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ABSTRACT

Through the process of evolution, Nature has optimized enzymes for the chemical
transformations which drive biology. The use of enzymes for chemical synthesis is enticing
as these privileged catalysts can facilitate reactions in a highly sustainable and selective
manner. Directed evolution (DE) is a strategy for engineering proteins to improve a desired
function. This approach has been demonstrated to be of great effect for the development of
enzymatic activities which have never been naturally observed. These ‘new-to-nature’
chemistries not only showcase the power of DE to unlock novel functions, but also the
potential of biocatalysis to deliver high-value chemical compounds. This thesis details the
exploration of new-to-nature biocatalytic reactions of hemoproteins using traditional DE
and novel machine learning-assisted directed evolution (MLDE) methods. Chapter I
provides an overview of how DE has enabled new-to-nature-biocatalysis, and the
challenges associated with developing this novel biocatalytic reactions. In Chapter II, a
cytochrome P411 is found to catalyze a carbene-mediated [1,2]-Stevens rearrangement to
furnish azetidines via ring expansion, and is engineered to deliver these products with high
yield and enantioselectivity. The evolution of this activity is a demonstration of how
established DE techniques can be utilized to arrive at enzymes capable of unprecedented
chemistry. Chapter III describes efforts towards advancing this ring-expansion chemistry
for the synthesis of proline analogs. Though this activity could not be found with existing
sequence diversity, several engineering insights were made about protoglobins (small,
thermostable hemoproteins). Chapters 11 and III both highlight challenges associated with
DE. In Chapter 1V, active-learning assisted directed evolution (ALDE) is introduced as a
workflow which leverages MLDE in an iterative fashion to greatly accelerate DE efforts.
Alongside simulations on combinatorially complete datasets, ALDE was validated in the
wet lab by simultaneously evolving a protoglobin-based cyclopropanation for improved
yield and stereoselectivity. Finally, Chapter V describes the use of ALDE to engineer
protoglobins with active sites which have been optimized to catalyze a broad scope of
nitrene and carbene transfer reactions. This demonstration of enzyme ensemble
engineering displays the power of diversity-oriented evolution to provide broad solutions

in biocatalysis.
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Chapter I

EXPLORING PROTEIN SEQUENCE SPACE FOR NEW-TO-NATURE
BIOCATALYSIS



ABSTRACT

Directed evolution (DE) is a powerful strategy for engineering enzymes with improved or
novel catalytic functions. DE has enabled the development of biocatalysts capable of
mediating “new-to-nature” chemical transformations that have no counterparts in
biological metabolism or synthesis. Despite these successes, engineering enzymes for non-
native chemistry remains challenging. The discovery of starting points with even trace
activity toward a desired reaction is difficult because protein function is hard to predict and
promiscuous activities are rare. Furthermore, optimization of these activities is complicated
by rugged protein fitness landscapes shaped by epistatic interactions between mutations,
which makes exploration of combinatorial sequence space experimentally demanding.
Machine learning-assisted directed evolution (MLDE) has emerged as a promising strategy
to address these challenges by using sequence—function data to guide the selection of
promising variants for experimental testing. This chapter reviews directed evolution in the
context of new-to-nature biocatalysis, discusses the challenges associated with discovering
and optimizing novel enzymatic functions, and introduces machine learning-guided

strategies for navigating protein fitness landscapes to accelerate enzyme engineering.



1.1. Introduction

Enzymes are remarkable catalysts, capable of accelerating chemical transformations with
extraordinary rates and selectivities under mild conditions.!> While natural enzymes
evolved to support the metabolic and survival needs of living organisms, decades of protein
engineering have demonstrated that their catalytic capabilities can extend far beyond native
biological functions.? In particular, directed evolution (DE), a protein engineering strategy,
has enabled the development of enzymes which are capable of mediating “new-to-nature”
biocatalytic transformations; chemical reactions for which no natural counterpart exists.
These advances have established biocatalysis as a powerful strategy for accessing complex

molecular architectures with high chemo-, regio-, and stereoselectivity.*

Directed evolution operates through iterative cycles of protein mutation and screening to
identify variants with improved activity. Beneficial mutations are accumulated in this
process until a functional goal has been achieved (Figure 1-1). There are several challenges
associated with the development of new-to-nature enzymatic functions through DE.
Engineering a novel biocatalytic activity generally requires an initial protein sequence that
displays measurable, even if weak, activity toward the desired transformation, enabling
subsequent rounds of mutagenesis and screening to identify improved catalysts. However,
identifying such starting points typically requires screening enzyme libraries assembled
based on biochemical intuition and prior engineering experience, without assurance that
the desired activity will be discovered.’ Furthermore, optimization of a single reaction does
not necessarily confer broader substrate scope or mechanistic flexibility to a final enzyme

variant, both of which are often desirable traits.

Protein fitness optimization can be viewed as traversing a fitness landscape, a mapping
between amino acid sequences and their associated fitness values, to identify variants with
improved performance. The challenges associated with the DE of new-to-nature functions
stem, in part, from the immense size of protein sequence space (a protein of length N can
take on 20" unique sequences) and the fact that functional proteins in this space are
vanishingly rare.® While protein space is vast, John Maynard Smith argued that, for natural
evolution to proceed, a functional protein in this landscape must be neighbored by at least

one functional sequence.” Thus, DE relies on the premise that protein fitness landscapes



can be locally traversed around functional sequences through one or a small number of
mutations at a time. However, in practice these local landscapes are rarely smooth, as a
result of epistasis, the phenomenon whereby the effects of mutations introduced in
conjunction may be nonadditive relative to their individual contributions.® As a result, the
engineering of enzymes for new-to-nature chemistry often becomes a complex search

problem in a vast and sparsely functional sequence space.

This thesis examines strategies for navigating two of the primary challenges in the
development of new-to-nature functions in enzymes: 1) the identification of activities for
which there is no evolutionary precedent often requires screening of large libraries of
enzymes and 2) after a starting sequence has been uncovered, optimization through DE can
be laborious, as real protein fitness landscapes are often rugged and challenging to traverse.
By combining experimental interrogation of sequence—function landscapes with machine
learning-guided variant selection, we seek to not only improve the outcomes of engineering
enzymes toward a single biocatalytic function, but also the breadth of chemical

transformations accessible to a protein scaffold.



Initial Activity

Diversification

Amplification
Sequencing

P ntly GPiots
STHGED | AR
o {4{%,:@,, *‘{é}“x
S ) ;?:fl’ s
creening Fasay
o

Machine Learning

Figure 1-1. The cycle of direct evolution. After a desired function has been found within
existing sequence space, a parent enzyme is diversified and assessed for improved activity.
Mutations are accumulated through repeated cycles until a desired functional outcome is
achieved. Recently, data collected in the process of screening variant libraries have been
used to train machine learning models to aid in variant selection for subsequent rounds of
engineering.

1.2. New-to-Nature Biocatalysis

Among the most striking demonstrations of the power of directed evolution has been the
development of enzymes capable of catalyzing chemical transformations that have no
known counterparts in biological metabolism. These “new-to-nature” reactions expand the
scope of biocatalysis beyond the repertoire of natural enzymatic chemistry, enabling
enzymes to access reaction mechanisms and bond constructions traditionally associated
with synthetic organo-, photo-, or organometallic catalysis.””!> Thanks to the substrate-
binding and transition-state stabilizing capabilities of enzyme active sites, protein
engineers and chemists have achieved levels of stereo- and regioselectivity in biocatalytic
systems that far exceed those of traditional small-molecule catalysts. Moreover, in recent

years there have been several exciting demonstrations of enzymes which can access



reaction mechanisms and reaction modes which have not been reported in the synthetic

organic literature.!>14

A prominent class of such new-to-nature enzymatic transformations involves the transfer
of highly reactive carbene and nitrene intermediates to organic substrates. Enzymatic
nitrene transfer was first reported by Breslow and coworkers, who found that microsomal
cytochrome P450 isolated from rabbit liver could activate tosylimides for intramolecular
amination via a putative nitrene intermediate, albeit with only 2 turnovers.!> Inspired by
this result, and emboldened by subsequent studies that abiological iron porphyrin
complexes could catalyze carbene and nitrene transfer reactions,!®!” researchers in the
Arnold lab discovered that a cytochrome P450 from Bacillus megaterium'® could catalyze
carbene and nitrene transfer in the presence of the appropriate precursors.!”?° An early
breakthrough in engineering these cytochromes P450 was the mutation of the axial heme-
coordinating cysteine to serine, which substantially improved carbene and nitrene transfer
activity and enabled further DE toward high yields and stereoselectivity.?! In the
subsequent decade, these cytochromes P411, so named for their blue-shifted Soret peak at
411 nm, were rapidly diversified to enable a host of nitrene- and carbene-mediated
transformations, primarily focused on X—H bond functionalizations and additions to 7-
systems (Figure 1-2A).22% Recent advances in this field have focused on developing
carbene and nitrene transferases that are better suited for industrial applications. These
efforts include engineering more thermo- and chemostable catalysts, such as those based
on protoglobin scaffolds,?® as well as identifying carbene and nitrene precursors that are

safer and more economical for use at scale (Figure 1-2B).27-3°
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Figure 1-2. (A) Cytochromes P411 proved to be an excellent starting point for exploring
the scope of carbene and nitrene activities available to biocatalysis. (B) By moving to the
smaller, more thermostable protoglobin scaffold, more synthetically useful activities could
be accessed.

From a protein engineering perspective, the laboratory evolution of new-to-nature
biocatalytic functions presents several challenges. Firstly, as there is inherently no
information about fitness towards new-to-nature chemistries encoded in the diversity of
natural protein sequences, bioinformatic methods for inferring protein function using
multiple sequence alignment-based (MSA) methods tend to fail for identifying starting
points for DE campaigns and for identifying potentially beneficial mutations.’!
Additionally, the products of new-to-nature reactions typically require chromatographic
analysis for quantification, which limits screening throughput relative to assays that can be
coupled to optical readouts. As a result, not only is it challenging to scale the size of
screened mutant libraries, but it is also difficult to quantify the effects of mutations on
catalytic parameters such as Kis and k... Improvements in apparent activity may arise from
changes in multiple underlying factors such as substrate binding, turnover rate, or protein
expression and stability (Figure 1-3). Without this information, it can be difficult to
determine an effective protein engineering strategy. Finally, there are very few new-to-

nature function data which are well-annotated and publicly available.?? This is due to the



low-throughput nature of these engineering campaigns, the tendency for most campaigns
to focus on activity for a single substrate, and the lack of standardized formats for reporting
such data within the protein engineering literature. Given these challenges, DE campaigns
aimed at new-to-nature enzymatic activities are often slow and resource intensive, leaving

substantial opportunity for methodological improvement.
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1.3. Enzyme Promiscuity

New-to-nature activities are discovered by exposing existing protein sequences—selected
based on chemical intuition and prior biochemical characterizations—to abiological
substrates and screening for desired reaction products. This is possible because enzymes
are promiscuous; they can serendipitously catalyze reactions for which they have not
previously evolved.*® Advanced by Jensen in 1976, promiscuity is a key mechanism by
which modern enzymes were specialized from primordial proteins which were capable of
enacting several suboptimal functions.’* Figure 1-4 presents a graphical view of how

enzyme promiscuity can be exploited for the discovery of novel functions.

Native Function

4 Desired Function

Activity

Zone of Promiscuity

>
Sequence Space

Figure 1-4. Novel enzymatic function is discovered by leveraging promiscuous activity.

Importantly, a new-to-nature DE campaign cannot begin without the determination of an
enzyme sequence that exhibits at least trace levels of the desired activity. The discovery of
such starting points remains a central bottleneck in the development of novel enzymatic
functions as it is challenging to predict the promiscuous functions of proteins from their
sequence alone.*-¢ Given the dearth of public non-natural protein function data which
could be used to infer promiscuous functions, researchers must often compile and screen
diverse enzyme libraries based on biochemical intuition and prior protein engineering
experience.” When screening these enzyme libraries protein engineers have to acquire the
DNA sequences encoding member proteins and contend with the expression criteria
associated with each protein, all with no guarantee that the desired activity will be

uncovered upon screening.
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Owing to the challenges associated with the discovery of novel enzymatic functions, there
have been efforts to design enzyme libraries which may be well suited for initial reaction
screening efforts, both through computational and wet-lab methods. Ancestral sequence
reconstruction (ASR), a bioinformatic method which infers and “resurrects” ancient
protein sequences through phylogenetic analysis, is believed to generate proteins which are
more promiscuous because they likely served as generalist catalysts before specialization
through evolution to their modern descendants.?”-3® ASR, however, would not be expected
to generate enzymes which are competent towards new-to-nature mechanisms, as there is
presumably no functional signal for these transformations in evolutionary history. One
other promising computational method for generating enzyme libraries with heightened
promiscuity is FuncLib, a software tool developed by Kheronsky et al.*® FuncLib operates
by diversifying the active site of an enzyme scaffold at user-defined residues and selecting
combinations of mutations which 1) are not believed to destabilize the protein based on
physics-based calculations and 2) are believed to be probable based on MSA assessment.
Application of FuncLib to different enzymatic systems has shown promising results for
generating promiscuous enzyme libraries;***! however, it remains unclear whether this
approach will be effective for improving promiscuity toward new-to-nature biocatalytic

reactions, as the method relies on information derived from multiple sequence alignments.

In addition to computational strategies, wet-lab approaches have been developed to
generate enzyme libraries with enhanced catalytic and substrate promiscuity. For example,
Buller and coworkers introduced Substrate Multiplexed Screening (SUMS), in which
enzyme variants are simultaneously subjected to several substrate analogs and subsequent
reaction extracts are analyzed for multiple reaction products.*? This protocol allows for the
direct engineering of promiscuity, as mutations which allow for activity upon multiple
substrates can be carried forward. To date, SUMS has only been demonstrated to work with

3

PLP-dependent enzymes;* nevertheless, it remains a promising tool for developin
P y p g pmng

promiscuous catalysts.

Another recently developed workflow for predicting promiscuous functions of enzymes is
CATNIP, a machine learning (ML) model for predicting the substrate compatibility of a-
ketoglutarate (a-KG)/Fe(II)-dependent enzymes.** The CATNIP model was trained using



12

a large dataset of function data from (a-KG)/Fe(Il)-dependent enzyme and substrate pairs.
While this method is inherently resource intensive, the authors demonstrate that CATNIP
is capable of facilitating the discovery of enzymes which are functional towards a target
substrate. It is possible that such data generation and dissemination will be necessary for
members of the protein engineering community to directly predict which existing enzymes

will be able to facilitate new-to-nature functions.

1.4. Epistasis

After a desired function has been found in a starting “parent” enzyme, directed evolution
can commence through traversal of the sequence-function landscape via mutagenesis and
screening. In an ideal world this landscape would bear a smooth, monotonic shape, bearing
a global fitness maximum (Figure 1-5A). In this case, the optimal variant can theoretically
be accessed by a number of search trajectories.* However, in reality, sequence-function
landscapes are generally rugged, demonstrating local maxima and minima in fitness
(Figure 1-5B).**%7 Local optima act as traps from where improved function can only be
achieved after an initial reduction in fitness.*® This trait of real protein fitness landscapes
makes starting point selection and overall engineering strategy crucial, as different paths

can lead to vastly different engineering outcomes.
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Figure 1-5. (A) When traversing an ideal, smooth landscape nearly any DE trajectory will
arrive at the global maximum. (B) Searching a real, rugged fitness landscape is much more
complex. Given a starting point, it is possible to arrive at different local maxima based on
evolution strategy, and arrival at the global maximum may require steps which incur a loss
in fitness.

Protein fitness landscape ruggedness comes from epistasis, the phenomenon whereby the
effects of a mutation are dependent on the context in which it is introduced.*->* Epistasis
presents a challenge in directed evolution because it means that many of the physical
phenomena underlying an enzyme’s function are the result of the identities of several
interacting residues. Thus, decisions made in earlier rounds of DE can heavily influence
the outcomes of later stages. One might envision that screening libraries in which multiple
targeted sites are simultaneously mutated could more effectively search epistatic fitness
landscapes. However, such multi-site saturation libraries rapidly run into a combinatorial
design problem (Figure 1-6). A bacterial protein of typical length (270 amino acids) has
5,132 single mutants.>! For the same protein, there are approximately 13 million possible
double mutants. Thus, screening the double-mutant space of an enzyme would require
nearly 1,000 times the screening resources needed to survey the local single-mutant space.
Furthermore, because functional protein sequence space is sparse, the likelihood of
discovering improved variants decreases rapidly as additional mutations move a sequence

further from a known functional starting point.® These limitations highlight the need for



14

approaches that can more efficiently navigate epistatic fitness landscapes and prioritize

promising multi-mutation variants without exhaustive experimental screening.

accounting for epistasis:
combinatorial libraries

20 possible mutants

exponential growth
in screening burden

$

400 possible mutants

:

how can we search the fitness 8000 possible mutants

space more efficiently?

Figure 1-6. Screening combinatorial libraries would allow for further jumps in the
sequence-function landscape; however, the exponential growth in screening burden makes
randomly searching these design spaces inaccessible through traditional methods.

1.5. Machine Learning as a Navigation Tool for Directed Evolution

An attractive approach to accelerating directed evolution efforts is to incorporate machine
learning (ML) methods into existing workflows. Machine learning-assisted directed
evolution (MLDE) has the potential to ease the experimental screening burden of an
evolutionary campaign by evaluating sequences in silico based on ML models that have
been trained on existing data. MLDE refers to a specific implementation of supervised
ML?? for the fitness prediction of protein variants containing several mutations, aiming to
capture details of epistasis (Figure 1-7). In early explorations of MLDE, supervised models
were used to learn relationships between protein sequences and their associated function
to approximate the fitness landscape.’*>° Building on this body of work, Wittmann and
coworkers noted that combinatorial libraries contain a high density of zero- or low-activity
variants and incorporated zero-shot predictors into their model to predict high- activity
mutants based on data collected from a library designed to be informative for model
training.’® In simulations on the GB1 landscape (a combinatorially complete empirical

functional dataset for quadruple mutants of protein G domain B1),%’ this “focused training
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MLDE” (ftMLDE) framework was able to arrive at the global optimum 99.70% of the
time, in comparison to traditional MLDE which achieved this optimum 8.85% of the time.
The rapidly evolving field of MLDE and other applications of machine learning to protein

engineering efforts is well reviewed by Yang and Li.®

Crucially, machine learning has been shown to integrate into existing protein engineering
workflows effectively.>-*! MLDE was first experimentally validated on the carbon-silicon
bond-forming landscape of nitric oxide dioxygenase from Rhodothermus marinus
(RmaNOD), enabling access to stereodivergent variants with minimal screening.®?> A
unifying theme of these experimental validations is that ML methods are most effective
when trained on large, rich sequence-function datasets. Given that machine learning has
the capability to extract value from enzyme variants which do not display improved
activity, it is essential that the sequences of all tested variants are collected. Furthermore,
if more sequences can be interrogated in training then ML models can more effectively

learn epistasis in the fitness landscape.

Since the 1990s, advances in DNA technologies—driven in part by large-scale sequencing
efforts such as the Human Genome Project—have dramatically expanded the capabilities
of protein engineering.5® These advances have also made MLDE a viable tool in the modern
biotechnological age. Next-generation sequencing (NGS) methods now allow the function
data of variants in directed evolution libraries to be labeled with their sequences, for
example through barcoding strategies that enable sequencing of spatially segregated
mutants.®*% These approaches generate large sequence—function datasets that are valuable
not only for biochemical analysis of engineered enzymes but also for training machine
learning models.®”%® In parallel, advances in DNA synthesis have substantially reduced the
cost and increased the scale of producing designed DNA sequences. Innovations such as
Twist Bioscience’s silicon-based phosphoramidite synthesis and enzymatic
oligonucleotide synthesis methods based on terminal deoxynucleotidyl transferase have
enabled efficient and scalable DNA production.®-’* These developments allow researchers
to readily synthesize model-predicted variants and assemble large gene libraries using oligo
pool-based methods,”>’¢ thereby making computationally guided directed evolution

approaches such as MLDE experimentally accessible. Together, these advances in
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sequencing and DNA synthesis have created the experimental infrastructure necessary to
generate, analyze, and test the large variant libraries required for machine learning—guided
protein engineering. These developments create an opportunity to apply machine learning
not only to accelerate directed evolution, but also to design enzyme libraries capable of

accessing diverse new-to-nature chemistries.
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Figure 1-7. In a general MLDE workflow, first sites relevant to activity are selected.
Combinatorial libraries of mutants at these positions are assessed for model training to
predict variants with improved function. Modern biotechnologies present an opportunity
to accelerate MLDE efforts.
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1.6. Toward Broadly Functional Enzyme Libraries

This thesis investigates strategies for navigating protein sequence—function landscapes
using machine learning methods to enable the discovery and engineering of enzymes
capable of catalyzing diverse non-native reactions. In Chapter 2, directed evolution is
applied to develop cytochrome P411 variants capable of mediating aziridine ring expansion
to form azetidines, demonstrating the potential of engineered hemoproteins to access
valuable synthetic transformations. However, this work also highlights limitations of
conventional directed evolution, including slow optimization and restricted substrate
scope. Chapter 3 explores the challenges associated with discovering new enzymatic
activities, revealing that functional variants for certain transformations may be rare or

difficult to identify even when screening diverse protein libraries.

To address these challenges, Chapter 4 introduces active learning-assisted directed
evolution (ALDE), a machine learning framework that iteratively integrates experimental
sequence—function data with predictive modeling to guide exploration of protein sequence
space. This approach enables efficient identification of beneficial multi-mutation variants
while accounting for epistatic interactions between residues. Building on this strategy,
Chapter 5 presents multi-reaction active learning-assisted directed evolution (mr-ALDE),
in which machine learning models trained on activity data from multiple reactions are used
to design enzyme libraries optimized for broad catalytic functionality. Variants predicted
using this approach exhibit improved activity across diverse carbene and nitrene transfer

reactions and enable access to transformations not catalyzed by the parent enzyme.

Together, these studies demonstrate how integrating experimental data with machine
learning can accelerate enzyme engineering and facilitate the development of broadly

functional biocatalysts for new-to-nature chemistry.
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Chapter I1

BIOCATALYTIC ONE-CARBON RING EXPANSION OF AZIRIDINES
TO AZETIDINES VIA A HIGHLY ENANTIOSELECTIVE [1,2]-
STEVENS REARRANGEMENT

Material from this chapter appears in: “Miller, D.C.; Lal, R.G.; Marchetti, L.A.; Arnold,
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ABSTRACT

We report enantioselective one-carbon ring expansion of aziridines to make azetidines as a
new-to-nature activity of engineered “carbene transferase” enzymes. A laboratory-evolved
variant of cytochrome P450pwm3, P411-AzetS, not only exerts unparalleled stereocontrol
(99:1 er) over a [1,2]-Stevens rearrangement but also overrides the inherent reactivity of
aziridinium ylides, cheletropic extrusion of olefins, to perform a [1,2]-Stevens
rearrangement. By controlling the fate of the highly reactive aziridinium ylide
intermediates, these evolvable biocatalysts promote a transformation which cannot

currently be performed using other catalyst classes.
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2.1. Introduction

Ring-size manipulation has emerged as a powerful strategy to convert readily available
cyclic structures into ring-expanded or ring-contracted compounds that are more difficult
to synthesize using conventional means.! In particular, “cut and sew” strategies relying on
transition-metal catalyzed oxidative addition across C—C bonds are useful approaches for
insertion of carbon monoxide or two-carbon fragments such as olefins and alkynes to effect
one- or two-carbon ring expansions, respectively.? For nitrogen-containing heterocycles,
one possible strategy for ring expansion is to induce a [1,2]-Stevens rearrangement by
formation of an ammonium ylide, resulting in one-carbon ring expansion.> Pioneering
works by Hata, West, and Couty demonstrated this approach for 4- to 5-membered ring
expansions, wherein treatment of an azetidine with a diazo compound in the presence of a
copper catalyst provided facile access to the corresponding pyrrolidine.* Conceptually,
carbene transfer followed by an intramolecular [1,2]-Stevens rearrangement complements
“cut and sew” reactions for non-carbonylative, one-carbon homologation of nitrogen-
containing compounds. Given the prevalence of nitrogen heterocycles across numerous
sectors of the chemical industry, especially pharmaceuticals,’ extending these
methodologies to other saturated N-heterocycles would represent a new approach for the

synthesis of important chiral amine building blocks.

Despite their promising properties,® azetidines are underrepresented relative to closely
related nitrogen-containing heterocycles: this is due to a lack of robust synthetic methods
to access these species,’® especially using asymmetric catalysis.”!? Application of a ring-
expansion strategy for the asymmetric, one-carbon homologation of readily prepared
aziridines via carbene insertion would be an attractive new entry towards the
enantioselective synthesis of azetidines (Figure 2-1). However, this approach comes with
two major selectivity challenges. The first is the innate reactivity of the intermediate
aziridinium ylides, which undergo highly favorable cheletropic extrusion of olefins in

many contexts.!!

Schomaker and others have demonstrated that these reactive intermediates can be
harnessed in [2,3]-Stevens rearrangements and other ring-opening reactions.!”> However,

we are unaware of any examples of a one-carbon ring expansion of aziridines through a
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[1,2]-Stevens rearrangement strategy. Secondly, the diradical mechanism of the [1,2]-
Stevens rearrangement! has made it a challenging reaction class for asymmetric catalysis:
few asymmetric variations have been reported.'* Enantiopure quaternary ammonium salts
can undergo [1,2]-Stevens rearrangements with N-to-C chirality transfer;'> however, escape
of the radical pair from the solvent cage is often competitive with radical recombination,'¢
and erosion of enantiopurity is often observed. General strategies for stereocontrol over

these rearrangements are an unmet challenge facing the field of asymmetric catalysis.

The joint selectivity challenges presented by the asymmetric one-carbon ring expansion of
aziridines into azetidines requires a potential catalyst not only to select for the [1,2]-Stevens
rearrangement in preference to cheletropic extrusion of olefins, but also to exert
enantiocontrol over potential radical intermediates. Nature utilizes ring-size manipulation
in the biosynthesis of natural products, with common strategies for biocatalytic one-carbon
ring expansion including oxidative ring expansions!” and carbocation rearrangements.'®
Furthermore, enzymes derived from cytochrome P450sm3, such as cytochromes P411, and
other hemoproteins have emerged as powerful catalysts for carbene transfer reactions,!
and formation of strained rings such as cyclopropanes and cyclopropenes with excellent
stereoselectivities has been reported.?’ The most common reactions of enzymatic iron-

.21-22

19-20 or X—H bond insertions:

carbenoid intermediates are additions across m-systems
biocatalytic C—N bond insertion through Stevens rearrangements of any kind have yet to
be reported. We envisioned that a carbene transfer enzyme could potentially achieve the
requisite chemo- and stereoselection necessary to perform this challenging reaction

(Figure 2-1).
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Figure 2-1. Classification of enzyme-mediated carbene transfer reactions for various bond
disconnections.

2.2 Results and Discussion

We initiated our studies by screening a panel of hemoproteins for the model reaction of
benzyl aziridine-1-carboxylate 1 with ethyl diazoacetate (EDA) as a carbene precursor to
provide enantioenriched azetidine 2 (Table 2-1) in suspensions of Escherichia coli (E. coli)
whole cells. We were delighted to find that a variant of P411gm3-CIS?® with the additional
mutations P248T, 263G, and L437F (“Parent F2”), provided the product with 3.6% yield,
73 total turnover numbers (TTNs), and 90:10 er favoring the (S)-enantiomer (Entry 1).
Parent F2 is derived from hemoproteins originally engineered for the cyclopropanation of
heteroatom-substituted olefins?* and is 17 mutations away from its wild-type progenitor,

cytochrome P450sm3 from Bacillus megaterium, which natively catalyzes the oxidation of
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long-chain fatty acids.? Control experiments revealed that hemin is unable to catalyze this
reaction (see Appendix A for details). Further control reactions indicated that the observed
formation of the ring-opened hydrolysis product of 1 is not an enzyme-dependent process.
No other aziridine-derived byproducts (e.g., cheletropic extrusion products'!, carbene
insertion into the benzylic C-H?!¢, or a-N-H bonds of the substrate?!®) were identified,
including a second ring expansion to form the corresponding pyrrolidine.* Further
experiments demonstrated that neither 2 nor the unsubstituted benzyl azetidine-1-
carboxylate underwent ring expansion under the disclosed conditions. Chemoselectivity
for aziridine ring expansion over azetidine ring expansion in this system can be attributed
to the increased pyramidalization at nitrogen observed for acylaziridines and related

compounds, which increases their N-nucleophilicity relative to less strained amides.
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Table 2-1. Lineage and Reaction Optimization”

o]

E. coli harboring
OYOB” P411-Variant P
N CO,E |:|N 0Bn
A whole-cell suspension D
M9O-N (pH 7.0), RT CO,Et
1 EDA 2

0.4-pumol scale

. Mutations Relative " ©
Entry Variant to Prior Generation TTN Yield (%) e.r.

1 Parent F2 None 73 3.6 90:10
2 F2.1 G263Y 70 3.5 75:25
3 F2.2 T327V 126 6.3 56:44
4 F2.3 A330T 193 9.6 59:41
5 F2.4 H266P 394 19.7 62:38
6 F2.5 M177Q 699 34.9 94:6
7 F2.6 T436G 945 473 93:7
8 F2.7 L233F 997 49.8 94:6
9 F2.8 T149M 1040 52.0 99:1
10 F2.9 R47Q 1190 59.7 99:1
11 P411-AzetS MI118K 1200 59.9 99:1

E. coli harboring "
OYOB” P411-AzetS P
N COE > |:|N 0Bn
A whole-cell suspension )
M9-N (pH 7.0), RT “Co,Et

1 EDA 2
0.1-mmol scale

Entry Change from Conditions Above TTN Yield (%) er.
12 None 1580 79.1 99:1
13 20 mM [1]; 30 mM [EDA] 2200 55.0 99:1
14 Lysate 1090 54.4 99:1
15 Lysate; 20 mM [1]; 30 mM [EDA] 1570 393 99:1
16 4°C 1610 80.2 99:1
17 Lysate; 4 °C 1380 68.7 99:1

“Reactions were performed on the designated scale and run for 16 h with 10 mM of 1, 15
mM of EDA, and 5 uM of protein. TTN and yields were determined via GC analysis of
crude reaction mixtures relative to an internal standard and represent the average of three
experiments. The enantiomeric ratio (er) of the product was determined by chiral GC.

Encouraged by this promising initial activity and high enantioselectivity, we chose Parent
F2 as a starting point for directed evolution to improve enzyme performance using iterative
site-saturation mutagenesis (SSM) of residues located in the heme domain (Entries 2—11),
screening for improved azetidine yield by gas chromatography. Sites were selected for

mutagenesis based on success in previous directed evolution campaigns of P450swm3 as well
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as prior knowledge of residues responsible for substrate binding and catalysis in the heme
domain of this protein scaffold.!” Ten beneficial mutations were identified during this
campaign, resulting in a more efficient ‘azetidine synthase’ (P411-AzetS) with a net
improvement of 16-fold in TTN and improved enantioselection (99:1 er). With P411-AzetS
in hand, we next examined the impact of varying the reaction conditions on the product
yield (Entries 12—17). Notably, increasing the scale from 4 pmol to 100 pmol resulted in
an increase in the reaction yield. When the concentrations of 1 and EDA were doubled to
20 mM and 30 mM, respectively, a decrease in reaction yield was observed (although TTN
increased). The ring expansion reaction also proceeded in clarified cell lysate, albeit with
decreased yields when compared to analogous reactions performed with whole-cell
suspensions. Lastly, decreasing the reaction temperature from 22 to 4 °C did not have a

meaningful impact on the reaction yields when run in whole-cell suspensions.

Next, we sought to examine the substrate scope of this reaction and whether or not the new
selectivities we observed could be extended to other substrates (Scheme 2-1). When this
reaction was run at 0.5-mmol scale, azetidine 2 could be formed in 75% yield, 1490 TTN,
67% isolated yield, and 99:1 er. Other aromatic groups could be used in lieu of a phenyl
group with uniformly high enantioselection observed in all cases. Notably, a thiophene-
bearing aziridine could undergo chemoselective ring expansion to azetidine 3 with no
observed cyclopropanation byproducts. This selectivity is notable not only because
thiophenes are known to react with EDA-derived metal carbenoids under mild conditions,?’
but also because Parent F2 was originally engineered to perform cyclopropanation of
heteroatom-substituted olefins.?* Fluorine substituents were also tolerated on the arene ring
at the para, meta, and ortho positions to furnish fluorinated products 4—6. In addition to
EDA, other diazoacetate compounds could participate in one-carbon ring expansion with
at least 99:1 er (7-8). When methyl diazoacetate was used as the carbene precursor to yield
9, a notable decrease in er (81:19) was observed. One hypothesis for this decrease in
enantiopurity is that the smaller aliphatic chain allows for greater conformational freedom
of the iron porphyrin carbene intermediate or the putative diradical intermediate. This
explanation is consistent with prior work on enzyme-mediated carbene transfer reactions
using perfluoroalkyl-stabilized diazo compounds as carbene precursors, where the

substrate chain length has a profound influence on the absolute stereochemical
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configuration of the reaction product.?'® The reaction could also be scaled up from 0.5-
mmol scale to 10-mmol scale to furnish 2 in 1220 TTN, 61% yield, and 99:1 er with an
isolated yield of 1.44 g (55% isolated yield), demonstrating that gram-scale production of
enantioenriched azetidines is viable using this platform and that extension of this activity

could be a powerful tool for the asymmetric synthesis of chiral heterocycles.

The current P411-AzetS lineage performs poorly with other substrate classes. Aziridine
substrates with substituents on the carbon backbone of the ring were unable to undergo ring
expansion due to their pronounced capacity for ring opening by hydrolysis relative to
unsubstituted aziridine rings. This limitation also prevented N-alkyl or N-aryl aziridines
from serving as viable substrates. Other classes of nitrogen protecting groups (e.g., amides
and sulfonamides) demonstrated poor activity; one explanation is that the decreased N-
nucleophilicity of these species hinders their ability to form aziridinium ylides. Finally,
other carbamate-protecting groups (e.g., -Boc, -Alloc, and -CO;Me) did not form the
desired products, suggesting that the arene may be necessary for proper substrate binding
with this lineage of enzymes. With respect to the diazo coupling partner, diazoacetates were
uniquely effective: when other diazo coupling partners were subjected to the reaction
conditions, only unreacted diazo starting materials or dimerization products were

recovered.

While the limited substrate scope of P411-AzetS hampers its synthetic utility, this result
highlights the power of directed evolution to deliver an incredibly selective catalyst. Over
the course of this campaign, the cytochrome P450sm3 scaffold was trained to recognize a
non-natural substrate with atom-level selectivity. P411-AzetS demonstrates no activity
with N-hydrocinnamoyl-aziridine (10), which only differs from 1 by a single heavy atom.
To assess if this selectivity was developed throughout evolution, several aziridines which
demonstrated no activity with P411-AzetS were assayed against variants F2.5 to F2.9
(Table 2-2). We were excited to find that earlier variants were capable of driving azetidine
formation from aziridines 10 and 11, while aziridines 12 and 13 showed no ring expansion
activity. This finding underlines an important phenomenon which occurs during directed
evolution campaigns: while optimization on a model system can lead to a highly selective

enzyme, the sequences generated through the course of evolution will often be proficient
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at related tasks. Efforts to expand the observed, unprecedented reactivity and selectivity to

the synthesis of other classes of azetidines are ongoing.

We note that in the course of evolving the P411-AzetS lineage for this novel activity, late-
stage variants exhibited reduced thermostability. For example, the variant F2.9 has a Tso of
approximately 40 °C (Figure A-2 of Appendix A). Although the enzymes are capable of
facilitating unprecedented chemistry, it is also important to consider their suitability for
downstream applications. Firstly, as most mutations to a protein scaffold are destabilizing,
the reduced stability of these enzymes makes them less favorable candidates for directed
evolution campaigns (such as to improve their substrate promiscuity).?® Furthermore,
compromised thermostability would likely limit the utility of P411-AzetS in industrial
biocatalytic processes.?’ Indeed, purified P411-AzetS was found to precipitate following
overnight incubation under impelled dialysis conditions at 4°C. These findings underscore
the importance of evolving enzymes not only for improved catalytic function, but also

properties that support their practical deployment.
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“Reactions were performed on 0.5-mmol scale unless otherwise specified. Analytical yields
and TTN were determined by GC-FID. Yields for isolated and purified material are
designated in parentheses. The er was determined by Chiral GC. For 0.5-mmol scale
reactions, all numbers reported represent the average of two trials. For the 10-mmol scale
reaction, the reported numbers represent one run.

Table 2-2. Screening of substrates which demonstrated no activity with P411-AzetS*
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N N

/\ /N
10 1 12 13
F2.5 <5% trace n.d. n.d.
F2.6 <5% trace n.d. n.d.
£ F2.7 <5% trace n.d. n.d.

S
r; F2.8 <5% n.d. n.d. n.d.
F2.9 n.d. n.d. n.d. n.d.
P411-AzetS n.d. n.d. n.d. n.d.
Yield

“Reactions were performed on 4 umol scale and run for 16 h with 10 mM of 1, 15 mM of
EDA, and 5 uM of protein. TTN and yields were determined via GC analysis of crude
reaction mixtures relative to an internal standard and represent the average of three
experiments. The enantiomeric ratio (er) of the product was determined by chiral GC.

A hypothetical mechanism for the one-carbon ring expansion of aziridines is shown in
Figure 2-2. The reaction of a hemoprotein with a suitable carbene precursor forms an
electrophilic iron-carbenoid intermediate, which could be trapped by a sufficiently
nucleophilic aziridine. Ammonium ylides are commonly proposed as intermediates in
hemoprotein-catalyzed N-H insertion reactions,??> and Schomaker has reported numerous
examples where carbamate-protected aziridines react with metal-carbenoid electrophiles to
form aziridinium ylides.'"!2T At the present time, it is not clear whether this intermediate
would exist as a “free” or metal-bound ylide, although computational analysis of enzymatic
N-H insertion reactions suggests that ammonium ylide intermediates react after
dissociation from the iron center.??' Finally, the aziridinium ylide could undergo the desired
[1,2]-Stevens rearrangement preferentially over cheletropic extrusion of ethylene,

liberating the desired product and regenerating the hemoprotein. We envisioned that the
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active site of an enzyme could mimic solvent caging effects, which are known to exert
selectivity over radical recombination in [1,2]-Stevens rearrangements, to achieve
asymmetric induction during ring expansion.'>1® Such effects may also explain why free
hemin is unable to catalyze the reaction in the absence of the specific confinement provided
by the active sites of this enzyme lineage. Additionally, hemoproteins demonstrate high
stereoselectivity in radical reactions, both in their native reactivity*® as well as in new-to-
nature activity cultivated through protein engineering,®!' lending further support to this

hypothesis.
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Figure 2-2. Possible catalytic cycle for one-carbon ring expansion of aziridines to furnish
chiral azetidines, with cheletropic extrusion of ethylene as a possible side reaction. The
ammonium ylide may also remain iron-bound.

In summary, we have demonstrated unprecedented hemoprotein-catalyzed [1,2]-Stevens
rearrangement in the context of a one-carbon ring expansion of aziridines to azetidines.
This system not only represents a rare example of a highly enantioselective [1,2]-Stevens
rearrangement of ammonium ylides, but also selectivity for the [1,2]-Stevens
rearrangement of aziridinium ylides over cheletropic extrusion of ethylene. This work
highlights a key strength of biocatalysis: enzymatic stabilization of reactive intermediates

enables not just enhanced stereoselectivity, but also unprecedented regio- and
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chemoselectivity. We are optimistic that observed selectivities can be extended to other
types of [1,2]-Stevens rearrangements, providing the grounds for future work in this area

toward the synthesis of enantioenriched heterocycles and other chiral amines.
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Appendix A

SUPPLEMENTARY INFORMATION FOR CHAPTER II

A.l. General Information and Protocols

A.1.1. Safety Statement

All chemical transformations were performed in a well-ventilated fume hood to avoid
inhalation and exposure. For protein concentration determination experiments, carbon
monoxide (CO) is used. CO is flammable, highly toxic, and can be lethal at high doses and
must be used in a fume hood equipped with a CO detector to avoid accidental 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.

A.1.2. 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, Fischer, 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 treating with
and appropriate TLC staining solution (e.g., Ceric Ammonium Molybdate, KMnOs, or
Bromocresol Green) followed by heating if necessary. Chromatographic purification was
accomplished by flash chromatography on Silacycle F60 silica gel according to the method

of Still! or using a Biotage Isolera One instrument.
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A.1.3. Spectral Data

All NMR spectra were obtained at the Caltech Liquid NMR Facility. For azetidine
products, 'H and '*C NMR were recorded on a Bruker Prodigy 400 MHz instrument (400
MHz and 101 MHz). '°F NMR spectra were recorded on a Varian 300 MHz spectrometer
(282 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 and '3C spectra are referred to residual CDCI; solvent
signals referenced at & 7.26 and 77.0 ppm, respectively. For spectra taken in DMSO, the
residual 'H and 3C solvent signals are referenced at § 2.50 and 39.51 ppm, respectively.
F spectra are referenced by addition of the appropriate internal reference standard, using
either fluorobenzene (referenced at 6 —113.15 ppm) or hexafluorobenzene (referenced at o
~161.90) and are clearly labeled when shown. Data for '"H NMR are reported as follows:
chemical shift (6 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). Data for '3C NMR are reported in terms of chemical shift,
multiplicity, and coupling constant: no special nomenclature is used for equivalent carbons.
Data for 'F NMR are reported in terms of chemical shift, multiplicity, and coupling
constant. High-resolution mass spectra (HRMS) were obtained at Caltech Mass

Spectrometry Facility.

A.1.4. Gas Chromatography Data
Gas chromatography (GC) was performed on an Agilent Technologies 7892A GC system

equipped with a split-mode capillary injection system and flame-ionization detectors. 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.

A.1.5. Cloning, Site-Saturation Mutagenesis (SSM), and Plasmid Isolation

Electrocompetent Escherichia coli (E. coli) cells were prepared following the protocol of

Sambrook and Russell.? Phusion polymerase and Dpnl were purchased from New England
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Biolabs (NEB, Ipswich, MA). SSM experiments were performed using primers bearing
degenerate codons (NDT, VHG, TGG) as per the “22 codon trick” using a modified
QuikChange™ protocol.*> 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. 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.*

The assembly products obtained were used to transform electrocompetent E. cloni®
EXPRESS BL21(DE23) cells (Lucigen, Middleton, WI) with a MicroPulser Electroporator
(Bio-Rad, Hercules, CA). Luria-Bertani medium (LB; 0.6 mL) was added to electroporated
cells and they were incubated at 37 °C with shaking at 220 rpm for 45 minutes before being
plated on LB agar plates supplemented with 100 pg/mL ampicillin (LB-amp agar plates).
Plates were incubated at 37 °C overnight. Single colonies from these plates were used to
inoculate flask cultures, prepare glycerol stocks, and isolate plasmids for sequencing.
Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany),

and the genes were sequence-verified (Laragen, Inc.).

A.1.6. 96-Well Plate Library Expression

96-well deep-well plates are shaken in an INFORS HT Multitron Shaker in all instances.
Single colonies from LB-agar plates were picked using sterilized toothpicks, which were
used to inoculate 400 pL of LB containing 100 pg/mL of ampicillin (LB-amp) in 2 mL 96-
well deep-well plates. The plates are incubated at 37 °C and 220 rpm overnight. For
expression cultures, 50 puL of these precultures are used to inoculate 900 uL of Hyperbroth
(AthenaES) with 100 pg/mL of ampicillin (HB-amp) per well in 96-well deep-well plates.
The remaining overnight culture plates are sealed are stored in a 4 °C refrigerator until
needed again. The expression cultures are initially incubated at 37 °C and 225 rpm for 2.5
hours, at which point they are allowed to cool on ice for 45 minutes. Expression of proteins
was induced with isopropyl-B-D-thiogalactoside (IPTG) and cellular heme production was

increased with 5-aminolevulinic acid (ALA). An induction mixture containing IPTG and
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ALA in HB-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.

The plates were then incubated at 22 °C and 225 rpm overnight.

A.1.7. 96-Well Plate Library Reactions and Screening

Expression cultures containing E. coli expressing hemoproteins of interest were
centrifuged at 5000 % g for 5 minutes at 4 °C. The supernatant was discarded, and nitrogen-
free M9 minimal media (M9-N, 380 pL) was added to each well. The plates were then put
into a vinyl Coy anaerobic chamber (0 — 30 ppm O») and the pellets are resuspended. To
each well were added 20 pL of a MeCN solution with 200 mM of the desired aziridine
substrate and 300 mM of ethyl diazoacetate (EDA). The final reaction volume was 400 puL,
and the final concentrations of the desired aziridine and EDA were 10 mM and 15 mM,
respectively. The plates were then sealed carefully with a foil cover, removed from the Coy
chamber, and shaken at room temperature for 16 hours. Once complete, plates were worked
up for analysis by adding 600 pL of a 1:1 solution of ethyl acetate:cyclohexane with 1,3,5-
trimethoxybenzene as an internal standard (10 mM concentration). A silicone sealing mat
(AWSM1003S, ArcticWhite) was used to cover the plate, and the two layers were
thoroughly mixed. The plate was then centrifuged (5000 % g for 5 minutes at room
temperature) to separate the phases. Afterwards, an aliquot of the organic layer was

transferred to a GC vial insert in a GC vial and the samples were assayed by GC.

If wells were identified which showed improved activity over control wells containing the
parent variant, these were subjected to sequence identification and validation of activity.
The corresponding wells, as well as a parent control well, in the overnight culture plate
were streaked out on an LB-Amp plate. Single colonies from these plates were then
subjected to the small-scale protein expression conditions below (A.1.8), followed by the

small-scale biocatalytic reaction protocol described below (A.1.9).
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A.1.8. 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 plastic culture tube. Cultures are incubated at 37
°C with shaking at 220 rpm overnight in an Innova 4000 incubator. Two mL of these
overnight cultures were used to inoculate 100 mL of HB-amp (1% v/v starter culture in
expression culture) in 250-mL Erlenmeyer flasks. The remainder of the overnight culture
was subjected to sequence identification (for new variants) and verification (for parent
control wells). The expression cultures were incubated at 37 °C and 220 rpm for 2.5 hours
in an Innova 42 shaker, at which point they were held on ice for 45 minutes. Protein
expression was then induced by direct addition of 100 pL of stock solutions containing 500
mM IPTG and 1.0 mM 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 hours in an Innova 42

shaker.

A.1.9. Small-Scale Biocatalytic Reactions for Lineage Validation

The corresponding 100 mL expression cultures were pelleted (5000 x g for 5 minutes at 4
°C) and resuspended in 6 mL of M9-N buffer. The protein concentration of this sample was
determined by CO binding (vide infra), and 380 pL portions of whole cell suspension
(WCS) were prepared in GC vials such that the protein concentration is 5.25 uM. The
whole cell suspensions were put into a vinyl Coy anaerobic chamber, at which point 10 pL
of a 400 mM solution of aziridine in MeCN followed by 10 pL of a 600 mM solution of
EDA in MeCN were added such that the final reaction concentrations were 5.0 uM of the
protein variant, 10 mM of the desired aziridine, and 15 mM of EDA. The GC vials were
tightly capped with screwcaps with a septum, were brought out of the Coy chamber, and
were allowed to shake at RT for 16 hours. Once complete, the reactions were transferred
to a 1.7 mL Eppendorf tube and 600 pL of a 1:1 solution of ethyl acetate:cyclohexane with
1,3,5-trimethoxybenzene as an internal standard (10 mM concentration) were added. The
layers were thoroughly mixed, and the sample was centrifuged (14000 % g for 10 minutes
at RT) to separate the phases. Afterwards, an aliquot of the organic layer was subjected to

GC analysis and the samples are assayed by GC.
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A.1.10. Large-Scale Protein Expression

Single colonies from LB-Agar plates were picked using a sterile pipette tip and were used
to inoculate 25 mL of LB-amp in a 125-mL unbaffled Erlenmeyer flask. Cultures were
incubated at 37 °C with shaking at 220 rpm overnight in an Innova 4000 incubator. These
overnight cultures (20 mL) were used to inoculate 1000 mL of HB-amp (1% v/v starter
culture in expression culture) in a 2.8 L- Erlenmeyer flask. The remainder of the overnight
culture was subjected to sequence identification. The expression cultures were incubated
at 37 °C and 220 rpm for 2.5 hours in an Innova 42 shaker, at which point they were held
on ice for 45 minutes. Protein expression was then induced by direct addition of 1.0 mL of
stock solutions containing 500 mM IPTG and 1.0 mM 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 hours in an Innova 42 shaker.

A.1.11. Processing of Large Scale Expression Cultures for Preparative Biocatalytic

Reactions

The corresponding 1L cultures were pelleted (5000 x g for 5 minutes at 4 °C) and
resuspended in 40 mL of M9-N buffer. The whole cell suspensions were held on ice until

the protein concentration could be determined (vide infra) and reactions could be run.

A.1.12. Lysis of Whole Cell Suspensions

Whole cell suspensions from either small scale protein expression or large scale protein
expression are lysed as follows. An aliquot of the whole cell suspension (3 mL) was diluted
in 3 mL of M9-N buffer, and the cells were lysed by sonication on ice for 2 minutes at 25%
amplitude (1 second on, 2 second off) using a QSonica Q500 Sonicator and a Y2-inch tip.
The sonicated cell mixture was clarified by centrifugation (14000 % g for 10 minutes at 4

°C), siphoning off the supernatant from the cellular debris into a fresh container.
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A.1.13. Protein Concentration Determination via CO-Binding Assay

The CO-binding assay was performed with clarified lysate as described above using a
modified literature procedure.’ The extinction coefficient for €410-490 of 0.103 M! cm™! as
measured for P411sm3-CIS is used to estimate the concentration of the P411 enzymes
disclosed in this work. UV-Vis spectra are taken using a Tecan SPARK instrument using
untreated, 96-well flat-bottom polystyrene microplates (Evergreen Scientific, 290-8115-
O1F).

Clarified lyase (90 pL) with the hemoprotein of interest was diluted with 90 pL of M9-N
buffer prior to the addition of 20 puL of a 300 mM solution of sodium dithionite in M9-N.
The mixture was thoroughly mixed, and a UV-Vis absorbance measurement was taken at
the peak maximum at 410 nm and at 490 nm as a baseline measurement. The plate was
then transferred to a vacuum chamber, which was evacuated and backfilled with an
atmosphere of CO. The plates were allowed to incubate under an atmosphere of CO for 30
minutes. Once incubation was complete, a second UV-Vis absorbance measurement was
taken at 410 nm and at 490 nm. Beer’s law was used to determine the hemoprotein
concentration of the solution using the AAaii-490 between the CO-bound and reduced

samples, the €411.490 value above, and the pathlength.
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A.2. Directed Evolution for Aziridine Ring Expansion

Table A-1. Sequence differences between relevant P450/P411 variants and wild-type
P4508Mms3.

Protein Variant Mutations Relative to Wild-type P450pm3
P4508m3 None
P450pMm3-CIS V78A F87V P142S T1751 A184V S226R H236Q E252G

T268A A290V L353V 1366V E442K

P411pm3-CIS V78AF87V P142S T1751 A184V S226R H236Q E252G
T268A A290V L353V 1366V C400S E442K

P411sm3-CIS P248T 1263G| V78A F87V P142S T1751 A184V S226R H236Q P248T
L437F (Parent F.2) E252G 1263G T268A A290V L353V 1366V C400S L437F
E442K




Table A-2. Evolutionary trajectory of P411 variants involved in this study.
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Protein Variant

Mutations Relative to Wild-type P450pm3

(New Mutations in Bold)
Parent F2 None
Parent F2.1 G263Y
Parent F2.2 G263Y T327V
Parent F2.3 G263Y T327V A330T
Parent F2.4 G263Y H266P T327V A330T
Parent F2.5 M177Q G263Y H266P T327V A330T
Parent F2.6 M177Q G263Y H266P
T327V A330T T436G
Parent F2.7 M177Q L233F G263Y H266P
T327V A330T T436G
Parent F2.8 T149M M177Q L233F G263Y
H266P T327V A330T T436G
Parent F2.9 R47Q T149M M177Q L233F G263Y
H266P T327V A330T T436G
P411-AzetS R47Q M118K T149M M177Q L233F G263Y

H266P T327V A330T T436G




Figure A-1. Homology model of Parent F2 with mutated sites shown in red.
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Figure A-2. Thermostability measurements of the late-stage variants en route to P411-
AzetS. Stability was assessed through use of a CO-binding assay to assess the difference
in concentration of heme-loaded protein (as a proxy for folded protein) in samples of
purified protein incubated at varied temperatures for 10 minutes.
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A.3. Control Experiments

Table A-3. Control experiments performed to assess potential background reactivity.
Reactions were performed on 4-umol scale as outlined in the main body of the manuscript.

Entry Changes to Conditions Above Product Observed?
1 None Yes
2 No Enzyme, 10 uM Hemin No
3 No Enzyme, 10 uM Hemin, No

300 mM sodium dithionite

4 No Enzyme, 1 mg/mL BSA No

5 No Enzyme, 1 mg/mL BSA No

300 mM sodium dithionite

6 No Enzyme, 10 uM Hemin, No
I mg/mL BSA
7 No Enzyme, 10 uM Hemin, No

1 mg/mL BSA, 300 mM sodium dithionite

8 Buffer Only No

9 Buffer with 300 mM sodium dithionite No
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A.4. Preparation of Substrates

0 Os_ _OBn
T 1.05 eq. CICOZBn= )J\ N 1.5 eq. CSZCO3= Y
N aq. NaOH BnO ”/\/ 0.2 M DMF A
H—Br Dioxane RT
0to RT

Benzyl (2-bromoethyl)carbamate. To a round-bottom flask
o
S B equipped with a stir bar: 2-bromoethylamine hydrobromide (5.00 g,
Bn0” N

24.4 mmol, 1.0 equiv.) was suspended in dioxane (24 mL). The

suspension was chilled in an ice bath and 1.0 M aq. NaOH solution (30 mL) was added
slowly. Once addition was complete, benzyl chloroformate (4.37 g, 3.66 mL, 25.6 mmol,
1.05 equiv.) was added dropwise. The solution was allowed to ambiently warm to room
temperature with stirring overnight. Once complete, the reaction was partitioned into 150
mL of diethyl ether. The aqueous layer was drained, and the organics were washed with an
additional portion of water (30 mL) and brine (30 mL) before drying over sodium sulfate.
Once dry, the organics were decanted from the drying agent and the volatiles were stripped
under vacuum. The crude product was purified by silica gel column chromatography
(gradient from 100% hexanes to 15% EtOAc in hexanes) to afford 4.65 g (74% yield) of
the titled compound as a colorless oil that gradually solidifies upon standing. "H NMR (400
MHz, CDCls) & 7.44 —7.29 (m, 5H), 5.17 (br s, 1H), 5.12 (s, 2H), 3.62 (q, J = 5.9 Hz, 2H),
3.48 (t,J = 5.8 Hz, 2H). The spectrum obtained is in accord with prior literature reports.®

Benzyl (2-bromoethyl)carbamate. To a round-bottom flask equipped

OYOBn with a stir bar: benzyl (2-bromoethyl)carbamate (4.65 g, 18 mmol, 1

A equiv.) was dissolved in DMF (90 mL). Cesium carbonate (8.80 g, 27

mmol, 1.5 equiv.) was added in a single portion. The reaction was allowed

to stir vigorously at room temperature until judged complete by TLC analysis. Once
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complete, the reaction was partitioned into 180 mL of ethyl acetate and 90 mL of water.
The phases were thoroughly mixed, and the aqueous layer was drained. The organics were
washed with 5% aq. LiCl (w/w) solution (3x 30 mL) prior to drying over sodium sulfate.
Once dry, the organics were decanted from the drying agent and the volatiles were stripped
under vacuum. The crude product was purified by silica gel column chromatography
(gradient from 100% hexanes to 20% EtOAc in hexanes) to afford 2.44 g (77% yield) of
the titled compound as a colorless oil. 'H NMR (600 MHz, CDCl3) § 7.39 — 7.31 (m, 5H),
5.14 (s, 2H), 2.23 (s, 4H). The spectrum obtained is in accord with prior literature reports.’

Q T\
<\SJ/\OH O 1.3 eq. EtN . ] )I\N/\/B’ 1.5 eq. Cs,CO3 OYO ~
025 M CHCl,  § | H 0.2 M DMF N
1.2 equiv. 0to RT RT /\
Thiophen-2-ylmethyl (2-bromoethyl)carbamate.

o
N Synthesized using the procedure of Marlin.8 Thiophen-2-

s
\ ! " ylmethanol (457 mg, 0.38 mL, 4 mmol, 1.0 equiv.) and
triethylamine (526 mg, 0.73 mL, 5.2 mmol, 1.3 equiv.) were

dissolved in methylene chloride (16 mL). The flask was chilled in an ice bath and 2-
bromoethyl isocyanate (720 mg, 0.43 mL, 4.8 mmol, 1.2 equiv.) were added dropwise. The
reaction was allowed to ambiently warm to RT with stirring and is allowed to stir until
judged complete by TLC. Once complete, the volatiles were stripped under vacuum and
the product purified by silica gel column chromatography (gradient from 100% hexanes to
25% EtOAc in hexanes) to afford 1.02 g (97% yield) of the titled compound as a colorless
oil. 'TH NMR (400 MHz, CDCl3) 6 7.32 (dd, J= 5.1, 1.2 Hz, 1H), 7.12 — 7.06 (m, 1H), 6.99
(dd, J=5.1, 3.5 Hz, 1H), 5.26 (s, 2H), 5.19 (s, 1H), 3.60 (q, J = 5.9 Hz, 2H), 3.46 (t, J =
5.9 Hz, 2H). *C NMR (101 MHz, CDCl3) 4 155.82, 138.21, 128.05, 126.83, 126.82, 61.15,
42.72,32.35.
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Thiophen-2-ylmethyl  aziridine-1-carboxylate. = Thiophen-2-
ylmethyl (2-bromoethyl)carbamate (1.02 g, 3.86 mmol, 1 equiv.) was

Os__O ~
T dissolved in DMF (19 mL). Cesium carbonate (1.89 g, 5.79 mmol,
VAN

1.5 equiv.) was added in a single portion and the reaction was

vigorously stirred at RT until judged complete by TLC. Once finished, the reaction was
partitioned into 40 mL of EtOAc and 20 mL of water. The layers were thoroughly mixed
and the aqueous layer was drained. The organics were further washed with 5% aq. LiCl
solution (w/w) (3x 10 mL) prior to drying the organics over sodium sulfate. Once dry, the
organics were decanted and the volatiles stripped under vacuum. The crude product was
purified by silica gel column chromatography (gradient from 100% hexanes to 20% EtOAc
in hexanes) to afford 707 mg (63% yield) of the titled compound as a colorless oil. 'H NMR
(400 MHz, CDCl3) 6 7.32 (dd, J= 5.1, 1.2 Hz, 1H), 7.11 (ddt, J = 3.5, 1.3, 0.7 Hz, 1H),
6.98 (dd, J=5.1, 3.5 Hz, 1H), 5.28 (d, J= 0.7 Hz, 2H), 2.22 (s, 4H). *C NMR (101 MHz,
CDCl) 6 163.35, 137.60, 128.33, 126.97, 126.81, 62.41, 25.88. HRMS (ES+) exact mass
calculated for [M+H]" (CgH10NO:S) requires m/z 183.0354, found m/z 183.0334.

.
(0]
/OAOH P 1.3 eq. EtzN O)I\N B 15ea.Cs;C05 ov@/
E ' 0.25 M CH,Cl, H 0.2 M DMF T
F

1.2 equiv. 0to RT RT /\

o 4-Fluorobenzyl (2-bromoethyl)carbamate.

/O/\O)J\N/\/Br Synthesized using the procedure of Marlin.® 4-
F

fluorobenzyl alcohol (505 mg, 0.43 mL, 4 mmol, 1.0

equiv.) and triethylamine (526 mg, 0.73 mL, 5.2 mmol,
1.3 equiv.) were dissolved in methylene chloride (16 mL). The flask was chilled in an ice
bath and 2-bromoethyl isocyanate (720 mg, 0.43 mL, 4.8 mmol, 1.2 equiv.) was added
dropwise. The reaction was allowed to ambiently warm to RT with stirring and was allowed
to stir until judged complete by TLC. Once complete, the volatiles were stripped under

vacuum and the product purified by silica gel column chromatography (gradient from
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100% hexanes to 25% EtOAc in hexanes) to afford 830 mg (75% yield) of the titled
compound as a white solid. '"H NMR (400 MHz, CDCls) 8 7.38 — 7.30 (m, 2H), 7.09 — 6.99
(m, 2H), 5.18 (br's, 1H), 5.07 (s, 2H), 3.61 (q, J= 5.9 Hz, 2H), 3.47 (t, J= 5.8 Hz, 2H).!*C
NMR (101 MHz, CDCI3) 6 162.62 (d, J=246.8 Hz), 156.00, 132.06 (d, /= 3.3 Hz), 130.13
(d, J=8.2 Hz), 115.46 (d, J=21.5 Hz), 66.24, 42.72, 32.45. 'F NMR (282 MHz, CDCl3)
6 -113.76 (m). HRMS (ES+) exact mass calculated for [M+H+CH3CN]* (C12H15BrFN>0»)
requires m/z 317.0301, found m/z 317.0328.

4-Fluorobenzyl aziridine-1-carboxylate. 4-fluorobenzyl (2-

F
\/O/ bromoethyl)carbamate (830 mg, 3.00 mmol, 1 equiv.) was
OYO

dissolved in DMF (15 mL). Cesium carbonate (1.47 g, 4.50
N
VAN mmol, 1.5 equiv.) was added in a single portion and the reaction

was vigorously stirred at RT until judged complete by TLC.
Once finished, the reaction was partitioned into 30 mL of EtOAc and 15 mL of water. The
layers were thoroughly mixed, and the aqueous layer was drained. The organics were
further washed with 5% aq. LiCl solution (w/w) (3x 10 mL) prior to drying the organics
over sodium sulfate. Once dry, the organics were decanted and the volatiles stripped under
vacuum. The crude product was purified by silica gel column chromatography (gradient
from 100% hexanes to 20% EtOAc in hexanes) to afford 414 mg (71% yield) of the titled
compound as a colorless oil. 'H NMR (400 MHz, CDCls) 8 7.40 — 7.32 (m, 2H), 7.13 —
6.94 (m, 2H), 5.09 (s, 2H), 2.22 (s, 4H). 3C NMR (101 MHz, CDCl3) § 163.50, 162.71 (d,
J=247.1 Hz), 131.54 (d, J = 3.3 Hz), 130.25 (d, J = 8.3 Hz), 115.49 (d, J = 21.6 Hz),
67.50, 25.86. '’F NMR (282 MHz, CDCl3) & -112.79 (tt, J = 9.0, 5.7 Hz). HRMS (ES+)
exact mass calculated for [M+H]" (CioHi1FNOz) requires m/z 196.0774, found m/z
196.0793.
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o
F. 1.3 eq. Et3N 1.5 eq. Cs,CO;3 \/@\
OH F. B o) o)
Br/\/NCO > O)I\N/\/ r > Y E
0.25 M CH,CI H 0.2 M DMF
2%12 N
1.2 equiv. 0to RT RT /\

3-Fluorobenzyl (2-bromoethyl)carbamate.

i Synthesized using the procedure of Marlin.® 3-

F )J\ /\/Br
\O/\O N Fluorobenzyl alcohol (505 mg, 0.43 mL, 4 mmol, 1.0

equiv.) and triethylamine (526 mg, 0.73 mL, 5.2 mmol,

1.3 equiv.) were dissolved in methylene chloride (16
mL). The flask was chilled in an ice bath and 2-bromoethyl isocyanate (720 mg, 0.43 mL,
4.8 mmol, 1.2 equiv.) was added dropwise. The reaction was allowed to ambiently warm
to RT with stirring and was allowed to stir until judged complete by TLC. Once complete,
the volatiles were stripped under vacuum and the product purified by silica gel column
chromatography (gradient from 100% hexanes to 25% EtOAc in hexanes) to afford 980
mg (89% yield) of the titled compound as a colorless oil. 'H NMR (400 MHz, CDCls) &
7.32 (td, J = 8.0, 5.8 Hz, 1H), 7.15 — 7.08 (m, 2H), 7.06 (dt, J = 9.5, 2.1 Hz, 1H), 7.04 —
6.97 (m, 1H), 5.24 (s, 1H), 5.10 (s, 2H), 3.61 (q, J = 5.9 Hz, 2H), 3.47 (t, J= 5.8 Hz, 2H).
BC NMR (101 MHz, CDCls) & 162.81 (d, J = 246.3 Hz), 155.89, 138.76 (d, J = 7.3 Hz),
130.09 (d, J=8.1 Hz), 123.34 (d, /= 3.0 Hz), 115.04 (d, J=21.1 Hz), 114.74 (d, J=21.9
Hz), 66.03, 42.74, 32.38. 'F NMR (282 MHz, CDCl3) & -113.02 (td, J = 9.0, 5.7 Hz).
HRMS (ES+) exact mass calculated for [M+H]" (CioH12BrFNO,) requires m/z 276.0035,
found m/z 276.0047.

3-Fluorobenzyl aziridine-1-carboxylate. 3-Fluorobenzyl (2-

\/@\ bromoethyl)carbamate (980 mg, 3.55 mmol, 1 equiv.) was
Ox O
h F

dissolved in DMF (18 mL). Cesium carbonate (1.73 g, 5.33

N
VAN mmol, 1.5 equiv.) was added in a single portion and the reaction

was vigorously stirred at RT until judged complete by TLC.
Once finished, the reaction was partitioned into 30 mL of EtOAc and 15 mL of water. The
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layers were thoroughly mixed, and the aqueous layer was drained. The organics were
further washed with 5% aq. LiCl solution (w/w) (3x 10 mL) prior to drying the organics
over sodium sulfate. Once dry, the organics were decanted and the volatiles stripped under
vacuum. The crude product was purified by silica gel column chromatography (gradient
from 100% hexanes to 20% EtOAc in hexanes) to afford 525 mg (76% yield) of the titled
compound as a colorless oil. "TH NMR (400 MHz, CDCl3) & 7.32 (td, J= 7.9, 5.8 Hz, 1H),
7.13 (ddt,J=7.6, 1.6, 0.8 Hz, 1H), 7.08 (dt,J=9.6, 2.1 Hz, 1H), 7.05 — 6.98 (m, 1H), 5.12
(s, 2H), 2.24 (s, 4H). 3C NMR (101 MHz, CDCl3) & 163.38, 162.80 (d, J = 246.5 Hz),
138.17 (d, J = 7.4 Hz), 130.13 (d, J = 8.1 Hz), 123.46 (d, /= 3.0 Hz), 115.20 (d, /= 21.0
Hz), 114.85 (d, J = 22.0 Hz), 67.26 (d, J = 1.9 Hz), 25.88. '°F NMR (282 MHz, CDCl3) §
-11294 (td, J = 9.0, 5.8 Hz). HRMS (ES+) exact mass calculated for [M+H]"
(C1oH11FNO») requires m/z 196.0774, found m/z 196.0748.

o)
1.3 eq. Et3N 1.5 eq. Cs,CO;3
OH B O, 0.
Br/\/NCO B —— O)I\N/\/ r > Y
F 0.25 M CH,Cl, H 0.2 M DMF N £
1.2 equiv. 0to RT F RT /\

2-Fluorobenzyl (2-bromoethyl)carbamate. Synthesized

i using the procedure of Marlin.® 2-Fluorobenzyl alcohol

o)J\N/\/Br : : :
H (505 mg, 0.43 mL, 4 mmol, 1.0 equiv.) and triethylamine
F

(526 mg, 0.73 mL, 5.2 mmol, 1.3 equiv.) was dissolved in

methylene chloride (16 mL). The flask was chilled in an
ice bath and 2-bromoethyl isocyanate (720 mg, 0.43 mL, 4.8 mmol, 1.2 equiv.) was added
dropwise. The reaction was allowed to ambiently warm to RT with stirring and was allowed
to stir until judged complete by TLC. Once complete, the volatiles were stripped under
vacuum and the product purified by silica gel column chromatography (gradient from
100% hexanes to 25% EtOAc in hexanes) to afford 970 mg (88% yield) of the titled
compound as a colorless oil. "TH NMR (400 MHz, CDCl3) & 7.40 (td, J= 7.5, 1.8 Hz, 1H),
7.32 (tdd, J=7.4,5.3, 1.8 Hz, 1H), 7.14 (td, /= 7.5, 1.2 Hz, 1H), 7.07 (ddd, J = 9.7, 8.2,
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1.2 Hz, 1H), 5.19 (s, 2H), 5.19 (br s, 1H -- overlaps with benzylic protons), 3.61 (q,J=5.9
Hz, 2H), 3.47 (t,J= 5.9 Hz, 2H). '*C NMR (101 MHz, CDCls)  160.97 (d, J = 248.5 Hz),
155.95,130.59 (d, /= 3.9 Hz), 130.21 (d, /= 8.2 Hz), 124.14 (d, /= 3.7 Hz), 123.38 (d, J
= 14.4 Hz), 115.46 (d, J = 21.2 Hz), 60.86 (d, J = 4.3 Hz), 42.75, 32.42. 'F NMR (282
MHz, CDCls) & -118.37 (m). HRMS (ES+) exact mass calculated for [M+H]*
(C10H12BrFNO») requires m/z 276.0035, found m/z 276.0042.

2-Fluorobenzyl aziridine-1-carboxylate. 2-Fluorobenzyl (2-

bromoethyl)carbamate (970 mg, 3.51 mmol, 1 equiv.) was
Ox O
Y dissolved in DMF (18 mL). Cesium carbonate (1.72 g, 5.27 mmol,
N F
VAN 1.5 equiv.) was added in a single portion and the reaction was

vigorously stirred at RT until judged complete by TLC. Once
finished, the reaction was partitioned into 30 mL of EtOAc and 15 mL of water. The layers
were thoroughly mixed, and the aqueous layer was drained. The organics were further
washed with 5% aq. LiCl solution (w/w) (3x 10 mL) prior to drying the organics over
sodium sulfate. Once dry, the organics were decanted and the volatiles stripped under
vacuum. The crude product was purified by silica gel column chromatography (gradient
from 100% hexanes to 20% EtOAc in hexanes) to afford 495 mg (72% yield) of the titled
compound as a colorless oil. "TH NMR (400 MHz, CDCl3) 8 7.40 (td, J= 7.5, 1.9 Hz, 1H),
7.33 (tdd, /=17.5,5.3, 1.8 Hz, 1H), 7.14 (td, /= 7.5, 1.2 Hz, 1H), 7.07 (ddd, J = 9.6, 8.2,
1.1 Hz, 1H), 5.20 (s, 2H), 2.24 (s, 4H).!3C NMR (101 MHz, CDCl3) § 163.47, 160.98 (d,
J=248.5Hz), 130.57 (d,J=3.7 Hz), 130.34 (d, /J=8.2 Hz), 124.15 (d, /= 3.7 Hz), 122.87
(d,J=14.6 Hz), 115.48 (d,J=21.2 Hz), 62.21 (d, J= 4.2 Hz), 25.90. °F NMR (282 MHz,
CDCl) 6 -118.17 (m). HRMS (ES+)
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o 1.2 eq. NaNO,

0 4.5 eq. SOC|2 H2$O4 o]
> Me NH I
NH - \/\0)]\/ 2 - Me N
HO)J\/ 2 0.67 M n-Propanol H—Cl H,0, CH,Cl, \/\Ob ’
0to70°C 0°C

Propyl glycinate hydrochloride. To a 100-mL round-bottom

o . . . . .
NG )J\/NH , flask equipped with a stir bar, septum, and drying tube: glycine

H—Cl (1.50 g, 20 mmol, 1.0 equiv.) was suspended in n-propanol (30

mL). The suspension was chilled in an ice bath with stirring
prior to the dropwise addition of thionyl chloride (10.7 g, 6.56 mL, 90 mmol, 4.5 equiv.).
Once addition was complete and the initial exotherm had subsided, the septum with drying
tube was replaced with a reflux condenser with a drying tube and the solution was heated
to 70 °C with stirring for 20 hours. When done, the reaction was allowed to cool to RT and
the volatiles were stripped under vacuum. The product was precipitated by blanketing the
crude oil with about 10 mL of diethyl ether and gently scratching to induce precipitation.
The resultant solid was isolated by vacuum filtration, washing liberally with additional
diethyl ether, and was thoroughly dried under vacuum to afford 2.42 g (79% isolated yield)
of the titled compound as a white solid. '"H NMR (400 MHz, DMSO) & 8.75 — 8.38 (br s,
3H), 4.10 (t, J = 6.6 Hz, 2H), 3.77 (s, 2H), 1.62 (h, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz,
3H). 3C NMR (101 MHz, DMSO-d6) & 167.65, 66.82, 39.10 (obscured by DMSO-d6;
assigned via HSQC), 21.42, 10.17. HRMS (ES+) exact mass calculated for
[M+H-+CH3CN]" (C12H15sBrFN2O3) requires m/z 317.0301, found m/z 317.0328. HRMS
(ES+) exact mass calculated for [M+H]" (CsHi2NO») requires m/z 118.0868, found m/z
118.0898.

Propyl 2-diazoacetae (propyl diazoacetate). This procedure was
i adapted from that of Searle for the synthesis of ethyl diazoacetate.’

Me\/\O)J\¢N2

Safety note: the procedure reported by Searle was performed on a

1-mole scale: our procedure is a hundred-fold reduction in scale as

a matter of safety. Work should be performed in a well-ventilated fume hood.
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To a 40-mL vial: propyl glycinate hydrochloride (1.54 g, 10 mmol, 1 equiv.) was added to
a suspension of methylene chloride (2.5 mL) in water (6 mL). The solution was chilled in
an ice bath prior to the addition of sodium nitrite (828 mg, 12 mmol, 1.2 equiv.) in a single
portion. Once dissolved, a single drop of concentrated sulfuric acid was added, resulting in
bubbling of the solution and the development of a yellow color. The solution was allowed
to stir for 30 minutes on ice. Once complete, the reaction was transferred to a separatory
funnel and diluted with 20 mL of methylene chloride. The aqueous layer was separated,
and the organics were washed with saturated sodium bicarbonate (2x 5 mL) and brine (1x
5 mL) prior to drying over sodium sulfate. Once dry, the organics were decanted and the
volatiles were stripped under vacuum, going no lower than 130 torr and spinning the flask
in an ice-water bath. The resulting residue was purified by silica gel column
chromatography (gradient from pentanes to 10% diethyl ether in pentanes, concentrating
fractions as before) to afford 1.27 g (99% yield) of the titled compound as a yellow oil. 'H
NMR (400 MHz, CDCl3) 6 4.73 (s, 1H), 4.12 (t, /= 6.7 Hz, 2H), 1.67 (h, J= 7.4 Hz, 1H),
0.94 (t, J = 7.4 Hz, 3H). The chemical shifts are in accord with prior literature reports.!°

Me O 1.2 eq. NaNO,
0 4.5 eq. SOCl, H,S0, Me O
)J\/NHZ ] > Me)\O)J\/NHZ > )\ )J\¢N2
HO 0.67 M isopropanol H—al H50, CH,Cl, Me O
0to70°C 0°C

Isopropyl glycinate hydrochloride. To a 100-mL round-bottom
0
. )\O)J\/NHz flask equipped with a stir bar, septum, and drying tube: glycine (1.50
€

H—ct | & 20 mmol, 1.0 equiv.) was suspended in isopropanol (30 mL). The

suspension was chilled in an ice bath with stirring prior to the
dropwise addition of thionyl chloride (10.7 g, 6.56 mL, 90 mmol, 4.5 equiv.). Once addition
was complete and the initial exotherm had subsided, the septum with drying tube was
replaced with a reflux condenser with a drying tube and the solution was heated to 70 °C
with stirring for 20 hours. When done, the reaction was allowed to cool to RT and the

volatiles were stripped under vacuum. The product was precipitated by blanketing the
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crude oil with about 10 mL of diethyl ether and gently scratching to induce precipitation.
The resultant solid was isolated by vacuum filtration, washing liberally with additional
diethyl ether, and was thoroughly dried under vacuum to afford 2.33 g (76% isolated yield)
of the titled compound as a white solid. 'H NMR (400 MHz, DMSO) § 8.53 (br s, 3H),
4.99 (hept, J=6.3 Hz, 1H), 3.71 (q,J= 6.2 Hz, 2H), 1.23 (d, J= 6.3 Hz, 6H). The chemical

shifts are in accord with prior literature reports.!!

Isopropyl 2-diazoacetae (isopropyl diazoacetate). This procedure

)\ )OJ\/N was adapted from that of Searle for the synthesis of ethyl
N2

MmO diazoacetate.” Safety note: the procedure reported by Searle was

performed on a 1-mole scale: our procedure is a hundred-fold
reduction in scale as a matter of safety. Work should be performed in a well-ventilated fume

hood.

To a 40-mL vial: isopropyl glycinate hydrochloride (1.54 g, 10 mmol, 1 equiv.) was added
to a suspension of methylene chloride (2.5 mL) in water (6 mL). The solution was chilled
in an ice bath prior to the addition of sodium nitrite (828 mg, 12 mmol, 1.2 equiv.) in a
single portion. Once dissolved, a single drop of concentrated sulfuric acid was added,
resulting in bubbling of the solution and the development of a yellow color. The solution
was allowed to stir for 30 minutes on ice. Once complete, the reaction was transferred to a
separatory funnel and diluted with 20 mL of methylene chloride. The aqueous layer was
separated, and the organics were washed with saturated sodium bicarbonate (2x 5 mL) and
brine (1x 5 mL) prior to drying over sodium sulfate. Once dry, the organics were decanted
and the volatiles were stripped under vacuum, going no lower than 130 torr and spinning
the flask in an ice-water bath. The resulting residue was purified by silica gel column
chromatography (gradient from pentanes to 10% diethyl ether in pentanes) to afford 738
mg (58% yield) of the titled compound as a yellow oil. 'H NMR (400 MHz, CDCl;3) § 5.09
(hept, J = 6.3 Hz, 1H), 4.69 (s, 1H), 1.26 (d, J = 6.3 Hz, 6H). The chemical shifts are in

accord with prior literature reports.!°
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1.2 eq. NaNO,
q H,SO, 0
M o)k/ N, > )I\/Nz
= Hzongzcb Me0””

Methyl 2-diazoacetae (Methyl diazoacetate).
CO,Me
( This procedure was adapted from that of Searle for the synthesis of ethyl
N> diazoacetate.” Safety note: the procedure reported by Searle was

performed on a 1-mole scale: our procedure is a hundred-fold reduction

in scale as a matter of safety. Work should be performed in a well-ventilated fumehood.

To a 40-mL vial: glycine methyl ester hydrochloride (1.26 g, 10 mmol, 1 equiv.) was added
to a suspension of methylene chloride (2.5 mL) in water (6 mL). The solution was chilled
on an ice bath prior to the addition of sodium nitrite (828 mg, 12 mmol, 1.2 equiv.) in a
single portion. Once dissolved, a single drop of concentrated sulfuric acid was added,
resulting in bubbling of the solution and the development of a yellow color. The solution
was allowed to stir for 30 minutes on ice. Once complete, the reaction was transferred to a
separatory funnel and diluted with 20 mL of methylene chloride. The aqueous layer was
separated, and the organics were washed with saturated sodium bicarbonate (2x 5 mL) and
brine (1x 5 mL) prior to drying over sodium sulfate. Once dry, the organics were decanted
and the volatiles were stripped under vacuum, going no lower than 200 torr and spinning
the flask in an ice-water bath. The resulting residue was purified by silica gel column
chromatography (gradient from pentanes to 10% diethyl ether in pentanes) to afford 584
mg (58% yield) of the titled compound as a yellow oil. 'H NMR (400 MHz, CDCl3) § 4.75

(s, 1H), 3.76 (s, 3). The chemical shifts are in accord with prior literature reports.!!



68

A.5. Preparation of Authentic Standards

NH 2 eq. CICO,BNn Q
ENC 2¢eq.SOCl, 5 eq. Et;N NJ\O
COH 1.25 M EtOH COLEt 0.2 M CH,Cl, \:k /\©
0to RT H=Cl 0to RT CO,Et

ot (¥)-Ethyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-
2
E( mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH
H—C| azetidine-2-carboxylic acid (100 mg, 1 mmol, 1 equiv.) was suspended in

ethanol (1.25 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.15 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
was concentrated directly from this dram vial under vacuum to remove volatiles, and the
crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

(£)-1-Benzyl 2-ethyl azetidine-1,2-dicarboxylate. The crude

(0]
N )J\O . : (2)-ethyl azetidine-2-carboxylate hydrochloride (165.62 mg, 1

mmol, 1 equiv.) synthesized above is suspended in methylene

CO,Et

chloride (5 mL) and the dram vial is equipped with a stir bar, a
septum, and a drying tube. The vial is chilled in an ice bath prior to the addition of
triethylamine (0.69 mL, 5 mmol, 5 equiv.). Once addition is complete, benzyl
chloroformate (0.29 mL, 2 mmol, 2 equiv.) is added dropwise. The reaction is allowed to
warm to RT and stirring is continued until the reaction is judged complete by TLC analysis.
Once complete, the reaction is transferred to a separatory funnel and quenched with 5 mL
of saturated sodium bicarbonate solution. The layers are thoroughly mixed, and the
aqueous layer is removed. The organic layer is washed with water (1x 5 mL) and brine (1x

5 mL) prior to drying over sodium sulfate. Once dry, the organics are decanted and the
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volatiles are removed under vacuum. The crude product is purified by silica gel column
chromatography (gradient from hexanes to 33% EtOAc in hexanes) to afford 165 mg (63%
yield) of the titled compound a colorless oil. "H NMR (400 MHz, CDCl3) & 7.39 — 7.27 (m,
5H), 5.10 (m, 2H), 4.68 (dd, J = 9.3, 5.3 Hz, 1H), 4.19 (br s, 2H), 4.12 (m, 1H), 3.97 (m,
1H), 2.57 (dtd, J=11.5,9.2, 6.3 Hz, 1H), 2.22 (ddt, J=11.3, 9.0, 5.5 Hz, 1H), 1.30 - 1.17
(br m, 3H).

o 1-Benzyl 2-ethyl (S)-azetidine-1,2-dicarboxylate. This

N J\o compound was synthesized using the analogous procedure to the
D racemate, except (S)-azetidine-2-carboxylic acid was used
o instead of racemic azetidine-2-carboxylic acid. This procedure

yielded 82 mg (32% isolated yield) of the titled compound as a colorless oil over two steps.
'"H NMR (400 MHz, CDCI3) & 7.39 — 7.27 (m, 5H), 5.10 (m, 2H), 4.68 (dd, /= 9.3, 5.3 Hz,
1H), 4.19 (br s, 2H), 4.12 (m, 1H), 3.97 (m, 1H), 2.57 (dtd, J=11.5, 9.2, 6.3 Hz, 1H), 2.22
(ddt, J=11.3,9.0, 5.5 Hz, 1H), 1.30 — 1.17 (br m, 3H).

(0]
1.1 eq. CDI
™ —owem T Ao,
\ 10MPhH  \ \/
0 to RT
(0]
<\SJ/\O)J\N/\N
CO.E 2eq. \§/ CO,Et
COzH 2 eq. SOCI, E( = 5 eq. Et3N Ef \/E\>
> > N o}
NH 1.25 M EtOH N 0.2 M CH,Cl, \ﬂ/ S
0to RT 0toRT S

Thiophen-2-ylmethyl 1H-imidazole-1-carboxylate. Synthesized using the procedure

reported by Snaddon.!? To an oven-dried 8-mL dram vial equipped with a stir bar, septum,
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and drying tube: 2-thiophenemethanol (343 mg, 0.28 mL, 3
mmol, 1 equiv.) was dissolved in benzene (3 mL) and the

S o)J\N/\N
\_! \/ solution was chilled in an ice bath. Carbonyldiimidazole (CDI)
(503 mg, 3.3 mmol, 1.1 equiv.) was added by quickly removing

the septum and pouring in the solid reagent in a single portion. Once the initial exotherm
subsided, the reaction was allowed to stir at RT until judged complete by TLC. Once
finished, a small amount of methylene chloride was added to fully dissolve all solids. The
reaction mixture was washed with water (2x 1.5 mL) and brine (1.5 mL) prior to drying
over sodium sulfate. Once dry, the organics were decanted, and the volatiles were removed
under vacuum to afford 500 mg (80% yield) of the titled compound as a colorless oil. The
purity of the crude was sufficient to carry forward without further purification. "H NMR
(600 MHz, CDCl3) 6 8.15 (2, 1H), 7.43 (t, /= 1.4 Hz, 1H), 7.41 (dd, J= 5.1, 1.3 Hz, 1H),
7.23 (dd, J=3.3, 1.3 Hz, 1H), 7.06 (m, 1H), 7.04 (m, 1H), 5.58 (s, 2H). The spectral data

is consistent with prior literature reports.!3

ot (¥)-Ethyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-
2
E( mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH
H—C| azetidine-2-carboxylic acid (100 mg, 1 mmol, 1 equiv.) was suspended in

ethanol (1.25 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.15 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
was concentrated directly from this dram vial under vacuum to remove volatiles, and the
crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

(¥)-2-Ethyl-1-(thiophen-2-ylmethyl) azetidine-1,2-
dicarboxylate. The crude (%)-ethyl azetidine-2-carboxylate

0
Ao
Ek /\@ hydrochloride (165.62 mg, 1 mmol, 1 equiv.) synthesized above

CO,Et

was suspended in methylene chloride (3 mL) and the dram vial

was equipped with a stir bar, a septum, and a drying tube. The vial was chilled in an ice
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bath prior to the addition of triethylamine (0.69 mL, 5 mmol, 5 equiv.). Once addition was
complete, thiophen-2-ylmethyl 1H-imidazole-1-carboxylate (416 mg, 2 mmol, 2 equiv.)
was added to the mixture in 2 mL of methylene chloride. The reaction was allowed to warm
to RT and stirring was continued until the reaction is judged complete by TLC analysis.
When done, the reaction was transferred to a separatory funnel and diluted with 5 mL of
methylene chloride. The reaction is washed with 1.0 M HCI (5 mL), sat. aq. NaHCOs (5
mL), and brine (5 mL) prior to drying over sodium sulfate. Once dry, the organics were
decanted and the volatiles stripped under vacuum. The crude residue was purified by silica
gel column chromatography (gradient from 100% hexanes to 30% EtOAc in hexanes) to
afford 93 mg (35% yield) of the titled compound as a colorless oil. "H NMR (600 MHz,
CDCl) 6 7.29 (d, J= 5.1 Hz, 1H), 7.09 — 7.04 (m, 1H), 6.96 (t, J = 4.3 Hz, 1H), 5.21 (m,
2H), 4.66 (dd, J=9.4, 5.3 Hz, 1H), 4.20 (br s, 2H), 4.16 — 4.06 (m, 1H), 3.96 (m, 1H), 2.63
—2.48 (m, 1H), 2.20 (ddt, J=10.8, 8.4, 5.5 Hz, 1H), 1.32 — 1.12 (m, 4H).

(@]
1.1 eq. CDI
mmen A
1.0 M PhH \/
F 0to RT F
(o]
s
F 2eq. CO,Et .
COH 5 eq.SOC, COE 5eq. Et;N
e - o
NH 1.25 M EtOH NH 0.2 M CH,Cl, N
0toRT 0toRT i

4-Fluorobenzyl 1H-imidazole-1-carboxylate. Synthesized

/©/\o )J\N A using the procedure reported by Snaddon.!? To an oven-dried
N
F

\/ 8 mL dram vial equipped with a stir bar, septum, and drying

tube: 4-fluorobenzyl alcohol (378 mg, 0.33 mL, 3 mmol, 1
equiv.) is dissolved in benzene (3 mL) and the solution is chilled in an ice bath.

Carbonyldiimidazole (CDI) (503 mg, 3.3 mmol, 1.1 equiv.) is added by quickly removing
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the septum and pouring in the solid reagent in a single portion. Once the initial exotherm
subsided, the reaction is allowed to stir at RT until judged complete by TLC. Once finished,
a small amount of methylene chloride is added to fully dissolve all solids. The reaction
mixture is washed with water (2x 1.5 mL) and brine (1.5 mL) prior to drying over sodium
sulfate. Once dry, the organics are decanted and the volatiles are removed under vacuum
to afford 560 mg (85% yield) of the titled compound as a colorless oil. The purity of the
crude is sufficient to carry forward without further purification. 'H NMR (600 MHz,
CDCl3) 6 8.13 (s, 1H), 7.47 — 7.41 (m, 3H), 7.14 — 7.01 (m, 3H), 5.38 (s, 2H). The spectral

data is consistent with prior literature reports.!*

ot (¥)-Ethyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-
2
E( mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH
H—Cl azetidine-2-carboxylic acid (100 mg, 1 mmol, 1 equiv.) was suspended in

ethanol (1.25 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.15 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
was concentrated directly from this dram vial under vacuum to remove volatiles, and the
crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

(£)-2-ethyl-1-(4-fluorobenzyl) azetidine-1,2-dicarboxylate.

o)
)J\ The crude (%)-ethyl azetidine-2-carboxylate hydrochloride
N~ Yo
Ek /\©\ (165.62 mg, 1 mmol, 1 equiv.) synthesized above was
F

CO,Et

suspended in methylene chloride (3 mL) and the dram vial was

equipped with a stir bar, a septum, and a drying tube. The vial was chilled in an ice bath
prior to the addition of triethylamine (0.69 mL, 5 mmol, 5 equiv.). Once addition was
complete, 4-fluorobenzyl 1H-imidazole-1-carboxylate (440 mg, 2 mmol, 2 equiv.) was
added to the mixture in 2 mL of methylene chloride. The reaction was allowed to warm to
RT and stirring is continued until the reaction was judged complete by TLC analysis. When

done, the reaction was transferred to a separatory funnel and diluted with 5 mL of
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methylene chloride. The reaction was washed with 1.0 M HCI (5 mL), sat. aq. NaHCO3 (5
mL), and brine (5 mL) prior to drying over sodium sulfate. Once dry, the organics were
decanted and the volatiles stripped under vacuum. The crude residue was purified by silica
gel column chromatography (gradient from 100% hexanes to 30% EtOAc in hexanes) to
afford 71 mg (25% yield) of the titled compound as a colorless oil. '"H NMR (400 MHz,
CDClI3) 6 7.31 (m, 2H), 7.08 — 6.97 (m, 2H), 5.14 — 4.96 (m, 2H), 4.74 —4.61 (m, 1H), 4.18
(brs, 2H), 4.10 (m, 1H), 4.02 — 3.86 (m, 1H), 2.56 (dddd, J=11.5, 10.5, 8.5, 6.3 Hz, 1H),
2.29-2.13 (m, 1H), 1.33 - 1.13 (br s, 3H).

F. 1.1 eq. CDI F.
on _1-1eaCOI_ N
1.0 M PhH \—/

0to RT

2 eq. CO,Et

CO,H 2 eq. SOCI, CO,Et 5 eq. EtzN l:( \/@\
E( _— > N (o)
NH 1.25 M EtOH NH 0.2 M CH,Cl, he F
0to RT OtoRT 0
o 3-Fluorobenzyl 1H-imidazole-1-carboxylate. Synthesized
F. o )J\N A using the procedure reported by Snaddon.!? To an oven-dried
N
\©/\ = 8-mL dram vial equipped with a stir bar, septum, and drying

tube: 3-fluorobenzyl alcohol (378 mg, 0.33 mL, 3 mmol, 1
equiv.) was dissolved in benzene (3 mL) and the solution was chilled in an ice bath.
Carbonyldiimidazole (CDI) (503 mg, 3.3 mmol, 1.1 equiv.) was added by quickly
removing the septum and pouring in the solid reagent in a single portion. Once the initial
exotherm subsided, the reaction was allowed to stir at RT until judged complete by TLC.
Once finished, a small amount of methylene chloride was added to fully dissolve all solids
and the mixture was diluted in 5 mL of EtOAc. The reaction mixture was washed with

water (2x 1.5 mL) and brine (1.5 mL) prior to drying over sodium sulfate. Once dry, the
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organics were decanted, and the volatiles removed under vacuum to afford 660 mg
(quantiative yield) of the titled compound as a colorless oil. The purity of the crude was
sufficient to carry forward without further purification. 'H NMR (400 MHz, CDCI3) & 8.15
(t,J=1.1 Hz, 1H), 7.44 (t, J = 1.5 Hz, 1H), 7.39 (td, J = 8.0, 5.8 Hz, 1H), 7.32 (m, 1H),
7.22 (m, 1H), 7.18 — 7.05 (m, 3H), 5.40 (s, 2H). The spectral data is consistent with prior

literature reports.'>

ot (¥)-Ethyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-
2
E( mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH
H—C| azetidine-2-carboxylic acid (100 mg, 1 mmol, 1 equiv.) was suspended in

ethanol (1.25 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.15 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
was concentrated directly from this dram vial under vacuum to remove volatiles, and the
crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

(£)-2-Ethyl-1-(3-fluorobenzyl) azetidine-1,2-
dicarboxylate. The crude (%)-ethyl azetidine-2-carboxylate

0
)J\ F
N o
Ek /\©/ hydrochloride (165.62 mg, 1 mmol, 1 equiv.) synthesized

G above was suspended in methylene chloride (3 mL) and the

dram vial was equipped with a stir bar, a septum, and a drying tube. The vial was chilled
in an ice bath prior to the addition of triethylamine (0.69 mL, 5 mmol, 5 equiv.). Once
addition was complete, 3-fluorobenzyl 1H-imidazole-1-carboxylate (440 mg, 2 mmol, 2
equiv.) was added to the mixture in 2 mL of methylene chloride. The reaction was allowed
to warm to RT and stirring was continued until the reaction was judged complete by TLC
analysis. When done, the reaction was transferred to a separatory funnel and diluted with
5 mL of methylene chloride. The reaction was washed with 1.0 M HCI (5 mL), sat. aq.
NaHCOs (5 mL), and brine (5 mL) prior to drying over sodium sulfate. Once dry, the

organics were decanted and the volatiles stripped under vacuum. The crude residue was
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purified by silica gel column chromatography (gradient from 100% hexanes to 30% EtOAc
in hexanes) to afford 104 mg (37% yield) of the titled compound as a colorless oil. 'H NMR
(400 MHz, CDCL) 6 7.30 (td, J = 7.9, 5.8 Hz, 1H), 7.13 — 6.94 (m, 3H), 5.22 — 4.98 (m,
2H),4.70 (dd, J=9.3, 5.3 Hz, 1H), 4.27 - 4.17 (m, 2H), 4.16 — 4.08 (m, 1H), 3.99 (ddd, J
=9.1, 8.1, 5.6 Hz, 1H), 2.59 (dtd, J = 11.6, 9.2, 6.3 Hz, 1H), 2.23 (ddt, J=11.4, 9.1, 5.5
Hz, 1H), 1.30 - 1.18 (m, 3H).

1.1 eq. CDI
oH — T o)J\N/\N
1.0 M PhH \/
F F

0to RT
SOAS
ok F2eq COE F
CO,H 2 eq. SOC|2 E( 2 5 eq. Eth \:@
—_— > N 0.
[NH NH 0.2 M CH,Cl, \ﬂ/

1.25 M EtOH NH .,
0toRT 0toRT o

2-Fluorobenzyl 1H-imidazole-1-carboxylate. Synthesized

o )J\N N using the procedure reported by Snaddon.!? To an oven-dried 8-
N
O:F\ \~/ mL dram vial equipped with a stir bar, septum, and drying tube:

2-fluorobenzyl alcohol (378 mg, 0.32 mL, 3 mmol, 1 equiv.) was
dissolved in benzene (3 mL) and the solution was chilled in an ice bath.
Carbonyldiimidazole (CDI) (503 mg, 3.3 mmol, 1.1 equiv.) was added by quickly
removing the septum and pouring in the solid reagent in a single portion. Once the initial
exotherm subsided, the reaction was allowed to stir at RT until judged complete by TLC.
Once finished, a small amount of methylene chloride was added to fully dissolve all solids
and the mixture is diluted in 5 mL of EtOAc. The reaction mixture was washed with water
(2x 1.5 mL) and brine (1.5 mL) prior to drying over sodium sulfate. Once dry, the organics
were decanted and the volatiles were removed under vacuum to afford 580 mg (88% yield)

of the titled compound as a colorless oil. The purity of the crude was sufficient to carry
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forward without further purification. 'H NMR (400 MHz, CDCl3) & 8.15 (t, J = 1.1 Hz,
1H), 7.50 — 7.37 (m, 3H), 7.23 — 7.09 (m, 2H), 7.06 (dd, J= 1.7, 0.8 Hz, 1H), 5.49 (s, 2H).
BC NMR (101 MHz, CDCIl3) & 161.25 (d, J = 249.9 Hz), 148.49, 137.13, 131.39 (d, J =
8.3 Hz), 131.15 (d, J = 3.3 Hz), 130.63, 124.42 (d, J = 3.7 Hz), 121.22 (d, J = 14.5 Hz),
117.15, 115.83 (d, J = 20.9 Hz), 63.80 (d, J = 4.2 Hz). '°F NMR (282 MHz, CDCl3) § -
117.51 (m). HRMS (ES+) exact mass calculated for [M+H]" (C11H10FN20>) requires m/z
211.0726, found m/z 211.0726.

ot (¥)-Ethyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-

2

E( mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH . . . . . .
H—C| azetidine-2-carboxylic acid (100 mg, 1 mmol, 1 equiv.) was suspended in

ethanol (1.25 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.15 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
was concentrated directly from this dram vial under vacuum to remove volatiles, and the
crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

R - (¥)-2-Ethyl-1-(2-fluorobenzyl) azetidine-1,2-dicarboxylate.
N J\o /\© The crude (%)-ethyl azetidine-2-carboxylate hydrochloride

CO,Et

(165.62 mg, 1 mmol, 1 equiv.) synthesized above was suspended

in methylene chloride (3 mL) and the dram vial was equipped

with a stir bar, a septum, and a drying tube. The vial was chilled in an ice bath prior to the
addition of triethylamine (0.69 mL, 5 mmol, 5 equiv.). Once addition was complete, 2-
fluorobenzyl 1H-imidazole-1-carboxylate (440 mg, 2 mmol, 2 equiv.) was added to the
mixture in 2 mL of methylene chloride. The reaction was allowed to warm to RT and
stirring was continued until the reaction was judged complete by TLC analysis. When done,
the reaction was transferred to a separatory funnel and diluted with 5 mL of methylene
chloride. The reaction was washed with 1.0 M HCI (5 mL), sat. aq. NaHCOs (5 mL), and

brine (5 mL) prior to drying over sodium sulfate. Once dry, the organics were decanted and
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the volatiles stripped under vacuum. The crude residue was purified by silica gel column
chromatography (gradient from 100% hexanes to 30% EtOAc in hexanes) to afford 102
mg (36% yield) of the titled compound as a colorless oil. 'H NMR (400 MHz, CDCls) &
7.38 (m, 1H), 7.29 (m, 1H), 7.12 (m, 1H), 7.04 (m, 1H), 5.17 (q, J = 12.7 Hz, 2H), 4.68
(dd,J=9.3,5.3 Hz, 1H), 4.19 (m, 2H), 4.11 (td, J= 8.6, 6.3 Hz, 1H), 3.97 (td, /= 8.6, 8.2,
5.7Hz, 1H), 2.57 (dtd, J=11.6,9.2, 6.3 Hz, 1H), 2.21 (ddt, J=11.3, 9.0, 5.5 Hz, 1H), 1.24
(m, 3H).

NH 2 eq. CICO,Bn 2
NH
|: 2 eq. SOCl, _ 5 eq. EtzN . N)J\O
CO,H 1.25 M "PrOH CO,"Pr 0.2 M CH,Cl, \:k
0to RT ¢! 0toRT CO,"Pr

(£)-Propyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-
COz”Pr
E( mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH
H—Cl azetidine-2-carboxylic acid (50 mg, 1 mmol, 1 equiv.) was suspended in

n-propanol (0.6 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.07 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the brown
solution was concentrated directly from this dram vial under vacuum to remove volatiles,
and the crude product was carried forward with no further purification. For the purposes of

the subsequent reaction, the yield was presumed to be quantitative.

(¥)-1-Benzyl 2-propyl azetidine-1,2-dicarboxylate. The crude

o
" )J\o /\@ (x)-propyl azetidine-2-carboxylate hydrochloride (89.9 mg, 0.5

mmol, 1 equiv.) synthesized above was suspended in methylene
CO,"Pr

chloride (2.5 mL) and the dram vial was equipped with a stir bar,
a septum, and a drying tube. The vial was chilled in an ice bath prior to the addition of

triethylamine (0.35 mL, 2.5 mmol, 5 equiv.). Once addition was complete, benzyl
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chloroformate (0.14 mL, 1 mmol, 2 equiv.) was added dropwise. The reaction was allowed
to warm to RT and stirring was continued until the reaction is judged complete by TLC
analysis. Once complete, the reaction was transferred to a separatory funnel and quenched
with 5 mL of saturated sodium bicarbonate solution. The layers were thoroughly mixed,
and the aqueous layer was removed. The organic layer was washed with water (1x 5 mL)
and brine (I1x 5 mL) prior to drying over sodium sulfate. Once dry, the organics were
decanted, and the volatiles were removed under vacuum. The crude product was purified
by silica gel column chromatography (gradient from hexanes to 33% EtOAc in hexanes)
to afford 25 mg (18% yield) of the titled compound a colorless oil. 'H NMR (400 MHz,
CDCls) 6 7.40 — 7.27 (m, 5H), 5.17 — 5.04 (m, 2H), 4.69 (dd, J=9.3, 5.2 Hz, 1H), 4.20 —
4.06 (m, 3H), 3.97 (ddd, J = 9.1, 8.1, 5.6 Hz, 1H), 2.57 (dtd, J = 11.5, 9.2, 6.3 Hz, 1H),
2.21 (ddt, J=11.3, 8.9, 5.5 Hz, 1H), 1.64 (m, 2H — overlaps with HOD peak), 0.91 (m,
3H).

NH 2 eq. CICO,Bn Q
\:NC 2eq.SOCL 5eq. EttN N)J\O
COLH 1.25 M "PrOH CO,Pr 0.2 M CH,Cl, Ek
0to RT H—Cl 0to RT co,Pr
_ (¥)-Isopropyl azetidine-2-carboxylate hydrochloride. To an oven-dried
CO,Pr
E( 8-mL dram vial equipped with a stir bar, septum, and drying tube: (£)-
NH .y . . . .
H—Cl azetidine-2-carboxylic acid (50 mg, 1 mmol, 1 equiv.) was suspended in

isopropanol (0.6 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.07 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the brown
solution was concentrated directly from this dram vial under vacuum to remove volatiles,
and the crude product was carried forward with no further purification. For the purposes of

the subsequent reaction, the yield was presumed to be quantitative.
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(¥)-1-Benzyl 2-isopropyl azetidine-1,2-dicarboxylate. The

0
N)J\o/\© crude (*)-isopropyl azetidine-2-carboxylate hydrochloride

’ (89.9 mg, 0.5 mmol, 1 equiv.) synthesized above was suspended
‘co,Pr

in methylene chloride (2.5 mL) and the dram vial was equipped
with a stir bar, a septum, and a drying tube. The vial was chilled in an ice bath prior to the
addition of triethylamine (0.35 mL, 2.5 mmol, 5 equiv.). Once addition is complete, benzyl
chloroformate (0.14 mL, 1 mmol, 2 equiv.) was added dropwise. The reaction was allowed
to warm to RT and stirring was continued until the reaction was judged complete by TLC
analysis. Once complete, the reaction was transferred to a separatory funnel and quenched
with 5 mL of saturated sodium bicarbonate solution. The layers were thoroughly mixed,
and the aqueous layer was removed. The organic layer was washed with water (1x 5 mL)
and brine (I1x 5 mL) prior to drying over sodium sulfate. Once dry, the organics were
decanted, and the volatiles removed under vacuum. The crude product was purified by
silica gel column chromatography (gradient from hexanes to 33% EtOAc in hexanes) to
afford 65 mg (47% yield) of the titled compound a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 'H NMR (400 MHz, CDCl3) § 7.39 — 7.27 (m, 5H), 5.18 — 4.98 (m, 3H), 4.64
(dd, J=9.3,5.2 Hz, 1H), 4.11 (m, 1H), 3.97 (m, 1H), 2.56 (dtd, /= 11.5, 9.2, 6.3 Hz, 1H),
2.18 (ddt, J=11.2,9.0, 5.5 Hz, 1H), 1.22 (m, 6H).

NH 2 eq. CICO,BNn o
NH 2 eq. SOC|2 5 eq. Et3N N)J\O
“co,i 1.25M MeOH CO,Me 0.2 M CH,Cl, Ek /\©
0to RT H—Cl 0to RT CO,Me

o (¥)-Methyl azetidine-2-carboxylate hydrochloride. To an oven-dried 8-
olVie
E( mL dram vial equipped with a stir bar, septum, and drying tube: (%)-
NH
H—Cl azetidine-2-carboxylic acid (100 mg, 1 mmol, 1 equiv.) was suspended in

methanol (1.25 mL). The reaction was chilled in an ice bath, and thionyl
chloride (0.15 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed to

ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
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was concentrated directly from this dram vial under vacuum to remove volatiles, and the

crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

A
70

CO,Me

(¥)-1-Benzyl 2-methyl azetidine-1,2-dicarboxylate. The crude
methyl azetidine-2-carboxylate hydrochloride (151.59 mg, 1
mmol, 1 equiv.) synthesized above was suspended in methylene

chloride (5 mL) and the dram vial was equipped with a stir bar,

a septum, and a drying tube. The vial was chilled in an ice bath prior to the addition of

triethylamine (0.69 mL, 5 mmol, 5 equiv.). Once addition was complete, benzyl

chloroformate (0.29 mL, 2 mmol, 2 equiv.) was added dropwise. The reaction was allowed

to warm to RT and stirring was continued until the reaction was judged complete by TLC

analysis. Once complete, the reaction was transferred to a separatory funnel and quenched

with 5 mL of saturated sodium bicarbonate solution. The layers were thoroughly mixed,

and the aqueous layer was removed. The organic layer was washed with water (1x 5 mL)

and brine (I1x 5 mL) prior to drying over sodium sulfate. Once dry, the organics were

decanted, and the volatiles removed under vacuum. The crude product was purified by

silica gel column chromatography (gradient from hexanes to 40% EtOAc in hexanes) to
afford 123 mg (49% yield) of the titled compound a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 7.40 — 7.28 (m, 5H), 5.25 - 5.02 (m, 2H), 4.71 (dd, J=9.3, 5.3 Hz, 1H), 4.11 m,
1H), 3.98 (m, 1H), 3.76 (br s, 3H), 2.57 (dtd, J=11.6, 9.2, 6.3 Hz, 1H), 2.23 (ddt, J = 11.4,

9.0, 5.5 Hz, 1H).

A.6. Enzymatic Reactions & Product Characterization
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A.6.1. General Procedure for Preparative Scale Aziridine Ring Expansion

E. coli harboring R
T H\H/EWG P411-AzetS N
N _—
/\ N, M9-N Buffer, Ek
pH =7.0, RT EWG

To a 250-mL screw-cap Erlenmeyer flask: 47.5 mL of E. coli whole cell suspension
harboring P411-AzetS ([P411-AzetS] = 5.25 uM, final reaction concentration 5.0 uM, 0.25
umol, 5-10~* equiv.) was added. The whole cell suspension ws degassed with nitrogen and
put into an anerobic Coy chamber. Under inert atmosphere, 1.25 mL of an acetonitrile
solution of the corresponding aziridine ([Aziridine] =400 mM, final reaction concentration
10 mM, 0.5 mmol, 1 equiv.) and 1.25 mL of an acetonitrile solution of the corresponding
diazo compound ([Diazo] = 600 mM, final reaction concentration 15 mM, 0.75 mmol, 1
equiv.) were added in sequence. The vial was securely capped to exclude oxygen, the flask
was removed from the anaerobic chamber, and the reaction was allowed to shake at RT

until judged complete (ca. 4-16 hours).

TTN and Analvtical Yield Determination

A 400 pL aliquot of the above reaction solution was mixed with 600 pL of a 1:1 solution
of ethyl acetate:cyclohexane with 10 mM of the appropriate internal standard in a 1.7-mL
Eppendorf tube. The layers were thoroughly mixed, and the phases were separated by
centrifugation (14000 g, 10 minutes, RT). Once separated, 100 pL of the organic layer was
siphoned off and diluted in 900 pL of ethyl acetate. This solution was subjected to GC-FID

analysis to determine the analytical yield and TTN of the reaction.

Isolated Yield:
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Once complete, the reaction was split into two 25 mL aliquots across two 50 mL falcon
tubes. The suspensions are extracted three times with ethyl acetate as follows: 25 mL of
ethyl acetate were added to each tube and the phases were mixed by hand-shaking the
tubes. Upon thorough mixing, the phases were separated by centrifugation (5000 g, 5
minutes, RT) and the organic phase was siphoned off. The combined organics were dried
over sodium sulfate; once dry, the drying agent was decanted, and the volatiles removed
under vacuum. The crude residue was purified by silica gel column chromatography to

yield the titled compounds.

Note About Stereochemical Assignments:

The absolute stereochemistry for the model substrate 2 was determined by synthesis of the
S-enantiomer, which corresponds to the major product produced in the reaction. The

stereochemistry of products 3-9 are assigned by analogy.

A.6.2. Isolated and Analytical Yields of Enzymatic Ring Expansions

1-Benzyl 2-ethyl (S)-azetidine-1,2-dicarboxylate (2).

0
" )J\o /\@ Synthesized using the general procedure for preparative scale

reactions starting with benzyl aziridine-1-carboxylate and ethyl

“Co,Et

diazoacetate as substrates. The product was purified by silica gel
column chromatography (gradient from 100% hexanes to 40% EtOAc in hexanes) to afford

the titled compound as a colorless oil.

Value Run 1 Run 2 Average
TTN (GC) 1560 1430 1490
%Yield (GC) 78% 72% 75%

Yield (Isolated) 91 mg (69%) 86 mg (65%) 67%
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er (GC) 99:1 99:1 -/--

'"H NMR (400 MHz, CDCI3) & 7.39 — 7.27 (m, 5H), 5.10 (m, 2H), 4.68 (dd, /=9.3, 5.3 Hz,
1H), 4.19 (br s, 2H), 4.12 (m, 1H), 3.97 (m, 1H), 2.57 (dtd, J=11.5, 9.2, 6.3 Hz, 1H), 2.22
(ddt, J = 11.3, 9.0, 5.5 Hz, 1H), 1.30 — 1.17 (br m, 3H).!3C NMR (101 MHz, CDCIl3) &
171.12, 155.71, 136.41, 128.41, 128.00, 127.88, 66.78, 61.28, 60.57, 47.68, 20.70, 14.08.
HRMS (FAB+) exact mass calculated for [M+H]" (Ci4HisO4N) requires m/z 264.1236,
found m/z 264.1249.

2-Ethyl 1-(thiophen-2-ylmethyl) (8)-azetidine-1,2-

dicarboxylate (3). Synthesized using the general procedure for

o
L~
N~ Yo
I:I, /\E} preparative scale reactions starting with thiophen-2-ylmethyl
CO,Et

aziridine-1-carboxylate and ethyl diazoacetate as substrates. The

product was purified by silica gel column chromatography (gradient from 100% hexanes

to 20% EtOAc in hexanes) to afford the titled compound as a colorless oil.

Value Run 1 Run 2 Average
TTN (GC) 760 767 764
%Yield (GC) 38.0% 38.3% 38%
Yield (Isolated)  49.4 mg (37% yield) 51.4 mg (38% yield) 38%
er (GC) 99:1 99:1 --/--

'HNMR (400 MHz, CDCL3) § 7.29 (dd, J= 5.0, 1.3 Hz, 1H), 7.07 (d, J= 3.5 Hz, 1H), 6.96
(dd, J=5.1,3.5 Hz, 1H), 5.24 (m, 2H), 4.66 (dd, J= 9.4, 5.3 Hz, 1H), 4.20 (br s, 2H), 4.10
(m, 1H), 3.95 (m, 1H), 2.56 (dtd, J = 11.5, 9.2, 6.3 Hz, 1H), 2.20 (ddt, J = 11.3, 9.0, 5.5
Hz, 1H), 1.24 (br s, 3H). 3C NMR (101 MHz, CDCl3) § 171.03, 155.41, 138.48, 127.82,



84

126.68, 126.61, 61.29, 61.19, 60.57, 47.71, 20.70, 14.07. HRMS (ES+) exact mass
calculated for [M+H]" (Ci12Hi16NO4S) requires m/z 270.0800, found m/z 270.0792.

N)OI\O
m)

“Co,Et

F

2-Ethyl 1-(4-fluorobenzyl) (S)-azetidine-1,2-dicarboxylate
(4). Synthesized using the general procedure for preparative

scale reactions starting with 4-fluorobenzyl aziridine-1-

carboxylate and ethyl diazoacetate as substrates. The product

was purified by silica gel column chromatography (gradient from 100% hexanes to 25%

EtOAc in hexanes) to afford the titled compound as a colorless oil.

Value
TTN (GC)
%Yield (GC)
Yield (Isolated)

er (GC)

Run 1 Run 2 Average
613 640 626
30.6% 32.0% 31%
41 mg (29% yield) 41 mg (29% yield) 29%
99:1 99:1 --/--

'H NMR (400 MHz, CDCls) § 7.31 (dd, J = 8.4, 5.4 Hz, 2H), 7.02 (m, 2H), 5.06 (m, 2H),
4.67 (dd, J=9.3, 5.3 Hz, 1H), 4.19 (br s, 2H), 4.10 (m, 1H), 3.96 (m, 1H), 2.57 (dtd, J =
11.5,9.2, 6.4 Hz, 1H), 2.21 (ddt, J = 11.3, 9.0, 5.5 Hz, 1H), 1.30 — 1.18 (br s, 3H). 13C
NMR (101 MHz, CDCIl3) 6 171.05, 162.52 (d, J = 246.4 Hz), 155.58, 132.26 (d, J = 3.3
Hz), 129.90 (d, J = 8.4 Hz), 115.31 (d, J = 21.4 Hz), 66.07, 61.28, 60.37, 47.70, 20.69,
14.07. ’F NMR (282 MHz, CDCl;3) & -114.28 (br s). HRMS (ES+) exact mass calculated
for [M+H]" (C14H17FNOg4) requires m/z 282.1142, found m/z 282.1148.
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2-Ethyl 1-(3-fluorobenzyl) (S)-azetidine-1,2-dicarboxylate
(5). Synthesized using the general procedure for preparative
scale reactions using 3-fluorobenzyl aziridine-1-carboxylate

and ethyl diazoacetate as substrates. The product was purified

by silica gel column chromatography (gradient from 100% hexanes to 20% EtOAc in

hexanes) to afford the titled compound as a colorless oil.

Value
TTN (GC)
%Yield (GC)
Yield (Isolated)

er (GC)

Run 1 Run 2 Average
650 712 681
33% 36% 34%
41.7 mg (30% yield) 39.7 mg (29% yield) 29%
99:1 99:1 --/--

'"H NMR (400 MHz, CDCls) § 7.30 (td, J= 7.9, 5.8 Hz, 1H), 7.13 — 6.94 (m, 3H), 5.22 —
4.98 (m,2H),4.70 (dd, J=9.3,5.3 Hz, 1H), 4.27 - 4.17 (m, 2H), 4.16 — 4.08 (m, 1H), 3.99
(ddd, J=9.1, 8.1, 5.6 Hz, 1H), 2.59 (dtd, J = 11.6, 9.2, 6.3 Hz, 1H), 2.23 (ddt, J = 11.4,
9.1,5.5 Hz, 1H), 1.30 — 1.18 (m, 3H). *C NMR (101 MHz, CDCl3) § 171.03, 162.79 (d, J
=246.1 Hz), 155.39, 138.96 (d, J= 7.4 Hz), 129.95 (d, /= 8.2 Hz), 123.09, 114.82 (d, J =
21.1 Hz), 114.48 (d, J=22.0 Hz), 65.84, 61.35, 60.63, 47.59, 20.72, 14.06. 'F NMR (282
MHz, CDCl3) 6 -113.22 (td, J = 10.1, 6.5 Hz). HRMS (ES+) exact mass calculated for
[M+H]" (C14H17FNOs) requires m/z 282.1142, found m/z 282.1154.

“Co,Et

2-Ethyl 1-(2-fluorobenzyl) (S5)-azetidine-1,2-dicarboxylate
(6). Synthesized using the general procedure for preparative
scale reactions using 2-fluorobenzyl aziridine-1-carboxylate

and ethyl diazoacetate as substrates. The product was purified
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by silica gel column chromatography (gradient from 100% hexanes to 20% EtOAc in

hexanes) to afford the titled compound as a colorless oil.

Value Run 1 Run 2 Average
TTN (GC) 826 796 811
%Yield (GC) 41.3% 39.8% 41%
Yield (Isolated) 50.5 mg (36% yield) 50.2 mg (36% yield) 36%

er (GC) 99:1 99:1 --/--

'"H NMR (400 MHz, CDCl3) & 7.38 (m, 1H), 7.29 (m, 1H), 7.12 (m, 1H), 7.04 (m, 1H),
5.17 (q, J = 12.7 Hz, 2H), 4.68 (dd, J = 9.3, 5.3 Hz, 1H), 4.19 (m, 2H), 4.11 (td, J = 8.6,
6.3 Hz, 1H), 3.97 (td, J = 8.6, 8.2, 5.7 Hz, 1H), 2.57 (dtd, J = 11.6, 9.2, 6.3 Hz, 1H), 2.21
(ddt, J = 11.3, 9.0, 5.5 Hz, 1H), 1.24 (m, 3H). 3C NMR (101 MHz, CDCl3) § 171.05,
160.81 (d, J = 248.3 Hz), 155.52, 130.29, 129.90 (d, J = 8.1 Hz), 124.02 (d, J = 3.7 Hz),
123.56 (d, J = 14.4 Hz), 115.28 (d, J = 21.2 Hz), 61.28, 60.76 (d, J = 4.4 Hz), 60.64 (br,
obscured by doublet at 60.76), 47.70, 20.70, 14.05. 'F NMR (282 MHz, CDCls) 6 -118.40
(m). HRMS (ES+) exact mass calculated for [M+H]" (C14H17FNOs) requires m/z 282.1142,
found m/z 282.1114.

1-Benzyl 2-propyl (8)-azetidine-1,2-dicarboxylate (7).

j\ Synthesized using the general procedure for preparative scale
I:T,, ° reactions using benzyl aziridine-1-carboxylate and propyl
COPr diazoacetate as substrates. The product is purified by silica gel

column chromatography (gradient from 100% hexanes to 20% EtOAc in hexanes) to afford

the titled compound as a colorless oil.
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Value Run 1 Run 2 Average
TTN (GC) 314 411 363
%Yield (GC) 16% 21% 18%
Yield (Isolated) 19.6 mg (14% yield) 27.1 mg (20% yield) 17%
er (GC) 99:1 99:1 --/--

'"H NMR (400 MHz, CDCl3) & 7.40 — 7.27 (m, 5H), 5.17 — 5.04 (m, 2H), 4.69 (dd, J=9.3,
5.2 Hz, 1H), 4.20 — 4.06 (m, 3H), 3.97 (ddd, J=9.1, 8.1, 5.6 Hz, 1H), 2.57 (dtd, J = 11.5,
9.2, 6.3 Hz, 1H), 2.21 (ddt, J=11.3, 8.9, 5.5 Hz, 1H), 1.64 (m, 2H — overlaps with HOD
peak), 0.91 (m, 3H). 3C NMR (101 MHz, CDCl3) 171.20, 155.70, 136.40, 128.40, 127.99,
127.89, 66.79, 66.78, 60.69, 47.62, 21.86, 20.74, 10.22. HRMS (ES+) exact mass
calculated for [M+H]" (Ci5sH2004N) requires m/z 278.1392, found m/z 278.1400.

1-Benzyl 2-isopropyl (S)-azetidine-1,2-dicarboxylate (8).
0
D\,J\O Synthesized using the general procedure for preparative scale
“coup reactions using benzyl aziridine-1-carboxylate and propyl
HiPr

diazoacetate as substrates. The product was purified by silica
gel column chromatography (gradient from 100% hexanes to 20% EtOAc in hexanes) to

afford the titled compound as a colorless oil.

Value Run 1 Run 2 Average
TTN (GC) 511 617 564
%Yield (GC) 26% 31% 28%
Yield (Isolated)  34.8 mg (25% yield) 41.5 mg (30% yield) 28%

er (GC) >99:1 >99:1 --/--
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'"H NMR (400 MHz, CDCl3) & 'H NMR (400 MHz, CDCl3) 6 7.39 — 7.27 (m, 5H), 5.18 —
498 (m, 3H), 4.64 (dd, J = 9.3, 5.2 Hz, 1H), 4.11 (m, 1H), 3.97 (m, 1H), 2.56 (dtd, J =
11.5,9.2, 6.3 Hz, 1H), 2.18 (ddt, /= 11.2, 9.0, 5.5 Hz, 1H), 1.22 (m, 6H). 3C NMR (101
MHz, CDCI3) & 170.63, 155.70, 136.41, 128.40, 127.97, 127.86, 68.84, 66.75, 60.85,
47.62, 21.65, 21.60, 20.68. HRMS (ES+) exact mass calculated for [M+H]" (C15H2004N)
requires m/z 278.1392, found m/z 278.1367.

o 1-Benzyl 2-methyl (S)-azetidine-1,2-dicarboxylate (9).

\ J\o Synthesized using the general procedure for preparative scale
D reactions starting with benzyl aziridine-1-carboxylate and
SO methyl diazoacetate as substrates. The product was purified by

silica gel column chromatography (gradient from 100% hexanes to 40% EtOAc in hexanes)

to afford the titled compound as a colorless oil.

Value Run 1 Run 2 Average
TTN (GC) 405 399 402
%Yield (GC) 20.2 20.0 20
Yield (Isolated) 24 mg (19% yield) 21 mg (17% yield) 18%
er (GC) 81:19 81:19

"H NMR (400 MHz, CDCl3) 8 7.52 — 7.29 (m, 5H), 5.26 — 5.01 (m, 2H), 4.71 (dd, J=9.1,
5.2 Hz, 1H), 4.11 (m, 1H), 3.98 (m, 1H), 3.73 (br s, 3H), 2.57 (dtd, /= 11.3, 9.2, 6.4 Hz,
1H), 2.23 (ddt, J=11.4, 8.9, 5.4 Hz, 1H). >*C NMR (101 MHz, CDCl3) & 171.58, 155.73,
136.40, 128.43, 128.03, 127.91, 66.82, 60.51, 52.27, 47.75, 20.69. HRMS (FAB+) exact
mass calculated for [M+H]" (C13H1604N) requires m/z 250.1079, found m/z 250.1067.
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A.7. Procedure for 10-mmol Scale Reaction

Starter Culture & Expression Culture:

A single colony of E. coli harboring plasmids encoding P411-AzetS was used to inoculate
200 mL of LB-amp. The culture was allowed to incubate overnight at 37 °C, shaking at
240 RPM.

The following day: six expression cultures (1L) were inoculated with 20 mL of the above
overnight culture. The expression cultures were incubated at 37 °C, shaking at 240 RPM,
for 2.5 hours and the ODsoo is measured to be 1.0. At this point, the six expression cultures
were held on ice for 30 minutes wherein 1 mL of 1000x stocks of ALA and IPTG are added
such that the final concentrations were 1.0 mM of ALA and 0.5 mM of IPTG, respectively.
The cultures were allowed to incubate for 20 hours at 22 °C, shaking at 140 RPM.

Preparation of Clarified Lysate for Protein Concentration Determination:

The expression cultures were pelleted by centrifugation (5000 g, 5 minutes, 4 °C). The cell
pellets were pumped into the anaerobic Coy chamber, wherein they were resuspended in
300 mL of rigorously degassed M9-N buffer adjusted to pH = 7.0 and combined in a screw-
top Erlenmeyer. For protein concentration determination, 3 mL of the whole cell
suspension were siphoned off, diluted in 3 mL of additional M9-N, and the protein
concentration was measured as described in the “General Information and Procedures”
section of the SI. The Erlenmeyer with the whole cell suspension was capped with an air-

tight cap and was held on ice until the protein concentration can be accurately determined.
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Reaction Setup:

(0]

0
P411-AzetS ]
VA J\o/\© N7 CO,E — ljll, 0/\©
bH = 7.0, RT 2

Safety Note: 15 mmol of ethyl diazoacetate can be expected to liberate 15 mmol of N>, or
336 mL of N>. Use of a flask with excess headspace prevents overpressurization of the

reaction vessel in this reaction.

Once the protein concentration was determined, the whole cell suspension was diluted in a
2.0 L screw-top Erlenmeyer flask in the anaerobic Coy chamber with rigorously degassed
MO-N buffer adjusted to pH = 7.0 such that 950 mL of whole cell suspension has a protein
concentration of 5.25 uM (final reaction concentration 5.0 uM, 5 pmol, 5-10~ equiv.). For
this experiment, the ODgoo was measured to be approximately 30. Once ready, 24 mL of a
417 mM solution of benzyl aziridine-1-carboxylate in MeCN (final reaction concentration,
10 mM, 10 mmol, 1.77 g, 1 equiv.) was added with agitation, followed by addition of 24
mL of a 625 mM solution of ethyl diazoacetate (final reaction concentration 15 mM, 1.71
g, 1.5 equiv.) with heavy agitation. The flask was tightly capped to exclude oxygen,
pumped out of the anaerobic chamber, and was allowed to shake at 220 RPM until judged

complete.

Workup and Isolation:

Once complete, three 400-uL aliquots were removed and used to determine the reaction
TTN and yield by gas chromatography (1220 TTN, 61% yield). For preparative isolation,
the reaction mixture was split into 2x 500 mL portions. Each portion was mixed with 500

mL of EtOAc; the layers were thoroughly mixed before the organic layer was siphoned off
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(the layers may be separated by centrifugation, if necessary, at 5000 g for 5 minutes at RT).
The combined organics were dried over sodium sulfate; once dried, the supernatant was
decanted from the drying agent and the volatiles removed under vacuum. The crude product
was purified by silica gel column chromatography (gradient from 100% hexanes to 30%
EtOAc in hexanes) to afford 1.44 g (55% isolated yield) of the titled compound as a
colorless oil with 99:1 er. Characterization data was completely identical to other samples

of 2 synthesized in this manuscript.

A.8. Chiral Traces for Determination of Enantiopurity: Preparative-Scale Reactions

The enantiopurity of all products was determined by gas chromatography using CP-
Chirasil-Dex CB (Agilent) as a chiral stationary phase. All products could be separated
using the same GC conditions, which are as follows: start at 50 °C, ramp at 10 °C/minute

to 170 °C and hold for 38 minutes. Ramp at 30 °C/minute to 200 °C and hold for 9 minutes.



1-Benzyl 2-ethyl (S)-azetidine-1,2-dicarboxylate (2)

Racemic Standard:

I FID1 B, Back Signal (DCM\20210322_DCM-2-149-eedetermination 2021-03-22 17-02-57\OnlineEdited—0078.0)
pA—

15=
14.5=
14=
13.5=
13=
12.5=
12=

1.5=
13

= Time Area Height Width Area% Symmetry
56.4 3.6 0.2618 45,137 0.954
2 44.439 58.4 3.6 0.2681 50.863 0.918

-
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«
w
-
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(S)-Enantiomer Standard:

I FID1 B, Back Signal (DCM\20210423_DCM-2-213-absoluteconfig 2021-04-23 12-43-04\OnlineEdited—0048.D)
PAT -
= I
120— E
100
80—
60—
40—
20—
0-
E T T T T T T T T T T T
40 42 44
[«]
# Time Area Height Width Area% Symmetry
[ 1] 44721 | 18592 | 87.4 | o0.2682 | 100.000 | 4229 |

Product from P411-AzetS:

| FID1 B, Back Signal (DCM\20210423_DCM-2-213-absoluteconfig 2021-04-23 12-43-04\OnlineEdited—-006B.D)

pA= N
)
120 -: < 'SD'\~
3 Q <
100 9 0#
E I
80—
60 E - «,\@
40— a
E| < Q@-
20 E 1 w —
= T T
0
B T T T T T T T T T T T
40 42 44
[
|
# Time Area Height Width Area% Symmetry
1 43.425 12.8 7.9E-1 0.2701 0.951 0.85

2 44.604 1331.1 68.6 0.3236 99.049 2.672
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2-Ethyl 1-(thiophen-2-ylmethyl) ($)-azetidine-1,2-dicarboxylate (3)

Racemic Standard:

FID1 B, Back Signal (DCM\20210627_DCM-2-308-310-ers 2021-07-08 20-40-11\20780801.D)

pA-
80— & &
: B & L
60—: wegv gv@
“0-
20~
o=
N,
41 42 43 44 4
[
# Time Area Height Width Area% Symmetry
[1] 43387 [ 6558 | 37.4 | 02924 [49955 [ 0
[ 2] 4148 | 657 | 39.3 | 02751 [ 50045 [ 1698 |

Product from P411-AzetS:

FID1 B, Back Signal (DCM\20210627_DCM-2-308-310-ers 2021-07-08 20-40-11\206B0701.D)

PA— 2 Qﬁ:
&
] 3
80— il
80—
40— &
@ D°
8 ¥
20~ o
- ' — :
o
—r ——— —r—r—r—r——r——1
41 42 43 44 4

# Time Area Height Width Area% Symmetry
[1 ] 43208 ] 21 [ 1.3 [ 0279 [ 143 | 0965 |
2 | 4429 | 1419 | 68.9 | 03479 | 98.564 | 2.995 |
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2-Ethyl 1-(4-fluorobenzyl) (S)-azetidine-1,2-dicarboxylate (4)

Racemic Standard:

I FID1 B, Back Signal (DCM\20210627_DCM-2-308-310-ers 2021-07-08 20-40-11\204B0401.D)

pA—
80—
5 [} é
E b ]
40~
20~
0 __
T — : —r : T r . r T : —r : |
38 39 40 41 42 4
(] ]
# Time Area Height Width Area% Symmetry
1 41.213 627.2 39.5 0.1931 49.812 1.823
2 42.081 631.9 41.6 0.2043 50.188 1.818
Product from P411-AzetS:
[ FID1 B, Back Signal (DCM\20210627_DCM-2-308-310-ers 2021-07-08 20-40-11\202B0201.0)
pA - Q
E o
140- - &
E 8 N
120 e
: o
100
80-=
. 4
3 < a.-&
40— 5 N
E - &
20— <
0= '
i T T T T T T T T T T T T T T T T T T T T T T
38 39 40 41 42 4
[« ]
# Time Area Height Width Area% Symmetry
1 41.074 14 8.3E-1 0.2813 0.707 0
2 42,321 1968.3 90.9 0.3607 99.293 4.248
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2-Ethyl 1-(3-fluorobenzyl) (S)-azetidine-1,2-dicarboxylate (5)

Racemic Standard:

96

| FID1 B, Back Signal (DCM\20210627_DCM-2-303-305eeplusRL-1-174 2021-06-27 21-14-05\21081201.D)

DA =
3°_§ <
70= g 8
80-= T g
50
e
e
20
10—2 T T
0=
. . r . r : . T . : . T . r |
2 40 42 4
Kl ]
# Time Area Height Width Area% Symmetry
1 41.543 719.4 4.1 0.1965 45.696 2,017
2 42,564 728.2 46.2 0.217 50.304 1.901
Product from P411-AzetS:
[ FID1 B, Back Signsl (DCM\20210627_DCM-2-303-305eeplusRL-1-174 2021-06-27 21-14-05\20981101.D)
DA_E g q‘?—?;\
80 g ;s&
70-= i
-
50
40-= oo
3 o
30-= o {5‘?
20= 2 e,é"
= ¥
10= L r T
0=
T : T r T r r r r . . . r : : T
38 28 40 42 44
K1
# Time Area Height Width Area% Symmetry
1 41.363 13.6 9E-1 0.2522 1.090 1.052
2 42.649 1229.8 67.1 0.3054 98.910 2.81
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2-Ethyl 1-(2-fluorobenzyl) (S)-azetidine-1,2-dicarboxylate (6)

Racemic Standard:

FID1 B, Back Signal (DCM\20210627_DCM-2-303-305eeplusRL-1-174 2021-06-27 21-14-05\207B0801.D)

DA =
80= -
70= 2 g
60-= e N
50
nE
20-
20-
10= — T
o T z L L T z L L T L z z T z 1
38 38 40 42
[ O
# Time Area Height Width Area% Symmetry
1 40.953 737.7 4.2 0.2186 49.800 2.555
2 41.979 743.7 47.2 0.1916 50.200 1.64
Product from P411-AzetS:
| FID1 B, Back Signal (DCM\20210627_DCM-2-303-305eeplusRL-1-174 2021-06-27 21-14-05\20580601.D)
= N ’5
PAS 5 o
E o ,\@
S Y #
70= s
0
50-=
40-= v
3 o
30-= 3 w
= S
20 E 9?@
10—: . T L T
0_:
r r T r : : . : : : T :
38 38 40 42
[«] [
# Time Area Height Width Area% Symmetry
1 40.738 14.4 9.9E-1 0.2417 1.200 0.76
2 42.077 1182.4 65.7 0.2998 98.800 2.998




0]

S
)

“co,Pr

1-Benzyl 2-propyl azetidine-1,2-dicarboxylate (7)

Racemic Standard:

l FID1 B, Back Signal (DCM\20210627_DCM-2-303-305eeplusRL-1-174 2021-06-27 21-14-05'204B0401.D)

pA-
200—
z . 2
E o [}
100—
50—
: = T
0_
—_——
50.5 51 51.5 52 A
L]
# Time Area Height Width Area% Symmetry
1 51.925 607.4 94.3 0.0841 49.949 1.476
2 52.206 608.6 100.9 0.0904 50.051 1.404

Product from P411-AzetS:

| FID1 B, Back Signal (DCM\20210627_DCM-2-303-305eeplusRL-1-174 2021-06-27 21-14-05'203B0301.D)

pA z ;5‘«
= ™ >
200~ g v
= Y‘gﬁ'
150—
100— o
E ~ 6’.56
50— G &
- o
o= ! t T
—
50.5 51 51.5 52 52.5
[e]
Time Area Height Width Area% Symmetry
1 51.877 15.3 2.5 0.1033 1.224 0

2 52.254 1234.6 179.3 0.1148 98.776 2.966
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1-Benzyl 2-isopropyl azetidine-1,2-dicarboxylate (8)

Racemic Standard:

I FID1 B, Back Signal (DCM\20210627_DCM-2-308-310-ers 2021-07-08 20-40-11\OnlineEdited-012B.D)

DA:
100—
£ o
80 § & 3 ,;55
B ) & 2
E o ¥
40—
20—
0—
—r ——— — ——r ——
41 42 43 44 45
[
# Time Area Height Width Area% Symmetry
1 43.885 538.8 31.4 0.2858 50.067 0
2 44.57 537.4 33.7 0.2659 49.933 1.66
Product from P411-AzetS:
FID1 B, Back Signal (DCM\20210627_DCM-2-308-310-ers 2021-07-08 20-40-11\OnlineEdited—010B.D)
PA - o
3 o
&
t00- Ea,;\“
e 3o
60—
“0- o &
3 B
20— o
3 L t T
O_
— ——— ——r ——
41 42 43 44 45
[e]
# Time Area Height Width Area% Symmetry
1 43.781 5.4 3.2E-1 0.2787 0.381 0
2 44.744 1405.4 68.9 0.3398 99.619 3.138
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1-Benzyl 2-methyl azetidine-1,2-dicarboxylate (9)

Racemic Standard:
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| FID1 B, Back Signal (DCM\20210502_DCM-2-216-eemeasurement1 2021-05-02 19-00-01120580201.D)

pA
100— § =
3 : @
80— & o
60—
40—
20-
0_- I I
32 34 38 a8
[«]
# Time Area Height Width Area% Symmetry
1 38.296 937.9 62 0.2005 50.010 2.45
2 39.111 937.6 65.5 0.177 45.990 1.84

Product from P411-AzetS:

I FID1 B, Back Signal (DCM\20210502_DCM-2-216-eemeasurement1 2021-05-02 19-00-01\20680401.D)

pA
100
80—
60—
40—
20-
0 _-
r r r : r : r r :
32 38
[
# Time Area Height Width Area% Symmetry
1 38.143 249.2 18.4 0.2263 19.022 1.262
2 39.104 1060.8 71.6 0.2469 80.978 1.946

100
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A.9. Chiral Traces for Determination of Enantiopurity: Evolutionary Lineage

The enantiopurity was determined as outlined in the preceding section.

Racemic Standard:

l FID1 B, Back Signal (DCM\20210226_DCM-2-139-eemeasurements 2021-02-26 19-27-27\20280201.D)

pAZ
30—
25—
20—
15=
10—
! T T T I T T T l T T T
42 44 4
[«]
# Time Area Height Width Area% Symmetry
1 44,131 301.7 18.7 0.269 49,798 1.086
2 45.059 304.2 18.8 0.2695 50.202 1.399
Parent F2:
FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepests 2021-02-27 21-00-01120380201.0)
pA - A
E I
24- ¥y
225
20-
18— &
E &
18- g &
E &
14= /\ D
12= L TN " .
10_- T L T T |
40 42 44 4
[«]
|
# Time Area Height Width Area% Symmetry
1 43.9 20.1 1.3 0.2576 9.915 0.932

2 44.848 182.7 11.3 0.2694 90.085 1.054
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Parent F2.1:
[ FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepests 2021-02-27 21-00-01120480301.D)
P Gl
: g &
24— 2 é.s\
22 I
20= @s‘*
18= 2 &
3 @ &
16— o
14—
12—3 /\ L /\ —t
10-L, : : . : . r r r : . : T
40 42 44 4
[«
|
# Time Area Height Width Area% Symmetry
1 43.891 54.9 3.4 0.2693 24,595 0.814
2 44.837 168.3 10 0.2814 75.405 0.908
Parent F2.2:
FID1 B, Back Signal (DCM\20210226_DCM-2-139-eemeasurements 2021-02-26 19-27-27\20580501.D)
A -
E & ey '\é{?
202 © & 8 &
18- P =
E 3
18=
- A /\
12— . T i
10=
8=
e T T T T T T |
40 41 42 43 44 45 4
[
|
# Time Area Height Width Area% Symmetry
[1 ] 440 ] 65.4 | 4 [ 02704 [ 44457 [ 102 |
[ 2] 4895 | 8.7 [ 5 | 02721 | 55543 | 1158 |
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Parent F2.3:
I FID1 B, Back Signal (DCM\20210226_DCM-2-139-eemeasurements 2021-02-26 19-27-27\20680601.D)
DA_I
- : f&ﬁ
E i
182 I
18-
14—
(2= ! T
10=
=
e y — T — S — ' | L T
40 41 42 43 44 45 4
[
|
# Time Area Height Width Area% Symmetry
[1 ] 4013 ] 91.3 | 5.8 0.264 | 41398 | 1027 |
[ 2] 4935 | 1292 7.9 [ 02724 | s8s01 | 0983 |
Parent F2.4:
[ FID1 B, Back Signal (DCM\20210226_DCM-2-139-eemeasurements 2021-02-26 19-27-27\207B80701.D)
= P
A § &
20 & 3 @
27.5= @ D il
z < 3
25— el
225- ¥
20-
17.5=
15=
12.5= 4 .
10
: r : . . r . . T .
40 42 44 4
[o]
|
# Time Area Height Width Area% Symmetry
1 44.008 159 10.1 0.2617 38.071 1.079
2 44.94 258.6 16.1 0.2675 61.929 1.107
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Parent F2.5:

| FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepeats 2021-02-27 21-00-01'20580401.D)

A
[ E _ @Pu"
24= 8 6@-.-"{’
e 3
20—
13—2 Q&
16— 5] 69%
E 2 N
14— we‘b
12= ) : :
10__ T T T T T T T T T T T T |
40 42 4
K1}
|
# Time Area Height Width Area% Symmetry
1 43.895 11 7.4E-1 0.2439 6.332 0.924
2 44.831 162.4 10 0.2711 93.668 0.941
Parent F2.6:
[ FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepeats 2021-02-27 21-00-01120680501.D)
3 ®
DA_: 8 4,6?
3 I &
24—: &
22—
20—
18—E 6519
16— © _\9
E @© o
14— ?v@e
12— J_AI_AA .
10-L, : T r ; T r : : : r r ,
40 42 4
[«
|
# Time Area Height Width Area% Symmetry
1 43.875 15 9.3E-1 0.2668 7.092 0.847

2 44.833 195.9 12.2 0.2682 92.908 1.137
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Parent F2.7:
| FID1 B, Back Signal (DCM\20210227_DCM-2-138-eerepests 2021-02-27 21-00-01120780601.D)
pA -
24=
22—
20—
18— >
E &
16-: 8 .,\h(}'
14— @ &
E s
12— 1 ey
10-L, r : r T r : ! T r : r |
40 42 4
[«]
|
# Time Area Height Width Area% Symmetry
1 43.863 14.2 8.5E-1 0.2792 5.696 0.873
2 44.812 235.2 14.3 0.2739 94.304 0.956
Parent F2.8:
I FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepests 2021-02-27 21-00-011208B0701.D)
pA -
26
22—
20—
18=
18-
14—
12— 1
10-L, . : : r r - : T : : : |
40 42 44 4
[«
|
# Time Area Height Width Area% Symmetry
1 43.885 2.6 1.8E-1 0.2382 1,199 1.179

2 44.808 217.2 13.4 0.2702 98.801 1.068
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Parent F2.9:
[ FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepeats 2021-02-27 21-00-01\20980801.D)
pA -
20—
25—_
20~
; g &
15— 8 Qéb.
: iy
: L T L T
10—_
B 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 |
41 42 42 44 45 4
K1}
# Time Area Height Width Area% Symmetry
1 43.865 3.7 2.3E-1 0.2619 1.269 1.247
44.811 285.2 17.8 0.267 98.731 1.159

P411-AzetS:

I FID1 B, Back Signal (DCM\20210227_DCM-2-139-eerepeats 2021-02-27 21-00-01\21080901.D)

pA - Q b
26— ~ s
E N
24— &
ot
18—
E &
= Q\
16 s
(4= © &
12= ) i o
= L T
10
T L " L TR L L TS| z L v T " z E TRt Z E 1
41 42 43 44 45 4
[
Time Area Height Width Area% Symmetry
1 43.817 2.3 1.5E-1 0.2556 1.150 0.656

2 44.785 197.4 12.2 0.2688 98.850 1.147




107

A.10. 'H, 13C, and F NMR Spectra of Enzymatic Reaction Products
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Chapter 111

SURVEYING THE SEQUENCE-FUNCTION SPACE OF
PROTOGLOBINS FOR NOVEL CARBENE TRANSFER ACTIVITIES

R.G.L participated in the design and execution of the research, including molecular

biology, enzymatic reactions, and chemical synthesis.
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ABSTRACT

This chapter describes efforts toward the discovery and evolution of new-to-nature carbene
transfer activities in underexplored hemoprotein scaffolds. In particular, protoglobins, a
family of archaeal globins, were studied for their ability to perform ring expansions of
azetidines to generate proline analogs. Initially, protoglobins were screened for activity in
which a one-carbon ring expansion is performed on N-benzylazetidine with ethyl
diazoacetate as a carbene precursor. Though we were unable to find ring expansion activity
with this system, we did discover a serendipitous side reaction that generates a quaternary
ammonium species via protonation of an intermediate carbene-derived ylide. This activity
was used to explore the protoglobin scaffold by generating a sequence-function dataset
which tied changes in activity of this N-insertion reaction to mutations introduced by error-
prone mutagenesis. Finally, several other heterocyclic compounds were explored as
substrates for ring expansion activity; however, no desired activities were observed upon
screening the protoglobins. In the course of this work several sites were identified in the
protoglobin active site which proved to be impactful for other non-native activities.
Additionally, in investigations of this biocatalytic system, we found that the behavior of
heterologously expressed protoglobins in Escherichia coli (E. coli) is atypical, with certain
variants expressing in the absence of the inductant isopropyl--D-1-thiogalactopyranoside

(IPTG).
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3.1. Introduction

Pyrrolidines are a privileged heterocyclic moiety in fine chemical synthesis. Of the 320
small molecule drugs approved by the FDA from 2013-2023, 13% contain a pyrrolidine
ring.! Nearly half of these compounds feature a 2-carboxylate substitution, bearing a
resemblance to the canonical amino acid proline (Figure 3-1A). When considering the
synthesis of proline analogs, selectivity toward the (S)-configuration at the a-amino
position is desirable, as these products would mimic the biological amino acid’s natural
chirality. Such proline analogs have garnered interest for their potential use as noncanonical
amino acids in small molecule and peptide products.? The addition of substitutions in the
pyrrolidine backbone of prolines can greatly alter the physicochemical properties of
peptide compounds in which they have been incorporated.? For instance, introduction of a
fluorine atom at the 4-position of proline (FPro) can influence the basicity of the ring
amine, accelerate amide bond rotation, and modulate the preference for the s-trans and s-
cis states.* Additionally, silaproline (SiPro) has been shown to greatly enhance
bioavailability of a peptide product by improving chain lipophilicity.>-¢ Furthermore, it has
been demonstrated that proline substitutions drive pyrrolidine puckering in the context of
protein folding.”® This effect has been utilized to modify protein dynamics and stability

through global incorporation in protein sequences.’!°

Despite the value of proline analogs in biochemical contexts, there is a dearth of general
routes for their enantioselective synthesis. As an example, to date, there has only been one
reported method for the production of silaproline in a stereoselective fashion.!! Recently,
we developed a biocatalytic reaction for the one-carbon ring expansion of aziridines to
furnish enantioenriched azetidine compounds using the engineered cytochrome P450
variant P411-AzetS (Chapter 2).'> This work served to demonstrate that enzymatic
carbene transfer is capable of catalyzing transformations of ammonium ylides with
unprecedented stereocontrol when compared with small-molecule catalysts. In contrast to
the ylide-derived ring expansion of aziridines, for which there was no literature precedent,
carbene-based ring expansions of azetidine compounds with small molecule catalysts are
well studied. Notably, when a tertiary azetidine is treated with a diazoacetate species to

facilitate ylide formation, the resulting ring-expansion products are analogs of the



125

canonical amino acid proline. West and coworkers previously described a copper-catalyzed
variation of this reaction, in which N-substituted azetidine compounds are expanded by one
carbon with diazoacetates or diazoacetophenones toward the synthesis of highly substituted
prolines.!® This method struggles to effect stereocontrol over the diradical intermediates
generated in the course of the [1,2]-Stevens rearrangement, resulting in poor

stereoenrichment.

We envisioned that biocatalytic ring expansion could be extended to the synthesis of
prolines in an enantioselective manner (Figure 3-1C). Not only would this method serve
to deliver high-value pyrrolidine derivatives from achiral starting materials, it would also
show that enzymatic control of ammonium ylides can be generalized to non-aziridinium
systems. The discovery and engineering of a toolbox of ring expansion-competent enzymes
would establish biocatalysis as a privileged reaction mode for the synthesis of heterocyclic
compounds with high stereo- and chemoselectivity. Furthermore, as P411-AzetS can be
utilized to produce azetidine compounds, the development of a downstream enzyme, which
can further process these strained rings, would provide an opportunity to synthesize highly
elaborated alkaloid compounds in a sequential manner via a biosynthetic cascade (Figure
3-1D). Keasling and coworkers recently reported the introduction of iridium-containing
cytochromes P450 into Saccharomyces cerevisiae for the in vivo cyclopropanation of
terpenoids'# and endogenously synthesized styrene.!> The sequential expansion of nitrogen
heterocycles would be the first demonstration of multiple heterologously expressed
carbene transfer enzymes working in sequence. Excited by this prospect, we sought to
advance our existing methodology by engineering hemoproteins for the one-carbon ring

expansion of azetidines to deliver substituted pyrrolidine species.
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molecules. (B) Backbone modifications to the proline scaffold can improve the folding and
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homologs. (D) Assembly of a multistep P411 pathway would provide access to
functionalized pyrrolidine and piperidine cores from simple starting materials.

Here, we report our efforts to identify and engineer a hemoprotein capable of facilitating
the ring expansion of N-benzylazetidine 1 with ethyl diazoacetate (EDA) as a carbene
source (Figure 3-2A). While assaying whole-cell Escherichia coli (E. coli) suspensions
harboring heterologously expressed hemoproteins, we observed what seemed to be ring
expansion activity with several engineered cytochromes P411 and protoglobins. After
electing to proceed with the highest performing protoglobin variant, we initiated a directed
evolution campaign to improve reaction yield and stereoselectivity. To bolster our
engineering efforts from an early stage, we collected a sequence-function dataset for a
mutant library of this protoglobin scaffold using next-generation sequencing (NGS) and
high-throughput screening methods. However, in the course of generating this dataset, we
found that the signal previously believed to correspond to the desired proline product 2
actually corresponded to the azetidinium 3. Nevertheless, the sequence-function dataset
which we generated for this reaction proved to be of value in the determination of residues
in the protoglobin scaffold which are highly impactful in the evolution of non-natural

activities.

3.2. Results and Discussion

3.2.1. Initial Activity Discovery

To commence our search, we screened a compilation of cytochromes P411 which had
previously been engineered for carbene and nitrene chemistries.!® Whole-cell reactions
were analyzed using liquid chromatography-mass spectrometry (LC-MS) to detect and
quantify product formation. To our surprise, nearly every cytochrome P411 variant
displayed activity for a product which had m/z 234 corresponding to the [M+H]+ ion and
eluted at the same time as 2 (Figure B-3 of Appendix B). Of the nearly 180 enzymes

screened, approximately one third demonstrated greater than trace yield (Figure 3-2B).
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Contemporaneously, researchers in our lab were beginning to investigate globins
originating from thermophilic archaea for their ability to catalyze carbene transfer
reactions. These proteins, termed protoglobins, are believed to natively bind gaseous
species based on in vitro experimentation.!” Protoglobins present several promising
characteristics for engineering hemoprotein derived new-to-nature chemistries relative to
cytochromes P411. Firstly, protoglobins are highly thermostable proteins.'8 Therefore, they
can putatively accept more destabilizing mutations which may benefit the desired activity
before dropping below the threshold of instability.!” After nearly a decade of directed
evolution having been performed on the cytochrome P450sm3 scaffold, late-stage P411
variants exhibit poor thermostabilities, with Tsos as low as 40 °C, making them poor
candidates for further directed evolution efforts. Additionally, protoglobins are relatively
small proteins; at a length of 200 amino acids, they are less than half the size of the heme
domain of P450sm3. This makes them a simpler system to study as well as better candidates

for heterologous expression in E. coli.?°

Protoglobins were initially tested in our lab for their ability to catalyze carbene-derived
cyclopropanations, eventually demonstrating that engineered protoglobins could exhibit
yields and stereoselectivities rivaling those of P411s.2! Emboldened by these results and
the fact that putative ring expansion appeared to be facile for P411s, we elected to examine
protoglobins for their ability to catalyze ylide-based ring expansions. A panel of
approximately 60 protoglobin variants, comprised of mutants of 12 homologs, was
screened. Gratifyingly, we found that nearly every protoglobin was capable of generating
the same product as the previously assayed P411s (Figure 3-2C). The top performing
mutant (which we term PgC10-G1, for its location in the screened 96-well plate) originated
from Aeropyrum pernix protoglobin (4pePgb) and contained the following mutations:

Y60G, V89A, and F145N (Figure B-1 of Appendix B).
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Figure 3-2. (A) Model conditions under which hemoproteins were screened for ring
expansion activity. (B) Retention-of-function plot for two 96-well plates of cytochromes
P411 for the production of prolines. Under the acidic LC-MS screening conditions, product
2 is protonated and exhibits m/z=234. (C) Retention-of-function plot for a compilation of
protoglobins for the production of prolines.

3.2.2. Azetidinium Formation is Favored Over Ring Expansion

Upon discovering what we believed was ring expansion chemistry with PgC10-G1, we
proceeded to engineer this activity over two rounds of evolution to yield the variant PgC10-
G3. The details of this directed evolution campaign are described in section 3.2.3. In testing
of PgC10-G3, we soon came to find some peculiarities with the biocatalytic system. First,
as our intent in this work was to establish a biocatalytic methodology for the synthesis of
(S)-prolines, we were intent on determining the stereoselectivity of the PgC10 lineage. We
developed a chiral gas chromatography (GC) method for separation of the enantiomers of
proline 2. To our surprise, despite repeated attempts, the reaction product was recalcitrant

to extraction into solvents compatible with GC columns. While we made this finding early
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in our evolutionary campaign, we ascribed this phenomenon to challenges associated with

isolating tertiary amines from buffered systems.?

After arriving at PgC10-G3 we found that further evolution of this enzymatic activity was
quite challenging. In the screening of eight libraries of single-site mutants we found that
no variants improved product yield. With our suspicions raised, we reasoned that proline 2
could be acting as an inhibitor within the protoglobin active site. Complex amine products
are well known to inhibit heme-binding proteins under physiological conditions.?* To
interrogate this possibility, we assessed the capability of PgC10-G3 to ring-expand
azetidine 1 when the reaction is exogenously supplemented with authentic product 2.2* To
our dismay, it became apparent after analysis of these spiked reactions that PgC10-G3 was
not forming the desired ring-expanded species (Figure B-5 of Appendix B). In the LC-
MS traces of these reactions, it is apparent that the generated biocatalytic product is
chemically distinct from 2, albeit with the same observed m/z of 234. It seemed
conceivable that under the protic conditions of aqueous buffer, ylide protonation to
generate azetidinium 3 could be the dominant reaction pathway (Scheme 3-1). This
cationic product would be expected to present the observed difficulties with extraction into
organic solvents. While quantitative data on the half-lives of ammonium ylides are sparse
in the literature, there is precedent for pendant carbonyl functionalities to stabilize these
species, preventing rapid decomposition.?> We speculated that the proximal ester moiety
present in the intermediate zwitterion could extend its lifetime sufficiently for it to

encounter and be quenched by an aqueous proton.



131

Scheme 3-1. Protonation of the intermediate ylide leads azetidinium 3 as the dominant
product
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3.2.3. Mapping the Protoglobin Fitness Landscape

Although we were disappointed with this result, we believed that the data generated in the
course of evolving PgC10-G1 remained a valuable resource. As a note to the reader, for the
remainder of this section we will refer to the formation of product 3; however, throughout
the collection of these data we were under the impression that 2 was being generated. At
the outset of our investigation, the protoglobin scaffold was relatively understudied. In their
early studies, Knight and coworkers queried mutations at positions 59, 73, 93, and 145 of
ApePgb for improvements in carbene transfer activity as these residues had previously been
confirmed to regulate the gas binding in the homologous Methanosarcina acetivorans
protoglobin (MaPgb).?!*® Concurrent with our studies, Porter ef al. were engaged in a
directed evolution campaign of ApePgb to functionalize diazirine species for the generation

of iron-carbenoids at room temperature.?’

Based upon the ubiquity of formation of 3 seen across hemoproteins under these
conditions, we hypothesized that the observed activity would be difficult to eliminate.
Interestingly, this activity is not observed in reactions with free heme (Figure B-2 of
Appendix B). As a result, we judged that this reaction provided an ideal system to explore
the protoglobin backbone by generating a large collection of sequence-function data. To

efficiently construct this dataset, we first developed an ultra-high-throughput LC-MS
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method for detection of 3 using multiple injections in a single experimental run (MISER).?

Importantly, Wittmann and coworkers had recently developed evSeq, a method for
sequencing spatially separated variants in a protein library via next-generation sequencing
(NGS), to collect the sequence of every screened enzyme.?” In conjunction, the application
of MISER and evSeq to mutants of PgC10-G1 enabled us to assess the sequence and
activity of over 2000 protoglobin variants in under one month (Figure 3-3A). We were
excited at the possibility of using this mapping of the protoglobin fitness landscape to
accelerate this directed evolution campaign and future efforts through the training of

machine learning algorithms.

As evSeq is designed for use with Illumina MiSeq instrumentation, the maximum possible
sequencing length is 300 bp with 150-bp paired-end reads.’® Thus, to fully investigate the
600-bp protoglobin sequence, we split the sequence into three °tiles’ to separately
mutagenize and characterize in the native context of the rest of the protein. Each tile was a
length of approximately 200 bp and broadly split PgC10-G1 into three regions: a variable
region (so named for its variability among distinct protoglobins),?® an active site region,
and an interface region (so named for its presence at the interface of the protoglobin
homodimer) (Figure 3-3B). We introduced mutations to each tile separately through the
use of error-prone PCR and assessed the activities of the variants in each library (Figure

3-4, Panels A-C).

These data led to several findings relevant to the engineering of ApePgb. Within the
variable region, we found that several residues between position 11 and 20 can positively
impact activity. This is of note as this region seems to have no interaction with the heme
cofactor based on the crystal structure of the homologous MaPgb. The amino acids in this
range potentially influence protein expression and flexibility in the non-native E. coli
cytosol. Another region of interest was presented by the residues found at the base of the
helical bundle at the homodimer interface (positions 139-141). Previously, residues 145
and 149 were believed to be key to non-native activity as they are proximal to the heme
ligand. However, these data indicate that disruptions along the whole homodimer interface

can greatly impact activity.
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Using these data, we assessed the activity of single-site mutagenesis (SSM) libraries of
sites which demonstrated improved activity in the tile dataset. In two rounds of evolution
with these sites we arrived at PgC10-G3 (PgC10-G1 C45G W59C C102D Q113R). PgC10-
G3 catalyzes the formation of 3 approximately 6-fold more than PgC10-G1 (Figure 3-4D).
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Figure 3-3. (A) Workflow for generating an extensive sequence-function dataset for a new-
to-nature biocatalytic reaction. (B) The three “tiles” which are separately mutagenized
correspond to functionally distinct regions of ApePgb (PDB: 2VEE).



135

G
T | | 3 ‘E
M o
; 1 125 &
c . a
o« 2
QM 2
< = Q
[} L‘ P
£« %
£ . @
" 2
H 0s S
P
‘1Tile 1 &
Y o
PP NERRIRIR SRR IR P P IR PN NP PP P
B Residue
A | -
[} 435 ©
s o
G 4 o
- v S a
S s 8
<c 14
or 2 5
£ R
E )
g K 2
Q
H 1 é‘
N . 05
1 Tile 2 <
............................................
LESLLILPCFS LIS F LI LFS LL IS FEG PRI LI LI L L PP PP
Residue
€
H - &
&1 -
|
171 , %
Q¢ =
<s °
o" ER
133 [ s
£ ©
5 T 0 9
N x
£ .2
w 3
i k3]
L5 Tile 3 o <
FELSPESFEIELSEIILLEEL P LIPS L ES P L L L LLNLLLLLLLL LS FPEES LSS
Residue
D +C45G
+C102D
o
35
3] +W59C

+Q113R
o

Fold Improvement from PgC10-G1

0.5

PgC10-G1 PgC10-G2 PgC10-G3
Variant

Figure 3-4. Activity data collected for Tile 1 (A), Tile 2 (B), and Tile 3 (C). Approximately
700 random multi-mutants were assayed for each library. Data plotted here are represented
as the average fitness relative to PgC10-G1 observed for each single amino acid



136

substitution irrespective of simultaneously observed mutations. (D) Directed evolution of
the PgC10 lineage.

3.2.4. Learnings about Protoglobin Biochemistry

As described in section 3.2.2, we could not further improve yield of 3 with further
evolution of PgC10-G3. As we could not access the desired proline with this biocatalytic
system, we elected to halt our studies. Nevertheless, this work highlights the value of
collecting complete sequence-function datasets at the outset of a directed evolution
campaign. With a greater understanding of the reaction-pertinent regions of ApePgb we
were able to rapidly improve N-insertion activity over two consecutive rounds of evolution.
Furthermore, the findings of our tiling campaign have proven fruitful for several other
directed-evolution efforts upon the protoglobin scaffold. Mutations at positions 118, 123,
185 (among others) which demonstrated hits for azetidinium formation were found to be
hits for other carbene, and even nitrene, transfer activities performed by protoglobins.3!-3?

As NGS becomes a more accessible technology* we anticipate that the collection of such

sequence-function paired data will become commonplace in protein engineering.

In the course of attempting to evolve PgC10-G3 for further improvement in activity, we
uncovered several emergent properties of evolved protoglobins. Perhaps most relevant to
future engineering campaigns is the fact that, upon introduction of the mutation C45G,
leaky expression (expression observed prior to addition of an inductant) of 4pePgb in E.
coli cultures was greatly enhanced. Leaky expression in T7 RNA polymerase-based
(RNAP) systems is well known.>> However, this phenomenon appears to be particularly
pronounced in expressions of PgC10-G3. We observed that cultures of E. coli harboring
the PgC10-G3 gene yielded approximately 1.5 times as much heme-loaded protein when
left overnight without the addition of inductant IPTG as compared to cultures induced in a
typical manner (Figure B-12 of Appendix B). Although we were excited at the possibility
of leveraging this leaky expression for the production of enzymes in a cost-effecting
manner,*® we also believe that it presents challenges for the directed evolution of
protoglobins. Given the variant-specific nature of this heightened leaky expression,
variable protein expression levels in variants arrayed in a 96-well plate may lead to

increased noisiness in library screening. Furthermore, such basal expression can lower the
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stability of protein production strains of E. coli.’” Sicinski and coworkers have found
similar results with variants demonstrating auto-expression often exhibiting loss of cell
density in overnight expressions, and even complete cell lysis in some cases (Personal
Communication). We suggest that leaky expression should be closely monitored in future

engineering efforts with protoglobins.

Finally, as we did not observe ring expansion with azetidine 1, we were eager to test other
heterocyclic systems for their ability to engage in ring expansion. By evolving a
hemoprotein with a substrate more poised for ring expansion we would conceivably be
able to access proline forming enzymes via a substrate walk.*8 Inspired by the work of West
and Naidu,*® we first tested azetidine 4 in hopes that intramolecular cyclization would
purvey improve reaction kinetics towards forming pyrrolizidine products (Scheme 3-2A).
We found no enzymatic activity with this reaction system. Furthermore, we found no ring-
expanded products in testing of substrates primed to generate ylide intermediates with more
ring strain*®® (benzazetidine 5) or lower basicity at the ylide position*! (diazo 6) (Scheme

3-2, Panels B-C).

Given the observed generation of azetidinium 3, one could envision that this enzymatic
activity could be used to alkylate asymmetric tertiary amines to generate enantioenriched
chiral-at-nitrogen quaternary ammonium species. Such chiral cations have garnered recent
interest as phase transfer and bifunctional catalysts.*> These organocatalysts are often
limited to cinchona alkaloid-based salts as they have a rigid framework which cannot
undergo pyramidal inversion, the fluxional event which makes stereoselective synthesis of
ammonium species challenging.** With the stereocontrol imparted by an enzyme active
site, the formal carbene-based alkylation of tertiary amines displayed by hemoproteins here
could be a powerful technique for accessing unconstrained chiral ammonium species, a
long-standing challenge in organic synthesis.** We intend to explore the capability of
engineered hemoproteins to enantioselectively generate chiral ammonium compounds.
Furthermore, it remains unclear if azetidinium formation is facilitated by dual-function
enzymatic catalysis,* in which ylide formation and protonation are both enzyme-driven.

An investigation of the mechanism of this system would be an important entry towards our
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understanding of the lifetimes of nitrogen ylide species and their subsequent

transformations.

Though these results were deeply discouraging, they underline a pressing challenge in the
evolution of new-to-nature chemistries in biocatalysis: there is no guarantee that activity
for a desired reaction can be found with the existing sequence diversity at hand. Even with
our previous evolution of a P411-based system for aziridine expansion, all variants which
demonstrated initial activity originated from a single engineering campaign by
Brandenberg et al.'>*¢ Had this previous work not been performed, then we would have
likely dismissed the possibility of enzymatic aziridine expansion. We address the challenge
of expanding enzyme promiscuity to improve the likelihood of discovering novel
biocatalytic activity in Chapter S.

Scheme 3-2. Additional ring-expansion reactions screened against an assortment of
protoglobin variants.
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Appendix B

SUPPLEMENTARY INFORMATION FOR CHAPTER III

B.1. General Information and Protocols

B.1.1. 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.

B.1.2. 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, Fischer, 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 treating with
and appropriate TLC staining solution (e.g., Ceric Ammonium Molybdate, KMnOs, or
Bromocresol Green) followed by heating if necessary. Chromatographic purification was
accomplished by flash chromatography on Silacycle F60 silica gel according to the method

of Still! or using a Biotage Isolera One instrument.
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B.1.3. 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 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 & 7.26 ppm. Data for "H NMR are reported as follows: chemical shift (8 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).

B.1.4. Mutagenesis of Relevant Protein Sequences

Site saturation mutagenesis (SSM) experiments were performed using primers bearing
degenerate codons (NDT, VHG, TGG) as per the “22 codon trick” using a modified
QuikChange™ protocol.? The PCR conditions were as follows (final concentrations): 2
ng/uL plasmid template, 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. Upon completion

of PCRs, the remaining template was digested with Dpnl.

Error-prone PCR experiments for the generation of randomly mutated tile variants were
performed using primers designed to flank each tile and engage with evSeq (Table B-1).?
A standard error-prone PCR protocol was utilized.* The PCR conditions were as follows
(final concentrations): 1 ng/uL plasmid template, Standard 7aq Reaction Buffer 1x, 0.4
mM dNTPs each, 0.2 uM of forward primer, 0.2 pM of reverse primer, 200-500 uM MnCla,
0.08 U/uL of Tag polymerase. Upon completion of PCRs, the remaining template was
digested with Dpnl.

B.1.5. Cloning and Plasmid Isolation

Electrocompetent Escherichia coli (E. coli) cells were prepared following the protocol of
Sambrook and Russell.’> Phusion polymerase and Dpnl were purchased from New England

Biolabs (NEB, Ipswich, MA). Gel purification was performed with a Zymoclean Gel DNA
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Recovery Kit (Zymo Research Corp, Irvine, CA). The purified PCR products from section

B.1.4 were then assembled using the Gibson assembly protocol.®

The assembly products obtained were used to transform electrocompetent E. cloni®
EXPRESS BL21(DE3) cells (Lucigen, Middleton, WI) with a MicroPulser Electroporator
(Bio-Rad, Hercules, CA). Luria-Bertani medium (LB; 0.6 mL) was added to electroporated
cells and they were incubated at 37 °C with shaking at 220 rpm for 45 minutes before being
plated on LB agar plates supplemented with 100 pg/mL ampicillin (LB-amp agar plates).
Plates were incubated at 37 °C overnight. Single colonies from these plates were used to
inoculate flask cultures, prepare glycerol stocks, and isolate plasmids for sequencing.
Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany),

and the genes were sequence-verified (Laragen, Inc.).

B.1.6. Generation of Tile Libraries and Protein Expression in 96-Well Plates

96-well deep-well plates are shaken in an INFORS HT Multitron Shaker in all instances.
Single colonies from LB-agar plates were picked using sterilized toothpicks, which were
used to inoculate 400 pL of LB containing 100 pg/mL of ampicillin (LB-amp) in 2 mL 96-
well deep-well plates. The plates are incubated at 37 °C and 220 rpm overnight. Eight 96-
well plates were picked for each Tile library (Table B-1). Prior to expression, all variants
were sequenced by evSeq (Table B-5). For expression cultures, 50 pL of these precultures
are used to inoculate 900 pL of Terrific Broth (Research Products International) with 100
pug/mL of ampicillin (HB-amp) per well in 96-well deep-well plates. The remaining
overnight culture plates are sealed are stored in a 4 °C refrigerator until needed again. The
expression cultures are initially incubated at 37 °C and 225 rpm for 2.5 hours, at which
point they are allowed to cool on ice for 30 minutes. Expression of proteins was induced
with isopropyl-p-D-thiogalactoside (IPTG) and cellular heme production was increased
with 5-aminolevulinic acid (ALA). An induction mixture containing IPTG and ALA in HB-
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. The plates
were then incubated at 22 °C and 225 rpm overnight. SSM libraries were treated in a similar

fashion, although only one 96-well plate was assayed for each investigated position.
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Table B-1. Map for the arraying of variants in error-prone Tile libraries.

1 2 3 4 5 6 7 8 9 10 11 12

Sterile Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant

Mutant | Mutant | Mutant | Parent Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant

Mutant | Mutant | Mutant | Mutant | Parent Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant

Mutant | Mutant | Mutant | Mutant | Mutant | Parent Mutant | Mutant | Mutant | Mutant | Mutant | Mutant

Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Parent Mutant | Mutant | Mutant | Mutant | Mutant

Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Parent Mutant | Mutant | Mutant | Mutant

Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Parent Mutant | Mutant | Mutant

T Q| ™| m O Q) W >

Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Mutant | Sterile

B.1.7. 96-Well Plate Library Reactions and Screening

Expression cultures containing E. coli expressing hemoproteins of interest were
centrifuged at 5000 % g for 5 minutes at 4 °C. The supernatant was discarded, and nitrogen-
free M9 minimal media (M9-N, 380 uL) was added to each well. The plates were then put
into a vinyl Coy anaerobic chamber (0 — 30 ppm O») and the pellets are resuspended. To
each well were added 20 pL of a MeCN solution with 200 mM of the N-benzylazetidine 1
substrate and 300 mM of ethyl diazoacetate (EDA). The final reaction volume was 400 uL,
and the final concentrations of the desired azetidine 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 were worked up for
LC-MS analysis by adding 400 pL of a HPLC-grade acetonitrile (MeCN). The diluted
plates were covered with foil and the solution allowed to mix by shaking for 30 minutes.
The plates were then centrifuged (5000 x g for 5 minutes at 4°C) to pellet cell debris.
Afterwards, 200 uL of the 1:1 HO:MeCN solutions were assayed by LC-MS via Multiple
Injections in a Single Experimental Run (MISER).’

For SSM screening, if wells were identified which showed improved activity over control
wells containing the parent variant, these were subjected to sequence identification and
validation of activity. The corresponding wells, as well as a parent control well, in the

overnight culture plate were streaked out on an LB-Amp plate. Single colonies from these
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plates were then subjected to the small-scale protein expression conditions below (B.1.8),

followed by the small-scale biocatalytic reaction protocol described below (B.1.9).

B.1.8. 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 plastic culture tube. Cultures are incubated at 37
°C with shaking at 220 rpm overnight in an Innova 4000 incubator. Two mL of these
overnight cultures were used to inoculate 100 mL of HB-amp (1% v/v starter culture in
expression culture) in 250-mL Erlenmeyer flasks. The remainder of the overnight culture
was subjected to sequence identification (for new variants) and verification (for parent
control wells). The expression cultures were incubated at 37 °C and 220 rpm for 2.5 hours
in an Innova 42 shaker, at which point they were held on ice for 30 minutes. Protein
expression was then induced by direct addition of 100 pL of stock solutions containing 500
mM IPTG and 1.0 mM 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 hours in an Innova 42

shaker.

B.1.9. Small-Scale Biocatalytic Reactions for Activity Validation

The corresponding 100 mL expression cultures were pelleted (5000 x g for 5 minutes at 4
°C) and resuspended in 6 mL of M9-N buffer. 380 pL portions of whole cell suspension
(WCS) were prepared in GC vials such that the final cell density corresponded to
ODs00=30. The whole cell suspensions were put into a vinyl Coy anaerobic chamber, at
which point 10 pL of a 400 mM solution of azetidine 1 in MeCN followed by 10 pL of a
600 mM solution of EDA in MeCN were added such that the final reaction concentrations
were 10 mM of the azetidine substrate, and 15 mM of EDA. The GC vials were tightly
capped with screwcaps with a septum, were brought out of the Coy chamber, and were
allowed to shake at RT for 16 hours. Once complete, 300 uL of the reactions were
transferred to a 1.7 mL Eppendorf tube and 300 uL of MeCN were added. The layers were
thoroughly mixed, and the sample was centrifuged (14000 % g for 10 minutes at RT) to
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separate cell debris. Afterwards, an aliquot of the worked up solution was subjected to LC-

MS analysis.

B.2. Relevant DNA and Protein Sequences

Table B-2. The amino acid sequences of wild-type ApePgb and the previously engineered
variant PgC10-G1. Colors in the PgC10-G1 sequence indicate which residues are mutated
in Tile 1 (green), Tile 2 (orange), or Tile 3 (purple).

Protein Variant

Amino Acid Sequence

wild-type Aeropyrum
pernix Protoglobin
(4pePgb)

MTPSDIPGYDYGRVEKSPITDLEFDLLKKTVMLGEKDVM
YLKKAGDVLKDQVDEILDLLVGWRASNEHLIYYFSNPDT
GEPIKEYLERVRARFGAWILDTTSRDYNREWLDYQYEVG
LRHHRSKKGVTDGVRTVPHIPLRYLIAQIYPLTATIKPFLA
KKGGSPEDIEGMYNAWFKSVVLQVAIWSHPYTKENDW

Aeropyrum pernix
Protoglobin Y60G V89A
F145N (PgC10-G1)

MTPSDIPGYDYGRVEKSPITDLEFDLLKKTVMLGEKDYV
MYLKKACDVLKDQVDEILDLWGGWVASNEHLIYYFS
NPDTGEPIKEYLERARARFGAWILDTTCRDYNREWLD
YOYEVGLRHHRSKKGVTDGVRTVPHIPLRYLIANIYPI
TATIKPFLAKKGGSPEDIEGMYNAWFKSVVLQVAIWSH
PYTKENDW

DNA Sequence of PgC10-G1. Colors in the PgC10-G1 sequence indicate which residues
are mutated in Tile 1 (green), Tile 2 (orange), or Tile 3 (purple).

ATGACTCCCTCGGACATCCCGGGATATGATTATGGGCGTGTCGAGAAGTCACC
CATCACGGACCTTGAGTTTGACCTTCTGAAGAAGACTGTCATGTTAGGTGAAA
AGGACGTAATGTACTTGAAAAAGGCGTGTGACGTTCTGAAAGATCAAGTTGAT
GAGATCCTTGACTTGTGGGGTGGTTGGGTAGCATCAAATGAGCATTTGATTTA
TTACTTCTCCAATCCGGATACAGGAGAGCCTATTAAGGAATACCTGGAACGTGC
GCGCGCTCGCTTTGGAGCCTGGATTCTGGACACTACCTGCCGCGACTATAACC
GTGAATGGTTAGACTACCAGTACGAAGTTGGGCTTCGTCATCACCGTTCAAAG
AAAGGGGTCACAGACGGAGTACGCACCGTGCCCCATATCCCACTTCGTTATCT
TATCGCAAATATCTATCCTATCACCGCCACTATCAAGCCATTTTTGGCTAAGAAA
GGTGGCTCTCCGGAAGACATCGAAGGGATGTACAACGCTTGGTTCAAGTCTG
TAGTTTTACAAGTTGCCATCTGGTCACACCCTTATACTAAGGAGAATGACTGG




Table B-3. Evolutionary trajectory of protoglobin variants involved in this study.
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Protein Variant

Mutations Relative to PgC10-G1
(New Mutations in Bold)

PgC10-G1
PgC10-G2

PgC10-G3

None

W59C Q113R

W59C QI113R C45G C102D

Figure B-1. Homology model of PgC10-G3 with all mutations relative to wild-type

ApePgb shown in yellow.
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Table B-4. Primers used in this work to generate enzyme variants and sequence them via
evSeq. All primers were ordered from IDT (Coralville, IA).

Primer Direction Sequence Description

Name

Tilel Frag F | Forward 5’- Tile 1 Fragment
CCCCTCTAGAAATAATTTTGTTTAACTTTAA | Mutagenesis
GAAGGAGATATACATATGACTCCCTCG-3’

Tilel Frag R | Reverse 5’- Tile 1 Fragment
TGTATCCGGATTGGAGAAGTAATAAATCAA | Mutagenesis
ATGCTCATTTGATGCTAC-3’

Tilel BB F | Forward 5’- Tile 1 Backbone
GTAGCATCAAATGAGCATTTGATTTATTACT | Amplification
TCTCCAATCCGGATACAGG-3’

Tilel BB R | Reverse 5’- Tile 1 Backbone
CGAGGGAGTCATATGTATATCTCCTTCTTAA | Amplification
AGTTAAACAAAATTATTTCTAGAGGGG-3’

Tilel Seq F | Forward 5’- Tile 1
CACCCAAGACCACTCTCCGGCTTTAAGAAG | Sequencing
GAGATATACATATGACTCCCTCG -3’ Adaptor

Tilel Seq R | Reverse 5’- Tile 1
CGGTGTGCGAAGTAGGTGCGAAGTAATAAA | Sequencing
TCAAATGCTCATTTGATGCTAC -3’ Adaptor

Tile2 Frag F | Forward 5’-AGATCCTTGACTTGTGGGGTGGTTGG-3’ Tile 2 Fragment

Mutagenesis

Tile2 Frag R | Reverse 5’-GGTGCGTACTCCGTCTGTGACCCC-3’ Tile 2 Fragment

Mutagenesis
Tile2 BB F | Forward 5’-GGGGTCACAGACGGAGTACGCACC-3’ Tile 2 Backbone
Amplification

Tile2 BB R | Reverse 5’- Tile 2 Backbone
CCAACCACCCCACAAGTCAAGGATCTCATC- | Amplification
3

Tile2 Seq F | Forward 5’- Tile 2
CACCCAAGACCACTCTCCGGGACTTGTGGG | Sequencing
GTGGTTGG-3’ Adaptor

Tile2 Seq R | Reverse 5’- Tile 2
CGGTGTGCGAAGTAGGTGCCGTACTCCGTC | Sequencing

TGTGACCCC-3’

Adaptor
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Tile3 Frag F | Forward 5’- Tile 3 Fragment
CGAAGTTGGGCTTCGTCATCACCGTTCAAA | Mutagenesis
G-3
Tile3 Frag R | Reverse 5’-GGTGGTGCTCGAGCCAGTCATTCTC -3’ Tile 3 Fragment
Mutagenesis
Tile3 BB F | Forward 5’-GAGAATGACTGGCTCGAGCACCACC-3’ Tile 3 Backbone
Amplification
Tile3 BB R | Reverse 5’-CTTTGAACGGTGATGACGAAGCCCAAC- Tile 3 Backbone
3 Amplification
Tile3 Seq F | Forward 5’- Tile 3
CACCCAAGACCACTCTCCGGGGCTTCGTCAT | Sequencing
CACCGTTCAAAG-3’ Adaptor
Tile3 Seq R | Reverse 5’- Tile 3
CGGTGTGCGAAGTAGGTGCGGTGCTCGAGC | Sequencing

CAGTCATTC-3’

Adaptor
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B.3. Control Experiments

6.0006+6

5.0006+6
4.0006+6 -

3.0006+6 -

SIM 234 lon Count

2.0000+6

1.000e+6

0.000e+0 —_ f t
C10_L C10_WC30 C10_WcCe60 BSA BSA+Heme Heme M9-N

Condition

Figure B-2. Control experiments performed to assess potential background reactivity.
C10_L refers to reactions in clarified lysates of E. coli expressing PgC10 corresponding to
a cell density of ODgpo=30. C10_ WC30 and C10_WC60 refer to reactions in whole cell
suspensions with ODgpo=30 and ODgoo=60 respectively. Conditions with BSA were
performed with a concentration of 1 mg/mL protein and conditions with heme were
performed with 10 uM loading. Reactions were performed on 4-umol scale (B.1.9).
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B.4. Preparation of Substrates

H-Br
1.05eq. H,N" "By

NS
N 0.8 eq. NaBH S
@AC > @N Br 29 T B Ph
1.5 eq. Ef3N MeOH (0.5 M)

2 eq. anhyd. Na,SO4
THF (0.45 M)

(E)-N-(3-bromopropyl)-1-phenylmethanimine. To an

SN oven-dried round-bottom flask equipped with a stir bar:
benzaldehyde (8.2 mL, 80 mmol, 1.0 equiv.) was dissolved in

THF (180 mL). Anhydrous sodium sulfate (22.7 g, 160 mmol,

2 equiv.) and 3-bromopropylamine hydrobromide (18.4 g, 85 mmol, 1.05 equiv.) were
added to the flask in a single portion. Triethylamine (16.7 mL, 120 mmol, 1.5 equiv.) was
added dropwise while the reaction was agitated. The reaction was allowed to proceed with
stirring at room temperature overnight. Once judged complete by TLC, the reaction was
filtered over celite and the resulting precipitates were rinsed with diethyl ether. The
organics were decanted from the drying agent and the volatiles were stripped under
vacuum, yielding a pale yellow oil. The crude product was carried forward with no further

purification. For the purposes of the subsequent reaction, the yield was presumed to be

quantitative.
N-benzylazetidine. To a round-bottom flask equipped with a stir bar:
N/\ Ph the crude imine from the previous step (14.4 g, 80 mmol, 1 equiv.) was
D dissolved in methanol (160 mL). Sodium borohydride was added

portion-wise to control the evolution of hydrogen gas and prevent
overflow due to foaming. The reaction is allowed to proceed with stirring for one hour,
after which the reaction vessel is heated to 55°C. The reaction was allowed to stir

vigorously until judged complete by TLC analysis. Once complete, the reaction was
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concentrated to ca. 5 mL under reduced pressure and then diluted in 50 mL Et,O. This
solution was transferred to a separatory funnel and washed with saturated sodium
bicarbonate solution (2x 50 mL) and brine (50 mL) prior to drying over anhydrous sodium
sulfate. Once dry, the organics were decanted from the drying agent and the volatiles were
stripped under vacuum yielding a yellow oil. The crude product was purified by vacuum
distillation (0.4 mmHg) (gradient from 100% hexanes to 20% EtOAc in hexanes) to afford
2.6 g (22% overall yield) of the titled compound as a colorless oil: bp 37°-40°C/0.4 mmHg
(lit. 65°-70°C/4 mmHg).® '"H NMR (600 MHz, CDCl3) 8 7.7 — 7.4 (m, 5H), 3.58 (s, 2H),
3.23 (t, J=8.1 Hz, 4H), 2.1 (quintet, J = 8.1 Hz, 2H). The spectrum obtained is in accord

with prior literature reports.’

NH
o) 2eq. TMS™ SN, o 2eq. [ ] H-ci P

' o BrA)J\ ’ N/\)J\

Br/\)J\CI 1:1 MeCN/THF | 2.5 eq. Et;N [ |
0°C to RT 2 DCM

0°C to RT

4-bromo-1-diazobutan-2-one. Synthesized using the procedure of

0] . . . . .
/\)J\ Das.!? A solution of trimethylsilyldiazomethane (5 mL, 2 M in Et,0,
Br
|

N 10 mmol, 2 equiv.) is added to a 1:1 mixture of MeCN and THF (10
2

mL) in a round bottom flask equipped with a stir bar at 0°C.
Separately, a solution of 3-bromopropionyl chloride (860 mg, 5 mmol, 1 equiv.) was
dissolved another 1:1 mixture of MeCN and THF (10 mL). The acid chloride solution is
added dropwise to the chilled diazo-containing flask. After stirring for 2 hours at 0°C, the
reaction was allowed to ambiently warm to RT and proceed until judged complete by TLC.
The reaction is quenched with saturated sodium carbonate solution (10 mL). The resulting
mixture is transferred to a separation funnel and partitioned into 20 mL Et;O. The aqueous
layer was washed twice more with Et2O (20 mL). The combined organics were washed
with brine and dried over anhydrous sodium sulfate. The crude product was purified by

silica gel column chromatography (gradient from 100% hexanes to 35% EtOAc in hexanes)
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to afford 71 mg (8% yield) of the titled compound as a bright yellow oil. 'H NMR (400
MHz, CDCI3) & 5.31 (s, 1H), 3.65 — 3.57 (m, 2H), 2.89 (t, J = 6.7 Hz, 2H). The spectrum

obtained is in accord with prior literature reports.°

o 4-(azetidine-1-yl)-1-diazobutan-2-one. The diazo product (71 mg,
N /\)J\ 0.4 mmol, 1 equiv.) from the previous step was dissolved in DCM
I
[ 4,

(2 mL) in a dram vial equipped with stir bar. The vial was then

cooled to 0°C. A solution of azetidine hydrochloride (83 mg, 0.8
mmol, 2 equiv.) was prepared in DCM (2 mL) and added dropwise to the reaction vessel.
Triethylamine (0.14 mL, 1 mmol, 2.5 equiv.) was then added dropwise. This solution was
allowed to stir at 0°C until judged done by TLC. The reaction was quenched with saturated
sodium bicarbonate solution (5 mL). This mixture was transferred to a separatory funnel
and the layers separated. The aqueous phase was washed with DCM (3x 10 mL) after which
the combined organics were rinsed with brine (10 mL). The organic layers were then dried
over sodium sulfate. Once dry, the organics were decanted and the volatiles stripped under
vacuum. The crude product was purified by silica gel column chromatography (gradient
from 100% DCM to 5% MeOH in DCM) to afford 45 mg (73% yield) of the titled
compound as an orange solid. 'H NMR (400 MHz, CDCI3) & 5.63 (s, 1H), 3.58 (q, J = 7.3
Hz, 4H), 3.01 (q, J = 7.3 Hz, 2H), 1.42 (t, ] = 7.3 Hz, 6H), 1.33 (t, ] = 7.3 Hz, 3H).
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Me0,C” “CO,Me

Phi(OAc),
CHCl,
45°C
N__CO,H

U CF3
CFs 1 eq Phi(DMM) NaOH
NH S = »
@/\ X 1 P ©/\ )b Pd(OAc), NW/Q THF/H20/MeOH, 3:1:1 (0.2 M)
1.2 eq. DIPEA PhCI (0.05 M) J N

1.2 eq. HOBt 100°C
DCM (0.2 M)

CF, 1.5 eq. Mel CF,

1.5 eq. NaH
[

N-(2-(trifluoromethyl)benzyl)picolinamide. Synthesized

Fa 0 N using the procedure of He and coworkers.!! An oven-dried
@ﬁu | /\ round bottom flask was charged with a stir bar and DCM
(75 mL). To this flask were picolinic acid 2-

(trifluoromethyl)-benzylamine (2.6 g, 15 mmol, 1 equiv.),
picolinic acid (1.85 g, 15 mmol, 1 equiv.), diisopropylethylamine (3.1 mL, 18 mmol, 1.2
equiv.), HOBt (2.4 g, 18 mmol, 1.2 equiv.), and EDCI (3.45 g, 18 mmol, 1.2 equiv.). The
reaction was allowed to stir overnight at room temperature. The following day, the reaction
was partitioned into water (75 mL). The mixture was transferred to a separatory funnel and
the phases were separated. The organic layers were washed twice with water (75 mL) and
rinsed with brine. The resulting organic layer was allowed to dry over anhydrous sodium
sulfate. Once dried, the volatiles were stripped under vacuum and the product purified by
silica gel column chromatography (gradient from 100% hexanes to 60% EtOAc in hexanes)
to afford 2.1 g (50% yield) of the titled compound as a feathery white solid. "H NMR (400
MHz, CDCI3) ¢ 8.48 (ddd, J =4.8, 1.8, 0.9 Hz, 1H), 8.39 (s, 1H), 8.16 (dt, J = 7.8, 1.1 Hz,
1H), 7.80 (td, J=7.7, 1.7 Hz, 1H), 7.59 (dd, J = 14.3, 7.8 Hz, 2H), 7.45 (t, ] = 7.6 Hz, 1H),
7.41—7.27 (m, 2H), 4.80 (d, J = 6.4 Hz, 2H). The spectrum obtained is in accord with prior

literature reports.!!
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Phenyliodonium dimethylmalonate

-0 o. 0 o. . [PhI(DMM)]. PhI(DMM) is an oligomeric
\I/ N1~ \I/

|
Ph O O Ph O O Ph complex of  dimethylmalonate  with

hypervalent iodobenzene described by He et
PhI(DMM)

al.! (Diacetoxyiodo)benzene (3.2 g, 10 mmol,

1 equiv.) and 2,2-dimethylmalonate (1.32 g, 10 mmol, 1 equiv.) were dissolved in
chloroform (50 mL) in a round bottom flask equipped with stir bar. The solution was
brought to 45°C and agitated for 10 minutes, after which the volatiles were stripped under
reduced pressure. This process is repeated twice (2x 50 mL CHCL), yielding 3.4 g of a
sticky white solid (97% yield). '"H NMR (400 MHz, CDCI3) & 13.25 (d, J = 19.2 Hz, OH),
8.20 (s, 6H), 7.27 (tt, ] =4.4,2.2 Hz, 10H), 6.51 (s, 1H). The spectrum obtained is in accord

with prior literature reports. !

F
e Pyridin-2-yl(2-(trifluoromethyl)-7-azabicyclo[4.2.0]octa-
@:\\l \/ ) 1,3,5-trien-7-yl)methanone. The picolinamide (840 mg, 3
g N mmol, 1 equiv.) and hypervalent iodine species (2 g, 6 mmol,

2 equiv.) generated in the previous steps were dissolved in
chlorobenzene (60 mL). To this solution was added palladium diacetate (67 mg, 0.3 mmol,
10 mol%). The suspension was brought to 100°C and proceeded until judged complete by
TLC. The reaction was diluted with EtOAc (150 mL) and partitioned with saturated sodium
bicarbonate solution (100 mL). In a separatory funnel the organic layers were rinsed twice
with saturated sodium bicarbonate solution (2x 50 mL) and brine (50 mL). The combined
organic layers were dried over anhydrous sodium sulfate. The organics were decanted from
the drying agent and the volatiles were stripped under vacuum, yielding a dark red residue.
After purification by silica gel column chromatography (gradient from 100% hexanes to
30% EtOAc in hexanes), 690 mg (82% yield) of a crystalline white solid was isolated. 'H
NMR (400 MHz, CDCI3) & 8.60 (ddd, J =4.7, 1.8, 0.9 Hz, 2H), 8.21 — 8.08 (m, 3H), 7.90
—7.72 (m, 3H), 7.51 (s, 1H), 7.52 — 7.39 (m, 2H), 7.43 — 7.37 (m, 2H), 7.41 — 7.26 (m, 3H),
7.26 —7.10 (m, 3H), 5.77 (s, 4H), 5.20 (s, 1H), 4.76 — 4.65 (m, 1H), 1.23 — 1.11 (m, 3H).

The spectrum obtained is in accord with prior literature reports.!!
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2-(trifluoromethyl)-7-azabicyclo[4.2.0]octa-1,3,5-triene. The

CFs protected benzazetidine (690 mg, 2.5 mmol, 1 equiv.) was dissolved in
Ch

a mixture of THF, MeOH, and H>O (12.5 mL, ca. 3:1:1 respectively).
Crushed sodium hydroxide pellets were added portion-wise (2x 120

mg, 6 mmol) until all of the starting material was consumed. The
volatiles were stripped under reduced pressure, leaving the reaction components in aqueous
solution. The aqueous phase was diluted with H,O (25 mL) and partitioned into DCM (25
mL). The mixture was transferred to a separatory funnel and the aqueous layer was
extracted with DCM (2x 25 mL) prior to drying the organics over anhydrous sodium
sulfate. Once dry, the organics were decanted and the volatiles stripped under vacuum. The
crude product was purified by silica gel column chromatography (gradient from 100%
hexanes to 40% EtOAc in hexanes) to afford 240 mg (56% yield) of the titled compound
as an orange oil. "H NMR (400 MHz, CDCI3) & 10.32 (s, 1H), 8.73 (s, 1H), 8.50 (ddd, J =
4.8, 1.7, 0.9 Hz, 1H), 8.14 (ddt, J = 26.5, 7.8, 1.1 Hz, 1H), 7.79 (td, ] = 7.7, 1.7 Hz, 1H),
7.44 —7.36 (m, 1H), 7.40 — 7.18 (m, 4H), 7.16 — 7.07 (m, 2H), 7.07 — 7.02 (m, 2H), 6.79
(d, J =7.7 Hz, 2H), 4.75 — 4.65 (m, 6H). The spectrum obtained is in accord with prior

literature reports.!!

7-methyl-2-(trifluoromethyl)-7-azabicyclo[4.2.0]octa-1,3,5-triene.

CFs The material isolated in the previous step (240 mg, 1.4 mmol, 1 equiv.)
Cn
N

was dissolved in anhydrous THF in an oven-dried vial. Sodium hydride

(60% dispersion, 125 mg, 2 mmol, 1.5 equiv.) and a stir bar were added

to the reaction vessel and the mixture was allowed to stir for ca. 1 hour.
Subsequently, iodomethane (0.13 mL, 2 mmol, 1.5 equiv.) was added dropwise. The
reaction proceeded with stirring until judged complete by TLC. Once done, the reaction
was quenched with water (3 mL). The aqueous phase was extracted with DCM (3x 6 mL)
and the combined organics dried over anhydrous sodium sulfate. Once dry, the volatiles
were stripped under vacuum and the product purified by silica gel column chromatography

(gradient from 100% hexanes to 40% EtOAc in hexanes) to afford 94 mg (36% yield) of
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the titled compound as an orange residue. 'H NMR (400 MHz, CDCI3) & 10.32 (s, 2H),
8.74 (s, 2H), 8.50 (ddd, J =4.7, 1.8, 0.9 Hz, 2H), 8.15 — 8.08 (m, 2H), 7.79 (td, J = 7.8, 1.7
Hz, 2H), 7.54 — 7.46 (m, 1H), 7.45 — 7.35 (m, 3H), 7.30 — 7.19 (m, 4H), 7.19 (s, 8H), 7.17
—6.99 (m, 6H), 6.92 (d, J = 7.6 Hz, 1H), 6.81 (dd, J = 15.6, 7.9 Hz, 1H), 5.35 — 5.21 (m,
2H), 5.19 — 5.12 (m, 1H), 4.93 (s, 0H), 4.71 — 4.61 (m, 6H), 4.56 (dd, J = 21.6, 13.0 Hz,
2H), 3.98 — 3.84 (m, 2H), 3.38 (s, 2H), 3.37 — 3.17 (m, 1H), 2.19 (s, 1H), 2.00 (t, J = 7.2
Hz, 1H), 1.19 (s, 1H).

H=C 1 eq. NaNO,

H,N" > CF >
2 s H,0 (4 M) N7 "CF3

2,2,2-trifluorodiazoethane. Following the protocol of Zhang.'?

A~ Trifluoroethylamine hydrochloride (1.9 g, 14 mmol, 1 equiv.) and
N CF
2 ° sodium nitrite (970 mg, 14 mmol, 1 equiv.) were dissolved in separate

aliquots of water (1.5 mL and 2 mL respectively). The following

reaction-trap setup was prepared: 1) the reaction vessel is charged with the ethylamine
solution, sealed, and attached to an argon line and a separate empty vial via PTFE tubing
and needle attachment on either end, 2) the empty vial is attached by tubing to a trap vial
charged with 7 mL EtOH kept on ice. The reaction is commenced with slow addition of the
sodium nitrite solution (0.9 mL/hr). As the reaction proceeds, the diazo product is trapped
in the ethanol phase in the trap vial as evidenced by the yellowing of the solution. After the
nitrite addition is complete the reaction is stirred for one additional hour, at which point the
trap vial is removed and stored at -20°C as a solution. The product concentration was

measured by 1°F NMR with 1 M fluorobenzene as an internal standard. ’F NMR: § =-54
ppm.
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B.S. Preparation of Authentic Standards

Br
H 2 eq. SOCl, H  H-C 1.5 eq. ©/\ Nﬁph
&Coﬂ" EtOH (1.25 M) &0025 5 eq. EtsN Q—CozEt
)

DCM (0.2 M

DL-ethyl prolinate hydrochloride. To an oven-dried 8-mL dram
H H-Cl vial equipped with a stir bar, septum, and drying tube: DL-proline
Q*COzEt (460 mg, 4 mmol, 1 equiv.) was suspended in ethanol (3.2 mL). The

reaction was chilled in an ice bath, and thionyl chloride (0.6 mL, 8

mmol, 2 equiv.) was added dropwise. The reaction was allowed to
ambiently warm to RT with stirring until judged complete by TLC. Once done, the solution
was concentrated directly from this dram vial under vacuum to remove volatiles, and the
crude product was carried forward with no further purification. For the purposes of the

subsequent reaction, the yield was presumed to be quantitative.

DL-ethyl benzylprolinate. The crude prolinate (710 mg, 4 mmol, 1
equiv.) synthesized above is suspended in methylene chloride (25

//Ph
N
Q*COZEt mL) and the dram vial is equipped with a stir bar, a septum, and a
drying tube. The vial is chilled in an ice bath prior to the addition of

benzyl bromide (0.71 mL, 6 mmol, 1.5 equiv.). Once addition is
complete, triethylamine (2.8 mL, 20 mmol, 5 equiv.) is added dropwise. The reaction is
allowed to warm to RT and stirring is continued until the reaction is judged complete by
TLC analysis. Once complete, the reaction is transferred to a separatory funnel and
quenched with 25 mL of saturated sodium bicarbonate solution. The layers are thoroughly
mixed, and the aqueous layer is removed. The organic layer is washed with water (1x 25

mL) and brine (1x 20 mL) prior to drying over sodium sulfate. Once dry, the organics are
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decanted and the volatiles are removed under vacuum. The crude product is purified by
silica gel column chromatography (gradient from DCM to 5% MeOH in DCM) to afford
147 mg (63% yield) of the titled compound as an orange oil. 'H NMR (400 MHz, CDCI3)
07.40—-7.31 (m, 3H), 7.35-7.29 (m, 1H), 7.33 — 7.20 (m, 1H), 4.15 (qd, J =7.1, 1.6 Hz,
2H), 3.96 (d, J = 12.9 Hz, 1H), 3.60 (d, J = 12.9 Hz, 1H), 3.27 (t, J = 7.1 Hz, 1H), 3.08
(ddd, J=10.5, 7.8, 3.2 Hz, 1H), 2.44 (t, J = 10.2 Hz, 1H), 2.23 — 2.08 (m, 1H), 2.05 - 1.74
(m, 3H), 1.27 (t, J = 7.1 Hz, 3H).

1) MeOTf, 1,2-DCE, 80°C 1.5 eq. NaBH,
~Ph 2) Me3SiCF3, KF, DMF, 50°C P 1.2 eq BF3-OEt, Ph
N » N

~
OMe » N

L):O dioxane (0.5 M), 50°C Q*CF‘%
CF3

~ Ph (¥)-1-benzyl-2-methoxy-2-(trifluoromethyl)pyrrolidine.

N oM Synthesized according to the method of Levin et al'® 1-
e

CFs benzylpyrrolidinone (700 mg, 4 mmol, 1 equiv.) was dissolved in 1,2-

dichloroethane (4 mL) in an oven-dried 40 mL dram vial equipped

with a stir bar. Methyl triflate (0.94 mL, 4.8 mmol, 1.2 equiv.) was added with stirring and
the reaction was brought to 80°C. The reaction was allowed to stir for 15 minutes, after
which the reaction was cooled to room temperature and concentrated under reduced
pressure. The resulting residue was dissolved in DMF (7 mL) with the addition of
trimethyl(trifluoromethyl)silane (1 mL, 6 mmol, 1.5 equiv.) and potassium fluoride (290
mg, 5 mmol, 1.25 equiv.). This solution was stirred for 1 hour at 50°C. After cooling, the
reaction is quenched with saturated sodium bicarbonate solution (2 mL) and then diluted
with water (10 mL). In a separatory funnel the aqueous layer is washed with a 1:1 mixture
of hexanes and Et:O (3x 10 mL). The combined organics are dried over anhydrous sodium
sulfate. Once dry, the organics are decanted and the volatiles stripped under reduced
pressure. The crude product is purified by triethylamine-neutralized silica gel column

chromatography (gradient from hexanes to 10% EtOAc in hexanes) to afford 294 mg (28%
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yield) of the titled compound a yellow oil. 'H 1H NMR (400 MHz, CDCI3) § 7.31 — 7.13
(m, 8H), 4.16 (d, J = 14.1 Hz, 2H), 3.94 (s, 1H), 3.59 (d, J = 14.1 Hz, 2H), 3.00 (t, J = 9.4
Hz, 1H), 2.88 (td, J = 8.1, 3.8 Hz, 2H), 2.70 (q, J = 8.0 Hz, 2H), 2.41 (dddd, J = 12.5, 9.6,
7.7,4.1 Hz, 3H), 2.26 (s, 2H), 2.00 — 1.62 (m, 5H). The spectrum obtained is in accord with

prior literature reports.'3

(¥)-1-benzyl-2-(trifluoromethyl)pyrrolidine. The a-
methoxyamine synthesized above (294 mg, 1.1 mmol, 1 equiv.) was

N// Ph
QCF‘Q’ dissolved in dioxane (2.3 mL) in a 20 mL dram vial equipped with a

stir bar. Sodium borohydride (64 mg, 1.7 mmol, 1.5 equiv.) and boron

trifluoride diethyl etherate (0.17 mL, 1.4 mmol, 1.2 equiv.) were
added in succession to the reaction vial. The resulting suspension was stirred at 50°C for 2
hours, cooled to room temperature and quenched with saturated sodium bicarbonate
solution (3 mL). The mixture was diluted with water (5 mL) and extracted with a 1:1
mixture of hexanes and Et;O (3x 10 mL). After drying over sodium sulfate, the organics
are decanted and the volatiles are removed under vacuum. The crude product is purified by
silica gel column chromatography (gradient from hexanes to 33% EtOAc in hexanes) to
afford 179 mg (69% yield) of the titled compound as a colorless oil. '"H NMR (400 MHz,
CDCI3) 6 7.31 - 7.17 (m, 2H), 7.21 = 7.10 (m, 1H), 4.10 (d, J =13.3 Hz, 1H), 3.52 (d, J =
13.3 Hz, 1H), 3.25 - 3.11 (m, 1H), 2.88 (ddd, J = 8.7, 6.4, 1.9 Hz, 1H), 2.30 (td, J = 9.7,
6.0 Hz, 1H), 1.95 — 1.82 (m, 2H), 1.82 — 1.68 (m, 1H), 1.72 — 1.60 (m, 1H). The spectrum

obtained is in accord with prior literature reports.!?
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B.6. Evidence for Azetidinium Formation

MSD3 TIC, MS File (C:\Chem32\1\Dsta'\AD\Ravi\RL-2-50_AztRingExp_InitAct 2021-10-01 11-57-191003-5-Bn-ProEthEst-std.D)

E Ph ™
= I $ =
2000000 A N o @ ” m/z@ 234
: l)—coza o o2 W
0= L b > L
T 7 7 T 7 T 7 7 7
0.5 1 1.5 2 25 3 3.5 4 45 min
MSD3 TIC, MS File (C:\Chem32\1\Dsts\AD\Ravi\RL-2-50_AztRingExp_InitAct 2021-10-01 11-57-191032-P1-C4-RL-2-50-TriSubRL2
B ¢ Enzymatic Extract m/z=234
500000 S o S
: Ng v oF o
0= T T T T T T T T 1]
05 1 15 2 25 2 a5 4 45 min

Figure B-3. Initial Activity Determination (A) LC-MS trace for the authentic standard
of target compound ethyl benzylprolinate after addition to a suspension of E. coli. The
sample was worked up as if it were a biocatalytic reaction (B.1.9). (B) LC-MS trace of
analytes from biocatalytic reaction of N-benzylazetidine and ethyl diazoacetate with
PgC10-G1. The observed differences in peak shape and retention time were attributed to
variations in product concentration and matrix composition at the time of this experiment.
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Figure B-4. (A) GC-MS chromatogram of suspension of uninduced E. coli spiked with
ethyl benzylprolinate with ethyl acetate containing 1 mM 1,3,5-trimethoxybenzene. (B)
GC-MS chromatogram of suspension of uninduced E. coli spiked with N-benzylazetidine
extracted with ethyl acetate containing 1 mM 1,3,5-trimethoxybenzene. (C) GC-MS
chromatogram of a biocatalytic whole-cell reaction extracted with ethyl acetate containing
I mM 1,3,5-trimethoxybenzene. None of the expected product is observed despite the
presence of a peak in the LC-MS trace for the same reaction with m/z=234. This indicates
that the product that is formed does not partition into organic phases.
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Figure B-5. (A) Reaction conditions for the investigation of product inhibition in reaction
of N-benzylazetidine with PgC10-G3. Conditions without the expected product (B)
alongside 1 mM (C), 2.5 mM (D), and 5 mM (E) ethyl benzylprolinate were tested. At
higher concentrations of added prolinate, it becomes apparent from peak distortion that the
enzymatic conditions do not deliver the desired ring-expansion product.
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B.7. Sequence-Function Data Collected from Protoglobin Tiles

B.7.1. Protoglobin Tile Design

Protoglobin ‘tiles’ in this work refer to distinct, contiguous regions of the ApePgb sequence.
These regions are defined by lengths which can be fully sequenced by 150-bp end-paired
[llumina sequencing, such that individual variants containing mutations within a single tile
can be sequenced by evSeq.? Tiles could then be mutagenized by error-prone PCR and the
activity of each sequenced variant could be assessed to generate a sequence-function
dataset. For each tile, first an optimal error rate was determined by testing libraries
generated from PCRs containing varied quantities of MnCl,.* Subsequently, eight 96-well
plates of variants were generated at the optimized error rate for each tile and sequenced.
Finally, the activity for each variant was assessed and the formation of azetidinium product
was normalized against simultaneously assayed parent sequences. For each tile we show:
the number of mutations observed within the tile at each position, the count of each possible
mutation seen in multi-site mutants (only for Tile 1), the average activity for each observed
mutation observed in multi-site mutants (only for Tile 1), the count of all single-site

mutants, and the average activity for each of these single-mutants.
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Tile 1:

Positions: 5-62

Error-prone PCR Conditions: 600 uM MnCl
Error Rate: 0.882 mutations per variant

Mutant Counts: 368 unique variants, 219 of these mutants contain a single amino acid

mutation

Mutation Count

Tt T T+ T T
10 20 30 40 50 60

Residue

Figure B-6. Counts for the number of variants which contained mutations at each position
in Tile 1.
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Figure B-7. (A) Counts for the number of instances that each amino acid mutation in Tile
1 is observed in multi-mutants of this library. (B) Average activity observed for each amino
acid mutation observed in multi-mutants of Tile 1. (C) Counts for the number of instances
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that each amino acid mutation in Tile 1 is observed as a single mutant. (D) Average activity
observed for each amino acid mutation observed in single mutants of Tile 1.

Tile 2:

Positions: 62-125

Error-prone PCR Conditions: 400 uM MnCl

Error Rate: 0.452 mutations per variant

Mutant Counts: 130 unique variants, 90 of these mutants contain a single amino acid

mutation
6
5
%]
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Figure B-8. Counts for the number of variants which contained mutations at each position
in Tile 2.
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Figure B-9. (A) Counts for the number of instances that each amino acid mutation in Tile
2 is observed as a single mutant. (B) Average activity observed for each amino acid
mutation observed in single mutants of Tile 2.

Tile 3:

Positions: 125-192

Error-prone PCR Conditions: 500 uM MnCl

Error Rate: 0.805 mutations per variant

Mutant Counts: 359 unique variants, 217 of these mutants contain a single amino acid

mutation
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Figure B-10. Counts for the number of variants which contained mutations at each position

in Tile 3.

Residue

i

ojey pazijeulioN

Residue

Figure B-11. (A) Counts for the number of instances that each amino acid mutation in Tile

3 is observed as a single mutant. (B) Average activity observed for each amino acid

mutation observed in single mutants of Tile 3.
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B.8. Expression Tests for Protoglobin Variants

Protoglobin Concentr.at|on ~20 uM/OD ~30 uM/OD
by hemochrome:

LB TB TB TB
[IPTG +IPTG +IPTG [IPTG
-ALA -ALA +ALA -ALA

Figure B-12. PgC10-G3 displays high levels of leaky expression. In the absence of IPTG
for induction PgC10-G3 is expressed in approximately 1.5 fold greater quantity than with
IPTG.
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B.9. 'H, 13C, and F NMR Spectra of Enzymatic Reaction Products

'H NMR for 4-(azetidin-1-yl)-1-diazobutan-2-one
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Chapter IV
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ABSTRACT

Directed evolution (DE) is a powerful tool to optimize protein fitness for a specific
application. However, DE can be inefficient when mutations exhibit non-additive, or
epistatic, behavior. Here, we present Active Learning-assisted Directed Evolution (ALDE),
an iterative machine learning-assisted DE workflow that leverages uncertainty
quantification to explore the search space of proteins more efficiently than current DE
methods. We apply ALDE to an engineering landscape that is challenging for DE:
optimization of five epistatic residues in the active site of an enzyme. In three rounds of
wet-lab experimentation, we improve the yield of a desired product of a non-native
cyclopropanation reaction from 12% to 93%. We also perform computational simulations
on existing protein sequence-fitness datasets to support our argument that ALDE can be
more effective than DE. Overall, ALDE is a practical and broadly applicable strategy to

unlock improved protein engineering outcomes.
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4.1. Introduction

Protein engineering is an optimization problem, where the goal is to find the amino acid
sequence that maximizes "fitness," a quantitative measurement of the efficacy or
functionality for a desired application, from chemical synthesis to bioremediation and
therapeutics.! Protein fitness optimization can be thought of as navigating a protein fitness
landscape, a mapping of amino acid sequences to fitness values, to find higher-fitness
variants.? However, since protein sequence space is vast, as a protein of length N can take
on 20" distinct sequences and functional proteins are vanishingly rare, finding an optimal
sequence is hard. Because functional proteins are surrounded by other functional proteins
one mutation away,’ protein engineers often use directed evolution (DE) to optimize

protein fitness.*>

In its simplest form, DE involves accumulating beneficial mutations by searching through
sequences near one that exhibits some level of desired function for variants that exhibit
enhanced performance on a target fitness metric (Figure 4-1A). This approach can be
thought of as greedy hill climbing optimization across the protein fitness landscape (Figure
4-1B). DE is limited because screening for performance can only explore a small, local
region of sequence space. Additionally, taking one mutational step at a time can cause the
experiment to become stuck at a local optimum, especially on rugged protein fitness
landscapes where mutation effects exhibit epistasis.® Machine learning (ML) techniques
offer a pathway to circumvent these obstacles, providing strategies to more efficiently

navigate these complex landscapes.”!!

While supervised ML has been used to propose ideal combinations of mutations—such as
in ML-assisted DE (MLDE)!'?!3—these approaches are often limited to small design spaces
as they do not take advantage of the fundamentally iterative manner in which protein
engineering can take place in real-world applications. By contrast, active learning is an ML
paradigm that gathers data iteratively using a supervised model which is, in turn, updated
as new data are acquired (Figure 4-1C). By leveraging uncertainty quantification to choose
which variants should be tested at each step, active learning has the potential to unlock
improved engineering outcomes (Figure 4-1D).'*'® Approaches related to active learning

have been used in the wet lab to optimize artificial metalloenzymes, nucleases, and other
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19-23

proteins. Past work has also explored the use of Bayesian optimization (BO), a

particular class of active learning algorithms, to experimentally improve the

thermostability of protein chimeras®*%

and to optimize proteins with one to several
mutations.'#262” However, few studies have explored the utility of active learning methods
in comparison to DE, especially where epistatic effects are prevalent.?>?% In addition,

understanding of the practical role of uncertainty quantification in the context of deep

29-31 132

learning and high-dimensional’> representations learned from protein language

models33-3* is limited.

To address the limitations of existing methods, we introduce Active Learning-Assisted
Directed Evolution (ALDE), a computationally assisted workflow for protein engineering
that employs batch Bayesian optimization. ALDE alternates between collecting sequence-
fitness data using a wet-lab assay and training an ML model to prioritize new sequences to
screen in the wet lab (Figure 4-1C); it resembles existing wet-lab mutagenesis and
screening workflows for DE and is generally applicable to any protein engineering
objective. In this study, we use ALDE to find the ideal combination of five mutations in
the active site of a biocatalyst based on a protoglobin from Pyrobaculum arsenaticum
(ParPgb) for performing a non-native cyclopropanation reaction with high yield and
stereoselectivity. We chose this model system because the residues of interest are in close
structural proximity and there is evidence of negative epistasis, which hinders DE. After
performing three rounds of ALDE (exploring only ~0.01% of the design space), the optimal
variant has 99% total yield and 14:1 selectivity for the desired diastereomer of the
cyclopropane product. The mutations present in the final variant are not expected from the
initial screen of single mutations at these positions, demonstrating that the consideration of
epistasis through ML-based modeling is important. We solidify our argument that ALDE
is more effective than DE by computationally simulating ALDE on two combinatorially
complete protein fitness landscapes. We also provide an extensive analysis of the effects of
protein sequence encodings, models, acquisition functions, and uncertainty quantification
for protein fitness optimization, to determine best practices for real-world engineering
campaigns. In short, we find that frequentist uncertainty quantification works more
consistently than typical Bayesian approaches, and incorporating deep learning does not

always boost performance. Ultimately, we demonstrate that ALDE is a practical and
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effective tool for navigating protein fitness landscapes and provide experimental and

computational tools (https://github.com/jsunn-y/ALDE) so that the method is easy to use

and broadly applicable.
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Figure 4-1. Conceptual differences between DE and ALDE. (A) A common workflow for DE,
where a starting protein is mutated and fitnesses of variants are measured (screened). The best
variant is used as the starting point for the next round of mutation and screening, until desired
fitness is achieved. (B) Conceptualization of DE as greedy hill climbing optimization on a
hypothetical protein fitness landscape. (C) Workflow for ALDE. An initial training library is
generated, where k residues are mutated simultaneously (for example £=5). A small subset of
this library is randomly picked, after which the variants are sequenced and their fitnesses are
screened. A supervised ML model with uncertainty quantification is trained to learn a mapping
from sequence to fitness. An acquisition function is used to propose new variants to test,
balancing exploration (high uncertainty) and exploitation (high predicted fitness). The process is
repeated until desired fitness is achieved. (D) Conceptualization of active learning on a
hypothetical protein fitness landscape. Active learning is often more effective than DE for finding
optimal combinations of mutations. In these conceptualizations, a single sequence is queried in

each round, but in practical settings, active learning operates in batch where multiple sequences
are tested in each round.
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4.2. Results

4.2.1. Practical implementation of ALDE

Broadly, ALDE alternates between library synthesis/screening in the wet lab to collect
sequence-fitness labels and computationally training an ML model to learn a mapping from
sequence to fitness in order to suggest a new batch of sequences to test (Figure 4-1C),
resembling batch BO. Before beginning ALDE, a combinatorial design space on & residues
is defined, corresponding to 20* possible variants. The choice of k will vary depending on
the system, as larger values of k£ can consider a greater extent of epistatic effects (allowing
for better possible outcomes) but will likely require collecting more data to find an optimal
variant. First, those k residues are simultaneously mutated, and an initial round of
sequence-fitness data is collected in the wet lab. ALDE is compatible with low-N, batch
protein engineering settings where tens to hundreds of sequences are screened in each
round. The collected sequence-fitness data are then used to computationally train a
supervised ML model that can predict sequence from fitness. Different ways to encode
protein sequence numerically and different types of models which can provide uncertainty
quantification are analyzed in this study. Afterward, an acquisition function is applied to
the trained model to rank all sequences in the design space, from most to least likely to
have high fitness. Several acquisition functions are evaluated in this study, to balance
exploration of new areas of protein space with exploitation of variants that are predicted to
have high fitness (Figure 4-1D). The computational component of ALDE can be performed
using the codebase at https://github.com/jsunn-y/ALDE. For the next round of ALDE, the

top N variants from the ranking are then assayed in the wet-lab to provide additional

sequence-fitness data, and the cycle is repeated until fitness is sufficiently optimized.

4.2.2. The active site of ParPgb is a challenging design space for standard DE

To initiate wet lab studies with ALDE, we identified a target enzymatic activity on a protein
design space that would be difficult to engineer with simple DE methods. Enzyme-

catalyzed carbene transfer reactions have the potential to be useful in many synthetic
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chemistry applications, and thus we decided to focus on the cyclopropanation of 4-
vinylanisole (1a) using ethyl diazoacetate (EDA) as a carbene precursor to afford the 1,2-
disubstituted cyclopropanes trans-2a and cis-2a (Figure 4-2A). Enzyme engineering for
styrenyl cyclopropanation poses a stimulating challenge for evolution toward two
properties, higher yield and improved selectivity toward one of the diastereomers of the
cyclopropane product. While this non-native chemistry has been demonstrated with
cytochromes P411,% we decided to engineer this activity in a protoglobin. Protoglobins are
archaeal hemoproteins, which are attractive engineering targets due to their high
thermostability (Tso ~ 60°C), small size (~200 amino acids),?® and ability to perform novel
carbene and nitrene transfer chemistries.>”*° After screening a diverse set of protoglobins,
including wild-types and engineered homologs, for cyclopropanation activity (Figure C-
31 of Appendix C), we decided to proceed with ParPgb W59L Y60Q (ParLQ) as a starting
point (parent) for ALDE. Because our goal was to arrive at a variant with high yield and
high selectivity for the cis-product, we defined the objective to be explicitly optimized as
the difference between the yield of cis-2a and the yield of trans-2a. The ParLQ variant
demonstrates only moderate cyclopropanation yield (~40% yield) and stereoselectivity (3:1
preferring frans-2a) under screening conditions, and no known protein variant of ParPgb

has high fitness for our objective.

Based on previous engineering studies using protoglobin scaffolds, we selected five active-
site residues (W56, Y57, L59, Q60, and F89; WYLQF) positioned above the distal face of
the heme cofactor, which display epistatic effects and are known to impact non-native
activity (Figure 4-2B).3®3° Single-site saturation mutagenesis (SSM) was performed at
these sites, and variants were screened by gas chromatography for their cyclopropanation
products. None of the screened mutants demonstrated a significant, desirable shift in the
value of the objective (Figure 4-2C) or related metrics such as cis yield and cis/trans
selectivity (Figures C-32—C-46 of Appendix C). Given these data, a protein engineer
might opt to perform a simple recombination of all positive variants to exploit the typically
additive character of mutations.*! However, in our recombination studies of the single-site
mutants with the highest fold-change in cis yield (DAYFW), the objective (DGMDW), or

the selectivity (DGMVW), respectively, we did not observe a variant which generated cis-
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2a with high yield and selectivity (Figure 4-2D). Overall, these findings suggest that our
design problem is quite challenging for standard DE approaches.
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Figure 4-2. A challenging, epistatic protein design space: optimization of five active
site residues in ParPgb. (A) Our objective was to optimize an enzyme to catalyze the
formation of the cis product of a cyclopropanatiom reaction with high yield and high
selectivity, which we quantify in a single value as cis — trans Yield. (B) The parent protein
ParLQ is two mutations (W59L and V60Q) away from the wild-type ParPgb sequence.
Five residues in the active site of ParLQ which were likely to exhibit epistasis were
targeted: W56, Y57, L59, Q60, and F89. (C) The single mutations from parent at the five
targeted sites do not offer significant improvements to the objective of cis — trans Yield.
Very few single-mutation variants have the desired selectivity (positive cis — trans Yield),
and it would not be obvious which variant to take forward in a DE campaign. Parent yields
vary between runs but consistently show moderate yield and selectivity for the trans
product. (D) Various recombinations of ideal single mutations are not effective proteins for
the desired objective (cis — trans Yield), and related metrics such as cis Yield and cis/trans
Selectivity. DAYFW, DGMDW, and DGMVW are the ideal combinations of single
mutations naively predicted to have the highest cis Yield, cis — trans Yield (objective), and
cis/trans Selectivity, respectively. Yields were measured in biological triplicate. Overall,
these results suggest an optimization problem that is challenging for standard DE methods.

4.2.3. Using ALDE to efficiently optimize ParPgb for a non-native carbene transfer

reaction

With the design space confined to five residues and a well-defined objective, we began an

ALDE engineering campaign. First, we synthesized an initial library of ParLQ variants
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which were mutated at all five positions under study (Figure 4-3A). Mutants in this library
were generated through sequential rounds of PCR-based mutagenesis methods utilizing
NNK degenerate codons. We elected to use random selection from this library because we
did not know if any zero-shot predictors might enrich the starting library with useful
variants.®!3 In fact, retrospective analysis of the initial library revealed that our objective
is not strongly correlated with conventional zero-shot predictors,'*#? likely because the
objective involves non-native chemistry, for which fitness is not sufficiently captured by
evolutionary or stability-based metrics alone (Figure C-71 of Appendix C). Four 96-well
plates of these random variants were picked and sequenced using the LevSeq long-read
pooled sequencing method (Figures C-7-C-10 of Appendix C),* yielding 216 unique
variants without stop codons. Screening revealed that nearly all of the variants had higher
cyclopropanation activity than free-heme background activity, likely because ParLQ was
moderately active to begin with, and its high thermostability allows it to tolerate multiple
mutations. The majority of variants displaying improved cyclopropanation yield strongly
favored formation of frans-2a; however, several of the randomly selected sequences were
capable of forming cis-2a in much higher yield than any previously tested ParLQ variant
(Figure 4-3B). Notably, the F89Y mutation was particularly important for inverting
selectivity to favor the cis-2a, but only in the context of certain mutations at positions 56,

57,59, and 60.
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Figure 4-3. ALDE optimization trajectory on the ParPgb active site. The optimization
campaign started with (A) constructing an initial library with mutations at all five sites under
study using NNK degenerate codons, randomly selecting 384 for screening for product
formation, and mapping to sequences using LevSeq. This was followed by two rounds of ALDE—
(B) Round 1 and (C) Round 2. In Round 1 and Round?2, exact genes were ordered as ENFINIA
DNA produced by Elegen Corp. and screened for product formation. For each round, we present
the distribution of amino acids sampled at each site and the distribution of yields for the cis and
trans products, with a few of the top-performing variants labeled. Overall improvement in (D)
cis — trans Yield, (E) Total Yield, and (F) cis/trans Selectivity over several rounds of ALDE for
the best variant in each round and the mean across variants in each round. The best variant in
each round, defined by the obejctive of cis — frans Yield is labeled. Error bars indicate the
standard deviation across variants in the round. Yields were measured in biological triplicate.

The ALDE computational package was used to train a predictive model on sequences and
labels in the initial 216-member library and to suggest sequences for testing based on our
acquisition function. Based on our extensive computational simulations (described in the
following section), we decided to use the DNN ensemble with one-hot encoding of the five
targeted residues for model training and Thompson sampling as the acquisition function.
Genes encoding the top 90 amino acid sequences, optimized for expression in E. coli, were
prepared by exact DNA synthesis for screening (Round 1, Figure 4-3B). Details regarding
DNA sequence design are described in the included supplementary materials. Subsequent
activity screening of these sequences in triplicate showed that nearly a third of Round 1
sequences met the objective better than the best variant in the initial, randomly selected set

(Figure 4-3B). The best variant in the Round 1 library, MKFNY (W56M Y57K L59F
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Q60N F89Y), demonstrated a total cyclopropanation yield of 93% and a cis:trans

selectivity ratio of 12:1.

We then gave the newly collected data back to the ALDE computational algorithm for a
second round of active learning. The top 90 predicted sequences were again synthesized
and tested exactly as before (Round 2, Figure 4-3C). Interestingly, the model explored the
sequence space more in this round, as reflected in the expanded mutational diversity
present in Round 2 and the increased variance in the activities of these sequences (both
reaction yield and diastereoselectivity) (Figure 4-3, Panels D-F). Impressively, the top-
performing variant among these sequences (MPFDY) displayed a total cyclopropane yield
of 99% and a 14:1 cis:trans selectivity ratio. None of the mutations in MPFDY obviously
optimized the objective in the single-site mutagenesis studies (Figure 4-2C); they work
together, however, to deliver an optimal variant. Furthermore, after screening the reaction
products of all predicted variants with chiral gas chromatography methods, we found that
all of these sequences were generally capable of generating cis-2a in high enantiopurity

(Figure C-70 of Appendix C).

Having concluded the ALDE-based evolutionary campaign with substrate 1a, we sought
to understand the substrate scope of the sequences explored in this project. We screened
eight styrene derivatives (1b—1i) for cyclopropanation using the sequences from Round 2
of ALDE (Scheme 4-1). The variants show different yields for each of the substrates, even
though some of these substrates differed from 1a only by a single atom. Nevertheless, for
every substrate, nearly all of the Round 2 variants were higher yielding and more selective
for their respective cis- diastereomers than the parent protein, ParLQ (Figure C-51-C-66
of Appendix C). Interestingly, the top-performing variants for each substrate differed in
sequence from MPFDY, the top enzyme for 1a cyclopropanation. For all the predicted
variants in Round 1 and 2 of ALDE, sequences were confirmed with LevSeq, and the yield
and selectivity of the top variant from each round was validated in vial format, showing

good overall consistency (Figure C-30B of Appendix C).
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Scheme 4-1. 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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4.2.4. Computational simulations on combinatorial protein datasets support the utility of

ALDE

The design choices used for the wet-lab ALDE campaign were determined by performing
computational simulations on two combinatorial landscape datasets for GB1* and TrpB*.
On these landscapes, fitnesses have been measured experimentally for nearly all of the 20*
= 160,000 variants in a library where four amino acid residues were mutated to all possible
amino acids. GB1 refers to the B1 domain of protein G, an immunoglobin binding protein
where fitness is measured by binding affinity-based sequence enrichment. The fitness of
TrpB, the b-subunit of tryptophan synthase, was measured by coupling growth to the rate
of tryptophan formation. Our baseline was DE greedy walk, where one residue was mutated
to all possible amino acids, the best mutation was fixed, and the process was repeated at
each of the residues under study (Figure 4-4A). DE simulations were performed from all
active variants as starting points, using all 24 possible orders to enumerate the residues

under interest.

The ALDE simulation consisted of batch BO, as shown in Figure 4-4B. In each simulation,
a random batch of 96 initial samples was selected, followed by four rounds of 96 samples
each, with the surrogate model retrained and proposing new samples (via the acquisition
function) in each round. This simulation setup was chosen to closely imitate a real wet-lab
active learning campaign. The different parameters explored for ALDE, including
encodings, models, and acquisition functions, are summarized in Table 4-1. We expanded
the analysis beyond Gaussian process (GP) models, which are the typical surrogate models
for BO, to deep kernel learning (DKL) models*! and frequentist models based on
boosting and deep neural network (DNN) ensembles. This was motivated by the rise of
high dimensional encodings of protein sequences, such as those from protein language
models (i.e. ESM23?), which have shown utility in certain property prediction tasks.*’*®
Visualizations of the acquisition functions (greedy, upper confidence bound (UCB), and

Thompson sampling (TS)) on hypothetical models are given in Figure 4-4C, with more

details in Methods.
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Figure 4-4. Performance of simulated ALDE campaigns on two combinatorially complete
protein datasets, GB1 and TrpB. (A) Each DE simulation as a greedy single-step walk on four
residues, where each residue is fixed to the optimal mutation until all four residues have been
iterated across. DE simulations start from every variant that has some measurable function, with
all 24 possible orderings of four residues simulated. (B) Each ALDE simulation starts from a
random sample of 96 variants on the 4-site landscape, with four rounds of learning and proposing
new sequences to test, each with 96 protein variants. (C) Hypothetical visualization of the three
acquisition functions explored in this work: greedy, upper confidence bound (UCB), and
Thompson sampling (TS). (D) ALDE for four encodings, four models, and three acquisition
functions generally outperforms the average DE simulation and random sampling on the GBI
and TrpB datasets. Performance is quantified as the normalized maximum fitness achieved by
the end of the ALDE campaign. Error bars indicate standard deviation across 70 random
initializations.

The performance of each simulated ALDE campaign was quantified as the maximum
fitness achieved at the end of the campaign, normalized to the variant with maximum
fitness in the design space (Figure 4-4D). Full optimization trajectories at each iteration of
the campaign are provided in Figure C-72 (Appendix C). We conclude that active learning
can significantly outperform the average performance of DE and random sampling, and
results are consistent across the two different protein datasets. ALDE is competitive with

similar methods!'#!3

and also outperforms a single round of MLDE (Figure C-73 of
Appendix C). Higher dimensional encodings (Onehot and ESM2) generally work better

with deep learning-based models (DNN Ensemble and DKL), while non-deep learning
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models might learn better from low dimensional AAIndex and Georgiev parameters. The
simulations further suggest that encodings from protein language models may not offer
much benefit, which corroborates previous findings!? but stands in contrast to other protein
properties that can be predicted more effectively by transfer learning from protein language
models.?!#748 We find that ESM2 encodings cannot be used by GPs, likely because they
are too high dimensional. Other studies suggest that using the right lengthscale priors with
GP can enable them to work in these settings;*->* while we did not observe this same effect
for our application, further exploration may be interesting here. In our acquisition
functions, samples in the batch were sampled independently of each other. We also
explored batch expected improvement,>! but this ran extremely slowly without noticeable
improvement in performance. Overall, the frequentist ensemble models perform the most

consistently across different encodings.



190

Table 4-1. Summary of encodings of protein sequences, models, and acquisition functions

tested in this work.

Encoding Dimension per Residue Description
AAlndex 4 Continuous fixed amino acid descriptors
Georgiev* 19 Continuous fixed amino acid descriptors
Onehot 20 Categorical (which amino acid)
1280 Learned embedding from a protein language model
ESM23% . -
(ESM2 with 650 million parameters)
Model Bayesian? Deep Description
Learning?
Boosting Ensemble N An ensemble of 5 boosting models
Gaussian Process N A collection of continuous functions described by a
(GP) posterior
N Y An ensemble of 5 multilayer perceptrons (deep neural
DNN Ensemble
networks, DNNis)
Deep Kernel Y Y A GP on the last layer of a deep neural network
Learning (DKL)*
Acquisition Deterministic? Description
Function
Y Acquires the maximum value of the mean from the
Greedy )
posterior
Y Acquires the maximum value of a certain confidence
Upper Confidence )
interval from the posterior (tuned by a
Bound (UCB)
hyperparameter)
Thompson Sampling N Acquires the maximum value of a random function
(TS) sampled from the posterior

To better understand which models are the most advantageous, we assessed how well

calibrated their uncertainties were (Figure 4-5A). For a calibrated model, an n%

confidence interval should contain n% of true labels across different values of n, which can

be evaluated and visualized based on a calibration curve. Hypothetical calibrated,

underconfident, and overconfident models are visualized in Figure 4-5B, with their
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associated calibration curves. The calibration curves for different encodings and models
are given in Figure C-74 (Appendix C). The area between a calibration curve and perfect
calibration (dashed line) is defined as its miscalibration area, which should be low. Another
way to measure uncertainty calibration is by measuring the Spearman correlation between
uncertainty from the model (o) and the mean absolute error from the model (MAE), which

should be high.

Overall, the Boosting and DNN Ensembles have the lowest MAEs, which suggests that
they are the most accurate models (Figure 4-5A). DNN ensembles have the lowest
miscalibration areas, suggesting that they are the most calibrated and best models overall.
These results are generally consistent across encodings and datasets, with a few outliers.

In general, calibrated uncertainty is desirable,>>3

and it is thought that it is important to
understand how calibration shifts when extrapolating beyond the training set.>*>> However,
in this study, we find that performance in ALDE simulations (by max fitness achieved) is
not necessarily correlated to how calibrated the uncertainties are for each model. For
example, DKL performs the best for the ESM2 encoding, but these models have the least
calibrated uncertainties and the highest MAEs. The poor calibration of DKL models may
result from some mode collapse where out-of-distribution inputs are mapped close to the
training representations by the neural network.’® Because calibration is measured on the

entire combinatorial design space, it may not directly correspond to the ability to find an

optimal variant.
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Figure 4-5. Analysis of uncertainty quantification on simulated ALDE campaigns. (A)
Metrics used to evaluate how well calibrated each of the four models are for four encodings.
Metrics for evaluation are the mean absolute error (MAE), the miscalibration area for the
calibration curve, and the Spearman correlation between uncertainty and error. All metrics
are calculated based on all measured points in the combinatorial design space. All results
are based on the campaigns using UCB as the acquisition function, during the final round
of the campaign. Error bars indicate standard deviation across 70 random initializations.
(B) Visualizations of three hypothetical models with underconfident, calibrated, and
overconfident uncertainties, and their respective calibration curves. (C) Visualization of
how the Spearman correlation between uncertainty and error is calculated.

4.3. Discussion

Overall, ALDE is an effective method for navigating protein fitness landscapes, and it
offers several advantages compared to DE. First, ALDE can unlock engineering outcomes
not possible with simple DE. By considering multiple interacting positions, ALDE can
search for combinations of mutations which may demonstrate desirable epistatic effects>’->
and reduce the risk of getting trapped at a local optimum. We demonstrated the advantage
of ALDE on ParPgb as a particular wet-lab case study — though proof is not possible
without testing every DE greedy single-step walk (which is experimentally intractable in
the wet lab). Computational simulations of ALDE support this conclusion, as ALDE
consistently outperforms MLDE and DE baselines. While ALDE and MLDE!>!® are
similar conceptually and practically, MLDE only uses greedy acquisition, whereas ALDE
can consider model uncertainty, which is potentially useful for exploring larger design

spaces. Compared to previous computational studies on BO for protein variants,'*%¢ our
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study examines a more comprehensive range of encodings, models, and acquisition
functions, and it introduces analysis of the role of calibrated uncertainty quantification.
Interestingly, we found that frequentist ensembles work the best in terms of performance

and uncertainty quantification,*->°

rather than Bayesian approaches such as typical GP
models used in BO. Other ways to quantify uncertainty and improve overall performance
could be explored in the future.!®3° Overall, classical notions of uncertainty quantification
seem to play a more limited role than expected in these real-world applications. In a related
study, we show that ALDE can be combined with various zero-shot predictors and that our
findings here still hold for 16 different protein-fitness landscapes, including those with

fewer active variants.®°

In the wet-lab engineering campaign, we were pleased to find that ALDE enabled access
to a compilation of enzymes which, when considered together, demonstrate a broader
substrate scope than that of a single enzyme. By contrast, DE is limited because it often
“locks” one into high yield for only a single substrate or closely related ones, as the final
variant is generally a single optimized sequence. Here, we observe an emergent advantage
inherent to ALDE: since sequences that balance exploration and exploitation for a given

task are proposed, they can be serendipitously proficient at related tasks.

ALDE is enabled by several recent advancements in biotechnology. For the initial library
constructed using degenerate codons, high-throughput sequencing was necessary to
identify the sequences of variants in each well. For this work we utilized LevSeq,*¢! a
method that leverages real-time nanopore sequencing. Furthermore, rapid and reliable
access to directly synthesized DNA was instrumental to the speed with which evolution
was performed. The ALDE workflow was significantly enhanced with (1) the delivery of
exact genes in one week, which shortened time between rounds of evolution, (2) the high
fidelity of the delivered gene products meant that no sequencing was required for Rounds
1 and 2 of ALDE, and (3) no over-screening was needed because the exact sequences were
arrayed individually. Overall, the time and screening cost of the wet-lab engineering
campaign with ALDE was lower than for a greedy walk strategy with DE. A total of six

96-well plates were screened before arriving at a final variant: four plates of random

variants, and two plates of predicted sequences within three rounds. By comparison, a
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greedy walk with DE would have required around five rounds of evolution—typically one
mutation is accumulated in each round of a DE greedy walk—with increased screening in
the later rounds, which would require greater experimental resources such as chemical
reagents and analysis time. We expect that exact gene synthesis will be increasingly

important for powering active learning workflows in protein engineering.

In this work, we illustrated ALDE’s power for simultaneously increasing the activity and
selectivity of an enzyme for a non-natural reaction, but ALDE is a general workflow that
can be used for a broad range of protein engineering applications. Additionally, ALDE
could be integrated into robotic systems for automated and efficient protein engineering
workflows, and library design could utilize tools such as DeCOIL.> While we only
engineered on five residues in this study, ALDE should naturally extend to even larger
design spaces on more residues, as long as assay-labeled data is collected on variants with
mutations spread across those residues. Determining the residues to target is an open
challenge: these residues should tolerate mutations and have the potential to increase the
fitness of interest. Initial domain knowledge, evolutionary conservation, or initial
mutational screening may be useful here. Library design could also benefit from limiting
the number of simultaneous mutations or using zero-shot scores.!*!° Despite our in silico
simulations using combinatorially complete datasets and wet-lab demonstration of ALDE,
it remains an open question how generally our findings can be applied to the engineering
of other enzymatic systems. Further work is needed to understand how the number of
samples and/or rounds required to achieve successful engineering outcomes will increase
(linearly or exponentially) with the number of sites explored simultaneously and how
epistasis affects this. Future work here may also involve generative modeling if it is not
possible to enumerate the acquisition function on the entire design space. Overall,
accompanied by a user-friendly codebase, ALDE is a broadly applicable tool that can

unlock more efficient and effective protein engineering.
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4.4. Methods

4.4.1 Cloning of Random ParPgb Variants

4.4.1.1 Cloning for Single Site-Saturation Mutagenesis

Chemically competent Escherichia coli (E. coli) cells (T7 Express Competent E. coli) were
purchased from New England Biolabs (NEB, Ipswich, MA). Phusion polymerase and Dpnl
were purchased from NEB. SSM experiments were performed using primers bearing
degenerate codons (NNK) using a modified QuikChange™ protocol.®* The PCR conditions
were (final concentrations): Phusion HF Buffer 1x, 0.2 mM dNTPs each, 0.5 uM of forward
primers, 0.5 pM 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.®

4.4.1.2. Transformation of Single Site Mutants

96-well deep-well plates are 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 recommended protocol. Upon
heat-shock transformation, mixtures were recovered in 0.4 mL Luria-Bertani medium (LB)
(Research Products Int.), after which the cells were incubated 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, which were used 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
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stored at -80°C for future inoculation. Additionally, the sequences of protoglobin genes

contained in every well were sequenced using the evSeq protocol.b!

4.4.1.3. Cloning for Multisite-Saturation Mutagenesis

Mutations were simultaneously incorporated as with single SSM using the
ParLQ quadNNK primers (Table C-4 of Appendix C). The library transformation was
recovered in 0.4 mL LB. 50 pL of transformation mixture were used to inoculate 6 mL of
LB-Amp in a 15 mL plastic culture tube. This culture was allowed to shake overnight at
37°C. The following morning, this library preculture was miniprepped using a QIAprep
Spin Miniprep Kit (Qiagen, Hilden, Germany). This miniprep sample was used as the new
template for mutagenesis with the primers for SSM of site 89. The Gibson products for the
new five-site library were transformed using the recommended protocol into T7 Express
Competent E. coli. Upon heat-shock transformation, mixtures were recovered in 0.4 mL
Luria-Bertani medium (LB) (Research Products Int.), after which the cells were incubated
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, which were used to individually inoculate 400 uL of LB
containing 100 pg/mL of ampicillin (LB-amp) in 2 mL 96-well deep-well plates across 4
separate 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 pL 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.*
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4.4.2. Cloning of ParPgb Predicted Sequences

4.4.2.1. 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 (ddH20), yielding
concentrations between 20-40 ng/uL. 0.7 pL of these gene solutions were added to the
wells of a 96-well PCR plate (Globe Scientific Inc., Mahwah, NJ). 1.0 puL of an aqueous
solution containing 60 ng/uL of linearized pET-22b(+) backbone with overhangs designed
for Gibson ligation with the ordered DNA sequences was added to each of the wells of this
plate. Finally, to each well was added 5 pL of Gibson assembly mix. The 96-well plate was
then incubated at 50°C for 60 minutes, after which the Gibson products were placed on ice.
These Gibson products could then either be directly used for transformation or stored at -

20°C for later use.

4.4.2.2. 96-Well Plate Transformation Protocol

To each well of the previously described Gibson assembly plate was added 5 pL 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. Without outgrowth at 37°C,
10 pL of each transformation mixture was 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 shaking and allowed to sit at room temperature for 8-10 hours.
After this rest phase, 1 uL from each well was used to reinoculated yet another 96-well
deep-well plate preloaded with 400 uL LB-Amp. This cell passage plate was incubated at
37 °C and shaken at 220 rpm for 16-18 hours. The following morning 50 pL of preculture
from each well was 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



198

stored at -80°C for future inoculation. The sequences of transformants generated in this

manner were confirmed by LevSeq long-read sequencing.

4.4.3. Protocols for the Screening of ParPgb Variants

4.4.3.1. 96-Well Plate Library Expression
The wells of a 2 mL 96-well deep-well plates were filled with 400 uL 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 pre-expression cultures were
incubated at 37 °C and shaken at 220 rpm for 16-18 hours. For expression cultures, the
following morning 50 pL of these precultures were used to inoculate 900 puL of Terrific
Broth (TB) (Research Products Int.) with 100 pg/mL of ampicillin (TB-amp) per well in
96-well deep-well plates. These 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 isopropyl-B-D-thiogalactoside (IPTG)
and cellular heme production was increased with 5-aminolevulinic acid (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. The plates were then incubated at 22 °C and 220 rpm

overnight.

4.4.3.2. 96-Well Plate Library Reactions and Screening

Expression cultures containing E. coli expressing hemoproteins of interest were
centrifuged at 4000 x g for 10 minutes at 4 °C. The supernatant was discarded, and
nitrogen-free M9 minimal medium (M9-N, 380 pL) was added to each well. The pellets
were resuspended in this medium via shaking at room temperature for 30 minutes. The
plates were then transferred into a vinyl Coy anaerobic chamber (0 — 30 ppm O3). To each

well was added 20 pL of a MeCN solution with 200 mM of the desired styrene substrate
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and 300 mM of ethyl diazoacetate (EDA). The final reaction volume was 400 pL, and the
final concentrations of the 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 were worked up for processing by adding
600 puL 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 (AWSM1003S,
ArcticWhite) was used to cover the plate and the two layers were thoroughly mixed by
rapid inversion of the plate. The plate was then centrifuged (5000 x g for 5 minutes at room
temperature) to separate the phases. Afterwards, a 200 pL aliquot of the organic layer was

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

4.4.4. Machine Learning Details

The initial training data for the ParPgb campaign was obtained by merging sequencing data
with screening yield data. Measured yields were averaged for sequences with the same
amino acid combination and normalized to the yield of the cis product formation of the
parent variants (WYLQF) on each plate. These normalized values were used for model
training and acquiring new points, which followed the same protocol as the computational
simulations on GB1 and TrpB. For the wet-lab campaign, we trained the model with onehot
encodings, the DNN ensemble with 5 models and bootstrapping using 90% of the available
training data for each model, and Thompson sampling as the acquisition function. These
design choices correspond to the most consistent strategy based on the computational
simulations. Detailed instructions on how to reproduce our results and run ALDE for other

engineering campaigns are provided at https://github.com/jsunn-y/ALDE.

Most Bayesian optimization algorithms consist of two main components: (1) a probabilistic
surrogate model of the objective function and (2) an acquisition function. The surrogate
model predicts the objective function values at unobserved inputs, while the acquisition
function quantifies the potential benefit of evaluating any given batch of inputs based on

these predictions. In each iteration of the Bayesian optimization loop, a new batch of inputs
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is selected by maximizing the acquisition function. After evaluating the objective function
at these new inputs, the surrogate model is updated, and the process repeats. Below, we
describe in detail the probabilistic models and acquisition functions explored in this work,

which were implemented using BoTorch® and GPyTorch.%¢

4.4.4.1. Probabilistic Models for Bayesian Optimization

Let X denote the input space (i.e., the space of feasible protein sequences) and let f: X —
R denote the objective function (i.e., the metric we wish to optimize). In this work, we
explore four classes of probabilistic surrogate models of the objective function: regular
Gaussian processes (GP), deep kernel Gaussian processes (DKL), deep ensembles (DNN

ensemble), and boosting ensembles.

Gaussian Processes. A Gaussian process model is defined in terms of a prior mean
function py: X — R and a prior covariance function Ky: X X X - R and it encodes a
Bayesian prior distribution over f. Given a dataset of n evaluations of the objective
function, denoted as D,, = {(x;, y;)}i-, one can derive the posterior distribution of f given
D,,. If these evaluations are corrupted by i.i.d. additive Gaussian noise, i.e., y; = f(x;) +
€;, where €, ..., €, are i.i.d. Gaussian with mean zero and variance 62, the posterior is
again a Gaussian process characterized by a posterior mean function w,:X — R and a
posterior covariance function K,,: X X X = R. These functions can be computed in closed
form in terms of the prior mean and covariance functions as well as the data using the
classical Gaussian process regression formulas. ©” The noise variance 6? and other
hyperparameters of the model (such as the lengthscale parameters) can be estimated by

maximizing the log marginal likelihood.

Deep Kernel Learning. Gaussian process models with classical covariance functions,
such as the Matern or squared exponential covariance functions, are known to perform
poorly in high-dimensional input spaces.?? To address this limitation, Wilson et al. (2015)
proposed deep kernel learning.?® Succinctly, this approach uses a covariance function of
the form K(x,x") = k(cbw (x), by (x’)), where k is a regular covariance function (e.g.,

squared exponential) and ¢,, is a deep neural network with weights w. These weights are
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treated like hyperparameters of the model, which can also be estimated by maximizing the

log marginal likelihood.

Boosting Ensembles. Boosting models leverage a sequential training strategy where each
new model is trained to correct the errors of the previously combined models.%® The final
prediction is often a weighted sum of the predictions made by earlier models, where the
weights reflect each model's accuracy. Unlike methods such as bagging, which train models
independently and in parallel, boosting specifically designs each new model to address the
weaknesses of the existing ensemble, thereby creating a strong predictive model from a
sequence of weaker ones. While boosting does not inherently offer a probabilistic
interpretation like Bayesian methods, it is highly effective for reducing bias and variance
in predictive modeling tasks. Here, we train the boosting ensembles with bootstrapping;
each ensemble consists of 5 models where 90% of the total training data is randomly seen

during training.

Deep Ensembles. Deep neural network (DNN) ensemble models are constructed by
training identical deep neural network architectures multiple times, each with different
random initializations of the weight parameters. Here, we train the deep ensembles with
bootstrapping; each ensemble consists of 5 models where 90% of the total training data is
randomly seen during training. These independently trained networks are then collectively
used as if they were samples from a Bayesian posterior distribution over the objective
function f. Unlike Gaussian processes, deep ensembles lack a proper Bayesian
interpretation. However, [zmailov and Wilson argue it is possible to see these models as a

form of approximate Bayesian inference.’® We adopt this view in our work.

4.4.4.2. Acquisition Functions for Bayesian Optimization

Expected Improvement. The expected improvement (EI) acquisition function is given by

o, (x) = E,[{f (x) — fy}*], where f,; = max f(x;) and the expectation is computed

with respect to the posterior distribution given D,,.>! For Gaussian posterior distributions
and noise-free observations (where f,,; is a constant rather than a random variable), the EI

can be expressed in a closed form using the posterior mean and variance. In scenarios where
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these conditions do not hold, computing the EI often requires approximate calculation,

typically through Monte Carlo sampling techniques. When extending the EI to the batch
setting, the acquisition function becomes a,,(X) = E, [{mg(x fx)—fa }+], where X =
X

(xl, s xq) € X1 is a batch of g inputs (qEI). Maximizing the batched EI poses significant
computational challenges due to the requirement to optimize over X?. However, by
exploiting the submodularity of the acquisition function, an efficient approximation can be
achieved through a greedy optimization strategy, selecting each input in the batch
sequentially. In this study, we tested qEI, but it ran slowly without noticeable improvement,

so it was not included in the final results.

Upper Confidence Bound. The upper confidence bound (UCB) acquisition function is

defined by o, (x) = p,(x) + B:l/ 26,(x), where p,(x) and o, (x) are the posterior mean
and standard deviation, respectively, and 3,, is a parameter that controls the exploration-
exploitation trade-off. In our experiments, we set 8, = 4. While there are sophisticated
batch extensions of the UCB acquisition function available in the literature,® our approach
utilizes a straightforward heuristic. Specifically, we form batches by selecting the g inputs
that yield the highest values of a,, (x), evaluated across all discrete x in the design space.
The Greedy acquisition function can be thought of as a specific case of UCB with ,, = 0
so the acquisition function becomes a,, (x) = W, (x). For the frequentist ensemble models,
we evaluate W, (x) and 0,(x) as the mean and standard deviation of all models in the

ensemble, respectively.

Thompson Sampling. Thompson Sampling (TS) is a randomized selection strategy where
the next input to evaluate is obtained by drawing a sample (function) from the posterior
distribution of f and selecting the point that maximizes this sample. For the GP and DKL
models, we approximate samples from the posterior using 1000 random Fourier features.”
For the frequentist ensemble models, the random function sample is drawn as one of the
models in the ensemble. In the batch setting, each input in the batch is obtained as an
independent sample. Unlike the EI and UCB, TS is inherently stochastic as opposed to
deterministic; however, we note that since our ensembles have five models each, TS is less

stochastic in this setting.
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4.4.5. Data Availability

All experimental and simulation data that support the findings of this study are available at

https://github.com/jsunn-y/ALDE and https://zenodo.org/records/12196802

4.4.6. Code Availability

All code that accompanies this study is available at https:/github.com/jsunn-y/ALDE

under the MIT license.
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Appendix C

SUPPLEMENTARY INFORMATION FOR CHAPTER IV

C.1. General Information

C.1.1. 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.

C.1.2. 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, KMnOs, or
Bromocresol Green) followed by heating if necessary. Chromatographic purification was

accomplished by flash chromatography using a Biotage Isolera One instrument.

C.1.3. Spectral Information

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



210

and 101 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 & 7.26 ppm. Data for "H NMR are reported as follows: chemical shift (8 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).

C.1.4. 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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C.2. Cloning and Sequence Design

C.2.1. Relevant Protoglobin Sequences

Table C-1. 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
GWVGSNQHLIY YFGDKSGRPIPQYLEAVRK
RFGLWIIDTLCKPLDRQWLNYMYEIGLRHH
RTKKGKTDGVDTVEHIPLRYMIAFIAPIGLTI
KPILEKSGHPPEAVERMWAAWVKLVVLQV
AIWSYPYAKTGEW

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

ATGGCGGTTCCCGGCTACGATTTTGGCAAAGTCCCGGATGCCCCAATCTCAGA
CGCGGATTTTGAGAGTTTAAAAAAAACCGTGATGTGGGGTGAGGAAGATGAG
AAATATCGCAAAATGGCTTGCGAAGCCTTAAAGGGTCAAGTAGAAGATATTTT
AGATTTGTGGTACGGCCTGCAGGGAAGCAATCAACACCTTATCTACTACTTCG
GTGATAAGAGTGGTCGTCCAATTCCGCAATACCTGGAAGCGGTCCGCAAGCGT
TTCGGGTTGTGGATCATTGATACATTGTGTAAGCCACTGGACCGCCAGTGGTTG
AATTACATGTACGAAATTGGCCTTCGCCATCACCGTACCAAGAAAGGGAAGAC
AGATGGCGTAGATACTGTTGAACATATCCCATTACGCTACATGATTGCTTTCATC
GCTCCCATCGGTCTGACTATTAAGCCGATCTTGGAAAAATCGGGACATCCGCC
AGAGGCCGTGGAGCGTATGTGGGCAGCATGGGTTAAGTTGGTGGTGTTACAG
GTAGCTATCTGGTCGTACCCCTATGCAAAGACGGGCGAATGGCTCGAGCACCA
CCACCACCACCAC
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Table C-2. 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
A GCC
TGC
GAT
GAA
TTT
GGC
CAT
ATT
AAA
TTA
ATG
AAC
CCG
CAG
CGT
AGC
ACC
GTG
TGG
TAT

Tl -1 o Ol o

P

< 2| <| 3| »u| ® o| 7| Z| 2| 0| &
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F89

Figure C-1. Homology model of ParLQ with docked heme. Structural modeling was
performed with AlphaFold3.! Residues which were mutated in this study are illustrated in
yellow.

C.2.2. 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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C.2.3. Primer Design for Site-Saturation Mutagenesis (SSM)

General Cloning Primers

Table C-3. 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 C-4) to generate mutant protoglobin genes. All primers were ordered from
IDT (Coralville, TA).

Primer | Direction | Sequence Description
Name
005 Forward 5’- Upstream of
GAAATAATTTTGTTTAACTTTAAGAAGGAGA | N-term,
TATACATATG-3’ anneals with
007
006 Reverse 5’-GCCGGATCTCAGTGGTGGTGGTGGTGGT Downstream
GCTCGAG-3’ of  C-term,
anneals with
008
007 Reverse 5- Upstream of
CATATGTATATCTCCTTCTTAAAGTTAAACAA | N-term,
AATTATTTC-3’ anneals with
005
008 Forward 5’- Downstream
CTCGAGCACCACCACCACCACCACTGAGATC | of C-term,
CGGC-3 anneals with
006
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Table C-4. 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 Descripti

Name on

ParLQ 56X | Forward 5’- SSM  for

F GGTCAAGTAGAAGATATTTTAGATTTGNNKT | site 56
ACGGCCTGCAGGGAAGCAATC-3’

ParLQ 56X | Reverse 5’- SSM  for

R CAAATCTAAAATATCTTCTACTTGACCCTTT | site 56
AAGGCTTC-3’

ParLQ 57X | Forward 5’- SSM  for

F CAAGTAGAAGATATTTTAGATTTGTGGNNK | site 57
GGCCTGCAGGGAAGCAATCAAC-3’

ParLQ 57X | Reverse 5’- SSM  for

R CCACAAATCTAAAATATCTTCTACTTGACCC | site 57
TTTAAGGC-3’

ParLQ 59X | Forward 5’- SSM  for

F TATTTTAGATTTGTGGTACGGCNNKCAGGG | site 59
AAGCAATCAACACCTTATCTACTAC-3’

ParLQ 59X | Reverse 5’- SSM  for

R GCCGTACCACAAATCTAAAATATCTTCTACT | site 59
TGACCC-3°

ParLQ 60X | Forward 5’- SSM  for

F TTTGTGGTACGGCCTGNNKGGAAGCAATCA | site 60
ACACCTTATCTACTACTTCGG-3’

ParLQ 60X | Reverse 5- SM  for

R CAGGCCGTACCACAAATCTAAAATATCTTC | site 60
TACTTG-3’

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

_F TC-3° site 89
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ParLQ 89X | Reverse 5’-CCMNNACGCTTGCGGACCGCTTCCAGG-3* | SSM for
R site 89
ParLQ quad | Forward 5’-CAAGTAGAAGATATTTTAGATTTG Multisite
NNK F NNKNNKGGCNNKNNKGGAAGCAATCAACA | SSM for
CCTTATC-3° sites 56,
57, 59,
and 60
ParLQ quad | Reverse 5- Multisite
NNK R GATAAGGTGTTGATTGCTTCCMNNMNNGCC | SSM for
MNNMNNCAAATCTAAAATATCTTCTACTTG- | sites 56,
3 57, 59,
and 60

C.3. Cloning Protocols and Results

C.3.1. Protocols for the Cloning of Random ParLQ Variants

C.3.1.1. 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).3 The following PCR amplicons were generated using a parent plasmid (pET-
22b(+) harboring ParL.Q):
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Table C-5. 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.’

C.3.1.2. 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 uL of LB containing 100 pug/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
uL 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.°
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C.3.1.3. 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:

W56X

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

IlﬁgSquep{h
L

Figure C-2. 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.
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Figure C-3. evSeq data for single site-saturation mutagenesis of ParLQ at site Y57. Any
missing residues were found in a second round of cloning, sequencing, and picking.
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Figure C-4. 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.
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Figure C-5. evSeq data for single site-saturation mutagenesis of ParLQ at site Q60. Any
missing residues were found in a second round of cloning, sequencing, and picking.
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Figure C-6. 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.
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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 C-6. 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 \Y w Y Empty
F Empty | M N P Q R S T \Y w Y Empty
G Empty | M P Q R S T \% w Y Empty
H Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty | Empty

The center 60 wells of a 2-mL 96-well deep-well plate were filled with 400 uL 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 pL
of overnight culture 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 inoculation.

C.3.1.4. 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
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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 pL 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 pL 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 uL 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 inoculation.
Additionally, the sequences of protoglobin genes contained in every well were sequenced

using LevSeq sequencing.’
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Figure C-7. LevSeq plate sequencing data for plate 1 of the randomly generated multi-
mutant library.
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Figure C-8. LevSeq plate sequencing data for plate 2 of the randomly generated multi-
mutant library.
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Figure C-9. LevSeq plate sequencing data for plate 3 of the randomly generated multi-
mutant library.
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Figure C-10. LevSeq plate sequencing data for plate 4 of the randomly generated multi-
mutant library.
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C.3.2. Protocols for the Cloning of ALDE Predicted Sequences

C.3.2.1. 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-ug quantities.
These DNA samples were dissolved in 100 pL of double-distilled H,O (ddH20), yielding
concentrations between 20—40 ng/uL. 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 puL 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 puL 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.

C.3.2.2. Transformation Protocol for 96-Well Plate Scale

To each well of the previously described Gibson assembly plate were added 5 pL 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 pL 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 puL 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 uL from each well was used to
reinoculated yet another 96-well deep-well plate preloaded with 400 uL LB-Amp. This cell
passage plate was 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-
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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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C.4. Preparation of Authentic Standards

C.4.1. General Procedure for Cyclopropane Synthesis

S 2
A |
R Rh,(OAc), (1 mol%) A
THF R
5eq.

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 trans- and cis-

cyclopropane products be chromatographically separated.
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C.4.2. Synthesis and Spectral Characterization of Cyclopropane Products

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 trans- 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=7.1Hz, 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,
J=17.5,5.6,5.0 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 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.!%!!
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trans-2b: "H NMR (400 MHz, CDCls) & 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=9.2, 5.3, 4.5 Hz, 1H), 1.38 — 1.23 (m, 4H).

cis-2b: "H NMR (400 MHz, CDCls) 8 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), 0.9 (t, J = 7.1 Hz, 3H).

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

/@ACOQB
Me

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

I-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 trans- 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, CDCL) & 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, 5H).

cis-2¢: 'H NMR (400 MHz, CDCL:) § 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).
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Ethyl 2-(m-tolyl)cyclopropane- 1-carboxylate (2d)

M
© CO,Et

Compound 2d was synthesized with the general procedure for cyclopropane synthesis from
I-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, CDCL:) & 7.04 — 6.98 (m, 2H), 6.94 — 6.87 (m, 2H), 4.17 (q,
J=7.1Hz, 2H), 2.48 (ddd, J= 9.2, 6.5, 4.2 Hz, 1H), 2.33 — 2.32 (m, 3H), 1.89 (ddd, J =
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, CDCL) & 7.19 — 7.04 (m, SH), 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=1.,5.6,5.0 Hz, 1H), 0.99 (t, J= 7.1 Hz, 3H).

Ethyl 2-(o-tolyl)cyclopropane-1-carboxylate (2e)

Me
CO,Et

Compound 2e was synthesized with the general procedure for cyclopropane synthesis from
I-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
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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, CDCL3) § 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, J= 7.1 Hz, 3H).

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 trans- and cis-2f have been previously characterized in the

literature.!3:14

trans-2f: "H NMR (400 MHz, CDCls) & 7.23 — 7.18 (m, 2H), 7.09 — 7.00 (m, 2H), 4.18 (q,
J=17.0 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 (q, 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).
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Ethyl 2-(4-bromophenyl)cyclopropane- 1-carboxylate (2g)

CO,Et
Br

Compound 2g was synthesized with the general procedure for cyclopropane synthesis from
I-bromo-4-vinylbenzene (1g) and EDA. The trans- and cis- products were separated by
column chromatography, yielding 334 mg (31% yield) of the trans- diastereomer and 297
mg (28% yield) of the cis- diastereomer were isolated. Both trans- and cis-2g have been

previously characterized in the literature.” !>

trans-2g: "H NMR (400 MHz, CDCL) & 7.43 — 7.35 (m, 2H), 7.00 — 6.93 (m, 2H), 4.17 (q,
J=17.1Hz, 2H), 2.47 (ddd, J=9.4, 6.5, 4.1 Hz, 1H), 1.91 — 1.82 (m, 1H), 1.60 (dt, J=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=175,54Hz, 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, /= 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-
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/cis- isomers (determined by NMR integration ratios) of 2h was isolated. Both trans- and

cis-2h have been previously characterized in the literature.!?

trans-2h: 'TH NMR (400 MHz, CDCl3) 8 7.57 — 7.49 (m, 2H), 7.22 — 7.18 (m, 1H), 4.18 (q,
J=17.2Hz, 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, J=7.1 Hz, 3H).

cis-2h: '"H NMR (400 MHz, CDCl3) § 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, /= 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 trans- and cis-2h have been previously characterized in the

literature.!2

trans-2i: "H NMR (400 MHz, CDCL) § 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, CDCL) & 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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C.5. 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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cis-2a Calibration Curve
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Figure C-11. Achiral GC-FID calibration curve for cis-2a. Samples were generated using
method A.
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Figure C-12. Achiral GC-FID calibration curve for frans-2a. Samples were generated
using method A.
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cis-2b Calibration Curve
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Figure C-13. Achiral GC-FID calibration curve for cis-2b. Samples were generated using
method A.
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Figure C-14. 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 C-15. Achiral GC-FID calibration curve for cis-2¢. Samples were generated using
method B.
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Figure C-16. Achiral GC-FID calibration curve for trans-2c. Samples were generated
using method B.
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cis-2d Calibration Curve
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Figure C-17. Achiral GC-FID calibration curve for cis-2d. Samples were generated using
method B.
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Figure C-18. Achiral GC-FID calibration curve for trans-2d. Samples were generated
using method B.
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Figure C-19. Achiral GC-FID calibration curve for cis-2e. Samples were generated using
method A.
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Figure C-20. 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 C-21. Achiral GC-FID calibration curve for cis-2f. Samples were generated using
method B.
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Figure C-22. 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 C-23. Achiral GC-FID calibration curve for cis-2g. Samples were generated using
method A.
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Figure C-24. Achiral GC-FID calibration curve for trans-2g. Samples were generated
using method A.
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cis-2h Calibration Curve
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Figure C-25. Achiral GC-FID calibration curve for cis-2h. Samples were generated using
method B.
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Figure C-26. Achiral GC-FID calibration curve for trans-2h. Samples were generated
using method B.
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Figure C-27. Achiral GC-FID calibration curve for cis-2i. Samples were generated using
method B.
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Figure C-28. Achiral GC-FID calibration curve for frans-2i. Samples were generated using
method B.
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C.6. Control and Validation Experiments

C.6.1. Protocols for Small-Scale Reaction Setup in GC Vials

C.6.1.1. 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
ug/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
5-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.

C.6.1.2. 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 (ODeoo) of this
suspension was measured and adjusted to ODsoo = 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 pL of a 600 mM solution of EDA in MeCN were added such that
the final reaction concentrations were 10 mM of styrene and 15 mM of EDA. The GC vials

were tightly capped with screwcaps with a septum and were allowed to shake at room
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temperature for 16 hours. Once complete, the reactions were transferred to a 1.7-mL
Eppendorf tube and 600 pL 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 C-29. 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. Diastereoselectivities are shown above the plot
as the trans:cis cyclopropane ratio.
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Figure C-30. (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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C.7. Biocatalytic Cyclopropanation of Olefins

C.7.1. Substrates Utilized in Plate Screening

Table C-7. Table of styrenyl substrates investigated in this study.

Substrate Name Structure
1a 4-vinylanisole /@/\
MeO
1b Styrene ©/§
1c 1-methyl-4-vinylbenzene /@
Me
1d 1-methyl-3-vinylbenzene Me \©/\
le I-methyl-2-vinylbenzene Me
@
1f 1-chloro-4-vinylbenzene /@/\
Cl
1g 1-bromo-4-vinylbenzene /@/\
Br
1h 1-(trifluoromethyl)-4- AN
vinylbenzene
F3C
1i 2-vinylnaphthylene OO AN

C.7.2. Protocols for the Screening of Protoglobin Variants in 96-well Plate Format

C.7.2.1. 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



250

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 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
uL) 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.

C.7.2.2. 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 pL) 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 O2). 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 puL 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 (AWSM1003S,
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 5
minutes at room temperature) to separate the phases. Afterwards, a 200-uL aliquot of the
organic layer was transferred to a GC vial insert in a GC vial, and the samples were assayed

by GC-FID.
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C.7.2.3. 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 Aeropyrum
pernix. 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 frans-2a are presented.
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Figure C-31. Yields of various protoglobin homologs and mutants for the formation of cis-
and trans-2a.
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C.7.2.4. 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.
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Figure C-32. 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 C-33. 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 C-34. 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 Y57X Mutants
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Figure C-35. 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 C-36. Diastereoselectivity 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 C-37. 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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Figure C-38. 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 C-39. Diastereoselectivity 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 C-40. 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

Total Cyclopropanation Yield, 60X

50

@ S
o o

Total Cyclopropanation Yield (%)
n
o

10

A CDEFGH I KL MNWPQRSTVWY
Amino Acid

Figure C-41. 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 C-42. 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 C-43. 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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Figure C-44. 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 C-45. 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 C-46. 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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C.7.2.5. ParLQ 5-site Multi-Mutant Screening Data with the Model Substrate 1a

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 C-47. Yields of various random ParLQ 5-site mutants for the formation of cis- and

trans-2a. Only ~10% of variants in this random library had improved selectivity for cis-
2a.
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Figure C-48. 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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Figure C-49. 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 C-50. (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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C.7.2.6. 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 C-51. 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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Figure C-52. (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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Figure C-53. Activities of the second round of mutants predicted by ALDE with substrate
lc. Observed yields for the formation of cis- and frans-2c¢ are shown. The highest-
performing variant, MKFDY, demonstrated a yield of 67% with a 11:1 selectivity for cis-

2c.



269

FID1 B, Back Signal (RL\240502_RL7-83_Sub2n3 2024-05-02 14-24-39\8-073-75-RL-7-83_Sub3_C05.0)
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3 3.914 | VBR 357.5 575.6 9.50826-3 | 7.866 1.063

Figure C-54. (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.



270

Substrate 1d - 1-methyl-3-vinylbenzene

100

@ Sterile
@ Variant
® Parent
80
g 60 —
RS
2
>
3
3
S
a
1]
g
=404
20
of° °
1e ° oo Variant: MGFDY
{ e ®, °® o o Total Yield: 51%
e o dr: 25:1
.. (S “ °
°°% %
0 t T T T T t T T T T t T T T T t T T T T 1
0 20 40 60 80 100

cis-Product Yield (%)

Figure C-55. 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_Sub1n22024-05-01 15-19-55\8-131-125-RL-7-83_Sub2_C05.0)
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Figure C-56. (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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Figure C-57. Activities of the second round of mutants predicted by ALDE with substrate
le. Observed yields for the formation of cis- and frans-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_SubSn7 2024-05-16 11-05-44\8-031-29-RL7-90_SubS_C05.0)
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Figure C-58. (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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Figure C-59. 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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FID1 B, Back Signal (RL\240506_RL7-86_Sub6n9 2024-05-06 18-35-31\8-131-126-RL-7-86_Sub9_C05.0)
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Figure C-60. (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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Figure C-61. Activities of the second round of mutants predicted by ALDE with substrate
1g. Observed yields for the formation of cis- and frans-2g are shown. The highest-
performing variant, HPFAW, demonstrated a yield of 51% with a 8:1 selectivity for cis-2g.
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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 C-62. (A) Representative GC-FID trace for reactions of ParL.Q with 1g and EDA.
(B) GC-FID trace for the top-performing variant, HPFAW, in reactions with 1g and EDA.
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Figure C-63. Activities of the second round of mutants predicted by ALDE with substrate
1h. Observed yields for the formation of cis- and trans-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\240616_RL7-90_SubSn7 2024-05-16 11-05-44\8-131-126-RL-7-90_Sub7_C05.0)
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Figure C-64. (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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Figure C-65. Activities of the second round of mutants predicted by ALDE with substrate
li. Observed yields for the formation of cis- and trans-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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Figure C-66. (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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C.8. Chiral Traces for Determination of Enantiopurity

For reactions of la 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.
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Figure C-67. Chiral GC trace of authentic standard for cis-2a
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Figure C-68. Chiral GC trace of products from reaction of 1a with ParLQ
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Figure C-69. Chiral GC trace of products from reaction of 1a with MPFDY
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Figure C-70. 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.



C.9. Additional ML Model Analyses
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Figure C-71. 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 C-72. 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.



285

AAindex Georgiev Onehot ESM2
3 mmm Boosting Ensemble
3 mm GP
§ mmm DNN Ensemble
ﬁ s DKL
é === Directed Evolution
% — Random
=

o
©

S

Max Fitness Achieved
o o

o o
0 o

GREEDY uce Ts GREEDY uce Ts GREEDY uce Ts GREEDY uce Ts

Figure C-73. 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 C-74. 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 GBI and bottom row is TrpB.
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C.10. "TH NMR Spectra of Authentic Standards

f100000

f-90000

., “’
e |
MeO ( |

1-80000

170000

{60000

{50000

{-40000

f-30000

f-20000

110000

ro

54 0w

8858 83388858
110000
'CO,Et ‘
[ 100000
MeO r r (
|
‘ [ | r o [ {90000
[ ( [ |
/ [ .
| |
I 1) T I
80000
70000
60000
F-s50000
-40000
30000
-20000
]
|
1
10000
|
Fo
oo o " e G G
g g g3 5 g 8 & 8
g & B 8 I F-10000
T T T T T T T T T T T T T T T T T T T T T
100 95 20 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

'"H NMR spectrum of racemic cis-2a.
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ABSTRACT

Biocatalysis offers sustainable solutions to pressing challenges in chemical synthesis by
exploiting the remarkable efficiency and selectivity of enzymes. Importantly, enzymes are
able to accommodate non-native substrates and mediate transformations outside of their
natural repertoire. Enzymes can be repurposed for diverse applications by harnessing these
“promiscuous” activities and optimizing them using directed evolution (DE). The success
of a DE campaign, however, depends on the availability of a protein starting point that
displays detectable levels of the desired function. The identification of such starting points
can be a challenge, as non-natural protein function is difficult to predict from sequence
alone. Researchers thus typically rely on intuition and prior engineering experience to
compile libraries of proteins that they then screen for novel activities. Here, we directly
generated libraries of promiscuous heme enzymes which can access an expanded scope of
chemical reactions through active-site diversification of a single ‘parent’ sequence. We
applied active learning-assisted directed evolution (ALDE) models, trained on sequence-
function data for variants of a protoglobin protein tested against up to 26 different carbene
and nitrene transfer reactions, to rank multi-mutation variants predicted to exhibit superior
performance across multiple reactions. We observed improvements in activity and
selectivity for every reaction performed by the parent enzyme in at least one member of
the predicted libraries. Moreover, variants from these libraries could catalyze five out of
10 reactions not catalyzed by the parent protoglobin. These results indicate that ALDE can
efficiently guide the construction of high-value libraries with expanded catalytic scope,

helping to alleviate a central bottleneck in biocatalyst discovery.
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5.1. Introduction

Biocatalysis harnesses enzymes, Nature’s catalysts, to perform chemical transformations
with remarkable efficiency and selectivity, offering sustainable solutions to challenges in
medicine, agriculture, and industry.! A key feature underpinning this utility is the capacity
of enzymes to accommodate non-native substrates (substrate promiscuity) or to catalyze
reactions via non-native mechanisms (catalytic promiscuity).>® Researchers have
leveraged enzyme promiscuity to develop valuable biocatalytic transformations. However,
promiscuous activities are rarely optimal and thus require improvement using directed
evolution (DE), in which sequential rounds of diversification and screening are used to
enhance the desired activity. Such approaches have delivered biocatalysts with broadened
substrate scopes*> and even entirely new-to-nature reaction modes®!? with high yields and

selectivities.

Directed evolution of a novel enzymatic activity starts with a protein sequence that displays
at least trace levels of the desired function such that a round of mutation and screening can
reliably generate improvements. While significant advances have been made in
optimization strategies and laboratory practices to accelerate and improve DE outcomes,'!
the discovery of starting points displaying a target function remains a central bottleneck,
as it is challenging to predict promiscuous functions from sequence alone.!>!3 This
challenge is especially pronounced for new-to-nature biocatalytic transformations, where
protein fitness data, which could be used to infer promiscuous functions, are scarce and
rarely describe activity for more than one substrate.!* Given these challenges, the
identification of new activities commonly requires extensive experimental testing of
diverse protein libraries. Such protein sets are typically compiled based on biochemical
intuition and prior protein engineering experience, with the aim of maximizing the
likelihood of identifying a protein capable of catalyzing the desired reaction (Figure 5-
1A).1°

Recently, there have been efforts to design and engineer libraries of enzymes which display

broad promiscuity, with the goal of improving the probability of discovering novel

14,16-21

enzymatic functions upon screening. One promising strategy has been to generate

libraries of enzyme variants which contain diverse active-site mutations but still retain their
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functionality. The driving hypothesis is that diverse active sites within an enzyme scaffold
already capable of enacting a desired reaction mode could display a sort of ensemble
promiscuity by offering variants which span a greater breadth of the protein fitness
landscapes.”? However, the efficient development of such libraries is nontrivial as
simultaneous incorporation of multiple mutations can greatly destabilize a protein.?*->*
Furthermore, epistasis, the phenomenon whereby the effects of a mutation are dependent
on the context in which it is introduced, makes it challenging to predict how several
mutations will behave in conjunction.?’ The computational package FuncLib developed by
Fleishman and coworkers has been one effective answer to these challenges.?¢ Broadly, this
tool predicts functional enzyme variants containing mutations at user-defined active-site
residues by (1) assessing the stability of all possible variants using physics-based models
and (2) designing combinations of interacting residues that will be compatible with
function based on these same models and evolutionary information inferred from existing
sequence diversity. Although effective,?’-?® this method performs zero-shot design without

the ability to learn from real-world assay labels or specific substrate/promiscuity goals.

Emerging machine learning (ML) methods have the potential to enable the generation or
optimization of more promiscuous enzymes.?>** For example, machine learning-assisted
directed evolution (MLDE) methods have arisen as a technique for predicting combinations
of beneficial mutations, including sites which leverage positive epistatic interactions.?!-3¢
Recently, we described active learning-assisted directed evolution (ALDE), a framework
in which an ML model is updated in an iterative manner after collecting new data, and
applied it to optimize yield for non-native enzymatic carbene transfer activity in
protoglobins, a class of microbial globin.>’® While previous MLDE efforts have been
aimed toward the navigation of sequence-function landscapes for a single catalytic task,
we reasoned that sequence optimization across several reaction types would enable the
discovery of enzyme variants which exist at overlaps of these landscapes, which we
propose are ‘zones of promiscuity’ (Figure 5-1B). Our hypothesis in this work was that
such variants would have a higher probability of displaying activity for related reactions

and substrates in future initial activity screens.
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Here, we extend ALDE to multi-objective optimization and propose ‘multi-reaction Active
Learning-assisted Directed Evolution’ (mr-ALDE), in which a machine learning model is
trained on functional data spanning multiple reactions assayed using a library of variants
harboring active-site mutations. This model is then prompted to predict multi-mutation
variants that will be generally more functional toward all reactions studied. We reasoned
that this framework could furnish enzyme collections well suited for initial screening
campaigns seeking activities related to the training reactions (Figure 5-1B). To test this
strategy, we used mr-ALDE to develop protoglobin variants broadly functional toward
carbene and nitrene transfer chemistries. Using an ML-model trained on function data for
over 500 multi-mutation variants originating from a single ‘parent’ protoglobin, we
predicted and generated 127 protoglobins with mutations in the active site. These variants,
when considered as an ensemble, were capable of performing nearly every tested reaction
in higher yield than the starting sequence and could even access reactions which the initial

sequence could not deliver with detectable yield.
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Figure 5-1. Promiscuity in directed evolution. (A) Directed evolution is a greedy uphill
walk in a protein sequence-function landscape. Starting points for DE are selected from
compiled libraries of enzymes. The starting point influences the outcomes of DE. (B)
Proposed framework for using ALDE to optimize a family of enzymes for multiple
activities. An ALDE model is trained using data from active-site mutants of a parent
enzyme assayed for multiple reactions. The model then suggests variants which it predicts
have improved activity across reactions seen in training. The predicted enzymes are
compiled and assessed for their ability to catalyze reactions both in and out of the training
set.
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5.2. Study Design

The goal of this study was to develop an ALDE-based workflow for constructing enzyme
libraries exhibiting broad activity across new-to-nature enzymatic carbene and nitrene
transfer reactions.>® We proposed an approach which uses sequence—function data from
multi-mutation variants to train predictive models that guide the selection of broadly
functional enzymes. Our implementation of this strategy began with the selection of a
parent enzyme and proceeded through three stages: 1) Training Data Collection, 2) Round
1 Prediction Assessment, and 3) Round 2 Prediction Assessment, each separated by in
silico model training and proposal of new variants to test. We set out to apply ALDE-based
enzyme diversification to simultaneously access variants with improved activity toward an
expanded scope of both carbene and nitrene transfer reaction modes. This engineering goal
would enable us to investigate mr-ALDE’s ability to deliver enzymes with both expanded
substrate range and mechanistic scope. To initiate the study, we first determined a ‘parent’
enzyme which could (1) access a broad scope of chemical reactivities and (2) stand up to
a mutational load of up to eight amino acid substitutions. Protoglobins originating from
Archaea have been engineered for a variety of carbene and nitrene transfer activities in

40-45 and are highly thermostable.?**%4¢ Furthermore, we have shown that

previous studies
active-site residues in protoglobins exhibit epistasis toward non-native activities and that
ALDE can effectively predict synergistic mutation combinations for specific catalytic
tasks.’” Because protoglobins have no known native catalytic function, we believed that
zero-shot mutation effect prediction methods for designing variants of these proteins would
not be effective for accessing catalytically functional enzymes, particularly for activities

such as carbene and nitrene transfer, for which there is no fitness information encoded in

protein sequences produced by natural evolution.

To identify a parent protoglobin sequence, we screened a compilation of 84 wild-type and
engineered protoglobin analogs, interrogating their ability to catalyze a variety of new-to-
nature reactions which had previously been demonstrated with hemoproteins,40:42-43.47:48
This set of Initial Training Reactions (ITRs) comprised four carbene-mediated
cyclopropanation reactions and four nitrene-based reactions spanning C-H bond

functionalization, aromatic desymmetrization, and boronic acid amination mechanisms
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(Scheme 5-1). These reactions were selected to challenge the active site along two axes:
the cyclopropanation set tests whether a common carbene-transfer mechanism can be
applied to alkene substrates of varying steric and electronic character, while the
interrogation of both carbene and nitrene transfer reactions examines the enzyme’s catalytic

promiscuity toward distinct mechanistic manifolds.

Through screening the ITRs with the precompiled panel of protoglobins, we identified a
variant of Aeropyrum pernix protoglobin (ApePgb) which was evolved for dearomatization
chemistry (N1 in Scheme 5-1).** This variant, designated PromPgb (Promiscuous
Protoglobin), demonstrated measurable activity for all ITRs except N3 (C—H insertion with
a hydroxylamine-derived nitrenoid), with product yields varying across the different
transformations. Given PromPgb’s broad range of activities, we selected it as the parent

enzyme for application of mr-ALDE.

Scheme 5-1. Initial training reactions (ITRs) used to identify a promiscuous protoglobin
and first train the ALDE model.

Carbene Transfer Reactions Nitrene Transfer Reactions
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Before ALDE is initiated, the design space—defined by a selected set of & residues—is
specified, corresponding to 20* potential sequence variants. For this study, we identified

eight positions, all of which are facing toward the distal side of the heme cofactor and are
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known to impact non-native function based on previous protoglobin engineering efforts:
L59, W62, F63, F73, L86, S90, F93, and S149 (denoted LWFFLSFS, Figure 5-2A).434
The combinatorial space of all variants containing mutations at these positions is > 2.5 x
100, Although a library of variants containing mutations at all design sites would better
capture the sequence—function landscapes we sought to model, random sampling of this
space was expected to produce mostly non-functional enzymes. Thus, for the training
library we tested double- and triple-site variants containing mutations at subsets of these
positions (Figure 5-2B) in order to reduce the overall mutational load of the initial training
set. Because the majority of functional epistatic outcomes in proteins can be attributed to

pairwise interactions,*>°

we reasoned that randomly selected protoglobin variants with 2—
3 mutations would be less likely to be inactive toward the ITRs while still reporting on key
relationships between active-site residues. Twelve double-site libraries and six triple-site
libraries were designed based on structural proximity (assessed through homology
modeling) and ease of construction (Table D-8 of Appendix D). These libraries covered
22 of the 28 possible combinations of the selected eight residues. Libraries were
constructed using typical multi-site saturation mutagenesis techniques (Cloning Protocols
and Results of Appendix D).>! Twenty-two unique variants from each double-site library
and 44 from each triple-site library, characterized by nanopore-based multiplexed

sequencing (LevSeq),>* were arrayed, affording 528 sequences (1% of the possible search

space) for initial reaction screening (Table D-9 of Appendix D).

This collection of 528 PromPgb variants was evaluated against the eight ITRs, yielding a
comprehensive dataset of >4,000 sequence-function pairs (Training Data Collection,
Figure 5-3B). The parent-normalized fitness data for the ITRs were grouped into two
objectives, carbene and nitrene reactions, for ALDE model training. Essentially, for each
training library variant, the average change in activity from PromPgb for the carbene
transfer ITRs (C1-C4) and the nitrene transfer [TRs (N1-N4) were separately computed as
fitness objectives (Machine Learning Details of Appendix D). We then trained an
ensemble of multi-task supervised ML models to predict both fitness objectives from
encodings of sequence. Afterward, the expected hypervolume improvement acquisition
function was applied to the trained model to rank candidate sequences in the design space

from most to least likely to improve both fitness objectives, balancing exploration of new
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areas of sequence space with exploitation of variants that are predicted to have high fitness.
We focused on the mean improvement to carbene and nitrene activity as the two objectives
to optimize for two reasons: (1) to increase regularization during training of the multi-task
ensemble of surrogate models and (2) to reduce the computational cost of calculating the
expected hypervolume improvement acquisition function.>® The proposed variants (63
distinct sequences; Round 1 Predictions) were tested in the wet lab with 14 new reactions
alongside the ITRs. The function data for these 22 reactions (13 carbene transfer reactions
and nine nitrene transfer reactions) were then used to update the learning model for a
second round to obtain further improved variants (Figure 5-3A). This final round of
variants (64 distinct sequences; Round 2 Predictions) was then interrogated against a panel
of the previous 22 reactions and four additional reactions (Scheme 5-2A). Across these two
rounds of model-guided experimentation, we evaluated the catalytic performance of
predicted protoglobin variants and used these data to assess mr-ALDE’s ability to identify
libraries of functional enzymes which can access a broader range of activities than the

parent.
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Figure 5-2. (A) The active site of PromPgb has several interacting residues above the distal
face of the heme cofactor. Eight residues were selected for the design space in this study:
L59, W62, F63, F73, L86, S90, F93, and S149. (B) To reduce the deleterious effects of
increasing numbers of mutations, the initial round of sequences was built as a combined
library of selected double- and triple-site combinatorial libraries.

5.3. Results

5.3.1. Model Training is Informed by an Extensive Functional Landscape

Initial model training was based on experimental data obtained by screening a library of
264 double-site and 264 triple-site variants of PromPgb against the eight ITRs. Among the
8 x 19 = 152 possible single amino-acid substitutions at the eight design-space positions,
151 were present in the constructed library at least once (Figure D-21 of Appendix D).

Screening revealed that mutations within the training library substantially altered catalytic
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performance across all eight ITRs (Figure 5-3B). Additionally, we found that the identities
of residues in the active site could drastically change the stereochemical outcomes of the
cyclopropanation reactions C1, C3, and C4 (Figures D-24, D-28, and D-31 of Appendix
D). Excitingly, nearly 10% of variants in the training library were capable of catalyzing C—
H amination using hydroxylamine as a nitrene precursor (reaction N2), the only ITR not
catalyzed by PromPgb. While members of the training library already displayed broadened
specificity, applying ALDE should allow us to distill this information into a smaller, more
diverse set of enzyme designs requiring fewer resources to screen. Overall, we were
encouraged to see that combinations of mutations at these positions could positively impact

activities toward all eight of the ITRs.

Before proceeding with model training, we examined how changes in activity correlated
across reactions for each tested variant. A Pearson correlation analysis (Figure D-68 of
Appendix D) revealed that the seven ITRs accessible to PromPgb were generally, albeit
weakly, positively correlated (average r = 0.28). This suggests that while mutations
influencing enzyme performance often affect multiple reactions similarly, the underlying
structural and mechanistic determinants remain distinct. These correlations likely also
capture global effects of mutations on enzyme expression and stability, suggesting that part
of the shared activity behavior arises from changes in overall protein abundance or folding.
Such information remains valuable for model training, as these are desirable traits that we
aim to retain and propagate in model-suggested variants. Reaction N2—the only ITR that
PromPgb could not catalyze with detectable yield—displayed the weakest correlations
overall, including below-average correlations with N1 and N3, which share its nitrene
precursor and organic co-substrate, respectively. These trends highlight the mechanistic
complexity of introducing new chemistries into enzymes and emphasize the importance of

sampling diverse active-site configurations to uncover novel functions.

5.3.2. ALDE Generates Diverse Libraries of Functional Protoglobins
We performed two rounds of mr-ALDE, which included model training, experimental
validation, and model updating, to explore the defined design space (Figure 5-3A). In each

round, an oligo pool-based cloning strategy was applied to achieve exact model-predicted
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multi-mutants of PromPgb. Details regarding DNA sequence design are described in the
supplementary materials (Cloning Protocols and Results of Appendix D). In the first
round, 63 of the 96 top-ranked variants were successfully cloned and characterized by
LevSeq sequencing.’ These sequences had a mean Hamming distance of 6.49 amino acids
from PromPgb and a mean pairwise distance of 4.19 amino acids. In the second round,
informed by updated activity data from Round 1, 64 of the 96 top-ranked variants were
obtained and characterized, with a mean Hamming distance of 4.89 amino acids from
PromPgb and a mean pairwise distance of 3.30 amino acids. While sequence diversity
varied between the two rounds of prediction, the mean number of mutations per variant in
both libraries remained higher than the maximum of three mutations present in the training

set.

To understand the performance of the modeling strategy, we first evaluated how well
ALDE-predicted protoglobin variants retained their function by comparing their activities
on ITRs with those of the initial training variants. Here we only consider the seven ITRs
for which PromPgb demonstrates detectable yield (reactions C1-C4, N1, N3, and N4).
Examination of these seven reactions showed that, in general, predicted variants
demonstrated improved average activity toward carbene and nitrene chemistries when
compared to the parent PromPgb and members of the training library (Figure 5-3C).
Interestingly, predictions made in Round 1 appear to be more competent toward nitrene
transfer reactions while those in Round 2 see greater improvements in carbene transfer
activity. Across both rounds, ALDE-predicted variants more frequently retained basal
activity (>5% of parent yield) toward the parent-accessible ITRs than did the random multi-
mutants in the training library, with median accessibility of six and five reactions in the
first and second rounds, respectively, versus four in the training library (Figure 5-3D).
Even more excitingly, members of the designed libraries were far more likely to
demonstrate activities higher than parent for a greater number of reactions than training
variants (Figure 5-3E). While only 33% of training library members were capable of
performing any ITR with greater yield than PromPgb, nearly 70% of protoglobin variants
in both predicted libraries were capable of performing at least one ITR with greater yield
than PromPgb. This enrichment of protoglobin variants which have improved retention of

function and even heightened activities demonstrates that MLDE is effective at
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synthesizing information from a multi-reaction dataset to predict diverse combinations of

active-site mutations.

PromPgb was previously engineered for reaction N1, and this activity can be considered as
the “native” function of the protein. We found no predicted sequences which could catalyze
this dearomatization transformation as well as PromPgb. The best mutant for reaction N1
(VAVFIAFN; Table 5-1, Entry 6) could only catalyze this reaction with 11% yield,
corresponding to 20% of the activity of PromPgb, indicating a tradeoff between the
improvement of a promiscuous activity and the “native” function.* In the training data
for reaction N1, we only observe a single multi-mutant capable of catalyzing this reaction
with higher yield than PromPgb. As a result, the model has not been trained with sufficient
data to predict mutations which will improve this activity. Nevertheless, the identification
of variants retaining activity toward N1 while gaining activity in other reactions
underscores the potential to balance tradeoffs through strategic library design to achieve a

compilation of enzymes with generally heightened catalytic competency.

Consideration of the top-performing ALDE design for each of the eight ITRs reveals
varying degrees of specialization. The variants which demonstrated the highest activities
for carbene transfer ITRs (reactions C1-C4) tended to maintain their activities for other
carbene transfer reactions, while taking major losses in activity for all nitrene transfer ITRs
(N1-N4) besides N4 (Table 5-1, Entries 2-5). In contrast, multi-mutants which displayed
the highest yields toward nitrene transfer chemistries tended to maintain carbene transfer
activities to some degree (Table 5-1, Rows 6-9). Notably, the two designs which catalyzed
the greatest number of ITRs with higher yields than PromPgb (VAFFMAFQ and
TNVFITFQ; Table 5-1, Entries 10 and 11) were not the highest performers for any single
ITR. This suggests that within this design space there exist combinations of residues which

make PromPgb a more competent general catalyst toward multiple substrate and reaction

types.

Together, these findings underscore the power of ALDE-based library design to uncover
both specialized and broadly functional catalysts within a single protein scaffold. By
sampling mutational combinations that enhance reactivity across mechanistically distinct

reactions, this approach identifies variants that not only expand the accessible catalytic
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repertoire but also reveal generalist sequences from which new activities can be evolved.
Achieving comparable functional breadth through conventional directed evolution would
demand several separate campaigns, each targeting a distinct reaction, whereas this single

design cycle furnished 127 catalytically active and mechanistically diverse variants.

Table 5-1. Heatmap of fold-improvements for ITRs for select variants from predicted
protoglobin libraries. Cell coloring is shown as the log-fold change in yield relative to
PromPgb. Absolute fold-changes in reaction yield are given in each cell. Rows 2-9
represent the top-yielding variant for reactions C1-C4 and N1-N4, respectively (top
reaction boxed). Rows 10 and 11 show variants show the variants for which the greatest
number of activities were improved relative to PromPgb by the greatest degree from each
round of predictions. For variants displaying activity for reaction N2, a check mark
indicates the formation of the C—H amination product. Shading in cells for reaction N2 is
calculated based on a variant’s yield for this reaction normalized to the yield of PromPgb
for reaction N3, which shares the same product.
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Figure 5-3. (A) After training data were collected, a panel of PromPgb variants harboring
mutations at the eight positions were proposed through the ALDE algorithm. These multi-
mutants (Round 1) were screened on 22 carbene and nitrene transfer reactions for further
model training. After a second round (Round 2) of mutants was predicted, a total of 26
reactions was assessed. (B) Initial round of activity data collected for eight chemical
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reactions with random 2-3 site mutants of PromPgb. Reactions C1-C4 were assessed by
gas chromatography with detection with a flame ionization detector (GC-FID). Reactions
N1-N4 were assessed by liquid chromatography with mass-spectrometric detection (LC-
MS). For reactions C1, C3, and C4 activities are taken as the sum of the yields of the two
possible cyclopropane diastereomers. (C) The predicted variants display yields that
generally represent higher values of the objective functions used to train the model. The
evaluated objective functions shown here are computed only with data for reactions seen
only by the original training set. Improvement is normalized across all reactions, with 1
referring to parent activity. (D) Counts of the total number of ITRs which each training-
library or model-predicted design was capable of facilitating with detectable yield.
Reaction N2 is not considered in these counts as PromPgb does not perform this reaction.
(E) Counts of the number of ITRs which each training-library or model-predicted design
catalyzed with greater yield than the parent sequence, PromPgb.

5.3.3. Model-Predicted Variants Demonstrate Broadened Substrate Range as an Ensemble

Having established that the mr-ALDE framework generates protoglobin variants with
enhanced activity toward catalytic functions accessible to PromPgb, we next examined
how this functional diversity translates to substrate range. To this end, we evaluated the
ensemble of model-predicted variants across an expanded substrate panel representing
electronically and sterically diverse carbene and nitrene acceptors (Scheme 5-2A). This set
of reactions comprised 18 distinct transformations not seen in initial model training.
Broadly, the reactions interrogated can be classified into two primary mechanistic
categories: additions to m-systems and insertions into X—H bonds. Four additional
transformations (reactions N1, N4, C10, and C11) likely proceed through distinct
mechanisms that fall outside of these two classes. The collected data for all transformations

are provided in the Supporting Information and are available in full on GitHub.

For every transformation that PromPgb could catalyze with detectable product formation,
we identified at least one model-predicted variant that exhibited enhanced activity relative
to the parent. Notably, these improvements extended even to reactions that are
mechanistically distinct from those represented among the ITRs, indicating that the
sequence features enriched during mr-ALDE can generalize to new reactivity modes. For
example, variant FYIFMMFQ catalyzes the intramolecular C(sp®)-H amination of alkyl
azide 1 to afford pyrrolidine 2 in 3% yield (Reaction N6 in Scheme 5-2B), whereas

PromPgb furnishes only trace product under identical conditions. Strikingly, this variant
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emerged in the first round of ALDE, trained solely on ITR data, despite the fact that
reaction N6 requires both azide activation and an intramolecular cyclization—mechanistic
steps not present in the ITR panel. We also observe cases that highlight the value of the
iterative model-updating component of ALDE. For reactions C4 and C8, second-round
predictions yielded improvements in a larger fraction of variants compared to the first
round (Figures D-30 and D-40 of Appendix D). In the case of reaction C13
(intermolecular carbene C—H insertion of pyrrolidine 3), the second round yielded variant
VVFFMAFN, which delivers product 4 in 6% yield, representing a six-fold increase
relative to PromPgb (Reaction C13 in Scheme 5-2B). To achieve the observed levels of
activity for reactions N6 and C13 through conventional directed evolution of PromPgb
would likely require multiple rounds of mutagenesis and screening. Thus, although the
absolute yields for these reactions remain modest, the top-performing variants identified

here constitute improved starting points for subsequent directed evolution efforts.

None of the data used in either round of ALDE model training encoded the stereochemical
outcomes of any training reactions. All reactions with multiple diastereomeric products
were recorded as the sum of both stereoisomers. Nevertheless, by training on substrates
with varied steric and electronic profiles, ALDE guided the exploration of active-site
environments that differ in configuration, ultimately producing variants that favor different
stereochemical trajectories of the same reaction. For nearly all of the cyclopropanation
reactions tested in this work, the complete ensemble of model-predicted variants is capable
of delivering stereodivergent outcomes toward distinct diastereomeric products (Scheme
5-2C). For reaction C1, representing the formation of a cyclopropane core present in the
antithrombotic therapeutic ticagrelor,”® PromPgb displays little to no selectivity for
formation of the possible cis-5 and trans-5 cyclopropane products. Across both predicted
libraries we find variants that are capable of selectively forming both possible
diastereomers without significant losses in yield. Importantly, the synthesis of ticagrelor
requires trans-5. To our delight, we identified variant VYTAIVFQ, which could deliver this
diastereomer with a 9:1 preference for the frams- product. This emergence of
stereodivergent behavior extended to other substrate classes: for the formation of
alkylidene cyclopropanes Z-6 and E-6, several variants not only display significantly

improved yields for the PromPgb-favored E-isomer, but we also found that variant
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TAIFMVEFQ inverts the selectivity toward formation of the Z-product (Reaction C8 in
Scheme 5-2C). Access to stereodivergent outcomes early in screening is particularly
advantageous, as it provides multiple differentiated starting points from which independent
DE campaigns can be initiated for desired stereoisomers, as would be the case for the

synthesis of the ticagrelor cyclopropane precursor trans-S.

There were 10 transformations in the full set of tested reactions which PromPgb could not
catalyze with detectable yield (Scheme 5-2A). We were able to identify variants that
catalyzed five of these previously inaccessible transformations. For reactions N6 and N7,
which involve C—H nitrene insertion using NH>OPiv at positions less activated or more
hindered than for reaction N3, we identified a few variants in the first round of predictions
that are capable of catalyzing these reactions in trace yield. The three designs capable of
catalyzing reaction N6 all follow the motif LYLFXXKQ, notably containing Phe to Lys
substitutions at position 93, a site which was particularly recalcitrant to mutation for ITRs.
This result highlights the importance of the balance of exploiting training data versus the
exploration of sequence space in the ALDE algorithm. Additionally, we find that over a
third of model-predicted mutants are capable of catalyzing the a-heteroatom C—H carbene
insertion reactions C14 and C16. Potentially, one could access reactions C14 and C16
through DE using a strategy known as a ‘substrate walk’ to enhance yield for the existing
activity C13, which is mechanistically similar to these transformations. Here, however,
ALDE directly proposes a diverse set of variants that are broadly competent for carbene
transfer, derived solely from information encoded in a predefined reaction panel. As a
result, directed evolution can be initiated with ALDE designs on substrates of greater
synthetic or mechanistic interest without the need to first optimize an easier reaction (or

intermediate substrate).

Scheme 5-2. (A) Twenty-six carbene and nitrene transfer reactions representing
electronically and sterically diverse acceptors were evaluated, including additions to -
systems and X—H insertion reactions. Symbols denote co-substrates for each reaction,
rounds in which reaction was tested, and outcomes of library screening. (B) For nearly
every tested reaction which PromPgb could perform, ALDE delivered improved variants.
(C) Model-predicted variants unlock access to stereodivergent outcomes as an ensemble.
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(D) ALDE designs were capable of performing four of the nine assayed reactions which

PromPgb could not perform.
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5.4. Discussion

In this work, we present mr-ALDE, an implementation of ALDE that can be used to
generate enzyme libraries which are capable of accessing a broad scope of chemical
transformations. Starting from a thermostable protoglobin scaffold and a training set that
captured double- and triple-mutant epistasis across a limited “basis set” of carbene and
nitrene transfer reactions, ALDE generated multi-mutation variants that (1) retained basal
activity across more training reactions than did multi-mutants seen in initial training,
despite a higher mutational load, (2) frequently exceeded parent yields for at least one
tested reaction, and (3) in several cases outperformed the parent on mechanistically distinct
transformations not represented in initial training. In short, this data-driven approach
effectively delivers enzyme variants that maintain functionality toward reactions
represented in training while introducing diverse active-site environments that provide
distinct solutions to related catalytic challenges. Thus, we propose that mr-ALDE
represents an exciting methodology for generating enzyme libraries which are well suited
for initial screening campaigns, where the primary challenge is identifying any detectable

activity for a target reaction.

While this method is inherently reliant on the construction of large sequence-function
datasets, we believe that it presents many advantages in comparison to computational
library generation methods which rely on zero-shot prediction or design. Firstly, this
method is particularly applicable to the generation of enzyme libraries primed for the
discovery of new-to-nature biocatalytic reactions, for which there is presumably little
evolutionary information contained in existing protein sequence information. Methods
such as FuncLib or the MODIFY software package developed by Ding and coworkers'*
use sequence patterns from proteins found in nature to identify combinations of mutations
which maintain stability and other biochemical properties likely important for function.
However, new-to-nature chemistries often operate through catalytic principles and
transition-state geometries that have not been sampled during natural evolution and
therefore may not conform to the sequence—structure relationships encoded in existing
protein families. Directed evolution is also not well suited for this optimization task, due

its multi-objective nature and the limited scope of single mutations when interrogating a
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diverse protein search space. By contrast, a direct MLDE-based approach leverages
experimentally measured sequence—function data to identify variants that are empirically
optimized for the desired reactivity, enabling the discovery of sequence solutions that lie

outside the constraints imposed by evolutionary precedent.

Our findings regarding changes in population behavior in the first and second rounds of
ALDE-predicted variants illustrate a practical strength of mr-ALDE: once an initial model
is trained on a broad dataset, later rounds can focus on small, model-informed panels. Data
collected from future engineering campaigns on members of ALDE-predicted libraries can
be used to further update the model, enabling the continuous design of functional, diverse
enzyme sequences. Similarly, the data generated through this ALDE framework have the
potential to inform future machine learning-assisted directed evolution campaigns initiated
from the designs generated in this work. In the course of this work, we assessed the function
of 653 protoglobin variants harboring multiple active-site mutations against a panel of up
to 26 distinct carbene and nitrene transfer reactions, resulting in over 7,000 unique
sequence-function paired datapoints, which we have made publicly available at
github.com/thalab. To our knowledge this is the largest annotated dataset of non-native
enzyme function containing multiple substrate and reaction classes. This dataset may
provide a useful reference for future MLDE training and validation studies, helping to

inform broader efforts in data-driven enzyme engineering and design.

This initial investigation is the first application of MLDE methods to improve enzyme
promiscuity using data from several reaction classes. We recognize that our model system
was particularly well positioned for success using the present engineering approach. Our
efforts were initiated with a thermostable protein which we knew to be capable of
promiscuously catalyzing both carbene and nitrene transfer chemistries. Furthermore, our
lab has extensive knowledge of engineering ApePgb variants, and we have previously
applied ALDE to the active site of a related protoglobin homolog. As a result, we were able
to confidently select active-site residues for the ALDE design space that influence non-

native reactivity and exhibit epistatic effects.

Future studies will determine how well mr-ALDE can be extended to other enzyme and

reaction classes and determine best practices for choosing training reaction sets, library
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designs, and ML-model parameters. Firstly, it is not clear how one should optimally design
the original set of training reactions in mr-ALDE. It is possible that including fewer initial
training reactions, or reactions spanning a greater chemical scope could lead to improved
model training for predicting promiscuous enzyme variants. One could also envision a
design framework in which the model is provided with the chemical details for training
reactions. Such a model could possibly be used to explicitly suggest variants with activity
for a specific substrate by combining existing function data with information on chemical
similarity to the desired transformation. Additionally, we are curious to see if mr-ALDE
can be applied to broaden the capabilities of an enzyme to accommodate unnatural
substrates for its native reaction mechanism, a common task in biocatalysis. While we
expect that mr-ALDE can be applied broadly to other enzyme classes, future studies will
require the investigation of datasets spanning diverse substrates within a single reaction
class to generate libraries with expanded substrate promiscuity. Finally, in this study we
selected the mean improvements in carbene and nitrene transfer activities as objective
functions for multi-objective optimization. However, this encoding is apparently sensitive
to variants seen in training which display atypically large improvements in activity for a
particular reaction. This is evidenced by the strong representation of the amide-containing
amino acids asparagine and glutamine at position 149 in model-predicted designs, likely
due to the presence of these mutations in high-performing variants for reaction N4. We
anticipate that subsequent studies must be conducted to develop ideal objective-function
encodings which can avoid bias from outliers seen in model training data and to more

effectively deliver diverse enzyme libraries.

Altogether, the discovery of 127 catalytically active variants encompassing both carbene
and nitrene transfer reactions illustrates the remarkable efficiency of coupling machine
learning with laboratory evolution principles. Where conventional directed evolution
would have required several discrete engineering campaigns to achieve similar functional
coverage, mr-ALDE accomplishes this in a single, integrated workflow. The ability of mr-
ALDE to rapidly generate stable, mechanistically diverse, and functionally enriched
enzyme libraries highlights its potential for accelerating the discovery of new biocatalytic

activities across an expanding range of chemical transformations.>’
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Appendix D

SUPPLEMENTARY INFORMATION FOR CHAPTER V

D.1. General Information

D.1.1. 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.

D.1.2. Chemicals

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.

D.1.3. Instrumentation

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, KMnOs, or
Bromocresol Green) followed by heating if necessary. Chromatographic purification was

accomplished by flash chromatography using a Biotage Isolera One instrument.
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All NMR spectra were obtained at the Caltech Liquid NMR Facility. NMR spectra were
collected on a Bruker Prodigy 400 MHz instrument equipped with a cryoprobe operating
at 400 MHz and 101 MHz for 'H and '3C, respectively. 'H spectra are referred to residual
CDCls solvent signals referenced at & 7.26 ppm. Data for 'H NMR are reported as follows:
chemical shift (6 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 (GC) was performed on an Agilent Technologies 7820A GC system
equipped with a split-mode capillary injection system. For achiral analyses, an Agilent
J&W HP-5 Column was used as the stationary phase. Reaction systems displaying
sufficient yield were subsequently analyzed with a flame-ionization detector. When target
analytes were only produced in trace yield, samples were analyzed by an Agilent

Technologies 5977B mass spectrometer.

Liquid chromatography (LC) was performed on an Agilent Technologies 1260 Infinity
HPLC-MS system (Agilent 6120 quadrupole mass spectrometer) equipped with an Agilent
C18 column (Poroshell 120 ESC18, 4.6 x 50 mm, 2.7-um packing) with a Poroshell 120
guard column (2.7-um packing, 2.1 x 5 mm). Water and acetonitrile modified with 0.1%

acetic acid were used as eluents.
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D.2. Cloning and Sequence Design

D.2.1. Relevant Protoglobin Sequences

Table D-1. The amino acid sequences of wild-type ApePgb and the previously engineered
variant, PromPgb. Residues in each sequence highlighted in yellow are the sites which
were investigated in this work for wet-lab experimentation: L59, W62, F63, F73, L86, S90,
F93, and S149 in PromPgb.

Protein Variant Amino Acid Sequence
wild-type Aeropyrum pernix Protoglobin | MTPSDIPGYDYGRVEKSPITDLEFDLLKKTVM
(ApePgb) LGEKDVMYLKKACDVLKDQVDEILDLWYG

WVASNEHLIYYFSNPDTGEPIKEYLERVRARF
GAWILDTTCRDYNREWLDYQYEVGLRHHRS
KKGVTDGVRTVPHIPLRYLIAFTYPITATIKPFL
AKKGGSPEDIEGMYNAWFKSVVLQVAIWSHP
YTKENDW
Aeropyrum pernix Protoglobin D10G MTPSDIPGYGYGRVEKSPITDLEFDLLKKTVM
C45Y L561 W59L Y60G V63F R90S LGEKDVMYLKKAYDVLKDQVDEIIDLLGGW
F145G 1149S F156L Y189H (PromPgb) | FASNEHLIYYFSNPDTGEPIKEYLERVSARFGA
WILDTTCRDYNREWLDYQYEVGLRHHRSKK
GVTDGVRTVPHIPLRYLIAGIYPSTATIKPLLA
KKGGSPEDIEGMYNAWFKSVVLQVAIWSHPH
TKENDW
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Table D-2. DNA Sequence of PromPgb, including C-terminal 6xHis-tag and stop codon.
The region highlighted in green represents the region of the gene in which exact, predicted
sets of mutations were incorporated in an oligo pool.

ATGACTCCCTCGGACATCCCGGGATATGGTTATGGGCGTGTCGAGAAGTCACCCAT
CACGGACCTTGAGTTTGACCTTCTGAAGAAGACTGTCATGTTAGGTGAAAAGGAC
GTAATGTACTTGAAAAAGGCGTATGACGTTCTGAAAGATCAAGTTGATGAGATCA
TTGACTTGCTGGGTGGTTGGTTTGCATCAAATGAGCATTTGATTTATTACTTCTCCA
ATCCGGATACAGGAGAGCCTATTAAGGAATACCTGGAACGTGTAAGCGCTCGCTT
TGGAGCCTGGATTCTGGACACTACCTGCCGCGACTATAACCGTGAATGGTTAGACT
ACCAGTACGAAGTTGGGCTTCGTCATCACCGTTCAAAGAAAGGGGTCACAGACGG
AGTACGCACCGTGCCCCATATCCCACTTCGTTATCTTATCGCAGGTATCTATCCTAG
TACCGCCACTATCAAGCCACTTTTGGCTAAGAAAGGTGGCTCTCCGGAAGACATCG
AAGGGATGTACAACGCTTGGTTCAAGTCTGTAGTTTTACAAGTTGCCATCTGGTCA
CACCCTCATACTAAGGAGAATGACTGGCTCGAGCACCACCACCACCACCACTGAG
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Table D-3. Codons utilized when ALDE-predicted mutations were incorporated into the
PromPgb DNA sequence. Codons which are generally recognized as the most prevalently
found in the E. coli genome were selected.

Amino Acid Codon
A GCG
TGC
GAT
GAA
TTT
GGC
CAT
ATT
AAA
CTG
ATG
AAC
CCG
CAG
CGT
AGC
ACC
GTG
TGG
TAT

Tl -1 o Ol o

P

< 2| <| 3| »u| ® o| 7| Z| 2| 0| &

D.2.2. Nomenclature for Variant Naming

Single-site mutants are named using the standard nomenclature: (original AA)(site)(new
AA). The mutant L59F refers to a variant of PromPgb mutated from leucine to
phenylalanine at position 59. Eight-site multi-mutants are named as a string of the eight

amino acids to which the positions of interest have been mutated. The variant I'Y VAIIKQ
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refers to a variant of PromPgb bearing the mutations F591, W62Y, F63V, F73A, L86I, S90I,
FI93K, and S149Q. In this nomenclature, PromPgb is named LWFFLSFS.

D.2.3. Primer Design for Site-Saturation Mutagenesis (SSM)

D.2.3.1. General Cloning Primers

Table D-4. 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 D-5) to generate mutant protoglobin genes. All primers were ordered from
IDT (Coralville, TA).

Primer | Direction | Sequence Description

Name

005 Forward | 5’-gaaataattttgtttaactttaagaaggagatatacatatg-3’ Upstream of
N-term,

anneals with

007

006 Reverse 5’-gceggatctcagtggtggtegtggtegtectcgag-3° Downstream
of C-term,
anneals with

008

007 Reverse 5’-catatgtatatctccttcttaaagttaaacaaaattatttc-3’ Upstream of
N-term,
anneals with

005

008 Forward | 5’-ctcgagcaccaccaccaccaccactgagatcegge-3’ Downstream
of C-term,
anneals with

006
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D.2.3.2. Cloning Primers for Site-Saturation Mutagenesis

Table D-5. Primers containing degenerate codons at sites of interest for mutagenesis.
Primers were used in conjunction with either primer 005 or 006 (Table D-4) to generate
mutant protoglobin genes. All primers were ordered from IDT (Coralville, IA).
Abbreviations: SSM — site saturation mutagenesis, dSSM — double site saturation
mutagenesis, tSSM — triple site saturation mutagenesis.

Primer Name Sequence Description

59 fwd 5’-attgacttgNNK ggtggttggtttgcatcaaatgage-3’ SSM for site
59

59 rev 5’-atttgatgcaaaccaaccaccMNNcaagtcaatgatctcatc-3’ SSM for site
59

73 fwd 5’-gcatttgatttattacNNKtccaatccggatacaggagag-3’ SSM for site
73

73 rev 5’-tgtatccggattggaMNNgtaataaatcaaatgctcatttg-3’ SSM for site
73

86 fwd 5’-ttaaggaatacNNK gaacgtgtaagcgctcgetttg-3’ SSM for site
86

86 _rev 5’-aagcgagcgcttacacgttcMNNgtattecttaatag-3’ SSM for site
86

90 fwd 5’-gcctattaaggaatacctggaacgtgtaNNK getegetttggagectgg-3’ SSM for site
90

90 rev 5’-ccaggctccaaagcgagcMNNtacacgttccaggtattccettaatagge-3° SM for site 90

93 fwd 5’-ctggaacgtgtaagcgctcgcNNK ggagectggattctggacac-3’ SSM for site
93

93 rev 5’-cagaatccaggctccMNNgcegagegcttacacgttccaggtattc-3° SSM for site
93

149 fwd 5’-tcgcaggtatctatcctNNKaccgecactatcaagecac-3’ SSM for site
149

149 rev 5’-gatagtggcggtMNNaggatagatacctgcgataagataacgaag-3’ SSM for site
149

59+62 fwd 5’-atgagatcattgacttgNNK ggtegtNNK tttgcatcaaatgage-3’ dSSM for
sites 59 and
62
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59+62 rev 5’-tttgatgcaaaMNNaccaccMNNcaagtcaatgatctcatcaac-3’ dSSM for
sites 59 and

62
59+63 fwd 5’-atgagatcattgacttgNNKggtggttggNNK gcatcaaatgage-3’ dSSM for
sites 59 and

63
59+63 rev 5’-tttgatgcMNNccaaccaccMNNcaagtcaatgatctcatcaac-3’ dSSM for
sites 59 and

63
62+63 fwd 5’-gacttgctggetegtNNKNNK gcatcaaatgageatttgatttattacttc-3’ dSSM for
sites 62 and

63
62+63 rev 5’-aatcaaatgctcatttgatgcMNNMNNaccacccagcaagtcaatgatce-3’ dSSM for
sites 62 and

63
63+73 fwd 5’- dSSM for
gtggttggNNK gcatcaaatgageatttgatttattacNNKtccaatccggatacagga | sites 63 and

g-3’ 73
63+73 rev 5’- dSSM for
ggattggaMNNgtaataaatcaaatgctcatttgatgcMNNccaaccacccageaagt | sites 63 and

c-3’ 73
86+90 fwd 5’-ctattaaggaatacNNK gaacgtgtaNNKgctegetttggageetg-3’ dSSM for
sites 86 and

90
86+90 rev 5’-caggctccaaagcgagcMNNtacacgttcMNNgtattccttaatag-3° dSSM for
sites 86 and

90
86+93 fwd 5’- dSSM for
tattaaggaatacNNKgaacgtgtaagcgctcgcNNK ggagectggattetggac-3° | sites 86 and

93
86+93 rev 5’-aatccaggctccMNNgcegagcegcttacacgttcMNNgtattecttaataggetc- | dSSM for
3 sites 86 and

93
90+93 fwd 5’-ggaacgtgtaNNKgctcgeNNK ggagecetggattetggacactacctge-3’ dSSM for
sites 90 and

93
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90+93 rev 5’-ccagaatccaggctccMNNgegagcMNNtacacgttccaggtattecttaatag- | dSSM for

3 sites 90 and
93

59+62+63 fwd | 5°- tSSM for sites
caagttgatgagatcattgacttgNNK ggtggtNNKNNK gcatcaaatgagceatttg | 59, 62, and 63
-3

59+62+63 rev | 5°- tSSM for sites
getcatttgatgcMNNMNNaccaccMNNCcaagtcaatgatctcatcaacttgatc- | 59, 62, and 63
3

D.2.3.3. Cloning Primers for Oligo Libraries

Table D-6. Primers used for incorporating adaptors to the ends of oligo fragments for
incorporation into the pET-22b(+) vector.

Primer Sequence Description

Name

oligo fwd 5’-gttctgaaagatcaagttgatgagatcattgacttg-3’ Anneals to
multi-
mutant
oligo

fragments

oligo rev 5’-ccaaaagtggcttgatagtggcggt-3° Anneals to
multi-
mutant
oligo

fragments

pET BB fwd | 5’-accgccactatcaagccacttttgg-3’ Anneals to
base pairs
internal  to

PromPgb
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pET BB rev | 5’-caagtcaatgatctcatcaacttgatctttcagaac-3’ Anneals to
base pairs

internal  to

PromPgb

D.3. Cloning Protocols and Results

D.3.1. Protocols for the Cloning of Random PromPgb Variants

D.3.1.1. 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

(Tables D-4 and D-5).2

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.*
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Table D-7. Primer combinations for the generation of PCR amplicons for the construction
of expression plasmids containing mutagenized PromPgb variants. ‘site’ refers to the

specific site or set of sites being saturated.

Fragment Name | Forward Primer Reverse Primer
SSM_Fragl 005 site_rev
SSM_Frag?2 site_fwd 006

pET Backbone 008 007

D.3.1.2. Construction of Random Multi-Mutant Libraries

The primers described in Table D-5 were designed to provide access to all 18 of the random
multi-mutation variant libraries (Table D-8). These libraries represent the set of variants
used to initially train machine learning models. Libraries requiring multiple mutagenesis
steps to construct the final multi-mutants were generated as follows: Site saturation or
multi-site saturation mutagenesis was performed on the first set of sites within the defined
library according to the above PCR and assembly protocol (Cloning for Site-Saturation
Mutagenesis (SSM)). The assembly products obtained were used to transform T7 Express
Competent E. coli (High Efficiency) cells 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. For libraries requiring only a single mutagenesis step, this transformation
mixture was directly applied to the protocol described below for plating on LB-Amp agar
plates. For libraries requiring two mutagenesis steps, 50 pL was transferred into 6 mL of
LB with 100 pg/mL ampicillin (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 QIlAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany). The miniprepped plasmid DNA pool was used as the new template for
mutagenesis with the primers for the remaining sites in the random library. T7 Express
Competent E. coli were transformed with the Gibson products for the new multi-site library

using the recommended protocol. Upon heat-shock transformation, the freshly transformed
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E. coli cells were recovered in 0.4 mL LB medium at 37 °C with shaking at 220 rpm for 30
minutes, yielding a transformation mixture with E. coli harboring the final multi-site

mutagenesis library.

Transformation mixtures with E. coli harboring one of the final desired libraries were
plated on LB-agar plates with 100 pg/mL ampicillin (LB-Amp agar plates). The plates were
incubated overnight at 37 °C until colony formation was observed. For each of the 18
libraries, single colonies from LB-Amp agar plates were picked with sterilized toothpicks
to individually inoculate the wells of a 2-mL 96-well deep-well plate charged with 400 pL
of LB-Amp. The plates were incubated at 37 °C and shaken at 220 rpm for 16—18 hours.
96-Well deep-well plates were shaken in an INFORS HT Multitron Shaker in all instances.
The following morning, 50 uL 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 inoculation.
Additionally, the sequences of protoglobin genes contained in every well were sequenced
using LevSeq sequencing (Figures D-1-D-20).°

Table D-8. Combinatorial libraries tested used to collect training data and the assembly

methods used in their generation. Residue distances were calculated from Ca positions in
a homology model of PromPgb co-folded with heme using AlphaFold3.°

Library | Sites Residue Distance (&) Construction Steps

1 59, 62 5.0 single dSSM step with 59+62
primers

2 62, 63 3.8 single dSSM step with 62+63
primers

3 63,73 9.0 single dSSM step with 63+73
primers

4 73, 86 6.3 sSSM with 73 primers, then
sSSM with 86 primers

5 86, 90 5.9 single dSSM step with 86+90
primers

6 90, 93 4.8 single dSSM step with 90+93
primers
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13.9 (90-149)

7 93,149 11.3 sSSM with 93 primers, then
sSSM with 149 primers
8 59, 149 9.8 sSSM  with 59 primers, then
sSSM with 149 primers
9 59,73 12.8 single dSSM step with 59+73
primers
10 73, 90 11.2 sSSM with 73 primers, then
sSSM with 90 primers
11 86, 93 10.1 single dSSM step with 86+93
primers
12 59,93 9.0 sSSM  with 59 primers, then
sSSM with 93 primers
13 62, 63, 86 3.8 (62-63), 11.8 (62-86), | dSSM with 62+63 primers, then
9.2 (63-86) sSSM with 86 primers
14 59, 62, 63 5.0 (59-62), 6.3 (59-63), | single tSSM step with 59+62+63
3.8 (62-63) primers
15 59, 63,90 6.3 (59-63), 7.6 (59-90), | dSSM with 59+63 primers, then
10.7 (63-90) sSSM with 90 primers
16 59,90, 93 7.6 (59-90), 9.0 (59-93), | dASSM with 90+93 primers, then
4.8 (90-93) sSSM with 59 primers
17 62, 63,149 | 3.8(62-63),11.2(62-149), | dSSM with 62+63 primers, then
12.6 (63-149) sSSM with 149 primers
18 86,90, 149 | 5.9(86-90), 17.1 (86-149), | dSSM with 86+90 primers, then

sSSM with 149 primers
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Lib1

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

Column

Figure D-1. LevSeq sequencing plate map for random variants picked from library 1.

Lib2

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

Column

Figure D-2. LevSeq sequencing plate map for random variants picked from library 2.
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Lib3

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

Column

Figure D-3. LevSeq sequencing plate map for random variants picked from library 3.

Lib4

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

>

o

m

-

F73"
L86K
- MM

IL_os@aDjpm
°

1 2 3 4 5 6 7 8 9 10 1 12
Column

Figure D-4. LevSeq sequencing plate map for random variants picked from library 4.
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LibS

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

LogSeqDepth

Column

Figure D-5. LevSeq sequencing plate map for random variants picked from library 5.

Libé

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

e[

Figure D-6. LevSeq sequencing plate map for random variants picked from library 6.
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Lib7

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

Row

Column

Figure D-7. LevSeq sequencing plate map for random variants picked from library 7.

Lib8

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

LogSeqDepth

Figure D-8. LevSeq sequencing plate map for random variants picked from library 8.
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Lib9

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

LogSegDepth

o

Figure D-9. LevSeq sequencing plate map for random variants picked from library 9.

Lib10

B 0.95+ | 0.90-0.95 B 0.80-0.90 [ <0.80

Column

Figure D-10. LevSeq sequencing plate map for random variants picked from library 10.
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Lib11

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

Row

LogSeqDepth

Figure D-11. LevSeq sequencing plate map for random variants picked from library 11.

Lib12

B o0.95+ B 0.90-0.95 |l 0.80-0.90 I <0.80

LogSeqDepth
)

Figure D-12. LevSeq sequencing plate map for random variants picked from library 12.
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Lib13

B 0.95+ | 0.90-0.95 B 0.80-0.90 [ <0.80

Column
Figure D-13. LevSeq sequencing plate map for random variants picked from library 13.

Lib14

B 0.95+ B 0.90-0.95 & 0.80-0.90 J& <0.80

LogSegDepth

0

Column

Figure D-14. LevSeq sequencing plate map for random variants picked from library 14.
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Lib13+14

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

LogSeqDepth

Figure D-15. LevSeq sequencing plate map for additional random variants picked from
libraries 13 and 14.

Lib15

B 0.95+ B 0.90-0.95 @l 0.80-0.90 B <0.80

Figure D-16. LevSeq sequencing plate map for random variants picked from library 15.
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Lib16

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

LogSeqDepth

Column

Figure D-17. LevSeq sequencing plate map for random variants picked from library 16.
Lib15+16

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

o .........

>

@

o

Row
o

m

LogSegDepth

#LOW#

1 2 3 4 5 6 7 8 9 10 1 12

Figure D-18. LevSeq sequencing plate map for additional random variants picked from
libraries 15 and 16.
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Lib17

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

F63A
A S90R
S1491

Row

m

H

LogSeqgDepth

1 2 3 4 5 6 7 8 9 10 11 12
Column

Figure D-19. LevSeq sequencing plate map for random variants picked from library 17.

Lib18

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

Row

LogSegDepth

Column

Figure D-20. LevSeq sequencing plate map for random variants picked from library 18.
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D.3.1.3. Rearray of Random Mutants

Multi-mutation variants were rearrayed from the previously described, randomly picked,
plates to reduce screening burden for model training data collection. A Python script was
used to randomly select 22 variants from each of the 12 double-mutant libraries and 44
variants from each of the six triple-site libraries, yielding 528 unique multi-mutants. These
variants were rearrayed over six 96-well deep-well plates in the following manner: The
wells of a 2-mL 96-well deep-well plate were filled with 400 uL. 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 88 wells
of the aforementioned deep-well plate. Additionally, to each of these deep-well plates, six
wells were inoculated with E. coli harboring the parent gene, PromPgb, one well was
inoculated with E. coli harboring a gene encoding a tryptophan synthase variant (TrpB,
UniProt: POA879), and one well was left sterile. These overnight cultures were incubated
at 37 °C and shaken at 220 rpm for 16—18 hours. The following morning, 50 uL 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.

Table D-9. Variants selected as members of the initial training library for model training.
A Python script was used to randomly select sequenced variants generated through multi-
NNK cloning.

Library Variant

1 ['L59L', 'W62N']
1 ['LS9T', 'W62G']
1 ['L59A", 'W62T']
1 ['L59C', "'W62R']
1 ['L59R', "'W62L']
1 ['L59G', 'W62D']
1 ['L59P', 'W62S']
1 ['L59C', 'W62G']
1 ['L59R', 'W62S']
1 ['L59P', 'W62K']




[L59T', 'W62D']

['L59S', 'W62H']

[L59N', "W62R']

['LSON', 'W62I']

['L59H'", 'W62S']

['L59P', 'W62G']

['L59Q", 'W62H]

['L59R', "W62I']

['L59A", 'W62C']

['L59F", 'W62M']

[L59N', 'W62T']

—

['L59P", 'W62L']

['W62P', 'F63R']

[W62V', 'F63K']

['W62T', 'F63D']

['W62L', 'F63L']

['W62A", 'F631']

['W62G', 'F63E]

['W62F', 'F63C']

['W62L', 'F63V']

['W62F', 'F63Q']

['W62N', 'F63E']

['W62I', 'F63H']

['W62S', 'F63E']

['W62S', 'F63K]

['W62R', 'F63W']

['W62E', 'F63P']

['W62V', 'F63V']

[W62V', 'F63A"]

['W62D', 'F63N']

['W62S', 'F63R']

[F63P', 'F73I']

W[ W N N DN D N N N N N D N N N N N D N NN

[F63R', 'F73M']
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[F63W', 'F73W']

[F63H', 'F73R']

[F63Q', 'F73H']

[F63Y', 'F73C'"]

['F63N', 'F73S']

[F63A', 'F73T']

[F63D', F73W']

['F63P', 'F73T']

[F63D', 'F73V']

['F63P', 'F735']

[F63T', 'F73Y']

[F63D', 'F73S']

[F63M', 'F73R']

[F63E', 'F73V']

[F63T', 'F73C']

[F63Y', 'F73P']

[F63G', 'F73E']

[F63Q', 'F73K']

['F63S', 'F73I']

[F63L', 'F73Y']

[F73G', 'L86P']

[F73G', 'L86N']

[F73R','L86Y"]

[F73A', 'L8EV']

[F73V', 'L86OA']

[F73V', 'L86T']

['F73L', 'L86T']

['F73P', 'L86T']

[F73R', 'L86V']

['F73H', 'L86T']

['F73H', 'L86D']

[F73K’, 'L86S']

AR R R R R R R R PR W W W W W W W W W W W W W W W W W W W W

['F73D', 'L86T']
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['F73L', 'L86S']

['F73N', 'L86I']

[F73Y"', 'L86K']

['F73R', 'L86N']

[F73K', 'L86Q']

['F73P', 'L86M']

[F73D', 'L86A']

[F73T', 'L86Y"]

['F73P', 'L86V']

['L86H', 'S90R']

['L86I', 'S90L']

['L86V', 'S90Y"]

['L86P', 'S90Y']

['L86I', 'S90Y"]

['L86F", 'S90F"]

['L86S', 'S90P']

['L86K', 'S9OL']

['L86Q)", 'S90T"]

['L86T', 'S90Y"]

['L86F", 'S90H']

['L86S', 'S90A']

['L86C', 'S90H'"]

['L86D', 'S90D']

['L86D', 'S90F']

['L86C", 'S90C']

['L86N', 'S90I']

['L86M', 'S90T"]

['L86F", 'S90D']

['L86P", 'S90P']

['L86T', 'SOON']

['L86V", 'S90I']

['S90L', 'F93D']

| ] »| L] L] L] L] L] L] L] L] L] L] L] K] L] L] L] L] L] L] L] L] L] A B ] B B D] B B

['S90H', 'F93G']
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['S9ON', 'F93T']

['S90H', 'FI3R]

['S90A', 'F93R]

['S9OE', 'F93R]

['S90H', 'F93P']

['S90Q", 'F93S']

['SOOL', 'F931']

['S90Q", 'F93G']

['S90R’, 'FO3E']

['S90C, 'F93L]

['S90H', 'F93Y']

['S9ON', 'F93L']

['S90V', 'F93L']

['S9OL', 'FO3W']

['S90D', 'F93H']

['S9ON', 'F93V']

['S90F", 'FO3R']

['S90H', 'FO3M']

['S90W', 'F93G']

['S90P', 'F93I']

[F93K', 'S149K]

['F93E', 'S149H']

[FO3T', 'S149T']

['F93Q', 'S149V']

[F93P', 'S149T']

[F93R’, 'S149P']

[FO3V', 'S149Y"]

['F93C, 'S149H]

['F93T", 'S149G']

['F93S', 'S149F]

[F93Y", 'S149R"]

['F93S', 'ST49N']

N 9 9 N Q) Q999NN NNNyy NN NN NN N NN N N O\ &N O &N O O O O &>

['FO3W', 'S1491']
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['FO3L', 'S149A"]

['F93R’, 'S149T']

['F93Y", 'S149L"]

['F93D', 'S149G']

['F93S', 'S149L']

['F93H', 'S149T1']

['F93T", 'S149Q)']

[F93M', 'S149V']

['F93P', 'S149I']

['L59T', 'S149G']

['L59Q)", 'S149G']

[L59V', 'S149W']

['L59F", 'S149T'"]

['L59H', 'S149M']

['L59K', 'S149L]

['L59Y", 'S149K"]

['L59S', 'S149W']

['L59N', 'S149R"]

['L59T', 'S149L"]

['L59R', 'S149M']

['L59G', 'S149R']

['L59Q", 'S149R"]

['L59T', 'S149H]

['L59T, 'S149Q']

['L59Q", 'S149H]

['L59R', 'S149V']

['L59R’, 'S149R]

[L59W', 'S149V"]

['L59C', 'S149G']

['L59H', 'S149V']

['L59V", 'S1491']

['L59M', 'F73R]

O| \O| OO 0| OO OO 0| OO OO| OO | OO OO OO| OO CO| OO | O OO OO OO OO OO N N N X N N N 2| 2

['L59D', 'F73Y"]
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['L59V', 'F73H']

['L59R', 'F73L']

['L59G', 'F73K']

['L59S', 'F73E"]

['L59F", 'F73N']

['L59S', 'F73V']

[L59R’, 'F73R]

['L59S', 'F73S']

['L59P', 'F73A"]

['L59C', 'F73M']

['L591', 'F73A"]

['LS9H', 'F73N"]

['L59A", 'F73R']

[L59Y', 'F73E]

['L59S', 'F73Q']

['L59G', 'F73L"]

[L59T', 'F73H]

['L59P', 'F73L"]

[L59T', 'F73P']

O O ©O| O ©O| Y| O ©O| O Ol ©O| Y| ©O| Y| O Y| V| VYl V| o

['L59Y', 'F73K']

—
[}

['F73L', 'SO0M']

—
[}

['F73S', 'S90R']

—
[}

['F73S', 'SO90F"]

—
[}

[F73T", 'S90T"]

—
[}

['F73S', 'S90L"]

—
[}

[F73W', 'S90G"]

—
[}

['F73L', 'S90Y']

—
[}

['F73V', 'S90G']

—
[}

['F73T", 'S90R']

—
[}

['F73K', 'S90I']

—
[}

[F73A", 'SOOW']

—
[}

[F73Y", 'SO0R']

—
[}

['F73M!, 'S90Q']
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10 ['F73N','S90C]
10 [F73T', 'S90V']
10 [F73T','S90Y"]
10 ['F73L', 'S90K']
10 ['F73V", 'S90P']
10 ['F73R’, 'S90T']
10 ['F73L', 'S90P']
10 [F73Y", 'S9OL']
10 ['F73N", 'S90A']
11 ['L86S', 'F93V']
11 ['L86K', 'F3V']
11 ['L86K', 'F93C']
11 ['L86R', 'FO3T']
11 ['L86S', 'F93T']
11 ['L86P", 'FO3Y']
11 ['L86S', FO3W']
11 ['L86I', 'FO3W']
11 ['L86S', 'F93H']
11 ['L86A', F93R']
11 ['L86D', 'F93C']
11 ['L86A', 'FI3Y']
11 ['L86V', 'F93G']
11 ['L86A', 'F93I']
11 ['L86N', 'F93S']
11 ['L86R', 'F93D']
11 ['L86A', 'F93M']
11 ['L86N', 'F93A']
11 ['L86E, 'F93G']
11 ['L86N', 'F93L']
11 ['L86N', 'F93G']
11 ['L86C', 'FI3V']
12 ['L59R', 'FO3L']
12 ['L59S', 'F93M]
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12 ['L59T', 'FO3Y']

12 ['L59Q', 'F93G']

12 ['L59Y", 'F93G']

12 ['L59W', 'F93C']

12 ['L59M', 'FO3L']

12 ['L59S', 'F93D']

12 ['L59E', 'F93A"]

12 ['L59C', 'FO3Y"]

12 ['L59V', 'F93L']

12 ['L59Q', 'F93K]

12 ['L59V', 'F93P']

12 ['L59E', 'F93G']

12 ['L59C", 'F93I']

12 ['L59T', 'F93V']

12 ['L59R’, 'F93Y']

12 ['L59V', 'F93K']

12 ['L59S', 'F93C']

12 ['L59H', 'F93P']

12 ['L59T', 'FO3W']

12 ['L59A", 'F93S']

13 ['W62D), 'F63G,
'L86H']

13 ['W62R', 'F63Y,
'L86N']

13 ['W62H, 'F63R,
'L8EV']

13 ['W62L', 'F63G,
'L86H']

13 [W62V', 'F63S,
'L86F']

13 [W62Q, 'F63K,

'L86G]
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13 W62V, 'F63K,
'L86M']

13 [W62A", 'F63I,
'L86A']

13 ['W62S', 'F63S,
'L86K']

13 ['W62S', 'F63V/,
'L86T']

13 ['W62L', 'F63D,
'L86N']

13 [W62P, 'F63M,
'L86G']

13 ['W62H, 'F63P',
'L8EV']

13 ['W62G, 'F63H,
'L86I']

13 ['W62A", 'F63S,
'L86D']

13 [W62P, 'F63L,
'L86R']

13 ['W62R', 'F63V,
'L86N']

13 [W62S, 'F63A,
'L86S']

13 [W62P, 'F63V/,
'L86R']

13 ['W62E', 'F63N', 'L86I']

13 ['W62P', 'F63W',
'L86Q']

13 ['W62F, 'F63A,
'L86D']

13 [W62R', 'F63L,

'L86R']
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13 ['W62L', 'F63G,
'L86K']

13 ['W62N, 'F63M,
'L8EV']

13 [W62R', 'F63C,
'L86F']

13 ['W62Q, 'F63G,
'L86S']

13 ['W62L', 'F63H,
'L86G']

13 [W62T', 'F63T,
'L86D']

13 ['W62R', 'F63S,
'L8EV']

13 ['W62A", 'F63D,
'L86H']

13 [W62S, 'F63R’,
'L8EV']

13 ['W62F, 'F63R,
'L86H']

13 ['W62T', F63R’, 'L86K']
13 W62V, 'F63L,
'L86G']

13 ['W62C!, 'F63V,
'LI6W']

13 ['W62F, 'F63Y',
'L86G']

13 [W62K, 'F63R,
'L86E']

13 [W62Y', 'F63E,
'L8EV']

13 [W62K, 'F63S,

'L86S']
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13 ['W62A",
'F63T',L86G']

13 [W62A", 'F63P',
'L86S']

13 [W62S, 'F63N,
'L8EV']

13 ['W62S', 'F63S,
'L86Y']

14 ['L59S', 'W62C', 'F631']

14 ['L59V', 'W62I', 'F63S']

14 ['L59S), "W62V',
'F63S']

14 ['L59K!, 'W62V,
'F63S']

14 ['L59P", "W62C',
'F63N']

14 ['L59C), 'W62Q),
'F63A"]

14 ['L59N, "W62R,
'F63E']

14 [L59T, "W62F',
'F63A"]

14 ['L59H, 'W62D,
'F63S']

14 ['L59C, 'W62D,
'F63K']

14 ['L59N, "W62R,
'F63S']

14 ['L59G', "W62R,
'F63T']

14 [L59R', '"W62E,,

'F63V']
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14 ['L5OW', '"W62G!,
'F63G']

14 ['L59H, "W62F',
'F63L"]

14 [L59Y", "W62M',
'F63N']

14 ['L59Q), '"W62Y',
'F63L']

14 [L59T, '"W62K',
'F63R']

14 ['L59P", "W62R,
'F63T']

14 ['L59M, '"W62N!,
'F63G']

14 [L59T, '"W62G!,
'F63M']

14 [L59V", '"W62A!,
'F63R']

14 ['L59P', 'W62I', 'F63Q']

14 [L59R', '"W62L,
'F63K']

14 [L59R', '"W62Y',
'F63E']

14 ['L59N, '"W62L,
'F63E']

14 [L5OW', '"W62E!,
'F63G']

14 ['L59E/, "W62R,
'F63L"]

14 [L59M, "W62V',
'F63V']

14 ['L59A, '"W62L,

'F63V']
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14 ['L59F', 'W62V,
'F63A"]

14 ['L59V", "W62S',
'F63S']

14 ['L59S", 'W62A,
'F63C']

14 ['L59K!, 'W62V,
'F63G']

14 [L59R', "W62P',
'F63L"]

14 ['L59P", "W62R,
'F63N']

14 ['L59T', 'W62R', 'F63N']

14 ['L59Q), 'W62K ',
'F63V']

14 ['L59A, "W62S',
'F63G']

14 ['L59P", '"W62H,
'F63S']

14 ['L59F", "W62P',
'F63A"]

14 ['L59H, 'W62M',
'F63G']

14 ['L59C), 'W62Q,
'F63T']

14 ['L59C), 'W62G!,
'F63G']

15 ['L59R', 'F63N', 'S90C']

15 ['L59P', 'F63K', 'S90F']

15 ['L59H', 'F63P", 'S90G']

15 ['L59T', 'F631', 'S90L']

15 ['L59Y", 'F63G', 'S90L']

15 ['L59S', 'F63L", 'S90C']
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15 ['L59Y", 'F63N', 'S90P']
15 ['L59T', 'F63V", 'S90T']
15 ['L59S', 'F63T', 'S90V']
15 ['L59N', 'F63R’, 'S90C']
15 ['L59N', 'F63L', 'S90H']
15 ['L59F", 'F63A', 'S90F"]
15 ['L59F", 'F63V', 'S90L']
15 ['L59E', 'F63H', 'SOON']
15 ['L59D', 'F63S', 'S90T']
15 ['L59N', 'F63A', 'SO0L']
15 ['L59P", 'F63T', 'S90H']
15 ['L59G', 'F63G', 'S90T']
15 [L59V, 'F63V,
'SOOW']
15 ['L59S", 'F63A', 'SOON']
15 ['L59W', 'F63P,
'SOON']
15 ['L59G', 'F63P', 'SO0R']
15 [L59V/, F63K.,
'S90G']
15 ['L59D', 'F63P', 'SO0R']
15 ['L59E', 'F63D', 'S90T']
15 ['L59R’, 'F63R, 'S90Q']
15 ['L59V', 'F63L', 'S90I']
15 ['L59V', 'F63S', 'S90D']
15 ['L59T', 'F63V", 'S9OF']
15 ['L59M', F63D),
'S90Y"]
15 ['L59R’, 'F63C", 'S90P']
15 ['L59S', 'F63E', 'S90L']
15 ['L59H, 'F63L', 'S90D']
15 ['L59H, 'F63H', 'S90R']
15 ['L59E', 'F63V", 'S9OF']
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15 ['L59W', 'F63E),
'S90C']
15 ['L59V', 'F63A,'S90C]
15 ['L59F', 'F63M!, 'S90E]
15 ['L59F', 'F63A", 'S90P']
15 ['L59T, 'F63S", 'SO0L']
15 ['L59Q", 'F63D),
'S90A"]
15 ['L59G', 'F63R", 'S90F']
15 ['L59T, 'F63D', 'S90V']
15 ['L59D, 'F63E),
'SO0M']
16 ['L59V", 'S90L', 'F93P']
16 ['L59H','S90Y", 'F93L]
16 ['L59K', 'S90G', 'F93S']
16 ['L59P', 'S90P', 'F93S']
16 ['L59Y", 'S90T', 'F93I']
16 ['L59K', 'S90H', 'F93R"]
16 ['L59R’, 'S90T", 'F93Y'"]
16 ['L59V', 'S90P", 'F93N']
16 ['L59T, 'S90T', 'F93V']
16 ['L59G', 'S90E', 'F93L']
16 ['L59Q", 'S90L', 'F93V']
16 ['L59F', 'S9ON', 'FO3L']
16 ['L59R’, 'S90P', 'F93S']
16 ['L59R', 'S90I', 'F93H']
16 ['L59D', 'S90L', 'F93I']
16 ['L59F', 'S9ON", 'F93P']
16 ['L59G', 'S90R', 'F93N']
16 ['L59S), 'S90D,
'FO3M']
16 ['L59V", 'S90I', 'F93Y']
16 ['L59D','S90Q', 'F93C']
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16

['L59H', 'S90R', 'F93R']

16 ['L59F', 'S90Y", 'F93V']
16 ['L59S, 'S90P', 'F93Y']
16 ['L59G", 'SO0M,
'FO3W']
16 ['L59G", 'S90E’,
'FO3M']
16 ['L59P', 'S90I', 'F93R"]
16 ['L59D, 'SOOW,
'F93L']
16 ['L59G', 'S90T', 'F93L']
16 ['L59K", 'S90F", 'F93Q']
16 ['L59H', 'S90Q’,
'FO3M']
16 ['L59H', 'SO0H,
'FO3V']
16 ['L59F', 'S9OE, 'F93S']
16 ['L59G', 'S90L', 'F93L']
16 ['L59V",'S90D', 'F93L]
16 ['L59S', 'S90L', 'F93H']
16 ['L59V', 'S90R', 'F93L']
16 ['L59K", 'S90P", 'F93P']
16 ['L59G", 'S90Q', 'F93L]
16 ['L59Q', 'S90T', 'F93A]
16 ['L59H', 'S90R", 'F93S']
16 ['L59G", 'S90G",
'FO3V']
16 ['L59T', 'S90A', 'F93D']
16 ['L59C','S90N', 'F93D']
16 ['L59N', 'S90G', 'F93S']
17 ['W62C!, 'F63G,

'S149M']




17 ['W62N', 'F63L,
'S149Q']

17 ['W62L, 'F63E),
'S149L]

17 ['We62I, 'F63L,
'S149C"]

17 ['W62S', 'F63K,
'S149G']

17 ['W62T', 'F63G,
'S149K']

17 ['W62P', 'F63C,
'S149M']

17 ['W62M', 'F63S,
'ST49W']

17 ['W62L, 'F638,
'S149G']

17 ['W62L, 'F63R’,
'S149H']

17 ['W62P', 'F63K,
'S149V']

17 ['W62H!, 'F63D),
'S149C"]

17 ['W62P', 'F63H,
'S149V']

17 ['W62G', 'F63L,
'S149N']

17 ['W62L, 'F63T,
'S149F"]

17 ['W62R, 'F63D),
'S149Y"]

17 ['W62N', 'F63V/,

'S149P']
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17 ['W62H, 'F638,
'S149D']

17 ['W62G', 'F638,
'S149N']

17 ['W62P, 'F63P',
'S149F"]

17 [W62Y', 'F63H,
'S149Y']

17 ['W62E', 'F63A,
'S149P"]

17 [W62C, 'F63N,
'S149W']

17 [W62T', 'F63P',
'S149F"]

17 ['W62L', 'F63L,
'S149L"]

17 ['W62L', 'F63A,
'S1491"]

17 [W62T', 'F63L,
'S149M']

17 ['W62L', 'F63A,
'S149G']

17 ['W62H, 'F63S,
'S149G']

17 ['W62R', 'F63C,
'S149R"]

17 [W62I, 'F63W',
'S149V']

17 W62V, 'F63Q,
'S149R"]

17 ['W62C!, 'F63S,

'S149Y"]
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17 [W62T', 'F638,
'S1497T']

17 ['W62M!, 'F638,
'S1491"]

17 [W62K, 'F63P',
'S149G']

17 ['W62R', 'F63A,
'S1491"]

17 W62V, 'F63Y',
'S149G']

17 ['W62D, 'F63S,
'S149L"]

17 [W62Y', 'F63N,
'S149L"]

17 ['W62A", 'F63E,
'S149C"]

17 [W62S, 'F63W',
'S149R"]

17 ['W62L, 'F63G,
'S149A]

17 ['W62P', 'F63M,
'S149K']

18 ['L86V, 'SOON,
'S1497T']

18 ['L8GE!, 'SOON,
'S149P"]

18 ['L86S', 'SO0Y',
'S149H]

18 ['L86D!, 'SO0A,
'S149Y']

18 ['L86S', 'S90C",

'S149K']
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18 [L86V', 'S90M’,
'S149H']

18 [L86K', 'S90I',
'S149Y']

18 [L86I, 'S0V,
'S149N']

18 [L86V', 'S9OR’,
'S149V']

18 [L86F', 'S9OH,
'S149N']

18 [L86P', 'S9OH,
'S149N']

18 [L86G', 'S9OR’,
'S149H']

18 [L86R', 'S90A,
'S149R']

18 [L86G', 'S0V,
'S14911

18 [L86K', 'S9OF,
'S149D']

18 [L86I, 'S90L',
'S149V']

18 ['L86R', 'S9OH,
'S149M]

18 [L86V', 'S90A,
'S149V']

18 [L86P', 'S0V,
'S149H']

18 [L86I, 'S90C’,
'S149N']

18 [L86S', 'S90P’,

'S149M']
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18 ['L36Y", 'SO0A,
'S149M']

18 ['L86M', 'SOOR,
'S149G"]

18 ['L86Y", 'SOOL",
'S1491']

18 ['LS6F', 'SO0V',
'S149D']

18 ['L86Y", 'S9OF",
'S149F"]

18 ['L86C), 'SOOR,
'S149M']

18 ['L86R, 'S90C,
'S149G"]

18 ['LS6N!, 'S90T",
'S149K ']

18 ['L86R, 'SOOM,
'S149P"]

18 ['L86Y", 'S90C,
'S149T"]

18 ['L86A, 'S90T",
'S149V']

18 ['L86L, 'SOOH,
'S149L"]

18 ['L86S!, 'SOON!,
'S149V']

18 ['L86L, 'S9OL",
'S149A"]

18 ['L86G!, 'S9OE",
'S149R']

18 ['L86P", 'SOOH,

'S149T']

371



18

['LS6R,
'S149V']

'S90C,

18

L6V,
'S149L"]

"S9ON',

18

['L86S','S90V', 'S1491']

18

['L86D),
'S149W']

'S90A’,

18

[L36Y",
'S149P"]

'SO0L,

18

['L36S!,
'S149R']

'S90Y’,

18

['L86P,
'S149W']

'S90C,

Position 59

ObservedzAmino Acids per Position (parent hidden)

Position 6

Position 63
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Position 73

ACDEFGHIKLMNPQRSTVWY
Position 86

Position 90

ACDEFGHIKLMNPQRSTVWY

ACDEFGHIKLMNPQRSTVWY

Position 93

ACDEFGHIKLMNPQRSTVWY
Position 149

8
2

ACDEFGHIKLMNPQRSTVWY

ACDEFGHIKLMNPQRSTVWY

ACDEFGHIKLMNPQRSTVWY

ACDEFGHIKLMNPQRSTVWY

Figure D-21. Counts of amino acid identities observed at each position in variants selected
for the initial training library. The only amino-acid substitution not observed in training

was

S149E.
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D.3.2. Protocols for the Cloning of MLDE Predicted Sequences

D.3.2.1. Assembly of Plasmids Bearing Predicted Mutant Genes

Ninety-six multi-mutation variants were generated at each round of predictions. For each
round, the DNA sequences for these mutants were achieved through mutagenesis of the
target codons in the parent DNA sequence, and an oligo sequence (300 bp) was generated
for each variant, containing mutations at up to all eight positions of interest (Table D-2).
All 96 oligo sequences were synthesized and delivered by Twist Bioscience (South San
Francisco, CA) as a single pooled sample for each round. Oligo pools were received as dry
residues which were reconstituted in 10 mM Tris—HCl (pH=8.0) to a final oligo
concentration of 10 ng/uL. Oligo pools were then amplified by PCR using the primers
described in Table D-6. This fragment library was assembled with a pET-22b(+) backbone
with overhangs designed for Gibson ligation to generate fully encoded protoglobin
sequences bearing exact sets of desired mutations. The assembly products obtained were
used to transform T7 Express Competent E. coli (High Efficency) cells. 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. This
transformation mixture was directly plated on LB-Amp agar plates. The plates were
incubated overnight at 37 °C until colony formation was observed. For each round of
predictions between 350-550 colonies from LB-Amp agar plates were picked with
sterilized toothpicks to individually inoculate the wells of 2-mL 96-well deep-well plates
charged with 400 puL of LB-Amp. The plates were incubated at 37 °C and shaken at 220
rpm for 16—18 hours. The following morning, 50 uL 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
inoculation. Additionally, the sequences of protoglobin genes contained in every well were
sequenced using LevSeq sequencing.’ In total, 63/96 predicted variants were assembled
for the first round of oligo pool assembly, and 64/96 were found for achieved in the second
round (Table D-10). The target variants from each round were rearrayed into the wells of
a 96-well plate, along with 4-5 parent wells (PromPgb), one TrpB well, and one sterile

well. These plates were stored as glycerol stocks at -80 °C for future inoculation.
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Table D-10. PromPgb mutants which were predicted using MLDE to be able to access a
broader range of new-to-nature reactions and were successfully cloned using oligo pools.

Round Mutant
Predictions Round 1 CYVFMIFQ
Predictions Round 1 YAIFIIFQ
Predictions Round 1 YALFIVFQ
Predictions Round 1 YYIFMIFQ
Predictions Round 1 YYLFIFQ
Predictions Round 1 TAVLMGKQ
Predictions Round 1 YYVFMCKQ
Predictions Round 1 QYVFMCFQ
Predictions Round 1 LYLFICKQ
Predictions Round 1 VALFMCVQ
Predictions Round 1 FNIFMAFQ
Predictions Round 1 FYFFMCFQ
Predictions Round 1 FYIFMMFQ
Predictions Round 1 LYIFIMKQ
Predictions Round 1 YAIFMIFQ
Predictions Round 1 FNIFMAKQ
Predictions Round 1 FVIFMVFQ
Predictions Round 1 YAVAIIKQ
Predictions Round 1 TDVFITFQ
Predictions Round 1 FYIFKMKQ
Predictions Round 1 YAVAIVKQ
Predictions Round 1 YAVFIVFQ
Predictions Round 1 VYIAIVFQ
Predictions Round 1 LYLFMMKQ
Predictions Round 1 YYIAIVFQ
Predictions Round 1 FYVFMMFQ
Predictions Round 1 LYIFIVKQ
Predictions Round 1 YYIAMIFQ

Predictions Round 1

YAVVMTFQ




Predictions Round 1 YAIFIVFQ
Predictions Round 1 YYVAICFQ
Predictions Round 1 VYIFMVFQ
Predictions Round 1 YYIFIMFQ
Predictions Round 1 YAVFMTFQ
Predictions Round 1 YYLFICFQ
Predictions Round 1 YYVFMVKQ
Predictions Round 1 FYVFITFQ
Predictions Round 1 IYVAIIKQ
Predictions Round 1 LYLFIIKQ
Predictions Round 1 LYLFIVKQ
Predictions Round 1 YYVFMIFQ
Predictions Round 1 LYVFIVFQ
Predictions Round 1 VALFMAFQ
Predictions Round 1 TAVLMIKQ
Predictions Round 1 TNVFITFQ
Predictions Round 1 TYVFICVQ
Predictions Round 1 TYVFITFQ
Predictions Round 1 YYVAICKQ
Predictions Round 1 YYVFIVFQ
Predictions Round 1 YYVAMIFQ
Predictions Round 1 YYVAIVKQ
Predictions Round 1 YYVFICFQ
Predictions Round 1 VALAMCVQ
Predictions Round 1 YAIFIIFA
Predictions Round 1 TYVFMIFQ
Predictions Round 1 TYVFMCVQ
Predictions Round 1 TYVFMCFQ
Predictions Round 1 TYVFICFQ
Predictions Round 1 TDVFTCFQ
Predictions Round 1 TAVFMCVQ
Predictions Round 1 LYVAIVFQ

Predictions Round 1

YALFMCVQ
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Predictions Round 1 YYVLMIFQ
Predictions Round 2 IAFFMAFQ
Predictions Round 2 IAFFMVFEN
Predictions Round 2 VPFFMIFN
Predictions Round 2 LAFFIAFN
Predictions Round 2 VGFFMVFQ
Predictions Round 2 LAFFMAFQ
Predictions Round 2 LYFFMAFN
Predictions Round 2 VAFFIAFN
Predictions Round 2 TAFFMAFN
Predictions Round 2 TNVFMIFN
Predictions Round 2 TAFFIAFN
Predictions Round 2 VEFFMAFN
Predictions Round 2 VGFFMAFN
Predictions Round 2 LAFFIVFN
Predictions Round 2 VPFFMAFQ
Predictions Round 2 LGFFMAVN
Predictions Round 2 LYFFMKFN
Predictions Round 2 VAVFIAFN
Predictions Round 2 LAFFMVFQ
Predictions Round 2 VAFFMAFQ
Predictions Round 2 TGFFMVFQ
Predictions Round 2 TNFFMVFQ
Predictions Round 2 LYFFMAFQ
Predictions Round 2 TGFFMVFN
Predictions Round 2 LYFFMVFN
Predictions Round 2 TNFFMKFN
Predictions Round 2 TNFFMVFN
Predictions Round 2 TGFFMVYQ
Predictions Round 2 VVFFIAFN
Predictions Round 2 TAFFMAVN
Predictions Round 2 TAFFMVVN
Predictions Round 2 TAFFMIFN
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Predictions Round 2 LAFFQVFN
Predictions Round 2 LAFFQAFN
Predictions Round 2 LAFFMAYN
Predictions Round 2 LNFFMVFQ
Predictions Round 2 LYFFMVFQ
Predictions Round 2 LAFFIAFQ
Predictions Round 2 VYFFMAFQ
Predictions Round 2 VYFFMVFN
Predictions Round 2 TAIFMVFQ
Predictions Round 2 VVFFMAFN
Predictions Round 2 VVFFMAFQ
Predictions Round 2 VAFFMVFN
Predictions Round 2 TVFFMVFN
Predictions Round 2 IAQFMAFN
Predictions Round 2 IAFFMAFN
Predictions Round 2 TAFFMVFN
Predictions Round 2 TAFFMAFQ
Predictions Round 2 TNFFMMFN
Predictions Round 2 LNFFIVFN
Predictions Round 2 LGFFMAFQ
Predictions Round 2 LAVFIAFN
Predictions Round 2 VAFFMAFN
Predictions Round 2 VAFFMVFQ
Predictions Round 2 LAFFMVFN
Predictions Round 2 LAFFMAFN
Predictions Round 2 VAFFIAFQ
Predictions Round 2 TNAFMIFN
Predictions Round 2 VYFFMAFN
Predictions Round 2 TAFFMVFQ
Predictions Round 2 TAQFMAFN
Predictions Round 2 LAFFMKFN

Predictions Round 2

VYFFMVFQ
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D.4. Protoglobin Library Screening Protocols

D.4.1. Protocols for the Screening of Protoglobin Variants in 96-Well Plate Format

D.4.1.1. 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 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
uL) 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.

D.4.1.2. 96-Well Plate Reaction Preparation

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 pL for carbene transfer reactions, 365 pL for
nitrene transfer reactions) were added to each well. For nitrene transfer reactions, 5 puL of
a solution of D-glucose dissolved in M9-N were added such that the final concentration of
D-glucose in reactions was 20 mM. The pellets were resuspended in the medium via
shaking at room temperature for 30 minutes. The plates were then pumped into a vinyl Coy
anaerobic chamber (0-30 ppm O3). For carbene transfer reactions, to each well were added

20 puL of a MeCN solution containing the reaction substrate and ethyl diazoacetate (EDA).
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The final reaction volume was 400 pL. For nitrene transfer reactions, to each well were
added 20 pL of an EtOH solution containing the reaction substrate followed by 10 pL of
an aqueous solution containing the desired nitrene precursor. The final reaction volume
was 400 pL. The plates were then sealed carefully with a foil cover and shaken at room

temperature for 16 hours in the Coy chamber.

D.4.1.3. 96-Well Plate Library Reaction Preparation for Analysis — Carbene Transfer

Once the reactions were complete, plates were 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 (AWSM1003S,
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 5

minutes at room temperature) to separate the phases.

For reactions C1-C4, which were always run in parallel with one another for library
screening, 50 pL from each reaction plate were mixed in a GC vial insert in a GC vial, and
the pooled samples were analyzed by GC-FID. For all other carbene transfer reactions, 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 or GC-MS.

D.4.1.4. 96-Well Plate Library Reaction Preparation for Analysis — Nitrene Transfer

Once the reactions were complete, plates were worked up for processing by adding 400 pL
of MeCN. The plates were then sealed with foil and stored at -20 °C for 1 hour. The plates
were then centrifuged (5,000 x g for 5 minutes at room temperature) to clarify the
processed solution. Afterwards, a 200-puL aliquot of the combined layers was transferred to
microtiter plate which was subsequently sealed by heat-sealing foil. These solutions were

assayed by LC-MS.
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D.S. Library Screening Details and Data

The following section contains descriptions on how data was generated for each reaction
system analyzed in this work. Table D-11 describes the manner in which data were
collected for each reaction. Note that in some cases the data used to train our learning
model in either training round in this work differs from the final data collected for that
reaction. Both the datasets used for model training in this work and the final collected
activity data are made available at https:/github.com/fhalab/mrALDE. For future
applications of these data to MLDE model training and validation studies we recommend
using the final collected activity data. Detailed descriptions of the data collection

procedures for each individual reaction system are provided below.

Table D-11. Overview of data collection methods for reactions investigated in this work.
In some cases, data collected from the first round of predictions for model updating differed
from a final round of data collection. A value of N/A in the “Data Collection Method —
Final” column indicates that the same data were used for model training as are made
available online.

Reaction Name Data Collection | Data Collection | Notes
Method — Training | Method — Final
Cl1 GC-FID, pooled with | N/A
reactions C2, C3, and
C4
C2 GC-FID, pooled with | N/A
reactions C1, C3, and
C4
C3 GC-FID, pooled with | N/A
reactions C1, C2, and
C4
C4 GC-FID, pooled with | N/A
reactions C1, C2, and
C3
C5 GC-FID N/A
C6 GC-FID N/A
C7 GC-MS N/A
C8 GC-FID N/A
C9 GC-MS N/A
C10 LC-MS N/A
Cl11 GC-MS N/A
Cl12 GC-FID N/A Data for this reaction
was not used to update
the model after Round
1 Predictions
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Cl13 GC-MS, pooled with | GC-FID, unpooled
reactions Cl14, Cl15,
C16, and C17
Cl4 GC-MS, pooled with | GC-MS, unpooled
reactions C13, Cl15,
C16, and C17
Cl15 GC-MS, pooled with | GC-MS, unpooled
reactions C13, Cl4,
C16, and C17
Cl6 GC-MS, pooled with | GC-MS, unpooled
reactions C13, Cl14,
C15, and C17
Cl17 GC-MS, pooled with | GC-MS, unpooled
reactions C13, Cl14,
C15, and C16
N1 LC-MS N/A
N2 LC-MS N/A
N3 LC-MS N/A
N4 LC-MS N/A
N5 LC-MS N/A
N6 LC-MS N/A
N7 LC-MS N/A
N8 LC-MS The exact product
structure was not
determined; activity
was quantified based
on an LC-MS peak
corresponding to the
expected [M+H]+ ion.
N9 LC-MS During Round 1 data

collection, several
variants were initially
assigned activity for
reaction N9, and these
measurements ~ were
incorporated into the
model update.
Subsequent reanalysis
of these samples did
not confirm product
formation under the
reported conditions.
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Reaction C1:

Scheme D-1. Reaction conditions for reaction C1 and expected products.

F Whole E. coli cells E
C1 D/\ Nz/ COLE harboring PromPgb variants - CO,Et F CO,Et
F

F M9-N buffer (5% MeCN)

anaerobic, RT

C1-s EDA cis-C1-p trans-C1-p

10 mM 15 mM

For library screening, reaction C1 was analyzed by GC-FID using an equal part mixture of
reaction extracts from reactions C1, C2, C3, and C4. Authentic standards for this reaction
were synthesized and characterized in our laboratory. Reaction C1 was tested with the

initial training library, round 1 of predictions, and round 2 of predictions.
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Figure D-22. (A) Representative GC-FID trace for reaction C1 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of cis-C1-p with 1,3,5-trimethoxybenzene
as an authentic standard. (C) GC-FID trace for a sample of the authentic standard of trans-
C1-p with 1,3,5-trimethoxybenzene as an authentic standard.
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Figure D-23. Retention of function plots for reaction C1 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Parent normalized activities are computed from the total formation of
cyclopropane product for each variant relative to PromPgb.
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Figure D-24. Changes in the formation of cis-C1-p and trans-C1-p for tested libraries.
Parent normalized activities are computed from the formation of each cyclopropane
diastereomer relative to PromPgb.
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Reaction C2:

Scheme S2. Reaction conditions for reaction C2 and expected products.

]
N Boc

Whole E. coli cells N
C2 Nz/ COLE harboring PromPgb variants -
M9-N buffer (5% MeCN)
anaerobic, RT

C2-s EDA CO,Et
C2-p

10 mM 15 mM

For library screening, reaction C2 was analyzed by GC-FID in an equal part mixture of
reaction extracts from reactions C1, C2, C3, and C4. The authentic standard of C2-p was
kindly provided by Dr. Jae L. Kennemur, who previously synthesized and characterized
this compound in our laboratory. Full characterization data are reported in reference 7.
Reaction C2 was tested with the initial training library, round 1 of predictions, and round

2 of predictions.
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Figure D-25. (A) Representative GC-FID trace for reaction C2 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of C2-p with 1,3,5-trimethoxybenzene as
an authentic standard.
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Figure D-26. Retention of function plots for reaction C2 activity for variants in the (A)
initial training library, (B) round 1 of predictions and (C) round 2 of predictions. Parent
normalized activities are computed from the total formation of cyclopropane product for
each variant relative to PromPgb.

Reaction C3:

Scheme D-3. Reaction conditions for reaction C3 and expected products.
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A
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M9-N buffer (5% MeCN)
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C3-s EDA cis-C3-p trans-C3-p
10 mM 15 mM

For library screening, reaction C3 was analyzed by GC-FID in an equal part mixture of
reaction extracts from reactions C1, C2, C3, and C4. Authentic standards for this reaction
were synthesized and characterized in our laboratory. Reaction C3 was tested with the

initial training library, round 1 of predictions, and round 2 of predictions.
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Figure D-27. (A) Representative GC-FID trace for reaction C3 with PromPgb. (B) GC-
FID trace for a sample of mixture of the authentic standards of cis-C3-p and trans-C3-p
with 1,3,5-trimethoxybenzene as an authentic standard.
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Figure D-28. Retention of function plots for reaction C3 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Parent normalized activities are computed from the total formation of
cyclopropane product for each variant relative to PromPgb.



387

(o)}
(@)

Datasets
o @ Training
@ Round 1 Predictions
@® Round 2 Predictions

[,

B

N

=

Parent Normalized trans-C3-p Formation
w

o

1 2 3 4 5 6
Parent Normalized cis-C3-p Formation

o

Figure D-29. Changes in the formation of cis-C3-p and trans-C3-p for tested libraries.
Parent normalized activities are computed from the formation of each cyclopropane
diastereomer relative to PromPgb.
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Reaction C4:

Scheme D-4. Reaction conditions for reaction C4 and expected products.
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For library screening, reaction C4 was analyzed by GC-FID in an equal part mixture of
reaction extracts from reactions C1, C2, C3, and C4. Authentic standards for this reaction
were synthesized and characterized in our laboratory. Reaction C4 was tested with the

initial training library, round 1 of predictions, and round 2 of predictions.
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Figure D-30. (A) Representative GC-FID trace for reaction C4 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of cis-C4-p with 1,3,5-trimethoxybenzene
as an authentic standard. (C) GC-FID trace for a sample of the authentic standard of trans-
C4-p with 1,3,5-trimethoxybenzene as an authentic standard.
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Figure D-31. Retention of function plots for reaction C4 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Parent normalized activities are computed from the total formation of
cyclopropane product for each variant relative to PromPgb.
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Figure D-32. Changes in the formation of cis-C4-p and trans-C4-p for tested libraries.
Parent normalized activities are computed from the formation of each cyclopropane
diastereomer relative to PromPgb.
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Scheme D-5. Reaction conditions for reaction C5 and expected products.
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For library screening, reaction C5 was analyzed by GC-FID. Authentic standards for this

reaction were synthesized and characterized in our laboratory in a previous investigation.

Full characterization data are reported in reference 8. Reaction CS was tested with round 2
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Figure D-33. (A) Representative GC-FID trace for reaction C5 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of cis-C5-p with 1,3,5-trimethoxybenzene
as an authentic standard. (C) GC-FID trace for a sample of the authentic standard of trans-

C5-p with 1,3,5-trimethoxybenzene as an authentic standard.
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Figure D-34. Retention of function plot for reaction CS activity for variants in the second
round of predictions. Parent normalized activities are computed from the total formation
of cyclopropane product for each variant relative to PromPgb.
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Figure D-35. Changes in the formation of cis-C4-p and trans-C4-p for tested libraries.
Parent normalized activities are computed from the formation of each cyclopropane
diastereomer relative to PromPgb.
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Reaction C6:

Scheme D-6. Reaction conditions for reaction C6 and expected products.
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For library screening, reaction C6 was analyzed by GC-FID. Authentic standards for this
reaction were synthesized and characterized in our laboratory. Reaction C6 was tested with

round 2 of predictions.
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Figure D-36. (A) Representative GC-FID trace for reaction C5 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of cis-C6-p and trans-C6-p with 1,3,5-
trimethoxybenzene as an authentic standard. (C) The authentic standard for cis-C6-p was
isolated in trace quantities during synthesis.
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Figure D-37. Retention of function plot for reaction C6 activity for variants in the second
round of predictions. Parent normalized activities are computed from the total formation
of cyclopropane product for each variant relative to PromPgb.
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Figure D-38. Changes in the formation of cis-C6-p and trans-Cé6-p for tested libraries.
Parent normalized activities are computed from the formation of each cyclopropane
diastereomer relative to PromPgb.
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Scheme D-7. Reaction conditions for reaction C7 and expected products.
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For library screening, reaction C7 was analyzed by GC-MS. The authentic standard was

obtained by scaling up the enzymatic reaction PromPgb, followed by purification and

characterization. Reaction C7 was tested with round 1 and round 2 of predictions. The

bicyclobutane products obtained in reaction C7 did not provide well-resolved peaks under

the applied GC conditions; therefore, reaction yields were not quantified. Instead, for

model updating, data from this reaction were treated as binary, where a value of 0 denoted

no reaction, and a value of 1 indicated detectable product formation.
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Figure D-39. (A) Representative GC-MS trace for reaction C7 with PromPgb. This trace
was measured from an aliquot taken from the scaled-up reaction of PromPgb under
conditions for C7 to isolate C7-p. The bicyclobutane product does not provide a well-
resolved peak. (B) Selected mass spectrum from t = 5.88 min, showing representative mass
peaks for the bicyclobutane C7-p.
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Reaction C8:

Scheme D-8. Reaction conditions for reaction C8 and expected products.
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For library screening, reaction C8 was analyzed by GC-FID. The authentic standards were
obtained by scaling up the enzymatic reaction with variants VYIFMVFQ (E-C8-p) and
TAIFMVEFQ (Z-C8-p), followed by purification and characterization. Reaction C8 was
tested with round 1 and round 2 of predictions. The configuration of C8-p was assigned by
analogy to reaction C9. NMR characterization of the product of reaction C9 with PromPgb
confirmed exclusive formation of E-C9-p. Given that PromPgb predominantly produces a
single alkylidenecyclopropane isomer in both reactions C8 and C9 (Figures D-39A and
Figure D-42A), the product for reaction C8 with PromPgb was assigned as the E-
configuration. The product isolated from variant TAIFMVFQ was thus assigned the Z-
configuration (Figure D-39B).
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Figure D-40. (A) Representative GC-FID trace for reaction C8 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of Z-C8-p with 1,3,5-trimethoxybenzene
as an authentic standard. The authentic standard was isolated from a scaled-up reaction
with variant TAIFMVFQ. (C) GC-FID trace for a sample of the authentic standard of E-
C8-p with 1,3,5-trimethoxybenzene as an authentic standard. The authentic standard was
isolated from a scaled-up reaction with variant VYIFMVFQ.
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Figure D-41. Retention of function plots for reaction C8 activity for variants in the (A)
first round of predictions and (B) the second round of predictions. Parent normalized
activities are computed from the total formation of alkylidene cyclopropane product for
each variant relative to PromPgb.
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Figure D-42. Changes in the formation of Z-C8-p and E-C8-p for tested libraries. Parent
normalized activities are computed from the formation of each cyclopropane diastereomer
relative to PromPgb.
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Reaction C9:
Scheme D-9. Reaction conditions for reaction C9 and expected products.
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For library screening, reaction C9 was analyzed by GC-FID. The authentic standards were
obtained by scaling up the enzymatic reaction with variant LAFFIAFN, followed by
purification and characterization. Reaction C9 was tested with round 2 of predictions. In
the course of library screening, only E-C9-p formation could be found under enzymatic
conditions, as confirmed by NMR.? For model updating, data from this reaction were
treated as binary, where a value of 0 denoted no reaction, and a value of 1 indicated

detectable product formation.
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Figure D-43. (A) Representative GC-MS trace for reaction C9 with variant LAFFIAFN.
This trace was measured from an aliquot taken from the scaled-up reaction of LAFFIAFN
under conditions for C9 to isolate C9-p products. Only E-C9-p could be isolated. (B)
Selected mass spectrum from t = 4.40 min, showing representative mass peaks for the
alkylidene cyclopropane E-C9-p.



Reaction C10:

Scheme D-10. Reaction conditions for reaction C10 and expected products.

Ph

. Whole E. coli cells r
harboring PromPgb variants N
c1o [ N7~ CO,Et 9 9 > CO,Et
M9-N buffer (5% MeCN)
anaerobic, RT
C10-s EDA C10-p
2.5mM 5mM
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For library screening, reaction C10 was analyzed by LC-MS. Authentic standards for this

reaction were synthesized and characterized in our laboratory. Reaction C10 was tested

with round 1 and round 2 of predictions. PromPgb was not capable of performing this

reaction, and no variants were found in either round of predictions which were capable of

performing this transformation with detectable yield.

MS$1 +TIC SIM ESI Frag=70V Gain=1.0

g m/z=234

Figure D-44. LC-MS trace for a sample of the authentic standard of C10-p. The Selective

Ion Monitoring channel for the [M+H]+ ion of C10-p (m/z = 234) is shown.
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Reaction C11:

Scheme D-11. Reaction conditions for reaction C11 and expected products.

Cbz Whole E. coli cells Cbz
\ harboring PromPgb variants N
N Z > CO,E >
Cit A N2 ? M9-N buffer (5% MeCN) GOk
anaerobic, RT
Clil-s EDA Cl11-p
5mM 7.5 mM

For library screening, reaction C11 was analyzed by GC-MS. Authentic standards for this
reaction were synthesized and characterized in our laboratory in a previous investigation.
Full characterization data are reported in reference 10. Reaction C11 was tested with round
1 and round 2 of predictions. PromPgb was not capable of performing this reaction, and no
variants were found in either round of predictions which were capable of performing this

transformation with detectable yield.
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Figure D-45. (A) GC-MS trace for an authentic standard of C11-p. (B) Selected mass
spectrum from the authentic standard peak (t = 4.69 min), showing representative mass
peaks for the ring expansion product C11-p.
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Reaction C12:

Scheme D-12. Reaction conditions for reaction C12 and expected products.

Whole E. coli cells

' |
SiH harboring PromPgb variants Si__ CO,Et
C12 Nz% COEt 9 9 » >
M9-N buffer (5% MeCN)

anaerobic, RT
C12-s EDA C12-p

10 mM 15 mM

For library screening, reaction C12 was analyzed by GC-FID. Authentic standards for this
reaction were synthesized and characterized in our laboratory. Reaction C12 was tested
with round 1 and round 2 of predictions. Activity data for reaction C12 with round 1 of
predictions were not used to update the model before generating the second round of

predictions in this work.
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Figure D-46. (A) Representative GC-FID trace for reaction C12 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of C12-p with 1,3,5-trimethoxybenzene
as an authentic standard.
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Figure D-47. Retention of function plots for reaction C12 activity for variants in the (A)
first round of predictions and (B) the second round of predictions. Parent normalized

activities are computed from the total formation of alkylation product for each variant
relative to PromPgb.

Reaction C13:

Scheme D-13. Reaction conditions for reaction C13 and expected products.

Q Whole E. coli cells Q
harboring PromPgb variants
C1 3 Z CO,Et 9 9

N
N 2 M9-N buffer (5% MeCN) N
anaerobic, RT CO,Et
C13-s EDA o130
5 mM 7.5mM

For library screening, reaction C13 was analyzed by GC-FID. Authentic standards for this
reaction were synthesized and characterized in our laboratory. Reaction C13 was tested
with round 1 and round 2 of predictions. While collecting data with round 1 predictions for
model updating, a pooled GC-MS analysis was used for reaction C13, yielding qualitative
reaction data. Reaction extracts from reactions C13, C14, C15, C16, and C17 were pooled
and analyzed by GC-MS. As a result, low-performing variants may have been over diluted
and analytes may have been brought below the limit of detection. For model updating, data
from this reaction were treated as binary, where a value of 0 denoted no reaction, and a
value of 1 indicated detectable product formation. Thirty-seven variants were found to have
activity for reaction C13 for model updating in this work. Later, reaction C13 was
evaluated with round 1 and round 2 of predictions using a quantitative GC-FID method,

yielding the data shown in Figure D-48.
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Figure D-48. (A) Representative GC-FID trace for reaction C13 with PromPgb. (B) GC-
FID trace for a sample of the authentic standard of C13-p with 1,3,5-trimethoxybenzene
as an authentic standard.
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Figure D-49. Retention of function plots for reaction C13 activity for variants in the (A)
first round of predictions and (B) the second round of predictions. Parent normalized
activities are computed from the total formation of alkylation product for each variant
relative to PromPgb.
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Reaction C14:

Scheme D-14. Reaction conditions for reaction C14 and expected products.

Q Whole E. coli cells
_ harboring PromPgb variants o

= “CO,Et

N _—
C14 (‘ N; M8-N buffer (5% MeCN) N
\_) anaerobic, RT f
o (
o) CO,Et

Cla-s EDA Cla-p

10 mM 15 mM

For library screening, reaction C14 was analyzed by GC-MS. Authentic standards for this
reaction were synthesized and characterized in our laboratory. Reaction C14 was tested
with round 1 and round 2 of predictions. PromPgb was incapable of catalyzing reaction
C14 under these conditions. While collecting data with round 1 predictions for model
updating, a pooled GC-MS analysis was used for reaction C14, yielding qualitative
reaction data. Reaction extracts from reactions C13, C14, C15, C16, and C17 were pooled
and analyzed by GC-MS. As a result, low-performing variants may have been over diluted
and analytes may have been brought below the limit of detection. For model updating, data
from this reaction were treated as binary, where a value of 0 denoted no reaction, and a
value of 1 indicated detectable product formation. Six variants were found to have activity
for reaction C14 for model updating in this work. Later, reaction C14 was evaluated with
round 1 and round 2 of predictions using an un-pooled GC-MS strategy, uncovering 42

variants which could perform this transformation.
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Figure D-50. (A) GC-MS trace for an authentic standard of C14-p. (B) Selected mass
spectrum from the authentic standard peak (t = 4.80 min), showing representative mass
peaks for the alkylation product C14-p. (C) GC-MS trace for reaction C14 run with variant
VFGGMAFN. C14-p can be observed in trace quantities. (D) Selected mass spectrum from
the observed trace product (t = 4.80 min) showing the characteristic m/z = 162 mass for

C14-p.
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Reaction C15:

Scheme D-15. Reaction conditions for reaction C15 and expected products.

Et0,C

Whole E. coli cells
_ harboring PromPgb variants
N~ "CO,Et
C15 > M9-N buffer (5% MeCN) -
(6}

anaerobic, RT
C15-s EDA C15-p

10 mM 15mM

For library screening, reaction C15 was analyzed by GC-MS. Authentic standards for this
reaction were purchased from a commercial source. Reaction C15 was tested with round 1
and round 2 of predictions. In the course of collecting data with round 1 predictions for
model updating, a pooled GC-MS analysis was used for reaction C15, yielding qualitative
reaction data. Reaction extracts from reactions C13, C14, C15, C16, and C17 were pooled
and analyzed by GC-MS. As a result, low-performing variants may have been over diluted
and analytes may have been brought below the limit of detection. For model updating, data
from this reaction were treated as binary, where a value of 0 denoted no reaction, and a
value of 1 indicated detectable product formation. No variants were found to have activity
for reaction C15 for model updating in this work. Later, reaction C15 was evaluated with
round 1 and round 2 of predictions using an un-pooled GC-MS strategy, after which there

were still no variants found to catalyze this transformation.
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Figure D-51. (A) GC-MS trace for an authentic standard of C15-p. (B) Selected mass
spectrum from the authentic standard peak (t = 4.11 min), showing representative mass
peaks for the alkylation product C15-p.

Reaction C16:

Scheme D-16. Reaction conditions for reaction C16 and expected products.

EtO,C
_ Whole E. colicells
o _ harboring PromPgb variants -
- N~ COEt (0]
C1 6 (o) M9-N buffer (5% MeCN)
anaerobic, RT o)
C16-s EDA C16-p

5mM 7.5 mM

For library screening, reaction C16 was analyzed by GC-MS. Authentic standards for this
reaction were purchased from a commercial source. Reaction C16 was tested with round 1
and round 2 of predictions. PromPgb was incapable of catalyzing reaction C16 under these
conditions. In the course of collecting data with round 1 predictions for model updating, a
pooled GC-MS analysis was used for reaction C16, yielding qualitative reaction data.
Reaction extracts from reactions C13, C14, C15, C16, and C17 were pooled and analyzed
by GC-MS. As a result, low-performing variants may have been over diluted and analytes
may have been brought below the limit of detection. For model updating, data from this
reaction were treated as binary, where a value of 0 denoted no reaction, and a value of 1
indicated detectable product formation. No variants were found to have activity for reaction

C16 for model updating in this work. Later, reaction C16 was evaluated with round 1 and
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round 2 of predictions using an un-pooled GC-MS strategy, uncovering 54 variants which

could perform this transformation.
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Figure D-52. (A) GC-MS trace for an authentic standard of C16-p. (B) Selected mass
spectrum from the authentic standard peak (t = 4.20 min), showing representative mass
peaks for the alkylation product C16-p. (C) GC-MS trace for reaction C16 run with variant
CYVFMIFQ. C16-p can be observed in trace quantities. (D) Selected mass spectrum from
the observed trace product (t = 4.22 min) showing the characteristic m/z = 121 mass for
C16-p.
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Reaction C17:

Scheme D-17. Reaction conditions for reaction C17 and expected products.

Whole E. coli cells Et0;C
harboring PromPgb variants
C16 ©30 N7~ “COEt > ° >
M9-N buffer (5% MeCN) e}
anaerobic, RT
C17-s EDA C17-p

10 mM 15 mM

For library screening, reaction C17 was analyzed by GC-MS. Authentic standards for this
reaction were synthesized and characterized in our laboratory in a previous investigation.
Full characterization data are reported in reference 11. In the course of collecting data with
round 1 predictions for model updating, a pooled GC-MS analysis was used for reaction
C17, yielding qualitative reaction data. Reaction extracts from reactions C13, C14, C15,
C16, and C17 were pooled and analyzed by GC-MS. As a result, low-performing variants
may have been over diluted and analytes may have been brought below the limit of
detection. For model updating, data from this reaction were treated as binary, where a value
of 0 denoted no reaction, and a value of 1 indicated detectable product formation. No
variants were found to have activity for reaction C17 for model updating in this work.
Later, reaction C17 was evaluated with round 1 and round 2 of predictions using an un-
pooled GC-MS strategy, after which there were still no variants found to catalyze this

transformation.
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Figure D-53. (A) GC-MS trace for an authentic standard of C17-p. (B) Selected mass
spectrum from the authentic standard peak (t = 3.85 min), showing representative mass

peaks for the alkylation product C17-p.

Reaction N1:

Scheme D-18. Reaction conditions for reaction N1 and expected products.

OH Whole E. coli cells HoN o
H.NOH HCI harboring PromPgb variants -
N1 2 M9-N buffer (5% EtOH)
20 mM D-glucose
anaerobic, RT
Ni-s HA N1-p
2.5mM 7.5 mM

For library screening, reaction N1 was analyzed by LC-MS. The authentic

standard of N1-

p was kindly provided by Dr. Kathleen M. Sicinski, who previously synthesized and

characterized this compound in our laboratory. Full characterization data are reported in

reference 12. Reaction N1 was tested with the initial training library, round

and round 2 of predictions.

1 of predictions,
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Figure D-54. (A) Representative LC-MS trace for reaction N1 with PromPgb. (B) LC-MS
trace for a sample of the authentic standard of N1-p. The Selective Ion Monitoring channel
for the [M+H]+ ion of N1-p (m/z = 174) is shown.
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Figure D-55. Retention of function plots for reaction N1 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Parent normalized activities are computed from the total formation of
dearomatization product for each variant relative to PromPgb.
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Reaction N2:

Scheme D-19. Reaction conditions for reaction N2 and expected products.

Whole E. coli cells NH,

CO,Et harboring PromPgb variants
N
N2 /©/\ HNOHHCl =50 N buffer (5% EtOH) CO,Et
F 20 mM D-glucose E
anaerobic, RT

N2-s HA
2.5 mM 7.5mM

N2-p

For library screening, reaction N2 was analyzed by LC-MS. The authentic standard of N2-
p was kindly provided by Dr. Edwin Alfonzo, who previously synthesized and
characterized this compound in our laboratory. Full characterization data are reported in
reference 13. Reaction N2 was tested with the initial training library, round 1 of predictions,

and round 2 of predictions. PromPgb was incapable of forming N2-p under these

conditions.
B m/z=198
; LYVFIVFQ
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Figure D-56. (A) LC-MS trace for reaction N2 with variant LY VFIVFQ from the first
round of predictions. N2-p formation is observed. (B) LC-MS trace for a sample of the
authentic standard of N2-p. The Selective Ion Monitoring (SIM) channel for the [M+H]+
ion of N2-p (m/z = 198) is shown.



413

N2, Initial Training Library 125000 N2, Round 1 Predictions 125000 N2, Round 2 Predictions
A) B)

125000

Q)

1000001 ® 100000 100000

750001 8 75000 75000

50000 50000 50000

25000 25000

25000 ° /1 active variant
0 & ° 01 e ° 0 _° °

0 200 400 600 0 20 40 60 0 20 40 60
Library Rank Library Rank Library Rank

Product lon Counts
oD [ ]

Product lon Counts

Product lon Counts

Figure D-57. Retention of function plots for reaction N2 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Variants are ranked by measured ion counts corresponding to product N2-p in
the SIM channel for the [M+H]+ ion (m/z = 198).

Reaction N3:

Scheme D-20. Reaction conditions for reaction N3 and expected products.

Whole E. coli cells NH,

Q,
N3 CO,Et Q 6?\‘ HOTf harboring PromPgb variants
/%0/ N Mo-N buffer (5% EtOH) CO,Et
F 20 mM D-glucose E
anaerobic, RT

N3-s HzNoPiV N3-p
25 mM 7.5mM

For library screening, reaction N3 was analyzed by LC-MS. Authentic standards for this
reaction were synthesized and characterized in our laboratory. Reaction N3 was tested with

the initial training library, round 1 of predictions, and round 2 of predictions.
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Figure D-58. (A) Representative LC-MS trace for reaction N3 with PromPgb. (B) LC-MS
trace for a sample of the authentic standard of N3-p. The Selective Ion Monitoring (SIM)
channel for the [M+H]+ ion of N3-p (m/z = 198) is shown.
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Figure D-59. Retention of function plots for reaction N3 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Parent normalized activities are computed from the total formation of C-H
amination product for each variant relative to PromPgb.
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Reaction N4:

Scheme D-21. Reaction conditions for reaction N4 and expected products.

Whole E. coli cells

B(OH), harborin i NH,
g PromPgb variants -
N4 H,NOH HClI >
M9-N buffer (5% EtOH)

20 mM D-glucose
anaerobic, RT
N4-s HA N4-p

2.5 mM 7.5 mM

For library screening, reaction N4 was analyzed by LC-MS. Authentic standards for this
reaction were purchased from a commercial source. Reaction N4 was tested with the initial

training library, round 1 of predictions, and round 2 of predictions.
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Figure D-60. (A) Representative LC-MS trace for reaction N4 with PromPgb. (B) LC-MS
trace for a sample of the authentic standard of N4-p. The Selective Ion Monitoring (SIM)
channel for the [M+H]+ ion of N4-p (m/z = 144) is shown.
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Figure D-61. Retention of function plots for reaction N4 activity for variants in the (A)
initial training library, (B) the first round of predictions, and (C) the second round of
predictions. Parent normalized activities are computed from the total formation of C-H
amination product for each variant relative to PromPgb.

Reaction N5:
Scheme D-22. Reaction conditions for reaction N5 and expected products.
N Whole E. coli cells -
3 harboring PromPgb variants N
N5 >
M9-N buffer (5% EtOH)

20 mM D-glucose
N5-s anaerobic, RT N5-p

2.5 mM

For library screening, reaction N5 was analyzed by LC-MS. Authentic standards for this
reaction were purchased from a commercial source. Reaction NS was tested with round 1

and round 2 of predictions.
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Figure D-62. (A) Representative LC-MS trace for reaction N5 with PromPgb. (B) LC-MS
trace for a sample of the authentic standard of N5-p. The Selective Ion Monitoring (SIM)
channel for the [M+H]+ ion of N5-p (m/z = 148) is shown.
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Figure D-63. Retention of function plots for reaction N5 activity for variants in the (A)
first round of predictions and (B) the second round of predictions. Parent normalized
activities are computed from the total formation of intramolecular reaction product for each
variant relative to PromPgb.

Reaction N6:

Scheme D-23. Reaction conditions for reaction N6 and expected products.

CO,Me S Whole E. coli cells
? Qe ot harboring PromPgb variants H2N \:CO2M‘3 GOzMe ¢OzMe
At Tmpmmmeen ~ () (O
-N buffer (5% EtOH) 2
20 mM D-glucose
anaerobic, RT NH,

N6-s H,NOPiv
2.5 mM 7.5 mM

a-N6-p b-N6-p g-N6-p

For library screening, reaction N6 was analyzed by LC-MS. Authentic standards for the
possible a-, -, y-amination products for this reaction were purchased from a commercial
source. Reaction N6 was tested with round 1 and round 2 of predictions. PromPgb was
incapable of catalyzing reaction N6 under these conditions. In library screening, five
variants were found in the first round of predictions which could generate trace quantities
of N6-p isomers and no variants were found in the second round of predictions. For model
updating, data from this reaction were treated as binary, where a value of 0 denoted no

reaction, and a value of 1 indicated detectable product formation.
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Figure D-64. (A) LC-MS trace for reaction N6 with variant TAVFMCVQ from the first
round of predictions. The three possible regioisomers of N6-p formation could not be well-
separated on the LC-MS column and so were treated as a single eluting peak. (B) LC-MS
traces for samples of the authentic standards of a-N6-p, b-N6-p, and g-N6-p. The Selective
Ion Monitoring (SIM) channel for the [M+H]+ ion of N6-p (m/z = 144) is shown.

Reaction N7:

Scheme D-24. Reaction conditions for reaction N7 and expected products.

o) OTf Whole E. colicells
N7 ©/\\/ ® harboring PromPgb variants NH,
~NH3 >
/w o M9-N buffer (5% EtOH)
20 mM D-glucose
anaerobic, RT

N7-s H,NOPiv N7-p
2.5mM 7.5mM

For library screening, reaction N7 was analyzed by LC-MS. Authentic standards for this
reaction were purchased from a commercial source. Reaction N7 was tested with round 1
and round 2 of predictions. PromPgb was incapable of catalyzing reaction N7 under these
conditions. In library screening, three variants were found in the first round of predictions
which could generate trace quantities of N7-p isomers and no variants were found in the
second round of predictions. For model updating, data from this reaction were treated as
binary, where a value of 0 denoted no reaction, and a value of 1 indicated detectable product

formation.
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Figure D-65. (A) Representative LC-MS trace for reaction N7 with variant LYLFICKQ
from the first round of predictions. (B) LC-MS trace for a sample of the authentic standard
of N7-p. The Selective lon Monitoring (SIM) channel for the [M+H]+ ion of N7-p (m/z =
164) is shown.

Reaction N8:

Scheme D-25. Reaction conditions for reaction N8 and expected products.
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For library screening, reaction N8 was analyzed by LC-MS. For reaction N8, the exact
product structure was not determined; activity was quantified based on an LC-MS peak
corresponding to the expected [M+H]" ion. Taken together, the data shown in Figure D-65
support the occurrence of a protoglobin-catalyzed nitrene transfer reaction with N8-s. The
product peak observed at t = 1.73 min in panels Figure D-65A and Figure D-65B is
detected only in reactions containing whole cells harboring protoglobin variants, and its
abundance depends on the identity of the protoglobin. This peak is not observed in the

absence of whole cells (Figure D-65C) or in the presence of whole cells expressing TrpB,
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a PLP-dependent enzyme serving as our negative control (Figure D-65D). Reaction N8

was tested with round 1 of predictions.
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Figure D-66. (A) Representative LC-MS trace for reaction N8 with PromPgb. (B) LC-MS
trace for reaction N8 with the high-performing variant YAIFIIFA. (C) Representative LC-
MS trace for reaction N8 in the absence of any whole cells. All reaction conditions are
otherwise kept the same. (D) Representative LC-MS trace for reaction N8 in the presence
of whole cells expressing The Selective Ion Monitoring (SIM) channel for the [M+H]" ion
of N8-p (m/z = 260) is shown for all chromatograms.
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Figure D-67. Retention of function plot for reaction N8 activity for variants in the first
round of predictions.

Reaction N9:

Scheme D-26. Reaction conditions for reaction N9 and expected products.
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For library screening, reaction N9 was analyzed by LC-MS. Authentic standards for this
reaction were synthesized and characterized in our laboratory. Reaction N9 was tested with
round 1 and round 2 of predictions. During Round 1 data collection, four variants were
initially assigned activity for reaction N9, and these measurements were incorporated into
the model update. Subsequent reanalysis of these samples did not confirm product
formation under the reported conditions. PromPgb was not capable of performing this
reaction, and upon further screening no variants were found in either round of predictions
which were capable of performing this transformation with detectable yield.
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Figure D-68. LC-MS trace for a sample of the authentic standard of N9-p. The Selective
Ion Monitoring channel for the [M+H]" ion of N9-p (m/z = 146) is shown.
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D.6. Computed Summary Statistics

1.00

- 0.50

-0.25

- 0.00

--=0.25

Pearson Correlation

- —0.50

-0.75

I 1 1 1 1 _1.00
C1 C2 C3 C4 N1 N2 N3 N4

Figure S69. Computed pairwise Pearson correlation coefficients (r) between the fitness
values for each of the eight ITRs, calculated using data from variants in the initial training
library. Correlations were computed across all variants for which measurable activity was
observed in both reactions. Positive values indicate that mutations tending to enhance
activity in one reaction also enhance activity in the other, whereas low or near-zero
correlations suggest reaction-specific mutational effects.
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D.7. Machine Learning Details

D.7.1. Data Processing

At the start of each round of the computational pipeline, sequences were paired with a set
of respective experimental yields for carbene and nitrene reactions. The reaction yields
were processed and normalized to the parent (starting) sequence, such that for a given
reaction, 1.0 corresponded to the same yield as parent. For variants displaying activity for
reaction N2, fold-improvements in activity are normalized to the yield of parent for
reaction N3, which shares the same product. Outliers with very high yield (i.e., greater than
4 times that of parent) were rounded down to 4.0, to encourage promiscuity rather than
optimizing for a specific reaction. For reactions with trace activity that were not detected
in parent, a variant was assigned 1 if could perform that reaction and 0 otherwise. The two
fitness objectives used as predictive outputs for ML model training were the mean fitness
values of all carbene and nitrene reactions, respectively, thus weighting improvements to

carbene reactions relatively equally to improvements to nitrene reactions.

D.7.2. Surrogate Model Training

Most Bayesian optimization algorithms consist of two main components: (1) a probabilistic
surrogate model of the objective function and (2) an acquisition function. The surrogate
model predicts the objective function values at unobserved inputs, while the acquisition
function quantifies the potential benefit of evaluating any given batch of inputs based on
these predictions. In each iteration of the Bayesian optimization loop, a new batch of inputs
is selected by maximizing the acquisition function. After evaluating the objective function
at these new inputs, the surrogate model is updated, and the process repeats. Let X denote
the input space (i.e., the space of feasible protein sequences) and let f: X — R denote the
objective function (i.e., the metric we wish to optimize). In this work, we used deep
ensembles as the surrogate model, which is based on their high performance and calibrated

uncertainty seen in past work.®
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Deep ensembles are constructed by training identical deep neural network architectures
multiple times, each with different random initializations of the weight parameters. Here,
we train the deep ensembles with bootstrapping; each ensemble consists of 20 models
where 90% of the total training data is randomly seen during training, and each model is a
multilayer perceptron with two hidden layers and a hidden dimension of 50. The input to
each model is a one-hot encoding of the 8 residues being studied, with dimension 160, and
the outputs are two values, corresponding to the predictions for the two normalized carbene
and nitrene reaction yields, described above. We surmised that performing multi-task
training by sharing weights would improve regularization and reduce overfitting in the
model, as the two distinct objectives are correlated. For each model, we performed training
with a batch size of 128 and a learning rate of 0.001 for 100 epochs. Model training time
was less than one minute on a single GPU. These independently trained networks were
then collectively used as if they were samples from a Bayesian posterior distribution over

the objective function f.

D.7.3. Sample Acquisition

We used the expected improvement (EI) acquisition function, which is given by a,, (x) =

E, [{f (x) = fy}*], where f,; = max f (x;) and the expectation is computed with respect

to the posterior distribution given D,,.!> For Gaussian posterior distributions and noise-free
observations (where f,," is a constant rather than a random variable), the EI can be expressed
in a closed form using the posterior mean and variance. In scenarios where these conditions
do not hold, computing the EI often requires approximate calculation, typically through

Monte Carlo sampling techniques.

In this case, we extended expected improvement to expected hypervolume improvement
(eHVI), which corresponds to expected improvement in the pareto front “area” across the
two objectives described above and is commonly used in multi-objective settings. We
acquired a batch of new samples to maximize eHVI following a procedure similar to that
used in MORBO'® because this approach enables better scalability to large batch sizes, by

exploiting the submodularity of the acquisition function. Thus, efficient approximation can
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be achieved through a greedy optimization strategy, selecting each input in the batch
sequentially. The main difference between our approach and the approach used in MORBO
is that we used Thompson sampling with a frequentist ensemble of neural networks rather
than a Gaussian process as the surrogate function. We used a reference fitness value of 0
for both objectives in the expected improvement acquisition function. The algorithm we
used to obtain a batch of 96 proposed samples was implemented using the botorch python

package:!’

1. Sample a function from the ensemble of supervised models (Thompson-style
sampling)
2. Evaluate the predicted increase in hypervolume (across two objectives) for all
points in the design space, using the sampled function
3. Query the next point in the batch as the point that increases the hypervolume the
most
4. Repeat from step one until the entire batch is sampled, but the increase in area is
evaluated with respect to expected gains from previously queried points
To speed up calculations, we only evaluated the acquisition function for a subset of the
design space by only considering amino acid substitutions that corresponded to variants
with some activity in the initial round of data collection, reducing the design space to about
180 million variants, based on a somewhat arbitrary cutoff. Evaluating the acquisition

function 96 times took around 3 hours on a single H100 GPU.
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D.8. Quantitative Analysis of Select PromPgb Variants

Reactions C1, C8, C13, and N5 were all validated under controlled conditions with small-
scale protein expression of PromPgb and top-performing variants for each of these

reactions.

D.8.1. Protocols for Small-Scale Reaction Setup in GC Vials

D.8.1.1. 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
ug/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
5-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.

D.8.1.2. Small-Scale Biocatalytic Carbene Transfer Reaction Preparation

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 (ODeoo) of this
suspension was measured and adjusted to ODsoo = 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).
These whole-cell suspensions were transferred into a vinyl Coy anaerobic chamber, at

which point 10 pL of a solution of the reaction substrate in MeCN followed by 10 pL of a
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solution of EDA in MeCN were added. 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 1.7-mL Eppendorf tubes and mixed with
600 pL of a 1:1 solution of ethyl acetate:cyclohexane with 1,3,5-trimethoxybenzene as an
internal standard (1.0 mM concentration). The layers were vigorously mixed, and the
samples were centrifuged (14,000 % g for 10 minutes at RT). Afterwards, an aliquot of the

organic layer was subjected to GC analysis.

D.8.1.3. Small-Scale Biocatalytic Nitrene Transfer Reaction Preparation

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 containing 20 mM D-glucose. The optical
density at 600 nm (ODeoo) of this suspension was measured and adjusted to ODgoo = 31.5
with the addition of more M9-N buffer. A 370 aliquot of the cell suspension was added to
2-mL GC vials (Agilent). These whole-cell suspensions were transferred into a vinyl Coy
anaerobic chamber, at which point 20 pL of a solution of the reaction substrate in EtOH
followed by 10 pL of a solution of nitrene precursor in H2O were added. 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 1.7-mL Eppendorf tubes and mixed with
800 pL of an acetonitrile solution containing papaverine as an internal standard (50 uM
concentration). The layers are vigorously mixed after which the samples were stored at -
20 °C for 1 hour. The samples were then centrifuged (14,000 x g for 10 minutes at RT).

Afterwards, an aliquot of the resulting clarified solution was subjected to LC-MS analysis.

D.8.2. Preparation of Calibration Curves for Analytical Yield Determination

All reactions with quantifiable yield were assayed either by gas chromatography equipped
with flame ionization detection (GC-FID) or by liquid chromatography equipped with mass

spectrometric detection (LC-MS). To quantify yields, calibration curves were prepared
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from synthesized authentic standards or products isolated from reactions. Calibration

curves were constructed by one of two methods.

D.8.2.1. GC-FID Calibration Curve Construction — Method A
Method A was used for products which could be separated and detected by GC-FID. For

these compounds, a 10 mM stock of authentic standard or isolated product was prepared 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
solution of ethyl acetate:cyclohexane solution containing 1.0 mM standard to a range of
concentrations within the range of the measured enzymatic product concentration. In
instances where two diastereomers could be formed, calibration curve samples were
generated for each diastereomer. Samples were analyzed by GC-FID. Calibration curves
were then generated by plotting the concentration of the product against the ratio of its

signal (P) to the signal of the internal standard (IS).

D.8.2.2. LC-MS Calibration Curve Construction — Method B
Method B was used for products which could be separated and detected by LC-MS. For

these compounds, 380 uL. of M9-N buffer were mixed with 20 uL of the authentic product
dissolved in ethanol at several unique concentrations such that the sample contained the
product at final concentrations within the range of measured enzymatic formation. This
mixture was then processed according to the protocol for working up enzymatic reactions
for LC-MS quantification (Small-Scale Biocatalytic Nitrene Transfer Reaction

Preparation).
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Figure D-70. Calibration curves for the products of reaction C1. (A) Achiral GC-FID
calibration curve for cis-C1-p. (B) Achiral GC-FID calibration curve for trans-C1-p.

Samples were generated using method A.
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Figure D-71. Calibration curves for the products of reaction C8. (A) Achiral GC-FID
calibration curve for E-C8-p. (B) Achiral GC-FID calibration curve for Z-C8-p. Samples

were generated using method A.
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Figure D-72. Achiral GC-FID calibration curve for C12-p. Samples were generated using
method A.
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Figure D-73. Achiral GC-FID calibration curve for N5-p. Samples were generated using
method B.



D.9. Preparation of Authentic Standards

Synthesis of cis-CI-p and trans-C1-p

F N WCOgEt Rhy(OAC), (1 mol%)
E * N, THF, rt, overnight

431

A solution of ethyl diazoacetate (1 equiv, 4 mmol, >13 wt.% DCM) in THF (1.2 ml) was

added dropwise to a stirred mixture of 1,2-difluoro-4-vinylbenzene (5 equiv, 20 mmol) and

rhodium (II) diacetate dimer (1.0 mol %, 0.04 mmol) in dry THF (2 ml) under an argon

atmosphere. The reaction mixture was stirred for 16 h, then filtered through a short plug of

alumina gel using diethyl ether as an eluent. The filtrate was concentrated in vacuo. The

resulting residue was purified by column chromatography on silica gel in hexanes/EtOAc

to afford the cyclopropanation products as separate diastereomers.

(¥)-cis-ethyl 2-(3,4-difluorophenyl)cyclopropane-1-carboxylate cis-C1I-p

F
I>A002Et
F

'H NMR (400 MHz, CDCl3) § 7.12 — 6.93 (m, 3H), 3.93 (q, J = 7.1 Hz, 2H), 2.58 — 2.43
(m, 1H), 2.08 (ddd, J=9.2, 7.9, 5.6 Hz, 1H), 1.63 (dt, J = 7.4, 5.4 Hz, 1H), 1.35 (ddd, J =

8.7,7.9,5.2 Hz, 1H), 1.05 (t, J= 7.1 Hz, 3H).
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(¥)-trans-ethyl 2-(3,4-difluorophenyl)cyclopropane-1-carboxylate trans-CI1-p

F. "
F

'H NMR (400 MHz, CDCls) § 7.05 (dt, J = 10.2, 8.3 Hz, 1H), 6.93 — 6.79 (m, 2H), 4.17
(q, J = 7.3 Hz, 2H), 2.47 (ddd, J = 9.2, 6.4, 4.1 Hz, 1H), 1.84 (ddd, J = 8.5, 5.4, 4.2 Hz,
1H), 1.59 (ddd, J=9.2, 5.3, 4.7 Hz, 1H), 1.28 (t, J= 7.2 Hz, 3H), 1.26 — 1.21 (m, 1H).

Synthesis of cis-C3-p and trans-C3-p

CO,Et Rh,(OAc)4 (1 mol%)
AN + ||/ - + A
Nj THF, rt, overnight n-Hex CO,Et n-Hex CO,Et
5 equiv 4 mmol

A solution of ethyl diazoacetate (1 equiv, 4 mmol, >13 wt.% DCM) in THF (1.2 ml) was
added dropwise to a stirred mixture of 1-octene (5 equiv, 20 mmol) and rhodium (II)
diacetate dimer (1.0 mol %, 0.04 mmol) in dry THF (2 ml) under an argon atmosphere. The
reaction mixture was stirred for 16 h, then filtered through a short plug of alumina gel using
diethyl ether as an eluent. The filtrate was concentrated in vacuo. The resulting residue was
purified by column chromatography on silica gel in hexanes/EtOAc to afford the

cyclopropanation products as a mixture of diastereomers.

ethyl 2-hexylcyclopropanecarboxylate C3-p

n-Hex CO,Et

'H NMR (400 MHz, CDCl3) & 4.06 (q, J = 7.1 Hz, 2H), 1.59 (ddd, J = 8.9, 7.8, 5.5 Hz,
1H), 1.19 (td, J = 8.6, 4.2 Hz, 13H), 0.92 (td, J = 8.1, 4.4 Hz, 1H), 0.88 — 0.83 (m, 1H),
0.83 —0.78 (m, 3H).
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Synthesis of cis-C4-p and trans-C4-p

/@/\/ rcozEt Rhy(OAC), (1 mol%) MeO\Q\A MeO
+ - +
MeO No THF, rt, overnight CO,Et \Q\A"’COZB

A solution of ethyl diazoacetate (1 equiv, 4 mmol, >13 wt.% DCM) in THF (1.2 ml) was
added dropwise to a stirred mixture of 2-allylanisole (5 equiv, 20 mmol) and rhodium (II)
diacetate dimer (1.0 mol %, 0.04 mmol) in dry THF (2 ml) under an argon atmosphere. The
reaction mixture was stirred for 16 h, then filtered through a short plug of alumina gel using
diethyl ether as an eluent. The filtrate was concentrated in vacuo. The resulting residue was
purified by column chromatography on silica gel in hexanes/EtOAc to afford the

cyclopropanation products as separate diastereomers.

()-cis-ethyl 2-(4-methoxybenzyl)cyclopropanecarboxylate cis-C4-p

MeO. :
CO,Et

'"H NMR (400 MHz, CDCls) & 7.17 — 7.08 (m, 2H), 6.88 — 6.78 (m, 2H), 4.11 (qd, J=7.2,
1.0 Hz, 2H), 3.79 (s, 3H), 2.70 (dd, J = 14.8, 6.4 Hz, 1H), 2.52 (dd, J = 14.8, 7.1 Hz, 1H),
1.71 - 1.61 (m, 1H), 1.49 (dt, J= 8.5, 4.4 Hz, 1H), 1.31 - 1.16 (m, 4H), 0.81 (ddd, J = 8.2,
6.4,4.2 Hz, 1H).

(¥)-trans-ethyl 2-(4-methoxybenzyl)cyclopropanecarboxylate trans-C4-p

MeO
: " "'CO,Et

'H NMR (400 MHz, CDCl5) & 7.16 — 7.08 (m, 2H), 6.85 — 6.79 (m, 2H), 4.13 (q, J = 7.1
Hz, 2H), 3.78 (s, 3H), 2.86 (dd, J = 14.9, 6.9 Hz, 1H), 2.77 (dd, J= 14.9, 7.6 Hz, 1H), 1.76



434

(ddd, /= 8.8, 7.5, 5.8 Hz, 1H), 1.55 - 1.43 (m, 1H), 1.23 (d, J= 7.2 Hz, 4H), 1.14 - 0.99
(m, 2H).

Synthesis of trans-C6-p

@)

CO,Et Cu(OTf), (2.5 mol%) o A
éN/\ + '\Ilr <\;N “'CO,Et
2
ol

DCM, rt, overnight

1 mm 2 equiv

A solution of ethyl diazoacetate (2 equiv, 2 mmol, >13 wt.% DCM) in DCM (2 ml) was
added dropwise to a stirred mixture of N-vinyl-pyrrolidone (1 mmol) and copper(Il)
trifluoromethanesulfonate (2.5 mol %, 0.025mmol) in dry DCM (5 ml) under an argon
atmosphere. The reaction mixture was stirred for 16 h, then filtered through a short plug of
silica gel using EtOAc as an eluent. The filtrate was concentrated in vacuo. The resulting
residue was purified by column chromatography on silica gel in hexanes/EtOAc to afford

the cyclopropanation product.

Ethyl 2-(2-oxopyrrolidin-1-yl)cyclopropane-1-carboxylate trans-C6-p

0
&NA "'CO,Et

Yellow oil. 'H NMR (400 MHz, CDCL) 8 4.13 (qt, J=7.1, 1.2 Hz, 2H), 3.30 (dd, J = 7.4,
6.6 Hz, 2H), 3.21 — 3.10 (m, 1H), 2.38 (t, J = 8.1 Hz, 2H), 1.9 (dddd, J = 14.9, 8.3, 7.3,
0.9 Hz, 2H), 1.83 (dddd, J= 9.1, 5.9, 3.1, 0.7 Hz, 1H), 1.50 — 1.34 (m, 2H), 1.25 (td, J =
7.1, 0.9 Hz, 3H). 3C NMR (101 MHz, CDCL) § 176.2, 172.3, 61.0, 47.3, 34.1,31.7, 19.8,
18.1, 14.2, 14.1.
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Synthesis of C12-p

CO,Et Rh,(OAG), (3 mol%) |

RN
PhSiMe,H + [ Si "COEt
N, DCM, rt, overnight

1 mmol 2 equiv

A solution of ethyl diazoacetate (2 equiv, 2 mmol, >13 wt.% DCM) in DCM (2 ml) was
added dropwise to a stirred mixture of dimethylphenylsilane (1 mmol) and rhodium(II)
acetate (3 mol%, 0.03 mmol) in dry DCM (5 ml) under an argon atmosphere. The reaction
mixture was stirred for 16 h, then filtered through a short plug of silica gel using EtOAc as
an eluent. The filtrate was concentrated in vacuo. The resulting residue was purified by

column chromatography on silica gel in hexanes/EtOAc to afford the product.

Ethyl 2-(dimethyl(phenyl)silyl)acetate C12-p

|
Si”>CO,Et
Sk

Colorless oil. 'HNMR (400 MHz, CDCls) 6 7.59 — 7.48 (m, 2H), 7.44 — 7.32 (m, 3H), 4.04
(q, J = 7.1 Hz, 2H), 2.11 (s, 2H), 1.16 (t, J = 7.1 Hz, 3H), 0.41 (s, 6H). 3C NMR (101
MHz, CDCl3) 6 172.7, 137.1, 133.6, 129.6, 128.0, 60.1, 26.4, 14.4, -2.6.
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Synthesis of C13-p

Phl (1.2 equiv) DIC (11 equiy)
Cul (5 mol%) EtOH (1.1 equ)
O\/COOH K,COj (2 equiv) &/COOH DMAP (0.1 equiv) &/COZEt
N DMF, 80 °C, overnight 1 DCM, 1 h, rt N
Ph Ph

Step 1: To a sealed tube flushed with nitrogen were added pyrrolidine (5 mmol), potassium
carbonate (2 equiv, 10 mmol), copper (I) iodide (0.25 mmol, 5 mol%), iodobenzene (1.2
equiv, 6 mmol) and DMF (7.5 ml). The mixture was heated at 90°C for 48 hours, then
cooled to room temperature. Water was added, and the pH value was adjusted to <3 with
concentrated HCIL. The aqueous phase was extracted four times with ethyl acetate. The
combined organic layers were washed with brine, dried over magnesium sulfate, filtered
and concentrated in vacuo. Purification by silica gel chromatography (0 to 100%

EtOAc/hexane gradient) afforded the product.

Step 2: A round-bottom flask was charged with carboxylic acid (1.0 equiv), ethanol (1.1
equiv), and DMAP (0.1 equiv). Dichloromethane was added (0.4 M), and the mixture was
stirred vigorously. DIC (1.1 equiv) was then added dropwise via syringe, and the reaction
mixture was stirred until consumption of the acid was complete, as determined by TLC.
The mixture was filtered through a fritted funnel and rinsed with CH2Cl2/Et2O. The solvent
was removed under reduced pressure, and purification by column chromatography afforded

the corresponding ester.



437

Ethyl 2-(1-phenylpyrrolidin-2-yl)acetate C13-p
% CO,Et
&

Yellow oil. 'H NMR (400 MHz, CDCL:) & 7.26 — 7.22 (m, 2H), 6.71 — 6.65 (m, 1H), 6.65
~6.55 (m, 2H), 4.20 — 4.15 (m, 3H), 3.46 — 3.39 (m, 1H), 3.22 — 3.13 (m, 1H), 2.79 (dd, J
= 15.0,2.9 Hz, 1H), 2.26 — 2.17 (m, 1H), 2.17 — 1.94 (m, 4H), 1.28 (t, J = 7.1 Hz, 3H). 1>C
NMR (101 MHz, CDCls) § 172.1, 146.5, 129.5,129.4, 121.6, 116.0, 111.9, 55.4, 47.9, 37.8,
31.0,23.1, 14.3.

Synthesis of C14-p

Cul (5 mol%) 0) EtsN (2 equiv)

[Oj\/ NaOH (2 equiv) [ L MsCI ( 15equw [ L
+ Ph

N OH - - - N OH OMs
H

i-PrOH, 80 °C, overnight DCM, 0°C,1h

DIC (1.1 equiv)
(0] EtOH (1.1 equiv)
NaCN (3 equiv) [ L KOH (4 equiv) [ L DMAP (0.1 equiv) [ j\/
_— CN — COOH CO,Et
DMF, 50 °C, 5 h N EtOH:H,0 = 1:1 DCM, 1 h, rt

Ph reflux, overnight

Step 1: A seal tube with a magnetic stirring bar was charged with Cul (1 mmol, 0.05 equiv.),
powder NaOH (40 mmol, 2 equiv), and morpholin-3- ylmethanol (20 mmol, 1 equiv). To
the tube were added isopropyl alcohol (5 mL, 0.8 M) and iodobenzene (24 mmol, 1.2 equiv)
via syringe. The reaction was heated to 80 °C and left to stir overnight. The following day
the reaction was reduced in vacuo and reconstituted in DCM and water. The mixture was
introduced into a separatory funnel and the organic layer was separated. The water layer

was extracted twice with DCM, and the combined organic layers were washed with brine
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and dried over MgSO4. The solution was reduced in vacuo and purified via flash

chromatography, affording the arylation product as an oil.

Step 2: A round-bottom flask with a magnetic stirring bar was charged with (4-
phenylmorpholin-3-yl)methanol (10 mmol, 1 equiv) and placed under an argon
atmosphere. Thereafter, DCM (0.2 M) was added via syringe and the reaction was stirred
and cooled to 0 °C (ice/water bath). Triethylamine (2 equiv, 2.0 mmol) and
methanesulfonyl chloride (MsCl) (1.5 equiv, 1.5 mmol) were added dropwise in that order.
The reaction was left to warm to room temperature and stirred for 1 hour at that
temperature. The reaction was then introduced into a separatory funnel, washed with
saturated NaHCQO3, brine, and dried over MgSOs. The resultant oil was used immediately

in the following reaction.

Step 3: A round-bottom flask with a magnetic stirring bar and the resultant oil from the
previous reaction was charged with DMF (0.2 M) and NaCN (30 mmol, 3 equiv.). The
reaction was sealed, blanketed with an argon atmosphere, and heated to 60 °C for 3 h. The
reaction was cooled to room temperature and diluted with ethyl acetate and water. The
organic layer was washed several times with brine, dried over MgSOs, and reduced in
vacuo. The resultant residue was purified using flash chromatography to afford the product

as an oil.

Step 4: To a solution of 2-(4-phenylmorpholin-3-yl)acetonitrile (5 mmol) in ethanol (5 mL)
and water (5 mL) was added potassium hydroxide (20 mmol) and the resulting mixture was
refluxed overnight. The ethanol was removed under reduced pressure, and then the solution
was cooled to below 10 °C. and acidified with concentrated HCI to pH 1. The mixture was
extracted with EtOAc and the combined organic extracts were dried over anhydrous
sodium sulfate and concentrated under vacuum to afford the carboxylic acid as a yellow

oil.

Step 5: A round-bottom flask was charged with carboxylic acid (1.0 equiv, 3
mmol), ethanol (1.1 equiv), and DMAP (0.1 equiv). Dichloromethane was added (0.4 M),
and the mixture was stirred vigorously. DIC (1.1 equiv) was then added dropwise via
syringe, and the reaction mixture was stirred until consumption of the acid was complete,

as determined by TLC. The mixture was filtered through a fritted funnel and rinsed with
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CH:CL/Et:O. The solvent was removed under reduced pressure, and purification by

column chromatography afforded the corresponding ester.

Ethyl 2-(4-phenylmorpholin-3-yl)acetate C14-p

’
[OJACOZB

Yellow oil. 'H NMR (400 MHz, CDCL:) § 7.31 — 7.25 (m, 2H), 6.92 — 6.82 (m, 3H), 4.19
—4.14 (m, 1H), 4.09 - 3.98 (m, 3H), 3.92 (dt, J = 11.6, 1.5 Hz, 1H), 3.85 (ddd, J = 11.5,
2.8, 1.6 Hz, 1H), 3.72 (td, J= 11.3, 3.4 Hz, 1H), 3.19 (ddd, J = 12.7, 3.4, 1.8 Hz, 1H), 3.10
(ddd, J=12.2,11.3,3.7 Hz, 1H), 2.86 (dd, J= 15.8, 10.2 Hz, 1H), 2.36 (ddd, J= 15.8, 3.4,
1.6 Hz, 1H), 1.21 (t, J= 7.1 Hz, 3H). 3C NMR (101 MHz, CDCls)  172.6, 149.3, 129.8,
120.1, 115.9, 69.8, 67.3, 60.9, 52.5, 43.4, 30.5, 14.5.

Synthesis of C10-p

BnBr (1.1 equiv)

H Et;N (2 equiv) Eln
CO,Et CO,Et
Q/ DCM, 1t, 12 h Q/
1 mmol

Triethylamine (2 equiv, 2 mmol) was added to a solution of pyrrolidine (1 mmol) in 10 mL
DCM at room temperature. Benzyl bromide (1.1 equiv, 1.1 mmol) was added dropwise to
the reaction mixture and the resulting solution was refluxed for 12 hrs. After cooling,
sodium hydroxide (10 mL of 1 N solution) was added to the reaction mixture, and the
product was extracted with DCM (2 x 30 mL). All the organic layers were combined,

washed with brine, dried over MgSOs, and concentrated under reduced pressure to afford
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the crude product. The resulting residue was purified by column chromatography on silica

gel in hexanes/EtOAc to afford the product.

Ethyl benzyl-prolinate C10-p

Ph

&CozEt

'H NMR (400 MHz, CDCl5) § 7.31 — 7.21 (m, 4H), 7.21 — 7.14 (m, 1H), 4.06 (qd, J= 7.1,
1.9 Hz, 2H), 3.86 (d, J= 12.7 Hz, 1H), 3.49 (d, J= 12.7 Hz, 1H), 3.17 (dd, J= 8.8, 6.3 Hz,
1H), 2.98 (ddd, J = 9.0, 7.6, 3.1 Hz, 1H), 2.32 (td, J = 8.8, 7.8 Hz, 1H), 2.13 — 2.01 (m,
1H), 1.95 — 1.77 (m, 2H), 1.77 — 1.65 (m, 1H), 1.19 (t, J = 7.1 Hz, 3H). *C NMR (101
MHz, CDCls) § 174.3, 138.5, 129.3, 128.3, 127.2, 60.6, 58.8, 53.3, 29.4, 23.0, 14.4.

Synthesis of N9-p

NaNj3 (1.2 equiv) H, (1 atm)
0 NH,CI (1.2 equiv) OH Pd/C (0.1 equiv) OH
NN EtOH/H,0 (1:1) NSM EtOH, 20 h, rt HzNM
reflux, 24 h

1 mmol

NaN3 (1.2 equiv, 1.2 mmol), NH4Cl (1.2 equiv, 1.2 mmol) and a 1,2-epoxy-n-alkane (1
mmol) were dissolved in sufficient EtOH/H>O (1:1 v:v) to give a homogeneous solution.
The solution was refluxed for 24 h, then the EtOH was removed in vacuo. The residual aq.
soln. was extracted with Et20 (3 % 10 ml) and the combined organic extracts washed with
water and dried (MgSOs). After filtration and concentration in vacuo, purification by flash
column chromatography (hexanes/EtOAc) gave a colorless oil. The azidoalcohol and Pd/C
catalyst (0.1 equiv, w:w) were placed in a flask with EtOH (3 ml). The mixture was
degassed by three freeze-pump-thaw cycles from an H» atmosphere. The mixture was then

stirred under H> (balloon, 1 atm.) at room temperature for 20 h. After filtration through
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Celite®, the EtOH was removed in vacuo to give the product as a colorless oil. No further

purification was necessary.

I-Aminooctan-2-ol N8-p

MNHZ

Colorless oil. "H NMR (400 MHz, CDCls) & 3.81 — 3.71 (m, 1H), 3.38 (dd, J = 12.4, 3.3
Hz, 1H), 3.25 (dd, J = 12.4, 7.4 Hz, 1H), 2.05 (s, 1H), 1.46 (ddt, J = 15.8, 11.7, 5.1 Hz,
3H), 1.36 — 1.23 (m, 7H), 0.92 — 0.85 (m, 3H). 3C NMR (101 MHz, CDCls) § 71.0, 57.2,
34.4,31.8,29.3,25.5,22.7, 14.2.

D.10. Preparative-Scale Enzymatic Reactions

D.10.1. Protocols of Preparative-Scale Enzymatic Reactions

D.10.1.1. Liter-Scale Protein Expression

Single colonies from LB-Agar plates were picked using a sterile pipette tip and were used
to inoculate 50 mL of LB-Amp in a 125-mL Erlenmeyer flask. Cultures were incubated at
37 °C with shaking at 220 rpm overnight in an Innova 4000 shaking incubator. A 25-mL
aliquot of each of these overnight cultures was used to inoculate 1 L of Terrific Broth with
100 pg/mL of ampicillin (TB-Amp) (0.5% v/v starter culture in expression culture) in a
3.2-L unbaffled Erlenmeyer flask. 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 were moved to
room temperature for 25 minutes. Protein expression was then induced by direct addition
of 50 pL of stock solutions containing 500 mM isopropyl-p-D-thiogalactoside (IPTG) and
1.0 M 5-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.
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D.10.1.2. Large-Scale Biocatalytic Carbene Transfer

The corresponding I-L expression cultures were pelleted (4,000 x g for 30 minutes at 4 °C)
and resuspended in 100 mL of M9-N buffer. The optical density at 600 nm (ODsoo) of this
suspension was measured and adjusted to ODsoo = 31.5 with the addition of more M9-N
buffer. A 38-mL aliquot of the cell suspension was added to a 60-mL test tube with screw-
cap seal. These whole-cell suspensions were transferred into a vinyl Coy anaerobic
chamber, at which point 1 mL of a solution of the reaction substrate in MeCN was added.
Subsequently, 1 mL of a solution of EDA in MeCN was added dropwise to the reaction
vessel to prevent rapid release of N> gas upon diazo activation. The GC vials were tightly
capped with screw caps equipped with septum and were allowed to shake at room

temperature for 16 hours.

Once complete, the reaction was split into two 20-mL aliquots across two 50-mL falcon
tubes. The suspensions are extracted three times with ethyl acetate as follows: 20 mL of
ethyl acetate were added to each tube and the phases were mixed by hand-shaking the
tubes. Upon thorough mixing, the phases were separated by centrifugation (5000 x g, 5
minutes, RT) and the organic phase was siphoned off. The combined organics were dried
over sodium sulfate; once dry, the drying agent was decanted, and the volatiles removed
under vacuum. The crude residue was purified by silica gel column chromatography to

yield the titled compounds.
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D.10.1.3. Characterization of Isolated Products

Ethyl (E)-2-(2-((tert-butoxycarbonyl)amino)ethylidene)cyclopropane-1-carboxylate E-
C8-p

CO,Et

BocHN

Colorless oil. "H NMR (400 MHz, CDCl3) § 5.91 (ddt, J = 5.7, 3.7, 2.1 Hz, 1H), 4.67 (s,
1H), 4.16 (qd, J=7.2, 1.2 Hz, 2H), 3.85 (d, J = 6.2 Hz, 2H), 2.29 (dddd, /= 6.9, 4.6, 2.2,
1.1 Hz, 1H), 1.73 (td, J= 5.5, 2.3 Hz, 1H), 1.61 (tt, /= 6.6, 2.2 Hz, 1H), 1.44 (s, 9H), 1.27
(t,J=7.2 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 172.2, 155.9, 123.5, 116.4, 79.5, 61.0,
41.6,36.7,28.5,24.8,23.4,17.4,14.3, 10.6. HRMS (FI+) m/z: [M] " calcd. for C13H21NO4
255.1465, found: 255.1463.

Ethyl (2)-2-(2-((tert-butoxycarbonyl)amino)ethylidene)cyclopropane-1-carboxylate Z-
C8-p

BocHN— \

CO,Et

Colorless oil. 'H NMR (400 MHz, CDCl3) 6 5.91 (ddq, J= 5.7, 4.1, 2.2 Hz, 1H), 4.75 (s,
1H), 4.13 (qd, J = 7.1, 0.8 Hz, 2H), 3.91 (d, J = 7.3 Hz, 2H), 2.26 — 2.16 (m, 1H), 1.81
(ddd, J=28.9,4.5,2.4 Hz, 1H), 1.63 (ddd, J= 8.6, 7.5, 2.2 Hz, 1H), 1.44 (s, 9H), 1.26 (d, J
=7.1 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 172.2, 123.4, 116.9, 79.5, 60.9, 41.5, 28.5,
16.9, 14.3,10.9. HRMS (FI+) m/z: [M] " calcd. for C13H21NO4 255.1465, found: 255.1468.
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Ethyl (E)-2-(cyclohexylmethylene)cyclopropane-1-carboxylate E-C9-p

: ~__COsEt

Colorless oil. 'H NMR (400 MHz, CDCl3) & 5.87 — 5.69 (m, 1H), 4.12 (q, J= 7.1 Hz, 2H),
2.26-2.11 (m, 2H), 1.83 — 1.60 (m, 7H), 1.34 — 1.15 (m, 8H). '>*C NMR (101 MHz, CDCls)
§172.7,125.3, 119.2, 60.3, 39.8, 32.4, 32.2, 26.0, 25.8, 25.8, 16.4, 14.0, 11.4.

Diethyl 1-phenylbicyclo[1.1.0]butane-2,4-dicarboxylate C7-p

EtO,C
CO,Et
Colorless oil. 'HNMR (400 MHz, CDCl3) § 7.56 — 7.49 (m, 2H), 7.33 — 7.26 (m, 3H), 4.08

~3.93 (m, 4H), 3.40 (s, 1H), 1.81 (s, 2H), 1.57 (s, 2H), 1.08 (t, J = 7.1 Hz, 6H). °*C NMR
(101 MHz, CDCl3) 8 167.3, 131.7, 129.3, 128.1, 127.9, 60.8, 40.5, 25.6, 15.1, 14.1.
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D.11. NMR Spctra of Authentic Standards and Isolated Products
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'H NMR (400 MHz, CDCls) of C12-p
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'H NMR (400 MHz, CDCls) of C13-p
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'H NMR (400 MHz, CDCls) of C10-p
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'H NMR (400 MHz, CDCls) of C14-p
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'H NMR (400 MHz, CDCls) of N9-p
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'H NMR (400 MHz, CDCls) of E-C8-p
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'H NMR (400 MHz, CDCls) of Z-C8-p
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'H NMR (400 MHz, CDCls) of E-C9-p
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'H NMR (400 MHz, CDCls) of C7-p
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