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CHAPTER 6 

A novel artificial metalloenzyme based on 

the transcription factor bcPadR1 

This chapter describes a novel artificial metalloenzyme based on supramolecular 

assembly of the transcription factor bcPadR1 with a Cu
II
-phenanthroline complex. 

The catalytic potential of this novel artificial metalloenzyme has been tested in 

tandem Friedel-Crafts alkylation/enantioselective protonation and in vinylogous 

Friedel-Crafts alkylation reactions. 
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6.1 INTRODUCTION 

Artificial metalloenzymes are hybrid catalysts that aim to merge the broad 

substrate and reaction scope of transition metal catalysis with the high activities 

and selectivities that are typical for enzymatic catalysis.
1–3

 Currently, one approach 

for the design of artificial metalloenzymes focuses on the creation of novel active 

sites in protein or oligonucleotide scaffolds. These active sites can be created either 

by modifying already existing binding pockets or by grafting a new active site into 

an appropriate scaffold. For both cases, the pocket needs to be large enough to 

accommodate both an organometallic moiety and the substrates. 

The supramolecular anchoring strategy is intriguing, since artificial 

metalloenzymes are conveniently prepared by self-assembly. In this approach, the 

metal complex is incorporated into the protein structure via specific or non-specific 

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

hydrophobic and electrostatic interactions. The first example of an 

enantioselective, protein–based artificial metalloenzyme reported by Wilson and 

Whitesides took advantage of the supramolecular anchoring of a biotinylated 

rhodium-complex into the pocket of avidin.
4
 This design was later refined by the 

Ward group by changing the protein scaffold from avidin to streptavidin and these 

artificial metalloenzymes proved successful in different reactions, such as 

hydrogenation, asymmetric C-H activation or redox cascades.
5–9

 DNA-based 

asymmetric catalysis represents another successful example of the supramolecular 

approach. In the course of this, Cu
II
-bipyridine complex was introduced into the 

helical structure of DNA and achieved high enantioselectivities in C-C bond 

forming reactions in water.
10

  

Recently, we introduced a further example of the supramolecular anchoring 

strategy, which is based on the dimeric protein LmrR. LmrR is a transcription 

repressor from Lactococcus lactis, that controls the expression of the ABC 

multidrug transporter LmrCD through direct binding of transporter ligands to the 

structure of LmrR.
11

 It is a small, homodimeric protein, which contains an 

unusually large hydrophobic pore at its dimer interface. Here, planar ligands and 

organic molecules can bind, as is evident from the crystal structures of LmrR with 

various antibiotics bound.
12

 Two tryptophan residues, one from each subunit (W96 

and W96’) are crucial for binding organic molecules by π–π stacking interactions. 

Therefore, it was envisioned that Cu
II
 complexes of planar aromatic ligands can 

bind through the same mechanism and a novel artificial enzyme would be prepared 

through self-assembly. This approach resulted in a highly enantioselective hybrid 
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catalyst that catalyzed Friedel-Crafts alkylation reactions of indoles with full 

conversion and up to 94% ee.
13

 

A key element for the success of this approach was proposed to be the 

promiscuous cavity of LmrR that can accept different compounds, including 

substrates and catalytically active transition metal complexes. The components 

have freedom to achieve the optimum orientation and interaction in the chiral space 

of the biomolecular scaffold. Recently, another reaction, the Cu
II
-catalyzed tandem 

Friedel-Crafts alkylation/enantioselective protonation (FC/EP) reaction, has been 

demonstrated with this novel artificial enzyme resulting in moderate ee and high 

conversions.
14

 It was shown that in this case, the reaction does not occur in the 

pocket, but rather on the outside of the cavity. 

To further broaden the scope of proteins that are used in supramolecular 

anchoring, we decided to explore proteins that are structurally homologous to 

LmrR. LmrR itself belongs to the PadR subfamily (PadR-s2), a protein family of 

homodimeric transcription regulators that are structurally related to each other. 

Thus, we decided to choose bcPadR1, a member of this family for which X-ray 

structural information was available.
15

 As in the case of LmrR, the structure of 

bcPadR1 consists of a single C-terminal α4-helix and N-terminal wHTH DNA-

binding domain with three α-helices and two β-sheets. LmrR and bcPadR1 share 

26% of sequence identity with two conserved central tryptophan residues (W91 

and W91’), which were shown to be important for the LmrR hybrid catalysts.  

 

Figure 1. Cartoon representation of the dimeric structures of bcPadR1 and LmrR in ribbon (top) and 

space-filling models (bottom) (bcPadR1: pdb 4ESB, LmrR: pdb 3F8B). The central tryptophan 

residues W91/W91’and W96/W96’ are shown in stick representations. 
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Notably though, bcPadR1 differs from LmrR in its dimeric arrangement; 

unlike LmrR, bcPadR1 shows a closed dimeric conformation, that is, it does not 

contain an open hydrophobic pore at its dimer interface. In the structure of 

bcPadR1, the α4 dimerization helices of both monomers are bent toward the 

dimeric center, interact with each other, resulting in a closed dimer interface. These 

α4 and α4’ helices are also interacting with the α1 and α1’ helices of the other 

monomer making the closed conformation more favourable (Figure 1). 

However, it was suggested that bcPadR1 as transcription regulator may undergo a 

conformational change, which opens the dimer interface, thereby forming a ligand 

binding site.
15 

Here, we investigate bcPadR1 as a novel biomolecular scaffold for an 

artificial metalloenzyme. Initially, we focused on the characterization and the 

catalytic potential of natural bcPadR1 with a closed dimeric conformation for two 

different reactions; the tandem FC/EP reaction between indoles and α,β-

unsaturated thiazoles (Figure 2a) and the Friedel-Crafts alkylation between indoles 

and α,β-unsaturated imidazoles (Figure 2b).  Later efforts attempted to improve 

the catalysis by opening the closed dimeric conformation of bcPadR1.
 

 
 

Figure 2. Schematic representation of a supramolecular assembly of an artificial metalloenzyme with 

CuII(1,10-phenanthroline) complex incorporated into the protein scaffold with the reactions tested in 

this study; a) the tandem Friedel-Crafts alkylation/enantioselective protonation reaction and b) the 

Friedel-Crafts alkylation.  

 

 

b)

a) b)
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6.2 RESULTS AND DISCUSSION  

6.2.1 Characterization of bcPadR1 

The synthetic gene of bcPadR1 (optimized sequence for expression in E. 

coli, mutant bcPadR1_C13L_K54E with the C-terminal Strep tag, this variant later 

referred to as bcPadR1) was cloned from a cloning vector pUC57 to an expression 

plasmid pET17b. The resulting plasmid pET17b_bcPadR1 was transformed into E. 

coli BL21 C43(DE3) expression cells. The protein was expressed and purified 

using affinity chromatography. bcPadR1 was obtained in high yields (~ 21 mg/L) 

and with excellent purity (Figure 3a). Analytical size exclusion chromatography 

was used to determine the apparent molecular weight of bcPadR1. The protein 

eluted as a single peak from a Superdex-75 10/300 GL column at a retention 

volume consistent with the molecular weight of a bcPadR1 dimer (~ 26 kDa) 

(Figure 3b). The thermal stability of bcPadR1was investigated by apparent melting 

temperature measurement utilizing the thermal shift assay with the Sypro Orange 

dye. It was measured in three different buffers that were suitable for catalysis. 

Apparent melting points of 70 °C in 20 mM MOPS, 150 mM NaCl, pH 7, 71 °C in 

20 mM MOPS, 200 mM NaCl, pH 7 and 67.5 °C in 20 mM MES + 150 mM NaCl, 

pH 5 were found for bcPadR1 showing that the melting temperature was largely 

independent of the buffer and all tested conditions are suitable for catalysis.  

 
Figure 3. a) SDS-PAGE gel of bcPadR1, FT: flow through, W1-W3: washing fractions, E1-E6: 

elution fractions, LAD: ladder in kDa. Molecular weight of bcPadR1 monomer is ~13 kDa. b) 

Analytical size-exclusion chromatography of bcPadR1 dimer. 

 

LmrR is known to strongly bind planar aromatic molecules inside its 

hydrophobic cavity, an ability that is used for the supramolecular anchoring of 

metal-binding planar complexes. To date, the ability of bcPadR1 to engage in this 

kind of behaviour has not been described, thus we aimed to explore whether planar 
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molecules would bind in the same manner. The drug binding ability of bcPadR1 

was first tested by titration with Hoechst 33342, a dye that is known to bind tightly 

to LmrR. Hoechst 33342 is nonfluorescent in aqueous medium but shows a 

significant increase in fluorescence upon binding to protein or DNA.
11,16,17

 

Surprisingly, this compound displayed unexpectedly strong binding to bcPadR1 

with a dissociation constant Kd = (30 ± 6) nM. This value is comparable to the Kd = 

(21 ± 8) nM reported for the LmrR–Hoechst 33342 complex. The binding affinity 

of the Cu
II
(1,10-phenanthroline) complex (Cu

II
-L) to bcPadR1 was determined by 

fluorescence quenching of the central tryptophans W91/W91’. The experiment was 

carried out with bcPadR1_W106F, to ensure that the observed fluorescence is 

exclusively due to the central tryptophans. The dissociation constant (Kd) was 

determined to be 2.7 ± 0.2 µM, which is significantly higher than binding to 

Hoechst 33342, however similar to the reported values of binding of the Cu
II
-L to 

LmrR.
13

 These experiments show that, although the bcPadR1 is described to have a 

closed conformation, it is able to bind both Hoechst 33342 and Cu
II
-L. This is in 

agreement with previously reported suggestion that the structure could be flexible 

and open upon the presence of certain compounds.  

6.2.2 Catalysis with bcPadR1/Cu
II

-L 

The catalytic potential of bcPadR1/Cu
II
-L was investigated initially in the 

tandem FC/EP reaction of α,β-unsaturated-2-acyl thiazole (1a) with 2-methylindole 

(2a) (Scheme 1). We decided to investigate this reaction first, since it was 

described previously that it does not require a hydrophobic cavity.
14,18

 Notably, this 

reaction does not proceed when catalyzed by Cu
II_

L alone (Table 1, entry 1). 

However, using the bcPadR1/Cu
II
-L assembly resulted in a yield of 44% and an ee 

of 14 % (Table 1, entry 2). This result suggests that the reaction is accelerated by 

the presence of the protein scaffold, giving rise not only to conversion, but also a 

low enantioselectivity.  

Next, the catalytic potential of bcPadR1/Cu
II
-L was investigated in the Cu

II
–

catalyzed Friedel-Crafts reaction between α,β-unsaturated-2-acyl imidazole (1b) 

and 5-methoxyindole (2b) (Scheme 2). The reaction proceeds up to 82% yield of 

racemic product when catalyzed by Cu
II
-L (Table 1, entry 3). In the reaction 

catalyzed by bcPadR1/Cu
II
-L, no product formation was observed (Table 1, entry 

6). The reaction catalyzed with the increased concentrations of the Cu
II
-L resulted 

in up to 98% conversion, while the reactions catalyzed by bcPadR1 with the 

increasing amounts of Cu
II
-L still resulted in no product formation (Table 1, entry 

4-5,7-9). Different, more reactive substrates were also tested in the reaction, 

namely 1H-indole (2c) and 2-methylindole (2a), which both in case of LmrR-based 
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artificial metalloenzyme gave rise to full conversion and up to 94% ee. However, 

none of the reactions proceeded in the presence of bcPadR1 (Table 1, entry 13-14). 

The results indicate that during the catalysis with bcPadR1/Cu
II
-L, the complex 

gets sequestered in the structure causing it to be catalytically inactive, even with 

larger quantities of the Cu
II
-L complex present. We assume that the Cu

II
-L can 

enter the structure of bcPadR1, as it was also observed in the binding studies, 

however, that there is then no more space for the substrates to fit in and reaction to 

proceed.   

 

 

 

Scheme 1. The catalyzed tandem Friedel-Crafts alkylation/enantioselective protonation reaction of 

α,β-unsaturated-2-acyl thiazole 1a with 2-methylindole 2a.  

 

 

 

Scheme 2. The catalyzed Friedel-Crafts alkylation reactions of α,β-unsaturated-2-acyl imidazole 1b 

with substituted indoles 2. 
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Table 1. Results of the Friedel-Crafts alkylation/enantioselective protonation reactiona of 1a and 2a 

resulting in 3 and vinylogous Friedel-Crafts reactionb of 1b and 2a,b,c resulting in 4a,b,c catalyzed by 

bcPadR1. 

Entry Protein 
Conc. Cu II-L 

(µM) 

Substrate 

1 

Substrate 

2 
Yield (%) ee (%) 

1 - 90 1a 2a - - 

2 bcPadR1 90 1a 2a 44 ± 24 14 ± 3 

3 - 90 1b 2b 82 ± 1 rac 

4 - 180 1b 2b 98 ± 1 rac 

5 - 360 1b 2b 91 ± 1 rac 

6 bcPadR1 90 1b 2b < 5 < 5 

7 bcPadR1 180 1b 2b < 5 < 5 

8 bcPadR1 270 1b 2b < 5 < 5 

9 bcPadR1 360 1b 2b < 5 < 5 

10 - 90 1b 2a 84 ± 3 rac 

11 - 90 1b 2c 90 ± 7 rac 

12 bcPadR1 90 1b 2a < 5 < 5 

13 bcPadR1 90 1b 2c < 5 < 5 

       

a Typical conditions: 9 mol% CuII-L (90 µM) loading with/without 1.3 eq bcPadR1 20 mM MES, 500 mM NaCl 

buffer (pH 5.0), for 3 days at 4 °C. All data are the average of 2 independent experiments, each carried out in 

duplicate. bSame as a, just in 20 mM MOPS buffer, 500 mM NaCl (pH 7.0). 

 

6.2.3 Rational mutagenesis to open the pore 

In order to open up the structure of bcPadR1 for broadening the enzyme 

applicability a rational protein design was conducted. Eight mutation sites were 

chosen, based on a comparison of the crystal structures of LmrR and bcPadR1.
12,15

 

The first four mutations aimed to mimic the polar and ionic interactions that are 

known to stabilize the hydrophobic pore in LmrR. One of the most important 

stabilizing interactions is the salt bridge that is formed between the arginine R98 of 

α4 helix and glutamate E42’ in the connecting loop between α2’ and α3’ helices of 

LmrR. This salt bridge was formed in the corresponding positions in bcPadR1 by 

introducing the mutations F37E and M93R (Figure 4a). The side chain of Q12’ in 

the α1’ helix of LmrR forms a hydrogen bond with S95 in the α4 helix of the other 

monomer and it also makes a stabilizing amino-aromatic interaction with the indole 

ring of tryptophan W96. Since bcPadR1 already has a serine at position 90 that 

corresponds to S95 in LmrR, similar hydrogen bonding and amino-aromatic 

interactions may be obtained by a single amino acid change V9Q (Figure 4b). The 
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mutation H35A, in the helix α1’ of bcPadR1, aimed to form a hydrogen bond 

between the main chain oxygen of alanine and the side chain of asparagine N100 in 

the dimerization helix α4 (Figure 4c). LmrR shows a comparable hydrogen 

bonding interaction between the amino acid residues A38’ and N105. The other 

four mutations aimed to decrease the hydrophobicity and increase the electrostatic 

repulsion between the dimerization helices, in order to make them bend away from 

each other and therefore to favour the open conformation. The repulsive 

interactions are created by increasing the number of negatively charged amino acid 

residues in the central C–terminal helices (Figure 4d). The positively charged 

lysine at position 88 was changed to alanine (K88A) and the hydrophobic leucine 

at position 102 to a negatively charged glutamate (L102E). Removal of the lysine 

K88 was thought to be important because the glutamate E102 is located close by 

and could possibly be an attractive partner for undesired salt bridge formation. 

Single-point mutations V98D and S95D were carried out in order to remove the 

hydrophobic valine and to further increase the repulsion between the α4 helices. 

 

 

Figure 4. Cartoon representation of the bcPadR1 dimer with the proposed mutations for the opening 

of the structure highlighted; a) ‘salt bridge-forming’ mutations M93R (light green) and F37E (cyan) 

b) ‘hydrogen-bond forming’ residues V9Q (yellow) and S90 (light orange) (side view of the structure) 

c) hydrogen bonding mutants H35A (red) and N100 (green) d) ‘increasing repulsion’ mutations 

K88A (red), L102E (light blue), V98D (yellow) and S95D (light green). 

 

a) b)

c) d)

K88A, L102E, V98D, S95D

V9Q

F37E, M93R

H35A
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The mutants described in this study have been prepared in a step-wise 

fashion by site-directed mutagenesis and confirmed by sequencing. Plasmids were 

transformed into E. coli BL21 C43(DE3) and the proteins were expressed and 

purified as described above. The expression yields of the mutants were typically in 

the range of 10–25 mg/L, except for bcPadR1_ M93R_F37E_H35A_V9Q_K88A, 

which gave lower yields: around 5 mg/L of pure protein. All the mutants eluted 

from the Superdex-75 10/300 GL size-exclusion column as single peaks with 

apparent molecular weights of 26 kDa, consistent with a homodimeric structure, 

with additional minor peaks of lower elution volumes caused by aggregation of the 

protein.  

The thermal stabilities of the bcPadR1 mutants were determined by apparent 

melting temperature measurements using the ThermoFluor assay. A significant 

decrease of apparent Tm was observed for the first two mutants (bcPadR1_ 

M93R_F37E and bcPadR1_ M93R_F37E_H35A). For the other variants, apparent 

Tm was found to be around 50 °C. This suggests that the introduction of the salt 

bridge had the most significant effect on the stability. Notably, even after 

incorporation of eight mutations compared to the parent protein, the protein 

remained stable. 

Subsequently, the effects of the mutations for the opening of the structure of 

bcPadR1 on the binding affinity of Cu
II
-L to the central tryptophan residues 

W91/W91’ were studied. It was assumed that the binding of the complex would 

become stronger once the pore is open and Cu
II
-L is able to reach the tryptophans 

in the middle of the dimeric interface. The titration experiments were carried out 

with the starting point bcPadR1 (bcPadR1_W106F), the following three mutants 

(bcPadR1_1
st
_W106F bcPadR1_2

nd
_W106F, bcPadR1_3

rd
_W106F) and with the 

last mutant of the mutagenesis studies 

(bcPadR1_3
rd

_K88A_L102E_V98D_S95D_W106F). A graph of the fitting of the 

titrations experiment and the table of dissociation constants are presented in the 

Figure 5. Interestingly, it was observed that the dissociation constant for the 

studied mutants remained 3-4 µM, therefore similar to starting point, despite the 

mutations. Based on this, we assumed that the complex is either able to reach the 

tryptophan residues already in the case of the starting point bcPadR1 or that the 

binding takes place outside of the dimeric interface. It is still questionable whether 

the complex is able to quench the fluorescence from the outside and what is the 

maximum distance from the tryptophan where the complex is still able to act as a 

quencher. Since the protein structure is flexible, it is likely that the Cu
II
-L could be 

located in proximity of the tryptophan residues even without entering the pocket. 

Due to these complications, confirmation of the opening of the pore based on the 

fluorescence measurements cannot be obtained in this manner.  
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Figure 5. a) Overlay of the titration curves of the bcPadR1 mutants where the protein is titrated with 

the CuII-L complex. The normalized difference between the fluorescence intensities of ligand free and 

bound protein is plotted against the concentration of CuII-L. b) The table of dissociation constants of 

CuII-L for different bcPadR1 mutants. 

 

The catalytic potential of the prepared mutants was evaluated in the Cu
II
-

catalyzed Friedel-Crafts alkylation of 5-methoxyindole with α,β-unsaturated-2-acyl 

imidazole (Scheme 2). For all the mutants, a yield lower than 5% was obtained, so 

no improvement in the catalytic activity for the bcPadR1 mutants was observed. 

The hybrids were also tested in the FC/EP reaction between 2-methylindole and 

α,β-unsaturated-2-acyl thiazole (Scheme 1). Changes in both enantioselectivity and 

yield were observed. bcPadR1/Cu
II
-L catalyzed this reaction with the ee of 14% 

and the yield of 44% (Table 2, entry 1). The initial salt-bridge forming mutant 

bcPadR1_M93R_F37E gave a significant increase in the enantioselectivity up to 

49% with comparable yields (Table 2, entry 2). Positive effects were also achieved 

with mutants bcPadR1_M93R_F37E_V9Q_H35A_K88A and 

bcPadR1_M93R_F37E_V9Q_H35A_K88A_ L102E, with the ee of 37% and 36%, 

respectively (Table 2, entries 5,6). Interestingly, for the remaining mutations, the 

results have been similar to the starting protein. Overall, it was observed that 

certain mutations have an effect on catalysis. However, it is currently unclear 

where the effects are coming from. In the case of the first mutation, one can 

assume that the active site is affected and additional charges on the surface are 

beneficial for catalysis, however it is puzzling that the effect is lost by just one 

additional mutation. Possibly, preparing all the single mutants, rather than the 

combinations or combining only positive mutations could give us a better insight 

into the effects observed.  
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Table 2. Results of the FC/EP reaction of 1a and 2a resulting in 3 catalyzed by bcPadR1 and its 

mutants.a 

 

6.3 CONCLUSIONS 

In conclusion, we have designed an artificial metalloenzyme using 

supramolecular assembly of Cu
II
-L complex with the transcription regulator 

bcPadR1. This novel artificial metalloenzyme was able to catalyze the tandem 

FC/EP reaction with moderate ee and yield. However, it was not able to catalyze 

the Friedel-Crafts alkylation reaction of substituted indoles with α,β-unsaturated-2-

acyl imidazole. Notably, the FC/EP reaction does not proceed when catalyzed by 

Cu
II
-L alone so the protein scaffold provides an acceleration of the reaction. In this 

study, we have also undertaken the quest of opening of the pore of bcPadR1, 

hoping to make it possible for the Friedel-Crafts alkylation reaction, which requires 

the pore, to proceed. However, neither fluorescence or catalytic studies could 

confirm at this point the pore has been opened. 

 

6.4 EXPERIMENTAL SECTION 

6.4.1 General remarks 

Commercial chemicals and solvents were all used without further purification. 

Concentrations of DNA and protein solutions were estimated based on the absorption at 

 

Entry Protein Yield (%) ee (%) 

1 bcPadR1 44 ± 24 14 ± 3 

2 bcPadR1_M93R_F37E 30 ± 8 49 ± 8 

3 bcPadR1_M93R_F37E_H35A 49 ± 15 15 ± 5 

4 bcPadR1_ M93R_F37E_H35A_V9Q  35 ± 4 16 ± 2 

5 bcPadR1_M93R_F37E_H35A_V9Q _K88A 36 ± 2 37 ± 2 

6 bcPadR1_ M93R_F37E_H35A_V9Q _K88A_L102E 33 ± 5 36 ± 6 

7 bcPadR1_ M93R_F37E_H35A_V9Q _K88A_L102E_V98D 30 ± 4 15 ± 2 

8 bcPadR1_ M93R_F37E_H35A_V9Q_K88A_L102E_V98D_S95D 38 ± 6 15 ± 0 

    
aTypical conditions: 9 mol% CuII-L (90 µM) loading with 1.3 eq bcPadR1 20 mM MES buffer (pH 5.0), 500 mM 

NaCl, for 3 days at 4 °C. All data are the average of 2 independent experiments, each carried out in duplicate. 
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260 nm or 280 nm on Thermo Scientific Nanodrop 2000 UV-Vis spectrophotometer. PCR 

reactions were carried out by using an Eppendorf Mastercycler personal. The primers were 

ordered from Eurofins Genomics and the plasmids were sequenced by GATC Biotech 

(Berlin, Germany). Solvents were removed under reduced pressure at 40 °C in a water bath. 
1
H-NMR spectra were recorded on a Varian 400 (400 MHz).  

6.4.2 Molecular biology 

Synthesis of the gene BC4206  

The synthetic gene encoding for bcPadR1_C13L_K54E (this variant is mentioned in 

the text as bcPadR1) was ordered from GenScript (USA). The codon usage was adapted to 

the codon bias of E. coli. The gene included a C-terminal strep-tag used for purification 

purposes and 2 mutations; C13L (in order to remove cysteine, a possible metal binding 

residue) and K54E (lysine in the DNA binding region, removed in order to avoid DNA 

binding and therefore facilitate protein purification). The gene was received in the cloning 

vector pUC57 and recloned into the expression plasmid pET17b using NdeI and HindIII 

restriction sites.  

DNA sequence bcPadR1 

ATGCACTCGCAAATGCTGAAAGGTGTCCTGGAAGGTCTGATCCTGTATATTATCTCGCAAGAAGAAG

TCTACGGCTACGAACTGTCAACCAAACTGAACAAACATGGCTTTACCTTCGTGAGTGAAGGTTCCAT

TTATCCGCTGCTGCTGCGTATGCAGGAAGAAAAACTGATCGAAGGCACCCTGAAAGCGAGCTCTCTG

GGTCCGAAACGCAAATATTACCACATTACGGATAAAGGCCTGGAACAGTTGGAAGAATTTAAACAA

AGCTGGGGTATGGTTAGTACGACGGTGAATAATCTGCTGCAAGGCGAATGGTCTCATCCGCAATTTG

AAAAATAA 

Site-directed mutagenesis 

Site-directed mutagenesis was used for the preparation of all bcPadR1 mutants. The 

plasmid used for mutagenesis was pET17b_bcPadR1. (The primers required for the 

mutagenesis are summarized in Table 3). The primer stock solutions (100 pmol/µl) were 

prepared and diluted 20 times with milliQ water prior to use. 5 µl of 10x Cloned Pfu DNA 

Polymerase Buffer (Agilent), 1 µl of dNTP mix (New England BioLabs), 1.5 µl of DMSO 

(3%), 125 ng of each primer and 20-50 ng of the template DNA was used and milliQ water 

was added up to a total reaction volume of 50 µl. 1 µl of Pfu Turbo DNA polymerase was 

added and the solution was thoroughly mixed. The following PCR cycles were used: initial 

denaturation at 95 ⁰C for 1 min, denaturation at 98 ⁰C for 30 s, annealing at 54-63 ⁰C for 30 

s (depending on the Tm of the particular mutant) and extension at 72 ⁰C for 4 min 30 s. The 

thermal cycle was repeated 16 times and a final extension at 72 ⁰C for 10 min was used. 

The resulting PCR product was digested with restriction endonuclease DpnI for 2h at 37 ⁰C 

and transformed into chemically competent E. coli NEB5α cells. A single colony was 

cultured in 5 mL of LB medium, the plasmid was isolated and successful mutagenesis was 

confirmed by sequencing. 
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Table 3. PCR primers used for the site-directed mutagenesis. 

Primer Sequence (5’ → 3’) 

bcPadR1_ M93R fw CAA AGC TGG GGT CGC GTT AGT ACG ACG 

bcPadR1_M93R rv CGT CGT ACT AAC GCG ACC CCA GCT TTG 

bcPadR1_ M93R_F37E fw AAC AAA CAT GGC GAA ACC TTC GTG AGT 

bcPadR1_ M93R_F37E rv ACT CAC GAA GGT TTC GCC ATG TTT GTT 

bcPadR1_M93R_F37E_H35A fw AAA CTG AAC AAA GCG GGC GAA ACC TTC 

bcPadR1_M93R_F37E_H35A rv AA GGT TTC GCC CGC TTT GTT CAG TTT 

bcPadR1_M93R_F37E_H35A_V9Q fw ATG CTG AAA GGT CAG CTG GAA GGT CTG 

bcPadR1_M93R_F37E_H35A_V9Q rv CAG ACC TTC CAG CTG ACC TTT CAG CAT 

bcPadR1_M93R_F37E_H35A_V9Q 

K88A fw 
TTG GAA GAA TTT GCG CAA AGC TGG GGT 

bcPadR1_M93R_F37E_H35A_V9Q 

K88A rv 
ACC CCA GCT TTG CGC AAA TTC TTC CAA 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E fw 
GTG AAT AAT CTG GAA CAA GGC GAA TGG 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E rv 
CCA TTC GCC TTG TTC CAG ATT ATT CAC 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D fw 
GTT AGT ACG ACG GAT AAT AAT CTG GAA 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D rv 
TTC CAG ATT ATT ATC CGT CGT ACT AAC 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D_S95D fw 
TGG GGT CGC GTT GAT ACG ACG GAT AAT 

bcPadR1_M93R_F37E_H35A_V9Q 

_K88A_L102E_V98D_S95D rv 
ATT ATC CGT CGT ATC AAC GCG ACC CCA 

bcPadR1_W106F * fw CTG CAA GGC GAA TTT TCT CAT CCG CAA 

bcPadR1_W106F * rv TTG CGG ATG AGA AAA TTC GCC TTG CAG 

bcPadR1_W106F ** fw GAA CAA GGC GAA TTT TCT CAT CCG CAA 

bcPadR1_W106F ** rv TTG CGG ATG AGA AAA TTC GCC TTG TTC 

*For the mutants with leucine at the position 102 (bcPadR1_L102) 

**For the mutants with glutamate at the position 102 (bcPadR1_L102E) 
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6.4.3 Expression and purification 

1 µl of plasmid (conc ~ 50 ng/ µl) was transformed into E. coli BL21C43(DE3) 

expression cells. A single colony was used to inoculate 5 mL of LB medium and this 

overnight culture was used to inoculate LB medium (2 mL in 0.5 L). The cells were grown 

at 37 °C with shaking (135 rpm) until the culture reached an optical density of 0.8 – 0.9 at 

600 nm. IPTG was added up to final concentration of 1 mM to induce the expression and 

the cells were cultivated at 30 °C with shaking (135 rpm) overnight. The cells were 

harvested by centrifugation with a Beckman Avanti J-20XP centrifuge (6000 rpm, 4 °C, 20 

min) and the bacterial pellet was resuspended in 20 mL of filter-sterilized (0.2 µm) HEPES 

buffer (50 mM HEPES, 500 mM NaCl, pH 8) containing mini complete protease inhibitor 

cocktail (Roche). The resuspended pellets were sonicated for 8 min (Vibra–Cell SONICS 

VSX 130, 70% amplitude, 10 sec on, 15 sec off) and the disturbed cells were treated with 

PMSF (1 mM), DNaseI (Roche Diagnostics, 0.1 mg/mL) and MgSO4 (1 mM) on ice for 30 

min. The solutions were pumped up and down with a needle and syringe and centrifuged 

for 1 hour (Beckman Avanti J-E centrifuge, 15000 rpm, 4 ⁰C). The supernatants were 

filtered through 0.45 µm filters prior to loading onto the pre-equilibrated Strep-tag Tactin 

columns and equilibrated with column material by shaking for 1 h at 4 °C. The columns 

were washed with 3 × 5 mLof sterilized HEPES buffer and eluted with 6 × 2 mL of HEPES 

buffer containing 5 mM of D-desthiobiotin. The fractions were analyzed on 11% 

polyacrylamide SDS-Tris Tricine gel (140 V, 400 W, 60 min). Protein sequence dependent 

extinction coefficients (39880 M
-1

cm
-1 

for bcPadR1 dimer and 28880 M
-1

cm
-1 

for 

bcPadR1_W106F dimer) were used to calculate the concentrations based on the 

absorbances at 280 nm. Each protein was dialyzed overnight against MOPS (20 mM 

MOPS, 500 mM NaCl, pH 7) or MES buffer (20 mM MES, 500 mM NaCl, pH 5) at 4 ⁰C 

with two buffer exchanges prior to catalysis. 

6.4.4 Protein characterization 

Analytical size-exclusion chromatography 

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

gel filtration column (GE Healthcare), which was pre-equilibrated with the same buffer as 

that used for the injected protein samples. 100 μL of the protein sample was injected using 

20 mM MOPS, 500 mM NaCl, pH 7 as buffer (flow 0.5 mL/min). The column was 

calibrated using the standard Gel Filtration LMW Calibration Kit (GE Healthcare). 

Thermal stability 

The thermal stabilities of the proteins were determined by apparent melting 

temperature measurements using the ThermoFluor method, carried out in triplicate. 5 μL of 

100×diluted SYPRO ORANGE protein gel stain (Sigma-Aldrich) was thoroughly mixed 

with the dialysis buffer and the protein sample was added to reach a final protein 

concentration of 0.625 mg/mL in the total volume of 25 μL. The changes in SYPRO 
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ORANGE fluorescence upon binding to unfolding protein were followed using a FluoDia 

T70 fluorescence plate reader in CFX96 Touch Real-Time PCR Detection System (Bio-

Rad).  

 

Binding affinity of the Cu
II

-L complex 

The binding affinity of the Cu
II
-L to the central tryptophan residues (W91/W91’) of 

bcPadR1 was determined by titration monitoring of the quenching of tryptophan 

fluorescence. Procedure for each titration: 4 μL of a 800 μM stock solution of Cu
II
-L in 

MOPS buffer (20 mM MOPS, 500mM NaCl, pH 7) was added to a 2 mL solution of 8 μM 

bcPadR1_W106F in the same buffer up to 2 eq and after that the titration was continued 

with the addition of 9 μL aliquots of Cu
II
-L until the plateau was reached. A 10 mm path 

length quartz cuvette was used. The mixture was incubated for 5 min at room temperature 

and the emission spectra were recorded after excitation at 295 nm. The intensity maximum 

of complex-free protein was subtracted from the maximum of each titration and the 

obtained value was plotted against the concentration of Cu
II
-L. (Equation 1) was used for 

fitting the data.
12,19

 

 

                
[𝑃𝐿]

[𝑃]
=  

([𝐿]+[𝑃]+𝐾𝑑)−√([𝐿]+[𝑃]+𝐾𝑑)2−4[𝐿][𝑃]

2[𝑃]
                  

                                                                                                (Equation 1) 

 

Where  [PL] = concentration of the protein-ligand complex (µM) 

    [L] = total concentration of the ligand (µM) 

    [P] = total concentration of the protein (µM) 

                  Kd = dissociation constant (µM) 

 

 

Hoechst-binding assay
11 

The binding ability of bcPadR1 was investigated by titration with Hoechst 33342 dye 

(Thermo Scientific) that shows a high fluorescence signal when bound to DNA or protein. 

15 mM stock solution of the drug in milliQ was diluted 100x with milliQ (150 μM) and 

again with 10x with MOPS buffer (20 mM MOPS, 500mM NaCl, pH 7). Increasing 

amounts of this 15 μM working solution were added to a solution of purified protein (0.2 

μM as a dimer) and the changes in fluorescence were followed at excitation and emission 

wavelengths of 355 nm and 467 nm, respectively, using a JASCO FP-6200 

spectrofluorometer. The fluorescence intensity maximum of drug-free protein was 

subtracted from the maximum intensity of each titration and the obtained value was plotted 

against the concentration of H33342. Fitting of the measurements was done with OriginPro 

8.5 by using Equation 1. 
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6.4.5 Synthesis 

Synthesis of copper-phenanthroline complex
20

 

Cu(NO3)2 • 3H2O (1.94 mmol) was added to 1,10-phenanthroline 

(1.95 mmol) in 145 mL of EtOH and the solution was stirred for 1.5 

hours until a blue precipitate was observed. The solution was 

concentrated by evaporation under reduced pressure until half of the 

solvent volume. The solute was then filtered and washed with ice-

cold ethanol (3 × 1 mL) and diethyl ether (4 × 1 mL). The solid was 

dried on the oil pump overnight. Elemental analysisfound: C % 39.10, H % 2.15, N % 15.21; 

Elemental analysiscalculated: C % 39.19, H % 2.19, N % 15.23. 

Synthesis of (E)-1-(1-methyl-1H-imidazole-2-yl)-but-2-en-1-one (1b)
21 

2.55 mL of N-methylimidazole (32 mmol, 2.2 equiv) was added to a 

solution of 64 mL of dry THF (2 mL/mmol imidazole) under an N2 

atmosphere. The solution was cooled down until -80 °C and 20 mL (32 

mmol, 2.2 equiv) of n-butyllithium was added dropwise. The reaction 

mixture was stirred for 5 min, the cooling bath (EtOH:MeOH 1:1 + liquid N2) was removed 

and the reaction was allowed to warm to room temperature while stirring for 40 min. The 

solution was cooled down again and 1.25 g of trans-crotonic acid (14.55 mmol, 1 equiv) 

was added as a solution in 7 mL of dry THF. The reaction was stirred at -80 °C for 15 min, 

allowed to warm to room temperature and slowly quenched with NaH2PO4. The aqueous 

layer was extracted with EtOAc (3 × 30 mL), the organic fractions were combined and 

dried with Na2SO4. The Na2SO4 was removed by filtration and the filtrate was concentrated 

by evaporation under reduced pressure. Purification by a silica flash column 

chromatography with the mixture of EtOAc:pentane (3:2) resulted in the final product as a 

yellow solid (482 mg, 22%). 
1
H-NMR (CDCl3) δ 7.38 (dq, J=15.5 and 1.7 Hz, 1H), 7.13 (d, 

J=1.1 Hz, 1H), 7.10 (dq, J=15.3 and 7.0 Hz, 1H), 7.02 (s, 1H), 4.03 (s, 3H), 1.97 (dd, J=7.0 

and 1.7 Hz, 3H). HRMS (ESI): m/z 151.086 (calc. 151.088).  

Synthesis of 2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (1a)
18 

215 mg of MnO2 (2.480 mmol, 11 eq) was added to 35 mg of 2-methyl-1-

(thiazol-2-yl)prop-2-en-1-ol (0.225 mmol, 1 eq) in 1.6 mL (0.14 M) of 

dichloromethane. The mixture was stirred for 45 min at 25 °C in an oil 

bath, filtered through a pad of celite and washed with 1 mL of 

dichloromethane, the solvent was removed under vacuum yielding in 1a as a colorless oil. 

(27 mg, 77%). 
1
H-NMR (CDCl3) δ 7.99 (d, J=3.2 Hz, 1H), 7.60 (d, J=3.2 Hz, 1H), 6.90 (s, 

1H), 6.20 (s, 1H), 2.10 (s, 3H). 
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6.4.6 Catalysis 

Representative procedure for the Friedel-Crafts alkylation 

The Cu
II
-L complex was pre-dissolved in DMSO and diluted with reaction buffer 

(20 mM MOPS, 500 mM NaCl, pH 7). 10 μL of the solution (final concentration 90 μM of 

Cu
II
-L, 9 mol% catalyst loading, final fraction of DMSO 0.1% v/v) was mixed with the 

buffer, 1.3 equivalents (117 μM) of protein was added and the solution was incubated at 4 

°C for 45 min. α,β-unsaturated-2-acyl imidazole (1b) and the corresponding indole were 

pre-dissolved in acetonitrile and diluted in the reaction buffer. 10 μL of these 150 mM 

working solutions (final concentration 1 mM of both substrates) were added to the total 

reaction mixture (300 μL) and the mixture was stirred for 3 days at 4°C. The product was 

extracted 3 times with 1 mL of diethyl ether, the organic phases were dried with Na2SO4 

and evaporated under reduced pressure. The product was redissolved in 150 μL of a 

heptane:propan-2-ol mixture (9:1) and the conversion and enantiomeric excess were 

determined using HPLC (Chiralpak-AD, n-heptane:iPrOH 90:10, 1 mL/min). Retention 

times: 4a:16.2 and 21.3 min, 4b: 32.7 and 37.2 min, 4c: 25.4 and 33.2 min. 

 

Representative procedure for the Friedel-Crafts alkylation/enantioselective protonation 

The reaction mixture containing the Cu
II
-L complex (final concentration of DMSO 

0.2% v/v), protein and buffer was prepared and incubated as described above for the 

Friedel-Crafts alkylation. Freshly synthesized 1a and the corresponding indole were 

prepared and added into the reaction mixture as explained above. The mixture was stirred 

for 3 days at 4 °C. 100 μL of an internal standard solution (2-phenylquinoline, 3 mM in 

MeCN) was added and the product was extracted 3 times with 1 mL of diethyl ether, the 

organic phases were dried with Na2SO4 and evaporated under reduced pressure. The 

product was redissolved in 180 μL of a heptane:propan-2-ol mixture (5:1) and the 

conversion and enantiomeric excess were determined using HPLC (Chiralpak-AD-H, n-

heptane:iPrOH 95:5, 0.5 mL/min). Retention times: 16.0 and 19.1 min.  
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