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ABSTRACT 

This dissertation describes the development and characterization of engineered Fe(II)- 

and α-ketoglutarate-dependent oxygenases (FeDOs) as site-selective biocatalysts for native and 

non-native C–H functionalization reactions. These enzymes provide an alternative to 

conventional organic synthesis by acting on unactivated C–H bonds with high selectivities under 

aqueous and mild conditions. Functionalization occurs via a C–H abstraction step followed by 

radical rebound of the new functional group. Previous attempts at non-native catalysis using 

FeDOs relied on the presence of an exogenous ligand that participates in the rebound step. 

Controlling the selectivity of rebound between native and non-native groups has been 

challenging, with most cases of non-native FeDO biocatalysis resulting in large amounts of the 

native product. The study presented herein addresses this challenge by engineering FeDOs with 

novel levels of selectivity towards non-native reactions. 

Chapter 1 provides a general background of site-selective enzymatic C–H 

functionalization, protein engineering, and directed evolution. Additionally, the family of FeDOs 

is introduced and described, with a focus on hydroxylating FeDOs and Fe(II)- α-ketoglutarate-

dependent halogenases (FeDHs). Finally, several examples are presented in which these enzymes 

have been used as site-selective biocatalysts, with the goal of depicting the current state of the 

field and its challenges. 

Chapter 2 introduces the hydroxylase SadA and its variant SadA D157G. SadA D157G 

had been previously reported to carry out non-native chlorination of N-succinyl-L-leucine, albeit 

with poor chemoselectivity. This variant was engineered for improved expression via MBP-

fusion to give SadX. Additionally, the activity of SadX and SadX variants in the presence of 
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different exogenous anions is characterized. Finally, the reaction of SadX in the presence of 

NaOCN is shown to enable carbamate formation. 

Chapter 3 discusses the directed evolution of SadX for non-native reactivities, including 

chlorination and azidation. Conditions for screening SadX libraries in the presence of exogenous 

anions are established. This effort resulted in SadX variants with an increased chemoselectivity 

towards azidation of N-succinylated compounds. The resulting evolution campaign also offered 

insight into some of the underlying features of the SadX scaffold that control activity, 

chemoselectivity, and site selectivity. 

Chapter 4 focuses on exploring the native hydroxylase activity of SadA. An improved 

hydroxylase with higher activity on the model substrate N-succinyl-L-leucine is described. 

Additionally, the effect of mutations accumulated during the directed evolution described in 

Chapter 3 is evaluated when these mutations are introduced in the wild-type SadA scaffold. A 

series of engineered hydroxylases is obtained, with notable levels of activity and selectivity on a 

variety of N-succinylated compounds. 

Chapter 5 describes a novel methodology to incorporate next-generation sequencing and 

machine learning into directed evolution, with a focus on cost-efficient techniques with low 

experimental burden. This workflow is validated by applying it to the directed evolution libraries 

discussed in Chapter 3. A small set of predicted sequences is experimentally evaluated, resulting 

in a variant with improved azidation activity.  



1 

 

1.1 Site-selective enzymatic C–H functionalization 

The direct functionalization of C–H bonds represents an attractive strategy in organic 

synthetic chemistry. This approach could remove the need for pre-functionalization of starting 

materials, reduce the number of functional group manipulation steps, improve atom economy, 

and provide new routes to build up structural complexity. However, given the energetic 

characteristics and ubiquity of C–H bonds in organic molecules, these transformations present 

the challenges of having to activate stable bonds and functionalize them in a selective manner. 

Most common approaches to overcome these challenges involve the use of organometallic 

catalysts that coordinate to a preexisting directing group on the starting material to guide the 

functionalization of a specific C–H bond.1 Other approaches exploit differences in acidity, bond-

dissociation energy, and other electronic effects.2 Although these methods provide ways to 

expand the scope of C–H functionalization reactions, they rely on preexisting features of the 

starting material to direct selectivity. 

The most effective catalysts for non-directed C–H functionalization reactions can be 

found in nature in the form of enzymes.3 These biocatalysts are common in the biosyntheses of 

primary and secondary metabolites and can exert control over the selectivity of these 

transformations. One of the most cited examples that showcases the remarkable potential of site 

selective enzymes is the biosynthesis of the diterpenoid paclitaxel (Taxol®), in which multiple 

secondary, tertiary, and allylic C–H bonds in the precursor taxadiene are differentiated (Scheme 

Chapter 1: Introduction 
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1.1A).4,5 Highly selective hydroxylation reactions are common in steroid biosynthesis and 

metabolism, where enzymes are able to distinguish multiple C–H bonds with similar intrinsic 

reactivities (Scheme 1.1B).6 This type of outstanding site selectivity is achieved in the absence of 

directing groups through complex and dynamic molecular recognition that results from multiple 

interactions between the respective substrates and enzyme active sites. 

Scheme 1.1: Examples of site selectivity in enzyme catalysis 

 
A) Site-selective steps in the transformation of taxadiene to baccatin III as part of the biosynthesis 

of paclitaxel.4,5 B) Site- and enantioselective cytochrome P450 hydroxylases involved in distinct 

functionalization steps as part of primary bile acid synthesis from cholesterol.7 

The field of biocatalysis in general not only grants access to high levels of selectivity, but 

also provides benefits from environmental and economical points of view when compared to 

conventional chemocatalysis.8–11 Enzymes are obtained via heterologous protein expression in 

hosts such as Escherichia coli,12 offering a lower cost of production and a lower environmental 

impact due to the renewable nature of the process. Additionally, it is frequent that enzyme-

catalyzed reactions are performed in aqueous media instead of organic solvents, making the 

process more amenable to industrial scale and reducing waste disposal costs. Finally, the 

replacement of catalysts that rely on precious metals by enzymes represents a significant 

sustainability and economical benefit. 

1.2 Protein engineering and directed evolution 

 Despite all the advantages to biocatalysis described above, the field has had to overcome 

several challenges.13,14 The earlier examples of wild-type enzymes used for chemistry were 
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considered to have narrow substrate scope and low stability when compared with conventional 

catalysts. In the 1980s, advances in protein engineering based on enzyme structure information 

led to improvements that addressed some of the inherent challenges of enzyme catalysis. In the 

1990s, new protein engineering and high-throughput screening techniques resulted in the 

development of directed evolution, pioneered by Frances Arnold and co-workers.15 

 Directed evolution consists of iterative rounds of gene diversification, protein expression, 

and screening, during which the desired feature is gradually improved (Figure 1.1). Although 

relevant enzymatic information such as structure and mechanism can be used to inform directed 

evolution campaigns, it is not strictly needed. Non-targeted approaches to the genetic 

diversification step can help identify beneficial mutations that would have been hard to predict 

and provide information about the mutational landscape of a given biocatalyst.16,17 Early 

examples of successful directed evolution campaigns focused on evolving hydrolases,18 but 

myriad other chemistries have been improved by this technique, through improvements in 

catalytic activity, thermostability, substrate scope, and selectivity.19,20 
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Figure 1.1: General scheme of directed evolution 

 
The gene encoding for the protein of interest is subjected to a diversification step, in which a library 

of mutants is formed. This library is then introduced into a host organism (e.g. Escherichia coli), 

overexpressed, and screened for the desired feature. Variants that show the desired level of 

improvement are used as the starting point for the next iteration. 

1.3 Introduction to Fe(II)- and α-ketoglutarate-dependent oxygenases 

The superfamily of Fe(II)- and α-ketoglutarate-dependent oxygenases (FeDOs) consists 

of enzymes with a broad range of oxidative reactivities, including hydroxylation, halogenation, 

desaturation, epimerization, ring closure, ring expansion, and epoxidation.21,22 The earliest 

example of a characterized FeDO was an animal prolyl hydroxylase involved in collagen 

biosynthesis23. Since then, FeDOs involved in DNA and RNA modification, antibiotic and 

natural product biosynthesis, and post-translational protein modification have been identified in 

bacteria, fungi, plants, and vertebrates.21,24–27 This introduction will hereafter focus on the 

hydroxylase and halogenase subgroups given their ability to carry out C–H functionalization 

reactions and their relevance to the present work. 

Structural characterization of FeDOs established the presence of a conserved double-

stranded β-helix or cupin fold, inside of which a metal-binding motif weakly coordinates an 
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Fe(II) ion (Figure 1.2).28 This highly-conserved motif is a facial triad consisting of two histidine 

residues and an aspartate or glutamate residue in a His–X–Asp/Glu–Xn–His sequence. Fe(II)- 

and α-ketoglutarate-dependent halogenases (FeDHs) contain a variation of this facial triad in 

which the aspartate/glutamate residue is instead glycine or alanine.29 In both cases, 

α-ketoglutarate acts as a co-substrate, coordinating the Fe(II) with its C-1 carboxylate and C-2 

ketone, and gets oxidized to succinate and CO2 in the reaction. 

Figure 1.2: Conserved FeDO and FeDH active sites 

 

The consensus hydroxylation mechanism involves displacement of a water molecule by 

substrate binding in the active site followed by O2 binding and activation to form a Fe(III)-

superoxo intermediate (Figure 1.3).30 Oxidative decarboxylation of α-ketoglutarate results in the 

formation of a high-valent Fe(IV)-oxo intermediate. This highly reactive intermediate is 

responsible for the hydrogen abstraction of a C–H bond in the substrate. The resulting radical 

substrate and Fe(III)-hydroxo intermediate react through a radical rebound step to form the 

hydroxylated product and an Fe(II) center. 
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Scheme 1.2: Consensus mechanism for FeDO-catalyzed hydroxylation 

 

The presence of the smaller glycine/alanine residue in the binding motif of FeDHs results 

in an open coordination site that is occupied by a halide ligand.31,32 The mechanism of FeDO-

catalyzed halogenation follows the same path described for hydroxylases until the C–H 

abstraction step by the Fe(IV)-oxo intermediate. Hypothetically, the substrate radical could react 

with either hydroxyl or halide ligands via radical rebound. Native FeDHs, however, have 

evolved to favor a halide radical rebound step, resulting in the corresponding halogenated 

product. This control over chemoselectivity (i.e. halogenation against hydroxylation) has been 

linked to careful substrate positioning in the active site, placing the C–H bond to be 

functionalized in a way that disfavors rebound with the hydroxyl ligand once the radical 

substrate is formed.33,34 
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Scheme 1.3: Consensus mechanism for FeDH-catalyzed halogenation 

 

1.4 Biocatalysis and Fe(II)- and α-ketoglutarate-dependent oxygenases 

Hydroxylating FeDOs have been used most frequently as site-selective biocatalyst in the 

context of amino acid hydroxylation. However, when compared with another highly developed 

family of Fe(II)-containing hydroxylating enzymes, cytochromes P450, FeDOs tend to suffer 

from narrower substrate scope and often act only on compounds similar to their native substrates. 

For example, bacterial and fungal L-proline hydroxylases can selectively produce all four 

isomers of 3- and 4-hydroxy-L-proline (Scheme 1.4A) and have shown activity on related cyclic 

amino acids such as L-pipecolic acid.35,36 The native L-citrulline hydroxylase GetI was 

engineered via the introduction of five mutations to selectively hydroxylate L-arginine and 

produce 4-hydroxy-L-arginine.37 Lysine hydroxylases have also been widely characterized, with 

GlbB being able to hydroxylate the non-native substrate L-leucine.38 
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Scheme 1.4: Examples of site-selective FeDO-catalyzed hydroxylation reactions 

 
A) Proline hydroxylation by different proline hydroxylases (PH) with distinct site- and 

enantioselectivity.35 B) Engineered L-citrulline hydroxylase GetI accepts non-native substrate L-

arginine.37 C) Lysine hydroxylase GlbB also shows activity on L-leucine.38  

While enzymes such as flavin-dependent halogenases and vanadiuym-dependent 

haloperoxidases can catalyze halogenation of C–H bonds, their substrate scope in such reactions 

is limited to electron-rich aromatic compounds.39 The halogenation of unactivated aliphatic C–H 

bonds is characteristic of FeDHs, making them a distinct and attractive platform to access this 

and other types of aliphatic C–H functionalization reactions. Since the first FeDH40 was 

characterized almost four decades after the report of the first prolyl hydroxylase23, the field of 

enzymatic aliphatic halogenation is in an earlier stage than other halogenases, and even other 

FeDOs. Despite this, significant advances have taken place in the last two decades, and relevant 

ones will be highlighted next. 

The first characterized FeDH was SyrB2,which catalyzes chlorination of a L-threonine 

moiety in the biosynthesis of syringomycin E by Pseudomonas syringae (Scheme 1.5).40 SyrB2 

requires a carrier protein partner, SyrB1, to bring the thioester linked L-threonine to the active 

site, a feature shared among the early examples of characterized FeDHs. The crystal structure of 

SyrB2 provided meaningful insights into the mechanism of FeDHs early on, making it one of the 

best studied enzymes of this class.41 The activity of other FeDHs in conjunction with carrier 
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protein partners, including BarB1/BarB2 and BarA, CytC3 and CytC2, and KthP and KtzC, was 

characterized during this early stage, (Scheme 1.5).42–44 

Scheme 1.5: Examples of early FeDHs acting on substrates linked to carrier proteins 

 

WelO5 was the first characterized FeDH to act on a free-standing substrate.45 This 

enzyme was found as part of the welwitindolinone biosynthesis in Hapalosiphon welwitschii 

UTEX B1830 and was shown to have activity on 12-epi-fischerindole U and 12-epi-hapalindole 

C (Scheme 1.6A). A more promiscuous FeDH, AmbO5, was characterized to not only have 

activity on the native substrates of WelO5, but also on a series of ambiguine compounds 

(Scheme 1.6A).46 Efforts to engineer these FeDHs started with expanding the substrate scope of 

WelO5*, a WelO5 homologue, to act on a martinelline-related substrate. Variants CA2 and CB2 

showed improvements in chlorination but with poor chemoselectivity and changes in site 

selectivity, respectively (Scheme 1.6B).47 A more recent example is the directed evolution of the 

related enzyme Wi-WelO15 to accept non-native substrates derived from 12-epi-hapalindole C, 

where the isonitrile functionality was replaced by a ketone (Scheme 1.6C).48 Variants with high 

site-, chemo-, and enantioselectivity on a subset of compounds were obtained. 
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Scheme 1.6: Examples of reactions catalyzed by WelO5, AmbO5, and related FeDHs 

 
A) Substrates accepted by WelO5 (a) and AmbO5 (b). Halogenation sites are indicated with an 

arrow. B) Halogenation with WelO5* engineered variants. Percentages indicate conversion values. 

C) Evolved variants of Wi-WelO15 and their non-native substrates. Halogenation sites are 

indicated with an arrow. 

A family of FeDHs that acts on free-standing amino acids was more recently discovered. 

BesD, a lysine chlorinase, was the first enzyme of this family, being found as part of the 

biosynthesis of β-ethynylserine in Streptomyces cattleya (Scheme 1.7A).49 A sequence-based 

homology search resulted in four other related halogenases, HalB, HalC, HalD, and HalE, with 

activity on a set of aliphatic amino acids (Scheme 1.7A).50 Further exploration of related 

sequences resulted in a hydroxylase/halogenase pair, “Hydrox” and “Hal”, respectively, that had 

71% of sequence identity.51 A DNA shuffling approach combining both sequences allowed for 

the engineering of a “Hydrox” mutant, Chi-14, that achieved levels of chlorination comparable to 

“Hal” with even higher chemoselectivity (Scheme 1.7B). 
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Scheme 1.7: Reactions catalyzed by FeDHs that act on free-standing amino acids 

 
A) Representative products formed by BesD-related FeDHs.50 B) Engineered “Hydrox” variant 

Chi-14 achieves non-native chlorination reaction with high levels of chemoselectivity. Percentages 

indicate product distribution.51 

Recently, the first FeDH of plant origin, DAH, was discovered and shown to chlorinate 

dechloroacutumine, while showing no activity on a series of other alkaloids (Scheme 1.8A).52 

Finally, the FeDH, AdeV was recently reported to halogenate nucleotide substrates, such as 2’-

deoxyadenosine monophosphate (2’-dAMP, Scheme 1.8B).53 These examples, along with the 

other FeDHs described above, highlight the current state in the field and showcase the increasing 

number of enzymes being discovered and the limitations associated with them. Although this 

class of enzymes is capable of natively functionalizing a diverse set of substrates (e.g., amino 

acids, nucleotides, alkaloids), most individual enzymes possess narrow substrate scopes, 

complicating synthetic applications. The examples of protein engineering and directed evolution 

represent a promising path to developing more attractive and directly applicable biocatalyst for 

aliphatic C–H functionalization. 
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Scheme 1.8: Other FeDHs that act on free-standing non-amino acid substrates 

  
A) Chlorination reaction by dechloroacutumine halogenase DAH.52 B) AdeV-catalyzed 

chlorination of nucleotide 2’-deoxyadenosine monophosphate (2’-dAMP).53 

1.5 Conclusions 

Enzymatic C–H functionalization provides an attractive alternative to traditional 

synthetic routes. Developing biocatalysts with excellent selectivity and the expansion of 

available reactivities to those that are not native is key to fully exploiting these natural systems. 

FeDOs represent a platform with the potential for a myriad of non-native activities since they 

decouple the C–H activation and C–X bond formation involved in C–H functionalization. Better 

understanding of these biocatalysts, their behavior in the presence of non-native ligands in their 

active site, as well as the factors that determine the site and chemoselectivity of these 

transformations is crucial for their development as biocatalysts.  
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2.1 Introduction 

2.1.1 Non-native activity in FeDHs 

Regardless of the high levels of activity and selectivity an enzyme may have, the 

synthetic applicability of these biocatalysts will depend on whether they are able to catalyze a 

given transformation of interest. Synthetic challenges may lie beyond what enzymes evolved to 

do, creating the need for finding or developing new biocatalysts with novel activities, 

selectivities, and substrate scopes. Protein engineering and directed evolution have been used to 

alter or develop new enzymatic features, and examples where the substrate scope and site 

selectivity of FeDOs were targeted were highlighted in Chapter 1. 

Additionally, non-native activities have been explored in FeDHs. The halogenase SyrB2 

was shown to catalyze non-native azidation and nitration reactions in the presence of azide (N3
–
) 

and nitrite (NO2
–) ions, respectively, albeit at low levels and with low levels of contaminant 

chloride ions (Cl–) being able to produce significant amounts of chlorinated product.1 A single 

mutation improved these non-native activities and selectivity relative to chlorination, but the 

yields remained low. Although no additional functionalized products were detected, this study 

also showed evidence of exogenous bromide (Br–), cyanide (CN–), cyanate (OCN–), bisulfide 

(HS–), and formate (HCO2
–) anions binding to the enzyme-Fe(II)-α-ketoglutarate complex. 

Chapter 2: Optimization and characterization of Fe(II)- and 

α-ketoglutarate-dependent oxygenase catalysis with exogenous 

anions 
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More recently, FeDHs acting on free-standing substrates have been reported to catalyze 

non-native reactions using exogenous anions. The BesD-related halogenase SwHalB from 

Streptomyces wuyuanensis catalyzes the bromination and azidation of L-lysine in the presence of 

Br– and N3
–, respectively, although no conversion or yield values were reported.2 Plant FeDH 

SaDAH is capable of azidation of its native substrate dechloroacutumine in the presence of N3
–.3 

A small fraction of a hydroxylated side product was detected under these conditions, as well as 

the chlorinated acutumine product in equivalent levels to the azidated product. This chlorinated 

compound was the product of trace levels of Cl– in the protein storage buffer. Finally, WelO5* 

variants engineered to chlorinate non-native polyketide substrate soraphen A were also capable 

of bromination, azidation, and nitration in the presence of Br–, N3
–, and NO2

–, respectively, 

although mixtures of functionalization at two different sites were observed, and no data on yields 

or chemoselectivity was provided.4 

2.1.2 Expanding the collection FeDH with modified hydroxylases 

The use of FeDHs as biocatalysts to perform non-native reactions suffers from several 

limitations, such as reduced activity, poor chemoselectivity in the presence of trace amounts of 

Cl
–
 anion, emergence of hydroxylation as a side reaction, and the relatively low number of 

FeDHs characterized to date. For this reason, expanding the scope of enzymes to carry out these 

transformations is of great importance. The mechanistic similarities between hydroxylases and 

halogenases of the FeDO superfamily suggest that one could look at the latter group to access 

more biocatalysts capable of C–H functionalization with non-native anions. 

The fact that the facial triads of hydroxylases and halogenases differ only in one amino 

acid (Figure 1.2) prompts the question of whether hydroxylases could be rationally converted to 

halogenases by introducing the corresponding Asp/Glu→Gly/Ala mutations. This strategy has 
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the potential to open the vast library of hydroxylating FeDOs to halogenation and other non-

native reactions. However, applying this approach successfully has proved to be challenging. An 

early study attempted to explore the halogenation potential of facial triad mutants of prolyl 4-

hydroxylase, but both Asp→Gly and Asp→Ala mutants showed loss of hydroxylase activity and 

no halogenase activity.5 Notably, the addition of other anions such as N3
–, HCO2

–, and CH3CO2
– 

was not sufficient to rescue the native hydroxylase activity either. 

The facial triad of taurine hydroxylase TauD has been thoroughly investigated.6 The 

halogenating ability of facial triad mutant D101A was tested with different concentrations of Cl
–
 

ions in solution. Although no chlorination was detected, and hydroxylase activity was lost under 

these conditions, the use of HCO2
– ions in solution resulted in partial rescue of the native 

hydroxylation in mutant D101A. Finally, the factor-inhibiting hypoxia inducible factor (FIH), a 

hydroxylating-FeDO, was showed loss of activity when introducing Asp→Gly/Ala mutations in 

the facial triad D201G and D201A.7 When tested against halide ions (i.e. F–, Cl–, Br–, and I–), 

only the presence of Cl– was able to partially rescue the native hydroxylase activity in FIH 

D201G, and no halogenated products were detected for any of these mutant/halide combinations. 

Despite the above-mentioned cases, where non-native halogenation was not enabled by 

facial triad Asp/Glu→Gly/Ala mutations, two enzymes were able to achieve this goal. L-proline 

cis-4-hydroxylase from Sinorhizobium meliloti (SmP4H) was engineered to introduce the 

Asp→Gly facial triad mutation D108G.8 This new variant, SmP4H-0, was able to produce a 

mixture of cis-4-hydroxy-L-proline and cis-3-chloro-L-proline in the presence of L-proline and 

Cl–. The chemoselectivity of this reaction, however, favored the native hydroxylation in a 24:1 

hydroxylation to chlorination ratio. A directed evolution campaign produced variant SmP4H-7, 

with a 18.7-fold increase in chlorination compared to SmP4H-0, but with a chemoselectivity that 
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still favored the native hydroxylation reaction, with a 12:1 hydroxylation to chlorination ratio. 

The other successful example of engineering halogenase activity from a hydroxylase is the FeDO 

SadA, and it will be described in more detail in the following section.9 

2.1.3 FeDO SadA and engineered FeDH SadA D157G 

SadA was first characterized as part of a search for novel microbial biocatalysts able to 

produce L-threo-β-hydroxyleucine.10 Although no enzymes in this study showed activity on L-

leucine, SadA from Burkholderia ambifaria AMMD hydroxylated several N-substituted L-

leucine derivatives, with N-succinyl-L-leucine being the substrate that showed the highest 

activity (Figure 2.1A). Furthermore, SadA was shown to accept other N-succinylated amino 

acids, including N-succinyl-L-isoleucine, N-succinyl-L-valine, N-succinyl-L-phenylalanine, and 

N-succinyl-L-3,4-dimethoxyphenylalanine (NSDOPA, Figure 2.1B).11,12 Engineering of site G79 

and F261 led to improved activity on NSDOPA. 

Figure 2.1: Substrate scope of SadA 

 
A) Relative hydroxylase activity of SadA on different N-substituted L-leucine substrates.10 B) 

Other N-succinylated amino acids accepted by SadA.11,12 

A structure similarity search based on native FeDH WelO5 conducted by the Boal and 

Liu groups found that SadA had the highest similarity score.9 This led them to investigate the 

Asp→Gly facial triad mutant of SadA, SadA D157G, and its potential to act as a FeDH. This 

new mutant not only was able to chlorinate N-succinyl-L-leucine in the presence of Cl
–, but also 
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brominate it in the presence of Br–, albeit with lower conversion (Scheme 2.1). These non-native 

activities had poor chemoselectivity, however, with the chlorinated product being ~30% of the 

total product pool and the remaining ~70% being the native hydroxylated product. Despite these 

drawbacks, the fact that SadA D157G was the first example of a facial triad mutant to be able to 

accept multiple exogenous anions (i.e., Cl– and Br–) and perform non-native halogenation 

reactions suggested distinct and flexible scope of anionic ligands. These features, combined with 

the scope of substrates accepted by wild-type SadA, suggested that these enzymes were a 

promising platform for developing biocatalysts for a range of non-native activities. Efforts to 

explore the potential of said platform have been summarized and published.13 

Scheme 2.1: Initial halogenase activity of SadA D157Ga 

 
[a] Percentages represent fractions of the total product pool. 

Authorship 

Reaction conditions for the anion screen experiment described in section 2.2.2 were 

performed by Dr. Natalie H. Chan. Dr. Chan also performed an earlier version of the anion 

screen depicted in Figure 2.8, but the experiment was repeated to include an additional anion and 

enzyme (i.e., NCO
– and SadXL, respectively). Additionally, Dr. Chan contributed with the 

isolation and structural characterization of products 1c and 1eN3. 

2.2 Results and discussion 

2.2.1 Optimization of SadA D157G soluble expression 

We started by heterologously expressing both wild-type SadA and the mutant SadA 

D157G in E. coli and purifying these enzymes using Ni-NTA affinity chromatography. 
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Acceptable yield levels (30 – 60 mg/L) and good purity of protein samples were obtained (Figure 

2.2). The activity of these enzymes was tested using N-succinyl-L-leucine (1a) as substrate, and 

levels of chlorination and hydroxylation comparable to the previously reported values were 

obtained from in vitro bioconversions as determined by LC-MS (Scheme 2.2).9 However, 

envisioning future directed evolution efforts in which variants would be screened in 96-well 

plates using cell lysate instead of purified enzymes, we attempted chlorination reactions with 

SadA D157G lysate in 96-well plates. Even though optimization of reaction conditions was 

attempted, very low levels of chlorinated product were observed under these conditions. These 

results also suffered from poor reproducibility due to the low signal-to-noise ratio. 

Figure 2.2: SDS-PAGE of purified SadA and SadA D157Ga 

 
[a] Lanes correspond to SadA with a N-terminal His6-tag (“SadA”, MW = 34208.22 Da) and SadA 

D157G with a N-terminal His6-tag (“SadA D157G”, MW = 34150.19 Da). Two different final 

concentrations (40 µM and 20 µM) were used for each sample. 
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Scheme 2.2: Initial activity assays with purified SadA and SadA D157Ga 

 
[a] Percentages represent conversion values determined by LC-MS peak area comparison. 

When the relative concentrations of SadA D157G in the soluble and insoluble fractions 

were analyzed in lysates of cultures grown in 24-well plates, it was clear that most of the 

overexpressed protein was present in the insoluble fraction (Figure 2.3). This result suggested 

that the soluble expression of SadA D157G would need to be improved to allow for future 

engineering efforts. Two well-established strategies to improve soluble expression of proteins in 

E. coli were attempted: co-expression with molecular chaperones and fusion to a solubility-

enhancing tag.14,15  
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Figure 2.3: SDS-PAGE analysis of SadA D157G soluble expressiona 

 
[a] Lanes correspond to positive controls with purified SadA D157G (“SadA D157G”) at different 

final concentrations (20 µM, 10 µM, and 5 µM), the soluble (“S”) and insoluble (“I”) fractions 

after lysis of a cell resuspension in different volumes (300 µL and 200 µL). 

The commercially available plasmid pGro7, which encodes the chaperone protein pair 

GroEL-GroES, was transformed into E. coli cells containing the SadA D157G-encoding 

plasmid.16 Co-expression of this protein system in 24-well plates resulted in a ~2.5-fold increase 

in the relative expression of soluble SadA D157G when analyzed by SDS-PAGE (Figure 2.4). 

However, the insoluble fraction still contained most of the overexpressed enzyme. 



26 

 

Figure 2.4: SDS-PAGE expression analysis using molecular chaperonesa 

 
[a] Lanes correspond to a positive control of purified SadA D157G (“SadA D157G”), the soluble 

(“S”) and insoluble (“I”) fractions after lysis of duplicate cultures expressing SadA D157G 

(“Lysate (-pGro7)”), and the soluble and insoluble fractions after lysis of a culture co-expressing 

SadA D157G, GroEL, and GroES (“Lysate (+pGro7)”). 

The fusion tag chosen to improve soluble expression of SadA D157G was the maltose-

binding protein (MBP) from E. coli.17 According to the reported crystal structure of SadA (PDB 

ID: 3W21),18 the C-terminus of the protein is located proximal to the active site (Figure 2.5, 

shown in yellow), which suggested that a N-terminal fusion would be more likely to succeed. 

With this in mind, the MBP tag was added to the N-terminus of SadA D157G, making the fusion 

protein MBP-SadA D157G, which will be referred to as SadX from now on. Expression of this 

fusion in 24-well plates resulted in a significant improvement in soluble expression when 

analyzed by SDS-PAGE (Figure 2.6), with most of the overexpressed SadX being in the soluble 

fraction of the resulting lysate. When SadX was overexpressed in 1-liter cultures, yields of 200 – 

300 mg/L protein were obtained. 
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Figure 2.5: Crystal structure of SadA (PDB ID: 3W21)a 

 
[a] Facial triad residues are shown as green sticks, Zn(II) is shown as a red sphere in place of Fe(II), 

α-ketoglutarate co-substrate is shown as cyan sticks, and the C-terminal residue Asp273 is shown 

as yellow sticks. 

Figure 2.6: SDS-PAGE expression analysis of MBP-fused SadA D157G (SadX)a 

 
[a] Lanes correspond to a positive control of purified SadA D157G (“SadA D157G”), the soluble 

(“S”) and insoluble (“I”) fractions after lysis of a culture of expressing SadA D157G (“SadA 

D157G lysate”), and the soluble and insoluble fractions after lysis of a culture expressing the MBP-

fusion SadX (“SadX lysate”, MW = 75407.40 Da). 
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The newly developed expression systems were compared by carrying out bioconversions 

using the corresponding soluble fractions of lysate (Figure 2.7A). These results showed a 

significant increase in the conversion to chlorinated product, to a level that was reliably 

reproduced through replicate experiments. Additionally, when bioconversions using purified 

SadA D157G and SadX were compared, no significant differences were observed, suggesting 

that the MBP-tag had negligible effects on the activity of these enzymes (Figure 2.7B). Given 

these results, SadX was selected as the starting point for exploring non-native selective C–H 

functionalization reactions. 

Figure 2.7: Activity of SadA D157G expression systemsa 

 
A) Conversion of 1a using cell lysate of the SadA D157G expression systems. B) Conversion of 

1a using purified SadA D157G and SadX. [a] Conversion was calculated with LC-MS 

chromatogram peak areas. Each data point is the average of three replicates and error bars are 

standard deviations. 
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2.2.2 SadX activity in the presence of exogenous anions 

The activity of SadX on 1a was evaluated in the presence of different anions with the aim 

of studying the effect of these anionic ligands on the native hydroxylation reaction and exploring 

potential non-native reactivities (Figure 2.8). Based on previous screens of FeDHs with 

exogenous anions,1–4 the following ionic compounds were selected: NaCl, NaBr, CsF, 

NaCH3CO2, NaHCO2, NaN3, NaOCN, and NH4PF6. Additionally, a mutant of SadX, SadXL 

(SadX F152L), which derived from evolution efforts detailed in Chapter 3, had been found to 

produce the γ-hydroxylated product 1c instead of the native β-hydroxylated product 1b in the 

presence of Cl
–
. Given this interesting change in site-selectivity, this variant enzyme was also 

added to the anion screen experiments. 

Figure 2.8: Reaction of 1a with SadX and SadXL in the presence of exogenous anionsa 

 
[a] Reactions in the absence (“None”) and presence of anions (X). Conversion was calculated with 

chromatogram peak areas from LC-MS. Each data point is the average of three replicates and error 

bars are standard deviations. [b] Reaction with SadX results in a mixture of products. 
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Reactions carried out in the absence of anions showed only trace conversion to products, 

suggesting the need for an anionic ligand to complete the facial triad of these enzymes. A similar 

result can be seen in the presence of the non-coordinating anion PF6
–, implying that the ionic 

strength of the media had no effect on activity either. Reactions with NaCl and NaBr reproduced 

the original reports of SadA D157G,9 not only showing recovery of the native hydroxylation 

activity, but also halogenation at the β-position of the amino acid fragment. 

All other anions in this screen had not been explored with SadA D157G before this study. 

These anionic ligands showed different degrees of rescue of the native hydroxylase activity of 

SadA. Both formate and acetate, ligands that mimic the native aspartate residue, produced 1b, 

although only the former did it with a high conversion value, suggesting better fit in the active 

site due to its smaller size. The use of CsF rescued hydroxylation with excellent conversion 

values, although no rebound of fluoride was observed, as opposed to the other halide ligands Cl– 

and Br–. Further characterization performed by Dr. Chan showed evidence of F– binding to the 

active site both to an Fe(II) state via the analysis of the Fe(II)→α-ketoglutarate metal-to-ligand 

charge transfer band using UV-Vis spectroscopy, as well as to the catalytically-relevant Fe(III)-

hydroxo state via studying the kinetic behavior of SadX in the presence of CsF. The lack of 

fluorination was studied in collaboration with Dr. Vyshnavi Vennelakanti and Prof. Heather J. 

Kulik, who performed DFT calculations to establish the energies associated with the rebound 

step with different ligands. These calculations suggest that the lack of fluorination is most likely 

due to the 3.5 kcal/mol ΔΔG‡ between the transition states linked to rebound with hydroxyl and 

fluoride rebound. These results, as well as the characterization of anionic ligand binding to 

SadX, were summarized in a published article.13 



31 

 

Reactions with SadX in the presence of NaN3 and NaOCN resulted in hydroxylated 

products 1b and 1c, with similar conversion values in the latter case. This change in the site 

selectivity of SadX is anion-dependent, with all other cases favoring hydroxylation at the β-

position exclusively. Additionally, non-native functionalization of 1a was observed; γ-azidated 

product 1eN3 was obtained from reactions with N3
–, and a mixture of products was obtained in 

the presence of NCO–. Even though azidation had been reported on other FeDHs,1–4 these results 

are the first example of cyanate incorporation by a FeDH, as well as the first FeDO facial triad 

mutant to carry out azidation reactions. The site selectivity of these transformations differed from 

the native β-hydroxylated 1b, as well as halogenated products 1dCl and 1dBr. Further discussion 

of products from reactions in the presence of azide and cyanate can be found in chapter 3 and 

section 2.2.3, respectively.  

Introducing mutation F152L in variant SadXL had a significant effect on product 

distribution. The absence of this residue in SadA’s reported crystal structure limits the structural 

analysis of this mutation. However, a model of SadA obtained using AlphaFold locates residue 

Phe152 in close proximity to the active site and the substrate binding pocket (Figure 2.9).19 This 

mutation showed a high selectivity for γ-hydroxylated product 1c over the native β-hydroxylated 

1b in all cases, except in reactions with NaHCO2. Additionally, this variant was incapable of 

halogenating to form β-functionalized products 1dCl and 1dBr. These two results suggest an 

enzyme that is worse at accessing the β-position in substrate 1a. Finally, in cases where non-

native functionalization was observed, the chemoselectivity of SadXL towards hydroxylation 

was higher than SadX’s, as it can be seen by the relative production of 1c over 1eX in SadXL 

reactions compared to 1b over 1eX in SadX reactions. 
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Figure 2.9: Location of Phe152 in SadA’s active sitea 

 
[a] Structural model of SadA generated using AlphaFold.19 Facial triad residues are shown as green 

sticks, Zn(II) is shown as a red sphere in place of Fe(II), α-ketoglutarate co-substrate is shown as 

cyan sticks, and phenylalanine residue 152 is shown as yellow sticks. 

The effects of  mutation F152L on site selectivity were further investigated. A series of 

reactions were carried out in the presence of CsF using SadX, SadXL, SadA, and SadA F152L, 

with the latter being the facial triad reversion of SadXL (Figure 2.10). The ratio of conversion to 

products 1c/1b was used to analyze the site selectivity of these bioconversions. While the 1c/1b 

ratio was ~4 in reactions with SadXL, this value was only ~1.5 in the case of SadA F152L. These 

results suggest that the high selectivity of SadXL for γ-hydroxylation is not caused by the 

enzyme scaffold on its own, and that the presence of the exogenous F– anion is responsible as 

well. 
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Figure 2.10: Site selectivity in SadA F152L variantsa 

 
[a] Conversion of 1a to products by SadA variants in the presence of CsF. Conversion values were 

calculated with extracted ion chromatogram peak areas of products and the substrate from LC-MS 

experiments. 1c/1b is the ratio of conversion to product 1c over 1b. Each data point corresponds 

to the average of three replicates and error bars represent standard deviations. 

2.2.3 Non-native cyanate rebound 

As discussed in section 2.2.2, the incorporation of NCO– via non-native rebound with a 

FeDO detected in this study has not been reported before, so further characterization of this 

transformation was carried out. Reactions of 1a with SadA in the presence of NaOCN were 

analyzed via LC-MS (Figure 2.11). Besides hydroxylated products 1b and 1c, two new products, 

1eOCN(a) and 1eOCN(b), were detected. The base peaks in the mass spectra of these compounds 

did not have m/z values corresponding to cyanate or isocyanate derivatives of 1a, but instead 

they were ~289 and ~288 for 1eOCN(a) and 1eOCN(b), respectively. Additionally, the product 

distribution favored 1eOCN(a) with approximately twice as much conversion to that product when 

compared to 1eOCN(b). The product distribution of this transformation using SadXL showed no 
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conversion to product 1eOCN(b) and an overall lower chemoselectivity towards NCO– rebound 

when compared to conversion to hydroxylated product 1c. These results highlighted once again 

the effect of mutation F152L on site and chemoselectivity. 

Figure 2.11: Bioconversions with SadX variants in the presence of NaOCNa 

 
[a] Conversion of 1a to products by SadX and SadXL in the presence of NaOCN. Conversion values 

were calculated with extracted ion chromatogram peak areas of products and the substrate from 

LC-MS experiments. The m/z values shown correspond to the base peaks in negative ionization 

mass spectra of the novel products 1eOCN(a) and 1eNCO(b). Each data point corresponds to the 

average of three replicates and error bars represent standard deviations. 

Analysis of LC-MS chromatograms and corresponding mass spectra was carried out to 

begin to characterize these two novel products. The mass spectrum of product 1eOCN(a) 

contained a fragment ion with m/z of 246, matching the [M - H]– ion for hydroxylated products 
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1b/1c, and this fragment co-eluted with the peak associated with 1eOCN(a) (Figure 2.12). These 

observations suggested that 1eOCN(a) contained a new C–O bond that persisted after 

fragmentation in the mass spectrometer. Analogously, the mass spectrum of 1eOCN(b) contained 

a fragment ion with m/z of 245, which could be associated with an ion containing a new C–N 

bond. When considered together, these results suggested products that correspond to both NCO• 

and OCN• rebound, as well as secondary reactions that these products undergo to result in 

compounds 1eOCN(a) and 1eOCN(b). 

Figure 2.12: Chromatographic analysis of SadX bioconversion in the presence of NaOCNa 

 
[a] Negative mode LC-MS chromatograms of a representative reaction of 1a with SadX in the 

presence of NaOCN. Extracted ion chromatograms (EIC) for ions with m/z values of 289, 246, 

288, and 245 are shown under total ion chromatogram (TIC). Vertical dashed lines highlight two 

peaks associated with 1eOCN(a) and 1eOCN(b). 

To further characterize 1eOCN(a) and 1eOCN(b), the purification of SadX bioconversions 

was attempted using semi-preparative HPLC, but separation of these two products proved 

difficult. However, when bioconversions of 1a with SadXL in the presence of NaOCN were 
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analyzed, only 1eOCN(a) was detected, alongside major product 1c  ̧simplifying the isolation of 

this novel product (Figure 2.11). Once characterized, product 1eOCN(a) was identified as the 

γ-functionalized primary carbamate derivative of 1a (Scheme 2.3). Although no further 

characterization was performed on 1eOCN(b), the rebound of a OCN• radical, followed by 

nucleophilic attack of an additional equivalent of OCN– and subsequent hydration would result 

in a carbamide derivative of 1a which would match the observed m/z value. Regardless of the 

true nature of product 1eOCN(b), it can be concluded that SadX is able to accommodate a cyanate 

ligand in its active site while remaining active, as well as incorporate this non-native ligand into 

substrate 1a resulting in a primary carbamate and a different novel product that suggest the 

formation of a C–N bond.  

Scheme 2.3: Putative formation of products and fragments from bioconversions in the 

presence of NaOCNa 

 
[a] m/z values shown correspond to the [M - H]– ions of the displayed structures. Dashed arrows 

represent fragmentation in the ionization chamber of the mass spectrometer. 
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Given the unprecedented biocatalytic C–H carbamate formation, we considered its 

potential synthetic utility. The relevance of carbamate synthesis can be illustrated by the 

prevalence of this functional group in industries such as agrochemicals, peptide and polymer 

synthesis, and medicinal chemistry (Figure 2.13A).20 The relatively high chemical stability and 

higher membrane permeability make the carbamate bond an ideal unnatural peptide bond 

analogue for drug discovery. Specifically, primary carbamates have been used as starting 

materials or intermediates in different synthetic strategies, including intramolecular and 

intermolecular C–H insertion reactions, highlighting the potential of this platform to be 

incorporated into the chemoenzymatic synthesis of valuable target molecules (Figure 2.13B).21–24 

Currently, further exploration of the substrate scope of SadX-catalyzed carbamate synthesis is 

being carried out, as well as efforts to engineer chemoselective enzymes for this transformation. 

Figure 2.13: Therapeutic and synthetic relevance of organic carbamates. 

 
A) Carbamate-containing therapeutic agents.20 B) Examples of intra- and intermolecular C–H 

functionalization using primary carbamates.21–24 
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2.3 Conclusions 

The FeDO variant SadA D157G was improved for soluble expression by fusion with a 

solubility-enhancing MBP tag for the purpose of aiding future engineering and evolution efforts. 

The activity of this new variant, SadX, was studied in the presence of substrate N-succinyl-L-

leucine and a panel of non-native anions. All coordinating anions were able to rescue the native 

hydroxylation activity, and C–H functionalization resulting from chloride, bromide, azide, and 

cyanate rebound was detected. Additionally, the effect of active site mutation F152L was 

investigated, resulting in a novel site selectivity that favored γ-hydroxylation over the native β-

hydroxylation. Finally, the unprecedented incorporation of cyanate by a FeDO was further 

explored, identifying one of the products as a primary carbamate. These studies not only 

showcase the ability of SadA’s active site to accommodate non-native ligands while remaining 

active, but also provide an understanding of non-native rebound chemistry in FeDO that will aid 

the engineering of these enzymes as biocatalyst for non-native reactions. 

2.4 Experimental 

2.4.1 Materials 

Unless otherwise noted, all reagents were obtained from commercial suppliers and used 

without further purification. A gene encoding SadA D157G was obtained as a synthetic gene 

from Integrated DNA Technologies. E. coli BL21-Gold (DE3) cells (#230132) were purchased 

from Agilent Technologies. BamHI-HF (NEB #R3136) and HindIII-HF (NEB #R3104) 

restriction enzymes, Q5 HF DNA polymerase (NEB # M0491), dNTPs (NEB #N0447), Dpn I 

(NEB #R0176), and Gibson Assembly Master Mix (NEB #E2611) were purchased from New 

England Biolabs. Oligonucleotides were obtained from Integrated DNA Technologies. 

PrimeSTAR Max DNA Polymerase was purchased from Takara Bio USA. Gene confirmation by 
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Sanger sequencing for SadA, SadA D157G, and SadX was performed at the University of 

Chicago Comprehensive Cancer Center DNA Sequencing & Genotyping Facility (900 E. 57th 

Street, Room 1230H, Chicago, IL 60637), and all remaining genes were sequenced by 

Quintarabio (625 Mt Auburn St, Suite 105, Cambridge, MA 02138). Ni-nitrilotriacetic acid (Ni-

NTA) resin and Pierce
 
BCA Protein Assay Kits were purchased from Fisher Scientific 

International, Inc., and the manufacturer’s instructions were followed when using both products. 

Dowex™ 50WX8 strong cation exchange resin was purchased from Sigma-Aldrich. A gene 

encoding desuccinylase LasA was obtained as a synthetic gene from Twist Bioscience and 

expressed following published protocols.12 

2.4.2 General procedures 

PCR amplification was carried out using an Applied Biosystems ProFlex PCR System 

thermocycler. DNA transformation by electroporation was performed using a Bio-Rad 

MicroPulser. Protein concentrations were measured using a Tecan Infinite 200 PRO plate reader 

on a Tecan NanoQuant plate or with Bradford assay. Calculated extinction coefficients 

(Benchling [Biology Software], https://benchling.com) were used when determining protein 

concentration using absorbance at 280 nm (36,440 M-1cm-1 for SadA, 104,280 M-1cm-1 for all 

SadX variants, and 22,920 M-1cm-1 for LasA). NMR spectra (1H and 13C) were obtained using a 

Varian 500 MHz Inova NMR spectrometer, or a Varian 400 MHz Inova NMR Spectrometer at 

room temperature. Chemical shifts are reported in ppm and coupling constants are reported in 

Hz. LC-ESI-MS analysis was performed using an Agilent 1290 system equipped with an Agilent 

ZORBAX Eclipse Plus C18 column (2.1 x 50 mm, 1.8 µm).  

The LC-MS method applied to these studies used as solvents 0.1% formic acid in water 

(solvent A), and 0.1% formic acid in acetonitrile (solvent B), a flow rate of 0.4 mL/min, and ESI 
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negative scan mode detection. The following solvent gradient was employed: 5% B (0-1.25 min), 

5 to 15% B (1.25-3.3 min), 15% B (3.3-5 min), 15 to 95% B (5-8 min), 95% B (8-10 min), 95 to 

5% B (10-12 min). Table 2.1 shows the m/z being tracked for the relevant species and their 

elution times in each LC-MS method used. An m/z value of 184 was tracked for 1dCl and 1dBr, 

which corresponds to the dominant fragment ion.9 

Table 2.1: Dominant ions for relevant species monitored via LC-MS 

Species m/z 

1a 230 

1b/1c 246 

1dCl/1dBr 184 

1eN3 271 

1eOCN(a) 289 

1eOCN(b) 288 

2.4.3 Molecular cloning 

Standard molecular cloning procedures were used throughout this study.25 Details for the 

cloning of relevant constructs are detailed below. 

pET28a(SadA D157G)  

The synthetic gene for SadA D157G was cloned into a pET28a plasmid vector using 

BamHI and HindIII restriction sites, downstream of an N-terminal His6 tag. 

pET28a(SadA) 

The wild-type enzyme SadA was obtained by reverting the D157G mutation in SadA 

D157G via SOE PCR.26 A pET28a(SadA D157G) plasmid was used to generate the desired 

insert and the linearized vector with oligonucleotides shown in Table 2.2. 
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Table 2.2: Oligonucleotides used to generate pET28a(SadA) via SOE PCR 

# Name Sequence 

1 SadAGenFP 5’ – AGC AAA TGG GTC GCG GAT CCA TGC AGC ATA CCT 

ATC CGG C – 3’ 

2 SadAG157DMutRP 5’ – GTA TCA CGA CCA TAG CTA ACA TCA TCA CAA TGC 

GGT GCA AAG TTA AAC GGT G – 3’ 

3 SadAG157DMutFP 5’ – GTT AGC TAT GGT CGT GAT ACC GTT AAT TGG CCT 

CTG AAA CGT AGC TTT CC – 3’ 

4 SadAGenRP 5’ – TCG AGT GCG GCC GCA AGC TTT CAA TCA AAC ATA 

CGC CAA CC – 3’ 

5 SadAVectorFP 5’ – GTT GGC GTA TGT TTG ATT GAA AGC TTG CGG CCG 

CAC TCG A – 3’ 

6 SadAVectorRP 5’ – GCC GGA TAG GTA TGC TGC ATG GAT CCG CGA CCC 

ATT TGC T – 3’ 

The SadA insert was obtained by a first step including two fragmentation reactions using 

the same template but different oligonucleotide pairs (i.e., fragment 1 with primers 1 and 2, and 

fragment 2 with primers 3 and 4). The vector was linearized using primers 5 and 6. The 

amplification conditions were the following: 1 ng/µL template DNA, 1x Q5 reaction buffer, 0.8 

mM dNTPs each, 1 µM forward primer, 1 µM reverse primer, and 0.02 U/µL Q5 HF DNA 

polymerase, with a final volume of 50 µL. The PCR program for the fragmentations was the 

following: 98 °C for 2 minutes; 24 cycles of 98 °C for 30 seconds, 56 °C for 30 seconds, and 72 

°C for 45 seconds; and ending with 72 °C for 10 minutes. The PCR program for the 

amplification of the vector was the following: 98 °C for 2 minutes; 24 cycles of 98 °C for 30 

seconds, 65 °C for 30 seconds, and 72 °C for 3.5 minutes; and ending with 72 °C for 10 minutes. 

All PCR products were digested with 10 units of DpnI at 37 °C for 2 hours and purified through 

1% agarose gel electrophoresis. 

The SadA fragments were assembled via PCR using oligonucleotides 1 and 4. The 

assembly PCR conditions were as follows: 2 ng/µL of each fragment, 1x Q5 reaction buffer, 0.8 

mM dNTPs each, 1 µM forward primer, 1 µM reverse primer, and 0.02 U/µL Q5 HF DNA 

polymerase, with the final reaction volumes being 50 µL. The amplification program consisted 
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of the following: 98 °C for 2 minutes; 24 cycles of 98 °C for 30 seconds, 56 °C for 30 seconds, 

and 72 °C for 45 seconds; and ending with 72 °C for 10 minutes. The PCR product was digested 

with 10 units of DpnI at 37 °C for 2 hours and purified with 1% agarose gel electrophoresis. 

The resulting SadA insert and pET28a linearized vector were joined using Gibson 

Assembly, incubating at 50 °C for 1 hour and using a vector:insert ratio of 1:10. The resulting 

product was purified and concentrated using a Zymo PCR clean and concentrator kit. 

pET28a(SadX) 

The gene encoding the MBP tag was amplified from the pLIC(MBP-RebF) plasmid,27 

and the linearized vector was amplified from a pET28a(SadA D157G) plasmid using the 

oligonucleotides shown in Table 2.3. The amplification conditions were the following: 1 ng/µL 

template DNA, 1x Q5 reaction buffer, 0.8 mM dNTPs each, 1 µM forward primer, 1 µM reverse 

primer, and 0.02 U/µL Q5 HF DNA polymerase, with a final volume of 50 µL. The PCR 

program for the amplification of the MBP insert (using oligonucleotides 7 and 8) was the 

following: 98 °C for 2 minutes; 30 cycles of 98 °C for 30 seconds and 72 °C for 90 seconds; and 

ending with 72 °C for 10 minutes. The PCR program for the amplification of the vector (using 

oligonucleotides 9 and 10) was the following: 98 °C for 2 minutes; 30 cycles of 98 °C for 30 

seconds and 72 °C for 4 minutes; and ending with 72 °C for 10 minutes. All PCR products were 

digested with 10 units of DpnI at 37 °C for 2 hours and purified with 1% agarose gel 

electrophoresis. The resulting MBP insert and pET28a(SadA D157G) linearized vector were 

joined using Gibson Assembly, incubating at 50 °C for 1 hour and using a vector:insert ratio of 

1:10. The resulting product was purified and concentrated using a Zymo PCR clean and 

concentrator kit. 
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Table 2.3: Oligonucleotides used to generate pET28a(SadX) 

# Name Sequence 

7 NTermMBPInsertFP 5’ – GCG GCA GCC ATA TGG CTA GCA TGC ACC ATC 

ACC ATC ACC ATG G – 3’ 

8 NTermMBPInsertRP 5’ – TAG GTA TGC TGC ATG GAT CCG GCT GCT CCC 

TGG AAA TAC AGG – 3’ 

9 NTermMBPVectorFP 5’ – GTA TTT CCA GGG AGC AGC CGG ATC CAT GCA 

GCA TAC CTA TCC GG – 3’ 

10 NTermMBPVectorRP 5’ – CCA TGG TGA TGG TGA TGG TGC ATG CTA GCC 

ATA TGG CTG CCG C – 3’ 

pET28a(SadXL) 

The variant SadX F152L (SadXL) was obtained by site-directed mutagenesis of SadX 

following a modified QuickChange™ protocol.28 The pET28(SadX) plasmid was used as 

template for amplification using the oligonucleotides shown in Table 2.4. The amplification 

conditions were the following: 2 ng/µL template DNA, 0.3 µM forward primer, 0.3 µM reverse 

primer, and 1x PrimeSTAR Max DNA Polymerase, with the final volume being 50 µL. The PCR 

program for the amplifications was the following: 98 °C for 10 seconds; 30 cycles of 98 °C for 

10 seconds, 55 °C for 5 seconds, and 72 °C for 45 seconds; and ending with 72 °C for 1 minute. 

The PCR products were digested with 10 units of DpnI at 37 °C for 1 hour and purified via 1% 

agarose gel electrophoresis. 

Table 2.4: Oligonucleotides used to introduce mutation G157D in SadX and SadXL 

# Name Sequence 

11 SadXF152LFP 5’ – CGT GTT TAT GAA CCG TTT GAA GCA CCG TTT 

AAC TTA GCA CCG CAT TGT GG – 3’ 

12 SadXF152LRP 5’ – GTG CTT CAA ACG GTT CAT AAA CAC GAC GGG 

TTG CCA GCA GAA ATT CAA C – 3’ 

pET28a(SadXL G157D) 

The modified QuickChange™ protocol was used to revert the active site of SadXL to the 

wild-type sequence by introducing the G157D mutation. The pET28a(SadXL) plasmid obtained 
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before was used as template for amplification using the oligonucleotides detailed in Table 2.5. 

The procedure was analogous to the one used to obtain pET28a(SadXL). 

Table 2.5: Oligonucleotides used to introduce G157D mutation in SadXL 

# Name Sequence 

13 SadXLG157DFP 5’ – GTT AGC TAT GGT CGT GAT ACC GTT AAT TGG CCT 

CTG AAA CGT AGC TTT CC – 3’ 

14 SadXLG157DRP 5’ – GTA TCA CGA CCA TAG CTA ACA TCA TCA CAA TGC 

GGT GCT AAG TTA AAC GGT G – 3’ 

2.4.4 Protein sequences 

SadA 

MQHTYPAQLMRFGTAARAEHMTIAAAIHALDADEADAIVMDIVPDGERDAWWDDEGF

SSSPFTKNAHHAGIVATSVTLGQLQREQGDKLVSKAAEYFGIACRVNDGLRTTRFVRLF

SDALDAKPLTIGHDYEVEFLLATRRVYEPFEAPFNFAPHCDDVSYGRDTVNWPLKRSFP

RQLGGFLTIQGADNDAGMVMWDNRPESRAALDEMHAEYRETGAIAALERAAKIMLKP

QPGQLTLFQSKNLHAIERCTSTRRTMGLFLIHTEDGWRMFD* 

 

MBP-SadA 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKK

FEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKS

ALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKH

MNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGV

LSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAAT

MENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSEN

LYFQGAAGSMQHTYPAQLMRFGTAARAEHMTIAAAIHALDADEADAIVMDIVPDGERD

AWWDDEGFSSSPFTKNAHHAGIVATSVTLGQLQREQGDKLVSKAAEYFGIACRVNDGL

RTTRFVRLFSDALDAKPLTIGHDYEVEFLLATRRVYEPFEAPFNFAPHCDDVSYGRDTV

NWPLKRSFPRQLGGFLTIQGADNDAGMVMWDNRPESRAALDEMHAEYRETGAIAALE

RAAKIMLKPQPGQLTLFQSKNLHAIERCTSTRRTMGLFLIHTEDGWRMFD* 

 

SadX 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKK

FEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKS

ALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKH

MNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGV

LSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAAT

MENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSEN

LYFQGAAGSMQHTYPAQLMRFGTAARAEHMTIAAAIHALDADEADAIVMDIVPDGERD

AWWDDEGFSSSPFTKNAHHAGIVATSVTLGQLQREQGDKLVSKAAEYFGIACRVNDGL

RTTRFVRLFSDALDAKPLTIGHDYEVEFLLATRRVYEPFEAPFNFAPHCGDVSYGRDTV
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NWPLKRSFPRQLGGFLTIQGADNDAGMVMWDNRPESRAALDEMHAEYRETGAIAALE

RAAKIMLKPQPGQLTLFQSKNLHAIERCTSTRRTMGLFLIHTEDGWRMFD* 

 

SadXL 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKK

FEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKS

ALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKH

MNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGV

LSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAAT

MENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSEN

LYFQGAAGSMQHTYPAQLMRFGTAARAEHMTIAAAIHALDADEADAIVMDIVPDGERD

AWWDDEGFSSSPFTKNAHHAGIVATSVTLGQLQREQGDKLVSKAAEYFGIACRVNDGL

RTTRFVRLFSDALDAKPLTIGHDYEVEFLLATRRVYEPFEAPFNLAPHCGDVSYGRDTV

NWPLKRSFPRQLGGFLTIQGADNDAGMVMWDNRPESRAALDEMHAEYRETGAIAALE

RAAKIMLKPQPGQLTLFQSKNLHAIERCTSTRRTMGLFLIHTEDGWRMFD* 

 

SadXL G157D 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKK

FEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKS

ALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKH

MNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGV

LSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAAT

MENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSEN

LYFQGAAGSMQHTYPAQLMRFGTAARAEHMTIAAAIHALDADEADAIVMDIVPDGERD

AWWDDEGFSSSPFTKNAHHAGIVATSVTLGQLQREQGDKLVSKAAEYFGIACRVNDGL

RTTRFVRLFSDALDAKPLTIGHDYEVEFLLATRRVYEPFEAPFNLAPHCDDVSYGRDTV

NWPLKRSFPRQLGGFLTIQGADNDAGMVMWDNRPESRAALDEMHAEYRETGAIAALE

RAAKIMLKPQPGQLTLFQSKNLHAIERCTSTRRTMGLFLIHTEDGWRMFD* 

2.4.4 Gene expression and cell culture 

Plasmid or nicked plasmid DNA from the cloning procedures outlined above were used 

to transform electrocompetent E. coli BL21-Gold (DE3). Cells were recovered in 1 mL of SOC 

media, incubated at 37 °C for 1 hour, and 200 µL were plated onto a LB/agar plate containing 50 

µg/mL kanamycin. After incubating the plate at 37 °C overnight, a single colony was picked and 

used to inoculate 5 mL of TB media with 50 µg/mL kanamycin. This culture was incubated at 37 

°C and 250 rpm overnight. The resulting culture was partially used to generate a glycerol stock 

by combining 500 µL of the culture with 500 µL of 50% v/v water/glycerol and being stored 
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at -80 °C, while the remaining culture was used to extract the protein-encoding plasmid and 

confirm DNA sequence by Sanger sequencing. 

An overnight culture was prepared by inoculating kanamycin-containing TB (7.5 mL) 

and shaking the culture at 250 rpm, 37 °C overnight. The overnight culture was used to inoculate 

750 mL of fresh kanamycin-containing LB media in a 2.8 L Fernbach flask. The culture was 

incubated at 37 °C, 250 rpm until OD600 of the culture reached 0.6 – 0.8 (at ~t = 4 h), after which 

the culture was cooled to 18 °C without shaking. Protein expression was then induced by 1 mM 

IPTG. The induced culture was allowed to grow for 16 hours at 18 °C, 250 rpm. The cells were 

harvested afterwards by centrifugation at 4 °C, 4000 rpm for 20 minutes.  

2.4.5 Evaluation of expression levels 

Analysis of expression levels via SDS-PAGE 

The following protocol was used to compare expression levels of SadA D157G, SadA 

D157G expressed in the presence of molecular chaperones GroEL/GroES, and the fusion SadX. 

An overnight culture was prepared by inoculating kanamycin-containing TB (5 mL) and shaking 

the culture at 250 rpm, 37 °C overnight. 60 µL of the resulting overnight culture were used to 

inoculate 6 mL of LB media containing 50 µg/mL kanamycin in a well of a 24-deep well plate. 

The culture was incubated at 37 °C, 215 rpm until OD600 of the culture reached 0.6 – 0.8, after 

which the culture was cooled to 18 °C and protein expression was induced by 1 mM IPTG. The 

induced culture was allowed to grow for 18 hours at 18 °C, 215 rpm. The cells were harvested by 

centrifugation at 4 °C, 3600 rpm for 15 minutes. The resulting cell pellets were resuspended with 

400 µL of 1 mg/mL lysozyme in 10 mM HEPES pH 7.5 and incubated for 45 minutes at 37 °C, 

250 rpm. The plate containing the cell suspension was flash frozen in liquid N2 to promote 

complete cell lysis, and then thawed at room temperature. 40 µL of 1 mg/mL DNase in 10 mM 
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HEPES pH 7.5 were added and the cell suspension was incubated for 15 minutes at 37 °C, 250 

rpm. The insoluble and soluble fractions of the generated lysate were separated by centrifugation 

at 4 °C, 3600 rpm for 15 minutes. The supernatant was transferred to a separate vessel (“soluble 

fraction”), while the pellet was resuspended in 440 µL of 10 mM HEPES pH 7.5 (“insoluble 

fraction”). 

The lysate fractions were analyzed via SDS-PAGE. 12 µL of each fraction were diluted 

with 12 µL of 2x Laemmli Sample Buffer (Bio-Rad) prepared according to manufacturer’s 

instructions and incubated at 95 °C for 10 minutes. 6 µL of the resulting mixture were loaded 

onto a 12% acrylamide SDS-PAGE gel and run at 120 V for 95 minutes using a Bio-Rad 

PowerPac Basic power supply. 

Activity assay in lysate 

An overnight culture was prepared by inoculating kanamycin-containing TB (5 mL) and 

shaking the culture at 250 rpm, 37 °C overnight. 50 µL of the resulting overnight culture were 

used to inoculate 1 mL of LB media containing 50 µg/mL kanamycin in a well of a 96-deep well 

plate. The culture was incubated at 37 °C, 215 rpm until OD600 of the culture reached 0.6 – 0.8, 

after which the culture was cooled to 18 °C and protein expression was induced by 1 mM IPTG. 

The induced culture was incubated for 18 hours at 18 °C, 215 rpm. The cells were harvested by 

centrifugation at 4 °C, 3600 rpm for 15 minutes. The resulting cell pellets were resuspended with 

125 µL of 1 mg/mL lysozyme in 10 mM HEPES pH 7.5 and incubated for 45 minutes at 37 °C, 

250 rpm. The plate containing the cell suspension was flash frozen in liquid N2 to promote 

complete cell lysis, and then thawed at room temperature. 10 µL of 1 mg/mL DNase in 10 mM 

HEPES pH 7.5 were added and the cell suspension was incubated for 15 minutes at 37 °C, 250 
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rpm. The insoluble and soluble fractions of the generated lysate were separated by centrifugation 

at 4 °C, 3600 rpm for 15 minutes. 

Bioconversions were set up in microtiter v-bottom 96-well plates by combining 25 

µL/well of solution A (50 mL containing 8 mM α-ketoglutarate, 200 mM NaCl, 32 mM ascorbic 

acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5), 25 µL/well of solution B (30 mL 

of 4 mM 1a in 10 mM HEPES pH 7.5), and 50 µL/well of clarified lysate. The final reaction 

conditions were 100 µL of 1 mM 1a, 2 mM α-ketoglutarate, 50 mM NaCl, 8 mM ascorbic acid, 

0.1 mM Fe(NH4)2(SO4)2, and 50% v/v lysate in 10 mM HEPES pH 7.5. The plates were sealed 

with breathable film and shaken at room temperature and 750 rpm for 3 hours, after which 100 

µL of methanol were added to quench the reactions and precipitated proteins were removed by 

centrifugation at 3600 rpm for 10 minutes. 50 µL of the resulting supernatant were diluted with 

100 µL of water, filtered through 0.22 µm filter plates by centrifugation at 3600 rpm for 10 

minutes, and analyzed via LC-MS. 

2.4.6 Protein purification 

Protein purification was carried out using Ni-NTA affinity chromatography. Cell pellets 

were re-suspended in Ni-NTA binding buffer (100 mM HEPES, 20 mM imidazole, pH 7.5, 30 

mL) and sonicated (40 amplitude, 30 second burst, 10 minute total process). The lysed culture 

was then clarified at 15000 rpm, 4 °C for 60 minutes. The supernatant was tumbled with Ni-

NTA resin (5 mL) pre-equilibrated with an equilibration buffer (20 mM sodium phosphate pH 

7.4, containing 10 mM imidazole, and 50 mM NaCl) at 4 °C for 1 h. After the initial elution of 

sample, the resin was washed with 5 CV of a wash buffer (20 mM sodium phosphate pH 7.4, 

containing 20 mM imidazole, and 50 mM NaCl). The desired enzyme was eluted with 5 CV of 

elution buffer (20 mM sodium phosphate pH 7.4, containing 500 mM imidazole, and 50 mM 
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NaCl), with each CV of eluent collected as a separate fraction. Fraction purity was confirmed by 

SDS-PAGE (12% acrylamide). Pure fractions were combined, and buffer exchanged into 5 mM 

EDTA in 100 mM HEPES pH 7.5 to remove any residual iron ions. The purified protein was 

then buffer exchanged into 100 mM HEPES pH 7.5 three times, concentrated to ~ 1 mM, and 

stored as a frozen stock at -80 °C.  

2.4.7 Activity assays 

Small-scale bioconversions of 1a with SadA 

Initially, the reported activity of SadA was reproduced small-scale bioconversions. 

Reactions were set up by combining in a 96-well plate 25 µL/well of solution A (25 mL 

containing 8 mM α-ketoglutarate, 32 mM ascorbic acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM 

HEPES pH 7.5), 25 µL/well of solution B (2 mL of 4 mM 1a in 10 mM HEPES pH 7.5), and 50 

µL/well of solution C (200 µL of 0.2 mM of SadA). The final reactions (100 µL) had final 

concentrations of 1 mM 1a, 2 mM α-ketoglutarate, 8 mM ascorbic acid, 0.1 mM 

Fe(NH4)2(SO4)2, and 0.1 mM SadA in 10 mM HEPES pH 7.5. The plate was sealed with 

breathable film and shaken at room temperature and 750 rpm for 3 hours, after which 100 µL of 

methanol were added to quench the reactions and precipitated proteins were removed by 

centrifugation at 3600 rpm for 10 minutes. Finally, 80 µL of the resulting supernatant were 

filtered through 0.22 µm filter plates by centrifugation at 3600 rpm for 10 minutes and analyzed 

via LC-MS. 

Small-scale bioconversions of 1a with SadA D157G/SadX 

The reaction setup was analogous to hydroxylation bioconversions with SadA, with the 

exception of solution A containing 8 mM α-ketoglutarate, 200 mM NaCl, 32 mM ascorbic acid, 

and 0.4 mM Fe(NH4)2(SO4)2, and solution C being 200 µL of 0.2 mM SadA D157G or SadX. 
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This resulted in reactions (100 µL) with final concentrations of 1 mM 1a, 2 mM α-ketoglutarate, 

50 mM NaCl, 8 mM ascorbic acid, 0.1 mM Fe(NH4)2(SO4)2, and 0.1 mM SadA D157G or SadX 

in 10 mM HEPES pH 7.5. 

Reaction of 1a with SadX/SadXL in the presence of exogenous anions 

SadX and SadXL activity was analyzed in reactions prepared from three stock solutions. 

Solution A (1 mL containing 3 mM 1a, 30 μM enzyme, 0.3 mM Fe(NH4)2(SO4)2, and 24 mM 

ascorbic acid in 100 mM HEPES pH 7.5) was prepared by combining 300 μL of 10 mM 1a, 300 

μL of 80 mM ascorbic acid, and 4.5 μL of 2 mM enzyme, all in 100 mM HEPES pH 7.5, with 

365.5 μL of 100 mM HEPES (pH 7.5) and 30 μL of 10 mM Fe(NH4)2(SO4)2 in LC-MS-grade 

water (and stored on ice to avoid rapid air oxidation in the absence of ascorbic acid). Solutions B 

and C, containing 150 mM of the desired salt and 30 mM -ketoglutarate, respectively, were 

prepared in 100 mM HEPES (pH 7.5). 30 μL of solutions A-C were added to a 96-well v-bottom 

plate. The final reaction volume was 90 μL, and the reactions contained 1 mM substrate, 10 μM 

SadX (or variant), 50 mM salt (or no salt as a control), 0.1 mM Fe(NH4)2(SO4)2, 8 mM ascorbic 

acid, and 10 mM -ketoglutarate. Plates were sealed with a breathable film and shaken at 750 

rpm at room temperature overnight. The reactions were quenched the following day by the 

addition of methanol (90 μL). The precipitated protein was then removed by centrifugation. The 

supernatant (60 μL) was diluted with water (100 μL), filtered, and analyzed by LC-MS with an 

injection volume of 0.5 μL. Products and substrate peak areas in the resulting extract ion 

chromatograms were integrated on the Agilent MassHunter software. Product conversions were 

calculated using relative peak area ratios between product(s) and the substrate. 
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2.4.8 Synthesis and Biocatalysis 

Synthesis of substrate N-succinyl-L-leucine (1a)  

A 250 mL round bottom flask was charged with a stir bar and L-Leucine (10 g, 60.5 

mmol, 1 eq). Water (50 mL) and NaOH (5 M, 12 mL) was added to leucine and the resulting 

suspension was stirred. Succinic anhydride (6.3 g, 63 mmol, 1.03 eq) was added as solids to the 

suspension. NaOH (5 M, 20 mL) was added to the suspension again. The reaction was heated to 

47 °C for 2 hours, after which the reaction was cooled to room temperature. The reaction was 

then acidified to pH 1 with 6 M HCl, diluted with water (300 mL), and extracted with ethyl 

acetate (400 mL x 2). The combined organic layers were washed with brine (300 mL x 1), dried 

over MgSO4, and filtered. The filtrate was concentrated to wet white solids under reduced 

pressure. Slow evaporation of residual solvent at room temperature afforded white crystalline 

solids over a few days. The product was washed with hexanes and dried in vacuo with some 

heating with a heat gun. The resulting sticky solids were lyophilized to afford dry white solids. 

Yield: 7.4 g, 53%. The 1H-NMR spectrum of product matched the spectrum reported in 

literature.9 

Isolation of 1eN3 via SadX-3 reaction with 1a 

A 1 L Erlenmeyer flask was charged with 1a (50 mM, 30 mL, 1.5 mmol), SadX-3 (SadX 

V39I/F152L) (0.1 mol%, 0.75 mM, 2.0 mL, 1.5 μmol), Fe(NH4)2(SO4)2 (100 mM, 0.15 mL, 15 

μmol), ascorbic acid (80 mM, 30 mL, 2.4 mmol), NaN3 (50 mM, 30 mL, 1.5 mmol), and 

-ketoglutarate (200 mM, 30 mL, 6 mmol) in 100 mM HEPES, pH 7.5. Buffer was added to 

make up to a 150 mL reaction volume. All stocks were made in 100 mM HEPES, and pH 

adjusted to pH 7.5 with 10 M NaOH prior to addition, with the exception of the stock of 

Fe(NH4)2(SO4)2 which was prepared in water. The flask was sealed with a breathable film and 
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shaken at 60 rpm overnight at 30 °C. Complete consumption of 1a on the next day was 

confirmed by LC-MS of the reaction mixture. The reaction was lyophilized and then resuspended 

in methanol (150 mL). The suspension was clarified by centrifugation at 4,000 rpm for 5 

minutes. The supernatant was mixed with celite (54 g) and methanol was removed under reduced 

pressure. A quarter of the celite mixture (13.5 g) was loaded onto a 60 g reverse phase Biotage 

column (Biotage Sfar C18 D) and 1eN3 was purified in a Biotage Isolera One with the following 

gradient: 4 CV of 100% A, 4 CV of 10% B, 4 CV from 10 to 60% B, 2 CV of 100% B, where 

solvent A is water with 0.1% formic acid and solvent B is LC-MS-grade ACN with 0.1% formic 

acid. Two other rounds of reverse phase purification were performed on the remaining celite 

mixture using the same method. Fraction purity was checked using the LC-MS. Fractions 

containing 1eN3 were consolidated, dried, embedded with celite, loaded onto the Biotage column, 

and purified via flash chromatography using the gradient described before. Pure fractions from 

all rounds of purification were combined, concentrated under reduced pressure, and lyophilized. 

Yield: 42.6 mg, 10.4%. 

1H-NMR (500 MHz, CD3OD) δ 4.56 (dt, J = 9.2, 3.0 Hz, 1H), 2.69 – 2.46 (m, 4H), 2.10 

(dd, J = 14.7, 3.4 Hz, 1H), 1.86 (dd, J = 14.6, 9.1 Hz, 1H), 1.34 (s, 3H), 1.32 (s, 3H). 

13C-NMR (126 MHz, CD3OD) δ C 176.10, C 175.30, C 174.23, C 61.57, CH 50.57, CH2 

43.37, CH2 31.52, CH2 30.03, CH3 26.47, CH3 26.24.  

Peaks were assigned based on multiplicity-edited 1H-13C HSQC (Figure A1.1). 
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Isolation of 4-azido-L-leucine (1c*) via tandem SadX-3 and LasA reactions with 1a 

 

The following reaction was set up with four replicates. A 20 mL scintillation vial was 

charged with 1a (50 mM, 200 μL, 10 μmol), SadX-3 (0.1 mol%, 0.59 mM, 17 μL, 10 nmol), 

Fe(NH4)2(SO4)2 (1 mM, 10 μL, 10 nmol), ascorbic acid (80 mM, 200 μL, 16 μmol), and -

ketoglutarate (200 mM, 200 μL, 40 μmol) in 50 mM sodium phosphate buffer pH 7.5. Buffer 

was added to make up to a 1 mL reaction volume. All stocks were made in 50 mM sodium 

phosphate buffer and adjusted to pH 7.5 with 10 M NaOH prior to addition, with the exception 

of the stock of Fe(NH4)2(SO4)2 prepared in water and added last to avoid precipitation with 

phosphate ions. The vial was sealed with a breathable film and shaken at 300 rpm overnight at 23 

°C. Complete consumption of 1a on the next day was confirmed by LC-MS of the reaction 

mixture. The four reactions were transferred to four 2 mL microcentrifuge tubes. LasA (1.07 

mM, 93.4 μL, 0.1 μmol) in 50 mM Tris/HCl at pH 7.5 was added to each reaction. Reactions 

were shaken at 300 rpm and 37 °C for five hours. Complete consumption of 1eN3 and close to 

complete consumption of 1c to their respective desuccinylated forms were observed via LC-MS 

analysis. The four reactions were quenched with 1 mL of methanol each, and the precipitated 

protein was removed via centrifugation at 21,000 g for 10 minutes. The supernatants were 

combined, and methanol was removed with a rotary evaporator before acidifying to pH 1 with 6 

M HCl. The acidified supernatant was then purified on a cation exchange resin following the 
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procedure described below. The lyophilized post-cation exchange product (7.6 mg) was 

characterized by 1H-NMR and it contained mostly 1c*, 1eN3*, and amine-based buffers (Tris and 

HEPES) from the original protein stocks. This mixture was purified by semi-preparative HPLC 

in an Agilent 1100 HPLC equipped with a Supelco Discovery C18 semi-preparative column 

(25 cm × 10 mm, 5 μm particle size) at 3 mL/min with the following method: 1% ACN in water 

from 0 to 7 minutes, 1 to 6% ACN from 7 to 20.7 minutes, 6 to 80% ACN from 20.7 to 25 

minutes. UV absorbance of eluent was detected at 210 nm. Fractions were collected manually, 

and their purity confirmed by LC-MS. 1c* eluted at ~4 minutes. Pure 1c* fractions were 

combined, concentrated under reduced pressure, and lyophilized. Yield: 2.59 mg, 44%. 

1H-NMR (500 MHz, D2O) δ 3.96 (dd, J = 10.1, 3.3 Hz, 1H), 2.13 (dd, J = 15.3, 3.3 Hz, 

1H), 1.95 (dd, J = 15.3, 10.2 Hz, 1H), 1.36 (s, 3H), 1.35 (s, 3H). 

13C-NMR (126 MHz, D2O) δ 174.95, 70.92, 52.46, 41.91, 29.74, 26.53. 

Peaks were assigned based on multiplicity-edited 1H-13C HSQC (Figure A1.2). 

Cation exchange protocol 

A 100 mL chromatography column was slurry-packed with 11 g of DOWEX™ 50WX8 

resin in methanol. The resin was equilibrated by washing with 200 mL of methanol, 300 mL of 

water, 1 M HCl until the pH of the flow through was lower than 2, and water until the pH of the 

flow through was ~6-7. The protein-free supernatant from a SadX-3/LasA reaction was added to 

the column and the resin was washed with 500 mL of water. 1 M NH4OH was added until 

product no longer eluted from the column as confirmed by LC-MS analysis. The fractions that 

contained products were combined and dried by lyophilization. 
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Isolation of 1eOCN(a) via SadXL reaction with 1a 

A 250 mL polypropylene beaker was charged with 1a (5 mM, 6 mL), SadXL (1.5 mM, 1 

mL), Fe(NH4)2(SO4)2 (20 mM, 0.3 mL), ascorbic acid (80 mM, 6 mL), NaOCN (40 mM, 6 mL), 

and -ketoglutarate (20 mM, 6 mL) in 100 mM HEPES, pH 7.5. Buffer was added to make up to 

a 30 mL reaction volume. All stocks were made in 100 mM HEPES, and pH adjusted to pH 7.5 

with 10 M NaOH prior to addition, with the exception of the stock of Fe(NH4)2(SO4)2 which was 

prepared in water. The final concentrations were 1 mM 1a, 50 µM SadXL, 200 µM 

Fe(NH4)2(SO4)2, 16 mM ascorbic acid, 8 mM NaOCN, and 4 mM -ketoglutarate. The beaker 

was sealed with a breathable film and shaken at 125 rpm and 30 °C for 3 hours. Full 

consumption of 1a on was confirmed by LC-MS of the reaction mixture. The reaction was 

quenched by addition of 30 mL of methanol and clarified by centrifugation at 15,000 rpm for 15 

minutes. The supernatant was filtered, concentrated down by rotary evaporation, and purified via 

semipreparative HPLC. Fraction purity was checked using LC-MS, and those containing 

1eOCN(a) were consolidated, dried, and analyzed via NMR. 

1H-NMR (500 MHz, CD3OD) δ 4.55 (dd, J = 9.41, 3.37 Hz, 1H), 2.63 – 2.48 (m, 4H), 

2.22 (dd, J = 14.69, 3.34 Hz, 1H), 2.14 (dd, J = 14.73, 9.30 Hz, 1H), 1.50 (s, 3H), 1.49 (s, 3H). 

13C-NMR (126 MHz, CD3OD) δ C 177.94, C 177.00, C 173.94, C 159.22, C 81.17, CH 

51.97, CH2 44.34, CH2 32.10, CH2 30.87, CH3 26.65, CH3 26.62. 

Peaks were assigned based on multiplicity-edited 1H-13C HSQC (Figure A1.3). 
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3.1 Introduction 

3.1.1 The relevance of C–H halogenation 

Halogenated compounds are highly prevalent as pharmaceuticals, agrochemicals, 

synthetic building blocks, and biologically active molecules (Figure 3.1).1–3 Replacing C–H with 

C-X bonds, where X = F, Cl, Br, or I, has been shown to increase the efficacy and biological 

activity of antibiotics, fungicides, herbicides, and insecticides.2,4 Additionally, naturally 

occurring halogenated products have been shown to possess interesting biological activities, 

including antimicrobial and antitumor activities.5,6 The discovery of new natural products and the 

development of efficient synthetic routes to access halogenated compounds are therefore of 

importance to a wide range of industries and fields. 

Figure 3.1: Representative halogenated compounds and their activities 

  

Chapter 3: Directed evolution of SadX for non-native azidation 
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Direct C–H halogenation is an intuitive and efficient strategy to access halogenated 

compounds. These reactions can involve the use of metal catalysts, oxidative reagents, and 

photocatalysts, resulting in the need for harsh conditions and hazardous chemicals.7–11 

Additionally, the selectivity of these reactions is typically substrate-controlled, resulting in low 

selectivities in the absence of the appropriate directing groups.12 This effect is of particular 

importance in the case of aliphatic C–H halogenation given the ubiquity of this functionality. 

Consequently, there is a need for establishing synthetic strategies that can produce halogenated 

compounds in an efficient and selective manner. 

Recent developments in aliphatic C–H halogenation strategies include methods inspired 

by halogenating enzymatic systems. For example, the halogenation of several small molecules, 

such as adamantane, toluene, and cyclohexene, was achieved with the use of a biomimetic Fe(II) 

complex in the presence of oxygen and under acidic conditions (Scheme 3.1A).13 The proposed 

mechanism for this reaction involves the formation of an Fe(IV)-oxo-chloro complex followed 

by radical processes analogous to those of native FeDHs (Scheme 1.3). Although site-selective 

halogenation occurs, the formation of hydroxylated and oxidized products is also observed, 

attributed to be most likely due to the strong iron-chloro bond.13 
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Scheme 3.1: Representative examples of aliphatic C–H halogenation reactions 

 
A) Biomimetic Fe(II) catalyst produces a mixture of halogenated and oxidized products.13 B) 

Copper-catalyzed directed C–H halogenation selective for chlorination of alkyl substrates. 

PMDTA = N,N,N’,N”,N”-pentamethyldiethylenetriamine.14 C) Non-directed C–H chlorination of 

alkyl substrates based on the use of Zhdankin’s azidoiodinane reagent.15 

 As mentioned above, the use of directing groups is a common strategy to overcome the 

site selectivity issue of these reactions. One example of such an approach is the copper-catalyzed 

halogenation of hydroperoxides (Scheme 3.1B).14 The mechanism of this reaction is proposed to 

involve the formation of an alkoxy radical, a 1,5-hydrogen atom transfer, and a chlorine atom 

transfer. Several primary and secondary alkyl hydroperoxides were successfully halogenated in 

this study to produce the corresponding chlorinated alcohols, but oxidized byproducts were also 

detected. 

A recent study reported the non-directed and site-selective chlorination of mostly tertiary 

and benzylic C–H bonds in the presence of Zhdankin’s azidoiodinane reagent and dichloro(1,10-

phenanthroline)copper(II), an inexpensive copper(II) chloride complex (Scheme 3.1C).15 This 

reaction was successfully demonstrated in more than 30 diverse compounds, including complex 

small molecules like botulin and gibberellic acid. The proposed mechanism starts with the 
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formation of an o-iodobenzoyloxy radical from Zhdankin’s reagent, followed by hydrogen atom 

abstraction, and chlorine atom transfer from the copper chloride complex to the alkyl radical. 

Although no byproducts were reported, this strategy did not work on compounds with 

functionalities such as secondary alcohols, and double or triple C–C bonds. 

3.1.2 The importance of C–N bond forming reactions 

Aliphatic amines are one of the most prevalent functional groups in biologically active 

compounds and pharmaceutical candidates (Figure 3.2).16,17 The presence of an amino group 

usually increases the solubility of a compound, while lipophilicity can me modulated by the N-

substituents. This feature makes them ideal for compounds meant to cross cell membranes.18 The 

ubiquity of aliphatic amines in pharmaceutical agents and preclinical candidates can be 

exemplified by a 2011 study that analyzed the most common reactions and functional groups 

used by medicinal chemists.19 This study revealed that 42.9% of the compounds in their search 

contained at least one aliphatic amine. 

Figure 3.2: Representative compounds containing aliphatic amines and their therapeutic 

use 

 

The most traditional synthetic strategies to obtain aliphatic amines are direct N-alkylation 

and reductive amination.19 N-alkylation is the reaction of an amine with an alkyl halide to 
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produce an amine with higher substitution. Even though this strategy is widely used, it suffers 

from poor selectivity, with overalkylation being common. The resulting mixture of secondary 

and tertiary amines and ammonium salts creates downstream issues associated with product 

purification. Reductive amination consists of the condensation between an aldehyde or ketone 

with a primary or secondary amine, resulting in an imine or an iminium ion, respectively. The 

corresponding intermediate is then reduced (e.g., with NaBH3CN) to form a new aliphatic amine. 

This approach, however, can suffer from reactivity issues, with sterically hindered amines and 

ketones resulting in low reactivity, and the opposite effect being observed with small amines and 

aldehydes.20,21 

As with other types of direct C–H functionalization, direct C–N bond formation reactions 

can provide a more efficient way to obtain these highly valued compounds.22,23 Several 

approaches using transition metal catalysts have been developed, including the use of 

metalloporphyrin complexes.24 One example of these reactions include the use of a ruthenium-

porphyrin complex in nitrene insertion reactions in secondary, benzylic, and allylic C–H bonds 

(Scheme 3.2A).25 Another representative study in this field demonstrated the use of a 

manganese-porphyrin catalyst to azidate secondary, tertiary, and benzylic C–H bonds through a 

proposed radical mechanism (Scheme 3.2B).26 Although several functional groups were 

tolerated, secondary alcohols were oxidized to ketones under these conditions. 
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Scheme 3.2: Representative C–N bond forming reactions catalyzed by metalloporphyrin 

complexes 

 
A) Amination via nitrene insertion catalyzed by a ruthenium-porphyrin complex.25 B) Aliphatic 

C–H azidation catalyzed by a manganese-porphyrin complex.26 

Non-porphyrin transition metal catalysts have also been developed for direct C–N bond 

formation. One example of such a catalyst is a ruthenium(II)-pybox complex capable of catalyze 

intramolecular C–H amination via nitrene insertion (Scheme 3.3A).27 This study showed the 

successful functionalization of benzylic and allylic C–H bonds in a series of sulfamate esters, 

while functionalization of an aliphatic secondary C–H bond resulted in poor yields. Another 

approach relied on the use of Zhdankin’s azidoiodinane reagent, iron(II) acetate, and a tridentate 

pybox-type ligand to achieve azidation of tertiary and benzylic C–H bonds (Scheme 3.3B).28 

When challenged with multiple sites for functionalization, this system yielded site selectivities as 

low as 5:1 and as high as 14:1. It is worth mentioning that the azidation of complex molecules, 

such as the steroid oestrone and a gibberellic acid derivative, was successfully achieved, 

highlighting the utility of this platform for late-stage functionalization. 
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Scheme 3.3: Representative C–N bond forming reaction catalyzed by transition metals 

 
A) Intramolecular C–H amination catalyzed by a ruthenium(II)-pybox complex.27 B) Site-selective 

azidation of tertiary C–H bonds with the use of Zhdankin’s azidoiodinane reagent and an iron(II)-

pybox complex.28 

Enzymes have been engineered to catalyze C–N bond forming reactions as well. Heme-

dependent enzymes have been developed as biocatalysts for intramolecular amination.29–32 One 

of these studies engineered enzyme P411BM3 into variants with divergent site selectivity for the 

formation of  a six- or five-membered ring (Scheme 3.4A). Additionally, this family of enzymes 

is capable of intermolecular amination of benzylic, allylic, and propargylic C–H bonds using 

sulfonyl azides or N-hydroxylamine esters.33–36 The use of engineered P411 variants with a 

hydroxylamine ester precursor resulted in the synthesis of primary amines at benzylic and allylic 

positions, with site selectivities ranging from 1.6:1 to >20:1, depending on the substrate (Scheme 

3.4B). Non-heme Fe(II)-dependent enzymes have also been used to carry out intramolecular C–

H amination in sulfonyl azides via nitrene insertion.37,38 A recent example used engineered 

variants of the FeDO Pseudomonas savastanoi ethylene-forming enzyme (PsEFE) to catalyze 
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the intramolecular cyclization of 2-ethylbenzenesulfonyl azide to the corresponding sultam, with 

high selectivity over the reduction side reaction (Scheme 3.4C). 

Scheme 3.4: Enzymatic C–H amination reactions via non-native nitrene insertion 

  
A) Heme-dependent P411BM3 variants with complementary site selectivity for intramolecular 

amination. P411BM3(1) = P411BM3-T268A-F87A; P411BM3(2) = P411BM3-CIS-T438S-I263F.32  

B) Primary amine synthesis by a P411BM3 engineered variant with high site selectivity.34  

C) Engineered non-heme Fe(II)-dependent PsEFE catalyzes intramolecular cyclization of sulfonyl 

azide.37 

Finally, a recent study engineered the non-heme Fe(II)-dependent pyruvate dioxygenase 

from Streptomyces avermitilis, Sav HppD, to carry out non-native azidation of N-fluoroamides at 

benzylic C–H bonds via a radical relay mechanism (Scheme 3.5A).39 This process is proposed to 

occur via the formation of an amidyl radical and a Fe(III)(F)(N3) intermediate. A 1,5-hydrogen 

atom transfer step follows, resulting in a new carbon centered radical and a subsequent radical 

rebound of azide to yield the final azidated product. Notably, the C–H abstraction step in this 

mechanism is proposed to be carried out by the substrate itself, and not the Fe center. The 

proposed intermediates are analogous to previously reported fluorination reactions with Fe(II) 

salts.40 This study yielded two engineered variants, Az1 and Az2, that were able to successfully 
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azidate primary, secondary, and tertiary benzylic positions with TTN of up to 10060 and e.r. as 

high as 96.5:3.5 when using E. coli cells harboring these biocatalysts (Scheme 3.5B). 

Scheme 3.5: Benzylic azidation via non-native radical relay by non-heme Fe(II)-dependent 

pyruvate dioxygenase39 

 
A) Proposed radical relay mechanism for non-native azidation. B) Representative reactions of two 

Sav HppD evolved variants. 

The methods described above represent a wide range of strategies currently used to 

approach the highly valued but challenging C–N bond forming reactions. Most of them, 

however, require the use of pre-functionalized substrates or pre-activated nitrogen sources, such 

as hypervalent iodine reagents and nitrene precursors. There is a high need for techniques that 

allow for the direct introduction of ammonia equivalents from simple and readily available 

sources. The examples of non-native azidation carried out by FeDHs highlighted in chapter 2 

represent a promising alternative, requiring only the use of sodium azide as the nitrogen source 

and oxygen as stoichiometric oxidant.41–44 Furthermore, the product of C–H azidation can be 

used to access primary amines, amides, lactams, and N-heterocycles, as well as grant access to 
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azide-alkyne cycloaddition chemistry (i.e., “click chemistry”).45–47 Efforts to investigate the use 

of engineered FeDO SadX for non-native azidation were summarized and published.48 

Authorship 

The synthesis of compounds 2a, 3a, 4a, 5a, 6a, and 7a was carried out by Dr. Dibyendu 

Mondal. Dr. Natalie H. Chan established the conditions under which the kinetic characterization 

of evolved enzymes in section 3.2.5 was performed. Dr. Chan also contributed to this study with 

the synthesis of compound 1a. The expression and purification of enzymes needed for the 

isolation of products shown in Scheme 3.6 was carried out with assistance from Qian Du. 

3.2 Results and discussion 

3.2.1 Conditions for directed evolution of SadX 

The activity of the MBP-fusion SadX for the chlorination of N-succinyl-L-leucine (1a) in 

the presence of NaCl was previously established using both clarified cell lysate and purified 

enzyme (Figure 2.7). The product of native hydroxyl rebound was still the main product of these 

reactions. The first goal of this study was to explore the extent of improvement in 

chemoselectivity towards non-native chlorination that could be achieved via directed evolution. 

The mutagenesis required for the diversification step needed to be established, and the screening 

conditions needed to be validated. 

Given the fact that the reported crystal structure for SadA is missing a region that is 

believed to be in contact with the active site and substrate binding pocket, a non-targeted 

mutagenesis approach was chosen.49 To investigate the effect of different mutagenic conditions, 

several error-prone DNA polymerase chain reactions (epPCR) were set up using SadA as 

template and different concentrations of MnCl2.
50 Twenty samples from each epPCR condition 

were sequenced and the number of non-silent mutation (i.e., amino acid mutations) introduced in 
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each sequence was quantified (Figure 3.3). The average mutation rate for reactions with 300 µM 

MnCl2 was 3.5 amino acids per sequence, which was selected as a figure that would allow for 

enough diversity to be generated, while maintaining the overall mutagenic burden on the 

resulting enzyme under levels that would be deleterious. 

Figure 3.3: Mutation rate under different epPCR conditionsa 

 
[a] Distribution of amino acid mutations per sequence in samples obtained via epPCR in the 

presence of different concentrations of MnCl2. Twenty samples were submitted for each epPCR 

condition. [b] Mean mutation rate expressed as the average amino acid mutation per sequence. 

Additionally, the reproducibility of the screening assay was evaluated. Twelve random 

variants from the SadA epPCR library using 300 µM MnCl2 were used to inoculate cultures in 

96-deep well plates. These twelve variants, along with SadA, were expressed in triplicate in three 

separate plates, with the goal to evaluate plate-to-plate variability, and the resulting clarified E. 

coli lysates were used to carry out hydroxylation bioconversions (Figure 3.4, top). This random 

set of variants resulted in a diverse range of conversion values, but most importantly, the 

variability observed for each sample was considered within acceptable levels for the screening of 

libraries under these conditions. Additionally, one of the analyzed plates contained triplicate 

cultures within itself, and the analysis of these samples suggested a high reproducibility of the 
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analytical method when cultures are grown in the same plate. These results not only validate the 

screening method, but also highlight the importance of having proper control samples in each 

plate, to minimize the effect of variability between different plates. 

Figure 3.4: Evaluation of variability in lysate-based screening assaya 

 
[a] Conversion of 1a to 1b using clarified E. coli lysate from twelve randomly selected SadA 

variants obtained via epPCR (V1-V12). Negative control “Blank” contained lysate from a culture 

of E. coli harboring an empty pET28a plasmid. Conversion to products calculated with LC-MS 

extracted ion chromatogram peak areas of product and substrate. Each data point corresponds to 

the area of three replicate lysates obtained from cultures grown in independent 96-well plates (top) 

or three replicate lysates from cultures grown in the same 96-well plate (bottom). Error bars 

represent the corresponding standard deviations. 
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3.2.2 Engineering SadX for improved chlorination 

With mutagenesis and screening conditions defined, one round of directed evolution on 

SadX was carried out using epPCR with an average of 3-4 mutations per sequence (Figure 3.5A). 

A total of 900 variants were screened under chlorination conditions using substrate 1a, and two 

potential candidates were identified: variant 2A-02, which showed overall lower conversion 

under screening conditions but higher chemoselectivity towards the chlorinated product, and 

variant 2D-12, which showed higher conversion values but no improvement in chemoselectivity 

(Figure 3.5B). These two variants were selected for further validation and characterization. 

Figure 3.5: Overview of a single round of evolving SadX for non-native chlorination 

 
A) General directed evolution strategy for improving non-native chlorinase activity in SadX. A 

single round of evolution was carried out. B) Screening results for the conversion of 1a to 1b and 

1d for two potential “hits”. Conversion to products calculated with LC-MS extracted ion 

chromatogram peak areas of products and substrate. Data for parent SadX corresponds to the area 

of four replicate lysates obtained from the same plate as 2A-02 and 2D-12, other data points are a 

single measurements. Error bars represent the corresponding standard deviations. 

Sanger sequencing determined the introduction of two mutations in 2A-02 (I71V/R172H) 

and three mutations in 2D-12 (R48C/I99V/E208G). The following step was the validation of the 
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potential “hits” identified during library screening. This is done by expressing and purifying any 

selected variants and running bioconversions under fully defined conditions (Figure 3.6). This 

step allows comparison of the conversion and selectivity of enzymes without interfering factors, 

such as different expression levels or undefined reaction media present in lysate reactions. 

Analyzing both the conversion to the halogenated product 1d and the chemoselectivity towards 

chlorination (expressed as the ratio of 1d over 1b) revealed that variant 2D-12 did not improve 

either of these features with respect to parent SadX. The performance of 2A-02, however, was 

substantially better. Even though the conversion to 1d improved only by ~7%, the 

chemoselectivity of the reaction improved by 3-fold, inverting the native selectivity of SadX, and 

making 1d the major product. 

Figure 3.6: Validation of candidates from SadX evolution for chlorinase activitya 

 
[a] Conversion of 1a to products 1b and 1d by SadX variants identified during screening of an 

epPCR library. Conversion values were calculated with extracted ion chromatogram peak areas of 

products and the substrate from LC-MS experiments. The chemoselectivity of these variants is 

expressed as the ratio of conversion to product 1d over 1b. Each data point corresponds to the 

average of three replicates and error bars represent standard deviations. 

Rationalizing the activity changes imparted by 2A-02 by analysis of the crystal structure 

of SadA proved difficult. Residue Arg172 is located on the outer surface of the protein, distal to 

the active site and binding pocket. Residue Ile71 is located in a region that is missing from the 
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reported structure, near the substrate binding pocket.49 The change in size from mutation I71V 

could result in a change in substrate positioning with respect to the Fe(III)(OH)(Cl) intermediate, 

favoring chloride rebound over hydroxyl rebound. Beyond this speculation, the results shown 

above suggested that engineering of SadX towards a non-native activity could be achieved using 

directed evolution. 

3.2.3 Site selectivity in the directed evolution of SadX 

Simultaneously with the engineering efforts described in section 3.2.2, other non-native 

functionalization activities were explored using SadX. Inspired by direct nitration and azidation 

reports using SyrB2, we investigated the activity of SadX in the presence of NaNO2 and NaN3 

(Figure 3.7).41 Azidation of substrate 1a using SadX was observed, reproducing the results 

presented in chapter 2, with the major product being the native hydroxylated 1b. A new product 

was detected in the presence of NaNO2, with a mass corresponding to the product of the nitration 

of 1a. This novel product was obtained with a conversion of ~4%, and the chemoselectivity of 

this reaction was notably lower towards the non-native rebound when compared to the azidation 

case. 

Figure 3.7: Non-native nitration and azidation activities of SadXa 

 
[a] Conversion of 1a to products 1b and 1eX in the presence of NaNO2 and NaN3. Conversion was 

calculated with extracted ion chromatogram peak areas of from LC-MS experiments. Each data 

point corresponds to the average of three replicates and error bars represent standard deviations. 
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The next step was to evolve SadX for non-native azidation of 1a. A first attempt was 

carried out by making targeted libraries at positions 79 and 261. Mutations at these positions 

were reported to improve the activity of wild-type SadA towards the hydroxylation of 

N-succinyl-L-3,4-dimethoxyphenylalanine by ~6-fold.51 Two libraries that individually targeted 

these positions in SadX with a degenerate NNK codon were prepared and screened for improved 

azidation of 1a. This approach did not yield any improved variants, suggesting that these 

mutations had no beneficial effects towards the azidation of 1a when introduced into SadX. 

SadX was subjected to epPCR with 3-4 mutations per sequence and the resulting library 

was screened focusing on improved conversion of 1a to the azidated product 1e. The result of 

this process was the double mutant termed SadX-3, which contained mutations V39I and F152L 

and provided improved conversion of 1a to 1e under screening conditions. When purified and 

investigated under standard conditions (100 µM enzyme), SadX-3 exhibited only a modest 

improvement in the conversion to 1e (Figure 3.8). The use of a 100-fold lower enzyme loading 

revealed a similar conversion to 1e for SadX-3, while SadX had significantly lower levels of 

azidation. Under these conditions, SadX-3 exhibited a ~11-fold improvement in total turnovers 

when compared to SadX. Product 1e would be later characterized as γ-azidated N-succinyl-L-

leucine, suggesting that the hydrogen atom abstraction step was happening at the γ-position of 

the substrate instead of the native β-position.  
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Figure 3.8: Azidation with evolved variant SadX-3 with different enzyme concentrationsa 

 
[a] Conversion of 1a to hydroxylated products 1b and 1c, and azidated product 1e by SadX and 

SadX-3 at two different concentrations (1 µM and 100 µM). Conversion values were calculated 

with extracted ion chromatogram peak areas of products and the substrate from LC-MS 

experiments. Each data point corresponds to the average of three replicates and error bars represent 

standard deviations. 

The chemoselectivity of SadX-3 was very similar to SadX, with the native hydroxyl 

rebound being favored. The main product, however, was the result functionalization of the 

γ-position of the amino acid fragment of substrate 1a, generating this novel hydroxylated product 

1c. Around 95% of the product pool was found to be γ-functionalized compounds, suggesting 

that productive C–H abstraction was happening almost exclusively at the γ-position. Residue 

Val39 is located distal to the active site in the crystal structure of SadA, so the effect of mutation 

V39I is difficult to rationalize from this structural information. Residue Phe152 is part of a 

missing fragment in the reported crystal structure of SadA, similar to the residue Ile71 mentioned 

in section 3.2.2. This missing fragment is proximal to the substrate binding pocket and active 
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site, which could suggest a direct re-shaping of this space and a change in the orientation in 

which the substrate is positioned, leading to an almost exclusive productive C–H abstraction step 

at the γ-position. 

To further characterize this new variant that showed a notable improvement in total 

turnovers, reactions with SadX-3 were analyzed in function of time. The consumption of 

substrate 1a was monitored via LC-MS in reactions using 1 mM substrate and 10 µM SadX or 

SadX-3 (Figure 3.9). These results showed a significant difference in the behavior of these two 

enzymes, with SadX-3 having a higher rate of substrate consumption. Reactions with SadX 

stopped after ~2.5 hours of reaction time with a final total conversion of ~65%. In the case of 

SadX-3, reactions progressed to >90% total conversion in the first 15 minutes. This remarkable 

improvement allowed SadX-3 to be employed in larger scale bioconversions to isolate and 

characterize product 1e, as reported in chapter 2. 

Figure 3.9: Substrate consumption in bioconversions using SadX and SadX-3a 

 
[a] Remaining concentration of substrate 1a in bioconversions with SadX (circles) and SadX-3 

(squares). Different small-scale bioconversions were stopped at different times to analyze reaction 

progress. Reaction conditions were 10 µM enzyme, 1 mM 1a, 2 mM α-ketoglutarate, 0.1 mM 

Fe(NH4)2(SO4)2, 8 mM NaN3, and 8 mM ascorbic acid in 10 mM HEPES pH 7.5. Each data point 

corresponds to the average of three replicates and error bars represent standard deviations. Several 

error bars are not visible due to sufficiently small deviations. 
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Even though the improvement in azidation obtained with SadX-3 was modest, further 

engineering could have taken place to improve the chemoselectivity of the enzyme for the 

azidation of 1a. However, a different evolution effort that was being carried out simultaneously 

was continued instead, since it showed more promising results. This directed evolution lineage 

will be discussed in the following sections. 

3.2.4 Directed evolution of SadX for site-selective azidation 

Variant 2A-02 was the result of a round of directed evolution aimed at improving 

chlorination activity of SadX. A significant improvement in chemoselectivity was obtained with 

this new variant, with the non-native chlorinated compound 1d being the major product (Figure 

3.6). This variant was tested under azidation conditions to evaluate its potential to be a starting 

point for directed evolution (Figure 3.10). Only β-hydroxylated 1b and γ-azidated 1e were 

detected as products. Conversion to 1e showed no improvement with 2A-02 when compared to 

SadX, but chemoselectivity was greatly increased, with a >2-fold rise in the 1e to 1b ratio when 

compared to the parent enzyme. 

Figure 3.10: Azidase activity of evolved chlorinase 1-VH (2A-02)a 

 
[a] Conversion of 1a to products 1b and 1e using SadX and 2A-02 (renamed 1-VH). Conversion 

values were calculated with extracted ion chromatogram peak areas of products and the substrate 

from LC-MS experiments. The chemoselectivity of these variants is expressed as the ratio of 

conversion to product 1e over 1b. Each data point corresponds to the average of three replicates 

and error bars represent standard deviations. 



78 

 

These levels of improvement in chemoselectivity were not observed previously for 

azidation reactions using engineered SadX variants. For that reason, 2A-02 was selected as the 

first variant in a new directed evolution lineage and it was used as a parent for a subsequent run. 

This variant was renamed “1-VH” to follow the naming convention that will be applied to all 

future variants from this lineage, using the number of the generation in which the variant was 

found followed by the single letter code for the amino acids that were introduced in that 

generation (e.g., Val79 and His172 in the case of 1-VH). 

The next round of directed evolution consisted of another epPCR library in which 900 

variants were screened. Two enzymes were identified with attractive improvements with respect 

to the parent 1-VH. Variant 2-D (1-VH N65D) showed a ~1.8-fold improvement in 

chemoselectivity with respect to its parent enzyme, continuing the trend of decreasing the 

amount of β-hydroxylated product 1b while maintaining constant levels of azidation (Figure 

3.11). Variant 2-L (1-VH F152L) resulted in a lower increase in chemoselectivity, but a >2-fold 

improvement in conversion to product 1e. This effect was accompanied by production of 

γ-hydroxylated product 1c, resembling the behavior of SadX-3 (Figure 3.8). Unsurprisingly, the 

mutation introduced in 2-L was also present in SadX-3, strengthening the hypothesis that 

position Phe152 is important in defining the site selectivity of SadX. The combination of 

mutations F152L and N65D was unsuccessful in generating a variant with increased 

chemoselectivity and conversion to 1e. 
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Figure 3.11: Azidation reactions by second generation SadX variantsa 

 
[a] Conversion of 1a to products 1b, 1c, and 1e by SadX variants 1-VH, 2-D, and 2-L. Conversion 

values were calculated with extracted ion chromatogram peak areas of products and the substrate 

from LC-MS experiments. The chemoselectivity of these variants is expressed as the ratio of 

conversion to product 1e over the sum of conversions to products 1b and 1c. Each data point 

corresponds to the average of three replicates and error bars represent standard deviations. 

The two new variants 2-D and 2-L represented two potential pathways to engineer a 

highly active and selective azidase. While 2-D provided a significant improvement in 

chemoselectivity, further engineering to increase conversion was needed. On the other hand, 2-L 

showed improved conversion to 1e, so engineering its chemoselectivity was needed. It was 

unclear which pathway would successfully arrive at the desired enzyme faster, so both of these 

variants were used to make independent epPCR libraries, each containing 900 variants. While 

variants with improved conversion to 1e were found in the library that used 2-D as parent, none 

of them performed better than 2-L. Additionally, no improvements in chemoselectivity were 

found in the 2-D library. 
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The library based on 2-L, however, produced a new triple mutant with significantly 

increased performance. This new variant, 3-VRL (2-L I38V/Q233R/F261L), not only resulted in 

higher conversion to 1e, but also showed a ~5-fold improvement in chemoselectivity when 

compared to 2-L, and a ~11-fold improvement when compared to the starting point SadX (Figure 

3.12). This leap in selectivity was produced by a decrease in production of 1c, suggesting that 

selectivity towards non-native azide rebound was being favored. While residues Ile38 and Gln233 

are located distal to the active site, residue Phe261 is located in the active site, facing the Fe(II) 

center. This fact suggests a direct impact on substrate positioning and rebound selectivity. 

Figure 3.12: Conversion and product distribution of evolved variant 4-IC and its lineagea 

 
[a] Conversion of 1a to products 1b, 1c, and 1e by variants in the lineage of 4-IC. Conversion values 

were calculated with extracted ion chromatogram peak areas of products and the substrate from 

LC-MS experiments. The chemoselectivity of these variants is expressed as the ratio of conversion 

to product 1e over the sum of conversions to products 1b and 1c. Each data point corresponds to 

the average of three replicates and error bars represent standard deviations. 
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While the selectivity of 3-VRL towards non-native azidation was the highest in this series 

of enzymes, the overall conversion of 1a decreased. Optimization of the reaction conditions led 

to  higher activity when increasing the concentrations of α-ketoglutarate, Fe(II), and ascorbic 

acid. Under these conditions 2-L was able to convert >99% of substrate to products, while 3-

VRL had an overall conversion of ~70% (Figure 3.12). In order to further improve the 

conversion of 1a, an additional round of directed evolution was carried out with an epPCR 

library of 900 variants and conditions that led to an average of 1 to 2 mutations per sequence. 

Screening of this library resulted in several potential improved enzymes being identified. 

Recombination of new mutations with reversion of 3-VRL mutations resulted in variant 4-IC (3-

VRL V38I/R48C). This new variant showed ~99% conversion of substrate 1a and a 

chemoselectivity towards azidation that was lower than that of 3-VRL, but still ~9-fold higher 

with respect to SadX. 

The analysis of reactions catalyzed by SadX variants to obtain conversion values for all 

product relied on the comparison of LC-MS chromatogram areas of substrate 1a and all 

products. This analysis assumes homogenous ionization efficiency among all analytes, which 

may not necessarily be the case. Azidated product 1e was isolated from scaled-up bioconversions 

using SadX-3 and used to construct a standard calibration curve to accurately quantify the 

conversion to 1e (Figure 3.13). Under this assay, variant 4-IC achieved 91% conversion of 1a to 

1e. The discrepancies between conversion values from these two analyses highlight differences 

in ionization efficiencies between compounds 1a-1e. Isolation of product 1c was not possible, 

making it impossible to have standard curves for all compounds. Without a standard curve, 

comparison of absolute conversions is not valid, but this approach still allows for comparison of 

relative conversions across the different variants. 
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Figure 3.13: Conversion to azidated product by SadX variants quantified with a standard 

curvea  

 
[a] Conversion values were calculated with the extracted ion chromatogram peak area of product 

1e relative to internal standard N-acetyl-L-valine from LC-MS experiments and a standard curve 

constructed with isolated 1e. Reaction conditions were 100 µM enzyme, 1 mM 1a, 4 mM α-

ketoglutarate, 0.2 mM Fe(NH4)2(SO4)2, 8 mM NaN3, and 16 mM ascorbic acid in 10 mM HEPES 

pH 7.5. Each data point corresponds to the average of three replicates and error bars represent 

standard deviations. 

3.2.5 Analysis and characterization of evolved SadX variants 

The product distributions for evolved SadX variants under azidation and chlorination 

conditions reveal a subtle relationship between overall conversion, chemoselectivity, and site 

selectivity (Figure 3.14). The fact that SadX is able to form β-chlorinated product 1d and 

γ-azidated product 1e suggests that the Fe(IV)-oxo intermediate is able to abstract both β and γ 

C–H bonds in substrate 1a. The fact that no β-azidated product is detected implies that rebound 

of the azide ligand may be controlled by the relative orientation of substrate radical, as 

previously proposed for the chemoselectivity of hydroxyl and chloride rebound in FeDH 

SyrB2.52 Variant 1-VH resulted in a decrease of β-hydroxylated product 1b, with higher 

chemoselectivities for both chlorination and azidation. The next variant 2-L showed a significant 

increase in azidation and γ-hydroxylation, as well as an almost complete absence of chlorination 

and β-hydroxylation. This effect seems to align with an active site that has been evolved to favor 
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productive C–H abstraction at the γ-position, since only a small percentage of β-functionalized 

products were detected. Consequently, the following two variants in the lineage, which further 

improved γ-azidation, showed no improved activity under chlorination conditions. The lack of 

product 1c under those conditions suggests that variants 3-VRL and 4-IC must have been 

evolved to position the substrate in a way that hydroxyl rebound to the γ-position is disfavored. 

Figure 3.14: Conversion and product distribution of evolved SadX variants under 

azidation and chlorination conditionsa 

 
[a] Conversion of 1a to products 1b-1e by variants in the lineage of 4-IC. Reactions were set up 

under azidation (top) and chlorination (bottom) conditions. Conversion values were calculated 

with extracted ion chromatogram peak areas of products and the substrate from LC-MS 

experiments. The chemoselectivity of these variants is expressed as the ratio of conversion to 

product 1d or 1e over the sum of conversions to products 1b and 1c. Each data point corresponds 

to the average of three replicates. 
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It is worth noting that the two instances in which chemoselectivity towards azidated 

product 1e increased significantly, with variants 1-VH and 3-VRL, a decrease in the total 

conversion of substrate was observed. This apparent trade-off between chemoselectivity and 

overall activity of the SadX variants once again seemed to support the proposed mechanisms that 

control chemoselectivity in native FeDHs, but further analysis of these evolved SadX variants 

was needed. Modeled structures of SadX and 4-IC were obtained using AlphaFold (Figure 

3.15).53 Other models were constructed using SWISS-MODEL54 and Rosetta55, but both had 

poorly packed structures for the Ser59-Ser75 and Glu147-Ala153 missing segments. The AlphaFold 

SadX model predicted a well-packed structure for these segments, with the missing Ser59-Ser75 

loop being modeled as a β-hairpin-like structure above the active site, and residue Phe152 facing 

the active site (Figure 3.15A). The mutations that had the most impact on the active site, 

according to these models, were I71V, F152L, and F261L (Figure 3.15B). Mutation I71V is 

predicted to change the structure of the Ser59-Ser75 loop, and both F152L and F261L are 

predicted to increase the volume of the active site. Noteworthy, the introduction of F152L in 2-L 

led to a substantial change in site-selectivity, with all major products being γ-functionalized, and 

introduction of F261L in 3-VRL led to an improvement in the specificity towards azidation. 

These predictions seem to support the idea of a change in substrate positioning in the active site 

leading to a change in site and chemoselectivity. It is worth mentioning that, as described in 

section 3.2.2, Phe261 in SadX was subjected to site saturation mutagenesis but no improved 

variants were successfully identified. This suggests that the effects of mutation F261L are 

specific to improving azidation over γ-hydroxylation, while hydroxylation in SadX is exclusively 

at the β-position. 
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Figure 3.15: Acquired mutations overlaid in SadX and 4-IC AlphaFold models 

 
A) Location of accumulated mutations in the respective structures of SadX (red) and 4-IC (blue). 

Only segments where both models showed notable differences when aligned, both histidine 

residues from the facial triad, and α-ketoglutarate are colored. B) Accumulated active site 

mutations and their effect on the active site structure. 

Analysis of steady state kinetics for azidation of substrate 1a by SadX and 4-IC was 

carried out (Figure 3.15). 4-IC showed a ~3-fold and ~20-fold increase in kcat and KM, 

respectively, as well as a ~6-fold decrease in kcat/KM. This decrease in catalytic efficiency seems 

to be caused by the higher KM value, suggesting that the binding of 1a needed to achieve the 

improvements in chemoselectivity is less favorable than in the parent enzyme. This would be 

another observation that supports previously reported insights on the mechanism of halogenase 

SyrB2, where selective chlorination of the native substrate is achieved by reduction of the overall 

activity of the enzyme.52  
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Figure 3.16: Steady state kinetic characterization of azidation by SadX and 4-ICa 

  
[a] Each data point corresponds to the average of triplicate samples and error bars represent the 

corresponding standard deviations. 

Exploration of the substrate scope of the evolved SadX variants revealed good-to-high 

conversion of N-succinylated β- and γ-branched amino acids, as well as N-succinylated amines, 

to the corresponding azidated products (Scheme 3.6). Conversion values with a subset of 

representative substrates ranged between 48% to 91%, and chemoselectivity ratios of azidation 

over hydroxylation were between 0.93 and 5.7. Most of the characterized products were 

functionalized at a tertiary C–H bond, but secondary C–H azidation was observed in product 6e, 

indicating that this preference can be overridden. Substrates that lacked the N-succinyl moiety 

were not functionalized, suggesting the importance of interactions between this functional group 

and the binding pocket of the evolved azidases. Production of 7e, however, shows the potential 

to functionalize non-amino acid-derived substrates. No single enzyme in the 4-IC lineage 

showed high levels of conversion and selectivity for all substrates examined, but instead different 

enzymes were able to better functionalize specific substrates. This fact highlights the importance 
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of precise substrate positioning to enable selective functionalization, as previously proposed for 

native FeDHs.52,56 

Scheme 3.6: Representative substrate scope of evolved azidasesa 

 
[a] Percent conversion azidated products 1e – 7e by evolved SadX variants. Unless otherwise 

specified, conversion values were calculated with extracted ion chromatogram peak areas of 

products and substrates from LC-MS experiments. Chemoselectivity towards azidation (in 

parenthesis) expressed as the ratio of azidated products over hydroxylated products. Each value is 

the average and standard deviation of three replicate experiments. [b] Conversion values were 

quantitated by LC-MS relative to N-acetyl-L-valine internal standard and a standard curve of the 

corresponding isolated product. [c] Standard reaction conditions with 8 mM α-ketoglutarate. 

Additionally, the activity of these evolved SadX variants was evaluated in the presence of 

NCO–. As previously discussed in chapter 2, variant SadXL was able to functionalize substrate 

1a and produce primary carbamate 1eOCN with a 31% conversion and 0.45 chemoselectivity ratio 

over hydroxylated products (Figure 2.11). The best enzyme in the 4-IC lineage to catalyze this 

functionalization reaction selectively was 2-L (Scheme 3.7). Under these conditions, product 

1eOCN was the major product, with a chemoselectivity ratio of almost 5:1 over hydroxylated 

products and a total conversion of 83% towards the carbamate product. Both SadXL and 2-L 

share mutation F152L, but the additional mutations that the latter enzyme accumulated (i.e., 

I71V and R172H) further improve the chemoselectivity of this transformation. Thus, evolving 
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SadX for selective azidation allowed to establish 2-L as an unprecedented selective enzyme for 

primary carbamates synthesis from direct C–H functionalization. 

Scheme 3.7: Bioconversion of 1a by variant 2-L in the presence of NaOCNa 

 
[a] Percent conversion values were calculated with extracted ion chromatogram peak areas of 

products and substrate from LC-MS experiments. Chemoselectivity towards product 1eOCN (in 

parenthesis) expressed as the ratio of 1eOCN over hydroxylated products 1b and 1c. Each value is 

the average and standard deviation of three replicate experiments. 

Finally, to demonstrate the synthetic potential of these evolved azidases, azidated product 

1e was isolated and used as substrate for reactions. The succinyl functional group was removed 

from 1e to produce 4-azido-L-leucine (Scheme 3.8A). This was achieved using N-succinyl-L-

amino acid desuccinylase LasA, an enzyme from the same gene cluster as SadA. LasA was 

previously used in conjunction with SadA to successfully produce β-hydroxyleucine from N-

succinyl-L-leucine.57 LasA was able to accept 1e and the free azidated amino acid was isolated 

with 91% yield. Additionally, 1e was reduced in the presence of H2 and Pd/C, producing the 

corresponding primary amine with an isolated yield of 83% (Scheme 3.8B). Lastly, a strain-

promoted azide-alkyne cycloaddition (SPAAC) was carried out using azide 1e and exo-

bicyclo[6.1.0]nonyne p-nitrophenyl carbonate (exo-BCN-PNP) to produce the corresponding 

triazole linkage with a 98% conversion (Scheme 3.8C). These reactions aim to illustrate the 

diversity of applications of the azidated products generated by SadX variants evolved for non-

native azidation. 



89 

 

Scheme 3.8: Synthetic applications of evolved azidases 

 
A) Biocatalytic desuccinylation of azidated compound 1e. B) Reduction of azide in 1e to primary 

amine. C) Strain-promoted azide-alkyne cycloaddition between azide 1e and alkyne 

exo-BCN-PNP. [a] Isolated yield. [b] Conversion based on LC-MS extracted ion chromatograms. 

3.3 Conclusions 

The study presented in this chapter aimed to address the challenging task of achieving 

highly selective C–H functionalization via rebound of non-native anionic ligands using 

engineered FeDOs. Azidation was the focus of this study, but chlorination and carbamate 

insertion were also examined. The conditions for the directed evolution of engineered FeDH 

SadX were established and an improved chlorinase, 1-VH, was obtained via random 

mutagenesis. Further evolution of 1-VH towards azidation led to a series of enzymes capable of 

selectively functionalizing N-succinylated-L-amino acids and N–succinylated amines. Analysis 

of the acquired mutations suggests a change in substrate binding that allows for the observed 

change in the chemoselectivity of the azidation of substrate 1a. Kinetic studies revealed that the 
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increase in chemoselectivity was accompanied by a decrease in the catalytic efficiency of the 

most evolved variant 4-IC with respect to SadX, mainly caused by a less favorable substrate 

binding. Finally, one of the obtained azidated products was used in an enzymatic desuccinylation 

reaction to obtain the free azidated amino acid, in a reduction to produce the corresponding 

primary amine, and in a strain-promoted azide-alkyne cycloaddition. These results represent a 

successful use of directed evolution to achieve novel levels of chemoselectivity towards 

non-native rebound in FeDOs. Additionally, this study establishes a platform for further 

engineering of SadX variants in order to expand the substrate scope and the range of non-native 

reactivities catalyzed by these enzymes. 

3.4 Experimental 

3.4.1 Materials 

SadX (MBP-SadA D157G fusion) was expressed from a previously constructed 

pET28(SadX) plasmid, as described in chapter 2.58 LasA was obtained as a synthetic gene from 

Twist Bioscience and expressed according to published literature.57 BL21-Gold (DE3) E. coli 

cells (# 230132) were purchased from Agilent Technologies. Lysozyme from chicken egg white 

(#L6876) and deoxyribonuclease I from bovine pancreas (DNase, #DN25) were purchased from 

MilliporeSigma. Restriction enzymes XmaI (#R0180) and DpnI (#R0176), Taq DNA polymerase 

(#M0273), T4 DNA ligase (#M0202), and dNTPs (#N0447) were purchased from New England 

Biolabs. PrimeSTAR Max DNA polymerase mix (#R045A) was purchased from Takara Bio 

USA. Oligonucleotides were purchased from MilliporeSigma. Miniprep kits (QIAprep Spin 

Miniprep Kit, #27104) and agarose gel extraction kits (QIAquick Gel Extraction Kit, #28704) 

were purchased from QIAGEN and used following the manufacturer’s protocols. DNA clean and 

concentrator kits (#D4003) were purchased from Zymo Research and used following the 
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manufacturer’s instructions. Terrific broth (TB, #T15000) and Luria broth (LB, #L24040) were 

purchased from Research Products International and prepared following the manufacturer’s 

protocols. 

Kanamycin monosulfate (#J61272) was purchased from Alfa Aesar and prepared into a 

50 mg/mL aqueous x1000 stock solution. BCN-PNP (exo) (#CP-6048) was purchased from 

Conju-Probe. Isopropyl-β-D-thiogalactopyranoside (IPTG, #00194) was purchased from Chem-

Impex International. Ni-NTA resin (HisPur™ Ni-NTA Resin, #88223) was purchased from 

Thermo Scientific. Dowex 50WX8 cation exchange resin (#335331000) was purchased from 

Acros Organics. 

3.4.2 General Procedures 

Colony picking, library expression, and screening reactions were set up using an 

automation system consisting of a Thermo Scientific Spinnaker robotic arm and a Multidrop 

Combi liquid dispenser, a NorgrenSystems CP-7200 colony picker, and a Hamilton Nimbus 

liquid handler. The automation system was controlled by Thermo Scientific Momentum 

software. DNA and protein concentrations were measured with a Tecan Infinite 200 PRO plate 

reader. DNA amplification by PCR was performed on a Applied Biosystems ProFlex PCR 

System thermocycler. DNA transformation was carried out by electroporation with a Bio-Rad 

MicroPulser. Cell lysis by sonication was performed using a QSonica S-4000 sonicator with a 

0.5” horn. 

1H NMR, 13C NMR, and 1H-13C HSQC spectra were obtained using a Bruker 500 MHz 

Avance Neo NMR spectrometer.  

LC-MS analysis was carried out using an Agilent 1290 Infinity II system connected to a 

ZORBAX Eclipse Plus C18 column (2.1 mm x 50 mm, 1.8 µm particle size), an Agilent Jet 
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Stream (AJS-ES) ion source, and a 6135 single quadrupole mass selective detector. Purification 

of bioconversions for product characterization was performed using an Agilent 1100 HPLC with 

a Supelco Discovery C18 semi-preparative column (10 mm x 25 cm, 5 µm particle size). 

Data fitting for steady-state kinetic studies was performed using the software GraphPad 

Prism 7 (Dotmatics). HPLC and LC-MS data analysis was carried out with MassHunter (Agilent) 

and OpenLab Chemstation (Agilent) softwares. 

3.4.3 Chromatographic methods 

All chromatographic methods described below used 0.1 % formic acid in water (A) and 

0.1 % formic acid in acetonitrile (B) as mobile phase components. Table 3.1 shows the m/z 

values used to obtain EICs from each experiment. 

LC-MS 1 

Solvent gradient: 10 %B (0 – 0.4 min), 20 to 26.25 %B (0.4 – 1.75 min), 90 %B (1.75 – 

2.5 min), 10 %B (2.5 – 3.25 min). Flow rate: 0.4 mL/min. ESI negative mode. 

LC-MS 2 

Solvent gradient: 5 %B (0 – 1.25 min), 5 to 14 %B (1.25 – 2 min), 14 %B (2 – 4.5 min), 

14 to 90 %B (4.5 – 6.8 min), 90 %B (6.8 – 7 min), 5 %B (7 – 7.25 min). Flow rate: 0.4 mL/min. 

ESI negative mode. 

LC-MS 3 

Solvent gradient: 2 %B (0 – 1.25 min), 2 to 10 %B (1.25 – 2 min), 10 %B (2 – 4.5 min), 

10 to 90 %B (4.5 – 6.8 min), 90 %B (6.8 – 7 min), 2 %B (7 – 7.25 min). Flow rate: 0.4 mL/min. 

ESI positive mode. 



93 

 

LC-MS 4 

Solvent gradient: 5 %B (0 – 1.25 min), 5 to 15 %B (1.25 – 4 min), 15 to 25 %B (4 – 6 

min), 25 to 90 %B (6 – 8 min), 90 %B (8 – 10 min), 10 %B (10 – 12 min). Flow rate: 0.4 

mL/min. ESI negative mode. SIM for m/z = 158 and 271. 

LC-MS 5 

Solvent gradient: 10 %B (0 – 0.5 min), 10 to 14.3 %B (0.5 – 2 min), 14.3 to 30.4 %B (2 – 

3.5 min), 45 %B (3.5 – 5.7 min), 95 %B (5.7 – 7.5 min), 10 %B (7.5 – 8.0 min). ESI positive & 

negative mode. UV-Vis monitoring at 270 nm. 

HPLC 1 

Solvent gradient: 2 %B (0 – 3 min), 25 %B (3 – 16 min), 98 %B (16 – 21 min), 2 %B (21 

– 25.5 min). Flow rate: 3 mL/min. UV-Vis monitoring at 230 nm. 

HPLC 2 

Solvent gradient: 2 %B (0 – 3 min), 2 to 65 %B (3 – 16 min), 98 %B (16 – 21 min), 2 

%B (21 – 25.5 min). Flow rate: 3 mL/min. UV-Vis monitoring at 230 nm. 

HPLC 3 

Solvent gradient: 2 %B (0 – 3 min), 2 to 35 %B (3 – 7 min), 35 %B (7 – 15 min), 35 to 

98 %B (15 – 16 min), 98 %B (16 – 21 min), 2 %B (21 – 25.5 min). Flow rate: 3 mL/min. UV-

Vis monitoring at 230 nm. 

HPLC 4 

Solvent gradient: 2 %B (0 – 3 min), 2 to 30 %B (3 – 7 min), 30 %B (7 – 15 min), 35 to 

98 %B (15 – 16 min), 98 %B (16 – 21 min), 2 %B (21 – 25.5 min). Flow rate: 3 mL/min. UV-

Vis monitoring at 230 nm. 
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HPLC 5 

Solvent gradient: 2 %B (0 – 3 min), 2 to 40 %B (3 – 7 min), 40 %B (7 – 15 min), 40 to 

95 %B (15 – 16 min), 95 %B (16 – 22 min), 2 %B (22 – 26.5 min). Flow rate: 3 mL/min. UV-

Vis monitoring at 230 nm. 

HPLC 6 

Solvent gradient: 1 %B (0 – 7 min), 1 to 6 %B (7 – 20.7 min), 6 to 80 %B (20.7 – 25 

min), 80 %B (25 – 28 min), 80 to 1 %B (28 – 30 min), 1 %B (30 – 33 min). Flow rate: 3 

mL/min. UV-Vis monitoring at 230 nm. 

Table 3.1: Dominant ions for relevant species monitored via LC-MS 

Species m/z Species m/z 

1a, 3a 230 4OH 260 

1b, 1c, 3OH 246 4e 285 

1d 184 5a, 6a 256 

1e, 3e 271 5OH, 6OH 272 

1eOCN 289 5e, 6e 297 

2a 216 7a 186 

2OH 230 7OH 202 

2e 257 7e 227 

4a 244   

Extracted ion chromatograms (EICs) were extracted for 1a, 1b, 1c, and 1d/1e for each 

sample according to Table 3.1. The area of the corresponding peaks was integrated and used to 

represent the amount of each analyte. Percent conversion to product 1i (i = b, c, d/e) was 

calculated as the peak area of product 1i divided by the sum of the peak area of 1a and the peak 

areas of all products (1). Chemoselectivity was defined as the ratio of halogenated/azidated 

product to hydroxylated products (2). An analogous analysis was done for bioconversions with 

substrates 2a–7a. 
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 %𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑡𝑜 𝟏𝒊 = 100% ×
𝐴𝑟𝑒𝑎𝟏𝒊

(𝐴𝑟𝑒𝑎𝟏𝒂 + 𝐴𝑟𝑒𝑎𝟏𝒃 + 𝐴𝑟𝑒𝑎𝟏𝒄 + 𝐴𝑟𝑒𝑎𝟏𝒅/𝟏𝒆)
 ( 1 ) 

 
𝐶ℎ𝑒𝑚𝑜𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝐴𝑟𝑒𝑎𝟏𝒅/𝟏𝒆

(𝐴𝑟𝑒𝑎𝟏𝒃 + 𝐴𝑟𝑒𝑎𝟏𝒄)
 ( 2 ) 

Conversion values to azidated product 1e shown in Figure 3.13 were determined by 

comparison of the ratio of areas of 1e and internal standard (N-acetyl-L-valine) with a calibration 

curve using purified 1e (Figure 3.17). An analogous process was carried out for products 2e and 

6e shown in Scheme 3.3 (Figures 3.18 and 3.19). Due to variations in ionization efficiencies 

between different LC-MS experiments, calibration curves were prepared and analyzed 

immediately before samples were quantified.  

Figure 3.17: Representative calibration curve for LC-MS quantitation of product 1ea 

 
[a] Linear regression of the relationship between the ratio of LC-MS EIC areas of product 1e over 

N-acetyl-L-valine internal standard (“Pdt./Std.”) and the amount of product 1e. Each data point 

corresponds to the average of three replicates and the error bars represent standard deviations. 

Several error bars are not visible due to sufficiently small deviations. 
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Figure 3.18: Representative calibration curve for LC-MS quantitation of product 2ea 

 
[a] Linear regression of the relationship between the ratio of LC-MS EIC areas of product 2e over 

N-acetyl-L-valine internal standard (“Pdt./Std.”) and the amount of product 2e. Each data point 

corresponds to the average of three replicates and the error bars represent standard deviations. 

Several error bars are not visible due to sufficiently small deviations. 

Figure 3.19: Representative calibration curve for LC-MS quantitation of product 6ea 

 
[a] Linear regression of the relationship between the ratio of LC-MS EIC areas of product 6e over 

N-acetyl-L-valine internal standard (“Pdt./Std.”) and the amount of product 6e. Each data point 

corresponds to the average of three replicates and the error bars represent standard deviations. 

Several error bars are not visible due to sufficiently small deviations. 
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3.4.4 Molecular cloning 

Standard molecular cloning procedures were used throughout this study.59 Details for the 

cloning of the relevant libraries are detailed below. 

Error-prone PCR libraries 

Libraries of SadX variants for directed evolution were made using error-prone PCR 

(epPCR) and prolonged overlap extension PCR (POE-PCR).60 A pET28a plasmid containing the 

corresponding parent variant was used as template for the cloning involved. The oligonucleotide 

primers used are shown in Table 3.2. 

Table 3.2: Oligonucleotides used to generate epPCR libraries of SadX and SadA variants 

# Name Sequence 

1 SadXInsertFP 5’ – GTA TTT CCA GGG AGC AGC CGG ATC CAT GCA GCA TAC 

CTA TCC GG – 3’ 

2 SadXInsertRP 5’ – TCG AGT GCG GCC GCA AGC TTT CAA TCA AAC ATA CGC 

CAA CC – 3’ 

3 SadXVectorFP 5’ – GTT GGC GTA TGT TTG ATT GAA AGC TTG CGG CCG CAC 

TCG A – 3’ 

4 SadXVectorRP 5’ – TAG GTA TGC TGC ATG GAT CCG GCT GCT CCC TGG AAA 

TAC AGG – 3’ 

5 SadAInsertFP 5’ – AGC AAA TGG GTC GCG GAT CCA TGC AGC ATA CCT ATC 

CGG C– 3’ 

6 SadAInsertRP 5’ – TCG AGT GCG GCC GCA AGC TTT CAA TCA AAC ATA CGC 

CAA CC  – 3’ 

7 SadAVectorFP 5’ – GTT GGC GTA TGT TTG ATT GAA AGC TTG CGG CCG CAC 

TCG A – 3’ 

8 SadAVectorRP 5’ – GCC GGA TAG GTA TGC TGC ATG GAT CCG CGA CCC ATT 

TGC T– 3’ 

Generation of the mutated SadX variant insert gene was carried out in a 50 µL reactions 

using the following conditions: 1 ng/µL template DNA, 0.2 mM dNTPs, 0.2 µM 

oligonucleotides 1 and 2, 0.025 U/µL Taq DNA Polymerase, 1x Taq Standard Buffer, and 300 

µM MnCl2. The PCR program for this amplification was 95 °C for 30 seconds, 30 cycles of 95 

°C for 30 seconds and 68 °C for 90 seconds, and 68 °C for 10 minutes. The product was digested 

with 10 units of DpnI at 37 °C for 1 hour and purified via 1% agarose gel electrophoresis. 
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Linearized pET28a(MBP) vector was amplified in 50 µL reactions under the following 

conditions: 1 ng/µL template DNA, 0.3 µM oligonucleotides 3 and 4, and 1x PrimeSTAR Max 

DNA polymerase mix. DNA amplification was carried out with the following program: 98 °C for 

10 seconds; 30 cycles of 98 °C for 10 seconds, 55 °C for 5 seconds, and 72 °C for 45 seconds; 

and 72 °C for 1 minute. The PCR product was digested with 10 units of DpnI at 37 °C for 1 hour 

and purified via 1% agarose gel electrophoresis. 

Inserts and linearized vector were assembled into multimers via POE-PCR in 50 µL 

reactions using 250 ng of vector DNA, 33.3 ng of insert DNA (1:1 insert:vector molar ratio), and 

1x PrimeSTAR Max DNA polymerase mix. Reaction conditions were the following: 98 °C for 2 

minutes; 20 cycles of 98 °C for 10 seconds, 59 °C for 15 seconds, and 72 °C for 4 minutes; 15 

cycles of 98 °C for 10 minutes, 59 °C for 15 seconds, and 72 °C for 8 minutes; and 72 °C for 10 

minutes. 

The resulting 50 µL multimer solution was digested with XmaI to obtain insert-vector 

monomers by setting up a 300 µL reaction with 0.17 U/µL XmaI (5 µL of 10 U/µL) in 1x 

CutSmart buffer. The digestion was incubated overnight at 37 °C and purified using a DNA 

clean and concentrator kit, eluting with 50 µL of molecular biology grade water. The digested 

monomers were ligated in a 100 µL reaction using 12 U/µL T4 DNA ligase (3 µL of 400 U/µL) 

in 1x T4 DNA ligase buffer. The ligation reaction was incubated at 22 °C for 3 hours, heat 

inactivated at 65 °C for 10 minutes, and purified into 10 µL of molecular biology grade water 

using a DNA clean and concentrator kit.  

Libraries of SadA were constructed analogously except for the generation of the 

mutagenized SadA gene, which was obtained in 50 µL reactions with 1 ng/µL template DNA, 

0.2 mM dNTPs, 0.2 µM oligonucleotides 5 and 6, 0.025 U/µL Taq DNA Polymerase, 1x Taq 
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Standard Buffer, and 100 - 800 µM MnCl2, as shown in Figure 3.3. Linearized pET28a vector 

was obtained in in 50 µL reactions with 1 ng/µL template DNA, 0.3 µM oligonucleotides 7 and 

8, and 1x PrimeSTAR Max DNA polymerase mix. 

Targeted site saturation mutagenesis libraries 

Targeted site saturation mutagenesis (SSM) libraries at positions Gly79 and Phe261 were 

obtained via site-directed mutagenesis of SadX following a modified QuickChange™ protocol.61 

The pET28(SadX) plasmid was used as template for amplification using the oligonucleotides 

shown in Table 3.3, with oligos 9 and 10 being used for Gly79, and 11 and 12 for Phe261. The 

amplification conditions were the following: 2 ng/µL template DNA, 0.3 µM forward primer, 0.3 

µM reverse primer, and 1x PrimeSTAR Max DNA Polymerase, with the final volume being 50 

µL. The PCR program for the amplifications was the following: 98 °C for 10 seconds; 30 cycles 

of 98 °C for 10 seconds, 55 °C for 5 seconds, and 72 °C for 45 seconds; and ending with 72 °C 

for 1 minute. The PCR products were digested with 10 units of DpnI at 37 °C for 1 hour and 

purified via 1% agarose gel electrophoresis. 

Table 3.3: Oligonucleotides used for construction of SSM libraries of SadX 

# Name Sequence 

9 SadXG79NNKFP 5’ – GTA TTG TTG CAA CCA GCG TTA CCC TGN NKC AGC 

TGC AGC GTG AAC AGG GTG – 3’ 

10 SadXG79NNKRP 5’ – GTA ACG CTG GTT GCA ACA ATA CCT GCA TGA TGT 

GCA TTT TTG GTA AAC GGG CTG – 3’ 

11 SadXF261NNKFP 5’ – CAG CAC CCG TCG TAC CAT GGG TCT GNN KCT GAT 

TCA TAC CGA AGA TGG TTG  – 3’ 

12 SadXF261NNKRP 5’ – CCA TGG TAC GAC GGG TGC TGG TAC AAC GTT CAA 

TGG CAT GCA GAT TTT TG – 3’ 

3.4.5 Sequences 

SadA (nucleotide) 

This sequence includes the SadA gene and the 5’ and 3’ flanking region of the vector 

were primers 5, 6, 7, and 8 anneal (underlined). 
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AGCAAATGGGTCGCGGATCCATGCAGCATACCTATCCGGCACAGCTGATGCGTTTTG

GCACCGCAGCACGTGCAGAACATATGACCATTGCAGCAGCAATTCATGCACTGGAT

GCAGATGAAGCAGATGCAATTGTTATGGATATTGTTCCGGATGGTGAACGTGATGCA

TGGTGGGATGATGAAGGTTTTAGCAGCAGCCCGTTTACCAAAAATGCACATCATGCA

GGTATTGTTGCAACCAGCGTTACCCTGGGTCAGCTGCAGCGTGAACAGGGTGATAA

ACTGGTTAGCAAAGCAGCAGAATATTTTGGTATTGCCTGCCGTGTTAATGATGGTCT

GCGTACCACCCGTTTTGTTCGTCTGTTTAGTGATGCCCTGGATGCCAAACCGCTGACC

ATTGGTCATGATTATGAAGTTGAATTTCTGCTGGCAACCCGTCGTGTTTATGAACCGT

TTGAAGCACCGTTTAACTTTGCACCGCATTGTGATGATGTTAGCTATGGTCGTGATA

CCGTTAATTGGCCTCTGAAACGTAGCTTTCCGCGTCAGCTGGGTGGTTTTCTGACCAT

TCAGGGTGCAGATAATGATGCCGGTATGGTTATGTGGGATAATCGTCCGGAAAGCC

GTGCAGCGCTGGATGAAATGCATGCAGAATATCGTGAAACCGGTGCAATTGCCGCA

CTGGAACGTGCAGCCAAAATCATGCTGAAACCGCAGCCTGGCCAGCTGACACTGTT

TCAGAGCAAAAATCTGCATGCCATTGAACGTTGTACCAGCACCCGTCGTACCATGGG

TCTGTTTCTGATTCATACCGAAGATGGTTGGCGTATGTTTGATTGAGTTGGCGTATGT

TTGATTGAAAGCTTGCGGCCGCACTCGA 

 

SadA (amino acid) 

The sequence of the His6 tag is italicized.  

MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSMQHTYPAQLMRFGTAARAEHMTIA

AAIHALDADEADAIVMDIVPDGERDAWWDDEGFSSSPFTKNAHHAGIVATSVTLGQLQ

REQGDKLVSKAAEYFGIACRVNDGLRTTRFVRLFSDALDAKPLTIGHDYEVEFLLATRR

VYEPFEAPFNFAPHCDDVSYGRDTVNWPLKRSFPRQLGGFLTIQGADNDAGMVMWDN

RPESRAALDEMHAEYRETGAIAALERAAKIMLKPQPGQLTLFQSKNLHAIERCTSTRRT

MGLFLIHTEDGWRMFD* 

 

SadX (nucleotide) 

This sequence includes the MBP tag (italicized), the SadA D157G gene, and the 3’ 

flanking region of the vector were primers 2 and 3 anneal (underlined). 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA

TATGGCTAGCATGCACCATCACCATCACCATGGAAAAATCGAAGAAGGTAAACTGGTAATC

TGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAA

GATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAG

GTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGC

TACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTG

TTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGA
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AGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAA

CCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAA

GTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAG

CGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTA

CTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTG

GGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTT

CAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAG

TCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTG

GAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAG

TTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATG

CCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCC

GCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTC

GAACAACAACAACACTAGTGAAAACCTGTATTTCCAGGGAGCAGCCGGATCCATGCAGCA

TACCTATCCGGCACAGCTGATGCGTTTTGGCACCGCAGCACGTGCAGAACATATGAC

CATTGCAGCAGCAATTCATGCACTGGATGCAGATGAAGCAGATGCAATTGTTATGG

ATATTGTTCCGGATGGTGAACGTGATGCATGGTGGGATGATGAAGGTTTTAGCAGCA

GCCCGTTTACCAAAAATGCACATCATGCAGGTATTGTTGCAACCAGCGTTACCCTGG

GTCAGCTGCAGCGTGAACAGGGTGATAAACTGGTTAGCAAAGCAGCAGAATATTTT

GGTATTGCCTGCCGTGTTAATGATGGTCTGCGTACCACCCGTTTTGTTCGTCTGTTTA

GTGATGCCCTGGATGCCAAACCGCTGACCATTGGTCATGATTATGAAGTTGAATTTC

TGCTGGCAACCCGTCGTGTTTATGAACCGTTTGAAGCACCGTTTAACTTTGCACCGC

ATTGTGGCGATGTTAGCTATGGTCGTGATACCGTTAATTGGCCTCTGAAACGTAGCT

TTCCGCGTCAGCTGGGTGGTTTTCTGACCATTCAGGGTGCAGATAATGATGCCGGTA

TGGTTATGTGGGATAATCGTCCGGAAAGCCGTGCAGCGCTGGATGAAATGCATGCA

GAATATCGTGAAACCGGTGCAATTGCCGCACTGGAACGTGCAGCCAAAATCATGCT

GAAACCGCAGCCTGGCCAGCTGACACTGTTTCAGAGCAAAAATCTGCATGCCATTG

AACGTTGTACCAGCACCCGTCGTACCATGGGTCTGTTTCTGATTCATACCGAAGATG

GTTGGCGTATGTTTGATTGAAAGCTTGCGGCCGCACTCGA 

 

SadX (amino acid) 

The sequence of MBP is italicized. All further amino acid indices refer to the original 

enzyme SadA numbering. 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKKFEK

DTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYP

FTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPY

FTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAF

NKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFL

ENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYA

VRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSENLYFQGAAGSMQHTYPAQLMRFGTAA

RAEHMTIAAAIHALDADEADAIVMDIVPDGERDAWWDDEGFSSSPFTKNAHHAGIVAT

SVTLGQLQREQGDKLVSKAAEYFGIACRVNDGLRTTRFVRLFSDALDAKPLTIGHDYEV

EFLLATRRVYEPFEAPFNFAPHCGDVSYGRDTVNWPLKRSFPRQLGGFLTIQGADNDAG
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MVMWDNRPESRAALDEMHAEYRETGAIAALERAAKIMLKPQPGQLTLFQSKNLHAIER

CTSTRRTMGLFLIHTEDGWRMFD* 

 

SadX-3 

SadX V39I (I = ATT) F152L (L = TTA) 

 

1-VH 

SadX I71V (V = GTT) R172H (H = CAT) 

 

2-L 

1-VH F152L (L = CTT) 

 

2-D 

1-VH N65D (D = GAT) 

 

3-VRL 

2-L I38V (V = GTT) Q233R (R = CGC) F261L (L = CTT) 

 

4-IC 

3-VRL V38I (I = ATT) R48C (C = TGT) 

3.4.6 Gene expression and protein purification 

Libraries in 96-deep well plates 

A 5 µL aliquot of the resulting plasmid or nicked plasmid DNA was used to transform 50 

µL of BL21-Gold (DE3) E. coli via electroporation. Cells were resuspended with 945 µL of SOC 

media and shaken at 37 °C and 250 rpm for 45 minutes. Up to 400 µL of the culture were 

transferred to 86 mm x 128 mm rectangular LB/agar plates with 50 µg/mL kanamycin. The 

plates were incubated overnight at 37 °C. Single colonies were picked and placed in 1 mL 96-

deep well plates containing 300 µL/well of TB media with 50 µg/mL kanamycin to generate 

primary cultures. Each plate contained 90 library variants, 4 parent samples (picked and 

inoculated using the same method as the library variants), and 2 blank wells that were not 

inoculated and served as controls of cross contamination. The resulting plates were incubated at 
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37 °C and 215 rpm overnight. 50 µL of each culture were used to make glycerol stocks of the 

library by combining them with 50 µL of 50% glycerol in microtiter 96-well plates. 

Expression cultures were made using 50 µL of primary culture to inoculate 2 mL 96-deep 

well plates containing 1 mL/well of LB media with 50 µg/mL kanamycin. Expression plates 

were incubated at 37 °C and 215 rpm until OD600 reached 0.6 – 0.8, at which point the cultures 

were brought to a temperature of 18 °C, induced with a final concentration of 1 mM IPTG, and 

incubated at 18 °C and 215 rpm for 18 hours. Cells were harvested by centrifugation at 3600 rpm 

for 10 minutes and stored at -80 °C until use. 

Large scale protein expression 

A starter culture was prepared by inoculating 5 mL of TB media with 50 µg/mL 

kanamycin from glycerol stocks made during library expression and incubating at 37 °C and 250 

rpm overnight. The overnight culture was used to generate an expression culture by inoculating 

750 mL of LB media with 50 µg/mL kanamycin. The expression culture was incubated at 37 °C 

and 250 rpm until OD600 reached 0.6 – 0.8, after which the culture was brought to 18 °C, induced 

with 1 mM IPTG, and incubated at 18 °C and 250 rpm for 18 hours. Cells were harvested by 

centrifugation at 4700 rpm for 10 minutes and stored at -80 °C until use. 

The cell pellet was resuspended in a 50 mL conical tube with 30 mL of 20 mM imidazole 

in 10 mM HEPES pH 7.5 and sonicated at 40 W with 0.5 min ON/0.5 min OFF cycles for 5 min 

total cycle time. The resulting cell lysate was clarified by centrifugation at 4 °C and 15000 rpm 

for 45 min using a high-speed fixed-angle rotor. The supernatant was transferred to a 10 mL 

polypropylene frit-bottomed gravity flow column containing 5 mL of Ni-NTA resin pre-

equilibrated with equilibration buffer (20 mM phosphate, 300 mM NaCl, 10 mM imidazole, pH 

7.4). After the lysate was allowed to drain, 50 mL of wash buffer (20 mM phosphate, 300 mM 



104 

 

NaCl, 25 mM imidazole, pH 7.4) were added to the resin. Finally, 15 mL of elution buffer (20 

mM phosphate, 300 mM NaCl, 250 mM imidazole, pH 7.4) were used to elute purified protein 

into a 50 mL conical tube. The protein solution was transferred to a 15 mL Amicon spin filter 

30K MWCO and concentrated down to 0.5 – 1.0 mL at 4700 rpm. In order to remove 

endogenous Fe(II) 15 mL of 50 mM EDTA in 10 mM HEPES pH 7.5 were used to dilute the 

protein sample and concentrate to 0.5 – 1.0 mL at 4700 rpm. Three additional buffer exchanges 

with 15 mL of 10 mM HEPES in pH 7.5 were performed. Protein concentration was measured 

using absorbance at 280 nm using a calculated extinction coefficient of 104,280 M-1cm-1 for all 

SadX variants (Benchling [Biology Software], https://benchling.com). The protein sample was 

flash frozen in liquid nitrogen and stored at -80 °C until used. 

3.4.7 Activity assays 

Screening azidation assay in lysate 

Cell pellets in 2 mL 96-deep well plates were suspended with 125 µL of 1 mg/mL 

lysozyme in 10 mM HEPES pH 7.5 and incubated at 37 °C and 250 rpm for 45 minutes to 

achieve lysis, after which the lysates were flash frozen in liquid nitrogen and thawed in a water 

bath at 37 °C. 10 µL of 1 mg/mL DNase in 10 mM HEPES pH 7.5 were added and the lysates 

were incubated at 37 °C and 250 rpm for 15 minutes, followed by centrifugation at 3600 rpm for 

15 minutes. 

Screening reactions were set up in microtiter v-bottom 96-well plates by combining 25 

µL/well of solution A (50 mL containing 8 mM α-ketoglutarate, 32 mM NaN3, 32 mM ascorbic 

acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5), 25 µL/well of solution B (30 mL 

of 4 mM 1a in 10 mM HEPES pH 7.5), and 50 µL/well of clarified lysate. The final reaction 

conditions were 100 µL of 1 mM 1a, 2 mM α-ketoglutarate, 8 mM NaN3, 8 mM ascorbic acid, 

https://benchling.com/
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0.1 mM Fe(NH4)2(SO4)2, and 50% v/v lysate in 10 mM HEPES pH 7.5. The plates were sealed 

with breathable film and shaken at room temperature and 750 rpm for 3 hours, after which 100 

µL of methanol were added to quench the reactions and precipitated proteins were removed by 

centrifugation at 3600 rpm for 10 minutes. 50 µL of the resulting supernatant were diluted with 

100 µL of water, filtered through 0.22 µm filter plates by centrifugation at 3600 rpm for 10 

minutes, and analyzed via LC-MS using LC-MS method 1. 

The conversion values to 1e for the four parent samples in each plate were averaged and 

used as comparison for every other variant in the same plate. Library variants were first 

evaluated so that only variants with activity higher than the sum of average parent activity and 

2.5 standard deviations of parent activity were considered as potential hits. Chemoselectivity was 

then used to further evaluate the reduced list of potential hits and to select up to 10 variants to be 

sequenced and validated with bioconversions using purified protein. 

Screening chlorination assay in lysate 

Screening chlorination reactions were carried out analogously to screening azidation 

reactions except for solution A containing NaCl instead of NaN3 (8 mM α-ketoglutarate, 200 

mM NaCl, 32 mM ascorbic acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5). The 

final reaction conditions were 100 µL of 1 mM 1a, 2 mM α-ketoglutarate, 50 mM NaCl, 8 mM 

ascorbic acid, 0.1 mM Fe(NH4)2(SO4)2, and 50% v/v lysate in 10 mM HEPES pH 7.5. 

Hydroxylation reactions to evaluate screening method 

Reactions shown in Figure 3.4 were set up analogously to screening azidation reactions 

except for solution A not containing NaN3 (8 mM α-ketoglutarate, 32 mM ascorbic acid, and 0.4 

mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5). The final reaction conditions were 100 µL of 1 
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mM 1a, 2 mM α-ketoglutarate, 8 mM ascorbic acid, 0.1 mM Fe(NH4)2(SO4)2, and 50% v/v 

lysate in 10 mM HEPES pH 7.5. 

Small-scale azidation of 1a 

Enzyme activity was determined by small-scale bioconversions using purified protein. 

Reactions were set up by combining in a 96-well plate 25 µL/well of solution A (25 mL 

containing 8 mM α-ketoglutarate, 32 mM NaN3, 32 mM ascorbic acid, and 0.4 mM 

Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5), 25 µL/well of solution B (2 mL of 4 mM 1a in 10 

mM HEPES pH 7.5), and 50 µL/well of solution C (200 µL of 0.2 mM of SadX variant). The 

final reactions (100 µL) had final concentrations of 1 mM 1a, 2 mM α-ketoglutarate, 8 mM 

NaN3, 8 mM ascorbic acid, 0.1 mM Fe(NH4)2(SO4)2, and 0.1 mM SadX variant in 10 mM 

HEPES pH 7.5. The plate was sealed with breathable film and shaken at room temperature and 

750 rpm for 3 hours, after which 100 µL of methanol were added to quench the reactions, 50 µL 

of a 2 mM N-acetyl-L-valine solution in water (100 nmol) were added as internal standard, and 

precipitated proteins were removed by centrifugation at 3600 rpm for 10 minutes. Finally, 80 µL 

of the resulting supernatant were filtered through 0.22 µm filter plates by centrifugation at 3600 

rpm for 10 minutes and analyzed via LC-MS using LC-MS method 2. 

Further reaction optimization led to conditions shown in Figures 3.12, 3.13, and 3.14. 

The corresponding reaction setup was analogous to the one described above except for solution 

A containing 16 mM α-ketoglutarate, 32 mM NaN3, 64 mM ascorbic acid, and 0.8 mM 

Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5. The final reaction conditions were 1 mM 1a, 4 mM 

α-ketoglutarate, 8 mM NaN3, 16 mM ascorbic acid, 0.2 mM Fe(NH4)2(SO4)2, and 0.1 mM SadX 

variant in 10 mM HEPES pH 7.5. 
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Small-scale chlorination of 1a 

Reaction setup was analogous to azidation reactions, with the exception of solution A 

containing 16 mM α-ketoglutarate, 200 mM NaCl, 64 mM ascorbic acid, and 0.8 mM 

Fe(NH4)2(SO4)2 resulting in reactions (100 µL) with final concentrations of 1 mM 1a, 4 mM α-

ketoglutarate, 50 mM NaCl, 16 mM ascorbic acid, 0.2 mM Fe(NH4)2(SO4)2, and 0.1 mM SadX 

variant in 10 mM HEPES pH 7.5. 

Small-scale azidation of 2a-7a 

Conversion values to 2e–7e were obtained by carrying out small-scale bioconversions. 

Reactions with substrates 2a–6a were set up identically as reactions with 1a previously described 

resulting in 100 µL of 1 mM substrate, 4 mM α-ketoglutarate, 8 mM NaN3, 16 mM ascorbic 

acid, 0.2 mM Fe(NH4)2(SO4)2, and 0.1 mM SadX variant in 10 mM HEPES pH 7.5. Reactions 

with substrate 7a were prepared by combining 25 µL/well of solution D (50 mL containing 32 

mM α-ketoglutarate, 32 mM NaN3, 64 mM ascorbic acid, and 0.8 mM Fe(NH4)2(SO4)2 in 10 mM 

HEPES pH 7.5), 25 µL/well of solution B (15 mL of 4 mM 7a in 10 mM HEPES pH 7.5), and 50 

µL/well of solution C (15 mL of 0.4 mM 2-L in 10 mM HEPES pH 7.5). The final reaction 

conditions were 100 µL of 1 mM 7a, 8 mM α-ketoglutarate, 8 mM NaN3, 16 mM ascorbic acid, 

0.2 mM Fe(NH4)2(SO4)2, and 0.1 mM 2-L in 10 mM HEPES pH 7.5. All bioconversions with 

2a–7a were treated as described before and analyzed using LC-MS method 2. 

Small-scale carbamate formation reactions 

The activity of SadX variants towards 1a in the presence of NaOCN was evaluated using 

small-scale bioconversions. These reactions were set up analogously to small-scale azidations of 

1a except for solution A containing NaOCN instead of NaN3 (16 mM α-ketoglutarate, 32 mM 

NaOCN, 64 mM ascorbic acid, and 0.8 mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5). The 
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final reaction conditions were 1 mM 1a, 4 mM α-ketoglutarate, 8 mM NaOCN, 16 mM ascorbic 

acid, 0.2 mM Fe(NH4)2(SO4)2, and 0.1 mM SadX variant in 10 mM HEPES pH 7.5. 

Small-scale nitration of 1a 

The activity of SadX towards 1a in the presence of NaNO2 was evaluated using small-

scale bioconversions. These reactions were set up analogously to small-scale azidations of 1a 

except for solution A containing NaNO2 instead of NaN3 (8 mM α-ketoglutarate, 32 mM NaNO2, 

32 mM ascorbic acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5). The final reaction 

conditions were 1 mM 1a, 2 mM α-ketoglutarate, 8 mM NaNO2, 8 mM ascorbic acid, 0.1 mM 

Fe(NH4)2(SO4)2, and 0.1 mM SadX in 10 mM HEPES pH 7.5. 

Scaled-up azidation of 1a 

In order to obtain several milligrams of azide 1e to carry out further reactions, a modified 

protocol from the one reported in chapter 2 was used.58 A reaction was set up in a 250-mL 

beaker by adding 1a (6 mL of 5 mM stock, 0.03 mmol), α-ketoglutarate (6 mL of 20 mM stock, 

0.12 mmol), NaN3 (6 mL of 40 mM stock, 0.24 mmol), ascorbic acid (6 mL of 80 mM, 0.48 

mmol), Fe(NH4)2(SO4)2 (300 µL of 20 mM), and 4-IC (750 µL of 2 mM stock, 1.5 nmol, 5 

mol%). All stock solutions were prepared in 10 mM HEPES, and the pH was adjusted to 7.5 

using NaOH except for the solution of Fe(NH4)2(SO4)2 which was prepared in MilliQ water. 

Buffer 10 mM HEPES pH 7.5 was added to the beaker so that the final volume was 30 mL. The 

final concentrations were 1 mM 1a, 4 mM α-ketoglutarate, 8 mM NaN3, 16 mM ascorbic acid, 

0.2 mM Fe(NH4)2(SO4)2, and 50 µM 4-IC in 10 mM HEPES pH 7.5. The beaker was covered 

with breathable film and shaken in a horizontal incubator at 125 rpm and 30 °C for 3 hours, and 

the resulting reaction mixture was quenched by addition of 30 mL of methanol.  
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The sample was divided into two 50-mL conical tubes and the precipitated protein was 

removed by centrifugation at 15000 rpm for 15 minutes. The supernatant was concentrated down 

in a rotary evaporator and purified using semi-preparative HPLC using HPLC method 1. The 

fractions containing product 1e were confirmed by LC-MS, combined, and dried by rotary 

evaporation. Spectral 1H- and 13C-NMR data matched the one reported in chapter 2 (Figure 

A1.1).58 

Scaled-up carbamate formation with 1a 

 A larger scale bioconversion with 1a and 2-L in the presence of NaOCN was carried out 

to isolate product 1eOCN was conducted using a modified protocol from the one reported in 

chapter 2.58 A 250 mL polypropylene beaker was charged with 1a (5 mM, 6 mL), 2-L (1.5 mM, 

1 mL), Fe(NH4)2(SO4)2 (20 mM, 0.3 mL), ascorbic acid (80 mM, 6 mL), NaOCN (40 mM, 6 

mL), and -ketoglutarate (20 mM, 6 mL) in 10 mM HEPES, pH 7.5. Buffer was added to make 

up to a 30 mL reaction volume. All stocks were made in 10 mM HEPES and pH-adjusted to pH 

7.5 with 10 M NaOH prior to addition, with the exception of the stock of Fe(NH4)2(SO4)2 which 

was prepared in water. The final concentrations were 1 mM 1a, 50 µM 2-L, 200 µM 

Fe(NH4)2(SO4)2, 16 mM ascorbic acid, 8 mM NaOCN, and 4 mM -ketoglutarate. The beaker 

was sealed with a breathable film and shaken at 125 rpm and 30 °C for 3 hours. Full 

consumption of 1a on was confirmed by LC-MS of the reaction mixture. The reaction was 

quenched by addition of 30 mL of methanol and clarified by centrifugation at 15,000 rpm for 15 

minutes. The supernatant was filtered, concentrated down by rotary evaporation, and purified via 

semipreparative HPLC. Fraction purity was checked using LC-MS, and those containing 1eOCN 

were consolidated, dried, and analyzed via NMR. Spectral 1H NMR, 13C NMR, and 1H-13C 

HSQC spectral data matched the one reported in chapter 2 (Figure A1.3).58 
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3.4.8 Steady-state kinetic characterization 

The kinetic parameters for azidation of 1a with SadX and 4-IC were determined to 

further evaluate the effects of the directed evolution performed. Bioconversions were set up at 

different concentrations of 1a (Figure 3.16) and analyzed in triplicate via LC-MS (LC-MS 

method 4). Stock solutions of reagents were made in 10 mM HEPES pH7.5 buffer, except for 

Fe(NH4)2(SO4)2 stock solutions that were prepared in MilliQ water. To minimize errors in 

response factors due to instrumental fluctuations, samples were analyzed alongside freshly made 

calibration curves. 

For SadX kinetics, a master stock solution of 504 µM 1a was diluted in 10 mM HEPES 

pH 7.5 with a 2x dilution factor to generate eight stock solutions (540 µM, 270 µM, 135 µM, 

67.5 µM, 33.75 µM, 16.88 µM, 8.44 µM, and 4.22 µM 1a). 30 µL of each stock solution were 

added to five wells of a 96-well plate, and to each of these wells were added 30 µL of a solution 

containing 1mM NaN3, 0.3 mM Fe(NH4)2(SO4)2, 24 mM ascorbic acid, and 0.3 µM SadX. Two 

additional 96-well plates were set up in an identical manner to have triplicate samples. Samples 

for t=0 were prepared by adding additional 30 µL of 10 mM HEPES pH 7.5 buffer and 90 µL of 

methanol. Bioconversions were started in the rest of the samples by addition of 30 µL of a 30 

mM α-ketoglutarate solution while being shaken at 750 rpm. The final reactions consisted of 90 

µL of 1.41 – 180 µM 1a, 10 mM α-ketoglutarate, 0.5 mM NaN3, 0.1 µM SadX, 0.1 mM Fe(II), 

and 8 mM ascorbic acid. The reactions were quenched at 2, 4, 6, and 8 minutes by the addition of 

90 µL of methanol, followed by addition of  20 µL of 10 µM N-acetyl-L-valine (200 pmol) as 

internal standard and centrifugation at 3600 rpm for 5 minutes to remove any precipitated 

protein. The final reactions were filtered through a 0.22 µm filter plate and analyzed via LC-MS. 
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Kinetics for 4-IC were performed identically, with the exceptions the enzyme being used 

(4-IC instead of SadX) and the substrate concentration range. The master stock solution of 1a 

was a 1,512 µM solution, and the serial dilutions resulted in stock solutions of 1,512 µM, 1,008 

µM, 672 µM, 336 µM, 168 µM, 84 µM, 42 µM, and 21 µM. The final reactions contained 7 – 

540 µM of 1a. 

Calibration curves were constructed by preparing samples with varying known pmol of 

isolated 1e and 200 pmol of N-acetyl-L-valine. These samples were analyzed using the same LC-

MS method. 

Conversion values were obtained by comparing the ratio of areas of 1e over internal 

standard with the calibration curve, and these values were used to obtained initial rates of 

formation of 1e per unit of enzyme (v/E) via a linear fit of [1e]/[Enzyme] as a function of time. 

KM and kcat values were obtained by fitting v/E as a function of [1a] following Michaelis-Menten 

kinetics. 

3.4.9 Synthesis of starting materials 

General synthesis of N-succinylated amino acids 1a – 6a 

Scheme 3.9: Synthesis of N-succinylated amino acids 

 

To a 100 mL flask was added amino acid (1 eq), succinic anhydride (1.05 eq), and acetic 

acid. The mixture was heated to 70 °C for 8 hr. After complete removal of the solvent, the solid 

residue was recrystallized from ethyl acetate and ethanol to obtain semi purified product. The 

solid residue was purified in a CombiFlash system using water and acetonitrile. 
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Substrates 1a, 2a, and 3a 

 

1H- and 13C-NMR spectral data matched literature spectra.62 

Substrate 4a 

 

1H NMR (500 MHz, CD3OD) δ 4.45 – 4.35 (m, 1H), 2.63 – 2.45 (m, 4H), 1.82 – 1.11 (m, 

5H), 0.96 – 0.84 (m, 6H). 13C NMR (126 MHz, CD3OD) δ C 176.19, C 176.05, C 174.48, CH 

53.32, CH 38.94, CH2 38.00, CH2 33.77, CH2 33.10, CH2 31.35, CH2 30.24, CH2 26.08, CH2 

25.88. NMR spectra are shown in Figures AII.1, AII.2, and AII.3 

Substrate 5a 

 

1H NMR (400 MHz, CD3OD) δ 4.38 (dd, J = 9.45, 5.08 Hz, 1H), 2.66 – 2.47 (m, 4H), 

1.93 (h, J = 7.85 Hz, 1H), 1.86 – 1.71 (m, 4H), 1.68 – 1.61 (m, 2H), 1.59 – 1.51 (m, 2H), 1.19 – 

1.10 (m, 2H). 13C NMR (126 MHz, CD3OD) δ C 176.19, C 176.05, C 174.48, CH 53.32, CH 
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38.94, CH2 38.00, CH2 33.77, CH2 33.10, CH2 31.35, CH2 30.24, CH2 26.08, CH2 25.88. NMR 

spectra are shown in Figures AII.4 and AII.5. 

Substrate 6a 

 

1H NMR (500 MHz, CD3OD) δ 4.31 (d, J = 5.99 Hz, 1H), 2.65 – 2.47 (m, 4H), 1.85 – 

1.62 (m, 6H), 1.36 – 1.07 (m, 5H). 13C NMR (126 MHz, CD3OD) δ C 176.24, C 174.94, C 

174.60, CH 58.70, CH 41.47, CH2 31.34, CH2 30.77, CH2 30.31, CH2 29.47, CH2 27.21, CH2 

27.20, CH2 27.17. NMR spectra are shown in Figures AII.6 and AII.7. 

Substrate 7a 

To a 100 mL flask attached to a reflux condenser was added amine (5 g, 1 eq), succinic 

anhydride (6.1 g, 1.05 eq), a catalytic amount of acetic acid, and 50 mL of dichloroethane. The 

mixture was heated to 40 °C for 12 hr. After removal of the solvent, the solid residue was 

recrystallized from toluene to obtain a white solid in a yield of 92%. 

Scheme 3.10: Synthesis of N-succinylated amine 7a 

 
1H NMR (500 MHz, CD3OD) δ 3.19 (t, J = 7.4 Hz, 2H), 2.58 (t, J = 6.98 Hz, 2H), 2.45 (t, 

J = 7.00 Hz, 2H), 1.62 (nonet, J = 6.66 Hz, 1H), 1.38 (q, J = 7.05 Hz, 2H). 0.92 (d, J = 6.68 Hz, 

6H). 13C NMR (126 MHz, CD3OD) δ C 176.20, C 174.31, CH 58.70, CH2 39.28, CH2 38.70, 
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CH2 31.57, CH2 30.36, CH 26.84, CH3 22.81, CH3 22.81. NMR spectra are shown in Figures 

AII.8 and AII.9. 

3.4.10 Isolation of azidated products via bioconversions 

Small-scale reactions with 2a–7a were carried out according to the protocols described 

before in parallel with a total amount of starting material of 10 – 15 mg. The plates were sealed 

with breathable film and shaken at room temperature and 750 rpm for 3 hours, after which the 

resulting reaction mixtures were combined, quenched with 1 equivalent volume of methanol, and 

the precipitated protein was removed by centrifugation at 4700 rpm for 15 minutes. The 

supernatant was then concentrated down in a rotary evaporator and purified using semi-

preparative HPLC according to Table 3.4. The collected fractions were combined and dried in a 

rotary evaporator. 

Table 3.4: HPLC methods used to purify compounds 2e – 7e 

Compound HPLC method 

2e 1 

3e 2 

4e 3 

5e 4 

6e 4 

7e 5 
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Product 2e via reaction of 2a with SadX 

 

1H NMR (500 MHz, CD3OD) δ 4.46 (s, 1H), 2.62 – 2.54 (m, 4H), 1.41 (s, 3H), 1.35 (s, 

3H). 13C NMR (126 MHz, CD3OD) δ C 176.50, C 174.30, C 173.78, CH 63.60, C 61.62, CH2 

31.76, CH2 30.53, CH3 24.65, CH3 23.74. NMR spectra shown in Figures AII.10 and AII.11. 

Figure 3.20: LC-MS ESI- of product 2e 
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Product 3e via reaction of 3a with 1-VH 

 

1H NMR (500 MHz, CD3OD) δ 4.49 (s, 1H), 2.63 – 2.51 (m, 4H), 1.72 – 1.65 (qd, J = 

7.15, 3.28 Hz, 2H), 1.38 (s, 3H), 0.97 (t, J = 7.39 Hz, 3H). 13C NMR (126 MHz, CD3OD) δ C 

66.69, CH 61.51, CH2 32.39, CH2 32.38, CH2 31.57, CH3 19.60, CH3 8.60. NMR spectra shown 

in Figures AII.12, AII.13, and AII.14. 

Figure 3.21: LC-MS ESI- of product 3e 
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Product 4e via reaction of 4a with 2-L 

 

1H NMR (500 MHz, CD3OD) δ 4.48 – 4.45 (m, 1H), 2.61 – 2.45 (m, 4H), 2.14 – 2.10 (m, 

1H), 1.85 – 1.77 (m, 1H), 1.63 (q, J = 7.32 Hz, 2H), 1.31 – 1.29 (m, 6H). 13C NMR (126 MHz, 

CD3OD) δ C 65.01, CH 52.68, CH2 42.53, CH2 33.21, CH2 33.02, CH2 32.51, CH3 23.11, CH3 

22.57. NMR spectra shown in Figures AII.15, AII.16, and AII.17. 

Figure 3.22: LC-MS ESI- of compound 4e 
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Product 5e via reaction of 5a with 4-IC 

 

1H NMR (500 MHz, CD3OD) δ 4.45 (dd, J = 9.08, 3.53 Hz, 1H), 2.61 – 2.52 (m, 4H), 

2.29 (dd, J = 14.69, 3.52 Hz, 1H), 1.98 (dd, J = 14.68, 9.12 Hz, 1H), 1.91 – 1.81 (m, 2H), 1.77 – 

1.71 (m, 4H), 1.70 – 1.64 (m, 2H). 13C NMR (126 MHz, CD3OD) δ C 176.98, C 174.08, C 

174.09, C 73.61, CH 52.46, CH2 41.49, CH2 37.91, CH2 37.88, CH2 32.06, CH2 30.73, CH2 

24.60, CH2 24.08. NMR spectra shown in Figures AII.18, AII.19, and AII.20. 

Figure 3.23: LC-MS ESI- of compound 5e 
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Product 6e via reaction of 6a with 1-VH 

 

1H NMR (500 MHz, CD3OD) δ 4.31 (d, J = 5.55 Hz, 1H), 3.97 (p, J = 3.30 Hz, 1H), 2.61 

– 2.51 (m, 4H), 2.21 – 2.16 (m, 1H), 1.82 – 1.75 (m, 2H), 1.67 – 1.64 (m, 1H), 1.60 – 1.55 (m, 

2H), 1.55 – 1.51 (m, 1H), 1.48 – 1.42 (m, 1H), 1.23 – 1.18 (m, 1H). 13C NMR (126 MHz, 

CD3OD) δ C 133.80, C 133.13, C 129.94, CH 59.34, CH 58.82, CH 36.42,   CH2 34.26, CH2 

31.93, CH2 30.88, CH2 30.36, CH2 28.19, CH2 21.49. NMR spectra shown in Figures AII.21, 

AII.22, and AII.23. 

Figure 3.24: LC-MS ESI- of compound 6e 
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Product 7e via reaction of 7a with 2-L 

 

1H NMR (500 MHz, CD3OD) δ 3.27 (dd, J = 15.48, 7.88 Hz, 2H), 2.56 (t, J = 7.06, 2H), 

2.44 (t, J = 7.09 Hz, 2H), 1.70 (dd, J = 15.54, 7.79 Hz, 2H), 1.31 (s, 6H). 13C NMR (126 MHz, 

CD3OD) δ C 177.26, C 174.74, C 61.49, CH2 41.31, CH2 36.33, CH2 32.18, CH2 31.29, CH3 

26.14. NMR spectra shown in Figures AII.24, AII.25, and AII.26. 

Figure 3.25: LC-MS ESI- of compound 7e 
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3.4.11 Transformations with product 1e 

Desuccinylation of 1e 

 

LasA bioconversions were set up in duplicate by combining in a 1.5-mL microcentrifuge 

tube 1e (2 mg, 7.35 µmol) and LasA (112 µL of a 3.28 mM stock in 50 mM Tris-HCl buffer pH 

7.5, 367.5 µmol) in 50 mM sodium phosphate buffer pH 7.5 (888 µL). LasA stock concentration 

was determined by absorbance at 280 nm using a calculated extinction coefficient of 22,920 M-

1cm-1 (Benchling [Biology Software], https://benchling.com). The final reactions were 1 mL in 

volume with 7.35 mM 1e and 367.5 µM LasA in 50 mM sodium phosphate buffer pH 7.5. The 

tubes were shaken at 750 rpm at room temperature for 3 hours. Complete conversion of starting 

material was confirmed by LC-MS (LC-MS method 3). Both 1-mL reactions were combined and 

quenched by addition of 2 mL of methanol. Protein was removed by centrifugation at 4700 rpm 

for 15 minutes and methanol was removed by rotary evaporation. The sample was acidified with 

6M HCl to pH ~1 and loaded onto a 100 mL chromatography column containing 11 g of 

DOWEX™ 50WX8 resin previously equilibrated by washing with 200 mL of methanol, 300 mL 

of water, 1 M HCl until the pH of the flowthrough was ~1, and water until the pH of the 

flowthrough was 6–7. Once the sample was loaded, the column was washed with 500 mL of 

water and the cationic species were eluted with 1 M NH4OH until no more product was detected 

by LC-MS (200 mL). The fractions containing product were combined and concentrated down 

by rotary evaporation. The resulting sample was then purified via semi-preparative HPLC using 

HPLC method 6 and dried by rotary evaporation. Yield: 91% 

https://benchling.com/
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1H NMR (500 MHz, CD3OD) δ 3.63 (dd, J = 10.7, 2.45 Hz, 1H), 2.19 (dd, J = 15.22, 

2.44 Hz, 1H), 1.84 (dd, J = 15.26, 10.07 Hz, 1H), 1.45 (s, 3H), 1.44 (s, 3H). 13C NMR (126 

MHz, CD3OD) δ C 174.15, C 61.77, CH 53.32, CH2 43.42, CH3 27.39, CH3 24.47. NMR spectra 

shown in Figures AII.27, AII.28, and AII.29. 

Reduction of 1e 

 

A 20-mL scintillation vial was charged with Pd/C (0.8 mg, 7.5 µmol), sealed, and cycled 

through vacuum and a nitrogen atmosphere three times to remove air. A solution of 1e (4 mg, 

14.7 µmol) in 2 mL of methanol was added to the vial using a syringe and hydrogen was bubbled 

through the for 15 minutes. The reaction mixture was stirred at room temperature under one 

atmosphere of hydrogen for 16 hours. The Pd/C was removed through filtration through a celite 

plug, and the filtrate was concentrated down by rotary evaporation. Purification was carried out 

by semi-preparative HPLC (HPLC method 6), and fractions containing the amine product were 

identified via LC-MS (LC-MS method 3). Yield: 83% 

1H NMR (500 MHz, CD3OD) δ 4.39 (dd, J = 7.10, 5.99 Hz, 1H), 2.64 – 2.46 (m, 4H), 

2.09 (dd, J = 15.02, 7.31 Hz, 1H), 1.88 (dd, J = 15.04, 5.89 Hz, 1H), 1.46 (s, 3H), 1.38 (s, 3H). 

13C NMR (126 MHz, CD3OD) δ C 174.57, C 169.70, C 169.57, C 53.96, CH 52.08, CH2 44.38, 
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CH2 32.48, CH2 31.38, CH3 27.81, CH3 25.60. NMR spectra shown in Figures AII.30, AII.31, 

and AII.32. 

Strain-promoted azide-alkyne cycloaddition of 1e and exo-BCN-PNP 

 

To 1.5-mL microcentrifuge tubes were added 100 µL of a 2 mM 1e aqueous solution and 

100 µL of a solution of 10 mM exo-BCN-PNP in acetonitrile. The final concentrations in the 200 

µL reactions were 5 mM exo-BCN-PNP and 1 mM 1e in 1:1 water:acetonitrile. These reactions 

were shaken at 750 rpm at room temperature for 24 hours, after which they were filtered through 

0.22 µM filter plates and analyzed via LC-MS (LC-MS method 5). Percent conversion was 

determined by comparison of areas in the EICs of substrates and products.  
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4.1 Introduction 

4.1.1 The relevance of C–H hydroxylation 

Hydroxyl substitution of aliphatic moieties in synthetic drug candidate small molecules is 

relatively rare. A 2011 study that surveyed the most common drug candidate functional groups 

revealed that around 10% of the analyzed compounds contain an aliphatic alcohol.1 This 

frequency is distinct from hydroxyl-containing natural products. A more recent study based on 

two different databases highlighted the difference in the frequency of occurrence of hydroxyl 

groups between marketed drugs that were synthetic versus those derived from natural products.2 

According to the ChEMBL database, 69% of all marketed natural-product-derived drugs 

contained at least one hydroxyl functional group, while only 23% of synthetic marketed drugs 

fulfill this criterion.3 Likewise, according to a review evaluating drugs approved between 1981 

and 2014, 54% of natural-product-derived compounds contained hydroxyl groups, whereas this 

was the case for only 16% of synthetic drugs.4 These differences highlight the challenges 

synthetic chemists face when attempting to insert hydroxyl moieties in organic scaffolds without 

poor pharmacodynamic and pharmacokinetic properties. 

Despite their relatively infrequent appearance in synthetic drugs, hydroxyl functional 

groups can still have a large impact on the behavior of  bioactive molecules (Figure 4.1). Their 

polarized O–H bond allows them to act as hydrogen bond donors and acceptors. Drug-receptor 

binding can be highly dependent on such interactions and the specific orientation of the hydroxyl 

Chapter 4: Hydroxylase activity of evolved SadA and SadX variants 
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groups involved.5,6 Hydroxyl groups can also increase the aqueous solubility and polarity of 

molecules without significantly disrupting membrane permeability since they do not change the 

charge of the compound at physiological pH. Finally, alcohol moieties have been used as water 

molecule replacements to inhibit enzyme activity, as shown in particular for aspartic proteases. 

These enzymes use a catalytically active water molecule that can be replaced by a hydroxyl 

group in a transition-state analogue, functionally inhibiting proteolytic activity. 

Figure 4.1: Representative hydroxyl-containing compounds and their activities 

 

 Earlier C–H functionalization strategies to introduce hydroxyl groups suffered from 

significant drawbacks such as the requirement of large excess of substrates, low yields, 

inconsistent site selectivity, and the need for stoichiometric amounts of oxidants.7,8 Later 

approaches involving non-heme iron catalysts and other metalloenzyme-inspired complexes 

were able to achieve more predictable selectivities based on the electronic and steric properties 

of the C–H bonds to be functionalized (Scheme 4.1A).9,10 Additionally, organocatalysts based on 

heterocycles, iminium salts, amines, and other groups, have successfully been developed to exert 

high levels of predictable selectivity on hydroxylation reactions (Scheme 4.1B).11–13 Although 
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the ability to provide consistent patterns of selectivity greatly improves the applicability of these 

catalysts, this selectivity is still largely defined by the characteristics of the substrate. 

Scheme 4.1: Representative small molecule catalyzed C–H hydroxylation reactions 

 
[a] Functionalized positions are numbered; percentages correspond to reaction yields; ratios in 

parenthesis correspond to site selectivity, with the major product being the one shown. A) Site 

selective hydroxylation of tertiary C–H bonds catalyzed by a non-heme iron catalyst.9 Selectivity 

is determined by the steric (top) and electronic (bottom) properties of the C–H bonds. B) C–H 

hydroxylation reactions with high site and chemoselectivities catalyzed by an amine 

organocatalyst.13 

4.1.2 Enzymatic C–H hydroxylation 

A variety of enzyme classes have evolved in nature to selectively hydroxylate C–H bonds 

as part of natural metabolism.14 This brief introduction intends to provide a general overview of 

the most common hydroxylating enzymes and is adapted from a submitted review article focused 

on non-native site-selective enzyme catalysis.15 The most developed class of hydroxylating 

enzymes in biocatalysis is the family of cytochrome P450 monooxygenases (P450s).16–19 These 

enzymes are characterized by a heme cofactor with a cysteine thiolate ligand to the iron center on 

the proximal face, leaving the distal face free for O2 activation. P450-catalyzed hydroxylation 
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requires reduction of the heme cofactor by electron transfer from a NAD(P)H cofactor through a 

partner P450 reductase or ferredoxin (Scheme 4.2).20 Molecular oxygen then binds to the heme 

cofactor and, through a series of intermediates, results in a highly reactive Fe(IV)-oxo 

intermediate named “compound I”. Similar to the previously described hydroxylation 

mechanism of FeDOs (Scheme 1.2), this Fe(IV)-oxo intermediate abstracts a hydrogen atom 

from the substrate resulting in a Fe(III)-hydroxo intermediate and a radical substrate. The final 

step of the mechanism is a radical rebound step to generate the hydroxylated product. 

Scheme 4.2: Mechanism of P450-catalyzed C–H hydroxylation 

 

Although several P450s have been used for site-selective hydroxylation, the long-chain 

fatty acid hydroxylase from Bacillus megaterium, P450BM3, has been extensively studied since its 

fused reductase domain removes the need to provide a reductase partner.21 This fact not only 

simplifies the biocatalytic system, but also translates into a more straightforward protein 

engineering procedure. P450BM3 has been engineered to show selective hydroxylation of a wide 

variety of compounds significantly different from its native substrates. Early on, the activity of 



134 

 

P450BM3 on n-alkanes was established and variants of this enzyme were engineered via directed 

evolution to achieve high selectivity (Scheme 4.3A).22 This series of evolved biocatalysts 

showed a high versatility in terms of substrate scope. One example was the demethylation of 

permethylated monosaccharides which proceeded via hydroxylation of the methyl functional 

groups (Scheme 4.3B).23 This reaction was demonstrated on a series of monosaccharides and 

enabled further functionalization of the single deprotected hydroxyl groups. Finally, steroids 

have also been used as substrates for P450BM3-catalyzed hydroxylation, with one example 

engineering variants with high site selectivity for different C–H bonds in the steroid testosterone 

(Scheme 4.3C).24 

Scheme 4.3: Representative site selective P450BM3-catalyzed hydroxylation reactionsa 

 
[a] Only major products are shown; site selectivity is expressed as the percentage of the major 

product in the product pool. A) Hydroxylation of n-hexane by P450BM3 variants.22 B) 

Demethylation via hydroxylation of protected monosaccharides.23 C) Site selective hydroxylation 

of testosterone by P450BM3 variants.24 

Other types of site-selective hydroxylating metalloenzymes, besides P450s and FeDOs, 

include heme-dependent peroxidases, Rieske non-heme iron-dependent oxygenases, and 

bacterial multicomponent monooxygenases. Heme peroxidases are able to oxidize their 

substrates through the reduction of H2O2 by the heme prosthetic group.25,26 The fungal unspecific 
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peroxidase (UPO) from Agrocybe aegerita (AaeUPO) has been engineered to enable high levels 

of selectivity in the hydroxylation of aromatic substrates, such as naphthol and a series of 

flavonoids.27,28 Additionally, AaeUPO has been engineered to act on aliphatic C–H bonds, with a 

recent example of an evolved variant selectively hydroxylating subterminal positions of fatty 

acid substrates (Scheme 4.4A).29 

Scheme 4.4: Representative site-selective hydroxylations catalyzed by non-P450 and 

non-FeDO metalloenzymes 

 
[a] Site selectivity is expressed as the percentage of the major product in the product pool. A) 

Hydroxylation of palmitic acid by AaeUPO variants; remaining products are ω-hydroxylated 

palmitic acid and overoxidation products.29 B) Site-selective monooxygenation of a saxitoxin-

derived compound by Rieske monooxygenases SxtT and GxtA.30 C) Hydroxylation of alkanes by 

methane monooxygenases sMMO and pMMO from Methylococcus capsulatus (Bath).31–33 

Rieske non-heme iron-dependent oxygenases are bacterial enzymes containing an iron-

sulfur cluster and a catalytic non-heme iron center.34 A reductase provides electrons through the 

iron-sulfur cluster to the iron center, which then forms a high-valent iron intermediate by 

reduction of O2, allowing for substrate oxidation via radical intermediates. These enzymes are 

natively involved in the degradation of aromatic compounds via cis-dihydroxylation reactions. 

Not only have Rieske oxygenases been used for oxidation of alkenes and aromatic compounds,35 



136 

 

but they have also been used to hydroxylate non-native saxitoxin-derived tricyclic natural 

products (Scheme 4.4B).30 

Bacterial multicomponent monooxygenases (BMMs) consist of three or four 

components: a carboxylate-bridged diiron(III)-containing hydroxylase, a NADH reductase, an 

effector protein to couple electron consumption and substrate oxidation, and a Rieske-type iron-

sulfur ferredoxin that is not present in all BMMs.36 As with Rieske oxygenases, BMMs have 

been characterized and engineered to selectively hydroxylate aromatic and aliphatic substrates.37 

Methane monooxygenases (MMOs) from methanotrophic bacteria belong to his family of 

enzymes. Both soluble (sMMOs) and particulate MMOs (pMMOs) have been characterized to 

site-selectively hydroxylate aliphatic C–H bonds (Scheme 4.4C).31–33 

Finally, flavin-dependent monooxygenases (FMOs) are a family of enzymes that catalyze 

hydroxylation of aromatic C–H bonds, among other reactions.38 Single-component FMOs 

contain a tightly bound FAD prosthetic group, while two-component FMOs require a reductase 

partner to provide the reduced flavin as a co-substrate. As opposed to most of the enzymes 

mentioned above, FMOs carry out oxyfunctionalization reactions via electrophilic aromatic 

substitution between a highly reactive hydroperoxyflavin intermediate and electron rich aromatic 

substrates. The 4-hydroxyphenylacetate 3-hydroxylases are two-component FMOs that natively 

oxidize 4-hydroxyphenylacetate to 3,4-dihydroxyphenylacetate.39 HpaB from E. coli belongs to 

this subgroup, and it has been engineered to accept larger non-native substrates (Scheme 4.5A).40 

Other FMOs natively catalyze the oxidative dearomatization of resorcinol derivatives via C–H 

hydroxylation.41–43 A series of these enzymes, AzaH, SorbC, and TropB, were characterized to 

have complementary substrate scope and orthogonal site selectivity towards a panel of resorcinol 

derivatives (Scheme 4.5B).44  
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Scheme 4.5: Representative site-selective FMO-catalyzed hydroxylation reactionsa 

 
A) Site-selective hydroxylation of non-native substrates by engineered HpaB variants.40 B) 

Dearomatization reactions with distinct site-selectivities.44 

4.1.3 Recent applications of hydroxylating FeDOs 

Hydroxylating FeDOs have successfully been used in drug discovery and the synthesis of 

commercial noncanonical amino acids.45–47 The FeDO CryI from Cylindrospermopsis raciborskii 

is responsible for the final step in the biosynthesis of the biotoxin cylindrospermopsin. In order 

to improve cylindrospermopsin detection in environmental samples via LC-MS via the use of a 

isotopically labeled standard, the total synthesis of 15N-labeled cylindrospermopsin was carried 

out chemoenzymatically.48 CyrI was used to achieve late-stage functionalization of the labeled-

precursor to obtain the final product (Scheme 4.6A). Additionally, the previously mentioned 

FMO TropB was used in conjunction with the FeDO TropC in one-pot two-enzyme cascade to 

synthesize stipitatic aldehyde (Scheme 4.6B).44  
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Scheme 4.6: Hydroxylating FeDOs used in the synthesis of natural products 

 
A) Late-stage hydroxylation by CryI in the chemoenzymatic total synthesis of 15N-labeled 

cylindrospermopsin.48 B) Synthesis of stipitatic aldehyde via a two-enzyme cascade using FMO 

TropB and FeDO TropC.44 

Noncanonical amino acids, such as hydroxylated amino acids, are important synthetic 

building blocks, granting a functional handle for further modifications or acting as key 

precursors of biologically relevant molecules.49 Besides the examples mentioned in chapter 1, 

hydroxylating FeDOs that act on amino acids have been engineered to expand their substrate 

scope. In most instances, however, these improvements are limited to close structural congeners. 

Asparagine oxygenase (AsnO) from Streptomyces coelicolor, which natively transforms L-

asparagine to L-threo-hydroxyasparagine, was rationally engineered to accept aspartic acid as a 

substrate.50 Structural analysis of AsnO revealed an interaction between the δ-amide and residue 

Asp241. Variant AsnO D241N was able to accept L-aspartic acid and catalyze the formation of L-

threo-hydroxyaspartic acid, although no other substrates were successfully hydroxylated 

(Scheme 4.7A). More recently, a proline hydroxylase from Sinorhizobium meliloti (SmP4H) was 

engineered for the hydroxylation of non-native substrate L-homophenylalanine.51 SmP4H was 

identified from a panel of 36 wild-type FeDOs to have activity on L-homophenylalanine. 

Structural analysis using a homology model yielded several residues with potential interactions 

with the substrate. Site-saturation mutagenesis resulted in variant SmP4H W40M/I103L, with a 
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35.3% conversion to γ-hydroxylated L-homophenylalanine and a ~300-fold improvement in 

catalytic efficiency for this transformation when compared to wild-type SmP4H (Scheme 4.7B). 

It is worth noting that other oxidation products, including a γ-ketone and a β-hydroxy-γ-ketone, 

were observed in high amounts. Regardless, this example showed the potential of expanding 

substrate scope of FeDOs to compounds outside of structural congeners of the native substrate. 

Scheme 4.7: Representative engineered FeDO for noncanonical amino acid synthesis 

 
A) Engineered asparagine oxygenase AsnO catalyzes aspartic acid hydroxylation.50 B) Proline 

hydroxylase SmP4H was engineered to oxidize non-native substrate homophenylalanine; 

percentages are LC-MS conversion values.51 

Expanding the substrate scope of hydroxylating biocatalysts and identifying enzymes 

with novel site selectivities are crucial to further increasing the toolbox of hydroxylation 

reactions available to synthetic chemists. SadX and its evolved variants showed not only varied 

substrate scope of amino acid- and amine-derivatives, but also altered site selectivity for both 

native hydroxylation and non-native functionalizations. Efforts on characterizing this family of 

biocatalysts and developing improved variants for hydroxylation reactions were carried out, and 

the results up until this point will be discussed in this chapter. 

Authorship 

The synthesis of substrate 1a was carried out by Dr. Natalie H. Chan. Substrates 2a, 6a, 

7a, 8a, 9a, 10a, 11a, 12a, 13a, 14a, 15a, and 16a was performed by Dr. Dibyendu Mondal. The 

introduction of the G157D mutation into variants 1-VH, 2-L, 2-D, 3-VRL, and 4-IC discussed in 
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section 4.2.2, as well as the experiments illustrated in Figure 4.5, were conducted with the aid of 

undergraduate student Harumi Shimano. 

4.2 Results and discussion 

4.2.1 Directed evolution of SadA for improved hydroxylase activity 

SadA variants with improved activity toward non-native transformations such as 

chlorination and azidation was achieved via directed evolution as discussed in chapter 3.52 

Directed evolution of wild-type SadA for improvement of its native hydroxylase activity had not 

been attempted before. Beneficial mutations towards hydroxylation of the model substrate N-

succinyl-L-leucine (1a) could translate to other substrate and improve the non-native activities 

explored so far. With this goal in mind, a round of directed evolution was carried out using wild-

type SadA as the starting point, and epPCR as the mutagenic step. Conditions were previously 

determined for an epPCR experiment with a mutation rate of 3-4 non-silent mutations per gene 

(Figure 3.3). This library of 900 variants was screened in cell lysate and using LC-MS to analyze 

the resulting bioconversions (Figure 4.2A). 
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Figure 4.2: Overview of a single round of evolving SadA for native hydroxylation 

 
A) General directed evolution strategy for improving hydroxylase activity in SadA. A single round 

of evolution was carried out. B) Screening results for the conversion of 1a to 1b for a potential 

“hits”. Conversion to products calculated with LC-MS extracted ion chromatogram peak areas of 

products and substrate. Data for parent SadA corresponds to our replicate lysates obtained from 

the same plate as 1-LHD data for 1-LHD is a single measurement. Error bars represent the 

corresponding standard deviation. 

One potential hit was identified from this round of evolution, showing higher conversion 

to β-hydroxylated product 1b than wild-type SadA under screening conditions (Figure 4.2B). 

Once identified, this variant was isolated and characterized as the triple mutant SadA 

P61L/Q85H/E147D (1-LHD hereafter). Whereas Glu85 is a solvent-facing residue on the surface 

of the protein according to the reported crystal structure of SadA, residues Pro61 and Glu147 are in 

loops comprising Ser59-Ser75 and Glu147-Ala153, respectively, both of which are missing in the 

crystal structure of SadA.53 1-LHD was purified, and its activity was evaluated in bioconversions 

with different enzyme loadings (Figure 4.3). A significant improvement was observed when 

using 0.5 µM and 1 µM of enzyme, with a ~2-fold improvement in total turnovers under the 0.5 

µM condition, with ~840 TTN for SadA and ~1680 TTN for 1-LHD. 
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Figure 4.3: Hydroxylation with evolved variant 1-LHD at different enzyme concentrationsa 

  
[a] Conversion of 1a to hydroxylated product 1b by SadA and 1-LHD at different concentrations 

of enzyme. Conversion values were calculated with extracted ion chromatogram peak areas of 

products and the substrate from LC-MS experiments. Each data point corresponds to the average 

of three replicates and error bars represent standard deviations. 

To evaluate if the improvement in hydroxylation observed in 1-LHD translated to non-

native chlorination and azidation reactions, the facial triad mutation D157G was introduced into 

1-LHD. Compared to SadX under standard chlorination and azidation conditions, these new 

variants showed no improvements (Figure 4.4). In the presence of NaCl, the overall conversion 

of 1a decreased to ~45% with 1-LHD. In the presence of NaN3 all conversion values were 

approximately equal between SadX and 1-LHD, with a slight decrease in hydroxylation. These 

variants were also studied in the presence of CsF, previously demonstrated to rescue native 

hydroxylase activity in SadA facial triad mutants (Figure 2.8). In this case, the conversion to 1b 

with 1-LHD decreased to ~45% as was observed in the presence of NaCl (Figure 4.4). These 

results highlight once more that the identity of the anionic ligand present in the active site of 

SadX variants affects reactivity and selectivity. Regardless, the mutations accumulated in one 

round of directed evolution of SadA for its native activity did not present a beneficial effect on 

non-native activities in the presence of the facial triad mutation G157D. 
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Figure 4.4: Activity of 1-LHD G157D variant in the presence of exogenous anionsa 

  
[a] Conversion of 1a to products 1b-1e by SadX and 1-LHD D157G. Reactions were set up under 

in the presence of NaCl, NaN3, or CsF. Conversion values were calculated with extracted ion 

chromatogram peak areas of products and the substrate from LC-MS experiments. Each data point 

corresponds to the average of three replicates and error bars represent standard deviations. 

4.2.2 Hydroxylase activity of engineered SadX variants 

When SadX was evolved for non-native chlorination and azidation reactions, a series of 

variants were generated that not only showed changes in chemoselectivity, but also distinct site 

selectivities for the native hydroxylation reaction (Figure 3.14). Additionally, it was shown that 

mutations that affected site selectivity, such as F152L, have different effects when introduced in 

wild-type SadA or the facial triad mutant SadX (Figure 2.10). The site selectivity of SadX 

variants was explored after introducing G157D mutations to revert the active site of these 
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enzymes to the wild-type hydroxylase sequence. Variants 1-VH, 2-L, 2-D, 3-VRL, and 4-IC 

were used to construct these new variants. 

The new G157D variants were used to set up bioconversions using substrate 1a (Figure 

4.5). Three hydroxylated products were detected: the monohydroxylated products 1b and 1c, as 

well as a product with a m/z value corresponding to a dehydroxylated product 1f. Although 1f 

could be assumed to be the β,γ-dihydroxylated product, this compound was not further 

characterized. Production of 1f was observed mostly with variant 2-L G157D, which also 

showed the highest production of 1c, albeit with a lower site selectivity than the one observed for 

2-L under azidation conditions. Both 1-VH and 2-D produced only 1b in the presence of NaN3, 

so it is not surprising that the corresponding variants 1-VH G157D and 2-D G157D also follow 

this trend. Finally, both 3-VRL and 4-IC showed very low conversions to hydroxylated products 

under azidation conditions, with 1c being the major hydroxylated product. The G157D variants, 

however, showed the opposite site selectivity, favoring β-hydroxylation to produce 1b over 1c. 

The low conversion levels of 3-VRL G157D and 4-IC G157D can be rationalized since the 

corresponding azidases had high chemoselectivity towards rebound of the non-native ligand. 

This suggests that the active sites of 3-VRL G157D and 4-IC G157D are not ideal for the native 

functionalization of 1a. 
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Figure 4.5: Hydroxylation with G157D reversions of azidase SadX variantsa 

 
[a] Bioconversions of 1a to hydroxylated products 1b, 1c, and 1f by SadA and SadX variants with 

facial triad reversion G157D. Conversion values were calculated with extracted ion chromatogram 

peak areas of products and the substrate from LC-MS experiments. Each data point corresponds 

to a single measurement. 

The substrate scope of this new panel of enzymes was also evaluated. First, the G157D 

variants were screened against substrate N-succinyl-L-cyclohexylglycine (6a) since preliminary 

data had shown a mixture of hydroxylated products when it was used as substrate for azidation 

reactions using SadX. Variants 2-L G157D and 4-IC G157D were selected for these preliminary 

studies, since they had shown distinct behavior when tested against substrate 1a (Figure 4.5). 

Additionally, point mutations derived from improved hydroxylase 1-LHD (i.e., P61L, Q85H, and 

E147D) were individually introduced into 2-L G157D and 4-IC G157D, to evaluate any impact 

on conversion to hydroxylated products and site selectivity. Bioconversions of 6a with wild-type 

SadA resulted in a mixture of oxidized products, including three monohydroxylated products 

(6b, 6c, and 6d), ketone-containing products, di- and tri-hydroxylated products, and products that 
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contained both a hydroxyl and a ketone functional groups (Figure 4.6). FeDOs have been 

reported to catalyze sequential oxidation of C–H bonds to produce aldehydes/ketones and even 

carboxylic acid, which would explain the presence of ketone-containing products.54 SadA is able 

to access multiple C–H bonds in substrate 6a increasing the mount of potential products with 

multiple functionalities. 

Figure 4.6: Evaluating the selectivity of engineered SadA variants on N-succinyl-L-

cyclohexylglycinea 

 
[a] Conversion values were calculated with extracted ion chromatogram peak areas of products and 

the substrate from LC-MS experiments. Each data point corresponds to the average of three 

replicates. A) Conversion of 6a to monohydroxylated products 6b-6d and other oxidized products 

by wild-type SadA, 4-IC G157D, and 4-IC P61L/G157D under different enzyme concentration 

conditions. B) Bioconversions of 6a with lower concentrations of wild-type SadA. 

While 4-IC G157D showed more than a 6.5-fold decrease in overall conversion of 6a 

under all enzyme concentration conditions explored, introduction of P61L was able to maintain 

conversion levels when using 50 µM of enzyme or more (Figure 4.6A). Remarkably, the main 
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product resulting from bioconversions with 4-IC P61L/G157D was a monohydroxylated product 

(6d) that was obtained with conversion values lower than 5% when using SadA. This could be 

attributed to a change in the site selectivity of the hydroxylation reaction. However, since 

~65%-85% of 6a was converted to multihydroxylated products and overoxidized compounds in 

the presence of SadA, it was difficult to determine if 6d was also being the major product of 

SadA bioconversions but was then rapidly transformed into other products. Reactions with lower 

SadA concentrations were set up to minimize overoxidation and explore the product distribution 

of monohydroxylated products (Figure 4.6B). Using 1 µM SadA, only ~13% of the product pool 

corresponded to overoxidized products. Under these conditions ~76% of the product pool 

corresponded to monohydroxylated 6c, while 6d still remained a minor product. This experiment 

suggests that 4-IC P61L/G157D is able to hydroxylate 6a with a novel site selectivity. 

A set of N-succinylated amino acids and amines was used as substrates for these 

engineered SadA variants (Figure 4.7). The screening was focused on the conversion of 

substrates to monohydroxylated products, with the goal of identifying substrate-enzyme pairs 

that potentially resulted in novel site selectivities (Figure 4.7A). However, since 

monohydroxylation could be masked by further oxidation of the hydroxylated products, the 

conversion to these other products was also analyzed (Figure 4.7B). Most reactions showed low 

conversion to overoxidized products, with conversions of ~30% or lower except for substrate 6a. 

Substrates 11a, 12a, and 13a showed relatively low conversion values, suggesting that binding of 

these molecules was not conducive to C–H abstraction and hydroxyl rebound. The amide group 

in N-succinyl-L-glutamine (12a) could be disrupting interactions in the substrate pocket, which 

so far has been shown to accept aliphatic alkyl moieties. This could also been the case for 13a, 

although SadA has been reported to have activity on the aromatic substrates.55 Substrate 14 was 
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poorly accepted by SadA variants, highlighting the importance of the carboxylic acid of the 

succinyl moiety for binding. 

Figure 4.7: Hydroxylation substrate screen using engineered SadA variantsa 

 
[a] Reaction products included mono-, di-, and trihydroxylated products, as well as overoxidized 

products with multiple hydroxyl and ketone functional groups. Conversion was calculated with 

extracted ion chromatogram peak areas from LC-MS experiments. Each data point corresponds to 

a single measurement. A) Percent conversion to monohydroxylated products by engineered SadA 

variants. B) Percent conversion to oxidized products other than monohydroxylated compounds. 
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Several substrate/enzyme pairs showed interesting results that granted more detailed 

observation and exploration of reaction conditions. Evolved variant 1-LHD was characterized as 

a better hydroxylase of substrate 1a, and this effect was also observed with N-succinyl-L-

norvaline (9a) and N-succinyl-L-norleucine (10a, Figure 4.8). While not as high as the ~2-fold 

improvement observed for substrate 1a, hydroxylation of substrates 9a and 10a still occurred 

with higher TTNs with variant 1-LHD, with ~1.6- and ~1.4-fold improvements, respectively. In 

terms of selectivity, reactions with both 9a and 10a are functionalized almost exclusively at a 

single site. A second monohydroxylated product is observed at very low conversion values for 

both substrates, and overoxidation does not surpass 5% conversion in either case. Further 

product characterization is required to conclude if the improvements in hydroxylation observed 

with 1-LHD are specific to functionalization of the β-position of these substrates. 

Figure 4.8: Improved hydroxylation in bioconversions with engineered 1-LHDa 

 
[a] Conversion to monohydroxylated products by SadA and 1-LHD using either 0.25 µM or 0.5 µM 

of biocatalyst. Other products include ketones, dihydroxylated products, and compounds 

containing both hydroxyl and ketone moieties. TTN are shown for the major product of each 

reaction. Conversion values were calculated with extracted ion chromatogram peak areas from 

LC-MS experiments. Each data point corresponds to the average of three replicates and error bars 

represent the corresponding standard deviations. 



150 

 

Reactions with substrates 2a and 6a did not show improved overall conversion values 

with the evaluated enzymes. However, engineered variants were found that exhibited product 

distributions different from wild-type SadA (Figure 4.9). In the case of 2a, the major product in 

the presence of SadA was the monohydroxylated compound 2b with a ~6.8% conversion to other 

oxidized products. Variant 2-L G157D was able to almost increase the selectivity towards 2b, 

with more than 99% of the product pool corresponding to this monohydroxylated product. As 

previously discussed before, 4-IC P61L/G157D is able to produce compound 6d as the major 

product of 6a hydroxylation, an isomer which wild-type SadA is unable to produce in substantial 

amounts. The selectivity towards 6d improved from 3% with SadA to 64% with  4-IC 

P61L/G157D. These two examples show engineered SadA variants that alter the product 

distribution of hydroxylation reactions. 

Figure 4.9: Altered product distribution with SadA variantsa 

 
[a] Conversion to monohydroxylated products by SadA and SadA engineered variants using either 

50 µM or 100 µM of biocatalyst. Other products include ketones, dihydroxylated products, and 

compounds containing both hydroxyl and ketone moieties. Selectivity values are expressed as the 

fraction of a specific product in the total product pool. Conversion values were calculated with 

extracted ion chromatogram peak areas from LC-MS experiments. Each data point corresponds to 

the average of three replicates and error bars represent the corresponding standard deviations. 
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N-succinylated amines 7a and 8a showed increased conversion to hydroxylated products 

using engineered variants relative to SadA, and the product distribution of the corresponding 

reactions was altered with respect to the wild-type enzyme (Figure 4.10). The overall conversion 

of substrate 7a by wild-type SadA was 3.7%, whereas that value increased to 47.7% and 18.1% 

with 2-L G157D and 2-L P61L/G157D, respectively. Additionally, 2-L G157D showed a distinct 

site selectivity, with the major product being 7b with 53% of the product pool. 2-L P61L/G157D, 

on the other hand, showed a site selectivity that favored the other isomer, 7c, with a selectivity of 

66%. In the case of reactions with substrate 8a, a similar effect was observed, with SadA only 

converting 11.3% of substrate to products, but 2-L G157D showing an overall conversion of 

84.8%. This improvement was accompanied by a substantial increase in the selectivity towards 

monohydroxylated compound 8d with it being 50% of the product pool. It is worth noting that 

this compound was not the major product when SadA was used. The original azidase 2-L was the 

variant that showed the highest conversion of substrate 7a (Scheme 3.6), which helps rationalize 

that the derived 2-L G157D and 2-L P61L/G157D variants are the best suited to transform these 

amine derivatives.   
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Figure 4.10: Improved hydroxylation and altered site selectivity by engineered SadA 

variantsa 

 
[a] Conversion to monohydroxylated products by SadA and SadA engineered variants. Other 

products include ketones, dehydroxylated products, and compounds containing both hydroxyl and 

ketone moieties. Selectivity values are expressed as the fraction of a specific product in the total 

product pool. Conversion values were calculated with extracted ion chromatogram peak areas from 

LC-MS experiments. Each data point corresponds to the average of three replicates and error bars 

represent the corresponding standard deviations. 

Finally, variant 2-L G157D enabled the functionalization of N-succinylated β-amino 

acids 15a and 16a which were not accepted by SadA (Figure 4.11). These compounds were 

hydroxylated to single monohydroxylated products 15b and 16b with 56.8% and 20.7% 

conversion values, respectively. Estimated TTNs for these reactions were low (<6) suggesting 

that further engineering is needed to further improve these transformations. However, the fact 

that 2-L G157D is able to accommodate and successfully functionalize these β-amino acid 

derivatives is a promising fact. These observations also highlight the promiscuity of the 2-L 

scaffold, which so far has been able to catalyze reactions with substrates that differ the most 

from the original N-succinylated α-amino acids among the screened panel (i.e., N-succinylated 

amines and N-succinylated β-amino acids). 
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Figure 4.11: Hydroxylation of N-succinylated β-amino acids by engineered 2-L G157Da 

 
[a] Conversion to monohydroxylated products 15b and 16b by SadA and 2-L G157D. Conversion 

values were calculated with extracted ion chromatogram peak areas of products and the substrate 

from LC-MS experiments. Each data point corresponds to the average of three replicates and error 

bars represent the corresponding standard deviations. 

Whereas further characterization of products and engineering efforts would be needed to 

better understand the nature of the changes in reactivity and selectivity observed in these 

transformations, this study aims to showcase the potential of engineered FeDOs to achieve 

selective C–H hydroxylation of a diverse set of compounds. The diverse set of engineered 

enzymes and substrates analyzed here provides enough information to fuel future efforts of 

SadA-derived biocatalyst development. These results complement recent efforts in engineering 

FeDOs for selective hydroxylation by providing a panel of biocatalysts with a broad range of 

selectivities and substrate scope.51 

4.3 Conclusions 

The native activity of SadA was explored in this chapter. Directed evolution was 

successfully applied to develop the improved N-succinyl-L-leucine β-hydroxylase 1-LHD. The 

activity of this enzyme scaffold in the presence of exogenous anionic ligands was characterized 

by introducing the facial triad mutation D157G. Additionally, SadX variants that were evolved 
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for non-native chlorination and azidation were engineered to the hydroxylase-equivalent of these 

variants by introducing the reversion G157D. These new engineered hydroxylases were screened 

against a panel of N-protected amino acids and amines. Substrate-enzyme pairs were identified 

that showed improved hydroxylase activity, altered selectivities, or a combination of both, when 

compared to wild-type SadA. The results presented in this study illustrate the power of SadA 

variants to catalyze a range of hydroxylation reactions with varying selectivities. 

4.4 Experimental 

4.4.1 Materials 

SadX (MBP-SadA D157G fusion) and evolved variants 1-VH, 2-L, 2-D, 3-VRL, and 4-

IC were obtained and expressed from a previously generated plasmids, as described in chapters 2 

and 3.52,56 BL21-Gold (DE3) E. coli cells (# 230132) were purchased from Agilent Technologies. 

Lysozyme from chicken egg white (#L6876) and deoxyribonuclease I from bovine pancreas 

(DNase, #DN25) were purchased from MilliporeSigma. Restriction enzymes BamHI-HF 

(#R3136), HindIII-HF (#R3104), and DpnI (#R0176), as well as Taq DNA polymerase 

(#M0273), T4 DNA ligase (#M0202), and dNTPs (#N0447) were purchased from New England 

Biolabs. PrimeSTAR Max DNA polymerase mix (#R045A) was purchased from Takara Bio 

USA. Oligonucleotides were purchased from MilliporeSigma. Miniprep kits (QIAprep Spin 

Miniprep Kit, #27104) and agarose gel extraction kits (QIAquick Gel Extraction Kit, #28704) 

were purchased from QIAGEN and used following the manufacturer’s protocols. DNA clean and 

concentrator kits (#D4003) were purchased from Zymo Research and used following the 

manufacturer’s instructions. Terrific broth (TB, #T15000) and Luria broth (LB, #L24040) were 

purchased from Research Products International and prepared following the manufacturer’s 

protocols. 
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Kanamycin monosulfate (#J61272) was purchased from Alfa Aesar and prepared into a 

50 mg/mL aqueous 1000x stock solution. Isopropyl-β-D-thiogalactopyranoside (IPTG, #00194) 

was purchased from Chem-Impex International. Ni-NTA resin (HisPur™ Ni-NTA Resin, 

#88223) was purchased from Thermo Scientific. 

4.4.2 General procedures 

Colony picking, library expression, and screening reactions were set up using an 

automation system consisting of a Thermo Scientific Spinnaker robotic arm and a Multidrop 

Combi liquid dispenser, a NorgrenSystems CP-7200 colony picker, and a Hamilton Nimbus 

liquid handler. The automation system was controlled by Thermo Scientific Momentum 

software. DNA and protein concentrations were measured with a Tecan Infinite 200 PRO plate 

reader. DNA amplification by PCR was performed on an Applied Biosystems ProFlex PCR 

System thermocycler. DNA transformation was carried out by electroporation with a Bio-Rad 

MicroPulser. Cell lysis by sonication was performed using a QSonica S-4000 sonicator with a 

0.5” horn. 

LC-MS analysis was carried out using an Agilent 1290 Infinity II system connected to a 

ZORBAX Eclipse Plus C18 column (2.1 mm x 50 mm, 1.8 µm particle size), an Agilent Jet 

Stream (AJS-ES) ion source, and a 6135 single quadrupole mass selective detector. LC-MS data 

analysis was carried out with MassHunter (Agilent) software. 

4.4.3 Chromatographic methods 

All chromatographic methods described below used 0.1 % formic acid in water (A) and 

0.1 % formic acid in acetonitrile (B) as mobile phase components. Table 4.1 shows the m/z 

values used to obtain EICs from each experiment. 
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LC-MS 1 

Solvent gradient: 10 %B (0 – 0.4 min), 20 to 26.25 %B (0.4 – 1.75 min), 90 %B (1.75 – 

2.5 min), 10 %B (2.5 – 3.25 min). Flow rate: 0.4 mL/min. ESI negative mode. 

LC-MS 2 

Solvent gradient: 5 %B (0 – 1.25 min), 5 to 14 %B (1.25 – 2 min), 14 %B (2 – 4.5 min), 

14 to 90 %B (4.5 – 6.8 min), 90 %B (6.8 – 7 min), 5 %B (7 – 7.25 min). Flow rate: 0.4 mL/min. 

ESI negative mode. 

Table 4.1: Dominant ions for relevant substrate and monohydroxylated species. 

Species m/z Species m/z 

1a, 10a 230 11a 214 

1b, 1c, 10b, 10c 246 11OH 230 

2a, 9a 216 12a 245 

2b, 9b, 9c 230 12OH 261 

6a 256 13a 304 

6b, 6c, 6d 272 13OH 320 

7a 186 14a 200 

7b, 7c 202 14OH 216 

8a 212 15a, 16a 244 

8OH 228 15b, 16b 260 

Extracted ion chromatograms (EICs) were extracted for all species involved in a given 

reaction. The area of the corresponding peaks was integrated and used to represent the amount of 

each analyte. Percent conversion to product was calculated as the percent ratio of the area of that 

given product over the sum of all involved analytes. 

4.4.4 Molecular cloning 

Standard molecular cloning procedures were used throughout this study.57 Details for the 

cloning of the relevant libraries and variants are detailed below. 
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SadA error-prone PCR library 

A library of SadA variants for directed evolution were made using error-prone PCR 

(epPCR), restriction digestion, and ligation. A pET28a plasmid containing the SadA gene was 

used as template for the cloning involved. The oligonucleotide primers used are shown in Table 

4.2. 

Table 4.2: Oligonucleotides used for the preparation of an epPCR library of SadA variants 

# Name Sequence 

1 SadAInsertFP 5’ – AGC AAA TGG GTC GCG GAT CCA TGC AGC ATA CCT ATC 

CGG C – 3’ 

2 SadXInsertRP 5’ –TCG AGT GCG GCC GCA AGC TTT CAA TCA AAC ATA CGC 

CAA CC – 3’ 

Generation of the mutated SadA insert gene was carried out in a 50 µL reaction using the 

following conditions: 1 ng/µL template DNA, 0.2 mM dNTPs, 0.2 µM oligonucleotides 1 and 2, 

0.025 U/µL Taq DNA Polymerase, 1x Taq Standard Buffer, and 300 µM MnCl2. The PCR 

program for this amplification was 95 °C for 30 seconds, 30 cycles of 95 °C for 30 seconds and 

68 °C for 90 seconds, and 68 °C for 10 minutes. The product was digested with 10 units of DpnI 

at 37 °C for 1 hour and purified using a DNA clean and concentrator kit. The resulting DNA was 

then digested with 40 units of each restriction enzyme (i.e., BamHI and HindIII) in a 60 µL 

reaction at 37 °C for 3 hours and purified via 1% agarose  gel electrophoresis. 

Linearized pET28a vector was generated by digesting an empty pET28a plasmid using 

BamHI and HindIII in a 30 µL reaction containing ~500 ng of plasmid DNA and 30 units of each 

restriction enzyme. These digestions were incubated at 37 °C for 3 hours and purified via 1% 

agarose gel electrophoresis. 

Digested insert and vector were ligated in a 20 µL reaction with a 1:10 vector:insert 

molar ratio. The ligation conditions were 50 ng of vector DNA, 77.6 ng of insert DNA, and 400 
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units of T4 DNA ligase. The ligation reaction was incubated at 16 °C overnight and purified into 

7.5 µL of molecular biology grade water with a DNA clean and concentrator kit. 

pET28a(1-LHD D157G) 

Mutation D157G was introduced into evolved hydroxylase 1-LHD via site-directed 

mutagenesis of 1-LHD following a modified QuickChange™ protocol.58 The pET28a(1-LHD) 

plasmid obtained from the epPCR library was used as a template for amplification using the 

oligonucleotides shown in Table 4.3. The amplification conditions were the following: 2 ng/µL 

template DNA, 0.3 µM forward primer, 0.3 µM reverse primer, and 1x PrimeSTAR Max DNA 

Polymerase, with the final volume being 50 µL. The PCR program for the amplifications was the 

following: 98 °C for 10 seconds; 30 cycles of 98 °C for 10 seconds, 55 °C for 5 seconds, and 72 

°C for 45 seconds; and ending with 72 °C for 1 minute. The PCR products were digested with 10 

units of DpnI at 37 °C for 1 hour and purified via 1% agarose gel electrophoresis. 

Table 4.3: Oligonucleotides used to introduce mutation D157G in 1-LHD 

# Name Sequence 

3 1-LHD_D157GFP 5’ – GTT AGC TAT GGT CGT GAT ACC GTT AAT TGG CCT 

CTG AAA CGT AGC TTT CC – 3’ 

4 1-LHD_D157GRP 5’ –GTA TCA CGA CCA TAG CTA ACA TCG CCA CAA TGC 

GGT GCA AAG TTA AAC GGT G – 3’ 

Facial triad G157D reversions 

Mutation G157D was introduced in evolved SadX variants 1-VH, 2-L, 2-D, 3-VRL, and 

4-IC following the same QuickChange™ protocol described above, using the corresponding 

parent-containing pET28a plasmids as templates. The oligonucleotides used to perform these 

reactions are shown in Table 4.4. The introduction of G157D in 1-VH and 2-D was performed 

using primers 5 and 6, while all other reactions were carried out using primers 5 and 7. 
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Table 4.4: Oligonucleotides used to introduce mutation G157D in SadX variants 

# Name Sequence 

5 G157DFP 5’ – GTT AGC TAT GGT CGT GAT ACC GTT AAT TGG CCT CTG 

AAA CAT AGC TTT CC– 3’ 

6 SadXG157DRP 5’ – GTA TCA CGA CCA TAG CTA ACA TCC TCA CAA TGC GGT 

GCA AAG TTA AAC GGT G – 3’ 

7 G157DRP 5’ – GTA TCA CGA CCA TAG CTA ACA TCA TCA CAA TGC GGT 

GCA AGG TTA AAC GGT G – 3’ 

Mutations P61L, Q85H, and E147D 

Mutations derived from variant 1-LHD were introduced into 2-L G157D and 4-IC 

G157D via the modified QuickChange™ with the oligonucleotides shown in Table 4.5. The 

reaction to introduce P61L into 2-L G157D was performed using oligonucleotides 8 and 9, while 

those using 4-IC G157D as template were performed with 8 and 10. Reactions to introduce 

Q85H and E147D were carried out using the primer pairs 11 and 12, and 13 and 14, respectively. 

Table 4.5: Oligonucleotides used to introduced mutations P61L, Q85H, and E147D 

# Name Sequence 

8 P61LFP 5’ – GGA TGA TGA AGG TTT TAG CAG CAG CCT GTT TAC CAA 

AAA TGC – 3’ 

9 P61LRP 5’ – GCT AAA ACC TTC ATC ATC CCA CCA TGC ATC ACG TTC 

ACC ATC – 3’ 

10 4-ICP61LRP 5’ – GCT AAA ACC TTC ATC ATC CCA CCA TGC ATC ACA TTC 

ACC ATC – 3’ 

11 Q85HFP 5’ – GAT AAA CTG GTT AGC AAA GCA GCA GAA TAT TTT GGT 

ATT GC – 3’ 

12 Q85HRP 5’ – CTT TGC TAA CCA GTT TAT CAC CAT GTT CAC GCT GCA 

GCT GAC C – 3’ 

13 E147DFP 5’ – CAA CCC GTC GTG TTT ATG AAC CGT TTG ATG CAC CGT 

TTA AC – 3’ 

14 E147DRP 5’ – CAT AAA CAC GAC GGG TTG CCA GCA GAA ATT CAA CTT 

CAT AAT C – 3’ 
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4.4.5 Sequences 

SadA (nucleotide) 

This sequence includes the SadA gene and the 5’ and 3’ flanking region of the vector 

(underlined). 

AGCAAATGGGTCGCGGATCCATGCAGCATACCTATCCGGCACAGCTGATGCGTTTTG

GCACCGCAGCACGTGCAGAACATATGACCATTGCAGCAGCAATTCATGCACTGGAT

GCAGATGAAGCAGATGCAATTGTTATGGATATTGTTCCGGATGGTGAACGTGATGCA

TGGTGGGATGATGAAGGTTTTAGCAGCAGCCCGTTTACCAAAAATGCACATCATGCA

GGTATTGTTGCAACCAGCGTTACCCTGGGTCAGCTGCAGCGTGAACAGGGTGATAA

ACTGGTTAGCAAAGCAGCAGAATATTTTGGTATTGCCTGCCGTGTTAATGATGGTCT

GCGTACCACCCGTTTTGTTCGTCTGTTTAGTGATGCCCTGGATGCCAAACCGCTGACC

ATTGGTCATGATTATGAAGTTGAATTTCTGCTGGCAACCCGTCGTGTTTATGAACCGT

TTGAAGCACCGTTTAACTTTGCACCGCATTGTGATGATGTTAGCTATGGTCGTGATA

CCGTTAATTGGCCTCTGAAACGTAGCTTTCCGCGTCAGCTGGGTGGTTTTCTGACCAT

TCAGGGTGCAGATAATGATGCCGGTATGGTTATGTGGGATAATCGTCCGGAAAGCC

GTGCAGCGCTGGATGAAATGCATGCAGAATATCGTGAAACCGGTGCAATTGCCGCA

CTGGAACGTGCAGCCAAAATCATGCTGAAACCGCAGCCTGGCCAGCTGACACTGTT

TCAGAGCAAAAATCTGCATGCCATTGAACGTTGTACCAGCACCCGTCGTACCATGGG

TCTGTTTCTGATTCATACCGAAGATGGTTGGCGTATGTTTGATTGAGTTGGCGTATGT

TTGATTGAAAGCTTGCGGCCGCACTCGA 

 

SadA (amino acid) 

The sequence of the His6 tag is italicized.  

MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSMQHTYPAQLMRFGTAARAEHMTIA

AAIHALDADEADAIVMDIVPDGERDAWWDDEGFSSSPFTKNAHHAGIVATSVTLGQLQ

REQGDKLVSKAAEYFGIACRVNDGLRTTRFVRLFSDALDAKPLTIGHDYEVEFLLATRR

VYEPFEAPFNFAPHCDDVSYGRDTVNWPLKRSFPRQLGGFLTIQGADNDAGMVMWDN

RPESRAALDEMHAEYRETGAIAALERAAKIMLKPQPGQLTLFQSKNLHAIERCTSTRRT

MGLFLIHTEDGWRMFD* 

 

SadX (nucleotide) 

This sequence includes the MBP tag (italicized), the SadA D157G gene, and the 3’ 

flanking region of the vector (underlined). 
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ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA

TATGGCTAGCATGCACCATCACCATCACCATGGAAAAATCGAAGAAGGTAAACTGGTAATC

TGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAA

GATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAG

GTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGC

TACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTG

TTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGA

AGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAA

CCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAA

GTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAG

CGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTA

CTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTG

GGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTT

CAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAG

TCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTG

GAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAG

TTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATG

CCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCC

GCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTC

GAACAACAACAACACTAGTGAAAACCTGTATTTCCAGGGAGCAGCCGGATCCATGCAGCA

TACCTATCCGGCACAGCTGATGCGTTTTGGCACCGCAGCACGTGCAGAACATATGAC

CATTGCAGCAGCAATTCATGCACTGGATGCAGATGAAGCAGATGCAATTGTTATGG

ATATTGTTCCGGATGGTGAACGTGATGCATGGTGGGATGATGAAGGTTTTAGCAGCA

GCCCGTTTACCAAAAATGCACATCATGCAGGTATTGTTGCAACCAGCGTTACCCTGG

GTCAGCTGCAGCGTGAACAGGGTGATAAACTGGTTAGCAAAGCAGCAGAATATTTT

GGTATTGCCTGCCGTGTTAATGATGGTCTGCGTACCACCCGTTTTGTTCGTCTGTTTA

GTGATGCCCTGGATGCCAAACCGCTGACCATTGGTCATGATTATGAAGTTGAATTTC

TGCTGGCAACCCGTCGTGTTTATGAACCGTTTGAAGCACCGTTTAACTTTGCACCGC

ATTGTGGCGATGTTAGCTATGGTCGTGATACCGTTAATTGGCCTCTGAAACGTAGCT

TTCCGCGTCAGCTGGGTGGTTTTCTGACCATTCAGGGTGCAGATAATGATGCCGGTA

TGGTTATGTGGGATAATCGTCCGGAAAGCCGTGCAGCGCTGGATGAAATGCATGCA

GAATATCGTGAAACCGGTGCAATTGCCGCACTGGAACGTGCAGCCAAAATCATGCT

GAAACCGCAGCCTGGCCAGCTGACACTGTTTCAGAGCAAAAATCTGCATGCCATTG

AACGTTGTACCAGCACCCGTCGTACCATGGGTCTGTTTCTGATTCATACCGAAGATG

GTTGGCGTATGTTTGATTGAAAGCTTGCGGCCGCACTCGA 

 

SadX (amino acid) 

The sequence of MBP is italicized. All further amino acid indices refer to the original 

enzyme SadA numbering. 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKKFEK

DTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYP

FTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPY
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FTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAF

NKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFL

ENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYA

VRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSENLYFQGAAGSMQHTYPAQLMRFGTAA

RAEHMTIAAAIHALDADEADAIVMDIVPDGERDAWWDDEGFSSSPFTKNAHHAGIVAT

SVTLGQLQREQGDKLVSKAAEYFGIACRVNDGLRTTRFVRLFSDALDAKPLTIGHDYEV

EFLLATRRVYEPFEAPFNFAPHCGDVSYGRDTVNWPLKRSFPRQLGGFLTIQGADNDAG

MVMWDNRPESRAALDEMHAEYRETGAIAALERAAKIMLKPQPGQLTLFQSKNLHAIER

CTSTRRTMGLFLIHTEDGWRMFD* 

 

1-VH 

SadX I71V (V = GTT) R172H (H = CAT) 

 

2-L 

1-VH F152L (L = CTT) 

 

3-VRL 

2-L I38V (V = GTT) Q233R (R = CGC) F261L (L = CTT) 

 

4-IC 

3-VRL V38I (I = ATT) R48C (C = TGT) 

 

1-LHD 

SadA P61L (L = CTG) Q85H (H = CAT) E147D (D = GAT) 

 

1-LHD G157D 

1-LHD G157D (D = GAT) 

 

G157D reversions 

Corresponding parent G157D (D = GAT) 

 

P61L variants 

Corresponding parent P61L (L = CTG) 

 

Q85H variants 

Corresponding parent Q85H (H = CAT) 

 

E147D variants 

Corresponding parent E147D (D = GAT) 
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4.4.6 Gene expression and protein purification 

Libraries in 96-deep well plates 

A 5 µL aliquot of the resulting plasmid was used to transform 50 µL of BL21-Gold 

(DE3) E. coli via electroporation. Cells were resuspended with 945 µL of SOC media and shaken 

at 37 °C and 250 rpm for 45 minutes. Up to 400 µL of the culture were transferred to 86 mm x 

128 mm rectangular LB/agar plates with 50 µg/mL kanamycin. The plates were incubated 

overnight at 37 °C. Single colonies were picked and placed in 1 mL 96-deep well plates 

containing 300 µL/well of TB media with 50 µg/mL kanamycin to generate primary cultures. 

Each plate contained 90 library variants, 4 parent samples (picked and inoculated using the same 

method as the library variants), and 2 blank wells that were not inoculated and served as controls 

of cross contamination. The resulting plates were incubated at 37 °C and 215 rpm overnight. 50 

µL of each culture were used to make glycerol stocks of the library by combining them with 50 

µL of 50% glycerol in microtiter 96-well plates. 

Expression cultures were made using 50 µL of primary culture to inoculate 2 mL 96-deep 

well plates containing 1 mL/well of LB media with 50 µg/mL kanamycin. Expression plates 

were incubated at 37 °C and 215 rpm until OD600 reached 0.6 – 0.8, at which point the cultures 

were brought to a temperature of 18 °C, induced with a final concentration of 1 mM IPTG, and 

incubated at 18 °C and 215 rpm for 18 hours. Cells were harvested by centrifugation at 3600 rpm 

for 10 minutes and stored at -80 °C until use. 

Large scale protein expression 

A starter culture was prepared by inoculating 5 mL of TB media with 50 µg/mL 

kanamycin from glycerol stocks made during library expression and incubating at 37 °C and 250 

rpm overnight. The overnight culture was used to generate an expression culture by inoculating 
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750 mL of LB media with 50 µg/mL kanamycin. The expression culture was incubated at 37 °C 

and 250 rpm until OD600 reached 0.6 – 0.8, after which the culture was brought to 18 °C, induced 

with 1 mM IPTG, and incubated at 18 °C and 250 rpm for 18 hours. Cells were harvested by 

centrifugation at 4700 rpm for 10 minutes and stored at -80 °C until use. 

The cell pellet was resuspended in a 50 mL conical tube with 30 mL of 20 mM imidazole 

in 10 mM HEPES pH 7.5 and sonicated at 40 W with 0.5 min ON/0.5 min OFF cycles for 5 min 

total cycle time. The resulting cell lysate was clarified by centrifugation at 4 °C and 15000 rpm 

for 45 min using a high-speed fixed-angle rotor. The supernatant was transferred to a 10 mL 

polypropylene frit-bottomed gravity flow column containing 5 mL of Ni-NTA resin pre-

equilibrated with equilibration buffer (20 mM phosphate, 300 mM NaCl, 10 mM imidazole, pH 

7.4). After the lysate was allowed to drain, 50 mL of wash buffer (20 mM phosphate, 300 mM 

NaCl, 25 mM imidazole, pH 7.4) were added to the resin. Finally, 15 mL of elution buffer (20 

mM phosphate, 300 mM NaCl, 250 mM imidazole, pH 7.4) were used to elute purified protein 

into a 50 mL conical tube. The protein solution was transferred to a 15 mL Amicon spin filter 

30K MWCO and concentrated down to 0.5 – 1.0 mL at 4700 rpm. In order to remove 

endogenous Fe(II) 15 mL of 50 mM EDTA in 10 mM HEPES pH 7.5 were used to dilute the 

protein sample and concentrate to 0.5 – 1.0 mL at 4700 rpm. Three additional buffer exchanges 

with 15 mL of 10 mM HEPES in pH 7.5 were performed. Protein concentration was measured 

using absorbance at 280 nm using a calculated extinction coefficient of 104,280 M-1cm-1 for all 

SadX variants and 36,440 M-1cm-1 for all SadA variants (Benchling [Biology Software], 

https://benchling.com). The protein sample was flash frozen in liquid nitrogen and stored at -80 

°C until used. 

https://benchling.com/
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4.4.7 Activity assays 

Screening hydroxylation assay in lysate 

Cell pellets in 2 mL 96-deep well plates were suspended with 125 µL of 1 mg/mL 

lysozyme in 10 mM HEPES pH 7.5 and incubated at 37 °C and 250 rpm for 45 minutes to 

achieve lysis, after which the lysates were flash frozen in liquid nitrogen and thawed in a water 

bath at 37 °C. 10 µL of 1 mg/mL DNase in 10 mM HEPES pH 7.5 were added and the lysates 

were incubated at 37 °C and 250 rpm for 15 minutes, followed by centrifugation at 3600 rpm for 

15 minutes. 

Screening reactions were set up in microtiter v-bottom 96-well plates by combining 25 

µL/well of solution A (50 mL containing 4 mM α-ketoglutarate, 16 mM ascorbic acid, and 0.2 

mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5), 25 µL/well of solution B (30 mL of 4 mM 1a in 

10 mM HEPES pH 7.5), and 50 µL/well of clarified lysate. The final reaction conditions were 

100 µL of 1 mM 1a, 2 mM α-ketoglutarate, 8 mM ascorbic acid, 0.1 mM Fe(NH4)2(SO4)2, and 

50% v/v lysate in 10 mM HEPES pH 7.5. The plates were sealed with breathable film and 

shaken at room temperature and 750 rpm for 3 hours, after which 100 µL of methanol were 

added to quench the reactions and precipitated proteins were removed by centrifugation at 3600 

rpm for 10 minutes. 50 µL of the resulting supernatant were diluted with 100 µL of water, 

filtered through 0.22 µm filter plates by centrifugation at 3600 rpm for 10 minutes, and analyzed 

via LC-MS using LC-MS method 1. 

The conversion values to 1b for the four parent samples in each plate were averaged and 

used as comparison for every other variant in the same plate. Library variants were first 

evaluated so that only variants with activity higher than the sum of average parent activity and 
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2.5 standard deviations of parent activity were considered as potential hits. Potential improved 

variants were selected to be sequenced and validated with bioconversions using purified protein. 

Small-scale hydroxylation reactions 

Enzyme activity was determined by small-scale bioconversions using purified protein. 

Reactions were set up by combining in a 96-well plate 25 µL/well of solution A (25 mL 

containing 16 mM α-ketoglutarate, 64 mM ascorbic acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM 

HEPES pH 7.5), 25 µL/well of solution B (2 mL of 4 mM of substrate in 10 mM HEPES pH 

7.5), and 50 µL/well of solution C (200 µL of an enzyme solution with two-fold the final 

concentration). The final reactions (100 µL) had final concentrations of 1 mM of substrate, 4 

mM α-ketoglutarate, 16 mM ascorbic acid, 0.2 mM Fe(NH4)2(SO4)2, and varying amounts of 

SadA variants in 10 mM HEPES pH 7.5. The plate was sealed with breathable film and shaken at 

room temperature and 750 rpm for 3 hours, after which 100 µL of methanol were added to 

quench the reactions, 50 µL of a 2 mM N-acetyl-L-valine solution in water (100 nmol) were 

added as internal standard, and precipitated proteins were removed by centrifugation at 3600 rpm 

for 10 minutes. Finally, 80 µL of the resulting supernatant were filtered through 0.22 µm filter 

plates by centrifugation at 3600 rpm for 10 minutes and analyzed via LC-MS using LC-MS 

method 2. 

Small-scale reactions of 1a in the presence of exogenous anions 

Reaction setup was analogous to hydroxylation reactions, with the exception of solution 

A containing 16 mM α-ketoglutarate, 64 mM ascorbic acid, 0.8 mM Fe(NH4)2(SO4)2, and either 

200 mM NaCl, 200 mM CsF, or 32 mM NaN3. Solution C contained 0.2 mM enzyme. The final 

reactions (100 µL) contained final concentrations of 1 mM 1a, 4 mM α-ketoglutarate, 16 mM 
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ascorbic acid, 0.2 mM Fe(NH4)2(SO4)2, 0.1 mM of enzyme, and either 50 mM NaCl, 50 mM 

CsF, or 8 mM NaN3 in 10 mM HEPES pH 7.5. 

4.4.8 Synthesis of starting materials 

General synthesis of N-succinylated amino acids 

Scheme 4.8: Synthesis of N-succinylated amino acids 

 

To a 100 mL flask was added amino acid (1 eq), succinic anhydride (1.05 eq), and acetic 

acid. The mixture was heated to 70 °C for 8 hr. After complete removal of the solvent, the solid 

residue was recrystallized from ethyl acetate and ethanol to obtain semi purified product. The 

solid residue was purified in a CombiFlash system using water and acetonitrile. 

General synthesis of N-succinylated amines 

Scheme 4.9: Synthesis of N-succinylated amines 

 
To a 100 mL flask attached to a reflux condenser was added amine (5 g, 1 eq), succinic 

anhydride (6.1 g, 1.05 eq), a catalytic amount of acetic acid, and 50 mL of dichloroethane. The 

mixture was heated to 40 °C for 12 hr. After removal of the solvent, the solid residue was 

recrystallized from toluene to obtain a white solid. 
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5.1 Introduction 

5.1.1 Introduction to next-generation techniques 

The earliest DNA sequencing method, published in the late 1970s by Sanger and 

coworkers, remains the standard technique for low throughput DNA sequencing.1 This method is 

based on the amplification of template DNA to be sequenced by a DNA polymerase. 

Radioactively or fluorescently labeled chain-terminating dideoxy nucleotides (ddNTPs) are 

included in the amplification reactions and cause the growing chain of DNA to stop at the 

position where the ddNTP was incorporated. The result is a mixture of DNA fragments of 

varying lengths, all capped by a labeled ddNTP. The electrophoretic separation of this mixture 

allows for identification of the corresponding labeled ddNTPs and the reconstruction of the 

original sequence. Even though Sanger sequencing has been improved by technological 

advances, including the use of multichannel capillary electrophoresis, the throughput of this 

technique remains relatively low. The need for higher throughput sequencing of large genomes at 

relatively lower costs encouraged the development of techniques termed next-generation 

sequencing (NGS). These techniques encompass an array of methods based on different 

technologies.2,3 A brief introduction to the most widely developed techniques will be provided in 

this section. 

Chapter 5: Protein engineering aided by next-generation sequencing 

and machine learning 



175 

 

Illumina sequencing is the most widely used NGS technique from what is referred to as 

second generation sequencing. This technique relies on two steps: the generation of clonal 

clusters of DNA fragments attached to a solid support from one end (Figure 5.1A), and the use of 

3’-modified reversible terminator nucleotides for sequencing (Figure 5.1B).4 The DNA to be 

sequenced is first fragmented to segments of ~500 np, ligated to specific adapter sequences, and 

amplified using “bridged amplification” from oligonucleotides bound to the solid support that 

complementary to the adapter sequences. Repeated cycles of amplification result in groups of 

clonal DNA clustered throughout the support. Sequencing occurs via single-base amplification of 

the DNA clusters by the use fluorescently labeled nucleotides (dNTPs) that interrupt chain 

elongation. Once the modified dNTPs are incorporated, fluorescence is triggered and read, and 

the fluorescent label is cleaved, freeing the 3’ end of the dNTP and allowing for the next step of 

sequencing. These sequencing steps are repeated for ~300 rounds, generating sequences that are 

~300 bp long that need to be processed to reconstruct the original sequence. The main 

advantages of Illumina sequencing include its high base-by-base accuracy, with an error rate of 

0.1%, and the ability to perform millions of parallel sequencing reactions in a single slide. 
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Figure 5.1: Summary of Illumina sequencing 

 
A) Schematic of “bridged amplification”. Template DNA (red) anneals via an adapter sequence 

(green) to oligonucleotides bound to a solid support and is amplified. The newly synthesized DNA 

then anneals with a second oligonucleotide complementary to a second adapter sequence (blue) 

and is amplified once more. Several cycles result in highly dense clusters of clonal DNA. B) 

Sequencing primers anneal to the clonal fragments and amplification begins. Introduction of a 

single labeled dNTP prevents further extension. Imaging takes place and the fluorescent label is 

cleaved, allowing for the next step of amplification. 

The third generation of NGS techniques focuses on long-read sequencing, as opposed to 

the short-read sequencing method employed by Illumina. One of the leaders in this field is 

Pacific Biosciences (PacBio) sequencing, also known as Single Molecule Real Time (SMRT) 

sequencing. This technique, which can sequence DNA fragments as long as 50 kb, relies on 

single-molecule sequencing of circularized template DNA with a DNA polymerase immobilized 

to the bottom of a well with characteristic dimensions (Figure 5.2).5,6 This well is a nanoscopic 

structure called a zero-mode waveguide (ZMW) that causes imaging to occur only at the bottom 

of the well. The template preparation consists of ligating two adapter sequences, called “hairpin 

adapters”, to the double-stranded DNA (dsDNA) template resulting in a circular single-stranded 

DNA (ssDNA) molecule. This ssDNA template, named SMRTbell, is then loaded onto a flow 

cell with many ZMWs with single DNA polymerases bound (Figure 5.2A). Sequencing is 

triggered by adding an oligonucleotide complementary to either adapter sequence. The DNA 

polymerase starts amplifying the ssDNA template and displaces the 5’-end of the primer once it 
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completes a full cycle. At this point, DNA polymerization continues, allowing for the synthesis 

of a long DNA chain that contains multiple instances of complementary fragments to both sense- 

and anti-sense strands of the original dsDNA (Figure 5.2B). Imaging occurs when a fluorescently 

labeled dNTP is incorporated into the growing DNA strand, allowing for excitation and 

fluorescent emission while the nucleotide is bound to the DNA polymerase (Figure 5.2C). After 

incorporation, the fluorescent label is cleaved and diffuses out of the ZMW detection zone, while 

the polymerase translocates to the next position. 

Figure 5.2: Summary of SMRT sequencing (PacBio) 

 
A) Generation of SMRTbell template. The dsDNA to be sequenced (red and blue strands, 

representing sense- and anti-sense strands) is ligated to hairpin adapters (green) that circularize the 

DNA. This ssDNA is loaded onto a SMRT cell, where single molecules enter the zero-mode 

waveguide (ZMW) where sequencing takes place. A single DNA polymerase immobilized to the 

bottom of the ZMW binds to the adapter sequence. B) Extension begins from a primer that anneals 

to the adapter sequence and continues producing a new strand of DNA (yellow) complementary 

to both sense and antisense strands. Once the polymerase reaches the 5’-end of the primer, it 

displaces the primer and continues with DNA extension. C) Incorporation of fluorescently labeled 

dNTPs generates a readout that only happens at the bottom of the ZMW, while the dNTP is bound 

to the DNA polymerase. The label is cleaved and diffuses out of the ZMW.  
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Some of the advantages of SMRT sequencing include the ability to produce long reads 

required for some sequencing applications. Additionally, no amplification of the template is 

needed during sample preparation, removing certain negative effects associated with PCR, such 

as the difficulty to amplify GC-rich regions or the introduction of unwanted mutations. Although 

the sequencing itself suffers from a relatively high error-rate, the fact that a single polymerase 

can generate multiple subreads of a single SMRTbell template allows the generation of highly 

accurate consensus sequences. This process results in highly accurate long reads, with up to 

99.8% accuracy. Additionally, due to the imaging being real-time, differences in the rate of 

incorporation of dNTPs can be observed and assigned to specific DNA modifications, such as 

DNA methylation. These features, coupled to the high-throughput associated of this technology, 

makes SMRT sequencing a highly valuable technique in fields such as genome and epigenetics 

research.7 

5.1.2 Introduction to machine learning 

The field of machine learning (ML) is vast, with a broad range of applications, and ML 

algorithms are widely used both in science and in daily life.8–14 Largely, ML can be described as 

an application of artificial intelligence focused on algorithms that allow computational systems 

to learn on their own.15 This is done by either using data to develop predictive models or by 

identifying informative features in data. This section does not intend to exhaustively cover this 

subject, but instead aims to introduce key terms and relevant concepts to the work presented in 

this chapter. 

ML can be broadly divided into supervised and unsupervised learning. Supervised 

learning consists of predictive models that fit data that has been labeled with an experimentally 

determined or arbitrarily assigned property. One example is the prediction of protein secondary 
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structure, where the labeled data originates from the analysis of protein crystal structure data in 

the Protein Data Bank (PDB).16 One important limitation to supervised methods is the fact that 

often large training data sets are required to produce an accurate and efficient model. 

Unsupervised learning, on the other hand, does not use data with predefined labels. Instead, these 

methods aim to identify common patterns among the data. This process can be described as both 

defining labels and associating objects in the data with them. An example of such an ML 

approach predicted mutation effects from gene sequence co-variation.17 

A common ML algorithm is a linear regression. Regression algorithms explore the 

relationship between an observed dependent variable and one or more predicted independent 

variables. Linear regressions assume that no relationship exists between the different 

independent variables. When applying regression algorithms to systems that deviate from this 

assumption, different methods should be considered.18,19 While the variables being predicted in 

linear regression are continuous, regression algorithms can also utilize non-continuous variables. 

One such case is an ordinal regression model, in which the variable being predicted is discrete 

and has an inherent order.20 These models are can address problems in which, for instance, 

different levels of performance are being evaluated. 

More complex ML methods involve the use of artificial neural networks (ANNs).21 These 

models are based on the connectivity and behavior of biological neural networks, with 

interconnected nodes arranged in a layered configuration. Each node is a mathematical function 

that transforms input values into output values. Thus, the output values of one layer of nodes 

becomes the input for the next layer. These nodes and layers can then be arranged in different 

configurations, or architectures. One of the most basic architectures is a fully connected layered 

ANN. In this configuration every node in any given layer is connected to all the nodes in the next 
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layer. Training of these ANNs consists of optimizing the weights associated with the connection 

between node pairs. A more sophisticated ANN architecture is a convolutional neural network 

(CNN). CNNs are applied to data with local structure information, such as 2D images or 3D 

structures, and focus on identifying that local structure. The input to a convolutional layer is 

locally subjected to a single layer fully connected ANN, or “filter”. This filter is used throughout 

the entire input data, resulting in an output that also contains local structure information. CNNs 

have been applied to a diverse set of data, with one example being the AlphaFold system for the 

prediction of 3D protein structures by modeling the distance between pairs of residues.22  

5.1.3 Machine learning-aided protein engineering 

The goal of protein engineering is to find protein sequences with a desired function or 

improvement. One of the major challenges to overcome is the vast size of the protein sequence 

space and how to efficiently explore it. A common example to help visualize this challenge 

compares the 20100 (~10130) possible protein sequences for a 100-residue protein and the 1080 

estimated number of atoms in the universe.23 Experimentally exploring these sequence spaces 

exhaustively is impossible. Additionally, functional proteins are not frequent in a given sequence 

space, with most of the sequences being poorly functional or completely nonfunctional.24 

Directed evolution addresses this challenge by locally exploring the sequence space via iterative 

rounds of genetic diversification and selection (Figure 1.1). 

However, directed evolution is not the perfect solution to the challenge of sampling large 

sequence spaces. For starters, when considering the fitness landscape in the sequence space, 

directed evolution can result in arrival to local maxima of fitness that make it very difficult to 

move away from.25,26 This is a result of the fact that most evolution campaigns will make 

discrete movements in the sequence space around the parent sequence towards beneficial 
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mutations. Additionally, directed evolution requires a parent enzyme with a minimum level of 

functionality, as well as a relatively smooth fitness landscape, since a “rugged” landscape with 

densely packed local maxima and minima would be challenging to map experimentally.25 

Furthermore, even if large libraries were made to exhaustively screen the sequence space, 

experimental screening remains the main bottleneck that limits the applicability of such 

approaches. 

Several computational approaches to aid directed evolution have emerged, with ML 

being one of the most recent ones.26–28 Directed evolution usually discards protein sequences that 

result in no fitness improvement and focuses only on those mutations that are beneficial. ML can 

instead take advantage of all the data collected during directed evolution and use it to access 

higher levels of fitness more rapidly. This is generally done by modeling the fitness landscape 

through learning from sequence-fitness data pairs. New sequences can be predicted by this ML 

model, allowing to further explore the sequence space, without needing to exhaustively screen 

said space. One of the most attractive advantages of applying ML to directed evolution is that the 

only associated costs correspond to DNA sequencing and computational processing, with no 

additional screening efforts. This is of special relevance when the screening methods are 

expensive or slow, or when the system being evolved has a high complexity. 

An early example of ML-aided protein engineering was the evolution of a halohydrin 

dehalogenase for the industrial synthesis of ethyl (R)-4-cyano-3-hydroxybutyrate (Scheme 

5.1A).29 This study was based on protein sequence activity relationships (ProSAR) and combined 

the screening of combinatorial libraries with a partial least-squares (PLS) linear regression 

model.30 This algorithm results in a regression coefficient for each mutation that represents its 

contributions to fitness independent of the effects of other mutations. During each round of 
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optimization, 10 to 50 mutations of interest obtained by various diversification strategies were 

used to generate random combinatorial libraries. After evaluating the activity of these libraries, a 

partial population was sequenced, with the resulting data serving as the training set for the 

model. The modeled coefficients were used to determine if a mutation was beneficial, potentially 

beneficial, neutral, or deleterious. Beneficial mutations were directly added to the next parent, 

potentially beneficial mutations were re-evaluated, and neutral or deleterious mutations were 

discarded. This process was conducted for 18 rounds, resulting in 35 mutations being introduced, 

and a ~4,000-fold improvement in activity. 

Scheme 5.1: Reactions catalyzed by enzymes improved with the aid of ProSAR 

 
A) Biocatalytic synthesis of (R)-4-cyano-3-hydroxybutyrate with an engineered halohydrin 

dehalogenase (HHDH).29 B) Evolved amine transaminase (ATA) catalyzes the stereoselective 

synthesis of a sacubutril precursor from a non-native substrate.31 

ProSAR was also used to improve the stability of a carbonic anhydrase from 

Desulfovibrio vulgaris to tolerate temperatures of up to 107 °C and a pH higher than 10.32 This 

enzyme was used for large scale carbon capture from flue gas, a process that requires the enzyme 

to be exposed to basic conditions and a temperature of 87 – 100 °C. When this evolved variant 

was used in pilot scale, a 25-fold improvement in CO2 absorption rate versus the noncatalyzed 

reaction was observed. The overall improvement in stability, when combining both 

thermostability and alkali tolerance, was ~4,000,000-fold with respect to wild-type carbonic 

anhydrase. Additionally, ProSAR aided the evolution of an amine transaminase (ATA) for the 
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synthesis of a precursor of the API sacubutril (Scheme 5.1B).31 This reaction required activity on 

a non-native substrate, so an initial screen of commercial ATAs was used to identify a parent 

enzyme with activity on the substrate. This variant only produced trace amounts of the desired 

product, and its stereoselectivity produced exclusively the undesired (R)-product. After eleven 

rounds of directed evolution, conversion to product improved from <0.1% to 90%, and the 

stereoselectivity was enhanced to >99.9:0.1 d.r. towards the desired (S)-product. 

Most of the reported protein engineering efforts that employ ProSAR involved screening 

assays with high throughput at a large scale, focusing on parallel and rapid iteration of protein 

optimization. There are cases in which this is not possible due to the experimental constraints 

associated with the screening method. A more recent study used a different ML algorithm to 

aided in the evolution of an acyl-ACP reductase for fatty alcohol production  (Scheme 5.2A).33 

The gas chromatography assay that was employed to detect fatty alcohols was of a low enough 

throughput that screening a large amount of sequences was not viable. To address this challenge, 

this study relied on a Gaussian process (GP) that can predict the fitness landscape and estimate 

the model’s uncertainty. An initial input of 20 experimentally determined sequence-function 

pairs was used to train the GP model and visualize the confidence intervals of the predictions. 

The next sequences to be tested were designed based on an upper-confidence bound criterion that 

selected both sequences predicted to be beneficial and regions of high uncertainty in the fitness 

landscape simultaneously.34 This criterion was used to design 10 to 12 new sequences which 

would be tested experimentally. The new data was used to update the GP model, repeating the 

train-learn-design cycle for each round of evolution. A variant was obtained after 10 rounds of 

optimization that showed an increased in vivo fatty alcohol titer by 2-fold when compared to the 
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best of the wild-type parent sequences. A similar ML algorithm had been previously applied to 

enhancing the thermostability of cytochromes P450.35 

Scheme 5.2: Reactions catalyzed by enzymes improved by Gaussian process models 

 
A) An evolved chimeric acyl-thioester reductase-aldehyde reductase (ATR-AHR) acyl-ACP 

reductase catalyzes fatty alcohol production in vivo from acyl-ACP substrates.33 B) FeDH WelO5* 

is evolved to chlorinate non-native substrate soraphen A with divergent site selectivities.36 

Site selectivity has also been evolved with assistance from ML models. A recent study 

engineered variants of FeDH WelO5* to site selectively chlorinate the non-native substrate 

soraphen A (Scheme 5.2B).36 Three residues were selected as critical to improve activity on 

soraphen A and complete randomization of those position was carried out. To reduce the 

experimental burden of screening a library with a size of 203 variants, a GP model was applied. 

Only 504 sequence-function pairs were determined experimentally and used to train this model. 

Predictions were made for both variants with higher activity and higher site selectivities. This 

process resulted in WelO5* variants with good activity on this non-native substrate and 

complementary site selectivity, with the most active variant showing native-like activity levels. 

Finally, more complex ML-algorithms have been used to aid directed evolution. 

Improvement of the thermostability of hydrolases for PET depolymerization was carried out with 

the use of MutCompute, which is a 3D self-supervised CCN.37,38 This algorithm does not rely on 

experimental sequence-fitness data sampled from a library of protein variants. Instead, it captures 
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biophysical and biochemical information from experimentally determined protein structures in 

the PDB. MutCompute is trained on more than 19,000 protein structures to learn the chemical 

microenvironments of amino acids and predict positions in a protein in which amino acids are 

not optimized. This algorithm also provides a probability distribution for the fitness of all 

canonical amino acids at every position. This process was applied to several PET-hydrolyzing 

enzymes (PETases), resulting in 29 different sequences being identified as potentially being 

improved. Experimental characterization of these variants yielded enzymes with an increase in 

Tm of up to 10 °C, increased protein yields of up to 3.8-fold, and improved activity levels of up 

to 29-fold. 

The examples presented in this section aim to illustrate the current state of ML-guided 

directed evolution. A wide range of ML algorithms have been employed for different evolution 

campaigns, highlighting the importance of considering different approaches to ML depending on 

the nature of the evolution project. Factors such as the experimental burden of screening and 

sequence synthesis need to be evaluated when selecting the right ML technique. Additionally, 

novel approaches to reduce the challenges of screening and sequencing will be key to developing 

strategies that are affordable and efficient. Efforts to develop such a workflow, that integrates 

directed evolution, NGS, and ML, are summarized in the following sections. 

Authorship 

This work is part of a collaboration with Prof. Philip Romero. Dr. Sameer D’Costa 

processed the NGS data. Additionally, Dr. D’Costa constructed the ML models applied to said 

data and provided the corresponding predictions to be experimentally tested. Synthesis of 

substrate 1a was carried out by Dr. Natalie H. Chan. 
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5.2 Results and discussion 

5.2.1 Workflow to incorporate NGS to directed evolution 

One of the challenges of applying ML to directed evolution is the sequencing burden. 

Even though NGS allows for high throughput DNA sequencing, depending on library sizes, 

sequencing every library variant can become costly. A workflow that reduced the total number of 

samples to be sequenced was designed, with the main goals being to be able to reduce 

experimental work associated with sample preparation prior to NGS and maintain a cost-

effective approach. This strategy is based on establishing an ordinal problem. Instead of having 

individual sequences with specific continuous labels, function data can be used to determine 

ordinal categories to which multiple variants belong.  

In the current study, this methodology was applied to the analysis of libraries resulting 

from the directed evolution of engineered FeDH SadX described in chapter 3 (Figure 5.3). 

During this evolution campaign, variants were screened for the non-native azidation of substrate 

N-succinyl-L-leucine (1a) to form the corresponding γ-azidated product (1e). The screening data 

was used to categorize every sample according to the level of conversion to 1e relative to the 

corresponding parent enzyme. Four different categories, or “bins”, were defined using the 

average conversion to 1e from parent enzyme and the corresponding standard deviation as 

thresholds. Variants that showed conversion to 1e higher than the average of parent conversion 

(µ) plus one standard deviation (σ) were categorized as having high activity. Variants that fell 

within the range between µ ± σ were placed under the parent activity category. Variants with 

conversion values lower than µ – σ were classified as having low activity. Finally, those variants 

with conversion to 1e lower than 0.1% were considered to have no activity. The definition of 

these bins was arbitrary, and one can imagine different thresholds being used, as well as a 
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different number of bins. Furthermore, a similar binning approach could be used to analyze other 

features besides conversion, such as site selectivity, chemoselectivity, and enantioselectivity. 

Figure 5.3: General scheme of the workflow to obtain NGS data from screened libraries to 

aid directed evolutiona 

 
[a] After experimentally screening libraries of diversified variants as part of directed evolution, the 

screening data (%parent activity in this example) is used to re-array every variant into new culture 

plates according to defined bins (“H”, “P”, “L”, and “NA”, corresponding to high, parent, low, 

and no activity, respectively). The re-arrayed cultures are then incubated and pooled together, so 

that a single culture per bin remains. The plasmids containing the genes of interest (GOI) are 

extracted from these mixed samples, and the corresponding genes are isolated via restriction 

enzyme digestion. After purification, these samples are submitted to NGS, allowing to obtain large 

amounts of sequence data linked to a level of function that can be applied to train a ML model. 

Once every variant was categorized, a re-array step was needed to physically sort them. 

This sorting was performed by using colony picker to inoculate new 96-well plates from stored 

cultures of the screened libraries. The instrument was programmed to only re-arrayed cultures 

that belonged to a given bin. Once the process was carried out with all storage plates, this was 

repeated for the remaining bins. The result of this step is several groups of freshly inoculated 96-

well plates, one group for each defined bin, with each group containing one or more plates with 

the corresponding re-arrayed variants. These cultures were incubated overnight to allow for 

replication of the plasmids containing the genes of interest. All cultures belonging to the same 
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bin were pooled together into a single mixed culture after incubation, resulting in only one 

culture per bin. The plasmids of interest were extracted from these cultures and subjected to 

restriction enzyme digestion to isolate the enzyme-encoding genes. The final result is a set of 

four DNA samples, each containing a mixture of DNA sequences belonging to enzymes with the 

same level of conversion to 1e. 

The design of this workflow was concurrent with the directed evolution efforts to 

engineer SadX variants highly selective towards azidation. Screening an epPCR library based on 

variant 1-VH for improved activity on 1e resulted in two potential improved enzymes: 2-D, with 

improved chemoselectivity but decreased conversion towards 1e, and 2-L with a modest 

improvement in chemoselectivity but a high improvement in conversion (Figure 3.11). These 

two variants were used as templates for two separate epPCR libraries, and the library that 

originated from 2-D was used to establish the re-array workflow described above. To test the 

validity of this process, the entire library was re-arrayed and pooled, and the resulting pooled 

cultures were used to set up bioconversions with 1a (Figure 5.4). A correlation between the 

conversion to 1e and the defined level of activity was observed, with the mixed culture from the 

high bin showing the highest level of conversion, and the low and no activity bins showing the 

lowest levels of conversion. These results suggested that the activity levels observed during 

screening were reproduced to some extent when the combined activity of bins was tested. 
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Figure 5.4: Activity of combined binned variants in lysatea 

 
[a] Bioconversion of substrate 1a to products 1b, 1c, and 1e using lysates containing 2-D variants. 

Lysate samples contain a mixture of variants belonging to the corresponding bin. Conversion to 

products calculated with LC-MS extracted ion chromatogram peak areas of products and substrate. 

Each data point corresponds to the average of eight replicates and error bars represent the 

corresponding standard deviations. 

Additionally, the remaining epPCR libraries that had been screened for under azidation 

conditions (i.e., the libraries based on variants 1-VH, 2-L, and 3-VRL) were subjected to the 

same workflow, and additional controls were evaluated at this time. First, differences in culture 

growth were investigated, with the goal to rule out a potential bias in the sequencing data due to 

specific cultures generating higher levels of DNA than others, misrepresenting their distribution 

in the pooled bin. To test this, a 96-well plate containing re-arrayed cultures from the 1-VH 

library was incubated overnight and allowed to grow. The optical density at 600 nm (OD600nm) of 

the resulting cultures was obtained as a measure of bacterial growth (Figure 5.5A). These values 

showed a narrow distribution, with most samples resulting in OD600nm values between 3.6 and 

4.1. This data suggested that bacterial growth was uniform after re-array, minimizing certain 

sequences appearing with more frequency due to inconsistent levels of DNA replication between 

different samples. 
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Figure 5.5: Controls to validate binning of library variants 

 
A) OD600nm values for re-arrayed cultures from library 1-VH in a 96-well plate. The horizontal 

lines represent the average of all measurements (solid) and a standard deviation range (dashed). 

B) Bioconversions of 1a to products 1b, 1c, and 1e in lysate of 1-VH variants. Parent 1-VH was 

used as a control. Variants are grouped by bins and designated XY-Z according to their original 

location in column Z and row Y of plate X. NA = no activity. Conversion to products calculated 

with LC-MS extracted ion chromatogram peak areas of products and substrate. Each data point 

corresponds to the average of three replicates and error bars represent the corresponding standard 

deviations. 

Additionally, random variants from all four bins from library 1-VH were selected to 

validate the binning process (Figure 5.5B). In contrast to the experiment shown in Figure 5.4, 

these bioconversions aimed to evaluate the correlation between the binning and the activity of 

the binned samples. This would also serve as a validation of the screening data that was used to 
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define the bins. Bioconversions using lysate of these randomly selected variants showed results 

that followed the binning definitions, with variants belonging to the high bin showing higher 

conversion to 1e than parent 1-VH and those binned as having parent activity resulting in 

intermediate levels of conversion. While two variants from the low bin showed trace amounts of 

conversion to 1e, the remaining one as well as all the variants from the no activity bin were not 

able to produce detectable amounts of 1e. These controls further validated the workflow design 

and encouraged the sequencing of the obtained DNA samples. 

5.2.2 Validation of predicted sequences 

The resulting pooled DNA samples were sequenced via SMRT (PacBio). The reason 

behind this decision was the ability of SMRT to generate long-reads, allowing to cover the entire 

sequence of SadX variants (822 bp). This results in the identification of mutations present in the 

different activity bins, as well as the sequence context they appear in. Additionally, the high 

fidelity that results from repeated subreads of the same sequence allows for accurate 

identification of variations as small as single mutations. Dr. Sameer D’Costa, from the Romero 

group, conducted the processing of sequencing data and designed an ordinal regression model 

with regularization trained on the variants from library 2-D. Regularization refers to techniques 

that are used to ensure that ML models are well behaved. The number of variables in this system 

is determined by the length of amino acid sequence. In the case of SadX, that is 273 positions 

with 20 possible amino acids, resulting in 5460 variables. The number of screened variants in 

each of the sequenced libraries was 900, which is substantially lower. Furthermore, 

regularization helps prevent the model from underfitting or overfitting the data.39 

The model resulted in mutations that were scored against parent enzyme 2-D, with those 

predicted to be beneficial having a positive score, and those predicted to be detrimental having a 
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negative score. The expression of three different sequences containing single mutations (A73V, 

D87N, and A211T) was carried out to test the modeled predictions (Figure 5.6). It is worth 

noting that none of these mutations were previously identified during library screening since they 

were not present in the best performing variants that were selected for further characterization. 

When the activity of these variants was evaluated, no improvements in conversion to 1e were 

observed, with all three variants showing lower conversion values than parent 2-D. Notably, 

variant 2-D A73V displayed a 1.9-fold increase in chemoselectivity towards the azidated product 

1e by decreasing the amount of β-hydroxylated product 1b being formed. This improvement was 

accompanied by a decrease in conversion of ~22%. 

Figure 5.6: Bioconversions with predicted 2-D single mutantsa 

 
[a] Bioconversion of 1a to products 1b, 1c, and 1e by 2-D variants predicted to have beneficial 

effects. Conversion values were calculated with extracted ion chromatogram peak areas of 

products and the substrate from LC-MS experiments. The chemoselectivity of these variants is 

expressed as the ratio of conversion to product 1e over the sum of conversions to products 1b and 

1c. Each data point corresponds to the average of three replicates and error bars represent standard 

deviations. 
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Even though the regression model had been trained on data that was sorted according to 

levels of azidation, the beneficial mutation that was found had a negative impact on this feature, 

and instead, was beneficial towards chemoselectivity. Despite this discrepancy, the level of fold 

improvement in chemoselectivity was similar to that observed for the first mutant in the 

azidation lineage, 1-VH. Additionally, residue Ala73 is located near Ile71 which was mutated in 

1-VH. To further characterize this mutation, A73V was introduced in SadX, showing an even 

higher improvement in chemoselectivity of 3.1-fold (Figure 5.7). This enhanced selectivity was 

accompanied by a ~13% decrease in conversion to 1e, mirroring the effect that A73V displayed 

when introduced in 2-D. Furthermore, the identification of mutation A73C suggests that other 

residues in the missing loop Ser59-Ser75 may have a strong effect on the chemoselectivity towards 

non-native rebound. 

Figure 5.7: Bioconversion with new mutant SadX A73Va 

 
[a] Bioconversion of 1a by SadX and SadX A73V. Conversion values were calculated with 

extracted ion chromatogram peak areas from LC-MS experiments. The chemoselectivity of these 

variants is expressed as the conversion to product 1e over the sum of conversions to products 1b 

and 1c. Each data point is the average of three replicates and error bars are standard deviations. 
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Since library 2-D resulted in a branch of directed evolution that did not provide an 

improved variant, the overall sequence-function data could be viewed as biased towards variants 

with low variability, not accurately representing the sequence space of SadX variants. In order to 

further this, the three remaining libraries (1-VH, 2-L, and 3-VRL) were analyzed, providing a 

larger number of sequences and larger changes in changes in activity. Applying the same ordinal 

regression to this new set of data resulted in new mutations predicted to be beneficial. Notably, 

mutation H172R, which was a reversion of a mutation introduced in the first round of evolution, 

was predicted to be beneficial. When this reversion was introduced into the most evolved 

azidase, 4-IC, no improvement was observed. Both 4-IC and 4-IC H172R showed high levels of 

conversion to 1e with high chemoselectivity. However, this suggested that the original mutation 

R172H was not needed, so the reversion was kept to minimize the mutational burden on the 

protein scaffold. 

Figure 5.8: Bioconversion with predicted reversion H172Ra 

 
[a] Bioconversion of 1a by 4-IC and 4-IC H172R. Conversion values were calculated with extracted 

ion chromatogram peak areas of products and the substrate from LC-MS experiments. Each data 

point corresponds to the average of three replicates and error bars represent standard deviations. 

Ten additional single mutations predicted to be beneficial were introduced into the new 

4-IC H172R scaffold (Figure 5.9). These sequences were modeled using individual ordinal 

regressions for each library, and they were selected based on to different criteria: top variants to 
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be predicted by any model to be beneficial (Y131H, S60G, E19K, I23L, and N151Y), and top 

variants predicted to be beneficial by all three models (E249G, K92R, I248V, E201G, and I99T). 

When bioconversions were carried out with these new variants, distinct trends could be observed 

for these two subgroups of predictions. In general, mutations that were predicted by all three 

models showed worse activity than those predicted to be beneficial by individual models. Several 

variants in the former group showed conversion values lower than 10%, while most in the latter 

showed conversions that equaled or surpassed the parent enzyme. No significant improvements 

in chemoselectivity were observed. Mutation I23L, however, showed a ~14% increase in 

conversion to 1e with respect to the parent 4-IC H172R under the reaction conditions. This 

modest but significant improvement was caused by a mutation that was not identified during 

screening, highlighting once more the strength of ML to uncover beneficial sequences.  

Figure 5.9: Bioconversions with predicted 4-IC single mutantsa 

 
[a] Bioconversion of 1a by 4-IC H172R variants. Conversion values were calculated with extracted 

ion chromatogram peak areas from LC-MS. The chemoselectivity is expressed as the conversion 

to 1e over the sum of conversions to 1b and 1c. Each data point is the average of three replicates 

and error bars are standard deviations. 
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Overall, however, most of the single mutations introduced into 4-IC H172R were not 

beneficial, with most of them resulting in an abrupt decrease in conversion to 1e. Additionally, 

the one beneficial mutation gave only a low improvement in activity. Although seemingly 

discouraging, it is worth noting that once the ordinal regression models were constructed, the 

experimental screening effort to find variant 4-IC I23L/H172R was less than 2% of the effort 

associated with conducting another round of directed evolution via epPCR with a 900-variant 

library. ML-aided approaches such as the one presented in this study therefore have the potential 

to increase the provide additional improved sequences without requiring further experimental 

screening. Whereas the predicted sequences were introduced as single point mutations, these 

could be used combinatorially to further explore the space of predicted sequences. Furthermore, 

the positions of modeled mutations could be used to design site-saturation mutagenesis libraries, 

as an alternative to rational design. These approaches are being explored by other members of 

the Lewis group to further explore the application of the generated ML models. Finally, more 

complex ML algorithms are being applied by the Romero group, with a focus on self-supervised 

learning, allowing to significantly decrease the number of experimental data needed to train 

sufficiently accurate models. 

It is worth mentioning that while this study was in progress, a report of a different 

methodology to incorporate NGS in directed evolution in a cost-efficient manner was 

published.40 This method, named evSeq, involved the careful amplification and barcoding of 

every individual sequence in a library, followed by multiplexed Illumina sequencing. The 

strength of this technique lies in the ability to obtain sequence-function relationships for every 

variant, but it also presents a few challenges, mostly associated with the DNA amplification step. 

The introduction of a PCR step may introduce complications that are sequence dependent, such 
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as poor amplification of CG rich regions, as well as increase the likelihood of non-specific 

mutations. Additionally, careful planning of a system of barcoded primers is needed to maintain 

an overall low cost. The approach developed in this study and presented in this chapter has the 

potential to complement techniques such as evSeq, with drastically reducing the experimental 

requirements to prepare samples for NGS while still being able to generate data of high enough 

quality to construct successful ML models. 

5.3 Conclusions 

The development of a methodology to incorporate NGS into directed evolution was 

presented in this chapter. Screening data was used to define categories with different levels of 

activity and assign every library variant to one of those categories. Re-arraying and pooling all 

variants according to their corresponding category results in a drastic reduction in the number of 

samples while still maintaining sequence-function information. Preparation of NGS samples 

consisted in a simple plasmid isolation step followed by a reaction with restriction enzymes. This 

process was applied to four epPCR SadX libraries previously screened. The design of this 

workflow is part of a collaboration with Prof. Philip Romero and Dr. Sameer D’Costa, who 

contributed by developing an ordinal regression ML algorithm based on the NGS obtained from 

the processed libraries. Validation of this model was carried out, being able to identify a variant 

with increased chemoselectivity towards azidation of the model substrate and another variant 

with increased conversion to the desired azidated product. These promising results will be further 

developed by the Lewis and Romero groups in order to create data-efficient ML-assisted protein 

engineering strategy. 
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5.4 Experimental 

5.4.1 Materials 

SadX (MBP-SadA D157G fusion) and evolved variants 2-D and 4-IC were obtained and 

expressed from previously generated plasmids, as described in chapters 2 and 3.41,42 BL21-Gold 

(DE3) E. coli cells (# 230132) were purchased from Agilent Technologies. Lysozyme from 

chicken egg white (#L6876) and deoxyribonuclease I from bovine pancreas (DNase, #DN25) 

were purchased from MilliporeSigma. Restriction enzymes SacI-HF (#R3156), XhoI (#R0146), 

and DpnI (#R0176) were purchased from New England Biolabs. PrimeSTAR Max DNA 

polymerase mix (#R045A) was purchased from Takara Bio USA. Oligonucleotides were 

purchased from MilliporeSigma. Miniprep kits (QIAprep Spin Miniprep Kit, #27104) and 

agarose gel extraction kits (QIAquick Gel Extraction Kit, #28704) were purchased from 

QIAGEN and used following the manufacturer’s protocols. DNA clean and concentrator kits 

(#D4003) were purchased from Zymo Research and used following the manufacturer’s 

instructions. Terrific broth (TB, #T15000) and Luria broth (LB, #L24040) were purchased from 

Research Products International and prepared following the manufacturer’s protocols. 

Kanamycin monosulfate (#J61272) was purchased from Alfa Aesar and prepared into a 

50 mg/mL aqueous 1000x stock solution. Isopropyl-β-D-thiogalactopyranoside (IPTG, #00194) 

was purchased from Chem-Impex International. Ni-NTA resin (HisPur™ Ni-NTA Resin, 

#88223) was purchased from Thermo Scientific. 

5.4.2 General procedures 

Library re-array was set up using a Multidrop Combi liquid dispenser and a 

NorgrenSystems CP-7200 colony picker. DNA and protein concentrations were measured with a 

Tecan Infinite 200 PRO plate reader. DNA amplification by PCR was performed on an Applied 
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Biosystems ProFlex PCR System thermocycler. DNA transformation was carried out by 

electroporation with a Bio-Rad MicroPulser. Cell lysis by sonication was performed using a 

QSonica S-4000 sonicator with a 0.5” horn. 

LC-MS analysis was carried out using an Agilent 1290 Infinity II system connected to a 

ZORBAX Eclipse Plus C18 column (2.1 mm x 50 mm, 1.8 µm particle size), an Agilent Jet 

Stream (AJS-ES) ion source, and a 6135 single quadrupole mass selective detector. LC-MS data 

analysis was carried out with MassHunter (Agilent) software. 

5.4.3 Chromatographic method 

LC-MS analysis was conducted using 0.1 % formic acid in water (A) and 0.1 % formic 

acid in acetonitrile (B) as mobile phase components. Table 5.1 shows the m/z values used to 

obtain EICs from each experiment. 

Solvent gradient: 5 %B (0 – 1.25 min), 5 to 14 %B (1.25 – 2 min), 14 %B (2 – 4.5 min), 

14 to 90 %B (4.5 – 6.8 min), 90 %B (6.8 – 7 min), 5 %B (7 – 7.25 min). Flow rate: 0.4 mL/min. 

ESI negative mode. 

Table 5.1: Dominant ions for relevant substrate and products 

Species m/z 

1a 230 

1b, 1c 246 

1e 271 

Extracted ion chromatograms (EICs) were extracted for 1a, 1b, 1c, and 1e for each 

sample according to Table 5.1. The area of the corresponding peaks was integrated and used to 

represent the amount of each analyte. Percent conversion to product 1i (i = b, c, e) was calculated 

as the peak area of product 1i divided by the sum of the peak area of 1a and the peak areas of all 

products (1). Chemoselectivity was defined as the ratio of azidated product to hydroxylated 

products (2). 
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 %𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑡𝑜 𝟏𝒊 = 100% ×
𝐴𝑟𝑒𝑎𝟏𝒊

(𝐴𝑟𝑒𝑎𝟏𝒂 + 𝐴𝑟𝑒𝑎𝟏𝒃 + 𝐴𝑟𝑒𝑎𝟏𝒄 + 𝐴𝑟𝑒𝑎𝟏𝒆)
 ( 1 ) 

 
𝐶ℎ𝑒𝑚𝑜𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝐴𝑟𝑒𝑎𝟏𝒆

(𝐴𝑟𝑒𝑎𝟏𝒃 + 𝐴𝑟𝑒𝑎𝟏𝒄)
 ( 2 ) 

5.4.4 Molecular cloning 

Standard molecular cloning procedures were used throughout this study.43 Point 

mutations were introduced via site-directed mutagenesis following a modified QuickChange™ 

protocol, using the corresponding parent-containing pET28a plasmids as templates.44 The 

oligonucleotides used to perform these reactions are shown in Table 5.2. The amplification 

conditions were the following: 2 ng/µL template DNA, 0.3 µM forward primer, 0.3 µM reverse 

primer, and 1x PrimeSTAR Max DNA Polymerase, with the final volume being 50 µL. The PCR 

program for the amplifications was the following: 98 °C for 10 seconds; 30 cycles of 98 °C for 

10 seconds, 55 °C for 5 seconds, and 72 °C for 45 seconds; and ending with 72 °C for 1 minute. 

The PCR products were digested with 10 units of DpnI at 37 °C for 1 hour and purified via 1% 

agarose gel electrophoresis.  

Table 5.2: Oligonucleotides used to introduce predicted mutations 

# Name Sequence 

1 2-D_A73V_FP 5’ – GAT GCA CAT CAT GCA GGT GTT GTT GTG ACC AGC 

GTT ACC CTG GGT CAG C  – 3’ 

2 2-D_A73V_RP 5’ – CAC CTG CAT GAT GTG CAT CTT TTG TAA ACG GGC 

TGC TGC TAA AAC CTT C – 3’ 

3 2-D_D87N_FP 5’ – CTG GGT CAG CTG CAG CGT GAA CAG GGT AAC 

AAA CTG GTT AGC AAA GCA GC – 3’ 

4 2-D_D87N_RP 5’ – CAC GCT GCA GCT GAC CCA GGG TAA CGC TGG TTG 

CAA CAA CAC CTG CAT G – 3’ 

5 2-D_A211T_FP 5’ – CGT GCA GCG CTG GAT GAA ATG CAT ACC GAA TAT 

CGT GAA ACC GGT GC – 3’ 

6 2-D_A211T_RP 5’ – CAT CCA GCG CTG CAC GGC TTT CCG GAC GAT TAT 

CCC ACA TAA CCA TAC C – 3’ 

7 SadX_A73V_FP 5’ – CCA AAA ATG CAC ATC ATG CAG GTA TTG TTG TGA 

CCA GCG TTA CCC TGG – 3’ 
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Table 5.2 (continued) 

# Name Sequence 

8 SadX_A73V_RP 5’ – CCT GCA TGA TGT GCA TTT TTG GTA AAC GGG CTG 

CTG CTA AAA CCT TC – 3’ 

9 4-IC_H172R_FP 5’ – CTT TCC GCG TCA GCT GGG TGG TTT TCT GAC CAT 

TCA GGG TGC AGA TAA TG – 3’ 

10 4-IC_H172R_RP 5’ – CCA CCC AGC TGA CGC GGA AAG CTA CGT TTC AGA 

GGC CAA TTA ACG – 3’ 

11 Y131H_FP 5’ – GTT GAA TTT CTG CTG GCA ACC CGT CGT GTT TAT 

GAA CCG TTT GAA GCA C – 3’ 

12 Y131H_RP 5’ – GGT TGC CAG CAG AAA TTC AAC TTC ATG ATC ATG 

ACC AAT GGT CAGC – 3’ 

13 S60G_FP 5’ – GTT TAC CAA AAA TGC ACA TCA TGC AGG TGT TGT 

TGC AAC CAG CGT TAC C – 3’ 

14 S60G_RP 5’ – GCA TGA TGT GCA TTT TTG GTA AAC GGG CCG CTG 

CTA AAA CCT TCA TC – 3’ 

15 E19K_FP 5’ – GAT GCG TTT TGG CAC CGC AGC ACG TGC AAA ACA 

TAT GAC CAT TGC AGC  – 3’ 

16 E19K_RP 5’ – CGT GCT GCG GTG CCA AAA CGC ATC AGC TGT GCC 

GGA TAG GTA TGC – 3’ 

17 I23L_FP 5’ – CAC CGC AGC ACG TGC AGA ACA TAT GAC CCT GGC 

AGC AGC AAT TCA TGC  – 3’ 

18 I23L_RP 5’ – CAT ATG TTC TGC ACG TGC TGC GGT GCC AAA ACG 

CAT CAG CTG TGC CGG ATA G  – 3’ 

19 N151Y_FP 5’ – CGT GTT TAT GAA CCG TTT GAA GCA CCG TTT TAT 

CTT GCA CCG CAT TG – 3’ 

20 N151Y_RP 5’ – GCT TCA AAC GGT TCA TAA ACA CGA CGG GTT GCC 

AGC AGA AAT TCA AC – 3’ 

21 E249G_FP 5’ – GTT GTA CCA GCA CCC GTC GTA CCA TGG GTC TGC 

TTC TGA TTC ATA CC– 3’ 

22 E249G_RP 5’ – GGT ACG ACG GGT GCT GGT ACA ACG GCC AAT GGC 

ATG CAG ATT TTT GC– 3’ 

23 K92R_FP 5’ – GCA GCA GAA TAT TTT GGT ATT GCC TGC CGT GTT 

AAT GAT GGT CTG CGT ACC – 3’ 

24 K92R_RP 5’ – GCA GGC AAT ACC AAA ATA TTC TGC TGC ACG GCT 

AAC CAG TTT ATC ACC – 3’ 

25 I248V_FP 5’ – GAG CAA AAA TCT GCA TGC CGT GGA ACG TTG TAC 

CAG CAC CCG TCG – 3’ 

26 I248V_RP 5’ – GCA TGC AGA TTT TTG CTC TGA AAC AGT GTC AGC 

TGG CCA GG – 3’ 

27 E201G_FP 5’ – GGT ATG GTT ATG TGG GAT AAT CGT CCG GGC AGC 

CGT GCA GCG CTG GAT G – 3’ 

28 E201G_RP 5’ – CGA TTA TCC CAC ATA ACC ATA CCG GCA TCA TTA 

TCT GCA CCC TGA ATG G – 3’ 
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Table 5.2 (continued) 

# Name Sequence 

29 I99T_FP 5’ – GCA AAG CAG CAG AAT ATT TTG GTA CCG CCT 

GCC GTG TTA ATG ATG G – 3’ 

30 I99T_RP 5’ – CCA AAA TAT TCT GCT GCT TTG CTA ACC AGT TTA 

TCA CCC TGT TCA C – 3’ 

Table 5.3 shows the corresponding parent and oligonucleotide pair for each site-directed 

mutagenesis reaction. 

Table 5.3: List of template and oligonucleotides used for variant cloning 

Variant Template Oligonucleotides 

2-D A73V 2-D 1, 2 

2-D D87N 2-D 3, 4 

2-D A211T 2-D 5, 6 

SadX A73V SadX 7, 8 

4-IC H172R 4-IC 9, 10 

4-IC Y131H/H172R 4-IC H172R 11, 12 

4-IC S60G/H172R 4-IC H172R 13, 14 

4-IC E19K/H172R 4-IC H172R 15, 16 

4-IC I23L/H172R 4-IC H172R 17, 18 

4-IC N151Y/H172R 4-IC H172R 19, 20 

4-IC H172R/E249G 4-IC H172R 21, 22 

4-IC K92R/H172R 4-IC H172R 23, 24 

4-IC H172R/I248V 4-IC H172R 25, 26 

4-IC H172R/E201G 4-IC H172R 27, 28 

4-IC H172R/I99T 4-IC H172R 29, 30 

 

5.4.5 Sequences 

SadX (nucleotide) 

This sequence includes the MBP tag (italicized), the SadA D157G gene, and the 3’ 

flanking region of the vector (underlined). 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA

TATGGCTAGCATGCACCATCACCATCACCATGGAAAAATCGAAGAAGGTAAACTGGTAATC

TGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAA

GATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAG

GTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGC
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TACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTG

TTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGA

AGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAA

CCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAA

GTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAG

CGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTA

CTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTG

GGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTT

CAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAG

TCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTG

GAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAG

TTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATG

CCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCC

GCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTC

GAACAACAACAACACTAGTGAAAACCTGTATTTCCAGGGAGCAGCCGGATCCATGCAGCA

TACCTATCCGGCACAGCTGATGCGTTTTGGCACCGCAGCACGTGCAGAACATATGAC

CATTGCAGCAGCAATTCATGCACTGGATGCAGATGAAGCAGATGCAATTGTTATGG

ATATTGTTCCGGATGGTGAACGTGATGCATGGTGGGATGATGAAGGTTTTAGCAGCA

GCCCGTTTACCAAAAATGCACATCATGCAGGTATTGTTGCAACCAGCGTTACCCTGG

GTCAGCTGCAGCGTGAACAGGGTGATAAACTGGTTAGCAAAGCAGCAGAATATTTT

GGTATTGCCTGCCGTGTTAATGATGGTCTGCGTACCACCCGTTTTGTTCGTCTGTTTA

GTGATGCCCTGGATGCCAAACCGCTGACCATTGGTCATGATTATGAAGTTGAATTTC

TGCTGGCAACCCGTCGTGTTTATGAACCGTTTGAAGCACCGTTTAACTTTGCACCGC

ATTGTGGCGATGTTAGCTATGGTCGTGATACCGTTAATTGGCCTCTGAAACGTAGCT

TTCCGCGTCAGCTGGGTGGTTTTCTGACCATTCAGGGTGCAGATAATGATGCCGGTA

TGGTTATGTGGGATAATCGTCCGGAAAGCCGTGCAGCGCTGGATGAAATGCATGCA

GAATATCGTGAAACCGGTGCAATTGCCGCACTGGAACGTGCAGCCAAAATCATGCT

GAAACCGCAGCCTGGCCAGCTGACACTGTTTCAGAGCAAAAATCTGCATGCCATTG

AACGTTGTACCAGCACCCGTCGTACCATGGGTCTGTTTCTGATTCATACCGAAGATG

GTTGGCGTATGTTTGATTGAAAGCTTGCGGCCGCACTCGA 

 

SadX (amino acid) 

The sequence of MBP is italicized. All further amino acid indices refer to the original 

enzyme SadA numbering. 

MGSSHHHHHHSSGLVPRGSHMASMHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKKFEK

DTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYP

FTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPY

FTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAF

NKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFL

ENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYA

VRTAVINAASGRQTVDEALKDAQTNSSSNNNNTSENLYFQGAAGSMQHTYPAQLMRFGTAA
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RAEHMTIAAAIHALDADEADAIVMDIVPDGERDAWWDDEGFSSSPFTKNAHHAGIVAT

SVTLGQLQREQGDKLVSKAAEYFGIACRVNDGLRTTRFVRLFSDALDAKPLTIGHDYEV

EFLLATRRVYEPFEAPFNFAPHCGDVSYGRDTVNWPLKRSFPRQLGGFLTIQGADNDAG

MVMWDNRPESRAALDEMHAEYRETGAIAALERAAKIMLKPQPGQLTLFQSKNLHAIER

CTSTRRTMGLFLIHTEDGWRMFD* 

 

1-VH 

SadX I71V (V = GTT) R172H (H = CAT) 

 

2-L 

1-VH F152L (L = CTT) 

 

2-D 

1-VH N65D (D = GAT) 

 

3-VRL 

2-L I38V (V = GTT) Q233R (R = CGC) F261L (L = CTT) 

 

4-IC 

3-VRL V38I (I = ATT) R48C (C = TGT) 

 

2-D A73V 

2-D A73V (V = GTG) 

 

2-D D87N 

2-D D87N (N = AAC) 

 

2-D A211T 

2-D A211T (T = ACC) 

 

SadX A73V 

SadX A73V (V = GTG) 

 

4-IC H172R 

4-IC H172R (R = CGT) 

 

4-IC Y131H/H172R 

4-IC H172R Y131H (H = CAT) 
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4-IC S60G/H172R 

4-IC H172R S60G (H = GGC) 

 

4-IC E19K/H172R 

4-IC H172R E19K (K = AAA) 

 

4-IC I23L/H172R 

4-IC H172R I23L (H = CTG) 

 

4-IC N151Y/H172R 

4-IC H172R N151Y (Y = TAT) 

 

4-IC H172R/E249G 

4-IC H172R E249G (G = GGC) 

 

4-IC K92R/H172R 

4-IC H172R K92R (K = CGT) 

 

4-IC H172R/E248V 

4-IC H172R E248V (V = GTG) 

 

4-IC H172R/E201G 

4-IC H172R E201G (G = GGC) 

 

4-IC I99T/H172R 

4-IC H172R I99T (T = ACC) 

5.4.6 Gene expression and protein purification 

Large scale protein expression 

A 5 µL aliquot of the resulting plasmid was used to transform 50 µL of BL21-Gold 

(DE3) E. coli via electroporation. Cells were resuspended with 945 µL of SOC media and shaken 

at 37 °C and 250 rpm for 45 minutes. Up to 200 µL of the culture were transferred to circular 

LB/agar plates with 50 µg/mL kanamycin. The plates were incubated overnight at 37 °C. Single 

colonies were picked and placed in 5 mL of TB media with 50 µg/mL kanamycin. The resulting 

culture was incubated overnight at 37 °C and 250 rpm. Storage glycerol stocks were made by 
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mixing 500 µL of overnight culture with 500 µL of 50% glycerol. These stocks were stored 

at -80 °C until needed. 

A starter culture was prepared by inoculating 5 mL of TB media with 50 µg/mL 

kanamycin from glycerol stocks made during library expression and incubating at 37 °C and 250 

rpm overnight. The overnight culture was used to generate an expression culture by inoculating 

750 mL of LB media with 50 µg/mL kanamycin. The expression culture was incubated at 37 °C 

and 250 rpm until OD600 reached 0.6 – 0.8, after which the culture was brought to 18 °C, induced 

with 1 mM IPTG, and incubated at 18 °C and 250 rpm for 18 hours. Cells were harvested by 

centrifugation at 4700 rpm for 10 minutes and stored at -80 °C until use. 

The cell pellet was resuspended in a 50 mL conical tube with 30 mL of 20 mM imidazole 

in 10 mM HEPES pH 7.5 and sonicated at 40 W with 0.5 min ON/0.5 min OFF cycles for 5 min 

total cycle time. The resulting cell lysate was clarified by centrifugation at 4 °C and 15000 rpm 

for 45 min using a high-speed fixed-angle rotor. The supernatant was transferred to a 10 mL 

polypropylene frit-bottomed gravity flow column containing 5 mL of Ni-NTA resin pre-

equilibrated with equilibration buffer (20 mM phosphate, 300 mM NaCl, 10 mM imidazole, pH 

7.4). After the lysate was allowed to drain, 50 mL of wash buffer (20 mM phosphate, 300 mM 

NaCl, 25 mM imidazole, pH 7.4) were added to the resin. Finally, 15 mL of elution buffer (20 

mM phosphate, 300 mM NaCl, 250 mM imidazole, pH 7.4) were used to elute purified protein 

into a 50 mL conical tube. The protein solution was transferred to a 15 mL Amicon spin filter 

30K MWCO and concentrated down to 0.5 – 1.0 mL at 4700 rpm. In order to remove 

endogenous Fe(II) 15 mL of 50 mM EDTA in 10 mM HEPES pH 7.5 were used to dilute the 

protein sample and concentrate to 0.5 – 1.0 mL at 4700 rpm. Three additional buffer exchanges 

with 15 mL of 10 mM HEPES in pH 7.5 were performed. Protein concentration was measured 
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using absorbance at 280 nm using a calculated extinction coefficient of 104,280 M-1cm-1 for all 

SadX variants (Benchling [Biology Software], https://benchling.com). The protein sample was 

flash frozen in liquid nitrogen and stored at -80 °C until used. 

Expression in 96-deep well plates 

Glycerol stocks were used to inoculate 1 mL 96-deep well plates containing 300 µL/well 

of TB media with 50 µg/mL kanamycin to generate primary cultures. The resulting plates were 

incubated at 37 °C and 215 rpm overnight. Expression cultures were made using 50 µL of 

primary culture to inoculate 2 mL 96-deep well plates containing 1 mL/well of LB media with 50 

µg/mL kanamycin. Expression plates were incubated at 37 °C and 215 rpm until OD600 reached 

0.6 – 0.8, at which point the cultures were brought to a temperature of 18 °C, induced with a 

final concentration of 1 mM IPTG, and incubated at 18 °C and 215 rpm for 18 hours. Cells were 

harvested by centrifugation at 3600 rpm for 10 minutes and stored at -80 °C until use. 

5.4.7 Activity assays 

Small-scale azidation of 1a 

Enzyme activity was determined by small-scale bioconversions using purified protein. 

Reactions were set up by combining in a 96-well plate 25 µL/well of solution A (25 mL 

containing 16 mM α-ketoglutarate, 32 mM NaN3, 64 mM ascorbic acid, and 0.8 mM 

Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5), 25 µL/well of solution B (2 mL of 4 mM 1a in 10 

mM HEPES pH 7.5), and 50 µL/well of solution C (200 µL of 0.2 mM of an enzyme solution 

with two-fold the final concentration). The final reactions (100 µL) had final concentrations of 1 

mM 1a, 4 mM α-ketoglutarate, 8 mM NaN3, 16 mM ascorbic acid, 0.2 mM Fe(NH4)2(SO4)2, and 

varying amounts of SadX variants in 10 mM HEPES pH 7.5. The plate was sealed with 

breathable film and shaken at room temperature and 750 rpm for 3 hours, after which 100 µL of 

https://benchling.com/


208 

 

methanol were added to quench the reactions, 50 µL of a 2 mM N-acetyl-L-valine solution in 

water (100 nmol) were added as internal standard, and precipitated proteins were removed by 

centrifugation at 3600 rpm for 10 minutes. Finally, 80 µL of the resulting supernatant were 

filtered through 0.22 µm filter plates by centrifugation at 3600 rpm for 10 minutes and analyzed 

via LC-MS. 

Azidation assay in lysate 

Cell pellets in 2 mL 96-deep well plates were suspended with 125 µL of 1 mg/mL 

lysozyme in 10 mM HEPES pH 7.5 and incubated at 37 °C and 250 rpm for 45 minutes to 

achieve lysis, after which the lysates were flash frozen in liquid nitrogen and thawed in a water 

bath at 37 °C. 10 µL of 1 mg/mL DNase in 10 mM HEPES pH 7.5 were added and the lysates 

were incubated at 37 °C and 250 rpm for 15 minutes, followed by centrifugation at 3600 rpm for 

15 minutes. 

Screening reactions were set up in microtiter v-bottom 96-well plates by combining 25 

µL/well of solution A (50 mL containing 8 mM α-ketoglutarate, 32 mM NaN3, 32 mM ascorbic 

acid, and 0.4 mM Fe(NH4)2(SO4)2 in 10 mM HEPES pH 7.5), 25 µL/well of solution B (30 mL 

of 4 mM 1a in 10 mM HEPES pH 7.5), and 50 µL/well of clarified lysate. The final reaction 

conditions were 100 µL of 1 mM 1a, 2 mM α-ketoglutarate, 8 mM NaN3, 8 mM ascorbic acid, 

0.1 mM Fe(NH4)2(SO4)2, and 50% v/v lysate in 10 mM HEPES pH 7.5. The plates were sealed 

with breathable film and shaken at room temperature and 750 rpm for 3 hours, after which 100 

µL of methanol were added to quench the reactions and precipitated proteins were removed by 

centrifugation at 3600 rpm for 10 minutes. 50 µL of the resulting supernatant were diluted with 

100 µL of water, filtered through 0.22 µm filter plates by centrifugation at 3600 rpm for 10 

minutes, and analyzed via LC-MS. 
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5.4.8 Re-array and pooling workflow 

Defining bins 

The activity data from the high-throughput screen of directed evolution libraries was used 

to categorize every individual variant from the library into four distinct categories, or “bins”, 

according to their level of azidase activity with respect to the parent enzyme. The conversion to 

1e (%1e) of every parent control included in the library was averaged (µ) and a standard 

deviation was determined (σ). The library variants with %1e higher than µ + σ were labeled as 

having high activity, those variants that followed µ – σ < %1e < µ + σ were labeled as having 

parent activity, variants with 0.1% < %1e < µ – σ were labeled as having low activity, and those 

with %1e lower than 0.1% were labeled as having no activity. The screening data of library 2-L 

is shown in Table AIII.1 as an example. 

Re-array of variants 

Glycerol stocks of the screened library were re-arrayed according to the bins defined 

before into new 96-deep-well plates containing 300 µL of TB media with 50 µg/mL of 

kanamycin. Table AIII.2 shows a representative file used to conduct the re-array procedure. For 

any given library, this resulted in four sets of 96-deep-well plates, each set corresponding to an 

activity bin. These re-arrayed cultures were incubated overnight at 37 °C and 215 rpm. All 

cultures belonging to the same bin were pooled and thoroughly mixed so that all the variants 

would end in a single culture. This was repeated for the remaining bins. 

It is worth noting that the number of variants in any given bin determined the final 

volume of culture after pooling, and thus, the total amount of DNA. In cases where the total 

number of variants in a given bin was lower than ~60, empty wells were used to inoculate 
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replicates of the bin members during the re-array step. This was done to prevent low DNA yields 

due to the low amount of culture.  

DNA sample preparation 

Plasmid extraction was carried out on each one of four cultures in order to obtain the 

purified pET-28a plasmids containing SadX variants. These plasmid samples were used to set up 

restriction enzyme double digests using SacI-HF and XhoI in 50 µL reactions with ~5 µg of 

plasmid DNA, 250 units of SacI-HF, and 250 units of XhoI. These reactions were incubated at 

37 °C for 6 hours and inactivated at 65 °C for 20 minutes. The resulting mixtures were purified 

using 1% agarose gel electrophoresis. These purified samples were submitted to the DNA 

sequencing facility at the University of Wisconsin Biotechnology Center for SMRT (PacBio) 

sequencing as samples containing 350-400 ng of DNA in water. 
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NMR spectra for compounds from Chapter 2 

Figure A1.1: Multiplicity-edited 1H-13C HSQC of product 1eN3 in CD3OD 
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Figure A1.2: Multiplicity-edited 1H-13C HSQC of product 1c* in D2O 
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Figure A1.3: Multiplicity-edited 1H-13C HSQC of product 1eOCN(a) in D2O 
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NMR spectra for compounds from Chapter 3 

Figure AII.1: 1H NMR spectrum of compound 4a in CD3OD 
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Figure AII.2: 13C NMR spectrum of compound 4a in CD3OD 
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Figure AII.3: Multiplicity-edited 1H-13C HSQC of compound 4a in CD3OD 
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Figure AII.4: 1H NMR spectrum of compound 5a in CD3OD 
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Figure AII.5: 13C NMR spectrum of compound 5a in CD3OD 
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Figure AII.6: 1H NMR spectrum of compound 6a in CD3OD 
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Figure AII.7: 13C NMR spectrum of compound 6a in CD3OD 
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Figure AII.8: 1H NMR spectrum of compound 7a in CD3OD 
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Figure AII.9: 13C NMR spectrum of compound 7a in CD3OD 
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Figure AII.10: 1H NMR spectrum of compound 2e in CD3OD 
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Figure AII.11: 13C NMR spectrum of compound 2e in CD3OD 
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Figure AII.12: 1H NMR spectrum of compound 3e in CD3OD 
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Figure AII.13: 13C NMR spectrum of compound 3e in CD3OD 
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Figure AII.14: Multiplicity-edited 1H-13C HSQC of compound 3e in CD3OD 
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Figure AII.15: 1H NMR spectrum of compound 4e in CD3OD 
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Figure AII.16: 13C NMR spectrum of compound 4e in CD3OD 
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Figure AII.17: Multiplicity-edited 1H-13C HSQC of compound 4e in CD3OD 
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Figure AII.18: 1H NMR spectrum of compound 5e in CD3OD 

 
  



 

237 

 

Figure AII.19: 13C NMR spectrum of compound 5e in CD3OD 
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Figure AII.20: Multiplicity-edited 1H-13C HSQC of compound 5e in CD3OD 
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Figure AII.21: 1H NMR spectrum of compound 6e in CD3OD 
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Figure AII.22: 13C NMR spectrum of compound 6e in CD3OD 
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Figure AII.23: Multiplicity-edited 1H-13C HSQC of compound 6e in CD3OD 
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Figure AII.24: 1H NMR spectra of compound 7e in CD3OD 
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Figure AII.25: 13C NMR spectra of compound 7e in CD3OD 

 
  



 

244 

 

Figure AII.26: Multiplicity-edited 1H-13C HSQC of compound 7e in CD3OD 
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Figure AII.27: 1H NMR spectrum of the product of 1e desuccinylation in CD3OD 
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Figure AII.28: 13C NMR spectrum of the product of 1e desuccinylation in CD3OD 
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Figure AII.29: Multiplicity-edited 1H-13C HSQC of the product of 1e desuccinylation in CD3OD 
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Figure AII.30: 1H NMR spectrum of the product of 1e reduction in CD3OD 
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Figure AII.31: 13C NMR spectrum of the product of 1e reduction CD3OD 
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Figure AII.32: Multiplicity-edited 1H-13C HSQC of the product of 1e reduction in CD3OD 
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Representative data from Chapter 5 

Table AIII.1: Processed data from screening of library 2-L 

Each row corresponds to a single variant from the 2-L epPCR library. A variant’s location is 

represented in the format XY-Z, with X = plate number, Y = row, and Z = column. Conversion to 

azidated product 1e is noted as %1e. Parent is the average conversion to 1e of all parent variants 

in a given plate, and SD is the corresponding standard deviation. UB is the upper bound defined as 

Parent + SD. LW is the lower bound defined as Parent – SD. Bin shows the category a variant was 

assigned to, between high (H), parent (P), low (L), and no activity (NA). 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

1  1A-01 0.593 35.507 5.512 41.019 29.995 L 451  6A-01 0.114 58.580 3.123 61.703 55.456 L 

2  1A-02 0.000 35.507 5.512 41.019 29.995 NA 452  6A-02 0.089 58.580 3.123 61.703 55.456 NA 

3  1A-03 34.487 35.507 5.512 41.019 29.995 P 453  6A-03 2.258 58.580 3.123 61.703 55.456 L 

4  1A-04 25.131 35.507 5.512 41.019 29.995 L 454  6A-04 50.500 58.580 3.123 61.703 55.456 L 

5  1A-05 0.073 35.507 5.512 41.019 29.995 NA 455  6A-05 19.470 58.580 3.123 61.703 55.456 L 

6  1A-06 3.942 35.507 5.512 41.019 29.995 L 456  6A-06 1.007 58.580 3.123 61.703 55.456 L 

7  1A-07 31.134 35.507 5.512 41.019 29.995 P 457  6A-07 1.591 58.580 3.123 61.703 55.456 L 

8  1A-08 0.023 35.507 5.512 41.019 29.995 NA 458  6A-08 0.000 58.580 3.123 61.703 55.456 NA 

9  1A-09 26.687 35.507 5.512 41.019 29.995 L 459  6A-09 38.817 58.580 3.123 61.703 55.456 L 

10  1A-10 0.038 35.507 5.512 41.019 29.995 NA 460  6A-10 0.126 58.580 3.123 61.703 55.456 L 

11  1A-11 1.079 35.507 5.512 41.019 29.995 L 461  6A-11 1.547 58.580 3.123 61.703 55.456 L 

12  1A-12 4.480 35.507 5.512 41.019 29.995 L 462  6A-12 13.217 58.580 3.123 61.703 55.456 L 

13  1B-01 0.000 35.507 5.512 41.019 29.995 NA 463  6B-01 0.040 58.580 3.123 61.703 55.456 NA 

14  1B-02 7.570 35.507 5.512 41.019 29.995 L 464  6B-02 7.311 58.580 3.123 61.703 55.456 L 

15  1B-03 0.276 35.507 5.512 41.019 29.995 L 465  6B-03 43.574 58.580 3.123 61.703 55.456 L 

16  1B-04 2.204 35.507 5.512 41.019 29.995 L 466  6B-04 2.427 58.580 3.123 61.703 55.456 L 

17  1B-05 4.884 35.507 5.512 41.019 29.995 L 467  6B-05 2.346 58.580 3.123 61.703 55.456 L 

18  1B-06 0.000 35.507 5.512 41.019 29.995 NA 468  6B-06 0.561 58.580 3.123 61.703 55.456 L 

19  1B-08 37.259 35.507 5.512 41.019 29.995 P 469  6B-08 0.037 58.580 3.123 61.703 55.456 NA 

20  1B-09 0.053 35.507 5.512 41.019 29.995 NA 470  6B-09 0.015 58.580 3.123 61.703 55.456 NA 

21  1B-10 0.037 35.507 5.512 41.019 29.995 NA 471  6B-10 0.140 58.580 3.123 61.703 55.456 L 

22  1B-11 0.356 35.507 5.512 41.019 29.995 L 472  6B-11 0.453 58.580 3.123 61.703 55.456 L 

23  1B-12 0.054 35.507 5.512 41.019 29.995 NA 473  6B-12 0.969 58.580 3.123 61.703 55.456 L 

24  1C-01 17.329 35.507 5.512 41.019 29.995 L 474  6C-01 0.062 58.580 3.123 61.703 55.456 NA 

25  1C-02 0.049 35.507 5.512 41.019 29.995 NA 475  6C-02 15.130 58.580 3.123 61.703 55.456 L 

26  1C-04 0.062 35.507 5.512 41.019 29.995 NA 476  6C-04 0.147 58.580 3.123 61.703 55.456 L 

27  1C-05 45.293 35.507 5.512 41.019 29.995 H 477  6C-05 0.307 58.580 3.123 61.703 55.456 L 
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Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

28  1C-06 6.322 35.507 5.512 41.019 29.995 L 478  6C-06 66.569 58.580 3.123 61.703 55.456 H 

29  1C-07 0.224 35.507 5.512 41.019 29.995 L 479  6C-07 46.329 58.580 3.123 61.703 55.456 L 

30  1C-08 41.633 35.507 5.512 41.019 29.995 H 480  6C-08 0.108 58.580 3.123 61.703 55.456 L 

31  1C-09 4.015 35.507 5.512 41.019 29.995 L 481  6C-09 0.027 58.580 3.123 61.703 55.456 NA 

32  1C-10 0.075 35.507 5.512 41.019 29.995 NA 482  6C-10 0.047 58.580 3.123 61.703 55.456 NA 

33  1C-11 39.665 35.507 5.512 41.019 29.995 P 483  6C-11 27.154 58.580 3.123 61.703 55.456 L 

34  1C-12 0.047 35.507 5.512 41.019 29.995 NA 484  6C-12 0.084 58.580 3.123 61.703 55.456 NA 

35  1D-01 0.067 35.507 5.512 41.019 29.995 NA 485  6D-01 0.056 58.580 3.123 61.703 55.456 NA 

36  1D-02 18.876 35.507 5.512 41.019 29.995 L 486  6D-02 0.100 58.580 3.123 61.703 55.456 NA 

37  1D-03 3.398 35.507 5.512 41.019 29.995 L 487  6D-03 0.224 58.580 3.123 61.703 55.456 L 

38  1D-04 8.248 35.507 5.512 41.019 29.995 L 488  6D-04 64.757 58.580 3.123 61.703 55.456 H 

39  1D-05 0.225 35.507 5.512 41.019 29.995 L 489  6D-05 0.883 58.580 3.123 61.703 55.456 L 

40  1D-07 0.040 35.507 5.512 41.019 29.995 NA 490  6D-07 0.124 58.580 3.123 61.703 55.456 L 

41  1D-08 0.048 35.507 5.512 41.019 29.995 NA 491  6D-08 1.336 58.580 3.123 61.703 55.456 L 

42  1D-09 0.178 35.507 5.512 41.019 29.995 L 492  6D-09 0.036 58.580 3.123 61.703 55.456 NA 

43  1D-10 0.189 35.507 5.512 41.019 29.995 L 493  6D-10 0.004 58.580 3.123 61.703 55.456 NA 

44  1D-11 0.112 35.507 5.512 41.019 29.995 L 494  6D-11 0.058 58.580 3.123 61.703 55.456 NA 

45  1D-12 0.000 35.507 5.512 41.019 29.995 NA 495  6D-12 23.272 58.580 3.123 61.703 55.456 L 

46  1E-01 1.698 35.507 5.512 41.019 29.995 L 496  6E-01 23.331 58.580 3.123 61.703 55.456 L 

47  1E-02 0.000 35.507 5.512 41.019 29.995 NA 497  6E-02 0.021 58.580 3.123 61.703 55.456 NA 

48  1E-03 5.569 35.507 5.512 41.019 29.995 L 498  6E-03 0.026 58.580 3.123 61.703 55.456 NA 

49  1E-04 0.242 35.507 5.512 41.019 29.995 L 499  6E-04 0.394 58.580 3.123 61.703 55.456 L 

50  1E-05 0.148 35.507 5.512 41.019 29.995 L 500  6E-05 0.882 58.580 3.123 61.703 55.456 L 

51  1E-06 42.758 35.507 5.512 41.019 29.995 H 501  6E-06 0.300 58.580 3.123 61.703 55.456 L 

52  1E-07 0.787 35.507 5.512 41.019 29.995 L 502  6E-07 0.071 58.580 3.123 61.703 55.456 NA 

53  1E-08 0.082 35.507 5.512 41.019 29.995 NA 503  6E-08 0.147 58.580 3.123 61.703 55.456 L 

54  1E-09 5.310 35.507 5.512 41.019 29.995 L 504  6E-09 0.602 58.580 3.123 61.703 55.456 L 

55  1E-10 0.016 35.507 5.512 41.019 29.995 NA 505  6E-10 0.009 58.580 3.123 61.703 55.456 NA 

56  1E-12 5.250 35.507 5.512 41.019 29.995 L 506  6E-12 0.063 58.580 3.123 61.703 55.456 NA 

57  1F-01 0.000 35.507 5.512 41.019 29.995 NA 507  6F-01 4.177 58.580 3.123 61.703 55.456 L 

58  1F-02 14.352 35.507 5.512 41.019 29.995 L 508  6F-02 42.048 58.580 3.123 61.703 55.456 L 

59  1F-03 9.029 35.507 5.512 41.019 29.995 L 509  6F-03 0.198 58.580 3.123 61.703 55.456 L 

60  1F-05 22.898 35.507 5.512 41.019 29.995 L 510  6F-05 0.049 58.580 3.123 61.703 55.456 NA 

61  1F-06 35.398 35.507 5.512 41.019 29.995 P 511  6F-06 0.023 58.580 3.123 61.703 55.456 NA 

62  1F-07 7.932 35.507 5.512 41.019 29.995 L 512  6F-07 59.425 58.580 3.123 61.703 55.456 P 

63  1F-08 43.765 35.507 5.512 41.019 29.995 H 513  6F-08 0.063 58.580 3.123 61.703 55.456 NA 

64  1F-09 0.000 35.507 5.512 41.019 29.995 NA 514  6F-09 0.060 58.580 3.123 61.703 55.456 NA 

65  1F-10 0.050 35.507 5.512 41.019 29.995 NA 515  6F-10 0.008 58.580 3.123 61.703 55.456 NA 

66  1F-11 0.112 35.507 5.512 41.019 29.995 L 516  6F-11 0.120 58.580 3.123 61.703 55.456 L 

67  1F-12 0.010 35.507 5.512 41.019 29.995 NA 517  6F-12 63.433 58.580 3.123 61.703 55.456 H 

68  1G-01 17.974 35.507 5.512 41.019 29.995 L 518  6G-01 53.401 58.580 3.123 61.703 55.456 L 

69  1G-02 0.091 35.507 5.512 41.019 29.995 NA 519  6G-02 0.265 58.580 3.123 61.703 55.456 L 

70  1G-04 30.590 35.507 5.512 41.019 29.995 P 520  6G-04 2.279 58.580 3.123 61.703 55.456 L 

71  1G-05 0.189 35.507 5.512 41.019 29.995 L 521  6G-05 0.071 58.580 3.123 61.703 55.456 NA 

72  1G-06 2.174 35.507 5.512 41.019 29.995 L 522  6G-06 57.254 58.580 3.123 61.703 55.456 P 

73  1G-07 0.019 35.507 5.512 41.019 29.995 NA 523  6G-07 0.043 58.580 3.123 61.703 55.456 NA 

74  1G-08 35.080 35.507 5.512 41.019 29.995 P 524  6G-08 0.226 58.580 3.123 61.703 55.456 L 
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Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

75  1G-09 0.000 35.507 5.512 41.019 29.995 NA 525  6G-09 1.193 58.580 3.123 61.703 55.456 L 

76  1G-10 0.000 35.507 5.512 41.019 29.995 NA 526  6G-10 0.727 58.580 3.123 61.703 55.456 L 

77  1G-11 0.136 35.507 5.512 41.019 29.995 L 527  6G-11 1.177 58.580 3.123 61.703 55.456 L 

78  1G-12 0.972 35.507 5.512 41.019 29.995 L 528  6G-12 1.821 58.580 3.123 61.703 55.456 L 

79  1H-01 0.116 35.507 5.512 41.019 29.995 L 529  6H-01 0.054 58.580 3.123 61.703 55.456 NA 

80  1H-02 0.130 35.507 5.512 41.019 29.995 L 530  6H-02 6.832 58.580 3.123 61.703 55.456 L 

81  1H-03 4.053 35.507 5.512 41.019 29.995 L 531  6H-03 5.527 58.580 3.123 61.703 55.456 L 

82  1H-04 0.117 35.507 5.512 41.019 29.995 L 532  6H-04 0.743 58.580 3.123 61.703 55.456 L 

83  1H-05 0.089 35.507 5.512 41.019 29.995 NA 533  6H-05 0.022 58.580 3.123 61.703 55.456 NA 

84  1H-06 0.000 35.507 5.512 41.019 29.995 NA 534  6H-06 0.069 58.580 3.123 61.703 55.456 NA 

85  1H-07 0.041 35.507 5.512 41.019 29.995 NA 535  6H-07 1.806 58.580 3.123 61.703 55.456 L 

86  1H-08 0.046 35.507 5.512 41.019 29.995 NA 536  6H-08 1.853 58.580 3.123 61.703 55.456 L 

87  1H-09 0.038 35.507 5.512 41.019 29.995 NA 537  6H-09 0.032 58.580 3.123 61.703 55.456 NA 

88  1H-10 15.089 35.507 5.512 41.019 29.995 L 538  6H-10 0.048 58.580 3.123 61.703 55.456 NA 

89  1H-11 0.106 35.507 5.512 41.019 29.995 L 539  6H-11 59.272 58.580 3.123 61.703 55.456 P 

90  1H-12 0.166 35.507 5.512 41.019 29.995 L 540  6H-12 0.133 58.580 3.123 61.703 55.456 L 

91  2A-01 0.129 22.057 3.355 25.413 18.702 L 541  7A-01 6.711 56.604 2.796 59.400 53.808 L 

92  2A-02 0.151 22.057 3.355 25.413 18.702 L 542  7A-02 1.918 56.604 2.796 59.400 53.808 L 

93  2A-03 2.445 22.057 3.355 25.413 18.702 L 543  7A-03 0.000 56.604 2.796 59.400 53.808 NA 

94  2A-04 12.459 22.057 3.355 25.413 18.702 L 544  7A-04 0.084 56.604 2.796 59.400 53.808 NA 

95  2A-05 0.037 22.057 3.355 25.413 18.702 NA 545  7A-05 0.239 56.604 2.796 59.400 53.808 L 

96  2A-06 0.099 22.057 3.355 25.413 18.702 NA 546  7A-06 0.000 56.604 2.796 59.400 53.808 NA 

97  2A-07 0.039 22.057 3.355 25.413 18.702 NA 547  7A-07 0.098 56.604 2.796 59.400 53.808 NA 

98  2A-08 1.081 22.057 3.355 25.413 18.702 L 548  7A-08 0.472 56.604 2.796 59.400 53.808 L 

99  2A-09 2.510 22.057 3.355 25.413 18.702 L 549  7A-09 24.109 56.604 2.796 59.400 53.808 L 

100  2A-10 0.088 22.057 3.355 25.413 18.702 NA 550  7A-10 1.679 56.604 2.796 59.400 53.808 L 

101  2A-11 0.000 22.057 3.355 25.413 18.702 NA 551  7A-11 10.560 56.604 2.796 59.400 53.808 L 

102  2A-12 12.351 22.057 3.355 25.413 18.702 L 552  7A-12 10.481 56.604 2.796 59.400 53.808 L 

103  2B-01 0.000 22.057 3.355 25.413 18.702 NA 553  7B-01 0.151 56.604 2.796 59.400 53.808 L 

104  2B-02 22.913 22.057 3.355 25.413 18.702 P 554  7B-02 0.368 56.604 2.796 59.400 53.808 L 

105  2B-03 0.119 22.057 3.355 25.413 18.702 L 555  7B-03 31.472 56.604 2.796 59.400 53.808 L 

106  2B-04 13.959 22.057 3.355 25.413 18.702 L 556  7B-04 0.191 56.604 2.796 59.400 53.808 L 

107  2B-05 2.065 22.057 3.355 25.413 18.702 L 557  7B-05 0.000 56.604 2.796 59.400 53.808 NA 

108  2B-06 1.271 22.057 3.355 25.413 18.702 L 558  7B-06 0.058 56.604 2.796 59.400 53.808 NA 

109  2B-08 0.958 22.057 3.355 25.413 18.702 L 559  7B-08 2.453 56.604 2.796 59.400 53.808 L 

110  2B-09 3.474 22.057 3.355 25.413 18.702 L 560  7B-09 1.343 56.604 2.796 59.400 53.808 L 

111  2B-10 1.290 22.057 3.355 25.413 18.702 L 561  7B-10 6.419 56.604 2.796 59.400 53.808 L 

112  2B-11 0.815 22.057 3.355 25.413 18.702 L 562  7B-11 1.094 56.604 2.796 59.400 53.808 L 

113  2B-12 1.183 22.057 3.355 25.413 18.702 L 563  7B-12 0.064 56.604 2.796 59.400 53.808 NA 

114  2C-01 0.116 22.057 3.355 25.413 18.702 L 564  7C-01 1.523 56.604 2.796 59.400 53.808 L 

115  2C-02 0.000 22.057 3.355 25.413 18.702 NA 565  7C-02 0.307 56.604 2.796 59.400 53.808 L 

116  2C-04 0.000 22.057 3.355 25.413 18.702 NA 566  7C-04 0.145 56.604 2.796 59.400 53.808 L 

117  2C-05 18.940 22.057 3.355 25.413 18.702 P 567  7C-05 56.250 56.604 2.796 59.400 53.808 P 

118  2C-06 22.282 22.057 3.355 25.413 18.702 P 568  7C-06 6.248 56.604 2.796 59.400 53.808 L 

119  2C-07 0.039 22.057 3.355 25.413 18.702 NA 569  7C-07 0.112 56.604 2.796 59.400 53.808 L 

120  2C-08 4.044 22.057 3.355 25.413 18.702 L 570  7C-08 0.965 56.604 2.796 59.400 53.808 L 

121  2C-09 0.000 22.057 3.355 25.413 18.702 NA 571  7C-09 1.315 56.604 2.796 59.400 53.808 L 
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Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

122  2C-10 25.202 22.057 3.355 25.413 18.702 P 572  7C-10 57.936 56.604 2.796 59.400 53.808 P 

123  2C-11 0.074 22.057 3.355 25.413 18.702 NA 573  7C-11 0.038 56.604 2.796 59.400 53.808 NA 

124  2C-12 0.089 22.057 3.355 25.413 18.702 NA 574  7C-12 0.081 56.604 2.796 59.400 53.808 NA 

125  2D-01 0.039 22.057 3.355 25.413 18.702 NA 575  7D-01 53.356 56.604 2.796 59.400 53.808 L 

126  2D-02 0.055 22.057 3.355 25.413 18.702 NA 576  7D-02 54.470 56.604 2.796 59.400 53.808 P 

127  2D-03 0.082 22.057 3.355 25.413 18.702 NA 577  7D-03 19.914 56.604 2.796 59.400 53.808 L 

128  2D-04 0.000 22.057 3.355 25.413 18.702 NA 578  7D-04 55.876 56.604 2.796 59.400 53.808 P 

129  2D-05 0.039 22.057 3.355 25.413 18.702 NA 579  7D-05 0.068 56.604 2.796 59.400 53.808 NA 

130  2D-07 0.048 22.057 3.355 25.413 18.702 NA 580  7D-07 0.326 56.604 2.796 59.400 53.808 L 

131  2D-08 3.428 22.057 3.355 25.413 18.702 L 581  7D-08 0.167 56.604 2.796 59.400 53.808 L 

132  2D-09 0.129 22.057 3.355 25.413 18.702 L 582  7D-09 0.024 56.604 2.796 59.400 53.808 NA 

133  2D-10 15.302 22.057 3.355 25.413 18.702 L 583  7D-10 45.241 56.604 2.796 59.400 53.808 L 

134  2D-11 0.014 22.057 3.355 25.413 18.702 NA 584  7D-11 0.059 56.604 2.796 59.400 53.808 NA 

135  2D-12 0.067 22.057 3.355 25.413 18.702 NA 585  7D-12 10.979 56.604 2.796 59.400 53.808 L 

136  2E-01 0.069 22.057 3.355 25.413 18.702 NA 586  7E-01 0.066 56.604 2.796 59.400 53.808 NA 

137  2E-02 5.661 22.057 3.355 25.413 18.702 L 587  7E-02 0.070 56.604 2.796 59.400 53.808 NA 

138  2E-03 0.036 22.057 3.355 25.413 18.702 NA 588  7E-03 0.232 56.604 2.796 59.400 53.808 L 

139  2E-04 2.203 22.057 3.355 25.413 18.702 L 589  7E-04 1.283 56.604 2.796 59.400 53.808 L 

140  2E-05 0.143 22.057 3.355 25.413 18.702 L 590  7E-05 0.148 56.604 2.796 59.400 53.808 L 

141  2E-06 7.241 22.057 3.355 25.413 18.702 L 591  7E-06 55.489 56.604 2.796 59.400 53.808 P 

142  2E-07 0.134 22.057 3.355 25.413 18.702 L 592  7E-07 1.035 56.604 2.796 59.400 53.808 L 

143  2E-08 0.051 22.057 3.355 25.413 18.702 NA 593  7E-08 1.977 56.604 2.796 59.400 53.808 L 

144  2E-09 0.049 22.057 3.355 25.413 18.702 NA 594  7E-09 2.716 56.604 2.796 59.400 53.808 L 

145  2E-10 3.672 22.057 3.355 25.413 18.702 L 595  7E-10 0.173 56.604 2.796 59.400 53.808 L 

146  2E-12 0.047 22.057 3.355 25.413 18.702 NA 596  7E-12 8.893 56.604 2.796 59.400 53.808 L 

147  2F-01 13.190 22.057 3.355 25.413 18.702 L 597  7F-01 0.000 56.604 2.796 59.400 53.808 NA 

148  2F-02 27.262 22.057 3.355 25.413 18.702 H 598  7F-02 2.576 56.604 2.796 59.400 53.808 L 

149  2F-03 0.032 22.057 3.355 25.413 18.702 NA 599  7F-03 0.052 56.604 2.796 59.400 53.808 NA 

150  2F-05 21.568 22.057 3.355 25.413 18.702 P 600  7F-05 0.118 56.604 2.796 59.400 53.808 L 

151  2F-06 8.273 22.057 3.355 25.413 18.702 L 601  7F-06 0.000 56.604 2.796 59.400 53.808 NA 

152  2F-07 0.021 22.057 3.355 25.413 18.702 NA 602  7F-07 52.445 56.604 2.796 59.400 53.808 L 

153  2F-08 12.106 22.057 3.355 25.413 18.702 L 603  7F-08 0.525 56.604 2.796 59.400 53.808 L 

154  2F-09 0.313 22.057 3.355 25.413 18.702 L 604  7F-09 0.556 56.604 2.796 59.400 53.808 L 

155  2F-10 20.668 22.057 3.355 25.413 18.702 P 605  7F-10 0.371 56.604 2.796 59.400 53.808 L 

156  2F-11 0.053 22.057 3.355 25.413 18.702 NA 606  7F-11 18.321 56.604 2.796 59.400 53.808 L 

157  2F-12 14.592 22.057 3.355 25.413 18.702 L 607  7F-12 0.463 56.604 2.796 59.400 53.808 L 

158  2G-01 0.059 22.057 3.355 25.413 18.702 NA 608  7G-01 0.000 56.604 2.796 59.400 53.808 NA 

159  2G-02 0.038 22.057 3.355 25.413 18.702 NA 609  7G-02 0.823 56.604 2.796 59.400 53.808 L 

160  2G-04 24.707 22.057 3.355 25.413 18.702 P 610  7G-04 0.213 56.604 2.796 59.400 53.808 L 

161  2G-05 0.067 22.057 3.355 25.413 18.702 NA 611  7G-05 0.514 56.604 2.796 59.400 53.808 L 

162  2G-06 20.971 22.057 3.355 25.413 18.702 P 612  7G-06 0.722 56.604 2.796 59.400 53.808 L 

163  2G-07 0.115 22.057 3.355 25.413 18.702 L 613  7G-07 40.609 56.604 2.796 59.400 53.808 L 

164  2G-08 13.713 22.057 3.355 25.413 18.702 L 614  7G-08 44.156 56.604 2.796 59.400 53.808 L 

165  2G-09 6.739 22.057 3.355 25.413 18.702 L 615  7G-09 0.044 56.604 2.796 59.400 53.808 NA 

166  2G-10 0.045 22.057 3.355 25.413 18.702 NA 616  7G-10 1.330 56.604 2.796 59.400 53.808 L 

167  2G-11 0.091 22.057 3.355 25.413 18.702 NA 617  7G-11 1.217 56.604 2.796 59.400 53.808 L 

168  2G-12 7.573 22.057 3.355 25.413 18.702 L 618  7G-12 0.122 56.604 2.796 59.400 53.808 L 



 

255 

 

Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

169  2H-01 1.757 22.057 3.355 25.413 18.702 L 619  7H-01 5.072 56.604 2.796 59.400 53.808 L 

170  2H-02 0.318 22.057 3.355 25.413 18.702 L 620  7H-02 0.000 56.604 2.796 59.400 53.808 NA 

171  2H-03 10.420 22.057 3.355 25.413 18.702 L 621  7H-03 0.059 56.604 2.796 59.400 53.808 NA 

172  2H-04 17.093 22.057 3.355 25.413 18.702 L 622  7H-04 2.686 56.604 2.796 59.400 53.808 L 

173  2H-05 0.180 22.057 3.355 25.413 18.702 L 623  7H-05 51.447 56.604 2.796 59.400 53.808 L 

174  2H-06 0.086 22.057 3.355 25.413 18.702 NA 624  7H-06 1.014 56.604 2.796 59.400 53.808 L 

175  2H-07 24.056 22.057 3.355 25.413 18.702 P 625  7H-07 55.650 56.604 2.796 59.400 53.808 P 

176  2H-08 14.650 22.057 3.355 25.413 18.702 L 626  7H-08 0.106 56.604 2.796 59.400 53.808 L 

177  2H-09 5.266 22.057 3.355 25.413 18.702 L 627  7H-09 0.057 56.604 2.796 59.400 53.808 NA 

178  2H-10 0.061 22.057 3.355 25.413 18.702 NA 628  7H-10 0.070 56.604 2.796 59.400 53.808 NA 

179  2H-11 0.201 22.057 3.355 25.413 18.702 L 629  7H-11 19.942 56.604 2.796 59.400 53.808 L 

180  2H-12 2.538 22.057 3.355 25.413 18.702 L 630  7H-12 2.193 56.604 2.796 59.400 53.808 L 

181  3A-01 0.041 35.221 12.147 47.368 23.073 NA 631  8A-01 27.075 50.305 13.349 63.654 36.956 L 

182  3A-02 0.301 35.221 12.147 47.368 23.073 L 632  8A-02 0.140 50.305 13.349 63.654 36.956 L 

183  3A-03 0.031 35.221 12.147 47.368 23.073 NA 633  8A-03 0.069 50.305 13.349 63.654 36.956 NA 

184  3A-04 0.124 35.221 12.147 47.368 23.073 L 634  8A-04 0.956 50.305 13.349 63.654 36.956 L 

185  3A-05 0.118 35.221 12.147 47.368 23.073 L 635  8A-05 56.893 50.305 13.349 63.654 36.956 P 

186  3A-06 37.642 35.221 12.147 47.368 23.073 P 636  8A-06 57.983 50.305 13.349 63.654 36.956 P 

187  3A-07 0.114 35.221 12.147 47.368 23.073 L 637  8A-07 0.137 50.305 13.349 63.654 36.956 L 

188  3A-08 0.051 35.221 12.147 47.368 23.073 NA 638  8A-08 0.095 50.305 13.349 63.654 36.956 NA 

189  3A-09 0.025 35.221 12.147 47.368 23.073 NA 639  8A-09 1.113 50.305 13.349 63.654 36.956 L 

190  3A-10 0.000 35.221 12.147 47.368 23.073 NA 640  8A-10 0.000 50.305 13.349 63.654 36.956 NA 

191  3A-11 20.195 35.221 12.147 47.368 23.073 L 641  8A-11 0.817 50.305 13.349 63.654 36.956 L 

192  3A-12 0.261 35.221 12.147 47.368 23.073 L 642  8A-12 0.171 50.305 13.349 63.654 36.956 L 

193  3B-01 0.174 35.221 12.147 47.368 23.073 L 643  8B-01 0.466 50.305 13.349 63.654 36.956 L 

194  3B-02 0.269 35.221 12.147 47.368 23.073 L 644  8B-02 0.545 50.305 13.349 63.654 36.956 L 

195  3B-03 0.036 35.221 12.147 47.368 23.073 NA 645  8B-03 3.564 50.305 13.349 63.654 36.956 L 

196  3B-04 0.000 35.221 12.147 47.368 23.073 NA 646  8B-04 46.840 50.305 13.349 63.654 36.956 P 

197  3B-05 3.171 35.221 12.147 47.368 23.073 L 647  8B-05 0.271 50.305 13.349 63.654 36.956 L 

198  3B-06 6.967 35.221 12.147 47.368 23.073 L 648  8B-06 0.076 50.305 13.349 63.654 36.956 NA 

199  3B-08 0.158 35.221 12.147 47.368 23.073 L 649  8B-08 0.044 50.305 13.349 63.654 36.956 NA 

200  3B-09 0.352 35.221 12.147 47.368 23.073 L 650  8B-09 6.173 50.305 13.349 63.654 36.956 L 

201  3B-10 9.524 35.221 12.147 47.368 23.073 L 651  8B-10 0.000 50.305 13.349 63.654 36.956 NA 

202  3B-11 38.089 35.221 12.147 47.368 23.073 P 652  8B-11 0.291 50.305 13.349 63.654 36.956 L 

203  3B-12 0.000 35.221 12.147 47.368 23.073 NA 653  8B-12 13.716 50.305 13.349 63.654 36.956 L 

204  3C-01 5.165 35.221 12.147 47.368 23.073 L 654  8C-01 7.650 50.305 13.349 63.654 36.956 L 

205  3C-02 11.467 35.221 12.147 47.368 23.073 L 655  8C-02 31.665 50.305 13.349 63.654 36.956 L 

206  3C-04 6.041 35.221 12.147 47.368 23.073 L 656  8C-04 0.887 50.305 13.349 63.654 36.956 L 

207  3C-05 0.943 35.221 12.147 47.368 23.073 L 657  8C-05 0.122 50.305 13.349 63.654 36.956 L 

208  3C-06 59.238 35.221 12.147 47.368 23.073 H 658  8C-06 1.518 50.305 13.349 63.654 36.956 L 

209  3C-07 0.000 35.221 12.147 47.368 23.073 NA 659  8C-07 6.445 50.305 13.349 63.654 36.956 L 

210  3C-08 0.153 35.221 12.147 47.368 23.073 L 660  8C-08 45.223 50.305 13.349 63.654 36.956 P 

211  3C-09 0.074 35.221 12.147 47.368 23.073 NA 661  8C-09 0.025 50.305 13.349 63.654 36.956 NA 

212  3C-10 0.201 35.221 12.147 47.368 23.073 L 662  8C-10 0.126 50.305 13.349 63.654 36.956 L 

213  3C-11 27.774 35.221 12.147 47.368 23.073 P 663  8C-11 4.331 50.305 13.349 63.654 36.956 L 

214  3C-12 0.038 35.221 12.147 47.368 23.073 NA 664  8C-12 0.000 50.305 13.349 63.654 36.956 NA 

215  3D-01 1.846 35.221 12.147 47.368 23.073 L 665  8D-01 0.168 50.305 13.349 63.654 36.956 L 
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216  3D-02 0.000 35.221 12.147 47.368 23.073 NA 666  8D-02 3.496 50.305 13.349 63.654 36.956 L 

217  3D-03 0.142 35.221 12.147 47.368 23.073 L 667  8D-03 0.390 50.305 13.349 63.654 36.956 L 

218  3D-04 0.031 35.221 12.147 47.368 23.073 NA 668  8D-04 1.482 50.305 13.349 63.654 36.956 L 

219  3D-05 0.169 35.221 12.147 47.368 23.073 L 669  8D-05 3.106 50.305 13.349 63.654 36.956 L 

220  3D-07 1.715 35.221 12.147 47.368 23.073 L 670  8D-07 0.046 50.305 13.349 63.654 36.956 NA 

221  3D-08 57.011 35.221 12.147 47.368 23.073 H 671  8D-08 57.658 50.305 13.349 63.654 36.956 P 

222  3D-09 0.000 35.221 12.147 47.368 23.073 NA 672  8D-09 0.114 50.305 13.349 63.654 36.956 L 

223  3D-10 0.437 35.221 12.147 47.368 23.073 L 673  8D-10 0.322 50.305 13.349 63.654 36.956 L 

224  3D-11 2.051 35.221 12.147 47.368 23.073 L 674  8D-11 0.045 50.305 13.349 63.654 36.956 NA 

225  3D-12 14.279 35.221 12.147 47.368 23.073 L 675  8D-12 0.489 50.305 13.349 63.654 36.956 L 

226  3E-01 0.223 35.221 12.147 47.368 23.073 L 676  8E-01 8.854 50.305 13.349 63.654 36.956 L 

227  3E-02 4.683 35.221 12.147 47.368 23.073 L 677  8E-02 20.670 50.305 13.349 63.654 36.956 L 

228  3E-03 0.039 35.221 12.147 47.368 23.073 NA 678  8E-03 0.000 50.305 13.349 63.654 36.956 NA 

229  3E-04 7.247 35.221 12.147 47.368 23.073 L 679  8E-04 58.164 50.305 13.349 63.654 36.956 P 

230  3E-05 0.038 35.221 12.147 47.368 23.073 NA 680  8E-05 56.793 50.305 13.349 63.654 36.956 P 

231  3E-06 11.018 35.221 12.147 47.368 23.073 L 681  8E-06 57.628 50.305 13.349 63.654 36.956 P 

232  3E-07 1.181 35.221 12.147 47.368 23.073 L 682  8E-07 0.036 50.305 13.349 63.654 36.956 NA 

233  3E-08 0.081 35.221 12.147 47.368 23.073 NA 683  8E-08 0.041 50.305 13.349 63.654 36.956 NA 

234  3E-09 23.511 35.221 12.147 47.368 23.073 P 684  8E-09 4.170 50.305 13.349 63.654 36.956 L 

235  3E-10 0.877 35.221 12.147 47.368 23.073 L 685  8E-10 0.713 50.305 13.349 63.654 36.956 L 

236  3E-12 0.068 35.221 12.147 47.368 23.073 NA 686  8E-12 0.492 50.305 13.349 63.654 36.956 L 

237  3F-01 0.127 35.221 12.147 47.368 23.073 L 687  8F-01 3.119 50.305 13.349 63.654 36.956 L 

238  3F-02 0.255 35.221 12.147 47.368 23.073 L 688  8F-02 57.170 50.305 13.349 63.654 36.956 P 

239  3F-03 0.070 35.221 12.147 47.368 23.073 NA 689  8F-03 0.027 50.305 13.349 63.654 36.956 NA 

240  3F-05 0.262 35.221 12.147 47.368 23.073 L 690  8F-05 0.014 50.305 13.349 63.654 36.956 NA 

241  3F-06 0.045 35.221 12.147 47.368 23.073 NA 691  8F-06 0.031 50.305 13.349 63.654 36.956 NA 

242  3F-07 0.136 35.221 12.147 47.368 23.073 L 692  8F-07 57.789 50.305 13.349 63.654 36.956 P 

243  3F-08 0.114 35.221 12.147 47.368 23.073 L 693  8F-08 0.036 50.305 13.349 63.654 36.956 NA 

244  3F-09 0.070 35.221 12.147 47.368 23.073 NA 694  8F-09 55.827 50.305 13.349 63.654 36.956 P 

245  3F-10 0.124 35.221 12.147 47.368 23.073 L 695  8F-10 27.777 50.305 13.349 63.654 36.956 L 

246  3F-11 0.107 35.221 12.147 47.368 23.073 L 696  8F-11 0.027 50.305 13.349 63.654 36.956 NA 

247  3F-12 0.151 35.221 12.147 47.368 23.073 L 697  8F-12 0.682 50.305 13.349 63.654 36.956 L 

248  3G-01 54.384 35.221 12.147 47.368 23.073 H 698  8G-01 3.591 50.305 13.349 63.654 36.956 L 

249  3G-02 0.023 35.221 12.147 47.368 23.073 NA 699  8G-02 0.082 50.305 13.349 63.654 36.956 NA 

250  3G-04 41.938 35.221 12.147 47.368 23.073 P 700  8G-04 3.726 50.305 13.349 63.654 36.956 L 

251  3G-05 0.000 35.221 12.147 47.368 23.073 NA 701  8G-05 0.046 50.305 13.349 63.654 36.956 NA 

252  3G-06 2.489 35.221 12.147 47.368 23.073 L 702  8G-06 2.063 50.305 13.349 63.654 36.956 L 

253  3G-07 8.777 35.221 12.147 47.368 23.073 L 703  8G-07 0.180 50.305 13.349 63.654 36.956 L 

254  3G-08 0.773 35.221 12.147 47.368 23.073 L 704  8G-08 0.251 50.305 13.349 63.654 36.956 L 

255  3G-09 0.934 35.221 12.147 47.368 23.073 L 705  8G-09 0.286 50.305 13.349 63.654 36.956 L 

256  3G-10 1.621 35.221 12.147 47.368 23.073 L 706  8G-10 1.015 50.305 13.349 63.654 36.956 L 

257  3G-11 2.581 35.221 12.147 47.368 23.073 L 707  8G-11 0.186 50.305 13.349 63.654 36.956 L 

258  3G-12 0.068 35.221 12.147 47.368 23.073 NA 708  8G-12 0.348 50.305 13.349 63.654 36.956 L 

259  3H-01 0.000 35.221 12.147 47.368 23.073 NA 709  8H-01 12.158 50.305 13.349 63.654 36.956 L 

260  3H-02 16.112 35.221 12.147 47.368 23.073 L 710  8H-02 0.289 50.305 13.349 63.654 36.956 L 

261  3H-03 0.000 35.221 12.147 47.368 23.073 NA 711  8H-03 0.793 50.305 13.349 63.654 36.956 L 

262  3H-04 49.321 35.221 12.147 47.368 23.073 H 712  8H-04 58.127 50.305 13.349 63.654 36.956 P 



 

257 

 

Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

263  3H-05 8.035 35.221 12.147 47.368 23.073 L 713  8H-05 51.999 50.305 13.349 63.654 36.956 P 

264  3H-06 0.000 35.221 12.147 47.368 23.073 NA 714  8H-06 0.411 50.305 13.349 63.654 36.956 L 

265  3H-07 0.366 35.221 12.147 47.368 23.073 L 715  8H-07 0.870 50.305 13.349 63.654 36.956 L 

266  3H-08 0.065 35.221 12.147 47.368 23.073 NA 716  8H-08 2.628 50.305 13.349 63.654 36.956 L 

267  3H-09 15.326 35.221 12.147 47.368 23.073 L 717  8H-09 0.165 50.305 13.349 63.654 36.956 L 

268  3H-10 0.062 35.221 12.147 47.368 23.073 NA 718  8H-10 0.146 50.305 13.349 63.654 36.956 L 

269  3H-11 0.560 35.221 12.147 47.368 23.073 L 719  8H-11 2.753 50.305 13.349 63.654 36.956 L 

270  3H-12 0.042 35.221 12.147 47.368 23.073 NA 720  8H-12 0.050 50.305 13.349 63.654 36.956 NA 

271  4A-01 0.057 42.153 4.320 46.473 37.834 NA 721  9A-01 0.167 52.922 3.041 55.962 49.881 L 

272  4A-02 0.144 42.153 4.320 46.473 37.834 L 722  9A-02 0.000 52.922 3.041 55.962 49.881 NA 

273  4A-03 0.042 42.153 4.320 46.473 37.834 NA 723  9A-03 0.069 52.922 3.041 55.962 49.881 NA 

274  4A-04 0.000 42.153 4.320 46.473 37.834 NA 724  9A-04 0.323 52.922 3.041 55.962 49.881 L 

275  4A-05 42.009 42.153 4.320 46.473 37.834 P 725  9A-05 0.396 52.922 3.041 55.962 49.881 L 

276  4A-06 0.064 42.153 4.320 46.473 37.834 NA 726  9A-06 41.557 52.922 3.041 55.962 49.881 L 

277  4A-07 0.055 42.153 4.320 46.473 37.834 NA 727  9A-07 1.637 52.922 3.041 55.962 49.881 L 

278  4A-08 1.780 42.153 4.320 46.473 37.834 L 728  9A-08 56.563 52.922 3.041 55.962 49.881 H 

279  4A-09 19.241 42.153 4.320 46.473 37.834 L 729  9A-09 58.686 52.922 3.041 55.962 49.881 H 

280  4A-10 2.326 42.153 4.320 46.473 37.834 L 730  9A-10 0.269 52.922 3.041 55.962 49.881 L 

281  4A-11 34.898 42.153 4.320 46.473 37.834 L 731  9A-11 1.308 52.922 3.041 55.962 49.881 L 

282  4A-12 16.816 42.153 4.320 46.473 37.834 L 732  9A-12 4.290 52.922 3.041 55.962 49.881 L 

283  4B-01 0.000 42.153 4.320 46.473 37.834 NA 733  9B-01 0.079 52.922 3.041 55.962 49.881 NA 

284  4B-02 0.032 42.153 4.320 46.473 37.834 NA 734  9B-02 0.580 52.922 3.041 55.962 49.881 L 

285  4B-03 0.000 42.153 4.320 46.473 37.834 NA 735  9B-03 2.591 52.922 3.041 55.962 49.881 L 

286  4B-04 0.334 42.153 4.320 46.473 37.834 L 736  9B-04 0.651 52.922 3.041 55.962 49.881 L 

287  4B-05 0.110 42.153 4.320 46.473 37.834 L 737  9B-05 0.283 52.922 3.041 55.962 49.881 L 

288  4B-06 0.193 42.153 4.320 46.473 37.834 L 738  9B-06 50.032 52.922 3.041 55.962 49.881 P 

289  4B-08 2.178 42.153 4.320 46.473 37.834 L 739  9B-08 0.085 52.922 3.041 55.962 49.881 NA 

290  4B-09 0.000 42.153 4.320 46.473 37.834 NA 740  9B-09 2.050 52.922 3.041 55.962 49.881 L 

291  4B-10 36.749 42.153 4.320 46.473 37.834 L 741  9B-10 0.155 52.922 3.041 55.962 49.881 L 

292  4B-11 0.111 42.153 4.320 46.473 37.834 L 742  9B-11 0.296 52.922 3.041 55.962 49.881 L 

293  4B-12 0.576 42.153 4.320 46.473 37.834 L 743  9B-12 0.379 52.922 3.041 55.962 49.881 L 

294  4C-01 0.727 42.153 4.320 46.473 37.834 L 744  9C-01 52.283 52.922 3.041 55.962 49.881 P 

295  4C-02 0.188 42.153 4.320 46.473 37.834 L 745  9C-02 0.157 52.922 3.041 55.962 49.881 L 

296  4C-04 14.735 42.153 4.320 46.473 37.834 L 746  9C-04 0.111 52.922 3.041 55.962 49.881 L 

297  4C-05 0.042 42.153 4.320 46.473 37.834 NA 747  9C-05 0.666 52.922 3.041 55.962 49.881 L 

298  4C-06 0.228 42.153 4.320 46.473 37.834 L 748  9C-06 0.845 52.922 3.041 55.962 49.881 L 

299  4C-07 0.103 42.153 4.320 46.473 37.834 L 749  9C-07 0.362 52.922 3.041 55.962 49.881 L 

300  4C-08 0.117 42.153 4.320 46.473 37.834 L 750  9C-08 0.355 52.922 3.041 55.962 49.881 L 

301  4C-09 0.012 42.153 4.320 46.473 37.834 NA 751  9C-09 0.000 52.922 3.041 55.962 49.881 NA 

302  4C-10 0.035 42.153 4.320 46.473 37.834 NA 752  9C-10 1.149 52.922 3.041 55.962 49.881 L 

303  4C-11 0.101 42.153 4.320 46.473 37.834 L 753  9C-11 14.779 52.922 3.041 55.962 49.881 L 

304  4C-12 0.000 42.153 4.320 46.473 37.834 NA 754  9C-12 6.936 52.922 3.041 55.962 49.881 L 

305  4D-01 0.029 42.153 4.320 46.473 37.834 NA 755  9D-01 0.098 52.922 3.041 55.962 49.881 NA 

306  4D-02 0.052 42.153 4.320 46.473 37.834 NA 756  9D-02 0.082 52.922 3.041 55.962 49.881 NA 

307  4D-03 47.653 42.153 4.320 46.473 37.834 H 757  9D-03 0.497 52.922 3.041 55.962 49.881 L 

308  4D-04 0.066 42.153 4.320 46.473 37.834 NA 758  9D-04 30.917 52.922 3.041 55.962 49.881 L 

309  4D-05 1.006 42.153 4.320 46.473 37.834 L 759  9D-05 0.162 52.922 3.041 55.962 49.881 L 
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310  4D-07 0.168 42.153 4.320 46.473 37.834 L 760  9D-07 56.188 52.922 3.041 55.962 49.881 H 

311  4D-08 0.206 42.153 4.320 46.473 37.834 L 761  9D-08 0.389 52.922 3.041 55.962 49.881 L 

312  4D-09 0.049 42.153 4.320 46.473 37.834 NA 762  9D-09 2.045 52.922 3.041 55.962 49.881 L 

313  4D-10 0.057 42.153 4.320 46.473 37.834 NA 763  9D-10 0.536 52.922 3.041 55.962 49.881 L 

314  4D-11 0.060 42.153 4.320 46.473 37.834 NA 764  9D-11 2.771 52.922 3.041 55.962 49.881 L 

315  4D-12 0.064 42.153 4.320 46.473 37.834 NA 765  9D-12 23.552 52.922 3.041 55.962 49.881 L 

316  4E-01 0.058 42.153 4.320 46.473 37.834 NA 766  9E-01 23.123 52.922 3.041 55.962 49.881 L 

317  4E-02 0.080 42.153 4.320 46.473 37.834 NA 767  9E-02 0.434 52.922 3.041 55.962 49.881 L 

318  4E-03 2.508 42.153 4.320 46.473 37.834 L 768  9E-03 0.000 52.922 3.041 55.962 49.881 NA 

319  4E-04 0.000 42.153 4.320 46.473 37.834 NA 769  9E-04 24.890 52.922 3.041 55.962 49.881 L 

320  4E-05 0.937 42.153 4.320 46.473 37.834 L 770  9E-05 0.374 52.922 3.041 55.962 49.881 L 

321  4E-06 0.098 42.153 4.320 46.473 37.834 NA 771  9E-06 0.669 52.922 3.041 55.962 49.881 L 

322  4E-07 0.112 42.153 4.320 46.473 37.834 L 772  9E-07 0.000 52.922 3.041 55.962 49.881 NA 

323  4E-08 30.988 42.153 4.320 46.473 37.834 L 773  9E-08 0.034 52.922 3.041 55.962 49.881 NA 

324  4E-09 0.136 42.153 4.320 46.473 37.834 L 774  9E-09 0.122 52.922 3.041 55.962 49.881 L 

325  4E-10 0.135 42.153 4.320 46.473 37.834 L 775  9E-10 0.531 52.922 3.041 55.962 49.881 L 

326  4E-12 0.147 42.153 4.320 46.473 37.834 L 776  9E-12 0.103 52.922 3.041 55.962 49.881 L 

327  4F-01 0.677 42.153 4.320 46.473 37.834 L 777  9F-01 0.303 52.922 3.041 55.962 49.881 L 

328  4F-02 3.614 42.153 4.320 46.473 37.834 L 778  9F-02 59.114 52.922 3.041 55.962 49.881 H 

329  4F-03 0.130 42.153 4.320 46.473 37.834 L 779  9F-03 1.671 52.922 3.041 55.962 49.881 L 

330  4F-05 0.262 42.153 4.320 46.473 37.834 L 780  9F-05 35.816 52.922 3.041 55.962 49.881 L 

331  4F-06 3.736 42.153 4.320 46.473 37.834 L 781  9F-06 0.335 52.922 3.041 55.962 49.881 L 

332  4F-07 0.000 42.153 4.320 46.473 37.834 NA 782  9F-07 4.312 52.922 3.041 55.962 49.881 L 

333  4F-08 0.113 42.153 4.320 46.473 37.834 L 783  9F-08 2.355 52.922 3.041 55.962 49.881 L 

334  4F-09 0.243 42.153 4.320 46.473 37.834 L 784  9F-09 0.281 52.922 3.041 55.962 49.881 L 

335  4F-10 51.560 42.153 4.320 46.473 37.834 H 785  9F-10 0.606 52.922 3.041 55.962 49.881 L 

336  4F-11 50.355 42.153 4.320 46.473 37.834 H 786  9F-11 0.258 52.922 3.041 55.962 49.881 L 

337  4F-12 0.030 42.153 4.320 46.473 37.834 NA 787  9F-12 0.281 52.922 3.041 55.962 49.881 L 

338  4G-01 0.050 42.153 4.320 46.473 37.834 NA 788  9G-01 0.309 52.922 3.041 55.962 49.881 L 

339  4G-02 0.159 42.153 4.320 46.473 37.834 L 789  9G-02 0.087 52.922 3.041 55.962 49.881 NA 

340  4G-04 0.328 42.153 4.320 46.473 37.834 L 790  9G-04 34.804 52.922 3.041 55.962 49.881 L 

341  4G-05 18.669 42.153 4.320 46.473 37.834 L 791  9G-05 0.000 52.922 3.041 55.962 49.881 NA 

342  4G-06 0.000 42.153 4.320 46.473 37.834 NA 792  9G-06 0.331 52.922 3.041 55.962 49.881 L 

343  4G-07 0.125 42.153 4.320 46.473 37.834 L 793  9G-07 1.022 52.922 3.041 55.962 49.881 L 

344  4G-08 0.070 42.153 4.320 46.473 37.834 NA 794  9G-08 0.352 52.922 3.041 55.962 49.881 L 

345  4G-09 1.047 42.153 4.320 46.473 37.834 L 795  9G-09 53.661 52.922 3.041 55.962 49.881 P 

346  4G-10 0.136 42.153 4.320 46.473 37.834 L 796  9G-10 3.681 52.922 3.041 55.962 49.881 L 

347  4G-11 56.665 42.153 4.320 46.473 37.834 H 797  9G-11 0.077 52.922 3.041 55.962 49.881 NA 

348  4G-12 0.000 42.153 4.320 46.473 37.834 NA 798  9G-12 6.015 52.922 3.041 55.962 49.881 L 

349  4H-01 0.066 42.153 4.320 46.473 37.834 NA 799  9H-01 0.175 52.922 3.041 55.962 49.881 L 

350  4H-02 0.009 42.153 4.320 46.473 37.834 NA 800  9H-02 0.158 52.922 3.041 55.962 49.881 L 

351  4H-03 0.095 42.153 4.320 46.473 37.834 NA 801  9H-03 0.916 52.922 3.041 55.962 49.881 L 

352  4H-04 0.365 42.153 4.320 46.473 37.834 L 802  9H-04 1.024 52.922 3.041 55.962 49.881 L 

353  4H-05 0.064 42.153 4.320 46.473 37.834 NA 803  9H-05 0.355 52.922 3.041 55.962 49.881 L 

354  4H-06 33.703 42.153 4.320 46.473 37.834 L 804  9H-06 0.072 52.922 3.041 55.962 49.881 NA 

355  4H-07 9.489 42.153 4.320 46.473 37.834 L 805  9H-07 24.696 52.922 3.041 55.962 49.881 L 

356  4H-08 0.119 42.153 4.320 46.473 37.834 L 806  9H-08 0.409 52.922 3.041 55.962 49.881 L 
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Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

357  4H-09 0.125 42.153 4.320 46.473 37.834 L 807  9H-09 0.310 52.922 3.041 55.962 49.881 L 

358  4H-10 4.204 42.153 4.320 46.473 37.834 L 808  9H-10 0.045 52.922 3.041 55.962 49.881 NA 

359  4H-11 0.139 42.153 4.320 46.473 37.834 L 809  9H-11 0.015 52.922 3.041 55.962 49.881 NA 

360  4H-12 0.119 42.153 4.320 46.473 37.834 L 810  9H-12 4.182 52.922 3.041 55.962 49.881 L 

361  5A-01 0.014 66.073 2.185 68.258 63.888 NA 811 10A-01 6.973 52.596 2.715 55.312 49.881 L 

362  5A-02 0.000 66.073 2.185 68.258 63.888 NA 812 10A-02 0.073 52.596 2.715 55.312 49.881 NA 

363  5A-03 0.121 66.073 2.185 68.258 63.888 L 813 10A-03 0.571 52.596 2.715 55.312 49.881 L 

364  5A-04 0.036 66.073 2.185 68.258 63.888 NA 814 10A-04 0.505 52.596 2.715 55.312 49.881 L 

365  5A-05 0.687 66.073 2.185 68.258 63.888 L 815 10A-05 0.126 52.596 2.715 55.312 49.881 L 

366  5A-06 0.016 66.073 2.185 68.258 63.888 NA 816 10A-06 0.157 52.596 2.715 55.312 49.881 L 

367  5A-07 0.050 66.073 2.185 68.258 63.888 NA 817 10A-07 18.416 52.596 2.715 55.312 49.881 L 

368  5A-08 23.783 66.073 2.185 68.258 63.888 L 818 10A-08 0.092 52.596 2.715 55.312 49.881 NA 

369  5A-09 0.294 66.073 2.185 68.258 63.888 L 819 10A-09 0.367 52.596 2.715 55.312 49.881 L 

370  5A-10 69.280 66.073 2.185 68.258 63.888 H 820 10A-10 6.959 52.596 2.715 55.312 49.881 L 

371  5A-11 0.637 66.073 2.185 68.258 63.888 L 821 10A-11 21.542 52.596 2.715 55.312 49.881 L 

372  5A-12 0.379 66.073 2.185 68.258 63.888 L 822 10A-12 1.966 52.596 2.715 55.312 49.881 L 

373  5B-01 2.513 66.073 2.185 68.258 63.888 L 823 10B-01 0.037 52.596 2.715 55.312 49.881 NA 

374  5B-02 20.411 66.073 2.185 68.258 63.888 L 824 10B-02 29.590 52.596 2.715 55.312 49.881 L 

375  5B-03 0.034 66.073 2.185 68.258 63.888 NA 825 10B-03 0.137 52.596 2.715 55.312 49.881 L 

376  5B-04 3.839 66.073 2.185 68.258 63.888 L 826 10B-04 0.094 52.596 2.715 55.312 49.881 NA 

377  5B-05 0.093 66.073 2.185 68.258 63.888 NA 827 10B-05 44.877 52.596 2.715 55.312 49.881 L 

378  5B-06 0.034 66.073 2.185 68.258 63.888 NA 828 10B-06 56.603 52.596 2.715 55.312 49.881 H 

379  5B-08 0.125 66.073 2.185 68.258 63.888 L 829 10B-08 0.978 52.596 2.715 55.312 49.881 L 

380  5B-09 0.039 66.073 2.185 68.258 63.888 NA 830 10B-09 1.208 52.596 2.715 55.312 49.881 L 

381  5B-10 69.602 66.073 2.185 68.258 63.888 H 831 10B-10 43.214 52.596 2.715 55.312 49.881 L 

382  5B-11 68.812 66.073 2.185 68.258 63.888 H 832 10B-11 0.113 52.596 2.715 55.312 49.881 L 

383  5B-12 3.046 66.073 2.185 68.258 63.888 L 833 10B-12 0.702 52.596 2.715 55.312 49.881 L 

384  5C-01 0.042 66.073 2.185 68.258 63.888 NA 834 10C-01 0.248 52.596 2.715 55.312 49.881 L 

385  5C-02 1.279 66.073 2.185 68.258 63.888 L 835 10C-02 0.067 52.596 2.715 55.312 49.881 NA 

386  5C-04 0.337 66.073 2.185 68.258 63.888 L 836 10C-04 59.142 52.596 2.715 55.312 49.881 H 

387  5C-05 0.044 66.073 2.185 68.258 63.888 NA 837 10C-05 4.070 52.596 2.715 55.312 49.881 L 

388  5C-06 0.024 66.073 2.185 68.258 63.888 NA 838 10C-06 27.636 52.596 2.715 55.312 49.881 L 

389  5C-07 0.012 66.073 2.185 68.258 63.888 NA 839 10C-07 3.866 52.596 2.715 55.312 49.881 L 

390  5C-08 70.878 66.073 2.185 68.258 63.888 H 840 10C-08 40.535 52.596 2.715 55.312 49.881 L 

391  5C-09 58.081 66.073 2.185 68.258 63.888 L 841 10C-09 0.115 52.596 2.715 55.312 49.881 L 

392  5C-10 0.097 66.073 2.185 68.258 63.888 NA 842 10C-10 0.098 52.596 2.715 55.312 49.881 NA 

393  5C-11 0.088 66.073 2.185 68.258 63.888 NA 843 10C-11 41.810 52.596 2.715 55.312 49.881 L 

394  5C-12 0.056 66.073 2.185 68.258 63.888 NA 844 10C-12 0.246 52.596 2.715 55.312 49.881 L 

395  5D-01 0.055 66.073 2.185 68.258 63.888 NA 845 10D-01 1.563 52.596 2.715 55.312 49.881 L 

396  5D-02 0.041 66.073 2.185 68.258 63.888 NA 846 10D-02 43.112 52.596 2.715 55.312 49.881 L 

397  5D-03 1.408 66.073 2.185 68.258 63.888 L 847 10D-03 45.119 52.596 2.715 55.312 49.881 L 

398  5D-04 14.415 66.073 2.185 68.258 63.888 L 848 10D-04 0.778 52.596 2.715 55.312 49.881 L 

399  5D-05 0.085 66.073 2.185 68.258 63.888 NA 849 10D-05 0.056 52.596 2.715 55.312 49.881 NA 

400  5D-07 13.208 66.073 2.185 68.258 63.888 L 850 10D-07 0.086 52.596 2.715 55.312 49.881 NA 

401  5D-08 0.959 66.073 2.185 68.258 63.888 L 851 10D-08 0.000 52.596 2.715 55.312 49.881 NA 

402  5D-09 0.063 66.073 2.185 68.258 63.888 NA 852 10D-09 0.079 52.596 2.715 55.312 49.881 NA 

403  5D-10 0.100 66.073 2.185 68.258 63.888 NA 853 10D-10 47.223 52.596 2.715 55.312 49.881 L 
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Table AIII.1 (continued) 

# Location %1e Parent SD UB LW Bin # Location %1e Parent SD UB LW Bin 

404  5D-11 0.493 66.073 2.185 68.258 63.888 L 854 10D-11 41.194 52.596 2.715 55.312 49.881 L 

405  5D-12 0.052 66.073 2.185 68.258 63.888 NA 855 10D-12 56.040 52.596 2.715 55.312 49.881 H 

406  5E-01 0.070 66.073 2.185 68.258 63.888 NA 856 10E-01 0.044 52.596 2.715 55.312 49.881 NA 

407  5E-02 0.020 66.073 2.185 68.258 63.888 NA 857 10E-02 0.072 52.596 2.715 55.312 49.881 NA 

408  5E-03 0.260 66.073 2.185 68.258 63.888 L 858 10E-03 0.180 52.596 2.715 55.312 49.881 L 

409  5E-04 67.919 66.073 2.185 68.258 63.888 P 859 10E-04 0.169 52.596 2.715 55.312 49.881 L 

410  5E-05 0.026 66.073 2.185 68.258 63.888 NA 860 10E-05 0.100 52.596 2.715 55.312 49.881 NA 

411  5E-06 0.156 66.073 2.185 68.258 63.888 L 861 10E-06 0.765 52.596 2.715 55.312 49.881 L 

412  5E-07 61.130 66.073 2.185 68.258 63.888 L 862 10E-07 8.090 52.596 2.715 55.312 49.881 L 

413  5E-08 32.792 66.073 2.185 68.258 63.888 L 863 10E-08 0.112 52.596 2.715 55.312 49.881 L 

414  5E-09 0.057 66.073 2.185 68.258 63.888 NA 864 10E-09 43.473 52.596 2.715 55.312 49.881 L 

415  5E-10 0.041 66.073 2.185 68.258 63.888 NA 865 10E-10 0.067 52.596 2.715 55.312 49.881 NA 

416  5E-12 0.049 66.073 2.185 68.258 63.888 NA 866 10E-12 0.105 52.596 2.715 55.312 49.881 L 

417  5F-01 0.024 66.073 2.185 68.258 63.888 NA 867 10F-01 0.000 52.596 2.715 55.312 49.881 NA 

418  5F-02 3.265 66.073 2.185 68.258 63.888 L 868 10F-02 50.309 52.596 2.715 55.312 49.881 P 

419  5F-03 2.594 66.073 2.185 68.258 63.888 L 869 10F-03 0.217 52.596 2.715 55.312 49.881 L 

420  5F-05 1.907 66.073 2.185 68.258 63.888 L 870 10F-05 0.630 52.596 2.715 55.312 49.881 L 

421  5F-06 0.055 66.073 2.185 68.258 63.888 NA 871 10F-06 58.463 52.596 2.715 55.312 49.881 H 

422  5F-07 0.021 66.073 2.185 68.258 63.888 NA 872 10F-07 0.133 52.596 2.715 55.312 49.881 L 

423  5F-08 23.071 66.073 2.185 68.258 63.888 L 873 10F-08 1.759 52.596 2.715 55.312 49.881 L 

424  5F-09 4.016 66.073 2.185 68.258 63.888 L 874 10F-09 0.116 52.596 2.715 55.312 49.881 L 

425  5F-10 0.643 66.073 2.185 68.258 63.888 L 875 10F-10 0.043 52.596 2.715 55.312 49.881 NA 

426  5F-11 58.560 66.073 2.185 68.258 63.888 L 876 10F-11 2.212 52.596 2.715 55.312 49.881 L 

427  5F-12 0.079 66.073 2.185 68.258 63.888 NA 877 10F-12 16.977 52.596 2.715 55.312 49.881 L 

428  5G-01 0.068 66.073 2.185 68.258 63.888 NA 878 10G-01 0.246 52.596 2.715 55.312 49.881 L 

429  5G-02 58.172 66.073 2.185 68.258 63.888 L 879 10G-02 0.075 52.596 2.715 55.312 49.881 NA 

430  5G-04 0.027 66.073 2.185 68.258 63.888 NA 880 10G-04 0.421 52.596 2.715 55.312 49.881 L 

431  5G-05 0.609 66.073 2.185 68.258 63.888 L 881 10G-05 31.244 52.596 2.715 55.312 49.881 L 

432  5G-06 73.912 66.073 2.185 68.258 63.888 H 882 10G-06 0.067 52.596 2.715 55.312 49.881 NA 

433  5G-07 0.069 66.073 2.185 68.258 63.888 NA 883 10G-07 0.138 52.596 2.715 55.312 49.881 L 

434  5G-08 15.169 66.073 2.185 68.258 63.888 L 884 10G-08 0.405 52.596 2.715 55.312 49.881 L 

435  5G-09 0.028 66.073 2.185 68.258 63.888 NA 885 10G-09 0.068 52.596 2.715 55.312 49.881 NA 

436  5G-10 0.041 66.073 2.185 68.258 63.888 NA 886 10G-10 0.058 52.596 2.715 55.312 49.881 NA 

437  5G-11 67.622 66.073 2.185 68.258 63.888 P 887 10G-11 0.122 52.596 2.715 55.312 49.881 L 

438  5G-12 0.038 66.073 2.185 68.258 63.888 NA 888 10G-12 8.187 52.596 2.715 55.312 49.881 L 

439  5H-01 0.044 66.073 2.185 68.258 63.888 NA 889 10H-01 0.052 52.596 2.715 55.312 49.881 NA 

440  5H-02 0.034 66.073 2.185 68.258 63.888 NA 890 10H-02 5.090 52.596 2.715 55.312 49.881 L 

441  5H-03 0.123 66.073 2.185 68.258 63.888 L 891 10H-03 0.108 52.596 2.715 55.312 49.881 L 

442  5H-04 0.109 66.073 2.185 68.258 63.888 L 892 10H-04 0.000 52.596 2.715 55.312 49.881 NA 

443  5H-05 6.465 66.073 2.185 68.258 63.888 L 893 10H-05 0.089 52.596 2.715 55.312 49.881 NA 

444  5H-06 64.439 66.073 2.185 68.258 63.888 P 894 10H-06 0.416 52.596 2.715 55.312 49.881 L 

445  5H-07 0.166 66.073 2.185 68.258 63.888 L 895 10H-07 47.623 52.596 2.715 55.312 49.881 L 

446  5H-08 0.084 66.073 2.185 68.258 63.888 NA 896 10H-08 21.145 52.596 2.715 55.312 49.881 L 

447  5H-09 2.007 66.073 2.185 68.258 63.888 L 897 10H-09 0.662 52.596 2.715 55.312 49.881 L 

448  5H-10 0.046 66.073 2.185 68.258 63.888 NA 898 10H-10 0.366 52.596 2.715 55.312 49.881 L 

449  5H-11 0.099 66.073 2.185 68.258 63.888 NA 899 10H-11 0.070 52.596 2.715 55.312 49.881 NA 

450  5H-12 0.123 66.073 2.185 68.258 63.888 L 900 10H-12 0.000 52.596 2.715 55.312 49.881 NA 
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Table AIII.2: Representative re-array scheme for the high bin of library 2-L 

Table used to program colony picker to re-array cultures between 96-well plates. The variants are 

re-arrayed in descending order and placed in a new 96-well plate from well A1 to A12, then from 

B1 to B12, etc. Note that since the total number of variants in this bin was 29, each variant was 

placed in triplicate to increase the volume of final culture. 

# Source Row Column  # Source Row Column  # Source Row Column 

1 source_plate_1 C 5  30 source_plate_4 D 3  59 source_plate_6 D 4 

2 source_plate_1 C 5  31 source_plate_4 F 10  60 source_plate_6 D 4 

3 source_plate_1 C 5  32 source_plate_4 F 10  61 source_plate_6 F 12 

4 source_plate_1 C 8  33 source_plate_4 F 10  62 source_plate_6 F 12 

5 source_plate_1 C 8  34 source_plate_4 F 11  63 source_plate_6 F 12 

6 source_plate_1 C 8  35 source_plate_4 F 11  64 source_plate_9 A 8 

7 source_plate_1 E 6  36 source_plate_4 F 11  65 source_plate_9 A 8 

8 source_plate_1 E 6  37 source_plate_4 G 11  66 source_plate_9 A 8 

9 source_plate_1 E 6  38 source_plate_4 G 11  67 source_plate_9 A 9 

10 source_plate_1 F 8  39 source_plate_4 G 11  68 source_plate_9 A 9 

11 source_plate_1 F 8  40 source_plate_5 A 10  69 source_plate_9 A 9 

12 source_plate_1 F 8  41 source_plate_5 A 10  70 source_plate_9 D 7 

13 source_plate_2 F 2  42 source_plate_5 A 10  71 source_plate_9 D 7 

14 source_plate_2 F 2  43 source_plate_5 B 10  72 source_plate_9 D 7 

15 source_plate_2 F 2  44 source_plate_5 B 10  73 source_plate_9 F 2 

16 source_plate_3 C 6  45 source_plate_5 B 10  74 source_plate_9 F 2 

17 source_plate_3 C 6  46 source_plate_5 B 11  75 source_plate_9 F 2 

18 source_plate_3 C 6  47 source_plate_5 B 11  76 source_plate_10 B 6 

19 source_plate_3 D 8  48 source_plate_5 B 11  77 source_plate_10 B 6 

20 source_plate_3 D 8  49 source_plate_5 C 8  78 source_plate_10 B 6 

21 source_plate_3 D 8  50 source_plate_5 C 8  79 source_plate_10 C 4 

22 source_plate_3 G 1  51 source_plate_5 C 8  80 source_plate_10 C 4 

23 source_plate_3 G 1  52 source_plate_5 G 6  81 source_plate_10 C 4 

24 source_plate_3 G 1  53 source_plate_5 G 6  82 source_plate_10 D 12 

25 source_plate_3 H 4  54 source_plate_5 G 6  83 source_plate_10 D 12 

26 source_plate_3 H 4  55 source_plate_6 C 6  84 source_plate_10 D 12 

27 source_plate_3 H 4  56 source_plate_6 C 6  85 source_plate_10 F 6 

28 source_plate_4 D 3  57 source_plate_6 C 6  86 source_plate_10 F 6 

29 source_plate_4 D 3  58 source_plate_6 D 4  87 source_plate_10 F 6 

  


