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Abstract

Chitin deacetylases (CDAs), which catalyze the deacetylation of chitin to produce chitosan,
have garnered significant interest due to their environmental compatibility and ability to
control product quality. However, the low conversion efficiency resulting from chitin’s high
molecular weight and crystallinity, as well as structural limitations of CDAs, has impeded
their industrial application. In this study, we present the integrated approach combining
bioinformatics and computational tools (adaptive Poisson–Boltzmann solver, Fpocket, and
ProteinPlus) to systematically analyze sequence features and variations in active pocket
properties among CDAs from diverse origins. Experimental evaluation of the deacetylation
activity of AnCDA, AsCDA, BaCDA, and ScCDA, each with distinct pocket characteristics,
on chitin substrates with varying molecular parameters revealed that CDAs with high
hydrophobicity scores and low surface-to-volume ratios exhibited superior efficiency in
converting high-molecular-weight chitin. These findings guide the rational selection and
engineering of CDAs for industrial biocatalysis.

Keywords: chitin deacetylase; active pocket; crystalline chitin; enzymatic reaction;
heterologously expressed

1. Introduction
Chitosan, a key derivative obtained through the partial deacetylation of chitin, exhibits

significantly improved properties than chitin, whose high crystallinity limits its solubil-
ity [1,2]. The lower molecular weight, reduced crystallinity, and increased density of free
amino groups confer notable advantages to chitosan, in terms of solubility and potential for
functional modification [3,4], thereby facilitating its widespread industrial application [5,6].
Despite the industrial use of traditional chemical methods involving high-concentration
sodium hydroxide-mediated deacetylation at elevated temperatures, these approaches face
critical challenges, including severe environmental pollution, high energy consumption,
and inconsistent product quality [7–11]. Enzymatic strategies for chitosan preparation
are emerging as promising approaches for sustainable biomanufacturing, owing to their
mild reaction conditions, reduced energy consumption, and improved product quality
consistency [12,13].

Chitin deacetylase (CDA), a key enzyme that catalyzes the direct deacetylation of
chitin, has been identified in a wide range of organisms, including bacteria, fungi, arthro-
pods, protozoa, and algae [14]. Although substantial efforts have been made to explore
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the physiology of CDAs, such as strain screening, heterologous expression, and analysis
of deacetylation patterns [15,16], most studies primarily focus on chitin oligomers as sub-
strates. It is also worth noting that research on the domains of CDA family members with
chitin-catalytic activity is currently inadequate, and their structure-activity relationships
need further investigation. The high molecular weight and high crystallinity of chitin,
along with limitations in the structural characteristics of CDAs themselves, result in low
chitin conversion efficiency, which is unfavorable for the industrial enzymatic production
of chitosan [17,18].

From a molecular perspective, substrate specificity in CDAs is closely associated with
their structural characteristics [19]. All members of the carbohydrate esterase 4 (CE4) family
possess a NodB homologous domain, with five conserved motifs (MT1–MT5) within the cat-
alytic pocket (Figure 1). In particular, MT1 (TF/YDD) and MT2 (H[S/T]xxH) cooperate via
aspartate and histidine residues to form a metal ion–binding histidine–histidine–aspartate
(His–His–Asp) triad essential for metal-dependent catalysis [20,21]. Additionally, the MT3
(RxP[Y/F][L/F/G]) and MT4 (DxxD[W/Y]) motifs form a structurally symmetric groove
that frequently enhances substrate binding through hydrophobic residues such as pheny-
lalanine or leucine. In contrast, MT5 ([V/I]L/F/YxHD) serves a dual function in catalysis
and in modulating the hydrophobic environment of the active site [19]. The precise arrange-
ment and interactions of these structural elements determine the hydrophobicity, charge
distribution, and spatial dimensions of the active site, which in turn affect substrate-binding
affinity and catalytic efficiency [22–25].

Figure 1. Spatial position of conserved motifs MT1–MT5 in the catalytic domain of ClCDA and
VcCDA. ClCDA: the chitin deacetylase from Colletotrichum lindemuthianum. VcCDA: the chitin
deacetylase from Vibrio cholerae. The five conserved motifs (MT1-5) were colored.

To date, only a limited number of studies have examined the effects of active-site
engineering on CDA performance, with the majority of research focusing on chitin oligomer
catalysis. Systematic investigations into the deacetylation of chitin substrates with varying
molecular properties are still lacking. To achieve the efficient conversion of chitin and high-
quality production of chitosan, it is essential to deepen research on the structure of CDAs. By
comparing the structures of CDAs from different origins with different catalytic efficiencies
and identifying potential common structural features, this will provide a theoretical basis
for modifying CDAs via protein engineering approaches to enhance their catalytic efficiency.
This study employed computational tools to analyze the microenvironmental properties of
active sites across various CDAs, including charge distribution, hydrophobicity, and surface-
to-volume (S/V) ratio, thereby identifying candidate sequences with significant structural
divergence. Selected enzymes were heterologously expressed in Escherichia coli as soluble
recombinant proteins, purified using nickel-affinity chromatography, and assessed for their
deacetylation efficiency on chitin substrates with varying molecular parameters. These
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findings provide a theoretical foundation for engineering CDAs via protein engineering
strategies aimed at enhancing catalytic performance for industrial applications.

2. Materials and Methods
2.1. Materials

The amino acid sequences of AnCDA (GenBank: EAA66447.1), AsCDA (GenBank:
MW295944.1), BaCDA (GenBank: WP_013054966.1), and ScCDA (GenBank: NP_013411.1)
were retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/, accessed on 23
May 2024). Signal peptides and non-essential regions were removed, and the resulting
coding sequences were codon-optimized prior to gene synthesis by Sangon Biotech (Shang-
hai, China). Competent E. coli strains BL21 and DH5α were obtained from Weidi Biotech
(Shanghai, China). Kanamycin (50 µg/mL), isopropyl β-D-1-thiogalactopyranoside (IPTG),
a plasmid miniprep purification kit, and protein quantification assay kits were acquired
from Sangon Biotech (Shanghai, China). Chitin and chitosan substrates were obtained from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). All chemical substances used
were of analytical grade.

2.2. Phylogenetic Analysis and Active-Site Characterization of CDAs

CDA sequences known to act on substrates such as ethylene glycol chitin, colloidal
chitin, and crystalline chitin were retrieved from the NCBI database (https://www.
ncbi.nlm.nih.gov/, accessed on 23 May 2024; a complete list of accession numbers is
provided in Table 1). Signal peptides and redundant regions were removed to retain
only the full-length catalytic domains. Multiple sequence alignment was performed
using Jalview 2.11.2 [26]. Phylogenetic analysis was conducted using the maximum
likelihood method in MEGA version 7 with 1000 bootstrap replicates [27]. Given the
scarcity of experimentally resolved CDA crystal structures, protein structure prediction
was employed. Three-dimensional models of CDAs were generated using AlphaFold3
(https://alphafoldserver.com/, accessed on 17 July 2024), evaluated for quality with SEVES
version 6.1 (https://saves.mbi.ucla.edu/, accessed on 2 August 2024), and the highest-
scoring models were processed using PyMOL version 3.1 (https://pymol.org/, accessed
on 10 August 2024) [28]. Electrostatic surface potentials were calculated using the adaptive
Poisson-Boltzmann solver (APBS) plugin, and hydrophobicity analysis was performed
using the built-in PyMOL algorithm [29]. Finally, active sites of CDAs were compared in
terms of hydrophobicity scores, volume, and solvent-accessible surface area using Fpocket
(https://durrantlab.pitt.edu/fpocketweb/, accessed on 19 September 2024) and Protein-
Plus (https://proteins.plus/, accessed on 22 September 2024) to identify CDAs with distinct
structural characteristics [30,31].

Table 1. Gene list used in this study.

Source of Strain GenBank Accession
Numbers Name Source of Strain GenBank Accession

Numbers Name

Acinetobacter schindleri MW295944.1 AsCDA Pestalotiopsis sp. A0A1L3THR9 PesCDA
Bacillus licheniformis Q65LW7 BlCDA Rhizopus nigricans AY779045 RnCDA

Bacillus aryabhattai TCI-16 WP_028412810.1 BatCDA Mucor rouxii P50325 MrCDA
Aspergillus nidulans

FGSC A4 Q5AQQ0 AnCDA Colletotrichum
lindemuthianum Q6DWK3 ClCDA

Bacillus aryabhattai B8W22 WP_028412720.1 BaCDA Podospora anserina B2AAQ0 PaCDA
Arthrobacter 5LFZ ArCE4 Rhizopus circinans A0A9P6XCG4 RcCDA

Arthrobacter sp. Jub115 WP_133834943 ArCDA Rhizopus stolonifer A0A367KRZ9 RsCDA
Coprinopsis cinerea A8P2Z0 CcCDA Streptomyces bacillaris WP_112490308 SbCDA

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://alphafoldserver.com/
https://saves.mbi.ucla.edu/
https://pymol.org/
https://durrantlab.pitt.edu/fpocketweb/
https://proteins.plus/
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Table 1. Cont.

Source of Strain GenBank Accession
Numbers Name Source of Strain GenBank Accession

Numbers Name

Flammulina velutipes BAE92728 FvCDA Streptomyces
griseoinacarnatus RB7AG QFX82172 SgCDA

Aspergillus flavus Q2UI04 Af CDA Saccharomyces cerevisiae
S288C Q06703 ScCDA

Puccinia striiformis f. sp.
tritici A0A0L0W1E0 PgtCDA Aspergillus niger A2QZC8 AngCDA

2.3. Heterologous Expression and Purification of Recombinant CDAs

Codon-optimized genes AnCDA, AsCDA, BaCDA, and ScCDA were directionally
cloned into the pET-28a(+) expression vector using BamHI and XhoI restriction sites. The
recombinant plasmids were transformed into competent E. coli BL21(DE3) cells via heat
shock. Transformants were inoculated into Luria–Bertani (LB) broth supplemented with
50 µg/mL kanamycin and incubated at 37 ◦C with shaking at 220 rpm until an optical
density at 600 nm (OD600) of 0.6–0.8 was reached. Protein expression was induced by
the addition of 0.2 mM IPTG, followed by incubation at 20 ◦C for 16 h with agitation
reduced to 200 rpm. Recombinant proteins were purified using a protein purification
system (Bio-Rad, USA) equipped with a nickel–nitrilotriacetic acid resin column. Analysis
of the crude lysates, along with the wash and elution fractions, was performed by subjecting
the proteins to separation on 12% SDS–polyacrylamide gels under reducing conditions.

2.4. Enzyme Assay of CDAs

The enzymatic activity of the recombinant CDAs was determined with p-nitroaceta-
nilide as the substrate. [32]. The reaction mixture consisted of 0.1 mL of recombinant
CDA, 0.1 mL of a 200 mg/L p-nitroacetanilide solution, and 0.3 mL of phosphate buffer
(pH 7.4). The mixture was incubated at 37 ◦C for 30 min, followed by termination of the
reaction by boiling in a water bath for 10 min. A blank control was prepared using an
equivalent concentration of heat-inactivated enzyme under otherwise identical conditions.
Absorbance was measured at 400 nm, and enzyme activity was calculated accordingly. One
unit of enzyme activity was defined as the amount of enzyme required to release 1 µg of
p-nitroaniline per hour under the specified assay conditions.

2.5. Optimization of Reaction Conditions for Recombinant Proteins

A systematic analysis of temperature and pH influence was conducted to establish
the optimal reaction parameters for the recombinant CDAs. Thermostability was assessed
by incubating the purified enzymes (AsCDA, AnCDA, BaCDA, and ScCDA) at different
temperatures. At scheduled intervals (0–12 h), samples were retrieved, and the reaction
was quenched by boiling for 10 min before activity assay. The activity recorded at the 0 h
time point for each temperature was used as the baseline (100%) for calculating relative
activities thereafter. The pH optimum was determined following a 2 h incubation of the
enzyme solutions in various pH buffers at 4 ◦C. After similar heat inactivation, the pH
condition yielding the peak activity was assigned a value of 100%, against which all other
relative activities were normalized.

2.6. Catalytic Performance on Chitin Substrates

Commercial chitin was dispersed in 10%, 20%, and 30% (w/v) sodium hydroxide
solutions at a solid-to-liquid ratio of 1:20 (g/mL) to create chitin–alkali composite systems.
These systems were subjected to gradient ultrasonication at power levels of 400 W and
600 W under room temperature or ice-bath conditions, for treatment durations ranging
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from 10 to 60 min at 10 min intervals [33]. After each treatment, the reaction mixtures
were neutralized, washed with deionized water, and freeze-dried to obtain 7 distinct chitin
substrates (designated a–g).

Forty milligrams of each varied molecular weight chitin substrate was dispersed in
50 mM phosphate buffer. Recombinant chitin deacetylase (30 U) was added to each mixture,
and reactions were carried out under optimal conditions for 12 h with continuous stirring.
The enzymatic reactions were terminated by placing the mixture in a boiling water bath,
followed by washing with deionized water and freeze-drying to obtain the deacetylated
products. Fourier transform infrared spectroscopy (FT-IR) was employed to quantitatively
analyze the characteristic shifts in acetyl group peaks. The degree of deacetylation (DD%)
was calculated using a standard curve to evaluate the catalytic specificity of the enzyme
toward substrates of different molecular weights.

2.7. Substrate Characterization
2.7.1. Molecular Weight Determination of Substrates

The intrinsic viscosities of commercial chitin and substrates a–g were measured using
an Ubbelohde viscometer (capillary diameter: 0.58 mm; Zhejiang glass instrument factory,
Bao Yang County, Jiangsu Province, China). Samples were dissolved in a 5% lithium
chloride (LiCl)/N,N-dimethylacetamide (DMAC) solution, and both relative viscosity and
intrinsic viscosity ([η]) were calculated based on the flow times of the sample solution
and the pure solvent. The viscosity-average molecular weight (Mw) of chitin was then
determined using the Mark–Houwink–Sakurada equation [34]:

[η] = KMα
w (1)

where K = 7.6 × 10−5 and α = 0.95 are constants.

2.7.2. FT-IR Analysis

FT-IR analysis was conducted on substrates both before and after enzymatic catalysis
using a Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Spectra
were recorded over the range of 500–4000 cm−1 at a resolution of 4 cm−1. The degree
of deacetylation (DD%) was calculated by analyzing the intensities of the characteristic
absorption peaks using the following formula [35]:

DD(%) = (1 −
A1320
A1420

− 0.3822

0.03133
)× 100 (2)

where A1320 and A1420 represent the absorbance intensities at 1320 cm−1 (Amide III band
(C–N stretching + N–H bending)) and 1420 cm−1 (the –CH2 bending vibration), respectively.
The numbers 0.3822 and 0.03133 are the fitting parameters of the linear calibration equation.

2.7.3. X-Ray Diffraction (XRD) Analysis

Commercial chitin, chitosan, and substrates a–n were analyzed for crystallinity using
a Miniflex 600 X-ray diffractometer (Rigaku, Tokyo, Japan) with a 2θ scanning range of
5–45◦ at a scanning speed of 5◦·min−1. The crystallinity index (CrI) of the samples was
calculated using the following equation [36]:

CrI =
I110 − Iam

I110
× 100% (3)

where I110 and Iam represent the diffraction intensities at approximately 2θ ≈ 20◦ and
2θ ≈ 16◦, respectively.
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2.8. Statistical Analysis

Each experiment was conducted in biological triplicates. The data represents the mean
value of the three parallel experiments, and the corresponding standard deviations are
indicated by error bars.

3. Results and Discussion
3.1. Bioinformatics Analysis of CDAs
3.1.1. Phylogenetic Analysis and Multiple Sequence Alignment

We conducted phylogenetic and sequence alignment analyses on 22 CDAs reported in
the literature, which utilize ethylene glycol chitin, colloidal chitin or chitin as substrates
(Figures 2 and 3). The phylogenetic tree revealed that fungal and bacterial CDAs formed dis-
tinct clades, suggesting significant evolutionary divergence likely influenced by variations
in host organisms and environmental conditions. Fungal CDAs were further categorized
into two subgroups. The first subgroup is primarily associated with host infection; for
example, PgtCDA, secreted by Puccinia graminis f. sp. tritici (wheat rust), plays a crucial
role in infection and colonization by counteracting the hydrolysis of fungal cell wall chitin
by host-derived chitinases [37]. The second subgroup primarily contributes to cell wall for-
mation, as demonstrated by ScCDA, which is involved in the development of the ascospore
wall in Saccharomyces cerevisiae, and MrCDA from Mucor rouxii, which participates in cell
wall construction [38,39]. In contrast, bacterial CDAs exhibited an independent branch
in the phylogenetic tree, comprising several subgroups with notable sequence variability.
This heterogeneity suggests that, during long-term adaptation to changing environments,
these enzymes may have undergone evolutionary diversification. These adaptations may
have led to the expansion and optimization of catalytic and substrate-binding function [40].
Furthermore, bacterial CDAs have been shown to rapidly respond to fluctuations in sub-
strate and metal ion concentrations in their surroundings, thereby playing critical roles in
symbiosis, nutrition acquisition, and metabolic regulation [14,41,42]. For example, ArCE4,
secreted by a Jeotgalibacillus sp., is believed to utilize environmental chitin as a crucial
nutrient source [43].

Multiple sequence alignment analysis (Figure 3) revealed that the catalytic motifs
MT1–MT5 are more highly conserved in fungal CDAs, a characteristic likely associated with
the necessity for efficient chitin processing during cell wall remodeling [17,22,44,45]. Al-
though most bacterial CDAs retain these core motifs, significant differences were observed
in the MT1–MT5 regions of AsCDA and BaCDA. In AsCDA, the canonical Asp–His–His
metal-binding triad is replaced by Glu–His–Trp. BaCDA exhibits similar non-conservative
substitutions in MT1 (TFNI) and MT2 (MxxxY), although it retains the catalytic histi-
dine residue in MT5. These conserved motifs define the active site and substrate-binding
pocket, thereby influencing CDA catalytic mechanism. Substrates with varying molec-
ular weights display distinct binding geometries and steric hindrances. Bacterial CDAs
may exploit motif variations to enhance the active-site flexibility, allowing adaptation to
substrates with differing physicochemical properties such as crystallinity and polymer
chain length [43,46,47]. Phylogenetic clustering places AsCDA and BaCDA within the
single clade, characterized by divergent motif evolution, indicating that these enzymes
have experienced structural diversification that may underlie variations in catalytic effi-
ciency and substrate specificity. AsCDA has been reported to exhibit high catalytic activity
against α-chitin [46]. Although the deacetylation of crystalline chitin by BaCDA has not yet
been characterized, its sustained activity under high ionic strength and its effectiveness
against ethylene glycol chitin derivatives suggest an environmentally adaptive role that
may facilitate chitin degradation [18,41].
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Figure 2. (a) Phylogenetic tree of chitin deacetylases (CDAs) from fungal and bacterial sources con-
structed using neighbor-joining analysis, with bootstrap values indicated at branch points. (b) Multi-
ple sequence alignment of conserved motifs (MT1–MT5) in representative CDA sequences.

3.1.2. Charge Distribution and Geometric Parameters of the Active Pocket

We calculated the surface electrostatic potentials of the enzyme active sites using the
APBS plugin (Figure 3a).

In most CDAs, the MT1–MT5 regions are enriched with negatively charged amino acid
residues, primarily aspartic acid (Asp) and glutamic acid (Glu), creating an electrostatic
environment conducive to attracting positively charged substrates, such as glucosamine
(GlcN). This observation aligns with the deacetylation mechanism proposed for Saccha-
romyces cerevisiae [48].

Conversely, catalytic pockets with net positive electrostatic potentials seem to promote
binding of N-acetylglucosamine moieties [49]. BaCDA exhibits a heterogeneous charge
distribution, due to the incorporation of neutral or positively charged residues, such as
arginine (Arg), within its conserved motifs (Figure 3b). This mixed electrostatic landscape
may confer substrate specificity toward chitin oligosaccharides with defined degrees of
polymerization or varying states of partial acetylation [18].
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Figure 3. (a) Electrostatic surface potential distributions of selected CDAs. The distribution of surface
charge is illustrated as follows: red regions represent negative charges, blue regions indicate positive
charges, and white regions denote neutral charges. The active pocket is highlighted within a dashed
black box. (b) Structural details of the catalytic pocket of BaCDA. Key amino acid residues are shown
in stick representation. The catalytic site is magnified in the right panel.

In terms of geometric parameters, computational analysis using ProteinPlus and
Fpocket revealed that the active pockets of CDAs generally exhibit surface areas ranging
from 150 to 400 Å2 and volumes between 100 and 200 Å3, with notable variations in
hydrophobicity scores (Table 2).

Larger volumes and surface areas typically indicate more spacious active pockets
capable of accommodating bulkier or structurally complex substrates, whereas smaller
dimensions suggest compact pockets that may enhance substrate selectivity. A high volume-
to-surface area ratio implies deep, narrow pocket conformations, while a low ratio corre-
sponds to shallow, open architectures that facilitate rapid substrate release [50,51].

Correlation analysis of pocket physicochemical properties and catalytic performance
revealed the following trends (Table 2): (1) CDAs with low hydrophobic scores and high
surface-to-volume ratios (S/V > 2.4) preferentially catalyzed oligomeric chitin but exhibited
poor activity toward crystalline chitin; (2) Enzymes that combine high hydrophobicity
with elevated S/V ratios (>2.4) or low hydrophobicity with reduced S/V ratios (<2.4),
demonstrated minimal activity toward crystalline chitin; (3) CDAs with high hydrophobic-
ity and low S/V ratios (<2.4) displayed measurable catalytic efficiency toward crystalline
chitin. The deacetylation activities of BaCDA and BlCDA on chitin remains uncharacterized;
however, their high hydrophobic scores and low S/V ratios suggest potential catalytic
capability toward chitin substrates. Among the CDAs studied, AnCDA, AsCDA, BaCDA,
and ScCDA exhibited distinct structural properties: AnCDA contained conserved motifs
with low hydrophobicity and a high S/V ratio, ScCDA featured conserved motifs with high
hydrophobicity and a low S/V ratio, while AsCDA and BaCDA displayed non-conserved
motifs accompanied by high hydrophobicity and low S/V ratios. To investigate how
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pocket architecture influences chitin deacetylation, these four enzymes were selected for
heterologous expression and subsequent functional analysis.

Table 2. Properties and functional roles of CDAs active pockets.

Name Hydrophobicity
Score Volume [Å3] Surface Area [Å2]

Surface-to-Volume
(S/V) Ratio

Substrate and the Removed
Acetyl Group (%)

AsCDA 37.933 172.130 391.39 2.274 Chitin (63%)
BlCDA 23.923 150.020 317.250 2.115 Glycol chitin
BatCDA 25.867 152.288 355.315 2.333 Colloidal chitin (44%)
BaCDA 31.375 142.096 300.068 2.112 Glycol chitin
ArCE4 11.583 151.550 344.330 2.272 Chitin(8%)
ArCDA 10.300 135.170 307.300 2.273 β-chitin (2.99U/mg)
PaCDA 11.750 154.624 356.668 2.307 Chitin (3%)

RcCDA 25.250 121.860 329.730 2.706 Glycol chitin, no activity
against chitin

ClCDA 21.571 152.576 363.734 2.384 /
MrCDA 16.231 139.780 368.790 2.638 Glycol chitin
RnCDA 23.471 177.660 423.640 2.385 Glycol chitin
PesCDA 18.538 154.624 358.381 2.318 Colloidal chitin (7%)
CcCDA 9.750 148.480 354.772 2.389 No activity against chitin
AnCDA 9.077 123.900 339.230 2.738 Chitin (0.5%)
RsCDA 22.818 112.640 262.530 2.331 Colloidal chitin (27.5%)

SbCDA 27.750 150.530 375.170 2.492 Colloidal chitin, no activity
against chitin

SgCDA 17.182 101.410 223.190 2.201 Colloidal chitin
ScCDA 16.182 112.640 296.820 2.280 Shrimp shell chitin (11%)

AngCDA 6.923 132.100 346.600 2.624 No activity against chitin
FvCDA 10.846 118.272 286.080 2.419 Glycol chitin
Af CDA 8.750 144.380 332.850 2.305 Glycol chitin
PgtCDA 21.733 112.130 292.240 2.606 No activity against chitin

3.2. Heterologous Expression and Purification of Recombinant CDAs

We constructed four recombinant strains of E. coli BL21(DE3), each carrying a pET-
28a(+) expression vector encoding AnCDA, AsCDA, BaCDA, or ScCDA. After harvest and
purification, the purity and molecular masses of the recombinant proteins were assessed by
SDS–PAGE (Figure 4). The observed molecular weights of AnCDA, AsCDA, BaCDA, and
ScCDA were 26.5 kDa, 42 kDa, 29 kDa, and 33 kDa, respectively, which were consistent
with the predicted values (https://web.expasy.org/protparam/, accessed on 24 May 2024).

3.3. Optimal Reaction Conditions for Recombinant CDAs

To investigate the optimal reaction conditions of the four chitin deacetylases, we deter-
mined their thermal stability and pH stability. The results showed that different recombi-
nant CDAs exhibited differences in their optimal stability conditions (Figures 5 and 6). In
terms of thermal stability, AnCDA performed best at 30 ◦C, retaining over 60% of its activity
after 12 h of incubation. ScCDA exhibited good stability within the temperature range
of 30 ◦C. In contrast, AsCDA and BaCDA were more stable at 20–25 ◦C, with significant
activity loss observed at temperatures exceeding 30 ◦C.

Regarding pH stability, AsCDA, AnCDA, BaCDA, and ScCDA showed high activity in
phosphate buffer solutions within a pH range of 7.0–8.0, particularly near their respective
optimal pH values.

https://web.expasy.org/protparam/


Appl. Sci. 2025, 15, 10721 10 of 16

Figure 4. Results of SDS-PAGE analysis of (A) AnCDA, (B) ScCDA, (C) AsCDA, and (D) BaCDA. Lane
1 contains the crude enzyme solution of the recombinant protein; Lane 2 contains the flow-through
collected during the low-imidazole equilibration phase of nickel column affinity chromatography;
Lane 3 contains the purified recombinant protein collected during the high-imidazole elution phase
of nickel column affinity chromatography.

Figure 5. Temperature stability of AnCDA (A), ScCDA (B), AsCDA (C), and BaCDA (D).
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Figure 6. pH stability of AnCDA (A), AsCDA (B), BaCDA (C), and ScCDA (D).

Based on the aforementioned results, specific incubation parameters were defined
to prevent suboptimal performance of the recombinant CDAs. The chosen conditions—
phosphate buffer at 20 ◦C, pH 7.0 for AsCDA and BaCDA, and phosphate buffer at 30 ◦C,
pH 8.0 for AnCDA and ScCDA—were thereby established for all subsequent work to ensure
peak enzymatic function.

3.4. Recombinant Enzymes Process Chitin Substrates with Diverse Molecular Parameters

Substrates a–g, which possess distinct molecular parameters but comparable degrees
of deacetylation and crystallinity, were prepared from commercial chitin. Their molecu-
lar parameters, degrees of deacetylation, and crystallinity were characterized using an
Ubbelohde viscometer, FT-IR, and XRD analysis (Table 3).

Table 3. Physical and chemical parameters of chitin substrates and change in degree of deacetylation
(∆DD) after treatment with recombinant chitin deacetylases (AsCDA, AnCDA, BaCDA, and ScCDA).

Substrate Molecular
Weight (kDa)

Deacetylation
(%)

Crystallinity
(%)

AnCDA
(△DD)

AsCDA
(△DD)

BaCDA
(△DD)

ScCDA
(△DD)

Commercial
chitin 563.42 ± 1.89 8.70 ± 2.66 76.49 ± 1.23 2.24 ± 0.50 33.47 ± 1.44 21.52 ± 1.03 7.41 ± 0.81

Substrate a 346.74 ± 3.12 18.06 ± 1.18 79.97 ± 1.87 3.10 ± 0.44 38.26 ± 0.68 25.43 ± 0.92 14.08 ± 0.96
Substrate b 322.67 ± 4.23 19.21 ± 0.92 73.97 ± 1.35 3.19 ± 0.92 37.32 ± 0.97 28.66 ± 0.87 16.37 ± 1.28
Substrate c 278.72 ± 2.38 19.35 ± 0.78 78.78 ± 1.87 5.84 ± 2.66 42.93 ± 1.21 29.88 ± 1.24 21.77 ± 0.79
Substrate d 164.40 ± 5.23 16.19 ± 0.89 80.03 ± 2.01 9.11 ± 0.89 47.58 ± 1.04 34.41 ± 1.03 20.44 ± 0.84
Substrate e 64.80 ± 1.98 16.99 ± 1.21 76.00 ± 1.48 16.42 ± 1.20 52.46 ± 0.91 37.57 ± 1.23 30.45 ± 1.18
Substrate f 33.36 ± 2.23 16.70 ± 0.93 81.07 ± 1.29 21.51 ± 1.03 49.49 ± 1.23 35.57 ± 1.27 28.48 ± 1.21
Substrate g 14.46 ± 3.68 19.72 ± 1.37 77.14 ± 0.89 28.43 ± 1.30 59.54 ± 1.53 49.08 ± 1.34 42.18 ± 1.68

Functional group absorption profiles were examined by FT-IR spectroscopy. Variations
in the degree of deacetylation modulate intermolecular and intramolecular hydrogen
bonding of amide groups, leading to band shifts in the spectra. FT-IR data were used
to quantify the degree of deacetylation (Figure 7a). In the spectra, the bands at 1662
and 1627 cm−1 correspond to amide I (C=O stretching, intra-chain N–H and inter-chain
O–H hydrogen bonds); the 1561 cm−1 band reflects N–H bending (amide II); and the
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1315–1320 cm−1 band arises from C–N bending (amide III) [35,52]. Naturalchitin exhibits
high crystallinity. Wide-angle XRD was employed to record diffraction intensities and
calculate crystallinity indices based on reflections at 2θ = 9–10◦ and 2θ = 19–20◦ (Figure 7b).
Commercial α-chitin displayed two characteristic peaks at approximately 9.3◦ and 19.2◦,
assigned to the (020) and (110) crystal planes, respectively [53]. In contrast, sample 9
(chitosan) lacked the (020) reflection, whereas samples 1–8 retained both chitin peaks.

Figure 7. (a) Fourier transform infrared spectra and (b) X-ray diffraction patterns of chitin and
chitosan samples. Sample 1 is commercial chitin, samples 2–8 are substrates a–g, and sample 9 is
commercial chitosan.

Enzymatic deacetylation assays were performed using AsCDA, AnCDA, BaCDA, and
ScCDA on commercial chitin and substrates a–g. The DD of the reaction products was
determined by FT-IR, and enzyme performance was quantified as the change in DD (∆DD)
(Table 3) compared to untreated substrates.

AnCDA, characterized by low hydrophobicity and a high S/V ratio, demonstrated
limited deacetylation efficiency toward high-molecular-weight chitin (2.24% acetyl removal
for 563 kDa), but effectively catalyzed low-molecular-weight substrates, achieving 28.43%
deacetylation for 14 kDa chitin. ScCDA, with higher hydrophobicity and a lower S/V ratio,
exhibited moderate activity on 563 kDa chitin (7.41% deacetylation), though its preference
for smaller substrates remained predominant. Both fungal-derived AnCDA and ScCDA
feature conserved MT1–MT5 motifs and negatively charged active pockets, which stabilize
metal ions and catalytic residues. However, their restricted pocket volume and shallow
architecture likely hinder full access of bulky, crystalline chitin chains to the catalytic site.

In contrast, AsCDA and BaCDA, which exhibited high hydrophobicity and low S/V
ratios, displayed superior deacetylation efficiencies toward high-molecular-weight chitin
(33.47% and 21.52% acetyl removal for 563 kDa, respectively), in alignment with their
structural profiles. Notably, AsCDA’s expanded binding pocket accommodates larger
substrate volumes, while its hydrophobic-rich interior facilitates interactions with the non-
polar regions of chitin, collectively enhancing catalytic performance. These experimental
results indicate that the critical roles of pocket hydrophobicity, geometry, and accessibility
in determining substrate specificity.

4. Conclusions
For the first time, this study integrates phylogenetic analysis, multiple sequence align-

ment, structural prediction (AlphaFold3), and computer-aided tools to conduct extensive
analysis and summarization of the physicochemical properties and catalytic capabilities of
the active pockets of CDAs, thereby providing a theoretical basis and technical pathway
for the discovery of new enzymes. By integrating computational modeling and functional
validation, we demonstrated that conserved fungal enzymes (such as AnCDA and ScCDA)
exhibited a preference for low-molecular-weight substrates, which reflected their biolog-
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ical functions in cell wall remodeling. In contrast, enzymes with high hydrophobicity
and low S/V ratios (such as AsCDA and BaCDA) demonstrated higher efficiency in the
deacetylation of high-molecular-weight crystalline chitin. These enzymes utilized non-
canonical motifs and optimized pocket structures to overcome substrate rigidity, thereby
breaking through the bottleneck faced by most fungal CDAs. Shallow pockets and high
hydrophobic scores significantly enhanced the affinity for crystalline chitin, providing new
perspectives on the functional evolution of non-conserved motif enzymes and offering
theoretical foundations and technical pathways for the discovery of new enzymes and
protein engineering.

However, this study still has certain limitations: (1) Although our study provides some
fundamental insights, through structural models predicted by AlphaFold 3, the activity
of enzymes on crystalline substrates may also depend on transient structural dynamics.
For example, the low S/V ratio of BaCDA may facilitate an induced-fit mechanism during
substrate binding, a hypothesis that can be validated through molecular dynamics simula-
tions. (2) This study only explored regulation of the molecular weight of substrates and did
not explore substrates with different degrees of deacetylation, and further investigation
into the substrate spectra of different CDAs is required. (3) Additionally, this study found
that the pocket of BaCDA contains arginine residues, and how this positive charge affects
substrate binding when ionic strength changes has not yet been clarified, necessitating
exploration through subsequent mutation experiments. Future research should explore
how pocket flexibility or allosteric regulation fine-tunes enzyme activity under industrial
conditions, such as high substrate concentrations and elevated ionic strength.
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