaCl, 1 mM TCEP, 10%
glycerol, 20 mM imidazole, and 0.05% DDM) and eluted
with elution buffer (20 mM NaH,PO, pH8.0, 1 M NaCl,
1 mM TCEP, 10% glycerol, 250 mM imidazole, and 0.05%
DDM) to recover the MBP-BoCesA protein. The MBP-
BoCesA protein was purified by recycling the membrane
solution through a series of columns in order to increase
protein yield. The recovered MBP-BoCesA protein was
concentrated by centrifugal filtration (Amicon ultra-15
centrifugal filter, Merck Millipore) to about 1.7 mg/mL
(10 uM) for secondary purification.

Secondary purification of BoCesA protein

Secondary purification was performed to eliminate the
fusion tag, recover BoCesA proteins, and determine
their molecular mass. The MBP fusion tag was removed
by adding a homemade TEV protease [29] with a con-
centration of 1.5 mg/mL. After a 12 h reaction at 4 °C,
the digested sample was injected into a size-exclusion
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chromatography column (Superdex-200, GE Healthcare)
using FPLC with gel-filtration buffer (20 mM NaH,PO,
pH 7.0, 0.3 M NaCl, 1 mM TCEP, 10% glycerol, and
0.005% FC-16) and UV absorbance (280 nm) monitoring.
Ratios of molecular mass to column volume were calcu-
lated by regression analysis with gel filtration standards
(Bio-Rad, 1511901). The purified BoCesA was concen-
trated by centrifugal filter to about 1.2 mg/mL (10 pM)
and frozen at — 80 °C.

Western blot and protein concentration

Protein samples were separated on an 8% SDS-PAGE gel,
transferred to a polyvinylidene difluoride (PVDF) mem-
brane, and hybridized with the Anti-BoCesA1/2/3 poly-
clonal antibody (against the HVR region of BoCesA8, for
BoCesAl, 2, 3 detection), Anti-BoCesA4/5 polyclonal
antibody (against HVR region of BoCesAb5, for BoCesA4,
5 detection) [30], and maltose-binding protein antibody
(GeneTex). The primary antibody-hybridized blot was
incubated with horseradish peroxidase-conjugated sec-
ondary antibody. Chemiluminescent signals generated by
Clarity Western ECL Substrate (Bio-Rad) were detected
using UVP ChemStudio PLUS (Analytik Jena). The con-
centration of MBP-BoCesA and BoCesA proteins was
determined by spectrophotometer (DS-11, Denovix).

Determination of CesA enzymatic activity

Cellulose synthesis was monitored for 3 h at 25 °C in a
1 ml Eppendorf tube containing the reaction buffer
[20 mM NaH,PO, pH 5.5, 0.1 M NaCl, 1 mM MnCl,
and 0.005% Fos-Choline-16 (FC-16)], 0.5 puM (0.06 mg/
mL) BoCesA protein, and 1 mM UDP-Glc. For amylase
treatment, 0.1 U of amylase (Sigma, 10065) was added
for 1 h at 25 °C. For cellulase treatment, 0.01 U of cel-
lulose (Sigma, C1184) was added for 15 h at 25 °C. We
subjected the synthesized cellulose to cellulase treatment
and then observed the product by TEM to determine the
synthesized microfibrils. For glucan analysis, cellulose
synthesis, cellulase treatment, and amylase treatment
were selected for preparing the glucan derivatives (par-
tially methylated alditol acetates).

Observation of protein particle/cellulose by transmission
electron microscopy (TEM)

For the observation of protein particles, the purified
BoCesA was diluted to 0.06 mg/mL. For the synthe-
sized cellulose, the 1 mL samples were first centrifuged
at 10,000xg at 4 °C for 30 min and the upper 900 pL
solution was discarded. 5 uL sample solution from the
remaining liquid was dropped onto a discharged carbon
film-coated 300 mesh copper grid (CF300-Cu, Electron
Microscopy Sciences) and stained with 2% uranyl acetate.
The TEM images were taken by a Hitachi H-7650 TEM
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(75 kV, 30-120 K magnification, Erlangshen ES500W
Model 782 CCD camera).

Glucan linkage analysis

The 1 mL sample of solution was transferred to a 15 mL
glass tube with 1 mL ethanol added and capped with a
teflon-lined screw cap, then dried by a rotary evaporator
(N-1000, Eyela). The remaining pellet was methylated,
hydrolyzed, reduced, and acetylated following an exist-
ing protocol [31] for partially methylated alditol acetates
(PMAA) preparation. The glucan derivatives for glucan
linkage identification were injected into GC-MS (Agi-
lent 5975/7890A GC) by heating in the HP-5MS fused
silica capillary column (30 m x 0.25 mm x 25 pum, Agilent
Technologies) at an injector temperature of 250 °C.

The helium carrier gas was operated at a constant flow
rate of 1 mL/min. The oven was programmed as follows:
100 °C for 1 min, heating at a rate of 10 °C/min to 200 °C,
200 °C for 1 min, and heating at a rate of 15 °C/min to
300 °C.

Results

Establishing the purification platform via eukaryotic
expression and tag conjugation

To express various CesA proteins, we chose CesA genes
in the primary cell wall of B. oldhamii to establish the
purification protocol. Based on amino acid sequence
clustering [28], 6 BoCesA genes from 3 clades, Clade VI
(BoCesAl, 2, 3), Clade V (BoCesA4, 5) and Clade I (BoC-
esA7) were selected in this study.

BoCesA5 is ubiquitously expressed and involved in pri-
mary cell wall deposition [28]; thus, we regard BoCesA5
as an indicative gene for expression system screening. We
first attempted to express the full-length BoCesA5 gene
in the prokaryotic system, but the E. coli strains were
not able to express the full-length BoCesA5 protein after
examination (Fig. 3). Furthermore, the full-length BoC-
esA5 protein (120 kDa) under E. coli expression resulted
in a protein fragment (~60 kDa) or invalid expression
(Fig. 3a), indicating the BoCesA5 would be unstable in
prokaryotic expression.

In the next step, we attempted to use the eukaryotic
system for BoCesA5 expression. In western blotting, a
stable band of BoCesA5 (~120 kDa) was detected by
Anti-BoCesA4/5 polyclonal antibody in the total cell
lysate (Fig. 3a) after using the yeast strain BCY123 as an
expression host. In addition, BoCesA5 conjugated with
maltose-binding protein (MBP-BoCesA5) was observed
to have a higher expression than full-length BoCesAb5.
The protein band of MBP-BoCesA5 was easily observed
after Coomassie Blue staining (Fig. 3b).

After successful expression of MBP-BoCesA5, we
decided to use the same strategy to express the other
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Fig. 3 Small-scale expression of BoCesA5 protein. The full-length BoCesA5 and MBP-BoCesAS5 were expressed in S. cerevisiae while the degraded
form BoCesA5(A) could be found in E. coli. a Western blot of BoCesA5 expression in E. coli and S. cerevisiae, signal detected by anti-BoCesA4/5
polyclonal antibody. b Coomassie blue staining of BoCesA5 expression in £. coli and S. cerevisiae

BoCesAs protein. The constructs of the expression vector
were composed of 6xHis for column binding, MBP for
expression enhancement, T for the TEV protease cleav-
age site, and CesA genes (BoCesAl, 2, 3, 4, 5, 7) (Fig. 1).
To obtain CesA protein in milligram quantities, we cul-
tured the yeast strain in fed-batch fermentation for 36 h
(Fig. 2) to increase the cell density and culture volume.

BoCesAs conjugated with the MBP tag could be purified

at higher amounts

In brief, the steps involved in MBP-BoCesA protein puri-
fication are cell homogenization, solubilization of the
MBP-BoCesA protein by mild detergent and purifica-
tion of the MBP-BoCesA protein by immobilized metal
affinity chromatography (IMAC). After cell lysis, partial
MBP-BoCesA5 protein was found in the pellet of cell
debris of the pretreatment that was discarded. The water-
insoluble MBP-BoCesA5 protein was collected in the
membrane pellet after ultracentrifugation and was solu-
bilized in dodecyl-maltoside (DDM)-containing buffer
for IMAC purification (Fig. 4a, Additional file 1: Figure
S1). Pretreatment was performed for other MBP-BoCesA
proteins due to the intact MBP-BoCesA5 in the mem-
brane solution.

During the column binding stage of IMAC, mas-
sive amounts of yeast proteins remained after column
washing with 0.3 M NaCl in the absence of reducing
agent (Additional file 2: Figure S2); consequently, we
introduced 1 M NaCl and 1 mM TCEP to decrease the
amount of contaminants. After elution, MBP-BoCesA

proteins with 80% purity were concentrated to ~1.7 mg/
mL (~ 10 uM) for tag removal (Fig. 4b).

Cellulose synthase proteins exhibited an oligomeric form
after MBP tag removal

After the affinity column purification step, the MBP
tags have to be removed from the full-length CesA pro-
teins. Since a TEV protease cutting sequence “ENLYFQ
(G/S)” was constructed between MBP and BoCesA, the
MBP fusion tag could be removed by adding TEV pro-
tease from MBP-BoCesA protein. TEV protease was
then added to allow overnight digestion. The major
band (MBP-BoCesA) could therefore be separated, and
two bands with BoCesA protein and MBP protein were
observed using SDS-PAGE (Fig. 4b, c). Further purifica-
tion by size exclusion chromatography was performed
with a FPLC-equipped Superdex-200 column for separat-
ing BoCesA, MBP and TEV protease. At the same time,
the DDM detergent in the buffer was changed to FC-16
detergent.

Size exclusion chromatography (SEC) showed that
BoCesA5 formed oligomers with a molecular mass that
was close to that of the BoCesA5 hexamer (720 kDa)
(Fig. 5). These oligomers of BoCesA were also observed
by SEC separation after MBP fusion tag removal (Fig. 6).
A comparison of the peaks of all purified BoCesAs
indicated that the molecular weights of Clade V BoC-
esA (BoCesA4, 5) and Clade I BoCesA (BoCesA7) were
slightly lower than that of Clade VI BoCesA (BoCesAl, 2,
3), indicating that the oligomeric state of BoCesAl, 2, 3,
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Fig. 4 Overview of BoCesA protein purification. a Coomassie blue staining during each purification procedure of MBP-BoCesA5. S supernatant after
ultracentrifugation, P pellet of cell debris, M membrane solution, FT flow through of membrane solution in column binding stage, MBP-BoCesA5
BoCesAS5 with MBP fusion tag (+TEV: MBP fusion tag cleavage), BoCesA5 fusion tag removed BoCesA5. b Overview of MBP-BoCesA protein
purification. The nickel column-purified MBP-BoCesA protein was concentrated to 1.7 mg/mL (10 uM). ¢ Overview of MBP-BoCesA protein with TEV
protease treatment. MBP-BoCesA could be separated into BoCesA (120 kDa) and MBP (49 kDa) by TEV protease treatment. d Overview of BoCesA
protein recovery via size exclusion chromatography from Fig. 6. BoCesA recovered from fractions 8-12 was concentrated to ~ 1.2 mg/mL (10 uM).
The degradation of BoCesA5(A) was identified by western blot in Additional file 3: Figure S3

4, 5, 7 proteins might be a hexamer with slight differences
in molecular weight among clades.

To understand the structure of oligomeric BoCesA
proteins, we analyzed their size and shape using TEM
images. In the 120-K magnification images, spherically-
shaped (approximately 30—50 nm in diameter) particles
were observed in Clade VI BoCesA (BoCesAl, 2, 3) and
Clade I BoCesA (BoCesA7) (Fig. 7a—c, f) while spheri-
cal/rod-shaped (approximately 20-30 nm in diameter)
particles were found in Clade V BoCesA (BoCesA4, 5)
(Fig. 7d, e).

Homo-oligomer BoCesAs have catalytic activity

Previous studies showed that recombinant CesA proteins
from plants are reconstituted in proteo-liposomes with
divalent cations that have enzymatic activity [32, 33]. In

this study, we tested the enzyme activity of the recombi-
nant BoCesA proteins that were able to synthesize cel-
lulose in a buffer containing mild detergent. To further
confirm the purified BoCesA proteins with enzyme activ-
ity, glucan and TEM analyses were used to identify and
observe the glucan products.

As endogenous glucan interferes with partially methyl-
ated alditol acetate (PMAA)-coupled GC-MS analysis,
we first analyzed the endogenous 1,4-linkage glucan in
the purified BoCesA proteins. The results showed that
the 1,4-linkage glucan signal was present in the purified
BoCesA proteins (Additional file 4: Figure S4A-F) and
could be removed by amylase digestion (Additional file 4:
Figure S4G-L).

Subsequently, in vitro synthesized 1,4-glucan chains
were determined by oligomer BoCesA incubated with
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MBP, and TEV protease was injected into a size-exclusion column (Superdex-200) to isolate BoCesA5 according to molecular weight. The SDS-PAGE
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Fig. 7 Negative staining images of BoCesA protein particles by TEM. a—¢, f Images of the spherically-shaped particles (about 30-50 nm in diameter)
obtained from BoCesAl, 2, 3, 7. d, e The spherical/rod-like shape (about 20-30 nm in diameter) particle images obtained from BoCesA4, 5 (d, e)

UDP-Glc and divalent manganese-coupled amylase
treatment. The synthesized 1,4-glucan in each reaction
(BoCesAl, 2, 3, 4, 5, 7) could be detected after amyl-
ase treatment (Fig. 8a—f) from which the endogenous
a-1,4-glucan had been removed. The signal from the
synthesized 1,4-glucan was reduced after the cellulase
treatment (Fig. 8g-1), indicating that the in vitro syn-
thesized product should be a 3-1,4-glucan. The results
are consistent with those from previous studies [32,
33] in indicating that the single isoform of plant cellu-
lose synthase can produce -1,4-glucan chains.

Lastly, the synthesized product from the in vitro
assay was observed using TEM. Within a 3 h incuba-
tion, a substance with a linear/twisted form appeared
and formed a microfibril structure under negative
staining (Fig. 9a—f). This substance decreased or dis-
appeared with cellulase treatment (Additional file 6:
Figure S6A-F); consequently, we concluded that the
substance was likely cellulose microfibrils.

Discussion

In this study, the cellulose synthases from green bam-
boo were heterologously expressed and purified. High
yields (10 uM) of purified BoCesA proteins with cata-
lytic activity were obtained. Their expression level could
be increased by conjugating the MBP tag, and the yield
of yeast cells by using a fed-batch fermenter to generate
120 g of yeast cells with a recovery of 7.2 mg BoCesA.

In the E. coli strain BL21(DE3), ~60 kDa protein frag-
ments were detected instead of the full-length 120 kDa
CesA protein, suggesting that the CesA protein expressed
in the BL21(DE3) strain can easily be degraded. We
determined that the full-length CesA protein also can-
not be expressed in two other E. coli strains (C43 and
RIL) that featuring in the membrane protein expres-
sion and the codon usage bias, respectively. In previous
studies, the CesA protein was delivered to the plasma
membrane by the Golgi apparatus within vesicles called
"small CESA compartments (SmaCCs) or microtubule-
associated cellulose synthase compartments (MASCs)"
[34, 35]. It is understood that E. coli lacks several com-
partments required for the delivery of the CesA protein.
Others have also shown that its successful expression in
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Fig. 8 GC-MS total ion chromatogram of 1,4-glucan derivatives from synthesized products. a-f The peaks of 1,4-glucan derivatives contributed by
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prokaryotes results in the truncated form of CesA [36,
37] instead of the full-length CesA. However, the full-
length CesA protein was successfully expressed in yeast,
which we utilized to produce 6 BoCesA proteins in this
study. Furthermore, fusing target proteins to a maltose-
binding protein has been shown to increase the expres-
sion and folding of eukaryotic fusion proteins [38].

Previous studies demonstrated that the cell membrane
can be destroyed by adding harsh detergent to terminate
cellulose synthesis in vitro [32, 33]. However, the multi-
ple transmembrane helices-tunneled polysaccharide syn-
thase may allow enzyme activity in a membrane-bound
state or detergent solution state. For example, hyaluro-
nan synthase is active in membrane reconstitution and
detergent solubilization states [39]. Here, we showed that
BoCesA cellulose synthases remain active in the presence
of mild detergent.

In glucan analysis, o/fp-1,4-glucan will result in an
identical derivative compound in the PMAA prepara-
tion. Therefore, endogenous a-1,4-glucan will interfere
with glucan analysis. The presence of endogenous a-1,4-
glucan in BoCesA protein samples might derive from the
maltoside of DDM detergent (Additional file 7: Figure
S7) remaining after SEC purification. To determine the

presence of synthesized [-1,4-glucan using PMAA-cou-
pled GC-MS, amylase was added to remove a-1,4-glucan
as in a previous study [32]. The final products could be
confirmed as 3-1,4-glucans.

Correlation of the terminal complex (hexagonal
rosettes) with cellulose microfibril synthesis was estab-
lished some time ago using freeze-fracture images [14,
15, 40]. These membrane complexes were subsequently
discovered to be composed of neatly arranged cellulose
synthases [15], which are believed to individually synthe-
size single glucan chains in the CSC to generate a bun-
dled structure of cellulose microfibrils [41]. In the 36-unit
CSC model proposed, the 36-cellulose chain elementary
fibril was identified in the cross section of the cellulose
microfibril in maize [16]. On the other hand, the image
modeling-based 18-unit CSC model in P. patens revealed
a homo-trimer complex [42], indicating the existence of
numerous possibilities for the exact number and arrange-
ment of CesA proteins in CSC.

The CSC diameter has been identified during in vitro
cellulose synthesis in P patens membranes [43]; globular
particles measuring 40—-50 nm were found to be associ-
ated with synthesized cellulose microfibrils. In addition,
heterologously expressed PttCesA8 with an estimated
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diameter of 25 nm was observed during in vitro cellulose
synthesis [33]. Based on size-exclusion chromatography,
the molecular weight of BoCesA proteins was similar to
that of a hexamer, with slight differences among clades.
Based on TEM observation, the particle sizes and shapes
of BoCesA proteins were also distinct; both Clade VI
BoCesA (BoCesAl, 2, 3) and Clade I BoCesA (BoCesA7)
had a spherical shape measuring 30-50 nm, whereas
Clade V BoCesA (BoCesA4, 5) had a spherical/rod-like
shape measuring 20-30 nm, implying variations in the
quaternary structure of the BoCesA hexamer.

Conclusions

In summary, we have developed a heterologous expres-
sion and purification protocol for BoCesAs. The milli-
gram quantities membrane protein of BoCesAs can be
further used for functional and structural studies. The
protein yield could be increased by conjugating N-ter-
minal MBP tag, expressed in yeast and cultured with
the fed-batch fermenter. The two-step purification pro-
cedure, consisting of immobilized metal affinity chro-
matography and size-exclusion chromatography were
employed for BoCesA recombinant proteins purifica-
tion to isolate BoCesAs in oligomeric form. After the
MBP fusion tag removal, the molecular weights of BoC-
esAs were close to hexamer, and the molecular shape
of BoCesAl, 2, 3, 7 and BoCesA4, 5 showed spherical-
and spherical/rod-structure, respectively. The catalytic
activity of BoCesAs could be detected in a buffer with
the detergent FC-16 and the product -1,4-glucan was
observed as microfibril structure.
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Additional file 1: Figure S1. Immunoblot results of BoCesA5 purification.

Additional file 2: Figure S2. Protein purification results in low salt/non-
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Additional file 3: Figure S3. Immunoblot results of purification.

Additional file 4: Figure S4. GC-MS total ion chromatogram of 1,4-glu-
can derivatives form endogenous glucan.

Additional file 5: Figure S5. GC-MS mass spectrum of 1,4-glucan deriva-
tives peak in Additional file 4: Figure S4 and Fig. 8.

Additional file 6: Figure S6. Negative staining of BoCesA synthesized
product after cellulase treatment in TEM.

Additional file 7: Figure S7. GC-MS total ion chromatogram and mass
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