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Abstract 
  
Although significant progress has been made in creating de novo metalloenzymes that hydrolyze 
activated esters1,2, the energetically demanding cleavage of amide bonds has remained a major 
challenge for enzyme design: amide bonds are significantly more stable than ester bonds, the 
amine leaving groups in proteins are not activated, and peptide substrates are flexible making 
them difficult to bind precisely. Here, we report the de novo design of zinc proteases from 
minimal catalytic motifs using RoseTTAFold Diffusion 2 for Molecular Interfaces3, optimized 
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for both enzyme and protein-protein interaction design. Of 135 computational designs 
experimentally tested, 36% had activity and cleaved precisely at the intended site. The most 
active design accelerates peptide bond hydrolysis by more than 108-fold relative to the 
uncatalyzed reaction, and by over 1010-fold following the introduction of four point mutations 
that enhanced active-site preorganization4. Building on these capabilities, we designed 
metalloproteases that specifically cleave human TDP-43, the amyloid-β peptide, and serum 
amyloid A with rate accelerations up to 9.2x108-fold over background. We illustrate the potential 
of our approach for bio-orthogonal control over cell state by generating caged cytokines and 
caged receptor antagonists that are selectively unmasked by our designed proteases. These 
results demonstrate that de novo enzyme design has advanced well beyond model reactions with 
activated substrates and open the door to design of proficient metallohydrolases for a wide range 
of applications in medicine and bioremediation. 
  

Introduction 
  
Metalloproteases utilize a metal ion as a cofactor to activate a water molecule to hydrolyze a 
peptide bond in a protein5,6 (Fig. 1a). These enzymes play essential roles in biological processes 
such as tissue remodeling7,8, cell migration9,10, and signaling11. Beyond their roles in biology, 
proteases have widespread uses in industry and medicine in application areas ranging from 
food12 to therapeutics13–14 and cosmetics15. Because of these widespread applications, there has 
been considerable interest in engineering variants of native enzymes with customized activities. 
De novo enzyme design is a potentially powerful approach to design new proteases. However, 
thus far computational design of de novo metallohydrolases has focused on small molecule ester 
substrates with activated leaving groups1,2. Achieving efficient amide bond hydrolysis poses a far 
greater challenge. Amides are much less reactive than esters due to stronger resonance 
stabilization, resulting in higher activation barriers16. Furthermore, the amine leaving group in 
peptides is intrinsically poor, with a pKa of >35 for the deprotonation of amines to amine 
anions17 compared to <8 for typical activated esters18,19. Consequently, spontaneous peptide 
hydrolysis under physiological conditions is exceedingly slow, with half-lives on the order of 
hundreds of years4. Overcoming this barrier requires active sites that integrate precise metal 
coordination with strategically positioned general acid–base residues to facilitate transition state 
stabilization and proton transfer20. Moreover, the protease-substrate interface must be carefully 
designed to ensure both binding and accurate positioning of the target amide bond at the active 
site. 
  
We reasoned that recent developments in deep learning-based methods could address these 
challenges and enable the de novo design of metalloproteases. Diffusive denoising methods such 
as RoseTTAFold Diffusion (RFdiffusion) have proven powerful in generating a wide range of 
new functional proteins starting from random residue distributions and sets of conditions 
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specifying the functional constraints21–24 . The flow-matching-based RFdiffusion 2 (RFD2) 
method improved on RFdiffusion for enzyme design by eliminating the need for specifying the 
sequence positions of the catalytic residues and enabling conditioning directly on the positions of 
the catalytic functional groups in an ideal active site. As protease design requires not only 
positioning of catalytic groups, but also binding a peptide substrate, we chose to use a version of 
RFD2, RFD2 for Molecular Interfaces3 (RFD2-MI), optimized for design of both enzyme active 
sites and protein-protein interactions. We set out to explore the use of RFD2-MI for building up 
protein scaffolds around a minimalist metallohydrolase active site and an adjacent peptide 
binding site, positioning the substrate for cleavage of a defined amide bond. 

Computational design of metalloproteases 
  
We began by constructing an ideal active site for carrying out the metalloprotease reaction. In 
native metalloproteases such as aminopeptidase N25, three residues—two histidines and a 
glutamate—constitute a Zn(II) binding center. The fourth ligand of Zn(II), a water molecule, is 
activated by another glutamate to attack the target carbonyl carbon, forming an unstable 
tetrahedral intermediate. This high energy oxyanionic species and its flanking transition states 
are stabilized by a hydrogen bond donor tyrosine. Breakdown of the intermediate and product 
release are promoted by proton transfer from the protonated glutamic acid to the amine leaving 
group (Fig. 1b). We chose to focus on active sites containing all five functional groups, and 
chose for their relative positions and orientations the placements of these groups in the crystal 
structure of aminopeptidase N in complex with a transition state analog (TSA) (PDB 4QHP)²¹. 
For substrate placement relative to these catalytic groups, we chose to use β-strand hydrogen 
bonding. As a guide, we used AlphaFold326 (AF3) to predict the structure of the enzyme-
substrate (ES) complex for native astacin27, where the substrate is bound to the protease cleft as 
an antiparallel β-strand. We superimposed the substrate P1-P2’ coordinates (P1 is the residue 
before and P1’ is the residue after the cleavage site) and the backbone atoms of three adjacent 
astacin residues on the catalytic residues to generate the full target active site (Fig. 1c; 
Supplementary Methods and Supplementary Discussion). 
  
We used RFD2-MI to generate protein scaffolds around the constructed active site. We chose to 
allow the structure of both the protease and the peptide substrate to be widely sampled during the 
design calculations. Starting from a choice of the length of the designed enzyme (160-190AA) 
and the substrate (8-13AA), RFD2-MI generated random residue distributions for the two chains, 
and progressively denoised them, attempting to satisfy the conditioning information (the target 
catalytic site and substrate binding site geometry). Many of the RFD2-MI trajectories produced 
scaffolds with all the desired structural features (Supplementary Methods 1.2). We used a fine-
tuned version of LigandMPNN, EnhancedMPNN28, to generate amino acid sequences that 
encode the designed fold, preorganize the catalytic residues, and position the substrate properly 
in the binding cleft. To ensure precise positioning of the target amide bond with respect to the 
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active site, we carried out a two-sided design29 of both the protease sequence and the substrate 
sequence; hence the substrate sequence is unique for each design. Designs that AF3 predicted 
with high confidence and high similarity to the design model (i.e., monomer pLDDT, 
monomer/complex/catalytic site RMSD) were fed back to RFD2-MI for two more rounds of 
finer backbone sampling and to MPNN for one round of finer sequence sampling, to achieve 
higher precision and interface quality (Supplementary Methods). 
  
We modeled each resulting design in three states: 1) the apo protease, to confirm correct folding; 
2) the ES complex, to assess substrate binding and positioning of the target amide bond; and 3) 
the TSA complex, to evaluate transition state stabilization. For the modeling of the ES complex, 
we first used Zn(II) ion alone (SMILES string: [Zn+2]) as the input for modeling the metal 
center, common for the prediction of Zn(II) binding complexes26. However, this strategy omitted 
the essential nucleophilic water molecule, which is critical for catalysis in zinc proteases25,27,30,31. 
In a second approach, we included both the Zn(II) ion and the coordinating water oxygen 
(SMILES string: [Zn+2].O), enabling more accurate assessment of the nucleophilic attack step in 
the ES complex. For modeling the transition state, we used a phosphonamidate TSA32; many 
crystal structures have been solved for similar TSA complexes25,27,30,31, so they are better 
modeled by machine learning software trained on the PDB than the actual transition state. 
Designs were assessed in all three states based on the confidence of prediction, interface quality, 
and active site geometry. Synthetic genes were obtained encoding 95 designs from the Zn(II)-
only modeling strategy, and 40 designs from the Zn(II)-water strategy (See Extended Data Fig.1 
and Supplementary Methods for the full details on the computational pipeline). 
  

Experimental validation of two-sided designed proteases 
  
As each design has a unique protease-substrate pair, we first screened for activity using a fusion 
construct in which the protease was covalently linked to the substrate so both could be encoded 
in the same synthetic gene. We also included an mScarlet tag to facilitate the readout of 
molecular weight change upon cleavage and a Strep-tag for purification (Fig. 2a; Extended Data 
Fig.2a); we refer to this as a “cis” screen as the cleavage in this case is intramolecular. The 135 
designed enzyme and substrate constructs were overexpressed in E. coli and purified by Strep-
tag affinity chromatography followed by size exclusion chromatography (SEC). Of the 135, 131 
were soluble and 127 appeared at approximately the expected size for the full-length construct on 
SDS-PAGE gels (Fig. S1). To assess metalloprotease activity, we incubated the designs at 37°C 
in the presence and absence of Zn(II) and assayed catalytic cleavage by SDS-PAGE: active 
designs cleaved the constructs into the lower MW N-terminal protease and the C-terminal 
mScarlet domains, whereas inactive designs remained at the original MW of the fusion construct 
(Fig. 2b). We measured cleavage after 1 hour (h) incubation and again after 12 h incubation, and 
quantified the activity of each design by densitometry measurements of the product and substrate 
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bands (Fig. S2). For the designs selected using the Zn(II)-only strategy, 3/89 showed >10% 
cleavage after 1 h, and 14/89 showed >10% cleavage after 12 h. For the designs assessed by the 
Zn(II)-water strategy, 31/38 showed >10% cleavage after 1 h, and 35/38 showed >10% cleavage 
after 12 h (Fig. 2c). For the remainder of the paper, we refer to designs in the first class as “Zn1”, 
“Zn2”, etc. and designs in the second class as “ZnO1”, “ZnO2”, etc. The overall success rate for 
all 135 designs, as defined by >10% cleavage after 12 h incubation at 37°C, was 36% (15% for 
the Zn designs and 88% for the ZnO designs). In every case, mass spectrometry confirmed that 
the cleavage sites matched the design specifications (Table S1, Fig. S3). 
  
To understand the difference between the Zn and ZnO series of designs, we compared the ES 
structure models of the inactive Zn56 design and the active ZnO7 design. In the Zn(II)-only 
models, the substrates for both Zn56 and ZnO7 were positioned correctly in their respective 
binding clefts, showing no distinction between active and inactive designs (Fig. 2d). In the 
Zn(II)-water models, however, the catalytic water in Zn56 sterically prevented productive 
substrate binding, displacing the target amide bond by several ångströms (Å). In contrast, the 
substrate in ZnO7 was predicted to bind correctly at the active site of ZnO7, with the scissile 
amide properly positioned for productive nucleophilic attack by the zinc-bound water (Fig. 2e). 
Thus, the Zn(II)-water models successfully distinguished the active design ZnO7 and would have 
eliminated the inactive design Zn56, suggesting that explicit inclusion of key molecules in the 
catalysis mechanism—such as the catalytic water—may improve design success. 
  
Although the cis screen conveniently identified designs with functional active sites, it did not 
assess proper independent folding of the apo enzyme or intrinsic substrate binding, as covalent 
linkage greatly increases local substrate concentration. For assays under true catalytic conditions, 
we obtained synthetic genes for 22 hits for screening in trans, with protease and substrate 
expressed separately (Fig. 2f, Extended Data Fig.2b-c). We appended a (GS)15 linker to the N-
terminus and an mScarlet tag at the C-terminus of the substrate peptide. The protease and 
substrate constructs were separately expressed in E. coli and purified using Strep-tag affinity 
chromatography followed by SEC. For each design, we co-incubated the protease and the 
substrate at 37°C for 1 h in the presence or absence of supplemented Zn(II). Successful cleavage 
resulted in the removal of an ~3 kDa N-terminal fragment from the substrate, detectable by SDS-
PAGE (Fig. 2g; Fig.S4-5). Fourteen designs across five unique scaffolds exhibited >10% trans 
cleavage after 1 h at 37°C (Table S2). Activities in the cis and trans screens were strongly 
correlated with a Pearson’s r value of 0.91 (Fig. 2h), validating the screening workflow (See 
Table S3 for the sequences of all designs). 
  

Validation of designed mechanism 
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For each scaffold, we chose one design for further characterization (Fig. 3a). To assess the 
contributions of individual catalytic residues to activity and zinc binding, site-directed 
mutagenesis was used to knock out each zinc-binding residue, the catalytic base, and the 
oxyanion-stabilizing tyrosine. For all five designs, knocking out one of the three zinc-binding 
residues, or the catalytic base, reduced the activity of the design by at least sevenfold as 
measured by densitometry quantification of SDS-PAGE images (Fig. 3b; Fig. S6-9). In four of 
the five designs, substituting the oxyanion-stabilizing tyrosine with phenylalanine also reduced 
activity by at least eightfold. Thus, the catalytic activity of the designs arises from the designed 
active sites. 
  
Competition experiments using a ratiometric dye revealed dissociation constants (Kd) for the 
designed proteases with respect to the Zn(II) ion in the range between 10-10 and 10-8 M (Fig. 3c; 
Fig.S10). ZnO39 bound Zn(II) with a subnanomolar Kd—tighter than previously designed zinc 
enzymes2,33,34, and comparable to some native zinc enzymes35. The tight Zn(II) binding of these 
de novo zinc proteases could be useful for applications where supplementing additional Zn(II) is 
not practical, for example in therapeutic uses. 
 

Design selectivity and activity 
  
As we performed two-sided sequence design of both enzyme and substrate, each designed 
protease had a uniquely designed substrate sequence. We assessed the cross-reactivity of 
proteases from these five scaffolds. Four of the five designs exhibited preferential cleavage of 
their cognate substrate (Fig. 3d; Fig. S11-12). This is notable because substrate selectivity was 
not explicitly enforced, and designs predicted to cleave alternative substrates were not excluded. 
Instead, specificity appears to have emerged spontaneously from the two-sided design process, 
which produced highly complementary protease–substrate interfaces.  
  
The fifth design, Zn45, exhibited high activity across all the substrates (Fig. 3d). This 
experimentally observed cross-reactivity is reflected in the AF3 metrics (Extended Data Fig.3) 
used in our design strategy. To quantify the cross-reactivity, we chose the protease-substrate pair 
of Zn45 (protease) and S_ZnO36 (cognate substrate forZnO36). Zn45 digested the ZnO36 
substrate almost completely in 12 h at concentrations ranging from 1.6 μM to 100 μM at 37°C 
(Fig. 3e). At the highest substrate concentration, each Zn45 molecule effectively turned over 
~200 ZnO36 substrate molecules overnight. In the AF3 model of the Zn45 Michaelis complex 
with the ZnO36 substrate and an explicitly modeled zinc-bound water, the main-chain carbonyl 
of the seventh substrate residue is positioned precisely at the Zn45 active site, matching the 
experimentally validated cleavage site by MS (Fig.S13).  
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We characterized the kinetics for two protease-substrate pairs: ZnO7 on substrate ZnO7, the 
design that exhibited the highest activity for its designed substrate under the conditions of SDS-
PAGE cleavage assays, as well as Zn45 on substrate ZnO36, the protease-substrate pair with the 
overall highest activity. To acquire continuous reaction measurements over time, we measured 
the Fluorescence Resonance Energy Transfer (FRET) signal from a substrate fused to an N-
terminal GFP and a C-terminal mScarlet (Extended Data Fig.2d) as reaction progress curves 
(Fig. S14-16). Kinetic measurements revealed the kcat of ZnO7 to be 0.0010 ± 0.0001 s-1 , KM to 
be 4.9 ± 1.2 μM, and kcat/KM to be 210 ± 60 M-1s-1 (Fig. 3f). For Zn45 cleaving substrate ZnO36, 
we measured a kcat of 0.025 ± 0.002 s-1, KM of 26 ± 5 μM, and kcat/KM of 900 ± 200 M-1s-1 (Fig. 
3g). This kcat represents a >108-fold rate acceleration compared to uncatalyzed hydrolysis of 
peptide bonds in proteins4.  
 

Structural validation  

We determined X-ray crystal structures for designs in three distinct scaffolds (the scaffolds of 
Zn5, ZnO7 and ZnO36, Fig. 4). The structure of Zn5 with bound Zn(II) at 3.41 Å resolution 
(PDB 11CE) exhibited a small Cα RMSD of 0.82 Å, and the structure of ZnO7 with bound 
Zn(II) and substrate at 2.37 Å resolution (PDB 11CM) showed a Cα RMSD of 1.35 Å, both 
closely matching the design models (Fig.4a,b). 

In the Zn5–Zn(II) complex, the five catalytic residues adopt conformations closely matching the 
design model (RMSD = 0.9 Å). A Zn(II) ion is clearly resolved at the designed coordination site 
with full occupancy (RMSD = 0.3 Å; Fig. 4e). The apo structure of Zn5 (resolution = 3.57 Å) 
likewise revealed a preorganized catalytic configuration in the absence of the Zn(II) cofactor 
(Extended Data Fig. 6a), confirming the accurate design of the catalytic residues and the metal 
coordination geometry. 

To capture the Michaelis complex of ZnO7, we substituted the E32 general base with a 
glutamine to abolish activity and stabilize the substrate bound in the protease cleft. In the 
resulting crystal structure, the substrate peptide binds the protease in the designed β strand-
pairing conformation (Fig.4f).  A Zn(II) ion is resolved at the designed coordination site with full 
occupancy (RMSD = 0.3 Å), coordinated by H31, H35, and E111. A bound water molecule, 
corresponding to the nucleophilic water in the Michaelis complex that initiates catalysis, 
completes the tetrahedral coordination shell as the fourth ligand (Fig.4g). The substituted  Q32 
residue adopts a side-chain rotamer distinct from the catalytically competent rotamer predicted in 
the design model, suggesting stabilizing the correct general base rotamer as a direction for 
improvement for this design. Although this deviation may stem from the E32Q substitution  
(Supplementary Discussion 3.1 and Fig.S20), the same mutation did not induce rotamer flipping 
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in three other crystal structures we obtained (Extended Data Fig.6b-d), which all display a 
catalytically competent glutamate geometry and thus better preorganization.  

To assess structural similarity with known proteins, we used Foldseek36 to compare the crystal 
structures of the designs to those in the Protein Data Bank (PDB). There were no fold level 
matches, as the best TM scores were less than 0.42 (above 0.5 indicates fold similarity; Extended 
Data Fig.7). Sequences of active designs were searched against the NCBI non-redundant 
database using BLASTP. The best hits had E-values ranging from 0.34 to 33, indicating no 
sequence similarity with known proteins (below 0.05 indicates sequence similarity; Extended 
Data Table 2). 

 

Origin of activity discrepancies between the designs and native metalloproteases 

Despite the overall structural accuracy of our de novo metalloproteases, their activities still lag 
behind the native metalloproteases from which our theozyme was derived37,38. Therefore, sub-
ångström structural accuracy does not guarantee optimal catalysis. Subtle differences in the 
geometry of the catalytic residues, as well as the surrounding chemical environment may 
contribute significantly as the system progresses along the reaction coordinate. To investigate the 
contribution of these effects in the activity difference between the designs and native 
metalloproteases, we used machine learning force fields39 (MLFF) to compute the enthalpic 
activation barriers for the likely rate-limiting proton abstraction and nucleophilic attack steps40 

(Fig. 1b) for Zn45, ZnO7, and native astacin. All catalytic residues, the substrate and all residues 
with at least one atom within 5 Å of the substrate were included in the simulation 
(Supplementary Discussion 4).  

The computed activation energies for Zn45 and ZnO7  are 3.6 and 15.1 kcal/mol higher than that 
of native astacin (Fig. 5a,b), indicating less favorable reaction energetics in the designed active 
sites. Although the active site RMSD of ZnO7 is lower than that of Zn45, Zn45 exhibits a higher 
kcat than ZnO7 (Fig. 5b). Structural precision, therefore, does not reliably predict catalytic 
efficiency.  In contrast, the activation energy barriers obtained from simulations of  the reaction 
pathway align with the experimental activity trends, even if they do not quantitatively reproduce 
the rate differences, suggesting additional contributing factors (Supplementary Discussion 4). 
Structural accuracy alone may thus serve only as a coarse indicator of activity. A productive 
active site must support smooth progression along the entire reaction coordinate; assessing the 
full energy landscape may enhance activity prediction and guide optimization of one-shot 
designs. 

To identify sources of inefficiency beyond the enthalpic effects captured in the MLFF 
calculations, we systematically evaluated the sequence dependence of catalysis. Substitutions 
were introduced at 21 positions located within 4 Å of either the five catalytic residues or the 
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substrate P2, P1, and P1’ residues in the Zn45 - S_ZnO36 model, replacing each with all other 
amino acids except cysteine (Extended Data Fig. 6). At eleven positions, the designed amino 
acid was already optimal, while for the remaining ten positions, we found single mutations that 
afforded at least 30% higher activity than the wild-type (Extended Data Fig. 6c), providing clues 
to shortcomings in the original design.  

Substitution of F48, which is close to the general base E77 (Fig. 5c), with tryptophan increased 
kcat tenfold (Extended Data Fig.8d), likely by positioning the base more effectively for catalysis. 
Y152, which was introduced by MPNN during sequence design, forms additional hydrogen 
bonds with the backbone nitrogen and oxygen atoms of the substrate P1 residue, competing with 
those made by the designed oxyanion hole. Substituting Y152 with hydrophobic or bulky 
residues (I, L, M, V, W, R) improved activity (Fig. 5d), suggesting that the hydrogen bond 
introduced by MPNN overly stabilized the ground state rather than selectively stabilized the 
transition state. A similar effect may underlie the increased activity seen with the R79A mutation 
in ZnO36 (Supplementary Discussion 5).  

A second-generation variant, Zn45_v2, which combines F48W and Y152I with two additional 
beneficial mutations (A79Q and Y83Q; Extended Data Fig.6e, Extended Data Fig.7), exhibits a 
kcat of   0.75 ± 0.04 s-1, a KM of  24  ± 3 μM, and a kcat/KM of  31000  ± 5000 M-1s-1, 
corresponding to a 30-fold improvement in both kcat and kcat/KM over the wild-type enzyme (Fig. 
5g-i). Zn45_v2 enhances the rate of peptide bond hydrolysis by 1.4x1010 fold relative to the 
spontaneous hydrolysis reaction, achieves over 3500 turnovers per active site (Extended Data 
Fig. 7d), and displays kinetic parameters comparable to some native metalloproteases (Extended 
Data Table 3), as well as proteases of other mechanisms41-43 with well-characterized biological 
functions and broad applications. Nevertheless, neither AF3 nor MPNN captured the 
improvements in the single or recombined variants, highlighting an additional direction for 
computational method refinement (Extended Data Fig.6f-g, Extended Data Fig.7h, 
Supplementary Discussion 6).  

In an attempt to elucidate the effects of the mutations, we performed molecular dynamics (MD) 
simulations on the Michaelis complex of Zn45 with the S_ZnO36 substrate, and compared the 
results with those of Zn45_v2 and the native protease astacin. In Zn45, the catalytic glutamate 
(E77) sampled a broad range of rotamer states, causing large fluctuations in the distance between 
its closest oxygen atom and the water hydrogen, hindering efficient proton abstraction. In 
contrast, both Zn45_v2 and astacin showed a preorganized glutamate rotamer at consistent 
oxygen-hydrogen distances of 1.75 Å and 1.88 Å, respectively, favoring catalysis (Fig. 5e). The 
substrate geometry also differed markedly. In Zn45, the scissile amide bond was poorly 
preorganized, forming an acute angle of 37.4° between the water oxygen, the target carbonyl 
carbon, and the carbonyl oxygen (Fig. 5f). In contrast, this angle averaged 99.4° in Zn45_v2, and 
87.1° in astacin, both much closer to the ideal geometry for nucleophilic attack44. Collectively, 
the mutagenesis and MD results suggest that suboptimal preorganization of the catalytic residues 
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and the substrate may partially account for the activity discrepancy between the designed zinc 
proteases and their natural counterparts, emphasizing preorganization as a strategy for further 
improvement. 

Despite the improvements in Zn45_v2, its kcat remains lower than the best native proteases37,38. 
To assess the contribution of individual catalytic residues, we introduced targeted mutations and 
measured the activity of the resulting variants. Mutations of the Zn(II)-chelating residues and the 
general base led to substantial losses in activity. In contrast, mutation of the oxyanion-stabilizing 
tyrosine, Y122, resulted in only a ~10-fold reduction. Given that oxyanion-stabilizing residues 
typically contribute >50-fold to the activity of native proteases45-47, this modest effect suggests 
suboptimal positioning in the design;  improving the placement of this residue may enhance 
activity, consistent with the increased activity observed for the V121I variant located in close 
proximity to the tyrosine (Extended Data Fig. 6, Fig. S21). To further investigate the origin of 
the activity discrepancy, we characterized the pH dependence of Zn45_v2 activity and compared 
it with that of native metalloproteases. The resulting pH profile displays a similar bell-shaped 
trend to those reported for thermolysin48 and stromelysin-149; however, the transition point of the 
acidic limb is shifted higher by approximately 1–2 pH units. Because this transition is often 
associated with activation of the general base–Zn(II)–water system, the observed shift suggests 
differences in the local chemical environment compared to the native enzymes, potentially 
leading to less effective nucleophilic attack in the design.  

 

Design of proteases cleaving peptides in disease-relevant targets 

With the capability of designing proficient proteases in hand, we set out to explore possible 
applications.  We investigated the possibility of designing proteases against potential therapeutic 
targets, and for synthetic protease-activated control systems. We chose three human proteins as 
protease targets: TAR DNA-binding protein 43 (TDP-43), Serum Amyloid A (SAA), and the 
amyloid-β (Aβ) peptide, as their abnormal aggregation can cause diseases50–52. For TDP43, we 
pursued two complementary strategies: redesigning an existing scaffold and generating a new 
scaffold from scratch. To preserve essential functions while disrupting pathological assemblies, 
we focused on the C-terminal region of TDP-4353 (residues 320–350; Extended Data Fig.8).  

For the redesign approach, we applied the logos side-chain pocket scoring metric54 to assess 
compatibility between substrate windows and designed active sites based on side-chain centered 
interaction potentials, identifying the most targetable patch and selecting ZnO36 as a suitable 
starting scaffold. The catalytic residues and two to four key polar contacts were retained, while 
the remaining backbone and side-chain regions were partially diffused and redesigned using 
EnhancedMPNN (Fig. 6a and Supplementary Methods). For the de novo approach, we used 
RFDiffusion 355 (RFD 3), which carries out diffusion at the atom level and hence could provide 
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more specific interactions with the target side chains and used the theozyme with the Zn(II)-
bound water. Designs passing all in silico filters were screened in the trans format. The top 
designs from both strategies, TDPr3 from the redesign approach and TDPn3 from de novo 
design, were selected for further characterization (Supplementary Methods, Fig.S17-19). 

We first characterized substrate preferences by monitoring FRET signals from sfGFP–mScarlet 
reporters containing the TDP-43 target sequence and the reference substrates shown in Fig.3d. 
Although TDPr3 cleaved the TDP-43 target sequence at detectable levels, its highest activity was 
observed on the ZnO36 substrate from which it was derived (Fig. 6b). The substantially higher 
activity on the parent substrate highlights a key limitation of the redesign strategy, namely 
persistence of the intrinsic substrate bias of the original scaffold. We solved the crystal structure 
of the substrate complex of TDPr3, which exhibited low RMSD in the protease chain with the 
design model (Fig. 4c,d), yet a shifted substrate registration, consistent with suboptimal interface 
design (Fig. 4h).  In contrast, the best de novo design, TDPn3 (Fig. 6c), exhibited much higher 
activity on the TDP-43 target sequence than on other substrates (Fig. 6d).  

TDPn3 cleaved the TDP-43 target peptide with a kcat of  0.033 ± 0.003 s-1, a KM of  52  ± 9 μM, 
and a kcat/KM of  640  ± 130 M-1s-1 (Fig. 6e), comparable to the best two-sided design, Zn45, 
which exhibited broad substrate specificity (Fig. 3d). These results confirm that appreciable 
activity and substrate specificity can be achieved simultaneously through one-shot de novo 
design. When incubated with full length TDP-43 (monomer and oligomeric forms), TDPn3 
produced cleavage products of the expected size confirmed by mass spec (Supplementary Table 
S1, Supplementary Table S4) at the 6 h and 12 h time points (Fig. 6f), whereas buffer or base-
knockout controls showed no cleavage (Extended Data Fig.8d). However, cleavage was slower 
on full-length TDP-43 compared to the synthetic sfGFP-mScarlet substrate, potentially due to 
complications of liquid-liquid phase separation or precipitation56 (Extended Data Fig.8c).  

To demonstrate the potential generalizability of our method, we further designed 
metalloproteases targeting the peptide sequences SSRSFFSFLG from SAA and KGAIIGLMVG 
from Aβ peptide. Both proteases exhibited highest activity on the on-target substrate as 
compared to other substrates discussed in this work, as shown in Extended Data Fig. 9.  

Conditional activation of a cytokine mimic and a receptor antagonist by a designed 
metalloprotease 

The potential use of de novo proteases extends beyond targeting human proteins to synthetic 
protease-conditioned circuits for precision medicine, as in Antibody-Directed Enzyme Prodrug 
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Therapy (ADEPT)57 . To investigate the applicability of de novo metalloprotease for the 
conditional activation of  therapeutics, we designed a masked construct of Neo2, a previously 
reported de novo IL2 mimic58, and explored if Neo2 can be conditionally activated by the 
designed proteases. A Neo2 minibinder generated by RFD2 was used to mask the IL2R-binding 
interface and fused to Neo2 through a linker containing the S_ZnO36 cleavage sequence. The 
resulting masked construct was termed Neo2-M-Z (Fig. 6g). To assess Neo2 activation and 
signaling through IL2R, we performed a HEK-Blue IL-2/IL-15 reporter assay at a range of 
Neo2-M-Z concentrations, with or without protease activation. In the absence of protease 
treatment, Neo2-M-Z exhibited an EC50 of ~0.5 nM. In contrast, treatment with Zn45 or 
Zn45_v2 shifted the EC50 to ~0.01 nM, comparable to unmasked Neo2 and corresponding to a 
~50-fold activation window. In contrast, the Neo2-M-Z construct could not be activated by 
matrix metalloprotease 2 (Fig 6h), a tumor-enriched human protease commonly used as an 
activation trigger in prodrug therapies59,60.   Further, we validated this circuit using another 
masked de novo EGFR antagonist system61. When the masked EGFR antagonist (EGFRmb-M-
Z) was treated with de novo proteases Zn45 and Zn45_v2, the antagonist was activated and 
prevented EGFR signaling and the downstream phosphorylation of ERK. The unmasking effect 
was abolished with the catalytic residue knockout of Zn45_v2, or with MMP2 (Fig. 6i,j, Fig. 
S22). Adoptive cell therapies presenting de novo designed bioorthogonal proteases on their 
surfaces could enable more precise activation of caged biologics at the desired disease sites.  

Discussion 

Our results show that de novo enzyme design has advanced far beyond model reactions on 
activated substrates. Using a Zn(II) ion to activate a water in an active site comprising three 
Zn(II) coordinating residues and additional water-activating and oxyanion-stabilizing residues, 
we achieved >108-fold rate accelerations for peptide bond cleavage relative to uncatalyzed 
hydrolysis in aqueous solution. Codesigning the substrate and protease, or designing a protease 
for a prescribed substrate sequence, both yielded considerable substrate selectivity without 
explicit negative design against alternative substrates.   

Despite these advances, there remains considerable scope to improve our design methodology. 
Although the turnover rates of enzymes straight out of the computer are still 103-104-fold lower 
than those of the most efficient natural proteases, characterization of our metalloprotease designs 
highlights strategies for further enhancement: increasing the precision of active site placement, 
integrating energetic assessments alongside geometric criteria, improving preorganization of the 
catalytic residues and substrate, and refining the local electrostatic environment of the active site. 
We show that increasing preorganization with a few mutations can narrow the activity gap with 
top-performing natural metalloproteases to two orders of magnitude. 
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With the capability of targeting prescribed epitopes, it is exciting to now consider the many 
applications where the ability to design selective proteases could be transformative. Unlike many 
native proteases that recognize short 2-5 residue motifs62,63, our designs bind 8–13-residue 
substrates, creating an extended recognition window capable of encoding substantial sequence 
and conformational selectivity. Such tunable specificity could be used to target viral polyprotein 
junctions, selectively dismantle disease-associated assemblies while sparing essential protein 
pools, rewire signaling pathways or engineer cassettes in synthetic biology applications—greatly 
reducing off-target risks. Beyond therapeutics, programmable proteases could enable safe and 
sustainable solutions across agriculture, food, and cosmetics, including the control of pests and 
pathogens and improvements to product texture and stability. Together, these advances point 
toward a future in which proteolysis becomes a programmable modality for biotechnology, 
medicine, and engineered living systems. 
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Figures 
 

 
 
Fig. 1: Computational design of metalloproteases. a, Chemical equation for the proteolytic 
hydrolysis of a peptide bond in a protein substrate. R and R’ represent polypeptide fragments. b, 
Reaction mechanism for the hydrolysis of peptide bonds by zinc proteases. c, Input motif for 
RFD2-MI. Catalytic residues were extracted from the crystal structure of aminopeptidase N in 
complex with a transition state analog inhibitor (pdb: 4qhp). The substrate conformation and 
strand pairing with the guide strand in the enzyme were extracted from an AF3 prediction of 
native astacin in complex with a substrate peptide. d, Representative RFD2-MI trajectory for 
backbone generation. 
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Fig. 2: Experimental screening. a, Schematic illustration of the fusion construct used in the cis 
screen. The proteases were expressed as a genetic fusion with their designed substrate peptide 
sequence, followed by a C-terminal mScarlet. b, Representative screening outcomes for an active 
and an inactive design after 1 h at 37 °C in the cis assay measured by protein SDS-PAGE. An 
active design exhibits Zn-dependent cleavage at the correct site as assessed by SDS-PAGE gel 
and mass spectrometry (Table S1). In contrast, an inactive design remained uncleaved. c, 
Digested fraction of the substrate measured by SDS-PAGE gel densitometry. The hit rate 
significantly improved when the nucleophilic water was explicitly modeled in the ES complex. 
d, Zn(II)-only models of the ES complexes did not differentiate between active (ZnO7) and 
inactive (Zn56) designs. e, Zn(II)-water models of the ES complexes clearly differentiated active 
(ZnO7) from inactive (Zn56) designs, based on the displaced substrate in the latter. f, Schematic 
illustration of the protein constructs used in the trans screen. The proteases and their designed 
substrates were expressed as separated chains. The substrate sequence was expressed as a genetic 
fusion with an N-terminal (GS)15 linker and a C-terminal mScarlet. g, Representative screening 
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outcomes for an active and an inactive design in the trans assay after 1 h at 37 °C measured by 
protein SDS-PAGE. An active design exhibited Zn-dependent cleavage at the correct site as 
assessed by SDS-PAGE gel. In contrast, an inactive design exhibited no cleavage. h, 
Relationship between the digested fractions of the cis and trans assays, both performed at 37 °C 
for 1 h.  
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Fig. 3: Functional validation of two-sided metalloprotease designs. a, AF3 models of active 
protease designs with close-up views of the active sites from five unique scaffolds (TM-score < 
0.23 between any pair). b, Impact of mutating individual catalytic residues on design activity at 
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short (1 h) and long (8 h) time points, measured by SDS-PAGE gel densitometry. In each bar 
plot, the catalytic residues are in the following order for their functional roles from left to right: 
first zinc-chelating residue, second zinc-chelating residue, third zinc-chelating residue, the 
general base, and the oxyanion stabilizer. For ZnO36, two additional substitutions, R79A and 
R79K, were investigated due to the proximity of R79 to the scissile carbonyl oxygen and 
tetrahedral intermediate/transition state oxyanion (Fig. S9). Measurements were made in 
triplicate. Bars and error bars represent mean ± std. c, Assessment of Zn(II) dissociation constant 
for the designed proteases and the respective knockout variants. Gray bars with heights above the 
upper boundary of the plots indicate weak Zn(II) binders that are beyond the dynamic range of 
the assay, suggesting Kd values at least above 2 μM. Bars and error bars represent the fitted 
dissociation constant Kd ± std.  d, Cross-reactivity heatmap of 7 proteases with 6 designed 
substrates. In the heatmap, each row represents a protease and each column represents a 
substrate. The substrate sequences were named by prepending “S_” to the name of the proteases 
designed with this substrate. Designs from the same backbone were labeled with the same color. 
ZnO25 is a one-shot design with the same backbone as ZnO7 but differing in sequence at 39 
positions. Cleavage was quantified as the digested fraction of the substrate by SDS-PAGE 
densitometry normalized to the cognate substrate in triplicate. The mean of three measurements 
is shown in the heatmap. e, SDS-PAGE gel analysis of 500 nM Zn45-catalyzed cleavage of the 
substrate designed for ZnO36 at different substrate concentrations, [S], for 12 hrs at 37 °C. For 
the highest substrate concentration (100 μM), each Zn45 molecule effectively turns over ~200 
substrate molecules. By contrast, the general base knockout of the Zn45 (KO) showed only 
minor cleavage, likely due to residual native protease from the expression and purification 
process. f, Kinetics of ZnO7-catalyzed cleavage of its cognate substrate, and  g, of Zn45-
catalyzed cleavage of the substrate designed for ZnO36. v0: reaction rate in the initial linear 
region (nM/s). [E0]: enzyme concentration, 500 nM. Measurements were made in triplicate. 
Black dots and error bars represent mean ± std.  
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Fig. 4: Structural validation of metalloprotease designs. a-c, structural superposition of 
design models (gray) and crystal structures for Zn5 (a, crystal structure in red), ZnO7 (b, crystal 
structure in yellow) and TDPr3 (c, crystal structure in green) . The active sites are shown as 
sticks. The Zn(II) ions are shown in dark gray in the design models, dark red in the crystal 
structure of Zn5 and dark yellow in the crystal structure of ZnO7.  d,e,g Active site overlays of 
the crystal and the design model for TDPr3 (d), Zn5 (e), ZnO7 (g). The catalytic water in the 
active site of the ZnO7 crystal in f is shown as a red cross. f, Zoomed-in view of the β-strand pair 
between the substrate and the protease in the superposition of the ZnO7 crystal and design 
model. h, Zoomed-in view of substrate registration in TDPr3. The substrate solved in the crystal 
is shifted by one amino acid between the design and the crystal. 
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Fig. 5: Investigation of activity discrepancy between the designs and the native 
metalloproteases. a, relative energies calculated using MLFF with respect to the ground state 
(GS) of the proton abstraction and nucleophilic attack steps, for the transition state (TS) and the 
tetrahedral intermediate (TI). b. Active site RMSD between the design model and theozyme, 
activation energies and the kcat values for the proteases involved in the MLFF calculations. 
‡Value reported in ref.40.  c-d, activity heatmap (left panel) of residues in the active site 
mutagenesis screen for Zn45, and the positions of these residues (yellow) with respect to the 
catalytic residues (wheat) in the AF3 prediction. e, The kernel density distribution of the distance 
between the proton-abstracting oxygen in the E77 general base and the closest water hydrogen, 
in the MD simulation of wild-type Zn45 (top), astacin (middle) and Zn45_v2 (bottom). f, The 
kernel density distribution of the angle between the water oxygen, the substrate target carbonyl 
carbon, and the substrate target carbonyl oxygen, in the MD simulation of wild-type Zn45 (top), 
astacin (middle) and Zn45_v2 (bottom). For both e and f, five replicas are shown in solid curves 
of different colors. The mean of all five replicas for each group is shown as a black dashed line. 
g,h, The residues where beneficial mutations are combined to yield Zn45_v2 in the AF3 model 
of wild-type Zn45 (g, wild-type residues shown in yellow) and Zn45_v2 (h, beneficial mutations 
shown in pink). In all AF3 models, the catalytic residues are shown in wheat and the mutated 
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residues are shown in yellow. The Zn(II) ion is shown as a dark gray sphere and the Zn(II)-
bound water is shown as a red sphere. i,  Kinetics of Zn45_v2-catalyzed cleavage of the substrate 
of ZnO36. v0: reaction rate in the initial linear region (nM/s). [E0]: enzyme concentration, 50 nM. 
Measurements were made in triplicate. Black dots and error bars represent mean ± std. 
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Fig. 6: De novo protease for cleavage of human protein and for conditional activation of 
masked cytokine mimic. a, Reprogramming ZnO36R79A for TDP-43 cleavage. (left) The 
redesigned protease has a well-packed interface and hydrogen bonding network with the new 
substrate, while (right) binding of the TDP substrate to the parent protease ZnO36R79A results 
in sidechain clashes and fewer hydrogen bonds with the polar residues; all structures shown are 
design models. b, Substrate specificity of TDPr3 against the sfGFP-mScarlet substrates of all 
designs presented in this work. Measurements were made in triplicate. Solid lines and shaded 
regions represent the mean ± std. c, AF3 design model of TDPn3 with a zoomed-in view of the 
active site. d, Substrate specificity of TDPr3 against the sfGFP-mScarlet substrates of all designs 
presented in this work. Measurements were made in triplicate. Solid lines and shaded regions 
represent the mean ± std. e, Kinetics of TDPn3-catalyzed cleavage of the target TDP-43 epitope. 
v0: reaction rate in the initial linear region (nM/s). [E0]: enzyme concentration, 500 nM. 
Measurements were made in triplicate. Black dots and error bars represent mean ± std. f, 
Cleavage of full-length human TDP-43 in vitro. g, Schematic illustration of the conditional 
activation of a masked cytokine mimic, Neo2-M-Z, by de novo proteases. h, Normalized 
activation percentage of HEK-Blue IL-2 reporter cells by Neo2-M-Z treated with Zn45, 
Zn45_v2, Zn45_v2_KO, MMP2 and by Neo2. Measurements were made in triplicate. Data 
points and error bars represent mean ± std. Solid lines indicate sigmoidal fits to the raw data. i, 
Schematic illustration of the conditional activation of a masked EGFR antagonist, EGFRmb-M-
Z, by de novo proteases. j, Normalized phospho-ERK percentage of cells treated with Zn45, 
Zn45_v2, Zn45_v2_KO, MMP2 and by EGFP-mb. Measurements were made in quadruplicate. 
Data points and error bars represent mean ± std. 
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