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ABSTRACT: f-Glucosidases catalyze the hydrolysis of B-glycosidic
bonds and play key roles in biomass conversion and glycoside
processing. We report the identification and characterization of
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a predicted signal peptide. Cr_B1 hydrolyzed pNPG, cellobiose,
salicin, and daidzin, showing optimal activity at pH 5.0—5.5 and
45—55 °C. The enzyme retained over 90% activity after 190 days at ? %ﬁ% Z ’LT;F'..TE‘E'ELLY
4 °C and 25 °C and above 80% activity after 24 h at 50 °C, indicating e
remarkable long-term and thermal stability. Cr B1 exhibited high
glucose tolerance (ICsy: 1.5—1.8 M) and substrate-dependent
kinetics. In synergy with Celluclast, it increased glucose release from ‘
CMC by 69%, demonstrating its potential to enhance enzymatic i,
saccharification. These properties highlight Cr_B1 as a promising

biocatalyst for improving saccharification, enhancing isoflavone bioavailability, and reducing bitterness in food and feed applications.
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In industrial contexts, several characteristics are particularly
desirable for B-glucosidases, including broad substrate specific-
ity, high thermo and pH stability, and especially tolerance to
glucose inhibition.” Their own reaction product, glucose, lim-
iting their effectiveness under high-load saccharification condi-
tions, inhibits many naturally occurring B-glucosidases. Enzymes
that retain activity in the presence of high glucose concen-
trations are therefore of high interest for improving the efli-
ciency and cost-effectiveness of biomass-to-sugar conversions.®
The Carbohydrate Active Enzyme (CAZy) database (http://
www.cazy.org/) classifies glycoside hydrolases (GH) into families
based on amino acid sequence similarity. According to CAZy,

1. INTRODUCTION

B-Glucosidases (EC3.2.1.21) are enzymes that play a crucial role
in hydrolyzing B-1,4 glycosidic bonds found in B-D-glycosides,
disaccharides, and oligosaccharides. These bonds are abun-
dant in plant biomass, glycosides, and complex carbohydrates,
making B-glucosidases essential for applications in bioenergy,
agriculture, pharmaceuticals, and food processing.'™® In addi-
tion to their importance in biomass deconstruction, these
enzymes contribute to the bioactivation of glycosylated com-
pounds by increasing the bioavailability of flavonoids and phe-
nolics, which are often bound to carbohydrate moieties. For

instance, they convert salicin into salicylic acid, a precursor
of anti-inflammatory drugs, and hydrolyze glycosylated isofla-
vones such as daidzin into daidzein, a compound with antioxi-
dant and estrogenic properties.” In food and feed industries,
[-glucosidases are also employed to hydrolyze bitter glycosides
and enhance the nutritional and functional value of glycosyla-
ted bioactives.’ Within this framework, p-glucosidases are recog-
nized as pivotal constituents of enzymatic cocktails employed
in cellulosic (2G) bioethanol production and a broad range of
biomass-derived biotechnological applications.®
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p-p-glycosidase activity (EC3.2.1.21) is found in glycoside hydro-
lase families GH 1, 2, 3, S, 16, 30, 39, 116, 131, 175, and 180.°
In terms of catalytic mechanism, -glucosidases can be classified
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according to the hydrolysis of the substrate, glucosidic bond being
hydrolyzed, and type of reaction.” Among the glycoside hydrolase
families, GH3 f-glucosidases are known for their structural
diversity and multifunctionality'® and their active site comprising
two domains.” However, most characterized members of this
family originate from fungal or model bacterial species, and often
exhibit limited substrate scope or sensitivity to glucose. Expand-
ing the catalog of GH3 enzymes from underexplored microbial
taxa is therefore essential for identifying novel biocatalysts with
enhanced industrial properties.'!

Members of the genus Chryseobacterium are widely distributed
in diverse environments such as soil, water, plant-associated
niches, and industrial settings. Several species have attracted
biotechnological interest due to their ability to produce extrac-
ellular enzymes involved in the degradation of complex biomo-
lecules, including proteases, lipases, and glycoside hydrolases,
suggesting potential applications in biotechnology and biopro-
cessing.>'> The genus Chryseobacterium remains relatively unchar-
acterized in terms of glycoside hydrolase diversity, with only one
B-glucosidase from Chryseobacterium scophthalmum described.'®
In this study, we present the biochemical characterization of
Cr_Bl1, a novel GH3 f-glucosidase from Chryseobacterium sp.,
isolated from sugarcane field soil. This enzyme displays several
features highly desirable for industrial application, including
broad substrate specificity, significant glucose tolerance, thermo-
stability, and strong synergy with commercial cellulases. This is
the first report detailing the biochemical and enzymatic proper-
ties of a B-glucosidase from Chryseobacterium sp. originating from
soil of a sugarcane field.

2. MATERIALS AND METHODS

2.1. Sequence Analysis

The Cr_B1 enzyme was identified from the genome of Chryseobacterium
sp., isolated from sugarcane field soil (GenBank accession: PV741064).
Its predicted amino acid sequence was analyzed using the ExPASy
ProtParam tool to determine the extinction coefficient. Signal
peptide prediction was performed with SignalP-6.0,'* and func-
tional domains and motifs were identified using InterProScan.!> The
Cr_BI1 sequence was aligned with biochemically characterized GH3
B-glucosidases from UniProt.!® A phylogenetic tree was constructed
by aligning Cr_B1 with biochemically characterized and putative
B-glucosidases identified via BLASTp (NCBI), using Clustal W'’
and MEGA X'® with the Neighbor-Joining method'® and 1000 boot-
strap replicates.

2.2. Gene Cloning and Expression

The Cr_Bl gene was amplified from Chryseobacterium  sp.
genomic DNA using PCR with a forward primer (5
GCTAGCATGAACAAGAACACATITAC-3'), containing a Nhel site,
and a reverse primer (5-CTCGAGTGGCTITCAGCTCGITAAAC-3),
containing an Xhol site. The PCR product was cloned into the
pET21a(+) vector (Novagen) between Nhel and Xhol restriction sites
and transformed into E. coli Tuner (DE3). Gene expression was carried
out in 1 L baffled flasks containing Terrific Broth (TB)?® at 37 °C and
250 rpm. When the culture reached an ODgq of 0.6, IPTG was added
to a final concentration of 2 mM (200 pL of 1 M IPTG per 100 mL
culture), and incubation continued at 18 °C for 48 h.

2.3. Protein Purification

The E. coli culture was centrifuged at 8000 X g for 10 min at 4 °C.
The supernatant was filtered through a 0.45 pm PES membrane
and the recombinant Cr_B1 protein, containing a C-terminal His-tag,

was purified by immobilized metal affinity chromatography (IMAC)
using a S mL GE His-Trap HP nickel column coupled to an AKTA
Pure 25 M Chromatography System (Cytiva). Column equilibration
and elution were performed using Lew buffer (50 mM NaH,PO,,
300 mM NaCl), with a linear gradient of S00 mM imidazole added
for elution, following the Protino Ni-TED/IDA protocol (Cytiva).
Collected fractions were analyzed by 12% SDS-PAGE?! (4% stacking
gel) and visualized by silver staining.’> For Western blotting, proteins
were transferred to a nitrocellulose membrane and detected using a
monoclonal anti-His tag antibody.>*

2.4. Enzyme Activity Assay

p-Nitrophenyl-p-p-glucopyranoside (pNPG) was used to monitor
Cr_BI gene expression, purification, and enzymatic activity. Reactions
(100 pL total) contained 10 pL of SO mM pNPG, 10 pL of diluted
enzyme, 10 pL of UB4 buffer (pH 5.0),%* and 70 pL of sterile Milli-Q
water. After incubation at 50 °C for 15 min in a thermocycler, reac-
tions were stopped with 100 pL of 2% (w/v) Na,COj. The released
p-nitrophenol (pNP) was quantified by absorbance at 405 nm using a
SpectraMax M2 spectrophotometer (Molecular Devices), and enzyme
activity was calculated from a pNP standard curve. One unit (U) of
activity corresponds to the release of 1 pmol of pNP per minute under
the assay conditions.?

2.5. Substrate Specificity

Substrate specificity of the Cr_B1 enzyme was evaluated by measur-
ing its activity against various synthetic substrates, including pNPG
(p-nitrophenyl-p- D-glucopyranoside), ~pNPGal  (p-nitrophenyl-B-
p-galactopyranoside), pNPC (p-nitrophenyl-B-p-cellobioside), pNPaG
(p-nitrophenyl-a-D-glucopyranoside), and pNPX (p-nitrophenyl-p-p-
xylopyranoside) at a final concentration of S mM. Reactions (100 pL)
contained 10 pL of Cr_B1 (0.05 mg/mL), 10 pL of substrate stock
solution (50 mM), 10 pL of UB4 buffer (pH 5.0), and 70 pL of sterile
Milli-Q water. Controls used heat-inactivated enzyme. Reactions were
performed in triplicate, incubated at 50 °C for 15 min, and stopped with
100 pL of 2% Na,CO3, and absorbance was measured at 405 nm.

For natural substrates (cellobiose, maltose, lactose, salicin, xylo-
biose (Sigma), and daidzin (Sellex Inc.)), activity was measured using
glucose monoreagent (Bioclin). Reactions (100 pL) contained 20 pL
of enzyme (0.1 mg/mL), 15 pL of substrate (150 mM), 30 pL of
buffer, and 35 pL of water. Controls used heat-inactivated enzyme.
Reactions were incubated at 50 °C for 30 min, stopped by heating
at 95 °C, then incubated with 180 pL of glucose monoreagent at
37 °C for 15 min. Absorbance was read at 505 nm, and activity was
expressed as U/mg.

2.6. Enzyme Properties

Enzyme property assays were performed using the best substrates iden-
tified in the specificity tests: pNPG, cellobiose, and salicin. Optimal
pH was determined by measuring Cr_BI activity at S0 °C across
a pH range of 2.0—8.2 using the UB4 10 X X buffer system.?* Reac-
tions (100 pL) contained 10 pL of Cr_B1 (0.05 mg/mL for pNPG;
0.1 mg/mL for disaccharides), 10 pL of substrate (50 mM pNPG
or 150 mM cellobiose/salicin), 10 pL of buffer, and 70 pL of sterile
Milli-Q water. Controls used heat-inactivated enzyme.

For pNPG, reactions were incubated for 10 min and stopped with
100 pL of 2% Na,COs; absorbance was measured at 405 nm. For
disaccharides, reactions were incubated for 20 min and then stopped by
heating at 95 °C. After cooling, 150 pL of glucose monoreagent (Bioclin)
was added and incubated at 37 °C for 15 min; absorbance was measured
at 505 nm. Enzyme activity was calculated using standard curves of pNP
and glucose.

Optimal temperature was determined by performing the same reac-
tions at the previously determined optimal pH for each substrate, across
temperatures ranging from 20 to 70 °C. Reaction setup and controls
remained the same.

https://doi.org/10.1021/acsagscitech.5c01090
ACS Agric. Sci. Technol. XXXX, XXX, XXX-XXX


http://pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.5c01090

ACS Agricultural Science & Technology

pubs.acs.org/acsagscitech

2.7. Thermostability

Thermostability of the Cr_BI enzyme was assessed using pNPG as
substrate. The purified enzyme at a concentration of 0.01 mg/mL was
incubated in buffer at the optimal pH of 5.5 at three different temper-
atures: 4 °C, 25 °C, and the optimal temperature for the substrate
(i.e, SO °C). Enzymatic activity assays were performed as previously
described. Enzyme activity was monitored for 190 days to evaluate the
long-term storage stability (shelf-life) of the enzyme.

2.8. Effect of Glucose on Cr_B1 Activity

To evaluate the effect of glucose on Cr_B1 activity, ICsy and K; values
were determined. For ICs,, enzyme activity was measured in the pres-
ence of glucose at concentrations ranging from 0 to 3 M. Activity was
calculated based on a p-nitrophenol (pNP) standard curve, with 100%
activity defined as the control without glucose.?® Relative activity values
were plotted to determine the ICs,. The inhibition constant (K;) was
determined by Lineweaver—Burk analysis to assess the type and degree
of inhibition.?”?® Data analysis was performed using GraphPad Prism
v10.4.0 (GraphPad Software, Boston, MA, USA).

2.9. Kinetic Parameters

Kinetic parameters for the Cr_B1 enzyme were determined by meas-
uring the hydrolysis rates of pNPG, cellobiose, and salicin, analyzed
using the Michaelis—Menten equation.’” Reactions were performed
under standard conditions, with pNPG concentrations ranging from
1 to 8 mM, cellobiose concentrations from 2 to 50 mM, and salicin
concentrations ranging from 0.25 to 6 mM. Vi, Kpy, and kg, were
calculated using GraphPad Prism software (v.10.4.0) for Windows,
GraphPad Software (Boston, MA, USA, www.graphpad.com). Catalytic
efficiency (kea/Ky,) was also determined.

Synergistic activity assays were performed using medium-viscosity car-
boxymethyl cellulose (CMC; C4888, Sigma-Aldrich, Brazil) as substrate,
the commercial cellulase preparation Celluclast (from Trichoderma reesei,
diluted 1:4000), and the purified -glucosidase Cr_B1. Reaction mixtures
(100 pL final volume) contained 1% (w/v) CMC in UB4 10 X buffer
(pH 5.5), prepared from 20 pL of 2.5% CMC, 10 pL of buffer, 10 puL of
Celluclast, and Milli-Q water to volume. The mixture was pre-incubated
at 50 °C for 30 min to allow the generation of cello-oligosaccharides by
the endo- and exoglucanases present in Celluclast. Subsequently, 10 uL
of purified Cr_B1 (0.00371 mg) was added, replacing an equal volume
of water, and incubations continued at 50 °C for approximately 18 h.
Control reactions included: (i) Celluclast alone, (ii) Cr_B1 alone, and
(iii) no enzyme, all under identical conditions. After incubation, 150 pL
of glucose monoreagent (Bioclin) was added, followed by incubation
for 15 min at 37 °C. Absorbance was measured at 505 nm, and glucose
concentrations were calculated from a standard curve. Glucose release
was expressed relative to the Celluclast-only condition (set to 100%).
The synergistic effect was determined as the ratio between the glucose
released by the combined reaction (Celluclast + Cr_B1) and the sum of
the individual reactions.

3. RESULTS AND DISCUSSION

3.1. Sequence Analysis

This work marks the first characterization of Cr_B1, a GH3
B-glucosidase from a Chryseobacterium sp. isolated from sugar-
cane field soil. To date, the only B-glucosidase from this genus
described in the literature is CsBGL, from Chryseobacterium
scophthalmum 1433, which was reported by Yan et al.'® as highly
specific for cleaving the f-1,2-glucosidic bond in stevioside,
leading to rubusoside production. A BLAST analysis compar-
ing the amino acid sequences of Cr_B1 and Chryseobacterium
scophthalmum revealed 30.98% identity over 78% coverage with
49% of similarity, clearly highlighting the divergence between

the two sequences. Such a low level of identity, even with sub-
stantial coverage, strongly supports that Cr_B1 represents a dis-
tinct B-glucosidase rather than a close homolog. This degree of
sequence variation is consistent with the observed biochemical
differences, further emphasizing the novelty of Cr_B1 within the
GH3 family.

The ORF of Cr_B1 encodes a protein of 819 amino acids, with
a predicted molecular mass of 90.91 kDa and an extinction coef-
ficient of 95,690 M~! cm™. SignalP 6.0 analysis revealed a signal
peptide at the N-terminus (cleavage site between residues 33—34;
probability 0.9412), suggesting secretion via the Sec-dependent
pathway.® Consistently, high enzyme activity was detected in
the culture supernatant, supporting extracellular localization, an
advantageous feature for biotechnological applications. InterPro-
Scan analysis identified Glyco_hydro_3, Glyco_hydro_3_C,and
Fn3-like domain (Figure 1a) which are associated with catalysis
and substrate recognition. Additionally, a C-terminal Fn3-like
domain was identified, whose function is still under investigation.
Recent studies indicate that this domain may enhance enzyme
conformation, solubility, and activity.>"3>

Multiple sequence alignment against GH3 p-glucosidases (Uni-
Prot) showed conserved motifs typical of GH3 p-glucosidases
(Figure 1b), including TDW and KHF, which are essential for
catalysis and substrate interaction. In the TDW motif, the aspartic
acid (D) acts as the catalytic nucleophile.’* Notably, while most
GH3 enzymes possess an SDW sequence, Cr_B1 featuresa TDW
motif, suggesting a potential structural or functional variation
without altering the core catalytic mechanism.** The KHF motif
likely contributes to enzyme stability and substrate recognition,
with lysine (K) and histidine (H) involved in proton transfer, and
phenylalanine (F) maintaining active site integrity.>*** Addition-
ally, a conserved glutamic acid (E) serves as the acid/base catalyst
for glycosidic bond hydrolysis, with all these residues strategically
positioned to ensure efficient substrate binding and cleavage.*®
Structural studies of GH3 f-glucosidases from Bifidobacterium
adolescentis have shown that residues such as Asp44 and Arg50
participate in hydrogen-bond interactions with hydroxyl groups
of the glycone moiety.*” In Cr_B1, the corresponding residues
Asp131 and Argl37 are conserved, suggesting that similar inter-
actions may occur within the catalytic pocket and contribute to
substrate recognition.

A phylogenetic tree was constructed based on alignment with
homologous sequences (Figure 2). Cr_B1 clustered in a tree
branch with uncharacterized putative B-glucosidases, while six
previously characterized GH3 B-glucosidases (marked with an
asterisk) which are the same sequences used in the alignment,
were dispersed throughout the tree. Although Cr_BI1 shares
99.51% sequence identity with a putative p-glucosidase from
Chryseobacterium sp. (WP_307451284.1), the strain used in this
study was isolated from sugarcane plantation soil in the Brazilian
Atlantic Forest, a biome known for its high biodiversity and humid
tropical climate. These environmental conditions may influence
microbial communities and drive enzymatic adaptations of bio-
technological interest. Phylogenetic analysis (Figure 2) revealed
close relationships with proteins from Epilithonimonas sp. and
Flavobacterium sp., both members of the Flavobacteriaceae family
(Bacteroidetes), involved in organic carbon cycling in aquatic
ecosystems.*>** Although these related proteins lack experimen-
tal validation for B-glucosidase activity, the confirmed activity
of Cr_BI suggests functional conservation within this clade.
BLASTYp alignments revealed ~82% identity between Cr_B1 and
both Epilithonimonas and Flavobacterium homologs. Sequence
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(a)

151 379 413 658 713 784

b

(®) . .

Cr_Bl 79 NAEKADLLI--========= GTGM----PGIE-VLTGPvgdskqgAVPGAAGGTASLD-RFGIPPTVVADGPAGLRISPT 141
C. scophthalmum 51 LDEKIGQLNlptsgdfttggAQSSDIG-KKVEQGLVGG1 fnikgaDKIKAVQKVAVEKSRLKIPMIFGMDVIHGYE---- 125
T.neapolitana 13 LEEKVKLVV------———-— GVGL~----PGLF-GNPHS-====~~ RVAGAAGETHPVP-RVGLPAFVLADGPAGLRINPT 68
Unc.bac.SRF2 44 LEEKCHMVL-- B RGMH-FNDEA=-====== KFPGTAGSTFSIA-RLGVPETYCADSQQGLRMNAT 96
T.stercorarium 14 LEEKASLCS-- =ALDANTL-KGVE-~——==—=—recccccana= ~-RLGIPSIMVSDGPHGLR-KRQ 53
E.miricola 48 LEEKVAMLH-- =AQSKFSS-PGVP-======mmm e m e cmmcc e m e RLGIPEFWTTDGPHGVRPEVL 88
Unc.bac.Lfa2 43 TEEKAKLLV------=---- GMGMDLGiPGVS-LISED-dgkipeKVPGAAGRTHAIP-RLGIPSLTLSDGPAGIRISPT 108
Cr_Bl 218 TAAAIVNGIQSQ------ GVGTSIKHFAANNE-ETNRLTINVHVSERAMRELYLKGFEITVKESQPWTVMSSYNKVNGVY 290
C.scophthalmum 192 IAKNMVYGYQGKdlangtNILACVKHFALYGAGEAGRDYNTVDMSHVRMFNEYFPPYKAAV-DAGVTSVMASFNEVDGVP 270
T.neapolitana 145 MASSFVKGVQSQ-—---- GVGACIKHFVANNQ-ETNRMVVDTIVSERALREIYLRGFEIAVKKSKPWSVMSAYNKLNGKY 217
Unc.bac.SRF2 173 IAAGYVNGVQSE------GTAACPKHFVANNQ-ETNRNNNVSQVSQRALREIYLKAFEIMVKESNPWTIMTSYNKLNGPY 245
T.stercorarium 134 MARSHIKGVQSR------GVGTSLKHFAANNQ-EHRRMSVDAVIDERTLREIYLASFEGAVKKAKPWTIMCSYNRVNGEY 206
E.miricola 169 MVVPYIKGVQSN------GVATSVKHFALNNQ-EEFRHTSNVIVDDRTLYEIYLPPFKAAVQEGDSWTIMGAYDKYKNQY 241
Unc.bac.Lfa2 186 MAAVLCVGYSRM------ ESEPPSNTSRQTTQ-EFNRMQSDSVVSERALREIYLKGLEIAVKESQPWTVMSSYNLINGTY 258
Cr Bl 291 TSASKDLLTQVLRKEWGFKGIVMTDWFGGFpgfesirsggiSDVIAQMNAGNDLLMPG-—-—~~ T RAL R o e e o] KVL 356
C.scophthalmum 271 ATGSRWLQTEVLRNQWKFKGFVVTDYTGINemvehgmgdlgQVSALALKAGVDMD mvGEGFLT TL 335
T.neapolitana 218 CSQONEWLLKKVLREEWGFEGFVMSDWYAG-—-—=======~ DNPVEQLKAGNDLIMPG 279
Unc.bac.SRF2 246 AVONHDLLTTIVRNEWGWKGMYVSDWNAG-=========== DDAVAAMLAGNDMLOPG 299
T.stercorarium 207 ASENKFLLTDVLRNEWGFEGIVVSDWGAVNe-—=—======== RVKGLEAGLDLE======= 261
E.miricola 242 ASQNEYLLNKILKGEWGYKGVVVSDWGAVN-=========== NTEQAIYNGLDMEFGSwtnglsAGTRNAydnyylakKPY 309
Unc.bac.Lfa2 259 ASHSADLLTTLLRGEWGFKGFVMTDWFGG—-—========== SNVIAQMKAGNEMIMPG PQ 312
Cr_Bl1 501 ALPERLPEMKMDDAFIAKKAETSEIAFVTLGRN-S----GEGGDRK-iDNDFNLASDELDMLDKISKAFHSKGKKVWIL 574
C.scophthalmum 484 KTDRDNRSKEALLKEAVDIANKADVIVLAIGES-A----GESSSRT----EITIPQSQVDLLNELKKT----GKPIAMVL 553
T.neapolitana 423 IIKPKLPENFLSEKEIHKLAKKNDVAVIVISRI-S----GEGYDRKpvKGDFYLSDDETDLIKTVSREFHEQGKKVIVLL 497
Unc.bac.SRF2 442 MPPARADEKQFTADELNAAIEGSDVAIISLGRK-S----GEAADRS--ESDFYLKDGEAQLIKAVSDAYHAKGKQVVVLL 514
T.stercorarium 385 EKDEPD---EKLLEEAKQTALKADVAVIFAGLP--ehyeCEGYDRT----HMRMPESHCTLIEEVAEV--—-TTNVVVVL 451
E.miricola 451 KDDRPTSE---LLNEAVALAKKSDVVIFVGGLNkSdygdSEGHDRK----GLGLPYNQDQLISALAKA----NKNLAVVL 519
Unc.bac.Lfa2 452 MPFPPIPEMPVAAERIAQMANOMDLAVITLGRS-S----GEFVDRV-VENDFTVTASERGLVESVTSAFQAKGKKVVVVL 525

Figure 1. Domain analysis of Cr_B1 and partial alignment of p-glucosidases protein sequences. (a) The numbers indicate the start and end positions
of the amino acid sequence for each domain. (b) A segment of the Cr_B1 protein aligned with p-glucosidases from different bacteria. Conserved
positions in all GH3 p-glucosidases are shown in bold (KHF, T(S)DW, and E). The residues Asp131 (D) and Argl137 (R) in Cr_B1 that correspond
to positions previously reported to interact with the glycone moiety in GH3 B-glucosidases are shown in bold and marked with an asterisk
(*). Sequences homologous to Cr_B1 were from published papers that had biochemically characterized: Thermotoga neapolitana (ABI129899.1),%
Chryseobacterium scophthalmum (QTA74163.1),'3 Uncultured bacterium SRF2 (AGH13475.1),3 Thermoclostridium stercorarium (CAB08072),%
Elizabethkingia miricola (AJW62880.1),** and uncultured bacterium Lfa2 (AXK90334.1).*! Protein alignment was obtained with Uniprot.

diversity among f-glucosidases reflects evolutionary pressures,
resulting in functional specialization and environmental adapta-
tion.*»*> While catalytic residues tend to be conserved, peripheral
regions often vary to optimize enzyme performance under specific
conditions such as pH, temperature, and substrate availability*®
(Table 1).

3.2. Gene Expression, Purification,
and Substrate Specificity

The Cr_BIl gene was expressed and the enzyme purified for
characterization. SDS-PAGE analysis (Figure 3) revealed a band
between 70 and 100 kDa, consistent with the predicted size of
90.91 kDa corresponding to Cr_B1 via detection of its His-tag;
a His-tagged protein was used as a positive control. Western blot
analysis provided evidence of the protein’s integrity, as no signif-
icant degradation products or non-specific bands were observed.

Substrate specificity of Cr_B1 was assessed using synthetic and
natural substrates. Among the synthetic substrates (Figure 4a),
Cr_B1 showed highest activity toward pNPG (14.9 U/mg)
with lower activity against pNPX and pNPaG, and minimal
or no activity with pNPGal and pNPC, respectively, indicating
a preference for P-1,4-linked substrates with simple hydrolytic
mechanisms (Figure 4a). For natural substrates (Figure 4b),
Cr_B1 exhibited high activity with salicin (79.5 U/mg) and

daidzin (95.1 U/mg), likely due to the more accessible glycosidic
bonds in these compounds.>* Its performance is comparable to
other B-glucosidases, such as Bgl3B from Talaromyces leycettanus,
which also acts on pNPG and isoflavone glycosides. Activity on
cellobiose was approximately 56 U/mg, and negligible for lactose,
maltose, and xylobiose. Based on these results, pNPG, salicin, and
cellobiose were selected for further physicochemical and kinetic
characterization experiments.

The substrate profile of Cr_B1 highlights its broad industrial
potential, spanning biofuels, animal feed, and nutraceuticals.
In bioethanol production, its ability to hydrolyze cellobiose
into fermentable sugars and tolerate glucose reduces product
inhibition during saccharification.*”>S Its ability to hydrolyze
daidzin, an isoflavone glycoside, converting it into daidzein -a
phytoestrogen found in soybeans- highlights possible applica-
tions in the nutraceuticals industry, particularly in the develop-
ment of functional products aimed at alleviating menopausal
symptoms.*° Additionally, Cr_B1mayenhance the bioavailability
of antioxidant bioactives, supporting further uses in both food and
feed industries.>® The enzyme’s origin, soil from a sugarcane
field, may explain its adaptation to substrates such salicin
and daidzin in addition to cellobiose. These environments
are rich in plant residues (e.g.,, cellulose, hemicellulose, gly-
cosides), which favor the evolution of B-glucosidases with
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Figure 2. Phylogenetic tree showing GH3 B-glucosidases protein sequences from bacteria. Cr_B1 is indicated with an arrow. Sequences were chosen
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Devosia sp., a f-glucosidase GH1, was used as the outgroup. The percen

tage of replicate trees in which the associated taxa clustered together in the

bootstrap test (1000 replicates) are shown next to the branches. The evolutionary distance using MEGAX software was computed using the Poisson

correction method and are in the units of the number of amino acid substi

tutions per site.

broad specificity for diverse plant-derived compounds.®”*
Such microbial niches represent promising reservoirs of novel
biomass-degrading enzymes with industrial relevance.

3.3. Physicochemical Characterization
and Kinetic Parameters

Cr_B1 exhibited optimal activity for pNPG within a broad
range of moderate temperatures (45—55 °C), suggesting that
the enzyme maintains activity across different thermal conditions
(Figure 4c). For cellobiose and salicin, optimal temperatures were
50 °C and 4S5 °C, respectively. The lower optimum observed for
salicin may suggest subtle differences in enzyme—substrate inter-
action dynamics. Regarding pH (Figure 4d), maximum activity
occurred at pH 5.0 for pNPG and at pH 5.5 for both salicin and
cellobiose, which agrees with the values commonly reported for
bacterial and metagenomic GH3 P-glucosidases, which generally
display activity within a broad pH range of 3—7 (Table 1). The
slight shift toward pH 5.5 for natural substrates such as salicin
and cellobiose may reflect an increased affinity for glycosidic
bonds in more complex molecules.

Cr_B1 exhibited remarkable stability under both refrigerated
(4 °C) and ambient (25 °C) conditions. The enzyme retained
more than 95% of its activity at 25 °C for 190 days, highlighting
its exceptional long-term stability at room temperature. This
level of stability is advantageous for extended storage, which
is a key requirement for industrial processes, ultimately contri-
buting to cost reduction, logistical efficiency, and improved
process reliability. Such robustness enhances Cr_B1’s potential
for diverse applications, including cellulosic ethanol production,
enhancement of isoflavone bioavailability, and food or feed pro-
cessing. Notably, its sustained activity under both refrigerated
and ambient conditions represents a significant advantage over
many B-glucosidasesreported in the literature, which typically lose
activity more rapidly under similar conditions.!! In contrast, the
enzyme showed limited stability at higher temperatures, behaving
as commonly observed for GH3 B-glucosidases. Nevertheless, its
residual activity at elevated temperatures suggests it could still be
effective in short-duration processes, such as batch hydrolysis or
enzymatic food treatment, especially when substrate stabilization
occurs. For example, Lactobacillus paracasei 3-glucosidase retained
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Table 1. Biochemical Characteristics of Microbial p-Glucosidases from Different Environments

kcat/ K
microorganism name substrate opt. temp. °C opt.pH Vi (U/mg) Ky (mM) keye (s71) (mM~!'s7h) ref
Levilactobacillus brevis Bglb pNPG 37 7 77 PM min ~!  0.22 60 NI* Bockwoldt jfld
Ehrmann®’
Leifsonia sp. ZF2019 Bgl1973  pNPG S0 7 44.44 0.22 57.78 262.6 He etal.*®
metagenome Lfa2 pNPG 50 55 94 0.76 132 0.0174 Alves etal."!
Chyseobacterium sp. Cr_Bl1  pNPG 45-50-55 S 19.46 0.38 0.3243  0.8534 this work
metagenome LAB25g2 pNPG 50 4.5-55 1.5 0.45 0.41 9.2 Del Pozo et al.**
Lactobacillus paracasei LpBgla  pNPG 30 5.5  NI* 3.61 3982 2765 Xie et al.¥
Marinomonas MWYL1 NI* cellobiose 40 7 367 1.1 435 395.8 Zhao et al.®°
Chyseobacterium sp. Cr_B1 cellobiose 50 5.5 0.7869 6.805 0.01339 0.00196 this work
TxGH116 75 5.5 134 0.203 36.1 178
Thermoanaerobacterium . . <
sylanolyticum DS93A  cellobiose 70 0.000345 0.255 0.00167 0.00655 Pengthaisong et al.
DS93N 70 0.000336 0.284 0.00146 0.00514
metagenome Lfa2 cellobiose 50 55 162 75.3 22.8 0.0302 Alves et al.*!
metagenome LAB25g2 cellobiose 50 4.5-5.5 15372 4.88 0.1 20.84 Del Pozo et al.*®
Chyseobacterium sp. Cr_B1 salicin 4S S.S 18.55 0.776 0.3124  0.4024 this work
bglA 1343 38.61 434.8 11.26
Lactobacillus lactis NZ9000/ bglB  salicin 50 7 1254 4399 b 7.93 Wang et al.?
PMG36e-usp4S
bgl 1347 34.8 1016 29.2
Lactobacillus paracasei LpBgla  salicin 30 S5 Sifnz_lllM 225 2.973 1.321 Xie et al.¥
*NI: No Information.
L ¢+ CrBl associated with structural features commonly observed in GH3
B B-glucosidases. These enzymes often present a multidomain
1188 kl‘gf: i architecture that contributes to structural rigidity, and acces-
70 kDa —— 0t sory domains such as fibronectin type III (FnIII) have been
suggested to participate in structural stabilization or substrate
53 kDa interactions, which may help preserve enzyme integrity over
prolonged storage periods.>* Many f-glucosidases reported in
35kDa — the literature show lower stability than Cr_B1 under compara-
ble conditions. For example, a B-glucosidase from Lactobacillus
25kDa —— paracasei retained full activity after incubation at 20—30 °C but
showed reduced activity at temperatures approaching 50 °C,*
while a GH3 B-glucosidase from a soda lake metagenomic library
maintained more than 70% activity for 16 hat 37 °C but decreased
stability at higher temperatures.!! These observations indicate
that Cr_B1 behaves as a typical mesophilic p-glucosidase. The
Figure 3. Cr Bl protein purification analysis. 12% SDS-PAGE. rapid inactivation observed at 50 °C may be associated with
L-PageRuler Prestained Protein Ladder; C + is a His-tag containing temperature-induced conformational destabilization affecting the
protein used as a positive control; Cr_B1 purified with the size of catalyticsite and substrate-binding interactions.* From an applied
90.91 kDa. perspective, strategies such as protein engineering or enzyme
immobilization may help improve the thermal stability of Cr_B1
full activity only for 2 h at 20—30 °C,* and a GH3 enzyme from a for industrial applications.”
soda lake metagenome remained ~70% active for 16 hat 37 °C."! Kinetic analysis (Table 1) revealed high catalytic efficiency
These results suggest that Cr_B1 is a mesophilic enzyme with for pNPG (kgyt/Kp: 0.8534 mM~'s7!), followed by sali-
cold-adapted features, potentially due to conformational flexibility cin (04024 mM~!s7!), and low efficiency for cellobiose
or cold-induced stabilization. For applications requiring thermal (0.00196 mM~!:s71), consistent with its higher K, (6.805 mM).
resistance, strategies such as protein engineering or immobiliza- The kinetic profile of Cr Bl indicates a preference for
tion may be needed.” aryl-glucosides over disaccharides, with catalytic efficiency being
Thermostability analysis (Figure Sa) showed that at S0 °C, highest for pNPG (k. /Ky = 0.85 mM™'s7!), intermediate
enzyme activity dropped to ~60% within 1.5 days and after 3 days, for salicin (0.40 mM!s7!), and very low for cellobiose
its activity was completely lost. In contrast, Cr_Bl remained (0.00196 mM~!:s7!). This substrate-dependent pattern agrees
highly stable at 4 °C and 25 °C, maintaining over 90% activity with previous findings for GH3 B-glucosidases, which are gener-
for 190 days. This long-term stability during storage may also be ally more effective on synthetic aryl-glucosides than on natural
F https://doi.org/10.1021/acsagscitech.5c01090
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Figure 4. Cr_BI enzyme substrate specificity and effect of pH and temperature. Specific activity (U/mg) of the Cr_B1 enzyme with synthetic
substrates (a). Synthetic substrates were pNPG (p-nitrophenyl-p-p-glucopyranoside), pNPGal (p-nitrophenyl-p-p-galactopyranoside), pNPC
(p-nitrophenyl-p-p-cellobioside), pNPaG (p-nitrophenyl-a-p-glucopyranoside), and pNPX (p-nitrophenyl--p-xylopyranoside). (b) Specific activity
(U/mg) of the Cr_B1 enzyme with natural substrates cellobiose, maltose, lactose, salicin, xylobiose, and daidzin. Error bars represent the standard
deviation of three experiments. Effect of pH (c) and temperature (d) on the relative Cr_B1 enzyme activity. Substrates used were using pNPG
(p-nitrophenyl-p-pglucopyranoside), salicin, and cellobiose. Data points represent the mean of three independent experiments, with error bars

indicating the standard deviation.

disaccharides. Furthermore, the moderate affinity observed for
pNPG (K, = 0.38 mM) is comparable to that of Oenococcus
oeni ST81 and notably higher than that reported for Lactobacillus
plantarum (1.82 mM), reinforcing that Cr_B1 displays kinetic
features within the expected range for bacterial p-glucosidases
while still showing distinct substrate preferences.®>®! However,
its overall efficiency is lower than highly active enzymes such as
Marinomonas MWYL1 (500.5 mM~'-s71).% For cellobiose, the
high K, (6.805 mM) and low efficiency indicate poor substrate
affinity. Structural studies of GH3 p-glucosidases suggest that this
behavior may be related to the architecture of the catalytic pocket.
For example, the crystal structure of BaBgl3 from Bifidobacterium
adolescentisrevealed that GH3 enzymes generally possess relatively
shallow active-site pockets, which favor the hydrolysis of small
soluble substrates rather than longer oligosaccharides such as
cellobiose.’? These structural features may help explain the higher
catalyticefficiency of Cr_B1 toward aryl-glucosides suchas pNPG
and salicin while maintaining low activity toward cellobiose.
Additionally, its performance with salicin suggests potential for
hydrolyzing glycosides in industrial applications.

3.4. Glucose Tolerance and Inhibition Constant (K;)

Glucose tolerance of Cr_B1 was assessed using pNPG at 50 °C
and pH § (Figure Sb). Enzyme activity without glucose was set
as 100%. A slight increase in activity was observed at 0.1 M
glucose, followed by progressive inhibition at higher concentra-
tions. Cr_B1 demonstrates remarkable glucose tolerance, main-
taining activity even at glucose concentrations of 1.5—1.8 M

(ICsp), a desirable trait for biofuel and food-processing con-
texts.”> Lineweaver—Burk plots (Figure S1) plots demonstrate
that with higher inhibitor concentrations (glucose), the lines
diverge from the control, indicating a significant impact of
glucose on enzyme kinetics. All lines converge at the Y-axis
intercept, suggesting that the maximum velocity (Vi) remains
unchanged. However, the X-axis intercept shifts as the inhibitor
concentration increases, reflecting an increase in the Michaelis
constant (Ky,). This indicates that Cr_B1 enzyme affinity for
the substrate decreases in the presence of glucose. The increased
slope of the lines with higher inhibitor concentrations confirms
that the inhibition follows a competitive mechanism. The inhibi-
tion constant (K;) of Cr_B1 was calculated with the GraphPad
Prim Software and determined to be 0.133 M, indicating a high
affinity of the glucose inhibitor to the enzyme.

3.5. Synergistic Effect of -glucosidase Cr_B1 on Cellulase
from Thichoderma reesei (Celluclast)

The synergistic interaction between the commercial cellulase
Celluclast (1:4000), derived from Trichoderma reesei, and the can-
didate enzyme Cr_B1 was evaluated using 1% medium-viscosity
carboxymethylcellulose (CMC) as substrate. As shown in
Figure 6, the combination of Celluclast and Cr_B1 released
~169% relative glucose compared to the reaction with Celluclast
alone (set as 100%). Reactions containing Cr_B1 alone or Cellu-
clast in the absence of substrate showed minimal glucose release,
indicating that Cr_B1 requires the prior action of cellulases to
exert its effect. These results confirm a synergistic effect between
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the enzymes, with Cr_B1 increasing glucose release by ~69%
relative to Celluclast alone.

B-Glucosidases catalyze the final step of cellulose degradation
by hydrolyzing cello-oligosaccharides, such as cellobiose, into

glucose, thereby enhancing sugar yield and reducing product
inhibition of upstream cellulases.®> This function is critical in
saccharification processes, where oligosaccharide accumulation
can hinder enzymatic efficiency. The observed synergy highlights
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Cr_BI’s role in complementing commercial enzyme blends
deficient in P-glucosidase activity, reinforcing its potential for
improving saccharification efficiency.

3.6. Structural Implications and Engineering Prospects

Glucose tolerance in p-glucosidases is more commonly reported
in GH1 enzymes, whereas most GH3 p-glucosidases are
inhibited by glucose due to the easier access of the product to the
catalytic pocket.®* Structural studies indicate that GH1 enzymes
possess deeper and narrower active-site cavities, while GH3
enzymes typically have a more exposed catalytic pocket that
facilitates product inhibition.** However, structural variations in
the catalytic channel may modulate glucose accessibility. For
instance, comparative structural analyses of the glucose-tolerant
MpBgl3 revealed that residues at the entrance of the catalytic
channel can alter its geometry and electrostatic environment,
restricting glucose access to the active site.® Similarly, molecular
docking studies of the glucose-tolerant GH3 enzyme Bgl1973
suggested that residues such as Asp43, Lys151, His152, and
Argl62 may participate in glucose interactions within the
catalytic pocket.”® In agreement with these observations,
sequence alignment showed that Cr_Bl conserves residues
previously implicated in glucose interaction and substrate
recognition in GH3 p-glucosidases (Figure 1B), suggesting that
similar structural features may contribute to the high glucose
tolerance observed for this enzyme. Future studies combining
homology modeling, structural analysis, and site-directed
mutagenesis will be valuable to validate these hypotheses and
guide the rational engineering of GH3 B-glucosidases with
improved catalytic properties. Cr_B1 is a GH3 f-glucosidase
from Chryseobacterium sp., successfully expressed in E. coli and
secreted due to its native signal peptide. The enzyme shows
remarkable stability, retaining >95% activity for 190 days at
25 °C, which favors storage and reduces operational costs. In
addition to this stability, Cr_B1 efliciently hydrolyzes cellobiose,
salicin, and daidzin, while maintaining glucose tolerance. These
combined properties support its use in cellulosic ethanol
production, pharmaceutical isoflavone enhancement, and flavor
modulation in foods and beverages.
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