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Abstract 
 

Discovery and Applications of Radical Amino Acid Halogenases 

by 
 Monica E Neugebauer 

Doctor of Philosophy in Chemical Engineering 
University of California, Berkeley 

Professor Michelle C. Y. Chang, Co-chair 
Professor Wenjun Zhang, Co-chair 

 
 

 
Through evolution, Nature has developed enzymes that perform challenging reactions. By 

exploring biosynthetic pathways in bacteria, we can discover and repurpose these enzymes for 
synthetic applications. Here, we have performed metabolomics and enzyme characterization to 
elucidate the biosynthesis of β-ethynylserine (βes), an alkyne-containing amino acid made by 
Streptomyces cattleya. In the process, we discovered a novel FeII/α-ketoglutarate (FeII/αKG)-
dependent halogenase, BesD, with unprecedented reactivity toward amino acids. We solved the 
crystal structure of BesD, discovered homologs that enable the formation of nine new chlorinated 
amino acids, and demonstrated that the newly discovered enzymes also perform bromination and 
azidation. Next, we demonstrated that halogenated amino acids can be further transformed 
enzymatically into chlorinated heterocycles, diamines, keto-acids, and peptides. Finally, we 
investigated how halogenases achieve regioselectivity, substrate selectivity, and catalytic 
selectivity (halogenation over the closely related hydroxylation reaction). These radical amino acid 
halogenases set the stage for the discovery of novel natural products that are formed via 
halogenated intermediates. 
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1.1. Rare functional groups in Nature 
Strategies for building chemical diversity in synthetic chemistry differ from strategies found 

in Nature. While synthetic strategies take advantage of a tremendous diversity of functional groups 
in order to build complexity, biological systems instead perform chemistry using a relatively 
limited set of building blocks with fewer accessible functional groups. Despite access to fewer 
building blocks, biological systems generate incredibly complex molecules with exquisite 
selectivity through the use of enzymes. Although both synthetic and biological approaches have 
greatly advanced our ability to make compounds, the chemical space accessible through the two 
strategies is relatively orthogonal. As such, the discovery of novel enzymes that install 
synthetically useful functional groups site-selectively into complex molecules can serve to bridge 
these two strategies for generating chemical diversity and allow access to novel structures and 
classes of compounds [1–3]. Widely used biological building blocks containing useful synthetic 
functional groups can be interfaced with cellular machinery to form a variety of biomolecules with 
synthetic handles, thereby merging the structural spaces found in Nature and synthetic chemistry.  

While the majority of compounds found in Nature contain only common biological functional 
groups, natural products containing ‘rare’ functional groups can be found among the secondary 
metabolites of microbes, plants, and fungi (Figure 1.1). These include the alkene [4], alkyne [5], 
phosphonate [6], N-nitroso [7], cyano [8], diazo [9], and halogen (X = F, Cl, Br, I) [10] functional 
groups. The enzymes responsible for these transformations provide an avenue for installing ‘rare’ 
functionality into molecules of interest. Notably, many of these functional groups enable synthetic 
transformations on biomolecules. For example, the alkyne and alkene functional groups facilitate 
the azide-alkyne cycloaddition [11,12] and tetrazine ligation [13] reactions, respectively. Another 
rare functional group with synthetic utility is the halogen [14]. The introduction of halogens into 
a functional group-dense scaffold is especially useful as it serves as a reactive handle for the 
selective formation of new chemical bonds as well as a substituent for tuning the activity of the 
final product. As a result, both synthetic and enzymatic approaches to the formation of carbon-
halogen bonds are currently intense areas of interest.  

 

 
Figure 1.1. Examples of natural products containing ‘rare’ functional groups.  
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1.2. Enzymatic halogenation strategies 
Introduction. Over 4,000 halogenated natural products have been discovered to date. 

Organochlorines and organobromines comprise the vast majority of these findings, while only 
~200 iodinated natural products and a ~30 fluorinated compounds have been identified thus far 
[10,15,16]. Although the utility of halogens for synthetic chemistry is well-accepted, the role of 
halogens in natural products continues to be elucidated. In the antibiotic vancomycin, the presence 
of a halogen is critical for tuning the molecule’s bioactivity. In salinosporamide A, the halogen 
instead serves as a leaving group to facilitate covalent inhibition of a target enzyme. More recently, 
examples have emerged of biosynthetic pathways that leverage the reactivity of halogens in order 
to perform chemistry. In the biosynthesis of coronamic acid, chlorine serves as a leaving group to 
form the cyclopropyl ring in the final product [17], while in cylindrocyclophane biosynthesis, 
chlorine facilitates aromatic ring alkylation [18]. Given the diversity of organohalogens in Nature, 
a number of different strategies for enzymatic halogenation have been discovered. These strategies 
can be divided into three classes depending on the oxidation state of the halogen intermediate: 
electrophilic halogenation (X+), nucleophilic halogenation (X-), and radical halogenation (X•) 
(Figure 1.2). 

 
Figure 1.2. Enzymatic strategies for halogenation. Electrophilic halogenases utilize heme, vanadium, or 
flavin cofactors. Nucleophilic halogenases require S-adenosyl-methionine (SAM) as a substrate. Radical 
halogenation can be catalyzed by mononuclear Fe/aKG-dependent enzymes or by putative binuclear Fe-
dependent enzymes.  

Electrophilic halogenation. Electrophilic halogenases oxidize a halide (X-) to generate an X+ 
equivalent (in the form of hypohalite, XO-) that is activated for nucleophilic attack by electron-
rich substrates. Depending on the enzymatic cofactor, either oxygen (O2) or hydrogen peroxide 
(H2O2) or can serve as the oxidant. Flavin-dependent halogenases use oxgyen to generate the X+ 
equivalent, which is then transferred to an active-site lysine residue to form a haloamine species. 
This lysine residue ultimately directs X+ to the target substrate, enabling regioselective 
halogenation [19]. Heme-dependent and vanadium-dependent haloperoxidases use hydrogen 
peroxide to generate hypohalite. The enzymes can then direct halogenation of electron rich 
substrates [20], or hypohalite can diffuse from the active site to enable promiscuous halogenation 
of electron-rich substrates [21]. While electrophilic halogenases have been found to activate 
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chloride, bromide, and iodide [22], no electrophilic fluorinases have been identified, likely due to 
the redox potential and high electronegativity of the fluoride ion [23].  

Nucleophilic halogenation. Nucleophilic halogenases activate the halide anion (X-) for 
nucleophilic attack on the substrate. The enzyme FlA, a fluorinase from Streptomyces cattleya, 
catalyzes nucleophilic attack of fluoride on S-adenosyl-methionine (SAM), with methionine 
serving as the leaving group. Notably, this is the only reported strategy for enzymatic fluorination 
[24,25], although nucleophilic chlorinases have been reported as well [26]. Nucleophilic attack on 
SAM can also result in the methyl halide product [27]. Likely due to the requirement for a strong 
leaving group, SAM is the only known substrate for nucleophilic halogenation.  

Radical halogenation. Radical halogenases catalyze halogenation of unactivated Csp3–H 
bonds by generating a halogen radical (X•) that can recombine with a substrate radical. The 
majority of radical halogenases that have been discovered to date are FeII/a-ketoglutarate 
(FeII/aKG)-dependent enzymes in the Cupin superfamily [10]. In this class of enzymes, the 
catalytic iron is bound by two active site histidine residues, the aKG cofactor, and the halogen to 
be transferred to the substrate [28]. Upon oxygen binding, the enzyme catalyzes the 
decarboxylation of the aKG cofactor to succinate, thereby generating a FeIV-oxo intermediate [29]. 
This ferryl intermediate abstracts a hydrogen atom from the substrate to generate a substrate 
radical, which subsequently rebounds with the Fe-bound halogen to yield the halogenated product. 
When provided with bromide, azide, or nitrite in place of chloride, FeII/aKG-dependent 
halogenases have been shown to catalyze brominaton, azidation, and nitration [30]. The ability to 
install a range of functional groups onto unactivated substrates makes this class of enzymes a 
promising target for engineering. More recently, a new class of radical halogenases, with very low 
homology to the FeII/aKG-dependent family, was identified. CylC, a putative binuclear Fe-
enzyme, installs chlorine onto an unactivated substrate during cylindrocyclophane biosynthesis 
[18]. The mechanism of CylC is still under investigation.  

1.3. Substrate scope of FeII/aKG-dependent halogenases  
Introduction. FeII/aKG-dependent halogenases are members of the large and highly diverse 

Cupin superamily. Enzymes in the Cupin superfamily catalyze a wide range of reactions, including 
halogenation, hydroxylation, and stereoinversion on a range of substrates, including small 
molecules, proteins, and nucleotides [31–35]. Although the Cupin superfamily contains over 
360,000 sequences, only 11 radical halogenases had been discovered in the decade between the 
first reported halogenase in 2005 and the beginning of this dissertation project in 2015. The 
difficulty in identifying additional halogenases arises from the variability in the Cupin superfamily. 
Many of the halogenases discovered to date share very low sequence identity and group into 
different protein families within the superfamily; thus, a simple homology-based bioinformatic 
search using a known halogenase as a query cannot readily reveal new halogenases with different 
substrates [36]. The substrates of known radical halogenases can be divided into four groups: 
carrier protein-dependent halogenases [37], late stage indole-alkaloid halogenases [38], amino acid 
halogenases (this work), and the recently discovered nucleotide halogenases [39] (Figure 1.3).  

Carrier protein-dependent halogenases. Nearly all FeII/aKG-dependent radical 
halogenases discovered to date only act on carrier-protein bound substrates. SyrB2, the first radical 
halogenase to be reported, was discovered in 2005 in the process of elucidating the biosynthesis 
of syringomycin E [37]. SyrB2 chlorinates threonine when it is tethered to the carrier protein SyrB1  



5 

 
Figure 1.3. Substrates of reported radical amino acid halogenases. The BesD family was discovered during 
the course of this thesis project.  

via a phosphopantetheine arm (aminoacyl-S-enzyme Thr-S-SyrB1). However, no activity is 
observed on the freestanding amino acid. Following the discovery of SyrB2, eight other radical 
halogenases were reported to act on amino-acyl or fatty-acyl substrates [17,40–46]. These 
halogenases are tailoring enzymes within polyketide and non-ribosomal peptide assembly lines. 
For nearly a decade, no halogenases were reported to chlorinate an untethered substrate.   

Indole alkaloid halogenases. The first halogenase reported to act directly on a free-standing 
substrate was reported in 2014, nearly 10 years after the discovery of SyrB2. WelO5 is a 
cyanobacterial indole alkaloid halogenase that chlorinates the welwitindolinone compound 12-epi-
Fisherindole U [38,47]. WelO5 has extremely low sequence identity to SyrB2 (<15%) and groups 
into a different protein family (Pfam) within the Cupin superfamily [36]. WelO5 demonstrated 
nearly 5-10-fold more turnovers before inactivation when compared to SyrB2. Thus, WelO5 is a 
promising candidate for late-stage modification of compounds. A homolog of WelO5, AmbO5, 
chlorinates the ambiguine class of indole alkaloids, and was found to be promiscuous in substrate 
scope [47]. The indole alkaloid halogenases WelO5 and AmbO5 possess a substrate binding lid 
that confers substrate selectivity. This domain of the protein is the target of promising engineering 
efforts to develop these enzymes as late-state synthetic catalysts [48].  

Amino acid halogenases. BesD, discovered by our research group, is the first radical 
halogenase that acts directly on a free-standing amino acid substrate without the requirement for a 
carrier protein. BesD chlorinates the amino acid lysine to form 4-Cl-lysine as the first step in the 
biosynthesis of the acetylenic amino acid, β-ethynylserine (βes) [49]. In work described in this 
dissertation, we additionally discovered several BesD homologs that together enable the synthesis 
of nine chlorinated amino acid compounds. Due to the simplicity of their amino acid substrates, 
halogenases in the BesD family hold promise for integrating chlorinated compounds into 
biosynthetic pathways.   

Nucleotide halogenases. Shortly before the time of this writing, the novel halogenase AdeV 
was reported to act on nucleotide substrates [39]. AdeV installs chlorine at the 2′ position of 2′-
deoxyadenosine monophosphate in the biosynthesis of adechlorin. The enzyme displays some 
degree of promiscuity by also chlorinating 2′,3′-dideoxyadenosine-5′-monophosphate and 2′-
deoxyadenosine 5′ monophosphate. The discovery of AdeV provides promising prospects for 
enzymatic access to nucleotide analogs with potential anticancer and antiviral applications [50]. 
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1.4. Mechanistic investigation of radical halogenases 
Introduction. The most well-studied members of the FeII/aKG-dependent class of enzymes 

are the hydroxylases, which have been extensively characterized by biochemical, crystallographic, 
and spectroscopic techniques [51–60]. Hydroxylases possess an HXD/EXnH motif and coordinate 
FeII with two side chain histidines, one side chain carboxylate, and αKG. Upon oxygen binding, 
the enzyme decarboxylates αKG to succinate to generate a FeIV-oxo intermediate, which abstracts 
a hydrogen atom from the substrate [61]. The resulting substrate radical then rebounds with the 
FeIII-OH group, yielding a hydroxylated product. FeII/αKG-dependent halogenases proceed 
through a similar mechanism. However, instead of the HXD/E motif found in hydroxylases, 
halogenases possess an HXG/A motif, where the smaller Ala or Gly residue allows room for the 
chloride to coordinate directly to Fe during the catalytic cycle (Figure 1.4).  Following hydrogen 
atom abstraction, the substrate radical selectively rebounds with FeIII-Cl, rather than FeIII-OH, 
yielding a chlorinated product [62,63]. Since the initial discovery of SyrB2 as an FeII/aKG-
dependent enzyme, several experimental techniques have contributed to the mechanistic 
understanding of radical halogenation.  

 
Figure 1.4. Comparison of the active sites of radical halogenases and hydroxylases. While hydroxylases 
possess an HXD/E motif, halogenases instead possess an HXG/A motif to allow room for chloride to 
coordinate directly to Fe.  

Structural insights into radical halogenase mechanisms. By analogy to the mechanism of 
radical hydroxylases, Walsh and coworkers proposed that SyrB2 proceeds through a FeIV-oxo 
intermediate for hydrogen atom abstraction from the substrate, followed by rebound of an FeIII-Cl 
intermediate [37]. Critical evidence in support of this mechanism came from the crystal structure 
of SyrB2, which confirmed that the halogen was indeed directly coordinated to the catalytic Fe 
[28]. However, due to the challenges associated with co-crystallizing SyrB2 with the carrier 
protein SyrB1, no substrate-bound crystal structure has been obtained (Figure 1.5A). Although 
several groups pursued substrate modelling and docking studies [64,65], the lack of a co-crystal 
structure of SyrB2 presented challenges for investigating the mechanism of halogenation.  

The discovery of WelO5, which chlorinates a free-standing substrate, enabled the first 
crystallographic insights into substrate placement relative to the chloride ligand in the active site 
[66]. Surprisingly, in the anaerobic structure of WelO5, the carbon in the substrate that is targeted 
for hydrogen atom abstraction is far from the chloride ligand (5.5 Å), while the putative O2 binding 
site suggests that the -OH ligand would be much closer (< 4.2 Å) in the absence of ligand 
rearrangement. The authors therefore proposed that the oxo ligand may be directed away from the 
substrate by a second-sphere residue (Ser189), thereby enabling competitive halogenation (Figure 
1.5B). While crystallographic studies of halogenase reactant complexes have provided valuable 
insights, other methods are required to probe the short-lived intermediates in the catalytic cycle.  
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Figure 1.5. Structures of radical halogenases. (A) Structure of SyrB2 (PDB 2FCT) without the substrate 
bound [28]. (B) Structure of WelO5 (PDB 5IQT) with substrate bound [66].  

Stopped-flow absorption studies. Stopped-flow absorption (SF-abs) experiments can be 
used to monitor the formation and decay of the FeIV-oxo species, which absorbs at 320 nm [67]. 
SF-abs experiments with SyrB2 confirmed that halogenases 
proceed through a hydrogen atom abstraction mechanism 
(HAA) and showed that SyrB2 positions its native substrate 
(Thr) for halogenation by orienting the substrate away from 
the FeIV-oxo species, thereby sacrificing the rate of 
hydrogen atom abstraction in order to increase reaction 
fidelity [68,69]. Non-native substrates that were expected to 
be closer to Fe in the active site (norvaline) demonstrated 
faster rates of hydrogen atom abstraction, but increased 
hydroxylation during the rebound step. SF-abs experiments 
suggest that substrate positioning is a critical factor in 
controlling reaction partitioning to favor halogenation 
(Figure 1.6).  

Spectroscopic characterization of the ferryl 
intermediate. Freeze quench (FQ) experiments were performed to trap and characterize the ferryl 
intermediate in halogenases by various spectroscopic methods [70]. Mössbauer spectroscopy of 
CytC3 and SyrB2 led to the identification of the halogenase ferryl intermediate and supported the 
hypothesis that halogenases and hydroxylases proceed through similar mechanisms [63]. The 
Mössbauer spectroscopy also revealed that CytC3 and SyrB2 accumulated two ferryl intermediates 
that are in equilibrium. These were later proposed to be hydrogen bonded and non-bonded species 
based on density functional theory (DFT) calculations [71]. The ferryl intermediate was further 
characterized by nuclear resonance vibrational spectroscopy (NRVS) [71]. DFT calculations to 
simulate the NRVS spectra of candidate structures revealed that the SyrB2 ferryl intermediate has 
a trigonal bipyramidal geometry. Calculations also showed that halogenases proceed through a π 
pathway for HAA, with the substrate C–H bond approximately perpendicular to the FeIV-oxo bond 
(Figure 1.7) [71–73]. The π pathway leads to an intermediate in which halogen rebound is 
competitive with hydroxylation. 
 

Figure 1.6. SF-abs correlation of HAA 
rate and reaction outcome.  
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Figure 1.7. Insights into the mechanism of halogenation selectivity in SyrB2. Spectroscopic studies of ferryl 
intermediate (isolated by freeze-quenching) combined with DFT calculations suggest that hydrogen atom 
abstraction proceeds through a π pathway in halogenases. Adapted from ref. [71].  

Characterization of stable mimics of halogenase intermediates. The transient nature of 
the reactive intermediates complicates their characterization. Therefore, to complement the 
spectroscopic studies described above, new strategies for characterizing stable mimics of key 
catalytic steps have recently been developed. EPR spectroscopy was used to measure distances 
between the SyrB2[Fe-NO]7 complex (a mimic of the [Fe-O2] complex) and a deuterium on the 
native (Thr) and non-native substrates [69]. These experiments corroborated the results from SF-

abs experiments on SyrB2 which showed that substrate 
positioning correlates to the reaction outcome. Geometric 
information can also be obtained by substitution of the FeIV-
oxo with vanadyl (VIVO)2+, a stable structural mimic of the 
unstable FeIV-oxo intermediate. Both EPR and X-ray 
crystallography can be used to determine the distances and 
angles between a deuterated substrate and the vanadyl probe 
[74] (Figure 1.8). Thus far, vanadyl has been employed to 
study the arginine hydroxylase VioC and may prove useful for 
studying radical halogenases in the future. One major 
challenge to employing these spectroscopic techniques is the 
requirement for a selectively deuterated substrate. While 

deuterated amino acids can be obtained and ligated onto the phosphopantetheine arm of SyrB1, 
selectively deuterated analogs of the indole alkaloid substrate of WelO5 are challenging to obtain.  

Experimental challenges. Crystallographic and spectroscopic techniques have enabled 
significant insights into the mechanism of radical halogenation. However, the SyrB2 and WelO5 
systems each present technical challenges toward gaining a complete understanding of 
halogenation. Ideally, both crystallography and spectroscopy would be performed on the same 
halogenase system. Although spectroscopic techniques have been very successful in SyrB2, the 
requirement for a carrier-protein-tethered substrate has prevented substrate co-crystallization. In 
contrast, crystallographic studies of WelO5 have been successful, but the challenge of obtaining 
deuterated substrate analogs has limited spectroscopic characterization. Thus, the discovery of new 
halogenases that are amenable to both characterization strategies could greatly enhance our 
understanding of radical halogenation.  

Halogenase engineering efforts. To date, very few radical halogenases have been discovered 
in Nature [10]. In contrast, many hydroxylases in the FeII/αKG -dependent have been identified 
and found to act on a wide range of substrates [75]. Thus, one strategy for expanding the scope of 
enzymatic halogenation is to engineer the broader class of hydroxylases to instead perform 
halogenation. Towards this goal, attempts have been made to enable halogenation by engineering 

Figure 1.8. Active site geometry 
measured with stable mimics of 
intermediates. 
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the HXD/E motif of hydroxylases into the HXG/A required for halogenation. However, this has 
proven difficult, as these efforts have largely led to no observable halogenation [53,76]. In one 
promising case, modest halogenation yields were achieved by mutagenesis of the enzyme SadA 
[77]. However, the majority of the product was still hydroxylated. These efforts indicate that 
additional factors other than the HXD/E vs HXG/A motifs must contribute to selective rebound of 
FeIII-Cl rather than FeIII-OH. 

1.5. Thesis motivation and organization 
The discovery and characterization of new radical halogenases may provide insights into 

strategies for expanding the enzymatic toolkit for C–H halogenation. This goal, along with the 
background introduced in this chapter, motivates the work in this thesis.  In this context, we present 
studies that expand the scope and understanding of radical halogenases. Chapter 2 describes our 
discovery of BesD, a novel lysine halogenase that catalyzes the first step in the biosynthesis of an 
acetylenic amino acid. In Chapter 3 we report the structural characterization of BesD and the 
bioinformatic identification of several additional members of the new amino acid halogenase 
family. Chapter 4 describes our investigation of reaction selectivity by comparison of BesD to a 
closely related hydroxylase homolog. In Chapter 5, we explore the structural basis of 
regioselectivity and substrate selectivity within the BesD family members. Taken together, this 
work expands the number of halogenated compounds that can be made enzymatically, contributes 
to the mechanistic understanding of halogenation, and demonstrates that hydroxylases can be 
engineered to perform halogenation.   
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2.1. Introduction 
While acetylenic natural products form a relatively large class of compounds (~2,000) [1–3], 

very few of these contain a terminal alkyne, which is required for the Cu-catalyzed azide-alkyne 
cycloaddition (CuAAC) reaction (Figure 2.1A). Interestingly, a set of terminal alkyne containing 
amino acids had been reported to be produced by a select group of fungi and bacteria (Figure 2.1B) 
[4–9]. Of the 11 discovered terminal-alkyne containing amino acids, three (Bes, Pra, and 
ethynylglycine) have been reported to be produced by streptomycetes. Notably, terminal-alkyne 
amino acids, such as Pra, have previously been used for both residue- [10–12] and site-specific 
[13–18] labeling of proteins and proteomes. However, this previous work relied on terminal-
alkyne amino acids which must be chemically synthesized and then exogenously fed to the 
organism. As such, the identification of the biosynthetic pathway for these amino acids could 
potentially provide a general route to encode the in situ production of terminal alkyne-containing 
proteins directly from glucose. 

Early isotope-labeling experiments showed that most terminal-alkyne compounds originate 
from acetate-derived fatty acid or polyketide biosynthetic pathways and were postulated to utilize 
a fatty acid desaturase-like enzyme to form the triple bond [1]. More recently, fatty acid 
desaturases were also identified to participate in the formation of the terminal alkyne of the 
polyketide natural products, Jamaicamide B and Carmabin A [19,20] (Figure 2.1C). The most well 
characterized acetylenase from these biosynthetic pathways is JamB, a membrane-bound fatty acid 
acetylenase which desaturastes a C6-acyl-ACP. Homologues of JamB have also been discovered 
to accept a wider range of acyl chain lengths [21]. However, the few terminal-alkyne amino acids 
described to date are structurally different from products originating from fatty acids and could 
therefore arise through alternative biosynthetic mechanisms [9].We thus focused on elucidating 
the genes for production of β-ethynylserine (βes) in a genetically-tractable soil bacterium, 
Streptomyces cattleya. 

 
 

 
 
Figure 2.1. Natural products of acetylenic origin. (A) Natural products with internal alkynes. (B) Terminal-
alkyne amino acids from streptomycetes. (C) Terminal alkyne natural products with fatty acid biosynthetic 
origins.  
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2.2. Materials and methods 
Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth 

(TB), yeast extract, malt extract, and glycerol were purchased from EMD Biosciences (Darmstadt, 
Germany). Carbenicillin (Cb), kanamycin (Km), chloramphenicol (Cm), isopropyl-β-D-
thiogalactopyranoside (IPTG), phenylmethanesulfonyl fluoride (PMSF), 
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), sodium chloride, dithiothreitol 
(DTT), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), magnesium chloride 
hexahydrate, acetonitrile, ethylene diamine tetraacetic acid disodium dihydrate (EDTA), and 
dextrose were purchased from Fisher Scientific (Pittsburgh, PA). Phosphoenolpyruvate (PEP), 
adenosine triphosphate sodium salt (ATP), adenosine monophosphate sodium salt (AMP), 
nicotinamide adenine dinucleotide reduced form dipotassium salt (NADH), pyruvate kinase, 
lactate dehydrogenase, isocitrate dehydrogenase, lysozyme, magnesium sulfate heptahydrate, 
poly(ethyleneimine) solution (PEI), ammonium iron (II) sulfate hexahydrate, β-mercaptoethanol 
(bME), sodium phosphate dibasic heptahydrate, D-mannitol, apramycin sulfate salt (Am), 
N,N,N',N'-tetramethyl-ethane-1,2-diamine (TEMED), betaine, dimethylsulfoxide (DMSO), 
pyrodoxal-5′-phosphate (PLP),  acetonitrile (LC/MS-grade), ammonium formate (LC/MS-grade), 
4-amino-3-penten-2-one (Fluoral-P), L-allylglycine (allylglycine), copper sulfate (CuSO4), Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), maltose, L-propargylglycine (Pra), and L-lysine, 
L-glutamate, γ-glutamyl-p-nitroaniline, γ-glutamyl-transpeptidase from equine kidney (Ggt), and 
glutamate dehydrogenase were purchased from Sigma-Aldrich (St. Louis, MO). 4-Chloro-lysine 
was purchased from AKos GmbH (Steinen, Germany). (2S)-2-amino-4-chloropent-4-enoic acid 
(4-Cl-allyglycine) was purchased from Enamine, Ltd (Kiev, Ukraine). (2S)-2-amino-4-bromopent-
4-enoic acid (4-Br-allyglycine) and Hygromycin B was purchased from Santa Cruz Biotechnology 
(Santa Cruz, California). 3-Azido-7-hydroxycoumarin was purchased from AK Scientific, Inc 
(Union City, CA). Formaldehyde (16% (w/v), methanol-free) and PageRuler Plus Prestained 
Protein Ladder was purchased from ThermoFisherScientific (Waltham, MA). Succinyl-CoA 
synthetase was purchased from Megazyme International (Bray, Ireland). Tamra-azide, 5-isomer 
was purchased from Lumiprobe (Hunt Valley, Maryland). BactoTM Agar was purchased from BD 
(Sparks, Maryland) Soy flour was purchased from Berkeley Bowl (Berkeley, CA). Deuterium 
oxide, L-lysine × 2HCl (13C6, 99%; 15N2, 99%), L-lysine ×2HCl (4,4,5,5-D4, 96-98%), D-dextrose 
(1-13C 98%), and L-glutamate (15N, 99%) were purchased from Cambridge Isotope Laboratories 
(Andover, MA). SuperCos 1 Cosmid Vector Kit was purchased from Agilent (Santa Clara, CA). 
Formic acid was purchased from Acros Organics (Morris Plains, NJ). Restriction enzymes, T4 
DNA ligase, Antarctic phosphatase, Phusion DNA polymerase, T5 exonuclease, and Taq DNA 
ligase were purchased from New England Biolabs (Ipswich, MA). Deoxynucleotides (dNTPs), 
were purchased from Invitrogen (Carlsbad, CA). Oligonucleotides were purchased from Integrated 
DNA Technologies (Coralville, IA), resuspended at a stock concentration of 100 µM in 10 mM 
Tris-HCl, pH 8.5, and stored at either 4 °C for immediate usage or -20 °C for longer term usage. 
DNA purification kits and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). 
SoluLyse reagent was purchased from Genlantis (San Diego, CA). Complete EDTA-free protease 
inhibitor was purchased from Roche Applied Science (Penzberg, Germany). Strep-Tactin 
Superflow resin was purchased from IBA GmbH (Göttingen, Germany). PD-10 desalting columns 
were purchased from GE Healthcare Life, (Pittsburg, PA).  Amicon Ultra 3,000 MWCO and 
30,000 MWCO centrifugal concentrators and 5,000 MWCO regenerated cellulose ultrafiltration 
membranes were purchased from Millipore (Billerica, MA). Acrylamide/bis-acrylamide (30%, 
37.5:1), electrophoresis grade sodium dodecyl sulfate (SDS), and ammonium persulfate were 
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purchased from Bio-Rad Laboratories (Hercules, CA). TEV protease was purchased from the 
University of California, Berkeley Macro Lab (Berkeley, CA).  

Bacterial strains. Streptomyces cattleya NRRL 8057 (ATCC 35852) was purchased from the 
American Tissue Type Collection (Manassas, VA). Streptomyces lavenduligriseus (NRRL B 
3173), Streptomyces catenulae (NRRL B2342), Streptomyces achromogenes (NRRL B-2120),  
Streptomyces sp. (NRRL S-1448), and Streptomyces sp. (NRRL S-31) were provided by 
Agricultural Research Service Culture Collection: Bacterial Foodborne Pathogens and Mycology 
Research Unit (National Center for Agricultural Utilization Research, Peoria, IL). E. coli DH10B-
T1R was used for plasmid construction. E. coli BL21 Star (DE3) was used for heterologous protein 
production of BesA, BesB, BesC, BesD, BesE. E. coli GM272 harboring the non-transmissible, 
oriT-mobilizing plasmid pUZ8002 was used for conjugative plasmid transfer into S. cattleya. 

Comparative genomics and clustering analysis. Protein genome sequences and associated 
protein lists for 27 Streptomyces spp. were downloaded from NCBI database (NIH). Three species 
of Streptomycetes have been reported to produce terminal-alkyne amino acids, S. cattleya, S. 
catenulae, and Streptomyces sp. HLR-599A. However, S. sp. HLR-599A is held in a private 
collection and its genome has not been sequenced; therefore it was not included in this study. An 
all-by-all protein BLAST was performed between S. cattleya (chromosome: NC_015876, plasmid: 
NC_015875) and S. catenulae (NZ_JODY00000000) as the in-group and S. cattleya + S. 
hygroscopicus, S. rimosus, S. griseus, S. albulus, S. filamentosus, S. viridochromogenes, S. 
lavendulae, S. chartreusis, S. ipomoneae, S. sviceus, S. pristinaespiralis, S. bingchenggensis, S. 
ghanaensis, S. coelicolor, S. clavuligerus, S. ambofaciens, S. grieseoplanus, S. scabiei, S 
avermenitilis, S. canus, S. antibioticus, S. roseochromogenus, S. cyaneogriseus, S. prunicolor, S. 
lydicus as the out-group. Strict adjacency criteria, within 2 CDSs of best homologue, was used to 
determine if proteins were clustered in both organisms. Proteins were clustered and visualized 
using Cytoscape. Proteins that had a lower E-value in the In-group were marked ‘unique’, while 
proteins with lower E-value in the Out-group were marked ‘common’. Of the initial ~650 clusters 
of proteins, greater than 3 proteins in size, only 4 were unique between S. cattleya and S. catenulae. 
Pipeline and tutorial for comparative clustering analysis is available online as a php script on 
Github (https://github.com/jamarchand/io). 

Cell culture of Streptomyces spp. for metabolite analysis. Single colonies of S. catenulae, 
S. sp. NRRL-1448, S. sp. NRRL-S31, S. achromogenes, S. lavendulaegriseus, S. cattleya, S. 
cattleya ΔSCAT_0184::AmR, S. cattleya ΔSCAT_4823::AmR, S. cattleya ΔSCAT_p1525::AmR, S. 
cattleya ΔbesA::AmR, S. cattleya ΔbesB::AmR, S. cattleya ΔbesC::AmR, S. cattleya ΔbesD::AmR, 
S. cattleya ΔbesE::AmR, S. cattleya ΔbesB::AmR attBΦC31::ermEp*-besB, S. cattleya ΔbesC::AmR 
attBΦC31::ermEp*-besC, and S. cattleya ΔbesD::AmR attBΦC31::ermEp* besD were picked from soy-
mannitol plates and inoculated into GYM pH 7 (25 mL). After 3 d of growth, cultures were sub-
cultured into GYM pH 7 (25 mL), and grown for 7-14 d. 

Derivatization and characterization of β-ethynylserine and propargylglycine production 
in cell culture. Culture supernatants were sampled by removing 1 mL of culture broth and 20 
centrifuging at 9,800 Å~ g for 10 min at room temperature. 100 μL of supernatant was added to a 
solution containing 3-azido-7-hydroxy-coumarin (20 μM), THPTA (100 μM), and sodium 
ascorbate (10 mM) with and without CuSO4 (50 μM) in 400 μL of PBS (pH 7). After incubating 
for 10 min, aliquots were analyzed using an Agilent 1290 UPLC on a Poroshell 120 SB-Aq column 
(2.7 μm, 2.1 Å~ 50 mm; Agilent) using a linear gradient from 5% to 95% acetonitrile over 5 min 
at a flow rate of 0.6 mL/min with 0.1% (v/v) formic acid, pH 3.5 as the mobile phase. Mass spectra 
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were acquired using an Agilent 6530 QTOF with the following source and acquisition parameters: 
Gas temperature = 325 ºC; drying gas = 10 l/min; nebulizer = 45 psig; capillary voltage = 3500 V; 
fragmentor 150 V; skimmer 65 V; oct 1 RF vpp = 750 V; acquisition rate = 3 spectra/s; acquisition 
time = 333.3 ms/spectrum. 

Construction of cosmids for fatty acid desaturase gene disruption in S. cattleya. S. 
cattleya NRRL 8057 cosmid library was constructed using the SuperCos 1 Cosmid Vector Kit 
(Stratagene). Genes SCAT_p1525, SCAT_0184, SCAT_2136, and SCAT_4823 on cosmids were 
disrupted by lambda-red mediated recombination with an AmR/OriT cassette. The AmR/OriT 
cassette was amplified from pIJ773 using primers sets LR-SCAT_0184-F/R, LR-SCAT_2136-
F/R, LR-SCAT_4823-F/R, and LR-SCAT_p1525-F/R (Appendix A1.1). These cassettes were used 
to disrupt the fatty acid desaturases in their respective cosmids using the REDIRECT method [22]. 
Apramycin resistant colonies were picked and disruption of SCAT_0184, SCAT_2136, 
SCAT_4823, SCAT_p1525 on each cosmid was confirmed by sequencing. 

Construction of plasmids for bes cluster gene disruption and complementation in S. 
cattleya. Primers for amplifying homology arms for gene disruption were designed to produce 
amplicons of either 2 kB or 4 kB of homology upstream of start codon and downstream of stop 
codon for gene of interest. For gene complementation, primers were designed to clone native S. 
cattleya besB, besC, or besD genes into pSET152 (HygR) under an ermEp* promoter. Standard 
molecular biology techniques were used to carry out plasmid construction using E. coli DH10B-
T1R as the cloning host. All PCR amplifications were carried out with Phusion polymerase using 
the oligonucleotides listed in Appendix A1.1. For gene disruption, pIJ773-BesA, pIJ773-BesB, 
pIJ773-BesC, pIJ773-BesD, and pIJ773-BesE were constructed by amplification of 2 kb regions 
from S. cattleya genomic DNA using the respective primers in the K773 primer set where K773-
BesX-UP-F/R corresponds to the primers used to generate upstream fragment of gene besX, while 
K773-BesX-DOWN-F/R corresponds to the downstream fragment (Appendix A1.1). For gene 
complementation, pSET152-BesB, pSET152-BesC, and pSET152-BesD were constructed using 
primer sets pSET152-BesX-F/R. Following plasmid construction, all cloned inserts were 
sequenced at Quintara Biosciences (Berkeley, CA). 

Conjugative transfer of plasmids and cosmids from E. coli to S. cattleya. Plasmids and 
cosmids for gene disruption or complementation were transferred into S. cattleya by conjugation 
with E. coli GM272 harboring the oriT-mobilizing plasmid pUZ8002 using the literature 
protocol34. Gene disruption was verified by PCR amplification of the target locus and neighboring 
loci using primer set ‘dck’, followed by sequencing to validate correct disruption, generating S. 
cattleya DSCAT_0184::AmR, S. cattleya DSCAT_4823::AmR, S. cattleya SCAT_p1525::AmR, S. 
cattleya DbesA::AmR, S. cattleya DbesB::AmR, S. cattleya DbesC::AmR, S. cattleya DbesD::AmR, 
and S. cattleya DbesE::AmR (Appendix A1.1). Complementation of S. cattleya knockout strains 
was carried out by introducing an expression cassette for the appropriate bes gene driven by the 
ermEp* promoter into the phage attachment site. S. cattleya DbesB::AmR, S. cattleya DbesC::AmR, 
and S. cattleya DbesD::AmR were transformed respectively with pSET152-BesB, pSET152-BesC, 
pSET152-BesD to generate S. cattleya DbesB::AmR attBΦC31::ermEp*-besB, S. cattleya 
DbesC::AmR attBΦC31::ermEp*-besC, and S. cattleya DbesD::AmR attBΦC31::ermEp*-besD. 
Complementation was verified by PCR using primers designated to amplify the wild-type gene 
(Appendix A1.1).  
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Extraction of polar metabolites from lysates and supernatants of Streptomyces spp. 
cultures. An aliquot of culture broth (1 mL) was removed and centrifuged at 9,800 Å~ g for 10 
min at room temperature to pellet cells. The supernatant was then diluted 1:1 in methanol with 1% 
(v/v) formic acid, centrifuged at 9,800 Å~ g for 10 min to remove precipitate for LC/ MS analysis. 
Culture pellets were then collected after removal of the supernatant and resuspended by vigorous 
vortexing in a 50% (v/v) solution of methanol (100 μL of methanol/100 mg of wet cell pellet). 
These solutions were subjected to five freeze-thaw cycles from -80°C (30 min) to -20°C (30 min) 
with vortexing in between. Solutions were then centrifuged at 9,800 Å~ g for 10 min to remove 
remaining cell debris before LC/MS analysis. Comparative metabolic experiments of S. cattleya 
wildtype, ΔbesA, ΔbesB, ΔbesC, ΔbesD, and ΔbesE strains were carried out on cell pellet extracts. 

General procedure for high resolution HPLC/MS analysis of polar metabolites. Samples 
containing polar metabolites were analyzed using an Agilent 1290 UPLC on a SeQuant 
ZICpHILIC (5 μm, 2.1 Å~ 100 mm; EMD-Millipore) using the following buffers: Buffer A (90% 
acetonitrile, 10% water, 10 mM ammonium formate) and Buffer B (90% water, 10% acetonitrile, 
10 mM ammonium formate). A linear gradient from 95% to 60% Buffer A over 17 min followed 
by a linear gradient from 60% to 33% Buffer A over 8 min was then applied at a flow rate of 0.2 
mL/min. Mass spectra were acquired on either positive or negative ionization modes using an 
Agilent 6530 QTOF (Agilent) with the following source and acquisition parameters: Gas 
temperature = 325 ºC; drying gas = 10 l/min; nebulizer = 45 psig; capillary voltage = 3500 V; 
fragmentor 150 V; skimmer 65 V; oct 1 RF vpp = 750 V; acquisition rate = 3 spectra/s; acquisition 
time = 333.3 ms/spectrum. 

Comparative metabolite profiling of S. cattleya wildtype, ΔbesA, ΔbesB, ΔbesC, ΔbesD, 
and ΔbesE strains. Raw mass spectra data was converted to mzXML format using MZconvert. 
Peak detection was processed on XCMS platform [23] from the Nomura Lab. Data-collection 
parameters were set to default HPLC Orbitrap values (centwave feature detection, 0.5 minimum 
fraction of samples in one group to be a valid group, P-value thresholds for significant feature = 
0.05, isotopic ppm error = 5, m/z absolute error = 0.015) except the following: ppm = 20, 
signal/noise threshold = 2, mzwid = 0.025, and with loess non-linear retention time alignment 
(default settings). List of m/z values, retention times, peak intensities, and peak areas were exported 
to Excel for processing. 

Construction of plasmids for protein expression. Standard molecular biology techniques 
were used to carry out plasmid construction using E. coli DH10B-T1R as the cloning host. All PCR 
amplifications were carried out with Phusion polymerase using the oligonucleotides listed in 
Appendix A1.1. Following plasmid construction, all cloned inserts were sequenced at Quintara 
Biosciences (Berkeley, CA) or the Barker Hall Sequencing Facility at UC Berkeley (Berkeley, 
CA). 

Expression of His6MBP-, His10-, and Strep-tagged proteins. E. coli BL21 Star (DE3) was 
transformed with appropriate protein expression plasmid. An overnight TB culture of the freshly 
transformed cells was used to inoculate TB (1 L) containing the appropriate antibiotics (50 μg/mL 
kanamycin) in a 2.8 L-baffled shake flask to OD600 = 0.05. The cultures were grown at 37°C at 
200 rpm to OD600 = 0.6 to 0.8 at which point cultures were cooled on ice for 20 min, followed by 
induction of protein expression with IPTG (0.2 mM) and overnight growth at 16°C. For His10-
BesE, His6MBP-BesC, His10-BesD, Strep-BesD, Strep-BesD G139D the medium was 
supplemented with Fe(SO4) × 7H2O (420 µM) at the time of induction. Cell pellets were harvested 
by centrifugation at 9,800 × g for 7 min at 4ºC and stored at -80ºC.  
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Expression testing of His6MBP-tagged BesB variants for solubility. Expression testing of 
His6MBP-BesB was performed by the University of California, Berkeley Macro Lab (Berkeley, 
CA). Vector pSV272.1-BesB was transformed into E. coli Rosetta2(DE3) pLysS, E. coli 
BL21(DE3) CodonPlus RIL, E. coli BL21 Star (DE3), E. coli SoluBL21, and E. coli Shuffle T7 
Express. Transformants were grown overnight in autoinducing Magic Media (Invitrogen), in a 96-
well block at 37°C at 200 rpm. Cultures were them moved to 16°C and allowed to continue 
growing for an additional 40 h. Cells were lysed using BugBuster (EMD Millipore) and proteins 
purified using Ni-NTA resin (Qiagen). BL21 Star (DE3) was selected as the production host from 
these studies based on yield of soluble protein and the lack of need for a secondary antibiotic. 

Purification of His6MBP-BesB. Frozen cell pellets were thawed and resuspended at 5 mL/g 
of cell paste in lysis buffer (50 mM HEPES, 300 mM NaCl, 20 mM bME, 10% (v/v) glycerol, pH 
7.5) supplemented with phenylmethane sulfonyl fluoride (PMSF, 0.5 mM). The cell paste was 
homogenized then lysed by passage through a French Pressure cell (Thermo Scientific; Waltham, 
MA) at 14,000 psi. The lysate was then centrifuged at 13,500 × g for 20 min at 4°C to separate the 
soluble and insoluble fractions. DNA was precipitated in the soluble fraction with 0.15% (w/v) 
polyethyleneimine and stirring at 4°C for 30 min. The precipitated DNA was then removed by 
centrifugation at 13,500 × g for 20 min at 4°C. The remaining soluble lysate was diluted three-fold 
then passed over amylose column (1 mL resin / 20 g of cell paste) for isolation by gravity flow. 
Column was washed with wash buffer (50 mM HEPES, 300 mM NaCl, 20 mM bME, 10% (v/v) 
glycerol, pH 7.5) for 20 column volumes and eluted with elution buffer (50 mM HEPES, 300 mM 
NaCl, 20 mM bME, 10% (v/v) glycerol, 10 mM maltose, pH 7.5). Fractions containing the target 
protein were pooled by A280 nm and concentrated using an Amicon Ultra spin concentrator (100 
kDa MWCO, Millipore). Protein was then exchanged into storage buffer (50 mM HEPES, 100 
mM NaCl, 20 µM PLP, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) using a PD-10 desalting column. 
Based on concerns over solubility, His6MBP-BesB was used directly for in vitro assays. Final 
protein concentration before storage (1.2 mg/mL) was estimated using the ε280 nm calculated by 
ExPASY ProtParam for His6MBP-BesB and measured by nanodrop (ε280 nm = 112,440 M-1 cm-1). 
Protein was aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C.  

Purification of His10-BesA, His10-BesD, His10-BesE, and His6MBP-BesC. Frozen cell 
pellets were thawed and resuspended at 5 mL/g of cell paste in lysis buffer (50 mM sodium 
phosphate, 300 mM NaCl, 10 mM imidazole, 20 mM bME, 10% (v/v) glycerol, pH 7.5) 
supplemented with PMSF (0.5 mM). The cell paste was homogenized then lysed by passage 
through a French Pressure cell (Thermo Scientific; Waltham, MA) at 9,000 psi. The lysate was 
then centrifuged at 13,500 × g for 20 min at 4°C to separate the soluble and insoluble fractions. 
DNA was precipitated in the soluble fraction with 0.15% (w/v) polyethyleneimine and stirring at 
4°C for 30 min. The precipitated DNA was then removed by centrifugation at 13,500 × g for 20 
min at 4°C. The soluble lysate was incubated with Ni-NTA (0.5 mL resin/g of cell paste) for 45 
min at 4°C, then resuspended and loaded onto a column by gravity flow. The column was washed 
with wash buffer (50 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, 20 mM bME, 10% 
(v/v) glycerol, pH 7.5) for 15-20 column volumes. The column was then eluted with elution buffer 
(50 mM sodium phosphate, 300 mM NaCl, 300 mM imidazole, 20 mM bME, 10% (v/v) glycerol, 
pH 7.5).  

For His6MBP-BesC and His10-BesD, the protein was dialyzed three times following elution 
from Ni-NTA column for 1.5 h against dialysis buffer (50 mM HEPES, 100 mM NaCl, 1 mM 
DTT, pH 7.5) to remove imidazole. After the third round of dialysis, protein was incubated with 



23 

TEV protease (1 mg protease/25mg protein) and dialyzed overnight into dialysis buffer. Cleaved 
and dialyzed protein was passed through a Ni-NTA column (2 mL) to remove TEV and His6MBP. 
The eluent was then diluted to a final salt concentration of 20 mM NaCl using buffer A (50 mM 
HEPES, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) and loaded onto a 5 mL HiTrap-Q column for 
ion exchange. The protein was eluted using a gradient from 0-100% buffer A to buffer B (50 mM 
HEPES, 1 M NaCl, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) over 40 min. Fractions containing the 
target protein were pooled by A280 nm and concentrated using an Amicon Ultra spin concentrator 
(10 kDa MWCO, Millipore). Protein was then exchanged into storage buffer (50 mM HEPES, 100 
mM sodium chloride, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) using PD-10 desalting columns. 
Final protein concentrations before storage were estimated using the ε280 nm calculated by ExPASY 
ProtParam and measured by nanodrop, and are as follows: His10-BesA: 5.6 mg/mL (ε280 nm = 
40,255 M-1 cm-1), His10-BesE: 2.9 mg/mL (ε280 nm = 48,930 M-1 cm-1), BesC: 4.8 mg/mL (ε280 nm = 
34,380M-1 cm-1), BesD: 1.6 mg/mL (ε280 nm = 47,565 M-1 cm-1). All proteins were aliquoted, flash-
frozen in liquid nitrogen, and stored at -80°C. 

Purification of Strep-BesD and Strep-BesD G139D. Frozen cell pellets were thawed and 
resuspended at 5 mL/g of cell paste in lysis buffer (100 mM Tris HCl, 150 mM NaCl, 1 mM 
EDTA, 20% (v/v) glycerol, 2.5 mM DTT, pH 8.0) supplemented with PMSF (0.5 mM). The cell 
paste was homogenized then lysed by passage through a French Pressure cell (Thermo Scientific; 
Waltham, MA) at 9,000 psi. The lysate was then centrifuged at 13,500 × g for 20 min at 4°C to 
separate the soluble and insoluble fractions. DNA was precipitated in the soluble fraction with 
0.15% (w/v) polyethyleneimine and stirring at 4°C for 30 min. The precipitated DNA was then 
removed by centrifugation at 13,500 × g for 20 min at 4°C. Avidin was then directly added to the 
soluble lysate (20 µg/L E. coli cell culture OD600 = 1). Lysate was then passed over Strep-Tactin 
Superflow resin (0.5 mL resin /g cell pellet) and washed with 10 column volumes of wash buffer 
(100 mM Tris HCl, 150 mM NaCl, 1 mM EDTA, 20% (v/v) glycerol, 2.5 mM DTT, pH 8.0). 
Protein was then eluted with 6 column volumes of elution buffer (100 mM Tris HCl, 150 mM 
NaCl, 1 mM EDTA, 10 mM desthiobiotin, 20% (v/v) glycerol, 2.5 mM DTT, pH 8.0). Fractions 
containing the target protein were pooled by A280 nm and concentrated using an Amicon Ultra spin 
concentrator (10 kDa MWCO, Millipore). Protein was then exchanged into storage buffer (50 mM 
HEPES, 100 mM sodium chloride, 20% (v/v) glycerol, 2.5 mM DTT, pH 7.5) using PD-10 
desalting columns. Final protein concentrations before storage were estimated using the ε280 nm 
calculated by ExPASY ProtParam and measured by nanodrop and are as follows: Strep-BesD: 8.9 
mg/mL (ε280 nm = 47,565 M-1 cm-1), Strep-BesD G139D: 7.3 mg/mL (ε280 nm = 47,565 M-1 cm-1). 
All proteins were aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C. 

Preparation and purification of 4-Cl-lysine. 4-Cl-lysine was prepared in a 200 µL reaction 
containing BesD (70 µM), L-lysine × HCl (0.35 mM), aKG (5 mM), (NH4)2Fe(SO4)2×6H2O (1 
mM), and sodium ascorbate (2.5 mM) in 50 mM HEPES (pH 7.5). Chloride is provided by the 
enzyme storage buffer (NaCl) and the lysine hydrochloride substrate. Samples were allowed to 
react for 1 h before quenching in 1.5 volumes of methanol with 1% (v/v) formic acid. 4-Cl-lysine 
was purified using an Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column (5 
µm, 200 Å, 150 × 21.1 mm, EMD Millipore) using the following buffers: Buffer A (90% 
acetonitrile, 10% water, 10 mM ammonium formate) and Buffer B (90% water, 10% acetonitrile, 
10 mM ammonium formate). A gradient was applied as follows: linear gradient from 100% to 40% 
Buffer A over 1 h, followed by a hold of 40% Buffer A for 18 min, then to 30% Buffer A over 5 
min, followed by a linear gradient to 75% A over 4 min at a flow rate of 5 ml/min. The fractions 
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containing the 4-Cl-lysine were determined by LC-QTOF MS screening, pooled, and dried by 
rotary evaporation followed by Speed-vac when the volume reached <1.5 mL.  

Preparation and purification of [13C6,15N2]-4-Cl-lysine methyl ester. [13C6,15N2]-4-Cl-
lysine methyl ester was prepared in a 200 µL reaction containing BesD (70 µM), [13C6,15N2]- L-
lysine × 2HCl (0.35 mM), aKG (5 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), sodium ascorbate (2.5 
mM) in 50 mM HEPES (pH 7.5). Chloride is provided by the enzyme storage buffer (NaCl) and 
the lysine hydrochloride substrate. The reaction was quenched after 20 min by transferring into 3 
mL of 3 M HCl in methanol followed by a 10 min incubation at 50°C. Samples were then cooled 
at room temperature for 3 h before neutralizing by dropwise addition of 10 M NaOH. Precipitate 
was removed by centrifugation at 10,000 × g for 10 min. The [13C6,15N2]- 4-Cl-lysine methyl ester 
was purified using an Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column (5 
µm, 200 Å, 150 × 21.1 mm, EMD Millipore) using the following buffers: Buffer A (90% 
acetonitrile, 10% water, 10 mM ammonium formate) and Buffer B (90% water, 10% acetonitrile, 
10 mM ammonium formate). A gradient was applied as follows: linear gradient from 100% to 40% 
Buffer A over 1 h, followed by a hold of 40% Buffer A for 18 min, then to 30% Buffer A over 5 
min, followed by a linear gradient to 75% A over 4 min at a flow rate of 5 ml/min. The fractions 
containing the 4-Cl-lysine methyl ester were determined by LC-QTOF MS screening, pooled, and 
dried by rotary evaporation followed by Speed-Vac when the volume reached <1.5 mL. Samples 
were resuspended in a mixture of 60% D3-acetonitrile:40% D2O (v/v) or D2O for LC/QTOF-MS 
and NMR analysis, respectively. ESI-MS [M+H]+: calculated for C13C6H1635Cl15N2O m/z, 
203.1037, found m/z 203.1037. C13C6H1637Cl15N2O m/z, 205.1007, found m/z 205.1008.  

NMR characterization of [13C6,15N2]-4-Cl-lysine methyl ester. All experiments were 
recorded on a Bruker Avance II spectrometer operating at 900 MHz and at 298 K. The instrument 
was equipped with a CP TXI cryoprobe. A constant-time 1H-13C HSQC experiment (Bruker pulse 
sequence hsqcctetgpsi) was recorded with carrier frequencies set to 5.48 ppm (1H) and 40 ppm 
(13C)) and the spectral widths were set to 16 ppm (1H) and 80 ppm (13C).  The recycle delay was 
set to 1.5 s.  A 2D 1H-13C version of the HCCH-COSY experiment (Bruker pulse sequence 
hcchcogp3d2) was recorded with carrier frequencies of 5.48 ppm (1H) and 39 ppm (13C) with 
spectral widths of 14 ppm (1H) and 75 ppm (13C).  The recycle delay was set to 1.8 s. To filter out 
buffer signals, the 1D 1H spectrum was obtained from the first block of a 2D 1H-13C HSQC 
experiment (pulse sequence hsqcetgpsisp2.2) with adiabatic decoupling, using 16 K complex 
points in the direct dimension and only one point in the indirect 13C dimension.  The carrier 
frequencies were set to 4.7 ppm (1H) and 40 ppm (13C) and the 1H spectral width was set to 16 
ppm.  The FID was recorded for 1.13 sec for each of 128 scans.  After zero filling, the final 
resolution was 0.22 Hz/pt. A 1D 13C spectrum was obtained by direct 13C detection (pulse sequence 
zgpg30) using Waltz16 decouplng of protons.  A total of 32 K complex points were recorded with 
the carrier set to 102 ppm (13C) and 5 ppm (1H) and with a 13C spectral width of 200 ppm.  The 
FID was recorded for 0.72 sec for each of 1509 scans.  After zero filling, the final resolution was 
0.34 Hz/pt. Chemical shifts (ppm) were obtained from 1D-NMR spectra. Please note that the 
methyl ester is formed by quenching with unlabeled methanol and does not appear using these data 
collection parameters.1H NMR (900 MHz, 100% D2O): δ 4.25 (Hγ, t, J = 11.5 Hz), 4.16 (Hα, m), 
3.31 (Hε2, m), 3.28 (Hε1, m), 2.39 (Hβ1, m), 2.23 (Hδ1, m), 2.18 (Hβ2, m), 2.13 (Hδ2, m). 13C NMR 
(900 MHz,100% D2O): δ 58.4 (Cγ, t, J = 37 Hz), 53.5 (Cα, dd, J Cα Cβ = 35 Hz, J Cα CO = 57 Hz ), 
39.5 (Cε, t, J = 4.5 Hz), 42.2 (Cβ, m ), 37.7 (Cδ, d, J = 2 Hz). 
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Preparation and purification of ε-lactam cyclization product of 4-chlorolysine (2b). An 
enzymatic reaction (250 µL) containing BesD (18 µM), [13C6,15N2]- L-lysine × 2HCl (5 mM), aKG 
(10 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), and sodium ascorbate (2.5 mM) in 50 mM HEPES (pH 
7.5) was run for 16 h at room temperature. Chloride is provided by the enzyme storage buffer 
(NaCl) and the lysine hydrochloride substrate. The reaction was then quenched by transfer into 
750 µL of methanol with 1% (v/v) formic acid. The precipitate was removed by centrifugation at 
10,000 × g for 10 min. [13C6,15N2]-4-hydroxy-2-amino-ε-lactam was purified using an Agilent 
1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column (5 µm, 200 Å, 150 × 21.1 mm, 
EMD Millipore) using the following buffers: Buffer A (90 % acetonitrile, 10% water, 10 mM 
ammonium formate) and Buffer B (90% water, 10% acetonitrile, 10 mM ammonium formate). A 
linear gradient from 90% to 10% Buffer A was applied over 1.5 h at a flow rate of 5 mL/min. The 
peak determined to be the ε-lactam by LC/MS was collected manually, lyophilized, and 
resuspended in 90% d6-DMSO:10% D2O (v/v) for NMR analysis on a Bruker 900 MHz instrument.  

NMR characterization of ε-lactam cyclization product of 4-chlorolysine (2b). All 
experiments were recorded on a Bruker Avance II spectrometer operating at 900 MHz and at 298 
K. The instrument was equipped with a CP TXI cryoprobe.  A constant-time 1H-13C HSQC 
spectrum (Bruker pulse sequence hsqcctetgpsp) was recorded with a 13C evolution period of 13.6 
ms, so that signals from 13C attached to two 13C neighbors appeared opposite in phase to those 
with one 13C neighbor.  The carrier frequencies were set to 4.7 ppm (1H) and 40 ppm (13C) and the 
spectral widths were set to 16 ppm (1H) and 80 ppm (13C).  The recycle delay was set to 1.5 s.  A 
2D 1H-13C version of the HCCH-COSY experiment (Bruker pulse sequence hcchcogp3d2) was 
recorded with carrier frequencies of 5.5 ppm (1H) and 39 ppm (13C) and the spectral widths were 
set to 14 ppm (1H) and 75 ppm (13C).  The recycle delay was set to 1.8 s.  A 2D 1H-15N HSQC 
experiment (Bruker pulse sequence hsqcetf3gpsi) was recorded with carrier frequencies of 4.65 
ppm (1H) and 70 ppm (15N) with spectral widths of 16 ppm (1H) and 140 ppm (15N).  The recycle 
delay was set to 1.0 s.  A 2D 1H-13C version of the HNCO experiment (Bruker pulse sequence 
hncogp3d) was recorded with carrier frequencies of 4.65 ppm (1H), 119.5 ppm (15N) and 176 ppm 
(13C) and the spectral widths were set to 16 ppm (1H) and 22 ppm (13CO).  The recycle delay was 
1.0 s.  Finally, a 2D 1H-13C version of the HNCA experiment (pulse sequence hncacbgp3d with 
13C-13C evolution delay set to 20 μs, effectively making it an HNCA experiment) was recorded 
with carrier frequencies of 4.65 ppm (1H), 119.5 ppm (15N), and 40 ppm (13C) and spectral widths 
were set to 14 ppm (1H) and 75 ppm (13C).  The recycle delay was set to 1.0 s. Chemical shifts 
(ppm) were obtained from 2D-NMR spectra at a resolution too low to observe coupling constants. 
1H NMR (900 MHz, 90% d6-DMSO:10% D2O): δ 4.11 (Hα), 8.1 (CONH), 3.90 (Hγ), 3.20 (Hε1), 
3.10 (Hε2), 2.13 (Hβ1), 2.04 (Hδ1), 1.69 (Hβ2), 1.35 (Hδ2). 13C NMR (900 MHz, 90% d6-DMSO:10% 
D2O): δ 172.0 (C=O), 69.4 (Cγ), 48.2 (Cα), 36.6 (Cε), 36.2 (Cβ), 35.9 (Cδ). 15N NMR (900 MHz, 
90% d6-DMSO:10% D2O): δ 116.3 (CONH). 

Detection of ammonia as a coproduct of BesC catalysis. Ammonia was detected using a 
glutamate dehydrogenase-coupled assay [24]. Reactions (100 µL) contained BesD (10 µM ), L-
lysine × HCl or 13C6,15N2- L-lysine × 2HCl (10 mM), sodium aKG (5 mM), sodium ascorbate (1 
mM), Fe(II)SO4 × 7H2O (0.5 mM), glutamate dehydrogenase (3 U/mL), and NADPH (0.3 mM) in 
100 mM HEPES (pH 7.5 Chloride is provided by the enzyme storage buffer (NaCl) and the lysine 
hydrochloride substrate. Standard curves of 4-Cl-allylglycine, allylglycine, and 15N-glutamate 
were prepared in the reaction buffer lacking BesD and BesC. Reactions were initiated by addition 
of BesC (10 µM) and incubated at room temperature for 2 h before quenching in 1.5 volumes of 
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methanol with 1% (v/v) formic acid containing 5 µM Phe as an internal standard before 
centrifuging at 9,800 × g for 10 min. Samples were then analyzed by LC/MS on an Agilent 1290 
UPLC-6530 QTOF using the protocol for polar metabolite analysis above. For spectrophotometric 
analysis of NADH consumption, reactions were prepared as described above except that glutamate 
dehydrogenase and NADPH were omitted. After 1 h incubation at room temperature, glutamate 
dehydrogenase and NADPH were added to 3 U/mL and 0.3 mM, respectively, and the A340 was 
monitored on a SpectraMax M2 Microplate Reader (Molecular Devices).  

Detection of formaldehyde as a coproduct of BesC catalysis. Formaldehyde was detected 
using the Fluoral-P reagent [25]. Reactions (100 µL) contained BesD (5 µM ), L-lysine × HCl or 
13C6,15N2- L-lysine × 2HCl (5 mM), sodium aKG (5 mM), sodium ascorbate (1 mM), Fe(II)SO4 × 
7H2O (0.5 mM), and 4-amino-3-penten-2-one (Fluoral-P) (20 mM) in 100 mM HEPES (pH 7.5). 
Reactions were initiated by addition of BesC (15 µM). Chloride is provided by the enzyme storage 
buffer (NaCl) and the lysine hydrochloride substrate. Standard curves of 4-Cl-allylglycine, 
allylglycine, and formaldehyde were prepared in a reaction mixture omitting BesD and BesC. After 
incubating for 16 h at room temperature, the reaction product of formaldehyde and Fluoral-P (3,5-
diacetyl-1,4-dihydro-2,6-lutidine) was quantified by fluorescence using a BioTek SynergyMx 
plate reader (λex = 410 nm, λem = 500 nm) by comparison to a formaldehyde standard curve (0 - 
200 µM) . Samples were then quenched in 1.5 volumes of methanol with 1% (v/v) formic acid 
containing 5 µM Phe as an internal standard and analyzed by LC/MS on an Agilent 1290 UPLC-
6530 QTOF using the protocol for polar metabolite analysis above to quantify the total alkene 
product formed.  

Steady-state kinetic characterization of BesA. Reactions (100 μL) contained varying 
concentrations of L-Pra (0.4-5 mM) or L-cysteine (1.25-20 mM), with L-glutamate (10 mM), ATP 
(2.5 mM), MgCl2 (5 mM), phosphoenol-pyruvate (PEP, 10 mM), NADH (0.3 mM), lactate 
dehydrogenase (LDH, 10 U/mL), and pyruvate kinase (PK, 10 U/mL) in 100 mM HEPES (pH 
7.5). Reactions were initiated by addition of BesA (6.4 μM final concentration). Initial rates were 
measured by monitoring λ340 using a SpectraMax M2 Microplate Reader (Molecular Devices) at 
room temperature. Kinetic parameters (kcat, KM) were determined by fitting the data using Microcal 
Origin to the equation: vo = vmax [S] / (KM + [S]), where v is the initial rate and [S] is the substrate 
concentration. Error bars on graphs represent mean ± s.d. (n = 3). Error in kcat/KM is calculated by 
propagation of error from the individual kinetic parameters. 

In vitro assay for BesA. Reactions (50 μL) contained L-Pra (2 mM), L-glutamate (5 mM), 
ATP (2.5 mM), MgCl2 (5 mM) in 100 mM MOPS buffer (pH 7). Reactions were initiated by 
addition of BesA (6.4 μM) and incubated at room temperature for 1 h before quenching in 1.5 
volumes of methanol with 1% (v/v) formic acid. Reactions with BesA were compared with the 
production of γ-Glu-Pra from commercial γ-glutamyl-transpeptidase (Ggt). Ggt reactions (50 μL) 
contained L-Pra (2 mM), γ-glutamyl-p-nitroaniline (5 mM) in 100 mM MOPS buffer (pH 7). 
Reactions were initiated by addition of Ggt (1 U) and allowed to proceed for 1 h before quenching 
in 1.5 volumes of methanol with 1% (v/v) formic acid. Samples were then analyzed by LC/MS on 
an Agilent 1290 UPLC-6530 QTOF using the protocol for polar metabolite analysis above. 

In vitro assay for BesE. BesE was assayed by coupling to either BesA or Ggt in order to 
produce Glu-Pra in situ. With BesA coupling, reactions (50 μL) contained BesA (6.4 μM), L-Pra 
(2 mM), L-glutamate (5 mM), ATP (2.5 mM), MgCl2 (5 mM), sodium αKG (5 mM), 
(NH4)2Fe(SO4)2 ⋅ 6H2O (1 mM), and sodium ascorbate (1 mM) in 100 mM MOPS buffer (pH 7). 
With Ggt coupling, BesA and L-glutamate were replaced with Ggt (1 U) and γ-glutamyl-
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pnitroaniline (5 mM). Reactions were initiated by addition of BesE (4.4 μM) and incubated at 
room temperature for 1 h before quenching in 1.5 volumes of methanol with 1% (v/v) formic acid. 
Samples were then analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol 
for polar metabolite analysis above. 

In vitro reconstitution of Pra biosynthesis from L-lysine with BesB, BesC, BesD. 
Reactions (50 μL) contained BesD (2.9 μM), BesC (15.7 μM), BesB (2.4 μM), sodium αKG (5 
mM), sodium ascorbate (5 mM), and (NH4)2Fe(SO4)2 ⋅ 6H2O (1 mM), and PLP (10 μM) in 100 
mM HEPES (pH 7.5). Chloride is introduced from the enzyme storage buffer (NaCl) and lysine 
hydrochloride substrate. Reactions were initiated by addition of L-lysine ⋅ HCl (4 mM) and 
incubated at room temperature for 1 h before quenching in 1.5 volumes of methanol with 1% (v/v) 
formic acid. Samples were then analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF using 
the protocol for polar metabolite analysis above. 

In vitro reconstitution of Glu-βes biosynthesis with BesA, BesB, BesC, BesD and BesE. 
Reactions (50 μL) contained BesD (2.9 μM), BesC (15.7 μM), BesB (2.4 μM), BesA (6.4 μM), 
BesE (4.4 μM), sodium αKG (5 mM), sodium ascorbate (5 mM), and (NH4)2Fe(SO4)2 ⋅ 6H2O (1 
mM), PLP (10 μM), L-glutamate (5 mM), ATP (2.5 mM), and MgCl2 (5 mM) in 100 mM HEPES 
(pH 7.5). Chloride is introduced from the enzyme storage buffer (NaCl) and lysine hydrochloride 
substrate. Reactions were initiated by addition of L-lysine ⋅ HCl (4 mM) and allowed to proceed 
for 16 h before being quenched in 1.5 volumes of methanol with 1% (v/v) formic acid. Samples 
were then analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol for polar 
metabolite analysis. 

Succinate formation by BesE. Reactions (100 µL) contained ATP (2.5 mM), MgCl2 (5 mM), 
phosphoenol-pyruvate (PEP, 1 mM), NADH (0.3 mM), lactate dehydrogenase (LDH, 10 U/mL), 
pyruvate kinase (PK, 10 U/mL), succinyl CoA synthetase (SCS, 3.2 U/ml), coenzyme A (1 mM), 
sodium aKG (1 mM), (NH4)2Fe(SO4)2 × 6H2O (0.2 mM), and sodium ascorbate (2 mM) in 100 
mM MOPS buffer (pH 7). Reactions were initiated by addition of BesD (2.9 µM) in the presence 
and absence of Pra. Initial rates of NADH consumption were measured by monitoring A340 using 
a SpectraMax M2 Microplate Reader (Molecular Devices) at room temperature. 

Quantification of Fe stoichiometry in BesC. Protein in storage buffer (50 mM HEPES, 100 
mM sodium chloride, 20% (v/v) glycerol, 2.5 mM DTT, pH 7.5) was degassed in a glass vial with 
a rubber septum by sparging with Argon for 15 minutes. After transferring to an anaerobic 
chamber, BesC was incubated with 5 eq. (NH4)2Fe(SO4)2×6H2O for 30 min. Then protein was 
desalted using ZebaSpin desalting columns (7 kD MWCO). Samples were removed from the 
glovebox and diluted with H2O to a volume of 50 μL. Following the addition of 100 μL of 2M 
HCl, samples were incubated at 100°C for 30 min. 200 μL ferrozine (10 mM), 150 μL saturated 
ammonium acetate, and 40 μL sodium ascorbate (14.9 mg/mL) were added to each sample. 
Precipitated protein was removed by centrifugation at 13,000 x g for 10 min, and A562 of the 
supernatants was quantified using a plate reader. In parallel, a ferrozine standard curve was 
generated for Fe (0-180 μM). 

BesC crystallography and structure solution. Apo crystals of BesC from S. cattleya were 
obtained by the hanging drop vapor diffusion method by combining equal volumes of protein 
solution (10 mg/mL BesC in 50 mM HEPES pH 7.5 and 1 mM DTT) and reservoir solution 
(calcium acetate (0.6 mM) and PEG 3350 (25% (v/v))). Small hexagonal plate crystals grew in 1 
day. Crystals were transferred to an Eppendorf tube containing 100 µL of seed buffer (calcium 
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acetate (0.6 mM) and PEG 3350 (25% (v/v))) at 4°C and vortexed for 30 seconds with 10 × 1 mM 
diameter zirconia/silica beads to produce a micro-seed solution. The seed solution was stored at -
80°C for future use. SeMet crystals were prepared by micro-seeding equal volumes of protein 
solution (10 mg/mL BesC in 50 mM HEPES pH 7.5 and 1 mM TCEP) and reservoir solution 
(calcium acetate (0.6 mM) and PEG 3350 (25% (v/v))). Small hexagonal plate crystals grew in 1 
day.  Crystals were flash-frozen in liquid nitrogen and data were collected at Beamline 8.3.1 at the 
Advanced Light Source (Lawrence Berkeley National Laboratory). For phasing purposes, an 
energy scan was performed at the Se edge and then data were collected at the following two 
wavelengths with inverse beam: 0.979620 Å (12656.631 eV, halfway between the peak and the 
inflection point) and 0.953680 Å (13000.613 eV, high energy remote). Data were processed with 
XDS[26] and scaled and merged with Aimless[27] within the CCP4 suite[28]. The structure was 
phased using the experimental phasing module within Phenix. Bucaneer[29] was used to build an 
initial model of the structure, which was refined iteratively in COOT[30] and Phenix[31]. The 
structure was analyzed in Pymol, which was also used to create figures. 
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2.3. Results and discussion 
Discovery of βes biosynthetic gene cluster. The reported terminal-alkyne amino acids that 

have been described are structurally different from products that originate from fatty acids. We 
thus focused on identifying the genes for production of b-ethynylserine (bes) in a genetically 
tractable soil bacterium, S. cattleya. We initially targeted all four fatty acid desaturases found in S. 
cattleya for gene disruption. However, knockout of the three non-essential fatty acid desaturases 
(SCAT_4823, SCAT_p1525 and SCAT_0184) did not disrupt bes production, suggesting that bes 
is not produced by a canonical desaturation (Figure 2.2). We then turned to comparative genomics 
to identify uniquely shared gene clusters among Streptomyces spp. that produce terminal-alkyne 
amino acids. Of the two other known producers, only Streptomyces catenulae had an available 
genome sequence and was therefore validated for terminal alkyne production (Figure 2.3). When 
we cultured S. cattleya, we detected Pra in cell-pellet metabolite extracts and bes in the 
supernatant. Since both S. catenulae and S. cattleya produce Pra, we hypothesized that the genes 
responsible for Pra biosynthesis would be shared between the two organisms. By comparison of 
the two genomes, we were able to reduce the roughly 650 total gene clusters conserved between 
them to just four unique clusters not found in the other 26 control Streptomyces spp. genomes 
(Figure 2.4). Among these four, we focused on one particular cluster that contained gene functions 
predicted to be associated with amino acid metabolism. 

The putative bes biosynthetic cluster features six proteins (Table 2.1). BesA possesses a highly 
conserved ATP-grasp domain and shares homology with carboxylate-amine ligases. BesB is 
homologous to the pyridoxal-5¢-phosphate (PLP)-dependent cystathionine-b-lyase/cystathionine-
g-synthase family. BesC displays homology to enzymes in the HemeO non-haem iron oxidase 
superfamily, and both BesD and BesE are predicted to be non-haem Fe/a-ketoglutarate (aKG)-
dependent oxidases. Finally, BesF is a putative EamA-like transporter, homologues of which have 
been implicated in amino acid efflux.  

 

 

Table 2.1. Genes in βes biosynthetic gene cluster with nearest homologue, percent identity and similarity 
to nearest homologue (%ID/%S), and proposed function. 

Validation of putative βes cluster. By searching the non-redundant protein database for 
additional instances of these genes we identified five additional Streptomyces spp. that had not 
been reported to produce terminal alkyne amino acids yet were also found to possess the besABCD 
genes (Figure 2.5, 2.6, Appendix A1.3). Three of these new strains were found to produce either 
Pra or βes in cell culture (Figure 2.7). Based on these results and the comparison of gene clusters, 
we propose that BesABCD are responsible for Pra biosynthesis and form the core of the cluster, 
while BesE is related to the conversion of Pra to βes by hydroxylation at the β-position. 
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Figure 2.2. (A) A total of four fatty acid desaturases were identified in the genome of S. cattleya and 
targeted for deletion. Percent identity (%ID) and percent similarity (%S) compared to the closest sequenced 
homologue with the host in brackets. The number of amino acids (aa) in the protein is also tabulated. 
SCAT_0184 is adjacent to type I polyketide synthase and may be part of a biosynthetic cluster. 
SCAT_p1525 may also have a metabolic role, although its genomic context is not highly informative. 
SCAT_2136 and SCAT_4823 are clustered with proteins thought to be involved in primary metabolism and 
rRNA transcription. We were unable to identify any deletion strains of SCAT_2136 suggesting SCAT_2136 
may be an essential fatty acid desaturase. Knockouts of SCAT_0184, SCAT_4823, and SCAT_p1525 were 
found to still produce βes by CuAAC derivatization with 3-azido-7-hydroxycoumarin followed by LC/QTOF 
monitoring the βes-coumarin CuAAC product (βes-Cou). The reaction where Cu(I) is omitted provides a 
negative control since Cu(I) is required to for the cycloaddition to occur.  
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Figure 2.3. Extracted ion chromatograms of the culture supernatant of S. catenulae with and without 
CuAAC-derivatization monitoring either the Pra-coumarin adduct (Pra-Cou; m/z = 317.0880) or Pra (m/z = 
114.0550) compared to a synthetic Pra standard using LC/QTOF. Chromatograms shown are 
representative of at least 3 experimental replicates. 
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Figure 2.4. We generated a list of approximately 650 gene clusters (> 2 genes) conserved between both 
species. Clusters were generated using Cytoscape [32]. Nodes are individual genes while edges connect 
genes that are within 2 protein coding regions from one another. Gene clusters are comprised of connected 
nodes. Connected grey nodes are gene clusters also found in any the other 26 Streptomyces spp. used in 
the analysis. Connected red nodes are gene clusters found to be unique between S. cattleya and S. 
catenulae. We then curated this list by removing gene clusters that are more closely related between S. 
cattleya and 26 other Streptomyces spp., narrowing down the number of conserved unique clusters to just 
four. One of these unique clusters contains member nodes WP_014151494.1, WP_014151495.1, 
WP_014151496.1, WP_014151497.1, which composes the putative bes cluster (indicated with a red 
arrow). 
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Figure 2.5. Genome clusters and genomic context of βes/Pra biosynthetic clusters (colored) in S. cattleya, 
S. sp. NRRL S-1448, S. alboverticillatus. The βes/Pra core cluster contains besE and besF in addition to 
besABCD, whereas the Pra core cluster contain only besABCD. The S. alboverticillatus besF is predicted 
based on partial sequencing of the gene from the incomplete genome assembly.   
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Figure 2.6. Genome clusters and genomic context of Pra biosynthetic clusters (colored) in S. catenulae, S. 
achromogenes, S. lavenduligriseus, and S. sp. NRRL S-31. 
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Figure 2.7. Characterization of Streptomyces spp. containing the βes/Pra and Pra biosynthetic clusters for 
their ability to produce terminal alkyne amino acids. The presence of βes and Pra was analyzed by 
derivatization with 3-azido-7-OH-coumarin by CuAAC and monitoring either the βes-coumarin adduct (βes-
Cou; m/z = 333.0831) or Pra-coumarin adduct (Pra-Cou; m/z = 317.0880) in the presence and absence of 
Cu(I) using LC/QTOF. The reaction where Cu(I) is omitted provides a negative control since it is required 
for the cycloaddition to occur. Extracted ion chromatograms of S. cattleya and S. sp. NRRL S-1448 
supernatants showing the production of the βes (βes-Cou; m/z = 333.0831) (left). Extracted ion 
chromatograms of S. cattleya, S. achromogenes, S. sp. NRRL S-31, S. sp. NRRL S-1448, and S. 
lavenduligriseus supernatants showing the production of Pra (Pra-Cou; m/z = 317.0880; right). S. 
lavenduligriseus was cultured but not found to produce Pra. Attempts to amplify genes in the bes cluster 
failed, suggesting that this particular strain may have lost the bes genes. Chromatograms shown are 
representative of at least 3 experimental replicates.   
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The biosynthetic genes besA–besE were then targeted for deletion from the genome to generate 
the S. cattleya DbesA, DbesB, DbesC, DbesD, and DbesE knockout strains. Amino acid analysis of 
the supernatant and intracellular metabolites of these knockouts showed that the DbesB, DbesC, 
and DbesD strains no longer produced detectable amounts of Pra or bes (Figure 2.8). 
Complementation studies further support the assignment of terminal-alkyne amino acid production 
to the bes gene cluster (Figure 2.8). In comparison, the DbesA strain showed lowered yields of 
both products, and the DbesE strain still produced Pra but not bes. These results support the 
hypothesis that besB, besC and besD are crucial for formation of Pra, and suggest that BesE is the 
hydroxylase that converts Pra to bes. 

Identification of pathway intermediates through comparative metabolomics. To identify 
pathway intermediates, we performed an untargeted comparative metabolomics experiment on the 
intracellular metabolite extracts of S. cattleya wild-type, DbesA, DbesB, DbesC, DbesD, and DbesE 
strains using high resolution liquid chromatography with mass spectrometry (LC–MS). The 
resulting mass spectra were processed using XCMS [23] for feature detection to generate an initial 
set of about 1,000 lead compounds with high statistical significance (P < 0.05) and high fold 
change (>2) between wild-type and knockout strains. By focusing on the metabolites that 
accounted for the highest degree of variance, we were able to identify a set of putative 
intermediates and precursors for bes biosynthesis (Figure 2.9A). On the basis of these findings, 
we hypothesized that bes biosynthesis is unexpectedly initiated by chlorination of lysine (1) at the 
Cg position by the BesD halogenase (Figure 2.9B, Figure 2.10). The resulting 4-Cl-lysine (2) is 
then subject to an unusual oxidative cleavage by the BesC oxidase to form 4-Cl-allylglycine (3). 
The PLP-dependent enzyme BesB can next catalyse g-elimination of chloride from this 
intermediate followed by isomerization to form the first terminal-alkyne product, Pra (4). We 
propose that Pra is ligated to glutamate by BesA to form a g-glutamyl-dipeptide (5), which serves 
as the substrate for the BesE hydroxylase to produce the corresponding bes dipeptide (6) in the 
last step. As no other conserved gene was found in these clusters, it is possible that a non-pathway-
specific peptidyl-transglutaminase or amide hydrolase is responsible for the release of free Pra and 
bes. 

BesD is a lysine halogenase. The sequence of BesD contains the characteristic HXG motif 
that is required for halide coordination to the active-site iron in the Fe/aKG-dependent halogenase 
family, rather than the HXD/E motif of the related family of hydroxylases (Figure 2.11) [33]. 
Indeed, when lysine was incubated with purified BesD, the major product of the reaction exhibited 
a characteristic Cl isotopic pattern and could be assigned as Cl-lysine (Figure 2.12). To further 
support the assignment of BesD as a halogenase, we mutated G139, from the HXG motif, to 
aspartate. This abolished the formation of Cl-lysine and resulted solely in the formation of 
hydroxylysine (Figure 2.13).  

Although LC/MS enabled the assignment of the product Cl-lysine, the regioselectivity 
remained unknown. We therefore attempted to purify Cl-lysine for characterization by NMR. 
However, this proved challenging due to the inherent instability of the compound, which 
decomposed to several additional products that we detected by LC/MS (Figure 2.14). We were 
able to verify that the degradation products were formed non-enzymatically by making Cl-lysine 
using purified BesD, filtering the enzyme out of the reaction using size-excluion spin filters, and 
tracking the products by LC/MS thereafter. We observed a decrease in Cl-lysine over time, while 
the three degradation products increased. The rate of degradation of Cl-lysine was slightly higher  
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Figure 2.8. (Top) Terminal alkyne production phenotypes of knockouts of each gene in the βes biosynthetic 
gene cluster from S. cattleya. (Bottom) S. cattleya knockout strains were complemented with the 
corresponding wild-type gene expressed from the ErmEp* promoter by insertion into the phage attachment 
site in the genome. Knockout and complementation strains were cultured for 7 d. The supernatants were 
derivatized with 3-azido-7-OH-coumarin by CuAAC and analyzed for the βes-coumarin adduct (βes-Cou; 
m/z = 333.0831) by LC/QTOF. Only the besB complementation strain appears to recover βes production, 
possibly due to polar effects related to ordering of the genes in the putative operon (besD-besC-besB). 
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Figure 2.9. Biosynthetic pathway for production of βes from lysine. (A) Relative abundance of pathway 
amino acids found in S. cattleya knockouts strains, by average integrated peak area of each compound (n 
= 5) and normalized by relative abundance (RA) within each species (green, more abundant; white, less 
abundant). (B) Putative pathway for biosynthesis of β-ethynylserine (βes) from lysine.  
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Figure 2.10. Extracted ion chromatograms of pathway intermediates identified using comparative 
metabolomics from S. cattleya pellet extracts for 4-Cl-lysine (2, m/z = 181.0738), 4-Cl-allylglycine (3, m/z = 
150.0316), propargylglycine (4, m/z = 114.0550), γ-Glu-Pra (5, m/z = 243.0975), and γ-Glu-Bes (6, m/z = 
259.0925). Chromatograms shown are representative of at least 5 independent biological replicates. 
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Figure 2.11. BesD is a Fe/aKG-dependent halogenase with a conserved HXG halogenation motif. 
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Figure 2.12. (A) BesD activity requires lysine, Cl-, Fe(II) and αKG (4-Cl-lysine, 2; m/z = 181.0738). 
Chromatogram shown are representative of at least 3 independent experimental replicates. (B) The mass 
spectra of the product formed when BesD is incubated with lysine and Cl- displays the characteristic chlorine 
isotope pattern. Spectra shown is representative of at least 3 experimental replicates.  
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Figure 2.13. (A) LC/QTOF traces monitoring production of 4-Cl-lysine (2, m/z = 181.0738) in reactions with 
no enzyme, BesD, or the BesD G139D mutant. Chromatogram shown is representative of 3 experimental 
replicates. (B) LC/QTOF traces monitoring production of OH-lysine (m/z = 163.0738). A low level of 4-OH-
lysine is expected from direct hydroxylation of lysine by wild-type BesD, as has been commonly observed 
in other members of the αKG/Fe-dependent halogenase family. (C) Circular dichroism (CD) spectra of wild-
type BesD compared to the G139D mutant suggests that BesD G139D retains a similar fold or secondary 
structure content (MRE, molar residue ellipticity). Spectra shown is representative of 3 independent 
replicates. 
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Figure 2.14. Extracted ion chromatograms of the decomposition products observed upon halogenation of 
lysine by BesD by LC/QTOF. (Lysine, m/z = 147.1128; 4-Cl-lysine (2), m/z = 181.0738; ε-lactam (2a)/γ- 
lactone (2b), m/z = 145.0972; 4-OH-lysine (2c), m/z = 163.1077). Chromatogram shown is representative 
of at least 3 experimental replicates. 
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at higher pH (pH 8) than neutral (pH 7) or slightly acidic (pH 6) (Figure 2.15A). Two degradation 
products had identical mass ([M+H]+ m/z = 145.0975), corresponding to a loss of chloride and a 
hydrogen, while the third degradation product had a mass corresponding to OH-lysine ([M+H]+ 

m/z = 163.1077).  

Degradation through an intramolecular carboxylate-mediated cyclization of amino acids has 
previously been reported [34]. Thus, we propose that degradation of Cl-lysine occurs through an 
intramolecular nucleophilic attack on the Cγ, leading to formation of a 5-membered lactone (Figure 
2.15B). The lactone can then either hydrolyze to form 4-OH-lysine or undergo an ε-amine 
mediated ring-opening to form a stable 7-membered lactam. The lactam can also undergo 
hydrolysis to form 4-OH-lysine. Based on this proposed degradation mechanism, we performed 
methyl-esterification to stabilize 4-Cl-lysine for NMR characterization.  

To improve the signal of NMR, we used 13C/15N-labeled lysine as substrate for chlorination. 
A modified constant time HSQC (13C/1H) was used to determine the identity of the Cα and Cε, 
which contain only one adjacent 13C. HCCH-COSY was then used to determine connectivity of 
the identified carbons. Based on NMR analysis of the methyl-esterified product, the chlorination 
was determined to occur at the γ-position (Figure 2.16). Subsequent experiments were performed 
on the 13C/15N lactam degradation product to confirm the degradation pathway. In addition to a 
constant time HSQC and HCCH-COSY, we also performed 15N/1H HSQC, 13C/1H HNCO, and 
13C/1H HNCA (Figure 2.17). 

BesC is an Fe-dependent oxidase. In addition to 4-Cl-lysine, we identified a second 
chlorinated metabolite from comparative metabolomics studies, which had a mass consistent with 
a loss of –CH5N from 4-Cl-lysine. This compound accumulated in the DbesB strain but was not 
observed in the DbesC strain (Figure 2.9), suggesting that BesC, a putative non-heme dinuclear Fe 
enzyme (Figure 2.18), is the most likely candidate for its production. We thus propose that BesC 
catalyses an unusual oxidative C–C bond-cleaving reaction to form a five-carbon terminal-alkene 
amino acid, 4-Cl-allylglycine (3) with eventual release of the methylamine fragment as ammonia 
and formaldehyde (Figure 2.19). To further characterize BesC, we tested the ability of the purified 
enzyme to produce 4-Cl-allylglycine (3) in vitro from purified 4-Cl-lysine or a coupled reaction 
with BesD and lysine (Figure 2.20). The BesC product was confirmed to be 3 by comparison to a 
commercial standard and exhibited the characteristic Cl isotope pattern (Figure 2.21).  

While investigating BesC, we explored off-pathway reactions that could be occurring in vivo. 
We tested whether BesC could oxidize lysine to form allylglycine (Figure 2.22). When we tested 
the enzyme in vitro, we discovered that BesC does make allylglycine in vitro. However, 
competition experiments revealed that Cl-lysine is the preferred substrate for BesC; the presence 
of Cl-lysine in the reactions decreases allylglycine production despite an excess of lysine substrate. 
It remains to be determined whether this is due to preferential binding of Cl-lysine over lysine, or 
to the difference in bond dissociation energy (BDE) between the target hydrogen atom in the two 
substrates.  

To further characterize BesC, we sought to identify the co-products that are released upon C-
C bond cleavage. We proposed that the terminal Nε and Cε could be lost as ammonia and 
formaldehyde, respectively. To investigate the fate of the Nε, we developed an assay to capture 
the resulting ammonia co-product. Glutamate dehydrogenase (GDH) is an enzyme that catalyzes 
the reductive amination of aKG to glutamate using ammonia as the nitrogen source [24]. By using 
an isotopically-labelled lysine substrate (15N2,13C6-lysine), we could directly detect 15N  
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Figure 2.15. (A) Integrated EICs for each of the observed products at pH 6, 7, and 8 following removal of 
BesD by filtration (Pall Nanosep filter, 10 kDa MWCO). Data are plotted relative to lysine, which is taken to 
be constant following enzyme removal. After 1 h, Cl-lysine decreases, while the lactam, lactone, and OH 
lysine products increase in abundance. (B) 4-Cl-lysine (2) is proposed to undergo an intramolecular 
nucleophilic attack forming 2-amino-4-propylamine-γ-lactone (2a) with an estimated t1/2 = 1 h. The γ-lactone 
is also unstable can form either the 2-amino-4-hydroxy-ε-lactam (2b) or 4-OH-lysine (2c). 4-OH-lysine could 
also arise from direct hydroxylation of lysine by BesD, as a low level of hydroxylation is commonly observed 
in other members of the Fe/αKG-dependent halogenase family. 
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Figure 2.16. (A) BesD was incubated with fully 15N- and 13C-labeled lysine, Fe, and αKG for 20 min before 
quenching with methanolic HCl (3M) to yield the [15N2, 13C6]-4-Cl-lysine methyl ester product. Chloride was 
provided as NaCl in the enzyme storage buffer. We found that derivatization was necessary in order to 
avoid intramolecular lactam formation. The derivatized BesD product was then isolated by HPLC and 
characterized. Extracted ion chromatograms of the [15N2, 13C6]-4-Cl-lysine (m/z = 203.1037) produced by 
BesD. Chromatogram shown is representative of 3 independent experimental replicates. (B) Mass spectra 
show the characteristic Cl isotope pattern for [15N2, 13C6]-4-Cl-lysine methyl ester produced by BesD. (C) 
2D 1H-13C CT-HSQC was used to confirm assignment of Cα and Cε of the [15N2, 13C6]-4-Cl-lysine methyl 
ester produced by BesD. In this experiment carbons with two neighbors (red) have opposite phase of 
carbons with one or three neighbors (blue). (D) 2D 1H-13C HCCH COSY was used to assign connectivity of 
carbons of the [15N2, 13C6]-4-Cl-lysine methyl ester produced by BesD. 
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Figure 2.17. (A) For obtaining the lactam structure, BesD was incubated with fully 15N and 13C-labeled L-
lysine, Fe, and αKG for 16 h before quenching with 1% (v/v) formic acid in methanol to yield the [15N2,13C6]-
lactam as the major product. Chloride was provided as NaCl in the enzyme storage buffer. NMR analysis 
of the ε-lactam was carried out after HPLC purification. 2D 1H-13C CT-HSQC with a 13.6 ms 13C evolution 
period was used to confirm assignment of Cα and Cε. In this experiment carbons with two neighbors (red) 
have opposite phase of carbons with one or three neighbors (blue). (B) 1H-13C HCCH COSY was used to 
assign backbone connectivity of carbons for the lactam. (C) The 1H-15N HSQC spectrum confirms the 
presence of the amide in the lactam structure, with reported chemical shift typical of amides (δ 6 - 9 ppm). 
(D) The 2D 1H-13C HNCO spectrum confirms that the epsilon N is adjacent to a carbonyl species. (E) The 
2D 1H-13C HNCA spectrum confirms that the epsilon N is coupled to Cε, forming a cyclic structure. 
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Figure 2.18. BesC shows homology to non-heme diiron proteins such as the Chlamydia protein Associated 
with Death Domains (CADD, 34% sequence similarity) [35] and stearoyl-ACP desaturase (26% sequence 
similarity) [36]. Overlay of the predicted homology model of BesC (blue) with the CADD crystal structure 
(green) reveals six conserved putative Fe binding residues in the active site. Putative iron ligands shown in 
brown. Homology model was generated using Phyre 2 [37]. 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.19. Reaction catalyzed by BesC, forming ammonia and formaldehyde as co-products from 
oxidative cleavage between Cδ and Cε.  
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Figure 2.20. BesC catalyzes formation of 4-Cl-allylglycine from 4-Cl-lysine and requires Fe(II) as a cofactor 
(4-Cl-allylglycine, 3; m/z = 150.0316). Chromatograms shown are representative of at least 3 experimental 
replicates. 
 
 
 
 
 
 
 
 

 
 
Figure 2.21. Mass spectra of product formed when BesC is incubated with 4-Cl-lysine. Spectra shown is 
representative of at least 3 experimental replicates. 
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Figure 2.22. BesC is also competent to react with lysine directly to produce allylglycine in vitro. LC/QTOF 
traces show allylglycine produced by BesC compared to a synthetic standard (Alg, m/z = 116.0706). 
Chromatogram shown is representative of 3 experimental replicates. 
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incorporation into glutamate as Na by LC/MS. We reacted lysine with BesD, BesC, and GDH. 
LC/MS analysis revealed a clear mass shift of glutamate from m/z = 148.0603 to 149.0578 when 
15N lysine was used (Figure 2.23). This experiment confirms that 15N is incorporated into 
glutamate and that ammonia is a co-product of the BesC reaction.  

We used a similar strategy to determine the fate of Cε; In these experiments, the putative 
formaldehyde co-product reacts with two molecules of Fluoral-P to form 3,5-diacetyl-1,4-dihydro-
2,6-lutidine (DDL), releasing ammonia in the process (Figure 2.24A). In a coupled reaction with 
BesD, BesC, and 15N2,13C6-lysine as a substrate, we observed a mass shift of DDL from m/z = 
194.1176 to 195.1209 (Figure 2.24). The experiments confirm that Cε is released as formaldehyde 
in the BesC reaction. Both release of ammonia and formaldehyde were found to be stoichiometric 
with terminal-alkene amino acid formation (Figure 2.25). Taken together, the data show that BesC 
catalyzes alkene formation with release of formaldehyde and ammonia as the final co-products of 
the reaction.   

Based on homology models, BesC is a putative binuclear iron enzyme. We therefore attempted 
to determine the stoichiometry of iron using the ferrozine assay [38]. BesC was incubated 
anaerobically with 5 eq. of Fe. Bovine serum albumin (BSA) was used as a negative control. After 
30 min of incubation, samples were desalted to remove unbound Fe. Protein was precipitated using 
hydrochloric acid, and Fe content was quantified by the ferrozine assay (A562). Two replicates were 
performed for BesC; one sample had a Fe:BesC stoichiometry of ~3:1, and the other had a 
stoichiometry of 0.8:1. The BSA control had only ~0.25 eq. of Fe. Due to the inconsistent results, 
the stoichiometry of Fe loading in BesC remains unclear at this time.  

We next performed X-ray protein crystallography of BesC in an effort to identify the Fe- and 
lysine-binding active site residues. The crystals diffracted to 1.7 Å. However, BesC has less than 
20% sequence identity to solved structures in the Protein Data Bank (PDB). Since this is too low 
for molecular replacement techniques, the structure of BesC was phased experimentally by 
crystallizing apo SeMet-labeled protein and collecting data at the Se edge (Table 2.2). BesC 
crystallized with four molecules per asymmetric unit in space group P21 with 43% twin fraction. 
It displays the seven-helix bundle that is characteristic of diiron enzymes from the heme-
oxygenase-like family (Figure 2.26). However, one key helix near the active site had poor electron 
density and could not be modelled into the structure. Since this missing helix contains three of the 
six Fe-binding residues, the lack of density could be due to the absence of Fe in the crystals. Recent 
structural studies of SznF from S. achromogenes and UndA from Pseudomonas aeruginosa, two 
other enzymes the heam-oxygenase family, reported difficulty binding the second equivalent of 
Fe [39,40], resulting in weak electron density in the homologous helical region. Future efforts on 
this front include solving the Fe and lysine-bound structures of BesC.   

We next turned our attention to formation of the terminal-alkyne functional group of Pra. On 
the basis of the accumulation of 3 upon deletion of the besB gene (Figure 2.9), we assigned the 
PLP-dependent BesB enzyme as the acetylenase that catalyses the g-elimination of chloride from 
3 to achieve substrate desaturation. In vitro assays with purified BesB show that Pra can be 
produced either directly from a 4-Cl-allylglycine standard or by a coupled assay with BesC and 
BesD, and that the presence of a g-halogen as a leaving group is required (Figure 2.27). As an 
initial probe of the BesB mechanism, we used high-resolution mass spectroscopy to measure 
deuterium exchange along the backbone of the substrate. Using 4-Cl-allylglycine (3) as a substrate 
in D2O resulted in formation of [M+2D]+ Pra, suggesting that at least two deprotonation– 
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Figure 2.23. (A) The BesC reaction is run as a coupled reaction with BesD starting from lysine, αKG, and 
chloride. To detect the ammonia co-product, we employed glutamate dehydrogenase (GDH), which 
produces glutamate from ammonia and αKG with concurrent oxidation of NADPH. (B) The release of 
ammonia from 4-Cl-lysine is monitored through incorporation of the nitrogen from the 15N-labeled lysine 
substrate into glutamate using LC/QTOF. Positive ionization mass spectrum showing formation of 14N-L-
glutamate or 15N-glutamate when unlabeled lysine (left) or [15N2,13C6]-lysine (right) is used as the substrate, 
respectively. Spectra shown are representative of 3 experimental replicates. (C) Consumption of NADPH 
was observed spectrophotometrically. Reactions contained BesC, BesD, lysine, αKG, sodium ascorbate, 
Fe(II), and chloride as indicated. After 1 h, NADPH and glutamate dehydrogenase were added, and NADPH 
consumption was monitored by A340. 
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Figure 2.24. Detection of formaldehyde as a co-product of the BesC reaction. The BesC reaction is run as 
a coupled reaction with BesD starting from lysine, αKG, and chloride. (A) To derivatize the putative 
formaldehyde co-product, we performed the enzymatic reaction in the presence of Fluoral-P. The release 
of formaldehyde from 4-Cl-lysine was monitored through incorporation of the carbon from 13C-labeled lysine 
substrate into 3,5-diacetyl-1,4-dihydro-2,6-lutidine (DDL). (B) Positive ionization mass spectrum showing 
formation of 12C-DDL or 13C-DDL when unlabeled lysine (left) or [15N2, 13C6]-lysine (right) is used as the 
substrate, respectively. Spectra shown are representative of 3 experimental replicates. 
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Figure 2.25. (A) Quantification by LC/QTOF showing stoichiometric ammonia release measured as 
glutamate (Glu) compared total alkene product (4-Cl-allylglycine, Cl-Alg; allylglycine, Alg) in a coupled 
assay of BesD and BesC with lysine using glutamate dehydrogenase. Data are mean ± s.d. (n = 3 
independent experiments). (B) Quantification of formaldehyde produced from Fluoral-P reaction with 5 mM 
lysine and purified BesD, BesC, or both BesC and BesD. The resulting product was quantified by 
fluorescence and compared to alkene product formation measured by LC/QTOF and found to be 
stoichiometric. Data are mean ± s.d. (n = 3 independent experimental replicates). (C) Standard curves for 
ammonia quantification were constructed by integrating extracted ion counts for the relevant species by 
LC/QTOF. R2 value shown is determined by ordinary least squares. (D) Standard curves for formaldehyde 
quantification were generated by integration of the extracted ion chromatogram from LC/TOF (Cl-Alg, Alg) 
or by fluorescence quantification (formaldehyde). R2 value shown was determined by ordinary least 
squares. 
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Table 2.2. Data collection and refinement parameters for BesC from S. cattleya.  
 

 BesC SeMet λ = 0.953680 Å BesC SeMet λ = 0.979620 Å   
Data collection    
Space group P 1 21 1 P 1 21 1  
Cell dimensions      
    a, b, c (Å) 60.917, 68.977, 126.748 60.917, 68.977, 126.748  
    a, b, g  (°)  90, 89.993, 90 90, 89.993, 90  
Resolution (Å) 63.37-1.7 (1.761–1.7) * 63.37-1.7 (1.761–1.7) *  
Rsym or Rmerge 0.0798 (0.5588) 0.08463 (0.5791)  
I / sI 14.18 (2.94) 14.58 (2.69)  
Completeness (%) 96.36 (85.59) 96.36 (85.59)  
Redundancy 
CC1/2 

8.2 (7.3) 
0.999 (0.929) 

8.0 (6.3) 
0.998 (0.887) 

 

    
Refinement    
Resolution (Å) 63.37-1.7   
No. reflections 941530 (81185)   
Rwork / Rfree 0.2062/0.2533   
No. atoms 8082   
    Protein 7036   
    Ligand/ion 22   
    Water 1024   
B-factors    
    Protein 21.11   
    Ligand/ion 27.62   
    Water 27.05   
R.m.s. deviations    
    Bond lengths (Å) 0.004   
    Bond angles (°) 0.89   

*Data were collected on one crystal at two different wavelengths. *Values in parentheses are for highest-resolution 
shell. 
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Figure 2.26. Crystal structure of apo BesC from S. cattleya. (Left) The overall fold of BesC shows the 
seven-helix bundle that is characteristic of diiron enzymes in the heme-oxygenase-like family. (Right) 2Fo-
Fc map of key residues in the BesC active site (blue mesh, contoured at 1σ). The active site contains 
electron density for the putative Fe-binding residues Glu112, His119, and Glu174, in addition to Asp111. 
The helix shown in magenta, which contains the putative Fe-binding residues His203, Glu207, and His210, 
cannot be fully modeled due to lack of electron density.  
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Figure 2.27. In vitro characterization of BesB. (A) LC/QTOF analysis of in vitro reactions containing BesB, 
PLP, and substrate. When the substrate is 4-Cl-Alg or 4-Br-Alg, propargylglycine (4, m/z = 114.0550) is 
observed. However, no propargylglycine is observed if allylglycine is used as a substrate. Chromatograms 
shown are representative of at 3 independent experimental replicates. (B) In vitro reconstitution of 
propargylglycine (4, m/z = 114.0550) formation from lysine with purified BesB, BesC, and BesD and Fe(II), 
αKG, chloride, PLP, and ascorbate monitored by LC/QTOF. Chromatograms shown are representative of 
at 3 independent experimental replicates. 
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Figure 2.28. (A) Mass spectra showing deuterium incorporation at two positions of Pra (4) when BesB 
reaction is carried out in D2O compared to H2O. (top) Extracted ions for the BesB reaction run in H2O. 
(Expected m/z: C5H8NO2 114.0550 [100%], C413CH8NO2 115,0580 [5.9%]; Observed m/z: 114.0530 
[100%], 115.0576 [4.8%]). (bottom) Extracted ions for the BesB reaction run in D2O (Observed m/z: 
114.0562 [52.3%], 115.0558 [3.2%, not labeled for clarity], 115.0621 [100%], 116.0748 [41.8%]). Spectra 
shown is representative of 3 experimental replicates. (B) Putative mechanism for BesB-catalyzed formation 
of Pra (4) from 4-Cl-allyglycine (3). Formation of a covalent external aldimine adduct between PLP and 4-
Cl-allylglycine followed by Cα deprotonation and protonation of the quinonoid intermediate (not shown) is 
proposed to lead to formation of the initial ketimine intermediate. Cβ deprotonation results in elimination of 
chloride upon 90° bond rotation to form an allene intermediate. Subsequent Cδ deprotonation could then 
initiate isomerization of the allene to form the terminal alkyne. Following deprotonation of the PLP-bound 
alkyne to regenerate the quinonoid form (not shown), reprotonation of Cα reforms the external aldimine, 
from which Pra can be released as the free amino acid (not shown).  
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Figure 2.29. A mechanistic model for BesB is proposed in analogy to cystathionine γ-synthase and related 
PLP mechanisms that form allene intermediates. In the first step, the external 4-Cl-allylglycinealdimine is 
formed. Deprotonation at the Cα-position yields the 4-Cl-allylglycine-carbanion or quinonoid or intermediate. 
Deprotonation at the Cβ-position produces the 4-Cl-allylglycine-ketamine intermediate. Elimination of 
chloride can then occur upon a 90° rotation to break planarity/aromatization to for a proposed terminal-
allene intermediate. Based on work using Pra as a mechanistic inhibitor of PLP enzymes, isomerization 
between the terminal alkyne and allene can occur. At this time, we suggest that the reverse can occur to 
convert the PLP-bound allene to the terminal alkyne, yielding a PLP-bound Pra intermediate. The Cδ 
deprotonation to initiate this step is facilitated by overlap of the Cδ-H bond with the conjugated Cβ-Cγ and 
PMP-imine π-bonds. Subsequent steps then allow for regeneration of the external aldimine with Pra, which 
is then released from the cofactor.   
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protonation events occur during the course of BesB catalysis (Figure 2.28). This model is 
consistent with a canonical cystathionine b-lyase/cystathionine g-synthase mechanism in which 
Ca-deprotonation leads to eventual formation of a 4-Cl-allylglycine-ketimine intermediate  
(Figure 2.29) [41]. A second deprotonation on the amino acid at Cb would initiate the elimination 
of chloride to form an allene intermediate, which could subsequently isomerize to the terminal 
alkyne before eventual conversion back to aldimine and release from PLP. This proposed 
mechanism follows from previous studies of Pra as a mechanism-based inhibitor of PLP enzymes, 
based on its ability to isomerize to the corresponding allene [42,43]. 

BesA is a Pra-γ-glutamyl ligase. From the terminal-alkyne amino acid profile of the 
different streptomycete producers along with the DbesE knockout strain (Figure 2.30), it seemed 
reasonable to believe that hydroxylation of Pra by BesE yields bes (7). However, no bes was 
observed when purified BesE was incubated with Pra in the presence of Fe, ascorbate, and aKG. 
We therefore looked for an alternative substrate for BesE, which we were able to identify as a 
glutamate-Pra dipeptide (5) through comparative metabolomics of S. cattleya DbesE and wild-type 
strains (Figure 2.31). This compound was also present at a low concentration in the DbesA 
knockout. Upon fragmentation, characteristic fragments consistent with amide bond cleavage were 
detected (Figure 2.32). Comparison of the products of purified BesA and a commercial g-glutamyl 
transpeptidase further support assignment of this product as g-Glu-Pra (Figure 2.33). Additional 
biochemical characterization indicates that BesA is selective for Pra over norvaline, allylglycine, 
and the standard proteinogenic amino acids (Figure 2.34, Figure 2.35). Notably, besA is conserved 
among these Pra biosynthetic gene clusters, suggesting that Glu-Pra formation has a physiological 
function, perhaps to reduce side reactions of Pra [42,43] or to facilitate transport.  

BesE is a Glu-Pra hydroxylase.  After discovering that Glu-Pra is an intermediate for 
bes biosynthesis, we then incubated Glu-Pra with BesE. Fe, ascorbate, aKG. Reactions were 
analysed by LC/MS, and production of γ-glutamyl-βes (Glu-Bes, 6) was observed. These results 
show that Glu-Pra, and not Pra, is the substrate for BesE (Figure 2.36). The resulting hydroxylation 
gives rise to the question of how BesE can create a radical so close to a terminal alkyne without 
rearrangement. Further work on characterizing BesE should probe this question, as well as 
investigate the active site residues involved in terminal alkyne recognition and specificity.  

Reconstitution of bes pathway in vitro. Elucidation of the final committed step allowed 
us to fully reconstitute the biosynthesis of Glu-bes (6) in vitro (Figure 2.37). In a single-pot 
reaction with lysine, purified protein (BesA, BesB, BesC, BesD, and BesE), and necessary co-
factors (aKG, Fe, NaAsc, PLP, ATP, Glu) we were able to successfully make Glu-bes in vitro. 
While our target product was free bes, rather than the dipeptide, we believe that other enzymes 
found in ubiquitously in cells can carry out Glu-bes hydrolysis. One such candidate enzyme is γ-
glutamyl transferase (Ggt). The mechanism by which S. cattleya and other Glu-bes/Glu-Pra 
producing streptomycetes hydrolyze these dipeptides is currently unknown.  
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Figure 2.30. LC/QTOF traces for γ-Glu-Pra (5, m/z = 243.0975) from metabolites extracted from cell pellets 
and supernatants of S. cattleya w.t. and bes knockout strains as well as S. sp. NRRL S-1448, S. sp. NRRL 
S-31, S. achromogenes, S. lavenduligriseus, and S. catenulae. γ-Glu-Pra was detected in the cell pellets 
of S. cattleya w.t., the ΔbesA and ΔbesE knockout strains, S. catenulae, S. achromogenes, S. sp. NRRL 
S-31, and S. sp. NRRL S-1448. Lack of detection in the culture supernatants suggests that it is not a 
secreted metabolite. Chromatograms shown are representative of at least 3 independent experimental 
replicates 
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Figure 2.31. (A) Relative abundance of the γ-Glu-Pra dipeptide in S. cattleya wildtype and pathway 
knockout strains (n = 5 biologically independent experiments; dot = mean; line = median; box edges = 
25th/75th percentile; error bars = 95th percentile). (B) Relative abundance of the γ-Glu-βes dipeptide in S. 
cattleya wildtype and pathway knockout strains (n = 5 biologically independent experiments; dot = mean; 
line = median; box edges = 25th/75th percentile; error bars = 95th percentile). 
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Figure 2.32. Fragmentation of γ-Glu-Pra (left) and γ-Glu-βes (right) in negative ionization mode by LC/QQQ 
shows fragments characteristic of γ-glutamyl-dipeptides (m/z = 128.0). Spectra shown are representative 
of at least 3 independent experimental replicates. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.33. LC/MS traces for enzymatically synthesized γ-Glu-Pra (5, m/z =243.0975) by either Ggt or 
BesA and LC/QTOF traces for enzymatically synthesized γ-Glu-βes (6, m/z = 259.0925) by either Ggt + 
BesE or BesA + BesE. Chromatograms shown are representative of at least 3 independent experimental 
replicates. 
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Figure 2.34. Steady-state kinetic analysis for BesA reactions between glutamate and various amino acid 
partners (Nva, norvaline; Alg, allylglycine). Each bar represents the kcat/KM value for the corresponding 
amino acid calculated from the individual kinetic terms (kcat and KM) obtained from nonlinear curve fitting of 
data to the Michaelis-Menten equation. Data shown are mean ± standard error of the mean (n = 3 
experimental replicates) obtained by propagation. Only reactions between glutamate and propargylglycine 
or cysteine showed any detectable activity. 
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Figure 2.35. Steady state kinetic analysis of BesA with 10 mM glutamate and propargylglycine or cysteine 
as substrates. Data are mean ± s.d. (n = 3 experimental replicates). Table contains kcat, KM, and kcat/KM 
calculated by non-linear curve fitting to the Michaelis-Menten equation. Data are mean ± s.e. Error in kcat/KM 
is obtained by propagation from the individual kinetic terms. 
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Figure 2.36. (Top) Extracted ion chromatograms for γ-Glu-Pra in reactions containing a combination of 
BesA, BesE, and cofactors (γ-Glu-Pra, 5; m/z = 243.0975). (Bottom) Extracted ion chromatograms for γ- 
Glu-βes in reactions containing a combination of BesA, BesE, and cofactors (γ-Glu-βes, 6; m/z = 259.0925). 
Chromatograms shown are representative of at least 3 independent experimental replicates. 
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Figure 2.37. In vitro reconstitution of βes biosynthesis. Extracted ion chromatogram for each pathway 
intermediate in the presence of corresponding enzymes required to catalyze each step (2, m/z = 181.0738; 
3, m/z = 150.0316; 4, m/z = 114.550; 5, m/z = 243.0975; 6, m/z = 259.0925). Peaks are normalized for 
each trace to the most abundant ion. 
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2.4. Conclusion 
Though first discovered in the 1970s 

and 1980s, the biosynthetic origin of 
terminal-alkyne amino acids remained 
unknown. This work is the first to uncover 
how the terminal alkyne amino acids bes 
and Pra can be synthesized enzymatically 
from the primary metabolite lysine. The 
biosynthetic pathway includes several 
unusual chemical transformations and 
contains several interesting enzymes 
including an amino acid halogenase 
(BesD), a diiron-dependent enzyme that 
oxidatively cleaves a C-C bond (BesC), 
and a novel acetylenase (BesB). Together, 
the newly discovered enzymes enable the 
production of halo, terminal-alkene, and 
terminal-alkyne amino acids.  

The subsequent introduction of these functional groups into peptides and proteins either site- 
or residue-specifically opens new opportunities to use a variety of downstream bioorthogonal 
chemistries, including alkyne-mediated CuAAC click reactions, olefin metathesis or 
polymerization, and halogen-dependent reactions for manipulating the structure, function, and 
physical properties of products. 
  

Scheme 2.1. Unnatural amino acids made in this study. 
The diverse functional groups may enable applications in 
bioorthogonal chemistry.   
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3.1.   Introduction 
The development of approaches to bridge synthetic and cellular chemistry can enable access 

to novel structures and classes of compounds by combining the exquisite selectivity of enzymes 
with breadth of functional groups used for synthetic transformations [1–3]. In particular, the 
introduction of halogens (X = F, Cl, Br, I) into a functional group-dense scaffold is especially 
useful, serving both to tune bioactivity [4,5] and act as a reactive handle for the formation of new 
chemical bonds for diversification and modification of late-stage synthetic intermediates [6,7]. 
While the role of halogens in biosynthetic transformations is continuing to be elucidated [8–11], 
their value in a variety of synthetic transformations and the design of synthetic routes is well-
accepted [12]. As a result, both synthetic and enzymatic approaches to the formation of carbon-
halogen bonds are currently areas of major interest [6–8,13–15].  

The selective modification of unactivated sp3 C–H bonds is particularly difficult, as it is 
challenging to identify catalysts that are sufficiently powerful to activate these bonds while 
maintaining regio- and stereoselectivity [16]. Remarkably, Nature has evolved a set of non-heme 
FeII/α-ketoglutarate (FeII/αKG)-dependent enzymes that can achieve this task, using a high-valent 
metal-oxo intermediate to generate a substrate radical that can rebound with the bound halide 
ligand [17–19]. However, only a handful of these radical halogenases have been characterized and 
are notable for their complex substrates (Figure 3.1). The SyrB2 family has been found to maintain 
a strict requirement for carrier-protein tethered substrates [20], whereas the WelO5 family 
halogenates late-stage indole alkaloid natural products [21]. Since these types of intermediates are 
not readily modified using downstream enzymatic pathways, the discovery of new enzymes that 
act on simple and modular building blocks would greatly expand the biosynthetic potential of 
radical halogenation.  

In the process of elucidating the biosynthesis of βes, we discovered a novel halogenase, BesD, 
that chlorinates the free amino acid lysine. BesD is the first αKG-dependent radical halogenase 
reported to chlorinate an amino acid without the requirement for a carrier protein [9]. In this 
chapter, we explore the structural basis for direct halogenation of a free amino acid by BesD. In 
addition, we use bioinformatics to explore the sequence space around BesD to identify additional 
halogenases that chlorinate different polar and nonpolar amino acids. Taking advantage of the 
central role of amino acid building blocks in the cellular production of metabolites, natural 
products, and macromolecules [22–24], we demonstrate that the halogenated amino acids 
produced by the BesD family can be enzymatically converted into a range of compound classes 
such as nitrogen heterocycles, amines, ketoacids, and peptides. Taken together, this work expands 
the utility of radical halogenases and highlights the promise of the BesD halogenase family in the 
biological production of diverse halogenated compounds.  
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Figure 3.1. Products of the FeII/αKG-dependent halogenases BesD, WelO5, and SyrB2. 
 
 
  



75 

3.2. Materials and methods 
Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth 

(TB), and glycerol were purchased from EMD Biosciences (Darmstadt, Germany). Carbenicillin 
(Cb), kanamycin (Km), chloramphenicol (Cm), isopropyl-β-D-thiogalactopyranoside (IPTG), 
sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), magnesium chloride hexahydrate, acetonitrile, ethylene diamine tetraacetic acid 
disodium dihydrate (EDTA), hydrochloric acid, 3kDa MWCO dialysis tubing, ammonium 
bicarbonate, sodium acetate, chloroform, and sodium hydroxide were purchased from Fisher 
Scientific (Pittsburgh, PA). Phosphoenolpyruvate (PEP), adenosine triphosphate sodium salt 
(ATP), nicotinamide adenine dinucleotide reduced form dipotassium salt (NADH), pyruvate 
kinase, lactate dehydrogenase, lysozyme, poly(ethyleneimine) solution (PEI), ammonium iron (II) 
sulfate hexahydrate, a-ketoglutaric acid sodium salt, β-mercaptoethanol (bME), N,N,N',N'-
tetramethyl-ethane-1,2-diamine (TEMED), betaine, dimethylsulfoxide (DMSO), pyrodoxal-5′-
phosphate (PLP), sodium L-ascorbate, acetonitrile (LC/MS-grade), ammonium formate (LC/MS-
grade), Deuterium oxide, L-lysine for crystallography, 20 canonical amino acids, seleno-L-
methionine, L-leucine (13C6, 98%), L-isoleucine (13C6, 98%; 15N, 98%), DL-norleucine, 2-(N-
Morpholino)ethanesulfonic acid hydrate, 4-morpholineethanesulfonic acid (MES), Pall Nanosep 
centrifugal Omega membrane (3,000 MWCO), sodium bromide, and sodium azide were purchased 
from Sigma-Aldrich (St. Louis, MO). PageRuler Plus Prestained Protein Ladder was purchased 
from ThermoFisherScientific (Waltham, MA). Succinyl-CoA synthetase was purchased from 
Megazyme International (Bray, Ireland). Methanol (D4, 99.8%), chloroform (D, 99.8%), L-lysine 
× 2HCl (13C6, 99%; 15N2, 99%) and L-ornithine (13C5, 99%; 15N2, 99%) were purchased from 
Cambridge Isotope Laboratories (Andover, MA). Formic acid was purchased from Acros Organics 
(Morris Plains, NJ). Restriction enzymes, T4 DNA ligase, Antarctic phosphatase, Phusion DNA 
polymerase, Q5 DNA polymerase, T5 exonuclease, Taq DNA ligase, and the PURExpress in vitro 
transcription/translation kit D(aa, tRNA) were purchased from New England Biolabs (Ipswich, 
MA). Deoxynucleotides (dNTPs), were purchased from Invitrogen (Carlsbad, CA). 
Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA), 
resuspended at a stock concentration of 100 µM in water and stored at either 4 °C for immediate 
usage or -20 °C for long-term storage. DNA purification kits and Ni-NTA agarose were purchased 
from Qiagen (Valencia, CA). Zirconia/silica beads were purchased from BioSpec Products 
(Bartlesville, OK). Complete EDTA-free protease inhibitor was purchased from Roche Applied 
Science (Penzberg, Germany). PD-10 desalting columns and Superdex 75 16/60 pg column were 
purchased from GE Healthcare (Pittsburg, PA). Amicon Ultra 10,000 MWCO centrifugal 
concentrators and Milli-Q Gradient water purification system were purchased from Millipore 
(Billerica, MA). Acrylamide/bis-acrylamide (30%, 37.5:1), electrophoresis grade sodium dodecyl 
sulfate (SDS), and ammonium persulfate were purchased from Bio-Rad Laboratories (Hercules, 
CA). Ultrayield baffled flasks were purchased from Thompson Instrument Company (Oceanside, 
CA). 

Bioinformatic selection of BesD halogenase homologs for screening. To select 
halogenase homologs for functional screening, the sequence of BesD (WP_014151497) was used 
as a query for BLAST against the non-redundant protein database with a cutoff value of e-5, 
yielding 261 hits. Blast hits were aligned using MUSCLE [25] and visualized in AliView [26], and 
the sequence position of the HXD/E or HXG/A motif was identified manually. A Bioython script 
was used to parse the list of alignments to segregate the halogenases (HXG/A) for storage in a 
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separate file, yielding 105 sequences which were retrieved using BatchEntrez (NCBI). From the 
list of halogenases, redundant sequences of 98% identity were removed using CD-HIT [27]. The 
remaining halogenase sequences with homology to BesD were input into the EFI-EST web tool 
(https://efi.igb.illinois.edu/efi-est) [28], using Option C to read FASTA files with headers. After 
initial processing, sequences below 150 amino acids in length were excluded from the sequence 
similarity network. Using Cytoscape Version 3.6.1, the network was adjusted by deleting edges 
with low alignments scores until the halogenases identified for βes biosynthesis [9] were separated 
into an isofunctional cluster, which occurred at an alignment score value of 88 (which corresponds 
to a sequence identity of ~56%). The EFI-GNT  web tool (https://efi.igb.illinois.edu/efi-gnt) [28] 
was used to identify adjacent genes that were shared among 50% of the halogenase sequences in 
each cluster, revealing genes associated with amino acid metabolism.  

Phylogenetic analysis of BesD homologs. The list of halogenases for phylogenetic analysis 
was obtained as described above. Halogenase sequences were aligned using MUSCLE. The 
MEGAX interface was then used to analyze the alignment by Maximum-Likelihood based on the 
JTT matrix-based model [29], and uncertainty in the topology of the resulting tree was evaluated 
with 500 bootstrap replicates. 

Bioinformatic analysis of active site conservation among halogenases vs 
hydroxylases. Separate lists of halogenases (HXG/A motif) and hydroxylases (HXD/E motif) 
were obtained as described above. Redundant sequences with at least 90% identity to other 
sequences under consideration were removed using CD-HIT, leaving 48 halogenases and 97 
hydroxylases. Next, the halogenase and hydroxylase lists were separately analyzed with LOGOS 
(http://weblogo.threeplusone.com/create.cgi) [30] to generate a graphical representation of 
sequence conservation within each data set. 

Bioinformatic analysis of the variability of the C-termini of BesD halogenase homologs. 
As above, a list of BesD halogenase homologs within a cutoff value of e-5 of was obtained. From 
the list of 105 halogenases, redundant sequences of 90% identity were removed using CD-HIT, 
leaving 48 sequences. These remaining halogenases were input into LOGOS to generate a 
graphical representation of sequence conservation throughout the halogenases. 

Bacterial strains. E. coli DH10B-T1R was used for plasmid construction. BL21(DE3)–Star 
harboring the pRARE2 plasmid was used for heterologous protein production of all halogenases. 
Streptomyces cattleya NRRL 8057 (ATCC 35852) was obtained from the American Tissue Type 
Collection (Manassas, VA). The following strains were purchased from DSMZ: Pseudomonas 
orientalis (DSMZ 17489), Pseudomonas trivialis (DSMZ 14937), Pseudomonas sp. Root562 
(DSMZ 102504), and Pseudomonas fulva (DSMZ 17717). Pseudomonas putida KT2440 was a 
gift from the Keasling laboratory (UC Berkeley). 

Construction of plasmids for protein expression. Gibson assembly was used to carry out 
plasmid construction using E. coli DH10B-T1R as the cloning host. PCR amplifications were 
carried out with Phusion polymerase or Q5 polymerase (New England Biolabs, Ipswich MA) using 
the oligonucleotides listed in Appendix A1.2. The intermediate cloning plasmid, pET16-His-
PrescissionCutSite-IMPDH, was constructed by amplification of IMPDH from E. coli gDNA 
followed by insertion into NdeI/BamHI-digested pET16b. The halogenases WP_014151497 (S. 
cattleya BesD), WP_057723975 (P. orientalis HalA), WP_057008702 (P. trivialis HalD), 
WP_056854138 (P. sp. Root562 HalE), WP_028687259 (P. fulva HalE), as well as lysine 
decarboxylase WP_001020973 (LDC, E. coli), aminotransferase 1104250A (IlvE, E. coli) and 
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ornithine cyclodeaminase WP_010954390 (OCD, P. putida KT2440) were amplified from 
genomic DNA of the corresponding organism and inserted into NdeI/BamHI-digested pET16-His-
PrescissionCutSite-IMPDH. The halogenases WP_016975823 (P. fluorescens HalA), 
WP_044582715 (S. iranensis HalB), WP_046063366 (P. kilonensis HalD), WP_047703910 (P. 
mediterranea HalH) were obtained as GeneBlocks and amplified with primers from Appendix A1.2 
before Gibson insertion into NdeI/BamHI-digested His-PrescissionCutSite-IMPDH. The 
remaining halogenases in Appendix A1.2 and the lysine cyclodeaminase RapL were obtained as 
GeneBlocks containing the overhangs required for direct Gibson insertion into NdeI/BamHI-
digested pET16-His-Prescission-IMPDH. To clone mutants of S. lavenduligriseus BesD (SlBesD), 
SlBesD was amplified in two pieces from the pET16-His-SlBesD plasmid. The first piece was 
amplified with Sl-BesD-F and the reverse primers indicated in Appendix A1.2. The second piece 
was amplified with the forward primers indicated in Appendix A1.2 and either Sl-BesD-F (for 
R74A, E120A, H134A, D140A) or pET16-anneal-R (for N219A, T221A, W238A, W239A). Then 
both pieces were inserted into NdeI/BamHI-digested pET16-His-PrescissionCutSite-IMPDH to 
yield the mutant constructs. pSV272.1-His6-MBP-PfRoot562 HalE was constructed by genomic 
DNA amplification with the primers indicated in Appendix A1.2 followed by insertion into 
SfoI/EcoRI-digested pSV272.1. IVTT-PepC and IVTT-PepA were cloned by vector-amplification 
of the DHFR plasmid from the PURExpress IVTT kit (E640S, NEB) using the PepC-F/R or PepA-
F/R primer sets, repectively, followed by Gibson assembly. Following plasmid construction, all 
cloned inserts were sequenced at Quintara Biosciences (San Francisco, CA) or the Barker Hall 
Sequencing Facility at UC Berkeley (Berkeley, CA). 

Expression of His10-tagged and His10-MBP-tagged proteins. E. coli BL21 Star (DE3) 
harboring the pRARE2 plasmid was transformed with the appropriate protein expression plasmid. 
An overnight TB culture of the freshly transformed cells was used to inoculate TB (1 L) containing 
the appropriate antibiotics (50 μg/mL carbenicillin or kanamycin with 50 μg/mL chloramphenicol) 
in a 2.8 L-baffled shake flask to OD600 = 0.05. The cultures were grown at 37°C at 200 rpm to 
OD600 = 0.6 to 0.8 at which point cultures were cooled on ice for 20 min, followed by induction of 
protein expression with IPTG (0.25 mM) and overnight growth at 16°C. Cell pellets were 
harvested by centrifugation at 9,800 × g for 7 min at 4ºC and stored at -80ºC. 

Purification of His10-tagged and His10-MBP-tagged proteins. Frozen cell pellets were 
thawed and resuspended at 5 mL/g of cell paste in lysis buffer (50 mM HEPES, 300 mM NaCl, 10 
mM imidazole, 20 mM bME, 20% (v/v) glycerol, pH 7.5) supplemented with EDTA-free Protease 
Inhibitor Cocktail (Roche). The cell paste was homogenized and then lysed by passage through a 
French Pressure cell (Thermo Scientific; Waltham, MA) at 9,000 psi or by sonication with a 
Misonix Sonicator 3000 (power = 7.5, 5 s on, 25 s off, 2 min total process time, ½” tip). The lysate 
was then centrifuged at 13,500 × g for 20 min at 4°C to separate the soluble and insoluble fractions. 
DNA was precipitated in the soluble fraction with 0.15% (w/v) polyethyleneimine and stirring at 
4°C for 30 min. The precipitated DNA was then removed by centrifugation at 13,500 × g for 20 
min at 4°C. The soluble lysate was incubated with Ni-NTA (0.5 mL resin/g of cell paste) for 45 
min at 4°C, then resuspended and loaded onto a column by gravity flow. The column was washed 
with wash buffer (50 mM HEPES, 300 mM NaCl, 20 mM imidazole, 20 mM bME, 20% (v/v) 
glycerol, pH 7.5) for 15-20 column vol. The column was then eluted with elution buffer (50 mM 
HEPES, 300 mM NaCl, 300 mM imidazole, 20 mM bME, 20% (v/v) glycerol, pH 7.5). Fractions 
containing the target protein were pooled by A280 nm and concentrated using an Amicon Ultra spin 
concentrator (10 kDa MWCO, Millipore). Protein was then exchanged into storage buffer (50 mM 
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HEPES, 100 mM sodium chloride, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) using PD-10 desalting 
columns. Note that for the PLP-dependent enzymes IlvE and LDC, 20 uM PLP was present in all 
the purification and storage buffers. Final protein concentrations before storage were estimated 
using the ε280 nm calculated by ExPASy ProtParam [31] and measured by nanodrop. They are as 
follows: S. cattleya BesD: 2.21 mg/mL (ε280 nm = 47,565 M-1 cm-1), P. fluorescens HalA: 4.19 
mg/mL (ε280 nm = 47,565 M-1 cm-1), P. orientalis HalA: 3.11 mg/mL (ε280 nm = 50,545 M-1 cm-1), S. 
wuyuanensis HalB: 10.67 mg/mL (ε280 nm = 45,045 M-1 cm-1), S. toyocaensis HalB: 12.84 mg/mL 
(ε280 nm = 43,555 M-1 cm-1), S. viridosporus HalB: 8.36 mg/mL (ε280 nm = 43,555 M-1 cm-1), A. 
awajinensis HalB: 2.82 mg/mL (ε280 nm = 46,075 M-1 cm-1), S. griseus HalB: 5.74 mg/mL (ε280 nm 
= 42,065 M-1 cm-1), S. afghaniensis HalB: 4.03 mg/mL (ε280 nm = 42,065 M-1 cm-1), P. iranensis 
HalB: 2.37 mg/mL (ε280 nm = 45,045 M-1 cm-1), S. prunicolor HalB: 1.24 mg/mL (ε280 nm = 41,035 
M-1 cm-1), P. anisa HalC: 1.25 mg/mL (ε280 nm = 53,525 M-1 cm-1), P. kilonensis HalD: 4.06 mg/mL 
(ε280 nm = 60,515 M-1 cm-1), P. sp. SHC52 HalD: 4.93 mg/mL (ε280 nm = 60,515 M-1 cm-1), P. trivialis 
HalD: 3.52 mg/mL (ε280 nm = 60,515 M-1 cm-1), P. sp. Root562 HalE: 0.73 mg/mL (ε280 nm = 62,005 
M-1 cm-1), P. fulva HalE: 1.30 mg/mL (ε280 nm = 57,410 M-1 cm-1), S. pristinaespiralis HalF: 2.23 
mg/mL (ε280 nm = 32,430 M-1 cm-1), M. pelagius HalG: 8.92 mg/mL (ε280 nm = 49,515 M-1 cm-1), P. 
corrugata HalH: 6.46 mg/mL (ε280 nm = 46,660 M-1 cm-1), P. mediteranea HalH: 6.68 mg/mL (ε280 

nm = 46,410 M-1 cm-1), S. lavenduligriseus BesD (SlBesD): 6.48 mg/mL, SlBesD N219A: 3.02 
mg/mL, SlBesD T221A: 3.52 mg/mL, SlBesD R74A: 6.65 mg/mL, SlBesD D140A: 2.73 mg/mL, 
SlBesD E120A: 4.51 mg/mL, SlBesD H134A: 3.67 mg/mL (ε280 nm = 50,545 M-1 cm-1); SlBesD 
W238A: 6.80 mg/mL, SlBesD W239A: 7.28 mg/mL (ε280 nm = 45,045 M-1 cm-1), RapL 0.54 mg/mL 
(ε280 nm = 3,230 M-1 cm-1), OCD, 2.13 mg/mL (ε280 nm = 20,065 M-1 cm-1), IlvE: 13.7 mg/mL (ε280 

nm = 49,515 M-1 cm-1), LDC: 4.01 mg/mL (ε280 nm = 106,605 M-1 cm-1). All proteins were aliquoted, 
flash-frozen in liquid nitrogen, and stored at -80°C. 

Preparation of proteins for crystallization. For the BesD halogenase from S. cattleya, the 
protein was dialyzed following elution from Ni-NTA column 3 × 1:50 against dialysis buffer (50 
mM HEPES, 100 mM NaCl, 1 mM DTT, pH 7.5) for 1.5 h to remove imidazole. After the third 
round of dialysis, protein was incubated with Prescission protease (1 mg protease/50 mg protein) 
and dialyzed 3 × 1:50 overnight into dialysis buffer. Cleaved and dialyzed protein was passed 
through Ni-NTA (2 mL) to remove Prescission and the His10 tag. The eluent was the diluted to a 
final salt concentration of 20 mM NaCl using Buffer A (50 mM HEPES, 20% (v/v) glycerol, 1 
mM DTT, 1 mM EDTA, pH 7.5) and loaded onto a 5 mL HiTrap-Q column for ion exchange with 
the AKTA Purifier FPLC system (GE Healthcare). The protein was eluted using a gradient from 
0-100% buffer A to buffer B (50 mM HEPES, 1 M NaCl, 20% (v/v) glycerol, 1 mM DTT, 1 mM 
EDTA, pH 7.5) over 40 min. The protein sample was concentrated to 2 mL and loaded onto a 
Superdex 75 16/60 pg (GE Healthcare) column equilibrated with SEC Buffer (20 mM HEPES, 
100 mM NaCl, 1 mM DTT, pH 7.5). The protein eluent was concentrated to 15 mg/mL and 
glycerol was added to a final concentration of 5% (v/v) before flash freezing in liquid nitrogen and 
storage at -80°C. 

Crystallization and structure determination. Crystals of BesD from S. cattleya were 
obtained by the hanging drop vapor diffusion method by combining equal volumes of protein 
solution (10 mg/mL BesD, lysine (1.5 mM), aKG (3 mM, pH 7)) and reservoir solution (MES pH 
6.5 (100 mM), sodium chloride (0.6 mM) containing 20% (v/v) PEG 4000). Thick rectangular plate 
crystals grew in 4 days. Crystals were transferred to an Eppendorf tube containing 100 µL of seed 
buffer (MES pH 6.5 (100 mM), sodium chloride (0.6 mM) containing 40% (v/v) PEG 4000) at 4°C 
and vortexed for 30 seconds with 10 × 1 mM diameter zirconia/silica beads to produce a micro-
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seed solution. The seed solution was stored at -80°C for future use. Fe-bound BesD crystals were 
prepared in a Coy Anaerobic chamber by micro-seeding equal volumes of protein solution (10 
mg/mL BesD, lysine (1.5 mM), aKG (3 mM, pH 7)) and reservoir solution (MES pH 6.5 (100 
mM), sodium chloride (0.6 mM), containing 20% (v/v) PEG 4000). Thick rectangular rods grew 
within 2 weeks. Crystals were soaked anaerobically in a solution containing (NH4)2Fe(SO4)2 × 
6H2O (1mM), aKG (1 mM), sodium ascorbate (1 mM), lysine (1 mM), and glycerol (20% (v/v) 
for 30 min before flash freezing in liquid nitrogen. Data were collected at Beamline 8.3.1 at the 
Advanced Light Source (Lawrence Berkeley National Laboratory) at a wavelength of 1.11 Å.  

Data were processed with XDS [32] and scaled and merged with Aimless [33] in within the 
CCP4 suite [34]. The anomalous signal from the Fe atoms was sufficient for obtaining initial 
phases using the CRANK2 pipeline [35]. Bucaneer [36] was used to build an initial model of the 
structure, which was refined iteratively in COOT [37] and Phenix [38]. Ligands were added to the 
model using COOT and refined in Phenix. The overall B-factors of the protein are higher than that 
of the ligands due to partially disordered regions of the protein. However, the B-factors of the 
ligands are similar to that of the surrounding protein residues in the active site. Omit maps for the 
ligand complex including Fe, Cl, aKG, lysine, His137, and His 204 were generated using the 
Phenix Map function. The Fe, Cl, αKG, lysine, His137, and His 204 were selected for removal 
from refinement prior to calculation of the maps. No map is visible around those ligands at the -
3σ contour level. The structure was analyzed in Pymol, which was also used to create figures. 

General procedure for high resolution HPLC/MS analysis of polar metabolites with 
HILIC. Samples containing polar metabolites were analyzed using an Agilent 1290 UPLC on a 
SeQuant ZIC-pHILIC (5 μm, 2.1 × 100 mm; EMD-Millipore) using the following buffers: Buffer 
A (90% acetonitrile, 10% water, 10 mM ammonium formate) and Buffer B (90% water, 10% 
acetonitrile, 10 mM ammonium formate). A linear gradient from 95% to 60% Buffer A over 17 
min followed by a linear gradient from 60% to 33% Buffer A over 8 min was then applied at a 
flow rate of 0.2 mL/min. Mass spectra were acquired in positive ionization mode using an Agilent 
6530 QTOF (Agilent). 

In vitro screening of BesD homolog activity. Reactions (50 µL) contained the following 
amino acids: L-alanine,  L-arginine, L-asparagine, L-aspartate, L-cysteine, L-glutamine, L-
glutamate, L-glycine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-methionine,  L-phenylalanine,  
L-proline,  L-serine,  L-threonine, L-tryptophan, L-valine, L-ornithine, and DL-norleucine   (0.5 mM 
each), sodium aKG (5 mM), sodium ascorbate (1 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), and 
sodium chloride (5 mM) in 100 mM HEPES buffer (pH 7.5). Reactions were initiated by addition 
of purified halogenase variants (10 µM final concentration) and allowed to proceed for 1 h at room 
temperature before quenching in 2 vol of methanol with 1% (v/v) formic acid. Samples were then 
analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol for polar metabolite 
analysis above. Following identification of substrates from the amino acid pool, the reactions were 
repeated with individual amino acids lysine, ornithine, leucine, isoleucine, and norleucine tested 
separately (0.5 mM each). In the case of the aliphatic halogenases which chlorinate leucine, 
isoleucine, and norleucine, the enzymes were re-assayed against each of the three amino acids 
separately (0.5 mM each) to confirm activity, since the substrates and products of these isomers 
have the same exact mass.  

In vitro halogenation assay of BesD mutants. Reactions (50 µL) contained L-lysine × HCl 
(1 mM), sodium aKG (5 mM), sodium ascorbate (1 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), and 
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sodium chloride (5 mM) in 100 mM HEPES buffer (pH 7.5). Reactions were initiated by addition 
of purified halogenase mutants or WT BesD from S. lavanduligriseus (20 µM final concentration) 
and allowed to proceed for 20 min at room temperature before quenching in 2 vol of methanol 
with 1% (v/v) formic acid. Samples were then analyzed by LC/MS on an Agilent 1290 UPLC-
6530 QTOF using the protocol for polar metabolite analysis above. 

Determination of kinetic parameters for PkHalD and PfHalA on lysine and ornithine. 
Reactions (100 µL) contained ATP (2.5 mM), MgCl2 (5 mM) phosphoenol-pyruvate (PEP, 1 mM), 
NADH (0.3 mM) lactate dehydrogenase (LDH, 10 U/mL), pyruvate kinase (PK, 10 U/mL) 
succinyl-CoA synthetase (SCS, 3.2 U/mL), coenzyme A (1 mM), sodium aKG (1 mM), 
(NH4)2Fe(SO4)2 × 6H2O (0.2 mM), sodium chloride (10 mM), and sodium ascorbate (2 mM) in 100 
mM HEPES buffer (pH 7.5). Reactions were initiated by addition of PkHalD (5 µM) or PfHalA 
(5 µM) in the presence of varying concentrations of L-lysine × HCl (0 - 16 mM) or L-ornithine × 
HCl (0 - 2 mM). Initial rates of NADH consumption were measured by monitoring A340 using a 
SynergyMx Microplate Reader (BioTek) at room temperature. kcat and KM were determined by 
fitting to initial rate data with Origin (OriginLab, Northampton, MA) using the equation: 

v0 = 
kcat[S]

KM + [S] 

where vo is the initial rate and [S] is the substrate concentration. Analogous experiments were 
performed to assess the activity of PrHalE on leucine, isoleucine, norleucine, and lysine. 

Bromination and azidation assays. Reactions (50 µL) contained L-lysine (1 mM), sodium 
aKG (5 mM), sodium ascorbate (5 mM), and (NH4)2Fe(SO4)2 × 6H2O (1 mM) in 50 mM sodium 
acetate buffer (pH 7, adjusted with acetic acid). The anion was provided as either sodium bromide 
(100 mM) or sodium azide (0.5 mM). Note that halogenases used for these assays were desalted 
into sodium acetate (25 mM, pH 7) to prevent competition from the native chloride ligand found 
in the enzyme storage buffer. Reactions were initiated by addition of SwHalB (30 μM final 
concentration) and allowed to proceed for 1 h at room temperature before quenching in 2 vol of 
Methanol with 1% (v/v) formic acid. Samples were then analyzed by LC/MS on an Agilent 1290 
UPLC-6530 QTOF using the protocol for polar metabolite analysis above. 

Lysine cyclodeaminase reactions. Reactions (25 µL) contained L-lysine × HCl (1 mM), 
sodium aKG (5 mM), sodium ascorbate (100 µM), (NH4)2Fe(SO4)2 × 6H2O (50 µM), and sodium 
chloride (1 mM) in 50 mM HEPES buffer (pH 7.5). Reactions were initiated by addition of 
SwHalB (15 μM final concentration) and allowed to proceed for 2 h at room temperature to form 
chlorinated lysine substrates for the lysine cyclodeaminase (RapL). Cyclodeamination was 
initiated by addition of 1 volume (25 µL) of cyclodeaminase solution (NAD+ (1.8 mM) and RapL 
(14 µM) in 50 mM HEPES buffer pH 7.5) and allowed to proceed for 2 h at room temperature 
before quenching in 2 vol of Methanol with 1% (v/v) formic acid. Samples were then analyzed by 
LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol for polar metabolite analysis 
above. 

Ornithine cyclodeaminase reactions. Reactions (25 µL) contained L-ornithine × HCl (1 
mM), sodium aKG (5 mM), sodium ascorbate (100 µM), (NH4)2Fe(SO4)2 × 6H2O (50 µM), and 
sodium chloride (1 mM) in 50 mM HEPES buffer (pH 7.5). Reactions were initiated by addition 
of PkHalD (15 μM final concentration) and allowed to proceed for 2 h at room temperature to form 
chlorinated ornithine substrate for the ornithine cyclodeaminase (OCD). Cyclodeamination was 
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initiated by addition of 1 volume (25 µL) of cyclodeaminase solution (NAD+ (1.8 mM) and OCD 
(20 µM) in 50 mM HEPES buffer pH 7.5) and allowed to proceed for 2 h at room temperature 
before quenching in 2 vol of Methanol with 1% (v/v) formic acid. Samples were then analyzed by 
LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol for polar metabolite analysis 
above. 

Lysine decarboxylase reactions. Reactions (50 µL) contained L-lysine × HCl (1 mM), 
sodium aKG (5 mM), sodium ascorbate (200 µM), (NH4)2Fe(SO4)2 × 6H2O (100 µM), and sodium 
chloride (1 mM) in 50 mM HEPES buffer (pH 7.5). Reactions were initiated by addition of 
SwHalB (30 μM final concentration) and allowed to proceed for 2 h at room temperature to form 
chlorinated lysine substrates for the lysine decarboxylase (LDC). Decarboxylation was initiated 
by addition of 15 µL of lysine decarboxylase (LDC, 48 µM) and allowed to proceed for 2 h at 
room temperature before quenching in 2 vol of methanol with 1% (v/v) formic acid. Samples were 
then analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol for polar 
metabolite analysis above. 

Aliphatic amino acid transaminase reactions. Reactions (50 µL) contained DL-norleucine 
(1 mM), sodium aKG (5 mM), sodium ascorbate (200 µM), (NH4)2Fe(SO4)2 × 6H2O (100 µM), 
and sodium chloride (1 mM) in 50 mM HEPES buffer (pH 7.5). Reactions were initiated by 
addition of SrHalE (10 μM final concentration) and allowed to proceed for 1.5 h at room 
temperature to form chlorinated norleucine substrates for the aliphatic amino acid 
aminotransferase (IlvE). Transamination was initiated by addition of 15 µL of IlvE (370 µM) and 
allowed to proceed for 1 h at room temperature before quenching in 2 vol of Methanol with 1% 
(v/v) formic acid. Samples were then analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF 
(negative ion mode) using a Phenomenex (Torrence, CA) Rezex-ROA Organic Acid H+ column 
(150 × 4.6 mM) and Carbo-H+ Security Guard cartridge. In the isocratic method, the sample was 
eluted over the course of 10 min with 0.5% (v/v) formic acid.  

In vitro transcription/translation (IVTT) of a chlorinated peptide. The IVTT reactions were 
performed using the PURExpress D(aa, tRNA) kit (NEB), which separates the amino acids and 
tRNA from the other reaction components. Initial halogenation reactions (4.2 µL) contained the 
20 canonical amino acids (1 mM), sodium aKG (1 mM), sodium ascorbate (167 µM), 
(NH4)2Fe(SO4)2 × 6H2O (167 µM), and 0.5 mM NaCl  in 33 mM HEPES buffer pH 7.5. 
Halogenation was initiated by addition of PfHalA or SwHalB (83 µM final concentration) and 
allowed to proceed for 40 min at room temperature. IVTT was then initiated by addition of the 
remaining PURExpress kit components along with the plasmid encoding PepC (7 ng/µL final 
concentration), resulting in a ~3-fold dilution of the initial halogenation reaction components. The 
halogenases were omitted for control reactions as noted in the data. The final reactions (14 µL) 
were moved to 37°C for 4 h. Following dilution with 25 µL of 10 mM magnesium acetate, protein 
components were removed from the reaction by passage through a Pall Nanosep 10 kDa spin 
column. The flow-through was analyzed using an Agilent 1290 UPLC on a Poroshell 120 SB-Aq 
column (2.7 µm, 2.1 × 50 mm; Agilent) using a linear gradient from 0 to 100% acetonitrile over 5 
min at a flow rate of 0.6 mL/min with 0.1% (v/v) formic acid as the mobile phase. Mass spectra 
were acquired using an Agilent 6530 QTOF.  

General method for HPLC purification of chlorinated amino acids for NMR analysis. 
Methyl-esterified chlorinated amino acids were purified using an Agilent 1200 HPLC on a 
SeQuant ZIC-HILIC Semi-Preparative column (5 µm, 200 Å, 150 × 21.1 mm, EMD Millipore) 
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using the following buffers: Buffer A (90% acetonitrile, 10% water, 10 mM ammonium formate) 
and Buffer B (90% water, 10% acetonitrile, 10 mM ammonium formate). A gradient was applied 
as follows: linear gradient from 100% to 40% Buffer A over 1 h, followed by a hold of 40% Buffer 
A for 18 min, then to 30% Buffer A over 5 min, followed by a linear gradient to 75% A over 4 
min at a flow rate of 5 mL/min. The fractions containing the desired chlorinated compounds were 
determined by LC-QTOF MS screening, pooled, and dried by rotary evaporation followed by 
speed-vacuum when the volume reached <1.5 mL. 

General methods for NMR data collection. All experiments were recorded on a Bruker 
Avance II spectrometer operating at 900 MHz and at 298 K.  The instrument was equipped with a 
CP TXI cryoprobe and was controlled using Topspin (version 3.2) software.  Data were processed 
using Topspin (version 3.2) by zero-filling once in each dimension, followed by apodization, 
Fourier transformation, and phasing, and were referenced to 4,4-dimethyl-4-silapentane-1-sulfonic 
acid (DSS).  Spectra were analyzed using Mnova software (Mestrelab Research, Escondido, CA, 
USA). 

Preparation, purification, and NMR analysis of [13C6,15N2]-5-Cl-lysine methyl ester. 
[13C6,15N2]-5-Cl-lysine methyl ester was prepared in a 200 µL reaction containing HalB from S. 
iranensis (SiHalB, 70 µM), [13C6,15N2]- L-lysine × 2HCl (0.35 mM), aKG (5 mM), (NH4)2Fe(SO4)2 
× 6H2O (1 mM), sodium ascorbate (2.5 mM) in 50 mM HEPES (pH 7.5). Chloride is provided by 
the enzyme storage buffer (NaCl) and the lysine hydrochloride substrate. The reaction was 
quenched after 60 min by transferring into 3 mL of 3 M HCl in methanol followed by incubation 
at 50°C for 3 h. Samples were then cooled at room temperature for 1 h before neutralizing by 
dropwise addition of 10 M NaOH. Precipitate was removed by centrifugation at 10,000 × g for 10 
min. The [13C6,15N2]- 5-Cl-lysine methyl ester was purified using an Agilent 1200 HPLC on a 
SeQuant ZIC-HILIC Semi-Preparative column as described above. Samples were resuspended in 
60% D3-acetonitrile:40% D2O for NMR analysis on a Bruker 900 MHz instrument and for 
LC/QTOF-MS analysis. High resolution ESI-MS [M+H]+: calculated for C13C6H1635Cl15N2O2+ 

m/z, 203.1037, found m/z 203.1034. C13C6H1637Cl15N2O2+ m/z, 205.1007, found m/z 205.1006. 
A constant-time 1H-13C HSQC experiment (Bruker pulse sequence hsqcctetgpsp) was recorded 

with carrier frequencies set to 5.48 ppm (1H) and 40 ppm (13C)) and the spectral widths set to 16 
ppm (1H) and 80 ppm (13C). The carboxyl chemical shift was set to 176 ppm, and the 1H-13C 
coupling constant was set to 145 Hz.  The recycle delay was set to 1.5 sec. The constant-time 
evolution period was set to 13.6 ms, to distinguish 1H-13C pairs with one or three carbon neighbors 
from those with two carbon neighbors.   A 2D 1H-13C version of the 3D HCCH-COSY experiment 
(Bruker pulse sequence hcchcogp3d2) was used to identify neighboring 1H and 13C resonances.  
The carrier frequencies were set to 5.48 ppm (1H) and 39 ppm (13C) with spectral widths of 14 
ppm (1H) and 75 ppm (13C).  The recycle delay was set to 1.8 sec. Please note that the methyl ester 
is formed by quenching with unlabeled methanol and does not appear using these data collection 
parameters.1H NMR (900 MHz, 60% D3-acetonitrile:40% D2O): δ 4.30 (Hδ), 4.19 (Hα), 3.47 (Hε1), 
3.24 (Hε2), 2.25 (Hβ1), 2.16 (Hβ2), 2.11 (Hγ1), 1.86 (Hγ2). 13C NMR (900 MHz, 60% D3-
acetonitrile:40% D2O): δ 58.91 (Cδ), 53.11 (Cα), 46.10 (Cε), 31.22 (Cγ), 27.31 (Cβ). 

Preparation, purification, and NMR analysis of [13C6,15N2]-5,5-dichlorolysine methyl 
ester. [13C6,15N2]-5,5-dichlorolysine methyl ester was prepared in a 400 µL reaction containing 
HalB from S. wuyuanensis (SwHalB, 70 µM), [13C6,15N2]- L-lysine × 2HCl (0.35 mM), aKG (5 
mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), sodium ascorbate (2.5 mM) in 50 mM HEPES (pH 7.5). 
Chloride is provided by the enzyme storage buffer (NaCl) and the lysine hydrochloride substrate. 
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The reaction was quenched after 60 min by transferring into 3 mL of 3 M HCl in methanol followed 
by incubation at 50°C for 3 h. Samples were then cooled at room temperature for 1 h before 
neutralizing by dropwise addition of 10 M NaOH. Precipitate was removed by centrifugation at 
10,000 × g for 10 min. The [13C6,15N2]-5,5-dichlorolysine methyl ester was purified using an 
Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column as described above. 
Samples were resuspended in D2O for NMR analysis on a Bruker 900 MHz instrument and for 
LC/QTOF-MS analysis. High resolution ESI-MS [M+H]+: calculated for C13C6H1535Cl215N2O2+ 
m/z, 237.0647, found m/z 237.0647. C13C6H1535Cl37Cl15N2O2+ m/z, 239.0618, found m/z 239.0618. 
C13C6H1537Cl215N2O2+ m/z, 241.0588, found m/z 241.0587. 

A constant-time 1H-13C HSQC spectrum was recorded with carrier frequencies set to 4.7 (1H) 
and 40 (13C) ppm, and spectral widths set to 16 ppm (1H) and 80 ppm (13C).  The recycle delay 
was set to 1.5 sec. A HCCH-COSY spectrum was recorded with carrier frequencies set to 4.7 ppm 
(1H) and 39 ppm (13C) and spectral widths of 14 ppm (1H) and 75 ppm (13C). HCCH-COSY spectra 
depend on neighboring 1H-13C pairs to resolve resonances.  The experiment fails when a carbon 
neighbor has no attached protons, as was the case for the d position of 5,5-dichlorolysine.  To 
confirm the resonance of Cδ, a 2D 1H-13C long-range HCCH experiment (Bruker pulse sequence 
hcchetgplr) was used.  The carrier frequencies were set to 4.7 (1H) and 50 ppm (13C), and the 
spectral widths were set to 14 ppm (1H) and 140 ppm (13C).  The recycle delay was 2.0 sec. Please 
note that the methyl ester is formed by quenching with unlabeled methanol and does not appear 
using these data collection parameters. 1H NMR (900 MHz, D2O): δ 4.32 (Hα), 3.82 (Hε), 2.60 
(Hγ1), 2.50 (Hγ2), 2.50 (Hβ1), 2.44 (Hβ2). 13C NMR (900 MHz, D2O): δ 88.84 (Cδ), 53.98 (Cε), 53.33 
(Cα), 41.66 (Cγ), 26.56 (Cβ). 

Preparation, purification, and NMR analysis of [13C6,15N2]-4,4-dichlorolysine methyl 
ester. [13C6,15N2]- 4,4-dichlorolysine methyl ester was prepared in a 400 µL reaction containing 
HalC from L. anisa (LaHalC, 70 µM), [13C6,15N2]- L-lysine × 2HCl (1 mM), aKG (5 mM), 
(NH4)2Fe(SO4)2 × 6H2O (1 mM), sodium ascorbate (2.5 mM) in 50 mM HEPES (pH 7.5). Chloride 
is provided by the enzyme storage buffer (NaCl) and the lysine hydrochloride substrate. The 
reaction was quenched after 4 h by transferring into 3 mL of 3 M HCl in methanol followed by 
incubation at 50°C for 3 h. Samples were then cooled at room temperature for 1 h before 
neutralizing by dropwise addition of 10 M NaOH. Precipitate was removed by centrifugation at 
10,000 × g for 10 min. The [13C6,15N2]-4,4-dichlorolysine methyl ester was purified using an 
Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column as described above. 
Samples were resuspended in D-methanol for NMR analysis on a Bruker 900 MHz instrument and 
for LC/QTOF-MS analysis. High resolution ESI-MS [M+H]+: calculated for 
C13C6H1535Cl215N2O2+ m/z, 237.0647, found m/z 237.0651. C13C6H1535Cl37Cl15N2O2+ m/z, 
239.0618, found m/z 239.0621. C13C6H1537Cl215N2O2+ m/z, 241.0588, found m/z 241.0591. 

A constant-time HSQC experiment was recorded with carrier frequencies of 4.7 ppm (1H) and 
40 ppm (13C), and with spectral widths of 16 ppm (1H) and 80 ppm (13C).  The recycle delay was 
set to 2 seconds. A HCCH-COSY experiment was recorded with carrier frequencies of 4.7 ppm 
(1H) and 39 ppm (13C), and spectral widths of 14 ppm (1H) and 75 ppm (13C).  Because Cγ lacked 
protons, a 1,1 Adequate experiment was used to assign the shift of the Cγ carbon via correlation 
between Hδ and Cγ. The experiment was recorded with carrier frequencies of 4.67 ppm (1H) and 
105 ppm (13C), and with spectral widths of 16 ppm (1H) and 200 ppm (13C).  The recycle delay 
was set to 1.5 sec. A 2D 1H-13Ca plane of a 3D HCACO experiment (Bruker pulse sequence 
hcacogp3d) was used to unambiguously distinguish the Hα resonance from the other signals.  The 
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experiment was recorded with carrier frequencies set to 4.7 ppm (1H) and 50 ppm (13C), and 
spectral widths set to 16 ppm (1H) and 60 ppm (13C).  The recycle delay was set to 1.5 sec. 1H 
NMR (900 MHz, methanol-D): δ 3.86 (Hα), 3.33 (Hε), 2.96 (Hβ1), 2.79 (Hδ1), 2.68 (Hδ2), 2.51 (Hβ2). 
13C NMR (900 MHz, methanol-D): δ 82.72 (Cγ), 53.12 (Cα), 52.83 (Cβ), 46.01 (Cδ), 37.32 (Cε).  

Preparation, purification, and NMR analysis of [13C5,15N2]4-Cl-ornithine methyl ester. 
[13C5,15N2]-4-Cl-ornithine methyl ester was prepared in a 400 µL reaction containing HalD from 
P. kilonensis (PkHalD, 70 µM), [13C5,15N2]-L-ornithine× HCl (0.5 mM), aKG (5 mM), 
(NH4)2Fe(SO4)2 × 6H2O (1 mM), sodium ascorbate (2.5 mM) in 50 mM HEPES (pH 7.5)). Chloride 
is provided by the enzyme storage buffer (NaCl) and the ornithine hydrochloride substrate. The 
reaction was quenched after 60 min by transferring into 3 mL of 3 M HCl in methanol followed 
by incubation at 50°C for 3 h. Samples were then cooled at room temperature for 1 h before 
neutralizing by dropwise addition of 10 M NaOH. Precipitate was removed by centrifugation at 
10,000 × g for 10 min. The [13C5,15N2]- 4-Cl-ornithine methyl ester was purified using an Agilent 
1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column as described above. Samples were 
resuspended in D2O for NMR analysis on a Bruker 900 MHz instrument and for LC/QTOF-MS 
analysis. High resolution ESI-MS [M+H]+: calculated for C13C5H1435Cl15N2O2+ m/z, 188.0847, 
found m/z 188.0847. C13C5H1437Cl15N2O2+ m/z, 190.0817, found m/z 190.0817. 

A constant-time HSQC experiment was recorded with carrier frequencies of 4.7 ppm (1H) and 
40 ppm (13C) and spectral widths of 16 ppm (1H) and 80 ppm (13C).  The recycle delay was set to 
1.5 sec.  A HCCH-COSY spectrum was recorded with carrier frequencies set to 4. 7 ppm (1H) and 
39 ppm (13C), and spectral widths of 14 ppm (1H) and 80 ppm (13C).  The recycle delay was set to 
2 sec. Please note that the methyl ester is formed by quenching with unlabeled methanol and does 
not appear using these data collection parameters. 1H NMR (900 MHz, D2O): δ 4.69 (Hγ), 4.24 
(Hα), 3.77 (Hδ1), 3.50 (Hδ2), 2.55 (Hβ1), 2.29 (Hβ2). 13C NMR (900 MHz, D2O): δ 51.5 (Cγ), 48.8 
(Cδ), 46.1 (Cα), 32.3 (Cβ). 

Preparation, purification, and NMR analysis of [13C6]-4-Cl-leucine methyl ester. [13C6]-4-
Cl-leucine methyl ester was prepared in a 400 µL reaction containing MBP-P. Root562 HalE (80 
µM), [13C6] L-leucine (1 mM), aKG (2 mM), (NH4)2Fe(SO4)2 × 6H2O (0.25 mM), sodium ascorbate 
(2 mM), sodium chloride (5 mM), and 40% glycerol (v/v) in 30 mM sodium acetate (pH 6.0). The 
reaction was quenched after 90 min by passage through a 10 kDa MWCO Pall Nanosep spin filter 
to remove protein. The flow-through was dried using a speed vacuum, resuspended in 200 µL of 
3 M HCl in methanol, and incubated at 50°C for 3 h. The methyl-esterified samples were then 
dried using a speed vacuum and resuspended in 2 mL of 90% acetonitrile:10% water. Precipitate 
was removed by centrifugation at 10,000 × g for 10 min. The [13C6]- 4-Cl-leucine methyl ester was 
purified using an Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column as 
described above. Fractions containing the compound of interest were dried by speed vacuum, 
resuspended with 100 µl of saturated ammonium bicarbonate in D2O, and extracted 3 times with 
100 µL chloroform (D, 99.8%) for NMR analysis on a Bruker 900 MHz instrument and for 
LC/QTOF-MS analysis. High resolution ESI-MS [M+H]+: calculated for C13C6H1535ClNO2+ m/z, 
186.0987, found m/z 186.0988. C13C6H1537ClNO2+ m/z, 188.0958, found m/z 188.0958. 

A constant-time HSQC was recorded with carrier frequencies of 4.7 ppm (1H) and 50 ppm 
(13C), and with spectral widths of 14 ppm (1H) and 100 ppm (13C).  The recycle delay was set to 2 
s.  A HCCH-COSY spectrum was recorded with carrier frequencies of 4.7 ppm (1H) and 50 ppm 
(13C), with spectral widths of 14 ppm (1H) and 100 ppm (13C).  The recycle delay was set to 1.8 s.  
To confirm the resonance of Cγ, a 2D 1H-13C long-range HCCH experiment that was recorded with 
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carrier frequencies of 5 ppm (1H) and 40 ppm (13C), and with spectral widths of 14 ppm (1H) and 
120 ppm (13C).  The recycle delay was set to 2 s. Please note that the methyl ester is formed by 
quenching with unlabeled methanol and does not appear using these data collection parameters. 
1H NMR (900 MHz, chloroform-D): δ 3.75 (Hα), 2.37 (Hβ1), 1.91 (Hβ2), 1.69 (Hδ1), 1.64 (Hδ2). 13C 
NMR (900 MHz, chloroform-D): δ 69.47 (Cγ), 52.39 (Cα), 50.32 (Cβ), 33.14 (Cδ2), 32.97 (Cδ1). 

Preparation, purification, and NMR analysis of [13C6,15N]-4-Cl-isoleucine methyl ester. 
[13C6, 15N]-4-Cl-isoleucine methyl ester was prepared in a 400 µL reaction containing P. Root562 
HalE (80 µM), [13C6, 15N] L- isoleucine (1 mM), aKG (2 mM), (NH4)2Fe(SO4)2 × 6H2O (0.25 mM), 
sodium ascorbate (2 mM), sodium chloride (5 mM), and 40% glycerol (v/v) in 30 mM sodium 
acetate (pH 6.0). The reaction was quenched after 90 min by passage through a 10 kDa MWCO 
Pall Nanosep spin filter to remove protein. The flow-through was dried using a speed vacuum, 
resuspended in 200 µL of 3 M HCl in methanol, and incubated at 50°C for 3 h. Samples were then 
dried using a speed vacuum and resuspended in 2 mL of 90% acetonitrile and 10% water. 
Precipitate was removed by centrifugation at 10,000 × g for 10 min. The [13C6,15N]- 4-Cl-
isoleucine methyl ester was purified using an Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-
Preparative column as described above. Fractions containing the compound of interest were dried 
by speed vacuum, resuspended with 100 µl of saturated ammonium bicarbonate in D2O, and 
extracted 3 times with 100 µL chloroform (D, 99.8%) for NMR analysis on a Bruker 900 MHz 
instrument and for LC/QTOF-MS analysis. High resolution ESI-MS [M+H]+: calculated for 
C13C6H1535Cl15NO2+ m/z, 187.0957, found m/z 187.0959. C13C6H1537Cl15NO2+ m/z, 189.0928, 
found m/z 189.0927. 

A constant-time HSQC experiment was recorded with carrier frequencies set to 4.7 ppm (1H) 
and 50 ppm (13C), and with spectral widths set to 14 ppm (1H) and 100 ppm (13C).  The recycle 
delay was set to 2 s.  A 2D HCCH-COSY spectrum was recorded with carrier frequencies of 4.7 
ppm (1H) and 50 ppm (13C), and spectral widths of 14 ppm (1H) and 100 ppm (13C).  The recycle 
delay was set to 2 s.  Please note that the methyl ester is formed by quenching with unlabeled 
methanol and does not appear using these data collection parameters. [13C6,15N]-4-Cl-isoleucine 
methyl ester, 1H NMR (900 MHz, chloroform-D): δ 4.39 (Hγ2), 3.55 (Hα), 2.14 (Hβ), 1.49 (Hδ), 
0.99 (Hγ1). 13C NMR (900 MHz, chloroform-D): δ 58.91 (Cγ2), 56.98 (Cα), 45.39 (Cβ), 20.97 (Cδ), 
12.18 (Cγ1). [13C6,15N]-isoleucine methyl ester, 1H NMR (900 MHz, chloroform-D): δ 3.37 (Hα), 
1.75 (Hβ), 1.46 (Hγ2), 1.22 (Hγ2), 0.95 (Hγ1), 0.92 (Hδ). 13C NMR (900 MHz, chloroform-D): δ 
58.68 (Cα), 38.72 (Cβ), 24.34 (Cγ2), 15.53 (Cγ1), 11.44 (Cδ). 

Preparation, purification, and NMR analysis of 5,5-dichloronorleucine methyl ester 
(unlabeled). 5,5-dichloronorleucine methyl ester was prepared in a 500 µL reaction containing 
MBP-P. Root562 HalE (20 µM), DL- norleucine (1 mM), aKG (2 mM), (NH4)2Fe(SO4)2 × 6H2O 
(0.5 mM), sodium ascorbate (2 mM) in 50 mM NaAc (pH 6.0). After 16 h, protein was removed 
by passage through a 10 kDa MWCO Pall Nanosep spin filter. After dilution of the flow-through 
to 1.5 mL with acetonitrile, 5-5-dichloronorleucine was purified using an Agilent 1200 HPLC on 
a SeQuant ZIC-HILIC Semi-Preparative column as described above. Fractions containing 5,5-
dichloronorleucine were dried using a speed vacuum, resuspended in 200 µL of 3 M HCl in 
methanol, and incubated at 50°C for 3 h to methyl esterify the amino acid. Samples were again 
vacuumed to dryness. The sample was then resuspended with 100 µl of saturated ammonium 
bicarbonate in D2O and extracted 3 times with 100 µL chloroform (D, 99.8%) for NMR analysis 
on a Bruker 900 MHz instrument and for LC/QTOF-MS analysis. High resolution ESI-MS 
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[M+H]+: calculated for C7H1435Cl2NO2+ m/z, 214.0396, found m/z 214.0398. C7H1435Cl37ClNO2+ 
m/z, 216.0367, found m/z 216.0369. C7H1437Cl2NO2+ m/z, 218.0337, found m/z 218.0341. 

An edited 1H-13C HSQC experiment (Bruker pulse sequence hsqcedetgpsisp2.2), in which 
carbons with one or three protons are opposite in phase to those with two protons, was recorded 
with carrier frequencies set to 5 ppm (1H) and 50 ppm (13C), and with spectral widths of 11 ppm 
(1H) and 100 ppm (13C).  The recycle delay was 1.5 s.  A 1H-13C HMBC experiment (Bruker pulse 
sequence hmbcgplpndqf) was used to correlate protons with carbon spins two and three bonds 
removed via long-range proton-carbon couplings.   The experiment was optimized for a long-range 
proton-carbon coupling of 10 Hz.  Carrier frequencies were set to 5 ppm (1H) and 50 ppm (13C), 
with spectral widths of 11 ppm (1H) and 100 ppm (13C).  The recycle delay was set to 1.5 s. 
Gradient COSY and TOCSY experiments were recorded with Bruker pulse sequences cosygpqf 
and dipsi2etgpsi, respectively.  For each experiment, the carrier frequency was set to 5 ppm, the 
spectral widths were set to 11 ppm in both dimensions, and the recycle delay was set to 1.5 s.  The 
mixing time in the TOCSY experiment was set to 100 ms. 1H NMR (900 MHz, chloroform-D): δ 
3.51 (Hα), 2.41 (Hγ1), 2.29 (Hγ2), 2.19 (Hε), 2.16 (Hβ1), 1.93 (Hβ2). 13C NMR (900 MHz, 
chloroform-D): δ 89.9 (Cδ), 53.3 (Cα), 45.8 (Cγ), 32.6 (Cε), 30.8 (Cβ). 
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3.2.   Results and discussion 
Structural characterization of BesD. The FeII/αKG-dependent halogenases are part of the 

large and highly diverse Cupin superfamily, which contains members that catalyze a host of 
different reactions, including hydroxylation, halogenation, olefin epoxidation, and stereoinversion 
on a broad range of substrates [39]. As such, the prediction and discovery of new activities using 
bioinformatic approaches has been limited by the sequence variability of family members. In this 
case, BesD has very low identity to the carrier protein-dependent halogenase SyrB2 (7% ID) and 
the indole alkaloid halogenase WelO5 (11% ID) and thus displays higher sequence similarity to 
predicted but uncharacterized FeII/αKG-dependent hydroxylases (≤ 46% ID) than to other known 
halogenases (Figure 3.2). A query of the superfamily database reveals that BesD groups in a 
different protein family within the Cupin Superfamily compared to previously reported FeII/αKG-
dependent halogenases [40]. To gain a better mechanistic understanding of BesD, we solved the 
X-ray crystal structure of BesD with lysine, Fe, chlorine, and αKG bound in the active site (Table 
3.1, Figure 3.3).  

BesD was crystallized anaerobically with lysine and αKG and soaked with FeII. The X-ray 
structure was solved at 1.95 Å resolution by Fe-SAD phasing. The structure contains four BesD 
monomers in the asymmetric unit, all of which possess the β-sandwich topology characteristic of 
Fe/αKG enzymes [18]. Each monomer contains a single Fe coordinated by His137, His 204, 
chloride, and αKG in a distorted square pyramidal geometry in the active site, which contains the 
HXG/A motif that is characteristic of halogenases. The binding site for lysine in BesD is largely 
polar, with a network of hydrogen bonds for binding to the carboxylate (Arg74, His134, Trp238), 
α-amine (Asp140), and ε-amine (Glu120, Asn219, and Thr221) of the substrate (Figure 3.3). In 
addition, Trp239 on the C-terminus of the protein stacks over the aliphatic side chain of lysine, 
closing over the substrate at the entrance of the active site. The structure also reveals a water 
network between Thr221 and the chloride ligand. 

The crystal structure highlights differences in substrate binding between BesD and the carrier 
protein-dependent amino acid halogenases. In BesD, the positioning of the lysine substrate appears 
to be strongly determined by a two-point interaction between the free carboxylate of lysine and 
the guanidinium group of an active-site arginine (Arg74). In contrast in SyrB2, the carboxylate of 
threonine substrate is ligated to a phosphopantetheine (PPant) arm, which both tethers threonine 
to the carrier protein (SyrB1) through a thioester linkage and masks the carboxylate. It has been 
proposed that the Thr-Ppant arm enters the active site through a tunnel and that interactions with 
threonine, the Ppant arm, as well as SyrB1 are likely important for positioning the substrate in the 
active site for catalysis [41,42]. Another notable difference is that BesD appears to have a covering 
lid that holds lysine in the active site for catalysis. This substrate binding mode is more reminiscent 
of the indole alkaloid halogenase, WelO5, in which the substrate is held into place by a helix that 
closes over the active site [19]. 

Catalytic selectivity in BesD. Understanding how radical halogenases catalyze halogenation 
selectively over the closely related hydroxylation reaction remains an active area of investigation. 
FeII/αKG-dependent halogenases are closely related both evolutionarily and mechanistically to the 
larger and more well-studied class of FeII/αKG-dependent hydroxylases [43,44]. Upon activation 
with O2 and αKG, both hydroxylases and halogenases generate a high-valent FeIV-oxo species 
which can abstract an H atom from the substrate [45]. For hydroxylases, rebound of the substrate 
radical with the resulting hydroxo group is the only possible pathway as the coordination site 
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Figure 3.2. Structures of the substrates of BesD, WelO5, and SyrB2. (B) Sequence comparison (left) and 
RMSD (right) of BesD (PDB 6NIE), WelO5 (PDB 5IQT), and SyrB2 (PDB 2FCU). RMSD calculations were 
performed using the DALI server [46]. (C) An alignment of BesD to its nearest hydroxylase homolog 
demonstrates that BesD is closer in sequence similarity (46% ID) to its nearest putative hydroxylase 
neighbor (WP_107105619, S. sp. MBT76) with the characteristic HXD motif, shown in red, than to the 
halogenases SyrB2 and WelO5. Alignment and sequence comparisons were performed with MUSCLE [25]. 
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Table 3.1. Data collection and refinement parameters for BesD from S. cattleya.  
 

 BesD Fe-bound (6NIE) 
Data collection  
Space group P1 
Cell dimensions    
    a, b, c (Å) 61.3578, 68.9165, 79.7021 
    a, b, g  (°)  115.363, 91.5673, 112.951 
Resolution (Å) 70.03–1.95 (2.02–1.95) * 
Rsym or Rmerge 0.158 (1.583) 
I / sI 10.70 (1.79) 
Completeness (%) 97.37 (95.7) 
Redundancy 
CC1/2 

13.6 (11.5) 
0.998 (0.78) 

  
Refinement  
Resolution (Å) 70.03-1.95 
No. reflections 74970 (7338) 
Rwork / Rfree 0.180/0.217 
No. atoms 8788 
    Protein 7892 
    Ligand/ion 49 
    Water 847 
B-factors  
    Protein 42.46 
    Ligand/ion 
        Fe 
        Cl 
        Lysine 
        αKG  

33.26 
29 
26 
30 
35 

    Water 43.66 
R.m.s. deviations  
    Bond lengths (Å) 0.01 
    Bond angles (°) 1.29 

*Data were collected on one crystal. *Values in parentheses are for highest-resolution shell. 
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Figure 3.3. (A) Overall fold of substrate-bound BesD. (B) Fo-Fc omit map for the lysine (yellow) and Fe-
bound complex with two histidines, Cl (green), Fe (brown), and aKG. Omit map was calculated by removing 
ligands before refinement and is contoured at ±3s. (c, d) Binding site of the substrate lysine. Hydrogen 
bonding interactions coordinate the carboxylate and two amines of lysine. Trp239 stacks in front of the 
aliphatic sidechain of lysine to cover the substrate in the active site. 
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occupied by a halide in halogenases is filled by the Asp or Glu ligand from the HXD/E motif. In  
halogenases, however, rebound with either the halogen or the hydroxyl group is possible, leading 
to potential reaction partitioning between halogenation and hydroxylation, respectively (Figure 
3.4) [47]. In the case of BesD, mutation of the active site glycine of the HXG motif to an aspartate 
eliminates halogenation and results in only hydroxylation [9]. Indeed, it has been shown that 
halogenases can carry out a low level of off-pathway hydroxylation, especially when challenged 
with non-native substrates [48]. Efforts to engineer halogenases from hydroxylases have also been 
difficult, suggesting that second-sphere interactions are important in controlling reaction 
partitioning [49].  
 

 
Figure 3.4. Radical halogenases are related in reaction mechanism to radical hydroxylases. In 
halogenases, Asp or Glu is instead replaced with a Gly or Ala residue, allowing room for direct coordination 
of chloride to the Fe. In this case, rebound of either the -Cl or the -OH radical is possible, leading to 
halogenated or hydroxylated products, respectively. 

 
Combining insights from our structure with prior studies of FeII/αKG-dependent enzymes [17], 

we can propose a mechanism for halogenation by BesD. Halogenases must orient the FeIV-oxo 
intermediate such that it is suitably positioned to perform hydrogen atom abstraction while 
disfavoring rebound of the resulting FeIII-OH intermediate in favor of FeIII-Cl rebound. Our 
structure captured under anaerobic conditions most likely represents a snapshot of the active site 
prior to O2 binding. By analogy to other FeII/αKG-dependent enzymes in the literature [18,19], the 
putative vacant site for oxygen binding appears to be trans to His137, on the opposite side of the 
His204-Cl-αKG plane from the substrate carbon that is targeted for hydrogen atom abstraction 
(Figure 3.5). If the oxo moiety remains trans to His 137 upon formation of the FeIV-oxo 
intermediate, and if the substrate position does not change, the distance between the oxo moiety 
and site of hydrogen atom abstraction (C4 of lysine) would be ~5.0 Å on the basis of the FeII-
C4(lysine) distance (4.8 Å) and estimated FeIV-oxo bond length (1.6 Å) [45]. While the precise 
structures of the reaction intermediates are unknown, this distance is longer than that calculated 
from density-functional theory studies on SyrB2 [45]. It is also possible that conformational 
change of the substrate or a shift [19,50] of the oxo ligand toward the position trans to His204 
before, during, or after decarboxylation of αKG may be needed to facilitate hydrogen atom 
abstraction to bring the substrate and Fe-center geometries within the required range [45]. Finally, 
rebound of a suitably positioned halogen would yield the chlorinated product. 

In order to further investigate catalytic selectivity in BesD, we performed alanine scan 
mutagenesis of active site residues in BesD. Protein variants were expressed, purified, and 
incubated with lysine before product analysis by LC/MS (Figure 3.6). Most alanine variants 
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Figure 3.5. (A) The ligand complex displays a vacant site for oxygen binding that is distal to the substrate. 
The target γ-carbon of lysine is 4.0 Å from Cl and 3.8 Å from aKG (indicated with grey dotted lines). (B) Top 
view of Fe site showing aKG contacts and hydrogen bonding between the C1-carboxylate of aKG and 
Asn219. (C) Proposed mechanism of halogenation by BesD. The Fe is coordinated by His137, His204, 
chloride, and αKG in a distorted square pyramidal geometry (grey box). Based on the crystal structure in 
this study, the putative vacant site for oxygen binding appears to be trans to His137, on the opposite side 
of the His204-Cl-αKG plane from the substrate carbon that is targeted for hydrogen atom abstraction. In 
this class of enzymes, binding of the substrate followed by O2 leads to decarboxylation of aKG via attack 
of the distal oxygen on C2 of aKG. It is possible that conformational change of the substrate or shift of the 
oxo toward the position trans to His204 before, during, or after decarboxylation of aKG may be needed to 
facilitate hydrogen atom abstraction. Finally, rebound of the suitably positioned chloride would yield the 
halogenated product. Note that the precise positions of the oxo species in the proposed intermediates are 
unknown.  
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Figure 3.6. (A) SDS-PAGE of purified WT BesD and alanine mutants from Streptomyces lavanduligriseus. 
Lane 1, WT; 2, N219A; 3, T221A; 4, R74A; 5, D140A; 6, W238A; 7, H134A; 8, W239A; 9, E120A. (B) LCMS 
analysis of chlorolysine and hydroxylysine production by BesD and mutants. Samples were analyzed by 
LCMS/QTOF and extracted ion counts for Cl-lysine (m/z = 181.0738) and hydroxylysine (m/z = 163. 1077) 
were integrated for each sample. Data are mean ± sd (n = 3 technical replicates). 
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abolished all activity (both halogenation and hydroxylation). However, three variants yielded 
interesting profiles. Strikingly, H134A increased overall enzyme activity and abolished enzyme 
selectivity, resulting in decreased halogenation:hydroxylation ratios. The N219A variant also 
abolished selectivity for halogenation, albeit with reduced activity compared to WT BesD. 
Interestingly, the T221A mutation had no effect on activity or halogenation selectivity despite the 
conservation of a polar amino acid at position 221 in halogenases. 

Analysis of the BesD crystal structure in conjunction with sequence conservation of these 
residues suggests that His134 and Asn219 play important roles in the second-sphere interactions 
that control reaction partitioning. His134 is hydrogen-bonded to the carboxylate of lysine in the 
BesD structure, plays an important role in orienting lysine relative to the iron complex, and is also 
highly conserved. The loss in halogenation selectivity upon mutation of His134 is consistent with 
studies that implicate the precise positioning of the substrate within the active site to favor chloride 
rebound over hydroxide rebound [48,51]. At 2.9 Å away from αKG, Asn219 may serve to orient 
αKG through hydrogen bonding such that the vacant putative O2 binding site is located far from 
the substrate. Additionally, Asn219 could be involved in orienting the FeIII-OH intermediate to 
differentially favor chloride rebound, analogous to the proposed role of Ser189 in WelO5, if the 
oxo does shift towards the substrate (Figure 3.7) [19]. Upon examining the sequence conservation 
of key active site residues in predicted halogenase and hydroxylase sequences with homology to 
BesD, we find that Asn219 is highly conserved in the halogenase homologs while greater 
variability is displayed by hydroxylase homologs (Figure 3.8). This conservation of Asn219 
further supports the significance of second-sphere interactions in the BesD amino acid halogenase 
family. 

Discovery of new amino acid halogenases. To explore the sequence space around BesD, 
we performed a sequence-based homology search (BLAST E-value of e-5) to identify other amino 
acid halogenase candidates. The related hydroxylases were filtered from the data set based on the 
presence of the characteristic HXD/E motif, as halogenases are known to possess an HXG/A motif 
instead to allow for halide coordination to Fe during catalysis [18]. To maximize sampling of 
functional diversity, we generated a Sequence Similarity Network (SSN) [28] to group the 
homologous enzymes into eight new putative isofunctional groups, which we termed Clusters A-
H (Figure 3.9-3.10). Genes adjacent to putative halogenase coding sequences were analyzed with 
the Enzyme Function Initiative’s Genome Neighborhood Tools in order to identify conserved 
genomic contexts associated with these enzymes [28]. This analysis revealed numerous genes 
encoding proteins predicted to be involved in amino acid metabolism, such as amino acid 
transporters, LysR family transcriptional regulators, serine hydroxymethyl transferases, and ATP-
Grasp dependent carboxy-amine ligases (Figure 3.11). The conservation of genes encoding 
proteins associated with amino acid metabolism suggested that the BesD homologs might also be 
amino acid halogenases. We cloned, heterologously expressed, and purified representative 
halogenase homologs from Clusters A-H and tested the proteins for activity against a panel of 
amino acids (Figure 3.12). The products were analyzed by LC/MS, revealing newly accessible 
chlorinated amino acid products and identifying substrates for enzymes within the clusters (Figure 
3.13, Table 3.2-3.4). 

Among the characterized halogenases, we discovered members with different 
regioselectivities. BesD and enzymes from Cluster A halogenate lysine at the g carbon to produce 
4-Cl-lysine. However, HalB from Streptomyes iranensis (SiHalB) yielded a product with the same 
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Figure 3.7. O2 binding site for BesD vs. WelO5. (A) Comparison of BesD (grey) and WelO5 (dark green) 
active site suggests that in the case of BesD, the putative O2 binding site is on the opposite side of the 
αKG-Cl-H204 plane from the substrate (yellow). However, in WelO5, the putative O2 binding site is on the 
same side as the substrate (yellow). (B) Asn219 in BesD provides hydrogen bonding contacts to the C1 
carboxylate of αKG and possibly serves an analogous mechanistic role to Ser189 in WelO5. 
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Figure 3.8. Alanine scan of active site residues. (A) Lysine-binding residues of BesD. (B) LOGOS plot of 
sequence conservation of active site residues within halogenase (top) and hydroxylase (bottom) homologs 
of BesD. Homologs of BesD (BLAST E-value of e-5) were sorted based on the presence of the HXG 
(halogenase) or HXD (hydroxylase) motifs. 
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Figure 3.9. Maximum-likelihood phylogeny of BesD homologs. Phylogenetic tree of BesD homologs from 
the NCBI Non-redundant protein database assembled in MEGA [52] following alignment in MUSCLE [25]. 
The protein clade containing the alkyne biosynthetic genes [9] is indicated with brackets. Proteins tested in 
this work are indicated in red. Bootstrap values are indicated at branch points. Note that the tree does not 
contain sequences of hydroxylases, which were filtered out based on the presence of the HXD/E motif. 
Note also that the middle branch is extended to fit the page, and the dotted line is not to scale. 
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Figure 3.10. Sequence similarity network of BesD homologs generated using the Enzyme Function 
Initiative’s Sequence Similarity Network tools. Homologs from NCBI’s non-redundant protein database were 
identified using BLAST with an E-value cutoff of e-5. Using Cytoscape Version 3.6.1, the network was 
adjusted by deleting edges with low alignments scores until the halogenases identified for b-ethynylserine 
(alkyne) biosynthesis [9] were separated into an isofunctional cluster, which occurred at an alignment score 
value of 88 (which corresponds to a sequence identity of ~56%). 

 
  



99 

 
 
 
Figure 3.11. The Enzyme Function Initiative’s Sequence Similarity and Genome Neighborhood Tools were 
used to extract the genomic context of the amino acid halogenase clusters. Adjacent genes include amino 
acid adenylation proteins, ATP-dependent carboxy-amine ligases, LysR family transcriptional regulators, 
Aspartate semialdehyde dehydrogenases, AsnC family transcriptional regulators, Serine hydroxymethyl 
transferases, Lysine transporter LysE, and Threonine transporter RhtB, genes associated with amino acid 
metabolism. 
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Figure 3.12. SDS-PAGE gels of purified halogenases used in this study. Lane 1, S. cattleya BesD; 2, P. 
fluorescens HalA; 3, P. orientalis HalA; 4, L. anisa HalC; 5, S. wuyuanensis HalB; 6, S. toyocaensis HalB; 
7, S. viridosporus HalB; 8, A. awajinensis HalB; 9, S. griesus HalB; 10, S. afghaniensis HalB; 11, S. 
iranensis HalB; 12, S. prunicolor HalB; 13, S. sp. pristinaespiralis HalF; 14, M. pelagius HalG; 15, P. 
kilonensis HalD; 16, P. sp. SHC52 HalD; 17, P. trivialis HalD; 18, MBP-Root sp. 562 HalE; 19, Root sp. 562 
HalE; 20, P. fulva HalE; 21, P. corrugata Hal H; 22, P. mediterranea HalH. Protein purification was 
performed one time. 
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Figure 3.13. Amino acid halogenase diversity. (A) BesD homologs and products of enzymatic amino acid 
halogenation. (B) Regioselective mono-halogenation is observed with 4-Cl-lysine (1, m/z = 181.0738) or 5-
Cl-lysine (2, m/z = 181.0738) produced by BesD or SiHalB, respectively. (C) Regioselective di-halogenation 
is also observed with 5,5-dichlorolysine (3, m/z = 215.0349) or 4,4-dichlorolysine (4, m/z = 215.0349) 
produced by SwHalB or LaHalC, respectively. (D) Ornithine is a substrate for both PkHalD and BesD (4-
Cl-ornithine, 5, m/z = 167.0582). (E) The non-polar amino acids, leucine, isoleucine, and norleucine are 
substrates for PrHalE (4-Cl-leucine, 6, m/z = 166.0629; 4-Cl-isoleucine, 7, m/z = 166.0629; 4-Cl-norleucine, 
8, m/z = 166.0629). Peak intensities are normalized in panel E. Assays include FeII, ascorbate, aKG, NaCl, 
in addition to the amino acid substrate. All extracted ion chromatograms are representative of at least 3 
experimental replicates. 
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Table 3.2. Summary of halogenases in this study. 
 

# Organism Accession Cluster Product 

1 Streptomyces cattleya WP_014151497 BesD 4-Cl-Lysine 

2 Streptomyces lavenduligriseus WP_030791981 BesD 4-Cl-Lysine 

3 Pseudomonas fluorescens WP_016975823 A 4-Cl-Lysine 

4 Pseudomonas orientalis WP_057723975 A 4-Cl-Lysine 

5 Streptomyces wuyuanensis SDN46247 B 5-Cl-Lysine, 5,5-dichloroysine 

6 Streptomyces toyocaensis WP_037940874 B 5-Cl-Lysine, 5,5-dichloroysine 

7 Streptomyces viridosporus WP_004985557 B 5-Cl-Lysine, 5,5-dichloroysine 

8 Actinoplanes awajinensis WP_067690966 B 5-Cl-Lysine, 5,5-dichloroysine 

9 Streptomyces griseus WP_003966730 B 5-Cl-Lysine, 5,5-dichloroysine 

10 Streptomyces afghaniensis WP_020275004 B 5-Cl-Lysine, 5,5-dichloroysine 

11 Streptomyces iranensis WP_044582715 B 5-Cl-Lysine, 5,5-dichloroysine 

12 Streptomyces prunicolor WP_019057205 B 5-Cl-Lysine, 5,5-dichloroysine 

13 Legionella anisa WP_019233318 C 4-Cl-Lysine,4,4-dichloroysine 

14 Pseudomonas kilonensis WP_046063366 D 4-Cl-Ornithine 

15 Pseudomonas SHC52 WP_041021480 D 4-Cl-Ornithine 

16 Pseudomonas trivialis WP_057008702 D 4-Cl-Ornithine 

17 Pseudomonas sp. Root562 WP_056854138 E 4-Cl-Leucine, 4-Cl-Isoleucine, 
5,5-dichloronorleucine 

18 Pseudomonas fulva (multisp) WP_028687259 E 4-Cl-Leucine, 4-Cl-Isoleucine, 
5,5-dichloronorleucine 

19 Streptomyces sp. pristinaespiralis WP_053557074 F 5-Cl-Lysine, 5,5-dichloroysine 

20 Marinobacter pelagius WP_036209184 G 5-Cl-Lysine, 5,5-dichloroysine 

21 Pseudomonas corrugata WP_024777807 H None detected 

22 Pseudomonas mediterranea WP_047703910 H None detected 
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Table 3.3. Substrate profiles of tested halogenases from reaction screening. Reactions (50 µL) contained 
the following amino acids: L-alanine,  L-arginine, L-asparagine, L-aspartate, L-cysteine, L-glutamine, L-
glutamate, L-glycine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-methionine,  L-phenylalanine,  L-proline,  
L-serine,  L-threonine, L-tryptophan, L-valine, L-ornithine (O), and DL-norleucine (NL)   (0.5 mM each), 
sodium aKG (5 mM), sodium ascorbate (1 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), and sodium chloride (5 
mM) in 100 mM HEPES buffer (pH 7.5). Reactions were initiated by addition of purified halogenase variants 
(10 µM final concentration) and allowed to proceed for 1 h at room temperature before quenching in 2 vol 
of methanol with 1% (v/v) formic acid. Samples were then analyzed by LC/MS on an Agilent 1290 UPLC-
6530 QTOF using the protocol for polar metabolite analysis above. Activity detected on substrates is shown 
in green. Please note that when SDN46247 was tested on individual amino acids, chlorinated product was 
detected with I, L, and NL, likely because no K was present to compete. 
 

 A R N D C E Q G H I L K M F P S T W V NL O 
WP_014151497                                           
WP_030791981                                           
WP_016975823                                           
WP_057723975                                           
SDN46247                                           
WP_037940874                                           
WP_004985557                                           
WP_067690966                                           
WP_003966730                                           
WP_020275004                                           
WP_044582715                                           
WP_019057205                                           
WP_019233318                                           
WP_046063366                                           
WP_041021480                                           
WP_057008702                                           
WP_056854138                                           
WP_028687259                                           
WP_053557074                                           
WP_036209184                                           
WP_024777807                                           
WP_047703910                                           
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Table 3.4. Percent identity matrix of tested halogenases. An all-by-all sequence alignment was performed 
using Clustal Omega [53]. The sequence identity (%) matrix output is displayed for halogenases A-H. The 
number representing each halogenase corresponds to the accession number as shown in Table 3.2. 
Enzymes within a cluster have a percent identity of >~56%.  
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Figure 3.14. LC/MS analysis of regioselective formation of 4-Cl-lysine and 5-Cl-lysine by halogenase 
homologs. (A) Extracted ion chromatograms of the products observed upon halogenation of lysine to 4-Cl-
lysine (m/z = 181.0738) by homologs of BesD. Reactions contained L-lysine, αKG, sodium ascorbate, FeII, 
and chloride. HalA (from P. fluorescens and P. orientalis) and HalC (from L. anisa) yield mono-chlorinated 
products with the same exact mass and retention time as 4-Cl-lysine from BesD. (B) Extracted ion 
chromatograms of the products observed upon halogenation of lysine to 5-Cl-lysine by HalB homologs of 
BesD. Reactions contained L-lysine, αKG, sodium ascorbate, FeII, and chloride. HalB homologs (from S. 
wuyuanensis, S. toyocaensis, S. viridosporus, A. awajinensis, S. griseus, S. afghaniensis, S. iranensis, S. 
prunicolor), HalF (from S. sp. pristinaespiralis), and HalG ( from M. Pelagius) yield mono-chlorinated 
products with the same exact mass as 4-Cl-lysine from BesD (m/z = 181.0738), but with an earlier retention 
time. Note that a small peak corresponding to the mass and retention time of 5-Cl-lysine is observed in the 
4-Cl-lysine halogenases, although 4-Cl-lysine is the dominant product. All extracted ion chromatograms are 
representative of at least 3 experimental replicates. 
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Figure 3.15. NMR analysis of 5-Cl-lysine methyl ester. (A) HalB from S. iranensis (SiHalB) was incubated 
with fully 15N- and 13C-labeled L-lysine, Fe, NaCl, αKG, and ascorbate for 60 min before quenching with 
methanolic HCl (3M) to yield the [15N2, 13C6]-5-chlorolysine methyl ester product. The derivatized HalB 
product was then isolated by HPLC and characterized. Extracted ion chromatograms of the [15N2, 13C6]-5-
chlorolysine (m/z = 203.1037) produced by SiHalB. Purification of the compound was performed once. (B) 
Mass spectra show the characteristic Cl isotope pattern for [15N2, 13C6]-5-chlorolysine produced by SiHalB. 
(C) 2D 1H-13C CT-HSQC was used to confirm assignment of Cα and Cε of the [15N2, 13C6]-5-chlorolysine 
methyl ester produced by BesD. In this experiment carbons with two neighbors (blue) have opposite phase 
of carbons with one or three neighbors (red). (D) 2D 1H-13C HCCH COSY was used to assign connectivity 
of carbons of the [15N2, 13C6]-5-chlorolysine methyl ester produced by SiHalB. (E) Chemical shifts 
determined from the 2D-NMR data. 
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exact mass and characteristic chlorinated isotope pattern as 4-Cl-lysine, but with a different 
retention time (Figure 3.14). Through NMR analysis of the methyl esterified product, we identified 
the product of SiHalB as 5-Cl-lysine (Figure 3.15). Though 44% identical, SiHalB and BesD have 
distinct regioselectivities, highlighting the capability of FeII/αKG-dependent enzymes to perform 
regioselective halogenation under mild conditions. We also found halogenases that perform both 
mono- and di-chlorination of lysine. When lysine is incubated with BesD, only monochlorinated 
4-Cl-lysine is observed. However, in addition to monochlorination of lysine, Legionella anisa 
HalC (LaHalC) could also carry out dichlorination to produce 4,4-dichlorolysine (Figure 3.16-
3.17) while HalB from Streptomyces wuyuanensis (SwHalB) yielded 5,5-dichlorolysine (Figure 
3.18-3.19). Dichlorination has been observed in radical carrier protein-dependent halogenases as 
well [13].  

In addition to differing regioselectivities, other BesD family members were identified that 
could act on other amino acid substrates. Enzymes from Cluster D exhibit chain-length preference 
and halogenate the 5-carbon substrate ornithine preferentially over the 6-carbon substrate lysine. 
In particular, the Pseudomonas kilonensis HalD (PkHalD) was found to prefer ornithine (kcat/KM 
= 330 ± 70 mM-1min-1) as a substrate by 25-fold over lysine (kcat/KM = 13.2 ± 3.6 mM-1min-1) 
(Figure 3.20-3.23). Finally, Cluster E was found to contain aliphatic amino acid halogenases. 
When we assayed P. sp. Root562 HalE (PrHalE), we observed no activity on the amino acids lysine 
and ornithine. However, when we incubated PrHalE with the aliphatic amino acids leucine, 
isoleucine, and norleucine, we observed the expected mass and isotopic patterns for chlorinated 
products of those amino acids (Figure 3.24-3.25). We additionally observed a dichlorinated 
species when norleucine was used as a substrate. Further characterization by NMR indicated that 
PrHalE chlorinates leucine and isoleucine (CH2) at the γ-position and norleucine at the d-position 
(Figure 3.26-3.28). 

Remarkably, halogenases from Clusters A-H have evolved to accommodate different amino 
acids, with regioselectivity for specific sites on those substrates, while maintaining fidelity for 
halogenation over the competing side reaction of hydroxylation. In order to further explore the 
structural basis for these differences, Halogenase A-E sequences were aligned (Figure 3.29). As 
expected, the carboxylate and amine binding residues Arg74, His134, and Asp140 are highly 
conserved, regardless of substrate preference. However, it was surprising to note that the ε-amine 
binding residues of BesD (Glu120, Asn219, and Thr221) were also highly conserved even for 
halogenases that act on non-polar amino acids.  The greatest disparity in sequence occurs at W238 
and W239, which are located on the C-terminal end of the protein sequence. Sequence alignment 
reveals that the C-terminal regions of Halogenases A-E are highly variable, differing by as many 
as 10 amino acids in length and resulting in unreliable alignments of that region. Structural analysis 
of BesD shows that the C-terminus closes over the substrate in the active site of the protein, 
occluding it from solvent (Figure 3.30). The C-terminus of BesD additionally interacts with a 
corresponding internal loop near the active site (residues 117-119), which also varies among the 
halogenase clusters. Combined with the structure, the sequence analysis suggests that the C-
terminus and the corresponding loop could be important determinants of substrate selectivity. 

Biosynthetic applications of amino acid halogenases. Amino acids are key building blocks 
for metabolism, serving as the source for many metabolites and natural products, as well as 
ribosomally- and non-ribosomally synthesized peptides and proteins. Therefore, the discovery of 
the BesD family of halogenases raises the possibility that halogens and other functional groups 
could be incorporated into these classes of compounds through engineering downstream  



108 

 
 

 
 
 
Figure 3.16. LC/MS analysis of dichlorination of lysine to 4,4-dichlorolysine by HalC from L. anisa. 
Extracted ion chromatograms of the products observed upon halogenation of lysine to 4,4-dichlorolysine 
(m/z = 215.0349) by HalC from L. anisa (LaHalC). Reactions contained L-lysine, αKG, sodium ascorbate, 
FeII, and chloride. BesD and homologs from Cluster A (P. fluorescens and P. orientalis) do not yield 
dichlorolysine, and no product with the expected mass is observed. In contrast, LaHalC yields 4,4-
dichlorolysine (m/z = 215.0349). All extracted ion chromatograms are representative of at least 3 
experimental replicates. 
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Figure 3.17. NMR analysis of 4,4-dichlorolysine methyl ester. (A) HalC from L. anisa was incubated with 
fully 15N- and 13C-labeled L-lysine, Fe, NaCl, αKG, and ascorbate for 4 h before quenching with methanolic 
HCl (3M) to yield the [15N2, 13C6]-4,4-dichlorolysine methyl ester product. The derivatized HalC product was 
then isolated by HPLC and characterized. Extracted ion chromatograms of the [15N2, 13C6]-4,4-
dichlorolysine methyl ester (m/z = 237.0647). Purification of the compound was performed once. (B) Mass 
spectra show the characteristic Cl isotope pattern for [15N2, 13C6]-4,4-dichlorolysine methyl ester. (C) 2D 1H-
13C CT-HSQC was used to confirm assignment of Cα and Cε of the [15N2, 13C6]-4,4-dichlorolysine methyl 
ester produced by HalC. In this experiment carbons with two neighbors (blue) have opposite phase of 
carbons with one or three neighbors (red). (D) 2D 1H-13C HCCH COSY was used to assign connectivity of 
carbons of the [15N2, 13C6]-4,4-dichlorolysine methyl ester produced by BesD. (E) HCACO to confirm 
assignment of a proton. (F) 1,1 ADEQUATE was used to obtain the shift of Cg by correlation with Hd. (G) 
Chemical shifts determined from the 2D-NMR data. 
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Figure 3.18. LC/MS comparison of 4,4-dichlorolysine vs. 5,5-dichlorolysine products. Extracted ion 
chromatograms of the products observed upon halogenation of lysine to 4,4-dichlorolysine (m/z = 
215.0349) by HalC from L. anisa and halogenation of lysine to 5,5-dichlorolysine (m/z = 215.0349) by 
halogenase homologs from Cluster B (from S. wuyuanensis, S. toyocaensis, S. viridosporus, A. 
awajinensis, S. griseus, S. afghaniensis, S. iranensis, S. prunicolor), Cluster F (from S. sp. pristinaespiralis), 
and Cluster G (from M. pelagius). Reactions contained L-lysine, αKG, sodium ascorbate, FeII, and chloride. 
The structures of the observed products were confirmed by NMR. All extracted ion chromatograms are 
representative of at least 3 experimental replicates. 
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Figure 3.19. NMR analysis of 5,5-dichlorolysine methyl ester. (A) HalB from S. wuyuanensis (SwHalB) was 
incubated with fully 15N- and 13C-labeled L-lysine, Fe, NaCl, and αKG for 120 min before quenching with 
methanolic HCl (3M) to yield the [15N2, 13C6]-5,5-dichlorolysine methyl ester product. The derivatized 
SwHalB product was then isolated by HPLC and characterized. Purification of the compound was 
performed once. (B) Extracted ion chromatograms of the [15N2, 13C6]-5,5-dichlorolysine methyl ester (m/z = 
237.0647). Mass spectra show the characteristic Cl isotope pattern for [15N2, 13C6]-5,5-dichlorolysine methyl 
ester. (C) 2D 1H-13C CT-HSQC was used to confirm assignment of Cα and Cε of the [15N2, 13C6]-5,5-
dichlorolysine methyl ester produced by SwHalB. In this experiment carbons with two neighbors (blue) have 
opposite phase of carbons with one or three neighbors (red). (D) 2D 1H-13C HCCH COSY was used to 
assign connectivity of carbons of the [15N2, 13C6]-5,5-dichlorolysine methyl ester. (E) A 2D 1H-13C long-range 
HCCH experiment was used to obtain the shift of Cd by correlation to Ha, Hg, and He. (F) Chemical shifts 
determined from the 2D-NMR data. 
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Figure 3.20. LC/MS analysis of HalD chlorination of ornithine. Extracted ion chromatograms of the products 
observed upon incubation of halogenase homologs with Fe, ascorbate, NaCl, aKG, lysine and ornithine. 
Halogenase homologs from P. kilonensis (PkHalD), P. sp. SHC52 (PsHalD), and P. trivialis (PtHalD) yield 
a lower extracted ion count by LC/MS analysis than the halogenase from S. cattleya (BesD). Instead, these 
halogenases yield more 4-Cl-ornithine (m/z = 167.0582) than BesD from S. cattleya. All extracted ion 
chromatograms are representative of at least 3 experimental replicates. 

 

 

 
 
Figure 3.21. Schematic for the coupled reaction for monitoring halogenase activity through NADH 
oxidation. The rate of succinate formation by HalA from P. fluorescens (PfHalA) and HalD from P. kilonensis 
(PkHalD) was monitored by the change in A340 using an NADH-coupled assay with succinyl-CoA synthetase 
(SCS), pyruvate kinase (PK) and lactate dehydrogenase. 
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Figure 3.22. Ornithine halogenase kinetics. (A) Steady-state kinetic analysis for 4-Cl-lysine halogenase 
PfHalA with lysine or ornithine as substrates. Data are mean ± sd (n = 3 technical replicates). Table contains 
kcat, KM, and kcat/KM calculated by non-linear curve fitting to the Michaelis-Menten equation. Data in the table 
(kinetic parameters) are mean ± s.e. Error in kcat/KM is obtained by propagation from the individual kinetic 
terms. (B) Steady-state kinetic analysis for 4-Cl-ornithine halogenase (PkHalD) with lysine or ornithine as 
substrates. Data are mean ± sd (n = 3 technical replicates). Table contains kcat, KM, and kcat/KM calculated 
by non-linear curve fitting to the Michaelis-Menten equation. Data in the table (kinetic parameters) are mean 
± s.e. Error in kcat/KM is obtained by propagation from the individual kinetic terms. 

 



114 

 
 
Figure 3.23. NMR characterization of 4-Cl-ornithine. (A) HalD from P. kilonensis (PkHalD) was incubated 
with fully 15N- and 13C-labeled L-ornithine, Fe, NaCl, αKG, and ascorbate for 60 min before quenching with 
methanolic HCl (3M) to yield the [15N2, 13C5]-4-Cl-ornithine methyl ester product. The derivatized PkHalD 
product was then isolated by HPLC and characterized. (A) Extracted ion chromatograms of the [15N2, 13C5]-
4-Cl-ornithine methyl ester (m/z = 188.0847) produced by PkHalD. Purification of the compound was 
performed once. (B) Mass spectra show the characteristic Cl isotope pattern for [15N2, 13C5]-4-Cl-ornithine. 
(C) 2D 1H-13C CT-HSQC was used to confirm assignment of Cα and Cd

 of the [15N2, 13C5]-4-Cl-ornithine 
methyl ester produced by PkHalD. In this experiment carbons with two neighbors (blue) have opposite 
phase of carbons with one or three neighbors (red). (D) 2D 1H-13C HCCH COSY was used to assign 
connectivity of carbons of the [15N2, 13C5]-4-chloroornithine methyl ester produced by PkHalD. (E) Chemical 
shifts determined from the 2D-NMR data.  
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Figure 3.24. LC/MS analysis of products of aliphatic amino acid halogenases. (A) Extracted ion 
chromatograms of the 4-Cl-leucine (m/z = 166.0629) product observed upon incubation of P. sp. Root562 
HalE (PrHalE), P. fulva HalE (PfHalE), and S. cattleya BesD (ScBesD) with Fe, ascorbate, NaCl, αKG, and 
leucine for 90 min. (B) Extracted ion chromatograms of the 4-Cl-isoleucine (m/z = 166.0629) product 
observed upon incubation of P. sp. Root562 HalE (PrHalE), P. fulva HalE (PfHalE), and S. cattleya BesD 
(ScBesD) with Fe, ascorbate, NaCl, αKG, and isoleucine for 90 min. (C, D) Extracted ion chromatograms 
of the 5-Cl-norleucine (m/z = 166.0629) and 5,5-dichloronorleucine (m/z = 200.0240) products observed 
upon incubation of P. sp. Root562 HalE (PrHalE), P. fulva HalE (PfHalE), and S. cattleya BesD (ScBesD) 
with Fe, ascorbate, NaCl, αKG, and DL-norleucine for 90 min. All extracted ion chromatograms are 
representative of at least 3 experimental replicates. 
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Figure 3.25. Kinetic analysis of aliphatic amino acids halogenase, PrHalE. Steady-state kinetic analysis for 
aliphatic amino acid halogenase PrHalE with norleucine, leucine, isoleucine, and lysine as substrates. A 
coupled reaction for monitoring halogenase activity through NADH oxidation was performed as in Figure 
3.22. The rate of succinate formation by HalE from P. sp. Root562 was monitored by the change in A340 
using an NADH-coupled assay with succinyl-CoA synthetase (SCS), pyruvate kinase (PK) and lactate 
dehydrogenase. Data are mean ± sd (n = 3 technical replicates). Note that the enzyme has a relatively high 
rate of succinate formation (~2.5 min-1) even in the absence of substrate when compared to PfHalA and 
PkHalD. This indicates a high rate of turnover of αKG to succinate without halogenation of the primary 
substrate, or “uncoupling,” which has been reported in FeII/αKG-dependent enzymes under certain 
conditions [54]. The rate of the enzyme increases with increasing concentration of norleucine, leucine, and 
isoleucine. However, the rate does not increase even when 10 mM lysine is added to the reactions. 
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Figure 3.26. NMR analysis of 4-Cl-leucine. (A) HalE from P. sp. Root562 (PrHalE) was incubated with 
fully 13C-labeled L-leucine, Fe, NaCl, and αKG for 90 min before quenching with methanolic HCl (3M) to 
yield the [13C6]-4-chloroleucine methyl ester product. The derivatized product was then isolated by HPLC 
and characterized. Extracted ion chromatograms of the [13C6]-4-Cl-leucine methyl ester (m/z = 186.0987) 
produced by PrHalE. Purification of the compound was performed once. (B) Mass spectra show the 
characteristic Cl isotope pattern for [13C6]-4-Cl-leucine produced by PrHalE. (C) 2D 1H-13C CT-HSQC was 
used to confirm assignment of Cb

 of the [13C6]-4-Cl-leucine methyl ester. In this experiment carbons with 
two neighbors (blue) have opposite phase of carbons with one or three neighbors (red). (D) 2D 1H-13C 
HCCH COSY was used to assign connectivity of carbons of the [13C6]-4-Cl-leucine methyl ester produced 
by PrHalE. (E) A 2D 1H-13C long-range HCCH was used to obtain the shift of Cg using the adjacent Hd proton 
shifts. (F) Chemical shifts determined from the 2D-NMR data. 



118 

 
 
Figure 3.27. NMR analysis of 4-Cl-isoleucine. (A) HalE from P. sp. Root562 was incubated with fully 15N- 
and 13C-labeled L-isoleucine, Fe, NaCl, and αKG for 90 min before quenching with methanolic HCl (3M) to 
yield the [15N, 13C6]-4-Cl-isoleucine methyl ester product. The derivatized product was then isolated by 
HPLC and characterized. Extracted ion chromatograms of the [15N, 13C6]-4-Cl-isoleucine methyl ester (m/z 
= 187.0957) produced by HalE. Purification of the compound was performed once. (B) Mass spectra show 
the characteristic Cl isotope pattern for [15N, 13C6]-4-Cl-isoleucine produced by HalE. Note that methyl 
esterified [15N, 13C6]-isoleucine (the substrate) co-elutes with [15N, 13C6]-4-Cl-isoleucine in the purification. 
(C) 2D 1H-13C CT-HSQC was used to assign Cg2 of the [15N, 13C6]-4-Cl-isoleucine and [15N, 13C6]-isoleucine 
methyl esters. In this experiment carbons with two neighbors (black/green) have opposite phase of carbons 
with one or three neighbors (red/blue). (D) 2D 1H-13C HCCH COSY was used to assign connectivity of 
carbons of the [15N, 13C6]-4-Cl-isoleucine methyl ester produced by HalE and the residual [15N, 13C6]-
isoleucine methyl ester. (E, F) Structures and shifts obtained from the 2D-NMR data. 
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Figure 3.28. NMR analysis of 5,5-dichloronorleucine. HalE from P. sp. Root562 was incubated with DL-
norleucine, Fe, NaCl, αKG, and ascorbate for 16 h to produce 5,5-dichloronorleucine before quenching the 
reaction and precipitating the protein with acetonitrile. The 5,5-dichloronorleucine product was isolated by 
HPLC, derivatized with 3M HCl in methanol to yield the 5,5-dichloronorleucine methyl ester and extracted 
into chloroform-D for LC/MS and NMR analysis. (A) Extracted ion chromatograms of the 5,5-
dichloronorleucine methyl ester (m/z = 214.0396) produced by HalE. Purification of the compound was 
performed once. (B) Mass spectra show the characteristic Cl isotope pattern for 5,5-dichloronorleucine 
methyl ester. (C) 2D 1H-13C CT-HSQC was used to confirm assignment of Cα and Cε of the 5,5-
dichloronorleucine methyl ester. In this experiment carbons with two neighbors (blue) have opposite phase 
of carbons with one or three neighbors (red). (D) 2D-TOCSY and (E) 2D 1H-13C HCCH COSY were used 
to assign connectivity of carbons of the 5,5-dichloronorleucine methyl ester produced by HalE. (F) HMBC 
was used to obtain the chemical shift of the d carbon, which is dichlorinated and lacks protons. (G) Chemical 
shifts obtained from the 2D-NMR data. 
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Figure 3.29. Sequence alignment of representative halogenases A-E. Multiple sequence alignment of 
BesD and representative homologs from this study. Included are S. cattleya BesD (4-Cl-lysine halogenase, 
BesD), P. fluorescens HalA (4-Cl-lysine), S. iranensis HalB (5-Cl-lysine and 5,5-dichlorolysine), S. 
wuyuanensis HalB (5-Cl-lysine and 5,5-dichlorolysine), L. anisa HalC (4-Cl-lysine and 4,4-dichlorolysine), 
P. kilonensis HalD (4-Cl-ornithine), P. sp. Root562 HalE (4-Cl-leucine, 4-Cl-isoleucine, and 5,5-
dichloronorleucine). The alignment was performed with MUSCLE [2]. Residues investigated in this study 
are colored in red. 
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Figure 3.30. Variable C-terminus of halogenases.  Of all the substrate-contacting residues W238 and W239 
are the most variable among halogenase homologs of BesD. (A) W238 and W239 are located on the C-
terminus of the protein (magenta), which closes over the active site of BesD. (B) The C-termini of BesD 
homologs is highly variable, differing by as much as 10 amino acids in length. R237 on the C-terminus of 
BesD contacts K117 and D119 of the internal loop of BesD (green), which is also variable among the 
halogenases. The variable C terminus and internal loop may be key factors in determining halogenase 
substrate specificity.  
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biosynthetic transformations. We first examined the ability to expand the repertoire of the amino 
acid halogenases to carry out bromination and azidation by replacement of the Cl- ligand with Br- 
and N3-, respectively [55]. When NaCl was replaced with NaBr and NaN3, SwHalB catalyzed the 
corresponding bromination and azidation reactions as observed by LC/MS (Figure 3.31). Thus, a 
variety of functional handles can be installed onto amino acid substrates to diversify amino acid 
building blocks using SwHalB simply by providing an alternate ligand for the Fe complex. In 
particular, bromine and azide functional groups serve as handles for  substitution reactions [56] 
and as precursors to amines [57] and nitrogen containing heterocycles [58], respectively.  
 

 
Figure 3.31. Bromination and azidation can be carried out with BesD halogenases. Bromolysine (m/z = 
225.0233) and azidolysine (m/z = 188.1142) are produced by SwHalB using NaBr or NaN3, respectively. 
Extracted ion chromatograms are representative of at least 3 experimental replicates. 

Amino acids also participate in a broad range of metabolic pathways and can be directly 
transformed into a variety of new compound classes. For example, heterocycles are key structural 
components in a number of bioactive molecules and drugs [59] and can be made by oxidative 
cyclization by lysine cyclodeaminase (RapL) [60] and ornithine cyclodeaminase (OCD) [61] to 
form pipecolate and proline, respectively. To test whether the cyclodeaminase enzymes were 
sufficiently promiscuous to generate chlorinated heterocycles, we cloned, expressed, and purified 
RapL and OCD (Figure 3.32). Coupled reactions with lysine or ornithine halogenases and RapL 
or OCD, respectively, yielded chlorinated compounds with the predicted masses and isotope 
patterns of chloropipecolate, dichloropipecolate, and chloroproline  (Figure 3.33-3.34).  Thus, the 
newly discovered amino acid halogenases can be further enzymatically elaborated to form 5- and 
6- membered chlorinated heterocycles.  

Due to the utility of diamines as precursors for polymers such as Nylon [62], we next sought 
to access chlorinated diamines through coupled enzymatic reactions. Lysine decarboxylase (LDC) 
catalyzes the PLP-dependent decarboxylation of lysine to 1,5-pentanediamine [63]. LDC from E. 
coli was heterologously expressed and purified to evaluate its tolerance of a chlorinated substrate. 
To generate a chlorinated diamine, lysine decarboxylase was added to a reaction following the 
enzymatic synthesis of 5,5-dichlorolysine by SwHalB. A mass consistent with a dichlorinated 
diamine was observed by LCMS (Figure 3.35). We additionally accessed chlorinated α-keto acids 
through IlvE, an aliphatic amino acid amino transferase. IlvE from E. coli has been shown to 
catalyze transamination of leucine, isoleucine, and norleucine into their corresponding α-keto acids 
[64]. Incubation of enzymatically synthesized chloronorleucine with IlvE yielded products with 
the predicted mass and isotope pattern of chlorinated α-ketoacids as observed by LC/MS (Figure   
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Figure 3.32. SDS-PAGE of amino acid metabolism proteins ornithine cyclodeaminase (OCD), lysine 
decarboxylase (LDC), aliphatic amino acid aminotransferase (IlvE), and lysine cyclodeaminase (RapL). 
Lane 1, OCD; 2, LDC; 3, IlvE; 4, RapL. Protein purification was performed one time.  
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Figure 3.33. In vitro formation of chlorinated heterocycles by lysine cyclodeaminase (RapL).  (A) Reaction 
scheme for the production of 5-Cl-pipecolate and 5,5-dichloropipecolate by HalB from S. wuyuanensis 
(SwHalB) and RapL from S. hygroscopicus. SwHalB was incubated with lysine, Fe, NaCl, αKG, and 
ascorbate for 90 min to form 5-Cl-lysine and 5,5-dichlorolysine before addition of RapL and NAD+ to the 
reaction mixture. Expected products are drawn to represent the [M+H]+ mass detected in positive scan 
mode on the QTOF. After 60 min, reactions were quenched by addition of 2 vol of 1% formic acid in 
methanol. (B) Extracted ion chromatograms and mass spectra for the formation of 5-Cl-pipecolate (m/z = 
164.0473) upon addition of RapL to 5-chlorolysine formed by SwHalB. (C) Extracted ion chromatograms 
and mass spectra for the formation of 5,5-dichloropipecolate (m/z = 198.0083) upon addition of RapL to 
5,5-dichlorolysine formed by SwHalB. All data are representative of n = 3 experimental replicates. 
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Figure 3.34. In vitro formation of chlorinated heterocycles by ornithine cyclodeaminase (OCD). (A) Reaction 
scheme for the production of 4-Cl-proline from ornithine via a coupled reaction with purified HalD from P. 
kilonensis (PkHalD) and OCD from E. coli. PkHalD was incubated with ornithine, Fe, NaCl, αKG, and 
ascorbate for 90 min to form 4-Cl-ornithine before addition of OCD and NAD+ to the reaction mixture. After 
60 min, reactions were quenched by addition of 2 vol of 1% formic acid in methanol. Expected products are 
drawn to represent the [M+H]+ mass detected in positive scan mode on the QTOF. (B) Extracted ion 
chromatograms and mass spectra for the formation of 4-Cl-proline (m/z = 150.0316) upon addition of OCD 
to 4-Cl-ornithine formed by PkHalD. All data are representative of n = 3 experimental replicates. 
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Figure 3.35. In vitro chlorinated diamine formation by lysine decarboxylase (LDC). (A) Reaction scheme 
for the production of 2,2 dichloropentane-1,5-diamine from lysine via a coupled reaction with HalB purified 
from S. wuyuanensis (SwHalB) and LDC from E. coli. SwHalB was incubated with lysine, Fe, NaCl, αKG, 
and ascorbate for 90 min to form 5,5-dichlorolysine before addition of LDC to the reaction mixture. After 60 
min, reactions were quenched by addition of 2 vol of 1% formic acid in methanol. Expected products are 
drawn to represent the [M+H]+ mass detected in positive scan mode on the QTOF. (B) Extracted ion 
chromatograms for the formation of 2,2 dichloropentane-1,5-diamine (m/z = 171.0450) upon addition of 
LDC to 5,5-dichlorolysine formed by SwHalB. Mass spectra show the characteristic chlorinated isotope 
pattern for 2,2 dichloropentane-1,5-diamine. All data are representative of n = 3 experimental replicates. 
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Figure 3.36. In vitro a-keto acid formation by the aliphatic amino acid aminotransferase, IlvE. (A) Reaction 
scheme for the production of the chlorinated a-keto acids from norleucine via a coupled reaction with HalE 
purified from P. sp. Root562 (PrHalE) and IlvE from E. coli. PrHalE was incubated with DL-norleucine, Fe, 
NaCl, αKG, and ascorbate for 90 min before addition of IlvE to the reaction mixture. After 60 min, reactions 
were quenched by addition of 2 vol of 1% formic acid in methanol. Expected products are drawn to represent 
the [M-H]- mass detected in negative scan mode on the QTOF. (B) Extracted ion chromatograms for 5-Cl-
2-oxohexanoate (m/z = 163.0167) product formation by PrHalE and IlvE. (C) 5,5-dichloro-2-oxohexanoate 
(m/z = 196.9778) product formation by PrHalE and IlvE. All data are representative of n = 3 experimental 
replicates. 
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3.36). Finally, we investigated whether chlorolysine synthesized by BesD homologs could be 
incorporated into peptides with the in vitro transcription/translation (IVTT) system [65]. Following 
incubation of amino acids with PfHalA or SwHalB, transcription and translational machinery from 
the PURExpress IVTT kit, along with a plasmid encoding a 9-amino acid peptide (METRSKNML, 
PepC) were added to the reaction mixture. When the amino acids were pre-incubated with either 
halogenase, a product corresponding to the exact mass of the chlorinated peptide was detected by 
LC/MS (Figure 3.37).  Therefore, the halogenases from the BesD family can be coupled with 
IVTT systems to generate chlorinated peptides from 4-Cl-lysine and 5-Cl-lysine. 

The METRSKNML peptide (PepC) sequence has been shown to adopt an alpha helical 
structure and encodes glutamate and lysine at the i and i+4 positions of the helix [66]. We therefore 
wondered whether the presence of chlorolysine in the peptide might facilitate peptide stapling 
through nucleophilic attack by the encoded glutamate (Figure 3.38). We found that when 5-Cl-
lysine was incorporated into PepC, a mass consistent with a stapled peptide was observed by 
LC/MS. In contrast, when 4-Cl-lysine was incorporated, the stapled peptide mass was not 
observed. This could be due to differences in accessibility of the chlorine in 5-Cl-lysine compared 
to 4-Cl-lysine; glutamate may not be able to access chlorine in 4-Cl-lysine within the constraints 
of a helical peptide.  

Finally, we compared results for incorporating Cl-lysine into two different peptides (Figure 
3.39). PepC (METRSKNML) has an internal lysine. We also designed PepA (MSERSSNMK), 
which has a lysine residue at the C-terminus. We found that the 4-Cl-lysine peptide could not be 
detected when lysine was encoded at the terminal position in PepA. This could be due to the fact 
that the carboxylate of lysine is free to undergo nucleophilic attack on chlorine and cyclize in a 
manner similar to what is observed in free 4-Cl-lysine. In contrast, the carboxylate from the 
internal 4-Cl-lysine in PepC is protected from cyclization. Therefore, 4-Cl-lysine can be stabilized 
through incorporation into peptides. Taken together, this work raises the possibility that 
chlorinated, brominated, and azidated amino acids may be incorporated into peptides through 
coupling of BesD halogenases with IVTT.  
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Figure 3.37. PfHalA or SwHalB could be used to generate Cl-lysine in situ followed by in vitro 
transcription/translation (IVTT) initiated by addition of PURExpress kit components along with a plasmid 
encoding the METRSKNML peptide. Extracted ion chromatogram shows the production of peptides 
containing lysine (m/z = 1137.5391) or Cl-lysine (m/z = 1171.5010) and are representative of 3 experimental 
replicates.  
 
 
 

 
 
Figure 3.38. Incorporation of 5-Cl-lysine (generated by HalB) into the METRSKNML peptide leads to the 
production of a mass consistent with the i+4 stapled peptide product. HalA or HalB was used to generate 
Cl-lysine in situ followed by in vitro transcription/translation (IVTT) initiated by addition of PURExpress kit 
components along with a plasmid encoding the METRSKNML peptide. Extracted ion chromatograms 
showed the production of a compound consistent with the mass expected from nucleophilic attack on 
chlorolysine from 5-Cl-lysine (m/z = 1135.5), but not from 4-Cl-lysine.  
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Figure 3.39. Summary of results from experiments to incorporate lysine derivatives into peptides. PfHalA 
or SwHalB could be used to generate Cl-lysine in situ followed by in vitro transcription/translation (IVTT) 
initiated by addition of PURExpress kit components along with a plasmid encoding MSERSSNMK (PepA) 
or METRSKNML (PepC). The difference between the mass of the modified peptide and the unmodified 
lysine peptide is reported in the table. As controls, purified 5-OH-lysine (Sigma Aldrich) or 13C615N2-5-Cl-
lysine (made by HalB) were added to the IVTT reactions.  
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3.4.    Conclusion 
BesD directly chlorinates the free amino acid lysine. The simple substrate of BesD makes it a 

promising system for investigating the mechanism of FeII/αKG-dependent halogenases. Toward 
this goal, we have identified several new enzymes within this family and solved the crystal 
structure of BesD. Characterization of the radical halogenases in the BesD family has shown that 
these enzymes accept both polar and non-polar amino acids, demonstrate regioselective 
halogenation of Csp3-H bonds, as well as carry out mono- and di-chlorination. Structural studies of 
BesD further provide valuable insight into its substrate selectivity and the potential mechanisms 
by which reaction partitioning between halogenation and hydroxylation is achieved.  

Radical amino acid halogenases also have the potential to enable the production of diverse 
compounds containing useful functional handles. In addition to showing that bromination and 
azidation are catalyzed by the BesD family, we have demonstrated that downstream enzymatic 
pathways can be constructed to utilize halogenase-modified intermediates to produce different 
classes of compounds, including nitrogen heterocycles, diamines, keto acids, and ribosomally-
synthesized peptides. Altogether, these results highlight the potential to integrate this family of 
halogenases directly into engineered biological reaction pathways and expand our ability to access 
a wide variety of new compounds (Figure 3.40). 
 
 

 
 
 
Figure 3.40. Radical halogenases can be used to diversify amino acids, which can then be incorporated 
into downstream pathways to make a range of products with valuable functional groups.  
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4.1. Introduction 
Halogenation of small molecules is a useful chemical transformation. As a result, new 

enzymatic and synthetic strategies for selective halogenation are highly desirable. In particular, 
selective halogenation of unactivated C–H bonds is difficult to achieve. Nature has evolved a class 
of FeII/αKG dependent enzymes that are able to perform halogenation of unactivated C–H bonds, 
making them potentially useful biocatalysts for this challenging chemical transformation.  

Halogenases are part of the diverse superfamily of FeII/α-ketoglutarate-dependent enzymes, 
which perform a wide range of transformations, including hydroxylation of unactivated C–H 
bonds. FeII/αKG-dependent hydroxylases and halogenases proceed through similar mechanisms 
(Figure 4.1). Hydroxylases possess an HXD/EXnH motif and coordinate FeII with two side chain 
histidines, one side chain carboxylate, and the cofactor αKG. Upon oxygen binding, the enzyme 
decarboxylates αKG to succinate to generate a FeIV-oxo intermediate, which abstracts a hydrogen 
atom from the substrate. The resulting substrate radical then rebounds with the FeIII-OH group, 
yielding a hydroxylated product. In contrast, halogenases possess an HXG/A motif, where the 
smaller Ala or Gly residue allows room for the chloride to coordinate directly to Fe during the 
catalytic cycle.  Following hydrogen atom abstraction, the substrate radical selectively rebounds 
with FeIII-Cl, rather than FeIII-OH, yielding a chlorinated product [1,2].  

To date, very few radical halogenases have been discovered in Nature [3]. In contrast, many 
FeII/αKG-dependent hydroxylases have been identified and found to act on a wide range of 
substrates [4]. Thus, one strategy for expanding the scope of enzymatic halogenation is to engineer 
the broader class of hydroxylases to instead perform halogenation. Towards this goal, attempts 
have been made to enable halogenation by engineering the HXD/E motif of hydroxylases into the 
HXG/A required for halogenation. This has proven difficult, as these efforts have largely led to no 
observable halogenation [5,6]. In one promising case, modest halogenation yields were achieved 
by mutagenesis of the enzyme SadA [7]. However, the majority of the product was still 
hydroxylated. These efforts indicate that additional factors other than the HXG/A vs HXD/E 
motifs must contribute to selective rebound of FeIII-Cl rather than FeIII-OH. Because the few 
halogenases that have been reported to date have carrier-protein-bound substrates [8–10] or 
complex free-standing substrates [11–13], it has been challenging to study the basis of 
halogenation in this class of enzymes. We recently discovered BesD, a radical halogenase that 
chlorinates the free amino acid lysine directly, without the requirement for a carrier protein [14]. 
The simple substrate of BesD makes it a convenient system for investigating halogenation 
selectivity.  

In this chapter, we used bioinformatics to identify a lysine halogenase and hydroxylase pair 
within the BesD family. The enzymes are 71% identical and modify the same substrate with 
identical regioselectivities but possess divergent reaction outcomes (halogenation vs. 
hydroxylation). The high sequence identity makes this a promising system for studying reaction 
partitioning between halogenation and hydroxylation. We characterized the enzymes 
biochemically and solved the crystal structure of the novel hydroxylase. Next, we used DNA-
shuffling of the two genes to generate a library of chimeric proteins and screened the library for 
chlorination activity to identify second-sphere residues that are critical for halogenation. Finally, 
based on insights from the screen and structure, we successfully engineered the hydroxylase to 
perform halogenation.  
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Figure 4.1. Divergent reaction outcomes in halogenases and hydroxylases. Radical halogenases are 
related in reaction mechanism to radical hydroxylases. In halogenases, Asp or Glu is instead replaced with 
a Gly or Ala residue, allowing room for direct coordination of chloride to the Fe. In this case, rebound of 
either the -Cl or the -OH radical is possible, leading to halogenated or hydroxylated products, respectively. 
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4.2. Materials and methods 
Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth 

(TB), and glycerol were purchased from EMD Biosciences (Darmstadt, Germany). Carbenicillin 
(Cb), kanamycin (Km), chloramphenicol (Cm), isopropyl-β-D-thiogalactopyranoside (IPTG), 
sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), magnesium chloride hexahydrate, acetonitrile, ethylene diamine tetraacetic acid 
disodium dihydrate (EDTA), hydrochloric acid, 3kDa MWCO dialysis tubing, ammonium 
bicarbonate, sodium acetate, and sodium hydroxide were purchased from Fisher Scientific 
(Pittsburgh, PA). Phosphoenolpyruvate (PEP), adenosine triphosphate sodium salt (ATP), 
nicotinamide adenine dinucleotide reduced form dipotassium salt (NADH), pyruvate kinase, 
lactate dehydrogenase, lysozyme, poly(ethyleneimine) solution (PEI), ammonium iron (II) sulfate 
hexahydrate, a-ketoglutaric acid sodium salt, β-mercaptoethanol (bME), N,N,N',N'-tetramethyl-
ethane-1,2-diamine (TEMED), betaine, dimethylsulfoxide (DMSO), sodium L-ascorbate, 
acetonitrile (LC/MS-grade), ammonium formate (LC/MS-grade), Deuterium oxide, L-lysine for 
crystallography, 2-(N-Morpholino)ethanesulfonic acid hydrate, 4-morpholineethanesulfonic acid 
(MES), Pall Nanosep centrifugal Omega membrane (3,000 MWCO), AeraSeal films, and copper 
sulfate (CuSO4) were purchased from Sigma-Aldrich (St. Louis, MO). PageRuler Plus Prestained 
Protein Ladder was purchased from ThermoFisherScientific (Waltham, MA). Succinyl-CoA 
synthetase was purchased from Megazyme International (Bray, Ireland). L-lysine × 2HCl (13C6, 
99%; 15N2, 99%) was purchased from Cambridge Isotope Laboratories (Andover, MA). Formic 
acid was purchased from Acros Organics (Morris Plains, NJ). Restriction enzymes, T4 DNA 
ligase, Phusion DNA polymerase, Q5 DNA polymerase, T5 exonuclease, and Taq DNA ligase, 
were purchased from New England Biolabs (Ipswich, MA). Deoxynucleotides (dNTPs), were 
purchased from Invitrogen (Carlsbad, CA). Oligonucleotides were purchased from Integrated 
DNA Technologies (Coralville, IA), resuspended at a stock concentration of 100 µM in water and 
stored at either 4 °C for immediate usage or -20 °C for long-term storage. DNA purification kits 
and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). Zirconia/silica beads were 
purchased from BioSpec Products (Bartlesville, OK). Complete EDTA-free protease inhibitor was 
purchased from Roche Applied Science (Penzberg, Germany). PD-10 desalting columns and 
Superdex 75 16/60 pg column were purchased from GE Healthcare (Pittsburg, PA). Amicon Ultra 
10,000 MWCO centrifugal concentrators and Milli-Q Gradient water purification system were 
purchased from Millipore (Billerica, MA). Acrylamide/bis-acrylamide (30%, 37.5:1), 
electrophoresis grade sodium dodecyl sulfate (SDS), and ammonium persulfate were purchased 
from Bio-Rad Laboratories (Hercules, CA). Ultrayield baffled flasks were purchased from 
Thompson Instrument Company (Oceanside, CA). CalFluor 488 azide and 2-(4-((bis((1-(tert-
butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazolyl) acetic acid (BTTA) was 
purchased from Click Chemistry Tools (Scottsdale, AZ). 96-well plates with 2 ml volume and v-
bottom were purchased from Corning (Corning, NY). 3-Azido-7-hydroxycoumarin was purchased 
from AK Scientific, Inc. (Union City, CA). 

Bioinformatic identification of a homologous halogenase and hydroxylase pair. To 
identify halogenase and hydroxylase homologs, the sequence of BesD (WP_014151497) was used 
as a query for BLAST against the non-redundant protein database with a cutoff value of e-5, 
yielding 349 hits. From the list, redundant sequences of 98% identity were removed using CD-
HIT [15], leaving 256 sequences. Sequences were aligned using MUSCLE [16] and visualized in 
AliView [17], and the sequence position of the HXD/E or HXG/A motif was identified manually. 
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A Bioython script was used to parse the list of alignments to annotate the halogenases (HXG/A) 
and hydroxylases (HXD/E) based on the key Fe-binding motif (Appendix A3.1). The MEGAX 
interface was then used to analyze the alignment by Maximum-Likelihood based on the JTT 
matrix-based model [18], and uncertainty in the topology of the resulting tree was evaluated with 
100 bootstrap replicates (Appendix A2.1). 

Bacterial strains. E. coli DH10B-T1R was used for plasmid construction. BL21(DE3)–Star 
harboring the pRARE2 plasmid was used for heterologous protein production of all halogenase 
and hydroxylase variants.  

Construction of plasmids. Gibson assembly [19] was used to carry out plasmid construction 
using E. coli DH10B-T1R as the cloning host. PCR amplifications were carried out with Phusion 
polymerase (New England Biolabs, Ipswich MA) using the oligonucleotides listed in Appendix 
A1.3. Following plasmid construction, all cloned inserts were sequenced at Quintara Biosciences 
(San Francisco, CA) or the Barker Hall Sequencing Facility at UC Berkeley (Berkeley, CA). The 
halogenase (Hal, WP_122981682) and hydroxylase (WP_107105619) DNA sequences were 
initially optimized for expression in E. coli. Although the amino acid sequence of Hal is 71% 
identical to Hydrox, the nucleotide sequences of the E. coli-optimized genes were only ~65% 
identical. Hal was therefore manually optimized (Hal_optimized) to maximize nucleotide 
sequence identity with the hydroxylase to improve DNA shuffling. For example, if Hydrox 
encoded for Gly with codons GGG and Hal encoded for Gly at the same position with GGA, the 
codons in Hal were changed to match that of Hydrox. After optimization, the two sequences shared 
~85% identity at nucleotide level while maintaining their original amino acid sequences, which 
shared 71% identity. The nucleotide sequences are listed in Appendix 1.3.   

pET16-His10-Hal, pET16-His10-Hal_optimized, pET16b-His10-Hydrox and pET16b-His10-
Hydrox point mutants. The intermediate cloning plasmid, pET16-His-PrescissionCutSite-IMPDH, 
was constructed by amplification of IMPDH from E. coli gDNA followed by insertion into 
NdeI/BamHI-digested pET16b. The halogenase WP_122981682 (Hal and Hal_optimized) and 
hydroxylase WP_107105619 (Hydrox), were obtained as GeneBlocks (Appendix A1.3, IDT DNA, 
Coralville, IA) containing the appropriate overhangs for Gibson insertion into NdeI/BamHI-
digested His-PrescissionCutSite-IMPDH. To clone pET16-His10-Hydrox D144G, Hydrox was 
amplified in two pieces from the pET16-His10-Hydrox plasmid. The first piece was amplified with 
HalHydrox-F and the Hydrox D144G-R primer indicated in Appendix A1.3. The second piece was 
amplified with the Hydrox D144G-F primer indicated in Appendix A1.3 and pET16-anneal-R. 
Then both pieces were inserted into NdeI/HindIII-digested pET16-His-PrescissionCutSite-
IMPDH to yield the final constructs. pET16-His10-Hydrox D144G N151I was cloned in a similar 
manner from the pET16-His10-Hydrox D144G plasmid using the HalHydrox-F/Hydrox D114G 
N151I-R (piece 1) and Hydrox D114G N151I-F/pET16-anneal-R (piece 2) primer pairs. pET16-
His10-Hydrox D144G V225N was cloned from the pET16-His10-Hydrox D144G plasmid using the 
HalHydrox-F/Hydrox D114G V225N-R (piece 1) and Hydrox D114G V225N-F/pET16-anneal-R 
(piece 2) primer pairs. The triple mutant pET16-His10-Hydrox D144G N151I V225N was cloned 
analogously from Hydrox D144G N151I using the HalHydrox-F/Hydrox V225N-R (piece 1) and 
Hydrox V225N-F/pET16-anneal-R (piece 2) primer pairs. 

pET16-His10-Chimera. The three pieces for Gibson insertion (ChimeraPiece1, ChimeraPiece2, 
and ChimeraPiece3) were amplified from pET16-His10-Hydroxylase D144G with the primer pairs 
HalHydrox-F/ChP1-R, ChP2-F/R, and ChP3-F/pET16-anneal-R, respectively. The three pieces 
were joined using overlap extension PCR [20] and then inserted into NdeI/HindIII-digested 
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pET16-His-PrescissionCutSite-IMPDH using Gibson to yield the final pET16-His10-Chimera 
construct. To generate additional mutations on the Chimera scaffold (Chimera L150F, Chimera 
ST218-219GAV, Chimera I222M, Chimera M225V T226S, Chimera A228S, Chimera K230E 
E234G D236V), the Chimera was amplified in two pieces from the pET16-His-Chimera plasmid. 
The first piece was amplified with HalHydrox-F and the reverse primers indicated in Appendix 
A1.3. The second piece was amplified with the forward primers indicated in Appendix A1.3 and 
pET16-anneal-R. Then both pieces were inserted into NdeI/HindIII-digested pET16-His-
PrescissionCutSite-IMPDH to yield the mutant constructs.  

Hydrox D144G N151I V225N point mutants. To generate additional mutations on the Hydrox 
D144G N151I V225N (HydroxTripleMutant, HydroxTM), constructs were amplified in two 
pieces from the pET16-His-Hydrox D144G N151I V225N plasmid. The first piece was amplified 
with HalHydrox-F and the reverse primers indicated in Appendix A1.3. The second piece was 
amplified with the forward primers indicated in Appendix A1.3 and pET16-anneal-R. Then both 
pieces were inserted into NdeI/HindIII-digested pET16-His-PrescissionCutSite-IMPDH to yield 
the mutant constructs. Variants cloned by this strategy include HydroxTM F150L, HydroxTM 
GAV218/219 to ST, HydroxTM M223I, HydroxTM V226M S227T, HydroxTM S229A, 
HydroxTM E231K G235E V237D. 

pBesCB. A fragment containing besC-T7p-MBP-besB was PCR amplified from pPra [14] 
using primers pBesCB-F/R and cloned into pACYC-DUET using Gibson assembly and NcoI/KpnI 
cut sites.  

Additional Hal and Hydrox variants that were cloned but not assayed in this work are described 
in Appendix A1.3D-F. All of these constructs were cloned into NdeI/HindIII-digested pET16-His-
PrescissionCutSite-IMPDH using Gibson assembly.  

Construction of a shuffle library of Hal and Hydrox D144G. Hal_opt and Hydrox D144G 
were PCR-amplified from pET16-His-Hal_optimized and pET16-His-Hydrox D144G, 
respectively using HalHydrox-F and HalHydrox-R. Following PCR purification, 1000 ng of each 
of the PCR products was mixed in equimolar ratios and digested on ice with 1 U DNaseI (New 
England Biolabs, Ipswich MA) for 1 min 15 s. The 50 µL reactions were quenched by adding 20 
µL of 100 mM EDTA. Digested DNA was analyzed on a 1% agarose gel. Fragments centered 
around 200 bp were isolated and purified by gel purification (Qiagen). 200 ng of purified fragments 
were re-assembled and extended using Phusion polymerase with the following program: 98 °C for 
30 s (denature), 42 °C for 45 s (annealing), 72 °C for 1 min (extension). Fully reassembled products 
(~900 bp) were gel purified and re-amplified using Phusion polymerase and the HalHydrox-F/R 
primer pair. The shuffled products were inserted into NdeI/BamHI-digested pET16-His-
PrescissionCutSite-IMPDH using Gibson assembly to yield the mutant constructs. 

Click screen media optimization with 3-azido-7-hydroxycoumarin. For media 
optimization, we tested the CuAAC reaction in LB, TB, 2X YT, autoinducing media, M9 minimal 
media, and M9 with additives (magnesium sulfate (2 mM), calcium chloride (0.1 mM), glucose 
(4% (w/v)), thiamine (1 mg/L), 0.1 mM each of the 20 canonical amino acids). Media samples (50 
μL) containing Pra were pipetted into a 96-well black plate with a clear bottom (Corning, NY). To 
initiate the reaction, 50 μL of a 2X CuAAC reaction solution in 1X PBS was added to each well 
to give the final reaction solution (3-azido-7-hydroxycoumarin (0.5 mM), Pra (0 - 1 mM), copper 
(II) sulfate (0.5 mM), THPTA (1 mM), and sodium ascorbate (5 mM)). Reactions were performed 
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for 30 min in the dark before analyzing fluorescence of the Pra-coumarin product (Pra-Cou, λex = 
404 nm, λem = 477 nm) using a SynergyMx Microplate Reader (BioTek) at room temperature. 

Click screen with CalFluor488 probe. 50 μL M9 media containing Pra was was transferred 
to a fresh 96-well plate and mixed 1:1 with CuAAC solution to yield the final 100 μL reaction 
mixture (CalFluor 488 azide (1 μM), CuSO4 (0.5 mM), BTTA (0.1 mM), and sodium ascorbate (5 
mM)). Following incubation in the dark for 15 min, the fluorescence was measured using a 
SynergyMx Microplate Reader (BioTek) at room temperature (λex = 485 nm, λem = 528 nm). 

Screening the shuffle library for alkyne formation. Chemically-competent E. coli BL21 
cells harboring the pBesCB plasmid (CmR) were transformed with the shuffle library plasmids 
(AmpR) and grown on LB plates with the appropriate antibiotic. Colonies were inoculated into 
individual wells of a 96-well plate containing 200 μL LB with the appropriate antibiotic and grown 
overnight. Dense cultures were diluted 20-fold into 96-well plates (2 ml v-bottom, Corning, NY) 
containing 1 ml of LB, covered with Aeraseal Film (Sigma) and grown to mid-log phase (OD = 
0.6-0.8) before chilling the plates on ice for 30 min. Cells were pelleted by centrifugation at 4,000 
× g for 20 min and then resuspended in 1 ml of M9 media (sodium phosphate (6.6 g/L), potassium 
phosphate (3 g/L), sodium chloride (0.5 g/L), ammonium chloride (1 g/L), magnesium sulfate (2 
mM), calcium chloride (0.1 mM), glucose (4% (w/v)), thiamine (1 mg/L)) supplemented with 0.5 
mM Lysine, 0.25 mM IPTG, and the appropriate antibiotics. Cells were grown for 2 d at 16°C with 
shaking at 225 rpm. Note that at the end of the 2 d, some of the cells had settled in the bottom of 
the plate, despite shaking during growth. The remaining cells were then pelleted by centrifugation. 
The supernatant (50 μL) was transferred to a fresh 96-well black plate with a clear bottom 
(Corning). 50 μL of freshly-prepared click solution (CalFluor 488 azide (1 μM), CuSO4 (0.5 mM), 
BTTA (0.1 mM), sodium ascorbate (5 mM)) was then added to the cell supernatant and incubated 
for 15 min in the dark. The fluorescence of the samples was measured using a SynergyMx 
Microplate Reader (BioTek) at room temperature (λex = 485 nm, λem = 528 nm).  

Cells from the 30 fluorescent wells were grown overnight, miniprepped (Qiagen) and 
sequenced with the Prescission-seq-F primer (Appendix A1.3), which anneals to the shuffle library 
vector but not to the pBesCB vector which was also present in the cells. In addition, a total of 46 
wells of non-halogenating cells were sequenced. 33 of these gave reads corresponding to the 
expected shuffle library, while 13 yielded sequences of empty vectors or severely truncated genes 
that were unsuccessful cloning artifacts of from the shuffle library generation procedure.  

Expression of His10-tagged proteins. E. coli BL21 Star (DE3) harboring the pRARE2 
plasmid was transformed with the appropriate protein expression plasmid. An overnight TB culture 
of the freshly transformed cells was used to inoculate TB (1 L) containing the appropriate 
antibiotics (50 μg/mL carbenicillin with 50 μg/mL chloramphenicol) in a 2.8 L-baffled shake flask 
to OD600 = 0.05. The cultures were grown at 37°C at 200 rpm to OD600 = 0.6 to 0.8 at which point 
cultures were cooled on ice for 20 min, followed by induction of protein expression with IPTG 
(0.25 mM) and overnight growth at 16°C. Cell pellets were harvested by centrifugation at 9,800 × 
g for 7 min at 4ºC and stored at -80ºC. 

Purification of His10-tagged proteins. Frozen cell pellets were thawed and resuspended at 5 
mL/g of cell paste in lysis buffer (50 mM HEPES, 300 mM NaCl, 10 mM imidazole, 20 mM bME, 
20% (v/v) glycerol, pH 7.5) supplemented with EDTA-free Protease Inhibitor Cocktail (Roche). 
The cell paste was homogenized and then lysed by sonication with a Qsonica Q700 sonicator 
(Amplitude = 45, 5 s on, 25 s off, 2.5 min total process time, ½” tip). The lysate was then 
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centrifuged at 13,500 × g for 20 min at 4°C to separate the soluble and insoluble fractions. DNA 
was precipitated in the soluble fraction with 0.15% (w/v) polyethyleneimine and stirring at 4°C for 
30 min. The precipitated DNA was then removed by centrifugation at 13,500 × g for 20 min at 
4°C. The soluble lysate was incubated with Ni-NTA (0.5 mL resin/g of cell paste) for 45 min at 
4°C, then resuspended and loaded onto a column by gravity flow. The column was washed with 
wash buffer (50 mM HEPES, 300 mM NaCl, 20 mM imidazole, 20 mM bME, 20% (v/v) glycerol, 
pH 7.5) for 15-20 column vol. The column was then eluted with elution buffer (50 mM HEPES, 
300 mM NaCl, 300 mM imidazole, 20 mM bME, 20% (v/v) glycerol, pH 7.5). Fractions containing 
the target protein were pooled by A280 nm and concentrated using an Amicon Ultra spin concentrator 
(10 kDa MWCO, Millipore). Protein was then exchanged into storage buffer (50 mM HEPES, 100 
mM sodium chloride, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) using PD-10 desalting columns. 
Final protein concentrations before storage were estimated using the ε280 nm calculated by ExPASy 
ProtParam [21] and measured by nanodrop. They are as follows: S. sp. MBT76 Hydrox: 6.75 
mg/mL (ε280 nm = 45,950 M-1cm-1), A. teichiomyceticus Hal: 7.49 mg/mL (ε280 nm = 44,460 M-1cm-

1), Hydrox D144G: 6.36 mg/mL (ε280 nm = 45,950 M-1cm-1), Hydrox D144G V225N: 5.06 mg/mL 
(ε280 nm = 45,950 M-1cm-1), Hydrox D144G V225N N151I: 11.85 mg/mL (ε280 nm = 45,950 M-1cm-

1), Hydrox D144G N151I: 10.08 mg/mL (ε280 nm = 45,950 M-1cm-1), Chimera L150F: 12.55 mg/mL 
(ε280 nm = 45,950 M-1cm-1), Chimera ST218/219 to GAV: 12.14 mg/mL (ε280 nm = 45,950 M-1cm-

1), Chimera I222M: 11.27 mg/mL (ε280 nm = 45,950 M-1cm-1), Chimera M225V T226S: 14.57 
mg/mL (ε280 nm = 45,950 M-1cm-1), Chimera A228S: 16.48 mg/mL (ε280 nm = 45,950 M-1cm-1), 
Chimera K230E E234G D236V: 19.55 mg/mL (ε280 nm = 45,950 M-1cm-1), Hydrox F150L: 9.86 
mg/mL (ε280 nm = 45,950 M-1cm-1), Hydrox GAV218/219 to ST: 12.33 mg/mL (ε280 nm = 45,950 M-

1cm-1), Hydrox M223I: 12.6 mg/mL (ε280 nm = 45,950 M-1cm-1), Hydrox V226M S227T: 15.74 
mg/mL (ε280 nm = 45,950 M-1cm-1), Hydrox S229A: 10.95 mg/mL (ε280 nm = 45,950 M-1cm-1), 
Hydrox E231K G235E V237D: 13.73 mg/mL (ε280 nm = 45,950 M-1cm-1). All proteins were 
aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C. 

Preparation of proteins for crystallization. Following elution from Ni-NTA column, 
Hydrox protein was incubated with Prescission protease (1 mg protease/50 mg protein) and 
dialyzed 1:50 overnight into dialysis buffer to remove imidazole. Cleaved and dialyzed protein 
was passed through Ni-NTA (2 mL) to remove Prescission and the His10 tag. The eluent was the 
diluted to a final salt concentration of 20 mM NaCl using Buffer A (50 mM HEPES, 20% (v/v) 
glycerol, 1 mM DTT, 1 mM EDTA, pH 7.5) and loaded onto a 5 mL HiTrap-Q column for ion 
exchange with the AKTA Purifier FPLC system (GE Healthcare). The protein was eluted using a 
gradient from 0-100% buffer A to buffer B (50 mM HEPES, 1 M NaCl, 20% (v/v) glycerol, 1 mM 
DTT, 1 mM EDTA, pH 7.5) over 40 min. The protein sample was concentrated to 2 mL and loaded 
onto a Superdex 75 16/60 pg (GE Healthcare) column equilibrated with SEC Buffer (20 mM 
HEPES, 100 mM NaCl, 1 mM DTT, pH 7.5). The protein eluent was concentrated to 15 mg/mL 
and glycerol was added to a final concentration of 5% (v/v) before flash freezing in liquid nitrogen 
and storage at -80°C. 

Crystallization and structure determination. Crystals of Hydrox were obtained by the 
hanging drop vapor diffusion method by combining equal volumes of protein solution (3 mg/mL 
Hydrox, lysine (3 mM), aKG (3 mM, pH 7)) and reservoir solution (HEPES pH 6.8 (100 mM), 
sodium iodide (200 mM) containing 22% (w/v) PEG 3350). Densely-packed thin rods and plates 
grew in 1 day. Crystals were transferred to an Eppendorf tube containing 250 µL of reservoir 
solution and vortexed for 30 seconds with 10 × 1 mM diameter zirconia/silica beads to produce a 
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micro-seed solution. The seed solution was stored at -80°C for future use. Fe-bound Hydrox 
crystals were prepared in a Coy Anaerobic chamber by micro-seeding equal volumes of protein 
solution (3 mg/mL Hydrox, lysine (3 mM), aKG (3 mM, pH 7)) and reservoir solution (HEPES 
pH 7.0 (100 mM), sodium nitrate (200 mM) containing 28% (w/v PEG 3350). Thin rectangular 
rods grew within 3 days. Crystals were soaked anaerobically in a solution containing FeIICl2 × 4H2O 
(167 μM) for 3 min before flash freezing in liquid nitrogen. Crystals of BesD from S. cattleya were 
obtained aerobically by the hanging drop vapor diffusion method by combining equal volumes of 
protein solution (10 mg/mL BesD, lysine (1.5 mM), succinate (3 mM, pH 7)), vanadium sulfate 
(0.5 mM) and reservoir solution (MES pH 6.5 (100 mM), sodium chloride (0.6 mM) containing 
20% (v/v) PEG 4000). Rectangular, gel-like crystals grew in 4 days. Crystals were flash frozen in 
liquid nitrogen and data were collected at Beamline 8.3.1 at the Advanced Light Source (Lawrence 
Berkeley National Laboratory) at a wavelength of 1.11 Å. 

Data were processed with XDS [22] and scaled and merged with Aimless [23] in within the 
CCP4 suite [24]. The data were phased with molecular replacement using the structure of BesD 
(6NIE) as a search model. The structure was refined iteratively in COOT [25] and Phenix [26]. 
Ligands were added to the model using COOT and refined in Phenix. Omit maps for the ligand 
complex including Fe, aKG, lysine, and Fe-bound histidines were generated using the Phenix Map 
function. The Fe, αKG, lysine, and Fe-bound histidines were selected for removal from refinement 
prior to calculation of the maps. Structural alignments were performed using the Chimera software 
[27]. The structure was analyzed in Pymol, which was also used to create figures. 

General procedure for high resolution HPLC/MS analysis of polar metabolites with 
HILIC. Samples containing polar metabolites were analyzed using an Agilent 1290 UPLC on a 
SeQuant ZIC-pHILIC (5 μm, 2.1 × 100 mm; EMD-Millipore) using the following buffers: Buffer 
A (90% acetonitrile, 10% water, 10 mM ammonium formate) and Buffer B (90% water, 10% 
acetonitrile, 10 mM ammonium formate). A linear gradient from 95% to 60% Buffer A over 17 
min followed by a linear gradient from 60% to 33% Buffer A over 8 min was then applied at a 
flow rate of 0.2 mL/min. Mass spectra were acquired in positive ionization mode using a 6530 
QTOF (Agilent). A standard curve was not built due to difficulties with quantifying the unstable 
4-Cl-lysine product [14]. Therefore, the reported values are not normalized for concentration of 
the product.  

In vitro LC/MS assays of Hal and Hydrox variants. Reactions (50 µL) contained L-lysine × 
HCl (3 mM), sodium aKG (5 mM), sodium ascorbate (5 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), 
and sodium chloride (5 mM) in 100 mM HEPES buffer (pH 7.5). Reactions were initiated by 
addition of purified Hal and Hydrox variants (20 µM final concentration) and allowed to proceed 
for 25 min at room temperature before quenching in 2 vol of methanol with 1% (v/v) formic acid. 
Following centrifugation at 18,000 × g for 20 min (at 4°C) to remove precipitated protein, samples 
were analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF using the protocol for polar 
metabolite analysis above. 

Determination of kinetic parameters for Hal and Hydrox on lysine. Reactions (100 µL) 
contained ATP (2.5 mM), MgCl2 (5 mM) phosphoenol-pyruvate (PEP, 1 mM), NADH (0.3 mM) 
lactate dehydrogenase (LDH, 10 U/mL), pyruvate kinase (PK, 10 U/mL) succinyl-CoA synthetase 
(SCS, 3.2 U/mL), coenzyme A (1 mM), sodium aKG (1 mM), (NH4)2Fe(SO4)2 × 6H2O (0.2 mM), 
sodium chloride (10 mM), and sodium ascorbate (2 mM) in 100 mM HEPES buffer (pH 7.5). 
Reactions were initiated by addition of Hal (2.5 µM) or Hydrox (2.5 µM) in the presence of varying 
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concentrations of L-lysine × HCl (0 - 5 mM). Initial rates of NADH consumption were measured 
by monitoring A340 using a SynergyMx Microplate Reader (BioTek) at room temperature. kcat and 
KM were determined by fitting to initial rate data with Origin (OriginLab, Northampton, MA) using 
the equation:  

v0 = 
kcat[S]

KM + [S] 

where vo is the initial rate and [S] is the substrate concentration.  
HPLC purification of hydroxylysine for NMR analysis. Hydroxylysine was purified using 

an Agilent 1200 HPLC on a SeQuant ZIC-HILIC Semi-Preparative column (5 µm, 200 Å, 150 × 
21.1 mm, EMD Millipore) using the following buffers: Buffer A (90% acetonitrile, 10% water, 10 
mM ammonium formate) and Buffer B (90% water, 10% acetonitrile, 10 mM ammonium formate). 
A gradient was applied as follows: linear gradient from 100% to 40% Buffer A over 1 h, followed 
by a hold of 40% Buffer A for 18 min, then to 30% Buffer A over 5 min, followed by a linear 
gradient to 75% A over 4 min at a flow rate of 5 mL/min. The fractions containing the desired 
compound were determined by LC/QTOF MS screening, pooled, and dried by speed-vacuum. 

NMR data collection. All experiments were recorded on a Bruker Avance II spectrometer 
operating at 900 MHz and at 298 K.  The instrument was equipped with a CP TXI cryoprobe and 
was controlled using Topspin (version 3.2) software.  Data were processed using Topspin (version 
3.2) by zero-filling once in each dimension, followed by apodization, Fourier transformation, and 
phasing, and were referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).  Spectra were 
analyzed using Mnova software (Mestrelab Research, Escondido, CA, USA). 

Preparation, purification, and NMR analysis of [13C6,15N2]-4-OH-lysine. [13C6,15N2]-4-OH-
lysine methyl ester was prepared in a 600 µL reaction containing Hydrox (60 µM), [13C6,15N2]- L-
lysine × 2HCl (1 mM), aKG (5 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), sodium ascorbate (5 mM) 
in 50 mM HEPES (pH 7.5). The reaction was quenched after 16 h by addition of 1.5 mL of 
acetonitrile with 1% formic acid. Precipitate was removed by centrifugation at 15,000 × g for 10 
min. [13C6,15N2]-4-OH-lysine was purified using an Agilent 1200 HPLC on a SeQuant ZIC-HILIC 
Semi-Preparative column as described above. Samples were dried by speed vacuum and then 
resuspended in D2O for NMR analysis on a Bruker 900 MHz instrument and for LC/QTOF-MS 
analysis. High resolution ESI-MS [M+H]+: calculated for 13C6H1615N2O3+ m/z, 171.1219, found 
m/z 171.1219.  

A constant-time 1H-13C HSQC experiment (Bruker pulse sequence hsqcctetgpsp) was recorded 
with carrier frequencies set to 5.48 ppm (1H) and 40 ppm (13C)) and the spectral widths set to 16 
ppm (1H) and 80 ppm (13C). The carboxyl chemical shift was set to 176 ppm, and the 1H-13C 
coupling constant was set to 145 Hz.  The recycle delay was set to 1.5 sec. The constant-time 
evolution period was set to 13.6 ms, to distinguish 1H-13C pairs with one or three carbon neighbors 
from those with two carbon neighbors.   A 2D 1H-13C version of the 3D HCCH-COSY experiment 
(Bruker pulse sequence hcchcogp3d2) was used to identify neighboring 1H and 13C resonances.  
The carrier frequencies were set to 5.48 ppm (1H) and 39 ppm (13C) with spectral widths of 14 
ppm (1H) and 75 ppm (13C).  The recycle delay was set to 1.8 sec. 1H NMR (900 MHz, D2O): δ 
3.85 (Hα), 3.85 (Hγ), 3.03 (Hε), 1.96 (Hβ), 1.81 (Hδ1), 1.76 (Hδ2). 13C NMR (900 MHz, D2O): δ 
66.48 (Cγ), 52.78 (Cα), 36.67 (Cε), 36.14 (Cβ), 33.98 (Cδ). 
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4.3. Results and discussion 
Discovery of a closely related halogenase and hydroxylase pair. The enzyme BesD is the 

first radical halogenase reported to chlorinate a free-standing amino acid directly without the 
requirement for a carrier protein-tethered substrate. By searching for BesD homologs possessing 
the HXG motif, we discovered additional enzymes that chlorinate a range of different amino acids 
[28]. We then extended this analysis to include sequences with an HXD/E motif in an effort to 
identify new enzymes that hydroxylate, rather than chlorinate, amino acids. We performed a 
BLAST search with an E-value of 10-5 and assembled the hits on a phylogenetic tree (Figure 4.2). 
The sequences on the tree were annotated as halogenases or hydroxylases based on the presence 
of an HXD or an HXG motif. For the most part, the hydroxylases and halogenases grouped 
separately on the tree, indicating that halogenation evolved first, followed by diversification of the 
enzymes for various amino acid substrates. However, there was one exception; the hydroxylase 
from Streptomyces sp. MBT76 (Hydrox, WP_107105619) is located within the clade of 
halogenases that chlorinate lysine at C4. Strikingly, Hydrox is 71% identical in amino acid 
sequence to the putative halogenase from Actinoplanes teichomyceticus (Hal, WP_122981682). 
Due to the high percent identity between the two enzymes, we hypothesized that this system could 
facilitate the identification of key sequences differences responsible for their divergent reaction 
outcomes (Figure 4.3).  

To confirm the predicted activity of the enzyme pair, we cloned, expressed, and purified the 
proteins from E. coli. By incubating purified protein with the substrate lysine and the cofactors Fe, 
αKG, and chloride and analyzing the products by LC/MS, we confirmed that Hal and Hydrox are 
indeed a lysine halogenase and hydroxylase, respectively (Figure 4.4). Next, we analyzed the 
kinetic parameters of Hal and Hydrox. We performed steady-state kinetic analysis using an assay 
that couples NADH oxidation to succinate formation by the enzyme of interest (Figure 4.5) [29]. 
We found that Hydrox possesses a two-fold higher kcat (22.5 ± 0.7 vs. 10.5 ± 0.4 min-1), as well as 
a higher KM (0.34 ± 0.05 vs. 0.12 ± 0.03 mM) compared to Hal. However, both enzymes have a 
KM value within the estimated intracellular concentration of lysine in bacteria [30]. While the 
LC/MS and kinetic analyses enable the assignment lysine as a substrate, it does not reveal 
information about the regioselectivity of two the enzymes. We therefore used HSQC and COSY 
NMR to confirm that Hydrox modifies C4, which is the same position that is chlorinated by Hal 
(Figure 4.6). Thus, the enzymes diverge only in reaction outcome, and not in substrate- or regio- 
selectivity, making this a convenient system for studying halogenation and hydroxylation.  

Probing the role of the HXD/G motif on reaction outcome. In other hydroxylase systems, 
attempts have been made to engineer halogenase activity by mutating the HXD motif to HXG. 
This change would presumably allow room for chloride to coordinate directly to the Fe in the 
active site. In the hydroxylases TauD and Prolyl-4-hydroxylase, this change alone did not lead to 
detectable levels of halogenation [5,6]. Encouragingly, in the hydroxylase SadA, this mutation led 
to the formation of some halogenated product, although hydroxylation was still the dominant 
outcome [7]. We therefore tested whether the lysine hydroxylase that we identified could be 
engineered to perform halogenation by mutating the HXD motif to the HXG found in the 
halogenases (Hydrox D144G). Consistent with previously reported attempts, the mutagenesis 
failed to lead to efficient halogenation (Figure 4.7). Instead, we found Hydrox D144G has 
diminished hydroxylation activity, possibly due to impaired oxygen activation by the reactant 
complex, as has been found in FIH hydroxylase mutants [31]. Since mutagenesis of the facial triad 
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Figure 4.2. Phylogenetic analysis of a hydroxylase with homology to BesD. Phylogenetic tree of BesD 
halogenase (red) and hydroxylase (blue) homologs from the NCBI non-redundant protein database 
assembled in MEGA [32] following sequence alignment in MUSCLE [16]. The assignments are based on 
the presence of the HXG/A (halogenase) or HXD/E (hydroxylase) sequence motifs. BesD from S. cattleya 
and the hydroxylase from S. sp. MBT76 (Hydrox, WP_107105619) are annotated on the tree.   
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Figure 4.3. Sequence alignment of BesD, Hal, and Hydrox. (A) Sequence identity matrix for the 
halogenases from S. cattleya (BesD) and A. teichomyceticus (Hal, WP_122981682), and the hydroxylase 
from S. sp. MBT76 (Hydrox, WP_107105619). (B) Sequence alignment of BesD, Hal, and Hydrox 
highlighting the HXG and HXD motifs. Alignments were performed in MUSCLE [16].  
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Figure 4.4. LC/MS analysis of Hydrox and Hal. Reactions (50 µL) contained L-lysine × HCl (3 mM), sodium 
aKG (5 mM), sodium ascorbate (5 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), and sodium chloride (5 mM) in 100 
mM HEPES buffer (pH 7.5). Reactions were initiated by addition of purified Hal or Hydrox (20 µM final 
concentration) and allowed to proceed for 30 min at room temperature before quenching in 2 vol of methanol 
with 1% (v/v) formic acid. Following centrifugation at 18,000 × g for 20 min (°C) to remove precipitated 
protein, samples were analyzed by LC/MS on an Agilent 1290 UPLC/QQQ. Extracted ions chromatograms 
are shown for chlorolysine (m/z = 181.0738) and hydroxylysine (m/z = 163.1077) for each sample. The data 
are representative of 3 experimental replicates. 
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Figure 4.5. Steady-state kinetic analysis of Hal and Hydrox with the amino acid lysine as a substrate. Data 
are mean ± sd (n = 3 technical replicates). Table contains kcat, KM, and kcat/KM calculated by non-linear 
curve fitting to the Michaelis-Menten equation. Data in the table (kinetic parameters) are mean ± s.e. Error 
in kcat/KM is obtained by propagation from the individual kinetic terms.  
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Figure 4.6. NMR analysis of 4-OH-lysine. Hydrox from S. sp MBT76 was incubated with fully 15N- and 13C-
labeled lysine (1 mM), Fe (0.25 mM), αKG (5 mM), and sodium ascorbate (1 mM) for 16 h before addition 
of acetonitrile to precipitate the protein. Following centrifugation and removal of precipitated protein, the 
Hydrox product was isolated by HPLC and screened by LC/MS. Purification of the compound was 
performed once. (A) 2D 1H-13C CT-HSQC was used to confirm assignment of Cα and Cε of [15N2, 13C6]-4-
hydroxylysine produced by Hydrox. In this experiment carbons with two neighbors (blue) have opposite 
phase of carbons with one or three neighbors (red). (B) 2D 1H-13C HCCH COSY was used to assign 
connectivity of carbons of [15N2, 13C6]-4-hydroxylysine produced by Hydrox. (C) Chemical shifts determined 
from the 2D-NMR data. 
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Figure 4.7 Mutagenesis of the HXD motif of Hydrox to HXG does not lead to efficient halogenation. 
Reactions (50 µL) contained L-lysine × HCl (3 mM), sodium aKG (5 mM), sodium ascorbate (5 mM), 
(NH4)2Fe(SO4)2 × 6H2O (1 mM), and sodium chloride (5 mM) in 100 mM HEPES buffer (pH 7.5). Reactions 
were initiated by addition of purified Hal or Hydrox variants (20 µM final concentration) and allowed to 
proceed for 25 min at room temperature before quenching in 2 vol of methanol with 1% (v/v) formic acid. 
Following centrifugation at 18,000 × g for 20 min (°C) to remove precipitated protein, samples were 
analyzed by LC/MS on an Agilent 1290 UPLC-6530 QTOF. Integrated extracted ions counts are shown for 
chlorolysine (m/z = 181.0738) and hydroxylysine (m/z = 163.1077) for each sample. Data are average and 
standard deviation of technical replicates (n =3). 
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in Hydrox did not enable halogenation, we next sought to investigate the role of other residues in 
determining the reaction outcome. 

Crystal structure of Hydrox. In order to identify differences in the second-sphere 
coordination environment between lysine halogenases and hydroxylases, we solved an anaerobic 
X-ray crystal structure of Hydrox to 2.4 Å resolution (Table 4.1, Figure 4.8). The protein was co-
crystallized with lysine and αKG in a coy anaerobic chamber, and then soaked anaerobically with 
FeIICl2 × 4H2O to reconstitute the reactant complex. The protein crystalized with 4 copies per 
asymmetric unit. Chains A, B, and C have density for Fe, αKG, and lysine in the active site, while 
chain D lacks density for the cofactors and substrate. Note that the enzyme in chain D is in an 
alternate conformation; the C-terminal covering lid, which closes over the substrate in chains A-C 
is disordered, and the domain containing Arg80, which binds the carboxylate of the lysine 
substrate, is projected away from the active site and adopts an alternate secondary structure (Figure 
4.9).  

A comparison of Hydrox and the halogenase BesD (6NIE) reveals many similarities between 
the two structures. In the following analysis, residue numbering is based on the Hydrox sequence. 
The overall fold of the two enzymes is highly conserved, with an RMSD of 1.7 Å (Figure 4.10). 
The enzymes also share a highly conserved lysine binding site; In Hydrox, the carboxylate-binding 
residues (Arg80, His139, Trp244) and α-amine-binding residues (Asp145) are identical to those 
found in the halogenase. In addition, Trp245, which closes over lysine in the active site, is also 
conserved. The most notable difference lies at the ε-amine-coordinating residues (Glu125, Val225, 
Ser227). Asn225, which coordinates the ε-amine via a water in BesD, is replaced by Val225 in 
Hydrox.  In addition, Ser227 is instead a Thr in BesD. Based on the structures, the overall fold and 
lysine substrate binding modes of the two enzymes appears to be highly conserved. 

However, the orientation of αKG differs between the structure of Hydrox and BesD (Figure 
4.11). In both enzymes, the C1 carboxylate of αKG is trans to His209. However, in BesD, the 
complex displays a distorted geometry due to hydrogen bonding between Asn225 and the C1 
carboxylate of αKG. In Hydrox, the C1 carboxylate of αKG is instead directly trans to His209. The 
difference in the angle of rotation between the αKG in BesD and Hydrox is ~20°. This is likely 
because the Asn225 found in BesD is replaced by a valine residue in Hydrox, which cannot 
participate in hydrogen bonding. The crystal structure reveals that second sphere residues can alter 
the configuration of αKG in the respective reactant complexes of the halogenases and 
hydroxylases. We next wondered whether these second sphere residues might contribute to the 
observed reaction outcome in these enzymes. To gain further insight, we developed an independent 
screening-based strategy to identify key residues required for halogenation.   

Designing a platform to screen enzyme variants. We envisioned that important sequence 
components could be identified by constructing a DNA-shuffled library of Hydrox and Hal 
chimeras and screening the variants to determine whether they perform halogenation or 
hydroxylation. We elected to use Hydrox D144G as a template, rather than wild type Hydrox, to 
minimize library members that are incapable of halogenation (since Gly144 is essential for 
chloride binding and halogenation). To maximize the efficiency of DNA shuffling, we codon-
optimized Hal to achieve 85% sequence identity at the nucleotide level when compared to the 
hydroxylase [33]. Following PCR-amplification of Hal and Hydrox D144G, equimolar amounts 
of the amplified DNA were digested with DNAseI and reassembled using PCR, yielding a library 
of chimeric proteins composed of the two parent sequences (Figure 4.12). 
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Table 4.1. Data collection and refinement parameters for Hydrox with Lysine, αKG, and Fe bound in the 
active site.  
 

 Hydrox with Lys, αKG, and Fe  
Data collection  
Space group P1211 
Cell dimensions    
    a, b, c (Å) 72.626, 93.53, 91.339 
    a, b, g  (°)  90, 107.564, 90 
Resolution (Å) 87.08–2.4 (2.486–2.4)* 
Rsym or Rmerge 0.2843 (2.156) 
I / sI 5.62 (1.10) 
Completeness (%) 99.4 (98.78) 
Redundancy 
CC1/2 

6.9 (6.9) 
0.986 (0.389) 

  
Refinement  
Resolution (Å) 87.08–2.4 
No. reflections 45400 (4454) 
Rwork / Rfree 0.192/0.230 
No. atoms 8399 
    Protein 7913 
    Ligand/ion 70 
    Water 416 
B-factors 46.12 
    Protein 46.17 
    Ligand/ion 
        Fe 
        Lysine 
        αKG  

40.71 
40 
45 
34 

    Water 46.03 
R.m.s. deviations  
    Bond lengths (Å) 0.003 
    Bond angles (°) 0.93 

*Values are reported for the highest-resolution shell. 
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Figure 4.8. Crystal structure of Hydrox at 2.4 Å resolution. (A) Overall fold of Hydrox. (B) Fo-Fc omit map 
(contoured at 2 σ) for lysine (yellow), αKG (grey), Fe (brown), and the facial triad residues (His 142, His209, 
and Asp144).  
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Figure 4.9. Hydrox has 4 chains per asymmetric unit. (A) Depiction of the 4 chains per asymmetric unit. (B) 
Chain D (magenta) is in a different conformation than the other three chains and lacks density for the 
substrate lysine in the active site. Chain A (grey) is shown as a representative of chains A-C. The marked 
helix in chain D (black circle) is extended when compared to chain A. In chain A, those residues instead 
form antiparallel beta strands that close over the active site and interact with the substrate carboxylate via 
Arg80. In addition, Chain D lacks density for the substrate lysine and for the C-terminal substrate covering 
lid that closes over the active site.  
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Figure 4.10. Comparison of the Hydrox structure (grey) to the structure of BesD (cyan, PDB 6NIE). (A) An 
overlay of Hydrox (grey) and BesD (cyan) was performed using Chimera [27]. (B) The lysine binding sites 
of Hydrox and BesD. Lysine is shown in yellow for Hydrox and in green for BesD. (C) Alternate view of the 
lysine binding site of Hydrox (grey) and BesD (cyan). The residues in the binding sites are conserved with 
the exception of positions 225 and 227.  
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Figure 4.11. Comparison of the αKG binding configuration in Hydrox (grey) and BesD (cyan, PDB 6NIE). 
In both cases, the O2 binding site appears to be trans to His142. However, the geometry is distorted in the 
halogenase due to interaction of N225 and αKG. The resulting αKG (Hydrox) -iron- αKG (BesD) angle is 
~20°. The two structures were overlaid using the match function in Chimera [27] with His142, His209, and 
Fe as the match targets.  
  

  



159 

Design and optimization of CuAAC-based screening. To probe the reaction outcome of 
the shuffle library variants, we developed a high-throughput screen based on the role of 4-Cl-lysine 
as an intermediate in the alkyne amino-acid biosynthetic pathway. We previously discovered the 
halogenase BesD in the process of elucidating the biosynthesis of β-ethynylserine (βes), an alkyne-
containing amino acid [14]. In this pathway, BesD produces 4-Cl-lysine, which is then converted 
to 4-Cl-allylglycine by BesC, and then to propargylglycine (Pra) by BesB. Thus, in two enzymatic 
steps, 4-Cl-lysine can be converted into Pra, which contains an alkyne functional group that can 
be leveraged for copper-catalyzed azide-alkyne cycloaddition (CuAAC) chemistry with a 
fluorogenic probe [34].  We envisioned that cells containing the two downstream enzymes, BesC 
and BesB, could be transformed with a library of Hal/Hydrox mutants and screened for 
fluorescence. Variants that yielded halogenases would result in a fluorescent signal. However, 
variants that performed only hydroxylation would yield no fluorescence, as 4-OH-lysine is not a 
substrate for BesC (Figure 4.13). We initiated assay development with 3-azido-7-
hydroxycoumarin as the fluorogenic probe (Figure 4.14) [35].  

We optimized screening conditions in order to achieve the sensitivity required to distinguish 
halogenation from hydroxylation. We first sought a cell culture medium that would facilitate 
robust cell growth while enabling the CuAAC reaction to proceed efficiently. It has been shown 
that for CuAAC-based screens, the culture media can greatly influence the screening outcome [34]. 
We therefore compared the CuAAC reaction in LB, TB, 2×YT, autoinducing, M9 media, and M9 
with additives (magnesium sulfate (2 mM), calcium chloride (0.1 mM), glucose (4% (w/v)), 
thiamine (1 mg/L), 0.1 mM each of the 20 canonical amino acids). The reaction of 3-azido-7-
hydroxycoumarin with Pra in the presence of copper (II) sulfate, THPTA, and sodium ascorbate 
gave the greatest fluorescent signal in the presence M9 without additives, while LB media 
performed second-best of the attempted conditions (Figure 4.15AB). By systematically including 
M9 additives one at a time, we determined that the amino acid mixture was responsible for the 
signal suppression (Figure 4.15C). We therefore chose to proceed with LB and M9 media without 
amino acid supplementation for subsequent experiments.  

To test whether the fluorogenic screen could detect Pra generated by cells expressing the 
halogenase and the downstream enzymes BesB and BesC, we generated chemically competent E. 
coli harboring BesB and BesC on a pACYC vector under a T7 promoter. We then transformed 
these cells with either Hal or Hydrox, grew the cells in a 96-well plate format, and induced protein 
expression in either M9 or LB media supplemented with 0.5 mM lysine. After 2 days, the cell 
supernatant was collected and subjected to CuAAC with 3-azido-7-hydroxycoumarin (λex = 404 
nm, λem = 477 nm). In M9 media, we achieved a ~6-10-fold change in fluorescence for cells 
expressing Hal compared to cells transformed with Hydrox (Figure 4.16). These data indicate that  

 
Figure 4.12. Shuffle library design. DNA encoding the wild type halogenase and the hydroxylase D144G 
mutant were digested with DNAseI and reassembled by PCR.  
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Figure 4.13. Strategy for screening the shuffle library for variants that perform halogenation. In two 
enzymatic steps, 4-Cl-lysine can be converted into Pra, which contains an alkyne functional group that can 
be leveraged for CuAAC chemistry with a fluorogenic probe. In contrast, variants that perform only 
hydroxylation would yield no fluorescent product downstream, as 4-OH-lysine is not a substrate for the 
enzymes in the alkyne biosynthetic pathway. 

 

 

 

 

 

 
Figure 4.14. Propargylglycine (Pra) produced by cells expressing halogenase variants can react with 3-
azido-7-hydroxycoumarin in the presence of copper (II), ascorbate, and the THPTA ligand. The resulting 
propargylglycine-coumarin product (Pra-Cou) is fluorescent and can be detected using a plate reader.  
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Figure 4.15. Testing the CuAAC reaction in different cell culture media. (A) Comparison of M9, TB, 2XYT, 
Autoinducing, and LB media. The reactions contained 3-azido-7-hydroxycoumarin (0.5 mM), Pra (1 mM), 
copper (II) sulfate (0.5 mM), THPTA (1 mM), and sodium ascorbate (5 mM). Reactions (100 μL) were 
performed for 30 min before analyzing fluorescence (λex = 404 nm, λem = 477 nm) using a SynergyMx 
Microplate Reader (BioTek) at room temperature. (B) Comparison of CuAAC in M9 and LB media. Reaction 
conditions are as in part (A), but with varying concentrations of Pra (1-100 uM). (C) CuAAC performed in 
M9 with various additives (magnesium sulfate (2 mM), calcium chloride (0.1 mM), glucose (4% (w/v)), 
thiamine (1 mg/L), 0.1 mM each of the 20 canonical amino acids). 
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Figure 4.16. The alkyne screening platform enables detection of chlorolysine produced by the halogenase 
via CuAAC. Cells expressing either the halogenase (red) or hydroxylase (black) along with downstream 
enzymes BesB and C were grown in 96-well plates 16 deg. C for 48 hours. Samples contained varied media 
types (M9 or LB), culture volumes (200 uM or 1 ml), and lysine addition (0.5 or 1.0 mM). After the 48 h 
growth, cells were pelleted and 50 μL of supernatant was mixed with 50 μL of reaction solution to yield the 
final reaction mixture (100 μL, 3-azido-7-hydroxycoumarin (0.5 mM), Pra (1 mM), copper (II) sulfate (0.5 
mM), THPTA (1 mM), and sodium ascorbate (5 mM)). After 30 min reaction time, fluorescence was 
measured using a SynergyMx Microplate Reader (BioTek) at room temperature (λex = 404 nm, λem = 477 
nm). The data shown above are representative of n = 2 experimental replicates.  
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the CuAAC screen can be used to distinguish between chlorination and hydroxylation outcomes. 
The data additionally show that supplementing the cultures with lysine improved the signal for the 
screen, likely by increasing the substrate pool available to the halogenase.   

Finally, we compared two fluorogenic probes for the CuAAC reaction to determine which 
would provide the greatest sensitivity for Pra detection. The CalFluor probes have been shown to 
demonstrate high sensitivity for the alkyne functional groups [34,36]. We therefore compared the 
sensitivity of CalFluor488 to our original probe, 3-azido-7-hydroxycoumarin, across a range of 
Pra concentrations (Figure 4.17). Although 3-azido-7-hydroxycoumarin provided a linear 
response across a wider range of Pra concentrations, CalFluor488 yielded a greater sensitivity at 
low Pra concentrations (Figure 4.18). We therefore proceeded to use CalFluor488 for our 
subsequent experiments. 

Library screening and analysis. With this assay in hand, we screened 216 variants from the 
shuffle library and found that 30 of the variants yielded fluorescence upon CuAAC with the 
CalFluor 488 fluorogenic probe (Figure 4.19). We sequenced the 30 hits that gave greater than 3-
fold increase in fluorescence in order to determine which residues were conserved in the variants 
that performed halogenation (Figure 4.20-4.21, Appendix A2.1). We found that 5 of the hits 
contained the sequence of the parent halogenase residue, but the remaining 25 were chimeras. 
Analysis of the chimeras revealed that a majority of the residues were not critical for halogenation. 
In particular, the N-terminus through residue ~120 was highly variable in the hits; even variants 
containing the N-terminal half from Hydrox were still able to perform halogenation. The data 
suggest that the residues that are critical for halogenation do not lie on the N-terminal half of the 
protein sequence. 

However, 11 residues (and a single amino acid deletion) were conserved in 100% of the 
halogenase hits, suggesting they may contribute to the observed reaction outcome. These residues 
were mapped onto the crystal structure of Hydrox in order to gain insight into their roles (Figure 
4.22). Based on this analysis, we found that the mutations that were conserved in all of the 
halogenase hits were located along two of the beta strands that comprise the core of the protein. 
Note that DNA shuffling requires stretches of sequence homology to enable crossovers to occur. 
Therefore, the contiguous nature of the conserved residues may be partially due to low identity 
between the halogenase and hydroxylase templates in those regions, as this would prevent 
shuffling between those stretches. 

We next compared the residues of the Hydrox and Hal at the conserved positions. Based on 
this analysis, two residues stood out: Ile 151 and Asn225 are conserved in all of the halogenase 
hits and are located near the αKG in the active site. In contrast, the corresponding residues in wild-
type Hydrox are Asn151 and Val225. Notably, Hal has a nonpolar residue at 151 and a polar one 
at 225, while this trend is reversed in the hydroxylases. We previously found that mutation of the 
equivalent Asn225 in BesD to Ala diminished halogenation selectivity [28]. Thus, the recovery of 
Asn225 within our hits is consistent with the importance of this residue for halogenation and 
suggests that the shuffle screen can be used to identify critical sequence components. 

To gain further insight into the role of residues 151 and 225, we sequenced a random subset of 
the non-halogenating variants from our screen that failed to give a detectable fluorescence signal 
(Figure 4.23-4.24, Appendix A.2.2). Note that the lack of fluorescence could either be due to 
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Figure 4.17. Propargylglycine (Pra) produced by cells expressing halogenase variants can react with 
CalFluor488-azide in the presence of copper (II), ascorbate, and the THPTA ligand. The resulting 
propargylglycine-CalFluor product (Pra-CalFluor) is fluorescent and can be detected using a plate reader.  
 
 

 

 

Figure 4.18. Comparison of the sensitivity of 3-azido-7-hydroxycoumarin to CalFluor488 across a range of 
Pra concentrations. For the CalFluor488 probe, 50 μL M9 media containing Pra was was transferred to a 
fresh 96-well plate and mixed 1:1 with CuAAC solution to yield the final reaction mixture (CalFluor 488 azide 
(1 μM), CuSO4 (0.5 mM), BTTA (0.1 mM), and sodium ascorbate (5 mM)). Following incubation in the dark 
for 15 min, the fluorescence was measured using a SynergyMx Microplate Reader (BioTek) at room 
temperature (λex = 485 nm, λem = 528 nm). For 3-azido-7-hydroxycoumarin, 50 μL of M9 was mixed with 50 
μL of reaction solution to yield the final reaction mixture (100 μL, 3-azido-7-hydroxycoumarin (0.2 mM), Pra 
(1 mM), copper (II) sulfate (0.5 mM), THPTA (1 mM), and sodium ascorbate (5 mM)). After 30 min reaction 
time, fluorescence was measured using a SynergyMx Microplate Reader (BioTek) at room temperature (λex 
= 404 nm, λem = 477 nm). In both cases, the fold-change is calculated relative to the fluorescence value of 
the probe with 0 μM Pra added to the sampe.  
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Figure 4.19. Results of screening the shuffle library with CuAAC. Cells expressing BesB, BesC, and a 
member of the shuffle library are grown in M9 media supplemented with 0.5 mM lysine for two days. 
Controls are present on each plate as follows: Hydrox (A1-4), Hydrox D144G (A5-8), Hal (A9-12). After two 
days of expression, cells were pelleted by centrifugation, and the supernatant was transferred to a fresh 
plate and mixed 1:1 with CuAAC solution to yield the final reaction mixture (CalFluor 488 azide (1 μM), 
CuSO4 (0.5 mM), BTTA (0.1 mM), and sodium ascorbate (5 mM)). Following incubation in the dark for 15 
min, the fluorescence was measured using a SynergyMx Microplate Reader (BioTek) at room temperature 
(λex = 485 nm, λem = 528 nm). Values for each well are reported relative to the average of wells A1-4 
(Hydrox) on each plate.  
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Figure 4.20. Sequence conservation of the Hal parent residues among the sequenced halogenase hits 
from the shuffle library. The 30 hits from the click screen were sequenced and aligned. Five of the 
sequences were that of wild type Hal and are excluded from the analysis. The remaining 25 chimeras were 
analyzed to determine the conservation of the Hal parent residue at each position. If 100% of the 
halogenase hits possess the Hal residue at a given sequence position, the residue is colored red. If 50% 
of the hits have the Hal residue, or if a residue is the same in Hal and Hydrox, the position is colored white. 
Positions at which none of the sequenced hits had the Hal parent residue are colored black. Residues 150, 
151, 218-220, 223, 225-227, 229, and 231 are conserved in 100% of the hits. 
 
 
 
 
 
 

 
 
Figure 4.21. Sequence conservation of the Hal parent residues among the sequenced halogenase hits 
from the shuffle library (alternative representation). The 30 hits from the click screen were sequenced and 
aligned. Five of the sequences were that of wild type Hal and are excluded from the analysis. The remaining 
25 chimeras were analyzed to determine the conservation of the Hal parent residue at each position. 
Residues 150, 151, 218-220, 223, 225-227, 229, and 231 are conserved in 100% of the hits. 
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Figure 4.22. Mapping the residues that are conserved in the halogenase library hits onto the structure of 
Hydrox. (A) The key positions that were conserved in the halogenase shuffle hits are located along two 
antiparallel beta strands that are adjacent to αKG in the active site. A few of the mutations extend beyond 
the beta strand to nearby loops. (B) The residues that were conserved in the halogenase hits (magenta) 
are mapped onto the overall fold of the structure.  
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Figure 4.23. Sequence conservation of the Hal parent residues among the randomly sequenced non-
halogenating variants from the shuffle library. Forty-six variants were sequenced in total. Thirteen of these 
yielded poor sequencing reads, or empty vectors. The remaining 33 chimeras were aligned and analyzed 
to determine the conservation of the Hal parent residue at each position. If 100% of the sequenced 
constructs possess the Hal residue at a given sequence position, that residue is colored red. If 50% of the 
hits have the Hal residue, or if a residue is the same in Hal and Hydrox, the position is colored white. 
Positions at which none of the sequenced hits had the Hal parent residue are colored black. The non-
halogenating data set has a low occurrence (<50%) of the Hal parent residue at all sequence positions.  
 
 
 
 
 
 
 
 
 

 
 
Figure 4.24. Sequence conservation of the Hal parent residues among the randomly sequenced non-
halogenating variants from the shuffle library (alternative representation). Forty-six variants were 
sequenced in total. Thirteen of these yielded poor sequencing reads, or empty vectors. The remaining 33 
chimeras were aligned and analyzed to determine the conservation of the Hal parent residue at each 
position. The non-halogenating data set has a low occurrence (<50%) of the Hal parent residue at all 
sequence positions.  
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hydroxylation or due to an inactive enzyme. Out of 46 total non-halogenating sequences, 13 
yielded empty vectors, truncated genes, or poor sequencing 
reads, but 33 of the variants yielded intact genes. We found 
that these sequences contained various combinations of 
Asn151, Ile 151, Val225, and Asn225, but none of the 
sequenced variants had both Ile151 and Asn225 (Table 4.2). 
It is possible that the sensitivity of the screen is insufficient 
to detect variants with low halogenation activity, or that 
sequencing even more of the non-halogenating variants 
would have revealed sequences that possess Ile151 and 
Asn225 yet fail to yield detectable halogenation signal. 
However, the data support the hypothesis that both Ile151 
and Asn225 are required for halogenation activity. 

Engineering Hydrox to perform halogenation. We next sought to determine whether 
Hydrox D144G could be engineered to perform halogenation by addition of the residues identified 
through the shuffle library. We first cloned, expressed, and purified Hydrox D144G V225N and 
assayed the enzyme by LC/MS (Figure 4.25- 4.26). Encouragingly, the double mutant (Hydrox 
D144G V225N) has diminished hydroxylation activity compared to Hydrox D144G and also 
displayed a ~2-fold increase in halogenation. Since our screen indicated that only variants with 
both Asn225 and Ile151 were able to give high signal for halogenation, we purified the triple 
mutant, Hydrox D144G V225N N151I. Encouragingly, the triple mutant yielded a five-fold 
increase in halogenation. The double mutant Hydrox D144G N151I failed to achieve the same 
result. In the BesD crystal structure, Asn225 and Ile151 are only 3.4 Å apart. Therefore, the 
additional Asn151I mutation could possibly have alleviated polar interactions that may disrupt the 
positioning of Asn225. Thus, the addition of both second sphere-residues Ile151 and Asn225 to 
Hydrox D144G enabled successful engineering of Hydrox to perform halogenation.  

Although Hydrox D144G V225N N151I performed halogenation, there was still a large 
disparity in chlorination activity when compared to the wild type Hal. This difference in activity 
highlights the challenges associated with engineering hydroxylases to perform halogenation. We 
reasoned that further improvements could be achieved by incorporating additional residues found 
to be important in the shuffle library. Since the screening results showed that the halogenases had 
conserved residues along two beta strands adjacent to Asn225, we hypothesized that a boost in 
activity could be achieved by generating a chimera that encompassed these regions. Starting with 
Hydrox D144G, we designed a Chimera by grafting 13 highly conserved residues into the 
hydroxylase. The resulting chimera only differs from the hydroxylase by a total of 14 residues 
(93.5% sequence identity, Figure 4.27). Excitingly, we found that the Chimera performed 
halogenation within error of the wild type Hal. Thus, our screening results led to a successful 
halogenase engineering by elucidating key residues that could not be identified simply by 
inspection of the crystal structure.  

Finally, we probed the relative contribution that the 14 different residues had toward improving 
halogenation. Using the crystal structure, we grouped the mutations into six groups based on 
proximity, solvent exposure, and polarity (Table 4.3). Each set was then either added (to Hydrox 

D144G V225N N151I) or removed (from the chimera). The 12 resulting enzyme variants were 
  

Table 4.2. Conservation of residues 
151 and 225 in the shuffle screen.  
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Figure 4.25. SDS-PAGE gel of purified Hal and Hydrox variants.  Lane 1, Hal; 2, Hydrox; 3, Hydrox D144G; 
4, Hydrox D144G V225N; 5, Hydrox D144G N151I; 6, Hydrox D144G V225N N151I; 7, Chimera. 
 
 
 
 
 
 

 
 
Figure 4.26. LC/MS analysis of engineered Hydrox variants. The mutations were chosen based on residues 
identified from the shuffle screen and from structures. “Chimera” is an engineered hydroxylase that has a 
total of 14 residues from the halogenase engineered into it, including D144G, N151I, and V225N.  
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Figure 4.27. Designing a chimera based on the shuffle library. To design an enzyme which captures the 
key sequence motifs required for halogenation, a chimeric protein was engineered based on the shuffle 
results. (A) Conservation of halogenase residues that were conserved in library members capable of 
performing halogenation. Residues that were conserved in 100% of the halogenating hits were grafted into 
the sequence of the hydroxylase. All the residues that differ between the Chimera and Hydrox are listed 
below the sequence map. Key primary and secondary sphere residues are highlighted in green. (B) 
Sequence alignment of Hydrox (blue), Hal (red), and the engineered Chimera. Alignment was performed in 
MUSCLE [16].  
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purified and assayed by LC/MS (Figures 4.28-4.29). When we added the halogenase groups one 
at a time to the hydroxylase, we found that none were sufficient to achieve the halogenation levels 
found in the chimera on their own. Likewise, the systematic removal of the halogenase residues 
from the Chimera did not result in a full reversal to the lower activity found in the hydroxylase 
triple mutant (Hydrox D144G V225N N151I). Taken together, the data support the idea that the 
key residues from the screen likely have an additive effect on halogenation activity. Our previous 
work on BesD in which we assayed the BesD G144D confirmed that the residue in the facial triad 
is essential for halogenation [14]. Beyond this, our results suggest that a key factor for halogenation 
is Asn225, while additional residues along the two core beta sheets aid in the tuning of that residue 
to maximize activity and selectivity in radical halogenases within the BesD family.  

Structural insights into engineered selectivity. While the anaerobic crystal structures of 
BesD and Hydrox are only snapshots of the enzyme’s reactant complex, they provide insight into 
the possible influence of second sphere residues on key catalytic intermediates. In FeII/αKG-
dependent enzymes, oxygen binds to the FeII reactant complex, leading to decarboxylation of αKG 
to succinate.  The decarboxylation results in a FeIV-oxo intermediate, which abstracts a hydrogen 
atom from the substrate. In halogenases, the resulting substrate radical selectively rebounds with 
the FeIII-Cl, rather than the FeIII-OH, yielding a chlorinated product [1,2]. Previous studies on the 
halogenases SyrB2 and WelO5 suggest that substrate positioning relative to the FeIII-Cl and FeIII-
OH is critical for determining whether halogen or hydroxyl rebound is favored. It is proposed that 
halogenases orient the reactive FeIV-oxo intermediate such that hydrogen atom abstraction is 
sluggish but rebound of the resulting FeIII-OH is disfavored. In SyrB2, use of non-native substrates 
perturbed the positioning of the carbon targeted for modification and resulted in hydroxylation by 
the enzyme [37]. In WelO5, Ser189 is proposed to orient the oxo away from the substrate, favoring 
halogen rebound. Mutation of Ser189 to Ala leads to decreased halogenation fidelity [38]. Work 
by Solomon and co-workers suggests that the determining factor for selective halogenation is the 
favorable overlap of the substrate radical with the FeIII-Cl orbitals compared to the FeIII-OH 
[39,40]. Therefore, second-sphere residues that influence the relative overlap of these groups are 
poised to influence selectivity.  

We have identified important second sphere residues by combining crystallography with a 
functional screening assay. Among the key determining factors of reaction outcome are Asn225 
in Hal and Val225 in Hydrox, which could influence relative proximity of C4 (lysine) to FeIII-Cl 
(4.0 Å, in Hal) compared to FeIII-OH (Figure 4.29). In the crystal structure of BesD, Asn225 
hydrogen bonds with αKG in the active site and orients the coordinating oxygen away farther away 
from C4 of the substrate (3.8 Å) than in the case of the hydroxylase (3.3 Å). This 0.5 Å difference 
may serve as a preview of the orientation of subsequent intermediates during the catalytic cycle; 
once the substrate radical is formed in halogenases, Asn225 could hydrogen bond the FeIII-OH 
intermediate, decreasing orbital overlap with the substrate radical, and resulting in FeIII-Cl rebound 
instead. In SyrB2, hydrogen bonding constrains the hydroxyl group such that the dπ*Fe −OH frontier 
molecular orbital cannot achieve good overlap with the substrate carbon radical [40], which 
disfavors hydroxylation. In Hydrox, the replacement of Asn225 with Val precludes hydrogen 
bonding of the FeIII-OH group. Furthermore, DFT calculations on SyrB2 suggest that a Fe-Cl 
distance that is 0.5 Å closer than Fe-OH (considering ionic radii) results in a lower Gibbs free 
energy barrier for chlorine rebound, thereby favoring  halogenation [40]. 
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 Consistent with this proposed role of second-sphere residues, our results suggest that Asn225 
serves as a critical switch to enable halogenation. However, the introduction of Asn225 into the 
secondary sphere of Hydrox D144G is insufficient for halogenation without additional residues 
that serve to further tune activity. Thus, Asn225 may serve as a critical switch to enable 
halogenation, while the additional residues identified in the screen that lie along adjacent strands 
are required to tune the active site for selective halogenation. Indeed, our systematic analysis of 
the 14 residues in the engineered Chimera revealed that the residues with the greatest impact on 
halogenation are those immediately adjacent to Asn225 (Ile151, Met226, Thr227), and that the 
effects of the key residues are additive. The screen enabled unbiased identification of previously 
unexplored second-sphere residues that work in concert to enable effective chlorination.  

Experimental investigation of reactive intermediates in Hal and Hydrox. Future work on 
these enzyme systems will seek to experimentally probe the role of second-sphere residues on 
catalytic intermediates. The FeIII-OH intermediate immediately preceding the rebound step is too 
short-lived to monitor experimentally [41]. However, spectroscopic and crystallographic 
techniques for characterizing the FeIV-oxo species have proven useful in other FeII/αKG-dependent 
systems [2,42–45].  One such technique is stopped-flow absorption (SF-abs), which can be used 
to monitor the rise and decay of the FeIV-oxo species at 320 nm. SF-abs experiments with SyrB2 
paired with either native or non-native substrates showed that SyrB2 positions its native substrate 
for halogenation by orienting the substrate away from the FeIV-oxo species, thereby sacrificing the 
rate of FeIV-oxo hydrogen atom abstraction in order to increase reaction fidelity [37,43]. With 
substrate-bound crystal structures and successful engineering results, the Hal/Hydrox system 
provides a unique opportunity to understand how second-sphere residues may alter the reaction 
outcome. We hope to determine whether Hal exhibits slower FeIV-oxo decay compared to Hydrox, 
supporting the hypothesis that second-sphere residues such as Asn225 may orient the oxo away to 
ensure selectivity at the expense of the rate of H atom abstraction (Figure 4.31A). Towards this 
goal, we have purified Hal, Hydrox, the engineered Chimera, and several Hydrox and Hal point 
mutants, and successfully demonstrated that these enzymes can be concentrated to the mM 
concentration range required for these experiments.  

In addition to indirect measurements of ferryl orientation using SF-abs, geometric information 
can also be obtained by substitution of the ferryl with vanadyl (VIVO)2+. Vanadyl serves as a 
structural mimic of the unstable FeIV-oxo intermediate that is generated in αKG-dependent 
enzymes upon decarboxylation of αKG [44]. In particular, crystal structures of αKG-dependent 
enzymes bound to the vanadyl intermediate (rather than to the FeIV-oxo, which is too short-lived 
to crystallize) can reveal information about the positioning of the metal complex relative to the 
substrate (Figure 4.31B) [45]. Towards this goal, we co-crystallized BesD with vanadyl and 
succinate (Table 4.4, Figure 4.32). Although the data reveal density for vanadium between His137 
and His 204, density for the chloride and oxo ligands on vanadium is too poor for confident 
modelling using this data set. Improvements could be made by growing the crystals anaerobically 
to prevent oxidation of vanadyl to vanadate, or by soaking the crystals with higher concentrations 
of NaCl prior to freezing. The ability to obtain vanadyl, succinate, chloride, and lysine-bound 
enzyme will additionally facilitate EPR experiments to measure the distance and angle between a 
deuterium on the substrate and the vanadyl probe [44]. Taken together, these experiments on Hal 
and Hydrox can expand our mechanistic understanding of halogenation.   
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Table 4.3. Grouping the residues that were highly conserved in the shuffle screen based on proximity, 
solvent exposure, and polarity.  
 

Group Hydrox Chimera Notes 
--- D144 G144 Critical 
1 F150 L150 Maybe pushing on back helix around residue 176 
--- N151 I151 Critical 
2 G218 S218 Solvent exposed 
2 A219 T219 Solvent exposed 
2 V220 --- Solvent exposed 
3 M223 I222 Near αKG binding site 
--- V225 N224 Critical 
4 V226 M225 Close to critical N/V225 residue 
4 S227 T226 Very similar residues. Close to N/V225 
5 S229 A228 Seems to be interacting with other residues 
6 E231 K230 Solvent exposed 
6 G235 E234 Solvent exposed 
6 V237 D236 Solvent exposed 
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Figure 4.28. SDS-PAGE gel for of purified Hydrox and Chimera variants. Lane 8, Chimera L150F; 9, 
Chimera ST218-219GAV; 10, Chimera I222M; 11, Chimera M225V T226S; 12, Chimera A228S; 13, 
Chimera K230E E234G D236V; 14, HydroxTM F150L; 15, HydroxTM GAV218/219 to ST; 16, HydroxTM 
M223I; 17, HydroxTM V226M S227T; 18, HydroxTM S229A; 19, HydroxTM E231K G235E V237D. 
 
 
 
 
 

 
 
Figure 4.29. LC/MS analysis of engineered Hydrox variants. An asterisk and the corresponding dotted line 
provide points of comparison for the mutants. The goal of the analysis was to identify Chimera mutants that 
diminish activity relative to the Chimera (Ch) or Hydrox D144G N151I V225N (HydroxTM) mutants that 
increase activity relative to the triple mutant (Hydrox D144G N151I V225N). The variants 8-19 correspond 
to the purified proteins in Figure 4.24: 8, Chimera L150F; 9, Chimera ST218-219GAV; 10, Chimera I222M; 
11, Chimera M225V T226S; 12, Chimera A228S; 13, Chimera K230E E234G D236V; 14, HydroxTM F150L; 
15, HydroxTM GAV218/219 to ST; 16, HydroxTM M223I; 17, HydroxTM V226M S227T; 18, HydroxTM 
S229A; 19, HydroxTM E231K G235E V237D. 
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Figure 4.30. The proposed role of residue 225 on halogenation outcome. Residue 225 is Val in the 
hydroxylase (top), but Asn in the halogenase (bottom). The distance from αKG to the substrate (C4 of lysine) 
is 3.3 Å in the hydroxylase. The distance from Cl to C4 of lysine is 4.0 Å. In the hydroxylase, Asn225 
hydrogen bonds with αKG to distort the geometry of the reactant complex, increasing the distance from 
αKG to the substrate to 3.8 Å. After oxygen activation, decarboxylation of αKG to succinate, and then 
hydrogen atom abstraction, Asn225 may hydrogen bond with the hydroxyl ligand in the halogenase, thereby 
favoring halogen rebound instead. Assuming the -OH occupies the same position as the coordinating 
oxygen in the C1 carboxylate of αKG, the -Cl ligand would be closer to the substrate radical in the 
halogenase (considering the larger ionic radius of Cl). 
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Figure 4.31. Spectroscopic techniques for probing the mechanism of halogenation within the enzymes 
pair.  
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Table 4.4. Data collection and refinement parameters for ScBesD with Vanadium and succinate bound in 
the active site.  
 

 ScBesD vanadium and succinate  
Data collection  
Space group P1 
Cell dimensions    
    a, b, c (Å) 61.092, 68.892, 73.448 
    a, b, g  (°)  111.118, 94.201, 111.151 
Resolution (Å) 58.4–2.0 (2.072–2.0) 
Rsym or Rmerge 0.1929 (2.968) 
I / sI 3.87 (0.32) 
Completeness (%) 94.25 (69.46) 
Redundancy 
CC1/2 

3.5 (3.5) 
0.994 (0.257) 

  
Refinement  
Resolution (Å) 58.4–2.0 
No. reflections 233382 (20859) 
Rwork / Rfree 0.287/0.320 
No. atoms 7649 
    Protein 7542 
    Ligand/ion 36 
    Water 71 
B-factors 43.72 
    Protein 43.79 
    Ligand/ion  41.54 
    Water 36.95 
R.m.s. deviations  
    Bond lengths (Å) 0.004 
    Bond angles (°) 1.01 
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Figure 4.32. Crystal structure of BesD from S. cattleya with lysine, vanadium, and succinate bound in the 
active site. The electron density for the other ligands on vanadium (including chlorine) was not well-defined 
enough to be modeled in. The Fo-Fc omit map (contoured at 1.5 σ) for lysine (yellow), αKG (grey), vanadium 
(blue), His 137, and His204 is shown in green.   
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4.4. Conclusion 
One strategy for expanding the substrate scope of enzymatic halogenases is to engineer the 

closely related family of hydroxylases to instead perform halogenation. Thus far, this goal has 
been difficult to achieve due to second-sphere contributions that cannot be easily identified by 
inspection. In this chapter, we have combined bioinformatics, structural biology, library 
generation, and screening to achieve this goal. The identification of a halogenase and hydroxylase 
pair with high sequence identity aided the identification of important second-sphere residues by 
narrowing down key sequence differences and by enabling DNA-shuffling of the enzyme pair. By 
solving the crystal structure of Hydrox for comparison to the halogenase BesD, we have 
demonstrated that second-sphere residues influence the geometry of ligands on the catalytic Fe 
and may be critical to halogenation selectivity in the BesD family of enzymes. The crystal 
structures, along with the results of our library, enabled successful engineering of Hydrox to 
perform efficient halogenation. Our results suggest that tuning the active site by targeting residues 
along key beta strands within the cupin barrel may be a promising strategy for engineering 
hydroxylases to perform halogenation. In conjunction with the crystal structures of Hal and 
Hydrox, these engineering studies contribute to our mechanistic understanding of halogenation. 
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5.1. Introduction 
The diversity of reactions offered by synthetic chemistry enables access to a broad range of 

valuable products, including pharmaceuticals, polymers, and commodity chemicals. A major 
advantage of traditional synthetic strategies is versatility; reactions can often be performed on a 
range of different compounds possessing the required functional groups. Enzymes, on the other 
hand, offer a complementary strategy. Through evolution in a cellular milleu, enzymes have 
evolved exquisite selectivity for their target substrates. As a result, enzymatic approaches are 
particularly promising for transformations where selectivity is difficult to achieve, such as C–H 
bond activation. Enzymes capable of this chemistry, such as cytochrome P450s, have been evolved 
for diverse reactions, including C–C-bond formation, amination, silation, and borylation [1–4]. 
However, only a handful of enzymes that can chlorinate Csp3–H bonds have been discovered to 
date, which limits their application to the field of biocatalysis [5–9].  

In recent work, we discovered a new family of FeII/α-ketoglutarate-dependent halogenases 
(BesD family) that selectively modify amino acid substrates without the requirement for carrier 
protein-tethered substrates [10,11]. Collectively, this family of enzymes (HalA-E) can produce 4-
Cl-lysine (BesD and HalA); 5-Cl-lysine and 5,5-dichlorolysine (HalB); 4,4-dichlorolysine (HalC); 
4-Cl-ornithine (HalD); and 4-Cl-leucine, 4-Cl-isoleucine, and 4-Cl-norvaline (HalE). The product 
scope of these enzymes provides an opportunity to investigate the mechanistic basis of 
regioselectivity and substrate selectivity in radical halogenases. This information could be used to 
engineer BesD to accept a broader range of substrates. In particular, since these enzymes act 
directly on free-standing substrates, they are promising candidates for enzyme engineering.  

In this chapter, we perform structural studies of the BesD family members to investigate the 
basis of selectivity within the family. To understand the how BesD and HalB achieve different 
regioselective outcomes, we solved the structure of HalB and performed comparative structural 
analyses and mutagenesis. We also solved the crystal structure of the ornithine halogenase (HalD), 
which reveals the basis of selectivity for a 5-carbon substrate over a 6-carbon substrate. Taken 
together, the data show that the enzymes 
are structurally similar except at the C-
terminal lid, which closes over the 
substrate in the active site. To further 
support the role of the covering lid in 
determining the reaction outcome, we 
solved apo crystal structures of HalB, 
BesD, and a related hydroxylase. In all 
cases, the apo enzyme adopts an alternate 
conformation with a disordered substrate 
covering lid. The data suggest that the lid 
may be a promising target for future 
efforts to engineer radical halogenases for chlorination of unactivated Csp3–H bonds across a broad 
range of substrates.  

  

Figure 5.1. Radical amino acid halogenases in this study 
(BesD, HalB, HalD). BesD and HalB both act on lysine, but 
with differing regioselectivities. HalD chlorinates ornithine. 
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5.2. Materials and methods 

Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth 
(TB), and glycerol were purchased from EMD Biosciences (Darmstadt, Germany). Carbenicillin 
(Cb), kanamycin (Km), chloramphenicol (Cm), isopropyl-β-D-thiogalactopyranoside (IPTG), 
sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), magnesium chloride hexahydrate, acetonitrile, ethylene diamine tetraacetic acid 
disodium dihydrate (EDTA), hydrochloric acid, 3kDa MWCO dialysis tubing, ammonium 
bicarbonate, sodium acetate, chloroform, and sodium hydroxide were purchased from Fisher 
Scientific (Pittsburgh, PA). Phosphoenolpyruvate (PEP), adenosine triphosphate sodium salt 
(ATP), nicotinamide adenine dinucleotide reduced form dipotassium salt (NADH), pyruvate 
kinase, lactate dehydrogenase, lysozyme, poly(ethyleneimine) solution (PEI), ammonium iron (II) 
sulfate hexahydrate, a-ketoglutaric acid sodium salt, β-mercaptoethanol (bME), N,N,N',N'-
tetramethyl-ethane-1,2-diamine (TEMED), betaine, dimethylsulfoxide (DMSO), sodium L-
ascorbate, acetonitrile (LC/MS-grade), ammonium formate (LC/MS-grade), Deuterium oxide, L-
lysine for crystallography, 2-(N-Morpholino)ethanesulfonic acid hydrate, 4-
morpholineethanesulfonic acid (MES), PEG 3350, PEG 1500, PEG 550 MME, Pall Nanosep 
centrifugal Omega membrane (3,000 MWCO), AeraSeal films, and copper sulfate (CuSO4) were 
purchased from Sigma-Aldrich (St. Louis, MO). PageRuler Plus Prestained Protein Ladder was 
purchased from ThermoFisherScientific (Waltham, MA). Succinyl-CoA synthetase was purchased 
from Megazyme International (Bray, Ireland). L-lysine × 2HCl (13C6, 99%; 15N2, 99%), and 
4,4,5,5,-D4-lysine were purchased from Cambridge Isotope Laboratories (Andover, MA). Formic 
acid was purchased from Acros Organics (Morris Plains, NJ). Restriction enzymes, T4 DNA 
ligase, Phusion DNA polymerase, T5 exonuclease, and Taq DNA ligase, were purchased from 
New England Biolabs (Ipswich, MA). Deoxynucleotides (dNTPs), were purchased from 
Invitrogen (Carlsbad, CA). Oligonucleotides were purchased from Integrated DNA Technologies 
(Coralville, IA), resuspended at a stock concentration of 100 µM in water and stored at either 4 °C 
for immediate usage or -20 °C for long-term storage. DNA purification kits and Ni-NTA agarose 
were purchased from Qiagen (Valencia, CA). Zirconia/silica beads were purchased from BioSpec 
Products (Bartlesville, OK). Complete EDTA-free protease inhibitor was purchased from Roche 
Applied Science (Penzberg, Germany). PD-10 desalting columns and the Superdex 75 16/60 pg 
column were purchased from GE Healthcare (Pittsburg, PA). Amicon Ultra 10,000 MWCO 
centrifugal concentrators and Milli-Q Gradient water purification system were purchased from 
Millipore (Billerica, MA). Acrylamide/bis-acrylamide (30%, 37.5:1), electrophoresis grade 
sodium dodecyl sulfate (SDS), and ammonium persulfate were purchased from Bio-Rad 
Laboratories (Hercules, CA). Ultrayield baffled flasks were purchased from Thompson Instrument 
Company (Oceanside, CA). Tris-hydroxypropyltriazolylmethylamine (THPTA) was purchased 
from Click Chemistry Tools (Scottsdale, AZ). 96-well plates with 2 ml volume and v-bottom were 
purchased from Corning (Corning, NY). 3-Azido-7-hydroxycoumarin was purchased from AK 
Scientific, Inc. (Union City, CA). 

Sequence alignment of BesD, HalB, and HalD. Sequences of SlBesD (WP_030791981), 
ScBesD (WP_014151497), SwHalB (SDN46247), PkHalD (WP_046063366), and PfHalA 
(WP_016975823) were aligned using MUSCLE [12], which was also used to compute the percent 
identity matrices.  
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Bacterial strains. E. coli DH10B-T1R was used for plasmid construction. BL21(DE3)–Star 
harboring the pRARE2 plasmid was used for heterologous protein production of all halogenase 
variants.  

Construction of plasmids. Gibson assembly [13] was used to carry out plasmid construction 
using E. coli DH10B-T1R as the cloning host. PCR amplifications were carried out with Phusion 
polymerase or Q5 polymerase (New England Biolabs, Ipswich MA) using the oligonucleotides 
listed in Appendix A1.4. GeneBlock sequences are listed in Appendix A1.4 along with primers used 
to construct plasmids. Following plasmid construction, all cloned inserts were sequenced at 
Quintara Biosciences (San Francisco, CA) or the Barker Hall Sequencing Facility at UC Berkeley 
(Berkeley, CA). 

Plasmids for protein expression. The intermediate cloning plasmid, pET16-His-
PrescissionCutSite-IMPDH, was constructed by amplification of IMPDH from E. coli gDNA 
followed by insertion into NdeI/BamHI-digested pET16b. The halogenase WP_014151497 (S. 
cattleya BesD) was amplified from genomic DNA of the corresponding organism and inserted into 
NdeI/BamHI-digested pET16-His10-PrescissionCutSite-IMPDH. WP_046063366 (P. kilonensis 
HalD) was obtained as a GeneBlock and amplified with primers as noted (Appendix A1.2) before 
Gibson insertion into NdeI/BamHI-digested His10-PrescissionCutSite-IMPDH. WP_030791981 
(S. lavanduligriseus BesD) and SDN46247 (S. wuyuanensis HalB) were obtained as GeneBlocks 
containing the overhangs required for direct Gibson insertion into NdeI/BamHI-digested pET16-
His-Prescission-IMPDH.  

Plasmids for library generation and screening. To clone the M246NNK library of SwHalB, 
SwHalB was amplified in two pieces from the pET16-His-SwHalB plasmid. The first piece was 
amplified with SwHalB-F and SwHalB246NNK-R. The second piece was amplified with 
SwHalB246NNK-F and pET16-anneal-R. Then both pieces were inserted into NdeI/HindIII-
digested pET16-His10-PrescissionCutSite-IMPDH to yield the mutant constructs. The F250NNK, 
M246V F250NNK, M246L F250NNK, and M246I F250NNK libraries were cloned using 
SwHalB, SwHalB M246V, SwHalB M246L, and SwHalB M246I, respectively, as templates. The 
first piece was amplified with SwHalB-F and the corresponding reverse primers. The second piece 
was amplified with pET16-anneal-R and the corresponding forward primers. Both pieces were 
inserted into NdeI/HindIII-digested pET16-His10-PrescissionCutSite-IMPDH to yield the mutant 
constructs. To generate pBesCB, a fragment containing besC-T7p-MBP-besB was PCR amplified 
from pPra [10] using primers pBesCB-F/R and cloned into pACYC-DUET using Gibson ligation 
and NcoI/KpnI cut sites. Inserts for cloning the chimeric fusion of BesD and HalB (ChimeraDB) 
were amplified in four pieces from pET16-His-SlBesD (pieces 1-3) or pET16-His-SwHalB (piece 
4) using the ChDB primers in Appendix A1.4. Pieces 1-3 were annealed using overlap extension 
PCR [14]. The fused PCR product, along with piece 4, was inserted into NdeI/HindIII-digested 
pET16-His10-PrescissionCutSite-IMPDH to yield the chimeric construct.  

Screening the HalB library for alkyne formation. Chemically-competent E. coli BL21 cells 
harboring the pBesCB plasmid (CmR) were transformed with the SwHalB NNK library plasmids 
(CbR) and grown on LB plates with the appropriate antibiotic. Colonies were inoculated into 
individual wells of a 96-well plate containing 200 μL LB with the appropriate antibiotic and grown 
overnight. Dense cultures were diluted 20-fold into 96-well plates (2 ml v-bottom, Corning, NY) 
containing 1 ml of LB, covered with Aeraseal Film (Sigma) and grown to mid-log phase (OD = 
0.6 to 0.8) before chilling the plates on ice for 30 min. Cells were pelleted by centrifugation at 
4,000 × g for 20 min and then resuspended in 1 ml of M9 media (sodium phosphate (6.6 g/L), 
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potassium phosphate (3 g/L), sodium chloride (0.5 g/L), ammonium chloride (1 g/L), magnesium 
sulfate (2 mM), calcium chloride (0.1 mM), glucose (4% (w/v)), thiamine (1 mg/L)) supplemented 
with 0.5 mM lysine, 0.25 mM IPTG, and the appropriate antibiotics. Cells were grown for 2 d at 
16°C with shaking at 225 rpm. After 2 d of growth in M9 media, the cultures were supplemented 
with lysine (0.2 mM), sodium aKG (0.2 mM), and NaCl (0.2 mM) and grown for 2 additional 
days. Note that at the end of the day 4, some of the cells had settled in the bottom of the plate, 
despite shaking during growth. The remaining cells were then pelleted by centrifugation for 15 
min at 4,000 × g. Media samples (50 μL) containing Pra were pipetted into a 96 well black plate 
with a clear bottom (Corning, NY). To initiate the reaction, 50 μL of a 2× CuAAC reaction solution 
in 1× PBS was added to each well to give the final reaction solution (3-azido-7-hydroxycoumarin 
(0.5 mM), copper (II) sulfate (0.5 mM), THPTA (1 mM), and sodium ascorbate (5 mM)). 
Reactions were performed for 30 min in the dark before analyzing fluorescence of the Pra-
coumarin product (Pra-Cou, λex = 404 nm, λem = 477 nm) using a SynergyMx Microplate Reader 
(BioTek) at room temperature. Cells from the fluorescent wells were grown overnight, 
miniprepped (Qiagen), and sequenced with the Prescission-seq-F primer in Appendix A1.4, which 
anneals to the SwHalB NNK vector but not to the pBesCB vector which was also present in the 
cells.  

Expression of His10-tagged proteins. E. coli BL21 Star (DE3) harboring the pRARE2 
plasmid was transformed with the appropriate protein expression plasmid. An overnight TB culture 
of the freshly transformed cells was used to inoculate TB (1 L) containing the appropriate 
antibiotics (50 μg/mL carbenicillin or kanamycin with 50 μg/mL chloramphenicol) in a 2.8 L-
baffled shake flask to OD600 = 0.05. The cultures were grown at 37°C at 200 rpm to OD600 = 0.6 
to 0.8 at which point cultures were cooled on ice for 20 min, followed by induction of protein 
expression with IPTG (0.25 mM) and overnight growth at 16°C. Cell pellets were harvested by 
centrifugation at 9,800 × g for 7 min at 4ºC and stored at -80ºC. 

Purification of His10-tagged proteins. Frozen cell pellets were thawed and resuspended at 5 
mL/g of cell paste in lysis buffer (50 mM HEPES, 300 mM NaCl, 10 mM imidazole, 20 mM bME, 
20% (v/v) glycerol, pH 7.5) supplemented with EDTA-free Protease Inhibitor Cocktail (Roche). 
The cell paste was homogenized and then lysed by sonication with a Qsonica Q700 sonicator 
(Amplitude = 45, 5 s on, 25 s off, 2.5 min total process time, ½” tip). The lysate was then 
centrifuged at 13,500 × g for 20 min at 4°C to separate the soluble and insoluble fractions. DNA 
was precipitated in the soluble fraction with 0.15% (w/v) polyethyleneimine and stirring at 4°C for 
30 min. The precipitated DNA was then removed by centrifugation at 13,500 × g for 20 min at 
4°C. The soluble lysate was incubated with Ni-NTA (0.5 mL resin/g of cell paste) for 45 min at 
4°C, then resuspended and loaded onto a column by gravity flow. The column was washed with 
wash buffer (50 mM HEPES, 300 mM NaCl, 20 mM imidazole, 20 mM bME, 20% (v/v) glycerol, 
pH 7.5) for 15-20 column vol. The column was then eluted with elution buffer (50 mM HEPES, 
300 mM NaCl, 300 mM imidazole, 20 mM bME, 20% (v/v) glycerol, pH 7.5). Fractions containing 
the target protein were pooled by A280 nm and concentrated using an Amicon Ultra spin concentrator 
(10 kDa MWCO, Millipore). Protein was then exchanged into storage buffer (50 mM HEPES, 100 
mM sodium chloride, 20% (v/v) glycerol, 1 mM DTT, pH 7.5) using PD-10 desalting columns. 
Final protein concentrations before storage were estimated using the ε280 nm calculated by ExPASy 
ProtParam [15] and measured by nanodrop. They are as follows: SwHalB: 10.67 mg/mL (ε280 nm = 
45,045 M-1 cm-1), SwHalB M246L: 3.93 mg/mL (ε280 nm = 45,045 M-1 cm-1),  SwHalB M246I: 4.35 
mg/mL (ε280 nm = 45,045 M-1 cm-1), SwHalB M246V: 4.35 mg/mL (ε280 nm = 45,045 M-1 cm-1), 
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SlBesD: 6.48 mg/mL (ε280 nm = 50,545 M-1cm-1), ChimeraDB: 2.71 mg/mL (ε280 nm = 44920 M-

1cm-1). All proteins were aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C. 
Preparation of proteins for crystallization. Following elution from the Ni-NTA column, the 

proteins were incubated with Prescission protease (1 mg protease/50 mg protein) and dialyzed 1:50 
overnight into dialysis buffer to remove imidazole. Cleaved and dialyzed protein was passed 
through Ni-NTA (2 mL) to remove Prescission and the His10 tag. The eluent was the diluted to a 
final salt concentration of 20 mM NaCl using Buffer A (50 mM HEPES, 20% (v/v) glycerol, 1 
mM DTT, 1 mM EDTA, pH 7.5) and loaded onto a 5 mL HiTrap-Q column for ion exchange with 
the AKTA Purifier FPLC system (GE Healthcare). The protein was eluted using a gradient from 
0-100% buffer A to buffer B (50 mM HEPES, 1 M NaCl, 20% (v/v) glycerol, 1 mM DTT, 1 mM 
EDTA, pH 7.5) over 40 min. In the case of PkHalD, EDTA was omitted from the ion exchange 
purification procedure. The protein sample was concentrated to 2 mL and loaded onto a Superdex 
75 16/60 pg (GE Healthcare) column equilibrated with SEC Buffer (20 mM HEPES, 100 mM 
NaCl, 1 mM DTT, pH 7.5). The protein eluent was concentrated to 15 mg/mL and glycerol was 
added to a final concentration of 5% (v/v) before flash freezing in liquid nitrogen and storage at -
80°C. 

HalB crystallization and data collection (lysine bound). Crystals of HalB from S. 
wuyuanensis (SwHalB)  were obtained by the hanging drop vapor diffusion method by combining 
equal volumes of protein solution (SwHalB (3 mg/mL), lysine (3 mM), aKG (3 mM, pH 7)) and 
reservoir solution (succinate phosphate lysine (SPL) buffer (100 mM), 20% (w/v) PEG 1500, pH 
5.5). The 1 M SPL buffer stock was made as a modification of SPG (succinate phosphate glycine) 
buffer and contained succinic acid (125.3 mM), sodium dihydrogen phosphate monohydrate 
(437.7 mM), and lysine (436.9 mM). Crystals grew in three days and were transferred to an 
Eppendorf tube containing 250 µL of reservoir solution and vortexed for 30 seconds with 10 × 1 
mM diameter zirconia/silica beads to produce a micro-seed solution. The seed solution was stored 
at -80°C for future use. Subsequent crystals were prepared by micro-seeding equal volumes of 
protein solution (2 mg/mL) SwHalB, lysine (3 mM), aKG (3 mM, pH 7)) and reservoir solution 
(succinate phosphate lysine (SPL) buffer, pH 5.4 (100 mM), 20% (w/v) PEG 1500). Crystals grew 
in one day and were flash frozen in liquid nitrogen. Data were collected at Beamline 8.3.1 at the 
Advanced Light Source (Lawrence Berkeley National Laboratory) at a wavelength of 1.11 Å.  

HalD crystallization. Crystals of HalD from P. kilonensis (PkHalD) were obtained by the 
hanging drop vapor diffusion method by combining equal volumes of protein solution (PkHalD (6 
mg/mL), ornithine (3 mM), aKG (3 mM, pH 7)) and reservoir solution (MES buffer (100 mM), 
~35% (w/v) PEG 550 MME, pH 6.3). Crystals grew within two days and microseeds were 
generated as described above for SwHalB. Subsequent crystals were obtained by microseeding 
equal volumes of protein solution (PkHalD (6 mg/mL), ornithine (3 mM), aKG (3 mM, pH 7)) 
and reservoir solution (MES buffer (100 mM), 27% (w/v) PEG 550 MME, pH 6.2). Crystals grew 
in one day and were flash frozen in liquid nitrogen. Data were collected at Beamline 8.3.1 at the 
Advanced Light Source (Lawrence Berkeley National Laboratory) at a wavelength of 1.11 Å.  

BesD crystallization data collection. Crystals of BesD from S. lavanduligriseus (SlBesD) 
were obtained by the hanging drop vapor diffusion method by combining equal volumes of protein 
solution (SlBesD (10 mg/mL), lysine (3 mM), aKG (3 mM, pH 7)) and reservoir solution 
(magnesium acetate (180 mM), 20% (w/v) PEG 3350). Diamond-shaped crystals grew in two days 
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and were flash frozen in liquid nitrogen. Data were collected at Beamline 8.3.1 at the Advanced 
Light Source (Lawrence Berkeley National Laboratory) at a wavelength of 1.11 Å.  

HalB crystallization and data collection (glycine bound). SwHalB crystals were obtained 
by the hanging drop vapor diffusion method by combining equal volumes of protein solution 
(SwHalB (2.5 mg/mL), lysine (3 mM), aKG (3 mM, pH 7)) and reservoir solution (succinate 
phosphate glycine (SPG) buffer (100 mM), 18% (w/v) PEG 1500, pH 5.2). The 1 M SPG buffer 
stock contained succinic acid (125.3 mM), sodium dihydrogen phosphate monohydrate (437.7 
mM), and glycine (436.9 mM). Crystals grew in three days and were flash frozen in liquid nitrogen. 
Data were collected at Beamline 8.3.1 at the Advanced Light Source (Lawrence Berkeley National 
Laboratory) at a wavelength of 1.11 Å.   

Structure solution. Data were processed with XDS [16] and scaled and merged with Aimless 
[17] in within the CCP4 suite [18]. The data were phased with molecular replacement using the 
structure of BesD (6NIE) as a search model. The structures were refined iteratively in COOT [19] 
and Phenix [20]. Ligands were added to the model using COOT and refined in Phenix. Omit maps 
for the ligand complex including were generated using the Phenix Map function by removing 
atoms of interest from refinement prior to calculation of the maps. The structure was analyzed in 
Pymol, which was also used to create figures. 

Determination of kinetic parameters for SwHalB variants. Reactions (100 µL) contained 
ATP (2.5 mM), MgCl2 (5 mM) phosphoenol-pyruvate (PEP, 1 mM), NADH (0.3 mM) lactate 
dehydrogenase (LDH, 10 U/mL), pyruvate kinase (PK, 10 U/mL) succinyl-CoA synthetase (SCS, 
3.2 U/mL), coenzyme A (1 mM), sodium aKG (1 mM), (NH4)2Fe(SO4)2 × 6H2O (0.2 mM), sodium 
chloride (10 mM), and sodium ascorbate (2 mM) in 100 mM HEPES buffer (pH 7.5). Reactions 
were initiated by addition of the halogenase variant (2.5 µM) in the presence of varying 
concentrations of L-lysine × HCl (0 - 1 mM). Initial rates of NADH consumption were measured 
by monitoring A340 using a SynergyMx Microplate Reader (BioTek) at room temperature. kcat and 
KM were determined by fitting to initial rate data with Origin (OriginLab, Northampton, MA) using 
the equation:  

v0 = 
kcat[S]

KM + [S] 

where vo is the initial rate and [S] is the substrate concentration.  

Succinate formation by the chimeric SlBesD and SwHalB variant (ChimeraDB). 
Reactions (100 µL) contained ATP (2.5 mM), MgCl2 (5 mM) phosphoenol-pyruvate (PEP, 1 mM), 
NADH (0.3 mM) lactate dehydrogenase (LDH, 10 U/mL), pyruvate kinase (PK, 10 U/mL) 
succinyl-CoA synthetase (SCS, 3.2 U/mL), coenzyme A (1 mM), sodium aKG (1 mM), 
(NH4)2Fe(SO4)2 × 6H2O (0.2 mM), sodium chloride (10 mM), and sodium ascorbate (2 mM) in 100 
mM HEPES buffer (pH 7.5). Reactions were initiated by addition of the halogenase variant (10 
µM) in the presence of 5 mM L-lysine × HCl. Initial rates of NADH consumption were measured 
by monitoring A340 using a SynergyMx Microplate Reader (BioTek) at room temperature. 

Preparation of proteins for stopped-flow absorption experiments. Following elution from 
Ni-NTA column, the proteins were incubated with Prescission protease (1 mg protease/50 mg 
protein) and dialyzed 1:50 overnight into dialysis buffer to remove imidazole. Cleaved and 
dialyzed protein was passed through Ni-NTA (2 mL) to remove Prescission and the His10 tag. 
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After addition of EDTA (1 mM, pH 8), the eluent was then diluted to a final salt concentration of 
20 mM NaCl using Buffer A (50 mM HEPES, 1 mM DTT, pH 7.5) and loaded onto a 5 mL HiTrap-
Q column for ion exchange with the AKTA Purifier FPLC system (GE Healthcare). The protein 
was eluted using a gradient from 0-100% buffer A to buffer B (50 mM HEPES, 1 M NaCl, pH 
7.5) over 40 min. Fractions containing the target protein were pooled by A280 nm and concentrated 
using an Amicon Ultra spin concentrator (10 kDa MWCO, Millipore). Protein was then exchanged 
into storage buffer (100 mM HEPES, 100 mM sodium chloride, 5% (v/v) glycerol, pH 7.5) using 
PD-10 desalting columns. The protein eluent was concentrated to 1.5 mM before flash freezing in 
liquid nitrogen and storage at -80°C. 

Stopped-flow absorption experiments. Experiments were performed in an anoxic chamber 
on an Applied Photophysics Ltd. (Leatherhead, UK) SX-20 instrument. An anoxic solution of 
halogenase (0.8 mM), FeII (0.64 mM), sodium aKG (10 mM), and either lysine or 4,4,5,5-D4-
lysine (6 mM) was mixed at 5° C with an equal volume of air-saturated buffer (100 mM HEPES, 
100 mM NaCl), giving a final limiting O2 concentration of ~ 0.2 mM. Absorbance at 320 nm was 
monitored over the course of 1000 s. Data were fit in origin using the following equation:  

𝐴%&'(𝑡) = [R]-𝜀/[𝑘//(𝑘& − 𝑘/)](𝑒4567 − 𝑒4587)		 
which describes the absorbance from species I in a reaction of R à I à P assuming R and P do 
not absorb. The parameters k1 and k2 are rate constants for the formation and decay of the ferryl 
intermediate, I. [R]o is the initial concentration of the reactant complex, and 𝜀/  is the molar 
absorptivity of species I.  

General procedure for high resolution HPLC/MS analysis of polar metabolites with 
HILIC. Samples containing polar metabolites were analyzed using an Agilent 1290 UPLC on a 
SeQuant ZIC-pHILIC (5 μm, 2.1 × 100 mm; EMD-Millipore) using the following buffers: Buffer 
A (90% acetonitrile, 10% water, 10 mM ammonium formate) and Buffer B (90% water, 10% 
acetonitrile, 10 mM ammonium formate). A linear gradient from 95% to 60% Buffer A over 17 
min followed by a linear gradient from 60% to 33% Buffer A over 8 min was then applied at a 
flow rate of 0.2 mL/min. Mass spectra were acquired in positive ionization scan mode using a 
QQQ (Agilent). 

In vitro assays of halogenase variants. Reactions (50 µL) contained L-lysine × HCl (3 mM), 
sodium aKG (5 mM), sodium ascorbate (5 mM), (NH4)2Fe(SO4)2 × 6H2O (1 mM), and sodium 
chloride (5 mM) in 100 mM HEPES buffer (pH 7.5). Reactions were initiated by addition of 
purified SwHalB variants (20 µM final concentration) and allowed to proceed for 25 min at room 
temperature before quenching in 2 vol of methanol with 1% (v/v) formic acid. Following 
centrifugation at 18,000 × g for 20 min (4 °C) to remove precipitated protein, samples were 
analyzed by LC/MS on an Agilent 1290 UPLC-QQQ using the protocol for polar metabolite 
analysis above. 
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5.3. Results and discussion 
BesD and HalB have different regioselectivities. Within the BesD family, we have 

identified two enzymes with differing regioselective outcomes. The enzymes BesD and HalA both 
chlorinate the amino acid lysine at C4 to yield 4-Cl-lysine [10]. Through bioinformatics, we 
identified and characterized a homolog, HalB, which acts on the same substrate (lysine), but 
instead chlorinates C5 of lysine [11] (Figure 5.2). An understanding of the basis for this 
regioselectivity could enable future efforts to engineer enzyme catalysts for regioselective 
halogenation of diverse small molecules. 

Radical halogenases are related to the larger family of radical hydroxylases. Both enzyme 
classes decarboxylate αKG to succinate to generate a high-valent FeIV-oxo species which can 
abstract a hydrogen atom from the substrate, generating a substrate radical [21,22]. In 
hydroxylases, rebound of the oxo species yields a hydroxylated product. However, in halogenases, 
the Asp/Glu ligand of the iron is replaced by Gly/Ala, allowing space for the halide to coordinate 
directly to the Fe and to serve as the rebounding species, yielding a halogenated product [23]. An 
active area of research lies in understanding how halogenases favor rebound of the halogen rather 
than rebound of the hydroxyl group. Biochemical [24], spectroscopic [22,25], and computational 
[26] studies suggest that the precise positioning of the target C–H relative to the FeIV-oxo species 
is an important determining factor for selective halogenation. Remarkably, HalB and BesD have 
evolved to chlorinate different carbons along the sidechain of lysine while maintaining fidelity for 
halogenation over hydroxylation [11].  

Crystal structure of HalB. To understand the structural basis for the regioselectivity of HalB, 
we solved the lysine-bound crystal structure of SwHalB to 2.0 Å (Table 5.1, Figure 5.3). Density 
for the lysine ligand is clearly visible in the active site of SwHalB. The data were phased by 
molecular replacement using the structure of BesD (PDB 6NIE) as a search model. The crystals 
yielded 8 chains per asymmetric unit. A comparison of SwHalB to BesD reveals that enzyme 
shares high structural similarity, but that the C-termini of the two enzymes, which serve as lids to 
close over lysine in the active site, differ in secondary structure. While the C-terminus of BesD is 
longer and lacks secondary structure, the C-terminus of SwHalB is shorter and α-helical in 
structure (Figure 5.4). An overlay of the crystal structures of SwHalB and BesD reveals that the 
enzymes have conserved carboxylate and α-amine binding residues. As a result, the lysine 
substrate is located in a similar position in the active site and is not translationally shifted in 
SwHalB compared to BesD. However, the two enzymes display a striking difference in the 
conformation of lysine within the active site. In the case of BesD, the 4th carbon of lysine is oriented 
toward the Fe complex. In contrast, the 5th carbon of SwHalB is instead presented toward the 
complex, while the 4th carbon is pointed away (Figure 5.5).  

Notably, the key residues that contribute to the conformational differences of lysine are located 
on the C-terminal substrate-binding domains of the enzymes. In BesD, Trp239 stacks against the 
aliphatic sidechain of lysine in the active site. In SwHalB, this Trp residue is absent. Instead, 
Met246 protrudes into the active and presents C5 (lysine) toward the Fe complex, making it 
accessible for halogenation. The structure suggests that Met246 makes a steric contribution to 
halogenation of the 5th carbon. In addition, Phe250 in SwHalB is positioned 4.1 Å away from C4 
(lysine), forming a pocket which stabilizes C4 away from the active site.   
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Figure 5.2. Comparison of enzymes that produce 4-Cl-lysine (BesD and HalA), 5-Cl-lysine (HalB), and 4-
Cl-ornithine (HalD). (A) Sequence identity matrix for BesD, HalA, HalB, and HalD. (B) Sequence alignment 
of BesD (S. cattleya, WP_106433083), HalA (P. fluorescens, WP_016975823), HalB (S. wuyuanensis, 
WP_093660971), and HalD (P. kilonensis, WP_046063366), were performed in MUSCLE [12].  
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Table 5.1. Data collection and refinement parameters for SwHalB.  

 SwHalB, lysine-bound  
Data collection  
Space group P1211 
Cell dimensions    
    a, b, c (Å) 70.241, 136.079, 116.24 
    a, b, g  (°)  90, 100.016, 90 
Resolution (Å) 87.6–2.0 (2.071–2.0)* 
Rsym or Rmerge 0.1454 (1.131) 
I / sI 9.11 (1.82) 
Completeness (%) 99.69 (99.22) 
Redundancy 
CC1/2 

6.9 (6.6) 
0.997 (0.658) 

  
Refinement  
Resolution (Å) 87.6–2.0 (2.071–2.0) 
No. reflections 144318 (14282) 
Rwork / Rfree 0.1562/0.2293 
No. atoms 18264 
    Protein 15848 
    Ligand/ion 64 
    Water 2352 
B-factors  
    Protein 28.59 
    Ligand/ion 28.33 
    Water 35.93 
R.m.s. deviations  
    Bond lengths (Å) 0.01 
    Bond angles (°) 1.31 

*Values in parentheses are for highest-resolution shell. 
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Figure 5.3. Crystal structure of SwHalB bound to lysine (yellow) at 2.0 Å resolution. (A) Overall fold of 
SwHalB with lysine bound. (B) Fo-Fc omit map (green mesh, contoured at 3 σ) for lysine (yellow). Active 
site residues contacting the lysine substrate are shown as sticks in grey.  

 

  



196 

 

Figure 5.4. Comparison of overall structures of BesD (green, PDB 6NIE) and SwHalB (grey). The enzymes 
share high structural similarity except at the C-terminal substrate covering lid (magenta).  

 

 

 

 

Figure 5.5. Structural alignment of BesD (green) and SwHalB (grey). Although the carboxylate and amines 
of lysine are in similar positions in both cases, the sidechain samples a different conformation in the two 
enzymes. In BesD, C4 is oriented toward chlorine in the active site, while C5 is oriented away. In contrast, 
SwHalB orients C5 toward chlorine in the active site. The substrate conformation is influenced by residues 
in the substrate covering lids of BesD and SwHalB. In particular, Met246 in SwHalB makes a steric 
contribution to the reaction outcome by forcing C5 toward the active site.  
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SF-Absorption kinetics in BesD and HalB. In radical halogenases, the site from which the 
hydrogen atom is abstracted determines the position of halogenation [24]. As a result, the rate of 
ferryl decay can provide information about the relative positioning of the ferryl intermediate and 
the target site of modification [24]. The structures of BesD and SwHalB suggest that the active 
site positions lysine such that the target carbons are a comparable distance from the ferryl 
intermediate; in a structural superposition, C4 (lysine) in BesD overlays well with C5 (lysine) of 
SwHalB. To probe substrate positioning by a complementary strategy, we performed stopped-flow 
absorption (SF-abs) experiments, monitoring the formation and decay of the ferryl intermediate 
which absorbs at 320 nm.  

Each enzyme was pre-incubated with αKG, lysine, and chloride-containing buffer (HEPES pH 
7.5) in an anerobic chamber. The enzyme solution was then mixed against air-saturated buffer, and 
the formation and decay of a peak at 320 nm was monitored over time. The experiment was 
performed with both protiated lysine substrate, as well as 4,4,5,5-D4-lysine in order to measure a 
kinetic isotope effect (Figure 5.6). The peaks were fit to obtain parameters for the rate of ferryl 
decay. The rate of hydrogen atom abstraction (corresponding to ferryl decay) was found to be 1.95 
s-1 for SlBesD and 1.8 s-1 for SwHalB. Thus, the rate of hydrogen atom abstraction is comparable 
for both enzymes regardless of regiochemical outcome. With 4,4,5,5-D4-lysine substrate, these 
rates slowed to 0.21 s-1 (SlBesD) and 0.04 s-1 (SwHalB). The observed kinetic isotope effects (KIE) 
are consistent with modification of C4 (SlBesD) and C5 (SwHalB). Because both the 4th and 5th 
carbons of the substrate are labeled, the kinetic isotope effects from SF-abs cannot independently 
distinguish which of these positions is targeted by each of the enzymes. However, LC-MS and 
NMR experiments have independently verified the regioselectivies [11]. The SF-abs results 
suggest that the position of the target site of halogenation is carefully controlled in HalB and BesD. 

The KIE for SwHalB (~45) is significantly larger than the KIE in BesD (~10). One possible 
explanation for the small KIE is that SlBesD may perform off-target HAA (at a position other than 
on C4 or C5) when challenged with a substrate that is deuterated at those positions, as is the case 
in SyrB2 [24]. To test this hypothesis, we repeated the SF-abs with fully deuterated lysine. 
However, the KIE did not increase with the fully deuterated substrate compared to 4,4,5,5-D4-
lysine. This suggests that SlBesD is not redirecting HAA to an alternative position. Other possible 
explanations for the difference in KIE could be related to differences in how SlBesD and SwHalB 
sample donor-acceptor distances (DAD) for hydrogen atom abstraction. SlBesD may enable both 
the hydrogen and the deuterium to sample a DAD that facilitates tunneling. This could be further 
investigated by probing the temperature dependence of the KIE for both systems [27].  

Probing the role of Met246 via fluorogenic screening. To further probe the significance of 
Met246 on regioselectivity, we developed a screen for engineering altered regioselectivity in 
SwHalB (Figure 5.7). The 4-Cl-lysine halogenase, BesD, was discovered in the biosynthetic 
pathway for Pra; 4-Cl-lysine serves as a pathway intermediate for the downstream enzymes BesC 
and BesB, which rely on chlorine as a leaving group in order to form the terminal alkyne [10]. If 
lysine is chlorinated at C5 instead, BesB and BesC cannot form Pra since 5-Cl-lysine is not a 
substrate for those enzymes.  

To establish the screening platform, we constructed cell lines containing BesC and BesB. The 
cells were transformed with either BesD, SwHalB or a SwHalB M246 variant, and protein 
expression was induced in M9 media supplemented with lysine. After two days, additional lysine 
 



198 

 

 

Figure 5.6. Stopped-flow absorbance measures the formation and decay of the ferryl intermediate, which 
absorbs at 320 nm. (A) Formation and decay of the ferryl intermediate in BesD from S. lavanduligriseus. 
An anoxic solution of SlBesD (0.8 mM), FeII (0.64 mM), sodium aKG (5 mM), lysine (6 mM, red) or 4,4,5,5-
D4-lysine (6 mM, black) was mixed at 5° C with an equal volume of air-saturated buffer (100 mM HEPES, 
100 mM NaCl), giving a final O2 concentration of ~0.2 mM. The data were fit according to an equation 
describing the reaction R à I à P, assuming only I absorbs. The data shown are an average of n=3 
technical replicates. (B) Formation and decay of the ferryl intermediate in HalB from S. wuyuanensis. An 
anoxic solution of SwHalB (0.8 mM), FeII (0.64 mM), sodium aKG (5 mM), and lysine (6 mM, red) or 4,4,5,5-
D4-lysine (6 mM, black) was mixed at 5° C with an equal volume of air-saturated buffer (100 mM HEPES, 
100 mM NaCl), giving a final O2 concentration of ~0.2 mM. The data were fit according to an equation 
describing the reaction R à I à P, assuming only I absorbs. The data shown are an average of n=3 
technical replicates. 
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Figure 5.7. Strategy for screening the HalB library for variants that perform halogenation at C4. (A) In two 
enzymatic steps, 4-Cl-lysine can be converted into Propargylglycine (Pra), which contains an alkyne 
functional group that can be leveraged for CuAAC chemistry with a fluorogenic probe. In contrast, variants 
that only halogenase C5 would yield no fluorescent product downstream, as 5-Cl-lysine is not a substrate 
for the enzymes in the alkyne biosynthetic pathway. (B) Pra produced by cells expressing halogenase 
variants can react with 3-azido-7-hydroxycoumarin in the presence of copper (II), ascorbate, and the 
THPTA ligand. The resulting prapargylglycine-coumarin product (Pra-Cou) is fluorescent and can be 
detected using a plate reader (λex = 404 nm, λem = 477 nm).  
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Figure 5.8. Results of a subset of the click screen. Cells expressing BesB, BesC, and a member of the 
NNK library (red) are grown in M9 media supplemented with 0.5 mM lysine for two days. Control samples 
were transformed with BesD (black) or SwHalB (white) rather than a library member. After 2 d of growth in 
M9 media, the cultures were supplemented with additional lysine (0.2 mM), aKG (0.2 mM), and NaCl (0.2 
mM) and grown for 2 more days. Cells were then pelleted by centrifugation at 4,000 x g for 15 min. Media 
samples (50 μL) containing Pra were pipetted into a 96 well black plate with a clear bottom. To initiate the 
reaction, 50 μL of a 2X CuAAC reaction solution in 1× PBS was added to each well to give the final reaction 
solution (3-azido-7-hydroxycoumarin (0.5 mM), copper (II) sulfate (0.5 mM), THPTA (1 mM), and sodium 
ascorbate (5 mM)). Reactions were performed for 30 min in the dark before analyzing fluorescence of the 
Pra-coumarin product (Pra-Cou, λex = 404 nm, λem = 477 nm) using a SynergyMx Microplate Reader 
(BioTek) at room temperature. Plasmids from cells in fluorescent wells were isolated and sequenced to 
identify the mutation at position 246.  
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and αKG were added to the cultures. On the fourth day of expression, the cells were removed by 
centrifugation, and the supernatants were analyzed by CuAAC with a fluorogenic 3-azido-7-
hydroxycoumarin probe. Cells expressing SwHalB gave no fold-change in fluorescence relative 
to the empty vector control, indicating the absence of alkyne formation. In contrast, cells 
expressing BesD (4-Cl-lysine halogenase) yielded a 5-8 fold change in fluorescence relative to the 
negative control (Figure 5.8). We then constructed an NNK library at position 246 and transformed 
the variants into cells containing plasmids for BesC/B expression. Cells were screened for alkyne 
formation alongside wild type BesD and SwHalB for comparison. The screen identified several 
wells containing the terminal alkyne product and having a fluorescence increase of 1.5-fold 
relative to the negative control. Plasmids from alkyne-producing cells were isolated and 
sequenced, identifying mutations that enabled 4-Cl-lysine formation. Of the 8 sequenced hits, 3 
were leucine, 2 were isoleucine, and 3 were valine mutants. The results suggest that replacement 
of Met246 with a smaller, nonpolar residue may serve to alleviate steric constraints that enforce 
the proximity of C5 to the Fe center, thereby enabling C4 to be accessed for chlorination as well.  

We next revisited the SwHalB crystal structure to determine if additional residues maybe 
directly contributing to the observed regioselectivity. The C-terminus of SwHalB (residues 237-
251) closes over lysine in the active site and includes residue Phe250, which is 4.1 Å away from 
the aliphatic sidechain of lysine and may participate in van der Waals contacts with the substrate. 
To probe the role of Phe250 on regioselectivity, we generated 4 NNK libraries at position 250 
while keeping residue 246 constant as Met (wild type), Leu, Ile, or Val. We screened over 100 
colonies from each library using the assay described above. However, sequencing of the hits 
yielded the original Met246 point mutants, with the original Phe at position 250. Therefore, none 
of the mutations at Phe250 led to an additional improvement beyond the original M246I, M246L, 
M246V mutations.  

Steady-state kinetic characterization of HalB variants. We next investigated whether the 
mutations that enabled some chlorination of C4 might also lead to diminished overall activity. To 
characterize the SwHalB mutants with relaxed regioselectivity (SwHalB M246V, M246L, and 
M246I), we expressed and purified the proteins from E. coli BL21. We performed steady-state 
kinetic analysis using an assay that couples NADH oxidation to succinate formation by the enzyme 
of interest (Figure 5.9) [28]. We found that all three mutants had a decreased kcat and KM relative 
to the wild type enzyme. Radical halogenases are mechanistically similar to radical hydroxylases 
but selectively direct halogen rebound rather than hydroxyl rebound. Precise control over substrate 
positioning relative to the two potential rebounding species is thought to be important for 
halogenation [24,25]. Therefore, it is intriguing that the two halogenases, BesD and HalB, are able 
to precisely orient lysine within the active site to yield the observed regioselective outcome without 
compromising selectivity for halogenation. While the continuous kinetic analysis of the SwHalB 
mutants probes the overall activity, it does not provide information about the resulting product 
distribution. Therefore, future work should characterize the ratio of 4-Cl-lysine to 5-Cl-lysine in 
the SwHalB mutants, as well as the ratio of chlorinated:hydroxylated products formed by the 
mutants. Since 4-Cl-lysine and 5-Cl-lysine have different retention times on a HILIC column, these 
experiments can be performed by LC/QTOF. 

Engineering C-terminal chimeras. Taken together, the structures of BesD and SwHalB, 
along with the mutagenesis of Met246, suggest that residues along the C-termini of the two 
enzymes play a role in regioselectivity. We next attempted to determine whether grafting of the C-
terminus from SwHalB onto BesD could endow BesD with the ability to produce 5-Cl-lysine. We 
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Figure 5.9 Kinetics of wild type SwHalB and SwHalB M246 variants on the substrate lysine. Data are mean 
± sd (n = 3 technical replicates). Table contains kcat, KM, and kcat/KM calculated by non-linear curve fitting to 
the Michaelis-Menten equation. Data in the table (kinetic parameters) are mean ± s.e. Error in kcat/KM is 
obtained by propagation from the individual kinetic terms.  
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constructed a chimera of the two enzymes (ChimeraDB), with residues 1-227 from SlBesD 
followed by residues 237-261 from SwHalB (Figure 5.10). In addition, three other mutations 
(R61I, K116W, L122I) were introduced to enable BesD to accommodate the swapped residues. 
Note that the BesD variant from S. lavanduligresius rather than S. cattleya was used due to superior 
expression levels. Encouragingly, the chimeric variant expressed reasonably well in E. coli and 
could be isolated by Ni-NTA affinity purification at yields comparable to that of SlBesD. When 
we evaluated the activity of the variant with the NADH-coupled succinate assay, we found that 
ChimeraDB was able to perform the half reaction and decarboxylate aKG to succinate (Figure 
5.11-5.12). However, no chlorinated product was observed by LC/MS. At this time, hydroxylation 
and uncoupling have not been investigated. Thus, this initial attempt to swap the observed 
regioselectivity by generating a C-terminal chimera was unsuccessful. In future attempts, 
additional mutations could be made to accommodate the swapped residues, and aberrant 
hydroxylation activity and uncoupling should also be evaluated. 

Crystal structure of ornithine halogenase PkHalD. The enzyme PkHalD selectively 
chlorinates ornithine (kcat/KM = 330 ± 70 mM-1min-1) over lysine (kcat/KM = 13.2 ± 3.6 mM-1min-1) 
[11]. Interestingly, the two substrates only differ in length by one carbon. In PkHalD, the KM for 
ornithine is 30 μM, which is in the range of intracellular ornithine concentrations [29]. In contrast, 
the lysine halogenase HalA has a KM for ornithine of 160 μM, which is well above the expected 
concentration of ornithine in the cell [29]. We sought to understand how PkHalD exhibits chain-
length preference for the shorter ornithine substrate by performing comparative structural studies.  

To understand the structural basis for ornithine selectivity, we co-crystallized PkHalD with 
ornithine and solved the structure to 1.95 Å (Figure 5.13) The data were phased by molecular 
replacement using the structure of BesD (PDB 6NIE) as a search model. The crystals yielded 4 
chains per asymmetric unit and have clear electron density for the substrate ornithine in the active 
site. In addition, density for the catalytic metal complex, including αKG and chloride ligands, was 
found between the Fe-binding His residues of the active site. However, since the crystals formed 
aerobically, the identity of the metal is unlikely to be Fe, as this would lead to catalytic turnover 
in the presence of oxygen. Instead, the metal is likely a trace component of the crystallization or 
purification conditions. Ni and Zn are possible candidates, as the protein was purified by Ni-NTA 
chromatography, and several crystal structures of non-heme Fe enzymes have been solved 
aerobically with Ni or Zn as Fe substitutes [30–32]. Regardless of its identity, the bound metal 
appears to be a good structural mimic of Fe based on high correlation with the complex found in 
the Fe-bound structure of BesD (6NIE).   

Comparative analysis of halogenase structures. We next performed a structural 
comparison of PkHalD (4-Cl-ornithine) to BesD (4-Cl-lysine) and SwHalB (5-Cl-lysine). The 
cores of all three enzymes share high structural similarity, the carboxylate and α-amine binding 
residues are conserved, and the substrates bind in a similar location in all three cases. The majority 
of the structural differences occur at the C-termini. The C-terminus of the PkHalD aligns better 
with that of SwHalB than BesD. The C-termini of both PkHalD and SwHalB are alpha-helical in 
structure, while the C-terminus of BesD lacks secondary structure (Figure 5.14-5.15). Based on 
the phylogenetic tree of halogenases in the BesD family, PkHalD and SwHalB are likely more 
closely related evolutionarily [11]. In addition, the LCMS results suggest that the dominant lysine 
product produced by PkHalD is 5-Cl-lysine rather than 4-Cl-lysine [11]. Due to the high structural 
similarity of PkHalD and SwHalB, we chose SwHalB as the primary point of comparison for 
chain-length specificity. 
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Figure 5.10. Design of a chimeric variant of BesD and HalB (ChimeraDB). (A) ChimeraDB was designed 
based on a structural overlay of BesD (blue) and SwHalB (grey). The region from SwHalB designed to 
replace the substrate covering lid of BesD is shown in magenta. The three additional residues that were 
mutated to accommodate the new substrate covering lid (R61I, K116W, L122I) are also shown in magenta. 
(B) Sequence alignment of SwHalB (blue), SlBesD (black), and ChimeraDB. The portions of the chimera 
sequence that are derived from SwHalB are shown in blue.  
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Figure 5.11. Schematic for the coupled reaction for monitoring halogenase activity through NADH 
oxidation. The rate of succinate formation by halogenases can be monitored by the change in A340 using 
an NADH-coupled assay with succinyl-CoA synthetase (SCS), pyruvate kinase (PK) and lactate 
dehydrogenase. 

 

 

 

Figure 5.12. Succinate formation in SlBesD, SwHalB, and a chimera of SlBesD and SwHalB (ChimeraDB). 
Succinate formation is monitored by the change in A340 using an NADH-coupled assay as described in 
Figure 5.11. Reactions were initiated by the addition of SlBesD, SwHalB, or ChimeraDB (10 μM) and A340 
was monitored using a SynergyMx Microplate Reader (BioTek) at room temperature. The rate of decrease 
in A340 is reported relative to the negative control sample containing no halogenase enzyme.   
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To probe the structural basis of selectivity, the binding pockets of PkHalD and SwHalB were 
aligned. In comparing the structures, we noted that the carboxylates and ε-amines of the two 
substrates are in very similar positions in the active site. However, while ornithine is bound in an 
extended conformation, the side chain of lysine is instead kinked away from the catalytic Fe, 
making hydrophobic contacts with a binding pocket provided by the C-terminal covering lid. In 
the lysine halogenase, SwHalB, the substrate binding pocket is composed of Met246, Met249, and 
Phe250. The pocket allows for the accommodation C3 and C4 of lysine, which pucker into the 
pocket. In the ornithine halogenase PkHalD, the pocket is smaller and is instead composed of 
Ile250, Ile253, and Trp254 (Figure 5.16). Notably, Trp254 found in PkHalD is larger than Phe250 
found in BesD; as a result, the kinked sidechain of lysine may not be readily accommodated in the 
HalD active site. It is important to note that PkHalD does chlorinate lysine in the active site in 
addition to ornithine; however, the KM value for lysine is 40 times higher (1.22 ± 0.12 mM vs 0.03 
± .004 mM), indicating a strong preference for ornithine [11].  

Engineering altered selectivity. The structures of the SwHalB and PkHalD are highly similar. 
However, three key C-terminal residues tailor the binding pocket to disfavor binding of the larger 
lysine substrate in PkHalD. In future work, triple mutants of PkHalD should be purified (I250M 
I253M W254F) and characterized by steady state kinetics in order to determine whether expanding 
the PkHalD pocket to mimic the pocket found in SwHalB will enable efficient chlorination of 
lysine. Similarly, SwHalB M246I M249I W250F can be tested to see if making the binding pocket 
smaller can exclude lysine from binding, while allowing the enzyme to maintain activity on 
ornithine. The high structural similarity of the substrate lid in SwHalB and PkHalD, compared to 
BesD, increases the likelihood and activity can be altered within this pair by engineering. Taken 
together, these crystallography results suggest that engineering of the C-terminal region may 
enable tuning of substrate selectivity in this family of enzymes.  

Conformational change upon substrate binding in the BesD family. In the structures we 
have solved of BesD family members (ScBesD, SwHalB, PkHalD, Hydrox), the substrate is bound 
in the active site by a covering lid. In the bound state, the substrate is occluded from solvent, which 
leads to the question of how the substrates are able to access the enzyme active sites in the first 
place. In the process of solving the lysine bound SwHalB crystal structure, we solved a structure 
of the enzyme that provides preliminary insights into this process. One of the SwHalB 
crystallography datasets revealed two different enzyme conformations depending on whether or 
not the substrate is bound (Table 5.3, Figure 5.17). In chain A, density for the amino acid glycine 
is present in the enzyme active site, in the position expected for the substrate lysine. The 
replacement of the lysine with glycine is likely due to the high concentration of glycine in the 
crystallization conditions (21.8 mM). In contrast, chain B lacks density for glycine in the active 
site. The lack of substrate in chain B is correlated to structural differences in the substrate binding 
residues of the enzyme; the C-terminal domain, which closes over the substrate in chain A, is 
instead disordered in the apo chain B. In addition, the antiparallel beta strands that bind the 
carboxylate of the substrate via Arg83 are projected away from the active site and instead adopt 
an extended alpha helical structure. The structure suggests that SwHalB may undergo a 
conformational change upon substrate binding.  

We next sought to determine whether the conformational change may be an artifact of packing 
in this particular SwHalB crystal, or if it might be relevant for substrate binding across the BesD 
family. In particular, since the conformational change was observed with glycine in the 
crystallography conditions, it may not be representative of binding of the native substrate, lysine. 
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Table 5.2. Data collection and refinement parameters for PkHalD.  

 PkHalD, ornithine-bound  
Data collection  
Space group P1 
Cell dimensions    
    a, b, c (Å) 72.050, 73.226, 73.176 
    a, b, g  (°)  66.2385, 75.7995, 85.279 
Resolution (Å) 69.84–1.95 (2.02–1.95)* 
Rsym or Rmerge 0.1414 (2.381) 
I / sI 8.27 (0.91) 
Completeness (%) 97.31 (95.61) 
Redundancy 
CC1/2 

7.0 (6.1) 
0.998 (0.441) 

  
Refinement  
Resolution (Å) 69.84-1.95 
No. reflections 661848 (56863) 
Rwork / Rfree 0.18/0.21 
No. atoms 9221 
    Protein 8442 
    Ligand/ion 159 
    Water 620 
B-factors  
    Protein 43.32 
    Ligand/ion 
       Metal 
       Cl 
       Ornithine 
       αKG  

62.40 
37 
32 
28 
35 

    Water 48.45 
R.m.s. deviations  
    Bond lengths (Å) 0.007 
    Bond angles (°) 1.22 

 *Values in parentheses are for highest-resolution shell. 
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Figure 5.13 (A) Overall structure of the ornithine halogenase PkHalD. (B) Fo-Fc omit map (green mesh, 
contoured at 2 σ) for ornithine (yellow), a bound metal (modeled as Fe, brown), and chloride (green).  

 

 

 

Figure 5.14. Overall fold comparison of BesD (green), HalB (grey), and HalD (cyan) with substrate covering 
lids shown in magenta. The substrate covering lid of PkHalD is more structurally similar to the lid in SwHalB 
than to the lid in BesD.  
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Figure 5.15. Active site comparison of HalD (cyan) and BesD (green). (A) An overlay of the active sites of 
PkHalD and BesD reveals high similarity in the carboxylate-binding and ε-amine-binding residues. In both 
cases, the substrate is modified at C4. However, the structure of the substrate binding pocket that lines the 
aliphatic sidechain differs between the two enzymes.  (B) In the ornithine halogenase, PkHalD, the substrate 
binding pocket is composed of Ile250, Ile253, and Trp254. (C) In the lysine halogenase, BesD, the substrate 
binding pocket is composed of Trp238 and Trp239. 
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Figure 5.16. Active site comparison of HalD (cyan) and HalB (grey). (A) An overlay of the active sites of 
PkHalD and SwHalB reveals high similarity in the carboxylate-binding and ε-amine-binding residues. 
However, while ornithine is in an extended conformation, lysine is puckered into a substrate binding pocked 
formed by three residues on the C-terminal substrate binding lid. (B) In the ornithine halogenase, PkHalD, 
the substrate binding pocket is composed of Ile250, Ile253, and Trp254. (C) In the lysine halogenase, 
SwHalB, the substrate binding pocket is composed of Met246, Met249, and Phe250. 
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Through the structural investigation of this enzyme family, we solved a total of three different 
enzyme crystal structures that support the hypothesis of a conformational change upon substrate 
binding. In addition to SwHalB, which produces 5-Cl-lysine, we solved an apo crystal structure of 
BesD from S. lavanduligriseus (SlBesD) that lacks density for the C-terminus and also 
demonstrates the structural differences at the key antiparallel beta strands when substrate is not 
bound (Table 5.4, Figure 5.18). Since SlBesD is less than 50% identical in sequence to SwHalB, 
chlorinates lysine at C4 and not C5, and crystallizes under different conditions, this finding suggests 
that a conformational change is not specific to SwHalB. Furthermore, when we solved the crystal 
structure of a closely related lysine hydroxylase (Hydrox, Chapter 4), we found that Hydrox also 
displays a helix-to-sheet transition similar to SwHalB. These discoveries suggest that a 
conformational change upon substrate binding may be operational throughout the BesD family of 
non-heme Fe enzymes. Future work should investigate whether these changes are important for 
substrate binding in solution.  
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Table 5.3. Data collection and refinement parameters for glycine-bound and apo SwHalB showing a 
conformational change upon substrate binding.  

 SwHalB glycine-bound (ChainA) and apo (ChainB) 
Data collection  
Space group P6222 
Cell dimensions    
    a, b, c (Å) 165.31, 165.31, 105.24 
    a, b, g  (°)  90, 90, 120 
Resolution (Å) 82.65–2.03 (2.103–2.03)* 
Rsym or Rmerge 0.01841 (0.5973) 
I / sI 31.02 (1.29) 
Completeness (%) 99.98 (99.93) 
Redundancy 
CC1/2 

2.0 (2.0) 
1 (0.889) 

  
Refinement  
Resolution (Å) 82.65–2.03 
No. reflections 54981 (5407) 
Rwork / Rfree .189/0.209 
No. atoms 4474 
    Protein 3880 
    Ligand/ion 8 
    Water 586 
B-factors 43.22 
    Protein 42.54 
    Ligand/ion 
        Glycine 
        succinate  

38.31 
41 
38 

    Water 47.80 
R.m.s. deviations  
    Bond lengths (Å) 0.015 
    Bond angles (°) 1.31 

*Values in parentheses are for highest-resolution shell. 
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Figure 5.17. A crystal structure of SwHalB with two molecules per asymmetric unit reveals a potential 
conformational change upon substrate binding. Chain A has density for the amino acid glycine (yellow) in 
the enzyme active site. A pair of antiparallel beta strands (cyan) containing Arg83, which binds the 
carboxylate of glycine, closes over the active site of SwHalB in chain A. In addition, chain A has well-defined 
density for the substrate covering lid (magenta). In contrast, chain B lacks density for the substrate and for 
the substrate covering lid. In addition, the region of the protein containing Arg83 (cyan) adopts an alpha 
helical formation rather than antiparallel beta strands. Note that glycine is bound in chain A, rather than the 
native substrate, lysine. This is likely due to the high concentration of glycine (21.8 mM) present in the 
crystallization buffer.  
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Table 5.4. Data collection and refinement parameters for apo SlBesD.  

 Apo SlBesD 
Data collection  
Space group P3121 
Cell dimensions    
    a, b, c (Å) 88.688, 88.688, 148.129 
    a, b, g  (°)  90, 90, 120 
Resolution (Å) 53.31–2.601 (2.694–2.601)* 
Rsym or Rmerge 0.2501 (6.736) 
I / sI 9.04 (0.42) 
Completeness (%) 98.86 (89.85) 
Redundancy 
CC1/2 

18.9 (13.1) 
0.999 (0.228) 

  
Refinement  
Resolution (Å) 53.31–2.601 
No. reflections 21081 (1895) 
Rwork / Rfree 0.2919/0.326 
No. atoms 3415 
    Protein 3415 
B-factors 81.31 
    Protein 81.31 
R.m.s. deviations  
    Bond lengths (Å) 0.004 
    Bond angles (°) 1.01 

*Values in parentheses are for highest-resolution shell. 
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Figure 5.18. A comparison of substrate bound (grey) and apo (blue) structures of SwHalB, SlBesD, and 
Hydrox reveal structural differences upon substrate binding. In all three cases, the substrate-bound 
structures possess defined density for a substrate covering lid that is absent in the apo structures. All three 
structures also demonstrate structural differences in the region of the protein that forms antiparallel beta 
strands upon substrate binding.  
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5.4. Conclusion 

The newly discovered halogenases (HalA-E) directly chlorinate amino acids, greatly 
increasing the number of compounds accessible through enzymatic halogenation. Furthermore, the 
simple substrates of these enzymes make them promising candidates for engineering novel 
halogenases with an expanded substrate scope. Toward this goal, we have investigated the 
mechanisms by which enzymes in the BesD family evolved diverse regioselectivity and substrate 
selectivity. In particular, we performed structural and biochemical comparisons of BesD (4-Cl-
lysine product), HalB (5-Cl-lysine product) and HalD (4-Cl-ornithine product). These three 
enzymes are able to achieve subtly different reactions on very similar substrates. 

BesD and HalB achieve divergent regioselective outcomes by controlling the conformation of 
the lysine substrate within the active site. A comparison of the lysine-bound structures of HalB 
and BesD reveals differences in the substrate covering lids that serve to orient the substrate to 
achieve the desired regioselectivity. In particular, Met246 shapes the substrate pocket of HalB 
such that C5 (lysine) is most proximal to the catalytic site. Mutagenesis of Met246 to the smaller 
nonpolar residues Leu, Ile, and Val relieves the steric constraints and disrupts the regioselectivity, 
leading to some halogenation at C4 as well.  

The substrate covering lid of HalD enables selectivity of the smaller, 5-carbon substrate, 
ornithine, over the larger 6-carbon substrate, lysine. The covering lid of HalD is structurally similar 
to that of HalB but varies in the identity of residues that form the substrate binding pocket. The 
pocket of HalD, which contains Trp254 rather than the Phe250 found in HalB, is smaller, and 
therefore fails to accommodate lysine as effectively as it does ornithine. These structural 
differences likely contribute to the 40-fold difference in KM when comparing the activity of HalD 
on ornithine and lysine. 

Finally, we have solved crystal structures that reveal conformational changes in the enzymes 
upon substrate binding. In structures of BesD, HalB, and Hydrox, the substrate covering lid 
becomes ordered and closes over the active site upon substrate binding. Taken together, this work 
suggests that the covering lid is a promising target for future engineering efforts within the BesD 
halogenase family.  
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Table A1.1. Strains, plasmids, oligonucleotides, and sequences used in Chapter 2. (A) 
Strains and plasmids used in this study. (B) Oligonucleotides used for plasmid construction and 
sequencing.   
 
A1.1A. Strains and plasmids 
 

Strain Description Source 
BL21 Star (DE3) F-ompT hsdSB (rB-, mB-) gal dcm rne131 (DE3) Thermo-

Fisher 
GM272 F- dam-3 dcm-6 hsdS2l metb1 lacYl or Z4 galK2 ga/T22 mtl-2 

tonA2or A31 tsx-1 or -78 supE44 (thi-1) 
ATCC 

B834(DE3) F- ompT hsdSB(rB- mB-) gal dcm met (DE3) Novagen 
S. cattleya NRRL 8057 (ATCC 35852) ATCC 
S. cattleya DbesA ΔbesA::AmR-OriT This study 
S. cattleya DbesB ΔbesB::AmR,-OriT This study 
S. cattleya DbesC ΔbesC::AmR-OriT This study 
S. cattleya DbesD ΔbesD::AmR-OriT This study 
S. cattleya DbesE ΔbesE::AmR-OriT This study 
S. cattleya DbesB+besB ΔbesB::AmR attBΦC31::ermEp*-besB-HygR This study 
S. cattleya DbesC+besC ΔbesC::AmR attBΦC31::ermEp*-besC-HygR  This study 
S. cattleya DbesD+besD ΔbesD::AmR attBΦC31::ermEp*-besD-HygR  This study 
   
Plasmid Description Source 
pUZ8002 tra, neo, KmR, RP4 Ref. [1] 
pIJ773 lacI, Cbr, AmR, OriT, ColE1 JIC 
pIJ773-BesA besA flanking regions (2 kB US/DS)-AmR-OriT, lacI, CbR, ColE1 This study 
pIJ773-BesB besB flanking regions (2 kB US/DS)-AmR-OriT, lacI, CbR,ColE1 This study 
pIJ773-BesC besC flanking regions (2 kB US/DS)-AmR-OriT, lacI, CbR, ColE1 This study 
pIJ773-BesD besD flanking regions (2 kB US/DS)-AmR-OriT, lacI, CbR, ColE1 This study 
pIJ773-BesE besE flanking regions (2 kB US/DS)-AmR-OriT, lacI, CbR, ColE1 This study 
pSET152 HygR, int(φ31), OriT, pUC18 JIC 
pSET152-BesB BesB (ErmEp*), HygR, int(φ31), OriT, pUC18 This study 
pSET152-BesC BesC (ErmEp*), HygR, int(φ31), OriT, pUC18 This study 
pSET152-BesD BesD (ErmEp*), HygR, int(φ31), OriT, pUC18 This study 
pET16b-His10-BesA His10-BesA (T7), lacI, CbR, ColE1 This study 
pET16b-His10-BesD His10-BesD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-BesE His10-BesE (T7), lacI, CbR, ColE1 This study 
pET16b-Strep-BesD Strep-BesD (T7), lacI, CbR, ColE1 This study 
pET16b-Strep-BesD G139D Strep-BesD G139D (T7), lacI, CbR, ColE1 This study 
pSV272.1-His6MBP-BesB His6MBP-BesB (T7), lacI, KmR, f1, ColE1 This study 
pSV272.1-His6MBP-BesB-opt His6MBP-BesB (T7) codon optimized, lacI, KmR, f1, ColE1 This study 
pSV272.1-His6MBP-BesC His6MBP-BesC (T7), lacI, KmR, f1, ColE1 This study 
pETDUET-1 lacI, f1, CbR, ColE1 Novagen 
pETDUET-BesC.BesD BesD (T7) and BesC (T7) from P. fluorescens, lacI, CbR, ColE1 This study 
pPra BesD (T7) and BesC (T7) from P. fluorescens, MBP-sBesB (T7) 

from S. sp. NRRL S-1448, lacI, CbR, ColE1 
This study 
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A1.1B. Oligonucleotide sequences 
 

Name Sequence 
LR-SCAT_0184-F acaccccccgcctcgttcaccgggcgtgacaacatcgatgatgtattccggggatccgtcgacctgcagttcg 
LR-SCAT_0184-R cgcggtgtcttcttcccgtcggcagggcgggacgcgtttgtcatgtaggctggagctgcttcaagttcctata 
LR-SCAT_2136-F cgtttccgtaggttacggttccgtagccgtagccgttacgtactccgagggacgtctatgtattccggggatccgtcgacctgc

agttcg 
LR-SCAT_2136-R acggtcctcgtcgcacccgcgccatcagcactgccgtcgttccccacgcccctcatcatgtaggctggagctgcttcaagttc

ctata 
LR-SCAT_4823-F gccgcggcgggcccctgcgacatcgaacggtaggagcaccattccggggatccgtcgacc 
LR-SCAT_4823-R gcctgacctcgggttcgtgagccaggcggttgtaacaatctgtaggctggagctgcttc 
LR-SCAT_p1525-F aggctgttgtcgccgtgccggggccgggagactcgacggcattccggggatccgtcgacc 
LR-SCAT_p1525-R taccggcgccggttcggaccggggacggtgtgacgcccggtgtaggctggagctgcttc 
K773-BesA-UP-F gggatccactagtatggaagcgctctgcctcgttcatcc 
K773-BesA-UP-R cgcggtggcggccgcgtcctgggcatgctgttggtccgc 
K773-BesA-DOWN-F acaaaagctggtaccggatcggcatcgacaaggaacacctcga 
K773-BesA-DOWN-R cggaatatcaagcttggcccgcgcagacgttcaggc 
K773-BesB-UP-F cgggggatccactagtcgggttgagcttgccgagggtct 
K773-BesB-UP-R caccgcggtggcggccgctgacaacggtgaggaccagcgc 
K773-BesB-DOWN-F gtatcgataagcttacctgaagtcgaagtctcagcaagagggaac 
K773-BesB-DOWN-R ggaatatcaagctttcacttgccgatgcccacgagttcc 
K773-BesC-UP-F agcccgggggatccactagtgcgcaaccaggggtacgacgac 
K773-BesC-UP-R tccaccgcggtggcggccgcccctggcggacgtacggcgg 
K773-BesC-DOWN-F agggaacaaaagctggtacccgttgcacaccgttccgccacc 
K773-BesC-DOWN-R aagcttgatattccggggatccgtctctggtttccctcacctgtcgcgc 
K773-BesD-UP-F tctagaactagtggaacggcgccaattcaccgcaca 
K773-BesD-UP-R ggatccactagtggactgccgctccaggaagccg 
K773-BesD-DOWN-F atatcaagcttgatgaatctccgatgctcgcgtatgcg 
K773-BesD-DOWN-R gaattgggtacccggcaaggccgccttcgtggg 
K773-BesE-UP-F ttatccactagtctcgcctccgatacctgaagtcgaagtctca 
K773-BesE-UP-R ggatccactagttcgaccagtccgaggaattcgaagacgc 
K773-BesE-DOWN-F atatcaagcttacgaagaacgtctgcccggtggc 
K773-BesE-DOWN-R gaattgggtacccgtggcgagttcggccgcgtc 
dcK-X-US-R atgccgctcgccagtcgattggc 
dcK-X-DS-F cgtcagccgggcaggataggtgaagta 
dcK-BesA-US-F ggcgactaccacaacgcccgtcaac 
dcK-BesA-DS-R tccccttctacatcacggggatggcc 
dcK-BesB-US-F gtggtgtagcgggcgtgcccg 
dcK-BesB-DS-R aagaaccccggcacccggacg 
dcK-BesC-US-F gccagtactggggctgccgctt 
dcK-BesC-DS-R cggacccttcaggaccagacgacca 
dcK-BesD-US-F gcgttccaccttgcggtagttggcc 
dcK-BesD-DS-R cgaccgtgacgcatagtggccgaa 
dcK-BesE-US-F ctcacttgccgatgcccacgagtt 
dcK-BesE-DS-R aacatggcctgctcgtacgcgg 
dcK- 0184-IN-F tcatcgcaccggtcgacgtactcggg 
dcK-0184-IN-R gtgacggcggcggagtccggg 
dcK-2136-IN-F atgaccacacagccggacgtgatcacc 
dcK-2136-IN-R tcatgccgccttggcgacatcttccttacg 
dcK-4823-IN-F ttgaccgccatcgaccccaccgc 
dcK-4823-IN-R acaatctcaggcggcgacgagctcctg 
dcK-p1525-IN-F atgacgatttccaccgaggttcccctcctg 
dcK-p1525-IN-R gtcaccgccgtgcggacgccttg 
dcK- 0184-OUT-F cggcagggcgggacgcgtttg 
dcK-0184-OUT-R ctcgttcaccgggcgtgacaacatcg 
dcK-2136-OUT-F ccgtagccgttacgtactccgagggacgtct 
dcK-2136-OUT-R catcagcactgccgtcgttccccacg 
dcK-4823-OUT-F ccctgcgacatcgaacggtaggagcacc 
dcK-4823-OUT-R cgggttcgtgagccaggcggttgtaacaatc 
dcK-p1525-OUT-F cccggtgactggcaggctgttgtcg 
dcK-p1525-OUT-R ccggttcggaccggggacggtgtg 
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dcK-BesA-IN-F tcttccggttcgacgagccggc 
dcK-BesA-IN-R cgagggtctccggttccagcagc 
dcK-BesB-IN-F aagacctcggcgatcagctccgg 
dcK-BesB-IN-R ttcgaatccggcgacccggcg 
dcK-BesC-IN-F atgaccgacctgaacaccccggaa 
dcK-BesC-IN-R cttgccgatgcccacgagttccc 
dcK-BesD-IN-F gtcatgttcaggatgatgcgggtggtg 
dcK-BesD-IN-R ccttccaccggttcggcatcgtcac 
dcK-BesD-IN-F acgacacaccaccacgcgacgt 
dcK-BesD-IN-R aggaccagacgaccagttcgccg 
His10-BesA F catcacagcagcggccatatcgaaggtcgtcatatgactgatcccggttcgacgaagatcctgatctacgc 
His10-BesA R ttcctttcgggctttgttagcagccggatcctcgagtcaggcgctggggtacggcccgg 
MBP-BesB-SCAT-F acctcgggatcgaggaaaacctgtattttcagggcatgtccgtctcgatccccgacgtgg 
MBP-BesB-SCAT-R agtgcggccgcaagcttgtcgacggagctcgaatttcagtcggggcgcagggcc 
MBP-BesB-S31-F acctcgggatcgaggaaaacctgtattttcagggcatgtccatccccgacgtggcctc 
MBP-BesB-S31-R agtgcggccgcaagcttgtcgacggagctcgaatttcacccggggcgcagggc 
MBP-BesB-LAVE-F acctcgggatcgaggaaaacctgtattttcagggcatgtccgtctcgatccccgacgtgg 
MBP-BesB-LAVE-R agtgcggccgcaagcttgtcgacggagctcgaatttcagtcggggcgcagggcc 
MBP-BesB-S1448-F acctcgggatcgaggaaaacctgtattttcagggcatgaccaccgaggcatccggggag 
MBP-BesB-S1448-R agtgcggccgcaagcttgtcgacggagctcgaatttcagagggggcgcagggcc 
MBP-BesB-CATE-F acctcgggatcgaggaaaacctgtattttcagggcatgacgctcggtgcccccgagg 
MBP-BesB-CATE-R agtgcggccgcaagcttgtcgacggagctcgaatttcagtcgggacgcagggccc 
MBP-BesC-F caacctcgggatcgaggaaaacctgtattttcagggcatgaccgacctgaacaccccggaatccacc 
MBP-BesC-R gtgcggccgcaagcttgtcgacggagctcgaattctcacttgccgatgcccacgagttcccgcac 
His10-BesD-F cagcggccatgaaaacctgtattttcagggcatgggcagtaaccggcaggaactcaaagacgtgtg 
His10-BesD-F2 catcatcatcatcatcatcatcacagcagcggccatgaaaacctgtattttcagggc 
His10-BesD-R ttcctttcgggctttgttagcagccggatcctcgagtcagtccttgatggcccgtgccgccg 
His10-BesE-F catcacagcagcggccatatcgaaggtcgtcatatgtccggcacgacacaccaccacgc 
His10-BesE-R ttcctttcgggctttgttagcagccggatcctcgagtcaggaccagacgaccagttcgccgccg 
His6-BesF-F acagcagcggcctggtgccgcgcggcagccatatgatgaagctctccaaagccgtctggg 
His6-BesF-R ccgcaagcttgtcgacggagctcgaattcggatccctaccgacgtcccggagttgacgcct 
His6-γ-GT(e.c.)-F acagcagcggcctggtgccgcgcggcagccatatgatgataaaaccgacgtttttac 
His6-γ-GT(e.c.)-R ccgcaagcttgtcgacggagctcgaattcggatccttagtaccccgccgttaaatcatc 
Strep-BesD-F agctggagccacccgcagttcgaaaagggtgcaggtatgggcagtaaccggcaggaactcaaagacgtgtg 
Strep-BesD-F2 ataattttgtttaactttaagaaggagatataccatggcaagctggagccacccgcagttcgaaaag 
Strep-BesD-R gtgcggccgcaagcttgtcgacggagctcgaattctcagtccttgatggcccgtgccgccg 
Strep-BesD G139D-F ataattttgtttaactttaagaaggagatataccatggcaagctggagccacccgcagttcgaaaag 
Strep-BesD G139D-R cgcgaagctgaagtcatcccagtgccagccgtgggtgtccc 
Strep-BesD G139D-F2 cggctggcactgggatgacttcagcttcgcgctgatctgggtgctcc 
Strep-BesD G139D-R2 gtgcggccgcaagcttgtcgacggagctcgaattctcagtccttgatggcccgtgccgccg 
MBP-BesB-Opt-F acctcgggatcgaggaaaacctgtattttcagggcatgaccactgaggccagtggggaa 
MBP-BesB-Opt-R tttgatctcgagtgcggccgcaagcttgtcgacggagctcgaatttcacaagggacgcagagcttgctc 
petDUET-A-F aataattttgtttaactttaagaaggagatataccatgactgatcccggttcgacgaa 
petDUET-A-R cgacctgcaggcgcgccgagctcgaattcggatccggcgctggggtacggcccgg 
petDUET-E-F tagtatattagttaagtataagaaggagatatacatatgtccggcacgacacaccacca 
petDUET-E-R tttctttaccagactcgagggtaccggaccagacgaccagttcgccg 
pPra-C-F aataattttgtttaactttaagaaggagatataccatgtccatcactcaagaaacgtttc 
pPra-C-R gtcgacctgcaggcgcgccgagctcgaattcggatcctcattggcgtcctccagcgttgag 
pPra-D-F tcttagtatattagttaagtataagaaggagatatacatatgaactacgtacttgatgaggct 
pPra-D-R ttcgcagcagcggtttctttaccagactcgagggtaccttaggtcaagctcttggctgcctc 
pPra-B-F cagcacgtcgaggcagccaagagcttgacctaaggtaccaagcttgcggccgcataatgcttaa 
pPra-B-R caaatttcgcagcagcggtttctttaccagactcgagtcacaagggacgcagagcttgctca 
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Table A1.2. Strains, plasmids, oligonucleotides, and sequences used in Chapter 3. (A) 
Strains and plasmids used in this study. (B) Oligonucleotides used for plasmid construction and 
sequencing. (C) Sequences of synthetic genes.  
 
A1.2A. Strains and plasmids 
 

Strain Description Source 
BL21 Star (DE3) F-ompT hsdSB (rB-, mB-) gal dcm rne131 (DE3) Thermo-

Fisher    

Plasmid Description Source 
pET16b-His10-ScattleyaBesD His10-ScattleyaBesD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlavenduligriseusBesD His10-SlavenduligriseusBesD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PfluorescensHalA His10-PfuorescensHalA (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PorientalisHalA His10-PoreintalisHalA (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwuyuanensisHalB His10-SwuyuanensisHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-StoyocaensisHalB His10-StoyocaensisHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SviridosporusHalB His10-SviridosporusHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-AawajinensisHalB His10-AawajinensisHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SgriseusHalB His10-SgriseusHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SafghaniensisHalB His10-SafghaniensisHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SiranensisHalB His10-SiranensisHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SprunicolorHalB His10-SprunicolorHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-LanisaHalC His10-LanisaHalC(T7), lacI, CbR, ColE1 This study 
pET16b-His10-PkilonensisHalD His10-PkilonensisHalD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PSHC52HalD His10-PSHC52HalD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PtrivialisHalD His10-PtrivialisHalD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-Proot562HalE His10-Proot562HalE (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PfulvaHalE  His10-PfulvaHalE (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SpristinaespiralisHalF His10-SpristinaespiralisHalF (T7), lacI, CbR, ColE1 This study 
pET16b-His10-MpelagiusHalG His10-MpelagiusHalG (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PcorrugataHalH His10-PcorrugataHalH (T7), lacI, CbR ColE1 This study 
pET16b-His10-PmediterraneaHalH His10-PmediterraneaHalH (T7), lacI, CbR, ColE1 This study 
pSV272.1-His6MBP-Proot562HalE His6MBP-Proot562HalE (T7), lacI, KmR, f1, ColE1 This study 
pET16b-His10-SlBesD R74A His10-SlBesD R74A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD W238A His10-SlBesD W238A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD W239A His10-SlBesD W239A(T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD H134A His10-SlBesD H134A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD D140A His10-SlBesD D140A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD N219A His10-SlBesD N219A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD E120A His10-SlBesD E120A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SlBesD T221A His10-SlBesD T221A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-RapL His10-RapL (T7), lacI, CbR, ColE1 This study 
pET16b-His10-OCD His10-OCD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-LDC His10-LDC (T7), lacI, CbR, ColE1 This study 
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pET16b-His10-IlvE His10-IlvE (T7), lacI, CbR, ColE1 This study 
IVTT-PepC PepC (T7), CbR This study 
IVTT-PepA PepA (T7), CbR This study 
pET16b- His10-PrescissionCutSite-IMDPH His10-PrescissionCutSite-IMDPH (T7), lacI, CbR, ColE1 This study 
pRARE tRNAIle(AUA), tRNASer(AGG), tRNASer(AGA), 

tRNAAsp(CUA), tRNAGly(CCC), tRNAGly(GGA), CmR 
Novagen 

 
 
A1.2B. Oligonucleotide sequences 
 

Name Sequence 
His10-ScattleyaBesD-F agcagcggccatctagaagtgctttttcagggcccgcatatgggcagtaaccggcaggaactcaaagacgtgtgc 
His10-ScattleyaBesD-R ttcctttcgggctttgttagcagccggatcctcagtccttgatggcccgtgccgccgacac 
His10-PfluorescensHalA-F agcagcggccatctagaagtgctttttcagggcccgcatatgaactacgtacttgatgaggctcgc 
His10-PfluorescensHalA-R ttcctttcgggctttgttagcagccggatcctcgagttaggtcaagctcttggctgcct 
His10-PorientalisHalA-F agcagcggccatctagaagtgctttttcagggcccgcatatgaattacgcacttaacaatactattctgcagaaaca 
His10-PorientalisHalA-R ttcctttcgggctttgttagcagccggatcctcgagtcaagtcaggcttttagcagcctct 
His10-SiranensisHalB-F agcagcggccatctagaagtgctttttcagggcccgcatatgaccacgaatacgcctacaaccg 
His10-SiranensisHalB-R ttcctttcgggctttgttagcagccggatcctcgagtcaggaggagaacatcgcgtcc 
His10-PkilonensisHalD-F agcagcggccatctagaagtgctttttcagggcccgcatatgagcgaacaaacgtccagcttg 
His10-PkilonensisHalD-R ttcctttcgggctttgttagcagccggatcctcgagtcaggcttcttcggtggtccg 
His10-PtrivialsHalD-F agcagcggccatctagaagtgctttttcagggcccgcatatgaaaactcagcaatccggcttgg 
His10-PtrivialsHalD-R ttcctttcgggctttgttagcagccggatcctcgagtcaggcttctgaagcttcggc 
His10-Proot562HalE-F agcagcggccatctagaagtgctttttcagggcccgcatatgggtgtggtaagtgccgatca 
His10-Proot562HalE-R ttcctttcgggctttgttagcagccggatcctcgagtcagtcacggaagacaaaagtctcatgttc 
His10-PfulvaHalE-F agcagcggccatctagaagtgctttttcagggcccgcatatgtcagagctcgctgctgttaaaca 
His10-PfulvaHalE-R ttcctttcgggctttgttagcagccggatcctcgagtcagtcacggaagacaaaagtctcatgttc 
His10-PmediterraneaHalH-F agcagcggccatctagaagtgctttttcagggcccgcatatgagtaatcgaaaagcagatccgctctt 
His10-PmediterraneaHalH-R ttcctttcgggctttgttagcagccggatcctcgagttatccacagggcatcgcttcg 
His6MBP-Proot562HalE-F caacctcgggatcgaggaaaacctgtattttcagggcatgggtgtggtaagtgccgatcag 
His6MBP-Proot562HalE-R gcggccgcaagcttgtcgacggagctcgaattctcatcagtcacggaagacaaaagtctcatgttc 
His10-SlBesD R74A-F cctccagaccaccggatacacccgcgcgtcgatgtccgtggtgcagagcgagacgatcg 
His10-SlBesD R74A-R tctcgctctgcaccacggacatcgacgcgcgggtgtatccggtggtctggaggcgg 
His10-SlBesD W238A-F gggacctgcggcgcgagctcaagggcgacgaccgcgcgtgggaggacgccgacgtg 
His10-SlBesD W238A-R agcggctgccggcacgtcggcgtcctcccacgcgcggtcgtcgcccttgagc 
His10-SlBesD W239A-F cggcgcgagctcaagggcgacgaccgctgggcggaggacgccgacgtgccg 
His10-SlBesD W239A-R gtgcagcggctgccggcacgtcggcgtcctccgcccagcggtcgtcgccc 
His10-SlBesD H134A-F cacccggcaggaacggagcggggacacggcgggctggcactggggcgatttcagcttcgc 
His10-SlBesD H134A-R ggcgaagctgaaatcgccccagtgccagcccgccgtgtccccgctccgttcctgccgg 
His10-SlBesD D140A-F agcggggacacgcacggctggcactggggcgcgttcagcttcgccctcatctggg 
His10-SlBesD D140A-R ggcctggagcacccagatgagggcgaagctgaacgcgccccagtgccagccg 
His10-SlBesD N219A-F tcccgctgcgcgaggacaccacccgcatcatcctggcgatgacctgggcgggcga 
His10-SlBesD N219A-R cgccgcaggtcccgctcgcccgcccaggtcatcgccaggatgatgcgggtggtgtcc 
His10-SlBesD E120A-F cggccttggggcaggggtgcagttgcggaattcctcatcacccggcaggaacggagcggg 
His10-SlBesD E120A-R ccgttcctgccgggtgatgaggaattccgcgtcggccttggggcaggggtgcagtt 
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His10-SlBesD T221A-F gcgaggacaccacccgcatcatcctgaacatggcgtgggcgggcgagcgg 
His10-SlBesD T221A-R gagctcgcgccgcaggtcccgctcgcccgcccacgccatgttcaggatgatgcgggtggt 
His10-SlBesD-F gcggccatctagaagtgctttttcagggcccgcatatgagcagcaatgggcaggaaagcaccgtcgtca 
His10-SlBesD-R cctttcgggctttgttagcagccggatcctcgagtcagtcatccagtgcagcggctgccggc 
pET16-anneal-R cgtatcacgaggccctttcgtcttc 
His10-LDC-F ggccatctagaagtgctttttcagggcccgcatatgaacatcattgccattatgggaccg 
His10-LDC-R cttcctttcgggctttgttagcagccggatccttatcccgccatttttaggactcgtacg 
His10-IlvE-F cggccatctagaagtgctttttcagggcccgcatatgaccacgaagaaagctgattacatttggt 
His10-IlvE-R cttcctttcgggctttgttagcagccggatccttattgattaacttgatctaaccagccccatttatcttc 
His10-OCD-F cggccatctagaagtgctttttcagggcccgcatatgacgtatttcattgatgttccaaccatgtcgg 
His10-OCD-R cttcctttcgggctttgttagcagccggatcctcatcaggcaacccgtcggatacgc 
PepC-F atggaaacccgttctaaaaacatgctgtaatgaggatcccgggaattctcgagta 
PepC-R cagcatgtttttagaacgggtttccatatgtatatctccttcttaaagttaaacaaaattatttctagaccctatagtg 
PepA-F atgtctgaacgttcttccaacatgaaataatgaggatcccgggaattctcgagta 
PepA-R tttcatgttggaagaacgttcagacatatgtatatctccttcttaaagttaaacaaaattatttctagaccctatagtg 

IMDPH-F tcatcatcatcatcatcatcacagcagcggccatctagaagtgctttttcagggcccgcatatgctacgtatcgctaaa
gaagctctgac 

IMDPH-R cagcttcctttcgggctttgttagcagccggatcctcaggagcccagacggtagttcggg 

 
 
A1.2C. Synthetic gene sequences 
 
WP_030791981 (Streptomyces lavenduligriseus BesD) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAGCAGCAATGGGCAGGAAAGCACCGTCGTCAATCC
TCTGGAGCAGGGCGCACTGCGCCGTATGGCGCATCACTACCACCGGTACGGCATCGCCACCGTCACCGATCTGATTC
GGGAAGACGTCCGCAAAAACGTGCGGGCGGAGGCGGACCGGCTGCTGGAGAAATACGCCGAGCGGCGTGATCTCCGC
CTCCAGACCACCGGATACACCCGCCGCTCGATGTCCGTGGTGCAGAGCGAGACGATCGCGGGCAACAGCGAGCTGGT
CACCTCGATCTACGCGAATCCGGAACTGCTCGGCGCGCTGGAGCGCATAGCCGGCGAGAAACTGCACCCCTGCCCCA
AGGCCGACGAGGAATTCCTCATCACCCGGCAGGAACGGAGCGGGGACACGCACGGCTGGCACTGGGGCGATTTCAGC
TTCGCCCTCATCTGGGTGCTCCAGGCCCCGCCCATCGACATCGGCGGCATGCTCCAGTGCGTACCGCACACGGAGTG
GGACAAGTCCGATCCGCGGATCCACCAGTATCTCGTCGACAATCCCATCCACACGTACCACTTCCAGTCGGGCGACG
TGTATTTCCTGCGCACCGACACCACGCTCCACCGCACGGTCCCGCTGCGCGAGGACACCACCCGCATCATCCTGAAC
ATGACCTGGGCGGGCGAGCGGGACCTGCGGCGCGAGCTCAAGGGCGACGACCGCTGGTGGGAGGACGCCGACGTGCC
GGCAGCCGCTGCACTGGATGACTGACTCGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGA 
 
WP_016975823 (Pseudomonas fluorescens HalA) 
ATGAACTACGTACTTGATGAGGCTCGCCTGCAAGAGCATCACGCTACTAACTTTCCTGAATCAAGCGTATTTGCACT
GCGTCATGAGTTTGCCCGCAACGGGTTTATAAAAGTGCGCAATATTGTCGACGACGACCTGCGCGAAAAGATAACGC
GTGAGGTCAACAGCCTGATCGACCGCCAGCTTGAACGTCGCGACTTGCACCTGGCAACCACCGACAATACGCCACGC
TACATGAGTGTAGTGCGCAGCGAGTTCATTGCTGAAAACAGCACGCTGATCAACACGCTGTCCAAGTCCAAAGGACT
GCTGGAAACCTTGTCCCAGATCGCGGGAACTCAACTTATCGCGTCTGTTTCCAAGGATGAGGAATATTTGATCACCA
AGCAGGAGCGCAAAGGTGATACCCACGGTTGGCACTGGGGGGATTACAGCTTCGCACTGATCTGGATTATCGAAACA
CCGTCGATAGCCAAGGGCGGGATGTTGCAATGCGTACCTCATACGTCATGGGATAAATCCAACCCGAGAATTCATGA
GCTGCTGTGCAGTAACCCGATTGCGACATACGGCTTCGTGACGGGGGATATTTACTTCCTGCGCACCGACACCACCC
TGCACCGCACTATCCCGCTTAACGAAGATGCGACGCGGATCATCCTCAACATGACGTGGGCTGCTGAAAAAGACCTC
TCTCGCAACCTGCACGGCAATGATCGCTGGTGGGAGGACCAGCACGTCGAGGCAGCCAAGAGCTTGACCTAA 
 
SDN46247 (Streptomyces wuyuanensis HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGACCGAGAACAGCATCACCGCCGCGAATGTCGAAGA
GCTGATCGCGAAGAACATCGCGGAGCGGTTCGCCGACGACCACGAGGTGCTCGGCCTCTCCCAGCACTTCCGCCGCG
AGGGCTACGTCAAGCTCCCCGGCCTGGTCTCCCCGGAGGTCTTCGACGCGGTCGCCGCGGAGACCCACCAGCTGATC
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GACACCCACCAGAAGCGCATCGACATCCGTCTCAAGGAGACGGGGGACTCCCCGCGCTACATGTCCACCGTCGGTCA
GAAGGCGATCGCCACCGACGGCTCGCTGATCCCTGCCGTCTACGAGTCCACCGCGCTCAAGGGCTTCCTTTCCCGCC
TCGCCAAGGAGGAGGTCATGGGCTGCCCGTGGGACGAGGAGAAGTACATCATCACCCGCCAGCACCAGAAGGGCGAC
ACCCACGGCTGGCACTGGGGCGACTTCAGCTTCACCGTCATCTGGCTGATCGAGGCCCCGTCGCTGGAGTACGGCGG
CATGCTGCAGTGCATCCCGCACACCGACTGGAACAAGGACGACCCGCGCGTCGAGGACTACCTGCAGAAGCACCCGA
TCCGCAGCTACGGCCACGCCAAGGGCGACCTCTACCTGCTGCGTTCGGACACCACCCTGCACCGCACGGTCCCGCTG
AACGCCGACAGGACCCGCATCATCCTCAACACCTGCTGGGCCAGCCGCGCGGACCAGCAGAAGGCGACCACCCACGA
GACCATGAACGCGATGTTCGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTG 
 
WP_037940874 (Streptomyces toyocaensis HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGACGCAGAACGCGATCACCGCAGAGAACGTCGAAGA
GCTCATCGCCAAGAACATCACGGAGCGGTTCGACAACGACCACGAGGTCCTGGGGCTCTCTCAGCACTTCCGCCGCG
AGGGCTACGTCAAGCTGCCCGGACTGGTCTCCGAGGAGGTCTTCGAGGCGGTCGCCGCCGAGACCCACCAGCTGATC
GACACGCACCAGAAGCGGATCGACATCCGTCTCAAGGAGACCGGCGACTCGCCGCGCTTCATGTCCACCGTCGGCCA
GCGGGCGATCGCCACCGACGGGTCGCTGATCCCGGCCGTCTACGAGTCGCCGGCGCTCAAGGGCTTCCTGTCCCGCC
TCGCCAAGGAGGAGGTCATGGACTGCCCGTGGGACGAGGAGAAGTACATCATCACCCGCCAGCACCAGAAGGGCGAC
ACCCACGGCTGGCACTGGGGCGACTTCAGCTTCACGGTCATCTGGCTGATCGAGGCGCCCTCCCTGGAGTACGGCGG
CATGCTCCAGTGCGTCCCGCACACCGACTGGAACAAGGACGACCCGCGCGTCGAGGAGTACCTGCAGCAGCACCCGA
TCCGCTCGTACGGCCACGCGCGGGGCGATCTGTACTTCCTGCGCTCGGACACCACGCTGCACCGCACGGTTCCGCTG
AACGCCGACAAGACCCGCATCATCCTCAACACCTGCTGGGCGAGCCGCACGGACAGCCAGAAGGCGACCACCCACGA
GACGATGAACGCGATGTTCGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAG 
 
WP_004985557 (Streptomyces viridosporus HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGACGCAGAACGCGATCACCGCAGAGAACGTCGAAGA
GCTCATCGCCAAGAACCTCACGGAGCGGTTCGACGACGACCACGAGGTCCTCAAGCTCTCCCAGCACTTCCGCCGCG
AGGGGTACGTCAAGCTGCCCGGCCTGGTCTCCGCGGAGGTCTTCGAGGCGGTCGCCGCCGAGACCCACCAGCTGCTC
GACACGCACCAGAAGCGCATCGACATCCGTCTGAAGGAGACCGGCGACTCGCCGCGCTTCATGTCCACCGTCGGGCA
GAAGGCGATCGCCGCCGACGGCTCGCTGATCCCGGCCGTCTACGAGTCGCCGGCGCTCAAGGGCTTCCTCTCCCGCC
TCGCGAAGGAGGAGGTCGTGGACTGCCCGTGGGACGAGGAGAAGTACATCATCACCCGCCAGCACCAGAAGGGCGAC
ACCCACGGCTGGCACTGGGGAGACTTCAGCTTCACGGTCATCTGGCTGATCGAGGCGCCCGCCCTGGAGTACGGCGG
CATGCTCCAGTGCGTTCCGCACACCGACTGGAACAAGGACGACCCGCGCGTCGAGGAGTACCTGCAGCAGCACCCGA
TCCGCTCCTACGGCCACGCCCGGGGCGACCTGTACTTCCTGCGCTCGGACACCACGCTGCACCGCACGGTCCCGCTG
AACGCCGACAAGACCCGCATCATCCTCAACACCTGCTGGGCGAGCCGCGCGGACAGCCAGAAGGCGACCACCCACGA
GACGATGAACGCGATGTTCGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGC 
 
WP_067690966 (Actinoplanes awajinensis HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGACTGTCGAGATTACGTCGTCGAATGTCGAAGAGCT
TATCGCGAAGCACCTCACCGAGGAGTTCGCCGACGACAACAAGGTTCGCGCGCTGTCCCAGCACTTTCGGCGTGAGG
GCTACGTAAAGCTGTCCGGCCTGGTCTCGCCGGAGATCTTCGCCGCGGTCACCAAGGAAACGCACGACATCCTGGAC
CTGCACGCCAAGCGGATCGACATCCACCTCAAGGAGACCGGCAACACGCCGCGCTTCATGAGCACCGTCAGCCAGGC
CGCGATCGCCGCCGACGCGAAGCTGATCCCCGCCGTGTACGAGTCGCCGGCGCTGAAGGGCTTCCTGTCCCGCATCG
CCGCCGAGGAGGTCATGGACTGCCCGTGGGAGGGCGAGAAGTACATCATCATCCGCCAGGAGCGGGTCGGTGACACC
CACGGCTGGCACTGGGGCGACTTCCCCTTCACCGTCATCTGGATCATCGAGGCGCCGGCCACCGAGTTCGGCGGCAT
GCTCCAGACCGTGCCGCACACCGACTGGAACAAGGAAGACCCGCAGGTCAGCGAGTACCTGATCAACAACGTGATCA
AGACCTGGCCGCACTCCACCGGCGAGCTGTACTTCCTGCGGTCGGACACCACGCTGCACCGCACGATCCCGCTGAAC
GCGGACCGCACCCGGATCATCCTCAACACCTGCTGGGGCAACGCAGCGACCGCAGGCCGCCCGCAGAGCCACGAGAC
CATGGAAGCGATGTTCGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGA 
 
WP_003966730 (Streptomyces griseus HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGTCATTCGAGGAAATCACCCCGGCCGGTATCGAGAA
GGACCTCGCGAACCACTTCGCGGAGGCTTTCGACGACGCCACGCTGGTCGAGCTCTCGCAGAGCTTCCGGCGCAACG
GCTACGTGAAGCTGTCGAACTTCGTCTCCGAAGACCTCTTCAAGACGGTCACCAAGGAGTGCCACCGCCTCCTCGAC
CTGCACCAGCAGCGCATCGACATCCACCTCAAGGAGACCAGCAACTCCCCGCGCTTCATGAGCACGGTGAGCCAGAA
GGCCATCGAGCAGGACAGCGAGCTCGTCCGGACCGTCTACAACTCCGAGGCGATGATGGGCGCGCTGTCCCGCATCG
CCGCCGAGCCGGTCCTGCCGTGCCCGTGGGACGAGGAGAAGTACGTCCTCATCCGCCAGCACAAGCAGGGCGACACG
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CACGGCTGGCACTGGGGCGACTTCAGCTTCACCGTCATCTGGATCATCGAGGCGCCGGAAGCGGAGTTCGGCGGCCA
GCTCCAGGCCGTGCCGCACACGGACTGGAACAAGGAGGACCCGCGGGTCCACGAGTACCTCGCCAAGCACCAGATCA
GCACCTACCCGCACGCCACCGGCGAGATGTACTTCCTGCGGTCGGACACGACCCTGCACCGCACGATTCCGCTGAAC
GCCGACCGGACGCGCATCATCCTCAACACCTGCTGGGGCAGCGAGAAGGACCAGCAGAAGACCGCGTCCCACGAGAC
CATGCAGGCGATGTTCAGCTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGC 
 
WP_020275004 (Streptomyces afghaniensis HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGTCATTCGACGAGATTGCCCCGGCGCAGATCGAGAA
GGAGCTGGCGAACCACTTCGCGGGCGCTTTTGACGACGCCGCGCTGCGTGAGCTGTCGCAGAGCTTCCGGCGCAACG
GCTACGTGAAACTGTCGAACTTCGTCTCGAAGGACCTCTTCCAGACCATCACGAAGGAGTGCCACAGGCTGCTGGAC
CTGCACCAGCAGCGCATCGACATCCATCTGAAGGAGACCAGCAACTCGCCGCGCTTCATGAGCACGGTGAGCCAGAA
GGCCATCGAGAACGACAGCGAACTCGTCCGGGCCGTCTACAACTCCGAGGCGATGATGGGCACTCTGTCCCGCATCG
CCGGCCAGCCGGTCCTGCCCTGCCCCTGGGACGAGGAGAAGTACGTCCTCATCCGCCAGCACAAGCAGGGTGACACG
CACGGCTGGCACTGGGGCGACTTCAGCTTCACCGTCATCTGGATCATCGAGGCGCCGGGCCCGGAGTTCGGCGGGCA
GCTCCAGGCCGTTCCGCACACGGACTGGGACAAGGACGACCCGCGGGTCCACGAGTACCTCGCCAAGCACCCGATCA
GCACGTACCCGCACGCCACCGGCGAGATGTACTTCCTGCGGTCGGACACCACCCTGCACCGCACGATTCCGCTGAAC
GCCGACAAGACGCGGATCATCCTCAACACCTGCTGGGGCAGCGAGCAGGACCAGTTGAAGAAGGCGACCCACGAAAC
CATGCAGGCGATGTTCAACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGC 
 
WP_044582715 (Streptomyces iranensis HalB) 
ATGACCACGAATACGCCTACAACCGGTGTCCGTACGCTCGACCAGGACGCATTCGACCGTCATCTCAAGGAATTCTC
CGAGAACGCCCCCATCCTCGAGTACTCGCAAGCGTTCCGCCGGGAAGGTTACGTCAAGCTCACCGGTCTGGTCTCGG
CGGATCTGTTCGCCGAGGTCGTCAGCGAAGTGGGCGACCTGCTGGACCAGCACGCCCAGCGTATCGACATCGAACTC
AAAGAGACCGGGAATTCGCCGCGCAGGATGCACACGGTCAGCGCGGCCGACATCGCCCGCGACTCCCGGCTCATTTC
CGCGATTTACGACTCCGCGAGCATCCGCGACACGCTGGGCCGGATCGCCCAGGCCGACGTGCGGCCCTGCCCCTGGG
AGGGCGAGAAGTACGTCATCATCCGCCAGGACCAGCCGGGCGACACCCATGGATGGCACTGGGGGGACTTCAGCTAC
ACACTGATCTGGATCATCCAGGCGCCCGGCCCCGAGGTGGGCGGGATGCTGCAGTGCGTGCCGCACACCAACTGGGA
CAAGCAGAACCCGCGGGTGCACGAGTACCTCCAGAACCACCCCATCCGCACCTACGCCAACGCCACCGGCGACCTGT
ACTTCCTGCGTTCGGACACCACCCTCCACCGGACGATCCCGCTCAGCAGGCCGGCCACCCGCATCATCCTCAACACC
TGCTGGGCCAGCACCGCCGACGTCGAACGTCCCACCACACACGAAACCATGGACGCGATGTTCTCCTCCTGA 
 
WP_019057205 (Streptomyces prunicolor HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAGCTCCACGCAGGTCACCCCGGAAAACATCGATTC
AATTCTCGCCGAGCACATCTCTGAGGTGTTCGACGATGAACGCTTCAGGCGAGACTCGCAGAAATTCAGGCGCGAAG
GTTACATAAAGGTCCGCGAACTGGTTCCGGACGCCGTCTTCGAAGGGCTGCAAAAAGAAGTACGCGACATCATCGCG
CAGCACGAGAAACGCATCGACGTCCATCTGCCGGAGACCAGCAACTCGCCCCGCTACATGAGCACCGTGAGCGCCTC
CGCCATCATCAAGGACGGCAGCCTCATCCCGGCGGTCTACAACTCCTCGGCGCTCAGGGACGCGTTGTCCAGGCTCG
CGGCCGAGGCCGTCATCGACTGTTCCTGGGACGGCGAGAAATACGCGATCCTGCACCAGCACAAGAAGGGCGACACC
CACGGCTGGCACTGGGGCGACTTCAGCTACGCCATCGTGTGGATCATCGAGGCCCCGGACCTGAAGTACGGCGGGGC
CCTGCAGTGCATCCCGCACACGGACTGGGACAAGTCCGATCCGCGGGTGATGGACTACATCCTCGAAAACCCCATCC
GCACCTACGGAAACGTCACCAGGGACCTGTACTTCTTCCGCACGGACACGACCCTGCACCGGACGATTCCCTTGTCC
GAGGACAAGACACGCATCATCCTCAACACCACGTTCGCCGCTGAACGCGACCTGAAGAAGAACGTCACCCACGAGAC
GATGGGCGCCATGTTCGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTG 
 
WP_019233318 (Legionella anisa HalC) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAATACATTAAATGACACTATTTCTTCTTATAGTAA
TGCTGCATTTACGGCGAAAAAAATTCGAAAGTTGCGTGAAGAATTTTCTCGTCATGGCATAGTCAAAATTCCTGATA
TTGTCAGTGAACAACTCAAACAAAATATTCACAATGAAATTTACGGTTTACTCGAAAACTATGCCGAACGTCGCGAT
CTTCTTTTAAAAACTACTGACAATACTCCGCGATACTTAAGTGTGGTGCGTAGTGAATTAATCGAAGAGCAGAGCAA
GATGATTAGGGAAGTTAGAGAATCAGATGCACTATTGCAATTTTTAGAGAAAATTACCCAAGAGAAATTATTAACCC
ATGTCAAAGAAGATGAAAAATTTGTGATTACCAAGCAAGAGTTCAGCGGTGATACTCATGGTTGGCACTGGGGAGAT
TATAGTTTTGCTTTGATCTGGATCGTCGAAATGCCACCAGTTGATTGTGGTGGAATGTTACAATGTGTCCCTCATAC
AAGTTGGGATAAAGAAGCGCCTGACTTATATCAATATTTTTGTGATAACCCCATTTACACTCATTCATTTGTTCCCG
GCGATGTGTACTTATTGAAAGCCGATACGACCCTACATCGAACAGTACCCTTAAGATATGATGCAACTCGCATTATG
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CTCAATATGACCTGGGGCAGCATACGCGATCAGGATAACCCCTTTCTATCCGTTGATGATCGATGGTGGGATAATTT
AAATGCACAGGCTGCACTCCATGTTCACAACTGACGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAA 
 
WP_046063366 (Pseudomonas kilonensis HalD) 
ATGAGCGAACAAACGTCCAGCTTGGTTATTGAAGTAATGGAGCAGCAACTGGCCAAGCATTTCCAGGCTATTTTGCA
AGATGAAAACCGGATGAAGCAGATTCGTAATGAATTTCGCCGAGACGGTTATTTCAACTTCAAGAACTTTTCGTTTC
TACCGAAAAGGATCTTGGAAAATGTCCACGCCGAAGTCCATGCGTTATTGGATGAATATTCGGTGCGTCGCGATGTT
ACTGTTCCGTCCACAGGCAATACCTACCGCAAGATGTACAACGTCAACCAACCGGAGATCGCCGAAGGCGGGACATT
CATCCCTGCGCTCTACCAATCCGAGTCGCTGCGTAAGTTCCTGGGCAACATCGCTGGCGATGATCTGGCGTCTTGCT
GGGAGCAGGAGCAATACCTGGTCACCAAGCTGAGCCACCCGGGCGATACCCACGGCTGGCATTGGGGGGATTACCCG
TACACGATGATCTGGATCATCGAGGCGCCCGAGGACCCGGCGATTGGCGGCGTGCTCCAGTGCGTGCCACACAGCGA
ATGGGACAAGCAGAACCCGCAGATCTGGCAGTACATCCTCAATAACCCGATCAAGTCCTACCACCATCTCAAGGGTG
ATGTGTATTTCCTCAAGTCCGACACCACGTTGCACCACGTCGTGCCGATTCAGCAGGAAACCACTCGGATAATTCTC
AACACATGCTGGGCCAGCGCCCATGACCGGCGAACCGATGTCGCCCACGAAAGCATCGAAGTGATCTGGGACACCAA
GGCCCGGACCACCGAAGAAGCCTGA 
 
WP_041021480 (Pseudomonas sp. SHC52 HalD) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAGCGAACAAACATCTAGCTTGGTCATTGATGTAAT
GGAGCAGCAACTCTCCAAGCACTTCCAGGCTATTTTGCAAGATGAAAACCGTATGAAGCAGATTCGTAATGAATTTC
GCCGCGATGGGTATTTCAACTTCAAAAACTTTTCGTTTCTACCGAAGCGAATCCTGGAGAATGTTCATACCGAAGTG
CATGCATTGTTGGATGAATATTCCGTACGCCGTGATGTCACTGTTCCATCGACCGGTAATACTTATCGCAAGATGTA
TAACGTTAATCAGCCGGAAATCGCCGAAGGTGGGACTTTTATTCCGGCGCTTTACAAGTCCGAGTCGCTGCGCAATT
TCCTTGGCAACATCGCAGGCGACGATCTGGCGTCCTGCTGGGAGCAGGAGCAATACCTGATCACCAAACTGAGCCAT
CCAGGCGACACCCACGGCTGGCACTGGGGTGACTACCCCTACACCATGATCTGGATCATCGAGGCCCCTGAGGACCC
CGCGATCGGCGGCGTACTGCAATGCGTACCGCACAGCGAGTGGGACAAGGAGAACCCACAGATCTGGCAATACATCC
TGAACAATCCGATCAAGTCCTATCACCACCTCAAGGGTGACGTGTATTTCCTGAAGTCCGATACCACCTTGCACCAC
GTGGTGCCGATCCAACAGGAAACCACCCGCATCATTCTCAACACCTGCTGGGCCAGTGCCCACGACCGGCGAACCGA
TGTCGCCCATGAAAGTATCGAAGTGATCTGGGACACCAAAGCCAGGACCACCGAAGAGGCCTGATGAGGATCCGGCT
GCTAACAAAGCCCGAAAGGAAGCTGAG 
 
WP_053557074 (Streptomyces sp. pristinaespiralis HalF) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGCTCATGACGATCGAAGCCGTATCCCCCGCCATGAC
CATGCGTGAGGCCGCTGTCGCGCTCCTCGCCCACGGAAACGTCCCCGGCCCGCACGTCGACGCCGAACAGGTCGCCC
GTATCGACCGGATGATCGCACGGCACCGGCTCACCCTCGACGAGAAGCTGACGGCCGCCAAGCGGCAGTACTCGGCC
GAGCACTACGCAAGAACCACGGCGCTGCTGCCGGCCGAGCTGATCTCCGAACTGAGAGCAGAGGCGCGAAGACTCGC
GGACCTCAACACCCGGCGGATCGACATCACCGTCCCCGTCACCGGTGACACGCCCCGCAGGCTGGGCAGCCTGCCCA
ACTCGCTGTTCCAGGAGCAGAGCAAGCTGTTCACGGCGCTCTACAACTCCGTGGAGTTCCGCTCCGTGCTCTCCACC
GTGGTCGGTACGCCGGTCCTCGACGCCTCCTTCGAGGACGAGAAGATCACCGGCACCCACCAGAGCCGCGCGGGCGA
CACGCACGGCTGGCACTGGGGCGACCACGAGTTCGCCTTCATCTTCATCGCCGAGGCTCCGTCGATCGAGCACGGCG
GCATGCTCCAGGCCGTGCCGCACACGGTCTGGGACAAGAAGAACCCGGCCGTGCACGAGAACCTCGCCGGCGGCACC
ATCCGCACCTACCACCACGAGGCCGGCGAGTCGTACGTCTTCAAGACGGACACCACCCTGCACCGCACCGTCCCGAT
CCAGACCGAGGGCGTGGAGCGGATCATCGTGAACCTGACCCTCGCCAGCCTCAAGGACTGGCTGGAGGAGAAGTCCT
ACGAGACGACCAACGCCGTCTACACGGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCT 
 
WP_036209184 (Marinobacter pelagius HalG) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGGACAACCTGGAAGGTATTTTGAGCGCACACCATCG
AGATACATTCACTCAAGAGAAGCTGAAACGCGTCTCAGAGGATTTCTCACGAAATGGCTACATCAAGTTCGACATTG
GTGAACTGGTCCCTAAGCAAATTTTTGACTCAATCATCGTAGAGGCGAACAACCTGCTGGAACAGCACAGTATTCGA
CGCGATGTAAAAGTCGCTTCAACAGGTTATAGCAAGCGGTATATGAGTAATGTCACTGCCCAAGGCATCCGGGATCA
TGGAGAGGTCATCGAATCCTTATATAAATCCCCCGCTCTGCGAGACATCCTTGGGAAGCTTGCCGGCGATGAATTGG
CGAGCTGCTGGGAAGAAGAACACTACCTGATCAATAAGCTTGAACACGAAGGCGATACGCACGGATGGCACTGGGGC
GACTACCCATACACCGTGATCTGGATTCTGGACGCGCCAGCTATTGAACATGGCGGGATTCTACAGTGCATCCCGCA
CACGACTTGGGACAAGAACAACCCACAGGTTGAAAATTATATCATTGACCACCCTATTCGGTCTTACTACCACACCA
CCGGCCAAGCCTACTTTCTGAAATCGGACACAACGCTGCACAGGGTCACCCCGATCAAAGGAGAGGCTACCCGGATC
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ATCCTTAACACATGCTGGGCGAGTGCGAACGACCGGCGTGAAAATGTCGAGCATGAAACCATGGTAGCCGCTTTCAT
TTAACGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAA 
 
WP_024777807 (Pseudomonas corrugata HalH) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAGTAATCGAATAGCAGGTCTGGACTTGGCGGATGT
GGAACAGCAACTTTCCAAGCACTTCCGGGATTTCCTGGACAATGAAATCCGGATGAAACAGGTCCGTAACGCGTTTC
ATCAAGATGGCTATTTTCACTTCAAGGACTTTTCATTTCTACCTGGCGAGATGTGGGAAGAGCTTCATACCGAAGTG
CATGGGTTGCTCGATGAGTATTCGGCAGGACACGAGGCGACGGTCCTGTTTATCCATGATCCCCACCGCAAGGTTCA
TATGATCCCTCAAGCGCAGATCGCCGAGGGCGCAGCCGTGGTTCCGGCGCTCTATCACTCAGAGTCGCTACGCCACT
TCCTCAGCTGCATCGCAGACGAAGAACTGGCGTCTTGCCCGGACAGCGGACAGTACCTGATCAGCAGGCTGAATCAT
CCAGATGATACCCATGATTGGCATTGGGGTGATTACCCTTACACCCTGGTCTGGATCATTGAGGCTCCTGAAGGCCC
GGAGGGCGGCGATGTATTGCAATGCGTGCCCTACAGTAATGGGAACAAGGATGACTTGCACGTCTGGGAATACAGCC
TGGGCAACCCCGGCAAGGCCTGTCACCACCTCAGGGGTGATGTGTATTTCCTCAAGTCCGGTACCACGCTGCATCAT
CTGGTGCCAATTCAGCGAAACGCCACGCGCATCATTCTCAGTACCAGTTGGCTGGTGGCTGCGGCCGGCGAAGCGAT
GTTCTGTGGATAATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGA 
 
WP_047703910 (Pseudomonas mediterranea HalH) 
ATGAGTAATCGAAAAGCAGATCCGCTCTTGGTAAATGTGGCGCAGCAACTTTCCAGGCACTTCCAGGATTTCCTGAA
CAATGAAATCCGGATGAAGCAGGTCCGTAACGCGTTTCATCGGGATGGCTATTTCCACTTCAAGGATTTTTCATTTC
TACCTGGCGAGATGTGGGAAGAGCTTCATACCGAAGTGCATGGGCTGCTCAATGAATATTCAGTGGGTCACGAAGCG
ACCGTCCTGTTTATCCATGATCCCCACCGCAAAATCCATGTGATCCCGCAAGCGCAGATCGCCGAAGGCGGAGCCGT
GGTTCCGGCGCTTTATCATTCCGAGTCGCTACGCCGCTTCCTCGGCAGTATCGCAGGGGAAGAGCTGGTGTCCTGCC
AGGATCACGGTCAGTACCTGATCAGCAGGCTGAATCATCCCGACGATACCCATGGCTGGCATTGGGGCGATTATCCC
TACACCCTGGTCTGGATCGTCGAGGCGCCTGAAGACCCGGAGGGCGGCGACGTCCTGCAATGCGTGCCCTATAGCAA
CGGCAACAAGGATGACTTGCACGTTTGGGAATACAGCCTGGACGATCCTGGCAAGGCCTGTCCCCACCTCAAGGGTG
ATGTGTATTTCCTCAAGTCCGGTACCACGCTGCACCATCTGGTGCCGATTCAACGAAACGCTACGCGCATTATCCTC
AGTACCAGTTGGCAAGTAGCTCCGGCTGGCGAAGCGATGCCCTGTGGATAA 
 
Lysine cyclodeaminase (RapL) [2]  
CGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGCAGACTAAAGTGTTGTGCCAGCGCGATATCAAGCGTATTT
TATCTGTAGTGGGGCGCGATGTCATGATGGACCGCCTTATTAGCGAAGTTCATGCAGGATTTGCCCGCTTGGGCCGT
GGTGAGACAGACGAACCACCGCCTCGCACAGGATTTGCACGCGGGGGGGATGTACCCGGAGTAATTGAATTCATGCC
TCATCGCGCATCCGGTATTGGGGTTACAATGAAGACAGTCAGCTATTCGCCACAGAATTTCGAGCGCTTCAATCTTC
CTACTATCGTCGGGACTGTAAGCCGTTTAGATGACGATAGTGGATCAATGGTCGCTCTTGCAGATGCTGCGACGATC
ACGGCGATGCGTACAGGAGCGGTAGCGGCTGTTGCAACACGTCTGCTTGCTCGTCCAGGATCAACGACCTTGGCATT
GATCGGAGCCGGCGCTCAGGCGGTGACGCAAGCGCACGCCCTGAGTCGCGTTCTGCCGTTAGAGCGCATCTTGATTA
GCGACATCAAAGCTGAACATGCGGAATCTTTTGCAGGCCGCGTAGCATTCCTGGAACTTCCCGTTGAGGTAACAGAC
GCGGCCACCGCGATGGCTACAGCTGACGTATTATGTACGGTCACTTCCGTGCCTGTGGGGGGTGGACCTGTAGTGCC
GGCCGAGCCTCGTCAGGCTCATCTGCATGTGAATGGCATTGGAGCTGATGAGCAGGGCAAGACAGAGTTACCGAAAG
CGTTGCTGGATGATGCTTTTATTTGTGTTGATCACCCTGGGCAGGCCCGCGCAGAAGGGGAGTTTCAACAGCTGCCG
GATCGTGAATTAGGACCTAGCCTGGCTGATTTATGTGCAGCCCCAGAAATTGCCGCACCACATCCTGAGCGCTTATC
GGTGTTTGACAGCACCGGCTCGGCCTTCGCAGACCATATCGCTTTAGATGTACTGCTGGGATTCGCGGATGAGTTGG
GTTTAGGACACAAAATGTCTATCGAATCGACCCCAGAGGATGTTTTAGATCCATACTCGCTGTGAGGATCCGGCTGC
TAACAAAGCCCGAAAGGAAG 
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Table A1.3. Strains, plasmids, oligonucleotides, and sequences used in Chapter 4. (A) 
Strains and plasmids used in this study. (B) Oligonucleotides used for plasmid construction and 
sequencing. (C) Sequences of synthetic genes. (D) Untested plasmids related to Chapter 4. (E) 
Cloning table for untested constructs. (F) Oligonucleotides use to clone untested constructs.  
 
A1.3A. Strains and plasmids 
 

Strain Description Source 

BL21 Star (DE3) F-ompT hsdSB (rB-, mB-) gal dcm rne131 (DE3) Thermo-
Fisher 

   

Plasmid Description Source 

pET16b-His10-Hydrox His10-Hydrox (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hal His10-Hal (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hal_opt His10-Hal_opt (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hydrox D144G His10-Hydrox D144G (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hydrox D144G V225N  His10-Hydrox D144G V225N (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hydrox D144G N151I His10-Hydrox D144G N151I(T7), lacI, CbR, ColE1 This study 
pET16b-His10-Hydrox D144G N151I 
V225N  His10-Hydrox D144G N151I V225N (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hydrox D144G N151I 
V225N F150L 

His10-Hydrox D144G N151I V225N F150L (T7), lacI, CbR, 
ColE1 This study 

pET16b-His10-Hydrox D144G N151I 
V225N GAV218-220 to ST218-219 

His10-Hydrox D144G N151I V225N GAV218-220 to ST218-
219 (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Hydrox D144G N151I 
V225N M223I 

His10-Hydrox D144G N151I V225N M223I(T7), lacI, CbR, 
ColE1 This study 

pET16b-His10-Hydrox D144G N151I 
V225N V226M S227T 

His10-Hydrox D144G N151I V225N V226M S227T (T7), lacI, 
CbR, ColE1 This study 

pET16b-His10-Hydrox D144G N151I 
V225N S228A 

His10-Hydrox D144G N151I V225N S228A (T7), lacI, CbR, 
ColE1 This study 

pET16b-His10-Hydrox D144G N151I 
V225N E231K G235E V237D 

His10-Hydrox D144G N151I V225N E231K G235E V237D 
(T7), lacI, CbR, ColE1 This study 

pET16b-His10-Chimera His10-Chimera (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Chimera L150F His10-Chimera L150F (T7), lacI, CbR, ColE1 This study 
pET16b-His10-Chimera ST218-
219GAV His10-Chimera ST218-219GAV (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Chimera I222M His10-Chimera I222M (T7), lacI, CbR, ColE1 This study 
pET16b-His10-Chimera M225V 
T226S His10-Chimera M225V T226S (T7), lacI, CbR, ColE1 This study 

pET16b-His10-Chimera A228S His10-Chimera A228S (T7), lacI, CbR, ColE1 This study 
pET16b-His10-Chimera K230E 
E234G D236V His10-Chimera K230E E234G D236V (T7), lacI, CbR, ColE1 This study 

pET16b- His10-PrescissionCutSite-
IMDPH His10-PrescissionCutSite-IMDPH (T7), lacI, CbR, ColE1 This study 

pACYC-DUET-BesC.MBP-BesB BesC (T7) and MBP-BesB (T7) from P. fluorescens, lacI, 
CmR, ColE1 This study 

pPra BesD (T7) and BesC (T7) from P. fluorescens, MBP-sBesB 
(T7) from S. sp. NRRL S-1448, lacI, CbR, ColE1 Ref. [3] 

pACYC-DUET lacI, f1, CmR, ColE1 Novagen 

pRARE tRNAIle(AUA), tRNASer(AGG), tRNASer(AGA), tRNAAsp(CUA), 
tRNAGly(CCC), tRNAGly(GGA), CmR Novagen 
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A1.3B. Oligonucleotide sequences 
 

Name Sequence 

HalHydrox-F  atcatcatcacagcagcggccatctagaagtgctttttcagggcccgcat 

HalHydrox-R  cagcttcctttcgggctttgttagcagccggatc 

Hydrox D144G-F ctggcactgggatgactactcgtttgctttgatttgggcct 

Hydrox D144G-R aaagcaaacgagtagtcatcccagtgccagccgtgagtgtc 

Hydrox V225N-F gtgcgtacaatgctgaatgtcagttggtcggcagaacgcgact 

Hydrox V225N-R tgccgaccaactgacattcagcattgtacgcacagctccatc 

Hydrox D144G N151I-F ggtgattatagtttcgcctttatttgggctcttcgcatgccg 

Hydrox D144G N151I-R aagagcccaaataaaggcgaaactataatcaccccagtgc 

ChP1-R gagcccaaatcaaggcgaaactataatcaccccagtgccacccatgtgtgtc 

ChP2-F ggtgattatagtttcgccttgatttgggctcttcgcatgccgccgattgcctc 

ChP2-R cgcccaggtcatgttcagtatagtcctagttgaatcttcagttaacgggaccgtgcg 

ChP3-F taggactatactgaacatgacctgggcggcaaaacgcgacttggaaaaggatcttgttgg 

HydroxTM F150L-F ggcactggggtgattatagtttcgccttgatttgggctcttcgcatgccg 

HydroxTM F150L-R aagagcccaaatcaaggcgaaactataatcaccccagtgcc 

HydroxTM GAVtoST-F cgcacggtcccgttaactgaagattcaactcgtacaatgctgaatgtcagttggtcg 

HydroxTM GAVtoST-R ttgtacgagttgaatcttcagttaacgggaccgtgcg 

HydroxTM M223I-F actgaagatggagctgtgcgtacaatactgaatgtcagttggtcggcagaac 

HydroxTM M223I-R ctgacattcagtattgtacgcacagctccatcttcagt 

HydroxTM NVS to NMT-F tggagctgtgcgtacaatgctgaatatgacctggtcggcagaacgcgact 

HydroxTM NVS to NMT-R ccgaccaggtcatattcagcattgtacgcacagctcca 

HydroxTM S228A-F tgcgtacaatgctgaatgtcagttgggcggcagaacgcgacttgggaaagg 

HydroxTM S228A-R ttctgccgcccaactgacattcagcattgtacgca 

HydroxTM E230K G234E V236D tgctgaatgtcagttggtcggcaaaacgcgacttggaaaaggatcttaccg 

HydroxTM E230K G234E V236D tttccaagtcgcgttttgccgaccaactgacattcagca 

Ch L150F-F gcactggggtgattatagtttcgccttcatttgggctcttcgcatgccg 

Ch L150F-R gagcccaaatgaaggcgaaactataatcaccccagtgc 

Ch STtoGAV-F cgcacggtcccgttaactgaagatggagctgtgaggactatactgaacatgacctgggcg 

Ch STtoGAV-R cctcacagctccatcttcagttaacgggaccgtgcg 

Ch I222M-F ggtcccgttaactgaagattcaactaggactatgctgaacatgacctgggcggc 

Ch I222M-R agtcctagttgaatcttcagttaacgggacc 

Ch NMT to NVS-F ccgttaactgaagattcaactaggactatactgaacgtcagttgggcggcaaaacgcgac 

Ch NMT to NVS-R gttcagtatagtcctagttgaatcttcagttaacgg 

Ch A228S-F tcaactaggactatactgaacatgacctggtcggcaaaacgcgacttggaaaaggatct 

Ch A228S-R gttttgccgaccaggtcatgttcagtatagtcctagttgaatct 

Ch K230E E234G D236V-F ctaggactatactgaacatgacctgggcggcagaacgcgacttgggaaaggttcttac 

Ch K230E E234G D236V-R tgccgcccaggtcatgttca 

pET16-anneal-R cgtatcacgaggccctttcgtcttc 
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pBesCB-F taattttgtttaactttaataaggagatataccccatgtccatcactcaagaaacgtttca 

pBesCB-R gcagcagcggtttctttaccagactcgagggtacctcacaagggacgcagagcttgct 

IMDPH-F tcatcatcatcatcatcatcacagcagcggccatctagaagtgctttttcagggcccgcatatgctacgtatcg
ctaaagaagctctgac 

IMDPH-R cagcttcctttcgggctttgttagcagccggatcctcaggagcccagacggtagttcggg 

Prescission-seq-F ctagaagtgctttttcagggcccg 

 
 
A1.3C. Synthetic gene sequences 
 
WP_107105619 (Streptomyces sp. MBT76 Hydrox, E. coli codon optimized) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGGACGTGCATGAAATTGACGAAACCTTAGAAAAATT
CTTAGCGGAGAACTATACTCCGGAACGCGTTCAGCAACTGGCAGATCGTTTCCAGCGTACCGGATTCGTGAAGTTCG
ACTCTCATATGCGCATCGTGCCTGAAGAACTGATCACCGCTGTTCGCGCGGAGGCCGATCGCCTGGTTCGCGAGCAT
AAAGAGCGTCGTGACCTTGTGTTAGGTACAACTGGTGGGACGCCCCGTAATTTAAGCGTAGTCAAATCACAGGACGT
GGAGCAATCAGACTTAATTCGCGCCGTCACTCGCTCAGAGGTGTTGCTTACGTTTTTGGCTGGGATCACCCGTGAAC
GCATTATCCCTGAGGTGTCTGATGATGAGCGCTACTTGATCACTCACCAAGAGTTTGCGAGTGACACACATGGGTGG
CACTGGGACGATTATAGTTTCGCCTTTAATTGGGCTCTTCGCATGCCGCCGATTGCCTCTGGAGGGATGGTGCAGGC
TGTCCCACACACCCATTGGGATAAGAACGCGCCTCGTATCAATGAAACGCTGTGCGAGCGTCAGATCGACACGTACG
GGCTTGTGTCGGGCGACTTGTATCTGCTTCGTTCAGATACCACGATGCACCGCACGGTCCCGTTAACTGAAGATGGA
GCTGTGCGTACAATGCTGGTTGTCAGTTGGTCGGCAGAACGCGACTTGGGAAAGGTTCTTACCGGGAATGATCGCTG
GTGGGAGAATCCAGAAGCAGGCGCCGCTCAACCAGTGCATCGTGCGGGATGAGGATCCGGCTGCTAACAAAGCCCGA
AAGGAA 
 
WP_122981682 (Actinoplanes teichomyceticus Hal, E. coli codon optimized) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAACGTAGAGCAGATCGACGAAAATTTAGCCAAATT
TCTTGCGGAACGCTATACCCCTGAGTCCGTGGCACAGTTGGCCGACCGTTTCCATCGCTTCGGTTTTGTAAAGTTTG
ACGCCGCTAATCGCCTGGTTCCAGACGAATTGCAAACTGCTGTGCGCGAAGAATGCGATTTACTTATCGAACAGCAT
AAAGAACGCCGTAACTTATTACTTTCTACAACTGGCAATACCCCGCGTCGTATGTCCGTTGTAAAAAGCGAGGAAAT
TGAGAAGTCCGAGCTTATCTCTACATTGTCGCGCTCCGAGGTTTTACTTGGCTTTTTGGCGGGTATCACCCGTGAGG
AAATTATCCCTGAAGTGTCATCGGATGAGCGTTATCTTATTACACATCAAGAATTCAAATCCGACACTCACGGCTGG
CACTGGGGTGACTACTCGTTTGCTTTGATTTGGGCCTTACGCATGCCACCAATCGAGCACGGTGGTATGCTTCAAGC
AGTCCCACATACACACTGGGATAAATCAAACCCGCGCATCAATCAAACATTGTGTGAACGCGAGATTAACACCCATG
GGTTAGAAAGTGGTGATTTATATTTACTTCGTACAGACACCACACTGCATCGTACAGTCCCGCTTTCCGAGGATTCT
ACCCGTACCATCCTGAACATGACTTGGGCCGCGAAGCGCGACTTGGAAAAGGACTTAGTGGGGAATGATCGCTGGTG
GGAAAATCCCGAGGCCGAAGCGGCACGCGCTGTAGACAATGCGTGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAA 
 
WP_122981682_optimized (Actinoplanes teichomyceticus Hal, optimized to match Hydrox) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAACGTGGAGCAAATTGACGAAAACTTAGCAAAATT
CTTAGCGGAGCGCTATACTCCGGAATCCGTTGCGCAACTGGCAGATCGTTTCCATCGTTTCGGATTCGTGAAGTTCG
ACGCTGCTAATCGCCTCGTGCCTGACGAACTGCAAACCGCTGTTCGCGAGGAGTGCGATCTCCTGATTGAGCAGCAT
AAAGAGCGTCGTAACCTTCTGTTAAGTACAACTGGTAATACGCCCCGTCGTATGAGCGTAGTCAAATCAGAGGAAAT
TGAGAAATCAGAGTTAATTAGCACCCTCTCTCGCTCAGAGGTGTTGCTTGGGTTTTTGGCTGGGATCACCCGTGAAG
AAATTATCCCTGAGGTGTCTTCTGATGAGCGCTACTTGATCACTCACCAAGAGTTTAAGAGTGACACACATGGGTGG
CACTGGGGTGATTATAGTTTCGCCTTGATTTGGGCTCTTCGCATGCCGCCGATTGAGCATGGAGGGATGCTGCAGGC
TGTCCCACACACCCATTGGGATAAGTCCAACCCTCGTATCAATCAAACGCTGTGCGAGCGTGAGATCAACACGCACG
GGCTTGAGTCGGGCGACTTGTATCTGCTTCGTACAGATACCACGCTGCACCGCACGGTCCCGTTATCTGAAGATTCA
ACTAGGACTATACTGAACATGACCTGGGCGGCAAAACGCGACTTGGAAAAGGATCTTGTTGGGAATGATCGCTGGTG
GGAGAATCCAGAAGCAGAAGCCGCTCGAGCAGTGGATAATGCGTGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAA 
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A1.3D. Untested plasmids associated with Chapter 4 
 

Number Plasmid Description 
1 pET16b-His10-Hal I151N His10-Hal I151N (T7), lacI, CbR, ColE1 
2 pET16b-His10-Hal G144D His10-Hal G144D (T7), lacI, CbR, ColE1 
3 pET16b-His10-Hal N225V His10-Hal N225V (T7), lacI, CbR, ColE1 
4 pET16b-His10-Hal G144D I151N His10-Hal G144D I151N (T7), lacI, CbR, ColE1 
5 pET16b-His10-Hal G144D L150F I151N His10-Hal G144D L150F I151N (T7), lacI, CbR, ColE1 
6 pET16b-His10-Hal I151NNK His10-Hal I151NNK (T7), lacI, CbR, ColE1 
7 pET16b-His10-Hydrox N151I  His10-Hydrox N151I (T7), lacI, CbR, ColE1 
8 pET16b-His10-Hydrox V225N N151I His10-Hydrox V225N N151I (T7), lacI, CbR, ColE1 
9 pET16b-His10-SlBesD N219V His10-SlBesD N219V (T7), lacI, CbR, ColE1 
10 pET16b-His10-SlBesD I151N His10-SlBesD I151N (T7), lacI, CbR, ColE1 
11 pET16b-His10-Hal G144D I151N N225V His10-Hal G144D I151N N225V (T7), lacI, CbR, ColE1 
12 pET16b-His10-Hal I151N N225V His10-Hal I151N N225V (T7), lacI, CbR, ColE1 
13 pET16b-His10-Hal G144D N225V His10-Hal G144D N225V (T7), lacI, CbR, ColE1 
14 pET16b-His10-Hal I151A His10-Hal I151A (T7), lacI, CbR, ColE1 
15 pET16b-His10-Hal I151V His10-Hal I151V (T7), lacI, CbR, ColE1 
16 pET16b-His10-Hal G144D L150F I151N 

N225V 
His10-Hal G144D L150F I151N N225V (T7), lacI, CbR, 
ColE1 

17 pET16b-His10-Hydrox V225N His10-Hydrox V225N (T7), lacI, CbR, ColE1 

 
A1.3E. Cloning table for untested plasmids. All constructs were made from a 3-piece Gibson 
reaction with piece A, piece B, and NdeI/HindIII-cut pET16b-His10-Prescission-IMDPH vector. 
Numbers correspond to the plasmids in A1.3D.  
 

 PCR template Forward primer Reverse primer 
1a pET16b-His10-Hal HalHydrox-F Hal I151N-R 
1b pET16b-His10-Hal Hal I151N-F pET16-anneal-R 
2a pET16b-His10-Hal HalHydrox-F Hal G144D-R 
2b pET16b-His10-Hal Hal G144D-F pET16-anneal-R 
3a pET16b-His10-Hal HalHydrox-F Hal N225V-R 
3b pET16b-His10-Hal Hal N225V-F pET16-anneal-R 
4a pET16b-His10-Hal G144D HalHydrox-F Hal G144D I151N-R 
4b pET16b-His10-Hal G144D Hal G144D I151N-F pET16-anneal-R 
5a pET16b-His10-Hal G144D HalHydrox-F Hal G144D L150F I151N-R 
5b pET16b-His10-Hal G144D Hal G144D L150F I151N-F pET16-anneal-R 
6a pET16b-His10-Hal HalHydrox-F Hal I151NNK-F 
6b pET16b-His10-Hal Hal I151NNK-R pET16-anneal-R 
7a pET16b-His10-Hydrox HalHydrox-F Hydrox N151I-R 
7b pET16b-His10-Hydrox Hydrox N151I-F pET16-anneal-R 
8a pET16b-His10-Hydrox V225N HalHydrox-F Hydrox N151I-R 
8b pET16b-His10-Hydrox V225N Hydrox N151I-F pET16-anneal-R 
9a pET16b-His10-SlBesD HalHydrox-F SlBesD N219V-R 
9b pET16b-His10-SlBesD SlBesD N219V-F pET16-anneal-R 
10a pET16b-His10-SlBesD HalHydrox-F SlBesD I151N-R 
10b pET16b-His10-SlBesD SlBesD I51N-F pET16-anneal-R 
11a pET16b-His10-Hal G144D N225V HalHydrox-F Hal G144D I151N-R 
11b pET16b-His10-Hal G144D N225V Hal G144D I151N-F pET16-anneal-R 
12a pET16b-His10-Hal N225V HalHydrox-F Hal I151N-R 
12b pET16b-His10-Hal N225V Hal I151N-F pET16-anneal-R 
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13a pET16b-His10-Hal G144D HalHydrox-F Hal N225V-R 
13b pET16b-His10-Hal G144D Hal N225V-F pET16-anneal-R 
16a pET16b-His10-Hal G144D N225V HalHydrox-F Hal G144D L150F I151N-R 
16b pET16b-His10-Hal G144D N225V Hal G144D L150F I151N-F pET16-anneal-R 
17a pET16b-His10-Hal G144D N225V HalHydrox-F Hydrox V225N-R 
17b pET16b-His10-Hal G144D N225V Hydrox V225N -F pET16-anneal-R 

 
A1.3F. Oligonucleotide sequences for untested plasmids. Numbers correspond to the 
plasmids in A1.3D. 
 

Associated construct Primer Sequence 
1, 12 Hal I151N-F gcactggggtgactactcgtttgctttgaattgggccttacgcatgccacc 
1, 12 Hal I151N-R caaagcaaacgagtagtcaccccagtgc 

2 Hal G144D-F ctggcactgggatgactactcgtttgctttgatttgggcct 
2 Hal G144D-R aaagcaaacgagtagtcatcccagtgccagccgtgagtgtc 

3, 13 Hal N225V-F cgtaccatcctggttatgacttgggccgcgaagcgcgac 
3, 13 Hal N225V-R gcggcccaagtcataaccaggatggtacgggtagaatcctcgg 
4, 11 Hal G144D I151N-F gcactgggatgactactcgtttgctttgaattgggccttacgcatgccacc 
4, 11 Hal G144D I151N-R caaagcaaacgagtagtcatcccagtgc 
5, 16 Hal G144D L150F I151N-F gcactgggatgactactcgtttgcttttaattgggccttacgcatgccacc 
5, 16 Hal G144D L150F I151N-R aaaagcaaacgagtagtcatcccagtgc 

6, 14, 15 Hal I151NNK-F actggggtgactactcgtttgctttgnnktgggccttacgcatgccacc 
6, 14, 15 Hal I151NNK-R caaagcaaacgagtagtcaccccagt 

7 Hydrox N151I-F ttatagtttcgcctttatttgggctcttcgcatgccg 
7 Hydrox N151I-R cgaagagcccaaataaaggcgaaactataatcgtcccagtgc 
8 Hydrox N151I-F ttatagtttcgcctttatttgggctcttcgcatgccg 
8 Hydrox N151I-R cgaagagcccaaataaaggcgaaactataatcgtcccagtgc 
9 SlBesD N219V-F ggacaccacccgcatcatcctggtcatgacctgggcgggcgag 
9 SlBesD N219V-R ctcgcccgcccaggtcatgaccaggatgatgcgggtggtgtcc 
10 SlBesD I51N-F ggcgatttcagcttcgccctcaactgggtgctccaggcccc 
10 SlBesD I151N-R ggggcctggagcacccagttgagggcgaagctgaaatcgcc 
17 Hydrox V225N-F gtgcgtacaatgctgaatgtcagttggtcggcagaacgcgact 
17 Hydrox V225N-R tgccgaccaactgacattcagcattgtacgcacagctccatc 
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Table A1.4. Strains, plasmids, oligonucleotides, and sequences used in Chapter 5. (A) 
Strains and plasmids used in this study. (B) Oligonucleotides used for plasmid construction and 
sequencing. (C) Sequences of synthetic genes.  
 
A1.4A. Strains and plasmids 
 

Strain Description Source 

BL21 Star (DE3) F-ompT hsdSB (rB-, mB-) gal dcm rne131 (DE3) Thermo-
Fisher    

Plasmid Description Source 
pET16b-His10-SlavenduligriseusBesD His10-SlavenduligriseusBesD (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwuyuanensisHalB His10-SwuyuanensisHalB (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwHalB M246NNK His10-SlBesD R74A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwHalB F250NNK His10-SlBesD W238A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwHalB M246V F250NNK His10-SlBesD W239A(T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwHalB M246L F250NNK His10-SlBesD H134A (T7), lacI, CbR, ColE1 This study 
pET16b-His10-SwHalB M246I F250NNK His10-SlBesD D140A (T7), lacI, CbR, ColE1 This study 
pET16b- His10-PrescissionCutSite-
IMDPH His10-PrescissionCutSite-IMDPH (T7), lacI, CbR, ColE1 This study 
pET16b-His10-PkilonensisHalD His10-PkilonensisHalD (T7), lacI, CbR, ColE1 This study 

pACYC-DUET-BesC.MBP-BesB BesC (T7) and MBP-BesB (T7) from P. fluorescens, lacI, 
CmR, ColE1 This study 

pPra BesD (T7) and BesC (T7) from P. fluorescens, MBP-
sBesB (T7) from S. sp. NRRL S-1448, lacI, CbR, ColE1 Ref. [3] 

pACYC-DUET lacI, f1, CmR, ColE1 Novagen 

pRARE tRNAIle(AUA), tRNASer(AGG), tRNASer(AGA), 
tRNAAsp(CUA), tRNAGly(CCC), tRNAGly(GGA), CmR Novagen 

 
 
A1.4B. Oligonucleotide sequences 
 

Name Sequence 
His10-SlBesD-F gcggccatctagaagtgctttttcagggcccgcatatgagcagcaatgggcaggaaagcaccgtcgtca 
His10-SlBesD-R cctttcgggctttgttagcagccggatcctcgagtcagtcatccagtgcagcggctgccggc 
His10-SwHalB-F agcagcggccatctagaagtgctttttcagggcccgcatatgaccgagaacagcatcaccgc 
His10-SwHalB M246NNK-
R cagcttcctttcgggctttgttagcagccggatcctcatcagtcgaacatcgcgttmnnggtctcgtgggtggtcgcc 
His10-SwHalB F250NNK-
R cagcttcctttcgggctttgttagcagccggatcctcatcagtcmnncatcgcgttcatggtctcgtgggtggtcgcc 

His10-SwHalB M246V 
F250NNK-R cagcttcctttcgggctttgttagcagccggatcctcatcagtcmnncatcgcgttaacggtctcgtgggtggtcgcc 
His10-SwHalB M246L 
F250NNK-R cagcttcctttcgggctttgttagcagccggatcctcatcagtcmnncatcgcgttcaaggtctcgtgggtggtcgcc 

His10-SwHalB M246I 
F250NNK-R cagcttcctttcgggctttgttagcagccggatcctcatcagtcmnncatcgcgttaatggtctcgtgggtggtcgcc  

pET16-anneal-R cgtatcacgaggccctttcgtcttc 
His10-PkilonensisHalD-F agcagcggccatctagaagtgctttttcagggcccgcatatgagcgaacaaacgtccagcttg 
His10-PkilonensisHalD-R ttcctttcgggctttgttagcagccggatcctcgagtcaggcttcttcggtggtccg 
ChDB1-F gcggccatctagaagtgctttttcagggcccgcatatgagcagcaatgggcaggaaagcaccgtcgtca 
ChDB1-R ctggaggcggagatcaatccgctcggcgtatttctccagcagccggtc 
ChDB2-F aatacgccgagcggattgatctccgcctccagaccaccggatacacccg 
ChDB2-R gataatgaattcctcgtcggcccaggggcaggggtgcagtttctcgccgg 
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ChDB3-F cccctgggccgacgaggaattcattatcacccggcaggaacggagcgggg 
ChDB3-R ggtctcgtgggtggtcgccttctgctggtcccgctcgcccgcccaggtc 
ChDB4-F gaccagcagaaggcgaccacccacgagacc 
ChDB4-R cgtatcacgaggccctttcgtcttc 
pBesCB-F taattttgtttaactttaataaggagatataccccatgtccatcactcaagaaacgtttca 
pBesCB-R gcagcagcggtttctttaccagactcgagggtacctcacaagggacgcagagcttgct 

IMDPH-F tcatcatcatcatcatcatcacagcagcggccatctagaagtgctttttcagggcccgcatatgctacgtatcgctaaaga
agctctgac 

IMDPH-R cagcttcctttcgggctttgttagcagccggatcctcaggagcccagacggtagttcggg 
  

 
 
A1.4C. Synthetic gene sequences 
 
WP_030791981 (Streptomyces lavenduligriseus BesD) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGAGCAGCAATGGGCAGGAAAGCACCGTCGTCAATCC
TCTGGAGCAGGGCGCACTGCGCCGTATGGCGCATCACTACCACCGGTACGGCATCGCCACCGTCACCGATCTGATTC
GGGAAGACGTCCGCAAAAACGTGCGGGCGGAGGCGGACCGGCTGCTGGAGAAATACGCCGAGCGGCGTGATCTCCGC
CTCCAGACCACCGGATACACCCGCCGCTCGATGTCCGTGGTGCAGAGCGAGACGATCGCGGGCAACAGCGAGCTGGT
CACCTCGATCTACGCGAATCCGGAACTGCTCGGCGCGCTGGAGCGCATAGCCGGCGAGAAACTGCACCCCTGCCCCA
AGGCCGACGAGGAATTCCTCATCACCCGGCAGGAACGGAGCGGGGACACGCACGGCTGGCACTGGGGCGATTTCAGC
TTCGCCCTCATCTGGGTGCTCCAGGCCCCGCCCATCGACATCGGCGGCATGCTCCAGTGCGTACCGCACACGGAGTG
GGACAAGTCCGATCCGCGGATCCACCAGTATCTCGTCGACAATCCCATCCACACGTACCACTTCCAGTCGGGCGACG
TGTATTTCCTGCGCACCGACACCACGCTCCACCGCACGGTCCCGCTGCGCGAGGACACCACCCGCATCATCCTGAAC
ATGACCTGGGCGGGCGAGCGGGACCTGCGGCGCGAGCTCAAGGGCGACGACCGCTGGTGGGAGGACGCCGACGTGCC
GGCAGCCGCTGCACTGGATGACTGACTCGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGA 
 
SDN46247 (Streptomyces wuyuanensis HalB) 
AGCAGCGGCCATCTAGAAGTGCTTTTTCAGGGCCCGCATATGACCGAGAACAGCATCACCGCCGCGAATGTCGAAGA
GCTGATCGCGAAGAACATCGCGGAGCGGTTCGCCGACGACCACGAGGTGCTCGGCCTCTCCCAGCACTTCCGCCGCG
AGGGCTACGTCAAGCTCCCCGGCCTGGTCTCCCCGGAGGTCTTCGACGCGGTCGCCGCGGAGACCCACCAGCTGATC
GACACCCACCAGAAGCGCATCGACATCCGTCTCAAGGAGACGGGGGACTCCCCGCGCTACATGTCCACCGTCGGTCA
GAAGGCGATCGCCACCGACGGCTCGCTGATCCCTGCCGTCTACGAGTCCACCGCGCTCAAGGGCTTCCTTTCCCGCC
TCGCCAAGGAGGAGGTCATGGGCTGCCCGTGGGACGAGGAGAAGTACATCATCACCCGCCAGCACCAGAAGGGCGAC
ACCCACGGCTGGCACTGGGGCGACTTCAGCTTCACCGTCATCTGGCTGATCGAGGCCCCGTCGCTGGAGTACGGCGG
CATGCTGCAGTGCATCCCGCACACCGACTGGAACAAGGACGACCCGCGCGTCGAGGACTACCTGCAGAAGCACCCGA
TCCGCAGCTACGGCCACGCCAAGGGCGACCTCTACCTGCTGCGTTCGGACACCACCCTGCACCGCACGGTCCCGCTG
AACGCCGACAGGACCCGCATCATCCTCAACACCTGCTGGGCCAGCCGCGCGGACCAGCAGAAGGCGACCACCCACGA
GACCATGAACGCGATGTTCGACTGATGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTG 
 
WP_046063366 (Pseudomonas kilonensis HalD) 
ATGAGCGAACAAACGTCCAGCTTGGTTATTGAAGTAATGGAGCAGCAACTGGCCAAGCATTTCCAGGCTATTTTGCA
AGATGAAAACCGGATGAAGCAGATTCGTAATGAATTTCGCCGAGACGGTTATTTCAACTTCAAGAACTTTTCGTTTC
TACCGAAAAGGATCTTGGAAAATGTCCACGCCGAAGTCCATGCGTTATTGGATGAATATTCGGTGCGTCGCGATGTT
ACTGTTCCGTCCACAGGCAATACCTACCGCAAGATGTACAACGTCAACCAACCGGAGATCGCCGAAGGCGGGACATT
CATCCCTGCGCTCTACCAATCCGAGTCGCTGCGTAAGTTCCTGGGCAACATCGCTGGCGATGATCTGGCGTCTTGCT
GGGAGCAGGAGCAATACCTGGTCACCAAGCTGAGCCACCCGGGCGATACCCACGGCTGGCATTGGGGGGATTACCCG
TACACGATGATCTGGATCATCGAGGCGCCCGAGGACCCGGCGATTGGCGGCGTGCTCCAGTGCGTGCCACACAGCGA
ATGGGACAAGCAGAACCCGCAGATCTGGCAGTACATCCTCAATAACCCGATCAAGTCCTACCACCATCTCAAGGGTG
ATGTGTATTTCCTCAAGTCCGACACCACGTTGCACCACGTCGTGCCGATTCAGCAGGAAACCACTCGGATAATTCTC
AACACATGCTGGGCCAGCGCCCATGACCGGCGAACCGATGTCGCCCACGAAAGCATCGAAGTGATCTGGGACACCAA
GGCCCGGACCACCGAAGAAGCCTGA 
 
 



238 

ChimeraDB coding sequence 
ATGAGCAGCAATGGGCAGGAAAGCACCGTCGTCAATCCTCTGGAGCAGGGCGCACTGCGCCGTATGGCGCATCACTA
CCACCGGTACGGCATCGCCACCGTCACCGATCTGATTCGGGAAGACGTCCGCAAAAACGTGCGGGCGGAGGCGGACC
GGCTGCTGGAGAAATACGCCGAGCGGATTGATCTCCGCCTCCAGACCACCGGATACACCCGCCGCTCGATGTCCGTG
GTGCAGAGCGAGACGATCGCGGGCAACAGCGAGCTGGTCACCTCGATCTACGCGAATCCGGAACTGCTCGGCGCGCT
GGAGCGCATAGCCGGCGAGAAACTGCACCCCTGCCCCTGGGCCGACGAGGAATTCATTATCACCCGGCAGGAACGGA
GCGGGGACACGCACGGCTGGCACTGGGGCGATTTCAGCTTCGCCCTCATCTGGGTGCTCCAGGCCCCGCCCATCGAC
ATCGGCGGCATGCTCCAGTGCGTACCGCACACGGAGTGGGACAAGTCCGATCCGCGGATCCACCAGTATCTCGTCGA
CAATCCCATCCACACGTACCACTTCCAGTCGGGCGACGTGTATTTCCTGCGCACCGACACCACGCTCCACCGCACGG
TCCCGCTGCGCGAGGACACCACCCGCATCATCCTGAACATGACCTGGGCGGGCGAGCGGGACCAGCAGAAGGCGACC
ACCCACGAGACCATGAACGCGATGTTCGACTGA 
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Appendix 2: Supplementary Figures 
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Figure A2.1. Phylogenetic tree of BesD homologs. The tree was generated using MEGA [4] from 
an alignment made in MUSCLE [5]. Along with BesD, Hal and Hydrox from Chapter 4 are 
annotated. 
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Figure A2.1 (continued). Phylogenetic tree of BesD homologs. The tree was generated using 
MEGA [4] from an alignment made in MUSCLE [5]. 
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Figure A2.1 (continued). Phylogenetic tree of BesD homologs. The tree was generated using 
MEGA [4] from an alignment made in MUSCLE [5].  

 
  



243 

Figure A2.1 (continued). Phylogenetic tree of BesD homologs. The tree was generated using 
MEGA [4] from an alignment made in MUSCLE [5].  
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Figure A2.1 (continued). Phylogenetic tree of BesD homologs. The tree was generated using 
MEGA [4] from an alignment made in MUSCLE [5].  
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Figure A2.2. Halogenating shuffle library sequencing results. Sequence alignments of Hydrox 
D144G, Hal, and 30 halogenating hits from the shuffle screen (Cl_1 through Cl_30). Residues 
corresponding to the wild type Hal are shown in red. Residues corresponding to the wild type 
Hydrox are shown in blue. Residues that do not match either parent and have arisen through error 
prone assembly are shown in magenta.  
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Figure A2.2 (continued). Halogenating shuffle library sequencing results. Sequence alignments 
of Hydrox D144G, Hal, and 30 halogenating hits from the shuffle screen (Cl_1 through Cl_30). 
Residues corresponding to the wild type Hal are shown in red. Residues corresponding to the wild 
type Hydrox are shown in blue. Residues that do not match either parent and have arisen through 
error prone assembly are shown in magenta.  
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Figure A2.3. Non-halogenating shuffle library sequencing results. Sequence alignment of Hydrox 
D144G, Hal, and 33 library of the members that did not yield fluorescence upon CuAAC of the 
supernatant (OH_1 through OH_33). Alignments were performed in MUSCLE [5]. 46 constructs 
were sequenced in total, but 13 were partial sequences, empty vector, or poor reads. Residues 
corresponding to the wild type Hal are shown in red. Residues corresponding to the wild type 
Hydrox are shown in blue. Residues that do not match either parent and have arisen through error 
prone assembly are shown in magenta.  
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Figure A2.3 (continued). Non-halogenating shuffle library sequencing results. Sequence 
alignment of Hydrox D144G, Hal, and 33 library of the members that did not yield fluorescence 
upon CuAAC of the supernatant (OH_1 through OH_33). Alignments were performed in 
MUSCLE [5]. 46 constructs were sequenced in total, but 13 were partial sequences, empty vector, 
or poor reads. Residues corresponding to the wild type Hal are shown in red. Residues 
corresponding to the wild type Hydrox are shown in blue. Residues that do not match either parent 
and have arisen through error prone assembly are shown in magenta.  
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Appendix 3: Python scripts used for data analysis 
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Script A3.1. Python script for annotation of BesD homologs as putative halogenases or 
hydroxylases based on the presence of the HXA/G (Halogenase) or HXD/E (Hydroxylase) 
sequence motifs. 
 
###This file takes in an alignment (FASTA FORMAT) and the sequence position of the facial triad. 
It then re- outputs the alignment labeled with ‘Hal’ or ‘Hydrox’ accordingly 
import Bio 
import csv 
from Bio import AlignIO 
from Bio.Align import MultipleSeqAlignment 
from Bio.SeqRecord import SeqRecord 
from Bio.Seq import Seq 
from Bio.Alphabet import generic_dna 
from Bio.Alphabet import generic_protein 
 
#Specify the PFAM alignemnt file of interest and note the HXD positions.  
myali = "CD-Hit-100-BlastE5_MUSCLE-manual_curation_deleting_gaps.txt" #input file 
posH = 197 #position of His in HXD/E/A/E motif 
posD = 199 #position of Asp/Glu/Ala/Gly in HXD/E/A/G motif 
StorageFile = 'CD100-BlastE5May' #name of output file 
 
#Read in the alignment 
alignment = AlignIO.read(myali, "fasta")#reading in a single alignment with multiple sequences 
 
#Print as a test to be sure the file is ok 
print alignment 
 
#Make a new alignment object to store putative hydroxylases 
HalAlignment = MultipleSeqAlignment([]) 
 
count = 0 #Initiate the count for the number of HXG/As 
 
HalAlign = [] #Create a list to store alignments that meet the criteria 
Resi = [] #Create a list for storing the redidues that are not D/E 
 
#Loop through the alignment and identify HXG/A residues 
for record in alignment: 
    #Print record[posH], record[posD] 
    if record[posD] != 'D' and record[posD] != 'E'and record[posD] != '-' and record[posH] == 'H' 
and (record[posD] == 'A'or record[posD] == 'G'): 
        count = count + 1 #count the hits 
        #Change the record id to include label 'Hal' 
        title = 'Hal:%s' %record.id 
        record.id = title 
        HalAlignment.append(record) #Add hits to the list 
        Resi.append(record[posD]) 
        HalAlign.append(title) #Add the halogenase hits to a separate list 
    else: 
        #Change the record id to include label 'Hydrox' 
        title = 'Hydrox:%s' %record.id 
        record.id = title 
        HalAlignment.append(record) #Add hits to the list 
         
AlignIO.write(HalAlignment,StorageFile,"fasta") #Writes labels file into the storage file 
 
print 'The number of putative halogenases HXG/A is:', count 
print 'The halogenase alignment file has been printed to: ', StorageFile 
 
#This code prints a list of the halogenases 
thefile = open('CD100-Blaste5HalogenasesMay.txt', 'w') 
for item in HalAlign: 
    [accessionNo,seq,x] = item.partition('/') 
    thefile.write("%s\n" %accessionNo)#Prints the label as well as the accession number 
thefile.close() 
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Script A3.2. Python script for shuffle library analysis.  
 
#This is step 1. Purpose: Translate each sequencing read into amino acids 
#Input: save sequencing results directly as a multifasta file 
import Bio 
import csv 
from Bio import AlignIO 
from Bio import SeqIO 
from Bio.Align import MultipleSeqAlignment 
from Bio.SeqRecord import SeqRecord 
from Bio.Seq import Seq 
from Bio.Seq import MutableSeq 
from Bio.Alphabet import generic_dna 
from Bio.Alphabet import generic_protein 
 
#Specify the file of interest 
mySeq = '200201_Hydroxylases.txt' 
 
#Specify the file where you will save translation output. CHANGE AS NEEDED 
saveIt = '200517_Hydroxylases_TRANSLATE' 
 
#Make an empty file for storing the sequence translations 
sequences = [] 
seqIDs = [] 
 
#Go sequence by sequence to translate and check that it's in-frame using the HGWHWG motif 
for record in SeqIO.parse(mySeq, "fasta"): 
    addn = record.seq 
 
    #Make a loop for trying all three possible frames for translation   
    for x in range(0,3): 
        temp = addn[x:]#Hold the translation at a given starting position 
        tsn = temp.translate().split('*')#translate 
        #Parse the split to find the reading frame we care about 
        for i in tsn: 
            if 'HGWHWG' in i: #Check if in-frame 
                sequences.append(i) 
                seqIDs.append(record.id) 
                print i #Prints the in-frame read 
        
#Take sequence file with translations. Export as fasta, then align in MUSCLE 
thefile = open(saveIt, 'w') 
count = 0 
for item in sequences: 
    thefile.write(">%s\n%s\n" %(seqIDs[count],item)) 
    count = count + 1 
thefile.close() 
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#This is step 2 for the shuffle analysis 
#Inputs are amino acid alignments from MUCSLE. Hal and Hydrox are provided for comparison 
import Bio 
import csv 
from Bio import AlignIO 
from Bio import SeqIO 
from Bio.Align import MultipleSeqAlignment 
from Bio.SeqRecord import SeqRecord 
from Bio.Seq import Seq 
from Bio.Alphabet import generic_dna 
from Bio.Alphabet import generic_protein 
 
myAlign = '200326_Hydroxylase_Translate_Ali.txt' #This is the input alignment file 
HalAli = 'HalAli2.txt' #Sequence of the WT halogenase 
HydroxAli = 'HydroxAli2.txt' #Sequence of the WT hydroxylase 
 
saveIt = '200516_Hydroxylase_Results' #File name for where to save results 
 
#Read in the fasta file of Alignment 
alignment = AlignIO.read(myAlign, "fasta") #Reading in a single alignment with multiple sequences 
Hal = AlignIO.read(HalAli, "fasta")[0] #Reading in the Hal sequence 
Hydrox = AlignIO.read(HydroxAli, "fasta")[0] #Reading in the hydrox sequence 
print alignment #To check proper import 
print Hal #To check proper import 
print Hydrox #To check proper import 
 
count = 0 #Initialize the count 
seqIDs = []#For storing ID of hits 
Counting = [0]*len(Hal)#Each position will count how many of each residue there is 
#Now I have to check each sequence against the Hal and Hydrox. If it's the Hal residue, I will +1 
#to the value stored at a given position 
for record in alignment: 
    current = record.seq 
    seqIDs.append(record.id) 
    holder = '' 
    for i in range(0, len(current)): 
        numHold = Counting[i] 
        if current[i]==Hal.seq[i] and current[i]==Hydrox.seq[i]: #If hal and hydrox have same  
       residue anyway 
            Counting[i] = numHold+0 #Do not increase the count at that position 
        elif current[i]==Hal.seq[i] and current[i]!=Hydrox.seq[i]: #Else if the residue  
       matches Hal 
            Counting[i] = numHold+1 #Add one to count the halogenase-like residues 
        elif current[i]!=Hal.seq[i] and current[i]==Hydrox.seq[i]: #Else if the residue  
       matches Hydrox 
            Counting[i] = numHold+0 #Do not change the count 
        else:#If there is an X there because of the sequencing reads gave 'N' due to low  
  confidence base 
            Counting[i] = numHold+0 #Do not change the count 
             
print Counting #Print the results of the count at each position 
 
thefile = open(saveIt, 'w') #Prepare to write in the file 
 
for item in Counting: 
    thefile.write("%s\n" %item) 
thefile.close() 
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Appendix 4: Strain tables for cloned constructs 
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Table A4.1. Strain list for plasmids in Chapter 2.  
 

Plasmid Description Strain 
pET16b-His10-BesA His10-BesA (T7), lacI, CbR, ColE1 2680 
pET16b-His10-BesD His10-BesD (T7), lacI, CbR, ColE1 3526 
pET16b-His10-BesE His10-BesE (T7), lacI, CbR, ColE1 2677 
pET16b-Strep-BesD Strep-BesD (T7), lacI, CbR, ColE1 2674 
pET16b-Strep-BesD G139D Strep-BesD G139D (T7), lacI, CbR, ColE1 3524 
pSV272.1-His6MBP-BesC His6MBP-BesC (T7), lacI, KmR, f1, ColE1 3525 
pET16b-His10-BesC His10-BesC (T7), lacI, CbR, ColE1 3489 

 
 
Table A4.2. Strain list for plasmids in Chapter 3.  
 

Plasmid Description Strain 
pET16b-His10-ScattleyaBesD His10-ScattleyaBesD (T7), lacI, CbR, ColE1 3351 
pET16b-His10-SlavenduligriseusBesD His10-SlavenduligriseusBesD (T7), lacI, CbR, ColE1 3352 
pET16b-His10-PfluorescensHalA His10-PfuorescensHalA (T7), lacI, CbR, ColE1 2872 
pET16b-His10-PorientalisHalA His10-PoreintalisHalA (T7), lacI, CbR, ColE1 2910 
pET16b-His10-SwuyuanensisHalB His10-SwuyuanensisHalB (T7), lacI, CbR, ColE1 2939 
pET16b-His10-StoyocaensisHalB His10-StoyocaensisHalB (T7), lacI, CbR, ColE1 3527 
pET16b-His10-SviridosporusHalB His10-SviridosporusHalB (T7), lacI, CbR, ColE1 3258 
pET16b-His10-AawajinensisHalB His10-AawajinensisHalB (T7), lacI, CbR, ColE1 3529 
pET16b-His10-SgriseusHalB His10-SgriseusHalB (T7), lacI, CbR, ColE1 3530 
pET16b-His10-SafghaniensisHalB His10-SafghaniensisHalB (T7), lacI, CbR, ColE1 2913 
pET16b-His10-SiranensisHalB His10-SiranensisHalB (T7), lacI, CbR, ColE1 2879 
pET16b-His10-SprunicolorHalB His10-SprunicolorHalB (T7), lacI, CbR, ColE1 3531 
pET16b-His10-LanisaHalC His10-LanisaHalC(T7), lacI, CbR, ColE1 2914 
pET16b-His10-PkilonensisHalD His10-PkilonensisHalD (T7), lacI, CbR, ColE1 2873 
pET16b-His10-PSHC52HalD His10-PSHC52HalD (T7), lacI, CbR, ColE1 2941 
pET16b-His10-PtrivialisHalD His10-PtrivialisHalD (T7), lacI, CbR, ColE1 2909 
pET16b-His10-Proot562HalE His10-Proot562HalE (T7), lacI, CbR, ColE1 2911 
pET16b-His10-PfulvaHalE  His10-PfulvaHalE (T7), lacI, CbR, ColE1 2878 
pET16b-His10-SpristinaespiralisHalF His10-SpristinaespiralisHalF (T7), lacI, CbR, ColE1 2931 
pET16b-His10-MpelagiusHalG His10-MpelagiusHalG (T7), lacI, CbR, ColE1 2915 
pET16b-His10-PcorrugataHalH His10-PcorrugataHalH (T7), lacI, CbR ColE1 3532 
pET16b-His10-PmediterraneaHalH His10-PmediterraneaHalH (T7), lacI, CbR, ColE1 2874 
pSV272.1-His6MBP-Proot562HalE His6MBP-Proot562HalE (T7), lacI, KmR, f1, ColE1 3488 
pET16b-His10-SlBesD R74A His10-SlBesD R74A (T7), lacI, CbR, ColE1 3534 
pET16b-His10-SlBesD W238A His10-SlBesD W238A (T7), lacI, CbR, ColE1 3535 
pET16b-His10-SlBesD W239A His10-SlBesD W239A(T7), lacI, CbR, ColE1 3536 
pET16b-His10-SlBesD H134A His10-SlBesD H134A (T7), lacI, CbR, ColE1 3356 
pET16b-His10-SlBesD D140A His10-SlBesD D140A (T7), lacI, CbR, ColE1 3355 
pET16b-His10-SlBesD N219A His10-SlBesD N219A (T7), lacI, CbR, ColE1 3354 
pET16b-His10-SlBesD E120A His10-SlBesD E120A (T7), lacI, CbR, ColE1 3358 



255 

pET16b-His10-SlBesD T221A His10-SlBesD T221A (T7), lacI, CbR, ColE1 3353 
pET16b-His10-RapL His10-RapL (T7), lacI, CbR, ColE1 3344 
pET16b-His10-OCD His10-OCD (T7), lacI, CbR, ColE1 3343 
pET16b-His10-LDC His10-LDC (T7), lacI, CbR, ColE1 3332 
pET16b-His10-IlvE His10-IlvE (T7), lacI, CbR, ColE1 3334 
IVTT-PepC PepC (T7), CbR 3275 
IVTT-PepA PepA (T7), CbR 3456 
pET16b- His10-PrescissionCutSite-IMDPH His10-PrescissionCutSite-IMDPH (T7), lacI, CbR, ColE1 2378 

 
 
Table A4.3. Strain list for plasmids in Chapter 4.  
 

Plasmid Description Strain 

pET16b-His10-Hydrox His10-Hydrox (T7), lacI, CbR, ColE1 3336 

pET16b-His10-Hal His10-Hal (T7), lacI, CbR, ColE1 3335 

pET16b-His10-Hal_opt His10-Hal_opt (T7), lacI, CbR, ColE1 3533 

pET16b-His10-Hydrox D144G His10-Hydrox D144G (T7), lacI, CbR, ColE1 3339 

pET16b-His10-Hydrox D144G V225N  His10-Hydrox D144G V225N (T7), lacI, CbR, ColE1 3342 

pET16b-His10-Hydrox D144G N151I His10-Hydrox D144G N151I(T7), lacI, CbR, ColE1 3449 
pET16b-His10-Hydrox D144G N151I 
V225N  His10-Hydrox D144G N151I V225N (T7), lacI, CbR, ColE1 3445 

pET16b-His10-Hydrox D144G N151I 
V225N F150L 

His10-Hydrox D144G N151I V225N F150L (T7), lacI, CbR, 
ColE1 3480 

pET16b-His10-Hydrox D144G N151I 
V225N GAV218-220 to ST218-219 

His10-Hydrox D144G N151I V225N GAV218-220 to ST218-
219 (T7), lacI, CbR, ColE1 3481 

pET16b-His10-Hydrox D144G N151I 
V225N M223I 

His10-Hydrox D144G N151I V225N M223I(T7), lacI, CbR, 
ColE1 3482 

pET16b-His10-Hydrox D144G N151I 
V225N V226M S227T 

His10-Hydrox D144G N151I V225N V226M S227T (T7), lacI, 
CbR, ColE1 3483 

pET16b-His10-Hydrox D144G N151I 
V225N S228A 

His10-Hydrox D144G N151I V225N S228A (T7), lacI, CbR, 
ColE1 3484 

pET16b-His10-Hydrox D144G N151I 
V225N E231K G235E V237D 

His10-Hydrox D144G N151I V225N E231K G235E V237D 
(T7), lacI, CbR, ColE1 3486 

pET16b-His10-Chimera His10-Chimera (T7), lacI, CbR, ColE1 3473 

pET16b-His10-Chimera L150F His10-Chimera L150F (T7), lacI, CbR, ColE1 3474 
pET16b-His10-Chimera ST218-
219GAV His10-Chimera ST218-219GAV (T7), lacI, CbR, ColE1 3475 

pET16b-His10-Chimera I222M His10-Chimera I222M (T7), lacI, CbR, ColE1 3476 
pET16b-His10-Chimera M225V 
T226S His10-Chimera M225V T226S (T7), lacI, CbR, ColE1 3477 

pET16b-His10-Chimera A228S His10-Chimera A228S (T7), lacI, CbR, ColE1 3478 
pET16b-His10-Chimera K230E 
E234G D236V His10-Chimera K230E E234G D236V (T7), lacI, CbR, ColE1 3479 

pET16b- His10-PrescissionCutSite-
IMDPH His10-PrescissionCutSite-IMDPH (T7), lacI, CbR, ColE1 2378 

pACYC-DUET-BesC.MBP-BesB BesC (T7) and MBP-BesB (T7) from P. fluorescens, lacI, 
CmR, ColE1 3345 
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Table A4.4. Strain list for untested plasmids related to Chapter 4.  
 

Plasmid Description Strain  
pET16b-His10-Hal I151N His10-Hal I151N (T7), lacI, CbR, ColE1 3502  
pET16b-His10-Hal G144D His10-Hal G144D (T7), lacI, CbR, ColE1 3337  
pET16b-His10-Hal N225V His10-Hal N225V (T7), lacI, CbR, ColE1 3338  
pET16b-His10-Hal G144D I151N His10-Hal G144D I151N (T7), lacI, CbR, ColE1 3503  
pET16b-His10-Hal G144D L150F I151N His10-Hal G144D L150F I151N (T7), lacI, CbR, ColE1 3504  
pET16b-His10-Hydrox N151I  His10-Hydrox N151I (T7), lacI, CbR, ColE1 3516  
pET16b-His10-Hydrox V225N N151I His10-Hydrox V225N N151I (T7), lacI, CbR, ColE1 3517  
pET16b-His10-SlBesD N219V His10-SlBesD N219V (T7), lacI, CbR, ColE1 3518  
pET16b-His10-SlBesD I151N His10-SlBesD I151N (T7), lacI, CbR, ColE1 3519  
pET16b-His10-Hal G144D I151N N225V His10-Hal G144D I151N N225V (T7), lacI, CbR, ColE1 3505  
pET16b-His10-Hal I151N N225V His10-Hal I151N N225V (T7), lacI, CbR, ColE1 3507  
pET16b-His10-Hal G144D N225V His10-Hal G144D N225V (T7), lacI, CbR, ColE1 3341  
pET16b-His10-Hal I151A His10-Hal I151A (T7), lacI, CbR, ColE1 3520  
pET16b-His10-Hal I151V His10-Hal I151V (T7), lacI, CbR, ColE1 3521  
pET16b-His10-Hal G144D L150F I151N 
N225V 

His10-Hal G144D L150F I151N N225V (T7), lacI, CbR, 
ColE1 3506  

pET16b-His10-Hydrox V225N His10-Hydrox V225N(T7), lacI, CbR, ColE1 3340  

 
 
Table A4.5. Strain list for plasmids in Chapter 5.  
 

Plasmid Description Strain 

pET16b-His10-SlavenduligriseusBesD His10-SlavenduligriseusBesD (T7), lacI, CbR, 
ColE1 3352 

pET16b-His10-SwuyuanensisHalB His10-SwuyuanensisHalB (T7), lacI, CbR, ColE1 2939 
pET16b- His10-PrescissionCutSite-
IMDPH 

His10-PrescissionCutSite-IMDPH (T7), lacI, CbR, 
ColE1 2378 

pET16b-His10-PkilonensisHalD His10-PkilonensisHalD (T7), lacI, CbR, ColE1 2873 

pACYC-DUET-BesC.MBP-BesB BesC (T7) and MBP-BesB (T7) from P. 
fluorescens, lacI, CmR, ColE1 3345 
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