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1.1 INTRODUCTION 

Chirality is one of the most important as well as intriguing phenomena in 

nature, starting from chirality of amino acids and sugars all the way to the chiral 

DNA and proteins. Chirality has also important influence on our daily life; chiral 

compounds are needed as pharmaceuticals, agrochemicals, flavours, fragrances and 

other functional materials.
1,2

 However, the synthesis of pure enantiomers remains a 

challenge in the field of organic chemistry. Homogenous transition metal, 

organocatalysis and enzymatic catalysis are the most important approaches for the 

selective synthesis of optically pure compounds. Homogeneous transition metal 

complexes catalyze a broad range of challenging chemical transformations. In 

general, they consist of a metal ion bound to one or more ligand molecules. These 

catalysts have broad reaction scope and they can be readily modulated, however 

selectivity can be a problem with these catalysts. Enzymes differ from homogenous 

catalysts in the sense that they have evolved to catalyze a specific transformation, 

of a specific compound, in an aqueous environment at physiological conditions, 

with high activity and selectivity, within a complex mixture of molecules. Enzymes 

contain a specific active site pocket to bind substrates with high affinity. New 

technologies such as rational computational modelling, together with directed 

evolution and combinatorial techniques have greatly improved properties of the 

enzymes and increased their use in the industrial processes.
3–5 

1.2 ARTIFICIAL METALLOENZYMES 

Artificial metalloenzymes (AMEs) have emerged as an attractive approach 

for the design of de novo biocatalysts that aim to combine the broad substrate and 

catalytic scope of transition metal catalysis with high activity and selectivity 

typical for enzymatic catalysis. Inspired by the early reports of Kaiser in 1976
6
 and 

Whitesides in 1978
7
, the search for novel metal-enzyme hybrid catalysts has 

become a very active area. Over the past two decades, many new and impressive 

results have been reported on the development of new approaches. An artificial 

metalloenzyme consists of a catalytically active metal complex that is embedded 

into biomolecular scaffold (Figure 1).
8,9

 The second coordination sphere of the 

biomolecular host plays a key role in providing the chiral microenvironment where 

the catalysis takes place. While the first coordination sphere of the metal complex 

plays major role in the catalytic activity, the second coordination sphere 

interactions are responsible for the enantioselectivity of the reaction. Three major 
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strategies have been described for the formation of AMEs: i) the redesign of 

naturally occurring metalloenzymes
10–12

, ii) creation of new metalloenzymes from 

metal-free biomolecular scaffolds
7,13

 iii) in silico or de-novo metalloenzyme 

design
14–17

. 

 

Figure 1. Schematic representation of an artificial metalloenzyme consisting of a transition metal 

complex (first coordination sphere) and a biomolecular scaffold (second coordination sphere). 

 

Since the aim of this thesis falls into the second category, further description 

of the design approaches will focus on that. When designing novel 

metalloenzymes, the choice of both metal complex and biomolecular scaffold are 

important. The choice of metal is in principle dependent on the desired reaction. 

However, it still should fulfil some criteria such as being orthogonal to the 

biomolecular scaffold and being tolerant to the aqueous environment. There are 

several important criteria for the choice of a biomolecular scaffold. Preferably, 

structural information from X-ray crystallography or NMR should be available. 

The second important parameter is the presence of a cavity of sufficient size to 

accommodate the whole active complex, that is, the metal complex and the 

substrate/substrates. Optimal biomolecular scaffolds should be readily available in 

sufficient amounts and high purity, and ideally stable at higher temperatures, 

tolerant to organic solvents and different pH values. When the desired scaffold and 

metal are chosen, four different approaches for linking them together can be 

considered: covalent, supramolecular, dative and the unnatural amino acid (UAA) 

approach (Figure 2). 



 Chapter 1  

4 

 

Figure 2. Current anchoring approaches applied in the preparation of artificial metalloenzymes. 

Starting from the left: covalent, supramolecular, dative and unnatural amino acid approach.  

1.2.1 Anchoring strategies  

In the covalent approach, the metal complex is incorporated into the 

biomolecule via a covalent chemical bond. During this process, the biomolecular 

scaffold has to undergo post-biosynthetic modifications. The most commonly used 

bioconjugation strategy is utilization of the nucleophilicity of cysteine. The 

advantage of using cysteines is that they are not frequently occurring amino acids 

in the sequences of natural proteins, but they can be easily introduced at the desired 

positions.
18

 A variety of partner molecules have been described for these 

bioconjugations, such as α-halogenated carbonyl compounds or maleimide-

substituted ligands. DiStefano and coworkers were the first to utilize artificial 

metalloenzymes created via covalent anchoring of Cu(II) complexes. 

Iodoacetamido-1,10-phenanthroline was linked through a unique cysteine residue 

in adipocyte lipid binding protein (ALBP) to produce the conjugate ALBP-Phen. 

The resulting hybrid catalyst was tested in a copper catalyzed enantioselective 

hydrolysis of esters and activated amides. Hydrolysis reactions were performed 

with racemic amino acid esters resulting in up to 86% ee of diastereomeric 

products. These results were further improved in the follow-up study where the 

enantioselectivity was increased up to 94% by re-positioning of the complex within 

the protein scaffold (mutant variant ALBP-L72C).
19,20

  

Other amino acids, like lysine or serine can be used for covalent anchoring, 

however such examples are scarce. The tryptophan gene repressor of E. coli has 

been converted into a site-specific nuclease by covalently attaching the 1,10-

phenanthroline-copper complex via lysine residues.
21

 In the report of van 

Koten
22,23,

 a phosphonate ester that is functionalized with an organometallic moiety 

acts as an inhibitor of the enzymatic family of serine hydrolases and irreversibly 

forms a covalent bond with the serine residue of the catalytic triad. Following the 

same approach, an artificial metalloenzyme has been described by Klein Gebbink 

and co-workers in which a Rh(NHC) phosphonate complex was introduced into the 
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lipases cutinase and Candida Antarctica lipase B (CAL-B). This new hybrid 

catalyst was shown to catalyze cross metathesis reactions, albeit the E/Z ratio was 

similar to the one found for the catalyst alone.
24,25

  

Covalent anchoring allows for the precise control over the localization of the 

complex. However, utilizing the natural amino acid means that it has to be 

uniquely present in the scaffold and removing additional instances of these amino 

acids may lead to the structural perturbations. Use of unnatural amino acids with a 

unique chemical functionality represents a possible solution. Recently, Lewis and 

co-workes introduced a methodology in which a bicyclononyne-substituted metal 

complexes was coupled via strain-promoted azide–alkyne cycloaddition to the 

thermostable protein tHisF containing a genetically encoded L-4-

azidophenylalanine residue.
26

 The resulting artificial metalloenzymes have shown 

potential in cyclopropanation and Si-H insertion reactions,  although no 

enantioselectivity was observed. In a follow-up study, the same methodology was 

used with a prolyl oligopeptidase scaffold to generate dirhodium tetracarboxylate 

artificial metalloenzymes, enabling olefin cyclopropanation with up to 92% ee.
27

 

The supramolecular anchoring strategy relies on self-assembly of the AME 

by noncovalent interactions between the biomolecular scaffold and a metal 

complex. The metal complex is incorporated into the protein structure via various 

protein-ligand interactions, such as hydrogen bonding, π–π stacking, hydrophobic 

and electrostatic interactions. The first example of this strategy was the biotin-

(strept)avidin technology, in which the metal complex is attached to biotin, which 

displays a very strong affinity towards the protein avidin. This was first pioneered 

by Whitesides in 1976
7
 and further explored by the group of Ward, who changed 

the protein scaffold from avidin to streptavidin. In an early report, this AME 

displayed up to 96 % ee in the hydrogenation of acetamidoacrylic acid.
28

 Later on, 

the biotin-streptavidin technology has been widely used in different reactions, for 

example in the asymmetric C-H activation and in redox cascades. Some  specific 

examples will be described later.
29–32

  

Another variant of AMEs in the category of the supramolecular approach 

takes advantage of serum albumins and their high affinity towards a wide variety of 

hydrophobic ligands. Gross and co-workers prepared range of artificial 

metalloenzymes introducing manganese or iron corroles to the serum albumins, 

successfully catalyzing asymmetric sulfoxidation up to 74% ee.
33

 Another example 

using albumins was described by the group of Reetz.
34

 It involved enantioselective 

artificial metalloenzymes based on a commercially available 

copper(II)phthalocyanine complex anchored supramolecularly to various serum 

albumines, namely, bovine serum albumin (BSA), human serum albumin, sheep 

serum albumin and rabbit serum albumin. These hybrid catalysts proved to be 
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effective in the Diels-Alder reaction of cyclopentadiene with azachalcone 

derivatives showing good conversions, high endo selectivities, and high 

enantioselectivities. The best results were obtained with BSA; the products were 

obtained with ee´s ranging from 85–98%. DNA-based asymmetric catalysis 

represents another very successful and broadly-applied example of the 

supramolecular approach. Roelfes and co-workers introduced Cu
II
-bipyridine 

complex into the helical structure of DNA and achieved high enantioselectivities in 

various C-C bond forming reactions in water; ee’s up to 99%, 93% and 98% were 

obtained in Michael addition, Friedel-Crafts alkylation and Diels-Alder reactions, 

respectively.
35

 

Dative anchoring strategy represents methodology that involves 

supramolecular interactions, in which the metal is coordinated directly to the amino 

acid residues, such as aspartates, glutamates and histidines, already present in the 

protein structure. For example, Okrasa and Kazlauskas described a manganese-

substituted carbonic anhydrase with peroxidase activity, giving rise up to 67% ee in 

the epoxidation of p-chlorostyrene.
36 

Carbonic anhydrase represents a typical 

protein host in the dative approach, since the zinc ion present in its active site be 

easily replaced by another metal ion. In another example, the group of Ward used 

this methodology with a streptavidin-based artificial metalloenzyme, in which 

biotinylated Rh piano stool complex was localized into the pocket of streptavidin 

with two histidine residues and the resulting construct was shown to catalyze an 

asymmetric reduction of prochiral imines.
37

 

The most recent addition introduced by our group to the anchoring strategies 

is the construction of artificial metalloenzymes by in vivo incorporation of an 

unnatural amino acid into the structure of a protein. Here, the noncanonical metal-

binding amino acid is introduced into the protein during the biosynthesis of the 

protein and the artificial metalloenzyme is conveniently achieved by addition of the 

transition metal salt. The major part of this thesis describes the development and 

utilization of this approach, for more details see chapters 2,3 and 4.  

1.2.2 Reaction scope 

In the past two decades, the reaction scope of artificial metalloenzymes has 

significantly expanded. These hybrid catalysts are no longer being tested only with 

the model reactions, but are living up to their potential and are capable of 

catalyzing multiple challenging reactions. In Table 1, the reactions catalyzed by 

artificial metalloenzymes are summarized, together with examples of the catalysts 

and anchoring strategies.  
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Table 1. Reaction scope of artificial metalloenzymes. 

Type of reaction Catalyst (scaffold/cofactor) 
Type of 

anchoring 
Reference 

C-H activation Streptavidin/ [RhCp*biotinCl2]2 Supramolecular 31 

Cross Methathesis/ 

Ring-closing 

methathesis 

M. jannaschii  small heat shock protein/ Ru 

Hoveyda Grubbs–catalyst 
Covalent 38 

Streptavidin/biotinylated Ru Hoveyda-Grubbs 

catalyst 
Supramolecular 39 

 
Human carbonic anhydrase II/ Hoveyda 

Grubbs–catalyst 
Dative 40 

 FhuA/Hoveyda–Grubbs catalyst Covalent 41 

 
Cutinase, CAL-B/ Rh(NHC) phosphonate 

complex 
Covalent 23,24 

 α-chymotrypsin/Ru Hoveyda–Grubbs catalyst Covalent 42 

Cyclopropanation st-DNA/Cu(I)dipyridophenazine Supramolecular 43 

 st-DNA/Fe(III)porphyrins Supramolecular 44 

 POP/Rh2(OAc)4-BCN Covalent, UAA 26 

 tHisF/Rh2(OAc)4-BCN Covalent, UAA 27 

 Myoglobin/Rh, Ru and Ir porphyrins Supramolecular 45 

Diels-Alder reaction st-DNA/Cu(II) metal-binding ligands Supramolecular 46 

 G-quadruplex/Cu(NO3)2 Supramolecular 47 

 LmrR/Cu(II)-Phen Covalent 13 

 tHisF(His-His-Asp)/Cu(II) Dative 48 

 Albumins/Cu(II)phthalocyanine Supramolecular 34 

 
Sterol carrier protein type 2 like 

domain/Cu(II)-Phen 
Covalent 49 

 Papain/Ru(II)-Phen Covalent 50 

 Neocarzinostatin /Cu(II)-Phen-testosterone Supramolecular 51 

Epoxidation Carbonic anhydrase/Mn(II) Dative 36 

 Xylanase 10A/[Mn(TpCPP) Supramolecular 52 

 Nitrobindin/Mn(II)terpyridine Covalent 53 

Fluorination st-DNA/[Cu(dmbipy)(NO3)2] Supramolecular 54 

Friedel-Crafts reaction st-DNA/[Cu(dmbipy)(NO3)2] Supramolecular 55 

 LmrR_BpyAla/Cu(NO3)2 UAA 56 

 LmrR/[Cu(phen)(NO3)2] Supramolecular 39 
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Heck coupling CAL-B/Pd pincer Covalent 58 

Hydroformylation Carbonic anhydrase/[Rh(CO)2(acac)] Dative 59 

Hydrogenation Carbonic anhydrase/Rh(cod)2BF4 Dative 60 

Hydrolysis st-DNA/[Cu(dmbipy)(NO3)2] Supramolecular 61 

 [(gp5βf)3]2/Sc(III)-bpy Covalent/Dative 62 

 ALBP/Cu(II)-Phen Covalent 19 

 Neocarzinostatin/Testo-BisPyPol-Zn(II) Supramolecular 51 

Hydroxylation Myoglobin/Mn(II)-porphycene Supramolecular 63 

Michael addition st-DNA/[Cu(dmbipy)(NO3)2] Supramolecular 64 

 G-quadruplex/[Cu(dmbipy)(NO3)2] Supramolecular 65 

Oxidation Nitrobindin/Mn(II)-terpyridine Covalent 53 

Polymerization Nitrobindin/Rh(I)(Cp)(cod) Covalent 66 

 Ferritin/Rh(I)(norbornadiene) Supramolecular 67 

Sulfoxidation Streptavidin/VOSO4 Dative 68 

 Phytase/VO4
3- Dative 69 

 Myoglobin/[Cr(II)(5,5′-tBu-salophen)]+ Supramolecular 70 

 Myoglobin/Fe(II)-porphycene Supramolecular 63 

 Serum albumins/Fe(III), Mn(III) corroles Supramolecular 33 

 Neocarzinostatin/Fe(III)Porfyrin-testosterone Supramolecular 71 

Suziky-Miyuara Streptavidin/PdCl(cinnamyl) Supramolecular 72 

Trans hydrogenation 
Papain/Ru(II)/Rh(III) d6-piano stool 

complexes 
Covalent 50 

 
bovine β-lactoglobulin/Ru(II) and Rh(III) 

complexes 
Supramolecular 73 

 Streptavidin/[η6-(arene)Ru(Biot-p-L)Cl] Supramolecular 74 

 Streptavidin/His/Rh[Cp*Ir(Biot-p-L)Cl] 
Supramolecular, 

dative 
37 

Water-addtion 
st-DNA/ Cu(II)-2-(aminomethyl)pyridine-

based ligands 
Supramolecular 75 

 LmrR/Cu(II)-Phen Covalent 76 

 



                                                                                                               General introduction 

9 

1.2.3 New Developments 

Cascades 

Nature has evolved a highly efficient approach to multistep synthesis in the 

form of multistep cascade, commonly working without the separation of 

intermediates. Inspired by nature, application of cascade reactions in organic 

synthesis potentially offers a lot of advantages over the classical step-by-step 

approach. Biocatalytic cascades are easier to perform since they benefit from the 

fact that most enzymes reach their catalytic optimum at similar temperature and pH 

in aqueous conditions. Chemo-enzymatic combinations encounter problems since 

biocatalysts are often unstable in organic solvents or the organo- or metallo-

catalyst are inactivated in an aqueous environment or by the protein. Several 

examples of successful chemo-enzymatic cascades have been described utilizing 

nanoparticles or immobilization. The use of AME represents an attractive 

approach, since the metal-catalysts are already incorporated within the 

biomolecular scaffold, avoiding mutual inhibition with the other enzymes.  

Kohler et al. established several multi-enzymatic cascades, employing 

incorporated biotinylated Ir-organocatalyst into a streptavidin protein scaffold. This 

artificial transfer hydrogenase proved to be compatible with several cofactor 

dependent enzymes, namely flavin-dependent monooxygenase, heme dependent 

enzymes (catalase and peroxidase), a flavin dependent amine oxidase, and amino 

acid oxidases. The scope of the performed cascade reactions includes reductions of 

prochiral imines with subsequent deracemization, the stereoinversion of nicotine, 

the synthesis of L-pipecolic acid and a regioselective oxidation.
32

 

In a report by Okamoto et al., a novel NAD(P)H-dependent artificial transfer 

hydrogenase which involves an Cp
*
Ir cofactor, containing a biotin moiety, and 4,7-

dihydroxy-1,10-phenanthroline was described. This novel artificial metalloenzyme 

catalyzes imine reduction with milimolar concentrations of NADPH, which can be 

regenerated by a glucose dehydrogenase. A four-enzyme cascade consisting of this 

artificial transfer hydrogenase, glucose dehydrogenase, a monoamine oxidase, and 

a catalase was used for the production of enantiopure amines.
77

 

NADH mimics (mNADHs) have been described to accelerate and activate 

ene reductase-catalyzed reactions. However, the methods known for regeneration 

of NAD(P)H fail for mNADHs. The first efficient regeneration system described 

for mNADHs is based on AMEs with streptavidin variants and a biotinylated 

iridium cofactor. The regeneration was enabled with formate and coupled with an 

ene reductase-catalyzed asymmetric reduction of α,β-unsaturated substrates. With 
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10 mol% mNAD
+
, a preparative scale reaction gave full conversion (TTN> 2000) 

with 98% ee.
78

 

In vivo catalysis 

One of the biggest challenges of the field of AME is how to transport this 

catalysis to cells. This was first reported by Song and Tezcan. They described a 

new artificial metallo-β-lactamase, constructed by metal-directed self-assembly of 

a monomeric redox protein into a tetrameric complex that possesses catalytic zinc 

sites at its interfaces.
17

 This was performed using a strategy called 'metal templated 

interface redesign' in which a small number of surface mutations are introduced to 

create a metal binding site at the interface between two proteins. This newly 

prepared hybrid protein (Zn8:
A104

AB34) showed hydrolytic activity against 

substrates such as p-nitrophenylacetate and ampicillin. Most intriguingly, in vivo 

catalytic activity in Escherichia coli cells was described, using a variant of the 

enzyme that is directed to the periplasm. It was found that E. coli cells containing 

the artificial zinc enzyme were able to grow despite the presence of ampicillin, 

whereas controls containing variants without the catalytic Zn(II) sites could not 

grow under the same conditions. This clearly demonstrated that the designed 

enzyme was active in vivo.  

Recently, a streptavidin-biotin based artificial metalloenzyme was shown to 

perform catalysis in vivo.
79

 This is following up on previous studies described by 

the group of prof. Ward in which an artificial metalloenzyme for olefin metathesis 

was developed. Since the metal cofactor used for the reaction, biot-Ru, is inhibited 

by cellular components, a new variant of streptavidin was designed, allowing the 

periplasmic expression of streptavidin (SAV
peri

) in E. coli. The corresponding 

artificial metalloenzyme biot-Ru–SAV
peri

 was active in vivo, with activity similar 

to the complex with purified enzyme. This design allows easier screening in 

directed evolution studies (Figure 3). 
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Figure 3. Schematic representation of streptavidin-biotin based in vivo catalysis (adapted from 79). 
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1.3 TRANSCRIPTION FACTOR LmrR 

Lactococcal multidrug resistance Regulator (LmrR) (Figure 4) is a 

transcription repressor from the Gram-positive bacterium Lactococcus lactis. In its 

natural function, LmrR controls the expression of the ABC multidrug transporter 

LmrCD via an induction mechanism that involves direct binding of transporter 

ligands to LmrR.
80,81

 LmrR belongs to PadR subfamily 2 (PadR-s2), a protein 

family of homodimeric transcription regulators that are structurally related to each 

other. The structure of LmrR is divided into two functional domains: a typical 

wHTH DNA-binding domain, consisting of helices α1, α2, the DNA recognition 

helix α3 and wing-forming strands β1 and β2 and a dimerization domain containing 

the C-terminal helix α4 (Figure 4). Helix α4 forms an arm, in a nearly antiparallel 

orientation against helix α1′ (the prime indicates the other monomeric subunit), as 

well as an interaction with the C-terminal region of helix α2′ and the loop 

connecting helices α2′ and α3′. There is no interaction between the C-terminal 

helices α4 and α4′, nor between N-terminal helices α1 and α1′. Remarkably, this 

arrangement results in the formation of a large flat-shaped pore (approximately 22 

Å in width and 6 Å in height). The pore serves as a multidrug-binding site.
82

 It was 

shown that two tryptophan residues (W96 and W96’) in the centre of pore are 

essential for the binding of ligands, which are mostly planar heterocyclic 

compounds. The crystal structures of apo and drug-bound complex with Hoechst 

33342 and daunomycin and recently also in complex with riboflavin have been 

elucidated.
82,83

 

 

  

Figure 4. Cartoon representation of the dimeric structure of LmrR in (left) the space-filling model 

(right). PDB of LmrR in drug-free state: 3F8B. 
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1.3.1 LmrR as artificial metalloenzyme 

Inspired by the fascinating structure of LmrR, Bos et al. introduced a novel 

class of artificial metalloenzymes, created by grafting a novel active site on the 

dimer interface of this protein.
84

 The large hydrophobic core on the dimer interface 

was functionalized with two phenanthroline- or bipyridine-based cofactors (one per 

monomer), by alkylation of cysteine residues with bromoacetamide-substituted 

1,10-phenanthroline (Phen) or 2,2′-bipyridine (Bpy) metal-binding moieties 

(Figure 5a). Based on the crystal structure, the positions N19 and M89, which are 

at the far ends of the pore, were selected as anchor positions. Since the structure 

does not naturally contain cysteine, site-directed mutagenesis was used to introduce 

cysteines at the chosen positions. This artificial metalloenzyme was first tested in 

the Diels-Alder reaction and gave rise to remarkable results. The mutant LmrR-

M89C-Cu(II)-Phen achieved excellent ee’s (up to 97%) with high conversions (up 

to 93%). On the other hand, the LmrR-M89C-Cu(II)-Bpy variant yielded the 

opposite enantiomer of the product in 66% ee, suggesting that in this case the 

active complex is in a very different microenvironment. This nicely demonstrates 

that both enantiomers of the product can be obtained using the same chiral scaffold 

by judicious choice of the introduced synthetic moiety. The same artificial 

metalloenzyme was also successfully employed in a more challenging reaction, the 

enantioselective addition of the water to C=C double bond (Figure 5a).
76

 This 

reaction is highly appealing, however remains difficult for synthetic organic 

chemistry due to the challenges associated with water acting as a nucleophile
75

. Up 

to this date, this represents the only example of an artificial metallohydratase. In 

this report, the artificial metalloenzyme variant LmrR-M89C-Cu(II)-Phen with 

covalently anchored Cu(II)-phen complex was used and tested on a range of α,β-

unsaturated 2-acyl pyridines with varying substituents (R) at the β-position. The 

best results were obtained with R=tert-butyl, giving rise to ee’s up to 84% and high 

conversion (up to 80%). Additionally, a mutagenesis study showed that, in order to 

achieve high enantiomeric excess, a residue with a large side chain at position 93 is 

important. Moreover, it was found that the aspartate residue at position D100 was 

essential to achieve good and selective catalysis. 

 More recently, artificial metalloenzymes were created by supramolecular 

assembly of LmrR with Cu-(II)-phenanthroline complexes.
57

 This approach takes 

the most advantage of the natural function of the protein to bind planar aromatic 

molecules on the dimer interface between two tryptophan moieties. The Kd of the 

Cu(II) complex to LmrR was determined to be 2.6 μM. The catalytic potential of 

the artificial metalloenzyme was evaluated in the aforementioned Friedel-Crafts 

reaction of 1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one with a variety of indoles. 
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High conversions and excellent ee’s were observed: up to 94% ee for indole and 

93% for 2 methyl-indole (Figure 5b). The mutant variant W96A, where the 

tryptophans that are assumed to be responsible for binding were replaced with 

alanine, gave rise to poor conversion and complete loss of ee. This confirms the 

key role played by these residues in positioning of the Cu(II)-phenathroline 

complex within the pore of the protein scaffold.  

 Noteworthy, LmrR represents the first example of a scaffold that can be used 

in multiple anchoring approaches.    

 

Figure 5. Overview of the artificial metalloenzymes prepared based on the LmrR scaffold with a) 

covalent and b) supramolecular anchoring and the reactions catalyzed.  

 

 

 

LmrR

a) b)
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1.4 EXPANDED GENETIC CODE 

METHODOLOGY 

The genetic code of all organisms encodes the same 20 common amino 

acids, with the rare exceptions of selenocysteine
85

 and pyrrolysine
86

. The natural 

amino acids cover a relatively limited chemistry with their functional groups like 

hydroxyl, carboxyl, thiol, amine or amide and aromatic side chains so additional 

post-translational modifications and cofactors are often required for protein to gain 

full functionality. Therefore, addition of new building blocks to the genetic code 

should provide a powerful strategy for the construction of proteins with new and 

useful chemical or biophysical properties and functionalities. Unnatural amino 

acids represent a diverse array of structural modifications in the side chain of 

amino acids.  

A number of different methods have been explored for the incorporation of 

UAAs in protein structures. First, chemical modification of amino acid side chains 

was used. However nonselective modification together with the limited number of 

residues that can be chemically modified represents a drawback of this method.
87

 

Next, solid phase peptide synthesis allows for a large number of modifications in 

the protein structures, however it is generally limited to peptides and smaller 

proteins due to the decreased yield and purity associated with the synthesis of 

larger proteins. Solid phase peptide synthesis and chemical ligation remain a 

valuable option with amino acids analogues that are toxic or incompatible to cell 

environment. Another method uses nonsense or frameshift suppressor tRNAs that 

are chemically misacylated with a UAA in a cell free system. This method can be 

used to produce proteins of different sizes with UAAs located at any preferred 

position. Over 80 novel amino acids have been incorporated into proteins using this 

methodology. However, the protein yields are low and the creation of aminoacyl-

tRNA involves a complex multistep process. 

The possibility to incorporate UAAs directly in vivo offers considerable 

advantages over the previous strategies, including higher yields, technical ease and 

additionally also allows the study of the protein structure and function in vivo.  In 

the earliest reports, the UAAs could be incorporated in vivo, replacing natural 

amino acids with close analogues using appropriate auxotrophic cells.
88,89

 Later on, 

site-specific incorporation has been introduced, described as expanded genetic code 

methodology.
90

 Here, the amber stop codon, UAG, is generally reassigned to 

incorporate UAAs. This codon is rarely used in nature, which makes it the most 

suitable triplet to be reassigned. Upon binding of specific tRNA with an anticodon, 

it is possible to change the stop signal for the UAA of choice. Two components are 
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necessary to incorporate an unnatural amino acid in vivo. First a specific tRNA 

(tRNACUA) which binds the unusual codon and secondly an aminoacyl tRNA 

synthese (aaRS) (Figure 6). The aaRS catalyzes the covalent attachment of 

unnatural amino acid to the orthogonal tRNA. The aaRS has a pocket that is 

selective for a single amino acid and recognizes tRNA with the correct anticodon. 

The aaRS has to be modified to be selective for every new unnatural amino acid. In 

order to minimize crosstalk with the natural translational system of the host cells, 

the suitable orthogonal tRNA/aaRS pair were derived from various species, such as 

Methanocaldococcus jannaschii or Pyrococcus horikoshii. Nowadays, other 

signals to encode desired unnatural amino acids are also considered, like rare sense 

and four base codons.
91,92

   

In this thesis, we make use of the pEVOL plasmid
93

, a new vector prepared 

for the specific incorporation of several different unnatural amino acids. This 

vector represents an enhanced system for the introduction of UAA in proteins in 

E.coli and was developed for obtaining higher yields. It makes use of an evolved 

aaRS/tRNACUA pair derived from Methanocaldococcus jannaschii and employs 

two promoters, constitutive and inducible, to drive the transcription of two aaRS 

genes. Due to toxicity of foreign aaRS to the endogenous translation machinery, 

pEVOL makes use of an inducible aaRS promotor together with constitutive 

expression of basal levels of aaRS. tRNACUA is not toxic and is expressed 

continuously. 

Using expanded genetic code methodology, more than 150 unnatural amino 

acids have been incorporated in proteins.
94

 While initially mostly E.coli has been 

used, currently the unnatural amino acids can also be incorporated in other bacteria, 

yeast, plant and mammalian cells.
95,96

 

Many proteins containing amino acids with novel side chains including 

fluorophores, metal chelators, photocrosslinking moieties, unique reactive 

functional groups, as well as NMR, IR, and x-ray crystallographic probes have 

been described. Recently, engineering of natural enzymes through the use of the 

UAAs has become an emerging technique for the improvement of their stability or 

activity.
97,98

  Several UAAs are depicted and their functions are given in Figure 

7.
99
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Figure 6. Schematic representation of the expanded genetic code methodology.  
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Figure 7. Overview of unnatural amino acids and their applications. a) Reactive chemical handles. b) 

Photo-reactive UAAs (photocrosslinkers and photo-caged). c) Metal chelators. d) Spectroscopic 

probes. e) Posttranslational modifications. 
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1.5 AIM AND OUTLINE OF THE THESIS 

The aim of this thesis was to develop a novel methodology to create artificial 

metalloenzymes utilizing unnatural amino acids as a metal-binding moiety or 

catalytic residue. Use of this approach provides numerous advantages in 

comparison to the previously reported methods, e.g. an exquisite degree of control 

over the position without the need for specific ligand binding interactions, no need 

for chemical modification and/or subsequent purification steps while assembly of 

the AME is easily achieved by addition of the transition metal salt. This is 

particularly attractive since it should allow for rapid optimization of artificial 

metalloenzymes by genetic methods.  

Therefore, 

Chapter 2 discusses novel artificial metalloenzymes created by in vivo 

incorporation of the non-proteinogenic metal-binding amino acid (2,2΄-bipyridin-

5yl)alanine (BpyAla) into the LmrR scaffold. The initial studies of the resulting 

artificial metalloenzymes focus on its characterization and application in catalytic 

asymmetric Friedel-Crafts alkylation reactions. 

Further research of this novel BpyAla-based artificial metalloenzyme is 

presented in chapter 3 with focus on in-silico design of an enzyme to perform the 

challenging enantioselective water-addition reaction.  

In chapter 4, (8-hydroxyquinolin-3-yl)alanine unnatural amino acid 

(HQAla) is explored as a novel metal-binding moiety for preparation of artificial 

metalloenzymes. Its incorporation into the LmrR, affinity for different metals and 

catalytic activity in several reactions were studied in this chapter. 

In chapter 5, a different catalytic moiety, i.e. the aniline side-chain of p-

aminophenylalanine, is exploited, and incorporated via expanded genetic code 

methodology. This gives a rise to a novel class of artificial enzymes with a 

nucleophilic moiety able to catalyze hydrazone-forming reactions. A detailed study 

of the novel artificial enzymes and their mechanism of reaction is presented.  

In chapter 6, a novel scaffold for artificial metalloenzymes is explored, 

based on the bcPadR1 protein. bcPadR1 is a transcription regulator from the same 

family as LmrR, however exhibits some structural differences. The potential of this 

novel artificial metalloenzyme is tested in two different reactions, i.e Friedel-Crafts 

and tandem Friedel-Crafts alkylation/enantioselective protonation reaction and a 

mutagenesis design study of the opening of the pore of this protein is discussed. 

Finally, chapter 7 gives overall conclusions of the presented research with 

perspectives and outlook for the field of artificial enzymes and the use of unnatural 

amino acids in catalysis. 
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CHAPTER 2 

Novel artificial metalloenzymes by in vivo 

incorporation of metal-binding unnatural 

amino acids 

Artificial metalloenzymes have emerged as an attractive new approach to 

enantioselective catalysis. In this chapter, a novel strategy for the preparation of 

artificial metalloenzymes utilizing the amber stop codon suppression methodology 

for the in vivo incorporation of metal-binding unnatural amino acids is introduced. 

The resulting artificial metalloenzymes were applied in catalytic asymmetric 

Friedel-Crafts alkylation reactions and up to 83% ee for the product was achieved. 
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2.1 INTRODUCTION 

In the quest for more active and selective catalysts, artificial metalloenzymes 

are emerging as an attractive new concept that merges the catalytic versatility of 

transition metal catalysts with the high activity and selectivity of enzymes.
1–6

 

Artificial metalloenzymes are created by incorporation of catalytically active 

transition metal complexes into a biomolecular scaffold, such as a protein. The 

chiral second coordination sphere provided by the scaffold is a key contributor to 

the rate acceleration and enantioselectivity achieved in a variety of catalytic 

asymmetric reactions.
7–9

 To date, incorporation of the transition metal complex in 

the biomolecular scaffold has been achieved using supramolecular, dative or 

covalent anchoring approaches, or a combination of these.
2,9–16

 While all these 

methods have their particular attractive features, they also all have limitations. 

Here we present a new approach to the construction of artificial metalloenzymes 

involving in vivo incorporation of a non-proteinogenic amino acid capable of 

binding a metal ion, using the amber stop codon suppression methodology, and 

their application in catalytic enantioselective Friedel-Crafts reactions in water. 

In vivo incorporation of a metal binding moiety into the protein scaffold, i.e. 

incorporation during protein biosynthesis, is attractive for several reasons. It offers 

an exquisite degree of control over the position of the metal complex inside the 

protein, comparable to covalent and dative anchoring, but with the advantage that 

no chemical modification and/or subsequent purification steps are required. Also, 

in contrast to the supramolecular anchoring approach, no specific ligand binding 

interactions are required; assembly of the artificial metalloenzyme is readily 

achieved by addition of the transition metal salt. Finally, the use of unnatural metal 

binding amino acids allows for better control over the first coordination sphere 

compared to using canonical amino acids alone.
17

 Combined these attractive 

features of the in vivo incorporation of metal-binding unnatural amino acids 

approach greatly facilitate the design and optimization of novel artificial 

metalloenzymes. 

The amber stop codon suppression methodology, also known as expanded 

genetic code methodology, was introduced by Schultz and coworkers.
18

 It relies on 

orthogonal tRNA/aminoacyl-tRNA synthetase (aaRS) pairs for the site-specific 

incorporation of non-proteinogenic amino acids in response to the amber stop 

codon. Since then, a wide variety of non-proteinogenic amino acids have been 

genetically encoded in E. coli, yeast or mammalian cells, giving rise to novel 

protein structure, function and applications.
19 

In vivo incorporation of metal binding 

amino acids in proteins has been used for applications including as an artificial 
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nuclease, biophysical or electron-transfer probes, as purification tag and others.
20–28

 

Recently, Lewis  and co-workers have reported a novel design of artificial 

metalloenzyme containing the unnatural amino acid p-azido-L-phenylalanine in its 

scaffold, which was used for covalent anchoring of metal binding ligands using a 

strain-promoted azide-alkyne cycloaddition.
29 

The resulting artificial 

metalloenzyme was evaluated in dirhodium-catalyzed carbene insertion reaction, 

however only low conversions and negligible enantioselectivities were observed. 

To the best of our knowledge, in vivo incorporation of metal binding amino acids 

for the construction of artificial metalloenzymes for enantioselective catalysis has 

not been reported to date. 

We have recently introduced a new design of an artificial metalloenzyme 

based on the creation of a novel active site on the dimer interface of the 

transcription factor Lactoccocal multidrug resistence regulator (LmrR).
30,31

 The 

original design involved covalent anchoring of Cu
II
-phenanthroline and Cu

II
-2,2’-

bipyridine complexes to the protein via a genetically introduced cysteine residue. 

These artificial metalloenzymes were successfully used in the catalytic 

enantioselective Diels-Alder (up to 97% ee) and hydration reactions (up to 84% 

ee).
31,32 

These results encouraged us to explore LmrR as biomolecular scaffold for 

artificial metalloenzymes created by in vivo incorporation of the non-proteinogenic 

metal-binding amino acid (2,2΄-bipyridin-5yl)alanine (BpyAla). 
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Figure 1. a) Cartoon representation of the novel artificial metalloenzyme with an in vivo incorporated 

ligand BpyAla and reaction scheme of the benchmark catalytic Friedel-Crafts reaction. b) Pymol 

representation of dimeric LmrR (PDB entry 3F8B) in space-filling model.30 Positions used for 

incorporation of BpyAla are highlighted in blue(N19), pink(M89) and green(F93). c) Cartoon 

representation of LmrR with manually docked BpyAla at position M89. Highlighted residues were 

used in the mutagenesis study. 
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2.2 RESULTS AND DISCUSSION 

The artificial metalloenzyme presented in this study was created by the 

amber stop codon suppression method using an evolved mutant tRNA/aaRS pair 

from Methanococcus jannaschii (Figure 1a).
33

 The metal-binding amino acid 

BpyAla was synthesized according to previously reported methods with small 

modifications (see 2.4.2 in Experimental section).
34,35 

The design of the artificial 

metalloenzyme was based on a codon optimized gene of LmrR that included a C-

terminal Strep-tag for purification purposes and contained two additional mutations 

in the DNA binding domain, that are, K55D and K59Q (further  referred to as 

LmrR_LM). These mutations prevent the binding of LmrR_LM to DNA which 

greatly facilitates purification and, thus, gives rise to higher isolated yields of the 

protein.
32 

Based on the X-ray structure
30

 and our previous experience, positions 

N19, M89 and F93 were selected for incorporation of BpyAla. Positions 19 and 89 

are located in the hydrophobic pore at the far ends, while position 93 is located on 

the outside of the front entrance of the pocket (Figure 1b). An amber stop codon 

was introduced in the gene at the corresponding positions. The mutations were 

introduced using standard site-directed mutagenesis techniques (Quik-Change). E. 

coli BL21C43(DE3) cells were co-transformed with pEVOL-BpyAla, the plasmid 

containing the aaRS and tRNA genes, and the pET17b plasmid containing LmrR 

gene, and grown in LB media in the presence of 0.5 mM BpyAla. The proteins 

were purified by affinity chromatography using a Strep-Tactin sepharose column. 

Typical purification yields were in the range of 6–18 mg/L, which is only slightly 

lower than the expression yields of LmrR without BpyAla.
32

 The expression 

efficiencies were 75-80% for mutants N19BpyAla and F93BpyAla (further referred 

to as N19X and F93X) and 35-40% for M89BpyAla (further referred to as M89X). 

The lower expression efficiency of M89X mutant is explained by a higher fraction 

of truncated LmrR(1-88), i.e. when the TAG codon at position 89 is read as a stop 

codon. The incorporation of BpyAla in the proteins was confirmed with 

electrospray ionization mass spectrometry (ESI-MS); in the MS spectrum, no peaks 

corresponding to alternative amino acid incorporation were observed. The 

quaternary structure of the proteins was evaluated by analytical size-exclusion 

chromatography on a Superdex-75 10/300 column. All three mutants eluted as a 

single peak with a molecular weight of approximately 30 kDa, which confirms that 

the dimeric structure is retained.
31,32

 The thermal stability of the LmrR mutant 

variants was investigated by melting temperature measurement utilizing the 

thermal shift assay with the Sypro Orange dye.
36

 The apparent melting points of the 

mutants were determined to be in the range of 47.5 - 51.3 ⁰C, compared to the 57.5 
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⁰C of LmrR_LM. This suggests that the incorporation of BpyAla causes a small 

destabilization of the LmrR structure, albeit that the combined data shows 

unambiguously that the dimeric structure of LmrR_LM_X is retained under the 

conditions of catalysis. 

The corresponding artificial metalloenzymes were created by addition of 1 

equivalent of Cu(NO3)2 per bipyridine moiety. The binding of Cu
II
 to 

LmrR_LM_M89X was investigated in more detail and compared to the in situ 

prepared Cu
II
 complex of BpyAla, i.e. without the presence of protein. Upon 

complexation of Cu
II 

to LmrR_LM_M89X, 2 new absorption bands at λmax = 307 

and 318 nm were observed in the UV/Vis absorption spectrum (Figure 2a). The 

complex formed by the amino acid BpyAla alone with Cu
II 

exhibits very similar 

behavior with two new absorption peaks at 308 and 318 nm. Similar shifts in the 

UV/Vis spectrum have been reported for other BpyAla containing proteins.
20

 These 

UV/Vis absorptions are attributed to the red shifted  π - π
*
 transition of the 

bipyridine moiety of the incorporated BpyAla upon binding of Cu
II
. Indeed, upon 

addition of Cu(NO3)2 to LmrR_LM, i.e. the protein without BpyAla incorporated in 

the structure, no such changes were observed in the UV/Vis spectrum. 

Coordination of Cu
II
 to the LmrR_LM_M89X was further studied by EPR 

spectroscopy. Cu
II
-BpyAla shows its characteristic EPR spectrum with one 

perpendicular signal (g) and four parallel signals (g).
37

 The EPR spectrum of 

LmrR_LM_M89X in the presence of Cu
II
 ions is similar to that of Cu

II
-BpyAla. 

However, all signals were shifted to higher field and a 50% decrease in the 

intensity of perpendicular signal was observed. Notably, Cu
II
 ions did not show 

EPR signals at this concentration in the absence of BpyAla or LmrR-BpyAla.  

Characterization of the coordination of Cu
II
 ions to the protein by Raman 

spectroscopy is facilitated by excitation into the π - π* absorption band (i.e. at λexc 

355 nm). Addition of Cu
II 

to a solution of BpyAla  in MOPS buffer results in the 

appearance of bands at 1607, 1572, 1505, 1327 and 1029 cm
-1

, which are typical of 

bipyridyl based ligands complexed to metal ions (Figure 2b(I)).
38

 The Raman 

spectrum of LmrR_LM_M89X in MOPS buffer shows bands between 1600-1750 

cm
-1

 and at ca. 1470 cm
-1

 originating from amino acids and the uncomplexed 

bipyridyl moiety in the protein. Addition of Cu
II
 to LmrR_LM_M89X results in the 

shift of several bands and the appearance of additional bands. The position of the 

bands corresponds with those of Cu
II
-Bpy (Figure 2b). Combined, these 

spectroscopic studies demonstrate unequivocally binding of Cu
II
 to the bipyridyl 

moiety of BpyAla in the LmrR_LM_M89X artificial metalloenzyme.  
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Figure 2. a) Absorption Spectra of LmrR_M89BpyAla after addition of different concentrations of 

Cu(NO3)2 b) Resonance Raman spectra of (I) BpyAla_CuII (75 µM), (II) LmrR_M89BpyAla_CuII (60 

µM of CuII) and (III) LmrR_M89BpyAla in 20 mM MOPS buffer, 150 mM NaCl at pH 7 at λexc 355 

nm. 
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The catalytic activity of the BpyAla containing metalloenzymes was 

evaluated in the well-established Cu
II 

catalysed vinylogous Friedel-Crafts 

alkylation reaction of 5-methoxy-1H-indole (1a) with 1-(1-methyl-1H-imidazol-2-

yl)but-2-en-1-one (2), resulting in the product 3a, as the benchmark reaction 

(Scheme 1).
39–41 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Scope of the catalyzed Friedel-Crafts alkylation reactions. 
 

Notably, this reaction is not catalysed by the previously reported LmrR-

based artificial metalloenzymes, because these did not accept the 2-acyl-1-

methylimidazole substrates.
32 

The reaction was carried out using optimized catalyst 

loading of 9 mol % of Cu(NO3)2 (90 µM), 1.25 equivalents of LmrR_LM_X (112.5 

µM), 1 mM of 1a and 2.5 quivalents (2.5 mM) of 2 in 3-(N-

morpholine)propanesulfonic acid (MOPS) buffer (20 mM, 150 mM NaCl, pH=7.0) 

for 3 days at 4 ⁰C. Using Cu(NO3)2 or Cu(NO3)2 in combination with LmrR_LM, 

i.e. the protein that does not contain BpyAla, gave rise to conversions of 98% and 

64%, respectively, with no significant ee in the latter case (Table 1, entry 1, 2). 

Also no ee was obtained when Cu(NO3)2 in combination with L-BpyAla (92 % 

ee)
41

 was used as catalyst showing that the chiral amino acid itself, in absence of 

protein scaffold, cannot induce enantioselectivity in the catalysed reaction. The 

three BpyAla containing artificial metalloenzymes gave rise to lower conversions 

of 18-36% (Table 1, entry 3-5).  However, the product 3a was obtained with 

encouraging enantioselectivities ranging from 22 %, in case of LmrR_LM_F93X 

(Table 1, entry 5), to 49 % with the LmrR_LM_M89X mutant (Table 1, entry 4). 

Interestingly, the artificial metalloenzymes containing the BpyAla residue in the 

interior of the protein structure, i.e.  LmrR_LM_M89X and LmrR_LM_N19X, 

showed preference for the formation of the (+) enantiomer of 3a (Table 1, entry 3, 

4), while the (-) enantiomer of 3a was obtained in excess with LmrR_LM_F93X, 



                  Novel artificial metalloenzymes by in vivo incorporation of metal-binding UAAs 

35 

which has the BpyAla is located on the outside of the hydrophobic pocket of the 

protein (Table 1, entry 5). Thus, simply by changing the position of the metal 

binding residue in the scaffold, the chiral microenvironment in which the catalysis 

takes place is altered such that the preferred stereochemical path of the reaction is 

inversed. Hence, both enantiomers of the product can be obtained using the same 

biomolecular scaffold. 
 

Table 1. Results of the vinylogous Friedel-Crafts reaction of 1a and 2 resulting in 3a, catalyzed 

by LmrR_LM_X_CuII a. 

Entry Catalyst Conv. (%) ee (%) 

1 Cu(NO3)2 98 ± 2 - 

2 LmrR_LM + Cu(NO3)2
 64 ± 9 <5 

3 LmrR_LM_N19X_CuII 18 ± 2 29 ± 2 (+) 

4 LmrR_LM_M89X_CuII 27 ± 6 49 ± 4 (+) 

5 LmrR_LM_F93X_CuII 36 ± 3 22 ± 1 (-) 

    

Mutagenesis study   

6 LmrR_LM_M89X_N19A_CuII 49 ± 6 27 ± 6 (+) 

7 LmrR_LM_M89X_K22A_CuII 28 ± 3 37 ± 3 (+) 

8 LmrR_LM_M89X_H86A_CuII 49 ± 4 51 ± 3 (+) 

9 LmrR_LM_M89X_F93A_CuII 20 ± 3 6 ± 3 (+) 

10 LmrR_LM_M89X_E107A_CuII 22 ± 1 66 ± 1 (+) 

11 LmrR_LM_M89X_H86I_CuII 51 ± 3 43 ± 1 (+) 

12 LmrR_LM_M89X_H86W_CuII 36 ± 2 55 ± 1(+) 

13 LmrR_LM_M89X_H86S_CuII 31 ± 4 23 ± 3 (+) 

14 LmrR_LM_M89X_H86D_CuII 26 ± 3 39 ± 3 (+) 

15 LmrR_LM_M89X_F93I_CuII 7 ± 1 31 ± 1 (+) 

16 LmrR_LM_M89X_F93H_CuII 5 ± 1 27 ± 3 (+) 

17 LmrR_LM_M89X_F93W_CuII 25 ± 4 53 ± 5 (+) 

18 LmrR_LM_M89X_F93D_CuII 43 ± 4 29 ± 6 (-) 

19 LmrR_LM_M89X_N19A_E107A_CuII 58 ± 10 14 ± 5 (+) 

20 LmrR_LM_M89X_H86A_E107A_CuII 37 ± 1 48 ± 2 (+) 

    

a Typical conditions: 9 mol% Cu(H2O)6(NO3)2 (90 µM) loading with 1.25 eq LmrR_LM_X in 20 mM 
MOPS buffer (pH 7.0), 150 mM NaCl, for 3 days at 4 °C. All data are the average of 2 independent 

experiments, each carried out in duplicate. 
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A mutagenesis study was carried out to explore the role of the biomolecular 

scaffold in catalysis and to optimize the catalytic performance of the artificial 

metalloenzyme. LmrR_LM_M89X, with BpyAla incorporated at position 89, was 

used as a starting point, since this gave the highest enantioselectivities in the 

reaction of 1a with 2.  Based on the X-ray structure of LmrR,
30

 amino acids N19, 

K22, H86, F93 and E107, which are in spatial proximity to the incorporated 

BpyAla, were selected (Figure 1c). In the first round of mutagenesis, an alanine 

scan was done, that is, the original amino acids at these positions were substituted 

with alanine to determine the contribution of each of these amino acids in catalysis. 

All mutants were prepared using standard QuikChange mutagenesis methods and 

characterized as described above. The catalytic efficiency was evaluated in the 

Friedel-Crafts alkylation of 2 with 1a under standard conditions (Table 1, entry 6-

10). Indeed, the results showed that all but one of the mutations had a significant 

effect on the catalytic performance of the artificial metalloenzyme. The only 

exception was the K22A mutation, which only caused small decrease in ee (Table 

1, entry 7). An increase in conversion to 49 % was observed with the N19A 

mutant, albeit that this was accompanied by strong decrease in the ee of 3a (Table 

1, entry 6). The mutants E107A and H86A both gave rise to an increased ee, i.e. to 

51% and 66%, respectively (Table 1, entry 10, 8). In case of H86A also the 

conversion was increased significantly compared to LmrR_LM_M89X. Finally, the 

alanine mutation at position 93 (F93A) caused a dramatic decrease in both 

enantioselectivity and conversion (Table 1, entry 9). Based on these results, two 

residues were selected for a second round of mutagenesis: H86, which resulted in 

improved catalytic performance after mutation to alanine, and F93, mutagenesis of 

which had a detrimental effect on catalysis. For both positions, four amino acids 

that cover a diverse range of chemical properties of the side chains were selected. 

Histidine 86 was replaced by isoleucine, serine, tryptophan and aspartate. The 

mutations for the apolar residues isoleucine (H86I) and tryptophan (H86W) were 

well accepted and resulted in comparable or slightly higher ee and conversion 

values compared to LmrR_LM_M89X (Table 1, entry 4, 11, 12). In contrast, 

substitution for the polar residue serine or negatively charged aspartate (H86S, 

H86D) resulted in a decrease in ee of 3a, while conversion remained similar (Table 

1, entry 13, 14). Phenylalanine 93 was mutated to isoleucine, histidine, tryptophan 

and aspartate. The mutation for the apolar and bulky isoleucine (F93I) or the 

positively charged histidine (F93H) led to a slight decrease in enantioselectivity, 

i.e. 27 and 31 %, respectively. However, a dramatic decrease in conversion to 5-7 

% was found (Table 1, entry 15, 16). Mutation to tryptophan (F93W) had no 

significant effect on catalysis (Table 1, entry 17). Surprisingly, mutation of F93 for 

negatively charged aspartate (F93D) resulted in preferential formation of the 
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opposite enantiomer of 3a, i.e. 29 % ee of the (-) enantiomer. Finally, two double 

mutants, i.e. LmrR_LM_M89X_N19A_E107A and 

LmrR_LM_M89X_H86A_E107A were prepared. Unfortunately, the combination 

of two mutations that individually had a positive effect on catalysis proved not to 

be synergistic and no significant improvement of the results of catalysis was 

observed (Table 1, entry 19, 20).  

Combined, the data from mutagenesis studies clearly show the importance 

for catalysis of the second coordination sphere provided by the biomolecular 

scaffold. Furthermore, the results from the alanine scanning strongly support that 

the catalysis takes place inside the hydrophobic pore provided by LmrR in the 

immediate vicinity of the metal binding residue BpyAla. In particular H86 and F93 

appeared to be important positions, since mutation to alanine had a positive and 

strongly negative effect, respectively, on both conversion and enantioselectivity. 

The second round of mutagenesis of position 86 suggests that, although the 

differences in conversion and enantioselectivity are not large, apolar amino acids 

are preferred over polar residues at this position for the benchmark Friedel-Crafts 

reaction. The bulkiness of the side-chain appeared to be not particularly important 

since similar results were obtained with alanine, isoleucine and tryptophan at this 

position. The results of mutagenesis at position 93 strongly suggest the necessity of 

an aromatic side-chain in order to achieve both good conversions and ee’s. The 

reason for this strong preference is not clear, a possible hypothesis is that the π-

stacking interactions are important in binding and orienting the substrates. 

Alternatively, this residue may play a more general role in retaining the open 

structure of the hydrophobic pore of the protein, which serves as the active site 

where catalysis takes place. Further structural studies are needed to establish the 

role of F93 in catalysis. 

The substrate scope of the LmrR_LM_M89X catalyzed Friedel-Crafts 

reaction was investigated using indole derivatives 1b-1d as substrate (Scheme 1, 

Table 2). For this study three LmrR mutants were selected: LmrR_LM_M89X, 

LmrR_LM_M89X_H86A and LmrR_LM_M89X_F93W, which gave rise to some 

of the best results in the benchmark reaction of 1a with 2. Using substrate 1b, 

lower conversions and moderate ee’s in the range of 49-55 % were observed with 

all mutants (Table 2, entry 1-3). 5-Chloro indole (1c) proved to be a poor substrate 

for the present artificial metalloenzymes: only low ee’s and hardly any conversion 

was obtained (Table 2, entry 4-6). Surprisingly, using 2-methyl indole (1d), high 

conversions and ee’s ranging from 68-84 %, were obtained (Table 2, entry 7-9). 

Both conversion and ee in this case are significantly higher than those achieved 

with other indoles. Apparently, the 2-methylindole substrate is best compatible 

with the chiral microenvironment provided by the hydrophobic pocket of LmrR. 
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While such substrate specificity is not attractive from a catalysis perspective, where 

broad scope is desired, it is reminiscent of natural enzymes that have been evolved 

for one specific substrate only. Finally, a noticeable trend is observed in the 

conversion and ee’s achieved with various mutants. Of the three mutants, 

LmrR_LM_M89X_F93W consistently gave rise to the highest ee’s in the catalyzed 

reaction. 

2.3 CONCLUSIONS 

In conclusion, we have introduced a new strategy for the preparation of 

artificial metalloenzymes comprising in-vivo incorporation of a metal-binding non-

proteinogenic amino acid BpyAla into the protein LmrR, using the amber stop 

codon suppression methodology. To the best of our knowledge, this represents the 

first example of an artificial metalloenzyme with an in vivo incorporated unnatural 

amino acid capable of binding a transition metal ion catalyzing an enantioselective 

reaction.  A particularly attractive feature of this approach is that it allows for rapid 

optimization of artificial metalloenzymes by genetic methods, which was 

demonstrated by the preparation of several mutants of this novel artificial 

metalloenzyme. Up to 83% ee for the product was achieved in the catalytic 

Table 2. Scope of the vinylogous Friedel-Crafts alkylation reaction catalyzed by LmrR_LM_X_CuII.a 

Entry Catalyst Substrate Product Conv. (%) ee (%) 

1 LmrR_LM_M89X_CuII 
1b 3b 16 ± 6 52 ± 3  

2 LmrR_LM_M89X_H86A_CuII 
1b 3b 11 ± 0 49 ± 3  

3 LmrR_LM_M89X_F93W_CuII 
1b 3b 16 ± 6 55 ± 3  

4 LmrR_LM_M89X_CuII 
1c 3c 2 ± 1 21 ± 1  

5 LmrR_LM_M89X_H86A_CuII 
1c 3c 5 ± 0 29 ± 0  

6 LmrR_LM_M89X_F93W_CuII 
1c 3c 3 ± 1 50 ± 2  

7 LmrR_LM_M89X_CuII 
1d 3d 92 ± 4 80 ± 2  

8 LmrR_LM_M89X_H86A_CuII 
1d 3d 79 ± 2 68 ± 2  

9 LmrR_LM_M89X_F93W_CuII 1d 3d 94 ± 6 83 ± 0  

      
a Typical conditions: 9 mol% Cu(H2O)6(NO3)2 (90 µM) loading with 1.25 eq LmrR_LM_X in 20 mM MOPS buffer 

(pH 7.0), 150 mM NaCl, for 3 days at 4 °C. All data are the average of 2 independent experiments, each carried out 
in duplicate. 
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asymmetric vinylogous Friedel-Crafts alkylation reaction. Interestingly, this is a 

reaction that was not catalysed by the previously reported LmrR-based artificial 

metalloenzymes involving covalent anchoring of the metal complex via an 

introduced cysteine. This suggests that the structure of the active site of the 

artificial metalloenzymes presented here is significantly different, resulting in a 

different catalytic activity. Due to its versatility, it is envisioned that this novel 

design approach will allow for directed evolution of artificial metalloenzymes 

and/or their application in living cells, ultimately making it possible to augment 

cellular biosynthesis with unnatural catalytic transformations. 

2.4 EXPERIMENTAL SECTION 

2.4.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without further 

purification. H-NMR and C-NMR spectra were recorded on a Varian 400 (400 and 100 

MHz) in CDCl3 or DMSO-d6. Mass spectra (HRMS) were recorded on an Orbitrap XL 

(Thermo Fisher Scientific; ESI pos. mode). Enantiomeric excess determinations were 

performed by HPLC analysis (Chiralpak-AD column) using UV-detection (Shimadzu SCL-

10Avp).  

E. coli strains XL-1-Blue and BL21C43(DE3) (Stratagene) were used for cloning 

and expression. DNA sequencing was carried out by GATC-Biotech (Berlin, Germany). 

Primers were synthesized by Eurofins MWG Operon (Ebersberg, Germany). Restriction 

endonucleases were purchased from New England Biolabs. T4 DNA ligase, DNA Gel 

Extraction Kit and Plasmid Purifying Kit were purchased from Roche. Pfu Turbo 

polymerase was purchased from Stratagene. FPLC columns were purchased from GE 

Healthcare. Plasmid pEVOL-BpyAla was kindly provided by prof. P.G. Schultz. 
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2.4.2 Synthesis  

Synthesis of (2,2΄-bipyridin-5-yl)alanine
 

Synthesis of methyl 2,2´- bipyridine-5-carboxylate 

1.5 M t-BuLi in n-pentane (40.5 mmol, 2.15 eq.) was added to THF 

(100 mL) at -78 °C under an N2 atmosphere. To this pale-yellow 

solution, 2-bromopyridine (22.9 mmol, 1.20 eq.) was slowly added 

via syringe and stirred for 30 min at the same temperature. After 

that time a solution of ZnCl2 (10.5 mmol, 2.75 eq.) in THF (80 mL) 

was added. The resulting solution was allowed to warm to room 

temperature and stirred for 2.5 h (solution 1). Methyl 6-chloronicotinate (19.1 mmol, 1.0 

eq.) and Pd(PPh3)4 (574 nmol, 3 mol%) were dissolved in THF (20 mL) under N2 

atmosphere (solution 2). The corresponding solution was slowly added to solution 1 and the 

resulting mixture was stirred at reflux for 18 h. The reaction was followed via TLC. After 

total consumption of the starting material, the mixture was quenched with a saturated 

aqueous solution of EDTA (120 mL) and stirred at room temperature for 15 min. Once 

finished, a saturated aqueous solution of Na2CO3 was added until pH 8. The product was 

extracted with CH2Cl2 (3 × 50 mL) and the organic layer was dried over Na2SO4, filtered 

and the solvent evaporated under reduced pressure. The crude residue was purified by flash 

chromatography on silica gel with heptane/ethyl acetate (3:1) + 5% Et3N to afford methyl 

2,2´- bipyridine-5-carboxylate (3.84 g, 94% yield) as a white solid. Analytical data were in 

accordance with those previously published.
35

 
1
H-NMR (CDCl3-d1, 400 MHz):    3.98 (s, 

3H), 7.26-7.38 (m, 1H), 7.85 (t, 1H, 
3
JHH 8.0 Hz), 8.41 (d, 1H, 

3
JHH 8.0 Hz), 8.48-8.51 (m, 

2H), 8.70 (d, 1H, 
3
JHH 4.0 Hz) and 9.27 (s, 1H).  

Synthesis of 5-(bromomethyl) 2,2´- bipyridine
 

To a solution of methyl 2,2´- bipyridine-5-carboxylate (17.9 mmol, 

1.0 eq.) in anhydrous THF (83 mL) at 0 ºC was added  lithium 

borohydride (89.5 mmol, 5.0 eq.). The reaction mixture was stirred 

at this temperature for 16 hours and then quenched slowly with 166 

mL of water. After the evaporation of THF under reduced pressure, the product was 

extracted with CH2Cl2 (3 × 50 mL) and the organic layer was dried over Na2SO4 and 

filtered. The solution was then concentrated under reduced pressure to afford 3.27 g of 5-

(hydroxymethyl)-2,2'-bipyridine as a thick orange oil which was used in the subsequent 

reaction without purification.  

The product from the preceding reaction was dissolved in CH2Cl2 (40 mL) and cooled to 0 

ºC. To this solution, tetrabromomethane (20.3 mmol, 1.13 eq.) and triphenylphosphine 

(20.3 mmol, 1.13 eq.) were slowly added. After stirring for 16 hours, the reaction mixture 

was concentrated to approximately one quarter of the original volume and applied directly 

to a flash silica gel column (eluent: heptane/Et2O (1:l)). Concentration of the pure fractions 
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under reduced pressure provided 2.7 g  (50% yield over two steps) of 5-(bromomethyl)-

2,2'-bipyridine as a pale yellow solid. Analytical data were in accordance with those 

previously published.
34 

 
1
H-NMR (CDCl3-d1, 400 MHz):   4.54 (s, 2H), 7.26-7.34 (m, 1H), 

7.80-7.84 (m, 2H), 8.40 (d, 2H, 
3
JHH 8.0 Hz) and 8.60 (s, 2H). 

Synthesis of diethyl 2-(2,2´-bipyridin-5-ylmethyl)-2-acetamidomalonate
 

 To a solution of diethyl acetaminomalonate (13.4 mmol, 1.5 

eq.) and NaOEt (13.4 mmol, 1.5 eq.) in EtOH (80 mL, 

anhydrous),  5-(bromomethyl) 2,2´- bipyridine ( 9.0 mmol, 1.0 

eq.) was added under an N2 atmosphere. The reaction  mixture 

was heated to reflux overnight. The solvent was evaporated un  
der reduced pressure and the residue was purified by silica gel 

flash column chromatography heptane/EtOAc 1:1 (until isolation of the compound that 

corresponds to the first spot in the TLC) and then CH2Cl2/MeOH 9:1 to give diethyl 2-

(2,2´-bipyridin-5-ylmethyl)-2-acetamidomalonate as a white solid (3.5 g, 70%).
20

 
1
H-NMR 

(CDCl3-d1, 400 MHz):   1.30 (t, 6H,
 3

JHH 8.0 Hz), 2.06 (s, 3H), 3.73 (s, 2H), 4.19-4.21 (c, 

4H, 
3
JHH 8.0 Hz), 6.60 (s, 1H), 7.26-7.30 (m, 1H), 7.47 (d, 1H,

 3
JHH 8.0 Hz), 7.78 (t, 1H, 

3
JHH 8.0 Hz), 8.28-8.34 (m, 3H), 8.66 (d, 1H,

 3
JHH 8.0 Hz). 

Synthesis of (2,2΄-bipyridin-5-yl)alanine
 

Finally, a suspension of diethyl 2-(2,2´-bipyridin-5-ylmethyl)-

2-acetamidomalonate (9.0 mmol) in aqueous HCl (60 mL, 

37% in water) was heated to reflux overnight. The solvent was 

evaporated under reduced pressure to give bipyridylalanine as 

a white HCl salt (2.6 g, 82%), which was used in experiments 

without further purification. Analytical data were in accordance with those previously 

published.
20

 
1
H-NMR (MeOD-d1, 400 MHz):   3.49 (dd, 1H, 

3
JHH 8.0 Hz,

 2
JHH 16.0 Hz), 

3.57 (dd, 1H, 
3
JHH 8.0 Hz,

 2
JHH 16.0 Hz), 4.52 (t, 1H, 

3
JHH 8.0 Hz), 8.09 (t, 1H,

 3
JHH 8.0 Hz), 

8.32 (dd, 1H,
 3

JHH 8.0 Hz, 
4
JHH 4.0 Hz), 8.62 (d, 1H, 

3
JHH 8.0 Hz), 8.67 (dt, 1H, 

3
JHH 8.0 Hz,

 

4
JHH 4.0 Hz ), 8.79 (d, 1H, 

3
JHH 8.0 Hz) and 8.94-8.97 (m, 2H). 

13
C-NMR (CD3OD-d4, 75.4 

MHz):    34.1, 54.2, 124.4 , 125.2, 128.4, 136.6, 143.3, 145.5, 146.6, 147.3, 148.8, 150.2 

and 170.6. HRMS (ESI
+
) calcd for C13H14N3O2 (M+H

+
): 244.108; found: 244.107. 
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2.4.3 Molecular Biology 

Gene optimization 

The synthesized gene of LmrR was ordered from GenScript (USA). The codon 

usage was adapted to the codon bias of E. coli genes. The gene was delivered in the cloning 

vector pUC57, containing a C-terminal strep-tag and K55D, K55Q mutations as previously 

described.
32

 The gene was subsequently recloned to the pET17b expression plasmid using 

the restriction sites NdeI and HindIII. 

Optimized sequence 

ATGGGTGCCGAAATCCCGAAAGAAATGCTGCGTGCTCAAACCAATGTCATCCTGCTGAA

TGTCCTGAAACAAGGCGATAACTATGTGTATGGCATTATCAAACAGGTGAAAGAAGCGA

GCAACGGTGAAATGGAACTGAATGAAGCCACCCTGTATACGATTTTTGATCGTCTGGAA

CAGGACGGCATTATCAGCTCTTACTGGGGTGATGAAAGTCAAGGCGGTCGTCGCAAATA

TTACCGTCTGACCGAAATCGGCCATGAAAACATGCGCCTGGCGTTCGAATCCTGGAGTCG

TGTGGACAAAATCATTGAAAATCTGGAAGCAAACAAAAAATCTGAAGCGATCAAATCTA

GAGGTGGCAGCGGTGGCTGGAGCCACCCGCAGTTCGAAAAATAA 

Site-directed mutagenesis 

Site-directed mutagenesis was used for preparation of all LmrR mutants. The 

primers used for the mutagenesis are summarized in Table 3. The following PCR cycles 

were used: initial denaturation at 95 ⁰C for 1 min, denaturation at 95 ⁰C for 30 s, annealing 

at 58-63 ⁰C for 1 min (depending on the Tm of the particular mutant) and extension at 68 ⁰C 

for 5 min. The thermal cycle was repeated 16 times. The resulting PCR product was 

digested with restriction endonuclease DpnI for 1 h at 37 ⁰C and transformed into the E. 

coli XL1-blue cells. 
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Table 3. PCR primers used for site-directed mutagenesis. 

Primer Sequence (5’ → 3’) 

LmrR_LM_N19X_fw GTC ATC CTG CTG TAG GTC CTG AAA CAA G 

LmrR_LM_N19X_rv CTT GTT TCA GGA CCT ACA GCA GGA TGA C 

LmrR_LM_M89X_fw GGC CAT GAA AAC TAG CGC CTG GCG TTC 

LmrR_LM_M89X_rv GAA CGC CAG GCG CTA GTT TTC ATG GCC 

LmrR_LM_F93X_fw ATG CGC CTG GCG TAG GAA TCC TGG AGT 

LmrR_LM_F93X_rv ACT CCA GGA TTC CTA CGC CAG GCG CAT 

LmrR_LM_M89X_N19A_fw GTC ATC CTG CTG GCG GTC CTG AAA CAA 

LmrR_LM_M89X_N19A_rv TTG TTT CAG GAC CGC CAG CAG GAT GAC 

LmrR_LM_M89X_K22A_fw CTG AAT GTC CTG GCG CAA GGC GAT AAC 

LmrR_LM_M89X_K22A_rv GTT ATC GCC TTG CGC CAG GAC ATT CAG 

LmrR_LM_M89X_H86A_fw ACC GAA ATC GGC GCG GAA AAC TAG CGC 

LmrR_LM_M89X_H86A_rv GCG CTA GTT TTC CGC GCC GAT TTC GGT 

LmrR_LM_M89X_F93A_fw TAG CGC CTG GCG GCA GAA TCC TGG AGT 

LmrR_LM_M89X_F93A_rv ACT CCA GGA TTC TGC CGC CAG GCG CTA 

LmrR_LM_M89X_E107A_fw ATT GAA AAT CTG GCG GCA AAC AAA AAA 

LmrR_LM_M89X_E107A_rv TTT TTT GTT TGC CGC CAG ATT TTC AAT 

LmrR_LM_M89X_H86I_fw ACC GAA ATC GGC ATC GAA AAC TAG CGC 

LmrR_LM_M89X_H86I_rv GCG CTA GTT TTC GAT GCC GAT TTC GGT 

LmrR_LM_M89X_H86W_fw ACC GAA ATC GGC TGG GAA AAC TAG CGC 

LmrR_LM_M89X_H86W_rv GCG CTA GTT TTC CCA GCC GAT TTC GGT 

LmrR_LM_M89X_H86S_fw ACC GAA ATC GGC GCG GAA AAC TAG CGC 

LmrR_LM_M89X_H86S_rv GCG CTA GTT TTC CGC GCC GAT TTC GGT 

LmrR_LM_M89X_H86D_fw ACC GAA ATC GGC GCG GAA AAC TAG CGC 

LmrR_LM_M89X_H86D_rv GCG CTA GTT TTC CGC GCC GAT TTC GGT 

LmrR_LM_M89X_F93I_fw TAG CGC CTG GCG ATC GAA TCC TGG AGT 

LmrR_LM_M89X_F93I_rv ACT CCA GGA TTC GAT CGC CAG GCG CTA 

LmrR_LM_M89X_F93H_fw TAG CGC CTG GCG CAT GAA TCC TGG AGT 

LmrR_LM_M89X_F93H_rv ACT CCA GGA TTC ATG CGC CAG GCG CTA 

LmrR_LM_M89X_F93W_fw TAG CGC CTG GCG TGG GAA TCC TGG AGT 

LmrR_LM_M89X_F93W_rv ACT CCA GGA TTC CCA CGC CAG GCG CTA 

LmrR_LM_M89X_F93D_fw TAG CGC CTG GCG GAT GAA TCC TGG AGT 

LmrR_LM_M89X_F93D_rv ACT CCA GGA TTC ATC CGC CAG GCG CTA 
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2.4.4 Expression and purification 

The plasmids pEVOL-BpyAla and pET17b_LmrR_LM_X were cotransformed into 

E. coli BL21C43 (DE3) and a single colony was used to inoculate an overnight culture of 

10 mL of fresh LB medium containing 100 μg/mL of ampicillin and 34 µg/mL of 

chloramphenicol. 2 mL (500x dilutions) of overnight culture was used to inoculate 1 L of 

fresh LB medium containing 100 μg/mL of ampicillin 34 µg/mL of chloramphenicol. When 

the culture reached an optical density at 600 nm of 0.8–0.9, the expression was induced 

with isopropyl β-D-1-thiogalactopyranoside (IPTG) (final concentration 1 mM) and L-

Arabinose (final concentration 0.02%) and BpyAla was added (final concentration 0.5 

mM). Expression was done overnight at 30 °C. Cells were harvested by centrifugation 

(6000 rpm, JA10, 20 min, 4 °C, Beckman), resuspended in washing buffer (50 mM 

NaH2PO4, 150 mM NaCl, 10% glycerol. pH 8.0) and sonicated (75% (200W) for 5 min (10 

sec on, 15 sec off). The lysed cells were incubated with DNAseI (final concentration 0.1 

mg/mL with 10 mM MgCl2) and PMSF solution (final concentration 0.1 mM) for 1 hour at 

30 °C. After centrifugation (15000 rpm, JA-17, 1 h, 4 °C, Beckman), the supernatant was 

loaded on a Strep-Tactin column and incubated for 1 h. The column was washed with 3 x 1 

CV (column volume) of resuspension buffer (same as wash buffer used before), and eluted 

with 6 x 0.5 CV of resuspension buffer containing 2.5 mM desthiobiotin. The fractions 

were analyzed on a 12% polyacrylamide SDS-Tris Tricine gel followed by Coomassie 

staining. The concentration of the proteins was determined by using the calculated 

extinction coefficient ε280 = 25440 M
-1

 cm
-1

 (F93W mutant: ε280 = 30940 M
-1

 cm
-1

) and 

corrected for the absorbance of the. The correction factor for protein with BpyAla was 

determined by a standard Bradford assay using ‘wildtype’ LmrR as standard BpyAla 

(LmrR_BpyAla ε280 = 48080 M
-1

 cm
-1

 per monomer). Expression yields were 6-18 mg/L.  

In order to use proteins in the catalysis, they were dialysed against MOPS buffer (20 mM 

MOPS, 150 NaCl, pH 7.0) overnight at 4 °C. Two mutants, i.e. LmrR_LM_F93X and 

LmrR_LM_M89X_F93D, were incubated with 500 mM EDTA for 4 hours prior to 

dialysis. 

2.4.5 Characterization  

Analytical size-exclusion chromatography  

Analytical size exclusion chromatography was performed on a Superdex 75 10/300 

GL (GE Healthcare). 100 μL of the sample was injected using 20 mM MOPS, 150 mM 

NaCl pH 7.0, as buffer (flow 0.5 mL/min). The column was calibrated using the standard 

Gel Filtration LMW Calibration Kit of GE Healthcare.  

Raman spectroscopy measurements 

Raman spectra were obtained in a ca. 155
o
 backscattering arrangement with 

excitation at 355 nm (10 mW, Cobolt Zouk). Raman scattering was collected and 

collimated (plano-convex, dia. 25 mm, f = 7.5 cm), passed through a long pass filter to 
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reject Rayleigh scattering (Semrock) and subsequently refocused (plano-convex, dia. 25 

mm, f = 17.5 cm) into and dispersed by a Shamrock500i spectrograph (Andor Technology) 

with a 2400 l/mm blazed at 300 nm and acquired with a DV420A-BU2 CCD camera 

(Andor Technology). Data were recorded and processed using Solis (Andor Technology), 

Spekwin32 and Spectrum (Perkin Elmer) with spectral calibration performed using the 

Raman spectrum of acetonitrile/toluene 50:50 (v:v). Samples were held in 10 mm path 

length quartz cuvettes. Solvent subtraction and a multipoint baseline correction were 

performed for all spectra. 

EPR measurement 

EPR spectra (X-band, 9.46 GHz) were recorded on a Bruker ECS106 spectrometer 

in liquid nitrogen (77 K). Experimental conditions: Microwave frequency = 9.46 GHz; 

microwave power = 20 mW; 10 G field modulation amplitude; time constant 81.92 ms; 

scan time 83.89 s; 3 accumulations. 

2.4.6 Catalysis  

Representative procedure for LmrR_LM_X_Cu
II 

catalysed Friedel-Crafts reaction 

The catalytic solution was prepared by combining Cu(H2O)6(NO3)2 (90 µM, 9 % 

catalyst loading) in MOPS buffer (20 mM MOPS, 150 mM NaCl, pH 7.0) with 1.25 

equivalents of LmrR_LM_X (112.5 µM) to a final volume of 280 µL. To this 10 µL of a 

fresh stock solution of substrate 1 in CH3CN (final concentration 2.5 mM) and 10 µL of 

solution of substrate 2 in MOPS/CH3CN was added (final concentration 1 mM). The 

reaction was mixed for 3 days by continuous inversion at 4 ⁰C. The product was extracted 

with 3 x 1 mL of diethyl ether, the organic layers were dried on Na2SO4 and evaporated 

under reduced pressure. The product was redissolved in 150 μl of a heptane:propan-2-ol 

mixture (10:1) and the conversion and enantiomeric excess were determined using HPLC 

(Chiralpak-AD n-heptane:iPrOH 90:10, 1 mL/min). 
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CHAPTER 3 

Rational design of an enantioselective artificial 

metallo-hydratase  
 

 

 

Here, we present a novel enzyme able to catalyze the conjugate addition of water to alkenes 

whose design has been based on combining (bio)chemical knowledge and intuition on 

natural and artificial enzymes with state-of-the-art modelling protocols. After initial 

hypothesis and the insight gained through the modelling of the LmrR template, in silico 

analysis allowed to drive the optimization of the second coordination sphere of the metal. 

Experimental validation confirmed that this approach is capable of providing variants 

displaying improved efficiency and enantioselectivity. 
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3.1 INTRODUCTION 

The design of tailored enzymes for new-to-nature reactions is a long-

standing challenge that, when achieved, could bring great reward for organic 

synthesis. Yet, our limited understanding of the relationship between protein 

structure and catalytic activity and how to design stable protein folds, makes that 

de novo enzyme design is still far from routine.  

Computational enzyme design methods offer great promise for the creation 

of novel enzymes.
1
 This is demonstrated by the recent progress in methods such as 

Rosetta has given rise to novel enzymes by matching of a “theozyme”, that is a 

tentative active site geometry designed for a calculated transition state, to existing 

protein structures in structural databases.
2
 The resulting designs often initially 

display modest catalytic efficiencies, albeit that these can be improved by posterior 

computational redesign and laboratory evolution.
3–7

 However, this may result in 

drastic changes of the structure of the active site when compared to the original 

computation design.
8
 In the case of metalloenzymes, the challenges are 

compounded by the difficulty of designing a stable metal binding site using 

canonical amino acids only.
9
 This is illustrated by the fact that while computational 

redesign of metalloenzymes has been achieved
10,11

, the de novo design of new 

catalytically active metalloenzymes is scarce.
12–15

 

The amber stop-codon suppression methodology allows the introduction of 

unnatural bidentate metal binding amino acids into a protein at the genetic 

level.
16,17

 Recently, we have applied this expanded genetic code method for the 

preparation of a catalytically active artificial metalloenzyme, created by in vivo 

incorporation of (2,2-bipyridin-5yl)alanine (BpyAla) at a predefined position into 

the transcriptional regulator LmrR.
18,19

 From a computational design perspective, 

this is an attractive approach, since it reduces some of the complications in 

metalloenzyme design by providing a stable metal binding site at the onset of the 

design process.
20,21

 

Here, we show computational design of an artificial metalloenzyme 

containing an unnatural BpyAla metal binding residue for the catalysis of a 

chemically challenging reaction: the enantioselective conjugate addition of water to 

enones. Asymmetric hydration is still an unsolved problem for conventional 

asymmetric catalysis, due to the challenges associated with using water as a 

nucleophile.
22,23

 Indeed, the available mechanistic information for natural 

hydratases
24,25

, as well as the few reported examples of enantioselective hydration 

of enones by hybrid catalysts
26,27

, suggest that these reactions critically depend on 

2
nd

 coordination sphere interactions to bind, activate and direct the water 
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nucleophile, which makes it an attractive target for computational metalloenzyme 

design.  

 

Figure 1. Outline of the rational metalloenzymes design approach for a target reactivity used in this 

study.  
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3.2 RESULTS 

3.2.1 Computational design 

The approach followed is outlined in Figure 1. The design starts with (bio-

)chemical knowledge of the reaction of interest and the protein scaffold, which are 

then used as input for the computational design. This then, in several steps, results 

in a few designs that are experimentally validated. 

Natural hydrateses have been studied extensively and key to their activity is 

a dual activation process, which involves 1) an electrophilic activation of the 

enone, e.g. by hydrogen bonding to the carbonyl and 2) the activation of the water 

nucleophile by a judiciously placed general base.
23,25

 Quantum chemical 

calculations have shown that a similar mechanism is operative in acetylene 

hydratase, where the metal center activates the triple bond and an aspartate residue 

assists the nucleophilic attack by a water molecule.
28–30

  

Our design is based on the same principle: a Cu
II
-(2,2’-bipyridine) complex, 

involving the BpyAla unnatural amino acid, that acts as Lewis acid to activate the 

conjugated double bond and a judiciously positioned carboxylate moiety that acts 

as a general base (Scheme 1). Moreover, the positioning of this general base with 

respect to one prochiral face of the enone can be used to induce enantioselectivity 

in the water addition step.  

 

 
 

Scheme 1. Dual activation strategy for catalysis of the enantioselective hydration reaction. The CuII 

ion is bound to 2,2’-bipyridine, the side chain of the unnatural amino acid at position 89 of LmrR, and 

to the α,β-unsaturated 2-acyl pyridine, the substrate. 

 

DFT calculations were performed on a reduced model of a Cu
II
-(2,2’-

bipyridine) complex surrounded with water molecules and a carboxylate in the 

second coordination sphere of the metal. Those calculations showed that proper 

arrangement of the electrophilic and nucleophilic activation may result in a low 

activation barrier for the addition of a water molecule to the conjugated double 

bond (8.7 kcal/mol). Based on these calculations, the distance between the oxygen 
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of the side chain carboxylate and the β carbon of the substrate that is attacked by 

the nucleophilic water molecule needs to be in the range of ca. 3.5 to 5 Å. This 

corresponds to the distances found in x-ray structures of hydratases with substrate 

bound.
31,32

 

Using unnatural metal binding amino acids eliminates the need for screening 

of protein databases for suitable scaffolds. Therefore, we selected the Lactococcal 

multidrug resistance regulator (LmrR) for our design. LmrR is a homodimeric 

protein with a size of 13.5 kDa per monomer, that acts as a transcriptional repressor 

for the production of a multidrug ABC transporter. LmrR contains a unique flat 

shaped hydrophobic pore at the dimer interface, where normally hydrophobic 

antibiotic molecules are bound. This makes LmrR attractive for artificial enzyme 

design, as the hydrophobic nature of the interior of the pore already provides a 

generic driving force for binding of organic substrates.
19

  Since LmrR is a 

homodimer, genetic introduction of the unnatural amino acid will result in 2 of 

these metal binding moieties to be present in the hydrophobic pore. Position 89 was 

selected for introduction of BpyAla, since it is located at the far end of the 

hydrophobic pocket, thus avoiding the risk of formation of poorly active 2:1 ligand 

to metal complexes. 

Protein-ligand docking experiments were performed to generate 3D models 

of the LmrR_LM_M89BpyAla (further referred to as LmrR_LM_M89X) with the 

α,β-unsaturated 2-acyl pyridine substrate 1a bound to the Cu
II
 ion as a bidentate 

ligand in a square planar geometry (BpyAla-Cu
II
-1a). The structure of BpyAla-

Cu
II
-1a was optimized using the same DFT scheme as in our initial cluster models. 

The docking experiments lead to good predicted interaction energies of 42 

ChemScore units. The two cofactor-1a complexes, one per monomeric unit of 

LmrR, were found to fit well between the α4 and α4’ helices of the dimer (Figure 

2) and, in general, a good hydrophobic complementarity was observed between the 

aromatic rings of the cofactor and the binding site pocket of the protein with a 

major edging or stacking interaction with F93. Additionally, the pyridine moiety of 

each substrate was observed to make hydrophobic interactions with the V15 side 

chain, while their isopropyl groups are sandwiched between the central tryptophans 

W96 and W96’. Moreover, the docking calculations also revealed that D100 and 

D100’ are the only potential general base residues in the vicinity of the substrates. 
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Figure 2. a) Docking of BpyAla-1a at position 89 of LmrR. b) Positions selected for the introduction 

of the glutamate residue that serves as catalytic residue. Models including mutations coloured in grey 

did not lead to reactive arrangements of the protein/cofactor/substrate assembly. 

A Molecular Dynamics (MD) simulation was performed to explore the 

conformational properties of the design. 100 ns simulation were collected starting 

from the best docking solution. From analysis of the simulation, the following 

features emerged:  i) the two cofactor-substrate complexes remain well stabilized at 

the dimeric interface of LmrR by hydrophobic interactions with neighbouring 

residues including F93 and W96. However, some flexibility was observed: one of 

the substrate bound cofactors was displaced toward the entrance of the LmrR 

binding pocket and became more exposed to the solvent. This flexibility and the 

change in the nature of the interaction of the substrate with the artificial 

metalloenzyme could affect negatively the catalytic profile of the enzyme but also 

suggest the possibility for further optimization ii) water accessibility is not 

equivalent on the prochiral faces of the substrate, suggesting that the protein may 

screen one side of the copper complex and thus induce enantioselectivity  iii) 

D100, a candidate for the role of general base in the hydration process, was found 

not to approach the double bond of the substrate closely enough; the distance 

between the oxygen of the carboxylate moiety of the amino acid and the β carbon 

of the substrate is at the best of 8 Å. However, pre-reactive configurations, that is 

the configuration in which the cofactor-substrate complex, the general base and 

surrounding waters are arranged appropriately for the reaction to proceed. in which 

a water molecule is close to the β carbon and hydrogen bonding the carboxylate 

may still be achieved in a fraction of configurations (about 10%). The majority of 

these configurations involve approach from the pro-R face of the substrate. From 
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this, we predicted that LmrR_LM_M89X would show some catalytic activity, 

forming one enantiomer preferentially, but likely with a modest yield.  

The docking results were analysed further to identify amino acids in the 

second coordination sphere of the metal that could be mutated to either aspartate or 

glutamate and fulfil our structural criteria for efficient hydration. Residues V15, 

W96 and F93 were found to have terminal side chain atoms at 5 Å from the 

electrophilic carbon of 1a. F93 was discarded as possible mutation site since it is 

involved in π-π stacking with the bipyridine complex. Taking into account the 

flexibility observed in the MD and the rearrangement of the receptor, we then 

extended our search to a 7 Å radius, which resulted in 5 more sites as possible 

candidates: M8, Q12, A92, S95, D100 (Figure 2). Models building the 

corresponding D or E variants and subsequent docking of the cofactor-substrate 

moiety showed however that positions 8, 12, 92 and 95 were not suitable, as the 

low energy docking solutions were characterized by a too long distance between 

the side chain oxygen of the D/E residues and the electrophilic carbon. Hence, 

three mutants were selected: M89X_D100E, M89X_W96E and M89X_V15E; and 

further investigated by MD simulations (Figure 3). 

In case of LmrR_LM_M89X_D100E, the cofactors were not equivalent on 

the time scale of the simulation. BpyAla-Cu
II
-1a explored three successive 

conformations, approximately equally populated, the last of which featured the 

cofactor outside the cavity formed by the monomers. Water accessibility at the pro-

chiral faces was similar, yet pre-reactive conformations involving E100’ and E100 

(first conformation) and E107 (second conformation) formed to the pro-R face of 

the substrate. For BpyAla-Cu
II
-1a two conformations were observed and pro-

reactive conformations (involving E100 and the pro-R face of the substrate) were 

observed only in a small set of conformations. These data suggest that 

LmrR_LM_M89X_D100E should display reactivity and enantiomeric preference 

similar to LmrR_LM_M89X. 

MD simulation of LmrR_LM_M89X_V15E showed that the BpyAla-Cu
II
-1a 

complex is more water exposed than BpyAla-Cu
II
-1a’. BpyAla-Cu

II
-1a mostly 

maintains a conformation in which the plane of the Cu complex is roughly 

perpendicular to the axis of the LmrR protein. Interestingly, the substrate displays 

pre-reactive configurations three times more often than in the simulation of 

LmrR_LM_M89X. Activation of the H2O nucleophile by E15 preferentially takes 

place at the pro-R face. Surprisingly, D100’ was found also to engage in pre-

reactive conformations from the same prochiral face, even somewhat more 

frequent than E15. BpyAla-Cu
II
-1a’ maintained a single conformation within the  
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Figure 3. Pre-reactive conformations from molecular dynamics simulations of LmrR_LM_M89X, 

LmrR_LM_M89X_D100E, LmrR_LM_M89X_V15E, LmrR_LM_M89X_W96E. Pre-reactive 

conformations are defined on the basis of the closeness of a water molecule to the β carbon of the 

substrate and the hydrogen-bonding to an aspartate or glutamate residue. Similar pre-reactive 

conformations are reached in 10% of the simulation by LmrR_M89X, 1% by LmrR_M89X_D100E, 

9% by LmrR_M89X_V15E and 37% LmrR_M89X_W96E. 

dimer interface, which is due to the interaction of Cu
II
 ion with E15’. This 

stabilizing interaction is maintained throughout the simulation and hinders the 

approach of water to the pro-R face of the substrate. The pro-S face is exposed to 

the solvent, but only rarely accesses configurations compatible with the pre-

reactive geometry of reactants. These data suggest that M89X_V15E should 

display higher activity than the template M89X and preference for the formation 

same hydrated enantiomer as M89X. 

As for M89X_W96E, BpyAla-Cu
II
-1a and BpyAla-Cu

II
-1a’ display a similar 

behaviour during the MD simulation. Both stay predominantly at the dimer 
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interface; only short fluctuations outside the pocket) with the pro-S face of the 

substrate more accessible to water molecules. For both cofactors, pre-reactive 

conformations are attained in high number and involve more the pro-S face than 

the pro-R. Additionally, E97 and E97’, which are capable of interacting with both 

substrates, but also D100 and D100’ may be involved in activating the water 

nucleophile. These data suggest that M89X_W96E should display higher activity 

and have a preference for the opposite enantioselectivity compared to 

LmrR_LM_M89X. 

3.2.2 Preparation of mutants 

The artificial metalloenzymes used in this study were prepared using the 

amber stop codon suppression methodology to introduce the unnatural metal-

binding amino acid BpyAla into the biomolecular scaffold of LmrR at the position 

M89 (LmrR_M89X).
17,19

 In addition to the introduction of the amber codon for 

unnatural amino acid incorporation, LmrR_LM_M89X also contained two 

additional mutations K55D and K59Q (LM), which have been previously 

introduced to the sequence in order to prevent the DNA-binding and facilitate the 

purification and a C-terminal Strep-tag.
19,27

 The mutants selected from the in silico 

study were prepared using standard Quik-Change mutagenesis methods 

(Stratagene), expressed in E. coli BL21(DE3), purified on a Strep-tag affinity 

column and fully characterized (SDS-PAGE, exact mass measurement, size-

exclusion chromatography). Typical purifications yields were 6-11 mg/L. All 

proteins had observed mass same as calculated confirming successful incorporation 

of BpyAla and mutagenesis (Experimental section, Table 4). Size-exclusion 

chromatography showed all LmrR mutants eluting as single peak at an elution 

volume of 11.6 (± 0.4) mL, which is consistent with a homodimeric structure of 

molecular weight around 30 kDa. This suggests that the dimeric structure is 

retained and none of the mutations caused significant perturbation of the structure 

in the conditions of the catalysis (20 mM MOPS, 250 mM NaCl, pH 7, 4 °C). 

3.2.3 Catalytic hydratation 

The catalytic activity of the BpyAla-containing artificial metalloenzymes 

was tested in the Cu
II
-catalyzed enantioselective 1,4-addition of water to α,β-

unsaturated 2-acyl pyridine 1a to yield in corresponding β-hydroxy ketone product 

2a (Table 1). The reaction was carried out for 3 days at 4 °C, using 9 mol% of 

Cu(NO3)2 (90 µM), a small excess of LmrR_LM_M89X (1.25 equivalents, 112.5 

µM in LmrR monomers). A conversion of 11 % was obtained in the uncatalyzed 
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reaction, while catalysis by 9 mol% of Cu(NO3)2, in absence of protein, gave rise to 

83% conversion (Table 1, entry 1-2). The uncatalyzed reaction in the presence of 

protein and the absence of Cu
II
 salts gave similar results as the uncatalyzed 

reaction: a low conversion of 9% was observed (Table 1, entry 3). Upon binding of 

Cu
II
 to LmrR_LM_M89X, a moderate ee and conversion was obtained (Table 1, 

entry 4). All three designed mutants gave rise to an increased conversion of 1a. 

Using the M89X_D100E mutant, a modest increase of conversion to 52% was 

obtained, accompanied by slight decrease of ee with compared to 

LmrR_LM_M89X (Table 1, entry 5). In case of the mutant, M89X_W96E the 

highest increase in conversion was observed, albeit accompanied by a strong 

decrease of the ee (Table 1, entry 9). The most interesting case is the mutant 

M89X_V15E which gives rise to both increased conversion and enantioselectivity 

(Table 1, entry 7). 
 

These results suggest that the placement of a general base at an appropriate 

position with respect to the active complex is an effective approach to improve 

catalysis. This was further confirmed by mutagenesis of the introduced glutamates 

to glutamines, which is sterically similar to glutamate but lacks the negative charge 

and, therefore, the ability to act as a general base. As expected, the activity of the 

corresponding glutamine mutants dropped back to levels similar to, or even lower 

than LmrR_LM_M89X, (Table 1, entries 6,8,10). Moreover, with all three 

glutamine mutants, the enantioselectivity of the reaction was also significantly 

lower, confirming that the glutamate residue, in particular in case of 

LmrR_LM_M89X_V15E, plays a role also in selectively positioning of the water 

nucleophile with respect to one prochiral face of the enone.  

3.2.4 Substrate scope 

The substrate tolerance of the designed metallo-hydratase was explored by 

varying the substituent at the β-position of the α,β-unsaturated 2-acyl pyridine 

(Table 1, substrate 1a-1d). Using LmrR_LM_M89X, good ee’s were obtained for 

products 2a and 2b (Table 1, entries 4 and 12), while with substrates 1c and 1d low 

conversions and ee’s were obtained (Table 1, entries 15,18). In the case of 

LmrR_LM_M89X_V15E, with substrates 1a, 1b good ee’s were obtained (Table 1, 

entries 6,13) Interestingly, with all 4 substrates conversion was higher than in the 

reactions catalyzed by LmrR_LM_M89X. In case of substrates 1c-1d, the 

conversions obtained with LmrR_LM_M89X_V15E were also higher than those 

obtained when using Cu(NO3)2 alone, further illustrating the importance of the 

protein scaffold in catalysis. 
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Table 1. Results of the water-addition reaction catalyzed by LmrR_LM_X_Cu
II
.
a
 

 

Entry Catalyst Substrate Product Conv. (%) ee (%) 

1 - 1a 2a 11 ± 3 - 

2 Cu(NO3)2 1a 2a 83 ± 9 - 

3 LmrR_LM_M89X (no CuII) 1a 2a 9 ± 3 - 

4 LmrR_LM_M89X_CuII 1a 2a 39 ± 7 42 ± 6 

5 LmrR_LM_M89X_D100E_CuII 1a 2a 52 ± 3 30 ± 2 

6 LmrR_LM_M89X_D100Q_CuII 1a 2a 35 ± 3 < 5 

7 LmrR_LM_M89X_V15E_CuII 1a 2a 75 ± 9 64 ± 2 

8 LmrR_LM_M89X_V15Q_CuII 1a 2a 28 ± 5 15 ± 3 

9 LmrR_LM_M89X_W96E_CuII 1a 2a 79 ± 3 6 ± 4 

10 LmrR_LM_M89X_W96Q_CuII 1a 2a 64 ± 1 6 ± 1 

      

Substrate scopeb     

11 Cu(NO3)2 1b 2b 86 ± 4 - 

12 LmrR_LM_M89X_CuII 1b 2b 37 ± 2 41 ± 4 

13 LmrR_LM_M89X_V15E _CuII 1b 2b 64 ± 8 50 ± 2 

14 Cu(NO3)2 1c 2c 26 ± 4 - 

15 LmrR_LM_M89X_CuII 1c 2c 24 ± 4 19 ± 5 

16 LmrR_LM_M89X_V15E _CuII 1c 2c 58 ± 5 14 ± 1 

17 Cu(NO3)2 1d 2d 37 ± 12 - 

18 LmrR_LM_M89X_CuII 1d 2d 17 ± 4 22 ± 2 

19 LmrR_LM_M89X_V15E _CuII 1d 2d 45 ± 5 57 ± 3 

      
a Standard conditions: 9 mol% Cu(H2O)6(NO3)2 (90 µM) loading with 1.25 eq LmrR_LM_X in 20 mM 

MOPS buffer (pH 7.0), 250 mM NaCl, for 3 days at 4 °C. All data are the average of 2 independent 

experiments, each carried out in duplicate. Errors are reported as standard deviation. b Conditions same as in 
the experiments with the mutants. 
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3.2.5 Kinetics 

The kinetics were determined for the hydration of 1a catalyzed by 

LmrR_LM_M89X_Cu
II
 and LmrR_LM_M89X_V15E_Cu

II
. Analysis was 

performed by reversed phase HPLC, monitoring the formation of product 2a over 

the time as a function of the concentration of the substrate 1a (0.25-3 mM).  In both 

cases, saturation kinetics, typically associated with enzyme catalysis, were 

observed (Figure 4b). The catalytic parameters are summarized in the Table 2. 

Fitting the data to Michaelis-Menten kinetics showed a 3-fold increase of the 

catalytic efficiency of LmrR_LM_M89X_V15E compared to LmrR_LM_M89X. 

This is due to both a small increase in kcat and a decrease of KM. The observed 

differences are too small to allow for a detailed discussion about the origin, but it 

does again confirm the viability of the design.  

 

a)                                                                                     b) 

 

Figure 4. a) The formation of the product 2a over time uncatalyzed and catalyzed by 

LmrR_LM_M89X and LmrR_LM_M89X_V15E. The reaction done at 1 mM concentration of the 

substrate 1a. Initial rate of uncatalyzed reaction is 0.039 µM.min-1, catalyzed by LmrR_LM_M89X is 

0.173 µM.min-1 and LmrR_LM_M89X_V15E is 0.431 µM.min-1.  b) Kinetics of the hydration of 1a 

catalyzed by LmrR_LM_M89X and LmrR_M89X_LM_V15E. The red line represents the fit 

obtained using Michaelis-Menten equation.  

Table 2. Results of Michaelis-Menten kinetics. 

Catalyst 
KM 

(mM) 

kcat 
(min-1) 

kcat/KM 

(min-1.M-1) 

LmrR_LM_M89X_CuII 2.55±0.67 0.0078±0.0012 3.06 

LmrR_LM_M89X_V15E_CuII 1.34±0.33 0.0104±0.0012 7.76 
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3.3 DISCUSSION 

The observed overall agreement between the predictions from computation 

and the experimental catalysis results is striking. The MD simulation of 

LmrR_LM_M89X_Cu
II
-1a revealed two phenomena: the possibility for the 

cofactors to move outside the catalytic pocket and the fact that the distance of the 

only general base in the vicinity of the electrophilic carbon of the enone, D100, is 

too large for efficient activation of the water nucleophile. Intuitively, mutagenesis 

of D100 to E would bring a general base closer to the substrate, resulting in higher 

activity. Yet, the MD simulation of M89X_D100E showed that this is not realized. 

Indeed, experiments confirmed that this mutant is only marginally better than 

LmrR_LM_M89X (Table 1, entries 4 and 5).  

In contrast, variants LmrR_LM_M89X_V15E and 

LmrR_LM_M89X_W96E were predicted by computation to be more active than 

LmrR_LM_M89X because they do show pre-reactive conformations in which a 

general base is at an optimal distance from the electrophilic carbon from the 

substrate for significantly more times during the MD simulation. This was reflected 

in the higher conversions obtained with these mutants, as well as the increase in 

catalytic efficiency of LmrR_LM_M89X_V15E as observed in the Michaelis-

Menten kinetics (Table 1, entries 7 and 9). Interestingly, in the latter mutant the 

MD simulations suggested a dual role for the E15/E15’ residues: they can act as a 

general base, in addition to D100, but also assist in stabilizing the cofactor in the 

interior of the pore by interaction with the Cu
II
 ion.  

The MD simulations also allowed qualitative predictions about the 

enantioselectivity of the reactions by comparison of the prevalence of pro-S and 

pro-R pre-reactive conformations for the various mutants. In absence of 

experimental knowledge about the absolute configuration of the products, predicted 

stereochemical course of the reactions, giving rise to R or S products, cannot be 

verified to date. However, a relative comparison of the mutants can be made. 

LmrR_LM_M89X_V15E was predicted to have the same enantiomeric preference 

as LmrR_LM_M89X, that is, the same enantiomer of the product would be formed 

in excess, but with higher enantioselectivity. Indeed, the same enantiomeric 

preference was observed for LmrR_LM_M89X_V15E compared to 

LmrR_LM_M89X, but with an increase of ee from 42 to 64%.  

For LmrR_LM_M89X_W96E the enantiomeric preference was predicted 

to be inverse to the other mutants. Unfortunately, this mutant gave rise to nearly 

racemic product. This might be related to the fact that for this mutant, multiple 

glutamate and aspartate residues could contribute to the catalysis, which arguably 
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makes prediction of the enantiomeric outcome more difficult. However, it should 

be noted that near racemic product is obtained means that this variant does show a 

stronger preference for formation of the opposite enantiomer than the other 

mutants. 

3.4 CONCLUSIONS 

Here, we have presented a rationally designed metallo-hydratase enzyme, 

comprising an unnatural metal binding amino acid, for catalysis of a chemically 

challenging reaction: the enantioselective conjugate addition of water. The 

presence of a stable metal binding site in the protein, provided by the unnatural 

amino acid, BpyAla, combined with chemical knowledge of the mechanism of the 

reaction of interest provided an excellent starting point for the computational 

design of the artificial metalloenzymes. It is gratifying that the computational 

results provide us with suitable models of our system, allowing us to predict and 

better understand the positions of a general base in the designed active site. The 

results illustrate that the combination of QM, docking and MD simulations is a 

powerful approach to the design of metalloenzymes for novel and challenging 

reactions. 

3.5 EXPERIMENTAL SECTION  

3.5.1 General remarks 

E. coli strains NEB5-alpha and BL21(DE3) (New England Biolabs) were used for 

cloning and expression. DNA sequencing was carried out by GATC-Biotech (Berlin, 

Germany). Primers were synthesized by Eurofins MWG Operon (Ebersberg, Germany). 

Restriction endonucleases were purchased from New England Biolabs. Plasmid Purification 

Kits were purchased from QIAGEN. Pfu Turbo polymerase was purchased from Agilent. 

Strep-tactin columns were purchased from Iba-lifesciences. Chemicals were purchased 

from Sigma Aldrich and used without further purification. Concentrations of DNA and 

protein solutions were estimated based on the absorption at 260 nm or 280 nm on Thermo 

Scientific Nanodrop 2000 UV-Vis spectrophotometer. The plasmid pEVOL-BpyAla was 

kindly provided by prof. P.G. Schultz. 
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3.5.2 Computational study 

Docking 

Protein-ligand docking calculations were performed to assess the complementarity 

between the cofactor-substrate complex and the protein frame. The crystal structure of the 

LmrR bound to the drug daunomycin at the dimer interface was used (PDB code: 3F8F)
18

. 

Crystallographic water molecules and daunomycin were removed from the model. The 

organometallic complex bipyridine-Cu(II)-substrate was optimized with Gaussian09 

program
33

 at density functional theory level using B3LYP functional
34,35

 and the 6-31g(d,p) 

basis set
36,37

. A bi-coordinated geometry of the substrate to the copper cofactor was 

considered, as this is the most suitable to fit the binding site. For the inclusion of complex 

at position 89 of LmrR, M89 of each monomer were mutated to alanine using the Dunbrack 

rotamer library
38

 as implemented in UCSF Chimera package
39

. The docking was performed 

imposing a covalent link between the beta carbon of alanine and the terminal carbon of the 

bipyridine ligand. Two successive docking runs were performed, the first at position 89 and 

the resulting structure used for docking at position M89’. Structures of the LmrR variants 

M89X_LM_D100E, M89X_LM_V15E and M89X_LM_W96E were generated, first 

introducing the second mutation using the Drunback rotamer library and then performing 

the docking of the bipyridine-Cu(II) substrate complex as for the wild type protein. All 

docking runs were performed with GOLD 5.2 (available through the Cambridge 

Crystallographic Data Center (CCDC)), and evaluated with ChemScore scoring function
40

. 

Molecular Dynamics 

The same crystal structure (PDB code: 3F8F) used for the docking was used to set 

up models for the all-atoms molecular dynamics (MD) simulations. Side chain 

conformation for residues 71 and 72 of chain A, not determined in the X-ray experiment, 

were fixed by superposition to chain B. Terminal residues 117-126 of chain A, 1-4 of chain 

B and 116-126 of chain B, not determined in the X-ray experiment, were discarded and 

uncharged terminal motifs were used to end the chain terminals. His86, solvent exposed, 

was considered protonated at є. Model systems were set up with the xleap program.
41

 Each 

system was embedded into a cubic box including about 37000 water molecules and a 

number of chloride counterions (4 or 6) as required to neutralize the simulation cell. The 

AMBER
42

 and TIP3P
43

 force fields were used for protein and water, respectively. For 

chloride anions, parameters from ions94.lib library were used. Parameters for the 

bipyridine-Cu(II)-substrate complex were developed according to standard approaches. 

Point charges were calculated with antechamber
41

 according to the RESP procedure
44

. 

Bonded terms at the Cu center were calculated according to Seminario’s method based on 

second-derivatives
45

. The GAFF force field
46

 was adopted for the remaining atoms. A 

cutoff of 10 Å was used for short range electrostatics and Van der Waals interactions. Long 

range electrostatic interactions were calculated with the Ewald Particle Mesh method
47

. 

Bonds involving hydrogen atoms were constrained using the SHAKE algorithm
48

. A time 

step of 1 fs was used to integrate the equation of motion with a Langevin integrator
49,50

. 
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Constant temperature and pressure were achieved by coupling the systems to a Monte Carlo 

barostat
51

 at 1.01325 bar. Simulations were performed with OpenMM 7.0
52

. Model systems 

were initially energy minimized (3000 steps) progressively, allowing water molecules, side-

chain and backbone atoms to move; then, thermalization of water molecules and side chains 

was achieved by increasing the temperature from 100 K up to 300 K; finally, 100 ns MD 

simulations were performed and further analyzed. 

3.5.3 Molecular Biology 

Site-directed mutagenesis 

Site-directed mutagenesis was used for preparation of all LmrR mutants. It was 

performed on the previously reported plasmid (according to the desired mutation), 

pET17b_LmrR_LM_M89X
19

 (LM–referred to lysine mutants exchanged to K55D, K59Q; 

M89X – TAG codon at positions 89). The primers required for the mutagenesis are 

summarized in Table 3. The following PCR cycles were used: initial denaturation at 95 ⁰C 

for 1 min, denaturation at 98 ⁰C for 30 s, annealing at 54-63 ⁰C for 30 s (depending on the 

TM of the particular mutant) and extension at 72 ⁰C for 4 min 30 s. The thermal cycle was 

repeated 16 times and a final extension at 72 ⁰C for 10 min was used. The resulting PCR 

product was digested with restriction endonuclease DpnI for 2 h at 37 ⁰C and transformed 

into chemically competent E. coli NEB5α cells. A single colony was cultured in 5 mL of 

LB medium, the plasmid was isolated and mutagenesis was confirmed by sequencing. 

 

Table 3. PCR primers used for site-directed mutagenesis. 

Primer* Sequence 5’  3’ 

LmrR_LM_M89X_V15E_fw GCT CAA ACC AAT GAA ATC CTG CTG AAT 

LmrR_LM_M89X_V15E_rv ATT CAG CAG GAT TTC ATT GGT TTG AGC 

LmrR_LM_M89X_V15Q_ fw GCT CAA ACC AAT CAG ATC CTG CTG AAT 

LmrR_LM_M89X_V15Q_rv ATT CAG CAG GAT CTG ATT GGT TTG AGC 

LmrR_LM_M89X_W96E _fw GCG TTC GAA TCC GAA AGT CGT GTG GAC 

LmrR_LM_M89X_W96E_rv GTC CAC ACG ACT TTC GGA TTC GAA CGC 

LmrR_LM_M89X_W96Q _fw GCG TTC GAA TCC CAG AGT CGT GTG GAC 

LmrR_LM_M89X_W96Q_rv GTC CAC ACG ACT CTG GGA TTC GAA CGC 

LmrR_LM_M89X_D100E_ fw TGG AGT CGT GTG GAA AAA ATC ATT GAA 

LmrR_LM_M89X_D100E_rv TTC AAT GAT TTT TTC CAC ACG ACT CCA 

LmrR_LM_M89X_D100Q_ fw TGG AGT CGT GTG CAG AAA ATC ATT GAA 

LmrR_LM_M89X_D100Q_rv TTC AAT GAT TTT CTG CAC ACG ACT CCA 
*In bold is indicted which mutation was introduced by the particular primer set.  
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3.5.4 Expression and purification 

The plasmids pEVOL-BpyAla and pET17b_LmrR_LM_X were cotransformed into 

E. coli BL21(DE3) and a single colony was used to inoculate an overnight culture of 10 mL 

of fresh LB medium containing 100 μg/mL of ampicillin and 34 μg/mL of chloramphenicol 

at 37 °C. 2 mL (500x dilutions) of overnight culture was used to inoculate at 37 °C 500 mL 

of fresh LB medium containing 100 μg/mL of ampicillin 34 μg/mL of chloramphenicol. 

When the culture reached an optical density at 600 nm of 0.8–0.9, the expression was 

induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) (final concentration 1 mM) 

and L-Arabinose (final concentration 0.02%) and 200 mg/L of BpyAla (racemic mixture, 

synthesis previously reported
19

) was added. Expression was done overnight at 30 °C. Cells 

were harvested by centrifugation (6000 rpm, JA10, 20 min, 4 °C, Beckman), resuspended 

in washing buffer (50 mM NaH2PO4, 150 mM NaCl, 50 mM EDTA, pH 8.0) and sonicated 

(70% (200W) for 7 min, 10 sec on, 15 sec off). After centrifugation (15000 rpm, JA-17, 1h, 

4 °C, Beckman), the supernatant was loaded on a Strep-Tactin column (Strep-

Tactin
®
Superflow

® 
high capacity) and incubated for 1 h at 4°C. The column was washed 

with 3 x 1 CV washing buffer, and eluted with 6 x 0.5 CV of resuspension buffer (same as 

washing buffer plus 5 mM desthiobiotin). The fractions were analysed by SDS-PAGE 

electrophoresis on 12% polyacrylamide SDS-TrisTricine gel followed by Coomassie 

staining (InstantBlue
TM, 

Expedeon). The concentration of the proteins was determined by 

using the calculated extinction coefficient for LmrR corrected for the absorbance of the 

BpyAla. Expression yields were 8-15 mg/L. For the purposes of characterization and 

catalysis, protein solutions were dialyzed against MOPS buffer (20 mM MOPS, 250 mM 

NaCl, pH 7.0) overnight at 4 °C with 2 exchanges of buffer. Expression in minimal media 

was also performed for the mutant LmrR_LM_M89X_V15E and LmrR_LM_M89X_W96E 

to minimize the iron binding. Protocol as mentioned above was followed, with only 

exception, that is expression at 30 °C for two days, instead of one.  

3.5.5 Characterization  

Exact mass measurement  

The high-resolution mass spectrometry (HR-MS) was used to determine exact mass 

of the prepared proteins. It was performed using LTQ Orbitrap XL mass spectrometer 

(Thermo Fisher Scientific) with electrospray ionization as a source of ions. The mass of 

proteins was calculated with expasy peptide mass calculator 

(http://web.expasy.org/peptide_mass/). 

 

Analytical size-exclusion chromatography  

Analytical size exclusion chromatography was performed on a Superdex 75 10/300 

GL (GE Healthcare). 100 μL of the sample was injected using 20 mM MOPS, 250 mM 

NaCl pH 7.0, as buffer (flow 0.5 mL/min). The column was calibrated using the standard 

Gel Filtration LMW Calibration Kit of GE Healthcare.  
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Table 4. Mass of LmrR_LM_M89X mutants prepared in this study.   

Protein Masscalculated Massfound 

LmrR_LM_M89X_V15E 15094.59 15094.62 

LmrR_LM_M89X_V15Q 15093.61 15093.61 

LmrR_LM_M89X_W96E 15007.51 15001.61 

LmrR_LM_M89X_W96Q 15006.53 15006.60 

LmrR_LM_M89X_D100E 15078.64 15078.63 

LmrR_LM_M89X_D100Q 15077.66 15077.71 

 

3.5.6 Catalysis  

Representative procedure for water-addition reaction catalyzed by LmrR_LM_X_Cu
II 

 

The catalytic solution was prepared by combing Cu(H2O)6(NO3)2 (90 μM, 9 % 

catalyst loading) with 1.25 equivalents of LmrR_LM_X (112.5 μM) in a final volume of 

290 μL MOPS buffer (20 mM MOPS, 250 mM NaCl, pH 7.0) and incubating together at 4 

⁰C for one hour. To this 10 μL of a fresh stock solution of substrate 1 in CH3CN/MOPS 

(50:50, 30 mM, final concentration in reaction mixture 1 mM). The reaction was mixed for 

3 days by continuous inversion at 4 ⁰C. The product was extracted with 3 x 1 mL of diethyl 

ether, the organic layers were dried on Na2SO4 and evaporated under reduced pressure. The 

product was redissolved in 150 μL of a heptane:propan-2-ol mixture (10:1) and the 

conversion and enantiomeric excess were determined using np-HPLC.  

2a: column: Chiralpak-ADH n heptane:iPrOH 99:1, 0.5 mL/min, retention times: 76.8 and 

88.2 min, 2b: column: Chiralpak-ADH n heptane:iPrOH 99:1, 0.5 mL/min, retention times: 

58.5 and 67.9 min, 2c: column: Chiralpak-ASH n heptane:iPrOH 99.5:0.5, 0.5 mL/min, 

retention times: 23.5 and 26.0 min, 2d: column: Chiralpak-ASH n heptane:iPrOH 98:2, 0.5 

mL/min, retention times: 17.6 and 18.5 min. Substrates and products of tested reactions 

have been synthetized according to previously published procedures.
27

  

3.5.7 Saturation Kinetics 

The catalytic parameters were determined for LmrR_LM_M89X and 

LmrR_LM_M89X_V15E using reversed-phase HPLC (rp-HPLC), C18 column equipped 

with pre-column (Phenomenex, 4.6 mm internal diameter) with substrate 1a, using caffeine 

as a standard. (Acetonitrile/ water gradient, 60 min 0.5 mL/min). The catalytic solution was 

prepared as in standard catalysis, by combing Cu(H2O)6(NO3)2 (90 μM, 9% catalyst 

loading) with 1.25 equivalents of LmrR_LM_M89X/M89X_V15E (112.5 μM) in a final 

volume of 435 μL MOPS buffer (20 mM MOPS, 250 mM NaCl, pH 7.0) and incubating 

together at 4 ⁰C for one hour. The reaction was started by adding 15 μL of a fresh stock 

solution of substrate 1a in CH3CN (final concentration in reaction mixture varied from 0.25 

to 3 mM), the sample was thoroughly mixed and immediately run on rp-HPLC. Over time 
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(typically every 65 min) a sample was taken and injected on the column and analyzed. The 

same experiment was also performed without any addition of protein and Cu(H2O)6(NO3)2. 

For each substrate concentration, the concentrations of the product were plotted against the 

time and the initial rate of the reaction (vo) was determined from the linear part of the curve, 

The kinetic parameters were obtained by fitting the data to Equation 1 using Origin 

software 8.5.  

                                           
v0

[E]
=

𝑘cat[S]

𝐾M+[S]
 

                                                                                           (Equation 1) 
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  CHAPTER 4 

Hydroxyquinoline-based unnatural amino acids 

in the design of a novel artificial metalloenzyme 

In this chapter, a novel artificial metalloenzyme utilizing the unnatural amino acid (8-

hydroxyquinolin-3-yl)alanine is presented. This noncanonical amino acid, known to be a 

good chelator of most transition metals, was introduced into the LmrR transcription 

regulator via expanded genetic code methodology. Different metal ions were investigated 

as potential binders and the artificial metalloenzymes were explored in the catalysis.  
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4.1 INTRODUCTION 

Artificial metalloenzymes have been created via incorporation of synthetic 

metal catalysts into biomolecular scaffolds. Different methods have been described 

for the introduction of the metal-binding moiety, namely covalent, supramolecular 

and dative anchoring.
1–3

 The newest addition to the list of these anchoring 

approaches is the use of metal binding unnatural amino acids. Several unnatural 

amino acids (UAAs) have been incorporated in protein scaffolds in order to create 

novel hybrid metal–protein catalysts.
4
 UAAs have been used in two different ways, 

that is, for direct metal coordination or to facilitate the covalent attachment of the 

metal binding moieties.
5–8

 In general, the use of UAAs provides some advantages 

over the other approaches. For example, precise control over the position of the 

metal complex in any protein scaffold of choice. Assembly is readily achieved, 

especially in the case of direct metal coordination, which avoids the need for 

additional post-translation modifications and purification steps. UAAs can also 

represent a unique chemical functionality for covalent attachment.  

Over the past decade, several metal-binding unnatural amino acids have been 

incorporated in vivo via expanded genetic code methodology. As first example, the 

(2,2΄bipyridin-5yl)alanine (BpyAla) has been incorporated into a T4 lysozyme and 

its ability to bind Cu
II 

ions was confirmed.
9
 Later, the same UAA was introduced in 

a DNA-binding protein and upon Cu
II
 or Fe

II
-binding, this was shown to be a 

DNA-cleaving enzyme.
10

 Baker and co-workers used the computational software 

RossetaMatch to introduce BpyAla in a non-metalloprotein to create a metal-

binding site. After rounds of optimization, the final variant showed high affinity 

towards a variety of divalent cations, however no catalytic activity was reported.
11

 

We have also incorporated BpyAla into the transcription regulator LmrR and upon 

Cu
II
-binding, this artificial metalloenzyme was used to catalyze a Friedel-Crafts 

alkylation reaction with moderate conversion and up to 83% ee.
8
 

2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQAla) (Figure 1a) 

represents another example of metal-binding UAA. It contains 8-hydroxyquinoline, 

which binds as an anionic ligand. It is monoanionic, having one pyridine donor and 

one phenolic hydroxyl group. HQAla has good metal-binding affinity and a wider 

metal ion scope compared to BpyAla.
12

 It is especially known to be an excellent 

binder for late transition metals such as copper, iron and zinc.
13

 The ligand 8-

hydroxyquinoline and its derivatives have been used for various medicinal or 

agricultural applications; when added to fungi or bacteria, binding of essentials 

metals causes apoptosis in cells.
13

 It is also being used as a metal chelator for 

restoring metal balance and is used in the treatment of metal-related diseases.
14,15
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8-Hydroxyquinoline is also used as a cheap alternative to the expensive 

monodentate or bidentate phosphine ligands, employed in rhodium and iridium 

based catalysis.
16

 This UAA was first incorporated as unnatural amino acid into the 

Z-domain protein where it was used as a fluorescent probe and also for the binding 

of  heavy metals for crystallography.
17

  

A constitutional isomer of this unnatural amino acid, 2-amino-3-(8-

hydroxyquinolin-5-yl)propanoic acid, has been described recently.
18

 This isomer 

has a significant advantage, since it can be prepared in a one step, high-yield 

enzymatic route compare to the five-step synthesis of the previous isomer. This 

study also extend the use of hydroxyquinoline-based UAAs for protein electron 

transfer and also Zn
II
 sensing in vitro and in vivo.  

In this chapter, we describe the introduction of HQAla into LmrR. LmrR is a 

small hydrophobic protein with large hydrophobic pore on its dimer interface, 

which, as described, is suitable for the creation of  a novel active site.
8,19–22

 We aim 

to explore the properties of this novel artificial metalloenzyme towards the binding 

of different metal ions, such as Cu
II
 and Zn

II
. Also the catalytic properties of these 

novel hybrid catalysts in different reactions were examined. The Cu
II
-dependent 

catalysis was tested in the vinylogous Friedel-Crafts alkylation and water-addition 

reactions. Both of these reactions have been catalyzed previously by LmrR-based 

artificial metalloenzymes, as discussed in chapter 2 and 3, providing a good 

comparison. The potential for the Zn
II
 artificial metalloenzyme was also explored. 

Zn
II
 is the metal ion most prevalent in enzymes. As a catalytic ion, it is commonly 

used in hydrolases, such as aminopeptidases, carboxypeptidases, phosphatases and 

β-lactamases.
23

 Since HQAla is a good binder of Zn
II
, various substrates were 

tested in hydrolysis reactions.  

 

 

 

Figure 1. a) Structure of the unnatural amino acid (8-hydroxyquinolin-3-yl)alanine (HQAla). b) 

Surface representation of LmrR with the positions for unnatural amino acid incorporation highlighted, 

V15 in red and M89 in purple.  
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4.2 RESULTS AND DISCUSSION 

The artificial metalloenzymes presented in the study were prepared utilizing 

the amber stop codon methodology, using pEVOL-HQAla, which is specific for 

the incorporation of HQAla.
17

 The amino acid was synthesized according to a 

previously reported method with a few minor changes (4.4.2, Experimental 

section).
17

 The positions M89 and V15 were chosen for the incorporation of the 

unnatural amino acid (Figure 1b). The position M89 is located on the far edge of 

the hydrophobic pore, while the position V15 is located more towards the middle 

of the pore, both facing inside. The M89 position has been described as the most 

suitable position for the unnatural amino acid incorporation, as demonstrated in the 

chapters 2 and 3, while the position 15 is a newly chosen position, which showed 

promise during the docking studies, due to its proximity to the central tryptophans 

and aspartate at position 100 (unpublished results, method presented in chapter 3). 

The pEVOL-HQAla plasmid and the pET17b plasmid containing LmrR_LM with 

TAG stop codon at the positions 15 or 89. (LmrR_LM, represents the LmrR variant 

with two mutations K55D/K59Q introduced to remove the DNA binding ability of 

LmrR) constructs were cotransformed into E. coli BL21 C43(DE3). After the 

addition of HQAla to the media, the cells were induced to produce 

LmrR_LM_V15HQAla or LmrR_LM_M89HQAla. The proteins were purified by 

affinity chromatography using a Strep-Tactin sepharose column and the purity was 

checked by SDS-PAGE (Figure 2a). The expression yields were 18-22 mg/L for 

LmrR_LM_V15HQAla and 4-10 mg/L
 
for LmrR_LM_M89HQAla. The lower 

yield for LmrR_M89HQAla is mainly attributed to faulty translation, i.e failure to 

suppress the stop codon TAG, resulting in truncated LmrR (1-88). The correct 

incorporation of HQAla was confirmed by electrospray ionization mass 

spectrometry (ESI-MS) (Figure 2b). The quaternary structure of LmrR was studied 

with analytical size-exclusion chromatography in order to determine the effect of 

unnatural amino acid incorporation. The proteins eluted as single peaks at 11.4 (± 

0.1) ml, which represents a molecular weight of approximately 30 kDa, consistent 

with dimeric LmrR (Figure 2c). Hence, it can be concluded that HQAla did not 

disturb the dimeric structure. 
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Figure 2. Characterization of LmrR_LM_V15HQAla and LmrR_LM_M89HQAla a) SDS-PAGE 

analysis, FT: flow through, W1-W3: washing fractions, E1-EF: elution fractions, L: ladder in kDa. b) 

Electrospray ionization mass spectrometry spectra c) Analytical size-exclusion chromatography 

traces. 

 

a) 

b) 

c) 

MassCalc.:15086.66,  MassObs.:15086.60 MassCalc.:15053.68,  MassObs.:15053.61 

LmrR15TBRAS_XT_00001_MHp_ #1 RT: 1.00 AV: 1 NL: 3.96E6
T: FTMS + p ESI Full ms [500.00-2000.00]

10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

15086.60413

14489.24980
13359.7661811810.66262 18112.1157416904.7450610483.16217 15618.81415



 Chapter 4  

76 

  The ability of LmrR to bind metal salts was studied by UV-Vis titrations, 

measuring the change in the UV-Vis absorption spectrum (Figure 3). The titrations 

were performed with Cu(NO3)2 and Zn(NO3)2. In the titration with Cu(NO3)2, 

changes in absorption in the bands at 269 and 249 nm were observed in samples 

containing LmrR with the HQAla incorporated (Figure 3ab, left). The absorption 

maximum at 249 nm is characteristic for HQAla and a decrease was observed upon 

addition of metal salts. At the same time an increase was observed at 269 nm. The 

same behavior was observed for the other mutant. When approximately one 

equivalent of Cu(NO3)2 was added, no more changes were observed in the 

spectrum. Since the equivalents were calculated against the LmrR monomer, we 

expect both monomers to bind one Cu
II
 ion. Furthermore, LmrR without HQAla, 

showed no changes in absorption upon addition of Cu(NO3)2 (Figure 3c, left). This 

suggests that Cu
II 

binds solely to HQAla and not to other residues in LmrR. Using 

the same method, Zn
II 

was titrated against LmrR_LM_X_HQAla and LmrR 

(Figure 3abc, right). Similar behavior as in the titrations with Cu
II 

was observed. 

The decrease in the absorption maximum at 249 nm together with increase at 269 

nm proves the binding of the Zn
II
 to the HQ moiety. No changes in the spectrum of 

LmrR_LM were observed, which rules out unspecific binding at the different 

positions. 

In summary, it was confirmed that both Cu
II
 and Zn

II 
ions bind to the HQAla 

in the structure of LmrR. The behavior is the same for both mutants, that is 1 metal 

ion per one monomer of LmrR. Apparently, positions V15 and M89 are sufficiently 

far away from each other to prevent the formation of 2:1 HQAla-metal complexes. 
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Figure 3. UV-visible titrations of Cu(NO3)2 (left) and Zn(NO3)2 (right) to a) LmrR_LM_V15HQAla, 

b) LmrR_LM_M89HQAla and c) LmrR_LM. Inserts contain the UV-VIS spectrum showing the 

change in the absorbance at 269 nm during the titrations. 

 

 

a) 

b) 

c) 
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The catalytic activity of the HQAla-containing artificial metalloenzymes was 

initially evaluated in the two different Cu
II
-catalyzed reactions, the vinylogous 

Friedel-Crafts alkylation reaction of 5-methoxy-1H-indole (2) with 1-(1-methyl-

1H-imidazol-2-yl)but-2-en-1-one (1) (Scheme 1a) and the 1,4-addition of water to 

α,β-unsaturated 2-acyl pyridine 4 resulting in the corresponding β-hydroxy ketone 

product 5 (Scheme 1b).  
 

 

Scheme 1. a) Friedel-Crafts reaction; b) Water addition reaction.  

 

 Both reactions were carried out using 9 mol% of Cu(NO3)2 (90 µM) with 

an excess of 1.25 equivalents of LmrR_LM_X_HQala (where X represents either 

V15 or M89) (112.5 µM in monomer) in 3-(N-morpholine)propanesulfonic acid 

(MOPS) buffer (20  mM, 150 mM NaCl, pH 7.5). After incubation of Cu(NO3)2 

with the protein for 2 hours, the relevant substrates were added and the reactions 

were run at 4 °C for 24 hours. The vinylogous Friedel–Crafts alkylation reaction 

gave rise to a conversion of 4% in the uncatalyzed reaction. The racemic product 

was obtained in 98% yield when the reaction was catalyzed by Cu(NO3)2 (Table 1, 

entry 1-2). In the reaction catalyzed by LmrR_LM_V15HQAla_Cu
II
, similar results 

were obtained, suggesting that although copper binds to the scaffold, this position 

cannot induce the enantioselectivity of the reaction (Table 1, entry 3). The protein 

LmrR_LM_M89HQAla gave rise to 24% conversion and 20% ee (Table 1, entry 

4). 

The enantioselective water addition reaction was tested by hydration of (E)-

4,4-dimethyl-1-(pyridine-2-yl)pent-2-en-1-one (4) (final conc. 1 mM) to give the 

corresponding β-hydroxy ketone (5). Cu(NO3)2 catalyzes this reaction with an 

average conversion of 84%, resulting in a racemic mixture (Table 1, entry 6). With 
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Cu
II 

bound to LmrR_LM_V15HQAla, a small decrease in activity was observed 

while only low enantioselectivity was obtained (Table 1, entry 7). Similarly, as in 

the Friedel-Crafts alkylation, LmrR_LM_M89HQAla_Cu
II
 gave rise to an ee up to 

46%, albeit with a lower conversion (Table 1, entry 8).  

Overall, our novel artificial metalloenzymes were successful in the catalysis 

of both studied reactions. The results proved to be dependent on the position of 

HQAla in the LmrR scaffold. In the case of LmrR_LM_V15HQAla, high 

conversions can be obtained. This can be explained either by ideal localization of 

trytophans helping in π-stacking interactions with substrates or by the HQAla being 

more solvent exposed at this position. The low enantioselectivity supports the 

theory of accessibility. However, ideally this should be confirmed with a crystal 

structure. The low conversions in the results with LmrR_LM_M89HQAla suggest 

that the position is less accessible or that there are non-favourable interactions 

around the position M89. For the BpyAla variants, the reactions were performed 

only with M89X variant. Similar results were observed in the case of water 

addition reaction, while in the case of Friedel-Crafts alkylation lower ee was 

observed, that is 20% compared to 49% reported with BpyAla.  

Table 1. Results of the vinylogous Friedel-Crafts reaction of 1 and 2 resulting in 3 and water addition 

reaction of 4 resulting in 5, both catalyzed by LmrR_LM_X_HQAla_CuII.a
 

Entry Catalyst Substrate Product Conv. (%) ee (%) 

1 - 1,2 3 4 ± 2 - 

2 Cu(NO3)2 1,2 3 98 ± 1 - 

3 LmrR_LM_V15HQAla_CuII 
1,2 3 99 ± 1 <5 

4 LmrR_LM_M89HQAla_CuII 
1,2 3 24 ± 3 20 ± 2 

      

5 - 4 5 11 ± 3 - 

6 Cu(NO3)2 4 5 84 ± 7 - 

7 LmrR_LM_V15HQAla_CuII 
4 5 76 ± 12 9 ±14 

8 LmrR_LM_M89HQAla_CuII 
4 5 20 ± 5 46 ± 15 

      

aTypical conditions: 9 mol% Cu(H2O)6(NO3)2 (90 µM) loading with 1.25 eq LmrR_LM_X in 20 mM 

MOPS buffer, 150 mM NaCl,pH 7.0 for 1 day at 4 °C. All data are the average of 2 independent 
experimetns, each carried out in duplicate. 

 

The potential of LmrR_LM_X_HQAla was also explored in catalytic 

hydrolysis reactions. HQAla is a good binder of Zn
II
, which is known to play 

catalytic function in numerous different hydrolases. Therefore, we decided to study 
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whether hydrolysis reactions can be performed utilizing unnatural amino acid 

HQAla bound to Zn
II
. Five different substrates have been tested, summarized in the 

Figure 4.  

 

Figure 4. Scope of the substrates used for the hydrolysis reaction.  

First, the hydrolysis of esters was studied, using two model substrates: p-

nitrophenyl acetate (6) and p-nitrophenyl butyrate (7). Ester 6 has been frequently 

used in catalytic studies involving artificial enzymes so it serves as a good starting 

point.
24–27

 The reaction was monitored by UV-VIS spectroscopy in MOPS buffer 

(20 mM MOPS 150 mM NaCl pH 7.0) for 60 min at 405 nm, since at this 

wavelength, product of the reaction, p-nitrophenolate can be observed. 1 mM final 

concentration of the substrate was used with 20 µM concentration of the LmrR and 

its mutants. In the case of substrate 6, the hydrolysis was catalyzed by both 

LmrR_LM_V15HQAla_Zn
II
 and LmrR_LM_M89HQAla_Zn

II
. The initial reaction 

rate was 3-3.5x higher compare to the uncatalyzed reaction (Figure 5a). Since little 

change was observed between mutants, we assumed that the reaction may not be 
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specifically catalyzed via HQ_Zn
II
. This was supported when the catalysis with 

LmrR_LM, LmrR_LM_V15HQAla and LmrR_LM_M89HQAla in the absence of 

Zn
II
, gave rise to the same conversion as the metal-bound proteins (Figure 5b). In 

the case of 7 same behaviour was observed, with no specific activity from the 

bound Zn
II
. 

Next, LmrR_LM_X_HQAla_Zn
II
 was tested in the hydrolysis of p-

nitrophenylphosphate (8), following the same conditions as in the case of the ester 

bond hydrolysis. However, no hydrolysis was observed with this substrate with any 

of the mutants, with or without metal bound.  

Finally, the ability of LmrR_LM_X_HQAla_Zn
II 

to hydrolyze amide bonds 

was examined using two substrates 9 and 10. Both of these substrates are small 

peptides with 2 or 3 extra amino acids bound to p-nitrophenylalanine.  Hydrolysis 

of these substrates produces p-nitroaniline, which can be spectrophotometrically 

followed at 410 nm. The reaction was performed in MOPS buffer for 60 min with 

250 µM final concentration of substrates and 5 µM of the catalyst. No hydrolysis 

was observed with substrate 9.  Low activity was observed in the case of substrate 

10. In 60 min, no spontaneous hydrolysis was observed, also not in the presence of 

metal salts or LmrR. The activity was only observed specifically with 

LmrR_LM_V15HQAla_Zn
II
 and LmrR_LM_M89HQAla_Zn

II
.
 

However the 

reaction rate was low, achieving 0.3-0.5% conversion after one hour (Figure 5c). 

The substrate scope of the catalytic hydrolysis presented here is still 

limited. Different substrates should be tested, taking into consideration the 

hydrophobicity and the size of the pocket of LmrR 
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Figure 5. a) Hydrolysis of the substrate 6, uncatalyzed and catalyzed with 

LmrR_LM_X_HQAla_ZnII. The initial reaction rates are presented. b) Hydrolysis of the substrate 6, 

uncatalyzed and catalyzed with LmrR_LM and its mutant variants, with or without ZnII bound. The 

concentration of the substrate 6 is 1 mM with 20 µM concentration of the enzymes (in monomer). 

The conditions were the same also in (a). c) Hydrolysis of the substrate 10, uncatalyzed and catalyzed 

with LmrR_LM and its mutant variants, with or without ZnII bound. The concentration of the 

substrate 10 is 250 µM with 5 µM concentration of the enzymes (in monomer).   

4.3 CONCLUSIONS 

In this chapter, use of the unnatural amino acid HQAla as a metal-binding 

moiety was described for the design of novel artificial metalloenzymes. This 

represents only the second example of artificial metalloenzymes created via genetic 

incorporation of metal-binding unnatural amino acid used in catalysis. The 

catalytic potential was evaluated in various reactions. First, HQAla was 

incorporated successfully into the structure of LmrR at two different positions: V15 

and M89. Both mutants of LmrR showed good affinity for metal salts, such as 
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Cu(NO3)2 and Zn(NO3)2. The novel Cu
II
-artificial metalloenzymes were able to 

catalyze Friedel-Crafts alkylation reaction of 5-methoxyindole with α,β-

unsaturated-2-acyl imidazole and water-addition reaction to α,β-unsaturated 2-acyl 

pyridine, although with low to moderate enantioselectivities. The potential for 

catalytic hydrolysis of esters and amides with a Zn
II
-containing LmrR_LM_X 

HQAla was studied with five different substrates. Hydrolysis of the peptide bond 

gave promising results and further investigation should be focused in this area.    

Overall, this chapter, together with chapters 2 and 3, demonstrates that the 

use of genetically incorporated metal-binding unnatural amino acids is a powerful 

strategy for the preparation of artificial metalloenzymes. Due to the high affinity 

towards the different metals and metal complexes, both BpyAla and HQAla 

provide a promising platform for numerous catalytic reactions.  

 

4.4 EXPERIMENTAL SECTION 

4.4.1 General remarks 

Chemicals were purchased from Sigma Aldrich, Acros or TCI chemicals and used 

without further purification. Column chromatography was performed on silica gel 

(Silicycle, 230– 400 mesh). Solvents were removed in a rotary evaporator under reduced 

pressure at 40 °C unless otherwise noted. 
1
H-NMR and 

13
C-NMR spectra were recorded on 

a Varian 400 (400 and 100 MHz) in CDCl3 or D2O. Mass spectra (ESI-MS) were recorded 

on an Orbitrap XL (Thermo Fisher Scientific; ESI pos. mode). Conversions and 

enantiomeric excess determinations were performed by HPLC analysis (Chiralpak-AD 

column, Chiralpak AS-H) using UV-detection (Shimadzu SCL-10Avp). 

E. coli strains NEB5α and BL21 C43(DE3) (Stratagene) were used for cloning and 

expression. DNA sequencing was carried out by GATC Biotech (Berlin, Germany). 

Primers were synthesized by Eurofins MWG Operon (Ebersberg, Germany). Pfu Turbo 

polymerase and DpnI restriction endonuclease were purchased from Stratagene and New 

England Biolabs, respectively. FPLC columns were purchased from GE Healthcare. 
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4.4.2 Synthesis 

Synthesis of 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQAla)
17

 

8-Methoxy-3-methylquinoline
17

 

A mixture of sodium iodide (0.15 g, 1.0 mmol), o-anisidine (8.2 mL, 73 

mmol) in sulfuric acid (26 mL 70%) was stirred in an oil bath at 110 °C. 

To this mixture, methacrolein (10 mL, 170 mmol) was added over 5 hours 

(2 mL/hour with an automatic syringe pump). After 1 h additional 

stirring, the mixture was cooled to room temperature. The resulting mixture was poured 

into 200 mL 1 M NaOH solution, filtered and extracted with 3 x 100 mL CH2Cl2. The black 

residue, which contained most of the product, was stirred for 1 hour with CH2Cl2 during 

which the black residue was dissolved. The CH2Cl2 fractions were pooled together, washed 

with water, dried over Na2SO4, filtered and the solvent was evaporated under reduced 

pressure. The crude product was purified by flash column chromatography on silica (100 % 

CH2Cl2  95:5% CH2Cl2:MeOH) to afford 8-methoxy-3-methylquinoline (5.3 g, 36%) as a 

black solid. Analytical data were in accordance with those previously published.
16 1

H NMR 

(400 MHz, CDCl3) δ 8.82 (s, 1H), 7.95 (s, 1H), 7.45 (t, J = 8.0 Hz, 1H), 7.33 (d, J = 8.3 Hz, 

1H), 7.02 (d, J = 1.1 Hz, 1H), 4.09 (s, 3H), 2.53 (s, 3H). 

3-Methylquinolin-8-ol
17 

To 8-methoxy-3-methylquinoline (5.3 g, 34 mmol) HBr (48%, 53 mL in 

acetic acid) was added. The mixture was heated to 120 °C and heated 

under reflux for 29 hours. The mixture was neutralized with 3 M sodium 

hydroxide and 3 M sodium carbonate solution. Afterwards, the pH was 

adjusted to 7. The mixture was filtered and extracted with CH2Cl2. The organic layer was 

dried over Na2SO4 and concentrated in vacuo. The crude product was purified using flash 

column chromatography on silica (100% CH2Cl2). The product eluted first and was 

concentrated in vacuo to afford 3-methylquinoline (1.1 g, 23%) as a brown solid. Analytical 

data were in accordance with those previously published.
16 1

H NMR (400 MHz, CDCl3) δ 

8.64 (d, J = 2.1 Hz, 1H), 7.96 (s, 1H), 7.44 (t, J = 7.9 Hz, 1H), 7.28 (s, 1H), 7.14 (d, J = 7.6 

Hz, 1H), 2.54 (s, 3H). 

3-Methylquinoline-8-yl acetate
17 

3-methylquinolin-8-ol (1.1 g, 6.9 mmol) was dissolved in 16.5 mL acetic 

anhydride and stirred for 30 min at 130 °C. The reaction mixture was 

cooled to room temperature and concentrated in vacuo at 60 °C. The 

residue was dissolved in 40 mL EtOAc and washed with 3 x 50 mL 

saturated NaHCO3. The organic layer was dried over Na2SO4 and concentrated in vacuo to 

afford 3-methylquinoline-8-yl acetate (0.9 g, 79%) as a brown solid. Analytical data were 

in accordance with those previously published.
16 1

H NMR (400 MHz, CDCl3) δ 8.92 – 8.59 
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(m, 1H), 7.97 (s, 1H), 7.75 – 7.62 (m, 1H), 7.51 (t, J = 7.9 Hz, 1H), 7.39 (d, J = 7.5 Hz, 

1H), 2.67 – 2.47 (m, 6H). 

2-Acetamido-2-((8-acetoxyquinoline-3-yl)methyl)malonate
17

 

To a dry 100 mL flask, 3-methylquinoline-8-yl acetate (1.6 g, 8 

mmol), N-bromosuccinimide (1.6 g, 8.9 mmol), 

azobisisobutyronitride (142 mg, 8.9 mmol) and CCl4 (67 mL) 

were added. The mixture was heated under reflux for 15 h at 90 

°C. The mixture was dissolved in 200 mL CH2Cl2 and washed 

with 3 x 100 mL saturated NaHCO3. The organic layers were dried over Na2SO4 and 

concentrated in vacuo to give the crude brominated product. The crude product was 

immediately used for subsequent alkylation. To a dry 100 mL flask diethyl 

acetomidomalonate (1.7 g, 8.0 mmol), sodium hydride (0.3 g, 8.0 mmol, 60% in mineral 

oil) and dry DMF (40 mL) were added which was stirred for 30 minutes at 0 °C under 

nitrogen atmosphere.  The crude product was dissolved in dry DMF (8 mL) and slowly 

added to the mixture at 0 °C, after which it was warmed to room temperature and stirred for 

1 hour. The mixture was diluted with EtOAc (200 mL), washed with 10% sodium 

thiosulphate (3 x 100 mL) after which the organic layer was dried over Na2SO4 and 

concentrated in vacuo. The crude product was purified by flash column chromatography on 

silica (70:30% Pentane:EtOAc  100% EtOAc eluting the product after several column 

volumes of 100% EtOAc to afford 2-acetamido-2-((8-acetoxyquinoline-3-

yl)methyl)malonate (0.4 g, 11%) as a white solid. Analytical data were in accordance with 

those previously published.
16 1

H NMR (400 MHz, CDCl3) δ 8.59 (d, J = 2.1 Hz, 1H), 7.84 

(s, 1H), 7.66 – 7.61 (m, 1H), 7.53 (t, J = 7.8 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H), 6.58 (s, 1H), 

4.30 (m, J = 7.1, 1.9 Hz, 4H), 3.87 (s, 2H), 2.50 (s, 3H), 2.06 (s, 3H), 1.31 (t, J = 7.1 Hz, 

6H).
 

2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid
17 

2-acetamido-2-((8-acetoxyquinoline-3-yl)methyl)malonate (0.4 

g, 0.7 mmol) was dissolved in 12 M HCl (6 mL) and heated to 

reflux overnight. The resulting mixture was concentrated in 

vacuo to afford 2-amino-3-(hydroxyquinolin-3-yl)propanoic 

acid dihydrochloride as a yellow powder (220 mg, 99%).  

Analytical data were in accordance with those previously published.
16

 HRMS (ESI
+
) 

Masscalc for C12H12N2O3 (M+H
+
) 233.08, Massobs 233.07. 

1
H NMR (400 MHz, D2O) δ 8.91 

– 8.84 (m, 2H), 7.69 – 7.57 (m, 2H), 7.38 – 7.31 (m, 1H), 4.30 – 4.20 (m, 1H), 3.51 (d, J = 

6.9 Hz, 2H). 
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4.4.3 Molecular Biology 

Site-directed mutagenesis 

Site-directed mutagenesis was used for preparation of LmrR_LM_V15TAG mutant. 

The primers required for the mutagenesis are summarized in the Table 2. The following 

PCR cycle was used: initial denaturation at 95 ⁰C for 1 min, denaturation at 95 ⁰C for 30 s, 

annealing at 58 ⁰C for 1 min and extension at 68 ⁰C for 5 min. The thermal cycle was 

repeated 16 times. The resulting PCR product was digested with restriction endonuclease 

DpnI for 2 h at 37 ⁰C and transformed into the E. coli NEB5α. 

Table 2. PCR primers used for site-directed mutagenesis. 

Primer Sequence (5’ → 3’) 

LmrR_LM_V15X_fw GCT CAA ACC AAT TAG ATC CTG CTG AAT 

LmrR_LM_V15X_rv ATT CAG CAG GAT CTA ATT GGT TTG AGC 

4.4.4 Expression and purification 

The plasmids pEVOL-HQAla and pET17b_LmrR_LM_V15TAG/M89TAG were 

cotransformed into E. coli BL21 C43(DE3) and a single colony was used to inoculate an 

overnight culture of 10 mL of fresh LB medium containing 100 μg/mL of ampicillin and 34 

µg/mL of chloramphenicol. 1 mL (500x dilutions) of overnight culture was used to 

inoculate 500 mL of fresh LB medium containing 100 μg/mL of ampicillin 34 µg/mL of 

chloramphenicol. When the culture reached an optical density at 600 nm of 0.8–0.9, 

expression was induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) (final 

concentration 1 mM) and L-Arabinose (final concentration 0.02%) and HQala (60 mg, final 

concentration 0.2 mM). Expression was done overnight at 30 °C. Cells were harvested by 

centrifugation (6000 rpm, JA10, 20 min, 4 °C, Beckman), resuspended in washing buffer 

(50 mM NaH2PO4, 150 mM NaCl, pH 8.0) and sonicated (75% (200W) for 8 min (10 sec 

on, 15 sec off). The lysed cells were incubated with DNAseI (final concentration 0.1 

mg/mL with 10 mM MgCl2) and PMSF solution (final concentration 0.1 mM) for 1 hour at 

30 °C. After centrifugation (15000 rpm, JA-17, 1h, 4 °C, Beckman), the supernatant was 

loaded on a Strep-Tactin column and incubated for 1 h. The column was washed with 3 x 1 

CV (column volume) of resuspension buffer (same as wash buffer used before), and eluted 

with 6 x 0.5 CV of resuspension buffer containing 2.5 mM desthiobiotin. The fractions 

were analyzed on a 12% polyacrylamide SDS-Tris Tricine gel followed by Coomassie 

staining. The concentration of the proteins was determined by using the calculated 

extinction coefficient ε280 = 25440 M
-1

 cm
-1

 (per monomer). In order to use proteins in the 

catalysis, they were dialysed against MOPS buffer (20 mM MOPS, 150 mM NaCl, pH 7.0) 

overnight at 4 °C.  
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4.4.5 Characterization  

Analytical size-exclusion chromatography  

Analytical size exclusion chromatography was performed on a Superdex 75 10/300 

GL (GE Healthcare). 100 μL of the sample was injected using 20 mM MOPS, 150 mM 

NaCl pH 7.0, as buffer (flow 0.5 mL/min). The column was calibrated using the standard 

Gel Filtration LMW Calibration Kit of GE Healthcare. 

 

4.4.6 UV-Vis spectroscopy 

Titration with transition metals 

LmrR with and without HQAla were diluted to 20 µM in MOPS buffer (20 mM 

MOPS, 150 NaCl, pH 7.0) of which 300 µL was transferred to 1 mL quartz cuvettes. The 

absorption spectrum was measured from 700-210 nm in a JASCO UV-VIS V-660 

spectrophotometer with data intervals of 1 nm. Transition metals were added to the cuvette 

in 0.25 eq. until 1.5/2 equivalents of the metal were added.   

 

4.4.7 Catalysis  

Representative procedure for catalytic Friedel-Crafts alkylation reaction 

The catalytic solution was prepared by combining Cu(H2O)6(NO3)2 (90 µM, 9 % 

catalyst loading) in MOPS buffer (20 mM MOPS, 150 mM NaCl, pH 7.0) with 1.25 

equivalents of LmrR_LM_X_HQAla (112.5 µM in monomer) to a final volume of 280 µL. 

To this 10 µL of a fresh stock solution of substrate 1 in CH3CN (final concentration 2.5 

mM) and 10 µL of solution of substrate 2 in MOPS/CH3CN was added (final concentration 

1 mM). The reaction was mixed for 3 days by continuous inversion at 4 ⁰C. The product 

was extracted with 3 x 1 mL of diethyl ether, the organic layers were dried on Na2SO4 and 

evaporated under reduced pressure. The product was redissolved in 150 μL of a 

heptane:propan-2-ol mixture (10:1) and the conversion and enantiomeric excess were 

determined using HPLC (Chiralpak-AD n-heptane:iPrOH 90:10, 1mL/min). 

Representative procedure for catalytic water-addition reaction 

Procedure similar to that of the Friedel-Crafts alkylation. Changes included use of a 

290 µL solution of LmrR_LM_X_HQAla (final conc. 112.5 µM of monomer) with 

Cu(NO3)2 (10 µL in MiliQ grade water, final conc. 90 µM). To the incubated mixture, 

substrate 4 (10 µL in CH3CN/MOPS buffer, final conc. 1 mM) was added. Conversion and 

enantiomeric excess were determined using HPLC (Chiralpack-ASH n-heptane:iPrOH 

99.5:0.5, 0.5 mL/min for 120 minutes). 
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Representative procedure for catalytic hydrolysis reactions 

The hydrolysis reaction was monitored spectroscopically for 60 min at 400 nm 

(substrates 6-8), or 410 nm (substrates 9,10) using a Jasco V-660 spectrophotometer. 

Reactions were carried out in 300 μL solutions (buffer 20 mM MOPS, 150 mM NaCl, pH 

7.0) in 0.5 mL quartz cuvettes (path length 1 cm). The final concentration of the protein in 

the solution was 20 (substrates 6-8) or 5 µM (substrates 9,10), (concentration of the 

monomer). The reactions were started by the addition 10 μL solution of substrate (final 

concentration 6-8: 1 mM, 9,10: 0.25 mM).  The absorbance data were converted to 

concentration of the product using the extinction coefficient of the product (p-

nitrophenolate = 12800 M
-1

cm
-1

 at 405 nm
23

, p-nitrophenylalanine = 8800 M
-1

cm
-1

 at 410 

nm
24

). Experiments were performed as two independent measurements. 
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CHAPTER 5 

Expanding the toolbox of artificial enzymes 

using p-aminophenylalanine as catalytic residue 

Herein, a novel artificial enzyme featuring p-aminophenylalanine as catalytic residue is 

introduced. The side chain of this amino acid, aniline, is known to act as a nucleophilic 

catalyst in different reactions, for example in hydrazone or oxime formation. However, to 

date, this unnatural amino acid has not yet been utilized as a part of an enzyme in catalysis. 

In this work, several different positions located inside the hydrophobic pocket of LmrR 

were mutated to incorporate p-aminophenylalanine. The resulting artificial enzymes were 

capable of catalyzing hydrazone formation faster than traditional aniline-based catalysts 

with significantly lower catalyst loading required. Differences in reaction rates depending 

on the position of p-aminophenylalanine in the scaffold were observed and further studies 

into the mechanism of catalysis are presented.  

This chapter will be submitted for publication: 

Drienovská I., Mayer C., Dulson C., Roelfes
 
G. Manuscript in preparation. 
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5.1 INTRODUCTION 

Diverse engineering strategies have been used to design and create artificial 

enzymes with novel activities and specificities.
1,2

 Computational design, rational 

design, catalytic antibodies or artificial metalloenzymes are approaches that 

successfully introduced variety of enzymes with new-to-nature functions. However 

the enzymes are typically limited to the 20 natural amino acids. 

Genetically encoded unnatural amino acids offer great opportunities to 

expand the repertoire of enzyme catalysis.
3,4

 The advance in the synthesis of 

unnatural amino acids and the methodology of their incorporation in vivo allows us 

today to introduce more than 150 unnatural amino acids in proteins. This represents 

a wide range of side chains with different chemical and biophysical properties. A 

variety of engineered proteins and enzymes have been described, in which 

unnatural amino acids were used for applications. This includes handles for protein 

imaging and spectroscopy, metal chelators, redox mediators and click chemistry 

reagents.
5,6

 Although the great advances in the field allow to introduce a wide 

variety of unnatural amino acids, only a handful have been used for catalysis.
7,8

  

For the goal of expanding the use of unnatural amino acids we decided to 

explore the potential of p-aminophenylalanine (pAF) as catalytic residue. pAF is an 

unnatural amino acid with one of the smallest difference to the natural amino acids 

phenylalanine or tyrosine, that is an amino group at the 4 position of the phenyl 

ring. Since its addition to the repertoire of genetically encoded unnatural amino 

acids, it has been employed only for the chemoselective oxidative bioconjugation 

of peptides to a paF-containing virus capsid.
9
 This amino acid has yet not been 

utilized as a catalytic residue, although the side chain, aniline, is known to act as a 

nucleophilic catalyst.
10,11

 Over the past decade, anilines have been applied to 

catalyze the formation of a variety of hydrazone and oxime-based products. Rate 

acceleration of these reactions can be explained by formation of a protonated 

aniline Schiff base intermediate.
12–15

 As this type of catalysis is reminiscent to 

natural enzymes, we hypothesized that the catalytic potential of aniline can be 

transferred to the protein environment by introduction of pAF. 

LmrR is a transcriptional regulator from Lactococcus lactis. It is a small, 

homodimeric protein that contains a large hydrophobic pore at its dimer interface 

and an ideal candidate for introducing novel activities into a protein scaffold.
16

 As 

described in the previous chapters of this thesis, and elsewhere
17–19

, this pore was 

shown to create a suitable hydrophobic environment for planar molecules to bind 

and undergo catalysis. Recently, it was demonstrated that LmrR is also a promising 
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scaffold for the incorporation of unnatural amino acids. The metal-binding 

unnatural amino acid (2,2΄bipyridin-5yl)alanine (BpyAla) has been introduced into 

LmrR and upon Cu
II
 binding, this complex was employed successfully as a novel 

artificial metalloenzyme in catalytic asymmetric Friedel-Crafts alkylation 

reactions.  

Here, we report a new artificial enzyme created via incorporation of the 

unnatural amino acid pAF into the LmrR scaffold. The catalytic potential of this 

novel enzyme is studied in a hydrazone forming reaction (Figure 1).  

 

 

 

 

Figure 1. Schematic representation of the preparation of the novel artificial enzyme via genetic 

incorporation of p-aminophenylalanine into the structure of LmrR and the schematic representation of 

the hydrazone formation reactions catalyzed by aniline catalysts.  

5.2 RESULTS AND DISCUSSION 

LmrR_LM was chosen as a biomolecular scaffold for the preparation of the 

novel enzymes. This variant contains two mutations, K55D and K59Q (represented 

as LM), which were introduced to prevent the DNA-binding as well as a C-

terminal Strep-tag for purification purposes.
19,20

 Four different positions to 

introduce the unnatural amino acid pAF were chosen based on the crystal structure 

and our previous studies, namely positions V15, N19, M89 and F93. These 

positions are all localized in and around the hydrophobic pore of the protein. The 

positions N19 and M89 are localized on the edges of the pore, facing the inside of 

the pore, while position V15 and F93 are localized in the middle of the structure. 

V15 is rotated towards the inside of the pore, while F93 represents the only 
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position out of these four facing the outside environment (Figure 3a, 3b). The 

proteins were prepared using the amber stop codon suppression methodology using 

the pEVOL-pAzF plasmid to introduce the unnatural amino acid p-

azidophenylalanine (pAzF)
21

, followed by subsequent reduction of the azido group 

to an amino group by tris(2-carboxyethyl)phosphine (TCEP). The genetic 

incorporation of pAF was also reported
22

, however not with an evolved pEVOL 

plasmid used for achieving good yields in E. coli. Therefore, we followed the 

report of El Muslemany et al. using pAzF for the introduction of pAF.
23

 After 

expression, the novel artificial enzymes were purified by affinity chromatography. 

The expression yields were 9-14 mg/mL, which represents approximately 45-70% 

of the yield of LmrR_LM
18

. The reduction in yield can be attributed to the presence 

of truncated proteins which are the results of failure to suppress the stop codon 

TAG. This trend has also been observed before with the incorporation of BpyAla 

unnatural amino acid into LmrR.
19

 The novel proteins were fully characterized by 

high resolution mass spectrometry and size-exclusion chromatography. The results 

of exact mass confirmed the introduction of pAzF and its complete reduction to 

pAF (Table 1). The results of size-exclusion chromatography show that all of the 

proteins elute as single peak at an elution volume of 11.6 (± 0.2) mL, which is 

consistent with a molecular weight around 30 kDa. This suggests that the 

introduction of pAF did not cause a significant perturbation of the structure and 

that the proteins retained a homodimeric conformation. The other proteins tested in 

this study, the LmrR_LM and its mutants LmrR_LM_W96A, LmR_LM_V15K and 

bcPadR1 were prepared following standard protocols described elsewhere.
18

  

Table 1. Mass of LmrR_LM and its pAF-containing variants. 

Protein Masscalculated Massfound 

LmrR_LM 14970.80 14970.62 

LmrR_LM_V15pAF 15033.84 15033.62 

LmrR_LM_N19pAF 15018.87 15018.64 

LmrR_LM_M89pAF 15001.78 15001.64 

LmrR_LM_F93pAF 14985.79 14985.61 
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Scheme 1. a) Hydrazone formation. The first step represents the reaction between 4-

nitrobenzaldehyde and the aniline catalyst to create an iminium ion, which then reacts with 

nitrobenzoxadiazole hydrazine 1 to create the product of the reaction, hydrazone 2. b) Reduction of 

the iminium ion intermediate by NaCNBH3 leads to irreversible covalent modification.   

 

The catalytic properties of the novel artificial enzymes were examined in the 

chromogenic hydrazone forming reaction between 4-nitrobenzaldehyde and 

nitrobenzoxadiazole hydrazine (NBD-H) (Scheme 1a). NBD-H is known to 

undergo a significant redshift when reacting with aryl aldehydes. The most 

significant shift was observed upon the reaction with 4-nitrobenzaldehyde with an 

Absmax of the product around 500 nm (Figure 2).
14
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Figure 2. UV-Vis spectrum of NBD-hydrazine 1 and hydrazone 2, the product of the reaction. 

The reaction was monitored by UV/VIS spectroscopy for two hours at 495 

and 528 nm at 20 °C. 18 µM final concentration of 1 and 1 mM final concentration 

of 4-nitrobenzaldehyde were mixed together in phosphate buffer (50 mM 

NaH2PO4, 150 mM NaCl, pH 7.0). The uncatalyzed reaction proceeds with a low 

yield of 7% after 2 hours (Table 2, entry 1). This reaction has been reported to be 

catalyzed by aniline, albeit that generally a high catalyst loading is required. When 

the catalysis was performed with 1 mM aniline, under these conditions, 46% yield 

in 2 hours was obtained. The amino acid pAF itself was also tested in catalysis, 

giving comparable results to aniline itself (Table 2, entry 2,3).  

Next, LmrR was tested as catalyst in this reaction. LmrR is known to have 

large hydrophobic cavity on its dimer interface, which we assumed could play a 

role in catalysis, bringing the substrates together in hydrophobic environment, 

resulting in a high effective molarity. A 10 µM concentration of the LmrR catalyst 

was used. This represents a 100x lower catalyst loading, compared to what was 

needed using aniline as catalyst. Indeed, with 10 µM aniline, no catalysis was 

observed. When the reaction was performed with LmrR, a yield of 51% was 

observed (Table 2, entry 15). This supports our theory that the concentration of the 

reactants in the LmrR hydrophobic pocket accelerates the reaction. To further 

examine this effect, the reaction was performed with the LmrR_LM_W96A 

mutant. When the tryptophans, which are known to be important for the binding of 

the planar aromatic molecules in the hydrophobic pocket, were removed, a 

dramatic reduction of yield to 12% was observed, which is similar to the 

uncatalyzed reaction (Table 2, entry 16). This demonstrates that the reaction occurs 

in the cavity of LmrR_LM.  

Next, proteins containing the pAF catalytic residue were tested. Notably, all 

the pAF-containing LmrR variants gave significant yields. The best results were 
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obtained with LmrR_LM_V15pAF with 80% yield, followed by 64% obtained 

with LmrR_LM_F93pAF, 52% with N19pAF and the lowest yield was observed 

with LmrR_LM_M89pAF, that is 41% (Table 2, entries 6,10,12,14). These results 

suggest that introducing pAF catalytic residue causes further enhancement of the 

catalysis and that the results of catalysis are dependent on the position of pAF. The 

yield achieved with LmrR_LM_M89pAF is lower than in the case of LmrR_LM, 

which can be attributed to the M89pAF position being less accessible than the 

others. The best position for pAF was observed to be position 15. Therefore, a 

mutant which has lysine at this position was prepared, to study whether the amino 

group of lysine can play a similar role in catalysis as the amino group of pAF. 

When the reaction was catalyzed by LmrR_LM_V15K, 27% yield was achieved, 

which is a significant drop of yield compared to LmrR_LM_V15pAF and even to 

LmrR_LM (Table 2, entry 17). This demonstrates that lysine is not a viable 

catalytic residue for this reaction. 

 

Figure 3. a) Space-filled and ribbon representation of the LmrR protein (pdb 3F8B) with the 

positions used for the incorporations highlighted (V15 in magenta N19 in green, M89 in blue and F93 

in orange). b) Ribbon representation of LmrR with manually docked pAF at position V15. Remaining 

highlighted residues are the same as in (a). c) Ribbon representation of bcPadR1 (pdb 4ESB). d) 

Ribbon representation of BSA (pdb 4F5S). 
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The reaction was also tested with two different proteins, namely bcPadR1 

and bovine serum albumin (BSA) (Figure 3c, 3d). bcPadR1 is a family member of 

LmrR, with 26% of structural identity, however is known not to contain an open 

pocket at its dimer interface.
24

 BSA is a protein with a hydrophobic binding site in 

the structure, containing two lysines known to act as general bases or nucleophiles 

in a number of reactions.
25

 Both of the proteins tested in the hydrazone forming 

reaction gave very low yields (4-6%), similar to the uncatalyzed reaction (Table 2, 

entries 18,19). These results suggest that the reaction is specific to LmrR and its 

large hydrophobic cavity in combination with pAF as catalytic residue.  

 

Table 2. Results of the catalysis of the hydrazone forming reaction.a 

Entry Catalyst 
Conc. of 

catalyst (µM) 
Yield (%) 

1 - - 7 ± 3 

2 Aniline 1000 46 ± 4 

3 p-aminophenylalanine 1000 45 ± 1 

4 Aniline 10 7 ± 1 

5 LmrR_LM_V15pAzF 10 54 ± 2 

6 LmrR_LM_V15pAF 10 80 ± 3 

7 LmrR_LM_V15pAF 2 36 ± 2 

8 LmrR_LM_V15pAF 1 20 ± 2 

9 LmrR_LM_N19pAzF 10 42 ± 0 

10 LmrR_LM_N19pAF 10 52 ± 2 

11 LmrR_LM_M89pAzF 10 38 ± 0 

12 LmrR_LM_M89pAF 10 41 ± 2 

13 LmrR_LM_F93pAzF 10 44 ± 1 

14 LmrR_LM_F93pAF 10 64 ± 1 

15 LmrR_LM 10 51 ± 5 

16 LmrR_LM_W96A 10 12 ± 3 

17 LmrR_LM_V15K 10 27 ± 3 

18 BSA 10 6 ± 2 

19 bcPadR1 10 4 ± 1 

    
aConditions: 18 μM NBD-H, 1 mM 4-nitrobenzaldehyde, 1/2/10 µM catalyst in phosphate buffer (pH 7.4) 

Yields were determined by monitoring the increase in absorbance at 528 nm and determined after 120 min. 

All data are the average of 3-5 independent experiments. Errors are calculated as standard deviations. 
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As a control, we investigated the catalysis of LmrR mutants still containing 

the pAzF amino acid, before they undergo the reduction to pAF. It was observed 

that the yields are significantly lower in the reactions catalyzed by 

LmrR_LM_X_pAzF compared to those achieved by LmrR_LM_X_pAF (Table 2, 

Figure 4) (X representing all pAF-containing mutants prepared in this study). The 

most significant difference was observed in the case of V15pAF mutant, while the 

lowest was observed in the case of M89pAF. The yields observed with the LmrR 

mutants containing pAzF are comparable, or lower, than the results obtained by 

LmrR_LM. These results confirm that the LmrR hydrophobic pocket itself is 

important, but that the amino group of pAF gives an additional contribution to 

catalysis.  

 
Figure 4. Formation of the hydrazone product over time in the absence of catalyst (blue line) and in 

the presence of LmrR_LM_V15pAzF (grey/orange line) and LmrR_LM_V15pAF (yellow/green 

line). The reaction was followed at 528 nm.  

 

To confirm the formation of an iminium ion during the catalytic cycle, we 

attempted to trap this reactive species by reduction with NaCNBH3. Toward this 

end, LmrR_LM and LmrR_LM_X_pAF were incubated with 4-nitrobenzaldehyde, 

treated with a reducing agent and subsequently dialyzed. In case a protonated 

Schiff base intermediate is formed, NaCNBH3 will reduce it to an amine, thus 

creating an irreversible covalent bond between the aldehyde and the protein 

(Scheme 1b). High-resolution mass spectrometry was performed on the resulting 

samples (Table 3). For LmrR_V15pAF, one dominant peak was found that 

corresponded to the single modified protein. The variants N19pAF, M89pAF and 

F93pAF featured prominent peaks for both the unmodified protein and the 

corresponding single modification product. Traces of double modified protein were 
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observed in all four samples, indicating that modification can happen 

unspecifically also at other positions. Indeed, the reaction with LmrR_LM showed 

mainly the mass of unmodified protein, accompanied by traces of the mass of the 

protein with a single modification. This confirms that modification could possibly 

happen on other amino acids in the scaffold. To investigate further where the 

observed modification happens, trypsin digestion and LC-MS/MS analysis were 

performed. This analysis was performed with LmrR_LM and LmrR_LM_V15pAF 

protein variants. The results were evaluated using PEAKS software
26

. It was 

observed that the LmrR_LM was modified at lysines in multiple positions. This 

trend was observed both in the case of LmrR_LM and LmrR_LM_V15pAF. 

However, in the case of LmrR_LM_V15pAF, the major modification was observed 

at positions 15 corresponding to the mass of the covalently attached nitrobenzyl 

moiety at the pAF. These results support the formation of an iminium ion 

intermediate.  

Table 3. Exact mass results of LmrR and its variants after the reduction with NaCNBH3.  

Protein Masscalculated 
Masscalculated 

with modification 

Massfound 

with modification 

LmrR_LM 14970.80 15105.85 
14970.62, 

15105.62 

LmrR_LM_V15pAF 15033.84 15168.89 
15168.65 

15303.71 

LmrR_LM_N19pAF 15018.87 15153.92 

15018.65 

15152.67 

15287.70 

LmrR_LM_M89pAF 15001.78 15136.83 

15001.65 

15136.67 

15271.64 

LmrR_LM_F93pAF 14985.79 15120.84 
14985.63 

15119.63 
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Figure 5. Hydrazone-forming reaction followed over time, catalyzed by the LmrR_LM_V15pAF 

(orange circle), modified LmrR_LM_V15pAF (green square), LmrR_LM (purple cross) and modified 

LmrR_LM_V15pAF (blue circle).  

 

A notable observation was made when following the hydrazone-forming 

reaction by UV-VIS spectroscopy. In all protein-catalyzed reactions, an initial lag-

phase up to 40 minutes (depending on the protein variant) was observed (Figure 

5). Efforts have been made to understand this lag-phase. It was observed that the 

length of the lag phase is dependent on the set-up of the experiment as well as on 

the concentration of the substrates. It was discovered, that when 10 µM 

concentration of protein was used, with the varying concentrations of the 

substrates, the reaction accelerated after approximately 10-20% of the yield of the 

product. When this amount of product was added to the reaction from the 

beginning, no lag-phase was observed. This can tentatively be explained by 

conformation changes in the protein upon the binding of the substrate. However, it 

is not clear why exactly this concentration, since it is not a 1:1 ratio to the 

concentration of the protein. More research is needed to better understand and 

explain this phenomenon. 

A kinetic study was performed with LmrR_LM_V15pAF.  The analysis had 

to be performed with lower concentration of the catalyst, so the data could be fitted 

with the Michaelis-Menten equation. For this, the reaction was tested with 1 or 2 

µM concentration of the protein (Table 2, entries 7,8). Since a significant catalytic 

effect was still present using 1 µM, this concentration was used for the kinetic 

measurements. The catalytic parameters were determined by monitoring the 

formation of the product over the time as a function of the various concentration of 

the substrate NBD-H (18-180 µM) at a fixed concentration of the 4-

nitrobenzaldehyde (1 mM). Saturation kinetics was observed, so the results were 
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fitted to the Michaelis-Menten equation resulting in an apparent kcat value of 0.184 

± 0.018 min
-1

 and KM of 0.136 ± 0.022 mM. (Figure 6). The catalytic efficiency 

(kcat/KM) was calculated to be 22.5 M
-1

s
-1

. 

The hydrazone-forming reaction is a multisubstrate reaction so performing 

the Michaelis-Menten analysis at a fixed concentration of one of the substrates 

gives us only the apparent kinetic values. More kinetic measurements have to be 

performed to obtain exact numbers and more detailed insight into the mechanism 

by varying the concentration of 4-nitrobenzaldehydes as well. 

 

Figure 6. Saturation kinetics profile of LmrR_LM_V15pAF. The red line represents the fit obtained 

using the Michaelis-Menten equation. 

5.3 CONCLUSIONS 

In conclusion, a novel type of artificial enzyme has been created, utilizing 

the unnatural amino acid p-aminophenylalanine as catalytic residue. The artificial 

enzymes were capable of catalyzing the formation of a hydrazone by reaction 

between a hydrazine and an aldehyde. The presented artificial enzymes can 

catalyze the reaction faster than traditional aniline-based catalysts, with 

significantly lower catalyst loading, i.e. as low as 1 µM concentration. Different 

positions in the scaffold of LmrR were explored for the incorporation of pAF and it 

was shown that position 15 gave rise to the highest yields. Interestingly, LmrR 

itself could catalyze the reaction, most like because of the hydrophobic pocket. In 

contrast, other proteins, BSA and bcPadR1, were not able to catalyze the reaction. 

The catalysis is therefore a combination of concentration of reagents in the 

hydrophobic pore of LmrR (effective molarity) and iminium ion formation 
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(nucleophilic catalysis). To the best of our knowledge, this represents a novel type 

of the catalysts for a reaction not known to nature and which has not been 

described to be catalyzed by an enzyme so far. Genetic optimization of 

LmrR_X_pAF via directed evolution techniques will be performed, making use of 

the fact that activity is easily screened by UV/VIS spectroscopy.  

5.4 EXPERIMENTAL SECTION  

5.4.1 General remarks 

E. coli strains NEB5α and BL21(DE3) (New England Biolabs) were used for 

cloning and expression. DNA sequencing and primer synthesis were carried out by Eurofins 

MWG Operon (Ebersberg, Germany). Restriction endonucleases were purchased from New 

England Biolabs. Plasmid Purification Kit was purchased from QIAGEN. Pfu Turbo 

polymerase was purchased from Agilent. Strep-tactin columns were purchased from Iba-

lifesciences. Chemicals were purchased from Sigma Aldrich and Acros and used without 

further purification. Unnatural amino acids pAzF and pAF were purchased as racemic 

mixtures from Bachem. Plasmid pEVOL-pAzF was purchased from Addgene (pEVOL-

pAzF was a gift from Peter Schultz, Addgene plasmid #31186).
27

 Concentrations of DNA 

and protein solutions were estimated based on the absorption at 260 nm or 280 nm on 

Thermo Scientific Nanodrop 2000 UV-Vis spectrophotometer. 

5.4.2 Molecular Biology 

Site-directed mutagenesis 

Site-directed mutagenesis was used to prepare the LmrR_LM_V15K mutant. The 

plasmid pET17b_LmrR_LM (LM refers to lysine mutants K55D, K59Q) was used as a 

starting DNA. The primers required for the mutagenesis are summarized in the Table 4. 

The following PCR cycles were used: initial denaturation at 95 ⁰C for 1 min, denaturation 

at 98 ⁰C for 30 s, annealing at 55 ⁰C for 30 s and extension at 72 ⁰C for 4 min 30 s. The 

thermal cycle was repeated 16 times and final extension at 72 ⁰C for 10 min was used. The 

resulting PCR product was digested with restriction endonuclease DpnI for 2 h at 37 ⁰C and 

transformed into the chemically competent E. Coli NEB5α cells. A single colony was 

cultured in 5 mL of LB medium, the plasmid was isolated and successful mutagenesis was 

confirmed by sequencing. 
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Table 4. PCR primers used for site-directed mutagenesis. 

Primer* Sequence 5’  3’ 

LmrR_LM_V15K_fw GCT CAA ACC AAT AAA ATC CTG CTG AAT 

LmrR_LM_V15K_rv ATT CAG CAG GAT TTT ATT GGT TTG AGC 
*In bold, mutation which was introduced by the particular primers set.  

5.4.3 Expression and purification 

The plasmids pEVOL-pAzF and pET17b_LmrR_LM_X were cotransformed into E. 

coli BL21(DE3) and a single colony was used to inoculate an overnight culture of 10 mL of 

fresh LB medium containing 100 μg/mL of ampicillin and 34 μg/mL of chloramphenicol at 

37 °C. 2 mL (500x dilution) of overnight culture was used to inoculate at 37 °C 500 mL of 

fresh LB medium containing 100 μg/mL of ampicillin 34 μg/mL of chloramphenicol. When 

the culture reached an optical density at 600 nm of 0.8–0.9, the expression was induced 

with isopropyl β-D-1-thiogalactopyranoside (IPTG) (final concentration 1 mM) and L-

Arabinose (final concentration 0.02%) and 100 mg/L of pAzF was added as solid. 

Expression was done overnight at 30 °C. Cells were harvested by centrifugation (6000 rpm, 

JA10, 20 min, 4 °C, Beckman), resuspended in washing buffer (50 mM NaH2PO4, 150 mM 

NaCl, pH 8.0) and sonicated (70% (200 W) for 7 min, 10 sec on, 15 sec off). The lysed 

cells were incubated with DNAseI (final concentration 0.1 mg/mL with 10 mM MgCl2) and 

PMSF solution (final concentration 0.1 mM) for 30 min at 4 °C. After centrifugation 

(15000 rpm, JA-17, 1h, 4 °C, Beckman), the supernatant was loaded on a Strep-Tactin 

column (Strep-Tactin®Superflow® high capacity) and incubated for 1 h at 4 °C. The 

column was washed with 3 x 1 CV (column volume) of resuspension buffer (same as wash 

buffer used before), and eluted with 6 x 0.5 CV of resuspension buffer containing 5 mM 

desthiobiotin. The fractions were analysed by SDS-PAGE electrophoresis on 12% 

polyacrylamide SDS-Tris-Tricine gel followed by Coomassie staining (InstantBlueTM, 

Expedeon). The most concentrated fractions were pooled, concentrated and the protein 

containing LmrR_LM_X_pAzF was reduced with a 10 mM solution of TCEP. The 

reduction was done for 2 hours at 4 °C and the solution was then dialyzed against 

phosphate buffer (50 mM NaH2PO4, 150mM NaCl, pH 7.4) overnight at 4 °C. The 

concentration of the proteins was determined by using the calculated extinction coefficient 

for LmrR corrected for the absorbance of the pAF (ε = 1333 M
-1

 cm
-1

). 

5.4.4 Characterization  

Analytical size-exclusion chromatography  

Analytical size exclusion chromatography was performed on a Superdex 75 10/300 

GL column (GE Healthcare). 100 μL of the sample was injected using 50 mM NaH2PO4, 

150 mM NaCl pH 7.4, as buffer (flow 0.5 mL/min). The column was calibrated using the 

standard Gel Filtration LMW Calibration Kit of GE Healthcare.  
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Exact mass measurement  

High resolution mass spectrometry (HR-MS) was used to determine the exact mass 

of the prepared proteins. It was performed using an LTQ Orbitrap XL mass spectrometer 

(Thermo Fisher Scientific) with electrospray ionization as a source of ions. The mass of 

proteins was calculated using the expasy peptide mass calculator 

(http://web.expasy.org/peptide_mass/). 

Sodium cyanoborohydride reduction 

LmrR_LM_X (10 µM concentration) was incubated with 1 mM 4-

nitrobenzaldehyde in a final volume of 500 µL in 50 mM NaH2PO4, 150 mM NaCl buffer 

(pH 7.4) for 2 h at 4 °C. Next, 100 µL of a 120 mM stock solution of NaCNBH3 in water 

was added. After incubation for 2 h at 4 °C, the solution was dialyzed against the same 

buffer with 2x buffer exchange. The proteins were tested for the activity using the assay 

described in 5.4.5. To determine the extent and specificity of the covalent labeling, the 

purified proteins underwent trypsin digestion and were analyzed by ESI-MS and LC-

MS/MS. This analysis was performed by Ing. M.P. de Vries at the Mass Spectrometry Core 

Facility, UMCG, Groningen.  

5.4.5 Catalysis  

The hydrazone forming reaction was monitored spectroscopically for two hours at 

495 nm (observed Absmax when reaction is catalyzed with aniline), 528 nm (observed 

Absmax when the reaction is catalyzed with 10 µM concentration of proteins) or 504 nm 

(observed Absmax when the reaction is catalyzed with 1 µM concentration of catalyst) using 

a Jasco V-660 spectrophotometer. Reactions were carried out in 480 μL solutions (buffer 

50 mM Na2HPO4, 150 mM NaCl, 5% DMF pH 7.4) in quartz cuvettes (path length 1 cm). 

The final concentration of the protein in the solution was 10 µM (concentration of the 

dimer), unless noted otherwise. To the 464 μL solution of buffer and protein, 8 μL of 1.08 

mM NBD Hydrazine 1 in DMF was added (final concentration 18 μM). The reaction was 

started by the addition 8 μL of a 60 mM solution of 4-nitrobenzaldehyde in DMF (final 

concentration 1 mM). The absorbance data was converted to concentration (in μM) of 

hydrazone 2 by dividing by the extinction coefficient of 2 (16319 L mol
−1

 cm
−1

 (A495, only 

buffer), 16545 L mol
−1

 cm
−1 

(A504, buffer, 1 µM protein), 15675 L mol
−1

 cm
−1 

(A528, buffer, 

10 µM protein), path length 1 cm) and the yield was determined by dividing the 

concentration at the given time point by 18 μM. All experiments were performed at least as 

triplicate independent measurements. The final product 2 was prepared as previously 

reported.
14
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5.4.6 Kinetics    

The catalytic parameters were determined for LmrR_LM_V15pAF. The reaction 

setup was the same as described above. 1 µM final concentration of V15pAF has been 

used. Series of concentrations of NBD-H substrate (1) have been studies from 18 to 180 

µM. The uncatalyzed reaction was initially followed for each measurement, enzyme was 

added at t = 30 min and the catalyzed reaction was followed for next 60 minutes. Initial 

rates (vo) were determined from the linear part of the curve, subtracted with the rate of the 

uncatalyzed reaction and divided by enzyme concentration. The values of vo/[E] were 

plotted against substrate concentrations and the kinetic parameters were obtained by fitting 

the data to the Michaelis-Menten equation (Equation 1) using Origin 8.5. All data are the 

average of 3-5 independent measurements.                         

                              
v0

[E]
=

𝑘cat[S]

𝐾𝑀+[S]
      

                                                                           (Equation 1) 
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CHAPTER 6 

A novel artificial metalloenzyme based on 

the transcription factor bcPadR1 

This chapter describes a novel artificial metalloenzyme based on supramolecular 

assembly of the transcription factor bcPadR1 with a Cu
II
-phenanthroline complex. 

The catalytic potential of this novel artificial metalloenzyme has been tested in 

tandem Friedel-Crafts alkylation/enantioselective protonation and in vinylogous 

Friedel-Crafts alkylation reactions. 
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6.1 INTRODUCTION 

Artificial metalloenzymes are hybrid catalysts that aim to merge the broad 

substrate and reaction scope of transition metal catalysis with the high activities 

and selectivities that are typical for enzymatic catalysis.
1–3

 Currently, one approach 

for the design of artificial metalloenzymes focuses on the creation of novel active 

sites in protein or oligonucleotide scaffolds. These active sites can be created either 

by modifying already existing binding pockets or by grafting a new active site into 

an appropriate scaffold. For both cases, the pocket needs to be large enough to 

accommodate both an organometallic moiety and the substrates. 

The supramolecular anchoring strategy is intriguing, since artificial 

metalloenzymes are conveniently prepared by self-assembly. In this approach, the 

metal complex is incorporated into the protein structure via specific or non-specific 

protein-ligand interactions, such as hydrogen bonding, π–π stacking or 

hydrophobic and electrostatic interactions. The first example of an 

enantioselective, protein–based artificial metalloenzyme reported by Wilson and 

Whitesides took advantage of the supramolecular anchoring of a biotinylated 

rhodium-complex into the pocket of avidin.
4
 This design was later refined by the 

Ward group by changing the protein scaffold from avidin to streptavidin and these 

artificial metalloenzymes proved successful in different reactions, such as 

hydrogenation, asymmetric C-H activation or redox cascades.
5–9

 DNA-based 

asymmetric catalysis represents another successful example of the supramolecular 

approach. In the course of this, Cu
II
-bipyridine complex was introduced into the 

helical structure of DNA and achieved high enantioselectivities in C-C bond 

forming reactions in water.
10

  

Recently, we introduced a further example of the supramolecular anchoring 

strategy, which is based on the dimeric protein LmrR. LmrR is a transcription 

repressor from Lactococcus lactis, that controls the expression of the ABC 

multidrug transporter LmrCD through direct binding of transporter ligands to the 

structure of LmrR.
11

 It is a small, homodimeric protein, which contains an 

unusually large hydrophobic pore at its dimer interface. Here, planar ligands and 

organic molecules can bind, as is evident from the crystal structures of LmrR with 

various antibiotics bound.
12

 Two tryptophan residues, one from each subunit (W96 

and W96’) are crucial for binding organic molecules by π–π stacking interactions. 

Therefore, it was envisioned that Cu
II
 complexes of planar aromatic ligands can 

bind through the same mechanism and a novel artificial enzyme would be prepared 

through self-assembly. This approach resulted in a highly enantioselective hybrid 
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catalyst that catalyzed Friedel-Crafts alkylation reactions of indoles with full 

conversion and up to 94% ee.
13

 

A key element for the success of this approach was proposed to be the 

promiscuous cavity of LmrR that can accept different compounds, including 

substrates and catalytically active transition metal complexes. The components 

have freedom to achieve the optimum orientation and interaction in the chiral space 

of the biomolecular scaffold. Recently, another reaction, the Cu
II
-catalyzed tandem 

Friedel-Crafts alkylation/enantioselective protonation (FC/EP) reaction, has been 

demonstrated with this novel artificial enzyme resulting in moderate ee and high 

conversions.
14

 It was shown that in this case, the reaction does not occur in the 

pocket, but rather on the outside of the cavity. 

To further broaden the scope of proteins that are used in supramolecular 

anchoring, we decided to explore proteins that are structurally homologous to 

LmrR. LmrR itself belongs to the PadR subfamily (PadR-s2), a protein family of 

homodimeric transcription regulators that are structurally related to each other. 

Thus, we decided to choose bcPadR1, a member of this family for which X-ray 

structural information was available.
15

 As in the case of LmrR, the structure of 

bcPadR1 consists of a single C-terminal α4-helix and N-terminal wHTH DNA-

binding domain with three α-helices and two β-sheets. LmrR and bcPadR1 share 

26% of sequence identity with two conserved central tryptophan residues (W91 

and W91’), which were shown to be important for the LmrR hybrid catalysts.  

 

Figure 1. Cartoon representation of the dimeric structures of bcPadR1 and LmrR in ribbon (top) and 

space-filling models (bottom) (bcPadR1: pdb 4ESB, LmrR: pdb 3F8B). The central tryptophan 

residues W91/W91’and W96/W96’ are shown in stick representations. 

α1’
α1

α4

α4'

α4

α4'
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Notably though, bcPadR1 differs from LmrR in its dimeric arrangement; 

unlike LmrR, bcPadR1 shows a closed dimeric conformation, that is, it does not 

contain an open hydrophobic pore at its dimer interface. In the structure of 

bcPadR1, the α4 dimerization helices of both monomers are bent toward the 

dimeric center, interact with each other, resulting in a closed dimer interface. These 

α4 and α4’ helices are also interacting with the α1 and α1’ helices of the other 

monomer making the closed conformation more favourable (Figure 1). 

However, it was suggested that bcPadR1 as transcription regulator may undergo a 

conformational change, which opens the dimer interface, thereby forming a ligand 

binding site.
15 

Here, we investigate bcPadR1 as a novel biomolecular scaffold for an 

artificial metalloenzyme. Initially, we focused on the characterization and the 

catalytic potential of natural bcPadR1 with a closed dimeric conformation for two 

different reactions; the tandem FC/EP reaction between indoles and α,β-

unsaturated thiazoles (Figure 2a) and the Friedel-Crafts alkylation between indoles 

and α,β-unsaturated imidazoles (Figure 2b).  Later efforts attempted to improve 

the catalysis by opening the closed dimeric conformation of bcPadR1.
 

 
 

Figure 2. Schematic representation of a supramolecular assembly of an artificial metalloenzyme with 

CuII(1,10-phenanthroline) complex incorporated into the protein scaffold with the reactions tested in 

this study; a) the tandem Friedel-Crafts alkylation/enantioselective protonation reaction and b) the 

Friedel-Crafts alkylation.  

 

 

b)

a) b)
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6.2 RESULTS AND DISCUSSION  

6.2.1 Characterization of bcPadR1 

The synthetic gene of bcPadR1 (optimized sequence for expression in E. 

coli, mutant bcPadR1_C13L_K54E with the C-terminal Strep tag, this variant later 

referred to as bcPadR1) was cloned from a cloning vector pUC57 to an expression 

plasmid pET17b. The resulting plasmid pET17b_bcPadR1 was transformed into E. 

coli BL21 C43(DE3) expression cells. The protein was expressed and purified 

using affinity chromatography. bcPadR1 was obtained in high yields (~ 21 mg/L) 

and with excellent purity (Figure 3a). Analytical size exclusion chromatography 

was used to determine the apparent molecular weight of bcPadR1. The protein 

eluted as a single peak from a Superdex-75 10/300 GL column at a retention 

volume consistent with the molecular weight of a bcPadR1 dimer (~ 26 kDa) 

(Figure 3b). The thermal stability of bcPadR1was investigated by apparent melting 

temperature measurement utilizing the thermal shift assay with the Sypro Orange 

dye. It was measured in three different buffers that were suitable for catalysis. 

Apparent melting points of 70 °C in 20 mM MOPS, 150 mM NaCl, pH 7, 71 °C in 

20 mM MOPS, 200 mM NaCl, pH 7 and 67.5 °C in 20 mM MES + 150 mM NaCl, 

pH 5 were found for bcPadR1 showing that the melting temperature was largely 

independent of the buffer and all tested conditions are suitable for catalysis.  

 
Figure 3. a) SDS-PAGE gel of bcPadR1, FT: flow through, W1-W3: washing fractions, E1-E6: 

elution fractions, LAD: ladder in kDa. Molecular weight of bcPadR1 monomer is ~13 kDa. b) 

Analytical size-exclusion chromatography of bcPadR1 dimer. 

 

LmrR is known to strongly bind planar aromatic molecules inside its 

hydrophobic cavity, an ability that is used for the supramolecular anchoring of 

metal-binding planar complexes. To date, the ability of bcPadR1 to engage in this 

kind of behaviour has not been described, thus we aimed to explore whether planar 
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molecules would bind in the same manner. The drug binding ability of bcPadR1 

was first tested by titration with Hoechst 33342, a dye that is known to bind tightly 

to LmrR. Hoechst 33342 is nonfluorescent in aqueous medium but shows a 

significant increase in fluorescence upon binding to protein or DNA.
11,16,17

 

Surprisingly, this compound displayed unexpectedly strong binding to bcPadR1 

with a dissociation constant Kd = (30 ± 6) nM. This value is comparable to the Kd = 

(21 ± 8) nM reported for the LmrR–Hoechst 33342 complex. The binding affinity 

of the Cu
II
(1,10-phenanthroline) complex (Cu

II
-L) to bcPadR1 was determined by 

fluorescence quenching of the central tryptophans W91/W91’. The experiment was 

carried out with bcPadR1_W106F, to ensure that the observed fluorescence is 

exclusively due to the central tryptophans. The dissociation constant (Kd) was 

determined to be 2.7 ± 0.2 µM, which is significantly higher than binding to 

Hoechst 33342, however similar to the reported values of binding of the Cu
II
-L to 

LmrR.
13

 These experiments show that, although the bcPadR1 is described to have a 

closed conformation, it is able to bind both Hoechst 33342 and Cu
II
-L. This is in 

agreement with previously reported suggestion that the structure could be flexible 

and open upon the presence of certain compounds.  

6.2.2 Catalysis with bcPadR1/Cu
II

-L 

The catalytic potential of bcPadR1/Cu
II
-L was investigated initially in the 

tandem FC/EP reaction of α,β-unsaturated-2-acyl thiazole (1a) with 2-methylindole 

(2a) (Scheme 1). We decided to investigate this reaction first, since it was 

described previously that it does not require a hydrophobic cavity.
14,18

 Notably, this 

reaction does not proceed when catalyzed by Cu
II_

L alone (Table 1, entry 1). 

However, using the bcPadR1/Cu
II
-L assembly resulted in a yield of 44% and an ee 

of 14 % (Table 1, entry 2). This result suggests that the reaction is accelerated by 

the presence of the protein scaffold, giving rise not only to conversion, but also a 

low enantioselectivity.  

Next, the catalytic potential of bcPadR1/Cu
II
-L was investigated in the Cu

II
–

catalyzed Friedel-Crafts reaction between α,β-unsaturated-2-acyl imidazole (1b) 

and 5-methoxyindole (2b) (Scheme 2). The reaction proceeds up to 82% yield of 

racemic product when catalyzed by Cu
II
-L (Table 1, entry 3). In the reaction 

catalyzed by bcPadR1/Cu
II
-L, no product formation was observed (Table 1, entry 

6). The reaction catalyzed with the increased concentrations of the Cu
II
-L resulted 

in up to 98% conversion, while the reactions catalyzed by bcPadR1 with the 

increasing amounts of Cu
II
-L still resulted in no product formation (Table 1, entry 

4-5,7-9). Different, more reactive substrates were also tested in the reaction, 

namely 1H-indole (2c) and 2-methylindole (2a), which both in case of LmrR-based 
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artificial metalloenzyme gave rise to full conversion and up to 94% ee. However, 

none of the reactions proceeded in the presence of bcPadR1 (Table 1, entry 13-14). 

The results indicate that during the catalysis with bcPadR1/Cu
II
-L, the complex 

gets sequestered in the structure causing it to be catalytically inactive, even with 

larger quantities of the Cu
II
-L complex present. We assume that the Cu

II
-L can 

enter the structure of bcPadR1, as it was also observed in the binding studies, 

however, that there is then no more space for the substrates to fit in and reaction to 

proceed.   

 

 

 

Scheme 1. The catalyzed tandem Friedel-Crafts alkylation/enantioselective protonation reaction of 

α,β-unsaturated-2-acyl thiazole 1a with 2-methylindole 2a.  

 

 

 

Scheme 2. The catalyzed Friedel-Crafts alkylation reactions of α,β-unsaturated-2-acyl imidazole 1b 

with substituted indoles 2. 
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Table 1. Results of the Friedel-Crafts alkylation/enantioselective protonation reactiona of 1a and 2a 

resulting in 3 and vinylogous Friedel-Crafts reactionb of 1b and 2a,b,c resulting in 4a,b,c catalyzed by 

bcPadR1. 

Entry Protein 
Conc. Cu II-L 

(µM) 

Substrate 

1 

Substrate 

2 
Yield (%) ee (%) 

1 - 90 1a 2a - - 

2 bcPadR1 90 1a 2a 44 ± 24 14 ± 3 

3 - 90 1b 2b 82 ± 1 rac 

4 - 180 1b 2b 98 ± 1 rac 

5 - 360 1b 2b 91 ± 1 rac 

6 bcPadR1 90 1b 2b < 5 < 5 

7 bcPadR1 180 1b 2b < 5 < 5 

8 bcPadR1 270 1b 2b < 5 < 5 

9 bcPadR1 360 1b 2b < 5 < 5 

10 - 90 1b 2a 84 ± 3 rac 

11 - 90 1b 2c 90 ± 7 rac 

12 bcPadR1 90 1b 2a < 5 < 5 

13 bcPadR1 90 1b 2c < 5 < 5 

       

a Typical conditions: 9 mol% CuII-L (90 µM) loading with/without 1.3 eq bcPadR1 20 mM MES, 500 mM NaCl 

buffer (pH 5.0), for 3 days at 4 °C. All data are the average of 2 independent experiments, each carried out in 

duplicate. bSame as a, just in 20 mM MOPS buffer, 500 mM NaCl (pH 7.0). 

 

6.2.3 Rational mutagenesis to open the pore 

In order to open up the structure of bcPadR1 for broadening the enzyme 

applicability a rational protein design was conducted. Eight mutation sites were 

chosen, based on a comparison of the crystal structures of LmrR and bcPadR1.
12,15

 

The first four mutations aimed to mimic the polar and ionic interactions that are 

known to stabilize the hydrophobic pore in LmrR. One of the most important 

stabilizing interactions is the salt bridge that is formed between the arginine R98 of 

α4 helix and glutamate E42’ in the connecting loop between α2’ and α3’ helices of 

LmrR. This salt bridge was formed in the corresponding positions in bcPadR1 by 

introducing the mutations F37E and M93R (Figure 4a). The side chain of Q12’ in 

the α1’ helix of LmrR forms a hydrogen bond with S95 in the α4 helix of the other 

monomer and it also makes a stabilizing amino-aromatic interaction with the indole 

ring of tryptophan W96. Since bcPadR1 already has a serine at position 90 that 

corresponds to S95 in LmrR, similar hydrogen bonding and amino-aromatic 

interactions may be obtained by a single amino acid change V9Q (Figure 4b). The 
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mutation H35A, in the helix α1’ of bcPadR1, aimed to form a hydrogen bond 

between the main chain oxygen of alanine and the side chain of asparagine N100 in 

the dimerization helix α4 (Figure 4c). LmrR shows a comparable hydrogen 

bonding interaction between the amino acid residues A38’ and N105. The other 

four mutations aimed to decrease the hydrophobicity and increase the electrostatic 

repulsion between the dimerization helices, in order to make them bend away from 

each other and therefore to favour the open conformation. The repulsive 

interactions are created by increasing the number of negatively charged amino acid 

residues in the central C–terminal helices (Figure 4d). The positively charged 

lysine at position 88 was changed to alanine (K88A) and the hydrophobic leucine 

at position 102 to a negatively charged glutamate (L102E). Removal of the lysine 

K88 was thought to be important because the glutamate E102 is located close by 

and could possibly be an attractive partner for undesired salt bridge formation. 

Single-point mutations V98D and S95D were carried out in order to remove the 

hydrophobic valine and to further increase the repulsion between the α4 helices. 

 

 

Figure 4. Cartoon representation of the bcPadR1 dimer with the proposed mutations for the opening 

of the structure highlighted; a) ‘salt bridge-forming’ mutations M93R (light green) and F37E (cyan) 

b) ‘hydrogen-bond forming’ residues V9Q (yellow) and S90 (light orange) (side view of the structure) 

c) hydrogen bonding mutants H35A (red) and N100 (green) d) ‘increasing repulsion’ mutations 

K88A (red), L102E (light blue), V98D (yellow) and S95D (light green). 

 

a) b)

c) d)

K88A, L102E, V98D, S95D

V9Q

F37E, M93R

H35A
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The mutants described in this study have been prepared in a step-wise 

fashion by site-directed mutagenesis and confirmed by sequencing. Plasmids were 

transformed into E. coli BL21 C43(DE3) and the proteins were expressed and 

purified as described above. The expression yields of the mutants were typically in 

the range of 10–25 mg/L, except for bcPadR1_ M93R_F37E_H35A_V9Q_K88A, 

which gave lower yields: around 5 mg/L of pure protein. All the mutants eluted 

from the Superdex-75 10/300 GL size-exclusion column as single peaks with 

apparent molecular weights of 26 kDa, consistent with a homodimeric structure, 

with additional minor peaks of lower elution volumes caused by aggregation of the 

protein.  

The thermal stabilities of the bcPadR1 mutants were determined by apparent 

melting temperature measurements using the ThermoFluor assay. A significant 

decrease of apparent Tm was observed for the first two mutants (bcPadR1_ 

M93R_F37E and bcPadR1_ M93R_F37E_H35A). For the other variants, apparent 

Tm was found to be around 50 °C. This suggests that the introduction of the salt 

bridge had the most significant effect on the stability. Notably, even after 

incorporation of eight mutations compared to the parent protein, the protein 

remained stable. 

Subsequently, the effects of the mutations for the opening of the structure of 

bcPadR1 on the binding affinity of Cu
II
-L to the central tryptophan residues 

W91/W91’ were studied. It was assumed that the binding of the complex would 

become stronger once the pore is open and Cu
II
-L is able to reach the tryptophans 

in the middle of the dimeric interface. The titration experiments were carried out 

with the starting point bcPadR1 (bcPadR1_W106F), the following three mutants 

(bcPadR1_1
st
_W106F bcPadR1_2

nd
_W106F, bcPadR1_3

rd
_W106F) and with the 

last mutant of the mutagenesis studies 

(bcPadR1_3
rd

_K88A_L102E_V98D_S95D_W106F). A graph of the fitting of the 

titrations experiment and the table of dissociation constants are presented in the 

Figure 5. Interestingly, it was observed that the dissociation constant for the 

studied mutants remained 3-4 µM, therefore similar to starting point, despite the 

mutations. Based on this, we assumed that the complex is either able to reach the 

tryptophan residues already in the case of the starting point bcPadR1 or that the 

binding takes place outside of the dimeric interface. It is still questionable whether 

the complex is able to quench the fluorescence from the outside and what is the 

maximum distance from the tryptophan where the complex is still able to act as a 

quencher. Since the protein structure is flexible, it is likely that the Cu
II
-L could be 

located in proximity of the tryptophan residues even without entering the pocket. 

Due to these complications, confirmation of the opening of the pore based on the 

fluorescence measurements cannot be obtained in this manner.  
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Figure 5. a) Overlay of the titration curves of the bcPadR1 mutants where the protein is titrated with 

the CuII-L complex. The normalized difference between the fluorescence intensities of ligand free and 

bound protein is plotted against the concentration of CuII-L. b) The table of dissociation constants of 

CuII-L for different bcPadR1 mutants. 

 

The catalytic potential of the prepared mutants was evaluated in the Cu
II
-

catalyzed Friedel-Crafts alkylation of 5-methoxyindole with α,β-unsaturated-2-acyl 

imidazole (Scheme 2). For all the mutants, a yield lower than 5% was obtained, so 

no improvement in the catalytic activity for the bcPadR1 mutants was observed. 

The hybrids were also tested in the FC/EP reaction between 2-methylindole and 

α,β-unsaturated-2-acyl thiazole (Scheme 1). Changes in both enantioselectivity and 

yield were observed. bcPadR1/Cu
II
-L catalyzed this reaction with the ee of 14% 

and the yield of 44% (Table 2, entry 1). The initial salt-bridge forming mutant 

bcPadR1_M93R_F37E gave a significant increase in the enantioselectivity up to 

49% with comparable yields (Table 2, entry 2). Positive effects were also achieved 

with mutants bcPadR1_M93R_F37E_V9Q_H35A_K88A and 

bcPadR1_M93R_F37E_V9Q_H35A_K88A_ L102E, with the ee of 37% and 36%, 

respectively (Table 2, entries 5,6). Interestingly, for the remaining mutations, the 

results have been similar to the starting protein. Overall, it was observed that 

certain mutations have an effect on catalysis. However, it is currently unclear 

where the effects are coming from. In the case of the first mutation, one can 

assume that the active site is affected and additional charges on the surface are 

beneficial for catalysis, however it is puzzling that the effect is lost by just one 

additional mutation. Possibly, preparing all the single mutants, rather than the 

combinations or combining only positive mutations could give us a better insight 

into the effects observed.  
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Table 2. Results of the FC/EP reaction of 1a and 2a resulting in 3 catalyzed by bcPadR1 and its 

mutants.a 

 

6.3 CONCLUSIONS 

In conclusion, we have designed an artificial metalloenzyme using 

supramolecular assembly of Cu
II
-L complex with the transcription regulator 

bcPadR1. This novel artificial metalloenzyme was able to catalyze the tandem 

FC/EP reaction with moderate ee and yield. However, it was not able to catalyze 

the Friedel-Crafts alkylation reaction of substituted indoles with α,β-unsaturated-2-

acyl imidazole. Notably, the FC/EP reaction does not proceed when catalyzed by 

Cu
II
-L alone so the protein scaffold provides an acceleration of the reaction. In this 

study, we have also undertaken the quest of opening of the pore of bcPadR1, 

hoping to make it possible for the Friedel-Crafts alkylation reaction, which requires 

the pore, to proceed. However, neither fluorescence or catalytic studies could 

confirm at this point the pore has been opened. 

 

6.4 EXPERIMENTAL SECTION 

6.4.1 General remarks 

Commercial chemicals and solvents were all used without further purification. 

Concentrations of DNA and protein solutions were estimated based on the absorption at 

 

Entry Protein Yield (%) ee (%) 

1 bcPadR1 44 ± 24 14 ± 3 

2 bcPadR1_M93R_F37E 30 ± 8 49 ± 8 

3 bcPadR1_M93R_F37E_H35A 49 ± 15 15 ± 5 

4 bcPadR1_ M93R_F37E_H35A_V9Q  35 ± 4 16 ± 2 

5 bcPadR1_M93R_F37E_H35A_V9Q _K88A 36 ± 2 37 ± 2 

6 bcPadR1_ M93R_F37E_H35A_V9Q _K88A_L102E 33 ± 5 36 ± 6 

7 bcPadR1_ M93R_F37E_H35A_V9Q _K88A_L102E_V98D 30 ± 4 15 ± 2 

8 bcPadR1_ M93R_F37E_H35A_V9Q_K88A_L102E_V98D_S95D 38 ± 6 15 ± 0 

    
aTypical conditions: 9 mol% CuII-L (90 µM) loading with 1.3 eq bcPadR1 20 mM MES buffer (pH 5.0), 500 mM 

NaCl, for 3 days at 4 °C. All data are the average of 2 independent experiments, each carried out in duplicate. 
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260 nm or 280 nm on Thermo Scientific Nanodrop 2000 UV-Vis spectrophotometer. PCR 

reactions were carried out by using an Eppendorf Mastercycler personal. The primers were 

ordered from Eurofins Genomics and the plasmids were sequenced by GATC Biotech 

(Berlin, Germany). Solvents were removed under reduced pressure at 40 °C in a water bath. 
1
H-NMR spectra were recorded on a Varian 400 (400 MHz).  

6.4.2 Molecular biology 

Synthesis of the gene BC4206  

The synthetic gene encoding for bcPadR1_C13L_K54E (this variant is mentioned in 

the text as bcPadR1) was ordered from GenScript (USA). The codon usage was adapted to 

the codon bias of E. coli. The gene included a C-terminal strep-tag used for purification 

purposes and 2 mutations; C13L (in order to remove cysteine, a possible metal binding 

residue) and K54E (lysine in the DNA binding region, removed in order to avoid DNA 

binding and therefore facilitate protein purification). The gene was received in the cloning 

vector pUC57 and recloned into the expression plasmid pET17b using NdeI and HindIII 

restriction sites.  

DNA sequence bcPadR1 

ATGCACTCGCAAATGCTGAAAGGTGTCCTGGAAGGTCTGATCCTGTATATTATCTCGCAAGAAGAAG

TCTACGGCTACGAACTGTCAACCAAACTGAACAAACATGGCTTTACCTTCGTGAGTGAAGGTTCCAT

TTATCCGCTGCTGCTGCGTATGCAGGAAGAAAAACTGATCGAAGGCACCCTGAAAGCGAGCTCTCTG

GGTCCGAAACGCAAATATTACCACATTACGGATAAAGGCCTGGAACAGTTGGAAGAATTTAAACAA

AGCTGGGGTATGGTTAGTACGACGGTGAATAATCTGCTGCAAGGCGAATGGTCTCATCCGCAATTTG

AAAAATAA 

Site-directed mutagenesis 

Site-directed mutagenesis was used for the preparation of all bcPadR1 mutants. The 

plasmid used for mutagenesis was pET17b_bcPadR1. (The primers required for the 

mutagenesis are summarized in Table 3). The primer stock solutions (100 pmol/µl) were 

prepared and diluted 20 times with milliQ water prior to use. 5 µl of 10x Cloned Pfu DNA 

Polymerase Buffer (Agilent), 1 µl of dNTP mix (New England BioLabs), 1.5 µl of DMSO 

(3%), 125 ng of each primer and 20-50 ng of the template DNA was used and milliQ water 

was added up to a total reaction volume of 50 µl. 1 µl of Pfu Turbo DNA polymerase was 

added and the solution was thoroughly mixed. The following PCR cycles were used: initial 

denaturation at 95 ⁰C for 1 min, denaturation at 98 ⁰C for 30 s, annealing at 54-63 ⁰C for 30 

s (depending on the Tm of the particular mutant) and extension at 72 ⁰C for 4 min 30 s. The 

thermal cycle was repeated 16 times and a final extension at 72 ⁰C for 10 min was used. 

The resulting PCR product was digested with restriction endonuclease DpnI for 2h at 37 ⁰C 

and transformed into chemically competent E. coli NEB5α cells. A single colony was 

cultured in 5 mL of LB medium, the plasmid was isolated and successful mutagenesis was 

confirmed by sequencing. 
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Table 3. PCR primers used for the site-directed mutagenesis. 

Primer Sequence (5’ → 3’) 

bcPadR1_ M93R fw CAA AGC TGG GGT CGC GTT AGT ACG ACG 

bcPadR1_M93R rv CGT CGT ACT AAC GCG ACC CCA GCT TTG 

bcPadR1_ M93R_F37E fw AAC AAA CAT GGC GAA ACC TTC GTG AGT 

bcPadR1_ M93R_F37E rv ACT CAC GAA GGT TTC GCC ATG TTT GTT 

bcPadR1_M93R_F37E_H35A fw AAA CTG AAC AAA GCG GGC GAA ACC TTC 

bcPadR1_M93R_F37E_H35A rv AA GGT TTC GCC CGC TTT GTT CAG TTT 

bcPadR1_M93R_F37E_H35A_V9Q fw ATG CTG AAA GGT CAG CTG GAA GGT CTG 

bcPadR1_M93R_F37E_H35A_V9Q rv CAG ACC TTC CAG CTG ACC TTT CAG CAT 

bcPadR1_M93R_F37E_H35A_V9Q 

K88A fw 
TTG GAA GAA TTT GCG CAA AGC TGG GGT 

bcPadR1_M93R_F37E_H35A_V9Q 

K88A rv 
ACC CCA GCT TTG CGC AAA TTC TTC CAA 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E fw 
GTG AAT AAT CTG GAA CAA GGC GAA TGG 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E rv 
CCA TTC GCC TTG TTC CAG ATT ATT CAC 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D fw 
GTT AGT ACG ACG GAT AAT AAT CTG GAA 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D rv 
TTC CAG ATT ATT ATC CGT CGT ACT AAC 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D_S95D fw 
TGG GGT CGC GTT GAT ACG ACG GAT AAT 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D_S95D rv 
ATT ATC CGT CGT ATC AAC GCG ACC CCA 

bcPadR1_W106F * fw CTG CAA GGC GAA TTT TCT CAT CCG CAA 

bcPadR1_W106F * rv TTG CGG ATG AGA AAA TTC GCC TTG CAG 

bcPadR1_W106F ** fw GAA CAA GGC GAA TTT TCT CAT CCG CAA 

bcPadR1_W106F ** rv TTG CGG ATG AGA AAA TTC GCC TTG TTC 

*For the mutants with leucine at the position 102 (bcPadR1_L102) 

**For the mutants with glutamate at the position 102 (bcPadR1_L102E) 
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6.4.3 Expression and purification 

1 µl of plasmid (conc ~ 50 ng/ µl) was transformed into E. coli BL21C43(DE3) 

expression cells. A single colony was used to inoculate 5 mL of LB medium and this 

overnight culture was used to inoculate LB medium (2 mL in 0.5 L). The cells were grown 

at 37 °C with shaking (135 rpm) until the culture reached an optical density of 0.8 – 0.9 at 

600 nm. IPTG was added up to final concentration of 1 mM to induce the expression and 

the cells were cultivated at 30 °C with shaking (135 rpm) overnight. The cells were 

harvested by centrifugation with a Beckman Avanti J-20XP centrifuge (6000 rpm, 4 °C, 20 

min) and the bacterial pellet was resuspended in 20 mL of filter-sterilized (0.2 µm) HEPES 

buffer (50 mM HEPES, 500 mM NaCl, pH 8) containing mini complete protease inhibitor 

cocktail (Roche). The resuspended pellets were sonicated for 8 min (Vibra–Cell SONICS 

VSX 130, 70% amplitude, 10 sec on, 15 sec off) and the disturbed cells were treated with 

PMSF (1 mM), DNaseI (Roche Diagnostics, 0.1 mg/mL) and MgSO4 (1 mM) on ice for 30 

min. The solutions were pumped up and down with a needle and syringe and centrifuged 

for 1 hour (Beckman Avanti J-E centrifuge, 15000 rpm, 4 ⁰C). The supernatants were 

filtered through 0.45 µm filters prior to loading onto the pre-equilibrated Strep-tag Tactin 

columns and equilibrated with column material by shaking for 1 h at 4 °C. The columns 

were washed with 3 × 5 mLof sterilized HEPES buffer and eluted with 6 × 2 mL of HEPES 

buffer containing 5 mM of D-desthiobiotin. The fractions were analyzed on 11% 

polyacrylamide SDS-Tris Tricine gel (140 V, 400 W, 60 min). Protein sequence dependent 

extinction coefficients (39880 M
-1

cm
-1 

for bcPadR1 dimer and 28880 M
-1

cm
-1 

for 

bcPadR1_W106F dimer) were used to calculate the concentrations based on the 

absorbances at 280 nm. Each protein was dialyzed overnight against MOPS (20 mM 

MOPS, 500 mM NaCl, pH 7) or MES buffer (20 mM MES, 500 mM NaCl, pH 5) at 4 ⁰C 

with two buffer exchanges prior to catalysis. 

6.4.4 Protein characterization 

Analytical size-exclusion chromatography 

Analytical size-exclusion chromatography was performed on a Superdex 75 10/300 

gel filtration column (GE Healthcare), which was pre-equilibrated with the same buffer as 

that used for the injected protein samples. 100 μL of the protein sample was injected using 

20 mM MOPS, 500 mM NaCl, pH 7 as buffer (flow 0.5 mL/min). The column was 

calibrated using the standard Gel Filtration LMW Calibration Kit (GE Healthcare). 

Thermal stability 

The thermal stabilities of the proteins were determined by apparent melting 

temperature measurements using the ThermoFluor method, carried out in triplicate. 5 μL of 

100×diluted SYPRO ORANGE protein gel stain (Sigma-Aldrich) was thoroughly mixed 

with the dialysis buffer and the protein sample was added to reach a final protein 

concentration of 0.625 mg/mL in the total volume of 25 μL. The changes in SYPRO 



 Chapter 6  

124 

ORANGE fluorescence upon binding to unfolding protein were followed using a FluoDia 

T70 fluorescence plate reader in CFX96 Touch Real-Time PCR Detection System (Bio-

Rad).  

 

Binding affinity of the Cu
II

-L complex 

The binding affinity of the Cu
II
-L to the central tryptophan residues (W91/W91’) of 

bcPadR1 was determined by titration monitoring of the quenching of tryptophan 

fluorescence. Procedure for each titration: 4 μL of a 800 μM stock solution of Cu
II
-L in 

MOPS buffer (20 mM MOPS, 500mM NaCl, pH 7) was added to a 2 mL solution of 8 μM 

bcPadR1_W106F in the same buffer up to 2 eq and after that the titration was continued 

with the addition of 9 μL aliquots of Cu
II
-L until the plateau was reached. A 10 mm path 

length quartz cuvette was used. The mixture was incubated for 5 min at room temperature 

and the emission spectra were recorded after excitation at 295 nm. The intensity maximum 

of complex-free protein was subtracted from the maximum of each titration and the 

obtained value was plotted against the concentration of Cu
II
-L. (Equation 1) was used for 

fitting the data.
12,19

 

 

                
[𝑃𝐿]

[𝑃]
=  

([𝐿]+[𝑃]+𝐾𝑑)−√([𝐿]+[𝑃]+𝐾𝑑)2−4[𝐿][𝑃]

2[𝑃]
                  

                                                                                                (Equation 1) 

 

Where  [PL] = concentration of the protein-ligand complex (µM) 

    [L] = total concentration of the ligand (µM) 

    [P] = total concentration of the protein (µM) 

                  Kd = dissociation constant (µM) 

 

 

Hoechst-binding assay
11 

The binding ability of bcPadR1 was investigated by titration with Hoechst 33342 dye 

(Thermo Scientific) that shows a high fluorescence signal when bound to DNA or protein. 

15 mM stock solution of the drug in milliQ was diluted 100x with milliQ (150 μM) and 

again with 10x with MOPS buffer (20 mM MOPS, 500mM NaCl, pH 7). Increasing 

amounts of this 15 μM working solution were added to a solution of purified protein (0.2 

μM as a dimer) and the changes in fluorescence were followed at excitation and emission 

wavelengths of 355 nm and 467 nm, respectively, using a JASCO FP-6200 

spectrofluorometer. The fluorescence intensity maximum of drug-free protein was 

subtracted from the maximum intensity of each titration and the obtained value was plotted 

against the concentration of H33342. Fitting of the measurements was done with OriginPro 

8.5 by using Equation 1. 
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6.4.5 Synthesis 

Synthesis of copper-phenanthroline complex
20

 

Cu(NO3)2 • 3H2O (1.94 mmol) was added to 1,10-phenanthroline 

(1.95 mmol) in 145 mL of EtOH and the solution was stirred for 1.5 

hours until a blue precipitate was observed. The solution was 

concentrated by evaporation under reduced pressure until half of the 

solvent volume. The solute was then filtered and washed with ice-

cold ethanol (3 × 1 mL) and diethyl ether (4 × 1 mL). The solid was 

dried on the oil pump overnight. Elemental analysisfound: C % 39.10, H % 2.15, N % 15.21; 

Elemental analysiscalculated: C % 39.19, H % 2.19, N % 15.23. 

Synthesis of (E)-1-(1-methyl-1H-imidazole-2-yl)-but-2-en-1-one (1b)
21 

2.55 mL of N-methylimidazole (32 mmol, 2.2 equiv) was added to a 

solution of 64 mL of dry THF (2 mL/mmol imidazole) under an N2 

atmosphere. The solution was cooled down until -80 °C and 20 mL (32 

mmol, 2.2 equiv) of n-butyllithium was added dropwise. The reaction 

mixture was stirred for 5 min, the cooling bath (EtOH:MeOH 1:1 + liquid N2) was removed 

and the reaction was allowed to warm to room temperature while stirring for 40 min. The 

solution was cooled down again and 1.25 g of trans-crotonic acid (14.55 mmol, 1 equiv) 

was added as a solution in 7 mL of dry THF. The reaction was stirred at -80 °C for 15 min, 

allowed to warm to room temperature and slowly quenched with NaH2PO4. The aqueous 

layer was extracted with EtOAc (3 × 30 mL), the organic fractions were combined and 

dried with Na2SO4. The Na2SO4 was removed by filtration and the filtrate was concentrated 

by evaporation under reduced pressure. Purification by a silica flash column 

chromatography with the mixture of EtOAc:pentane (3:2) resulted in the final product as a 

yellow solid (482 mg, 22%). 
1
H-NMR (CDCl3) δ 7.38 (dq, J=15.5 and 1.7 Hz, 1H), 7.13 (d, 

J=1.1 Hz, 1H), 7.10 (dq, J=15.3 and 7.0 Hz, 1H), 7.02 (s, 1H), 4.03 (s, 3H), 1.97 (dd, J=7.0 

and 1.7 Hz, 3H). HRMS (ESI): m/z 151.086 (calc. 151.088).  

Synthesis of 2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (1a)
18 

215 mg of MnO2 (2.480 mmol, 11 eq) was added to 35 mg of 2-methyl-1-

(thiazol-2-yl)prop-2-en-1-ol (0.225 mmol, 1 eq) in 1.6 mL (0.14 M) of 

dichloromethane. The mixture was stirred for 45 min at 25 °C in an oil 

bath, filtered through a pad of celite and washed with 1 mL of 

dichloromethane, the solvent was removed under vacuum yielding in 1a as a colorless oil. 

(27 mg, 77%). 
1
H-NMR (CDCl3) δ 7.99 (d, J=3.2 Hz, 1H), 7.60 (d, J=3.2 Hz, 1H), 6.90 (s, 

1H), 6.20 (s, 1H), 2.10 (s, 3H). 
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6.4.6 Catalysis 

Representative procedure for the Friedel-Crafts alkylation 

The Cu
II
-L complex was pre-dissolved in DMSO and diluted with reaction buffer 

(20 mM MOPS, 500 mM NaCl, pH 7). 10 μL of the solution (final concentration 90 μM of 

Cu
II
-L, 9 mol% catalyst loading, final fraction of DMSO 0.1% v/v) was mixed with the 

buffer, 1.3 equivalents (117 μM) of protein was added and the solution was incubated at 4 

°C for 45 min. α,β-unsaturated-2-acyl imidazole (1b) and the corresponding indole were 

pre-dissolved in acetonitrile and diluted in the reaction buffer. 10 μL of these 150 mM 

working solutions (final concentration 1 mM of both substrates) were added to the total 

reaction mixture (300 μL) and the mixture was stirred for 3 days at 4°C. The product was 

extracted 3 times with 1 mL of diethyl ether, the organic phases were dried with Na2SO4 

and evaporated under reduced pressure. The product was redissolved in 150 μL of a 

heptane:propan-2-ol mixture (9:1) and the conversion and enantiomeric excess were 

determined using HPLC (Chiralpak-AD, n-heptane:iPrOH 90:10, 1 mL/min). Retention 

times: 4a:16.2 and 21.3 min, 4b: 32.7 and 37.2 min, 4c: 25.4 and 33.2 min. 

 

Representative procedure for the Friedel-Crafts alkylation/enantioselective protonation 

The reaction mixture containing the Cu
II
-L complex (final concentration of DMSO 

0.2% v/v), protein and buffer was prepared and incubated as described above for the 

Friedel-Crafts alkylation. Freshly synthesized 1a and the corresponding indole were 

prepared and added into the reaction mixture as explained above. The mixture was stirred 

for 3 days at 4 °C. 100 μL of an internal standard solution (2-phenylquinoline, 3 mM in 

MeCN) was added and the product was extracted 3 times with 1 mL of diethyl ether, the 

organic phases were dried with Na2SO4 and evaporated under reduced pressure. The 

product was redissolved in 180 μL of a heptane:propan-2-ol mixture (5:1) and the 

conversion and enantiomeric excess were determined using HPLC (Chiralpak-AD-H, n-

heptane:iPrOH 95:5, 0.5 mL/min). Retention times: 16.0 and 19.1 min.  
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CHAPTER 7 

Conclusions and perspectives 

In this chapter, a short overview of the thesis and its key findings are presented. In 

the second part, future perspectives are discussed, with a particular focus on the 

field of artificial metalloenzymes and on unnatural amino acids and their use in the 

catalysis  
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7.1 INTRODUCTION 

The design of artificial enzymes is a promising and fast-growing area of 

research. Examples of artificial enzymes cover catalytic antibodies, artificial 

metalloenzymes, de novo designed enzymes or protein redesign using directed 

evolution and computational studies.
1,2

  

Artificial metalloenzymes are hybrid biocatalysts in which a transition metal 

cofactor is embedded into biomolecular scaffold. The aim is to combine the broad 

catalytic and substrate scope of transition metal catalysts with the high 

enantioselectivity and turnover rates of enzymes.
3,4

 As mentioned in Chapter 1, 

three main approaches for the preparation of artificial metalloenzymes have been 

developed, these are supramolecular, dative and covalent anchoring, with all of 

them successfully introducing new-to-nature reactivities into the bioscaffolds. 

However, one of the bottlenecks of artificial metalloenzymes, especially in the case 

of covalent and dative anchoring, is their complicated preparation, often requiring 

multiple modification or purifications steps. This also halts further advance of the 

field because optimization of these systems cannot be adequately achieved in a 

high-throughput manner. Therefore, this thesis aimed to develop a novel 

methodology for artificial metalloenzyme preparation, which should facilitate a 

straightforward assembly, therefore allowing for rapid optimization of the system. 

 A major part of this thesis (Chapter 2-4) describes the development and 

application of a novel methodology for creating artificial metalloenzymes by 

utilization of unnatural amino acids as a metal-binding moiety. Given the success 

of creation of artificial metalloenzymes by the incorporation of unnatural amino 

acids, Chapter 5 expands on the use of unnatural side chains for nucleophilic 

catalysis. More specifically, introducing an aniline side chain allowed LmrR with 

the ability to catalyze hydrazone formation reaction (Figure 1).  

 This chapter gives a short overview of the experimental chapters of the 

thesis and presents overall conclusions of the research presented here. Furthermore, 

future perspectives are discussed, focusing on artificial metalloenzymes and how 

the research described in this thesis can lead to advances in the field. Finally, the 

use of unnatural amino acids is discussed, with the complications encountered in 

this work and the proposed possible solutions. 
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7.2 RESEARCH OVERVIEW 

In Chapter 2, the first example of artificial metalloenzymes created by in 

vivo incorporation of the non-proteinogenic metal-binding amino acid (2,2΄-

bipyridin-5yl)alanine (BpyAla) into the hydrophobic dimer interface of LmrR was 

discussed. This represents a novel strategy for the preparation of artificial 

metalloenzymes, using the amber stop codon suppression methodology to 

introduce the metal-binding moiety in vivo. A crystal structure of LmrR with 

BpyAla incorporated has not been solved yet, but a biophysical characterization of 

the hybrid catalyst, including HR-MS, UV-VIS, Raman and EPR spectroscopy, 

was performed to prove the successful incorporation of the unnatural amino acid 

and the metal binding ability of the protein. The catalytic performance of artificial 

metalloenzyme was evaluated in the asymmetric, vinylogous Friedel-Crafts 

alkylation reaction. Upon Cu
II
 binding, moderate to good enantioselectivities and 

conversions were obtained, confirming the viability of this approach. BpyAla was 

introduced at 3 positions, thus creating different active sites. This even gave rise to 

a switch of the enantiomeric preference. Thirteen single and two double mutants 

were prepared to study the effect of the residues on catalysis, resulting in improved 

conversion and/or selectivity. The best variant gave rise to 83% ee and 94% 

conversion in the catalyzed reaction.  

Encouraged by the results from Chapter 2, we decided to test our system in 

the catalysis of a more challenging reaction: the enantioselective conjugate addition 

of water. The best starting variant of the previous chapter LmrR_LM_M89X gave 

moderate enantioselectivity and conversion. Computationally-assisted design was 

applied as a strategy for creating more efficient artificial enzymes for this reaction 

in Chapter 3. This chapter describes that by introduction of an amino acid that can 

act as a general base at a position close to the active site, we were able to improve 

the catalytic efficiency and selectivity of our system. Although, the use of modeling 

in the design of artificial metalloenzymes is in its infancy and represents a difficult 

task, the results presented in this chapter are encouraging and gave rise to a better 

understanding of our system and allowed for the design of a rudimentary active 

site. These results illustrate that the combination of QM, docking and MD 

simulations is a powerful approach for the design of metalloenzymes for novel and 

challenging reactions. 

Expanding on our work with BpyAla, Chapter 4 describes a novel artificial 

metalloenzyme containing the metal-binding unnatural amino acid 2-amino-3-(8-

hydroxyquinolin-3-yl)propanoic acid (HQAla).  
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Figure 1. Overview of the introduced unnatural amino acids used to create 3 different LmrR-based 

artificial enzymes, with a list of the reactions catalyzed. 

This represents the second example of an artificial metalloenzyme created via 

genetic incorporation of a metal-binding unnatural amino acid. HQAla binds metal 

ions as an anionic ligand, thus it potentially can be used with different metals. 

Initially, the potential of this artificial enzyme was tested in the Cu
II
 catalyzed 

Friedel-Crafts alkylation reaction and water addition reaction. Interestingly, the 

results were comparable to the enzyme based on LmrR with BpyAla, although 

slightly lower enantioselectivities were obtained. HQAla is known to also bind 

Zn
II
, binding of this metal created a novel hydrolase. 5 different substrate have 

been studied, and a low, but promising, peptidase activity observed.  

Combined, Chapters 2, 3 and 4 describe the first examples of use of metal-

binding unnatural amino acids within artificial metalloenzymes for asymmetric 

catalysis. Their catalytic activities are still low compared to natural enzymes, but it 

does demonstrate that the use of genetically incorporated metal-binding unnatural 

amino acids can become an effective strategy for preparation of artificial 
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metalloenzymes. Both BpyAla and HQAla have a high affinity toward different 

metal ions. Therefore, this represents a novel and attractive platform for 

exploration of different types of catalysis. 

Complementary to our efforts in the previous chapters, Chapter 5 describes 

the potential of the non-metal binding UAA p-aminophenylalanine (pAF) as 

catalytic residue. Utilizing the nucleophilicity of aniline in the side chain of this 

unnatural amino acid, a novel class of artificial enzyme was prepared that was able 

to catalyze hydrazone formation reactions. Notably, this reaction is not known in 

nature and was not described to be catalyzed by a protein catalyst to date. The 

reaction studied in this chapter could be easily followed by UV/VIS spectroscopy, 

a fact that simplifies the future optimization via directed evolution techniques.  

An important element of artificial metalloenzyme design is the choice of the 

protein scaffold. In the chapters presented above, the transcription factor LmrR was 

used as a protein scaffold. This protein proved to be very versatile; it can be used 

with different anchoring strategies and catalyze a range of different reactions. 

To further broaden the scope of proteins used for artificial metalloenzyme, 

Chapter 6 of the thesis describes the design of a novel artificial metalloenzyme 

using supramolecular assembly of a Cu
II
-1,10-phenantroline ligand complex with 

the transcription regulator bcPadR1. bcPadR1 is a member of the same family of 

homodimeric multidrug resistance regulators as LmrR, so it was assumed to be a 

good candidate. Notably, while bcPadR1 does not have a hydrophobic pore, it has 

been described to undergo a conformational change, which opens the dimer 

interface, thereby possibly forming a ligand binding site. In this chapter, a novel 

artificial metalloenzyme was presented, able to catalyze the tandem Friedel-Crafts 

alkylation/Enantioselective protonation reaction with moderate ee and yield, 

however it was not able to catalyze the Friedel-Crafts alkylation reaction of 

substituted indoles with α,β-unsaturated-2-acyl imidazole, which is known to 

require a hydrophobic pocket to proceed. Finally, efforts to open the pore at the 

dimer interface of bcPadR1 by protein engineering approach did not yield 

significant improvements. 

In conclusion, the goal postulated in Chapter 1 of this thesis has been 

successfully achieved. The thesis describes the development of a novel 

methodology for the preparation of artificial enzymes, employing in vivo 

incorporation of unnatural amino acids and demonstrates the possibilities for its 

application. In the field of artificial metalloenzymes, this represents a novel 

anchoring strategy, which should facilitate optimization processes of these hybrid 

catalysts and also allow for the preparation of artificial metalloenzymes in almost 

any scaffold of choice.  
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7.3 FUTURE PERSPECTIVES 

7.3.1 Artificial metalloenzymes  

In vivo catalysis is an attractive approach for the improvement of artificial 

metalloenzymes via directed evolution. However, this remains a challenge. Apart 

from studies by Song et al.
5
 and Jeschek et al.

6
, no other artificial metalloenzyme 

has been shown to function inside cells. One of the benefits of genetically 

introduced unnatural amino acids should be easy assembly of the metalloenzyme, 

therefore providing a plausible path towards in vivo catalysis. This mission stayed 

outside of the scope of this thesis, however, LmrR with either BpyAla and HQAla 

incorporated should be able to perform this task. A potential bottleneck to be 

solved before this can be done is improvement of the current yield of expression, 

especially with the variants where codon suppression is a problem. Another 

condition for the catalyzed reaction to be successful in vivo is significant rate 

acceleration from the protein scaffold, to outperform reactions catalyzed by the 

metal complex alone. Both the water addition reaction of substrates with longer, 

hydrophobic side-chains (Chapter 3) and the hydrolysis of amide bonds (Chapter 

4) performed by our catalyst are good starting points due to the observed rate 

acceleration.  

An important aspect of the use of genetically incorporated metal-binding 

unnatural amino acids connected with in vivo catalysis is the binding of the metals 

in vivo. In an ideal case, the desired metal is bound inside the cell and no additional 

metal ions have to be added, thus mimicking the assembly of natural 

metalloenzymes. The metal binding can however also have negative effects. As 

described by Mills et al.
7
, the  solvent exposed BpyAla in their designed protein led 

to the formation of [Fe(Bpy)3]
2+

 complexes, which are highly stable and 

catalytically inactive. Since both BpyAla and HQAla are very good metal binders, 

unspecific binding of metals is not surprising and has been observed for some 

proteins described in this thesis. This could be solved by expression in minimal 

media, which gives precise control over the metals present, or the use of EDTA 

during the purification, resulting in proteins without any metal bound.  

Since the directed evolution techniques may not be feasible for all artificial 

metalloenzymes, different approaches for optimization should be given an equal 

attention. As introduced in Chapter 3, computational protein design with using an 

integrative approach including molecular dynamics, quantum mechanics 

simulations and combined QM/MM calculations can assist in the development of 

artificial metalloenzymes.  
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The reaction scope catalyzed with our novel artificial metalloenzymes 

presented in this thesis is limited to Lewis-acid catalysis. Since, Lewis acid 

catalysis has been extensively studied and used in our group, this was a good 

starting point. However, the future utilization of the system should not been limited 

only to these reactions. LmrR containing HQAla (Chapter 4) was also studied 

towards the binding of (Cp*Rh(Cl2) and [RhCODCl] and showed to be a good 

binder of these complexes (data not shown). Expanding on these results could be 

interesting, since numerous organometallic complexes of rhodium with 8-

hydroxyquinoline are sold commercially and used for reactions such as 

polymerization, cycloaddition, hydroalkoxylation or hydroamination. The reaction 

scope of artificial metalloenzymes could therefore be extended towards these or 

similar reactions that have no equivalent in nature.  

The field of artificial metalloenzymes is growing fast. However, only a 

limited number of scaffolds has been studied so far. In Chapter 6, we have 

explored a new scaffold, bcPadR1. Unfortunately, this does not seem to give rise to 

a viable and versatile scaffold as in the case of LmrR, even though bcPadR1 and 

LmrR are members of the same family of multidrug resistance regulators (MDRs).
8
 

MDRs are usually homodimeric proteins with hydrophobic pockets used for 

multidrug recognition and binding. The hydrophobic pocket makes them 

interesting candidates for the preparation of novel artificial metalloenzymes. Future 

research in this direction should therefore focus on the exploration of these 

scaffolds with careful consideration of the size of their hydrophobic pockets. 

7.3.2 Unnatural amino acids in catalysis 

To date, more than 150 unnatural amino acids can be genetically 

incorporated in the proteins in different organisms. In early 2012, at the beginning 

of this research, only two genetically encoded, metal-binding unnatural amino 

acids had been described. Over the past four years, 3 new examples were added. 

Those are: thiomethyl- and imidazole-substituted tyrosine derivatives and 2-amino-

3-(8-hydroxyquinolin-5-yl)propanoic acid.
9–11

 Combined, these unnatural amino 

acids can bind or facilitate binding of a variety of metals and metal complexes, 

which can be further explored in catalysis. 

However, addition of other metal-binding unnatural amino acids would 

still be beneficial. So far, all the presented examples contain a short linker to the 

main chain. Therefore, the movement of the metal binding moiety is restricted. 

Prolonging the linker would allow more flexibility to the system, allowing it to find 

the optimal orientation within the biomolecular scaffold. Furthermore, different 
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metal binding moieties can allow for binding of different metals, therefore opening 

the door to novel reactivities.  

Both BpyAla and HQAla have been incorporated with the use of tyrosyl-

tRNA synthetase/tyrosyl amber suppressor tRNA pair derived from 

Methanocaldococcus jannaschii.
12

 This is a broadly used system. However, it 

limits the type of unnatural amino acid which could be incorporated, since they 

have to be structural analogs of tyrosine. Unlike tyrosyl-based system, the 

pyrrolysyl-tRNA synthetase/t-RNA derived from Methanosarcina mazei displays 

high substrate side chain promiscuity, which has been used for the incorporation of 

a large number of unnatural amino acids.
13,14

 Therefore, this system should be 

utilized for the preparation of metal-binding unnatural amino acids with longer 

linkers.  

Further advance in the use of metal-binding unnatural amino acids can be 

hampered by their laborious preparation. The synthesis of both, BpyAla and 

HQAla, consisted of at least five steps. This may be discouraging for research in 

laboratories that do not have synthetic facilities. Some advance has been made in 

this area. 2-amino-3-(8-hydroxyquinolin-5-yl)propanoic acid, a constitutional 

isomer to HQAla introduced in Chapter 4, has been prepared enzymatically in a 

one step synthesis.
11

  

Concerning in vivo incorporation itself, a major problem was the presence 

of truncated proteins, which was the result of a failure to suppress the stop codon 

TAG. In some of the prepared mutants, often independently of the amino acid 

introduced, the expression yields were significantly reduced due to recognition of 

the TAG codon as the stop codon. In the research of unnatural amino acid 

incorporation, this has been recognized as a major drawback and several methods 

have been introduced in order to prevent this from happening. Prokaryotes 

terminate translation by release factor 1 (RF1) and release factor 2 (RF2), where 

RF1 recognizes specifically the amber stop codon (TAG). Therefore, an RF1 

knockout was first generated in E. coli.
15

 Additionally, the E. coli genome was 

completely reengineered to remove all amber codons and replaced them with ochre 

codons, thus removing the genetic need for RF1 altogether.
16

 This engineered E. 

coli strain still remains to be tested with our catalysts to establish if this will result 

in increased yields.  

The use of p-aminophenylalanine as catalytic residue has been described in 

Chapter 5. Aniline, the side chain of this unnatural amino acid represents a 

versatile nucleophilic catalyst. Therefore, the reaction scope of this catalyst should 

be explored further in reactions like oxime formation or retro-aldol reaction.  
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7.3.3 Outlook 

The advance in the field of biocatalysis calls for improved catalysts for their 

natural reaction, as well as for catalyst for new-to-nature reactions, i.e. reactions 

that are not known to be catalyzed by enzymes so far. As summarized above, this 

thesis proposes a novel solution towards this goal, that is, the addition of a relevant 

unnatural amino acid that can be introduced into a suitable scaffold to achieve new 

reactivities. In contrast, when novel activities are incorporated via directed 

evolution, thousands or hundreds of thousands of variants have to been screened to 

achieve enzymes with desired activities. Moreover, the metal-binding or 

nucleophilic properties explored in this thesis represent just a fraction of properties 

known to unnatural amino acids that could be utilized for catalysis. For example, 

redox active unnatural amino acids hold a great promise, since electron transfer 

processes are considered to be the core of many functions in chemistry and 

biology. Furthermore, 3,4-dihydroxy-L-phenylalanine was described to undergo  

one-electron oxidation to the semiquinone radical, so it could be used in radical-

mediated reactions, such as enantioselective dehalogenations.
17 

Ultimately, the possibility of introducing two or more different unnatural 

amino acids could give rise to multifunctional artificial enzymes, which allow 

cascade catalysis within one scaffold. 

In conclusion, the unique features provided by unnatural amino acids should 

continue to inspire introduction of novel reactivities into biomolecular scaffolds. 

The development of novel unnatural amino acids that can be incorporated in vivo 

should be subsequently driven by the desired target catalytic activities.  
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Enzymen zijn krachtige katalysatoren die een centrale rol spelen in alle 

biologische reacties in de natuur. Ze staan bekend om het katalyseren van reacties 

met hoge activiteit en opmerkelijke selectiviteit. Door hun eigenschappen worden 

ze, naast hun gebruik in de biologie, intensief gebruikt voor verschillende 

industriële toepassingen, waaronder de bereiding van chirale verbindingen zoals 

medicijnen, agrochemicaliën, geurstoffen en andere verbindingen. Echter zijn er 

nadelen verbonden aan het gebruik van enzymen. Ze zijn zeer gevoelig voor de 

omgevingsomstandigheden, ze zijn duur om te produceren en ze accepteren slechts 

een gelimiteerd aantal substraten. Hierdoor zijn ze niet in staat om talloze reacties 

die niet in de natuur bekend zijn te katalyseren. Om deze limitaties te overkomen, 

is er werk verricht aan het ontwikkelen van een alternatief voor natuurlijke 

enzymen, de zogenaamde kunstmatige enzymen. Het ontwerp van kunstmatige 

enzymen is een belangrijk en snel groeiend onderzoeksgebied en omvat het gebruik 

van katalytische antilichamen, kunstmatige metalloenzymen, de novo ontworpen 

enzymen, herontwerpen eiwitten door 'directed evolution' en studies met behulp 

van computersimulaties. Hoewel deze voorbeeld allemaal een andere strategie 

volgen bij het maken van kunstmatige enzymen, zijn ze normaliter allemaal 

beperkt tot de 20 natuurlijk voorkomende aminozuren. Genetisch gecodeerde 

onnatuurlijke aminozuren bevatten een groot scale aan zijgroepen en functionele 

groepen en bieden daardoor veel kansen om het repertoire van kunstmatige 

enzymen uit te breiden.  

Het doel van dit proefschrift was het ontwikkelen van een nieuwe methode 

om kunstmatige enzymen te creëren met onnatuurlijke aminozuren als 

metaalbindende groep of als katalytisch residu. Een groot deel van dit proefschrift 

(hoofdstukken 2-4) beschrijft de ontwikkeling en toepassing van deze methode 

voor de creatie van nieuwe kunstmatige metaalenzymen. Kunstmatige 

metaalenzymen zijn hybride biokatalysatoren waarin een overgangsmetaal cofactor 

in een biomolecuul wordt gezet. Het doel is om de brede katalytische activiteit en 

hoge substraat tolerantie van overgangsmetaal katalysatoren te combineren met de 

hoge enantioselectiviteit en hoge omzettingsfrequentie van enzymen. Verschillende 

strategieën voor de bereiding van kunstmatige metaalenzymen zijn beschreven, 

echter is het gebruik van onnatuurlijke, in vivo ingebrachte kunstmatige 

aminozuren als metaalbindende groep een totaale nieuwe strategie voor hun 

bereiding. Deze strategie is een veelbelovende methode gebleken voor de bereiding 

van kunstmatige metaalenzymen, met veel voordelen ten opzichte van andere 

strategieën.  

Hoofdstuk 2 beschrijft het eerste voorbeeld van kunstmatige metaalenzymen 

gemaakt door in vivo ingebouwde niet-proteogeen metaalbindende aminozuur 

(2,2΄-bipyridin 5yl)alanine (BpyAla) in de structuur van LmrR. LmrR is een 
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transcriptie regulator met een homodimere structuur welke een grote hydrofobe 

holte bevat op het dimeergrensvlak. Het is aangetoond dat deze holte een grote 

verscheidenheid aan platte aromatische moleculen kan binden, dus werd 

aangenomen dat dit een geschikte plaats zou zijn om een nieuw actief centrum te 

creeren. BpyAla werd geintroduceerd op verschillende posities op het 

dimeergrensvlak en de katalytische eigenschappen van het kunstmatig 

metaalenzym werden geëvalueerd in de asymmetrische vinylogene Friedel-Crafts 

alkyleringsreactie, wat resulteerde in redelijke opbrengst en conversie. Mutagenese 

studies zijn gedaan op verschillende posities rond het actieve centrum om de 

katalytische eigenschappen te verbeteren. De best presterende variant gaf 83% 

enantiomere overmaat en 94% conversie in de gekatalyseerde reactie.  

In hoofdstuk 3 is het potentieel als katalysator voor uitdagendere reacties, zo 

als de enantioselectieve geconjugeerde additie van water, bestudeerd. De varianten 

welke gebruikt werden in de voorgaande hoofdstukken gaven geen bevredigende 

resultaten, dus computer ondersteund ontwerp werd toegepast als strategie voor de 

creatie van efficiëntere kunstmatige enzymen voor deze reactie. Het ontwerp betrof 

het goed positioneren van een carboxylaat groep, welke functioneert als een 

algemene base voor het actieve watermolecuul, en het induceren van 

enantioselectiviteit in de additiestap van het watermolecuul. Alle in deze studie 

bereide mutanten gaven een hogere conversie, met in enkele gevallen een 

verbetering van de enantioselectiviteit. Dit hoofdstuk demonstreert dat de 

combinatie van clustermodel berekeningen, eiwit-ligand docking en moleculaire 

dynamica simulaties een krachtige aanpak is van het ontwerp van metaalenzymen 

voor nieuwe en uitdagende reacties.  

Als uitbreiding op ons werk met BpyAla beschrijft hoofdstuk 4 een nieuw 

kunstmatige metaalenzym welke een ander metaalbindend onnatuurlijk amino 

zuur, 2-amino-3-(8-hydroxyquinolin-3-yl)propaanzuur (HQAla), bevat. Na 

succesvolle introductie van HQAla in LmrR, toonde deze nieuwe hybride 

katalysator hoge affiniteit voor metaalzouten als Cu(NO3)2 en Zn(NO3)2. Het 

katalytisch potentieel van deze nieuwe kunstmatige metaalenzymen werd 

bestudeerd in 3 verschillende Lewiszuur gekatalyseerde reacties. 

LmrR_HQAla_Cu(II) varianten waren in staat om de Friedel-Crafts 

alkyleringsreactie van 5-methoxyindole met α,β-onverzadigd-2-acyl imidazool en 

de wateradditie op to α,β-onverzadigd 2-acyl pyridine te katalyseren, hoewel in 

beide gevallen met lage tot matige enantioselectiviteit. LmrR_HQAla_Zn(II) 

katalyseerde succesvol hydrolyse van peptidebindingen. 

Zoals hierboven beschreven, bieden genetisch gecodeerde onnatuurlijke 

aminozuren grote kansen om het repertoire van enzymkatalyse uit te breiden. 

Hoofdstuk 5 beschrijft ons werk naar het onderzoek van het potentieel van het niet-
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metaalbindende onnatuurlijke aminozuur p-aminofenylalanine (pAF) als 

katalytisch residu. De nucleofiliciteit van de aniline in de zijketen van dit 

onnatuurlijke aminozuur werd benut om een nieuwe klasse kunstmatige enzymen 

te ontwikkelen, welke in staat zijn de vorming van hydrazonen te katalyseren. Dit 

is een geheel nieuw type katalysatoren voor een reactie die niet in de natuur 

voorkomt en voor welke tot op heden nog geen enzymatische katalysator is 

beschreven.  

Hoofdstuk 6 beschrijft het ontwerp van een nieuw kunstmatig metaalenzym 

met het eiwit bcPadR1. bcPadR1 is lid van dezelfde familie als LmrR, dus werd 

aangenomen dat het ook een goede kandidaat was. bcPadR1 heeft geen hydrofobe 

holte, echter is beschreven dat het een verandering van conformatie kan ondergaan 

waarbij het dimeergrensvlak geopend wordt. In dit hoofdstuk werd getoond dat de 

supramoleculaire assemblage van een Cu
II
-1,10-fenanthroline ligand met de 

transcriptie regulator bcPadR1 leidde tot een hybride katalysator welke de tandem 

Friedel-Crafts alkylering/enantioselectieve protoneringsreactie katalyseerde met 

matige enantiomere overmaat en opbrengst. Het was echter niet in staat de Friedel-

Crafts alkyleringsreactie van gesubstitueerde indolen met α,β-onverzadigd-2-acyl 

imidazool te katalyseren, van welke bekend is dat het een hydrofobe holte nodig 

heeft om te kunnen verlopen. Bovendien werd werk aan het openen van de porie op 

het dimeergrensvlak van bcPadR1 door middel van eiwitengineering beschreven in 

dit hoofdstuk. Het kan niet experimenteel worden vastgesteld of de porie geopend 

werd. 

In conclusie, het onderzoek dat in dit proefschrift is beschreven geeft een 

serie voorbeelden van de bereiding van nieuwe kunstmatige enzymen waarbij 

gebruik is gemaakt van onnatuurlijke aminozuren. In de toekomst zouden de 

unieke eigenschappen afkomstig van de onnatuurlijke aminozuren het ontwerp van 

kunstmatige enzymen moeten blijven inspireren. 
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