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  CHAPTER 4 

Hydroxyquinoline-based unnatural amino acids 

in the design of a novel artificial metalloenzyme 

In this chapter, a novel artificial metalloenzyme utilizing the unnatural amino acid (8-

hydroxyquinolin-3-yl)alanine is presented. This noncanonical amino acid, known to be a 

good chelator of most transition metals, was introduced into the LmrR transcription 

regulator via expanded genetic code methodology. Different metal ions were investigated 

as potential binders and the artificial metalloenzymes were explored in the catalysis.  
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4.1 INTRODUCTION 

Artificial metalloenzymes have been created via incorporation of synthetic 

metal catalysts into biomolecular scaffolds. Different methods have been described 

for the introduction of the metal-binding moiety, namely covalent, supramolecular 

and dative anchoring.
1–3

 The newest addition to the list of these anchoring 

approaches is the use of metal binding unnatural amino acids. Several unnatural 

amino acids (UAAs) have been incorporated in protein scaffolds in order to create 

novel hybrid metal–protein catalysts.
4
 UAAs have been used in two different ways, 

that is, for direct metal coordination or to facilitate the covalent attachment of the 

metal binding moieties.
5–8

 In general, the use of UAAs provides some advantages 

over the other approaches. For example, precise control over the position of the 

metal complex in any protein scaffold of choice. Assembly is readily achieved, 

especially in the case of direct metal coordination, which avoids the need for 

additional post-translation modifications and purification steps. UAAs can also 

represent a unique chemical functionality for covalent attachment.  

Over the past decade, several metal-binding unnatural amino acids have been 

incorporated in vivo via expanded genetic code methodology. As first example, the 

(2,2΄bipyridin-5yl)alanine (BpyAla) has been incorporated into a T4 lysozyme and 

its ability to bind Cu
II 

ions was confirmed.
9
 Later, the same UAA was introduced in 

a DNA-binding protein and upon Cu
II
 or Fe

II
-binding, this was shown to be a 

DNA-cleaving enzyme.
10

 Baker and co-workers used the computational software 

RossetaMatch to introduce BpyAla in a non-metalloprotein to create a metal-

binding site. After rounds of optimization, the final variant showed high affinity 

towards a variety of divalent cations, however no catalytic activity was reported.
11

 

We have also incorporated BpyAla into the transcription regulator LmrR and upon 

Cu
II
-binding, this artificial metalloenzyme was used to catalyze a Friedel-Crafts 

alkylation reaction with moderate conversion and up to 83% ee.
8
 

2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQAla) (Figure 1a) 

represents another example of metal-binding UAA. It contains 8-hydroxyquinoline, 

which binds as an anionic ligand. It is monoanionic, having one pyridine donor and 

one phenolic hydroxyl group. HQAla has good metal-binding affinity and a wider 

metal ion scope compared to BpyAla.
12

 It is especially known to be an excellent 

binder for late transition metals such as copper, iron and zinc.
13

 The ligand 8-

hydroxyquinoline and its derivatives have been used for various medicinal or 

agricultural applications; when added to fungi or bacteria, binding of essentials 

metals causes apoptosis in cells.
13

 It is also being used as a metal chelator for 

restoring metal balance and is used in the treatment of metal-related diseases.
14,15
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8-Hydroxyquinoline is also used as a cheap alternative to the expensive 

monodentate or bidentate phosphine ligands, employed in rhodium and iridium 

based catalysis.
16

 This UAA was first incorporated as unnatural amino acid into the 

Z-domain protein where it was used as a fluorescent probe and also for the binding 

of  heavy metals for crystallography.
17

  

A constitutional isomer of this unnatural amino acid, 2-amino-3-(8-

hydroxyquinolin-5-yl)propanoic acid, has been described recently.
18

 This isomer 

has a significant advantage, since it can be prepared in a one step, high-yield 

enzymatic route compare to the five-step synthesis of the previous isomer. This 

study also extend the use of hydroxyquinoline-based UAAs for protein electron 

transfer and also Zn
II
 sensing in vitro and in vivo.  

In this chapter, we describe the introduction of HQAla into LmrR. LmrR is a 

small hydrophobic protein with large hydrophobic pore on its dimer interface, 

which, as described, is suitable for the creation of  a novel active site.
8,19–22

 We aim 

to explore the properties of this novel artificial metalloenzyme towards the binding 

of different metal ions, such as Cu
II
 and Zn

II
. Also the catalytic properties of these 

novel hybrid catalysts in different reactions were examined. The Cu
II
-dependent 

catalysis was tested in the vinylogous Friedel-Crafts alkylation and water-addition 

reactions. Both of these reactions have been catalyzed previously by LmrR-based 

artificial metalloenzymes, as discussed in chapter 2 and 3, providing a good 

comparison. The potential for the Zn
II
 artificial metalloenzyme was also explored. 

Zn
II
 is the metal ion most prevalent in enzymes. As a catalytic ion, it is commonly 

used in hydrolases, such as aminopeptidases, carboxypeptidases, phosphatases and 

β-lactamases.
23

 Since HQAla is a good binder of Zn
II
, various substrates were 

tested in hydrolysis reactions.  

 

 

 

Figure 1. a) Structure of the unnatural amino acid (8-hydroxyquinolin-3-yl)alanine (HQAla). b) 

Surface representation of LmrR with the positions for unnatural amino acid incorporation highlighted, 

V15 in red and M89 in purple.  
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4.2 RESULTS AND DISCUSSION 

The artificial metalloenzymes presented in the study were prepared utilizing 

the amber stop codon methodology, using pEVOL-HQAla, which is specific for 

the incorporation of HQAla.
17

 The amino acid was synthesized according to a 

previously reported method with a few minor changes (4.4.2, Experimental 

section).
17

 The positions M89 and V15 were chosen for the incorporation of the 

unnatural amino acid (Figure 1b). The position M89 is located on the far edge of 

the hydrophobic pore, while the position V15 is located more towards the middle 

of the pore, both facing inside. The M89 position has been described as the most 

suitable position for the unnatural amino acid incorporation, as demonstrated in the 

chapters 2 and 3, while the position 15 is a newly chosen position, which showed 

promise during the docking studies, due to its proximity to the central tryptophans 

and aspartate at position 100 (unpublished results, method presented in chapter 3). 

The pEVOL-HQAla plasmid and the pET17b plasmid containing LmrR_LM with 

TAG stop codon at the positions 15 or 89. (LmrR_LM, represents the LmrR variant 

with two mutations K55D/K59Q introduced to remove the DNA binding ability of 

LmrR) constructs were cotransformed into E. coli BL21 C43(DE3). After the 

addition of HQAla to the media, the cells were induced to produce 

LmrR_LM_V15HQAla or LmrR_LM_M89HQAla. The proteins were purified by 

affinity chromatography using a Strep-Tactin sepharose column and the purity was 

checked by SDS-PAGE (Figure 2a). The expression yields were 18-22 mg/L for 

LmrR_LM_V15HQAla and 4-10 mg/L
 
for LmrR_LM_M89HQAla. The lower 

yield for LmrR_M89HQAla is mainly attributed to faulty translation, i.e failure to 

suppress the stop codon TAG, resulting in truncated LmrR (1-88). The correct 

incorporation of HQAla was confirmed by electrospray ionization mass 

spectrometry (ESI-MS) (Figure 2b). The quaternary structure of LmrR was studied 

with analytical size-exclusion chromatography in order to determine the effect of 

unnatural amino acid incorporation. The proteins eluted as single peaks at 11.4 (± 

0.1) ml, which represents a molecular weight of approximately 30 kDa, consistent 

with dimeric LmrR (Figure 2c). Hence, it can be concluded that HQAla did not 

disturb the dimeric structure. 
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Figure 2. Characterization of LmrR_LM_V15HQAla and LmrR_LM_M89HQAla a) SDS-PAGE 

analysis, FT: flow through, W1-W3: washing fractions, E1-EF: elution fractions, L: ladder in kDa. b) 

Electrospray ionization mass spectrometry spectra c) Analytical size-exclusion chromatography 

traces. 
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  The ability of LmrR to bind metal salts was studied by UV-Vis titrations, 

measuring the change in the UV-Vis absorption spectrum (Figure 3). The titrations 

were performed with Cu(NO3)2 and Zn(NO3)2. In the titration with Cu(NO3)2, 

changes in absorption in the bands at 269 and 249 nm were observed in samples 

containing LmrR with the HQAla incorporated (Figure 3ab, left). The absorption 

maximum at 249 nm is characteristic for HQAla and a decrease was observed upon 

addition of metal salts. At the same time an increase was observed at 269 nm. The 

same behavior was observed for the other mutant. When approximately one 

equivalent of Cu(NO3)2 was added, no more changes were observed in the 

spectrum. Since the equivalents were calculated against the LmrR monomer, we 

expect both monomers to bind one Cu
II
 ion. Furthermore, LmrR without HQAla, 

showed no changes in absorption upon addition of Cu(NO3)2 (Figure 3c, left). This 

suggests that Cu
II 

binds solely to HQAla and not to other residues in LmrR. Using 

the same method, Zn
II 

was titrated against LmrR_LM_X_HQAla and LmrR 

(Figure 3abc, right). Similar behavior as in the titrations with Cu
II 

was observed. 

The decrease in the absorption maximum at 249 nm together with increase at 269 

nm proves the binding of the Zn
II
 to the HQ moiety. No changes in the spectrum of 

LmrR_LM were observed, which rules out unspecific binding at the different 

positions. 

In summary, it was confirmed that both Cu
II
 and Zn

II 
ions bind to the HQAla 

in the structure of LmrR. The behavior is the same for both mutants, that is 1 metal 

ion per one monomer of LmrR. Apparently, positions V15 and M89 are sufficiently 

far away from each other to prevent the formation of 2:1 HQAla-metal complexes. 
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Figure 3. UV-visible titrations of Cu(NO3)2 (left) and Zn(NO3)2 (right) to a) LmrR_LM_V15HQAla, 

b) LmrR_LM_M89HQAla and c) LmrR_LM. Inserts contain the UV-VIS spectrum showing the 

change in the absorbance at 269 nm during the titrations. 

 

 

a) 

b) 

c) 
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The catalytic activity of the HQAla-containing artificial metalloenzymes was 

initially evaluated in the two different Cu
II
-catalyzed reactions, the vinylogous 

Friedel-Crafts alkylation reaction of 5-methoxy-1H-indole (2) with 1-(1-methyl-

1H-imidazol-2-yl)but-2-en-1-one (1) (Scheme 1a) and the 1,4-addition of water to 

α,β-unsaturated 2-acyl pyridine 4 resulting in the corresponding β-hydroxy ketone 

product 5 (Scheme 1b).  
 

 

Scheme 1. a) Friedel-Crafts reaction; b) Water addition reaction.  

 

 Both reactions were carried out using 9 mol% of Cu(NO3)2 (90 µM) with 

an excess of 1.25 equivalents of LmrR_LM_X_HQala (where X represents either 

V15 or M89) (112.5 µM in monomer) in 3-(N-morpholine)propanesulfonic acid 

(MOPS) buffer (20  mM, 150 mM NaCl, pH 7.5). After incubation of Cu(NO3)2 

with the protein for 2 hours, the relevant substrates were added and the reactions 

were run at 4 °C for 24 hours. The vinylogous Friedel–Crafts alkylation reaction 

gave rise to a conversion of 4% in the uncatalyzed reaction. The racemic product 

was obtained in 98% yield when the reaction was catalyzed by Cu(NO3)2 (Table 1, 

entry 1-2). In the reaction catalyzed by LmrR_LM_V15HQAla_Cu
II
, similar results 

were obtained, suggesting that although copper binds to the scaffold, this position 

cannot induce the enantioselectivity of the reaction (Table 1, entry 3). The protein 

LmrR_LM_M89HQAla gave rise to 24% conversion and 20% ee (Table 1, entry 

4). 

The enantioselective water addition reaction was tested by hydration of (E)-

4,4-dimethyl-1-(pyridine-2-yl)pent-2-en-1-one (4) (final conc. 1 mM) to give the 

corresponding β-hydroxy ketone (5). Cu(NO3)2 catalyzes this reaction with an 

average conversion of 84%, resulting in a racemic mixture (Table 1, entry 6). With 
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Cu
II 

bound to LmrR_LM_V15HQAla, a small decrease in activity was observed 

while only low enantioselectivity was obtained (Table 1, entry 7). Similarly, as in 

the Friedel-Crafts alkylation, LmrR_LM_M89HQAla_Cu
II
 gave rise to an ee up to 

46%, albeit with a lower conversion (Table 1, entry 8).  

Overall, our novel artificial metalloenzymes were successful in the catalysis 

of both studied reactions. The results proved to be dependent on the position of 

HQAla in the LmrR scaffold. In the case of LmrR_LM_V15HQAla, high 

conversions can be obtained. This can be explained either by ideal localization of 

trytophans helping in π-stacking interactions with substrates or by the HQAla being 

more solvent exposed at this position. The low enantioselectivity supports the 

theory of accessibility. However, ideally this should be confirmed with a crystal 

structure. The low conversions in the results with LmrR_LM_M89HQAla suggest 

that the position is less accessible or that there are non-favourable interactions 

around the position M89. For the BpyAla variants, the reactions were performed 

only with M89X variant. Similar results were observed in the case of water 

addition reaction, while in the case of Friedel-Crafts alkylation lower ee was 

observed, that is 20% compared to 49% reported with BpyAla.  

Table 1. Results of the vinylogous Friedel-Crafts reaction of 1 and 2 resulting in 3 and water addition 

reaction of 4 resulting in 5, both catalyzed by LmrR_LM_X_HQAla_CuII.a
 

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

1 - 1,2 3 4 ± 2 - 

2 Cu(NO3)2 1,2 3 98 ± 1 - 

3 LmrR_LM_V15HQAla_CuII 
1,2 3 99 ± 1 <5 

4 LmrR_LM_M89HQAla_CuII 
1,2 3 24 ± 3 20 ± 2 

      

5 - 4 5 11 ± 3 - 

6 Cu(NO3)2 4 5 84 ± 7 - 

7 LmrR_LM_V15HQAla_CuII 
4 5 76 ± 12 9 ±14 

8 LmrR_LM_M89HQAla_CuII 
4 5 20 ± 5 46 ± 15 

      

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

MOPS buffer, 150 mM NaCl,pH 7.0 for 1 day at 4 °C. All data are the average of 2 independent 
experimetns, each carried out in duplicate. 

 

The potential of LmrR_LM_X_HQAla was also explored in catalytic 

hydrolysis reactions. HQAla is a good binder of Zn
II
, which is known to play 

catalytic function in numerous different hydrolases. Therefore, we decided to study 
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whether hydrolysis reactions can be performed utilizing unnatural amino acid 

HQAla bound to Zn
II
. Five different substrates have been tested, summarized in the 

Figure 4.  

 

Figure 4. Scope of the substrates used for the hydrolysis reaction.  

First, the hydrolysis of esters was studied, using two model substrates: p-

nitrophenyl acetate (6) and p-nitrophenyl butyrate (7). Ester 6 has been frequently 

used in catalytic studies involving artificial enzymes so it serves as a good starting 

point.
24–27

 The reaction was monitored by UV-VIS spectroscopy in MOPS buffer 

(20 mM MOPS 150 mM NaCl pH 7.0) for 60 min at 405 nm, since at this 

wavelength, product of the reaction, p-nitrophenolate can be observed. 1 mM final 

concentration of the substrate was used with 20 µM concentration of the LmrR and 

its mutants. In the case of substrate 6, the hydrolysis was catalyzed by both 

LmrR_LM_V15HQAla_Zn
II
 and LmrR_LM_M89HQAla_Zn

II
. The initial reaction 

rate was 3-3.5x higher compare to the uncatalyzed reaction (Figure 5a). Since little 

change was observed between mutants, we assumed that the reaction may not be 
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specifically catalyzed via HQ_Zn
II
. This was supported when the catalysis with 

LmrR_LM, LmrR_LM_V15HQAla and LmrR_LM_M89HQAla in the absence of 

Zn
II
, gave rise to the same conversion as the metal-bound proteins (Figure 5b). In 

the case of 7 same behaviour was observed, with no specific activity from the 

bound Zn
II
. 

Next, LmrR_LM_X_HQAla_Zn
II
 was tested in the hydrolysis of p-

nitrophenylphosphate (8), following the same conditions as in the case of the ester 

bond hydrolysis. However, no hydrolysis was observed with this substrate with any 

of the mutants, with or without metal bound.  

Finally, the ability of LmrR_LM_X_HQAla_Zn
II 

to hydrolyze amide bonds 

was examined using two substrates 9 and 10. Both of these substrates are small 

peptides with 2 or 3 extra amino acids bound to p-nitrophenylalanine.  Hydrolysis 

of these substrates produces p-nitroaniline, which can be spectrophotometrically 

followed at 410 nm. The reaction was performed in MOPS buffer for 60 min with 

250 µM final concentration of substrates and 5 µM of the catalyst. No hydrolysis 

was observed with substrate 9.  Low activity was observed in the case of substrate 

10. In 60 min, no spontaneous hydrolysis was observed, also not in the presence of 

metal salts or LmrR. The activity was only observed specifically with 

LmrR_LM_V15HQAla_Zn
II
 and LmrR_LM_M89HQAla_Zn

II
.
 

However the 

reaction rate was low, achieving 0.3-0.5% conversion after one hour (Figure 5c). 

The substrate scope of the catalytic hydrolysis presented here is still 

limited. Different substrates should be tested, taking into consideration the 

hydrophobicity and the size of the pocket of LmrR 
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Figure 5. a) Hydrolysis of the substrate 6, uncatalyzed and catalyzed with 

LmrR_LM_X_HQAla_ZnII. The initial reaction rates are presented. b) Hydrolysis of the substrate 6, 

uncatalyzed and catalyzed with LmrR_LM and its mutant variants, with or without ZnII bound. The 

concentration of the substrate 6 is 1 mM with 20 µM concentration of the enzymes (in monomer). 

The conditions were the same also in (a). c) Hydrolysis of the substrate 10, uncatalyzed and catalyzed 

with LmrR_LM and its mutant variants, with or without ZnII bound. The concentration of the 

substrate 10 is 250 µM with 5 µM concentration of the enzymes (in monomer).   

4.3 CONCLUSIONS 

In this chapter, use of the unnatural amino acid HQAla as a metal-binding 

moiety was described for the design of novel artificial metalloenzymes. This 

represents only the second example of artificial metalloenzymes created via genetic 

incorporation of metal-binding unnatural amino acid used in catalysis. The 

catalytic potential was evaluated in various reactions. First, HQAla was 

incorporated successfully into the structure of LmrR at two different positions: V15 

and M89. Both mutants of LmrR showed good affinity for metal salts, such as 
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Cu(NO3)2 and Zn(NO3)2. The novel Cu
II
-artificial metalloenzymes were able to 

catalyze Friedel-Crafts alkylation reaction of 5-methoxyindole with α,β-

unsaturated-2-acyl imidazole and water-addition reaction to α,β-unsaturated 2-acyl 

pyridine, although with low to moderate enantioselectivities. The potential for 

catalytic hydrolysis of esters and amides with a Zn
II
-containing LmrR_LM_X 

HQAla was studied with five different substrates. Hydrolysis of the peptide bond 

gave promising results and further investigation should be focused in this area.    

Overall, this chapter, together with chapters 2 and 3, demonstrates that the 

use of genetically incorporated metal-binding unnatural amino acids is a powerful 

strategy for the preparation of artificial metalloenzymes. Due to the high affinity 

towards the different metals and metal complexes, both BpyAla and HQAla 

provide a promising platform for numerous catalytic reactions.  

 

4.4 EXPERIMENTAL SECTION 

4.4.1 General remarks 

Chemicals were purchased from Sigma Aldrich, Acros or TCI chemicals and used 

without further purification. Column chromatography was performed on silica gel 

(Silicycle, 230– 400 mesh). Solvents were removed in a rotary evaporator under reduced 

pressure at 40 °C unless otherwise noted. 
1
H-NMR and 

13
C-NMR spectra were recorded on 

a Varian 400 (400 and 100 MHz) in CDCl3 or D2O. Mass spectra (ESI-MS) were recorded 

on an Orbitrap XL (Thermo Fisher Scientific; ESI pos. mode). Conversions and 

enantiomeric excess determinations were performed by HPLC analysis (Chiralpak-AD 

column, Chiralpak AS-H) using UV-detection (Shimadzu SCL-10Avp). 

E. coli strains NEB5α and BL21 C43(DE3) (Stratagene) were used for cloning and 

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

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

polymerase and DpnI restriction endonuclease were purchased from Stratagene and New 

England Biolabs, respectively. FPLC columns were purchased from GE Healthcare. 
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4.4.2 Synthesis 

Synthesis of 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQAla)
17

 

8-Methoxy-3-methylquinoline
17

 

A mixture of sodium iodide (0.15 g, 1.0 mmol), o-anisidine (8.2 mL, 73 

mmol) in sulfuric acid (26 mL 70%) was stirred in an oil bath at 110 °C. 

To this mixture, methacrolein (10 mL, 170 mmol) was added over 5 hours 

(2 mL/hour with an automatic syringe pump). After 1 h additional 

stirring, the mixture was cooled to room temperature. The resulting mixture was poured 

into 200 mL 1 M NaOH solution, filtered and extracted with 3 x 100 mL CH2Cl2. The black 

residue, which contained most of the product, was stirred for 1 hour with CH2Cl2 during 

which the black residue was dissolved. The CH2Cl2 fractions were pooled together, washed 

with water, dried over Na2SO4, filtered and the solvent was evaporated under reduced 

pressure. The crude product was purified by flash column chromatography on silica (100 % 

CH2Cl2  95:5% CH2Cl2:MeOH) to afford 8-methoxy-3-methylquinoline (5.3 g, 36%) as a 

black solid. Analytical data were in accordance with those previously published.
16 1

H NMR 

(400 MHz, CDCl3) δ 8.82 (s, 1H), 7.95 (s, 1H), 7.45 (t, J = 8.0 Hz, 1H), 7.33 (d, J = 8.3 Hz, 

1H), 7.02 (d, J = 1.1 Hz, 1H), 4.09 (s, 3H), 2.53 (s, 3H). 

3-Methylquinolin-8-ol
17 

To 8-methoxy-3-methylquinoline (5.3 g, 34 mmol) HBr (48%, 53 mL in 

acetic acid) was added. The mixture was heated to 120 °C and heated 

under reflux for 29 hours. The mixture was neutralized with 3 M sodium 

hydroxide and 3 M sodium carbonate solution. Afterwards, the pH was 

adjusted to 7. The mixture was filtered and extracted with CH2Cl2. The organic layer was 

dried over Na2SO4 and concentrated in vacuo. The crude product was purified using flash 

column chromatography on silica (100% CH2Cl2). The product eluted first and was 

concentrated in vacuo to afford 3-methylquinoline (1.1 g, 23%) as a brown solid. Analytical 

data were in accordance with those previously published.
16 1

H NMR (400 MHz, CDCl3) δ 

8.64 (d, J = 2.1 Hz, 1H), 7.96 (s, 1H), 7.44 (t, J = 7.9 Hz, 1H), 7.28 (s, 1H), 7.14 (d, J = 7.6 

Hz, 1H), 2.54 (s, 3H). 

3-Methylquinoline-8-yl acetate
17 

3-methylquinolin-8-ol (1.1 g, 6.9 mmol) was dissolved in 16.5 mL acetic 

anhydride and stirred for 30 min at 130 °C. The reaction mixture was 

cooled to room temperature and concentrated in vacuo at 60 °C. The 

residue was dissolved in 40 mL EtOAc and washed with 3 x 50 mL 

saturated NaHCO3. The organic layer was dried over Na2SO4 and concentrated in vacuo to 

afford 3-methylquinoline-8-yl acetate (0.9 g, 79%) as a brown solid. Analytical data were 

in accordance with those previously published.
16 1

H NMR (400 MHz, CDCl3) δ 8.92 – 8.59 
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(m, 1H), 7.97 (s, 1H), 7.75 – 7.62 (m, 1H), 7.51 (t, J = 7.9 Hz, 1H), 7.39 (d, J = 7.5 Hz, 

1H), 2.67 – 2.47 (m, 6H). 

2-Acetamido-2-((8-acetoxyquinoline-3-yl)methyl)malonate
17

 

To a dry 100 mL flask, 3-methylquinoline-8-yl acetate (1.6 g, 8 

mmol), N-bromosuccinimide (1.6 g, 8.9 mmol), 

azobisisobutyronitride (142 mg, 8.9 mmol) and CCl4 (67 mL) 

were added. The mixture was heated under reflux for 15 h at 90 

°C. The mixture was dissolved in 200 mL CH2Cl2 and washed 

with 3 x 100 mL saturated NaHCO3. The organic layers were dried over Na2SO4 and 

concentrated in vacuo to give the crude brominated product. The crude product was 

immediately used for subsequent alkylation. To a dry 100 mL flask diethyl 

acetomidomalonate (1.7 g, 8.0 mmol), sodium hydride (0.3 g, 8.0 mmol, 60% in mineral 

oil) and dry DMF (40 mL) were added which was stirred for 30 minutes at 0 °C under 

nitrogen atmosphere.  The crude product was dissolved in dry DMF (8 mL) and slowly 

added to the mixture at 0 °C, after which it was warmed to room temperature and stirred for 

1 hour. The mixture was diluted with EtOAc (200 mL), washed with 10% sodium 

thiosulphate (3 x 100 mL) after which the organic layer was dried over Na2SO4 and 

concentrated in vacuo. The crude product was purified by flash column chromatography on 

silica (70:30% Pentane:EtOAc  100% EtOAc eluting the product after several column 

volumes of 100% EtOAc to afford 2-acetamido-2-((8-acetoxyquinoline-3-

yl)methyl)malonate (0.4 g, 11%) as a white solid. Analytical data were in accordance with 

those previously published.
16 1

H NMR (400 MHz, CDCl3) δ 8.59 (d, J = 2.1 Hz, 1H), 7.84 

(s, 1H), 7.66 – 7.61 (m, 1H), 7.53 (t, J = 7.8 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H), 6.58 (s, 1H), 

4.30 (m, J = 7.1, 1.9 Hz, 4H), 3.87 (s, 2H), 2.50 (s, 3H), 2.06 (s, 3H), 1.31 (t, J = 7.1 Hz, 

6H).
 

2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid
17 

2-acetamido-2-((8-acetoxyquinoline-3-yl)methyl)malonate (0.4 

g, 0.7 mmol) was dissolved in 12 M HCl (6 mL) and heated to 

reflux overnight. The resulting mixture was concentrated in 

vacuo to afford 2-amino-3-(hydroxyquinolin-3-yl)propanoic 

acid dihydrochloride as a yellow powder (220 mg, 99%).  

Analytical data were in accordance with those previously published.
16

 HRMS (ESI
+
) 

Masscalc for C12H12N2O3 (M+H
+
) 233.08, Massobs 233.07. 

1
H NMR (400 MHz, D2O) δ 8.91 

– 8.84 (m, 2H), 7.69 – 7.57 (m, 2H), 7.38 – 7.31 (m, 1H), 4.30 – 4.20 (m, 1H), 3.51 (d, J = 

6.9 Hz, 2H). 
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4.4.3 Molecular Biology 

Site-directed mutagenesis 

Site-directed mutagenesis was used for preparation of LmrR_LM_V15TAG mutant. 

The primers required for the mutagenesis are summarized in the Table 2. The following 

PCR cycle was used: initial denaturation at 95 ⁰C for 1 min, denaturation at 95 ⁰C for 30 s, 

annealing at 58 ⁰C for 1 min and extension at 68 ⁰C for 5 min. The thermal cycle was 

repeated 16 times. The resulting PCR product was digested with restriction endonuclease 

DpnI for 2 h at 37 ⁰C and transformed into the E. coli NEB5α. 

Table 2. PCR primers used for site-directed mutagenesis. 

Primer Sequence (5’ → 3’) 

LmrR_LM_V15X_fw GCT CAA ACC AAT TAG ATC CTG CTG AAT 

LmrR_LM_V15X_rv ATT CAG CAG GAT CTA ATT GGT TTG AGC 

4.4.4 Expression and purification 

The plasmids pEVOL-HQAla and pET17b_LmrR_LM_V15TAG/M89TAG were 

cotransformed into E. coli BL21 C43(DE3) and a single colony was used to inoculate an 

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

µg/mL of chloramphenicol. 1 mL (500x dilutions) of overnight culture was used to 

inoculate 500 mL of fresh LB medium containing 100 μg/mL of ampicillin 34 µg/mL of 

chloramphenicol. When the culture reached an optical density at 600 nm of 0.8–0.9, 

expression was induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) (final 

concentration 1 mM) and L-Arabinose (final concentration 0.02%) and HQala (60 mg, final 

concentration 0.2 mM). Expression was done overnight at 30 °C. Cells were harvested by 

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

(50 mM NaH2PO4, 150 mM NaCl, pH 8.0) and sonicated (75% (200W) for 8 min (10 sec 

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

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

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

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

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

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

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

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

extinction coefficient ε280 = 25440 M
-1

 cm
-1

 (per monomer). In order to use proteins in the 

catalysis, they were dialysed against MOPS buffer (20 mM MOPS, 150 mM NaCl, pH 7.0) 

overnight at 4 °C.  
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4.4.5 Characterization  

Analytical size-exclusion chromatography  

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

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

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

Gel Filtration LMW Calibration Kit of GE Healthcare. 

 

4.4.6 UV-Vis spectroscopy 

Titration with transition metals 

LmrR with and without HQAla were diluted to 20 µM in MOPS buffer (20 mM 

MOPS, 150 NaCl, pH 7.0) of which 300 µL was transferred to 1 mL quartz cuvettes. The 

absorption spectrum was measured from 700-210 nm in a JASCO UV-VIS V-660 

spectrophotometer with data intervals of 1 nm. Transition metals were added to the cuvette 

in 0.25 eq. until 1.5/2 equivalents of the metal were added.   

 

4.4.7 Catalysis  

Representative procedure for catalytic Friedel-Crafts alkylation reaction 

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

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

equivalents of LmrR_LM_X_HQAla (112.5 µM in monomer) to a final volume of 280 µL. 

To this 10 µL of a fresh stock solution of substrate 1 in CH3CN (final concentration 2.5 

mM) and 10 µL of solution of substrate 2 in MOPS/CH3CN was added (final concentration 

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

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

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

heptane:propan-2-ol mixture (10:1) and the conversion and enantiomeric excess were 

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

Representative procedure for catalytic water-addition reaction 

Procedure similar to that of the Friedel-Crafts alkylation. Changes included use of a 

290 µL solution of LmrR_LM_X_HQAla (final conc. 112.5 µM of monomer) with 

Cu(NO3)2 (10 µL in MiliQ grade water, final conc. 90 µM). To the incubated mixture, 

substrate 4 (10 µL in CH3CN/MOPS buffer, final conc. 1 mM) was added. Conversion and 

enantiomeric excess were determined using HPLC (Chiralpack-ASH n-heptane:iPrOH 

99.5:0.5, 0.5 mL/min for 120 minutes). 
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Representative procedure for catalytic hydrolysis reactions 

The hydrolysis reaction was monitored spectroscopically for 60 min at 400 nm 

(substrates 6-8), or 410 nm (substrates 9,10) using a Jasco V-660 spectrophotometer. 

Reactions were carried out in 300 μL solutions (buffer 20 mM MOPS, 150 mM NaCl, pH 

7.0) in 0.5 mL quartz cuvettes (path length 1 cm). The final concentration of the protein in 

the solution was 20 (substrates 6-8) or 5 µM (substrates 9,10), (concentration of the 

monomer). The reactions were started by the addition 10 μL solution of substrate (final 

concentration 6-8: 1 mM, 9,10: 0.25 mM).  The absorbance data were converted to 

concentration of the product using the extinction coefficient of the product (p-

nitrophenolate = 12800 M
-1

cm
-1

 at 405 nm
23

, p-nitrophenylalanine = 8800 M
-1

cm
-1

 at 410 

nm
24

). Experiments were performed as two independent measurements. 
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