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General Information

Safety Statement:

All chemical transformations were performed in a well-ventilated fume hood to avoid inhalation
and exposure. Other than that, no unexpected or unusually high safety concerns were raised with
these methods. Safety notes for individual synthetic procedures will be documented alongside the

procedure.

General Information:

All chemical transformations were performed in a well-ventilated fume hood to avoid inhalation
and exposure to chemicals. Reagents and solvents were obtained commercially (Sigma-Aldrich,
Alfa Aesar, VWR, Fisher Scientific, Matrix Scientific, Oakwood Chemical, TCI America, and
other suppliers) and used without prior purification unless otherwise stated. Organic solutions were
concentrated under reduced pressure on an IKA RV 10 rotary evaporator. Thin-layer
chromatography (TLC) was performed on commercial Millipore Silica Gel 60 plates containing
the F254 fluorescent indicator. Visualization of the developed chromatographs was performed by
irradiation with UV light or by treatment with an appropriate TLC staining solution (e.g., Ceric
Ammonium Molybdate, KMnQOs, or Bromocresol Green) followed by heating if necessary.
Chromatographic purification was accomplished by flash chromatography using a Biotage Isolera

One instrument.

Spectral Data:
All NMR spectra were obtained at the Caltech Liquid NMR Facility. For all cyclopropane

compounds, '"H NMR were recorded on a Bruker Prodigy 400 MHz instrument (400 MHz and 101
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MHz). For intermediates, 'H spectra were also recorded using a Varian 300 MHz spectrometer
(300 MHz), a Varian 500 MHz spectrometer (500 MHz), and a Varian 600 MHz spectrometer
(600 MHz). 'H spectra are referred to residual CDCls solvent signals referenced at 8 7.26 ppm.
Data for 'TH NMR are reported as follows: chemical shift (5 ppm), integration, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, p = pentad, sext = sextet, hept = heptet, m = multiplet,

br s = broad singlet), and coupling constant (Hz).

Gas Chromatography Data:

GC chromatography (GC) was performed on an Agilent Technologies 7820A GC system equipped
with a split-mode capillary injection system and flame-ionization detector. For achiral analyses,
an Agilent J&W HP-5 Column was used as the stationary phase. For chiral analyses, the specific

stationary phase is provided along with the chiral traces.
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Cloning and Sequence Design

Relevant Protoglobin Sequences:

Table S1. The amino acid sequences of wild-type ParPgb and the previously engineered variant, ParLQ.
Residues in each sequence highlighted in yellow are the sites which were investigated in this work for wet-
lab experimentation: W56, Y57, L59, Q60, and F89 in ParLQ

Protein Variant Amino Acid Sequence

wild-type Pyrobaculum arsenenticum Protoglobin | MAVPGYDFGKVPDAPISDADFESLKKTVM
(ParPgb) WGEEDEKYRKMACEALKGQVEDILDLWY
GWVGSNQHLIYYFGDKSGRPIPQYLEAVRK
RFGLWIIDTLCKPLDRQWLNYMYEIGLRHH
RTKKGKTDGVDTVEHIPLRYMIAFIAPIGLTI
KPILEKSGHPPEAVERMWAAWVKLVVLQV
AIWSYPYAKTGEW

Pyrobaculum arsenenticum Protoglobin W59L MAVPGYDFGKVPDAPISDADFESLKKTVM
V60Q (ParLQ) WGEEDEKYRKMACEALKGQVEDILDLWY
GLQGSNQHLIYYFGDKSGRPIPQYLEAVRK
RFGLWIIDTLCKPLDRQWLNYMYEIGLRHH
RTKKGKTDGVDTVEHIPLRYMIAFIAPIGLTI
KPILEKSGHPPEAVERMWAAWVKLVVLQV
AIWSYPYAKTGEW

DNA Sequence of ParL.Q

ATGGCGGTTCCCGGCTACGATTTTGGCAAAGTCCCGGATGCCCCAATCTCAGACGCG
GATTTTGAGAGTTTAAAAAAAACCGTGATGTGGGGTGAGGAAGATGAGAAATATCG

CAAAATGGCTTGCGAAGCCTTAAAGGGTCAAGTAGAAGATATTTTAGATTTGTGGTA
CGGCCTGCAGGGAAGCAATCAACACCTTATCTACTACTTCGGTGATAAGAGTGGTCG
TCCAATTCCGCAATACCTGGAAGCGGTCCGCAAGCGTTTCGGGTTGTGGATCATTGA

TACATTGTGTAAGCCACTGGACCGCCAGTGGTTGAATTACATGTACGAAATTGGCCT

TCGCCATCACCGTACCAAGAAAGGGAAGACAGATGGCGTAGATACTGTTGAACATA

TCCCATTACGCTACATGATTGCTTTCATCGCTCCCATCGGTCTGACTATTAAGCCGAT
CTTGGAAAAATCGGGACATCCGCCAGAGGCCGTGGAGCGTATGTGGGCAGCATGGG

TTAAGTTGGTGGTGTTACAGGTAGCTATCTGGTCGTACCCCTATGCAAAGACGGGCG

AATGGCTCGAGCACCACCACCACCACCAC
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Table S2. Codons utilized when ALDE-predicted mutations were incorporated into the ParLQ DNA
sequence. Codons which are generally recognized as the most prevalently found in the E. coli genome were
selected.

Amino Acid Codon
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F89

Figure S1. Homology model of ParL.Q with docked heme. Structural modeling was performed with
AlphaFold3.' Residues which were mutated in this study are illustrated in yellow.

Nomenclature for Variant Naming

Single-site mutants are named using the standard nomenclature: (original AA)(site)(new AA). The
mutant W56F refers to a variant of ParLQ mutated from tryptophan to phenylalanine. Five-site
multi-mutants are named as a string of the five amino acids to which the positions of interest have
been mutated. The variant MPFDY refers to a variant of ParLQ bearing the mutations W56M,

Y57P, L59F, Q60D, and F89Y. In this nomenclature, ParLQ is named WLYQF.
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Primer Design for Site-Saturation Mutagenesis (SSM):
General Cloning Primers

Table S3. Primers 007 and primers 008 are used to generate amplicons of linearized pET-22b(+)* backbone.
Primers 005 and 006 were used with primers internal to the protoglobin gene (Table S4) to generate mutant
protoglobin genes. All primers were ordered from IDT (Coralville, 1A).

Primer | Direction | Sequence Description
Name
005 Forward 5’- Upstream of N-term,

GAAATAATTTTGTTTAACTTTAAGAAGGAGA | anneals with 007
TATACATATG-3’

006 Reverse 5’-GCCGGATCTCAGTGGTGGTGGTGGTGGT Downstream of C-
GCTCGAG-3’ term, anneals with 008

007 Reverse 5- Upstream of N-term,
CATATGTATATCTCCTTCTTAAAGTTAAACAA | anneals with 005
AATTATTTC-3’

008 Forward 5’- Downstream of C-
CTCGAGCACCACCACCACCACCACTGAGATC | term, anneals with 006
CGGC-3’
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Cloning Primers for Site-Saturation Mutagenesis

Table S4. Primers containing degenerate codons at sites of interest for SSM. Primers were used in
conjunction with either primer 005 or 006 (Table S3) to generate mutant protoglobin genes. All primers
were ordered from IDT (Coralville, IA).

Primer Direction Sequence Description

Name

ParLQ 56X | Forward 5’-GGTCAAGTAGAAGATATTTTAGATTTGNNKT | SSM for site

F ACGGCCTGCAGGGAAGCAATC-3’ 56

ParLQ 56X | Reverse 5’-CAAATCTAAAATATCTTCTACTTGACCCTTT | SSM for site

R AAGGCTTC-3 56

ParLQ 57X | Forward 5’-CAAGTAGAAGATATTTTAGATTTGTGGNNK | SSM for site

F GGCCTGCAGGGAAGCAATCAAC-3’ 57

ParLQ 57X | Reverse 5’-CCACAAATCTAAAATATCTTCTACTTGACCC | SSM for site

R TTTAAGGC-3’ 57

ParLQ 59X | Forward 5>-TATTTTAGATTTGTGGTACGGCNNKCAGGG SSM for site

F AAGCAATCAACACCTTATCTACTAC-3’ 59

ParLQ 59X | Reverse 5’-GCCGTACCACAAATCTAAAATATCTTCTACT | SSM for site

R TGACCC-3’ 59

ParLQ 60X | Forward 5’-TTTGTGGTACGGCCTGNNKGGAAGCAATCA | SSM for site

F ACACCTTATCTACTACTTCGG-3’ 60

ParLQ 60X | Reverse 5’-CAGGCCGTACCACAAATCTAAAATATCTTC SM for site

R TACTTG-3’ 60

ParLQ 89X | Forward 5’-GCGGTCCGCAAGCGTNNKGGGTTGTGGA SSM for site

F TC-3 &9

ParLQ 89X | Reverse 5’-CCMNNACGCTTGCGGACCGCTTCCAGG-3’ SSM for site

R &9

ParLQ quad | Forward 5’-CAAGTAGAAGATATTTTAGATTTG Multisite

NNK F NNKNNKGGCNNKNNKGGAAGCAATCAACACC | SSM for

TTATC-3’ sites 56, 57,

59, and 60

ParLQ quad | Reverse 5’-GATAAGGTGTTGATTGCTTCCMNNMNNGCC | Multisite

NNK R MNNMNNCAAATCTAAAATATCTTCTACTTG-3 | SSM for
sites 56, 57,
59, and 60
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Cloning Protocols and Results

Protocols for the Cloning of Random ParLQ Variants

Cloning for Single Site-Saturation Mutagenesis (SSM):

Chemically competent Escherichia coli (E. coli) cells (T7 Express Competent E. coli) were
purchased from New England Biolabs (NEB, Ipswich, MA). Additionally, Phusion polymerase
and Dpnl were purchased from NEB. SSM experiments were performed using primers bearing
degenerate codons (NNK) using a modified QuikChange™ protocol (Table S4).> The following
PCR amplicons were generated using a parent plasmid (pET-22b(+) harboring ParLQ):

Table S5. Primer combinations for the generation of PCR amplicons for the construction of expression
plasmids containing mutagenized ParLQ variants. ‘site’ refers to the specific site which is being saturated.

Fragment Name | Forward Primer Reverse Primer
SSM_Fragl 005 ParLQ site R
SSM_Frag2 ParLQ site F 006

pET Backbone 008 007

The PCR conditions were as follows (final concentrations): Phusion HF Buffer 1x, 0.2 mM dNTPs
each, 0.5 uM of forward primers, 0.5 uM reverse primer, and 0.02 U/uL of Phusion polymerase.
The standard Phusion PCR protocol was used.* Upon completion of PCRs, the remaining template
was digested with Dpnl. Gel purification was performed with a Zymoclean Gel DNA Recovery
Kit (Zymo Research Corp, Irvine, CA). The purified PCR product was then assembled using the

Gibson assembly protocol.’

S8



Transformation of E. coli with the Genes Coding for Single-Site Mutants:

96-Well deep-well plates were shaken in an INFORS HT Multitron Shaker in all instances. The
assembly products obtained were used to transform T7 Express Competent E. coli (High
Efficency) cells (NEB, Ipswich, MA) following the protocol recommended by the manufacturer.
Upon heat-shock, freshly transformed E. coli cells were recovered in 0.4 mL Luria-Bertani
medium (LB) (Research Products Int.) at 37 °C with shaking at 220 rpm for 30 minutes before
being plated on LB-agar plates with 100 pg/mL ampicillin (LB-Amp agar plates). Single colonies
from LB-agar plates were picked using sterilized toothpicks to individually inoculate 400 puL of
LB containing 100 pg/mL of ampicillin (LB-Amp) in 2-mL 96-well deep-well plates. The plates
were incubated at 37 °C and shaken at 220 rpm for 16—18 hours. The following morning, 50 pL of
preculture from each well were added to the wells of a 96-well flat-bottom tissue culture plate
(ThermoFisher) preloaded with 50 puL of 50% glycerol solution. These glycerol stocks were stored
at -80 °C. Additionally, the sequences of protoglobin genes contained in every well were
sequenced using evSeq.b

Rearray of Single-Site Mutants:

Single-site mutagenesis mutants were rearrayed from the previously described randomly picked
plate to reduce screening burden and to collect data in triplicate. The sequences of protoglobin
genes contained in every well of the randomly picked plates were collected using evSeq,® yielding

the following plate maps:
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B 0.95+ B 0.90-0.95 [l 0.80-0.90 & <0.80

LogSegDepth
.
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Figure S2. evSeq data for single site-saturation mutagenesis of ParL.Q at site W56. Any missing residues
were found in a second round of cloning, sequencing, and picking.

Y57X

B 0.95+ [ 0.90-0.95 [l 0.80-0.90 [& <0.80

LogSeqDepth

Column

Figure S3. evSeq data for single site-saturation mutagenesis of ParL.Q at site Y57. Any missing residues
were found in a second round of cloning, sequencing, and picking.
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L59X

B 0.95+ B 0.90-0.95 [l 0.80-0.90 & <0.80
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Figure S4. evSeq data for single site-saturation mutagenesis of ParLQ at site L59. Any missing residues
were found in a second round of cloning, sequencing, and picking.

Q60X

B 0.95+ [ 0.90-0.95 [l 0.80-0.90 [& <0.80

LogSeqDepth

Column

Figure S5. evSeq data for single site-saturation mutagenesis of ParL.Q at site Q60. Any missing residues
were found in a second round of cloning, sequencing, and picking.
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F89X

B 0.95+ B 0.90-0.95 [l <0.80
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Figure S6. evSeq data for single site-saturation mutagenesis of ParLQ at site F89. Any missing residues

were found in a second round of cloning, sequencing, and picking.

Protoglobin mutants for each site were rearrayed from wells containing each attained single-site

mutant. In cases where a mutation was found multiple times on a plate, the well for that mutation

with the highest confidence and sequencing depth was selected for rearray plate inoculation.

Libraries were arrayed in the following pattern:

Table S6. Single site mutants were rearrayed in triplicate. If a mutation was not observed in the picked
library, then the wells corresponding to that mutation are left sterile.

1 2 3 4 5 6 7 8 9 10 11 12
A Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty
B Empty | A C D E F G H I K L Empty
C Empty | A C D E F G H I K L Empty
D Empty | A C D E F G H I K L Empty
E Empty | M N P Q R S T \% w Y Empty
F Empty | M N P Q R S T \% w Y Empty
G Empty | M N P Q R S T \% w Y Empty
H Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty
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The center 60 wells of a 2-mL 96-well deep-well plate were filled with 400 pL. LB-Amp.
Previously generated 96-well plates were removed from -80 °C storage and placed on dry ice.
Pipet tips were used to scratch the frozen glycerol stock surface and used to inoculate the
aforementioned deep-well plate according to Table S6. These overnight cultures were incubated
at 37 °C and shaken at 220 rpm for 16-18 hours. The following morning, 50 puL of overnight
culture from each well were added to the wells of a 96-well flat-bottom tissue culture plate
(ThermoFisher) preloaded with 50 puL of 50% glycerol solution. These glycerol stocks were stored
at -80°C for future inoculation.

Cloning for Multisite-Saturation Mutagenesis:

Mutations were simultaneously incorporated as with single site-saturation mutagenesis using the
ParLQ quadNNK primers. Upon transformation, the 4-site library transformation was recovered
in 0.4 mL of LB medium at 37 °C and 220 rpm for 30 minutes. From this recovered transformation
mixture, 50 puL was transferred into 6 mL of LB-Amp in a 15-mL culture tube. This culture was
allowed to shake overnight at 37 °C and 220 rpm. The following morning, this library overnight
culture was miniprepped using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany). The
miniprepped plasmid DNA pool was used as the new template for mutagenesis with the primers
for site-saturation mutagenesis of site 89X. T7 Express Competent E. coli were transformed with
the Gibson products for the new five-site library using the recommended protocol. Upon heat-
shock transformation, the freshly transformed E. coli cells were recovered in 0.4 mL LB medium
at 37 °C with shaking at 220 rpm for 30 minutes before being plated on LB-Amp agar plates. Single
colonies from LB-agar plates were picked with sterilized toothpicks to individually inoculate 400
uL of LB-Amp in 2-mL 96-well deep-well plates across four separate plates. The plates were

incubated at 37 °C and shaken at 220 rpm for 16—18 hours. The following morning, 50 pL of
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preculture from each well were added to the wells of a 96-well flat-bottom tissue culture plate
(ThermoFisher) preloaded with 50 puL of 50% glycerol solution. These glycerol stocks were stored
at -80°C for future inoculation. Additionally, the sequences of protoglobin genes contained in

every well were sequenced using LevSeq sequencing.’

B 0.95+ |l 0.90-0.95 |l 0.80-0.90 I <0.80

m
|

Figure S7. LevSeq plate sequencing data for plate 1 of the randomly generated multi-mutant library.

B 0.95+ B 0.90-0.95 |l 0.80-0.90 I <0.80

*

0

Column

Figure S8. LevSeq plate sequencing data for plate 2 of the randomly generated multi-mutant library.
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B 0.95+ | 0.90-0.95 |l 0.80-0.90 [l <0.80

Column

.
!

Figure S9. LevSeq plate sequencing data for plate 3 of the randomly generated multi-mutant library.

B 0.95+ B 0.90-0.95 Bl 0.80-0.90 &I <0.80

LogSegDepth
L
o -

Column

Figure S10. LevSeq plate sequencing data for plate 4 of the randomly generated multi-mutant library.
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Protocols for the Cloning of ALDE Predicted Sequences

96-Well Plate Gibson Protocol:

Exact genes encoding ParLQ mutants predicted by Active Learning-Assisted Directed Evolution
(ALDE) were synthesized and delivered by Elegen Corp. (San Carlos, CA). DNA fragments were
received as dry residues in 96-well PCR plates in 2—4-pug quantities. These DNA samples were
dissolved in 100 pL of double-distilled H,O (ddH»0), yielding concentrations between 20—40
ng/pL. A 0.7-uL aliquot of these resuspended gene solutions were added to the wells of a 96-well
PCR plate (Globe Scientific Inc., Mahwah, NJ). To each well of this plate was then added 1.0 pL
of an aqueous solution containing 60 ng/uL of linearized pET-22b(+) backbone with overhangs
designed for Gibson ligation with the DNA samples. Finally, to each well were added 5 pL of
Gibson assembly mix.’ The 96-well plate was then incubated at 50 °C for 60 minutes, after which
the resulting Gibson products are placed on ice. These Gibson products could then either be
directly used for transformation or stored at -20 °C for future use.

Transformation Protocol for 96-Well Plate Scale:

To each well of the previously described Gibson assembly plate were added 5 pLL of T7 Express
Competent E. coli. The cell solutions were allowed to incubate on ice for 20 minutes, after which
they were heat-shocked at 42 °C for 10 seconds in a water bath. The cells were then recovered
with the addition of 100 uL. of LB but without outgrowth at 37 °C. Immediately, 10 puL of each
transformation mixture were used to inoculate the wells of a 2-mL 96-well deep-well plate in
which the wells had been preloaded with 400 uL. LB-Amp. This plate was incubated at 37 °C and
shaken at 220 rpm for 16—18 hours. The following morning the plate was removed from the
incubator and allowed to sit at room temperature for 8—10 hours. After this rest phase, 1 L. from

each well was used to reinoculated yet another 96-well deep-well plate preloaded with 400 uL LB-

S16



Amp. This cell passage plate was incubated at 37 °C and shaken at 220 rpm for 16—18 hours. The
following morning, 50 puL of preculture from each well were added to the wells of a 96-well flat-
bottom tissue culture plate (ThermoFisher) preloaded with 50 pL of 50% glycerol solution. These

glycerol stocks were stored at -80°C for future use.
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Preparation of Authentic Standards

General Procedure for Cyclopropane Synthesis

AN %\
A » |
R Rh,(OAc), (1 mol%) A
THF R
5 eq.

The protocol for cyclopropane authentic standard synthesis was adapted from the procedure of
Doyle and coworkers.® Rhodium acetate dimer (40 umol, 18 mg) was added to a 40-mL dram vial
equipped with a stir bar. The vial was sealed with a septum cap. A solution of olefin (20 mmol)
was dissolved in 2 mL anhydrous THF and added to the sealed vial. Separately, a solution of ethyl
diazoacetate (4 mmol, 0.4 mL) was dissolved in 1.2 mL of THF. The ethyl diazoacetate solution
was added to the reaction over the course of two hours while the reaction was stirred at room
temperature. The reaction was allowed to proceed overnight. The crude reaction mixture was
filtered through a plug of activated alumina, and the filtrate was concentrated under reduced
pressure. The resultant concentrate was loaded on a SNAP Ultra silica flash cartridge and separated
using an Isolera flash purification system (Biotage, Charlotte, NC) with a hexane/ethyl acetate
gradient from 0—10% ethyl acetate. Fractions containing the desired product were pooled and
concentrated under reduced pressure. Only in certain cases could the #rans- and cis- cyclopropane

products be chromatographically separated.
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Ethyl 2-(4-methoxyphenyl)cyclopropane-1-carboxylate (2a)

CO,Et
MeO

Compound 2a was synthesized with the general procedure for cyclopropane synthesis from 4-
vinylanisole (1a) and EDA. The trans- and cis- products were separated by column
chromatography, yielding 346 mg (39% yield) of the trans- diastereomer and 229 mg (26% yield)
of the cis- diastereomer were isolated. Both frans- and cis-2a have been previously characterized

in the literature.’

trans-2a: "H NMR (400 MHz, CDCls) § 7.04 — 6.89 (m, 2H), 6.82 — 6.68 (m, 2H), 4.09 (q, J =
7.1 Hz, 2H), 3.71 (s, 3H), 2.41 (ddd, J=9.2, 6.6, 4.2 Hz, 1H), 1.75 (ddd, J = 8.4, 5.2, 4.2 Hz,
1H), 1.53 — 1.44 (m, 2H), 1.25 — 1.14 (m, 4H).

cis-2a: "H NMR (400 MHz, CDCls) § 7.22 — 7.14 (m, 2H), 6.84 — 6.76 (m, 2H), 3.89 (q, J= 7.1
Hz, 2H), 3.77 (s, 3H), 2.52 (td, J= 8.8, 7.3 Hz, 1H), 2.08 — 1.98 (m, 1H), 1.65 (ddd, /= 7.5, 5.6,
5.0 Hz, 1H), 1.35 — 1.23 (m, 1H), 1.01 (t, J="7.1 Hz, 3H).

Ethyl 2-phenylcyclopropane-1-carboxylate (2b)

CO,Et

Compound 2b was synthesized with the general procedure for cyclopropane synthesis from styrene

(1b) and EDA. After separation by column chromatography, 124 mg (16% yield) of an 8:1 mixture
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of trans-/cis- isomers and 97 mg (13% yield) of pure cis-2b were isolated. Both trans- and cis-2b

have been previously characterized in the literature.!%!!

trans-2b: "H NMR (400 MHz, CDCl3) § 7.34 — 7.21 (m, 2H), 7.24 — 7.16 (m, 1H), 7.14 — 7.06 (m,
2H), 4.17 (q, J = 7.1 Hz, 2H), 2.62 — 2.47 (m, 1H), 1.90 (ddd, J= 8.4, 5.3, 4.2 Hz, 1H), 1.60 (ddd,

J=92,53,4.5Hz, 1H), 1.38 — 1.23 (m, 4H).

cis-2b: "H NMR (400 MHz, CDCl3) § 7.29 (s, 2H), 7.33 — 7.17 (m, 2H), 3.90 (q, J = 7.1 Hz, 2H),
2.61 (td, J=9.0, 7.5 Hz, 1H), 2.10 (ddd, J = 9.4, 7.8, 5.6 Hz, 1H), 1.74 (dt, J = 7.5, 5.4 Hz, 1H),

1.40 — 1.24 (m, 2H), 0.99 (t, J= 7.1 Hz, 3H).

Ethyl 2-(p-tolyl)cyclopropane-1-carboxylate (2¢)

/@/A\coza
Me

Compound 2¢ was synthesized with the general procedure for cyclopropane synthesis from 1-

methyl-4-vinylbenzene (1¢) and EDA. After separation by column chromatography, 254 mg (31%
yield) of a 1.92:1 mixture of trans-/cis- isomers (determined by NMR integration ratios) of 2¢ was
isolated. Both frans- and cis-2¢ have been previously characterized in the literature.!? Reported

trans- and cis- NMR peak assignments are assigned from the same NMR spectrum.

trans-2¢: "H NMR (400 MHz, CDCls) § 7.12 — 6.95 (m, 5H), 4.23 — 4.12 (m, 2H), 2.49 (ddd, J =
10.0, 6.3, 4.0 Hz, 1H), 2.31 (s, 3H), 1.86 (dddd, J= 8.3, 5.1, 4.2, 0.8 Hz, 1H), 1.63 — 1.51 (m,

2H), 1.38 — 1.23 (m, SH).
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cis-2¢: "H NMR (400 MHz, CDCl3) § 7.19 — 7.09 (m, 4H), 3.89 (q, J = 7.1 Hz, 2H), 2.54 (q, J =
7.9,7.3 Hz, 1H), 2.30 (s, 3H), 2.05 (ddd, J = 9.4, 7.8, 5.6 Hz, 1H), 1.68 (dt, J= 7.2, 5.0 Hz, 1H),
1.41 — 1.31 (m, 1H), 1.06 — 0.96 (m, 3H).

Ethyl 2-(m-tolyl)cyclopropane-1-carboxylate (2d)

M
GO/&COZEt

Compound 2d was synthesized with the general procedure for cyclopropane synthesis from 1-

methyl-3-vinylbenzene (1d) and EDA. After separation by column chromatography, 242 mg (30%
yield) of a 1.87:1 mixture of trans-/cis- isomers (determined by NMR integration ratios) of 2d was
isolated. Both trans- and cis-2d have been previously characterized in the literature.!? Reported

trans- and cis- NMR peak assignments are assigned from the same NMR spectrum.

trans-2d: "H NMR (400 MHz, CDCL3) & 7.04 — 6.98 (m, 2H), 6.94 — 6.87 (m, 2H), 4.17 (q, J =
7.1 Hz, 2H), 2.48 (ddd, J= 9.2, 6.5, 4.2 Hz, 1H), 2.33 — 2.32 (m, 3H), 1.89 (ddd, /= 8.4, 5.3, 4.2
Hz, 1H), 1.58 (ddd, J= 9.2, 5.3, 4.5 Hz, 2H), 1.36 — 1.19 (m, 5H).

cis-2d: "H NMR (400 MHz, CDCL3) & 7.19 — 7.04 (m, 5H), 3.89 (q, J= 7.1 Hz, 2H), 2.55 (q, J =
8.6 Hz, 1H), 2.31 (d, J = 0.7 Hz, 3H), 2.06 (ddd, J= 9.3, 7.8, 5.6 Hz, 1H), 1.69 (ddd, J="7.5, 5.6,

5.0 Hz, 1H), 0.9 (t,J= 7.1 Hz, 3H).
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Ethyl 2-(o-tolyl)cyclopropane-1-carboxylate (2e)

Me

@ACOZH

Compound 2e was synthesized with the general procedure for cyclopropane synthesis from 1-

methyl-2-vinylbenzene (1e) and EDA. The trans- and cis- products were separated by column
chromatography, yielding 118 mg (14% yield) of the trans- diastereomer and 81 mg (10% yield)
of the cis- diastereomer were isolated. Both trans- and cis-2e have been previously characterized

in the literature.!?

trans-2e: 'H NMR (400 MHz, CDCls) & 7.24 — 7.06 (m, 3H), 7.03 — 6.95 (m, 1H), 4.30 —4.12
(m, 2H), 2.56 — 2.42 (m, 1H), 2.39 (s, 3H), 1.79 (dtd, J = 8.3, 4.8, 0.8 Hz, 1H), 1.57 (ddd, J =
9.3,5.1,4.3 Hz, 1H), 1.30 (td, /= 7.1, 0.8 Hz, 4H).

cis-2e: "H NMR (400 MHz, CDCLs) & 7.25 — 7.16 (m, 1H), 7.21 — 7.07 (m, 3H), 3.85 (q, J= 7.1
Hz, 2H), 2.45 (q, J = 8.4 Hz, 1H), 2.16 (ddd, J=9.1, 7.9, 5.4 Hz, 1H), 1.75 (dt, J= 7.6, 5.2 Hz,

1H), 1.61 — 1.55 (m, 1H), 1.40 — 1.26 (m, 1H), 0.93 (t, /= 7.1 Hz, 3H).
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Ethyl 2-(4-chlorophenyl)cyclopropane-1-carboxylate (2f)

CO,Et
Cl

Compound 2f was synthesized with the general procedure for cyclopropane synthesis from 1-
chloro-4-vinylbenzene (1f) and EDA. After separation by column chromatography, 226 mg (25%
yield) of a 2:1 mixture of trans-/cis- isomers (determined by NMR integration ratios) of 2f was

isolated. Both frans- and cis-2f have been previously characterized in the literature.!>!#

trans-2f: "H NMR (400 MHz, CDCls) & 7.23 — 7.18 (m, 2H), 7.09 — 7.00 (m, 2H), 4.18 (q, J =
7.0 Hz, 2H), 2.52 — 2.44 (m, 1H), 1.87 (ddd, J=8.5, 5.3, 4.1 Hz, 1H), 1.61 (ddd, J= 9.2, 5.4, 4.6
Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H).

cis-2f: "H NMR (400 MHz, CDCls) & 7.27 — 7.22 (m, 4H), 3.90 (g, J = 7.1 Hz, 2H), 2.57 — 2.50
(m, 1H), 2.08 (ddd, J=9.2, 7.8, 5.6 Hz, 1H), 1.67 (dt, J= 7.5, 5.4 Hz, 1H), 1.39 — 1.31 (m, 1H),
1.02 (t, J= 7.1 Hz, 3H).

Ethyl 2-(4-bromophenyl)cyclopropane-1-carboxylate (2g)

CO,Et

Br

Compound 2g was synthesized with the general procedure for cyclopropane synthesis from 1-

bromo-4-vinylbenzene (1g) and EDA. The trans- and cis- products were separated by column
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chromatography, yielding 334 mg (31% yield) of the trans- diastereomer and 297 mg (28% yield)
of the cis- diastereomer were isolated. Both frans- and cis-2g have been previously characterized

in the literature.®-!3

trans-2g: "H NMR (400 MHz, CDCl3) 8 7.43 — 7.35 (m, 2H), 7.00 — 6.93 (m, 2H), 4.17 (q, J =
7.1 Hz, 2H), 2.47 (ddd, J= 9.4, 6.5, 4.1 Hz, 1H), 1.91 — 1.82 (m, 1H), 1.60 (dt, /= 9.5, 5.0 Hz,
1H), 1.32 - 1.22 (m, 4H).

cis-2g: "H NMR (400 MHz, CDCls) § 7.47 — 7.34 (m, 2H), 7.14 (d, J = 8.2 Hz, 2H), 3.90 (q, J =
7.1 Hz, 2H), 2.50 (q, J = 8.5 Hz, 1H), 2.08 (ddd, J = 8.9, 7.9, 5.6 Hz, 1H), 1.67 (dt, J="7.5, 5.4
Hz, 1H), 1.57 (d, J= 1.8 Hz, 1H), 1.35 (dt, J = 8.4, 4.2 Hz, 1H), 1.34 — 1.22 (m, 0H), 1.02 (t, J =
7.1 Hz, 3H).

Ethyl 2-(4-(trifluoromethyl)phenyl)cyclopropane-1-carboxylate (2h)

CO,Et
FsC

Compound 2h was synthesized with the general procedure for cyclopropane synthesis from 1-
(trifluoromethyl)-4-vinylbenzene (1h) and EDA, with the exception that the reaction was on a 1-
mmol basis for EDA with all corresponding quantities being adjusted accordingly. After separation
by column chromatography, 89 mg (30% yield) of a 3:1 mixture of trans-/cis- isomers (determined
by NMR integration ratios) of 2h was isolated. Both frans- and cis-2h have been previously

characterized in the literature.!?
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trans-2h: "H NMR (400 MHz, CDCls) & 7.57 — 7.49 (m, 2H), 7.22 — 7.18 (m, 1H), 4.18 (q, J =
7.2 Hz, 2H), 2.58 — 2.51 (m, 1H), 1.94 (ddd, J= 8.5, 5.4, 4.2 Hz, 1H), 1.66 (ddd, J=9.2, 5.4, 4.7
Hz, 1H), 1.36 — 1.31 (m, 1H), 1.29 (t, /= 7.1 Hz, 3H).

cis-2h: '"H NMR (400 MHz, CDCLy) & 7.44 (d, J = 4.1 Hz, 4H), 7.31 (dq, J= 7.5, 0.8 Hz, 2H),
3.82 (qd, J=7.1, 2.1 Hz, 2H), 2.52 (d, J= 7.9 Hz, 1H), 2.07 (ddd, J= 9.3, 7.9, 5.7 Hz, 1H), 1.67
(dt, J=7.5,5.4 Hz, 1H), 1.33 (ddd, J= 8.7, 7.9, 5.2 Hz, 1H), 0.92 (t, /= 7.1 Hz, 3H).

Ethyl 2-(naphthalen-2-yl)cyclopropane-1-carboxylate (2i)

/\

oy

Compound 2i was synthesized with the general procedure for cyclopropane synthesis from 2-
vinylnapthylene (1i) and EDA. After separation by column chromatography, 467 mg (48% yield)
of a 1.82:1 mixture of trans-/cis- isomers (determined by NMR integration ratios) of 2h was

isolated. Both frans- and cis-2h have been previously characterized in the literature.!?

trans-2i: 'H NMR (400 MHz, CDCl3) § 7.85 — 7.56 (m, 7H), 4.23 — 4.16 (m, 2H), 2.71 — 2.65
(m, 1H), 2.01 (ddd, J= 8.4, 5.3, 4.2 Hz, 1H), 1.68 (ddd, J= 9.2, 5.3, 4.6 Hz, 1H), 1.43 (ddd, J =
8.4, 6.4, 4.6 Hz, 2H), 1.30 (t, J= 7.1 Hz, 3H).

cis-2i: 'H NMR (400 MHz, CDCls) & 8.05 — 7.89 (m, 3H), 7.69 — 7.59 (m, 2H), 7.21 (dd, J = 8.5,
1.8 Hz, 2H), 3.83 (q, J= 7.1 Hz, 2H), 2.73 (dd, J = 8.0, 1.7 Hz, 1H), 2.16 (ddd, J=9.3, 7.8, 5.6

Hz, 1H), 1.86 (dt, J= 7.5, 5.3 Hz, 1H), 1.47 — 1.44 (m, 1H).
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Preparation of Calibration Curves for Analytical Yield Determination

All reactions were assayed by gas chromatography equipped with flame ionization detection (GC-
FID). To quantify cyclopropane yields, calibration curves were made with the synthesized
authentic standards. Calibration curves were constructed by one of two methods.

Calibration Curve Construction — Method A:

Method A was used in cases where the two diastereomers of the cyclopropane could be separated
by column chromatography (compounds 2a, 2b, 2e, and 2g). For these compounds, a separate 10
mM stock of cyclopropane was made for each diastereomer in a solution of 1:1 solution of ethyl
acetate:cyclohexane with 1,3,5-trimethoxybenzene as an internal standard (1.0 mM
concentration). This stock solution was diluted in the same of ethyl acetate:cyclohexane solution
containing 1.0 mM standard to final concentrations of 0.5-10 mM cyclopropane. Samples were
then analyzed by GC-FID.

Calibration Curve Construction — Method B:

Method A was used in cases where the two diastereomers of the cyclopropane were isolated as a
mixture after column chromatography (compounds 2¢, 2d, 2f, 2h, and 2i). For these compounds,
a single 20 mM stock of cyclopropane, containing both diastereomers, was prepared in a 1:1
solution of ethyl acetate:cyclohexane with 1,3,5-trimethoxybenzene as an internal standard (1.0
mM concentration). This stock solution was diluted in the same of ethyl acetate:cyclohexane
solution containing 1.0 mM standard to final concentrations of 0.5-20 mM cyclopropane.
Concentrations for the separate diastereomers were computed according to the molar ratios
determined by NMR, and it was assumed that the presence of both diastereomers in each sample

would not affect analytical signal. Samples were then analyzed by GC-FID.
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Figure S11. Achiral GC-FID calibration curve for cis-2a. Samples were generated using method A.
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Figure S12. Achiral GC-FID calibration curve for trans-2a. Samples were generated using method A.
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cis-2b Calibration Curve
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Figure S13. Achiral GC-FID calibration curve for cis-2b. Samples were generated using method A.
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Figure S14. Achiral GC-FID calibration curve for trans-2b. Samples were generated using method A.
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cis-2c Calibration Curve
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Figure S15. Achiral GC-FID calibration curve for cis-2¢. Samples were generated using method B.
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Figure S16. Achiral GC-FID calibration curve for trans-2¢. Samples were generated using method B.
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cis-2d Calibration Curve
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Figure S17. Achiral GC-FID calibration curve for cis-2d. Samples were generated using method B.
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Figure S18. Achiral GC-FID calibration curve for trans-2d. Samples were generated using method B.
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cis-2e Calibration Curve
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Figure S19. Achiral GC-FID calibration curve for cis-2e. Samples were generated using method A.
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Figure S20. Achiral GC-FID calibration curve for trans-2e. Samples were generated using method A.
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cis-2f Calibration Curve
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Figure S21. Achiral GC-FID calibration curve for cis-2f. Samples were generated using method B.
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Figure S22. Achiral GC-FID calibration curve for trans-2f. Samples were generated using method B.
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cis-2g Calibration Curve
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Figure S23. Achiral GC-FID calibration curve for cis-2g. G Samples were generated using method A.
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Figure S24. Achiral GC-FID calibration curve for trans-2g. Samples were generated using method A.

S33



cis-2h Calibration Curve
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Figure S25. Achiral GC-FID calibration curve for cis-2h. Samples were generated using method B.

trans-2h Calibration Curve
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Figure S26. Achiral GC-FID calibration curve for trans-2h. Samples were generated using method B.
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cis-2i Calibration Curve
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Figure S27. Achiral GC-FID calibration curve for cis-2i. Samples were generated using method B.
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Figure S28. Achiral GC-FID calibration curve for trans-2i. Samples were generated using method B.
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Control and Validation Experiments

Protocols for Small-Scale Reaction Setup in GC Vials

Small-Scale Protein Expression:

Single colonies from LB-Agar plates were picked using a sterile pipette tip and were used to
inoculate 6 mL of LB-Amp in a 15-mL culture tube. Cultures were incubated at 37 °C with shaking
at 220 rpm overnight in an Innova 4000 shaking incubator. A 1-mL aliquot of each of these
overnight cultures was used to inoculate 50 mL of Terrific Broth with 100 pg/mL of ampicillin
(TB-Amp) (0.5% v/v starter culture in expression culture) in 125-mL unbaffled Erlenmeyer flasks.
The expression cultures were incubated at 37 °C and 220 rpm for 2.5 hours in an Innova 42 shaking
incubator, at which point they are moved to room temperature for 25 minutes. Protein expression
was then induced by direct addition of 50 uL of stock solutions containing 500 mM isopropyl-p-
D-thiogalactoside (IPTG) and 1.0 M S5-aminolevulinic acid (ALA) such that the final
concentrations were 0.5 mM and 1.0 mM, respectively. The cultures were shaken at 22 °C and 140
rpm for 16—18 hours in an Innova 42 shaker.

Small-Scale Biocatalytic or Control Reactions:

The corresponding 50-mL expression cultures were pelleted (4,000 x g for 15 minutes at 4 °C) and
resuspended in 5 mL of M9-N buffer. The optical density at 600 nm (ODsoo) of this suspension
was measured and adjusted to ODgoo = 31.5 with the addition of more M9-N buffer. A 380 uL
aliquot of the cell suspension was added to 2-mL GC vials (Agilent). For control reactions,
compounds and additives were added to GC vials according to the conditions described in Figure
S29. These whole-cell suspensions were transferred into a vinyl Coy anaerobic chamber, at which
point 10 pL of a 400 mM solution of styrene in MeCN followed by 10 puL of a 600 mM solution

of EDA in MeCN were added such that the final reaction concentrations were 10 mM of styrene
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and 15 mM of EDA. The GC vials were tightly capped with screwcaps with a septum and were
allowed to shake at room temperature for 16 hours. Once complete, the reactions were transferred
to a 1.7-mL Eppendorf tube and 600 uL of a 1:1 solution of ethyl acetate:cyclohexane with 1,3,5-
trimethoxybenzene as an internal standard (1.0 mM concentration). The layers are vigorously
mixed, and the samples were centrifuged (14,000 x g for 10 minutes at RT). Afterwards, an aliquot

of the organic layer was subjected to GC analysis.
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Figure S29. Cyclopropanation yields and selectivities for control conditions relative to ParLQ. All reactions
are run in 380 pL M9-N (pH=7.6) and 20 pL MeCN. BSA was loaded at 1 mg/mL and heme was loaded at
1 mM. Diasterecoselectivities are shown above the plot as the trans:cis cyclopropane ratio.
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Figure S30. (A) Cyclopropanation yields and selectivities for select 5-site multi-mutants of ParLQ. These
variants are the result of the recombination of the single-site mutations which showed the most
improvement for various possible acquisition functions. DAYFW recombines the top cyclopropane
yielding mutations, DGMDW recombines the mutants which were the most selective for cis- formation,
and DGMVW recombines the variants which had the highest objective function. Diastereoselectivities are
shown above the plot as the trans:cis cyclopropane ratio. (B) Objective functions for the top performing
variants found in each round of ALDE predictions in comparison to the parent ParLQ (WLYQF). Reactions
were performed according to the method “Small-Scale Biocatalytic or Control Reactions.”
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Biocatalytic Cvyclopropanation of Olefins

Substrates Utilized in Plate Screening

Table S7. Table of styrenyl substrates investigated in this study.

Substrate Name Structure
1a 4-vinylanisole /©/\
MeO
1b Styrene ©/\
lc I-methyl-4-vinylbenzene /@/\
Me
1d 1-methyl-3-vinylbenzene Me \©/\
le I-methyl-2-vinylbenzene Me
o
1f 1-chloro-4-vinylbenzene /@A\
Cl
1g 1-bromo-4-vinylbenzene /©/\
Br
1h 1-(trifluoromethyl)-4- A
vinylbenzene
FsC
1i 2-vinylnaphthylene OO X

Protocols for the Screening of Protoglobin Variants in 96-well Plate Format

96-Well Plate Library Expression:

The wells of a 2-mL 96-well deep-well plate were filled with 400 pL. LB-Amp. Previously
generated 96-well plate glycerol stocks were removed from -80°C storage and placed on dry ice.
Multichannel pipet tips were used to scratch the frozen glycerol stock surface and used to inoculate

the aforementioned deep-well plate. These overnight cultures were incubated at 37 °C and shaken
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at 220 rpm for 16-18 hours. For expression cultures, the following morning 50 pL of the
precultures were used to inoculate 900 pL TB-amp per well in 96-well deep-well plates. The
expression cultures were initially incubated at 37 °C and 220 rpm for 2.5 hours, at which point
they were allowed to sit at room temperature for 30 minutes. Expression of proteins was induced
with IPTG and cellular heme production was increased with ALA. An induction mixture
containing IPTG and ALA in TB-amp (50 pL) was added to each well such that the final
concentrations of IPTG and ALA were 0.5 mM and 1.0 mM respectively. The total culture volumes

were 1 mL per well. The plates were then incubated at 22 °C and 220 rpm overnight.

96-Well Plate Library Reactions and Screening:

Expression cultures containing E. coli expressing hemoproteins of interest were centrifuged at
4,000 x g for 10 minutes at 4 °C. The supernatant was discarded, and nitrogen-free M9 minimal
media (M9-N, 380 uL) was added to each well. The pellets were resuspended in this media via
shaking at room temperature for 30 minutes. The plates were then pumped into a vinyl Coy
anaerobic chamber (0—30 ppm Oz). To each well were added 20 pL of a MeCN solution with 200
mM of the desired styrene substrate and 300 mM of ethyl diazoacetate (EDA). The final reaction
volume was 400 pL, and the final concentrations of the desired styrene and EDA were 10 mM and
15 mM, respectively. The plates were then sealed carefully with a foil cover and shaken at room
temperature for 16 hours in the Coy chamber. Once complete, plates are worked up for processing
by adding 600 pL of a 1:1 solution of ethyl acetate:cyclohexane containing 1,3,5-
trimethoxybenzene as an internal standard (1.0 mM concentration). A silicone sealing mat
(AWSMI1003S, ArcticWhite) was used to cover each of the plates, and the two layers were

thoroughly mixed by rapid inversion of the plates. The plates were then centrifuged (5,000 x g for
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5 minutes at room temperature) to separate the phases. Afterwards, a 200-puL aliquot of the organic

layer was transferred to a GC vial insert in a GC vial, and the samples were assayed by GC-FID.

Protoglobin Compilation Screening Data

Initial reaction screening was performed on a compilation of protoglobin sequences. This
compilation plate was primarily composed of mutants of the protoglobin from Aeropernix pyrum.
Reactions were prepared according to the protocols for the screening of protoglobin variants in 96-

well plate format (page S41). Cyclopropanation yields for formation of cis-2a and trans-2a are
presented.

Compiled Protoglobin Cyclopropanation Activities
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Figure S31. Yields of various protoglobin homologs and mutants for the formation of cis- and trans-2a.
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ParLQ Single-Site Mutant Screening Data

Reactions of single-site mutants were prepared according to the protocols for the screening of
protoglobin variants in 96-well plate format (page S41). Total cyclopropanation activity for
formation of 2a, cis-2a:trans-2a diastereoselectivity, and resulting objective function data are

presented for reactions in triplicate.

Activity of W56X Mutants
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Figure S32. Total cyclopropanation activity of single-site mutants at position 56X. The original amino acid
at this position was W. Data for variants W56L. and W56N were collected separately and the yields were
normalized according to parent activities across both experiments. Each variant was tested in biological
triplicate.
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Figure S33. Diastereoselectivity of single-site mutants at position 56X. The original amino acid at this
position was W. Each variant was tested in biological triplicate.
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Figure S34. Objective function observed for single-site mutants at position 56X. The original amino acid

at this position was W. Each variant was tested in biological triplicate.
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Activity of YS7X Mutants
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Figure S35. Total cyclopropanation activity of single-site mutants at position 57X. The original amino acid
at this position was Y. Data for variant Y57D were collected separately and the yields were normalized
according to parent activities across both experiments. Each variant was tested in biological triplicate.
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Figure S36. Diastercoselectivity of single-site mutants at position 57X. The original amino acid at this
position was Y. Each variant was tested in biological triplicate.
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Figure S37. Objective function observed for single-site mutants at position 57X. The original amino acid
at this position was Y. Each variant was tested in biological triplicate.
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Activity of L59X Mutants
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Figure S38. Total cyclopropanation activity of single-site mutants at position 59X. The original amino acid
at this position was L. Each variant was tested in biological triplicate.
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Figure S39. Diastercoselectivity of single-site mutants at position 59X. The original amino acid at this
position was L. Each variant was tested in biological triplicate.
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Figure S40. Objective function observed for single-site mutants at position 59X. The original amino acid

at this position was L. Each variant was tested in biological triplicate.
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Activity of Q60X Mutants
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Figure S41. Total cyclopropanation activity of single-site mutants at position 60X. The original amino acid
at this position was Q. Data for variants Q60L, Q60M, and Q60N were collected separately and the yields
were normalized according to parent activities across both experiments. Each variant was tested in
biological triplicate.
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Figure S42. Diastereoselectivity of single-site mutants at position 60X. The original amino acid at this
position was Q. Each variant was tested in biological triplicate.
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Figure S43. Objective function observed for single-site mutants at position 60X. The original amino acid
at this position was Q. Each variant was tested in biological triplicate.
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Activity of F89X Mutants
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Figure S44. Total cyclopropanation activity of single-site mutants at position 89X. The original amino acid
at this position was Q. Data for variant F89I were collected separately and the yields were normalized
according to parent activities across both experiments. Each variant was tested in biological triplicate.
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Figure S45. Diastereoselectivity of single-site mutants at position 89X. The original amino acid at this
position was Q. Each variant was tested in biological triplicate.
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Figure S46. Total cyclopropanation activity of single-site mutants at position 89X. The original amino acid

at this position was Q. Each variant was tested in biological triplicate.
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ParLQ 5-site Multi-Mutant Screening Data with the Model Substrate /a
Reactions were prepared according to the protocols for the screening of protoglobin variants in 96-

well plate format (page S41). Total cyclopropanation for formation of cis-2a and trans-2a are

presented.
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Figure S47. Yields of various random ParLQ 5-site mutants for the formation of cis- and frans-2a. Only
~10% of variants in this random library had improved selectivity for cis-2a.
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Round 1 Prediction Activities
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Figure S48. Activities of the first round of mutants predicted by ALDE. Reactions with this library of
variants were run in biological triplicate, and the average yields for the formation of cis- and trans-2a

observed for each variant are shown.
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Round 2 Prediction Activities
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Figure S49. Activities of the second round of mutants predicted by ALDE. Reactions with this library of
variants were run in biological triplicate, and the average yields for the formation of cis- and trans-2a
observed for each variant are shown. The highest-performing variant, MPFDY, demonstrated a yield of

99% with a 14:1 selectivity for cis-2a.
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Figure S50. Substrate scope for ParPgb variants explored during Round 2 of the wet-lab ALDE campaign.
All substrates were tested on each of the variants. Total yields and selectivities are shown for the top-
performing variant for each substrate as well as MPFDY. Improvements in yield and selectivity from
MPFDY are indicated with a shift from red to green.
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[ FID1 B, Back Signal (RL\240422_RL7-77_E1nE2 2024-04-22 14-20-42\B-031-29-RL-7-77_E1_C05.0)
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Figure S51. A) Representative GC-FID trace for reactions of ParLQ with 1a and EDA. B) GC-FID trace
for the top-performing predicted variant, MPFDY, in reactions with 1a and EDA.
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Reactions of ALDE Round 2 Predictions with Non-Model Substrates
Reactions were prepared according to the protocols for the screening of protoglobin variants in 96-

well plate format (page S41). Total cyclopropanation for the formation of the cis- and trans-

stereoisomers of each substrate are presented.
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Figure S52. Activities of the second round of mutants predicted by ALDE with substrate 1b. Observed
yields for the formation of cis- and trans-2b are shown. The highest-performing variant, PKMDY,
demonstrated a yield of 98% with a 16:1 selectivity for cis-2b.
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[ FID1 B, Back Signal (RL\240501_RL7-83_Sub1n2 2024-06-01 15-19-656\8-031-29-RL-7-83_Sub1_C06.0)
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Figure S53. A) Representative GC-FID trace for reactions of ParLQ with 1b and EDA. B) GC-FID trace
for the top-performing variant, PKMDY, in reactions with 1b and EDA.
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Substrate Ic - 1-methyl-4-vinylbenzene
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Figure S54. Activities of the second round of mutants predicted by ALDE with substrate 1c. Observed
yields for the formation of cis- and trans-2¢ are shown. The highest-performing variant, MKFDY,
demonstrated a yield of 67% with a 11:1 selectivity for cis-2c.
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FID1 B, Back Signal (RL\240502_RL7-83_Sub2n3 2024-05-02 14-24-39\8-073-75-RL-7-83_Sub3_C05.D)
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Figure S55. A) Representative GC-FID trace for reactions of ParLQ with 1¢ and EDA. B) GC-FID trace
for the top-performing variant, MKFDY, in reactions with 1¢ and EDA.
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Substrate 1d - 1-methyl-3-vinylbenzene
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Figure S56. Activities of the second round of mutants predicted by ALDE with substrate 1d. Observed
yields for the formation of cis- and trans-2d are shown. The highest-performing variant, MGFDY,
demonstrated a yield of 51% with a 25:1 selectivity for cis-2d.
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[ FID1 B, Back Signal (RL\240501_RL7-83_Sub1n2 2024-06-01 15-19-66\8-131-126-RL-7-83_Sub2_C06.0)
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Figure S57. A) Representative GC-FID trace for reactions of ParLQ with 1d and EDA. B) GC-FID trace
for the top-performing variant, MGFDY, in reactions with 1d and EDA.
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Substrate le - 1-methyl-2-vinylbenzene
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Figure S58. Activities of the second round of mutants predicted by ALDE with substrate 1e. Observed
yields for the formation of cis- and trams-2e are shown. The highest-performing variant, FKMAY,
demonstrated a yield of 55% with a 5:1 selectivity for cis-2e.
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[ FID1 B, Back Signal (RL\240516_RL7-90_Sub6n7 2024-06-16 11-06-44\8-031-29-RL-7-90_SubS_C06.0)
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Figure S59. A) Representative GC-FID trace for reactions of ParLQ with 1e and EDA. B) GC-FID trace
for the top-performing variant, FKMAY, in reactions with 1e and EDA.
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Substrate If - 1-chloro-4-vinylbenzene
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Figure S60. Activities of the second round of mutants predicted by ALDE with substrate 1f. Observed

yields for the formation of cis- and trans-2f are shown. The highest-performing variant, FKMAY,
demonstrated a yield of 65% with a 10:1 selectivity for cis-2f.
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Figure S61. A) Representative GC-FID trace for reactions of ParLQ with 1f and EDA. B) GC-FID trace
for the top-performing variant, FKMAY, in reactions with 1f and EDA.
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Substrate 1g - 1-bromo-4-vinylbenzene
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Figure S62. Activities of the second round of mutants predicted by ALDE with substrate 1g. Observed
yields for the formation of cis- and trans-2g are shown. The highest-performing variant, HPFAW,
demonstrated a yield of 51% with a 8:1 selectivity for cis-2g.

S70



FID1 B, Back Signal (RL\240506_RL7-86_Sub6n9 2024-06-06 18-36-31\8-031-29-RL-7-86_Sub6_C06.0)
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Figure S63. A) Representative GC-FID trace for reactions of ParLQ with 1g and EDA. B) GC-FID trace
for the top-performing variant, HPFAW, in reactions with 1g and EDA.
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Substrate 1h - 1-(trifluoromethyl)-4-vinylbenzene
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Figure S64. Activities of the second round of mutants predicted by ALDE with substrate 1h. Observed
yields for the formation of cis- and frans-2h are shown. The highest-performing variant, FKMAY,
demonstrated a yield of 43% with a 6:1 selectivity for cis-2h.
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FID1 B, Back Signal (RL\240516_RL7-90_Sub5n7 2024-05-16 11-05-44\B-131-126-RL-7-90_Sub7_C05.0)
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Figure S65. A) Representative GC-FID trace for reactions of ParLQ with 1h and EDA. B) GC-FID trace
for the top-performing variant, FKMAY, in reactions with 1h and EDA.
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Substrate 1i — 2-Vinylnaphythelene
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Figure S66. Activities of the second round of mutants predicted by ALDE with substrate 1i. Observed

yields for the formation of cis- and trams-2i are shown. The highest-performing variant, HKFNY,

demonstrated a yield of 62% with an 18:1 selectivity for cis-2i.
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FID1 B, Back Signal (RL\240507_RL7-86_Sub9n10 2024-05-07 17-50-23\8-079-75-RL-7-86_Sub10_C05.D)
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Figure S67. A) Representative GC-FID trace for reactions of ParLQ with 1i and EDA. B) GC-FID trace
for the top-performing variant, HKFNY, in reactions with 1i and EDA.
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Chiral Traces for Determination of Enantiopurity

Determination of Enzyme Enantioselectivity
For reactions of 1a with the libraries of ALDE-predicted variants, all samples were additionally
screened for the enantiomeric ratio (er) of the cis- products. After analysis by achiral GC-FID

samples were directly analyzed by chiral GC-FID using a chiral Agilent J&W CycloSil-B column.

FID1 B, Back Signal (RL\2024040...L-7-68_cisNirans_mdev3 2024-04-04 10-01-19\8-002-201-RL-7-68_cis_2mM.D)
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Figure S68. Chiral GC trace of authentic standard for cis-2a

| FID1 B, Back Signal (RL\2024040...-68_cisNirans_mdev3 2024-04-04 10-01-19\8-004-215-RL-7-68-ELEGEN-C05.D)

DA - 8
] 8
45= 2
40- g
35 ©
305
25
203
15<
10 s "
1 162 16.4 188 188 min
[J | C
# Time Type Area Height Width Area% v
1] 16.628[BB | 102.2] 34.1] 0.047]  61.371] 1.073]
L 2] 16.842] B8 | 64.4] 21.7] 0.0466]  38.629] 1.015|

Figure S69. Chiral GC trace of products from reaction of 1a with ParLQ
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Figure S70. Chiral GC trace of products from reaction of 1a with MPFDY
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Figure S71. Enantioselectivity data for all ALDE predicted variants for the production of 2a. ee values
are plotted against dr values for each sample.
For all other substrates the enantioselectivity of the catalyst was only measured for the top-

performing variant. All samples were measured using the same method as for the chiral separation

of cis-2a by GC.
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Additional ML Model Analyses
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Figure S72. Correlation between zero-shot predictors (EVMutation Rank and Triad Rank) and different
fitness metrics (Cis, Trans, and Cis - Trans Yield) for the initial random library of variants used in the
ParPgb wet-lab campaign. EVMutation rank refers to the evolutionary likelihood of a variant (1 is the
most likely), and Triad rank refers to the computationally predicted stability of a variant as a AAG value
(1 is the most stable). Orange dot refers to the parent sequence, WYLQF. Each title shows the spearman
correlation between the zero-shot predictor and the fitness metric. Cis yield is weakly correlated to the
zero-shot predictors, but the overall objective is not.
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Figure S73. Optimization trajectories for ALDE campaigns for 4 encodings, 4 models, and 3 acquisition
functions. Simulation involved batch BO with an initial batch of 96 samples, followed by 4 batches of

96 samples each. Top row is GB1 and bottom row is TrpB. Error bars indicate standard deviation across
70 random initializations.
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Figure S74. Performance of MLDE baseline for 4 encodings, 4 models, and 3 acquisition functions,
compared to the average DE simulation and to random sampling. Performance is quantified as the
normalized maximum fitness achieved by MLDE, where the training set is 384 random samples and the
test set in 96 samples proposed by the model using a greedy acquisition function. Top row is GB1 and
bottom row is TrpB. Error bars indicate standard deviation across 70 random initializations.
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Figure S75. Calibration curves for 4 encodings and 4 models. The x axis is the expected confidence from
the posterior, given a certain confidence interval and the y value is the actual proportion of true labels
that fall within the confidence interval. Calibration curve is evaluated across all sequences in the design
space with labels, on models trained on the final batch (384 train samples) from ALDE campaigns using
UCB. Top row is GB1 and bottom row is TrpB.
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'H NMR Spectra of Authentic Standards
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Figure S76. "H NMR spectrum of racemic trans-2a.
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Figure S77. "H NMR spectrum of racemic cis-2a.

S81



N T ——— T e s 0000

A)

| / ‘ J / / /) l’
L'a Lb L‘—i o

Iy Tt T T o7
$28 8 g g 8 e
TS b 3 s 2 3
T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 a5 40 35 30 25 20 15 10 05 00
1 (ppm)
B) LELE] 2383
Peded oo Loeooo
AINN AUNN

/ 20000

15000
CO,Et
10000
[~5000
| CO,Et

.

1 1
Fo

: 3
460 455 450 445 4.40 435 430 425 420 415 410 405 4.00 395 390 385 380 375 370 365 360
1 (ppm)

Figure S78. A) '"H NMR spectrum of a 8:1 racemic trans-2b/cis-2b. B) Integrations of product ester
methylene protons for trans-2b and cis-2b to determine the isolated molar ratio.
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Figure S79. "H NMR spectrum of racemic cis-2b. A trace impurity of diethyl fumarate can be observed.
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Figure S81. A) 'H NMR spectrum of a 1.87:1 racemic trans-2d/cis-2d. B) Integrations of product ester

methylene protons for trans-2d and cis-2d to determine the isolated molar ratio.
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Figure S82. '"H NMR spectrum of racemic cis-2e. A trace impurity of diethyl fumarate can be observed.
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Figure S83. A) '"H NMR spectrum of a 2:1 racemic trans-2f/cis-2f. A trace impurity of diethyl fumarate
can be observed. B) Integrations of product ester methylene protons for trans-2f and cis-2f to determine the
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Figure S84. "H NMR spectrum of racemic trans-2g.
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Figure S85. "H NMR spectrum of racemic cis-2g. A trace impurity of diethyl fumarate can be observed.
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Figure $86. A) 'H NMR spectrum of a 2.97:1 racemic trans-2h/cis-2h. A trace impurity of diethyl fumarate
can be observed. B) Integrations of product ester methylene protons for #rans-2h and cis-2h to determine
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