




Extended Data Fig. 4 | Structural novelty of the ZETA_1-4 designs. Global Cα 
alignment of the ZETA_1-4 design models with their most similar structures in 
the Protein Data Bank and AlphaFold2 Database based on TM-score, respectively. 
a,b, ZETA_1 aligned with (a) PDB structure 8GYM and (b) AF2 prediction 
A0A176QCW7. c,d, ZETA_2 aligned with (c) PDB structure 2V6Y and (d) AF2 
prediction A0A558CL52. e,f, ZETA_3 aligned with (e) PDB structure 5FUC and 

(f) AF2 prediction A0A1B7XEX0. g,h, ZETA_4 aligned with (g) PDB structure 
6Y06 and (h) AF2 prediction A0A353XWA2. In all cases, the designed proteins 
are shown in a colour gradient, and the PDB/AF2 structures are shown in grey. 
The poor alignment, low sequence identity, and modest TM-scores highlight 
the novelty of these de novo scaffolds.
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Extended Data Fig. 5 | Predicted structures of the A1 (ZETA_1) design.  
a, Active site of the A1 design model with pocket residues labeled. Designed 
structure is coloured and AlphaFold2 apo-predicted structure is grey.  
The structures are in high agreement, suggesting that A1 has a high degree  
of preorganization. b, Global and active site comparison of the A1 design 
(colored) with model 0 of the Chai-128 structure sequence/scaffold) with Zn(II) 
and 4MU-PA. The substrate SMILES file was provided to Chai-1, not the 
tetrahedral intermediate, whereas the A1 design model contains the transition 
state of the nucleophilic attack of hydroxide to the substrate. The global scaffold 
fold prediction by Chai-1 is nearly identical to the design model scaffold (r.m.s.d. 
Cα = 0.413). Additionally, the zinc and substrate docking positions by Chai-1 are 
nearly identical to the design model; model 0 of Chai-1 also predicts the zinc 
being coordinated by the 3 histidines (H118, H130, H134) in nearly the same 

orientations as the design model. c, Global and active site comparison of the A1 
design model (coloured) with model 1 of the Chai-1 structural prediction (grey) 
in the presence of zinc and 4MU-PA. Note this is shown from the side/back view. 
Again, the global scaffold fold prediction and substrate docking position by 
Chai-1 are nearly identical to the design model. Interestingly, Chai-1 predicts  
a slightly different zinc docking position in model 1 with H130 flipped away 
from the active site, and D67 is instead coordinating zinc with the other two 
histidines (H118 and H134). This supports the hypothesis that H130 and D67 are 
competitively binding zinc, explaining the results observed from the mutant 
activity and zinc binding experiments. Thus, it is unlikely that D67 is functioning 
efficiently, if at all, as a general base, providing a rational starting point for 
potential redesign.



Extended Data Fig. 6 | Michaelis-Menten kinetics of eleven major hits from the second design campaign. a-c, Kinetics of designs grouped by (a) ZETA_2 scaffold, 
(b) ZETA_3 scaffold, and (c) ZETA_4 scaffold.
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Extended Data Fig. 7 | Opposite substrate binding modes in ZETA_2 and 
ZETA_3 design models result from ORI placement. The ORI token is an 
optional coordinate fed to the updated RFdiffusion2, which instructs the model 
on where it should aim to generate the protein center of mass (Supplementary 
Methods 4.2). Thus, the ORI token can be used to specify which parts of the 
substrate/theozyme should be more surrounded by protein (buried) on average. 
ZETA_2 (right) and ZETA_3 (left) are designed to bind the substrate in opposite 

orientations; this arose from the opposite placement of ORI tokens with respect 
to the substrate. The bottom panels show a cross-section of the design models 
for these enzymes with the surface view to observe the designed substrate 
binding pocket. In ZETA_3 (left) the PA is solvent-exposed and the 4MU is  
buried because the ORI token is next to the 4MU. In ZETA_2 (right) the 4MU is 
solvent-exposed and the PA is buried because the ORI token is next to the PA.



Extended Data Fig. 8 | Crystal structure of Zn(II)-bound ZETA_2 after 
soaking. a, Cα superposition of the design model and the X-ray crystal structure 
of ZETA_2 (PDB: 9PYL) in the Zn(II)-bound state from crystal soaking, resolved at 
2.1 Å resolution. Catalytic residues shown as sticks and Zn(II) ions shown as 
green spheres. The structures are in close agreement (Cα r.m.s.d. = 0.8 Å) and 
the Zn(II) ion is present with 100% occupancy in the correct binding location 
(r.m.s.d. = 1.7 Å). b, Active site close-up view with the 2mFobs-DFcalc electron-
density map (blue mesh) contoured at 1.0 σ for the catalytic residues, Zn(II) ion, 
and water molecules. Surprisingly, one of the catalytic histidines (H110) is 
flipped out in the experimental structure to interact with a Zn(II) ion in solution, 
likely because of the high Zn(II) concentration used in the crystal-soaking 
buffer. We hypothesize that this may be an intermediate conformational state 

relevant to Zn(II)-binding that was captured and stabilized in the crystal. 
Additionally, the catalytic base (E34) adopts a different conformation from the 
catalytic conformation in this crystal structure; however, conformational 
flexibility for this residue was also observed in the apo-ZETA_2 crystal structure, 
with one of the conformations being the catalytic conformation (Fig. 5b). These 
conformations for E34 and H110 could be artifacts from the crystallization and 
soaking process or may suggest that ZETA_2 has dynamic properties. If it is 
dynamic, this poses an interesting question of whether the dynamics accelerate 
or hinder the activity of ZETA_2. Future work could try to buttress these 
residues with redesign or new de novo scaffolds to investigate if this would 
increase or decrease activity. Crystal structure shown in grey and design model 
shown in colour in all panels.

https://doi.org/10.2210/pdb9PYL/pdb
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Extended Data Table 1 | Michaelis-Menten parameters for the hydrolysis of 4MU-PA by the designed de novo 
metallohydrolases and mutants



Extended Data Table 2 | Crystallography data collection and refinement statistics

*Single xtal used for each data/structure. *Values in parentheses are for highest-resolution shell.










