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Replicating PET Hydrolytic Activity by Positioning Active
Sites with Smaller Synthetic Protein Scaffolds

Yujing Ding, Shanshan Zhang, Xian Kong, Henry Hess, and Yifei Zhang*

Evolutionary constraints significantly limit the diversity of naturally occurring
enzymes, thereby reducing the sequence repertoire available for enzyme
discovery and engineering. Recent breakthroughs in protein structure
prediction and de novo design, powered by artificial intelligence, now enable
to create enzymes with desired functions without solely relying on traditional
genome mining. Here, a computational strategy is demonstrated for creating
new-to-nature polyethylene terephthalate hydrolases (PET hydrolases) by
leveraging the known catalytic mechanisms and implementing multiple deep
learning algorithms and molecular computations. This strategy includes the
extraction of functional motifs from a template enzyme (here leaf-branch
compost cutinase, LCC, is used), regeneration of new protein sequences,
computational screening, experimental validation, and sequence refinement.
PET hydrolytic activity is successfully replicated with designer enzymes that
are at least 30% shorter in sequence length than LCC. Among them,
RsPETasel stands out due to its robust expressibility. It exhibits comparable
catalytic efficiency (k_,;/K,,) to LCC and considerable thermostability with a
melting temperature of 56 °C, despite sharing only 34% sequence similarity
with LCC. This work suggests that enzyme diversity can be expanded by
recapitulating functional motifs with computationally built protein scaffolds,
thus generating opportunities to acquire highly active and robust enzymes
that do not exist in nature.

1. Introduction

sophisticated catalytic functions.l'-3] The ac-
tivity of an enzyme is often due to a small
number of amino acid residues that are
arranged in a defined 3D configuration
as a result of protein folding.*! This ac-
tive site is surrounded by a large num-
ber of amino acids that form a protein
scaffold, which holds the catalytic motifs
in specific geometries and influences en-
zyme activity through its intrinsic protein
dynamics. Similar catalytic functions are of-
ten found in enzymes that evolved inde-
pendently with similar functional motifs
from distinct ancestral proteins (examples
of convergent evolutionl®!), demonstrating
that the protein scaffold can be varied. On
the basis of this insight, past efforts of
de novo design of enzymes have focused
on the transplantation of functional mo-
tifs onto a foreign protein scaffold. Clas-
sic cases are the computational design of
retro-aldolases!® and Kemp eliminase.l”] A
very recent advancement is the engineering
of Fragaceatoxin C nanopores for hydrolyz-
ing nano-sized polyethylene terephthalate
(PET).[®] However, this strategy relies on
the availability of existing protein scaffolds
with a certain level of structural similarity

Enzymes are essential workhorse molecules of both living or-
ganisms and biochemical industries due to their powerful and

to the desired functional motifs.”] Furthermore, the introduc-
tion of new residues onto a native protein backbone may lead
to unexpected geometrical variations in the active site.l'%! The
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limited availability of suitable scaffolds and the complexity of pro-
tein folding constrain our ability to design de novo enzymes.['!]

The rapid developments of artificial intelligence (AI) in pro-
tein science open up new opportunities to address these limi-
tations. The deep learning program AlphaFold can predict the
protein structure with atomic-level accuracy based solely on the
primary amino acid sequence.l'">'*] Two deep-learning methods,
constrained hallucination and inpainting, can generate artificial
protein backbones to scaffold pre-specified functional sites.!'%]
Alternatively, a family-wide hallucination approach can generate
large number of new idealized protein scaffolds for accommo-
dating target substrates.['°] A protein language model called Pro-
Gen was trained to produce protein sequences with a predictable
function across diverse protein families.['’! These advancements
substantially improve the success rate for the design of new-to-
nature enzymes.

The diversity of naturally occurring enzymes is constrained
during evolution by the ancestral protein sequences and the need
to maintain the homeostasis of a living system, which conse-
quently restricts the sources of enzymes for industrial applica-
tions. De novo enzyme design provides a way to create the diver-
sity of enzymes with desired activities without relying on con-
ventional enzyme mining. For instance, Yeh et al. designed ar-
tificial luciferases with a smaller size that exhibit high activ-
ity and exceptional thermostability, outperforming their native
counterparts.!**l This success encourages efforts to reduce the
size of enzymes. However, previous attempts to achieve this have
failed to produce catalytically active proteins,!8! highlighting the
challenges of replicating enzyme activity without a deep under-
standing of the intricate interactions between the protein scaffold
and the substrate.

Recently, researchers have made significant attempts to iden-
tify potential PET hydrolytic enzymes from the environment to
address the global plastic pollution.[?%1 These efforts have re-
sulted in dozens of different enzymes with known activity against
PET.2l Among them, the most promising ones for industrial
PET recycling are the mutants engineered from Ideonella sakaien-
sis PETase (IsPETase, 290 amino acids, M,, = 30.25 kDa)2022]
and leaf-branch compost cutinase (LCC, 258 amino acids,
M,, =27.78 kDa).l¥] These PET hydrolases share a conserved cat-
alytic triad of serine (Ser)-histidine (His)-aspartate (Asp) residues
borne by protein backbones encoded by distinctly different amino
acid sequences. This inspired us to design new-to-nature PET
hydrolases by re-scaffolding the catalytic triad with Al-generated
protein scaffolds.

Building on the demonstration that the inpainting method has
the ability to generate new proteins with binding activity inher-
ent in functional motifs,>! we employed inpainting to generate
new and shorter sequences encoding protein scaffolds to sup-
port the catalytic triad of LCC and some adjacent residues. Tak-
ing advantage of the protein structures predicted by ColabFold
(an online tool integrating AlphaFold2 with the fast homology
search of MMseqs2),[l we conducted in silico screening for the
virtual designer enzymes that are putatively capable of hydrolyz-
ing PET. We evaluated the expression and function of ten de-
signer enzymes obtained from the screening, and found that 8
enzymes were capable of hydrolyzing PET nanoparticles (PET-
NPs, 100 nm in diameter). The difficulty in expression and
absence of hydrolytic activity toward PET microparticles (tens
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of micrometers in diameter) led us to revisit and refine the se-
quences by iterative computation. Two designer enzymes were
obtained after structure revision that exhibit PET hydrolytic ac-
tivity but have low expressibility. After sequence refinement us-
ing ProteinMPNN,[?] we created an expressible smaller artificial
PET hydrolase with catalytic efficiency (k,,/K,,) comparable to its
template LCC. This designer enzyme is more compact than LCC
and has fewer a-helices and f-sheets in its fold, suggesting that
the natural enzymes can be miniaturized through our method to
reduce potentially redundant protein structures. The successful
creation of a synthetic scaffold for a known catalytic mechanism
demonstrates the effectiveness of deep learning methods in the
construction of designer enzymes, enabling the computational
exploration of the protein universe beyond conventional genome
mining to craft novel enzymes with targeted activities.

2. Results and Discussion

2.1. A General Workflow for the Computational Design of PET
Hydrolases

Currently known PET hydrolases, including LCC and IsPETase,
possess the same catalytic triad of Ser-His-Asp. The specific spa-
tial arrangement of these key amino acids creates the ester hy-
drolytic functionality. At the same time the amino acids around
the catalytic triad form a substrate-binding groove that helps
to stabilize the reaction transition state via electrostatic interac-
tions and hydrogen bonding.1?%”] Since LCC and its variations
are more catalytically active and thermally stable than IsPETase,
we attempt to generate new-to-nature PET hydrolases by re-
scaffolding the functional motifs of LCC. The LCC variants, in-
cluding LCCI€CC| LCCVC™M, and LCCWVCCE, exhibit identical spe-
cific activities but higher melting temperatures,!?8] indicating that
these mutations primarily influence protein stability rather than
the transition states. Therefore, our design begins with the cat-
alytic motifs of the wild-type LCC. Moreover, as LCC is the small-
est PET hydrolase yet discovered, we sought to design an even
smaller designer counterpart. The workflow we follow to gener-
ate designer enzymes is shown in a simplified version in Figure 1.
We first identify the active sites of LCC based on molecular dock-
ing, and then extract the catalytic motifs together with adjacent
pieces of secondary structures. We use RF,;,-guided inpaint-
ing to fill in additional sequences encoding new protein struc-
tures to scaffold the extracted structures.[') We then use Colab-
Fold to predict the 3D protein structures of the generated se-
quences. The virtual structures with high prediction certainty are
selected for further computational screening. The screening con-
siders the motif root mean square deviation (RMSD) between
the backbone atoms of the retained LCC segments and those
from the virtual enzymes, the binding energy with a substrate
molecule, and the time-dependent global Ca-RMSD of the virtual
enzymes by Molecular Dynamics (MD) simulation. Designed se-
quences often face challenges with expression and folding. We
experimentally demonstrate that problematic sequences gener-
ated by inpainting can be revised by executing the RF,;, step
multiple times and the active but difficult-to-express sequences
can be rescued by using ProteinMPNN. By iteratively performing
the sequence inpainting, computational screening, experimen-
tal validation and sequence refinement, we can obtain active and
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lases by remodeling the protein scaffold. The workflow includes four steps:

sequence inpainting, in which the functional motifs are extracted from a template enzyme and then the missing sequences are completed by inpainting;
computational screening, in which the newly generated sequences are screened computationally based on a set of physicochemical criteria; experimental
validation, in which the filtered sequences are examined in terms of expression and expected activity; sequence refinement, in which flaws in designs
are revised. Iterative implementation of the sequence refinement, computational screening, and experimental validation steps effectively improve the

quality of designs.

expressible new enzymes whose sequences and structures are
very different from the template. Detailed considerations for se-
quence design, screening, refinement, along with the associated
challenges and solutions, are discussed in the context. We believe
this workflow can, in principle, be adapted for the de novo design
of other enzymes with known catalytic motifs.

2.2. In Silico Generation and Screening of Virtual PET Hydrolases

To guarantee the success rate of the computational design and
minimize the search space, we retained three disconnected LCC
sequence segments so that each segment encodes a structural
motif containing a key residue of the indispensable catalytic triad,
S165/D210/H242. The retained sequences consist of 44 amino
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acid residues in total, accounting for 17% of the full-length LCC.
We then generated complementary protein structures to recapit-
ulate the retained motifs in place by using a RF,,,-guided in-
painting approach. We intentionally restricted the length of the
in silico generated sequences to be shorter than LCC (Table S1,
Supporting Information). The inpainting step generated hun-
dreds of distinct protein sequences ranging in length from 140
to 185 aa within only a few minutes. The 3D protein structures
of these sequences were predicted by ColabFold, which offered
fast structure prediction based on AlphaFold2 and an orthog-
onal validation of the putative folding of sequences generated
by the RFj;,. The quality of the prediction was evaluated by
the per-residue confidence score predicted LDDT (pLDDT) (es-
timating how well the prediction would agree with an experi-
mental structure) and template modeling scores (measuring the
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similarity of the predicted structure to a known template). The
predictions with a pLDDT > 70 and a pTM score > 0.7 were
kept for further screening. In order to further narrow down the
candidate pool of the virtual enzymes that are potentially active,
we screened them according to the accuracy of motif recapitula-
tion, the interactions between the model substrate 2-HE(MHET),
and the virtual enzymes, and the structural stability in MD sim-
ulations. The accuracy of motif recapitulation was assessed by
the motif RMSD between the original motifs from LCC and
those from the virtual enzymes. The virtual enzymes with mo-
tif RMSD larger than 2.5 A were discarded.”) Figure 2a shows
a 3D scatter plot of 75 designs, of which 44 meet these static
structural quality criteria (blue dots). The right upper panel de-
picts a typical structural superposition of the retained segments
in a predicted protein structure against the template, where the
motif RMSD is only 2.0 A, indicating a successful motif reca-
pitulation. The filtered virtual enzymes were further examined
via molecular docking with 2-HE(MHET),. A typical docking re-
sult is shown in Figure 2b. As the binding energy between LCC
and 2-HE(MHET), was calculated to be —2.78 kcal mol™', we
chose a range of —4-0 kcal mol™! as a screening criterion. Fur-
thermore, the reaction mechanism necessitates two criteria: the
distance between the carbonyl carbon atom of 2-HE(MHET), and
the oxygen atom of serine (Ser) (< 4 A), and the potential to form
an oxyanion hole by the backbone NH groups.l*"! The structural
stability of the virtual enzymes was assessed by calculating the
Ca-RMSD evolution through MD simulations. The virtual en-
zymes whose RMSD values exceed 5 A within a 20 ns simulation
were discarded (Figure 2c). Ten virtual enzymes (designated as
P1 through P10) out of 100 candidates passed the computational
screening steps described above. The molecular docking of these
enzymes with 2-HE(MHET); is shown in Figure S1 (Supporting
Information). All these enzymes are 28-46% shorter in length
than LCC, with full lengths between 140 and 186 and molecu-
lar weights between 14.28 and 19.31 kDa. Detailed descriptions
including their sequences, lengths, and molecular weights are
summarized in Table S1 (Supporting Information), and the pre-
dicted protein structures are shown in Figure S2 (Supporting In-
formation).

2.3. Expression and Experimental Characterization of the
First-Round Designed PET Hydrolases

The ten virtual enzymes were expressed in the E. coli BL21 (DE3)
strain. The enzymes, P1 to P10, were fused with His-tags at the N-
termini, allowing facile purification by Ni-NTA chromatography
(Figure 2d). SDS-PAGE analysis revealed that only P3 formed in-
clusion bodies, whereas no inclusion bodies were observed in the
cell lysates of the other proteins (Figure S3a,b, Supporting In-
formation). All eluting protein fractions contained only a small
fraction of the target enzyme, along with a substantial amount of
protein impurities, indicating that the target proteins were poorly
expressed (less than 100 ng mL™! in the cell lysates except for
P3). The low expression levels imply a low quality of the in silico
designed sequences. Nevertheless, we tested the activity of these
enzymes in the protein mixture. P1, P3, P4, P5, P6, P7, P8, and
P9 were found to be active for hydrolyzing bis(2-hydroxyethyl)
terephthalate (BHET) into mono(2-hydroxyethyl) terephthalate
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(MHET) and terephthalate (TPA), suggesting that these designer
enzymes are esterases (Figure 2e). To test if these enzymes have
PET hydrolytic activity, we prepared a suspension of PET-NPs as
the substrate.[*!] The as-prepared PET-NPs are nanospheres with
an average size of 145 + 50 nm (Figure 2f,g). We found that P1,
P3, P4, P5, P6, P7, P8, and P10 could hydrolyze PET-NPs into
MHET and TPA, as characterized by high-performance liquid
chromatography (HPLC) (Figure 2h). The success in reproduc-
ing the hydrolytic activity for PET-NPs indicates that our design
workflow encapsulates some essence of PET hydrolases. How-
ever, none of these enzymes exhibited hydrolytic activity against
micronized PET microparticles (=50 pm in size and 19% crys-
tallinity), as shown in Figure S4 (Supporting Information).

2.4. Rescuing the Designs by Iteratively Running RF;;;,
We assumed that the poor expressibility and the absence of hy-
drolytic activity on PET microparticles were due to the inherent
flaws in the sequences designed in the first round. A review of
the sequences revealed that the RF,;, algorithm tends to pro-
duce long single amino acid repeats (SAAR) such as LLLLLLL
and GGGGGGGG, and consecutive hydrophobic amino acids
(CHAA) such as LVVLYV, which are uncommon in native protein
sequences (Table S2, Supporting Information). The lack of amino
acid diversity in the generated sequences has been discussed by
Zheng et al. as an inherent limitation of structure-based protein
sequence design models.3?! These unusual patterns may signif-
icantly influence the foldability of our designs, especially given
their relatively small sizes. In the predicted 3D structures of vir-
tual proteins, we found large regions of hydrophobic patches
on the protein surface, which are most likely the source of pro-
tein misfolding and aggregation.[>}] These regions may be iden-
tified as aberrant by the cellular proteolytic machineries, such
as the Lon protease, leading to a rapid degradation of the as-
synthesized peptides.l**! Therefore, we iteratively employ RF,,,
to generate new sequences to replace the problematic ones en-
coding long SAAR and CHAA patterns and large hydrophobic
patches (Figure 3a). Typically, several runs of iterations were
enough to replace the problematic areas to the maximum de-
gree that RF;,, can repair. The redesigned sequences were fil-
tered by the aforementioned computational screening criteria.
We obtained three new designer enzymes, namely P4-a (derived
from P4), P5-a (derived from P5), and P7-a (derived from P7),
as shown in Figure S5 (Supporting Information). The surface
hydrophobic area of the designer enzymes (Table S3, Support-
ing Information) significantly decreases after sequence refine-
ment, making the designs more akin to natural proteins. The
regional pLDDT values of the redesigned sequences as well as
the overall pLDDT and pTM-scores of the full-length sequences
are significantly improved (Figure S6 and Table S1, Supporting
Information), indicating a higher structural quality predicted by
ColabFold. The theoretical molecular weights of these enzymes
were 19.43, 18.47, and 18.34 kDa, respectively, which are 30-34%
smaller than the molecular weight of LCC. The three designer en-
zymes share only 47%, 46%, and 47% sequence similarities com-
pared to LCC (Figure 3b; Figure S7, Supporting Information).
Nevertheless, the molecular docking of these enzymes with 2-
HE(MHET); show that the substrate molecule is accommodated
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in the active site with appropriate interactions for catalysis
(Figure S8, Supporting Information).

We then expressed P4-a, P5-a, and P7-a in the Lemo21 (DE3)
competent E. coli strain, a BL21 (DE3) derivative harboring
the pLemo plasmid, which is suitable for the expression of
toxic proteins, membrane proteins and proteins with solubility
problems.[°] After the expression and purification, the eluting
proteins were subjected to SDS-PAGE analysis (Figure 3c). Un-
fortunately, the expression of these enzymes was not improved
substantially, and the band for P5-a was almost invisible. While
the BHET hydrolytic activity was verified for P4-a and P7-a, it was
not observed for P5-a because of its extremely low expression
(Figure S9, Supporting Information). We determined the activ-
ity of these new designer enzymes (in the eluted fraction) using
PET microparticles as the substrate and found that both P4-a and
P5-a exhibit PET hydrolytic activity, while P7-a shows no activity.
Subsequently, we focused on enhancing the expressibility of P4-a
and P5-a designs (Figure 3d).

The expression problem has occurred in other PET hydrolases,
such as those mined from the human saliva metagenome.!*"!
Fusion to SUMO (small ubiquitin-like modifier) tags is consid-
ered effective in boosting the expression level of recombinant
proteins by improving folding, solubility, and stability.3®] We
therefore expressed SUMO-tagged P4-a and SUMO-tagged P5-
ain E. coli BL21 (DE3) PLysS cells (Figure S10, Supporting In-
formation). The SUMO tags on P4-a and P5-a were removed
after nickel-nitrilotriacetic acid (Ni-NTA) purification by adding
SUMO-specific proteases ULP1 (ubiquitin-like-specific protease
1). SUMO-fusion increased the expression levels of both P4-a and
P5-a by several folds, as demonstrated by the enhanced hydroly-
sis of the PET microparticles using the protein elution from the
Ni-NTA column (Figure S11, Supporting Information). Through
quantitative western blotting, we quantified the concentrations of
P4-a and P5-a (with SUMO tags) after the Ni-NTA affinity purifi-
cation to be 1.7 and 2.9 um, respectively (Figure S10b,c, Support-
ing Information). After the cleavage of SUMO tags, the specific
activity of P4-a and P5-a was determined with PET microparticles.
As shown in Figure 3d, P4-a exhibits higher PET hydrolytic activ-
ity than P5-a. While its PET degradation activity is comparable
to that of LCC, P4-a demonstrates compromised activity toward
MHET. The temperature optima of P4-a and P5-a are both 60 °C,
demonstrating that these two designer enzymes have excellent
thermostability (Figure S12, Supporting Information).

2.5. Rescuing the Designs using ProteinMPNN Algorithm

The expression levels of SUMO-tagged proteins were still
insufficient for further purification and practical application.
The difficulty in expression of the above enzymes indicates the
presence of elusive imperfections of the computationally gener-

www.advancedscience.com

ated sequences, which is a common issue of de novo designed
proteins.’’] Dauparas et al. developed ProteinMPNN to rescue
failed designs by Rosetta or AlphaFold, enhancing their solubil-
ity and thermostability.[>3#] Thus, we employed ProteinMPNN
to optimize the sequences of the potentially active designer
enzymes P4-a and P5-a based on their respective backbones. In
this process, we did not fix the catalytic center but performed
the global sequence optimization using ProteinMPNN. We
generated ten new sequences for each backbone and predicted
their 3D structures using ColabFold. After in silico screening
via the above-mentioned computational approaches, we finally
selected four sequences for expression in the E. coli BL21 (DE3)
strain, namely P4-a-1 and P4-a-2 (derived from P4-a), P5-a-1,
and P5-a-2 (derived from P5-a). The backbone RMSD values of
these proteins before and after optimization by ProteinMPNN
are less than 1.0 A (Figure 4a), and the optimized structures
exhibit increased structural quality and stability (Figures S13 and
S14, Supporting Information). The expression level of P4-a-2
was significantly improved to 2.5 mg L7, yielding 95% purity
after Ni-NTA chromatography (Figure 4b,c). The other three pro-
teins, however, were almost invisible in the SDS-PAGE analysis
(Figure S15a,b, Supporting Information). All redesigned en-
zymes (tested as crude cell lysates) exhibited hydrolytic activities
toward BHET (Figure S16, Supporting Information) and PET
microparticles (Figure 4d).

We evaluated the sequence and structural similarities of P4-a-
2 with the template enzyme LCC. Pairwise sequence alignment
shows that P4-a-2 shares only 34% sequence similarity with LCC
and 25% with IsPETase, respectively (Figure S17, Supporting In-
formation). This implies that the catalytic function can be main-
tained even if a significant portion of protein sequences is al-
tered. From a structural perspective, P4-a-2 still belongs to the
a/p hydrolase superfamily, sharing a common fold with other
hydrolases that typically consist of a core of f-sheets packed be-
tween two layers of a-helices. The structural similarity is assessed
through the structural alignment of P4-a-2 and LCC using TM-
align,®%! producing a TM-score of 0.63 (Figure 4e). LCC features
nine f-strands sandwiched by ten a-helices, with the core being
structurally conserved and identical to IsPETase.[*”) In compar-
ison, P4-a-2 is a more compact enzyme composed of a central
p-sheet with six p-strands flanked by seven a-helices (Figure 4f;
Figure S18, Supporting Information). Given the sequence and
structural differences described above, we consider P4-a-2 to be a
new-to-nature PET hydrolase. This indicates that the inpainting
algorithm has learned essential features of a/f hydrolase fold, al-
though it generates sequences rather than structures. The reca-
pitulation of functional motifs by our workflow does not merely
copy the sequences or structures of a/f-hydrolases, but somehow
reflects the underlying sequence-structure-function relationship.
As P4-a-2 is the first designer PETase created by computational
Re-scaffolding, we refer to it as RsPETasel.

interacts with the catalytic triad (magenta stick model) and the oxyanion hole potentially formed by the NH groups of Y25 and M94. c) Time-course RMSD
of Ca of representative virtual enzymes and LCC assessed by MD simulations. d) Procedures for the expression, purification and activity assay of the
designer enzymes. e) The hydrolysis of BHET by the eluted protein fractions from a Ni-NTA affinity column. The reaction system contained 6.0 ug mL™!
proteins and 1.0 mg mL~! BHET and was incubated at 25 °C for 24 h. Control represents the self-hydrolysis of BHET. A t-test was used for statistical
analysis, p < 0.001 (*¥**), p < 0.01 (**), p < 0.05 (¥), and NS, no significant difference. f) DLS analysis of the PET-NPs. g) A TEM image of the PET-NPs.
h) The hydrolysis of 1.0 mg mL~" PET-NPs by the eluted protein fractions (6.0 ug mL™") from a Ni-NTA affinity column at 50 °C for 24 h. The cell lysate
of E. coli carrying empty plasmids was used a benchmark. Error bars represent the standard deviations of three measurements.
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Figure 3. Computational refinement of the designed sequences. a) The exposed hydrophobic regions (brown) on the protein surface of and the amino
acid sequences of SAAR and CHAA patterns (red) were redesigned by RFjq;, followed by 3D structure prediction and computational screening. The
example shown in the left panel is P7. b) The structural comparisons between P4-a, P5-a, P7-a (white) and the template enzyme LCC (blue), respectively.
c) SDS-PAGE analysis of P4-a, P5-a and P7-a, where S represents the soluble fraction of the cell lysate, P represents the precipitates of the cell lysate, E
represents the eluted fraction from the Ni-NTA column. d) Hydrolysis of PET microparticles by P4-a, P5-a and P7-a at 60 °C for 24 h. The hydrolysis by
the cell lysate of E. coli carrying empty plasmids is provided as a control. ) Specific activities of LCC, P4-a and P5-a against PET microparticles.
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Figure 4. Improving protein expression by ProteinMPNN redesign. a) Superimposition of the 3D structures of redesigned proteins on the corresponding
original protein. P4-a-1 and P4-a-2 (also named RsPETase1) are redesigned from P4-a; P5-a-1 and P5-a-2 are redesigned from P5-a. Protein structures
were predicted by ColabFold. b) Coomassie-stained SDS-PAGE analysis of RsPETase]1. c) Size-exclusion chromatography of RsPETase1. d) Concentrations
of hydrolysates released from the hydrolysis of PET microparticles by the redesigned enzymes. The hydrolysis was carried out with 6.0 uyg mL~" eluted
protein fractions from a Ni-NTA affinity column and 5.0 mg mL~" PET microparticles at 50 °C for 24 h. The lysate of E. coli cells carrying empty plasmids
was used as the control. e) Structural alignment of LCC and RsPETase1. f) Ribbon diagrams of LCC (left) and RsPETase1 (right) with g-strands labeled

in magenta and a-helices in cyan.

An excellent thermostaility is neccessary for PET hydrolases
as they are supposed to hydrolyze PET at temperatures above the
glass transition temperaure of PET.*#!] Differential scanning
fluorimetry (DSF) suggests that the RsPETasel has a melting
temperature of 56 °C (Figure S19, Supporting Information),
which is in good agreement with its optimal temperature of
50 °C for PET hydrolysis (Figure 5a). Using the PET micropar-
ticles as the substrate, we analyzed the kinetic parameters
of RsPETasel following the conventional Michaelis-Menten
model. Our findings revealed a maximum reaction rate (V)
of 0.55 um min~! and a K, value of 0.72 g L', resulting in a
catalytic efficiency of 25.5 L g™' min~' (Figure 5b). In compari-
son, under the same conditions, LCC exhibited a V,,, five times
greater and a K, 5.5 times higher than those of RsPETasel,

Adv. Sci. 2025, 12, 2500859 2500859 (8 of 11)

indicating its catalytic efficiency similar to that of RsPETasel
(Figure S20 and Table S7, Supporting Information). We con-
ducted a long-term hydrolysis of 5 mg mL™" Goodfellow PET
film using RsPETasel, LCC and IsPETase, respectively. Over
an 8-day degradation period, RsPETasel produced 70% fewer
hydrolysates compared to LCC, while produced eightfold more
hydrolysates than IsPETase (Figure 5c). The films treated with
LCC and RsPETasel became opaque during the hydrolysis,
while the film treated with IsPETase remained transparent.
The changes in surface morphology of the PET film were ob-
served using scanning electron microscopy (SEM), as shown
in Figure 5d. RsPETasel and LCC both induced significant
morphological alterations to the PET surface compared to
the buffer control. The films were initially etched to create

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. PET hydrolytic performances of RsPETase1. a) Temperature dependence of RsPETase1 for the hydrolysis of PET microparticles. The hydrolysis
was carried out with 6.0 ug mL™! enzyme and 5 mg mL~" PET microparticles at varied temperatures and the activity was determined based on the
released amount of hydrolysates in 24 h. b) Michaelis—Menten plot of RsPETase1 assayed at 50 °C. c) Time courses of PET film hydrolysis into soluble
hydrolysates MHET and TPA by RsPETase1, LCC or IsPETase within 8 days at 50 °C. The PET film was cut into disks with a diameter of 6 mm and in
50 mm phosphate buffer at a concentration of 5 mg mL™1. Enzymes were refreshed every 48 h. d) SEM images of amorphous PET film from Goodfellow
treated with RsPETase1, LCC or IsPETase at an enzyme concentration of 90 ug mL~' and a reaction temperature of 50 °C. Scale bars are 5 um.

pores, though LCC degraded PET faster than RsPETasel. Over
time, the entire surface layer was gradually etched, resulting
in a rough texture characterized by pits and dents. In contrast,
IsPETase tended to enlarge the existing cavities rather than
uniformly etch the surface. The surface erosion mechanism
of RsPETasel more resembles that of LCC. Considering the
remarkable achievements of recently reported mutants like
HotPETase, *?] FAST-PETasel**] that exhibit three orders of mag-
nitude higher PET hydrolytic activity than their wild-types,[*+#]
we believe that the PET hydrolytic activity of RsPETasel can
also be significantly enhanced through several rounds of protein
engineering.

3. Conclusion

We have demonstrated a successful workflow for the computa-
tional design of new-to-nature PET hydrolases by scaffolding the
known active sites using a combination of recently published

Adv. Sci. 2025, 12, 2500859 2500859 (9 of 11)

deep learning algorithms. The design leverages RF,;, to gener-
ate diverse backbone structures that support the catalytic motifs
of a known PET hydrolase, exploring a broad range of structural
possibilities while preserving the active site essential for PET hy-
drolysis. A set of physiochemical criteria was established for com-
putational screening of putatively foldable and active designer en-
zymes. The filtered designs were validated by expression in E.
coli. cells. Failed designs were rescued by iterative inpainting us-
ing RF,,;, and sequence redesign using ProteinMPNN, which
can generate high-quality sequences that can fold into the de-
signed protein backbones.!®] This synergistic approach enhances
the experimental success rate of protein design by combining
structural flexibility with foldability. We obtained three novel PET
hydrolases, P4-a, P5-a, and P4-a-2, and were able to efficiently
express P4-a-2 (also named as RsPETasel). These designer en-
zymes show low sequence and structural similarities compared
to currently known PET hydrolases, manifesting the ability of
deep learning algorithms to construct new-to-nature enzymes
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without relying on the existing protein scaffolds evolved by na-
ture. Notably, compared to the template enzyme LCC, RsPETasel
exhibits comparable catalytic efficiency, although its V, ,, is com-
promised. Additionally, it has reasonably high thermostability,
highlighting its strong potential for further engineering in indus-
trial applications. This work paves an avenue to computationally
build up the diversity of enzymes with known catalytic mecha-
nisms, through which one can screen more robust and efficient
enzymes (or proteins of interest) of industrial or pharmaceutical
importance.

The successful replication of enzymatic activity by recapitula-
tion of functional motifs with the same coordinates of native en-
zymes reaffirms that catalysis is accomplished by a small fraction
of residues.l**#’] On the other hand, different protein scaffolds
possess distinct inherent protein dynamics, including the atomic
local fluctuations and large structure collective motions, which
also significantly regulates the intrinsic activity of enzymes.!8]
The computational construction of isoenzymes with artificial
protein architectures can yield isoenzymes with distinct protein
dynamics that are absent in nature. With these isoenzymes we
are able to pursue quantitative and mechanistic insights into the
relationship between catalysis and protein dynamics.

The rapid development of the de novo design of proteins
through deep learning models has also stoked the ambi-
tion to create small proteins or miniproteins with desired
functions.[1*4%30] Small proteins have considerable advantages
over larger ones: their genes are easier to synthesize, they take
up fewer cell resources to express, they can be engineered to
be highly stable, and they are potentially able to penetrate into
tissues and cells.’'33] In the context of catalysis, smaller en-
zymes duplicate the desired catalytic activity using just the nec-
essary residues and may benefit the cost-effectiveness of indus-
trial applications. In this study, we intentionally generate new
designs with shorter amino acid sequences compared to the
original enzyme. The obtained active enzymes are 177 and 185
amino acids long, making them 30% smaller than the template
enzyme LCC. The expression problems of some designs can
be partly attributed to the smaller protein size, as the shorten-
ing of the polypeptide chains makes it more difficult to effec-
tively bury hydrophobic amino acids in the protein core. The
resulting exposure of hydrophobic areas increases the propen-
sity for protein misfolding and aggregation. In addition, we
found that the RF,;,, model tends to “inpaint” missing regions
with consecutively repeated and hydrophobic amino acids, mak-
ing the design of small proteins even more challenging. Pro-
teinMPNN is effective at enhancing protein solubility, though
this often comes at the cost of reduced activity.’®! The inher-
ent limitations of current deep-learning tools present challenges
in protein design, especially for small enzymes. We anticipate
that in the near future, the expansion of the small proteins
databasel®*! and the advancements of protein design models
trained on such proteins will boost our ability to create artificial
small proteins and enzymes with greater accuracy and success
rate.
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