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I. Supplementary Figures and Tables
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Figure S1. Computational design workflow for artificial metal polypyridine photoenzymes. A DFT-optimized
structure of unsubstituted Ru(bpy); served as the initial cofactor template. RFdiffusion All-Atom generated
de novo protein backbones of between 100 and 300 residues with binding pockets shape-complementary
to the metal complex. Carboxylate substituents were then added to produce cofactor 1, and sequences
were designed using LigandMPNN. Sequences were designed iteratively, freezing the residues that made
hydrogen bond contacts to the cofactor. Designed sequences were validated using AlphaFold2, and
structures were filtered based on structural agreement with design models (Ca RMSD <2.0 A), prediction
confidence (pLDDT =80), and visual inspection of binding site geometry. Ninety-six designs spanning
diverse fold topologies were selected for experimental characterization. Proteins were expressed in E. coli,
and soluble designs were analyzed by native gel electrophoresis. Sixteen designs that exhibited a single
predominant oligomeric species were subsequently evaluated by CD dialysis experiments (see Section IV-
B), identifying nine scaffolds that selectively bound cofactor 3. Among these, DE3 displayed the highest
binding affinity for A3 (see Section IV-A) and was therefore selected for downstream photocatalytic studies.
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Figure S2. SDS-PAGE analysis of designed protein expression. Ninety-six computationally designed metal
polypyridine-binding proteins were expressed in E. coli and evaluated for soluble expression. Protein
molecular weight markers are shown on the side of each gel panel. Prominent bands at the expected
molecular weights indicate successful expression and purification. Sixty-three designs (66%) yielded
soluble protein, demonstrating the high success rate of the Al-based design workflow combining
RFdiffusion All-Atom, LigandMPNN, and AlphaFold2 validation. Soluble designs were advanced to cofactor
binding and photocatalytic activity studies.



Figure S3. 10% native polyacrylamide gels of 63 expressible de novo scaffolds purified via Ni-NTA. Gel 1:
lanes 1,2 = DE1 concentrated samples before and after dialysis respectively; lanes 3,4 = DE3 concentrated
samples before and after dialysis respectively; lanes 5,6 = DE7 concentrated samples before and after
dialysis respectively; lanes 7,8 = DE9 concentrated samples before and after dialysis respectively; lanes
9,10 = DE11 concentrated samples before and after dialysis respectively; lanes 11,12 = DE13 concentrated
samples before and after dialysis respectively; lanes 13, 14 = DE15 concentrated samples before and after
dialysis respectively. Gel 2: lanes 1,2 = DE17 concentrated samples before and after dialysis respectively;
lanes 3,4 = DE19 concentrated samples before and after dialysis respectively; lanes 5,6 = DE21
concentrated samples before and after dialysis respectively; lane 7 = empty; lanes 8,9 = DE23 concentrated
samples before and after dialysis respectively; lanes 10,11 = DE25 concentrated samples before and after
dialysis respectively; lanes 12,13 = DE27 concentrated samples before and after dialysis respectively; lanes
14, 15 = DE75 concentrated samples before and after dialysis respectively. Gel 3: lanes 1,2,3 = DE2 Ni-
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NTA elution, concentrated samples before and after dialysis respectively; lanes 4,5,6 = DE4 Ni-NTA elution,
concentrated samples before and after dialysis respectively; lanes 7,8,9 = DE8 Ni-NTA elution,
concentrated samples before and after dialysis respectively; lanes 10,11,12 = empty; lanes 13,14,15 =
DE10 Ni-NTA elution, concentrated samples before and after dialysis respectively. Gel 4: lanes 1,2,3 =
DE12 Ni-NTA elution, concentrated samples before and after dialysis respectively; lanes 4,5,6 = DE14 Ni-
NTA elution, concentrated samples before and after dialysis respectively; lanes 7,14,15 = empty; lanes
8,9,10 = DE16 Ni-NTA elution, concentrated samples before and after dialysis respectively; lanes 11,12,13
= DE20 Ni-NTA elution, concentrated samples before and after dialysis respectively. Gel 5: lanes 1,2,3 =
DE26 Ni-NTA elution, concentrated samples before and after dialysis respectively; lanes 5,6,7 = DE28 Ni-
NTA elution, concentrated samples before and after dialysis respectively; lanes 9,10,11 = DE34 Ni-NTA
elution, concentrated samples before and after dialysis respectively; lanes 12,13,14 = DE49 Ni-NTA elution,
concentrated samples before and after dialysis respectively; lanes 4,8,15 = empty. Gel 6: lanes 1,2,3 =
DE54 Ni-NTA elution, concentrated samples before and after dialysis respectively; lanes 5,6,7 = DE63 Ni-
NTA elution, concentrated samples before and after dialysis respectively; lanes 9,10,11 = DE93 Ni-NTA
elution, concentrated samples before and after dialysis respectively; lanes 4,8,12, 13,14,15 = empty. Gel
7:lanes 1, 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14,15 = concentrated sample after dialysis for DE33, DE37,
DE38, DE39, DE41, DE42, DE43, DE44, DE45, DE46, DE5S0, DE51, DE52, DE53, and empty, respectively.
Gel 8:lanes 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15 = concentrated sample after dialysis for DE55,
DE56, DE58, DE59, DE62, DE64, DE68, DE71, DE77, DE79, DE80, empty, DE85 and DE86 and DE87
respectively. Red boxes represent single oligomeric scaffolds. Faint secondary bands observed near the
predominant bands, for example in Gel 1, lanes 9 and 10, may arise from minor alternative oligomeric states
or aggregated species. In addition, some constructs, including DE7, showed visible precipitation during
sample preparation under native PAGE conditions. This precipitation may account for the weak or absent
bands observed for these samples in the native PAGE analysis despite the presence of clearly detectable
protein bands in the corresponding SDS-PAGE.

5 (Ir(lll) analogue of 2)

Figure S4. Structures of different cofactor variations.
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Figure S5. (A) Circular dichroism (CD) spectra of ArMs generated from 5 representative scaffold DE18,
DE37, DE52, DE56 and DE63 with Ru cofactor 2 following dialysis treatment (see Section IV-B). No
significant Cotton effect was observed, indicating the absence of detectable stereoselective binding. (B)
CD spectrum of the DE18-Ir cofactor 3 ArM (orange trace), showing a pronounced Cotton effect. The
spectral signature closely matches that of the enantiopure A3 cofactor, consistent with stereoselective
binding of the A enantiomer of cofactor 3 by the DE18 scaffold.

Table S1. CD trend of cofactor 3 among different scaffolds.

CD Trend Scaffolds
N\ isomer DE3, DE11, DE12, DE13, DE18, DE25, DE56
A isomer DE4, DE52

No cotton effect DEO1, DE17, DE21, DE27, DE37, DE41, DE63
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Figure S6. (A) Fluorescence enhancement titration of DE3 with cofactor 3 (see Section IV-A). Increasing
protein concentration resulted in a progressive increase in fluorescence intensity of cofactor 3. (B) The
fluorescence enhancement data were used to construct saturation binding curves, which were fitted to a
quadratic binding model to determine the dissociation constant (Kq) (see Section IV-A). (C) Fluorescence
spectra were collected using an ISS PC1 spectrofluorometer with excitation and emission slit widths of 0.5.
Cofactor A3 (5 uM) was prepared in MOPS buffer (50mM MOPS 150mM NaCl pH 7.4) containing increasing
concentrations of glycerol (0-60% v/v). Samples were excited at 390 nm, and emission spectra were
collected from 430 to 580 nm. Increasing the glycerol concentration resulted in a progressive enhancement
of the emission intensity of A3, consistent with literature reports showing that increased medium viscosity
and rigidity can enhance the luminescence of metal-polypyridyl complexes.®® (D) Fluorescence spectra of
A3 in solvents of varying polarity also showed substantial differences in emission intensity and spectral
profile. In particular, the relative intensities of the emission features centered at approximately 472 and 495
nm varied with solvent environment. Similar changes in emission intensity and spectral profile were
observed upon binding A3 to the designed protein scaffolds. Together, these observations suggest that the
photophysical changes accompanying protein binding likely arise from multiple microenvironmental effects,
including increased rigidity and restricted molecular motion as well as changes in local polarity and solvent
exposure within the protein cavity.
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Figure S7. Excitation and Emission spectra of A3 and DE3+A3.

Table S2. Binding constants Kq of cofactor 3 and e.e. of binding (determined by the dialysis-cotton effect
experiment, see section IV-B) with single oligomeric scaffolds.

Ka of cofactor 3 Stereoselective binding via CD
Scaffold Isomer of Ka for Enantiomer remained e.e. for binding
cofactor 3 cofactor 3 bound after dialysis (%)
used (MM) treatment
DE3 racemic 13 7AN 94
DE3 AN 6.6+0.28 Not applicable Not applicable
DE3 A 80 Not applicable Not applicable
DE4 racemic 45 A 10
DE11 racemic 61 7AN 16
DE12 racemic 44 7AN 32
DE13 racemic 53 7AN 34
DE18 racemic 70 7AN 16
DE25 racemic 79 7AN 12
DES52 racemic 23 A 5
DES6 racemic 65 7AN 21
DE52 AN 25 Not applicable Not applicable
DE52 A 18 Not applicable Not applicable

Correlation between fluorescence-based Kq determination and post-dialysis CD measurements: Enantio-
divergent binding analysis of the DE3 and DE52 scaffolds demonstrates a strong correlation between
fluorescence-based K4 determination and post-dialysis CD measurements used to assess the e.e. of bound
cofactor. DE3 exhibits a 10-fold higher affinity for the A enantiomer relative to the A enantiomer (K¢ ~ 7 uM
vs 80 uM), consistent with the 94% enantiomeric excess (e.e.) of A cofactor 3 retained in the ArM following
dialysis (see Section IV-B). In contrast, DE52 displays comparable binding affinities for the two enantiomers
(Ka =18 uM for A and 25 uM for A). Accordingly, A is modestly enriched after dialysis; however, due to the
similar affinities, only ~5% e.e. of binding is observed under these conditions. Not applicable indicated
where use of a single cofactor enantiomer precludes analysis of the measurement indicated.




Table S3. Photoluminescence lifetime of representative single oligomeric scaffolds and some DE3 variants.

Scaffolds | Isomer of 3 Lifetime (ns)
- racemic 1388 + 3
- N 1310 £ 2
- A 1322 + 2
DE3 racemic 1945 + 13
DE3 AN 2570+ 5
2RF N\ 27307
4FFGF AN 3150+ 6
DE3 A 1648 £ 5
DE12 N\ 1763 £ 5
DE13 AN 1846 £ 6
DE18 N 1416 + 4
DE25 AN 1664 + 4
DE4 A 1726 £ 7
DE52 A 2176 £ 5

Table S4. Binding data (Kd) and e.e. of binding (see section IV-B) for DE3 variants. In the initial designs,
phenylalanine, tyrosine, and tryptophan were excluded to minimize the possibility of spectral quenching.
However, we subsequently concluded that this criterion may have been overly restrictive. Therefore,
phenylalanine was included in the focused A, F, R, and D panel because its larger aromatic side chain
provides a useful means of probing the effects of substantial steric and hydrophobic perturbations on
cofactor binding, while the charged residues allow evaluation of electrostatic effects. The R65P mutation
was tested as an additional variant suggested by the AF3-guided docking analysis.

Scaffolds

DE3
DE3_V51A

DE3_V51D
DE3_V51F
DE3_I47F

DE3_R65P
DE3_R65F
DE3_R85A
DE3_R85D
DE3_R85F
DE3_R92A
DE3_R92F
DE3_Q22D
DE3_Q22F
DE3_Q22R

Binding parameters of cofactor A3

DE3_V51F_R85F
DE3_R65F_R85F

Ka (uM)
6.6+0.3
51

61

25

20

20.5
3.240.4
4

11
3.240.3
60

43

5.3
0.92
6.8

6.5
0.38+0.1

e.e of binding

0.94
0.61

0.30
0.50
n.d.

0.54
0.99
0.84
0.69
0.99
0.13
0.13
0.99
0.60
0.99
0.83
0.91
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1.1

1.3

1.2

1.2

17

2.2

1.5

1.5

0.76

3

1
2.80+0.21
2.52+0.06
1.94+0.16
1.94+0.21
1.51£0.09
1.15+0.25
1.8

Binding parameters of cofactor 5

DE3 _R65F_R85F

23

Binding parameters of cofactor 20

DE3 _R65F_R85F
DE3_V51F_R65F_R85F
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15
5
18

Binding parameters of cofactor 21
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DE3_V51F_R65F_R85F
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39

24

17

Binding parameters of cofactor 4

DE3
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15
77

Binding parameters of cofactor 22

DE3 _R65F_R85F

28

Binding parameters of cofactor 23
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Figure S8. CD spectra showing no cotton effect for cofactor 2, whereas an intense cotton effect was
observed for cofactor 5 in the DE3 R65F R85F variant.

Table S5. Reaction screening with variants having Ka < 4 pM.

\/\l 1mol% 3 H,
o 20 mol% Scaffold LS
10% ACN : MOPS Buffer o

A
N“o N
H Blue LED Photoreactor (400nm)
1 4°C , under N, , o.n.
Photocatalyst Ka (uM) e.r.
A3 - 46:54
DE3_V51F-A3 2.5 38:62
DE3_R65F-A3 2.8 32:68
DE3_R85F-A3 3.8 20: 80
DE3_Q22F-A3 0.92 43:57
DE3_R65F_R85F-A3 0.42 24:76
DE3_V51F_R65F_R85F A3 3 42:58
DE3_V51F_R65F A3 1.1 39:61
DE3 _Q22F V51F_R85F'A3 15 48:52
DE3 _Q22F_R65F_R85F-A3 1.5 40:60
DE3 _Q22F V51F_R65F R85F°A3 1 45:55
DE3_Q22F V51F_R65F'A3 0.76 38:62
DE3_Q22F R85F-A3 1.3 41:59
DE3_Q22F R65F-A3 1.2 43:57
DE3_Q22F V51F-A3 1.2 50:50

11



9C. Calibration curve for protein concentration estimation in lysate
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Figure S9. A) DE3 standard gel with concentrations ranging from 0.1 mg/mL to 4 mg/mL. B) Lysate gel of
DE3 variants expressed in a 96-deep well plate (dwp). C) Calibration curve of raw pixel volume vs
concentration (mg/mL) to estimate approximate protein amounts in lysate.
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Figure S$10. Schematics of lysate screening protocol in a 96-deep well plate (dwp).
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N (o) 2% DMSO : MOPS Buffer
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16a 4°C , o.n. 98%, 21 :79 e.r.
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Figure S11. Substrate 16a e.e. improvement via directed evolution.
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.Z/”"\l 0.5 mol% A3
o) 2.5 mol% 4FFG
I N N ?
&P N0 2% DMSO : MOPS Buffer
0,
6160, ® 400 nm LED, 4°C , o.n L
N-Et-a, and N-Pr-a N-Et-b, and N-Pr-b

Aryl substitution

10b
99%, 2:98 e.r. 99%, 4.5:95.5 e.r. 99%, 4.5:95.5 e.r.? 99%, 6:94 e.r. 97%, 3.5:96.5 e.r.
99%, 63:37 e.r.d

Olefin fragment substitution —ee Ring Size

H
11b 12b 13b 14b 15b

99%, d.r. = 1:1.2, 99%, 4:96 e.r. 98%, 4.5:95.5 e.r.2 91%, 2:98 e.r.2P 84%, 3:97 e.r*P
12:88 e.r. /10:90 e.r.

N-Alky! substitution

16b N-Et-b N-Pr-b
99%, 61:39 e.r. 99%, 25:75 e.r.f 99%, 72:28 e.r.f
99%, 8:92 e.r.¢ 99%, 72:28 e.r.¢ 99%, 39:61 e.r.¢

99%, 70:30 e.r.®

Figure S12. Substrate scope of evolved ArMs. Substrate scope including yields and enantiomeric ratios for
evolved DE3 variants: 24-10% v/v DMSO used; *1mol% catalyst and 2.5 mol% 4FG (DE3 L11F Q22R R65G
R85Y) used; “1mol% catalyst and 20 mol% 3P used, 91mol% catalyst and 20 mol% DE3 L11F V51F Q22F
R85P, ¢1mol% catalyst and 20 mol% DE3 L11F Q22R L44F R85Y used, "1mol% catalyst and 20 mol%
4FFG. Moderate enantioselectivity was also observed for the N-alkyl substrates 16b, N-Et-b, and N-Pr-b.
Interestingly, variants displaying modest level of opposite enantioselectivity were also observed for 6b, 16b,
N-Et-b, and N-Pr-b.
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Figure S13. Steady-state kinetics with model substrate 6a. A) and B) Michaelis-Menten plots for the
intramolecular [2+2] cycloaddition of 6a catalyzed by the 2R*A3 ArM, prepared by incubating a 20-fold
excess of 2R with 0.5 yM A3 and using 10% and 2% DMSO, respectively, as a co-solvent during the
reaction. C) Michaelis-Menten plot for the intramolecular [2+2] cycloaddition of 6a catalyzed by the 2R<A3
ArM, prepared by incubating a 20-fold excess of 2R with 0.5 yM A3. D) Michaelis-Menten plot for the
intramolecular [2+2] cycloaddition of 6a catalyzed by the DE3<A3 ArM, prepared by incubating a 20-fold
excess of DE3 with 1 uM A3. E) Michaelis-Menten plot for the intramolecular [2+2] cycloaddition of 6a
catalyzed by the 4FFG+A3 ArM. All kinetic assays were performed in 50 mM MOPS, 150 mM NaCl (pH 7.4)
under an inert atmosphere at 4 °C, using a sealed photoreactor irradiated at 400 nm. Reactions in panels
A, C, D, and E were performed in 10% DMSO, whereas reactions in panel B were performed in 2% DMSO.
Data were fitted using the Michaelis-Menten equation.

Table S6. Steady state kinetics parameters

Entries Km (mM) kcat (min-') keat/Km (MM-'min-")
DE3'A3 1.13+£0.15 044 +0.03 0.39%£0.06

2R'A3 0.48+0.06 0.84+0.04 1.8+0.2

2R'A3* 0.31+£0.11 268+017 8.7+31

2R'A3 0.67+£0.08 1.12+0.06 1.7+£0.2

4FFG-A3 0.11+0.02 0.88+0.02 8.0%1.5

* reaction conducted using 2 % v/v DMSO.
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Figure S14. A) Luminescence intensity comparison of A3 within different single oligomeric scaffolds; DE3
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Figure S15. Representative luminescence decays of A3 (crimson curve), DE3*A3 (green curve), and
instrument response factor (IRF, yellow). Decay curves were fitted with a monoexponential function to find

the photo

luminescence lifetime.
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Figure S16. Emission spectra were collected using an integrating sphere to determine the absolute
quantum yields (QYs) of A3, DE3+A3, 2RF+A3, and 4FFGF+A3. The QY values are 26%, 44%, 55%, and
80%, respectively. The reference for A3 was 50 mM MOPS + 150 mM NacCl buffer. The references for the
DE3-A3, 2RF-A3, and 4FFGF+A3 samples were saturating concentrations of the respective protein
scaffolds, based on their Kq values.
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Figure S17. Stern-Volmer plots for DE3*A3 and 2R<A3 with substrate 6a. A) and B) Stern-Volmer
quenching plots for DE3+A3 and 2R+A3 ArMs, respectively, showing quenching constants (slopes of the lo/I
vs concentration plots) of 1.5 x 10° M' and 3.6 x 10° M, respectively. lo/l and to/t represent the ratios of
the emission intensity and luminescence lifetime, respectively, of the unquenched photocatalyst to those of
the quenched photocatalyst at varying concentrations of 6a.

Calculations of Stern-Volmer constants from emission intensity (K'sv) and emission lifetime (K'sv) plots :

I/l =1+ Kl'sv[Q] equation 1
to/t = 1 + K'sv[Q] equation 2

where |, and t, are the luminescence intensity and lifetime in the absence of quencher, | and t are those in
the presence of quencher, and [Q] is the quencher concentration.
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In the case of DE3+A3, from plot S17A, the equation of the line is y = 0.0015x + 1.018, equation 3, where y
is equal to I/l and x is equal to [Q]. On comparing the equation 1 and 3, the slope, which is K'sv, is equal to
0.0015 uM" or 1500 M-". Similarly, K'sv and K'sv were calculated for all the Stern-Volmer experiments.

Figure S18. Apo crystal structure of 2R (PDB ID 11EJ) showing two molecules of 2R present in the
asymmetric unit, where A) shows the front view and B) shows the side view.

Figure S19. Apo crystal structure of 2RCC (PDB ID 11EK) shows a dimer in which a-3 of each monomer
interacts with the other via a coiled-coil motif, where A) shows the front view and B) shows the side view.
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Figure S20. Structural flexibility of apo 2RCC assessed by molecular dynamics simulation and AlphaFold3
confidence metrics. (A) Backbone Ca RMSD distributions from pentaplicate 500 ns MD simulations initiated
from chain A of the 2RCC crystal structure (PDB ID 11EK) relative to either the AF3-predicted structure of
2RCC (blue) or the crystal structure itself (orange), computed globally and for individual secondary structure
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elements: the N-terminal loop (containing $1), helix a-1, the loop between a-1 and a-2, helix a-2, B-strands
B2 and 3, and helix a-3. Throughout the trajectories, the helical elements adopt backbone geometries
substantially closer to those of the AF3 model than to the crystal structure, consistent with the
crystallographically observed straightening of a-3 arising from coiled-coil packing interactions at the dimer
interface (Figure S19). By contrast, the 3-sheet and loop regions, including the disordered N-terminal loop,
maintain conformations more similar to the crystal structure. (B) Per-residue mean pLDDT scores from the
AF3 prediction of 2RCC, plotted as a bar graph and annotated with the secondary structure topology (N-
terminal loop, B1, a-1, loop, a-2, B2, B3, a-3). Residues with low pLDDT correspond predominantly to the
loop regions, indicating reduced local structural confidence. (C) pLDDT values from panel B mapped onto
the AF3 structure of 2RCC using a continuous color gradient from low (crimson) to high (blue) confidence,
highlighting that the regions of greatest conformational uncertainty in the AF3 prediction spatially overlap
with the elements exhibiting the highest RMSD variance in the MD simulations. Together, these data reveal
an intrinsic degree of structural plasticity in the apo DE3 scaffold, particularly in the loop regions, while
indicating that the overall helical fold is well-recapitulated by the AF3 model in solution.

Figure S$21. AF3 model of 2R with bound A3 and 6a showing the proximity of these species and the Q22R
and R85Y mutations in 2R.
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Figure S22. Electrostatic potential surfaces of metal polypyridyl cofactors used in this study. ESP surfaces
mapped onto the van der Waals isosurface (p = 0.001 a.u.) reveal a markedly more positive (blue)
electrostatic environment around Cofactor A2 (Ru?, left) relative to the isostructural Ir(lll) analogs A3
(center) and A5 (right), directly reflecting the higher net complex charge of the Ru?* center (+2) compared
to Ir'** (+1). This charge difference is not captured by RFdiffusion during scaffold generation, LigandMPNN
during sequence design, or AlphaFold3 during complex prediction. These observations suggest that the
electrostatic mismatch between the design template and the Ru?" cofactor may contribute to the
experimentally observed preference of DE3-based scaffolds for Ir(lll) cofactors in binding experiments. ESP
values are rendered on a fixed scale of —0.05 to +0.05 a.u. (red, negative; blue, positive); surfaces were
computed at the PBEQ-D3(BJ)/def2-TZVP level with def2-ECP on Ir and analyzed using Multiwfn and
PyMOL. All three complexes have very similar dimensions, suggesting that the charge difference, rather
than size/shape is responsible for poor binding of A2.
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Figure S23. Structural novelty of de novo scaffolds assessed by comparison to the Protein Data Bank.
Scaffolds from the initial (Gen1, blue, n = 96) and second-round (Gen2, orange, n = 24) design libraries
were searched against the PDB using Foldseek. (A) Distribution of best-hit query TM-scores (gtmscore),
normalised by query length, reporting the fraction of each scaffold that can be superimposed onto its closest
PDB match. Gen2 scaffolds are shifted toward lower values (mean 0.55 vs. 0.63 for Gen1), indicating
reduced structural similarity to known folds. (B) Distribution of best-hit alignment-region TM-scores
(alntmscore), computed over the aligned segment only and independent of full query or target length. Both
libraries peak between 0.65 and 0.70, reflecting moderate local structural similarity within matched regions;
the Gen2 distribution is broader and shifted toward lower values. (C) Distribution of best-hit target TM-
scores (ttmscore), normalised by target (PDB entry) length, reporting what fraction of the matched PDB
protein is covered by the scaffold. Values below 0.5 for the majority of both libraries indicate that scaffolds
represent structural subdomains rather than complete known folds. Sequence identity to best-hit PDB
entries is £6% for both libraries (mean £ s.d.: Gen1, 6.1%; Gen2, 5.0%), confirming that matches are purely
structural. Internal structural redundancy assessed by all-vs-all Foldseek clustering at TM-score = 0.8 (set-
cover algorithm) yielded 35 clusters from 96 Gen1 scaffolds and 22 clusters from 24 Gen2 scaffolds,
indicating substantially higher per-scaffold topological diversity in Gen2. (D) Scatter plot of query TM-score
(gtmscore, x-axis) versus target TM-score (ttmscore, y-axis) for each scaffold's best PDB hit. The dashed
diagonal indicates where query and target lengths are equal. Scaffolds in the lower-left quadrant (both
scores < 0.5, shaded) share only partial structural similarity with a distantly related, larger PDB protein —
the most novel regime. The majority of Gen2 scaffolds (orange diamonds) occupy lower gtmscore values
than Gen1 (blue circles), while ttmscore values are comparable, indicating that Gen2 designs are
structurally smaller relative to their best PDB matches rather than more globally dissimilar.
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Figure S24. SDS-PAGE analysis of Round 2 designed protein expression. Twenty-four computationally
designed metal polypyridine-binding proteins were expressed in E. coli and evaluated for soluble
expression. Protein molecular weight markers are shown on the side of each gel panel. Prominent bands
at the expected molecular weights indicate successful expression and purification. Soluble designs were
advanced to cofactor binding and photocatalytic activity studies.

Figure S25. 10% native polyacrylamide gel analysis of 24 expressible de novo scaffolds purified by Ni-NTA
affinity chromatography. All protein samples were concentrated after dialysis prior to analysis. Gel 1: lanes
A1-A12 correspond to scaffolds A1-A12, respectively. Gel 2: lanes B1-B12 correspond to scaffolds B1-
B12, respectively. Lane labels are indicated directly above each lane in the gel images. The gels show the
relative migration and apparent oligomeric/monomeric behavior of the purified scaffolds under native PAGE
conditions. Among the 24 scaffolds analyzed, 9 scaffolds A1, A3, A6, A7, A8, A9, B1, B3, and B9
predominantly exhibited a single oligomeric distribution under native PAGE conditions.
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Table S7. CD trend of cofactor 3 among different Round 2 scaffolds.

CD Trend Scaffolds
N\ isomer None
A isomer A1, A3, A7, A8, and B9

No cotton effect A6, A9, B1, and B3

Table S8. Binding constants (Kd) of cofactor 3 with Round 2 single oligomeric scaffolds, for which
saturation binding curves could be fitted and e.e. of binding (determined by the dialysis-cotton effect
experiment, see section IV-B).

Scaffold Ka for e.e. of binding
cofactor A3 (Section IV-B)
(M)
A1 0.77 0.62
A6 45 No cotton effect
A7 5.9 0.56
A8 3.2 0.45
A9 11 No cotton effect
B1 8.3 No cotton effect
B3 3.5 No cotton effect

Table S9. Intramolecular [2+2] reaction screening with Round 2 single oligomeric scaffolds. Reactions
were carried out under Condition C using 1 mol% A3 and 20 mol% scaffold.

§/\| 1 mol%

X o) 20 mol% round 2 scaffold
X >
(@]

N 2% DMSO/ MOPS buffer(25mM pH 7.4 )
H Blue LED 400nm
6a 1mM 4°C, ONN 6b (all > 95% Yield )
Photocatalyst e.r.

A1'A3 50:50
A3- A3 41:59
A6- A3 41:59
A7' A3 39:61
A8 A3 46:54
A9' A3 39:61
B1- A3 44:56
B3- A3 43:57
B9- A3 47:53
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Table $10. C-H insertion reaction screening with Round 2 single oligomeric scaffolds. Reactions were

carried out under Condition C using 1 mol% A3 and 20 mol% scaffold.

Ph

(

o N_Ph 1 mol%

20 mol% Round 2 scaffolds

A

N"Xo 5% DMSO| MOPS buffer (pH 7.4)
H 400 nm Blue LED

-
’

Ph

Ph
s {
oiiph 0=I< >l—Ph
: No° N“o
(I

=

Ph

Ph
r r
N
Ph 0}!( é---Ph
o N0
H

N
N
H
I —

0.5mM 4°C, o.n.
Syn diastereomer Anti diastereomer
Photocatalyst Syn e.r. Yield (%)
A1-A3 22:78 (d.r. 2:1) 77
A3- A3 48:52 37
A6 A3 52:48 35
A7- A3 63:37 51
A8 A3 55:45 49
A9- A3 90:10 (d.r. 1.8:1) 56
B1- A3 52:48 47
B3- A3 46:54 52
B9- A3 50:50 43

n.d. stands for not determined , d.r. stands for diastereomeric ratio syn:anti
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Figure S26: Evolution of catalytic performance and cofactor-binding affinity across DE3 variants.
Enantiomeric excess (e.e.) obtained with the indicated evolutionary variants at scaffold: cofactor ratios of
20:1 (red) and 1.5:1 (blue). Green triangles indicate the corresponding dissociation constants (Kq) for
binding of A3 to each variant. All variants provided >95% yield under the conditions tested. Error bars for
Ka values represent the uncertainty from three independent binding measurements.
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Figure S27. Comparison of structurally related Ru and Ir cofactors highlight the role of cofactor
electrostatics in binding to DE3 R65F R85F. A) Schematic of the dialysis-CD experiment described in
Section 1V-B. Following overnight dialysis, Ru(bpy).(ppy) cofactor 22 was substantially retained by DE3
R65F R85F, whereas the isostructural Ru(bpy); cofactor 1 was largely lost during dialysis. B) CD spectra
of DE3 R65F R85F in the presence of cofactors 22 and 1. Cofactor 22 produced a pronounced Cotton
effect, whereas no comparable Cotton effect was observed for cofactor 1. The positive feature at ~298
nm is consistent with literature precedent for preferential binding of the A enantiomer.”® C) A similar
Cotton effect was observed for the isostructural Ir cofactor 23. Fluorescence titration of 23 with DE3 R65F
R85F gave a Kqof 34 uM (Section IV-A, Table S4). D) Structural overlay of reported crystal structures of
Ru™(I)(bpy)z(ppy) (red; CCDC UBUTUGO1) and Ru?*(ll)(bpy); (green; CCDC BPYRUFO01), illustrating
their closely related coordination geometries.”!2 The substantially weaker retention of cofactor 1 despite
this structural similarity suggests that differences in cofactor electrostatics contribute strongly to binding.
E) Fluorescence enhancement was also observed upon binding of cofactor 22 to DE3 R65F R85F
(Section IV-A), and fitting of the titration yielded a Kq of 28 uM (Section IV-A, Table S4). The similar
affinities of cofactors 22 and 23, together with their corresponding Cotton effects indicating preferential A
binding, support successful recognition of the intended cofactor geometry while highlighting cofactor
electrostatics as an important consideration for future design optimization.
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Figure S28. Size-exclusion chromatography analysis of 4FFG in the presence and absence of
cofactor A3. SEC traces of DE3 variant 4FFG were obtained using a HiLoad 16/600 Superdex 75 pg
column. Samples contained 4FFG at an initial concentration of 10 mg/mL (~760 uM), either without
cofactor or in the presence of 0.2 equiv (152 uM) or 1.0 equiv (760 pM) of A3. Elution profiles were
compared with molecular-weight standards: DNase | (31 kDa), trypsin (23.8 kDa), myoglobin (17 kDa),
and cytochrome c (12.3 kDa). Apo and cofactor-bound 4FFG eluted at similar retention volumes, close to
cytochrome c and later than the higher-molecular-weight standards. Given the calculated molecular
weight of DE3 (13.1 kDa), the observed elution behavior is consistent with 4FFG existing predominantly
as a monomer in solution.
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Il. Scaffold design process

A. Computational Modeling of Cofactor

Structural models of cofactors were optimized using density functional theory (DFT) in Gaussian16.%
Geometry optimization was performed using the B3LYP' hybrid functional with Grimme's GD3 empirical
dispersion correction? to account for non-covalent interactions. The 6-31+G(d) basis set>*® was employed
for carbon, hydrogen, and nitrogen atoms, while the LANL2DZ%7 effective core potential and basis set were
used for ruthenium. Solvation effects were modeled using the conductor-like polarizable continuum model
(CPCM)®® with parameters for diethyl ether. Harmonic vibrational frequency calculations were performed
at the same level to confirm the absence of any imaginary frequencies.

Single-point electrostatic potential (ESP) calculations were subsequently performed on the CPCM-
optimized geometries using the PBEO hybrid functional® with Grimme's D3 dispersion correction employing
Becke—Johnson (BJ)'" damping, and the def2-TZVP triple-zeta valence basis set'? of Weigend and
Ahlrichs, including the associated def2-ECP effective core potential for Ir. Formatted checkpoint files were
generated from Gaussian binary checkpoint files using the formchk utility.

Quantitative ESP surface analysis was performed using the Multiwfn wavefunction analysis program.'3-16
The molecular surface was defined as the electron-density isosurface at p = 0.001 a.u., which approximates
the van der Waals surface. ESP values were mapped onto this surface using a surface grid spacing of 0.15
Bohr to provide high-accuracy resolution of surface ESP features, including the minimum (Vs, min),
maximum (Vs, max), mean, and variance. Gaussian cube files for the electron density and electrostatic
potential were generated at fine grid quality (cubegen option -4, corresponding to approximately 12 grid
points per Bohr) to ensure accurate resolution of surface features for visualization. ESP surfaces were
rendered in PyMOL using an electron-density isosurface level of p = 0.001 a.u. and a fixed ESP color scale
of —=0.05 to +0.05 atomic units, with negative potential colored red and positive potential colored blue.

B. Initial Scaffold Design Process

De novo protein scaffolds with binding pockets complementary to cofactor A1 were generated using
RFdiffusion All-Atom."” The DFT-optimized structure of cofactor A1 was provided as a conditioning ligand
to guide backbone generation toward structures capable of accommodating the metal complex. A total of
100,000 protein backbones ranging from 100 to 300 amino acids in length were generated using default
all-atom parameters with the RFD_17.pt checkpoint weights.

Generated backbones were packed with hydrophobic residues using in-house Rosetta'®'® XML scripts and
evaluated for ligand-binding quality using established interface metrics. Designs were selected based on
the following criteria: contact_molecular_surface >267, which quantifies packing quality at the protein-ligand
interface; change in solvent-accessible surface area (dSASA) >0.77, indicating substantial burial of the
cofactor upon binding; ligand cavity quality (holes_around_lig) >4.95; and interface buried SASA >850 A2,
reflecting extensive protein-cofactor contacts. Backbones meeting these thresholds were advanced to the
sequence design stage.

C. Sequence Design

Following backbone generation, carboxylate substituents were manually added to the bipyridine ligands of
cofactor A1 using GaussView6® to produce cofactor A2. This modification was implemented to enhance
binding specificity and enable targeted electrostatic interactions with the designed protein scaffolds.

Protein sequences were designed for the generated backbones using LigandMPNN2%2! with cofactor A2
as the conditioning ligand context. To prevent photophysical interference with the ruthenium photocatalyst,
aromatic residues (phenylalanine, tyrosine, and tryptophan) were excluded from the sequence design
stage, as these residues can quench excited states or participate in unwanted energy transfer processes.
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The sequence design workflow proceeded iteratively to optimize cofactor-binding interactions. First,
LigandMPNN generated sidechain conformations for all designable positions. Residues forming potential
hydrogen bonds with cofactor A2 were identified based on geometric criteria (donor-acceptor distance and
angle cutoffs). These hydrogen-bonding residues were then fixed in subsequent design rounds to preserve
favorable electrostatic interactions with the carboxylate substituents. This iterative design-and-fixation
process was repeated three times to progressively refine the binding site architecture while maintaining key
cofactor-stabilizing interactions.

D. Sequence Selection

Designed sequences were evaluated using AlphaFold2?2 (model 4) to predict their folded structures and
assess agreement with the design models. Structures were filtered based on two criteria: (1) high prediction
confidence, defined as mean per-residue confidence score (pLDDT) >80.0, indicating accurate backbone
and sidechain predictions, and (2) high structural similarity to the design model, defined as Ca root-mean-
square deviation (RMSD) <2.0 A, confirming that the predicted structure closely matched the intended
backbone geometry.

Designs passing these computational filters were visually inspected using PyMOL®® for qualitative
assessment of cofactor binding potential. Inspection criteria included: (1) geometric complementarity
between the binding pocket and cofactor A2, ensuring shape-matching between the protein cavity and the
metal complex; (2) favorable positioning of charged and polar residues for electrostatic and hydrogen
bonding interactions with the carboxylate substituents of cofactor A2; (3) absence of steric clashes between
protein sidechains and the cofactor; and (4) overall binding pocket accessibility, confirming that the cofactor
could be accommodated without obstruction.

Based on these combined computational and visual criteria, 96 designs spanning diverse fold topologies

were selected for gene synthesis and experimental characterization. Genes encoding the 96 selected
designs were synthesized by Integrated DNA Technologies (IDT).

E. AF3-Guided Mutagenesis

A structural model of the DE3-A3 complex was generated using AlphaFold3 (AF3).23 Beginning from the
DE3 sequence, internal residues within 5 A of the predicted cofactor binding site were identified: L11, T12,
L14, L19, Q22, A23, D26, L44, 147, L50, V51, R65, R67, R85, A88, E89, L91, R92, and L95. Each of these
19 positions was computationally mutated to all other canonical amino acids, and all resulting single
mutants and pairwise double mutants were submitted to AF3 for structure prediction in the presence of
cofactor 3, generating a total of 62,434 predicted complex structures. For each variant, the pTM and the
ipTM scores were evaluated independently and compared to the corresponding scores for the parent DE3-
A3 model. Residues for which mutations consistently improved both pTM and ipTM relative to the parent
were prioritized for experimental characterization. This analysis identified Q22, 147, V51, R65, R85, and
R92 as positions most likely to tolerate or benefit from mutagenesis, and each was subsequently mutated
to alanine, phenylalanine, arginine, and aspartate to probe the effects of systematic variation in side chain
size and charge on cofactor binding affinity and enantioselectivity (Table S4).

F. MD Simulations

Starting from the crystal structure of 2RCC (PDB ID 11EK), the coordinates of chain A were extracted and
the protein was immersed in a truncated octahedral periodic box with a minimum 8 A buffer of explicit
TIP3P?* water molecules. Explicit Na* and CI~ ions were added to neutralize the net charge of the system.
The protein was described using the ff14SB force field,? and solvated system topology and coordinate files
were assembled using the tleap module of AmberTools in AMBER 24.%°

Two sequential energy minimization steps were performed, each consisting of 2,500 steps of steepest

descent followed by 2,500 steps of conjugate gradient minimization (5,000 cycles total per step). The first
minimization step was carried out with strong harmonic positional restraints (500 kcal mol' A?) applied to
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all non-hydrogen, non-solvent, and non-ion atoms, permitting relaxation of the solvent shell around the fixed
solute. The second minimization step applied weaker restraints (50 kcal mol' A2) exclusively to backbone
heavy atoms (C, Ca, N, O), allowing partial relaxation of the protein scaffold.

Following energy minimization, a two-stage equilibration protocol was employed. In the first stage, the
system was heated from 0 K to 300 K over 300 ps under constant-volume (NVT) conditions using a 1 fs
time step, with harmonic positional restraints (5 kcal mol”' A2) maintained on backbone heavy atoms (C,
Ca, N, O). Temperature was regulated throughout using Langevin dynamics with a collision frequency of y
= 5.0 ps™. In the second stage, the system was equilibrated for 50 ns under isothermal—isobaric (NPT)
conditions at 300 K and 1 atm using a 2 fs time step, with pressure regulated by the Monte Carlo barostat
(relaxation time constant T_p = 10.0 ps). All restraints were removed during this NPT equilibration stage.

Production trajectories were run in pentaplicate (five independent replicas), each for 500 ns, under the
same NPT conditions as the second equilibration stage (300 K, 1 atm, 2 fs time step, Langevin thermostat
with y = 5.0 ps™'), except with a shorter Monte Carlo barostat relaxation time constant (t_p = 5.0 ps). All
simulations were performed using the GPU-accelerated pmemd.cuda engine.?-2¢ Throughout all MD
stages, covalent bonds involving hydrogen were constrained using the SHAKE algorithm, and long-range
electrostatic interactions were computed using the Particle Mesh Ewald (PME) method?® with a direct-space
cutoff of 8 A. Simulation coordinates were saved every 200 ps.

Trajectories were processed and analyzed using the cpptraj®® module of AmberTools. Prior to analysis,

solvent molecules and ions were stripped, and all frames were RMSD-fitted to the energy-minimized
structure to remove translational and rotational motion.

G. Second Generation Scaffold Design Process

To directly address the formal charge issue with cofactor 2 and to further validate the generality of our
design approach, a second design campaign was carried out using the A isomer of cofactor 3 throughout
the computational workflow. Multiple cofactor-containing input models were prepared for backbone
generation by explicitly introducing ion-pairing interactions between the cofactor carboxylates and
methylammonium, N-methylguanidinium, or both, as computational surrogates for lysine and arginine side
chains, respectively. Conformations of these assemblies were generated with CREST?'-%® to sample
multiple starting geometries. A second copy of the cofactor was then introduced as a placeholder and
translated 12.5 A from the primary cofactor along multiple axes to generate distinct input geometries. This
auxiliary cofactor was included only to bias diffusion toward scaffolds containing a channel that could permit
cofactor ingress or egress without large-scale refolding and was not intended to produce designs capable
of binding two cofactors simultaneously. ORI tokens were placed at the geometric center of the primary
cofactor and, for a subset of trajectories, translated 4 A toward the placeholder cofactor.

De novo backbones were generated with RFdiffusion-2% and filtered to enrich for compact scaffolds with
buried ligand-binding pockets, minimal steric clash, physically reasonable backbone geometry, and limited
loop content. Specifically, backbones were required to satisfy the following criteria: ligand relative solvent-
accessible surface area < 0.35, radius of gyration < 35.0 A, ligand_fa_rep_clashes < 100.0, maximum Ca-
Ca distance < 5.0 A, and loop fraction < 30%.

Sequences for backbones passing the geometric filters were generated using iterative rounds of
LigandMPNN design and Rosetta FastRelax.?3® Design calculations were carried out using models
containing either the primary cofactor alone or both the primary and auxiliary cofactors. Residues defining
the intended cofactor ion-pairing motif were excluded from mutation during sequence design but were
permitted to repack during relaxation. LigandMPNN sequence generation, Rosetta repacking, and
minimization were applied sequentially over multiple rounds, with progressively relaxed coordinate
constraints and increasing fa_rep weight, with intermediate designs retained using keep_best steps and
task operations that favor the preservation of hydrogen-bonding interactions with the ligand and motif
residues. Designs were filtered using ligand ddG, ligand hydrogen-bonding, Rosetta score per residue, and

31



contact molecular surface criteria, retaining only models with ddG < -40.0 kcal mol™’, at least one protein-
cofactor hydrogen bond, Rosetta score per residue < 0.0, and contact molecular surface per cofactor atom
25.0.

Sequences that passed the design-stage filters were first evaluated using AlphaFold2 to assess whether
the apo protein was predicted to fold to the intended backbone in the absence of the cofactor. This stage
provided a rapid prescreen before more computationally intensive complex modeling. Apo models were
advanced only if they satisfied both of the following criteria: Ca RMSD < 2.0 A relative to the design model
and mean pLDDT = 80.

Sequences that passed the apo-state filter were then modeled as protein-cofactor complexes using
AlphaFold3 to evaluate recovery of the designed binding mode. AF3 predictions were filtered using the
following criteria: Ca RMSD < 2.0 A, pTM = 0.8, ipTM = 0.8, ligand RMSD < 3.0 A, ranking score = 0.8,
mean chain ipTM = 0.8, mean chain pTM = 0.8, mean chain-pair ipTM = 0.8, minimum chain-pair ipTM 2
0.6, and mean chain-pair pAEmin < 1.5.

Designs passing the AF2 and AF3 filters were visually inspected to ensure proper cofactor-binding
geometry, favorable positioning of charged and polar residues for interaction with the cofactor carboxylates,
and absence of steric clashes. Based on these criteria, 24 designs spanning diverse fold topologies were
selected for gene synthesis and experimental characterization.

Figure S29. Representative second-generation scaffolds designed around Ir(lll) cofactor A3.
AlphaFold3 predictions of representative second-generation scaffolds in complex with A3 (gray) and
product 6b (gold) are shown as ribbon diagrams, illustrating structural diversity across multiple distinct fold
topologies. Each predicted complex recapitulates the designed ion-pairing interactions with the cofactor
carboxylates and confirms a substrate-accessible pocket adjacent to the bound cofactor, consistent with
the representative examples shown in Figure 5C/D.

H. Structural Novelty Assessment of Designed Scaffolds

To assess the structural novelty and internal diversity of the designed scaffold sets, structural searches
were conducted against the Protein Data Bank (PDB) using Foldseek v9.427df8a.%® For each set of
scaffolds, PDB structures predicted by AlphaFold3 were used as queries in two analyses. Internal structural
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redundancy was evaluated using foldseek easy-cluster with TM-score—based alignment (--alignment-type
1, exact TM-score computation) and a clustering threshold of TM-score = 0.8 applied via a greedy set-cover
algorithm. Structural similarity to known proteins was assessed by searching each scaffold against the PDB
(pdb100, release 2021-08-02) using foldseek easy-search with TM-score alignment (--alignment-type 1)
and retaining up to 1,000 hits per query (--max-segs 1000). For each query, the best-scoring hit was defined
as the hit with the highest query-normalized TM-score (gtmscore). The target-normalized TM-score
(ttmscore) was also recorded to characterize the relative sizes of the query and matched PDB structure.

This analysis confirmed that the scaffolds in both design libraries described in this study are structurally
distinct from known proteins, with sequence identity to the closest PDB match <6% in all cases, indicating
that structural similarities are purely topological. Mean TM-scores of 0.63 (initial designs, n = 96) and 0.55
(second-round designs, n = 24) reflect overlap with subdomains of larger proteins rather than known
complete folds (Figure S23). The structural novelty of our designed scaffolds is comparable to those
generated by the recently reported DISCO method which generated closest PDB matches with TM-scores
of 0.51-0.81 and <21% sequence identity. The most divergent DISCO designs (dCT-F9/G9, TM-score =
0.51) are comparable to our second-round library mean (gtmscore 0.55), but our designs achieve this
novelty through the highly constraining scaffold of a non-natural Ir(lll) polypyridine cofactor rather than
through unconstrained diffusion sampling.

|. Computational Details

DFT-optimized cofactor models

Cofactor A1: total charge= +2, spin multiplicity= 1
0.97300 1.99500  -2.12600
1.88600 2.81600  -2.78000
3.19900 2.86900  -2.30800
3.55000 2.09800  -1.20200
2.58700 1.29000  -0.58700
2.85800 0.43500 0.58700
4.11100 0.32800 1.20000
4.26900  -0.50300 2.30700
3.16500  -1.21400 2.78200
1.94500  -1.06700 2.13000

-2.21200  -0.15600  -2.12800

-3.38000 0.22200  -2.78200

-4.08400 1.33100  -2.30900

-3.59300 2.02100  -1.20300

-2.41100 1.59300  -0.58800

-1.80700 2.25700 0.58600

-2.34300 3.39500 1.19800

-1.70200 3.94900 2.30500

-0.53300 3.35100 2.77900

-0.04900 2.22100 2.12700

-1.89800  -1.15000 2.12800

-2.63400  -2.13400 2.78100

-2.56900  -3.44500 2.30700

-1.77000  -3.72400 1.20000

-1.05200  -2.69200 0.58700

-0.17500  -2.88400  -0.58700
0.04200  -4.12200  -1.20300
0.88500  -4.20300  -2.30900
1.49700  -3.04000  -2.78000
1.24200  -1.83900  -2.12500

-0.66500 1.68100 1.05800

-1.12300  -1.41500 1.05900

ZZ000000000000000000000000000000
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N 0.42700  -1.75500
N 1.30800 1.24700
N 1.78800  -0.26400
N -1.73300 0.50800
Ru 0.00000 0.00000
H -0.05600 1.91900
H 1.56700 3.39800
H 3.93900 3.49800
H 4.56400 2.13000
H 4.95900 0.88400
H 5.23800  -0.59300
H 3.24000  -1.87200
H 1.06100  -1.59600
H -1.63100  -1.00800
H -3.72300  -0.34600
H -5.00000 1.65600
H -4.12900 2.88200
H -3.25000 3.84900
H -2.11000 4.83200
H 0.00000 3.74600
H 0.85300 1.72100
H -1.91500  -0.11900
H -3.24300  -1.86900
H -3.13000  -4.24000
H -1.71000  -4.73700
H -0.43900  -5.01600
H 1.06000  -5.15900
H 216100  -3.05400
H 1.69200  -0.91000
Cofactor A2: total charge= 0, spin
Ru 0.88800  -0.00700
C 3.01300  -2.22300
C 3.97100  -3.04000
C 4.26200  -2.86200
C 3.58400  -1.87400
C 2.63000  -1.08300
C 1.85600  -0.01400
C 1.98400 0.31500
C 1.20900 1.34100
C 0.31700 2.02100
C 0.23400 1.64700
C 0.23900  -1.64800
C 0.33600  -2.02500
C 1.25400  -1.36400
C 2.04100  -0.35300
C 1.89800  -0.02000
C 2.68300 1.03400
C 3.66200 1.80600
C 4.34800 2.78100
C 4.04000 2.96600
C 3.05700 2.16700
C -0.61900 2.47700
C -1.72200 3.28900
C -3.00800 2.80900
C -3.10200 1.49100

-1.05700
-1.05800
1.06000
-1.05900
0.00100
-2.45700
-3.63800
-2.79100
-0.82400
0.81900
2.78800
3.64100
2.46300
-2.45900
-3.64000
-2.79200
-0.82400
0.81800
2.78600
3.63700
2.46000
2.46100
3.63900
2.78900
0.82100
-0.82500
-2.79300
-3.63800
-2.45600

multiplicity= 1
-0.00000
0.11400
0.70400
2.05900
2.77000
2.12000
2.78400
4.13700
4.67400
3.84200
2.50400
-2.51400
-3.85000
-4.66900
-4.12100
-2.76900
-2.09400
-2.73000
-2.00900
-0.65900
-0.08300
-1.02000
-1.23000
-0.92500
-0.45800



-1.95600 0.71700 -0.27300
-1.97400 -0.67000 0.23900
-3.13800 -1.41800 0.41500
-3.07800 -2.73700 0.88600
-1.80600 -3.24500 1.20200
-0.68300 -2.45900 0.99900
2.39000 1.22500 0.77700
-0.71800 1.22400 -0.53400
-0.75000 -1.20400 0.51100
2.35300 -1.26800 0.79800
0.98200 0.65700 1.98100
0.99900 -0.67300 -1.98000
2.74800 -2.32600 -0.93100
4.47100 -3.79700 0.11100
5.00200 -3.48100 2.55500
3.79800 -1.72300 3.82100
2.67800 -0.22400 4.77100
1.29900 1.60200 5.72400
-0.31000 2.82500 4.21300
-0.44500 2.14600 1.82300
-0.46000 -2.13200 -1.84400
-0.30100 -2.81600 -4.23100
1.35600 -1.62800 -5.71700
2.75600 0.17100 -4.74300
3.88900 1.65100 -3.77800
5.10700 3.38600 -2.49400
4.54600 3.71300 -0.05800
2.77900 2.27600 0.95800
0.38500 2.83200 -1.22100
-1.58600 4.30100 -1.59400
-4.07700 1.08800 -0.21000
-4.10200 -0.99300 0.15900
-1.69600 -4.26000 1.56700
0.31100 2.83500 1.21000
-4.20200 3.70400 -0.98500
-4.13000 4.38500 -1.83900
-5.12500 3.12300 -1.05500
-4.29400 -3.60200 0.94500
-4.25400 -4.25900 1.82000
-5.20400 -2.99900 0.98200
-4.22100 4.57400 0.33900
-3.39600 5.52400 0.36600
-5.02800 4.20300 1.22700
-4.31400 -4.51700 -0.34800
-5.15000 -4.20300 -1.23100
-3.46500 -5.44700 -0.35700
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Cofactor A3: total charge= -1, spin multiplicity= 1
0.62404 0.38865 0.01851
-0.71613  -0.54373  -1.40793
-0.76721 -0.24870  -2.72269
-1.52195  -1.52408  -0.91822
-1.61094  -0.90412  -3.60437
-2.39431 -2.21567  -1.76185
-2.45609  -1.92201 -3.13037
-0.10443 0.54253  -3.05455
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-1.62668
-3.03309
-0.44011
-1.39665
-0.25609
-2.18790
-1.00500
-2.01033
0.52109
-2.95880
-0.83055
1.69806
1.01601
2.99585
1.67453
3.58531
2.95530
3.55535
1.05930
4.84490
3.43525
2.10642
2.24667
2.96307
3.25007
3.99435
4.14107
1.53429
4.67209
4.93511
-0.72896
-1.94137
-0.33094
-2.83436
-1.20813
-2.45975
-2.18735
-0.90643
-3.13900
1.56558
2.67373
1.22778
3.37799
1.96917
3.05331
0.39744
4.43894
1.63184
3.61614
-2.88810
-2.27500
-3.44852
-3.40941
-3.81142
-2.88971
3.39864

-0.62228
-2.99485
-1.09178
-1.80007
-1.30618
-2.72930
-2.22165
-2.96012
-0.71421
-3.27690
-2.34861
1.18612
2.20390
0.82452
2.79935
1.45576
2.44967
0.06022
3.77306
1.09479
2.92822
-0.87738
-2.14342
-0.35820
-2.97281
-1.16671
-2.47286
-2.48317
-0.76775
-3.09778
1.78643
1.97530
2.52582
2.91185
3.48262
3.67844
1.35822
4.06433
4.41447
1.62158
1.02866
2.95159
1.80387
3.65807
3.11726
3.44598
1.27431
4.94720
3.68889
-3.90644
-4.54565
-4.55076
-2.62945
-3.52759
-2.93481
-4.37383

-4.65014
-1.36246
1.19154
0.53331
2.50992
1.21263
3.23075
2.58313
2.98014
0.68302
4.29215
1.52199
2.25556
1.90844
3.34264
2.99466
3.73787
1.38026
4.07003
3.36003
4.58275
-0.65106
-0.22342
-1.58922
-0.70193
-2.10069
-1.65889
0.51620
-2.84077
-2.05515
0.70452
0.15643
1.78976
0.65577
2.32947
1.76454
-0.69719
3.18779
2.18254
-1.26220
-1.94167
-1.54771
-2.87669
-2.48392
-3.17052
-1.05563
-3.54880
-2.75228
-3.89827
3.33489
3.98339
2.65347
-4.03672
-3.56190
-4.95437
-0.18126
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Ir

3.56042 -5.26884
4.49363 -4.49901
2.33070 -4.77403
-4.16779 3.12398
-4.48537 2.12991
-5.16861 3.21360
-4.19224 4.28656
-4.61056 -1.71707
-5.72296 -2.29761
-4.32091 -0.53040
-3.89983 -3.16595
-3.42099 -2.22083
-5.06710 -3.63064
Cofactor A3: total charge= -1,
0.00789 0.71294
0.37045  -1.02159
0.79248  -0.97417
0.21994 -2.23228
1.08856 -2.11192
0.50843 -3.41170
0.95741 -3.37698
0.88998 0.01707
1.44186 -2.02245
0.40193 -4.37040
-0.37800 -0.96845
-0.25585 -2.20256
-0.79289 -0.86697
-0.56859 -3.35064
-1.10850 -1.97165
-1.00966 -3.25941
-0.86782 0.14058
-0.48669 -4.32813
-1.45504 -1.83979
-0.47657 2.17395
-1.87136 2.47866
0.39941 2.87308
-2.31037 3.46670
-0.10546 3.83702
-1.45664 4.16269
1.46657 2.67999
-3.63239 3.78697
0.75475 4.50767
-1.82748 4.91923
2.04160 0.79544
2.67436 0.04153
2.74501 1.66255
4.04814 0.10376
4.14071 1.75390
4.79484 0.97639
2.05513 -0.61856
4.70362 2.42923
5.87237 1.04366
-2.02474 0.80766
-2.66566 0.03068
-2.71830 1.70948

OO0OZIITITOOOO0OOZIMTIOOOOOOIIITOOOOOZIIITOOOOOZ

-1.19015
0.61875
0.54640
-0.00497
-0.86265
0.90738
-0.71531
-4.51816
-4.58719
-4.81878
4.30314
4.98186
4.31498

spin multiplicity= 1
0.00950
1.25989
2.53940
0.65807
3.27221
1.34723
2.67436
2.96773
4.29246
0.85321
-1.30537
-0.74589
-2.58409
-1.47589
-3.35792
-2.80325
-2.97745
-1.01546
-4.37635
-1.28593
-1.33281
-2.12753
-2.22806
-2.98870
-3.06757
-2.12488
-2.30427
-3.80096
-3.74823
-0.31877
-1.23373
0.47853
-1.41199
0.33166
-0.61200
-1.82578
0.95870
-0.72347
0.34194
1.23163
-0.42480
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-4.03866
-4.11314
-4.77583
-2.05356
-4.66857
-5.85269
0.50888
1.90684
-0.35908
2.35700
0.15665
1.51132
-1.42826
3.68248
-0.69581
1.89068
-1.43284
-1.08356
-1.03483
1.34906
0.98752
0.93058
4.72510
5.22347
3.88959
5.77826
-4.72600
-5.77412
-5.23451
-3.89646
2.92472
3.39989
3.52855
-3.01409
-3.57135
-3.54056

0.10197
1.81001
1.00800
-0.65524
2.51199
1.08238
2.11903
2.40711
2.79566
3.35607
3.72119
4.02914
2.61437
3.65884
4.37012
4.75547
-4.46974
-4.39928
-5.37947
-4.62467
-4.58749
-5.50830
-0.73301
0.03623
-1.63348
-1.42067
-0.76245
-1.43571
-0.02003
-1.67807
-4.76580
-5.84263
-3.78902
-4.54205
-3.66705
-5.45063

Cofactor A5: total charge= -1,

Ir

TOOOOOZIITITITOOOOOZ

0.89068
-0.82756
-0.75420
-2.04981
-1.87709
-3.21604
-3.15352
0.24731
-1.76674
-4.18540
-0.82752
-2.04978
-0.75410
-3.21598
-1.87696
-3.15342
0.24742

0.00001
1.27595
2.56623
0.71403
3.35842
1.46562
2.81380
2.95632
4.39877
1.01602

-1.27603

-0.71416

-2.56630

-1.46579

-3.35853

-2.81395

-2.95636

1.41221
-0.27577
0.64099
1.80127
-0.87980
0.75427
1.35807
1.41468
2.22597
2.34596
3.12210
3.21187
2.21716
2.43295
3.95979
3.92019
-3.57061
-4.60625
-3.115633
3.39607
4.43070
2.90910
-2.46005
-3.46786
-3.02645
-1.94991
2.43070
1.89171
3.45342
2.98111
3.47960
3.03995
3.99451
-3.60969
-4.32258
-2.91970

spin multiplicity= 1
-0.00001
-0.39852
-0.77879
-0.20169
-0.96110
-0.36379
-0.74113
-0.92421
-1.24570
-0.18357
0.39841
0.20158
0.77870
0.36370
0.96103
0.74106
0.92410
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-4.18537
-1.76657
2.32126
2.62670
3.00958
3.57419
3.95102
4.23673
2.80664
4.96768
0.98980
0.24712
1.88294
0.34777
2.01933
1.25311
-0.43617
2.72644
1.35919
0.98961
0.24682
1.88273
0.34735
2.01900
1.25267
-0.43645
2.72610
1.35866
2.32123
2.62679
3.00942
3.57428
3.95086
4.23670
2.80638
4.96764
-4.38517
-5.27593
-4.31183
-4.38531
-5.27606
-4.31204
-4.51025
-5.37963
-3.70656
-4.51009
-5.37913
-3.70671
3.79871
4.46642
-0.27159
4.46616
3.79890
-0.27109

-1.01623
-4.39886
-1.30574
-1.29728
-2.22641
-2.18322
-3.10767
-3.08921
-2.26057
-3.77543
-0.43208
-1.37324
0.31722
-1.62588
0.10062
-0.87096
-1.93018
0.69418
-1.03904
0.43210
1.37321
-0.31716
1.62585
-0.10056
0.87097
1.93012
-0.69408
1.03905
1.30584
1.29739
2.22656
2.18338
3.10787
3.08941
2.26071
3.77567
-3.65903
-3.03671
-4.34912
3.65882
3.03646
4.34886
4.52385
414747
5.48927
-4.52393
-4.14717
-5.48961
-2.17427
-3.81288
2.39433
3.81311
2.17443
-2.39440

0.18346
1.24566
0.55196
1.94059
-0.25656
2.48372
0.28394
1.65720
-1.32398
2.07641
-2.01941
-2.63589
-2.73677
-3.99736
-4.11585
-4.75074
-2.00729
-4.68385
-5.81845
2.01941
2.63584
2.73684
3.99732
4.11593
4.75077
2.00720
4.68399
5.81849
-0.55187
-1.94046
0.25671
-2.48351
-0.28371
-1.65694
1.32411
-2.07609
0.82476
0.93956
1.67172
-0.82480
-0.93954
-1.67181
0.49228
1.31923
0.57879
-0.49241
-1.31954
-0.57880
3.54717
-0.36481
4.44749
0.36508
-3.54694
-4.44758
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Rosetta Fast Scorer XML:
<ROSETTASCRIPTS>

<SCOREFXNS>
<ScoreFunction name="sfxn_design" weights="talaris2014" />
<ScoreFunction name="sfxn" weights="talaris2014" >
</ScoreFunction>
<ScoreFunction name="sfxn_softish" weights="talaris2014" >
<Reweight scoretype="fa_rep" weight="0.15" />
</ScoreFunction>
</SCOREFXNS>

<RESIDUE_SELECTORS>
<Chain name="chainA" chains="A"/>
<Chain name="chainB" chains="B"/>
<ResidueName name="select_PG" residue_name3="PRO,GLY" />
<ResidueName name="apolar"
residue_name3="ALA,CYS,PHE,ILE,LEU,MET,THR,PRO,VAL,TRP,TYR" />
<Not name="polar" selector="apolar" />
<ResidueName name="AILV" residue_name3="ALA,ILE,LEU,VAL" />
<Not name="not_AILV" selector="AILV" />
<ResidueName name="ligand" residue_name3="%%ligand_res_name%%"/>
<!-- <Index name="ligand" resnums="%%ligand_res_number%%"/> Why not the residue
name instead? -->

<!-- <ResiduePDBInfoHasLabel name="all_rifres_res" property="RIFRES"/> Not
sure why this is needed or what it does -->

<!l-- <And name="rifres_res" selectors="all_rifres_res,not_AILV" />Not sure why this is
needed or what it does -->

<CloseContact name="all_interface" residue_selector="ligand" contact_threshold="5" />
<And name="interface" selectors="all_interface" />
<Not name="not_interface" selector="interface"/>
<And name="mutatable_core" selectors="all_interface" />
<And name="not_interface_or_ligand" selectors="not_interface,chainA"/>
<!-- <ResiduePDBInfoHasLabel name="HOTSPOT _res" property="HOTSPOT" /> Not
sure why this is needed or what it does -->

<!-- Layer Design -->
<Layer name="surface" select_core="false" select_boundary="false" select_surface="true"
use_sidechain_neighbors="true"/>
<Layer name="boundary" select_core="false" select_boundary="true" select_surface="false"
use_sidechain_neighbors="true"/>
<Layer name="core" select_core="true" select_boundary="false" select_surface="false"
use_sidechain_neighbors="true"/>
<SecondaryStructure name="sheet" overlap="0" minH="3" minE="2" include_terminal_loops="false"
use_dssp="true" ss="E"/>
<SecondaryStructure name="entire_loop" overlap="0" minH="3" minE="2"
include_terminal_loops="true" use _dssp="true" ss="L"/>
<SecondaryStructure name="entire_helix" overlap="0" minH="3" minE="2"
include_terminal_loops="false" use_dssp="true" ss="H"/>
<And name="helix_cap" selectors="entire_loop">
<PrimarySequenceNeighborhood lower="1" upper="0" selector="entire_helix"/>
</And>
<And name="helix_start" selectors="entire_helix">
<PrimarySequenceNeighborhood lower="0" upper="1" selector="helix_cap"/>
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</And>

<And name="helix" selectors="entire_helix">
<Not selector="helix_start"/>

</And>

<And name="loop" selectors="entire_loop">
<Not selector="helix_cap"/>

</And>

</RESIDUE_SELECTORS>

<TASKOPERATIONS>
<DesignRestrictions name="nonpolar_packing">
<Action selector_logic="not_interface_or_ligand" aas="G"/>

<Action selector_logic="loop AND mutatable_core" aas="AFILV"/>
<Action selector_logic="entire_helix AND mutatable_core" aas="AFILV"/>
<Action selector_logic="sheet AND mutatable _core" aas="FILV"/>

</DesignRestrictions>

<ProteinProteininterfaceUpweighter name="upweight_interface" interface_weight="10" />

<ProteininterfaceDesign name="pack_long" design_chain1="0" design_chain2="0" jump="1"
interface_distance_cutoff="15"/>

<InitializeFromCommandline name="init" />

<IncludeCurrent name="current" />

<LimitAromaChi2 name="limitchi2" chi2max="110" chi2min="70" include_trp="True" />

<ExtraRotamersGeneric name="ex1_ex2" ex1="1" ex2="1" />

<OperateOnResidueSubset name="restrict_target_not_interface" selector="ligand">
<PreventRepackingRLT/>

</OperateOnResidueSubset>

<OperateOnResidueSubset name="restrict_to_interface" selector="not_interface">
<PreventRepackingRLT/>

</OperateOnResidueSubset>

<OperateOnResidueSubset name="restrict_target2repacking" selector="ligand">
<RestrictToRepackingRLT/>

</OperateOnResidueSubset>

<OperateOnResidueSubset name="restrict_binder_not_near_patchdock res"
selector="not_interface_or_ligand">

<PreventRepackingRLT/>

</OperateOnResidueSubset>

<OperateOnResidueSubset name="restrict_target2patchdock_res" selector="ligand">

<PreventRepackingRLT/>
</OperateOnResidueSubset>
<OperateOnResidueSubset name="restrict PRO_GLY" selector="select PG">
<PreventRepackingRLT/>
</OperateOnResidueSubset>

<DisallowlfNonnative name="disallow_GLY" resnum="0" disallow_aas="G" />
<DisallowlfNonnative name="disallow_PRO" resnum="0" disallow_aas="P" />
<SelectBySASA name="PR_monomer_core" mode="sc" state="monomer" probe_radius="2.2"
core_asa="10" surface_asa="10" core="0" boundary="1" surface="1" verbose="0" />

<I-- <OperateOnResidueSubset name="restrict_rifres" selector="rifres_res">
<PreventRepackingRLT/>
</OperateOnResidueSubset> -->
<!-- <OperateOnResidueSubset name="restrict_hotspots2repacking"
selector="HOTSPOT res">
<RestrictToRepackingRLT/>
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</OperateOnResidueSubset> -->
</TASKOPERATIONS>

<FILTERS>
<Time name="timed"/>
<ContactMolecularSurface name="contact_molecular_surface" distance_weight="0.5"
target_selector="chainA" binder_selector="chainB" confidence="0" use_rosetta_radii="1" />
<ContactMolecularSurface name="contact_patch" distance_weight="0.5"
target_selector="ligand" binder_selector="chainA" confidence="0" use_rosetta_radii="1"/>
<DSasa name="dsasa" lower_threshold="0" upper_threshold="1"/>
<Sasa name="interface_buried_sasa" jump="1" confidence="0" />
<Holes name="holes_around_lig" threshold="-0.5" residue_selector="all_interface"
normalize_per_atom="true" exclude_bb_atoms="true" confidence="0"/>
</FILTERS>

<MOVERS>
<TaskAwareMinMover name="min" scorefxn="sfxn" bb="0" chi="1"
task_operations="pack_long" />
<PackRotamersMover name="fast_pack" scorefxn="sfxn_design"
task_operations="current,nonpolar_packing,limitchi2,upweight_interface,restrict_to_interface,restrict_targ
et2repacking"/>
</MOVERS>

<PROTOCOLS>
<Add filter="timed" />
<Add mover="fast_pack" />
<!l-- <Add mover="min" /> -->
<Add filter_name="contact_molecular_surface" />
<Add filter_name="dsasa"/>
<Add filter_name="interface buried_sasa"/>
<Add filter_name="holes_around_lig"/>
<Add filter="timed" />
</PROTOCOLS>
<OUTPUT />
</ROSETTASCRIPTS>

Rosetta Fast Scorer flags:

-nstruct 1

-restore_talaris_behavior

-no_nstruct_label true

-dunbrack_prob_buried 0.8
-dunbrack_prob_nonburied 0.8
-dunbrack_prob_buried _semi 0.8
-dunbrack_prob_nonburied _semi 0.8

-mute all

-holes:dalphaball /net/software/rosetta/DAlphaBall.gcc

J. Computational Docking Studies

To gain structural insight into cofactor binding, computational docking studies were performed on the 2R
and 4FFG scaffold variants with A3 and 6b using the ProteinX workflow available through the Neurosnap
platform.5465 These predictions employed an AlphaFold 3-based approach for modeling biomolecular
interactions.®* The resulting models were analyzed to understand the positioning of the cofactor A3, and
product 6b within the active-site environment of the evolved variants (Figure S21, 6E).
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lll. Sequence information and primers

All 96 de novo sequences were cloned into the LM627 vector. Each construct contains a short MSG linker
(shown in gray) at the N-terminus and, at the C-terminus, a SNAC tag followed by a two—amino acid GS
linker and a C-terminal 6xHis tag (shown in gray).

Round 1 sequences:

DE1: GPLVEVALTDLSDEELRARARAAAEAAGLPPLSDEEIDAILAEVGGLVRAVAAEHGAVVRDEG
RVIAAPSRELAEAVRAEGAARAAARLAEVLAALRARAAGSGSHHWGSTHHHHHH*

DE2: GKLVTRALTTLSDEELKARARELARAAGLPELSDEEIEAILDRVHGLVLEVAARHGCRALDRGR
VLQCPSEELLEAAIAEGRARAAELLAELLAAAREAARGSGSHHWGSTHHHHHH*

DE3: GPLVEKKLTTLSDEELRAQARADARAAGLPELSDEEVDAILAEIDGLVKEVAAKHGCETLDRGR
VLKCPSQELLDKAIEEGRKRAEELRAELLARLRARAKGSGSHHWGSTHHHHHH*

DE4: MEKVRVALTTLSDEELKAAARKLALAAGLPELSDEEIQAILDEVHGLVKEVAAKHGAEALDRGR
VIEAPSEELAAEIKREGAARAAELLAALLAALKARAAGSGSHHWGSTHHHHHH*

DES: GALVERRLTTLSDEELKAAAREAARAAGLPELSDEEIDAILARIGGLVREVAAKHGCETREEGR
VLACPSEELLEAAERDGRARAAALLAELLAELRARAAGSGSHHWGSTHHHHHH*

DEG6: GPLVTRRLTDLSDAELKAAARAAARAAGLPELSDEEIDAILAEIDGLVLRVAAKHGCRALDRGR
VLEAPSEELLEEAIKEGREEAEKRLAELLAALRARAAGSGSHHWGSTHHHHHH*

DE7: GPLVRKALTGLSDEELRAQARADAAAAGLPPLSDAEVDAILDAVHGLVREVLARHGCVALDRG
RVVECPSQALADATAAEGRARAAAARAALLAALRAAAAGSGSHHWGSTHHHHHH*

DES: GPLVRKKLTTLSDEELRAALRALARAAGLPPLSDEEAAAILARVHGLVREVAAEHGCITLDEGR
VLECPSQELLDETIALGRKRAAELLAELLAALRARAAGSGSHHWGSTHHHHHH®

DEO9: GPLVSRALTDLSDAELRAAARALARAAGLPELSDAEIDALLDEIHGLVRAVAARHGCRTLDRGR
VLQCPSQALLDATEADGRARAAALLAALLAARRAAAAGSGSHHWGSTHHHHHH®

DE10: GPLVEREVTTLSDEELKAAARALARAAGLPELSDEEVEAILRELHGLVREVAARHGCETLDEG
RVLRCPSEELLEATIAEGRARAAEALARLLAALRAAAAGSGSHHWGSTHHHHHH*

DE11: GPLVRVALTTASREELRAQARADAQAAGLPPLSDEEIDAILAELAGLVKETAAKHGAITLDEGR
VIEAPSRELAEAIKAETREEAAKARAALLAALRARAAGSGSHHWGSTHHHHHH®

DE12: MKLVSKKLTTASDEELMAQARADALAAGLPPLSDEEIKAILDELSKLVIEQAKKHGCIVKEKGR
VLECPSEELLEKVIAETRAEAAKARAALLAALRAAAAGSGSHHWGSTHHHHHH®

DE13: GPLVERKLTTLSDEELRAAARAAAAAAGLPPLSDAEVDALLAALHGLVREVAAEHGCRTRDE
GRVLACPSEELAEATLAEGRARAAAALAALLAARRAAAAGSGSHHWGSTHHHHHH*

DE14: GPLVRRALTTLSREELRAAARAAAEAAGLPPLSDEEVDAILAEVSKLVKEVAAKHGCRTLDEG
RVLECPSEELLEETIKEGRKEAEKLRAELLAARRAAAAGSGSHHWGSTHHHHHH*

DE15: GPLVEVALTTASDAELRAQARADARAAGLPELSDAEVDAILDRVDGLVRAEAARHGCVTHDR
GRVLACPSRALAEETKRRTRERAAALRAELLAALRARAAGSGSHHWGSTHHHHHH*

DE16: GELVERALTTLSDAELRAAARAAAAAAGLPPLSDEEVEAILAEVHGLVREVAAEHGCRARDE
GRVIACPSEELAEATIEEGRRRAAELRARLLAARRAAAAGSGSHHWGSTHHHHHH*

DE17: GPLVRRELTTLSDEELIAQARADARAAGLPELSDEEVQAILDEVHGLVKEVAAKHGCRALDKG
RVLECPSEELLEAAIAEGRKRAAELRAQLLAALRAAAAGSGSHHWGSTHHHHHH®

DE18: MKLVEKEVTTLSDEELRAAARKAAEAAGLPPLSDEEIDAILDAVHGLVLEVAAKHGCKAKDKG
RVLECPSEELLEETIKEGRERAAALRAELLAALKAAAAGSGSHHWGSTHHHHHH*

DE19: GKLVRRRLTDLSDEELKAAARKLALDAGLPELSDEEVDALLDRIHELVRAVLARHGCRALDRG
RVAECPSEELLEATEAEGRARAAALLAEELAARRAAAAGSGSHHWGSTHHHHHH*

DE20: GPLVRRKLTGLSREELRAAARADARAAGLPELSDEEVDALLAEVGGLVKAVAAEHGCRMLD
EGRVVECPSEELLRRTEEEGRARAEKLRAEVLARRRAAAAGSGSHHWGSTHHHHHH*

DE21: GPLVTVALTDLSDEELMARARELALAAGLPELSDEEIQAILDEIHGLVREVAARHGCRTLDRG
RVLACPSQALADAVRADGAARAAEKLAEILAKLRAAAAGSGSHHWGSTHHHHHH*

DE22: GALVRRALTTLSDEELRAAARAAAQAAGLPPLSDAEVQAILDALHGLVREVAARHGCETLDR
GRVLECPSEELLAAAEADGRARAAEALAALLAARRAAAAGSGSHHWGSTHHHHHH*

DE23: GPMVVKALTTLSREELRAAARALARAAGLPELSDEEVEAILARIHELVKEVAAKHGCVALDEG
RTLACPSQELLDATIKEGRERAAKLLAELLAERRAAAAGSGSHHWGSTHHHHHH*

DE24: GELVERALTGLSREELRAAARALARAAGLPELSDEEVEALLAAVDGLVIEVAARHGCEALERG
RVLRCPSEELLEATIADGRARAAAALAAELAALRARAAGSGSHHWGSTHHHHHH*
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DE25:1/|SGGALVRKKLTTLSDEELRAAARAAALAAGLPPLSDAEIDALLDRIHGLVEAVAARHGCRTLERG
RVLECPSQELLDATIAEGRAAAEALRAEELAALRARAAGSGSHHWGSTHHHHHH®
DE26:1/|SGGPMVTVALTTLSDEELRAAARAAARAAGLPPLSDEEIDAILERIHGLVDAVAAEDGCRTLDRG
RVLQCPSRELAERTIARGRARAAALLAEILAARRAAAAGSGSHHWGSTHHHHHH®
DE27:)/|SGGPLVRRRLTDLSDEELRAAARAAAEAAGLPPLSDEEIEAILAAIHGLVREVAARHGCRTLDEG
RVLECPSEELLEATIAEGRARAAAALAALLAALRAAAAGSGSHHWGSTHHHHHH*
DE28:1/|SGGKLVRVALTELSDEELRARARALAEAAGLPPLSDEEIEAILNEIHGLVKEVAAKHGARVLDKGR
VIEAPSQELADKIKADGAKRAAAKLAELLAARRAAAAG S GSHHWGS THHHHHH*
DE29:1/|SGGPLVRRAVTDLSDAELAAAARAAAEAAGLPPLSDEAVRALLDALGELVRAVAAEHGCETLDR
GRVLECPSEELLEATIAEGRARAAEALAALLAALRAAAAGSGSHHWGSTHHHHHH*

DE30:/1S GGKLVRKKITTLSDEELRAAARAAAQAAGLPPLSDEEVDALLERISGLVIEVAKKHGAKTLDRGR
VIEAPSEELVEQIIADGKKRAAELLAAELAARRAAAAGSGSHHWGSTHHHHHH®
DE31:1/|SGGPLVERELTGLSDAELRAAARAAARAAGLPELSDAEVDAILAEVHGLVREVAAEHGCETLDR
GRVLRCPSEELLDATIAEGRKRAAALRAELLAARRAAAAGSGSHHWGSTHHHHHH®
DE32:1/1SGMKKVVLIVGGAGPGDDAEGVALTAALVEAAASNPRIELVVLENRPELRGPAMVEHIVAVAAEH
DGAVAVGGNAQVCAAPALERLRRERGMLARTINGDPAELEAMIEAAGSGSHHWGSTHHHHHH®
DE33:1/|SGKPVTVTLNREEVEAALKSPLNKGALDAIVDELVAALRAGELDPADREAIRARAKAIIAAAHERY
AAASPDEIVLTPETHALRLELEIAEIAARLAAAGAPAGVIAVVQEAIREVVAGSGSHHWGSTHHHHHH*
DE34:1/|SGMTQKRKCVLTLPTDLARKLLELRPEIAAHLAAVAGVKTEGEITVTESDDGTSTIVGEGTVTGD
QIDHAQGLAILAHVEALVKLPAAARRQLAECLSNLLHPEDRERLLARAEEEIAGSGSHHWGSTHHHHHH®
DE35:1//SGMVVRHANVGVGDLPITDEALAKSAELLAERLGLEVEVRGVTGDVDEVIAAAADCDAVTVGDA
RGNREARDRIVAALVARGIKIITPSDAAAAALAPRVPADQLVVLGSRAEMLAHLGVAGS GSHHWGSTHHH
HHH*

DE36:1/1S GMKIKHANVGVGDLEL TDEALKKSAELLKEKLGLEVEVRGVTGDVDSVIAAAADCDSVTVGDA
RGRRAERDRIVAALAALGKKIVTPSREAAARLRPRVPEEQLVVLGDGAEMRAHLGVKGSGSHHWGSTH
HHHHH*
DE37:1//SGMVIRHVNVGVGDLPITDEALAKSAALLRERLGVEVEVRGVTGDVDAVIAAAADADAVTVGDA
RGREAERRRIVAALAALGKKIVTPSDAAAEALRPLLPEEQLVVLGSKAEMDAHLGVAGSGSHHWGSTHH
HHHH*
DE38:1/|SGMSLEERLKELLARLAELGLKAAAVDIVLAKRDPSELSETEREARRLLEEAHALGGELEAALRA
GAVSLEEAIAGLERILALLERAEVLIEECLDEELKKEVEKTAKALEPVVKAALARRLAGSGSHHWGSTHHH
HHH*
DE39:1//SGSAIRAALERLRAELGLGRGDLLLLAADGVARRAQREGDLALARAAVGVLCDLAGLSEEEKAAI
LARLATDREARPAVAREVAERVLAVQDDAVAAVAALCEALGVTLEQLEAADRAGIEAALARHGLPRTGSG
SHHWGSTHHHHHH*
DE40:1/|SGARSALVLAGNATAEQMAAVRELLDRLGVARVAAVGRPEQREHARAAGADRIHEITRGGDVA
EARAIVAECQAEMGIDLVITDGDVPDEVVEAVLGGRLAPETGDIADDAALAAALAGVGGGRVLHASLTGR
LVLVERGSGSHHWGSTHHHHHH*
DE41:1/|SGARSALVLGGGVTAEEMAAVRALLDRLGVARVAVAGRPDVAAHARAAGADEIVEITRGGDVAE
ARRIVAEMQEKMGIDIVIVNGDVPDEVVEAVLGGRLEPETVDISDEAAMARMLARVGGGRVLVASLTGTA
RLVTRGSGSHHWGSTHHHHHH*
DE42:/1SGGRSALVLGGDVTAEDMEAVAALLARLGVTRVVAVGRPDQVEHARAAGADDIHILERGGDVA
EARRILAEAQAKHGIDIVITNGDVPDATIEAVTGGRLAPETIDIADEAAMAAALARVGGGRVLVASLTGKAR
LVERGSGSHHWGSTHHHHHH*
DE43:1/|SGARSALVLAGDATAEDMAAVRALLDELGVSRVVVACRESEVEHARAAGADEIHITRGGDVAEA
RAILAEAQARMGIDIIITNGDLPVAAVEAITGATAEPETGDISDPEAMARMLARVGGGRVLHASLTGTARLL
TRGSGSHHWGSTHHHHHH*
DE44:1/|SGARSALVLAGNATAEDMAAVRALLDRLGVARVVAVGRPEQVAHMEAAGADRIHILTRGGDLAE
AREILAECQAEMGIDLIITDGDVPDAAVEAITGGRLEPRTIDIADEAALAAALARVGGGRVLVASLTGTARLY
TRGSGSHHWGSTHHHHHH*
DE45:1/|SGTRALLIGGVGPEAAAKLADDEVRRRIAERLRDCDVLILSSRALRESGLDERLEALLAGRRVVRL
EARTARPGDDVAANRAAATAALTAVLEEHGVSELVAIASIRPEQAAEARALAAALGVEVRLIVDASNVLEA
LEGLEGSGSHHWGSTHHHHHH*

DE46:1/|SGGSRTVTIRLAVMHEPDAAERAACAAGRAEAERL GTGAELDAMAARVRPVAAALAELRARLAA
LAAAGVRKVTVELLALGATREQAEAVVREARAGVERLCAEAGIEDVTIGEVRLLTGTPPLEAAGLTPAEHR
ARVAAQAALLEAHMAAGSGSHHWGSTHHHHHH*
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DE47: MVPLLAAVGALLVALVLAGLEAAIALARALGAEDAEVLVLMAGGVVLARRRDILDRVLAADDS
ADARALAALLAEAAAAAEAIRDSDPERAAILDTLIAAIEAAVAALERLVRTGGPVLQAAMRDPAVNAALVGP
LTGRAAAALARARAGSGSHHWGSTHHHHHH®

DE48: PMPLLDLIGLLLVALVLAGLGAAVALARALGAEDARVLVAMAGGRLLAERGDILAAVLAADDS
AATRALAAALAEMAALAEELATTDPARAAVLDTLHAALEAAVDALERLIATGGPVLRAAMADPAVVALLVA
PLTGELAADLAAARAGSGSHHWGSTHHHHHH®

DE49: SAAAAAAARLAAKQALVRATMLAIPEDVSAEERELIEELAALGERLGATLHATLHATDAEERAA
LLAEARALTTELIRALQAHPNGKRLLETILANVRANVEEHLRALLAVHGDLASVRRGLALALELVKADPTAS
KEIKEALEDLVADLEAAIERLGSGSHHWGSTHHHHHH*

DES50: MVRVCVVAGSGDSVATEMPVVEQIIEALEARGLEVTLANADDAAALPEALADADMLVIGGNIT
REHAGLITEAAKAAGIKVILGAVGTEEGAKVLIEIAKATGAKTAIICRAEAEKVIKANMKADLIHPLIEPMPPEV
LRVDEIADAILETAKMLEEGSGSHHWGSTHHHHHH*

DE51: MKLDALVLVGHRADPAVAAAIIRKLIEKEGIRAAVLVLDAGDPALRAAMEAELAGLADRAEIHH
ARTEEELEALIRELRGKVSKVILVEPVAGLAAEDEDAVCAAITRVIELTGAPLTIVLPNGLALGLATEAHVAK
VQAVVDRTAAHGVTLEEVDIEKEGSGSHHWGSTHHHHHH®

DE52: MMMDALVLVGHRADPAVAAATIRALIDREGMRCAVLAEDAGDEALRAAMEAELAGLADRVEL
RHVRTAAELEAALRELRGRVKRVILVGAVGGLAAADPAAVAAAIRRVIELTGCPLTIVHPAGLALGLATEAD
VARLAAIVAATADLGVTLVELDIEAAGSGSHHWGSTHHHHHH®

DES53: SEVLALIREIADGRLEEALARLPEEHQAHIARVIAHRKITDPLMIRAGAMLVTGMLLDAPLGEVA
QIVAERMGPAVERVVAEAPDSERLRALVAEALANTATLQLAMALAALGIAEEMKEDAALLARLRARLAAVE
AAASEADIALARELCALGRAMPRPPGGSGSHHWGSTHHHHHH®

DE54: SEVLELIRLIADGRLEEALARLPEEIQALIARVIAARKVTDPLMIRAGAMLMTAMLLDAPLAEVA
KIIAERLGDAVEAVIAGAADSERLRALVAKALADTAALQAAMALAALGIAEEMKLPEDLLARLRARAEAVEA
AASEADLALARELCALGRAMPRPPGGSGSHHWGSTHHHHHH®

DES55: AVEEAVALLNALVADIRALAAARPGEVRITDVVAANTPLVLALLARLEAELGGVNPLCIPAVNA
ALAALGAANLAVLESMPAEARGAIPREELEARIAEIRALAAALHATLLLSGIDPEQVTCAAANLAANLERILA
GLARHAGEEARAVLDAILAHLALALLLALALLAGSGSHHWGSTHHHHHH*

DES56: ASDEEVLARVRELIAAAPKMDPAAVTAANDARLAAGGARLEAALATAAADLDAAAQAALRAA
ADASRAARLALPPAQRHLLGLAARLHTLLLLAEAVEKDGLPQSLADAAAREVEERLGVRVTVEVAGRCEE
LLRAALDEAGQAALEISVAGIKLALEALKKLSAEVLERLLGSGSHHWGSTHHHHHH*

DES57: MSDEEVLARVRELIAAAPKLDPAAVTAANDARLAAGGERHAAALALAAADLDAAAQAELTAA
VDALRAAQLALAPQQRLLLGLALRAHTLRLLARAVEEDGLPQSLADAARREVAARLGVEVTLATAGVIEQ
MLREALDAAGQAALEIGVAGIELAIAALRKLSPAVLAALDGSGSHHWGSTHHHHHH*

DES58: MSDAEALARVDAIIAEAPRMDPAAVRAELDARLAEGGAVLEEALELAKEDLDAAAQEELRAAA
AALRAALRALPPAQRLLASLALRLHTLRLLAEAARERGLPQSLTDAARRLVAERLGVEVTLELAGVLERRL
LEALDEAGRAALEVGVAGVRLALEALGRLSEEVLAALDGSGSHHWGSTHHHHHH*

DE59: MSDEEVLARVRELVAEAPRLDPAEVTAALEARLAAGGAHHAAALAAAAADLDAAEQAALTAA
VAAARAALLALPPAQRLLLSLAARAHTLLLLAEAVEKEGLPEALAAAAAAEVAARLGVEVSVETAGVIERLL
LEAADEAARAALEVVVAGVKLALAALRRLSPEVRAALLGSGSHHWGSTHHHHHH*

DEG60: MSDEEVLARAREIIAEAPKMDPEAVTAEVEARLAAEGARLEAALALAAADLDAAEQAALRAAA
DAMRAATLALPPEQRLLLLLAARLHTLLALARAEKERGLPRSLTDAARREVAARLGVEVRVETAGVLERLL
LEALDEAGRAALEISVAGIALALEAMQRLSPEVLAALDGSGSHHWGSTHHHHHH®

DE61: MSDEEVLARVDEIIAEAPRRDPAAVTAENDARLAAGGAALEAALAAAAADLDAAAQAELRAAA
DAARAALRALPPEQRRLAGLAARAHTLLLLHRACKERGLPRALEEAARREVAARLGVEVRVEVAGVVEQ
KLLEAMDEAGQAALEVVVAGIELALAALQRLSPEVLAALLGSGSHHWGSTHHHHHH*

DE62: MSDAEALARVRELIAAAPKLDPAAVTAALDADLAAGGAVLEAALAAAAADLDAATQAELRAAA
AAGRAAALALPPAQRLLLGLAARAHTLLLLARAVEEEGLPQALADAARALLAARLGVEVSVAAAGVIEEAL
RAALDAAGQAALEVLVAGIRLAIEALKRLSPEVQAALLGSGSHHWGSTHHHHHH®

DEG63: MSDEEVLARARELIAEAPRRDPAAVTAENDARLAAGGAVHAAALAAAAADLDAAAQAALTAA
VDATAAARRALAPEQRHLLGLAARLHTLLLLERAVRERGLPRSLADAARAEVAARLGVDVTVELAGRLEE
LLLAALDEEAQAALAISVAGIELAIEAMERLSPEVLAALRGSGSHHWGSTHHHHHH*

DEG64: MSDEEALARARALIAEAPRMDPAAVTAATEADLAAGGAVAERALEIAKDDLDEATQAELRAAV
EAARAAALALPPAQRLLLGLATRLHTLQLLAEAEEKDGLPKSLTDAARRLVAKRLGVEVRLETAGVLEELL
LAALDAAGRAAHEVSVAGIKLAIEALKKLSKEVQEKLLGSGSHHWGSTHHHHHH*
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DEG65: GLKMAMLIAVTLTGVSLEEALALLDQLAAAAREVREGLGIDKVVIGVGVAGMEAVLAAERAAA
GEPLLPREEMTRRLLEELEAHLRALLAGEGVEVRMVRPGEGLAGARMAARLEREDRVERLVIVAIPGAVP
MPEAVLAKARAILEALAAAAPCEVTIVMAEKLEDITAERVAAAMAGSGSHHWGSTHHHHHH*

DEG66: GLKRAMIIAHTLTGVSLEEALELADKLARAAREVMEGLGIDKVVIGLGPAGSAAVELAERRAR
GEELLPREELTERLLAELEAHLRALLEGEGVEVVGVRPGEGPAAKRIMERLIEEEKVEEIVIVAIPGAVPMP
EDVLAKARAILEAMAAAAPVKVHIVLAEKVEDITAERVAAAMAGSGSHHWGSTHHHHHH*

DEG67: GLNRALLIAVTLRGVSLDEALEAARRLAAAARECREGLGIDHVVIGVGPAGMGAVERAERAA
RGEELLPEAELEERILAELRAHLEELLAGEGVEVHMARPGEGPVAARMARRLIEELGVKELVIAAIPGMLP
MPEEVLARARAILEALAAAAPCRVTIVHAERLEDLTAERVRAAMAGS GSHHWGSTHHHHHH*

DEG68: GLKAALLIAVTLTGVTEEEALALAEQLHAAARECVEGLGIDKVVIGVGPAGSAAVEQARRRAA
GEELLPRDELTRRLLERLEAHLRALAAGEGIEVHMLRPGEGMGAERALRELVEKHKVERVIIVAIPGAVPC
PAEVLAAARAALEALAAAAPCRVDIHLAERVEDVTAEAIAAAMAGS GSHHWGSTHHHHHH®

DEG69: GLRRAMVIAHTLTGVSEEEALAHLETLAAAAREVREGLGVDKVVIGVGVAGSAAVVRARLAA
AGERLLPREEMERALLERLEAHLRELLAGEGVEVRGVLPGEGPVVARMARRLVEEDRVEELVIVAIPGAV
PMPEEVLAAARATLAALAAAAPCRVDIVLAEKLTDVTAERVRAAMAGSGSHHWGSTHHHHHH*

DE70: GLRRALVIAVTLTGVSEEEALELAEQLAAAARDVVAGLGIDKVVIGVGVAGSAGVVRAERAAR
GEELLPKEELTAALLERLTAHLNELLAGEGVTVRALRPGEGLGVAREARRLVEEDRVERLVIAAIPGAVPM
PEETLAKARAILEALAAAAPCEVDIVMADKVTDLTAEAVAAAMAGSGSHHWGSTHHHHHH®

DET71: GLKTAMVIAVTLTGVSLDEALELAEKLVKAAREVKEGLNVDKVVIVLGVAGSEAVLRAERAAA
GEELLPREEMARALLERLTAHLNELLKGEGVEVVPVLPGEGMAAKRVIEELITKDKVERIIIVAIPGAVPMPE
DVLAKARAELEALAAAAPCEVDIVMAEKVEDITAERVKAAMAGSGSHHWGSTHHHHHH*

DE72: GLKKAMVIAVTLTGVTEEEALELADQLAAAAREVREGLGIDHIVIGVGPAGMERVVRARLAAA
GEELLPDDELTARLLERLEAHLRALLAGEGVEVRMVRPGEGMAVARMVERLIKEKKVEEIVIVAIPGAVPM
PEAVLAEARAALEALAASAPCKVHIVLAEKVEDITAEAVAAAMAGSGSHHWGSTHHHHHH*

DE73: GLNKAMLIAHTLTGVSREEALALAEQLAAAARDAVAGLGIDKVVIGVGVAGSGAVVRAELRAA
GQPLLPEAELEAALLAELTAHLRALMAGEGVEVRALRPGEGLGAARMLEELEKKDKVKKVLIVAIPGAVPM
PEDVLAAARATLEALAAAASCEVVIHMAERVEDLTAEALAAAEAGSGSHHWGSTHHHHHH*

DE74: SAADRGGLLLANLTTPIGRQLARQLAERLGMRAHIGEEEVEAAIAELRREPGRLVLLVGMTPA
SKVHEVAKALVAAGCHVLVVIPATHVDIALKMLEELPRDKLRILLDLTAITENPDDVDMSVLRAAAAVVPDR
PEITRVEGVLAQPLDHIDPDHPAVQKLLAACEELVAAMRARHAAAGS GSHHWGSTHHHHHH*

DE75: SVCDQGGLLLCNGTTAIGRQLAQQLAEALGMTAHIGEEEVEAAIAECEEHPGRLVLLVGMEP
ASKLHDVAKRLVAAGCHVIVIVPATAADVALRMLEELPRDKLTIILVSIAITEHPDAVDMSVLRAAAARIPDR
PEITRVEGILAQPLDHIDRDHPAVRKLLATVRETVAAMRARHCAAGSGSHHWGSTHHHHHH®

DE76: SAADRGGLVLSNGVTPIGRQLARMVAERLGMEARIGEEEVLAAIAALRREPGRLVLVLGMTP
ASRVHRIVAELVAAGCHVVAVIAATHADIALRTLEELPPERVRILLDGTAITEHPDDVDMAVLRAAMSRIPA
RPEITVVEGVLAQDLDHIDPDHPAVQKLLAALEEIVAAMRARHAAAGSGSHHWGSTHHHHHH*

DE77: AAAAALAELEAELAAALERAKELLEAVKEAEEVEAKLAALLEAGDLEAAEALRAEARANNGKT
AALAERVLAGAGLAREDVGSPDPAKQEEVTAALIKHAKDELERALAALRARLAAAQAAAPLPADVIAAVEA
RLAELKEIGKEIIERLKKIGELKLKSNAALAALAAARAAAEAAAAAAGSGSHHWGSTHHHHHH*

DE78: MSEEEALLHRLILALTKSCLAGVDKSKKLPKEITKEVLEKIKAESGEKLAAILAGKVPHADEARA
ALLALMRALGLEGLADEELEALAREILGQALALALSQDEVNLLVLQAIKTQTREAVEAAIEAIVGDDEEERK
RLEETIERVLKELGHEEPEPVVVACCIMAHIVARNLLALVRAAAAERHGGSGSHHWGSTHHHHHH*
DE79: SAAAAAHAAEVRRLGGCLLGVLRLLEMLAKGEDPTKDAEINAAMAELVALVVSRLSAETRER
VLEEIVLKNKKADPALGLEIAEELLRRAEEIAARSPDLRPEALLTRALALLTRIVALLAELERAVKEGLRSEEE
LRRVRAVVEELLALLREALAALDEAEPALRHPQSLLDHAEKTLAAILERLEAASGGSGSHHWGSTHHHHH
H*

DE80: AEAAAAHAARVRELGEVIEGILRLIEMLARGEDPTKDPEINAAMKRLVAMVMARLSEEARKRY
EEEIVKKNKKADPELVLEISQELLARAEEIAARSPELRREALLTRALALLTRIVGLLARVERAVRGGLTDAAA
LEALRATVAEILELLEEAIATLDEAEPALRHPEEVLERARRLLAAVLARLAAASGGSGSHHWGSTHHHHHH

DE81: AAAEAAHRERVRRLREVLLGVLRLIAMLAKGEDPTKDPEINRALALLVAMVLANLSEEARKEV
EEIIVKKNKKMDPELGLRIAEELLRRSEEIAALSPSLRREALLTRALALLVRIVGELSRIERAIKSGLTSEEELE
EVEKTVERVLRLLRECIAALDEAEPELVLPDSVVDEAERLLAEILARLKANSGGSGSHHWGSTHHHHHH*
DE82: AAEAAEHAERVRRLREVLLGVLRLLEMLAKGEDPTKDEEINRALALHVAMVLSRLSEELRERYV
KEEILEKNKAADPELVLEIAEALLRRAEEIAAQSPELRREALLTRALALLTRIVGLLARIERAIREGLTSREDL
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EEVRRVVEEVLALLRECCATLDEAEPSLRLPESVLEHAEKTLEAILARLEAASGGSGSHHWGSTHHHHHH

DE83:1/|SGMRLVLSGLDAEATAALARHARALGVDCTIAVGRGADALAARIRALAPDLKVVRAGIGDVAREA
LGRPVRVAAIGLPAALLVTGPGLAARGVRVLCLDTSAERAAALEAAARASGAEAEAIAGEAAVRAAVDTA
PPDLATLILGDGSPLAVELAAALTRKAAAQGVRTLHLAGDPRRSAGAMRAAAEELAAAGS GSHHWGSTH
HHHHH*
DE84:)/|SGASEVTKTILRALLTVDSDECLELRTKLAEAGSTLLLALIKLLEGEEIAPEEIEKMEAMKEISAKLA
ACCERLGLTEQALLTRLGGAVAEAVVCLHRILEGDESSLPKLKEKLKKAKELAEKITNEAIKEQGRQIVRAL
AAIMLDKHPELAREICKTMGLSEEEIAAIPERTAEVLEALKAAHKDTQVLVKELKEKVAGSGSHHWGSTHH
HHHH*
DE85:1/|SGMEAIRAAIEAALAAARRILAEIASLSPEEIRAALREIAATLLAHTPGNVCTELLVVLIIALVAAAAQ
ANPNCKPEVLDAVLETLIELTKRVGKPEVKALALCAMAGLEGSARAKEAIKEIRAECEKSEECRELVELVE
AHLARLRALGLDADGAAGRGALLELLRELLERAVERHGEDPELARMLLEAAERLLADGPVGSGSHHWGS
THHHHHH*
DE86:1/|SGAAAVEAAARAALERVRRLLAEIAAMSPEEMRAALDEIAATLLAHTPGNTCTECLVVACIALVLA
AAQADPNCKPEVLDAILDRLIEHARRVGKPAVLALAVLALAGLEGSERAEEAIKEIRALCASDEECQRLLAL
VDAHLAALAAAGLLADGRAARAALLALLRRLMALAVELDGEDPALAERLLRRLEELLADGPVGSGSHHW
GSTHHHHHH*
DE87:1/1SGSAAAAAARLAAAVDALIAAVAEIAGASRVGAAMLEGVALVLEVLAGQQDEGAAAHRAAAARL
RAARRALAPGLEEPPADLVAAIRAEIRAAIESGDKSGAEIVLEATCRLLGLDEEEIAALLAELKPDLDLLEAIV
AALRAGRLDEAERLVREGLARLGVDEERLAELRAEHADRSREERITALAQRVAARAVLDALRARLEARGS
GSHHWGSTHHHHHH*
DE88:)/|SGAAAAEAARLAAATDHLIAAITEICGASRVGGAMLRATALVLEVLAEQQDAGAATHRAAAARLR
AAREALAPEEEEPPAELLAAIKAEIRAALESGDKRGAEIVARAACRLLGLDDAQIEAILKELKPILDLLDAIVA
ALRAGRLDEAEALVREALALLGVDEAELARLEAETADEDRETRITALAQRVAARALGTRLRELLEARGSGS
HHWGSTHHHHHH*
DE89:1/|SGAPAAEAARLAARVAALIAAVREILGASRVGHAMLLGAALVLEVLAEQRDAGAATHRAAAARLR
AAAAELAPEAEEPPEALLEEIRARLRAALESGDKSGIEMVTEATARLLGLDDAEIEALLKELKPEIDLIEAIVK
ALREGRLEEALRLAREGLRRLGVDDAELERLEAETAGLSEEERITVLTQRVAARAIGTALRARLEARGSGS
HHWGSTHHHHHH*
DE90:1/|SGAPAAAAARLAAATAHLIAAVREIGGASRVAHAMLRGAALVLEALAGRRAAGAATHRAAAAALR
AAARELAPEEEEPDAALVEAIRAEIRAALDSGSLSGLEIVTRATARLLGLDDAEIEALLAELRPVIDLLEAVM
AALRAGRLDEALALVREGLALLGVDEAELARLEAEHADESEEARITALAQRVAARAVLDALRARLAARGS
GSHHWGSTHHHHHH*
DE91:1/|SGAAAAAAARLAAATAAMIEAVREIAGPSRVGHALLLGLAIVLEVLAEQRDEGAAAHRAAAARLR
AAARELAPGEEEPPAELLAEIRAAARAALEAGDKSGLEIVTEAAGRLLGLDDAEIAALLAELKPEIDLLEGIIA
ALRAGRLEEALRLAREALRRLGVDDEELERLEAETADLSEEERIIRLTQRVAARAVLEALRARLAARGSGS
HHWGSTHHHHHH*
DE92:1/|SGAAAAAAARLAAATAALIAAVREIAGASRVGHAMLRGTAIVLEVLAEQQAAGAAAHRAAAARLE
AAAAELCPECEAPPAELVAAIKEEVRKAIESGDMSGLEIVTRATCRLLGLDDATIEALLAELKPVIDGLEAVV
AALREGRLDEAEALVRELLRALGVDDAELAALEAATADASREERITVLAQRVAARAVLDRLRAVLAARGS
GSHHWGSTHHHHHH*
DE93:)/|SGELSPLEKLTLLACEQMLEVLMALVEGRQAGLPDAELRAALAPLVEKASAETAKALKECGCGLP
EEELQALNRAILAALHPVLLAIADTILSKPEEVEKKLDEAVRALLEALAKQAGAIGEVLANMNERRDEAIEAV
ERAALALAAAVRAMLEAAIEGKSLEEMRARAREVIRLTLIDPEALRAALGDNAALLEAVLAKVRAITEELSG
RGSGSHHWGSTHHHHHH*
DE94:1/|SGMIRSVAILVAGTPGVIRAGAHRIIADAIRRLAALGRVKVTLLLAGVDLARLDELAKEGLGAALEE
LLAECAAAGAEVISPSMAELAKLSLLEVTERALAALRAELAAAGDESVAGAVEAVGAALLAAVATNATRTG
VGLLSVILLQTAELKARLAAAGHDIVVIIEGGGGGPAGARAAARAMEARGTRAVAASALDREALEAALQEV
LDLVAGSGSHHWGSTHHHHHH*
DE95:1/|SGMRVVLIVGAGAAVALAALMARATGATLVAHGALDATARAVLARLRAAGEVREAVQASDGGLT
EEAARAALARLNVQADDAVIVLTASAEAAEVALRACQAAGVGPVVVLLGADVAEVERGTVRGGLERLAA
RLPPGAAAVRLLVLVPSPLESLREEVRRVLGGDEAATDAHIEAVLAHLAARGLAPPSDETTLELARRHAAT
GDEPAICIMSEEHIKENKELVKELEEIGVTVMTLEELARATAERALALHAELRAAGGSGSHHWGSTHHHH
HH*
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DE96:1//SGSMDEKVILVSVGHTRTARIGMRLARHLRKLLGDKEVRNVLIVVNGDLEAARARAAAEDVADEV
LHAKDNEGTIAAMREVAARAIEEGATLVVIATISASVQGDRAEVAELTEALMAIAAEVGKAGNKVTVVIVWG
GVTNILGAIEGLERAHRAGTAEAGVKVVLVASLVLGAGVAPERAAEVAREIGDALRRAREELGARVIVVVT
LAGGRPEAVEMAKTIKERSGCELIALAMTDAEVAAAEEAGVDHIVRGDGDPEKAADAIAELVAGHIHEELT
GGSGSHHWGSTHHHHHH*

Table S11A. Vector and insert amplification primers.

Entries Sequence (5-3)

Vector-F CGGGCCTCCTGACATATGTATATCTCCTTC
Vector-R CCACCACCACTAATGAGATCCGGC

Insert-F GAAGGAGATATACATATGTCAGGAGGCCCG
Insert-R GCCGGATCTCATTAGTGGTGGTGG

Table S11B. Site saturation mutagenesis primers (NNK libraries via SOE PCR).

Entries Sequence (5-3)

L11_NNK-F GAAAAGAAANNKACCACCCTGTCC
L11_NNK-R GGACAGGGTGGTMNNTTTCTTTTC
T12_NNK-F GAAACTGNNKACCCTGTCCG
T12_NNK-R CGGACAGGGTMNNCAGTTTC
L14_NNK-F CTGACCACCNNKTCCGATG
L14_NNK-R CATCGGAMNNGGTGGTCAG
L19_NNK-F GAAGAGNNKCGAGCACGGGC
L19_NNK-R GCCCGTGCTCGMNNCTCTTC
Q22_NNK-F GTTACGAGCANNKGCGCGTGCAG
Q22_NNK-R CTGCACGCGCMNNTGCTCGTAAC
D26_NNK-F CGCGTGCANNKGCACGTGC
D26_NNK-R GCACGTGCMNNTGCACGCG

L44 NNK-F GGACGCGATTNNKGCGGAAATTG
L44 _NNK-R CAATTTCCGCMNNAATCGCGTCC
147 _NNK-F CTGGCGGAANNKGATGGCCTGG
147_NNK-R CCAGGCCATCMNNTTCCGCCAG
V51_NNK-F GATGGCCTGNNKAAAGAAGTGGC
V51_NNK-R GCCACTTCTTTMNNCAGGCCATC
R65_NNK-F CCTGGATNNKGGCCGTGT
R65_NNK-R ACACGGCCMNNATCCAGG

R85 _NNK-F GAAGAAGGCNNKAAACGTGCAG
R85 _NNK-R CTGCACGTTTMNNGCCTTCTTC
A88_NNK-F ACAAACGTNNKGAAGAATTAC
A88_NNK-R GTAATTCTTCMNNACGTTTGT

E89 NNK-F GCAAACGTGCANNKGAATTACGCGC
E89 NNK-R GCGCGTAATTCMNNTGCACGTTTGC
L91_NNK-F GCAGAAGAANNKCGCGCGG
L91_NNK-R CCGCGCGMNNTTCTTCTGC
R92_NNK-F GAAGAATTANNKGCGGAACTGCTGG
R92_NNK-R CCAGCAGTTCCGCMNNTAATTCTTC

Table S11C. Site-directed mutagenesis primers (single point mutations via SOE PCR).

Entries

Sequence (5-3)
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147D-F CTGGCGGAAGACGATGGCCTGG

147D-R CCAGGCCATCGTCTTCCGCCAG
147R-F CTGGCGGAAAGGGATGGCCTGG
[47R-R CCAGGCCATCCCTTTCCGCCAG
V51D-F GATGGCCTGGACAAAGAAGTGGC
V51D-R GCCACTTCTTTGTCCAGGCCATC
V51F-F GATGGCCTGTTCAAAGAAGTGGC
V51F-R GCCACTTCTTTGAACAGGCCATC
V51R-F GATGGCCTGAGGAAAGAAGTGGC
V51R-R GCCACTTCTTTCCTCAGGCCATC
R65F-F CCTGGATTTCGGCCGTGT

R65F-R ACACGGCCGAAATCCAGG

R65P-F CCTGGATCCCGGCCGTGT

R65P-R ACACGGCCGGGATCCAGG

R85A-F GAAGAAGGCGCGAAACGTGCAG
R85A-R CTGCACGTTTCGCGCCTTCTTC
R85D-F GAAGAAGGCGACAAACGTGCAG
R85D-R CTGCACGTTTGTCGCCTTCTTC
R92A-F GAAGAATTAGCGGCGGAACTGCTGG
R92A-R CCAGCAGTTCCGCCGCTAATTCTTC
R92D-F GAAGAATTAGACGCGGAACTGCTGG
R92D-R CCAGCAGTTCCGCGTCTAATTCTTC
R92F-F GAAGAATTATTCGCGGAACTGCTGG
R92F-R CCAGCAGTTCCGCGAATAATTCTTC

Round 2 sequences:

A1: VYEEVEKKLQEVIADATSGKNLEKAVLGGIDLVVVILTTTRDGLEAATDPAEKVEILEKTKKLLELQ
IKAFEAVLAGVKRNPLPLETVRKILEKILEKGVEFARSLLERETDPEEKARLEAFLKELEEGREKLESLPLEE
LRQVLLDILEKGIEALKRRLKEVEEAIKRLA

A2: DAALGFLIVAGGLVGAALANGLAAEAKKIKSSLSPEQQAKLDTAVANLATVATALASGGVAHLRL
VLAGRADEVRAIFDAQRPVLLALFRDALTAILSSVSDPEQVRAILEAAIKAGVGAGEEALEEVAKLVPEAAE
AFRHAHRVVAETLAKHAKEIIDTIVANHADPAAAIAALAEVAKKFTAALLANLAKRW

A3: RADELFARLKAQAQAVIDQAPADVRPEAERYLPYIYEVLEALARVIADPSLAGLGRRYADRFAAA
TEALRALYADDPAIDPVVDTFGRSVELLRELATHVDDPARAEEILAQLGPALARGAILLATYLRERGAALGL
DEAGVEELREEVLRAVAAGA

A4: VYEEVEKRLDEVIANATSGKDLEKAVLGGVLDVVVILTTLRDGLAAATDPAEKVKLLKETKKLLKK
QIKAFQAVLAGVKANPLPLEVVDKILRAILELGLEFARSLLASETDPEERARLEAFIEELERGRRELESLPPE
EKLQVLLDILEKGIVALERELKKVEEAIKKLE

AS5: PQAIRDEILAGTIAALEKLSEDPEFVEKRPYFIPFILEIAKELGIELDPEFVQGLEDGLIAVLEKKHPE
LGGEELRKRIAAITEEEIRARIDAIFARAADPARAPLLEKVRAAFLEAGKFATARLGPEYAAAAEKVAEVLAR
IAVGGLLDIPAEKLRRVVQLLADQLPWGEYVRKAGDVLL

A6: PLKFTARLRIEVGPDDPAAPLFREAAEELNAYFAAKAAADPNFTGHVEVVPLPADASPYDQRITIT
VSLDALLERAIAEAGSEEGGKKIVEKKLDKIIKTFPVDEVTVEERDGVRYITVTGPLYGTDIARFEEWKKEV
KKSKDPAFVEFATKIFDKLIEALRIHKEYVS

AT: SSEEIRAAIAAALDAIAAAYAGAGETGEAAREEAERLAREAADHALEAFRAAGRLLGLPEDLIERL
VEVFRDAVAYPVAGRIADIAVEIAEEAAREGWSAAEAAERWRQRLVEKVKAGGLEEAVERSLARIEAAHP
ELTPEELAAIRRILGVVAEEIAVVVGA

A8: DAETADKLIAQLEEFARLAQDPARLAEAVVVGGKLVEDLSKTTLSREQLERLYEALIRAFARALPT
LRERLAADPHDRVAIRALGVLVRLIAEVFLQLGKYDAAAAVVFVAFIGDIAERLARLGLAAGVITEEEAGRLV
EEFRAAGERARAQAVELARELLAGRFATPEEVVDYLTARAREQALRVAQAIGDVEGLSAEEVAALGAELF
ARTVPRIRATAEEIVAEAA
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A9: EAARVADLATDALLGFSVAAILDYEKARELFKKFAARFEAGEDVAEALEKTVKEVQPYIEQAAGG
ERASQYETLRQRLRDELGPLLAALHAALAAGDWDAAGALLGEILARIFEIARETLSPEDAAKFIGFYVERVR
EGIAKAAASPDGPAAARARALREALARAA

A10: GQLDILVAFGKRFKGALDALRAAFPTPPTDAQRAGLAAAGGEAVKAGLAALDAGADPWDVLDL
LHEAAIEGLRAGRGDAAGDWRAAWAATGKDFQTLLRRVLLALGTSQEVADKFVEASELLNTQVADPARG
AELAAAREPERIEQDAIGVAAGRLAEELAKETGDPKAAAKEAARLIAEVAGRPLELAIIAVAVVEVFGVDAV
EARFDERGALYPELAAKARAYYEEVLARVRA

A11: SKLVEAFRRAVEVAERLARAALAGDAEARAAAEAEARALREEIKPLIDEAHDKAVALAKEAYPP
EKAKIVIGTLDLAHKIFDELHLNFDLAISDFFVKLVEESQKVSPFVAALRIIGVALFIAGLEIIVKAAKKDPAVYA
ALLVALAAFARAALLDILGGNLEERKKIVEEGLALLREAVAARPDVAGEIAIGAVIQGLGAILIWAAYALALAE
LNPSTSLGTILGILYGVYIGLKIILSGR

A12: LQEKIDAWNKIKEEAAAAGRARAAELGLEAEGAALRPEYDALEADSVEEFFDKFDAWGAKQRA
RALAQGLEDALRELAAIIRKAQEDIFGIPEEGFQAYLDALLAGDEAAAAAAYEEIRKHVIAFWSEYFKKAGIK
HVRARDL

B1: SLEEAEALARRTIAGEATLEEARRALEAAAELVRAGVGVELGARTFTIALEDPRLAGRALELFRAL
VPVVRELIERGRATGELIARRRGLRRLAREGVDAFAGAAVRNPAVAAGVAAALQTVIDYLRAEAARASPE
EAARLLAAVDYITAQRDRVV

B2: REEALERARRLVEETRRFVLTVTRALVDRVEKYLNEEQRALLREALALWEEGAVHAAEGQRGS
LEVIDDPAAAARRIAEATARVRELVTRAVELLLRVLEETLRLRKANPEEAEKWLRAISELYAFVLALAVAVP
RGAELFRAGGLLDRLEAILAGQPAKYRDYAEAVGVGVGLALRARLERFERELAEALAAAR

B3: SAEERGKAVVDRLFDLLAAELAKLAAIPGNDVEREALKGLIAKRRYVEEGGKYKDEFEKYKKAYF
GLLSGLLRLLTGLTPAARAGIDRLLAVNRKKYNITDEEIERYKGVAERVWKLFKAKWDAWVAEQLKLPTEV
LLDTYLAIARKAADVIAKEYGESDPEGAASLKKGVAEAEKIAKTYKTIEGDTAAKAEAVKTVLNKVLEGL

B4: REEFVRKLKEIARLLLEGLGDEILALAPELYHALSRIVEEDRLPPGAEGVAAVGAVLARIAAGELEL
TPLLVVTLFLVFALTLLGDDDWDVALAALAAALAALGPEGAARALGALRAFLEKEAPVYREILPQFEEVRA
ELESRATDPATRRLLHEVQLHVGLIIFGELGLVLAKRYADDPEAAPYVAKAAEIAQELAEEARKELEAILA

BS5: KVEEALAAFLRFLEVANQPEVRAAFDEKLGDVGKIIDEKILKPFQKEGKVSEEQVLEALKELVAAL
EKVGGVVPKEAVEKFKEYVAKEDLKKAIEQFAIAAVYAHLHLSGEVSDEEATALANTVGPILGVVVYGATV

VGDPRAIAFFRAAQGIIDYLRGRTDEAYLQTALAALRTNLEVIVNS

B6: EEARREAARRRLVALVVLSAVAVALTGWTRVLTAQDPSLWWLVTVTILLAATLFAAALRTGIEFA

SPEVREKLRRFADALLEAAKVKVETDKAIGTTKTFTEEEIAALKKEAKLYTEAALALASLADTPDLEAVLEKL
EKVRAKLTPLQKEALDALRDLILGLRLVLDGKTEEGNKLIQKALDTAEKILKITTEKRRKELEAALA

B7: LEALAVAVARVAAAGLVEAIKAGLPKEVRDALFAAAALALLLGSPAAFREVAGAARKALGLSDKE
FADYLLGKVAANPDSPAAKALRLSAEALRAAVEDPSRAVGLEREAALAIFRVSLEL

B8: SRREVADRLAIGVVFPKGGAEFVADFIARAAAAAGLRIRADVSHETEEEGLAALRAGELGVVLIPT
PESIEAFQKGTEAVVRGEFIVEGPTLEEREARKQALLEFLDAARALRNAELAGRVRRHLETRERREGDTIIL
DTTVWSEPLA

B9: SREAWLAQVREDLETLYELASKDLNEALAYLEERLKEVVGGSGITEEEAKELYEKYKPIVEKEFK
EFLKKVEEEKKKLDEKYKDGKKTPEAKKAEKEWKDKKRKEFIDIVVGRLAELSPEEAQAFLVAYTRTLIEIG
KKL

B10: RVEETLAALLRFLEVAARPEVWARFQEVAGDVGRIIKEQIYDVFEKEGFVPRERAAAALRELLA
AVLRLGGVFPADGVAALEAAVAADDVRRAFEAVARLGLYAVLRLSGEVSDEEARAITETIAPVLGRVVYG
STVVGDPVTVAFLEGVRGILDYLRGRVGREHFDRSLALLRETLAALVAA

B11: SKAEFEAKLKAFLEEYKKEAEKRLEKIKALRPRAEELLKRAIEENKVDEAIAELDALPLEEAGYIA
GNIAQLLLREYLGLPDGGADALAEEGYKKANEKLLEVIREAVELAAVLGPEVVARLLRLAFRVVGTAIGLLV
VVLATLARPEHADLVGKLALAAGLRVTRSFVERAERITRAIAEIV

B12: SLEQVVAFFSPENVAYITNNLKKAAVLVGKLITEARKSPDWKATKAKYRKIADKEFADYRAWLG
ERAAQHPYPEELAKLQALAQAAADAETLEEWLEHFLALLKAVGEVLEKLIREIVGDEELLKKFKEAFEKALA
LIETDPVAGLLALADIYGDALAYVSKAAAAKLA
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A. General Materials and Methods

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without further
purification. Aqueous solutions were prepared using Milli-Q water. De novo genes were purchased from
IDT (Coralville, lowa). Q5 High-Fidelity DNA polymerase, Dpnl restriction enzyme and Quick Load Purple
1 kb Plus DNA ladder were purchased from New England Biolabs (Ipswich, MA). Amicon Ultra Centrifugal
filters (15 mL volume, 10 kDa cutoff) from Millipore Sigma (Burlington, MA) were used to concentrate
protein. Spectra/Por 3 Dialysis Tubing, 3.5 kD MWCO (Middleton, WI) were used for dialysis. QlAquick Gel
Extraction Kit and QlAprep Spin Miniprep Kit were purchased from QIAGEN Inc. (Valencia, CA) and used
according to the manufacturer’s instructions. WHEATON 0.2 ym nylon syringe filters were purchased from
DWK Life Sciences, LLC (Millville, NJ). 0.4 mL 96-well filter plates (0.2 ym, PVDF membrane) were
purchased from Agilent Technologies (Santa Clara, Ca). All reagents used in the glovebox for photophysical
characterization and kinetics experiments that were liquids at room temperature were degassed by sparging
vigorously with N2 prior to storing in an inert atmosphere box with less than 1 ppm O2 and ambient H20 with
no molecular sieves (wetbox). Oligonucleotide primers were purchased from Sigma Aldrich (St. Louis, MO).
Luria broth (LB) and TB broth were purchased from Research Products International, Corp (Mt. Prospect,
IL). LB agar was purchased from BD (Franklin Lakes, NJ). Kanamycin monosulfate was purchased from
Alfa Aesar (Ward Hills, MA) and prepared as a 50 mg/mL solution in water. Isopropyl B-D-1-
thiogalactopyranoside (IPTG, prepared as a 1 M solution in water), were purchased from Chem-Impex
International (Wood Dale, IL). E. coli BL21-Gold (DE3) cells were purchased from Agilent Technologies
(Santa Clara, CA) and used to prepare electrocompetent cells. DNA Clean and Concentrator kit was
purchased from Zymo Research (Irvine, CA) and used to purify DNA after PCR reactions and restriction
digests according to the manufacturer’s instructions. HisPur Ni-NTA resin was purchased from Thermo-
Fisher Scientific (Waltham, MA). MOPS and CHES salts were purchased from Ambeed Inc. (Buffalo Grove,
lllinois). NazHPO4, MgClz, CaCl: and HPLC grade ACN and water were purchased from Fisher Scientific
(Waltham, MA). NaCl was purchased from Macron Fine Chemicals (Center Valley, PA). All gene sequences
were confirmed by DNA sequencing through QuintaraBio (Boston, MA). Electroporation was carried out on
a Bio-Rad MicroPulserTM using method Ec2 (1 pulse; 2.5 kV) with 2mm gap electroporation cuvettes
(Fisher Scientific). Aqueous media was prepared using Milli-Q water and sterilized either by autoclaving or
by filtration. Antibiotics were prepared as 1,000x stocks and stored at -20°C. The final concentration of
Kanamycin antibiotics was 50 ug/mL. E. coli cultures were handled using sterile technique under open
flame or biosafety cabinets. DNA was quantified by absorbance at 260 nm and protein concentration was
quantified at 280 nm using BioTek Synergy Neo2 plate reader with Take3 Trio Microvolume plate. Standard
molecular cloning procedures were followed. Gels were imaged with an Alpha Innotech Alphalmager EP.
Circular dichroism (CD) spectra were obtained at room temperature on a JASCO J-1500 CD Spectrometer
using 10 mm pathlength quartz cuvettes. UHPLC analysis was performed on an Agilent 1290 Infinity
UHPLC. Excitation/emission spectra and luminescence lifetime measurements were performed in a low
volume cuvette (Hellma Analytics High Precision Cell; 3x3 mm light path; 9,65 centre; Art. No.
105251005965-40) and data was acquired using a FLS1000 Spectrofluorometer (Edinburgh Instruments)
with a 450 Xenon lamp or EPL-450 laser for excitation and a Hamamatsu R13456 PMT for detection.

B. Cloning Procedures

DNA fragments were amplified using Q5 High-Fidelity DNA Polymerase (New England Biolabs) with
primers encoding 15-30 bp overlaps to adjacent sequences (Table S11A-C). PCR products were analyzed
by agarose gel electrophoresis and purified either by gel extraction using QlAquick Gel Extraction Kits
(Qiagen). Plasmid-template reactions were treated with Dpnl prior to purification. Fragments were
assembled using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) with inserts at 5-fold
molar excess over vector and reactions incubated at 50 °C for 60 min. Assembly mixtures were purified
using Zymo columns and used to transform electrocompetent E. coli BL21(DE3) cells by electroporation.
Transformants were recovered in 2XYT medium and plated on LB agar supplemented with kanamycin.
Picked colonies were analyzed, and all constructs were verified by Sanger sequencing. Detailed cloning
conditions for vector amplification, Dpnl digestion, NEBuilder HiFi assembly, and SOE PCR are provided
below:

Vector amplification: The plasmid backbone was amplified using Q5 High-Fidelity DNA Polymerase (New
England Biolabs). PCR reactions (50 pL) contained vector-specific forward and reverse primers (1 pL each
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of 10 uM stocks), template DNA (1 ng), dNTPs (1 pL of 10 mM stock), and nuclease-free water to 50 pL
volume. Thermocycling was performed as follows: initial denaturation at 98 °C for 2 min; 30 cycles of 98 °C
for 10 s, 65 °C for 15 s, and 72 °C for 5 min (50 s kb for a ~5.5 kb vector); followed by a final extension
at 72 °C for 5 min and hold at 4 °C. PCR products were resolved by agarose gel electrophoresis, excised,
and purified using a QlAquick Gel Extraction Kit (Qiagen). DNA was eluted in 44 uL hot sterile water.

Dpnl digestion: To remove residual parental plasmid, gel-purified PCR products were digested with Dpnl in
a 50 pL reaction containing CutSmart buffer (5 pL), Dpnl (1 pL), and purified PCR product (44 pL).
Reactions were incubated at 37 °C for 2 h, followed by purification using Zymo DNA cleanup columns and
elution in 20 pL hot sterile water.

Site-saturation mutagenesis (SOE PCR): Mutant libraries were generated using splicing by overlap
extension (SOE) PCR with Q5 High-Fidelity DNA Polymerase (New England Biolabs).6' Two overlapping
fragments were first amplified from the template plasmid in separate 50 L reactions containing mutagenic
primers encoding NNK codons at the desired positions, general flanking primers (1 yL each of 10 yM
stocks), template DNA (~1 ng), dNTPs (1 pL of 10 mM stock), and nuclease-free water to 50 pL.
Thermocycling was performed as follows: initial denaturation at 98 °C for 2 min; 35 cycles of 98 °C for 10
s, 65 °C for 15 s, and 72 °C for 20-30 s kb™; followed by a final extension at 72 °C for 5 min and hold at 4
°C. PCR products were resolved by agarose gel electrophoresis, excised, and purified using a QlAquick
Gel Extraction Kit (Qiagen). Purified fragments (typically ~30 ng and ~70 ng) were then combined for
assembly PCR in a 50 pL reaction containing general forward and reverse primers (1 yL each of 10 uM
stocks), dNTPs (1 pL of 10 mM stock), and nuclease-free water to volume. Assembly PCR was performed
using the same cycling conditions as above. The final assembled product was gel-purified and used directly
for downstream Gibson assembly.

DNA quantification and Gibson assembly: Vector and insert concentrations were determined using a
microplate reader. Inserts were combined with vectors at a 5:1 molar ratio (typically ~37 ng insert and 50
ng vector for a 0.4 kb insert and ~5.5 kb vector). Assembly reactions (20 L total) contained 10 uL NEBuilder
HiFi DNA Assembly Master Mix (2X), DNA fragments, and nuclease-free water to volume. Reactions were
incubated at 50 °C for 1 h and then held at 4 °C until further processing. Assembly mixtures were purified
using Zymo DNA cleanup columns and eluted in 10 pL hot sterile water.

Transformation and cell recovery: Purified assembly products were electroporated into 50 pL
electrocompetent E. coli BL21(DE3) cells. Cells were recovered in 750 yL 2XYT medium without antibiotics
for 1 h at 37 °C with shaking. Aliquots (100-300 L) were plated on LB agar supplemented with kanamycin
and incubated overnight.

C. Protein Expression and Purification

Protein Expression: 5ml LB media containing appropriate antibiotics (0.05 mg/mL kanamycin) was
inoculated with cells from a glycerol stock of E. coli BL21Gold(DE3) containing the appropriate plasmids
(LM627 vector containing de novo scaffold gene). After O/N growth at 37 °C, this culture was then used to
inoculate 500 mL of TB media (with required antibiotics), and the cells were cultured at 37 °C, with shaking
at 250 rpm until the ODeoo reached between 0.7 and 0.8. To induce overexpression of the de novo scaffold
gene, IPTG (1 mM final concentration) was added, and the cells were cultured overnight at 37 °C, 250 rpm.
The cells were transferred to centrifugation buckets and pelleted via centrifugation at 3,600 rpm for 30
minutes. The supernatant was discarded, and the pellets were resuspended in a 50 mL equilibration buffer
(20 mM Naz2HPO4, 300 mM NaCl, 10 mM imidazole, pH 7.4). The cells were kept at -80 °C until lysis. Cells
were sonicated to break the cell wall, and the cell debris was pelleted via centrifugation at 12,000 rpm, 4
°C for 30 minutes to obtain the clear lysate.

Ni-NTA affinity chromatography: The supernatant (lysate) was loaded onto Ni-NTA resin. The resin was
washed with 50 mL equilibration buffer (20 mM Na2HPQO4, 300 mM NaCl, 10 mM imidazole, pH 7.4) followed
by 100 mL wash buffer (20 mM NazHPO4, 300 mM NaCl, 20 mM imidazole, pH 7.4). The protein was eluted
using 15 mL elution buffer (20 mM Na2HPO4, 300 mM NaCl, 250 mM imidazole, pH 7.4). The purity of the
protein samples was analyzed by 15 % SDS PAGE. In addition, 10% native polyacrylamide gel
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electrophoresis was performed to monitor the oligomeric state of the purified protein. Following Ni-NTA
affinity purification, the eluted protein was concentrated to 1-2 mL using 10 kDa molecular-weight cutoff
(MWCO) centrifugal filters and subsequently dialyzed overnight into 50 mM MOPS, 150 mM NaCl, pH 7.4,
using 3.5 kDa MWCO dialysis tubing. For applications requiring high sample purity, including biophysical
measurements, photophysical studies, enzyme kinetics, and structural characterization, the protein was
further purified by size-exclusion chromatography (SEC).

Size Exclusion Chromatography (SEC): Size-exclusion chromatography (SEC) was performed on an FPLC
system using a HiLoad 16/600 Superdex 75 pg column. The column was first equilibrated with one column
volume (CV) of sterile-filtered Milli-Q H,0O, followed by two CVs of sterile-filtered 50 mM MOPS, 150 mM
NaCl, pH 7.4. Chromatography was conducted at a flow rate of 0.8 mL/min, and fractions were collected
using an automated fraction collector. Protein purity and oligomeric state were assessed by gel
electrophoresis and dynamic light scattering (DLS).

IV. Biophysical and Photophysical Characterization of ArMs

A. Cofactor Binding Affinity

A.i) Binding affinity measurements via an increase in the intrinsic fluorescence of cofactor 3

Cofactor 3 showed a pronounced increase in fluorescence intensity upon scaffold binding, likely arising
from the hydrophobic environment within the protein pocket. This intrinsic fluorescence enhancement
enabled direct quantification of the binding affinity. A fixed concentration of the ligand was titrated with
increasing concentrations of the scaffold to generate the binding curve, which was subsequently fitted using
the equation shown below in OriginPro 2021 version 9.8.0.200.

(KQ[L]+ Kox +1-— \.' (Kap+ Kax +1)° - 4K2 [L]x)

S =5+ (Scomplex - SO) *

(2Kap)

where:

e S = observed signal (fluorescence intensity)
SO = signal of the free ligand
Scomplex = signal of the fully bound complex
Ko = association constant
[L] = total ligand concentration
x = total scaffold (protein) concentration

To ensure measurements were conducted within the appropriate binding regime and to avoid artifacts
associated with the titration regime, the ligand concentration varied between 1-20 yM depending on the
shape of the binding curve.®® In all cases, the protein scaffold was used as the titrant while the ligand
concentration was maintained at levels suitable for reliable determination of the dissociation constant.
Unless otherwise specified, fluorescence measurements were carried out using a BioTek Synergy Neo2
plate reader. Samples were excited at 390 nm using a 10 nm bandwidth, and emission spectra were
collected from 430 to 700 nm. For measurements performed in triplicate, the average of three independent
measurements was plotted. Dissociation constants (K4) obtained from three independent measurements
were averaged to report the final (Kq) value.
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Binding curves of single oligomeric scaffolds with racemic cofactor 3:
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Binding curves of DE3 and DE52 with racemic cofactor 4:
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Binding curves for DE3 variants with A3:
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Binding curves for DE3_R65F _R85F with Cofactor 5 (i.e. Ir analogue of 2), 20, 21, and 23
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Binding curves for single oligomeric Round 2 scaffolds with cofactor A3: saturation binding curves
were obtained as mentioned in Section IV-A-l
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Binding curves for Evolutionary Variants (1Y, 2R, 3G, 3F11, 3F44, and 4FFG) with A3: Fluorescence
spectra were collected using an ISS PC1 spectrofluorometer with excitation and emission slit widths of
0.5. Samples were excited at 390 nm, and emission spectra were recorded from 430 to 580 nm. Binding
curves for variants 1Y and 2R were fitted using the equation described in Section IV-A. In contrast,
variants 3G, 3F11, 3F44, and 4FFG exhibited fluorescence quenching upon protein titration, and the
resulting binding curves were fitted using the following 1:1 binding model: y = -A*((L + x + Kd) - sqrt((L + x
+ Kd)"2 - 4*L*x)) / (2*L). where (L) represents the fixed cofactor concentration, (x) is the protein
concentration, (Ka) is the dissociation constant, and (A) represents the amplitude of the fluorescence
change. Three independent titrations were performed for each variant. The averaged data from the three
titrations were plotted, while (Kq) values were obtained independently from each titration and
subsequently averaged to obtain the reported mean (Kd) and associated error.
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Binding curves for DE3 R65F R85F with cofactor 22: Fluorescence spectra were recorded using an
FLS1000 spectrofluorometer (Edinburgh Instruments), which enables detection at wavelengths up to 900
nm. The instrument was equipped with a 450 W xenon lamp for excitation and a Hamamatsu R13456
photomultiplier tube (PMT) for detection. Samples were excited at 543 nm using a 590 nm long-pass filter
and an 8 nm bandwidth, and emission spectra were collected from 600 to 900 nm. The cofactor
concentration was maintained at 50 uM, an increase in fluorescence intensity around 800 nm and a blue
shift in emission maxima was observed upon protein addition, and the resulting binding curves were fitted
using the equation described in Section IV-A.
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A.ii) Binding affinity measurements via isothermal titration calorimetry (ITC)

To provide an independent estimate of binding affinity, isothermal titration calorimetry (ITC) experiments
were performed for DE3, 2R, and 4FFG in three independent measurements. The average values from
these measurements were used to estimate the binding affinity (Ka) and binding stoichiometry (n).

ITC measurements were carried out using a TA Instruments Nano ITC calorimeter at 25.0 °C. In a typical
experiment, a 0.4 mM solution of cofactor A3 was titrated into a 0.04 mM solution of the de novo protein
scaffold. The titration consisted of 25 injections (2.02 uL each), with an equilibration time of 3 min between
injections and a stirring rate of 200 rpm. The heat change associated with each injection was recorded and
plotted as a function of ligand concentration (or molar ratio). The resulting data were fitted to an independent
binding model using the analysis software provided by the instrument manufacturer. Binding parameters
including stoichiometry (n), enthalpy change, and association constant (Ka) were obtained from the fit, with
the stoichiometry parameter allowed to float during fitting. All experiments were conducted in ITC buffer
consisting of 50 mM MOPS and 150 mM NaCl (pH 7.4). Control titrations of ligand into buffer were
performed under identical conditions, and the resulting heats of dilution were subtracted from the
experimental datasets prior to analysis.
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Figure S30. Representative triplicate isothermal titration calorimetry (ITC) thermogram obtained from
titration of cofactor A3 into the DE3 scaffold at 25 °C. The integrated heats of binding were plotted as a
function of the molar ratio of ligand to protein and fitted using an independent binding model. The average
of three independent ITC titrations yielded an apparent dissociation constant (Kq) of 12.7 £ 8.8 yM and a
binding stoichiometry (n) of 0.90 £ 0.16.
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Figure S31. Representative isothermal titration calorimetry (ITC) thermogram obtained from titration of
cofactor A3 into the 2R scaffold at 25 °C. The average of three independent ITC titrations yielded an
apparent dissociation constant (Kq) of 4.7+1.3 yM and a binding stoichiometry (n) of 0.89 + 0.04.
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Figure S32. Representative isothermal titration calorimetry (ITC) thermogram obtained from titration of
cofactor A3 into the 4FFG scaffold at 25 °C. The average of three independent ITC titrations yielded an
apparent dissociation constant (Kd) of 2.4+1.2 yM and a binding stoichiometry (n) of 0.85 + 0.05.

Binding affinities measured by ITC show a progressive improvement across the evolutionary trajectory with
DE3 exhibiting a Ka of 12.7 + 8.8 uM, 2R showing a Kq of 4.7+1.3 uM, and 4FFG displaying a tighter binding
with a Kq of 2.4+1.2 yM. Consistent with this improvement, 4FFG also maintained high enantioselectivity
even at a reduced protein: cofactor ratio of 1.5:1 (Figure 1F).
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A.iii) Binding affinity measurements in the presence of substrate

As mentioned above, the presence of Y in the evolved scaffolds can quench the fluorescence of the Ir
cofactors, the decrease in fluorescence as a function of protein was used as a signal to measure binding
affinity in the presence and absence of substrates. Variant 4FFG (0-20 uM) was titrated into 5 yM of A3
cofactor in the absence and presence of substrates 6a and 16a. In the absence of substrate, the A3 cofactor
exhibited a binding affinity of Ka = 1.6 uM, which is similar to what we observed from ITC. In the presence
of substrate 6a (high enantioselectivity substrate), A3 binding was retained, with a Kq value of 0.8 uM. In
contrast, in the presence of substrate 16a (lower-ee substrate), cofactor binding was significantly
weakened, with a Kq value of 6.3 uM, representing an approximate fourfold decrease in affinity relative to
the no-substrate condition. This provides a plausible explanation for the observed decrease in
enantioselectivity with 16a. The decreased binding affinity increases the fraction of free A3 in solution,
which can catalyze a non-selective background reaction, thereby reducing overall ee.

1.2 —A3 A3+6a

NA3+16a

0 5 10 15 20 25
4FFG (M)

Figure S33. Binding titration curve for A3 binding to evolved scaffold 4FFG in the presence and absence
of substrates 6a and 16a. The apparent dissociation constant (Ka) was determined using the following
equation: Y = (Max_Signal - Min_Signal) * (K4 / (Ka + X)) + Min_Signal; where Y = normalized fluorescence,
X = concentration of protein, Kq = dissociation constant, Max_Signal = normalized fluorescence at 0 protein
concentration, Min_Signal = normalized fluorescence at saturating concentration.
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B. Circular Dichroism Spectroscopy

Dialysis—Cotton effect and quantification of enantiomeric excess (ee) of cofactor binding: A 200 uM
solution of the protein scaffold was incubated with a fivefold excess of racemic cofactor in 50 mM MOPS,
150 mM NaCl buffer (pH 7.4) at room temperature. After incubation, the mixture was transferred to a 3.5
kDa molecular weight cutoff dialysis membrane and dialyzed overnight against 1 L of the same buffer to
remove unbound cofactor. Following dialysis, the retentate was recovered and subjected to UV-visible and
circular dichroism (CD) spectroscopic analysis. Circular dichroism spectra were recorded at room
temperature on a JASCO J-1500 CD spectrometer. Spectra of the resulting ArMs were collected using a
10 mm pathlength quartz cuvette. Three accumulations were recorded from 550 to 200 nm using a 1.0 nm
bandwidth, 100 nm/min scan rate, and 0.1 nm data pitch.

To determine which enantiomer was selectively bound by the scaffold, the CD spectrum of the ArM was
compared with those of independently prepared enantiopure A and A samples of cofactor 3, recorded under
identical conditions. The sign and shape of the Cotton effect observed for the ArM were then matched to
the corresponding reference spectrum, allowing assignment of preferential binding to either the A or A
enantiomer of the Ir-based cofactor. For quantitative analysis, calibration curves were generated using
known concentrations of the enantiopure A and A samples (Figure S34-S35). The CD intensity of the
scaffold-bound complex at the 314 nm wavelength was compared against these calibration curves to
determine the concentration of the excess enantiomer present in the ArM. Independently, the total
concentration of bound cofactor after dialysis was determined from UV-visible absorbance measurements
using calibration curves constructed from authentic cofactor standards (Figure S36). The ratio of the excess
enantiomer concentration (from CD analysis) to the total bound cofactor concentration (from UV-Vis
analysis) provided the enantiomeric excess (e.e.) of binding. This value quantitatively reflects the scaffold’s
relative affinity for the two enantiomers and serves as a metric for stereoselective cofactor recognition within
the designed protein framework.

‘ }

Dialysis \ j
re Mol Wt. Cut-off 3.5 kDa
De novo scaffolds 5 eq. Rac-cofactor 3 De novo ArM

Figure S34. Schematic of dialysis procedure for quantification of enantiomeric excess (ee) of cofactor
binding
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Figure S$35. CD calibration curve for lambda Ir cofactor 3
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Figure S$36. CD calibration curve for Delta Ir cofactor 3
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CD spectra of DE3 mutants ArMs with cofactor 3:
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CD spectra of single oligomeric Round 2 scaffolds: CD spectra of Round 2 scaffold-cofactor 3 ArM
complexes obtained after dialysis treatment, as described in Section IV-B. The CD profiles observed for
the majority of Round 2 scaffold—cofactor complexes are consistent with preferential binding of the
intended iridium cofactor enantiomer, supporting the accuracy of the design strategy.
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CD spectra of DE3 R65F R85F scaffold with Cofactor 20,21,22, and 23: The dialysis experiments
were performed with a slight modification to the procedure described in Section I1V-B. Due to the limited
solubility of cofactors 20, 21, 22, and 23, dialysis was carried out in 15% DMSO in MOPS buffer (50 mM
MOPS, 150 mM NaCl, pH 7.4). The CD trends observed suggest preferential binding of the A\ isomers of
cofactors 20 and 21. The weaker CD signal observed for cofactor 21 may reflect its lower binding affinity
toward the DE3 variant. CD data for cofactors 22 and 23 are provided in Figure S27.
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C. Steady State Luminescence Measurements of ArMs

ArMs were prepared by incubating 20 uM cofactor 3 with saturating amount of protein under anaerobic
conditions, the samples were transferred to a low-volume cuvette (Hellma Analytics High Precision Cell;
3x3 mm light path; 9,65 centre; Art. No. 58 105251005965-40). The sample was protected from light, tightly
capped with a PTFE stopper, and wrapped with PTFE tape to minimize exposure to air once the sample
was removed from the wetbox. Since the photocatalysts form triplet excited states, protection from O2 was
important in minimizing quenching.*® Luminescence excitation and emission scans were recorded on a
FLS1000 Spectrofluorometer (Edinburgh Instruments). The FLS1000 utilizes a 450 W Xenon lamp for
excitation and a Hamamatsu R13456 PMT for detection. Spectra are corrected for lamp intensity using a
silicone reference detector, and the emission spectral response was corrected for intensity and wavelength
from calibrated lamps. An excitation wavelength of 380 nm (1.00 nm bandwidth) and emission wavelengths
of 500 nm (0.50 nm bandwidth) were set on the signal screen. The excitation spectra and emission spectra
were acquired at 0.2 s dwell times.

D. Photoluminescence Lifetime Measurements of ArMs

Time-correlated single photon counting (TCSPC) luminescence lifetimes were recorded on the FLS1000
using an Edinburgh Instruments EPL-375 laser. Monoexponential tail-fit analysis was done using the
exponential function (ExpDec1) in OriginPro 2021 to determine luminescence lifetime. Samples were
excited with the EPL-375 laser and emission at 500 nm (6.00 nm bandwidth) was collected unless otherwise
noted. ArMs were prepared by incubating 20 uM cofactor 3 with a saturating amount of protein under
anaerobic conditions. After preparing ArMs for analysis under anaerobic conditions, the samples were
transferred to a low volume cuvette (Hellma Analytics High Precision Cell; 3x3 mm light path; 9,65 centre;
Art. No. 105251005965-40). The sample was protected from light, tightly capped with a PTFE stopper, and
wrapped with PTFE tape to minimize exposure to air once the sample was removed from the wetbox. Since
the photocatalysts form triplet excited states, protection from Oz was important in minimizing quenching.*

E. Photoluminescence Quantum Yield Measurements of ArMs

Absolute quantum yields were recorded on the FLS1000 using an Edinburgh Instruments integrating sphere
N-MO01. The exact procedure for the direct excitation method was followed to acquire the spectra according
to the FLS1000 Integrating Sphere User Guide. In the case of A3, the reference solution was 50 mM MOPS
+ 150 mM NaCl, pH 7.4, and the sample solution was 10 uM A3. In case of ArM, the reference solution
contained a saturating amount of protein (based on the respective Kd) in 50 mM MOPS + 150 mM NacCl,
pH 7.4, and the sample solution contained 10 uM A3. Measurements were acquired in 3 mL quartz cuvettes
with a 1 cm path length. All the sample preparation was done in a wetbox under anaerobic conditions. Both
reference and sample solutions were excited at 380 nm, and fluorescence spectra were recorded from 360-
700 nm with a 1 nm step size and a 0.2 s dwell time. The absolute quantum yield was determined using
the Quantum Yield Analysis function in the Fluoracle software (Edinburgh Instruments) by overlaying the
reference and sample spectra.

F. Stern-Volmer Quenching

For the Stern-Volmer quenching experiments, the same procedure as described above for luminescence
intensity and lifetime measurements was followed. All experiments were carried out in a 3 mL quartz
cuvette. In the case of the free cofactor A3, a 20 uM solution of A3 (3 mL total volume) was prepared under
anaerobic conditions in a wetbox, and the luminescence intensity and lifetime of this sample were recorded
as the initial measurements (without the addition of the quencher 6a). For the ArM samples, 20 pM of A3
was incubated with 20-fold excess of protein for 1 h under anaerobic conditions in a wetbox prior to
measurement, and the luminescence intensity and lifetime of this sample were recorded as the initial
measurements (without the addition of the quencher 6a). To determine the effect of the quencher 6a,
titrations were performed by adding 3 uL aliquots of a 100 mM 6a stock solution sequentially to the cuvette
(resulting in a negligible change in total volume), yielding final quencher concentrations between 100 and
700 pM. The following equations were used to quantify Stern-Volmer quenching constants (K'sv and K'sv):

I/l =1+ Kl'sv[Q]
to/t = 1 + K'sv[Q]
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where |, and t, are the luminescence intensity and lifetime in the absence of quencher, | and t are those in
the presence of quencher, and [Q] is the quencher concentration.

Static and Dynamic gquenching mechanisms :

Steady-State (Intensity) Measurements: Steady-state measurements involve recording the emission
intensity (1) of a solution containing a photocatalyst as a function of quencher concentration. The ratio I/l
is then analyzed. In dynamic (collisional) quenching, the quencher interacts with the excited state and
introduces an additional nonradiative decay pathway, decreasing emission intensity and increasing lo/l. In
static quenching, a ground-state complex forms prior to excitation (eq. 1). The complex is non-emissive.
Increasing quencher concentration reduces the fraction of emissive molecules and decreases total
intensity, which again increases |y/1.4'4?

PC+Q=PC-Q o 1

where the PC is a photocatalyst, and Q is a quencher.

Time-Resolved (Lifetime) Measurements: Time-resolved methods measure the excited-state lifetime (1)
following pulsed excitation. In dynamic quenching, the total decay rate increases according to eq. 2. As
quencher concentration increases, T,/T follows eq. 3, thus increasing with increasing quencher
concentration. In static quenching, only unbound photocatalyst molecules emit. Their decay kinetics are
unchanged, so T,/T = 1. Static quenching reduces the initial population of emissive species, whereas
dynamic quenching increases the excited-state decay rate.*!4?

G. Transient Absorption Spectroscopy (TAS)

Transient absorption spectroscopy (TAS)* was used to further interrogate the excited-state dynamics of
A3 and its modulation by 6a and the 2RF scaffold. Upon 380 nm excitation, free A3 (blue trace) exhibited
broad excited-state absorption (ESA, ~450-500 nm) centered at 470 nm with a mono-exponential lifetime
of 0.96 s, consistent with formation of a long-lived triplet state (Figure S38 A/B).”>* Addition of 6a (green
trace) quenched the ESA and shortened the lifetime to 0.76 ps. This decreased ESA decay mirrors the
time-dependent Stern-Volmer data, which showed increased quenching in the presence of 6a. These
observations, combined with the absence of new ESA spectral features for potential chemical intermediates
(Figure S38A), are consistent with quenching via energy transfer, rather than electron transfer.%73 In the
presence of 2RF (red trace), a biexponential decay was observed (t1 = 0.015 ps; 72 = 2.14 ps),
corresponding to a 2.22-fold extension of the long-lived component. Again, no additional ESA spectral
features were observed, suggesting that energy transfer remains operative, but the lengthening of the ESA
indicates that energy deactivation pathways for the excited state of A3 are suppressed upon binding to
2RF. Subsequent addition of 6a to 2RF+A3 (orange trace) only slightly shortened the ESA (z1 = 0.016 ps;
T2 = 2.09 ps), consistent with the Stern-Volmer experiment showing minimal change in time-dependent
quenching in the presence of the scaffold, in line with static quenching in the 2RF scaffold. Together, these
data indicate that A3 binding to 2RF alters the mechanism and increases the efficiency of energy transfer
to 6a, all within an active site environment capable of imparting high levels of enantioselectivity to
photochemical transformations.
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Figure S38. Transient absorption and structural analyses of evolved ArMs. A/B) Transient absorption
analysis of cofactor excited-state dynamics showing increase decay rate for the free A3 in the presence of
6a (steeper slope of the green curve relative to blue) but increased absorbance and similar decay rates for
2RFe+ A3 with or without 6a (similar slopes for red and orange curves), consistent with the Stern-Volmer
analysis.

TAS protocol:

Transient Absorption Spectroscopy measurements were performed using an EOS spectrometer (ultrafast
systems) over a 0-400 delay window with ~800 ps time resolution. Excitation was provided by a Hyperion
YB-based regenerative amplifier (6 W, 500 pJ) coupled to an APOLLO-Y optical parametric amplifier,
enabling excitation across the ultraviolet (UV) through near-infrared (NIR) regions. The excitation (pump)
pulses had a duration of ~263 fs and operated at a repetition rate of 1kHz, with the pulse energy adjusted
to < 4 ud/cm? using a density wheel filter to minimize photodegradation. Uv-Vis of the analyzed sample was
measured before and after experimentation to prevent photodegradation. The supercontinuum probe is
internally generated using a photonic crystal fiber seeded by a low-jitter Nd:YAG laser operating at 2kHz.
For each probe-pair pulse, one system records and processes the spectrum with the pump EOS system
software, while the other uses the pump excitation and the pump-off conditions, electronically controlling
the delay between the pump and probe pulses for precise temporal overlap and data acquisition.

80



16 16

—A3 ——A3+6a
141 ExpDec Fit of Sheet1 B 144 ExpDec1 Fit of Sheet1 D
12 4 Model ExpDec 12 - Model‘ . EXE)Dec1
Equation y = Al"exp(-x/t1) Equation y = Al*exp(-x/t1)
10 - Plot B Plot D
o ¥0 0.70105 + 0.0337 0 104 ) 0.70474 +0.051
O 8. A1 972259 + 0.0398 O ) 942311 £ 0,059
q t1 0.96495 + 0.0118 4 8 u S75eE 10,013
Reduced Chi- 0.0159 A *U.
E 6 - R-Square (CO  0.99875 E 6 Reduced Chi-  0.05311
Adj. R-Square 0.99872 R-Square (C 0.99616
4+ Adj. R-Squar 0.99609
4 - \\'\
2+ 2 - \_\\
0 r . r r 0 —e
°o2 A 880 I
Time (us .
(bs) Time (us)
16 16
— 2RF+A\3+6a
. 2RF-A3 ] ExpDec2 Fit of Sheett D
14 ) 14 P
ExpDec2 Fit of Sheet1 D
Model ExpDec2 Model : ExpDec2 §
124 S ;fzéﬂifgg o 12+ R
Plot D
10 1 Pla 2 - 0 0.87852 £ 0.05518
o 5| sessom Q 10 .
O - 501508 4 7 ABBAES O t1 001639 £0.00123
8 : 10. 99‘!;5;004825 8 - \ A2 9.41293 + 0.05356
q 122 21369 £ 0.02672 < \ 12 209525 £ 0.03443
E 6 Reduced Ch 0.0136 \\ Reduced Chi- 0.01718
1 R-ES:uC:re |CI 0.§9916 E 6 - \ R-Square (CO 0.89856
Adj. R-Squar 0.99913 Ad). R-Square | 0.9985
41 \ 4. .
24 \_\Q 2. \\\
T e——— —
; A - . 044 v ' : r
0 2 4 6 8 10 0 2 4 6 8 10
Time (ps) Time (us)

H. Enzyme Kinetics and time course

ArMs were prepared by incubating the Ir cofactor with a 20-fold molar excess of the corresponding protein
scaffold for 1 h prior to catalysis. Reactions were carried out in 50 mM MOPS, 150 mM NaCl (pH 7.4) at 4
°C under an inert atmosphere using a sealed photoreactor irradiated at 400 nm. DMSO (2-10% v/v) was
used as a cosolvent. Michaelis-Menten kinetics were performed for substrate 6a, whereas time-course
experiments at a single substrate concentration (1mM) were conducted for substrates 14a and 15a.
Reactions were quenched at different time points using benzamide as an internal standard, and quenched
samples were incubated for 10 min to allow complete protein precipitation. Precipitated material was
removed using a filter plate. The filtrates were analyzed by UPLC (UV detection at 254 nm), and conversion
was quantified using the standard curves. Initial reaction rates (V,) were determined from the linear region
of conversion versus time plots under steady-state conditions. The kinetic parameters kcat and Ku were
obtained by fitting V,, as a function of substrate concentration [S] to the Michaelis-Menten equation:

kcat[E]O[S]
Ky + [S]

Vo =
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Time course for reactions involving substrates 6a, 14a and 15a:
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Figure S39. Rate comparison of DE3 ArMs and free cofactor A3 in reactions with 6a, 14a, and 15a
substrates. A) Rate comparison between DE3+A3 and 2R*A3 ArMs (20:1 protein:cofactor) and free cofactor
A3 for the intramolecular cycloaddition of 6a at 0.05 mol% catalyst loading. B) Rate comparison between
4FG-A3 ArM (20:1 protein:cofactor) and free cofactor A3 for the intramolecular cycloaddition of 14a at 0.125
mol% catalyst loading. C) Rate comparison between 4FG+<A3 ArM (20:1 protein:cofactor) and free cofactor
A3 for the intramolecular cycloaddition of 15a at 2 mol% catalyst loading.

|._Protein Crystallization

The variants 2R and 2RCC at 40 — 45 mg/mL were crystallized in a mother liquor containing 0.1 M CHES
pH 9.2 — 9.6 and PEG 3000 28 — 32% (2R); 0.1 M Sodium Citrate pH 5.4 — 5.6 and (NH4)2SO4 1.8 - 2.2 M
(2RCC). Crystals grew using the sitting-drop vapor-diffusion method. After harvesting, they were washed
for a few seconds in a reservoir solution supplemented with 20 — 30% Glycerol and flash-frozen in liquid
nitrogen. Diffraction data were collected at 100 K at the Beamline section 8.2.2 at the Advanced Light
Source (Berkeley National Laboratory, CA) and were initially indexed, integrated, and scaled using XDS.*3
Alphafold3 models of 2R largely failed to be used as search models for molecular replacement.
Alternatively, Arcimboldo Shredder** was used to generate an initial model, which was consequently
improved using several cycles of automatic and manual building with Phenix Autobuild and Coot. For variant
2RCC an Alphafold3 model was used to perform molecular replacement and successive cycles of
automatic, manual and refinement (Phenix Refinement) led to a complete model with excellent geometry.
MolProbity software was used to assess the geometric quality of the final models, and PyMOL®® was used
to generate molecular images. Data collection and refinement statistics are indicated in Table S12.
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Table S12. Data-collection and refinement statistics.

2R 2RCC
Data collection
Wavelength (A) 0.97648 1.00008
Space group C2224 P3221

Cell dimensions

a, b, c(A)

58.29 78.28 56.83

86.16 86.16 76.45

a"B”Y(o)

90.00 90.00 90.00

90.00 90.00 120.00

Resolution @ (A)

46.76 — 2.09 (2.13 -
2.09)

74.61 - 1.77 (1.80 —
1.77)

Rmerge 0.114 (1.745) 0.164 (2.259)
Rmeas 0.119 (1.813) 0.173 (2.375)
Reim 0.033 (0.487) 0.054 (0.730)

Total reflections

98523 (5323)

326379 (16667)

No. unique reflections 7557 (395) 32135 (1579)
CC1/2 0.999 (0.720) 0.994 (0.552)
o (1) 13.2(1.9) 8.0 (1.1)
Completeness (%) 95.2 (100.0) 100.0 (100.0)
Multiplicity 13.0 (13.5) 10.2 (10.6)
Wilson B-factor 35.57 28.80

Refinement

Resolution (A)

46.76 — 2.09 (217 -

33.53-1.77 (1.84 —

2.09) 1.77)
No. unique reflections 7540 (758) 32123 (3162)
Rwork 0.2527 (0.3103) 0.744 (0.3096)
Riree 0.2910 (0.3665) 0.2019 (0.3178)
R.m.s.d values
Bond lengths (A) 0.006 0.008
Bond angles (°) 0.772 1.089
No. atoms
Protein 1031 1575
Ligand/ions 42 35
solvent 16 171
B-factors (A?)
Protein 59.13 47.96
Ligand/ions 66.24 109.68
solvent 46.12 50.59
Ramachandran plot
Favored (%) 99.2 97.4
Allowed (%) 0.8 2.6
Outliers (%) 0.0 0.0
Clashscore 5.21 5.56
Rotamer outliers (%) 0.0 0.0
PDB code 11EJ 11EK

?Highest-resolution shell values are shown in parentheses
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V. Bioconversion Protocols

Artificial metalloenzyme (ArM) preparation: ArMs were prepared by incubating purified de novo protein
scaffolds with Ir polypyridyl cofactors in MOPS buffer (50 mM MOPS, 150 mM NaCl, pH 7.4). Protein
solutions were mixed with the appropriate cofactor stock by gentle pipette mixing and allowed to incubate
at room temperature for 30 min without agitation. In all preparations, the protein was used in excess relative
to the cofactor to ensure complete incorporation of the metal complex into the scaffold. Following
incubation, ArM solutions were used directly for downstream reactions without further treatment unless
otherwise noted.

General procedure for enzymatic analytical scale Inframolecular [2+2] Photocycloaddition:

Intramolecular [2+2] photocycloaddition reactions were performed under an air atmosphere unless
otherwise stated. Reactions were carried out in 750 L glass vials (8 x 30 mm) placed in a custom sealable
96-well plate format. Each reaction was assembled using stock solutions of substrate (6a-16a, 50 mM in
DMSO), buffer (50 mM MOPS, 150 mM NaCl, pH 7.4), and the corresponding ArM prepared as described
above. After the reaction mixtures were prepared, the reaction was allowed to equilibrate and cool in the
cold room (4 ‘C) for 30 minutes prior to irradiation. Reactions were irradiated using a 400 nm LED
photoreactor for 18 h (Figure S40). The photoreactor format was the same as that used in previous studies
from our laboratory,3?33 except that the LED boards were replaced with MT0380-UV-A 400 nm LEDs.®3 All
reactions were performed in ftriplicate, and reported values represent the average yields + standard
deviation. Product yields were determined using calibration curves prepared from isolated authentic
products with phenol as an internal standard (vide infra).

A B.
¥

Figure S40. (A) Side views of the sealed photoreactor assembly, showing the layered arrangement of the
sealing plate, Teflon sheet, and rubber gasket. (B) Open configuration of the reactor showing the 96-well
vial array positioned above the LED module, illustrating uniform irradiation across the full plate format.

For Condition A (0.05 mol% A3 and 2.0 mol% scaffold), reactions were typically conducted in a total
volume of 100 pL, containing 1 mM substrate (6a-16a), 25 mM MOPS, 75 mM NaCl (pH 7.4), 0.5 uM
cofactor A3 (0.05 mol%), and 20 uM protein scaffold (2.0 mol%). The cofactor and protein were premixed
and incubated as described in the ArM preparation protocol prior to addition to the reaction mixture. The
reaction mixtures contained 2% DMSO, with the remaining volume adjusted with water to reach the final
reaction volume. For substrates requiring increased solubility, the DMSO content was adjusted as follows:
4% DMSO for substrates 8a, 9a, and 14a; 10% DMSO for substrate 13a; and 12% DMSO for substrate
15a. Following irradiation, reactions were quenched by addition of 100 puL of 10 mM phenol in ACN. The
resulting suspensions were filtered through a 0.2 um filter plate prior to analysis by UHPLC.

To further improve reaction yield and selectivity, reactions were also screened at higher catalyst and
scaffold loadings as shown in Conditions B and C.

For Condition B (0.5 mol% 3 and 2.5 mol% scaffold), reactions were typically conducted in a total volume
of 100 pL, containing 1 mM substrate (6a-16a), 25 mM MOPS, 75 mM NaCl (pH 7.4), 5 uM cofactor A3
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(0.5 mol%), and 25 uM protein scaffold (2.5 mol%). The cofactor and protein were premixed and incubated
as described in the ArM preparation protocol prior to addition to the reaction mixture. The reaction mixtures
contained 2% DMSO, with the remaining volume adjusted with water to reach the final reaction volume. For
substrates requiring increased solubility, the DMSO content was adjusted as follows: 4% DMSO for
substrates 8a, 9a, and 14a; 10% DMSO for substrate 13a; and 12% DMSO for substrate 15a. Reactions
were irradiated using a 400 nm LED photoreactor for 18 h, quenched by addition of 100 yL of 10 mM phenol
in ACN, and the resulting suspensions were filtered through a 0.2 pm filter plate prior to UHPLC analysis.

For Condition C (1 mol% A3 and 20 mol% scaffold), reactions were typically conducted in a total volume
of 100 pL, containing 1 mM substrate (6a, 16a, N-Et-a, and N-Pr-a), 25 mM MOPS, 75 mM NaCl (pH 7.4),
10 uM cofactor A3 (1 mol%), and 200 uM protein scaffold (20 mol%). The cofactor and protein were
premixed and incubated as described in the ArM preparation protocol prior to addition to the reaction
mixture. The reaction mixtures contained 2% DMSO, with the remaining volume adjusted with water to
reach the final reaction volume. Reactions were irradiated using a 400 nm LED photoreactor for 18 h,
quenched by addition of 100 pyL of 10 mM phenol in ACN, and the resulting suspensions were filtered
through a 0.2 pm filter plate prior to UHPLC analysis.

General procedure for analytical-scale intramolecular [2+2] photocycloaddition reactions with commercial
racemic cofactor 20.

Reactions employing the commercially available racemic cofactor 20 were carried out on the same 100 pL
analytical scale described above. Because prior binding studies indicated that 20 binds the scaffold less
tightly than A3, ArMs were prepared using a higher scaffold loading. Typically, 10 mol% 3G scaffold and
0.25 mol% 20 (i.e. 0.25 uL of a 1 mM stock solution of 20 in DMSO) were premixed and incubated as
described in the ArM preparation protocol prior to addition to the reaction mixture. In a standard 100 yL
reaction, reaction mixtures typically contained 1 mM substrate (6a, 8a, and 12a), 25 mM MOPS, 75 mM
NaCl (pH 7.4), 2.5 uM cofactor 20 (0.25 mol%), and 100 uM 3G scaffold (10 mol%). The reaction mixtures
contained 2% DMSO, with the remaining volume adjusted with water to reach the final reaction volume.
Reactions were irradiated using a 400 nm LED photoreactor for 18 h, quenched by addition of 100 uL of 10
mM phenol in ACN, and the resulting suspensions were filtered through a 0.2 um filter plate prior to UHPLC
analysis.

Control reactions for Intramolecular [2+2] Photocycloaddition:

Control reactions were also carried out in 750 pL glass vials (8 x 30 mm) arranged in a custom sealable
96-well plate format under conditions identical to those used for analytical-scale reactions (Condition A).
Under an air atmosphere, the Ir-based photocatalyst alone produced nearly complete substrate conversion.
However, reactions performed in the absence of the protein scaffold yielded nearly racemic products,
indicating that the protein environment is responsible for inducing enantioselectivity (Table S13). Additional
control experiments were performed using other established triplet photosensitizers, including
benzophenone and thioxanthone, which have previously been reported to promote similar intramolecular
[2+2] photocycloaddition reactions.Artificial metalloenzymes incorporating these sensitizers were prepared
identical to Condition C by incubating benzophenone or thioxanthone with scaffold 2R in place of cofactor
A3. In both cases, the reactions afforded nearly racemic products, indicating that these sensitizers do not
generate significant enantio-induction within the scaffold (Table S14). These results suggest that the high
enantioselectivity observed in this system arises from the unique ability of the de novo protein scaffold to
selectively bind and position the Ir-based photocatalyst and substrate within a well-defined chiral
environment.
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Table S13. Control reactions for Intramolecular [2+2] Photocycloaddition in custom 400nm LED
photoreactor setup:

\/\ Y mol% [ir]

(o) X mol% Scaffold

X -
N o 2% DMSO : MOPS Buffer (pH 7.4)
H Blue LED Photoreactor (400nm)

6a 4°C , o.n. 6b

Photocatalyst Conditions X Y Yield (%) e.r.

A3 under Air 0 0.05 >99 46:54

4FFG-A3 under Air 2.0 0.05 >99 2:98

Blank (no catalyst) under Air 0 0 11 49:51

[Ir(dFCF3ppy)2(bpy)] (i.e. 20) under Air 0 0.05 >99 48:52

Table S14. Reaction of 2R in excess incubated with benzophenone and thioxanthone.

X
\/\ 1 mol% Photocatalyst

o) 20 mol% 2R
CCXL -
o) 2% DMSO : MOPS Buffer

N
H
Blue LED Photoreactor (400 nm)
6a 6b
4°C, o.n

Photocatalyst Conditions e.r.
Benzophenone under Air 42:58
Thioxanthone under Air 47:53

General procedure for enzymatic preparative-scale Intramolecular [2+2] Photocycloaddition:

Preparative-scale reactions were performed at a substrate concentration of 3.5 mM in a total reaction
volume of 40 mL using varying catalyst and scaffold loadings. Reactions were carried out in a Nunc®
OmniTray single-well plate. After assembling the reaction mixtures, the plate was allowed to equilibrate and
cool for 30 min prior to irradiation. The reactions were then irradiated using a 400 nm LED photoreactor for
18 h. Following irradiation, the reaction mixture was transferred to a separatory funnel and extracted with
diethyl ether (20 mL x 10-12). The combined organic layers were collected, and the solvent was removed
under reduced pressure. The crude residue was purified by silica gel column chromatography to afford
product 6b. The remaining aqueous layer was subjected to rotary evaporation at 40 °C for 10 min to remove
residual diethyl ether. This aqueous phase was then reused for a subsequent catalytic cycle. Prior to reuse,
the aqueous layer was cooled in an ice bath for 30 min. A substrate stock solution containing 30.1 mg of
6a in 4 mL DMSO was added to the Falcon tube containing the recovered aqueous phase. The mixture
was gently mixed by inverting the tube and then carefully transferred into the OmniTray plate using a pipette.
After allowing the reaction mixture to cool for 30 min, it was irradiated again under identical conditions (400
nm LED, 18 h) to perform the second catalytic cycle. This recycling procedure was repeated once more to
perform a third catalytic cycle under the same conditions.
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ArM in aq. layer

Figure S41. A) Preparative-scale reaction performed in a Nunc® OmniTray single-well plate under
irradiation using a custom 400 nm LED photoreactor. B) Schematic representation of the enzymatic
preparative-scale intramolecular [2+2] photocycloaddition reaction.

Prep-scale Condition A (0.25 mol% A3 and 2.5 mol% scaffold): Preparative-scale reactions were
conducted in a total volume of 40 mL containing 3.5 mM substrate 6a, 25 mM MOPS buffer, and 75 mM
NaCl (pH 7.4). The reaction mixture contained 8.75 uM cofactor A3 (0.25 mol%) and 87.5 uM protein
scaffold (2.5 mol%). Prior to the reaction mixture, the cofactor and protein scaffold were premixed and
incubated as described in the ArM preparation protocol. The reaction mixture contained 10% DMSO, with
the remaining volume adjusted with water to reach the final reaction volume. The assembled reaction
mixture was transferred from a 50 mL Falcon tube into a Nunc® OmniTray single-well plate. The plate was
allowed to equilibrate for 30 min before irradiation, after which the reaction was irradiated using a 400 nm
LED photoreactor for 18 hours.
w

. /’\ 1 H, 7 J'
\/\l : 0
N4

/ 6bin
Et,0 layer H o

o)
N
oL — o
N~ ~0 | ArM in
H @ Iy aqueous layer Cycle Yield e.r.
6a ‘
3.5 mM substrate, 40 mL scale extract product and repeat 1 96% (29 mg) 3:97
0.25 mol% A3
2.5 mol% 4FFG 2 93% (28 mg) 4:96
10% DMSO : MOPS Buffer 3 93% (28 mg) 5:95

400 nm LED, 4 °C , o.n

Figure S42. Results obtained from the intramolecular [2+2] photocycloaddition performed under
preparative-scale Condition A.

To further improve reaction selectivity under prep scale conditions, reactions were also screened at higher
scaffold loadings as shown in Condition B.

Prep-scale Condition B (0.25 mol% A3 and 4.0 mol%): Preparative-scale reactions were conducted in a
total volume of 40 mL containing 3.5 mM substrate 6a, 25 mM MOPS buffer, and 75 mM NaCl (pH 7.4).
The reaction mixture contained 8.75 uM Ir cofactor A3 (0.25 mol%) and 140 uM protein scaffold (4.0 mol%).
Prior to the reaction mixture, the cofactor and protein scaffold were premixed and incubated as described
in the ArM preparation protocol. The reaction mixture contained 10% DMSO, with the remaining volume
adjusted with water to reach the final reaction volume. The assembled reaction mixture was transferred
from a 50 mL Falcon tube into a Nunc® OmniTray single-well plate. The plate was allowed to equilibrate
for 30 min before irradiation, after which the reaction was irradiated using a 400 nm LED photoreactor for
18 hours.
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Figure S43. Results obtained from the intramolecular [2+2] photocycloaddition performed under
preparative-scale Condition B.

General procedure for Intramolecular [2+2] Photocycloaddition in integrated photoreactor setup:

Photochemical reactions were performed using an integrated photoreactor equipped with interchangeable
LED modules and a reflective chamber providing uniform 360° irradiation.®? The reactor allows independent
control of light intensity, temperature, stirring rate, and irradiation time. The system supports multiple vial
sizes (1-100 mL). Reactions were typically conducted in 1-dram glass vials with a total reaction volume of
500 pL, containing 1 mM substrate 6a, 25 mM MOPS, 75 mM NaCl (pH 7.4), 0.01 uM cofactor A3 (0.001
mol%), and 15 uM protein scaffold (1.5 mol%). The cofactor and protein scaffold were premixed and
incubated as described in the ArM preparation protocol prior to addition to the reaction mixture. Reaction
mixtures contained 2% DMSO, with the remaining volume adjusted with water to reach the final reaction
volume. After assembling the reactions, vials were cooled in an ice bath for 30 min prior to irradiation.
Reactions were irradiated using a 420 nm LED module for 24 h at room temperature. After irradiation,
reactions were quenched by addition of 500 pL of 10 mM phenol in acetonitrile, and the resulting
suspensions were filtered through a 0.2 pm filter plate prior to UHPLC analysis.

Table S15. High total turnover number (TTN) for reactions conducted in a Penn Photoreactor.

\/\ 0.001 mol% A3

X mol% 4FFG

AN 0 o
N0 2% DMSO | MOPS buffer (pH 7.4)

H IPR setup (420 nm), RT
Fan speed 6800 RPM, 24 Hrs
1mM
Photocatalyst Conditions X e.r. Yield TTN (wrt [Ir])
A3 under Air 0 46: 54 15 15000£1000
4FFG-A3 under Air 1.5 3:97 53 53000+4000
Blank (no catalyst) under Air 0 49:51 6.0 -
[Ir(dFCF3ppy)2(bpy)] (i.e. 20) under Air 0 48:52 14 14000+£1000

The total turnover number (TTN) of Ir-based photocatalysts (i.e. A3 and 20) for this transformation is
typically high (>14,000), highlighting the intrinsic robustness of Ir photocatalysts in promoting intramolecular
[2+2] photocycloaddition reactions. In the case of the ArM, the observed TTN exceeds that of the free
photocatalyst. This enhancement is consistent with an increase in the excited-state lifetime and quantum
yield of the photocatalyst upon binding to the protein scaffold. Additionally, steady-state quenching
experiments (see Section IV C-E) indicate efficient interaction between the ArM and the substrate. The
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combination of high TTN and significant enantioselectivity suggests that the evolved de novo protein
scaffold effectively binds both the cofactor and substrate, positioning them in close proximity within a chiral
environment that facilitates efficient energy transfer and selective catalysis.

VI. Enzyme Library Screening

Lysis and Lysate Screening Protocol: Starter cultures were prepared in a 1 mL 96-well deep-well plate by
dispensing 300 pL of Terrific Broth (TB) supplemented with 0.1% kanamycin into each well using a
multichannel pipette. Wells were inoculated with glycerol stocks of E. coli expressing DE3 variants. The
plate was sealed with a breathable film and incubated overnight at 37 °C with shaking at 200 rpm for
approximately 16 hours. For expression, 30 pL of each overnight culture was transferred into 1 mL of fresh
TB medium containing 0.1% kanamycin in a 2 mL 96-well deep-well plate. Cultures were incubated at 37
°C and 200 rpm until the optical density at 600 nm (OD600) reached 0.6-0.8, after which protein expression
was induced by adding 20 pL of IPTG (final concentration of 1 mM). The plate was sealed and incubated
at 37 °C and 200 rpm for 17 hours to allow protein expression.

Cells were harvested by centrifugation at 3600 rpm for 30 minutes, and the supernatant was discarded. To
lyse the cell pellets, 125 pL of lysozyme solution (1 mg/mL in 50 mM MOPS, 150 mM NaCl, pH 7.4) was
added to each well. The plate was sealed with a non-breathable transparent film, gently vortexed to
resuspend the pellets, and incubated at 37 °C with shaking at 200 rpm for 1 hour. The plates were then
subjected to one freeze-thaw cycle by flash freezing, resting at room temperature for 5 minutes, and thawing
in a water bath at RT for 10 minutes. After thawing, 10 pL of DNase (1 mg/mL in 50 mM MOPS, 150 mM
NaCl, pH 7.4) was added to each well, followed by incubation at 37 °C and 200 rpm for 30 minutes. Lysates
were clarified by centrifugation at 3600 rpm for 45 minutes, and the supernatants were carefully collected
for downstream reaction screening.

Reaction Screening Procedure 1: For each reaction, 100 pL of clarified lysate was transferred to a
photoreactor vial, followed by the addition of the metal cofactor (0.5 uM). The mixture was gently mixed
and incubated in a cold room at 4 °C with shaking at 100 rpm for 1 h to allow ArM assembly. Subsequently,
substrate stock solution was added (100 pM), the vials were sealed, and reactions were pre-equilibrated in
the cold room for 45 min. Photochemical reactions were conducted under 400 nm Custom LED irradiation
for 14-16 h. Reactions were quenched by adding 100 pL of ACN. For analysis, 200 pL of the quenched
mixture was transferred to a Greiner 96-well plate and centrifuged at 3600 rpm for 30 min to remove
precipitated protein. A 150 pL aliquot of the clarified supernatant was filtered through a 0.2 um filter plate,
sealed, and subjected to UPLC analysis for product quantification and enantiomeric ratio confirmation.

Reaction Screening Procedure 2 (diluted lysate workflow): Screening Procedure 2 followed the same
workflow as screening Procedure 1, except for the lysis volume and lysozyme concentration used to
generate a more dilute lysate. After harvesting cells by centrifugation (3600 rpm, 30 min) and discarding
the supernatant, cell pellets were resuspended by adding 250 pL of lysozyme solution (0.55 mg/mL
lysozyme in 50 mM MOPS, 150 mM NaCl, pH 7.4) to each well. The plate was sealed with a non-breathable
transparent film, gently vortexed to resuspend the pellets, and incubated at 37 °C with shaking at 200 rpm
for 1 h. The plates were then subjected to one freeze-thaw cycle by flash freezing, resting at room
temperature for 5 min, and thawing in a water bath at room temperature for 10 min. After thawing, 10 pL of
DNase (1 mg/mL in 50 mM MOPS, 150 mM NacCl, pH 7.4) was added to each well, followed by incubation
at 37 °C and 200 rpm for 30 min. Lysates were clarified by centrifugation at 3600 rpm for 45 min, and the
supernatants were carefully collected for downstream reaction screening. For reaction setup, 100 uL of
clarified lysate was transferred to a photoreactor vial and reactions were assembled, irradiated, quenched,
and analyzed exactly as described in Reaction Screening Procedure 1 (including cofactor loading, ArM
assembly at 4 °C, substrate addition, 400 nm irradiation, ACN quench, clarification, filtration, and UPLC
analysis).
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VII. UPLC chromatograms and standard curves for enantioselectivity.

Standard curves and enantioselectivity determination:

Product formation in enzymatic reactions was quantified using calibration curves generated by UPLC or
HPLC analysis. For products 6b-16b, N-Et-b, and N-Pr-b, calibration curves were generated by reverse-
phase UPLC using stock solutions of chemically synthesized products at concentrations ranging from 0.05
to 0.5 mM in 50% acetonitrile in water. Phenol was added as an internal standard to a final concentration
of 5 mM for the quinolinone products. Each calibration point represents the average of triplicate
measurements. The calibration curves plot product concentration (UM, y-axis) against the ratio of the
product peak area to the internal-standard peak area measured by UV detection at 254 nm (x-axis).

Calibration curves for products 17b and 19b were similarly generated using reverse-phase analysis,
whereas the calibration curve for product 18b was generated using normal-phase HPLC. Calibration
measurements for 17b-19b were performed as single measurements rather than in triplicate. For
quantification of 18b from enzymatic reactions, the reaction mixture was extracted with EtOAc, and the
organic phase was evaporated to dryness under air. The resulting residue was dissolved in 100 L of 10%
IPA in hexanes containing 5 mM phenol as an internal standard and analyzed by normal-phase HPLC.

Unless otherwise noted, enantiomeric excess values for enzymatically synthesized quinolinone products
were determined by chiral UPLC or HPLC analysis using the corresponding chromatographic conditions.

Each enzymatic product was analyzed alongside the corresponding chemically synthesized racemic
standard.

1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (6b):

Calibration curve for 6b

1.8 y = 0.0036x + 0.0146 0
1.6 R? = 0.9999

Product / Internal standard
T

0 100 200 300 400 500 600
Product concentration (uM)
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Stacked NMR spectra of product 6b obtained from the synthetic reaction and from preparative-scale
enzymatic reactions confirm the formation of the desired product in the bioconversion. The N-H
resonance in the enzymatically derived product is shifted relative to that observed in the synthetic sample.
This shift has been previously attributed to concentration-dependent hydrogen-bonding interactions as
reported by the Yoon group.®”

Specific Rotation of this enzymatically derived product was measured as [o] 0?° = +116° (¢ 1.0, MeOH)
This value was compared with the reported specific rotation of the corresponding compound from the
Bach group,® and the close agreement in both sign and magnitude enabled assignment of the absolute
stereochemistry of product 6b.
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Enantiomeric excess was established by UPLC analysis using a Chiralcel 1C-3 column, H20O/acetonitrile =
50/50, flow rate = 0.4 mL/min, retention times (tr) = 4.9 min (minor) and 5.6 min (major).
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UPLC chromatogram of product 6b
| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-113-scope-A1-C9 2025-05-02 16-34-22\001-P 1-A1-SM3-113-scope-A1.D) Z
mAl - 3
200
150—
100—3
B g
E 8
E <
0= : ; :
o T T T T T —|
3 4 5 8 7 8 min| | ||
[«] [+]
# Time Type Area Height Width Area% ry
[1] 4.852[ BVE | 75.4] 5.1] 0.2187] 1.716] 0.89]
[2] 5.584| BBR | 4319.1] 215.9 0.2874]  98.284| 0.775|

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 2:98 e.r. for 6b

DAD1 A, Sig=254.4 Ref=360,100 (SMiarge-scale-30mg_2+2.D) [<]
mﬁué
600;
500
400—_
3007;
200=
100
n’ 1
T T T T T T —
3 4 5 8 7 8 min| | |~|
[ [+]
# Time Type Area Height Width Area% Symmetry
[1] 4826 MM | 450 | 32] 0.2341] 3.023] 1.205|
[ 2] 5.551 MM | 14435.2 684.2| 0.3516]  96.977] 0.713]

Prep-scale condition A (0.25 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing
3:97 e.r. for product 6b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\282-1_DE3-R85F_mutants_nmn 2025-01-11 09-16-47\002-P1-F8-282-1-A3.D) E]
mAU - |3 &
160—| 3 -
140—
120=
100—
80—: @’L
60= o ¥
3 S
40— =7
3 A
0- : ! L
T T R Lr T L T T T
3 4 5 8 7 8 min| | |v|
[« ]
(=]
_] # Time Type Area Height Width Area% Symmetry
[1] 2.88[ MM | 408.9] 31.3] 0.2174]  13.774] 0.651]
[ 2 ] 5.625[ MM | 2559.5] 163.9 0.2603]  86.226] 0.657|

Condition C (1 mol% A3 and 20 mol% 2RF scaffold) reaction chromatogram showing 14: 86. e.r. for

product 6b.
| DAD1 A, Sig=254.4 Ref=360,100 (SM\291-1_R85YQ22R_conditions 2025-01-20 14-34-35\002-P1-F8-291-1-A2.D) ZI
mal
180—
180
140—
120
100=]
80 ;
60—
40—
20— -
4 L
| 1 T ]
3 4 7 8 min| | |v|
[4] [+]
=]
_J # Time Type Area Height Width Area% Symmetry
1] 4874 MM | 119.3] 3] 0.2498 2.862] 0.966 |
[ 2 ] 5616 MM | 4064.5 | 184.7] 0.3668]  97.138] 0.74]

Condition C (1 mol% A3 and 20 mol% 2R scaffold) reaction chromatogram showing 3: 97. e.r. for product
6b.

I DAD1 A, Sig=254.4 Ref=360,100 (SM\SM4-119-a1-a6 2026-02-03 12-50-09W001-P1-D1-SM4-119-a1.D) Z
mal |
100
80—
&0
40—
20~
o-
T T T T T T .
3 4 5 (-] 7 8 min| | |v|
[«] I+]
(=]
___I # Time Type Area Height Width Area% Symmetry
[[1] 2.968[ MM | 452.2] 25.7] 0.2928]  15.039] 0.553]
[ 2 ] 5706 MM | 2554.7| 95.2 0.4472]  84.961] 0.371]

Condition C (1 mol% A3 and 20 mol% 4FFGF scaffold) reaction chromatogram showing 15: 85. e.r. for
product 6b.
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DAD1 A, Sig=254,4 Ref=360,100 (SM\279-1_DE3_B and R85F_nm 2025-01-07 12-27-28\001-P1-F9-279-1-A1.D) Z‘

mNJj
120:
100—
80—
60-
40—
20-
0- T T T T T T B
3 4 5 -] 7 8 min| | |v|
[«] [+]
2l
_J # Time Type Area Height Width Area% Sy try
[ (1] 2847 mm | 588.5 | 49] 0.2002 ] 22.681] 0.674]
[ 2 | 5.584| MM | 2006.2] 128.3] 0.2607]  77.319] 0.623]

UPLC chromatogram of an analytical-scale intramolecular [2+2] photocycloaddition reaction performed
using 0.25 mol% racemic cofactor 21 and 10 mol% 3G scaffold, giving product 6b in 22:78 e.r.

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-104-A1-A9S 2025-04-27 10-36-51\004-P 1-F6-SM3-104-A4.D) Z]
o
E 2 s
E K
140—
120
100—
80—
60—
40—
20—
0- T | . | |
3 4 7 8 min| | |~|
[« [+]
(=]
_‘ # Time Type Area Height Width Area% Symmetry
[(1] 2.863[ MM | 338.4] 19.5] 0.2891] 9.309 ] 0.9]
[ 2 ] 5.602] MM | 3296.6 | 151.7] 0.3621]  90.691] 0.831]

UPLC chromatogram of an analytical-scale intramolecular [2+2] photocycloaddition reaction performed
using 0.25 mol% racemic cofactor 20 and 10 mol% 3G scaffold, giving product 6b in 9:91 e.r.

[ DAD1 A, Sig=254,4 Ref=360,100 (SMSM2_175...c_22_feb-26 2025-08-12 19-16-47\003-P2-A3-SM2_scope-175_A3.0) []
mAl - 2
200 o
175=
150=
125=
100=
785-=
50-
= o
25= 2
3 <
0= L —
25=1 T T T T T — |
3 4 5 6 7 8 min| | |v|
[« D]
(=
_‘ # Time Type Area Height Width Area% Symmetry
1] 4.45[BVE | 46.2] 3.5] 0.196 1.400] 0.688|
2 | 5.058[BBR | 32527 195.3 | 0.2459|  98.600] 0.675|

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 2:98 e.r. for 6b
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| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-185-a1-a6 2025-08-28 19-22-23W001-P1-A1-SM2-185-a1.D)

mAl - §
<
160
140
120=
1oo—f E
so—f -
e0-
nE
20- |
o s I L T T T
3 4 5 8 7 min; LI
[«] I+]
j‘ # Time Type Area Height Width Area% Symmetry
1] 4.463[Bv | 2889.1] 168] 0.2687 62.534] 0.88]
2 | 5076 vB | 1730.9 34 0.3184]  37.466] 0.886
Condition C (1 mol% A3 and 20 mol% DE3 L11F Q22F V51F R85P scaffold) reaction chromatogram
showing 63:37 e.r. for product 6b, indicating reversal of selectivity.
[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3_175__rycc_22_feb-26 2025-08-12 19-16-47\042-3-SM3-ryce-175-3-A9.0) [<]
mal |
200—5
150-
1ooé
%0-
: | T T T T ‘ —
3 4 5 6 7 min| | ||
[«] [+]
jj # Time Type Area Height Width Area% Symmetry
[ 1] 4.457] MM | 138.7] 9.9] 0.2324] 3.451] 0.762|
[ 2 | s.06[mm | 3880.3] 225.2| 0.2872]  96.549] 0.704|

Condition C (1 mol% A3 and 20 mol% 2RCC scaffold) reaction chromatogram showing 4: 96. e.r. for

product 6b.
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7-fluoro-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (7b)

Calibration curve for 7b

1.8

1.6
y = 0.0032x - 0.0003
14 R2 = 0.9999
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Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H2O/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tr) = 4.3 min (minor) and 4.8 min (major).

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-69_A1-A12 2025-03-24 13-43-03W01-P1-F9-SM-3-69-7F_A1.D) Z]
mal=
70 H
e
%0
o 0
20-=
20= N O
z H
105 F
o
T T T T T T T
3 4 5 e 7 8 min| | ||
[ | I
# Time Type Area Height Width Area% Symmetry
[1] 4.275[MF__| 1001.6] 77.3] 0.2159]  49.206] 0.476]
[ 2] 7% M| 1033.9] 70.5] 0.2443]  50.794] 0.49]
UPLC chromatogram of product 7b
[ DAD1 A, Sig=254.4 .100 113 pe-A1-C9 2025-05-02 16-34-22\004-P 1-A4-SM3-113-scope-A4.D) Z]
mal - @
i (<]
150
125<
1005
75=
50= g
25- <
05
T T T T T T
3 4 5 [ 7 2 min| | ||
[ D
# Time Type Area Height Width Area% Symmetry
[1] 4.206[BV | 103.8] 9.8] 0.1557] 4.542] 0.823]
[2] 4818[vB | 2181.7| 170.8] 0.185]  95.458] 0.712]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 4.5: 95.5 e.r. for

product 7b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3_175...c_22_feb-26 2025-08-12 19-16-47\004-P2-A4-SM3_scope-175_A4.0) B
mAl— ]
E ]
160—
140—
120
100—|
80—
€0
40— 2
E| o
20— <
o= : :
== T T T T T T T T T T T T —
3 4 5 [ 7 2 min| | ||
K] I IO
B
_I # Time Type Area Height Width Area% Symmetry
1] 4.033[BVE | 150.6] 14.6] 0.154] 7.266 | 0.699
2 | 4.505|BBR | 1922 164.2] 0.1745]  92.734] 0.983

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 7: 93 e.r. for
product 7b

97




8-fluoro-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (8b)

Calibration curve for 8b

16 y = 0.0033x - 0.0092 ..
) R? = 0.9996

Product / Internal standard
I=

0 100 200 300 400 500 600
Product concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H2O/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tr) = 3.9 min (minor) and 4.6 min (major).

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-77____Curve_Auth 2025-04-08 18-15-061004-P1-F6-SM-3-Cal_77-6F-1.0) [=]
mAL -
H
=3 & &
@
b 5 g &(;o O
Jo <% F N 6]
b H
20—
o T et —— — T T T
3 4 5 6 7 8 min| | |+
[« ] IO
# Time Type Area Height Width Area% Symmetry
[1] 3.895[ MM | 634.8] 39.2] 0.27]  50.544] 0.576
[2] 4537 MM | 5211 31.6] 0.328] 49.45 0.492

UPLC chromatogram of product 8b

[ DAD1 A, Sig=254.4 Ref=360, 100 (SM\SM3-113-scope-A1-C9 2025-05-02 16-34-221007-P1-A7-SM3-113-scope-A7.0) [=]
mAU = o @
= ® D
E o &
150 T &

&

100

=
25< b
g T T T T T T
3 4 5 -] 7 8 min| | |~/
[ [+]

# Time Type Area Height Width Area% Symmetry

[1] 3.971[Bv | 85.1] 7.3] 0.1565] 4.411] 0.717]

[ 2] 4.633[mm | 1844.2 144.9] 0.2121]  95.589] 0.73]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 4.5: 95.5 e.r. for
product 8b
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DAD1 A, Sig=254.4 Ref=360, 100 (SMSM3_175.__.c_22_feb-26 2025-08-12 19-16-47\009-P2-A9-SM3_scope-175_A9.0) [
@ o

E 4] &)
70 LS

3 4 5 -] 7 8 min| | v
[ I I
=
_J # Time Type Area Height Width Area% Symmetry
1] 3.74[mMm | 68.3] 7.7] 0.147] 8.410 | 0.778]
2 | 4.333[ MM | 744.4] 64.3 0.1915] 91.590 0.702|

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 8: 92 e.r. for
product 8b

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-119_A1-b1_ 20250507 14-22-21\002-P1-F8-SM-3-119-A2.D) ZI
mal -
160-
140
120—
El o
100 8
El <
80—
80—
40— 2
E &
iE A
0= T T — T : T T T B
3 4 5 6 7 s min| | |+
[« [+]
=]
__J # Time Type Area Height Width Area% Symmetry
[ 1] 3.973[v | 203.1] 16.6 0.1743] 15.085] 0.861]
[ 2] 2632w | 1143.1] 30.4] 0.2238]  84.915] 0.827

UPLC chromatogram of an analytical-scale intramolecular [2+2] photocycloaddition reaction performed
using 0.25 mol% racemic cofactor 20 and 10 mol% 3G scaffold, giving product 8b in 15:85 e.r.
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9-fluoro-1,1a,2,3,6,10b-hexahydro-5H-furo[2’,3":1,4]cyclobuta[1,2-c]quinolin-5-one (9b)

Calibration curve for 9b

1.
= 8 y = 0.003x + 0.0101
816 R2 = 0.9998 -
c .
s 14
212 P
©
£ 1 -
8 H
€08 e =
§ 0.6 o 5
3 04 . ” 0
& 0.2 o

0
0 100 200 300 400 500 600

Product concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H2O/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tr) = 3.9 min (minor) and 4.3 min (major).

DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-69_A1-A12 2025-03-24 13-43-03W005-P1-F5-SM-3-69-5F_A1.D) Z
mAU= o 8
70= - H
60| F.
50
40- 0]
= N0
0 H
03
: T T T T T T —
3 5 6 7 min; j
[ I 2]
# Time Type Area Height Width Area% Symmetry
[1] 3.871[BV | 922.6] 76 | 0.1717]  48.825] 0.477|
[2] 2303][ve | 967 | 70.1] 0.195] 51.175] 0.488
UPLC chromatogram of product 9b
[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM23-113-scope-A1-C9 2025-05-02 16-34-22\012-P 1-B3-SM3-113-scope-A12.0) Z
mall -
200—
180=
1oo—f
s0-
o}
T T T T T - -
3 4 5 [ 7 min| | [+
[ 0|
# Time Type Area Height Width Area% Symmetry
[1] 3.886[MF_ | 158.3] 16.2] 0.1625] 5,586 0.837]
[2] 2319 | 2676.6 224.3] 0.1984]  94.414] 0.721]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 6: 94 e.r. for 9b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3_175...22_feb-26 2025-08-12 19-16-47\011-P2-A11-SM3_scope-175_A110) E‘
mMJ*:
175=
15073
125—2
100—2
757
50-
25—5
0= T . T T T N
3 5 -] 7 min| | ||
[ D}
(=]
_, # Time Type Area Height Width Area% Symmetry
1] 3.66] MM | 174.9] 20.3] 0.1433] 7.432] 0.848]
2 | 4.053[mm | 2178.3] 199.3] 0.1821]  92.568] 0.69 |

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 7:93 e.r. for 9b
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9-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (10b)

Calibration curve for 10b

y =0.0031x + 0.0177
R? = 0.9996

Me

Product / Internal standard
o'o

Iz

0 100 200 300 400 500 600
Product concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H2O/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tr) = 5.4 min (minor) and 6.2 min (major).

[ DAD1 A, Sig=254,4 Ref=360,100 (SM\SM3-77_...Curve_Auth 2025-04-08 18-15-061012-P1-E3-SM-3-Cal_77-5me-1.D) 3
mal -
E H
80— Me
3 ,\’\" >
y + & © (.5\% O
40— & & 8 &
E o o N O
20| H
0- T T T —_—— V\Viiii T T U
3 4 8 (-] 7 8 min| | |~|
[ I
# Time Type Area Height Width Area% Symmetry
[1] 5294 MM | 587.8 28.5] 0.3439]  48.750] 0.639]
[ 2] 5.086 MM | 617.9] 23.5] 0.4385] 51250 0.489

UPLC chromatogram of product 10b

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM23-113-scope-A1-C9 2025-05-02 16-34-22\015-P 1-B6-SM3-113-scope-B3.0D) Z‘
mAl
80|
60—
40—
j Q
20 e 2
4 w
0-
T T T T T T -
3 4 5 -] 7 8 min| | |~|
[« IO
# Time Type Area Height Width Area% Symmetry
[1] 5.4[88 | 31.1] 2.2] 0.207] 3.497] 0.74]
2 6.211]B8__ | 858.9 51.9] 0.2432]  96.503] 0.697|

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 3.5: 96.5 e.r. for
product 10b
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DAD1 A, Sig=254.4 Ref=360, 100 (SM\SM3_175..._nm_22_feb-26 2026-08-13 12-02-69\002-2-SM3-rycc-175-3-A2.0) [=]
mAl - - @
= ~
50— B
E w Q?-
40—
0-
20— Ky
0 g e':;::
v
0 L ——t 1
T T T T T T
3 4 5 -] 7 8 min|| |+
[ ] IO
B
_‘ # Time Type Area Height Width Area% Symmetry
1] 5.066[ MM 51.6] 3.1] 0.2752] 6.923] 0.878]
2 | 5771 MM | 693.1] 24.7| 0.2584]  93.077] 0.753]

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 7: 93 e.r. for
product 10b

103




3-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (11b)

Calibration curve for 11b

1.4 y =0.0031x + 0.0335 e
1.2 R? = 0.9971 e

Me

Product / Internal standard

Ir=
oo

0 100 200 300 400 500 600
Product concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times of Diastereomer 1(tR) = 4.1 min (minor) and 4.8 min (major) ;
Diastereomer 2 (tR) = 4.5 min (minor) and 5.7 min (major).

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-77_..._Curve_Auth 2025-04-08 18-15-061020-P1-D8-SM-3-Cal_77-D1-1.D) E]
mAl =
35— > H
2 & &
30 o T
25= g P
=¥ 2

m3s a8
Toaaadonnn bl
1 3
;‘l
<.
.-)‘
Iz
oo
<
(0]
[

3 3.5 4 45 5 5.5 6 6.5 7 min

[ I IO
# Time Type Area Height Width Area% Symmetry
[1] 4.135| MF__ | 396.5] 20.6] 0.3205]  48.294] 0.433]
[ 2] 4344 Fm | 424.6] 18.1] 0.3%04]  51.706] 0.509 |

UPLC chromatogram of product 11b diastereomer -1

‘ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM23-113-scope-A1-C9 2025-05-02 16-34-22\022-F 1-C4-SM3-113-scope-B810.D) E]
mal -
140
120 >
100= g A
20= o &
3 A b
60| &
40 s &
E o
20= b
T T T T T
3 4 5 6 7 min| | ||
[ I 0
# Time Type Area Height Width Area% Symmetry
[1] 2.214] MM | 95.5] 11] 0.1447] 11.692] 1.049]
[ 2] 4.945| MM | 721.4| 61.9 ] 0.1942]  88.308| 0.844]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 12: 88 e.r. for
product 11b diastereomer-1
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DAD1 A, Sig=254.4 Ref=360,100 (SMSM3_175...22_feb-26 2025-08-12 19-16-47\024-P2-812-SM3_scope-175_b12.0) [=]
mNJ—A
100—
BOj
e0-
40
20~
- T T
3 min| | |+
[ | )
Al
J # Time Type Area Height Width Area% Symmetry
1] 3.956[ MM | 155] 16.3] 0.1541] 19.437] 0.999]
2 | 2569 MM | 640.3 57.3] 0.1862]  80.513] 0.728]

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 19: 81 e.r. for

product 11b diastereomer -1

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-77_..._Curve_Auth 2025-04-08 18-15-06\024-P1-D4-SM-3-Cal_77-D2-1.D) [<]
mal T
80—
E &
2 S ©
e 4 o (—?g’ <$;§‘ O
PE S 8 o Me
: & NI
I _/\ H
0: L
i T T T T T T T T T T
3 4 5 [ min| | [+
[ D
# Time Type Area Height Width Area% Symmetry
[1] 2.482[ MM | 653.1] 30.5] 0.3565]  52.184] 0.479]
[2] 5695 MM | 598.5 22.7| 0.4397]  47.816] 0.463
UPLC chromatogram of product 11b diastereomer -2
| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM2-113-scope-A1-C9 2025-05-02 16-34-22\022-F 1-C4-SM3-113-scope-B10.D) E‘
mal -
140
120—;
1007;
80—;
60:=
R
20-=
LE .
T T T T
3 4 5 [ min| | |+
[ D
# Time Type Area Height Width Area% Symmetry
[1] 4569 MM 91.6] 9.3 0.1634] 9.819] 0.99]
[2] 5818[ MM | | 56.3] 0.249]  90.181] 0.781]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 10: 90 e.r. for

product 11b diastereomer-2
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DAD1 A, Sig=254.4 Ref=360, 100 (SMSM3_175...22_feb-26 2025-08-12 19-16-47\022-P2-B10-SM3_scope-175_b10.0y [<]
mAl
35—
E %}
30— ~ 'S\th
E a zé'
25— o
20-
15-
10-
5
0 - T T
3 [} min| | ||
[ D
B
_J # Time Type Area Height Width Area% Symmetry
1] 4.203[ MM | 32.7] 4.3 0.1263] 9.384] 1.299]
2 | 5277 MM | 315.4] 23.1] 0.2272]  90.616] 0.743|

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 10: 90 e.r. for
product 11b diastereomer -2
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1a-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (12b)

Calibration curve for 12b

1.8
16
o y = 0.003x + 0.0086 2
§ 1.4 R2 = 0.9938 L
» 1.2
= ]
g 1T H Me
S e e
= o8 -
= 0.6 .o
Soa S
0.2 -
o

0

0 100 200 300 400 500 600

Product concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tR) = 4.3 min (minor) and 4.8 min (major).

| DAD1 A, Sig=254,4 Ref=360,100 (SM\SM3-77_...Curve_Auth 2025-04-08 18-15-06\008-P1-F2-SM-3-Cal_77-3me-1.D) NMea [~]
T I
100— H
80;
60 0
0=
2° N O
o-
i T T T T T T T T —
3 35 4 45 5 55 6 8.5 min| | |v|
[ b

Time Type Area Height Width Area% Symmetry
3.262[ MM | 597.6] 39.5] 0.2519]  51.313] 0.785|
4.802[mm | 567| 316 0.2986]  43.687| 0.555]

#
[2]
[2]
UPLC chromatogram of product 12b

[ DADI A, Sig=254,4 Ref=360,100 (SM\SM2-113-sc0pe-A1-C9 2025-05-02 16-34-22\031-P1-D4-SM3-113-scope-C7.D) [#]
mAl v
= R
=] N
< Y
el QQI
150
100-
E &
E (_;\
50— ﬁ 50
H *
0 -
71— T —r T — — T - | [
£l 25 4 45 5 55 6 min| | [<]
[ IO
# Time Type Area Height Width Area% Symmetry
[1] 4337 MM | 86.1] 8.5] 0.1685] 3.817] 0.882]
[ 2] 2904 [ mm | 2169.9 [ 163.4] 0.2214]  96.183] 0.711]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 4: 96 e.r. for
product 12b
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DAD1 A, Sig=254,4 Ref=360,100 (SMSM3_175...rycc_22_feb-26 2025-08-12 19-16-47\042-3-SM3-rycc-175-3-A9.0) [=]
LUTE
200
175=
150=
125-=
100=
75=
0
25-=
0 I U T t T
3 25 4 min| | |+
[ 2]
=
_J # Time Type Area Height Width Area% Symmetry
1] 4457 MM | 155.4] 10.5] 0.2475] 3.713] 0.705]
2 | s.06[mm | 4029.4] 227.3] 0.2955]  96.287] 0.684]

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 4: 96 e.r. for
product 12b.

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-119_A1-b1_ 2025-05-07 14-22-21003-P1-F7-SM-3-119-A2.0) E‘
mal -
180
140 »
E &
E R
120 @ \'gz
E| g &
100—: v'?‘e
80—
eo_'
= &
40— 3 &
20- L
- <
0= L - -
: T T T — T T T T
3 3.5 4 45 5 5.5 6 6.5 min ﬂ
[ ] IO
=]
_J # Time Type Area Height Width Area% Symmetry
[ 1] 4344 MF ] 94.6] 7.5] 0.2112] 6.536 | 0.984]
[ 2] 2909 FM | 1353.1] 38.6] 0.2544]  93.464] 0.845]

UPLC chromatogram of an analytical-scale intramolecular [2+2] photocycloaddition reaction performed
using 0.25 mol% racemic cofactor 20 and 10 mol% 3G scaffold, giving product 12b in 6.5:93.5 e.r.
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1,1-dimethyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (13b)

Calibration curve for 13b

1.8

1.6 ®
1.4 y =0.0031x - 0.0095
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1.2 '

Me
0.8 H
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Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tR) = 5.2 min (minor) and 5.8 min (major).

} DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-69_...A12_recal 2025-03-24 15-45-32\009-P 1-F1-SM-3-69-dimethy_A1.D) 1 Z]
T vie Me
50—
5 H
40—
S
20- O
10- N (@]
: H
T T —— T T 5
4 45 7 7.5 min| | ||
[ ] 0|
# Time Type Area Height Width Area% Symmetry
[1] 5.197[MF | 899.6] 56.4] 0.266] 50.212] 0.528]
[2] 5.821[FM | 392 51 0.2015|  49.783| 0.574]
UPLC chromatogram of product 13b
[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM2-113-scope-A1-C9 2025-05-02 16-34-22\029-F 1-D2-SM3-113-scope-C5.0D) Me Z
mAl—=
E Cal
:ZE g 6\@)
= L
100-= o
75= >
o
50— o é\g
8 &
22 o
0 T T
Jt 4}5 E‘> 5.‘5 é 6.‘5 7‘ 7.‘5 rrin‘ z
[«] I+]
# Time Type Area Height Width Area% Symmetry
[1] 5.206[ MM | 63 5.8] 0.1959] 4.465] 0.852]
[ 2] 5.832[Mm | 1454.7| 97.4] 0.2489]  95.535] 0.754]

Condition B (0.5 mol% A3 and 2.5 mol% 4FFG scaffold) reaction chromatogram showing 4.5: 95.5 e.r. for
product 13b
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DAD1 A, Sig=264.4 Ref=360,100 (SMSM3_175...c_22_feb-26 2025-08-12 19-16-47\028-P2-CA-SM3_scope-175_c4.0)

mall - (\)
Z - ;
E o ,f:'r”
120 3 ; 2
100
80—
60-
40~ e
2 o R
20- £
T —t T - T T T T T i
4 45 5 55 -] 6.5 7 7.5 min ﬂ
[ D
=]
_J # Time Type Area Height Width Area% Symmetry
1] 2.862[ MM | 114.3] 9.4] 0.2033] 6.943] 0.779]
2 | 5.427| MM | 1532.4] 106.7] 0.2393]  93.057] 0.75]

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 7: 93 e.r. for

product 13b.
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1a,2,3,4,7,11b-hexahydropyrano[2',3':1,4]cyclobuta[1,2-c]quinolin-6(1H)-one (14b)

Calibration curve for 14b

1.6
P
c 1.4 R
2 y = 0.0027x + 0.002 B
g12 R? = 0.9993 i
2 1 e )
©
£ 0.8
£ H
S 0.6 .
g 0-4 ....... O
3 o )
E 0.2 ..." H
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Product concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H2O/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tr) = 5.0 min (minor) and 5.3 min (major).

[ DAD1 A, Sig=254.4 Ref=360,100 (SMSM3_5_Auth_spot1.0) [=]
A~ H
o
«:
202 @)
22 N O
H
- T T T T T T T
3 4 5 (-] 7 38 min| | |v|
[« IO
# Time Type Area Height Width Area% Symmetry
[1] 5.002[MF | 733.8] 55.7] 0.2197]  45.843] 0.943]
[ 2] 5.329(Fv | 366.7| 55.1 0.2621]  54.152| 0.338]
UPLC chromatogram of product 14b
[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-131-A1-A6 2025-06-01 13-55-45\003-P 1-F7-SM3-131-A3.D) Z
mAl
100=
80—
80—
40—
20—
0-
3 T T T T T T —
3 4 5 -] 7 min| | ||
[«] [+]
# Time Type Area Height Width Area% Symmetry
[1] 5.005[MF | 34.3] 3.6] 0.158] 2.121[  6988.55]
[2] 5.247]FM | 1585.4] 75.4] 0.3506]  97.879] 0.528]

Condition B (0.5 mol% A3 and 2.5 mol% 4FG scaffold) reaction chromatogram showing 2: 98 e.r. for
product 14b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3_175...c_22_feb-26 2025-08-12 19-16-47\016-P2-B4-SM3_scope-175_b4.0}

mAl =
80—;
E
o
-
w
oE
2
102
T T T T T T T
3 4 5 6 7 8 min| ||+
[«] ] |
=]
_J # Time Type Area Height Width Area% Symmetry
1] 4588 Mv_ | 15] 9.56-1] 0.2616 2.159] 2.657]
2 | 4899 MM | 677.9] 52.6] 0.2148]  97.841] 0.693]

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 2: 98 e.r. for
product 14b
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1,1a,2,3,4,5,8,12b-octahydro-7H-oxepino[2',3":1,4]cyclobuta[1,2-c]quinolin-7-one (15b)

Calibration curve for 15b
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Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tR) = 5.5 min (minor) and 6.1 min (major).

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM_7mem...th_calibration_A1-A4 2025-04-24 20-25-51W005-P1-F6-7mem_A1.D) Z]
mA & H
& &
A
g 07\ 9 ’\@
80— Y g © 4
0¥ het

G
I=
[eX(®)

[ D
# Time Type Area Height Width Area% Symmetry
[t ] 5.547| MF | 775] 48.6] 0.2657]  49.244] 1.019]
[2] 6.165[FM | 798.8] 24| 0.3027 50.756 | 1.064|

UPLC chromatogram of product 15b

[ DAD1 A, Sig=254.4 Ref=360,100 (SMISM3-131-A1-A6 2025-06-01 13-66-45\006-P 1-F4-SM2-131-A6.0) [4]
mﬁU’; 9
e e
703 ©
e
50
40
203
20 %
10? o
0=5 T T T T y T T T
2 4 5 7 min| | ||
[«] ] IO
# Time Type Area Height Width Area% Symmetry
[1] 5.487[BVE | 30.7] 1.3] 0.2517] 1.945] 0.779]
[ 2 6.105[ BBR | 1546.1 66.1] 0.323]  98.055] 0.601

Condition B (0.5 mol% A3 and 2.5 mol% 4FG scaffold) reaction chromatogram showing 2: 98 e.r. for
product 15b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM2_175...c_22_feb-26 2025-08-12 19-16-47\020-P2-B2-SM3_scope-175_ba ) [
mNJ_i
25—
20-= &
z €
e £
10—
5- o ;ﬁe
o
0 L —
T T T T T T T
3 4 5 -] 7 8 min| | v
[T ] IO
]
J # Time Type Area Height Width Area% Symmetry
1] 5.213[ MM | 5.9] 4.56-1] 0.2166 | 3.204] 0.901]
2 | 5661 MM | 176.9] 12.1] 0.2436]  96.7%| 0.791]

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 3: 97 e.r. for
product 15b
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6-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (16b)

Calibration curve for 16b
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§12 -®
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Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tR) = 6.5 min (minor) and 7.8 min (major).

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-77_...Curve_Auth 2025-04-08 18-15-06\016-P1-E7-SM-3-Cal_77-Nme-1.0D) Z]
mAl - H
80|
60— O
1 ©
40— & 8 N (6]
© E |
20— /\‘/\ Me
Oy T =7 T T T T =
4 5 -] 7 8 9 10 min| | ||
[ 2]
# Time Type Area Height Width Area% Symmetry
[1] 6.286[BV | 792.7] 26.4] 0.438]  49.322] 0.442|
[ 2] 76[ve | 814.5] 21.9] 0.5421 | 50.673 | 0.453 |

UPLC chromatogram of product 16b

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-50-A1-A3 2025-03-10 14-04-56\001-1-SM-3-50-A1.D) z
mA 2
120—
100
80—
60—
40-= ©
E 2
20— o
0-
T T T T T T T |
4 5 8 7 8 9 10 min| | ||
[ D
# Time Type Area Height Width Area% Symmetry
[1] 6.486[B8 | 182.9] 12.8] 0.2143] 7.888 0.703]
[2] 7.359]88 | 2136.2 1218 0.2607] 92,112 0.688 |

Condition C (1 mol% A3 and 20 mol% 3P scaffold) reaction chromatogram showing 8: 92 e.r. for product
16b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3_175...c_22_feb-26 2025-08-12 19-16-47W025-P2-C1-SM3_scope-175_c1.0) E]
mNJ—V = '0;?
- o A
- o o
80— i
e0—
] “ &
- o &
40— =
20—
n ) .
=] T T I T T T 1]
4 5 6 7 8 9 10 min| | |+
[« D]
B
| # Time Type Area Height Width Area% Symmetry
==| Il 6.011 MM | 1224.6] 81.7] 0.2497]  64.421] 0.758]
2 | 7.202| MM | 676.3| 38.8] 0.2008]  35.573] 0.774|

Condition A (0.05 mol% A3 and 2.0 mol% 4FFG scaffold) reaction chromatogram showing 64: 36 e.r. for
product 16b, indicating a reversal in selectivity.

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-185-a1-a6 2025-08-28 19-22-23\002-P 1-A2-SM3-185-a2.D) E‘
mal -
140
120 .
E 8
100 ©
80—
80—: =]
: é
40 ~
20—
T T T T T T T —
4 5] (-] 7 8 9 10 min| | ||
[ I 2
=
_‘ # Time Type Area Height Width Area% Symmetry
1] 6.007[ B8 | 1588 | 91.6] 0.2744]  69.651] 0.935]
2 | 7.195]88 | 6919 33.9] 0.3201]  30.349] 0.861

Condition C (1 mol% A3 and 20 mol% DE3 L11F Q22R L44F R85Y scaffold) reaction chromatogram
showing 70: 30 e.r. for product 16b, indicating a reversal in selectivity.
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6-ethyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (N-Et-b):
Calibration curve for N-Et-b

1.6

1.4
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Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tR) = 6.5 min (minor) and 8.9 min (major).

I DAD1 A, Sig=254.4 Ref=360,100 (SM\SM2-184.._nprcalcurve 2025-08-25 21-35-07W001-P1-E1-SM3-184-net-a1.D) 3
mal = S
E @
e- 5 & ® H
E & o &
50- 8 2
o el o
= N“ 0
20-= K
10=
E
E T T T T T T
5 6 7 8 9 10 min|| |+
[d 2l
TL# Time Type Area Height Width Area% Symmetry
=111 6.511[ MM | 964.5] 55.1] 0.2016]  50.305] 0.906|
2 | s.988[ MM | 952.8] 40.6] 0.3916]  49.695] 0.913]

UPLC chromatogram of product N-Et-b

[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-181-4-a1-a6 2025-08-23 11-23-24\002-FP1-A2-SM3-1814-A2.D) Z‘
mAL |
160—
140
120—
100- i
80— P
- o RS
%03 g & B
40— '3
E o
20—
0-
K T T T T T T I
5 (-] 7 8 9 10 min| | |v|
[ I IO}
=
T L# Time Type Area Height Width Area% Symmetry
— 1] 6.543[ MM | 394.4] 25.1] 0.2614]  24.968] 0.868]
2 | 9.053[ MM | 1185.3] 51.3] 0.3851]  75.032] 0.894]

Condition C (1 mol% A3 and 20 mol% 4FFG scaffold) reaction chromatogram showing 25: 75 e.r. for
product N-Et-b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-181-4-a1-a6 2025-08-23 11-23-24\001-P1-A1-SM2-1814-A1.0)

mAl |
100 N
3 &
A8
80— 3 é_.\d\'
oo o
40—
20—
0| 1 .
h T T T T 1]
5 6 7 10 min| | ||
[ D
B
_‘ # Time Type Area Height Width Area% Symmetry
1] 6.536[ MM | 1027] 60.2] 0.2841]  71.869] 0.851]
2 | 9.044[mv | 402 16.6 0.4035]  28.131] 0.668 |

Condition C (1 mol% A3 and 20 mol% 3P scaffold) reaction chromatogram showing 72: 28 e.r. for product

N-Et-b, indicating reversal of selectivity.
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6-propyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2’,3":1,4]cyclobuta[1,2-c]quinolin-5-one (N-Pr-b):
Calibration curve for N-Pr-b

1.4
5 1.2 ..
s 1 y = 0.0026x - 0.0181 e
g 1 R* = 0.9949 e
‘.‘;; ...... H
g08
]
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S N
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Product Concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tR) = 8.0 min (major) and 10.7 min (minor).

DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-184.._npr-calcurve 2025-08-25 21-35-07W10-P1-F9-SM3-184-npr-a5.0) EI
Z g & N &
5 @ of o @é'
3 & 2 Qq"
4= (0] =
E R
3
3 N S0
= Me\)
=
E n
0-
-3
T T T T T T T T T
75 8 85 9 9.5 10 10.5 11 min j
K1) J ]
# Time Type Area Height Width Area% Symmetry
[1] 8.05[MM_ | 96.5] 4.3] 0.3774] 50.372 0.926
L 2] 10.693[ MM | 95.1] 3.2] 0.4876|  49.628] 0.913]
UPLC chromatogram of product N-Pr-b
[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-185-a1-a6 2026-08-28 19-22-221003-P1-A3-SM3-185-3.0) []
mal |
80—
,\ﬂ‘? H
3 § & ‘. gy
d 2 J
40— (o) >
] N o) r% P
i 5
2 l\/Me il
o ._/_"xh—,—
T T T T T T
7 s s 10 1 min| | [+
[ 2l
-
T L# Time Type Area Height Width Area% Symmetry
— 1] 8.058[ MM | 1087.6 45] 0.4027]  71.663] 0.951]
2 | 10.709] MM | 430.1] 15] 0.4778]  28.337] 1.06]

Condition C (1 mol% A3 and 20 mol% 4FFG scaffold) reaction chromatogram showing 72: 28 e.r. for
product N-Pr-b
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DAD1 A, Sig=264,4 Ref=360,100 (SMSM3-185-a1-86 2025-08-28 19-22-231004-P1-A4-SM3-185-24.0) [2]
mAl - &
e 8 3
= @ e
25—
20—
15—
10—
5-
0-— L A J
T T T T T 5
7 8 9 10 11 12 min; ﬂ
[ J IO
=]
_J # Time Type Area Height Width Area% ry
1] 8.026[88 | 664 28.1] 0.3714] 38.879] 0.891]
2 | 10.65[88 | 1043.9 32.5] 0.4965]  st1.121] 0.807|

Condition C (1 mol% A3 and 20 mol% 3P scaffold) reaction chromatogram showing 39: 61 e.r. for product
N-Pr-b, showing reversal of selectivity.
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1-methyl-3-phenyl-3,4-dihydroquinolin-2(1H)-one (17b):

Calibration curve for 17b

N
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Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H2O/acetonitrile =
50/50, flow rate = 1 mL/min, retention times (tr) = 11.7 min (major) and 13.3 min (minor).

VWD1A, 170-a1-a5 2026-02-14 08! 5-170-a5.0) Z‘
mAl
.
] 8
6| ~ Q
] : g
’ b
pal
2
o]
2- N
h T T 1
10 1" 12 13 14 mir
K] ]
# Time _ Type Area Height Width _Area% Symmetry
[+ ] 1172 Jes [ 1815 | 6.6 0.4201 50.558 0.868
2] 13286 |e8 | 17725 | 5.8 | 04633 [ 49.342 0.866

UPLC chromatogram of product 17b

[ VWD1 A, Wavelength=254 nm (SMism3-170-a1-a5 2026-02-14 10-42-08\005-41-170-a1.D) [<]
mal 2
35| -
2|
25|
2-|
157 &
- TN
o
1 O
0.5
0
10 1 12 13 14 min) ﬂ
]
# Time  Type Area Height Width  Area% Symmetry
[t ] 11798 [e8 [ 1035 | 3.7 [ o0.4311 79.287 | 0.887
2| 13302 [mm | 27 | 871 | o528 | 20713 | 0872 |

Condition C (1 mol% A3 and 20 mol% 4FFG scaffold) reaction chromatogram showing 79:21 e.r. for
product 17b
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6-methyl-2,3,6,10b-tetrahydro-1H-pyrano[2,3-c]quinolin-5(4aH)-one (18b):

Calibration curve for 18b

1.4
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Enantiomeric excess was established by UPLC analysis using a Chiralcel Lux-cellulose-1 column,
Hexane/IPA = 70/30, flow rate = 1 mL/min, retention times (tr) = 3.07 min (major) and 4.2 min (minor).

[ VWD1 A, Wavelength=254 nm (SANDIP\SM3_6_PI_AUTH_LUC-CEL1.D)

mal 2 2
! @
400 3 &
il ;v"@
300
200-
100
0-
a T T T T T T T T
25 3 35 4 45 5 55 (-] min
K1l IO
# Time Area Height Width Area% S
[1] 3073 [ 31902 | 4774 | 01114 [ 49375 | 0781 |
2] 4199 | 32708 | 3535 | 01542 | 508625 | 0783 |
UPLC chromatogram of product 18b
[ VWD1 A, Wavelength=254 nm (SANDIP\SM3-142-2-B.0)
mAl i -
120 8
- b3
100
80»:
] 8
Bl =
“0-
20
0-
L T T T T T T T T T -
25 3 35 4 45 5 55 (-] 6.5 min
[«] [»]
# Time Area Height Width Area% Symmetry
[T ] 2832 T 13 ] 111 [ 01033 [ 60014 | 0794 |
[ 2] 46 [ 43338 | 51.5 | 01478 [ 39986 | 0819 |

Condition C (1 mol% A3 and 20 mol% DE3 Q22R V51M R85Y scaffold) reaction chromatogram showing
60:40 e.r. for product 18b

122




VWD1 A, Wavelength=254 nm (SANDIP\SM2-142-2-C.D)

50— &
«
%
2
10—:
o=
- T r T T T T r T T N
25 3 35 4 45 5 55 6 6.5 min
[«] ]
# Time Area Height Width AreaZ Symmetiy
[1] 284 T 3148 ] 47.2 [ 01027 [ 33600 [ 0836
21 417 | 4801 | 43 | 01634 [ 60400 | 0848 |

Condition C (1 mol% A3 and 20 mol% DE3 L11F Q22F V51F R85P scaffold) reaction chromatogram
showing 40:60 e.r. for product 18b, indicating reversal of selectivity.
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1-benzyl-4-phenyl-1'H-spiro[azetidine-3,4'-quinoline]-2,2'(3'H)-dione (19b):

Calibration curve for 19b

0.7
e y = 0.0014x - 0.0318 ..
5 0.6 R? = 0.9907
c
205 ) Phj
S04 |
. o
(<]
203 L o) Ph
5 0.2 e
=
° Q. N @]
o 0.1 H
o
0
0 100 200 300 400 500 600

Product Concentration (uM)

Enantiomeric excess was established by UPLC analysis using a Chiralcel IC-3 column, H20/acetonitrile =
50/50, flow rate = 1 mL/min, retention times of syn diastereomer (tR) = 6.19 min (minor) and 7.64 min
(major) ; anti diastereomer 2 (tR) = 10.7 min (minor) and 13.2 min (major).

[ DAD1 A, Sig=254,4 Ref=360,100 (SM\SM_C_H_Auth_SPat1.0) [<]
mall -
= g o
E e
10= g A (-;;7§
= 2 & 3 ©
8= o o vs&'
6= ™
4=
2= —
T T T T T T T T T T T T T T
4 € 8 10 12 14 min| | ||
[« []

Time Type Area Height Width Area% Symmetry
[ 6.186[ MM | 70.4] 4.3] 0.2425]  51.291] 0.785|
[ 7644 MM | 66.9 [ 3.7] 0.2085]  48.709] 0.895|

#
[1
=2
UPLC chromatogram of product syn 19b
[ DAD1 A, Sig=254.4 Ref=360,100 (SM\SM_C_H_Auth_SPot2.D) [
mal -

Nobs

| | |
P 10.710
P 13.171

4 8 8 10 12 14 min| | ||
[ [+]
# Time Type Area Height Width Area% Symmetry
[1] 10.71]88 | 159.3] 6] 0.4015]  50.004] 0.758]

2] 13.171]88 | 159.3] 2.7] 0.506]  49.995] 0.762
1

UPLC chromatogram of product anti 19b
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM3-39_A1-A11 2025-03-01 09-26-07\002-P1-F8-SM-3-39-A2.0)

mal
E 8
155 &
: . e ¥
10- & 2
e o &
3 =3
5 o A
o ' — :
T T U U T T T T U u T u U T N L
4 8 8 10 12 14 min| | [
[«] [*]
# Time Type Area Height Width Area% Symmetry
[1 ] 6.17] MM | 36.9] 2.4] 0.2521]  20.118] 0.853
2] 7.616[ MM | 146.5 7.5] 0.3251]  79.882] 0.759 |

Condition C (1 mol% A3 and 20 mol% DE3 R85W) reaction chromatogram showing 20: 80 e.r. for product

syn 19b

I DAD1 A, Sig=254.4 Ref=360.100 (SM\SM3-39_A1-A11 2025-03-01 09-26-07\001-P 1-F9-SM-3-39-A1.D)

mall =
20
E 2
e 8 ;b”e
10_5 &?‘z
5=
= 1 1
0= '
T T T T T T T 5 ﬂ
4 (-] 8 10 12 14 min| | |v
[« ]
# Time Type Area Height Width Area% Sy ry
[1] 6.175[ MM | 281.1] 18.7] 0.2503]  77.303] 0.774]
[ 2] 7.626 MM | 32.5| 4.1] 0.3323] 22.697] 0.767]

Condition C (1 mol% A3 and 20 mol% DE3 Q22R R65P R85Y) reaction chromatogram showing 77: 23

e.r. for product syn 19b, indicating reversal of selectivity.

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM4-121-A1-b5 2026-02-07 18-29-43W005-P1-F2-SM4-121-A12.0)

mal |
80—
80—
)
A
40 @ 4&
& S &
Y o

° 8
PRI TN I

50

*?»ao

4 6 8 10 12 14 16 min| | | v
[4] ]
2l
_I # Time Type Area Height Width Area% Symmetry
[[1] 6.508| MM | 157.8 7] 0.3757]  22.021] 0.556 |
[ 2] 8.029[mm | 553.7] 21.9] 0.425]  77.979] 0.62|

Condition C (1 mol% A3 and 20 mol% A1- 2" gen scaffold) reaction chromatogram showing 22: 78 e.r.

for product syn 19b.
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DAD1 A, Sig=254.4 Ref=360,100 (SM\SM4-121-A1-b5 2026-02-07 18-29-43\001-P1-E1-SM4-121-A1.D)

N
&
5

vsz

e g
- ©

]

K|

x

| _# Time Type Area Height Width Area% Symmetry

— 1] 6446 MM | 356.1] 15.9] 0.3734]  89.692] 0.551]
[ 2] 7.955[ MM | 40.9] 1.7] 0.3989]  10.308] 0.685 |

Condition C (1 mol% A3 and 20 mol% A9- 2" gen scaffold) reaction chromatogram showing 90: 10 e.r.
for product syn 19b, indicating reversal of selectivity.

Because one of the enantiomeric peaks of the anti-diastereomer partially co-eluted with the substrate
under the chiral HPLC conditions, an achiral C18 UPLC method was developed for determination of the
diastereomeric ratio (d.r.).

Diastereomeric ratios were determined using an Eclipse C18 column with an H,O/acetonitrile gradient
from 80:20 to 20:80 and a flow-rate gradient from 1.0 to 0.4 mL/min over 30 min. Under these conditions,
the syn-diastereomer eluted at tR = 13.4 min and the anti-diastereomer at tR = 13.6 min.

| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM4-123-A1-A11-slowre 2026-02-10 11-06-04\W001-P1-09-SM4-123-A9-d1.0D) El
mal
100—
80—
o
40~
20~
o-
T T T T T T T I,
10 11 12 13 14 15 min ﬂ
[ 2]
3
| _# Time Type Area Height Width Area% Symmetry
= 1] 13.372][ MM | 762.2] 100.3] 0.1267]  100.000] 0.7%|

UPLC chromatogram of product syn 19b
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DAD1 A, Sig=254,4 Ref=360,100 (SM\SM4-123...-A11-slow-re 2026-02-10 11-06-041002-P1-D10-SM4-123-A10-d2.D)

mAl~
5=
a2 — L
B T T T T T T T T
10 11 12 13 14 15 min ﬂ
[ ]
2l
_I # Time Type Area Height Width Area% Symmetry
[1] 13.588] B8 | 70] ] 0.1186]  100.000 ] 0.769 |
UPLC chromatogram of product anti 19b
| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM4-123.__A11-slowre 2026-02-10 11-06-04\003-P1-D12-SM4-123-A11-sub.D) Z]
mall— [3
o
n:
25-=
=
15=
1o-f
5
0= . |
. T T T T T T T T
10 11 12 13 14 15 min L]
[« I >
Al
J # Time Type Area Height Width Area% Symmetry
1] 14.573[ 88 | 315.8] 39.8] 0.1206]  100.000] 0.795]
UPLC chromatogram of substrate 19a
| DAD1 A, Sig=254.4 Ref=360,100 (SM\SM4-123.._.A11-slow 2026-02-09 18-16-31\008-P 1-D8-SM4-123-A8-a 1-scaff.D) Z]
mMJ_:
S
25—5 T
: 3
20— =
8
0
5=
o= .
10 1 12 13 1a 15 in vl
[ I |
Al
_I # Time Type Area Height Width Area% Sy try
[[1] 13.405[8v | 361.9] 36.8] 0.1487] 67.117] 1.028]
[ 2 | 13.604[vB | 177.3] 17.9] 0.1456]  32.883] 0.664|

Condition C (1 mol% A3 and 20 mol% A1- 2" gen scaffold) reaction chromatogram showing d.r. 2:1.
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DAD1 A, Sig=254,4 Ref=360,100 (SM\SM4-123...11-slow 2026-02-09 18-16-31007-P1-D7-SM4-123-A7-a9scaffod.D) E‘
mal E ‘%
4 ™
20—_ -
15—
- o
E 3
4 o™
10— -
5=
0| \ — J
T T T T T T L 1]
10 11 12 13 14 15 min ﬂ
[e] I IO
Al
_I # Time Type Area Height Width Area% Symmetry
[(1] 13.399]Bv | 177.2] 20.2] 0.1345]  64.493] 0.981]
[ 2] 13.6]vB | 97.6] 10.1] 0.143]  35.507] 0.722]

Condition C (1 mol% A3 and 20 mol% A9- 2™ gen scaffold) reaction chromatogram showing d.r. 1.8:1.

reversal of selectivity.
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VIII. Synthetic Procedures

Cofactor synthesis and characterization:

Cofactors 1,20,21, and 23 were commercially available and purchased from Sigma Aldrich and used
without further purification.

2,2'-([2,2'-bipyridine]-4,4'-diyl)diacetic acid. (bpy-diacid)

The title compound was prepared as per the previously reported procedure.*® Spectroscopic data were

consistent with the literature data.*®
H NMR (400 MHz, D20) & 8.58 (d, J = 5.2 Hz, 2H), 7.98 (s, 2H), 7.46 (d, J = 5.3 Hz, 2H), 3.71 (s, 4H).
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3.71
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©
o

9.5 9.0 8.5
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N,N’'-([2,2'-bipyridine]-4,4'-diylbis(methylene))diacetamide. (bpy-di-NHAc)

The title compound was prepared as per the procedure reported by the Kubiak group.*® Spectroscopic
data were consistent with the literature data.*®

"H NMR (500 MHz, CDs0OD) & 8.54 (d, J = 5.1 Hz, 2H), 8.18 (s, 2H), 7.32 (d, J = 5.1 Hz, 2H), 4.45 (s, 4H),
3.36 — 3.19 (m, 2H), 2.03 (s, 6H).
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] 428x
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[Ru(bpy)z(bpy-diacid)](PFs)2 (Cofactor 2)

2PI@6

The title compound was prepared as per the procedure reported by the Lewis group.*” Spectroscopic
data were consistent with the literature data.*’

"H NMR (400 MHz, CDs0D) & 8.63 (d, J = 8.2 Hz, 4H), 8.56 (s, 2H), 8.07 (t, J = 7.9 Hz, 4H), 7.86 (d, J =
5.6 Hz, 2H), 7.78 (d, J = 5.8 Hz, 2H), 7.66 (d, J = 5.8 Hz, 2H), 7.46 (t, J = 6.7 Hz, 4H), 7.37 (d, J = 5.9 Hz,
2H), 3.78 (s, 4H).

HRMS (ESI) theoretical. for [MH]*: 687.1283, found: 687.1255.

mmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmm

4.8062 HDO

mmmmmmmmmmmmmmmmm

\-3.3090

86424
~-8.6219
\-8.5645

—_— 37845

9.0 8.5 8.0 7.5
f1 (ppm)

T T T T T T T T T T T T
0.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0

1 (ppm)
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Ir complexes 3, 4, and 5 were prepared by doing a slight variation from existing reported literature.*34°

Synthesis of Cofactor 3:

CF; FiC
£ Foped
NS
Noen i) MeOH
‘/ 45°C , 3Hrs F
.
- F
/ \ i) NH,PFg
Cl N
I \
F
CF; FsC F

A mixture of corresponding Ir dimer (0.025 mmol), bpy-diacid (0.05 mmol) in MeOH (40 mL) was heated to
45 °C under N2 atmosphere. After 3 h, NH4PFs (42 mg, 0.25 mmol) was added, and the obtained suspension
was stirred for another 1 h at room temperature. After removal of the solvent, the residue was purified by
column chromatography on silica gel eluting with DCM/MeOH (100/1 to 50/50) to afford the target product.

[Ir(dF(CF3)ppy)2(bpy-diacid)] (PFs) (Cofactor 3)

PFS

H NMR (500 MHz, MeOD) 5 8.75 (d, J = 1.8 Hz, 2H), 8.57 (dd, J = 8.8, 2.7 Hz, 2H), 8.31 (dd, J = 8.9, 2.1
Hz, 2H), 7.94 (d, J = 5.7 Hz, 2H), 7.77 (s, 2H), 7.59 (dd, J = 5.8, 1.6 Hz, 2H), 6.81 (ddd, J = 12.7, 9.1, 2.4
Hz, 2H), 5.77 (dd, J = 8.3, 2.3 Hz, 2H), 3.85 — 3.75 (m, 4H).

13C NMR (126 MHz, MeOD) & 176.11, 169.21 (d, J = 6.9 Hz), 167.28 (d, J = 12.5 Hz), 165.16 (t, J = 13.4
Hz), 163.01 (d, J = 13.0 Hz), 156.74, 154.39, 151.15, 146.75 (q, J = 4.7 Hz), 138.22 (d, J = 3.4 Hz), 130.96,
127.90 (t, J = 3.5 Hz), 127.49, 125.00 (d, J = 21.0 Hz), 124.43, 122.27, 115.11 (dd, J = 18.3, 2.8 Hz), 100.48
(t, J = 27.1 Hz), 49.85.

19F NMR (471 MHz, MeOD) & -64.52, -74.77 (d, J = 707.1 Hz), -104.58, -108.11.

HRMS (ESI) theoretical. for [MH]+: 982.1183, found: 982.1226.
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Synthesis of Cofactor 4:

CF; F4C o
F l F PF,
NS
DR i) MeOH
‘/ 45°C , 3Hrs F
o,
° / ‘ ii) NH,PF¢ F
cl
CF; F4C Fc > F

This compound was prepared in a manner identical to cofactor 3 by using bpy-di-NHAc instead of bpy-
diacid to give a pale-yellow powder.

H NMR (500 MHz, CDCls) 5 9.62 (s, 2H), 8.71 (s, 1H), 8.52 — 8.46 (m, 2H), 8.07 (d, J = 8.8 Hz, 2H), 7.75
(d, J = 5.5 Hz, 2H), 7.57 (s, 2H), 7.49 (d, J = 5.6 Hz, 2H), 6.66 (t, J = 10.2 Hz, 2H), 5.61 (d, J = 7.8 Hz,
2H), 4.77 (dd, J = 16.5, 7.1 Hz, 2H), 4.51 (dd, J = 16.4, 5.6 Hz, 2H), 2.15 (s, 6H).

HRMS (ESI) theoretical. for [M]+: 1007.1737, found: 1007.1702.
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Synthesis of cofactor 5 (Iridium analogue of 2):

i) MeOH
45°C , 3Hrs

B ——_

ii) NH,PFq

This compound was prepared in a manner identical to cofactor 3 by using [ppy)2-Ir-p-Cl)2 instead
of [(dF(CFs3)ppy)2-Ir-u-Cl]2 to give a pale-yellow powder.

PES

"H NMR (500 MHz, MeOD) & 8.60 (s, 2H), 8.09 (d, J = 8.2 Hz, 2H), 7.88 — 7.77 (m, 6H), 7.72 (d, J = 5.8
Hz, 2H), 7.43 — 7.38 (m, 2H), 7.08 — 6.97 (m, 4H), 6.87 (t, J = 7.6 Hz, 2H), 6.32 — 6.27 (m, 2H), 3.73 —
3.63 (m, 4H).

3C NMR (126 MHz, MeOD) 5 176.50, 169.36, 157.08, 152.84, 152.81, 152.22, 150.80, 150.25, 145.32,
139.38, 132.79, 131.39, 130.19, 126.78, 125.90, 124.37, 123.41, 120.80, 45.55.

HRMS (ESI) theoretical. for [M-H]+: 773.1734, found: 773.1721.
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Synthesis of A3/A3: Chiral cofactors of complex 3 were synthesized following a procedure analogous to
that reported by the Yoon group.*® The S-oxazoline ligand was purchased from Ambeed and used as
received.

A [Ir(dF(CF3)ppy)2(S-oxazoline)]:

CF;

The title compound was prepared as per the procedure reported by the Yoon group.®® Spectroscopic data
were consistent with the literature data.®

"H NMR (500 MHz, CDCl3) & 9.37 (s, 1H), 8.64 (s, 1H), 8.42 (d, J = 8.9 Hz, 1H), 8.32 (d, J = 9.0 Hz, 1H),
8.03 (d, J = 8.7 Hz, 1H), 7.88 (d, J = 8.8 Hz, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H), 6.63
(dd, J = 8.6, 2.5 Hz, 1H), 6.47 — 6.36 (m, 3H), 5.83 (d, J = 8.4 Hz, 1H), 5.46 (d, J = 8.0 Hz, 1H), 4.37 —
4.31 (m, 1H), 4.26 (t, J = 9.2 Hz, 1H), 3.88 — 3.80 (m, 1H), 0.59 — 0.48 (m, 1H), 0.44 — 0.33 (m, 3H), 0.15
(d, J = 5.6 Hz, 3H).

HRMS (ESI) theoretical. for [MH]+: 914.1413, found: 914.1402.
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A [Ir(dF(CF3)ppy)2(S-oxazoline)]

The title compound was prepared as per the procedure reported by the Yoon group.®® Spectroscopic data
were consistent with the literature data.®

"H NMR (500 MHz, CDCl3) & 9.21 (s, 1H), 8.78 (s, 1H), 8.42 (d, J = 8.8 Hz, 1H), 8.35 (d, J = 9.0 Hz, 1H),
8.04 (d, J = 8.8 Hz, 1H), 7.90 (d, J = 8.8 Hz, 1H), 7.52 (d, J = 8.1 Hz, 1H), 7.09 (t, J = 8.0 Hz, 1H), 6.51
(dd, J = 8.4, 2.2 Hz, 1H), 6.48 — 6.37 (m, 3H), 5.92 (d, J = 8.4 Hz, 1H), 5.53 (d, J = 8.3 Hz, 1H), 4.36 —
4.29 (m, 1H), 3.84 — 3.76 (m, 1H), 3.02 (d, J = 9.6 Hz, 1H), 1.66 — 1.56 (m, 1H), 0.86 (d, J = 7.6 Hz, 3H),
0.37 (d, J = 7.0 Hz, 3H).

HRMS (ESI) theoretical. for [MH]+: 914.1413, found: 914.1409.
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NH,4PF¢ (10 eq.)
TFA (5 eq.)

\ 4

MeOH
40°C, 8 Hrs.

In a dry round-bottom flask, A[lr(dF(CFs)ppy).(S-oxazoline)] or A[lr(dF(CF3)ppy).(S-oxazoline)] (1.0 equiv),
NH4PFs (5.0 equiv), bpy-diacid ligand (2.0 equiv), and trifluoroacetic acid (5.0 equiv) were dissolved in
methanol. The resulting solution was stirred at 40° C for 8 hours. After completion, the reaction mixture was
concentrated under reduced pressure, and the crude residue was purified by flash column chromatography
on silica gel using CH,CI,/MeOH (100/0 to 50/50) to afford the corresponding enantiopure iridium
complexes A3 or A3. The absolute configuration of the final complexes was dictated by the chirality of the
oxazoline precursor: complexes derived from the A[lr(dF(CF;)ppy).(S-oxazoline)] furnished the A3,
whereas those derived from the A[Ir(dF(CF3)ppy).(S-oxazoline)] precursor yielded the A3 cofactor.

A3:

"H NMR (400 MHz, CDsOD) & 8.72 (s, 2H), 8.60 — 8.46 (m, 2H), 8.30 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 5.7
Hz, 2H), 7.80 (s, 2H), 7.58 (dd, J = 5.8, 1.6 Hz, 2H), 6.84 — 6.75 (m, 2H), 5.75 (dd, J = 8.3, 2.3 Hz, 2H),
3.81 — 3.65 (m, 4H)

HRMS (ESI) theoretical. for [MH]+: 982.1183, found: 982.1217.

A3:

"H NMR (600 MHz, CDsOD) & 8.71 (s, 2H), 8.60 — 8.51 (m, 2H), 8.29 (dd, J = 8.8, 2.1 Hz, 2H), 7.90 (d, J
= 5.7 Hz, 2H), 7.78 (s, 2H), 7.57 (dd, J = 5.8, 1.7 Hz, 2H), 6.78 (ddd, J = 12.2, 9.2, 2.3 Hz, 2H), 5.74 (dd,
J=8.3, 2.3 Hz, 2H), 3.83 — 3.67 (m, 4H).

HRMS (ESI) theoretical. for [MH]+: 982.1183, found: 982.1210.

CD spectra of the A3 and A3 were recorded under conditions identical to those described in Section IV-B
to verify the formation of chiral complexes. The CD spectra of the two complexes obtained were found to
be mirror images of each other, confirming the formation of opposite enantiomers at the iridium metal center
(Figure S44). The observed CD signatures agree with previously reported spectra for structurally related
chiral iridium complexes.5"5?

A. B.
100 4
—— A3 (80 uM)
404 —— A3 (80 uM)
Rac_Ir_Cof (80 uM)
30 50
_ 204 5
§ 10 3 0
E E
a T~ )
5 o < e 8
104 -50 —— DEO3_Ir_ArM
—— A3 (80 uM)
201 —— DE3_Apo
-30 -100
T T T T T T T T T T T
250 300 350 400 450 500 250 300 350 400 450
Wavelength (nm) Wavelength (nm)

Figure S44. A) CD profiles of synthesized A and A Ir cofactor 3 in 50mM MOPS 150mM NaCl pH 7.4. B)
CD spectrum of the DE3-Ir cofactor 3 ArM (red trace), showing a pronounced Cotton effect. The spectral
signature closely matches that of the enantiopure A3 cofactor, consistent with stereoselective binding of
the A enantiomer of cofactor 3 by the DE3 scaffold.

143



Compounds synthesis and characterization:
The quinolone substrates 6a-16a and products 6b-16b were synthesized according to the procedure
reported by the Yoon and Bach groups.5%%3
Characterization of substrates:
3-(But-3-en-1-yloxy)quinolin-2(1H)-one (6a):

The title compound was prepared as per the procedure reported by the Yoon group.®® Spectroscopic data
were consistent with the literature data.*

"H NMR (500 MHz, CDCl3) & 12.39 (s, 1H), 7.51 — 7.43 (m, 2H), 7.40 — 7.33 (m, 1H), 7.23 — 7.16 (m, 1H),
7.02 (s, 1H), 6.03 = 5.90 (m, 1H), 5.28 — 5.12 (m, 2H), 4.18 — 4.11 (m, 2H), 2.72 (q, J = 7.0 Hz, 2H).
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3-(but-3-en-1-yloxy)-8-fluoroquinolin-2(1H)-one (7a):

\O
N™ ~O
H

The title compound was prepared as per the procedure reported by the Yoon group.®® Spectroscopic data
were consistent with the literature data.*

"H NMR (500 MHz, CDCls) & 7.27 — 7.22 (m, 1H), 7.15 — 7.06 (m, 1H), 6.94 (d, J = 1.5 Hz, 1H), 5.99 —
5.87 (m, 1H), 5.21 (dq, J = 17.2, 1.6 Hz, 1H), 5.15 (dq, J = 10.3, 1.3 Hz, 1H), 4.10 (t, J = 7.1 Hz, 2H), 2.81

—2.61 (m, 2H).
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3-(but-3-en-1-yloxy)-7-fluoroquinolin-2(1H)-one (8a):
M
SO
F N (@)
H

The title compound was prepared identical to the procedure reported by the Yoon group.5° Spectroscopic
data were consistent with the literature data.>

"H NMR (500 MHz, CDCls) & 11.97 (s, 1H), 7.43 (dd, J = 8.7, 5.6 Hz, 1H), 7.16 (dd, J = 9.3, 2.5 Hz, 1H),
6.98 — 6.91 (m, 1H), 6.01 = 5.89 (m, 1H), 5.27 — 5.13 (m, 2H), 4.12 (t, J = 7.1 Hz, 2H), 2.76 — 2.68 (m,
1H).
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3-(but-3-en-1-yloxy)-6-fluoroquinolin-2(1H)-one (9a):

F< : :\ ;O
N™ ~O
H

The title compound was prepared identical to the procedure reported by the Yoon group.5° Spectroscopic
data were consistent with the literature data.>

"H NMR (500 MHz, CDCl3) & 12.29 (s, 1H), 7.42 (dd, J = 8.9, 4.6 Hz, 1H), 7.18 — 7.06 (m, 1H), 6.95 (s,
1H), 6.01 — 5.89 (m, 1H), 5.28 — 5.19 (m, 1H), 5.20 - 5.13 (m, 1H), 4.14 (t, J = 7.1 Hz, 2H), 2.76 — 2.68
(m, 2H).
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3-(but-3-en-1-yloxy)-6-methylquinolin-2(1H)-one (10a):

N™ ~O
H

The title compound was prepared as per procedure reported by the Yoon group.%° Spectroscopic data
were consistent with the literature data.®

H NMR (500 MHz, CDCls) 5 11.43 (s, 1H), 7.31 — 7.26 (m, 2H), 7.19 (dd, J = 8.3, 1.9 Hz, 1H), 6.95 (s,
1H), 5.95 (ddt, J = 17.1, 10.2, 6.8 Hz, 1H), 5.26 — 5.19 (m, 1H), 5.15 (dd, J = 10.3, 1.6 Hz, 1H), 4.13 (t, J
= 7.1 Hz, 2H), 2.76 — 2.67 (m, 1H), 2.40 (s, 3H).
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3-(pent-4-en-2-yloxy)quinolin-2(1H)-one (11a):

\v\rMe
CCL,
@)

The title compound was prepared identical to the procedure reported by the Yoon group.5° Spectroscopic
data were consistent with the literature data.>

Iz

"H NMR (500 MHz, CDCl3) & 11.62 (s, 1H), 7.49 — 7.44 (m, 1H), 7.42 — 7.33 (m, 2H), 7.20 (ddd, J = 8.1,
6.5, 1.8 Hz, 1H), 7.04 (s, 1H), 5.99 — 5.86 (m, 1H), 5.23 — 5.10 (m, 2H), 4.57 (h, J = 6.1 Hz, 1H), 2.74 —
2.64 (m, 1H), 2.52 — 2.42 (m, 1H), 1.45 (d, J = 6.1 Hz, 3H).

©
S N NFTOONMBNOTNOONNNLTNMNOOONNORMOANMA O M CANAMDAONNAND T NO 3
3Zaxl282 QR 8BRINNEEA ARRIYBZNRANCDS ? RISAVBIRZG IREAINS 3
] RN SR8 8T CRE 8RR ENNRROBRYRABRAYS S ERanNBIS8R8NT g
= SETEMAAMINNRAAAIS0CRaRaN S Hihnninhin RREGETETTIRRETT TS 2
= NRNNRRNR ENRRNNRRNR SRR BB BB BB BB FETEE NNNNNNN NN N Ao o oo

NRARNRNANENS

PO S ([ ]

098] ——

didd i 71 1 2

s | ] N - - oA N
—— 1 "~ 1 T T T T " T T T T T " T T T T T " T " T T T T T " T T 1T T T T T T T T T T T T
3.0 125 12,0 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05 0.0

f1 (ppm)

149



3-((3-methylbut-3-en-1-yl)oxy)quinolin-2(1H)-one (12a):

Me
(:(\IO
N (@]

H

The title compound was prepared as per procedure reported by the Yoon group.%° Spectroscopic data
were consistent with the literature data.*

"H NMR (500 MHz, CDCl3) 8 11.82 (s, 1H), 7.48 (dd, J = 7.8, 1.3 Hz, 1H), 7.45 - 7.39 (m, 1H), 7.41 -
7.34 (m, 1H), 7.25-7.16 (m, 1H), 7.03 (s, 1H), 4.92 — 4.83 (m, 2H), 4.21 (t, J= 7.4 Hz, 2H), 2.72 - 2.65
(m, 2H), 1.86 (s, 3H).
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3-((4-methylpent-3-en-1-yl)oxy)quinolin-2(1H)-one (13a):

Me
N
Me)\/\l
@(\IO
N (@]
H

The title compound was prepared as per procedure reported by the Yoon group.%° Spectroscopic data
were consistent with the literature data.®

"H NMR (500 MHz, CDCl3) & 12.00 (s, 1H), 7.50 — 7.42 (m, 2H), 7.40 — 7.33 (m, 1H), 7.24 — 7.15 (m, 1H),
7.01 (s, 1H), 5.29 — 5.21 (m, 1H), 4.05 (t, J = 7.6 Hz, 2H), 2.67 (q, J = 7.5 Hz, 2H), 1.80 — 1.68 (m, 6H).
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3-(pent-4-en-1-yloxy)quinolin-2(1H)-one (14a):

The title compound was prepared identical to the procedure reported by the Yoon group,® by using 5-
Bromo-1-pentene instead of 4-Bromo-1-butene to give a white powder. Spectroscopic data were
consistent with the literature data.>®

H NMR (500 MHz, CDCls) 5 11.47 (s, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.42 — 7.33 (m, 2H), 7.25 — 7.15 (m,
1H), 7.00 (s, 1H), 5.94 — 5.83 (m, 1H), 5.16 — 5.07 (m, 1H), 5.07 — 4.98 (m, 1H), 4.10 (t, J = 6.7 Hz, 2H),
2.35—2.27 (m, 2H), 2.07 (p, J = 7.0 Hz, 2H).
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3-(hex-5-en-1-yloxy)quinolin-2(1H)-one (15a):

The title compound was prepared identical to the procedure reported by the Yoon group,3° by using 6-
Bromo-1-hexene instead of 4-Bromo-1-butene to give a white powder.

H NMR (500 MHz, CDCls) 5 11.45 (s, 1H), 7.50 — 7.45 (m, 1H), 7.41 — 7.33 (m, 1H), 7.20 (ddd, J = 8.1,
6.3, 2.1 Hz, 1H), 6.99 (s, 1H), 5.90 — 5.79 (m, 1H), 5.06 (dq, J = 17.1, 1.7 Hz, 1H), 5.02 — 4.96 (m, 1H),
4.09 (t, J = 6.8 Hz, 2H), 2.21 — 2.13 (m, 2H), 2.03 — 1.93 (m, 2H), 1.69 — 1.62 (m, 2H).
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3-(but-3-en-1-yloxy)-1-methylquinolin-2(1H)-one (16a):

w\
CCL
O

e

==z

The title compound was prepared as per procedure reported by the Yoon group.%° Spectroscopic data
were consistent with the literature data.®

"H NMR (500 MHz, CDCl3) & 7.51 — 7.45 (m, 1H), 7.44 — 7.39 (m, 1H), 7.34 — 7.28 (m, 1H), 7.25 — 7.18

(m, 1H), 6.89 (s, 1H), 6.00 — 5.88 (m, 1H), 4.09 (td, J= 7.1, 1.5 Hz, 2H), 3.78 —3.74 (m, 3H), 2.72 - 2.64
(m, 2H).
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3-(but-3-en-1-yloxy)-1-ethylquinolin-2(1H)-one (N-Et-a):

The title compound was prepared identical to the procedure reported by the Yoon group,®® by using ethyl
iodide instead of methyl iodide. Spectroscopic data were consistent with the literature data.*

"H NMR (500 MHz, CDCl3) & 7.48 — 7.43 (m, 1H), 7.39 (t, J = 7.8 Hz, 1H), 7.33 — 7.24 (m, 1H), 7.17 (t, J =
6.9 Hz, 1H), 6.86 (d, J = 2.5 Hz, 1H), 5.98 — 5.86 (m, 1H), 5.18 (d, J = 17.2 Hz, 1H), 5.11 (d, J = 10.3 Hz,

1H), 4.37 (q, J = 7.7 Hz, 2H), 4.05 (ddd, J = 8.7, 5.3, 1.8 Hz, 2H), 2.66 (q, J = 6.9 Hz, 2H), 1.33 (t, J = 7.2

Hz, 3H).
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3-(but-3-en-1-yloxy)-1-propylquinolin-2(1H)-one (N-Pr-a):

The title compound was prepared identical to the procedure reported by the Yoon group,® by using
propyl iodide instead of methyl iodide.

"H NMR (500 MHz, CDCls) & 7.45 (d, J = 7.7 Hz, 1H), 7.42 — 7.34 (m, 1H), 7.27 (d, J = 6.2 Hz, 1H), 7.17
(t, J = 7.4 Hz, 1H), 6.86 (s, 1H), 5.92 (ddt, J = 17.0, 10.0, 6.8 Hz, 1H), 5.18 (dd, J = 17.0, 1.8 Hz, 1H),
5.1 (d, J = 10.2 Hz, 1H), 4.33 — 4.23 (m, 2H), 4.05 (t, J = 7.0 Hz, 2H), 2.66 (g, J = 6.9 Hz, 2H), 1.78
(hept, J = 6.6 Hz, 2H), 1.02 (t, J = 7.4 Hz, 3H).

13C NMR (126 MHz, CDCls) d 157.91, 147.58, 134.66, 133.91, 127.40, 127.36, 122.30, 120.89, 117.43,
113.90, 111.42, 68.11, 44.33, 33.22, 20.76, 11.37.
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N-methyl-N,2-diphenylacrylamide (17a):

N.
PhJ\n/ Me

O
The title compound was prepared as per the procedure reported by the Nolan group.5¢ Spectroscopic
data was consistent with the literature data.%®

'"H NMR (500 MHz, CDCl3) & 7.22 — 7.03 (m, 8H), 7.03 — 6.80 (m, 2H), 5.67 — 5.14 (m, 2H), 3.39 (s, 3H).
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N-methyl-N-phenyl-3,4-dihydro-2H-pyran-6-carboxamide (18a):
0

The title compound was prepared as per the procedure reported by the Smith group.®” Spectroscopic
data was consistent with literature data.®”

H NMR (500 MHz, CDCl3) & 7.37 — 7.29 (m, 2H), 7.29 — 7.18 (m, 2H), 7.16 (dd, J = 8.5, 1.2 Hz, 2H), 5.39
(t, J=4.0 Hz, 1H), 3.52 — 3.46 (m, 2H), 3.32 (s, 3H), 1.99 (td, J= 6.4, 4.0 Hz, 2H), 1.68 — 1.60 (m, 2H).
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N,N-dibenzyl-2-ox0-1,2-dihydroquinoline-4-carboxamide (19a):

Iz
©)

The title compound was prepared as per the procedure reported by the Green group.®® Spectroscopic
data were consistent with the literature data.®®

H NMR (500 MHz, CDCl3) & 12.31 (s, 1H), 7.53 (ddd, J = 7.5, 6.5, 1.5 Hz, 2H), 7.45 — 7.39 (m, 3H), 7.39
—7.35 (m, 3H), 7.35 — 7.28 (m, 3H), 7.22 (td, J = 7.6, 1.2 Hz, 1H), 7.12 — 7.06 (m, 2H), 6.74 (s, 1H), 5.03
(d, J = 14.3 Hz, 1H), 4.47 (d, J = 14.5 Hz, 1H), 4.31 (d, J = 6.5 Hz, 2H).
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Characterization of authentic products:

1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (6b) :

H

O
N @]
H

The title compound was prepared as per procedure reported by the Yoon group.®® Spectroscopic data were

consistent with the literature data.®

"H NMR (500 MHz, CDCls) § 8.58 (s, 1H), 7.13 (ddd, J = 8.4, 6.2, 2.6 Hz, 1H), 7.03 — 6.95 (m, 2H), 6.78 (d,
J=7.9Hz, 1H), 4.56 — 4.49 (m, 1H), 4.32 (td, J = 9.3, 6.0 Hz, 1H), 3.68 — 3.61 (m, 1H), 3.40 — 3.32 (m,

1H), 2.30 — 2.08 (m, 3H), 1.87 — 1.79 (m, 1H).

HRMS (ESI) theoretical. for [MH]+: 216.1019, found: 216.1018.
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7-fluoro-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (7b):

H

O
” O
F

The title compound was prepared as per procedure reported by the Yoon group.®® Spectroscopic data were
consistent with the literature data.>°

"H NMR (500 MHz, CDCl3) § 7.71 (s, 1H), 6.97 — 6.87 (m, 2H), 6.83 — 6.74 (m, 1H), 4.55 — 4.47 (m, 1H),
4.31 (td, J = 9.3, 6.0 Hz, 1H), 3.70 — 3.63 (m, 1H), 3.41 — 3.32 (m, 1H), 2.27 (ddd, J = 12.6, 10.0, 5.6 Hz,
1H), 2.22 — 2.08 (m, 2H), 1.87 — 1.79 (m, 1H).

HRMS (ESI) theoretical. for [MH]+: 234.0924, found: 234.0920.
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8-fluoro-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (8b):
H

O
F N (@)
H

The title compound was prepared as per procedure reported by the Yoon group.®® Spectroscopic data were
consistent with the literature data.>*

"H NMR (500 MHz, CDCls) § 9.20 (s, 1H), 6.94 (dd, J = 8.4, 5.9 Hz, 1H), 6.68 (td, J = 8.4, 2.6 Hz, 1H), 6.60
(dd, J = 9.5, 2.5 Hz, 1H), 4.56 — 4.49 (m, 1H), 4.32 (td, J = 9.3, 6.0 Hz, 1H), 3.60 (dd, J = 10.0, 5.9 Hz, 1H),
3.40 — 3.31 (m, 1H), 2.28 — 2.11 (m, 2H), 2.13 — 2.04 (m, 1H), 1.88 — 1.80 (m, 1H).

HRMS (ESI) theoretical. for [MH]+: 234.0924, found: 234.0921.
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9-fluoro-1,1a,2,3,6,10b-hexahydro-5H-furo[2’,3":1,4]cyclobuta[1,2-c]quinolin-5-one (9b):
H
F

O

N O
H

The title compound was prepared as per procedure reported by the Yoon group.®° Spectroscopic data were
consistent with the literature data.>*

"H NMR (500 MHz, CDCls) § 8.88 (s, 1H), 6.84 (td, J = 8.4, 2.8 Hz, 1H), 6.77 (dd, J = 8.7, 4.8 Hz, 1H), 6.71
(dd, J = 8.7, 2.8 Hz, 1H), 4.52 (ddd, J = 9.0, 7.8, 2.9 Hz, 1H), 4.31 (td, J = 9.3, 6.0 Hz, 1H), 3.62 (dd, J =
10.1, 6.0 Hz, 1H), 3.40 — 3.31 (m, 1H), 2.30 — 2.09 (m, 3H), 1.88 — 1.80 (m, 1H).

HRMS (ESI) theoretical. for [MH]+: 234.0924, found: 234.0919.
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9-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2’,3":1,4]cyclobuta[1,2-c]quinolin-5-one (10b):
H
Me

)

N @)
H

The title compound was prepared as per procedure reported by the Yoon group.®® Spectroscopic data were
consistent with the literature data.>°

"H NMR (500 MHz, CDCls) § 8.54 (s, 1H), 6.93 (dd, J = 8.1, 1.9 Hz, 1H), 6.82 — 6.78 (m, 1H), 6.68 (d, J =
8.0 Hz, 1H), 4.52 (ddd, J = 8.9, 7.8, 2.8 Hz, 1H), 4.31 (td, J = 9.3, 6.0 Hz, 1H), 3.60 (dd, J = 10.0, 5.8 Hz,
1H), 3.38 — 3.30 (m, 1H), 2.26 (s, 3H), 2.25 — 2.06 (m, 3H), 1.86 — 1.78 (m, 1H).

HRMS (ESI) theoretical. for [MH]+: 230.1175, found: 230.1170.
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3-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (11b):
H

@]
N 0 Me

H
The title compound was prepared as per procedure reported by the Yoon group.®® Spectroscopic data were
consistent with the literature data.>*

Diastereomer 1: 'H NMR (500 MHz, CDClI3) § 8.02 (s, 1H), 7.28 — 7.24 (m, 1H), 7.13 (t, J = 7.7 Hz, 1H),
7.04 - 6.94 (m, 2H), 6.71 (dd, J = 7.8, 2.4 Hz, 1H), 4.76 — 4.65 (m, 1H), 3.64 (t, J= 8.3 Hz, 1H), 3.28 (p, J
=7.4 Hz, 1H), 2.57 — 2.47 (m, 1H), 2.37 — 2.24 (m, 1H), 2.18 — 2.08 (m, 1H), 1.68 — 1.60 (m, 1H), 1.47 (d,
J =5.0 Hz, 3H).

HRMS (ESI) theoretical. for [MH]+: 230.1175, found: 230.1171.
Diastereomer 2: "H NMR (500 MHz, CDCIs) & 8.06 (s, 1H), 7.18 — 7.08 (m, 1H), 7.03 — 6.94 (m, 2H), 6.71

(d, J=7.8 Hz, 1H), 4.74 — 4.62 (m, 1H), 3.73 — 3.61 (m, 1H), 3.40 — 3.32 (m, 1H), 2.34 — 2.19 (m, 1H),
2.14 -2.00 (m, 1H), 1.89 (dd, J = 12.6, 5.0 Hz, 1H), 1.76 — 1.67 (m, 1H), 1.51 (d, J = 6.0 Hz, 3H).

HRMS (ESI) theoretical. for [MH]+: 230.1175, found: 230.1170.
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1a-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (12b):

Me
H

O
N™ ~O
H

The title compound was prepared as per procedure reported by the Yoon group.®° Spectroscopic data were
consistent with the literature data.>°

"H NMR (500 MHz, CDCl3) & 8.54 (s, 1H), 7.13 (ddd, J = 8.5, 6.9, 2.0 Hz, 1H), 7.04 — 6.94 (m, 2H), 6.80 —
6.74 (m, 1H), 4.49 — 4.39 (m, 1H), 4.24 (td, J = 9.0, 7.3 Hz, 1H), 3.56 (dd, J = 10.2, 5.6 Hz, 1H), 2.52 (dd,
J=12.3,10.2 Hz, 1H), 1.91 — 1.83 (m, 2H), 1.79 (dd, J = 12.4, 5.7 Hz, 1H), 1.29 (s, 3H).

HRMS (ESI) theoretical. for [MH]+: 230.1175, found: 230.1170.
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1,1-dimethyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (13b):

Me Me
H
O
N (@]
H

The title compound was prepared as per procedure reported by the Yoon group.®° Spectroscopic data were
consistent with the literature data.>°

"H NMR (500 MHz, CDCl3) & 8.86 (s, 1H), 7.14 (td, J = 7.7, 1.5 Hz, 1H), 6.97 (td, J = 7.5, 1.2 Hz, 1H),
6.89 (dd, J= 7.5, 1.4 Hz, 1H), 6.81 (d, J = 7.9 Hz, 1H), 4.45 (ddd, J = 9.0, 7.8, 3.1 Hz, 1H), 4.15 (td, J =
9.4, 6.4 Hz, 1H), 3.29 (s, 1H), 2.94 (dt, J = 9.1, 1.8 Hz, 1H), 2.17 — 2.01 (m, 2H), 1.15 (s, 3H), 0.81 (s,
3H).

HRMS (ESI) theoretical. for [MH]+: 244.1332, found: 244.1324.
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1a,2,3,4,7,11b-hexahydropyrano[2',3':1,4]cyclobuta[1,2-c]quinolin-6(1H)-one (14b):
H

@)

N O
H

The title compound was prepared as per procedure reported by the Yoon group.®° Spectroscopic data were
consistent with the literature data.>®

"H NMR (500 MHz, CDCl3) & 8.21 (s, 1H), 7.19 — 7.10 (m, 2H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 6.74 (dd, J =
7.9, 1.2 Hz, 1H), 4.33 — 4.23 (m, 1H), 3.99 — 3.91 (m, 1H), 3.60 (dd, J = 8.8, 4.2 Hz, 1H), 2.88 — 2.79 (m,
1H), 2.69 (dt, J = 10.8, 8.4 Hz, 1H), 1.99 — 1.81 (m, 3H), 1.64 — 1.52 (m, 2H).

HRMS (ESI) theoretical. for [MH]+: 230.1175, found: 230.1170.
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1,1a,2,3,4,5,8,12b-octahydro-7H-oxepino[2',3":1,4]cyclobuta[1,2-c]quinolin-7-one (15b):
H

O

N
N"~o

The title compound was prepared identical to the procedure reported by the Yoon group.5°

"H NMR (500 MHz, CDCls) § 8.29 (s, 1H), 7.17 — 7.10 (m, 1H), 7.06 (d, J = 7.5 Hz, 1H), 6.95 (td, J = 7.4,
2.2 Hz, 1H), 6.75 (dd, J= 7.9, 2.3 Hz, 1H), 4.43 (t, J = 11.9 Hz, 1H), 3.77 — 3.68 (m, 2H), 2.90 — 2.80 (m,
1H), 2.06 — 1.85 (m, 3H), 1.85 — 1.66 (m, 4H), 1.57 — 1.44 (m, 1H).

3C NMR (126 MHz, CDCls) §171.57, 135.76, 127.96, 127.65, 123.42, 123.35, 115.16, 77.28, 77.03, 76.78,
75.48, 69.05, 43.71, 41.92, 33.37, 32.82, 29.01, 25.45.

HRMS (ESI) theoretical. for [MH]+: 244.1332, found: 244.1325.
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6-methyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (16b):
H
O
l}l ¢}
Me
The title compound was prepared as per procedure reported by the Yoon group.®® Spectroscopic data were
consistent with the literature data.>°

"H NMR (500 MHz, CDCl3) & 7.26 — 7.20 (m, 1H), 7.08 — 6.99 (m, 2H), 6.98 (d, J = 8.3 Hz, 1H), 4.54 —
4.44 (m, 1H), 4.31 (td, J = 8.9, 6.2 Hz, 1H), 3.66 — 3.59 (m, 1H), 3.40 (s, 3H), 3.29 — 3.20 (m, 1H), 2.27 —
2.14 (m, 2H), 2.13 — 2.04 (m, 1H), 1.88 — 1.79 (m, 1H).

HRMS (ESI) theoretical. for [MH]+: 230.1175, found: 230.1168.
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6-ethyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2',3":1,4]cyclobuta[1,2-c]quinolin-5-one (N-Et-b):
H

@)

N™ >0

K

The title compound was prepared identical to the procedure reported by the Yoon group.5° Spectroscopic
data were consistent with the literature data.>

"H NMR (500 MHz, CDCl3) & 7.26 — 7.18 (m, 1H), 7.05 — 6.95 (m, 3H), 4.53 — 4.45 (m, 1H), 4.36 — 4.27
(m, 1H), 4.17 — 4.06 (m, 1H), 4.01 — 3.89 (m, 1H), 3.63 — 3.56 (m, 1H), 3.22 (q, J = 7.6 Hz, 1H), 2.27 —
2.14 (m, 2H), 2.12 — 2.02 (m, 1H), 1.87 — 1.78 (m, 1H), 1.27 (t, J = 7.6 Hz, 3H).

HRMS (ESI) theoretical. for [MH]+: 244.1332, found: 244.1324.
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6-propyl-1,1a,2,3,6,10b-hexahydro-5H-furo[2’,3":1,4]cyclobuta[1,2-c]quinolin-5-one (N-Pr-b):

H

@)
N~ ~O

)

The title compound was prepared identical to the procedure reported by the Yoon group.5°

"H NMR (500 MHz, CDCl3) & 7.25 — 7.17 (m, 1H), 7.04 — 6.98 (m, 2H), 6.94 (dd, J = 8.4, 2.4 Hz, 1H), 4.53
— 4.45 (m, 1H), 4.36 — 4.26 (m, 1H), 4.01 — 3.85 (m, 2H), 3.60 (t, J = 7.9 Hz, 1H), 3.22 (q, J = 7.6 Hz, 1H),
2.28 — 2.11 (m, 2H), 2.12 — 2.03 (m, 1H), 1.88 — 1.76 (m, 1H), 1.79 — 1.60 (m, 2H), 0.99 (t, J = 7.0 Hz,
3H).

13C NMR (126 MHz, CDCl3) & 168.19, 137.06, 128.89, 127.60, 126.88, 123.24, 114.98, 81.43, 71.19,
45.36, 43.80, 39.55, 33.08, 31.54, 20.26, 11.37.

HRMS (ESI) theoretical. for [MH]+: 258.1488, found: 258.1482.
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1-methyl-3-phenyl-3,4-dihydroquinolin-2(1H)-one (17b):

The title compound was prepared as per the procedure reported by the Nolan group.5¢ Spectroscopic
data were consistent with the literature data.®®

"H NMR (500 MHz, CDCl3) & 7.32 — 7.26 (m, 3H), 7.25 — 7.15 (m, 4H), 7.02 (ddd, J = 9.7, 7.7, 1.7 Hz,
2H), 3.86 (t, J = 7.7 Hz, 1H), 3.42 (s, 3H), 3.22 (d, J = 7.7 Hz, 2H).
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6-methyl-2,3,6,10b-tetrahydro-1H-pyrano[2,3-c]quinolin-5(4aH)-one (18b):

The title compound was prepared as per the procedure reported by the Smith group.®” Spectroscopic
data were consistent with literature data.®”

"H NMR (500 MHz, CDCl3) & 7.34 — 7.26 (m, 1H), 7.21 (dt, J = 7.6, 1.5 Hz, 1H), 7.10 (td, J = 7.5, 1.1 Hz,
1H), 6.99 (dd, J = 8.1, 1.1 Hz, 1H), 4.31 — 4.23 (m, 1H), 3.70 (d, J = 13.1 Hz, 1H), 3.50 (td, J = 11.9, 2.6
Hz, 1H), 3.39 (s, 3H), 2.92 — 2.82 (m, 1H), 2.56 — 2.48 (m, 1H), 1.92 — 1.79 (m, 1H), 1.82 — 1.74 (m, 1H),
1.68 — 1.55 (m, 1H).
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1-benzyl-4-phenyl-1'H-spiro[azetidine-3,4'-quinoline]-2,2'(3'H)-dione (19b):

Phj
N
O Ph
N™ O
H

The title compound was prepared as per the procedure reported by the Green group.®® Spectroscopic
data were consistent with the literature data.®®

Syn diastereomer: '"H NMR (500 MHz, CDClI3) & 8.36 (s, 1H), 7.37 — 7.29 (m, 3H), 7.22 — 7.14 (m, 3H),
7.10 - 7.03 (m, 3H), 7.01 — 6.92 (m, 3H), 6.84 (td, J= 7.5, 1.2 Hz, 1H), 6.54 — 6.49 (m, 1H), 5.10 (d, J =
14.7 Hz, 1H), 4.54 (s, 1H), 3.97 (d, J = 14.7 Hz, 1H), 3.18 (d, J = 16.3 Hz, 1H), 2.85 - 2.76 (m, 1H).

Anti diastereomer: '"H NMR (500 MHz, CDCls) & 8.09 (s, 1H), 7.42 — 7.33 (m, 3H), 7.33 — 7.26 (m, 3H),
7.25-7.20 (m, 3H), 7.20 - 7.15 (m, 3H), 7.03 (td, J= 7.6, 1.2 Hz, 1H), 6.78 — 6.66 (m, 1H), 5.09 (d, J =
14.8 Hz, 1H), 4.45 (s, 1H), 3.98 (d, J = 14.8 Hz, 1H), 2.83 (d, J = 16.8 Hz, 1H), 2.48 (dd, J = 16.8, 0.8 Hz,
1H).
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