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Control of protein activity 
 

Modulation of protein activity is crucial for the correct functioning of the 

cellular machinery and thus essential for every living organism. The 

importance of tight regulation of protein activity is further emphasized by 

the large number of studies that focus on studying existing and artificial 

regulation mechanisms. The design of artificially regulated proteins  both 

improves our understanding of natural regulation mechanisms and offers 

important tools for synthetic biology, drug design and the development of 

(bio)sensors. This chapter provides an overview of regulation mechanisms 

used in nature to control protein activity and of artificial regulation tools 

that have been developed to date.  
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1.1 Control of protein function in nature 

Regulation of protein function is essential for all living organisms. Cells are 

confined environments that contain a myriad of different, densely packed 

molecules and where many biological processes need to occur simultaneously in 

order to maintain a homeostatic state. Therefore, tight spatial and temporal 

regulation of every biological process, metabolic pathway and signaling network is 

necessary to guarantee cell survival. To achieve such strict control of protein 

function, cells have developed several regulatory mechanisms. These processes act 

at different stages of protein synthesis and may operate independently and/or in a 

synergistic manner. Among these regulatory mechanisms are (1) protein synthesis 

and compartmentalization, (2) control of protein/enzyme concentration, (3) 

allosteric regulation, (4) (ir)reversible post-translational modifications, (5) 

substrate/product inhibition and (6) proteolysis (Figure 1).1,2  

At its earliest stage, protein activity can be controlled by modulating the 

amount of protein being produced by the cell. Among others, regulation of 

transcription levels is achieved by modulating promoter strength or by the action of 

transcription factors.3,4 Moreover, the level of messenger RNA (mRNA) may vary 

according to the rate of transcription and mRNA degradation in the cell (Figure 

1a).5 The amount of proteins in cells also depends on the protein lifetime and the 

rate of protein degradation. 

The localization of proteins in the cell is another important factor contributing 

to activity regulation. Indeed, the biological activity of many proteins is limited to 

a specific cellular compartment that is characterized by a certain pH and overall 

composition. Moreover, some proteins display promiscuous activities and can 

fulfill multiple functions. Therefore, localization of active proteins in a specific 

compartment becomes necessary. Proteins can be targeted to cellular compartments 

by signaling sequences that are appended to their amino acid sequences, by 

attachment of lipid tails, or by interactions with proteins that are localized in a 

specific compartment (Figure 1a). Localization of a protein can even change 

according to different cell cycles. For example, transcription factors are 

translocated between the nucleus and the cytosol in response to extracellular 

signals. When a protein is present in a location where it is not needed, it is often 

maintained in an inactive conformation.2,6 

Activation of initially inactive proteins can occur by binding an effector 

molecule or by post-translational modifications (Figure 1a). More than 40 

post-translational modifications of proteins have been identified including 

phosphorylation, glycosylation, lipidation, methylation, N-acetylation, 

nitrosylation and ubiquitylation. These modifications often alter protein activity 
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reversibly by changing charge properties, introducing functional moieties or 

preventing substrate binding. Alternatively, they can also influence protein 

localization, facilitate interactions with other (bio)macromolecules or induce 

protein degradation.7 Effector molecules bind either reversibly or irreversibly to a 

protein in order to modulate its biological activity. Effector molecules that bind in 

the active site of a protein typically result in inhibition of biological activity, as 

they compete with substrate binding. Often, the product of a reaction acts as a 

competitive inhibitor, allowing for self-regulation of enzymatic activity when 

sufficient amounts of product are produced (negative feedback control). Binding of 

an effector molecule to a regulatory site that is distinct from the active site of the 

protein, but allows for regulation of its activity is defined as allostery.8,9 Allosteric 

regulation can result in both activation and inactivation of a given protein and 

usually arises from a conformational change in the protein structure upon binding 

of the effector molecule.  

a)   

 
            b) 

 
Figure 1: Schematic representation of natural means to control protein activity: a) 

transcriptional and post-translational regulation (adapted from 1) and b) proteolytic cleavage of 

a zymogen.  
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Finally, proteolysis is also a very important regulation mechanism for protein 

activity. Proteolysis is an irreversible process that can result in protein inactivation 

or degradation, but also activation of inactive, or partially active, proteins. A 

number of enzymes, including most proteases, are indeed expressed as inactive 

zymogens and, only upon limited proteolysis at specific residues, are converted 

into an active enzyme (Figure 1b). Zymogen activation may be a catalytic process 

(mediated by peptidases) or may result from specific chemical conditions (e.g. 

pH).10 

From all the natural mechanisms to control protein function, allosteric 

regulation has proven to be the most amenable to mimic by artificial means. The 

following section introduces this mode of regulation in more detail. 

1.2 Allosteric regulation 

Allosteric regulation mediates almost every biological process including 

transcription, signal transduction, enzyme activity and transport.8,11,9 In general 

allostery can be defined as regulation of protein function or structure at a site 

distinct from the active site. Typically, allosteric regulation occurs via non-covalent 

binding of a small molecule or ion, defined as allosteric effector, to a regulatory 

site. This binding event triggers a conformational change or induces a shift in the 

equilibrium between two or more protein conformations, which affects the affinity 

of the protein for its substrate or binding partner, or its catalytic activity (Figure 2). 

As a result, the activity of allosteric proteins is regulated by chemical signals in 

their environment. In addition, allosteric regulation comprises non-ligand mediated 

perturbations of activity, such as mutations or covalent modifications at an 

allosteric site.11 As mentioned before, whether the perturbation stabilizes the active 

or inactive form, allosteric regulation can either enhance or inhibit protein activity.  

The concept of allostery was introduced by Monod and Jacob in 196112 and the 

first theoretical model, known as the MWC model (Monod-Wyman-Changeaux 

model) was proposed a few years later.13 Initially, the concept of allostery was 

introduced to rationalize product inhibition of enzymatic activity. In this context, 

the reaction product, being structurally different from the reactant, was considered 

to bind to a regulatory site distinct from the active site, resulting in inhibition of 

catalytic activity (Figure 2).12 Later, the concept was expanded to tetrameric 

proteins, such as aspartate transcarbamoylase and hemoglobin, and referred to as 

“cooperativity”. In this model, the binding of a ligand to one of the four binding 

pockets in the protein simultaneously induces conformational changes in all the 

subunits that affect the affinity of the same ligand for the other sites (homotropic 

allostery).13  
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Figure 2: Allosteric regulation (top), inhibition (middle) and activation (bottom). In these 

examples the binding to the effector molecule introduces a new binding site (top) or alters the 

active site geometry decreasing (middle) or increasing (bottom) the catalytic activity of an 

enzyme or the binding affinity of a protein for its substrate.  

To account for negative cooperativity, Koshland et al. introduced a sequential 

model stating that the conformation of individual subunits changes one at a time 

upon ligand binding, and not necessarily simultaneously.14 Recently, the concept of 

allostery was also expanded to monomeric proteins and allostery is viewed as “an 

intrinsic property of all dynamic proteins”.15 Indeed, proteins are currently 

considered to exist as an ensemble of interconverting conformations with similar 

energies. This ensemble of conformations constitutes the ‘native state’ of proteins 

and shifts in the distribution of these conformations by an external stimulus is 

regarded as allostery.16,11  

The study of allosteric mechanisms focuses on understanding how chemical 

signals are transmitted throughout a protein structure and is important for gaining 

insight into complex metabolic mechanisms, as well as signaling networks. 

Furthermore, a good understanding of these mechanisms and the identification of 

new allosteric sites within proteins are important for drug design approaches. 

Indeed, the discovery of novel allosteric sites facilitates the identification of new 

allosteric inhibitors. Considering that allosteric sites are typically less conserved 

than active sites, the discovery of new allosteric inhibitors can lead to the 

development of more selective drugs.  

Additionally, elucidating the mechanisms of these long-range communications 

in proteins could be applied to the design of modular switches that respond to 

external stimuli (Figure 3). Such allosteric modular switches consist of an input 

domain connected through a linker to an output domain and could have important 

applications in systems biology, synthetic biology, drug delivery, molecular 

diagnostics or as (bio)sensors.17 Engineering protein-based switches is 

advantageous compared to small molecule-based biosensors as it allows for 

genetically encoding the sensor and makes possible the detection of molecular 
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events directly inside living cells where the input signal is translated as 

fluorescence or bioluminescence output or is coupled to changes in protein activity. 

The latter will be the focus of the rest of the chapter. 

 
Figure 3: Schematic representation of an allosteric modular switch comprised of an allosteric 

domain that interacts with the allosteric regulator, a linker region responsible for transmitting 

information, and a catalytic domain. 

To achieve allosteric regulation of a protein three main strategies can be 

classified; 1) connecting two natural protein domains containing a ligand-binding 

site and a catalytic site as two independent modules, 2) the de novo design of a 

catalytic site into an existing allosterically regulated protein and 3) the design of an 

allosteric site into a non-regulated protein.18 The first approach offers the 

advantages of the high binding affinity and specificity and the high catalytic 

efficiency of natural enzymes. Nevertheless, with this strategy artificial regulation 

is limited to known allosteric ligands and chemical reactions catalyzed by natural 

enzymes. The creation of a novel active site into an allosteric protein is highly 

desirable and will allow the creation of regulated catalysts for unnatural reactions, 

but it is limited by the difficulties of de novo design of active sites. Designing a 

novel allosteric site into non-regulated proteins is also a very complex matter and 

often requires detailed structural information. Therefore, reprogramming known 

allosteric sites to respond to different ligands is a more common approach.  

The first successful example of engineered allosteric control of protein activity 

was the introduction of cysteines residues in the binding site of the T4 lysozyme.19 

While under reducing conditions the enzyme displayed good levels of activity, 

upon oxidation a disulfide bridge formed, which prevented access of the substrate 

to the active site.  

Given the enormous potential of controlling protein activity by artificial 

allosteric means, a large number of studies has focused on designing and 

characterizing such systems.20,17,18 The following sections summarize key findings 

and examples in the area of artificial control of protein activity, including allosteric 

regulations mechanisms, in which modulation of activity is obtained by an external 

stimulus. The concepts are ordered according to the means by which modulation of 

activity was achieved. 
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1.3 The use of small molecule to control protein activity 

The use of small molecules to artificially control protein activity mimics one of 

nature’s most versatile means toward allostery. Small molecules can be used to 

modulate protein function in three steps: controlling (1) transcription, (2) 

translation or (3) by direct modulation of protein activity.21,22 The latter is fast and 

tunable and it allows for a dose-dependent response, as shifts in the concentration 

of the effector molecule are translated in a proportional change in protein activity. 

Moreover, it can work reversibly and many small molecules diffuse freely across 

cell membranes, allowing application directly in cells. However, the identification 

of useful small molecule inhibitors or activators is not straightforward and it lacks 

generality since a different small molecule effector should be discovered and 

synthesized for every protein of interest (reviews in 21–23). Moreover, the 

screening for activators or inhibitors of protein activity often relies on 

high-throughput screening methods. Complementary approaches either are based 

on focused screens around natural metabolites and their precursors, or are guided 

by rational design strategies. Insight into the endogenous regulation mechanisms of 

a protein can represent a good starting point to identify promising synthetic small 

molecules that target the same allosteric binding pocket as their natural 

counterparts. For a protein of interest that displays multiple conformations, but 

lacks known natural regulatory mechanisms, modulation of activity by small 

molecules can be obtained by targeting a binding site that is present only in the 

active or inactive conformation. Furthermore, if mutations (natural or induced) are 

known that result in activation of the enzyme, the binding of a small molecule in 

proximity of these positions could induce a similar effect.23  

“Chemical rescue of structure” approaches have been widely applied to identify 

small molecule activators of protein function.24 This strategy is based on 

introducing one or more cavity-forming mutations in the active site of a protein. 

These mutations cause distortion of the binding pocket and subsequent loss of 

activity. The addition of exogenous small molecules, that are structurally 

complementary to the removed moiety and bind into the cavity, restores the lost 

protein function (Figure 4). This approach has been applied, among others, to a 

hormone-receptor pair24 and a zinc finger transcription factor.25 Rescuing ligands 

have been identified upon screening of compound libraries of a limited size. A 

distinct approach toward the traditional chemical rescue of structure relies on the 

introduction of mutations that cause a conformational change, or a partial 

disruption of protein structure, rather than active site chemistry.26,27 This 

methodology results in the creation of allosteric enzymes and binding of the 
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“rescuing” ligand induces conformational changes, or restoration of protein 

structure, that reinstate protein activity.  

 
Figure 4: The “chemical rescue of structure” strategy. The natural protein (top) is engineered 

with cavity-forming mutations in the active site (middle) or in an allosteric site (bottom) that 

inhibit activity. Binding of the “rescuing” ligand restores the original activity. 

The bump-and-hole strategy represents another well-known approach for the 

rational design of small molecule effectors of enzyme activity (Figure 5).28,29 

Specifically, this methodology relies on the preparation of a functionalized 

substrate analog (“bumped” substrate) and of a variant of the protein of interest that 

presents a larger cavity (“hole” protein). The “bumped” substrate is orthogonal in 

cells, since the modification eliminates its ability to bind to the natural receptor. 

The engineered protein variant, on the other hand, can be “non-selective” if it 

accommodates both the natural substrate and the “bumped” substrate, or 

“orthogonal” if it exclusively binds to the “bumped” substrate. One of the main 

limitations of the bump-and-hole strategy is that, while it is rather straightforward 

to create a “bumped” substrate that does not bind the endogenous receptor, often 

the modified protein retains a significant affinity for its natural substrate, which 

might not be desirable for some applications. The bump-and-hole strategy has been 

successfully applied to discover synthetic inhibitors of kinases, GTP-binding 

proteins, seven-transmembrane proteins, myosin and kinesin and nuclear hormone 

receptors (reviewed in 30) and to engineer controlled selectivity onto small 

molecule modulation of BET bromodomains.31  

In addition to searching for inhibitors or activators of enzyme activity, studies 

on artificially controlling protein function by small molecules have also focused on 

conditional modulation of protein-protein interactions and protein association.32 

Indeed, protein-protein interactions are central to many biological processes and 

small molecules have proven to be valuable tools for promoting or inhibiting 

protein dimerization and/or association.  
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Figure 5: The “bump-and-hole” strategy. The substrate is chemically modified to introduce a 

“bump”. The “bumped” substrates are orthogonal as they interact only with the engineered 

proteins. The natural protein is engineered to create (1) a non-selective receptor that interacts 

with both the natural and the “bumped” substrates or (2) an “orthogonal” receptor that binds 

only the “bumped” substrates.  

Liu et al. reported the first example of controlled protein dimerization by a 

naturally occurring Chemical Inducer of Dimerization (CID).33 This work 

described the simultaneous binding of the immunosuppressant drug FK506 to 

FK506-binding protein (FKBP12) and calcineurin, resulting in the inhibition of T 

cell receptor-mediated signaling. This concept was later expanded by Spencer et al. 

to create the first synthetic molecule, a dimer of FK506, to mediate protein 

dimerization.34 Follow-up studies identified several bivalent molecules capable of 

selectively inducing protein homo- or heterodimerization (Figure 6).35 Among all 

CIDs, rapamycin, an immunosuppressant closely related to FK506, is the most 

thoroughly studied.36 Rapamycin binds with pM affinities to the protein FKBP12 

and the rapamycin-FKBP12 complex binds to the FRB (FKBP12-rapamycin 

binding) domain of the protein FRAP resulting in the rapamycin-induced 

heterodimerization of FKBP12 and FRAP. Rapamycin-mediated dimerization was 

applied to develop modular tools to control protein activity by expression of the 

proteins of interest (output domain) as fusions with FKBP12 and the FRB domain 

(input domain). These switches were used, among others, to control cellular 

localization of proteins,37 to regulate gene expression38 and to provide in vivo 

allosteric control over kinase activity.39 
 

 
Figure 6: General principle of chemically induced dimerization (CID). A symmetrical (left) or 

non-symmetrical (right) ligand interacts simultaneously with two proteins. These proteins are 

brought together to form a homodimer or a heterodimer, respectively. 
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In one noteworthy approach by Hahn and coworkers, the sequence for FKBP 

was successfully inserted into a highly conserved region of the catalytic domain of 

a protein kinase (Figure 7a).39 This insertion rendered the kinase inactive, due to an 

increased flexibility of the catalytic domain, as indicated by molecular modeling 

and mutagenesis studies. However, the subsequent addition of rapamycin and FRB, 

resulted in the rapamycin-mediated heterodimerization of FKBP and FRB that 

increased the rigidity of the domain, restoring the catalytic activity to near wild 

type levels. This design was further evolved to achieve precise spatial and temporal 

regulation of kinase activity by using a photocaged analog of rapamycin and an 

engineered FKBP variant (Figure 7b).40 Light-mediated kinase activation could 

then be achieved.  

Other studies have employed rapamycin-mediated dimerization to control 

protein activity by mediating split protein reassembly and inducing conditional 

splicing. Splitting of a protein of interest in two inactive fragments whose 

reassembly can be induced by secondary interactions is another way to artificially 

control protein function that will be discussed in Chapter 2.  

The Muir group reported the first example of conditional protein splicing that 

was mediated by a small molecule (Figure 7c).41 In this approach, the two halves of 

a split intein were fused to FKBP and FRB, respectively. Subsequent addition of 

rapamycin brought the two intein fragments into close proximity to each other, 

which enabled the splicing reaction to occur.  

a)      b) 

 
c) 

 
Figure 7: a) Rapamycin mediated control of kinase activity. A fragment of FKBP is inserted at a 

position in the catalytic domain where it inhibits catalytic activity. Binding of the 

rapamycin-FRB complex restores catalytic activity.39 b) Light-mediated control of kinase activity. 

Illumination of a caged rapamycin analog induced heterodimerization and subsequent turn on of 

catalytic activity.40 c) Conditional protein splicing. Rapamycin induces the reassembly of two 

intein fragments that results in protein splicing.41,42 
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This approach was successfully applied to obtain a functional enzyme from two 

inactive firefly luciferase fragments.42 

A different approach toward chemically induced dimerization utilizes small 

molecules with the ability to recognize small, genetically encoded, peptide motifs. 

Some synthetic receptor molecules, including porphyrins, calixarenes, 

cyclodextrins and cucurbiturils, have, indeed, the ability to recognize distinct 

protein structures and/or amino acid sequences.32 This approach offers the potential 

advantage that the incorporation of a short peptide sequence into the protein of 

interest should have a small influence on the activity of the protein itself. One 

example of this methodology comes from the Merkx and Brunsveld  group, in 

which they exploited the ability of the concave cucurbit[8]uril molecule to 

specifically bind two short peptide sequences simultaneously.43 Appending a FGG 

tripeptide to the N-terminus of caspase-9 resulted in cucurbit[8]uril-mediated 

protein dimerization and allowed for full and reversible control over caspase 

activity (Figure 8). A similar approach was later applied by the same group to 

mediate the reassembly of a split luciferase.44 
 

 
Figure 8: Cucurbit[8]uril mediated caspase-9 dimerization. Simultaneous binding of two 

tripeptides FGG appended to the protein into the cavity of the cucurbit[8]uril induced 

dimerization of the monomeric caspase (adapted from 43). 

1.4 Metal coordination to control protein activity 

The introduction of metal binding sites into non-regulated proteins or enzymes 

is another widely applied strategy to modulate protein activity. This is possible 

thanks to our detailed understanding and to the high programmability of metal 

coordination. Early attempts to engineer novel metal binding sites relied on point 

mutations of amino acids residues to introduce metal binding amino acids (i.e. 

cysteines or histidines). One of the first examples of such an engineered regulatory 

metal binding site was reported for a staphylococcal nuclease variant by Corey and 

Schultz45. In their work, the introduction of a cysteine into the hydrophobic binding 

site of the enzyme by site-directed mutagenesis and coordination of Hg2+ or Cu2+ 

resulted in rapid and almost complete inhibition of nuclease activity (Figure 9a). 

The observed loss of activity was attributed to the increased steric bulk introduced 

upon metal binding to the active pocket, which prevented substrate binding. 
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Importantly, the addition of chelating agents to the inactivated enzyme rapidly 

restored catalytic activity by sequestration of the metal bound to the cysteine.  

In order to overcome the limitations related with the presence of cysteines (i.e. 

protein aggregation caused by oxidation of the sulfhydryl groups) other examples 

of engineered metal binding sites focused on the introduction of histidine residues. 

Installing one or two histidines in a loop bordering the active site of trypsin 

resulted in inhibition of activity upon coordination of Cu2+, Ni2+ or Zn2+.46,47 

Protease activity was also inhibited upon coordination of the same ions to two 

histidine residues introduced on parallel strands of aqualysin I (Figure 9b).48 Apart 

from affecting protease activity directly, coordination of metal ions was also 

utilized to alter the substrate specificity of these enzymes. For example, selectivity 

for histidine-containing peptides was induced into trypsin by creating metal 

binding sites for Ni2+ and Zn2+.49 Similar engineered histidine-based metal binding 

sites were also introduced into glycogen phosphorylase, in which coordination of 

metal ions allowed for activation of enzymatic activity in a cooperative and 

allosteric manner.50 The binding of divalent transition metal ions between the two 

engineered histidines, one on each of the two subunits, strengthened the 

interactions between the two subunits in a mechanism that was found to be 

analogous to natural phosphorylation or AMP binding.  

a)                   b)  

 
 

Figure 9: Schematic representations of the metal-dependent regulatory site into staphylococcal 

nuclease (a) 45 and the metal-dependent switch in aqualysin I (b).48 

Metal ion-mediated modulation of activity of membrane pores was also 

reported. Five consecutive histidines were introduced at the midpoint of a loop in 

the transmembrane channel protein staphylococcal α-hemolysin. Coordination of 

Zn2+ resulted in a conformational change that closed the channel. As such, metal 

binding acted as a switch for the pore that could be turned off in presence of 

micromolar concentrations of Zn2+ and turned back on by addition of a chelating 

agent.51 Similarly, embedding a cysteine into the extracellular mouth of the 

Shaker-Δ K+ channel permitted allosteric inhibition of the pore when Zn2+ or Cd2+ 

were added at micromolar concentrations.52 The Hamachi group also reported two 

examples for allosteric activation of membrane proteins by the semi-rational 

incorporation of metal-binding sites for a ion channel type and a G-protein-coupled 

glutamate receptors (GPCR, Figure 10).53 Two histidine residues were introduced 
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in the vicinity of the ligand-binding pocket. Coordination of the palladium complex 

Pd(2,2’-bipyridine) to this artificial allosteric site allowed for stabilization of the 

active conformation of the glutamate receptors. Notably, this strategy facilitated 

selective activation of a mutant glutamate receptor in live neurons. Moreover, since 

many neurotransmitter receptors share similar activation mechanisms, this 

On-cell-Coordination-Chemistry approach (OcCC) was envisioned to find more 

general application to this receptor family in the future.  

 
Figure 10: Schematic representation of the Pd(bpy)-mediated activation of a ionotropic receptor 

(top) and metabotropic receptor (bottom) (adapted from 53). 

The rational design of a metal binding site was successfully applied to convert 

maltose binding protein (MBP) into a zinc sensor.54 Tetrahedral zinc coordination 

sites, comprising of three histidines and a water molecule, were computationally 

designed at the interdomain interface of MBP. A number of these designed MBP 

variants were found to be specifically responsive to Zn2+ instead of maltose. A 

follow-up crystallographic study later identified a different binding mode for Zn2+ 

in the engineered MBP, still retaining high affinities for the metal ion.55 The same 

Zn2+-binding MBP, as well as MBP not bearing the Zn2+-binding mutations, were 

then applied in a modular approach to create chimeric proteins with TEM-1 

β-lactamase (BLA). Combinatorial libraries were created by inserting the gene 

encoding for BLA into the mbp gene and by circular permutation of the bla gene.56–

58 These hybrid enzymes were positively activated by maltose and turned out to 

have µM affinity for Zn2. More importantly, Zn2+ binding resulted in reversible 

inhibition of β-lactamase activity.  

High-throughput screening has also been applied to engineer metal ion 

regulation into β-lactamase by Mathonet et al.59 Toward this end, an enzyme 

library was created by insertion of random peptide sequences, or by randomization 

of the wild-type sequence, in three contiguous loops of the protein. The library was 

displayed onto a phage and then a two-step selection protocol was applied: 

enzymes were screened for enhanced affinities towards Ni2+, Zn2+ and Cu2+ and the 

resulting variants selected for their ability to hydrolyze ampicillin. This protocol 
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allowed identification of a number of mutants whose activities were modulated by 

metal ion binding. Interestingly, one mutant displayed dependence of activity based 

on the nature of the metal ion: while the activity was nearly unaffected by Zn2+, a 

3-fold activation was observed upon binding of Ni2+ and a 10-fold inhibition upon 

Cu2+ binding. 

Redesigning an existing metal binding site may also allow for controlling 

protein activity with metal ions. Rana et al., for example, redesigned the serine 

protease thrombin to allosterically respond to K+ instead of the natural regulator 

Na+ by replacing the metal binding loops of thrombin with the corresponding loops 

of a different enzyme.60 Similarly, Kan et al. evolved several zinc finger mutants of 

Zif268 by codon-expanded phage display to contain the unnatural amino acid 

(2,2’-bipyridin-5-yl)alanine (BpyA). The resulting transcription factors turned out 

to be responsive to Fe2+ instead of Zn2+.61 

A distinct strategy to regulate enzyme activity by metal binding is the 

utilization of naturally occurring metal-binding proteins or domains and installation 

of unnatural reactivities into these scaffolds. Ideally, this novel activity displays the 

same metal-dependent regulation as the original scaffold. An example for this 

strategy is the calcium binding protein calmodulin (CaM) which was engineered to 

catalyze the non-natural Kemp elimination reaction. Indeed, the resulting enzyme 

AlleyCat is a switchable eliminase that, like CaM, is allosterically regulated by 

Ca2+.62 Subsequently, this scaffold could be redesigned to respond to lanthanides.63 

The same computational approach was used to engineer esterase64 and 

retro-aldolase65 reactivity to the calmodulin scaffold. Another example of this 

strategy is the creation of a Ca2+-regulated glutathione peroxidase by introduction 

of a selenocysteine into the Ca2+-responsive protein recoverin.66  

1.5 Light-mediated control of protein activity 

Using light to control protein activity is an attractive strategy as it allows for tight 

temporal and spatial modulation of activity. To achieve photocontrol of protein 

activity, a light-sensitive module needs to be present either in the protein of interest 

or in the molecule that interacts with the protein. This light-sensitive module can 

be already present in the protein, as in natural photoreceptors, or a photosensitive 

molecule may be attached genetically or chemically.67,68 

The most commonly used natural photoreceptors are rhodopsins, flavoproteins 

and phytochromes. These photoreceptors can be genetically fused to a protein of 

interest to enable allosteric photoactivation of protein activity.68 In this modular 

design light acts as the external stimulus that causes isomerization of the covalently 

or non-covalently linked chromophore in the photoreceptor (input domain). This 
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isomerization induces then a conformational change that is transferred throughout 

the protein structure to the protein of interest (output domain) affecting its activity, 

for example by exposing a previously masked binding surface or an active site, by 

partial unfolding or by inducing dimerization or oligomerization. An advantage of 

such systems is that they do not require any chemical modification of the protein as 

they can be genetically encoded. Moreover, activation of light-modulated domains 

that are fused to other proteins typically does not involve the addition of exogenous 

ligands, thereby reducing the potential for off-target or toxic effects when thinking 

of applications in living cells. However, to predict the protein activity before and 

after irradiation is difficult and often requires laborious optimization of the studied 

system.  

Bacterial rhodopsins (type I), for example, have been engineered to induce cell 

polarization or depolarization in neuronal cells (Figure 11a).69,70 Similarly, a few 

chimeric receptors based on the type II rhodopsins, that are G-protein-coupled 

receptors (GPCRs), have been created by exchanging the intracellular loops of 

rhodopsins with loops from other GPCRs.  

       a) 

 
       b)  

 
c) 

 
Figure 11: Light-mediated control of protein activity with genetically encoded photoreceptors.        

a) Microbial rhodopsins can be expressed in neurons to regulate membrane potential (top, 

left).69,70 Chimeric receptors obtained exchanging the intracellular domain of vertebrate type II 

rhodopsins with one of specific GPCRs (bottom, left).71,72 Retinal (right) is covalently bound to 

the photoreceptor and illumination drives isomerization of a double bond in the chromophore. b) 

Light-induced conformational changes in flavoproteins (left). Photoexcitation induces a thioether 

bond formation between the flavin and a highly conserved cysteine residue (right). c) 

Conformational changes in phytochromes upon light exposure. A conformational change 

modifies the interaction of the phytochrome with the protein PIF (blue triangle) (left). Bilin 

(right) is the covalently bound chromophore of phytochromes.  
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These systems allowed for light-mediated response of G-proteins to small 

molecules (i.e. cAMP or InsP3)71 or ions (Figure 11a).72  

The most commonly used flavoproteins for light-mediated control of protein 

activity are Light-Oxygen-Voltage-sensing (LOV) domains and the light-sensitive 

cryptochrome (CRY2) from plants. LOV domains have been fused with different 

proteins to obtain a number of artificially light-activated enzymes (DHFR,73 

bacterial PAS-histidine kinase,74 and GTPase75), to regulate a variety of processes 

including transcription,76 protein degradation,77,78 protein localization,79 

cytoskeletal motion80 and to mediate protein-protein interactions (Figure 11b).81  

Lastly, the plant photoreceptor phytochromes undergo a reversible 

conformational change upon irradiation with red or infrared light. In its active 

conformation phytochromes heterodimerize with the protein PIF (Phytochrome 

Interaction Factor) and this interaction has been exploited to obtain light-controlled 

gene-regulation82 and regulation of protein localization (Figure 11c).83 The 

photodimerizing properties of phytochromes were also exploited to reconstitute 

split protein fragments as ATPase intein,84 Cre DNA recombinase,85–87 Cas9,88 and 

T7 RNA polymerase.89 

In parallel to the use of natural photoreceptors to modulate protein activity, 

hybrid approaches that take advantage of modifying a protein of interest with 

exogenous photoactive synthetic molecules have also been developed.90,91 Two 

strategies can be distinguished for this approach: (1) the use of photoremovable 

protecting groups92 and (2) the use of photoswitches.93  

For the former methodology a light-cleavable moiety (defined as photocaging 

or photoremovable protecting group) is installed on a small organic effector 

molecule, or on amino acid side chains. The presence of the caging group typically 

masks a functional group in such a way that the activity is inhibited (Figure 12). 

Upon irradiation, these molecules undergo photolytic cleavage to expose the 

previously caged moiety, thereby activating or inactivating the protein of interest. 

Photocaged small molecules have been utilized, among others for gene regulation, 

to control cellular localization94 and the heterodimerization of proteins.40 Caged 

small molecules that affect gene expression, among others isopropy 

l-β-D-thiogalactoside94 and arabinose,95 can be utilized in vivo by adding them 

directly to the cells growth medium followed by irradiation. Alternatively, a 

photocaged moiety can be directly installed in the protein of interest by 

post-translational modification96 or by introduction genetically encoded caged 

amino acids.97 The latter option presents the advantage of a higher control over the 

positioning and the number of caging moieties introduced. Moreover, it allows for 

direct application in vivo, obviating the need for protein purification, modification 

and re-introduction of the caged protein in the cellular system. Such photocaged 



Control of protein activity 

17 

 1 

proteins have been successfully applied to modulate the activity of a number of 

proteins91,96 including kinases,98,99 luciferase,100 caspase101 and TEV-protease.102 
 

 
Figure 12: Photocaging strategies. a) Upon irradiation of a caged small molecule the caging 

group is cleaved off and the effector molecule can interact with the protein activating or 

inhibiting activity. b) A caged group in introduced on an amino acid side chain (either by 

post-translational modification or by genetic incorporation of a caged amino acid). Irradiation 

causes the release of the caging group with subsequent activation of the protein.  

On the other hand, the use of photoswitchable ligands allows reversible control 

over protein activity, a type of regulation that is typically not possible with 

photocaging strategies. Typically, a photoisomerizable molecule is covalently or 

non-covalently anchored to a biomolecule and, upon light-induced isomerization, 

the biological activity can be altered. Azobenzenes and diaryl-ethenes are the most 

commonly employed photoswitchable moieties that have been used to control 

protein activity (Figure 13a).93 The idea of using photoswitchable enzyme 

inhibitors was demonstrated in 1969 by Erlanger and Nachmansohn, who studied 

azobenzene-based inhibitors of acetylcholinesterase.103,104  

a) 

 

 

 
 

b)                                

 
Figure 13: a) Photoisomerization of azobenzenes (left) and diarylethenes (right).                                  

b) Photoswitchable Shaker K+ channel: the quaternary ammonium group (blue sphere) 

conjugated to the azobenzene moiety (orange) blocks the channel when the azobenzene is in the 

trans conformation. Irradiation causes isomerization of the azobenzene from trans to cis and 

removes the pore blocker. c) Photoswitchable ionotropic glutamate receptor. Opening of the 

pore happens upon binding of the agonist (blue sphere) in the ligand binding domain. The 

agonist is linked to an azobenzene moiety (orange) and can only interact with the receptor when 

the azobenzene is in the cis conformation.   

This concept was further developed by demonstrating its potential for 

therapeutic application and successful examples of photoregulation of different 



Chapter 1 

18 

proteins have been reported (α-chymotrypsin,105–108 papain,109,110 m-calpain,111 

phosphatase calcineurin,112 lysozyme,113 RNase S,114 horseradish peroxidase,115 

carbonic anhydrase116,117 and mitochondrial complex I118). 

A number of notable contributions for the use of photoswitchable ligands with 

application in neuroscience come from the Trauner group, who applied 

photo-tethered ligands to engineer light-gated K+ channels containing a quaternary 

ammonium salt as a pore blocker119,120 and to achieve light-mediated allosteric 

control of a ionotropic glutamate receptor121 (Figure 13b). Recent advances in the 

field of photopharmacology also come from the Feringa group with the 

development of a photoswitchable antibiotic122 and of photoswitchable inhibitors 

of histone deacetylase (HDAC) as potential antitumor agents.123 

1.6 DNA-based control of protein activity 

While the engineered control of protein activity by small molecules, metal ions or 

light is reminiscent of natural strategies to modulate protein activity, the use of 

nucleic acids represents an artificial concept. Mainly two different approaches for 

regulation of protein activity using DNA have been explored in literature: (1) the 

DNA-induced mechanical control of protein activity and (2) the use of DNA as a 

template for protein assembly.124 

The first strategy takes advantage of the different mechanical properties of 

single- and double-stranded DNA: single-stranded DNA (ssDNA) is a flexible 

polymer chain, while double-stranded DNA (dsDNA) closely resembles a rigid 

rod. The concept of using DNA as a molecular spring to induce conformational 

changes was first introduced by Tyagi and Kramers, who developed a molecular 

beacon that fluoresces upon DNA hybridization.125 This concept was then adapted 

for regulation of protein activity by the Ghadiri group.126  More specifically, they 

modified a Cereus neutral protease with a single-stranded oligonucleotide. This 

ssDNA was labeled on the other extremity with a small molecule inhibitor of the 

enzyme (Figure 14a). The flexibility of the ssDNA allowed for the interaction of 

the inhibitor with the active site, rendering the enzyme inactive. Hybridization with 

a complementary strand increased the rigidity of the DNA linker and prevented 

binding of the inhibitor to the active site, resulting in enzyme activation.  

Zocchi and coworkers also presented a few examples in which protein activity 

is controlled by mechanical tension induced by DNA-hybridization (Figure 14b). 

In their pioneering work, the affinity of MBP for maltose was regulated by 

appending a ssDNA from both termini to the protein and by the subsequent 

hybridization with the complementary sequence.127 Similar strategies, including the 

use of shorter oligonucleotides that were conjugated only from one side to the 
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protein, were also applied to modulate the activities of other enzymes, such as 

guanylate kinase,128,129 protein kinase A130 and Renilla luciferase.131  

Another example of DNA-mediated control of protein activity comes from the 

Seitz group in which the activity of a Src-kinase was modulated by displacing an 

inhibiting phosphopeptide (Figure 14c).132 In the inactive state a phosphorylated 

tyrosine on the kinase binds to the SH2 domain forming an intramolecular 

complex. A phosphopeptide-PNA conjugate was designed to present a “loop” 

conformation upon hybridization of both PNA arms with a complementary DNA 

template. This loop contains a phosphorylated tyrosine that could bind to the SH2 

domain, but in this closed conformation it showed low affinity for the kinase. 

Addition of a complementary RNA strand containing unpaired nucleotides between 

the two complementary sequences, triggered strand-exchange and resulted in a 

more open conformation of the duplex. This activated chimera-RNA complex 

allowed interaction of the phosphopeptide to the SH2 domain and subsequent 

activation of the kinase.  

a) 

 
b) 

 
c) 

 
 

Figure 14: a) Intramolecular spring-control of allosteric inhibitor-DNA-enzyme complex 

(adapted from 126). b) Schematic representation of one arm- and two arms-protein-DNA chimera 

molecular springs.127–131 c) RNA-controlled switching of protein kinase (adapted form 132) 

The Zocchi group also demonstrated that other physical properties of ss- and 

dsDNA than their different rigidities could be exploited for controlling protein 

function. More specifically, they utilized the different electronic properties of 

ss- and dsDNA to modulate the gating behavior of a voltage-gated ion channel 
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(KvAP). In this system, attaching a ssDNA to one end of the ion channel does not 

perturb the single channel ion conductivity. However, hybridization of the 

KvAP-DNA chimera with the complementary strand decreased the attractive 

electrostatic interactions between the DNA and protein, thereby changing the 

charge density and shifting the equilibrium toward a more open conformation of 

the pore.133 

A strategy, which is distinct from utilizing the physical properties of DNA as 

means to control protein function, is the use of DNA as a template for the 

co-localization of proteins, protein domains or fragments. This co-localization 

strategy increases the local concentration of proteins (domains or fragments) and 

can promote the assembly of protein complexes or increase the efficiency of 

catalytic reactions. To localize proteins onto a template DNA two different 

strategies have been developed: (1) the synthesis of protein-oligonucleotide 

conjugates and subsequent hybridization with a complementary strand and (2) the 

expression of the protein of interest as a fusion with a DNA-binding protein.  

The concept of DNA-mediated co-localization of proteins has been widely 

applied to mediate the reassembly of split protein fragments as it will be described 

in Chapter 2. Moreover, the Niemeyer group has applied DNA-templated 

co-localization to control the distance between the two subdomains of the 

multi-domain enzyme cytochrome P450 BM3 (Figure 15a).134 In this work, the 

reductase domain BMR (bearing the FAD or the FMN cofactor) and the 

hydroxylase domain BMP (containing the heme moiety) were both conjugated to 

short oligonucleotides. These subdomain-DNA chimeras could be reassembled into 

an active enzyme by hybridization with a template DNA that was complementary 

to the two sequences appended to the protein domains. Notably, the introduction of 

a stem-loop structure in the template DNA allowed the design of a device with 

switchable catalytic activity that could be regulated by strand displacement. 

Similarly, a modular approach for the DNA-directed control of 

enzyme-inhibitor interactions was recently developed by the Merkx group (Figure 

15b).135 In their design, both a TEM1-β-lactamase and its inhibitor protein BLIP 

were conjugated to single-stranded oligonucleotides. The protein and its inhibitor 

have inherently low affinity therefore β-lactamase activity could still be detected. 

Addition of a template oligonucleotide that hybridized with both DNA sequences, 

brought them into close proximity to each other forming an inactive complex. 

Hybridization with the template DNA resulted in the formation of a flexible 

single-stranded loop, as a result of unpaired nucleobases in the template. The 

addition of a third oligonucleotide (target strand) complementary to the loop 

sequence, induced in the formation of a rigid double helix that disrupted the 

enzyme-inhibitor complex, restoring enzyme activity. This non-covalent and 
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modular design allowed for the fast optimization of the architecture and a 

systematic screening of different DNA sequences for the loop and target strands. 

a)   

 
b) 

 
Figure 15: a) DNA-mediated reassembly of cytochrome P450 BM3 subdomains (adapted from 
134) b) DNA-mediated assembly and disassembly of the complex between oligonucleotide 

functionalized β-lactamase (BLA) and BLIP (adapted from 135). 

The DNA-directed assembly of enzymes was also used to generate spatially 

ordered multi-enzyme complexes that perform cascade reactions. In these systems, 

the proximity of the enzymes allows faster transport of the substrates and, as a 

result, minimizes side reactions. The first example of such a DNA-templated 

multienzyme was achieved by co-localizing a luciferase and an oxidoreductase 

onto the same template DNA (Figure 16a).136 This construction gave rise to a 

3-fold increase in overall catalytic activity when compared to the reactions 

performed with the non-templated enzymes. The same strategy was also applied to 

glucose oxidase and horseradish peroxidase, demonstrating that the efficiency of 

the overall enzymatic activity is strictly dependent on the positioning of the two 

enzymes.137 The same enzymes were also assembled in a multienzyme complex 

using a cocaine aptamer (Figure 16b).138 Each enzyme was conjugated to one half 

of an anti-cocaine binding aptamer and, in presence of cocaine, the two halves 

were connected and the enzymes brought in close proximity.  

Thanks to advances in DNA nanotechnology, organization of multiple enzymes 

in 2D and 3D geometries has also become possible. Examples make use of 

hexagonal DNA strips139 or DNA-origami tiles as scaffold.140–144 In vivo assembly 

of multienzymes pathways was also achieved with 1D and 2D RNA assemblies for 

enhancing bacterial hydrogen production.145  
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a)                                b) 

 
c)             d) 

 
Figure 16: a) DNA-directed assembly of bi-enzyme complexes.136 b) Cocaine-induced 

self-assembly of enzyme/enzyme-tethered aptamers.138 c) DNA tweezer-regulation of protein 

binding affinity.146 d) DNA tweezer-regulated enzyme-cofactor pair.147 (adapted from 138 (a), 136 

(b), 146(c) and  147 (d).) 

DNA-tweezers have also been applied to control distances between proteins or 

protein domains, resulting in modulation of their activity. In a first example, 

thrombin binding aptamers were included at the tips of the tweezer (Figure 16c).146 

In its closed conformation a strong-bivalent binding of thrombin was observed, but 

upon opening of the tweezer with the fuel strand, the weak monovalent binding 

caused the release of thrombin. DNA-tweezers were also applied to control 

distances between different enzymes for cascade reactions as for example glucose 

oxidase/horseradish peroxidase148 or enzyme-cofactors pair, as for glutamate 

dehydrogenase and NAD+ (Figure 16d).147 

Besides co-localizing of proteins, protein domains or fragments, DNA can be 

used to introduce new substrate-enzyme interactions and therefore influence the 

enzyme catalytic activity. Gao et al. conjugated dsDNA sequences to two enzymes, 

aldo-ketoreductase and horseradish peroxidase. These dsDNAs are known to 

interact with the enzymes substrates, increasing the local concentration of 

substrates in close proximity to the enzymes. Modulation of the enzyme kinetics 

was then achieved for the two enzymes in three different reactions.149 

Finally, a different approach toward modulation of protein activity involving 

DNA was reported by Loh and co-workers in which DNA constitutes the external 

stimulus to induce changes in enzymatic activity.150 In this work, they created a 

modular switch involving mutually exclusive folding. The DNA-binding peptide 
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GCN4 was inserted into a surface loop of the bacterial ribonuclease barnase. The 

fusion protein was designed so that conformational constraint prevents the two 

protein domains from existing simultaneously in their respective folded states. In 

absence of DNA the GCN4 domain is partially unfolded allowing for functional 

folding of the barnase. Conversely, addition of the recognition sequence for the 

GCN4 induces folding of the polypeptide into a stable homodimeric parallel 

coiled-coil, resulting in unfolding of the barnase and subsequent decrease in 

enzymatic activity. 

1.7 Enzyme regulation by antibody binding 

Another strategy to modulate the activity of an enzyme involves the insertion of 

peptide sequences that are recognized by monoclonal antibodies (mAbs). Binding 

of the mAb to the epitope is expected to induce a conformational change that can 

alter enzyme activity. To achieve binding of a mAb, loops in the enzyme sequence 

are identified that can tolerate sequence insertion without significantly altering the 

activity. Next, short peptidic sequences that are known to be recognized by the 

mAb are inserted and the activity in absence or presence of the target mAb can be 

tested. Hybrid enzymes created by this strategy have found applications as 

biosensors for the detection of mAb.151,152  

In this context viral epitopes from the immunodeficiency virus type 1 (HIV-1) 

gp120 protein153 or from the hepatitis C virus (HCV)154 core protein have been 

inserted close to the active site of alkaline phosphatase. Modulation of protein 

activity was detected upon binding of the corresponding mAb to the respective 

epitope and was applied to detect the mAb in solution. A similar strategy was also 

applied to the E. coli β-galactosidase by insertion of foot-and-mouth disease virus 

peptides155 or HIV gp41 envelope glycoprotein.156 

TEM-1 β-lactamase was also selected for insertion of random peptide 

sequences that allowed modulation of activity by binding of a mAb.157 An initial 

screening on ampicillin plate selected for active hybrid enzymes. Then, these active 

hybrids were screened for binding to a specific target mAb by phage-display 

technology. Finally, the last screening identified mutants that showed modulation 

of activity upon binding of the mAb to the peptidic sequence inserted. This strategy 

was applied to select for binding to the mAbs against prostate-specific antigen 

(PSA).  

A different approach toward antibody-mediated activity regulation relies on 

inducing protein oligomerization. In an example from Geddie et al. the activity of 

the enzyme β-glucoronidase was increased by addition of the anti-hemagluttinin 

mAb.158 At first, mutagenesis and screening strategies were used to identify protein 
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mutants that assembled into inactive dimers. Then, enzyme variants containing the 

epitope sequence of the mAb were produced and an increase of enzymatic activity 

was observed upon antibody-mediated oligomerization into active tetramers. 

The bivalent nature of mAb has also been applied to control the distance 

between two proteins domains or fragments, in a way reminiscent of the DNA 

templated strategies described in the previous section. In a first example two 

His-tagged protein fragments of β-lactamase were recognized by the anti-His mAb 

that brought them in close proximity to each other, resulting in reassembly of the 

enzyme and restore of enzymatic activity.159 In a different example from the Merkx 

group, a modular assembly was used to regulate the activity of TEM1 

β-lactamase.160 In this design TEM1 β-lactamase and its inhibitor protein BLIP 

were expressed connected via a long flexible linker bearing the epitope sequence 

for the HIV1-p17 antibody. This construct resulted in the formation of a 

catalytically inactive complex that could be disassembled by recognition of the 

epitope sequence by the target antibody, resulting in restored β-lactamase activity. 

The modularity of the design allowed fast optimization of the system and exchange 

of the original epitope for targeting of different antibodies. 

Finally, mAb binding has also be used to control the activity of the serine 

protease urokinase-type plasminogen activator (uPA). This protease is 

biosynthesized as an inactive monomeric zymogen and limited proteolysis triggers 

a conformational change that induces dimerization into an active enzyme. 

Screening for a mAb that binds to the autolysis loop of the zymogen resulted in 

identification of a monoclonal antibody (mAb-112) that delayed proteolysis and, at 

the same time, stabilized the dimeric form of the protease into an inactive 

conformation.161 

1.8 Regulation of activity of artificial enzymes 

The methods to control protein activity described above focused on modulating 

activity of natural proteins and enzymes. However, over the past decades 

significant efforts have also been devoted to introduce non-natural reactivities into 

biological scaffolds. These developments have led to the creation of several 

designer enzymes with novel and non-natural activity by de novo enzyme design or 

by redesign of natural proteins.162–164 In this category lie also artificial 

metalloenzymes that are created embedding a transition metal cofactor within a 

protein scaffold (artificial metalloenzymes design and applications will be 

discussed in Chapters 4, 5 and 6 of this thesis). Despite the large number of 

artificial enzymes with new-to-nature activity that have been described, studies to 

control the activity of these tailor-made enzymes are still scarce. Only recently 
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methods to modulate these artificial activities started to be investigated and two 

examples have been reported by the Ward group. In the first work the activity of an 

artificial asymmetric hydrogenase was upregulated by proteolysis when a natural 

protease was used as an external stimulus (Figure 17a).165 The artificial 

metalloenzyme is comprised of an Ir cofactor embedded in the biomolecular 

scaffold of an engineered Streptavidin. However, this metalloenzyme showed 

limited catalytic activity in the imine reduction (zymogen). Activation of the 

metalloenzyme could be achieved upon incubation with a protease that cleaved a 

specific tripeptide sequence installed at the C-terminus of streptavidin. This 

tripeptide coordinated to the Ir cofactor and accelerated the transfer hydrogenation. 

The second work describes the cross-regulation of an artificial transfer 

hydrogenase comprised of a biotinylated cofactor and an engineered streptavidin 

by a pH switch (Figure 17b).166 The activity of the metalloenzyme was reversibly 

inhibited by integrating it in parallel with a urease that, upon reaction with urea, 

produced ammonia (inhibitor). Ammonia caused an increase in the overall pH of 

the solution responsible for inhibition of catalytic activity. Addition of HCl (fuel), 

or coupling with an esterase that produced acid, restored catalytic activity. This 

work demonstrated a strict temporal control over the transfer hydrogenation in 

response to an external stimulus that is regulated by a negative feedback 

mechanism and is reminiscent of cellular networks. 

a)  

 
b) 

 
 

Figure 17: a) Schematic representation of the upregulation of an artificial metalloenzyme based 

on biotin-streptavidin technology by proteolysis (adapted from 165). b) Schematic representation 

of the cross-regulation of an artificial transfer hydrogenase (adapted from 166). 
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1.9 Aims and outline of the thesis 

In conclusion, this chapter described natural regulation mechanisms of protein 

activity and provided a summary of the artificial means to control protein activity 

developed to date. These regulation mechanisms involve both natural and artificial 

enzymes. 

This thesis describes our work in the field of artificial control of protein 

activity. In this work we explored artificial means to control activity of natural and 

artificial enzymes and we designed new artificial enzymes from proteins that do 

not present any native catalytic activity. 

Chapter 2 and Chapter 3 present our efforts to mediate the reassembly of a 

split enzyme via supramolecular interactions and metal coordination, respectively. 

Both chapters are focused on the split enzyme murine dihydrofolate reductase 

(mDHFR) as a model enzyme to introduce artificial control of activity. In Chapter 

2 a modular design for the reassembly of the split enzyme mediated by small 

molecules is described. In this split enzyme, mDHFR fragments were first 

conjugated to short oligonucleotides and receptor moieties were attached to 

oligonucleotides complementary to those appended to the protein fragments. DNA 

hybridization and supramolecular interactions between a guest molecule and the 

two receptors were then combined to create an allosteric split enzyme for small 

molecule recognition. The preparation and characterization of the different 

modules of the split enzyme and preliminary studies on the reassembly are 

presented. The aim of Chapter 3 is to use the formation of a chelate metal complex 

between a metal ion and two ligands installed on each mDHFR fragment to 

mediate the reassembly of the split enzyme. The preparation of mDHFR fragments 

containing a metal binding moiety is described using different strategies: genetic 

incorporation of a metal binding amino acid and the introduction of ligands via 

post-translational modification. The characterization of the metal binding 

properties of the proteins and reassembly attempts are also described.  

In Chapter 4 the design, synthesis and characterization of a metal ion regulated 

artificial metalloenzyme are presented. This work aims to offer a regulation 

mechanism to control the activity of a designer enzyme with new-to-nature 

activity. Hybrid enzymes were obtained by combination of a regulatory site to bind 

an effector metal ion and of an active site to recruit a catalytically active metal 

complex into the scaffold of the protein LmrR. The catalytic activity of the 

artificial metalloenzymes was evaluated in enantioselective vinylogous 

Friedel-Crafts alkylation reaction and could be regulated by incubation with Fe2+ 

ions.  
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Chapter 5 introduces Multidrug Resistance Regulators (MDRs) as a new class 

of protein scaffolds for the design of artificial metalloenzymes. Three proteins 

belonging to the TetR family of MDRs are investigated and two different 

anchoring strategies for the introduction of the active transition metal complex are 

explored: supramolecular approach and genetic incorporation of unnatural metal 

binding amino acids. The reactivity of the new artificial metalloenzymes is tested 

in two different Lewis acid catalyzed reactions, the vinylogous Friedel–Crafts 

alkylation of indoles and the Friedel–Crafts conjugate addition/enantioselective 

protonation.  

In Chapter 6 the properties of the most promising metalloenzyme developed in 

Chapter 5 are explored. The QacR variant that presents the unnatural amino acid 

2,2’-bipyridyl alanine in position 123 (QacR Y123BpyA) is purified from bacterial 

cultures with metal ions bound to its scaffold and shows intrinsic catalytic activity 

in the vinylogous Friedel–Crafts alkylation of indoles. Spectroscopic studies and 

catalysis are combined to elucidate the nature of the metal ion bound to the protein 

responsible for this catalytic activity. Preliminary studies for application of BpyA 

containing artificial metalloenzymes for in vivo catalysis are also described.  

Finally, Chapter 7 offers an outlook of the work presented and offers possible 

perspective or further developments of the research topics described in this thesis. 
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An artificial split enzyme for small molecule 

recognition 
 

In this chapter an artificial allosteric enzyme is described based on the split 

protein murine dihydrofolate reductase (mDHFR). In this split enzyme mDHFR 

fragments were first conjugated to short oligonucleotides and cyclodextrin moieties 

were attached to oligonucleotides complementary to those appended to the protein 

fragments. Then, DNA hybridization and supramolecular interactions between a 

guest molecule and the two cyclodextrins were combined to create an allosteric 

split enzyme for small molecule recognition. The synthesis of cyclodextrin-DNA 

conjugates is described and two strategies for the preparation of mDHFR 

fragments-DNA conjugates were explored, involving maleimide coupling and 

Cu(I)-catalyzed 1,3-dipolar cycloaddition. Preliminary studies on the reassembly 

of the split-enzyme are also described. 
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2.1 Introduction 

2.1.1 Split proteins 

Split proteins biosensor assays (SBAs), also referred to as protein complementation 

assays (PCAs), have emerged as powerful tools to study protein-protein 

interactions. Split proteins are polypeptides that can be dissected into two 

fragments at the genetic level and whose reassembly into a functional protein is 

mediated by secondary interactions.1–3 Protein fragments that make a successful 

split protein reporter have two critical features: (1) they do not spontaneously 

reassemble into an active conformation in absence of a binding partner and (2) they 

do not show any activity independently of each other. Furthermore, the reassembly 

into an active species has to be driven by additional interacting moieties and an 

easily detectable readout (fluorescence or catalytic activity) should be available 

upon reassembly.2 

The first example of a conditional split protein reassembly was reported by 

Johnsson and Varshavsky in which two fragments of ubiquitin were attached to 

interacting proteins pairs (leucine zippers). The secondary interactions provided by 

the appended polypeptides mediated the reassembly of the ubiquitin fragments into 

an active conformation (Figure 1a).4  

a)      b) 

 
c)                           d) 

 
 

Figure 1: (a) Reassembly of split proteins mediated by leucine zippers.4–10 (b) An autoinhibited 

strategy for the detection of small molecules using supramolecular building blocks: a GFP 

fragment is conjugated with a receptor moiety (β-cyclodextrin) and a small molecule (coumarin) 

to form an intramolecular inactive inclusion complex. Addition of an exogenous guest molecule 

(1-adamantanol) displaces the coumarin, unfolds the peptide and allows the reassembly of the 

two fragments.11 (c) Split protein fragments fused to FKBP12 (FK506 binding protein) and FRB 

(FKBP12-rapamycin-binding domain of FRAP). Addition of rapamycin induces protein protein 

dimerization resulting in the reconstitution of the active protein.12,7,13–15 (d) Q8-activated 

split-luciferase: split-luciferase fragments containing an N-terminal FGG sequence reassemble 

upon binding to cucurbit[8]uril (Q8).16 
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Since then several examples of split proteins have been reported including GFP 

variants,6,17,18,8,19–22,11,23 luciferases,24–29,9,30,31,14,16 kinases,32,15 dihydrofolate 

reductase,5,33,12,34 β-lactamase,7,9,35–37 Tobacco Etch Virus (TEV) protease,13,38 

inteins39 and chorismate mutase.10 The reassembly of two inactive fragments can 

be mediated by protein-protein interactions,4–10,30 protein-oligonucleotide 

interactions,18–20,35,36,22,37,27,31,40 small molecules and supramolecular 

interactions12,7,26,11,29,32,14–16 or DNA hybridization21,27,28,34 (Figure 1). 

Besides being used to study protein-protein interactions, split protein reporters 

have proven to be a valuable tool for the study interactions of proteins with 

non-proteinogenic targets such as small molecules,41,40,15 DNA19,35–37,27,28,34 or 

RNA.18,22,31 

2.1.2 DNA-templated reassembly of split enzymes 

Nucleic acids have proven to be a versatile molecular building block in 

nanotechnology and to have important biomedical applications, thanks to the 

programmability of their assemblies and their natural bio-compatibility. DNA, for 

example, has been used to create sophisticated two- and three-dimensional 

structures and as a structural building block for modular assembly.42 

Oligonucleotides can, indeed, function as templates to build well-defined structures 

and several methods have been developed to control protein activity with 

oligonucleotides.43 DNA can template the co-localization of protein domains or 

fragments in order to promote the assembly of protein complexes or increase the 

efficiency of catalytic reactions. To tether two proteins (protein fragments or 

domains) on a DNA template, the synthesis of protein-oligonucleotide conjugates 

and subsequent hybridization with a complementary strand can be used. Another 

possibility is the fusion of the proteins of interest with DNA-binding domains. 

The group of Ghosh was the first to introduce DNA-templated reassembly of 

split enzymes with a methodology called Sequence Enabled Enzyme Reassembly 

(SEER). In this approach protein fragments are expressed as fusion proteins with a 

DNA binding domain, such as zinc finger proteins (Figure 2a). Upon addition of a 

DNA duplex containing recognition sequences for both DNA binding proteins, the 

split protein fragments co-localize on the DNA strand in close proximity to each 

other, allowing the functional reassembly of the enzyme. This approach has been 

applied to create split protein versions of GFP,19 β-lactamase35,36 and luciferases.37 

Exchanging one zinc finger for a binding domain that recognizes methylated CpG 

sites, SEER was also employed for the detection of methylated DNA as a potential 

cancer biosensor.20,36 The system was further developed to increase its modularity 

utilizing DNA hairpin and single-stranded overhangs for the reassembly of a split 

luciferase.31 A slight modification of the SEER methodology was also applied by 

Takeda et al. (Figure 2b).27 In this work, only one fragment of a split luciferase 

was fused with a zinc finger protein, while the other was coupled to a 
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single-stranded oligonucleotide. Upon hybridization with the complementary 

strand, followed by incubation of the two fragments, reassembly of the luciferase 

was obtained.  

a)          b) 

 
c)             d) 

 
Figure 2: Examples of DNA-mediated split protein reassembly. (a) and (b) SEER based on 

interactions between a DNA binding domain fused to protein fragments.19,20,35–37,27 (c) 

Reassembly of split proteins mediated by DNA-hybridization.21,28 (d) Modular design of a 

DNA-hybridization mediated reassembly of a split enzyme.34   

One advantage of using sequence-specific DNA-binding domains, such as zinc 

fingers, is that these fusion proteins can be obtained by recombinant expression, 

thereby obviating the need to prepare protein-DNA conjugates. However, this 

methodology is only applicable to DNA targets for which a peptide-binding 

domain can be engineered. In contrast, mediating protein reassembly directly 

through DNA hybridization could, in principle, be applied to any nucleic acid 

sequence. 

The DNA-triggered reassembly of a split green fluorescent protein (EGFP) by 

Demidov et al. (Figure 2c) was the first example for which DNA hybridization was 

employed to reassemble a split protein.21 In this work each fragment of EGFP was 

expressed with a terminal cysteine, biotinylated and incubated with streptavidin. 

Two complementary oligonucleotides were biotinylated as well, on the 5’ and 3’ 

respectively. Upon incubation of the split EGFP-streptavidin conjugates with the 

biotinylated oligonucleotides, non-covalent EGFP fragment-DNA conjugates were 

obtained and hybridization of the two complementary strands mediated the 

reassembly of the split EGFP fragments, restoring fluorescence of the protein. A 

similar approach was also applied by Cissell et al. in which the reassembly of split 

luciferase fragments was facilitated by covalently linking complementary 

oligonucleotides to the protein fragments.28  

In order to increase the modularity of the DNA-templated split proteins and 

allow these constructs to respond to external DNA strands, our group has 



An artificial split enzyme for small molecule recognition 

39 

 2 

previously developed an allosteric split murine dihydrofolate reductase (split 

mDHFR, Figure 2d).34 Toward this end, full length mDHFR was first split into two 

fragments (corresponding to positions 1-105 and 106-186) which were 

subsequently conjugated to oligonucleotides by cysteine-maleimide coupling. 

Upon addition of a template DNA strand that is complementary to both 

oligonucleotidic handles, the protein fragments co-localized on the DNA and 

reassembled into a functional enzyme. As a result, the catalytic activity of this split 

mDHFR could be modulated by varying both the concentration and the sequence 

of the template DNA.  

 

2.2 Aim  

In this chapter, we aimed to create an artificial split enzyme that responds to small 

molecules. Based on the design of the DNA-directed split mDHFR enzyme 

described above, a synthetic receptor that allows for sensing of an analyte was 

appended onto two complementary oligonucleotidic sequences. DNA hybridization 

and supramolecular interactions were combined to create an allosteric split enzyme 

for small molecule recognition. The incorporation of the synthetic receptors in this 

design is variable and this strategy would allow for a modular assembly of one split 

enzyme that could respond to different small guest molecules by only changing the 

receptors of interest. 

2.3 Design 

The enzyme murine dihydrofolate reductase (mDHFR) was selected for the design 

of the envisioned allosteric split enzyme. mDHFR is a monomeric (21 KDa) 

protein that catalyzes the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate 

using NADPH as a cofactor. As described above, mDHFR classifies as a split 

protein: when dissected at specific positions two inactive fragments are formed that 

can reassemble into an active conformation only in presence of secondary 

interactions. The structure-activity relationship of DHFR is well-studied44,45 and 

enzymatic activity of mDHFR can be monitored spectrophotometrically34,46,47 or in 

vivo by cell survival assay.5,12,33  

The design of the split allosteric enzyme for small molecule recognition is 

depicted in Figure 3 and is based on the DNA-directed split mDHFR enzyme 

described above (Figure 2d). As before, the polypeptide chain of mDHFR is cut 

between residues 105 and 106 and conjugated to short oligonucleotides. However, 

in the present design the template DNA used to reassemble the split mDHFR in the 

previous example is replaced with two shorter oligonucleotides that are 

complementary to the mDHFR-linked sequences. Each of these oligonucleotides is 

further functionalized with a receptor moiety. Hybridization of the 
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receptor-functionalized oligonucleotides and the ones covalently attached to the 

protein fragments links a receptor moiety with each mDHFR fragment. Ultimately, 

simultaneous binding of a guest molecule to both receptors would facilitate the 

reassembly of the fragments, yielding a catalytically active enzyme. 
 

 
Figure 3: Schematic representation of the mDHFR split enzyme for small molecule recognition 

using cyclodextrins as receptor moieties. 

The most notable feature of this design is its modularity: employing the same 

protein-DNA conjugates it is possible to create a variety of artificial enzymes by 

simply changing the receptors linked to the oligonucleotides. No synthesis of a 

number protein-linked receptor is required, thus obviating the need to optimize 

reaction conditions and purification for each different variant. Once a library of 

oligonucleotide-linked receptors is available, one module is readily exchanged for 

another, giving rise to various artificial enzymes that each respond to the binding 

of a different molecule. 

To explore the feasibility of such a combinatorial split enzyme system, 

cyclodextrins will be used as model receptor moieties. Cyclodextrins are cyclic 

oligosaccharides containing a hydrophobic core that enables binding of small, 

apolar molecules in aqueous environments through hydrophobic interactions.48 

Their host/guest chemistry is well-established and these molecules are known to 

bind small ligands, such as bis(2-(1-adamantyl)ethyl phosphate, with high affinity 

forming a 2:1 host:guest complex, which is ideal for this design.49,50 Moreover, the 

synthetic methodology for mono-functionalization of cyclodextrins, including the 

conjugation to oligonucleotides, is well-developed.51–53 

2.4 Results and discussion 

2.4.1 Synthesis of cyclodextrin-DNA conjugates 

The synthesis of cyclodextrin-DNA conjugates has been reported in literature using 

different strategies: coupling of an amino-functionalized cyclodextrin to an 

activated acid on a DNA strand,51 coupling of thiolated cyclodextrins to 

amino-modified oligonucleotides51 or by employing Cu(I)-catalyzed 1,3–dipolar 
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azide-alkyne cycloaddition (CuAAC).52 The latter was selected as the strategy of 

choice due to the synthetic ease by which azide-functionalized cyclodextrins and 

alkyne-functionalized oligonucleotides are accessible.  

The alkyne moiety was introduced by reaction of commercially available 

amino-functionalized oligonucleotides with an excess of the N-hydroxysuccinimide 

ester (NHS) of 5-pentynoic acid in 200 mM NaH2PO4 pH 7.2 overnight at 25 °C 

(Figure 4).54 Size exclusion chromatography was used to remove the excess of 

alkyne linker. This procedure gave rise to quantitative formation of 

alkyne-functionalized oligonucleotides as judged by rp-HPLC (reverse-phase 

HPLC) and MALDI-TOF (Table 1).  

 

 
Sequence (5’-3’) 

Oligo1 GTCAGACATGTC-(CH2)6- NH-alkyne 

Oligo2 alkyne-NH-(CH2)6-AGCGTTCTCACC     

Oligo3 CAAGGTCAGACATGTC-(CH2)6-NH-alkyne 

Oligo4 alkyne -NH-(CH2)6-AGCGTTCTCACCAGTC 
 

Figure 4: Synthesis of alkyne-functionalized oligonucleotides 

Mono-6-deoxy-6-azido-β-cyclodextrin was synthesized in two steps according 

to literature procedures (Figure 5)55 and cyclodextrin-DNA conjugates were 

prepared from the 3’- and 5’-alkyne-modified oligonucleotides. 

 

Figure 5: Synthesis of mono-6-deoxy-6-azido-β-cyclodextrin  

To prepare the cyclodextrin-DNA conjugates (Figure 6a), 

mono-6-deoxy-6-azido-β-cyclodextrin was dissolved in DMSO and added to a 

solution of alkyne modified oligonucleotide in 200 mM NaH2PO4 pH 7.5 

containing CuSO4
.5H2O, THPTA (3,3',3''-(4,4',4''-(nitrilotris(methylene))tris 

(1H-1,2,3-triazole-4,1-diyl))tris (propan-1-ol)) and sodium ascorbate. Denaturing 

PAGE (Figure 6b) and rp-HPLC showed full conversion towards the 

cyclodextrin-DNA conjugates after incubation at 40 °C for 4 h. Purification of the 

conjugates from the excess of cyclodextrin was achieved by strong anion exchange 

chromatography from 100 mM Tris pH 8.0 by elution with a high ionic strength 

buffer, followed by desalting of the resulting solution by size exclusion 

chromatography (Figure 7).  
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a) 

 
 

Sequence (5’-3’) 

Oligo11 GTCAGACATGTC - (CH2)6-NH-CO-(CH2)2-C2N3-βCD 

Oligo12 βCD -C2N3-(CH2)2-CO-NH-(CH2)6-AGCGTTCTCACC 

Oligo13 CAAGGTCAGACATGTC-(CH2)6-NH-CO-(CH2)2-C2N3-βCD 

Oligo14 βCD-C2N3-(CH2)2-CO-NH-(CH2)6-AGCGTTCTCACCAGTC 

b) 

 

 

 

 
 

Figure 6: a) Synthesis of cyclodextrin-DNA conjugates. b) Representative denaturing PAGE of 

cyclodextrin-DNA conjugates. Lanes: (1) Reference: bromophenol blue (2) 

CAAGGTCAGACATGTC-(CH2)6-NH2 (3) Oligo3 (4) Oligo13 (5) H2N-(CH2)6-AGCGTTCTCACCAGTC 

(6) Oligo4 (7) Oligo14.  

Analysis by MALDI-TOF (Table 4) showed that the first product eluting from 

the anion exchange column was the unreacted cyclodextrin, which does not interact 

with the positively charged resin, while the second peak corresponded to the pure 

cyclodextrin-DNA conjugate. 
 

 

 

 

a)        

 
b) 

 
Figure 7: a) UV traces of anion exchange chromatography of oligonucleotide-cyclodextrin 

conjugates: Oligo13 (left), Oligo14 (right). b) rp-HPLC traces of purified Oligo13 and Oligo14. 
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2.4.2 Split mDHFR fragments expression and purification 

The same design of the mDHFR protein fragments as reported in literature was 

used (Figure 8).34 The N-terminal fragment of mDHFR (Nterm-mDHFR), 

corresponding to residues 1-105, features a C-terminal cysteine and an N-terminal 

His-tag that facilitates purification. For the C-terminal fragment of mDHFR 

(Cterm-DHFR), encompassing residues 106-186, a cysteine was introduced close to 

the N-terminus followed by a short linker to the mDHFR sequence in order to 

reduce steric hindrance at the bioconjugation site and improve coupling efficiency. 

Similarly to the Nterm-mDHFR, a His-tag was introduced at the C-terminus of the 

sequence.  

              Nterm-mDHFR (residues 1-105)                  Cterm-mDHFR (residues 106-186) 

 
 

Figure 8: Schematic representation of the design of split mDHFR fragments. 

Expression plasmids encoding for full length mDHFR, Nterm-mDHFR and 

Cterm-mDHFR fragments were transformed and proteins were produced 

independently in E. coli BL21 (DE3). Due to insolubility of mDHFR and its 

fragments,34 cells were harvested under denaturing conditions and purification via 

affinity chromatography (Ni-NTA) afforded the full length mDHFR and the N- and 

C-terminal mDHFR fragments with good purity and in satisfactory yields (30-34 

mg/L, 10-14 mg/L and 6-13 mg/L, respectively). High resolution mass 

spectrometry and Tricine-SDS-PAGE independently confirmed the identity and 

purity of all the variants. Dimer formation was observed in the Tricine-SDS-PAGE 

with bands corresponding to 29 and 22 KDa for the N- and C-terminal fragment, 

resulting from oxidative cystine formation.  

2.4.3 Synthesis of mDHFR fragment-DNA conjugates via cysteine-malemide 

coupling 

The synthesis of mDHFR-DNA conjugates was performed following a previously 

described procedure.34 This strategy involves the reaction of 

maleimide-functionalized oligonucleotides with unique cysteines on the mDHFR 

fragments. Cysteine-maleimide coupling can be applied to mDHFR since no native 

cysteine is present in its sequence.  

Maleimide-containing oligonucleotides were prepared by conjugation of 

commercially available amino-functionalized oligonucleotides with an excess of 

the NHS ester of 3-maleimidopropionic acid in 200 mM NaH2PO4 buffer at pH 7.2 

(Figure 9). The reactions were performed at 25 °C for 2 hours and the resulting 

maleimide-functionalized oligonucleotides were purified by size exclusion 

chromatography, analyzed by rp-HPLC and MALDI-TOF and lyophilized (Table 

2). Isolation of the maleimide-functionalized oligonucleotides by ethanol 

precipitation was also investigated as an alternative purification strategy to reduce 
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possible hydrolysis of the maleimide moiety. No significant differences were 

observed in the mass spectra of the oligonucleotides nor in the efficiency of the 

following coupling with the protein fragments. 

 
 

Sequence (5’-3’) 

Oligo5 Maleimide-CO-NH-(CH2)6-GACATGTCTGACCTTG 

Oligo6 GGTGAGAACGCT-(CH2)6-NH-CO-Maleimide 

Oligo7 Maleimide-CO-NH-(CH2)6-GACATGTCTGACCTTG 

Oligo8 GACTGGTGAGAACGCT-(CH2)6-NH-CO-Maleimide 
 

Figure 9: Synthesis of maleimide-functionalized oligonucleotides 

Coupling of the mDHFR fragments with 5’- and 3’-maleimide-modified 

oligonucleotides was performed as reported previously.34 Protein solutions in 100 

mM NaH2PO4 pH 4.0, 100 mM Tris-HCl, 8 M urea were buffered to pH 8.0 by 

addition of concentrated NaOH and incubated for 1 h with dithiothreitol (DTT) to 

reduce disulfides. Proteins were then precipitated by addition of 25% TFA in water 

and protein pellets were obtained after centrifugation. The pellets were thoroughly 

washed with ethanol and air dried before redissolving them in the reaction buffer 

(100 mM CHES buffer pH 9.2 containing 8 M urea). The resulting solutions were 

then immediately added to the freeze-dried maleimide-modified oligonucleotide. 

The reactions were incubated at 40 °C overnight and the crude mixtures were then 

analyzed by Tricine-SDS-PAGE to estimate the conversion. In the 

Tricine-SDS-PAGE bands corresponding to the unreacted proteins, the 

protein-DNA conjugates and dimer of the protein were observed (Figure 10). 

a) 

 
b) 

 
Figure 10: a) Synthesis of protein-DNA conjugates via cysteine-maleimide coupling b) 12% 

Tricine-SDS-PAGE of reaction mixtures: 100 µM of protein (40 nmol), 300 µM oligonucleotide 

(120 nmol) in 100 mM CHES buffer pH 9.2, 8 M urea. Left: coupling reactions of Nterm-mDHFR 

with (1) Oligo7, 2h (2) Oligo7, 16 h, (3) Oligo8, 2 h, (4), Oligo8, 16 h. Right: coupling reactions 

of Cterm-mDHFR with (1) Oligo7, 2h (2) Oligo7, 16 h, (3) Oligo8, 2 h, (4) Oligo8, 16 h. 
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Reaction conditions were optimized to improve conversions and reduce the 

amount of dimer formed during the coupling reactions. Important factors proved to 

be a complete removal of DTT and a strict control over the pH of the reaction 

mixture. Traces of DTT or a pH lower than 9 (probably due to residual TFA in the 

reaction tube) resulted in low to no conversion. In order to completely remove 

DTT from the protein solution, two TFA precipitations were performed, followed 

by several washing steps of the resulting pellet with ethanol to remove traces of 

both DTT and TFA. Reduction of the disulfide bonds with TCEP, a reducing 

reagent compatible with cysteine-maleimide coupling,56 was also tested but did not 

lead to any significant improvement. Fast re-dissolving of the protein pellet and 

addition to the freeze-dried oligonucleotide also turned out to be important: slightly 

longer incubation time in CHES buffer at pH 9.2 increased the amount of dimer 

formation in the reaction mixture and lowered conversions.  

Different protein:oligonucleotide ratios were also tested; an excess of 

oligonucleotide improved conversions, yet a large excess of oligonucleotide is not 

recommended to avoid unspecific coupling of the maleimide-modified 

oligonucleotides to residues other than the desired cysteine. Although, the 

nucleophilicity of the thiol group is higher when compared to the amino groups of 

lysines and of the N-terminus, under the denaturing conditions of the coupling 

reaction, all amino acids are solvent exposed and more likely to react. 3 equivalents 

of oligonucleotide were found to be ideal. Coupling with oligonucleotides of 

different length (12-mers, 16-mers) was also tested, as well as 5’- or 

3’-modification, but did not result in significant differences.  

Under optimized conditions, conversions of around 50-60% were observed 

(estimated from the Tricine-SDS-PAGE) (Figure 10) although the overall 

reproducibility of the procedure was poor. Moreover, in several coupling reactions 

the appearance of bands with an apparent higher molecular weight was observed, 

indicative of coupling more than one oligonucleotide to the protein fragments. A 

1:1 protein:oligonucleotide ratio in the conjugate is important, as proteins with 

more than one oligonucleotide attached would result in a significant error when 

determining the concentration of the conjugates (measured via absorption at 260 

nm). Ultimately though, the inherent lack of reproducibility of the 

cysteine-maleimide conjugation forced us to explore different coupling strategies 

in order to obtain protein-DNA conjugates in higher yields and purities. 

2.4.4 Synthesis of protein-DNA conjugates via copper catalyzed azide alkyne 

cycloaddition (CuAAC) 

Cu(I)-catalyzed 1,3-dipolar azide-alkyne cycloaddition (CuAAC) was selected as 

an alternative to cysteine-maleimide coupling to prepare protein-DNA conjugates. 

This strategy has already been applied to the ligation of protein and peptides to 

oligonucleotides.54,57–60 In order to utilize CuAAC for the synthesis of 
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protein-DNA conjugates an azide and an alkyne functionality needed to be 

introduced in each of the reactant. Since mDHFR fragments containing terminal 

cysteines were available from the previous approach, an alkyne functionality was 

introduced into the protein fragments by alkylation of the thiol group with 

N-propynyl iodoacetamide as reported in literature.61 Consequently, the azido 

moiety was introduced on the oligonucleotides. 

 
 

Sequence (5’-3’) 

Oligo9 N3-(CH2)2-CO-NH-(CH2)6-GACATGTCTGACCTTG 

Oligo10 GACTGGTGAGAACGCT-(CH2)6-NH-CO-(CH2)2-N3 
 

Figure 11: Synthesis of azide-functionalized oligonucleotides. 

3’- and 5’-azide-functionalized oligonucleotides were prepared starting from 

commercially available amino-modified oligonucleotides by conjugation with 

excess of the NHS ester of 3-azidopropionic acid (Figure 11). Reaction mixtures 

were incubated overnight at 25 °C and the resulting azide-functionalized 

oligonucleotides were purified by size exclusion chromatography and analyzed by 

rp-HPLC and MALDI-TOF and lyophilized (Table 3).  

To introduce the alkyne moiety on the mDHFR fragments containing cysteines, 

a reaction with 30 eq. propynyliodoacetamide in 100 mM Tris pH 8.5, 8 M urea 

was performed (Figure 12). The protein fragments were incubated with DTT, 

precipitated with 25% TFA and thoroughly washed with ethanol as described 

previously in order to reduce disulfide bonds. Alkylation with the iodoacetamide 

moiety was performed using degassed buffer and under inert atmosphere at 25 °C 

overnight under continuous shaking. 
 

 
Figure 12: Synthesis of alkyne-functionalized protein fragments 

MALDI-TOF analysis showed formation of the desired product, but also traces 

of di- and tri-functionalized proteins. To prevent the alkylation of other 

nucleophilic amino acid side chains (i.e. lysines), milder reaction conditions were 

tested. Propynylbromoacetamide was used instead of the iodo derivative and the 

reaction was evaluated at different pH (7.8, 8.0, 8.2). 10 equivalents of alkylating 

reagent in 100 mM Tris buffer pH 8.0 containing 8 M urea provided the best 

results. MALDI-TOF analysis showed the exclusive formation of the 
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monoalkylated product, albeit not quantitatively. However, for this reaction lower 

conversions were considered to be a better option than multi-functionalization of 

the protein. Unlabeled protein will, indeed, not interfere in the CuAAC to the 

oligonucleotide and could later be separated from the protein-DNA conjugate. On 

the other hand, the introduction of more than one alkyne moiety on the protein 

might result in coupling of more than one oligonucleotidic sequence. The excess of 

propynyl-bromoacetamide was removed from the reaction mixtures by repeated 

precipitation of the protein with 25% TFA in water.  

Coupling of alkyne-mDHFR fragments with azide-functionalized 

oligonucleotides was performed under inert atmosphere by dissolving protein 

pellets in degassed 100 mM NaH2PO4 pH 8.0, 8 M urea containing the 

azide-modified oligonucleotide (1.2 eq) as well as CuSO4
.5H2O, THPTA and 

sodium ascorbate (Figure 13a). Reactions were incubated overnight at 25 °C and 

analyzed by Tricine-SDS-PAGE (Figure 13b).  

Tricine-SDS-PAGE showed formation of mDHFR-DNA conjugates for both 

fragments, corresponding to the bands around 20 a 24 KDa for C- and N-terminal 

fragment, respectively. Conversions cannot be estimated from these gels, since the 

lower bands presumably contain both the alkyne-modified and free cysteine 

proteins.  

a) 

 

 

 

b) 

 
 

 

Figure 13: a) Synthesis of mDHFR fragments-DNA conjugates via CuAAC b) 

Tricine-SDS-PAGE of reaction mixture of CuAAC coupling. 100 µM of protein (100 nmol), 120 

µM oligonucleotide in 100 mM NaH2PO4 pH 8.0, 8 M urea at 25 °C, 16 h. Left: triplicates of the 

reaction of Nterm-mDHFR-alkyne with Oligo9. Right: triplicates of the reaction of 

Cterm-mDHFR-alkyne with Oligo10.  

With the exception of a slight variation in the preceding alkylation reaction, the 

CuAAC bioconjugation proved much more reproducible than the previously 

employed cysteine-maleimide strategy. Protein-DNA conjugates were incubated 

with EDTA to remove Cu2+ ions and purified, after removal of EDTA with 

repeated ultracentrifugation, in a two-step protocol. First, strong anion exchange 

chromatography was used to separate the protein-DNA conjugates from the 

alkyne-functionalized protein, the unreacted cysteine proteins and possible dimers. 

Elution from the anion exchange column with high ionic strength buffer afforded a 
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mixture that contained protein-DNA conjugates and unreacted oligonucleotide 

(Figure 14a). These elution fractions were then concentrated and loaded onto a 

Ni-NTA column, on which only the protein-DNA conjugates were retained. 

Following several wash steps to remove the excess of unbound oligonucleotides, 

elution under acidic conditions (pH 4.0) afforded pure protein-DNA conjugates as 

judged by Tricine-SDS-PAGE (Figure 14b). 

a)              Nterm mDHFR_Oligo9                  Cterm mDHFR_Oligo10 

 
b)           Nterm mDHFR_Oligo9                  Cterm mDHFR_Oligo10        c) 

 
 

Figure 14: a) UV traces of anion exchange chromatography of protein-DNA conjugates.            

b) Tricine-SDS-PAGE after Ni-NTA affinity chromatography of protein-DNA conjugates. (A) 

Indicates the first peak eluted from the anion exchange chromatography. c) Tricine-SDS-PAGE 

of purified protein-DNA conjugates: (1) Nterm mDHFR_Oligo9 and (2) Cterm mDHFR_Oligo10. 

2.4.5 Split mDHFR reassembly assay 

The reassembly of the mDHFR split enzyme was verified first by DNA 

hybridization as previously reported,34 then the small molecule mediated 

reassembly was tested. To monitor the reassembly of mDHFR into an active 

conformation, the catalytic activity of the enzyme was assayed in the 

NADPH-dependent reduction of dihydrofolate to tetrahydrofolate. This reaction is 

conveniently monitored by UV-visible spectroscopy following changes in the 

NADPH absorption at 340 nm.46,47 A rapid dilution protocol that has previously 

been reported was used to assess the reassembly of mDHFR: unfolded mDHFR is 

known to refold and recover catalytic activity when diluted in buffer without 

denaturing agent in presence of its natural substrates.47  

Equimolar amounts of Nterm-mDHFR_Oligo9, Cterm-mDHFR_Oligo10 and the 

template DNA were pre-mixed under denaturing conditions and subsequently 

diluted into the reaction buffer containing dihydrofolate (100 µM) to a final 

concentration of 0.1 µM. NADPH was added last (100 µM) to initiate the reaction 
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and the progress was monitored following the absorbance at 340 nm over time 

(Figure 15).  

As previously reported,34,47 in absence of the template DNA, the two fragments 

of mDHFR do not reassemble into an active conformation and no catalytic activity 

was observed (curve 2 – pink). Conversely, in presence of the fully complementary 

DNA template, a rapid consumption of NADPH was observed (curve 3 – green), 

demonstrating that the secondary interactions provided by DNA hybridization 

mediate the reassembly of the split mDHFR enzyme.  
 

 
Figure 15: Kinetic curves for the consumption of NADPH in the reduction of dihydrofolate to 

tetrahydrofolate. Uncatalyzed NADPH degradation (1 – black, dashed), Nterm-mDHFR_Oligo9 + 

Cterm-mDHFR_Oligo10 (2 – pink), Nterm-mDHFR_Oligo9 + Cterm-mDHFR_Oligo10 + template 

DNA (3 - green), full length mDHFR (4 – Blue). 

Compared to the previously reported DNA-mediated split mDHFR, this split 

enzyme proved to catalyze the reduction of dihydrofolate to tetrahydrofolate 

3-times slower in presence of the fully complementary template DNA, with an 

initial rate of 0.1±0.01 sec-1. This difference might either be a result of different 

purities of the protein-DNA conjugates or of the different linkers between the 

protein and the oligonucleotides. Indeed due to the different coupling strategies 

used, different linkers are present between the protein fragments and the 

oligonucleotides that might result in different conformations of the reassembled 

enzymes. Nevertheless, reassembly of the enzyme was observed, providing a 

valuable comparison for the small molecule-mediated reassembly approach. 

The reassembly of the split mDHFR mediated by small molecules with the 

cyclodextrin-DNA conjugates was tested in a similar fashion. Equimolar amounts 

of protein-DNA conjugates (Nterm-mDHFR_Oligo9 and Cterm-mDHFR_Oligo10) 

and of cyclodextrin-DNA conjugates (Oligo13 and Oligo14) were pre-mixed under 

denaturing conditions at a final concentration of 2 µM. The effector molecule 

bis(2-((1R,3R,5S)-adamantan-1-yl)ethyl) phosphate was added at a final 

concentration of 4 µM. Then, the pre-mixed solution was diluted 20 times in the 

reaction buffer containing dihydrofolate. As before, NADPH was added to the 

mixture and the changes in absorbance at 340 nm were monitored over time 

(Figure 16).  
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As expected, no reassembly was observed in presence of the two fragments of 

mDHFR and the two cyclodextrin-DNA conjugates (line 2, blue), but also no 

reassembly was detected when the effector molecule was present in the mixture 

(line 3, pink). This lack of activity could be attributed to the fact that 

supramolecular interactions between the cyclodextrins and the bisadamantyl 

phosphate are not strong enough to reassemble the two split mDHFR fragments 

into an active conformation, or that, under the reaction conditions, the 2:1 complex 

between the cyclodextrins and the guest molecule is not formed. 

 
Figure 16: Kinetic curves for the consumption of NADPH in the reduction of dihydrofolate to 

tetrahydrofolate. Nterm-mDHFR_Oligo7 + Cterm-mDHFR_Oligo8 (1–black), 

Nterm-mDHFR_Oligo7 + Cterm-mDHFR_Oligo8 + Oligo13 + Oligo14 (2-blue), 

Nterm-mDHFR_Oligo7 + Cterm-mDHFR_Oligo8 + Oligo13 + Oligo14 + bis-adamantyl 

phosphate (3-pink), Nterm-mDHFR_Oligo7 + Cterm-mDHFR_Oligo8 + template DNA (4 – green, 

dashed). 

In the assumption that the designed system resembles the structure of 

cyclodextrin dimers, the binding affinity of the guest molecule to the cyclodextrin 

is expected to be around 107 M-1.49,50 In the reaction conditions (0.1 µM 

cyclodextrin-DNA conjugates, 0.2 µM bisadamantyl phosphate) considering a 

binding affinity of 107 M-1, around 30% of the guest molecules should be bound to 

the cyclodextrins (considered as a dimer, distribution diagram simulated by 

HysS2009 software). Addition of an excess of guest molecule would promote the 

formation of the complex, but it might also favor the formation of 1:1 complexes 

instead of the 2:1 complex that would be needed to mediate the reassembly of the 

split enzyme. Also, an excess of guest molecule could lead to unspecific 

interactions with the protein structure that might alter the activity of the enzyme. 

Determination of the binding affinity of the guest molecule for the cyclodextrins in 

the designed system would allow to adjust the concentration of all components and 

perform the reassembly assay in conditions in which the complex is formed. 

Unfortunately, attempts to measure the binding affinity via Isothermal Titration 

Calorimetry (ITC) were not successful yet.  
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2.5 Conclusions 

In conclusion, this chapter described the design and development of an artificial 

allosteric split enzyme for small molecule recognition. This split enzyme is 

characterized by a modular assembly of the components. 

Cyclodextrin-oligonucleotide conjugates were successfully obtained via CuAAC 

approach from 6-azido-β-cyclodextrins and alkyne-functionalized oligonucleotides. 

The strategy for the synthesis of mDHFR fragment-oligonucleotide conjugates was 

optimized from a previously reported method34 applying CuAAC. The use of 

CuAAC, instead of cysteine-maleimide coupling, involves one extra step of protein 

functionalization to introduce the alkyne moiety on cysteine functionalized 

mDHFR fragments, but proved to give more reproducible results in terms of 

conversion towards the protein-DNA conjugate. Optimization of the reaction 

conditions for the alkyne functionalization of the protein gave rise exclusively to 

the mono-alkylated protein. The design of protein fragments involving in vivo 

incorporation of non-natural amino acids containing either an alkyne55 or an azide54 

moiety could also be explored in future studies. 

As proof of principle, this system enabled the reassembly of the split mDHFR 

when a fully complementary template strand was used. Unfortunately, when the 

cyclodextrin-DNA conjugates and bisadamantyl phosphate as an effector molecule 

were employed, no catalytic activity was observed. Further studies should focus on 

elucidating the binding affinity of the effector molecule toward the 

cyclodextrin-DNA conjugates, in order to tune the reactions conditions and ensure 

the formation of the 2:1 complex between cyclodextrin-DNA conjugates and the 

effector molecule under the assay conditions. Possibly the use of guest molecules 

such as 6-(4-tert-butylanilino)naphthalene-2-sulfonate (BNS) that result in an 

increase in fluorescence signal upon complexation to the cyclodextrins would lead 

to easier determination of the binding affinity.50 

2.6 Experimental section 

2.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich, Acros, Alfa Aesar (3-maleimidopropionic acid 

N-hydroxysuccinimide ester) or TCI Europe (6-maleimidohexanoic acid N-hydroxysuccinimide 

ester) and used without further purification. 1H-NMR and 13C-NMR spectra were recorded on a 

Varian 400 MHz in CDCl3, DMSO-d6 or methanol-d4. Chemical shifts (δ) are denoted in ppm 

using residual solvent peaks as internal standard. rp-HPLC analysis were performed on a 

Shimadzu LC-10AD VP, Waters Xterra MS C18 column (3.0 x 150 mm, particle size 3.5 μm) 

using a gradient of CH3CN/triethylammonium acetate (TEAA) buffer 50 mM at pH 7; gradient: 

5/95 0 to 10 min, to 35/65 at 60 min, to 70/30 at 65 min. Flow: 0.5 mL/min. MALDI-TOF 

measurements were carried out on a Voyager-DE Pro apparatus. Matrices used for 

measurements: THAP (oligonucleotides): 50% 2, 4, 6- trihydroxyacetophenone in ethanol (10 

mg/mL), 50% ammonium citrate dibasic in milliQ water (20 mg/mL), 0.1 % TFA. HPA 

(oligonucleotides): 90% saturated 3-hydroxypicolinic acid in milliQ water:CH3CN 1:1, 10% 
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ammonium citrate dibasic in milliQ water (100 mg/mL), 0.1 % TFA.  SA (proteins): 10 mg/mL 

of sinapic acid in milliQ water:CH3CN 10:75, 0.1 % TFA. DHB (cyclodextrins) 10 mg/mL of 

2,5-dihydroxybenzoic acid in milliQ water:CH3CN 1:1, 0.1 % TFA. UV-visible spectra were 

recorded on Jasco V-660 Spectrophotometer at 25 °C. mDHFR assays were conducted in quartz 

cuvettes with a 1 cm path length. Oligonucleotides were purchased from BioTez Berlin-Buch 

GnbH. Preparative size exclusion chromatography on oligonucleotides was performed with 

Sephadex TM G-25 DNA Grade. DNA denaturing gels were performed in minigel BioRad 

apparatus and staining was obtained with Stains-All (Sigma-Aldrich). The concentration of the 

protein and oligonucleotides was measured with Nanodrop 2000 (Thermo Scientific). Extinction 

coefficients of proteins (ε280) and of oligonucleotides (ε260) were calculated using the Protparam 

tool on the Expasy server and the oligoanalyzer tool on the Integrated DNA Technology website, 

respectively. E. coli BL21 (DE3) were used for protein production. Centrifugation was 

performed using a Beckman Coulter Avanti J-E centrifuge. Äkta Purifier 900 (GE Healthcare) 

was used for Fast Protein Liquid Chromatography (FPLC). FPLC columns (HiTrap QFF, 

HisTrap HP and Superdex 75 10/300 GL) were purchased from GE Healthcare. Ni-NTA agarose 

resine was purchased from Qiagen. Tricine-SDS-PAGE were performed in minigel BioRad 

apparatus and Coumassie staining was obtained with InstantBlue, (Expedeon). The concentration 

of proteins was achieved with ultracentrifugation filters Amicon-ultra 15mL and 0.5 mL. 

Expression plasmids pTWINXa-mDHFR, pTWINXa-Nterm-mDHFR and 

pTWINXa-GGSGG_Cterm-mDHFR encoding for full length mDHFR and 1-105 fragment and 

106-186 fragment of mDHFR respectively, were available from previous work.34  

2.6.2 Synthesis 

Mono-6-deoxy-6-(p-tolylsulfonyl)-β-cyclodextrin (1) was synthesized 

according to a literature procedure55 starting from 1.5 g (1.32 mmol) of 

β-cyclodextrin with a 20% yield (335 mg, 260 mmol). The product was 

analyzed by MALDI-TOF (DHB): m/z meas.1311 Da for [M+Na]+ (m/z calc. 

C49H76O37SNa = 1312.16 Da) 
 

Mono-6-deoxy-6-azido-β-cyclodextrin (2) was synthesized according to a 

literature procedure55 starting from 177 mg (0.137 mmol) of 1 and it was 

obtained with a 39% yield (62 mg, 0.053 mmol). The product was analyzed by 

MALDI-TOF (DHB): m/z meas. 1161 Da for [M+H]+ and 1183 Da for 

[M+Na]+ (m/z calc. C42H69N3O34 1160.00 Da). 
 

4-Pentynoic acid N-hydroxysuccinimide ester (3) was synthesized 

adapting a literature procedure.54 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC.HCl, 1.1 mg, 5.6 mmol) was added to a 

solution containing 4-pentynoic acid (500 mg, 5 mmol) and 

N-hydroxysuccinimide (644 mg, 5.6 mmol) in 50 mL dichloromethane. The 

resulting mixture was stirred at room temperature overnight and then washed with saturated 

NaHCO3 and saturated NaCl. The organic layer was separated, dried over anhydrous Na2SO4 and 

evaporated in vacuo. Recrystallization from cold ethanol afforded the pure product as a white 

solid in 44% yield (428 mg, 2.2 mmol). Analytical data were in accordance with those previously 

published. 1H-NMR (CDCl3, 400 MHz) δ (ppm): 2.05 (t, J=2.6 Hz, 1H), 2.62 (td J1=2.6 Hz, 

J2=7.0 Hz, 2H), 2.84 (s, 4H), 2.88 (t, J=7.0 Hz, 2H).  
 

3-azido-1-propanol (4) was synthesized according to a literature procedure64 

starting from 1.4 g of 3-bromo-1-propanol with a 70% yield (709 mg, 7 mmol). 

Analytical data were in accordance with those previously published .1H-NMR 

(CDCl3, 400 MHz) δ (ppm): 1.81 (quin, J=6.0 Hz, 2H), 2.01 (s, 1H), 3.43 (t, J=8.0 Hz, 2H), 3.73 

(t, J=8.0 Hz, 2H). 

 

 
 

http://www.sigmaaldrich.com/catalog/product/sigma/85707
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3,3',3''- (4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4-1

diyl))tris(propan-1-ol) (THPTA) (5) was synthesized adapting a 

literature procedure.65 Tripropargylamine (130 mg, 1.0 mmol) in 

an acetonitrile:methanol 1:1 solution (3 mL) was cooled to 0 °C in 

an ice bath and 4 (350 mg, 3.5 mmol), 2,3-lutidine (110 mg, 1.0 

mmol) and Cu(MeCN)4PF6 (26 mg, 0.07 mmol) were added. The 

reaction mixture was stirred at room temperature for 3 days after 

which the solvent was evaporated. The crude mixture was 

dissolved in methanol (2 mL) and the product was precipitated in acetonitrile (10 mL) overnight 

at 4 °C. The product was obtained as a white solid with a 62% yield (942 mg, 2.2 mmol). 

Analytical data were in accordance with those previously published .1H-NMR (D2O, 400 MHz) δ 

(ppm): 2.01 (m, 6H), 3.56 (t, J=5.9 Hz, 6H), 3.74 (s, 6H), 4.50 (t, J=6.9 Hz, 6H), 4.50 (t, J=6.9 

Hz, 6H), 7.98 (s, 3H).  
 

bis(2-((1R,3R,5S)-adamantan-1-yl)ethyl) phosphate (6) was 

synthesized according to a literature procedure50 starting from  2 g 

(11 mmol) of 1-adamantane ethanol with a 9% yield (400 mg, 0.1 

mmol)). Analytical data were in accordance with those previously 

published. 1H-NMR (CDCl3, 400 MHz) δ (ppm): 1.37-1.53 (m, 14H), 1.61-1.72 (m, 12H), 1.94 

(m, 6H), 4.10 (m, 4H); 31P-NMR (CDCl3 160 MHz) δ (ppm): 84.53; ESI-MS(-): m/z measured 

421 Da for [M-H]- (m/z calculated C24H39O4P 422,55 Da). 
 

3-(Maleimido)propionic acid N-hydroxysuccinimide ester (7) was 

synthesized according to a literature procedure66 starting from 2 g (22 

mmol) of β-alanine with a 55% yield (3.2 g, 12 mmol). Analytical data 

were in accordance with those previously published. 1H-NMR (CDCl3, 400 

MHz) δ (ppm): 2.81 (s, 4H), 3.01 (t, J=7.0 Hz, 2H), 3.93 (t, J=7.0 Hz, 2H), 

6.73 (s, 2H). 

 

3-azidopropionic acid (8) was synthesized according to a literature procedure67 

starting from 3 g of bromopropionic (20 mmol) acid with a 47% yield (1.1 g, 9.4 

mmol). Analytical data were in accordance with those previously published. 
1H-NMR (CDCl3, 400 MHz) δ (ppm): 2.62 (t, J=6.4 Hz, 2H), 3.59 (t, J=6.3 Hz, 

2H)  
 

3-azidopropionic acid N-hydroxysuccinimide ester (9) was synthesized 

according to a literature procedure67 starting from 1.1 g of 8 (9.4 mmol) with 

a 90% yield (1.8 g, 8.4 mmol). Analytical data were in accordance with those 

previously published. 1H-NMR (CDCl3, 400 MHz) δ (ppm): 2.83 (s, 4H), 2.81 

(t, J=6.6 Hz, 2H)  
 

N-propynyl iodoacetamide (10) and N-propynyl bromoacetamide (11) were 

synthesized adapting a literature procedure.61 Iodoacetic acid (1 g, 5.4 mmol) or 

bromoacetic acid (0.75 g, 5.4 mmol), propargylamine (326 mg, 5.9 mmol), 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl, 1.03 

g, 5.4 mmol) and dimethylaminopyridine (66 mg, 0.54 mmol) were dissolved in 

20 mL of CH2Cl2. The mixture was stirred overnight at room temperature, then 20 mL of a 

saturated NaHCO3 solution were added. The organic layer was separated and the mixture 

extracted once with 10 mL saturated NaCl. The combined organic layers were dried over 

anhydrous Na2SO4 and the solvent was evaporated in vacuo. N-propynyl iodoacetamide and 

N-propynyl bromoacetamide were obtained as yellowish solid in 40% (481 mg, 2.16 mmol) and 

26% (253 mg, 1.43 mmol) yield, respectively. Analytical data for N-propynyl iodoacetamide 

were in accordance with those previously published. N-propynyl iodoacetamide 1H-NMR 

(CDCl3, 400 MHz) δ (ppm): 2.28 (t, J=2.49 Hz, 1H), 4.10 (s, 2H), 4.11-4.12 (m, 2H). 

N-propynyl bromoacetamide 1H-NMR (CDCl3, 400 MHz) δ (ppm): 2.28-2.29 (m, 1H), 4.09 (s, 

2H), 4.10-4.11 (m, 2H). 
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2.6.3 Synthesis of alkyne-functionalized oligonucleotides 

0.1 µmol of a stock solution of amino-modified-oligonucleotide in H2O were diluted in NaH2PO4 

200 mM, pH 7.2 to a total volume of 0.9 mL. 100 μL of a stock solution 4-pentynoic acid 

succinimidyl ester (200 mM in N,N-dimethylformamide (DMF), 200 equivalents) were added to 

this solution. The reaction was incubated at 25 °C overnight under continuous shaking (800 

rpm). The product was purified from the excess of linker by size exclusion chromatography 

(SephadexTM G-25 DNA Grade, 50 mM TEAA buffer pH 7.0) and lyophilized. Characterization 

was performed by rp-HPLC and MALDI TOF (THAP). 
 

Table 1 rp-HPLC retention times and MALDI-TOF of alkyne-functionalized oligonucleotides 

 
Sequence (5’-3’) 

r.t.  

(min) 

MW 

meas 

MW 

calc 

Oligo1 GTCAGACATGTC-(CH2)6-NH-CO-(CH2)2-C≡C 35.94 3908 3904 

Oligo2 C≡C-(CH2)2-CO-NH-(CH2)6-AGCGTTCTCACC     35.79 3843 3840 

Oligo3 CAAGGTCAGACATGTC-(CH2)6-NH-CO-(CH2)2-C≡C 34.72 5148 5147 

Oligo4 C≡C-(CH2)2-CO-NH-(CH2)6-AGCGTTCTCACCAGTC 25.64 5083 5077 

 

2.6.4 Synthesis of maleimide-functionalized oligonucleotides 

0.1 µmol of a stock solution of amino-modified-oligonucleotide in H2O were diluted in NaH2PO4 

200 mM, pH 7.2 to a total volume of 0.9 mL. 100 μL of a stock solution of 

3-maleimidopropionic acid N-hydroxysuccinimide ester (200 mM in DMF, 200 equivalents) 

were added to this solution. The reaction was incubated at 25 °C for 2 h under continuous 

shaking (800 rpm). The product was purified from the excess of linker by size exclusion 

chromatography (SephadexTM G-25 DNA Grade, 50 mM TEAA buffer pH 7.0) and lyophilized. 

The purification of the maleimide-functionalized oligonucleotides by ethanol precipitation was 

performed by addition of 100 µL of sodium acetate buffer at pH 5.2 to a final concentration of 

0.3 M and incubation of the solution at -20 °C for 1-2 h. The precipitate was centrifuged at 

13000 rpm for 30 min and washed 3 times with 70% ethanol before being air dried or 

lyophilized. Characterization was performed by rp-HPLC and MALDI-TOF (THAP). 
 

Table 2 rp-HPLC retention times and MALDI-TOF of maleimide-functionalized 

oligonucleotides 

 
Sequence (5’-3’) 

r.t.  

(min) 

MW 

meas 

MW 

calc 

Oligo5 Maleimide-CO-NH2-(CH2)6-GACATGTCTGACCTTG 35.12 3978 3977 

Oligo6 GGTGAGAACGCT-(CH2)6-NH-CO-Maleimide 35.01 4039 4040 

Oligo7 Maleimide-CO-NH2-(CH2)6-GACATGTCTGACCTTG 36.24 5194 5200 

Oligo8 GACTGGTGAGAACGCT-(CH2)6-NH2-CO-Maleimide 35.54 5284 5275 

 

2.6.5 Synthesis of azide-functionalized oligonucleotides 

0.1 µmol of a stock solution of amino-modified-oligonucleotide in H2O were diluted in NaH2PO4 

200 mM pH 7.2 to a total volume of 0.9 mL. 100 μL of a stock solution 3-azidopropionic acid 

succinimidyl ester (200 mM in DMF, 200 equivalents) were added to this solution. The reaction 

was incubated at 25 °C overnight under continuous shaking (800 rpm). The product was purified 

from the excess of linker by size exclusion chromatography (SephadexTM G-25 DNA Grade, 50 

mM TEAA buffer pH 7.0) and lyophilized. Characterization was performed by rp-HPLC and 

MALDI TOF (THAP/HPA). 
 

Table 3 rp-HPLC retention times and MALDI-TOF of azide-functionalized oligonucleotides 

 
Sequence (5’-3’) r.t. (min) 

MW 

meas 

MW 

calc 

Oligo9 N3-(CH2)2-CO-NH-(CH2)6-GACATGTCTGACCTTG 29.21 5139 5147 

Oligo10 GACTGGTGAGAACGCT-(CH2)6-NH-CO-(CH2)2-N3 28.76 5210 5220 
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2.6.6 Synthesis of cyclodextrin-DNA conjugates via CuAAC 

A solution of mono-6-deoxy-6-azido-β-cyclodextrin in DMSO (100 µL, stock solution 20 mM) 

was added to a solution of alkyne-modified oligonucleotide in 200 mM NaH2PO4 pH 7.5 (250 

µL 10 nmol). Subsequently, a pre-mixed solution of CuSO4
.5H2O, THPTA and sodium ascorbate 

(150 µL of stock CuSO4
.5H2O 1.7 mM, THPTA 5.5 mM and sodium ascorbate 17 mM in milliQ 

water) was added. Final concentrations: mono-6-deoxy-6-azido-β-cyclodextrin 3.5 mM, 

oligonucleotide 20 µM, CuSO4 0.5 mM, THPTA 1.6 mM and sodium ascorbate 5 mM in 500 

µL. The reaction was incubated at 40 °C for 4 hours under continuous shaking (800 rpm). The 

reaction mixture was analyzed by denaturing PAGE (TBE buffer, 250 V, 60 min), injected on an 

anion exchange column (QFF column) and then flushed with 20 mM Tris, pH 8.0. After elution 

of the excess cyclodextrin, a gradient of 5 minutes with 20 mM Tris pH 8.0, allowed elution of 

the conjugates. The elution fractions were pooled, desalted by size exclusion chromatography 

(Sephadex G-25 DNA-grade, CH3CN/TEAA 50 mM pH 7.0) and the resulting product was 

freeze-dried. Characterization was performed by rp-HPLC and MALDI-TOF (THAP/HPA). 
 

Table 4 rp-HPLC retention times (r.t.) and MALDI-TOF of cyclodextrin-DNA conjugates 

 
Sequence (5’-3’) 

r.t. 

(min) 

MW 

meas 

MW 

calc 

Oligo11 GTCAGACATGTC - (CH2)6-NH-CO-(CH2)2-C2N3-βCD 33.52 5063 5064 

Oligo12 βCD -C2N3-(CH2)2-CO-NH-(CH2)6-AGCGTTCTCACC 33..25 5001 5000 

Oligo13 CAAGGTCAGACATGTC-(CH2)6-NH-CO-(CH2)2-C2N3-βCD 26.73 6311 6308 

Oligo14 βCD-C2N3-(CH2)2-CO-NH-(CH2)6-AGCGTTCTCACCAGTC 26.93 6235 6237 

 

2.6.7 Expression and purification of mDHFR fragments 

Plasmids pTWINXa-mDHFR, pTWINXa-Nterm-mDHFR and pTWINXa-GGSGG_Cterm-mDHFR 

were transformed into E. coli BL21 (DE3) cells, which were spread onto an agar plate containing 

100 μg/mL of ampicillin. Single colonies were selected after overnight growth and used to 

inoculate 5 mL LB medium containing the same antibiotic. This starter culture was grown at 37 

°C overnight and used to inoculate 500 mL fresh LB medium with the same antibiotic. The 

cultures were grown at 37 °C and when OD600 reached 0.6 (0.9 for Cterm-mDHFR) isopropyl 

β-D-1-thiogalactopyranoside (IPTG, 1 mM) was added to induce the expression of the target 

proteins. Expression was performed at 30 °C overnight (37 °C for Nterm-mDHFR). Cells were 

harvested by centrifugation (6000 rpm, JA-10, 20 min, 4 °C), and the pellet was resuspended in 

100 mM NaH2PO4, pH 8.0, 100 mM Tris-HCl, 8 M urea (10 mL). The cell lysate was incubated 

at room temperature for 30 min under continuous shaking and centrifuged (10000 rpm, JA-17, 30 

min, 4 °C.). The supernatant was loaded onto a pre-packed Ni Sepharose High Performance 

column (HisTrap HP, 1 mL) with a flow of 0.5 mL/min. Once all the cell-free extract was 

injected and no more protein was eluting (no absorbance at 280 nm), the column was washed 

with 10-15 column volumes (CVs) of 100 mM NaH2PO4 pH 6.3, 100 mM Tris-HCl, 8 M urea 

and finally the protein was eluted with 10-15 CVs of 100 mM NaH2PO4 pH 4.0, 100 mM 

Tris-HCl, 8 M urea (purification of full length mDHFR was performed manually on Ni-NTA 

column, Qiagen). The elution fractions were analyzed on a 12% polyacrylamide Tricine-SDS gel 

followed by Coumassie staining. The fractions containing protein were pooled and concentrated 

using Amicon Ultra-15 centrifugation filters. The concentration of the proteins was measured 

with Nanodrop 2000, using the calculated extinction coefficients: full length mDHFR ε280= 

74600 M-1cm-1
, Nterm-mDHFR ε280= 12490 M-1cm-1, Cterm-mDHFR ε280= 12950 M-1cm-1. Typical 

expression yields for full length mDHFR, Nterm-mDHFR and Cterm-mDHFR were typically 30-34 

mg/L, 10-14 mg/L and 6-13 mg/L respectively. Exact mass was measured for each protein, 

(ESI+, TOF). 

Full length mDHFR: MWmeas=23659 Da (MWcalc=23658 Da)  

Nterm-mDHFR: MWmeas=14341 Da (MWcalc=14341 Da)  

Cterm-mDHFR: MWmeas=11008 Da (MWcalc=11140 Da, -Met 11008 Da) 
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2.6.8 Alkyne functionalization of mDHFR fragments 

A protein solution (100 nmol) in 100 mM NaH2PO4 pH 4.0, 100 mM Tris-HCl, 8 M urea was 

brought to pH 8 with NaOH 2.5 M solution and DTT to a final concentration of 0.1 M was 

added. The solution was incubated for 1 h at 25 °C under continuous shaking. Then, 1 mL of 

25% trifluoroacetic acid (TFA) in water was added and the mixture was incubated on ice for 1 h. 

The mixture was centrifuged at maximum speed (13000 rpm) for 10 min and the pellet was 

resuspended in 1 mL of TFA to remove traces of DTT. The mixture was centrifuged at maximum 

speed (13000 rpm) for 10 min and the pellet was washed with ethanol several times, air dried and 

then stored under nitrogen atmosphere. The protein pellet was re-dissolved under nitrogen 

atmosphere in degassed 100 mM Tris-HCl pH 8.0, 2 mM EDTA, 8 M urea (900 μL, final 

concentration protein 100 µM) and a 10 times molar excess of N-propynyl iodoacetamide or 

N-propynyl bromoacetamide from a 100 mM stock solution in DMF was added (10 µL, final 

concentrations 100 µM protein, 1 mM alkyne linker). The reaction was incubated at 25 °C 

overnight under continuous shaking (800 rpm). After this time 4 mL of 25% TFA in water were 

added and the mixture was incubated on ice for 1 h. The mixture was centrifuged at maximum 

speed (13000 rpm) for 10 min and the pellet was washed with ethanol several times, air dried and 

then stored dry until further use. Before TFA precipitation, a sample of the reaction mixture was 

taken and the reaction mixture was analyzed by 12% Tricine SDS-PAGE and MALDI-TOF. 

Nterm-mDHFR_alkyne: MWmeas=14447 Da (MWcalc=14436 Da), 14351 Da (starting material, 

MWcalc=14341 Da)  

Cterm-mDHFR_alkyne: MWmeas=11116 Da (-Met MWcalc=11008 Da), 11248 (unknown +142 

Da from measured Cterm-mDHFR_alkyne) 

2.6.9 Synthesis of protein-DNA conjugates via cysteine-malemide coupling 

Protein solutions eluted from Ni-NTA columns and concentrated in 100 mM NaH2PO4 pH 4.0, 

100 mM Tris-HCl, 8 M urea, were buffered to pH 8.0 by addition of NaOH (2.5 M) and 

incubated with 100 mM DTT for 1 h at 25 °C under continuous shaking. After this time 1 mL of 

25% TFA in water was added and the mixture was incubated on ice for 1 h. The mixture was 

centrifuged at maximum speed for 10 min and the pellet was resuspended in 1 mL of TFA to 

remove traces of DTT. The mixture was centrifuged at maximum speed for 10 min and the pellet 

was washed with ethanol several times, dried to air and then redissolved in 100 mM CHES pH 

9.2, 8 M urea to a final concentration of 100 μM (vortex and sonication used to resuspend the 

pellet, pH 8-9). This protein solution was immediately transferred to the freeze-dried 

maleimide-functionalized oligonucleotide (3 equivalents). The reaction was incubated at 40 °C 

overnight under continuous shaking (800 rpm). Reaction mixtures were analyzed by 12% 

Tricine-SDS-PAGE.  

2.6.10 Synthesis of protein-DNA conjugates via CuAAC 

Under a nitrogen atmosphere, the freeze dried azide-functionalized oligonucleotide was 

dissolved in 925 µL of degassed 100 mM NaH2PO4 pH 8.0, 8 M urea (120 nmol). This solution 

was added to the protein pellet of mDHFR fragment (100 nmol). Subsequently, 75 µL of a 

pre-mixed degassed solution of CuSO4
.5H2O, THPTA and sodium ascorbate (stock of 

CuSO4
.5H2O 13.5 mM, THPTA 2.7 mM and sodium ascorbate 40 mM) in milliQ water were 

added. Final concentrations were: protein 100 µM, oligonucleotide 120 µM, CuSO4 1 mM, 

THPTA 200 µM and sodium ascorbate 3 mM. The reaction was incubated at 25 °C overnight 

under continuous shaking (800 rpm). The reaction mixture was analyzed by 12% 

Tricine-SDS-PAGE. The crude mixture was incubated with EDTA (50 mM) at 25 °C for 1 h 

under continuous shaking (800 rpm) and concentrated to 200 µL with an Amicon-ultra 0.5 mL 

centrifugal filter. The concentrate was reconstituted with 400 µL of 100 mM NaH2PO4 pH 8.0, 8 

M urea and this step was repeated five times. The resulting mixture was injected on a pre-packed 

strong anion exchange column (HiTrap QFF) and the column was washed with 100 mM 

Tris-HCl pH 7.5, 8 M urea, to remove all unreacted protein (5 column volumes, 1 mL/min). The 

conjugates were eluted from the anion exchange in 5 minutes with a high ionic strength buffer 
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(100 mM Tris-HCl pH 7.5, 8 M urea,1 M NaCl). Elution fractions were pooled and loaded onto a 

pre-equilibrated slurry of Ni-NTA (50% Ni-NTA in 20% ethanol, 100 µL) and incubated for 30 

min at room temperature (mixed at 200 rpm on a rotary shaker). The column was washed five 

times with 1 CV of 100 mM NaH2PO4 pH 8.0, 100 mM Tris-HCl, 8 M urea (500 µL) until all 

unreacted oligonucleotide was removed and the conjugate was eluted with five fractions of 0.5 

CV of 100 mM NaH2PO4 pH 4.0, 100 mM Tris-HCl, 8 M urea (5x50 µL). Elution fractions were 

analyzed on a 12% polyacrylamide Tricine-SDS gel followed by Coumassie staining. Fractions 

containing the protein-DNA conjugate were pooled and concentrated using Amicon-ultra 0.5 mL 

centrifugal filters. The concentration of the conjugate was measured with Nanodrop 2000, using 

the calculated extinction coefficients for the oligonucleotide at 260 nm. The contribution of the 

protein to the absorption at 260 nm of the conjugate was considered negligible compared to the 

oligonucleotide. The conjugates were analyzed by analytical size exclusion chromatography 

using a Superdex 75 HR 10/30 column, pre-equilibrated with 100 mM Tris-HCl pH 7.5, 8 M 

urea buffer.  

2.6.11 Split mDHFR reassembly  

Equimolar amounts of Nterm-mDHFR_Oligo7, Cterm-mDHFR_Oligo8, Oligo13 and Oligo14 or 

template DNA were pre-mixed under denaturing conditions (100 mM NaH2PO4 pH 4.0, 100 mM 

Tris-HCl, 8 M urea) to a final concentration of 2 µM (50 µL). When required, the guest 

molecule, bis(2-((1R,3R,5S)-adamantan-1-yl)ethyl) hydrogen phosphate, was added at a final 

concentration of 4 µM. This pre-mixed solution was diluted 20 times in the reaction buffer 50 

mM Tris pH 7.7, 5 mM MgCl2, 3.3 mM KCl, 10 mM DTT containing dihydrofolate (100 µM) 

directly in the cuvette, to a final concentration of 0.1 µM for each component and 0.2 µM for the 

guest molecule. NADPH was added at a final concentration of 100 µM (from a stock solution of 

50 mM in milliQ water). The change in absorbance at 340 nm was monitored over time. The 

sequence of template DNA used for the reassembly (5’-3’) was 

CAAGGTCAGACATGTCAGCGTTCTCACCAGTC. The initial rate for the reduction of 

dihydrofolate to tetrahydrofolate catalyzed by the split enzyme in presence of the fully 

complementary oligonucleotide was calculated as average of three independent experiments and 

the error reported corresponds to the standard deviation. In calculating the initial rate the first 10 

min of reaction time were discarded due to the presence of a lag phase, as previously reported.34 
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Metal-mediated reassembly of a split enzyme 
 

Metal-directed protein self-assemblies are important for the design of 

supramolecular protein complexes, to mediate protein-protein interactions and to 

direct dimerization and oligomerization. In this chapter, the design of a metal 

regulated split enzyme is described. This design involves the introduction of two 

metal binding moieties on each fragment of the split mDHFR. Then, the 

simultaneous coordination of one metal ion to these two ligands is expected to 

mediate the reassembly of the split enzyme. Different design strategies have been 

explored including in vivo incorporation of a metal binding amino acid and the 

introduction of ligands via post-translational modification. 
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3.1 Introduction 

Metal ions are constituents of approximately one-third of all naturally-occurring 

proteins and serve either structural, regulatory and/or functional (catalytic) roles.1,2 

Metal ion coordination can induce conformational changes in protein structures, 

which can drastically change the properties of the protein itself. For instance, the 

initial stage of Alzheimer’s disease is predominantly induced by an α-helix to 

β-sheet transition of β-amyloid-forming peptides that is mediated by metal ion 

coordination.3 Also, zinc finger proteins4 or calmodulin5 are remarkable examples 

in which metal coordination plays an important structural role. Inspired by these 

examples, metal coordination has emerged as a powerful tool for the design and 

engineering of supramolecular protein architectures. Such systems can show new 

structural and functional properties and provide fundamental insights into 

peptide/protein self-assembly. 

Metal-Directed Protein Self-Assembly (MDPSA), as defined by Tezcan and 

coworkers, utilizes the simultaneous stability, lability and directionality of 

metal-ligand bonds to design supramolecular protein structures.6,7 Metal ions are 

indeed able to form relatively strong non-covalent bonds with amino acids side 

chains, which are highly directional, yet reversible. Specifically mid- to late-first 

row transition metals, including Mn, Fe, Co, Ni, Cu and Zn, present fast ligand 

exchange rates, which make them very attractive for studying protein-protein 

interactions.2,8,9 Moreover, transition metal ions have distinct preferences for 

coordination geometry; Ni2+ and Fe2+ prefer an octahedral geometry while Cu2+ 

ligands are arranged tetragonal/square planar and Zn2+ tetrahedral. As a result, 

these metals can direct different assembly geometries when using the same protein 

building block.8,9 In addition to conferring important structural features to a peptide 

or protein scaffold, first row transition metal ions can also provide chemical 

reactivity (e.g. Lewis acidity or redox activity) and stimuli responsiveness, as 

environmental factors can affect the coordination or reactivity of the metal ion 

(external chelators, pH and solution redox state).  

Non-natural metal binding sites have been engineered into protein structures to 

achieve a variety of functions: (1) to induce secondary/tertiary structure in short 

peptides,10–13 (2) to construct metalloenzyme mimics,14,15 (3) to direct the assembly 

of peptides to bind biological targets16,17 or (4) to build up nanostructures.18,19 

In the context of self-assembling systems, peptides are attractive building 

blocks because they are robust, readily synthesized in large quantities and can be 

site-specifically modified with non-natural functionalities. α-Helical coiled-coil 

peptides are the most popular scaffold in protein engineering and Ghadiri et al. 

were among the first to take advantage of selective metal ion complexation to 
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induce high levels of helicity into short monomeric peptides.10–13 On the other 

hand, metal coordination to unnatural amino acids (imidoacetic acid) introduced 

into the α-helical dimerization domains of DNA binding peptides was used to 

modulate their DNA binding abilities via helical destabilization.20,21 Coordination 

of metal ions to unnatural bidentate amino acids (bipyridine or terpyridine) was 

also applied to design a variety of peptide secondary structures,22 to nucleate the 

formation of antiparallel β-sheets23 and to substitute the leucine zipper dimerization 

domains and induce dimerization of DNA binding peptides.16,24,25 The same 

concept of perturbation of α-helical structures upon metal binding was applied to 

modulate the switching properties of an artificial channel peptide26 and the 

enzymatic activity of a semi-synthetic RNase.27 

Notable contributions of metal-mediated peptide assembly are coming from the 

deGrado and Pecoraro groups, who prepared a series of coiled-coil peptides for 

binding, among others, Cu(II),28 Fe(II),29 Cd(II),30 Pb(II),31 As(III),30 Bi(III)31 and 

Hg(II)/Zn(II).32 In addition to serving as valuable models of metal binding sites 

found in natural metalloproteins, some of these designed peptides also displayed 

catalytic activity in hydrolysis32 or oxygen dependent reactions.28,33,34 Similarly, 

Tanaka et al. reported a series of unstructured peptides that assembled into three 

stranded coiled-coils (3SCCs) upon coordination of several metal ions.35,36 Other 

examples of metal mediated self-assemblies of α-helical peptides involved binding 

with interfacial Cu(I),37 Ag(I)18, Cd(II),19,38 Co-porphyrin,19 Cu4-S4
39 and 4Fe-4S 

clusters.40 

Nevertheless, work on metal-mediated peptide assembly is not limited to 

α-helical coiled-coil peptides. Schneider et al. have incorporated a negatively 

charged unnatural metal binding functionality into a 20-residue peptide, which 

folds upon selective Zn2+ coordination into a β-hairpin and further self-assembles 

into a hydrogel.41,42 Moreover, the Chmielewski and Horng groups have 

functionalized collagen peptides with various natural and/or unnatural metal 

coordination motifs obtaining fibers similar to those found in natural collagen43,44 

and other higher-order nanoscale and microscale architectures.43,45,46 Panciera et al. 

synthesized an α,γ-cyclic peptide bearing amino acids featuring a nicotinic acid 

side chain. Upon coordination with Pd2+, this cyclic peptide first dimerized and 

subsequently self-assembled to form nanostructures.47 

In a different approach toward metal-directed protein self-assembly the Tezcan 

group made use of the pre-existing protein scaffold of the small monomeric protein 

cytochrome cb562 (cyt cb562) to generate discrete complexes whose 

oligomerization state and geometry were strictly controlled by metal 

coordination.6,7,48 Coordination of metal ions to natural amino acid residues 

(mostly His6,7,48–51) and non-natural side chains (such as 8-hydroxyquinoline,52 
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1,10-phenanthroline53 or 2,2’:6’2’’-terpyridine54) imparted significant chemical 

and thermal stability to cyt cb562 that could be tuned through the choice of the 

metal  ion.55,56 When taken together with other studies on peptide scaffolds,57,58 

these experiments not only provided useful information about protein-protein 

interactions and dimerization processes,49,59 but also created unusual 

supramolecular architectures that displayed binding to biological targets58 and 

catalysis.60 A slightly different approach toward the design of metal-directed 

protein-protein interactions comes from the work of Der et al. that computationally 

designed a metal-mediated homodimer with high affinity and orientation 

preference.61 

Another example of metal-directed protein self-assembly comes from the work 

of Munch et al., in which they introduced a bipyridine ligand into insulin and, upon 

coordination with Fe2+, achieved the formation of a homotrimer. This reversible, 

metal-triggered self-assembly represents the first example of a well-defined insulin 

trimer and the first insulin variant for which self-assembly could be followed by 

naked eye.62 Furthermore, metal-directed self-assembly of proteins has also been 

applied to facilitate protein crystallization63 and to create one-dimensional metal–

organic protein framework.64 

Metal-mediated dimerization was also reported upon engineering of Zn2+ 

binding sites in surface exposed positions of cyan and yellow variants of GFP.65 

Formation of chelate complexes between the two proteins resulted in enhanced 

dimer formation. The same concept was then applied by the Merkx group to create 

a genetically encoded FRET sensors for Zn2+ based on a chimera of enhanced cyan 

and yellow fluorescent proteins connected by a flexible peptide linker.66 A 

different approach towards the same metal-mediated dimerization was obtained by 

introducing His-tags at the N- or both termini of the chimera. Chelation of Zn2+ by 

the two His-tags resulted in protein dimerization and increase in FRET signal.67 A 

similar approach was also applied to reassemble two inactive His-tagged fragments 

of β-lactamase upon simultaneous binding to Ni2+.68 

The large amount of studies on metal-directed protein self-assembly testifies to 

the utility of metal ion coordination to engineer peptide and protein assemblies. 

These assemblies display large structural and functional diversity, provide useful 

insight in the world of protein-protein interactions and have properties that are of 

interest for biological applications, nanotechnology and catalysis.  

3.2 Aim 

Given the potential of metal-directed protein self-assemblies to design 

supramolecular protein complexes, mediate protein-protein interactions and direct 
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oligomerization, here metal coordination is applied to facilitate the reassembly of a 

split enzyme. The simultaneous coordination of one metal ion to two ligands 

installed on each protein fragment is expected to provide the secondary interactions 

needed for the reassembly of the split fragments into an active conformation. This 

system would provide a different example for metal-directed protein self-assembly 

that could have potential applications in metal ion sensing. 

3.3 Design 

The design of the metal-mediated split enzyme is based on the split mDHFR 

described in literature69 and in Chapter 2. As before, mDHFR is split into two 

fragments, an N-terminal (1-105) and a C-terminal (106-186) fragment. Each one 

of these fragments is equipped with a ligand for metal coordination (Figure 1). The 

use of non-natural bidentate or tridentate ligands for transition metal ions (i.e. 

bipyridine, phenanthroline or terpyridine) was selected in order to provide strong 

interactions for the reassembly of the split enzyme mediated by metal coordination. 

Two distinct strategies were envisioned for the introduction of the metal binding 

moieties in the mDHFR fragments: (1) in vivo incorporation of non-natural 

metal-binding amino acid via amber codon suppression70 and (2) covalent 

anchoring of a ligand by post-translational modification. 

 
Figure 1: Schematic representation of the metal-mediated reassembly of mDHFR split enzyme  

The former strategy would afford protein fragments, after bacterial expression, 

already containing a ligand for metal coordination, without the need for 

post-translational modification. One drawback of this approach it that the 

expression yield of the proteins might be significantly reduced. The latter strategy 

requires the installation on each mDHFR fragment of a unique handle for 

bioconjugation (i.e. a cysteine) followed by functionalization of the proteins with 

the selected metal binding moiety and subsequent purification. This strategy would 

allow installing a larger variety of metal binding moieties, while in vivo 

incorporation of unnatural amino acid would be limited to the available metal 

binding amino acids for which the expanded genetic code methodology is 

available. The genetic incorporation of non-natural metal binding amino acid was 
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selected as the first strategy of choice for the preparation of the envisioned split 

enzyme and (2,2-bipyridin-5yl)alanine (BpyA) was chosen as the unnatural amino 

acid to be introduced.17,71–76 

The initial design of the split enzyme is depicted in Figure 2. It contains TAG 

codons for the genetic incorporation of BpyA in the same positions where the 

cysteines were located in the previous design. Therefore, metal binding moieties 

are introduced close to the C-terminus for the Nterm-mDHFR (residues 1-105) and 

close to the N-terminus for the Cterm-mDHFR (residues 106-186) (Chapter 2). A 

Strep-tag was introduced in place of His-tag for purification purposes, since the 

latter would lead to metal binding and prevent the metal-mediated reassembly of 

the fragments. Strep-tags were introduced at the C-termini of both fragments, in 

order to avoid purification of truncated proteins that result from the unsuccessful 

suppression of the amber codon. Additionally, short linkers were introduced in 

both fragments. While for the Nterm-mDHFR fragment a GSG sequence was 

introduced between the mDHFR sequence and the C-terminal Strep-tag, for the 

Cterm-mDHFR fragment a GGSGG sequence was inserted between the starting 

methionine and the N-terminal TAG codon to favor expression of the fragment 

(Figure 2). 
 

 

Nterm-mDHFR (residues 1-105)        Cterm-mDHFR (residues 106-186) 

 
 

Figure 2: Schematic representation of the design of BpyA_split m-DHFR fragments. 

Unfortunately, all attempts to produce proteins fragments based on this design 

failed as no detectable levels of protein could be observed on Tricine-SDS-PAGE. 

Even substituting the BpyA by alanine did not give rise to expression of the desired 

proteins. As a result, a different strategy was envisioned for the preparation of the 

fragments.  

Each fragment was fused at the N-terminus with maltose binding protein 

(MBP) (Figure 3). MBP is known to be one of the most effective fusion partners to 

boost protein production of recombinant proteins that are either insoluble or do not 

display appreciable levels of expression.77,78 In addition to obtaining expression of 

the envisioned mDHFR fragments, an increase in the intrinsic solubility of the 

fragments would also reduce precipitation of the protein or degradation of 

Strep-Tactin material during the purification step. Indeed, mDHFR fragments are 

often insoluble and their purification needs to be performed under denaturing 

conditions (8 M urea), which are not compatible with Strep-tag purification 

protocols. Lastly, in the new design two protease cleavage sites (Factor Xa and 

Tobacco Etch Virus (TEV)) were introduced between the MBP and mDHFR 

sequences. If required, these protease recognition sequences would allow 
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proteolysis of the fusion protein after purification, resulting in the free mDHFR 

fragments (Figure 3).  
 
 

       Nterm-mDHFR (residues 1-105)                       Cterm-mDHFR (residues 106-186) 

 
Figure 3: Schematic representation of the design of MBP_split m-DHFR fragments_BpyA. 

3.4 Results and discussion 

3.4.1 Split mDHFR fragments expression and purification 

Starting from the plasmids pTWIN_Nterm-mDHFR_105C and pTWIN_GGSGG 

_Cterm-DHFR_1C (Chapter 2) the sequences encoding for the mDHFR fragments 

were isolated and amplified by PCR reaction. TAG codons for unnatural amino 

acid incorporation and C-terminal Strep-tag sequences (including the short linkers) 

were introduced with appropriate primers (Table 1). The genes encoding for the 

metal binding mDHFR fragments were then cloned, independently, into pET17b 

expression vectors, obtaining pET17b_Nterm-mDHFR_105X_Streptag and 

pET17b_Cterm-mDHFR_1X_Streptag (X indicating the position of the TAG 

codon). Site-directed mutagenesis was performed on these plasmids to introduce 

alanine residues in place of BpyA to test expression of the mDHFR fragments 

(Table 3). As mentioned before, no expression of the target fragments, either with 

alanine or BpyA, was observed. Therefore, a gene encoding for the maltose 

binding protein was fused at the N-termini of each fragment. Toward this end, 

genes encoding for alanine mutants of mDHFR fragments were isolated and 

amplified by PCR from pET17b_Nterm-mDHFR_105A_Streptag and 

pET17b_Cterm-mDHFR_1A_Streptag. A TEV protease recognition site was 

introduced at the N-terminus of each fragment by PCR reaction (Table 2). These 

genes were then cloned, independently, into a pBAD vector downstream of the 

sequence encoding for maltose binding protein and a Factor Xa protease 

recognition site (IEGR). Lastly, site-directed mutagenesis was performed to replace 

the codon for alanine with the amber stop codon (Table 3). The pBAD vectors 

encoding for the fusion proteins were then transformed into E. coli TOP10. 

Co-transformation of the pBAD vectors with the plasmid pEVOL-BpyA, the 

plasmid containing the required orthogonal aminoacyl tRNA synthetase (aaRS) and 

tRNA gene for incorporation of the unnatural amino acid, was performed when 

necessary. Large scale expression was performed in LB media (in presence of 0.5 

mM BpyA for proteins containing the unnatural amino acids). Fusion proteins were 

produced both in the soluble and insoluble fraction and harvesting the cells under 

denaturing conditions, followed by refolding of cell-free extracts by dialysis, 

afforded higher protein yields. Refolding was performed via slow dialysis of 
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cell-free extracts in buffer free from denaturing reagent. A step-wise dialysis, first 

against a buffer containing 2 M urea and then against urea-free buffer, assured 

better protein recovery and prevented precipitation during this step. Strep-tag 

purification afforded the target fusion proteins in good yields, between 15 and 25 

mg/L, and acceptable purity as judged by HPLC-MS and Tricine-SDS-PAGE 

(Figure 4). Purification of the alanine variants with amylose resin was also 

investigated, but resulted in lower purity of the proteins when compared to the 

Strep-Tactin purification. Tricine-SDS-PAGE of the C-terminal mDHFR fragment 

containing BpyA also indicated a substantial amount of truncated protein (i.e. 

expression stopped at the TAG codon), which was largely removed during 

Strep-tag purification. While for the N-terminal fragment featuring the BpyA in 

position 105, the truncated protein was not visible on Tricine-SDS-PAGE due to 

the little mass difference (1400 Da), a mass corresponding to this truncation could 

be observed in the HPLC-MS analysis of the purified protein. Apparently the 

truncated protein is partially retained by the Strep-tactin material even in absence 

of the required Strep-tag sequence.  

      MBP_Nterm-mDHFR_105A                      MBP_Cterm-mDHFR_1A 

 
    MBP_Nterm-mDHFR_A105BpyA              MBP_Cterm-mDHFR_A1BpyA 

 
 

Figure 4: 12% Tricine-SDS-PAGE of Strep-Tactin prification: MBP_Nterm-mDHFR_105A (top, 

left) and MBP_Cterm-mDHFR_1A (top, right) MBP_Nterm-mDHFR_A105BpyA (bottom, left), 

MBP_ Cterm-mDHFR_A1BpyA (bottom, right). 

3.4.2 Coordination chemistry of MBP_mDHFR_BpyA fragments  

Prior to testing the metal-mediated reassembly of the split enzyme, coordination of 

metal ions to the MBP_mDHFR variants was investigated by absorption 

spectroscopy. UV-visible spectra were recorded for protein solutions obtained from 

Strep-tag purification and dialysis. Two absorption maxima between 490 and 530 

nm were observed for BpyA-containing MBP_mDHFR fragments (Figure 5a and 

b). These bands are characteristic for Metal-to-Ligand Charge Transfer (MLCT) 
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transitions of Fe2+-bipyridyl complexes (Figure 5a).79–82,76 Titration of the free 

amino acid BpyA with FeSO4 confirmed this hypothesis (Figure 5c). 
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Figure 5: UV-visible spectra of: a) MBP_Nterm-mDHFR and b) MBP_Cterm-mDHFR in 50 mM 

NaH2PO4 pH 7.0, 150 mM NaCl. c) UV-visible titration of 50 µM BpyA in 50 mM NaH2PO4 pH 

7.0, 150 mM NaCl with Fe(SO4)2
  in milliQ water 

Coordination of Fe2+ presumably occurs during bacterial expression due to the 

presence of Fe2+ ions in the growth medium. Given the partially unfolded nature of 

mDHFR fragments during expression, it is plausible that more than one BpyA, one 

from the incorporated residue and one or two from available BpyA in solution, is 

involved in the coordination of Fe2+, resulting in the formation a stable 

complex.81,17 Having metal ions already bound to the metal binding moiety in the 

mDHFR fragments is not ideal, as the split enzyme reassembly should be triggered 

by the formation of a chelate complex between two ligands, each one in a different 

fragment. In an attempt to remove Fe2+ from the incorporated BpyA, proteins were 

incubated with EDTA or other chelating agent (such as N4Py). Unfortunately, this 

proved unsuccessful, as incubation with high concentrations of chelating agents 

lead to protein precipitation and/or degradation. When treating the fragments with 

up to 100 mM EDTA the intensity of the MLCT maxima did decrease, yet 

remained detectable (Figure 6a). Moreover, after removal of EDTA (via extensive 

dialysis, ultra-centrifugation washing steps or size exclusion chromatography), it 

was not possible to detect any metal ion binding to the BpyA-containing 

mDHFR_MBP fragments (Figure 6b). 
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Figure 6: UV-visible spectra of: a) MBP_Nterm-mDHFR_A105BpyA (100 µM) upon incubation 

with increasing amounts of EDTA and b) MBP_Cterm-mDHFR_A1BpyA (20 µM) after incubation 

of EDTA and subsequent dialysis with subsequent additions of FeSO4 and Zn(NO3)2. Spectra are 

recorded in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl. 
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Expression of MBP_mDHFR_BpyA fragments in minimal media was also 

attempted to reduce the amount of Fe2+ present in the medium, but no detectable 

levels of protein expression were observed under these conditions. 

3.4.3 Synthesis and characterization of MBP_mDHFR_bpy conjugates 

Given that expression of BpyA variants of MBP_mDHFR fragments afforded 

proteins already containing Fe2+ and coordination of other metal ions proved to be 

difficult, post-translational modification of the fusion proteins for the introduction 

of the metal binding moieties was envisioned as an alternative strategy. Cysteine 

mutants of the fusion proteins were prepared from the available 

pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105A and pBAD_MBP(Xa)_TEV 

Cterm-mDHFR_1A plasmids by site-directed mutagenesis (Table 3). Fusion proteins 

were expressed and purified as described in the previous paragraph (3.4.1) with 2.5 

mM DTT included in the purification buffer to prevent disulfide bond formation. 

Target proteins were obtained in good yields (20-25 mg/L) and good purity as 

judged by HPLC-MS and Tricine-SDS-PAGE.  

The conjugation of metal binding moieties was performed after dialysis of the 

purified proteins in degassed 50 mM NaH2PO4 pH 7.8, 150 mM NaCl by selective 

alkylation of the unique cysteines with bromoacetamide derivatives of 

2-2′-bipyridine (bpy), 1,10-phenanthroline (phen) and 2,2′:6′,2′′-terpyridine (terpy) 

(Figure 7). All ligands were synthesized from the corresponding amines via 

alkylation with bromo acetyl bromide. HPLC-MS and Tricine-SDS-PAGE were 

used to confirm identity and purity of the mDHFR fragment conjugates bearing the 

metal binding moieties. 
 

≡

 
Figure 7: Reaction scheme of the synthesis of protein-metal binding moieties conjugates. 

Ligands used for alkylation reaction on mDHFR cysteine fragments: N-([2,2’-bipyridin] 

5-ylmethyl)-2-bromoacetamide,83–85 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide85 and 

N-(2-([2,2':6',2''-terpyridin]-4'-yloxy)ethyl)-2-bromoacetamide.86 

With the conjugates in hand, the binding to Fe2+ was studied by UV-visible 

titrations. Upon addition of FeSO4, the appearance of the characteristic maxima for 

Fe2+ bipyridine complexes around 530 nm was observed,62,79,80,87 as well as the 

appearance of a shoulder around 310 nm, indicative of a change in the π–π* 

transition of the bipyridine upon metal coordination (Figure 8). This red shift has 

previously been reported for bipyridine ligands in solution and for proteins 

containing a bipyridine moiety.72,84,88 
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b)          MBP_Nterm mDHFR A105C_phen             MBP_Cterm mDHFR A1C_phen 
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c)       MBP_Nterm mDHFR A105C_terpy           MBP_Cterm mDHFR A1C_terpy 

300 400 500 600
0,0

0,2

0,4

0,6

0,8

1,0

1,2

0 10 20 30

0,00

0,02

0,04

400 500 600
0,00

0,02

0,04

0,06

0,08

0,10

A
b

s
o

rb
a
n

c
e

wavelength(nm)

A
-A

0
 (

5
3
0
 n

m
)

[Fe
2+

] (M)

A
b

s
o

rb
a

n
c

e

wavelength(nm)

300 400 500 600
0,0

0,2

0,4

0,6

0,8

1,0

1,2

0 10 20 30

0,00

0,02

0,04

400 500 600
0,00

0,02

0,04

0,06

0,08

0,10

A
b

s
o

rb
a
n

c
e

wavelength(nm)

A
-A

0
 (

5
3
0
 n

m
)

[Fe
2+

] (M)

A
b

s
o

rb
a

n
c

e

wavelength(nm)

 

Figure 8: UV-visible titrations of 10 µM MBP_Nterm-mDHFR_A105C (left) and 

MBP_Cterm-mDHFR_A1C (right) conjugates with (a) bipyridine (b) phenanthroline and (c) 

terpyridine in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl with 0.5 mM FeSO4 in milliQ water. Inset 

containing the changes in absorbance at 530 nm over the concentration of Fe2+. 

Titrations in presence of 10 µM conjugates appeared to reach a plateau around 

10 µM of Fe2+, suggesting binding of one metal ion per protein (Figure 8). 

However, it was not possible to fit the titration curves with a 1:1 binding model to 

determine the binding affinities. Given the unfolded nature of the protein 

fragments, it is plausible that metal binding moieties from different proteins are 

involved in the coordination of one Fe2+ ion. Nevertheless, the observation that 

each mDHFR fragment is able to bind Fe2+ ions is promising for the planned 

reassembly of the split enzyme.  
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3.4.4 Split mDHFR reassembly assay 

The reassembly of the mDHFR split enzyme was assayed in the NADPH 

dependent reduction of dihydrofolate to tetrahydrofolate. The same protocol 

described in Chapter 2 was applied: a rapid dilution of the denatured mDHFR 

fragments in the reaction buffer containing dihydrofolate was performed, followed 

by addition of NADPH and subsequent monitoring of changes in absorbance at 

340nm.89,90  

Equimolar amounts of conjugates MBP_Nterm-mDHFR and 

MBP_Cterm-mDHFR with the 3 different ligands were pre-mixed under denaturing 

conditions in 50 mM NaH2PO4 pH 7.8, 8 M urea at a final concentration of 2 µM 

and then diluted into the reaction buffer (50 mM NaH2PO4 pH 7.8) to a final 

concentration of 0.1 µM. The reaction buffer containing dihydrofolate (100 µM) 

was supplemented with metal ions for the reassembly. Fe2+, Zn2+ and Cu2+ were 

tested as metal ions to mediate the reassembly, due to their ability to form 2:1 

complexes with the ligands appended to the protein fragments. The metal ions were 

added at 1 and 2 equivalents compared to the protein fragments. NADPH was 

added at last (100 µM) to initiate the reaction and the progress was monitored 

following the absorbance at 340 nm over time (Figure 9).  
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Figure 9: Kinetic curves for the consumption of NADPH in the reduction of dihydrofolate to 

tetrahydrofolate: a) MBP_mDHFR fragments containing bipyridine ligand. b) MBP_mDHFR 

fragments containing phenanthroline and terpyridine ligands.  

Unfortunately, no functional reassembly of the split enzyme was observed in 

the assays performed. Different concentrations of the split fragments in the reaction 

mixture were tested (0.1 - 0.25 - 0.5 µM), but did not give rise to significant 

differences in activity. Dilution of the denatured protein fragments in the reaction 

buffer followed by incubation (30 min) prior to the addition of the metal ions also 

did not result in any reassembly. Addition of the metal ions after mixing of the two 

protein fragments in the non-denaturing buffer was expected to favor the 

reassembly of the enzyme. In this scenario, the two protein fragments might be 

already interacting with each other due to non-specific interactions and this would 
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bring the metal binding moieties in closer proximity to each other and promote 

chelation of the metal ions. 

3.4.5 Enzymatic cleavage of fusion proteins 

Cleavage of the maltose binding protein via proteolysis was investigated in order to 

obtain mDHFR fragments free from the MBP. As mentioned previously, two 

protease recognition sites are present in the fusion proteins: a Factor Xa site 

(IEGR), which was already present in the pBAD vector, and a TEV recognition 

sequence (ENLYFQG), which was introduced during the cloning process. Factor 

Xa is the most commonly used protease for cleavage of MBP fusion proteins, 

although specificity for the recognition sequence is not ideal. This enzyme cuts 

after the arginine in the recognition sequence and will give rise to mDHFR 

fragments with an additional 11 amino acids at their respective N-termini. The 

AcTEV protease used in this work is an engineered variant that displays higher 

activity and stability when compared to the wild-type enzyme and was reported to 

be more specific than Factor Xa.91 TEV protease cuts between the glutamine and 

glycine in the recognition sequence, resulting in mDHFR fragments that contain 

only an additional glycine at the N-termini. 

a)     b) 

 
Figure 10: 12% Tricine-SDS-PAGE of protease cleavage reaction: a) TEV protease 20 µg 

fusion protein, 30 TEV protease units (3µL), in 50 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 1 mM 

DTT (150 µL). Incubation at 30 °C. b) 20 µg fusion protein, 3 Factor Xa units (3µL) in 20 mM 

Tris-HCl pH 8.0, 100 mM NaCl, 2 mM CaCl2 (150 µL). Incubation at 25 °C. 

To test proteolysis, alanine mutants of MBP_mDHFR fragments were initially 

used and reactions were performed simultaneously with both proteases, following 

protocols from the suppliers. Efficiency of the cleavage reaction was evaluated by 

Tricine-SDS-PAGE (Figure 10), monitoring the bands corresponding to the fusion 

proteins and the cleaved MBP. Both possess a similar molecular weight and 

therefore the intensity of the Coumassie staining is expected to be comparable. As 

for several protein batches of the MBP_Nterm-mDFHR fusion protein proteolysis 

occurred spontaneously (Figure 10.a first lane at time 0 h), the efficiency of the 

digestion was evaluated starting from the initial cleaved to non-cleaved ratio. 

These experiments demonstrated that protease cleavage of the fusion proteins was 
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possible with both proteases. In general, the process proved to reach higher 

conversions toward the cleaved product for the MBP_Nterm-mDHFR fragment. 

This difference presumably reflects a difference in the secondary structure of this 

fusion protein, making the recognition site more available to the proteases. When 

comparing TEV protease and Factor Xa, the latter appeared to be more efficient for 

both fusion proteins; therefore, this protease will be used for further studies. 

Notably, no precipitation of the mDHFR fragments was observed during or after 

cleavage reaction, probably due to the low concentrations of the cleaved product. 

Cleavage of the MBP_mDHFR fragments conjugates with 2,2-bipyridine was 

attempted on a preparative scale (200 µg of protein), but unfortunately isolation of 

the cleaved mDHFR fragments was not possible. Tricine-SDS-PAGE of the 

concentrated crude mixture showed the presence of cleaved MBP around 42 KDa 

and traces of bands around 11 and 14 KDa corresponding to the mDHFR 

fragments. Nevertheless, after Strep-tag affinity chromatography, it was not 

possible to detect bands corresponding to the mDHFR fragments. This might be 

attributed to precipitation of the fragments or degradation during the purification. 

3.5 Conclusions 

In conclusion, in this chapter attempts toward the metal-mediated reassembly of 

a split mDHFR enzyme are described. Different design strategies have been 

explored toward this goal. The expression of mDHFR fragments containing in vivo 

incorporated metal binding amino acid BpyA did not result in any protein 

expression. Fusion of the fragments to MBP proved to significantly improve 

expression and solubility of the mDHFR constructs. With this strategy 

MBP_mDHFR fragments containing BpyA were successfully expressed, but 

turned out to bind Fe2+ in vivo, which complicated their use for the metal-mediated 

reassembly of the split enzyme. The introduction of metal binding moieties by 

post-translational modification proved to be a superior strategy to achieve 

MBP_mDHFR fragments with the ability to bind metal ions in a controlled way. 

Bipyridine, phenanthroline and terpyridine conjugates of the mDHFR fragments, 

fused with MBP, were successfully synthesized using the similar procedures. 

Unfortunately though, no reassembly of the split enzyme was observed in presence 

of a number of divalent transition metal ions (Fe2+, Zn2+, Cu2+). It is conceivable 

that the fusion of the mDHFR fragments to the maltose binding protein prevents a 

successful reassembly of the split enzyme due to the steric bulk of the fusion 

partner and/or unspecific interactions of the metal ions with MBP. Cleavage of the 

MBP was attempted, yet despite the fact that the proteolysis was working as 
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envisioned on an analytic scale, isolation of the cleaved mDHFR fragments on a 

preparative scale was not possible.  

A redesign of mDHFR fragments might be necessary to achieve the envisioned 

metal-regulated split enzyme. Starting from the current design of the metal binding 

split fragments, fusion with a smaller solubility tag than the MBP used here might 

be tested. Small ubiquitin-related modifier (SUMO) is a 12 KDa protein that has 

proved to be a valuable tool to enhance expression and solubility of recombinant 

proteins in E. coli.92,93 The reduced size of SUMO compared to MBP might reduce 

unspecific interaction and/or steric bulk that appeared to prevent the reassembly of 

the split enzyme.  

Alternatively, the use of the mDHFR fragments containing cysteine residues 

described in Chapter 2 might be considered since those fragments resulted in 

acceptable protein expression. Nevertheless, the His-tag present in the previous 

design needs to be removed from the fragments, either being substituted by 

Strep-tag at a genetic level, or by introduction of a protease recognition site prior to 

the His-tag and subsequent proteolysis. Expression of Strep-tagged mDHFR might 

need careful optimization of the purification procedure, due to incompatibility of 

the Strep-tactin resin with the denaturing conditions necessary to maintain mDHFR 

fragments soluble. In case expression of the fragments is obtained, the coupling 

with the metal binding moiety should be performed under denaturing conditions, 

due to the intrinsic insolubility of the fragments. A fine tuning of the coupling 

conditions would be necessary to avoid unspecific alkylation of other nucleophilic 

amino acids in the protein scaffolds.  

3.6 Experimental section 

3.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich, Acros, Alfa Aesar or TCI Europe and used 

without further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz 

in CDCl3, DMSO-d6 or D2O. Chemical shifts (δ) are denoted in ppm using residual solvent 

peaks as internal standard. UV-visible spectra were recorded on Jasco V-660 Spectrophotometer 

at 25 °C. mDHFR assays were conducted in quartz cuvettes with a 1 cm path length. The 

concentration of the proteins and oligonucleotides was measured with Nanodrop 2000 (Thermo 

Scientific). HPLC-MS on protein samples was performed at the Interfaculty Mass Spectrometry 

Center (UMCG) on a Shimadzu LC-system (Shimadzu-SIL-20AC) coupled to a Sciex API 3000 

triple quadrupole equipped with an ion spray source (Applied Biosystems, MDS-SCIEX, 

Toronto, Canada) on a Vydac C18 column (150 x 2.1 mm). Water (solvent A) and mixture 

CH3CN:isopropanol 1:2 (solvent B) containing 0.5% v/v formic acid, were used as the mobile 

phase at a flow rate of 0.3 mL/min. Linear gradient from 90% to 2% of solvent A over 20 min 

was applied. Mass spectra were obtained in profile scan mode from mass 300 till 1900 using the 

following conditions: DP=80V; FP=300V; TEM=450°C. The software used for acquisition and 

reconstruction of the data was Analyst.1.5.2 and Bioanalyst from Sciex, Canada. Extinction 

coefficients of proteins (ε280) were calculated with the Protparam tool on the Expasy server. E. 

coli XL1-Blue were used for cloning and E. coli BL21 (DE3) and TOP10/NEB10β were used 
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protein expression with pET and pBAD plasmids, respectively. PCR reactions were carried out 

using an Eppendorf Mastercycler Personal apparatus. DNA sequencing was carried out by 

GATC-Biotech. Primers were synthesized by Eurofins. Pfu Turbo polymerase was purchased 

from Agilent and DpnI, Quick Ligation kit and restriction endonucleases were purchased from 

New England Biolabs. Plasmid purification kit, PCR purification kit and gel extraction kit were 

purchased from Qiagen. Centrifugation was performed using a Beckman Coulter Avanti J-E 

centrifuge. Strep-tag purification was performed on Strep-Tactin superflow resin (IBA) and 

amylose purification on a MBP-HiTrap 5mL (GE Healthcare) on FPLC (Äkta Purifier 900 (GE 

Healthcare). Dialysis membranes were purchased by SpectrumLabs. Tricine-SDS-PAGE were 

performed in minigel BioRad apparatus and Coumassie staining was obtained with InstantBlue 

(Expedeon). Ultra-centrifugation was performed with Vivaspin-Turbo-15 or Vivaspin-500 

(Startorius). Proteases Factor Xa and AcTEV Protease were purchased by New England Biolab 

and Invitrogen, respectively. Expression plasmids pTWINXa-mDHFR, 

pTWINXa-Nterm-mDHFR and pTWINXa-GGSGG_Cterm-mDHFR encoding for full length 

mDHFR and 1-105 fragment and 106-186 fragment of mDHFR respectively, were available 

from previous work.69 Plasmid pEVOL-BpyA was kindly provided by Professor P. G. Schultz 

(The Scripps Research Institute). 
 

3.6.2 Synthesis   

 
(2,2-bipyridin-5yl)alanine (BpyA) was synthesized according to literature procedures. Generally 

the first step was performed starting from 20 mL of 2-acetyl pyridine (178 mmol) and the final 

product BpyA was obtained with overall yields ranging from 5 to 11%.  

1-[2-Oxo-(2-pyridin-2-yl-)ethyl]pyridinium iodide (1)84 1H-NMR (400 MHz, DMSO) δ (ppm): 

6.51 (s, 2H), 7.82-7.85 (m, 1H), 8.06-8.09 (m, 1H), 8.12-8.17 (m,1H), 8.26-8.30 (m, 2H), 

8.71-8.75 (m, 1H), 8.87-8.88( m, 1H), 9.02-9.04 (m, 2H) 

5-(methyl) 2,2’-bipyridine (2)84 1H-NMR (400 MHz, CDCl3) δ (ppm): 2.34 (s, 3H), 7.22-7.26 

(m, 1H), 7.58 (d, 1H, J=8.1 Hz), 7.74- 7.80 (m, 1H), 8.25 (d, 1H, J=8.1 Hz), 8.32 (d, 1H, J=8.1 

Hz), 8.47 (s, 1H), 8.63-8.65 (m, 1H);   

5-(bromomethyl) 2,2´-bipyridine (3)84 1H-NMR (400 MHz, CDCl3) δ (ppm): 4.54 (s, 2H), 

7.31-7.34 (m, 1H), 7.80-7.87 (m, 2H), 8.40-8.46 (m, 2H), 8.69 (s, 2H). 

Diethyl 2-(2,2’-bipyridin-5-ylmethyl)-2-acetamidomalonate (4)94 1H-NMR (400 MHz, CDCl3) 

δ (ppm): 1.30 (t, 6H, J=7.1 Hz), 2.06 (s, 3H), 3.73 (s, 2H), 4.27-4.30 (m, 4H), 6.60 (s, 1H), 

7.28-7.31 (m, 1H), 7.47 (dd, 1H, J1=8.0 Hz, J2=2.3 Hz), 7.80 (td, 1H, J1=8.0 Hz, J2=2.3 Hz), 

8.27-8.34 (m, 3H), 8.66 (m, 1H). 

3-(2,2’-bipyridin-5-yl)-2-aminopropanoic acid (5)94 1H-NMR (D2O, 400 MHz)  (ppm): 

3.31-3.39 (m, 2H), 4.30 (t, 1H, J1=6.8 Hz), 7.87-7.91 (m, 1H), 8.03 (d, 1H, J2=8.2 Hz), 8.19 (d, 

1H, J2=8.4 Hz), 8.42-8.48 (m, 1H) and 8.46-8.70 (m, 2H). 
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5-(aminomethyl) 2,2´-bipyridine (6) was synthesized according to a literature procedure85 from 

700 mg (2.8 mmol) of 3 and it was obtained with a 77% yield (402 mg, 2.2 mmol). 1H-NMR 

(400 MHz, CDCl3) δ (ppm): 1.51(s, 2H), 3.95 (s, 2H), 7.29 (dd, J1=4.8 Hz, J2 =1.2 Hz, 1H), 

7.78-7.82 (m, 2H), 8.33-8.38 (m, 2H), 8.62 (d, 1H, J=1.6 Hz), 8.62-8.67 (m, 1H).  
N-([2,2’-bipyridin]-5-ylmethyl)-2-bromoacetamide (7) was synthesized adapting a literature 

procedure.85 Compound 6 (65 mg, 0.35 mmol) was dissolved in 30 mL anhydrous CHCl3 and 

bromoacetyl bromide (0.42 mmol, 1.2 eq) was added. The reaction was stirred at room 

temperature under nitrogen for 1 hour. A white precipitate appeared during the reaction. The 

mixture was subsequently acidified with 10 mL 0.1 M HCl and the organic layer was extracted 

twice with 0.1 M HCl additionally. The combined aqueous phases were basified with 0.1 M 

NaOH to pH 8 and extracted three times with CHCl3. The organic layer was separated, dried over 

anhydrous Na2SO4 and the solvent was evaporated in vacuo. The product was obtained as a white 

solid with a 60% yield (64 mg, 0.21 mmol).1H-NMR (400 MHz, CDCl3) δ (ppm): 3.96 (s, 2H), 

4.48 (d, J=8.9 Hz, 2H), 7.26-7.34 (m, 1H), 7.74-7.86 (m, 2H), 8.35-8.38 (m, 1H), 8.41-8.42 (m, 

1H), 8.61-8.62 (m, 1H), 8.67-8.69 (m, 1H). 

 
2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide (8) was synthesized according to a literature 

procedure85 from 100 mg of 1,10 phenanthrolin-5amine (0.51 mmol) with a 78% yield (126 mg, 

0.4 mmol). 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 4.34 (s, 2H), 8.19-8.23 (m, 2H), 8.57 (s, 

1H), 9.04 (d, J=8.8 Hz, 1H), 9.14 (d, J=8.1 Hz, 1H), 9.20 (d, J=5.4 Hz, 1H), 9.32 (d, J= 4.1 Hz, 

1H), 10.90 (s, 1H). 

 
2-([2,2':6',2''-terpyridin]-4'-yloxy)ethan-1-amine (9) was synthesized according to a literature 

procedure86 from 400 mg of  4′-Chloro-2,2′:6′,2′′-terpyridine (1.5 mmol) with a 95% yield (415 

mg, 1.4 mmol). 1H-NMR (400 MHz, CDCl3) δ (ppm): 3.16 (t, J=5.1 Hz, 2H), 4.26 (t, J=5.1 Hz, 

2H), 7.32 (dd, J1=4.8 Hz, J2=1.2 Hz, 2H), 7.84 (td, J1=7.8 Hz, J2=1.8 Hz, 2H), 8.01 (s, 2H), 8.60 

(d, J=8.0 Hz, 2H), 8.67-8.69 (m, 2H). 

N-(2-([2,2':6',2''-terpyridin]-4'-yloxy)ethyl)-2-bromoacetamide (10) was synthesized with a 

procedure analogous to the one used for 7 from 100 mg of 9 (0.34 mmol) with a 65% yield (91 

mg, 0.22 mmol). 1H-NMR (400 MHz, CDCl3) δ (ppm): 3.78-3.91 (m, 2H), 3.91 (s. 2H), 4.37 (t, 

J=5.4 Hz, 2H), 7.36 (dd, J1=6.9 Hz, J2=4.4 Hz, 2H), 7.78 (t, J=7.8 Hz, 2H), 8.06 (s, 2H), 8.60 (d, 

J=8.0 Hz, 2H), 8.70 (d, J=8.0 Hz, 2H). 13C-NMR (300 MHz, CDCl3) δ (ppm): 29.0, 39.5, 66.6, 

107.3, 121.4, 124.0, 136.9, 149.0, 156.6, 157.1, 166.7, 166.6. 
 

3.6.3 Construction of expression plasmids for mDHFR_BpyA fragments 

The mDHFR fragment genes were amplified by PCR using pTWIN_Nterm-mDHFR and 

pTWIN_GGSGG_Cterm-DHFR as templates and PCR primers listed in Table 1. Standard Pfu 

Turbo DNA polymerase protocol was used with an initial denaturation at 95 °C for 2 min. The 

following cycle was repeated 30 times: denaturation at 95 °C for 30 s, annealing at 55 °C for 1 

min, elongation at 72 °C for 90 seconds. Final elongation was performed at 72 °C for 10 min. 

The resulting PCR products, purified by PCR purification kit, and the pET17b vectors were 

digested with restriction endonucleases NdeI and XhoI at 37 °C for 3 h. The digested PCR 
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products and vectors were purified by 1% agarose gel (TAE buffer) and isolated with gel 

extraction kit. 50 ng of digested vector and 90 ng of corresponding PCR product were treated 

with T4 DNA ligase from the Quick Ligation kit (1:3 molar ratio vector:insert). The mixtures 

were incubated at 25 °C for 30 min and 10 µL of the mixtures were transformed into E. coli 

XL-1 blue, which were spread onto an agar plate containing 100 μg/mL of ampicillin. Single 

colonies were selected after overnight growth and used to inoculate 5 mL LB medium containing 

the same antibiotic. Plasmids were isolated by plasmid purification kit and sequence was 

confirmed by Sanger sequencing (T7 forward primer) obtaining plasmid 

pET17b_Nterm-mDHFR_105X-Streptag and pET17b_Cterm-mDHFR_1X_Streptag (X indicates 

the position of TAG codon). 

 
 

3.6.4 Construction of expression plasmids for MBP_mDHFR_fragments 

The mDHFR fragment genes were amplified by PCR from pET17b_Nterm-mDHFR_105A 

Streptag and pET17b_Cterm-mDHFR_1A_Streptag as templates and PCR primers listed in Table 

2. Standard Pfu Turbo DNA polymerase protocol was used with an initial denaturation at 95 °C 

for 2 min. The following cycle was repeated 30 times: denaturation at 95 °C for 30 s, annealing 

at 50 °C for 1 min, elongation at 72 °C for 90 seconds. Final elongation was performed at 72 °C 

for 10 min. The resulting PCR products were purified using the PCR purification kit. The pBAD 

plasmid, containing the MBP sequence between NdeI and EcoRI restriction sites was selected as 

vector for the cloning. A Factor Xa protease recognition site was already present in the plasmid 

between the MBP sequence and the EcoRI restriction site. The PCR products obtained and the 

(NdeI)pBAD vector were digested with restriction endonucleases EcoRI and HindIII at 37 °C for 

2 h. The digested PCR products and vectors were purified by 1 % agarose gel (TAE buffer) and 

isolated with gel extraction kit. 100 ng of digested vector and 18 ng of the corresponding PCR 

product were treated the Quick Ligation kit (1:3 molar ratio vector:insert). The mixtures were 

incubated at 25 °C for 30 min and 10 µL of the mixtures were transformed into E. coli XL-1 blue 

with same procedure indicated previously. Plasmids obtained: pBAD_MBP(Xa)_TEV_Nterm 

mDHFR_105A-Streptag and pBAD_MBP(Xa)_TEV_Cterm-mDHFR_1A_Streptag. 

 
 

3.6.5 Site-directed mutagenesis  

Site-directed mutagenesis was used to introduce the alanine mutation in place of the TAG codon 

for unnatural amino acid incorporation on plasmids pET17b_Nterm-mDHFR_105X_Streptag and 

pET17b_Cterm-mDHFR_1X_Streptag and to introduce the TAG codon and the cysteine in place 

of alanine on plasmids pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105A_Streptag and pBAD_MBP 

(Xa)_TEV_ Cterm-mDHFR_1A_Streptag. The primers used for the mutagenesis are listed in 

Table 1 Primers used for PCR reactions (fw: forward primer, rv: reverse primer). Restriction sites (NdeI 

forward primer and XhoI reverse primer) in italics, TAG codon for unnatural amino acid incorporation 

in bold, Streptag sequence underlined. 
 

Primer Sequence (5’ → 3’) 

Nterm-mDHFR_105X_fw TACTACCATATGGTTCGACCATTGAACTC’ 

Nterm-mDHFR_105X_rv GTAGTACTCGAGTTATTTTTCGAACTGCGGGTGGCTCCAACTGCCCTATTCCGGTTGTTCAATAAGTC 

Cterm-mDHFR_1X_fw TACTA CATAT GGCGGCAGTGGCGGCTAGGCAAGTAAAGTAGACATGG 

Cterm-mDHFR_1X_rv GTAGTACTCGAGTTATTTTTCGAACTGCGGGTGGCTCCATTTCTTCTCGTAGACTTC 

 

Table 2 Primers used for PCR reactions (fw: forward primer, rv: reverse primer). Restriction sites 

(EcoRI, forward primer and HindIII, reverse primer) in italics, alanine in bold, TEV recognition sequence 

underlined. 

Primer Sequence (5’ → 3’) 

MBP_TEV_Nterm-mDHFR_105A_fw TACTAC GAATTC GAGAATTTATATTTTCAAGGCGTTCGACCATTGAACTCG 

MBP_TEV_Nterm-mDHFR_105A_rv GTCGTC AAGCTT TTATTTTTCGAACTGCGGGT       

MBP_TEV_Cterm-mDHFR_1A_fw TACTAC GAATTCGAGAATTTATATTTTCAAGGCGCGGCAAGTAAAGTAGACATG 

MBP_TEV_Cterm-mDHFR_1A_rv GTCGTC AAGCTT TTATTTTTCGAACTGCGGGTG 
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Table 3. Standard Pfu Turbo DNA polymerase protocol was used with an initial denaturation at 

95 °C for 1 min. The following cycle was repeated 16 times: denaturation at 95 °C for 30 s, 

annealing at 62 °C for 1 min, elongation at 68 °C for 5 minutes. Final elongation was performed 

at 72 °C for 10 min. The resulting PCR products were digested with restriction endonuclease 

DpnI for 1-2 h at 37 °C and 5 µL of the mixture were directly transformed into the E. coli 

XL1-blue cells. Cells were spread onto an agar plate containing 100 μg/mL of ampicillin. Single 

colonies were selected after overnight growth and used to inoculate 5 mL of LB medium 

containing the same antibiotic. Plasmids were isolated by plasmid purification kit and sequence 

was confirmed by Sanger sequencing (T7 and pMALE sequencing primers were used for pET 

and pBAD plasmids, respectively). 

 
3.6.6 Expression and purification MBP_mDHFR fragments mutants 

pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105A_Streptag, pBAD_MBP(Xa)_TEV_Cterm-mDHFR 

_1A_Streptag, pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105C_Streptag and pBAD_MBP(Xa)_ 

TEV_Cterm-mDHFR_1C_Streptag were transformed, independently, into E. coli TOP10 

(NEB10β for the cysteine variants) which were spread onto an agar plate containing 100 μg/mL 

of ampicillin. For the BpyA variants, plasmids pBAD_MBP(Xa)_TEV_Nterm-mDHFR_A105X 

and pBAD_ MBP(Xa)_TEV_Cterm-mDHFR_A1X were co-transformed with pEVOL BpyA into 

E. coli TOP10 which were spread onto an agar plate containing 100 μg/mL of ampicillin and 34 

μg/mL chloramphenicol. Single colonies were selected after overnight growth and used to 

inoculate 5 mL LB medium containing the same antibiotics. This starter culture was grown at 37 

°C overnight and used to inoculate 500 mL of fresh LB medium with the same antibiotics. The 

culture was grown at 37 °C and when OD600 reached 0.5 L-arabinose (1 mM) was added to 

induce the expression of target proteins. For BpyA-containing variants also BpyA was added at a 

final concentration of 0.5 mM (from a 500 mM stock solution in sterile milliQ water). 

Expression was performed at 30 °C overnight. Cells were harvested by centrifugation (6000 rpm, 

JA-10, 20 min, 4 °C), and the pellet was resuspended in 50 mM NaH2PO4 pH 8.0, 8 M urea (20 

mL). Cells were sonicated (70% (200W) for 5 min (10 sec on, 15 sec off) and centrifuged (15000 

rpm, JA-17, 1 h, 4 °C). The cell-free extract was dialyzed against 1 L of 50 mM NaH2PO4 pH 

7.0, 2 M urea for 4 h at 4 °C (no stirring) after which the buffer was exchanged to 1 L of 50 mM 

NaH2PO4 pH 7.0. The dialysis was continued overnight at 4 °C (stirring). Possible precipitate 

was removed by centrifugation (4000 rpm, Eppendorf). The cell-free extracts were then loaded 

onto columns containing 3 mL of pre‐equilibrated slurry of Strep-Tactin column material (50% 

Strep-Tactin in storage buffer) for 1 h at 4 °C (mixed at 200 rpm on a rotary shaker). Columns 

were washed three times with 1 CV (column volume) of 50 mM NaH2PO4 pH 8.0, 8 M urea and 

eluted with seven fractions of 0.5 CV of the same buffer containing 5 mM desthiobiotin. For the 

Table 3 Primers used for site-directed mutagenesis (fw: forward primer, rv: reverse primer). Single 
point mutations in bold. 

Primer Sequence (5’ → 3’) 

Nterm-mDHFR_X105A_fw GAA CAA CCG GAA GCG GGC AGT TGG AGC 

Nterm-mDHFR_X105A_rv GCT CCA ACT GCC CGC TTC CGG TTG TTC 

Cterm-mDHFR_X1A_fw GGC AGT GGC GGC GCG GCA AGT AAA GTA 

Cterm-mDHFR_X1A_rv TAC TTT ACT TGC CGC GCC GCC ACT GCC 

MBP_TEV_Nterm-mDHFR_A105X_fw GAA CAA CCG GAA TAG GGC AGT TGG AGC 

MBP_TEV_Nterm-mDHFR_A105X_rv GCT CCA ACT GCC CTA TTC CGG TTG TTC  

MBP_TEV_Cterm-mDHFR_A1X_fw TAT TTT CAA GGC  TAG GCA AGT AAA GTA 

MBP_TEV_Cterm-mDHFR_A1X_rv TAC TTT ACT TGC CTA GCC TTG AAA ATA 

MBP_TEV_Nterm-mDHFR_X105C_fw GAA CAA CCG GAA TGC GGC AGT TGG AG 

MBP_TEV_Nterm-mDHFR_X105C_rv GCT CCA ACT GCC GCA TTC CGG TTG TTC 

MBP_TEV_Cterm-mDHFR_X1C_fw GGC AGT GGC GGC TGC GCA AGT AAA GTA 

MBP_TEV_Cterm-mDHFR_X1C_rv TAC TTT ACT TGC GCA GCC GCC ACT GCC 
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purification of cysteine-containing proteins 2.5 mM DTT was added to all buffers. The 

purification of the alanine-containing MBP_mDHFR fusion proteins with amylose resin was 

performed loading the cell-free extracts (filtered over a 0.45 µm filter) onto a MBP-HiTrap 

column with a flow of 0.5 mL/min. Once all the cell-free extract was injected and no more 

protein was eluting (no absorbance at 280 nm), the column was washed with 5 column volumes 

(CVs, 1 mL/min) of 50 mM NaH2PO4 pH 7.4 and the protein was eluted with 10 CVs of the 

same buffer containing 10 mM maltose. The elution fractions were analyzed on a 12% 

polyacrylamide Tricine-SDS gel followed by Coumassie staining. Fractions containing protein 

were pooled and concentrated using Vivaspin Turbo-15(5000 MWCO). The concentration of the 

proteins was measured with Nanodrop 2000 using the calculated extinction coefficient ε280= 

85830 M‐1 cm‐1 and 86290 M‐1 cm‐1 for MBP(Xa)_TEV_Nterm-mDHFR_105A and 

MBP(Xa)_TEV_ Cterm-mDHFR_1A, respectively. The contribution of the metal binding moiety 

was accounted for by addition of the measured extinction coefficient obtained for 

2,2’-bipyridine, 1,10-phenantroline  and [2,2':6',2''-terpyridine to the extinction coefficient of the 

proteins (14800 M-1cm-1, 10500 M-1cm-1 and 14600 M-1cm-1, respectively). HPLC-MS were 

recorded for each MBP_mDHFR: 

MBP_Nterm-mDHFR_105A:  MWcalc=56973 Da, MWmeas56983 Da (+10) 

MBP_Cterm-mDHFR_1A: MWcalc 54226 Da, MWmeas 54237 Da (+11)  

MBP_Nterm-mDHFR_105C:  MWcalc=57006 Da, MWmeas=57015 Da (+9) 

MBP_Cterm-mDHFR_1C: MWcalc=54258 Da, MWmeas=54268 Da (+10)  

MBP_Nterm-mDHFR_A105BpyA:  MWcalc=57127 Da, MWmeas=57141 Da (+14), 55731 Da 

(truncated fragments before BpyA: MWcalc=55718 Da) 

MBP_Cterm-mDHFR_A1BpyA: MWcalc=54380 Da, MWmeas=54393 Da (+13)  

3.6.7 MBP_mDHFR fragment_bipyridine conjugates  

Cysteine variants of the MBP_mDHFR fragments eluted from the Strep-Tactin column were 

concentrated to 50-70 µM and dialyzed against 1 L of degassed 50 mM NaH2PO4 pH 7.8, 150 

mM NaCl buffer overnight. A 10 times molar excess of N-([2,2’-bipyridin]-5-ylmethyl)-2 

bromoacetamide, 2-bromo-N-(1,10-phenanthrolin-5-yl) acetamide or N-(2-([2,2':6',2'' 

terpyridin]-4'-yloxy)ethyl)-2-bromoacetamide dissolved in a small amount of DMSO (final 

concentration around 10%) were added to the protein solutions under Ar and in the dark. The 

solutions were mixed for 8 h at 4 °C after which the proteins were dialyzed twice against 1 L of 

50 mM NaH2PO4 pH 7.0, 150 mM NaCl. HPLC-MS were recorded for each conjugate.  

MBP_Nterm-mDHFR A105C_bpy MWcalc=57231 Da, MWmeas=54247 Da (+16), 57472 Da 

(double alkylation)  

MBP_Cterm-mDHFR A1C_bpy MWcalc=54483 Da, MWmeas=54499 Da (+16), 54731 Da 

(double alkylation) 

MBP_Nterm-mDHFR A105C_phen MWcalc=57241 Da, MWmeas=57253 Da (+12) 

MBP_Cterm-mDHFR A1C_phen MWcalc=54493 Da, MWmeas=54505 Da (+12) 

MBP_Nterm-mDHFR A105C_terpy MWcalc=57338 Da, MWmeas=23334 Da (impurity), 57351 

Da (+13), 57747 Da (impurity)  

MBP_Cterm-mDHFR A1C_terpy  MWcalc=54590 Da, MWmeas=54604 Da (+14), 54937 Da 

(double alkylation) 

MBP_Nterm-mDHFR A105C_phen MWcalc=57241 Da, MWmeas=57253 Da (+12) 

MBP_Cterm-mDHFR A1C_phen MWcalc=54493 Da, MWmeas=54505 Da (+12) 

3.6.8 UV-visible spectroscopy 

UV-visible spectra were recorded at 25 °C from 250 nm to 750 nm. UV-visible spectra of 

proteins were recorded in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl with protein concentrations 

ranging from 20 to 50 µM. UV-visible titrations were performed with 20 µM protein solutions 
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with subsequent additions of 0.5 mM working solutions of metal salts. 0.5 mM working solutions 

of Zn(NO3)2·6H2O, FeSO4·7H2O in milliQ water were prepared from 5 mM stock solutions in 

milliQ water with 0.1% HCl. Split mDHFR reassembly assay was performed as described in 

Chapter 2: equimolar amounts of MBP_mDHFR fragments conjugates with the ligand (phen, 

bpy or terpy) were pre-mixed under denaturing conditions (50 mM NaH2PO4 pH 7.8, 8 M urea) 

to a final concentration of 2 µM (50 µL). The pre-mixed solution was diluted 20 times in the 

reaction buffer 50 mM NaH2PO4 pH 7.8 containing dihydrofolate (100 µM) to a final 

concentration of 0.1 µM for each component. Addition of metal salts (Cu(NO3)2, FeSO4 and 

Zn(NO3)2, was studied (1) in the denaturing pre-mixed solution (2) in the reaction buffer prior to 

the dilution of the pre-mixed solution (3) in the reaction buffer after dilution of the pre-mixed 

solution and 30 min incubation. Different equivalents of metal ions were added (compared to 

each protein fragment). NADPH was added at a final concentration of 100 µM (from a stock 

solution of 50 mM in milliQ water) and absorbance at 340 nm was monitored over time. 
 

3.6.9 Enzymatic cleavage of fusion proteins – Factor Xa and TEV protease 

Protease cleavage reactions were performed according to supplier’s protocols. For TEV protease 

cleavage, 20 µg of protein were incubated with 30 protease units (3µL) in 50 mM Tris-HCl pH 

8.0, 0.5 mM EDTA and 1 mM DTT for a total volume of 150 µL. The reaction mixture was 

incubated at 30 °C under continuous stirring (800 rpm). For Factor Xa cleavage, 150 µg of 

protein were incubated with 3 µg of Factor Xa (3µL) in 20 mM Tris-HCl pH 8.0, 100 mM NaCl, 

2 mM CaCl2 for a total volume of 150 µL. The reaction mixture was incubated at 23 °C under 

continuous stirring (800 rpm). Samples were collected in time, mixture with SDS-loading dye 

and frozen before being loaded on a 12% Tricine-SDS gel. Cleavage on a preparative scale was 

performed in 750 µL, the mixture was then concentrated and analyzed by Tricine-SDS-PAGE. 
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A metal ion regulated artificial metalloenzyme 
 

Regulation of enzyme activity is essential in living cells. The rapidly 

increasing number of designer enzymes with new-to-nature activities makes 

it necessary to develop strategies for controlling their catalytic activity. This 

chapter describes the development of an LmrR-based metal ion regulated 

artificial metalloenzyme created by simultaneously introducing a regulatory 

and a catalytic site into the protein. The catalytic activity of the artificial 

metalloenzyme is turned on in presence of Fe2+ ions, while addition of Zn2+ 

only leads to a marginal activation.  
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4.1 Introduction 

4.1.1 Control of activity of artificial metalloenzymes 

Control over enzymatic activity is vital for regulating the complex network of 

biosynthetic pathways in living cells. Nature employs several strategies to achieve 

tight regulation of enzymatic activity; these include control of enzyme concentration, 

substrate/product inhibition, (ir)reversible covalent modification or proteolysis.1 

Another important strategy used by nature to control enzyme activity is allosteric 

regulation, that is binding of an effector molecule or a metal ion at a site in the protein 

other than the active pocket.2–4 As a result of this interaction, the catalytic activity of 

an enzyme and, therefore, its activity in a biosynthetic pathway, can be regulated by 

the presence or absence of chemical signals in the environment.  

In recent years several designer enzymes with new-to-nature activities have been 

developed.5–7 With the advance of synthetic biology and the perspective of 

incorporating these designer enzymes in the complex chemical network of the cell, 

the need for developing regulatory mechanisms for their activity increases. 

Additionally, these artificial enzymes could be of interest for other applications, for 

example as (bio)sensors.  

Artificial metalloenzymes are hybrid catalysts that incorporate non-natural metal 

cofactors into biological scaffolds, thereby giving access to enzyme-like catalysts 

with non-natural catalytic activities.8,9 A wide variety of artificial metalloenzymes 

that display such activities within a biomolecular host has been presented in 

literature.10–12 A future challenge in the research of artificial metalloenzymes is their 

incorporation into the cellular environment. On one hand such developments would 

allow for faster optimization and evolution of these hybrid catalysts to achieve 

superior activities and, on the other hand, it would constitute a major advance for 

synthetic biology. The presence of the protein host in an artificial metalloenzyme 

has been shown to increase the bio-compatibility of the transition metal complex, 

therefore enabling its use in combination with natural enzymes for cascade 

reactions.13–15 Moreover, the first example of an artificial metalloenzyme harboring 

an abiotic cofactor able to perform catalysis in vivo was recently reported.16  

However, examples of such hybrid enzymes that can be activated by mechanisms 

akin to allosteric control remain scarce. Indeed, the only two examples for this type 

of activation come from the Ward group, who has recently demonstrated that the 

activity of artificial asymmetric transfer hydrogenases could be upregulated by 

proteolysis when a natural protease is used as an external stimulus or cross-regulated 

by coupling the artificial metalloenzyme with a natural enzyme that produces an 

inhibitor for its activity (Chapter 1, Figure 16).17,18  



A metal ion regulated artificial metalloenzyme 

87 

 4 

4.1.2 LmrR-based artificial metalloenzymes 

Over the past years our group has introduced a novel class of artificial 

metalloenzymes based on the transcriptional regulator LmrR (Lactococcal multidrug 

resistance Regulator). LmrR is a small homodimeric protein with a size of 14 kDa 

per subunit and it belongs to the PadR-like family of transcriptional regulators in 

Lactococcus Lactis.19,20 LmrR shows the typical structural feature of PadR proteins 

with the N-terminal β-winged helix-turn-helix motif involved in DNA binding and 

the additional C-terminal helix involved in dimerization. These C-terminal helices 

form a large, symmetrical and flat central pore at the subunit interface 

(approximately 22 Å in width and 6 Å in height) that can accommodate a large 

spectrum of small aromatic molecules for multi drug resistance.21 This hydrophobic 

pore presents two entrances. The front entrance (helices α4-α4’) is predominantly 

comprised by negatively charged amino acids and is probably involved in attracting 

the positively charged drugs. Conversely, the largely positively charged back 

entrance (helices α1-α1’ and α3-α3’) is involved in DNA binding.21 Ligand binding 

inside the pocket of LmrR is mainly achieved by hydrophobic interactions and 

aromatic stacking between the tryptophan residues in positions 96 and 96’ (Figure 

1).  

 
Figure 1: Surface representation of the front entrance of LmrR (PDB 3F8F).21 Zoom in of the 

hydrophobic pocket at the dimer interface. Tryptophans in positions 96 and 96’ are shown in blue. 

This cavity at the dimer interface is attractive for creating a new active site for 

artificial metalloenzymes as it combines a chiral second coordination sphere with a 

hydrophobic microenvironment that is suitable for binding small molecule 

substrates. To date a few examples of LmrR-based artificial metalloenzymes applied 

for enantioselective catalysis have been described.22–25 Another attractive feature of 

LmrR as biomolecular scaffold for artificial metalloenzymes is its amenability 

toward three different anchoring strategies for incorporating non-natural cofactors. 

Covalent22,23 and supramolecular anchoring,25 as well as unnatural amino acid 

incorporation,24 have been used to introduce transition metal complexes or 

non-natural metal binding moieties. The resulting hybrid catalysts have been applied 

in a variety of Lewis acid catalyzed enantioselective reactions, including Diels-Alder 

cycloaddition,22 water addition to α,β-unsaturated ketones23 and Friedel–Crafts 

alkylation reactions (Figure 2).24,25 
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Figure 2: Schematic representation of LmrR-based artificial metalloenzymes applied for 

enantioselective reactions based on three different anchoring strategies for the incorporation of 

non-natural cofactors: unnatural amino acid incorporation,24 covalent anchoring22,23 and 

supramolecular anchoring.25 

4.2 Aim  

In this project the possibility of regulating the activity of an LmrR-based 

metalloenzyme with metal ions was investigated. For the creation of a metal 

regulated artificial metalloenzyme two different metal binding sites needed to be 

introduced within the biomolecular scaffold of LmrR: a catalytic site, where the 

desired transformation takes place, and a regulatory site to bind the regulatory metal 

ions that will activate or inactivate the metalloenzyme. 

4.3 Design 

In order to introduce two different metal complexes within the LmrR scaffold we 

took advantage of the design versatility of LmrR and combined two different 

anchoring strategies. The incorporation of a catalytic site via the supramolecular 

approach is based on the binding of Cu2+ complexes of planar aromatic ligands (such 

as phenanthroline) between the two tryptophans located inside the hydrophobic 

pocket of LmrR (positions 96 and 96′, Figure 1). This approach has been previously 

applied to catalyze the enantioselective Friedel–Crafts alkylation of α,β-unsaturated 

imidazoles to indoles using Cu2+ phenanthroline complexes, such as 



A metal ion regulated artificial metalloenzyme 

89 

 4 

[Cu(phen)(NO3)2], obtaining good conversions and excellent enantioselectivities of 

>90%.25 The introduction of a regulatory site via covalent anchoring of a metal 

binding moiety to LmrR is based on the site-selective modification of the protein 

using a unique cysteine as bioconjugation handle for the alkylation reaction.22,23 

Since LmrR is a homodimeric protein, the introduction of a ligand in one specific 

position via covalent anchoring will lead to functionalization of both monomers, 

resulting in a dimeric protein containing two metal binding moieties. 

The design of the envisioned metal ion regulated artificial metalloenzyme is 

depicted in Figure 3. In absence of an effector metal ion, the metal binding moieties 

covalently anchored to LmrR will bind the catalytically active complex 

[Cu(phen)(NO3)2]. As a result, the two free coordination sites on the Cu2+ required 

for substrate binding are sequestered, rendering the artificial metalloenzyme 

inactive. Conversely, addition of transition metal ions that bind stronger than Cu2+, 

would trap the metal binding moieties into stable chelate complexes, allowing the 

active Cu2+ complex to perform the catalysis (Figure 3).  
 

 
Figure 3: Schematic representation of the metal ion regulated artificial metalloenzyme 

Previous work with LmrR based metalloenzymes showed that enantioselective 

reactions take place inside the hydrophobic pocket in close proximity to the front 

entrance. Therefore, it was envisioned that the formation of chelate metal complexes 

in this area might also impact catalysis.22,23 2,2′-Bipyridine was selected as metal 

binding moiety for the regulatory site due to its ability to strongly bind late-first row 

transition metal ions with high affinity and in different stoichiometries.26–30 The 

bipyridine ligands were introduced on solvent exposed positions on the α4 helices, 

which delimit the front entrance of the hydrophobic pocket. Introduction of 

bipyridine ligands on these helices would allow the formation of chelate complexes 

involving one bipyridine moiety of each monomer. Positions 93 and 104, located in 
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the central part of the front entrance, and position 86, which is located toward the 

edge of the pocket, were chosen for the introduction of the ligands (Figure 4). 

 
Figure 4: Surface and helix representation of the LmrR front entrance. Residues H86, F93, E104 

are shown in blue, green and red, respectively. 

4.4 Results and discussion 

4.4.1 Synthesis and characterization of LmrR_bipyridine conjugates 

Plasmids encoding C-terminally Strep-tagged cysteine mutants of LmrR (F93C, 

E104C, H86C) were prepared by standard site-directed mutagenesis technique 

(Quik-Change) from a vector available from previous work (Table 4).22 LmrR 

mutants were subsequently expressed in E. coli BL21(DE3) C43 and purified first 

by affinity chromatography (Strep-tactin Sepharose column) and then by cation 

exchange chromatography (Heparin column) to remove residual bound DNA. Target 

proteins were obtained in good yields (10–20 mg/L) and in excellent purity as judged 

by Tricine-SDS-PAGE, UPLC-MS (Table 5) and analytical size exclusion 

chromatography. 

Bipyridine units were introduced by selective alkylation of cysteines with a 

bromoacetamide derivative of 2,2′-bipyridine (Figure 5).22,23 UPLC-MS (Table 6) 

and Tricine-SDS-PAGE were used to confirm identity and purity of the 

LmrR_bipyridine conjugates and analytical size exclusion chromatography 

demonstrated that the dimeric structure of LmrR was not significantly altered by 

introduction of the metal binding moieties (Figure 12). 

 
Figure 5: Reaction scheme of the synthesis of LmrR_bipyridine conjugates. Ligand used for 

alkylation reaction on LmrR cysteine mutants: N-([2,2’-bipyridin]-5-ylmethyl)-2-

bromoacetamide.31,32 

With the LmrR bipyridine conjugates in hand, the binding of these conjugates to 

Zn2+ and Fe2+ was studied by UV-visible titrations. These two ions are examples of 
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divalent, late-first row transition metal ions with different coordination properties. 

Upon addition of either metal salt, the appearance of a shoulder around 310 nm was 

observed, indicative of a change in the π–π* transition of the bipyridine upon metal 

coordination (Figure 7). This red shift has previously been reported for bipyridine 

ligands in solution and for proteins containing a bipyridine moiety.29,32,33 
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Figure 6: UV-visible titrations of LmrR F93C_bpy (a), LmrR E104C_bpy (b) and LmrR H86C_bpy 

(c) with FeSO4·7H2O (left) and Zn(NO3)2·6H2O (right). Titrations were performed in 50 mM 

NaH2PO4 pH 7.0, 500 mM NaCl with 22.5 µM LmrR_bipyridine conjugate (dimer) with 

subsequent additions from 1 mM solutions of metal salts in milliQ water. Insets show the fitting of 

the titration data obtained with non-linear regression. 

In the titration with Fe2+ also the appearance of two additional absorption bands 

between 490 and 530 nm was observed. These bands are characteristic of 

Fe2+-bipyridine complexes (Figure 6).28,30,34,35 The resulting titration curves could be 
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fitted to a 1:1 binding model, corresponding to the formation of complexes 

containing one metal ion per LmrR dimer (Table 1). The stoichiometry of the 

metal:protein complexes was further confirmed by Job’s plot, in which the maximum 

complex formation was obtained with equimolar concentrations of metal ions and 

LmrR dimer (Figure 7).  

ICP-AES experiments performed after incubation of the 

LmrR_E104C_bipyridine conjugate with Fe2+ and Zn2+, followed by dialysis to 

remove unbound metal ions, also suggested the presence of one equivalent of metal 

ion per LmrR dimer. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.00

0.02

0.04

0.06

0.08

0.10
 LmrR F93C_bpy

 LmrR E104C_bpy

 LmrR H86C_bpy

A
-A

0
 (

5
3
0
 n

m
)

X Fe2+

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.1

0.2

0.3

0.4

0.5

 LmrR F93C_Bpy

 LmrR E104C_Bpy

 LmrR H86C_Bpy

A
-A

0
 (

3
1

1
 n

m
)

X Zn2+
 

Figure 7: Job’s plot graphs of LmrR_bipyridine conjugates with FeSO4·7H2O (left) and 

Zn(NO3)2·6H2O (right). Plots of ΔA at 530 nm for Fe2+ and 311 nm for Zn2+ against the molar 

fraction (x) of the Fe2+ and Zn2+, respectively. 100 µM stock solutions of LmrR conjugates in 50 

mM NaH2PO4 pH 7.0, 500 mM NaCl and 200 µM of FeSO4·7H2O or Zn(NO3)2·6H2O in milliQ 

water. Total concentration in the cuvette was kept constant at 60 µM. 

Taken together these observations suggest the formation of a chelate metal 

complex between one metal ion and two bipyridines in the LmrR scaffold. 

Exogenous water molecules or ligands supplied by amino acid side chains might 

complete the coordination sphere around the metal. The formation of a chelate 

complex between the two bipyridines and the metal ions was expected for the 

conjugates containing bipyridine units located in the central part of the front entrance 

(LmrR F93C_bpy and LmrR E104C_bpy), given the proximity of the two amino 

acids in the protein dimer (10–15 Å from the reported crystal structure).21 However, 

for the conjugate in which the bipyridine ligands are located towards the edge of the 

hydrophobic pocket (LmrR H86C_bpy) the formation of a chelate metal complex 

appeared unlikely due to the distance between the two residues in position 86 (28–

30 Å).21 Tentatively, chelation of the metal ions could be achieved due to the known 

flexibility of the LmrR scaffold. The cost for the formation of these less favored 

complexes is reflected in a lower binding affinity for both regulatory metals (Table 

1) and an apparent lower stability of the metal-bound proteins, which were prone to 

precipitation. However, the possibility of formation of chelate complexes with 

bipyiridine units from separate LmrR dimers should also be considered, as suggested 
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by the presence of higher order aggregates in the size exclusion chromatography of 

some Fe2+ conjugates (LmrR E104C_bpy and LmrR H86C_bpy) (Figure 12). 

 
4.4.2 Catalysis 

The catalytic activity of the LmrR_bipyridine conjugates and their metal complexes 

was evaluated in the enantioselective, vinylogous Friedel–Crafts alkylation of 

1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1) with 2-methyl-1H-indole 

(2).24,25,36–38 The metal complexes of LmrR bipyridine conjugates with Fe2+ and Zn2+ 

(LmrR_bpy_M2+) were prepared fresh prior to catalysis by incubation of 1 

equivalent of the corresponding metal salt with 1 equivalent of the LmrR_bpy 

conjugate (dimer) in 20 mM MOPS pH 7.0,  500 mM NaCl. The mixtures were 

centrifuged to remove possible precipitate and the supernatants containing the 

LmrR_bpy_M2+ complexes were used for the supramolecular assembly of the 

artificial metalloenzymes. The artificial metalloenzymes were prepared in situ by 

self-assembly from [Cu(phen)(NO3)2] (22 μM) with a slight excess (1.3 equivalents) 

of LmrR_bpy_M2+ complex (30 μM) in 20 mM MOPS pH 7.0, 500 mM NaCl. The 

mixtures were incubated at 4 °C for 30 minutes and the catalytic reactions were 

initiated by addition of substrates 1 and 2 at a final concentration of 1 mM each. 

Reactions were incubated at 4 °C for 72 hours, after which the products were 

extracted and analyzed by chiral HPLC.  

As previously reported, the reaction of 1 with 2 catalyzed by the assembly of 

[Cu(phen)(NO3)2] with wt-LmrR was protein accelerated and gave rise to excellent 

enantioselectivity (92%, Table 2, entries 1 and 2).25  

As expected, using the LmrR_bipyridine conjugates in absence of any regulatory 

metal ion resulted in no significant catalytic activity of the metalloenzymes with 

LmrR F93C_bpy and LmrR E104C_bpy and low activity for LmrR H86C_bpy 

(Table 2, entries 3–5). These results are consistent with the absence of free 

coordination sites on the Cu2+ ion in the [Cu(phen)(NO3)2] complex, being 

sequestered by the conjugated bipyridine ligands and thus preventing substrate 

binding (Figure 3). For LmrR H86C_bpy, this sequestration is apparently less 

Table 1 Dissociation constants for LmrR_bipyridine conjugates with Fe2+ and Zn2+ 

determined by UV-visible titrations 

Entry Protein KD (µM) 

1 LmrR F93C_bpy+Fe2+ 1.2±0.5 

2 LmrR F93C_bpy+Zn2+ 1.5±0.5 

3 LmrR E104C_bpy+Fe2+ 1.0±0.3 

4 LmrR E104C_bpy+Zn2+ 0.304±0.005 

5 LmrR H86C_bpy+Fe2+ 4.8±0.2 

6 LmrR H86C_bpy+Zn2+ 7±1 
 

The reported apparent dissociation constants (KD) are the average of two independent experiments 

performed with two independent batches of LmrR_bipyridine conjugates and the errors correspond to the 
standard deviation.  
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efficient for reasons not understood at the moment, as indicated by the low activity 

of the conjugates.  

For the conjugate LmrR F93C_bpy formation of metal complexes with either 

Fe2+ or Zn2+ prior to catalysis resulted in no significant product formation (Table 2, 

entries 6 and 7). The observed lack of catalytic activity might be due to the bulkiness 

of the chelate metal complexes that are located right in the middle of the front 

entrance, preventing the substrates to reach the active Cu2+ center located inside. 

This hypothesis is supported by the observation that no binding of the dye Hoechst 

33342, which is known to access the hydrophobic pocket of LmrR through the front 

entrance, to LmrR F93C_bpy was observed using fluorescence spectroscopy (Figure 

8).21 
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Figure 8: Fluorescence titrations of LmrR_bipyridine conjugates with Hoechst 33342. Titrations 

were performed with 0.2 µM solutions of protein dimer in 20 mM MOPS pH 7.0, 500 mM NaCl 

with subsequent additions from a 8 µM solution of Hoechst 33342 in milliQ water.  

For LmrR E104C_bpy and LmrR H86C_bpy on the other hand, we were pleased 

to observe catalytic activity upon incubation with the regulatory metal ions (Fe2+ or 

Zn2+), prior to addition of the active [Cu(phen)(NO3)2] complex (Table 2, entries 8–

10), albeit lower than the activity observed for wt-LmrR. These results suggest that 

the activity of these artificial metalloenzymes can indeed be regulated by the 

presence of metal ions.  

It was observed consistently that activation with Fe2+ yielded more active 

artificial metalloenzymes when compared to the addition of Zn2+: higher turnover 

numbers (TON) were achieved for the artificial metalloenzymes containing Fe2+ 

complexes compared to the respective Zn2+ complexes (Table 1, entries 8–11). As 

this difference in activity is particularly pronounced for the conjugate LmrR 

E104C_bpy (7 times higher TON of the Fe2+ complex compared to the respective 

Zn2+ complex) this variant was selected for further investigation.  

According to the Irving–Williams series, six-coordinate octahedral Cu2+ 

complexes are thermodynamically more stable than other high spin divalent first row 

transition metal complexes. Thus, in our design, the Cu2+ from the active 

[Cu(phen)(NO3)2] complex could replace Zn2+ from the high spin bipyridine 
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complex, forming a mixed complex with phenanthroline and the covalently bound 

bipyridine as ligands. Since this additional interaction would prevent substrate 

binding, the resulting artificial metalloenzyme becomes inactive towards the desired 

reaction. Conversely, Fe2+ is known to predominantly form low spin complexes with 

bipyridine ligands, which are kinetically more stable and, as a result, less prone to 

ligand substitution. Therefore, exchange of Fe2+ by Cu2+ will not occur and the 

artificial metalloenzyme will remain active.39,40 

 
To test this hypothesis, reactions were performed using an excess of Fe2+ or Zn2+ 

ions. The LmrR_E104C_bpy conjugates were incubated with 1, 3 and 6 equivalents 

of metal ions and in case of Zn2+ also 10 equivalents (with respect to LmrR dimer) 

before the artificial metalloenzyme was assembled by addition of [Cu(phen)(NO3)2]. 

As expected, when additional Fe2+ equivalents were added, no significant change in 

catalytic activity was observed (Figure 9). In contrast, when going from 1 to 10 

equivalents of Zn2+, an increase in activity was detected (from 4 to 12 TON, Figure 

9). With increasing amounts of Zn2+ also a decrease in enantioselectivity was 

evident, which presumably reflects structural changes of the chiral active site as a 

result of non-specific Zn2+ binding to the protein. 
 

 

 

Table 2 Results of vinylogous Friedel−Crafts alkylation reactions catalyzed by LmrR_bpy 

conjugates and their respective Fe2+ and Zn2+ complexes. 

 
 

Entry Catalyst Yield (%)a TONb ee (%)c 

1 Cu(phen)(NO3)2 (only) 39±4 16±2 <5 

2 wt-LmrR 58±3 24±1 92±1 (-) 

3 LmrR F93C_bpy ≤1 - n.d. 

4 LmrR E104C_bpy ≤1 - n.d. 

5 LmrR H86C _bpy 7±1 3±1 81±4 (-) 

6 LmrR F93C _bpy+Fe2+ 2±0 1±0 n.d. 

7 LmrR F93C _bpy+Zn2+ 2±1 1±1 n.d. 

8 LmrR E104C_bpy+Fe2+ 34±4 14±2 75±6 (-) 

9 LmrR E104C_bpy+Zn2+ 4±0 2±0 n.d. 

10 LmrR H86C _bpy+Fe2+ 26±6 11±2 88±3 (-) 

11 LmrR H86C_bpy+Zn2+ 14±2 6±1 80±10 (-) 
 

Typical conditions: 2.2 mol% [Cu(phen)(NO3)2] (22 µM) loading with 1.3 eq LmrR_bpy conjugates (30 µM), 

1 mM of substrate 1 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, for 72 h at 4 °C. All the results listed 
correspond to the average of two independent experiments, each carried out in duplicate. aYields were 

determined by HPLC and using 2-phenylquinoline as internal standard. bTurnover numbers (TON) were 

determined by dividing the concentration of product by the catalyst concentration. cSign of rotation was 
assigned based on the elution order in chiral HPLC by comparison to previous reports.36,38 For yields below 

5% ee’s were not determined.  
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Figure 9: Comparison of turnover numbers (TON, black) and enantioselectivity (purple) in the 

vinylogous Friedel−Crafts alkylation reactions catalyzed by LmrR_E104C_bpy and respective 

Fe2+ and Zn2+ complexes in presence of increasing concentration of Fe2+ (left) and Zn2+ (right). 

Same reaction conditions as in Table 2.  

The possibility of a metal exchange between the regulatory metal ion (Fe2+ or 

Zn2+) and the catalytic metal ion (Cu2+) was further investigated by ICP-AES 

measurements. LmrR_E104C_bpy_M2+ complexes were formed, thoroughly 

dialyzed to remove non-bound metal ions,  incubated with Cu2+ ions, dialyzed again, 

and the regulatory metal ion (Fe2+ or Zn2+) bound to the protein was quantified. 

Quantification of the regulatory metal bound to the protein after incubation with 

[Cu(phen)(NO3)2] did not show a change in the total amount of Fe2+ or Zn2+ (Figure 

11 and Table 7) because metal exchange might result in the formation a mixed Cu2+ 

phenanthroline-bipyridine complex, while the regulatory metal will still be bound to 

the second bipyridine in the LmrR scaffold (Figure 10).  

a) 

 

     b) 

 

Figure 10: Schematic representation of metal ion exchange between regulatory metal ion (M2+) 

and the catalytic metal ion (Cu2+) with (a) [Cu(phen)(NO3)2] and (b) Cu(NO3)2. 

In order to drive the equilibrium towards a complete metal replacement, leading 

to a Cu2+ bis-bipyridine complex and the release of the regulatory metal ion, 

incubation of the LmrR_bpy_M2+ complexes with Cu(NO3)2 was performed (Figure 

10). A significant decrease in the amount of Zn2+ bound to the protein was observed 

after incubation with Cu(NO3)2 (Figure 11 and Table 7), confirming the hypothesis 
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of a partial replacement of Zn2+ with Cu2+, with subsequent inactivation of the 

catalyst (Figure 10). The observation that the metal displacement reaction does not 

seem to take place for the Fe2+ complex supports the formation of a stable low spin 

Fe2+ bisbipyridine complex within the LmrR scaffold.40 
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Figure 11: Results of ICP-AES measurements on LmrR_E104C_bpy complexes with Fe2+ (left) 

and Zn2+ (right). Percentage of the regulatory metal ion bound to LmrR is normalized to the 

amount of Fe2+ or Zn2+ quantified upon incubation of LmrR bipyridine conjugates with 1 eq of 

metal ion and subsequent dialysis (black bar).   

Lastly, we tested the reversibility of the designed metal regulated artificial 

metalloenzyme by inverting the order of addition of the regulatory and catalytic 

metal ions. Toward this end, LmrR_E104C_bpy was first incubated with the active 

catalyst ([Cu(phen)(NO3)2]) at 4 °C for 30 minutes followed by addition of 1 

equivalent of regulatory metal ion salt (Fe2+ or Zn2+). After incubation of the 

resulting mixture for 30 minutes substrates 1 and 2 were added at a final 

concentration of 1 mM each. In parallel, LmrR_E104C_bpy was also incubated first 

with Fe2+ or Zn2+ and then with [Cu(phen)(NO3)2]. Reactions were incubated at 4 °C 

for 72 h, after which the products were isolated and analyzed by chiral HPLC.  

 

We were delighted to observe that catalytic activity (as well as enantioselectivity) 

could be restored to a large extent upon addition of Fe2+ salt to the inactive 

metalloenzyme (Table 3, entry 1 and 2). In contrast, addition of Zn2+ salt resulted in 

very low catalytic activity in either case (Table 3, entry 3 and 4). This result suggests 

Table 3 Effect of the order of incubation on the results of vinylogous Friedel−Crafts alkylation reactions 
catalyzed by the [Cu(phen)(NO3)2]  / LmrR E104C_bpy conjugate. 

Entry 1st incubation 2nd incubation Yield (%)a TONb ee (%)c 

 LmrR E104C_bpy     

1 Fe2+ [Cu(phen)(NO3)2] 57±14 23±5 72±14 (-) 

2 Cu(phen)(NO3)2] Fe2+ 33±5 14±2 78±2 (-) 

3 Zn2+ [Cu(phen)(NO3)2] 13±2 6±1 50±1 (-) 

4 [Cu(phen)(NO3)2] Zn2+ 11±3 5±1 50±13 (-) 
 

Same reaction conditions as in Table 2. aYields were determined by HPLC and using 2-phenylquinoline 
as internal standard. bTurnover numbers (TON) were determined by dividing the concentration of product 

by the catalyst concentration. cSign of rotation was assigned based on the elution order in chiral HPLC by 

comparison to previous reports.36,38  For yields below 5% ee’s  were not determined.  
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that selective regulation of activity of the designed artificial metalloenzyme by Fe2+ 

ions is reversible.  

4.5 Conclusions 

In conclusion, in this chapter the successful design, synthesis and characterization of 

a metal ion regulated artificial metalloenzyme are presented. By combining a 

regulatory site to bind an effector metal ion and an active site to recruit a catalytically 

active metal complex to the LmrR scaffold, the activity of an artificial 

metalloenzyme for the enantioselective vinylogous Friedel–Crafts alkylation of the 

α-β unsaturated imidazole 1 with 2-methyl indole 2 could be regulated by incubation 

with Fe2+ ions. Reminiscent of allosteric regulation in natural enzymes, we achieved 

selective activation by Fe2+ but not by Zn2+, taking advantage of the different 

coordination properties of these transition metals. This study represents the first 

example of a metal ion regulated artificial metalloenzyme and presents a significant 

advance toward controlling the activity of designer enzymes in hybrid bio-synthetic 

pathways. Application of this strategy in vivo is not yet a possibility, due to the 

necessary post-translational modification required for the installation of the 

regulatory site (bipyridine moieties covalently anchored to the LmrR scaffold). Once 

an efficient protocol for the presented reaction in vivo will be available, designing 

the regulatory site with unnatural metal binding amino acids (such as 

(2,2-bipyridin-5yl)alanine) might be considered in order to avoid the 

post-translational modification step. Complications related with possible 

competition of naturally occurring metal ions with the regulatory metal ions (Fe2+ or 

Zn2+) should also be considered. 

4.6 Experimental section 

4.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without further purification. 
1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz in CDCl3 or DMSO-d6. 

Chemical shifts (δ) are denoted in ppm using residual solvent peaks as internal standard. 

Enantiomeric excess determinations were performed by HPLC analysis using UV-detection 

(Shimadzu SCL-10Avp). Conditions: Chiralpak AD-H, n-heptane:iPrOH 88:12, 45 min, 0.5 

ml/min. For reversibility experiments conditions: Chiralpak AD, n-heptane:iPrOH 90:10, 30 min, 

1.0 ml/min. UPLC-MS on protein samples was performed on a Acquity TQ Detector (ESI 

TQD-MS) coupled to Waters Acquity Ultra Performance LC using a Acquity BEH C8 (1.7 µm 2.1 

x 150 mm). Water (solvent A) and acetonitrile (solvent B) containing 0.1% formic acid by volume, 

were used as the mobile phase at a flow rate of 0.3 mL/min. Gradient: 90% A for 2 min, linear 

gradient to 50% A in 2 min, linear gradient to 20% A in 5 min, followed by 2 min at 5% A. 

Re-equilibration of the column with 2 min at 90% A. UPLC-MS chromatograms were analyzed 

with MassLynx V4.1 and deconvolution of spectra was obtained with the algorithm MagTran.41  

ICP-AES analysis was performed with a Perkin Elmer Optima 7000DV instrument. 
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Tricine-SDS-PAGE were performed in minigel BioRad apparatus and Coumassie staining was 

obtained with InstantBlue (Expedeon). Markers used for Tricine-SDS-PAGE: PageRuler™ 

Unstained Broad Range Protein Ladder and PageRuler™ Unstained Low Range Protein Ladder 

(Thermo Scientific). Ultra-centrifugation was performed with Vivaspin-Turbo-15 or Vivaspin-500 

(Sartorius). Fluorescence and UV-visible spectra were recorded on Jasco FP-6200 

spectrofluorometer and Jasco V-660 spectrophotometer, respectively. E. coli strains NEB5α and 

BL21 (DE3) C43 (Stratagene) were used for cloning and protein production, respectively. PCR 

reactions were carried out using an Eppendorf Mastercycler Personal apparatus. DNA sequencing 

was carried out by GATC-Biotech. Primers were synthesized by Eurofins. Pfu Turbo polymerase 

was purchased from Agilent and DpnI was purchased from New England Biolabs. Plasmid 

Purification Kit was purchased from Qiagen. Äkta Purifier 900 (GE Healthcare) was used for Fast 

Protein Liquid Chromatography (FPLC). FPLC columns Hi-Trap heparin HP and Superdex75 

10/300 GL were purchased from GE Healthcare. Strep-tag purification was performed on 

Strep-Tactin superflow resin (IBA) and dialysis membrane was purchased by SpectrumLabs. 

Concentration of the proteins was measured with Nanodrop 2000 (Thermo Scientific). Extinction 

coefficients of protein (ε280) were calculated by Protparam tool on the Expasy server (contribution 

of bipyridine moiety was accounted for by addition the measured extinction coefficient obtained 

for 2,2’-bipyridine (ε=14800 M-1cm-1) to the extinction coefficient of the protein.  

4.6.2 Synthesis 

 

N-([2,2’-bipyridin]-5-ylmethyl)-2-bromoacetamide was synthesized 

according to a literature procedures as reported in Chapter 3.22,31,32,42 

(E)-1-(1-Methyl-1H-imidazole-2-yl)-but-2-en-1-one (1) was 

synthesized according to a literature procedure36 starting from 861 mg of crotonic 

acid (10 mmol) with a 24% yield (360 mg, 2.4 mmol). 1H NMR (400 MHz, CDCl3) 

δ (ppm): 7.37 (m, 1H), 7.12 (m, 1H), 7.09-7.04 (m, 1H), 7.01 (s, 1H), 4.00 (s, 3H), 

1.95 (d, J=6.9 Hz, 3H). 

 

[Cu(phen)(NO3)2] was synthesized according to a literature procedure.43 

Elemental analysis: C % 39.10, H % 2.15, N % 15.21 (calculated: C % 39.19, 

H % 2.19, N % 15.23).  

A racemic mixture of the Friedel–Crafts product 

1-(1-methyl-1H-imidazol-2-yl)-3-(2-methyl-1H-indol-3-yl)butan-1-one 

(3) as reference material was synthesized adapting a literature 

procedure.25,44 (E)-1-(1-methyl-1H-imidazole-2-yl)-but-2-en-1-one (50 mg, 

0.33 mmol) and the 2-methyl indole (86 mg, 0.66 mmol), predissolved in 1 

mL acetonitrile each, were added to 500 mL of water containing 1.2 g sodium dodecyl sulfate (4.2 

mmol, 8 mM final concentration) and 15 mol% Cu(NO3)2
.3H2O (0.05, 12 mg). The reaction was 

stirred at room temperature for 16 hours. 5 g of NaCl were added and the aqueous phase was 

extracted 3 times with 100 mL diethyl ether. The combined organic phases were washed with 100 

mL brine and dried over Na2SO4. The product was purified by column chromatography 

(ethylacetate: heptane 1:1) and obtained as a yellow solid with a 52% yield (54 mg, 0.19 mmol). 
1H NMR (400 MHz, CDCl3) (δ, ppm): 1.47 (d, J=9.2 Hz, 3H), 2.39 (s, 3H), 3.62 (d, J=10.4 Hz, 

2H), 3.76-3.78 (m, 1H), 3.7 (s, 3H), 6.91 (s, 1H), 7.00-7.06 (m, 1H), 7.10 (s, 1H), 7.19-7.20 (m, 

1H), 7.64-7.67 (m, 1H), 7.72 (s, 1H). 

4.6.3 Site-directed mutagenesis 

pET17b plasmids encoding for cysteine mutants of LmrR including a C-terminal Strep-tag for 

purification purposed prepared by site-directed mutagenesis (Quik Change) starting from a plasmid 
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available from previous work.22 The primers used for the mutagenesis are listed in Table 4. 

Standard Pfu Turbo DNA polymerase protocol was used with an initial denaturation at 95 °C for 

1 min. The following cycle was repeated 16 times: denaturation at 95 °C for 30 s, annealing at 52 

°C for 1 min, elongation at 72 °C for 4 minutes. Final elongation was performed at 72 °C for 10 

min. The resulting PCR products were digested with restriction endonuclease DpnI for 1 h at 37 

°C and 5 µL of the mixture were directly transformed into the E. coli NEB5α. Cells were spread 

onto an agar plate containing 100 μg/mL of ampicillin. Single colonies were selected after 

overnight growth and used to inoculate 5 mL of LB medium containing the same antibiotic. 

Plasmids were isolated by plasmid purification kit and sequences were confirmed by Sanger 

sequencing (T7 forward primer).  
 

4.6.4 Expression and purification 

pET17b plasmids encoding for LmrR mutants were transformed into E. coli BL21 (DE3) C43 

which were spread onto an agar plate containing 100 μg/mL of ampicillin. Single colonies were 

selected after overnight growth and used to inoculate 5 mL of LB medium containing the same 

antibiotic. This starter culture was grown at 37 °C overnight and used to inoculate 500 mL of fresh 

LB medium with the same antibiotic. The culture was grown at 37 °C until OD600 = 0.8 

(approximately 3h) and then isopropyl β-D-1-thiogalactopyranoside (IPTG) at final concentration 

of 1 mM was added to induce the expression of the target proteins. Protein expression was 

performed at 30 °C overnight. Cells were harvested by centrifugation (6000 rpm, JA‐10, 20 min, 

4 °C) and the pellets were resuspended in 50 mM NaH2PO4 pH 8.0, 150 mM NaCl, 2.5 mM DTT 

(20 mL, no DTT present for wt-LmrR) containing a protease inhibitor cocktail (Complete, Roche). 

Cells were sonicated (70% (200W) for 10 min (10 sec on, 15 sec off) after which a PMSF solution 

(final concentration 0.1 mM) and DNaseI (0.1 mg/mL, containing 10 mM MgCl2) were added. The 

cell-free extracts obtained after centrifugation (15000 rpm, JA-17, 45 min, 4 °C) were then loaded 

into columns containing 3 mL of pre‐equilibrated slurry of Strep-Tactin column material (50% 

Strep-Tactin in storage buffer) for 1 h at 4 °C (mixed at 200 rpm on a rotary shaker). The columns 

were washed three times with 1 column volume (CV) of resuspension buffer and eluted with seven 

fractions of 0.5 CV of resuspension buffer containing 5 mM desthiobiotin.  The first flow through 

fraction was loaded again onto a column containing 3 mL of pre‐equilibrated slurry of Strep-Tactin 

column material and the purification step was repeated. The elution fractions were analyzed on a 

12% polyacrylamide Tricine-SDS gel, followed by Coumassie staining. The fractions containing 

protein (typically elution 2-6 were pooled, concentrated and purified on a Hitrap Heparin HP 

column equilibrated with 50 mM NaH2PO4 pH 8.0, 2.5 mM DTT by a gradient of NaCl 

concentration from 0 to 1 M in 5 min with a flow of 1 mL/min. The elution fractions were analyzed 

on a 12% polyacrylamide Tricine-SDS gel, followed by Coumassie staining and the fractions 

containing protein were pooled and concentrated. The concentration of the proteins was measured 

with Nanodrop 2000 using the calculated extinction coefficient for monomer ε280= 25440 M‐1 cm‐

1. Typical expression yields were between 10-20 mg/L. UPLC-MS traces were recorded for each 

LmrR mutant. 

Table 4 Primers used for site-directed mutagenesis (fw: forward primer, rv: reverse primer). Single point mutations in 

bold. 

Primer Sequence (5’ → 3’) 

LmrR F93C_fw ATGCGACTTGCCTGCGAATCTTGGTCA 

LmrR F93C_rv TGACCAAGATTCGCAGGCAAGTCGCAT 

LmrR E104C_fw CGATAAAATTATTTGCAATTTAGAAGCAA 

LmrR E104C_rv TTGCTTCTAAATGCAAATAATTTTATCG 

LmrR H86C_fw CAGAGATTGGTTGCGAAAATATGCG 

LmrR H86C_rv CGCATATTTTCGCAACCAATCTCTG 
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4.6.5 LmrR_bipyridine conjugates:  

Proteins were eluted from the cation exchange column, concentrated (1.5-2 mL, 250-300 µM) and 

dialyzed against 1 L of degassed 50 mM NaH2PO4 pH 7.8, 150 mM NaCl buffer overnight. A 10 

times molar excess of N-([2,2’-bipyridin]-5-yl methyl)-2-bromoacetamide dissolved in a small 

amount of DMSO (final concentration around 10%) was added to the protein solution under Ar 

and in the dark. The solution was mixed for 8 h at 4 °C after which the protein was dialyzed twice 

against 1 L of 20 mM MOPS pH 7.0, 500 mM NaCl. UPLC-MS of the resulting proteins were 

recorded for each conjugate. The concentration of the proteins was measured with a Nanodrop 

2000 using ε=40195 M-1cm-1. 

 
4.6.6 Size exclusion chromatography  

100 µL of the sample was injected onto a Superdex 75 10/300 GL column pre-equilibrated with 

20 mM MOPS pH 7.0 500 mM NaCl as buffer (flow 0.5 mL/min). Analytical size exclusion 

chromatograms were recorded of LmrR_bipyridine conjugates, after Strep-tag and Heparin 

purification, and of the conjugates after incubation with one equivalent of Fe2+ and Zn2+.  
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Figure 12: Analytical size exclusion chromatography of LmrR cysteine mutants, LmrR_bipyridine conjugates 

and respective complexes with Fe2+ and Zn2+. 

Table 5 ESI (+) of wt-LmrR and LmrR cysteine mutants from UPLC-MS 

Protein 

 

MWobserved (Da) MWcalculated (Da) (-Met) 

wt-LmrR 14672 14669 

LmrR F93C 14625 14625 

LmrR E104C 14648 14643 

LmrR H86C 14636 14636 

 

Table 6 ESI (+) of LmrR_bipyridine conjugates from UPLC-MS 

Protein 

 

MWobserved (Da) MWcalculated (Da) (-Met) 

LmrR F93C 14850 14850 

LmrR E104C 14867 14868 

LmrR H86C 14858 14860 
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No significant deviations from the dimeric structure of LmrR were observed upon introduction of 

the bipyridine unit, as well as after Zn2+ coordination. Appearance of higher order conjugates was 

observed for LmrR E104C_bpy and LmrR H86C_bpy upon coordination of Fe2+. The nature of 

these conjugates is still be established. 

4.6.7 UV-visible titrations  

5 mM stock solutions of Zn(NO3)2·6H2O, FeSO4·7H2O were prepared by dissolving the salts in 

milliQ water containing 0.1% HCl. 1 mM working solution of metal salts were prepared by diluting 

the stock solutions in milliQ water. Protein solutions (22.5 µM, dimer, 200 µL) in 50 mM NaH2PO4 

pH 7.0, 500 mM NaCl were added to a 1.5 mL cuvette and titrated with 1 mM working solutions 

of metal salts (2.5 µL each addition, 0.27 eq.). UV-visible spectra were recorded at 25 °C from 

220 nm to 800 nm. No incubation time was necessary to obtain a stable signal. Apparent 

dissociation constants KD reported in Table 1 were obtained assuming a 1:1 binding stoichiometry 

using non-linear regression analysis (Origin) employing the following equation:   
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The reported apparent dissociation constants are the average of two independent experiments 

performed with two independent batches of LmrR_bipyridine conjugates and the error bars 

correspond to the standard deviation.  

4.6.8 Job’s plot 

A 100 µM stock solution of protein conjugates in 50 mM NaH2PO4 pH 7.0, 500 mM NaCl and a 

200 µM working solution of FeSO4·7H2O in milliQ water (prepared as described before) were 

mixed to obtain 6 solutions with different molar fractions of metal (0, 0.08, 0.17, 0.33, 0.50, 0.58) 

corresponding to metal:protein ratios of 0, 0.09, 0.20, 0.50, 1.00, 1.40. The solutions were mixed 

and incubated at room temperature for 30 min and then transferred to 1.5 mL cuvette. UV-visible 

spectra were recorded at 25 °C from 220 to 800 nm. 

4.6.9 Fluorescence titrations: binding of Hoechst 33342 

Titrations were performed with 0.2 µM solutions of protein dimer (2 mL) in 20 mM MOPS pH 

7.0, 500 mM NaCl titrated with a 8 µM solution of Hoechst 33342 in water (10 µL each addition, 

0.2 eq). 5 mM stock solution of Hoechst 33342 was prepared by dissolving the solid in milliQ 

water. The solution was immediately frozen after use and stored in the dark. By subsequent 

dilutions, a 8 µM solution of Hoechst 33342 in milliQ water was prepared. 20 µM protein 

conjugates solutions (dimer) in 20 mM MOPS pH 7.0, 500 mM NaCl were prepared and then 

diluted twice by a factor of 10. Fluorescence spectra were recorded with excitation and emission 

wavelengths of 355 and 457 nm, respectively. 

4.6.10 ICP-AES 

The metal content in each protein conjugate was determined by ICP-AES. LmrR_bipyridine 

conjugates in 20 mM MOPS pH 7.0, 500 mM NaCl were incubated with equimolar amount of 

metal salt in order to form the 1:1 complex LmrR dimer:M2+. Possible unbound metal was removed 

via dialysis in the same buffer. Samples were divided into three fractions. The first fraction was 

directly analyzed via ICP-AES to quantify the amount of metal bound to the protein in order to 

confirm the stoichiometry of the complexes formed (Table 7, entries 1 and 4). The second fraction 

and third fractions were incubated with an equimolar amount of [Cu(phen)(NO3)2] or Cu(NO3)2. 

Unbound metal was removed by dialysis prior to ICP analysis against 20 mM MOPS pH 7.0, 500 

mM NaCl (Table 7, entries 2-3 and 5-6). Samples for ICP-AES analysis were prepared by dilution 

of a solution of protein (around 1 mL) with 4 mL of 8 M urea in double distilled water and 1 mL 

to 10% v/v HNO3. Unfolding the protein was necessary to prevent protein precipitation in the 

acidic conditions necessary for the ICP analysis. The efficiency of dialysis for the removal of 
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unbound metal form the protein sample was tested using the non-metal binding wt-LmrR. 

Incubation with 2 ppm of Zn2+ prior to dialysis resulted complete recovery of Zn2+ (Table 7, entry 

7). After dialysis overnight against 1 L of 20 mM MOPS buffer pH 7.0, 500 mM NaCl the amount 

of Zn2+ detected via ICP was <0.1 ppm (Table 7, entry 8). Compared to the initial amount of Zn2+ 

added to the solution (2 mg/L), this result indicates that dialysis is a viable strategy to remove Zn2+ 

not specifically bound to the protein scaffold.  
 

 
4.6.11 Catalysis 

Catalytic reactions were performed in 150 µL total volume containing 22 µM [Cu(phen)(NO3)2] 

(2.2 mol%) and 30 µM LmrR_bpy conjugates (dimer, 1.3 equivalents), 1 mM of substrate 1 and 2 

in 20 mM MOPS pH 7.0, 500 mM NaCl. The reactions were incubated at 4 °C for 72 h after which 

50 µL of a 1 mM solution of 2-phenylquinoline were added. The reaction mixtures were extracted 

3 times with 500 µL diethylether and the organic layer was dried over Na2SO4 and evaporated in 

vacuo. The resulting products were redissolved in 150 µL heptane:isopropanol 9:1 and analyzed 

by chiral HPLC. Yields of all the catalytic reactions are based on peak areas at 275 nm using 2-

phenylquinoline as internal standard.  

 
 

 

Table 7 Results of ICP-AES measurements on LmrR_E104C_bpy complexes with Fe2+ and Zn2+ 

Entry catalyst mg/L M2+ 

measured 

mg/L M2+ 

expected 1 LmrR_E104C_bpy + Zn2+ 0.931 0.9 

2 LmrR_E104C_bpy+ Zn2+ + [Cu(phen)(NO3)2] 0.802 0.9 

3 LmrR_E104C_bpy+ Zn2+ + Cu(NO3)2 0.452 0.9 

4 LmrR_E104C_bpy+ Fe2+ 0.788 0.9 

5 LmrR_E104C_bpy+ Fe2+ + [Cu(phen)(NO3)2] 0.691 0.9 

6 LmrR_E104C_bpy+ Fe2+ + Cu(NO3)2 0.695 0.9 

Controls   

7 wt-LmrR + Zn2+
 (no dialysis) 2.19 2.0 

8 wt-LmrR + Zn2+   <0.1 - 

 

Table 8 Results of vinylogous Friedel−Crafts alkylation reactions  

Entry Catalyst Yield 

(%)a 
TONb ee (%)c 

Further study: Excess of metal ions    

9 LmrR E104C_bpy+3eq Fe2+ 43±9 18±4 72±5 (-) 

10 LmrR E104C_bpy+6eq Fe2+ 38±3 16±1 71±4 (-) 

11 LmrR E104C_bpy+3eq Zn2+ 19±2 8±1 34±4 (-) 

12 LmrR E104C_bpy+6eq Zn2+ 24±4 10±2 24±6 (-) 

13 LmrR E104C_bpy+10eq Zn2+ 30±3 12±1 19±3 (-) 

Control reactions    

3 wt-LmrR+Fe2+ 71±5 29±2 91±0 (-) 

4 wt-LmrR+Zn2+ 67±2 28±1 90±0 (-) 

5 wt-LmrR+6eq Fe2+ 64±1 27±0 91±0 (-) 

6 wt-LmrR+6eq Zn2+ 55±19 23±8 87±0 (-) 

7 wt-LmrR+[Fe(bpy)3]
2+ 61±1 26±0 90±0 (-) 

8 wt-LmrR+[Zn(bpy)3]
2+ 68±1 28±0 91±0 (-) 

 

Same reaction conditions as in Table 2. aYields were determined by HPLC and using 2-phenylquinoline 

as internal standard. Errors listed are standard deviations. bTurnover numbers (TON) were determined by 
dividing the concentration of the product by the catalyst concentrations. cSign of rotation was assigned 

based on the elution order in chiral HPLC by comparison to previous reports 36,38  
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Control experiments: 

wt-LmrR was incubated with 1 eq of Fe2+ and Zn2+ (Table 8 entries 3-4) or 1 eq Fe2+ and Zn2+  in 

presence of 1 eq of bipyridine (Table 8 entries 7-8). The latter set of experiment will result in a 

solution containing wt-LmrR and a mixture of bipyridine_M2+ complexes, with [M(bpy)3]2+ being 

presumably the most abundant and free M2+ in solution. The metalloenzymes were then prepared 

in situ by self-assembly of [Cu(phen)(NO3)2] (22 μM) with a slight excess (1.3 equivalents) of 

LmrR_bipyridine_M2+ complex (30 μM) in 20 mM MOPS, pH 7.0, 500 mM NaCl. The mixtures 

were incubated at 4 °C for 30 minutes and the catalytic reactions initiated by addition of 1 mM of 

each substrate. Reactions were run at 4 °C for 72 h, after which the products were isolated and 

analyzed by chiral HPLC.   
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Multidrug resistance regulators (MDRs) as 

scaffolds for the design of artificial metalloenzymes 
 

In this chapter we introduce Multidrug Resistance Regulators (MDRs) from 

the TetR family as a new class of protein scaffolds for artificial 

metalloenzyme design. Supramolecular anchoring of a Cu2+ phenanthroline 

complex and in vivo incorporation of the metal binding amino acid 

(2,2-bipyridin-5yl)alanine (BpyA) by stop codon suppression methods were 

used to create artificial metalloenzymes from three members of the TetR 

family of MDRs: QacR, CgmR and RamR. The metalloproteins were tested 

in enantioselective vinylogous Friedel–Crafts alkylation and Friedel–Crafts 

conjugate addition/enantioselective protonation reactions.  

 

 

 

 

 

 

 

Parts of this chapter have been published: 

M. Bersellini and G. Roelfes, Org. Biomol. Chem., 2017, 15, 3069–3073. 



Chapter 5 

108 

5.1 Introduction 

5.1.1 Metalloenzymes – selection of biomolecular scaffolds  

Artificial metalloenzymes have emerged as a powerful approach to expand the 

repertoire of chemical reactions performed by enzymes.1–4 The design comprises a 

transition metal catalyst embedded into a protein scaffold that provides interactions 

in a chiral second coordination sphere to achieve enzyme-like selectivities and 

activities. Hence, the choice of the protein scaffold is a key aspect of the design of 

artificial metalloenzymes. For the selection of an appropriate biomolecular scaffold 

structural information is desirable. Moreover, a large and accessible binding pocket 

of sufficient size is generally required to accommodate the transition metal catalyst 

and the substrates of the reaction. To date, a variety of artificial metalloenzymes 

with new-to-nature activities have been developed based on different biomolecular 

scaffolds, most of which rely on pre-existing binding pockets in the protein 

structure.5 The use of an existing binding pocket is attractive for designing artificial 

metalloenzymes as an initial second coordination sphere is already present, which 

facilitates engineering efforts to optimize the performance of the metalloenzyme. 

Several successful examples have been presented in literature involving a variety 

of biomolecular scaffolds such as avidin and streptavidin,6–11 albumins,12–16 

carbonic anhydrase,17–23 heme binding proteins such as P45024,25 and  

myoglobin,26–29 lipases30–33 and papain.34–37 The internal cavities of large spherical 

scaffolds as ferritin,38,39 prolylpeptidase40 and MjHSP,41 have also been harnessed 

for the incorporation of abiotic metal complexes, as well as deep cavities formed 

by β-barrels.42–45  

The incorporation of the artificial cofactor can be obtained either by covalent 

anchoring of the metal complex to the protein scaffold, by dative anchoring or by 

supramolecular interactions. The supramolecular anchoring can further be divided 

into two categories; the transition metal complex is either recruited directly to a 

specific binding pocket in the protein structure, as in the case of heme binding 

proteins, or it is functionalized with a recognition moiety that shows high affinity 

toward a specific binding pocket in the protein, as exploited for (strept)avidin or 

carbonic anhydrase.  

 

5.1.2 Multidrug Resistance Regulators (MDRs)  

Our previous work on LmrR (Lactococcal multidrug resistance Regulator), a 

protein belonging to the PadR family of multidrug resistance regulators 

(MDRs),46,47 suggested that MDRs could be promising biomolecular scaffolds for 

the design of artificial metalloenzymes. MDRs are regulatory proteins that enable 

drug resistance mechanisms in bacteria where they regulate the expression of 
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multidrug (MD) efflux pumps. MDRs are typically homodimeric proteins and 

respond to the presence of structurally diverse small molecules that are substrates 

for the efflux pump of interest, such as antibiotics, polyaromatic compounds, 

lipophilic cations or disinfectants.48 A common feature of MDRs that makes them 

attractive for the design of artificial metalloenzymes is the presence of a 

promiscuous, mostly hydrophobic, binding pocket used for multidrug recognition. 

As described in Chapter 4, this feature has been successfully exploited for 

LmrR-based artificial metalloenzymes and a variety of anchoring approaches for 

ligands or metal complexes could be pursued to create hybrid catalysts for several 

enantioselective transformations.49–52 Expanding artificial metalloenzyme design to 

other MDRs would allow building an ensemble of hybrid catalysts with different 

features that are readily accessible and can be evaluated for a specific reaction 

using similar experimental protocols. 

Among the different approaches used for incorporation of active transition 

metal complexes into the LmrR scaffold, the supramolecular anchoring and the in 

vivo incorporation of unnatural metal binding amino acids are of particular interest 

as they can be easily transferred to other proteins belonging to other MDR families.  

Anchoring of a transition metal catalyst to LmrR by the supramolecular 

approach is based on the binding of Cu2+ complexes of planar aromatic ligands 

inside the hydrophobic pocket between the two tryptophan residues at positions 96 

and 96’.52 As all proteins belonging to the MDR family present hydrophobic 

pockets typically rich in aromatic residues to promote the binding of aromatic 

drugs, it is conceivable that this strategy could be applied to a wide variety of 

proteins belonging to this family. 

The in vivo incorporation of unnatural metal binding amino acids makes use of 

the amber stop codon suppression methodology (also known as expanded genetic 

code method) introduced by the Schultz group.53 It offers several advantages 

compared to classical anchoring strategies, including excellent control over the 

positioning of the ligand and the fact that no post-translational modification or 

additional purification of the artificial metalloenzyme is required.54,55 This strategy 

has been successfully applied to LmrR to catalyze enantioselective vinylogous 

Friedel–Crafts alkylation of indoles51 and enantioselective conjugate addition of 

water to enones (unpublished results). Similar to the supramolecular anchoring, 

this strategy should be easily transferrable to other protein scaffolds. 
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5.2 Aim  

This chapter aims to expand the scope of biomolecular scaffolds that can be used 

for the design of artificial metalloenzymes to different multidrug resistance 

regulators. Three proteins belonging to the TetR family of MDRs were selected for 

this study:  QacR,56–59 CgmR60,61 and RamR62 (Figure 2). Given our experience 

with LmrR-based artificial metalloenzymes we explored the use of these three 

MDRs for two Cu2+-catalyzed enantioselective reactions, namely the vinylogous 

Friedel–Crafts alkylation of indoles and the tandem Friedel–Crafts conjugate 

addition/enantioselective protonation (Figure 1). We evaluated two different 

anchoring strategies for incorporation of the active transition metal complex: the 

supramolecular approach and the genetic incorporation of unnatural metal binding 

amino acids.  
 

 
Figure 1: Reaction scheme of vinylogous Friedel–Crafts alkylation and tandem Friedel–Crafts 

conjugate addition/enantioselective protonation of 2-methyl-1H-indole (2) with 1-(1-methyl-1H 

imidazol-2-yl)but-2-en-1-one (1) and 2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (4), respectively. 

5.3 Results and discussion 

The TetR family represents a large class of MDRs that can bind a wide variety of 

different small molecules. Crystal structures in complex with a number of 

hydrophobic ligands, such as ethidium bromide, are available for several members 

of this family including QacR, CgmR and RamR (Figure 2). These proteins are 

homodimers with a size of around 20 kDa per subunit. They share a common 

quaternary structure consisting of nine helices; the first three helices contain the 

DNA-binding domain and the last six comprise of the dimerization interface and 

the multidrug binding pocket. The hydrophobic pockets of TetR proteins are rich in 

aromatic residues. Different from proteins belonging to the PadR family (like 

LmrR), TetR proteins present two drug binding pockets per protein dimer, as the 

hydrophobic cavity is predominantly formed between the helices of one monomer, 

with only a few interactions from amino acids belonging to the second 
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subunit.58,60,62 The volume of these pockets is around 1000 Å3 and binding 

stoichiometries of the drugs with these proteins are variable: QacR only binds one 

drug molecule per protein dimer, while CgmR and RamR have been crystallized 

either with one or two drug molecules per dimer.57,61,62 The promiscuity of QacR, 

which is one of the most studied members of the TetR family, is thought to be 

related to the fact that its binding pocket consists of multiple distinct overlapping 

“minipockets” that can host differently shaped ligands.63 This mode-of-action is 

different from LmrR, which can bind structurally unrelated compounds by using 

the same binding pocket and adapting its overall conformation. 

a)                  

 
b) 

 
 

Figure 2: Helix representations of: a) LmrR in complex with daunomycin (PDB 3F8F47) b) from 

left to right QacR, CgmR and RamR in complex with ethidium bromide (PDB 1JTY57, 2ZOZ61 

and 3VVY,62 respectively) 

5.3.1 Supramolecular approach 

Supramolecular anchoring of transition metal complexes to the hydrophobic 

cavities of the protein scaffolds was investigated as the first strategy for the 

creation of artificial metalloenzymes based on QacR, CgmR and RamR. This 

approach was already applied for creating hybrid catalysts based on LmrR, in 

which the wild type protein recruits an active Cu2+ phenanthroline complex, for 

example [Cu(phen)NO3)2], to its hydrophobic pocket. The corresponding 

metalloenzymes were applied to catalyze the enantioselective Friedel–Crafts 

alkylation of α,β-unsaturated imidazoles to indoles obtaining good conversions and 

excellent enantioselectivities of >90%.52 The same metalloenzymes were also 

tested in the tandem Friedel–Crafts conjugate addition/enantioselective protonation 

of indoles to α-substituted enones to obtain good yields and moderate 

enantioselectivities (unpublished results). Active site mutagenesis studies on LmrR 
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and bcPadR1 - another member of the PadR family of transcriptional regulators - 

proved that these two similar, but mechanistically distinct reactions occur in 

different positions within the protein scaffold. While the Friedel–Crafts alkylation 

appears to be catalyzed inside the hydrophobic pocket, the tandem Friedel–Crafts 

alkylation/enantioselective protonation seems to take place on the protein surface, 

in proximity to the hydrophobic pocket, but not necessarily inside. 

Inspired by these results, we envisioned that similar Cu2+ complexes could also 

be recruited to the drug binding pockets of QacR, CgmR and RamR. The 

hydrophobic and aromatic amino acid side chains that line their pockets could 

provide the necessary interactions to host the metal complex. As a result, hybrid 

catalysts created by this supramolecular anchoring strategy could catalyze the same 

enantioselective reactions as those performed by LmrR. 

Toward this end, plasmids encoding for QacR, CgmR and RamR containing a 

C-terminal Strep-tag were ordered from a commercial source as codon optimized 

genes for expression in E. coli. A double mutant of QacR was prepared by standard 

site-directed mutagenesis techniques with the mutations C72A and C141S (here 

simply referred to as wt-QacR) to prevent disulfide bond formation and 

precipitation of the protein. This mutant is reported to show enhanced in vitro 

stability compared to the original protein, while retaining the wild type drug- and 

DNA-binding abilities.64 The plasmids were transformed into E. coli BL21 DE3 

(C43) cells and large scale expression was performed in LB media. The target 

proteins were obtained in good yield, between 25 and 30 mg/L, and purity after 

affinity chromatography (Strep-Tactin Sepharose column), as judged by 

Tricine-SDS-PAGE and UPLC-MS (Table 6). As wt-QacR eluted from the 

Strep-Tactin column with high amount of residual bound DNA, the protein was 

further subjected to ion exchange chromatography (Heparin column). All wild type 

proteins eluted as single peaks in the analytical size exclusion chromatography 

consistent with the molecular weight of the corresponding dimers. 

The presence of more than one tryptophan in each binding pocket of QacR, 

CgmR and RamR prevented a detailed study of the binding of [Cu(phen)(NO3)2] to 

the protein scaffolds, for example by fluorescence spectroscopy. Instead, it was 

envisioned that the catalytic activities of the conjugates in our model reactions 

would report on successful formation of these hybrid catalysts. Therefore, the 

potential of these proteins as artificial metalloenzymes was evaluated in the 

Cu2+-catalyzed enantioselective vinylogous Friedel–Crafts alkylation of 

2-methyl-1H-indole (2) with 1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one 

(1)52,65-67 and in the Friedel–Crafts conjugate addition/enantioselective protonation  

of 2-methyl-1H-indole (2) with 2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (4)68–70 

(Figure1).  
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The artificial metalloenzymes were prepared in situ by self-assembly of 

[Cu(phen)(NO3)2] (90 μM) with a slight excess (1.3 equivalents) of each protein 

(120 μM in dimer) in 20 mM MOPS pH 7.0, 500 mM NaCl. The mixtures were 

incubated at 4 °C for 30 minutes and the catalytic reactions were initiated by 

addition of substrates 1 and 2 or 1 and 4 at a final concentration of 1 mM each. The 

reactions were incubated under continuous inversion at 4 °C for 72 hours, after 

which the products were extracted and analyzed by chiral HPLC. Substrate 4 was 

prepared from the corresponding alcohol (2-methyl-1-(thiazol-2-yl)prop-2-en-1-ol 

5) by oxidation with MnO2 immediately prior to catalysis to avoid dimerization via 

a hetero Diels-Alder reaction.70 

As previously reported, the reaction between 1 and 2 is catalyzed by both 

Cu(NO3)2 and [Cu(phen)(NO3)2] in absence of any protein and gives rise to a 

racemic mixture of the products in 72% and 42% yield, respectively (Table 1, 

entries 2 and 3).51,52 In contrast to the results obtained for LmrR, addition of 

Cu(NO3)2 to wild type QacR, CgmR and RamR resulted in the formation of 

products with low to moderate enantiomeric excess (Table 1, entries 4, 6 and 8). 

These results suggest that Cu2+ ions can bind to amino acid side chains in these 

protein scaffolds and that these interactions give rise to enantioselective catalysts. 

The nature of this interaction, however, could not be discerned by UV-visible 

spectroscopy.  

 

Table 1. Results of Cu2+-catalyzed vinylogous Friedel–Crafts alkylation and tandem Friedel–

Crafts conjugate addition/enantioselective protonation 

  
Friedel–Crafts 

alkylation 

Friedel–Crafts/ 

enantioselective 

protonation 

Entry Catalyst Yield (%)a ee (%)b Yield (%)a ee (%)c 
1 uncatalyzed 4±2 n.d. 12±2 <5 

2 Cu2+ 72±12 <5 <5 n.d. 

3 [Cu(phen)(NO3)]2 42±10 <5 <5 n.d. 

4 RamR_Cu2+ 68±3 14±0 (-) 25±5 53±4 

5 RamR_[Cu(phen)(NO3)]2 16±6 13±1 (-) 10±2 9±2 

6 CgmR_Cu2+ >95 17±2 (-) 19±4 <5 

7 CgmR_[Cu(phen)(NO3)]2 17±10 5±3 (-) 16±1 -10±2 

8 QacR_Cu2+ 83±22 42±2 (-) 33±12 -37±14 

9 QacR_[Cu(phen)(NO3)]2 23±12 15±3 (-) 11±3 7±1 
 

Typical conditions: 9 mol% Cu(NO3)2 or [Cu(phen)(NO3)2] (90 μM) loading with 1.3 eq. of protein (120 

μM, dimer), 1 mM of substrate 1 or 4 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, at 4 °C for 72 h. 
All the results listed correspond to the average of two independent experiments, each carried out in 

duplicate. Errors listed are standard deviations. aYields were determined by HPLC and using 2-

phenylquinoline as an internal standard. bSign of rotation was assigned based on the elution order in 
chiral HPLC by comparison to previous reports.65,67 cSign indicates the order of elution of the 

enantiomers in chiral HPLC. 
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When compared to the activities in presence of Cu2+ ions, the addition of the 

[Cu(phen)(NO3)2] complex to all three protein scaffolds resulted in marked 

decrease of catalytic activities (Table 1, entries 5, 7 and 9).   

These observations suggest that the Cu2+ phenanthroline complex does bind to 

the protein scaffolds, but the interaction does not lead to acceleration of the 

reaction as observed for LmrR. Although the observed enantioselectivities in the 

reactions are low, they are indicative that [Cu(phen)(NO3)2] is recruited, as 

envisioned, to the hydrophobic pockets of the proteins, yet the substrates might be 

unable to interact with the metal complex. It is conceivable that the size of the 

binding pockets and/or the small openings toward the hydrophobic pores could 

hinder the entrance of the substrate, resulting in the low activities observed. 

For the Friedel–Crafts conjugate addition/enantioselective protonation of 4 with 

2, low to moderate yields were obtained in presence of each protein scaffold with 

Cu(NO3)2 (Table 1, entries 4, 6 and 8) and [Cu(phen)(NO3)2] (Table 1, entries 5, 7 

and 9). Given that neither Cu(NO3)2 nor [Cu(phen)(NO3)2] yielded appreciable 

levels of conversion in absence of any protein (Table 1, entries 2 and 3), the 

activity in presence of all the three MDRs suggests that favorable interactions 

occur between Cu2+ and the protein scaffolds that accelerate the reaction. The 

presence of RamR and QacR also resulted in moderate enantioselectivities while 

addition of CgmR led to the formation of the racemic mixture of products (Table 1, 

entries 4, 6 and 8). Reactions performed with [Cu(phen)(NO3)2] resulted in reduced 

activities for all three MDRs when compared to results obtained with Cu(NO3)2 

and also yielded a significant decrease in enantioselectivities for RamR and QacR 

(Table 1, entries 5, 7 and 8). Even though it is known from studies on LmrR- and 

bcPadR1-based metalloenzymes that this reaction does not necessarily need to 

occur inside the hydrophobic pocket, these results indicate that the Cu2+ 

phenanthroline complex, when recruited to the hydrophobic pockets of proteins 

belonging to the the TetR family, does not give rise to an efficient catalyst for the 

tandem Friedel–Crafts conjugate addition/enantioselective protonation of the 

substrates.  

5.3.2 Unnatural amino acid incorporation 

To circumvent the crowding of the active site observed in the supramolecular 

anchoring approach, it was envisioned that installing a ligand into the binding 

pockets of all three proteins by genetic incorporation of an unnatural metal binding 

amino acid could be a promising strategy. In this scenario, the bulky metal 

complex inside the pocket will be replaced by the unnatural amino acid side chain, 

located close to the protein backbone, thereby leaving enough space for the 

substrates to enter the pore and interact with the Cu2+ complex. 
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Based on the X-ray crystal structures of the three MDRs, four positions inside 

the hydrophobic pore of each protein were selected for the introduction of the 

unnatural metal binding amino acid (2,2-bipyridin-5yl)alanine (BpyA).51,54,55,71–74 

For QacR, positions W61, Q96, Y103 and Y123 were chosen, for CgmR positions 

W63, L100, W113 and F147 and for RamR positions Y59, W89, Y92 and F155 

(Figure 3). The synthesis of the metal binding amino acid BpyA was performed as 

described in Chapter 3.75,76  

Protein mutants containing the amber stop codon in the selected positions were 

prepared from the plasmids encoding for the wild type proteins by standard 

site-directed mutagenesis (Table 4). These plasmids were co-transformed with 

pEVOL-BpyA, the plasmid containing the required orthogonal aminoacyl tRNA 

synthetase (aaRS) and tRNA gene for incorporation of the unnatural amino acid, 

into E. coli BL21 DE3 (C43) cells. Large scale expression was performed in LB 

media in presence of 0.5 mM BpyA.  
 

a)        b)  

 
c)  

 
Figure 3 Surface representations of RamR, CgmR and QacR in complex with ethidium bromide. 

Positions for the introduction of BpyA are highlighted: a) RamR (PDB 3VVY). Y59 (pink), W89 

(purple), Y92 (light blue), F155 (green). b) CgmR (PDB 2ZOZ). W63 (light blue), L100 (pink), 

W113 (purple), F147 (green). c) QacR (PDB 3PM1). Y103 (light blue), Q96 (green), Y123 

(purple), W61 (red). 
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With the exception of two CgmR mutants (W63BpyA and W113BpyA) and 

one RamR variant (W89BpyA), which did not show any appreciable expression,  

all target proteins were obtained in good yield (15-20 mg/L) and purity after 

affinity chromatography (Strep-Tactin Sepharose column), as judged by 

Tricine-SDS-PAGE and UPLC-MS (Table 6). For the proteins that did not show 

appreciable expression levels, the Tricine-SDS-PAGE gels showed bands that 

corresponded to truncated proteins, indicating that suppression of the TAG codon 

at these positions was unsuccessful under the experimental conditions and it was 

read as a stop codon. For all QacR variants, cation exchange chromatography 

(Heparin column) was also performed to remove residual bound DNA. 

BpyA-containing variants for all three MDRs eluted as single peaks in analytical 

size exclusion chromatography corresponding to the molecular weight of the 

dimers, indicating that the quaternary structure of the proteins was not significantly 

altered by the introduction of the unnatural amino acid. Notably, three QacR 

mutants, Q96BpyA, Y103BpyA and Y123BpyA, eluted from the cation exchange 

column displaying a distinct pink color and the UV-visible spectra of these three 

QacR variants showed absorption maxima around 500 nm that are typical of Fe2+ 

bipyridyl complexes, as well as an unidentified band around 360 nm (Figure 

4a).78,79,77,72,74 Indeed, it is possible that proteins comprising BpyA bind Fe2+ 

present in the medium used for bacterial growth during protein expression. 

Alternatively, it is plausible that a Fe(II)(BpyA)3 complex is formed in the medium 

and it then binds to these QacR variants in such a way that it is not removed during 

purification and dialysis, resulting in the spectroscopic signature observed. 

Treatment of the purified proteins with up to 50 mM EDTA followed by extensive 

dialysis, did not lead to the disappearance of the absorption maxima around 500 

nm. However, titration studies with Cu2+ showed that this iron contamination is 

very small and does not interfere with Cu2+ binding (vide infra).  

The Cu2+ binding properties of the BpyA variants of QacR, CgmR and RamR 

were investigated by UV-visible titrations. Upon addition of Cu(NO3)2 to the 

proteins, the appearance of a characteristic shoulder between 310 and 315 nm was 

observed, indicative of a change in the π–π* transition of the bipyridine moiety 

upon metal coordination (Figure 4a).51,54,77,80 The titration curves were fitted to a 

1:1 binding model (Figure 4b) that corresponds to the binding of one Cu2+ ion per 

bipyridine moiety and therefore, the binding of two Cu2+ ions per protein dimer. 

RamR variant Y59BpyA precipitated upon addition of Cu2+, therefore it was not 

possible to either perform UV-visible titrations with it or to use this mutant for 

catalytic studies. 
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Figure 4: a) UV-visible titrations of QacR W61BpyA (left) and QacR Y123BpyA (right) with 

Cu(NO3)2 
.3H2O Titrations were performed in 50 mM NaH2PO4 pH 7.0, 500 mM NaCl with 10 

and 20 µM protein (monomer), respectively and subsequent additions of aliquots from a 0.5 mM 

solution of Cu(NO3)2
.3H2O in milliQ water. Insets show the fitting of the titration data obtained 

by non-linear regression. b) Dissociation constants for BpyA variants of RamR, CgmR and QacR 

with Cu2+ determined by UV-visible titrations. Fitting of the titration curves for RamR Y92BpyA 

and CgmR L100BpyA was not performed due to precipitation of the protein after addition of 

more than 1 eq. of Cu2+ or difficulties with reliability of fitting the data, respectively. 

5.3.2.1 Friedel–Crafts alkylation 

As for the supramolecular approach, the catalytic activity of the metalloproteins 

was first evaluated in the Cu2+-catalyzed enantioselective vinylogous 

Friedel-Crafts alkylation of 2-methyl-1H-indole (2) with 

1- (1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1) (Figure 1).51,52,65–67 

The artificial metalloenzymes were prepared in situ as described previously by 

mixing Cu(NO3)2 (90 μM) with a slight excess (1.3 equivalents) of 

BpyA-containing proteins (120 μM in monomer) in 20 mM MOPS pH 7.0, 500 

mM NaCl. As indicated in the previous paragraph, the combination of Cu(NO3)2 

with wild type QacR, RamR and CgmR, proteins without BpyA, resulted in the 

formation of products with low to moderate enantiomeric excess (Table 2, entries 

3, 6 and 9).  

Entry Protein KD (µM) 

1 RamR Y92BpyA - 

2 RamR F155BpyA 0.4±0.1 

3 CgmR L100BpyA - 

4 CgmR F147BpyA 0.12±0.04 

5 a QacR W61ByA 0.39±0.07 

6 QacR Q96ByA 0.05±0.02 

7 a QacR Y103ByA 0.04±0.03 

8 QacR Y123ByA 0.4±0.1 
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A stark difference in activities and enantioselectivies between the wild type 

proteins and the corresponding BpyA variants was observed. This observation 

demonstrates that in presence of the bidentate metal binding moiety (i.e. 

2,2’-bipyridine) the positioning of the Cu2+ ions in the protein scaffolds changed 

and different active sites, characterized by distinct second coordination spheres, 

were created. As for the previous approach, the BpyA variants of RamR and CgmR 

all showed inferior activities and enantioselectivities when compared to the 

corresponding wild type proteins (Table 2, entries 4, 5, 7 and 8). Notably though, 

the CgmR mutant L100BpyA afforded the opposite enantiomer of the product. 

Nevertheless, for CgmR and RamR variants the created novel active sites are not 

optimal for catalyzing this reaction. In the case of QacR, three of the 

BpyA-containing variants showed similar or lower levels of activity and selectivity 

when compared to the wild type protein (Table 2, entries 9-12). However, one 

mutant, QacR Y123BpyA, displayed superior catalytic behavior, affording the (+) 

enantiomer in 82% yield and with an excellent enantioselectivity of 94% (Table 2, 

entry 13). To date, this is the highest level of enantioselectivity obtained for any 

metalloenzyme created by genetic incorporation of an unnatural amino acid in the 

Table 2 Results of Cu2+-catalyzed vinylogous Friedel–Crafts alkylation reactions. 

 

Entry Catalyst Yield (%)a ee (%)b 

1 Cu(NO3)2 67±10 <5  

  252 LmrR M89BpyA_Cu2+ 92±4c 

 

80± 2 (-)d 

3 RamR_Cu2+ 68±3 14±0 (-) 

4 RamR Y92BpyA_Cu2+ 42±6 38±4 (-) 

5 RamR F155BpyA_Cu2+ 28±5 <5  

6 CgmR_Cu2+ >95 17±2 (-) 

7 CgmR L100BpyA_Cu2+ 10±2 10±7 (+) 

8 CgmR F147BpyA_Cu2+ 9±1 13±4 (-) 

9 QacR_Cu2+ 83±22 42±1 (-) 

10 QacR W61BpyA_Cu2+ 62±12 5±1 (-) 

11 QacR Q96BpyA_Cu2+ 58±11 56±2 (-) 

12 QacR Y103BpyA_Cu2+ 55±10 39±2 (-) 

13 QacR Y123BpyA_Cu2+ 82±5 94±1 (+) 

14 QacR W61BpyA <5 n.d. 

15 QacR Y103BpyA 6±4 <5 

16 QacR Y123BpyA 59±5 70±7 (+) 

17 QacR Q96BpyA 6±2 10±2 (-) 

Typical conditions: 9 mol % Cu(NO3)2 (90 µM) loading with 1.3 eq of protein (120 µM, monomer), 1 

mM of substrate 1 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, at 4 °C for 72 h. All the results listed 

correspond to the average of two independent experiments, each carried out in duplicate. Errors listed 

are standard deviations. aYields were determined by HPLC and using 2-phenylquinoline as internal 

standard. bSign of rotation was assigned based on the elution order in chiral HPLC by comparison to 

previous reports.65,67 cThis value corresponds to conversion of the substrate.52 dSign of the optical 

rotation of the major enantiomer obtained with this artificial metalloenzyme was assigned erroneously in 

a previous report.5 
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Friedel–Crafts alkylation. Notably, this QacR-based artificial metalloenzyme also 

results in formation of an excess of the opposite enantiomer when compared to 

other QacR- and LmrR-based metalloenzymes, for which the (−) enantiomer was 

the preferred product.51 Although addition of Cu(NO3)2 significantly improved the 

catalytic activity of QacR Y123BpyA, it was intriguing to notice that this mutant - 

but none of the other ones tested in this study - also displayed considerable activity 

in absence of additional Cu2+ ions (Table 2, entries 14-17). This intrinsic activity of 

QacR Y123BpyA will be discussed in Chapter 6.  

A limited substrate scope study of the Friedel–Crafts alkylation catalyzed by 

QacR Y123BpyA_Cu2+ was performed using a selection of indole derivatives 

(Table 3). The catalyzed Friedel–Crafts alkylation proved to be accelerated in the 

presence of wt-QacR for all the substrates tested (Table 3, entries 2, 5, 8 and 11). 

 
Moderate enantioselectivities were obtained in all cases, except for 5-methoxy 

indole (2c) (Table 3, entries 1–2, 4–5, 7–8 and 10–11). Indole (2a), 1-methyl 

indole (2b) and 5-chloro indole (2d) proved to be poor substrates for QacR 

Table 3 Scope of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR 

Y123BpyA_Cu2+ 

 
Entry Indole R Catalyst Product Yield (%)a ee (%)c 

1 

2a R1=H 

R2=H 

Cu(NO3)2 

3a 

14±3 <5 

2 QacR_Cu2+ 33±13 27±3 (-) 

3 QacR Y123BpyA_Cu2+ 14±3 <5 

       

4 

2b R1=Me 

R2=H 

Cu(NO3)2 

3b 

6±2 <5 

5 QacR_Cu2+ 20±9 58±2 (-) 

6 QacR Y123BpyA_Cu2+ 3±0 56±6 (+) 

       

7 

2c 
R1=H 

R2=OMe 

Cu(NO3)2 

3c 

26±1 <5 

8 QacR_Cu2+ 58±17 <5 

9 QacR Y123BpyA_Cu2+ 26±3 12±5 (+) 

       

10 

2d 
R1=H 

R2=Cl 

Cu(NO3)2 

3d 

3±1 <5 

11 QacR_Cu2+ 21±7 47±7 (-) 

12 QacR Y123BpyA_Cu2+ 5±2 33±3 (+) 

Same reaction conditions as in Table 2 a Yields were determined by HPLC and using 2-phenylquinoline as 

internal standard. Errors listed are standard deviations. bSign of rotation was assigned based on the elution 

order in chiral HPLC by comparison to previous reports65,67   
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Y123BpyA_Cu2+, showing either no enantioselectivity (Table 3, entry 3) or hardly 

any conversion to the product (Table 3 entries 6 and 12), respectively. In the case 

of 2b and 2d, the opposite enantiomer was obtained. Interestingly, the fact that 

2-methyl indole (2) gives the best results in the Friedel–Crafts alkylation reaction, 

both in terms of activity and enantioselectivity, is similar to LmrR-based 

metalloenzymes.51,52 

5.3.2.2 Tandem Friedel–Crafts/enantioselective protonation 

The catalytic potential of these novel metalloproteins was also evaluated in the 

Cu2+-catalyzed Friedel–Crafts conjugate addition/enantioselective protonation of 2 

with 4 (Figure 1).70 The artificial metalloenzymes were prepared as previously 

described for the Friedel–Crafts alkylation reaction and substrate 4 was prepared 

freshly prior to each experiment. Reactions were initially performed in 20 mM 

MOPS pH 7.0, 500 mM NaCl and, as described above, the combination of 

Cu(NO3)2 with wild type RamR and QacR resulted in the formation of products 

with moderate yield and enantiomeric excess (Table 4, entries 4 and 10). 

Conversely, reactions performed in presence of Cu(NO3)2 and wt-CgmR resulted in 

the formation of the racemic mixture of products (Table 4, entry 7). As previously 

observed for the Friedel–Crafts alkylation reaction, the BpyA mutants of RamR 

and CgmR all showed inferior activities when compared to the wild type proteins 

and afforded low to moderate enantioselectivities. Interestingly though, the BpyA 

mutants of RamR gave rise to the opposite enantiomer than all the CgmR variants 

(Table 4, entries 5-6 and 8-9). BpyA mutants of QacR also showed lower activities 

and enantioselectivities than the wild type protein, but they all afforded the 

opposite enantiomer with respect to the wt-QacR (Table 4, entries 11-14). 

Since previous reports on DNA-based catalysts displayed a strong pH 

dependence of the tandem Friedel–Crafts alkylation/enantioselective protonation, 

the reaction was also performed in 20 mM MES pH 5.0, 500 mM NaCl. For the 

DNA-based metalloenzymes more acidic conditions resulted in higher activity and 

gave rise to improved enantioselectivities.70 While lowering the pH also increased 

activity of the LmrR-based artificial metalloenzyme, the effect on the 

enantioselectivity was not significant (unpublished results). Wild type RamR and 

CgmR proved to be unstable under these acidic conditions as indicated by partial 

precipitation. Therefore, the reactions at pH 5 were not performed with BpyA 

variants of these proteins. Wild type QacR and the corresponding BpyA variants, 

on the other hand, were not affected by the acidic conditions. As expected, 

reactions at lower pH resulted in higher activities for all metalloenzymes tested, 

although increases varied from 9-35% for different mutants (Table 4). More 

intriguingly, we observed strong effects on the enantioselectivity for the wild type 
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proteins, but not for the BpyA-containing variants of QacR. While wt-RamR gave 

rise to a racemic mixture of products, the enantioselectivity obtained with wt-QacR 

was significantly increased (Table 4, entries 4 and 10). The loss of selectivity of 

RamR might reflect a partial unfolding of the protein at pH 5 as indicated by the 

observed precipitation during the reaction. Conversely, the increased 

enantioselectivity obtained with QacR can be rationalized considering than in the 

wild type protein Cu2+ ions might be bound in different positions on the protein 

scaffold, possibly even on the surface, therefore being more exposed to pH changes 

in the solution. The positioning of the Cu2+ ions might change with lowering of the 

pH, with subsequent formation of different active sites. In the BpyA-containing 

variants, on the other hand, the active Cu2+ species is located inside the 

hydrophobic pocket, a microenvironment that is probably less influenced by 

changes in the pH in the solution. 

 

Table 4 Results of Cu2+-catalyzed tandem Friedel–Crafts conjugate addition/ 

enantioselective protonation 
 

 

  pH 7.0 

20 mM MOPS 500 mM NaCl 

pH 5.0 

20 mM MES 500 mM NaCl 

Entry Catalyst Yield (%)a ee (%)b Yield (%)a ee (%)b 

1 uncatalyzed 12±2 <5 24±3 <5 

2 Cu(NO3)2 <5 n.d. <5 n.d. 

3 LmrR M89BpyA_Cu2+ 28±4 -29±8 42±3 -26±1 

4 RamR_Cu2+ 25±5 53±4 48±6 <5 

5 RamR Y92BpyA_Cu2+ 12±2 10±4 - - 

6 RamR Y155BpyA_Cu2+ 14±3 27±9 - - 

7 CgmR_Cu2+ 19±4 <5 37±2 13±0 

8 CgmR L100BpyA_Cu2+ 19±2 -11±5 - - 

9 CgmR F147BpyA_Cu2+ 20±2 -10±1 - - 

10 QacR_Cu2+ 38±11 -47±17 48±5 -75±1 

11 QacR W61BpyA_Cu2+ 20±4 12±2 37±9 10±4 

12 QacR Q96BpyA_Cu2+ <5 - 18±3 34±1 

13 QacR Y103BpyA_Cu2+ 11±3 14±9 20±4 32±6 

14 QacR Y123BpyA_Cu2+ 21±3 22±7 56±7 33±3 

Same reaction conditions as in Table 2 aYields were determined by HPLC and using 2-phenylquinoline 
as internal standard. Errors listed are standard deviations. bSign indicates the order of elution of the 

enantiomers in chiral HPLC. 
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5.4 Conclusions 

In this chapter we have explored the possibility of expanding the scope of 

bioscaffolds that can be applied for the design of artificial metalloenzyme to MDRs 

from the TetR family. We have demonstrated that, due to their large hydrophobic 

and promiscuous binding pockets, proteins from this family are viable scaffolds for 

the creation of novel artificial metalloenzymes. We have studied the reactivity in 

two different Lewis acid catalyzed reactions, the vinylogous Friedel–Crafts 

alkylation of indoles and Friedel–Crafts conjugate addition/enantioselective 

protonation. Two different anchoring strategies for incorporation of the active 

transition metal complex were explored: supramolecular approach and in vivo 

incorporation of unnatural metal binding amino acids. For the protein scaffolds 

examined in this study the latter strategy proved to be superior for creating active 

artificial metalloenzymes. The supramolecular approach presumably yielded less 

active catalysts due to the limited size of the hydrophobic pores. Conversely, by 

incorporating the metal binding amino acid BpyA, several Cu2+-based 

metalloenzymes were created, which displayed good levels of activity in the 

enantioselective vinylogous Friedel–Crafts alkylation reaction. Among the new 

artificial metalloenzymes developed one QacR mutant, QacR Y123BpyA_Cu2+, 

showed outstanding performance resulting in good conversion and excellent 

enantioselectivity up to 94%. Interestingly this mutant afforded the opposite 

enantiomer when compared to other QacR variants as well as to previously 

described LmrR-based metalloenzymes.51,52  

When combined with our earlier work on LmrR the presented results illustrate 

that MDRs are a readily available class of bioscaffolds for the design and 

construction of hybrid enzymes that can catalyze diverse reactions. Given that all 

MDRs present large hydrophobic pockets, of distinct sizes and shapes, it might be 

envisioned that the diversity of possible active sites could offer a general platform 

of hybrid catalysts. Based on the reaction of interest, which is not limited to 

Cu2+-catalyzed reactions, or the anchoring strategy for the metal complex of 

choice, different MDRs from different families could be readily tested and possibly 

an optimal candidate can be identified.  

5.5 Experimental section 

5.5.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without further purification. 
1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz in CDCl3, DMSO-d6 or 

D2O. Chemical shifts (δ) are denoted in ppm using residual solvent peaks as internal standard. 

Enantiomeric excess determinations were performed by HPLC analysis using UV-detection 

(Shimadzu SCL-10Avp) on Chiralpak AD, n-heptane:iPrOH 90:10, 1.0 ml/min. UPLC-MS on 
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protein samples was performed on a Acquity TQ Detector (ESI TQD- MS) coupled to Waters 

Acquity Ultra Performance LC using a Acquity BEH C8 (1.7 µm 2.1 x 150 mm). Water (solvent 

A) and acetonitrile (solvent B) containing 0.1% v/v formic acid, were used as the mobile phase at 

a flow rate of 0.3 mL/min. Gradient: 90% A for 2 min, linear gradient to 50% A in 2 min, linear 

gradient to 20% A in 5 min, followed by 2 min at 5% A. Re-equilibration of the column with 2 

min at 90% A. UPLC-MS chromatograms were analyzed with MassLynx V4.1 and 

deconvolution of spectra was obtained with the algorithm MagTran.81 UV-visible spectra were 

recorded on Jasco V-660 spectrophotometer. E. coli strains NEB5α and BL21 (DE3) C43 were 

used for cloning and protein prouction, respectively. PCR reactions were carried out using an 

Eppendorf Mastercycler Personal apparatus. DNA sequencing was carried out by GATC 

Biotech. Primers were synthesized by Eurofins. Pfu Turbo polymerase was purchased from 

Agilent and DpnI was purchased from New England Biolabs. Plasmid Purification Kit was 

purchased from Qiagen. Äkta Purifier 900 (GE Healthcare) was used for Fast Protein Liquid 

Chromatography (FPLC). FPLC columns were purchased from GE Healthcare (Heparin HP and 

Superdex 75 10/300 GL). Strep-tag purification was performed on Strep-Tactin superflow resin 

(IBA) and dialysis membranes were purchased by SpectrumLabs. Tricine-SDS-PAGE were 

performed in minigel BioRad apparatus and Coumassie staining was obtained with InstantBlue 

(Expedeon). PageRuler™ prestained 10-1180 KDa (Thermo Scientific) was used and marker for 

SDS-PAGE. Ultra-centrifugation was performed with Vivaspin-Turbo-15 or Vivaspin-500 

(Sartorius). The concentration of the proteins was measured with Nanodrop 2000 (Thermo 

Scientific). Extinction coefficients of protein (ε280) were calculated by the Protparam tool on the 

Expasy server (contribution of bipyridine moiety was accounted for by addition of the measured 

extinction coefficient obtained for 2,2’-bipyridine (ε=14800 M-1cm-1) to the extinction coefficient 

of the proteins. Plasmid pEVOL-BpyA was kindly provided by Professor P. G. Schultz (The 

Scripps Research Institute). 

5.5.2 Synthesis 

(2,2-bipyridin-5yl)alanine (BpyA) was synthesized according to literature procedures as 

described in Chapter 3.76,82 The synthesis of [Cu(phen)(NO3)2],83 (E)-1-(1-Methyl-1H 

imidazole-2-yl)-but-2-en-1-one (1)65 and the general procedure for the synthesis racemic 

mixtures of the Friedel–Crafts alkylation products (3, 3a-d)52,84 are described in Chapter 4.  
 

 

 

 

 

2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (4) was synthesized in two steps according to 

literature procedures.70 2-methyl-1-(thiazol-2-yl)prop-2-en-1-ol (6) was prepared starting from 

1.4 mL of 2-trimethylsilylthiazole (8.8 mmol) with a 32% yield (449 g, 2.9 mmol). 20 mg of 6 

(0.13 mmol) were used for the synthesis of 4 prior to catalysis. The product was obtained with 

quantitative yield. 

(6) 1H NMR (400 MHz, CDCl3) δ (ppm): 7.71 (d, J=3.3 Hz, 1H), 7.30 (d, J=3.3 Hz, 1H), 5.43 (s, 

1H), 5.23 (s, 1H), 5.03 (s, 1H), 3.92 (br, 1H), 1.70 (s, 3H).  

(4) 1H NMR (400 MHz, CDCl3) δ (ppm): 7.99 (d, J=3.1 Hz, 1H), 7.64 (d, J=3.1 Hz, 1H), 6.93 (s, 

1H), 6.14 (s, 1H), 2.09 (s, 3H).  
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Racemic mixtures of the Friedel–Crafts products (3a-d) as reference 

materials were synthesized adapting a literature procedure52,84 as 

described in Chapter 4 starting from 50 mg of (E)-1-(1-methyl-1H 

imidazole-2-yl)-but-2-en-1-one (0.33 mmol). Products were obtained 

with yields between 50 and 65%.  

3a (R1=R2=H) 1H NMR (400 MHz, CDCl3) (δ, ppm):  1.41 (d, J=6.9 Hz, 

3H), 3.4-3.5 (m, 2H), 3.8-3.8 (m, 1H), 3.92 (s, 3H), 7.00 (d, J=12.2 Hz, 

2H), 7.06 (t, J=8.0 Hz, 1H), 7.1-7.2 (m, 2H), 7.30 (d, J=8.0 Hz, 1H), 7.65 

(d, J=8.0 Hz, 1H), 8.34 (s, 1H). 

3b (R1=Me R2=H) 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.43 (d, J=6.9 

Hz, 3H), 3.45 (dd, J1=9.2 Hz, J2=15.7 Hz, 1H), 3.56 (dd, J1=6.4 Hz, 

J2=15.7 Hz, 1H), 3.72 (s, 3H), 3.81-3.86 (m, 1H), 3.92 (s, 3H), 6.94 (s, 1H), 6.98 (s, 1H), 

7.06-7.10 (m, 1H), 7.14 (s, 1H), 7.19-7.21 (m, 1H), 7.25-7.27 (m, 1H), 7.65 (d, J=8.0 Hz, 1H). 

3c (R1=H R2=OMe)  1H NMR (400 MHz, CDCl3) (δ, ppm): 1.41 (d, J=6.9 Hz, 3H), 3.4-3.5 (m, 

2H), 3.8-3.8 (m, 1H), 3.92 (s, 3H), 7.00 (d, J=12.2 Hz, 2H), 7.06 (t, J=8.0 Hz, 1H), 7.1-7.2 (m, 

2H), 7.30 (d, J=8.0 Hz, 1H), 7.65 (d, J=8.0 Hz, 1H), 8.34 (s, 1H). 

3d (R1=H R2=Cl) 1H NMR (400 MHz, CDCl3) (δ, ppm):  1.38 (d, J=6.9 Hz, 3H), 3.39-3.51 (m, 

2H), 3.72-3.81 (m, 1H), 3.93 (s, 3H), 7.00 (dd, J1=9.4 Hz, J2=2.0 Hz, 2H), 7.00 (dd, J1=8.3 Hz, 

J2=2.0 Hz, 1H), 7.1-7.2 (m, 2H), 7.53 (d, J=2.0 Hz, 1H), 8.67 (s, 1H). 

 

2-methyl-3-(2-methyl-1H-indol-3-yl)-1-(thiazol-2-yl)propan-1-one     
(5) as reference material was synthesized according to a literature 

procedure.70 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.23 (d, J=6.9 Hz, 

3H), 2.39 (s, 3H), 2.80 (dd, J1=14.1 Hz, J2=8.9 Hz, 1H), 3.32 (dd, 

J1=14.2 Hz, J2=5.7 Hz, 1H), 4.31-4.16 (m, 1H), 7.08-7.11 (m, 2H), 

7.20-7.26 (m, 1H), 7.63 (d, J=3.0 Hz, 1H), 7.66-7.68 (m, 1H), 7.78 (br, 1H), 8.00 (d, J=3.0 Hz, 

1H), 

5.5.3 Site-directed mutagenesis 

pET17b plasmids encoding for wt-QacR, wt-CgmR and wt-RamR were purchased from 

Genescript (USA) as codon optimized sequences for E. coli expression and included a C-terminal 

Strep-tag for purification purposes. Site-directed mutagenesis (Quik-Change) was performed to 

remove cysteines from the QacR gene (C72A and C141S) and to introduce the TAG codon for 

the incorporation of BpyA-containing protein variants prepared in this work. The primers used 

for the mutagenesis are listed in Table 5. Standard Pfu Turbo DNA polymerase protocol was 

used with an initial denaturation at 95 °C for 1 min. The following cycle was repeated 16 times: 

denaturation at 95 °C for 30 s, annealing at 52 °C for 1 min, elongation at 72 °C for 4 minutes. 

Final elongation was performed at 72 °C for 10 min. The resulting PCR products were digested 

with restriction endonuclease DpnI for 1 h at 37 °C and 5 µL of the mixture were directly 

transformed into the E. coli NEB5α. Cells were spread onto an agar plate containing 100 μg/mL 

of ampicillin. Single colonies were selected after overnight growth and used to inoculate 5 mL of 

LB medium containing the same antibiotic. Plasmids were isolated using a plasmid purification 

kit and the sequence was confirmed by Sanger sequencing (T7 forward primer).  
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5.5.4 Expression and purification  
pET17b plasmids encoding for wt-QacR, wt-CgmR and wt-RamR were transformed into E. coli 

BL21 (DE3) C43, which were spread onto an agar plate containing 100 μg/mL of ampicillin. 

Single colonies were selected after overnight growth and used to inoculate 5 mL of LB medium 

containing the same antibiotic. This starter culture was grown at 37 °C overnight and used to 

inoculate 500 mL fresh LB medium with the same antibiotic. The culture was grown at 37 °C 

until OD600 = 0.8 (approximately 2 h) and then isopropyl β-D-1-thiogalactopyranoside (IPTG) at 

final concentration of 1 mM was added to induce the expression of target proteins. pET17b 

plasmids encoding for QacR, CgmR and RamR mutants containing the amber stop codon were 

co-transformed with pEVOL BpyA into BL21 (DE3) C43 were spread onto an agar plate 

containing 100 μg/mL of ampicillin and 34 μg/mL chloramphenicol. Single colonies were 

selected after overnight growth and used to inoculate 5 mL of LB medium containing the same 

antibiotics. This starter culture was grown at 37 °C overnight and used to inoculate 500 mL fresh 

LB medium with the same antibiotics. The culture was grown at 37 °C and when OD600
 reached 

0.8, BpyA (final concentration of 0.5 mM), L-arabinose (1 mM) and IPTG (1 mM) were added to 

induce the expression of the target proteins. Protein expression was performed at 30 °C 

overnight. Cells were harvested by centrifugation (6000 rpm, JLA‐10.5, 20 min, 4 °C) and the 

pellet was resuspended in 50 mM NaH2PO4 pH 8.0, 150 mM NaCl and protease inhibitor 

Table 5 Primers used for site directed mutagenesis (fw: forward primer, rv: reverse primer). Single point 

mutations in bold. 

Primer Sequence (5’ → 3’) 

RamR Y59X_fw ATT AAC ACC CTG TAG CTG CAC CTG AAA 

RamR Y59X_rv TTT CAG GTG CAG CTA CAG GGT GTT AAT 

RamR W89X_fw ACC CGT TTC ATC TAG AAC AGC TAC ATT 

RamR W89X_rv AAT GTA GCT GTT CTA GAT GAA ACG GGT 

RamR Y92X_fw ATC TGG AAC AGC TAG ATT AGC TGG GGC 

RamR Y92X_rv GCC CCA GCT AAT CTA GCT GTT CCA GAT 

RamR Y155X_fw GAT GGC CTG TAG CTG GCG CTG 

RamR Y155X_rv CAG CGC CAG CTA CAG GCC ATC 

CgmR W63X_fw CTT GCA GAT GAT TAG GAC AAA GAA CTT 

CgmR W63X_rv CAG TTC TTT GTC CTA ATC GTC CGC CAG 

CgmR L100X_fw CCG GAA CTG CTG CTG TAG ATT GAT GCG CCG AGC 

CgmR L100X_rv GCT CGG CGC ATC AAT CTA CAG CAG CAG TTC CGG 

CgmR W113X_fw TTC CTG AAC GCG TAG CGT ACC GTG AAC 

CgmR W113X_rv GTT CAC GGT ACG CTA CGC GTT CAG GAA 

CgmR F147X_fw GCG GAC GGT CTG TAG GTT CAC GAT TAT 

CgmR F147X_rv ATA ATC GTG AAC CTA CAG ACC GTC CGC 

QacR C72A_fw GAA CAG ATT AAG GCG AAA ACC AAC CGT 

QacR C72A_rv ACG GTT GGT TTT CGC CTT AAT CTG TTC 

QacR C141S_fw AAC GGC GAA TGG TCT ATT AAC GAT GTG 

QacR C141S_rv CAC ATC GTT AAT AGA CCA TTC GCC GTT 

QacR W61X_fw GAG GAA AGC AAG TAG CAG GAG CAA TGG 

QacR W61X_rv CCA TTG CTC CTG CTA CTT GCT TTC CTC 

QacR Q96X_fw TAT TAC CCG CTG TAG AAC GCG ATC ATC 

QacR Q96X _rv GAT GAT CGC GTT CTA CAG CGG GTA ATA 

QacR Y103X_fw ATC ATC GAG TTC TAG ACC GAA TAC TAC 

QacR Y103X_rv GTA GTA TTC GGT CTA GAA CTC GAT GAT 

QacR Y123X_fw CTG GAA AAC AAG TAG ATC GAC GCG TAC 

QacR Y123X_rv GTA CGC GTC GAT CTA CTT GTT TTC CAG 
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cocktail (Complete, Roche). Cells were sonicated (70% (200W) for 10 min (10 sec on, 15 sec 

off) after which PMSF solution (final concentration 0.1 mM) and DNaseI (0.1 mg/mL, 

containing 10 mM MgCl2) were added. The cell-free extract obtained after centrifugation (10000 

rpm, 45 min, 4 °C, Eppendorf) was loaded onto columns containing 3 mL of pre‐equilibrated 

slurry of Strep-Tactin column material (50% high capacity Strep-Tactin in storage buffer) for 1 h 

at 4 °C (mixed at 200 rpm on a rotary shaker). Columns were washed three times with 1 column 

volume (CV) of resuspension buffer and eluted with seven fractions of 0.5 CV of resuspension 

buffer containing 5 mM desthiobiotin. Elution fractions were analyzed on a 12% polyacrylamide 

Tricine-SDS gel followed by Coumassie staining. Fractions containing protein were pooled and 

concentrated. When A260/A280 was between 0.9-1.0, cation exchange chromatography was 

performed on a Hitrap Heparin HP column elution with a gradient of NaCl concentration from 0 

to 1 M in 5 min with a flow of 1 mL/min. Elution fractions were analyzed on a 12% 

polyacrylamide Tricine-SDS gel, followed by Coumassie staining. Fractions containing protein 

were pooled and concentrated  

5.5.5 Analytical size exclusion chromatography 
100 µL of protein sample was injected in a Superdex 75 10/300 GL in 20 mM MOPS pH 7.0, 

500 mM NaCl as buffer (flow 0.5 mL/min). Analytical size exclusion chromatograms were 

recorded for the proteins before and after incubation with 1 equivalent of Cu(NO3)2 per 

monomer. No significant deviations from the dimeric structure of the wild type proteins were 

observed upon introduction of BpyAla, as well as after coordination to Cu2+.  

5.5.6 UPLC-MS chromatograms and ESI(+) mass traces 

 
5.5.7 UV-visible titrations and dissociation constants    

0.5 mM solution of Cu(NO3)2·3H2O in milliQ water was prepared by dilution of a 5 mM stock 

solution. Protein solutions (20 µM, 200 µL) in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl were 

added to a 0.5 mL cuvette and titrated with 0.5 mM working solutions of the metal salt (2 µL 

each addition, 0.2 eq). UV-visible spectra were recorded at 25 °C from 220 nm to 800 nm. 

Apparent dissociation constants KD were obtained assuming a 1:1 binding stoichiometry using 

non-linear regression analysis (Origin) employing the following equation:   
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The reported apparent dissociation constants are the average of two independent experiments 

performed with two independent batches of protein. Fitting of the titration curves for RamR 

Y92BpyA and CgmR L100BpyA was not performed due to precipitation of the protein after 

Table 6 ESI (+) of proteins prepared in this study from UPLC-MS 

Protein 

 

Massobserved (Da) Masscalculated (Da) 

RamR 23036 – Met 23036 

CgmR 21456 21455 

QacR (C72A, C141S) 23266 23268 

RamR Y59BpyA 23101 23097 

RamR F155BpyA 23122 23113 

RamR Y92BpyA 23099 23097 

CgmR L100BpyA 21528 21532 

CgmR F147BpyA 21574 21566 

QacR W61BpyA 23306 23305 

QacR Q96BpyA   23363 23363 

QacR Y103BpyA 23330 23328 

QacR Y123BpyA 23326 23328 
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addition of more than 1 eq. of Cu(NO3)2 or difficulties with reliability of fitting the data, 

respectively. 

5.5.8 Catalysis       

Catalytic reactions were performed in 150 µL total volume containing 90 µM [Cu(phen)(NO3)2] 

(9 mol%) and 120 µM proteins (dimer, 1.3 equivalents) for the supramolecular approach or 90 

µM Cu(NO3)2 (9 mol%) and 120 µM proteins (monomer, 1.3 equivalents) for the proteins 

containing BpyA genetically incorporated in 20 mM MOPS pH 7.0, 500 mM NaCl. The final 

concentration of substrates 1 or 4 and 2 was 1 mM each. Reactions were incubated under 

continuous inversion at 4 °C for 72 h after which 50 µL of a 1 mM solution of 2-phenylquinoline 

in 20 mM MOPS buffer pH 7.0, 500 mM NaCl, 20% CH3CN were added. Reactions were 

extracted 3 times with 500 µL diethylether and the organic layers were dried over Na2SO4 and 

evaporated in vacuo. The resulting products were redissolved in 150 µL heptane:isopropanol 9:1 

and analyzed by chiral HPLC. Yields of all the catalytic reactions are based on peak areas at 275 

nm using 2-phenylquinoline as internal standard. 
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Toward in vivo catalysis with artificial 

metalloenzymes 
 

The QacR mutant incorporating the unnatural amino acid 2,2’-bipyridyl 

alanine in position 123, QacR Y123BpyA, described in the previous chapter 

is purified from bacterial cultures with metal ions bounds and shows 

intrinsic catalytic activity in the vinylogous Friedel–Crafts alkylation of 

indoles. In this chapter spectroscopic studies and catalysis are combined to 

elucidate the nature of the metal ion bound to the protein responsible for 

this catalytic activity. Preliminary studies for the application of artificial 

metalloenzymes containing BpyA for in vivo catalysis are also described.  
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6.1 Introduction 

6.1.1 Artificial metalloenzymes toward directed evolution 

A number of successful examples of artificial metalloenzymes able to perform 

chemically challenging and asymmetric reactions have been reported to date.1–5 

Nevertheless, the screening and optimization of these designer catalysts employing 

directed evolution techniques is thus far limited and has been predominantly 

focused on repurposing natural metalloenzymes. For example, several directed 

evolution studies have been reported for heme containing metalloenzymes, such as 

P450s and myoglobin.6–9 These metalloenzymes are assembled in vivo and this 

allows measuring the activity for abiotic reactions inside cells or in cell lysates and 

the use of standard directed evolution protocols to identify improved variants. 

Performing catalytic reactions in cells or cell-free extracts significantly reduces the 

workflow and allows screening of larger libraries of mutants. However, most 

artificial metalloenzymes reported to date require the installation of a synthetic 

metal cofactor after isolation of the host protein. This involves laborious protein 

purification steps, cofactor anchoring and, possibly, purification of the 

functionalized metalloprotein. Moreover, most transition metal complexes used for 

metalloenzyme design are incompatible with cellular components, preventing their 

use inside cells or lysates. Yet, the possibility of screening large libraries of 

mutants is highly desirable in order to identify mutations that can improve the 

catalytic properties of these artificial metalloenzymes.  

Clearly, several complications need to be addressed when considering the 

possibility of moving towards in vivo catalysis with metalloenzymes. First, 

covalent anchoring strategies for incorporation of ligands or transition metal 

complexes need to be circumvented. These strategies typically do not offer enough 

selectivity for the biomolecule of interest and therefore are incompatible with the 

complex composition of the cellular environment. Moreover, chemical 

modifications are usually not quantitative and require several equivalents of the 

cofactor for efficient functionalization of the protein scaffold. As a result, a 

purification step that removes the excess cofactor is necessary to minimize its 

background activity in the screen. Dative anchoring of metal ions to natural amino 

acids could be possible, but is complicated by the difficulties of engineering a de 

novo designed active site into a protein scaffold. Moreover, the biocompatibility of 

the metal ion of choice needs to be taken into account, as transition metal ions 

might show non-specific binding to other biomolecules or might be poisonous to 

the cell. The novel approach of introducing an unnatural metal binding amino 

acid10 represents a promising strategy to create artificial metalloenzymes that could 

function in presence of cells. Nevertheless, the biocompatibility of the metal ion 
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remains an important issue, as well as a specific and strong interaction of the metal 

ion with the protein of interest to prevent aspecific binding to other proteins. 

Possibly, the use of bidentate ligands might favor the interaction with the protein of 

interest over other biomolecules. Up to date, the only anchoring approach that 

proved to be successful for incorporation of an abiotic cofactor toward the creation 

of an artificial metalloenzyme in a cellular environment is the supramolecular 

approach. If the binding between the cofactor and the protein scaffold is specific 

and results in a stable complex, this strategy does not require additional reagents, 

post-translational protein modification or subsequent purification steps. 

Nevertheless, also in this case the biocompatibility of the cofactor should be taken 

into consideration, as most transition metal complexes are poisoned by cellular 

components that render them inactive in vivo.11 

The (strept)avidin-biotin technology proved to be a versatile system for the 

creation of artificial metalloenzymes in vitro and a good candidate for in vivo 

applications.3 To increase the throughput in their directed evolution strategies the 

Ward group has reported a streamlined screen for transfer hydrogenation and 

metathesis catalysts that relies on cell-free extracts and partial purification of 

Streptavidin mutants. In this work, they significantly accelerated the optimization 

of their artificial metalloenzymes by using 24-deep-well plates. They circumvented 

the glutathione mediated poisoning of the hydrogenation catalyst by addition of a 

diamide scavenger and performed a partial purification of the protein on a 

Sepharose iminobiotin resin when screening for metathesis activity.12 

To date, there are only two reports that describe the directed evolution of 

artificial metalloenzymes assembled in a whole-cell setup. In both studies the 

reactions were performed in the periplasm of E. coli. This compartment provides 

an attractive reaction environment for artificial metalloenzymes as it does not 

contain nucleic acids, is composed of a lower amount and fewer types of 

potentially interacting proteins and reduced glutathione is barely present. The first 

example from the Tezcan group focuses on a designed, supramolecular tetrameric 

protein assembly that is based on a structurally and functionally unrelated 

monomeric redox protein. This protein self-assembles upon zinc binding and 

presents two catalytic Zn2+ binding sites at the tetramer interfaces that provide in 

vivo β-lactamase activity (Figure 1a). The ability to hydrolyze ampicillin enabled 

the selection of improved variants when the protein was expressed into the 

periplasm of E. coli and optimization by directed evolution without the need for 

purification strategies.13 In another recent work the Ward group describes the in 

vivo screening and directed evolution of an artificial metalloenzyme based on 

streptavidin-biotin technology for olefin metathesis (Figure 1b). In this work 

compartmentalization of the metalloenzyme in the periplasm and the use of a 
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model fluorescent reaction allowed directed evolution screening in vivo of several 

thousand of streptavidin mutants giving rise to improved enzymes.14,15 

a) 

 
b) 

 
Figure 1: a) Self-assembly and crystal structure of the tetrameric variant of cytochrome cb562 

that shows in vivo β-lactamase activity. The structural Zn2+ sites are highlighted as well as the 

four potentially catalytic Zn2+ sites (reproduced with permission from 13) b) Schematic 

representation of the streptavidin-biotin metalloenzyme for in vivo metathesis. Streptavidin 

(SAV) is fused with an N-terminal signal peptide and is secreted to the periplasm. The 

biotinylated transition metal complex for the metathesis reaction interacts with SAV in the 

periplasm and the catalytic reaction takes place in the same compartment (adapted from 14).  

The limited number of examples of artificial metalloenzymes reported thus far 

that can function in a cellular environment shows the need for further research 

efforts towards this goal. As mentioned earlier, the genetic incorporation of metal 

binding unnatural amino acid is a promising strategy for the assembly of artificial 

metalloenzymes in vivo, if the metal ion used for the catalytic reaction is 

biocompatible and interacts specifically with the protein of interest. 
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6.1.2 The case of QacR Y123BpyA 

As described in Chapter 5, the QacR mutant containing the unnatural amino 

acid (2,2-bipyridin-5yl)alanine (BpyA) in position 123, QacR Y123BpyA, showed 

excellent activity in the Cu2+-catalyzed vinylogous Friedel–Crafts alkylation of 

2-methyl-1H-indole (2) with 1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1)16–18 

affording the product in high yield and with excellent enantioselectivity of 94% 

(Table 1, entry 12). Notably, this metalloenzyme resulted in the formation of the 

opposite enantiomer of the reaction product when compared to other QacR- or 

LmrR-based artificial metalloenzymes.10,18,19 Another intriguing feature of this 

metalloenzyme was its activity in the catalytic Friedel–Crafts alkylation when no 

additional metal ion was supplied, resulting in the formation of the reaction product 

in 60% yield and an enantiomeric excess of 70% (Table 1, entry 5). Although the 

performance of the metalloenzyme was significantly improved in presence of 

Cu(NO3)2, this inherent activity suggests a unique Lewis acid behavior of this 

mutant that could result from the in vivo incorporation of a catalytically active 

metal ion.  

 
Moreover, the enantioselectivity observed in absence of any additional metal 

ion is significantly different compared to the Cu2+-catalyzed reaction, suggesting 

Table 1 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and 

BpyA-containing variants of QacR 

 
Entry Catalyst Yield (%)a ee (%)b 

1 uncatalyzed 4±2 n.d. 

2 QacR W61BpyA <5 n.d. 

3 QacR Q96BpyA 6±2 10±2 

4 QacR Y103BpyA 6±4 <5 

5 QacR Y123BpyA 59±5 70±7 (+) 

6 QacR Y123BpyA_(EDTA) 16±4 75±6 (+) 

7 Cu2+ 67±10 <5 

8 

 

QacR_Cu2+ 83±22 42±1 (-) 

9 QacR W61BpyA_Cu2+ 62±12 5±1 (-) 

10 QacR Q96BpyA_Cu2+ 58±11 56±2 (-) 

11 QacR Y103BpyA_Cu2+ 55±10 39±2 (-) 

12 QacR Y123BpyA_Cu2+ 82±5 94±1 (+) 
 

Typical conditions: 9 mol % Cu(NO3)2 (90 µM) loading with 1.3 eq of protein (120 µM), 1 mM of 

substrate 1 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, for 72 h at 4 °C. All the results listed 

correspond to the average of two independent experiments, each carried out in duplicate. Errors listed 

are standard deviations. aYields were determined by HPLC and using 2-phenylquinoline as internal 

standard. bSign of rotation was assigned based on the elution order in chiral HPLC by comparison to 

previous reports.16,18  
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that this activity results from a metal ion other than Cu2+. As highlighted before, 

the possibility of obtaining metalloenzymes from bacteria that show intrinsic 

catalytic activities for non-natural reactions is very interesting in the context of 

performing these reactions in cells or cell-free extracts and could also open new 

possibilities for directed evolution of these designer catalysts. 

6.2 Aim  

In this chapter a study on the reactivity of the artificial metalloenzyme QacR 

Y123BpyA (Figure 2) and the possibility to apply QacR-based metalloenzymes for 

in vivo catalysis are described. Investigation of the metal binding properties of 

QacR Y123BpyA by spectroscopic methods and its performance in the 

enantioselective vinylogous Friedel–Crafts alkylation of indoles are used to gain 

insight into the reactivity of this metalloenzyme. 
 

 
Figure 2: Helix and surface representations of QacR, residues Y123 are highlighted in purple. 

(PDB 3PM120) 

6.3 Results and discussion 

6.3.1 Spectroscopic characterization 

As previously  described in Chapter 5, a number of BpyA variants of QacR 

(Q96BpyA, Y103BpyA and Y123BpyA) were isolated after affinity 

chromatography with a pink color and the typical UV-visible signature around 500 

nm of Fe2+ bipyridyl complexes.21–25 It was presumed that the BpyA-containing 

proteins could coordinate Fe2+ that is present in the cytoplasm or in the medium 

used for bacterial growth. Nevertheless, another possible interpretation of the 

UV-visible signature is that the Fe(II)(BpyA)3 complex is formed in the medium 

and binds tightly to the protein in such a way that it is not removed during 

purification or dialysis. Even treatment with up to 50 mM EDTA, followed by 
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extensive dialysis, did not result in the disappearance of the absorption bands 

around 500 nm. Since only QacR Y123BpyA, but none of the other “pink” variants 

(Q96BpyA and Y103BpyA), displayed catalytic activity in absence of additional 

Cu2+ ions (Table 1, entries 2-4), it was assumed that the protein bound Fe2+ was not 

catalytically active. Moreover, UV-visible titrations with Cu(NO3)2 reached a 

plateau around one equivalent of Cu2+ per bipyridine unit, suggesting that the Fe2+ 

contamination is presumably small. However, the possibility that Cu2+ replaces the 

Fe2+ bound to the bipyridine moiety during the titration cannot be excluded.  

To further investigate the nature of the metal ion(s) bound to QacR Y123BpyA, 

responsible for its intrinsic catalytic activity, ICP-AES analysis on the protein after 

purification and dialysis was performed. This analysis revealed the presence of 

comparable amounts of 10-20% Fe and Zn per monomer in the protein samples. 

When QacR Y123BpyA was first treated with EDTA and dialyzed prior to 

ICP-AES, the amount of Zn was significantly reduced, while the Fe content 

remained constant. No traces of Cu were observed in either sample. These results 

suggest that the Zn detected by emission spectroscopy is Zn2+ bound to the 

bipyridine ligand, since unspecific binding of Zn2+ ions to the protein scaffold 

would be removed during dialysis. At the moment it is not possible to assess 

whether the Zn2+ bound to the BpyA is picked up during bacterial expression or 

protein purification. On the other hand, from the ICP-AES results it was not 

possible to assess whether Fe is coordinated to the unnatural amino acid or it is 

present as a tris-bipyridine complex and interacting elsewhere with the protein 

scaffold.   

UV-visible titrations of QacR Y123BpyA were also performed with Zn2+ and 

Fe2+ in order to study the metal binding properties of this protein (Figure 3). Upon 

addition of Zn(NO3)2 and FeSO4 to the protein, the appearance of the characteristic 

shoulder between 310 and 315 nm was observed, which is indicative of a change in 

the π–π* transition of the bipyridine moiety as a result of metal 

coordination.10,23,26,27 Contrary to the titration with Cu2+
, these curves could not be 

fitted to a 1:1 binding model and the titration with Zn2+ reached a plateau before 

one equivalent of metal salt was added. This indicated that a part of the bipyridine 

ligands available in the protein were already complexed with a metal ion that the 

added Zn2+ was not able to displace. Interestingly, when performing the titration 

with Fe2+, the same shift of the π–π* transition of the bipyridine moiety was 

observed, indicating binding of the metal ion to the BpyA, but no increase in 

intensity of the bands at 500 nm was detected. 

Combined these results suggest that Zn2+ is the metal ion bound to the BpyA in 

position 123, while Fe2+ is present in a different form: either as Fe(II)(BpyA)3 

complex that is interacting with the protein or as a mixed complex with Fe2+ 
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coordinated to the BpyA in position 123 and to other one, or two, exogenous BpyA 

recruited from the medium. The latter option has been previously described by 

Mills et al. in a computationally designed protein bearing a genetically 

incorporated, solvent exposed BpyA.23 This possibility would justify (1) the 

unchanged amount the Fe content in the protein upon EDTA treatment, due to the 

high stability of the Fe(II)(BpyA)3 and (2) the lower binding ratio observed for 

both Zn2+ and Fe2+, since a fraction of the BpyA in position 123 would be involved 

in the bis/tris-bpy complex formation. 
 

a)                b) 

300 400 500 600
0,0

0,5

1,0

1,5

0 10 20 30 40
0,00

0,05

0,10

0,15

0,20

0,25

0,30

300 400 500 600 700 800
0,00

0,05

0,10

A
b

s
o

rb
a

n
c

e

wavelength(nm)

A
-A

0
 (

3
1

5
 n

m
)

[Cu
2+

] (M)

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

300 400 500 600
0,0

0,5

1,0

1,5

0 10 20 30 40
0,00

0,05

0,10

0,15

300 400 500 600 700 800
0,00

0,05

0,10
A

b
s

o
rb

a
n

c
e

wavelength(nm)

A
-A

0
 (

3
1

5
 n

m
)

[Cu
2+

] (M)

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 
c)          

300 400 500 600
0,0

0,5

1,0

1,5

0 10 20 30 40
0,00

0,05

0,10

0,15

300 400 500 600 700 800
0,00

0,05

0,10

A
b

s
o

rb
a

n
c

e

wavelength(nm)

A
-A

0
 (

3
1

5
 n

m
)

[Cu
2+

] (M)

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 

Figure 3: UV-visible titrations of QacR Y123BpyA a) Cu(NO3)2·3H2O, b) Zn(NO3)2·6H2O, c) 

FeSO4·7H2O. Titrations were performed in 20 mM MOPS pH 7.0, 500 mM NaCl using 20 µM 

protein and additions of aliquots of a 0.5 mM solution of metal salts in milliQ water. Insets 

represent the change in absorbance at 315 nm over the concentration of corresponding metal 

ion.  

6.3.2 Catalysis 

In order to determine whether the Zn2+ coordinated to the BpyA in position 123 is 

responsible for the intrinsic catalytic activity of QacR Y123BpyA the vinylogous 

Friedel–Crafts alkylation of 2-methyl-1H-indole (2) with 

1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1) was performed in presence of 

additional Zn2+. The artificial metalloenzymes were prepared in situ, as described 

previously (Chapter 5), by mixing Zn(NO3)2 (90 μM) with a slight excess of 

BpyA-containing proteins (120 μM in monomer) in 20 mM MOPS pH 7.0, 500 

mM NaCl. For comparison, reactions were also performed with the wt-QacR 



Toward in vivo catalysis with artificial metalloenzymes 

139 

 6 

(QacR C72A C141S, Chapter 5) and with the other BpyA-containing variants of 

QacR described previously (Chapter 5).  

Interestingly, when the reaction was performed in absence of any additional 

metal ion with a sample of QacR Y123BpyA that was incubated with EDTA and 

subsequently dialysed, a significant drop in catalytic activity (from 60% to 16% 

yield) was observed, while the enantiomeric excess remained unaffected around 

70% (Table 1, entries 5 and 6). This result suggests that EDTA can sequester the 

catalytically active metal bound to QacR Y123BpyA. When combined with the 

significant reduction of the Zn content upon EDTA treatment that was determined 

by ICP-AES, this observation is consistent with the hypothesis that Zn2+ is the 

metal ion bound to QacR Y123BpyA responsible for its catalytic background 

activity (Table 1, entry 5).  

While Zn(NO3)2 in solution proved to be a poor catalyst for the Friedel–Crafts 

alkylation, the combination of Zn(NO3)2 with wt-QacR led to the formation of a 

racemic mixture of products in 40% yield  (Table 2, entries 1 and 2). None of the 

BpyA-containing variants of QacR (W61BpyA, Q96BpyA and Y103BpyA) 

showed significant catalytic activity when supplemented with Zn2+ (Table 2, 

entries 3-5) apart from QacR Y123BpyA that resulted in 80% yield and 50% ee 

(Table 2, entry 6). Lastly, incubation of QacR Y123BpyA with EDTA and dialysis 

prior to the addition of Zn(NO3)2 resulted in a moderate decrease in yield to 40%, 

but no significant change in selectivity (Table 2, entry 7).  

 
At first sight, the observation that the enantiomeric excess for QacR Y123bpyA 

in presence of additional Zn2+ is significantly lower than the one observed for the 

same protein when no metal ion is supplied, suggests that Zn2+ is not responsible 

for the intrinsic catalytic activity. However, it is also plausible that the decrease in 

enantioselectivity is the result of unspecific interactions of Zn2+ with the QacR 

protein scaffold. Indeed, the reaction performed with wt-QacR in presence of Zn2+ 

Table 2 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and 

BpyA-containing variants of QacR in presence of Zn2+ 

Entry Catalyst Yield (%)a ee (%)b 

1 Zn2+ 11±3 <5 

2 QacR_Zn2+ 39±8 <5 

3 QacR W61BpyA_Zn2+ 37±11 9±11 

4 QacR Q96BpyA_Zn2+ 12±6 <5 

5 QacR Y103BpyA_Zn2+ 15±5 <5 

6 QacR Y123BpyA_Zn2+ 78±8 52±8 (+) 

7 QacR Y123BpyA_Zn2+(EDTA) 42±10 42±6 (+) 
 

Same conditions as in Table 1. aYields were determined by HPLC and using 2-phenylquinoline as 

internal standard. bSign of rotation was assigned based on the elution order in chiral HPLC by 

comparison to previous reports.16,18  
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resulted in the acceleration of the reaction and formation of a racemic mixture of 

products (Table 2, entry 2). Moreover, based on the UV-visible titration, Zn2+ 

appeared not to bind with a 1:1 stoichiometry to QacR Y123BpyA (considered as a 

monomer). Therefore, the results obtained for QacR Y123BpyA in presence of 90 

µM Zn2+ could be a combination of Zn2+ bound to the BpyA and extra Zn2+ 

interacting with the protein in different positions.  

To gain further insight into the unique reactivity of QacR Y123BpyA the 

catalytic reactions were also performed with other metal ions that are known to 

display Lewis acid behavior, namely Fe2+ and Fe3+. When carrying out the 

vinylogous Friedel–Crafts alkylation reactions with addition of salts of both ions, 

either in presence or absence of wt-QacR no significant activity was observed 

(Table 3, entries 1-2 and 7-8). Once again QacR Y123BpyA showed a distinctive 

behavior when compared to other BpyA-containing variants: while QacR 

W61BpyA, QacR Q96BpyA and QacR Y103BpyA displayed no or low levels of 

activity in presence of either Fe2+ or Fe3+ (Table 3, entries 3-5 and 9-11), good 

yields and enantiomeric excesses around 70% were obtained for QacR Y123BpyA 

(Table 3, entries 6 and 12).  

Interestingly, the ee values obtained for the Fe-catalyzed reactions were similar 

to the ones observed when the protein was not supplemented with any metal ion 

(Table 1, entries 5 and 6). On the one hand, this observation might indicate that the 

intrinsic catalytic activity of QacR Y123BpyA is due to Fe present bound to the 

protein in vivo.  

 

Table 3 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and 

BpyA-containing variants of QacR in presence of Fe2+ and Fe3+ 

Entry Catalyst Yield (%)a ee (%)b 

1 Fe2+ 12±5 <5 

2 QacR_Fe2+ 8±2 <5 

3 QacR W61BpyA_Fe2+ 16±1 14±1 (-) 

4 QacR Q96BpyA_Fe2+ 6±1 20±6 (-) 

5 QacR Y103BpyA_Fe2+ 10±10 <5 

6 QacR Y123BpyA_Fe2+ 92±21 66+3 (+) 

7 Fe3+ 5±1 n.d. 

8 QacR_Fe3+ <5 n.d. 

9 QacR W61BpyA_Fe3+ 5±1 n.d. 

10 QacR Q96BpyA_Fe3+ <5 n.d. 

11 QacR Y103BpyA_Fe3+ 5±3 <5 

12 QacR Y123BpyA_Fe3+ 48+22 69+6 (+) 
 

Same conditions as in Table 1. aYields were determined by HPLC and using 2-phenylquinoline as 

internal standard. bSign of rotation was assigned based on the elution order in chiral HPLC by 

comparison to previous reports.16,18  
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Considering the pH and stability of Fe3+ ions in aqueous solution, it seems more 

plausible that Fe2+ is the actual species present in solution. On the other hand, the 

possibility of Fe2+ being incorporated in vivo into QacR Y123BpyA and being the 

metal ion responsible for the intrinsic catalytic activity of the protein is inconsistent 

with the observation that upon incubation with EDTA catalytic activity is 

significantly reduced while the Fe content in the protein is not.  

The results obtained from the catalytic and spectroscopic studies suggest a 

unique reactivity of QacR Y123BpyA when compared to the other proteins tested: 

(1) it is the only QacR variant that yields the opposite enantiomer than other QacR- 

and LmrR-based metalloenzymes in the Cu2+-catalyzed Friedel–Crafts alkylation 

(2) it is the only BpyA-containing QacR variant that is catalytically active in 

absence of any additional metal ion and Zn2+ appears to be the metal ion that gives 

rise to this intrinsic activity and (3) it is the only mutant that is able to catalyze the 

Friedel–Crafts alkylation in presence of Zn2+ and Fe2+/Fe3+ suggesting that the 

introduction of BpyA in position 123 in the QacR binding pocket drastically 

increases the Lewis acid behavior of the metal ions bound in this position. 

However, the cause for this increased reactivity is yet to be elucidated.  

6.3.3 Preliminary experiments for in vivo catalysis 

Although elucidating the nature of the catalytically active metal ion that is bound to 

the purified QacR Y123BpyA was challenging, the possibility to produce a protein 

that binds metal ions in vivo to afford a catalytically active metalloenzyme 

represents an ideal case for performing catalysis inside cells. In this scenario, no 

active metal ion or metal cofactor needs to be supplemented and the metalloprotein 

produced by the cells is directly available to perform catalysis. Before being able to 

take advantage of the intrinsic activity of QacR Y123BpyA for performing 

catalysis in cells, with the further aim to perform directed evolution of the protein, 

some challenges needed to be addressed. First, the fraction of catalytically active 

protein expressed is low in comparison to the total amount of protein produced 

(10-20% based on ICP-AES analysis). Furthermore, the average expression yield 

of QacR Y123BpyA in 500 mL LB culture is around 16 mg/L, which is noteworthy 

for a protein containing an unnatural amino acid, but might not be sufficient to 

observe activities when the protein is produced in parallel in smaller volumes.  

To test the feasibility of performing catalysis in cells with QacR_Y123BpyA 

initial catalytic studies were performed from a 5 mL aliquot of cells from the large 

scale expression of proteins (500 mL, Chapter 5). The cells were pelleted by 

centrifugation and washed three times with the reaction buffer. After the last wash, 

cells were resuspended in the reaction buffer (300 µL) and reactions were initiated 

by addition of substrates 1 and 2 at a concentration of 1 mM each. The reactions 

were incubated under continuous inversion at 4 °C for 72 h, after which the 
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products were isolated and analyzed by chiral HPLC. In parallel, reactions were 

performed with wt-QacR and other BpyA-containing variants as control (QacR 

Q96BpyA and QacR Y103BpyA). Traces of products were observed in all the 

reactions, but a comparison between the distinct QacR variants was not possible as 

the product concentrations were close to the detection limit of the HPLC method. 

Additionally, quantification was complicated by overlapping of the HPLC peaks of 

the products with other impurities. Neither performing the reactions with a 10 mL 

aliquot of cells or in cell-free extracts significantly improved product formation. 

Increasing the reaction times to 6 days resulted in slightly higher yields for QacR 

Y123BpyA, but such long reaction times are not desirable for an efficient 

screening protocol.  

In view of future screening protocols, culture volumes were scaled down from 

500 mL to 50 mL. The smaller scale allowed for the use of higher concentration of 

BpyA (1 mM instead of 0.5 mM), which was envisioned to increase the expression 

yield of the BpyA-containing variants. Increasing the amount of catalyst in the 

reaction mixture is indeed desirable to obtain higher yields in the catalytic 

reactions. Reactions were still performed in cells obtained from 5 mL aliquots, but 

unfortunately product formation remained hardly detectable. Apparently, the 

concentration of active catalyst is too low in the number of cells used for catalysis 

to afford appreciable product formation. 

Even though catalysis in cells with the protein that appears to bind metal ions in 

vivo was not successful yet, the presence of a genetically incorporated metal 

binding moiety in QacR variants could facilitate the assembly of artificial 

metalloenzymes inside cells by supplementing additional metal ions. When 

compared to the previous experiments in which no metal salt was added for the 

catalysis, the addition of metal ions could increase the number of active sites, 

thereby increasing the concentration of the active metalloenzyme. As previously 

mentioned, for this approach to be successful, the supplemented metal ion should 

interact specifically with the protein of interest and should not be sequestered by 

other proteins or cellular components. Moreover, a significant rate acceleration of 

the reaction by the protein scaffold is required in order to outperform the 

background reaction catalyzed by the metal ion itself.  

To test the activity of QacR variants inside cells, initial experiments were 

performed as before, but a standard concentration of 90 µM of Cu(NO3)2, 

Zn(NO3)2 or FeSO4 was added to the mixture. Detectable and significant 

differences were observed between reactions performed with the different metal 

ions and the QacR variants. Quantification of products for samples supplemented 

with Zn2+ and Fe2+ remained problematic due to low levels of product formation 

and the appearance of unidentified side products. Although Zn2+ and Fe2+ would be 
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ideal candidates for a potential enzyme engineering approach, as the respective 

salts are not catalytically active and therefore would not cause any background 

reactivity (Table 2, entry 1 and Table 3, entry 1), these metal ions are probably 

sequestered by other proteins or cellular components. Conversely, the reactions 

performed in presence of Cu2+ resulted in formation of quantifiable levels of the 

products and no significant side products were detected (Figure 4). Moreover, the 

enantiopreferences observed with QacR variants in cells are consistent to those 

observed with purified proteins: wt-QacR, QacR Q96BpyA and QacR Y103BpyA 

resulted in the formation of the (-) enantiomer in excess, while QacR Y123BpyA 

afforded higher levels of the opposite enantiomer.  

               wt-QacR_Cu2+                QacR Q96BpyA_Cu2+ 

 
   QacR Y103BpyA_Cu2+  QacR Y123BpyA_Cu2+ 

 
Figure 4: Chiral HPLC traces of reactions performed with cells expressing the BpyA containing 

variants of QacR in presence of additional 90µM Cu(NO3)2. The peaks corresponding to the 

reaction products are indicated by arrows. IS: internal standard, SM: starting materials. 

The enantioselectivitiy values obtained were lower when compared to the 

reactions performed with the purified proteins (Table 4). These differences 

presumably reflect the presence of free Cu2+ ions in solution that catalyze the 

formation of the racemic mixture of products. In order to increase the 

enantioselectivities the minimum amount of Cu2+ to coordinate to the bipyridyl 

moiety should be added to the cells. However, quantification of the exact amount 

of protein present in the cells is complicated and no efficient methodology was 

envisioned thus far. 

enantiomers 
IS 

SM 

enantiomers enantiomers 

enantiomers 
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Testing the reactions with decreasing amount of Cu2+ can tune the reaction 

conditions to obtain the best balance between conversion and enantioselectivity. 

Nevertheless, in view of future screening protocols for improved variants, both 

increase in yields and enantioselectivity, independently from the actual value, can 

be potential useful readouts to be further tested in in vitro assays with purified 

proteins. 

6.4 Conclusions 

In conclusion in this chapter the properties and reactivity of the BpyA-containing 

protein QacR Y123BpyA were investigated. Efforts towards elucidating the nature 

of the metal ion that binds to the protein and is responsible for the intrinsic 

catalytic activity in the vinylogous Friedel–Crafts alkylation reaction were 

described. Spectroscopic techniques (ICP-AES and UV-visible titrations) as well 

as performing asymmetric reactions with the protein in presence of different metal 

ions suggested that Zn2+ bound to BpyA is the catalytically active metal complex. 

Nevertheless, further studies will be necessary to corroborate this hypothesis. For 

example, a crystal structure could provide information about metal ions bound to 

BpyA and their microenvironment, indicating the presence of possible extra BpyA 

coordinated. Moreover, information about the second coordination sphere of the 

Zn2+ and Fe2+ metalloenzymes based on QacR Y123BpyA could offer further 

insight on the apparent increased Lewis acidity that is responsible for the unique 

catalytic behavior of these metalloenzymes, when compared to other 

BpyA-containing QacR variants. 

Unfortunately attempts to perform catalysis with QacR Y123BpyA in cells 

were not successful yet. The impossibility of performing catalysis directly in cells 

might be due to the low amount of the active metalloenzyme QacR 

Y123BpyA_Zn2+, or to the fact that the detected amount of Zn2+ bound to purified 

protein is picked up during protein purification and not in the cells. An improved 

Table 4 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and 

BpyA-containing variants of QacR with additional Cu2+ in presence of cells. 

Entry Catalyst Yield 

(%)a 

ee (%)b 

1 QacR_Cu2+ 11±5 12±4 (-) 

2 QacR_Q96BpyA_Cu2+ 15±8 24±3 (-) 

3 QacR_Y103BpyA_Cu2+ 6±4 16±16 (-) 

4 QacR_Y123BpyA_Cu2+ 4±1 69±12 (+) 

(+) 
 

Typical conditions: 9 mol% Cu(NO3)2 (90 µM), 1 mM of substrate 1 and 2 in 20 mM MOPS pH 7.0, 

500 mM NaCl, for 72 h at 4 °C. All the results listed correspond to the average of two independent 

experiments. Errors listed are standard deviations. aYields were determined by HPLC using 2-
phenylquinoline as internal standard. bSign of rotation was assigned based on the elution order in chiral 

HPLC by comparison to previous reports.16,18  
 

Same conditions as in Table 1. aYields were determined by HPLC and using 2-

phenylquinoline as internal standard. bSign of rotation was assigned based on the elution 

order in chiral HPLC by comparison to previous reports.24,26    
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protocol to increase protein expression, an optimized setup for the reactions or a 

different analytical technique to detect product formation could offer further 

insights in the reactivity of this metalloenzyme and lead to more reproducible and 

quantifiable results. The possibility of expressing a protein with metal ions bound 

inside the cell would offer the ideal scenario for metalloenzyme design and 

application and deserves further investigation.  

Nevertheless, the preliminary results presented here demonstrate the possibility 

to perform catalysis with BpyA-containing QacR variants with supplemented Cu2+ 

ions in cells. Optimization of the reaction conditions is still required, but these 

results represent a significant advance in the field of artificial metalloenzymes. As 

mentioned above, to date only two examples of artificial metalloenzymes able to 

perform unnatural reactions inside the cells have been reported and both of these 

enzymes relied on periplasmic expression of the protein of interest.13,14 The 

possibility of creating artificial metalloenzymes based on BpyA-containing QacR 

variants that function inside cells open possibilities for optimization by directed 

evolution techniques. In the future, protocols for the small scale protein production 

and for performing reactions in parallel should be evaluated to increase the 

throughput of the envisioned screening platform.  

6.5 Experimental section 

6.5.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without further purification. 
1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz in CDCl3, DMSO-d6 or 

D2O. Chemical shifts (δ) are denoted in ppm using residual solvent peaks as internal standard. 

Enantiomeric excess determinations were performed by HPLC analysis using UV-detection 

(Shimadzu SCL-10Avp) on Chiralpak AD, n-heptane:iPrOH 90:10, 1.0 ml/min. UPLC-MS on 

protein samples was performed on a Acquity TQ Detector (ESI TQD- MS) coupled to Waters 

Acquity Ultra Performance LC using a Acquity BEH C8 (1.7 µm 2.1 x 150 mm). Water (solvent 

A) and acetonitrile (solvent B) containing 0.1% v/v formic acid, were used as the mobile phase at 

a flow rate of 0.3 mL/min. Gradient: 90% A for 2 min, linear gradient to 50% A in 2 min, linear 

gradient to 20% A in 5 min, followed by 2 min at 5% A. Re-equilibration of the column with 2 

min at 90% A. UPLC-MS chromatograms were analyzed with MassLynx V4.1 and 

deconvolution of spectra was obtained with the algorithm MagTran.81 UV-visible spectra were 

recorded on Jasco V-660 Spectrophotometer. E. coli and BL21 (DE3) C43 were used for protein 

expression. Äkta Purifier 900 (GE Healthcare) was used for Fast Protein Liquid Chromatography 

(FPLC). Strep-tag purification was performed on Strep-Tactin superflow resin (IBA) and 

Heparin purification was performed in FPLC with Heparin HP (GE Healthcare). Dialysis 

membranes were purchased by SpectrumLabs. Tricine-SDS-PAGE were performed in minigel 

BioRad apparatus and Coumassie staining was obtained with InstantBlue (Expedeon). 

PageRuler™ prestained 10-1180 KDa (Thermo Scientific) was used and marker for SDS-PAGE. 

Ultra-centrifugation was performed with Vivaspin-Turbo-15 or Vivaspin-500 (Startorius). The 

concentration of the proteins was measured with Nanodrop 2000 (Thermo Scientific). Extinction 



Chapter 6 

146 

coefficients of protein (ε280) were calculated by the Protparam tool on the Expasy server 

(contribution of bipyridine moiety was accounted for by addition of the measured extinction 

coefficient obtained for 2,2’-bipyridine (ε=14800 M-1cm-1) to the extinction coefficient of the 

proteins. Plasmid pEVOL-BpyA was kindly provided by Professor P. G. Schultz (The Scripps 

Research Institute). 

6.5.2 Synthesis  

(2,2-bipyridin-5yl)alanine (BpyA) was synthesized according to literature procedures as 

described in Chapter 3.29,30 The synthesis of (E)-1-(1-Methyl-1H-imidazole-2-yl)-but-2-en-1 

one (1)16 and the general procedure for the synthesis of racemic mixtures of the Friedel–Crafts 

alkylation products (3)31 are described in Chapter 4.  

6.5.3 Expression and purification  

Large scale expression (500 mL of LB) of wt-QacR, QacR W61BpyA, QacR Q96BpyA, QacR 

Y103BpyA and QacR Y123BpyA was performed as described in Chapter 5. For testing catalysis 

in cells protein expression was performed in smaller scale (50 mL of LB) in the same conditions 

as described earlier with the only difference that, just prior to induction, BpyA at a final 

concentration of 1.0 mM was added. Cells were harvested by centrifugation (4000 rpm, 10 min, 

4 °C, Eppendorf) and the pellets were resuspended in 500 µL of 20 mM MOPS pH 7.0, 500 mM 

NaCl. The tubes were centrifuged again (4000 rpm, 5 min, 4 °C, Eppendorf) and pellets washed 

twice with the same buffer. For cell-free extract catalysis, after washing steps, the cells were 

resuspended in 300 µL of 20 mM MOPS pH 7.0, 500 mM NaCl and sonicated (40% (200 W) for 

1 min (5 sec on, 5 sec off). The cell-free extract was obtained after centrifugation (13000 rpm, 5 

min, 4 °C, Eppendorf) and used directly for catalysis. Total proteins production was analysed on 

a 12% Tricine-SDS-PAGE followed by Coumassie staining after cell lysis with Mg-SDS buffer.  

6.5.4 UV-visible titrations    

UV-visible titration were performed as described in Chapter 5 from solutions of Cu(NO3)2·3H2O, 

Zn(NO3)2·6H2O, FeSO4·7H2O and FeCl3·6H2O in milliQ water.  

6.5.5 ICP-AES 

QacR Y123BpyA in 20 mM MOPS pH 7.0, 500 mM NaCl after affinity purification (Step-tactin 

and heparin purification) was divided in two batches. One batch was incubated with 50 mM 

EDTA overnight and dialyzed against 20 mM MOPS pH 7.0, 500 mM NaCl. The samples were 

then diluted with 4 mL of 8 M urea in double distilled water and 1 mL to 10% v/v HNO3 and 

analyzed by ICP-AES. 

6.5.6 Catalysis       

Catalytic reactions with purified proteins were performed as described in Chapter 5 in 150 µL 

total volume containing 90 µM of Cu(NO3)2, Zn(NO3)2, FeSO4 or FeCl3 (9 mol%), 120 µM 

protein (monomer, 1.3 equivalents) and 1 mM of substrates 1 and 2 in 20 mM MOPS pH 7.0, 

500 mM NaCl. Catalytic reactions in whole cells or cell-free extracts were performed in 300 µL. 

For the reactions performed in presence of additional metal salts, 90 µM final concentration of 

the corresponding salt was added. Substrates 1 and 2 were added at a final concentration of 1 

mM. Reactions were incubated under continuous inversion at 4 °C for 3 or 6 days after which 

100 µL of a 1 mM solution of 2-phenylquinoline in 20 mM MOPS pH 7.0, 500 mM NaCl, 20% 

CH3CN were added. Reactions were extracted 3 times with 1 mL diethylether and the organic 
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layers were dried over Na2SO4 and evaporated in vacuo. The resulting products were redissolved 

in 50 µL heptane:isopropanol 9:1 and analyzed by chiral HPLC (Chiralpak AD).  
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Conclusion and perspectives 
 

This chapter provides a brief overview of the research presented in this 

thesis and discusses possible future developments in the topics 

described. 
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7.1 Introduction 

The correct functioning of the cellular machinery requires tight spatiotemporal 

control of protein and enzyme activity. Cells have developed a number of 

fine-tuned regulation mechanisms to achieve this strict control over protein 

function.1,2 Over the years extensive efforts have been devoted to study natural 

regulation mechanisms and to engineer artificial regulation in natural proteins with 

diverse purposes, from gaining a better understanding of natural metabolic 

pathways and signaling networks, to design artificial proteins or enzymes for a 

number of applications. Advances in protein engineering have allowed the 

development of artificially regulated proteins and enzymes that proved to be useful 

in synthetic biology, drug design and delivery as well as biosensing.3–5 More 

specifically, engineering of allosteric regulation – that is the control of protein 

activity at a site distinct from the active site – allowed the design of proteins or 

enzymes whose activity is dependent on external stimuli and/or changes in the 

environment.3,5   

A distinct aspect of controlling protein function is the introduction of 

non-natural reactivity into biological scaffolds. The field of biocatalysis has 

evolved from the study of natural enzymes and methods to enhance their activities 

and broaden their substrate scope, to creating entirely new enzymes with 

non-natural reactivities. A number of designer enzymes, obtained by de novo 

enzyme design or by redesign of existing proteins, for new-to-nature chemical 

reactivity have been presented in literature.6–8 The introduction of non-natural 

chemistry into proteins has exploited the reactivity of natural and unnatural amino 

acids and the installation of natural or artificial cofactors. Embedding transition 

metal complexes into protein scaffolds proved to be a viable strategy to broaden 

the repertoire of chemical reactions catalyzed by enzymes. Specifically, artificial 

metalloenzymes aim to combine the broad substrate and catalytic scope of 

transition metal catalysis with the high activity and selectivity typical of natural 

enzymes.9,10  

The research presented in this thesis focuses on both of these concepts for 

controlling protein activity. It spans from engineering artificial regulation 

mechanisms for natural and artificial enzymes, to introducing catalytic potential in 

proteins that do not show any native activity. This chapter provides a short 

overview of the research presented in this thesis and discusses possible 

developments in the research fields addressed.  
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7.2 Research overview 

The research presented here describes our work in the field of artificial regulation 

of protein activity. The first part of the thesis (Chapters 2-4) focused on 

engineering regulation mechanisms for natural (Chapters 2 and 3) and artificial 

(Chapter 4) enzymes, while in the second part the design and characterization of 

new artificial metalloenzymes is described (Chapters 5 and 6).  

Chapters 2 and Chapter 3 presented efforts to introduce artificial regulation into 

the natural enzyme murine dihydrofolate reductase (mDHFR). mDHFR is a widely 

studied split protein that has been used to study protein-protein interactions11,12 or 

to detect DNA sequences.13  

In Chapter 2 a modular approach for the reassembly of the split enzyme 

mediated by small molecules was described. In this split enzyme mDHFR 

fragments were first conjugated to short oligonucleotides and sequences 

complementary to these oligonucleotides were functionalized with receptor 

moieties, specifically cyclodextrins. Hybridization between the 

receptor-functionalized oligonucleotides and those covalently appended to the 

mDHFR fragments resulted in each mDHFR fragments linked with a receptor 

moiety. Ultimately, simultaneous binding of a guest molecule to both receptors was 

envisioned to facilitate reassembly of the split enzyme. The preparation and 

characterization of the different modules of the split enzyme were described: (1) 

cyclodextrin-DNA conjugates were successfully obtained via CuAAC from 

6-azido-β-cyclodextrin and alkyne modified oligonucleotides and (2) mDHFR 

fragments-DNA conjugates were also synthesized by applying CuAAC from 

alkyne-modified mDHFR fragments and azide-functionalized oligonucleotides. 

This conjugation method led to notable improvements in the preparation of the 

protein-DNA conjugates when compared to a previously reported strategy.13 All the 

conjugates were obtained in high purity and conversions were reproducible. 

Nevertheless, this procedure would benefit from further optimization. For example, 

introducing the alkyne (or azide) functionality into the protein fragments in vivo 

via expanded genetic code methodology would avoid the need for a 

post-translational modification step and could significantly improve and simplify 

the experimental protocol toward the protein-DNA conjugates. Lastly, preliminary 

experiments on the reassembly of the split enzyme in presence of a target molecule 

were described, but further studies are necessary in order to achieve small 

molecule-mediated reassembly of this split enzyme. Determination of the binding 

affinity of the guest molecule for the cyclodextrins in the envisioned design is 

required. 
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Chapter 3 presented an alternative approach to enable the reassembly of the 

split mDHFR enzyme. In this design coordination of a metal ion to two ligands, 

each one linked to an mDHFR fragment, was proposed to facilitate the reassembly 

of the split enzyme. This design would provide an example of metal-directed 

protein self-assembly that could have potential applications in metal ion sensing. 

The preparation of mDHFR fragments containing a metal binding moiety was 

described using two different strategies: (1) genetic incorporation of a metal 

binding unnatural amino acid and (2) introduction of ligands via post-translational 

protein modification. Both strategies have advantages and disadvantages and 

different applications might be envisioned. Incorporation of metal binding moieties 

by in vivo incorporation of the unnatural metal binding amino acid 

(2,2-bipyridin-5yl)alanine (BpyA) into each fragment of mDHFR did not allow 

precise control over metal coordination. Protein fragments were, indeed, isolated 

from bacterial cultures with Fe2+ ions bound to the BpyA and, to date, it was not 

possible to remove these metal ions and study metal ion coordination in vitro. The 

possibility for protein containing metal binding unnatural amino acids to bind 

metal ions during bacterial growth, specifically Fe2+, has already been reported14,15 

and discussed in this thesis and it is a general complication related with the genetic 

incorporation of unnatural amino acids. Usually, binding of metal ions to the 

unnatural amino acid happens when the metal binding moiety is located in solvent 

exposed positions. Unfortunately, when working with protein fragments a 

disordered structure of the protein is usually unavoidable, therefore binding of 

metal ions in vivo was not unexpected. Optimization of the expression protocol in 

media containing minimal amounts of metal ions or the use of a different metal 

binding amino acid with a lower affinity for Fe2+ can be considered to pursue this 

approach towards a metal-mediated reassembly of the split enzyme. The 

introduction of the metal binding moiety via alkylation of cysteine variants of 

mDHFR fragments was achieved with mDHFR fragments fused to maltose binding 

proteins (MBP). Fusion to MBP was necessary in order to achieve bacterial 

expression of the protein fragments and allowed to perform the purification steps in 

native conditions thanks to the increased solubility of the fragments. 

MBP_mDHFR fragments bearing a bipyridine, phenanthroline and terpyridine 

moiety were prepared and characterized and the binding of a number of divalent 

transition metal ions (Fe2+, Zn2+, Cu2+) was studied by UV-visible titrations. The 

reassembly of these conjugates was tested in presence of the aforementioned metal 

ions, but unfortunately no functional enzyme could yet be obtained. Redesign of 

the fragments as fusion proteins with other solubility tags was envisioned as a 

possible solution to achieve the metal-mediated reassembly of the split enzyme.  
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In Chapter 4 the possibility of introducing regulation mechanisms to control 

the activity of a designer enzyme with new-to-nature activity was investigated. 

Specifically, the design, synthesis and characterization of an LmrR-based metal ion 

regulated artificial metalloenzyme were presented. A previously described 

supramolecularly assembled LmrR-based artificial metalloenzyme was used for 

this study.16 In this design, recruiting a catalytically active Cu2+ phenanthroline 

complex to the hydrophobic binding pocket of LmrR resulted in a functional 

enzyme that displayed good activity and selectivity in the vinylogous          

Friedel–Crafts alkylation of indoles with α-β unsaturated imidazoles. To achieve 

metal ion-mediated control over the activity of this hybrid enzyme, a regulatory 

site was introduced within the LmrR scaffold by conjugation of bipyridine ligands 

in specific positions. These ligands allowed the formation of chelate metal 

complexes upon coordination of divalent transition metal ions (Fe2+ and Zn2+). This 

combination allowed us to obtain an artificial metalloenzyme whose activity was 

regulated by metal ion coordination. Notably, activation of the metalloenzyme was 

possible upon coordination of Fe2+, but only marginally in presence of Zn2+ ions. 

This metal-mediated regulation can be considered reminiscent of natural allosteric 

mechanisms to control protein activity. The synthesis and characterization of 

LmrR_bipyridine conjugates and their complexes with Fe2+ and Zn2+ were 

described, as well as the performance of the regulated hybrid enzymes in 

enantioselective catalysis.  

Chapter 5 introduces Multidrug Resistance Regulators (MDRs)17 as a novel 

class of protein scaffolds for the design of artificial metalloenzymes. Three 

proteins belonging to the TetR family of MDRs – QacR, CgmR and RamR – were 

investigated. Two different anchoring strategies for the introduction of the active 

transition metal complex were explored: the supramolecular approach and the 

genetic incorporation of an unnatural metal binding amino acid. The reactivity of 

the resulting artificial metalloenzymes was evaluated for two different Lewis acid 

catalyzed reactions: the vinylogous Friedel–Crafts alkylation of indoles and the 

tandem Friedel–Crafts conjugate addition/enantioselective protonation. Compared 

to the supramolecular approach with [Cu(phen)(NO3)2], in vivo incorporation of the 

unnatural amino acid (2,2-bipyridin-5yl)alanine (BpyA) proved to be a superior 

strategy to create active metalloenzymes from the protein scaffolds explored. The 

results presented in this chapter suggested that the hydrophobic pockets of this 

family of MDRs are too small to simultaneously accommodate both the Cu2+ 

phenanthroline complex and the substrates for the reactions. Further studies are 

needed to confirm this hypothesis, a crystal structure, for example, would provide 

valuable information regarding the positioning of the Cu2+ complex inside these 

hydrophobic pockets. Finally, several Cu2+-based metalloenzymes were prepared 
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and characterized by genetic incorporation of BpyA and the resulting hybrid 

catalysts showed distinct reactivities in the two reactions studied. Among these 

new metalloenzymes one QacR variant, QacR Y123BpyA, displayed excellent 

reactivity in the Cu2+-catalyzed vinylogous Friedel–Crafts alkylation. This designer 

enzyme afforded the best levels of enantioselectivity for any metalloenzyme 

created by in vivo incorporation of an unnatural amino acid and showed preference 

for the opposite enantiomer of the reaction product compared to other QacR- and 

LmrR-based metalloenzymes.15,16 

The properties and reactivity of this QacR variant were further investigated in 

Chapter 6. QacR Y123BpyA was purified from bacterial cultures with metal ions 

bound to its scaffold and presented an intrinsic catalytic activity in the vinylogous 

Friedel–Crafts alkylation of indoles without the need for supplementing any 

additional metal ion. Spectroscopic and catalytic studies were combined to 

elucidate the nature of the bound metal ion(s) responsible for this inherent catalytic 

activity. The data collected thus far suggested that Zn2+ binds to the BpyA in 

position 123 giving rise to the intrinsic catalytic activity. Preliminary studies for 

the potential application of this artificial metalloenzyme for in vivo catalysis were 

also described. From these initial results it was concluded that performing catalysis 

with this metalloenzyme in absence of any additional metal ions in E. coli cells was 

not yet possible as an insufficient amount of active enzyme is present in the cells. 

Optimization of the protocol might lead to improved conversions. Conversely, 

addition of Cu2+ to all BpyA-containing QacR variants allowed the detection of 

appreciable levels of product formation. Although, the conditions for this type of in 

vivo catalysis have not been optimized yet, these results represent a significant 

advance toward the use of artificial metalloenzymes bearing metal binding 

unnatural amino acids inside cells.    

7.3 Research perspective 

7.3.1 Split protein reporters 

Split protein reporters not only have numerous applications in the study, sensing 

and visualization of protein-protein interactions and signaling networks, but are 

also useful for discovering and evaluating protein inhibitors, detecting unmodified 

protein targets and controlling the amount of a functional protein in the cell. 

Moreover, split proteins have been applied for the detection of DNA and RNA 

sequences.18,19 In this thesis we focused on the design of split enzymes for small 

molecules and metal ions recognition. The creation of small molecules-dependent 

proteins whose function depends on the concentration of a target molecule is 

particularly interesting, as it allows the design of dose-dependent artificial 
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switches. Although a number of successful split protein reporters whose 

reassembly is mediated by small molecules have been reported, most of them are 

based on chemical inducers of dimerization.18 Moreover, the ligand-binding 

domains of these reporter proteins are typically limited to domains derived from 

natural proteins. As a consequence, the choice of the effector molecule is limited to 

molecules that interact with specific binding domains. The design of artificial split 

protein reporters that are responsive to a number of chemically unrelated small 

molecules would significantly expand the versatility of small molecule-dependent 

proteins. The combination of synthetic receptors with biomolecules is promising 

toward this goal as it allows recognition of different small molecules. Moreover, 

the use of synthetic host-guest architectures allows the formation of well-defined, 

reversible and tunable assemblies.20 One example of this approach applied to a split 

protein is the work of Sakamoto et al., in which incorporation of a synthetic 

host-guest couple rendered a fragmented GFP responsive to an exogenous guest 

molecule (Chapter 2, Figure 2b).21 In the context of engineering responsiveness for 

different analytes this work is promising as the receptor moiety conjugated to the 

N-terminal GFP fragment can be readily modified. However, generalization of this 

approach is not straightforward. The N-terminal GFP fragment was obtained by 

peptide synthesis and required a double modification of the fragment (one for the 

receptor moiety and another one for the binding agonist). This protocol is 

synthetically challenging and not applicable to other split proteins whose fragments 

cannot be achieved by synthetic procedures. Moreover, the formation of the 

intramolecular auto-inhibited complex worked for this GFP design, but might not 

be successful when expanded to other split proteins. Finally, the use of a split 

protein presenting catalytic activity would assure signal amplification upon 

substrate binding, which is advantageous when applying a split allosteric system as 

a sensor for small molecules.  

The work described in Chapter 2 aimed to expand the concept of small 

molecule-dependent proteins and create a general and modular approach for the 

supramolecular reassembly of split enzymes. Ideally, once a proof-of-concept is 

established, this modular system could be easily adapted and optimized for the 

detection of structurally unrelated small molecules: simply by exchanging receptor 

moieties conjugated to the oligonucleotides a library of artificial allosteric systems 

responsive to different analytes could be obtained. This design might offer a 

general approach for the detection of a variety of small molecules for which a 

receptor moiety is known. Furthermore, it is conceivable that this strategy could be 

expanded to different split enzymes, offering different detection methods. 

Nevertheless, considering the design of the split enzyme, binding of the guest 

molecule to both receptors is required, therefore this approach is limited to ditopic 
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substrates that can bind simultaneously to two receptors. Based on the work 

described in this thesis, the design of a modular assembly of split enzymes for 

small molecule recognition is promising, but needs further optimization. 

Finally, the use of aptamers could provide a different modular approach toward 

small molecule-dependent split enzymes. Aptamers are short single stranded 

oligonucleotidic sequences characterized by a specific three-dimensional structure 

that allows them to bind targets molecules (small molecules or large 

marcomolecules). Usually, upon binding to the target, aptamers undergo a 

structural change. By introducing an aptamer sequence in-between the 

oligonucleotides that are complementary to the protein-bound sequences, the split 

mDHFR fragments could be made responsive to an aptamer-binding molecule. 

Ideally, addition of the target small molecule would induce a conformational 

change in the aptamer sequence that facilitates the reassembly of the enzyme. 

Initially, this strategy could be applied to existing aptamers, but once established, 

new aptamers could be designed for the recognition of a small molecule of interest 

via the SELEX methodology.22 This strategy does not require simultaneous binding 

of a target molecule to two receptor moieties and therefore can offer an additional 

approach to the detection of small molecule compared to the design described 

above.  

Metal coordination has been widely applied to direct peptide and protein 

self-assembly creating novel structures for a number of applications. The metal 

ion-dependent split enzyme described here would represent an alternative approach 

toward Metal Directed Protein Self Assembly (MDPSA) and could find 

applications as a sensor for metal ions. Possibly, by tuning the metal binding 

moieties incorporated into the fragments, selectivity for different metal ions could 

also be achieved. Two strategies toward a metal-mediated split enzyme for distinct 

purposes were explored in this thesis. The introduction of ligands by genetic 

incorporation of unnatural metal binding amino acid would pave the way for in 

vivo applications of the split enzyme sensor taking advantage of the robust 

selection systems available for mDHFR. Nevertheless, as shown in Chapter 3, the 

use of this design finds complications related with the binding of metal ions by 

each protein fragment during protein production. Careful selection of the metal 

binding moiety and the use growth media containing minimal amount of metal ions 

are required for this type of application. On the other hand, the introduction of 

metal binding moieties via post-translational modification would impart higher 

versatility to the system and significantly expand the set of metal binding moieties 

that could be introduced into the protein fragments. In this modular design, it could 

be possible to induce selectivity for different metal ions by changing the appended 

ligands. However, this strategy would limit the applicability of the split enzyme to 
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in vitro assays. Thus far, a functional metal-mediated split enzyme could not be 

obtained, therefore future work should focus on redesigning the fragments to 

obtain a functional enzyme in vitro, which subsequently can be studied for further 

applications. 

7.3.2 Artificial metalloenzymes 

The field of artificial metalloenzymes has expanded greatly in the last few decades 

and has, in part, lived up to its promise to combine the broad reaction scope of 

homogeneous catalysis with the high selectivity, biorthogonality and mild 

conditions of enzymatic catalysis. Several examples of artificial metalloenzymes 

able to selectively perform new-to-nature reactions have been developed,23,24 yet a 

number of challenges concerning their broad application and optimization remain. 

Some of them have been addressed in this thesis.  

Recently, research efforts focused on combining the activity of metalloenzymes 

with natural enzymes toward the realization of abiological enzyme cascades have 

been reported.25–28 Despite the number of in vitro studies that have been presented, 

these systems are far from incorporating the designer enzymes into artificial 

metabolic pathways. Two major challenges toward this goal need to be addressed: 

(1) the development of regulation mechanisms for the activity of artificial 

metalloenzymes and (2) the ability of these hybrid catalysts to function in vivo. As 

previously described in this thesis, in the cell the activity of proteins and enzymes 

is tightly controlled by several regulations mechanisms.1,2 The introduction of 

artificial metalloenzymes in metabolic pathways cannot be foreseen unless 

mechanisms to modulate their activity have been developed. To date, examples of 

such regulatory mechanisms for artificial metalloenzymes are scarce. The only two 

examples reported so far come from the Ward group in which the activity of 

artificial asymmetric transfer hydrogenases were upregulated by proteolysis29 or 

cross-regulated by combination with an enzyme that, upon an external stimulus, 

produces an inhibitor for the metalloenzyme itself.30 A proof-of-concept study to 

engineer a regulated artificial metalloenzyme is presented in Chapter 4. 

Specifically, we achieved regulation of activity of an LmrR-based artificial 

metalloenzyme by binding of Fe2+ ions. Although this system is not suitable for 

application in a cellular environment yet, it offers a novel approach toward 

modulating the activity of artificial metalloenzymes. Future work toward a 

cell-compatible metal ion regulated artificial metalloenzyme should involve the 

introduction of the regulatory site via genetic incorporation of unnatural amino 

acids. Complication related with the formation of the chelate complexes, due to a 

shorter linker between the metal binding moiety and the protein backbone, or the 

binding of metal ions in vivo, need to be addressed. 
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The design of artificial metalloenzymes predominantly focuses on modifying 

existing proteins to introduce an abiotic cofactor and confer the chemical reactivity 

of interest. However, the number of scaffolds that have been applied to asymmetric 

catalysis is limited and no general protocol exists to select a specific bioscaffold for 

a particular reaction.31 Several considerations can be made when choosing a 

protein scaffold, but most studies focused on very specific examples. In Chapter 5 

we explored a new class of proteins – multidrug resistance regulators (MDRs) from 

the TetR family – as potential bioscaffolds for the design of artificial 

metalloenzymes. Based on our experience with the transcriptional regulator LmrR, 

we envisioned that other MDRs could be viable scaffolds for this application 

thanks to their general features. MDRs are indeed a large class of transcriptional 

regulators that possess structural diversity, but most of them contains a large 

hydrophobic pore that guarantees binding of structurally unrelated ligands. 

Considering these features MDRs could offer a platform of bioscaffolds that can be 

selected and applied to different reactions following similar protocols. 

As mentioned above, the application of artificial metalloenzymes in vivo is 

important for synthetic biology applications such as developing cascade reactions 

and ultimately for their incorporation into artificial metabolic pathways. Moreover, 

the possibility to develop artificial metalloenzymes that function inside cells or cell 

lysates would be desirable to improve their catalytic activities by directed evolution 

protocols. To date, optimization of artificial metalloenzymes has largely been based 

on chemical intuition: starting from available structural information, residues are 

selected and a limited number of mutations is introduced. While, the 

implementation of computation tools for modeling and redesign of artificial 

metalloenzymes could further streamline this process, the use of high-throughput 

screening systems is desirable to identify improved enzyme variants in large scale. 

However, applying directed evolution protocols to artificial metalloenzymes 

remains challenging since purification of the host protein is typically required for 

the installation of the abiotic cofactor. Therefore, performing catalytic reactions 

with artificial metalloenzymes that can be assembled inside cell, or in cell-free 

extracts, would be highly advantageous for carrying out high-throughput screens. 

As mentioned in Chapter 6, for the application of artificial metalloenzymes in vivo 

several challenges need to be addressed, including the development of a 

cell-compatible anchoring strategy and the biocompatibility of the transition metal 

complex. Up to date only two examples of artificial metalloenzymes that function 

inside cells have been developed and both are limited to function in the periplams 

of E. coli.32,33 Although still at its beginning, the work described in Chapter 6 paves 

the way for another example of artificial metalloenzymes functioning in a 

whole-cell setup.  
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Despite the genetic incorporation of unnatural amino acids for the design of 

artificial metalloenzymes proved to be successful and promising for possible in 

vivo studies, several limitations still need to be overcome. First, up to date only a 

limited number of metal binding amino acid is available for expanded genetic 

methodology: (2,2-bipyridin-5yl)alanine, (8-hydroxyquinolin-3-yl)alanine, 

2-amino-3-[4-hydroxy -3-(1H-pyrazol-1-yl)phenyl] propanoic acid and 

2-amino-3-(8-hydroxyquinolin-5-yl)propanoic acid.34 Expanding the toolkit of 

unnatural amino acid available would increase metal selectivity and would open 

possibilities for new reactivities. Moreover, the synthesis of some unnatural metal 

binding amino acids is laborious and requires multistep synthesis that might limit 

their broad application and can be considered a drawback for high-throughput 

screening. Recently the group of Wang has presented efforts to reduce the number 

of synthetic and purification steps required for the synthesis of unnatural amino 

acids, also making use of enzymatic catalysis.35,36 Finally, the low expression 

yields of proteins bearing unnatural amino acids might prevent their use in vivo 

catalysis (Chapter 6). Nevertheless, their ease of assembly is promising and 

research efforts should be focused on overcoming these limitations. 
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Samenvatting 

  

Kunstmatige regulatie van eiwitactiviteit  
Translated by Dowine de Bruijn 

 

Goede regulatie van eiwitactiviteit is van cruciaal belang voor het correct 

functioneren van een cel en is daarom essentieel voor elk levend organisme. Een 

cel is een begrensde omgeving met een hoge dichtheid aan verschillende 

moleculen. Biologische processen kunnen hier spontaan verlopen. Een strakke 

controle over tijd en ruimte is daarom vereist voor elk biologisch proces, 

metabolische reactie of signaal. Door de jaren heen zijn er veel studies gedaan 

naar deze natuurlijke regulatiemechanismen. Ook is er veel werk verricht om 

kunstmatige regulatiemechanismen te ontwerpen voor natuurlijke eiwitten. 

Kunstmatig gereguleerde eiwitten geven inzicht in de natuurlijke metabolische 

reactiewegen en signaalnetwerken. Ook vinden ze toepassingen in de 

synthetische biologie, in het ontwerp van medicijnen en afgiftesysteem ervan en 

in de ontwikkeling van (bio)sensoren. Met name allosterische regulatie -  

gedefinieerd als de controle van eiwitactiviteit door binding van een 

effectormolecuul op een andere plaats dan het actieve centrum van het eiwit -  

is één van de meest bestudeerde natuurlijke regulatiemechanismen. Het ontwerp 

van kunstmatige allosterie in eiwitten of enzymen maakt het mogelijk om 

schakelaars te ontwerpen wiens activiteit afhankelijk is van een externe 

stimulans of verandering in de omgeving.  

Het eerste hoofdstuk van dit proefschrift beschrijft kort de verschillende 

mechanismen voor natuurlijke regulatie van eiwitactiviteit en bevat een 

uiteenzetting van de technieken die tot dusverre ontwikkeld zijn voor 

kunstmatige regulatie. Deze technieken maken onder meer het gebruik van 

kleine effectormoleculen, binding van metalen, licht, DNA en binding van 

antilichamen. Een andere manier om eiwitactiviteit kunstmatig te reguleren is 

door katalytische activiteit te introduceren in eiwitten die dit van nature niet 

bezitten. Op deze manier zijn enzymen ontworpen en beschreven met reactiviteit 

die niet in de natuur voorkomt. Met name de toevoeging van een transitiemetaal 

als cofactor aan een eiwit is een succesvolle strategie gebleken om het repertoire 

van enzymatische chemische reacties te verbreden. Dit proefschrift beschrijft 

ons aandeel in het veld van kunstmatige regulatie van eiwitactiviteit. Het eerste 

deel van dit proefschrift beschrijft verschillende methoden om eiwitactiviteit van 

zowel natuurlijke enzymen (hoofdstuk 2 en 3) als kunstmatige enzymen 
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(hoofdstuk 4) te reguleren. Het tweede deel van dit proefschrift (hoofdstuk 5 en 

6) beschrijft het ontwerp en de karakterisatie van nieuwe kunstmatige 

metaalenzymen.  

Hoofdstuk 2 en 3 beschrijven een poging om zowel met supramoleculaire 

interacties als met metaalcoördinatie controle uit te oefenen over de 

herassemblage van een gepslitst enzym. Het gebruik van secondaire interacties 

om herassemblage te bewerkstelligen van een gesplitst eiwit, wiens twee 

afzonderlijke fragmenten geen activiteit vertonen, is een gangbare methode om 

kunstmatige regulatie van eiwitactiviteit te bestuderen. Beide hoofdstukken zijn 

gefocust op het gesplitste enzym murine dihydrofolate reductase (mDHFR) als 

modelenzym.  

Met het werk beschreven in hoofdstuk 2 is geprobeerd een beter begrip te 

krijgen van eiwitten, wiens activiteit afhankelijk is van kleine moleculen, door 

de dirigerende activiteit van DNA te combineren met een supramoleculaire 

gastheer-gast interactie. Deze combinatie dient als modulair ontwerp om 

herassemblage van het gesplitste enzym te beïnvloeden met kleine moleculen. 

Korte oligonucleotiden zijn hiervoor covalent gebonden aan de fragmenten van 

het gesplitste enzym mDHFR. Twee sequenties complementair aan deze 

oligonucleotiden zijn vervolgens uitgerust met supramoleculaire receptoren. 

Hybridisatie van deze receptor-uitgeruste oligonucleotiden met de 

oligonucleotiden verbonden aan de mDHFR fragmenten en tegelijkertijd 

binding van een gastmolecuul aan beide supramoleculaire receptoren faciliteren 

de herassemblage van het gesplitste enzym. De synthese en karakterisatie van de 

verschillende onderdelen van het gesplitste enzym zijn beschreven, alsmede de 

eerste resultaten van de herassemblage in aanwezigheid van het doelmolecuul. 

In hoofdstuk 3 worden verschillende strategieën besproken van 

metaalgestuurde herassemblage van het gesplitste mDHFR enzym. In het 

ontwerp wordt gebruik gemaakt van een chelaat metaalcomplex tussen een 

metaalion en twee liganden die geïnstalleerd zijn op de fragmenten van mDHFR. 

De synthese van deze fragmenten, uitgerust met een metaalbindend deel, is 

beschreven via twee verschillende strategieën: (1) genetische installatie van een 

onnatuurlijk metaalbindend aminozuur en (2) de introductie van liganden via 

post-translationele modificaties. In deze laatste strategie werden de mDHFR 

fragmenten, gefuseerd aan het maltose-bindend-eiwit en uitgerust met een 

bipyridine-, phenanthroline- of terpyridineligand. Vervolgens zijn verschillende 

metaalionen (Fe2+, Zn2+, Cu2+) gebonden. Helaas bleek de metaalgestuurde 

herassemblage van het gesplitste enzym uiteindelijk niet succesvol met het 
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huidige ontwerp. Vervolgstudies zullen moeten worden gedaan om het 

functionele enzym wel te verkrijgen. 

Hoofdstuk 4 beschrijft het ontwerp, de synthese en karakterisatie van een 

metaalion gereguleerd kunstmatig metaalenzym. In deze studie is er gekozen om 

gebruik te maken van een supramoleculair geässembeleerd kunstmatig 

metaalenzym gebaseerd op LmrR. In dit ontwerp wordt een katalytisch actief 

koper-phenanthrolinecomplex gerekruteerd in de hydrofobische opening aan het 

dimeeroppervlak van het eiwit. Het resulterende enzym vertoont goede activiteit 

en selectiviteit in de vinyloge Friedel–Crafts alkylatie van indolen. Om de 

activiteit van dit hybride enzym via metaalionen te reguleren, is een extra 

regulerende site geïntroduceerd in LmrR door op specifieke posities 

bipyridineliganden te conjugeren. Deze liganden zorgen voor de vorming van 

een chelaat metaalcomplex wanneer zij divalent coördineren aan verschillende 

transitiemetaalionen (Fe2+ of Zn2+). Dit levert een inactief enzym op dat kan 

worden geactiveerd door middel van coördinatie aan Fe2+ ionen, of licht 

geactiveerd door middel van Zn2+ ionen. Deze metaalgestuurde regulatie kan 

worden vergeleken met natuurlijke allosterische mechanismen voor 

eiwitactiviteitregulatie en vertegenwoordigt één van de weinige voorbeelden die 

tot dusver beschreven zijn voor de regulatie van de activiteit van kunstmatige 

metaalenzymen.  

Hoofdstuk 5 introduceert Multidrug Resistance Regulators (MDRs) als een 

nieuw klasse eiwitten om te dienen als bioplatform voor het ontwerp van 

kunstmatige metaalenzymen. Dankzij de grote diversiteit in structuur en de 

aanwezigheid van grote hydrofobische holten voor het binden van allerlei 

verschillende liganden, vormt deze familie van transcriptieregulatoren een groot 

scala aan bioplatformen die kunnen worden geselecteerd en getest voor 

verschillende reacties met gelijkesoortige voorschriften. Van drie eiwitten 

behorend tot de TetR familie van MDRs – QacR, CgmR en RamR – zijn 

kunstmatige metaalenzymen gecreëerd door gebruik te maken van twee 

verschillende verankeringsstrategieën ter introductie van het 

transitiemetaalcomplex; De supramoleculaire strategie en de genetische 

installatie van een metaalbindend aminozuur. De reactiviteit van deze 

kunstmatige metaalenzymen is geëvalueerd in twee verschillende Lewiszuur 

gekatalyseerde reacties: de vinyloge Friedel–Crafts alkylatie van indolen en de 

tandem Friedel–Crafts conjugatie additie / enantioselectieve protonering. De in 

vivo installatie van het onnatuurlijk aminozuur (2,2-bipyridine-5yl)alanine 

(BpyA) leverde een aantal metaalenzymen op die duidelijk verschillende mate 
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van reactiviteit vertoonden in de twee bestudeerde reacties. Van deze nieuwe 

metaalenzymen bleek één variant, QacR Y123BpyA, de hoogste 

enantioselectiviteit te geven van alle metaalenzymen die ooit gecreëerd zijn door 

middel van in vivo installatie van een onnatuurlijk aminozuur voor de vinyloge 

Friedel–Crafts alkylatie. Het reactieproduct van dit enzym vertoonde een 

voorkeur voor het tegenovergestelde enantiomeer in vergelijking met de andere 

QacR- en LmrR gebaseerde metaalenzymen.  

De eigenschappen en reactiviteit van deze QacR variant is vervolgens verder 

bestudeerd in hoofdstuk 6. QacR Y123BpyA wordt verkregen door zuivering uit 

bacterieculturen waar in de cel al metaalionen binden aan de bypiridineliganden. 

Het vertoont al katalytisch activiteit in de vinyloge Friedel–Crafts alkylatie van 

indolen zonder extra metaalionen toe te hoeven voegen. Spectroscopische en 

katalystische studies die tot dusverre gedaan zijn, suggereren dat Zn2+ in de 

cellen aan de bipyridinealanine in positie 123 bindt en dat dit verantwoordelijk 

is voor katalytische activiteit. Studies naar mogelijke toepassingen van dit 

kunstmatige metaalenzym voor katalyse in vivo is ook kort beschreven in dit 

hoofdstuk. Hoewel het niet mogelijk was om de katalyse met QacR Y123BpyA 

te bestuderen in afwezigheid van metalen in de E. coli cellen, gaf toevoeging 

van Cu2+ aan alle BpyA bevattende QacR varianten een merkbare hogere 

hoeveelheid product. Hoewel dit slechts een begin is, is dit werk veelbelovend 

voor het gebruik van kunstmatige metaalenzymen met metaalbindende 

onnatuurlijk aminozuren in cellen.  

Samenvattend, bevat het werk gepresenteerd in dit proefschrift beide 

aspecten van kunstmatige controle over eiwitactiviteit. Van het ontwerp van 

kunstmatige regulatie van eiwitactiviteit in natuurlijke en kunstmatige enzymen 

tot de introductie van nieuwe reactiviteit in eiwitten die deze activiteit van nature 

niet bezitten. Een succesvol voorbeeld van het reguleren van de eiwitactiviteit 

van een kunstmatig enzym met een reactiviteit die niet in de natuur voorkomt, is 

beschreven en een nieuwe klasse van eiwitten is geïntroduceerd als variabel 

bioplatform voor het ontwerp van kunstmatige metaalenzymen. Tot slot zijn 

initiële studies naar de toepassing van kunstmatige metaalenzymen die 

onnatuurlijke aminozuren bevatten voor katalyse in vivo beschreven. 
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