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Figure S1: Alignment of PLZ1.4 and PLZ2.0. Top: Structural alignment. AlphaFold predictions of PLZ1.4 and PLZ2.0 are shown
red in blue, respectively. Lanthanide-coordinating residues are shown as sticks, the cerium ion is shown as a yellow sphere.
Bottom: Sequence alignment using the NCBI Blast tool (https://blast.ncbi.nim.nih.gov/Blast.cgi). Lanthanide-coordinating Glu
residues are marked in red, inter-domain linkers in blue. Numbering is according to PLZ1.4.
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Figure S2: Time course of Th(lll) binding to PLZ2.0. Measurement of tryptophan-enhanced Tb(lll) luminescence (excitation:
280 nm, emission: 544 nm) at 21 °C demonstrates complete metal binding after 5 min for PLZ2.0. Final concentrations of
proteins and TbClz: 10 uM.
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Figure S3: Titration of ThCl; to PLZ2.0 at pH 8.5. Increasing amounts of Tb(lll) were added to 1 uM PLZ2.0. Tryptophan-
enhanced Tb(lll) luminescence (excitation: 280 nm, emission: 544 nm) was used as the readout. The resulting curve was
analyzed using a quadratic fit that returned a K4 of 1 £ 5 nM. The curve shape and the large error indicate that the Ky is too
low to be determined precisely in this experiments, but is estimated in the nanomolar range. Furthermore, the experiment
confirms the 1:1 stoichiometry.
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Figure S4: ITC measurements of PLZ2.3 and CeClz at pH 7.0. 20 uM PLZ2.3 was titrated with freshly prepared 300 uM CeCls in
identical buffer (25 mM HEPES, 100 mM NacCl, pH 7.0), with injection volumes of 1x 0.4 pL and 18x 2 pL. Baseline and offset
of the thermograms were subtracted and differential enthalpy values were fitted. Results are derived from two independent
measurements. The determined stoichiometry N, affinity K4, and thermodynamic values AH, AG, and -TAS are shown in the
table. The average was calculated from both replicates.
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Figure S5: ITC measurements of PLZ2.3 and CeClz at pH 7.5. 20 uM PLZ2.3 was titrated with freshly prepared 300 uM CeCls in
identical buffer (25 mM HEPES, 100 mM NaCl, pH 7.5), with injection volumes of 1x 0.4 uL and 18x 2 pL. Baseline and offset
of the thermograms were subtracted and differential enthalpy values were fitted. Results are derived from two independent
measurements. The determined stoichiometry N, affinity K4, and thermodynamic values AH, AG, and -TAS are shown in the
table. The average was calculated from both replicates.



] 500 1—
12 "1 UM PLZ2.0
"] T 4004 , |
S o5 = N
4 — - »
= 051 8 300{ 4
5 ] &
0‘4—_ (z 4
] £ 20041
D—MW\M‘\MKJ g :‘:
- _ [ ]
0 5 10 15 2 s % 3 a0 s o0 2 1004,
Time (min) '
oL Kg (Th(III)) = 117 + 55 nM
e ; 0 5 10 15 20 25
16 ¢(TbCly) [uM]
—~ 14
g 12-] itrati
E pH=7.0 ITC titration
= ] N (sites) 1.20 £ 0.01 -
T ]
< Kg (TbCl;) ["M] 349 + 49 117 + 55
= ) AH [kJ/mol] 205403 -
. - — M — AG [kJ/mol] -36.9 ;
0 0.5 1 15 2 2.5 3
Molar Ratio -TAS [kJ/mol] -57.4 -

Figure S6: Tb(lll) binding to PLZ2 variants at pH 7.0 using complementary binding assays. (a) ITC of PLZ2.3 and TbCl; at pH 7.0.
20 uM PLZ2.3 was titrated with freshly prepared 300 uM ThCls in identical buffer (25 mM HEPES, 100 mM NaCl, pH 7.0), with
injection volumes of 1x 0.4 puL and 18x 2 pL. Baseline and offset of the thermograms were subtracted and differential enthalpy
values were fitted. The determined stoichiometry N, affinity K4, and thermodynamic values AH, AG, and -TAS are shown in
the table. (b) Titration of TbCl; to PLZ2.0 at pH 7.0. Tryptophan-enhanced Tb(Ill) luminescence (excitation: 280 nm, emission:
544 nm) was used as the readout. Increasing amounts of Tb(lll) were added to 1 uM PLZ2.0. The resulting curve was analyzed

using a quadratic fit that returned a Kg4 of 117 £ 55 nM.
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Figure S7: UV/Vis absorption studies. Measurements were performed with 30 uM PLZ2.0 and/or 30 uM cerium salt (CeCls

and (NH4),[Ce(NOs)¢], respectively) with 10% acetonitrile as co-solvent. If indicated, substrate (R,R)-1 was added at fivefold
molar excess. mAU = milli absorbance unit.
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Figure S8: Comparison of catalytic activity between PLZ2.0 and PLZ2.0_KO. Irradiation of substrate (R,R)-1 for 24 h with
1 mol% catalyst loading yielded 76.4% product 2 for PLZ2.0 and 9.9% product 2 for PLZ2.0_KO.
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Figure S9: Blind docking of diol substrates with increasing size using Glide. 500 poses of each substrate were blindly docked
into PLZ2.3 without defining a binding site. “Binding poses” were defined as poses where the distance between the Ce atom

and one of the substrate oxygen atoms was below a threshold of 3 A. The plot represents the percentage of binding poses
out of all poses for each substrate.
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Figure S10: Enantioselectivity of PLZ1.4 and PLZ2.0 towards substrate 1. The selectivity is not as pronounced as for substrate 4,
which was instead used for directed evolution.
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Figure S11: Workflow for the plate-based purification, cerium loading, and photocatalytic activity assay of PLZ proteins.
Created in BioRender. LeiR-Maier, F. (2025) https://BioRender.com/q71g642

14



80 A Tricine
CHES

70 1 Tris
Bicine

60 1 HEPES

MOPS

w
o
L

Absorption,s ... [MAU]
B
o

N
o
1

-
o
1

12.0 125 13.0 135 14.0 145
Retention time [min]

Tricine CHES Tris Bicine HEPES MOPS
ee [%] 3+0 6+0 6+1 6+0 37+4 38+1
conversion [%] 13+1 16+2 20+ 8 18+0 49+5 48 £ 1

Figure S12: Buffer screen. Enantiomeric excess and conversion of the photocatalytic diol cleavage were measured in different
buffers for PLZ2.3 and substrate 4 under standard conditions. The buffer solutions contained 25 mM of the respective buffer
component and 100 mM NaCl at pH 8.5. HEPES and MOPS gave similar results, while reactions in all other tested buffers
showed significantly reduced activity. As Good’s buffers contain different functional groups (alcohol, amine, carboxylic acid,
sulfonic acid), they may not be fully innocent in the reaction. However, chemically simpler phosphate or carbonate buffers
were also unsuitable, as they form insoluble lanthanide salts, thereby impairing the cerium-dependent reaction.

15



mAU

250 28 9T1 00%
200+
150
100~

/m"‘ 425%

50 v
_______________________ _!“"_'A""""J \l\_‘\_xﬁ*j
0 a1 ||5€||I 11

T T T T T T T T T T
00:00 03:20 06:40 10:00 13:20 16:40 20:00 23:20 26:40 30:00 33:20 36:40 40:00

Time [min]
150 (5,0)-4
(R,R)-4
= 100
<
E
©
c
o
n 50
mesoﬂ
0
0 2 4 6 8

Retention time [min]

Figure S13: Separation of meso-4 from (S,5)-4 and (R,R)-4. Top: Biotage® Selekt report of the separation. Bottom: Chiral HPLC
analysis of the pooled fractions 6-12.
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Figure S14: Michaelis-Menten kinetics of the single mutants PLZ2.1 (left) and PLZ2.2 (right) determined for the individual

enantiomers of substrate 4.
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Figure S15: Enantioselectivity of PLZ2.3 towards substrate 1. Interestingly, the (S,S)-enantiomer is consumed preferably,
while for the very similar but slightly larger substrate 4, the (R,R)-enantiomer is preferred.
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Figure S16: SDS-PAGE analysis of the potential photodamage to PLZ2.0 and PLZ2.3 after 6 h of irradiation, compared to the
non-irradiated sample ( t = 0). The absence of additional bands indicates no significant protein crosslinking or degradation.
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Figure S17: LC-MS analysis PLZ2.0 (left) and PLZ2.3 (right) before irradiation and after 6 h of irradiation in the absence and
presence of substrate 4 and substrate 1. In the irradiated samples, +16 Da, +32 Da,... peaks are visible, indicating single
oxidation events. For the irradiated samples in the presence of substrate 4, additional peaks are visible, potentially arising
from adduct formation. The modifications are more pronounced for PLZ2.3, in line with its higher catalytic activity. Still, the

non-modified species is the most prominent for all samples.
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Figure S18: Circular dichroism spectra of all photoenzyme variants. The shape similarity indicates highly similar folds between
the structures, as verified by the crystal structure of PLZ2.3. [@]ur: Mean residue molar ellipticity.
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Figure S19: Analysis of the binding pocket volume of PLZ1.4, PLZ2.0, and PLZ2.3 over the course of the MD simulation.
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Figure S20: Key interactions of PLZ2.0 with (R,R)-4 in a representative MD frame (frame 969). (a) 3D representation. (b) 2D
representation.
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Figure S21: Key interactions of PLZ2.1 with (R,R)-4 in a representative MD frame (frame 232). (a) 3D representation. (b) 2D
representation.
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Figure S22: Key interactions of PLZ2.2 with (R,R)-4 in a representative MD frame (frame 775). (a) 3D representation. (b) 2D
representation
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Figure S23: Key interactions of PLZ2.3 with (R,R)-4 in a representative MD frame (frame 334). (a) 3D representation. (b) 2D
representation

26



V87

E147

Figure S24: MD-based comparison between PLZ2.0 (blue) and PLZ2.2 (pale green), suggesting that the V87G mutation alters
a loop conformation. This may facilitate the formation of a stabilizing hydrogen bond between Q6 and (R,R)-4.
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E31

E193 E309

Figure S25: The MD-based analysis of PLZ2.3 bound to (R,R)-4 provides a potential explanation for antagonistic epistasis.
Q6 and Q169/N85 reside on opposite sides of the cavity, therefore being mutually exclusive for substrate stabilization. The
substrate can only form hydrogen bonds with either side, indicating why the beneficial effects of PLZ2.1 and PLZ2.2 are not
additive.
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2. General methods

Chemical synthesis: Unless stated otherwise, commercially available substances were used without
further purification. (S,S)-1 was purified by sublimation. Reactions requiring an inert atmosphere were
performed under Schlenk conditions in dry nitrogen. Solvents were removed at 40 °C in vacuo.
Reactions were analyzed via thin-layer chromatography (TLC) on pre-coated plastic sheets (Polygram
SIL G/UV254, Macherey—Nagel, Diiren, Germany), and the compounds were visualized by irradiation
with an UV lamp. Products were purified using silica gel 60 (particle size 0.040—0.063 mm, 230-240
mesh, Macherey—Nagel, Diiren, Germany).

NMR spectroscopy: 'H and 3C NMR spectra were recorded at room temperature on a Bruker Avance
[Il HD 400 or a Bruker Avance Il HD 500 nuclear magnetic resonance spectrometer (Bruker, Billerica,
USA) in CDCl; or DMSO-de. Splitting patterns are given as singlet (s), doublet (d), triplet (t), quartett (q),
doublet of doublet (dd), and multiplet (m). Coupling constants (J) are reported in Hz.

HPLC analysis: Reactions were analyzed on a Vanquish System (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with an achiral Hypersil Gold C18 column (100 x 2.1 mm, 3 um particle size, Thermo
Fisher Scientific, Waltham, MA, USA) at 45 °C and a chiral Chiralcel OJ-RH column (150 x 4.6 mm, 5 um
particle size, Daicel Corporation, Osaka, Japan) at room temperature. Molecules were detected at 205
nm and 254 nm. For achiral measurements, water + 0.1% (v/v) trifluoroacetic acid (TFA) and
acetonitrile + 0.1% (v/v) TFA were used as solvents. For chiral measurements, pure water and
acetonitrile were used as solvents.

Method 1 (achiral Hypersil Gold C18 column): Water + 0.1% (v/v) trifluoroacetic acid (TFA) as solvent

“A” and acetonitrile + 0.1% (v/v) TFA as solvent “B” were used as eluents for the following gradient

program:

100+ —— 8,00
% ralfmin ||

—1 b
r —/ %B
75 e, 001 %C
[ —1 %D

3 Flow[ml{min]
50+ — 4,00
/"fﬁ :
25+ it -—z,[m
F min
o Lo, 00
—J.,Iﬂo 0,00 .1.,|25 2,50 "4, 00
No Time [mFIl?rrvl‘in] %B % %D Curve
1 -1,000 Equilibration
2 -1,000 1,050 5,0 0,0 0,0 5
3 New Row
4 0,000 Run
5 0,000 1,050 5.0 0,0 0,0 5
6 2,000 1,050 50,0 0,0 0,0 3
7 3,000 1,050 50,0 0,0 0,0 5
B8 3,000 0,900 5,0 0,0 0,0 5
9 4,000 0,900 5.0 0,0 0,0 5
10 New Row
11 4,000 Stop Run

29



Method 2 (chiral Chiralcel OJ-RH column): Water as solvent “C” and acetonitrile as solvent “D” were

used as eluents for the following gradient program:

100 8,00
% milfrmin | [ %l
[ — %B
75+ =311 | — %C
[ %D
3 —— Flow[mlfmin]
50 4,00
254 2,00
min (|
O_I T T T |_[:I’[m
-5,0 0,0 10,0 20,0 26,0
No Time [mﬁ';’n‘:’i“] %B %l %D Curve
1 -5,000 Equilibratian
2 -5,000 1,000 0,0 80,0 20,0 5
3 New Row
4 0,000 Run
5 0,000 1,000 0,0 80,0 20,0 5
& 20,000 1,000 0,0 26,7 73,3 5
7 20,000 1,000 0,0 0,0 100,0 5
8 23,000 1,000 0,0 0,0 100,0 5
9 25,000 1,000 0,0 80,0 20,0 5
10 26,000 1,000 0,0 80,0 20,0 5
11 New Row
12 26,000 Stop Run

Method 3 (chiral Chiralcel OJ-RH column): Water as solvent “C” and acetonitrile as solvent “D” were

used as eluents for the following program:

100 rg,oo

% mifmin [ | %A
[ —/ %B
754 e, ool %t

 — %D

3 —— Flow(mlfmin]
504 4,00
254 2, 00
min ||
0-| : : - - Lo, 00
-5,0 0,0 10,0 20,0 30,0 35,0
Mo Time [mﬁ‘fn‘:‘i“] %B %C %D Curve
1 -5,000 Equilibration
2 -5,000 1,000 0,0 80,0 20,0 5
3 New Row
4 0,000 Run
5 0,000 1,000 0,0 80,0 20,0 5
6 29,000 1,000 0,0 80,0 20,0 5
7 29,000 1,000 0,0 0,0 100,0 5
B8 32,000 1,000 0,0 0,0 100,0 5
9 34,000 1,000 0,0 80,0 20,0 5
10 35,000 1,000 0,0 80,0 20,0 5
11 New Row
12 35,000 Stop Run
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used as eluents for the following program:

Method 4 (chiral Chiralcel OJ-RH column): Water as solvent “C” and acetonitrile as solvent “D” were

100 -
% mlfmin
75
Eh
25 2,00
min |[
G_I T T T T |_I:I'DIJ
0,00 2,00 4,00 &, 00 B,00 3,00
No  Time Flow %B %C %D Curve
[mlfmin]
1 0,000 Equilibration
2 0,000 1,000 0,0 57,0 43,0 5
3 New Row
4 0,000 Run
5 9,000 1,000 0,0 57,0 43,0 5
& New Row
r 9,000 Stop Run
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3. Biochemical methods

3.1. Molecular cloning

Synthetic genes were ordered from Twist Bioscience (South San Francisco, CA, USA). All PCR reactions
were performed as described in Table S1 and Table S2. Vectors were assembled using Gibson assembly
(1 h, 50 °C)? or site-directed, ligase-independent mutagenesis (SLIM; 2 cycles, 3 min 95 °C, 5 min 65 °C,
40 min 30 °C).2 Chemically competent E. coli DH10B cells were transformed with the assembled DNA
by heat shock (42 °C, 45 s) and rescued by adding 750 puL SOC medium (20 g/L tryptone, 5 g/L yeast
extract, 584 mg/L sodium chloride, 186 mg/L potassium chloride, 2g/L magnesium
chloride hexahydrate, 1204 mg/L magnesium sulfate, 3.6 g/L glucose). After outgrowth for 1 h at 37
°C, cells were plated on agar plates or cultivated in LB media supplied with the respective antibiotics
and grown at 37 °C. Sequences were verified by Sanger sequencing (GENEWIZ Germany GmbH, Leipzig,
Germany).

Table S1: Composition of PCR reactions

Component Amount
dNTPs (10 mm) 1L
Template DNA (3-50 ng/ul) 1pul
Primer fw (10 mm) 2.5uL
Primer rv (10 mm) 2.5 uL
Q5 buffer (5x) 10 uL
Q5 High-Fidelity polymerase 1puL

ad aqua dest. to 50 uL

Table S2: General PCR program

Step Temp. [°C] Duration Cycle
Initial denaturation 98 1 min

Denaturation 98 10s

Annealing Primer dep. 30s

Elongation 72 20-30 s/kbp 35x
Final elongation 72 10 min
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3.1.1. Generation of site-saturation libraries for directed evolution

Site-saturation libraries were generated using Gibson assembly with overlapping primers. To introduce
the desired mutations, a short primer was designed to bind directly upstream of the target codon,
facing outward (with its 5’ end adjacent to the codon to be modified). A second, longer primer was
designed in the opposite orientation to enable amplification of the entire vector. This longer primer
spanned the target codon and replaced it with a degenerate codon, while also including at least 20
base pairs (bp) of sequence complementary to the region amplified by the short primer. During PCR,
this design resulted in the production of a linear, double-stranded DNA fragment containing the
degenerate codon and homologous regions on both ends. Gibson assembly then facilitated the
seamless re-circularization of this fragment, generating a plasmid library with the desired site-
saturation mutations. NDT codons were used as degenerate codons to limit the size of the produced
library while also covering at least one representative of each class of amino acids.

3.1.2. Primers used in this study

Primer name | sequence (5' - 3') comments
T7 TAATACGACTCACTATAGGG sequencing
T7term GCTAGTTATTGCTCAGCGG sequencing

Knock out
iti‘?zfiilq CTGATGCCGACCTGCTG binding site

in PLZ2.0

Knock out
SLISBE3LQ | ) ArAATGCGAGCACCAGE binding site
short rev .

in PLZ2.0

Knock out
SL.BQ E31Q CGGTTCAGGACGCTGATGCCGACCTGCTG binding site
tailed for .

in PLZ2.0

Knock out
SL.140 E31Q CGTCCTGAACCGCAATAATGCGAGCACCAGC binding site
tailed rev .

in PLZ2.0

Knock out
SL141E147Q TAACGCTGACCGTCTTATTC binding site
short for .

in PLZ2.0

Knock out
SL142E147Q CAATAATTTTTGCGCCATATTCTC binding site
short rev .

in PLZ2.0

Knock out
SL_143 E147Q CCTATCAGGACGATAACGCTGACCGTCTTATTC binding site
tailed for .

in PLZ2.0

Knock out
SL.144 E147Q TCGTCCTGATAGGCAATAATTTTTGCGCCATATTCTC binding site
tailed rev in PLZ2.0
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SL145 E193Q
short for

SL146 E193Q
short rev

SL147 E193Q
tailed for

SL148 E193Q
tailed rev

SL149 E309Q
short for

SL150 E309Q
short rev

SL151 E309Q
tailed for

SL152 E309Q
tailed rev

G1 pEt29 for

G2 pET29
rev

Lib9 L53 rev

Lib10 L53 for

Lib11 W86
rev

Lib12 W86
for

Lib13 v88
rev

TAACTTAGAACAACTGAAAGCTG

GCTATGATCTTAGCCCCTG

CGTTCAGAGCGCTAACTTAGAACAACTGAAAGCTG

GCGCTCTGAACGGCTATGATCTTAGCCCCTG

CGGATTTGGATGTATTACTTGC

CAATAATTTTTGCCCCCAGT

CGTTACAGTCCCCGGATTTGGATGTATTACTTGC

GGGACTGTAACGCAATAATTTTTGCCCCCAGT

CCACCACCACCACTGAGATCCGGC

GAGGATGAGACCATGCACTAGCC

TACTACAAGAATATCTGCGCCAA

GGCGCAGATATTCTTGTAGTANDTGGCCGGAAAGTCTCC

GATATCCAGACCAAGCTCG

CACGAGCTTGGTCTGGATATCNDTATCGTTGTAAAAGATAACAATATTTACA
TTTTC

GATCCAGATATCCAGACCAAG

34

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

Knock out
binding site
in PLZ2.0

open pET29
vector for
Gibson
assembly

open pET29
vector for
Gibson
assembly

NDT L53 in
PLZ2.0

NDT L53 in
PLZ2.0

NDT W86 in
PLZ2.0

NDT W86 in
PLZ2.0

NDT V88 in
PLZ2.0



Lib14 V88
for

Lib15 A99
rev

Lib16 A99
for

Lib17 Q169
rev

Lib18 Q169
for

Lib19 A249
rev

Lib20 A249
for

Lib21 Q169
rev

Lib22 Q169
for

Lib23 Q169
rev

Lib26 PLZ2.0
FO7NDT rev

Lib27 PLZ2.0
FO7NDT for

Lib28 PLZ2.0
Q7NDT rev

Lib29 PLZ2.0
Q7NDT for

Lib30 PLZ2.0
LONDT rev

Lib31 PLZ2.0
LONDT for

Lib32 PLZ2.0
I259NDT rev

Lib33 PLZ2.0
[259NDT for

Lib34
FO7NDT for

Lib35
FO7NDT rev

CTTGGTCTGGATATCTGGATCNDTGTAAAAGATAACAATATTTACATTTTCTT
TGC

AAAGAAAATGTAAATATTGTTATCTTTTACAAC

GTTGTAAAAGATAACAATATTTACATTTTCTTTNDTTCTGCTCCGGAGCAAG

AACAATCAGAATGTCGGC

GCGCCGACATTCTGATTGTTNDTGCAGCCGACATTGAGG

AACGGTAACCCCCG

GGGAAGCGGGGGTTACCGTTNDTCTGCGTTTACGAGAAAACAC

GCCTCAATGTCGGCTGCTHNAACAATCAGAATGTCGGCGC

GCAGCCGACATTGAGG

GCCTCAATGTCGGCTGCAHNAACAATCAGAATGTCGGCGC

AATGTAAATATTGTTATCTTTTACAACGATCC

CGTTGTAAAAGATAACAATATTTACATTNDTTTTGCATCTGCTCCGG

CACGATCAATATGTCGGCC

TGGCCGACATATTGATCGTGNDTGATCTTGACCCGGATGC

ATCTTGCACGATCAATATGTCG

ACATATTGATCGTGCAAGATNDTGACCCGGATGCTAAGC

AACGCGCAGCGTGTTTTC

GAGAAAACACGCTGCGCGTTNDTTTTGCAATGACCCCGG

CGGCGTAAAAGATAACAATATTTACATTNDTTTTGCGTCTGCTCCGG

AATGTAAATATTGTTATCTTTTACGCCG
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NDT V88 in
PLZ2.0

NDT A99 in
PLZ2.0

NDT A99 in
PLZ2.0

NDT Q169
in PLZ2.0

NDT Q169
in PLZ2.0

NDT A249
in PLZ2.0

NDT A249
in PLZ2.0

NDT Q169
in PLZ2.0

NDT Q169
in PLZ2.0

NDT Q169
in PLZ2.0

NDT F97 in
PLZ2.0

NDT F97 in
PLZ2.0

NDT Q7 in
PLZ2.0

NDT Q7 in
PLZ2.0

NDT L9 in
PLZ2.0

NDT L9 in
PLZ2.0

NDT 1259 in
PLZ2.0

NDT 1259 in
PLZ2.0

NDT F97 in
PLZ2.3

NDT F97 in
PLZ2.3



Lib36
A260NDT rev

Lib37
A260NDT for

Lib38
M261INDT
rev

Lib39
M261NDT
for

Lib40
G215NDT
rev

Lib41l
G215NDT for

Lib42
E147NDT rev

Lib43
E147NDT for

Lib44
A247NDT for

Lib45
A247NDT rev

Lib46
Q168NDT for

Lib47
Q168NDT
rev

AAATATAACGCGCAGCG

ACACGCTGCGCGTTATATTTNDTATGACCCCGGAACAAC

TGCAAATATAACGCGCAG

CGCTGCGCGTTATATTTGCANDTACCCCGGAACAACTG

CTGTATGATCAGTATATCCGCTC

GGGAGCGGATATACTGATCATACAGNDTCGCGAAGTTGTCGTTC

ATAGGCAATAATTTTTGCGC

GGCGCAAAAATTATTGCCTATNDTGACGATAACGCTGACC

CTGCGTTTACGAGAAAACAC

GCGTGTTTTCTCGTAAACGCAGAHNAACGGTAACCCCCG

GCAGCCGACATTGAGG

GTGGCCTCAATGTCGGCTGCAHNAACAATCAGAATGTCGGCG
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NDT A260
in PLZ2.3

NDT A260
in PLZ2.3

NDT M261
in PLZ2.3

NDT M261
in PLZ2.3

NDT G215
in PLZ2.3

NDT G215
in PLZ2.3

NDT E147
in PLZ2.3

NDT E147
in PLZ2.3

NDT A247
in PLZ2.3

NDT A247
in PLZ2.3

NDT Q168
in PLZ2.3

NDT Q168
in PLZ2.3



3.2. Expression, purification, and analysis of proteins

3.2.1. Culture conditions

Escherichia coli (E. coli) BL21-Gold(DE3) cells were grown in LB medium (Carl Roth, Karlsruhe,
Germany: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride) or on LB agar plates [1.5% (w/v)
agar] at 37 °C. Ampicillin (final concentration of 100 ug/mL) or kanamycin (final concentration of
30 pug/mL) were added as antibiotics to the culture medium.

3.2.2. Buffers used for protein purification
Lysis buffer

25 mM HEPES, pH 8.5
100 mM NacCl

0.5 mg/mL Lysozyme
1 ug/mL DNasel

Ni-NTA wash buffer

25 mM HEPES, pH 7.5
300 mM NadCl
30 mM Imidazole

Ni-NTA elution buffer

25 mM HEPES, pH 7.5
300 mM Nadl
300 mM Imidazole

FPLC buffer

25 mM HEPES, pH 8.5
100 mM Nacl

3.2.3. Protein expression and purification

An overnight pre-culture of E. coli BL21 DE3 supplied with the respective plasmid (pET29) was grown
in 50 mL LB medium supplied with the respective antibiotics at 37 °C while shaking. The cells were
diluted to an ODgoo 0of 0.05 in 1.5 L LB + antibiotics and grown at 37 °C until an ODego of 0.4 was reached.
Expression was then induced by adding isopropyl-B-D-thiogalactopyranosid (IPTG) to a final
concentration of 500 uM. After growing the cells for additional 16 h to allow for gene expression, they
were harvested by centrifugation (25 min, 4,000 rcf). The pellet was then resuspended in 40 mL lysis
buffer and subsequently lysed by sonication in a Branson SFX 500 sonifier (Emerson Electric Co.,
St. Louis, MO, USA; power-on time: 5 min, pulsed time: 5s on, 5 s off, 35% power). The lysate was
cleared by centrifugation (25 min, 11,000 rcf, 4 °C) and used for affinity chromatography.

The cleared lysate was loaded onto a column packed with 3 mL Ni-NTA agarose resin (Qiagen N.V.,
Venlo, Netherlands) equilibrated with 3-5 column volumes of Ni-NTA wash buffer. The resin was
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washed with 5-10 CV Ni-NTA wash buffer before the protein was eluted with 3 CV Ni-NTA elution
buffer. The elution fraction was concentrated using Merck Millipore Amicon Ultra centrifugal filter
devices (Merck KGaA, Darmstadt, Germany; 10 kDa cut-off, 4000 rcf, 4 °C).

The protein was further purified by size-exclusion chromatography (SEC) using a NGC Quest 10
Plus Chromatography System (Bio-Rad Laboratories GmbH, Feldkirchen, Germany), equipped with a
Superdex 75 Increase 10/300 GL column (Cytiva, Marlborough, MA, USA). Proteins were purified at
room temperature using FPLC buffer. Fractions were analyzed by SDS-PAGE and fractions containing
the protein of interest were pooled and further concentrated using Amicon centrifugal filter devices.
Proteins were snap frozen in liquid nitrogen and stored in FPLC buffer at -70 °C. Protein concentrations
were determined by UV absorption at 280 nm using calculated €,50 values.

3.2.4. Expression and purification of proteins in a 96-well format

E. coli BL21 cells were transformed with the library of choice and plated on LB agar plates with the
appropriate antibiotic. After growing the colonies at 37 °C, individual clones were picked into a sterile
96-well microtiter plate filled with 120 uL LB medium with the respective antibiotic. This master plate
was covered with Breathe-Easy membrane (Diversified Biotech, Dedham, MA, USA) and grown in a
plate shaker (Ohaus Orbital Shaker, Ohaus, Parsippany, NJ, USA) at 37 °C, shaking at 900 rpm for 18 h.
10 pL of the grown culture were used to inoculate the main culture in 1 mL LB with the appropriate
antibiotic in a 96 deep-well microtiter plate. The pre-cultures in the master plate were mixed with
100 pL sterile 50% glycerol solution, snap frozen in liquid nitrogen and stored at -70 °C. The plate
containing the main culture was sealed with Breathe-Easier membrane (Diversified Biotech, Dedham,
MA, USA) and incubated in a plate shaker at 37 °C, shaking at 900 rpm for 3 h. After this time, gene
expression was induced by adding 10 uL 50 mM IPTG in LB and the cells were grown for 18 h at 37 °C,
shaking at 900 rpm. The cells were then harvested by centrifuging for 20 min at 4,000 rcf and the
supernatant was discarded. The pellets were snap frozen in liquid nitrogen and stored at -70 °C until
further usage.

After thawing the cell pellets, they were lysed by adding 325 uL lysis buffer and mixing at 1200 rpm for
2 min, followed by incubation at 37 °C at 300 rpm for 1 h. Next, 32 uL 11% PEI (linked, average
molecular weight 25000 Da, Sigma Aldrich, USA) were added to obtain a final concentration of 1% PEI.
The plates were incubated at 37 °C, 1200 rpm for 30 min. Other proteins were then precipitated by
transferring the plate to a water bath heated to 80 °C and incubating it for 1 h. Precipitate was removed
by centrifugation of the plate for 1 h at 4000 rcf at 4 °C. 250 uL of the supernatant were then
transferred to a fresh 96 deep-well microtiter plate, and 500 uL of a saturated aqueous solution of
(NH,4),SO4 were added before the plate was incubated at 4 °C for 1 h to selectively precipitate PLZ
proteins. The plates were then centrifuged again for 1 h at 4,000 rcf at 4 °C, the supernatant was tipped
off, and all remaining liquid was removed by tapping the plate on a paper towel upside-down. The
protein pellets were resuspended in 150 puL FPLC buffer supplied with 50 uM CeCls and shaken at
1000 rpm for 10 min. This protein solution was used for downstream photoreactions. The workflow is
also depicted in Figure S11.

3.2.5. Circular dichroism (CD) spectroscopy

CD spectra were recorded on a Chirascan-plus CD spectrometer (Applied Photophysics, Leatherhead,
England) using a quartz cuvette with 1 mm path length. Spectra between 200 nm and 280 nm were
recorded with a bandwidth of 1.0 nm and 1.0 nm steps at 0.5 s per point. The concentration of the
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proteins was adjusted to 10 uM by diluting them in H,0. Three spectra were recorded and averaged
before converting the signal from millidegrees to mean residue molar ellipticity.

3.2.6. Protein mass spectrometry

Experiments were performed using electrospray ionization on a SYNAPT XS High Resolution Mass
Spectrometer (Waters, Milford, MA, USA). 2 uL of a 0.1 mg/mL protein sample were injected and
separated on an ACQUITY UPLC Protein BEH C4 column (Waters, Milford, MA, USA) using a linear
gradient of 5% (v/v) to 85% (v/v) acetonitrile in water with a flow rate of 0.4 mL/min at 65 °C.
Acetonitrile and water were supplied with 0.1% (v/v) formic acid to acidify the samples. Results were
analyzed using MassLynx v4.2 (Waters, Milford, MA, USA).

3.2.7. Photostability studies

To assess potential photodamage after irradiation of the enzyme, we analyzed the protein using SDS-
PAGE and full-length protein mass spectrometry (LC-MS). PLZ2.0 and PLZ2.3 were compared and
samples were prepared as follows: For the to sample, freshly thawed protein was diluted in reaction
buffer (25 mM Hepes, pH 8.5, 100 mM NaCl) and submitted for analysis. For the irradiated samples,
the enzymes were diluted to 22.2 uM in reaction buffer and 22.2 uM CeCls; were added. Next, either
10 uM acetonitrile (for the -substrate sample) or 10 uM 20 mM (R,R)-4 in acetonitrile (for the
+substrate sample) were added and the mixture was irradiated for 6 h at 410-420 nm, as described
below. After the reaction, the samples were diluted for SDS-PAGE or LC-MS analysis (see 3.2.6.).

3.2.8. Tb(lll) binding kinetics

As previously described?, tryptophan-sensitized Th(Ill) luminescence can be used as a signal for specific
metal binding. A nearby tryptophan residue is excited by irradiating the protein at 280 nm and
subsequently excite the Tb(lll) ion via energy transfer. This results in a long-lived luminescence signal
with a specific spectrum and a maximum emission at 544 nm.

To follow the Th(lll) binding ove time, protein and TbCl; were diluted to 10 uM in FPLC buffer. The
luminescence was measured in a microplate reader (Varioskan LUX, Thermo Fisher Scientific) in black
96-well microtiter plates in time-resolved fluorescence mode (TRF; 50 us delay time, 1 ms integration
time, 100 ms measurement time) using 100 uL of the metalloenzyme solution (Aex =280 nm,
Aem = 544 nm).

3.2.9. Luminescence-based titrations to determine Tb(lll) binding affinities

To assess the lanthanide binding affinity of PLZ2.0, titration experiments were performed in triplicates.
1.11 uM PLZ2.0 in FPLC buffer (25 mM HEPES, pH 8.5 or pH 7.0, 100 mM NaCl) were prepared. 90 uL
of protein were combined with 10 uL 10-fold concentrated TbCls stock in H,O to reach a final protein
concentration of 1 uM and TbCl; concentrations of 0.1 uM to 8 uM. The mixture was incubated in a
black 96-well microtiter plate at room temperature for 1 h to ensure complete equilibration. The
terbium luminescence was then measured in a microplate reader (Varioskan LUX, Thermo Fisher
Scientific) in time-resolved fluorescence mode (TRF; 50 us delay time, 1 ms integration time, 100 ms
measurement time; Aex = 280 nm, Aem = 544 nm). The signal of the triplicates was averaged and fitted
using the following code.
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import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit
import matplotlib as mpl

import matplotlib.ticker as ticker
import os

# Load the Excel file

file_path = 'Your/Path/Here.xIsx' # Replace with your file path
sheet_name = 'Tabellel’

df = pd.read_excel(file_path, sheet_name=sheet_name)

# Extract x values from the first column
data_x = df.iloc[:, 0].tolist()
X_plot = np.linspace(data_x[0], data_x[-1], 300)

# Extract y values from the remaining columns (one column per measurement)
data_y = [df.iloc[:, i].tolist() for i in range(1, df.shape[1])]

# Get the column names as measurement labels
measurement_labels = df.columns[1:].tolist()

# Extract x values
data_x = df['c(TbCI3) [uM]']

# Calculate average and standard deviation across replicates for each concentration level
data_y = df.drop(columns='c(TbCI3) [uM]').mean(axis=1)
data_std = df.drop(columns="c(TbCI3) [uM]').std(axis=1)

# Define the quadratic fit function
def quadratic_func_2var(x, Kd, dymax):
x=np.array(x)
return yO+dymax*(((AO+x+Kd)/2)-np.sqrt(((AO+x+Kd)/2)**2-A0*x))/A0

# Initialize AO as it is provided by the user
A0=1

# Calculate initial guess for other parameters
y0 = min(data_y)
dymax = max(data_y) - min(data_y)

#set initial values for variables to be fitted
#p0= [KdAB, Ampl]
p0 = [0.001, dymax]

popt,pcov = curve_fit(quadratic_func_2var, data_x, data_y, p0 = p0)
perr=np.sqrt(np.diag(pcov))
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plt.plot(X_plot, quadratic_func_2var(X_plot, *popt), color = "blue", linestyle="dashed")
plt.errorbar(data_x, data_y, yerr=data_std, fmt = "ks", capsize=3)

plt.ylabel("TbS$~*S Luminescence [A.U.]")

plt.xlabel("Conc. $TbCI_3$ [uM]")

plt.grid()

text = "SK_dS="+ str(int(1000*round(popt[0],3)))+ " S\pmS "+ str(int(1000*round(perr[0],3)))+" nM\
"

text += "Ampl=" + str(round(popt[1]))+ " S\pmS "+ str(round(perr[1]))

plt.text(8, 30, text,
horizontalalignment='left’,
verticalalignment="center’,
fontsize=12)

print("Fitted for 2 variables")
print("KdAB:", str(round(popt[0],3)), "uM; error:", str(round(perr[0],3)), "with p0 =", str(p0[0]))
print("Ampl:", str(round(popt[1],3)), "; error:", str(round(perr[1],3)), "with p0 =", str(round(p0[1],3)))

# Set formatting options
plt.rcParams.update({
'mathtext.default': 'regular’,
'svg.fonttype': 'none’,
'xtick.major.size': 4, # Major tick length
'xtick.major.width': 1, # Major tick width
'ytick.major.size': 4,
'ytick.major.width': 1, # Major tick width
b

# Save plot

plt.tight_layout()

plt.savefig(file_path.replace('.xIsx', '.svg'), format="svg', dpi=300)
plt.savefig(file_path.replace('.xIsx', ".png'), format="png', dpi=300)
plt.show()

3.2.10. Isothermal titration calorimetry (ITC) to determine lanthanide binding affinities

ITC was measured on a MicroCal PEAQ-ITC® (Malvern Pananalytical, Worcestershire, UK). Samples
were prepared by dialyzing the protein against measurement buffer (25 mM HEPES pH 7.0 or pH 7.5,
100 mM NacCl) over night. The concentration was then adjusted to 20 uM by diluting the samples in
dialysis buffer. CeCls or TbCls solutions were prepared by diluting a 200 mM stock solution of
lanthanide in dialysis buffer to a final concentration of 300 uM. The reference cell was filled with MilliQ
water. The experimental settings were as follows: Reference power 10 pcal/s, 750 rpm stir speed, 0.4
uL initial injection volume after 60 s delay time, followed by 18x 2 pl injection volume with 150 s
spacing time. The background signal was determined by control titrations (metal into buffer) with the
same settings. The recorded data were plotted as differential power (DP) against time. The data were
analyzed using the manufacturer’s analysis software. The background signal was subtracted and the
baseline adjusted, and the thermodynamic parameters were determined by fitting the AH curve
against molar ratio.
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3.2.11. UV/Vis absorption studies

For UV/Vis absorption spectroscopy, purified protein was buffer exchanged (2.5 mM HEPES pH 7.5,
10 mM NaCl) using a desalting column (PD MiniTrap™ G-25, Cytiva, Marlborough, MA, USA or Zeba™
Spin Desalting Columns 7K MWCO, Thermo Fisher Scientific, Waltham, MA, USA). Prepared protein was
diluted to 66.6 uM, mixed 1:1 an equally concentrated solution of cerium salt (CeCls or
(NH4)2[Ce(NOs)e]), and left to incubate at room temperature for 10 minutes. After incubation, the
samples were filtered, before 360 uL of metal-bound protein was supplemented with 40 pL of a
1.5 mM stock of substrate 1 in acetonitrile. This led to a final sample concentration of 30 uM protein,
30 uM Ce(lll) or Ce(IV) and a fivefold excess of substrate at 150 uM. Control samples were prepared
accordingly, leaving out components as indicated. Solutions containing (NH4),[Ce(NOs)s were prepared
without HEPES, in just 10 mM NaCl.

UV/Vis spectra were recorded in triplicates on a Jasco V 750 photometer (JASCO Deutschland GmbH,
Pfungstadt, Germany) at room temperature (data interval: 0.2 nm; bandwidth: 1 nm; response: 0.06
s, path length: 1 cm). Background absorption was corrected by recording a blank spectrum in advance
and subtracting.
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3.2.12. DNA and protein sequences of all constructs

Molecular weights (MW) and molar extinction coefficients (g2s0) were calculated using the ProtParam
tool on the Expasy Server. Genes were expressed from a pET29 plasmid with a C-terminal Hise-tag.
Protein is marked in blue, key mutations in green, coordinating Glu / knockout Gin residues in red, and
tags in yellow.

PLZ1.4
MW = 38365.7 Da €280 [Mcm™] = 27500

ATGGGTGACATTCTGATAGTGGCCGCCAAAAACGTTGATGAGATGCTCAAGCAGGTCGAAATTTTGCGTCGCT
TGGGCGCGAAACAGATTGCCGTTGAGAGTAGTGACTGGCGCATACTGCAGGAAGCGCTTAAGAAGGGTGGT
GATATTCTTATTGTATTTGGTGGCGGGATGACCATTACCTTCCGCGGGGATGACCTGGAAGCCTTGCTCAAAGC
AGCTATAGAAATGATAAAGCAGGCACTTAAGTTCGGGGCCACTATAACATTGAGCCTTGACGGAAACGACCTG
AATATTAACATTACCGGCGTCCCAGAGCAGGTCCGCAAGGAGTTGGCTAAACAGGCCGAGCGGCTGGCTAAG
GAATTCGGGATCACAGTGACTCGAACCGGTGGCGGAAACGTGGACGAGATGCTCAAACAGGTGGAGATACTT
AGGAGACTCGGGGCCAAGCAGATCGCCGTGGAGTCTAACGACTGGCGAATACTGCAGGAAGCGTTGAAGAA
AGGTGGCGACATTCTGATTGTCGCGGCTAAGAACGTGGATGAAATGCTCAAGCAGGTCGAAATCCTTAGGCG
TCTCGGCGCCAAACAGATTGCTGTCGAATCCAGTGACTGGAGAATTCTCCAGGAAGCGCTCAAGAAGGGCGG
TGATATCCTTATCGTTGCGGGCGGCGGCATGACAATTACTTTTCGGGGCGACGACCTTGAAGCCCTGCTGAAG
GCCGCCATTGAGATGATTAAACAAGCGCTGAAATTCGGCGCAACCATCACACTCTCCTTGGACGGCAACGATC
TGAACATCAACATCACAGGAGTGCCAGAACAGGTTCGTAAAGAACTGGCGAAACAGGCCGAAAGGCTGGCCA
AGGAATTTGGTATCACAGTTACACGTACGGGTGGAGGCAACGTTGATGAGATGCTGAAACAAGTCGAGATCC
TCCGCCGTCTTGGTGCAAAACAAATCGCAGTGGAGTCCAACGACTGGCGTATTCTTCAAGAGGCGCTTAAGAA
AGGTGGATCCGCT I COAGCCACCCOGCAGTTCOAAAAATAA

MGDILIVAAKNVDEMLKQVEILRRLGAKQIAVESSDWRILQEALKKGGDILIVFGGGMTITFRGDDLEALLKAAIEMI
KQALKFGATITLSLDGNDLNINITGVPEQVRKELAKQAERLAKEFGITVTRTGGGNVDEMLKQVEILRRLGAKQIAVE
SNDWRILQEALKKGGDILIVAAKNVDEMLKQVEILRRLGAKQIAVESSDWRILQEALKKGGDILIVAGGGMTITFRG
DDLEALLKAAIEMIKQALKFGATITLSLDGNDLNINITGVPEQVRKELAKQAERLAKEFGITVTRTGGGNVDEMLKQV
EILRRLGAKQIAVESNDWRILQEALKKGGSAWSHPQFEK*

PLZ1.4_KO
MW = 38361.8 Da €280 [Mcm™] = 27500

ATGGGTGACATTCTGATAGTGGCCGCCAAAAACGTTGATGAGATGCTCAAGCAGGTCGAAATTTTGCGTCGCT
TGGGCGCGAAACAGATTGCCGTTCAGAGTAGTGACTGGCGCATACTGCAGGAAGCGCTTAAGAAGGGTGGTG
ATATTCTTATTGTATTTGGTGGCGGGATGACCATTACCTTCCGCGGGGATGACCTGGAAGCCTTGCTCAAAGCA
GCTATAGAAATGATAAAGCAGGCACTTAAGTTCGGGGCCACTATAACATTGAGCCTTGACGGAAACGACCTGA
ATATTAACATTACCGGCGTCCCAGAGCAGGTCCGCAAGGAGTTGGCTAAACAGGCCGAGCGGCTGGCTAAGG
AATTCGGGATCACAGTGACTCGAACCGGTGGCGGAAACGTGGACGAGATGCTCAAACAGGTGGAGATACTTA
GGAGACTCGGGGCCAAGCAGATCGCCGTGCAGTCTAACGACTGGCGAATACTGCAGGAAGCGTTGAAGAAA
GGTGGCGACATTCTGATTGTCGCGGCTAAGAACGTGGATGAAATGCTCAAGCAGGTCGAAATCCTTAGGCGTC
TCGGCGCCAAACAGATTGCTGTCCAATCCAGTGACTGGAGAATTCTCCAGGAAGCGCTCAAGAAGGGCGGTG
ATATCCTTATCGTTGCGGGCGGCGGCATGACAATTACTTTTCGGGGCGACGACCTTGAAGCCCTGCTGAAGGC
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CGCCATTGAGATGATTAAACAAGCGCTGAAATTCGGCGCAACCATCACACTCTCCTTGGACGGCAACGATCTG
AACATCAACATCACAGGAGTGCCAGAACAGGTTCGTAAAGAACTGGCGAAACAGGCCGAAAGGCTGGCCAAG
GAATTTGGTATCACAGTTACACGTACGGGTGGAGGCAACGTTGATGAGATGCTGAAACAAGTCGAGATCCTCC
GCCGTCTTGGTGCAAAACAAATCGCAGTGCAATCCAACGACTGGCGTATTCTTCAAGAGGCGCTTAAGAAAGG
TGGATCCGCT T CEAGCCACCCOGCAGTTCOAAAAATAA

MGDILIVAAKNVDEMLKQVEILRRLGAKQIAVQSSDWRILQEALKKGGDILIVFGGGMTITFRGDDLEALLKAAIEMI
KQALKFGATITLSLDGNDLNINITGVPEQVRKELAKQAERLAKEFGITVTRTGGGNVDEMLKQVEILRRLGAKQIAVQ
SNDWRILQEALKKGGDILIVAAKNVDEMLKQVEILRRLGAKQIAVQSSDWRILQEALKKGGDILIVAGGGMTITFRG
DDLEALLKAAIEMIKQALKFGATITLSLDGNDLNINITGVPEQVRKELAKQAERLAKEFGITVTRTGGGNVDEMLKQV
EILRRLGAKQIAVQSNDWRILQEALKKGGSAWSHPQFEK*

PLZ2.0
MW =36740.5 Da €280 [Mlecm™] = 20970

ATGGCCGACATATTGATCGTGCAAGATCTTGACCCGGATGCTAAGCTGGCTCAAGTCCGAGAACTGCGTGCGG
CTGGTGCTCGCATTATTGCGGTTGAAGACGCTGATGCCGACCTGCTGATTCGAGCAATGGATCTTGGCGCAGA
TATTCTTGTAGTACTCGGCCGGAAAGTCTCCATCAAATCCGACACGGTGGAACAGTTGTTAGCTACTGTCCGGT
TCGCCATGGAAAGAGCTCACGAGCTTGGTCTGGATATCTGGATCGTTGTAAAAGATAACAATATTTACATTTTC
TTTGCATCTGCTCCGGAGCAAGTTGCCCAATTTGTCGCGGCTCTGACGGCATTCTCGAAGGAGCAGGGATTAG
AAATCAAAGTAATTGACCAGGATCCCCTGGAAAATATCCGCCGCCTGCGAGAATATGGCGCAAAAATTATTGC
CTATGAAGACGATAACGCTGACCGTCTTATTCGCGCTCTGGAGGCAGGCGCCGACATTCTGATTGTTCAGGCA
GCCGACATTGAGGCCACCGTTGAAGCCATTAGACGTTTACGAGAAGCAGGGGCTAAGATCATAGCCGTTGAA
AGCGCTAACTTAGAACAACTGAAAGCTGCACTCGAACTGGGAGCGGATATACTGATCATACAGGGTCGCGAA
GTTGTCGTTCGTAGTGATACCTTTCAAGAAGCAATCGAAGTTGCCCTGTTCGTGGTTAAGAAAGCTTGGGAAG
CGGGGGTTACCGTTGCGCTGCGTTTACGAGAAAACACGCTGCGCGTTATATTTGCAATGACCCCGGAACAACT
GGCCGAATTAATCGCACAACTTCGCGCCCTGGCAGCTGAAAAGGGCTGGGAAATTCGGGTTTTTGACACGGAT
CCGCTTGCGGCAATGCGTGAATTACGCGAACTGGGGGCAAAAATTATTGCGTTAGAATCCCCGGATTTGGATG
TATTACTTGCTGGTTTGCGAGCAGCAGGCGGTTCACATCATCATCACCACCATTGA

MADILIVODLDPDAKLAQVRELRAAGARIIAVEDADADLLIRAMDLGADILVVLGRKVSIKSDTVEQLLATVRFAME
RAHELGLDIWIVVKDNNIYIFFASAPEQVAQFVAALTAFSKEQGLEIKVIDQDPLENIRRLREYGAKIIAYEDDNADRLI
RALEAGADILIVOQAADIEATVEAIRRLREAGAKIIAVESANLEQLKAALELGADILIIQGREVVVRSDTFQEAIEVALFVV
KKAWEAGVTVALRLRENTLRVIFAMTPEQLAELIAQLRALAAEKGWEIRVFDTDPLAAMRELRELGAKIIALESPDLD
VLLAGLRAAGGSHHHHHH*

PLZ2.0_KO
MW =36736.6 Da €280 [M'cm™] = 20970

ATGGCCGACATATTGATCGTGCAAGATCTTGACCCGGATGCTAAGCTGGCTCAAGTCCGAGAACTGCGTGCGG
CTGGTGCTCGCATTATTGCGGTTCAGGACGCTGATGCCGACCTGCTGATTCGAGCAATGGATCTTGGCGCAGA
TATTCTTGTAGTACTCGGCCGGAAAGTCTCCATCAAATCCGACACGGTGGAACAGTTGTTAGCTACTGTCCGGT
TCGCCATGGAAAGAGCTCACGAGCTTGGTCTGGATATCTGGATCGTTGTAAAAGATAACAATATTTACATTTTC
TTTGCATCTGCTCCGGAGCAAGTTGCCCAATTTGTCGCGGCTCTGACGGCATTCTCGAAGGAGCAGGGATTAG
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AAATCAAAGTAATTGACCAGGATCCCCTGGAAAATATCCGCCGCCTGCGAGAATATGGCGCAAAAATTATTGC
CTATCAGGACGATAACGCTGACCGTCTTATTCGCGCTCTGGAGGCAGGCGCCGACATTCTGATTGTTCAGGCA
GCCGACATTGAGGCCACCGTTGAAGCCATTAGACGTTTACGAGAAGCAGGGGCTAAGATCATAGCCGTTCAG
AGCGCTAACTTAGAACAACTGAAAGCTGCACTCGAACTGGGAGCGGATATACTGATCATACAGGGTCGCGAA
GTTGTCGTTCGTAGTGATACCTTTCAAGAAGCAATCGAAGTTGCCCTGTTCGTGGTTAAGAAAGCTTGGGAAG
CGGGGGTTACCGTTGCGCTGCGTTTACGAGAAAACACGCTGCGCGTTATATTTGCAATGACCCCGGAACAACT
GGCCGAATTAATCGCACAACTTCGCGCCCTGGCAGCTGAAAAGGGCTGGGAAATTCGGGTTTTTGACACGGAT
CCGCTTGCGGCAATGCGTGAATTACGCGAACTGGGGGCAAAAATTATTGCGTTACAGTCCCCGGATTTGGATG
TATTACTTGCTGGTTTGCGAGCAGCAGGCGGTTCACATCATCATCACCACCATTGA

MADILIVQDLDPDAKLAQVRELRAAGARIIAVODADADLLIRAMDLGADILVVLGRKVSIKSDTVEQLLATVRFAME
RAHELGLDIWIVVKDNNIYIFFASAPEQVAQFVAALTAFSKEQGLEIKVIDQDPLENIRRLREYGAKIIAYQDDNADRLI
RALEAGADILIVQAADIEATVEAIRRLREAGAKIIAVQSANLEQLKAALELGADILIQGREVVVRSDTFQEAIEVALFVV
KKAWEAGVTVALRLRENTLRVIFAMTPEQLAELIAQLRALAAEKGWEIRVFDTDPLAAMRELRELGAKIIALQSPDL
DVLLAGLRAAGGSHHHHHH*

PLZ2.1
MW = 36668.4 Da €280 [M*cm™] = 15470

ATGGCCGACATATTGATCGTGCAAGATCTTGACCCGGATGCTAAGCTGGCTCAAGTCCGAGAACTGCGTGCGG
CTGGTGCTCGCATTATTGCGGTTGAAGACGCTGATGCCGACCTGCTGATTCGAGCAATGGATCTTGGCGCAGA
TATTCTTGTAGTACTCGGCCGGAAAGTCTCCATCAAATCCGACACGGTGGAACAGTTGTTAGCTACTGTCCGGT
TCGCCATGGAAAGAGCTCACGAGCTTGGTCTGGATATCAATATCGTTGTAAAAGATAACAATATTTACATTTTC
TTTGCATCTGCTCCGGAGCAAGTTGCCCAATTTGTCGCGGCTCTGACGGCATTCTCGAAGGAGCAGGGATTAG
AAATCAAAGTAATTGACCAGGATCCCCTGGAAAATATCCGCCGCCTGCGAGAATATGGCGCAAAAATTATTGC
CTATGAAGACGATAACGCTGACCGTCTTATTCGCGCTCTGGAGGCAGGCGCCGACATTCTGATTGTTCAGGCA
GCCGACATTGAGGCCACCGTTGAAGCCATTAGACGTTTACGAGAAGCAGGGGCTAAGATCATAGCCGTTGAA
AGCGCTAACTTAGAACAACTGAAAGCTGCACTCGAACTGGGAGCGGATATACTGATCATACAGGGTCGCGAA
GTTGTCGTTCGTAGTGATACCTTTCAAGAAGCAATCGAAGTTGCCCTGTTCGTGGTTAAGAAAGCTTGGGAAG
CGGGGGTTACCGTTGCGCTGCGTTTACGAGAAAACACGCTGCGCGTTATATTTGCAATGACCCCGGAACAACT
GGCCGAATTAATCGCACAACTTCGCGCCCTGGCAGCTGAAAAGGGCTGGGAAATTCGGGTTTTTGACACGGAT
CCGCTTGCGGCAATGCGTGAATTACGCGAACTGGGGGCAAAAATTATTGCGTTAGAATCCCCGGATTTGGATG
TATTACTTGCTGGTTTGCGAGCAGCAGGCGGTTCACATCATCATCACCACCATTGA

MADILIVODLDPDAKLAQVRELRAAGARIIAVEDADADLLIRAMDLGADILVVLGRKVSIKSDTVEQLLATVRFAME
RAHELGLDINIVVKDNNIYIFFASAPEQVAQFVAALTAFSKEQGLEIKVIDQDPLENIRRLREYGAKIIAYEDDNADRLI
RALEAGADILIVQAADIEATVEAIRRLREAGAKIIAVESANLEQLKAALELGADILIQGREVVVRSDTFQEAIEVALFVV
KKAWEAGVTVALRLRENTLRVIFAMTPEQLAELIAQLRALAAEKGWEIRVFDTDPLAAMRELRELGAKIIALESPDLD
VLLAGLRAAGGSHHHHHH*
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PLZ2.2
MW = 36698.4 Da €280 [Mcm™] = 20970

ATGGCCGACATATTGATCGTGCAAGATCTTGACCCGGATGCTAAGCTGGCTCAAGTCCGAGAACTGCGTGCGG
CTGGTGCTCGCATTATTGCGGTTGAAGACGCTGATGCCGACCTGCTGATTCGAGCAATGGATCTTGGCGCAGA
TATTCTTGTAGTACTCGGCCGGAAAGTCTCCATCAAATCCGACACGGTGGAACAGTTGTTAGCTACTGTCCGGT
TCGCCATGGAAAGAGCTCACGAGCTTGGTCTGGATATCTGGATCGGTGTAAAAGATAACAATATTTACATTTTC
TTTGCATCTGCTCCGGAGCAAGTTGCCCAATTTGTCGCGGCTCTGACGGCATTCTCGAAGGAGCAGGGATTAG
AAATCAAAGTAATTGACCAGGATCCCCTGGAAAATATCCGCCGCCTGCGAGAATATGGCGCAAAAATTATTGC
CTATGAAGACGATAACGCTGACCGTCTTATTCGCGCTCTGGAGGCAGGCGCCGACATTCTGATTGTTCAGGCA
GCCGACATTGAGGCCACCGTTGAAGCCATTAGACGTTTACGAGAAGCAGGGGCTAAGATCATAGCCGTTGAA
AGCGCTAACTTAGAACAACTGAAAGCTGCACTCGAACTGGGAGCGGATATACTGATCATACAGGGTCGCGAA
GTTGTCGTTCGTAGTGATACCTTTCAAGAAGCAATCGAAGTTGCCCTGTTCGTGGTTAAGAAAGCTTGGGAAG
CGGGGGTTACCGTTGCGCTGCGTTTACGAGAAAACACGCTGCGCGTTATATTTGCAATGACCCCGGAACAACT
GGCCGAATTAATCGCACAACTTCGCGCCCTGGCAGCTGAAAAGGGCTGGGAAATTCGGGTTTTTGACACGGAT
CCGCTTGCGGCAATGCGTGAATTACGCGAACTGGGGGCAAAAATTATTGCGTTAGAATCCCCGGATTTGGATG
TATTACTTGCTGGTTTGCGAGCAGCAGGCGGTTCACATCATCATCACCACCATTGA

MADILIVOQDLDPDAKLAQVRELRAAGARIIAVEDADADLLIRAMDLGADILVVLGRKVSIKSDTVEQLLATVRFAME
RAHELGLDIWIGVKDNNIYIFFASAPEQVAQFVAALTAFSKEQGLEIKVIDOQDPLENIRRLREYGAKIIAYEDDNADRLI
RALEAGADILIVOQAADIEATVEAIRRLREAGAKIIAVESANLEQLKAALELGADILIIQGREVVVRSDTFQEAIEVALFVV
KKAWEAGVTVALRLRENTLRVIFAMTPEQLAELIAQLRALAAEKGWEIRVFDTDPLAAMRELRELGAKIALESPDLD
VLLAGLRAAGGSHHHHHH*

PLZ2.3
MW = 36626.3 Da €280 [Mecm™] = 15470

ATGGCCGACATATTGATCGTGCAAGATCTTGACCCGGATGCTAAGCTGGCTCAAGTCCGAGAACTGCGTGCGG
CTGGTGCTCGCATTATTGCGGTTGAAGACGCTGATGCCGACCTGCTGATTCGAGCAATGGATCTTGGCGCAGA
TATTCTTGTAGTACTCGGCCGGAAAGTCTCCATCAAATCCGACACGGTGGAACAGTTGTTAGCTACTGTCCGGT
TCGCCATGGAAAGAGCTCACGAGCTTGGTCTGGATATCAACATCGGCGTAAAAGATAACAATATTTACATTTTC
TTTGCGTCTGCTCCGGAGCAAGTTGCCCAATTTGTCGCGGCTCTGACGGCATTCTCGAAGGAGCAGGGATTAG
AAATCAAAGTAATTGACCAGGATCCCCTGGAAAATATCCGCCGCCTGCGAGAATATGGCGCAAAAATTATTGC
CTATGAAGACGATAACGCTGACCGTCTTATTCGCGCTCTGGAGGCAGGCGCCGACATTCTGATTGTTCAGGCA
GCCGACATTGAGGCCACCGTTGAAGCCATTAGACGTTTACGAGAAGCAGGGGCTAAGATCATAGCCGTTGAA
AGCGCTAACTTAGAACAACTGAAAGCTGCACTCGAACTGGGAGCGGATATACTGATCATACAGGGTCGCGAA
GTTGTCGTTCGTAGTGATACCTTTCAAGAAGCAATCGAAGTTGCCCTGTTCGTGGTTAAGAAAGCTTGGGAAG
CGGGGGTTACCGTTGCGCTGCGTTTACGAGAAAACACGCTGCGCGTTATATTTGCAATGACCCCGGAACAACT
GGCCGAATTAATCGCACAACTTCGCGCCCTGGCAGCTGAAAAGGGCTGGGAAATTCGGGTTTTTGACACGGAT
CCGCTTGCGGCAATGCGTGAATTACGCGAACTGGGGGCAAAAATTATTGCGTTAGAATCCCCGGATTTGGATG
TATTACTTGCTGGTTTGCGAGCAGCAGGCGGTTCACATCATCATCACCACCATTGA

MADILIVODLDPDAKLAQVRELRAAGARIIAVEDADADLLIRAMDLGADILVVLGRKVSIKSDTVEQLLATVRFAME
RAHELGLDINIGVKDNNIYIFFASAPEQVAQFVAALTAFSKEQGLEIKVIDQDPLENIRRLREYGAKIIAYEDDNADRLI
RALEAGADILIVQAADIEATVEAIRRLREAGAKIIAVESANLEQLKAALELGADILIQGREVVVRSDTFQEAIEVALFVV
KKAWEAGVTVALRLRENTLRVIFAMTPEQLAELIAQLRALAAEKGWEIRVFDTDPLAAMRELRELGAKIIALESPDLD
VLLAGLRAAGGSHHHHHH*
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4. Computational methods
4.1. Design of PLZ2.0 using RFdiffusion and LigandMPNN

To reduce its cavity size, the photoenzyme was redesigned computationally. Starting from the
Alphafold prediction® of PLZ1.4, lid domain was lowered 3 A towards the TIM barrel using PyMOL’s
translate function.® To accommodate for this new configuration and enable sensible connectivity, the
original inter-domain linker regions (residues 53-56, 129-135, 222-225 and 298-304) were removed.
Subsequently, new linkers of 2 or 3 residues were generated using RFdiffusion.® In total, 22 residues
were removed and then replaced by two linkers with 2 residues and two linkers with 3 residues. This
resulted in a shortening of the construct by 12 residues. Since this diffusion step is trivial, the difference
between results was marginal and the first result was chosen arbitrarily for further optimization. The
lowering of the lid domain created a new interface between the segments of the protein. To allow for
interface optimization, the entire top domain was partially diffused using 15 steps of diffusion (out of
a total of 50).° After manual consideration, one backbone was chosen and the original docking results
of substrate (R,R)-4 in PLZ1.4 were superimposed with the new scaffold to get an estimation for the
ligand position. Utilizing this ligand position, LigandMPNN was used to populate the amino acid
sequence using a softmax temperature of 0.1, while fixing the metal-coordinating amino acids (E31,
E148, E194 and E311 in PLZ1.4, corresponding to E31, E147, E193, E309 in PLZ2.0).” In total, 100
sequences were obtained which were predicted first using ESMfold with 3 recycles each.® Of these
predictions, all structures exhibiting an average pLDDT of greater than 90 were resubmitted for
structure prediction using Colabfold (3 models with 3 recycles each per sequence).® Finally, all
structures with an average pLDDT of lower than 90 were once again discarded, leaving 13 final
sequences for manual consideration.

Based on cavity size, shape and domain specific prediction confidence, 4 structures were chosen for
further evaluation. The metal ion position was approximated by superimposition with the structurally
similar PLZ1.4 and a short MD simulation was performed with the metal ion to relax the structure.'%12
After this, diol 4 was docked into the cavity using VINA.*> % The results were once again analyzed
manually and a preferred structure was chosen.

To remove surface metal binding sites of this structure, it was analyzed using BioMetAll.*> The
AlphaFold2 predictions of the designed protein scaffolds were used as an input and the program was
run using the standard parameters. Identified clusters of metal-coordinating residues were removed
by introducing cysteine to serine, glutamate to glutamine and aspartate to asparagine mutations (E6Q,
C116S, E128Q, D151N, E169Q, C223S, E227Q and E274Q in PLZ1.4, corresponding to E6Q, C115S,
E127Q, D150N, E168Q, C222S, E226Q and E272Q in PLZ2.3). Finally, two loops in the ferredoxin domain
exhibited lower model prediction confidence, which warranted the deletion of a single residue (A100
and A261) in each loop to ensure model confidence. This resulted in a sequence that was overall 14
amino acids shorter than PLZ1.4, as also visualized in the sequence alignment in Fig. S1. For purification
purposes, a C-terminal Hise-Tag was attached after a short unspecific GGS linker to prevent interaction
between the tag and the protein. The acquired sequence for PLZ2.0 was ordered as a clonal gene in a
pET29b vector from Twist Bioscience.
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4.2. Docking and molecular dynamics (MD) simulations

Structure modeling and preparation: A missing residue (E283) in the X-ray structure of PLZ2.3 was
modelled using MODELLER.'® The structures of PLZ2.0, PLZ2.1, and PLZ2.2 were derived from the
crystal structure of PLZ2.3. Residues N85W and G87V in the X-ray structure of PLZ2.3 were mutated to
the respective residues using Maestro molecular modeling program in Schrédinger (release version
2024-1, accessed via the Leibniz Supercomputing Center, LRZ).!” Full length PLZ1.4 in complex with the
Ce(lll) metal ion and substrate 4 (RR or SS) was modeled using Boltz2.*® All structures (PLZ1.4, 2.0, 2.1,
2.2, and 2.3) were further prepared using the protein-preparation tool in Maestro to add hydrogen
atoms and perform restrained energy minimization before docking runs were conducted. The Boltz2
predicted ligand conformation of PLZ1.4 was used as a reference for all structures to generate a grid
center to perform ligand docking. Utilizing the Glide docking protocol,*® docking of both enantiomers
((R,R)-4 and (S,S)-4) was conducted separately on all protein-systems. Default parameters were used
in the Glide docking program and 20 poses per ligand were obtained. Finally, the docked conformation
with the lowest energy was chosen for further optimization using 100 ns MD simulations. The
conformations shown in Fig. 3 depict the substrate conformations adopted in the last frame of the MD
simulations.

MD simulation procedure: The molecular dynamics simulations were performed using the AMBER
software package.™ %° The latest AMBER force field for proteins ff19SB,%! the OPC water model, and
LJ1264 metal ion parameters for Ce(lll) were used.?? For system preparation, charges on proteins were
neutralized by adding Na* ions, and the OPC water model was used to solvate the protein in a cubic
box with a padding of 20 A.

Following the preparation, gradual energy minimization was performed in 14 steps, applying restraints
on the protein’s heavy atoms, while no restraints were used on water, ions, and hydrogen atoms. The
restraints were gradually reduced, starting from 1,000 kcal*mol™** A2 to no restraints in the last step.
The steepest descent followed by conjugate gradient algorithms was used for energy minimization in
each step.

Heating simulations using NVT ensembles — constant number of particles (N), volume (V), and
temperature (T) —were performed by a gradual increase of temperature from 10 K to 300 K in the first
30 ps. The Langevin thermostat algorithm was used to control bath temperature, keeping the collision
frequency at 0.5 ps™. The integration time was set to 1.0 fs, and the SHAKE algorithm?? was used to
constrain bonds involving hydrogen atoms. Periodic boundary conditions were applied. Heating
simulations were performed using weak constraints on heavy atoms (50 kcal*mol™*A2), which were
gradually decreased.

After heating, the equilibration simulation with constant pressure was performed, utilizing an NPT
ensemble (constant number of particles (N), pressure (P), and temperature (T)). Equilibration
simulations of 5 ns with constraints of 5.0 kcal*mol**A were performed before running a 20 ns
simulation with no constraints. The pressure was maintained using the Berendsen barostat. The
integration time was increased to 2.0 fs in the second NPT simulation, and trajectory frames and restart
files were saved every 100 ps.

MD simulation analysis: The MD trajectories were analyzed for the overall protein and ligand dynamics
by calculating root mean square deviation (RMSD) of protein and ligand to the starting position. MD
trajectories were also used to perform binding pocket volume calculation using Mdpocket with default
parameters.?* The trajectories and structure files were further visualized using VMD862> and Pymol®
(Schrodinger 2015).
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4.3. Blind docking of larger substrates

Glide!® was used to perform blind docking of various diol substrates with increasing size into the crystal
structure of PLZ2.3. The whole protein was chosen for blind docking by increasing the internal grid XYZ
dimensions to maximum (40 A). The initial docking number was set to 5000, and 5000 poses were
chosen to undergo final refinement. The pose displacement and penalty were set off to report all
binding poses and to avoid default filtering criteria (penalties and distance displacement). Final docked
poses to report were set to 500 poses per ligand.

Analysis: The blindly docked ligands were filtered for productive binding poses, where at least one
oxygen atom of the substrate hydroxy groups is within 3 A to the Ce(lll) ion. The number of these
binding poses out of total docked conformations was then plotted for all ligands.

4.4, 2D interaction representation

Selected frames of the MD simulations were chosen for 2D interaction analysis using the academic
version of the Flare software?® (Cresset, Litlington, Cambridgeshire, UK) using default parameters.
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5. Enzymatic assays

5.1. Procedures for photoenzymatic reactions
5.1.1. 6-vial photoreactor setup

A custom 6-well photoreactor was designed to ensure uniform irradiation of all samples in GC vials.
LEDs were purchased at Avonec (Avonec, Wesel, Germany) as high power LEDs soldered on starboards
(410-420 nm 3 W). The LEDs were glued using Keratherm Bond 100 RT thermal adhesive (KERAFOL,
Eschenbach in der Oberpfalz, Germany) onto Fischer Elektronik SK 42 heat sinks (100x160x25 mm,
aluminum, 0.95K/W; Fischer Elektronik, Lidenscheid, Germany). The heat sink was cooled by a water
chilled hollow aluminum block with the temperature of the cooling water set to 18 °C, resulting in a
reaction temperature of 23 °C. The MW LCM-40 LED drivers (MEAN WELL Enterprises Co, New Taipei
City, Taiwan) were operated at a constant current of 0.7 A. The setup is depicted in Figure S26.

A

Figure S26: 6- vial photoreactor. (A) LEDs on starboards glued to the heat sink. (B) The cooled aluminum block used to position
each GC vial directly above one LED.

5.1.2. Vial-based photoreaction procedure

Photoreactions were run as described previously.? In brief, a stock solution of 22.2 uM enzyme and
22.2 uM CeCls (for initial experiments: 111 uM of each to reach a final catalyst loading of 5 mol%) were
prepared in 25 mM HEPES, 100 mM NaCl, pH 8.5. 90 uL of this solution were transferred to a 1.5 mL
GC vial and 10 pL substrate solution (20 mM in acetonitrile) were added to reach a final concentration
of 20 uM metalloenzyme and 2 mM substrate with 10% acetonitrile as co-solvent (1 mol% catalyst
loading). The vials were then irradiated in the 6-well photoreactor at 410-420 nm for 6 h (unless stated
otherwise. For initial experiments with 5 mol% catalyst loading: 24 h).

5.1.3. Procedure for plate-based photoreactions for directed evolution

For directed evolution, the proteins were purified and loaded with CeCl; as described above. 90 pL of
the protein were combined with 10 uL 20 mM diol 4 in acetonitrile in a U-bottom 96-well microtiter
plate. The plates were sealed with clear silicone adhesive film (Cat No. 89134-428, VWR International,
Radnor, PA, USA) and subsequently irradiated at 405 nm for 24 h on the middle shelf of a UV LED curing
system (Novachem, Ireland, see Figure S27) with alternating 10 s on-time and 10 s off-time (total 12 h
on-time) of the lamps. The plates were cooled to 15 °C with a water cooler attached to a custom
cooling device (see Figure S27). After irradiation, the plates were shaken at 1200 rpm for 5 min to
homogenize and 33 plL were taken off and stored in a separate, sealed plate for potential re-analysis
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later. To the rest, 132 uL methanol (without internal standard due to a similar retention time to the
substrates on the HPLC) were added to precipitate the protein. The plate was sealed again with clear
adhesive silicone film and shaken for 5 min at 1200 rpm before centrifuging it at 4000 rcf for 10 min.
120 plL supernatant were transferred to a polypropylene V-bottom 96-well microtiter plate, sealed
with SureSTART re-sealing tape for autosamplers (Cat No. 60180-M146, Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and measured with HPLC method 4 (chiral column). All peaks were then manually
integrated and hits were identified by comparing the area of the product peak and the ratio of the
remaining substrate enantiomer peaks to the positive controls of the parent variant that were run on
the same plate in quadruplicates.

Figure S27: LED curing chamber and the custom made, water-cooled plate holder used for the irradiation of 96-well microtiter
plates.

5.1.4. Determination of yields by quantification of HPLC peaks

Yields of diol cleavage reactions were determined by integrating HPLC peaks, using Method 1 (achiral
column). After irradiation, the reactions were worked up by addition of 200 pL acetonitrile containing
100 uM 1,3,5-Trimethoxybenzene (TMB) as an internal standard. The precipitated protein was
removed by centrifugation. 150 pL supernatant was taken off and further diluted with 100 pL water
and 50 pL 200 uM TMB to have a final dilution of 1:6 and a TMB concentration of 100 uM TMB. This
mixture was then analyzed using HPLC method 1 (non-chiral). Yields were quantified by the peak area
ratio of benzaldehyde 2 at 254 nm and the internal standard at 205 nm using the calibration curves
shown below.
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5.1.5. Determination of enantioselectivity from chiral HPLC measurements

For evaluating the stereoselectivity of the photoenzymes towards the photocatalytic cleavage of 4,
triplicates of the photoreactions with the respective enzyme were set up according to the general
methods and irradiated for 6 h unless specified otherwise. After irradiation, the reactions were worked
up by adding 200 pL 200 uM benzophenone in acetonitrile as an internal standard. The precipitated
protein was removed by centrifugation and 150 plL supernatant was further diluted by adding 150 uL
water and 100 pL 200 uM benzophenone in acetonitrile. This resulted in an overall eight-fold dilution
and a final concentration of internal standard of 100 uM. The analytes were separated on a chiral
Chiralcel OJ-RH column at room temperature according to HPLC Method 2 (chiral column). The figures
shown in the main text show the areas of the chromatogram that are relevant to quantify the
unreacted substrate stereoisomers. The full chromatograms are shown below.

The assignment of the peaks to the corresponding stereoisomers was supported by stereoselective
synthesis of (R,R)-4 and (S,5)-4 by catalytic asymmetric dihydroxylation?’ as reported in ref.?

When peaks were not base line separated, they were split symmetrically using the “split peaks”
function of the Chromeleon software. The areas of the peaks were determined using the Chromeleon
software and the average and standard deviation of the triplicates were calculated.

The enantiomeric excess ee was calculated as follows:
E E
C C
A Ag g
E E
C C
Ags Ag g

where A¢ s and Ag’s are the areas of the peaks on the HPLC of the (S,S)-enantiomer for the reaction

with enzyme and the control reaction (just buffer with CeCls), respectively. AE,R and A,“;,R are the areas
of the HPLC peaks of the (R,R)-enantiomer for the reaction with enzyme and the control reaction,
respectively. The final areas are divided by the initial areas to compensate for mistakes in the
integration of the peaks, as some of the peaks are not baseline separated. The influence of these
inaccuracies on the ee is minimized by this additional step.

The enantioselectivity value S is a better measure for the performance of a catalyst designed for kinetic
resolution. S was determined according to:

_ In[(1=0)(1 —ee)]

5= In[(1=c)(1 +ee)]

where cis the conversion of the reaction. c was calculated by subtracting the areas of each enantiomer
after the reaction from the respective areas in the control with no enzyme (buffer + CeCls). The sum of
these corrected areas of remaining substrates was then divided by the sum of the substrate areas in
the control.

5.1.6. Time course of the cleavage of (R,R)-4 and (S,S)-4

To determine the performance of PLZ2.3 in a kinetic resolution setting, a time course of the
consumption of (R,R)-4 and (S,S)-4 was measured. 111 uM PLZ2.3 were prepared in FPLC buffer
(25 mM HEPES, pH 8.5, 100 mM NaCl) supplied with 111 uM CeCls. 90 uL of this mixture were
combined with 10 pL 20 mM (R,R)- 4 and (§,S)-4 (without meso-4, see Fig. S13 for the separation) to
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achieve a final concentration of 100 uM PLZ2.3 and 2 mM substrate in 100 pL. Five of these samples
were then irradiated according to the standard protocol in a 6-vial photoreactor and one reaction was
stopped after 30 min, 60 min, 90 min, 2 h, and 4 h, respectively. The samples were then worked up by
adding 200 L 200 uM benzophenone in acetonitrile as an internal standard. The precipitated protein
was removed by centrifugation and 150 uL supernatant was further diluted by adding 150 pL water
and 100 pL 200 uM benzophenone in acetonitrile. This resulted in an overall eight-fold dilution and a
final concentration of internal standard of 100 uM. The mixture was analyzed using HPLC method 2
(chiral column). The peaks corresponding to the substrate enantiomers were then manually integrated
and their integrals were used to determine the enantiomeric excess. A control that was not irradiated
was used as the to sample. The chromatograms are shown in Figure S28. As seen in the full
chromatogram, the reaction produced several side products additionally to main product
benzaldehyde 2. As postulated previously,® the cleavage of substrate 4 produces mainly benzaldehyde
2 due to the higher stability of the benzyl radical intermediate. The side products presumably form due
to alternative oxidation reaction routes of the produced radical intermediates after B-scission of the
diol substrate.
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time 205 nm [mAU*min] [mAU*min] 205 nm [mAU*min] | 205 nm [mAU*min]
0 min 22,632 0,024 11,618 11,629
30 min 22,978 1,264 7,515 2,516
60 min 22,739 1,971 5,435 0,407
90 min 22,726 2,154 4,777 0,119
2h 22,513 2,606 3,706 -
4h 23,083 4,613 1,794 -

Figure S28: Chromatograms of the time course experiment for kinetic resolution. Top: zoom to the relevant portion. Middle:

Full chromatograms with assigned molecules
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5.1.7. Michaelis-Menten kinetics for (R,R)-1

5.5 UM enzyme were incubated with one equivalent CeCls for 2.5 h at 40 °C. After addition of 10 pL
substrate solution (0-120 mM in acetonitrile) to 90 uL of metalloenzyme, the photoreactions were
carried out in 6-vial photoreactors at 410-420 nm (3 W) at approx. 23 °C for 1 h with a final
concentration of 5 uM metalloenzyme, 0-12 mM substrate and 10% (v/v) acetonitrile as co-solvent.
The initial velocities of benzaldehyde (2) formation were quantified in triplicates, whereby a formation
of two benzaldehyde (2) molecules was assumed for the conversion of one substrate molecule (R,R)-1.
The kinetic parameters ket and Ky were determined by fitting the data with the Michaelis Menten
equation, with [E]o = enzyme concentration and [S]o = substrate concentration:

k — v — kcat [S]O
7 [Elo Kn + [Slo

kobs Was determined using the following formula:

c(product)[uM]
2 molecules product per substrate
irradiation time [h]
c(enzyme)[uM]

kops[h71] = * dilution factor for HPLC

5.1.8. Michaelis-Menten kinetics for the individual enantiomers of diol 4

Due to the range of side products generated upon cleavage of substrate 4, the kinetics of its cleavage
were determined from the substrate consumption. For this reason, the reactions were prepared with
a volume of 200 pL (twice as large as required) and split before the irradiation of the reaction. The non-
irradiated sample was worked up and analyzed identically to the irradiated samples to determine [S]o
independently of small pipetting inaccuracies.

11.1 uM photoenzyme was prepared in 25 mM HEPES, 100 mM NacCl, pH 8.5, and CeCl; was added to
a final concentration of 11.1 uM. 180 pL of this mixture were combined with 20 uL of a 10x stock of
substrate 4 in acetonitrile and the reaction was split in two parts as described above. One of these
parts was then irradiated at 410-420 nm in the 6-well photoreactor for 20 min. Each data point was
measured in triplicates. The irradiated and non-irradiated samples were then worked up by taking
90 pL of the mixture and precipitating the protein by adding 180 uL 150 uM benzophenone as internal
standard. This resulted in a three-fold dilution of the samples and a final concentration of internal
standard of 100 uM. The precipitated protein was removed by centrifugation and the supernatant was
analyzed on chiral HPLC (method 2).

The amount of consumed substrate was determined by quantifying the remaining substrate peaks
according to the calibration curves shown below and subtracting the obtained values from [S]o (which
was determined for every point individually from the non-irradiated samples). From these values, kobs
was determined according to:

c(consumed substrate)[uM]
irradiation time [h]
c(enzyme)[uM]
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Since [S]o was determined for each point individually, the values varied slightly between triplicates. To
be able to average the triplicates, they were therefore normalized for the intended [S]o according to:

" [S] 0,intended [HM]
[S] 0,determined [IJM]

kobs,corrected [h_l] = kobs,determined [h 1]

The corrected values for kobs were then used to determine the kinetic parameters ket and Ky by fitting
the data with the Michaelis Menten equation, with [E]o = enzyme concentration and [S]o = substrate
concentration:

v kear [Slo
kobs,corrected = [E]O = Ky + [S]O

5.1.9. Double-mutant cycle analysis

To quantify the epistasis of the two individual point mutations, a double-mutant cycle analysis was
performed. For this, the individual ket/Km parameters for (R,R)-4 were determined in Michaelis-

Menten kinetics experiments and the interaction free energy AAG?M was calculated according to:

P ¥ ¥ ¥ ¥
AAGint - AGPLZ2.3 - AGPLZZ.l - AGPLzz.z + AGPLZZ.O

Where

k .

AGjnzyme — —RTIn ( cat,enzyme,(R,R) 4)

KM,enzyme,(R,R)-4-

Using
R =1.987 cal
T " mol xK
T =298K

If AAGL-*M = 0 : Both mutations act independently. If AAGi*nt > 0 : The double mutant performs worse
than expected for a simple additive interaction, indicating antagonistic epistasis. If AAant <0:The

double mutant performs better than expected for a simple additive interaction, indicating synergistic
epistasis.
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5.1.10. Calibration curves for the quantification of substrates and products from HPLC peaks
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Figure S29: Calibration curves for the quantification of substrates and products via UV absorption, using TMB as the internal
standard in HPLC runs. All data points were measured as triplicates. TMB: 1,2,3-Trimethoxybenzene; BA: Benzaldehyde.

The substrate concentrations were measured relative to the area of 100 uM benzophenone as the
internal standard. To determine the relative content of (R,R)- and (S,5)-4 in relation to meso-4, the
NMR spectrum of the mixture of 4 was integrated (Figure S30).

FMLO36_47-51.10.fid

380
360
-~ 340

va -320

o T (R,R)-/(S,5)-4 280

f \ 240
| | 220
{ § 200

{

/
f Y 180

I.‘
/ \ k160
{ | 140
1 L

meso-4 ' . 120

| \ 100
|
\

e - T
4.00 3.98 3.96 3.94 3.92 3.90 3.88 3.86 3.84 3.82 3.80 3.78 3
f1 (ppm)

Figure S30: Zoom into the NMR spectrum of substrate 4. The peak of (R,R)- 4 and (S,5)-4 in this region is nicely separated from

the peak of meso-4, allowing their individual integration to determine the amount of meso-4 in the mixture of all
stereoisomers.

The NMR spectrum indicated a ratio of 1 : 2.78 between meso-4 and the combined (R,R)- and (S,5)-4.
The mixture of all stereoisomers therefore contains 26.5% meso-4, 36.8% (S,S)-4, and 36.8% (R,R)-4.
The integrals of the peaks on chiral HPLC (method 2) of the mixture of all stereoisomers of 4 was
adjusted accordingly (e.g. 1 mM of the substrate mixture only contains 368 uM (R,R)-4). Following this
method, the calibration curves seen in Figure S31 were obtained.
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Figure S31: Calibration curves for the individual enantiomers of 4.
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6. Crystallization and X-ray structure determination of PLZ2.3

Ce(lll)-bound PLZ2.3 (12 mg/mL) was mixed with 660 uM substrate rac-4 (20 mM stock solution in
acetonitrile) and incubated at 4 °C for 3 days. The protein was then pipetted by the Crystal Gryphon
protein crystallization pipettor (Art Robbins Instruments) and crystallized within 10 days in sitting drop
vapor diffusion crystallization experiments at 20 °C. Crystallization drops had a volume of 0.4 pL with a
3:1 ratio of protein to reservoir solution (0.1 M sodium acetate pH 4.6, 2.0 M sodium chloride), and
were equilibrated against 50 pL of reservoir solution. The crystals were soaked in 1 pL of a 1:1 mixture
of mother liquor and 2 M lithium sulfate and flash frozen in liquid nitrogen.

Diffraction images were recorded at using synchrotron radiation of A = 1.060 A at the P13 beamline of
PETRAIIl at DESY (Deutsches Elektronen-Synchrotron, EMBL, Hamburg, Germany). Reflections were
processed by the XDS suite and data was reduced by XSCALE.?® ?° The initial model was phased using
PHASER®? and a PLZ2.3 model predicted by AlphaFold3.3* The model was then built by iterative cycles
of restrained refinement using REFMAC532 and PHENIX (v. 1.21.2)3% 34 and model building in COOT
(v. 0.9).% Water molecules were placed by ARP/WARP 8.0%® and the structure was completed by TLS
refinement with REFMACS5.3! The geometry of the final structure was analyzed by the MOLPROBITY?’
tool, and the structure was deposited in the RCSB Protein Data Bank (Table S3).
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Table S3: Crystallographic data collection and refinement statistics.

PLZ2.3 + Ce(lll)

Crystal parameters

Space group P43

Cell constants a=932A
b=93.2A
c=512A

Data collection

Beam line P13, PETRAIII, DESY

Wavelength (A) 1.060

Resolution range (A)° 30-2.1
(2.2-2.1)

No. observations 70,360

No. unique reflections® 24,843

Completeness (%) 95.7 (97.9)

Rmerge (%)b’d 7.8 (782)

l/o (1)P 7.7 (1.6)

Refinement (REFMACS5)

Resolution range (A) 30-2.1

No. refl. working set 23592

No. refl. test set 1242

No. non hydrogen 2568

No. of ligand atoms 1

Solvent 84

Rwork/Rfree (%)e 24.1/17.9

r.m.s.d. bond (A) / angle (°)f 0.004/1.24

Average B-factor (A?) 49.6

Ramachandran Plot (%) 99.1/0.9/0

PDB accession code 9szuU

oI Asymmetric unit

(b1 The values in parentheses for resolution range, completeness, Rmerge and 1/ (1) correspond to the highest resolution shell

[] Data reduction was carried out with XDS and from a single crystal. Friedel pairs were treated as identical reflections

A1 Rmerge(l) = ZhiZ; | 1(hkl); - <I(hkl)> | / Zni Z;1(hk1);, where I(hkl); is the j'" measurement of the intensity of reflection hkl and
<I(hkl)> is the average intensity

(1 R = Zp | |Fobs| - | Featc| |/Zhk |Fobs|, where Reee is calculated without a sigma cut off for a randomly chosen 5% of reflections,
which were not used for structure refinement, and Ryork is calculated for the remaining reflections

Il Deviations from ideal bond lengths/angles

[e] percentage of residues in favored region / allowed region / outlier region
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7. Chemical methods

7.1. Separation of (R,R)-/(S,5)-4 from meso-4

(R,R)-4 and (S,S)-4 were separated from meso-4 by flash chromatography on a Biotage Sfar C18 6 g
column (Biotage, Uppsala, Sweden) on a Biotage Selekt automated flash chromatography system
(Biotage, Uppsala, Sweden). The diastereomers were separated by running an isocratic elution with
25% solvent A (0.1% TFA in H,0) and 75% solvent B (0.1% TFA in acetonitrile). The eluted fractions were
analyzed using HPLC method 2 (chiral column) and the fractions that mostly contained (R,R)- and (S,S)-
4 were pooled. The solvent was evaporated and the diol was stored at -20 °C. The separation is shown

in Figure S13.

7.2. Chemical syntheses
7.2.1. Synthesis of 1,4-diphenylbutane-2,3-diol (4)

Sml,
Mg
_0O TMSCI OH O
©/\/ THF, N, O OH
RT, 16 h
5 4

1,4-Diphenylbutane-2,3-diol (4) was synthesized following a protocol by Nomura et al. (1996).8 In a
Schlenk flask under nitrogen atmosphere Mg turnings (8 equiv, 0.78 g, 32 mmol) were stirred for 1 h
to activate. 0.1 equiv of Sml; (0.1 M in THF, 4 mL, 0.4 mmol) and 0.5 equiv TMSCI (250 uL, 2 mmol)
were added. 0.48 g (4 mmol) 2-phenylacetaldehyde (5) was mixed with 1 equiv TMSCI (510 uL, 4 mmol)
and added dropwise. Upon addition, the Sml, mixture turned from blue to grey. The next drop of
aldehyde was added when the solution had returned to blue. Due to the increasingly slow regeneration
of Sml,, a syringe pump was used to slowly add the aldehyde at a rate of ca. 0.1 mL/h.

After 16 h 1 M HCI (30 mL) was added. The mixture was extracted with ethyl acetate twice (40 mL),
washed with brine and dried over Na,;SO4. The combined organic phases were concentrated under
reduced pressure. 1,4-diphenylbutane-2,3-diol (4) was obtained after column chromatography on
silica gel (petrol ether/ethyl acetate, 85:15 to 70:30) as a white solid (155 mg, 0.64 mmol, 32%) as a
mixture of all possible stereoisomers.

1H-NMR (300 MHz, CDCl3): & [ppm] = 7.40-7.16 (m, 10H,
2'-,2"-, 3", 3"-, &'~ 4"-, 5", 5" 6'-, 6"-H), 3.94-3.58 (m,
2H, 2-, 3-H), 3.08-2.73 (m, 4H, 1-, 4-H), 2.09 (s, 2H, 5-OH,
6-OH); 3C-NMR (101 MHz, CDCls): & [ppm] = 138.1 (C-
1',-1"), 129.4 + 128.6 + 126.6 (C-2', -2", -3',-3", -4', -4" , -
5',-5" -6, -6"), 74.8 and 74.0 (C-2, -3), 40.4 and 38.6 (C-
1, -4).
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Figure S32: H- and 3C-NMR-spectra of diol 4 (mixture of stereoisomers) in CDCl3 (300 MHz/75 MHz).
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8. HPLC standards of used compounds

Chromatogram
- B B ]
4 [manually integrated] (R,R}-Hydrobenzoin UV_WVIS_1 WWL:205 nm N

w
18005

E OH . 2 -1,3,5-Trimethoxybenzene - 2,404
1500 1 - (RR}-Hydfobenzoin - 2,065
12507 O OH

(RR)1

Absaorbance [mAL]

oi-———“

-250
-5004
_Soo_lllllll"'|""|""|""|""|"--|----|
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
h Time [min] 4
Integration Results
Mo, [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % %
n.a. |Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
1 (RR}-Hydrobenzain 2,065 38.520 1376,367 47,73 49,06 n.a.
v 1,3.5-Trimethoxybenzene 2.404 42181 1428.874 5227 50,94 n.a.
Total: 80,71 2805,241 100,00 100,00

Figure S33: HPLC chromatogram of (R,R)-hydrobenzoin, (R,R)-1 at 205 nm; Method 1 (achiral, Hypersil Gold C18)
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Chromatogram

1300+ 3 [manually integrated] Benzaldehyde UV_VIS_1WVL:205 nm
OH 2-1,3,5-Trimethoxybenzene - 2,405
15004
1 - Benzsldehyde - 1,733
1250
1000 2
=) ]
=T
£ 7509
b4
S 5007
2 ]
250
T I T
D_ I
-250]
-5004
_BDD_I""I""Illlllll"I""I""I""Illlll
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
Time [min]
Integration Results
Mo, [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % %
1 Benzaldehyde 1,732 35,929 1154499 4598 44 88 n.a.
n.a. |(RR)-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
v 1,3.5-Trimethoxybenzeng 2,405 42207 1418,162 54,02 55,12 n.a.
Total: 78,136 2572,661 100,00 100,00
Chromatogram |
1000+ 3 [manually integrated] Benzaldehyde UV_WVIS_2 WWL:254 nm
] 1 - Benzaldehyde - 1,732
875
750
625
= ]
=T 4
< 500
2
& )
=1
S 3754
= j
< ]
2501
125
4 | 12 - 1,3,5-Trimethoxybanzens - 2,404
07 T T
_1DD:|""|""|----|---'|""|""|""|----|
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
Time [min]
Integration Results
Mlo. [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAL*min mAU % %
1 Benzaldehyde 1,732 28,181 934,703 98,03 98,95 n.a.
n.a. |(RR}-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
v 1,3.5-Trimethoxybenzene 2.404 0,277 9.898 0.97 1,05 n.a.
Total: 28,459 944,601 100,00 100,00

Figure S34: HPLC chromatograms of benzaldehyde 2 at 205 nm (top) and 254 nm (bottom) ; Method 1 (achiral, Hypersil Gold
c18)
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Chromatogram

2000+ % [manually integrated] (R}-1-Fhenyl-1,2-ethandiol UV _VIS_1WVL:205 nm
2 - 1,3,5-Trimethoxybenzene - 2,416
1500: OH
] OH
1000+
=)
[ R)-3
H ] (R)
@
£ 5004
m 4
2 11-1,235
o
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E ] I
0 T
-500
_1DDU_|""|""|""llllllll T T Tt Tt T T T Tt Tt T T T Tt Tt T 1
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
Time [min]
Integration Results
Mo [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % %
1 1,235 19,727 238.251 32,35 13.00 n.a.
n.a. |Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |(RR}-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
e 1,3.5-Trimethoxybenzeng 2416 41.246 1594.231 67,65 87.00 n.a.
Total: 60,973 1832,481 100,00 100,00

Figure S35: HPLC chromatogram of substrate (R)-3 at 205 nm; Method 1 (achiral, Hypersil Gold C18)

Chromatogram

1200+ 7 FLM p5-126 FLM022 stereoselectivity again #2 [manually integrated]

UV_VIS_1WVL:205 nm

=)
=1
£ 600
3 1 OH
B ] 4
S 400
Es 1 S,S) (R.R
] { |g -(.blaé?sﬁ
200+ mesoj{h1 543
D_ _A_J T | f'_L/—F/_\\-
_QDD_l T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 26,0
Time [min]
Integration Results
Mlo. [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAL*min mAU % % n.a.
1 12,848 19,593 140,355 21,62 21,74 n.a.
2 13,210 35,614 257 556 39,30 39,89 n.a.
<] 13,863 35.404 247 680 39.07 38,36 n.a.
Total: 90,611 645,591 100,00 100,00

Figure S36: HPLC chromatogram of substrate rac-4 at 205 nm; Method 2 (chiral, Chiralcel OJ-RH)
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9. HPLC chromatograms of the substrate scope / yield determination

Chromatogram

'ZEDD— A [manually integrated] ASK_023_156_39 100uM P019 + 100pM Ce(lll} + 2.0mM RR-HB N
OH
20004 |1 - Banzaldehyde - 1,763
|3 - 1.3, 5-Trmethoxybenzene - 2,408
15004
OH
1
10004
5004
| 2 - (RRYIS [ShHydrobenzoin - 2,076
0d W T T T
-500+
-1000- T T T T T T T
b 0,00 0,50 1,00 1.50 2.00 2,50 3,00 3,50 4.00
Integration Results
Ko, [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % %
na. |1-Phenyl-1.2-ethandiol na na na na na na
n.a. |Benzyl alcohol n.a. n.a. n.a. n.a. n.a. n.a.
1 Benzaldehyde 1,769 53,326 1805,470 5476 52,77 n.a.
na |4-F-Benzaldehyde na. na na. na na. na.
na |Acetophenone na na na na. na na
n.a. |meso-Hydrobenzoin na. na. n.a. n.a. n.a. n.a.
2 (RR)/(S.S)-Hydrobenzoin 2,076 2,467 95,519 2,53 2,79 n.a.
na. |4-Me-Benzaldehyde na. na na. na na. na.
n.a. |4-Cl-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
3 1.3.5-Trimethoxybenzend 2408 41,585 1520286 42,70 44.44 n.a.
na |2-Methoxy-12-diphenyle na na na na na. na.
p.a_ |1.2-Diphenylethan-1-ol na na na na. n.a. n.a.
Total: 97,378 3421,276 100,00 100,00
Chromatogram
= B n 9
qBUU* 4 [manually integrated] ASK_023_156_39 100uM PO19 +~ 100pM Ce(ll) + 2.0mM RR-HB A
1600 1 - Benzeldehyde - 1,769
1400
1200
1000
800
600
4004
2004
o J\’\ | |12 - 1.3.5-Trmethoxybenzans - 2,408
] T T
-ZUU_I T T T T T T T
b 000 0,50 1,00 150 2,00 2,50 2,00 3,50 4,004
Integration Results
Mo [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % %
n.a. [1-Phenyl-1,2-ethandiol n.a. n.a. n.a. n.a. n.a. n.a.
na. [Benzyl alcohol n.a. na na. na. na. na
1 Benzaldehyde 1,769 43.754 1584 740 99.38 99.35 na.
na. [4-F-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |Acetophenone n.a. n.a. n.a. n.a. n.a. n.a.
na [meso-Hydrobenzoin na na na na na na
na. |(RR)S.S)Hydrobenzoin na. na na na. na. na
na. [4-Me-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
n.a. [(4-Cl-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
2 1.3.5-Trimethoxybenzeng 2.408 0274 10,423 0.62 0.65 na
na.  |2-Methoxy-1.2-diphenyle n.a. n.a. n.a. n.a. n.a. n.a.
w.a.  [1.2-Diphenylethan-1-ol n.a. n.a. n.a. n.a. n.a. n.a.
Total: 44,029 1595,163 100,00 100,00

Figure S37: HPLC chromatograms after the reaction of PLZ1.4 with substrate 1 at 205 nm (top) and 254 nm (bottom);
Method 1 (achiral, Hypersil Gold C18); dilution factor: 8x
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Chromatogram

2500+ i1 p6-128 FRO1 +RR-HB 1:3 A UV_VIS_1WWVL:205 nm Y
T 4 mau
20004 OH O 1- Banzakdehyde - 1,748
15004 O OH
] 1 12 - 1,3,5-Trimethoxybenzene - 2,377
= ]
=1
£ 1.000
= j
2 ]
0
1= i
S 500
B j
=1, 4
] ! | I |
0] \
500
] min
_1'DDD|""|'---|----|' — T T T T T T T T 1 _ T T T T T[T T T T T 1
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
h Time [min] y.
Integration Results
Mo. [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % %
1 Benzaldehyde 1,748 87.638 1892608 66,54 61,16 n.a.
n.a. |(RR}-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
v 1,3.5-Trimethoxybenzens 2377 44,078 1202.053 3346 38.84 n.a.
Total: 131,716 3094,661 100,00 100,00
Chromatogram
d 5 000+ % [manually integrated] pE-128 FRO1 + RR-HB 13 A UV _VIS_2 WvL254 nm 3
) mAU
1- Benzaklehyde - 1,749
1.750
1.500
1.250
=
E
= 1.000
2
g
5 7501
E=3
=1,
5004
2504
0] ﬁ\’ I 12 - 1.3.5-‘"'\121'\:)(}'3512515 2377
min
_ZUU_lllllll---n---'|""|"'|"" —r Tt 1 T T T T 1
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
by Time [min] y
Integration Results
Mo, [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAl % %
1 Benzaldehyde 1,749 76,933 1787113 98,90 99,45 n.a.
n.a. |(RR}-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
v 1,3.5-Trimethoxybenzene 2377 0,852 9.895 1,10 0.55 n.a.
Total: 77,785 1797,008 100,00 100,00

Figure S38: HPLC chromatograms after the reaction of PLZ2.0 with substrate 1 at 205 nm (top) and 254 nm (bottom);

Method 1 (achiral, Hypersil Gold C18); dilution factor: 6x
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Chromatogram

2000_ 7 [manually integrated] ASK_023_156_32 100uM P019 + 100uM Ce(lll) + 2.0mM R-Phenyl-1,2-ethandial N
1750 ]
3-1,3,5-Trmethoxybenzene - 2,408
OH
1500
OH
1250
1000
-3
1 7504 (R)
500]
|2 - Benzakshyda - 1,7
250] |1 - 1-Phenyi, 2etibndial - 1,238
1
[ E— !
-250
-500-; T T T T T T T
w000 0,50 1,00 1,50 2.00 2,50 3,00 3,50 4,004
Integration Results
Fo.  [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU"min mAU % %
1 1-Phenyl-1,2-ethandiol 1,238 14,5633 171,005 22,78 8.67 na.
n.a. |Benzyl alcohol n.a. n.a. n.a. n.a. n.a. n.a.
2 Benzaldehyde 1,768 7.795 277,342 12,22 14,06 na.
na. |4-F-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
na. |Acetophenone na. na. na na. na n.a.
na. |meso-Hydrobenzoin na na na. na na. na.
n.a. |(RR)V(S.S)Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
na. |4-Me-Benzaldehyde na. na. na na. na. na.
n.a. |4-Cl-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
3 1,3.5-Trimethoxybenzene] 2408 41,457 1524,320 64.99 7127 n.a.
na |2-Methoxy-1.2-diphenyle na na na na. na. na.
p.a.  [1.2-Diphenylethan-1-ol n.a. n.a. n.a. n.a. n.a. n.a.
Total: 63,785 1972,668 100,00 100,00
Chromatogram
ESO A [manually integrated]  ASK_023_156_33 100ph P019 + 100uM Ce(lll) + 2.0mM R-Phenyl-1 2-ethandiol 5
1- Benzakdehyde - 1.768
200
150
100
50
12 - 1,3,5-Trimethoxybenzene - 2,408
04 1y
-50 T T T T T T T
W 0,00 0,50 1,00 1,50 2.00 2,50 3,00 3,50 4,004
Integration Results
Fo. [Peak Name Retention Time Area Height Relative Area | Relative Height [ Amount
min mAU“min mAL % %
na |1-Phenyl-12-ethandiol na na na na na. na.
na |Benzyl alcohol na na. na na na na
1 Benzaldehyde 1,768 5,694 205,985 95,38 95,14 na.
n.a. |4-F-Benzaldehyde n.a. n.a. n.a. n.a. n.a. n.a.
na. |Acetophenone na. na na. na. na. na.
n.a. |meso-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. na.
n.a. |(RR)(S, S)-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
na. |4-Me-Benzaldehyde na. na na. na. na. na.
na |4-Cl-Benzaldehyde na na. na na na na
2 1,3.5-Trimethoxybenzeng 2408 0,276 10,518 4,62 4,86 n.a.
n.a. |2-Methoxy-1,2-diphenyle n.a. n.a. n.a. n.a. n.a. n.a.
p.a_ |1.2-Diphenylethan-1-ol na na na n.a. na. n.a.
Total: 5,970 216,503 100,00 100,00

Figure S39: HPLC chromatograms after the reaction of PLZ1.4 with substrate 3 at 205 nm (top) and 254 nm (bottom);
Method 1 (achiral, Hypersil Gold C18); dilution factor: 8x
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Chromatogram |

1.4004 B [manually integrated] piE-128 FRO1 + R-Phenylethandiol 1:3 A UV_VIS_1WVL:205 nm
’ mAlL 3 -1,3,5-Trimethoxybenzene - 2,379
1.250
1.000 OH
OH |2 - Benzaldehyde - 1,742
7504
=
=1
£ 500 (R)-3
@
=
o
=
S 250
= \1-1.236
T I T N
10 o ey
-2504
-5004
min
_Enn_llll‘|'---|----|""|""|""|""|----|
0,00 0,50 1,00 150 2.00 250 3.00 3.50 4,00
Time [min]
Integration Results
Flo.  [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mALmin mAL % %
1 1,236 3.709 60,306 4,60 291 n.a.
2 Benzaldehyde 1,752 33,136 801,535 41,08 38,63 n.a.
n.a. |(RR}-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
<] 1,3,5-Trimethoxybenzene 2,379 43,818 1213.151 5432 5847 n.a.
Total: 80,663 2074,992 100,00 100,00

Chromatogram |

700+ % [manually integrated] p6-128 FRO1 + R-Phenylethandiol 1:3 A UV_WVIS_2 WWL:254 nm
mal
i 1 - Benzsldehyde - 1,752
600+
5004
= 400
=
£
a
S 300
Lo
=1
2
Z 200
1004
04 \’_/JL T
min
_1DD_|""|""|""|""|""|"'-|----|----|
0,00 0.50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
Time [min]
Integration Results
Mlo. [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % %
1 Benzaldehyde 1,752 25,278 621,179 100,00 100,00 n.a.
n.a. |(RR)-Hydrobenzoin n.a. n.a. n.a. n.a. n.a. n.a.
p-a. |1.3.5-Trimethoxybenzeng n.a. n.a. n.a. n.a. n.a. n.a.
Total: 25,278 621,179 100,00 100,00

Figure S40: HPLC chromatograms after the reaction of PLZ2.0 with substrate 3 at 205 nm (top) and 254 nm (bottom);
Method 1 (achiral, Hypersil Gold C18); dilution factor: 6x
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10. HPLC chromatograms of the selectivity for substrate 1

Chromatogram

% [manually integrated]

p7-162 buffer+Ce HE mix 18 h A

UV_VIS_1WVL:205 nm

3504
3004
250
] OH OH
= 200
=1
" ®
@ 4
2 150 OH
o 4
ER 2 1
= 100
o (5S) (RR)
] 12 - 20,587 22 504 M
] 1-13.77
ol e : T 1
_SD:I T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 25,0 30,0 350
Time [min]
Integration Results
Mo,  [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 13,770 1,265 3.535 2,59 4,82 n.a.
2 20,807 23,744 36.475 48,72 4971 n.a.
%] 22,604 23,728 33.367 48,69 45 47 na
Total: 48,736 73,377 100,00 100,00

Figure S41: HPLC chromatogram after the reaction of substrate rac-1 with buffer + CeCl; at 205 nm; Method 3 (chiral, Chiralcel

0J-RH)

Chromatogram

1900- ¥ [manually integrated] PO19 +HB A UV_VIS_1 WVL:205 nm
10004
200 OH OH O
- j
=
£ 600
£ ] OH
s
K 1 2 1
S 4004
2 j
B |1-14,636
200+ meso (S,S) (RR)
1 12-19,773 i3-22.4154 - 24 632
04 L J 1 | ] | L : P |
—QUU-I T — T T T — T T T T T LI — T T T — T T T — T T T — T T 1
0,0 5.0 10,0 150 20,0 25,0 30,0 35,0
Time [min]
Integration Results
Mo,  [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 14,636 104,888 214,211 4734 61,58 n.a.
2 19,773 39,541 63,128 17.85 14,18 na.
3 22,415 38,360 56,337 17,31 12,65 n.a.
" 24,698 38,788 51,623 17.61 11,59 n.a.
Total 221,577 445,299 100,00 100,00

Figure S42: HPLC chromatogram after the reaction of substrate rac-1 with PLZ1.4 at 205 nm; Method 3 (chiral, Chiralcel OJ-

RH)
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Figure S43: HPLC chromatogram after the reaction of substrate rac-1 with PLZ2.0 at 205 nm; Method 3 (chiral, Chiralcel OJ-

RH)

Figure S44: HPLC chromatogram after the reaction of substrate rac-1 with PLZ2.3 at 205 nm; Method 3 (chiral, Chiralcel OJ-

RH)

Chromatogram

r 1100 ¥ [manually integrated] pE-142 FRO rac-HB A UV _VIS_1WvL205nm Y

1000

8754

750
2 625]
B
a
2 500
0
3 ]
2 ]
2 375
B ]

2504

] |1- 14,487
1257
DE N | | .2-I22f.:|33.zl4.23a y
_1DD_| T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 25,0 30,0 35,0
by Time [min]
Integration Results
Mo, [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.

1 14,487 52,123 146,804 80,46 88,37 n.a.
2 22,089 6,774 10,825 10,46 6,52 n.a.
%} 24,239 5,883 8.503 9.08 5,12 n.a.
Total 64,780 166,132 100,00 100,00

Chromatogram

450~ # [manually integrated]

p7-162 TIM104 HB mix 18 h A

UV_VIS_1WVL:205 nm

400+

3004

Absorbance [maL)
Mo
[
[

1004 |1-13,765
220,987 22602
o4\ 1L 1 I/E{ | {
750_| Tt 1t Tt T T T T T T T — 1 ‘1t ‘v Tt T T _ T T T T T T —r 1 Tt T T T 1
0.0 5.0 10,0 15,0 20,0 25,0 30,0 350
Time [min]
Integration Results
Flo.  [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.

1 13.765 34,792 93.430 5841 71,92 n.a.
2 20,807 9.931 15,404 16,67 11,86 n.a.
] 22,602 14,843 21.0M 2492 16,22 n.a.
Total 59,566 129,905 100,00 100,00
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11. HPLC chromatograms of the selectivity for substrate 4

Chromatogram |

160~ T FLM p7-106 FRO1 mutants on FLM022 6h #8 [manually integrated] UV_VIS_1WWVL:205 nm
140] OH O
120 (5S) (R,R)
1 OH 2 - 120%67s
1004 4
= ]
=1
£ 504
3
c meso
= 60 1131|588
§ ]
=
40
204
J
_2D:| T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 26,0
Time [min]
Integration Results
Mo, [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,666 7.588 52,673 20,76 211 n.a.
2 13,036 14,498 100,215 39,67 40,17 n.a.
<] 13,679 14,463 96.583 39.57 38.72 n.a.
Total: 36,549 249,472 100,00 100,00

Figure S45: HPLC chromatogram after the reaction of substrate rac-4 with buffer + CeCl; at 205 nm; Method 2 (chiral, Chiralcel
OJ-RH)

Chromatogram |

1100- 7 FLM p6-001 P019 selectivity FLM022 and phenylethandiol #2 [manually integrated] UV_VIS_1WWVL:205 nm
10009
875
7507
2 625]
B
@
2 5004
o
=2 ]
2 ]
2 375
< ]
2504
12- 533552
1251 1 17\332
g:___ﬂ,_JLJ\_Jx______JL___dh._,__ﬁ\ AW f’Jk—~—”“‘“x
_1DD_| T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 200 26,0
Time [min]
Integration Results
Flo.  [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,992 16,508 121,444 26,77 26,96 n.a.
2 13,354 23,573 174,835 38,23 38.81 n.a.
I} 14,012 21,575 154 156 34.99 3422 n.a.
Total: 61,656 450,435 100,00 100,00

Figure S46: HPLC chromatogram after the reaction of substrate rac-4 with PLZ1.4 at 205 nm; Method 2 (chiral, Chiralcel OJ-
RH)
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Figure S47: HPLC chromatogram after the reaction of substrate rac-4 with PLZ2.0 at 205 nm; Method 2 (chiral, Chiralcel OJ-

RH)

Figure S48: HPLC chromatogram after the reaction of substrate rac-4 with PLZ2.1 at 205 nm; Method 2 (chiral, Chiralcel OJ-

RH)

Chromatogram

160~ T FLM p7-106 FRO1 mutants on FLM022 6h #3 [manually integrated] UV_VIS_1WWVL:205 nm
1407
1204
1009 2-13,012
= ]
=T
£ 5o
@
= 3 - 13,652
g 4
5 50: it 1d 843
3
=1,
404
204
04 J
_2D:| T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 26,0
Time [min]
Integration Results
Mlo. [Peak Mame Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,643 6.823 47,167 24,36 24,66 n.a.
2 13,012 12,465 85,871 44,50 44,90 n.a.
<] 13,652 8.723 58,222 31,14 30,44 n.a.
Total: 28,011 191,260 100,00 100,00

Chromatogram

T FLM p7-106 FRO1 mutants on FLM022 6h #4 [manually integrated]

UV_VIS_1WVL:205 nm

1804

150
125
2 100]
£ j
g 4
E 754 12-13,021
5 )
E
B )
50:
254
o]
72D:| T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 26,0
Time [min]
Integration Results
Flo.  [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,652 6.359 44,053 36.44 36.59 n.a.
2 13,021 9.186 63.681 52,63 52,89 n.a.
] 13.665 1.907 12,676 10.93 10.53 n.a.
Total: 17,453 120,410 100,00 100,00
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Figure S49: HPLC chromatogram after the reaction of substrate rac-4 with PLZ2.2 at 205 nm; Method 2 (chiral, Chiralcel 0J-

RH)

Figure S50: HPLC chromatogram after the reaction of substrate rac-4 with PLZ2.3 at 205 nm; Method 2 (chiral, Chiralcel OJ-

RH)

Chromatogram

160~ T FLM p7-106 FRO1 mutants on FLM0Z22 6h #5 [manually integrated] UV_VIS_1WWVL:205 nm
1407
1204
100
=) )
=
£ 5o
@
= 12 - 13,026
g 4
s BU:
ki
=1,
404
g |3 - 13,669
204
0] ‘J
_2D:| T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 26,0
Time [min]
Integration Results
Mo, [Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,657 5,786 40,027 3372 33,83 n.a.
2 13,026 8.767 60,702 51,10 51,30 n.a.
<] 13,669 2,604 17,600 15,18 14,87 n.a.
Total: 17,157 118,329 100,00 100,00

Chromatogram

_ 7 FLM p7-106 FRO1 mutants on FLM022 6h #6 [manually integrated]

UV_VIS_1WVL:205 nm

Absorbance [maL)

|2 - 13,029

_20_| T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 5.0 10,0 15,0 20,0 26,0
Time [min]
Integration Results
Flo.  [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 12,661 5,119 35.419 307 307 n.a.
2 13,029 9.783 67,907 58,68 58.89 n.a.
<] 13,672 1,768 11,995 10,61 10.40 n.a.
Total 16,670 115,321 100,00 100,00
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