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ABSTRACT

This dissertation describes the engineering of halogenating enzymes (halogenases) to
facilitate the site-selective functionalization of bioactive molecules. While most small-molecule
methods of halogenation have selectivities dictated by the electronics of the substrate, there exist
enzymes that are able to functionalize (an albeit limited set of) substrates at significantly
electronically disfavored positions. Prior to the work described within this dissertation, the
extremely limited protein engineering efforts performed on these enzymes had been unable to
increase their activities on substrates larger than their native substrates. The work described herein
entails the first such engineering of one halogenase in particular, RebH, to allow the
functionalization of a range of large, bioactive substrates with selectivities not observed with
small-molecule strategies.

Chapter | provides a background to halogenases and biocatalysis. Halogenation is a vital
process in the production of a significant percentage of pharmaceuticals and agrochemicals, both
to facilitate chemical synthesis and to tailor the biological properties of the products. Despite this,
there is still a lack of methodology to install halogen substituents at electronically disfavored
positions on many substrates of interest. A number of halogenases, some with selectivities for
electronically disfavored positions, have been reported and characterized, and in this chapter a
summary of the existing halogenase literature will be provided. A unique advantage of using
enzymes as catalysts rather than small molecules is the ability to genetically introduce mutations
to alter the properties of your catalyst; by doing so iteratively, one can recapitulate natural selection
toward the goals of the researchers on laboratory timescales in a process known as directed
evolution. While this process had not been applied to halogenases prior to the work described in

this dissertation, it is a well-developed technique with years of use and success. A brief

Xiii



introduction to directed evolution will also be provided in this chapter as a prelude to the
description of its application to halogenases.

Chapter Il describes the enhancement of the expression of soluble RebH in E. coli and the
exploration of the scope of wild-type RebH. A number of halogenases were explored in E. coli
and RebH was selected for efforts to improve its solubility. Once this was accomplished, it allowed
wild-type RebH to be tested on preparative scales on a range of unnatural substrates. Activity on
several unnatural substrates was observed with high selectivity for electronically disfavored
positions. The work described in this chapter was necessary to allow the directed evolution
described in the following chapter.

Chapter 11l describes the directed evolution of RebH. The improvement of the
thermostability of RebH by directed evolution will be briefly summarized, which provided the first
step of the expansion of the substrate scope of RebH toward large, bioactive molecules. The
directed evolution of RebH to expand its substrate scope, as well as preparative-scale
bioconversions of a range of important bioactive substrates and kinetic analysis of the evolution
lineage, will then be described. The engineered RebH variants developed in this process have
proven to be broadly useful for a diverse range of substrates, and the screening of a library of
compounds will be described to illustrate this point. Lastly, halogenation provides for a useful
synthetic handle for further functionalization, and the development of a facile procedure for
subsequent cross-coupling of crude products from bioconversions will be briefly discussed.

Chapter 1V describes the use of RebH variants to perform enantioselective halogenations
via desymmetrization on a range of symmetric substrates. Symmetric, prochiral dianiline
substrates were synthesized, halogenated using the engineered RebH variants, the development of

which was described in Chapter IIl, and the monochlorinated products found to be

Xiv



enantioenriched. It was then demonstrated that protein engineering can be used to alter the yield
and enantioselectivity of these bioconversions. The work described in this last chapter marks the

first reported application of this class of enzymes in enantioselective catalysis.
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PREFACE
The compounds described in each chapter of this dissertation are numbered independently;
a given compound may therefore have a different number in different chapters. All experimental
details, references, and notes for a given chapter are included at the end of said chapter; a given
reference may accordingly have a different number in different chapters as well. All NMR spectra
are included in the appendices: the NMR spectra for Chapter Two are included in Appendix I; the
NMR spectra for Chapter Three are include in Appendix I1; and the NMR spectra for Chapter Four

are included in Appendix I11.
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CHAPTER |

AN INTRODUCTION TO HALOGENASES AND DIRECTED EVOLUTION

1.1 THE IMPORTANCE OF SITE-SELECTIVE HALOGENATION

Halogenation plays a vital role in the development of bioactive molecules; for example, an
estimated one-quarter of all pharmaceuticals and agrochemicals are halogenated.! Although
already impressive that such a significant fraction of the compounds we depend on for our health
and for agriculture directly possess a halogen substituent in the final product, halogenation is also
involved in the production of an even greater number of compounds. Halogenated intermediates
are ubiquitous throughout synthetic organic chemistry, with one very important example being the
use of aryl and alkyl halides in cross-coupling chemistry.? Especially prevalent is the use of aryl
halides to form biaryl compounds, a motif that is widely represented in pharmaceuticals®
displaying a wide range of biological activities.* Three of many examples of marketed drugs
possessing a biaryl motif that can be prepared through cross-coupling from an aryl halide are the
antihypertensive losartan (1), the NSAID diflunisal (2), and the COX-2 inhibitor etoricoxib
(Arcoxia, 3) (Scheme 1.1).> While these examples demonstrate the utility of aryl halides on the
industrial scale, their use by medicinal chemists in drug development is also ubiquitous. An
analysis of the publication output in 2008 of three large pharmaceutical companies, Pfizer,
GlaxoSmithKline, and AstraZeneca, showed that 30% of compounds produced contain an aryl

chloride, nearly 40% contain a biaryl motif, and Suzuki and Sonogoshira couplings utilizing

halides are two of the most common reactions performed.®



Scheme 1.1. Pharmaceutical syntheses using aryl halides.[?
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[a] Resultant biaryl motifs are shown in blue, functionalized aryl halide C-X bonds are shown in

green.

As first mentioned, halogenation is not only significant for the role it plays in the syntheses

of many important compounds we use, but halogen substituents are present in a large fraction of

the final products, as well. This is, in part, due to the profound change that halogenation can impart

on the biological activity of a compound (Figure 1.1).



Figure 1.1. Examples of the impact of halogenation on bioactivity.
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[a] Activites shown for lorcaserin are the ratios of the half-maximal effective concentrations for
the 5HTc versus the 5HT g receptor subtypes.® [b] Activities shown for vancomycin are the ratios
of the affinity coefficients for an Ac-D-ala-D-ala peptide (the motif targeted in bacterial cells) of
the indicated compound to that of the X = H, X’ = H compound.” [c] Activities shown for
desformylflustrabromine are half-maximal inhibitory concentrations for biofilm formation by E.

coli.8

In many of these examples, both the presence and the location of the halogen are necessary
for the observed change in biological activity. For example, the anti-obesity drug lorcaserin (4)
has a significantly increased ratio of activity on the 5HT.c versus the 5HT2g receptor when
chlorinated at the 8-position compared with the unchlorinated analogue, but when the chlorine
substituent is at the 7-position, this is diminished by four-fold.® As the SHTc receptor is involved

in regulating appetite, while the SHT2g receptor regulates heart rate, it is vital that the final drug



have as high as possible of a ratio of activity between these two serotonin receptor subtypes in
order to minimize undesirable cardiac side effects. Similarly, the 6- and 9-chlorinated analogues
had approximately 100-fold decreased activity on the 5SHTxc receptor. Therefore the ability to
produce solely the 8-chlorinated product, rather than the 6-, 7-, or 9-chlorinated analogues, is
essential. Differing specificity for receptor subtypes indicates that the presence of the chlorine
affects substrate binding and thus the pharmacodynamics of lorcaserin. The ability of halogenation
to affect pharmacokinetics is also well documented. In a study of over 220,000 compounds
conducted by Pfizer, it was found that arene chlorination is able to predictably alter the rate of liver
microsomal clearance of compounds.'® Based on the site of chlorination on a given molecule, the
metabolic clearance could be either increased or decreased relative to the unchlorinated compound.
Thus one can envision that a medicinal chemist may wish to site-selectively chlorinate a drug
candidate in order to decrease its metabolic clearance to create a more effective analogue, but
lacking such a site-selective method, would instead create regioisomers with increased metabolic

clearance.

Most small-molecule methods of halogenation are guided solely by the inherent electronic
properties of the substrate. Methods using electrophilic aromatic substitution are frequently used,
which in addition to lacking the ability to selectively halogenate relatively electronically
deactivated positions also requires harsh reaction conditions, using chlorinated solvents, oxidized
halogen sources, transition metal catalysts, and, in some cases, high temperatures.'* A number of
“green” methods of varying utility have been developed to overcome the harsh reaction conditions,
but the lack of regioselectivity persists with these methods. There have been some attempts to
develop site-specific small-molecule halogenation catalysts, but these methods, such as rhodium-

catalyzed bromination of arenes, depend on the installation of directing groups for their site-



selectivity.!2 This use of directing groups adds steps and waste to a synthetic scheme, can only
access sites ortho- to the directing group, and now require the site-specific installation of a
directing group, which is frequently just as untenable of a problem. For example, to selectively
synthesize 7-chloroindole using a recently reported procedure, one must first install a silyl
directing group on the 1-position nitrogen using a ruthenium catalyst, then borylate the 7-position
using an iridium catalyst, then exchange the iridium using copper(ll) chloride.r® This method
requires three separate transition metals to access a single position of indole, and is not suitable to
functionalize indole natural products that already contain substituents off the 1-position, as many
natural products do. Methods such as these that rely on the electronic properties of the substrate or
on the installation of directing groups are relying on substrate control. A method that instead used
catalyst control to guide halogenation to specific sites of the substrate would prove to be a great

boon to synthetic chemists.
1.2 AN INTRODUCTION TO HALOGENASES

In enzymes, nature has developed an exquisite means to achieve the catalyst control that
would be so desirable for synthetic applications. By genetically encoding combinations of a limited
set of amino acids, enzymes with a wide range of functionalities have been created, often with a
well-defined 3D structure that allows for precise orientation of substrates and control over their
reactivity. Given that these enzymes are genetically encoded, tailoring the catalyst to a new set of
conditions is greatly simplified compared with the operations required to redesign a small-
molecule catalyst; rather than develop an entirely new synthetic scheme for each small-molecule
catalyst analogue one would wish to screen, mutations simply need to be introduced to produce

perturbations in the enzyme catalyst. This is part of the process of natural selection, which has



played a major role in the development of the cornucopia of nature’s enzymes; the recapitulation

of this process in the laboratory setting will be discussed in greater detail in section 1.3.

Not all enzymes provide the sort of site-selectivity discussed in section 1.1; different
classes of enzymes can effect similar transformations using distinct mechanisms, and only some
of these mechanisms may allow for the particular control a chemist desires. When examining
halogenases, enzymes that are able to catalyze the conversion of a C-H bond to a C-X bond, four
main classes are apparent: S-adenosylmethionine (SAM) dependent halogenases; iron or vanadium
dependent haloperoxidases; a-ketoglutarate (aKG) dependent halogenases (ADHS); and flavin
dependent halogenases (FDHSs). The latter three classes all proceed through oxidation of the halide
to generate the reactive species, which then halogenates the substrate through an electrophilic
mechanism, whereas the SAM dependent halogenases instead use unoxidized halide directly in a
nucleophilic mechanism. These halogenases are also notable for their capability to perform
fluorination to form C-F bonds, a property that is not observed in any of the other three classes.
Because of the difference in mechanism and the unique value of fluorination, the SAM dependent

halogenases will be discussed first.
1.2.1 SAM DEPENDENT HALOGENASES

An estimated 20-30% of all drugs and agrochemicals contain at least one fluorine
molecule.** The C-F bond is widely used as isostere for the C-OH and C=0 bonds and the
introduction of fluorine in place of oxygen thus does not tend to disrupt the pharmacodynamics of
a drug.}* The C-F bond, in contrast with the C-OH bond however, is strong enough to avoid
metabolic cleavage, and fluorines are thus commonly introduced in order to prolong the half-life
of a drug candidate.'® Despite the abundance of organofluorine compounds in drugs, relatively few

organofluorine natural products have been discovered. While approximately 2000 each of natural
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organochlorine and organobromine compounds had been discovered as of 2003, only
approximately 100 organofluorine compounds had been discovered by the same date.'® This is
most likely due to the fact that the fluoride ion in aqueous media is highly solvated, and a
significant entropic barrier must be overcome to desolvate this ion to generate the naked,
nucleophilic species.!’ Perhaps as a result of the difficult of this task, relatively few fluorinases are

known with little variation between them, as is discussed below.

Despite the significant barrier of fluoride desolvation in water, Streptomyces cattleya has
been observed to form carbon-fluorine bonds using inorganic fluoride as its source.*® When grown
in the presence of fluoride, this organism secretes fluoroacetate and 4-fluorothreonine, and this
activity was pinpointed to a single enzyme that generates 5’-fluoro-5’-deoxyadenosine (5’-FDA)
and L-methionine from S-adenosyl-L-methionine (SAM) and fluoride. This 5’-fluoro-5’-
deoxyadenosine synthase (5’-FDAS) was successfully crystallized, and its structure was
determined, which shed light on how it overcomes the aforementioned entropic barrier of
desolvation of the fluoride ion.*® An active site serine forms two hydrogen bonds with fluoride,
one via the backbone amide and a second via the side chain hydroxyl (bifurcated with the adenosyl
3’-hydroxyl), thus taking the place of the solvating water molecules (Figure 1.2). The pocket in
which fluorine binds has a small radius of 1.4-1.6 A, which helps explain the preference for
fluoride over water or other halides. 5’-FDAS has been found to accept chloride as well to form
5’-chloro-5’-deoxyadenosine (5’-CIDA) when the assay is performed in the presence of an L-
amino acid oxidase to remove methionine and pull the reaction equilibrium toward the product.?°
A crystal structure of this enzyme with bound 5’-CIDA revealed that this is accomplished despite

the small fluorine binding pocket by displacing the chlorine by 1.3 A relative to the fluorine.



Figure 1.2. Representations of the 5°-FDAS active site.[d
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[a] Both images are from reference 18. A) Pymol structure of 5’-FDAS active site (PDB: 1RQR)
showing interactions of S158 side chain hydroxyl (red) and backbone amide (blue) with 5’-FDA
fluorine (mauve). B) Illustrative representation of same active site with bound methionine also

shown.

While the tremendous importance of fluorination would lead one to suspect that this
fluorinase would be the immediate target of engineering to expand its substrate scope to allow late-
stage functionalization of drug candidates, 5’-FDAS has several significant limitations that hinder
such a prospect. Attempts have been made to explore the substrate scope of 5’-FDAS, and 2’-
deoxy-5’-FDA (2’d-FDA), as well as the chlorinated analogue, 2’-deoxy-5’CIDA (2°d-CIDA)
were both accepted (these reactions were probed in the reverse direction, owing to the ease of
synthesis of 5’-FDA analogues relative to analogues of SAM).?! But even with the relatively minor
perturbation of removing the adenosyl 2’-hydroxyl, a 90% decrease in the rate of 5’-FDAS was
observed with 2°d-FDA versus 5’-FDA. Another group found via structural analysis that the 2’

position is the most likely position at which FDAS is likely to accept modifications and

8



accordingly tested 2’-alkynyl substrates to allow for post-fluorination functionalization.?? It is
probable that the very precise organization of the substrate required, e.g. the bifurcated hydrogen
bond formed between the fluoride, active site serine side chain hydroxyl, and the 5’-FDA adenosyl
3’-hydroxyl group, will make the task of expanding the substrate scope very challenging.
Furthermore, the activity of 5°-FDAS on its native substrate possesses a ket of only 0.07 min,
and further decreases in this activity, such as that seen with 2°d-FDA, will only further complicate
matters. In order to generate fluorinated analogues of complex, bioactive molecules, one group
instead recently reported the modification of a polyketide biosynthetic pathway, 6-
deoxyerythronolide B synthase (DEBS), such that fluorinated substrates can be accepted (Scheme
1.2).2 A fluorinated analogue of an advanced intermediate in this pathway, 2-fluoro-2-
desmethyltriketide lactone, was observed, indicating the feasibility of this approach to ultimately
producing fluorinated analogues of complex polyketide natural products (and potentially from fed
fluoride, once the biosynthetic pathway for fluoroacetyl-CoA can also be incorporated). While this
is still significantly less desirable than direct, late-stage enzymatic functionalization of complex
natural products since new pathways will have to be constructed for each analogue desired and the
structural diversity of these analogues will likely be limited, this may still prove to provide novel,

synthetically intractable fluorinated drug analogues.



Scheme 1.2. Pathway for integration of fluoroacetic acid into desmethyltriketide lactone.[
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[a] Adapted from reference 23. AckA-Pta = acetate kinase-phosphotransacetylase pair; ACCase =
acetyl-CoA carboxylase; SNAC = Nacetylcysteamine thioester; DEBSmods+ TE = sixth module of

6-deoxyerythronolide B synthase including terminal thioesterase.
1.2.2 HALOPEROXIDASES

The oldest discovered class of halogenases are the haloperoxidases, which utilize either
iron- or vanadium-based cofactors to generate the active halogenating species. Haloperoxidases,
like ADHs and FDHs, use an oxidative mechanism involving hydrogen peroxide to generate HOX
(X =Cl, Br, 1), an electrophilic species, in contrast to the mechanism described above for SAM
dependent halogenases, in which the halide is used directed for nucleophilic attack. The reaction
with H202 generates an iron(1V)-oxo heme intermediate (there is speculation that non-heme iron
haloperoxidases exist, but the vast majority have iron in a heme center) or a vanadium peroxide
species (without change in the oxidation state of the vanadium atom itself), which then reacts with
halide to ultimately generate hypohalous acid (Scheme 1.3).24 Haloperoxidases can be capable of
chlorination, bromination, and iodination, but the electronegativity of fluorine prevents oxidation
by hydrogen peroxide.?®
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Scheme 1.3. Partial mechanisms of haloperoxidases.?
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[a] Shown specifically is the generation of hypohalite (-OX) reactive intermediates in the active

sites of A) heme- and B) vanadium-dependent haloperoxidases; adapted from reference 24.

For the purpose of engineering a halogenase capable of selective halogenation of relatively
electronically deactivated positions of complex, bioactive molecules, the vast majority of reported
haloperoxidases lack the potential for such site-selectivity. This is because the hypohalous acid
that is generated by the haloperoxidase is typically not held in the active site, but instead diffuses
freely out of the enzyme to react with the substrate(s) in solution. As such, the site-selectivity of
haloperoxidases is determined simply by the inherent electronics of the substrate, as is seen with
small molecule halogenation reagents. Haloperoxidases thus do not provide improved selectivity
over these reagents. Recent reports of the discovery of a stereoselective?® and a regioselective?’
vanadium chloroperoxidase hold promise for future efforts to engineer variants with altered

selectivity.
1.2.3 o-KETOGLUTARATE DEPENDENT HALOGENASES (ADHs)

ADHs are the most recently discovered class of halogenases, with the first member, CmaB,

reported in 2005.28 As the heme-dependent haloperoxidases are analogous to the well-studied
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cytochrome P450s, which are heme-dependent monooxygenases, ADHSs are analogous to another
common class of microbial oxygenases, which utilize non-heme iron and decarboxylate an a-
ketoglutarate cosubstrate. Studies of biosynthetic gene clusters for halogenated natural products
revealed that numerous natural products lacked homologs to the already reported flavin-dependent
halogenases (discussed in section 1.2.4), and that the sites of halogenation on many of these
products were aliphatic, rather than aromatic carbons. Given the lack of site-selectivity of the
haloperoxidases and the fact that the FDHs had only been known to halogenated relatively reactive
aromatic carbons, the discovery of the ADHs filled in the unexplained gap left by site-selective

halogenation of unreactive aliphatic carbon centers.

ADHes, like FDHs (although in a different mechanism which will be discussed below, in
section 1.2.4), are Oz dependent, using O and release of CO: from the aKG cofactor to oxidize
Fe(I1) to a reactive Fe(IV) oxo species.?* Similar to P450s, the Fe(IV) oxo species then chlorinates
the substrate through a radical rebound mechanism, ultimately releasing water and succinate as
byproducts (Scheme 1.4).2° Since both non-heme iron a-ketoglutarate dependent hydroxylases and
halogenases proceed through such a radical rebound mechanism with an Fe(111)-OH species, it is
initially puzzling why no halogenation is observed with the hydroxylases and no hydroxylation
with the halogenases. The lower reduction potential of the chlorine radical (Cle + ¢ — CI, 1.36
V) relative to the hydroxyl radical (HO+ + ¢ — HO", 2.02 V) may explain most of the preference
of the halogenase for halogenation,*® and an explanation for the absence of halogenation by
hydroxylases is suggested by the crystal structure of one such ADH, SyrB2. SyrB2 is from the
biosynthetic gene cluster for syringomycin E found in Pseudomonas syringae, and this ADH
chlorinates the terminal methyl of the side chain of a threonine residue.! While the non-heme iron

a-ketoglutarate dependent hydroxylases have the side chain of an aspartic acid or glutamic acid
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residue as one of the ligands on iron, such a residue is conspicuously absent from the SyrB2 crystal
structure, instead replaced with an alanine that leaves suitable space for a chloride. Further
corroborating the hypothesis that chloride acts to complete the ligand set on iron in ADHs, it has
been observed that apo-SyrB2 binds Fe?* three orders of magnitude more tightly when in the

presence of chloride.?*

Scheme 1.4. Catalytic mechanism of ADHs.[?
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[a] Adapted from references 24 and 29. In aKG dependent hydroxylases the chloride is replaced

with an aspartic or glutamic acid residue and radical rebound occurs on the iron-oxygen bond.

Given the site-selectivity of ADHs, combined with their ability to halogenate aliphatic
positions of substrates, one might think that ADHs would be the logical first choice for an

engineering effort directed toward the site-selective halogenation of complex substrates of interest
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at relatively electronically disfavored positions. Significant limitations to employing ADHs in such
a manner exist. First and foremost, until recently, all reported ADHs were only known to possess
activity on substrates tethered to a carrier protein via a phosphopantatheine arm. Such a restriction
requires that the carrier protein is also capable of loading the substrate of interest, which limits
potential scope to substrates with an acyl group that can be conjugated to the phosphopntatheine
arm, and may necessitate the engineering not only of the ADH of interest, but also its conjugate
carrier protein. In the case of the aforementioned ADH SyrB2, the substrate scope of its conjugate
carrier protein, SyrB1, was explored. The relatively small change of the substrate from L-threonine
to L-serine, which differs by only a single methyl group, resulted in a 60-fold decrease in the
catalytic efficiency for this process,®? indicating that the scope of the carrier protein would be a
significant limitation to expanding the scope of the ADH in this case. The simultaneous
engineering of multiple proteins may increase the difficulty of the endeavor exponentially.
Furthermore, the requirement of using a loaded carrier protein in the reaction assay adds practical
difficult to the screening step of the directed evolution cycle, which is already the major bottleneck

of many engineering efforts (see section 1.3 below).

Because of the limitations posed by the necessity of the carrier protein, the recent report of
the first example of an ADH that is able to act on a substrate not bound to any carrier protein is
tremendously encouraging for protein engineering efforts directed at ADHs.3 This ADH, WelO5,
is from the pathway for the biosynthesis of welwitindolinone in the algae Hapalosiphon
welwitschii. WelO5 is capable of the halogenation of an unactivated methylene on the substrate
12-epi-Fischerindole U to form 12-epi-Fischerindole G, as well as the analogous halogenation of
the related substrate 12-epi-Hapalindole C to form 12-epi-Hapalindole E. Welwitindolinones have

been a popular target for total syntheses, occupying the efforts of at least 60 researchers,® and the
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potential to use engineered WelO5 to biosynthetically create synthetically intractable derivatives
of these compounds is an exciting prospect. The discovery of WelO5, and potential related ADHs
that function on free-standing substrates, will likely prove to be pivotal for the engineering of

halogenases capable of site-selective halogenation of alkylic positions on bioactive substrates.
1.2.4 FLAVIN DEPENDENT HALOGENASES (FDHs)

The last class of halogenases to be discussed are the flavin dependent halogenases (FDHS),
the engineering of which will be the main focus of this thesis. Like the ADHs, FDHSs are O
dependent, but while ADHSs use an iron cofactor, FDHSs instead use an FAD cofactor to form an
FADH-OOH peroxo species.?* This reaction requires the reduced form of FAD, FADH2, which in
turn is regenerated by a separate NADH dependent flavin reductase. The FADH-OOH peroxo
species then reacts with halide (both CI" and Br~ have been reported to be accepted by several
FDHSs) to generate an equivalent of hypohalous acid (HOX), water, and the regenerated FAD
cofactor. The hypohalous acid then travels to the active site of the FDH, a journey of approximately

10 A in some cases, where it then interacts with a conserved active site lysine (Scheme 1.5).%

The precise role of the hypohalous acid is, at this point, debated, as the hypohalous acid
may merely is coordinate to the lysine and is still the active halogenating agent (Scheme 1.5),% or
the hypohalous acid might react with the lysine to form a haloamine species which is responsible
for halogenation.®® It has been argued that a haloamine would not have the necessary redox
potential to perform the halogenations reported by FDHs and thus that hypohalous acid must be
the active species; however, the protonation state of the theoretical haloamine in the enzyme active
site has not been determined, and if protonated would be significantly more active than the
calculations performed would indicate, even ignoring further mitigating effects from protein

tertiary structure.® In support of the theory that a haloamine is formed from the hypohalous acid,
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Walsh and coworkers were able to isolate and characterize a long-lived, catalytically competent
haloamine intermediate of RebH, an L-tryptophan 7-halogenase from the rebeccamycin
biosynthetic pathway in Lechevalieria aerocolinogenes.® Further discussion of FDHs need not
concern itself with the validity of either of these theories — the fact that the halogenating agent is
in some way held by the active site lysine, whether that is through coordination with or reaction

with said lysine, is the crucial factor of significance with this class of enzymes.

Scheme 1.5. One proposed mechanism@ of the FDH PrnA .3
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[a] The hypohalous acid is depicted as the active halogenating agent in this scheme.

This restriction of the halogenating agent by the active site lysine allows for the site-
specific halogenation of substrates at electronically disfavored positions. While the position may
be electronically disfavored relative to other positions on the molecule, it must still be sufficiently
activated to undergo halogenation by a halenium intermediate, and it is still unclear what the
maximum difference in reactivities of different sites can be overridden. Although the hypohalous
acid/haloamine ultimately halogenates the substrate through electrophilic aromatic substitution,
the same mechanism employed by the non-site-specific small molecule halogenation agents
described in section 1.1, the lysine is able to coordinate the halogenating agent proximal to only a
single position of the substrate, and thus only that position is allowed to access the halogenating
agent. This is analogous to the site-selectivity seen with ADHSs, in which the substrate is held in a
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specific conformation proximal to the Fe(IVV) oxo species, except that the halogenating agent
travels away from the point of generation to a separate substrate binding pocket. This partial
separation of some of the catalytic machinery, namely the flavin binding site, from the substrate
binding pocket may facilitate protein engineering efforts that aim to affect substrate binding

without disrupting said catalytic machinery.

To date, most characterized FDHs that are able to functionalize a freestanding substrate,
i.e. one not bound to a peptide or acyl carrier protein, utilize L-tryptophan as their native
substrate.®” These include the aforementioned RebH and PrnA, L-tryptophan 7-halogenases, as
well as other halogenases capable of selective 5- or 6-halogenation of L-tryptophan (see Table
2.1). In addition to these tryptophan halogenases, some phenolic halogenases have been
characterized that also function on freestanding substrates. For example, ChlA has been found to
dichlorinate the substrate (2,4,6-trihydroxyphenyl)-1-hexan-1-one in the biosynthesis of DIF-1.%8
Furthermore, the halogenase TiaM has been found to halogenate the orsellinic acid moiety of a
large substrate in the course of tiacumicin B biosynthesis,® while the halogenase Rdc2 was found
to also halogenate an orsellinic acid moiety present in the smaller resorcylic acid lactone
monocillin I in the biosynthesis of radicicol.*® As is seen with ADHs, there exist numerous FDHs
that are only known to functionalize substrates that are tethered to peptides or acyl carrier
proteins.** For the same reasons discussed for ADHs, engineering of FDHs that require the
substrate is bound to a peptide or acyl carrier protein is likely to be significantly more difficult
than engineering FDHs capable of functionalizing freestanding substrates. Of the FDHSs
characterized to functionalize freestanding substrates, the L-tryptophan halogenases are the best

studied.
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Rebeccamycin halogenase (RebH) nicely illustrates the power of substrate binding to
control FDH selectivity. As mentioned above, RebH is able to selectively functionalize the 7-
position of the amino acid L-tryptophan.*? One would expect the 2-position of L-tryptophan to be
more reactive than the benzene positions, but despite this, the RebH catalyzed chlorination of
tryptophan produces only 7-chloro-L-tryptophan with no trace of the significantly electronically
favored 2-chloro-L-tryptophan. This is due to the aforementioned ability of FDHSs to hold the
substrate such that only a single C-H bond of the substrate is proximal to the halogenating agent
with such specificity that not even the nearby, and electronically comparable, other benzene
positions are halogenated. Furthermore, there also exist FDHs capable of selective 6-
halogenation** and 5-halogenation** of L-tryptophan. Taken together, these halogenases are a
powerful demonstration of the ability of FDHSs to effect exquisite selective halogenation at a range

of electronically disfavored positions.

While the selective halogenation of L-tryptophan is impressive, medicinal chemists are
often interested in functionalizing compounds significantly larger and more complex than L-
tryptophan. Although many large, complex halogenated natural products exist, the halogenation
event usually occurs relatively early in the biosynthetic pathway on a relatively small intermediate
(e.g. L-tryptophan), which then undergoes numerous further functionalizations to furnish the final
product. Researchers that have intended to make halogenated derivatives of complex natural
products have taken advantage of biosynthetic pathways that utilize similar early intermediates,
thus incorporating FDHs that functionalize these intermediates to provide a halogenated derivative
that is carried through the biosynthetic pathway to yield a halogenated derivative of the normally
non-halogenated natural product. For example, chlorinated and brominated analogues of a number

of strictosidine derivatives, including dihydroakuammicine, ajmalicine, catharanthine, and
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tabersonine, have been generated via incorporation of the aforementioned L-tryptophan 7-
halogenase RebH or the L-tryptophan 5-halogenase PyrH into their biosynthetic pathways.*®
Another L-tryptophan 7-halogenase, PrnA,*® has been incorporated into the biosynthetic pathway
for pacidamycin, furnishing chloropacidamycin, which was then further chemically functionalized
via cross-coupling methodology to yield arylated derivatives of pacidamycin.*” This combined
chemoenzymatic functionalization of complex natural products will be discussed further in Section
3.2.4. Additionally, the site of halogenation in halogenated natural products has been altered by
substituting a halogenase with different regioselectivity than the native halogenase into the
biosynthetic pathway. This has been accomplished with rebeccamycin, which natively uses RebH
to chlorinate the 7-position of L-tryptophan, which is then further functionalized to yield the
indolocarbazole rebeccamycin.*® Two halogenases with different regioselectivities, PyrH, an L-
tryptophan 5-halogenase, and thal, an L-tryptophan 6-halogenase, were substituted for RebH,
resulting in production of analogues of rebeccamycin with indole 5- and 6-chlorination,

respectively.

Although powerful, these metabolic engineering strategies for producing halogenated
derivatives of complex natural products have significant drawbacks. First of all, the construction
of novel biosynthetic pathways is still a laborious procedure, and producing a new pathway for
each desired compound is prohibitively time-consuming. Second, this is only an option for
biosynthetic pathways of compounds that have been well characterized and contain an
intermediate (e.g. tryptophan) that can be halogenated by FDH. Third, the steps of the biosynthetic
pathway downstream must tolerate the addition of the halogen atom to their substrates. And lastly,
this method is incapable of producing halogenated derivatives of non-natural molecules of interest,

such as pharmaceuticals. We have already seen that FDHs are attractive candidates for site-
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selective halogenation of large, bioactive molecules, as they are able to selectively functionalize
substrates at electronically disfavored positions without requiring that the substrate be bound to
any acyl carrier protein. The main limitation of reported FDHs is that they are only known to
functionalize a relatively limited set of small molecules.*® As such, the discovery of an FDH with
the ability to functionalize a range of large molecules of interest, while still preserving
regioselective halogenation at electronically disfavored positions, would be of great interest. Such
a discovery has not yet occurred, leading us to speculate on the possibility of developing such a

halogenase from existing FDHSs.
1.3 THE USE OF DIRECTED EVOLUTION TO ENGINEER ENZYMES

As discussed in sections 1.2.1-1.2.4, the different classes of halogenases each offer distinct
advantages and disadvantages relative to one another. For example, while SAM dependent
halogenases are capable of fluorination, they have limited substrate scopes, with only a single
substrate utilized in nature by these enzymes. While ADHs, unlike most haloperoxidases, are
capable of site-selective halogenation at electronically deactivated positions, they have primarily
only been reported to functionalize substrates bound to acyl carrier proteins, limiting their use on
non-native substrates. It is worth noting again that the recent report of WelO5, which acts on a
freestanding substrate, may open new avenues toward engineering ADHs. FDHs, on the other
hand, are capable of site-selective halogenation at electronically deactivated positions on a range
of small molecule substrates, but prior to the work discussed in Section 3, these substrates were

largely limited to small amino acids.

While each of these enzyme classes presents its own limitations, distinct advantages are
apparent over small molecule halogenation agents, as discussed in section 1.1. A major advantage

is the ease with which enzymes can be modified. Enzymes are genetically encoded, meaning that
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the synthesis of the enzyme can be carried out by the cellular machinery of an organism used as
an expression host. Because of this, extremely complex enzymes with extraordinarily finely tuned
structures (including substrate binding sites) can be produced with relative ease, provided one can
competently handle the expression host. Furthermore, the ability of researchers to modify the genes
encoding enzymes has rapidly increased in the past several decades, resulting in simple tools for
the introduction of point mutations or random mutagenesis of a gene in the most industrially
prevalent expression hosts, e.g. Escherichia coli or Saccharomyces cerevisiae. Once one has
introduced the desired mutation(s) into an enzyme, its production in an expression host is typically
identical to the original, i.e. parent, enzyme. While it may seem unnecessary to say the preceding
sentences explicitly, the contrast between the production of enzyme catalysts versus small
molecule catalysts is profound. Small molecule catalysts are synthesized by the physical
manipulations of a chemist. The production of analogues of such a catalyst will require a new
synthetic scheme for each catalyst desired, with different considerations potentially required for
each such scheme. It may be that a researcher does not know exactly what permutation is necessary
to his or her catalyst to effect a desired change in activity, but would like to access a large library
of catalysts with slight variations to the parent catalyst. By modifying the gene encoding for an
enzyme, one can readily produce as many such variants as one pleases; libraries of a few thousand
enzyme variants are regularly screened in each step of a directed evolution project. Synthesizing
even a thousand small molecule catalysts in hopes of finding one with the desired modification in

activity is a far more daunting task.

Perhaps the key advantage of enzyme catalysts over small molecule catalysts is not the
ease of production of analogues, but the extremely fine tunability of these analogues. Enzymes

often range from tens to hundreds of angstroms in diameter, while the substrate may only occupy
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a tiny fraction of that volume. Thus one can introduce permutations into the enzyme structure that
are quite distal to the substrate binding site, but influence the overall structure of the enzyme in
such a way that a fraction of an angstrom shift in a key residue is effected, resulting in a slight
change in binding of the substrate. This may allow for the substrate to be bound in such a way that
a different position is proximal to the functionalizing species, or that a substrate with what would
normally be considered a very minor permutation is preferred or excluded to a remarkable degree.
For example, a theophylline responsive riboswitch has been reported that binds caffeine with 1000-
fold lower affinity than theophylline, despite the fact that these substrates differ by only a single

methyl group.*

Such selectivity is essential for a catalyst that is required to discriminate both between
multiple similar positions on a single molecule and between multiple similar molecules in an
environment, both of which situations arise frequently in biological contexts. Using the
aforementioned L-tryptophan 7-halogenase RebH as an example, RebH must discriminate
between the electronically similar 4-, 5-, 6- and 7-positions on the indole ring of L-tryptophan (all
of which are significantly less electron rich than the 2-position). And since RebH is genetically
encoded, its activity is tunable through the introduction of mutations to its genetic sequence. While
7-chloro-L-tryptophan is desired by the producing organism for rebeccamycin biosynthesis, a
chemist might instead be interested in producing 5-chloro-L-tryptophan, or a 7-chlorinated larger
indole, or even a larger indole that is chlorinated at the 7-position. Such a project can be tackled
iteratively, with multiple rounds of mutation and screening to progressively enhance the desired
activity; to evolve RebH to chlorinate a larger indole at the 5-position, for example, one might

over several rounds increase the activity for 7-chlorination on this large indole until the desired
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level of activity is seen, then over further rounds change the selectivity from the 7- to the 5-

position.

Splitting the development of a novel biocatalyst into multiple iterative steps is immensely
powerful, as it allows one not to immediately set out to look for the best catalyst, but simply a
better catalyst. While the sequence space of an enzyme is prohibitively large to attempt to find a
single best variant (20", where n is the number of amino acid residues in the enzyme - for RebH,
n>500, so there are a potential >20°%° RebH variants), there likely exist many, many better variants
within that sequence space, plenty of which likely differ by only a single amino acid substitution
from the parent sequence.® By finding one of these better variants and then using that variant as
the parent for the next round to find one that is even better yet than the first, enough rounds can be
combined to effect the overall desired change in activity. If one is using random mutagenesis, in
which changes are introduced throughout the entirety of the genetic sequence of the enzyme with
no intended bias in the location of mutations, the crystal structure, mechanism, or any other
information about the enzyme need not be known in order to simply look for gradual increases in
the desired activity. However, any information, such as the mechanism or crystal structure, can
inform structure-guided mutagenesis, which can potentially reduce the size of the sequence space

under exploration and enhance the percentage of productive mutants developed.

As described above, using iterative rounds of mutation and screening, a project such as the
evolution of a large indole 5-selective halogenase from a L-tryptophan 7-selective halogenase can
be split into separate projects in which the activity and selectivity are separately altered. It may be
necessary to even further break down such a project, though; perhaps the target large indole differs
too significantly from L-tryptophan, such that it is not likely that 1-2 mutations will show any

measurable activity on the target. In such a case, a technique known as substrate walking can be
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employed to increase the activity on substrates with increasing resemblance to the target. One can
envision that a target molecule differs from the native substrate by the addition of two ethyl
substituents, but no activity is seen with the parent enzyme on this target substrate, making
incremental increases in activity (from an initial activity of zero) difficult to find. However,
sufficient activity is seen on an intermediate substrate with only one of the two ethyl groups
present, and screening can first be performed on this intermediate substrate until a high-activity
variant is developed that has sufficiently elevated activity on the target substrate (with both ethyl
groups present) to now allow for direct screening on the target. Two drawbacks to substrate
walking are immediately apparent: first, the intermediate substrates must be available, either
commercially or through synthesis; and second, the technique relies on the assumption that
increases in activity on the intermediate substrate will result in increases in activity on the target
substrate (or the next intermediate, if multiple intermediate substrates are employed). Despite this,
availability of substrates for screening is often not a limiting factor and the latter assumption often
holds true; gratifyingly, substrate walking has been successfully employed for the development of
numerous useful engineered enzyme variants. Examples can be found for enzyme classes as
diverse as cytochrome P450 monooxygenases,®> transaminases,®® tRNA synthetases,> and
monoamine oxidases.>® One especially powerful example from the first class of enzymes, the
cytochrome P450 monooxygenases, is the directed evolution of P450sm3 by Arnold and coworkers
to hydroxylate propane and ethane. P450gms natively hydroxylates long-chain (Ci2-Czo) fatty
acids, but through a screening effort initially on octane and then on propane, variants were
developed with total turnover numbers on propane (>40,000) exceeding those of wild-type
P450gm3 on its native substrates (Figure 1.3). Furthermore, the final variants also show significant

activity on ethane to produce ethanol.
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Figure 1.3. Evolutionary lineage of P450sm3 ethane hydroxylases.
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evolutionary lineage.5? B) Change in substrate specificity over evolutionary lineage.®

Another example of substrate walking is the engineering of a transaminase for the
production of sitagliptin.>® This effort was not only a powerful demonstration of substrate walking
but also stands as one of the most illustrative examples to date of the potential benefits to be derived
from directed evolution. Merck had formerly employed a chemocatalytic route for the production
of sitagliptin from a prositagliptin ketone using asymmetric hydrogenation catalyzed by
Rh[Josiphos]. Asymmetric hydrogenation is one of the most common methods to install chirality
in industrial chemistry,®” and Merck was able to obtain an impressive 97% e.e. with this route.

However, because rhodium was used as the catalyst, a subsequent carbon treatment is required to

25



remove residual rhodium, and while impressive, 97% e.e. is not sufficiently high for dosing to
patients, so an additional recrystallization step is also necessary to further increase the e.e. Both of
these added steps resulted in decreases in yield and increases in cost, so Merck collaborated with

Codexis to develop an alternative biocatalytic route that could eliminate these steps.

Beginning with a transaminase with no detectable activity on the target prositagliptin
ketone (7b), structure-guided mutagenesis was used to first increase activity on a truncated version
of the target substrate (7c, Figure 1.4). Site-saturation mutagenesis was used to uncover a single
S223P mutation that afforded an 11-fold increase in activity. A combinatorial library targeting
several sites that were expected to interact with the portion of the substrate that had been removed
to form the truncated substrate then furnished a variant with an additional four mutations that
showed the first detectable activity on the non-truncated prositagliptin ketone; it was found,
though, that when these same mutations were introduced into the parent transaminase in the
absence of the S223P mutation, no detectable activity was observed. Thus, substrate walking
enabled a route to an enzyme variant active on the desired substrate when direct screening on this

substrate would have failed to uncover the same variant.
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Scheme 1.6. Alternative biocatalytic route for the production of sitagliptin.[®
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Figure 1.4. Substrate walking for the production of sitagliptin.
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[a] Adapted from reference 53. Native substrates of wild-type transaminases are typically limited
to small, acetophenone sized substrates (7a); the target substrate (7b) was not initially accepted, so

the truncated substrate (7c) was initially used.

The low activity that was observed at this point was still far from the level required for a
useful enzyme for industrial scale production of sitagliptin; the enzyme variant at this stage was
still affording only an approximate 0.1 turnovers per day. Not only would the rate need to be
significantly increased, but it would need to see large increases in its organic solvent tolerance
(>25% DMSO), loading of prositagliptin substrate and isopropyl amine cosubstrate (100 g/L and
1 M, respectively), as well as its ability to work at higher temperatures and pHs (>40 °C and pH
8.5). These changes were introduced gradually over the subsequent 10 rounds of evolution, as
further mutations were introduced through site-directed mutagenesis (aided by computer design),
homology models, and random mutagenesis. After the introduction of 27 mutations in a total 11
rounds of evolution (including the first on the truncated substrate), a transaminase variant was
developed capable of working in the above specified conditions, furnishing product at >99.95%
e.e. Remarkably, of these 27 mutations, only 10 are predicted to interact directly with the substrate;
while some of the remainder are located at the predicted dimer-dimer interface (improvements in

dimer stability in the increasingly harsh reaction conditions was thought to be a major contributor
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to increases in turnovers), others are distal from both sites. Mutations such as these, located on
residues that were not or would not have been the targets of site-directed mutagenesis that often
have unknown but significant impacts on activity, offer strong testimony to the value of random
mutagenesis when trying to optimize an enzyme to the highest degree possible. Ultimately, the use
of the engineered transaminase variant as a biocatalytic alternative to the formerly employed
chemocatalytic route for the production of sitagliptin resulted in increases in yield and
productivity, while waste was decreased (including the elimination of rhodium waste through the
omission of the asymmetric hydrogenation, meaning that carbon treatment is no longer necessary),
as was the overall cost of production. This engineered transaminase is now used to produce

sitagliptin, a multi-billion dollar drug, on industrial scale.
1.4 CONCLUSIONS

The development of the biocatalytic route for the production of sitagliptin is certainly a
stunning success story for directed evolution, but it is now merely one of many.® Using directed
evolution, any enzyme property for which one can screen (e.g. turnovers, organic solvent
tolerance, optimum pH, etc.) can be optimized, and with substrate walking, one has a means by
which to find variants with activity on substrates on which the parent had no detectable activity.
As long as the enzyme possesses the necessary machinery for a chemical reaction, that enzyme
can theoretically be engineered to perform that reaction on any substrate. Many groups are working
on methods to expand the range of chemical reactions that can be performed by enzymes beyond
those developed by nature, for example through the design of de novo enzymes® and the
construction of artificial metalloenzymes.®° But many of the chemical reactions for which nature
has already designed catalysts still have great potential to be utilized to meet human needs.

Halogenation is but one example of such a chemical reaction, but it stands as one of especially
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pressing need. Because of the ubiquity of halogenation in bioactive molecules and the dearth of
suitable small-molecule reactions for selective halogenation, site-selective halogenases are poised
to offer great benefit to organic chemists. But first, halogenases must be engineered to work on the

sorts of substrates and in the sorts of conditions in which organic chemists are interested.
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CHAPTER I

ENHANCING THE EXPRESSION OF WILD-TYPE REBH AND AN EXPLORATION OF

ITS SUBSTRATE SCOPE

2.1 INTRODUCTION

As discussed in section 1.1, halogenated organic compounds are essential building blocks
for chemical synthesis, for example in cross-coupling reactions that form biaryl compounds,* and
are also widely represented in bioactive compounds such as pharmaceuticals and agrochemicals.?
The presence of the halogen atom can often have beneficial effects on the bioactivity of such
compounds,® and the site of halogenation can lead to drastically different biological activities (see
Figure 1.1).* Despite their ubiquity and utility in modern society, however, the installation of
halogen atoms onto a specific site of a compound frequently necessitates the use of activated or
prefunctionalized starting materials and wasteful multistep functional group conversion
sequences,® the design and execution of such sequences potentially differing significantly for each
halogenated isomer one wishes to prepare. Arene halogenation via electrophilic aromatic
substitution (EAS) often suffers from poor regioselectivity and results in undesired
polyhalogenated side products while requiring harsh reaction conditions and harmful
stoichiometric reagents, e.g. chlorine gas for chlorinations.® While oxidative methods to
catalytically generate halogenating agents from halide salts have been developed to address the
latter limitation, few utilize oxygen as the terminal oxidant, and none have solved the issue of

regioselectivity (Scheme 2.1).”
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Scheme 2.1. General scheme for oxidative halogenation.
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The development of a site-selective oxidative halogenation method would be of great use
to organic chemists in the syntheses of many high-value compounds. As established in the previous
paragraph, two pitfalls of contemporary halogenation methods we wished to overcome were the
lack of site-selectivity and the use of harsh reaction conditions. In both of these areas, enzymes are
known to excel, as they often offer unparalleled site-selectivity and operate in the mild conditions
associated with most biological milieu. The background given for halogenases in sections 1.2.1-
1.2.4 demonstrates that, especially with regard to site-selectivity, the FAD-dependent halogenases
(FDHs),® first identified in the mid 1990s,° are particularly attractive for engineering efforts.
Detailed mechanistic investigations of FDHs have been spearheaded by the van Pée!® and Walsh'!
groups, focusing primarily on tryptophan FDHs, and have served to elucidate the possible
mechanisms of these enzymes. A separate NADH-dependent flavin reductase supplies FADH: that
reacts in a flavin-binding site of the FDH with O to form a flavin peroxide, FADH-OOH, which
reacts with halide to generate hypohalous acid, HOX. This hypohalous acid then travels through a
tunnel within the enzyme to either coordinate with an active-site lysine residue'® or react with said
residue to form a haloamine species.!! In either case, the HOX or haloamine acts as a source of
halenium ion and is proximal to only a single C-H bond of the substrate, which is held by the
enzyme to affect the site-selectivity of the halogenation. These enzymes are thus able to override

the electronic preference of L-tryptophan for halogenation at the 2-position and instead direct
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halogenation to the relatively electronically disfavored 5-,*7 6-,'8 or 7-position;*>®* FDH homologs

have been identified that are each capable of site-selective halogenation of only one of these sites.

FDHs thus have the potential to overcome the lack of site-selectivity and the harsh,
environmentally detrimental conditions associated with current halogenation methods, but have
thus far remained largely unexplored for preparative scale syntheses. Reported FDHs have
typically had their activities determined through analytical scale reactions (micrograms of
substrate) of their native substrates, often L-tryptophan.® The substrate scope of the L-tryptophan
halogenase PrnA expressed in Pseudomonas fluorescens was explored by van Pée and coworkers.
This enzyme halogenated a variety of substituted indoles, but for all non-native substrates,
halogenation was invariably observed at the most electronically activated 2-position.® The same
group was able to alter the selectivity on the native substrate, L-tryptophan, to furnish some 5-
chloro or 5-bromo-L-tryptophan, but roughly 75% of the product was still 7-halogenated.!? In
order to effect the halogenation of non-native, bioactive substrates at electronically disfavored
positions, some groups have utilized PrnA, PyrH (an L-tryptophan 5-halogenase), Thal (an L-
tryptophan 6-halogenase), and especially RebH (an L-tryptophan 7-halogenase) in metabolic
engineering efforts to halogenate early intermediates that are further functionalized
biosynthetically;* some of these efforts are summarized in section 1.2.4. In the course of one such
effort, O’Connor and coworkers demonstrated that wild-type RebH is capable of site-selective
halogenation of tryptamine at the 7-position, in contrast to PrnA, for which only 2-halogenation
of tryptamine was observed.?® These authors also introduced point mutations in order to shift the

preference of RebH for tryptamine versus L-tryptophan.

Inspired by these examples, we set out to obtain high expression of an active, soluble

halogenase in Escherichia coli, an industrially tractable, easily genetically manipulated organism
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that is a workhorse of molecular biology. Such high expression would then facilitate preparative
scale halogenations and allow facile exploration of the scope and selectivity of our halogenase of
interest. In addition to preparative scale reactions, high expression titers would also enable high-
throughput screening of small scale cultures of halogenase variants, a prerequisite for the directed
evolution. Thus, we hoped that by developing a robust expression system for a halogenase with a
suitably broad substrate scope, we would be well poised for subsequent halogenase engineering
efforts, which will be described in Chapters 3 and 4. Large portions of this work were performed

with Mary Andorfer, and a paper has been published describing these results.'*
2.2 RESULTS AND DISCUSSION
2.2.1 THE SELECTION OF A SUITABLE HALOGENASE

While several FDHs had been reported as of the beginning of this project, none to date had
been explicitly reported to express in high titers in E. coli, with many lacking reports of any
expression in E. coli. For example, the aforementioned study exploring the substrate scope of PrnA
was conducted by expressing PrnA in its native host, Pseudomonas fluorescens, in order to obtain
high enough quantities of isolated enzyme to perform multiple preparative scale reactions. Due to
our interest in the development of engineered halogenase variants capable of site-selective
halogenation of bioactive indoles (see Chapter 3), we decided to focus on L-tryptophan
halogenases. A number of these halogenases, along with their reported selectivities and kinetic

parameters, are shown in Table 2.1:
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Table 2.1. Reported L-tryptophan FDH properties.

Site‘ kcat Km kcat/Km
Enzyme  colectivity  (mint) (uM)  (mint M) Rererence
RebH 7-position 1.4 2.0 0.7 15
PrnA 7-position  0.093 160 0.0006 16
PyrH 5-position 0.5 150 0.003 17
thal 6-position 2.8 110 0.025 18
KtzQ 7-position  0.19 <2 0.1 19
KtzR 6-position  0.08 808 0.0001 19

Initially, three of the most well-studied of these tryptophan halogenases — PrnA, RebH, and
PyrH — were selected to explore the level of expression of soluble enzyme each affords in E. coli.
All of the tryptophan halogenases described in Table 2.1 were later studied in our lab and all were
found to give comparable levels of expression to that described below for PrnA, RebH, and PyrH.
These three halogenases were cloned into either pET22 or pET28a plasmid and used to transform
BL21(DE3) E. coli, but subsequent SDS-PAGE analysis of expression cultures showed almost
solely insoluble protein (see Figure 2.1 for RebH expression; PrnA and PyrH showed comparable
expression levels). Given that PrnA, RebH, and PyrH all possess a GC percentage of 65%, while
the overall GC content of a common laboratory strain of E. coli is 50.79%,%° we hypothesized that
using a halogenase with a GC content closer to 50% might fold more favorably in the intracellular

milieu.

A BLAST search revealed two putative halogenases with high homology for the reported
halogenase RebH with GC contents closer to 50%. One of these (Mmar) is expressed by
Mycobacterium marinum and possesses 59% GC content and 64% sequence identity to RebH. The
second (Pcurd) is expressed by Paenibacillus curdlanolyticus and possesses 51% GC content and
56% sequence identity to RebH. Both of these genes were cloned from the genomic DNA of their

respective organisms of origin into pET22 and used to transform BL21(DE3) E. coli. SDS-PAGE
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analysis of these cultures revealed no improvement in the ratio of soluble to insoluble protein
relative to the reported halogenases was observed (expression levels were all comparable to that
seen for RebH in Figure 2.1). Given the equally poor solubility seen with all the halogenases
examined thus far, RebH was selected for studies to attempt to improve its solubility. This choice
was made because RebH has the most favorable reported kinetic parameters of the halogenases
reported to date (see table 2.1) and its purification from E. coli had been previously reported,®

although without specific mention of the isolated yield of protein.
2.2.2 ENHANCING THE EXPRESSION OF SOLUBLE REBH

Based on literature reports of the beneficial effect upon solubility obtained by fusing a very
well-folded protein (a fusion solubility partner) to a protein of interest,?* we decided to investigate
if doing so could have such an effect on the solubility of RebH. The Bottomley group at Monash
University generously provided us with plasmids to allow for the facile incorporation of a gene of
interest into four different constructs in the pLIC vector (a modified pET21 plasmid): one which
attaches the N-utilizing substrance A (NusA) fusion solubility partner; one which attaches the
maltose binding protein (MBP) fusion solubility partner; one which attaches the glutathione S-
transferase (GST) fusion solubility partner; and one which is an identical construct but attaches

only a hexahistidine (His) tag as a control.?

Using sequence and ligation independent cloning,?® RebH was cloned into each of these four
constructs. Each of the four constructs, Nus-RebH, GST-RebH, MBP-RebH, and His-RebH, were
expressed alongside pET28a/RebH (5 mL expression cultures, induced with 0.1 mM IPTG at
ODs0o = 0.6, expressed for 20 hours at 37 °C). The results of this test showed that there were no
extraordinary increases in the amount of soluble RebH obtained with the use of any fusion partner

(Fig. 2.3). Shortening the expression time from 20 hours to 3 hours resulted in a significant increase
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in the quantity of soluble enzyme obtained with the Nus-RebH and MBP-RebH fusions. These
fusions were expressed and purified on the 750 mL scale, but the purified enzyme showed
essentially no activity. While the solubility partners and RebH are separated by a TEV cleavage
site and thus the solubility partners could be cleaved to liberate potentially active RebH, the
additional protease cleavage step was not desired for the throughput of our planned directed

evolution strategy.

Figure 2.1. Impact of fusion solubility partners on RebH.[
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[a] Leftmost two lanes show the soluble and insoluble fraction of the untagged protein.

We then decided to test another method commonly employed to improve the solubility of
expressed proteins that would not require any covalent modification of our protein of interest —
coexpression with chaperone proteins.?* Five commercially available chaperone plasmids were
tested, each encoding for one to five chaperone proteins (in the form of different combinations of
the dnaK-dnaJ-grpE, groEL-groES, and tig chaperones). Each was cotransformed into the E. coli
BL21 (DE3) pET28/RebH system and all five chaperone coexpression systems were expressed
alongside pET28a/RebH (5 mL expression cultures, induced with 0.1 mM IPTG at ODsoo = 0.6,

expressed for 20 hours at 37 °C). The results of this test showed that the pGro7 chaperone plasmid,
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encoding the groEL-groES chaperone proteins, led to a significant increase in the quantity of

soluble RebH obtained (Figure 2.2).

Figure 2.2. Impact of chaperone plasmid coexpression on RebH.[

RebH w/ pGro7 w/pG-KIE8 w/pKIE7 pG-Tf2 P16
sol pel sol pel sol pel sol pel sol pel sol pel

3 B

— . - e o -~ - .-
-

[a] Leftmost two lanes show the soluble and insoluble fraction of RebH without chaperone

coexpression.

Given the similar molecular weights of RebH (62 kD) and GroEL (58 kD), we expected that
the soluble protein band was partially composed of GroEL. Western blotting was thus used to
directly visualize the increase in the amount of soluble RebH furnished from chaperone
coexpression (using a Mouse Anti-His antibody, which was then detected with a Goat Anti-Mouse
Antibody conjugated to horseradish peroxidase). As seen in Figure 2.3, a significant amount of the
RebH/groEL band in this unoptimized system was composed of groEL, but nonetheless, an
approximately fourfold increase in the amount of soluble RebH was obtained upon coexpression

with pGro7.
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Figure 2.3. Western blot of RebH coexpression with chaperones.

In order to quickly optimize expression in this system, a functional halogenation assay (as
described in the “General Procedure for 10 mg Bioconversions” subsection of Section 2.4.2, except
on a 75 pL scale in 1.5 mL microcentrifuge tubes) was employed for further optimization of the
expression medium, IPTG concentration, L-arabinose concentration, ODeoo at induction, time of
addition of L-arabinose, expression time, expression temperature, expression volume, and other
factors. After optimization, large-scale cultures were used to determine isolated yields of soluble
RebH obtained with the best expression conditions. A yield of 111 mg RebH per liter of culture
with pGro7 coexpression was obtained, while only 15 mg RebH per liter of culture were obtained
under the reported conditions, meaning that an over sevenfold improvement was obtained with the
groEL/groES chaperones. To verify the beneficial effect of the chaperones themselves, as opposed
to simply the varied expression conditions, a culture of RebH without the chaperone was grown

using the optimized conditions and found to yield only 6 mg RebH per liter of culture (Table 2.2).
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Table 2.2. Yields after purification under reported®® and optimized conditions.?

Conditions RebH RebF
Reported Conditions 15 mg/L 3 mg/L
New Conditions 6 mg/L 5 mg/L

With pGro7 (RebH) or MBP (RebF) 111 mg/L 33 mg/L

[a] Purification performed using Ni-NTA affinity chromatography as described in Section 2.4.1.

2.2.3 ENHANCING THE EXPRESSION OF SOLUBLE REBF AND DEVELOPING A

COFACTOR REGENERATION SYSTEM

Given that RebH is a flavin-dependent halogenase, it is necessary to provide a supply of
reduced FAD to the enzyme for the purpose of reducing molecular oxygen to generate FAD-
peroxide. This in turn then reacts with halide to produce hypohalous acid, which then is itself either
the active halogenating species, or which then further reacts with the active-site lysine to generate
a haloamine that is the active halogenating species. While there have been reports that DTT can
be used to reduce FAD in place of a flavin reductase,?® we observed lower total turnovers with
DTT than we did with a full cofactor regeneration system. Other authors have reported the use of
exogenously added endogenous E. coli flavin reductases in FDH catalyzed bioconversions, such
as SsuE,*® but we decided to first investigate the use of RebF, the flavin reductase partner to RebH

from the rebeccamycin biosynthetic gene cluster.

Upon expressing RebF in pET28a in BL21(DE3) E. coli, a similar situation was observed
to that seen with RebH; a significant amount of expressed protein was obtained, but it was almost
entirely insoluble. Following the same strategy described for RebH, the aforementioned fusion
solubility partners — NusA, GST, and MBP — were cloned onto RebF to examine their effect on

RebF’s solubility. Unlike with RebH, the effect of these solubility partners was immediately
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apparent upon expressing each construct, with the MBP-RebF fusion showing very high
expression of almost fully soluble protein (Figure 2.4). After optimization of expression medium,
temperature, time, inducer concentration, and ODeoo at induction, large scale cultures were grown
and the yield of isolated MBP-RebF was compared to that obtained for RebF. Approximately 33
mg/L of soluble MBP-RebF were obtained, while only 3 mg/L of RebF were obtained following
the reported procedures (Table 2.2). Again, the optimized conditions were used in the absence of
the MBP fusion partner to confirm that the impact on yield was not simply due to the change in

conditions, and only 5 mg/L of RebF were obtained.

Figure 2.4. Impact of fusion solubility partners on RebF.[?
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[a] Leftmost two lanes show the soluble and insoluble fraction of the untagged protein.

Gratifyingly, the MBP-RebF fusion is still fully active without any requisite cleavage of the
solubility partner. Curiously, an increase in activity relative to RebF without the MBP partner was
observed (Kcatrebr = 32 MinY; Keatmep-reor = 80 mint — while this observed Keatrebr is lower than
that previously reported,'® multiple trials with both identically prepared enzymes were performed
in our hands and all confirmed the same relative rates). While retention of some activity with the

attachment of a fusion tag has been reported,?® we have not been able to find precedent for an
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increase in activity. Dynamic light scattering experiments have not shown increased aggregation
for RebF without the MBP tag (data not shown), which we thought may have been leading to a

still soluble, but inactive, form.?’

With the ability to obtain large amounts of RebH (>100 mg/L) and RebF (>30 mg/L) now in
hand (Table 2.2), we next investigated the use of a glucose dehydrogenase to regenerate the NADH
that is consumed by RebF in the course of regenerating FADH». Thankfully, multiple glucose
dehydrogenases are commercially available from Codexis as lyophilized powders and we found
that these integrated well into our overall cofactor regeneration system (Scheme 2.2). The overall
system was optimized to determine the optimum stoichiometry of NAD, FAD, halide, glucose,
RebH, MBP-RebF, and GDH. We found that RebH and MBP-RebF show no loss of activity after
months of storage frozen in 25 mM HEPES, 10% glycerol, pH = 7.4, so all the components are
easily stored and handled. RebH can also be easily lyophilized and reconstituted without any

significant loss in activity.

Scheme 2.2. Cofactor regeneration system.[?
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2.2.4 EXPLORING THE SUBSTRATE SCOPE OF WILD-TYPE REBH

The established cofactor regeneration system described in section 2.2.3 allowed us to begin to
explore the activity of RebH. First, the reported native substrate was found to be halogenated well
by RebH in the presence of sodium chloride and the other reaction components, giving full
conversion to a monochlorinated product at <1 mol% enzyme loading. Higher enzyme loadings
and longer reaction times show that a substantial percentage of the monochlorinated product is
converted to a dichlorinated product; the regioselectivity of the second site of halogenation was
not verified, but we postulate that the product is 6,7-dichlorotryptophan, as this product has been
reported for the similar L-tryptophan halogenase, KtzQ.°® In addition, running the reaction with
sodium bromide in place of sodium chloride gives slightly lower but still substantial conversion to
the monobrominated product, with dibromination also seen at higher enzyme loadings and reaction

times.

To explore whether or not wild-type RebH possesses activity on unnatural substrates — an
initial, even if low, activity on other substrates of interest would provide a valuable starting point
for evolution to expand the substrate scope of RebH — it was first necessary to test the cosolvent
tolerance of RebH. The native substrate, L-tryptophan, is soluble in the reaction buffer (25 mM
HEPES, pH = 7.4), but many of the substrates we intended to test are not soluble in aqueous buffer
and instead require methanol, DMSO, or other organic solvents. Reactions using L-tryptophan
were run with the addition of 5% of methanol, ethanol, isopropanol, acetone, and DMSO, and in

every case no significant loss in activity was observed.

The tolerance of RebH for the above mentioned organic solvents allowed us to then test a range
of unnatural substrates, with varying degrees of similarity to L-tryptophan, to see if any initial

activity could be observed. Prior to this work, the primary exploration of substrate scope of an
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FDH was conducted by the van Pée group on the closely related L-tryptophan 7-halogenase
PrnA.28 In this study, the authors tested a range of substituted indoles and found that PrnA
demonstrated activity on some, but lacked activity on others. As mentioned in Section 2.1, in all
cases except the native substrate, L-tryptophan, PrnA was found to give the electronically favored
2-substituted product. These substrates were an immediate choice to test with RebH to identify
potential differences in the scope of the two related halogenases. The substrates shown in Figure

2.5 were tested and RebH was found to have some to high activity on them all.

Figure 2.5. Substrates previously screened with PrnA.?
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We were then interested in exploring an even further range of substrates than those reported
for PrnA, especially to see if RebH possessed activity on non-indole substrates. Approximately 60
substrates were initially screened, and from these, an impressive diversity of scaffolds was
accepted by wild-type RebH (Figure 2.6). This included a further expansion of indoles screened
beyond those reported with PrnA (as shown in Figure 2.5), including tryptamine, tryptophol, D-
tryptophan (the opposite enantiomer of the native substrate, L-tryptophan), and the tricycle
tryptoline (Figure 2.7). In addition, several other classes of aromatic compounds were accepted,

including coumarins, naphthalenes, anilines, and others (Figure 2.6). The halogenated coumarins
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were found to have a shifted wavelength of maximum emission relative to the unhalogenated
coumarins, which offered the possibility of using the halogenation of coumarins as a fluorometric
screen for enhanced activity, thermostability, or organic solvent tolerance. Unfortunately, the
simple coumarins explored at this point did not offer a significant enough change in signal to allow

for reliable detection of improved conversion in crude lysate (data not shown).

Figure 2.6. Range of scaffolds functionalized by RebH.
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2.2.5 SELECTIVITIES OF WILD-TYPE REBH PREPARATIVE SCALE REACTIONS

As wild-type RebH was capable of halogenating a wide range of small substrates, we then
wanted to determine the selectivity of RebH toward these substrates. While PrnA was reported to
halogenate a limited range of substrates, as described above, it was found to halogenate all
accepted substrates invariably at the 2-position. This selectivity is in accordance with that expected
for chemical halogenation, as this position is electronically favored compared to the relatively
deactivated benzene (4- through 7-) positions. Given that we intended to ultimately develop
engineered halogenase variants with improved regioselectivities compared to small-molecule
halogenation methods, we would intend to begin directed evolution with a substrate on which wild-
type RebH has novel regioselectivity. As such, it was important for us to determine if wild-type
RebH was affording novel regioselectivity on the non-native substrates on which it had displayed

activity, and thus if these non-native substrates would offer a starting point for further evolution.
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We were encouraged by a report that wild-type RebHdisplays such regioselectivity in halogenating
tryptamine,® as it does so selectively at the 7-position, and we then resolved to determine the site

of halogenation on other non-native substrates.

In order to determine the site of halogenation, the bioconversions using RebH must be
carried out at such a scale as to afford an isolable quantity of product sufficient for NMR
characterization. Such characterization can be readily performed on ~10 mg of product, but this
represents a scale over 1000 times larger than the analytical scale reactions previously described.
The increased expression of RebH described in Section 2.2.2, as well as the development of a
robust cofactor regeneration system described in Section 2.2.3, enabled such a scale-up in a
practical time frame. Parallel 750 mL cultures of RebH and MBP-RebFwere grown in shake-flasks
and the proteins were purified and used to perform 10 mg scale bioconversions of a subset of
substrates (Scheme 2.3). The bioconversions were worked up and purified using standard chemical
techniques (as described in Section 2.4.2) and the sites of halogenation determined using 1D and
2D NMR. The products, with the determined site of halogenation highlighted in green, are shown

in Table 2.3.

Scheme 2.3. General scheme for RebH-catalyzed arene halogenation.[?

5 mol% RebH
H 0.2 equiv. NAD, FAD cl
40 equiv. glucose
@/ cofactor regeneration system @/
Rn 10 mM NaCl, 25 mM HEPES Rn
10 mg 5% cosolvent, pH 7.4, 25 °C

[a] Cofactor regeneration system is described in detail in Table 2.3.
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Table 2.3. Yields for preparative RebH-catalyzed aromatic halogenation reactions.?

C02H CO,H N|-|2
\ \ \ \
N N N N
H H H

X =Cl, 1, 10 mg: 74% (94%) 2, 78% (99%) R = 3, NH,, 53% (98%) 6, 60% (96%) 7, 58% (99%)[c]
Br, 12, 85% (97%)[®! 4, NHMe, 65% (65%)
5, OH, 95% (95%)
@EQ ©5> “ “ )
8alb 54% (58%)Id] 9, 53% (64%) 10, 93% (98%) 11, 59% (95%)

[a] Yields of isolated products and HPLC conversions (in brackets) are provided. The cofactor
regeneration system consisted of 0.2 equiv FAD, 0.2 equiv NAD, 0.5 mol% RebF, 50 U/mL
glucose dehydrogenase, and 40 equiv glucose. [b] 100 mm NaBr was used in place of 10 mm
NaCl. [c] 6,7-dichloro-5-methyltryptamine was also isolated in 23% yield. [d] 10 mol% RebH

loading was used. A nearly 1:1 mixture of 5- and 6-halogenation was observed.

Gratifyingly, wild-type RebH furnished novel regioselectivities on a number of the
substrates tested. The native substrate, L-tryptophan, resulted in the reported regioselectivity at the
7-position (1), and surprisingly the opposite enantiomer, D-tryptophan, afforded the same
regioselectivity (2). A range of tryptamine analogues, including tryptamine (3), N-Q-
methyltryptamine (4), tryptophol (5), and 2-methyltryptamine (6), all were selectively halogenated
at the 7-position as well, with no trace of 2-halogenation detected for any of these substrates,
despite PrnA affording only 2-halogenation on non-native indoles. Interestingly, 6-halogenation
of 5-methyltryptamine was observed in 58% yield (7), indicating that additional sites of the indole
benzene ring can be halogenated despite the presence of the more electron-rich pyrrole ring. At

longer reaction times, dihalogenation of these substrates occurred as has been reported for the

50



halogenases KtzQ and KtzR,'® so reaction monitoring was required to ensure isolation of high

yields of mono-halogenated products.

Halogenation of a number of bicyclic and tricyclic carbocycles and heterocycles lacking
pendent functionality was also examined on the preparative scale. The tricyclic 2,3-disubstituted
indole tryptoline was converted to a nearly 1:1 mixture of 6- and 7-chlorotryptoline (8a/b; reported
as 5- and 6-chlorotryptoline, respectively, as they were originally numbered following indole
nomenclature rather than carbazole nomenclature), providing a promising starting point for
evolving halogenases with activity on more complex heterocyclic compounds.®® Comparing this
result with those for 2-methyltryptamine (6, 7-halogenation) and 5-methyltryptamine (7, 6-
halogenation) also demonstrates that different sites of the benzene ring of nonnatural indole
substrates can be halogenated by RebH. Again contrasting with reports for PrnA,?® RebH provided
high conversion of indole to halogenated products (9). This substrate was particularly susceptible
to dihalogenation, and the reported 53% yield of 3-chloroindole is the maximum obtained before
this process became significant. Substituted naphthalenes were also viable substrates, and
monochlorinated compounds 10 and 11 were isolated in high yields. While these latter substrates
were halogenated at their most activated sites, they nonetheless illustrate the ability of RebH to

accept substrates significantly different from L-tryptophan.

To further demonstrate the synthetic utility of RebH, we confirmed that the bromination
capabilities of this enzyme®® could be translated to the preparative scale, and addition of NaBr to
the reaction medium provided 7-bromotryptophan (12) in 85% isolated yield. The reaction scale
was also increased to enable chlorination of 100 mg of tryptophan using crude cell lysate, rather
than purified enzyme, as a catalyst (Scheme 2.4). While a significant decrease in conversion was

observed relative to the 10 mg reaction conducted using purified enzyme, a 69% product yield was
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still obtained. A strong dependence of yield on the reaction surface area/volume ratio was also
observed and suggests that improvements may be achieved by controlling dissolved oxygen
concentration. Oxygen is required for RebH-catalyzed halide oxidation but can also oxidize

FADH: in solution, so control of O> concentration will be required to balance these processes.

Scheme 2.4. Halogenation of 100 mg L-tryptophan using crude lysate.[

NH, NH;
CO,H 3 mol% RebH (in crude lysate) CO,H
N\ cofactor regeneration system O\
N 10 mM NaCl, 25 mM HEPES N
H pH 7.4,25°C H
H (o]
100 mg 69% (74%)

[a] Cofactor regeneration is the same as described in Table 2.3.

Finally, the differing catalytic efficiency of RebH on representative substrates was
examined by conducting reactions with enzyme loadings below those required for maximal
substrate conversion (see Section 2.4.4 for representative kinetic data). As expected, decreased
total turnover numbers (TTNSs) were observed for non-native substrates (Table 2.4). The increasing
Km values for tryptamine (3) and tryptoline (8) are consistent with their increasing structural
variation from tryptophan. The large structural differences between these substrates and 2-
aminonaphthalene (10) make direct comparisons difficult, but the relative efficacy of this substrate
presumably results from its strong electronic activation. These data clearly showed that significant
improvements to catalyst efficiency or stability are desirable, both of which are goals we would

later pursue.
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Table 2.4. Catalytic parameters for halogenation of select substrates.[

RebH ConV. kcat Km kcat/Km
Substrate mole) (%) TN (mindl M)  (min? uM)
L-tryptophan!(c] 0.5 75 165 1.1 7.3 0.15
tryptamine 1 15 19 0.023 9.0 0.0026
tryptoline 5 30 3.6 0.027 216 0.00013
2-aminonaphthalene 1 32 26 0.59 14 0.042

[a] 75 L reactions were conducted as described in Table 2.3 using the indicated RebH loading
and 0.5 mM phenol as an internal standard, quenched with an equal volume of methanol, and
analyzed by HPLC. [b] Initial rate data were used to construct Hanes—Woolf plots to determine
keat and K. [c] Reported values for the kearand Km of RebH on L-tryptophan are 1.4 min™ and 2.0

UM, respectively.

Several notable differences between the reactivity of RebH and that reported for PrnA
deserve comment given the significant homology of both the complete sequences (55%) and the
active sites (Figure 2.7) of these two enzymes. First, PrnA was reported to have no activity on
indole, gramine, or 1-methyl-L-tryptophan,?® whereas RebH halogenated each of these substrates.
The simplest explanation for this difference is that low conversion using PrnA precluded
identification of the halogenated products. RebH has higher catalytic efficiency than PrnA
(reported Kcat Values on L-tryptophan are 1.4 min versus 0.093 min™* — see Table 2.1), and our
improved reaction conditions would have further improved this advantage. We suspect that this
low activity may have made efforts to distinguish between different regioisomers difficult and that
PrnA may display similar regioselectivity to RebH on some non-native substrates; analytical-scale

tests in our hands with PrnA are consistent with this conclusion (data not shown).
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Figure 2.7. Comparison of structures of RebH and PrnA.[

a N453/464

[a] Selected residues and a water molecule located within 5 A of tryptophan in PrnA
(purple/lavender) and RebH (red/pink) shown. PDB files 2A1 and 2AQJ used for RebH3®! and
PrnA,*? respectively. Bold colors denote the tryptophan substrates (W), residues with different
identities (L456/N467) or conformations (N453/464) in PrnA or RebH, respectively, and a water

molecule.

Second, PrnA was reported to catalyze 2-halogenation of both 5- and N-Q-
methyltryptamine,?® while RebH catalyzes 6- and 7-halogenation of these substrates, respectively.
Crystal structures for both of these enzymes bound to FAD, chloride, and L-tryptophan are
available.332 Analysis of residues (24 total) within 5 A of the substrate tryptophan shows only
one pair of residues (N467 and L456) that differ in identity and only one additional pair of residues
(N464 and N453) displaying a notable conformational difference (Figure 2.7). In RebH, the side
chain of N467 forms a water-mediated hydrogen bond to the substrate L-tryptophan. Similar

hydrogen bonding could help position other substrates for halogenation at electronically disfavored
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sites during catalysis. The structurally analogous residue in PrnA is L456, which cannot form a
hydrogen bond, and this difference may explain the apparent differences in selectivity between

PrnA and RebH.

2.3 CONCLUSIONS

The expression of an active FDH in high yield is an essential precursor to all future work
involving preparative scale or high-throughput applications. In order to achieve this, RebH was
selected from a set of halogenases and its expression increased significantly through coexpression
with the chaperone proteins groEL and groES and optimization of expression conditions. This,
along with a similar effort for the partner flavin reductase, RebF, and the establishment of a robust
cofactor regeneration system, allowed the exploration of the substrate scope of wild-type RebH.
Halogenation, including both chlorination and bromination, of a range of medicinally relevant
indoles and naphthalenes was possible on up to a 100 mg scale with high yields, and it was
determined that many of these non-native substrates are halogenated selectively at relatively
electronically disfavored positions. These results contrasted somewhat with those reported for
PrnA, a structurally homologous halogenase, which provided a narrower substrate scope and only
enabled halogenation of non-native substrates at their most electronically activated positions.
Overall, this work demonstrated the unique potential of RebH as a catalyst for regioselective
oxidative halogenation and set the stage for the future engineering of RebH to improve its

thermostability, expand its substrate scope, and alter its regioselectivity.
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2.4 EXPERIMENTAL
2.4.1 GENERAL EXPERIMENTAL PROCEDURES
Materials:

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without
further purification. Deuterated solvents were obtained from Cambridge Isotope labs. Silicycle
silica gel plates (250 mm, 60 F254) were used for analytical TLC, and preparative chromatography
was performed using SiliCycle SiliaFlash silica gel (230-400 mesh). Oligonucleotides were
purchased from Integrated DNA Technologies (San Diego, CA), and the sequences of the primers

used in this study are reported below.

Plasmids pET-28a/RebF and pET-28a/RebH in BL-21 (DE3) E. coli were provided by the Walsh
group of Harvard Medical School, Boston, MA.*® The pLIC-MBP plasmid was provided by the
Bottomley group of Monash University, Clayton, Australia.??> The pGro7 plasmid encoding the
groES and groEL chaperone set was purchased from Takara (Otsu, Shiga, Japan). DH5a and BL21
(DEJ) E. coli cells were purchased from Invitrogen (Carlsbad, CA). Sacll restriction enzyme, T4
DNA polymerase, and Phusion HF polymerase were purchased from New England Biolabs
(Ipswitch, MA). Luria broth (LB) and Terrific broth (TB) media were purchased from Research
Products International (Mt. Prospect, IL). Qiagen Miniprep Kits were purchased from QIAGEN
Inc. (Valencia, CA) and used according to the manufacturer’s instructions. All genes were
confirmed by sequencing at the University of Chicago Comprehensive Cancer Center DNA
Sequencing & Genotyping Facility (900 E. 57th Street, Room 1230H, Chicago, IL 60637).

Electroporation was carried out on a Bio-Rad MicroPulser using method Ec3. Ni-nitrilotriacetic
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acid (Ni-NTA) resin and Pierce® BCA Protein Assay Kits were purchased from Fisher Scientific
International, Inc. (Hampton, NH), and the manufacturer’s instructions were following when using
both products (for Ni-NTA resin, 5 mL resin were used, with buffers delivered by a peristaltic
pump at a rate of 1 mL/min, in a 4 °C cold cabinet). Amicon® 30 kD spin filters for centrifugal
concentration were purchased from EMD Millipore (Billerica, MA) and used at 4,000 g at 4 °C.
The glucose dehydrogenase CDX-901, FAD, and NAD were purchased from Codexis (Redwood
City, CA). NADH was purchased from Chem-Impex International (Wood Dale, IL). DOWEX™
50WX8 strong cation exchange resin was purchased from Sigma-Aldrich. Biotage reverse phase
columns (SNAP-KP-C18-HS) and amine-modified silica columns (SNAP-KP-NH) were

purchased from Biotage.

General Procedures:

Standard molecular cloning procedures were followed.** Reactions were monitored using HPLC
(Agilent 1200 UHPLC with an Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 uM particle
size; solvent A = H20/0.1% TFA, solvent B = CH3CN; 0-10 min, B = 15%; 10-20 min, B = 15-
100%; 20-24 min, B = 100%). Reverse phase preparative chromatography was carried out using a
Biotage Isolera One. 1H and 13C NMR spectra were recorded at 500 MHz and 126 MHz,
respectively, on a Bruker DMX-500 or DRX-500 spectrometer, and chemical shifts are reported
relative to residual solvent peaks.® High-resolution mass spectra were obtained at the University
of Chicago Mass Spectrometry Service Center on an Agilent Technologies 6224 TOF LC/MS.
Low resolution mass spectra were obtained at the University of Chicago Mass Spectrometry

Service Center on a Varian Saturn 2000, CP-3800 GC-MS/MS.

57



Sonication Conditions:

5 mL cultures: sonication was performed on a Qsonica S-4000 Sonicator with a microtip using the
following procedure: 6x30s with 30s rests, 30% duty cycle delivering 15 W, while cooling on a

circulating ice-water bath.

750 mL cultures: sonication was performed on a Qsonica S-4000 Sonicator with a 0.5” horn using
the following procedure: 5x1m with 1m rests, 20% duty cycle delivering 40-50 W, while cooling

on a circulating ice-water bath.
2.4.2 SPECIFIC EXPERIMENTAL PROECURES

Cloning of MBP-RebF Fusion Plasmid: pET-28a/RebF was isolated from the cell stock obtained
from the Walsh group using a Qiagen Miniprep Kit. Chemically competent DHSa E. coli stocks
were prepared using the calcium chloride method described in Sambrook and Russell, p. 1.116.3
RebF was amplified from the isolated pET-28/RebF described using the following

oligonucleotides:

Table 2.5. Primers used to clone RebF into the fusion plasmids.

# Primer Name Sequence

1 RebFFusNdeF 5’ - CCA GGG AGC AGC CTC GCA TAT GAC GAT CGAGTT
CGACAGACCCG-3

2 RebFFusHindR | 5°— GCA AAG CAC CGG CCT CGT TAC ATATGT CCC TCC
GGT GTC CAC ACG GCG -3’
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The PCR conditions were as follows: 1x Phusion HF buffer, 0.2 mM dNTPs each, 0.2 uM forward
primer, 0.2 uM reverse primer, and 0.02 U/ul Phusion polymerase. The final PCR reaction volumes
were 50 pL each, and were carried out in an Eppendorf Mastercycler pro S thermal cycler. The
PCR procedure was as follows: 95 °C for 1 minute; 94 °C for 3 minutes; 30 cycles of 98 °C for 30
seconds, 50 °C for 1 minute, and 72 °C for 3 minutes; and ending with 72 °C for 5 minutes.
Formation of pLIC-MBP/RebF was performed as described in Cabrita et al.,?? with the ligation
product transformed into the chemically competent DHS5a E. coli described above and plated onto
LB/agarose plates containing 0.1 mg/mL ampicillin. A glycerol stock was prepared from 3.0 mL
of overnight culture in LB with 0.1 mg/mL ampicillin, which was spun down (3,000g, 10 min) and
resuspended in 350 puL fresh LB with 0.1 mg/mL ampicillin, then diluted with 500 pL 50% v/v
water/glycerol. Glycerol stocks were all stored at -80 °C. The pLIC-MBP/RebF plasmid was
isolated from this DH5a E. coli using a Qiagen Miniprep Kit. Electrocompetent BL21(DE3) E.
coli stocks were prepared using the method described in Sambrook and Russell, p. 1.120.34 Isolated
pLIC-MBP/RebF plasmid was transformed by electroporation into electrocompetent BL21(DE3)
E. coli and plated onto LB/agarose plates containing 0.1 mg/mL ampicillin. A glycerol stock was

prepared as described above and stored at -80 °C.

Cloning of RebH with pGro7 Chaperone Plasmid: Electrocompetent DH5a E. coli stocks were
prepared as described above. The pGro7 plasmid was transformed by electroporation into
electrocompetent DHSa E. coli and then plated on LB/agarose plates containing 0.02 mg/mL
chloramphenicol. A glycerol stock was prepared from 3.0 mL of overnight culture in LB with 0.02
mg/mL chloramphenicol, which was spun down (3,000g, 10 min) and resuspended in 350 pL fresh

LB with 0.02 mg/mL chloramphenicol, then diluted with 500 pL 50% v/v water/glycerol. pGro7
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plasmid was then isolated from this cell stock using a Qiagen Miniprep Kit. Electrocompetent
pET-28a/RebH BL21(DES3) E. coli stocks were prepared as described above. The isolated pGro7
plasmid was transformed by electroporation into electrocompetent pET-28a/RebH BL21(DE3) E.
coli and plated on LB/agarose plates containing 0.02 mg/mL chloramphenicol and 0.05 mg/mL
kanamycin. A glycerol stock was prepared from 3.0 mL of overnight culture in LB with 0.02
mg/mL chloramphenicol and 0.05 mg/mL kanamycin, which was spun down (3,000g, 10 min) and
resuspended in 350 pL fresh LB with 0.02 mg/mL chloramphenicol and 0.05 mg/mL kanamycin,

then diluted with 500 puL 50% v/v water/glycerol.

Small-Scale Expression of MBP-RebF and RebH: For an initial comparison of improvements
to solubility, RebH with and without pGro7 and RebF with and without the MBP fusion tag were
expressed in BL21(DE3) E. coli overnight at 37 °C in 5 mL LB medium containing the requisite
antibiotic(s) (100 pg/mL ampicillin for the fusion tag, 50 pg/mL kanamycin and 20 pg/mL
chloramphenicol for the chaperone coexpression, and 50 pg/mL kanamycin for the controls). 5
mL fresh media were inoculated with 50 pL of overnight culture, and growth was continued at 37
°C until the cultures reached an ODeoo of 0.6. At this point, 100 puM isopropyl B-D-
thiogalactopyranoside (IPTG) and 2 mg/mL L-arabinose (for pGro7 chaperone coexpression) were
added to induce expression, and incubation was continued for 20 hours at 37 °C. The cells were
harvested by centrifugation at 3,000 g for 10 minutes at 4 °C and resuspended in 1 mL of 25 mM
HEPES pH 7.4. The cells were lysed by sonication and pelleted by centrifugation at 16,100 g for
10 minutes at 4 °C. The supernatant was decanted, the pellets were each resuspended in 1 mL of
25 mM HEPES pH 7.4, and the soluble (supernatant) and insoluble (resuspended pellet) proteins

for each sample were examined by SDS-PAGE (Figs. 2.4 and 2.6).
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Large-Scale Expression and Purification of MBP-RebF: Primary cultures of pLIC-MBP/RebF
BL21(DE3) E. coli were grown (7.5 mL LB containing 0.1 mg/mL ampicillin in 15 mL Falcon
culture tubes) from the glycerol stock described above at 37 °C and 250 rpm overnight. 7.5 mL of
primary culture were used to inoculate 750 mL of LB containing 0.1 mg/mL ampicillinina 2.8 L,
non-beveled glass flask. The cultures were then grown at 37 °C and 250 rpm to ODeoo = 0.6, at
which point isopropyl -D-1-thiogalactopyranoside (IPTG) was added to a final concentration of
100 pM. The cultures were then incubated at 37 °C and 250 rpm for an additional three hours, at
which time the cells were pelleted by centrifugation (4,000g, 30 min, 4 °C) and stored at -20 °C
until further use.

The pellets were each resuspended in 30 mL of HEPES (25 mM, pH 7.4), transferred to 50
mL conical tubes, and lysed by sonication. The lysates were then clarified by centrifugation
(24,0009, 30 min, 4 °C). The clarified lysate was then purified by Ni-NTA affinity
chromatography. The elution fractions were then concentrated to 3 mL using an Amicon® 15 mL
30 kD cutoff centrifugal filter and exchanged five times into HEPES/glycerol buffer (25 mM, pH
7.5, 10% v/v glycerol). Protein concentrations were measured using the Pierce® BCA Protein

Assay Kit and protein stocks were then stored at -20 °C until use.

Large-Scale Expression and Purification of RebH: Primary cultures of pET-28a/RebH & pGro7
BL21(DE3) E. coli were grown (7.5 mL LB containing 0.02 mg/mL chloramphenicol and 0.05
mg/mL kanamycin in 15 mL Falcon culture tubes) from the glycerol stock described above at 37
°C and 250 rpm overnight. 3.75 mL of primary culture were used to inoculate 750 mL of TB
containing 0.02 mg/mL chloramphenicol and 0.05 mg/mL kanamycin in a 2.8 L, non-beveled glass

flask. The cultures were then grown at 37 °C and 250 rpm to ODsoo = 0.6, at which point isopropyl
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-D-1-thiogalactopyranoside (IPTG) and L(+)-arabinose were added to final concentrations of 100
MM and 2 mg/mL, respectively. The temperature was then reduced to 30 °C and the shake rate left
at 250 rpm for an additional 20 hours, at which time the cells were pelleted by centrifugation
(4,000g, 30 min, 4 °C) and stored at -20 °C until further use.

The pellets were each resuspended in 30 mL of HEPES (25 mM, pH 7.4), transferred to 50
mL conical tubes, and lysed by sonication. The lysates were then clarified by centrifugation
(24,0009, 30 min, 4 °C). The clarified lysate was then purified by Ni-NTA affinity
chromatography. The elution fractions were then concentrated to 3 mL using an Amicon® 15 mL
30 kD cutoff centrifugal filter and exchanged five times into HEPES/glycerol buffer (25 mM, pH
7.5, 10% v/v glycerol). Protein concentrations were measured using the Pierce® BCA Protein

Assay Kit and protein stocks were then stored at -20 °C until use.

NADH oxidation by MBP-RebF: The activities of RebF and the MBP-RebF fusion were
measured by monitoring the decrease in absorbance at 340 nM, which is caused by oxidation of
NADH to NAD. For kinetic characterization, 1 uM RebF or MBP-RebF was incubated with 0.01-
1.0 mM NADH, 50 pM FAD, and 10 mM NaCl in HEPES (25 mM, pH 7.5) in a 96-well microtiter
plate. Reactions were monitored at 340 nm using a Tecan infinite M200pro plate reader and the
resulting data were fit to the equation y = (Bmax * X) / (Ka + X) using SigmaPlot to obtain values

for keat.

Determination of Kinetic Parameters for RebH: Rates were determined by monitoring the
conversion of 75-215 uM substrate in the presence of NAD (100 uM final concentration), FAD

(100 uM final concentration), NaCl (10 mM final concentration), MBP-RebF (2.5 uM final
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concentration), glucose dehydrogenase (50 U/mL final concentration CDX-901), glucose (20 mM
final concentration), and phenol as an internal standard (0.5 mM final concentration) at a final
volume of 75 uL in a microtiter plate. RebH was added at a final concentration of either 1 uM for
L-tryptophan and 2-aminonaphthalene or 25 uM for tryptamine and tryptoline. The reactions were
left shaking at 600 rpm at room temperature, then quenched at 5-120 minutes (all time points were
collected in triplicate) by addition of 75 pL of MeOH. The precipitated protein was then removed
by centrifugation and the reactions were filtered and analyzed by HPLC using the method
described in the General Procedures. Product formation was quantitated by calculating the ratio of
product to internal standard and fitting that value to a calibration curve prepared from known
concentrations of each material. The Kinetic parameters (Km and Kkcat) for each substrate were
determined using the Hanes-Woolf plots (see Sec. 2.4.4) constructed from the substrate

concentrations and the observed initial rates.

Determination of Total Turnover Numbers (TTNs) for RebH: Reactions were assembled in
triplicate containing substrate (1 equiv., 0.5 mM final concentration), NAD (0.2 equiv., 100 uM
final concentration), FAD (0.2 equiv., 100 uM final concentration), NaCl (20 equiv., 10 mM final
concentration), MBP-RebF (0.005 equiv., 2.5 uM final concentration), glucose dehydrogenase (50
U/mL final concentration CDX-901), glucose (40 equiv., 20 mM final concentration), and phenol
as an internal standard (1 equiv., 0.5 mM final concentration) at a final volume of 75 uL in a
microtiter plate. RebH was added at a final concentration of either 2.5 uM for L-tryptophan, 5 uM
for tryptamine and 2-aminonaphthalene, or 25 uM for tryptoline. The reactions were left shaking
at 600 rpm at room temperature, then quenched after 12 hours by addition of 75 puL of MeOH. The

precipitated protein was then removed by centrifugation and the reactions were filtered and
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analyzed by HPLC using the method described in the General Procedures. Product formation was
quantitated by calculating the ratio of product to internal standard and fitting that value to a

calibration curve prepared from known concentrations of each material.

General Procedure for 10 mg Bioconversions: A solution of 10 mg substrate (1 equiv., 0.5 mM
final concentration) in 5 mL HEPES buffer (25 mM, pH 7.4) or isopropanol was added to a
crystallization dish (125 x 65 or 100 x 50 mm). Solutions in HEPES buffer (25 mM, pH 7.4) of
NAD (0.2 equiv., 100 uM final concentration), FAD (0.2 equiv., 100 uM final concentration),
NaCl (20 equiv., 10 mM final concentration), and a glucose dehydrogenase (50 U/mL final
concentration CDX-901) were added. Solutions in HEPES/glycerol buffer (25 mM, pH 7.5, 10%
glycerol v/v) of RebH (0.05 equiv., 25 uM final concentration) and MBP-RebF (0.005 equiv., 2.5
MM final concentration) were added. The bioconversion was diluted with HEPES buffer (25 mM,
pH 7.4) to the appropriate reaction volume and an aqueous solution of glucose (40 equiv., 20 mM
final concentration) was added to initiate the cofactor regeneration cycle. The dish was covered
with perforated aluminum foil and stirred with a magnetic stir bar at 60 rpm.

Reactions were monitored by HPLC as described in the General Procedures and were
quenched with aqueous HCI (5.0 M, until pH < 2) upon completion. NaCl was added to saturation.
Precipitated protein was filtered out through a pad of Celite and was washed with water and/or
CHCl> until all product had been rinsed from the Celite pad, as indicated by HPLC. The filtrate
was either extracted into CH2Cl> or submitted to strong cation exchange chromatography. The

crude material thus obtained was purified by either normal or reverse phase chromatography.
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Procedure for 100 mg L-Tryptophan Bioconversion: A solution of 100 mg L-tryptophan (1
equiv., 0.5 mM final concentration) in 10 mL HEPES buffer (25 mM, pH 7.4) was added to a
crystallization dish (190 x 100 mm). Solutions in HEPES buffer (25 mM, pH 7.4) of NAD (0.2
equiv., 100 uM final concentration), FAD (0.2 equiv., 100 uM final concentration), NaCl (20
equiv., 10 mM final concentration), and CDX-901 (50 U/mL final concentration) were added.
Sixteen 750 mL cultures of RebH coexpressing pGro7 were grown, expressed, spun down,
resuspended, lysed, and clarified as described above, then pooled to furnish approximately 500
mL of clarified lysate in HEPES buffer (25 mM, pH 7.4). The rate of conversion of L-tryptophan
was monitored for a volume of this lysate and compared to the rate of conversion of L-tryptophan
using a known concentration of purified RebH. From this comparison, an effective RebH
concentration in the lysate was calculated. Lysate was added such that the effective final
concentration of RebH in the reaction was 15 pM (0.03 equiv.). A solution in HEPES/glycerol
buffer of MBP-RebF (0.005 equiv., 2.5 uM final concentration) was added. The bioconversion
was diluted with HEPES buffer (25 mM, pH 7.4) to the appropriate reaction volume and an
aqueous solution of glucose (40 equiv., 20 mM final concentration) was added to initiate the
cofactor regeneration cycle. The reaction was split evenly into two identical crystallization dishes
(190 x 100 mm). The dishes were covered with perforated aluminum foil and stirred with magnetic
stir bars at 60 rpm.

The reaction was monitored by HPLC as described in Section 2.4.1. Product concentration
was not observed to increase between 20 and 22 hours, and the reaction was quenched with
aqueous HCI (5.0 M, until pH < 2) and submitted to centrifugation (3,000g, 10 min) for initial
protein removal. The supernatant was collected, and the pellet was washed through three rounds

of re-suspension in acidic water (1 M HCI used to adjust pH < 2) and centrifugation (3,000g, 10
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min). The supernatants were combined and passed through a Celite pad for further protein
removal. The filtrate was submitted to strong cation exchange was followed as described below.
Elution fractions from ion exchange were pooled, dry loaded onto Celite, and purified by reverse
phase chromatography (Biotage SNAP-KP-C18-HS, gradient from pure H>O to 15%

CHsCN/H20).

Procedure for Strong Cation Exchange: After protein precipitation and filtration through Celite,
aqueous filtrate was submitted to strong cation exchange to remove salts if the product could not
be extracted into organic solvent. DOWEX™ 50W X8 resin was slurry-packed with methanol in a
250 mL chromatography column. The resin was washed with ~300 mL of methanol and ~300 mL
of deionized water. The resin was acidified with HCI (1 M) until the pH of flow through was less
than 2. The resin was washed with deionized water until the pH was between 6-7. Acidic filtrate
(pH < 2) was added to resin. The resin was washed with ~500 mL of deionized water. The product
was eluted with NH4OH (1 M) until product was no longer eluting from the column, as indicated
by HPLC. Product-containing fractions were concentrated to dryness using a rotary evaporator

under high vacuum.

2.4.3 DETAILED ISOLATION AND CHARACTERIZATION
7-chloro-L-tryptophan (1): The bioconversion was conducted according to the general
procedure in a 100 x 50 mm crystallization dish. Substrate was added in a solution of HEPES
buffer (25 mM, pH 7.4). After maximum conversion to monohalogenated product was observed

by HPLC, the reaction mixture was filtered through Celite, submitted to strong cation exchange
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chromatography, and dry-loaded onto Celite. The Celite was packed into a Biotage samplet, which
was then loaded into a reverse phase column (Biotage SNAP-KP-C18-HS). The crude material
was purified by reverse phase chromatography (gradient from 100% H>0O to 15% CH3CN/H0) to
afford 1 in 74% yield (8.6 mg, 0.036 mmol). *H NMR (500 MHz, Deuterium Oxide with one drop
TFA) § 7.23 (d, J = 8.0 Hz, 1H), 7.01 (s, 1H), 6.92 (d, J = 7.6 Hz, 1H), 6.76 (t, J = 7.8 Hz, 1H),
4.03 (dd, J = 7.3, 5.4 Hz, 1H), 3.18 — 3.04 (m, 2H). 3C NMR (126 MHz, Deuterium Oxide) &
177.45, 133.29, 128.61, 125.37, 121.24, 120.13, 117.34, 116.50, 109.97, 55.51, 27.84. HRMS
(ESI-TOF) calcd for C11H12N202Cl [M + H]*: 239.0529 and 241.0502, found: 239.0534 and

241.0501.

7-chloro-D-tryptophan (2): The bioconversion was conducted according to the general
procedure in a 100 x 50 mm crystallization dish. Substrate was added in a solution of HEPES
buffer (25 mM, pH 7.4). After maximum conversion to monohalogenated product was observed
by HPLC, the reaction mixture was filtered through Celite, submitted to strong cation exchange
chromatography, and dry-loaded onto Celite. The Celite was packed into a Biotage samplet, which
was then loaded into a reverse phase column (Biotage SNAP-KP-C18-HS). The crude material
was purified by reverse phase chromatography (gradient from 100% H>0O to 15% CH3CN/H0) to
afford 2 in 78% yield (9.1 mg, 0.038 mmol). *H NMR (500 MHz, Deuterium Oxide with one drop
TFA) § 7.22 (d, J = 8.0 Hz, 1H), 6.99 (s, 1H), 6.93 (d, J = 7.6 Hz, 1H), 6.77 (t, J = 7.8 Hz, 1H),
4.04 (dd, J = 7.1, 5.4 Hz, 1H), 3.15-3.03 (m, 2H). *C NMR (126 MHz, Deuterium Oxide) &
133.40, 128.53, 125.59, 121.40, 120.28, 117.33, 116.61, 109.37, 55.22, 27.04. HRMS (ESI-TOF)
calcd for C11H12N202Cl, [M + H]*: 239.0587 and 241.0561, found: 239.0529 and 241.0502. The

carboxylate carbon was not detected because of low sample concentration. In the NOESY
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spectrum of this product, resonances between the singlet at 6.99 ppm and other aryl protons are
present. When examining the cross-peaks of these resonances, it was found they could not be
phased properly and thus were not reliable. COSY and HMQC spectra were collected to ensure
that these resonances were not true NOEs, and that the proposed structure was thus consistent with

the acquired spectra. This is observed for all tryptophan products as well as 7-chlorotryptamine.

7-chloro-tryptamine (3): The bioconversion was conducted according to the general procedure
in a 125 x 65 mm crystallization dish. Substrate was added in a solution of HEPES buffer (25
mM, pH 7.4). After maximum conversion to monohalogenated product was observed by HPLC,
the reaction mixture was filtered through Celite, extracted into CH2Cl», and dry-loaded onto Celite.
The Celite was packed into a Biotage samplet, which was then loaded into a reverse phase column
(Biotage SNAP-KP- C18-HS). The crude material was purified by reverse phase chromatography
(gradient from water 0.1% TFA to 20% CH3CN/water 0.1%TFA) to afford 3 in 53% yield (10.2
mg of 3-TFA, 0.033 mmol). *H NMR (500 MHz, Deuterium Oxide) § 7.48 (d, J = 8.0 Hz, 1H),
7.23 (s, 1H), 7.17 (d, J = 7.6 Hz, 1H), 7.01 (t, J = 7.8 Hz, 1H), 3.19 (t, J = 7.0 Hz, 2H), 3.02 (t, J
=7.0 Hz, 2H). ¥C NMR (126 MHz, Deuterium Oxide) § 133.48, 128.15, 125.00, 121.46, 120.27,
117.05, 116.73, 110.36, 39.63, 22.64. HRMS (ESI-TOF) calcd for CioH12N2Cl [M + H]*:

195.0689 and 197.0661, found: 195.0627 and 197.0664.

7-chloro-N-Q-methyltryptamine (4): The bioconversion was conducted according to the general
procedure in a 125 x 65 mm crystallization dish. Substrate was added in a solution of isopropanol
(5% v/v). After maximum conversion to monohalogenated product was observed by HPLC, the

reaction mixture was filtered through Celite, extracted into CH.Cl,, and dry-loaded onto Celite.
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The Celite was packed into a Biotage samplet, which was then loaded into a reverse phase column
(Biotage SNAP-KP- C18-HS). The crude material was purified by reverse phase chromatography
(gradient from water 0.1% TFA to 25% CH3CN/water 0.1%TFA) to afford 4 in 65% yield (12.0
mg of 4-TFA, 0.037 mmol). *H NMR (500 MHz, 75:25 Deuterium Oxide:Acetonitrile-ds) § 7.91
(d, J=7.9 Hz, 1H), 7.65 (s, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 3.60 (t, J= 7.5
Hz, 2H), 3.46 (t, J = 7.4 Hz, 2H), 2.99 (s, 3H). 3C NMR (126 MHz, 75:25 Deuterium
Oxide:Acetonitrile-ds) 6 132.88, 127.94, 124.19, 120.75, 119.63, 116.67, 115.96, 109.76, 48.51,
32.09, 21.01. HRMS (ESI-TOF) calcd for C1oH13N2Cl [M + H]*: 209.0846 and 211.0818, found:

209.0808 and 211.0782.

7-chlorotryptophol (5): The bioconversion was conducted according to the general procedure in
a 125 x 65 mm crystallization dish. Substrate was added in a solution of isopropanol (5% Vv/v).
After maximum conversion to monohalogenated product was observed by HPLC, the reaction
mixture was filtered through Celite and extracted into CH2Cl>. Purification by flash column
chromatography (SiO., 30% ethyl acetate/hexanes) afforded 5 in 95% yield (11.5 mg, 0.059
mmol). 'H NMR (500 MHz, Chloroform-d) & 8.28 (s, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.21 (d, J =
7.6 Hz, 1H), 7.15 (s, 1H), 7.07 (t, J = 7.8 Hz, 1H), 5.3 (s, 1H), 3.91 (t, J = 6.4 Hz, 2H), 3.03 (t, J
= 6.4 Hz, 2H). C NMR (126 MHz, Chloroform-d) & 133.66, 128.91, 123.03, 121.54, 120.26,
117.51, 116.72, 113.64, 62.61, 28.79. HRMS (ESI-TOF) calcd for C1oH11NOCI [M + H]*:

196.0529 and 198.0502, found: 196.0489 and 198.0465.

7-chloro-2-methyltryptamine (6): The bioconversion was conducted according to the general

procedure in a 100 x 50 mm crystallization dish. Substrate was added in a solution of isopropanol
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(5% v/v). After maximum conversion to monohalogenated product was observed by HPLC, the
reaction mixture was filtered through Celite, extracted into CH>Cl, and dry-loaded onto Celite.
The Celite was packed into a Biotage samplet, which was then loaded into a reverse phase column
(Biotage SNAP-KP-NH). The crude material was purified by normal phase chromatography
(gradient from 100% CH.Cl, to 5% MeOH/ CHCl>) to afford 6 in 60% yield (7.2 mg, 0.034
mmol). *H NMR (500 MHz, Acetonitrile-ds) § 9.25 (s, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.06 (d, J =
8.3 Hz, 1H), 6.96 (t, J = 7.7 Hz, 1H), 2.81 — 2.72 (m, 4H), 2.39 (s, 3H). *C NMR (126 MHz,
DMSO-de) 6 133.89, 131.93, 130.39, 119.29, 119.08, 116.47, 114.88, 109.65, 42.71, 28.28, 11.26.
HRMS (ESI-TOF) calcd for C11H14N2Cl [M + H]*: 209.0846 and 211.0818, found: 209.0788 and

211.0762.

6-chloro-5-methyltryptamine (7): The bioconversion was conducted according to the general
procedure in a 125 x 65 mm crystallization dish. Substrate was added in a solution of HEPES
buffer (25 mM, pH 7.4). After the reaction was quenched with acid as described above, the
reaction mixture was filtered through Celite, extracted into CH.Cl, and dry-loaded onto Celite.
The Celite was packed into a Biotage samplet, which was then loaded into a reverse phase column
(Biotage SNAP-KP- C18-HS). The crude material was purified by reverse phase chromatography
(gradient from water 0.1% TFA to 25% CH3CN/water 0.1%TFA) to afford 7 in 58% yield (10.7
mg of 7-TFA, 0.033 mmol). *H NMR (500 MHz, DMSO-ds) & 11.00 (s, 1H), 7.87 (s, 3H), 7.49
(s, 1H), 7.41 (s, 1H), 7.23 (s, 1H), 3.06 (s, 2H), 2.98 — 2.90 (m, 2H), 2.39 (s, 3H). 3C NMR (126
MHz, MeOD—-ds) 6 137.36, 129.48, 127.41, 127.17, 125.24, 120.23, 112.63, 110.06, 41.14, 24.39,
20.52. HRMS (ESI-TOF) calcd for C1iHisN2Cl [M + H]*: 209.0846 and 211.0818, found:

208.9847 and 210.9836.
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6-chloro-tryptoline (8-a) and 7-chloro-tryptoline (8-b): The bioconversion was conducted
according to the general procedure in a 125 x 65 mm crystallization dish. Substrate was added in
a solution of HEPES buffer (25 mM, pH 7.4). After maximum conversion to monohalogenated
products was observed by HPLC, the reaction mixture was filtered through Celite, extracted into
CHCly, and dry-loaded onto Celite. The Celite was packed into a Biotage samplet, which was
then loaded into a reverse phase column (Biotage SNAP-KP- C18-HS). The crude material was
purified by reverse phase chromatography (gradient from water 0.1% TFA to 30% CH3CN/water
0.1%TFA) to afford a mixture of 8-a and 8-b in 54% vyield (10.1 mg of 8-a-TFA and 8-b-TFA,
0.031 mmol). *H NMR (500 MHz, Methanol-ds) § 7.46 (d, J = 1.9 Hz, 0.56H), 7.43 (d, J = 8.4
Hz, 0.39H), 7.35 (d, J = 1.8 Hz, 0.37H), 7.31 (d, J = 8.6 Hz, 0.56H), 7.10 (dd, J = 8.6, 2.0 Hz,
0.57H), 7.03 (dd, J = 8.4, 1.8 Hz, 0.39H), 4.43 (m, 2H), 3.57 (t, J = 6.1 Hz, 2H), 3.05 (m, 2H). 3C
NMR (126 MHz, Methanol-ds) 6 138.55, 136.56, 129.17, 128.60, 128.28, 127.52, 126.26, 126.21,
123.44,121.04,120.02, 118.47,113.51, 112.18, 107.29, 106.86, 43.59, 42.11, 42.08, 19.32, 19.30.
HRMS (ESI-TOF) calcd for C11H12N2CI [M + H]*: 207.0689 and 209.0662, found: 207.0633 and

209.0610.

3-chloroindole® (9): The bioconversion was conducted according to the general procedure in a
125 x 65 mm crystallization dish. Substrate was added in a solution of isopropanol (5% v/v). After
maximum conversion to monohalogenated product was observed by HPLC, the reaction mixture
was filtered through Celite and extracted into CH2Cl,.  Purification by flash column
chromatography (SiO., 5% ethyl acetate/hexanes) afforded 9 in 53% yield (6.9 mg, 0.046 mmol).
'H NMR (500 MHz, Methylene Chloride-d2) & 8.25 (s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.41 (d, J =

8.2 Hz, 1H), 7.25 (t, J = 8.2 Hz, 1H), 7.22 (d, J = 2.6 Hz, 1H), 7.19 (t, = 8.0 Hz, 1H). 3C NMR
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(126 MHz, Methylene Chloride-dz2) 6 135.38, 125.61, 123.42, 121.43, 120.76, 118.28, 111.92,

106.40. GCMS (EI) calcd for CgHeNCI [M]: 151.0 and 153.0, found: 151.0 and 153.0.

1-chloro-2-aminonaphthalene (10): The bioconversion was conducted according to the general
procedure in a 125 x 65 mm crystallization dish. Substrate was added in a solution of isopropanol
(5% v/v). After maximum conversion to monohalogenated product was observed by HPLC, the
reaction mixture was filtered through Celite and extracted into CH2Cl,. Purification by flash
column chromatography (SiO2, 1% ethyl acetate/hexanes) afforded 10 in 93% yield (11.5 mg,
0.065 mmol). *H NMR (500 MHz, Methylene Chloride-dz) § 8.03 (d, J = 8.5 Hz, 1H), 7.72 (d, J
= 8.1 Hz, 1H), 7.61 (d, J = 8.7 Hz, 1H), 7.51 (t, J = 8.3 Hz, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.04 (d,
J = 8.7 Hz, 1H), 4.37 (s, 3H). 3C NMR (126 MHz, Methylene Chloride-dz) 5 141.18, 132.13,
128.76, 128.43, 128.11, 127.78, 123.13, 122.38, 118.15, 111.38. HRMS (ESI-TOF) calcd for

C10H9NCI [M + H]*: 178.0424 and 180.0396, found: 178.0376 and 180.0350.

2-chloronaphthol®® (11): The bioconversion was conducted according to the general procedure
in a 125 x 65 mm crystallization dish. Substrate was added in a solution of isopropanol (5% v/v).
After maximum conversion to monohalogenated product was observed by HPLC, the reaction
mixture was filtered through Celite and extracted into CH2Cl,. Purification by flash column
chromatography (SiO2, hexanes) afforded 11 in 59% yield (7.3 mg, 0.041 mmol). *H NMR (500
MHz, Methylene Chloride-d2) & 8.24 — 8.16 (m, 1H), 7.80-7.82 (m, 1H), 7.57 — 7.48 (m, 2H), 7.44

~7.35 (m, 2H), 6.10 (5, 2H). 3C NMR (126 MHz, Methylene Chloride-dz) 5 133.63, 127.97,
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127.05, 126.48, 126.28, 124.76, 122.21, 121.30. GCMS (El) calcd for C10H7OCI [M]: 178.0 and

180.0, found: 178.0 and 180.0.

7-bromo-L-tryptophan (12): The bioconversion was conducted according to the general
procedure in a 100 x 50 mm crystallization dish. Substrate was added in a solution of HEPES
buffer (25 mM, pH 7.4). After maximum conversion to monohalogenated product was observed
by HPLC, the reaction mixture was filtered through Celite, submitted to strong cation exchange
chromatography, and dry-loaded onto Celite. The Celite was packed into a Biotage samplet, which
was then loaded into a reverse phase column (Biotage SNAP-KP-C18-HS). The crude material
was purified by reverse phase chromatography (gradient from 100% H>0O to 15% CH3CN/H0) to
afford 12 in 85% yield (11.8 mg, 0.042 mmol). H NMR (500 MHz, Deuterium Oxide) § 7.54 (d,
J=7.9Hz, 1H), 7.28 (d, J = 7.6 Hz, 1H), 7.19 (s, 1H), 6.93 (t, J = 7.8 Hz, 1H), 3.80 (dd, J = 7.8,
4.8 Hz, 1H), 3.27-3.23 (m, 1H), 3.11-3.07 (m, 1H). 3C NMR (126 MHz, Deuterium Oxide) &
173.23, 136.44, 129.78, 127.50, 126.23, 122.48, 119.33, 109.55, 106.14, 54.81, 27.45. HRMS
(ESI-TOF) calcd for C11H12N202Br [M + H]*: 283.0082 and 285.0063, found: 283.0017 and

285.0015.
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2.4.4 HANES-WOOLF PLOTS

Figure 2.8. Hanes-Woolf plot of RebH conversion of L-tryptophan.
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Figure 2.9. Hanes-Woolf plot of RebH conversion of tryptamine.
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Figure 2.10. Hanes-Woolf plot of RebH conversion of tryptoline.
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Figure 2.11. Hanes-Woolf plot of RebH conversion of 2-aminonaphthalene.
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2.4.5 REPRESENTATIVE REACTION TIME COURSES

Figure 2.12. Time course of 10 mg RebH-catalyzed bioconversion of D-tryptophan.

100
90
80
70
60
50
40
30
20
10

% conv. ([P]/([SM]+[P]))

% Conv. of D-Tryptophan vs. Time on the 10 mg Scale

50 100 150 200

t (min.)

250 300

Figure 2.13. Time course of 10 mg RebH-catalyzed bioconversion of indole.
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CHAPTER 111

THE ENGINEERING OF REBH VARIANTS WITH EXPANDED SUBSTRATE SCOPE

3.1 INTRODUCTION

Halogenated aromatic compounds are essential building blocks in chemical synthesis,* and
as such, halogenation is important in the production of intermediates in chemical synthesis.
Halogen substituents are also found in end-product pharmaceuticals? and agrochemicals;® an
estimated one quarter of all such compounds are halogenated.* In these cases, the halogen does not
serve as a handle for further functionalization, but instead the presence of the halogen substituent
itself significantly impacts molecular pharmacology, which is highlighted by the effects of
chlorination or bromination on a diverse range of drugs spanning antibiotics,® anticancer agents,®
and psychoactive compounds’ (see Figure 1.1). It has also been demonstrated that the presence of
a halogen substituent can greatly alter drug metabolism. In one study of the microsomal clearance
of over 220,000 compounds, chlorination was found to predictably increase or decrease the

metabolic half-life of a drug, depending on the location of the substitution.®

Despite the importance of halogen substituents, conventional arene halogenation methods,
such as those proceeding via electrophilic aromatic substitution (EAS), often suffer from poor
regioselectivity and require harsh reaction conditions.® It is therefore notable that flavin-dependent
halogenase (FDH) catalyzed arene halogenation, proposed to proceed via EAS, provides high
regioselectivity using air and halide salts as the terminal oxidant and halogen source, respectively.
As discussed in Chapter 2, the tryptophan 7-halogenase RebH,'! a FDH from the rebeccamycin
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biosynthetic pathway, can halogenate a range of indoles and naphthalenes on a preparative scale.'?
In contrast to previous reports for another FDH, PrnA,** RebH was found to halogenate many of
these substrates at sites other than those most electronically activated, providing regioselectivity
that would not be obtained from conventional EAS. The unnatural substrates halogenated by RebH
in both our'? and others’'* work were, however, comparable in size to the native substrate,
tryptophan (1, Figure 3.2), and increasing structural differences led to lower turnover numbers and
less favorable kinetic parameters.'? Given a recent report in which cross-linked RebH aggregates
were used for gram scale halogenation,® the narrow substrate scope and low activity of RebH on

unnatural substrates stood as key limitations to its general utility for preparative halogenation.

Several groups have used RebH and other FDHs in metabolic engineering efforts that
involve typtophan halogenation and conversion of halogenated tryptophan into halogenated
natural product derivatives.’® A point mutant of RebH has been reported to preferentially
halogenate tryptamine over tryptophan, and direct halogenation of this smaller alkaloid precursor
has aided the aforementioned metabolic engineering efforts.!” On the other hand, no examples in
which FDHs are used for late stage halogenation of complex, biologically active compounds on a
preparative scale have been reported, presumably due to substrate scope limitations. We sought to
take advantage of the fact that wild-type RebH will halogenate several non-native but small
substrates regioselectively and engineer variants of RebH to functionalize significantly larger,
bioactive substrates while preserving the ability for site-selective halogenation. Large portions of
this work were performed with Dr. Catherine Poor and Dr. Landon Durak, and together two papers

have been written describing these results.*®
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3.2 RESULTS AND DISCUSSION

3.2.1 ABACKGROUND TO THE EVOLUTION OF THERMOSTABLE REBH

VARIANTS

As we intended to evolve RebH to improve its substrate scope and other properties, we
expected to mutate numerous amino acid residues in RebH. Broadly speaking, the stability of an
enzyme correlates with its evolvability.*® Most amino acid mutations will tend to be destabilizing
to the protein structure, and mutations made for the purpose of expanding substrate scope are no
exception. Thus, as we introduce progressively more scope-expanding mutations into RebH, we
can expect its stability to decrease until it may reach a point where it rapidly degrades in the
necessary reaction conditions, even if they are remarkably mild. One solution to this quandary is
to introduce stabilizing mutations prior to evolving the desired trait to compensate preemptively

for the expected destabilization that will occur.

While the preparative scale reactions described in Section 2.2.5 were being performed, the
directed evolution of RebH to improve its thermostability was performed by a postdoctoral
research in our lab, Dr. Catherine Poor.?® Random mutagenesis was performed on the entirety of
the RebH gene, and just over 1000 colonies were picked in each of three rounds of evolution. After
the colonies were picked, arrayed into culture plates, expressed, and lysed to furnish the crude
extract of the RebH variants, this lysate was subjected to a heat pretreatment of increasing
temperature in each round of evolution. The lysates were then screened for residual enzyme
activity, and those that were least disrupted by the heat pretreatment and thus gave the highest
residual activity were picked, characterized, and used as the parent in the following round of
mutagenesis. In this way, the thermostability of RebH was increased dramatically in just three

rounds of evolution; by introducing eight amino acid mutations, the Tm (the midpoint of the
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thermal unfolding transition curve as measured by circular dichroism) of the most stabilized
variant was increased by nearly 18 °C relative to wild-type RebH (Figure 3.1). The
thermostabilization of RebH was significant both as the first example of the directed evolution of
RebH — and, for that matter, of any FDH - and importantly furnished stabilized mutants that could

serve as starting points for future evolutionary lineages.

Scheme 3.1. Evolutionary lineage of thermostabilized RebH variants.

4G6 Q 130 166

wild-type , triple . - >
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Figure 3.1. Thermal unfolding transition curves of thermostabilized RebH variants.?°

Tm = 52.4°C (wild type)

Tm = 59.9°C (4G6)

Tm =65.6°C (Q494R S130L)
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3.2.2 THE EVOLUTION OF A REBH VARIANT TO HALOGENATE A BACTERIAL

BIOFILM INHIBITOR

As described in sections 2.2.4, 2.2.5, and 3.1, the substrates that RebH has been reported
to functionalize, while relatively diverse for a wild-type enzyme, are limited largely to substrates
comparable in size or smaller than the native substrate, L-tryptophan (1). Many pharmaceuticals,
however, are significantly larger than L-tryptophan. For example, while L-tryptophan has a
molecular weight of 204 daltons (Da), the top five best-selling pharmaceuticals in 2012 were the
proton pump inhibitor esomeprazole (Nexium), the antipsychotic aripiprazole (Abilify), the statin
rosuvastatin (Crestor), the corticosteroid fluticasone propionate (Advair Diskus), and the
serotonin-norepinephrine reuptake inhibitor duloxetine (Cymbalta), which have molecular weights
of 345, 448, 482, 501, and 297 Da, respectively.?! If we look specifically at drugs that bear
structural similarity to L-tryptophan, namely drugs that contain an indole moiety, we see that many
of the most important indole drugs are also much larger than L-tryptophan. Three specific
examples of such drugs are the antihypertensive ajmalicine (13), the antipsychotic reserpine (14),
and the anticancer drug vinblastine (15).22 These three compounds have molecular weights of 352,
609, and 811, respectively, all significantly higher than L-tryptophan, and all with significant

added complexity extending off of the 2- and 3-positions of the indole moiety (Figure 3.2).
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Figure 3.2. Structures of bioactive indoles.

For the reasons discussed in Section 3.1 as well as at greater length in Section 1.1, the
halogenation of bioactive indoles (such as those shown in Figure 3.2) potentially adds significant
value to these compounds. The ability to site-selectively modify these compounds at late-stage is
especially valuable when compared with halogenating an early synthetic intermediate and then
performing difficult and laborious synthetic manipulations to arrive at a halogenated derivative of
the target of interest. However, the fact that wild-type RebH is only known to work on substrates
comparable in size to or smaller than L-tryptophan precludes such late-stage functionalization of
large substrates. To overcome this limitation, we sought to engineer RebH to accept larger,
bioactive indoles as substrates, particularly focusing on expanding the active site of RebH to allow

the added complexity in the 2- and 3-positions that is seen in many bioactive indoles.

As an initial target we wished to functionalize with RebH variants with expanded substrate
scope, we selected the debrominated analogue (3, Figure 3.3) of deformylflustrabromine (dFBr).°
Deformylflustrabromine, a tryptamine metabolite first isolated from Flustra foliacea, is
brominated at the indole 6-position, and it has been shown that the presence of this bromine
substituent is necessary to evoke the biological activity of dFBr, which is its ability to inhibit the

growth of bacterial biofilms. Bacterial biofilms play a significant role in the pathology of many

85



human diseases, especially intransigent infections associated with the implantation of medical
devices.Z Without the presence of this bromine substituent at the indole 6-position, no inhibition
of the growth of bacterial biofilms is observed. However, to the best of our knowledge, no one has
prepared and explored the biological activities of the 4-, 5-, or 7-brominated analogues, or any of
the chlorinated analogues, likely due in part to the difficulty of preparing these site-selectively
halogenated derivatives. We therefore saw the development of engineered halogenases capable of
site-selective halogenation of the debrominated analogue of dFBr to be of use in the production
and biological evaluation of these derivatives, while this compound offered a prime target for
expansion of the RebH active site to accommodate the bulky inverse prenyl substituent at its 2-

position.
Figure 3.3. Substrate walking progression to expand substrate scope of RebH.
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Table 3.1. Evolutionary lineage and conversions of directed evolution of RebH.

. i Method %Conv. 1 %Conv. 2 %Conv. 3 %Conv. 4
Generation Enzyme Mutationf . . . .
(substrate)! (%Loading)® (%Loading) (%Loading) (%Loading)

0 RebH - - 53(0.2) 3(05) <1(5) 1(5)

1 1-PVM S2P/M71V/K145M  epPCRU (1) 43(0.2) 5(0.5) <1(5) 5 (5)

2 2-T N467T epPCR (1) 53(0.2) 7(05) <1(5) 9(5)

3 3-Ss G112S/N470S epPCR (2) 22(0.2) 64 (0.5) 6(5) 95

3 3-S S112G point mut.(3)  43/511 (0.2) 50 (0.5) 29 (5) 39 (5)

4 4V A4V epPCR (3) 39/311 (0.2) 43 (0.5) 48 (5) 38 (5)

[a] Mutations relative to the parent on the previous line. [b] Method used to introduce mutations
and (substrate used in the screening effort noted). [c] Conversions of substrates determined by
UPLC and (mol% loadings of enzymes used). [d] Error-prone PCR. [e] Point mutation introduced

via SOE PCR.?* [f] Second number refers to conversion to dihalogenated product.

We found that RebH variant 1-PVM from our thermostability lineage provided increased
conversion of numerous substrates, including tryptamine and tryptoline (2, Figure 3.3). Initially,
we intended to further improve 1-PVM activity on 2, as we hoped that variants with improved
activity on this tricyclic molecule would also have activity on larger tryptophan-based natural
products, including 3. Both RebH and 1-PVM, however, provided insufficient conversion of 2 for
reliable UPLC analysis under the conditions used for high throughput screening (crude lysate in
96 well plates). Because 1-PVM is both more stable and has nearly twofold higher activity on 2
than RebH (Table 3.1), it was used as the parent for our first round of evolution. We hoped that
improving 1-PVM activity on 1, which was similar to that of RebH and could be detected by
UPLC, would provide variants with sufficient activity on 2 to enable further evolution using this

substrate.

A library of 1-PVM variants, each containing an average of 1-2 amino acid mutations, was
generated by error-prone PCR, and 1080 colonies were picked and expressed in 96 well plates.

Halogenation of 1 was assayed using UPLC, and any variants that provided increased conversion
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relative to 1-PVM included in each plate were submitted to a secondary screen for increased
conversion of 2. All hits were verified by gene sequencing and large scale reactions conducted
using purified enzyme. From this library, one variant possessing a single N467T mutation (and
therefore called 2-T) gave a modest 1.2-fold increase in conversion of 1, and, when submitted to
the secondary screen, showed a 1.3-fold increase in conversion of 2. Although also modest, this
improvement elevated the conversion of 2 to nearly 10% under the conditions used for screening.
We found that at this level of conversion, we could reliably detect 1.5-fold increases in conversion

of 2, and thus decided to screen directly on 2 for our next round of mutagenesis.

The second round library was constructed as described above but using 2-T as a parent,
and 1080 variants were again picked and expressed. Reactions were conducted using 2 as the
substrate, and any variants that showed 1.5-fold or higher activity in lysate were grown and
purified to confirm their activity. Several mutations giving activity above this threshold were
found, and one of these, N470S, led to nearly 7-fold higher conversion of 2. This mutation and a
second mutation identified in this round of screening, G112S, were combined to give variant 3-

SS, which provided 9-fold higher conversion of 2 relative to 2-T.

Many of the mutations found in 3-SS are in the enzyme active site (N467T, N470S, and
G112S) and could impact the binding of 2 and thus the halogenation selectivity on this substrate.[?%]
Steady-state kinetic analysis of these variants was conducted to probe the effects of these mutations
on kinetic parameters (Table 3.2). We found that the catalytic efficiency scaled accordingly with
the increased conversion observed for successive variants. While this effect appears to have been
solely due to increased Kcat for variants 1-PVM and 2-T, the final variant, 3-SS, possesses greatly
increased kcat and greatly decreased Km, resulting in a catalytic efficiency nearly 70-fold greater

than WT.
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Table 3.2. Kinetic data for chlorination of tryptoline (2).

Variant Mol % Keat [Min?]  Km [UM] Keat/Km [Mint uM™]

RebH 5 0.013 144 9.05 x 10°
1-PVM 5 0.040 215 1.86 x 10
2-T 3 0.056 236 2.37 x 10
3-SS 0.5 0.537 8.6 6.24 x 10

At this point, in order to continue the evolution of RebH further to functionalize 3, the
aforementioned debrominated analogue of deformylflustrabromine, this compound was
synthesized in five linear steps following reported literature procedures.?® While wild-type RebH
has no quantifiable activity on this compound, 3-SS did provide low conversion. Notably, we
found that variant 3-S, which lacks the G112S mutation but still possesses N470S, gave 5-fold
higher conversion of 3 than did 3-SS. As the conversion of 3 afforded by 3-S was sufficient to
observe low activity in crude lysate in 96 well plates, we screened for improved activity on 3 for
our third round of evolution just as was done on 2 for our second round. After verifying the hits
with purified enzyme, one variant was found with nearly 1.7-fold increased activity on 3. This
variant, 4-V, possesses a single A442V mutation that is quite distant from the active site of the
enzyme (Figure 3.4). It is well established that mutations distant from enzyme active sites can have
profound effects on their activity,?® and such mutations are especially difficult to find with

structure-guided mutagenesis.
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Figure 3.4. RebH structure and mutations to expand substrate scope.[?

S2p

[a] A previously reported crystal structure of wild-type RebH was used (PDB entry 20A1),*® with
residues that are mutated in variants 3-SS and 4-V shown in blue (bound L-tryptophan as substrate

is shown in pink).

3.2.3 AN EXPLORATION OF THE SUBSTRATE SCOPE AND SELECTIVITIES OF

ENGINEERED REBH VARIANTS

As described in section 2.2.5, we previously had explored the selectivities of wild-type
RebH on small, non-native substrates by performing preparative scale bioconversions and
characterizing the products. In the course of this analysis, we performed a 10 mg, preparative scale

bioconversion of tryptoline (2) using 10 mol% wild-type RebH, furnishing 58% conversion to a
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roughly equal mixture of the 6- and 7-chlorinated products. We performed a second preparative
scale bioconversion of 2 on the same 10 mg scale with 3-SS, dropping the enzyme loading 10-fold
to 1 mol%, and saw a significant increase in conversion to 93% (Scheme 3.2). Upon isolating and
characterizing the product, it was found that 3-SS, in contrast to wild-type RebH, gave almost
exclusively the 6-chlorinated product (Table 3.3). This shows that improved activity need not come
at the expense of selectivity (or vice versa) and that both were simultaneously increased in this

case.

Scheme 3.2. General scheme for RebH-variant-catalyzed arene halogenation.

RebH variant
H  cofactor regen system?! Cl
o
R 0.2 equiv. NAD/FAD R"
20 mM glucose

0.5 mM HEPES/NaCl, pH 7.4
5% MeOH, rt

[a] The cofactor regeneration system consisted of 0.5 mol% MBP-RebF and 50 U ml glucose
dehydrogenase. NAD = nicotinamide adenine dinucleotide, FAD = flavin adenine dinucleotide,

MBP = maltose binding protein.

Table 3.3. Substrate scope of 3-SS.[

cl NH clI NH o NH cI NH
\ \ < N \
N N cl N o N
2 5 6 7
1% 3-SS, 78% (93) 1% 3-SS, 83% (89%) 2% 3-SS, 80% (98%) 5% 3-SS, 79% (76%)

[a] Reactions were performed on preparative scale (10 mg) and selectivities observed with 3-SS,

mol% enzyme loading, isolated yield, and (HPLC conversion) are shown.
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While the activity of 3-SS on tryptoline was very substantially increased relative to that of
wild-type RebH, and 4-V displayed significant activity on 3 whereas wild-type RebH gave no
quantifiable activity, we also wished to explore if these engineered variants displayed increased
breadth of scope. We began by examining the scope of 3-SS and found that it is particularly
effective for halogenating tricyclic indoles similar to 2 (Table 3.3). Eleagnine (5), an alkaloid from
Chrysophyllum albidum with potent analgesic effects,?” has the structure of 2 with an additional
methyl group at the 1-position. We found this added steric bulk distal from the indole moiety
interesting, as we aimed to further expand the substrate scope of RebH to encompass compounds
significantly larger in the area of this methyl group. Although RebH shows very low conversion
of 5, 3-SS has high activity on this compound - over 60-fold higher than that observed with wild-
type RebH (Table 3.5). With only 1 mol% enzyme loading of 3-SS, 89% conversion of 5 was seen
on the 10 mg scale. We found that 3-SS also gave good conversion of two tryptoline derivatives
with substituents on the benzene ring of the indole moiety: pinoline (6), or 6-methoxytryptoline, a
metabolite with monoamine oxidase A inhibition activity,?® which was chlorinated solely at the 7-
position; and tetrahydroharmine (7), or 7-methoxyeleagnine, an alkaloid from Banisteriopsis caapi
with antiviral and antifungal activity,?® which was chlorinated solely at the 6-position. These two
substrates show that these RebH variants are able to tolerate substituents at multiple positions on

the indole moiety, which occur frequently in biologically active natural products.
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Table 3.4. Substrate scope of 4-V.[]

HN—
Cl (o)
N
\ H Cl \
cl N S 32 N N
H / o=\ OH H /
S
3 4 8
5% 4-V, 68% (72%) 5% 4-V, 54% (56%)!2] 5% 4-V, (36%)!

)\NH )\NH \O/©
Hof Hof HO\(\N/\/O
H
(0] (0]

\ 50 50
N N
N H N
Cl Cl Cl
9 10 1
1% 4-V, 93% (97%) 1% 4-V, 79% (91%) 2% 4-V, 69% (98%)

[a] In addition to the major product of 10-chlorination shown, 11-chlorination was also observed
to afford a minor product. [b] Multiple closely eluting products were observed and were not
individually isolated, so only total conversion is shown. [c] Reactions were performed on
preparative scale (10 mg) and selectivities observed with 4-V, mol% enzyme loading, isolated

yield, and (HPLC conversion) are shown.

We then used 4-V for preparative chlorination of 3, and found that this enzyme provided
exclusively 6-chlorination, providing a facile synthesis of the 6-chloro analogue of dFBr. The high
activity of 4-V on 3, despite the bulk of the inverse prenyl group, encouraged us to explore
compounds that differed significantly from those halogenated by wild-type RebH and 3-SS. We
first looked at two pentacyclic compounds with well studied biological activities: yohimbine (4),
an alkaloid from Catharansus roseus that is also an a2 adrenergic receptor antagonist;*® and
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evodiamine (8), an alkaloid from the Tetradium family of plants.3! Both of these compounds are
significantly larger than any others we had assayed to this point — 4 has over twice the molecular
weight of 2 — but to our surprise, both showed significant conversion with 4-V (Table 3.4). While
4-V produces two distinct monochlorinated derivatives of 8, as well as one dichlorinated
derivative, only monochlorinated products were observed with 4, and at a sufficient level of
conversion for a preparative scale halogenation. After performing the preparative scale reaction,
we observed that 4 is chlorinated to 56% conversion in a roughly 3:1 ratio at the 10- and 11-

positions, respectively.

Given that we had demonstrated that RebH variants could accept greatly expanded bulk on
the pyrrole moiety of these unnatural substrates, as well as substitution at the 5- and 6-positions
on the indole moiety, we decided to explore the impact of large substitutions at the 4-position of
the indole ring. Pindolol (9), a nonselective beta blocker,®? possesses a sizeable substituent with
alcohol and amine functionalities via an ether linkage at the indole 4-position. We found that 4-V
was able to fully convert this compound to the 7-chlorinated product, even at lower (<1%) enzyme
loadings. A similar compound, carazolol (10),% possesses a carbazole rather than an indole moiety,
and we found that this compound was selectively halogenated at the analogous position. This was
the first time we had observed selective conversion of a carbazole in high yield by any RebH
variant, and encouraged by this result we decided to test carvedilol (11), another carbazole with an
even bulkier substituent at the 5-position (analogous to the indole 4-position) that is a nonselective
beta blocker/alpha-1 blocker.®* Carvedilol has a molecular weight of over 400 g/mole, twice the
size of the native tryptophan and even larger than 4. Despite this added steric bulk, we found that
4-V was able to again give full conversion of 11 at only 2% enzyme loading, with exquisite

selectivity to only a single chlorinated product. The confined nature of the RebH active site in
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crystal structures with bound tryptophan substrate®> makes rationalizing the binding of the larger
substrates explored in this work difficult, but it may be that some of these, particularly 11, are not

fully contained within the active site.

Table 3.5. Ratio of improvement to activity versus wild-type RebH.

Substrate Variant Mol % Act_ivft]y
Ratio'?
Tryptoline (2) 3-SS 0.5 65.5
Eleagnine (5) 3-SS 0.5 67.1
Pinoline (6) 3-SS 0.5 2.0
Tetrahydroharmine (7) 3-SS 5 17.6
Desbromo-dFBr (3) 4-V 5 N/AL!
Yohimbine (4) 4-V 5 38.0
Evodiamine (8) 4-V 5 16.5
Pindolol (9) 4-V 0.2 1.3
Carazolol (10) 4-v 0.2 4.9
Carvedilol (11) 4-v 0.5 8.2

[a] Activity ratio is ratio of conversion seen with variant tested vs WT. Reaction conditions were
those shown in Scheme 3.2. [b] WT showed no quantifiable activity, and thus a ratio cannot be
determined.

Encouraging by the surprisingly broad substrate scopes of 3-SS and especially 4-V, we
next applied these variants to an even wider diversity of substrates. As our research group
participates in the Center for C-H Functionalization (CCHF), an NSF-funded Center for Chemical
Innovation broadly focused upon developing C-H functionalization technologies and promoting
their application in organic synthesis, we were provided a library of 61 compounds from Novartis.
This library of compounds represents a diverse breadth of bioactive chemical structures that all
pose a challenge for selective C-H functionalization, and thus the members of the CCHF seek to
find new techniques for the selective functionalization of these often very high-value targets. We
screened all 61 compounds with wild-type RebH, 3-SS, and 4-V and found that a remarkable 34%

of the compounds in the library showed at least trace halogenation, while 6 of these 61 (~10%)
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showed some to nearly full conversion (Figure 3.5). Given that we had no input in selecting the
compounds that went into this library, and thus did not bias the selection toward scaffolds that
RebH variants are likely to accept, and screened only three RebH variants, substantial conversion

of 10% of these compounds represents a remarkable substrate scope.

Figure 3.5. Novartis library screening with best hits shown.

Novartis-CCHF Compound Library Screened with wtRebH, 3-SS, & 4-V
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[a] If multiple monochlorinated and/or dichlorinated products were observed, the sum of all is
shown. Conversions are based on UV absorbances at 254 nm, unadjusted for response factors.
[b] Compounds that gave only trace, non-quantifiable conversion is shown as 1% conversion for
visibility.

3.2.4 THE USE OF ENGINEERED REBH VARIANTS IN CHEMOENZYMATIC

REACTIONS

Until this point, the engineered halogenases discussed were used for the synthesis of
halogenated end-products; however, the presence of the halogen substituent also offers a handle

for further functionalizations to make awide range of potential products. Combining an enzymatic
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functionalization with a subsequent small-molecule transformation is perhaps best exemplified by
the work that has been done with cytochromes P450. Cytochromes P450 have been extensively
engineered to perform preparative oxygenations, especially hydroxylations, on a wide variety of
substrates.3® Just as is seen with halogenation, the oxygenation event itself can impart interesting
bioactivities to these substrates,®” but the installed oxygen atom can also serve as a synthetic handle

for subsequent transformations,®® such as deoxyfluorination.*®

Similarly, there is some precedent for the combination of halogenase-catalyzed selective
C-H halogenation with small-molecule palladium-catalysis to furnish the chemoenzymatic
arylation of compounds. For example, Goss demonstrated that PrnA (another FAD-dependent
tryptophan 7-halogenase; see Section 2.2.1) could be expressed in S. coeruleorubidus to chlorinate
tryptophan, which the organism subsequently incorporated into cyclic polypeptides (Scheme
3.3A).1% These polypeptides were then purified by HPLC and subjected to microwave-mediated
Suzuki-Miyaura conditions to furnish arylated polypeptide derivatives. More recently, O’Connor
reported that RebH could be expressed in C. roseus to prepare halo-indole alkaloids that could be
arylated via Suzuki cross-coupling (Scheme 3.3B).*° Unlike the P450 examples noted above,
however, both of these reports were limited to the native substrate (L-tryptophan, although another
report from O’Connor!’ utilized a point-mutant of RebH to functionalize the smaller substrate
tryptamine) and selectivity (7-position) of the halogenases used, and compatibility with only a

limited range of cross-coupling reactions was demonstrated.
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Scheme 3.3. Previously reported halogenase chemoenzymatic syntheses.
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Given that our group had engineered RebH variants capable of site-selective, late-stage
halogenation of large, bioactive compounds, as described in Sections 3.2.2 and 3.2.3, we sought
to combine the halogenations catalyzed by these engineered variants with subsequent small-
molecule transformations to afford a range of chemoenzymatic functionalizations on complex
molecules. A student in our group, Dr. Landon Durak, found that a combination of Pd(OAc). and
water-soluble SPhos was able to provide quantitative conversion of 6-bromotryptoline from crude
organic extracts of bioconversions to yield the 6-aryltryptoline product. We then performed a
series of 10 mg bioconversions of tryptoline (2) using the engineered variant 3-SS to allow Dr.
Durak to test a series of boronic acids as partners for the subsequent Suzuki reaction and found
that a range of aryltryptolines were able to be isolated in high yield (Table 3.6). A variety of
functional groups including ethers (2a/b), esters (2c), nitriles (2d), amides (2e), hydroxyl (2f), and
a substituted pyridine (2g) were tolerated by this protocol, indicating that aryl boronic acids can

be coupled to substrates bearing an unprotected indole (N-H) core.
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Table 3.6. Boronic acid scope of chemoenzymatic arylation.[@

H NH Br@\/\QNH Ar NH
N N N
H

crude extract H
2a-g

2
OMe o CO,Me
JOu O
3‘ 2a >99% "’z O 2b64% v,t 2c 55%
CN NHAc OH N F
| N
Y©/2d 73% Y©/2e 58% ”5/©/2f 97% ﬁ([JZg 86%

[a] Hal: 1 mol% 3-SS, 0.05 mol% MBP-RebF, 9 U/mL GDH, 35 U/mL catalase, 20 equiv. NaBr,
40 equiv. glucose, 0.2 equiv. NAD & FAD, 3.5% v/v i-PrOH/phosphate buffer (25 mM, pH 8.0),
22 °C, 16h. Pd: 5 mol% Pd(OAc)> & SPhos-SOs3Na, 1.5 equiv. ArB(OH), 50% v/v i-

PrOH/phosphate buffer (170 mM, pH 8.5), 90 °C, 1h.

Arene scope was then evaluated by functionalizing different bioactive arenes (Table 3.7)
that RebH variants 3-SS and 4-V had been found to functionalize.'® It was also discovered in the
course of analyzing the library of compounds from Novartis, as described in Section 3.2.3 (see
Figure 3.5), that RebH variant 4-V also accepted the antihistamine thenalidine (12), which does
not bear an indole moiety but undergoes halogenation at the para position of its aniline core. The
crude extracts from preparative scale halogenation reactions of each of the aforementioned arenes
were submitted to Pd-catalyzed Suzuki cross-coupling conditions to furnish the corresponding
arylated analogues. Notably, both the halogenation and cross-coupling steps tolerated the

installation of both bromine and chlorine, further highlighting the flexibility of this methodology.
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Table 3.7. Arene scope of chemoenzymatic arylation.[@

o8 el e

crude extract
Ar = 4-MeO-C¢H,

Me

HO N)\Me HOJ/\N/\M:::© ©

@3 sl

11a 12a
99% (X= B" 1% 4-V) 93% (X=ClI, 2% 4_V)[b] 74% (X=Br, 5% 4-V)
[a] Hal: as in Table 3.6 with the halide source and RebH variant/loading indicated. Pd: as in Table
3.6 using 1.5 equiv. 4-MeO-CgHs-B(OH)2. P15 mol% Pd(OAc)2 & SPhos, 1.5 equiv. 4-MeO-CgHa-

B(OH)>, 2 equiv. K3POg4, 20% v/v H20/dioxane, 100 °C, 12h.

To expand the reaction scope beyond C-C bond formation, crude extracts from enzymatic
halogenation reactions were also subjected to Buchwald-Hartwig amination** and alkoxylation*?
conditions. Tryptoline underwent smooth two-step C-H amination with aminopyridine derivatives
to afford secondary amines (Table 3.8, 1h-j). Attempts to perform a C-H alkoxylation on
tryptoline, however, were unsuccessful in our hands. To our knowledge, there are no reports of
Pd-catalyzed alkoxylation reactions on unprotected indoles, and our results corroborate its
difficulty. Fortunately, thenalidine underwent two-step C-H alkoxylation providing
trifluoroethoxythenalidine (12b) in useful, albeit low, yield (Scheme 3.4) illustrating that

substrates compatible with alkoxylation can be used in our chemoenzymatic procedure.
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Table 3.8. Chemoenzymatic amination of tryptoline.[

crude extract

H H
N N Me N N N
}.r‘ N\ N
NHAr = Q U Y @\/j/ ',r’
~ ~ N/

CF; 2h 87% 2i 63% 2j 51%

I

[a] Hal: as in Table 3.6. Pd: 3 mol% Pd(OAc)2, 3 mol% BrettPhos, 3 equiv. ArNH>, 6 equiv.

NaOt-Bu, dioxane, 100 °C, 14h.

Scheme 3.4. Chemoenzymatic alkoxylation of thanalidine.[

H B Br fo)

P e | P >

N
Me/'O/

crude extract 12b 33%

[a] Hal: as in Table 3.6 using 5 mol% 4-V. Pd: 0.5 mol% [(allyl)PdCI]2, 1.5 mol% RockPhos, 2

equiv. CF3CH>0OH & Cs,COgz, PhMe, 90 °C, 14h.

3.3 CONCLUSIONS

In summary, beginning from a thermostablized variant of RebH, 1-PVM, RebH variants

with significantly expanded substrate scope were identified by via three rounds of random

mutagenesis and screening against progressively larger substrates. These variants catalyzed the
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selective halogenation of a number of unnatural substrates displaying a range of sizes,
substitutions, and biological activities. Given the established impact that halogenation has on the
biological activities of compounds and the dearth of methods to perform selective halogenations
such as those we have described, we believe that these variants could prove useful for producing
high-value derivatives of biologically active compounds. While the mutations discovered offer
great insight for future targeted libraries,*® the discovery of crucial mutations distant from the
active site, such as A442V in variant 4-V, highlight the value of random mutagenesis in
discovering important mutations that are difficult to predict.** We hope to gain insight into the role
of this mutation and the others identified during our evolution efforts by using protein
crystallography with bound substrates. Furthermore, the ability to couple enzymatic halogenations
with subsequent small-molecule reactions greatly expands the breadth of novel compounds with
potentially improved bioactivities that can be accessed. Lastly, another student in our group, Mary
Andorfer, has engineered RebH variants with altered regioselectivity on tryptamine;* we hope to
combine mutations that alter regioselectivity with those that expand substrate scope to ideally

access multiple sites on a range of complex, bioactive structures.
3.4 EXPERIMENTAL
3.4.1 GENERAL EXPERIMENTAL PROCEDURES
Materials:

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without
further purification. Debromodeformylflustrabromine (starting material for halogenation to
produce 3) was synthesized according to previous reports.?® Deuterated solvents were obtained

from Cambridge Isotope labs. Silicycle silica gel plates (250 mm, 60 F254) were used for
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analytical TLC, and preparative chromatography was performed using SiliCycle SiliaFlash silica
gel (230-400 mesh). Oligonucleotides were purchased from Integrated DNA Technologies (San
Diego, CA). Plasmids pET-28a/RebF and pET-28a/RebH in BL-21 DE3 E. coli were provided by
the Walsh group of Harvard Medical School, Boston, MA.!! The pLIC-MBP plasmid was provided
by the Bottomley group of Monash University, Clayton, Australia.*® The pGro7 plasmid encoding
the groES and groEL chaperone set was purchased from Takara (Otsu, Shiga, Japan). BL21(DE3)
E. coli cells were purchased from Invitrogen (Carlsbad, CA). T7 DNA ligase, Tag DNA
polymerase, and Phusion HF polymerase were purchased from New England Biolabs (Ipswitch,
MA). Luria Broth (LB) and Terrific Broth (TB) media were purchased from Research Products
International (Mt. Prospect, IL). Library colonies were picked using an automated colony picker
(Norgren Systems). Qiagen Miniprep Kits were purchased from QIAGEN Inc. (Valencia, CA) and
used according to the manufacturer’s instructions. All genes were confirmed by sequencing at the
University of Chicago Comprehensive Cancer Center DNA Sequencing & Genotyping Facility
(900 E. 57th Street, Room 1230H, Chicago, IL 60637). Electroporation was carried out on a Bio-
Rad MicroPulser using method Ec2. Ninitrilotriacetic acid (Ni-NTA) resin and Pierce® BCA
Protein Assay Kits were purchased from Fisher Scientific International, Inc. (Hampton, NH), and
the manufacturer’s instructions were following when using both products (for Ni-NTA resin, 5 mL
resin were used, with buffers delivered by a peristaltic pump at a rate of 1 mL/min, ina 4 °C cold
cabinet). Amicon® 30 kD spin filters for centrifugal concentration were purchased from EMD
Millipore (Billerica, MA) and used at 4,000 g at 4 °C. Biotage reverse phase columns (SNAP KP-
C18-HS) were purchased from Biotage. HPLC analyses were performed using HPLC grade
acetonitrile (Fisher Scientific), 18 MQ water from a Milli-Q purification system (model No.

QGARDOO0D?2), and trifluoroacetic acid (Oakwood Chemicals). Water and isopropanol used in
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Suzuki-Miyaura reactions were deoxygenated by sparging with N2 for 30 minutes. Anhydrous
dioxane was purchased from Acros in an AcroSeal bottle and used as received. Toluene was
obtained from an Innovative Technologies solvent purification system (solvent deoxygenated by
sparging with N, and dried over alumina). [(allyl)PdClI]. was prepared according to the literature.*’
Thenalidine was obtained from Novartis through the CCHF. Glucose dehydrogenase (GDH,
product No. GDH-105), and NAD (product No. NAD-004626) were purchased from Codexis
(Redwood City, CA). FAD (product No. 00151) was purchased from Chem-Impex International
(Wood Dale, IL). Catalase (product No. C1345-1G) was purchased from Aldrich. Biotage
reversed-phase columns were purchased from Biotage (FSUL-0401-0012). AeraSeal film was

purchased from Research Products International (product No. 202504).

General Procedures:

Standard molecular cloning procedures were followed.*® Reactions were monitored using UPLC
(Agilent 1200 UPLC with an Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 pM particle
size; C18 4.6 x 50 mm column, 3.5 uM particle size; and C18 2.1 x 50 mm column, 1.8 uM particle
size; solvent A = H20/0.1% TFA, solvent B = CH3CN). Gel filtration was performed using a
HiLoad 16/600 Superdex 200 column (GE Healthcare Life Sciences). Reverse phase preparative
chromatography was carried out using a Biotage Isolera One. 1H spectra were recorded at 500
MHz on a Bruker DMX-500 or DRX-500 spectrometer at room temperature, and chemical shifts
are reported relative to residual solvent peaks with coupling constants reported in Hz.*® In some
cases the carbon atoms in the trifluoroacetate ion cannot be observed in a reasonable number of
scans.® Mass spectra were obtained from the University of Chicago mass spectrometry facility

using an Agilent Technologies 6224 TOF LC/MS.
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3.4.2 SPECIFIC EXPERIMENTAL PROCEDURES

Library construction, expression, and screening: The procedures used for library construction,
expression, and screening were adapted from those previously reported for the evolution of RebH
for increased thermostability.?° All genes encoding RebH were cloned into pET-28a between the
Ndel and Hindlll digestion sites. Mutant libraries were constructed by error-prone PCR, using Taq
polymerase with 150 uM MnCl,. PCR was performed in a volume of 50 uLL with conditions of 95
°C30s,(95°C30s,55°C30s, 72 °C 90 s) for 20 cycles, 72 °C 10 min. Beneficial mutations
were recombined via overlap extension? with PCR conditions of 98 °C 30's, (98 °C 10's, 72 °C
50 s) for 35 cycles, 72 °C 10 min. Plasmids were transformed by electroporation into E. coli
containing the chaperone pGro?7. Library colonies were picked using an automated colony picker
(Norgren Systems) and arrayed in 1-ml 96-well plates containing 300 uL. LB with 50 pg/mL
kanamycin and 20 pg/mL chloramphenicol. Cells were grown overnight at 37 °C, 250 rpm, and
50-100 pL of overnight culture was used to inoculate 1 mL TB (with 50 pg/mL kanamycin and 20
ug/mL chloramphenicol) in 2-mL 96-well plates. Following growth at 37 °C, 250 rpm, to an ODsoo
= 0.9-1.0, enzyme expression was induced with IPTG and arabinose to final concentrations of 10
uM and 0.2 mg/mL, respectively. Protein expression continued for ~20 h at 30 °C, 250 rpm, after

which cultures were harvested by centrifugation and stored at -80 °C until use.

Cell pellets were thawed and suspended in 100 pL HEPES buffer (25 mM, pH 7.4)
containing 0.75 mg/mL lysozyme. After incubation at 37 °C, 250 rpm, cells were flash frozen in
liquid nitrogen and thawed in a 37 °C water bath. Ten microliters of DNasel at 1 mg/mL were
added and the cells incubated at 37 °C, 250 rpm, for 15 min. After centrifugation, 50 pL of

supernatant were transferred to a microtiter plate for screening.
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Similar to what was previously described for the evolution of RebH for increased
thermostability,”® a combined stock solution containing MBP-RebF (2.5 uM final concentration)
and glucose dehydrogenase (9 U/mL final concentration) was added to 50 pL lysate. A second
combined stock solution containing all small molecule components, including NaCl (10 mM final
concentration), FAD (100 uM final concentration), NAD (100 uM final concentration), substrate
(from a 10 mM stock solution in MeOH, 0.5 mM final concentration), and glucose (20 mM final
concentration), all in 25 uM HEPES buffer (pH 7.4), was added to the reaction mixtures to initiate.
Reactions were mixed, the plates sealed, and left overnight on the benchtop (increased activity on
L-tryptophan and tryptoline) or shaken at 600 rpm (increased activity on
debromodeformylflustrabromine). Reactions were quenched with an equal volume of methanol
and centrifuged, and the supernatant was filtered and analyzed for chlorination of substrate via
UPLC (Agilent 1200 UPLC with an Agilent Eclipse Plus C18 2.1 x 50 mm column, 1.8 pM particle
size; solvent A = H20/0.1 % TFA, solvent B = CH3CN; 0-0.5 min, B = 16%; 0.5-1.5 min, B = 16-

80%).

Enzyme purification: The MBP-RebF and RebH variants used for analytical and 10 mg
bioconversions was grown, expressed, lysed and purified according to a previous report.*? An
overnight starter culture was used to inoculate 50 mL TB (with 50 pg/mL kanamycin and 20 pg/mL
chloramphenicol). Following growth at 37 °C, 250 rpm, until ODsoo = 0.6-0.8, enzyme expression
was induced with IPTG and arabinose to final concentrations of 100 uM and 2 mg/mL,
respectively. Protein expression continued for ~20 h at 30 °C, 250 rpm, after which cultures were
harvested by centrifugation and stored at -80 °C until use. Cell pellets were thawed, suspended in

30 mL 25 mM HEPES (pH 7.4) and lysed by sonication while kept on ice (Qsonica S-4000 with
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a 0.5" horn; 5 x 1 min with 1 min rests, 20 % duty cycle delivering 40-50 W). After clarification
by centrifugation, MBP-RebF and RebH variants were purified by Ni-NTA affinity
chromatography and exchanged into a buffer of 25 mM HEPES (pH 7.4) and 10 % glycerol.
Protein concentrations were measured using the Pierce® BCA Protein Assay Kit and protein

stocks were then stored at -20 °C until use.

General Procedure for Analytical Bioconversions?’: Substrate (37.5 nmol) was added to a 1.5
mL Eppendorf tube as a 10 mM solution in MeOH (evodiamine, 8, was added as a solution in
DMSO). Solutions of NAD (0.2 equiv., 100 uM final concentration), FAD (0.2 equiv., 100 uM
final concentration), NaCl (20 equiv., 10 mM final concentration), and glucose dehydrogenase (9
U/mL final concentration GDH) were added to the reaction. This was diluted such that the final
reaction volume was 75 pL with HEPES buffer, and RebH (0.005-0.05 equiv., 2.5-25 uM final
concentration) and MBP-RebF (0.005 equiv., 2.5 uM final concentration) were added as solutions
of HEPES/glycerol buffer (25 mM HEPES, pH 7.4, 10% glycerol v/v). The reaction was initiated
with a solution of 1 M glucose (40 equiv., 20 mM final concentration), the tube was closed, and
incubated at 25 °C at 600 rpm. Reactions were quenched by addition of a reaction volume of
MeOH after 12 hours. These reactions were analyzed by UPLC (Agilent 1200 UPLC with an
Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 uM particle size; solvent A = H,0/0.1% TFA,
solvent B = CH3CN). The following method was used for all substrates: 0-10 min, B = 15%; 10-
20 min, B = 15-100%; 20-24 min, B = 100%. Alternate buffer salts, concentrations, and pHs were
tested as well, and we observed that up to 2.5-fold increased conversions could be obtained on

relative to the conditions described above by using 300 mM HEPES, pH 7.4 for certain substrates
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(L-tryptophan, tryptoline, pindolol, and carazolol all showed increased conversions with this

buffer substitution).

General Procedure for 10 mg Bioconversions (without subsequent cross-coupling)®:
Substrate (10.0 mg) was added to a crystallization dish (100 x 50 mm) as a solution in MeOH.
Solutions of NAD (0.2 equiv., 100 uM final concentration), FAD (0.2 equiv., 100 uM final
concentration), NaCl (20 equiv., 10 mM final concentration), and a glucose dehydrogenase (9
U/mL final concentration GDH) were added to the reaction. This was diluted to the appropriate
volume with HEPES buffer, and RebH (0.01-0.05 equiv., 5-25 uM final concentration) and MBP-
RebF (0.005 equiv., 2.5 uM final concentration) were added as solutions of HEPES/glycerol buffer
(25 mM HEPES, pH 7.4, 10% glycerol v/v). The reaction was initiated with a solution of 1 M
glucose (40 equiv., 20 mM final concentration), sealed with an AeraSeal film, and left on the
benchtop at room temperature without shaking. These reactions were analyzed by UPLC (Agilent
1200 UPLC with an Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 uM particle size; solvent
A = H>0/0.1% TFA, solvent B = CH3CN). The following method was used for all substrates: 0-
10 min, B = 15%; 10-20 min, B = 15-100%; 20-24 min, B = 100%. Each reaction was allowed to
continue for 3 days, at which time no additional conversion was seen by UPLC and enzyme had
visibly precipitated out. The bioconversions were quenched with HCI (5 M, until pH<2) and
saturated with NaCl. Precipitated protein was filtered out through a pad of Celite and the filtrate
brought to pH>12 through addition of NaOH (5M). The filtrate was extracted into CH2>Cl>. The
crude material was purified by reverse phase chromatography (Biotage SNAP-KP-C18-HS,

gradient from pure H20 to 40% CH3CN/H20).
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Determination of Kinetic Parameters for RebH Variants: Kinetic parameters were determined
as was previously described.'? Rates were determined by monitoring the conversion of 75-215 uM
tryptoline in the presence of NAD (100 uM final concentration), FAD (100 uM final
concentration), NaCl (10 mM final concentration), MBP-RebF (2.5 uM final concentration),
glucose dehydrogenase (9 U/mL final concentration), glucose (20 mM final concentration), and
phenol as an internal standard (10 mM in MeOH, 0.5 mM final concentration) at a final volume of
75 pL in a microtiter plate. RebH variants were added at a final concentration of either 25 uM for
wild-type RebH and 1-PVM, 15 uM for 2-T, or 2.5 uM for 3-SS. The reactions were left shaking
at 600 rpm at room temperature, then quenched at 15-60 minutes (all time points were collected in
triplicate) by addition of 75 puL of MeOH. The precipitated protein was then removed by
centrifugation and the reactions were filtered and analyzed by UPLC using the method described
in Section 3.4.1. Product formation was quantitated by calculating the ratio of product to internal
standard and fitting that value to a calibration curve prepared from known concentrations of each
material. The kinetic parameters (Km and Kcat) for each substrate were determined using the Hanes-
Woolf plots (see Section 3.4.5) constructed from the substrate concentrations and the observed

initial rates.

General Procedure for 10 mg Scale Bioconversions (with subsequent cross-coupling):
Substrate (10.0 mg), NaBr/NaCl (20 equiv., 10 mM final concentration), glucose (40 equiv., 20
mM final concentration), glucose dehydrogenase (9 U/mL final concentration GDH), and catalase
(35 U/mL final concentration) were added as solids to a crystallization dish (100 x 50 mm)
containing a magnetic stir bar. This was diluted to an appropriate volume with phosphate buffer

(25 mM K2>HPOg4, pH 8.0) and isopropanol (3.5% v/v) was added. 10 mM aqueous solutions of
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FAD and NAD were prepared and added to the reaction mixture (0.20 equiv., 0.10 mM final
concentration each). Stocks of RebH and RebF, stored in a HEPES/glycerol buffer (25 mM
HEPES, pH 7.4, 10% glycerol v/v) following purification, were thawed in an ice water bath. RebH
(0.01-0.05 equiv., 5-25 uM final concentration) and MBP-RebF (0.0005 equiv. 0.25 pM final
concentration) were added as solutions. The reaction vessel was sealed with an AeraSeal film and
gently stirred at room temperature for 16 hours. The reactions were monitored by UPLC (Agilent
1200 UPLC with an Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 um particle size; solvent
A =H20/0.1% TFA, solvent B = MeCN) until maximum conversion was observed. The following
method was used for all substrates: 0-10 min, B = 15%; 10-20 min, B = 15-100%; 20-24 min, B =
100%. The bioconversion were quenched with HCI (5 M, until pH<2) and saturated with solid
NaCl. Precipitated protein was filtered out through a pad of Celite and the filtrate was brought to
pH>12 through addition of NaOH (5M). The filtrate was extracted into CH.Cl,, and the solvent

removed by rotoary evaporator.

General Procedure for Suzuki-Miyaura Coupling on Crude Extract of Bioconversion: The
crude extracts from an enzymatic halogenation were transferred to a 50 mL round bottomed flask
and Ar-B(OH)2 (1.5 equiv.), Pd(OAc). (0.05 equiv.), sodium 2’-dicyclohexylphosphino-2,6-
dimethoxy-1,1'-biphenyl-3-sulfonate hydrate (water soluble Sphos, 0.05 equiv.), and a magnetic
stir bar were added. The flask was equipped with a reflux condenser and capped with a rubber
septum. The apparatus was purged by three cycles of evacuation and N2 refill. A deoxygenated
1:1 mixture (20 mL) of isopropanol and phosphate buffer (170 mM K>HPO4, pH 8.5) was added
via syringe and the mixture was allowed to stir under reflux in an oil bath. After 1 hour, the

reaction vessel was allowed to cool to room temperature, and the isopropanol was removed by
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rotary evaporation. The aqueous solution was extracted with CH.Cl, (3x, 10 mL each), and the
combined organic extracts were dried over Na2SO4 and concentrated by rotary evaporation. The
crude mixture was purified by reversed-phase chromatography (Biotage SNAP-KP-C18-HS,

gradient from pure H20 to 60% MeCN/H-0) and isolated as the trifluoroacetate (TFA) salt.

General Procedure for Buchwald-Hartwig Amination on Crude Extract of Bioconversion:
The crude extracts from an enzymatic halogenation were transferred to a 20 mL round scintillation
vial and ArNH: (3 equiv.), Pd(OAc)2 (0.03 equiv.), BrettPhos (0.03 equiv.), NaOt-Bu (6 equiv.)
and a magnetic stir bar were added. The vial was transferred to an inert atmosphere dry box,
dioxane (1 mL) was added, and the vial was sealed with a teflon lined cap. The vial was removed
from the dry box and the mixture was allowed to stir in a 100 °C oil bath. After 14 hours, the
reaction vessel was allowed to cool to room temperature, and the contents filtered over silica,
eluting with 150 mL 4:1 CH2Cl,/MeOH. The filtrate was collected and concentrated by rotary
evaporation. The crude mixture was purified by reversed-phase chromatography (Biotage SNAP-
KP-C18-HS, gradient from pure H20 to 60% MeCN/H.0) and isolated as the trifluoroacetate

(TFA) salt.
3.4.3 DETAILED SYNTHESES AND CHARACTERIZATION

6-chlorotryptoline (1): The 10 mg bioconversion was conducted according to the general
procedure, using 10.0 mg (1 equiv.) of tryptoline. RebH variant 3-SS was added to a final
concentration of 5 uM (0.01 equiv.). The reaction was monitored by UPLC. After reaction
completion, the reaction mixture was purified according to the general procedure to afford 1 in

78% yield (14.5 mg of 1-TFA, 0.045 mmol). HNMR spectrum was consistent with previous
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reports of this compound.?*H NMR (500 MHz, MeOD) & 7.47 (d, J = 1.7 Hz, 1H), 7.32 (d, J =
8.6 Hz, 1H), 7.11 (dd, J = 8.6, 1.8 Hz, 1H), 4.44 (s, 2H), 3.58 (t, J = 6.1 Hz, 2H), 3.05 (t, J = 6.0
Hz, 2H). Only trace (<5%) 7-chlorotryptoline could be observed (consistent with previous reports
of this compound??), but the low abundance (in an already small amount of material) and the fact
that one of the 7-chlorotryptoline peaks is partially obscured by an impurity makes precise
quantitation difficult. HRMS (ESI-TOF) calc’d for C11H11N2CI [M + H]+: 207.0689 and 209.0660,

found: 207.0645 and 209.0626.

6-chloroeleagnine (5): The 10 mg bioconversion was conducted according to the general
procedure, using 10.0 mg (1 equiv.) of eleagnine. RebH variant 3-SS was added to a final
concentration of 5 uM (0.01 equiv.). The reaction was monitored by UPLC. After reaction
completion, the reaction mixture was purified according to the general procedure to afford 5 in
83% yield (14.9 mg of 5-TFA, 0.045 mmol). *H NMR (500 MHz, MeOD) & 7.48 (d, J = 1.8 Hz,
1H), 7.33 (d, J = 8.6 Hz, 1H), 7.12 (dd, J = 8.6, 2.0 Hz, 1H), 4.78 (g, J = 6.6 Hz, 1H), 3.73 (m,
1H), 3.47 (m, 1H), 3.14 — 2.96 (m, 2H), 1.73 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, MeOD) 5
161.88, 161.61, 138.47, 128.35, 123.89, 120.44, 116.58, 111.55, 106.67, 42.05, 21.37, 18.83.
HRMS (ESI-TOF) calc’d for C12H13N2Cl [M + H]+: 221.0846 and 223.0816, found: 221.0799 and
223.0795. Note: NOESY for this compound was performed using the free base of 5, not the TFA

salt.

7-chloropinoline (6): The 10 mg bioconversion was conducted according to the general

procedure, using 10.0 mg (1 equiv.) of pinoline. RebH variant 3-SS was added to a final
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concentration of 10 uM (0.02 equiv.). The reaction was monitored by UPLC. After reaction
completion, the reaction mixture was purified according to the general procedure to afford 6 in
80% vield (13.9 mg of 6-TFA, 0.040 mmol). 'H NMR (500 MHz, MeOD) & 7.37 (s, 1H), 7.09 (s,
1H), 4.41 (s, 2H), 3.88 (s, 3H), 3.58 (t, J = 6.0 Hz, 2H), 3.05 (t, J = 5.9 Hz, 2H). 3C NMR (126
MHz, MeOD) 6 151.75, 136.08, 120.36, 118.68, 105.09, 94.89, 55.43, 49.24, 41.11, 29.26, 22.80,
18.07, 16.32. HRMS (ESI-TOF) calc’d for C12H13N2OCI [M + H]+: 237.0795 and 239.0765,

found: 237.0762 and 239.0747.

6-chlorotetrahydroharmine (7): The 10 mg bioconversion was conducted according to the
general procedure, using 10.0 mg (1 equiv.) of tetrahydroharmine. RebH variant 3-SS was added
to a final concentration of 25 pM (0.05 equiv.). The reaction was monitored by UPLC. After
reaction completion, the reaction mixture was purified according to the general procedure to afford
7in 79% yield (13.3 mg of 7-TFA, 0.037 mmol). *H NMR (500 MHz, MeOD) & 7.46 (s, 1H), 7.01
(s, 1H), 4.74 (g, J = 6.6 Hz, 1H), 3.88 (s, 3H), 3.70 (m, 1H), 3.44 (m, 1H), 3.12 — 2.91 (m, 2H),
1.71 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, MeOD) § 153.16, 137.49, 121.77, 120.09, 106.50,
96.30, 56.84, 50.64, 42.51, 30.67, 24.21, 19.47, 17.73. HRMS (ESI-TOF) calc’d for C13H15sN2OCI

[M + H]+: 251.0951 and 253.0922, found: 251.0897 and 253.0895.

6-chlorodebromodeformyliflustrabromine (3): The 10 mg bioconversion was conducted
according to the general procedure, using 10.0 mg (1 equiv.) of debromodeformylflustrabromine.
RebH variant 4-V was added to a final concentration of 25 uM (0.05 equiv.). The reaction was

monitored by UPLC. After reaction completion, the reaction mixture was purified according to the
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general procedure to afford 3 in 68% yield (11.0 mg of 3-TFA, 0.028 mmol). *H NMR (500 MHz,
MeOD) & 7.45 (d, J = 8.4 Hz, 1H), 7.34 (s, 1H), 6.99 (d, J = 8.4 Hz, 1H), 6.19 (m, 1H), 5.17 (m,
2H), 3.15 (m, 4H), 2.74 (s, 3H), 1.54 (d, J = 1.5 Hz, 6H). 13C NMR (126 MHz, MecOD) & 145.86,
127.34, 126.67, 119.15, 117.77, 110.96, 110.48, 104.12, 49.26, 38.75, 32.27, 29.25, 26.90, 22.80,
21.54. HRMS (ESI-TOF) calc’d for C16H21N2Cl [M + H]+: 277.1472 and 279.1442, found:

277.1432 and 279.1422.

10-chloroyohimbine and 11-chloroyohimbine (referred to together as 4): The 10 mg
bioconversion was conducted according to the general procedure, using 10.0 mg (1 equiv.) of
yohimbine. RebH variant 4-V was added to a final concentration of 25 pM (0.05 equiv.). The
reaction was monitored by UPLC. After reaction completion, the reaction mixture was purified
according to the general procedure to afford 4 in 54% yield (7.65 mg of 4-TFA, 0.015 mmol). *H
NMR (500 MHz, MeOD) & 11.11 (s, 0.5H), 11.07 (s, 0.2H), 7.51 (d, J = 1.5 Hz, 1H), 7.48 (d, J =
8.5 Hz, 0.4H), 7.38 (s, 0.4H), 7.35 (d, J = 8.6 Hz, 1H), 7.15 (dd, J = 8.7, 1.8 Hz, 1H), 7.08 (dd, J
=8.4,1.6 Hz, 0.4H), 4.77 (d, J = 11.9 Hz, 1H), 4.34 (d, J = 2.1 Hz, 1H), 3.87 — 3.82 (m, 1H), 3.81
(s, 3H), 3.66 — 3.55 (m, 2H), 3.21 (t, J = 12.1 Hz, 2H), 3.10 (dd, J = 16.5, 5.3 Hz, 1H), 2.93 (d, J
= 14.5 Hz, 1H), 2.47 (dd, J = 11.6, 2.4 Hz, 1H), 2.38 — 2.28 (m, 1H), 1.99 (dd, J = 13.8, 3.0 Hz,
1H), 1.74 (t, J = 13.5 Hz, 2H), 1.63 (m, 1H), 1.57 — 1.43 (m, 2H). 3C NMR (126 MHz, MeOD) &
172.92, 122.36, 118.90, 117.29, 112.44, 66.74, 61.52, 57.97, 52.67, 51.40, 50.91, 38.18, 34.24,
31.66, 31.49, 30.53, 24.47, 23.93, 21.99, 18.64. The previously described peak assignments
represent a roughly 3:1 mixture of 10-chloroyohimbine and 11-chloroyohimbine, respectively —
note the peaks in the aryl region of *H NMR (7.51 (d, J = 1.5 Hz, 1H), 7.48 (d, J = 8.5 Hz, 0.4H),

7.38 (s, 0.4H), 7.35 (d, J = 8.6 Hz, 1H), 7.15 (dd, J = 8.7, 1.8 Hz, 1H), 7.08 (dd, J = 8.4, 1.6 Hz,
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0.4H)). All peaks observed in the 3C NMR observed with a signal:noise of >2:1 are reported —
higher quality 3C NMR data were not able to be obtained in a reasonable number of scans, given
the small amount of isolated material available and the high percentage of tertiary and quarternary
carbons present in these two compounds. HRMS (ESI-TOF) calc’d for C21H2sN203Cl [M + H]+:

389.1632 and 391.1602, found: 389.1601 and 391.1596.

7-chloropindolol (9): The 10 mg bioconversion was conducted according to the general
procedure, using 10.0 mg (1 equiv.) of pindolol. RebH variant 4-V was added to a final
concentration of 5 uM (0.01 equiv.). The reaction was monitored by UPLC. After reaction
completion, the reaction mixture was purified according to the general procedure to afford 9 in
93% yield (14.9 mg of 9-TFA, 0.037 mmol). 'H NMR (500 MHz, MeOD) & 7.21 (d, J = 3.0 Hz,
1H), 7.02 (d, J = 8.2 Hz, 1H), 6.62 (d, J = 3.1 Hz, 1H), 6.51 (d, J = 8.3 Hz, 1H), 4.36 — 4.25 (m,
1H), 4.15 (m, 2H), 3.47 (m, 1H), 3.37 — 3.17 (m, 2H, partially obscured by methanol residual
peak), 1.37 (dd, J = 6.3, 5.1 Hz, 7H). 3C NMR (126 MHz, MeOD) & 150.79, 123.96, 120.58,
120.18, 109.60, 100.88, 99.39, 69.83, 65.59, 50.68, 47.22, 17.93, 17.40. HRMS (ESI-TOF) calc’d

for C14H19N202Cl [M + H]+: 283.1213 and 285.1184, found: 283.1181 and 285.1159.

8-chlorocarazolol (10): The 10 mg bioconversion was conducted according to the general
procedure, using 10.0 mg (1 equiv.) of carazolol. RebH variant 4-V was added to a final
concentration of 5 uM (0.01 equiv.). The reaction was monitored by UPLC. After reaction
completion, the reaction mixture was purified according to the general procedure to afford 10 in

79% yield (11.8 mg of 10-TFA, 0.027 mmol). *H NMR (500 MHz, MeOD) & 8.27 (d, J = 7.9 Hz,
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1H), 7.53 (d, J = 8.2 Hz, 1H), 7.44 — 7.37 (m, 1H), 7.31 (d, J = 8.5 Hz, 1H), 7.20 (t, J = 7.5 Hz,
1H), 6.71 (d, J = 8.5 Hz, 1H), 4.44 (m, 1H), 4.30 (m, 2H), 3.49 (m, 1H), 3.44 — 3.27 (m, 2H,
partially obscured by methanol residual peak), 1.38 (dd, J = 6.4, 5.0 Hz, 6H). 3C NMR (126 MHz,
MeOD) 6 154.88, 140.86, 139.40, 126.58, 126.25, 123.88, 123.57, 120.57, 111.96, 109.94, 102.64,
71.14, 67.01, 52.04, 48.61, 19.34, 18.78. HRMS (ESI-TOF) calc’d for C1gH2:N202Cl [M + H]+:

333.1370 and 335.1340, found: 333.1337 and 335.1315.

8-chlorocarvedilol (11): The 10 mg bioconversion was conducted according to the general
procedure, using 10.0 mg (1 equiv.) of carvedilol. RebH variant 4-V was added to a final
concentration of 10 uM (0.02 equiv.). The reaction was monitored by UPLC. After reaction
completion, the reaction mixture was purified according to the general procedure to afford 11 in
69% vield (9.4 mg of 11-TFA, 0.017 mmol). *H NMR (500 MHz, MeOD) & 8.24 (d, J = 7.8 Hz,
1H), 7.50 (d, J = 8.1 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.07 (t, J = 7.5 Hz,
1H), 6.99 (m, 3H), 6.93 — 6.85 (m, 1H), 6.72 (d, J = 8.5 Hz, 1H), 4.53 - 4.51 (m, 1H), 4.41 — 4.22
(m, 4H), 3.77 (s, 3H), 3.68 — 3.41 (m, 4H). 3C NMR (126 MHz, MeOD) § 153.47, 149.63, 146.98,
139.42, 137.99, 125.12, 124.81, 122.78, 122.54, 122.14, 120.91, 119.20, 115.08, 113.62, 111.86,
110.48, 108.55, 101.21, 69.82, 65.32, 64.74, 54.95, 50.21, 46.91, 29.26, 22.80. HRMS (ESI-TOF)

calc’d for C24H25N204Cl [M + H]+: 441.1537 and 443.1524, found: 441.1537 and 443.1552.

6-(4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-bJindole (2a): 2a was prepared from
tryptoline (10 mg, 0.058 mmol) and 4-methoxyphenylboronic acid following the general procedure

for enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined above in >99% vyield
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(23.17 mg of 2a-TFA, 0.059 mmol). *H NMR (500 MHz, MeOD) & 7.64 (s, 1H), 7.55 (d, J = 8.5
Hz, 2H), 7.39 (s, 2H), 6.98 (d, J = 8.5 Hz, 2H), 4.46 (s, 2H), 3.83 (s, 3H), 3.61 (t, J = 5.9 Hz, 2H),
3.13 (t, J = 5.6 Hz, 2H). 3C NMR (126 MHz, MeOD) & 160.08, 137.43, 136.34, 129.31, 129.04,
128.09, 127.06, 122.81, 121.35, 116.72, 115.16, 112.49, 55.76, 43.77, 42.30, 19.50. HRMS

calculated for C1gH19N2O [M + H]*: 279.1498, found: 279.1515.

6-(benzo[d][1,3]dioxol-5-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (2b): 2b was prepared
from tryptoline (10 mg, 0.058 mmol) and 3,4-(methylenedioxy)phenylboronic acid following the
general procedure for enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined
above in 64% yield (15.1 mg 2b-TFA, 0.037 mmol). *H NMR (500 MHz, MeOD) § 7.62 (s, 1H),
7.41—7.31 (m, 2H), 7.09 (m, 2H), 6.87 (d, J = 8.0 Hz, 1H), 5.96 (s, 2H), 4.45 (s, 2H), 3.60 (t, J =
6.0 Hz, 2H), 3.12 (t, J = 5.7 Hz, 2H). 3C NMR (126 MHz, MeOD) & 149.52, 147.84, 138.30,
137.55, 134.26, 128.04, 127.16, 122.96, 121.45, 117.00, 112.50, 109.35, 108.60, 107.39, 102.31,

43.77,42.30 19.49. HRMS calculated for C1gH17N202 [M + H]": 293.1290, found: 293.1291.

methyl 4-(2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-yl)benzoate (2c): 2c was prepared from
tryptoline (10 mg, 0.058 mmol) and 4-methoxycarbonylphenylboronic acid following the general
procedure for enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined above in
55% yield (13.5 mg 2¢c-TFA, 0.032 mmol). *H NMR (500 MHz, MeOD) & 8.07 (d, J = 8.1 Hz,
2H), 7.91 — 7.64 (m, 3H), 7.48 (M, J = 27.9, 8.5 Hz, 2H), 4.47 (s, 2H), 3.92 (s, 3H), 3.62 (t, J = 5.7
Hz, 2H), 3.15 (br, 2H). 3C NMR (126 MHz, MeOD) & 181.67, 168.72, 148.56, 138.32, 132.89,
131.02, 129.08, 128.01, 127.98, 127.60, 123.00, 117.80, 112.87, 107.73, 52.53, 43.76, 42.29,

19.48. HRMS calculated for C19H19N202 [M + H]": 307.1447, found: 307.1446.
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4-(2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-yl)benzonitrile (2d): 2d was prepared from
tryptoline (10 mg, 0.058 mmol) and 4-cyanophenylboronic acid following the general procedure
for enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined above in 73% yield
(16.5 mg 2d-TFA, 0.043 mmol). *H NMR (500 MHz, MeOD) & 7.83 (m, 3H), 7.76 (m, 2H), 7.49
(m, 3H), 4.47 (s, 2H), 3.62 (t, J = 6.0 Hz, 2H), 3.15 (t, J = 6.0 Hz, 2H). 3C NMR (126 MHz,
MeOD) ¢ 148.49, 138.48, 133.64, 132.09, 128.77, 128.24, 127.86, 122.85, 120.08, 117.95, 113.03,
110.65, 107.81, 43.71, 42.23, 19.46. HRMS calculated for C1gH16N3 [M + H]": 274.1344, found:

274.1345.

N-(4-(2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-yl)phenyl)acetamide (2e): 2e was prepared
from tryptoline (10 mg, 0.058 mmol) and (4-acetamido)phenylboronic acid following the general
procedure for enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined above in
58% yield (14.1 mg 2e-TFA, 0.034 mmol). *H NMR (500 MHz, MeOD) & 7.70 (s, 1H), 7.60 (s,
4H), 7.45 — 7.39 (m, 2H), 4.47 (s, 2H), 3.62 (t, J = 6.0 Hz, 2H), 3.14 (t, J = 5.8 Hz, 2H), 2.15 (s,
3H). C NMR (126 MHz, MeOD) & 170.03, 152.37, 138.37, 133.82, 131.77, 128.54, 128.27,
122.84,121.64,121.56, 116.98, 113.95, 112.59, 43.79, 42.32, 23.79, 19.50. HRMS calculated for

C19H20N30 [M + H]*: 306.1606, found: 306.1614.

4-(2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-yl)phenol (2f): 2f was prepared from tryptoline
(10 mg, 0.058 mmol) and 4-hyroxyphenylboronic acid following the general procedure for
enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined above in 97% vyield in
roughly 90% purity (21.2 mg 2f-TFA, 0.056 mmol). *H NMR (500 MHz, MeOD) § 7.61 (s, 4H),

7.45 (d, J = 8.4 Hz, 8H), 7.37 (s, 6H), 6.84 (d, J = 8.4 Hz, 8H), 4.45 (s, 8H), 3.68 — 3.48 (m, 10H),
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3.12 (t, J=5.7 Hz, 7TH). 3C NMR (126 MHz, MeOD) & 137.32, 135.29, 134.47, 129.09, 128.07,
126.95, 126.09, 122.81, 121.63, 113.96, 112.43, 107.28, 43.79, 42.32, 19.51. HRMS calculated

for C17H17N20 [M + H]"™: 265.1341, found: 265.1356.

6-(6-fluoropyridin-3-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (2g): 2g was prepared
from tryptoline (10 mg, 0.058 mmol) and 6-fluoro-3-pyridinylboronic acid following the general
procedure for enzymatic bromination with 3-SS and Suzuki-Miyaura Coupling outlined above in
86% yield (19.0 mg 2g-TFA, 0.050 mmol). *H NMR (500 MHz, MeOD) § 8.44 (d, J = 2.2 Hz,
1H), 8.20 (m, 1H), 7.75 (s, 1H), 7.61 — 7.25 (m, 2H), 7.13 (dd, J = 8.4, 2.4 Hz, 1H), 4.48 (s, 2H),
3.62 (t, J = 6.0 Hz, 2H), 3.15 (t, J = 5.8 Hz, 2H). 3C NMR (126 MHz, MeOD) § 146.12 (d, Jc-r
= 13.8 Hz), 141.72 (d, Jcr = 8.0 Hz), 138.17, 137.86 (d, J = 4.3 Hz), 129.38, 128.26, 127.80,
122.69, 117.66, 113.10, 110.56, 110.27, 107.64, 43.72, 42.24,19.46. °F NMR (470 MHz, MeOD)
8 -75.51 (s), -76.97 (s) (TFA). HRMS calculated for Ci6H1sFN3 [M + H]*: 268.1250, found:

268.1265.

N-(4-(trifluoromethyl)pyridin-2-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-amine (2h):
2h was prepared from tryptoline (10 mg, 0.058 mmol) and 2-amino-4-trifluromethylpyridine
following the general procedure for enzymatic bromination with 3-SS and Buchwald-Hartwig
amination outlined above in 87% yield (22.4 mg 2h-TFA, 0.050 mmol). *H NMR (500 MHz,
MeOD) & 7.96 (d, J = 6.6 Hz, 1H), 7.62 — 7.51 (m, 2H), 7.39 (s, 1H), 7.17 (dd, J = 8.5, 1.7 Hz,
1H), 7.13 (d, J = 6.7 Hz, 1H), 4.49 (s, 2H), 3.60 (t, J = 5.8 Hz, 2H), 3.11 (br 2H). *C NMR (126

MHz, MeOD) 6 160.75, 139.54, 137.93, 129.09, 128.69, 123.38, 120.71, 120.53, 118.89, 116.54,
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114.47,112.28, 109.35, 107.86, 43.60, 42.12, 19.36. °F NMR (470 MHz, MeOD) § -68.18, -77.67

(TFA). HRMS calculated for C17H16F3Nas [M + H]™: 333.1327, found: 333.1327.

N-(6-methylpyridin-2-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-amine  (2i): 2i was
prepared from tryptoline (10 mg, 0.058 mmol) and 2-amino-6-methylpyridine following the
general procedure for enzymatic bromination with 3-SS and Buchwald-Hartwig amination
outlined above in 63% yield (14.3 mg 2i-TFA, 0.036 mmol). *H NMR (500 MHz, MeOD) & 7.81
(dd, J = 17.4, 9.8 Hz, 2H), 7.51 (s, 1H), 7.14 (dd, J = 8.5, 1.6 Hz, 1H), 6.84 (d, J = 8.9 Hz, 1H),
6.80 (d, J = 7.0 Hz, 1H), 4.49 (s, 2H), 3.60 (t, J = 6.0 Hz, 2H), 3.09 (t, J = 5.7 Hz, 2H). 3C NMR
(126 MHz, MeOD) 6 149.46, 145.92, 137.41, 128.97, 128.70, 128.50, 121.07, 116.37, 114.25,
113.94, 113.23, 110.36, 107.64, 43.62, 42.13, 19.36, 19.07. HRMS calculated for C17H19N4 [M +

H]*: 279.1609, found: 279.1621.

N-(quinolin-3-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-6-amine (2j): 2j was prepared
from tryptoline (10 mg 0.058 mmol) and 3-aminoquinoline following the general procedure for
enzymatic bromination with 3-SS and Buchwald-Hartwig amination outlined above in 51% yield
(12.7 mg 2j-TFA, 0.030 mmol). 'H NMR (500 MHz, MeOD) & 8.70 (s, N-H, 1H), 8.04 (s, 1H),
7.94 (d, J = 7.7 Hz, 1H), 7.82 (d, J = 8.3 Hz, 1H), 7.63 (m, 2H), 7.42 (m, J = 8.5 Hz, 2H), 7.12 (d,
J=8.6 Hz, 1H), 4.44 (s, 2H), 3.57 (br, 3H), 3.05 (br, 3H). 13C NMR (126 MHz, MeOD) & 143.91,
137.94, 136.13, 133.41, 131.69, 130.48, 130.03, 128.51, 128.10, 128.02, 123.35, 122.66, 120.98,
119.69, 113.69, 113.30, 107.25, 43.73, 42.26, 19.45. HRMS calculated for C2oH1gN4 [M + H]":

315.1609, found: 315.1619.
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1-(2-(2-methoxyphenoxy)ethylamino)-3-(1-(4-methoxyphenyl)-9H-carbazol-4-

yloxy)propan-2-ol (11a): 11a was prepared from carvedilol (10 mg, 0.025 mmol) and 4-
methoxyphenylboronic acid following the general procedure for enzymatic chlorination with 4-V.
The crude extracts from the bioconversion were transferred to a 20 mL round scintillation vial and
Pd(OACc)2 (0.28 mg, 0.0012 mmol, 0.05 equiv.), Sphos (0.50 mg, 0.0012 mmol, 0.05 equiv.), 4-
MeO-CesH4-B(OH). (5.61 mg, 0.037 mmol, 1.5 equiv), K3sPO4 (10.4 mg, 0.043 mmol, 2 equiv.),
and a magnetic stir bar were added. The vial was transferred to an inert atmosphere dry box,
dioxane (0.8 mL) and water (0.2 mL) were added, and the vial was sealed with a teflon lined cap.
The vial was removed from the dry box and the mixture was allowed to stir in a 100 °C oil bath.
After 12 hours, the reaction vessel was allowed to cool to room temperature, and the contents
filtered over silica, eluting with 150 mL 4:1 CH2Cl./MeOH. The filtrate was collected and
concentrated by rotary evaporation. The crude mixture was purified by reversed-phase
chromatography (Biotage SNAP-KP-C18-HS, gradient from pure H2O to 60% MeCN/H20) and
isolated in 93% yield (14.3 mg 11a-TFA, 0.023 mmol). *H NMR (500 MHz, MeOD) & 8.28 (d, J
= 7.8 Hz, 1H), 7.56 (dd, J = 6.6, 4.8 Hz, 2H), 7.46 (d, J = 8.1 Hz, 1H), 7.32 — 7.25 (m, 2H), 7.08
(d, J = 8.6 Hz, 2H), 7.05 — 6.95 (m, 4H), 6.93 — 6.88 (m, 1H), 6.81 (d, J = 8.2 Hz, 1H), 4.56 (dt, J
= 9.5, 5.8 Hz, 1H), 4.42 (dd, J = 9.9, 4.6 Hz, 1H), 4.31 (dt, J = 13.5, 6.7 Hz, 3H), 3.87 (s, 3H),
3.78 (s, 3H), 3.67 (dd, J = 12.7, 2.9 Hz, 1H), 3.60 — 3.55 (m, 2H), 3.50 (dd, J = 12.6, 9.9 Hz, 1H).
13C NMR (126 MHz, MeOD) & 160.36, 155.19, 151.14, 148.43, 141.07, 140.21, 132.82, 130.53,
127.21, 125.84, 124.25, 123.69, 123.56, 122.35, 120.47, 120.04, 116.69, 115.46, 113.97, 113.38,
111.75, 102.35, 71.05, 66.83, 66.23, 56.42, 55.84, 51.76, 48.38. HRMS calculated for C31H32N20s

[M + H]*: 513.2389, found: 513.2400.
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1-(isopropylamino)-3-(7-(4-methoxyphenyl)-1H-indol-4-yloxy)propan-2-ol (9a): 9a was
prepared from pindolol (10 mg, 0.040) and 4-methoxyphenylboronic acid following the general
procedure for enzymatic bromination with 4-V and Suzuki-Miyaura Coupling outlined above in
>99% vyield (19.4 mg 9a-TFA, 0.041 mmol). *H NMR (500 MHz, MeOD) & 7.50 (d, J = 8.7 Hz,
2H), 7.23 — 7.12 (m, 1H), 7.10 — 6.95 (m, 3), 6.68 — 6.56 (M, 2H), 4.38 — 4.29 (m, 1H), 4.25 (dd,
J=9.9, 4.9 Hz, 1H), 4.15 (dd, J = 9.9, 6.0 Hz, 1H), 3.48 (dt, J = 13.1, 6.5 Hz, 1H), 3.37 (dd, J =
12.6, 2.9 Hz, 1H), 3.23 (dd, J = 12.6, 9.6 Hz, 1H), 1.38 (dd, J = 6.5, 4.5 Hz, 6H). *C NMR (126
MHz, MeOD) & 160.22, 152.36, 133.10, 130.22, 124.99, 124.83, 122.76, 121.42, 120.62, 115.36,
102.08, 99.94, 71.07, 67.08, 55.79, 52.10, 19.33, 18.81. HRMS calculated for C21H27N203 [M +

H]*: 355.2021, found: 355.2036.

N-(4'-methoxybiphenyl-4-yl)-1-methyl-N-(thiophen-2-ylmethyl)piperidin-4-amine  (12a):
12a was prepared from thenalidine (10 mg, 0.035 mmol) and 4-methoxyphenylboronic acid
following the general procedure for enzymatic bromination with 4-V and Suzuki-Miyaura
Coupling outlined above in 74% yield (13.1 mg 12a-TFA, 0.026 mmol). *H NMR (500 MHz,
MeOD) § 7.44 (dd, J = 15.2, 8.5 Hz, 4H), 7.23 (d, J = 4.8 Hz, 1H), 7.06 — 6.88 (m, 5H), 4.65 (s,
2H), 4.06 (t, J = 11.5 Hz, 1H), 3.80 (s, 3H), 3.58 (d, J = 11.2 Hz, 2H), 3.18 (t, J = 11.9 Hz, 2H),
2.87 (s, 3H), 2.27 — 2.09 (m, 2H), 2.00 (d, J = 12.0 Hz, 2H). 13C NMR (126 MHz, MeOD) &
128.36, 128.25 , 128.11, 128.04, 127.76, 125.51, 125.15, 118.01, 115.21, 115.16, 55.74, 55.49,
47.04, 43.82, 31.11, 28.46 (Some aryl carbons cannot be distinguished due to overlap). HRMS

calculated for C24H29N20S [M + H]": 393.2000, found: 393.2000.
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1-methyl-N-(thiophen-2-ylmethyl)-N-(4-(2,2,2-trifluoroethoxy)phenyl)piperidin-4-amine

(12b): 12b was prepared from thenalidine (10 mg, 0.035 mmol) following the general procedure
for enzymatic bromination with 4-V. The crude extracts from the bioconversion were transferred
to a 20 mL round scintillation vial and [(allyl)PdCI], (0.06 mg, 1.74x10* mmol, 0.005 equiv.),
RockPhos (0.24 mg, 5.22x10* mmol, 0.015 equiv.), Cs2COs (20.6 mg, 0.070 mmol, 2 equiv.),
and a magnetic stir bar were added. The vial was transferred to an inert atmosphere dry box,
toluene (1 mL) and trifluoroethanol (5.3 pL, 0.070 mmol, 2 equiv.) were added, and the vial was
sealed with a teflon lined cap. The vial was removed from the dry box and the mixture was allowed
to stir in a 90 °C oil bath. After 14 hours, the reaction vessel was allowed to cool to room
temperature, and the contents filtered over silica, eluting with 150 mL 4:1 CH2Cl2/MeOH. The
filtrate was collected and concentrated by rotary evaporation. The crude mixture was purified by
reversed-phase chromatography (Biotage SNAP-KP-C18-HS, gradient from pure H2O to 60%
MeCN/H,0) and isolated in 33% yield (5.6 mg 12b-TFA, 0.011 mmol). *H NMR (500 MHz,
MeOD) § 7.24 (dd, J =5.1, 1.1 Hz, 1H), 7.06 (m, 2H), 6.94 (m, 3H), 6.91 — 6.87 (m, 1H), 4.63 (s,
2H), 4.45 (dd, J = 17.0, 8.5 Hz, 2H), 3.80 (t, J = 11.7 Hz, 1H), 3.56 (d, J = 12.2 Hz, 2H),3.11 (t, J
=11.7 Hz, 2H), 2.85 (s, 3H), 2.21 (d, J = 13.6 Hz, 2H), 1.89 (m, J = 23.9, 11.2 Hz, 2H). 3C NMR
(126 MHz, MeOD) 6 161.32, 127.59, 126.52, 125.84, 124.10, 123.30, 120.17, 117.73, 116.83,
67.38, 67.10, 55.26, 49.85, 43.72, 28.59. °F NMR (470 MHz, MeOD) § -75.89, -77.13 (TFA).

HRMS calculated for C19H24F3sN2OS [M + H]*: 385.1561, found: 385.1574.
3.4.4 DEMONSTRATIONS OF NOVEL SELECTIVITY

Enzyme-Free Chlorinations: To demonstrate that the selectivity and/or reactivity we observed
using our RebH variants 3-SS and 4-V (Tables 3.3 & 3.4), we attempted to perform chlorinations

in the absence of our enzymes to compare the activities and selectivities observed.
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Three substrates were tested: 2, tryptoline; 6, pinoline; and 11, carvedilol. Three chlorination
conditions were initially tested, the first using N-chlorosuccinimide in MeCN>! and the latter two
using sodium hypochlorite in aqueous buffer (one in 25 mM HEPES, pH 7.4, and the second in 25
mM HEPES, pH 5.0).%2 In all three reaction conditions on all three substrates, 1 equiv. of the
chlorinating reagent was added and the reactions proceeded at room temperature, at 600 rpm, for
12 hours. After addition of an equal volume of MeOH and analysis by LCMS, no conversion of 2
or 6 was observed, but low conversion of 11 was seen to at least two monochlorinated products

and at least two dichlorinated products.

To try to see conversion of 2 or 6, the same reaction chlorinating reagents described above were
again employed, but this time under harsher reaction conditions. 10 equivs. of the chlorinating
reagent were added to each reaction, and the reactions were heated to 50 °C, at 600 rpm, for 2
days. After addition of an equal volume of MeOH and analysis by LCMS, higher consumption of
11 was seen with the same product distribution described above with additional appearance of
trichlorinated product as well (see chromatograms shown below). However, there were still no

mono-, di-, or trichlorinated products observed in any of the reactions of 2 or 6.
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Figure 3.6. Analysis of NaOCI chlorination of carvedilol (11).14
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[a] UV (280 nm) chromatogram and extracted ion chromatograms (for starting material,
monochlorination, dichlorination, and trichlorination) shown for the chlorination of 11, carvedilol,
using 10 equiv. NaOCl in 25 mM HEPES, pH 7.4 at 50 °C for 2 days. Majority of starting material
still remains, but at least two resolved monochlorination products, as well as di- and trichlorination

products are visible.

We therefore conclude from this experiment that with at least substrate 11 we observe novel
selectivity, as we have isolated and characterized only a single monochlorinated product whereas
at least two were observed in chlorinations in the absence of enzyme. Furthermore, our trials on
substrates 2 and 6 were not able to produce cleanly chlorinated derivatives of these substrates,
even at high loadings of chlorinating agents at elevated temperatures for long reaction times,
whereas we saw immediate conversion to a single monochlorinated derivative of these substrates

at room temperature.

125



Preserved Regioselectivity on Small Substrates:

As an additional test that we have not reduced the selectivity imparted by our enzyme variants 3-
SS and 4-V relative to that established for wild-type RebH (we speculated that by expanding the
active site to accommodate larger substrates, we might have reduced substrate binding such that
we would only halogenate the most electronically activated site(s)), we retested halogenations of
two small substrates with which we reported novel regioselectivity with wild-type RebH.
Chlorination reactions of both tryptamine and tryptophol (both of which we previously reported*?
and both of which are unprotected at the 2-position, which is by far the most electronically
activated position on these substrates) were set up with wild-type RebH, 3-SS, and 4-V. After the
reactions were quenched and analyzed by UPLC, the products were seen to perfectly coelute to
the best of our ability to resolve any potential regioisomers by HPLC. We therefore conclude that
3-SS and 4-V are providing the same regioselectivity we previously reported on these substrates
with wild-type RebH, 7-chlorination, and therefore we are not simply halogenating the most

electronically activated site with these enzyme variants.
3.45 HANES-WOOLF PLOTS

All measurements were conducted in triplicate. Error bars on saturation curves represent standard
deviations of the triplicate measurements of rate. Hanes-Woolf plots were then constructed from

the averages of these three rates.
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Figure 3.7. Saturation curve of wild-type RebH conversion of tryptoline.
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Figure 3.8. Hanes-Woolf plot of wild-type RebH conversion of tryptoline.
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Figure 3.9. Saturation curve of 1-PVM conversion of tryptoline.
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Figure 3.10. Hanes-Woolf plot of 1-PVM conversion of tryptoline.
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Figure 3.11. Saturation curve of 2-T conversion of tryptoline.
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Figure 3.12. Hanes-Woolf plot of 2-T conversion of tryptoline.
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Figure 3.13. Saturation curve of 3-SS conversion of tryptoline.
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Figure 3.14. Hanes-Woolf plot of 3-SS conversion of tryptoline.
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CHAPTER IV

REMOTE DESYMMETRIZATIONS CATALYZED BY ENGINEERED HALOGENASES

4.1 INTRODUCTION

The FDHs described so far catalyze regioselective halogenations of druglike molecules,
but the active sites of these enzymes suggest that they might also catalyze enantioselective
halogenations. To date, there have been no reports of the use of FDHSs, either in nature or in the
laboratory, for the asymmetric catalysis. It was recently reported that the vanadium-dependent
chloroperoxidase NapH1 catalyzes a highly stereoselective chlorination-cyclization reaction in the
course of the biosynthesis of the antibiotic napyradiomycin.* This report is especially exciting,
given that many haloperoxidases are known to allow the generated hypohalous acid to diffuse out
of the enzyme active site, thus preempting the possibility of using the secondary sphere
coordination of the enzyme active site to enable regio- or stereoselective catalysis.? Given that the
halogenating intermediate in FDH-catalyzed halogenations in held in the enzyme active site,® thus
giving rise to the regioselectivity of FDHs as has been described in Sections 2 and 3 for RebH,

FDHs also offer the potential to be exploited to perform stereoselective halogenations.

Stereochemistry is a major consideration in the synthesis of pharmaceuticals, and the
market share of enantipure drugs has increased steadily in recent years.* One important class of
chiral pharmaceuticals are chiral 1,1-diarylmethanes, or those bearing a diaryl tertiary chiral
center.® There exist numerous examples of bioactive compounds in this class bearing specifically
a diphenyl tertiary chiral center, such as (+)-sertraline (Zoloft), (R)-tolterodine (Detrol), podofilox
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(Condylox), CDP-840, and nomifensine (Figure 4.1).° The ability to enzymatically install chirality
in 1,1-diphenylmethane compounds would be useful to medicinal chemists, and the ability to do
so in the course of performing a late-stage halogenation would be especially beneficial. Numerous
chiral 1,1-diphenylmethane pharmaceuticals do, in fact, possess arene halogenation as a motif in
their structures, such as the antihistamines cetirizine and clemastine and the antihypertensive

fenoldopam.®

Figure 4.1. Bioactive compounds possessing a diphenyl tertiary chiral center.[?

(+)-sertraline

podofilox

nomifensine CDP-840

[a] The diphenyl tertiary chiral center motif is highlighted in blue.

By starting with a symmetric 1,1-diarylmethane with a third substituent at the 1-position,
one can asymmetrically functionalize one of the two arenes while the third substituent is in a single
conformation (either up or down with respect to the plane of the arenes). This results in the remote

desymmetrization of the compound to furnish a functionalized, chiral product. Such
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desymmetrizations have been performed by Scott Miller’s group on 1,1-diphenyl compounds
bearing symmetrical 4,4’-dihydroxy substituents (Scheme 4.1).” By screening libraries of naturally
occurring lipases, they were first able to identify an enzyme capable of the desymmetrization of
the related acetyl-protected compound, but found that high enantiomeric excess (e.e.) (99%) was
only attainable after significant overhydrolysis of the starting material to the diphenolmethane,
resulting in a secondary kinetic resolution but limiting the overall yield. They then screened
libraries of synthesized peptide catalysts to develop a catalyst capable of starting with the
diphenolmethane and acetylating to produce the desired product without relying on a secondary
kinetic resolution to afford the desired enantiopurity. After six iterative rounds of peptide

development, their final peptide catalyst was able to afford 95% ee and 80% yield.

Scheme 4.1. Summary of the peptide-catalyzed remote desymmetrization of 1.1

O O

PN

oL - L
HO OH CHCl, HO OAc

-30 °C
1 2.5 mol% peptide 80% isolated yield
95% ee
/
/7N
N ~
h © sy 9 Ph
N X _N Ph
peptide = BocHN - H>\[r \)LHJ\_/
o < o = NHT:
o Not-Bu S
NHTrt

[a] Adapted from reference 7.

As mentioned above, the chiral active site of FDHs that imparts their regioselectivity could
also be conceivably used to impart stereoselectivity to this desymmetrization reaction. Due to our
work on engineering RebH variants with expanded substrate scope, we had several variants at our
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disposal capable of functionalizing different ranges of substrates that vary significantly in size and
shape.® In addition, other evolution efforts in our group furnished additional potentially useful
variants,® and we had also acquired several other natural FDHs as well. We were thus encouraged
that we could use our halogenase variants to expand the scope of desymmetrizations available to

medicinal chemists.
4.2 RESULTS AND DISCUSSION
421 THE DESYMMETRIZATION OF SUBSTRATE 2 WITH REBH 4-V

The Miller group focused on the desymmetrization of the diphenolmethane 1 as shown in
Scheme 4.2. We knew from previous studies that RebH variants catalyze the halogenation of
anilines of comparable size, such as thenalidine, as described in Section 3.2.4. We therefore
decided to begin our studies on desymmetrization with 2, the dianiline analogue of 1, which was
synthesized as previously reported.!? Because of the large size of the tert-butyl group, we expected
that this substrate would be best tolerated by 4-V, the RebH variant we had previously engineered

to functionalize yohimbine, carvedilol, and other large, bioactive molecules.?

A preparative scale (10 mg) bioconversion of 2 was performed using 5 mol% 4-V (Scheme
4.2), the product of which was isolated, purified, and determined to be monochlorinated ortho to
one of the amine groups. A small amount of the starting material was also chlorinated with N-
chlorosuccinimide (NCS) in order to afford the racemic form of the same product. Using the
racemate, a method was developed on the UPLC to resolve the two enantiomers, and the purified
product of the bioconversion was then compared to the racemic standard. To our delight, almost
exclusive a single enantiomer was produced, providing an enantiomeric ratio (e.r.) for this tert-

butyl substrate with 4-V of 99:1 (Figure 4.2). This result is especially surprising when one notes
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that 4-V was engineered for an entirely different purpose, namely to have an expanded substrate
scope; the high enantioselectivity observed in this desymmetrization reaction is entirely fortuitous.
We are currently attempting to crystallize the monochlorinated product of this bioconversion in

order to determine its absolute chirality.

Scheme 4.2. Reaction conditions for the 4-V-catalyzed halogenation/desymmetrization of 2.

RebH 4-V

*
cofactor regen system[?!
>
H,N NH, H,N NH,
2 Cl

0.2 equiv. NAD/FAD
20 mM glucose
HEPES/NaCl, pH 7.4

10 mg, 0.5 mM 5% MeOH, rt

[a] The cofactor regeneration system consisted of 0.5 mol% MBP-RebF and 50 U ml glucose
dehydrogenase. NAD = nicotinamide adenine dinucleotide, FAD = flavin adenine dinucleotide,

MBP = maltose binding protein.

Figure 4.2. Representative HPLC traces showing enantioselective desymmetrization.[?
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[a] Chromatograms were collected at 280 nm. Top chromatogram shows racemic standard of
chlorinated 2 while the bottom chromatogram shows the product of the 4-V-catalyzed

bioconversion of 2 (as shown in Scheme 4.2).
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4.2.2 SYNTHESIS AND DESYMMETRIZATION OF DIARYLMETHANES WITH 4-V

Having observed unexpectedly high enantioselectivity on the tert-butyl substrate with 4-
V, we then wished to explore the degree to which we could vary the tert-butyl group and still see
enantioselectivity. While the large size of the tert-butyl group likely hinders substrate access to
the enzyme active site, the same large size also likely facilitates resolution of the two potential
conformations in which the substrate could bind in the active site, which would then give rise to
the two possible enantiomeric products. We therefore expected to see lower e.r. values for

analogous substrates with groups smaller than tert-butyl.

With the help of Kyle Kunze and Dr. Duo-Sheng Wang, six additional substrates were
synthesized as described in Section 4.4.2. These six substrates possessed, in place of the tert-butyl
group of 2, an n-propyl group, a methyl group, an ethyl ester group, a benzyl group, a p-CFz-benzyl
group, or a m-OMe-benzyl group (Table 4.1). As was done for 2, chlorinations with NCS were
performed to generate the racemic, monochlorinated products for each of these substrates, from
which supercritical fluid chromatography (SFC) methods were developed to resolve the two
enantiomers. It was then found that the e.r. could be determined from the crude organic extract of
a bioconversion conducted using 1 mg of substrate, so bioconversions on that scale were performed
with 5 mol% 4-V for each substrate, and the crude organic extract for each was isolated. These
crude extracts were then resolved by SFC to determine the e.r. obtained with 4-V for each substrate

(Table 4.1).
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Table 4.1. Desymmetrization substrate scope of 4-V.[3]

99:1 er 76:24 er 84:16 er 69:31 er

o

J < -

6 7 8
88:12 er 76:24 er 93:7 er

[a] The e.r. observed for the monochlorinated product (using bioconversion conditions described

in Scheme 4.2) is shown beneath each substrate.

With these substrates, a range of e.r. values were observed with 4-V. For the n-propyl
substrate (3), an e.r. of 76:24 was obtained, while for the methyl substrate (4), a higher e.r. of 84:16
was seen. As expected, both of these values are lower than that seen for the tert-butyl substrate
(2), but to our surprise, a higher e.r. was seen with the methyl substrate than for the n-propyl
substrate. We are currently attempting to obtain crystal structures of 4-V with these substrates
bound to determine the origin of enantioselectivity in order to elucidate how these unexpected
differences may have arisen. For the ethyl ester substrate (5), an e.r. of 69:31 was obtained; while
we have previously seen that RebH variants can tolerate a wide range of functionalities on their
substrates, this was the first desymmetrization we had performed with a non-alkyl group in place
of the tert-butyl group. The three benzylic substrates, 6, 7, and 8, gave e.r. values of 88:12, 93:7,

and 76:24, respectively.
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The high enantioselectivities observed thus far could result from differing degrees of

contribution of two processes; either from enantiotopic group selection or from a secondary kinetic

resolution of the monochlorinated product. We observed formation of a dichlorinated product in

these bioconversions and determined that the second chlorination event occurs on the opposite

aniline ring than the first chlorination event (data not shown). If dichlorination occurs

predominantly on one enantiomer of the monochlorinated product preferentially, the opposite

enantiomer would be concurrently enriched. To see if this is occurring, we monitored the change

in e.r. over time, as the quantity of dichlorinated product increases, for the n-Pr substrate (3) (Table

4.2). These results show that despite a substantial increase in the quantity of dichlorinated product

over time, the e.r. increases from only 72:28 to 78:22, indicating that a kinetic resolution cannot

be the major source of enantioinduction and that the high enantioselectivities observed are the

result of enantiotopic group selection by 4-V.

Table 4.2. Change in e.r. over time in the 4-V-catalyzed bioconversion of 3.

Time (hr)  Observed e.r.

Ratio of Mono-/Di-
halogenation(®

72:28
74:26
75:25
75:25
78:22
78:22

A N0 RN
oo M~

13.1:1
8.2:1
6.4:1
3.4:1
1.4:1
1.4:1

[a] Ratio of mono/di indicates the observed ratio of peak areas (measured by UV absorbance at

254 nm) of the monochlorinated product to the dichlorinated product.
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4.2.3 ENGINEERING REBH VARIANTS FOR IMPROVED DESYMMETRIZATION

As stated above, the e.r. values observed with 4-V on these various substrates are all the
more remarkable when one takes into account how 4-V was engineered to accommodate entirely
different substrates; the fact that it halogenates the dianilinemethane substrates shown in Table
4.1, and furthermore that it does so enantioselectively, is entirely fortuitous. Given that fact, it is
very likely that 4-V is far from fully optimized for this purpose. While we had numerous other
halogenase variants on hand to explore with these substrates, we also hoped that rational design

might be able further optimize activity on these substrates.

Using a reported crystal structure for wild-type RebH,* the t-Bu substrate 2 was modeled
in the active site in a configuration that overlaps the observed position of chlorination with the 7-
position of L-tryptophan, the site of chlorination on the native substrate (Figure 4.3). This
configuration places the tert-butyl group in the vicinity of a loop containing residues N467 and
N470, which are mutated from the wild-type sequence in variant 4-V, which is consistent with its
elevated activity on this substrate relative to wild-type RebH (vide infra). In addition, this
configuration places the aniline not undergoing halogenation in the vicinity of three moderate to
large residues: N54, Y455, and E461. Previous reports have implicated carboxylic acid containing
amino acid residues to be involved in forming a salt bridge with the amino group in the enzyme
substrate,'? while another group installed an amine containing lysine residue to form a salt bridge
to a carboxylic acid in their substrate.'®* We hoped to engineer a similar interaction into 4-V by
mutating these three large residues in the vicinity of the aniline amino group to eight aspartic or

glutamic acid so as to install a nearby carboxylic acid.
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Figure 4.3. Model of t-Bu substrate 2 in RebH active site.[?

[a] Model created in Pymol using a previously reported crystal structure of wild-type RebH (PDB
entry 20A1).2! Bound L-tryptophan is shown in light blue with substrate 2 overlaid in yellow.
Residues N467 and N470 are shown in red, residues E357 and K79 are explicitly shown in green,

and residues N54, Y455, and E461 are shown in blue.

Each residue was mutated to glutamic acid, aspartic acid, alanine, or left unmutated, in
combinations such that either only one, two, or all three residues were affected. The racemic
chlorinated products of each substrate were used to prepare calibration curves, and then
bioconversions were set up using each of the engineered salt bridge variants on each
desymmetrization substrate. In addition, numerous other halogenase variants were also screened:
other variants engineered to have expanded substrate scope, variants engineered to have altered
regioselectivity,®® 4-V engineered to contain some of the mutations that resulted in the altered
regioselectivity of the aforementioned described variants, as well as wild-type RebH and other

naturally occurring FDHs. The mutations present in each of these variants are described in Table
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4.4. The results from all of these bioconversions were then fitted to the calibration curves to
determine the percent conversion observed with each halogenase variant on each

desymmetrization substrate.

Table 4.3. Halogenase variant conversions of desymmetrization substrates.[?

2345678

wildstype RebH
SA® SA®
H;N NH, HyM H, HN NH, FErYS
2 3 4
wtRebH = 7% wtRebH = 1 wtRebH = 1 43
thal = 93% YE-AA = 3.6 YE-EE=2.3
T
i J
AN HHE
0"~
A SA®
HN NH, HN NH, .
5 ] YE-YD
wiRebH = 4% wiRebH = 8%
thal = 47% YE-DA = 98% YE-DA
-
L YE-RA
CF,
< <
HD
SA® U
H N NH, HN NH,
7 8 o
witRebH = 3% wtRebH = 2%
B-TL = 32% YE-DA = B2% wild-type thal

[a] The percent conversion observed with wild-type RebH and the halogenase variant that showed
the highest conversion on that particular substrate is given underneath each substrate (for substrates
3 and 4 conversions relative to wild-type RebH are given rather than percent conversions). For the
heat map shown at the right, red represents a lower conversion, while green represents a higher

conversion.

From these tests, we found that the halogenase variants gave a wide range of conversions,

with the results for each substrate differing greatly. In Table 4.3, the variant that afforded the
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highest conversion on each substrate is shown, while each conversion is represented on the heat
map shown at right; quantitative charts showing the conversions of each variant on each substrate
can be found in Section 4.4.4 (Figures 4.5-4.11). From the heat map, some general trends can be
observed. Wild-type RebH shows generally low activity on each substrate, especially when
compared with wild-type thal. The engineered variant 4-V shows improved activity relative to
wild-type RebH on every substrate except 4, while YE-DA shows improved activity on all of the
substrates, even when compared with 4-V. When substrates 7 and 8 are compared, it appears that
meta-substitution on the benzyl group is much more disfavorable than para-substitution is; a direct

comparison of the effects of substitution at these two positions on the benzyl group is in progress.

For the tert-butyl substrate 2, the variant that provided the highest observed conversion
remarkably was thal, a tryptophan 6-halogenase from the biosynthetic pathway for thienodolin in
Streptomyces albogriseolus,* which gave over 90% conversion (Figure 4.5). 4-V provided nearly
fifteen-fold higher conversion of this substrate than did wild-type RebH, and two of the salt bridge
variants gave slightly higher conversions than 4-V. For the n-propyl (3) and methyl (4) substrates,
issues with the calibration curves prevent actual conversions from being obtained, but relative
conversions between the variants can still be determined and are thus reported relative to the
observed conversion with wild-type RebH. With the methyl substrate, 4-V was found to actually
give decreased conversion relative to wild-type RebH, which may be consistent with the observed
preference 4-V has for larger substrates relative to wild-type RebH, while 4 is the smallest substrate
tested in this set. However, the salt bridge variant of 4-V in which Y455 is mutated to glutamic
acid, while N54 and E461 are left unchanged, gave over twofold higher conversion than did wild-
type RebH and nearly six-fold higher conversion than did 4-V (Figure 4.7). Thal again gave high

conversion, as did several other salt bridge variants and the altered regioselectivity variant 6-TL.
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The n-propyl substrate also showed improvements with the salt bridge variants, with some

furnishing nearly fourfold higher conversion than wild-type RebH did (Figure 4.6).

With the ethyl ester substrate (5), less than 4% conversion was seen with wild-type RebH;
however, two other variants stood out from amongst the rest, with 4-V+S (where the N470S
mutation from the altered regioselectivity variants was engineered into 4-V) giving over tenfold
higher conversion, and Thal again performing best, giving almost thirteen times the conversion
than did wild-type RebH at 47% conversion (Figure 4.8). The salt bridge variant in which Y455
was mutated to aspartic acid, E461 was mutated to alanine, and N54 was left unchanged gave the
best results for the benzyl substrate (6) at 98% conversion (Figure 4.9), again nearly thirteen times
higher than observed with wild-type RebH. This same variant also performed best with the p-CFs-
benzyl substrate (8), furnishing 82% conversion, an almost forty-fold increase over wild-type
RebH (Figure 4.11). However, for the m-OMe-benzyl substrate (7), the altered regioselectivity
variant 6-TL gave the highest observed conversion at 32%, over tenfold higher than wild-type

RebH (Figure 4.10).

While different halogenase variants clearly have a significant effect on the conversion
observed for each of these substrates, this increase in conversion may come at the expense of
enantioselectivity; the enzyme active site may simply be more readily accepting these substrates
independent of their confirmation, resulting in higher rates of product of both enantiomers of
product. To determine if the high enantioselectivities observed with 4-V are preserved with the
alternative halogenase variants that showed higher conversion, each of these variants were used to
perform 0.5 mg scale bioconversions. These bioconversions were worked up, the products were
examined by SFC as described for the bioconversions with 4-V, and the e.r. values were

determined for each product (Table 4.4).
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Table 4.4. Enantiomeric ratios afforded by halogenase variants.[

Halogenase Variant

YE- YE- YE- YE-

Substrate 4VE DAl amd ypi peir N-DI - thal 6-TLI 7-NWIT 4-v+sll 3-S5
Bu @) 99:1  99:1 955 937 96:4 8713 ] 90110
(1200 (11.4) (12.2) (1255) (10.7) (5.6) @8.1)
nPr @) 76:24 66:34 70:30  78:22  64:36 7129 76:24
20) (36) (3.6) (3.2) (3.0) (28) (3.1)
Ve () 84:16 8515 82:18  90:10 7624 8515 B
(04) (L5) (L5) 23) (L7) (1.6) (1.4)
Ester (5) 69:31 5149 68:32 4753 78:22 6535
(3.3) 4.6) (43) (.1) 6.1) (3.2)
Benzyl (6 88:12 88:12 95:5 O4:6 8713 5347 8317
y 9.8) (12.9) (11.8) (11.7) (9.3) (8.5) (6.3)
76:24 75:25 87:13 87:13 73:27 66:34
m-OMe-Bz(7) 7y (101) -~ (102) ~ (10.2) (85) (10.9)
937 955 92:8 86:14 92:8 89:11
P-CF-Bz(8)  (108) (37.4) 27.8) (226) -~ (268 =~  (184)

[a] Detailed reaction conditions are those described in Section 4.4.2 using 0.5 mg of substrate. The
highest observed enantiomeric ratio for each substrate is shown in bold. [b] YE-DA = 4-V with
Y455D and E461A. [c] YE-AA = 4-V with Y455A and E461A. [d] YE-YD = 4-V with E461D.
[e] YE-EE = 4-V with Y455E. [f] N-D = 4-V with N54D. [g] 6-TL = wild-type RebH with N470S,
S448P, Q494R, L380F, R509Q, Y455W, S110P, F111L, S130L, N166S, 152T, and F465L.9° [n]
7-NW = 6-TL with T52N and L465W. [i] 4-V+S = 4-V with N470S. [j] Term in parentheses refers

to the ratio of the conversion observed to that observed with wild-type RebH.

Despite significant increases in conversion, many of these variants did not show
significantly reduced enantioselectivities, with some variants even providing higher conversions
and enantioselectivies. For example, variant YE-DA provided a nearly fourfold increase in
conversion on 8 relative to 4-V (and nearly fortyfold higher than wild-type RebH), but still showed
an increase in enantioselectivity to afford an e.r. of 95:5. Even more remarkable is the activity of

variant 3-SS on the methyl substrate 4; 3-SS gave nearly fourfold higher conversion than 4-V did
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on this substrate and also showed a significant increase in enantioselectivity to afford an e.r. of
95:5. The enzyme active site of 3-SS is somehow able to discriminate between the different
possible positions of this very small methyl group to such a degree that 95% of the product is a
single enantiomer. These results clearly illustrate the potential to further engineer these
halogenases to provide even higher yields without compromising, and even further increasing, the
remarkably high enantioselectivities they afford. Further illustrated is the importance of screening
a panel of halogenase variants, as different variants gave the best observed conversion on different

substrates, while separate variants often gave the best observed enantioselectivies.

4.3 CONCLUSIONS

Using 4-V, a variant of RebH that was engineered to functionalize large, bioactive indoles
and carbazoles, we were able to perform a remote desymmetrization of a dianilinemethane
substrate stereoselectively, such that the two enantiomers were produced in a ratio of 99:1. A
variety of related substrates were synthesized and also accepted by 4-V, furnishing a range of
observed ers. Variants of 4-V were thus engineered with the intention of installing a salt bridge
between the amino group of the substrates and installed carboxylic acid containing residues, and
with every substrate tested, at least one of these engineered salt bridge variants gave enhanced
conversion relative to 4-V. Numerous other halogenase variants also gave an interesting range of
conversions of these substrates, with up to 98% conversion obtained at 5 mol% enzyme loading.
The enantioselectivities of these other halogenase variants are currently being explored, as are
additional substrates; preliminary results already show that alternative halogenase variants have
the potential to not only provide increased conversion without compromising enantioselectivity,
but can provide increased enantioselectivity in addition to increased conversion. Furthermore, we

hope to develop conditions to crystallize these halogenase variants with these desymmetrization
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substrates bound to elucidate the origins of the enantioselectivity and inform future engineering
efforts. These results already indicate that halogenases can play a useful role in the asymmetric

syntheses of a range of useful medicinal scaffolds.

In addition, we are investigating further compounds as potential substrates for asymmetric
halogenation (Figure 4.4). Some of these substrates will include thus far unexplored functionalities
on the non-aniline group (e.g. 9), different positions of the aniline amino groups (10 and 11), or a
combination of these two properties (e.g. 12). Using the principle of chemoenzymatic
functionalization described in Section 3.2.4, the products of these asymmetric halogenations can
be further employed as intermediates in the synthesis of more complex, pharmaceutically
important scaffolds (Scheme 4.3). The halogenated products can be alkynylated via a Sonogashira
coupling and then cyclized to form an indole to accomplish a formal Larock indole synthesis
(Scheme 4.3A)." If substrates with the aniline amino groups at different positions (e.g. Figure 4.4,
10 and 11) are successfully asymmetrically halogenated, these products will then lead to
differently substituted indoles. In this way, a route to the preparation of chiral 4-, 5-, 6-, or 7-
substituted indoles may potentially be accessed. Furthermore, if substrates analogous to 12 (Figure
4.4) are also asymmetrically halogenated, subsequent functionalization will allow access to chiral,
substituted tetrahydroquinolines (Scheme 4.3B). The tetrahydroquinoline scaffold is well
represented in bioactive products and has been an important target of synthetic efforts in recent
years.'® We thus anticipate that future research efforts will further expand the potential applications
of these halogenases in the preparation of a range of useful, bioactive compounds that are otherwise

difficult to prepare.
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Figure 4.4. Potential future substrates for asymmetric halogenation.
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Scheme 4.3. Potential chemoenzymatic functionalizations of halogenated products.
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4.4 EXPERIMENTAL
4.4.1 GENERAL EXPERIMENTAL PROCEDURES
Materials:

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without
further purification. Compounds 2,1 3,7 4,18 and 6'° were synthesized according to previous
reports. Deuterated solvents were obtained from Cambridge Isotope labs. Silicycle silica gel plates
(250 mm, 60 F254) were used for analytical TLC, and preparative chromatography was performed
using SiliCycle SiliaFlash silica gel (230-400 mesh). Oligonucleotides were purchased from
Integrated DNA Technologies (San Diego, CA). BL21(DE3) E. coli cells were purchased from
Invitrogen (Carlsbad, CA). T7 DNA ligase, Taq DNA polymerase, and Phusion HF polymerase
were purchased from New England Biolabs (Ipswitch, MA). Luria Broth (LB) and Terrific Broth
(TB) media were purchased from Research Products International (Mt. Prospect, IL). Qiagen
Miniprep Kits were purchased from QIAGEN Inc. (Valencia, CA) and used according to the
manufacturer’s instructions. All genes were confirmed by sequencing at the University of Chicago
Comprehensive Cancer Center DNA Sequencing & Genotyping Facility (900 E. 57th Street, Room
1230H, Chicago, IL 60637). Electroporation was carried out on a Bio-Rad MicroPulser using
method Ec2. Ninitrilotriacetic acid (Ni-NTA) resin and Pierce® BCA Protein Assay Kits were
purchased from Fisher Scientific International, Inc. (Hampton, NH), and the manufacturer’s
instructions were following when using both products (for Ni-NTA resin, 5 mL resin were used,
with buffers delivered by a peristaltic pump at a rate of 1 mL/min, ina 4 °C cold cabinet). Amicon®
30 kD spin filters for centrifugal concentration were purchased from EMD Millipore (Billerica,
MA) and used at 4,000 g at 4 °C. Biotage reverse phase columns (SNAP KP-C18-HS) were

purchased from Biotage. HPLC analyses were performed using HPLC grade acetonitrile (Fisher
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Scientific), 18 MQ water from a Milli-Q purification system (model No. QGARDO00D?2), and
trifluoroacetic acid (Oakwood Chemicals). SFC analyses were performed using bone-dry grade
CO:2 (Cylinder Gas Operations, University of Chicago, Chicago, IL), HPLC grade methanol
(Fisher Scientific), and isobutanol (Sigma-Aldrich). Glucose dehydrogenase (GDH, product No.
GDH-105), and NAD (product No. NAD-004626) were purchased from Codexis (Redwood City,
CA). FAD (product No. 00151) was purchased from Chem-Impex International (Wood Dale, IL).

AeraSeal film was purchased from Research Products International (product No. 202504).

General Procedures:

Standard molecular cloning procedures were followed,? and the same PCR conditions were used
as previously reported.8 Point mutations were inserted via sequence-overlap extension PCR.?
Reactions were monitored using UPLC (Agilent 1200 UPLC with a 1290 DAD detector (G4212A)
with an Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 uM particle size; C18 4.6 x 50 mm
column, 3.5 uM particle size; and C18 2.1 x 50 mm column, 1.8 uM particle size; solvent A =
H20/0.1% TFA, solvent B = CH3CN). Reverse phase preparative chromatography was carried out
using a Biotage Isolera One. 1H spectra were recorded at 500 MHz on a Bruker DMX-500 or
DRX-500 spectrometer at room temperature, and chemical shifts are reported relative to residual
solvent peaks with coupling constants reported in Hz.??> Mass spectra were obtained from the
University of Chicago mass spectrometry facility using an Agilent Technologies 6224 TOF

LC/MS.
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4.4.2 SPECIFIC EXPERIMENTAL PROCEDURES

Enzyme purification: The MBP-RebF and RebH variants used for analytical and 10 mg
bioconversions was grown, expressed, lysed and purified according to a previous report. all
halogenase variants, an overnight starter culture was used to inoculate either 50 mL or 750 mL TB
(with 50 pg/mL kanamycin and 20 ug/mL chloramphenicol for the pGro7 plasmid) in a 250 mL
Erlenmeyer flask or a 2.8 L Fernbach flask, respectively. Following growth at 37 °C, 250 rpm,
until ODego = 0.6-0.8, enzyme expression was induced with IPTG and arabinose to final
concentrations of 100 uM and 2 mg/mL, respectively. Protein expression continued for ~20 h at
30 °C, 250 rpm, after which cultures were harvested by centrifugation and stored at -80 °C until
use. Cell pellets were thawed, suspended in 30 mL 25 mM HEPES (pH 7.4) and lysed by sonication
while kept on ice (Qsonica S-4000 with a 0.5" horn; 5 x 1 min with 1 min rests, 20 % duty cycle
delivering 40-50 W). After clarification by centrifugation, MBP-RebF and RebH variants were
purified by Ni-NTA affinity chromatography and exchanged into a buffer of 25 mM HEPES (pH
7.4) and 10 % glycerol. Protein concentrations were measured using the Pierce® BCA Protein

Assay Kit and protein stocks were then stored at -20 °C until use.

Chlorination to Produce Racemic Standards: To the starting material (2-8, 0.05-0.1 mmol) in
10 mL acetonitrile in a 25 mL round-bottomed flask equipped with a reflux condenser was added
1 equivalent of N-chlorosuccinimide. The reaction was then stirred at 80 °C for 48 hours. The
solvent was then removed and the crude material was purified by reverse-phase chromatography

using a Biotage.
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General Procedure for Analytical Bioconversions®: Substrate (37.5 nmol) was added to a 1.5
mL Eppendorf tube as a 10 mM solution in MeOH. Solutions of NAD (0.2 equiv., 100 uM final
concentration), FAD (0.2 equiv., 100 uM final concentration), NaCl (20 equiv., 10 mM final
concentration), and glucose dehydrogenase (9 U/mL final concentration GDH) were added to the
reaction. This was diluted such that the final reaction volume was 75 pL with HEPES buffer, and
halogenase variant (0.005-0.05 equiv., 2.5-25 uM final concentration) and MBP-RebF (0.005
equiv., 2.5 uM final concentration) were added as solutions of HEPES/glycerol buffer (25 mM
HEPES, pH 7.4, 10% glycerol v/v). The reaction was initiated with a solution of 1 M glucose (40
equiv., 20 mM final concentration), the tube was closed, and incubated at 25 °C at 600 rpm.
Reactions were quenched by addition of a reaction volume of MeOH after 16 hours. These
reactions were analyzed by UPLC (Agilent 1200 UPLC with an Agilent Eclipse Plus C18 4.6 x
150 mm column, 3.5 uM particle size; solvent A = H20/0.1% TFA, solvent B = CH3CN). The
following method was used for all substrates: 0-10 min, B = 15%; 10-20 min, B = 15-100%; 20-

24 min, B = 100%.

General Procedure for 10 mg Bioconversions (without subsequent cross-coupling)®: Substrate
(0.1 mg-10.0 mg) was added to a 20 mL scintillation vial (for 0.1-1 mg bioconversions) or a
crystallization dish (100 x 50 mm) (for 10 mg bioconversions) as a solution in MeOH. Solutions
of NAD (0.2 equiv., 100 uM final concentration), FAD (0.2 equiv., 100 uM final concentration),
NaCl (20 equiv., 10 mM final concentration), and a glucose dehydrogenase (9 U/mL final
concentration GDH) were added to the reaction. This was diluted to the appropriate volume with
HEPES buffer, and halogenase variant (0.01-0.05 equiv., 5-25 uM final concentration) and MBP-

RebF (0.005 equiv., 2.5 uM final concentration) were added as solutions of HEPES/glycerol buffer
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(25 mM HEPES, pH 7.4, 10% glycerol v/v). The reaction was initiated with a solution of 1 M
glucose (40 equiv., 20 mM final concentration), sealed with an AeraSeal film, and left on the
benchtop at room temperature without shaking. These reactions were analyzed by UPLC (Agilent
1200 UPLC with an Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 uM particle size; solvent
A = H>0/0.1% TFA, solvent B = CH3CN). The following method was used for all substrates: O-
10 min, B = 15%; 10-20 min, B = 15-100%; 20-24 min, B = 100%. Reactions were monitored by
UPLC and in most cases stopped after 16 hours. The bioconversions were quenched with HCI (5
M, until pH<2) and saturated with NaCl. For 0.1-1 mg bioconversions, precipitated protein was
spun down by centrifugation (15,000 g for 10 min.), and the supernatant was decanted and brought
to pH>12 through addition of NaOH (5M). For 10 mg bioconversions, precipitated protein was
filtered out through a pad of Celite, and the filtrate was brought to pH>12 through addition of
NaOH (5M). The filtrate was extracted into CH2Cl.. The crude material was either analyzed
directedly or purified by reverse phase chromatography (Biotage SNAP-KP-C18-HS, gradient

from pure H20 to 40% CH3CN/H20).

SFC Analysis: To determine the e.r. values of the products, analyses were carried out using an
Agilent 1200 UPLC with a 1260 Infinity SFC Control Module (G4301A) supplying supercritical
CO- to channel A with a 1260 DAD VL+ detector (G1315C). The crude product of a typically 0.5
mg bioconversion was resuspended in 200 pL of MeOH, of which 15 pL were injected into a 5
ML loop. A Daicel Chiral Technologies (West Chester, PA, USA) IC-3 column was used with an
isocratic method of 65% COz, 35% MeOH/25 mM isobutanol, 3.0 mL/min, for 10 minutes for all
substrates except the t-Bu substrate, 2, which was analyzed using an Agilent 1200 UPLC with a

1290 DAD detector (G4212A) with a Phenomenex Lux 3u Cellulose-1 250 x 4.6 mm column with
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an isocratic method of 70% H20/0.1% triethylamine, 30% ACN/0.1% triethylamine, 1.0 mL/min,
for 40 minutes. E.r. values were determined by taking the ratios of the areas of the UV peaks (at

254 nm) that match the retention times observed for identical analyses of the racemic products.
4.4.3 DETAILED SYNTHESES AND CHARACTERIZATION

Note: characterization of these compounds is currently ongoing, with some compounds being re-

synthesized in order to obtain higher quality data.

t-Bu dianilinemethane (2): This compound was synthesized as described in a previous report.*°
'H NMR (500 MHz, MeOD) § 7.19 (d, J = 8.4 Hz, 4H), 6.66 (d, J = 8.5 Hz, 4H), 3.51 (s, 1H),

0.98 (s, 9H). HRMS (ESI-TOF) calc’d for C17HzaN2 [M + H]+: 255.1861, found: 255.1182.

n-Pr dianilinemethane (3): This compound was synthesized as described in a previous report.t’
'H NMR (500 MHz, MeOD) § 6.98 (d, J = 8.3 Hz, 4H), 6.66 (d, J = 8.4 Hz, 4H), 3.68 (t, J=7.8
Hz, 1H), 1.91 (dd, J = 15.4, 7.8 Hz, 2H), 1.25 (dd, J = 15.1, 7.5 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H).

HRMS (ESI-TOF) calc’d for CisHaiN2 [M + H]+: 241.1705, found: 241.1023.

Methyl dianilinemethane (4): This compound was synthesized as described in a previous
report.’® TH NMR (500 MHz, MeOD) & 6.96 (d, J = 8.4 Hz, 5H), 6.67 (d, J = 8.3 Hz, 5H), 3.91
(9,J=7.2 Hz, 1H), 1.51 (d, J = 7.2 Hz, 3H). HRMS (ESI-TOF) calc’d for C1aH17N2 [M + H]+:

213.1392, found: 213.0716.
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Ethyl ester dianilinemethane (5): To a stirred solution of 0.5 mmol (129.1 mg) of bis(4-
nitrophenyl)methane in 4 mL THF at 0 °C were added 1 equiv. (0.5 mmol, 56.1 mg) KOtBu and
1.1 equiv. (0.55 mmol, 145.4 mg) 18-C-6. This solution was stirred for 10 minutes before it was
cooled to -78 °C prior to the addition of 1 equiv. (0.5 mmol, 83.5 mg) of ethyl 2-bromoacetate in
1 mL THF, after which the reaction was allowed to warm to room temperature. After purification,
this furnished 141 mg (82% yield) of ethyl 3,3-bis(4-nitrophenyl)propanoate. The entirety of this
was then stirred at room temperature in 4 mL MeOH, to which 14 mg of Pd/C (10%) were added
and allowed to react under a H, atmosphere in an autoclave. After purification, this afforded 116
mg (quantitative yield) of 5. TH NMR (500 MHz, MeOD) § 7.01 — 6.94 (d, 4H), 6.70 — 6.63 (d,
4H), 4.26 (t, J = 8.2 Hz, 1H), 4.00 (q, J = 7.1 Hz, 2H), 2.93 (d, J = 8.2 Hz, 2H), 1.11 (t, J = 7.1 Hz,
3H). HRMS (ESI-TOF) calc’d for C11H14aNO2 [M — CeH7N (elimination to lose aniline to form

a,B-unsaturated system) + H]+: 192.1025, found: 192.0402.

Benzyl dianilinemethane (6): This compound was synthesized as described in a previous report.°
'H NMR (500 MHz, MeOD) § 7.15 — 7.00 (m, 5H), 6.97 (d, J = 8.3 Hz, 4H), 6.63 (d, J = 8.4 Hz,
4H), 4.02 (t, J = 7.9 Hz, 1H), 3.23 (d, J = 7.9 Hz, 2H). HRMS (ESI-TOF) calc’d for C2oH21N2 [M

+ H]+: 289.1705, found: 289.0049.

m-Methoxybenzyl dianilinemethane (7): To a stirred solution of 0.5 mmol (129.1 mg) of bis(4-
nitrophenyl)methane in 4 mL THF at 0 °C were added 1 equiv. (0.5 mmol, 56.1 mg) KOtBu and
1.1 equiv. (0.55 mmol, 145.4 mg) 18-C-6. This solution was stirred for 10 minutes before it was

cooled to -78 °C prior to the addition of 1 equiv. (0.5 mmol, 100.5 mg) of m-MeO-benzyl bromide
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in 1 mL THF, after which the reaction was allowed to warm to room temperature. After
purification, this furnished 154 mg (81% yield) of 4 4,4'-(2-(3-methoxyphenyl)ethane-1,1-
diyl)bis(nitrobenzene). The entirety of this was then stirred at room temperature in 2 mL MeOH,
to which 20 mg of Pd/C (10%) were added and allowed to react under a H> atmosphere in a balloon.
This afforded 128 mg (99% vyield) of 7. TH NMR (500 MHz, MeOD) & 7.04 (t, J = 7.9 Hz, 1H),
6.97 (d, J = 8.2 Hz, 4H), 6.63 (m, 6H), 6.54 (s, 1H), 3.99 (t, J = 7.8 Hz, 1H), 3.63 (s, 3H), 3.20
(d,J= 7.9 Hz, 2H). HRMS (ESI-TOF) calc’d for CaH2sN.O [M + H]+: 319.1811, found:

319.0985.

p-Trifluoromethylbenzyl dianilinemethane (8): To a stirred solution of 0.5 mmol (129.1 mg) of
bis(4-nitrophenyl)methane in 4 mL THF at 0 °C were added 1 equiv. (0.5 mmol, 56.1 mg) KOtBu
and 1.1 equiv. (0.55 mmol, 145.4 mg) 18-C-6. This solution was stirred for 10 minutes before it
was cooled to -78 °C prior to the addition of 1 equiv. (0.5 mmol, 119.5 mg) of p-CFs-benzyl
bromide in 1 mL THF, after which the reaction was allowed to warm to room temperature. After
purification, this furnished 190 mg (91% vyield) of 4,4'-(2-(4-(trifluoromethyl)phenyl)ethane-1,1-
diylbis(nitrobenzene). The entirety of this was then stirred at room temperature in 2 mL MeOH,
to which 20 mg of Pd/C (10%) were added and allowed to react under a Hz atmosphere in a balloon.
This afforded 137 mg (85% yield) of 8. TH NMR (500 MHz, MeOD) & 7.40 (d, J = 8.0 Hz, 2H),
7.17 (d, J = 7.9 Hz, 2H), 6.97 (d, J = 8.3 Hz, 4H), 6.64 (d, J = 8.3 Hz, 4H), 4.03 (t, J = 7.9 Hz,
1H), 3.29 (d, J = 8.0 Hz, 2H). HRMS (ESI-TOF) calc’d for CaiH20F3N2 [M + H]+: 357.1579,

found: 357.0754.
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Racemic monochlorinated t-Bu dianilinemethane (2a): This compound was prepared from 0.2
mmol (51 mg) of 2 as described in Section 4.4.2. After reaction completion, a significant amount
of dichlorinated material was observed, which was removed by normal phase flash
chromatography (eluting with 20:1 DCM:MeOH) before the reaction mixture was purified as
described in Section 4.4.2 to afford 2a in 14% yield (11.1 mg of 2a*TFA, 0.028 mmol). *H NMR
(500 MHz, MeOD) & 7.59 (d, J = 8.5 Hz, 2H), 7.28 (m, 3H), 7.18 (dd, J = 8.3, 2.0 Hz, 1H), 6.80
(d, J =8.3 Hz, 1H), 3.72 (s, 1H), 1.01 (s, 9H). HRMS (ESI-TOF) calc’d for C17H22N2Cl [M + H]+:

289.1472 and 291.1442, found: 289.0621 and 291.0592.

Racemic monochlorinated n-Pr dianilinemethane (3a): This compound was prepared from
0.091 mmol (22 mg) of 3 as described in Section 4.4.2. After reaction completion, the reaction
mixture was purified as described in Section 4.4.2 to afford 3a (this compound was prepared in a
collaboration and a yield was not reported). tH NMR (500 MHz, MeOD) & 7.37 (d, J = 8.4 Hz,
2H), 7.22 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 1.8 Hz, 1H), 6.97 (dd, J = 8.3, 1.9 Hz, 1H), 6.78 (d, J =
8.2 Hz, 1H), 3.85 (t, J = 7.9 Hz, 1H), 1.98 (td, J = 9.0, 2.7 Hz, 2H), 1.31 — 1.20 (m, 2H), 0.95
(t,J = 7.4 Hz, 3H). HRMS (ESI-TOF) calc’d for C1sH20N2CI [M + H]+: 275.1315 and 277.1286,

found: 275.0503 and 277.0475.

Racemic monochlorinated methyl dianilinemethane (4a): This compound was prepared from
0.11 mmol (23.4 mg) of 4 as described in Section 4.4.2. After reaction completion, the reaction
mixture was purified as described in Section 4.4.2 to afford 4a (this compound was prepared in a

collaboration and a yield was not reported). *H NMR (500 MHz, MeOD) & 7.36 (d, J = 8.4 Hz,
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2H), 7.25 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 1.8 Hz, 1H), 6.95 (dd, J = 8.3, 1.9 Hz, 1H), 6.79 (d, J =
8.2 Hz, 1H), 4.09 (dd, J = 14.4, 7.2 Hz, 1H), 1.59 (d, J = 7.2 Hz, 3H). HRMS (ESI-TOF) calc’d

for C14H16N2CI [M + H]+: 247.1002 and 249.0973, found: 247.0222 and 249.01809.

Racemic monochlorinated ethyl ester dianilinemethane (5a): This compound was prepared
from 0.035 mmol (10 mg) of 5 as described in Section 4.4.2. After reaction completion, the
reaction mixture was purified as described in Section 4.4.2 to afford 5a (this compound was
prepared in a collaboration and a yield was not reported). *H NMR (500 MHz, MeOD) § 7.06
(d, J= 2.0 Hz, 1H), 7.00 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 8.2 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H),
6.70 (d, J = 8.3 Hz, 2H), 4.26 (t, J = 8.1 Hz, 1H), 4.02 (g, J = 7.2 Hz, 2H), 2.94 (d, J = 8.2 Hz,
2H), 1.13 (t, J = 7.1 Hz, 3H). HRMS (ESI-TOF) calc’d for C11H13NO»Cl [M — CsH7N (elimination
to lose aniline to form a,B-unsaturated system) + H]+: 226.0635 and 228.0605, found: 225.9876

and 227.9844.

Racemic monochlorinated benzyl dianilinemethane (6a): This compound was prepared from
0.087 mmol (25 mg) of 6 as described in Section 4.4.2. After reaction completion, the reaction
mixture was purified as described in Section 4.4.2 to afford 6a (this compound was prepared in a
collaboration and a yield was not reported). *H NMR (500 MHz, MeOD) § 7.22 (d, J = 8.3 Hz,
2H), 7.15 (t, J = 7.3 Hz, 2H), 7.12 — 7.03 (m, 4H), 7.03 — 6.97 (m, 2H), 6.95 (dd, J = 8.3, 1.9 Hz,
1H), 6.74 (d, J = 8.3 Hz, 1H), 4.15 (t, J = 7.9 Hz, 1H), 3.28 (d, J = 8.0 Hz, 2H). HRMS (ESI-TOF)

calc’d for C20H20N2Cl [M + H]+: 323.1315 and 325.1286, found: 323.0427 and 325.0394.
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Racemic monochlorinated m-methoxybenzyl dianilinemethane (7a): This compound was
prepared from 0.072 mmol (23 mg) of 7 as described in Section 4.4.2. After reaction completion,
the reaction mixture was purified as described in Section 4.4.2 to afford 7a (this compound was
prepared in a collaboration and a yield was not reported). *H NMR (500 MHz, MeOD) § 7.30
(d, J = 8.4 Hz, 2H), 7.14 — 7.02 (m, 4H), 6.97 (dd, J = 8.3, 1.9 Hz, 1H), 6.76 (d, J = 8.2 Hz, 1H),
6.67 (dd, J = 13.3, 4.9 Hz, 2H), 6.60 (s, 1H), 4.17 (t, J = 8.0 Hz, 1H), 3.68 (s, 3H), 3.27 (dd, J =
8.0, 2.8 Hz, 2H). HRMS (ESI-TOF) calc’d for Ca1H22N2OCI [M + H]+: 353.1421 and 325.1391,

found: 353.0489 and 355.0458.

Racemic monochlorinated p-trifluoromethylbenzyl dianilinemethane (8a): This compound
was prepared from 0.007 mmol (25 mg) of 8 as described in Section 4.4.2. After reaction
completion, the reaction mixture was purified as described in Section 4.4.2 to afford 8a (this
compound was prepared in a collaboration and a yield was not reported). *H NMR (500 MHz,
MeOD) & 7.57 — 7.36 (m, 3H), 7.30 - 7.24 (m, 3H), 7.05 (d, J = 1.7 Hz, 1H), 6.98 (d, J = 8.4 Hz,
1H), 6.92 (d, J = 8.3 Hz, 1H), 6.74 (t, J = 8.0 Hz, 1H), 6.66 (d, J = 8.3 Hz, 1H), 4.04 (dd, J = 12.1,
6.8 Hz, 1H), 3.24 (d, J = 7.3 Hz, 2H). HRMS (ESI-TOF) calc’d for C21H1sF3N2Cl [M + H]+:

391.1189 and 393.1159, found: 391.1401 and 393.1960.
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4.4.4 HALOGENASE VARIANT CONVERSIONS

Figure 4.5. Halogenase variant conversions of t-Bu substrate 2.
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Figure 4.6. Halogenase variant conversions of n-Pr substrate 3.
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Figure 4.7. Halogenase variant conversions of methyl substrate 4.
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Figure 4.8. Halogenase variant conversions of ethyl ester substrate 5.
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Figure 4.9. Halogenase variant conversions of benzyl substrate 6.

Monochlorination of 6 in Halogenase-Catalyzed Bioconversions
120
100

80

60

% conv.

40
20

SN I R Y \ PO O DN S oS 2 VG S NS - B
WA @,32* © T Y L

Halogenase Variant

Figure 4.10. Halogenase variant conversions of m-MeO-benzyl substrate 7.
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Figure 4.11. Halogenase variant conversions of p-CFs-benzyl substrate 8.
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APPENDIX |

NMR SPECTRA FOR COMPOUNDS FROM CHAPTER 11

Figure Al.1. *H NMR spectrum of 1.
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Figure Al.2. 13C NMR spectrum of 1.
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Figure Al.3. NOESY spectrum of 1.14
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[a] Resonances between peaks at 7.19 and 3.72 ppm, and between peaks at 7.51 and 3.72 ppm
demonstrate chlorination at the 7 position.
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Figure Al.4. *H NMR spectrum of 2.
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Figure Al.6. COSY spectrum of 2.4
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[a] Resonances between peaks at 7.22 and 6.77 ppm, and between peaks at 6.93 and 6.7 ppm support

chlorination at the 7 position.
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Figure Al.7. HMQC spectrum of 2.2
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[a] Resonances support chlorination at the 7 position.
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Figure A1.8. *H NMR spectrum of 3.
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Figure AL.9. 13C NMR spectrum of 3.
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Figure Al.10. NOESY spectrum of 3.13
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[a] Resonances between peaks at 7.48 and 3.02 ppm, and between peaks at 7.23 and 3.02 ppm
demonstrate chlorination at the 7 position.
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Figure Al.11. *H NMR spectrum of 4.
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Figure Al.12. 13C NMR spectrum of 4.
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Figure Al.13. NOESY spectrum of 4.13
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[a] Resonances between peaks at 7.90 and 3.46 ppm, and between peaks at 7.65 and 3.46 ppm
demonstrate chlorination at the 7 position.
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Figure Al.14. *H NMR spectrum of 5.
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Figure Al.15. 13C NMR spectrum of 5.
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Figure Al.16. NOESY spectrum of 5.13
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[a] Resonances between peaks at 7.53 and 3.03 ppm, and between peaks at 7.15 and 3.03 ppm
demonstrate chlorination at the 7 position.
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Figure Al.18. 13C NMR spectrum of 6.
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Figure Al.19. NOESY spectrum of 6.13
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[a] The resonance between peaks at 7.45 and 2.79 ppm demonstrate chlorination at the 7 position.
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Figure Al.20. Closeup of aryl region of NOESY spectrum of 6.2
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[a] Resonances between peaks at 7.45 and 7.00 ppm, and between peaks at 7.09 and 7.00 ppm
support chlorination at the 7 position.
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Figure Al.21. *H NMR spectrum of 7.
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Figure Al.22. 13C NMR spectrum of 7.
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Figure Al.23. NOESY spectrum of 7.13
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[a] Resonances between peaks at 7.50 and 2.95 ppm, between peaks at 7.24 and 2.95 ppm, and
between peaks at 11.01 and 7.42 ppm support chlorination at the 6 position.
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Figure Al.24. HMQC spectrum of 7.[a
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[a] The resonance between peaks at 2.40 and 20.54 ppm identifies the 5-methyl carbon, which is
necessary to analyze the HMBC spectrum.
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Figure Al.25. HMBC spectrum of 7.1
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[a] The resonance between peaks at 7.50 and 20.54 ppm confirms the identity of the proton on C4.
The HMBC of the starting material shows a clear resonance between the 5-methyl carbon and the
proton at C6. This resonance does not appear in this product, thus supporting chlorination at the 6
position.
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Figure Al.26. *H NMR spectrum of 8a/b.
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Figure Al.27. 13C NMR spectrum of 8a/b.
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Figure Al.28. *H NMR spectrum of 9.

[EPARVIV)

sl 2000
| 1900

| 1800

[ 1700

| 1600
ﬂ 800 I

_ 825
7.62
7.60
741
7.40
727
7.25
7.24
7.22
7.22
7.20
7.19
717

L 1500

741
__740
~7.25

7.24

1
\722

— 7.2

_-719

717

L 700 L 1400

11300

\2727

1200
[ 1100
| 1000
900
800
700

1600

T 1500
7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 7.15

1 (ppm) | 400

300
200

1100

I--100

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
6.5 6.0 5.5 5.0 45 4,0 35 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)

195



Figure Al.29. 13C NMR spectrum of 9.
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Figure A1.30. *H NMR spectrum of 10.
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Figure Al.31. 13C NMR spectrum of 10.
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Figure Al.32. NOESY spectrum of 10.
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Figure A1.33. *H NMR spectrum of 11.
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Figure Al.34. 13C NMR spectrum of 11.
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Figure A1.35. *H NMR spectrum of 12.
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Figure Al.36. 13C NMR spectrum of 12.
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Figure Al.37. NOESY spectrum of 12,14
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[a] Resonances between peaks at 7.19 and 3.42 ppm, and between peaks at 7.54 and 3.42 ppm

demonstrate chlorination at the 7 position.
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APPENDIX 11

NMR SPECTRA FOR COMPOUNDS FROM CHAPTER IlI

Figure All.1. *H NMR spectrum for 5.
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Figure All.2. 13C NMR spectrum for 5.
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Figure All.3. NOESY spectrum for 5.2
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[a] Cross-peak between peaks at ~7.4 ppm (carbazole 5-position) and ~2.9 ppm (carbazole 4-
position) demonstrates chlorination at the carbazole 6-position.
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Figure All.4. 'H NMR spectrum for 6.
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Figure AlL5. 13C NMR spectrum for 6.
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Figure All.6. NOESY spectrum for 6.2
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[a] Cross-peak between peaks at ~7.1 ppm (carbazole 5-position) and ~3.1 ppm (carbazole 4-
position), along with absence of cross-peak between peaks at ~3.9 ppm (carbazole 6-methoxy
protons) and ~7.4 ppm (which we therefore conclude to be the carbazole 8-position), demonstrates
chlorination at the carbazole 7-position.
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Figure AlL.8. 13C NMR spectrum for 7.
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Figure Al1.9. NOESY spectrum for 7.[2
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[a] Cross-peak between peaks at ~7.5 ppm (carbazole 5-position) and ~3.0 ppm (carbazole 4-
position), along with cross-peak between peaks at ~3.9 ppm (carbazole 6-methoxy protons) and
~7.1 ppm (carbazole 8-position), along with concurrent absence of cross-peak between peaks at
~3.9 ppm (carbazole 6-methoxy protons) and ~7.5 ppm (further corroborating that this is the
carbazole 5-position), demonstrates chlorination at the carbazole 7-position.
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Figure A11.10. *H NMR spectrum for 3.
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Figure All.11. 13C NMR spectrum for 3.
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Figure All.12. NOESY spectrum for 3.1
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[a] Cross-peak between peaks at ~7.5 ppm (tryptamine 4-position) and ~3.2 ppm (tryptamine 3-
position) demonstrates chlorination at the tryptamine 6-position.
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Figure Al1.13. *H NMR spectrum for 4.
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Figure All.14. 13C NMR spectrum for 4.
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Figure All.15. NOESY spectrum for 4.1
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[a] Cross-peaks between peaks at ~7.5 ppm (yohimban 9-position) and ~3.1 ppm (yohimban 6-
position) demonstrates chlorination of major product occurs at the yohimban 10-position and
chlorination of minor product occurs at the yohimban 11-position.
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Figure Al1.16. *H NMR spectrum for 9.
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Figure Al1.17. 13C NMR spectrum for 9.
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Figure All.18. NOESY spectrum for 9.1
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[a] Cross-peak between peaks at ~6.5 ppm (indole 5-position) and ~4.2 ppm (position marked by
*) demonstrates chlorination occurs at the indole 7-position.
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Figure Al1.19. *H NMR spectrum for 10.
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Figure Al1.20. 13C NMR spectrum for 10.
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Figure All.21. NOESY spectrum for 10.1
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[a] Cross-peak between peaks at ~6.7 ppm (carbazole 6-position) and ~4.4 ppm (position marked
by *) demonstrates chlorination occurs at the carbazole 8-position.
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Figure Al1.22. *H NMR spectrum of 11.
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Figure Al1.23. 13C NMR spectrum for 11.
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Figure All.24. NOESY spectrum for 11.14
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[a] Cross-peak between peaks at ~6.8 ppm (carbazole 6-position) and ~4.4 ppm (position marked
by *) demonstrates chlorination occurs at the carbazole 8-position.
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Figure Al1.25. 'H NMR spectrum for 2a.
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Figure All.26. 13C NMR spectrum for 2a.
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Figure Al1.27. 'H NMR spectrum for 2b.
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Figure Al1.28. 13C NMR spectrum for 2b.
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Figure Al1.29. *H NMR spectrum for 2c.
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Figure A11.30. 13C NMR spectrum for 2c.
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Figure Al1.31. *H NMR spectrum for 2d.
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Figure Al1.32. 13C NMR spectrum for 2d.
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Figure Al1.33. *H NMR spectrum for 2e.
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Figure All.34. 13C NMR spectrum for 2e.
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Figure Al1.35. *H NMR spectrum for 2f.
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Figure Al1.36. 13C NMR spectrum for 2f.
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Figure Al1.37. 'H NMR spectrum for 2g.
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Figure Al1.38. 13C NMR spectrum for 2g.
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Figure Al1.39. 1°F NMR spectrum for 2g.

LID08140_2

7 N\

—-75.51

2g

—-76.97

Iz

NH

-56

T
-58

-60

-62

-64

T
-66

-68

-70

-72

74

76 -78
f1 (ppm)

243

T
-80

-82

-84

-86

-88

-90

T
-92

94

-96

T
-98

r1E+09

r1E+09

r1E+09

9E+08

8E+08

7E+08

6E+08

 5E+08

4E+08

3E+08

2E+08

r1E+08

-1E+08




Figure Al1.40. 'H NMR spectrum for 2h.

H
N N NH

Iz

LID08131_2 KERHRFRRE2I0 18000

4.49
3.62
3.60
359
311
3.10

<
A
N7
~7
7
7
7
7
7
7

17000

16000

15000

14000

13000

—
—_

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

it 1000

-1000

1.0
1.0

1.00{
1911
0.95
- 1.743%
2259
2279

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

244



Figure All.41. 13C NMR spectrum for 2h.
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Figure All.42. *°F NMR spectrum for 2h.
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Figure Al1.43. *H NMR spectrum for 2i.
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Figure All.44. 13C NMR spectrum for 2i.
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Figure All.45. 'H NMR spectrum for 2j.
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Figure AlL.46. 13C NMR spectrum for 2j.
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Figure All.47. Closeup of 13C NMR spectrum for 2j.
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Figure All.48. 'H NMR spectrum for 11a.
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Figure Al1.49. 13C NMR spectrum for 11a.
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Figure A11.50. *H NMR spectrum for 9a.
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Figure AlL.51. 13C NMR spectrum for 9a.
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Figure Al1.52. 'H NMR spectrum for 12a.
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Figure Al1.53. 13C NMR spectrum for 12a.
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Figure All1.54. 'H NMR spectrum for 12b.
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Figure AlL.55. 13C NMR spectrum for 12b.
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Figure Al1.56. 1°F NMR spectrum for 12b.

N >~
Mel‘O/

12b

LID08151_2
1100

_~-75.89
~-77.13

1000

900

800

700

600

500

400

300

200

100

r-100

-70 -80 -90  -100 -110 -120 -130 -140  -150 -160  -170
f1 (ppm)

260



APPENDIX 111

NMR SPECTRA FOR COMPOUNDS FROM CHAPTER IV

Figure AllL.1. 'H NMR spectrum of 2.
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Figure AllL.2. 'H NMR spectrum of 2a.
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Figure All1.3. 'H NMR spectrum of 3.
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Figure Alll.4. 'H NMR spectrum of 3a.
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Figure AlIL5. 'H NMR spectrum of 4.
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Figure AllL6. 'H NMR spectrum of 4a.
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Figure AllL.7. 'H NMR spectrum of 5.

H,N
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Figure All1.8. 'H NMR spectrum of 5a.
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Figure Al11.9. 'H NMR spectrum of 6.
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Figure Al11.10. 'H NMR spectrum of 6a.
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Figure All1.11. *H NMR spectrum of 7.
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Figure All1.12. 'H NMR spectrum of 7a.
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Figure All1.13. 'H NMR spectrum of 8.
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Figure Alll.14. 'H NMR spectrum of 8a.
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