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Abstract

Polyphenylene sulfide (PPS) is a sulfur-containing polymer widely used in high-performance
materials. Its stability makes PPS challenging to recycle. Herein, we report a computational
study of the catalysis of the oxidation of dimeric PPS (DPS) to its sulfoxide derivative
(DPSO) by DszC, a flavin-dependent monooxygenase from the 4S pathway. Molecular dynamics
(MD) simulations reveal that DPS preferentially localizes near the flavin C4a-hydroperoxide
intermediate within DszC’s hydrophobic cavity. Analysis of hydrogen-bond networks involving
the C4a-hydroperoxide hydrogen and oxygen atoms highlighted five distinct starting structures
for hybrid QM/MM Nudged Elastic Band calculations involving intramolecular stabilization
with the D-ribitol tail, intermolecular contacts with His391 and Tyr96, and two water-mediated
networks. Free energy barrier analysis demonstrated that enhanced stabilization of the proximal
oxygen of the flavin C4a-hydroperoxide lowers the proximal O-O bond cleavage barrier. Indeed,
the lowest barrier is observed when both His391 and Tyr96 residues are involved in the hydrogen
bond network with the reactant. Moreover, a water molecule also stabilizes the transition state
via hydrogen bonding with the distal oxygen, yielding a comparable barrier. These findings
suggest that enzymatic DPS oxidation by DszC protein is feasible, opening the way of new
biodegradation pathway of PPS polymers.
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Abstract

Polyphenylene sulfide (PPS) is a sulfur-containing polymer widely used
in high-performance materials. Its stability makes PPS challenging to recycle.
Herein, we report a computational study of the catalysis of the oxidation of
dimeric PPS (DPS) to its sulfoxide derivative (DPSO) by DszC, a flavin-
dependent monooxygenase from the 4S pathway. Molecular dynamics (MD)
simulations reveal that DPS preferentially localizes near the flavin C*3-
hydroperoxide intermediate within DszC’s hydrophobic cavity. Analysis of
hydrogen-bond networks involving the C**-hydroperoxide hydrogen and
oxygen atoms highlighted five distinct starting structures for hybrid QM/MM
Nudged Elastic Band calculations involving intramolecular stabilization with the
D-ribitol tail, intermolecular contacts with His391 and Tyr96, and two water-
mediated networks. Free energy barrier analysis demonstrated that enhanced
stabilization of the proximal oxygen of the flavin C*2-hydroperoxide lowers the
proximal O-O bond cleavage barrier. Indeed, the lowest barrier is observed

when both His391 and Tyr96 residues are involved in the hydrogen bond

1

https://doi.org/10.26434/chemrxiv-2025-ds9mk ORCID: https://orcid.org/0000-0002-7657-6861 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


mailto:natacha.gillet@ens-lyon.fr
https://doi.org/10.26434/chemrxiv-2025-ds9mk
https://orcid.org/0000-0002-7657-6861
https://creativecommons.org/licenses/by-nc-nd/4.0/

network with the reactant. Moreover, a water molecule also stabilizes the
transition state via hydrogen bonding with the distal oxygen, yielding a
comparable barrier. These findings suggest that enzymatic DPS oxidation by
DszC protein is feasible, opening the way of new biodegradation pathway of
PPS polymers.

Key words
Oxidative desulfurization, C-S bond, Flavin-dependent monooxygenase,
Polyphenylene sulfide (PPS), molecular dynamics, quantum

mechanics/molecular mechanics

1. Introduction

Polyphenylene sulfide (PPS) is a high-performance engineering thermoplastic
renowned for its exceptional thermal stability and chemical resistance for applications
across the aerospace, electronics, and automotive sectors [1,2,3,4,5]. This industrial
significance is underscored by market data: the global PPS market reached USD
1305.34 million in 2024 and is projected to grow at a compound annual growth rate
(CAGR) of 8.3% from 2024 to 2031 [6,7] . However, the escalating production demand
exacerbates a critical issue in term of sustainability —while PPS delivers superior
material performance [6,7], its sulfur-rich backbone (30-35 wt%) poses substantial
challenges for the thermal recycling since thermal processing of PPS releases
carcinogenic sulfur oxides, creating significant health and ecological hazards [8,9].

One sustainable way could be inspired by the biodegradation of the carbon-
backbone polymers such as polyethylene terephthalate (PET). Indeed, PET
biodegradation pathways targeting ester or aliphatic linkages are now well-
characterized and even engineered for industrial application [10,11,12,13,14,15].
Microbial desulfurization has emerged as a promising alternative for surlfur-containing
polymers, offering harmless treatment under mild reaction conditions [16,17,18].
Recent studies have demonstrated that Pseudomonas bacteria can achieve partial
PPS degradation, albeit only over extended incubation periods (30-60 days) [19,20].
Three fundamental knowledge gaps currently hinder progress in this field: (1) the lack

https://doi.org/10.26434/chemrxiv-2025-ds9mk ORCID: https://orcid.org/0000-0002-7657-6861 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-ds9mk
https://orcid.org/0000-0002-7657-6861
https://creativecommons.org/licenses/by-nc-nd/4.0/

of identified desulfurases capable of cleaving polymeric C-S bonds, (2) the undefined
molecular mechanisms governing enzymatic desulfurization processes, and (3) limited
understanding of enzyme-macromolecule interface interactions. Innovative strategies
integrating computational enzymology and protein engineering can help to overcome
these barriers.

A highly interesting model for PPS desulfurization is the 4S pathway, employed by
Rhodococcus species and related bacteria to degrade dibenzothiophene (DBT)—a
process critically important in fossil fuel biodesulfurization [21,22,23,24]. In this
pathway, the sequential and coordinated actions of the Dsz enzyme system selectively
catalyze the oxidation and cleavage of C—S bonds in DBT, leading to the production
of 2-hydroxybiphenyl and inorganic sulfite [21,22,23,24,25,26,27,28,29,30,31]. The
process starts with the DszC-catalyzed oxidation of DBT to dibenzothiophene
sulfoxide (DBTO), followed by its further oxidation to DBTO>. DszA then catalyzes the
first carbon-sulfur bond cleavage of DBTO: [25,26,27]. Subsequently, DszB cleaves
the final C-S bond, yielding 2-hydroxybiphenyl and sulfite [28]. Additionally, DszD
facilitates flavin reduction by mediating hydride transfer from NADH, thereby
regenerating the reduced flavin cofactor essential for DszC and DszA activity [29].
This well-established mechanistic framework could present an analogy for PPS
biodegradation, as both substrates share a central aromatic thioether linkage.

We investigate here an analogous sequence for the enzymatic degradation of PPS
using computational models. We hypothesize that PPS undergoes DszC-catalyzed
step-wise oxidation to PPS sulfoxide (PPSO) and subsequently to PPS dioxide
(PPSO,), followed by DszA/DszB-mediated cleavage of the C—S bonds, ultimately
yielding p-hydroxybenzenesulfinate (HBS) and phenol as terminal products (Figure
1b). Kinetic analyses of the DBT 4S pathway have identified both the initial DszC-
catalyzed oxidation and the final DszB-catalyzed C-S bond cleavage as rate-limiting
steps [30]. We focus our study on the first step—DszC-mediated oxidation—as it
initiates the catalytic cascade and generates essential intermediates for downstream
reactions, using diphenyl sulfide (DPS), the dimeric analog of PPS, as a model of the
polymeric substrate.

Since DPS is more flexible than DBT that contains an additional C—C bond

bridging the ortho-positions of the two phenyl rings, sampling the conformational
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space of the reactant in the catalytic pocket is critical. This will be performed using
classical molecular dynamics (MM-MD) to reach a high-quality sampling of the
possible orientations of the substrate within the pocket and identify the possible
presence of water within the pocket. Besides, the nucleophilicity of the sulfur atom
may differ from DBT to DPS. The barrier corresponding to the oxidative attack of the
sulfur atom will be carefully investigated using hybrid QM/MM approaches combined
with nudge elastic band and transition state optimization. Similar approach was
already employed successfully to investigated the DBT oxidation [25]. To tackle the
challenge of sampling how conformational changes of the pocket may affect the
activity of the catalytic site [32], we will select a variety of starting configurations
through careful analysis of the classical molecular dynamics trajectories. Our study,
combining both the conformational sampling of DPS in the DszC active pocket and
QM/MM evaluation of reaction free energy highlights how DszC active site can adapt
to catalyse DPS oxidation.

DPS

DBT
(b)
o g 0 Ogo 0 o
s 2 ) W7 >
— — —“» HO g . HO—< >
\@/ E|: DszC \@ } DszC % DszA DH  DszB
PPS PPSO

PPSO, HBS PhOH

Figure 1. Substrate Structure and Proposed Desulfurization Mechanism. a) Structural comparison
of diphenyl sulfide (DPS) and dibenzothiophene (DBT) with sulfur (yellow), hydrogen (white), and
carbon (grey) atoms shown as spheres, with inserting the C2-C3-S-Ce dihedral (light blue). b) Proposed
enzymatic desulfurization pathway for poly(phenylene sulfide) (PPS) catalyzed by the 4S pathway
enzymes DszC, DszA, and DszB.

2. Computational details
Molecular Dynamics Simulations
The FMN-bound DszC structure originates from Rhodococcus erythropolis
(PDB ID: 3X0Y, resolution 2.3 A) [33]. A single homodimer (Chain A &F), was selected
to represent the DszC enzyme model. This model includes all resolved residues (402

in A, 400 in F) and conserved water molecules. The protonation states of titratable
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residues were assigned according to the model described in Barbosa et al [25].
Specifically, His92, His388, and His391 in the active site were protonated at the N,
while all other histidine residues were protonated at the N¢ [25]. The redox states of
flavin (FMN) cofactors were modeled according to their catalytic roles to capture
substrate oxidation accurately. In our model (Figure 2), the first monomer features the
C*a-hydroperoxyflavin (C*200H) intermediate directly involved in substrate oxidation,
while the second monomer retains reduced FMN (FMNH-) for electronic consistency.
The two oxygen of C*0O0H are separately denoted as O, and QOq4, Op is a proximal
oxygen atom, covalently attached to the isoalloxazine ring, and Oq is a distal oxygen
that constitutes the reactive terminal atom of the —OOH group (Figure 2). To model
polyphenylene sulfide (PPS) reactivity, we used diphenyl sulfide (DPS) as a
computationally efficient representative model.

Given the lack of experimental structures for DszC-substrate complexes, we
built on the structural similarity between DPS and DBT to construct a DPS:DszC model
based on the previously reported DBT:DszC model by Fernandes and coworkers,
which using one and half monomer represent DszC model [25,34]. To extend this
model to a homodimeric representation, we performed structural superposition using
PyMOL align function [35], resulting in initial conformations of the DPS-bound
homodimer with alternating redox states (C**OO0H in chain A and FMNH™ in chain F).
A similar procedure was employed to construct the DszC-C**OOH:DBT model, the
only difference being the distinct structures of DBT and DPS. The initial Spet-pps-Od
distance was 3.76 A, and the Spar-ors-Oq-Op angle was 146.5° degree, coinciding with
the DBT:DszC model reported by Barbosa et al [25].

All-atom MD simulations were performed using AMBERZ20 with the ff14SB force
field [36,37,38]. The DBT, C4A and FMNH- parameters were derived from published
quantum mechanical calculations using RESP charges at the B3LYP/6-31G* level [25].
DPS charges and torsion parameters were optimized through HF/6-31G(d,p)
calculations using the TURBOMOLE software and converted to AMBER force field
parameters [39,40]. The C*0OO0H was singlet-state based on previous report. The
TIP3P water model was used to solvate the complexes [41]. System assembly,
solvation, and neutralization were performed using the tleap module in AMBERZ20,
with 34 Na* ions added to neutralize the system. A rectangular water box was
constructed, maintaining a minimum distance of 20 A between the solute and the box
boundaries (Figure S1a).
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MD simulations were carried out using AMBERZ20 for DPS:Dszc and DBT:DszC
for comparison. Energy minimization was performed in two stages: 5,000 steps of
steepest descent followed by 5,000 steps of conjugate gradient minimization. The
system was then gradually heated from 0 K to 300 K over 30 ps in NVT ensemble,
employing the Nose-Hoover thermostat with a coupling constant of 1.0 ps™.
Equilibration was conducted for 2 ns under NPT conditions using a 2 fs timestep, with
temperature control via the Nose-Hoover thermostat (300 K) and pressure regulation
using the Berendsen barostat (1 atm). The production phase consisted of 400 ns using
the same parameters. For all simulations, we employed a 10 A cutoff for nonbonded
interactions. Long-range electrostatic interactions were treated with the particle-mesh
Ewald (PME) method. The SHAKE algorithm was applied to constrain hydrogen-
involving bonds. Trajectory analysis was performed using the CPPTRAJ tool to
calculate the root-mean-square deviation (RMSD) with reference to the starting PDB
structure, root-mean-square fluctuation (RMSF), distance and angular measurements,
and radial distribution function (RDF) analysis [42]. The statistical histograms were

generated via custom Python scripts.

QM/MM Calculations

QM/MM calculations were conducted to investigate the catalytic mechanism of
DPS oxidation using ORCA [43,44]. Five representative catalytic conformations were
extracted from MD simulations as starting points for QM/MM calculations as detailed
in the Results and discussion section.

The system was partitioned into QM and MM regions, as shown in Figure S1.
The QM layer was treated with density functional theory (DFT), while the MM layer
was described using the FF14SB force field from AMBER [38]. The QM layer
comprised all atoms of the DPS substrate (23 atoms), the isoalloxazine core and the
N'-bound hydroxyethyl of C*OO0H (38 atoms), and side chains of catalytically
relevant residues, including His92 (11 atoms), Tyr96 (15 atoms), Asn129 (8 atoms),
Ser163 (5 atoms), His388 (11 atoms), and His391(11 atoms) (Figure S1c). Each
system contained 122 QM-layer atoms (overall neutral charge, singlet spin state) or
125 QM-layer atoms when an additional water molecule was included, for a total of
168,948 atoms in the simulation box. The link-atom approach was used to maintain
valency across QM/MM boundaries, incorporating seven link hydrogen atoms along

the Cq-Cg bonds of each amino-acid residue and between the N'°-bound hydroxyethyl
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and hydropropyl bond of the C**0O0H cofactor. The MM region included all remaining
atoms, further subdivided into a frozen region and a flexible region, with residues and
waters within 15 A of the QM layer treated as flexible. An electrostatic embedding was
used. The QM region was treated using the B3LYP functional with Grimme's D3BJ
dispersion correction and the 6-31G(d,p) basis set.

The initial transition state (TS) structures were identified via the nudged elastic
band transition state search (NEB-TS) method, and also followed by full TS
optimizations (optTS) to refine the geometries [45,46]. To confirm the nature of each
transition state, frequency calculations were conducted, ensuring the presence of one
and only one imaginary frequency. For computational efficiency, frequency
calculations were performed on a reduced QM region that included only the substrate
DPS and the key residues directly involved in the reaction mechanism: C*0OH,
Tyr96, and His391, comprising 87 atoms in total. Only vibrational modes with
wavenumbers greater than 50 cm™ were considered as harmonic vibrational
frequencies. Thermochemical corrections were applied to estimate Gibbs free
energies. These corrections incorporated zero-point energy (ZPE) contributions, as
well as thermal enthalpy and entropy.

All the structure visualization was conducted using the VMD software [47].

Results and discussion

3. Classical Molecular Dynamics of the DszC:DPS complex

DszC was modeled in its homodimeric form (Figure 2) [25,33], with two catalytic
pockets containing a flavin mononucleotide (FMN) cofactor. To oxidize DBT or DPS,
the first step is the oxidation of this FMN cofactor into the C*?OO0H intermediate. This
step is already known as a near-barrierless process [25,48,49]. Consequently, we
chose to use a model of the homodimer of DszC with:
(i) one activated site containing the oxidized form of the cofactor, i.e. C*200H, with O,
the proximal oxygen atom and Oq4 the distal oxygen that constitutes the reactive
terminal atom of the —OOH group (Figure 2). The DPS (or DBT) substrate in close was
positioned in proximity to this reactive center (Figure 2) as described previously [25].
(ii) one site containing the reduced form of the cofactor (FMNH") and no substrate as
proposed in previous MD simulations studies of DszC [50].
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Figure 2. Structure of DszC containing DPS. Cartoon representation of DszC in complex with the
C*0OO0H cofactor and DPS substrate with an insight to the active site.

Structural and dynamic characterization of DszC:DPS and DszC:DBT

The root-mean-square deviation (RMSD) analysis of the protein backbone
confirmed that the DszC homodimer maintains structural stability throughout the 400
ns molecular dynamics simulations, with global RMSD values consistently remaining
below 3.0 A (Figures 3a,b). Residual fluctuations are predominantly localized to
flexible loop regions, as further supported by root-mean-square fluctuation (RMSF)
profiles and supplementary RMSD analyses (Figures S2—S4). In contrast, the catalytic
active site—comprising key residues His92, Tyr96, Asn129, Ser163, His388, and
His391, along with the C*OOH cofactor—exhibited a high structural integrity,
underscoring the robustness of the core catalytic architecture. A hydrogen-bonding
network formed between these key residues and C**0OO0H, as well as among these
key residues themselves, is observed. This network of interactions mirrors previously
reported configurations of DszC [25], and maintains the cofactor in a catalytically
active orientation. In more details, the C**OOH cofactor demonstrates a remarkable
stability with RMSD values remaining below 3.0 A and a mean value of 1.56 A (Figure

3a,b). Its anchored within the active site through a persistent hydrogen-bonding
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network: Tyr96 (phenolic —O, or O,—H) and His391 (imidazole —N¢ or NsH) are
interacting with the OOH moiety while an additional stabilization is provided by Ser163
(hydroxyl —OH) and Asn129 (amide —NH:), which build hydrogen-bonds with oxygen
and nitrogen atoms of the isoalloxazine ring, respectively (Figure S5,S6). These key
residues surrounding the co-factor C*?OO0H exhibit even smaller structural deviation
than this cofactor, with RMSD values remaining below 2.0 A and a mean value of 1.33
A (Figure 2b, and Figure S2-S4).
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Figure 3. (a,b)Time evolution of the root-mean-square deviation (RMSD) of DszC'’s active site (blue),
C**OO0H cofactor (orange), substrate, and protein backbone (gray) over 400 ns MD simulations for
the DszC:DPS (a) and DszC:DBT (b). (c,d) Radial distribution functions (g(r)) of water oxygen around
the distal oxygen atom (O4, orange) the proximal oxygen atom Op(green)) and the sulfur atom (S,blue)
of DPS in the DszC:DPS complex (c¢) and DszC:DBT complex (d).

The DPS is located within the catalytic pocket during the whole trajectory of 400
ns with a maximum RMSD at 4.7 A and an averaged value of 3.19 A (Figure 3a). The
catalytic pocket is delimited by the active site (the co-factor C**0O0OH and the key
residues around it as described above) and by a hydrophobic domain which comprises

three phenylalanine and two tryptophan residues (Figure 2). This pocket is large
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enough to accommodate easily the substrate DPS and even to let it drift away from
the Oq4 atom of C*20O0H as shown by the fluctuations of the S—Qq distance between 3
A and 8 A (Figure S10). Those fluctuations are correlated with the dynamics of water
molecules within the pocket. The RMSD of DPS remains stable near 2 A during the
first 50 ns, a period characterized by the complete absence of water molecules near
the Oq atom. After 50 ns, some water molecules are located close to Oq4 while the
RMSD of DPS increases to ~4 A and the S—Oq distance increases to nearly 8 A. At
such position, the DPS substrate mostly interacts with the hydrophobic part of the
catalytic pocket. By 140 ns, the hydration shell around Oq4 reached a steady state, with
one or two water molecules within the first peak of the radial distribution function
(Figure 3b,3c). Simultaneously, the RMSD of DPS stabilized around 3 A and the S—
Oq distance reaches a stable average of 3.5 A (Figure 3a).

The presence of water in close contact with the active site contradicts the
previous findings about the DszC:DBT case [25]. To check if this discrepancy is due
to the substrate or to the quality of the sampling, we repeated the same analysis using
DBT as a substrate and a long trajectory of 400 ns. As shown in Figure 2c, S8-S9, the
behavior of the DszC:DBT complex is similar to the one of the DszC:DPS complex.
The substrate drifts towards the hydrophobic part of the active site, with jumps in the
RMSD of the substrate (RMSD around 5A), a S-Oq distance that fluctuates between 3
A and 12 A (Figure S10), and one to two water molecules in close proximity to Og
(Figure S11). These water molecules were not present in the previous computational
study [25], so their impact have not been yet reported. Their presence in the active
site in DszC:DPS and DszC:DBT simulations indicates that this event is substrate-
independent. In both cases, water molecules mostly interact with O4-H group (Figure
3c,d). The analysis of the corresponding radial distribution functions suggests that in
DszC:DBT case, the surrounding water molecule are more mobile and the interaction
with Og-H group less present than in the DszC:DPS case. This correlates with the
higher mobility of DBT in the active site in our simulations: as the substrate comes
closer to the hydrophilic pocket, more space can be explored by water molecules
around Og-H group. This different behavior can be due to conformational sampling
issues. Overall, we can conclude that the presence of water molecule in the active site
must not be neglected in the exploration of the catalytic mechanism of sulfoxidation in
DszC.
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4. Selection of Reactive Conformations of DPS for Sulfoxidation

Building upon the dynamic profiles and hydration patterns described above, we
sought to identify several binding modes of DPS within the DszC active site. We base
our selection on two key geometric parameters identified in DBT oxidation as key to
enable low-energy-barrier pathways [25], the S—Oq4 distance and the S—O4—O, angle.
Over the 400 ns MD trajectory, DPS predominantly sampled conformations with S—Ogq
distances between 2.5 — 4.5 A and S-O¢—Op angles of 130° — 170°, closely matching
previously established optimal values for nucleophilic attack (S-Oq < 3.8 A; angle >
146°) (Figure 4a). Applying these geometric criteria, we pre-selected 817
conformations for DPS.

To refine our selection, we identified other geometric parameters. A careful
analysis of the trajectory revealed that two residues in close interaction with the
C*0OO0H co-factor were exhibiting a dynamic behavior. First, we observed that the
rotation of His391 allows this residue to serves as a hydrogen-bond acceptor (OgH---N¢
< 2.2 A) between 70-120 ns, while outside this window, it predominantly acts as a
donor (NsH---Op) (Figure 4b). Meanwhile, Tyr96 phenol group mainly functions as a
hydrogen-bond donor (OyH---Op) throughout the 400 ns simulation. However,
occasional rotation of the OOH group also allows Tyr96 to act as an acceptor
(OgH---O,)), when the intramolecular hydrogen bond is broken (Figure 4c). Besides, the
possible presence of an intramolecular H-bond within the C*20OOH co-factor is
assessed in 82% of the selected conformations.

To further identify possible reactive conformations of the active site of DszC in
presence of DPS, we then introduced a categorization scheme based on the h-bond
network around the —OOH moiety of the C**00H co-factor (Figure S13). We focused
on the interaction of —OOH with His391 and Tyr96. This analysis identified three
distinct families (M1-M3). The M1 family is defined by the presence of an
intramolecular H-bond within the C*200OH (O4H---O2’) while this bond is absent in the
M2 and M3 families. The M1 family is the largest, representing 82% of the population
selected based on the S-Oq4 distance and the S-O4-O, angle (see above). We selected
a representative conformation of M1 which maximizes the number of hydrogen bonds
to stabilize the —OOH moiety, with His391 and Tyr96 serving as a H-bond donor. This
conformation is schematically represented in Figure 5a. The M2 family (12%
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population) is characterized by His391 acting as a H-bond acceptor instead of a H-
donor thanks to a rotation of this residue, and Tyr96 as a H-bond donor. The chosen
representative structure is represented in Figure 5b. This structure closely resembles
the reactive conformation for DBT previously reported by Fernandes et al [25]. Finally,
the M3 family is defined by a rotation of the hydroxyl group of the -OOH moiety, with
the OH group pointing towards Tyr96. Upon relaxing the S-O4-Op angle threshold to >
130° (while maintaining S—Oq < 3.8 A), two candidate conformations were identified
(Figure S14). In the selected conformation, Tyr96 acts as a H-bond acceptor and
His391 acting as a H-bond donor, see Figure 5c.

To comprehensively assess the implications of the presence of water
molecules within the active site (Figure 3c), we next sought to determine whether
water molecules could participate to the stabilization of the —OOH group of the
C*0O0H co-factor, the Oy transfer to the S atom and the proton transfer from O, to Oq.
Specifically, we selected conformations in which a water molecule is h-bonded to the
OOH group. Within the M1 family, we selected one case: M1-H20 retains the core
hydrogen-bonding architecture of M1 but incorporates a water molecule that is H-
bonded to OgH (OgH:--Ow = 2.27 A, see Figure 5d). In the frames corresponding to the
M2 family, no water molecules forms a hydrogen bond with the -OOH moiety. The M3-
H20 motif similarly extends the M3 architecture by incorporating a water molecule is
H-bonded to Og¢H (Ow---HO4, 1.84 A, see Figure 5e).
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Figure 4. (a) two-dimensional histograms of S—Oq distance versus S—04—O; angle for DszC:DPS during
molecular dynamics (MD) simulations, where color-coded counts indicate conformational state
frequencies; (b) time evolution of hydrogen-bond distances between O4H of and Nt of His391 (purple)
and Op and HNs of His391 (green) ; (c) time evolution of hydrogen-bond distances between Oq¢H of and
On of Tyr96 (orange) and O, and HO;, of Tyr96 (blue). The values of these geometrical parameters in
the 5 selected starting points for QM/MM calculations are indicated with red symbols.
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M1-H:0 (d), and M3-H:O (e), depicting distinct hydrogen-bonding networks.

5. Catalytic Mechanism of DPS Oxidation

To evaluate the activation barrier of the oxidation process catalyzed by DszC,
we then moved to hybrid QM/MM calculations combined with geometry optimization
and the NEB approach to optimize the path and then the transition state. The high
flexibility of the active site is sampled thanks to the selection of three representative
configurations (M1, M2, M3) from the long classical trajectory of 400ns. We also
included a water molecule in the QM region in two cases (M1-H20 and M3-H20). The
resulting free energy profiles are provided in Figure 6a. This strategy is chosen as a
good compromised between cost and accuracy and assumes that the dynamics of the
enzymatic environment will stay frozen along the considered reaction pathways [51].
The alternative approach that consists in QM/MM biased dynamics simulations would
require long trajectories along the reaction pathway to catch the rearrangement of the
active site (e.g. rotation of His391) but also to avoid hysteresis issues [52].

After QM/MM geometry optimization, four models (M1, M2, M3, M3-H:0)
retained structural fidelity to MD predictions (Tables SX1-SX5). M1-H20 underwent
moderate polarization-induced rearrangement with a change of the directionality of the
H-bond with the water molecule: after QM/MM optimization, O4 becomes a hydrogen
bond acceptor for the water hydrogen. For each pathway, the reaction is exothermic
with a AG® ranging from -31.8 kcal-mol™ to -47.5 kcal-mol™. The optimized structures
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of the reactant and product can be found in Figure S15, TS structures for M2, M3, M1-
H20 and M3-H20 in Figure S16. Detailed structural information is collected in Table

S1-S5.
a 4 — =
T 20 e VL
° 1 N M3
E ] '0 \ = M3-H20
£ 0 - by
o | \
5'20‘ \\\\\
G40 =
-60 v ; y
R TS P
Reaction Path
b
H388
ﬂvgs
H391
c4A00H “°0

DPS
M1 TS

Figure 6. Free Energy Landscapes and Transition State Structure for DPS Oxidation Pathways.
(a) Free energy profiles of DPS oxidation through five pathways (M1, M1-H20, M2, M3, M3-H20), with
energy values in kcal-mol™. (b) Transition state (TS) structure for M1 pathway, highlighting hydrogen
bonds around OpO4H group (orange dot lines).

The conformation of the active site has a strong influence on the activation free
energy (AG*). During the Oq transfer, the proton of the —OOH moiety needs to be
transferred to Oy, a process that can be assisted by the surrounding H-bond network.
Despite similar starting S—Oq distance and S—O¢—0O;, angle, we observe a gap of more
than 10 kcal-mol™ between the activation energies. The lowest activation energy (22.6
kcal-mol™) is obtained for M1, where the proton transfer from Oq4 to O, is assisted by
the intramolecular H-bond within the C*200H co-factor (Oz+--HOq4 = 2.11 A in TS-M1)
(Figure 6). In M2, the intramolecular H-bond is replaced by the His391 that was rotated
to act as a H-bond acceptor (N¢:--HOq4 = 1.57 A in TS-M2), yielding to a slightly higher

15

https://doi.org/10.26434/chemrxiv-2025-ds9mk ORCID: https://orcid.org/0000-0002-7657-6861 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-ds9mk
https://orcid.org/0000-0002-7657-6861
https://creativecommons.org/licenses/by-nc-nd/4.0/

barrier of 24.5 kcal-mol* (Figure S17). The highest barrier (33.1 kcal-mol™) is found in
the M3 case where Tyr96 assists the proton transfer (O,--HOq =1.81 A in TS-M2). In
all three cases the H-bond network around the -OOH moiety is maintained from the
reactant to the transition state. In most cases, the H-bond distances vary by less than
0.2 A in absolute value between the reactant and the TS. The only exceptions are
found in M1. While the O--HOq is stirred from 1.69 A to 2.11 A, the O,H---Op is
compressed from 1.83 A to 1.58 A. Hence, the most stabilizing interaction appears to
be brought by the Tyr96 residue through H-bond donation to Op. This interaction may
be at the origin of the low barrier found in the M1 case. Its absence in the M3 case,
where Tyr96 assists the proton transfer and hence cannot stabilize O, during the O-O
scission, is also likely at the origin of the high barrier obtained in this case.

The inclusion of water in the QM zone does not change the overall picture. The
barriers are within the range obtained without including any water in the QM zone. In
M1-Hz0, the barrier is slightly higher than in M1 (22.9 kcal.mol"! vs 22.6 kcal-mol™). In
the transition state, the intramolecular H-bond within C*?O0H assists the H-transfer in
both cases and the extra water molecule only weakly interact with Oq moiety in TS-
M1-H20 (Hw-O4 = 2.19 A). In M3-H20, His391 blocks the intramolecular H-bond
within the C*2OO0H co-factor. The H-transfer is assisted by the added water (Ow---HOq4
=1.79 A in TS-M3-H20). Nevertheless, the activation barrier is high (27.6 kcal-mol').
In both cases the stabilization of O, by the Tyr96 residue relies on a weaker H-bond
than in M1 (1.76 A in M1-H20, 1.83 A in M3-H20 vs. 1.58 A in TS-M1 and 1.89 A in
M1).

In short, the presence of water does not facilitate the oxidation of DPS. The H-
transfer can be efficiently assisted by the intramolecular H-bond within the C*?OO0OH
co-factor. This conformation allows His391 and more importantly Tyr96 to stabilize the
O, atom through dative H-bonds during the Op-Oq4 scission. Besides, the barriers
values mirror the conformational frequency during MD simulations: M1, the most
frequent conformation of the active site during MD simulation corresponds to the best
starting geometry for enzymatic catalysis. This observation agrees the idea that the
enzymatic active site favours the conformation closest to a transition state lower in

energy.

6. Conclusion
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Our combination of MD simulations and QM/MM calculations allow us to draw
a catalytic mechanism for DPS sulfoxidation by DszC. This enzymatic reaction
consists in the first step of C-S bond breaking by biomolecules, paving the way to a
possible biodegradation of PPS polymer. Thanks to a filttering strategy along our MD
trajectories, we are able to identify five potentially reactive conformations, highlighting
the dynamical behavior of the active site. These conformations share a efficient
reactive geometry of the sulfur atom of the substrate towards the —OOH group of the
C**OO0H cofactor, but differ by their hydrogen-bond network within the active site. The
most frequent one conformation, involving hydrogen bonds between the Op atom of
C**OO0H and His391 and Tyr96 residues and an intramolecular hydrogen bond within
the C**OOH cofactor, also gives the lowest activation energy from our QM/MM
calculation. This barrier is about 3 kcal-mol! higher than the one previously obtained
for DBT,[25] so in line with biologically relevant mechanism. Moreover, our study
highlights the crucial role played by Tyr96, which mutation can strongly impact the
enzymatic activity towards DBT.[33,53] Taken together, our results provide a first

approach for the design of processes for the biodegradation of PPS.
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