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Abstract Paenibacillus xylaniclasticus TW1 was able to aerobically produce a multienzyme
complex. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the crude
enzyme preparation revealed at least 12 proteins that were bound to insoluble cellulose. Only the
band representing cellulose-bound protein 12 (CBP12) from SDS-PAGE was identified as
xylanase family 11 with a carbohydrate-binding module family 36 (CBM36) using matrix-
assisted laser desorption/ionization time-of-flight/time-of-flight mass spectrometry (MALDI-
TOF/TOF MS). In this report, CBM36 of P. xylaniclasticus TW1 (PxXTW1CBM36) was cloned,
expressed, purified and studied for binding characteristic. The results found that PXTW1CBM36
displayed broad binding ability to polysaccharides which high affinity for xylan and insoluble
cellulose. Interestingly, this is the first report indicated that CBM36 had an affinity for insoluble
cellulose. Although the amino acid residues involved in PXTW1CBM36 binding were conserved,
the binding capacity of PxTWICBM36 do not perturb by the addition of
ethylenediaminetetraacetic acid (EDTA). It is possible that PXTW1CBM36 had different binding
mechanisms with other CBM36. In addition, the binding characteristic of CBM36 on
polysaccharides embedded within plant cell walls was also elucidated. It displayed the strong
recognition for ligands located in epidermal tissue of sweet potato roots. Therefore, this study
might provide a new tool for targeting enzymes to surface of plant.

Keywords: Carbohydrate-binding module family 36, MALDI-TOF/TOF MS, Paenibacillus
xylaniclasticus TW1, Sweet potato roots, Xylanase family 11

Introduction

The most abundant and renewable resource is found in plant cell walls,
which provide valuable bioproducts, including fermentable sugars, chemicals,
and biofuels (Carpita and McCann, 2020). Primarily, these walls consist of
cellulose, hemicelluloses (mainly xylan), lignin, and various other elements.
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Together, these constituents are intricately linked and intertwined through
covalent bonds, hydrogen bonds, and van der Waals interactions, forming a
highly complex and recalcitrant structure (Himmel et al., 2007). Efficient and
complete hydrolysis of plant cell wall polysaccharides require the synergistic
action of cellulolytic enzymes (Hasunuma et al., 2013) and xylanolytic enzymes
(Girio et al., 2010).

The previous reports indicated that a few microorganisms could produce
multienzyme complexes under aerobic conditions (Jiang ef al., 2005; van Dyk et
al., 2009; Pason et al., 2010; Tachaapaikoon et al., 2012a). Among these,
Paenibacillus  xylaniclasticus TWI1 has been identified as a true
cellulolytic/xylanolytic organism, capable of utilizing xylan, filter paper, or
agricultural residues as its sole carbon source. Remarkably, it can aerobically
synthesize a xylanolytic-cellulolytic multienzyme complex (Tachaapaikoon et
al., 2012a, b). These multienzyme complexes are crucial for deconstructing plant
cell wall components. Their ability to bind insoluble cellulose and/or xylan,
facilitated by carbohydrate-binding modules (CBMs) like cellulose-binding or
xylan-binding modules, enables this function (Bayer ef al., 1994). Non-catalytic
CBMs improve the efficiency of enzymatic hydrolysis. They do this by leading
their attached catalytic modules to target substrates within the plant cell wall
(Shoseyov et al., 2006). In the CAZy database, 106 identified families categorize
CBMs according to their amino acid sequence similarity. Some earlier-
designated families (e.g., CBM7 and CBM33) have since been reclassified and
no longer contain active entries (Henrissat et al, 2024; see
http://www.cazy.org/Carbohydrate-Binding-Modules.html). CBMs are categorized into
three functional types, in addition to sequence-based classification, determined
by their ligand-binding topography (Boraston et al., 2004). These types are: Type
A, which recognizes crystalline polysaccharide surfaces; Type B, which attaches
to interior portions of glycan chains; and Type C, which typically recognizes
short oligosaccharides at chain ends. Consequently, their role in the efficient
degradation of plant cell wall components is well-recognized (Ohmiya et al.,
1997). Intriguingly, no information on the CBMs appearing in the xylanolytic-
cellulolytic multienzyme complex from P. xylaniclasticus TW1 is reported.
Therefore, in this study, we sought to identify the secreted enzymes that appear
to contain CBMs by using affinity purification and applying MALDI-TOF/TOF
MS. Based on our strategies, we have found CBM36 with the xylanase family 11
produced from the strain TW1. To date, only CBM36 from P. polymyxa ATCC
842 xylanase 43 A was characterized (Jamal-Talabani et al., 2004), while CBM36
from the strain TW1 showed low amino acid sequence similarities (50%
identities) to CBM36 from the strain ATCC 842. Thus, a CBM36 from the strain
TW1 was interesting to be further studied.
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In this report, the rPXTW1CBM36-CFP was constructed. The binding
characteristics and specificities of CBM36 from the strain TW1 against the
isolated carbohydrates and the recognition of carbohydrates located within plant
cell walls as the substrate available for the associated catalytic domain were
investigated. Moreover, the target region of CBM36 in plants was currently
unknown and the fluorescent tag was used for monitoring CBM36 binding in
plants.

Materials and methods
Enzyme preparation

Berg’s mineral salt medium (pH 7.0) (Berg et al., 1972) was used to grow
P. xylaniclasticus TWI1, a strain that produces multienzyme complexes
(Tachaapaikoon et al., 2012b). For three days, the mixture was shaken at 200
rpm, and the medium was provided with 0.5% (w/v) corn hull as the only carbon
source. The experiment was conducted at 37°C. Following incubation, the
culture was centrifuged for 20 minutes at 4°C with 8,000 x g. The crude enzyme
extract was obtained by collecting the clear supernatant.

Isolation of cellulose-bound proteins

To isolate cellulose-bound protein, 250 pl of protein solution (25 mg/ml)
was combined with 15 mg of ball-milled cellulose, KC flock (Nippon Paper
Chemicals, Tokyo, Japan), suspended in 10 mM potassium phosphate buffer
(KPB, pH 7.0) in 1.5 ml microcentrifuge tubes at 4 °C for 30 minutes. Following
incubation, the samples were centrifuged, and the resulting precipitate was rinsed
off five times with the same buffer. The precipitate (cellulose-bound fraction)
and supernatant (unbound fraction) were then evaluated using SDS-PAGE.

Gel electrophoresis

An 8% (w/v) polyacrylamide gel was used for SDS-PAGE, as stated by
Laemmli (1970). Proteins were stained with Coomassie Brilliant Blue R-250
(Nacalai Tesque, Kyoto, Japan) to visualize them following electrophoresis. A
calibration kit (GE Healthcare, Tokyo, Japan) provided the molecular mass
standards.
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Protein identification using MALDI-TOF/TOF MS

In accordance with Hanna et al. (2000), twelve protein bands were taken
out of an SDS-PAGE gel and digested in-gel using trypsin. A 4800 Plus MALDI-
TOF/TOF Analyzer (Applied Biosystems, Tokyo, Japan) equipped with a 200
Hz Nd:YAG laser (337 nm) was used to identify proteins. The 20 most energetic
ions (signal-to-noise > 25) for each MALDI spot were chosen for 100 laser pulses
in 1 kV mode for MS/MS analysis. The colliding gas was air. The 4700 Mass
Standard Kit was used for data acquisition and processing, and ProteinPilot with
MASCOT was used to search MS/MS spectra against the NCBInr database. The
search parameters were variable oxidation (Met), fixed carbamidomethylation
(Cys), one missed cleavage, and 200 ppm mass tolerance.

Polymerase chain reaction (PCR) amplification and sequencing for CBP12

PCR primers were made using MALDI-TOF/TOF MS data and BLAST
analysis (http://www.ncbi.nlm.nih.gov/BLAST/) to target a gene that is very
similar to the xylanase gene (xynlIA) from Paenibacillus curdlanolyticus B-6
(GenBank accession no. gi283970946). Two sets of synthetic oligonucleotide primers were
created for this gene: Pbxyn11F (5'-ACCTTGTTGTTAGCTGGGACAAACGT-
3") and PbxynllR (5-TTGTTCGATGTGAAGCCGGGCA-3'). The Takara
PERSONAL Thermal Cycler was utilized for PCR amplification. PCR products
were separated on a gel made of 0.8% agarose in TAE buffer, stained with
ethidium bromide (0.5 pg/ml), and viewed under UV light. Before cloning, the
specific DNA piece was cut out from the gel and cleaned up using a TA Cloning
Kit. The introduced gene was later purified and sequenced utilizing an ABI
3130X Genetic Analyzer (Applied Biosystems). The Compute pI/Mw tool on
ExPASy (http://web.expasy.org/compute pi/) was utilized to estimate the
molecular weight and isoelectric point (pl) of the chp12 gene product.

Cloning, expression and purification of rPxTWI1CBM36-CFP

To construct a plasmid encoding a CFP-fused rPxTW1CBM36 protein, the
coding region of the PxTW1cbm36 gene was amplified from the genomic DNA
of P. xylaniclasticus TW1 using PCR. Primers were designed from the GenBank
sequence (accession no. JX069975), incorporating BamHI and EcoRlI sites at the
5" ends of the forward and reverse primers, respectively. PxTW1cbm36F (5'-
GGATCCGGTAATACAGGTGGAAC-3') served as the forward primer, and
PxTW1cbm36R (5'-GAATTCAGGAGTCGAATTGATTTCC-3") as the
reverse primer. Restriction sites are indicated by the underlined sequences.
Initially, the PCR product was cloned into the pCR2.1 vector (Invitrogen). The
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insert was subsequently sequenced to verify the lack of mutations. After
digestion with BamHI and EcoRI, the verified insert was ligated into the
pRSET/CFP expression vector (Invitrogen) which was similarly digested,
resulting in plasmid pRSET/CFP-PxXTW1CBM36. This construction encodes a
recombinant protein with a 6xHis-tagged N-terminus.

The pRSET/CFP-PxXTWICBM36  plasmid-carrying  recombinant
Escherichia coli BL21(DE3) cells (Toyobo, Kyoto, Japan) were cultivated
aerobically at 37°C in 1L of Luria-Bertani (LB) broth supplemented with
ampicillin (50 pg/ml). When the culture's optical density at 600 nm (ODsoo)
reached about 0.4, I mM isopropyl -D-1-thiogalactopyranoside (IPTG) was
added to enhance protein expression. The culture was then incubated for an
additional 3 hours. After centrifugation at 8,000 x g for 20 minutes, cells were
washed and sonicated for disruption. The supernatant was then purified using
His-tag affinity purification with Ni-NTA agarose resin (Qiagen, Hilden,
Germany), as per the manufacturer's instructions. SDS-PAGE was used to
evaluate protein purity. The purified rPxTW1CBM36-CFP's concentration was
then calculated from its absorbance at 280 nm, utilizing a molar extinction
coefficient of 47,960 M~ cm™ (Mach et al., 1992).

Ligand-binding assays with affinity gel electrophoresis

To evaluate the binding specificity of rPxTW1CBM36-CFP for various
soluble carbohydrates, affinity gel electrophoresis was employed. Native
polyacrylamide gels (10% (w/v) acrylamide) were prepared under non-
denaturing conditions, without the inclusion of B-mercaptoethanol, SDS, or heat.
Before polymerization, soluble carbohydrates were added to the gel matrix to a
final concentration of 0.1% (w/v). Each lane was loaded with approximately 5
pg of either the recombinant protein or bovine serum albumin (BSA; Sigma-
Aldrich), which acted as a non-binding negative control. At room temperature,
electrophoresis was performed, and protein bands were visualized using
Coomassie Brilliant Blue R-250 staining.

Effect of EDTA on the binding of rPxTWICBM36-CFP to insoluble
carbohydrates

For 30 minutes on ice, rPXTWICBM36-CFP (40 pg) was bound to
insoluble carbohydrates (15 mg) in a 250 pl volume of 50 mM KPB (pH 7.0),
with or without EDTA. Following this, the mixtures were centrifuged for 5
minutes at 8,000 x g. After washing the pellets five times with the corresponding
buffer, we analyzed both the bound (pellet) and unbound (supernatant) protein
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fractions via SDS-PAGE. Oat-spelt xylan insoluble residue, following the
methods outlined by Zhang ef al. (2012) and ball-milled cellulose were served as
the insoluble carbohydrate substrates.

Preparation of plant material and CBM-labeling

This investigation adhered to the guidelines established by Araki et al.
(2010) and McCartney et al. (2004). Hydroponically grown sweet potato
(Ipomoea batatas cv. Beni Kokei) roots were preserved in 50 mM sodium
phosphate buffer (pH 7.2) with 50 mM NaCl and 3% (w/v) paraformaldehyde.
This was accomplished by incubating on ice for four hours after five minutes of
vacuum infiltration. After being dehydrated using an ethanol series, the samples
were embedded in paraffin and cut into transverse sections that were 6 um thick.
Following deparaffinization and mounting on poly-L-lysine-coated slides, these
sections were incubated for 30 minutes with 50 pg/ml of rPxXTW1CBM36-CFP
in 20 mM KPB (pH 7.0). The slices were seen using an Axioskop 2 Plus
microscope (Zeiss) equipped with an AxioCam HRC camera following washing
with 50 mM KPB (pH 7.0).

Results
Isolation and identification of cellulose-bound proteins

To characterize the features of carbohydrate-binding modules (CBMs), we
isolated cellulose-bound proteins from the supernatant of P. xylaniclasticus TW 1
cultures grown aerobically on corn hulls until the stationary phase. Affinity
purification using ball-milled cellulose was employed to selectively isolate
proteins with cellulose-binding capacity from the crude enzyme preparation. The
crude enzyme was incubated with ball-milled cellulose at 4 °C to facilitate
binding of cellulose-affinitive proteins. Bound proteins were separated from
unbound components by centrifugation, followed by a series of washes. To elute
the bound proteins, sample application buffer was added, and the mixture was
heated in a boiling water bath for 5 minutes. SDS-PAGE analysis (data not
shown) revealed that at least twelve distinct proteins were present among the
cellulose-bound fraction, designated CBP1 through CBP12. MALDI-TOF/TOF
mass spectrometry was subsequently used to identify these proteins.

All twelve cellulose-bound protein bands resolved by SDS-PAGE were
tryptic-digested. MALDI-TOF/TOF mass spectrometry was employed for the
subsequent analysis of the peptide mixtures. The peptide mass fingerprints of the
unknown components from SDS-PAGE were almost identical to the unknown
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function proteins (Table 1). Only 2 CBPs could be identified in this study. As
shown in Table 1, three of the peptides from the CBPS5 protein (#2, 8, 18) were
obtained showing similarity to published glycoside hydrolase family 31
sequences from P. curdlanolyticus YK9 (GenBank no. gi|304405232). However,
no information on the CBM appearing in the glycoside hydrolase family 31 from
P. curdlanolyticus YK9 was presented. Besides, the band of CBP12 from SDS-
PAGE gel could be identified as xylanase. An NCBI BLAST search of the amino
acid sequence of CBP12 (KGTITVDGGTYDIYETTRYV) shows similarity to P.
curdlanolyticus B-6 xylanase belonging to glycoside hydrolase family 11 with a
CBM family 36 (GenBank no. gi|283970946; http:/www.ncbi.nlm.nih.gov/BLAST)).
Therefore, the gene encoding protein CBP12 of P. xylaniclasticus TW1 was
further identified by cloning and sequencing.

The amino acid sequence KGTITVDGGTYDIYETTRYV revealed high
similarity to xylanase 11A (XynllA) from P. curdlanolyticus B-6 when
subjected to a BLAST search. Specific primers were designed to clone the
CBP12 gene from P. xylaniclasticus TW1. Their design was based on the amino
acid and nucleotide sequences of the xyn/iA4 gene from strain B-6. The PCR
product was then cloned into a TA vector and sequenced, following the
procedures outlined in the Methods section. At 1,155 bp, the chp12 gene encodes
a 385-amino acid protein (Figure 1A) with an estimated molecular weight of 42
kDa and a pl of 7.7. Sequence analysis of the predicted protein indicated that
CBP12 contains two distinct functional domains: a glycoside hydrolase family
11 catalytic domain and a family 36 carbohydrate-binding module (CBM). These
domains are separated by a linker region enriched in glycine, asparagine, and
threonine residues (Figure 1B).

Ligand specificity of CBM36 from P. xylaniclasticus TW1

To study the binding characteristics of CBM36 from P. xylaniclasticus
TWI1, rPxXTWI1CBM36 was ligated in pRSET/CFP for construction of CFP
fusion rPXTWI1CBM36 (rPxTW1CBM36-CFP), expressed under the induction
of IPTG and purified for subsequent analysis. After SDS-PAGE analysis, the
purified rPxTWI1CBM36-CFP was dialyzed against 10 mM KPB (pH 7.0) to
prepare it for further investigations.
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Table 1. Peptide sequences identified from digested samples of carbohydrates-
binding proteins

Protein Peptide no. and sequence BLAST identification

CBP1 #10: GKQLADDSSSAGR Unknown protein
#12: WLANIMLNGDPR
#18: EQRVLDSDGNPLPSEPR

CBP2 #6: YDMYDKYFQK Unknown protein
#7. IKASVLGVSAAYVR
#13: IKQYPFQLSGGLCQR

CBP3 #15: QISNLQQSISDAEQR Unknown protein
#16: NARTVFSELSQATSNK
#18: FVEFYGSGLSNISLADR

CBP4 #7: GWPSTIGFLVDTSR Unknown protein
#9: SVPKLFSWIR
#13: IKQYPFQLSGGLCQR

CBP5 #18: KGYGVFVNQPELVSFEVGSEKV Glycoside hydrolase family 31
(Paenibacillus curdlanolyticus YK9)
CBP6 #1: DDELLSAYR Unknown protein

#3: LVIENPEKPR
#14: IVGVNMGDSIPQVDIPRLIK

CBP7 #1: FYLVGSKMR Unknown protein
#3: MMDTIESIR
#5: EQFGGVKDTAGR

CBP8 #2: ASEQPTQIR Unknown protein
#3: QVVNPEDGSR
#6: EEFLGVIACIR

CBP9 #3: EIAAAQDGIAR Unknown protein
#4: ENNIQFVDFR
#13: DTLCVCCMAASNVTGR

CBP10 #10: QVASDFKSLSGVGSSQR Unknown protein
#11: NGFFAMGMAEKANSASR
#15: SLADAEGYETFVIPDDVGGR

CBP11 #4: GPLTTPIGGGIR Unknown protein
#14: DLLNEYEFPGDDTPIVR
#16: YQLVQPQTIIVILEKIR

CBP12 #15: KGTITVDGGTYDIYETTRV Xylanase

(Paenibacillus curdlanolyticus B6)

In vitro binding studies using semi-quantitative affinity gel electrophoresis
showed that the migration of purified rPxXTW1CBM36-CFP through native
polyacrylamide gels loaded with soluble birchwood and oat-spelt xylans was
slower than that of BSA (control) (Figure 2). Moreover, rPxXTW1CBM36-CFP
was able to bind tightly to ball-milled cellulose and both soluble birchwood and
oat-spelt xylans, moderately to sugar beet arabinan (a-linked arabinan), and
weakly to laminarin (B-1,3-glucan), tamarind seed xyloglucan, methylcellulose,
and lichenan. However, rPxXTW1CBM36-CFP was unable to bind to
carboxymethylcellulose, barley B-glucan, galactomannan (guar gum), pectin, or
starch (Table 2).
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226 aacattaacaatgcgttattccgtaaaggcaaaaaattcaatgaaacacagacccaccagcaaatcggcaacatc
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301 tcggtcaattacagcgctaactattctccgaacggcaactcttatctctgcatctatggatggtcggttgacccyg
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676 gcgacaattacaagcaatacgattacaatcggcyggcaacggcggcgygcggtaatacgggcggtggcaataacggc
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826 acgaagagcggccaatacactggcaatatctactctccgttcaatggtgtagcactatacgctaacaacgactcy
276 T K S 6 0 ¥ T 6 H I ¥ S P F H 6V AL ¥ A H H D S

901 gtgaaattcacgcataactttacgaaaagcacgaacaacttctcgctccgcgycgcttcgaacaactcccaaaty
30t ¥ K F T HHFTI K STMHWHNTFSLURUGHRS HHNS QM

976 gctagagtcgatctgaaggtcggcggcgtgacgaagggcaccttctattacgygcggcagctatcctgcagtctat
326 A R VvV D L KV 66 vV T K GTUF Y Y 66 S ¥ P A V ¥

1051 acgataaacaacgtcaatacgggaaccggaaatcaacaggtcgagctcattcttacagccgataacgggcaatgyg
35T T I H H vV R T 6T GG H Q Q@V ELTIULTHARDUHNGU QW

1126 gatgcgttcctcgattatttggaaatcaattag
376 D A F L D ¥ L E I H *

235 272
GH11 - CBM36

Figure 1. The predicted amino acid sequence of the protein product and the
nucleotide sequence of the chpl2 gene(A). Schematic diagram of the CBP12
protein domain architecture. Amino acid residue numbers above the schematic
indicate the domain boundaries(B). GHI1 represents the glycoside hydrolase
family 11 catalytic domain; CBM36 denotes the family 36 carbohydrate-binding
module

B) 1 385

Binding of CBM36 from P. xylaniclasticus TW1 to insoluble carbohydrates in
the presence of EDTA

To evaluate ligand recognition, the binding affinity of rPxXTW1CBM36-
CFP toward insoluble carbohydrates was assessed in the presence of 10 mM
EDTA. To separate bound and unbound proteins, the recombinant CBM and
insoluble carbohydrate substrates were incubated together, then centrifuged. The
resulting supernatant (unbound) and pellet (bound) fractions were both analyzed
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via SDS-PAGE. Binding ability was inferred by comparing the relative amounts
of protein present in the supernatant and pellet. As shown in Figure 3A, strong
binding to ball-milled cellulose and insoluble oat-spelt xylan was interestingly
observed when 10 mM EDTA was present. To further investigate the effect of
EDTA on the binding ability of rPxTW1CBM36-CFP, 50 mM EDTA was used
in this experiment (Figure 3B). It was clear that rPxXTW1CBM36-CFP remained
bound to both insoluble carbohydrates.

A B C

Figure 2. Affinity gel electrophoresis of rPxTW1CBM36-CFP from P.
xylaniclasticus TW1 on non-denaturing polyacrylamide gels prepared with (A)
no ligand, (B) birchwood xylan, or (C) oat-spelt xylan. As a non-carbohydrate-
binding control, BSA was included in lane 1; rPxXTW1CBM36-CFP was loaded
in lane 2.

Sequence-based relatives of PxTW1CBM36 were analyzed using BLAST,
as shown in Figure 4. The results revealed that most of the related proteins
contained xylanase catalytic modules, indicating that xylan is the primary target
for CBM family 36. Among them, proteins from Clostridium phytofermentans,
Ruminococcus albus, and Streptomyces thermoviolaceus contained carbohydrate
esterase family 4 (CE4), known for xylan-specific esterases (Montanier et al.,
2010; see URL http://www.cazy.org/CE4 characterized.html). Additionally,
CBM36 sequence alignment showed conserved metal-binding sites, with
residues coordinating Ca** (Tyr29, Aspl05, Trpl09, and Aspl10) being
invariant in all members. Moreover, Tyr15, an essential component of the second
sugar-binding site, was also conserved among members of the family (Montanier
etal.,2010).
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Table 2. Determining the semi-quantitative ligand-binding specificity of
rPxTW1CBM36-CFP via affinity gel electrophoresis
Soluble carbohydrate Binding ability”

Birchwood xylan ++
Oat-spelt xylan +++
Sugar beet arabinan ++
Laminarin
Tamarind seed xyloglucan
Methylcellulose
Carboxymethylcellulose
Lichenan
Barley B-glucan
Guar gum
Pectin
Starch -
* Binding ability was assessed based on the extent of protein migration in the gel: tight (+++), moderate
(++), weak (+), or no detectable binding (-).

o+ o+

A B A B

kba M 12 3 12 3 kba M 1 2 3 12 3

r P = i |
97 97 —
66 66
45 . —_ - 45y - —-- -
30 e 30 |
20 [ 20

I |
Figure 3. Effect of EDTA on the binding ability of CBM36 from P.
xylaniclasticus TW1 to insoluble carbohydrates: rPxTW1CBM36-CFP was
incubated with either ball-milled cellulose (I) or insoluble oat-spelt xylan (II)
with 10 mM EDTA (A) or 50 mM EDTA (B). SDS-PAGE was employed to
examine the proteins in the supernatant (lane 2) and pellet (lane 3) following
centrifugation. Lane 1 shows rPxTW1CBM36-CFP as a positive control
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* * * * r _Er * b * x L * L L x x A L

PxTW1CBM36 -TRIERE SMTKS TGNLY SPENGVALYANNDS VKE THNFTKSTN-NF SLRGASNN SQMARVDLKVGGUTKGTFYYGGSYPAWTINNUNTGTGNQQ VELILTADNGOWD AFLDYLEIN-
PcuCBM36 ---IERENMTKAGQYTGNIY SPFNGVALYANNDS VKF THNETKSTN-NF SLRGASNN SQMARVDLKVGGYTKGTFYYGGSYPAVYTINNYNTGTGNQQ VEL ILTADNGOWD AFLDYLEIN-
PcaCBM36 -TRVERE SMT TGNL S SPENGVALYANNDS VKYTQYFATGTH- SF SLRGASNNANMARVDLKIGGOTKGTFYFGGSYPAWTLNNV SHGTGNQEIELTVTADDGTWDAFIDYLELR -
CcCBM36 ---IQCENMIKSGQY[TGNI S SPFSGVALYANNDS VKFTHNET SST S -TF SLRGCSNNQNMARVDLRIGGOYKGTFYYGGSYPAVWYTIQNV SHETGNQT VELTVT SDNGIWDAYLDYLQIN-
PiCBM36 ~TKKECE SMT T SNL S SPFSGVALYANNDS VKYTQYFE SGTH-NF SLRGASNNSNMARVDLKIGGOTKGTFYFGGS SPAVWTLNNV SHGTGNQEIELVWTADDGTWDAYIDYLEIN-
BYA-335CBM36  ATRVERESMT TSNIT SPENGVALYANGDNVSENHSFTKANS - SF SLRGASNNSNMARVDL RIGGONRGTFYFGDHYPAVYTINNVNHGTGNQL VELTVTADDGTWDAYLDYLELR -
B41m-1CBM36 ATRVERE SMT TSNLT SPFNGVALYANGDNVYSFNHSFTKANS - SF SLRGASNNSNMARVDLRIGGONRGTFYFGDQYPAVYTINNINHGIGNQL VELIVTADDGIWDAYLDYLELR -
PsxCBM36 ADKIQCETMTKS TGNIL S SPENGVALYANNDAVKYTQYFASGTH-DETLRGCSNNNKMARVDLKIGGONKGTFYYGDSYPAEYTIKNY SHETGNQT IEL VWTADDGOWDAYLDYFNNS -
BupCBM36 --KVECENMTRSG( VIS SPENGVALYANNDT VSEDQYFAYDTH-NUTLRGCSNN SNMAKVVLKIGGEEKGTFYYGDEYPAEYTIE SVKHGTGVQT VELTIT SDDGTWDAYVDYL —- - -
CakCBM36 --KVECENM{SLSGQYASKL S SPFSGVALYANNDKAYYTQYFANSTH-TF SLRGCS SNSNRAARVDLRIGGTKVGTFYFTGT TPTWTL SNI SHPTGNQTIEL VVT SDNGIWD VYLDYLELK-
DEuCBM36 ~TRVECENMSL SGHYRSRI S SPENGVALY ANNDRAYYTQYFANS VH-TFRLRGCS SNNNTAAVDLRIGGOKVGTFYFTGT TPTWTL SNI SHATGNQT VELILT SDNGTWD VYLDYLELQ -
PrCBM36 ~TKVERETMTL KUS SPFSGVVLYANQDSARYTQYFANSTH-SISVRGAS S S SATARVDLLIGGTAVGSFYFTGTAPTWTL SGI SHATGNQE VKL VLT TDNGTWDAYVDYIEFQ -

DERCBM36 --RIECENMSLS SRIT SPENGIALYANGDSARATYNF PASRNYNF RLRGOGNNNNLARVDLRIDGRT VGTFYYQGTYPWEAPIDNVYVSAGSHI VET VWTADNGTWD VYYADYLLIQ -
PpCBM36 ITKVERENMKI KL SAPFDGVALYANADYVSY SQYFANSTH-NI SVRGAS SNAGT AKVDLVIGGYTVGSENFTGKTPTVWQTL SNITHATGDQEIKLALT SDDGTWDAYVDFIEF SL
CaRT69B. 1CBM36 ASRIECESMSLS SRITYPFNGIALYANGDRATANVNF SASRNYTF KLRGOGNNNNLASVDLLIDGKKVG SEFYYKGTYPWEASINNVYVSAGTHRVEL VL SRDNGTWD VYYADYLLIQ -

SKLTNPENGIGLYANGDKASTTYNF SASRNYTF KLRGOGNNNNLAS VDLYIDGOKKGTFYYQGTYPWEAP VENVYVSAG SHKVET VWNADNGTWD VYYADYLLIQ -
SKIT SPFYGMALYANGDKATTNINF SASRNYTF KLRGOGNNNNLASVDLLIDGKKVG SEFYYRGTYPWEARPTENVYVSAGSHKVEI VW SADNGTWD VYYADYLLIQ -
KL S SPFTGVALYANNDYCQTGNITVNNTQKTI SIRGSS SNSNTATVVWRMNGNEMGKUNFTGTTPTWQSFET -CTPQSGSYPVQLIVTNDNGTWD VYVDYLEL S -

CaoCBM36 --KIECENMTLS
CabCBM36 --KVECENMSLS
CpCBM36 TTRYECENMTL

Figure 4. Multiple sequence alignment of CBM36 domains

The alignment was generated using BLASTp with PXTW1CBM36 as the query against the NCBI protein database. Conserved residues within the
CBM36 family are marked with asterisks (*). Grey highlights indicate amino acid residues implicated in calcium-dependent ligand binding. An open
box indicates the aromatic residue that contributes to the second sugar-binding subsite. The sequences are as follows: PXTW1CBM36 from P.
xylaniclasticus TW1 xylanase, PcuCBM36 from P. curdlanolyticus B-6 xylanase 11A (GenBank ID: ADB54799.1), PcaCBM36 from P.
campinasensis Gl-1 xylanase (GenBank ID: AEI54132.1), CcCBM36 from Clostridium clariflavum DSM19732 GHI11 (GenBank ID:
YP_005047554.1), PtCBM36 from P. terrae HPL-003 xylanase/chitin deacetylase (GenBank ID: YP_005077359.1), BY A-335CBM36 from Bacillus
sp. YA-335 endo-1,4-B-xylanase (GenBank ID: CAA41784.1), B41m-1CBM36 from Bacillus sp. 41m-1 XynJ (GenBank ID:2DCJ—_A), PsxCBM36
from Pseudobutyrivibrio xylanivoransxylanase/deacetylase (GenBank ID: P83513.2), BupCBM36 from Butyrivibrioproteoclasticus B316 endo-1,4-
B-xylanase (GenBank ID: YP 003830062.1), CakCBM36 from Caldicellulosiruptor kronotskyensis 2002 endo-1,4-B-xylanase (GenBank ID:
YP_004022816.1), DtuCBM36 from Dictyoglomusturgidum DSM 6724 endo-1,4-B-xylanase (GenBank ID: YP_002352183.1), PmCBM36 from P.
mucilaginosus KNP414 XynD (GenBank ID: YP_004642759.1), DthCBM36 from D. thermophilum H-6-12 endo-1,4-B-xylanaseA (GenBank ID:
YP_002251776.1), PpCBM36 from P. polymyxa ATCC 842 Xyn43A (GenBank ID: P45796.1), CaRT69B.1CBM36 from Caldicellulosiruptor sp.
Rt69B.1 XynD (GenBank ID: AAB95327.1), CaoCBM36 from Ca. owensensis OL endo-1,4-B-xylanase (GenBank ID: YP_004001463.1),
CabCBM36 from Ca. bescii DSM 6725 endo-1,4-B-xylanase (GenBank ID: YP 002572022.1) and CpCBM36 from C. phytofermentans 1SDg
polysaccharide deacetylase (GenBank ID: YP_001558798.1).
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Binding of CBM36 from P. xylaniclasticus TW1 to sweet potato root cell walls

The ability of CBM36 to bind plant cell walls was evaluated using CFP-
tagged recombinant protein (rPxXTW1CBM36-CFP) applied to root sections of
sweet potato. Fluorescence analysis showed that rPxTW1CBM36-CFP displayed
a clear cell wall recognition pattern, specifically binding strongly to the
epidermal tissue of sweet potato roots (Figure 5B).

(A) (B)

Figure 5. Binding of rPxXTW1CBM36-CFP to sweet potato root cell walls. (A)
the plant cell walls were non-labeled, whereas (B) the cell walls were labeled
with tPXTW1CBM36-CFP; Arrows indicate recognition of epidermal tissues.
The regions corresponding to epidermis (e), cortex (c) and vascular cylinder (vc)
were indicated

Discussion

All twelve SDS-PAGE bands of the isolated cellulose-bound proteins were
characterized through MALDI-TOF/TOF MS analysis. The peptide mass
fingerprints of the unknown components from SDS-PAGE closely matched those
of proteins with unknown functions. This suggests that these proteins may
represent new families of cellulose-bound proteins. It is anticipated that the
findings from this study, along with future research, will contribute to a better
understanding of these proteins. Among them, only CBP12 was identified as
xylanase, showing similarity to P. curdlanolyticus B-6 xylanase, which belongs
to glycoside hydrolase family 11 and contains a CBM family 36 (GenBank no.
2i283970946; http://www.ncbi.nlm.nih.gov/BLASTY).
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The family 36 CBM of CBP12 shares high homology with CBM36 from
P. curdlanolyticus B-6 (98% identity, GenBankID: ADB54799.1), P.
campinasensis Gl-1 (79% identity, GenBank ID: AEI54132.1) and
Paenibacillus sp. Aloe-11 (76% identity, GenBank ID: ZP 09772596.1),
respectively. However, no characteristics of CBM36 from these bacteria were
reported. Until the present, only CBM36 from P. polymyxa ATCC 842 xylanase
43A (GenBank ID: P45796.1) was characterized, showing the calcium-
dependent binding of xylans and xylooligosaccharides (Jamal-Talabani et al.,
2004). In addition, CBM36 from P. xylaniclasticus TW1 showed only 50%
amino acid sequence similarity with CBM36 of the strain ATCC 842.
Consequently, CBM36 of CBP12 from the strain TW1 was interesting to be
further studied.

The ligand specificity of CBM36 from P. xylaniclasticus TW1 showed
tight binding to ball-milled cellulose, as well as to both birchwood and oat-spelt
xylans. It bound moderately to sugar beet arabinan (o-linked arabinan) and
weakly to laminarin (B-1,3-glucan), tamarind seed xyloglucan, methylcellulose,
and lichenan. However, rPxTW1CBM36-CFP was unable to bind to barley -
glucan. Despite barley B-glucan being a mixed-linkage B-1,3-1,4-glucan with a
structure similar to lichenan, it is generally categorized as having more B-1,3-
linked cellotetraosyl units than lichenan (Wood et al., 1994). These findings
imply that the frequency and composition of substituted groups may influence
the binding ability of CBM36. Additionally, the results revealed that
rPxTW1CBM36-CFP showed relatively tight binding to xylans from different
sources, similar to the ligand binding observed in CBM36 of xylanase 43 from
P. polymyxa ATCC 842 (Jamal-Talabani et al., 2004). However,
rPxTW1CBM36-CFP also demonstrated the ability to bind to cellulose and other
carbohydrates, in addition to xylans. Therefore, CBM36 from P. xylaniclasticus
TW1 exhibits broader binding specificity compared to CBM36 from P. polymyxa
ATCC 842.

In addition, Jamal-Talabani and coworkers (2004) reported that the
CBM36 of P. polymyxa ATCC 842 is a calcium-dependent type. Due to the low
amino acid sequence similarity (50%), the binding properties of CBM36 from P.
xylaniclasticus TW1 probably differ from those of the strain ATCC 842. To
investigate ligand recognition, the ability of CBM36 from P. xylaniclasticus
TW1 to bind to insoluble carbohydrates in the presence of EDTA was examined.
It was apparent that rPxTW 1CBM36-CFP still bound to both insoluble cellulose
and insoluble xylan. These results indicated that the chelating agent had minimal
effects on the binding of rPXTW1CBM36-CFP to both insoluble substances.
Carbohydrate binding remained strong even when a high concentration of EDTA
was added to the protein. Furthermore, these observations also showed that
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rPxTW1CBM36-CFP had a high binding affinity for both insoluble xylan and
cellulose. The ligand specificity of CBMs typically corresponds to the
polysaccharide substrate that their linked catalytic domains target (Carvalho et
al., 2004). CBM36 domains are predominantly associated with xylanases,
suggesting that xylan is a biologically relevant ligand for this CBM family (see:
http://www.cazy.org/CBM36_all.html). Therefore, the ability of the CBM36
from P. xylaniclasticus TW1 to bind both xylan and cellulose is particularly
unusual. Moreover, the role of calcium in CBM function has been reported. In
fact, calcium-dependent CBMs interact with two or three sugars but cannot bind
to four or more sugar ligands. A critical role for calcium appears to be the
stabilization of tight binding interactions between CBMs and internal
carbohydrate ligand regions, mainly via charged interactions between dipoles
(Fersht et al., 1985). This mechanism has been demonstrated in several CBMs,
including CBM4-2 from Rhodothermus marinus xylanase 10A (Abou-Hachem
et al., 2002), CBM36 from P. polymyxa ATCC 842 xylanase 43A (Jamal-
Talabani et al., 2004), and CBM60 from Cellvibrio japonicus (Montanier et al.,
2010). In sharp contrast, however, rPXTW1CBM36 still bound to insoluble
carbohydrates in the presence of 50 mM EDTA. Thus, it is possible that the
ligand recognition site of CBM36 from P. xylaniclasticus TW1 differs from that
of strain ATCC 842. Ligand recognition by PxTW1CBM36 persisted even after
the addition of chelating agents.

In vitro analyses demonstrated that PXTW1CBM36 exhibits high affinity
for both xylan and cellulose. The findings suggest that PXTW1CBM36 could
recognize both xylan and cellulose, the main polysaccharides found in plant cell
walls. Consistently, rPxTW1CBM36-CFP was shown to bind specifically to the
epidermal tissue of sweet potato roots, likely reflecting structural variation in cell
wall composition and carbohydrate architecture within different plant tissues
(O’Neill and York, 2003). The considerable diversity in CBM ligand specificity
across different families is well-known. This enables the targeting of their
associated catalytic modules to distinct areas within the plant cell wall
(McCartney et al., 2006). Although it is relatively uncommon for xylanases to
possess multiple xylan-binding CBMs from different families, such
arrangements have been reported, for example, CBM6 and CBMZ22 in
Caldicellulosiruptor sp. Rt69B.1 (Morris et al., 1999) and CBM6 and CBM36 in
P. polymyxa ATCC 842 (Jamal-Talabani et al., 2004). In contrast, many
xylanases harbor both xylan- and cellulose-binding CBMs, which allow them to
interact with heterogeneous plant cell wall environments (Waeonukul ef al.,
2009). These results support the view that individual xylanases are evolutionarily
adapted to target specific plant cell wall architectures in nature. The recognition
profile of rPxXTWI1CBM36-CFP within plant cell walls likely reflects regions

1517


http://www.cazy.org/CBM36_all.html

where target polysaccharides are more accessible to the catalytic domain. Its
specific association with the epidermal tissue of sweet potato roots suggests that
this region contains a concentrated or structurally available pool of xylan and/or
cellulose that can be recognized by the CBM. Crucially, this selective binding
may enhance enzymatic hydrolysis by bringing the catalytic module closer to its
substrates. Through its dual affinity for xylan and cellulose, PxTW1CBM36 may
facilitate the stable localization of its cognate xylanase on the plant cell wall
surface, enhancing catalytic efficiency by anchoring the enzyme at strategic sites
within the complex plant matrix.

In conclusion, this study characterizes a family 36 of CBM from P.
xylaniclasticus TW1 that predominantly targets xylan, likely facilitating the
localization of its appended catalytic module to highly substituted regions of the
polysaccharide. Notably, rPxTW1CBM36-CFP exhibited a strong and specific
binding affinity for the epidermal tissue of sweet potato roots, suggesting a
selective capacity to direct catalytic activity to targeted locations on the plant cell
wall. Thus, the specificity presented by this CBM could represent a valuable tool
for probing the elaborate organization of plant cell walls and for guiding enzymes
to precise sites on plant tissue surfaces.
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