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Chapter 1: Introduction

1. 1. Nature creates complexity from simple building blocks

The complex biochemistry of every living cell on planet Earth arises from the interplay of
simple building blocks. Deoxyribonucleic acid (DNA), which contains the essential genetic
information needed to create a cell, is composed of just four nucleotide bases (Figure 1).
Information stored in the DNA is transferred to messenger ribonucleic acid (mRNA) which then
codes for proteins, the molecular machines that control nearly every biological process. Similar
to DNA, mRNA is also composed of just four nucleotide bases. Proteins perform diverse roles in
biological systems, despite only being made up of 20 amino acid building blocks, many of which
share similar chemical functionalities. This pattern of building complexity through simplicity is a

key to evolution of new functions and a central theme in the cellular world.
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Figure 1. The central dogma of biology. DNA contains the genetic blueprint of cells and makes
copies of itself through replication. Transcription transfers the information contained in the DNA
to messenger ribonucleic acid (mMRNA). mRNA codes for proteins through translation in which
three RNA bases code for one of the 20 amino acids (or a stop codon). DNA and mRNA comprise
only four nucleotide bases, and proteins contain 20 amino acids. Figure created with

BioRender.com from a pre-existing template.



Over millions of years of evolution, certain organisms have evolved specialized cellular
machinery to build complex molecules from simple cellular building blocks. These complex
molecules, also known as natural products, increase the fitness of the organism in certain
situations. For example, the common mold Penicillium rubens synthesizes penicillin, which
inhibits the enzymes needed to cross-link the peptidoglycan layer, a bacterial cell wall
component.? Without a protective peptidoglycan layer, the bacterial cell wall weakens, leading to
cell lysis. Thus, penicillin acts as a potent antibacterial, giving Penicillium rubens a fitness
advantage over other fungal species. Certain bacterial species also produce antibiotics as a

means of chemical warfare against other competing bacterial species.?

Several of these antibiotics contain amino acids as their building blocks. Penicillin, for
example, is an enzymatically modified tripeptide composed of three amino acids: L-cysteine (Cys),
L-valine (Val), and L-a-aminoadipic acid (Figure 2).# Cys and Val are two of the 20 standard amino
acids found in proteins. In addition, selenocysteine and pyrrolysine are also found in proteins.
Thus, there are 22 proteogenic amino acids. L-a-aminoadipic acid is a non-proteogenic amino
acid also known as non-standard amino acid (nsAA). There are hundreds of naturally occurring
nsAAs formed as secondary metabolites in bacteria, fungi, plants, and marine organisms. These
nsAAs possess a wide range of properties and expand the number of building blocks for natural

product biosynthesis.®

All amino acids can also be selectively modified to bring about unique functions before
being used as a building block. For example, L-tryptophan (Trp), one of the 20 proteogenic amino
acids undergoes site-specific enzymatic hydroxylation to form 5'-OH-Trp. 5-OH-Trp is then
decarboxylated to form the neurotransmitter serotonin, which affects emotions and motor skills.®
Penicillin and serotonin are two examples of how Nature creates complex biological functions

from simple amino acid building blocks.



Nature’s pattern of building complexity is not limited to the chemistry of amino acids.
Nature uses other building blocks, such as acetyl-CoA and carbohydrates (Figure 2). Acetyl-CoA
gives rise to various terpenes and polyketides natural products.”® Menthol, for example, is a
monoterpenoid found in the oils of corn mint and peppermint and used as a local anesthetic and
for relieving minor throat irritation.® Lovastatin is a polyketide-derived fungal metabolite clinically
used to reduce unhealthy low-density lipoprotein (LDL) cholesterol.’® Kanamycin is a sugar-
derived antibiotic used to treat severe bacterial infections and tuberculosis." These natural
products with diverse biological properties further demonstrates how nature creates complexity

through simple building which is a recurring theme throughout the cellular world.
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1. 2. Amino acids are part of several biologically active molecules

All amino acids contain orthogonal amino and carboxyl functional groups, which can be
derivatized by established organic methodologies such as acylation, alkylation, and amidation. '
% The presence of diverse side chains and functional groups in a chiral configuration makes
nsAAs amenable to further derivatization. The resulting three-dimensional structures contain
numerous biofunctional handles, making nsAAs highly attractive as building blocks for medicinal
chemistry.® nsAAs have applications beyond the development of peptide and small molecule
therapeutics. For example, nsAAs have found several uses in genetic code expansion, in
spectroscopy as probes, as post-translational modification mimics, and in site-selective labeling
and alteration of proteins.' These wide applications have inspired biologists and organic chemists
to understand how Nature makes these nsAAs and develop novel strategies to synthesize them
in the lab. These efforts have led to the development of several pharmaceutical drugs that have

saved millions of lives.'®

One in three pharmaceutical drugs approved by the United States Food and Drug
Administration (FDA) in 2020 contains amino acids or their derivatives.'” Some of these drugs are
the free amino acid such as Droxidopa, which is used to treat Parkinson’s disease, a
neuromuscular disorder. Once dosed, the amino acid drug serves as a biosynthetic precursor to
the neurotransmitter norepinephrine (Figure 3)."® Other free amino acids include the hormone
thyroxin, available commercially as Synthroid, which is used to treat hypothyroidism (a condition
in which the thyroid gland does not produce sufficient thyroid hormone).'® Melphalan is a cytotoxic
nsAA used clinically as a chemotherapy agent for solid tumors.?° D-Penicillamine is used as a
chelating agent to eliminate toxic metal ions and treat severe rheumatoid arthritis.?' Radiolabeled
amino acids such as 6’-18F-L-Dopa are used for PET studies to determine the spatial distribution

of dopamine in the brain.?
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Figure 3. Non-standard amino acids (red) used as drugs and in biomedical applications.

Many drugs require modification of amino acids either at the N- or C-terminus or both to
bring about therapeutic functions. For example, Lacosamide, an anticonvulsant (prevents
epileptic fits or other convulsions), contains an O-methyl serine residue as the central scaffold
and is modified at both the N- and C-terminus (Figure 4).2 15-Deoxyspergualin contains another
analog of L-serine, an a-hydroxyl-glycine .This drug has immunosuppressant properties and is
used to prevent renal graft rejection.?' Bestatin is an investigational anticancer drug that has an
alpha-hydroxylated B-amino phenylalanine core.?? Sitagliptin, sold as Januvia, is an anti-diabetic
drug developed by Merck & Co which benefits around 1.6 million patients every year.?® Sitagliptin
also has a B-amino phenylalanine core with additional elements at its C- terminus to bring about
its biological activity. These drugs demonstrate the diversity of amino acids scaffolds found in live-

saving therapeutics.
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Figure 4. Non-standard amino acids (red) as components of therapeutic drugs. Amino acid

backbone is colored in red.

Peptides represent another class of amino acid therapeutics. Peptides are short polymers
of amino acids and are part of several hormones such as insulin, somatostatin and oxytocin. They
are also part of several complex natural products, such as the peptide antibiotic actinomycin and
glycopeptide antibiotic vancomycin. Cyclic peptides have gained interest due to their additional
conformational constraints, potentially leading to tighter binding to their targets while
simultaneously hindering proteolysis. The nonribosomal peptide synthetases (NRPS) are the
biological machinery that incorporate amino acid monomers into nonribosomally synthesized
peptides. The NRPS derived cyclic peptide daptomycin contains four nsAAs: L-threo-p-methyl-
glutamate, kynurenine, D-alanine, and D-asparagine (Figure 5).2’ Daptomycin is used as an
antibiotic against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant

Enterococci (VRE).?

Pasireotide is a cyclic hexapeptide developed by Novartis to treat Cushing’s disease (a

condition in which excess cortisol is secreted, leading to weight gain and type-2 diabetes).?



Pasierotide is an analog of the hormone somatostatin and contains three nsAAs: O-benzyl Tyr,
acylated hydroxyproline, and phenylglycine derivatives. Several peptide antibiotics contain -
hydroxy amino acids: amino acids with a hydroxy group at the b-carbon of the amino acid
backbone. For example, the peptide antibiotic lysobactin contains three p-hydroxy amino acids:
B-hydroxy-leucine, B-hydroxy-asparagine, and B-hydroxy-phenylalanine (Figure 5).3° B-hydroxy-
histidine is part of the antibiotics bleomycin and cleomcyin.®'*2 In many cases, the success of
peptide drugs hinges on the nsAAs incorporated into them to improve their potency and

pharmacokinetics.®

Amino acids have several subclasses: L-amino acids (most abundant in cells), b-amino
acids (often incorporated into peptides to reduce proteolysis), deuterated amino acids (one or
multiple hydrogen atoms replaced by a deuterium atom to improve the stability of drugs), a-, -,
Y-, and &- amino acids, B- and y- hydroxy amino acids. Irrespective of the sub-class, several life-
saving drugs contain one of these amino acids. However, the emergence of new diseases and
antibiotic resistance has posed a challenge, and there is an urgent need to develop novel
therapeutics and improve existing drugs.®*3* Enabling access to nsAAs is an integral part of

overcoming this challenge and has been a focus of many research groups worldwide.
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1. 3. B-hydroxy amino acids are valuable building blocks

Among the different classes of amino acids, the aforementioned (B-hydroxy amino acids
have attracted significant attention as they are valuable constituents of medicinally important
compounds and complex natural products. They include naturally occurring amino acids such as
serine, threonine, and 3-hydroxyproline (Figure 6). Serine and threonine are proteogenic amino
acids and a key cellular metabolite. 3-hydroxyproline is one of the monomers in type Il collagen
biosynthesis and is essential for collagen’s triple-helix formation.® Droxidopa which is used as a
therapeutic for the treatment of Parkinon’s disease is also a B-hydroxy amino acid.'® As discussed
in previous section, B-hydroxy amino acids are a central component of NRPS derived peptide
antibiotic such as lysobactin and vancomycin (Figure 5, 6).3%3¢ B-hydroxy amino acids are also a
core constituent of sphingofungin A (antifungal),®” salinosporamide (anticancer),® and

cyclosporin (immunosuppressant)® (Figure 6).

B-hydroxy amino acids have also been used as intermediates in the biosynthesis of -
lactones such as obafluorin.*®4! B-hydroxy-p-nitrophenylserine and its derivatives are the key
components of amino alcohol antibiotics such as chloramphenicol and its synthetic derivatives
thiamphenicol and fluorfenicol (Figure 6). B-hydroxy-tyrosine and its derivatives are important
precursors for synthesizing vancomycin analogues.*? B-hydroxy amino acids are also common
synthetic precursors to B-lactams* and aziridine carboxylic acid derivatives** and as precursors
to chiral bisoxazoline ligands for metal catalysis.*® These diverse applications underlie a broad

interest in developing synthetic and enzymatic methodologies to access B-hydroxy amino acids.
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1. 4. Routes to access B-hydroxy amino acids

B-hydroxy amino acids contain two chiral centers at the Ca and Cf positions resulting in
four possible diastereomers (L-threo, D-threo, L-erythro, D-erythro), making them challenging to
synthesize chemically. Several methods have been reported for asymmetric synthesis of (3-
hydroxy amino acids. The main challenge in each of these methods is the control of the relative
and absolute stereochemistry of the asymmetric carbons. The direct asymmetric aldol reaction
between glycinate Schiff bases and aldehydes is an elegant method to access B-hydroxy-a-amino
esters. 6% Sharpless asymmetric dihydroxylation is also an effective method although it requires
multi-step synthesis.*® Recently, a stereoselective electrosynthesis using a trans-metal Schiff
base complex was reported.®® These methodologies have expanded the number of B-hydroxy
amino acids that can be accessed. Nevertheless, these methods also have limitations: from the
use of toxic substrates and solvents, requiring anaerobic conditions, and low carbon economy.
With the current trends of improving sustainable production of small molecules, biocatalytic routes

to these valuable building blocks are highly desired.

Mirroring the myriad bioactive molecules that harbor B-hydroxy amino acids, Nature has
evolved multiple biosynthetic routes to produce these useful compounds. Free amino acids can
undergo stereospecific CB hydroxylation, as illustrated by the non-heme Fe-dependent
hydroxylation of homotyrosine in the biosynthesis of echinocandins (Figure 7).>" The more
common biosynthetic strategy, however, is for an amino acid to be loaded onto a non-ribosomal
peptide synthetase (NRPS), whereupon a P450 enzyme catalyzes CB hydroxylation of an
aminoacyl-S-enzyme intermediate en route to a peptide natural product. NRPS mediated site-
specific hydroxylation occurs in the biosynthetic pathway of several peptide natural products such
as vancomycin and salinosporamide.®?-5° Both of these biosynthetic strategies adds the hydroxyl
group after assembly of the carbon backbone of a precursor amino acid, limiting their synthetic

utility.
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Figure 7. Site-specific hydroxylation of amino acids to access B-hydroxy amino acids in
Nature. The newly formed hydroxyl group is colored in green. EcdG is a nhon-heme mononuclear
iron oxygenase that catalyzes hydroxylation of homotyrosine in the biosynthesis of echinocandins.
Sal D is the P450 monooxygenase that catalyze site-specific hydroxylation in salinosporamide

biosynthesis and Sal B is the NRPS loading unit.

Researchers have therefore been drawn to the pyridoxal phosphate (PLP)-dependent
threonine aldolases (TAs) and serine hydroxymethyl transferases (SHMTs) for the synthesis of 3-
hydroxy amino acids.%® These enzymes natively catalyze the retro-aldol cleavage of L-threonine
(Thr) and L-serine (Ser), respectively, generating glycine for use in primary metabolism (Figure
8).%7 By running these transformations in reverse with very high concentrations of glycine, TAs
and SHMTs have been leveraged for the synthesis of B-hydroxy amino acids. However, most
native TAs catalyze aldol reactions with low stereoselectivity at CB, leading to poor
diastereoselectivity profiles for non-native transformations.®®%" These challenges can be
overcome in exceptional cases, either through intensive directed evolution or through the use of

diastereoselective crystallization, but these routes are limited to one or a handful of substrates
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before selectivity is compromised.®®2 Consequently, a scalable and generalizable biocatalytic

route for the selective synthesis of B-hydroxy amino acids has yet to be realized.

OH O o o
. . TA +
[E———
Native reaction: /'\‘/”\OH HkOH )LH
NH, NH,
Thr Gly Acetaldehyde
OH O
_ _ I TA
Synthetic reaction: oH ¥ R H R OH
NH, NH,
Gly Aldehyde B-hydroxy amino acid

Figure 8. Native and synthetic TA reactions. TAs catalyzes the breakdown of Thr into glycine
and acetaldehyde in vivo. This reaction can be reversed by addition of excess glycine and

aldehyde to form diverse B-hydroxy amino acids.

There is a remarkable set of PLP dependent enzymes, L-threonine transaldolases
(LTTAs), that natively synthesize 3-hydroxy amino acids in a single step. LTTAs catalyze retroaldol
cleavage of Thr and a subsequent aldol-like addition into an aldehyde to form a new side chain,
setting the stereochemistry of the CB-OH group (Figure 9). Although the first LTTA, fluorothreonine
transaldolase, was discovered in 2001, it took another 11 years to discover the second LTTA in
2012.536% Supported by the advancement in genome sequencing, four new LTTA homologs have
been discovered over the last decade during the characterization of biosynthetic pathways of
bioactive natural products.®® Fluorothreonine transaldolase is a didomain LTTA whereas the new
discovered LTTAs are single-domain LTTA’'s, making them more amenable to heterologous
expression and biochemical characterization in E. coli. However, none of the LTTAs have been

characterized in detail. Since LTTA forms B-hydroxy amino acids stereoselectively in a single step,
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the characterization of LTTAs could enable a new enzymatic route for the synthesis of B-hydroxy

amino acids.
OH O fo) OH O o
MOH + RJLH L» R)\rU\OH + )I\H
NH, PLP NH,
Thr Aldehyde B-hydroxy amino acid Acetaldehyde

Figure 9. The general reaction catalyzed by LTTA using PLP as a cofactor.
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1. 5. L-threonine transaldolases are promising biocatalysts

The first LTTA to be discovered was the fluorothreonine transaldolase (FTA) from
Streptomyces cattleya in 2001, which forms 4-fluoro-threonine from L-threonine (Thr) and
fluoroacetaldehyde (Figure 10).6® FTA is a 634 residue PLP-dependent protein with two domains:
a large N-terminal domain that shares sequence homology with SHMTs and a smaller C-domain.
Another LTTA, LipK, was discovered in 2012 during the investigation of the biosynthetic pathway
of A-90289, a nucleoside antibiotic. LipK transposes the side chain of Thr with the C5' aldehyde
of a nucleoside using PLP as a cofactor to form 5’-C-glycyluridine, a precursor to A-90289 (Figure
10, 11).%587 Unlike FTA, LipK is a smaller 424 residue single domain protein. Both FTA and LipK

have poor expression in non-streptomyces hosts such as E. coli.®

FTA o 0
+ PLP on + )J\H
NH,
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HZN\/go
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. 0 o]
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OH O
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OH O
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NH,

NH,
OH
H,N
. AbmH 2 \/&o o
—> +
PLP )I\H

Figure 10. Biocatalytic reactions catalyzed by different LTTAs using Thr and PLP as the
cofactor. LTTAs differ in their aldehyde substrates (orange) which determines the side chain of

the B-hydroxy amino acid that is generated.
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Figure 11. B-hydroxy amino acids (orange) formed by different LTTAs and their

corresponding natural products.

In 2017, two groups in parallel discovered ObiH (also known as ObaG), an LTTA in the
obafluorin producing microbe Pseudomonas fluorescens.*%4! Obafluorin belongs to the chemical
class of B-lactones, consisting of strained four-membered rings and are closely related to $-lactam

antibiotics. Obafluorin acts as an aminoacyl tRNA synthetase inhibitor against both gram-positive
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and -negative pathogens.®® ObiH reacts with Thr and p-nitrophenylacetaldehyde to generate B-
hydroxy-p-nitro-homophenylalanine en route to obafluorin (Figure 10, 11). Preliminary analytical
scale reactions suggested that ObiH is also able to react with benzaldehyde, a non-native
substrate to produce phenylserine .*° However, there was no reactivity when glycine or L-serine
were used as a substrate suggesting that Thr is essential for ObiH activity.*! Since, ObiH was the
first LTTA to be successfully expressed in E. coli and had apparent reactivity with non-native
substrates, we were motivated to evaluate ObiH as a biocatalyst to access B-hydroxy-amino

acids. Our efforts in this area are described in the upcoming chapters of this thesis.

In 2018, after we started our work with ObiH, AbmH was discovered in the biosynthetic
pathway of SB-217452, an albomycin.®” Albomycins are sulfur-containing antibiotics which consist
of a 6’-amino-4’-thioheptose nucleoside and an iron chelating siderophore that are connected via
amide linkage to a serine residue. Similar to LipK, AbmH catalyzes a reaction between Thr and
the 5 aldehyde of a thioheptose nucleoside to yield a nucleoside amino acid which undergoes
further enzymatic reactions to form SB-217452 (Figure 10, 11). Unlike LipK, AbmH was
successfully expressed in E. coli. In 2019, another LTTA from Pseudomonas, PsSLTTA was
discovered through genome mining. However, PSLTTA has 99% sequence identity to ObiH (differs
only by 2 mutations). Recent studies with PSLTTA as a biocatalyst to access B-hydroxy amino

acid will be discussed in Chapter 3.

Three out of the five known LTTAs were discovered over the past five years. These
homologs were originally misannotated as serine hydroxymethyl transferase (SHMT)-like
enzymes by automated annotation programs. However, these newly discovered LTTAs have low
homology to SHMTs (<35% sequence identity). Hence, more LT TAs homologs could be potentially
discovered through genome mining. All the LTTA enzymes utilize PLP as the cofactor and Thr as
the substrate to build the amino acid backbone of the 3-hydroxy amino acid. LTTA enzymes differ

in their aldehyde substrates which determines the side chain of the amino acids. The ability of
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LTTAs to form a new C-C bond while simultaneously setting the stereochemistry at both the
carbon atoms is powerful and motivates detailed biochemical characterization of these enzymes

to understand their unique reactivity.
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1. 6. Preface to remaining chapters

B-hydroxy amino acids are valuable building blocks for developing the next generation of
small molecule and peptide therapeutics. However, existing enzymatic and synthetic routes to
access [-hydroxy amino acids suffer from moderate yields, poor selectivity, and limited substrate
scope. Hence, a new sustainable route to access -hydroxy amino acids is highly desired. The
remaining chapters of this thesis focus on our attempts to characterize and develop ObiH as a
biocatalyst to access valuable B-hydroxy amino acids. In Chapter 2, we discuss the detailed
mechanistic and structural investigation of ObiH to understand its unique reactivity. Chapter 3
discusses our efforts to synthesize structurally diverse B-hydroxy amino acids from L-threonine
and commercially available aldehydes using E. coli overexpressing the ObiH enzyme as a whole
cell biocatalyst. Finally, Chapter 4 details our ongoing efforts to engineer ObiH to improve its
reactivity and expand its substrate scope. We believe these efforts will lead ObiH to be widely
adopted by the synthetic community as a catalyst while simultaneously proving new building
blocks for medicinal chemists.

Apart from a few secondary contributions, these were the main projects | have worked on
and have resulted in the following publications:

1. Kumar P*, Meza A*, Ellis JM, Carlson GA, Bingman CA, Buller AR. “L-Threonine
Transaldolase Activity Is Enabled by a Persistent Catalytic Intermediate” ACS Chem. Biol.
2021, 16, 86 — 95.

2. Doyon T*, Kumar P*, et al. “Scalable and selective B-hydroxy-a-amino acid synthesis
catalyzed by promiscuous L-threonine transaldolase ObiH”. ChemBioChem. 2021, 22.

(Early access) Designated as Very Important Paper.

3. Kumar P*, Bruffy S*, Carlson GA, Buller AR. “Expanding the substrate scope of C-C bond

forming transaldolase through directed evolution” (Manuscript in preparation)
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Chapter 2

Mechanistic and structural characterization of ObiH,

a model L-threonine transaldolase

Content in this chapter is adapted from published work:

Kumar P*, Meza A*, Ellis JM, Carlson GA, Bingman CA, Buller AR. “L-Threonine Transaldolase

Activity Is Enabled by a Persistent Catalytic Intermediate” ACS Chem. Biol. 2021, 16, 86 — 95.

*These authors contributed equally to this work

ObiH mechanistic experiments were led by Tony Meza. Crystallographic studies were done in
collaboration with Prof. Andrew Buller and Dr. Craig Bingman. MD simulations were performed
by Jon Ellis. Biochemical characterization of ObiH variants were done in collaboration with Grace

Carlson.
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Chapter 2: Mechanistic and structural characterization of ObiH, a model L-threonine
transaldolase

2. 1. Introduction

L-Threonine transaldolases (LTTAs) are a poorly characterized class of pyridoxal-5'-
phosphate (PLP) dependent enzymes responsible for the biosynthesis of diverse B-hydroxy
amino acids.” LTTAs catalyze retroaldol cleavage of L-threonine (Thr) and a subsequent aldol-like
addition into an aldehyde to form a new side chain, setting the stereochemistry of the CB-OH
group (Figure 1a). The ability of LTTAs to form a new C-C bond while simultaneously setting the
stereochemistry at both the carbon atoms is elegant and could be synthetically valuable. Out of
the five reported LTTAs, ObiH was the first to be successfully expressed in E. coli." ObiH reacts
with Thr and p-nitrophenylacetaldehyde to form B-hydroxy-p-nitrohomophenylalanine en route to
obafluorin, a B-lactone antibiotic (Figure 1b).>* In addition, ObiH was reported to have activity
with a non-native aldehyde suggesting that ObiH could be a promising catalyst to access [3-

hydroxy amino acids.?

a) OH O fo) OH O o
)H/U\OH + R)]\H i» R/'\‘/U\OH + )LH
NH, PLP NH,
Thr Aldehyde B-hydroxy amino acid Acetaldehyde
b)
OH O o
+ ObiH Q
o __ObH__ I, A,
NH, PLP OH

NH,

Figure 1. LTTA reactions. a) The general reaction catalyzed by LTTA using PLP as a cofactor.
b) Native ObiH reaction. B-hydroxy-p-nitro-homophenylalanine is synthesized from p-

nitrophenylacetaldehyde (orange) and Thr (black).
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The mechanism of LTTA enzymes has not been studied in detail, and no structures are
available. A mechanism has been proposed based on analogy to the homologous Thr aldolase
(TA) and serine hydroxymethyltransferase (SHMT) enzymes, which perform related
transformations.® TAs catalyze the thermodynamically favorable breakdown of Thr into glycine
(Gly) and acetaldehyde (Figure 2). This reaction begins with covalent capture of Thr as an external
aldimine with PLP, E(Aex™™).® The enzyme orients the sidechain of Thr such that it is periplanar
to the m-system of the cofactor, in accordance with Dunathan’s stereoelectronic hypothesis.”?
Retroaldol cleavage is initiated by deprotonation of the hydroxyl side chain by a conserved
histidine (His) residue that 1r-stacks with the cofactor, either directly or through a proton relay with
water.® Cleavage of the Ca-CB bond releases acetaldehyde and the resultant Ca carbanion is
stabilized through resonance as a highly basic glycyl quinonoid intermediate, E(Q®Y).6 The glycyl
quinonoid is subsequently protonated to form the external aldimine of glycine, E(Aex®Y), which is
released to complete the catalytic cycle. The TA reaction can be reversed to run in the synthetic
direction in vitro by adding excess glycine and aldehyde. These enzymes have been shown to
form diverse B-hydroxy amino acids, setting two stereocenters in the process.®'© However, the
reversibility of the reaction and its relatively modest selectivity leads to scrambling of the

stereochemistry at the B-position, limiting synthetic utility.”-4
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(o}
OH
NH,
Gly
External aldimine or Glycyl quinonoid or
E(Aex™) E(QCY)
Synthetic reaction: H_ (o)
1 1 M
R H
OH O R OH
N\
R/H)I\OH -~ “®Hy ‘L
NH, | °
@,
B-hydroxy N/
amino acid !
H
External aldimine or Glycyl quinonoid or
E(AexT) E(Q®Y)

Figure 2. Native and synthetic TA reactions. TAs catalyzes the breakdown of Thr into glycine
and acetaldehyde in vivo. This reaction can be reversed by addition of excess glycine and
aldehyde to form diverse B-hydroxy amino acids. The PLP cofactor (black) is shown covalently
bound either to the substrates/intermediates (pink) or to the product (orange). The catalytic base

in shown in blue.

Alternatively, LTTAs cleanly form B-hydroxy amino acids in vivo using the same Thr starting
material and PLP cofactor.'® Although the molecular details have yet to be elucidated, it is believed
that these enzymes function by intercepting a highly reactive E(Q®") intermediate. Initial studies
with the LTTAs demonstrate several promising features for synthetic applications.'®'” However,
the lack of structural information stymies our understanding of LTTA mechanism and hinders
targeted engineering approaches. Here, we describe mechanistic and structural characterization

of ObiH, a model LTTA, to understand the unique reactivity of these enzymes.
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2. 2. Results and Discussion
2. 2. 1. ObiH forms a meta-stable PLP-glycyl quinonoid

ObiH was heterologously expressed as a N-His construct in E. coli, as was previously
described.? This procedure reliably yields ~250 mg of protein per L culture (Figure 3a). Consistent
with previous reports, this protein is pink in color whereas other PLP-dependent enzymes are
yellow.2317 The UV-vis spectrum of ObiH shows a peak at 415 nm, characteristic of the covalently
bound internal aldimine adduct E(Ain), as well as an additional peak at 515 nm, whose intensity

varied between independent preparations of ObiH, that accounts for the pink color (Figure 3b).

o
=
N

N-His-ObiH

BLUEstain 2
(GoldBio)

L LP LS FW W1 W2 Elu
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©
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Figure 3. ObiH purification. a) Representative SDS-PAGE from Ni-NTA purification of ObiH. L
is lysate, LP is lysate pellet, LS is lysate supernatant, FW is Flow through, W1 and W2 are washes
with 20 and 40 mM Imidazole respectively, Elu is elution. The ladder used was GoldBio
BLUEstain2 protein ladder. b) UV-vis spectra of as purified ObiH from three different preps

following identical protocol. Variable amount of 515 nm species was observed between preps.

Previous steady-state kinetic analysis of ObiH established that the enzyme has a relatively
high Ku for Thr, 40 mM.® We began our detailed mechanistic study by adding 100 mM Thr to ObiH
and monitored the reaction by UV-vis spectroscopy. Addition of Thr resulted in an intense

absorbance with Amax = 493 nm, characteristic of a PLP quinonoid adduct, and distinct from the
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515 nm peak (Figure 4a). We assign this species as E(Q®Y), which is formed by retroaldol
cleavage of a covalently bound PLP-Thr adduct, E(Aex™) (Figure 5). The E(Q®") absorbance
band increased for several minutes before reaching a maximum and slowly decayed over the
course of several minutes (Figure 4b). Notably, the species absorbing at 515 nm appeared not to
enter the catalytic cycle under these conditions, suggesting the presence of a covalently

inactivated PLP adduct.

a b
0.10 ~ 0.10 A
008 1 S009 4/
[0} |
O | o))
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2 Y o008 {7
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: <
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Figure 4. Spectroscopic characterization of ObiH catalytic intermediates. a) Absorbance
spectra of ObiH (pink) and after addition of Thr (blue). Addition of Thr results in large peak at 493
nm, E(Q®Y). b) Plot of absorbance at 493 nm vs time after addition of Thr. 493 nm peak increases

rapidly before reaching a maximum with subsequent decay over several minutes.
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Figure 5. Catalytic mechanism of ObiH. The mechanism of ObiH catalysis with Thr and an
aldehyde substrate (outer cycle) along with the disfavored shunt pathway (inner cycle). The PLP
cofactor (black) is shown covalently bound either to the substrates/intermediates (pink) or to the

relevant catalytic residues of the protein (blue).
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A key insight into the nature of the 515 nm band came from Mr. Tony Meza, who observed
that purified, pink ObiH seemed to lose its color when exposed to sunlight. Mr. Meza found that
the species that absorbs at 515 nm can be converted into catalytic active E(Ain) species by green
light (Figure 6). Phototreatment transformed the pink ObiH into a traditional yellow protein and
afforded us the opportunity to cleanly assay the mechanistic properties of ObiH as a model LTTA.
Further characterization of the 515 nm species, along with additional detailed experiments into
the mechanism of ObiH were conducted by Mr. Meza and are described in further detail in Kumar

et al.®
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Figure 6. Phototreatment produce homogeneous ObiH. Absorbance spectra of natively
purified ObiH (pink) and phototreated ObiH (black). Phototreatment results in the complete loss
of the 515 nm species and increase in the E(Ain) peak at 415 nm. Images of ObiH stock solutions

before and after phototreatment. This data was collected by Tony Meza.
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Once the catalytic cycle is initiated by addition of Thr, many potential pathways may be
responsible for the quenching of E(Q®") on the h timescale. We hypothesized that, in analogy to
the distantly-related TA enzymes, E(Q®Y) reacted through simple protonation to form the glycyl
external aldimine, E(Aex®Y).% Consistent with this hypothesis, in the absence of an electrophile
substrate, ObiH formed a small, but measurable amount of Gly, corresponding to <50 turnovers
in 16 h (Figure 5, inner cycle). Furthermore, a higher amount of glycine was formed at pH: 7.0

compared to pH: 8.5, demonstrating the role of protonation in the quenching of E(Q®Y) species.

To further confirm that Gly is formed through an ObiH-mediated process, we added Thr to
ObiH to form a large population of E(Q®Y), and then reductively trapped the decay product as a
secondary amine via the addition of NaBHs. This reaction was monitored both
spectrophotometrically and via UPLC-MS. Spectroscopic experiments showed depletion of the
absorbing species in the range of 400 — 420 nm, indicating that the imines present E(Aex™),
E(Aex®Y), or unreacted E(Ain) were rapidly reduced by NaBH, (Figure 7a). A new absorbance
band at ~340 nm appeared, consistent with formation of a reduced, secondary amine adduct.®
However, the E(Q®Y) species (493 nm), which is electron-rich, was not immediately reduced by
NaBH4 and decayed at a similar rate to reactions containing only Thr. The products of this reaction
were monitored by UPLC-MS analysis and showed clear formation of a reduced glycyl adduct

(Figure 7b).
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Figure 7. E(Q®Y) and E(Q™) are resistant to NaBH, reduction. a) Spectrum of phototreated
ObiH (black). 100 mM Thr was added and E(Q®") peak increased to a maximum at 10 min (blue).
2 mM NaBH4 was then added and spectra were gathered every minute for 30 min. Spectra of
reaction 25 min after the addition of NaBH4 (brown) shows at increase at 340 nm and a decrease
at 415 nm, as well as a large population of E(Q®Y). This spectrum was collected by Tony Meza.
b) Overlap of SIR corresponding to E(Aex®¥) and E(PMP®Y) after reduction of ObiH. Chemdraw

figure corresponding to this transformation is shown on the top.

While the above data show that E(Q®") is kinetically slow to react, they offer only indirect
information on the thermodynamic stability of this intermediate. We therefore probed the effect of

saturating Gly (1.0 M) on E(Ain) and observed no evidence of quinonoid formation, indicating that
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population of E(Q®Y) is not enabled by thermodynamic stabilization in the enzyme active site
(Figure 8). Instead, these data establish that E(Q®Y) species is a kinetically-trapped, high-energy

intermediate.
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Figure 8. ObiH does not catalyze the retroaldol cleavage of Gly to form E(Q®"). Spectrum of
20 uM ObiH (pink). 1 M Gly was added and spectra were acquired every 1 minute for 15 minutes.
10 min after addition of 1 M Gly (purple) shows no evidence of a peak at 493 nm.

Quinonoid intermediates are nearly ubiquitous among PLP-dependent enzymes.?° Some
enzymes form thermodynamically stable quinonoids simply by binding substrates, products, or
analogs thereof.?'-2® For example, addition of Gly to TA enzymes results in formation of a
thermodynamically stable quinonoid.® Other enzymes only transiently form quinonoids and rapid
kinetic analysis is needed to observe them.?* ObiH is exceptional, in that it forms a large
population of kinetically-trapped, thermodynamically unstable quinonoid. Were protonation and
release of Gly to occur, this would be thermodynamically favored in vivo, precluding biosynthesis
of new B-hydroxy amino acids. Hence, there is a selective pressure to kinetically shield E(Q®Y)

from protonation.
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2. 2. 2. ObiH quinonoid rapidly reacts to form B-hydroxy amino acids

The native electrophile in the ObiH reaction is p-nitrophenylacetaldehyde, which is
generated via a thiamine-dependent decarboxylation from the corresponding a-keto acid.??
However, due to the inherent instability of a-aryl acetaldehydes, we sought an alternative
electrophile for our mechanistic studies. Recent experiments using a biocatalytic cascade showed
ObiH, as well as its downstream enzymes in obafluorin biosynthesis, can react with a range of
aliphatic and benzylic aldehydes.?® While the synthetic utility of ObiH with aromatic aldehydes has
been recently reported,'-? we were drawn to the reaction with aliphatic aldehydes as mechanistic
probes because they do not have confounding signals in their UV-vis spectra. We probed the on-
path reactivity of ObiH via addition of reactive aldehyde to pre-formed E(Q®"). Addition of 20 mM
proponal showed the rapid reaction of E(Q®Y) within the mixing time of the experiment (< 20 s)
and the persistence of a small, steady population of quinonoid (Figure 9). This data shows that
E(Q®Y) is thermodynamically unstable in ObiH active stie. These experiments were additionally
repeated by Mr. Meza with photo-treated and spectroscopically clean ObiH, the results of which

are consistent with those shown below.
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Figure 9. On cycle reactivity of E(Q®") with propanal. Absorbance spectrum of 20 uM ObiH
after addition of 100 mM Thr is shown in blue. Subsequent addition of propanal (orange) results

in substantial reduction of the 493 nm peak.
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Furthermore, Mr. Meza was able to isolate p-hydroxy-Leu from Thr and isobutyraldehyde
using ObiH as the catalyst (described in Kumar et al)."® This reactivity is enabled by the ObiH’s
ability to form a large population of reactive quinonoid (Figure 4). Were the rate of competing
protonation pathway facile, formation of -hydroxy-Leu would be severely limited. Hence, the long
lifetime of the E(Q®Y) intermediate enables reactivity with non-native aldehyde substrates. This
reactivity of ObiH with non-native aldehydes, combined with the high expression titer of ObiH and
its stability over months at -80 °C, make this enzyme highly attractive for future biocatalytic

applications.
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2. 2. 3. ObiH crystallizes with an unanticipated active site conformation

To unravel the structural properties underpinning the unique reactivity of ObiH, we
crystallized N-His-ObiH to capture the enzyme in its internal aldimine state, E(Ain). High
resolution, 1.66-A, X-ray diffraction data were collected on crystals that retained the 515 nm
species, as the pink color was maintained throughout the process (Table 1). The structure was
solved by molecular replacement with a distantly related serine hydroxymethyl transferase (PDB
ID: 40T8, 28.2% identity).?” The asymmetric unit of the ObiH crystal was comprised of four
protamers (two dimers) for a total of four unique observations of the active site. ObiH crystallized
as a domain swapped homodimer, with an extension of the C-terminus forming the dimer
interface. Such dimerization is consistent with other members of the fold-type | superfamily of
PLP-dependent enzymes (Figure 10a).28 Structural superposition of all non-hydrogen atoms of

the four ObiH protamers shows they are highly consistent (RMSD = 0.47 + 0.06 A?).

Figure 10. Structure of ObiH. a) Cartoon representation of the overall structure of ObiH.
Individual monomers are colored cyan (chain A) and lime (chain B). E(Ain) is shown as semi-
transparent pink spheres and sticks. b) ObiH active site residues superimposed on the 2MFo -
DFc electron density map (blue mesh, o = 1.5) are shown as sticks and colored as in (a).

Hydrogen bonds are shown as black dashes.



Table 1. X-Ray crystallographic data collection and refinement statistics

PDB ID 7K34
Protein N-His-ObiH
Data Collection
Space group P44
a,b,c=
Cell dimensions (A) 118.6, 118.6,
130.0
Cell angles a=B=y=90°
Wavelength (A) 1.03321
Beamline APS 23-ID-D
Resolution (A) 50— 1.66
Last bin (A) (1.70 — 1.66)
No. observations 2826075

Completeness (%)

100.0 (100.0)

Rpim

0.058 (0.827)

CC(1/2) 0.996 (0.450)
I/ol 6.9 (1.0)
Redundancy 13.4 (13.1)
Refinement
Total no. of reflections 200,497
Total no. of atoms 14,557
Final bin (A) (1.70 — 1.66)
Rwork (%) 21.2 (326)
Riree (%) 24.2 (342)
Average B factor (A2) 27.2
Ramachandran plot
Favored, % 97.5
Allowed, % 100.0
Outliers, % 0.0
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Values in parenthesis are for the highest resolution shell. Rmerge is Z|lo — 1] / Zlo , where lo is the
intensity of an individual reflection, and | is the mean intensity for multiply recorded reflections.
Rwork is Z||Fo — Fc¢|| / Fo, where Fo is an observed amplitude and Fc a calculated amplitude. Riree

is the same statistic calculated with a 5% subset of the data that was excluded from refinement.
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While the vast majority of the structure was rapidly built following common structural
motifs, we were initially stymied by the density corresponding to a Cys-cisPro linkage in a -bulge
of an a-helix (Figure 11). The carbonyl oxygen of Cys262 is just 2.9 A away from the carbonyl of
the i-4 residue, an otherwise strained conformation that appears to be stabilized by hydrogen

bonds from each carbonyl to Arg99.

Figure 11. Uncommon structural features of ObiH. a) Cys-cisPro linkage (shown as sticks) in
a 1r-buldge of an a-helix superimposed on the 2MFo - DFc electron density map (blue mesh, o =
1.5). b) Strained conformation due to the destabilizing interaction between carbonyl oxygens of
C262 and S258 due to the -buldge appears to be stabilized by the H-bonds from each
carbonyls to Arg99. Hydrogen bonds are shown as black dashes. Destabilizing interaction is

shown as red dashes.

The ObiH active site lies at the dimer interface, with most of the residues contributed from
a single subunit. The electron density is consistent with a typical E(Ain) state of the enzyme where
the conserved Lys234 forms a Schiff's base adduct with the PLP cofactor (Figure 10b).%° A
molecule of sulfate is bound in the active site with the same orientation in all four subunits and
forms a salt bridge with Arg366. Such complexes with a sulfate or phosphate are common among

PLP-dependent enzymes and often correspond to the carboxylate-binding motif within the active
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site.2%3031.32 The pyridine ring of PLP is tr-stacked with conserved His131 (Figure 10b, 12). Similar
to the conserved His residue in TA enzymes that acts as the catalytic base, His 131 could be the
catalytic base in ObiH which initiates the retroaldol cleavage of Thr. The PLP phosphate is buried
with an intricate web of hydrogen bonds, including two to Tyr55 and Asn268 from the partner
subunit. A multiple sequence alignment reveals that Lys234, Arg366, His131 and Tyr55 are highly

conserved across biochemically characterized LTTAs (Figure 12).

ObiH - - -GAHYHCS. ..STAEQAL. . .DGGHFAL. . .LTYDMSH. . .NTHKTIP. . .HGIRLGV. . .
Fta .. .TSRY[LLE. . .LHAMQTT. . .DGGHFLT. . . LVE[DASH. . . NTHKTFF. . .-TIRFGV. . .
Lipk  -..YNRYFEN...MSAMILT...SGGHYAT...LYVDASH...STHKSFP. .. -HLRLGS. ..
AbmH ...YARYFFD...LNCMTAA...AGGHMST...LHFDSSH. ..STHKTLA. . . -AFRLSS. . .

SHMT ...TN EG...S0Q GV...HGGHLTH...LMVDMAH...TT LR...SGIRLGS. ..

H131

Figure 12. Sequence alignment of example LTTAs and the evolutionarily related SHMT.
Active site residues are highlighted with red boxes with numbering colors according to (b) and (c).
GenBank ID of ObiH is ARJ35753, FTAis WP_014151017, Lipk is BAJ05887, AbmH is AVI57436
and SHMT is AFJ20773.

Another highly conserved residue in this family of enzymes is the residue that hydrogen
bonds to the pyridine nitrogen of the cofactor, Asp204.2 lon pairing with the pyridinium moiety
enforces protonation of the cofactor, thereby increasing its electrophilicity. However, the
universally conserved Asp residue appeared to be tucked under the pyridine ring and, instead,
Glu107 is in position to form a salt bridge with the cofactor (Figure 13). Mutation of the residue
that H-bonds to the pyridine of PLP is known to occur within the fold type Il PLP-dependent
enzymes, but each residue is highly conserved among its family members.?°333* However,
Glu107 is not conserved between LTTAs and we speculated this residue might not be essential
for ObiH function (Figure 12). To determine which residue was engaging the cofactor during

catalysis, we made substantial efforts to trap an ObiH external aldimine. Despite successful
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crystal growth and diffraction, the crystals were excessively twinned and no clear picture of the
active site emerged. We therefore sought to use computational methods to build an atomic model
of ObiH external aldimine, E(Aex™™), to assess whether a conformational rearrangement involving

Glu107 and Asp204 might be occurring.

Figure 13. Cofactor and active site residue interactions in ObiH. ObiH active site residues
superimposed on the 2MFo - DFc electron density map (blue mesh, o = 1.5) are shown as sticks.
Individual monomers are colored cyan (chain A) and lime (chain B). E(Ain) is shown as semi-

transparent pink spheres and sticks. Hydrogen bonds are shown as black dashes.
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2. 2. 4. Asp204 is essential for ObiH catalysis

Prior literature has shown that PLP-dependent enzymes often undergo active site
rearrangements upon substrate binding, including motion of the cofactor.?”2°3% To simulate such
a motion in ObiH, we conducted molecular dynamics (MD) simulations of the ObiH dimer in the
E(Aex™) state, which were performed by Mr. Jon Ellis and are described in detail in Kumar et
al.’®. We used the presence of H-bond between His131 and the sidechain hydroxyl group of
E(Aex™) as an indicator of a catalytic state, as His131 is the evolutionarily-conserved base for
retroaldol cleavage (Figure 12). We found that His131 H-bonding to the sidechain hydroxyl group
of E(Aex™) predominantly coincided with Asp204 H-bonding to the PLP-N1 (Figure 14). This
observation suggests that Asp204 not Glu107 is the main H-bonding acceptor in the catalytically

active state of the enzyme.

H131

Figure 14. Molecular dynamics simulation of E(Aex™). E(Aex™™) shown in pink. ObiH shown
in cyan. Hydrogen bonds that are proposed to facilitate substrate binding and catalysis are shown

as black dashes.

To experimentally validate the insights gained from crystallographic, bioinformatics
analyses and molecular dynamic simulations, we performed biochemical characterization of

His131, Glu107 and Asp204 variants. Rather than the traditional alanine scan approach to probe
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the ‘importance’ of a residue, we screened a site-saturation mutagenesis library at His131 for
retention of function with biphenyl-4-carboxaldehyde, as the products were well-behaved on
UPLC-MS. The native ObiH enzyme, bearing His131, possessed the highest activity under the
screening conditions (Figure 15a). The only residue that supported any catalytic function other
than His was Gly, which may allow water to enter the active site and rescue function. This
experiment supports our observation from crystallographic and bioinformatic analysis that His131

is the catalytic base.
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Figure 15. Activity profile of ObiH-H131, ObiH-E107 and ObiH-D204 site saturation
mutagenesis libraries. For each of the libraries, lysate supernatants were incubated with 75 mM
Thr and 15 mM Biphyenyl-4-carboxaldehyde at 37 °C for 16 h. Then, proteins in the reaction
mixture were precipitated by addition of acetonitrile. After centrifugation, 1 uL of supernatant were
injected into Acquity UPLC-MS (Waters) to quantitate the formation of b-hydroxy amino acid
through UV@254 nm.
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Next, we screened a site-saturation mutagenesis library at Glu107. This work was done
in collaboration with Grace Carlson, a talented undergraduate researcher in the group. Similar to
His131, the native ObiH enzyme, bearing Glu107, possessed the highest activity. Unlike His131,
however, many other variants retained catalytic activity (Figure 15b). To further probe the role of
Glu107, we expressed and purified the conservative E107Q variant, which has a similar steric
profile to the native residue but cannot form an ion pair with the pyridinium nitrogen. This protein
was pink in color and behaved similarly to wild type protein upon phototreatment (Figure 16a).
Spectroscopic analysis affirmed that ObiH-E107Q binds PLP and, upon addition of Thr, enters

the catalytic cycle to form a meta-stable quinonoid that goes on to react with propanal (Figure

16b).
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Figure 16. UV-vis spectra of ObiH-E107Q and ObiH-D204N. a) Absorbance spectra of purified
E107Q-ObiH (pink) and phototreated E107Q-ObiH (black). b) Absorbance spectra of purified
D204N-ObiH (black) and after addition of 100 mM Thr (black).
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In stark contrast to mutation at E107, saturation mutagenesis at the evolutionarily
conserved Asp204 position was catastrophic and only wild-type enzyme retained activity (Figure
15c¢). We attempted to further probe the contribution of Asp204 through study of the conservative
D204N variant. This protein aggregated during purification and was stable only at low
concentrations. The purified ObiH-D204N was colorless and UV-vis analysis revealed evidence
of only trace PLP binding (Figure 16¢). These experiments unambiguously demonstrate that
Asp204, not Glu107, is essential for efficient cofactor binding and enforces protonation at PLP-
N1 to enable the unique transaldolase activity of this enzyme (Figure 14). Given the conservation
of Asp204 among LTTA enzymes, we anticipate its role in catalysis will be a general feature among

this enzyme family (Figure 12).
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2. 3. Conclusions

L-Threonine transaldolases (LTTAs) were a poorly characterized class of pyridoxal-5'-
phosphate (PLP) dependent enzymes responsible for biosynthesis of diverse B-hydroxy amino
acids. Here, we studied the catalytic mechanism of ObiH, an LTTA essential for biosynthesis of
the B-lactone natural product obafluorin. Heterologously expressed ObiH purifies as a mixture of
chemical states including a catalytically inactive form of the PLP cofactor. Photoexcitation of ObiH
promotes the conversion of the inactive state of the enzyme to the active form. UV-vis
spectroscopic analysis revealed that ObiH catalyzes the retro-aldol cleavage of L-threonine to
form a remarkably persistent glycyl quinonoid intermediate. Protonation of this intermediate is
kinetically disfavored, enabling on-cycle reactivity with aldehydes to form B-hydroxy amino acids.
To further understand the structural features underpinning this desirable reactivity, we determined
the crystal structure of ObiH bound to PLP as the Schiff's base at 1.66 A resolution. This high-
resolution model revealed a unique active site configuration wherein the evolutionarily conserved
Asp that traditionally H-bonds to the cofactor is swapped for a neighboring Glu. Molecular
dynamics simulations combined with mutagenesis studies indicate that a structural
rearrangement is associated with L-threonine entry into the catalytic cycle. Together, these data
explain the basis for the unique reactivity of LTTA enzymes and provide a foundation for future

engineering and mechanistic analysis.
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2. 4. Materials and Methods
General experimental procedures

Chemicals and reagents were purchased from commercial suppliers (Sigma-Aldrich,
VWR, Chem-Impex International, Combi-blocks, Alfa Aesar, New England Biolabs, Zymo
Research, Bio-Rad) and used without further purification unless otherwise noted. BL21 (DE3) E.
coli cells were electroporated with a Bio-Rad MicroPulser electroporator at 2500 V. New
Brunswick 126R, 120 V/60 Hz shaker incubators (Eppendorf) were used for cell growth. Optical
density and UV-vis measurements were collected on a UV-2600 Shimadzu spectrophotometer
(Shimadzu). UPLC-MS data were collected on an Acquity UHPLC with an Acquity QDa MS
detector (Waters) using an ACQUITY UPLC CSH BEH C18 column (Waters) or an Intrada Amino

Acid column (Imtakt).

Cloning, expression, and purification of ObiH

A codon-optimized copy of the ObiH gene was purchased as a gBlock from Integrated
DNA Technologies. This DNA fragment was inserted into a pET-28b(+) vector by the Gibson
Assembly method.?¢ BL21 (DE3) E. coli cells were subsequently transformed with the resulting
cyclized DNA product via electroporation. After 45 min of recovery in Luria-Burtani (LB) media
containing 0.4% glucose at 37 °C, cells were plated onto LB plates with 50 ug/mL kanamycin
(Kan) and incubated overnight. Single colonies were used to inoculate 5 mL LB + 50 ug/mL Kan,
which were grown overnight at 37 °C, 200 rpm. Expression cultures, typically 1 L of Terrific Broth
(TB) + 50 pg/mL Kan (TB-Kan), were inoculated from these starter cultures and shaken (180 rpm)
at 37 °C. After 3 hours (ODsoo = ~0.6), the expression cultures were chilled on ice. After 30 min
on ice, ObiH expression was induced with 0.5 mM IPTG, and the cultures were expressed for 16

hours at 20 °C with shaking at 180 rpm. Cells were then harvested by centrifugation at 4,300xg
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at 4 °C for 30 min. Cell pellets were pink in color and were frozen and stored at -20 °C until

purification.

To purify ObiH, cell pellets were thawed on ice and then resuspended in lysis buffer (50
mM potassium phosphate buffer buffer (pH 8.0), 500 mM NacCl, 1 mg/ml Hen Egg White Lysozyme
(GoldBio), 0.2 mg/ml DNasel (GoldBio), 1 mM MgCl, 1 X BugBuster Protein extraction reagent
(Novagen), and 400 yM pyridoxal 5-phosphate (PLP)). A volume of 4 mL of lysis buffer per gram
of wet cell pellet was used. After 45 min of shaking at 37 °C, the resulting lysate was then spun
down at 75,600xg to pellet cell debris. The pellet was colorless whereas the supernatant was pink
in color. Ni/NTA beads (GoldBio) were added to the supernatant and incubated on ice for 45 min
prior to purification by Ni-affinity chromatography with a gravity column. The column was washed
with 5 column volumes of 20 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM potassium
phosphate buffer (pH 8.0). Washing with higher concentrations of imidazole resulted in slow
protein elution. ObiH was eluted with 250 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM
potassium phosphate buffer, pH 8.0. Elution of the desired protein product was monitored by the
disappearance of its bright red color (resulting from the release of ObiH) from the column. The
protein product was dialyzed to < 1 yM imidazole in 100 mM Tris buffer, pH 8.5 containing 2 mM
DTT, dripped into liquid nitrogen to flash freeze, and stored at -80 °C before use. The
concentration of protein was determined by Bradford assay. Generally, this procedure yielded

200 — 250 mg per L culture. E107Q and D204N variants were purified similar to that of wt-ObiH.

Preparation of phototreated ObiH

ObiH stock solutions (150 — 400 uM) or diluted samples in quartz cuvettes were placed
on ice directly under an 8 Watt, green LED bulb for 10 min. The protein solutions were
subsequently kept on ice or in the UV-spectrophotometer for 45 min, followed by a second round

of green light treatment for 10 minutes which ensured complete abolishment of the 515 nm band.
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Kinetics and UV-Vis Spectroscopy

Data were collected between 600 and 250 nm on a UV-2600 Shimadzu
spectrophotometer (Shimadzu) with a semi-micro quartz cuvette (Starna Cells) at 25 °C (unless
stated otherwise). ObiH stock solutions were diluted to 20 yM in 100 mM Tris-HCI, pH 8.5 and

phototreated.

For the Thr titration, a 500 mM Thr solution was prepared in 100 mM Tris-HCI, pH 8.5 to ensure

consistent pH between titration experiments. Time in seconds was recorded from addition of Thr
to the time at which data collection at 493 nm occurred. Spectra from 600 — 250 nm were collected

every 60 seconds for 1 h.

To monitor the aldol addition of aliphatic aldehyde to E(Q®Y), 20 uM ObiH samples were prepared

in 100 mM Tris-HCI, pH 8.5. 100 mM Thr was added and spectra were gathered while the E(Q®Y)
species reached a maximum (generally after ~10 min). Propanal was added to a final

concentration of 20 mM and spectra collected.

To assess whether glycine can form E(Q®Y), 2.0 M solution of glycine was prepared in 100 mM

Tris-HCI, pH 8.5. 20 pM ObiH samples were prepared in 100 mM Tris-HCI, pH 8.5. Glycine was

added to a final concentration of 1.0 M. Spectra from 600 — 250 nm were gathered every 1 minute.

NaBH4 reduction experiments were conducted by Mr. Meza with phototreated ObiH. 20 uM

samples of ObiH were prepared in 100 mM Tris-HCI, pH 8.5. 100 mM Thr was added and spectra
were gathered while the E(Q®") species reached a maximum. A fresh solution of 200 mM NaBH,4
was prepared in H.O and added to the reaction mixture to a final concentration of 2 mM 10
minutes after the addition of Thr. Spectra were gathered from 600 — 250 nm every 1 minute. UV-
vis experiments for E107Q and D204N variants were performed similar to that of the wild-type

protein.
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Crystallization and structural studies of ObiH

Crystallization conditions for ObiH were surveyed at both room temperature and 4 °C by
the sitting drop method of vapor diffusion using JCSG -plus HT96 (Molecular Dimensions) and
HT index HR2-134 (Hampton Research) sparse matrix screens with 17 and 34 mg/mL of ObiH.
Crystals appeared in two of the wells that were screened at room temperature containing 0.1 M
Bis-Tris pH 6.5, 2.0 M ammonium sulfate and 0.1 M Tris pH 8.5, 2.0 M ammonium sulfate,
respectively, at both the concentrations of ObiH. After optimization, 0.1 M Bis-Tris pH 6.75 - 7.0,
1.8 — 2.0 M ammonium sulfate, 10 — 20 mg/mL of ObiH was found to be the best crystallization
condition that resulted in reproducible crystal formation. Crystals grew over the course of three
days and were pink in color. Crystals were stable in the dark over several months. For X-ray data
collection, a cryoprotectant solution containing 30% glycerol, 0.1 M Bis-Tris pH 6.75 - 7.0, 1.8 —
2.0 M ammonium sulfate was added to crystal containing droplets and allowed to incubate for 2
— 30 minutes. After ~10 minutes in the cryoprotectant solution, the crystals slowly solubilized as
observed by the loss of sharp edges in the crystal. To our surprise, the crystals retained most of

their core structure, and were flash frozen in liquid N2 until diffraction.

X-ray data were collected remotely at the Advanced Photon Source, Structural Biology
Center Beamline 23-ID-D. The X-ray data were processed with xia2 and Aimless. We solved the
structure via molecular replacement with PHASER, using the structure of Serine
hydroxymethyltransferase [Protein Data Bank (PDB) ID: 40T8] as a starting model. Unfortunately,
ObiH crystals were highly twinned (>25%) and X-ray data from multiple crystals were processed
to identify the crystal with least twinning. Iterative cycles of model building with COOT and
refinement with REFMAC reduced Rwork and Rfree to 21.3% and 24.2%, respectively, from 50
to 1.66 - A resolution. The crystals belonged to space group P41 with the following unit cell
dimensions: a=118.6 A,b=118.6 A, c=130.0 A, a =90°, B = 90° and y = 90°. The asymmetric

unit contained four subunits. Relevant X-ray data collection and model refinement statistics are
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listed in Table 1. Crystallization with L-threonine, L-allo-threonine, L-serine, L-glycine or L-

penicillamine did not result in high-quality diffraction data.

Design of site-saturation mutagenesis library

PCR was conducted using Phusion polymerase (New England Biolabs) according to the
standard protocol. For the given site of mutagenesis, three primers were designed containing
codons NDT (encoding for lle, Asn, Ser, Gly, Asp, Val, Arg, His, Leu, Phe, Tyr, and Cys), VHG
(encoding for Met, Thr, Lys, Glu, Ala, Val, GIn, Pro, and Leu), and TGG (Trp), respectively, thereby
including all 20 natural amino acids. These three primers were mixed in a ratio 12:9:1 according
to the previously described protocol.®” Library plasmids were constructed by overlap extension
PCR using the plasmid that contained the wt-ObiH gene in the pET28(b)+ vector as a template.
Dpnl was added to digest the template DNA (1 pL per 50 yL PCR reaction, incubated at 37 °C for
1 hour), and the amplified library genes were purified by preparative agarose gel then integrated

into a linear pET28(b)+ plasmid via the Gibson Assembly method.

For E107Q and D204N variants, a single primer containing codons CAA and AAT at the
site of mutagenesis were used, respectively. Mutant plasmids were constructed by overlap
extension PCR using the plasmid that contained the wt-ObiH gene in the pET28(b)+ vector as a

template. The resulting amplified mutant genes were purified and integrated as above.

Library expression and screening

BL21 (DE3) E. coli cells carrying parent and variant plasmids were grown in 96-deep-well
plates (600 uL/well TB-Kan) at 37 °C with shaking at 200 rpm. After shaking at 250 rpm overnight,
10 yL of the overnight cultures were transferred to new deep-well plates containing 600 uL/well

TB-Kan, which were allowed to grow at 37 °C with shaking at 200 rpm. After 3 h, the plates were
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chilled on ice for 30 min, then induced by the addition of IPTG in TB-Kan (1 mM final
concentration). The cultures were expressed for 16 hours at 20 °C with shaking. After 20 hours,
cells were harvested by centrifugation at 4,300xg for 20 min. The cell pellets were frozen at —20
°C for a minimum of 2 hours. For screening, cells were thawed at room temperature and then
lysed by the addition of 250 pL of lysis buffer (50 mM potassium phosphate buffer buffer pH 8.0,
500 mM NacCl, 1 mg/ml Hen Egg White Lysozyme (GoldBio), 0.2 mg/ml DNasel (GoldBio), 1 mM
MgCl2, 1 X BugBuster Protein extraction reagent (Novagen) and 400 uM PLP). The plates were
incubated for 1 h at 37 °C. The resulting lysate was spun down at 4,300xg for 20 min to pellet cell

debris and supernatants were transferred to a new 96-well deep-well plate.

15 mM of Biphenyl-4-carboxaldehyde (from a 500 mM stock solution in DMSQO) and 75
mM of Thr (from a 500 mM stock solution in water) were added to each well, followed by 50 mM
potassium phosphate, pH 8.0 buffer such that the total volume in the wells was 250 pL. The plates
were sealed with Teflon sealing mats, then incubated at 37 °C for 6 hours. After 6 hours, the
reactions were quenched with 250 uL of acetonitrile. Quenched reaction mixtures were filtered
using a filter plate to remove debris (by centrifugation at 4,300xg for 5 min) prior to UPLC-MS
injection. Relative activity and diastereomeric ratio were calculated by comparing the product UV-

vis absorbance peak areas at 254 nm (Azs4) to the Azss absorbance from the wt-ObiH wells.
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Chapter 3

Scalable and selective B-hydroxy amino acid synthesis catalyzed

by ObiH, a promiscuous L-threonine transaldolase

Content in this chapter is adapted from published work:

Doyon T*, Kumar P*, Thein S, Kim M, Stitgen A, Grieger AM, Madigan C, Willoughby PH, Buller
AR. “Scalable and selective B-hydroxy-a-amino acid synthesis catalyzed by promiscuous L-

threonine transaldolase ObiH”. ChemBioChem. 2021, 22.

*These authors contributed equally to this work

Synthesis of B-hydroxy amino acids and mechanistic studies of ObiH were done in collaboration
with Dr. Tyler Doyon. Prof. Patrick H. Willoughby and his undergraduate researchers at Ripon
college synthesized many of the aldehyde substrates and performed initial analytical scale

reactions with them.
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Chapter 3: Scalable and selective B-hydroxy amino acid synthesis catalyzed by ObiH, a
promiscuous L-threonine transaldolase

3. 1. Introduction

Enzymes can catalyze chemical transformations that are challenging to achieve using
small molecule methods, enabling efficient access to valuable molecules. The three-dimensional
architecture of enzyme active sites enables exquisite control over the positioning of reactants,
often leading to improved chemo-, site- and stereoselectivity profiles. As a result, a wide variety
of new biocatalytic methods have been developed in recent years that seek to resolve selectivity
challenges in complex molecule synthesis.? Functional group interconversions are the principle
class of organic transformations for which high quality biocatalytic routes have been successfully
developed.? In contrast, there are only a few biocatalytic methods for stereocontrolled C—C bond
formation.®* Novel biocatalytic approaches for C—C bond formation are highly desired as they
possess unique potential for streamlining the construction of molecular building blocks, natural

products, and pharmaceuticals in a sustainable fashion.®

We sought to develop ObiH as a C-C bond forming biocatalyst outside of its native
metabolic context. ObiH is a pyridoxal-5’-phosphate (PLP) dependent L-threonine transaldolase
(LTTA) responsible for the biosynthesis of 3-hydroxy-p-nitronomophenylalanine (3) en route to
obafluorin, a B-lactone antibiotic (Figure 1).5® ObiH catalyzes retro-aldol cleavage of L-threonine
(Thr) to form a large population of kinetically-trapped PLP quinonoid intermediate, E(Q®Y), in the
absence of an aldehyde (See section 2. 2. 1). Mechanistic analysis showed that, upon addition of
an aldehyde, E(Q®) rapidly reacts with the aldehyde through an aldol-like addition to form a new
side chain, setting the stereochemistry of the C3-OH group. The ability of ObiH to form a new C-
C bond while simultaneously setting the stereochemistry at both the carbon atoms is powerful. In
addition, ObiH was reported to have activity with non-native aldehydes to form B-hydroxy amino

acids.” We also observed reactivity with non-native aldehydes during the characterization of ObiH
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(See section 2. 2. 2). This reactivity of ObiH with non-native aldehydes, combined with its high

expression titer and stability over months at -80 °C, makes this enzyme a promising biocatalyst.®

OH O

/H/”\ + ObiH Q i
OH _———— +
PLP ‘)J\OH H
NH,
NH,
1 2 3 4

Figure 1. Native ObiH reaction. 3-hydroxy-p-nitro-homophenylalanine is synthesized from p-

nitrophenylacetaldehyde (orange) and Thr (black).

B-hydroxy amino acids are a medicinally valuable class of compounds found in several
natural products and pharmaceutical drugs (See section 1. 3)."° Existing enzymatic routes to
access B-hydroxy amino acids predominantly use threonine aldolases (TAs). TAs suffers from
poor diastereoselectivity profiles for non-native transformations.'"-'* These challenges have been
overcome in exceptional cases, either through intensive directed evolution or through the use of
diastereoselective crystallization. However, these routes are limited to one or a handful of
substrates before selectivity is compromised.'>'® Consequently, a scalable and generalizable

biocatalytic route for the selective synthesis of B-hydroxy amino acids has yet to be realized.

Unlike TAs, LTTAs natively synthesizes B-hydroxy amino acids and operate through a
slightly different mechanism.® Hence, LTTAs have been investigated as an alternative enzymatic
route to access B-hydroxy amino acids.'® Previous efforts to utilize LTTAs for synthetic purposes
focused on optimization of analytical scale reactions with electron-deficient aromatic aldehydes
using PsLTTA, an ObiH homolog, as the biocatalyst.’”'® Protein engineering was also employed
to increase reactivity with p-methylsulfonylbenzaldehyde (5) en route to the antibiotic

thiamphenicol.' Mirroring Nature’s approach, preparative scale LTTA transformations with this
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substrate were driven to high yield by coupling to a downstream enzymatic reduction of
acetaldehyde. This was followed by esterification to obtain ~250 mg of B-hydroxy-p-
methylsulfonylphenylalanine ethyl ester (7) at 45% vyield and 97.3% dr. (Figure 2)."” Apart from
this one example, the ability of PSLTTA as a biocatalyst for preparative scale reaction with other
aldehyde is unknown. Furthermore, this methodology used three enzymes for synthesizing the 3-
hydroxy amino acid and required an additional esterification step for isolation which makes this

strategy less appealing.

Step 1: Enzymatic reaction with PsLTTA, ADH and FDH

OH O (o] o
+ PsLTTA
/H/U\OH L UL S HLOH + )j\ co,
NH PLP NH, H
2 NADH
1 5 6
ADH FDH
Step 2: Esterification of reaction mixture Esterification .
NAD
OH
H HCOOH
(o]
o™
NH,

Figure 2. PsLTTA route to access fB-hydroxy amino acids. Thr and p-
methylsulfonylbenzaldehyde (orange) is used as substrate for the PSLTTA reaction. Acetaldehyde
elimination system (maroon) enhanced the B-hydroxy amino acid production. The free amino acid
was esterified before purification. ADH: Alcohol dehydrogenase, FDH: Formate dehydrogenase.

Route shown here developed by Xu et al.?°

For facile adoption by the synthetic community, an LTTA route to B-hydroxy amino acids

must be deployed in the most operationally simple fashion and the limitations of the aldehyde
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scope established. It has been previously observed that the diastereomeric ratio (dr) of the
products of LTTA reactions decrease through an unknown mechanism, confounding the
reproducibility of stereochemical outcomes.?' Furthermore, biocatalytic methods often yield
unprotected, hydrophilic products and demonstration of standardized methods for their isolation
and downstream manipulation further increase the attractiveness of an enzymatic route. Here, we
tackle these challenges and demonstrate how ObiH be efficiently prepared and utilized as an
effective catalyst for the synthesis of structurally diverse B-hydroxy amino acids from inexpensive

and readily available starting materials.
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3. 2. Results and Discussion
3. 2. 1. Optimization of ObiH whole cell reactions

We first attempted reactions using wet, whole E. coli cells that contained heterologously-
expressed N-His-ObiH as the biocatalyst. Biocatalytic transformations using whole cells have
been demonstrated as an economical and efficient route to access valuable molecules without
the need for time and resource-intensive enzyme purification procedures.??-?* Reaction condition
optimization experiments were performed by Dr. Tyler Doyon using p-chlorobenzaldehyde (8) as
a model substrate. Dr. Doyon found that ObiH was catalytically active in the whole cell format. A
cell loading of 1-2% wet whole cells and 4% (v/v) MeOH was sufficient to obtain high substrate
conversions (>90%) without excessive catalyst and with an easy-to-remove co-solvent. Cell
loadings of this magnitude are sufficiently low for process scale reactions and are often only
achieved through extensive protein engineering. We attribute this excellent reactivity of ObiH to

its high soluble expression in E. coli, boasting >200 mg protein per L culture.
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3. 2. 2. Analytical and preparative scale synthesis of B-hydroxy amino acids

With these conditions in hand, we next explored the limits of ObiH-catalyzed reactions by
probing the native substrate promiscuity of the catalyst, with the goal to selectively generate and
isolate a diverse array of synthetically and pharmaceutically valuable B-hydroxy amino acids.
Previous efforts with an ObiH homolog focused on the analytical scale synthesis of phenylserine
derivatives, with a single example of product isolation.'” To gain a more comprehensive view of
ObiH reactivity, we chose to perform analytical and preparative scale reactions and compare the
relative yields and observed selectivities. Under our standardized reaction conditions,
unprotected B-hydroxy amino acids with halogen functionalities were swiftly generated in high
yields on analytical scale, but with low to moderate diastereoselectivity as calculated by UPLC-
PDA-MS analysis after functionalization with Marfey’s reagent (Figure 3, 4). Analysis of analytical

scale reactions using Marfey’s reagent was performed by Dr. Doyon.
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Figure 3. Analytical scale ObiH reaction with 4-chlorobenzaldehyde analyzed via Marfey’s
analysis. UPLC traces at 340 nm and LC/MS traces of ESI M/Z 468.1 are shown above. Area

under the UV peaks for the major and the minor product were calculated to determine the

diastereomeric ratio of the products. Similar analyses were done for other aldehyde substrates.

These data were collected by Dr. Doyon.
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In comparison, preparative scale reactions with the same substrates delivered products
with enhanced diastereoselectivity, albeit with reduced yields. These data suggest that ObiH is
subject to a selectivity phenomenon observed with other LTTAs.?'25 Namely, an inverse
correlation has been noted between reaction yields and selectivity at C[3, resulting in a precipitous
drop in diastereoselectivity when reactions are run to high conversions. While there is a clear
tradeoff between conversion and diastereoselectivity for LTTA-catalyzed reactions, we have
demonstrated that a balance can be struck to deliver stereo-enriched products with a moderate
sacrifice in isolated yields. Notably, the enantioselectivity of these transformations is quite high

(>99% ee).

Phenylserine analogs generated under these conditions include m-bromo-phenylserine
(13) and gram scale reactions to produce p-bromo-phenylserine (14) and p-chloro-phenylserine
(9) (Figure 4). To unambiguously assign the absolute configuration of ObiH-generated product,
amino acid 9 was recrystallized and characterized by small-molecule X-ray diffraction. This
experiment confirmed that the major product of ObiH-catalyzed aldol addition was the (2S, 3R),
‘threo’ isomer, which matched the observed stereochemistry of the native product in obafluorin

biosynthesis.?6:2"

We considered a reaction with 4-fluoro-3-nitrobenzaldehyde which would yield an
intermediate in the recent total synthesis of vancomycin, a peptide antibiotic.?? However, the
highly electrophilic aldehyde starting material condensed with Thr, precluding effective entry into
the active site. A recent directed evolution campaign generated TAs that can catalyze a selective
aldol reaction with electron deficient benzaldehydes, and we were correspondingly less-motivated

to study this reaction further.
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Figure 4. Analytical and preparative-scale synthesis of B-hydroxy amino acids by ObiH.

Products purified by Dr. Doyon are shown in brown. Reactions were performed using 20 mM
aldehyde, 100 mM L-Thr, 50 mM Tris pH 8.5 and 2% ObiH wet whole cells, with 4% (v/v) MeOH

as co-solvent. Preparative scale reactions were incubated at 37 °C for 18 h before quench with 1

volume equivalent of MeCN, followed by freeze-thaw and centrifugation to remove cell debris.

Purification was achieved using a Biotage purification system via reverse-phase chromatography.

Yields are reported as isolated product mass after lyophilization. "H NMR hydration analysis was

used to correct yield values for excess water. Analytical scale product yields determined by UPLC-

PDA-MS following derivatization with Marfey’s reagent. *Reaction conducted on gram-scale.
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In addition to the variety of phenylserine analogs that were produced using this method,
we sought to generate 3-hydroxy amino acids which could be used directly in the synthesis of
natural products and pharmaceuticals. For example, B-hydroxytyrosine is an nsAA found in
several cyclic peptide natural products, including the antibiotic hypeptin.?° We initially attempted
to directly generate [B-hydroxytyrosine via an ObiH-catalyzed aldol reaction with 4-
hydroxybenzaldehyde, but observed no product formation. This lack of reactivity has been
mirrored in other TA systems, but no strategy to access these products has been put forth.'* We
reasoned that, because the pKa of the phenol is low relative to the pH of the reaction, the
predominant form in solution is the highly electron rich phenolate. Consequently, this molecule is
an intrinsically inert substrate for biocatalytic aldol reactions. We anticipated that protection of the
phenolic group on this substrate with an electron-withdrawing substituent would prevent ionization

and increase the electrophilicity of the benzaldehyde, enabling a productive catalytic reaction.

This hypothesis was confirmed in reactions with pivaloyl-protected 4-
hydroxybenzaldehyde, generating the pivaloyl B-hydroxytyrosine 18 in 25% vyield on milligram
scale. As was previously observed, diastereoselectivity was improved in comparison to analytical
scale conditions, owing to reduced yields in large scale reactions (Figure 4). This protection
strategy was also successful with a trifluoromethylsulfonyl protected aldehyde, delivering the
triflated B-hydroxytyrosine 19 in 22% yield. Through this simple substrate modification procedure,
we generated a pair of aldehydes that could undergo productive catalysis with ObiH, enabling
efficient and selective access to protected p-hydroxytyrosine. Furthermore, the protection as a
triflate provides a useful functional handle compatible for downstream diversification through

cross-coupling reactions.°

In parallel, Dr. Doyon purified several bulky, heterocyclic, and aliphatic amino acids at
modest yields (25 — 60%) and good diastereomeric ratios (>10:1 dr), and is described in detail in

Doyon et al (Figure 4, compounds colored in brown).3' Several of these amino acids such as 3-
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thienylserine (20) and pyridine-2-yl-serine (21) were previously inaccessible using TAs. The
success of ObiH in generating a variety of B-hydroxy amino acids is a significant advance, as
biocatalytic access to these motifs has generally been limited to a few examples of TAs with low

to moderate diastereoselectivities.

Previously, a two-step multi-enzyme chemoenzymatic route was developed to isolate
protected B-hydroxy amino acids using PSLTTA as the biocatalyst. The biocatalytic route reported
here also results in similar yields and diastereomeric ratios but uses only one enzyme. In addition,
we were able to successfully isolate B-hydroxy amino acids without any protecting groups. These
results demonstrate that ObiH-catalyzed aldol reactions offer a streamlined enzymatic route to

access diverse -hydroxy amino acids.
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3. 2. 3. Synthesis of a fluorescent B-hydroxy amino acid

Inspired by the success of ObiH in producing a variety of B-hydroxy amino acids, we
sought to challenge the enzyme with a large, fluorescent aldehyde derived from the valuable
probe molecule BODIPY.3? An initial whole cell ObiH reaction was performed on milligram scale
to generate BODIPY-containing B-hydroxy amino acid 28 (Figure 5a). BODIPY aldehyde 27
underwent productive catalysis with ObiH, generating amino acid 28 in poor yield (~1%). We
improved the yields by using purified ObiH, which afforded higher catalyst loadings, and by the
addition of 10% DMSO as co-solvent to increase the solubility of aldehyde 27. These changes
improved the yield to 7% with pristine diastereoselectivity (>20:1). While protein engineering
would be needed to further increase the reactivity of ObiH with this aldehyde, such efforts are
straightforward once initial activity is demonstrated, which we provide here. Fluorescence spectra
showed that product 28 exhibits characteristic fluorescence after excitation at 501 nm and

emission at 517 nm (Figure 5b).

We anticipate that this amino acid could be a valuable tool in chemical biology
applications. This reaction showcases the potential of ObiH to react with a range of aldehydes to
generate functional amino acid products. Despite some limitations in its native reactivity, we used
ObiH to generate numerous benzylic, heterocyclic and aliphatic B-hydroxy amino acids on
preparative scale. Together, these efforts demonstrate the native promiscuity of ObiH toward a
variety of inexpensive aldehydes, selectively producing important synthetic precursors in one
step. Additionally, this biocatalytic approach enables the use of Thr as an inexpensive substrate
without any pre-functionalization, which is a considerable advantage over previous synthetic

approaches.®
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Figure 5. ObiH-catalyzed synthesis of BODIPY-containing B-hydroxy amino acid. a)
Reactions were performed using 20 mM aldehyde, 125 mM L-Thr, 50 mM Tris pH 8.5 and 40
MM purified ObiH with 10% (v/v) DMSO as co-solvent. Reactions were incubated at 37 °C for 20
h before quenching with 1 volume equivalent of MeCN and centrifugation to remove protein
debris. Purification was achieved using a Biotage purification system via reverse-phase
chromatography. Yields are reported as isolated product mass after lyophilization. '"H NMR
hydration analysis was used to correct yield values for excess water. b) Absorbance and
emission spectra of 20 yM amino acid 28 dissolved in MeOH. ¢) Photo of 20 uM of amino acid
28 in MeOH under UV light.
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3. 2. 4. Product reentry erodes the diastereomeric ratio of the products

Observation of an inverse correlation between yield and diastereoselectivities in these
transformations spurred further mechanistic questions about this common phenomenon in
LTTAs. To characterize catalyst behavior throughout the reaction, we measured a time course of
the ObiH reaction with 4-chlorobenzaldehyde. This reaction yielded two well-resolved
diastereomers, enabling direct comparison (via UPLC) of the observed yield of p-chloro-
phenylserine product 9 and diastereomeric ratios for each timepoint. At early timepoints, the
diastereomeric excess was high, indicating that ObiH exhibits superb intrinsic diastereoselectivity.
Analysis of later time points showed a notable reduction in the diasteromeric excess of the product
9, particularly as yields increased beyond 50% (Figure 6). Based on our previous studies of the
mechanism of ObiH transaldolase activity,® we hypothesized that this drop in the diastereomeric
excess could be caused by the reversibility of the transaldolase reaction and product reentry into

the catalytic cycle.

OH o ObiH (40 pM) OH OH
Me/kr°°°H + /@J\H 5°Mr2gJ Efo/ff@/f;s' /@/’\rCOOH i COOH
NH, cl EX - NH, +c|m2
1 8 (2S, 3R)-9 (2S, 35)-9

100~

Yield (%)

(%) sso9oxa
olIBWoald)SeIq

Time (h)

Figure 6. A. Plot of diastereoselectivity of ObiH-catalyzed reaction with 4-chlorobenzaldehyde

versus conversion at varying timepoints.
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To demonstrate that product can reenter the catalytic cycle and generate glycyl-quinonoid
intermediate, Dr. Doyon performed a UV-vis experiment in which ObiH was mixed with p-chloro-
phenylserine (9). In this experiment, following the addition of 5 mM of amino acid 9, we observed
a shift from the internal aldimine:PLP signal (405 nm) to a new peak at 494 nm, corresponding to
stabilized glycyl-quinonoid intermediate 11 (Figure 7a).° This same intermediate was also
observed upon titration of ObiH with native transaldolase substrate Thr, suggesting that the 4-
chloro-phenylserine product can indeed reenter the catalytic cycle through retro-aldol cleavage.®
For direct evidence of product reentry leading to diastereomeric erosion, Dr. Doyon monitored an
ObiH reaction with p-chloro-phenylserine under turnover conditions in the presence of 4-
chlorobenzaldehyde 8 and observed a slow decrease in diastereomeric excess over time,
beginning with a de value of 82% and ending with a de of 64% after 18 h (Figure 7b). These
experiments confirm that ObiH product 9 can indeed reenter the catalytic cycle to produce an on-
cycle quinonoid intermediate and that this behavior leads directly to reduced diastereomeric
excess for ObiH products. These data are consistent with observations that high yielding reactions

with ObiH exhibit reduced diastereoselectivity for all tested substrates.

0.4+

90

0.3- — ObiH (20 pM)

__ ObiH (20 puM) +
4-Cl-phenylserine (5 mM)

80

70

60

Absorbance units
diastereomeric
excess (%)

50+ T T i | 1
0 1 2 3 4 16

Time (hours)

0.0 T T 1
300 400 500 600

Wavelength (nm)

Figure 7. ObiH product reenters the catalytic cycle. a) UV-visible spectrum following titration
of ObiH with 4-chloro-phenylserine demonstrating glycyl quinonoid formation (Amax = 494 nm). b)
ObiH-catalyzed racemization of diastereomerically-enriched 4-chloro-phenylserine. These data

were collected by Dr. Doyon.
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Based on these observations, we rationalized that product reentry leads to scrambling at
the B-position through iterative cycles of retro-aldol product cleavage, followed by the forward
aldol reaction with 4-chlorobenzaldehyde. Because the major isomer is at a higher concentration,
it will preferentially re-enter the active site and be broken down, only to be re-formed as a mixture
of threo and erythro isomers. In this way, the kinetically disfavored erythro isomer slowly
accumulates during as the diastereomeric ratio shifts towards an equilibrium ratio. Notably, the
stereochemistry at Ca is maintained within the limits of detection during all of the experiments

described here.

To probe the structural basis for the diastereoselectivity of ObiH, we turned to the recently
described structure at 1.66 A (PDB ID: 7K34).° This structure is of the internal aldimine state of
the enzyme and, despite extensive efforts, we were unable to determine a substrate-bound
structure under these conditions. We previously turned to molecular dynamics, which provided a
plausible structure of ObiH with Thr bound as the external aldimine.® Here, we considered how a
B-arene would fit into the active site and found that it was a highly constricted environment. Only
a single staggered rotamer could be formed without a significant steric clash with protein
backbone (Figure 8). While it is possible that some extensive conformational rearrangement
occurs upon substrate binding, these areas of contact were stable under the conditions of our
previous molecular dynamics simulations. We therefore hypothesize that the bulky substrates
described here bind in a single, common orientation extending towards Trp68, which is found on
a highly flexible loop (Figure 8). In this model the preferred, on-pathway, mode of binding delivers
the si-face of the electrophile to the E(Q®"Y) nucleophile and aldol addition gives rise to the threo

product.
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Figure 8. ObiH active site model with 4-chloro-phenylserine bound to PLP as the external
aldimine (EAex). The active site is at the dimer interface and individual monomers are colored in
light and dark grey. Active site residues are shown as sticks. The erythro isomer is colored salmon

and the threo isomer is colored cyan. Hydrogen bonds are shown as black dashes.
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3. 2. 5. Diversification of B-hydroxy amino acids

Finally, we aimed to demonstrate the utility of ObiH derived B-hydroxy amino acids as
precursors to aliphatic a-ketoacids (Figure 9). The phenylserine dehydratase from Ralstonia
pickettii was previously shown to react with a range of phenyl serine analogs.** Here we show
this scope can be extended beyond aromatic amino acids by developing a one-pot, telescoped
sequence for generating 4-methyl-2-oxopentanoic acid (31), an a-keto acid directly from Thr and
isobuyraldehyde.*® a-keto acid 31 was formed in 37% yield through this sequence. Such a-keto
acid products are highly desirable and have found use as intermediates in biocatalytic cascade
reactions, acylating agents in organic synthesis and as precursors for the synthesis of biofuels
and pharmaceuticals.**-3® Through this functionalization reaction, we have demonstrated how the

B-hydroxy amino acids could be derivatized to enable access to a library of compounds.

0
2o
'Pr” H
ObiH OH phenylserine COOH
/H/COOH whole cells COOH  dehydratase Y\ﬂ/
0

—_—
37 °C NH, 37°C,6h 31
250 RPM 30 37% yield
42% yield
gram scale

Figure 9. Downstream chemical modification of ObiH-generated B-hydroxyleucine. Analytic
scale reactions were performed in triplicates using 20 mM aldehyde, 100 mM L-Thr, 50 mM Tris
pH 8.5 and 1% ObiH wet whole cells, with 4% (v/v) MeOH as co-solvent at 37 °C incubator for 20
h. After centrifugation, supernatant was transferred to a new vial and 20 yM phenylserine
dehydratase was added and incubated at 37 °C incubator for 6 h. Reaction mixture was quenched
with ACN and analyzed through UPLC-MS analysis.
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3. 3. Conclusions

Here we have demonstrated the synthetic utility of ObiH for the diastereoselective
production of diverse and valuable B-hydroxy amino acids from inexpensive starting materials.
These molecules represent an important starting point for the synthesis of natural products and
pharmaceuticals, and can be probes for biological systems. We sought to efficiently generate a
variety of these materials through preparative-scale reactions using whole E. coli cells, including
several transformations on gram scale. We have characterized the native reactivity of ObiH
toward a panel of aldehydes, probing the abilities and limitations of ObiH-catalyzed aldolase
reactions. This substrate scope analysis was supported by detailed characterization of ObiH
diastereoselectivity and underpinning mechanistic implications of observed selectivity trends
under analytical and preparative scale conditions. Through these efforts, we have developed an
efficient route to accessing important organic building blocks, including downstream
functionalization reactions to directly synthesize a-keto acids. Based on the simplicity and
versatility of this reaction platform, we advance ObiH as a useful biocatalyst for selective C—C
bond formation and we anticipate that this enzyme will serve as a new and effective implement in

the organic chemist’s toolbox.
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3 .5. Materials and Methods

General Information: Chemicals and reagents were purchased from commercial suppliers
(Sigma-Aldrich, VWR, Chem-Impex International, Combi-blocks, Alfa Aesar, New England
Biolabs, Zymo Research, Bio-Rad) and used without further purification unless otherwise noted.
All small molecules were commercially available with exception of 4-OPiv-benzaldehyde and 4-
OTf-benzaldehyde, which were previously reported.®*®4° BL21 (DE3) E. coli cells were
electroporated with a Bio-Rad MicroPulser electroporator at 2500 V. New Brunswick 126R, 120
V/60 Hz shaker incubators (Eppendorf) were used for cell growth. Optical density and UV-vis
measurements were collected on a UV-2600 Shimadzu spectrophotometer (Shimadzu). UPLC-
MS data were collected on an Acquity UHPLC with an Acquity QDa MS detector (Waters) using
an ACQUITY UPLC CSH BEH C18 column (Waters) or an Intrada Amino Acid column (Imtakt).
Preparative flash chromatographic separations were performed on an lIsolera One Flash
Purification system (Biotage). 'H and '*C NMR spectra were recorded on a Bruker AVANCE llI-
500 MHz spectrometer equipped with a DCH cryoprobe or a Bruker AVANCE-400 MHz
spectrometer equipped with a BBFO probe. 'H chemical shifts are reported in ppm (3) relative to
the solvent resonance (i.e., HOD, & 4.79 ppm, 8 DMSO 2.50 ppm, or & MeOH 3.31 ppm). *C
NMR data were acquired with 'H decoupling and chemical shifts are reported in ppm (3) relative
to the solvent resonance (6 DMSO 39.52 ppm, & MeOD 49.00 ppm, & CD3sCN 1.32 ppm and
118.26 ppm). Data are reported as follows: chemical shift (multiplicity [singlet (s), doublet (d),
doublet of doublets (dd), multiplet (m)], coupling constants [Hz], integration). All NMR spectra

were recorded at ambient temperature (20-25 °C).
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Protein sequence of N-His-ObiH (Uniprot accession code: AOAT1X9LWZ7):

MGSSHHHHHHSSMSNVKQQTAQIVDWLSSTLGKDHQYREDSLSLTANENYPSALVRLTSGST
AGAFYHCSFPFEVPAGEWHFPEPGHMNAIADQVRDLGKTLIGAQAFDWRPNGGSTAEQALML
AACKPGEGFVHFAHRDGGHFALESLAQKMGIEIFHLPVNPTSLLIDVAKLDEMVRRNPHIRIVILD
QSFKLRWQPLAEIRSVLPDSCTLTYDMSHDGGLIMGGVFDSPLSCGADIVHGNTHKTIPGPQK
GYIGFKSAQHPLLVDTSLWVCPHLQSNCHAEQLPPMWVAFKEMELFGRDYAAQIVSNAKTLAR
HLHELGLDVTGESFGFTQTHQVHFAVGDLQKALDLCVNSLHAGGIRSTNIEIPGKPGVHGIRLG
VQAMTRRGMKEKDFEVVARFIADLYFKKTEPAKVAQQIKEFLQAFPLAPLAYSFDNYLDEELLA
AVYQGAQR

Protein sequence of N-His-PSDH (Phenylserine dehydratase; Uniprot accession code:
Q10725):

MGSSHHHHHHSSMTQLDTTTLPDLSAIAGLRARLKQWVRTTPVFDKTDFEPVPGTAVNFKLEL
LQASGTFKARGAFSNLLALDDDQRAAGVTCVSAGNHAVGVAYAAMRLGIPAKVVMIKTASPAR
VALCRQYGAEVVLAENGQTAFDTVHRIESEEGRFFVHPFNGYRTVLGTATLGHEWLEQAGALD
AVIVPIGGGGLMAGVSTAVKLLAPQCQVIGVEPEGADAMHRSFETGGPVKMGSMQSIADSLMA
PHTEQYSYELCRRNVDRLVKVSDDELRAAMRLLFDQLKLATEPACATATAALVGGLKAELAGK
RVGVLLCGTNTDAATFARHLGLG

Cloning and expression of ObiH

A codon-optimized copy of the ObiH gene was purchased as a gBlock from Integrated DNA
Technologies. This DNA fragment was inserted into a pET-28b(+) vector by the Gibson Assembly
method.*! BL21 (DE3) E. coli cells were subsequently transformed with the resulting cyclized DNA
product via electroporation. After 45 min of recovery in Luria-Burtani (LB) media containing 0.4%
glucose at 37 °C, cells were plated onto LB plates with 50 ug/mL kanamycin (Kan) and incubated
overnight. Single colonies were used to inoculate 5 mL LB + 50 ug/mL Kan, which were grown
overnight at 37 °C, 200 rpm. Expression cultures, typically 1 L of Terrific Broth (TB) + 50 pg/mL
Kan (TB-Kan), were inoculated from these starter cultures and shaken (180 rpm) at 37 °C. After

3 hours (ODsgo = ~0.6), the expression cultures were chilled on ice. After 30 min on ice, ObiH
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expression was induced with 0.5 mM IPTG, and the cultures were expressed for 16 hours at 20
°C with shaking at 180 rpm. Cells were then harvested by centrifugation at 4,300xg at 4 °C for 10
min. Cell pellets were pink in color and were used immediately for preparation of freeze-dried

cells. Cell pellets were frozen and stored at -20 °C if cells were used for protein purification.

Preparation of freeze-dried ObiH cells

Cell pellets were transferred into a 10 mL syringe and injected into liquid nitrogen to flash freeze
cells as thin ‘cell noodles’ which will facilitate easy weighing of the biocatalyst when setting up

reactions. The flash frozen cells were stored at -80 °C.

Collect cell pellet by Syringe cell pellet Weigh pellet and add Shake and incubate
centrifugation into liquid nitrogen to reaction mixture overnight at 37 °C

Photos courtesy of Dr. Tyler Doyon

Purification of ObiH

To purify ObiH, cell pellets were thawed on ice and then resuspended in lysis buffer (50 mM
potassium phosphate buffer buffer (pH 8.0), 500 mM NaCl, 1 mg/ml Hen Egg White Lysozyme
(GoldBio), 0.2 mg/ml DNasel (GoldBio), 1 mM MgCl, 1 X BugBuster Protein extraction reagent
(Novagen), and 400 yM pyridoxal 5-phosphate (PLP)). A volume of 4 mL of lysis buffer per gram
of wet cell pellet was used. After 45 min of shaking at 37 °C, the resulting lysate was then spun
down at 75,600xg to pellet cell debris. The pellet was colorless whereas the supernatant was pink

in color. Ni/NTA beads (GoldBio) were added to the supernatant and incubated on ice for 45 min
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prior to purification by Ni-affinity chromatography with a gravity column. The column was washed
with 5 column volumes of 20 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM potassium
phosphate buffer (pH 8.0). Washing with higher concentrations of imidazole resulted in slow
protein elution. ObiH was eluted with 250 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM
potassium phosphate buffer, pH 8.0. Elution of the desired protein product was monitored by the
disappearance of its bright red color (resulting from the release of ObiH) from the column. The
protein product was dialyzed to < 1 yM imidazole in 100 mM Tris buffer, pH 8.5 containing 2 mM
DTT. Purified enzyme was flash frozen in pellet form by pipetting enzyme dropwise into a
crystallization dish filled with liquid nitrogen. The enzyme was transferred to a plastic conical and
stored at -80 °C until further use. Frozen pellets were thawed at room temperature and centrifuged
before use. The concentration of protein was determined by Bradford assay using bovine serum
albumin for a standard concentration curve. Generally, this procedure yielded 200 — 250 mg per
L culture. Protein purity was analyzed by sodium dodecyl sulfate-polyacrylamide (SDS-PAGE)

gel electrophoresis using 12% polyacrylamide gels.

Cloning, expression, and purification of phenylserine dehydratase (PSDH)

A codon-optimized copy of the PSDH gene was purchased as a gBlock from Integrated DNA
Technologies. This DNA fragment was inserted into a pET-28b(+) vector by the Gibson Assembly
method.*' BL21 (DE3) E. coli cells were subsequently transformed with the resulting cyclized DNA
product via electroporation. After 45 min of recovery in Luria-Burtani (LB) media containing 0.4%
glucose at 37 °C, cells were plated onto LB plates with 50 ug/mL kanamycin (Kan) and incubated
overnight. Single colonies were used to inoculate 5 mL LB + 50 ug/mL Kan, which were grown
overnight at 37 °C, 200 rpm. Expression cultures, typically 1 L of Terrific Broth (TB) + 50 ug/mL
Kan (TB-Kan), were inoculated from these starter cultures and shaken (180 rpm) at 37 °C. After

3 hours (ODego = ~0.6), the expression cultures were chilled on ice. After 30 min on ice, PSDH
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expression was induced with 0.5 mM IPTG, and the cultures were expressed for 16 hours at 20
°C with shaking at 180 rpm. Cells were then harvested by centrifugation at 4,300xg at 4 °C for 10

min. Cell pellets were frozen and stored at -20 °C if cells were used for protein purification.

To purify PSDH, cell pellets were thawed on ice and then resuspended in lysis buffer (50 mM
potassium phosphate buffer buffer (pH 8.0), 500 mM NaCl, 1 mg/ml Hen Egg White Lysozyme
(GoldBio), 0.2 mg/ml DNasel (GoldBio), 1 mM MgCl, 1 X BugBuster Protein extraction reagent
(Novagen), and 400 yM pyridoxal 5-phosphate (PLP)). A volume of 4 mL of lysis buffer per gram
of wet cell pellet was used. After 45 min of shaking at 37 °C, the resulting lysate was then spun
down at 75,600xg to pellet cell debris. The pellet was colorless whereas the supernatant was
yellow in color. Ni/NTA beads (GoldBio) were added to the supernatant and incubated on ice for
45 min prior to purification by Ni-affinity chromatography with a gravity column. The column was
washed with 5 column volumes of 20 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM
potassium phosphate buffer (pH 8.0). PSDH was eluted with 250 mM imidazole, 500 mM NaCl,
10% glycerol, 50 mM potassium phosphate buffer, pH 8.0. Elution of the desired protein product
was monitored by the disappearance of its bright yellow color (resulting from the release of PSDH)
from the column. The protein product was dialyzed to < 1 uM imidazole in 100 mM Tris buffer, pH
8.5 containing 2 mM DTT. Purified enzyme was flash frozen in pellet form by pipetting enzyme
dropwise into a crystallization dish filled with liquid nitrogen. The enzyme was transferred to a
plastic conical and stored at -80 °C until further use. Frozen pellets were thawed at room
temperature and centrifuged before use. The concentration of protein was determined by Bradford
assay using bovine serum albumin for a standard concentration curve. Generally, this procedure
yielded 125 — 150 mg per L culture. Protein purity was analyzed by sodium dodecyl sulfate-

polyacrylamide (SDS-PAGE) gel electrophoresis using 12% polyacrylamide gels.
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Preparation of phototreated ObiH

ObiH stock solutions (150 — 400 uM) or diluted samples in quartz cuvettes were placed on ice
directly under an 8 Watt, green LED bulb for 10 min. The protein solutions were subsequently
kept on ice or in the UV-spectrophotometer for 45 min, followed by a second round of green light

treatment for 10 minutes which ensured complete abolishment of the 515 nm band.

Kinetics and UV-Vis Spectroscopy

Data were collected between 600 and 250 nm on a UV-2600 Shimadzu spectrophotometer
(Shimadzu) with a semi-micro quartz cuvette (Starna Cells) at 25 °C (unless stated otherwise).
ObiH stock solutions were diluted to 20 uM in 100 mM Tris-HCI, pH 8.5 and phototreated. To

monitor product reentry, 20 yM ObiH samples were prepared in 100 mM Tris-HCI, pH 8.5 and

phototreated. Stocks of 4-chlorophenylserine were prepared in at 100 mM concentration.
Products were added to a final concentration of 5 mM and spectra were gathered after a two-

minute incubation period at 30 °C.
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Biocatalytic reaction conditions and products
Stock solutions: Stock solutions of each aldehyde (500 mM) were prepared by dissolving the
substrate in MeOH or DMSO (analytical grade). 500 mM L-threonine (Thr) stock solutions were

prepared in 100 mM Tris pH 8.5. Aliquots of purified ObiH were stored at -80 °C.

Calculation of UPLC yield using Marfey’s Derivatization

General Procedure: All reactions were done in duplicate on analytical scale (50 [IL). Stocks of
Thr were made in 50 mM Tris pH 8.5 and aldehydes were prepared in MeOH. All samples were
analyzed following Marfey’s derivatization by Waters Acquity UPLC-PDA-MS using a BEH C18
column (Waters). Derivatized amino acid product quantitation was performed by PDA analysis,
integrating the area under the product curve and correcting by dividing by the internal standard
(tryptamine) peak area. To calculate product concentrations, a standard curve was generated by
subjecting stock solutions of L-Phe in buffer using the identical procedure used to process and
derivatize enzymatic reaction solutions, in duplicate. These curves were used to calculate the

concentrations of B-hydroxy-a-amino acid product in solution.

General Marfey’s Procedure: A Marfey’s derivatization reaction was performed to assess UPLC
yield of all the compounds in the substrate scope. In a microcentrifuge tube, 25 [IL of quenched
reaction mix (1 equiv., 1.0 mM final total amines from unreacted Thr and formed and B-hydroxy-
a-amino acid product) was added to a solution of 125 (1L of 15 mM NaHCOs (10 equiv., 5 mM
final concentration) followed by addition of 150 yL 10 mM L-FDAA dissolved in ACN (4 equiv., 5
mM final concentration) to bring the total reaction volume to 300 (/L. Each reaction was placed
in a dark 37 [1C incubator for 12 h, then quenched with 300 uL of 1:1 ACN:60 mM HCI (15 mM

post-quench) before analyzing by UPLC-MS.
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General procedure for whole cell biocatalytic reactions

A 500 mL glass bottle was charged with 100 mM Tris buffer (pH 8.5) and Methanol (4% v/v).
Then, the corresponding aldehyde (1 equiv., 20 mM final concentration) and Thr (5.0 equiv., 100
mM final concentration) were added to the solution. Water was added to adjust the final reagent
concentration to the appropriate amounts. The reaction was initiated upon the addition of freeze-
dried E. coli cells harboring expressed ObiH (10-20 mg/mL, 1-2% w/v). Reaction vessel was
placed in the shaking incubator at 37 °C for 20 h. Product formation was monitored by UPLC-MS.
After reaction completion, the reaction mixture was quenched with an equivalent volume of
acetonitrile (ACN) and centrifuged (4,300xg, 15 min) to remove aggregated protein. Supernatant
was transferred to a clean beaker and pellets were resuspended with 1 equivalent volume of ACN,
centrifuged and supernatant collected. The decanted supernatant was then concentrated to ~10
mL by rotary evaporation and loaded onto a preparative reverse-phase C18 column pre-
equilibrated with water. Purification was performed via gradient elution on an Isolera One Flash
Purification system (Biotage). Fractions bearing product (confirmed by UPLC-MS sampling of
fraction tubes) were pooled and dried by rotary evaporation. The product was then resuspended

in @ minimal quantity of water, transferred to a pre-weighed 20 mL vial, frozen, and lyophilized.

Analytical Scale Biocatalytic Reactions

Time course of ObiH reaction

Reactions were done in duplicate on analytical scale (250 L) for each time point. Stocks of Thr
were made in 50 mM Tris pH 8.5 and 4-chlorobenzaldhyde in MeOH. 0.5-dram glass vials were
charged with 50.0 pyL of 500 mM Thr, 10.0 pL of 500 mM 4-chlorobenzaldhyde, 2.5 uL of 20 mM
PLP and 162.9 uL of 50 mM Tris pH:8.5. Reactions were initiated by the addition of 24.6 uL of
400 yM of purified ObiH (Final concentrations: 100 mM Thr, 25 pmol; 20 mM 4-

chlorobenzaldhyde, 5 pymol; 40 uM ObiH, 0.2 mol% cat., 500 max TON; 20 uM PLP; 4%
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Methanol). Reactions were allowed to proceed in a 37 °C incubator for 0.02 h, 0.08 h, 0.25 h, 0.5
h,0.75h,1h,1.5h,2h,3h,4h,6hand 20 h prior to quenching with 250 uL ACN with 2.5 mM
benzophenone as the internal standard. Quenched reactions were then centrifuged at 15,000 xg
to remove aggregated protein, and 1:10 dilution of the quenched reaction mixture in water were
made. Quantification was performed by UPLC-MS analysis on a BEH C18 column (Waters).
Measurement of internal standard and product concentrations was done by measurement of the
corresponding 254 nm UV peak areas and using positive mode single ion readout for the M+H
mass peak. Variability in injection volumes were corrected by dividing peak areas by the observed
internal standard peak area for each injection. To calculate product concentrations, a standard
curve was generated by subjecting stock solutions of 9 (4-chlorobenzaldehyde product) (0.05 mM
— 1 mM) to UPLC-MS analysis in triplicate, with internal standards. These curves were used to
calculate the concentrations of both the threo and erythron isomer of 9, and subsequently yields
after dilution factor correction. Note: We observed significant stochasticity with respect to the
stability of ObiH in solution over time between replicates. Consequently, when ObiH precipitated
from solution, the diastereomeric excess ceased to change, resulting in larger apparent errors in
results. Nevertheless, repetition always resulted in the same trend: As vyields increased,

diastereomeric excess decreased.

Hydration State NMR Experiments

Two 0.75 mL ampules of DMSO-ds were opened and combined in a 1-dram glass vial. Two 700
ML aliquots of appropriate solvent were added to a 0.5-dram glass vial containing product and a
blank 0.5 dram glass vial, respectively. After the product dissolved fully, 700 pL of the product
and blank solution were transferred to two oven dried NMR tubes. NMR spectra were acquired
on either a Bruker Avance-400 or 500 MHz magnet, both equipped with a BBFO probe. T1

measurements were made on representative product containing solutions using a standard
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inversion recovery pulse sequence, and subsequent experiment relaxation delays (60 s for
DMSO-ds samples) were set to 25x the maximum measured T1 value to ensure reestablishment
of equilibrium magnetism. For hydration state quantification, a standard '*C-decoupled 'H pulse
sequence was used. Initially, the product-containing NMR sample was inserted into the NMR
spectrometer and analyzed. For the blank sample, the same receiver gain value measured for
the product-containing sample was used. The water content contributed by the dissolved product
was measured by subtracting the blank spectra water peak integration from the product-
containing sample water peak integration and comparing the resulting value to peaks with

assigned proton counts from the product.
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Biocatalytic reaction products and synthetic procedures

(2S,3R)- 2-amino-3-(4-chlorophenyl)-3-hydroxypropanoic acid (9)

OH

/@/v\rCOOH
NH
cl 2

9

Thr (2977.5 mg, 25.00 mmol, 100 mM final conc.), p-chloro-benzaldehyde (700 mg, 5.0 mmol, 20
mM final conc.), 10.00 mL MeOH (4% v/v), and 240.0 mL 100 mM Tris-HCI, pH 8.5 buffer were
added to a 0.5 L glass bottle with a sealable lid. Whole E. coli cells containing overexpressed
wild-type ObiH were added to a final concentration of 10 mg/mL (1% w/v). The total reaction
volume was 250 mL. The reaction mixture was incubated at 37 °C for 18 h while shaking at 250
rom to ensure thorough mixing. The reaction mixture was then quenched by the addition of 1
volume equivalent of acetonitrile, followed by freeze-thaw to improve material recovery from cells.
The thawed mixture was transferred to 50 mL conical vials and centrifuged at 4,300xg for 10
minutes to pellet insoluble whole cells. The supernatant was transferred to a 1.0 L round bottom
flask and concentrated by rotary evaporation. For purification, the resulting reaction mixture was
loaded onto a Biotage SNAP Ultra 30g C18 column and purified on a Biotage flash purification
system using a water/methanol gradient. Fractions were analyzed by UPLC-MS to identify product
containing fractions. All product containing fractions from both rounds of purification were then
pooled, concentrated by rotary evaporation, and dried via lyophilization, yielding a white solid
(680.7 mg isolated). Hydration analysis: CoH1oCINO3°0.5H,0, 61% yield. '"H NMR (400 MHz,
MeOD) ) 6 7.51 — 7.45 (m, 2H), 7.42 - 7.36 (m, 2H), 5.22 (d, J = 3.8 Hz, 1H), 3.60 (d, J = 3.8 Hz,
1H); *C{'H} NMR (125 MHz, MeOD) & 172.45, 140.31, 133.03, 130.50, 71.18, 62.09, 62.08,

61.09, 58.27; HR-ESI-MS: m/z calcd for C13H13NO3 [M-H]: 214.0276, found: 214.0276.
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(2S,3R)- 2-amino-3-(3-bromophenyl)-3-hydroxypropanoic acid (13)

OH

Br COOH
NH,

13

Thr (595.6 mg, 5.00 mmol, 100 mM final conc.), m-bromo-benzaldehyde (184 mg, 1.0 mmol, 20
mM final conc.), 2.00 mL MeOH (4% v/v), and 48.0 mL 100 mM Tris-HCI, pH 8.5 buffer were
added to a 0.5 L glass bottle with a sealable lid. Whole E. coli cells containing overexpressed
wild-type ObiH were added to a final concentration of 10 mg/mL (1% w/v). The total reaction
volume was 50 mL. The reaction mixture was incubated at 37 °C for 18 h while shaking at 250
rpm to ensure thorough mixing. The reaction mixture was then quenched by the addition of 1
volume equivalent of acetonitrile, followed by freeze-thaw to improve material recovery from cells.
The thawed mixture was transferred to 50 mL conical vials and centrifuged at 4,300xg for 10
minutes to pellet insoluble whole cells. The supernatant was transferred to a 1.0 L round bottom
flask and concentrated by rotary evaporation. For purification, the resulting reaction mixture was
loaded onto a Biotage SNAP Ultra 30g C18 column and purified on a Biotage flash purification
system using a water/methanol gradient. Fractions were analyzed by UPLC-MS to identify product
containing fractions. All product containing fractions from both rounds of purification were then
pooled, concentrated by rotary evaporation, and dried via lyophilization, yielding a white solid
(93.6 mg isolated). Hydration analysis: CoH10BrNO3*H,0, 34% yield. '"H NMR (400 MHz, MeOD)
67.72(d, J=2.0Hz, 1H), 7.47 (dt, J = 7.7, 2.0 Hz, 2H), 7.31 (t, J = 7.8 Hz, 1H), 5.26 (d, J = 3.4
Hz, 1H), 3.64 (d, J = 3.5 Hz, 1H); 3C{'H} NMR (125 MHz, MeOD) & 171.77, 144.14, 130.43,
129.93, 128.91, 124.67, 122.25, 70.72, 61.70, 60.93, 58.74; HR-ESI-MS: m/z calcd for C13H13NO3

[M-H]: 257.9771, found: 257.9771.
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(2S,3R)- 2-amino-3-(4-bromophenyl)-3-hydroxypropanoic acid (14)

OH

/©/'\‘/COOH
NH
Br 2

14

Thr (2977.5 mg, 25.00 mmol, 100 mM final conc.), p-bromo-benzaldehyde (920 mg, 5.0 mmol, 20
mM final conc.), 2.00 mL MeOH (4% v/v), and 48.0 mL 100 mM Tris-HCI, pH 8.5 buffer were
added to a 0.5 L glass bottle with a sealable lid. Whole E. coli cells containing overexpressed
wild-type ObiH were added to a final concentration of 10 mg/mL (1% wi/v). The total reaction
volume was 250 mL. The reaction mixture was incubated at 37 °C for 18 h while shaking at 250
rom to ensure thorough mixing. The reaction mixture was then quenched by the addition of 1
volume equivalent of acetonitrile, followed by freeze-thaw to improve material recovery from cells.
The thawed mixture was transferred to 50 mL conical vials and centrifuged at 4,300xg for 10
minutes to pellet insoluble whole cells. The supernatant was transferred to a 1.0 L round bottom
flask and concentrated by rotary evaporation. For purification, the resulting reaction mixture was
loaded onto a Biotage SNAP Ultra 30g C18 column and purified on a Biotage flash purification
system using a water/methanol gradient. Fractions were analyzed by UPLC-MS to identify product
containing fractions. All product containing fractions from both rounds of purification were then
pooled, concentrated by rotary evaporation, and dried via lyophilization, yielding a white solid
(777.9 mg isolated). Hydration analysis: CoH1oBrNO3+0.5H.0, 58% yield. '"H NMR (400 MHz,
MeOD) & 7.60 — 7.51 (m, 2H), 7.47 — 7.39 (m, 2H), 5.22 (d, J = 3.7 Hz, 1H), 3.62 (d, J = 3.8 Hz,
1H); *C{'H} NMR (125 MHz, MeOD) & 171.91, 140.71, 131.17, 127.81, 121.09, 70.96, 61.83,

60.98, 58.58; HR-ESI-MS: m/z calcd for C13H13NO3 [M-H]: 257.9771, found: 257.9771.
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2-amino-3-hydroxy-3-(4-(pivaloyloxy)phenyl)propanoic acid (18)

OH

COOH
Sou:
NH
S :

18

Thr (595.6 mg, 5.00 mmol, 100 mM final conc.), 4-OPiv-benzaldehyde (184 mg, 1.0 mmol, 20 mM
final conc.), 2.00 mL MeOH (4% v/v), and 48.0 mL 100 mM Tris-HCI, pH 8.5 buffer were added
to a 0.5 L glass bottle with a sealable lid. Whole E. coli cells containing overexpressed wild-type
ObiH were added to a final concentration of 10 mg/mL (1% w/v). The total reaction volume was
50 mL. The reaction mixture was incubated at 37 °C for 18 h while shaking at 220 rpm to ensure
thorough mixing. The reaction mixture was then quenched by the addition of 1 volume equivalent
of acetonitrile, followed by freeze-thaw to improve material recovery from cells. The thawed
mixture was transferred to 50 mL conical vials and centrifuged at 4,300xg for 10 minutes to pellet
insoluble whole cells. The supernatant was transferred to a 1.0 L round bottom flask and
concentrated by rotary evaporation. For purification, the resulting reaction mixture was loaded
onto a Biotage SNAP Ultra 30g C18 column and purified on a Biotage flash purification system
using a water/methanol gradient. Fractions were analyzed by UPLC-MS to identify product
containing fractions. All product containing fractions from both rounds of purification were then
pooled, concentrated by rotary evaporation, and dried via lyophilization, yielding a white solid
(75.8 mg isolated). Hydration analysis: C14sH1sNOs.H,0, 25% yield. '"H NMR (400 MHz, MeOD)
6 7.61 —7.47 (m, 2H), 7.08 (d, J = 8.6 Hz, 2H), 5.35 (s, OH), 3.73 — 3.62 (m, 1H), 1.35 (s, 9H);
BC{'H} NMR (125 MHz, MeOD) 5 177.63, 171.15, 150.69, 138.87, 126.85, 121.38, 114.93, 70.38,

61.05, 38.68, 26.05; HR-ESI-MS: m/z calcd for C13H13NO3 [M-H]: 280.1190, found: 280.1190.
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2-amino-3-hydroxy-3-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)propanoic acid (19)

OH

COOH
9 /©/'\r
_S. NH,
F,C"1u "0
0

19

Thr (595.6 mg, 5.00 mmol, 100 mM final conc.), 4-OTf-benzaldehyde (254 mg, 1.0 mmol, 20 mM
final conc.), 2.00 mL MeOH (4% v/v), and 48.0 mL 100 mM Tris-HCI, pH 8.5 buffer were added
to a 0.5 L glass bottle with a sealable lid. Whole E. coli cells containing overexpressed wild-type
ObiH were added to a final concentration of 10 mg/mL (1% w/v). The total reaction volume was
50 mL. The reaction mixture was incubated at 37 °C for 18 h while shaking at 250 rpm to ensure
thorough mixing. The reaction mixture was then quenched by the addition of 1 volume equivalent
of acetonitrile, followed by freeze-thaw to improve material recovery from cells. The thawed
mixture was transferred to 50 mL conical vials and centrifuged at 4,300xg for 10 minutes to pellet
insoluble whole cells. The supernatant was transferred to a 1.0 L round bottom flask and
concentrated by rotary evaporation. For purification, the resulting reaction mixture was loaded
onto a Biotage SNAP Ultra 30g C18 column and purified on a Biotage flash purification system
using a water/methanol gradient. Fractions were analyzed by UPLC-MS to identify product
containing fractions. All product containing fractions from both rounds of purification were then
pooled, concentrated by rotary evaporation, and dried via lyophilization, yielding a white solid
(75.1 mg isolated). Hydration analysis: C1oH1oF3sNOsS.H.0, 22% yield. '"H NMR (400 MHz,
MeOD) & 7.72 — 7.64 (m, 2H), 7.44 — 7.36 (m, 2H), 5.34 (d, J = 3.6 Hz, 1H), 3.69 (d, J = 3.7 Hz,
1H); *C{'H} NMR (125 MHz, MeOD) & 171.11, 149.09, 142.35, 128.82, 128.05, 121.09, 120.82,
120.05, 117.51, 70.51, 70.39, 60.84; HR-ESI-MS: m/z calcd for C13H13NO3 [M-H]: 328.0108,

found: 328.0109.
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(2S,3R)-2-amino-3-(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-10-yl)phenyl)-3-hydroxypropanoic acid (28)

Thr (1116.6 mg, 9.37 mmol, 125 mM final conc.), Bodipy-aldehyde (258 mg, 1.5 mmol, 20 mM
final conc.), 7.50 mL DMSO (10% v/v), and 59.6 mL 100 mM Tris-HCI, pH 8.5 buffer were added
to a 0.5 L glass bottle with a sealable lid. 10 molar equivalents of pyridoxal-5’-phosphate (PLP)
relative to final ObiH concentration were then added, followed by addition of ObiH (7.5 mL of 400
MM ObiH, 0.2% mol cat). The total reaction volume was 75 mL. The reaction flask was placed in
the dark at 37 °C for 20 h. After reaction completion, the reaction mixture was quenched with an
equivalent volume of acetonitrile (ACN) and centrifuged (4,000 rpm, 10 min) to remove
aggregated protein. The decanted supernatant was transferred to a 1.0 L round bottom flask and
concentrated by rotary evaporation. For purification, the resulting reaction mixture was loaded
onto a Biotage SNAP Ultra 30g C18 column and purified on a Biotage flash purification system
using a water/methanol gradient. Fractions were analyzed by UPLC-MS to identify product
containing fractions. All product containing fractions were pooled, concentrated by rotary
evaporation, and dried via lyophilization, yielding a red solid (46.0 mg isolated). Hydration
analysis: C»H24BF2N303°0.25H,0, 7% yield. 'TH NMR (400 MHz, MeOD) & 7.67 (d, J = 7.9 Hz,
2H), 7.34 (d, J = 7.9 Hz, 2H), 6.06 (s, 2H), 5.26 (d, J = 4.7 Hz, 1H), 3.70 (d, J = 4.7 Hz, 1H), 2.49
(s, 6H), 1.44 (s, 6H); *C{'H} NMR (125 MHz, MeOD) 5 172.15, 156.66, 144.83, 144.06, 143.35,

135.81, 132.64, 129.42, 128.43, 122.19, 72.61, 62.53, 61.21, 14.97, 14.53; "*F{"H} NMR (400
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MHz, MeOD) & 147.13 (dd, J = 64.9, 32.2 Hz). HR-ESI-MS: m/z calcd for CisH1sNOs [M-HJ:

426.1810, found: 426.1812.

Functionalization of ObiH-generated B-hydroxy amino acid

4-methyl-2-oxopentanoic acid (31)

ObiH whole cells
OH 37 °C, 250 rpm OH phenylserine

/erOOH shaking WCOOH dehydratase \l/\n/COOH
—_—
NH, 0 NH, 37°C,6h o
ip )LH 29 31
' 30 37% yield (UPLC)

Reactions were done in triplicate on analytical scale (250 pL). Stocks of Thr were made
in 50 mM Tris pH 8.5 and Isobutyraldehyde in MeOH. 0.5-dram glass vials were charged
with 50.0 pL of 500 mM Thr, 10.0 pL of 500 mM Isobutyraldehyde, 2.5 pL of 20 mM PLP
and 153.4 uL of 50 mM Tris pH:8.5. Reactions were initiated by the addition of 25.0 yL of
10% whole E. coli cells containing overexpressed wild-type ObiH (Final concentrations:
100 mM Thr, 25 ymol; 20 mM Isobutyraldehyde, 5 pmol; 1% ObiH cells, 200 uM PLP; 4%
Methanol). Reactions were allowed to proceed in a 37 °C incubator for 20 h and then
centrifuged to remove cells. The supernatant was transferred to a new 0.5-dram glass
vial and 9.1 pL of 550 uM phenylserine dehydratase (PSDH) was added and dehydration
reactions were allowed to proceed in a 37 °C incubator for 6 h (Final concentration: 20
MM PSDH, 0.1 mol% cat., 1000 max TON). Reaction mixture was quenched with 250 uL
ACN with 2.5 mM benzophenone as the internal standard. Quenched reactions were then
centrifuged at 15,000 xg to remove aggregated protein, amount of 38 were quantified by
performing UPLC-MS analysis of the undiluted supernatant on a BEH C18 column

(Waters). Measurement of internal standard and product concentrations was done by
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measurement of the corresponding 254 nm UV peak areas and using negative mode
single ion readout for the M-H mass peak. Variability in injection volumes were corrected
by dividing peak areas by the observed internal standard peak area for each injection. To
calculate product concentrations, a standard curve was generated by subjecting stock
solutions of 38 (1 mM — 5 mM; 38 was purchased from from Sigma-Aldrich) to UPLC-MS
analysis similar to enzymatic reaction, in triplicate, with internal standards. These curves

were used to calculate the concentrations of 38, and subsequently yields.
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Small molecule crystallography

Data Collection

A colorless crystal with approximate dimensions 0.30 x 0.20 x 0.20 mm? was selected under oil
under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The crystal was
mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a video
camera. The crystal evaluation and data collection were performed on a Bruker D8 VENTURE
Photonlll four-circle diffractometer with Cu Ka (A = 1.54178 A) radiation and the detector to crystal
distance of 4.0 cm. The initial cell constants were obtained from a 180° ¢ scan conducted at a 26
= 50° angle with the exposure time of 1 second per frame. The reflections were successfully
indexed by an automated indexing routine built in the APEX3 program. The final cell constants
were calculated from a set of 9890 strong reflections from the actual data collection. The data
were collected by using the full sphere data collection routine to survey the reciprocal space to
the extent of a full sphere to a resolution of 0.80 A. A total of 25108 data were harvested by
collecting 23 sets of frames with 0.5—1.0° scans in w and ¢ with an exposure time 0.5-3 sec per
frame. These highly redundant datasets were corrected for Lorentz and polarization effects. The
absorption correction was based on fitting a function to the empirical transmission surface as

sampled by multiple equivalent measurements.*?

Structure Solution and Refinement

The systematic absences in the diffraction data were uniquely consistent for the space group
P2:2121 that yielded chemically reasonable and computationally stable results of refinement. A
successful solution by the direct methods provided most non-hydrogen atoms from the E-map.
The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles
and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement
coefficients. All hydrogen atoms not participating in hydrogen-bonding interactions were included

in the structure factor calculation at idealized positions and were allowed to ride on the
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neighboring atoms with relative isotropic displacement coefficients. There is also one molecule of
solvent water in the asymmetric unit. The absolute configuration of the 2-amino-3-(4-
chlorophenyl)-3-hydroxypropanoic acid was unequivocally established by anomalous
dispersion effects: C2 — S, C3 — R. The crystal chosen for the experiment proved to be an
inversion twin with the minor component contribution of 5(2)%. The final least-squares refinement
of 155 parameters against 2298 data resulted in residuals R (based on F2 for I220) and wR (based
on F2 for all data) of 0.0316 and 0.0898, respectively. The final difference Fourier map was

featureless. Data collected and model constructed by Dr. llia Guzei.

Summary

Crystal Data for CgH1,CINO4 (M=233.65 g/mol): orthorhombic, space group P212:24 (no. 19), a
=5.5401(5) A, b =6.3588(7) A, c = 30.308(3) A, V = 1067.72(19) A3, Z= 4, T = 100.0 K, y(CuKa)
= 3.164 mm™', Deaic = 1.453 g/cm?, 25108 reflections measured (5.832° < 20 < 158.884°), 2298
unique (Rint = 0.0478, Rsigma = 0.0206) which were used in all calculations. The final Ry was 0.0316

(1> 20(l)) and wR> was 0.0898 (all data).
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Chapter 4

Expanding the substrate scope of C-C bond forming L-threonine

transaldolase through directed evolution

ObiH library screening and validation of hits were done in collaboration with Sam Bruffy.

Optimization of colorimetric assay were done in collaboration with Grace Carlson and Sam Bruffy.
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Chapter 4: Expanding the substrate scope of C-C bond forming L-threonine transaldolase
through directed evolution

4. 1. Introduction

Synthetic methods have the highest biomedical impact when they operate on diverse
substrates to rapidly build molecular complexity.! Enzymes have a profound potential to contribute
to green chemical synthesis.? However, their poor substrate scope often limits their synthetic
utility.® Hence, enzymes that catalyze transformation on a range of substrates are highly desired,
a property referred to as substrate promiscuity. Few enzymes, such as lipases and
ketoreductases, perform transformations on a range of diverse substrates, which led to their
widespread industrial use.* Discovery and characterization of promiscuous enzymes will increase
the adoption of enzymes by the synthetic community. To this end, we have performed detailed
structural and mechanistic characterization of ObiH, a promiscuous L-threonine transaldolase
(Chapter 2).° Then, we demonstrated the synthetic utility of ObiH for the diastereoselective
production of diverse valuable B-hydroxy amino acids from inexpensive starting materials

(Chapter 3).6

Researchers often desire biocatalysts to perform a reaction that is not found in Nature.” In
these cases, a common strategy is to first search for an enzyme that performs the desired reaction
and has low levels of activity with the desired non-native substrate. Once an appropriate starting
point is found, activity can be readily increased through traditional directed evolution.® This
strategy mimics the divergent evolution that occurs in Nature and has been used by
pharmaceutical companies for dozens of large-scale processes, such as the synthesis of
sitagliptin and islatrarvir.®'° Despite the immense progress in the field of biocatalysis, there are

still many desirable transformations that no enzyme is known to catalyze.”

We have shown that ObiH natively has reactivity with structurally diverse aromatic,

heterocyclic, and aliphatic aldehydes to generate a palette of 3-hydroxy amino acids (See section
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3. 2. 2). This reactivity is enabled by the kinetically-trapped PLP quinonoid intermediate, E(Q®Y)
(See section 2. 2. 1). We hypothesized that the nucleophilic E(Q®Y) could react with non-aldehyde
electrophiles, enabling access to novel amino acids. Here, we describe our ongoing efforts to
evaluate and engineer ObiH for reactivity with non-aldehyde electrophiles towards our ultimate
goal of developing ObiH as a general enzymatic route for stereoselective C-C bond formation

reaction.
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4. 2. Results and Discussion
4. 2. 1. ObiH reacts with ketones to form quaternary B-hydroxy amino acids

To evaluate the reactivity of ObiH with non-aldehyde electrophiles, we performed
analytical scale enzymatic reactions with a small panel of diverse electorophiles (Figure 1). These
reactions were analyzed using UPLC-MS, and we found that ObiH had a low level of activity with
two ketones: p-nitroacetophenone (1) and 1,1,1-trifluoro-3-phenyl-propan-2-one (2). In contrast,
we did not see any evidence of product formation with Claisen substrates and Michael acceptors.
Among the two ketones, the electron-deficient ketone 2 had much higher reactivity than p-
nitroacetophenone, suggesting that electrophilicity is a key property of the substrate that
determines reactivity. Michael acceptors chosen here are more reactive than ketones 1 and 2, as
determined by Mayr electrophilicity measurements.'" However, they did not result in a productive
catalysis. Together, these data suggest that ObiH possibly uses certain structural features of the

electrophile to select them for stereoselective C-C bond formation.

(o}
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Figure 1. Evaluation of reactivity of ObiH with non-aldehyde electrophiles. Only the ketone
substrates shown in green had reactivity with ObiH. Data for non-ketone substrates were collected

by Sam Bruffy.
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We are currently pursuing preparative scale reactions with the ketones to isolate the
tertiary B-hydroxy amino acid product 9. Upon isolation, we would use small molecule
crystallography to determine the absolute configuration of the major product and the
diastereomeric ratios. The ability of ObiH to react with ketones to form a new tetrasubstituted
tertiary stereocenter is a synthetically challenging transformation and will further increase the

appeal of ObiH as a biocatalyst.'>'3

OH O o o
/'H/U\OH + L ‘)LOH + )LH
PLP
NH, NH,
7 8 9 10
Thr Electrophile B-hydroxy amino acid Acetaldehyde

Figure 2. ObiH reaction with ketones. The general reaction catalyzed by ObiH to from

quaternary p-hydroxy amino acids from Thr (black) and ketone (orange).
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4. 2. 2. Colorimetric assay identified hotspots for improving reactivity

ObiH is not reactive with electron-rich aldehydes like p-hydroxybenzaldehyde but reacts
with structurally similar electron-poor aldehydes such as p-chlorobenzaldehyde (See section 3.
2. 2). We also observed similar trends towards reactivity with ketones suggesting that
electrophilicity, not sterics, determines the rate of reactivity towards the nucleophilic E(Q®Y)
intermediate. We hypothesize that if we increase the lifetime of the E(Q®") intermediate, we will
be able to improve the reactivity of ObiH. To test this hypothesis, we decided to employ protein
engineering to improve the reactivity of ObiH by screening libraries at conditions that select for a
more stable E(Q®Y) intermediate. The rate of protonation determines the lifetime of the E(Q®Y)
intermediate. Predicting the residues in the enzyme that affect this protonation is challenging.
Therefore, we screened a globally random mutagenesis library to identify variants with improved
reactivity. We performed the screening at pH 7.0, which increases the rate of protonation of
E(Q®Y) to glycine compared to pH 8.5 by approximately two-fold (See section 2. 2. 1). The
increase in the rate of protonation could act as a selective pressure enabling the identification of
variants with more persistent E(Q®Y).

To accelerate the screening process, we implemented a previously reported colorimetric
assay for screening ObiH libraries.' This assay uses phenylserine dehydratase which catalyzes
the dehydration reaction of phenylserine derivatives to form phenylpyruvate.’” When
phenylpyruvate forms a coplanar enol structure, it can react with Fe3* to form a complex with a
cyan color (Figure 3a). Since this assay does not work with ketones, we decided to use p-
chlorobenzaldehyde, a model substrate for ObiH reactions, as the electrophile. Optimization of
the colorimetric assay for ObiH reaction were done in collaboration with Grace Carlson and Sam

Bruffy.



ObiH

NH,

119

R/H)J\OH ® R/\HKOH
NH, NH,
Framserin or
o o { Y
Fe3*/H* B & O
R/\H/U\OH e —— H. ,—:'.:e:: H
o 8 Ny
. 6%/"
OH
A2x=640 nm

Figure 3. Development of colorimetric assay to accelerate ObiH library screening. a)

Reactions of colorimetric assay. b) Photo of colorimetric assay from a representative library plate.

We screened a globally random mutagenesis library in a 96-well format. By comparing the

absorbance of the variants to wt-ObiH, we were able to identify variants with higher product

formation. In total, we screened ~1600 variants and found 15 wells that had significantly higher

absorbance than wt-ObiH. These wells were sent for sequencing, and 6/15 turned out to be wt-

ObiH. Even though a false positive rate of 40% is high, the colorimetric assay enabled much rapid

screening of the libraries compared to traditional LC-MS-based screening. Also, no significant

time was lost due to the false positives. The remainder of the hits identified in the colorimetric

screen contained the following mutations:

F70S

D85G (observed twice)

F70L

S2P, H23Y, K88R, T105A

F70l, 191T

S136P

V341A

F181S, Y393C
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These mutations are dispersed throughout the protein structure (Figure 4). Out of these
eight unique variants, three of them turned out to be single-site mutations at Phe70, which
attracted us to investigate this residue further. Phe70 is located on a 20-residue long loop (Tyr55

to Gly74) part of the active site.

hay’ \\W

V341l
2 LA
J/ m\\\% e
j Thr bound
AL 1

to PLP
L G

Figure 4. ObiH active site model with Thr bound to PLP as the external aldimine (EAex).
The active site is at the dimer interface and individual monomers are colored in green and cyan.
Active site residues are shown as cyan sticks. Variants identified from colorimetric assay are

shown as orange sticks. Hydrogen bonds are shown as black dashes.

Previously, Mr. Jon Ellis observed this loop region to undergo large conformational
changes during molecular dynamics simulations of ObiH external aldimine. This loop contains a
six-residue insertion compared to a structurally similar SHMT (PDB: 1KL2), which may explain
the high degree of mobility observed (Figure 5). A neighboring loop, Glu355-His363, is shorter
compared to SHMT. These two loop regions directly interact with folate in SHMT, and the

modifications present in ObiH may contribute to the aldehyde specificity of the enzyme.
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Figure 5. Superimposed view of the substrate access channel in the MD simulated ObiH-
E(Aex™) (cyan) and SHMT-E(Aex) crystal structure (PDB ID: 1KL2) (gold).

These experimental and computations results confirm that the active site Tyr55-Gly74 loop
likely contributes to the aldehyde specificity and could be a hot spot for tuning ObiH activity.
Therefore, we decide to screen site-saturation mutagenesis libraries at residues spanning these
loop regions to identify additional improved variants. We are also validating other hits identified
from the global random mutagenesis library. After validation, we will perform spectroscopic
characterization to verify whether the improved variants form a persistent nucleophilic E(Q®")

intermediate.
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4. 2. 3. SUMS directed evolution identified several improved variants

We decided to screen site-saturation mutagenesis libraries at residues in the Tyr55-Gly74
loop region to identify improved variants with either aldehydes or ketones or both. Though
traditional protein engineering excels at increasing activity on a single substrate, it provides no
selective pressure to improve activity across a broad substrate scope. Since we wanted to
develop a promiscuous biocatalyst, we decided to screen libraries by letting multiple substrates
compete for the enzyme active site (Figure 6). This methodology, referred to as substrate
multiplexed screening (SUMS), was developed in our lab by leveraging the ability of a mass
spectrometer to measure multiple compounds simultaneously and has facilitated the identification

of enzymes with an increase in activity on multiple substrates.®

A) Traditional screening strategy for protein engineering:

M Parent

Most activated [H Activated variant

variant

model ‘5
substrate |

L o i)
@ —

Single measurement
per well

"

?

Fold-Activity
Single-substrate
activity

@000

Substrate
B) SUMS strategy for protein engineering:

M Parent  [[VariantA
substrate " [variant B [Jvariant €
mixture

Single-substrate
activity

Fold-Activity

Product Distribution

Many measurements
per well

000

Substrate

Figure 6. Comparison of traditional screening and SUMS. A) Traditional protein engineering
workflow utilizes one model substrate for screening. The identified activated variant is tested
against the desired substrate scope at the end of engineering. B) Substrate-multiplexed screening
(SUMS) is compatible with a traditional workflow while providing information on enzyme activity
as well as specificity. Different variants identified as activating for substrates of interest are verified

in single-substrate reactions at the end of engineering. Figure reproduced from McDonald et al.'®
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We choose isovaleraldehyde, pivaloxybenzaldehyde, and 1,1,1-trifluoro-3-phenyl-propan-
2-one (2) as the electrophiles for SUMS screening as they encompass two structurally diverse
aldehydes and a ketone. We first screened F70 site-saturation mutagensis (F70X) library and
found that there were several variants that had higher activity than wt-ObiH for both the aldehyde
substrates. None of the variants had improved activity for the ketone substrate. If we have used
only trifluorphenylpropanone as the electrophile for screening this library, we would not have
identified any hits. These results demonstrate the strength of SUMS to identify variants that would

have been lost in traditional proteon engineering methodolgoies.
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Figure 7. Substrate-multiplexed screening (SUMS) of F70X library. 5 mM isovaleraldehyde,
10 mM pivaloxybenzaldehyde, and 15 mM 1,1,1-trifluoro-3-phenyl-propan-2-one were used as
the electrophiles. Colored bars indicate relative abundances of each product, and black diamonds
indicate total intensity of single ion retention (SIR) for each product’s unique m/z. Structures of

the products are shown below the SUMS data and colored to match.
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Encouragingly, the colorimetiric assay indicated F70l, L, and S mutations were all
activating with the p-chlorobenzaldehyde substrate. Results of SUMS of the F70X library align
with these observations and identfied the F70A and Q mutations as potentially more activating for
benzaldehyde substrates. Although activity on the desired ketone 2 decreased, these results
motivated us to screen H69X, W68X, and P71X libraries using the SUMS approach (Figure 8).
These libraries have several hits that have improved activity with either aldehydes or ketones or
both (Figure 9). For example, H69A has improved reactivity with both pivaloxybenzaldehyde and
ketone 2. F70S has improved reactivity with both the aldehydes screened, and W68M with ketone

2.

N

Substrate ,<
Binding

Thr bound —— @
to PLP

Figure 8. Active site of ObiH. Active site residues are shown as sticks. Residues in the active
site loop Tyr55-Gly74 chosen for SUMS screening are shown in lime. Hydrogen bonds are shown

as black dashes.
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Figure 9. Substrate-multiplexed screening (SUMS) of H69X, W68X and P71X library. 5 mM
isovaleraldehyde, 10 mM pivaloxybenzaldehyde, and 15 mM 1,1,1-trifluoro-3-phenyl-propan-2-
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one were used as the electrophiles. Colored bars indicate relative abundances of each product,
and black diamonds indicate total intensity of single ion retention (SIR) for each product’s unique

m/z.

We choose to evaluate two of the best variants from SUMS screening in single-substrate
reactions: F70S (improved reactivity with both the aldehydes screened) and W68M (improved
reactivity with ketone 2). F70S had ~3 fold higher activity than wt-ObiH for both the aldehydes
present in the SUMS screening (Figure 10, pink bars). Gratifyingly, F70S also had improved
reactivity with aldehydes that were not present in the SUMS screen, such as the heterocyclic
imidazole-4-carboxaldehyde. Similar to the library screening results, F70S had no improved
activity with any of the ketone substrates. These results shows that results from SUMS screening

translate well to single-substrate reactions.

SUMS Panel F70S-ObiH

% 40 W68M-0ObiH
8 1
: 30 5
E'20 g -
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: 1 |

ol Il ma [

Figure 10. Product formation in single-substrate reactions. Activity of F70S (pink bars) and
WG68M (cyan bars) is shown relative to activity of wt-ObiH. Structures of the electrophile substrates

are shown below.

W68M had ~2 fold higher activity with ketone 2 as well as two other ketones (p-
nitroacetophenone and (4-fluorophenyl)acetone) that were not present in the SUMS screen

(Figure 10, cyan bars). W68M had low reactivity with the aliphatic isovaleraldehyde and wt-ObiH
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like activity for the rest of the aldehydes. These validation experiments show that W68M and F70S
are broadly activating for ketones and aldehydes, respectively. Overall, these results demonstrate

that SUMS is a powerful methodology for engineering promiscuous enzymes.

Because all the four site-saturation libraries yielded shifts in specificity and improved
reactivity, we decided to pursue their cooperative effects by screening a multi-site combinational
library comprising the top variants from each of these residues with more challenging aldehydes
and ketone substrates. These experiments are in progress and could yield multiple variants with
improved reactivity. These variants will also be monitored for serendipitous activity on the non-
ketone electrophiles shown in Figure 1. We will also deploy kinetic, spectroscopic, and structural

techniques to determine what features underly the new increases in activity.
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4. 3. Conclusions

Here, we evaluated the ability of ObiH to react with a panel of non-aldehyde electrophiles
and found that ObiH can react with ketones to form tertiary p-hydroxy amino acids. To improve
the reactivity of ObiH, we screened random mutagenesis library through a colorimetric assay. Hits
from this assay resulted in the identification of an active site loop that tunes the reactivity of ObiH.
SUMS screening of four site-saturation mutagenesis libraries spanning the active site loop
resulted in the identification of several variants with improved reactivity to aldehyde and ketone
substrates. These variants also have improved reactivity with substrates that were not initially
present in the screen. These improved variants will further increase the synthetic utility of ObiH

and provide access to novel amino acid building blocks.
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4. 4. Materials and Methods
General experimental procedures

Chemicals and reagents were purchased from commercial suppliers (Sigma-Aldrich,
VWR, Chem-Impex International, Combi-blocks, Alfa Aesar, New England Biolabs, Zymo
Research, Bio-Rad) and used without further purification unless otherwise noted. BL21 (DE3) E.
coli cells were electroporated with a Bio-Rad MicroPulser electroporator at 2500 V. New
Brunswick 126R, 120 V/60 Hz shaker incubators (Eppendorf) were used for cell growth. Optical
density and UV-vis measurements were collected on a UV-2600 Shimadzu spectrophotometer
(Shimadzu). UPLC-MS data were collected on an Acquity UHPLC with an Acquity QDa MS
detector (Waters) using an ACQUITY UPLC CSH BEH C18 column (Waters) or an Intrada Amino

Acid column (Imtakt).

Cloning, expression, and purification of ObiH

A codon-optimized copy of the ObiH gene was purchased as a gBlock from Integrated
DNA Technologies. This DNA fragment was inserted into a pET-28b(+) vector by the Gibson
Assembly method."” BL21 (DE3) E. coli cells were subsequently transformed with the resulting
cyclized DNA product via electroporation. After 45 min of recovery in Luria-Burtani (LB) media
containing 0.4% glucose at 37 °C, cells were plated onto LB plates with 50 ug/mL kanamycin
(Kan) and incubated overnight. Single colonies were used to inoculate 5 mL LB + 50 ug/mL Kan,
which were grown overnight at 37 °C, 200 rpm. Expression cultures, typically 1 L of Terrific Broth
(TB) + 50 pg/mL Kan (TB-Kan), were inoculated from these starter cultures and shaken (180 rpm)
at 37 °C. After 3 hours (ODsoo = ~0.6), the expression cultures were chilled on ice. After 30 min
on ice, ObiH expression was induced with 0.5 mM IPTG, and the cultures were expressed for 16

hours at 20 °C with shaking at 180 rpm. Cells were then harvested by centrifugation at 4,300xg
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at 4 °C for 30 min. Cell pellets were pink in color and were frozen and stored at -20 °C until

purification.

To purify ObiH, cell pellets were thawed on ice and then resuspended in lysis buffer (50
mM potassium phosphate buffer buffer (pH 8.0), 500 mM NacCl, 1 mg/ml Hen Egg White Lysozyme
(GoldBio), 0.2 mg/ml DNasel (GoldBio), 1 mM MgCl, 1 X BugBuster Protein extraction reagent
(Novagen), and 400 yM pyridoxal 5-phosphate (PLP)). A volume of 4 mL of lysis buffer per gram
of wet cell pellet was used. After 45 min of shaking at 37 °C, the resulting lysate was then spun
down at 75,600xg to pellet cell debris. The pellet was colorless whereas the supernatant was pink
in color. Ni/NTA beads (GoldBio) were added to the supernatant and incubated on ice for 45 min
prior to purification by Ni-affinity chromatography with a gravity column. The column was washed
with 5 column volumes of 20 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM potassium
phosphate buffer (pH 8.0). Washing with higher concentrations of imidazole resulted in slow
protein elution. ObiH was eluted with 250 mM imidazole, 500 mM NaCl, 10% glycerol, 50 mM
potassium phosphate buffer, pH 8.0. Elution of the desired protein product was monitored by the
disappearance of its bright red color (resulting from the release of ObiH) from the column. The
protein product was dialyzed to < 1 yM imidazole in 100 mM Tris buffer, pH 8.5 containing 2 mM
DTT, dripped into liquid nitrogen to flash freeze, and stored at -80 °C before use. The
concentration of protein was determined by Bradford assay. Generally, this procedure yielded

200 — 250 mg per L culture. F70S and W68M variants were purified similar to wt-ObiH.

Evaluation of ObiH substrate scope

Stocks of Thr were made in 100 mM Tris pH 8.5 and electrophile in MeOH. 0.5-dram glass
vials were charged with 62.5 pL of 500 mM Thr, 10.0 uL of 500 mM electrophile, 5.0 uL of 20 mM
PLP and 83.2 pyL of 100 mM Tris pH 8.5. Reactions were initiated by the addition of 49.3 uL of

400 pM purified ObiH (Final concentrations: 125 mM Thr, 25 pmol; 20 mM electrophile, 5 umol;
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0.4 mol% cat., 400 yM PLP; 20% Methanol). Reactions were allowed to proceed in a 37 °C
incubator for 16 h and then quenched with 250 yL ACN. Quenched reactions were then
centrifuged at 15,000 xg to remove aggregated protein. Amount of amino acid product was
quantified by performing UPLC-MS analysis of the undiluted supernatant on a BEH C18 column

(Waters) using positive mode single ion readout for the M+H mass peak.

Production of ObiH random mutagenesis libraries

Random mutagenesis was carried out via error-prone PCR. Reaction conditions were
optimized to generate 1-2 codon mutations per plasmid. Reactions were setup by adding the
following to a PCR tube: 5 pL 10x Taq buffer (New England Biolabs), 1 yL 10 mM dNTP mix, 1
pL 10 uM 22b-intF, 1 uL 10 uM 22b-intR, 1 yL ~100 ng/pL parent plasmid, 5.5 yL 50 mM MgClo,
2.5 uL 1 mM MnCly, 1 uL DMSO, 0.5 uL Taq polymerase (New England Biolabs) and total volume
was made up to 50 yL with H.O. Reactions were carried out in a thermocycle according to the
following scheme:

Thermocycler program

Step1: 95°C 2 min 30 s
Step2:95°C 15s

Step 3: 55°C 20 s

Step 4: 68 °C 1 min45s
Step 5: 68 °C 5 min

Extension steps 2 — 4 were performed for 30 cycles.

The PCR product was purified using a preparative agarose gel. Purified DNA fragment was
inserted into a pET-28b(+) vector by the Gibson Assembly method.'® BL21 (DE3) E. coli cells

were subsequently transformed with the resulting cyclized DNA product via electroporation. After
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45 min of recovery in Luria-Burtani (LB) media containing 0.4% glucose at 37 °C, cells were plated
onto LB plates with 100 pg/mL Ampicillin (Amp) and incubated overnight. Single colonies were
used to inoculate 5 mL LB + 100 pg/mL amp (LBamp), which were grown overnight at 37 °C, 200

rpm. Colonies were sequenced and there were 1 — 2 coding mutations.

Design of site-saturation mutagenesis library

PCR was conducted using Phusion polymerase (New England Biolabs) according to the
standard protocol. For the given site of mutagenesis, three primers were designed containing
codons NDT (encoding for lle, Asn, Ser, Gly, Asp, Val, Arg, His, Leu, Phe, Tyr, and Cys), VHG
(encoding for Met, Thr, Lys, Glu, Ala, Val, GIn, Pro, and Leu), and TGG (Trp), respectively, thereby
including all 20 natural amino acids. These three primers were mixed in a ratio 12:9:1 according
to the previously described protocol.' Library plasmids were constructed by overlap extension
PCR using the plasmid that contained the wt-ObiH gene in the pET28(b)+ vector as a template.
Dpnl was added to digest the template DNA (1 pL per 50 yL PCR reaction, incubated at 37 °C for
1 hour), and the amplified library genes were purified by preparative agarose gel then integrated

into a linear pET28(b)+ plasmid via the Gibson Assembly method.'”

Expression of ObiH libraries

BL21 (DE3) E. coli cells carrying parent and variant plasmids were grown in 96-deep-well
plates (600 uL/well TB-Kan) at 37 °C with shaking at 200 rpm. After shaking at 250 rpm overnight,
10 yL of the overnight cultures were transferred to new deep-well plates containing 600 uL/well
TB-Kan, which were allowed to grow at 37 °C with shaking at 200 rpm. After 3 h, the plates were
chilled on ice for 30 min, then induced by the addition of IPTG in TB-Kan (1 mM final

concentration). The cultures were expressed for 16 hours at 20 °C with shaking. After 20 hours,
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cells were harvested by centrifugation at 4,300xg for 20 min. The cell pellets were frozen at —20

°C for a minimum of 2 hours before screening.

Preparation of Fe®* colorimetric reagent
The Fe®** colorimetric agent (100 mL) was prepared by adding 0.05 g ferric chloride, 2 mL

acetic acid, 38 mL of water and 60 mL DMSO.

Screening of ObiH libraries using colorimetric assay

ObiH pellets were re-suspended in Tris-HCI buffer (100 mM, pH 7.0) with 100 mM Thr, 25
mM 4-Cl-benzaldehyde, 100 uM PLP and 20% Methanol (v/v) in a final volume of 0.6 mL. The
biotransformations were performed at 37°C for 20 h. After centrifugation, 500 uL of the was
supernatant was transferred to a new 96 deep well plate and 50 uL of 75 uM PSDH was added.
The dehydration reaction was carried out at 37°C for 4 h. After centrifugation, 40 uL of supernatant
was mixed with 160 uL of chromogenic agent and absorbance measured at 600 nm after

incubation for 30 min at r.t.

SUMS library screening

ObiH pellets were re-suspended in Tris-HCI buffer (100 mM, pH 7.0) with 75 mM Thr, 5
mM isovaleraldehyde, 10 mM Pivaloxybenzaldehyde, 15 mM 1,1,1-trifluoro-3-phenyl-propan-2-
one, 100 uM PLP and 20% Methanol (v/v) in a final volume of 0.5 mL. The plates were sealed
with Teflon sealing mats, then incubated at 37 °C for 1 hour. After 1 hour, the reactions were
quenched with 500 pL of acetonitrile. Quenched reaction mixtures were filtered using a filter plate
to remove debris (by centrifugation at 4,300xg for 5 min) prior to UPLC-MS injection. Product
formation was quantified by integration of peaks on single ion retention (SIR) channels

corresponding to each expected product.
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Evaluation of ObiH variants

ObiH variants were thawed on ice from storage at -80 °C and then centrifuged at 15,000
xg for 5 min to pellet aggregated protein. Single substrate reactions were prepared in triplicate for
each ObiH variant on a 96-well plate. Tris pH 7.0 buffer containing Thr (100 mM, Tris pH 7.0) was
combined with aldehyde substrate (25 mM) and ObiH variants (10 uM, 2500 max TON). Aldehyde
substrates were dissolved in methanol, and the final reaction mixture was composed of 20%
Methanol. Reactions were run at 37 °C for 1 h. Reaction mixture (500 pL) were quenched with
500 uL ACN + 2.5 mM Benzophenone (as internal standard). Quenched reactions (200 pL) were
transferred to a 96-well filter plate and spun down at 1000 xg for 10 min into a 96-well plate for
UPLC-MS analysis. Amount of amino acid product was quantified by performing UPLC-MS
analysis of the 1:10 supernatant (diluted with 50% ACN) on a BEH C18 column (Waters) using

positive mode single ion readout for the M+H mass peak.
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Chapter 5

How | used vitamins and proteins to synthesize new amino acids:

A chapter for the non-scientist

| believe that everyone will be able to enjoy and appreciate the fascinating world of chemical
biology if the ideas are communicated in a simple and relatable language. This is why | wrote this
chapter to describe the broader context and findings from my Ph.D. research to a wide, non-
scientist audience. | want to thank the team at the Wisconsin Initiative for Science Literacy
Program at the University of Wisconsin-Madison for their encouragement and support in the

creation of this thesis chapter.
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Chapter 5: How | used vitamins and proteins to synthesize new amino acids: A chapter

for the non-scientist

5. 1. What did | do in my Ph.D.?

| am sure you have seen cereals at some point in your life, maybe even had them for
breakfast this morning. If you read the nutrition facts on the side of the cereal box, you might have
noticed they contain proteins and vitamins (see Figure 1). Today, | will tell a story of how we (my
collaborators and |) used proteins and vitamins to build (synthesize) new amino acids. The first

question that might come to your mind is: What are amino acids? Let’s start with this question.
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Figure 1. A picture of a multi-grain Cheerios cereal box. The red circle highlights the proteins

and vitamin content.
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5. 2. What are amino acids?

To build a sturdy house, we often use bricks as the building block. Similarly, cells in our
bodies use 20 different amino acids as the building block to synthesize proteins (see Figure 2).
When we eat foods that contain proteins, the protein gets broken down into individual amino acids,
which are eventually used to build new proteins (similar to recycling plastic or paper). Our bodies

can’t make all 20 standard amino acids, so we need proteins in our diet.’

Brick House Proteins

Figure 2. The emergence of complexity from simple building blocks around us and in
Nature. The bottom right is a simplified representation of the Hemoglobin protein structure. The

picture of the concrete home was downloaded with permission from pxhere.com.

The next question is: What are proteins? Proteins are the molecular machines in our body
that carry out almost all bodily functions. For example, Hemoglobin is the protein that carries

oxygen to our lungs, and Insulin is the protein that regulates sugar levels in the blood. Structurally,
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proteins are polymers (a molecule composed of many simple repeating units) of the 20 standard
amino acids, like beads on a necklace (see Figure 3). These amino acids differ in their side chain

or R group, which brings unique properties to them.

Protein is a polymer of amino acids

Carboxylic
acid group

. . COOH
Sidechain |

or R group

The chemical structure
of amino acids

Figure 3. Primary structure of proteins. Proteins are polymers of the 20 standard amino acids.

The general chemical structure of amino acids is shown in the grey circle.
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5. 3. Why do we need new amino acids?

The next question that might come to your mind is: If cells only need 20 amino acids to
make proteins, why do we need new amino acids? That's an excellent question! The answer is
cells need more than 20 amino acids to build several biologically valuable compounds (see Figure
4).2 For example, the first isolated antibiotic, Penicillin, is built from three different amino acids.
Out of the three, two of the amino acids are not found in proteins. These amino acids are called
non-standard or non-proteogenic amino acids. The hormone thyroxine (produced by the thyroid

gland) and neurotransmitter serotonin are also built from such non-standard amino acids.
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Hundreds of unique amino
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Figure 4. Several biologically valuable compounds are built from non-standard amino
acids. Penicillin, thyroxine, and serotonin are shown in a format that is commonly used by

chemists to depict chemical structures.

Inspired by the biological properties of non-standard amino acids, medicinal chemists (a
chemist who develops and tests new drugs) have used non-standard amino acids to build several

therapeutic drugs. These include drugs such as droxidopa (used in the treatment of Parkinson’s
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disease) and sitagliptin (antidiabetic drug), which have benefited millions of lives. With the
emergence of new diseases and antibiotic resistance (where bacteria develop the ability to defeat
the drugs designed to kill them), it is vital to build new drugs and improve existing drugs.

Similar to how distinct Lego building blocks help us build complex structures, access to
new amino acids will help us create new molecules, which could be evaluated as therapeutics
(see Figure 5). This is the reason we need new amino acids, which can be further developed into

new therapeutics. So, how do we make them?

Figure 5. Building complex structures from simple LEGO building blocks. These pictures

were downloaded with permission from unsplash.com.

There are several chemical methods to make amino acids. These methods usually require
expensive starting materials (substrates), toxic solvents (a liquid used to dissolve substrates), and
a catalyst (a substance that increases the rate of a chemical reaction) to build amino acids.
Additionally, these methods sometimes require extreme temperatures or oxygen-free chambers.
These challenges have motivated scientists to copy the strategy cells have been using to make
amino acids for millions of years. Cells use enzymes as catalysts to build amino acids. What are

enzymes, and what'’s special about them?
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5. 4. What are enzymes?

Enzymes are a class of proteins that can perform chemical reactions. They are part of our
everyday life. For example, the enzymes in the bacteria Lactobacillus (naturally found in the
human gut) break down lactose in milk into lactic acid during the fermentation of milk into yogurt
(see Figure 6). Similarly, the yeast enzymes break down glucose to ethanol and carbon dioxide
in the bread-making process. The released carbon dioxide makes the bread rise and leads to soft

fluffy bread.

Ml Bacterial

Enzymes

OH

Lactose Lactic acid

Figure 6. Lactobacillus enzymes break down lactose in milk to lactic acid during yogurt

formation. Pictures of milk and yogurt were downloaded with permission from unsplash.com.

Several people, including me, have lost the ability to digest milk, a condition called lactose
intolerance.® This is because as some of us age, our body stops producing lactase, the enzyme
that breaks down lactose into glucose and galactose. This indigestion of lactose causes
abdominal cramps, bloating, and diarrhea. Fortunately, | can buy lactase pills from a pharmacy.
Once consumed, the lactase enzyme breaks down lactose in the digestive tract, and | can still

enjoy dairy products.
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Enzymes have been used by scientists for several applications due to their ability to work
well outside our bodies. For example, lipases that break down fat stains are found in laundry
detergents.* Enzymes are used to produce bioethanol (a commercially used biofuel) from the
degradation of starchy plant materials.® Enzymes are also used in the textile, paper, and leather
industries. Recently, enzymes that can break down plastics have been discovered.® Hopefully, in
the coming years, plastic that was thought to take millions of years to break down could be broken

down by enzymes in a few weeks.
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5. 5. What are vitamins?

Some of the enzymes need helper molecules to perform their functions. These helper
molecules are called cofactors. These could be inorganic metal ions such as Magnesium or
organic compounds such as vitamins. There are 13 essential vitamins, and they also have roles
beyond helping enzymes, such as preventing infections and maintaining strong bones. Our body
cannot synthesize vitamins like vitamin Bg and vitamin C, and we must acquire them through
dietary sources. Like vitamins, minerals like iodine and fluoride also help our body function well.
This is why we need to consume a variety of fruits and vegetables to make sure our body gets
sufficient vitamins and minerals. Vitamins and minerals are also added to foods such as milk,

cereals, fruit juices, and even salt to boost their nutritional value (see Figure 7).
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Figure 7. Chemical structure of select vitamins found in the Cheerios cereal box.

With the help of cofactors, enzymes can catalyze (accelerate the rate of) several different
chemical reactions in our bodies. Chemists have harnessed the power of naturally occurring
enzymes from humans and microbes to convert simple starting materials into biologically valuable

molecules. This field of research is called ‘biocatalysis’ and has revolutionized the synthesis of

chemical building blocks.
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5. 6. Why did we choose to synthesize B-hydroxy amino acids?

We chose to synthesize a class of amino acids called B-hydroxy amino acids (3 is
pronounced as beta). These B-hydroxy amino acids contain a hydroxy group (-OH group) at the
B-carbon of the amino acid backbone. The R-group, or the side chain, determines the properties
of these amino acids. For example, if the R-group is a hydrogen atom, the resulting amino acid is
serine. Similarly, if the R-group is a methyl (-CHs) group, the resulting amino acid is threonine

(see Figure 8). Serine and threonine are two of the twenty amino acids found in proteins.

H)\)LOH H,C /H/U\OH
NH, NH,
L-serine L-threonine

General structure of
B-hydroxy amino acids

Figure 8. The chemical structure of B-hydroxy amino acids and two proteogenic -hydroxy

amino acids are shown on the right.

A number of microbes have enzymes that synthesize (3-hydroxy amino acids with different
R-groups, which are eventually used as building blocks for the synthesis of more complex
biomolecules, also known as natural products.” These natural products include vancomycin
(clinically used antibiotic) and cyclosporin (used as an immunosuppressant during organ
transplantation). Inspired by these natural products, medicinal chemists have also designed
several pharmaceutical drugs that contain B-hydroxy amino acid motifs, such as droxidopa
(treatment of Parkinson’s disease) and vilanterol (treatment of asthma). | hope you can see that
B-hydroxy amino acids are biologically valuable compounds. However, existing chemical and
enzymatic methods for the synthesis of B-hydroxy amino acids have limitations. Hence, we

decided to search for a new enzyme to synthesize several B-hydroxy amino acids.
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5. 7. How did we use enzymes and vitamins to build B-hydroxy amino acids?

We chose an enzyme called ObiH (pronounced as Oh-Bee-H), which is found in a soil
bacteria called Pseudomonas fluorescens.? This bacterium uses the ObiH enzyme to make a B-
hydroxy amino acid. This B-hydroxy amino acid is used as a building block to synthesize
obafluorin, an antibiotic.

ObiH uses threonine and aldehyde as the two substrates (starting materials), with vitamin
Bs as the cofactor (see Figure 9, native reaction). Threonine is one of the 20 standard amino
acids. Aldehydes are compounds in which a carbon atom shares a double bond with an oxygen
atom, a single bond with a hydrogen atom, and a single bond with another atom or group of atoms.
These two substrates are cheap and commercially available. Out of the two substrates, the
aldehyde is the one that determines the side chain or the R-group of the resulting -hydroxy amino
acid. We asked the question: Could ObiH react with other aldehydes to make new B-hydroxy

amino acids? (see Figure 9, desired reaction).

OH O
. W ObiH (o] (o]
Native reaction: /'\‘/”\on + — - l)l\ + )L
OH H
NH,
NH,
OH O o
. . ObiH 0
Desired reaction: )\‘)LOH + _— > ‘/U\OH +
NH, NH, "
Threonine Aldehyde B-hydroxy amino acid

Figure 9. The native and the desired reaction catalyzed by ObiH. Aldehyde (orange)

determines the side chain of the resulting f-hydroxy amino acid.

To answer our question, we bought a chemically synthesized ObiH gene (gene is the
sequence of DNA alphabets that has the instructions for the cells to make a protein). We stitched

this ObiH gene into a plasmid (a circular piece of DNA) and transferred it into E. coli (a bacteria
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used in the labs to produce proteins). When we grow these E. coli bacteria in a liquid growth
media (food for bacteria), they multiply rapidly and produce the ObiH enzyme inside them (see

Figure 10). ObiH is a pink enzyme, so the bacteria turn pink in color.

O ® ®

Assembly of ObiH gene Bacteria containing Bacteria grown in
into plasmid followed by the ObiH gene liquid growth media to
transformation into E. coli inside them produce ObiH enzyme

Plasmid with
gene of interest

Figure 10. Production of the ObiH enzyme in E. coli. First, the commercially bought ObiH gene
is assembled into a plasmid and transformed into E. coli. This E. coli can be grown in a liquid
growth media to produce a large number of cells with the ObiH enzyme inside them. This figure

was created with BioRender.com from a pre-existing template.

To isolate the cells from the growth media, we perform a centrifugation step. In
centrifugation, liquid growth media containing bacteria is transferred to a specially designed tube
and spun at high speeds using an instrument called a centrifuge. Spinning generates a centrifugal
force that causes the heavy cells to settle down at the bottom of the tube. After centrifugation, we
dump the liquid growth media into a biowaste container. Then, we transfer the remaining cells
into a syringe and inject them into liquid nitrogen (see Figure 11). This causes cells to freeze
rapidly, and these frozen cells can be stored in the freezer for a few months. Whenever we need
to do experiments, we take a few of the cell noodles out of the freezer and add them to our reaction

mixture.
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Preparation and storage of protein catalyst Reaction set up and isolation of products
Collect cell pellet Syringe cell pellet Weigh pellet and add Shake and incubate
by centrifugation into liquid nitrogen to reaction mixture overnightat 37 °C

Cells can be stored Product purified using
in the freezer for chromatography and
several months characterized by NMR

Figure 11. A flowchart describing the steps involved in the preparation of ObiH cells, the

reaction set up, and isolation of the B-hydroxy amino acid.

The reaction mixture contains threonine, aldehyde, vitamin Bs, and ObiH cells dissolved
in a buffer (a salt and water solution that keeps the cells happy). We shake this mixture in a flask
at 37 °C overnight using an instrument called a shaking incubator. During this time, ObiH catalyzes
the chemical reaction between threonine and aldehyde using vitamin Bs as the cofactor to build
the B-hydroxy amino acid. We use two techniques (chromatography in conjunction with Nuclear
Magnetic Resonance or NMR) to isolate our desired B-hydroxy amino acid and determine its
purity.

We found that ObiH could catalyze a reaction with almost every aldehyde we tested. We
were able to successfully isolate 15 different B-hydroxy amino acids (in the range of 50 to 500
milligrams of the compound), a few of which were never made by anyone before (see Figure 12).°
Our methodology used cheap and commercially available starting materials with a naturally
occurring enzyme as the catalyst to isolate several -hydroxy amino acids in an environmentally
friendly fashion. This is an exciting result. We have been recently contacted by other researchers

who have requested the compounds we made to do their experiments — even more exciting!
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COOH rCOOH — COOH COOH
NH, NH, NH, NH,

COOH COOH r(':()OH rCOOH COOH
NH, NH, NH, NH, NH,

COOH COOH (COOH rCOOH rCOOH
NH, NH, NH, NH, NH,

Figure 12. The structures of B-hydroxy amino acids isolated using ObiH as the catalyst are

shown. A picture of the isolated compound is shown for one of the 3-hydroxy amino acids.
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5. 8. What else did we do with ObiH?

In addition to applying the ObiH enzyme for 3-hydroxy amino acid synthesis, we were also
interested in understanding how the enzyme interacts with the substrate and cofactor spatially to
catalyze the chemical reaction. So, we decided to solve the three-dimensional (3D) structure of
ObiH using a technique called X-ray diffraction. To do this, we crystallized the ObiH enzyme by
slowly evaporating the buffer in which ObiH is stored (similar to making salt by evaporating
seawater). We then shine powerful X-rays onto the crystals. When these X-rays pass through and
exit the crystal, they produce a diffraction pattern that we can use to build a 3D model of the ObiH
enzyme (see Figure 13). The ObiH structure gave us information about how the vitamin Bg
cofactor and substrates interact with the enzyme.'® Most importantly, this structure gave us clues
about how to modify the enzyme (also known as protein engineering) to enable the ObiH enzyme

to react with more substrates.

Figure 13. The 3D structure of ObiH. ObiH crystallized as a dimer (which means there are two
copies of ObiH in contact with each other). Each of the monomers (one copy of ObiH) is shown
in green and blue, respectively. The zoomed panel shows the enzyme’s active site. The active
site is the part of the enzyme where the starting materials and cofactor bind for the chemical

reaction to take place.
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5. 9. What if the ObiH enzyme does not accept specific substrates?

The ObiH enzyme accepts several different aldehydes as substrates to make B-hydroxy
amino acids. But there are a few aldehydes that ObiH did not accept or accepted poorly as a
substrate.® So, we decided to evolve the ObiH enzyme to accept even more aldehydes. What
does it mean to evolve an enzyme?

The E. coli cells we have in the lab contain the ObiH gene (sequence of DNA alphabets
that has the instructions to make the ObiH enzyme). We use a technique called mutagenesis to
make small changes to the ObiH gene. This change in the gene changes the structure and
function of the enzyme (see Figure 14). Some changes could be beneficial (reactivity with more
substrates), whereas others could be harmful (no reactivity or reactivity with fewer substrates).
Since it's challenging to predict what changes would be beneficial, we evaluate as many mutated
enzymes as possible to identify an improved enzyme. This methodology of improving protein

activity is called protein engineering."’

Change in sequence

MM

ObiH gene Mutated ObiH gene

| |

Change in structure Change in function

Activity

Natural Mutated
enzyme enzyme

Natural enzyme Mutated enzyme

Figure 14. Protein engineering allows us to tailor enzymes for improved functionality in
the lab.
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Once we identify an improved enzyme, we subject it to additional changes to see if we
can make the enzyme even better. We can repeat this process of small modifications as many
times as we want. This process of gradually making changes to improve the enzyme activity is
called directed evolution, and this methodology was awarded the Nobel Prize in Chemistry in
2018."? This process is similar to natural evolution and the concept of “survival of the fittest.” In
the natural world, evolution takes hundreds to millions of years. In the lab, we accelerate this
evolution process over a few weeks.

We subjected the ObiH enzyme to directed evolution. The 3D structure of ObiH guided us
on what changes to make. After evaluating hundreds of mutated enzymes, we have found a few
mutated enzymes that accept more aldehydes as substrates. Now, we have evolved ObiH
enzymes in the lab that are much better at producing a wide range of B-hydroxy amino acids than

the naturally occurring ObiH enzyme.
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