





Extended DataFig. 4 |Structuralnovelty of the ZETA_1-4 designs. Global Cx
alignmentofthe ZETA_1-4 design models with their most similar structuresin

the Protein Data Bank and AlphaFold2 Database based on TM-score, respectively.

a,b, ZETA_laligned with (a) PDB structure 8GYM and (b) AF2 prediction
AOA176QCW7.c,d, ZETA 2 aligned with (c) PDB structure 2V6Y and (d) AF2
prediction AOAS58CL52. e,f,ZETA_3 aligned with (e) PDB structure SFUC and

(f) AF2 prediction AOA1B7XEXO. g,h, ZETA_4 aligned with (g) PDB structure
6Y06 and (h) AF2 prediction AOA353XWAZ2.Inall cases, the designed proteins
areshownina colourgradient, and the PDB/AF2 structures are shownin grey.
The pooralignment, low sequence identity,and modest TM-scores highlight
the novelty of these de novo scaffolds.
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Extended DataFig.5|Predicted structures ofthe A1(ZETA_1) design.

a, Activesite of the Aldesign model with pocket residues labeled. Designed
structureis coloured and AlphaFold2 apo-predicted structureis grey.
Thestructuresareinhigh agreement, suggestingthat Alhasahigh degree

of preorganization. b, Global and active site comparison of the Al design
(colored) with model O of the Chai-12® structure sequence/scaffold) with Zn(lI)
and 4MU-PA. The substrate SMILES file was provided to Chai-1, not the
tetrahedralintermediate, whereas the Al design model contains the transition
state of the nucleophilic attack of hydroxide to the substrate. The global scaffold
fold prediction by Chai-lis nearly identical to the design model scaffold (r.m.s.d.
Ca=0.413). Additionally, the zinc and substrate docking positions by Chai-1are
nearly identical to the design model; model O of Chai-1also predicts the zinc
being coordinated by the 3 histidines (H118, H130, H134) in nearly the same

DESIG!' / Chai-1 (model 0)

DESIG'' / Chai-1 (model 1)

orientationsasthe design model. ¢, Global and active site comparison of the A1
design model (coloured) with model 1of the Chai-1structural prediction (grey)
inthe presence of zincand 4MU-PA. Note this is shown from the side/back view.
Again, the global scaffold fold prediction and substrate docking position by
Chai-lare nearlyidentical to the design model. Interestingly, Chai-1 predicts
aslightly different zinc docking positionin model 1with H130 flipped away
fromthe 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 zincbinding experiments. Thus, itis unlikely that D67 is functioning
efficiently, ifatall, as ageneralbase, providing arational starting point for
potential redesign.
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Extended DataFig. 6| Michaelis-Mentenkinetics 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 DataFig.7|Opposite substratebindingmodesinZETA_2and
ZETA 3 design models result from ORI placement. The ORI tokenisan
optional coordinate fed to the updated RFdiffusion2, whichinstructs the model
onwhereitshould aimto 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) onaverage.
ZETA_2(right) and ZETA_3 (left) are designed to bind the substrate in opposite

ZETA 2 Protein

Generation

ORI token

orientations; thisarose from the opposite placement of ORI tokens with respect
tothe 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.InZETA_3 (left) the PAis solvent-exposed and the 4MU is
buried because the ORItoken is nexttothe 4MU.In ZETA 2 (right) the 4MU is
solvent-exposed and the PAis buried because the ORI token is next to the PA.



DESI I Crystal
CaRMSD=0.8A

Extended DataFig. 8| Crystal structure of Zn(II)-bound ZETA _2 after
soaking. a, Casuperposition of the design model and the X-ray crystal structure
of ZETA_2 (PDB:9PYL) in the Zn(ll)-bound state from crystal soaking, resolved at
2.1Aresolution. Catalyticresidues shownas sticks and Zn(ll) ions shown as
greenspheres. The structuresarein close agreement (Car.m.s.d. = 0.8 A) and
the Zn(ll) ionis present with100% occupancy in the correct binding location
(r.m.s.d.=1.7 A).b, Active site close-up view with the 2mFobs-DFcalcelectron-
density map (blue mesh) contoured at1.0 o for the catalytic residues, Zn(ll) ion,
and water molecules. Surprisingly, one of the catalytic histidines (H110) is
flipped outinthe experimental structure tointeract withaZn(ll)ioninsolution,
likely because of the high Zn(Il) concentration used in the crystal-soaking
buffer. We hypothesize that this may be anintermediate conformational state

relevant to Zn(lIl)-binding that was captured and stabilized in the crystal.
Additionally, the catalytic base (E34) adopts a different conformation from the
catalytic conformationin this crystal structure; however, conformational
flexibility for this residue was also observed inthe 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. Ifitis
dynamic, this poses aninteresting question of whether the dynamics accelerate
orhinder theactivity 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 decreaseactivity. Crystal structure shownin grey and design model
shownin colourinall 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

Variant keatl Km (M1 s77) Keat (s77) K (M)
1st Design Campaign
A1 (ZETA_1) 16000 + 2000 0.51+0.03 32+4
A8 140 £ 10 0.012 + 0.001 85+5
B9 69 + 14 0.014 + 0.001 200 + 30
C4 100 £ 10 0.0028 + 0.0001 27+2
F7 35+5 0.0035 + 0.0003 100 £ 10
A1 (ZETA_1) Knockout Mutants
A1 H130A 1300 + 100 0.020 + 0.001 16+ 2
A1N17A 2000 + 100 0.031 + 0.001 16+ 1
A1 D67A 14000 + 2000 0.17 £ 0.01 12+ 1
A1 H118A Inactive Inactive Inactive
A1 H134A Inactive Inactive Inactive
A1 H118A;H130A;H134A Inactive Inactive Inactive
2nd Design Campaign

H10 (ZETA_2) 53000 + 5000 1.5+0.1 29+3
F11 27000 + 2000 0.91+0.03 34+3
H1 11000 + 1000 0.27 + 0.01 24+2
F8 7800 + 700 0.25+ 0.01 333
F2 5600 + 900 0.17 £ 0.01 315
H6 (ZETA_3) 19000 + 2000 0.31+0.01 16+ 2
B10 11000 + 1000 0.17 £ 0.01 15+ 1
B5 4500 + 900 0.057 + 0.004 13+2
D9 3200 + 800 0.043 + 0.004 13+ 3
F12 1500 + 200 0.023 + 0.001 15+2
C5 (ZETA_4) 1100 + 200 0.081 + 0.006 739




Extended Data Table 2 | Crystallography data collection and refinement statistics

Apo-ZETA_2
PDB Code: 9PYJ

Zn(ll)-bound ZETA_2
PDB Code: 9PYL

Data collection
Space group
Cell dimensions
a, b, c(A)
a,B,v()
Resolution (A)
Rsym Or Rmerge
/ol
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

Ruwork I Riree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P 24

42.21,94.86, 50.38
90, 90, 90

94.86 - 3.49 (3.82 - 3.49) *
0.335 (0.935)

3.2(1.8)

99.0 (99.5)

6.7 (6.7)

50.38 - 3.49 (3.82 - 3.49)
4863
0.2287 (0.2369) / 0.2831 (0.2951)

3955
n/a
n/a

89
n/a
n/a

0.008
1.47

P 212124

42.71,52.62, 98.86
90, 90, 90

98.86 - 2.07 (2.13 - 2.07)
0.499 (1.418)

7.6 (2.1)

99.5 (99.2)

12.4 (12.4)

49.43 - 2.07 (2.23 - 2.07)
13975
0.2414 (0.2607) / 0.2950 (0.3561)

2002
3
70

26
42
30

0.003
0.47

*Single xtal used for each data/structure. *Values in parentheses are for highest-resolution shell.
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Data analysis The molecular mass of each protein was deconvoluted by Bioconfirm software (10.0) using a total entropy algorithm. Data were analyzed and
plotted using Python 3.12; analysis was done using numpy 1.26.4 and pandas 2.2.2 and plotting was done using seaborn 0.13.2 and matplotlib
3.9.2.
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Source data for the figures will be made available online upon publication of this manuscript. Gene sequences will be deposited to GenBank upon publication of this
manuscript. Design models are available for peer-review in the supplemental information and will be made publicly available upon publication of this manuscript.
Codon-optimized plasmids that were used in the study will be made publicly available through Addgene upon publication of this manuscript.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No research involving human participants was conducted in this study. Not applicable.

Reporting on race, ethnicity, or  No research involving human participants was conducted in this study. Not applicable.
other socially relevant

groupings

Population characteristics No research involving human participants was conducted in this study. Not applicable.
Recruitment No research involving human participants was conducted in this study. Not applicable.
Ethics oversight No research involving human participants was conducted in this study. Not applicable.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine the sample sizes in this study. The number of designs we ordered for screening (192)
corresponds to the number of DNA fragments that can fit on a single commercial eBlock synthesized by IDT.

Data exclusions  No sample was excluded from the data analysis.

Replication Measurements for protein concentration were performed in triplicate. All standard curves were measured in triplicate and used on the same
day as experiments. Measurements of enzyme kinetics were done in triplicate and replicated with biological duplicates. During analysis of the
purification protocol for the best enzyme designs (ZETA1-4), Coomassie-stained SDS PAGE gels were done in duplicate, which is reflected in a
supplemental figure in the supplemental information. Zinc affinity measurements were done in duplicates. Circular dichroism measurements
were performed in duplicates. Measurements of the lower bound for the total enzyme turnover were measured in triplicate. Size exclusion
chromatography was at least repeated in biological duplicates.

Randomization  No randomization was used in this study.

Blinding The author performing the zinc affinity measurements was blinded to the sample type. Researchers were not blinded for any other
experiments.
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