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ABSTRACT: Structural characterization of microbial enzymes involved in plastic
transformation and modification is of significant importance, yet has been hindered by
the challenges in obtaining enzyme-plastic complex structures. Poly(vinyl alcohol)
(PVA), a typical C−C backbone hydrophilic polymer, offers a potential for obtaining
enzyme-polymer complexes. DacApva, a unique PVA deacetylase, was recently
identified from PVA utilizer Comamonas sp. strain NyZ500. However, the molecular
basis of PVA binding and deacetylation by DacApva remains unknown. Here, we
determined high-resolution crystal structures of DacApva and its complex with
acetylated PVA. A distinctive hydrophobic platform and enhanced serine interactions
were found to be crucial for stable substrate binding in the active site, which differed
from the previously reported arginine interactions in this class of enzymes. A plausible
model of DacApva was proposed for serine prebinding and the sequential removal of
acetyl groups by sliding PVA C−C backbone based on biochemical and computational
approaches. Our study presents a valuable framework for investigating the enzymatic deacetylation of C−C backbone polymers and
has promising implications for the development of efficient plastic-modifying enzymes.
KEYWORDS: poly(vinyl alcohol), plastic modification, complex structure, biocatalysis, enzyme-polymer binding, molecular mechanism

■ INTRODUCTION
The global ecosystem is facing a significant threat from plastic
pollution, as evidenced by numerous studies.1 To address this
issue, a number of scientists have suggested the use of
biochemical catalysis as a viable solution to plastic recycling
and upcycling.2−5 Poly(vinyl alcohol) (PVA) is a biodegrad-
able but fossil-based polymer commonly known as “bio-
plastic”.6 Commercial PVA with varying content of acetyl
groups has a wide range of applications, including wood
processing, construction, paper adhesives, architectural coat-
ings, and pharmaceutical biomaterials.7,8 Synthesis of PVA
polymer involves the polymerization of vinyl acetate with free-
radical initiators and the removal of acetylated side chains.9

However, the conventional industrial deacetylation process
involves saponification under strong basic and organic
conditions, leading to severe pollution9 (Figure S1). Enzymatic
reactions are widely acknowledged as an alternative, eco-
friendly approach to chemical reactions in polymer trans-
formation and modification.10,11 However, lack of these
industrially-important enzymes has impeded their applications
and associated engineering.12,13 PVA derivatives are commonly
considered biodegradable, and the enzymatic cleavage of their
backbone has been extensively studied.14,15 However, the
acetyl content directly impacts the hydrophobic properties of
PVA derivatives, which in turn significantly affects their
biodegradability.9 The efficient deacetylation of PVA had

remained poorly understood until a highly active PVA
deacetylase, DacApva, was recently discovered in PVA utilizer
Comamonas sp. strain NyZ500.16 This deacetylase holds a high
potential for the biotechnological modification of PVA and its
derivatives. It opens up possibilities for the use of DacApva in
the development of PVA-based materials with tailored
properties for various commercial applications. This enzyme
contains a functionally unassigned N-terminal domain and a C-
terminal domain, being classified within the GDSL-like Lipase/
acylhydrolase 2 family (PF13472).17 The majority in this
family (as many as 157,617 entries (May 2025)) function as
xylan/cellulose deacetylase,18 whereas DacApva is the only one
so far proven to primarily recognize C−C backbone polymer
substrate rather than oligosaccharides. In this family, resolved
enzyme complex structures are particularly rare, with only
three reported oligosaccharide complex structures of esterases
CtCE2 with cellohexaose,19 PbeAxCE with MeGlcpA-Xylp,20

and RiCE17 with mannopentaose.21
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Understanding of the plastic-modifying mechanism has long
been of interest but is challenging due to the difficulty of
obtaining enzyme-polymer complex structures. The good
solubility of PVA in this study makes it have high potential
for us to obtain enzyme-polymer complexes. In this study, we
present crystal structures of DacApva in apo form and
complexes of DacApva with PVA at different lengths of carbon
chain, as well as with an intermediate and product acetate from
PVA degradation, providing a detailed understanding of the
molecular interactions between DacApva and PVA polymer as
well as its derivatives. These structures of DacApva elucidate the
way the enzyme binds to the C−C backbone polymer and the
molecular model for acetylated polymer PVA deacetylation,
providing a structural model for enzyme engineering in plastic
modification.

■ EXPERIMENTAL METHODS
Chemicals and Genetic Manipulation. The supplies of

substrates are given in Table S1. Oligonucleotide primers were
purchased from Tsingke Bio Co., Ltd. (Beijing, China) and are
listed in Table S2. The enzymes used for DNA manipulation,
including DNA polymerase and restriction enzymes, were
purchased from Vazyme Biotech Co., Ltd. (Nanjing, China).
The crystallization kits were purchased from Hampton
Research (USA).
Protein Expression and Purification. The sequence-

validated constructs were transformed into E. coli BL21(DE3)
by a standard procedure. The recombinant strain was cultured
in Lysogeny broth (LB) with kanamycin (50 μg·mL−1) at 180
rpm and 37 °C until an OD600 of 0.8 was reached and then
induced with 0.1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) for further incubation at 16 °C overnight. After the
cells were collected by centrifugation, the harvested cells were
resuspended in a buffer of 50 mM Tris-HCl (pH 8.0)
containing 400 mM NaCl, 20 mM imidazole, and 10% glycerol
and lysed by high-pressure homogeneous lysis (Union-Biotech
Co., Ltd., Shanghai, China). Protein purification was
conducted using a nickel-affinity column. The recombinant
protein was eluted with 50 mM Tris-HCl (pH 8.0) and 400
mM NaCl, 250 mM imidazole, and 10% glycerol. The
purification was verified by SDS-PAGE, and the protein
concentration was measured by a NanoDrop One (Thermo
Scientific, USA). Except for the DacApva variant with N-
terminal domain truncation, which fails to be expressed, all
other mutations can be expressed and purified (Figure S2).
The protein used for crystallization was further purified
through size exclusion chromatography (Superdex 200
Increase 10/300 GL), and then concentrated to 15−20 mg·
mL−1 in 50 mM Tris-HCl (pH 8.0), 400 mM NaCl, and 5%
glycerol (Figure S3A).
Crystallization and Structure Determination of

DacApva. DacApva protein was crystallized by the sitting drop
vapor diffusion technique at 16 °C. Initially, a stretch of 45
amino acids in the N-terminal of DacApva was truncated based
on the analysis of predicted structures to assist protein
crystallization (Figure S3D). Protein crystals of truncated
DacApva were successfully obtained (Figure S3B) after
incubation under the conditions listed in Table S3. Diffraction
data were collected at the BL19U1 beamline at Shanghai
Synchrotron Radiation Facility (Shanghai, China) (Figure
S3C). The data were processed with HKL300022 and XDS.23

The DacApva crystal diffracted to 1.8 Å resolution and belonged
to the space group I23, with unit-cell parameters of a = 164.0

Å, b = 164.0 Å, c = 164.0 Å, and α = β = γ = 90.0°. The
structure was phased by PHASER24 using predicted DacApva
coordinates by the AlphaFold 3 server as the searching model.
Then, the manual model building was carried out using
COOT.25 The model was refined by the program PHENIX.-
refine.26 After multiple rounds of refinement, the crystallo-
graphic statistics results were generated by Phenix.table one,27

as shown in Table S4. Graphical illustrations were created with
PyMOL. Electrostatic surface potentials were calculated by the
PyMOL Adaptive Poisson−Boltzmann Solver (APBS) electro-
statics plugin (Version 3.0, Schrödinger, LLC). The crystal
structure of the DacApva protein was similar to the predicted
protein structure (Figure S3D).
Structure Determination of DacApva in Complex with

PVA1788. PVA1788 (Degree of alcoholysis: 88%, degree of
polymerization:1700) particles were dissolved in 50 mM Tris-
HCl (pH 8.0), 400 mM NaCl, and 5% glycerol at
concentrations of 3.5% (w/v) and 9% (w/v), consistent with
the protein solution buffer composition (Table S3). Small
molecular substrates, including D-sorbitol hexaacetate and β-
D-maltose octaacetate, were also dissolved in the same buffer
at 10−20 molar fold excess relative to the protein
concentration. Then these substrates were incubated with
protein solution containing purified DacApva for 1 h, followed
by centrifugation at 12,000×g for 5 min at 4 °C to remove
precipitates. Complexes with the aforementioned substrates
were attempted to be obtained by conventional cocrystalliza-
tion or crystal soaking methods. However, only the complex
with hydrophilic polymer PVA1788 was obtained via
cocrystallization by the sitting drop vapor diffusion technique
at 16 °C. The data collection and refinement process were the
same as aforementioned for the apo form structure.
Site-Directed Mutagenesis. Designated mutations were

introduced by PCR amplification using the specific primers
listed in Table S2 and pET28-DacApva as a template. The PCR
products with the mutation were incubated with DpnI (New
England Biolabs Inc., USA) to remove the template. The
purified PCR products with mutations were introduced into
E.coli DH5α to form a circular plasmid. The mutations were
verified by DNA sequencing.
Enzymatic Activity Assay. The enzymatic reaction was

conducted at 37 °C for 5 min in the reaction mixture (500 μL)
comprising 50 mM Tris-HCl (pH 8.0), 3% (w/v) polymer
substrates or 5 mM small molecular substrates, and appropriate
enzyme concentration. The reaction was then terminated by
adding an equal volume of acetonitrile and subjected to HPLC
analysis. The HPLC (Waters, USA) equipped with an organic
acid analysis column (Aminex HPX-87H, 300 mm × 7.8 mm, 9
μm; Bio-Rad, USA) was used to analyze the acetate produced
from substrates deacetylation. The single mobile phase of 5
mM H2SO4 was used to elute products with a flow rate of 0.6
mL·min−1 at 50 °C. The detection wavelength was 210 nm.
Under these conditions, the retention time of acetate was
14.80 min. One unit of activity was defined as the amount of
enzyme required to produce 1 μmol of acetate per minute at
37 °C. All enzymatic experiments were carried out at least in
triplicate.
Molecular Docking. The DacApva protein structure was

initially predicted using the AlphaFold 3 server.28 Both the
protein and ligand structures were converted into the PDBQT
format (required for docking) using AutoDockTools v1.5.6.29

The protein was processed by adding hydrogen and charges,
and the ligands were prepared by adding atomic charges and
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assigning atom types. The docking pocket was determined
using AutoGrid,29 and molecular docking was carried out using
AutoDock Vina29,30 to search for the best docked con-
formation.
Binding Free Energy Calculation. The binding free

energy of C22-DacApva and C22 mutants was calculated
through an automated workflow termed Uni-GBSA,31 which
employs the MM/GBSA (Molecular Mechanics/Generalized
Born Surface Area) method with default parameters. This
approach estimates the binding affinity by calculating the free
energy difference (ΔG) among the protein−ligand complex,
the isolated protein, and the ligand. The formula used is ΔG =
ΔG(complex) − ΔG(protein) − ΔG(ligand).
Targeted Molecular Dynamics (TMD) Simulations.

The molecular docking was performed to build the initial and
targeted complex structures for further computational
calculations. These two active MD coordinates obtained
above served as the initial structure and the target one,
respectively. Targeted molecular dynamics (TMD)32 was then
carried out in the NPT ensemble implemented in the NAMD
2.14 package.33 Moreover, the NPT ensemble was utilized at a
constant temperature of 300 K and a constant pressure of 1
bar. Nonbonding interactions were handled with a 12 Å atom-
based cutoff. The Particle Mesh Ewald (PME) method34 was
applied to treat electrostatic interactions with a 12 Å
nonbonded cutoff. The force constants (10 kcal·mol−1·Å−2)
and 1 ns simulation time were tested to determine the optimal

TMD conditions. The integration step for the TMD
simulations was set to 2 fs. For analysis, the trajectories were
saved at intervals of 1 ps. Simulations were started from the
inactive crystal structure to the active crystal structure. The
TMD simulation was carried out with force constants of 10
kcal·mol−1·Å−2, in which the simulation times were 1 ns. Then,
we performed a 200 ns conventional MD simulation based on
the TMD structure to ensure the stability of the TMD
structure. The binding free energy is calculated by the MM/
GBSA35 module in AmberTools22.36

■ RESULTS AND DISCUSSION
Substrate Recognition of DacApva and Its Homolo-

gous Enzymes. As previously reported, DacApva was capable
of hydrolyzing acetylated polymers, including polyvinyl acetate,
poly(vinyl alcohol) 1788 (PVA1788) (1), and acetyl xylan (3),
as well as small molecule 7-aminocephalosporanic acid (6).16

When testing its substrate scope in this study, DacApva was
found to deacetylate a variety of other O-acetylated polymers
and small molecules, including cellulose acetate (2), sorbitol
hexaacetate (4), maltose octaacetate (5), and 4-methylumbel-
liferyl acetate (7) (Figure 1A). As a specific de-O-acetylase,
DacApva was not active against N-acetylated and S-acetylated
compounds as well as ester-bond containing compounds,
polyethylene terephthalate (PET) and PET hydrolysates
(Figure S4).

Figure 1. Substrate scope and activity assay of DacApva together with its homologous enzymes. (A) In vitro enzyme-catalyzed deacetylation of O-
acetylated polymers and small molecules. (B) Sequence similarity network of DacApva and its homologous enzymes, including CspAcXE and
PbeAcXE. (C) Deacetylation activity assay with different substrates, and the activities are given as the standard deviation of three replicates.
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Meanwhile, DacApva homologues were retrieved from the
PDB database to investigate the substrate specificity of the
other members of the GDSL-like Lipase/acylhydrolase 2
family. Among them, PbeAcXE from Prolixibacter bellariivorans
and CspAcXE from Chryseobacterium sp. YR480,20 sharing
respective 33 and 39% sequence identity with DacApva, has
been shown to function in the de-O-acetylation of per-
acetylated xylooligosaccharide. While PbeAcXE and CspAcXE
are clustered together in the sequence similarity network,
DacApva is separated from the above two enzymes to form a
significantly smaller category with limited homology (Figure
1B). Functionally, DacApva was indeed different from the
majority of de-O-acetylating enzymes in the GDSL-like Lipase/
acylhydrolase 2 family, primarily targeting C−C backbone
polymers rather than glycan ones.20 To further analyze the
substrate recognition of DacApva and its homologous enzymes,
the enzyme activities toward a variety of polymers and small
molecules were investigated by an in vitro analysis. As
illustrated in Figure 1C, both DacApva and CspAcXE were
capable of hydrolyzing the O-acetyl side chain of different
substrates, suggesting that these two esterases exhibit similar
activity profiles regardless of substrate size. Whereas PbeAcXE
was found to have activity toward PVA1788 only. Notably, the
enzyme activity of DacApva was found to be significantly higher
than that of CspAcXE and PbeAcXE on various substrates,
especially with almost 50 times higher activity toward its native
substrate PVA1788. Furthermore, DacApva displayed a
preference for C−C backbone polymer substrates over xylan
substrates. These differences in substrate recognition are likely
due to variations in binding amino acids around enzyme
pockets, similar to most cases reported.37 This distinctive
difference between DacApva and other GDSL-like Lipase/

acylhydrolase 2 family members led us to seek comprehensive
structural insights into DacApva for unraveling its inherent
functional attributes and unique characteristics.
Subsequently, molecular docking was applied to characterize

interactions between AlphaFold 3-predicted DacApva and
PVA1788. It turned out that the resulting top-ranked poses
positioned substrate molecules distally from the canonical
catalytic triad (S227-D405-H408) (Figure S5), suggesting a
limited performance for computational methods in predicting
or identifying open and extant substrate-binding pockets in this
case.
Overall Structure of DacApva. To obtain crystals of

DacApva, recombinant protein was heterologously expressed in
Escherichia coli BL21(DE3), and purified using a combination
of affinity and size exclusion chromatography (Figure S3A−C).
Size exclusion chromatography analysis confirmed the
monomer status of DacApva (Figure S3A). Guided by
secondary structure and 3D structure prediction information
(Figure S3D), we opted to truncate 45 amino acids from the
N-terminus of DacApva to enhance protein crystallization. The
enzyme assay verified no activity difference between the full-
length DacApva and its truncated version (Table S5). In
subsequent studies, this truncated DacApva is termed the wide
type (WT). Subsequently, the DacApva was successfully
crystallized and diffraction data were collected at a resolution
of 1.8 Å (Table S4). Due to the low sequence similarity to
previously resolved protein structures, the 3D structure
prediction by the AlphaFold 3 server28 was used for phasing.
In the crystal structure of DacApva, its N-terminal domain
contains a ten-stranded β-sheet (β1−10), while its C-terminal
domain with a four-stranded β-sheet sandwiched between two
layers of α-helices (Figure 2A). A prominent, huge groove

Figure 2. Structure of DacApva. (A) Overall structure of the apo-form DacApva. The C-terminal domain and N-terminal domain are displayed in
blue and green, respectively. The loops are displayed in gray. The catalytic triad is shown as purple sticks. (B, C) Substrate-binding pockets of the
crystal structure of DacApva‑S227A in complex with the substrate of PVA1788-C22 (blue in B), PVA1788-C15 (green in C) and the product of acetic
acid (ACT) (yellow in C). The residues around the ligands are shown as gray sticks. (D) Omit map 2mFO-DFC for active sites and ligands in the
crystal structures. The maps are shown as gray mesh (1σ).
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extends across the surface between the two domains to form an
open binding pocket. The loops of the protein around the
periphery of the groove resemble the lace of a bowl (Figure
2A), formed with loop1 (residues 52−72) from β1 leading into
β2, loop2 (residues 164−180), loop3 (residues 231−241),
loop4 (residues 265−282), loop5 (residues 308−318), loop6
(residues 344−358), and loop7 (residues 402−410).
Similar to the SGNH superfamily hydrolases, DacApva

contains the conserved SGNH motif and GDSI motif in the
C-terminal domain. Additionally, the classical catalytic triad
(S227-D405-H408) of DacApva is in the C-terminal domain
near the huge groove surface, with D405 and H408 in loop 7,
and S227 in the α1. In contrast, the fold of the N-terminal
domain was found to be varied in most SGNH/GDSL
hydrolases by multiple sequence alignment analysis (Figure
S6). This phenomenon was also found at the structural level,
where the SGNH hydrolase fold was commonly present in the
catalytic domain of acetylxylan esterases from the carbohydrate
esterase (CE) family of the SGNH superfamily (Figure S7).
Nevertheless, the N-terminal domain (residues 45−219) of
DacApva exhibits a unique jelly roll β-sandwich fold that does
not resemble most known domains (Figure S7). This structural
β-sandwich fold is intimately linked to the catalytic domain,
forming a bowl-shaped open pocket.
Most DacApva homologous proteins exhibit significant

structural divergence (DALI Z-score <17; Table S6), except
PbeAcXE (root-mean-square deviation, RMSD 0.783 Å) and
CspAcXE (RMSD 0.840 Å), which are well superposed with
DacApva (Figure S7). However, the N-terminal loop1 of
DacApva is considerably longer than those in PbeAcXE and
CspAcXE (Figure S7). Targeted deletion of two amino acids at
different positions within this loop resulted in a substantial loss
of activity (Table S5), demonstrating the crucial role of loop1
in orienting the substrate within the active site. This finding is
also consistent with the activity comparison analysis (Figure
1C), where DacApva exhibits higher activity toward PVA1788
than PbeAcXE and CspAcXE. It suggests that this N-terminal
domain, with distinct loop 1, functions as a necessary domain
for substrate binding and orientation.
Substrate-Binding Pocket of DacApva. To further

understand the details of DacApva binding to polymers and
its catalytic mechanism, we endeavored to obtain a crystal
structure of DacApva in complex with polymer PVA1788.
Although cocrystallization of WT-DacApva with PVA1788
failed, we successfully managed to cocrystallize the inactive
mutant S227A with PVA1788. PVA1788 was trapped in the
binding pocket of the enzyme, and two substrate fragments of
different lengths were observed in the density maps shown in
Figures S8 and S9. One of these two complexes contained a
long chain of 22 carbons with two acetyl groups, which is
designated C22-DacApva‑S227A (Figure 2B). The other one
contained a long chain of 15 carbons with one acetyl group and
an acetate molecule, which is designated C15-ACT-
DacApva‑S227A (Figure 2C).
The overall structures of C22-DacApva‑S227A and C15-ACT-

DacApva‑S227A closely resembled that of DacApva, as indicated by
the low RMSD values between each pair. Namely, the RMSD
values for 375 Ca atoms and 368 Ca atoms were 0.087 and
0.131 Å, respectively. As to the comparison of these two
complexes, superimposed structures between C22-Da-
cApva‑S227A and C15-ACT-DacApva‑S227A exhibited little varia-
tions, particularly in the orientations of the hydroxyl and acetyl
groups of PVA, as shown in Figure S10. These results

demonstrate that minimal conformational changes occurred
among the different forms of DacApva. In particular, the
conformation of loops around the substrate binding pocket is
also relatively stable, of which an indistinctive migration of
loop1 was seen in the structure of C15-ACT-DacApva‑S227A
(Figure S11). In the substrate-binding pocket, apart from the
conserved catalytic triad (S227-D405-H408), residues D226,
Y232, S266, G267, N303, V302, W310, Y355, Y356, S352,
A351, and L407 were also observed around substrate
PVA1788-C22 (Figure 2B). Based on interaction force
analysis, each of N303 and H408 formed a hydrogen bond
with the acetyl group, while S352 fixed the substrate by an
additional hydrogen bond with another acetyl group. In
addition, some hydrophobic residues were observed around
the long-chain substrate PVA1788-C22, such as W310, Y355,
Y356, Y232, and F307, suggesting that the hydrophobic
interaction force played a primary role in the binding of the
substrate. The residues around substrate PVA1788-C15 almost
overlapped with the ones around PVA1788-C22, except for the
absence of residue Y232 and the presence of extra F307 in the
former (Figure 2B,C). Because these tightly coordinated
residues assist in the binding of PVA1788, the polymer
fragments PVA1788-C22 and PVA1788-C15 bound to this
deacetylase can be observed in the crystal structure.
Structural Comparison of DacApva and Other Polymer

Deacetylases. As the two enzymes most similar to DacApva,
CspAcXE and PbeAcXE, are good targets for structural
comparison. Electrostatic surface representations of C22-
DacApva‑S227A, MeGlcpA-Xylp-PbeAcXE, and CspAcXE (nota-
bly, the active site structure of CspAcXE is incomplete) are
shown in Figure 3 by APBS displayed in PyMOL (Version 3.0,
Schrödinger, LLC). The surfaces surrounding the active site in

Figure 3. Structural comparison of DacApva, PbeAcXE and CspAcXE.
Electrostatic potential surfaces of C22-DacApva‑S227A (A, 9KR3),
MeGlcpA-Xylp-PbeAcXE (B, 7TOH), and CspAcXE (C, 7TOJ),
where the surface charge distribution is displayed as blue for positive,
red for negative, and white for neutral. Comparison of the binding
pocket residues of C22-DacApva‑S227A and MeGlcpA-Xylp-PbeAcXE
(D), C22-DacApva‑S227A and CspAcXE (E). The bound residues are
depicted as sticks: C22-DacApva‑S227A (red), MeGlcpA-Xylp-PbeAcXE
(green), and CspAcXE (purple).
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PbeAcXE and CspAcXE are largely positively charged, while
that in DacApva is largely negatively charged. Besides, the
pocket of DacApva was more exposed, and the surrounding
loops walled a circle of hydrophobic fences, which is favorable
for binding the PVA substrate. This suggests that the strong,
negatively charged pocket of DacApva binds the acetyl group,
and the hydrophobic environment anchors the substrate
backbone. Furthermore, a detailed sequence and structural
comparison of these three enzymes shows a notable overlap
between PbeAcXE and CspAcXE. However, substantial differ-
ences are observed between the binding pocket of DacApva and
those of the other two enzymes (Figures S13 and S14). The
substrate of MeGlcpA-Xylp was bound into a positively
charged environment, forming hydrogen bonds with R25,
N26, R139, and R193 (Figure S14). The polymer PVA1788
relies on several CH-π interactions for anchoring, including at
least four aromatic residues at loops 3, 5, and 6. Residue S352
formed a hydrogen bond with the acetyl side chain in the
ligand-binding cavity of the DacApva (Figure S14). In the GH
families, carbohydrate recognition based on arginine residues
and aromatic residues is a distinguishing feature.38 However,
the conserved arginine residues in the pocket among members
of this subfamily are absent in DacApva. Instead, three serine
residues are present, likely to compensate for the lack of the
arginine in specific loops: S266 and S275 at the loop 4, S352 at
the loop 6. Serine can then be proposed as a substrate
recognition residue in DacApva among the SGNH/GDSL
superfamily.
In addition, other distantly related polysaccharide deacety-

lases, including CtCE219 and RiCE1721 (Figure S15), as well as
three cutinases (HiC, PmC, and FsC active toward PVA
derivatives)39 (Figure S16), were used to compare the active
sites with DacApva. All these distant homologues were
significantly different from DacApva in the overall structure.
However, their binding pockets were all featured by the
presence of hydrophobically aromatic residues, including
tyrosine, tryptophan, and phenylalanine, implying their critical
role in binding polymers.

Site-Directed Mutagenesis and Computational Anal-
ysis. To investigate the roles of key residues involved in
substrate binding and catalysis, mutants of DacApva were tested
for their activity toward the substrate PVA1788 (Figure 4).
Whereas no detectable activity was observed for the mutant
S227A, mutants N330A, D405A, and H408A retained no more
than 10% of the WT activity. Additionally, Mutants Y232A,
F307A, and Y356A retained about 30% activity, indicating that
these aromatic residues contribute to the formation of an
aromatic platform and are likely critical for stabilizing the
substrate. On the other hand, W310 and Y355 are located at
the entrance of the substrate pocket and form an aromatic
clamp that may facilitate substrate binding. The W310A and
Y355A mutants displayed a 30% reduction in activity,
suggesting that the aromatic side chain of W310 and Y355
makes non-negligible contributions to stabilizing the substrate.
As to the substrate-binding residues, S266, S275, and S352
were found to be important, with S352 playing a particularly
crucial role. The S352A mutation led to a remarkable loss of
activity, likely due to the disruption of a key hydrogen bond
with the acetyl side chain of the substrate. This highlights the
importance of these hydrogen bond interactions in substrate
recognition and binding. The molecular mechanics-generalized
born surface area (MM-GBSA) calculations were performed to
assess the binding free energy of both DacApva and its mutants.
Compared to WT, most of the mutants exhibit poorer binding
free energy, which largely corroborates the experimental data,
confirming that the residues implicated in activity loss
contributed to the stability of the enzyme−substrate complex
(Table S7).
Proposed Substrate Binding Mode and Enzymatic

Mechanism. The hydrolysis mechanism of DacApva is
mediated by the core Ser-His-Asp catalytic triad, where serine
acts as the nucleophile, histidine functions as both the general
base and acid, and aspartate assists in orienting the histidine
residue while neutralizing the charge developed on histidine
during the formation of transition states, in a way similar to
previously described catalytic process.40 This mechanism
occurs in two major steps: the acylation and deacylation

Figure 4. Analysis of mutation in key residues. (A) Residues in the active pocket of DacApva located within a 5 Å radius of the substrate were
chosen for mutagenesis. (B) Activity of the mutants was determined. WT: wild-type DacApva. The activities are given as the standard deviation of
three replicates.
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reactions. The formation of the tetrahedral transition state
(TS1) and the breakdown of TS2 to release acetic acid both
involve stabilization of the negatively charged oxygen by N303,
akin to an oxyanion hole.41 The acyl-enzyme intermediate
forms via TS1 and is released via TS2 (Figure 5A). Structural
analysis of the WT protein cocrystallized with PVA1788
revealed additional electron density near the side chain of
S227, consistent with the acyl-enzyme intermediate, where
acetate is covalently attached to the hydroxyl oxygen of S227
(Figure 2D). The omit map of the acyl-enzyme intermediate
and substrate- and product-bound states is shown in Figure
2D. These structural data provide crucial geometrical details
that elucidate the catalytic mechanism.
Based on these findings, a catalytic pathway for DacApva is

proposed (Figure 5B). An aromatic platform and serine
interactions are initially formed in the apoenzyme, facilitating
the binding of PVA1788 to the protein surface. Upon binding,
the carbonyl group of the first acetyl side chain is directed
toward the center of the substrate-binding pocket, where the
catalytic triad mediates nucleophilic attack. The oxyanion hole
polarizes the ester bond, stabilizing the reaction intermediate.
The acyl-enzyme intermediate is then formed, followed by a
second nucleophilic attack from a water molecule, consistent
with the typical hydrolase mechanism. Simultaneously, the
second acetyl side chain was anchored by S352, thereby
priming the enzyme for the next catalytic cycle. Following
cleavage of the first ester bond, the second acetyl side chain is
drawn into stronger interactions with catalytic residues and the
oxyanion hole, enabling its entry into the catalytic pocket and
repetition of the catalytic process. This progressively slides the
PVA1788 C−C backbone into the binding pocket, facilitating

the sequential removal of acetyl groups (Figure 5B).
Compared to the arginine-carbohydrate interaction model
used by CspAcXE and PbeAcXE, the serine prebinding model
in this study may enhance the catalytic efficiency of DacApva on
PVA1788 substrates.
Targeted molecular dynamics (TMD) simulations were

widely applied to study the binding process between protein
and ligand.42 To elucidate the molecular determinants for the
unbinding kinetics of DacApva, we here combined experimental
data with nonequilibrium TMD simulations on the enzyme
with site-1 deacetylated-ligand PVA1788-C22. The non-
equilibrium work obtained from TMD simulations converges
quickly as expected. We monitored changes in the RMSD
values (Figure S17A) to observe conformation fluctuations in
the overall structure after TMD. The overall structure of the
proteins is maintained in a stable state. The binding energy
after TMD is −28.13 kcal·mol−1, indicating the stability of the
complex structure of TMD. The van der Waals interaction
energy may exhibit key effects on binding kinetics: the
presence of a long hydrophobic chain can either increase the
residence time of the ligand by locking it to the protein or
accelerate binding by facilitating the formation of a contracted
form for fixing the ligand in the binding pocket. Meanwhile,
the changes in the overall protein radius of gyration (Figure
S17B) also indicate that the protein−ligand complex
conformation has reached an equilibrium state.

■ CONCLUSIONS
The structural elucidation of DacApva and its complex with
PVA has provided a model for understanding how a plastic-
modifying enzyme binds to its polymer substrate. DacApva

Figure 5. Catalytic mechanism of DacApva. (A) Proposed mechanism of DacApva-catalyzed deacetylation. (B) Model for deacetylation of polymer
PVA by DacApva.
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exhibits a dual-domain architecture comprising an SGNH
superfamily hydrolytic domain and a unique N-terminal
domain, ensuring the structural integrity of the protein. The
superior ability of DacApva to bind C−C backbone substrates
can be attributed to the presence of an aromatic platform
surrounding the substrate binding pocket and the catalytic
force exerted by serine residues. A novel mechanism for
DacApva catalysis was elucidated through crystal structure
analysis and stretching kinetics simulations. This mechanism
involves serine prebinding and the sequential removal of acetyl
groups by polymer sliding within the enzyme pocket.
Understanding of this unique mechanism advances our
knowledge of rarely observed polymer-enzyme interactions
and provides a valuable template for engineering enzymes for
plastic modification.
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