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ABSTRACT 

Chapter I. The concept and development in the field of artificial metalloenzymes (ArMs) 

are introduced. A general method of bioconjugation to construct ArMs via strain-promoted azide-

alkyne cycloaddition (SPAAC) is described. Scaffold proteins containing a genetically encoded p-

L-azidophenylalanine and catalytically active bicyclononyne-substituted metal complexes were 

covalently linked through SPAAC. The bioorthogonality of SPAAC allows for bioconjugation in 

the presence of cysteine residues in the scaffold, so no additional scaffold modification is necessary 

for ArM formation. The broad scope of this method with respect to both the scaffold and cofactor 

components was demonstrated. Catalytic study showed that a dirhodium ArM formed with this 

method catalyzed decomposition of diazo compounds and both SiH and olefin insertion reactions 

involving these compounds, but no selectivity was observed. The simplicity and modularity of the 

SPAAC approach should facilitate rapid optimization of the ArMs for selective catalysis. 

Chapter II. Rational engineering of ArMs toward selective catalysis is described. An 

alkyne-substituted dirhodium catalyst was linked to a prolyl oligopeptidase (POP) containing a 

genetically encoded p-L-azidophenylalanine residue to create an ArM that catalyzes olefin 

cyclopropanation. Scaffold mutagenesis based on a reported homology mode was then used to 

improve the enantioselectivity of this reaction, and cyclopropanation of a range of styrenes and 

donor–acceptor carbene precursors was accepted. Of all the mutations introduced, a histidine 

residue in the POP active site led to the largest improvements in both selectivity, conversion and 

activity, probably due to its capability to coordinate rhodium. The formed dirhodium-POP ArM 

also improved substrate specificity by reduced the formation of byproducts, including those 
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resulting from the reaction of dirhodium–carbene intermediates with water. This indicated control 

of other water-sensitive organometallics could be possible by using solvent-sequestered POP 

active site. 

Chapter III Directed evolution efforts to improve ArM selectivity is described. A 

streamlined, high-throughput screening protocol for dirhodium-POP ArMs was developed. The 

essential step in the protocol was to scavenge excess metal cofactor without causing significant 

enzyme loss. Using this protocol, A POP parent mutant was submitted to iterative random 

mutagenesis to improve enatioselectivity in olefin cyclopropanation. Library hits giving up to 94% 

ee were discovered from three rounds of directed evolution. Key mutations both proximal and 

distal to the active site were found, which demonstrated the importance of random mutagenesis in 

ArM evolution. In addition, immobilization of ArMs was explored and integrated into the library 

screening protocol, providing an effective method to evolve ArMs for expanded scope and novel 

reactivity. 
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PREFACE 

Each chapter of this dissertation is numbered independently. A given compound may have a 

different number in different chapters. All experimental details, references, and notes for 

individual chapters are included at the end of each chapter.  
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CHAPTER I  

GENERATION OF ARTIFICIAL METALLOENZYMES THROUGH STRAIN-

PROMOTED AZIDE-ALKYNE CYCLOADDITION 

 

Most of the work described in this chapter is published (Yang et. al., ChemBioChem. 2014, 15, 

223-227). I performed chemical synthesis of small molecules (including cofactors, substrates, 

and products) and characterization of bioconjugation and biocatalysis reactions. Dr. Poonam 

Srivastava contributed to scaffold engineering, protein expression, and protein purification. Dr. 

Chen Zhang helped with the synthesis and characterization of some cofactors. 

 

ABSTRACT 

Transition metal catalysts and enzymes possess unique and often complementary properties that 

have made them important tools for chemical synthesis. The potential practical benefits of 

catalysts that combine the best properties of both have driven the development of artificial 

metalloenzymes (ArMs). Strain-promoted azide–alkyne cycloaddition (SPAAC) can be used to 

generate artificial metalloenzymes (ArMs) from scaffold proteins containing a p-azido-L-

phenylalanine (Az) residue and catalytically active bicyclononyne-substituted metal complexes. 

The high efficiency and bioorthogonality of this reaction allows rapid ArM formation when 

using Az residues within the scaffold protein in the presence of cysteine residues or various 

reactive components of cellular lysate. In general, cofactor-based ArM formation allows the use 

of any desired metal complex to build unique inorganic protein materials. SPAAC covalent 

linkage further decouples the native function of the scaffold from the installation process because 

it is not affected by native amino acid residues; as long as an Az residue can be incorporated, an 
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ArM can be generated. In this chapter, we have demonstrated the scope of this method with 

respect to both the scaffold and cofactor components and established that the dirhodium ArMs 

generated can catalyze the decomposition of diazo compounds and both SiH and olefin insertion 

reactions involving these carbene precursors.  

 

INTRODUCTION 

Development of efficient catalysts has been a vibrant research field of great interest to both 

academic and industrial scientists. Catalysis stands as essential technology for chemical and 

material manufacturing, pharmaceutical and food production, energy-related applications1. The 

resulting products have a direct impact on the sustainable growth of society, environment and 

global economy2. Due to this scope and importance, a variety of catalytic systems, including 

heterogeneous solids, organocatalysts, homogeneous metal complexes, and enzymes, have been 

developed for chemical synthesis3. Each type of these catalysts possesses unique characteristics 

that differentiate their potential utility for particular chemical applications. For the sake of this 

dissertation, two types of catalysts are briefly described and compared. 

Transition metal catalysis 

Homogeneous transition metal catalysts makes possible a broad range of important 

chemical transformations, including cross-coupling reactions4, C−H bond functionalization5, and 

olefin polymerization6 and metathesis7, many of which have no counterparts in nature’s repertoire 

of chemical synthesis. Typically, a transition metal catalyst is comprised of one or more metal 

ion(s) bound to some number of ligands that constitute the primary coordination sphere of the 

metal8. Control of the reactivity and activity of metal catalysts can be readily achieved by rationally 

modifying ligand structures, and high levels of selectivity (stereo-, chemo- or regio-) have been 

frequently observed in organic synthesis. The engineering of such catalysts are often focused on 
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ligand substituents proximal to the metal center, those having direct interactions with metal center 

and substrates. These small molecule catalysts are generally considered to have a broad substrate 

scope. Despite so, such catalysts may fail to provide satisfactory solutions to some particular 

applications, in which for example, a novel selectivity overriding the selectivity defined by the 

substrate structure is pursued, or differentiating the same type of reactive sites with similar 

chemical environments is required. This challenge leads to an increased research interest9-12 in 

modifying ligand substituents distal to metal centers, which comprise the secondary coordination 

sphere of the metal. Noncovalent interactions such as hydrogen bonding, hydrophobic, 

electrostatic, and steric interactions have been invoked to confer great impacts on catalysis 

outcomes13-15. These interactions tend to be weaker, less distance dependent and directional, and 

more affected by entropy. By operating in concert, multiple weak interactions derived from 

secondary coordination sphere may render high selectivity, reminiscent of enzyme-type control. 

To realize such cooperative weak interactions, functional groups including amine, guanidines and 

carboxyl groups have been employed to simulate the roles of secondary coordination sphere13 

(Scheme 1.1). Design and synthesis of these types of catalysts is already a daunting task, not to 

mention altering such structures to fine tune catalyst−substrate interactions. In this respect, both 

small molecule ligands and existing supramolecular hosts offer limited flexibility and control over 

the orientations of distal substituents in both a static and dynamic sense. Given such limitations, 

the need persists for transition metal catalysts with well-defined secondary coordination 

environments that can be readily and extensively fine-tuned for particular applications. 

Scheme 1.1. Representative examples of engineering secondary coordination sphere of transition 

metal complexes. A) Phosphate hydrolysis by a dinuclear zinc(II) complexes with amino groups 

activating substrates13c; B) Accelerated cleavage of an RNA dinucleotide adenylyl 

phosphoadenine by a zinc(II) complex with guanidinium groups interacting with substrates13d; C) 

Selective oxidation of saturated hydrocarbons by a dimanganese complex with carboxylic groups 
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as substrate anchoring sites13e; D) Accelerated ester hydrolysis by a zinc(II) complexes 

encapsulated by two β-cyclodextrin molecules13f 

 
  

Enzyme catalysis 

Enzymes are nature’s powerful catalyst to conduct all the biochemical transformations 

essential to life. Many natural enzymes16 are well known for the extreme levels of rate acceleration 

and exquisite selectivity on their native substrates (although this is not universal).17 Unlike small 

molecule catalysts, enzymes exercise selectivity/activity control through their huge three 

dimensional framework around the active site which is defined yet dynamically fluxional18. 

Natural evolutionary processes19 have given rise to such an exquisite control that amino acid 

residues, cofactors and substrates are precisely oriented by the entire enzyme structure to modulate 

reaction energy surfaces20 through synergistic operation of multiple weak interactions. To 

accelerate discovery of new enzymes, researchers have mimicked the natural evolution in the 

laboratory using iterative rounds of catalyst diversification and functional screening or selection, 

namely directed evolution, to engineer enzymes with improved efficiency.21 However, whereas 
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laboratory evolution has been used to create enzymes from noncatalytic scaffolds,22 the most 

effective applications typically involves activities that are already present.21 Chemists are also 

interested in many reactions with no biocatalytic counterparts in nature, particularly those 

catalyzed by abiotic metals. The lack of such chemical transformations in nature is probably 

because nature does not has a need for them or these reactions require reagents hardly available in 

nature23. Thus enabling reactions catalyzed by abiotic metals is likely not possible without 

introduction of corresponding metals.  

Hybrid catalyst: metalloenzyme 

Metalloenzyme, a hybrid catalyst comprised of a protein scaffold and metal cofactors, is 

not a new concept to nature. Actually, to diversify the possible reactivity scope, one-quarter to 

one-third (estimated) of all proteins require metals to carry out their functions24. These naturally-

occurring metalloenzymes are responsible for catalyzing many important biological processes, 

such as photosynthesis, respiration, water oxidation, molecular oxygen reduction and nitrogen 

fixation24. In hopes of combining the selectivity control and evolvability of enzymes with the 

reactivity of metal catalysts25, so that novel reactivity/selectivity not possible with either metal 

complex or enzyme alone may be discovered, researchers have invested intensive efforts to 

incorporate non-natural metal cofactors into protein scaffolds to create artificial metalloenzymes 

(ArM). We expect the large sizes, defined 3-D shapes, and dynamic properties of these systems 

allow them to manipulate molecules and reactivity in ways that conventional catalysts cannot. 

Because of this, they are well-suited to tackle complex selectivity problems, ranging from in vitro 

functionalization of biologically active molecules, to in vivo catalytic manipulation of cellular 

function and metabolic engineering. 
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The potential practical benefits of combing metal and protein catalysts and a desire to 

understand the structure-reactivity relationship within hybrid catalysts have driven researchers to 

create ArMs since the 1970s (Scheme 1.2)24-26. Central to these efforts are robust bioconjugation 

methods that incorporate transition metals into protein scaffolds. In terms of the nature of the 

scaffold-metal interaction, bioconjugation methods include dative binding (coordination of metal 

atoms by scaffold residues), covalent scaffold modification using functionalized catalysts, or 

supramolecular binding (catalyst binding through specific protein-ligand interactions) (Scheme 

1.2, B−D)26. Each method has its advantages and disadvantages that make it more or less suitable 

for particular applications. Using one or combination of these methods, a diverse collection of 

ArM systems have been developed, in which secondary coordination sphere effects27 impart 

selectivity to metal catalysts28, accelerate chemical reactions,29 and are systematically optimized 

via directed evolution.30 Despite much work will be required to make such systems practically 

useful in organic synthesis, these capabilities have the potential to impact chemical synthesis in 

ways not readily achieved using small molecule catalysts.  

Scheme 1.2. A) General ArM structure and bioconjugation through dative (B), covalent (C) and 

supramolecular (D) interactions 
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RESULTS 

As described above, dative31, supramolecular32, or covalent33 approaches have been 

developed to link metal cofactor and protein scaffold, each with its own advantage and limitation. 

Several factors came into consideration when thinking of a good ArM anchoring approach, such 

as the availability of protein scaffolds28, the efficiency and selectivity of bioconjugation methods33, 

and the ease of synthesizing or modifying metal cofactors.34 The catalytic activity of an ArM is 

often independent of the original function of the scaffold protein, leading to research focused on 

other properties that improve ArM utility, including expression level, thermostability, and organic 

solvent tolerance35. Considering the need to screen different scaffolds or cofactors to find a good 

starting point for metalloenzyme development28, and to conduct protein engineering for high 

selectivity36, a general ArM construction platform that in principle works regardless what scaffold 

or metal complex is chosen would be ideal.  

Among these methods, dative linkage or supramolecular binding requires strong and 

specific molecular recognitions which are present in very few proteins31, 32. Also, coordinating 

metals with proteins is typically limited to ligand sets composed of the 20 natural amino acids. 

Encoding unnatural amino acids into proteins can somehow expand the ligand scope, but this 

process itself requires extensive engineering for each desired amino acid and still does not work 

for metal complexes with non-natural ligands (for example, phosphine or carbene ligand). 

Comparatively, bioconjugation through covalent linkage places the fewest limitations on the 

nature of the metal catalyst and scaffold protein used for ArM formation33. The most common 

covalent linkage involves nucleophilic attack of a unique cysteine residue present in the protein 

scaffold on cofactors with an electrophilic linker (for example, maleimide or iodoacetamide). The 
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major drawback is that the reactive residue used for covalent linkage should be uniquely existent 

in the scaffold to achieve site-selective modification33, which requires extra engineering efforts in 

some proteins. A covalent linkage orthogonal to all the present residues in protein scaffold will be 

ideal.   

Such design requirements led us to consider the toolbox of bioorthogonal chemistry37. By 

introducing complementary functional handles inert to biological moieties, bioorthogonal 

chemistry enables probing biomolecules (glycans, lipids, and metabolites) in vivo through highly 

selective reactions, without interaction or interference with biological systems. Among different 

reactions developed, the strain-promoted azide-alkyne cycloaddition (SPAAC) developed by 

Bertozzi and coworkers37 is of great interest to serve as a platform for metalloenzyme formation 

(Scheme 1.3).  

Scheme 1.3. ArM preparation through SPAAC 

 

SPAAC-based protein modification involves expressing a target protein with a genetically 

encoded azide- or alkyne-bearing amino acid38 and reacting this protein with an alkyne or azide-

bearing reagent39. Due to the high reaction rate, little interference with biomolecules, and site-

specific modification, SPAAC has been widely applied in chemical biology40. Yet no example of 

labeling a protein with a metal catalyst through SPAAC reaction has been shown. In general, we 
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desired this SPAAC reaction to occur on the interior of the protein (Scheme 1.3) rather than its 

surface41, so that the surrounding protein environment may have significant impacts on the metal 

center42. This is not a typical requirement for the chemical biology applications employing SPAAC 

(usually surface modifications are used) and demands robust bioconjugation methodology. We 

envisioned that the central pore of an α, β-barrel protein could provide a suitable environment for 

azide or alkyne incorporation43. Because SPAAC cofactors would be unreactive toward any native 

amino acid residue, any desired scaffold could in principle be exploited for ArM formation. 

The choice of protein scaffold is essential to success of metalloenzyme development. Reetz 

and coworkers showed that a thermostable α, β-barrel protein tHisF from Thermotoga maritimacan 

can be a robust host for a variety of chelating ligands commonly used in transition metal catalysis 

and even a Pd-complex, though no examples of ArM catalysis was described44. This monomeric 

protein with a molecular mass of 27.7 KDa, constitutes the synthase subunit of the glutaminase–

synthase bi-enzyme complex which catalyzes the formation of imidazole glycerol phosphate in 

histidine biosynthesis45a, b; its (βα)8-barrel structure is the most common enzyme fold found in 

nature45c, d. In E. coli., tHisF is expressed in large amounts; its remarkable thermostability allows 

using heat treatment to parallelize purification in libraries, a valuable feature for further protein 

engineering44.  

Because the bottom of this protein is blocked by a salt bridge, we hoped that azide or alkyne 

mutations introduced deep within the 25Å-long central pore of the protein should project SPAAC 

cofactors up into the pore and place the metal complexes within reach of several loops near the 

pore opening (Figure 1.1, A and B).45a, c Extensive biochemical characterization of this protein has 

revealed that its fold is highly stable and that it possesses a tryptophan and four tyrosine residues 
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that enable spectroscopic characterization of its folding; both features make it an ideal test substrate 

for bioconjugation method development46. 

Figure 1.1. A), B) Structure of wt-tHisF (PDB ID: 1THF); colored residues are in positions 199 

(blue), 50 (orange), and 176 (red). C) HR-ESI-MS of wt-tHisF, tHisF-Az50, and tHisFAz50-

RhBCN. D) Fluorescence spectra (290 nm) of wt-tHisF, tHisF-Az50 (in buffer, 60% CH3CN, 6m 

guanidinium chloride [GdmCl]), and tHisF-Az50-RhBCN (CAN, CH3CN, GdmCl). 

 

 

 

To install an unnatural amino acid as a bioorthogonal reaction handle for SPAAC chemistry, 

we implemented amber stop codon suppression38 developed by Schultz and his coworkers. This 

method enables genetic encoding of unnatural amino acids with diverse physical, chemical or 

biological properties into proteins with high fidelity and efficiency, by using an orthogonal 

biosynthetic machinery composed of a unique codon (for example, the amber codon TAG) and 
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corresponding tRNA-synthetase pair. To date, diverse alkyne- or azide-bearing amino acids have 

been successfully encoded into proteins within E. coli, yeast and mammalian cells39 (Figure 1.2). 

Considering that incorporation of an azide-containing amino acid (for example, compound 1 in 

Figure 1.2) is more efficient than incorporation of an cyclooctyne-containing amino acid (for 

example, compound 5 or 6 in Figure 1.2) and may cause probably smaller perturbation to scaffold 

structure, we decided to incorporate the azide into a protein scaffold and install cyclooctyne into a 

metal cofactor.  

Figure 1.2. A list of azide- or alkyne-containing amino acids that have been encoded into proteins 

through the stop codon suppression method  

 

Incorporation of p-azido-l-phenylalanine (Az) was conducted by Dr. Poonam Srivastava at 

representative positions throughout the central pore of tHisF, including top (residue Ala 176), 

middle (residue Ala 50), and bottom (residue Ala 199)45. We observed high levels of scaffold 

expression and unnatural amino acid incorporation with no apparent azide photolysis based on 

high resolution ESI mass spectrometry (Figure 1.1, C), despite Ala 50 and Ala 199 being located 

on the protein interior47. The His6-tagged scaffold proteins were purified by Ni-affinity 

chromatography following an initial heat treatment44.   
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In order to study potential structural perturbation in azide-containing tHisF due to UAA 

incorporation, fluorescence and CD spectroscopy were conducted on the azide mutants. Because 

tHisF contains a single tryptophan residue (W156) located in α-helix 5 and four tyrosine residues 

(Y39, Y143, Y182, and Y240) distributed across the protein, the fluorescence signal of these 

aromatic residues have been used as an indicator for global protein folding (tertiary structure)46. 

And because tHisF has a (βα)8-barrel structure, circular dichroism signal can be used to monitor 

the loss of secondary structures. Fluorescence spectra for tHisFAz50 mutant and wild-type tHisF 

in buffer were measured and compared (Figure 1.1, D), and no change was observed. Furthermore, 

the organic solvent tolerance was studied by measuring the fluorescence signal of tHisFAz50 

mutant sample which were submitted to incubation in 9:1 (v/v) organic solvent/buffer mixture for 

1 hour. While the presence of methanol or DMF significantly reduces the fluorescence signal of 

tHisFAz50, acetonitrile shows a milder influence (Figure S1.6). In 60% acetonitrile, no change in 

the fluorescence spectrum was observed (Figure 1.1, D), which highlights the organic solvent 

tolerance of this scaffold protein35. CD spectrum for tHisFAz50 and tHisF were measured (Figure 

S1.5), and the high similarity between the two proteins indicates UAA incorporation has no impact 

on secondary structure of tHisF.  

A similar approach was used by Dr. Poonam Srivastava to express variants of a 

thermostable phytase from Bacillus amyloliquefaciens48 with Az incorporated at residue 104. This 

enzyme has an overall cylindrical shape, built from six sheets of four to five anti-parallel-β-strands 

arranged around a central pore. The position of the Az residue was approximately 20 Å into this 

pore, so point mutations N99A, N100A, and D102A were introduced to facilitate access of 

bicyclo[6.1.0]nonyne (BCN) to the Az residue. 
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We next developed a modular approach to synthesize alkyne-substituted cofactors. A 

number of structurally varied cyclooctyne derivatives (e.g. DIFO, BCN, DIBAC, DIBO, ADIBO) 

have been developed that strongly differ in terms of reaction kinetics and hydrophilicity (Figure 

1.3)37. Among them, we chose bicyclononyne (BCN) developed by van Delft and coworkers49 as 

the linker between metal cofactor and protein scaffold, considering its symmetric and small 

structure, fast reaction rates, and relative ease of synthesis37. In van Delft’s work, a para-

nitrophenyl-carbonate(PNP)-substituted BCN49 (carbonate 1, see Scheme 1.4) was used as an 

electrophilic intermediate to link molecules of interest, such as biotin or fluorescent probes. We 

envisioned that this intermediate can be recapitulated to anchor metal complexes with appropriate 

nucleophile groups.  

Figure 1.3. Cyclooctynes for Cu-free click chemistry in living systems and second order rate 

constants for their reaction with benzyl azide in acetonitrile or methanol37 

 

Considering ArM catalysis will be mainly conducted in aqueous buffered conditions, only 

metal complexes that facilitate catalytic reactions with high efficiency in the presence of water and 

air can be good candidates for ArM incorporation. To date, existing ArM systems have focused on 

reactions including transfer hydrogenation, Diels-Alder reaction, epoxidation and so on32b, 50. We 
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initially targeted dirhodium tetracarboxylate cofactors, due to the high activity of these complexes 

toward a range of carbene insertion reactions51 and their stability in both air and water52.  

In general, rhodium-mediated carbene/nitrene insertion reactions (including 

cyclopropanation, C-H insertion, N-H insertion, etc.) employing diazo substrates are performed in 

anhydrous environment due to the competing O-H insertion reactions. However, several examples 

of dirhodium-catalyzed carbene insertion in aqueous environments indicate the potential of 

dirhodium complexes in metalloenzyme catalysis. Charette and coworkers52b demonstrated a 

cyclopropanation reaction involving ethyl diazoacetate and olefins proceeds with high efficiency 

in aqueous media using dirhodium(II) carboxylates, and a combination of hydrophobic catalyst 

and hydrophobic substrate provide the best efficiency, presumably by forming small 

catalyst/substrate beads or micelles. Afonso and coworkers52e reported preferential Rh(II) 

carbenoid intramolecular C-H versus O-H insertion derived from alpha-diazo-acetamides can be 

achieved in water by using an appropriate combination of the catalyst and amide groups, which 

forms a larger hydrophobic environment around the reactive carbenoid center; also, the 

regioselectivity of the C-H insertion depends on the structure of the catalyst and the hydrophobic 

nature of the amide substituents. The intermolecular version of C-H insertion in water was realized 

by Francis and coworkers52c in their study of chemoselective tryptophan labeling of 

peptides/proteins with rhodium carbenoids. However, the labeling method requires 1 equivalent 

of Rh2(OAc)4 catalyst and 100 equivalents of vinyl diazo substrate under optimized conditions, 

which limits its application in practical synthesis and implies the O-H insertion is a strong 

competitive side reaction. These examples show that dirhodium catalysis in aqueous media is 

possible. We also hypothesized that creating a hydrophobic microenvironment around the metal-
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carbenoid center within the scaffold protein, which mimics the micelle effects in Charette’s and 

Afonso’s work, could suppress the competing O-H insertion reaction. 

Inspired by the improvements in dirhodium catalysis shown by Du Bois and co-workers 

using tetramethyl m-benzenedipropionic acid ligands (esp)53, we prepared hydroxy-esp derivative 

2 and reacted this compound with Rh2(TFA)2(OAc)2
54 to form the mixed esp/diacetate complex 

355 (Scheme 1.4). To demonstrate the versatility of SPAAC bioconjugation in terms of cofactor 

choice, two additional BCN cofactors, 6 and 7, containing Cu56 and Mn57 terpyridine complexes, 

were prepared by metallating BCN-terpyridine 5, which was formed from phenol 4 and carbonate 

1 (Scheme 1.4, B). Similar metal–terpyridine complexes are known to catalyze a range of CH 

insertion reactions58. This metallation approach complements the convergent approach used to 

prepare 3 and provides additional flexibility for BCN cofactor formation to accommodate the 

unique reactivity of different metal complexes. Finally, fluorescent probe 8 was prepared in 

analogy to the approach developed by van Delft49 (Scheme 1.4, C). The carbonate linkage in all of 

these cofactors was not hydrolyzed, even after extended room temperature incubation in various 

aqueous buffers (e.g., CH3CN/Tris or THF/KPi, pH 7.5), based on HPLC analysis.  
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Scheme 1.4. Syntheses of cofactor 3, 6, 7; structure of probe 8 (the intermediate 5 was synthesized 

by Dr. Chen Zhang). 

 

Bioconjugation between the metal cofactor and tHisF azide mutant was studied next. To 

find optimized bioconjugation conditions, a range of reaction parameters (temperature, CH3CN%, 

and cofactor amounts) were explored. It was observed that 5 equivalents of cofactor, 20% (v/v) 

CH3CN/Tris buffer and conducting the reaction at 4 oC provided the optimal ArM conversion. 20% 

CH3CN was the highest co-solvent ratio that could be used without causing protein degradation. 

Although lower temperatures decreased the bioconjugation rate, the overall conversion was higher 

due to decreased ArM denaturation and precipitation over the course of the reaction, so these 

conditions were utilized for a preparative scale bioconjugation reaction for ArM isolation and 
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characterization. ArM formation was monitored by MALDI mass spectrometry, and cofactor 

consumption was followed by protein HPLC (due to the high level of structural similarity, the 

scaffold and ArM could not be resolved on HPLC). This analysis revealed a depth-dependent rate 

of bioconjugation and final conversions ranging from 50 % for Az199 (bottom) to 80 % for Az176 

(top; Table 1.1).  

Table 1.1. Mass spectrometry and conversion data for ArMs 

Scaffold (MW)[a] Cofactor (MW) MWArM
[a] MWObs

[b] Conv.(%)[b] 

tHisF-Az50 

(28859) 

3 (792) 29651 29614 70 

tHisF-Az176 

(28857) 

3 (792) 29649 29630 80 

tHisF-Az199 

(28857) 

3 (792) 29649 29620 50 

tHisF-Az176 

(28857) 

6 (560) 29417 29435 90 

tHisF-Az176 

(28857) 

7 (550) 29407 29392 80 

phytase-Az104 

(40040) 

3 (792) 40832 40846 90 

[a]Calculated protein MW using tools at www.expasy.org. [b]Observed MW and approximate conversion from MALDI mass spectrometry. 

 

After maximum conversion was observed by MALDI mass spectrometry, preparative 

HPLC was used to remove all traces of unreacted cofactor from the inseparable ArM/scaffold 

mixture, the purity of which was validated by analytic HPLC. Extensive efforts to purify 

ArM/scaffold mixture through a range of protein purification techniques (size exclusion 

chromatography, ion exchange chromatography, Ni-NTA affinity chromatography, etc al.) failed 

to isolate protein from unreacted cofactor, probably due to the lipophilicity of the dirhodium 

cofactor and corresponding strong non-specific, hydrophobic association with protein scaffold. It 

is worth noting that the HPLC method we use includes a linear gradient from 20% CH3CN to 80% 
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CH3CN, during which the purified ArM/scaffold mixture elutes at around 60% CH3CN, with 

around 25% mass recovery in average. To test if the HPLC condition affects protein folding, 

fluorescence and CD spectroscopy of the eluted protein sample (Figure 1.1 D and S1.5) after buffer 

exchange to Tris buffer were measured. No noticeable difference from a sample of pure scaffold 

was observed, which indicated that the ArM maintained its secondary and tertiary folding or 

refolded as the solvent environment was restored to aqueous conditions. While the ArM could not 

be separated from the scaffold, this has no impact on catalysis, as only the ArM contains the 

cofactor required for catalytic activity and the scaffold showed zero catalytic activity in control 

experiments. Last, the isolated ArM/scaffold mixture was further characterized by ESI mass 

spectrometry to confirm the composition of the ArM (Figure 1.1, C).  

To demonstrate the generality of our SPAAC ArM approach, we also covalently linked 

cofactor 3 to sites 176 and 199 of tHisF (Figure 1.1) and to Az104 in the central pore of the 

engineered phytase scaffold. Cofactors 6 and 7 were then linked to tHisF-Az176. In all cases, 

formation of the desired ArM was confirmed by MALDI mass spectrometry following purification 

(Table 1.1). Together, these examples are the first in which the SPAAC reaction has been used to 

link metal catalysts to proteins. The mild conditions required for this reaction are ideally suited for 

transition metal cofactors, which might react under other bioconjugation conditions. Also, unlike 

most SPAAC reactions40, which are typically conducted on the surface of proteins, these reactions 

are conducted within the barrel of the protein, illustrating the high efficiency of this reaction, even 

when the azide is not exposed to bulk solvent. 

We next evaluated the catalytic activity of purified tHisF-RhBCN ArMs toward a number 

of dirhodium-catalyzed chemical reactions51. Small-molecule dirhodium carboxylates have been 

widely used in intra- and intermolecular X-H insertion reactions (X = C, N, O, Si, S, etc.), and 
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moderate to high stereoselectivity are observed. We are most interested in examining the 

application of tHisF-RhBCN ArMs in insertion into C-H bonds due to the ubiquitous existence of 

C-H bonds in organic molecules and the potential to streamline chemical synthesis with selective 

C-H functionalization methodology. However, initial substrate screening with both cofactor 2 

(from Scheme 1.4) and tHisF-RhBCN revealed typical substrates used in carbenoid-mediated C-

H insertion did not produce any observable formation of desired insertion products, and the 

decomposition of diazo precursor led to mainly hydrolysis products. While further protein 

engineering might enable C-H insertion, we decided to try other reactions with reasonable 

conversions as a starting point.  

Davies and coworkers have shown that aryldiazoacetates provide remarkable 

chemoselectivity toward different types of substrates51. In their competition experiment of various 

substrates reacting with methyl phenyldiazoacetate in the presence of Rh2(S-DOSP)4, insertion 

into diallylic C-H bond, Si-H insertion and cyclopropanation of styrene are much more favorable 

than reaction with other substrates51. Hence, we tested these three reaction types with our ArM 

catalysts. Surprisingly, while Si-H insertion and cyclopropanation gave reasonable conversions in 

the presence of ArMs, no insertion product was observed when reacting the diallylic substrate with 

aryldiazoacetates (the diallylic substrate was not consumed). Using tHisF-Az50, -Az176, and -

Az199 as catalysts in both intermolecular cyclopropanation and Si-H insertion (Scheme 1.5), a 

correlation between decreasing conversion and lower cofactor linkage site was observed (Table 

S1.3). This could be rationalized by the assumption that deeper location of the cofactor within 

scaffold hinders substrate access. Unfortunately, the ArMs provided lower conversions than 

cofactor alone (2-OAc provided 99 % and 80 % yields for cyclopropanation and Si-H insertion, 



20 
 

respectively), negligible enantioselectivity, and still significant amounts of diazo insertion into the 

water OH bond52.  

Scheme 1.5. tHisF-RhBCN-catalyzed A) cyclopropanation and B) Si-H insertion 

 

The lack of enantioselectivity in our ArM-catalyzed reactions in not surprising. Although 

a number of selective ArM-catalyzed reactions have been reported, achieving such selectivity still 

remains challenging36, and improving metal–protein interactions through rational design or 

directed evolution28,59 is generally be required. Without detailed structure information (such as X-

ray crystallography), the lack of selectivity could be ascribed to many possible reasons. We were 

particularly concerned about the possibility that the rhodium cofactor might assume a wrong 

orientation and project outside from the protein cavity42. As previously mentioned in the chapter, 

we assumed that the bottom of tHisF protein is blocked by a salt bridge, so that the azide amino 

acid and the corresponding dirhodium cofactor introduced deep within the 25 Å-long central pore 

of the protein should project SPAAC cofactors up into the pore and place the metal complexes 

within reach of amino acid residues around. If our assumption proved wrong, the rhodium cofactor 

might point into the solution and lead to non-selective reactions. Establishing cofactor orientation 

is difficult as the site of bioconjugation is distal to the metal catalyst, but could provide insight into 

the poor selectivity observed for the RhBCN ArMs. Although X-ray crystallography of the formed 

ArM is still underway, we reasoned that surrogate fluorescent probe 8 (Scheme 1.4) could also 

provide quantitative information about cofactor orientation. 
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Specifically, to establish whether cofactors linked to the central pore of tHisF protrude up 

through the central pore or down through the bottom of the protein (Figure 1.4), we used a dual-

label FRET approach with surrogate fluorescent probe 8.60 Cysteine point mutations were 

introduced by Dr. Poonam Srivastava at the top (D174C, Figure 1.4, B) and bottom (D243C, 

Figure 1.4, C) of the tHisF-Az50 scaffold exterior. These proteins were reacted with a 

commercially available Alexa Fluor 594 maleimide probe. A BCN-conjugated Alexa Fluor 488 

probe 8 was prepared49 and reacted with the tHisF-Alexa 488 conjugates. Energy transfer from the 

Alexa Fluor 488 donor, excited at 495 nm, to the Alexa 594 acceptor was then measured by using 

both fluorescence intensity and lifetime methods and used to calculate approximate distances 

between the pore-linked (Az50) donor dye and the exterior-linked (Cys 174 and Cys 243) acceptor 

dyes (Table S1.2).61 Both intensity and lifetime measurements provided similar results, consistent 

with the relative positions and linker lengths used, and both indicated that that the pore-linked dye 

resided substantially closer to the top of the tHisF than to the bottom60. 

Figure 1.4. A) Cartoon schematic of tHisF. B) “Top” (A50/C174) and C) “bottom” (A50/C343) 

dual-labeled constructs for FRET analysis 
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Given the identical BCN linkage in probe 8 and cofactors 3, 6, and 7, these data provide 

good evidence for BCN cofactor projection up through the top of the scaffold as intended. We 

believe the effective length of 3 upon bioconjugation (ca. 20 Å from the α-carbon of the Az residue 

to either Rh atom), places the metal complex near the mouth of the α,β-barrel (see Figure S1.10). 

The lower yields of reactions catalyzed by the dirhodium ArMs, relative to those catalyzed by 2-

OAc, suggest that repulsive ArM–substrate interactions may occur during catalysis; but such 

interactions as well as a potentially correct cofactor projection indicated by FRET experiment are 

insufficient to impart selectivity in the reactions studied. Modified cofactor designs, use of 

alternate scaffolds, and protein engineering may provide a solution to this problem. 

 

CONCLUSION 

We have established that the SPAAC reaction37 can be used to generate ArMs from 

scaffold proteins containing a genetically encoded Az residue and catalytically active BCN-linked 

cofactors. The high efficiency of this reaction allows for rapid ArM formation even when the Az 

residue is located within, rather than on the surface, of the scaffold protein, which enables the 

possibility of engineering the scaffold to tune the secondary coordination sphere42 of the metal 

catalyst. The bioorthogonality of SPAAC allows for bioconjugation in the presence of cysteine 

residues62 in the scaffold, so no additional scaffold modification is necessary for ArM formation. 

Although these properties are widely exploited for various applications in chemical biology, they 

have not yet been employed for ArM formation and thus provide a number of opportunities for 

catalysis. We have demonstrated the scope of this method with respect to both the scaffold (tHisF45 

and phytase48) and cofactor (Rh2-tetraacetate51 and Mn- and Cu-terpyridine58 complexes) 

components. We also established that dirhodium ArMs can catalyze the decomposition of diazo 

compounds and both SiH and olefin insertion reactions involving these compounds51. The 
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simplicity and modularity of our SPAAC approach should facilitate rapid optimization of the ArMs 

reported herein for selective catalysis, work that is currently underway in our laboratory. 
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EXPERIMENTAL 

Materials 

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without 

further purification. Benzene, dimethylformamide (DMF), acetonitrile (ACN), tetrahydrofuran 

(THF) and methylene chloride (CH2Cl2), were obtained from a PureSolv MD solvent purification 

system by Innovative Technology (solvent deoxygenated by N2 sparge and dried over alumina).  

“Extra Dry” grade methanol purchased from Acros was utilized. Deuterated solvents were 

obtained from Cambridge Isotope labs. Two fluorescent probes (Alexa Fluor® 594 C5 maleimide 

and Alexa Fluor® 488 cadaverine, sodium salt) were purchased from Life TechnologiesTM. 

Silicycle silica gel plates (250 mm, 60 F254) were used for analytical TLC, and preparative 

chromatography was performed using SiliCycle SiliaFlash silica gel (230-400 mesh).  Known 

compounds including ''-tetramethyl-1,3-benzenedipropionitrile53, cis-
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Rh2(OAc)2(OCOCF3)2
54, carbonate 149,  2,6-Bis(2’-pyridyl)-4-pyridone63, were prepared as 

previously reported. 

Plasmid pET11c-tHisF was provided by the Sterner group of University of Regensburg, 

Germany.44 Plasmid pEVOL-pAzF was provided by the Schultz group of the Scripps Research 

Institute, CA.64 E. coli DH5α and BL21 (DE3) cells were purchased from Invitrogen (Carlsbad, 

CA). Bacillus amyloliquefaciens strain was purchased from American Type Culture Collection 

(Mannasas, VA). Nde I, Xho I restriction enzyme, T4 DNA ligase, Taq DNA polymerase and 

Phusion HF polymerase (Cat# 530S) were purchased from New England Biolabs (Ipswitch, MA). 

Luria broth (LB) and rich medium (2YT) and Agar media were purchased from Research Products 

International (Mt. Prospect, IL). Qiagen DNA extraction kit (Cat# 28706) and plasmid isolation 

kit (Cat# 27106) were purchased from QIAGEN Inc. (Valencia, CA) and used according to the 

manufacturer’s instructions. DNA purification kit (Zymo, Cat# D4004) was purchased from Zymo 

research (Irvine, CA) and used as recommended. All genes were confirmed by sequencing at the 

University of Chicago Comprehensive Cancer Center DNA Sequencing & Genotyping Facility 

(900 E. 57th Street, Room 1230H, Chicago, IL 60637). Electroporation was carried out on a Bio-

Rad MicroPulser using method Ec2. Ni-nitrilotriacetic acid (Ni-NTA) resin and Pierce® BCA 

Protein Assay Kits (Cat# 23225) were purchased from Fisher Scientific International, Inc. 

(Hampton, NH), and the manufacturer’s instructions were followed when using both products (for 

Ni-NTA resin, 8 mL resin were used, with buffers delivered by a peristaltic pump at a rate of 1 

mL/min, in a 4 °C cold cabinet). Amicon® 10 kD spin filters for centrifugal concentration were 

purchased from EMD Millipore (Billerica, MA) and used at 4,000 g at 4 °C. PD-10 desalting 

columns (Cat# 17-0851-01) and Hitrap desalting columns (Cat# 11-0003-29) were purchased from 

GE Healthcare (Pittsburg, PA). 
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General procedures 

Unless otherwise specified, all reactions were prepared in flame or oven-dried glassware under an 

inert N2 atmosphere using either syringe or cannula techniques.  TLC plates were visualized using 

254 nm ultraviolet light. Flash column chromatography was carried out using Silicycle 230-400 

mesh silica gel. 1H and 13C NMR spectra were recorded at 500 MHz and 125 MHz, respectively, 

on a Bruker DMX-500 or DRX-500 spectrometer, and chemical shifts are reported relative to 

residual solvent peaks. Chemical shifts are reported in ppm and coupling constants are reported in 

Hz. Yields determined by HPLC were calculated from internal standards (anisole for 

cyclopropanation and 1,2,4-trimethoxybenzene for silane insertion) and reported as the average of 

two trials set up in parallel. High resolution ESI mass spectra were obtained from the University 

of Chicago mass spectrometry facility using an Agilent Technologies 6224 TOF LC/MS. MALDI-

MS spectra were recorded on AB SCIEX Voyager-DE PRO MALDI-Tof system. Amicon® 15 mL 

10 kD cutoff centrifugal filter was used to concentrate or wash protein solutions. Protein 

concentrations were measured using the Pierce® BCA Protein Assay Kit and protein stocks were 

then stored at -20 °C until use. 

 

Cloning, expression and protein purification 

Standard cloning procedures and site directed mutagenesis: 

A gene encoding the cyclase subunit (tHisF) of the imidazole glycerol phosphate synthase enzyme 

complex from Thermotoga maritima was amplified from pET11c-tHisF20 by PCR using gene 

specific primers containing NdeI (forward) and XhoI (reverse) restriction sites. The gene was 

cloned into the NdeI and XhoI sites of pET22b so that scaffolds would be expressed with a C-
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terminal hexa-histidine tag for Ni-NTA affinity chromatography. Amber mutations were 

introduced into the tHisF gene at positions L50, G176 and I199 by site directed overlap extension 

(SOE) PCR65. For each mutation, two separate polymerase chain reactions were performed, each 

using a perfectly complementary flanking primer at the 5’ and 3’ end of the sequence and a 

mutagenic primer. The PCR conditions were as follows: Phusion HF buffer 1x, 0.2 mM dNTPs 

each, 0.5 μM forward primer, 0.5 μM reverse primer, 0.02 U/μL Phusion polymerase and 1 ng/mL 

template plasmid. The resulting two overlapping fragments that contained the base pair 

substitution were then assembled in a second PCR using the flanking primers resulting in the full-

length mutated gene. For phytase gene cloning, genomic DNA was isolated from Bacillus 

amyloliquefaciens (ATCC#23350) and genomic PCR was done using gene specific primers having 

above restriction sites on the flanking region. Genomic PCR was performed in one step using the 

same conditions as above, except template (genomic DNA) concentration was increased to 500 

ng/mL. An amber stop codon (Y104Az) was introduced for ArM formation, and three alanine 

mutations (N99A, N100A, D101A) were introduced to improve access to the site of Az mutation 

within the scaffold. Nucleotide sequences for the all the primers are summarized in Table S1.1.  

Table S1.1. Nucleotide sequences for the primers 

# Primer name Primer sequence 

1 T7 for 5’-GCG AAA TTA ATA CGA CTC ACT ATA-3’ 

2 T7 rev 5’-TTA TGC TAG TTA TTG CTC AGC GG-3’ 

3 L50Az for 5’-GAA CTC GTT TTT TAG GAT ATC ACC GCG-3’ 

4 L50Az rev 5’-CGC GGT GAT ATC CTA AAA AAC GAG TTC-3’ 

5 G176Az for 5’-AGT ATC GAC AGA TAG GGC ACA AAA TCG-3’ 

6 G176Az rev 5’-CGA TTT TGT GCC CTA TCT GTC GAT ACT-3’ 

7 I199Az for 5’-ACA CTT CCC ATC TAG GCT TCC GGT GGT-3’ 

8 I199Az rev 5’-ACC ACC GGA AGC CTA GAT GGG AAG TGT-3’ 

9 C9ala for 5’-AGA ATA ATC GCG GCG CTC GAT GTG AAA-3’ 

10 C9ala rev 5’-TTT CAC ATC GAG CGC CGC GAT TAT TCT-3’ 

11 K243C for 5’-GAG TAC CTC AAA TGC CAC GGA GTG AAC-3’ 

12 K243C rev 5’-GTT CAC TCC GTG GCA TTT GAG GTA CTC-3’ 
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Table S1.1. Nucleotide sequences for the primers, continued 

# Primer name Primer sequence 

13 D174C for 5’-C TCACC AGT ATC TGC AGA GAC GGC-3’ 

14 D174C rev 5’-GCC GTC TCT GCA GAT ACT GGTGA G-3’ 

15 phyA104 for 5’-CCTGCGATTTAGCTGGACCCCAAG-3’ 

16 phyA104 rev 5’-CTTGGGGTCCAGCTAAATCGCAGG-3’ 

17 Phy for 5’-GCAACATATGTCTGATCCTTATCATTTTACCG-3’ 

18 Phy rev 5’-AGCACTCGAGTTATTTTCCGCTTCTGTCAGTCA-3’ 

 

PCR amplified fragments and plasmid vector pET22b were restriction digest with Nde I and  Xho  

I  enzymes  in  recommended  buffer  at  37 °C  for  2  hours.  Digested DNA was cleaned by 

agarose gel extraction using commercial kit before ligation. Ligation was setup with a molar ratio 

of 1:3 (plasmid: insert) in 10 µL reaction mix. Typically a ligase reaction mix had 1 ng/L digested 

plasmid vector, 9 ng/mL of the insert, 1 µL 10X ligase buffer and 1 U/mL ligase. Reaction mix 

was incubated at 16 °C overnight, cleaned using DNA purification kits and transformed into E. 

coli DH5 cells. Cells were spread on LB ampicillin  plates (6.25  g  LB  powder  mix,  4  g  agar,  

250  mL  DDI  water,  0.1  mg/mL ampicillin) before recovering in SOC medium for 1 hour at 

37 °C. Plates were incubated at 37 °C overnight; individual colonies that appeared next day were 

tested for gene fragments by colony PCR. Clones that showed amplification for desired fragments 

were inoculated on LB broth having 0.1 mg/mL ampicillin and grown overnight at 37 °C, 250 rpm. 

Recombinant plasmid from these overnight grown cultures were isolated using kit and given for 

sequencing. Plasmid sequencing was done by the U Chicago sequencing facility  staff  and  T7  for  

and  T7  rev  primers  were  used  for  sequencing reactions. For FRET experiments, double mutants 

were created by replacing L50 with Az (L50Az) and C9 with A (C9A), and this construct was used 

as template to introduce cysteine residues at different positions (D174C and K243C).   

 

Expression and purification protocol:  
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pET22b-tHisF (or mutants thereof) and pEVOL-pAzF were co-transformed into electrocompetent 

E. coli BL21 (DE3)66, these cells were allowed to recover in SOC medium (37 °C, 50 min), then 

plated onto LB amp+Cm agar plates (6.25 g LB powder mix, 4 g agar, 250 mL DDI water, 0.1 

mg/mL ampicillin, 0.05 mg/mL chloramphenicol), and incubated at 37 °C for 16 h. Several 

colonies appeared on overnight-incubated plates; a single colony from this plate was inoculated in 

5 mL 2YT medium having antibiotics with the same concentrations as above. The culture was 

incubated overnight at 30 °C with constant shaking at 250 rpm. On the following day, 3 mL of the 

overnight cultures was used to inoculate 300 mL of fresh 2YT media having the same antibiotics, 

in 1 L Erlenmeyer flask. The culture was incubated at 30 °C, 250 rpm, and protein expression was 

induced by adding 1mM IPTG, 2mM 4-Azido-phenyl alanine and 1% (w/v) L-arabinose when 

OD600 reached 1. The induced culture was allowed to grow for 12 hours, and then the cells were 

harvested by centrifugation at 4 °C, 3000 x g for 20 minutes. Cell pellets were re-suspended in 30 

mL PBS (pH 7.5) and sonicated (40 amplitude, 30 second burst, 10 minute total process). Lysed 

culture was then clarified at 16000 x g, 4 °C for 30 minutes and supernatant thus obtained was 

purified by Ni-NTA resin using manufacturer’s instructions. Purified protein was buffer 

exchanged to 10 mM Tris (pH 7.5) and measured by Pierce® BCA Protein Assay Kit as 

recommended. 

 

Cofactor and Probe Synthesis 

Compound 2: To a 50 mL glass bomb were added α, α, α’, α’-tetramethyl-1,3-

benzenedipropionitrile53 (3.365 g, 14 mmol), [Ir(COD)(OMe)]2 (30.5 mg, 0.046 mmol, 0.003 

equiv), 4,4'-di-tert-butylbipyridine (24.7 mg, 0.092 mmol, 0.006 equiv), and B2pin2 (2.489 g, 9.8 

mmol, 0.7 equiv)67.  The bomb was evacuated and refilled with N2 three times. Under a positive 
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flow of N2, THF (22.0 mL) was added. The bomb was then sealed and heated in an 80 °C oil bath 

for 48 h. The solvent was removed under reduced pressure, and the resulting residue was purified 

by flash chromatography (silica gel, 85:15 hexanes/EtOAc) to yield a crude product. The crude 

product was dissolved in 100 mL MeOH, and hydrogen peroxide solution (30 % (w/w) in H2O, 19 

mL, 167.6 mmol, 12.0 equiv) was added. The resulting solution was stirred at room temperature 

for 2 h, and the solvent was evaporated. Purification by flash chromatography (silica gel, 3:1 

hexanes/EtOAc) afforded phenol 2a as a white solid (2.401 g, 68%). 1H NMR (500 MHz, CDCl3) 

δ 6.72 (d, J = 1.0 Hz, 2H), 6.71 (d, J = 1.0 Hz, 1H), 2.74 (s, 4H), 1.35 (s, 12H). 13C NMR (125 

MHz, CDCl3) δ 156.0, 137.5, 124.9, 124.5, 116.3, 46.5, 33.6, 26.7. HRMS-ESI (m/z): calcd for 

C16H19N2O [M-H]-: 255.1492, found: 255.1504. 

 

Phenol 2a: (2.401 g, 9.37 mmol) and KOH (3.152 g, 56.2 mmol, 6.0 equiv) were dissolved in 16 

mL ethylene glycol53. The resulting solution was heated at 180 °C for 6 h. After cooling the 

reaction to room temperature, the contents were partitioned between 24 mL of CHCl3 and 24 mL 

of H2O. The aqueous layer was collected, acidified with 6 M aqueous HCl to pH 1, and extracted 

with EtOAc (80 mL x 3). The organic layer was washed successively with 50 mL of H2O and 50 

mL of brine, dried over Na2SO4, and concentrated under reduced pressure. Purification by flash 

chromatography (silica gel, 19:1 CH2Cl2/MeOH) afforded 2b as white solid (2.185 g, 79%). 1H 

NMR (500 MHz, CD3OD) δ 6.47 (m, 3H), 2.74 (s, 4H), 1.13 (s, 12H). 13C NMR (125 MHz, 

CD3OD) δ 181.7, 157.8, 140.4, 125.0, 116.4, 47.2, 44.5, 25.8. HRMS-ESI (m/z): calcd for 

C16H22O5Na [M+Na]+: 317.1365, found: 317.1357. 
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Phenol diacid 2b: (48 mg, 0.16 mmol), cis-Rh2(OAc)2(OCOCF3)2
54  (100 mg, 0.16 mmol, 1.0 

equiv) and potassium carbonate (47 mg, 0.32 mmol, 2.0 equiv) were added into a 25 mL round-

bottom flask. 8 mL of THF was added, and the resulting suspension was heated at 50 °C for 3 h. 

The solvent was evaporated, and purification by flash chromatography (silica gel, 4:1 

benzene/acetonitrile) yielded 2 as purple solid (77 mg, 80%, bis-acetonitrile adduct)55.  1H NMR 

(500 MHz, CD3CN) δ 6.37 (s, 1H), 6.33 (s, 2H), 2.52 (s, 4H), 2.00 (s, 6H), 1.81 (s, 6H), 0.96 (s, 

12H). 13C NMR (125 MHz, CD3CN) δ 197.6, 191.7, 156.4, 140.5, 123.9, 115.6, 47.5, 46.4, 26.0, 

23.5. HRMS-ESI (m/z): calcd for C20H26ClO9Rh2 [M+Cl]-: 650.9376, found: 650.9395. 

 

Cofactor 3: Complex 2 (54 mg, 0.088 mmol) and sodium hydride (60 % dispersion in mineral oil, 

3.2 mg, 0.08 mmol, 0.9 equiv) were added into a 10 mL round-bottom flask. 3 mL THF was added 

and, the resulting suspension was heated at 50 °C for 1 h and cooled to room temperature. A 

solution of carbonate 149 (31 mg, 0.098 mmol, 1.1 equiv) in 1 mL THF was added. The reaction 

was stirred at room temperature for 1 h, and the solvent was evaporated. Purification by flash 

chromatography (silica gel, 4:1 benzene/acetonitrile) yielded cofactor 3 as a dark green solid 

(50mg, 72%). 1H NMR (500 MHz, CD3CN) δ 6.73 (d, J = 1.5 Hz, 1H), 6.68 (d, J = 1.5 Hz, 2H), 

4.14 (d, J = 6.9 Hz, 2H), 2.58 (s, 4H), 2.44 – 2.22 (m, 4H), 2.20 (m, 2H), 1.49 (m, 2H), 0.92 (s, 

6H), 0.84 (m, 3H). 13C NMR (125 MHz, CD3CN) δ 197.6, 192.0, 154.7, 150.9, 140.7, 129.6, 121.4, 

99.0, 73.6, 47.1, 46.6, 33.5, 25.9, 23.9, 23.7, 23.5, 21.7. HRMS-ESI (m/z): calcd for 

C31H42NO11Rh2 [M+NH4]
+: 810.0868, found: 810.0831. 

 

Compound 5: 2,6-bis(2’-pyridyl)-4-pyridone63  (39 mg, 0.16 mmol) and 1 (48 mg, 0.15 mmol, 

0.95 equiv) were dissolved in 12 mL THF. Cesium carbonate (73 mg, 0.22 mmol, 1.5 equiv) was 
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added, and the suspension was stirred at room temperature overnight. The mixture was filtered 

through celite and the filtrate was concentrated down to yellow oil. The crude was purified by flash 

chromatography (silica gel, 49:1 CH2Cl2/MeOH)) to afford compound 5 (32 mg, 48 %) as a white 

solid. 1H NMR (500 MHz, CDCl3) δ 8.80 (d, J = 4.3 Hz, 2H), 8.64 (d, J = 8.0 Hz, 2H), 8.34 (s, 

2H), 7.95 (t, J = 7.7 Hz, 2H), 7.47 – 7.40 (m, 2H), 4.24 (d, J = 6.5 Hz, 2H), 2.47 (m, 2H), 2.32 (m, 

2H), 2.18 (m, 2H), 1.42 (m, 2H), 0.87 (m, 3H). 13C NMR (125 MHz, CDCl3) δ 160.2, 157.9, 155.4, 

152.7, 149.4, 137.0, 124.3, 121.4, 113.6, 98.9, 73.9, 33.3, 31.1, 23.4, 23.2, 21.4. HRMS-ESI (m/z): 

calcd for C26H24N3O3 [M+H]+: 426.1818, found: 426.1812. 

 

Cofactor 6: 1 (29 mg, 0.068 mmol) was dissolved in 1 mL dichloromethane. A solution of CuCl2 

(9.2 mg, 0.068 mmol, 1.0 equiv) in 1 mL of DCM/methanol 1:1 was added dropwise. The resulting 

solution was stirred at room temperature for 4 h, and the solvent was evaporated. The residue was 

washed with cold dichloromethane and cold methanol and dried to yield 6 (32 mg, 84%) as a 

paramagnetic, blue solid56.  HRMS-ESI (m/z): calcd for C26H23ClCuN3O3 [M-Cl]+: 523.0724, 

found: 523.0722. 

 

Cofactor 7: 5 (21.2 mg, 0.05 mmol) was dissolved in 1 mL THF. A solution of MnCl2•4H2O (49.5 

mg, 0.25 mmol, 5.0 equiv) in 5 mL THF was added in one portion. A yellow precipitate formed 

immediately after addition. The resulting suspension was stirred for 15 minutes and filtered. The 

solid was washed with copious THF and dried under vacuum to afford 7 (10 mg, 36%) as a 

paramagnetic, light yellow solid57.  HRMS-ESI (m/z): calcd for C26H23ClMnN3O3 [M-Cl]+: 

515.0809, found: 515.0792. 
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Probe 8: In a 1.5 mL microcentrifuge tube, Alexa Fluor® 488 cadaverine, sodium salt (0.5 mg, 

0.78 µmol), 1 (0.50 mg, 1.56 µmol, 2 equiv), and N-ethyldiisopropylamine (0.7 µL, 4.02 µmol, 

5.2 equiv) were dissolved in 1 mL DMF. The tube was sealed with aluminum foil and shaken at 

room temperature for 48 h, and the solvent was evaporated. The residue was dissolved in 9:1 

water/acetonitrile, purified by reversed-phase HPLC using water and acetonitrile, and lyophilized 

to a fine powder. See supporting information for HPLC trace. HRMS-ESI (m/z): calcd for 

C37H37N4O12S2 [M]+: 793.1850, found: 793.1890. 

HPLC trace of probe 8 

 

Figure S1.1. Analytical HPLC trace of purified 9. Method: 0% to 50% B from 0-20 min, 50% to 

100% B from 20-25 min. Solvent A: water + 0.1% TFA; solvent B: acetonitrile.  

 

 

ArM formation 

Bioconjugation of 3: 

A solution of tHisF (480 μL, 75 μM tHisF in 10 mM Tris, pH 7.5) and a solution of cofactor 3 

(120 μL, 1.188 mg/mL in acetonitrile, 5.0 equiv) were added to an microcentrifuge tube and shaken 
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in the dark at 4 °C for 48 h. The final concentrations were: 60 μM tHisF-Az50, 300 μM 3, 20 vol% 

acetonitrile. Due to the high hydrophobicity of cofactor 3, coelution of 3 with tHisF in size 

exclusion chromatography or anion exchange chromatography was observed (other cofactors 6, 7 

were removed by simple gel filtration due to their relatively good hydrophilicity). Hence, the 

reaction was purified by reversed-phase preparative HPLC and exchanged to 10 mM Tris (pH 7.5) 

with centrifugal filters. The removal of excess cofactor 3 was confirmed by analytical HPLC 

analysis, the concentration of product was determined with Pierce® BCA Protein Assay Kit, and 

the conversion was estimated by MALDI-MS analysis. Because apparent in-situ bioconjugation 

under MALDI-MS conditions was observed, a modified sinapinic acid matrix was used to quench 

any unreacted azide (10 mg/mL of sinapinic acid and 3 mg/mL of cyclooctaalkyne alcohol in 50:50 

water/acetonitrile, 0.1 % TFA final conc.). 

Bioconjugation of 6 or 7: 

General procedure for the conjugation of cofactor 6 or 7: A tHisF solution in 10 mM Tris (pH 7.5) 

and a solution of cofactor in methanol were mixed and incubated in the dark at 4 °C for 24 h. The 

final concentrations were: 60 μM tHisF, 300 μM, 15 vol% methanol.  The reaction was desalted 

by gel-filtration with PD-10 desalting columns to remove excess cofactors. The purity of 

metalloenzyme was determined by analytic HPLC analysis. Protein concentrations were measured 

using the Pierce® BCA Protein Assay Kit. The conversion was estimated by MALDI-MS analysis 

with a modified sinapinic acid matrix described above. 

 

HPLC monitoring and analysis of RhBCN bioconjugation: 

Analytic HPLC runs were performed on an Agilent 1100 Series HPLC system using Vydac 

218TP54 column (C18, 300 Å, 5 µm, 4.6 mm i.d. x 250 mm), with a flow rate of 1.0 mL/min and 
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detection wavelength set at 230 nm. The following gradient was used: 20 % to 64 % B from 0-15 

min, 64 % from 15-20 min, 64 % to 80 % from 20-22 min, 80 % from 22-25 min, 80 % to 20 % 

from 25-28 min (solvent A: water containing 0.1% TFA; solvent B: CH3CN).  

Figure S1.2. Comparison of analytical HPLC runs of cofactor 3, tHisF protein, crude 

bioconjugation reaction, and purified tHisF_RhBCN. The residual amount of 3 in tHisF_RhBCN 

is not detectable by HPLC (Slight variations in retention time of protein or cofactors were observed 

in HPLC). 

 

  
 

 
 

 
 

 

 

 

Cofactor 3 

tHisFAz176 + 3 

tHisFAz176 
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Figure S1.2. Comparison of analytical HPLC runs of cofactor 3, tHisF protein, crude 

bioconjugation reaction, and purified tHisF_RhBCN, continued 

 
 

Representative MALDI-MS spectra for ArM: 

Figure S1.3. MALDI-MS spectra of representative bioconjugations 

 

 

 

 

 

 

tHisFAz176-RhBCN 
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Figure S1.3. MALDI-MS spectra of representative bioconjugations, continued 

 

 

 

Representative ESI-MS spectra for ArM (or scaffold): 

In ESI-TOF MS analysis, a sample of protein was desalted with centrifugal filters to a mixture of 

water: acetonitrile: glacial acetic acid (49.5: 49.5: 1, v/v). The final protein concentration was 

around 50 μM.  

 

Figure S1.4. ESI-MS spectra for tHisF-wt, tHisFAz50 and tHisF50-RhBCN (the corresponding 

deconvoluted spectra are shown in the article) 
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Figure S1.4. ESI-MS spectra for tHisF-wt, tHisFAz50 and tHisF50-RhBCN (the corresponding 

deconvoluted spectra are shown in the article), continued 

 

 

 

 

Circular Dichroism and Fluorescence Analysis 

CD analysis of scaffold proteins and ArMs was conducted by loading the protein solutions into a 

0.1 mm quartz cuvette. CD spectra were obtained on AVIV-202 CD spectrophotometer (AVIV 

Biomedical, Inc.) between 280 and 200 nm with a 1 nm increment at room temperature. 

Fluorescence measurements of scaffold proteins and ArMs were acquired at 290 nm using 

Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon, Inc.) in phosphate buffer (pH 8.0). Proteins 

were treated with 60% acetonitrile and 6 M guanidine chloride (GdmCl) separately and 

fluorescence was measured at 290 nm along with non-treated protein to check for any structural 

perturbation.  

 

Circular dichroism of tHisF and tHisFAz50:  
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Purified wild type tHisF and tHisFAz50 mutant were exchanged into 100 mM sodium phosphate 

buffer (pH 7.5, 150 mM NaCl), and concentrated to 10 mg/mL to provide 10X stocks for CD 

experiments. The protein was diluted to a final concentration of 2 mg/mL into buffer and 200 μL 

of each protein solution was loaded into a 2 mm quartz cuvette (Hellma QC) and CD spectra were 

obtained on an AVIV 202SF CD spectropolarimeter at 24 °C. For each protein, CD spectra were 

taken in triplicate between 260 nm and 195 nm in 1 nm increments with a 2 second integration 

time. Data were averaged and background spectra from free buffer solutions were subtracted. 

Figure S1.5. Comparison of CD spectra of tHisFAz50 and tHisFAz50-RhBCN 

 

 

 

Fluorescence Analysis: 

For organic solvent tolerance measurements, tHisFAz50 was first concentrated down to 100 μM 

in 10mM tris buffer (pH 7.5). 10 μL of this concentrated protein was then added to 90 μL 

Acetonitrile, 90 μL DMF and 90 μL methanol in separate 1.5 mL microcentrifuge tubes. Thus final 

protein concentration becomes 10 μM and buffer to organic solvent ratio becomes 10:90 (v/v) for 

each sample. A control sample was also prepared where 10 μL of concentrated protein was added 

to 90 μL buffer (10 mM Tris, pH 7.5). All the samples were incubated at room temperature for an 

hour and fluorescence emission spectra was measured in a Tecan infinite M200pro plate 
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reader.  At 60% acetonitrile concentration no change was observed as described in the article. 

Typically, 20% acetonitrile concentration was used in bioconjugation reactions. 

Figure S1.6. Fluorescence emission spectra of tHisFAz50 in different organic solvents 

 

 
 

 

Dual-Labelling FRET Measurements61 

Double labeling of Azide(1)/Cys mutants 

Purified tHisFAz50/Cys double mutants were exchanged into labeling buffer (10 mM Tris pH 7.5), 

by washing 3X 100 fold dilutions using a 10 kDa cutoff 15 mL Amicon® Ultra Centrifugal 

Filtration Device. 10 equivalents of Alexa594-maleimide were then added to label the free cysteine 

thiol of 100 µM protein. Reaction was done at room temperature for 16 hours in the dark with 

constant shaking. Excess unreacted dye was removed by desalting columns followed by buffer 

exchange 3 times and concentrated to 80 µL. The dye to protein ratio (Alexa594-maleimide:tHisF) 

was estimated by measuring the absorbance at 280 and 595 nm for tHisF and Alexa594-maleimide, 

respectively. 10 equivalents of Alexa488-BCN (probe 8) were then added and the reaction was 

allowed to proceed at room temperature for 16 h. Excess dye was removed by exhaustive dialysis 

against water. Protein was aliquoted and stored in 10 mM Tris buffer (pH 7.5) and 150 mM NaCl. 

The dye to protein ratio (Alexa488:tHisF) was determined by measuring the absorbance at 280 
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and 495 nm for tHisF and Alexa488, respectively. Extinction coefficients of tHisF (11460 M-1cm-

1 at 280 nm)68, Alexa488-BCN (70,000 M-1cm-1 at 495 nm, Provided by Invitrogen), Alexa594-

maleimide (80000 M-1cm-1 at 595 nm)69 were used to calculate molar concentration of the protein 

and the dyes. Reactions performed at 100 μM protein concentration typically gave > 80 % labeling 

after 16 h reaction at 24 °C. Labeling reactions were tried at different conditions and low 

concentrations of proteins (less than 100 μM) showed slow reaction and a significant decrease in 

yield. Also negligible labeling was observed when 50mM phosphate buffer (pH 7) was used. 

Fluorescence Scanning was done by running the labeled proteins (both singly and doubly) on 10% 

SDS PAGE. The protein gel was scanned for Alexa488-BCN and Alexa594-maleimide using a 

fluorescence scanner (Bio-Rad FX pro plus, see Figure S1.7). 

Figure S1.7. Fluorescence scanned SDS-PAGE picture of labeled proteins 

 

(Lane 1, 4 and 7: control protein (tHisF-C9A); lane 2, 8: tHisF-C9A-L50Az-D174C-Alexa488 and 

tHisF-C9A-L50Az-K243C-Alexa488 respectively; lane 3 and 10: doubly labeled, tHisF-C9A-

L50Az-D174C-Alexa488-Alexa594 and tHisF-C9A-L50Az-K243C-Alexa488-Alex594 

respectively; lane 5 and 9: tHisF-C9A-L50Az-D174C-Alexa594 and tHisF-C9A-L50Az-K243C-

Alex594 respectively; lane 6 and 11: protein markers.) 

 

Steady state FRET measurement 
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Steady-state fluorescence measurements were performed at 4 °C on a Fluoromax-3 

spectrofluorometer (Horiba Jobin Yvon Inc.). Fluorescence was measured for tHisFAlexa488-

BCN (donor) and doubly labeled mutant where tHisFAlexa594-maleimide was the acceptor. The 

reduction of donor fluorescence emission by the acceptor was recorded between 500 and 700 nm 

and corrected for the buffer blank. The protein concentrations of tHisFAlexa488-BCN and 

tHisFAlexa594-maleimide were kept at 2 M. The experiments were conducted in 10 mM Tris-

HCl buffer (pH 7.5). The distance between residues of tHisFAlexa488-BCN and tHisFAlexa594-

maleimide was estimated spectroscopically by FRET. The distance is given by: R = R0(E
-1-1)1/6,61 

where R is calculated in Å, R0 is the Foster critical distance, and E is the FRET efficiency given 

by E=(1-Fda/Fd) x 1/Fa, where Fda, Fd and Fa are fluorescence intensities in both, donor, and acceptor 

channels. R0 is given by: R0 = 9.79 X 103 (2JD 
-4)1/6, where 2 is the orientation factor,  is the 

refractive index of the buffer, D is the quantum yield of the donor, and J is the overlap integral 

in cm3 /M given by, J= FD()()4d/FD()d, where is the wavelength in cm, FD() is the 

corrected fluorescence of the donor, and () is the acceptor molar absorption coefficient in M-1 

cm-1. J was obtained by numerical integration of normalized spectra. InstruView v-0.5 software 

(Columbia University) was used to calculate the R0 values using the defined parameters.  

Time-domain lifetimes were measured on a ChronosBH lifetime fluorometer (ISS, Inc.) using 

Time-Correlated Single Photon Counting (TCSPC) methods. The fluorometer contained Becker-

Hickl SPC-130 detection electronics and a HPM-100-40 Hybrid PMT detector. Tunable 

picosecond pulsed excitation was provided by a Fianium SC400 supercontiuum laser source and 

integrated AOTF. Emission wavelengths were selected with bandpass filters (Semrock and 

Chroma). The Instrument Response Function (IRF) was measured to be approximately 120 ps 
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FWHM in a 1% scattering solution of Ludox LS colloidal silica. Lifetimes were fit via a forward 

convolution method in the Vinci control and analysis software. 

Table S1.2. R0 values calculated from steady state FRET measurement 
Serial Double mutant 

 

Energy transfer 

E=(1-Fda/Fd) x 1/Fa 

Distance (R) in A0 

E=1/1+(R/R0) 6 

Steady state Lifetime Steady state Lifetime 

1 Az50, D174C (top) 0.54 0.63 58 55 

2 Az50, K243C (bottom) 0.11 0.15 88 80 

 

((Fda: Fluorescence of doubly labeled protein; Fd: Fluorescence of donor protein; Fa: Fluorescence 

of acceptor protein) 

 

 

ArM Catalysis 

Preparation of standard products for cyclopropanation 

In a 25 mL round-bottom flask, 4-methoxystyrene (482 µL, 3.6 mmol) and rhodium acetate dimer 

(10.6 mg, 0.024 mmol, 0.0067 equiv) were dissolved in 7.5 mL ether. A solution of ethyl 

diazoacetate (351 µL, 3.0 mmol) in 5 mL ether was added dropwisely over 30 minutes. The 

reaction was stirred at room temperature for 8 h and the solvent was evaporated. Purification by 

flash chromatography (silica gel, 19:1 hexanes/EtOAc) afforded both cis-isomer (60 mg, 9 %) and 

trans-isomer (146 mg, 22 %). The characterization of products is consistent with literature 

reports70,71. 

 

Preparation of standard products for silane insertion 

In a 25 mL round-bottom flask, methyldiphenylsilane (67 µL, 0.44 mmol, 1.1 equiv) and rhodium 

acetate dimer (1.8 mg, 0.004 mmol, 0.01 equiv) were dissolved in 4 mL hexane.                 A 

solution of methyl phenyldiazoacetate (59 µL, 0.4 mmol) in 4 mL hexane was added dropwisely 

over 1 h. The reaction was stirred at room temperature overnight and the solvent was evaporated. 

Purification by flash chromatography (silica gel, 19:1 hexanes/EtOAc) afforded the product (54 
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mg, 39 %), which is consistent with literature report72. The O-H insertion product methyl DL-

mandelate was prepared as previously reported73. 

 

Catalytic cyclopropanation  

In a 1.5 mL microcentrifuge tube, tHisFA176-RhBCN solution (80 µL, 100 µM), 90 µl phosphate 

buffer (0.1 M, pH 7.5), and 26 µL THF were added. A mixed solution of styrene and diazoacetate 

in THF (4 µL, styrene 600 mM, diazoacetate 200 mM) was added. The resulting solution was left 

shaking at room temperature overnight. The final concentrations of the reagents were: 12 mM 

styrene, 4 mM diazoacetate, 40 µM tHisF-Az176-RhBCN solution. The reaction was quenched by 

adding 800 µL chloroform to the closed vials and immediately vortexing the mixture. The vial was 

then opened and 20 µL internal standard (18.4 mM anisole in acetonitrile) was added. The mixture 

was vortexted and centrifuged (16,000xg, 1 min). The bottom organic layer was evaporated and 

re-dissolved in 200 µL acetonitrile and analyzed by HPLC. 

 

Catalytic silane insertion 

In a 1.5 mL microcentrifuge tube, tHisF-Az176-RhBCN solution (75 µL, 130 µM), 95 µL 

phosphate buffer (0.1 M, pH 7.5) and 22 µL THF were added. A mixed solution of silane and 

diazoacetate in THF (8 µL, styrene 25 mM, diazoacetate 125 mM) was added. The resulting 

solution was left stirring at room temperature overnight. The final concentrations of the reagents 

were: 1 mM silane, 5 mM diazoacetate, 40 µM tHisFA176-RhBCN solution. The reaction was 

quenched by adding 800 µL chloroform to the closed vials and immediately vortexing the mixture. 

The vial was then opened and 8 µL internal standard (26.8 mM 1,2,4-trimethoxybenzene in 
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acetonitrile) was added. The mixture was vortexted and centrifuged (16,000 x g, 1 min). The 

bottom organic layer was evaporated and re-dissolved in 200 µL hexane and analyzed by HPLC. 

HPLC analysis of cyclopropanation: 

The analytic HPLC run for cyclopropanation was performed on an Agilent 1100 Series HPLC 

system using an Agilent Eclipse Plus C18 column (95 Å, 3.5 µM, 4.6 mm i.d. x 150 mm), with 

with a flow rate of 1.0 mL/min and detection wavelength set at 230 nm. The following gradient 

was used: 20 % to 50 % B from 0-5 min, 50 % from 5-10 min, 50 % to 80 % from 10-15 min, 80 % 

from 15-18 min, 80 % to 20 % from 18-20 min (solvent A: water containing 0.1% TFA; solvent 

B: CH3CN). 

Figure S1.8. HPLC traces of cyclopropanation catalyzed by tHisF176-RhBCN (1: anisole internal 

standard; 2: cis-product isomer; 3: 4-methoxystyrene starting material; 4: trans-product isomer) 

 

 

 

HPLC analysis of silane insertion: 

The analytic HPLC run for cyclopropanation was performed on an Agilent 1200 UHPLC system 

using a Lux® 3u Cellulose-1 column (1000 Å, 3.0 µM, 4.6 mm i.d. x 250 mm), with with a flow 

rate of 1.0 mL/min and detection wavelength set at 230 nm. The following gradient was used: 97 % 

B from 0-15 min, 97-90 % from 15-17 min, 90 % from 17-26 min, 90-97 % from 26-28 min, 97 % 

from 28-30 min (solvent A: isopropanol; solvent B: hexane). 
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Figure S1.9. HPLC trace of silane insertion catalyzed by tHisF176-RhBCN (1: 

phenyldimethysilane; 2: one product enantiomer; 3: methyl phenyldiazoacetate; 4: the other 

enantiomer; 5: 1,2,4-trimethoxybenzene internal standard) 

 
 

Table S1.3 Summary of yields for silane insertion and cyclopropanation by ArMand small 

molecule dirhodium catalyst 

 

catalyst silane insertion (relative to silane)a cyclopropanation% 

Si-H insertion(%) diazo hydrolysis(%) 

tHisFAz176-RhBCN 

(top) 

28 322 81 (cis : trans = 1: 1.8) 

tHisFAz50-RhBCN 

(middle) 

5 327 69 (cis : trans = 1: 1.8) 

tHisFAz199-RhBCN 

(bottom) 

6 98 60 (cis : trans = 1: 1.8) 

2-OAc 80 418 99 (cis : trans = 1: 1.8) 

[a] All the yields were calculated relative to limiting reagent (silane for Si-H insertion and olefin 

for cyclopropanation) in the reactions by analysis of HPLC traces for crude reaction mixtures. 

 

 

DFT model of ArM 

The phenyl azide adduct of cofactor 3 (Figure S1.10a) was optimized using density functional 

theory calculation (DFT, B3LYP, LANL2DZ) using Gaussian09 (Figure S1.10b).  The mutation 

wizard in Pymol was used to convert residue Ile199 of tHisF (PDB#1THF) to Ala.  The Ala methyl 

and terminal phenyl of the cofactor 3 adduct were fused using the “fuse” command in Pymol.  

Bond angles were manually adjusted to provide a rough model of the ArM (Figure S1.10c).  While 

crude, this model provides some idea of the relative scale of scaffold and cofactor.    

 

2 
3 

4 5 
1 
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Figure S1.10. a) Structure of phenyl azide-3 adduct; b) DFT-optimized structure of adduct; c) 

tHisF-Az199-RhBCN (note that higher mutants, 50 and 176, should project cofactor further into 

solution) 
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CHAPTER II 

STRUCTURE-GUIDED ENGINEERING OF AN ARTIFICIAL METALLOENZYME 

FOR ENANTIOSELECTIVE CYCLOPROPANATION 

 

Most of the work described in this chapter is published (Srivastava et al., Nat. Commun. 2015, 6, 

7789-7798). I conducted all chemical synthesis, biocatalysis, and bioconjugation optimization, and 

the final biocatalysis experiments. Dr. Srivastava conducted all cloning and initial protein 

expression and biocatalysis experiments. Guardiola KE identified the POP scaffold and carried out 

all spectroscopic characterizations.  

 

 

 

ABSTRACT 

In Chapter I, we developed a SPAAC-based bioconjugation method for rapid ArM formation and 

demonstrated the scope of this method with respect to both the scaffold and the cofactor. However, 

no selectivity was observed in reactions catalyzed by these ArM systems. In this work, we 

covalently link an alkyne-substituted dirhodium catalyst to a prolyl oligopeptidase containing a 

genetically encoded L-4-azidophenylalanine residue to create an ArM that catalyzes olefin 

cyclopropanation. Scaffold mutagenesis is then used to improve the enantioselectivity of this 

reaction, and cyclopropanation of a range of styrenes and donor–acceptor carbene precursors is 

accepted. The ArM reduces the formation of byproducts, including those resulting from the 

reaction of dirhodium–carbene intermediates with water. This shows that an ArM can improve the 

substrate specificity of a catalyst and, for the first time, the water tolerance of a metal-catalyzed 
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reaction. Given the diversity of reactions catalyzed by dirhodium complexes, we anticipate that 

dirhodium ArMs will provide many unique opportunities for selective catalysis. 

 

INTRODUCTION 

New approaches to control the selectivity and specificity of catalysts remain the subject of 

intense academic and industrial research because of the importance of selective catalysis for the 

synthesis of chemicals ranging from fuels to pharmaceuticals1. Weak interactions between 

substrates and catalysts imparted by functional groups distal to catalyst-active sites2, 3 and 

supramolecular catalyst scaffolds4, 5 are increasingly used to improve catalyst selectivity. Of course, 

such features are ubiquitous in enzymes6 and contribute to their often stunning activities and 

selectivities. To exploit the substrate-binding and activation capabilities of enzymes for reactions 

and catalysts not found in nature, researchers have developed a range of methods to link synthetic 

catalysts and protein scaffolds to create artificial metalloenzymes (ArMs)1, 7. These efforts have 

culminated in ArMs for enantioselective, regioselective and chemoselective reactions, but, despite 

several notable examples8–13, engineering scaffolds to further improve these parameters remains 

challenging14. The majority of successful optimization efforts exploit the binding of biotinylated 

metal cofactors to (strept)avidin10; therefore, the development of new scaffolds capable of 

imparting high levels of selectivity metal catalysts could significantly expand the scope of ArM 

catalysis9. Furthermore, the ArM-catalysed reactions explored to date rarely involve catalytic 

intermediates that can react irreversibly with water in a deleterious manner, and no examples have 

been reported in which an ArM can mitigate this undesired reactivity7.  

Chapter I outlined a new method for ArM formation via strain-promoted azide–alkyne 

cycloaddition (SPAAC) of bicyclo[6.1.0]nonyne (BCN)-substituted cofactors and scaffold 
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proteins containing a genetically encoded L-4-azidophenylalanine (Z) residue (Fig. 2.1a)15. Unlike 

non-covalent methods for ArM formation, this approach allows the use of any desired protein as a 

scaffold, and, unlike most covalent methods, the bioorthogonality of SPAAC eliminates the need 

to remove residues (for example, cysteine) in the scaffold that might react with electrophiles used 

in conventional bioconjugation methods (for example, maleimides)7. ArM formation from various 

cofactors, including the Esp-based16 dirhodium cofactor 1 (Fig. 2.1b), was demonstrated with a 

range of protein scaffolds, but no selectivity was observed in reactions catalyzed by these systems. 

We attributed this lack of selectivity to the inability of the protein scaffolds selected for 

bioconjugation method development to fully encapsulate the cofactors selected for catalysis. Given 

the broad range of reactions catalyzed by dirhodium complexes (Fig. 2.1c), including 

cyclopropanation and X–H insertion (X = C, N, O, and so on)17, and the selectivity challenges that 

persist for many of these reactions18, we sought to identify a scaffold protein that could impart 

selectivity to 1. This would validate our hypothesis regarding the poor selectivity of our initial 

ArM designs, illustrate the importance of scaffold selection in ArM design, and provide a platform 

for the development of future ArMs using different metal cofactors. 

Here we show that a prolyl oligopeptidase (POP) scaffold can be used to generate 

dirhodium ArMs that catalyse asymmetric cyclopropanation. Genetic optimization of these ArMs 

led to high levels of enantioselectivity and reduced levels of byproducts resulting from the reaction 

of catalytic intermediates with water. 

 

RESULTS 

Scaffold selection and bioconjugation 
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An extensive search of different protein X-ray structures in the protein data bank (PDB) led to the 

identification of several members of the prolyl oligopeptidase family as potential ArM scaffolds. 

Similar to tHisF protein discussed in Chapter I, these proteins possess roughly cylindrical shapes 

 

 

Figure 2.1. ArM formation and reactivity.(a) ArM formation using the SPAAC reaction. (b) 

Structure of cofactor1.(c) Representative reactions catalyzed by dirhodium complexes. 

 

(30 X 60 Å) and large internal volumes (5–8 X 103 Å3) for cofactor enclosure19. This family 

includes POPs, dipeptidyl peptidases IV, oligopeptidases B and acylaminoacyl peptidases. All of 
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these enzymes share a common fold comprising an α/β hydrolase domain, which contains a Ser-

Asp-His triad for amide bond hydrolysis, capped by a β-barrel domain. We initially selected a POP 

from Pyrococcus furiosus (Pfu) as a scaffold for ArM formation because of its exceptional thermal 

stability20. It is worth noting that a BLAST analysis of the Pfu POP protein sequence 

revealed >8000 POP family enzymes, >200 of which come from halo/thermophilic organisms that 

could also serve as ArM scaffolds. Despite the abundance of POP structures in the PDB, however, 

the structure of Pfu POP was not solved yet when our study initiated1; therefore, a previously 

reported homology model21 of this enzyme was used for initial engineering efforts (Fig. 2.2). An 

amber codon was introduced into the POP gene to replace the catalytically active serine (S477) 

with a Z residue (Z477), abolish the native proteolytic activity of the enzyme and position the 

cofactor centrally within the active site. A POP gene whose codon usage was optimized for 

expression in E. coli was used as a template for genetic manipulation, and the resulting scaffold, 

POP-Z, was expressed in high yield (>100 versus ~10 mg/L before codon optimization) with 

essentially quantitative Z incorporation. Unfortunately, however, no reaction occurred between 

POP-Z and 1. POP variants in which other active site residues had been replaced with Z proved 

similarly unreactive towards 1, but rapid reaction of surface-exposed Z residues was observed22. 

POP family enzymes have been crystallized in open and closed conformations23, 24 and are 

proposed to sample both conformations during catalysis25. Active site residues, including Z477, 

should be accessible for bioconjugation in the open conformation. We hypothesized that the lack 

of POP-Z bioconjugation resulted from the enzyme existing predominantly in the closed 

conformation under the reaction conditions explored26 and that 1 is too large to enter the POP-

active site in this conformation. Because the closed conformation of POP possesses the cylindrical 

                                                
1 The crystal structures of Pfu POP wide-type mutant and a cysteine mutant S477C have been recently solved by K. 
E. Guardiola in the group, who is currently working on the structure of Pfu POP azide mutant. 



60 
 

shape and solvent-sequestered active site that we hoped to exploit for ArM catalysis, this indicated 

that POP-Z modification would be required for bioconjugation. 

Early proposals for the substrate specificity of POP, which acts only on short peptides (<30 

residues), invoked the entry of these substrates through a small pore at the end of the b-barrel 

domain where the -sheets comprising this domain converge.27 More recent studies have 

concluded that substrates do not enter via this pore and that it does not appear to be relevant to 

POP protease activity,24, 28 but we envisioned that this pore could be coopted for ArM formation. 

Examining the pore structure of Pfu POP in the aforementioned homology model21 suggested that 

four residues (E104, F146, K199, and D202) could block access to the active site (Fig. 2.2). We 

mutated these residues in POP-Z to alanine, and the resulting protein, POP-ZA4, underwent rapid 

bioconjugation in the presence of cofactor 1 at 4 °C to form POP-ZA4-1. The simplest explanation 

for this result is that the A4 mutations expand the pore to enable cofactor access to the POP active 

site. It may also be that these mutations facilitate conformational changes that enable domain 

opening24, and subsequent experiments will be required to differentiate these mechanisms. 

Interestingly, the crystal structure of wild-type POP recently resolved by Guardiola KE in our lab 

suggests that the homology model is significantly different from the real structure and only two of 

the A4 mutations (K199 and D202) are in positions that may affect cofactor entry to the active site. 

These two mutations were then introduced by Guardiola KE to make a POP-ZA2 mutant that 

showed rapid bioconjugation as well. Regardless of the mechanism by which the A4 (or A2) 

mutations enable bioconjugation of POP-Z, the success of this strategy highlights the potential for 

mutagenesis to allow the use of otherwise unreactive proteins as ArM scaffolds. 
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Figure 2.2. Homology model21 of Pfu POP and mutations introduced to improve ArMs 

 

(The hydrolase domain is shown in green, the propeller domain is shown in grey and cofactor 1 

linked at Z477 is shown in red. Sites of different mutations introduced into Pfu POP are shown as 

colored spheres) 

ArM catalysis and optimization of reaction conditions 

Due to variations in the extent of bioconjugation observed for different POP variants15, 

ArM concentration was determined by multiplying the total protein concentration in purified 

ArM/scaffold mixtures by the ratio of the high resolution ESI-MS peak intensities of the ArM and 

scaffold in these mixtures. In this way, consistent dirhodium loadings were used regardless of the 

extent of bioconjugation. After successful construction of POP-based dirhodium ArM through 

protein engineering, our focus became investigation of catalytic functions of the formed ArM. The 

cyclopropanation of styrene with donor–acceptor diazo 2 as a model reaction (Fig. 1.3), and 

cyclopropane 3 was formed as a single diastereomer in 19% yield and 11% ee. This 

enantioselectivity, while low, showed that the POP scaffold could impart selectivity to cofactor 

116, unlike previously described scaffolds15.  
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Figure 2.3. Initial result of cyclopropanation catalyzed by POP-Rh ArM 

 

To identify other potential linkage sites within the active site in addition to Az477, A 

number of sites (214, 251, 326, and 401) were mutated to Z residue and examined in 

bioconjugation and biocatalysis. While POP-A4-Z251 and POP-A4-Z326 were unreactive toward 

cofactor 1, POP-A4-Z214 and POP-A4-Z401 formed ArM successfully and provided 8% and 4% 

e.e. respectively under the same reaction conditions. Since none of these mutants provided a better 

selectivity, we used Z477 as the linkage site in further optimization. 

A range of reaction parameters were systematically explored to improve the 

enantioselectivity. According to a detailed kinetic and mechanistic study of Pfu POP conducted by 

Harwood et al., the kinetic parameters (Kcat and Kcat/Km) for its native activity are dependent on 

choice of substrate, pH, reaction temperature, and halide binding21. The effect of ionic strength on 

catalytic rate for Pfu POP is particularly interesting. The hydrolytic rate of a model substrate 

catalyzed by Pfu POP is activated by halide salts such as NaF, NaCl, and NaBr; the plot of Kcat/Km 

versus salt concentration displays a sigmoidal pattern for the binding of NaF, NaCl and NaBr (Fig. 

1.4), which suggests that there are multiple binding sites for the halide ions, reminiscent of oxygen 

binding in hemoglobin. By fitting experimental data into kinetic equations, it is found that there 

are five “non-productive” binding sites (that have no effect on enzyme activity) for Cl-, and two 

for F- and Br-. An activation mechanism with more than one halide binding site was proposed to 

explain the halide activation, and the sequential binding observed for halide ions suggests that a 

conformational change might occur at the hinge region between the two domains, allowing 

substrate access to the active site. 
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Figure 2.4. Plot of kcat/Km versus [NaF] (▪), [NaCl] (●), and [NaBr] (▴). The fittings were obtained 

by non-linear regression analysis. The inset is a plot of kcat versus [NaCl], showing that kcat remains 

unchanged with increasing [NaCl] (reprinted from reference 21 with permission). 

 

The above findings prompted us to study the effect of halide salts on POP-ZA4-1 using 

cyclopropanation of 4-methoxy phenyldiazoacetate and 4-methoxystyrene as a model reaction29. 

Initially, different concentrations of NaCl or NaBr were added to the reaction buffer (Table 2.1). 

It was observed that higher salt concentration led to significantly increased enantioselectivity, and 

at the same concentration NaBr produced a slightly larger improvement. Thus, a broader range of 

salt conditions involving NaF and NaI were examined (Table 2.2). Unlike NaBr/NaCl, NaF had a 

negligible effect on enantioselectivity, and highly concentrated NaI provided a decreased 

selectivity. A scrutiny of the influence of NaBr at a wider concentration range revealed that overly 

concentrated NaBr did not produce a further improvement and the optimal concentration was 

around 1.75 M. The mechanism by which these halide salts have an impact on POP-ZA4-1 

catalyzed cyclopropanation is not clear, and further studies are undergoing in the lab to rationalize 

these improvements. 
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Table 2.1. Optimization of reaction conditions (NaBr, NaCl) 

 

entry buffer halide salt e.e. (%) 

1 50 mM Tris (pH 7.4) - 16.4 

2 50 mM Tris (pH 7.4) 0.1 M NaCl 17.3 

3 50 mM Tris (pH 7.4) 0.5 M NaCl 18.2 

4 50 mM Tris (pH 7.4) 1.0 M NaCl 26.2 

5 50 mM Tris (pH 7.4) 0.1 M NaBr 20.3 

6 50 mM Tris (pH 7.4) 0.5 M NaBr 30.8 

7 50 mM Tris (pH 7.4) 1.0 M NaBr 37.1 

 

Table 2.2. Optimization of reaction conditions (NaX) 

 

entry buffer halide salt e.e. (%) 

1 50 mM Tris (pH 7.4) - 16.4 

2 50 mM Tris (pH 7.4) 0.1 M NaBr 18.8 

3 50 mM Tris (pH 7.4) 0.5 M NaBr 26.2 

4 50 mM Tris (pH 7.4) 1.0 M NaBr 28.9 

5 50 mM Tris (pH 7.4) 1.5 M NaBr 30.5 

6 50 mM Tris (pH 7.4) 1.75 M NaBr 38.0 

7 50 mM Tris (pH 7.4) 2.0 M NaBr 34.7 

8 50 mM Tris (pH 7.4) 0.1 M NaF 14.2 

9 50 mM Tris (pH 7.4) 0.5 M NaF 16.5 

10 50 mM Tris (pH 7.4) 1.0 M NaF 15.4 

11 50 mM Tris (pH 7.4) 0.1 M NaI 14.1 

12 50 mM Tris (pH 7.4) 0.5 M NaI 14.5 

13 50 mM Tris (pH 7.4) 1.0 M NaI 8.2 

    

Organic solvent is often required in ArM catalysis and may influence catalysis result by 

changing enzyme stability and conformation. A set of common water-miscible solvents were 

examined in ArM-catalyzed cyclopropanation (Table 2.3), and it was observed that catalysis 
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conducted with THF provided the highest enantioselectivity, and DMSO conformed the largest 

decrease in selectivity.  

Table 2.3. Optimization of reaction conditions (cosolvent) 

 

entry cosolvent buffer e.e. (%) 

1 THF 50 mM Tris (pH 7.4), 1.0 M NaBr 53.0 

2 CH3CN 50 mM Tris (pH 7.4), 1.0 M NaBr 30.5 

3 DMSO 50 mM Tris (pH 7.4), 1.0 M NaBr 4.0 

4 2,2,2-trifluoroethanol 50 mM Tris (pH 7.4), 1.0 M NaBr 31.6 

5 isopropanol 50 mM Tris (pH 7.4), 1.0 M NaBr 29.8 

 

Further optimization of reaction parameters was continued on a different mutant POP-ZA4-

H328-1, which will be discussed later. The original Pfu POP has an interesting double-sigmoidal 

pH-rate profile in its native function21, which suggests pH may also affect the cyclopropanation. 

Considering one of the substrate diazoacetate is sensitive to acidic conditions, only pH conditions 

higher than 7 were explored (Table 2.4, entries 1~4). It was observed that higher pH caused a 

decrease in enantioselectivity, and the optimal pH was around 7.4. A few buffers were tested as 

well in cyclopropanation (Table 2.4, entries 5~7), and PIPES buffer provided a slight increase in 

enantioselectivity compared to other tested buffers.   

Table 2.4. Optimization of reaction conditions (pH and buffer) 

 

entry pH buffer e.e. (%) 

1 7.4 50 mM Tris, 1.0 M NaBr 71.7 

2 8.0 50 mM Tris, 1.0 M NaBr 65.1 

3 8.5 50 mM Tris, 1.0 M NaBr 56.2 
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Table 2.4. Optimization of reaction conditions (pH and buffer), continued 

entry pH buffer e.e. (%) 

4 9.0 50 mM Tris, 1.0 M NaBr 44.4 

5 7.4 50 mM NaH2PO4, 1.0 M NaBr 75.4 

6 7.4 50 mM BIS-Tris, 1.0 M NaBr 72.7 

7 7.4 50 mM PIPES, 1.0 M NaBr 76.2 

 

ArM catalysis and structural design  

After development of optimal reaction conditions for cyclopropanation, we focused on 

structure design strategies to further improve enantioselectivity. Our first strategy involved 

strategic introduction of steric bulky substituents around the metal center to improve selectivity by 

disfavoring one possible transition-state conformation. Based on this concept, we looked for sites 

within the active-site cavity of Pfu POP which may project toward the rhodium center and interact 

with substrates and mutated them to sterically bulky residues such as phenylalanine or tryptophan. 

Four mutations (G99F, Y251W, A594W, and A594F) were separately introduced to investigate 

the effect of bulky residues (Table 2.5), and all the corresponding single mutants led to marked 

increase in enantioselectivity. Next, these beneficial mutations were combined into doubly mutants, 

which however did not provide a further boost in selectivity (data not shown).  

Table 2.5. Effect of bulky mutations on selectivity 

 

entry POP mutant buffer e.e. (%) 

1 F99 50 mM Tris (pH 7.4), 1.0 M NaBr 61.2 

2 W594 50 mM Tris (pH 7.4), 1.0 M NaBr 58.2 

3 F594 50 mM Tris (pH 7.4), 1.0 M NaBr 61.3 

4 W251 50 mM Tris (pH 7.4), 1.0 M NaBr 63.2 
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Our second strategy toward improving enantioselectivity was inspired by precedent work 

in the field of metalloenzyme catalysis. Several researchers have proposed that free cofactor 

movement within protein scaffolds can reduce ArM selectivity. Various methods have been 

developed to circumvent this problem by restricting conformational freedom through additional 

binding forces. Lu and coworkers30 reported in an artificial metalloenzyme composed of a 

manganese salen complex and an apo sperm whale myoglobin, a site-selective two-point covalent 

attachment affects catalytic sulfoxidation of thioanisole with much higher ee and rate than either 

noncovalent or single-point covalent attachment strategies. This method was recapitulated by 

Ward and coworkers31 in their study of artificial transfer hydrogenase based on biotin-streptavidin 

technology. It was shown that coordination of the metal cofactor to a suitably positioned histidine 

residue has a significant impact on the catalyst’s performance, both in terms of activity and of 

selectivity. A more relevant example from Ball and coworkers32 focused on development of 

peptide-based dirhodium catalysts. They found that the introduction of an axial-binding histidine 

residue on the peptide ligand led to dramatically increased enantioselectivity in cyclopropanation 

with -diazophenylacetate. In all the above examples, extra binding site to the metal complex were 

generated by modifying protein/peptide scaffold.  

We pursued the same strategy as Ball’s example to improve POP-ZA4-1, given the 

established success of this method in peptide-based dirhodium catalysts33. Based on the homology 

model of Pfu POP, histidine mutations were individually introduced at several residues within 

POP-ZA4 that projected towards the POP active site cavity (G99, P139, I141, I197, T209, E218, 

V219, Y251, E283 and L328, see Fig. 2.2), and the enantioselectivity of the resulting ArMs was 

examined (Table 2.6). Of these, P139H, I197H and G99H showed slight improvement in 

enantioselectivity in the corresponding ArM compared to POP-ZA4-1; the largest increase was 
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observed in L328H. We hypothesize that histidine coordination to the proximal Rh of cofactor 1 

projects the distal Rh towards a specific region of the POP-active site and that the improved 

enantioselectivity of POP-ZA4-L328H-1 results from the ability of residues near the distal rhodium 

atom to impart selectivity to cyclopropanation reactions occurring at this center.  

Table 2.6. Histidine mutants in ArM-catalyzed cyclopropanation 

 

entry POP mutant buffer e.e. (%) 

1 I141H 50 mM Tris (pH 7.4), 1.0 M NaBr 30.1 

2 E218H 50 mM Tris (pH 7.4), 1.0 M NaBr 33.1 

3 V219H 50 mM Tris (pH 7.4), 1.0 M NaBr 13.2 

4 P139H 50 mM Tris (pH 7.4), 1.0 M NaBr 43.1 

5 T209H 50 mM Tris (pH 7.4), 1.0 M NaBr 30.5 

6 I197H 50 mM Tris (pH 7.4), 1.0 M NaBr 40.2 

7 G99H 50 mM Tris (pH 7.4), 1.0 M NaBr 42.1 

8 E283H 50 mM Tris (pH 7.4), 1.0 M NaBr 28.0 

9 L328H 50 mM Tris (pH 7.4), 1.0 M NaBr 56.6 

10 Y251H 50 mM Tris (pH 7.4), 1.0 M NaBr 26.8 

 

With the aim of further improving the selectivity of this ArM, we mutated to phenylalanine 

several residues (64, 97, 99 and 594, see Fig. 2.2) near and projecting towards the putative location 

of the distal Rh (Table 2.7, entries 9–14). We tried to combine the beneficial bulky mutations 

described above (and two new sites including 64 and 97) with L328H. While only F99 improved 

enantioselectivity significantly, the F99/F97 and F99/F594 double mutants provided modest 

further improvements. The synergistic combination ultimately led to cyclopropanation with 92% 

ee using POP-ZA4-HFF-1(Table 2.7, entry 14). 
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Table 2.7. Summary of reaction condition optimization and active site mutations 

 

Entry POP Mutant (X) Conditions Yield (%) e.e. (%) 3/4 

1 L328 (WT) TRIS, 0.1M NaCl 19 11 0.6 

2 L328 (WT) TRIS, 0.1M NaBr 23 18 0.6 

3 L328 (WT) TRIS, 1.75M NaBr 29 38 0.7 

4 L328 (WT) PIPES, 1.75M NaBr 25 38 0.6 

5 F328 PIPES, 1.75M NaBr 14 23 0.5 

6 C328 PIPES, 1.75M NaBr 24 47 0.5 

7 M328 PIPES, 1.75M NaBr 33 68 0.7 

8 H328 PIPES, 1.75 M NaBr 61 85 1.6 

9 H328-F64 PIPES, 1.75 M NaBr 36 67 0.9 

10 H328-F97 PIPES, 1.75 M NaBr 43 82 1.3 

11 H328-F99 PIPES, 1.75 M NaBr 55 89 2.1 

12 H328-F594 PIPES, 1.75 M NaBr 50 80 1.3 

13 H328-F99-F97 PIPES, 1.75 M NaBr 73 91 2.3 

14 H328-F99-F594 PIPES, 1.75 M NaBr 74 92 2.4 

15 n/a, 5 (Fig. 2.3B) PIPES, 1.75 M NaBr 12 0 0.4 
aAll reactions conducted using 4 mM 2 and 20 mM styrene. Yield and 

enantioselectivity determined by HPLC relative to internal standard. 

 

ArM selectivity and specificity 

Several aspects of the activities exhibited by ArMs in the POP-ZA4-HFF-1 lineage deserve 

comment. First, the mechanism of asymmetric induction in our ArM system is worth discussion. 

The majority of ArMs capable of selective catalysis developed to date involve either chiral-at-

metal complexes or complexes with flexible ligands. For example, Ward and his coworkers have 

focused on biotin-substituted cofactors derived from either fluxional, bidentate bisphosphine−Rh(I) 

complexes or racemic, readily racemized, chiral-at-metal d6 transition metal piano stool 

complexes7. In the former case, a relay of chirality from the scaffold to the bisphosphine ligand to 

generate a chiral Pd(II)−bisphosphine complex was used to explain the enantioselectivity. In the 

latter case, crystal structures for ArMs show only a single cofactor enantiomer, which suggests 
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that the scaffold assists even resolution of stereogenic metal centers. In these examples, a relay of 

chirality from a protein scaffold to metal complexes could contribute to enantioselectivity10.  

Figure 2.5. Explanation of bioconjugation stereochemistry and a geometry optimized (DFT, 

B3LYP, LANL2DZ) structure of a phenylazide-1 adduct. 

 

 

 

This mechanism of asymmetric induction seems unlikely for POP-ZA4-HFF-1, given the 

rigidity of 1. The observed selectivity is more consistent with direct interactions between active 

site residues, substrates and catalytic intermediates9, 33, which suggests that the POP scaffold could 

be used to impart selectivity to a wide range of metal complexes. It is also interesting to note that 
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high selectivity is achieved despite the Cs-symmetry of the BCN moiety in 1, which would lead to 

enantiomeric cycloadducts on reaction with the Z residue in POP-ZA4-HFF-1 (Fig. 2.5). The 

extended conformation of the exo BCN diastereomer and the distance between the BCN moiety 

and the dirhodium center in 1 could render structural differences between these enantiomers small 

enough that they have only a minor impact on cofactor position in the POP active site. On the other 

hand, POP could impart enantioselectivity to the stoichiometric cycloaddition, in which case 

mutations introduced to improve the enantioselectivity of ArM catalyzed cyclopropanation could 

have done so by improving cycloaddition enantioselectivity and thus ArM diastereopurity (Fig. 

2.5). Structural studies of the POP ArMs described in this work are underway and could shed light 

on these possibilities. 

Second, the only screening criterion used in our engineering effort was improved 

enantioselectivity, but increased conversion was also observed (Table 2.7). This trend is 

particularly notable relative to soluble small molecule catalyst 5, which gave lower conversion 

than any of the ArMs investigated (Table 2.7, Entry 15; Fig. 2.6B). While detailed kinetic analysis 

of these reactions was complicated by poor substrate solubility at elevated concentrations, 

monitoring the reaction of styrene with diazo 2 shows that ArMs that provide improved 

enantioselectivity also have increased cyclopropanation rates (Fig. 2.6). The rate of diazo 

consumption by these ArMs is well below that of 5, which leads to nearly instantaneous 

consumption of 2 (Fig. 2.6C, D). Subsequent additions of 2 to reactions catalyzed by 5 lead to 

similarly rapid conversion of this species with only minor increases in cyclopropanation 

conversion, indicating that 5 remains active even after the first aliquot of 2 is consumed (Fig. 2.7). 

The discrepancy between diazo consumption and cyclopropanation catalyzed by 5 results from the 

poor substrate specificity of this catalyst in aqueous solution. Under these conditions, formal 



72 
 

carbene insertion into the O–H bond of water (rather than the olefin π bond) readily occurs to form 

-hydroxyester 417 a problem that has long-complicated aqueous dirhodium-catalysed carbene 

insertion reactions. Importantly, however, the cyclopropane/-hydroxyester ratio (3/4) increases 

from 0.4 using 5 to 2.4 using POP-ZA4-HFF-1. This six-fold increase occurred in increments that 

parallel increases in enantioselectivity (Table 2.7, Entries 4, 8, 11, 14). Together, these conversion, 

rate and selectivity data highlight the improved complementarity between POP and styrene in the 

engineered ArMs. The specificity of POP-ZA4-HFF-1 for styrene over water ultimately leads to 

increased cyclopropanation conversion even though 5 provides much faster conversion of 2 under 

the reaction conditions (Fig. 2.6C, D). 

Figure 2.6. Kinetic analysis of cyclopropanation reactions. (a) Comparison of product yield versus 

time for cyclopropanation of styrene using 2 catalyzed by various ArMs or 5 (0.5 mol %). (b) 

Structure of 5. (c) Conversion of 2, 3, 4 over time for POP- ZA4-HFF-1. (d) Conversion of 2, 3, 4 

over time for 5. (e) Reaction scheme. 

A 

 

B 

 
C 

 

D 
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Third, despite the specificity of POP-ZA4-HFF-1 for styrene over water, this ArM also 

catalyzes enantioselective cyclopropanation of different styrenes using a variety of donor–acceptor 

diazo compounds (Table 2.8). Electron-withdrawing and electron-donating substituents were 

tolerated on the aromatic groups of both the styrene and diazo substrates. A styrenyl diazo substrate 

also reacted, albeit with significantly reduced selectivity relative to aryl diazoacetates. Ethyl 

diazoacetate, as mentioned earlier, an acceptor-only carbene precursor, was also a competent 

substrate, but provided negligible enantioselectivity. 

Figure 2.7. (a) Plot of conversion of 2 and 3 catalyzed by 5 (equal amount of 2 was added at 0, 30, 

60 min). Following each addition, 2 is immediately consumed and additional conversion to 3 is 

observed. (b) Table of conversion of 2 and 3 catalyzed by 5 (equal amount of 2 was added at 0, 30, 

60 min). 

A 

 
B time (min)  5 10 30 35 40 60 90 

 2% 0 0 0 0 0 0 0 

 3% 6.8 8.0 8.6 12.8 13.3 13.3 16.2 

 

The unique catalytic properties of POP-ZA4-HFF-1 result from extensive protein 

engineering on the wild-type POP protein. The introduction of eight mutations (four mutations to 

enable bioconjugation and four mutation to render improved selectivity) and dirhodium cofactor 
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1 into the interior of the POP scaffold, brings far more scaffold modifications than most ArM 

efforts7. Despite these perturbations, essentially identical circular dichroism (CD) spectra were 

obtained for several POP variants and POP-ZA4-HFF-1, suggesting little difference in secondary 

structures of these proteins (Fig. 2.8A)34. Remarkably, the study of CD spectrum of POP-ZA4-

HFF-1 at different temperatures reveals this ArM remains its secondary structure up to 100 oC (Fig. 

2.8B), indicating that the stability of POP itself is also not reduced to a relevant extent. This 

stability clearly highlights the utility of protein scaffolds from hyperthermophilic organisms that 

can form robust ArMs even when extensive mutagenesis is required to achieve high selectivity 

and will greatly facilitate further efforts to evolve ArMs derived from the POP scaffold35.  

Table 2.8. Representative substrate scope of POP-ZA4-HFF-1 catalyzed cyclopropanation 

 

Entry R1 R2 R3 Yield (%)a e.e. (%) 

1 H 
 

Me 73 74 

2 H 
 

Me 74 92 

3 H Ph Me 14 74 

4 H 
 

Me 30 80 

5 H 
 

Me 43 80 

6 H  Me 31 31 

7 H 
 

Et 40 90 

8 OMe 
 

Me 56 86 

9 Cl 
 

Me 37 80 
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[a] All reactions conducted using 20 mM olefin and 4 mM diazo. Conversion and 

enantioselectivity determined by HPLC relative to internal standard. 

 

Of the mutations introduced, L328H led to the largest improvements in both selectivity, 

conversion and activity (Table 2.7, entry 8). As previously noted, this mutation was introduced 

based on the improved selectivity of peptide-based dirhodium catalysts containing a histidine 

residue capable of coordinating to Rh32. It is important to note, however, that axial coordination 

of ligands to dirhodium complexes in peptide and small molecule catalysts typically leads to 

decreased activity32. Given the difference in the effects of histidine incorporation into peptide 

catalysts and POP-ZA4-HFF-1, several additional ArM variants were examined to clarify the role 

of H328 in POP-ZA4-HFF-1 (Table 2.7, entries 4–8). First, POP-ZA4-L328F-1 was prepared to 

examine the impact of a non-coordinating aromatic residue at position 328. The L328F variant 

possesses significantly lower selectivity than the L328H variant, suggesting that purely steric 

factors are not responsible for the improved selectivity of the latter. In addition, the L328M and 

L328C variants show that other residues capable of coordinating to Rh also improve ArM 

selectivity. The structural differences between histidine, methionine and cysteine suggest that their 

common metal-coordinating ability is responsible for the improved selectivity ArMs containing 

these residues, including POP-ZA4-HFF-1. Initial attempts to characterize histidine coordination 

to 1in this ArM via NMR spectroscopy36, 37 and ultraviolet–vis spectroscopy32, 38, 39 have been 

complicated by the high molecular weight of POP (ca. 70 kDa) and the weak absorbance associated 

with the diagnostic Rh–Rh π*–σ* transition40 in 1, respectively. Further spectroscopic and 

crystallographic analysis of this ArM is underway to rigorously characterize the nature of cofactor 

binding within its active site and thus provide a mechanistic rationale for its high selectivity and 

improved specificity. 
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Figure 2.8. CD spectra for POP variants and ArMs. (a) Comparing different constructs (10 mM). 

(b) CD spectra of POP-ZA4-HFF acquired at 10 oC intervals from 50 to 100  oC (see also Fig. S2.3) 

 

 

 

DISCUSSION 

The unique structure of Pfu POP has allowed us to engineer ArMs using this enzyme and 

1 to catalyze enantioselective cyclopropanation. This effort required genetic incorporation of a 4-

L-azidophenylalanine residue to covalently link 1, four alanine mutations (A4) to enable cofactor 

entry into the POP active site and three additional active site mutations (HFF) to improve the 

enatioselectivity and substrate specificity of the initial ArM construct. The use of SPAAC for 

cofactor bioconjugation provided the flexibility to choose POP as a scaffold because of its physical 

properties (shape, size and stability), rather than native cofactor-binding ability10, 41, which, in turn, 

allowed the extensive mutagenesis required for ArM formation and selective catalysis. Despite 

this mutagenesis, the optimized ArM, POP-ZA4-HFF-1, is extremely stable (Fig. 2.8), which will 

facilitate subsequent evolution35 of ArMs with improved activity and selectivity for different 

substrates and reactions.  



77 
 

POP-ZA4-HFF-1 accepts a range of styrene and donor–acceptor carbene precursor29 

substrates. In the latter respect, it contrasts with recent reports from Arnold42, 43 and Fasan44 who 

have shown that naturally occurring haeme proteins catalyze olefin cyclopropanation using ethyl 

diazoacetate (an acceptor-only carbene precursor). Furthermore, while exciting developments, 

these systems exploit the native folds of enzymes and proteins that evolved to bind haeme in a 

manner appropriate for interacting with substrates in well-defined active sites. In contrast, selective 

ArM catalysis involves incorporating a synthetic metal complex into a protein scaffold and 

engineering an active site suitable for imparting selectivity to that complex. In the current case, 

this effort led to improved specificity of POP-ZA4-HFF-1 for styrene over water, which is 

remarkable, given the known reactivity of dirhodium donor–acceptor carbene intermediates45 

towards water18 and suggests that similar control of other water-sensitive organometallics could 

be possible using the solvent-sequestered POP active site. This contrasts significantly with peptide 

scaffolds, which, while being capable of imparting high levels of selectivity to dirhodium catalysts, 

require the use of organic solvents or a large excess of diazo substrate46 to compensate for 

reactivity of carbene intermediates with water. Given the wide range of reactions catalysed by 

dirhodium complexes17 and the selectivity of POP-ZA4-HFF-1, we anticipate that dirhodium ArMs 

will provide many unique opportunities for selective catalysis. Furthermore, the ability of POP to 

impart selectivity to the rigid dirhodium complex suggests that similar selectivity should be 

possible for a wide range of additional metal complexes regardless of their stereochemical 

properties10. POP will thus serve as a robust scaffold to explore this possibility and to study the 

effects of attractive interactions, molecular recognition and scaffold dynamics on transition metal 

catalysis. 
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EXPERIMENTAL 

Materials 

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without 

further purification. Benzene, dimethylformamide (DMF), acetonitrile (ACN), pentane, 

tetrahydrofuran (THF), and methylene chloride (CH2Cl2) were obtained from a PureSolv MD 

solvent purification system by Innovative Technology (solvent deoxygenated by N2 sparge and 

dried over alumina). Acetonitrile (ACN) was purchased from Fisher Chemical, HPLC grade. 

Deuterated solvents were obtained from Cambridge Isotope labs. Silicycle silica gel plates (250 

mm, 60 F254) were used for analytical TLC, and preparative chromatography was performed using 

SiliCycle SiliaFlash silica gel (230-400 mesh). Rh2(R-DOSP)4 was purchased from Strem 

Chemicals. Azide Agarose was purchased from Click Chemistry Tools LLC.  Labquake™ Tube 

Shaker/Rotators was purchased from Thermo Scientific (Catalog# 4002110Q). 

Plasmid pEVOL-pAzF was provided by the Schultz group of the Scripps Research Institute, CA50. 

E. coli DH5α and BL21 (DE3) cells were purchased from Invitrogen (Carlsbad, CA). Nco I, Xho 

I restriction enzyme, T4 DNA ligase, Taq DNA polymerase and Phusion HF polymerase (Cat# 
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530S) were purchased from New England Biolabs (Ipswitch, MA). Luria broth (LB), rich medium 

(2YT) and Agar media were purchased from Research Products International (Mt. Prospect, IL). 

Qiagen DNA extraction kit (Cat# 28706) and plasmid isolation kit (Cat# 27106) were purchased 

from QIAGEN Inc. (Valencia, CA) and used according to the manufacturer’s instructions. DNA 

purification kit (Zymo, Cat# D4004) was purchased from Zymo research (Irvine, CA) and used as 

recommended. All genes were confirmed by sequencing at the University of Chicago 

Comprehensive Cancer Center DNA Sequencing & Genotyping Facility (900 E. 57th Street, Room 

1230H, Chicago, IL 60637). Electroporation was carried out on a Bio-Rad MicroPulser using 

method Ec2. Ni-nitrilotriacetic acid (Ni-NTA) resin and Pierce® BCA Protein Assay Kits (Cat# 

23225) were purchased from Fisher Scientific International, Inc. (Hampton, NH), and the 

manufacturer’s instructions were followed when using both products (for Ni-NTA resin, 8 mL 

resin was used with buffers delivered by a peristaltic pump at a rate of 1 mL/min, in a 4 °C cold 

cabinet). Amicon® 30 kD spin filters for centrifugal concentration were purchased from EMD 

Millipore (Billerica, MA) and used at 4,000 g at 4 °C. 

 

General Procedures 

Unless otherwise specified, all reactions were prepared in flame or oven-dried glassware under an 

inert N2 atmosphere using either syringe or cannula techniques.  TLC plates were visualized using 

254 nm ultraviolet light. Flash column chromatography was carried out using Silicycle 230-400 

mesh silica gel. 1H and 13C NMR spectra were recorded at 500 MHz and 126 MHz, respectively, 

on a Bruker DMX-500 or DRX-500 spectrometer, and chemical shifts are reported relative to 

residual solvent peaks. Chemical shifts are reported in ppm and coupling constants are reported in 

Hz. Yields were determined by HPLC with 1,2,4-trimethoxybenzene as the internal standard and 
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reported as the average of two trials from the same batch of ArM set up in parallel. High resolution 

ESI mass spectra were obtained using an Agilent Technologies 6224 TOF LC/MS. Low resolution 

ESI mass spectra were obtained using Agilent 6130 LC-MS. Amicon® 50 mL 30 kD cutoff 

centrifugal filter was used to concentrate or wash protein solutions. Protein concentrations were 

measured using the Pierce® BCA Protein Assay Kit and protein stocks were then stored at -80 °C 

until use. Circular dichroism (CD) spectra were obtained on a JASCO J-1500 CD Spectrometer. 

 

Cloning, expression and protein purification 

Standard cloning procedures and site directed mutagenesis: 

A codon optimized gene for Prolyl oligopeptidase (POP) was obtained from GenScript USA Inc 

(Piscataway, NJ) and cloned into pET28a plasmid vector using NcoI and XhoI restriction sites. 

The gene was cloned upstream of a C-terminal hexa-histidine tag for Ni-NTA affinity 

chromatography. Alanine mutations (at positions E104A, F146A, K199A and D202A), histidine 

mutations (at positions G99H, P139H, I141H, I197H, T209H, E218H, V219H, Y251H, E283H, 

and L328H), and phenylalanine mutations (at positions S64F, L97F, G99F, G594F) were 

introduced into the POP gene by site directed overlap extension PCR51. To introduce mutations, 

two separate polymerase chain reactions were performed, each using a perfectly complementary 

flanking primer at the 5’ and 3’ end of the sequence and a mutagenic primer. The PCR conditions 

were as follows: Phusion HF buffer 1x, 0.2 mM dNTPs each, 0.5 μM forward primer, 0.5 μM 

reverse primer, 0.02 U/μL Phusion polymerase and 0.5 ng/mL template plasmid.  

Thermal cycler was programmed as: 

1. 98 °C-60 seconds 

2. 95 °C-20 seconds 
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3. 54 °C-45 seconds 

4. 72 °C- 120 seconds  

5. 72 °C-10 minutes 

25 repeat cycles from #2 to #4 

The resulting two overlapping fragments that contained the base pair substitution were then 

assembled in a second PCR using the flanking primers resulting in the full-length mutated gene. 

The same PCR program was used with a slightly altered annealing temperature of 52 °C. 

Nucleotide sequences for the all the primers are summarized in Table S2.1.  

Table S2.1. Nucleotide sequences for the primers 

 

# Primer name Primer sequence 

1 T7 for 5’-GCG AAA TTA ATA CGA CTC ACT ATA-3’ 

2 T7 rev 5’-TTA TGC TAG TTA TTG CTC AGC GG-3’ 

3 E104A for 5’- ACC ACG GAC GCG GAA GGT GAA A -3’ 

4 E104A rev 5’- T TTC ACC TTC CGC GTC CGT GGT -3’ 

5 F146A for 5’- AAC ATC ACC GCC CTG AAA GAT G -3’ 

6 F146A rev 5’- C ATC TTT CAG GGC GGT GAT GTT-3’ 

7 K199D202A for 5’- G TCC ATT CGC GCA AGC TCT GCT GGT AAA TTC G-3’ 

8 K199D202A rev 5’- C GAA TTT ACC AGC AGA GCT TGC GCG AAT GGA C-3’ 

9 POPz477 for 5’-A GCT TGG GGT CGT TAG AAT GGC GGT CTG-3’ 

10 POPz477 rev 5’-CAG ACC GCC ATT CTA ACG ACC CCA AGC T- 3’ 

11 HisG99 for 5’- TC CTG CTG CAG CAC TTT ACC ACG G-3’ 

12 HisG99 rev 5’- C CGT GGT AAA GTG CTG CAG CAG GA-3’ 

13 HisP139 for 5’- GAA GAA ATC AAA CAC TCC ATT TGG AAC-3’ 

14 HisP139 rev 5’- GTT CCA AAT GGA GTG TTT GAT TTC TTC -3’ 

15 HisI141 for 5’- C AAA CCG TCC CAC TGG AAC ATC ACC -3’ 

16 HisI141 rev 5’- GGT GAT GTT CCA GTG GGA CGG TTT G -3’ 

17 HisI197 for 5’- AT TTC ATG TCC CAC CGC GCA AGC TC-3’ 

18 HisI197 rev 5’- GA GCT TGC GCG GTG GGA CAT GAA AT-3’ 

19 HisT209 for 5’- TTC GCA ATC GTT CAC CTG ACG TAT GGT -3’ 

20 HisT209 rev 5’- ACC ATA CGT CAG GTG AAC GAT TGC GAA - 3’ 
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Table S2.1. Nucleotide sequences for the primers, continued 

 

PCR amplified fragments and plasmid vector pET28a were restriction digested with Nco I and 

Xho I enzymes in recommended buffer at 37 °C for 2 hours. Digested DNA was cleaned by agarose 

gel extraction using commercial kit before ligation. Ligation was set-up with a molar ratio of 1:3 

(plasmid: insert) in 10 μL reaction mix. Typically a ligase reaction mix had 3 ng/L digested plasmid 

vector, 9 ng/mL of the insert, 1 μL 10X ligase buffer and 1 U/mL ligase. The reaction mixture was 

incubated at 16 °C overnight, cleaned using DNA purification kits and transformed into E. coli 

DH5 cells. Cells were spread on LB kanamycin plates (6.25 g LB powder mix, 4 g agar, 250 mL 

DDI water, 0.05 mg/mL kanamycin) before recovering in SOC medium for 1 hour at 37 °C. Plates 

# Primer name Primer sequence 

21 HisE218 for 5’- AAC CAG GGC CAC GTC TAC ATT GG -3’ 

22 HisE218 rev 5’- CC AAT GTA GAC GTG GCC CTG GTT -3’ 

23 HisV219 for 5’- CAG GGC GAA CAC TAC ATT GGT CC -3’ 

24 HisV219 rev 5’- GG ACC AAT GTA GTG TTC GCC CTG -3’ 

25 HisY251 for 5’- GGC AAA CTG CAC ATC CTG ACC -3’ 

26 HisY251 rev 5’- GGT CAG GAT GTG CAG TTT GCC- 3’ 

27 HisE283 for 5’- AA TTT CCG CTG CAC TGG GCA GTC ATT GT -3’ 

28 HisE283 rev 5’- AC AAT GAC TGC CCA GTG CAG CGG AAA TT -3’ 

29 HisW284 for 5’- A TTT CCG CTG GAA CAC GCA GTC ATT GT -3’ 

30 HisW284 rev 5’- AC AAT GAC TGC GTG TTC CAG CGG AAA T -3’ 

31 HisL328 for 5’- CA CTG TAT CCG CAC GAT AAA GAC GA -3’ 

32 HisL328 rev 5’- TC GTC TTT ATC GTG CGG ATA CAG TG -3’ 

33 G99F for 5’- C CTG CTG CAG TTC TTT ACC ACG GA -3’ 

34 G99F rev 5’-TC CGT GGT AAA GAA CTG CAG CAG G- 3’ 

35 G594F for 5’-CA GGT CAC ATG TTC GCG TCG CCG G- 3’ 

36 G594F rev 5’- C CGG CGA CGC GAA CAT GTG ACC TG- 3’ 

37 L97F for 5’- T GAA GTC CTG TTT CAG GGC TTT ACC- 3’ 

38 L97F rev 5’- GGT AAA GCC CTG AAA CAG GAC TTC A- 3’ 

39 S64F for 5’- GGT ATT ATC GCT TTT TAT TCC GAA AAA- 3’ 

40 S64F rev 5’- TTT TTC GGA ATA AAA AGC GAT AAT ACC-3’  
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were incubated at 37 °C overnight; individual colonies that appeared next day were tested for gene 

fragments by colony PCR. Clones that showed amplification for desired fragments were inoculated 

on LB broth having 0.05 mg/mL kanamycin and grown overnight at 37 °C, 250 rpm. Recombinant 

plasmid from these overnight grown cultures were isolated using kit from Qiagen (Valencia, CA) 

and given for sequencing. Plasmid sequencing was done at the U Chicago sequencing facility and 

T7 for and T7 rev primers were used for sequencing reactions.  

 

Standard expression and purification procedure:  

pET28a-POP-ZA4 and pEVOL-pAzF50 were co-transformed into electrocompetent E. coli BL21 

(DE3). Transformed cells were allowed to recover in SOC medium (37 °C, 50 min), then plated 

onto LB kan+Cm agar plates (6.25 g LB powder mix, 4 g agar, 250 mL DDI water, 0.05 mg/mL 

kanamycin, 0.05 mg/mL chloramphenicol), and incubated at 37 °C for 16 h. Several colonies 

appeared on overnight-incubated plates; a single colony from this plate was inoculated in 5 mL 

2YT medium having antibiotics with the same concentrations as above. The culture was incubated 

overnight at 37 °C with constant shaking at 250 rpm. On the following day, 5 mL of the overnight 

cultures was used to inoculate 500 mL of fresh 2YT media having the same antibiotics, in 5 L 

Erlenmeyer flask. The culture was incubated at 37 °C, 250 rpm, and protein expression was induced 

by adding 1mM IPTG, 2mM 4-Azido-phenyl alanine and 1% (w/v) L-arabinose when OD600 

reached 1. The induced culture was allowed to grow for 12 hours, and then the cells were harvested 

by centrifugation at 4 °C, 3000 x g for 20 minutes. Cell pellets were re-suspended in 30 mL PBS 

(pH 7.5) and sonicated (40 amplitude, 30 second burst, 10 minute total process). Lysed culture was 

clarified by centrifugation at 16000 x g, 4 °C for 30 minutes and supernatant thus obtained was 

purified by Ni-NTA resin using manufacturer’s instructions. Purified protein was buffer 
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exchanged to 10 mM Tris (pH 7.4) and measured by Pierce® BCA Protein Assay Kit as 

recommended.  

 

Cofactor and Standard Product Synthesis 

Cofactor 1 was prepared with previously reported methods49.  

Synthesis of aryldiazoacetates and cyclopropanes in the table below:  

Table S2.2. List of Substrates 

Entry R1 R2 R3 Diazo cyclopropane 

1 H 

 

Me 2a 3a 

2 H 

 

Me 2b 3b 

3 H Ph Me 2c 3c 

4 H 

 

Me 2d 3d 

5 H 

 

Me 2e 3e 

6 H  Me 2f 3f 

7 H 

 

Et 2g 3g 

8 OMe 

 

Me 2b 3h 

9 Cl 

 

Me 2b 3i 

 

General procedure for the synthesis of aryldiazoacetatesS4: 

The arylacetate (3 mmol, 1 equiv), p-ABSA (1.3 equiv), 20 mL acetonitrile were added to a 100-

mL round-bottom flask with a magnetic stir bar. The reaction mixture was cooled to 0 °C using an 
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ice bath under nitrogen. 1,8-Diazabicycloundec-7-ene (DBU, 1.4 equiv) was then added to the 

stirring mixture over the duration of 5 min. After the addition of the DBU, the reaction mixture 

was stirred at 0 °C for an additional 30 min. The ice bath was removed and the reaction mixture 

was stirred for 24 h at room temperature. The resulting solution was quenched with saturated 

NH4Cl solution and the aqueous layer was extracted with diethyl ether (3 x 50 mL). The organic 

extracts were combined, washed with H2O, and dried over MgSO4. The organic layer was then 

concentrated under reduced pressure and purified using silica gel column chromatography (10:1 

hexanes/EtOAc). Diazoacetates 2a-fS5, S6 were synthesized according to the general procedure and 

characterization match previous literature. 

Ethyl 4-methoxyphenyldiazoacetate (2g):  Title compound was prepared by the general 

procedure and obtained as an orange solid with 47% yield. 1H NMR (500 MHz; CDCl3) δ 7.38 (d, 

J = 9.0 Hz, 2H), 6.94 (d, J = 9.0 Hz, 2H), 4.32 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 1.33 (t, J = 7.1 

Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 165.9, 158.2, 126.1, 117.2, 114.7, 61.0, 55.5, 14.6 (C=N2 

signal missing); IR (KBr, cm-1): 2086.2, 1700.4. HRMS (ESI-MS) calcd for C11H13O3 (M-N2+H)+ 

193.0865, found 193.0868.  

 

General procedure for the synthesis of cyclopropanes with Rh2(R-DOSP)4
S4: 

Styrene (5 equiv) and Rh2(R-DOSP)4 (0.01 equiv) were added to a 25-mL round bottom flask 

(flask A) equipped with a magnetic stir bar and degassed using vacuum/nitrogen cycles (x3). 3 mL 

pentane was added to flask A under nitrogen. The aryldiazoacetate (0.5 mmol, 1 equiv) was added 

to a separate 25-mL round bottom flask (flask B) and degassed using vacuum/nitrogen cycles (x3). 

5 mL pentane was added to flask B under nitrogen. The contents in flask B were then added to 

flask A using a syringe pump for the duration of 1 h. After the addition, the reaction mixture was 
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stirred for one additional hour. The reaction mixture was concentrated under reduced pressure and 

purified using silica gel column chromatography (increasing gradient starting at 10:1 

hexanes/EtOAc). Cyclopropanes (3a-f, 3h-i)S4, S7 were synthesized according to the general 

procedure and characterization match previous literature. 

 (1S,2R)-ethyl 1-(4-methoxyphenyl)-2-phenylcyclopropanecarboxylate (3g):  Title compound 

was prepared by the general procedure and obtained as a white solid with 58% yield. 1H NMR 

(500 MHz; CDCl3) δ 7.06-6.92 (m, 5H), 6.77 (m, 2H), 6.65 (d, J = 8.8 Hz, 2H), 4.12 (m, 2H), 3.72 

(s, 3H), 3.05 (dd, J = 9.2 and 7.2 Hz, 1H), 2.11 (dd, J = 9.3 and 4.8 Hz, 1H), 1.81 (dd, J = 7.2 and 

4.8 Hz, 1H), 1.18 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 174.1, 158.5, 136.8, 133.0, 

128.2, 127.8, 127.1, 126.3, 113.2, 61.3, 55.2, 37.0, 33.0, 20.5, 14.3; HRMS (ESI-MS) calcd for 

C19H20O3  (M+H)+ 297.1491, found 297.1495.  

Product 4 was prepared with previous reported methodsS8. 

 

Synthesis of Artificial Enzyme and Characterization   

Preparation of Metalloenzyme (bioconjugation): 

A solution of the POP-Z mutant (480 μL, 75 μM in 50 mM Tris-HCl buffer, pH 7.4) and a solution 

of cofactor 1 (120 μL, 0.75 mM in ACN, 0.655 mg/mL) were added to a 1.5 mL microcentrifuge 

tube and shaken at 750 rpm at 4 °C overnight. The final concentrations were: 60 μM POP, 150 μM 

1, 20 vol% acetonitrile/Tris buffer. The resulting solution was treated with 100 μL azide agarose 

resin, and rotated on the Labquake™ Tube Shaker/Rotator in a 4 °C cold cabinet for 24 h to remove 

excess cofactor. The suspension was then centrifuged at 5000 rpm for 3 min and the supernatant 

was transferred to a new microcentrifuge tube. The resin was rinsed twice with 600 µL 50 mM 

Tris-HCl buffer and centrifuged at 5000 rpm for 3 min. These supernatants were combined with 



87 
 

the first supernatant and buffer exchanged to proper buffers for use in biocatalysis or 

characterization. ESI-MS were used to characterize the bioconjugates. It is worth noting that the 

bioconjugation reaction often does not go to completion (40 % ~ 60 % incorporation of the 

dirhodium cofactor was typically observed), depending on specific mutations in the POP scaffold, 

based on high resolution ESI-MS. This results in part from reduction of azide to anline as indicated 

by HR ESI-MS, although we did not observe this process in our earlier work.S3 Because of this, 

the effective ArM concentration was determined according to the following method: the total 

protein concentration was calculated based on its absorbance at 280 nm (A280) and the calculated 

extinction coefficient for the protein (109,210 M-1cm-1 from ExPASy), which is consistent with 

concentrations measured by Pierce® BCA Protein Assay Kit; the cofactor absorbance at 280 nm 

is negligible relative to POP in aqueous solution under the concentrations used; the efficiency of 

dirhodium incorporation was calculated based on the ratio of the high resolution ESI-MS peak 

intensity of the ArM and scaffold (IArM/(IArM+Iscaffold)); the effective ArM concentration was 

calculated by multiplying the total protein concentration by the efficiency of dirhodium 

incorporation ([ArM]=[Total protein]*(IArM/(IArM+Iscaffold)). The effective ArM loading was 

adjusted to 1 mol% with respect to the dirhodium cofactor in bioconversions and 0.5 % with 

respect to the dirhodium cofactor in kinetic study. 

 

MS Characterization of POP metalloenzyme: 

For ESI-TOF MS analysis, a sample of protein was desalted with centrifugal filters to a mixture 

of water: acetonitrile: glacial acetic acid (49.5: 49.5: 1, v/v). The final protein concentration was 

50 μM. Acquisition of the spectra was perfomed by flow injection analysis with fragmenter set at 

100V-200V. Raw ESI spectra (shown in Fig. S2.1) were deconvoluted using the Agilent 
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Chemstation LC/MSD data deconvolution module. The deconvoluted massesare in good 

agreement with the predicted masses (Table S2.2). It should be noted that the mass for POP- ZA4-

HFF is typically observed 20-30 Da lower than its theoretical mass, consistent with putative loss 

of N2 from the azide. 

Figure S2.1. Raw ESI spectra of A) POP- ZA4-HFF (green) and B) POP- ZA4-HFF-1 (blue) 

 

 

Table S2.3. Calculated masses versus observed deconvoluted masses. 

Protein Species Calculated Mass (Da) Observed Mass (Da) Δ Mass (Da) 

POP- ZA4-HFF 71959.4 71935.6 -23.6 
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Table S2.3. Calculated masses versus observed deconvoluted masses, continued 

Protein Species Calculated Mass (Da) Observed Mass (Da) Δ Mass (Da) 

POP- ZA4-HFF-1 72751.9 72745.3 -6.6 

Bioconversion and Kinetics 

Bioconversion: 

Solutions of aryldiazoacetate (25 µL, 96 mM, in THF), styrene (25 µL, 485 mM, in THF), and 

POP-ZA4-X-1 solution (500 µL, the effective ArM concentration adjusted to 48 µM with respect 

to the dirhodium cofactor according to the aforementioned method) were added to a 1.5 mL 

microcentrifuge tube. The final concentrations of the reagents were: 22 mM olefin, 4.4 mM 

aryldiazoacetate, 44 µM POP- ZA4-X-1. The resulting mixture was left shaking at 750 rpm at 4 °C 

overnight. The reaction was quenched by adding 20 µL 1,2,4-trimethoxybenzene solution (30 mM, 

in THF) and 600 µL ethyl acetate. The mixture was vortexed and centrifuged (15,000 x g, 3 min). 

The top organic layer was collected and the bottom aqueous layer was extracted with 600 µL ethyl 

acetate twice. The organic extracts were combined, evaporated and re-dissolved in 200 µL THF. 

4 µL THF solution of the crude product was analyzed on RP-HPLC to determine conversions; 50 

µL THF solution of the crude product was purified on preparative-HPLC to isolate the 

cyclopropane product, which was analyzed on NP-HPLC to determine enantioselectivities. The 

conversions and enantioselectivities were reported as the average of two trials from the same batch 

of ArM set up in parallel. The RP-HPLC to determine conversions was performed on an Agilent 

1100 Series HPLC system using an Agilent Eclipse Plus C18 column (95 Å, 3.5 µM, 4.6 mm i.d. 

x 150 mm), with with a flow rate of 1.0 mL/min and detection wavelength set at 230 nm. The 

following gradient was used: 10 % to 70 % B from 0-10 min, 70 % B from 10-15 min, 70 % to 

100 % B from 15-18 min, 100 % B from 18-22 min, 4 min post-run (solvent A: water containing 

0.1% TFA; solvent B: CH3CN). The preparative HPLC used the same method as above. The NP-
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HPLC to determine enantioselectivities was performed on Agilent 1100 Series HPLC system using 

a Phenomenex Lux® 3u Cellulose-1 column (1000 Å, 3 µM, 4.6 mm i.d. x 250 mm), with a flow 

rate of 1.0 mL/min and detection wavelength set at 230 nm. Representative traces of chiral-HPLC 

for determining enantioselectivities in bioconversions are shown in Fig. S2.2. Because the 

dirhodium cofactor concentration in ArM was normalized as described above, the batch-to-batch 

variations in the catalytic experiments were minute (<1% for ee and <5% for conversion), 

regardless of bioconjugation conversion, as shown in Table S2.3. 

Figure S2.2. Representative HPLC traces for a) a racemic mixture and b) enantiomeric mixture 

made by POP- ZA4-HFF-1 

 
a) 

 
b) 

 
 

Table S2.4. Summary of bioconversion (for the reaction in Fig. S2.2) catalyzed by duplicates from 

three independent batches of POP- ZA4-HFF-1. 

 Batch 1 Batch 2 Batch 3 

 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 

Yield (%) 70 74 71 74 75 73 

e.e.(%) 92 91 91 92 92 92 
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Qualitative Kinetic Analysis: 

The conditions used in bioconversions were slightly modified for kinetic experiment. In a 1.5 mL 

microcentrifuge tube, a solution of 2 (12.5 µL, 96 mM, in THF), a styrene solution (12.5 µL, 485 

mM, in THF) and POP-ZA4-X-1 solution (250 µL, the effective ArM concentration adjusted to 24 

µM with respect to the dirhodium cofactor according to the aforementioned method) were added. 

The resulting mixture was left shaking at 750 rpm at 4 °C. The final concentrations of the reagents 

were: 22 mM styrene, 4.4 mM 2, 22 µM POP- ZA4-X-1.  

To determine conversion of product (3), the following workup was used: after the set time, the 

reaction was quenched by adding 30 µL 1,3-dimethoxybenzene solution (30 mM, in THF) and 

1000 µL ethyl acetate. The mixture was vortexed and centrifuged (15,000 x g, 3 min). The top 

organic layer was analyzed by RP-HPLC. The conversions at all the time points were reported as 

the average of two trials from the same batch of ArM set up in parallel. The RP-HPLC to determine 

conversions was performed on an Agilent 1290 Series HPLC system using an Agilent Eclipse Plus 

C18 RRHD column (300 Å, 1.8 µM, 2.1 mm i.d. x 50 mm), with with a flow rate of 0.4 mL/min 

and detection wavelength set at 230 nm. The following gradient was used: 60 % B from 0-5 min, 

60 % to 100 % from 5-7 min, 100 % from 7-8 min, 100 % from 8-8.5 min, 1.5 min post-run 

(solvent A: water containing 0.1% TFA; solvent B: CH3CN). The data are shown in Table S2.4 

and Fig. S2.3. 

To determine conversions of 2, 3, 4, a slightly different workup was used: after the set time, the 

reaction was quenched by adding 30 µL 1,3-dimethoxybenzene solution (30 mM, in THF) and 400 

µL dichloromethane. The mixture was vortexed and centrifuged (15,000 x g, 3 min). The organic 

layer was collected and the aqueous layer was extracted twice with 400 µL dichloromethane. The 



92 
 

organic layer was combined and analyzed by RP-HPLC. The conversions at all the time points 

were reported as the average of two trials from the same batch of ArM set up in parallel. The RP-

HPLC to determine conversions was performed on an Agilent 1290 Series HPLC system using an 

Agilent Eclipse Plus C18 column (95 Å, 3.5 µM, 4.6 mm i.d. x 150 mm), with with a flow rate of 

1 mL/min and detection wavelength set at 230 nm. The following gradient was used: 10 % to 73 % 

from 0-7 min, 73 % from 7-10 min, 73 % to 100 % from 10-12 min, 4 min post-run (solvent A: 

water containing 0.1% TFA; solvent B: CH3CN). The data are shown below in Table S2.5, 2.6 and 

Fig. S2.4, 2.5. 

Table S2.5. Yield for biocatalysis catalyzed by 5 and selective ArM hybrids as a function of time. 

 Average yield (%) 

Time (min) ZA4-1 ZA4-H328-1 ZA4-HFF-1 5 

4 3.4 3.7 4.3 7.1 

10 4.7 7.5 9.7 8.2 

20 7.6 13.0 16.2 8.0 

30 11.1 17.7 21.9 8.5 

40 11.5 21.3 31.3 8.6 

60 13.6 26.8 35.0 8.3 

120 18.4 34.1 49.6 9.2 

 

Table S2.6. Conversion of 2, 3, 4 over time for POP- ZA4-HFF-1. 

Time (min) 2% 3% 4% (2+3+4)% 

4 86.9 4.3 2.7 93.9 

10 76.1 9.1 5.0 90.2 

20 71.2 13.2 7.0 91.4 

30 65.0 18.2 9.4 92.6 

40 57.2 23.9 12.1 93.2 

60 39.3 35.3 17.1 91.7 

120 18.0 48.3 22.6 89.0 

 

Table S2.7. Conversion of 2, 3, 4 over time for 5. 

Time (min) 2% 3% 4% (2+3+4)% 

4 0 7.0 27.4 34.4 

10 0 8.8 30.6 39.4 

20 0 9.2 31.4 40.5 

30 0 9.0 31.9 40.9 

40 0 8.5 29.1 37.7 
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Table S2.7. Conversion of 2, 3, 4 over time for 5, continued 

Time (min) 2% 3% 4% (2+3+4)% 

60 0 8.8 28.8 37.7 

120 0 9.2 28.5 37.7 

 

Additional kinetic experiment for 5: 

Solutions of 2 (12.5 µL, 96 mM, in THF), styrene (12.5 µL, 485 mM, in THF), and POP- ZA4-X-

1 (250 µL, 24 µM) were added to a 1.5 mL microcentrifuge tube. The resulting mixture was left 

shaking at 750 rpm at 4 °C. At 30-min and 60-min time points, solutions of additional 2 and styrene 

were added (2: 12.5 µL, 96 mM, in THF; styrene: 12.5 µL, 485 mM, in THF). The following 

workup was used: after the set time, the reaction was quenched by adding 30 µL 1,3-

dimethoxybenzene solution (30 mM, in THF) and 1000 µL ethyl acetate. The mixture was 

vortexed and centrifuged (15,000 x g, 3 min). The top organic layer was analyzed by RP-HPLC. 

The conversions at all the time points were reported as the average of two trials from the same 

batch of ArM set up in parallel. The data are shown below in Table S2.7 and Supplementary Fig. 

S2.6. 

Table S2.8. Conversion of 2 and 3 catalyzed by 5 (equal amount of 2 added at 0, 30, 60 min). 

Time (min) 2% 3% 

5 0 6.8 

10 0 8.0 

30 0 8.6 

35 0 12.8 

40 0 13.3 

60 0 13.3 

90 0 16.2 

 

 

Circular Dichroism (CD) Analysis 

CD spectra were acquired using a 10 mm pathlength quartz cuvette. All spectra were acquired at 

25°C. Protein concentration was fixed at 10 uM (determined by A280) in 100 mM sodium 
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phosphate buffer pH 7.0. Temperature stability profiles were acquired at 10 uM protein 

concentration in 100 mM sodium phosphate buffer pH 7.0. CD curves were acquired at 10°C 

intervals from 50°C to 100°C, with a heating gradient of 2°C/min. Acquisition was commenced 

after samples were equilibrated for 2 minutes at each temperature step. Shown in Supplementary 

Fig. S2.3 is the temperature stability profile for wild-type POP. 

Figure S2.3. CD temperature stability profile for WT POP 
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CHAPTER III 

DIRECTED EVOLUTION OF ARTIFICIAL METALLOENZYME FOR 

ENANTIOSELECTIVE CYCLOPROPANATION 

 

 

 

 

The project was conducted in collaboration with Dr. Chen Zhang, Dr. Poonam Srivastava, Dr. 

Hyun June Park and Alan Swartz in the Lewis lab. Dr. Srivastava designed the initial version of 

library screening protocol (optimized by Dr. Zhang and Dr. Park) and screened the first-generation 

library; I designed another library screening protocol with protein immobilization (optimized by 

Dr. Park) and screened later generations of protein library; Alan Swartz performed deconvolution 

of library hits. For the sake of continuity, these results are presented herein and clearly designated.  

 

 

 

 

ABSTRACT 

Chapter II detailed how rational protein engineering could impart dramatic changes to the catalytic 

properties of artificial metalloenzymes. However, it is not clear how similar rational strategy could 

be used in general to engineer metalloenzymes for other particular applications given that a model 

to rationalize improvements observed in enantioselectivity is absent. Directed evolution would 

seem to offer the perfect solution to this problem. Despite great many examples in which natural 

enzymes have been evolved for synthetic applications, no examples of similar efforts (involving 

random mutagenesis throughout the entire scaffold gene) for ArMs have been reported. This 

chapter outlines the development of a streamlined, high-throughput protocol for design, expression, 
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purification and screening of POP-based ArM libraries for enantioselective cyclopropanation. 

Starting with POP-ZA4-1, the β-propeller domain of Pfu POP has been subject to iterative random 

mutagenesis (through error-prone PCR) to generate ArM isoforms that were screened for 

enantioselective cyclopropanation. Through a few rounds of directed evolution, mutants with up 

to 94% were evolved, and key mutations both proximal and distal to the active site were discovered.  

 

INTRODUCTION 

The potential utility of enzymes in synthetic chemistry, coupled with challenges associated 

with de novo design of such catalysts for particular applications, has driven intensive research 

efforts to improve existing enzymes through structure-guided rational modifications1. This protein 

engineering strategy is a powerful approach to optimize enzymes toward desirable functions, and 

has been used effectively many enzymes and artificial metalloenzymes. Chapter II detailed our 

efforts to engineer a dirhodium artificial metalloenzyme based on rational analysis of a homology 

model for a prolyl oligopeptidase (POP) and observed remarkable improvement in 

enantioselectivity and substrate specificity in biocatalysis2.  

However, the success of this method relies greatly on prior knowledge of the enzyme to be 

optimized, such as the crystal structure, the mechanism of enzyme activation/deactivation, enzyme 

dynamics, and so on3. Therefore, less-studied proteins may not benefit from the above approach. 

In fact, when we started to research the POP enzyme from Pyrococcus furiosus, a homology 

protein structure reported4 was the only information we could derive from. Without a reliable 

model to rationalize improvements we observed in enantioselectivity, it is not clear how general 

the same strategy could be utilized to improve other functions of enzymes. Furthermore, whereas 

we were able to engineer POP-ZA4-HFF-1 to achieve high selectivity, our work entailed a large 
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amount of trial and error, and the highest selectivities and conversions for reactions catalyzed by 

this ArM were observed on the specific substrate used for screening purposes. Other substrates 

provided lower selectivity and conversion, and only one enantiomer of the product was obtained. 

It is not clear how POP scaffold could be further engineered to better suit other particular 

applications, such as different substrates, the other product enantiomer, or other dirhodium-

catalyzed reactions (including C-H functionalization). 

An alternative approach, namely directed evolution (Fig. 3.1), would seem to offer the best 

solution to this problem. Just as enzymes evolve in nature through many generations of mutations 

without prior knowledge of enzyme structure and function, directed evolution accumulate 

beneficial mutations for desired functions through iterative rounds of mutagenesis and screening5. 

This approach has been applied with great success to manipulate enzyme catalysts for essentially 

any catalytic properties such as thermostability, non-native reactivity, stereo-/regioselectivity, 

substrate scope6.  

Figure 3.1. The process of directed evolution of enzymes 

 

Despite countless examples of improving enzyme functions through directed evolution in 

the literature, no examples in which directed evolution, involving random mutagenesis throughout 

the entire scaffold gene, have been reported to improve ArM function. Directed evolution of 

cytochrome P450 enzymes7, nature's premier oxidation catalysts, is the most successful and 
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relevant example in this field. Nevertheless, ArMs formed via incorporation of unnatural metal-

containing cofactors is very different from P450 enzyme, the latter being a mature catalyst evolved 

by nature with high efficiency and selectivity8. Reetz and Ward9a-d demonstrated seminal efforts 

to engineer streptavidin-based ArMs through scaffold mutagenesis on targeted sites proximal to 

the metal cofactor. Their screening systems, however, suffered from low-throughput library size 

due to poor expression efficiency of streptavidin and dependence on known crystal structure. 

Recently, Tezcan9e reported an artificial, supramolecular protein assembly with in vivo metallo-β-

lactamase activity, which has allowed its functional screening and optimization via directed 

evolution. Contrasting with evolution efforts reported by Reetz and Ward (which was mainly 

toward improvements in enantioselectivity), the enzyme activity is directly linked to bacterial 

survival, thus a rapid in vivo selection was used to expedite the evolution process. A feature worth 

noting is that the screen was limited to targeted point mutations within a small active site, and 

higher screening efficiency might be achieved through simultaneous randomization of expanded 

enzyme domains. 

Careful evaluation  of  existing  ArM  platforms  indicates  a  few  prerequisites  should  be  

fulfilled  for implementing directed evolution on ArMs. First, scaffolds should be amenable to 

high throughput expression, mutagenesis, and other manipulations involved in standard in vitro 

evolution protocols. Second, bioconjugation methods should allow high throughput removal of 

unbound cofactor, which would otherwise catalyze non-selective background reactions. ArMs 

derived from POP via SPAAC bioconjugation fulfill all of these criteria. First, as mentioned in 

Chapter II, our study indicates POP is an incredibly stable enzyme. The introduction of extensive 

mutations and a dirhodium cofactor did not cause noticeable perturbation in the secondary 

structure, and the resulting hybrid catalyst even remained its secondary structure up to 100 oC, 
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which enabled scaffold purification via high temperature precipitation. Our initial expression trials 

suggests that POP can be expressed in E. coli on 96-well microtiter plates with minimal variations 

in expression yield for identical mutants. Second, the SPAAC reaction eliminates potential 

background interference from cell lysates due to its bio-orthogonality. This facilitates both 

introducing cofactor to the scaffold and removing excess cofactor from solution following 

bioconjugation. All these features of our ArM system prompted us to develop a high-throughput 

protocol for non-targeted ArM evolution. In addition to a workflow for screening free ArMs in 

solution, we also explored the use of enzyme immobilization in ArM directed evolution. The first 

catalytic property we intend to evolve in directed evolution is enantioselectivity, due to our 

established knowledge in POP-based ArMs described in Chapter II. 

 

POP ENGINEERING THROUGH DIRECTED EVOLUTION 

POP library design 

Diverse methods have been employed to introduce genetic diversity for enzyme library 

creation, including error-prone PCR, saturation mutagenesis, and genetic recombination10. Since 

we aim to employ simple methods to look for effects of mutations not only in the active site but 

throughout a given scaffold protein, and since structural information required for planning a 

focused mutagenesis strategy do not exist for many potentially interesting scaffold proteins (e.g. 

thermostable variants of structurally characterized mesophiles), we used error-prone PCR to 

introduce diversity. This method has been widely used in similar situations due to high mutation 

rates, ease of use and fairly broad mutation spectrum10. To begin with, we sought to optimize the 

selectivity POP-ZA4, an intermediate ArM scaffold identified in our rational engineering effort for 

cyclopropanation. This mutant not only provides a moderate selectivity, but serves as the minimal 
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ArM system required for evolution, as the presence of L-4-azidophenylalanine is needed for 

cofactor linkage and the “A4” mutations were initially observed to facilitate bioconjugation.  

First, we applied error-prone PCR to the POP β-domain11 (Fig. 3.2A, green portion, from 

48Q to 335V), which we believe encapsulates the dirhodium cofactor. While mutations could be 

made throughout the entire POP structure, we reasoned that those in the hydrolase domain (Fig. 

3.2A, grey portion) would be less likely to impact cofactor selectivity. Addition of MnCl2 to the 

PCR mixture allows for introducing errors, and a range of concentrations was examined. As 

expected, higher MnCl2 concentration led to higher average mutation rates and lower DNA yields. 

A few initial library trials (data not shown) with an average of 1~2 amino acid mutations per 

mutant failed to provide hits with marked increase in selectivity. Considering the balance between 

high mutation rates and PCR efficiency, we used 300 µM MnCl2 in the PCR and obtained libraries 

with an average of 4 amino acid mutations per variant (Fig. 3.2B). To assemble the mutated gene 

fragment with the complementary vector, we used Gibson assembly12, a simple one-step ligation 

method to join the two DNA pieces. Compared with conventional restriction enzyme/ligation 

cloning, this method required fewer reagents, and more importantly saved much time for more 

challenging downstream operations in the screening protocol. The gene mixture was then used to 

co-transform E. coli along with pEVOL13, which encodes the orthogonal tRNA and tRNA 

synthetase pair needed to genetically encode the L-4-azidophenylalanine residue for SPAAC.  
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Figure 3.2. (A) POP structure: β domain highlighted in green and hydrolase domain in grey; (B) 

residue/basepair mutations distribution using 300uM MnCl2 (sequence data obtained by Dr. Chen 

Zhang). 

 

Library expression 

The resulting library transformants were initially arrayed in the 96-well plates and 

expressed in the presence of L-4-azidophenylalanine to generate POP libraries containing 

members with the L-4-azidophenylalanine residue needed for metal incorporation and random 

mutations throughout their beta domains. Cell lysis, followed by heat treatment and centrifugation, 

provided cell lysate containing POP variants essentially free of other proteins. With the clarified 

cell lysates, we followed a screening workflow shown in Fig. 3.3A. A solution of dirhodium 

cofactor was added to initiate bioconjugation, which was followed by excess cofactor scavenging 

with an azide-substituted sepharose (explained later in the text). After centrifugation to remove 

sepharose, supernatants containing metalloenzymes were used in biocatalysis. We examined the 

biocatalysis of library mutants in cyclopropanation (Fig. 3.3B), from which very low ee (< 5%) 
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was observed. We reasoned the low selectivity in the library could result from either insufficient 

expression of POP scaffold in each well or addition of much excess cofactor that could lead to 

nonselective background catalysis. Dr. Park then analyzed POP concentration by gel 

electrophoresis throughout the screening process and found substantial protein loss occurred 

following cofactor scavenging (Fig. 3.3C). 

Figure 3.3. (A). Workflow from bioconjugation to biocatalysis; (B). Reaction to be screeneda; (C). 

SDS-PAGE monitoring of changes in protein concentrations through the workflowb 

A 

 
 

B 
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Figure 3.3. (A). Workflow from bioconjugation to biocatalysis; (B). Reaction to be screeneda; (C). 

SDS-PAGE monitoring of changes in protein concentrations through the workflowb, continued 

C 

 
[a] All reactions conducted using 4 mM diazoacetate and 20 mM styrene. Yield and 

enantioselectivity determined by HPLC relative to internal standard. [b] 4 repeat samples were 

assayed for three stages in the workflow respectively: after lysis (lanes 1-4), after bioconjugation 

(lanes 5-8), after cofactor scavenging (lanes 9-12). 

 

To maximize scaffold expression in plates, a range of expression parameters (time, IPTG 

concentration, media, etc.) were systematically explored by Chen Zhang on both 96-well plates 

and 24-well plates. OD measurements revealed that total biomass in 24-well plates was 10-fold 

that obtained in 96-well plates (Table 3.1, entries 1 and 2). This is potentially due to better aeration 

in 24-well plate. Increasing volume to 6mL could further improved total biomass by 12-fold (Table 

3.1, entry 3). Neither adding a pipette tip to improve aeration nor doubling broth nutrition were 

able to further improve expression levels (Table 3.1, entries 4 and 5).  

Table 3.1. POP expression optimization 

Entry Plate type Media broth volume/mL 
Shaking 

RPM 
Final ODa 

1 96-well 2YT 1 250 2.6 
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Table 3.1. POP expression optimization, continued 

Entry Plate type Media broth volume/mL 
Shaking 

RPM 
Final ODa 

2 24-well 2YT 4 250 6.3 

3 24-well 2YT 6 210 5.3 

4b 24-well 2YT 6 210 5.0 

5 24-well double 2YTc 6 210 5.2 

[a] OD detected by plastic cuvette under 600nm. [b]Autoclaved pipette tip added in 

each well. [c]doubled 2YT nutrition. The experiment was conducted by Chen Zhang.  

 

Bioconjugation and cofactor scavenging 

The high efficiency of SPAAC allowed for rapid bioconjugation of cofactor to these 

proteins in 96 well plates. Effective scavenging of residual cofactor is the essential step in the 

screening protocol (Fig. 3.3A). Crucially, we found that a commercially available azide-substituted 

sepharose resin14 could be used to scavenge the excess cofactor with overnight incubation, and we 

established a facile synthesis of a comparable resin (Fig. 3.4). If this was not done, non-selective 

reaction catalyzed by unbound cofactor in solution competes with ArM catalysis, dramatically 

reducing the observed selectivity. The efficiency of cofactor scavenging was dependent on the 

amount of azide functional group loaded on the resin. To keep track of the sepharose resin we 

prepared, a coumarin-containing fluorescent bicyclononyne cofactor FBCN (Fig. 3.5A) was 

synthesized to monitor effective azide loading on resin. A fluorescence-based assay (excitation at 

325 nm, emission at 500 nm) was developed by incubating FBCN with resin and measuring 

residual FBCN amount (Fig. 3.5B, 3.5C). According to this assay, the effective azide loading of 

the prepared resin was around 35~40 mM. 
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Figure 3.4. Synthesis of an azide-substituted sepharose resin 

 

A potential problem associated with cofactor scavenging was that the use of sepharose 

resin could led to a significant decrease in the POP scaffold concentration (Fig. 3.3C), which 

caused low conversions in biocatalysis. To remedy the problem, Dr. Park optimized the amount of 

resin used in scavenging and monitored the change in protein concentrations and biocatalysis 

selectivity (Fig. 3.6).  It was found that dropping the resin amount by 4-fold led to obtain a much 

higher ArM concentration following bioconversion and marked increase in cyclopropanation 

selectivity in ArM-catalyzed reactions as well.  

Figure 3.5a. (A) FBCN structure; (B) calibration curve of FBCN, (C) schematic illustration of 

azide loading assay and (D) fluorescence intensity trace of azide loading assay 
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Figure 3.5a. (A) FBCN structure; (B) calibration curve of FBCN, (C) schematic illustration of 

azide loading assay and (D) fluorescence intensity trace of azide loading assay, continued 

 
[a] The experiment was conducted by Chen Zhang. 

 

Following removal of excess cofactor, the remaining portion of the workflow is essentially 

identical to that for natural enzymes. ArM catalyzed cyclopropanation was screened using HPLC 

or SFC15, hits were identified based on desired criteria (high enantioselectivity, high conversion, 

etc.), and the genes encoding “hits” were used as parents for subsequent rounds of evolution. 

Combining all the modifications mentioned above to the general directed evolution workflow (Fig. 

3.1), we developed a new workflow to enable directed evolution of POP ArMs (described in Fig. 

3.7). 

Figure 3.6a. (A). workflow from bioconjugation to biocatalysis; (B). SDS-PAGE monitoring of 

changes in protein concentrations through the workflow at different resin amounts; (C) summary 

of biocatalysis results in cyclopropanation obtained at different resin amounts 

  A 
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Figure 3.6a. (A). workflow from bioconjugation to biocatalysis; (B). SDS-PAGE monitoring of 

changes in protein concentrations through the workflow at different resin amounts; (C) summary 

of biocatalysis results in cyclopropanation obtained at different resin amounts, continued 

  B 

 
   C 

 
entryb 1 2 3 4 5 6 7 8 

resin/µl  200 200 100 200 50 50 25 25 

ee% 31 32 38 48 52 55 40 47 

[a] Dr. Park conducted the experiment and collected the data. [b] All reactions conducted using 4 

mM diazoacetate and 20 mM styrene. Yield and enantioselectivity determined by HPLC relative 

to internal standard. 

 

Figure 3.7. Workflow for directed evolution of POP-based dirhodium ArMs via SPAAC. 
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ArM evolution results 

We employed cyclopropanation of aryldiazoacetates and olefins (Fig. 3.8A), the same 

reaction we discussed in Chapter II as a model reaction to test the utility of our library screening 

protocol to improve enantioselectivity (in Fig. 3.7). Using POP-ZA4 as the starting parent, we used 

a high mutation level in our initial library (4 residue mutations/sequence) and screened 

approximately 96 variants against cyclopropanation. Remarkably, we identified two hits with 

significantly improved selectivities (Fig. 3.8). One variant 1-H possessing a single Y326H 

mutation in the active site provided 92% ee for styrene cyclopropanation. The mutation resembles 

the mutation L328H discussed in Chapter II, and conferred an even larger boost to selectivity. This 

indicates that directed evolution could be used to substitute the rational approach to engineer POP-

based ArMs. The other mutant 1-NAGS gave 69% ee, and all the four mutations are outside of the 

POP active site, which makes their effects difficult to predict or rationalize and highlights the 

importance of random mutagenesis in ArM engineering. Deconvolution of the four mutations 

indicated one mutation S301G was particularly essential for ee enhancement (Table 3.2). An NNK 

library targeting the 301th position was generated and assayed (Table 3.3), and it was observed 

that quite a few amino acid substitutions could improve selectivity to the same extent. 

Figure 3.8. Selectivities of dirhodium ArM variants obtained via directed evolution of POP-ZA4 

 

generation enzyme Mutation[a] Method[b] ee% yield% 3/4 

0 ZA4 - epPCR[c] 66 26 1.0 

1 1-H Y326H epPCR 92 39 1.6 

1 1-NAGS K161N/V166A/S301G/T308S epPCR 69 33 1.2 

1 1-G S301G point mutation 75 40 1.3 

2 2-NSIA S84N/G99S/K330I/V335A epPCR 77 37 1.3 

3 3-VRVH I221V/Q228R/A265V/Y326H epPCR 94 47 1.8 

3 3-AT T211A/I221T epPCR 80 38 1.5 
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Figure 3.8. Selectivities of dirhodium ArM variants obtained via directed evolution of POP-ZA4, 

continued 

[a] Mutations relative to the parent. [b] Method used to introduce mutations. [c]Error-prone PCR. 

 

The second-round library was constructed as described above but with 1-NAGS as the 

parent, and around 96 variants were again screened. From this library, we identified a hit 2-NSIA 

(Fig. 3.8) that provided 77% ee in the cyclopropanation reaction. Afterwards, a third-round of 

evolution with 2-NSIA as the parent was conducted, and about 576 variants submitted to screening. 

Interestingly, despite starting from a different parent, another hit 3-VRVH (Fig. 3.8) that includes 

Y326H mutation was found in this round, giving >90% ee for cyclopropanation. Additionally, 

another hit 3-AT with two mutations was observed to provide slight improvement relative to its 

parent. All hits were verified by gene sequencing and large-scale reactions conducted with purified 

enzyme. Mutation deconvolution for these two hits is underway to elucidate the impacts of found 

mutations. Meanwhile, initial results on optimization of cyclopropanation reaction conditions 

revealed that the observed enantioselectivity could be tuned by varying reaction time, and 

systematic study is underway to understand such effects. In conclusion, our success in evolving 

ArMs suggests the potential to evolve ArM for particular applications in synthesis. 

Table 3.2. Biocatalysis results for deconvolution of 1-NAGS 

 

entry mutationa ee%b conversion% 3/4 

1 N161K 69 13 1.0 

2 A166V 72 19 1.0 

3 G301S 49 11 0.7 

4 S308T 66 18 1.0 

5 - 69 33 1.2 

[a] Mutations relative to POP-ZA4-NAGS. [b] The experiment was conducted by Alan Swartz. 
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Table 3.3. Biocatalysis results for hits in NNK library of POP-ZA4-301X 

 

entry hit mutationa ee% conversion% 3/4 

1 S301L 71 32 1.4 

2 S301R 76 38 1.5 

3 S301P 74 37 1.4 

4 S301K 75 41 1.5 

5 S301I 71 40 1.4 

6 S301G 75 40 1.3 

[a] Mutations relative to POP-ZA4. 

 

ENZYME IMMOBILIZATION AND ITS APPLICATION IN ARM SCREENING 

Whereas we were able to conduct ArM directed evolution with the above screening, there 

still existed a few potential problems. First, the intracellular azidophenylalanine released into the 

lysate mixture might react with metal cofactor to form adducts which cannot be scavenged by 

azide-substituted sepharose. This can cause nonselective background reactions and interfere with 

ArM catalysis. Second, the E. coli lysate contains a range of small metabolites16 (e.g. glutathione), 

some of which have been reported to be detrimental to ArM catalysis17. It is difficult to determine 

which, if any of these may affect the biocatalysis outcome in our system, nor is the concentration 

of these species necessarily constant throughout the library, so that such effects could cancel. All 

these potential problems can be resolved if we achieve efficient separation of scaffold proteins 

from small-molecule lysate components. Also, from a practical perspective, the cofactor 

scavenging step involves tedious labor, time cost and use of expensive, disposable sepharose resin.  
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We reasoned that enzyme immobilization might provide a solution to all the mentioned 

problems18. Enzyme immobilization has been widely studied and utilized in industry-scale 

applications to improve enzyme operational stability, enable catalyst recovery and reuse, and 

modify enzyme reactivity/selectivity19. Specifically, for our application, a simple and efficient 

method for direct immobilization of POP scaffolds from cell lysates replete with 

azidophenylalanine and other metabolites is highly desirable. However, selection of a proper 

support and optimization of immobilization conditions are often an empirical process: different 

supports and experimental conditions were tested, until a satisfactory system has been developed20. 

To expedite the carrier selection process, we used a micro-scale procedure based on 

microcentrifuge filter tubes developed by Plou and his coworkers21 (Fig. 3.9A) and screened a few 

commercially available solid supports. Briefly, 50-200 mg (or 50-200 µL for slurry) of the carrier 

is typically loaded on microcentrifuge filter tubes with cellulose acetate membrane (for aqueous 

applications). POP scaffold with the native Ser477 was added and the immobilization mixture was 

incubated for a certain time on a rotary mixer to facilitate the contact between carrier and enzyme. 

After centrifugation, the immobilization yield was determined by measuring the residual protein 

concentration of the filtrate via an activity assay based on hydrolysis of Z-Gly-Pro-PNP22 (Fig. 

3.9B). The retained solid was washed and its apparent activity could be determined by the same 

hydrolysis assay. Through screening of a few carrier supports, it was observed that Ni-NTA 

agarose resin gave the overall best performance in immobilization and the optimal resin amount 

required was determined (Fig. 3.10). Given the POP scaffold was the only protein with hexa-

histidine tag in cell lysates, this support ensured selective immobilization of the POP enzyme in 

the presence of other background proteins (see Fig. 3.3). Several similar commercially available 
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nitrilotriacetic acid-based agarose supports loaded with iron23 were also tested to look for a better 

alternative to Ni-NTA agarose, but all showed much lower binding affinity. 

Figure 3.9. (A). Micro-scale procedure to screen carriers and immobilization conditionsa; (B) UV-

absorbance assay based on POP-catalyzed hydrolysis of Z-Gly-Pro-PNP. 

A 

 

B 

 

[a] The figure in 3.9 (A) was adapted from Ref. 21. 

 

Figure 3.10. (A) Ni-NTA agarose: structure and interaction with proteins; (B) Calibration curve 

for PNP hydrolysis assay; (C) Determination of Ni-NTA agarose amount required for 

immobilization 

A 
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Figure 3.10. (A) Ni-NTA agarose: structure and interaction with proteins; (B) Calibration curve 

for PNP hydrolysis assay; (C) Determination of Ni-NTA agarose amount required for 

immobilization, continued 

B 

 
C 

entry resin amount/µL A412 POP% in filtrate POP% immobilized 

1 0 0.688 100 0 

2 20 0.268 42.6 57.4 

3 40 0.110 16.2 83.8 

4 80 0.035 3.6 96.4 

5 100 0.033 3.3 96.7 

 

 

Afterwards, we made some modifications on the general screening procedure presented in 

Fig. 3.6 and studied the biocatalysis performance of immobilized ArMs (Fig. 3.11). The key 

challenge was to obtain effective cofactor scavenging by simply buffer washing so that 

nonselective background reaction can be avoided. Using POP-ZA4-F99H328 (in purified form), a 

POP mutant we discovered in our rational engineering effort, we optimized a range of operational 

parameters in microcentrifuge tubes (Fig. 3.11A) to improve cyclopropanation selectivity (Fig. 

3.12). It was observed that cofactor amount (Fig. 3.12B, entries 1-4), bioconjugation time (Fig. 

3.12B, entries 8 and 9) and NaBr concentration in wash buffers (Fig. 3.12B, entries 7 and 8) all 

showed significant effects on cyclopropanation selectivity and conversions, while the influence of 

wash cycle numbers (Fig. 3.12B, entries 1, 5, 6) was minimal. Adjustment of cofactor amount (Fig. 
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3.12B, entries 10 and 11) led to cyclopropanation with improved selectivity and conversion (88% 

ee, 68% conversion), which is identical to the corresponding free ArM. However, the optimal 

condition for purified scaffolds delivered a much lower selectivity when used in handling crude 

cell lysate samples on the 96-well microtiter plate format (Fig. 3.11B), which is not surprising 

given the effective POP concentration in the latter was significantly lower despite optimization 

efforts on expression (Table 3.1). Thus, fine-tuning of operational parameters (mainly cofactor 

amount and cosolvent) were conducted (Table S3.2) to improve catalysis selectivity with given 

POP concentration on plates. Compared with the original protocol (Fig. 3.7), the immobilization 

protocol avoids interference from intracellular metabolites and use of azide-substituted sepharose, 

provides more automated and efficient screening, and offer the chance to extend ArM directed 

evolution to broader applications (e.g., catalysis in organic solvents). Currently, attempts to evolve 

POP ArMs for site-selective C-H insertion reactions using the immobilization protocol is 

underway. 

Figure 3.11. (A). procedure for applying Ni-NTA immobilization in microcentrifuge tubes; (B) 

procedure for applying Ni-NTA immobilization in 96-well plates. 

A 
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Figure 3.11. (A). procedure for applying Ni-NTA immobilization in microcentrifuge tubes; (B) 

procedure for applying Ni-NTA immobilization in 96-well plates, continued 

B  

 
 

 

Figure 3.12. (A). the model reaction studieda; (B) optimization of operation parameters in the 

protocol 

A 

 
    B 
entry RhBCN 

equiv 

wash 

times 

bioconjugation 

time 

wash buffer 

additive 

ee% conversion% 

1 2.5 10 5 h - 15 17 

2 1.25 10 5 h - 18 14 

3 0.625 10 5 h - 21 10 

4 0.375 10 5 h - 27 7 

5 2.5 5 5 h - 14 14 

6 2.5 3 5 h - 16 11 

7 1.25 5 5 h 1 M NaBr 20 22 

8 1.25 5 5 h 1.75 M NaBr 24 23 

9 1.25 5 24 h 1.75 M NaBr 51 36 

10 0.625 5 24 h 1.75 M NaBr 63 46 

11 0.3125 5 24 h 1.75 M NaBr 88 68 

[a] All reactions conducted using 4 mM diazoacetate and 20 mM styrene. Yield and 

enantioselectivity determined by HPLC relative to internal standard. 
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DISCUSSION 

The results outlined in this section are remarkable for several reasons. First, this marks the 

first example in which random mutagenesis was used to improve an ArM to our best knowledge. 

Second, given that one round of mutagenesis, screening, and hit validation currently takes about 

two weeks, the speed with which this can be accomplished is far greater than that associated with 

the trial and error (mostly error) of rational design. Third, the fact that our evolution efforts led to 

discovery of mutations both inside and outside of the active site clearly shows the importance of 

random mutagenesis for ArM engineering. There is currently no way to reliably predict how these 

distal mutations could have impacted enantioselectivity, and no other methods for ArM formation 

have proven compatible with the screening required to identify such mutations. Further 

computational and structural analysis is underway in our laboratory to rationalize these effects. 

Together, these remarkable results suggest that directed evolution will have an enormous impact 

on ArM engineering.  

To date, we have demonstrated that directed evolution can be used to improve 

enantioselectivity, a catalytic function that can be achieved by small molecule transition metal 

catalysts as well. Given the complexity in design and preparation of ArM enzymes, and the fact 

that their performance is only comparable (or inferior in certain aspects) to small-molecule 

catalysts, our dirhodium enzyme will not be a first choice for synthetic chemists. The real challenge 

is to evolve ArMs that can be used in a practical manner in those applications in which 

conventional metal catalysts fail24. We are therefore continuing with these efforts, with a strong 

focus on evolving POP variants with expanded scope, the unknown selectivity, and novel reactivity.  
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EXPERIMENTAL 

1. Materials 

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without 

further purification. Deuterated solvents were obtained from Cambridge Isotope labs. Silicycle 

silica gel plates (250 mm, 60 F254) were used for analytical TLC, and preparative chromatography 

was performed using SiliCycle SiliaFlash silica gel (230-400 mesh). Azide Agarose was purchased 

from Click Chemistry Tools LLC.  Labquake™ Tube Shaker/Rotators was purchased from 

Thermo Scientific (Catalog# 4002110Q). Oligonucleotides were purchased from Integrated DNA 

Technologies (San Diego, CA). Plasmid pEVOL-pAzF was provided by the Schultz group of the 

Scripps Research Institute, CAS1. E. coli DH5α and BL21 (DE3) cells were purchased from 

Invitrogen (Carlsbad, CA). Nco I, Xho I restriction enzyme, T4 DNA ligase, Taq DNA polymerase 

and Phusion HF polymerase (Cat# 530S) were purchased from New England Biolabs (Ipswitch, 

MA). Luria broth (LB), rich medium (2YT) and Agar media were purchased from Research 

Products International (Mt. Prospect, IL). Qiagen DNA extraction kit (Cat# 28706) and plasmid 

isolation kit (Cat# 27106) were purchased from QIAGEN Inc. (Valencia, CA) and used according 

to the manufacturer’s instructions. DNA purification kit (Zymo, Cat# D4004) was purchased from 
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Zymo research (Irvine, CA) and used as recommended. Library colonies were picked using an 

automated colony picker (Norgren Systems). All genes were confirmed by sequencing at the 

University of Chicago Comprehensive Cancer Center DNA Sequencing & Genotyping Facility 

(900 E. 57th Street, Room 1230H, Chicago, IL 60637). Electroporation was carried out on a Bio-

Rad MicroPulser using method Ec3. Ninitrilotriacetic acid (Ni-NTA) resin and Pierce® BCA 

Protein Assay Kits were purchased from Fisher Scientific International, Inc. (Hampton, NH), and 

the manufacturer’s instructions were following when using both products (for Ni-NTA resin, 5 mL 

resin were used, with buffers delivered by a peristaltic pump at a rate of 1 mL/min, in a 4 °C cold 

cabinet). Amicon® 30 kD spin filters for centrifugal concentration were purchased from EMD 

Millipore (Billerica, MA) and used at 4,000 g at 4 °C. Biotage reverse phase columns (SNAPKP-

C18-HS) were purchased from Biotage. 96-well filter microplates (Cat# 201009-100) were 

purchased from Seahorse Bioscience (North Billerica, MA). Microcentrifuge filter tubes were 

from the QIAquick® Gel extraction kit (Cat# 28706) from QIAGEN Inc. (Valencia, CA). 

 

2. General procedures 

Unless otherwise specified, all reactions were prepared in flame or oven-dried glassware under an 

inert N2 atmosphere using either syringe or cannula techniques.  TLC plates were visualized using 

254 nm ultraviolet light. Flash column chromatography was carried out using Silicycle 230-400 

mesh silica gel. 1H and 13C NMR spectra were recorded at 500 MHz and 126 MHz, respectively, 

on a Bruker DMX-500 or DRX-500 spectrometer, and chemical shifts are reported relative to 

residual solvent peaks. Chemical shifts are reported in ppm and coupling constants are reported in 

Hz. Yields were determined by HPLC with 1,2,4-trimethoxybenzene as the internal standard and 

reported as the average of two trials from the same batch of ArM set up in parallel. High resolution 
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ESI mass spectra were obtained using an Agilent Technologies 6224 TOF LC/MS. Low resolution 

ESI mass spectra were obtained using Agilent 6130 LC-MS. Amicon® 50 mL 30 kD cutoff 

centrifugal filter was used to concentrate or wash protein solutions. Protein concentrations were 

measured using the Pierce® BCA Protein Assay Kit and protein stocks were then stored at -80 °C 

until use. Circular dichroism (CD) spectra were obtained on a JASCO J-1500 CD Spectrometer. 

Standard molecular cloning procedures were followed. To introduce single mutations, the same 

procedure using site directed overlap extension PCR reported in Chapter II was followed. 

 

3. Experimental procedure for ArM evolution using azide-substituted sepharose  

Library construction 

A codon optimized gene for Prolyl oligopeptidase (POP) was obtained from GenScript USA Inc 

(Piscataway, NJ) and cloned into pET28a plasmid vector using NcoI and XhoI restriction sites. 

The gene was cloned upstream of a C-terminal hexa-histidine tag for Ni-NTA affinity 

chromatography. Mutant libraries were constructed by conducting error-prone PCR for the β-

domain and regular PCR for the vector from a template plasmid (the library parent). The error-

prone PCR conditions for mutating the target domain were as follows: Taq polymerase buffer 10x, 

0.2 mM dNTPs each, 0.5 μM forward primer (ep-forward), 0.5 μM reverse primer (ep-reverse), 

0.3 mM MnCl2, 0.05 U/μL Taq polymerase and 1.0 ng/mL template plasmid.  

Thermal cycler was programmed as: 

1. 98 °C-120 seconds 

2. 95 °C-45 seconds 

3. 52 °C-30 seconds 

4. 68 °C- 90 seconds  
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5. Repeat cycles from #2 to #4 25 times 

6. 68 °C- 10 mins 

7. 4 °C- hold 

The regular PCR conditions for amplifying the vector were as follows: Phusion polymerase buffer 

1x, 0.2 mM dNTPs each, 0.5 μM forward primer (vec-forward), 0.5 μM reverse primer (vec-

reverse), 0.02 U/μL Phusion HF polymerase and 1.0 ng/mL template plasmid.  

Thermal cycler was programmed as: 

1. 99 °C-60 seconds 

2. 95 °C-30 seconds 

3. 54 °C-45 seconds 

4. 72 °C- 130 seconds  

5. Repeat cycles from #2 to #4 25 times 

6. 72 °C- 10 mins 

7. 4 °C- hold 

The resulting two overlapping fragments (the mutated domain and the vector) were then assembled 

using Gibson assembly kit resulting in the full-length mutated gene. The reaction conditions were 

as follows: in a 200 µL PCR tube, prepare a 5:1 (molar ratio) mixture of mutated domain and 

vector (total mass of the vector is ~50 ng) in 10 µL molecular grade water. Add 10 µL 2X Gibson 

Assembly Master Mix in a final volume of 20 μL and incubate the reaction at 50°C for 60 minutes. 

The reaction mixture was cleaned using DNA purification kits and transformed into E. coli BL21 

cells with pEVOL-pAzF plasmid. Cells were spread on LB kanamycin plates (6.25 g LB powder 

mix, 4 g agar, 250 mL DDI water, 0.05 mg/mL kanamycin, 0.02 mg/mL chloramphenicol) before 

recovering in SOC medium for 1 hour at 37 °C. Plates were incubated at 37 °C overnight; typically, 
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greater than 100 colonies were observed when 1/5 of the outgrowth was used. To examine the 

mutant rates for a library, around 20 colonies were inoculated on LB media (with 0.05 mg/mL 

kanamycin, 0.02 mg/mL chloramphenicol) and grown overnight at 37 °C, 250 rpm. Mutant plasmid 

from these overnight grown cultures were isolated using kit from Qiagen (Valencia, CA) and given 

for sequencing. Plasmid sequencing was done at the U Chicago sequencing facility, and partB-for 

and partC-rev primers were used for sequencing reactions.  

Nucleotide sequences for all the primers used above are summarized in Table S3.1.  

Table S3.1. Nucleotide sequences for the primers. 

Primer name Primer Sequence 

ep-forward 5’- CTG AGT GAT AAA CTG TTT CCG GAA GTG TG -3’ 

ep-reverse 5’- AGA CGA TAC GGA ATC GTA AAC GAG GTG T -3’ 

vec-forward 5’- GCG CTA CAC CTC GTT TAC GAT TCC GTA TC -3’ 

vec-reverse 5’- GGG AGA ACT GTT CCC ACA CTT CCG GAAA -3’ 

partB-for 5’- TCT GGA TGG AAA ACC TGG AA -3’ 

partC-rev 5’- TGC AAT GAA GTC ATC GAA CA -3’ 

 

Library expression, lysis and purification 

Library colonies were picked using an automated colony picker (Norgren Systems) and arrayed in 

1-mL 96-well plates containing 300 μL LB media with 50 μg/mL kanamycin and 20 μg/mL 

chloramphenicol. In each plate, 2~4 wells were saved for picking parent colonies as positive 

controls, and 2 wells were left blank as negative controls. Cells were grown overnight for 14~16 

hours at 37 oC, 250 rpm. 50 μL of the overnight culture was used to inoculate 6 mL 2YT media 

(with 50 μg/mL kanamycin and 20 μg/mL chloramphenicol) in 10-mL 24-well plates.  2~4 parent 

mutant were inoculated in each 24-well plates as positive controls. Following growth at 37 oC, 200 

rpm for about 6 hours, to an OD600 = 1.3~1.4, enzyme expression was induced by adding 1mM 

IPTG, 2mM 4-Azido-phenyl alanine and 1% (w/v) L-arabinose. After growth at 37 oC, 200 rpm 
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for about 16 hours, to an OD600= 3.4~3.6, the cultures were harvested by centrifugation at 2000 

rpm, 20 mins and the supernatants were discarded. The cell pellets were washed by adding 4 mL 

Tris-Cl buffer (50 mM, pH 7.4) to each well and incubating the plate at 37 oC, 200 rpm (for 10 

mins) until the pellets were loosen up, after which the suspension was submitted to centrifugation 

at 2000 rpm, 10 min. The supernatants were discarded and the above washing process was repeated 

again.  

The washed cell pellets were suspended in 600 μL Tris-Cl buffer (50 mM, pH 7.4) containing 0.75 

mg/mL lysozyme. After incubation plate at 37 oC, 250 rpm for 60 mins, cells were flash frozen in 

liquid nitrogen for 10 mins and thawed at 37 oC water bath. 60 μL Tris-Cl buffer (50 mM, pH 7.4) 

containing 1.0 mg/mL lysozyme was added and the plate was incubated at 37 oC, 250 rpm for 30 

mins. The lysed cells were submitted to a heat treatment for 15 mins at 75 oC water bath, after 

which the plate was centrifuged at 3600 rpm, 20 mins.  

Library bioconjugation and cofactor scavenging 

480 μL of the lysate supernatant was transferred to a 2-mL 96-well plates for bioconjugation. 

Additionally, 10 μL of the lysate supernatants from randomly-picked wells were saved in a 1.5-

mL microcentrifuge tube for electrophoresis analysis. 

For bioconjugation, 120 μL of cofactor 1 in acetonitrile (93.75 μM) was added to lysate of each 

mutant and the reaction mixture was incubated at 4 oC, 600 rpm overnight. 10 μL of the 

bioconjugation mixtures from wells picked above were saved in a 1.5-mL microcentrifuge tube 

for electrophoresis analysis. 50 μL azide agarose resin was then added. The plate was sealed tightly 

with a cap mat (Arctic white LLC, cat#AWSM-1003S), wrapped with aluminum foil, and rotated 

on the Labquake™ Tube Shaker/Rotator in a 4 °C cold cabinet for 24 h to scavenge excess cofactor. 

The resulting suspension was centrifuged at 3600 rpm, 10 mins. 300 μL of the supernatant was 
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carefully transferred to a new 2-mL 96-well plate with a Microlab NIMBUS liquid handling robot. 

Additionally, 10 μL of the supernatants from wells picked above were saved in a 1.5-mL 

microcentrifuge tube for electrophoresis analysis.  

Library screening 

150 μL Tris-Cl buffer (50 mM, pH 7.4, with 4.5 M NaBr) was added to each well and the plate 

was incubated at 4 °C, 20 mins. A combined stock solution containing 4-methoxystyrene (2.64 

mM final concentration) and methyl 4-methoxyphenyldiazoacetate (0.53 mM final concentration) 

was added to initiate biocatalysis. The plate was sealed with a plastic lid and incubated overnight 

at 4 °C, 600 rpm. The reaction was quenched by adding 300 μL hexane and incubated at 600 rpm, 

10 mins. The biphasic mixture was clarified by centrifugation at 2000 rpm, 10 mins, after which 

the plate was flash frozen with liquid nitrogen for 10 mins and kept at -20 °C for 10 mins. 300 μL 

from the top hexane layer was carefully transferred to a 200-μL 96-well polypropylene plate 

without interrupting the frozen aqueous layer. Hexane was evaporated in a vacuum desiccator at 

room temperature and 120 μL 10% isopropanol/hexane was added to redissolve the mixture. The 

reactions were filtered through a 96-well filter plate (PTFE, 0.45 μm) and analyzed for 

cyclopropanation on HPLC. The chiral-HPLC to determine enantioselectivity was performed on 

Agilent 1100 Series HPLC system using a Phenomenex Lux® 3u Cellulose-1 column (1000 Å, 3 

µM, 4.6 mm i.d. x 250 mm), with a flow rate of 1.0 mL/min and detection wavelength set at 230 

nm. The following gradient was used: 90% B from 0-10 min, 90 % B to 80% B from 10-15 min, 

80 % to 75 % B from 15-18 min, 75 % B from 18-22 min, 75% to 90% from xx-xx min, 4 min 

post-run (solvent A: isopropanol; solvent B: hexane).  

 

4. Experimental procedure for ArM evolution using Ni-NTA agarose 
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Library construction, expression, lysis and purification was conducted exactly in the same way as 

described above. 

Library bioconjugation and cofactor scavenging 

480 μL of the lysate supernatant was transferred to a 2-mL 96-well plates for bioconjugation. 

Additionally, 10 μL of the lysate supernatants from randomly-picked wells were saved in a 1.5-

mL microcentrifuge tube for electrophoresis analysis. 100 μL Ni-NTA agarose slurry was added 

to each well and the plate was incubated at 4 oC, 600 rpm for 1 h. The plate was centrifuged at 

3600 rpm, 10mins and resuspended in 480 μL Tris-HCl buffer (50 mM, pH 7.4). For 

bioconjugation, 120 μL of cofactor 1 in acetonitrile (46.875 μM) was added to lysate of each 

mutant and the reaction mixture was incubated at 4 oC, 600 rpm for 24 h. 10 μL of the 

bioconjugation mixtures from wells picked above were saved in a 1.5-mL microcentrifuge tube 

for electrophoresis analysis. The plate was then centrifuged at 3600 rpm, 10 mins. Into the slurry 

1 mL of 20% acetonitrile in Tris-HCl buffer (50 mM, pH 7.4) was added and centrifuged again at 

3600 rpm, 10 mins. The buffer wash was repeated three times, and the resulting slurry was 

resuspended in PIPES buffer (50 mM, pH 7.4, 1.75 M NaBr). 

Library screening 

A combined stock solution containing 4-methoxystyrene (2.64 mM final concentration) and 

methyl 4-methoxyphenyldiazoacetate (0.53 mM final concentration) was added to initiate 

biocatalysis. The plate was sealed with a plastic lid and incubated overnight at 4 °C, 600 rpm. The 

reaction was quenched by adding 300 μL hexane and incubate at 600 rpm, 10 mins. The plate was 

centrifuged at 3600 rpm, 10 mins and a 96-well microtitier plate was used as a receiver plate to 

collect the biphasic mixture. The receiver plate was flash frozen with liquid nitrogen for 10 mins 

and kept at -20 °C for 10 mins. 300 μL from the top hexane layer was carefully transferred to a 
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200-μL 96-well polypropylene plate without interrupting the frozen aqueous layer. Hexane was 

evaporated in a vacuum desiccator at room temperature and 120 μL 10% isopropanol/hexane was 

added to redissolve the mixture. The reactions were filtered through a 96-well filter plate (PTFE, 

0.45 μm) and analyzed for cyclopropanation on HPLC. 

 

5. Hits purification and verification 

The putative hits identified from the library screening was grown, expressed, lysed, and purified 

according to a previous report2. A colony for the selected mutant was inoculated in 5 mL 2YT 

medium having antibiotics with the same concentrations as above. The culture was incubated 

overnight at 37 °C with constant shaking at 250 rpm. On the following day, 5 mL of the overnight 

cultures was used to inoculate 500 mL of fresh 2YT media having the same antibiotics, in 5 L 

Erlenmeyer flask. The culture was incubated at 37 °C, 250 rpm, and protein expression was induced 

by adding 1mM IPTG, 2mM 4-Azido-phenyl alanine and 1% (w/v) L-arabinose when OD600 

reached 1. The induced culture was allowed to grow for 12 hours, and then the cells were harvested 

by centrifugation at 4 °C, 3000 x g for 20 minutes. Cell pellets were re-suspended in 30 mL PBS 

(pH 7.5) and sonicated (40 amplitude, 30 second burst, 10 minute total process). Lysed culture was 

clarified by centrifugation at 16000 x g, 4 °C for 30 minutes and supernatant thus obtained was 

purified by Ni-NTA resin using manufacturer’s instructions. Purified protein was buffer 

exchanged to 10 mM Tris (pH 7.5) and measured by Pierce® BCA Protein Assay Kit as 

recommended.  

To set up bioconjugation, a solution of the POP mutant (480 μL, 75 μM in 50 mM Tris-HCl buffer, 

pH 7.4) and a solution of cofactor 1 (120 μL, 0.75 mM in ACN, 0.655 mg/mL) were added to a 

1.5 mL microcentrifuge tube and shaken at 750 rpm at 4 °C overnight. The final concentrations 
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were: 60 μM POP, 150 μM 1, 20 vol% acetonitrile/Tris buffer. The resulting solution was treated 

with 100 μL azide agarose resin, and rotated on the Labquake™ Tube Shaker/Rotator in a 4 °C 

cold cabinet for 24 h to remove excess cofactor. The suspension was then centrifuged at 5000 rpm 

for 3 min and the supernatant was transferred to a new microcentrifuge tube. The resin was rinsed 

twice with 600 µL 50 mM Tris-HCl buffer and centrifuged at 5000 rpm for 3 min. These 

supernatants were combined with the first supernatant and buffer exchanged to proper buffers for 

use in biocatalysis or characterization. ESI-MS were used to characterize the bioconjugates. The 

total protein concentration was calculated based on its absorbance at 280 nm (A280) and the 

calculated extinction coefficient for the protein (109,210 M-1cm-1 from ExPASy), which is 

consistent with concentrations measured by Pierce® BCA Protein Assay Kit; the cofactor 

absorbance at 280 nm is negligible relative to POP in aqueous solution under the concentrations 

used; the efficiency of dirhodium incorporation was calculated based on the ratio of the high 

resolution ESI-MS peak intensity of the ArM and scaffold (IArM/(IArM+Iscaffold)); the effective ArM 

concentration was calculated by multiplying the total protein concentration by the efficiency of 

dirhodium incorporation ([ArM]=[Total protein]*(IArM/(IArM+Iscaffold)). The effective ArM loading 

was adjusted to 1 mol% with respect to the dirhodium cofactor in bioconversions. 

To set up biocatalysis, solutions of aryldiazoacetate (25 µL, 96 mM, in THF), styrene (25 µL, 485 

mM, in THF), and POP-ZA4-X-1 solution (500 µL, the effective ArM concentration adjusted to 

48 µM with respect to the dirhodium cofactor according to the aforementioned method) were 

added to a 1.5 mL microcentrifuge tube. The final concentrations of the reagents were: 22 mM 

olefin, 4.4 mM aryldiazoacetate, 44 µM POP- ZA4-X-1. The resulting mixture was left shaking at 

750 rpm at 4 °C overnight. The reaction was quenched by adding 20 µL 1,2,4-trimethoxybenzene 

solution (30 mM, in THF) and 600 µL ethyl acetate. The mixture was vortexed and centrifuged 
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(15,000 x g, 3 min). The top organic layer was collected and the bottom aqueous layer was 

extracted with 600 µL ethyl acetate twice. The organic extracts were combined, evaporated and 

re-dissolved in 200 µL THF. 4 µL THF solution of the crude product was analyzed on RP-HPLC 

to determine conversions; 50 µL THF solution of the crude product was purified on preparative-

HPLC to isolate the cyclopropane product, which was analyzed on NP-HPLC to determine 

enantioselectivities. The conversions and enantioselectivities were reported as the average of two 

trials from the same batch of ArM set up in parallel. The RP-HPLC to determine conversions was 

performed on an Agilent 1100 Series HPLC system using an Agilent Eclipse Plus C18 column (95 

Å, 3.5 µM, 4.6 mm i.d. x 150 mm), with with a flow rate of 1.0 mL/min and detection wavelength 

set at 230 nm. The following gradient was used: 10 % to 70 % B from 0-10 min, 70 % B from 10-

15 min, 70 % to 100 % B from 15-18 min, 100 % B from 18-22 min, 4 min post-run (solvent A: 

water containing 0.1% TFA; solvent B: CH3CN). The preparative HPLC used the same method as 

above. The NP-HPLC to determine enantioselectivities was performed on Agilent 1100 Series 

HPLC system using a Phenomenex Lux® 3u Cellulose-1 column (1000 Å, 3 µM, 4.6 mm i.d. x 

250 mm), with a flow rate of 1.0 mL/min and detection wavelength set at 230 nm. 

 

6. Procedure for Ni-NTA Immobilization in Microcentrifuge Tubes 

A general procedure for optimizing resin immobilization in microcentrifuge tubes is described as 

follows: a certain amount of carrier of interest was placed inside a microcentrifuge filter tube with 

0.45 µm cellulose membrane and washed twice with 500 µL immobilization buffer to equilibrate 

the support. The washing step included the mixture of the carrier with the buffer by closing the 

microcentrifuge filter tube and inverting five times, followed by centrifuging at 1000 rpm, 1min 

to separate the washing buffer from the solid particles, which remained inside the filter holder. 
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After washing, the carrier support was mixed (inside the filter holder) with 480 µL POP solution 

(purified enzyme or crude cell lysates) in an immobilization buffer (50 mM Tris-Cl buffer, pH 7.4). 

After incubation at room temperature for a certain period of time, the filter tube was centrifuged 

and the filtrate was collected. 30 µL of the filtrate was diluted to 900 µL with the immobilization 

buffer. A mixture of 940 µL reaction buffer (100 mM KH2PO4, pH 7.0) and 40 µL Z-Gly-Pro-

PNP in methanol were mixed and heated at at 85 oC, 750 rpm, for 3 mins. 20 µL of the diluted 

enzyme was added to the preheated mixture and the reaction mixture was heated at 85 oC, 750 rpm, 

for 1 min. 900 µL of the reaction mixture was transferred to a cuvette for measurement of UV-vis 

absorbance at 412 nm on a TECAN Infinite® 200PRO microplate reader. 

A general procedure to optimize Ni-NTA immobilization for ArM catalysis in microcentrifuge 

tubes is described as follows: 

80 µL Ni-NTA agarose was placed inside a microcentrifuge filter tube with 0.45 µm cellulose 

membrane and washed twice with 500 µL immobilization buffer to equilibrate the support. The 

washing step included the mixture of the carrier with the buffer by closing the microcentrifuge 

filter tube and inverting five times, followed by centrifuging at 1000 rpm, 1min to separate the 

washing buffer from the solid particles, which remained inside the filter holder. After washing, the 

agarose was mixed (inside the filter holder) with 480 µL POP solution (purified enzyme or crude 

cell lysates) in an immobilization buffer (50 mM Tris-Cl buffer, pH 7.4). After incubation at room 

temperature for 1.5 h on a roller mixer, the filter tube was centrifuged and the filtrate was collected 

to test if any residual protein was left. The agarose was resuspended with 480 µL Tris-Cl buffer 

(50 mM, pH 7.4), 120 µL of RhBCN cofactor at a certain concentration was added, and the tube 

was incubated at 4 oC overnight on a roller mixer. Afterwards, the reaction mixture was centrifuged 

and washed with 600 µL of a wash buffer for a few times. The immobilized ArM was carefully 
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transferred to another 1.5 mL microcentrifuge tube in which 500 µL biocatalysis buffer (50 mM 

PIPES, pH 7.4, 1.75 M NaBr) was added. A solution of aryldiazoacetate (25 µL, 96 mM, in THF) 

and styrene (25 µL, 485 mM, in THF) was added to the ArM and the tube was incubated at 4 oC 

overnight on a roller mixer. The biocatalysis result was examined using HPLC according to the 

same procedure described above. 

Table S3.2. Optimization of Ni-NTA immobilization procedure for crude cell lysates in 

microcentrifuge tubes 

 

entry mutant RhBCN 

equiv 

ee%a conversion% 3/4 

1 POP-ZA4 0.3125 22 25 0.43 

2 POP-ZA4 0.15625 23 25 0.46 

3 POP-ZA4-H326 0.3125 44 32 0.52 

4 POP-ZA4-H326 0.15625 50 35 0.58 

[a] ee%, conversion%, and 3/4 are based on average of two trials. 

7. Mutation deconvolution and NNK library 

To create deconvolution mutations, the required single mutation was introduced using the same 

procedure for site-directed overlap extension PCR reported in Chapter III. The hits purification 

and verification procedure described in 5 was applied to each mutant to examine its performance 

in biocatalysis. 

To construct NNK library for a specific site, the NNK primers were designed (see Table S3.3, 

entries 19-20). The same procedure for site-directed overlap extension PCR in Chapter III was 

followed to produce a plasmid mixture of NNK mutants. The plasmid mixture was cleaned using 

DNA purification kits and transformed into E. coli BL21 cells with pEVOL-pAzF plasmid. Cells 

were spread on LB kanamycin plates (6.25 g LB powder mix, 4 g agar, 250 mL DDI water, 0.05 

mg/mL kanamycin, 0.02 mg/mL chloramphenicol) before recovering in SOC medium for 1 hour 
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at 37 °C. Plates were incubated at 37 °C overnight; typically, greater than 100 colonies were 

observed when 1/5 of the outgrowth was used. To examine the mutant rates for a library, around 

20 colonies were inoculated on LB media (with 0.05 mg/mL kanamycin, 0.02 mg/mL 

chloramphenicol) and grown overnight at 37 °C, 250 rpm. Mutant plasmid from these overnight 

grown cultures were isolated using kit from Qiagen (Valencia, CA) and given for sequencing. 

Plasmid sequencing was done at the U Chicago sequencing facility, and partB-for and partC-rev 

primers were used for sequencing reactions. The library expression, lysis, purification, 

bioconjugation, cofactor scavenging and screening was done using the procedure described in 3. 

Table S3.3. Nucleotide sequences for the primers required 

 

# Primer name Primer sequence 

1 T7 for 5’-GCG AAA TTA ATA CGA CTC ACT ATA-3’ 

2 T7 rev 5’-TTA TGC TAG TTA TTG CTC AGC GG-3’ 

3 N84S for 5’-GTT ATC GTG GAT AGT AAA GAA CTG GAA CGT G-3’ 

4 N84S rev 5’-CAC GTT CCA GTT CTT TAC TAT CCA CGA TAA C-3’ 

5 S99G for 5’-GTC CTG CTG CAG GGC TTT ACC ACG GAC GAG-3’ 

6 S99G rev 5’-CTC GTC CGT GGT AAA GCC CTG CAG CAG GAC-3’ 

7 I330K for 5’-CCG CTG GAT AAA GAC GAA GAA CGT GCA CTG-3’ 

8 I330K rev 5’-CAG TGC ACG TTC TTC GTC TTT ATC CAG GCC-3’ 

9 A335V for 5’-GAC GAA GAA CGT GTT CTG CTG CGC TAC ACC-3’ 

10 A335V rev 5’-GGT GTA GCG CAG CAG AAC ACG TTC TTC GTC-3’ 

11 N161K for 5’-CCG CAA AGA AAA AAC GCC GGA TG-3’ 

12 N161K rev 5’-CAT CCG GCG TTT TTT CTT TGC GG-3’ 

13 A166V for 5’-GCC GGA TGG TGT CAA TCC GCC GG-3’ 

14 A166V rev 5’-CCG GCG GAT TGA CAC CAT CCG GC-3’ 

15 G301S for 5’-GGT CCA TGC CAG CTA TAA ACT GG-3’ 

16 G301S rev 5’-CCA GTT TAT AGC TGG CAT GGA CC-3’ 

17 S308T for 5’-GGA AGT GTA CAC CCT GAA CGG CG-3’ 

18 S308T rev 5’-CGC CGT TCA GGG TGT ACA CTT CC-3’ 

19 301NNK for 5'-CTG GTC CAT GCC NNK TAT AAA CTG GAA GTG-3' 

20 301NNK rev 5'-CAC TTC CAG TTT ATA MNN GGC ATG GAC CAG-3' 
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