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ARTICLE INFO ABSTRACT
Keywords: Current production of sulforaphane (SFN), a health-promoting isothiocyanate, relies mainly on energy-intensive
Generative protein design plant extraction or chemical synthesis, limiting sustainable large-scale manufacture. Here, a waste-to-value

Life cycle assessment
Sulforaphane
Waste valorization

framework integrating generative artificial intelligence (AI), multi-scale modeling, and life-cycle assessment
(LCA) was established to engineer a robust microbial biocatalyst for low-carbon valorization of broccoli waste.
Genome mining identified a novel Lactobacillus-derived p-thioglucosidase as a promising scaffold. A Pro-
teinMPNN-AlphaFold design pipeline targeting flexible loops near the active site yielded an improved variant
with markedly enhanced catalytic performance and thermal robustness, with kcat increasing from 98.5 + 3.2 to
421.3 £ 9.1 min~! and Km decreasing from 4.6 + 0.2 to 0.9 + 0.1 mM. Molecular dynamics and hybrid quantum
mechanics/molecular mechanics (QM/MM) analyses indicated that loop rigidification, improved hydrophobic
packing, and a reshaped electrostatic environment promoted transition-state stabilization and reduced the
calculated activation barrier for S—C bond cleavage from 19.2 to 17.5 kcal mol ™. When applied to homogenized
broccoli residues in a heterogeneous solid-liquid system, the engineered enzyme showed high SFN yields and
broad tolerance across pH and temperature conditions. Comparative LCA further revealed ~70% and ~60%
reductions in global warming potential and cumulative energy demand, respectively, relative to conventional
routes. As the first study to integrate Al-driven protein engineering with rigorous sustainability metrics for SFN
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production, this work offers a scalable paradigm for the green biomanufacturing of high-value natural products

from agricultural residues.

1. Introduction

The transition toward low-carbon biomanufacturing is driving the
search for sustainable routes to produce high-value bioactive com-
pounds. Sulforaphane (SFN), a potent isothiocyanate with significant
chemopreventive and metabolic regulatory properties (Mokhtari et al.,
2018; Shawky et al., 2025), represents a critical target for this transition.
Despite its growing demand in pharmaceutical and nutraceutical sec-
tors, industrial SFN supply is currently constrained by inefficient pro-
duction methods. Conventional extraction from plant biomass is
hindered by the variable activity of endogenous enzymes, significant
mass transfer limitations, and the generation of substantial organic
waste (Asif Ali et al., 2023; Sharma et al., 2021). Alternatively, chemical
synthesis, while scalable, suffers from poor atom economy and relies on
hazardous reagents, creating environmental burdens that contradict the
principles of green chemistry. Therefore, establishing a robust, enzy-
matically driven process for SFN production is essential to overcome
these bottlenecks and achieve scalable, sustainable manufacturing.

Enzymatic biotransformation provides a green and selective route for
SFN biosynthesis, but its overall efficiency strongly depends on both
substrate accessibility and enzyme catalytic performance. Cruciferous
agricultural residues, particularly broccoli waste, offer an abundant and
renewable reservoir of glucoraphanin, the stable precursor of SFN
(Fahey et al., 2015; James et al., 2012). Valorizing these residues aligns
with the goals of the circular bioeconomy; however, efficiently
unlocking this potential remains a challenge (Ye et al., 2022; Wu et al.,
2021). The bioconversion of glucoraphanin into SFN is catalyzed by
myrosinase (f-thioglucosidase, EC 3.2.1.147), which hydrolyzes the
thioglucosidic bond to release an aglycone intermediate that spontane-
ously rearranges into SFN (Fahey et al., 2015; Galadova et al., 2022).
Plant-derived myrosinases are traditionally regarded as benchmark
biocatalysts for this process (Okunade et al., 2018; Sivapalan et al.,
2018); however, their practical utilities are often constrained by narrow
pH and temperature tolerance, limited turnover efficiency, and poor
adaptability in heterogeneous reaction systems. Therefore, the discovery
and engineering of robust and efficient myrosinases are essential for
establishing a scalable and sustainable route to green SFN biosynthesis
directly from native glucoraphanin-rich biomass.

Microbial p-thioglucosidases have recently emerged as promising
alternatives to plant enzymes, offering advantages such as higher
expression yields and potentially superior stability (Wang et al., 2022;
Ye et al., 2022; Youseif et al., 2022). Novel enzymes identified from
Shewanella and Lactobacillus species have demonstrated encouraging
hydrolytic capabilities (Li et al., 2022; Ye et al., 2022). Lactiplantiba-
cillus plantarum strains have been identified as natural producers of
functional p-thioglucosidases capable of hydrolyzing glucoraphanin to
yield sulforaphane and erucin under mild, near-neutral conditions (Lai
et al., 2009; Liang et al., 2025; Plaza-Vinuesa et al., 2022). Compared
with plant-derived counterparts, microbial p-thioglucosidases generally
exhibit a broader temperature operating window while maintaining
catalytic activity and long-term stability, making them particularly ad-
vantageous for continuous bioreactor operation and biotransformation
processes. However, naturally occurring microbial enzymes often lack
the specific catalytic efficiency and kinetic robustness required for
economically viable processes, particularly when dealing with complex
solid-liquid heterogeneous substrates. Furthermore, the molecular
mechanisms governing their substrate specificity and transition-state
stabilization remain understudied, impeding rational improvement. To
bridge the gap between natural enzyme discovery and industrial appli-
cation, a paradigm shift involving data-driven design, multi-scale
mechanistic analysis, and sustainability-oriented evaluation is

required. Recent advances in generative Al have further highlighted the
potential of data-driven enzyme design for sustainable biocatalysis (Wen
et al., 2025). A key limitation of current SFN production technologies is
the lack of robust and engineerable biocatalysts for efficient conversion
of heterogeneous broccoli-waste substrates.

In this work, an integrated “molecule-to-process” framework is pre-
sented that combines generative artificial intelligence (AI), multi-scale
modeling, and life cycle assessment (LCA) to engineer a superior bio-
catalyst for sustainable SFN production. The novelty of this study lies in
addressing this bottleneck through Al-guided enzyme design integrated
with mechanistic modeling and sustainability assessment, rather than
through process optimization alone. First, a novel Lactobacillus-derived
B-thioglucosidase scaffold was identified via genome mining. To over-
come the limitations of natural variants, a deep learning-based design
pipeline (combining ProteinMPNN and AlphaFold) was orchestrated to
evolve the enzyme for enhanced catalytic efficiency and thermal
robustness. Beyond performance metrics, hybrid quantum mechanics/
molecular mechanics (QM/MM) simulations was employed to decode
the atomistic basis of the reaction, revealing how loop dynamics and
electrostatic preorganization lower the activation barrier. Finally, the
practical viability of the engineered enzyme was demonstrated through
the efficient conversion of broccoli waste in a heterogeneous system,
quantified by an LCA that confirms a drastic reduction in carbon foot-
print compared to traditional routes. This study establishes a holistic, AI-
enabled strategy for converting agricultural residues into high-value
products, offering a blueprint for next-generation green
biomanufacturing.

2. Materials and methods
2.1. Sequence mining and phylogenetic analysis

Putative p-thioglucosidase (LA) homologs were retrieved from the
NCBI non-redundant (nr) and MGnify databases using the myrosinase
crystal structure from Sinapis alba (Protein Data Bank (PDB) ID: 1MYR)
as the query sequence. Homologous protein sequences were identified
through BLASTp searches with an E-value threshold of <le — 10.
Redundant sequences were removed using CD-HIT with a 90% identity
cutoff. Multiple sequence alignment was performed with MAFFT v7.505
using the L-INS-i algorithm. A maximum-likelihood phylogenetic tree
was constructed in MEGA X based on the LG + G + I substitution model
with 1000 bootstrap replicates to assess node reliability. The resulting
tree was visualized and annotated using iTOL v6, and sequences were
classified into bacterial, fungal, and plant clades to support comparative
evolutionary interpretation.

2.2. Structural modeling and conservation analysis

The 3D structure of the Lactobacillus acidophilus-derived p-thio-
glucosidase (LA) was predicted using AlphaFold3 with default template-
free modeling settings (Jumper et al., 2021). Structural comparison with
the canonical myrosinase from Sinapis alba (PDB ID: 1IMYR) was per-
formed in PyMOL v2.5, and backbone structural similarity was quanti-
fied using root-mean-square deviation (RMSD) calculated by least-
squares fitting. Residue-level evolutionary conservation was estimated
using ConSurf (Ashkenazy et al., 2016). Homologous sequences were
retrieved using HMMER v3.3, generating an initial dataset of 16,645
sequences. Redundancy reduction was conducted with CD-HIT at a 70%
sequence identity threshold, resulting in a non-redundant dataset of
4,734 unique sequences. The top 300 representative homologs were
aligned, and conservation scores (range 0-9) were computed under a
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Bayesian inference framework.
2.3. ProteinMPNN-based sequence design and rational mutagenesis

Residue conservation and local structural confidence within the
active-pocket-associated regions (residues 162-177, 372-384, and
418-444) were used as design constraints based on ConSurf analysis and
AlphaFold3-derived confidence metrics. Sequence redesign was carried
out using the publicly available ProteinMPNN framework with the
official developer-released implementation (Dauparas et al., 2022). The
official repository, Colab notebook, helper scripts for residue-level
constraint specification, and residue-constraint examples used in this
study are available at: https://github.com/dauparas/ProteinMPNN;
https://colab.research.google.com/github/dauparas/ProteinMPNN/b
lob/main/colab_notebooks/quickdemo.ipynb;https://github.com/daup
aras/ProteinMPNN/tree/main/helper_scripts;https://github.com/daup
aras/ProteinMPNN/blob/main/examples/submit_example_4.sh;https
://github.com/dauparas/ProteinMPNN/blob/main/examples/submit
_example_4 non_fixed.sh. More than 800 candidate p-thioglucosidase
variants were generated under two strategies: (i) fixing approximately
50% of highly conserved residues, and (ii) restricting mutational
exploration to catalytic-pocket residues. All candidates were evaluated
using AlphaFold3, and variants with mean predicted Local Distance
Difference Test (pLDDT) > 94.7 and backbone RMSD < 0.8 A were
retained. The top 10 variants were selected for expression and
biochemical validation.

2.4. Protein expression and purification

The target gene sequences were synthesized by Sangon Biotech
(Shanghai, China) and amplified using the AG12202 DNA polymerase
(Accurate Biotechnology [Hunan] Co., Ltd., Changsha, China) prior to
cloning into the pET-28a(+) expression vector containing an N-terminal
His-tag. Expression was performed in E. coli BL21(DE3) at 20 °C for 12 h
following induction with 0.5 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG). Cells were lysed by sonication, and proteins were purified using
Ni2-NTA affinity chromatography (Qiagen). Purified proteins were
dialyzed in 20 mM phosphate buffer (pH 6.0) and analyzed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) (>95%
purity). Protein concentration was measured using the Bradford assay.

2.5. Engzyme kinetics and stability measurements

Steady-state kinetics were performed using 0.05-20 mM glucor-
aphanin in 50 mM phosphate buffer (pH 6.0) at 40 °C. Reactions were
quenched with 10% methanol, and sulforaphane (SFN) formation was
quantified using high-performance liquid chromatography with diode-
array detection (HPLC-DAD) (Agilent 1260, 254 nm). Kinetic con-
stants (Michaelis constant, K;;, and turnover number, k¢,;) were derived
by nonlinear regression in GraphPad Prism 9. Changes in folding free
energy (AAG) values for single-point and designed mutations were
calculated using FoldX v5.0. The input structure was first preprocessed
using the RepairPDB function to correct steric clashes and optimize side-
chain geometry. Mutational free energy changes were obtained using
the BuildModel command, with five independent replicates performed
for each mutation to ensure reproducibility. The final AAG values
represent the mean of all replicates, where positive AAG values indicate
destabilizing effects and negative values indicate increased stability
relative to the wild-type protein (Schymkowitz et al., 2005). All mea-
surements were conducted in triplicate, and data are presented as mean
+ standard deviation (SD).

2.6. Molecular dynamics (MD) simulations

All-atom molecular dynamics simulations were performed for both
the wild-type (WT) and the Design 7 mutant-substrate complexes using
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GROMACS 2022 and the AMBER99SB-ILDN (Lindorff-Larsen et al.,
2010) force field. Each system was solvated in a TIP3P explicit water
model within a dodecahedral box with a minimum distance of 10 A from
any protein atom to the box boundary and neutralized with Na®/Cl~
counterions. After energy minimization, systems underwent equilibra-
tion consisting of 100 ps constant number, volume, and temperature
(NVT) and 100 ps constant number, pressure, and temperature (NPT)
phases with position restraints on the protein backbone. Production
simulations were run for 100 ns at 310 K using the Nosé-Hoover ther-
mostat and the Parrinello-Rahman barostat. Trajectories were analyzed
using standard GROMACS modules to compute RMSD, RMSF, solvent-
accessible surface area (SASA), and radius of gyration (Rg). Free en-
ergy landscapes (FELs) were constructed based on principal component
analysis (PCA) of Cu fluctuations, and the resulting distributions were
projected using the first two principal components with gmx sham.

2.7. QM/MM reaction mechanism calculations

Quantum mechanics/molecular mechanics (QM/MM) calculations
were performed using the ONIOM (Our own N-layered Integrated mo-
lecular Orbital and Molecular mechanics) approach as implemented in
Gaussian 16 (Revision C.01) (Frisch et al., 2016). The two-layer ONIOM
(QM:MM) scheme was applied, partitioning the enzyme-substrate
complex into a high-accuracy QM layer and a surrounding MM layer.

The QM layer comprised the glucoraphanin substrate and the four
key catalytic residues directly involved in the S—C bond cleavage re-
action: the catalytic nucleophile (Glul70), the general acid/base cata-
lyst (Glu377), and two residues contributing to substrate binding and
transition-state stabilization (Trp422 and Lys436). The QM region was
treated at the B3LYP/6-31G(d) level of theory (Becke, 1993; Lee et al.,
1988), which has been validated for the mechanistic study of glycoside
hydrolases and thioglucosidases (Jafari et al., 2021; Jafari et al., 2024).
The remainder of the protein and explicit water molecules within a 25 A
sphere of the active site were treated at the MM level using the AMBER
force field as implemented in Gaussian. Covalent bonds crossing the
QM/MM boundary were capped with hydrogen link atoms, which were
inserted along the original bond vector to maintain the valency of the
QM fragment.

Protonation states of the active-site residues were assigned based on
the established double-displacement (retaining) mechanism of p-thio-
glucosidases (Jafari et al., 2021): Glul70 was set in its deprotonated
(carboxylate) form to serve as the nucleophile, whereas Glu377 was set
in its protonated (carboxylic acid) form to act as the general acid/base
catalyst, consistent with the reactant state geometry. All other titratable
residues were set to their standard protonation states at pH 6.0.

Starting geometries for the WT and Design 7 systems were derived
from the representative snapshots at the production trajectory of the
respective 100 ns MD simulations, selecting the lowest-energy frame
within the dominant conformational basin of the free energy landscape.
Geometric optimizations were performed without constraints at the
B3LYP/6-31G(d) level until the maximum gradient fell below 4.5 x
10~*. The reaction coordinate for S—C bond cleavage was defined as the
distance between the anomeric carbon (C1) of glucoraphanin and the
sulfur atom of the aglycone moiety. Energy profiles were constructed by
scanning this coordinate from the reactant state (RS) to the product state
(PS) in 0.1 A increments, with full geometry optimization at each point.
The transition state (TS) was identified as the energy maximum along
the profile and confirmed by the absence of imaginary frequencies
orthogonal to the reaction coordinate. Activation barriers (Ea) for both
WT and Design 7 were reported as the energy difference between the TS
and the RS. Representative RS, TS, and PS structures were visualized and
analyzed using PyMOL v2.5.

2.8. Enzymatic transformation of broccoli waste

Broccoli tissue waste (outer leaves and stems) was washed, dried,
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and ground to <100 pm. Biotransformations were performed with 5
mg-kg ™! enzyme dosage in 50 mM phosphate buffer (pH 6.0) at 40 °C for
8 h under 150 rpm shaking. Control reactions without enzyme and with
heat-inactivated enzyme were conducted in parallel under the same
conditions. SFN was extracted using dichloromethane and quantified via
HPLC. Reaction kinetics were analyzed under varying parameters: time
(0-12 h), pH (2-10), temperature (20-80 °C), and particle size (50-300
pm). Experiments were conducted in triplicate.

2.9. Life cycle assessment (LCA) and mass—energy balance

A gate-to-gate life cycle assessment (LCA) was conducted using
SimaPro v9.4, following ISO 14040 and ISO 14044 standards. The
functional unit (FU) was defined as 1 kg of sulforaphane (SFN) pro-
duced. All foreground inventory data were adjusted to this functional
unit and modeled using the ecoinvent 3.9 database. In the base-case
scenario, broccoli waste was treated as a zero-burden co-product.
Environmental impact assessment was performed using the ReCiPe 2016
midpoint (H) method. Key indicators included global warming potential
(GWP) and cumulative energy demand (CED) (Pereira et al., 2024).
These two indicators were selected as the primary metrics because the
present comparison focused on the carbon and energy burdens of three
laboratory-scale SFN production routes.

Comparative modeling was carried out for three production routes:
(i) enzymatic biotransformation, (ii) plant-derived extraction, and (iii)
chemical synthesis. Process parameters and background data for
extraction and synthetic routes were obtained from Becker et al. and
Aldaghi et al. (Aldaghi et al., 2023; Becker et al., 2023), respectively. A
detailed life cycle inventory, including foreground and background
flows and the specific ecoinvent processes used where applicable, was
compiled for the comparative assessment. A scenario-based sensitivity
analysis was performed on the GWP indicator to evaluate the influence
of energy source and SFN yield variability. CED, which is dominated by
mass-balance-driven inventory flows and scales approximately linearly
with yield, was reported as point estimates in the base case. Material and
energy flows were visualized using Sankey v5.0 to illustrate mass bal-
ance and hotspot contributions along the production chain.

2.10. Statistical analysis

All experimental data were collected in biological triplicates (n = 3)
unless otherwise stated. Two-group comparisons were analyzed using
unpaired two-tailed Student’s t-tests, whereas multi-condition experi-
ments were analyzed using one-way or two-way analysis of variance
(ANOVA) with Tukey’s multiple-comparison test, as appropriate. Dif-
ferences were considered significant at p < 0.05. Data are presented as
mean + standard deviation (SD). Kinetic parameter regression and
curve fitting were performed using GraphPad Prism 9 and OriginPro
2023.

Kinetic data describing monotonic time-dependent increases in
response were fitted to a one-phase association model using GraphPad
Prism (v10). This nonlinear regression model assumes a single expo-
nential process that approaches equilibrium, and is defined as:

Y = Y, + (Plateau — Yo) (1 — ™)

where Y represents the measured response, Yy is the initial value at X =
0, Plateau corresponds to the asymptotic maximum response, k is the
first-order rate constant, and X represents time. Model fitting was per-
formed using least-squares minimization, and goodness-of-fit was
assessed using R?, residual distribution analysis, and Akaike Information
Criterion (AIC) comparisons.

Peak-shaped response curves, such as temperature- or pH-dependent
activity profiles, were fitted using a Gaussian model in GraphPad Prism
(v10). The Gaussian function describes a symmetric bell-shaped
response centered at the optimal condition and is expressed as:
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X -’
Y =A-exp ( — 2—02>
where A represents the peak amplitude, ¢ denotes the position of the
maximum (optimal condition), ¢ corresponds to the standard deviation
reflecting curve width, and X represents the experimental variable.
Model parameters were estimated using nonlinear least-squares regres-
sion, and model suitability was evaluated through residual analysis and
AIC-based model selection.

3. Results and discussion

3.1. Discovery of a novel Lactobacillus-derived p-thioglucosidase for
bioprocess intensification

While plant-derived myrosinases serve as the natural catalysts for
glucosinolate hydrolysis (Atwell et al., 2015), their industrial utility is
often compromised by poor stability and limited expression yields.
Similarly, research into microbial counterparts remains sparse, with few
characterized enzymes capable of efficient SFN production (Dmytriv
et al,, 2025). To overcome these limitations and expand the bio-
catalytic repertoire, microbial genomic and metagenomic databases was
mined for uncharacterized p-thioglucosidase homologs. A candidate
enzyme from Lactobacillus acidophilus (designated LA) was identified
through sequence-function screening. Phylogenetic analysis revealed
that LA forms a distinct clade within the Lactobacillus family, clearly
separated from both plant-derived myrosinases and previously reported
bacterial myrosinase-like systems (e.g., from Lactiplantibacillus planta-
rum WCFS1) (Fig. 1A) (Liang et al., 2025; Plaza-Vinuesa et al., 2022).
This evolutionary divergence suggests a unique catalytic architecture
distinct from known scaffolds.

Multiple sequence alignment (Fig. 1C) further demonstrated that the
overall sequence identity between LA and representative plant myr-
osinases (Arabidopsis thaliana TGG1 and Brassica napus Myr) was below
30%, indicating substantial divergence at the primary structure level.
Nevertheless, several conserved catalytic motifs characteristic of
myrosinase-type f-thioglucosidases were retained, including the Glu-
Gln-Glu catalytic triad and the glycone-binding pocket residues (Asn-
His-Trp). These features suggest that LA preserves the essential catalytic
machinery for S—C bond cleavage, despite overall sequence variability.
The low global homology but partial motif conservation implies a case of
functional convergence rather than strict homology, a phenomenon
previously observed in microbial glycosidases evolving from general
B-glucosidases toward thioglucosidase specificity in the gut microbiota
context (Lozupone et al., 2008; Munoz-Munoz et al., 2017).

To assess structural conservation, a homology model of LA was
generated and superimposed on the crystal structure of Sinapis alba
myrosinase (PDB ID: 1MYR) (Fig. 1B). The overall fold of LA displayed
the canonical (f/a)-barrel architecture typical of glycoside hydrolase
family 1, confirming its catalytic scaffold is evolutionarily conserved.
However, significant deviations were observed in the loops surrounding
the substrate-binding pocket, particularly in the 270-300 and 440-470
regions, which correspond to variable domains in microbial glucosidases
associated with substrate recognition and microenvironment flexibility
(Liu et al., 2019; Rogowski et al., 2014). The altered conformation of
these loops in LA may provide a broader substrate channel and facilitate
interaction with bulky glucoraphanin-like substrates.

Collectively, these results establish that the Lactobacillus acidophilus-
derived f-thioglucosidase represents a novel microbial myrosinase with
structural conservation of the catalytic core but distinct sequence and
loop-region adaptations. This unique combination of conserved enzy-
matic machinery and divergent architecture suggests potential for
operational substrate accessibility and stability compared to plant-
derived myrosinases, which are often limited by narrow pH and tem-
perature windows (Ye et al., 2022; Youseif et al., 2022). Thus, LA
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Fig. 1. Discovery and structural characterization of a novel Lactobacillus acidophilus-derived p-thioglucosidase. a, Phylogenetic tree analysis of p-thioglucosidases and
myrosinase-like enzymes from microbial and plant sources. b, Comparative structural modeling and superposition between LA and Sinapis alba myrosinase (PDB ID:
1MYR). ¢, Multiple sequence alignment between LA and representative myrosinases from plants and bacteria.

represents a novel catalytic scaffold that combines a conserved reaction
center with evolutionary adaptations favorable for bioprocess
applications.

3.2. Generative Al-guided design enables catalytic and stability
enhancement

To tailor LA for the harsh conditions of industrial processing, a
generative design pipeline combining ProteinMPNN and AlphaFold was
employed (Fig. 2A). ProteinMPNN, a graph neural network trained on
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Fig. 2. Design schemes for the optimization of Lactobacillus-derived f-thioglucosidase. and screening of catalytic enhancements. a, Integrated workflow for Al-
assisted and structure-guided design of Lactobacillus acidophilus f-thioglucosidase (LA). Sequence conservation analysis identified flexible and catalytically rele-
vant residues near the active site. ProteinMPNN sampling and rational mutagenesis generated 10 mutation regions with locally optimized sequence probabilities and
structural compatibility. Heatmaps depict amino acid sampling probabilities for conserved sequence (left) and the active site (right), highlighting targeted design
regions. b, Screening of 10 designed variants for catalytic activity and folding stability. c, Steady-state kinetic parameters (Km and k.,;) for WT and representative

variants (Designs 3 and 7).

millions of protein backbones, enables the efficient generation of
sequence variants that remain compatible with three-dimensional
structural constraints (Dauparas et al., 2022; Sumida et al., 2024).
Based on multiple sequence alignment and conservation analysis, three
flexible regions surrounding the active pocket (residues 162-177,
372-384, and 418-444) were identified (Fig. 2A, left). These regions
exhibited low evolutionary conservation but spatial proximity to the
catalytic cavity, making them ideal for adaptive mutagenesis. The res-
idue probability heatmap revealed high tolerance in these loop regions,
consistent with natural variability observed among microbial
pB-thioglucosidases.

To balance catalytic fidelity and adaptability, a dual-layer constraint
strategy was introduced by fixing the top 50% conserved residues and all
residues within 10 A of the catalytic center (Ribeiro et al., 2020; Wang
et al., 2012). Using this setup, ProteinMPNN generated over 600 se-
quences under conserved constraints and more than 200 under active-
site constraints (Fig. 2A, middle). All designed variants were evaluated
by AlphaFold 3 yielding high structural confidence (pLDDT > 94.7) and
low deviation from the wild-type enzyme (RMSD < 0.8 A).

Among all the variants from 10 mutation sites (Fig. 2A, right), 10
designs exhibited the most favorable probability distributions for local
backbone compatibility (Fig. 2B). Notably, Design 7 emerged as the
most promising variant, featuring Gly226Leu, Gly228Leu, and
Lys436Trp substitutions. Structural model revealed that these mutations
reinforced the active site loop, which could lower entropic penalties and
accelerate glycosidic bond cleavage (Chong et al., 2024; Johnson &
Holyoak, 2010; Pegan et al., 2013). Experimental validation confirmed

the computationally predicted improvements in catalytic performance
and stability (Fig. 2B-C). Among the ten designed variants, Design 7
exhibited the highest catalytic activity and lowest folding free energy
change (Fig. 2B). Kinetic assays further revealed that Design 7 achieved
a kcat of 421.3 + 9.1 min~!, compared with 98.5 + 3.2 min~*! for the
wild-type enzyme, while its Km decreased from 4.6 + 0.2 mM to 0.9 £+
0.1 mM (Fig. 2C). This indicates improved catalytic efficiency (kcat/
Km), reflecting improved substrate affinity and turnover rate. These
results suggest that the present Al-guided redesign strategy improves
catalytic performance beyond the conventional optimization of broccoli
processing or exogenous myrosinase supplementation, thereby extend-
ing SFN-related research from process-level enhancement to enzyme-
level engineering (Wu et al., 2021; Zhang et al., 2022). Together,
these findings demonstrate that integrating generative Al with physics-
based constraints can effectively unlock “hidden” enzyme performance,
yielding a robust biocatalyst suitable for scalable manufacturing.

3.3. Structural dynamics of enzymatic performance leap

To uncover the molecular mechanism driving the enzymatic per-
formance leap, comparative molecular dynamics (MD) simulations were
performed (Fig. 3a—f). The root-mean-square deviation (RMSD) analysis
revealed that the mutant maintained higher conformational stability,
equilibrating around 25 ns compared to around 70 ns for WT (Fig. 3a).
This reduced fluctuation indicates overall structural rigidification
induced by the introduced mutations. Similarly, root-mean-square
fluctuation (RMSF) profiles exhibited lower flexibility for the mutant,
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Fig. 3. Molecular dynamics analysis and substrate binding of the engineered LA variant. a, Root-mean-square deviation (RMSD) plots of Design 7 mutant and wild-
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7 catalytic pockets. Representative hydrogen-bonding and hydrophobic interactions are indicated by blue and red dashed lines, respectively.
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particularly in loop regions near residues 420-460 that form the cata-
lytic cleft (Fig. 3b). The dampened local motions suggest strengthened
packing interactions around the active site, stabilizing substrate posi-
tioning and catalytic geometry. This phenomenon agrees with reports
that loop stabilization can reduce conformational entropy and enhance
transition-state preorganization in glycosidases (Quirke & Crich, 2021;
Walker et al., 2024).

In addition, the solvent-accessible surface area (SASA) and radius of
gyration (Rg) analyses confirmed that the mutant enzyme retained a
compact yet accessible catalytic architecture (Fig. 3c—d). The slightly
increased SASA (~222 nm? vs. 214 nm? in WT) implies improved sol-
vent exposure of the active pocket, facilitating glucoraphanin binding,
while the reduced Rg fluctuation reflects enhanced structural
compactness. These traits align with the features of thermostable
B-glycosidases (Chen et al., 2021; Mohsin et al., 2019). The Gibbs free
energy landscapes further supported this observation (Fig. 3e—f). The
WT enzyme displayed a broad, shallow basin, while the mutant
exhibited a deeper, narrower energy minimum, indicative of improved
conformational stability and catalytic efficiency.

To further probe enzyme-substrate interactions, the active-site
pocket of the WT and Design 7 mutant was analyzed (Fig. 3g-h). In
the WT complex, glucoraphanin was mainly surrounded by Tyr303,
His304, Trp351, Lys436, Asn432, and Vall73, whereas in Design 7 the
substrate was contacted by Tyr303, Trp351, Glu377, Asn432, Trp430,
Tyr438, and Leu226. Compared with WT, Design 7 formed additional
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hydrogen bonds and hydrophobic contacts, resulting in a denser and
more cohesive interaction network. These strengthened interactions
reduced substrate mobility and oriented the glucosinolate moiety more
favorably toward the catalytic Glu residue, thereby facilitating S—C
bond cleavage and transition-state stabilization. Collectively, the
structural comparison and MD analysis suggest that the Al-guided mu-
tations enhanced local substrate packing and catalytic preorganization
in Design 7, consistent with the experimentally observed increase in kcat
and decrease in Km.

3.4. QM/MM elucidation of transition-state stabilization

To gain atomic-level insights into the catalytic mechanism respon-
sible for the enhanced activity of the engineered LA mutant, QM/MM
(quantum mechanics/molecular mechanics) simulations were per-
formed to characterize the reaction coordinate of glucoraphanin hy-
drolysis. The catalytic process was partitioned into three major states:
reactant state (RS), transition state (TS), and product state (PS) (Fig. 4a).
In the WT enzyme, the reaction barrier was calculated to be 19.2 kcal
mol !, which is consistent with reported values for classical plant
myrosinases (19-21 kcal mol~! (Botti et al., 1995; Jafari et al., 2024;
Jafari et al., 2021). In contrast, the mutant (Design 7) displayed a
significantly reduced activation barrier of 17.5 kcal mol !, accompanied
by a more stable product state (AE = -12.1 keal mol ™). This about 1.7
kcal mol™! reduction in the barrier aligns with the experimentally

b

Design 7 — Product State (PS)

Fig. 4. QM/MM analysis of the reaction energy landscape for glucoraphanin hydrolysis catalyzed by LA variants. a, Potential energy profile comparing the WT
(orange) and Design 7 mutant (green) along the reaction coordinate. Insets show representative reactant (RS), transition (TS), and product (PS) states. b,c,d.
Representative QM/MM snapshots of the catalytic pocket at the RS (blue frame), TS (orange frame), and PS (green frame), respectively, for the Design 7 system.
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observed enhancement in catalytic efficiency (kcat/Km), and is there-
fore interpreted as mechanistic support for improved transition-state
stabilization rather than as a stand-alone quantitative measure.
Fig. 4b-d show the representative QM/MM-optimized RS, TS, and PS
structures of the Design 7 system. Structural inspection of these QM/
MM-optimized states revealed that the thioglucosidic S—C bond cleav-
age in Design 7 was associated with improved positioning of neigh-
boring residues, particularly Tyr303 and Glu377, leading to slightly
stronger electrostatic complementarity around the catalytic center.
Comparable electrostatic fine-tuning effects have been reported to
accelerate transition-state formation in engineered p-glucosidases
(Namchuk & Withers, 1995; Vega et al., 2025).

Overall, the QM/MM results indicate that Design 7 enhances glu-
coraphanin hydrolysis through a combination of optimized electrostatic
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stabilization and improved substrate orientation. The QM/MM results
therefore support the experimental kinetic data by showing that the
structural rearrangements in Design 7 were associated with a lower
calculated activation barrier for S—C bond cleavage.

3.5. High-efficiency valorization of broccoli waste in heterogeneous
systems

Moving from molecular design to process application, the enzyme's
performance in converting homogenized broccoli waste, a complex,
heterogeneous substrate was evaluated. The ground and sieved residues
exhibited fine particulate structures (Fig. 5a), enhancing substrate
accessibility for enzymatic hydrolysis. Time-course analysis showed that
the mutant enzyme displayed substantially higher SFN release rates than
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Fig. 5. Enzymatic transformation of sulforaphane from broccoli waste. a, Preparation of the broccoli tissue substrate. Broccoli waste was ground into a fine powder
to increase surface area and substrate accessibility, as confirmed by scanning electron microscopy (SEM, right). b, Time-course profiles of sulforaphane (SFN)
formation catalyzed by wild-type (WT) and Design 7 mutant using homogenized broccoli tissue. ¢, pH-dependent activity curves of SFN formation catalyzed by WT
and Design 7 mutant. d, Temperature-dependent activity profiles of SFN formation catalyzed by WT and Design 7 mutant. e, Effect of plant tissue particle size of SFN
formation catalyzed by WT and Design 7 mutant. Data are shown as mean + SD from three independent replicates. Curves in b—e were fitted to the experimental data;

statistical analysis for multi-condition experiments is described in Section 2.10.
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the WT under identical conditions (Fig. 5b). After 12 h of reaction, SFN
yield reached 8.7 mg per 100 g wet weight (WW) for the mutant, cor-
responding to an increase in catalytic conversion. This observation is
consistent with the growing view that broccoli by-products are an
underutilized yet bioactive-rich resource, and further highlights the
value of integrating biocatalyst engineering with residue valorization
and sustainability assessment (Wang et al., 2025; Sharma et al., 2021).
This improvement aligns with previous findings that engineered or mi-
crobial myrosinases exhibit enhanced activity in solid-state matrices due
to improved substrate diffusion and reduced product inhibition (Hao
et al., 2024).

pH optimization experiments indicated that both enzymes exhibited
bell-shaped activity profiles centered around weakly acidic conditions
(Fig. 5¢). However, the mutant displayed a broader and slightly shifted
optimum from pH 5.5 to 6.5, whereas WT activity dropped sharply
beyond pH 6. These results demonstrate improved catalytic robustness
under near-neutral conditions, which are typical in plant tissue matrices.
Similar pH broadening has been observed in glycosidases with opti-
mized electrostatic surface distributions (Xia et al., 2016; Zhang et al.,
2020). Temperature-dependent assays (Fig. 5d) revealed that the
mutant retained higher activity across a wider thermal range (20-55 °C)
with an optimum around 40 °C, while WT peaked near 50 °C. This shift
toward moderate temperatures may reflect improved protein packing
and reduced unfolding rate, consistent with molecular dynamics pre-
dictions of greater conformational rigidity in Design 7 and with previous
studies linking conformational dynamics to enzyme stability and cata-
lytic performance (Chong et al., 2024; Walker et al., 2024).

The influence of particle size on SFN release was further assessed
(Fig. 5e). Both enzymes exhibited decreasing activity with increasing
tissue particle size, due to diffusion and accessibility limitations (Li
et al., 2020). Nevertheless, the mutant consistently outperformed WT
across all particle ranges, achieving 9.0 mg SFN / 100 g WW at 50 pm.
Collectively, these results demonstrate that the Al-powered LA mutant
possesses superior catalytic turnover, broader operational stability, and
improved substrate penetration in complex biomass systems, thereby
alleviating the physical barriers imposed by plant tissue recalcitrance (Li
et al., 2020; Rogowski et al., 2014).

3.6. Life cycle assessment and sustainability metrics

To quantify the environmental benefits of the present bio-route, a
comprehensive mass—energy balance and LCA was conducted
(Fig. 6a-b). The mass and energy flow distribution (Fig. 6a) was estab-
lished for a biotransformation unit processing 100 kg-h™! of broccoli
waste with an enzyme dosage of 5 mg-kg™!. The enzymatic reaction
consumed approximately 150 kJ-h ™! of energy (mainly for mixing and

° Enzyme reactor
LA transformation
Broccoli waste 150 kd/h
100 kg/h
Residue
(composted)
Enzyme reactor 99.49 kg/h
1 kg/h -20
Product
Mass flow (composted)
— Energy flow 0.00190kg/h
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temperature control), producing 0.009 kg-h ™! of SFN and 99.49 kg-h~!
of residual biomass, which can be composted to generate a —20 kJ-h™!
energy credit. This integrated conversion-recycling model demonstrates
nearly zero waste generation and a mass conversion efficiency of
~0.009%, consistent with typical biocatalytic transformation effi-
ciencies in lignocellulosic or glucosinolate valorization systems (Picart
et al., 2015).

The LCA analysis compared three SFN production routes: enzymatic
biotransformation by LA mutant (this work), plant extraction, and
chemical synthesis (Fig. 6b). The results were expressed in terms of
global warming potential (GWP, kg COy-eq-g~* SFN) and cumulative
energy demand (CED, MJ-g~! SFN). The enzymatic route exhibited a
GWP of ~8.3 kg CO5-eq-g~ SFN and a CED of ~20 MJ-g~! SFN, rep-
resenting ~70% and ~60% reductions, respectively, compared to plant
extraction and >80% reduction relative to chemical synthesis. These
results indicate lower carbon and energy burdens for the enzymatic
route under the present system boundary, although other environmental
midpoint categories were not assessed in this study. These improve-
ments primarily stem from mild reaction conditions, low solvent usage,
and valorization of waste biomass as compost, reducing both energy
demand and emissions (Piao et al., 2026). Such LCA profiles are in line
with recent analyses of enzyme-based biotransformations showing sig-
nificant carbon footprint reduction compared to petrochemical synthesis
routes (Goldaraz-Salamero et al., 2025).

Overall, these results confirm that the Al-guided engineering of LA
can address a catalytic bottleneck while supporting a promising low-
carbon route for the production of high-value phytochemicals. The
present study has several limitations, including its laboratory-scale
scope, the lack of systematic evaluation of enzyme lifetime under
repeated operation, the variability of broccoli-waste feedstocks, un-
certainties associated with the current modeling assumptions and sys-
tem boundaries, and the limited environmental scope of the current
LCA. It is explicitly acknowledged that the present LCA relied on
scenario-based sensitivity analysis applied primarily to the GWP indi-
cator, rather than full probabilistic uncertainty quantification across all
impact categories. The reported scenario ranges therefore provide a
first-order indication of the sensitivity of GWP to energy-source and
yield variability, but do not constitute statistical uncertainty intervals
for either GWP or CED. A comprehensive uncertainty assessment with
parameter probability distributions for both indicators is identified as a
priority for future work, particularly when pilot- or industrial-scale in-
ventory data become available. Nevertheless, the results support the
practical relevance of integrating enzyme engineering with residue
valorization for lower-carbon biomanufacturing. From a process
perspective, further translation of this system will depend on enzyme
production cost, the feasibility of enzyme reuse or immobilization,

b
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Fig. 6. Sustainability evaluation of the enzymatic biotransformation process. a, Mass energy flow Sankey diagram for the enzymatic conversion of broccoli waste into
sulforaphane (SFN) using the engineered Lactobacillus p-thioglucosidase (LA). b, Life cycle assessment (LCA) comparison of three SFN production routes: LA
enzymatic transformation, plant extraction, and chemical synthesis, based on global warming potential (GWP) and cumulative energy demand (CED).
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suitable reactor configurations for heterogeneous biomass conversion,
and efficient downstream SFN recovery. These aspects will also benefit
from future Al-enabled process development and optimization at the
industrial level (Christopher Selvam et al., 2026). Future work should
include broader environmental assessment, process optimization, and
scale-up evaluation.

4. Conclusions

In this study, an integrated framework merging generative Al-driven
enzyme engineering, multi-scale mechanistic modeling, and life cycle
assessment (LCA) was successfully established to unlock the sustainable
valorization of broccoli waste into high-value sulforaphane (SFN).
Addressing the limitations of traditional extraction and synthesis, a
phylogenetically distinct Lactobacillus-derived p-thioglucosidase via
genome mining was first identified. By orchestrating a Pro-
teinMPNN-AlphaFold design pipeline with dual-layer structural con-
straints, a robust variant that overcame the catalytic and thermal
bottlenecks inherent was engineered to the wild-type scaffold. The
atomistic basis for this performance leap was rigorously elucidated
through hybrid QM/MM and MD simulations. It was demonstrated that
the introduced mutations induce loop rigidification and optimize hy-
drophobic packing, which in turn reshapes the electrostatic environ-
ment to stabilize the transition state, lowering the activation barrier for
S—C bond cleavage. This “molecule-to-mechanism” insight provides a
rational basis for the engineered enzyme’s superior kinetic proficiency.
Critically, this molecular innovation translated into process-level effi-
ciency. The engineered biocatalyst enabled high-yield SFN recovery
from heterogeneous solid biomass under mild conditions, exhibiting
broad operational robustness against pH and temperature fluctuations
essential for industrial scaling. Furthermore, comparative LCA quanti-
fied the environmental dividends of this approach, confirming a >70%
reduction in carbon footprint and significant energy savings compared
to conventional chemical and extractive routes. Overall, this work offers
a scalable, low-carbon paradigm for the circular biomanufacturing of
bioactive compounds. By seamlessly coupling Al-guided molecular
design with rigorous process and sustainability evaluations, a transfer-
able blueprint is provided for upgrading waste-to-value systems,
advancing the frontier of green chemical engineering.
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