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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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