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CHAPTER 5 

Expanding the toolbox of artificial enzymes 

using p-aminophenylalanine as catalytic residue 

Herein, a novel artificial enzyme featuring p-aminophenylalanine as catalytic residue is 

introduced. The side chain of this amino acid, aniline, is known to act as a nucleophilic 

catalyst in different reactions, for example in hydrazone or oxime formation. However, to 

date, this unnatural amino acid has not yet been utilized as a part of an enzyme in catalysis. 

In this work, several different positions located inside the hydrophobic pocket of LmrR 

were mutated to incorporate p-aminophenylalanine. The resulting artificial enzymes were 

capable of catalyzing hydrazone formation faster than traditional aniline-based catalysts 

with significantly lower catalyst loading required. Differences in reaction rates depending 

on the position of p-aminophenylalanine in the scaffold were observed and further studies 

into the mechanism of catalysis are presented.  

This chapter will be submitted for publication: 

Drienovská I., Mayer C., Dulson C., Roelfes
 
G. Manuscript in preparation. 
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5.1 INTRODUCTION 

Diverse engineering strategies have been used to design and create artificial 

enzymes with novel activities and specificities.
1,2

 Computational design, rational 

design, catalytic antibodies or artificial metalloenzymes are approaches that 

successfully introduced variety of enzymes with new-to-nature functions. However 

the enzymes are typically limited to the 20 natural amino acids. 

Genetically encoded unnatural amino acids offer great opportunities to 

expand the repertoire of enzyme catalysis.
3,4

 The advance in the synthesis of 

unnatural amino acids and the methodology of their incorporation in vivo allows us 

today to introduce more than 150 unnatural amino acids in proteins. This represents 

a wide range of side chains with different chemical and biophysical properties. A 

variety of engineered proteins and enzymes have been described, in which 

unnatural amino acids were used for applications. This includes handles for protein 

imaging and spectroscopy, metal chelators, redox mediators and click chemistry 

reagents.
5,6

 Although the great advances in the field allow to introduce a wide 

variety of unnatural amino acids, only a handful have been used for catalysis.
7,8

  

For the goal of expanding the use of unnatural amino acids we decided to 

explore the potential of p-aminophenylalanine (pAF) as catalytic residue. pAF is an 

unnatural amino acid with one of the smallest difference to the natural amino acids 

phenylalanine or tyrosine, that is an amino group at the 4 position of the phenyl 

ring. Since its addition to the repertoire of genetically encoded unnatural amino 

acids, it has been employed only for the chemoselective oxidative bioconjugation 

of peptides to a paF-containing virus capsid.
9
 This amino acid has yet not been 

utilized as a catalytic residue, although the side chain, aniline, is known to act as a 

nucleophilic catalyst.
10,11

 Over the past decade, anilines have been applied to 

catalyze the formation of a variety of hydrazone and oxime-based products. Rate 

acceleration of these reactions can be explained by formation of a protonated 

aniline Schiff base intermediate.
12–15

 As this type of catalysis is reminiscent to 

natural enzymes, we hypothesized that the catalytic potential of aniline can be 

transferred to the protein environment by introduction of pAF. 

LmrR is a transcriptional regulator from Lactococcus lactis. It is a small, 

homodimeric protein that contains a large hydrophobic pore at its dimer interface 

and an ideal candidate for introducing novel activities into a protein scaffold.
16

 As 

described in the previous chapters of this thesis, and elsewhere
17–19

, this pore was 

shown to create a suitable hydrophobic environment for planar molecules to bind 

and undergo catalysis. Recently, it was demonstrated that LmrR is also a promising 
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scaffold for the incorporation of unnatural amino acids. The metal-binding 

unnatural amino acid (2,2΄bipyridin-5yl)alanine (BpyAla) has been introduced into 

LmrR and upon Cu
II
 binding, this complex was employed successfully as a novel 

artificial metalloenzyme in catalytic asymmetric Friedel-Crafts alkylation 

reactions.  

Here, we report a new artificial enzyme created via incorporation of the 

unnatural amino acid pAF into the LmrR scaffold. The catalytic potential of this 

novel enzyme is studied in a hydrazone forming reaction (Figure 1).  

 

 

 

 

Figure 1. Schematic representation of the preparation of the novel artificial enzyme via genetic 

incorporation of p-aminophenylalanine into the structure of LmrR and the schematic representation of 

the hydrazone formation reactions catalyzed by aniline catalysts.  

5.2 RESULTS AND DISCUSSION 

LmrR_LM was chosen as a biomolecular scaffold for the preparation of the 

novel enzymes. This variant contains two mutations, K55D and K59Q (represented 

as LM), which were introduced to prevent the DNA-binding as well as a C-

terminal Strep-tag for purification purposes.
19,20

 Four different positions to 

introduce the unnatural amino acid pAF were chosen based on the crystal structure 

and our previous studies, namely positions V15, N19, M89 and F93. These 

positions are all localized in and around the hydrophobic pore of the protein. The 

positions N19 and M89 are localized on the edges of the pore, facing the inside of 

the pore, while position V15 and F93 are localized in the middle of the structure. 

V15 is rotated towards the inside of the pore, while F93 represents the only 
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position out of these four facing the outside environment (Figure 3a, 3b). The 

proteins were prepared using the amber stop codon suppression methodology using 

the pEVOL-pAzF plasmid to introduce the unnatural amino acid p-

azidophenylalanine (pAzF)
21

, followed by subsequent reduction of the azido group 

to an amino group by tris(2-carboxyethyl)phosphine (TCEP). The genetic 

incorporation of pAF was also reported
22

, however not with an evolved pEVOL 

plasmid used for achieving good yields in E. coli. Therefore, we followed the 

report of El Muslemany et al. using pAzF for the introduction of pAF.
23

 After 

expression, the novel artificial enzymes were purified by affinity chromatography. 

The expression yields were 9-14 mg/mL, which represents approximately 45-70% 

of the yield of LmrR_LM
18

. The reduction in yield can be attributed to the presence 

of truncated proteins which are the results of failure to suppress the stop codon 

TAG. This trend has also been observed before with the incorporation of BpyAla 

unnatural amino acid into LmrR.
19

 The novel proteins were fully characterized by 

high resolution mass spectrometry and size-exclusion chromatography. The results 

of exact mass confirmed the introduction of pAzF and its complete reduction to 

pAF (Table 1). The results of size-exclusion chromatography show that all of the 

proteins elute as single peak at an elution volume of 11.6 (± 0.2) mL, which is 

consistent with a molecular weight around 30 kDa. This suggests that the 

introduction of pAF did not cause a significant perturbation of the structure and 

that the proteins retained a homodimeric conformation. The other proteins tested in 

this study, the LmrR_LM and its mutants LmrR_LM_W96A, LmR_LM_V15K and 

bcPadR1 were prepared following standard protocols described elsewhere.
18

  

Table 1. Mass of LmrR_LM and its pAF-containing variants. 

Protein Masscalculated Massfound 

LmrR_LM 14970.80 14970.62 

LmrR_LM_V15pAF 15033.84 15033.62 

LmrR_LM_N19pAF 15018.87 15018.64 

LmrR_LM_M89pAF 15001.78 15001.64 

LmrR_LM_F93pAF 14985.79 14985.61 
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Scheme 1. a) Hydrazone formation. The first step represents the reaction between 4-

nitrobenzaldehyde and the aniline catalyst to create an iminium ion, which then reacts with 

nitrobenzoxadiazole hydrazine 1 to create the product of the reaction, hydrazone 2. b) Reduction of 

the iminium ion intermediate by NaCNBH3 leads to irreversible covalent modification.   

 

The catalytic properties of the novel artificial enzymes were examined in the 

chromogenic hydrazone forming reaction between 4-nitrobenzaldehyde and 

nitrobenzoxadiazole hydrazine (NBD-H) (Scheme 1a). NBD-H is known to 

undergo a significant redshift when reacting with aryl aldehydes. The most 

significant shift was observed upon the reaction with 4-nitrobenzaldehyde with an 

Absmax of the product around 500 nm (Figure 2).
14
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Figure 2. UV-Vis spectrum of NBD-hydrazine 1 and hydrazone 2, the product of the reaction. 

The reaction was monitored by UV/VIS spectroscopy for two hours at 495 

and 528 nm at 20 °C. 18 µM final concentration of 1 and 1 mM final concentration 

of 4-nitrobenzaldehyde were mixed together in phosphate buffer (50 mM 

NaH2PO4, 150 mM NaCl, pH 7.0). The uncatalyzed reaction proceeds with a low 

yield of 7% after 2 hours (Table 2, entry 1). This reaction has been reported to be 

catalyzed by aniline, albeit that generally a high catalyst loading is required. When 

the catalysis was performed with 1 mM aniline, under these conditions, 46% yield 

in 2 hours was obtained. The amino acid pAF itself was also tested in catalysis, 

giving comparable results to aniline itself (Table 2, entry 2,3).  

Next, LmrR was tested as catalyst in this reaction. LmrR is known to have 

large hydrophobic cavity on its dimer interface, which we assumed could play a 

role in catalysis, bringing the substrates together in hydrophobic environment, 

resulting in a high effective molarity. A 10 µM concentration of the LmrR catalyst 

was used. This represents a 100x lower catalyst loading, compared to what was 

needed using aniline as catalyst. Indeed, with 10 µM aniline, no catalysis was 

observed. When the reaction was performed with LmrR, a yield of 51% was 

observed (Table 2, entry 15). This supports our theory that the concentration of the 

reactants in the LmrR hydrophobic pocket accelerates the reaction. To further 

examine this effect, the reaction was performed with the LmrR_LM_W96A 

mutant. When the tryptophans, which are known to be important for the binding of 

the planar aromatic molecules in the hydrophobic pocket, were removed, a 

dramatic reduction of yield to 12% was observed, which is similar to the 

uncatalyzed reaction (Table 2, entry 16). This demonstrates that the reaction occurs 

in the cavity of LmrR_LM.  

Next, proteins containing the pAF catalytic residue were tested. Notably, all 

the pAF-containing LmrR variants gave significant yields. The best results were 
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obtained with LmrR_LM_V15pAF with 80% yield, followed by 64% obtained 

with LmrR_LM_F93pAF, 52% with N19pAF and the lowest yield was observed 

with LmrR_LM_M89pAF, that is 41% (Table 2, entries 6,10,12,14). These results 

suggest that introducing pAF catalytic residue causes further enhancement of the 

catalysis and that the results of catalysis are dependent on the position of pAF. The 

yield achieved with LmrR_LM_M89pAF is lower than in the case of LmrR_LM, 

which can be attributed to the M89pAF position being less accessible than the 

others. The best position for pAF was observed to be position 15. Therefore, a 

mutant which has lysine at this position was prepared, to study whether the amino 

group of lysine can play a similar role in catalysis as the amino group of pAF. 

When the reaction was catalyzed by LmrR_LM_V15K, 27% yield was achieved, 

which is a significant drop of yield compared to LmrR_LM_V15pAF and even to 

LmrR_LM (Table 2, entry 17). This demonstrates that lysine is not a viable 

catalytic residue for this reaction. 

 

Figure 3. a) Space-filled and ribbon representation of the LmrR protein (pdb 3F8B) with the 

positions used for the incorporations highlighted (V15 in magenta N19 in green, M89 in blue and F93 

in orange). b) Ribbon representation of LmrR with manually docked pAF at position V15. Remaining 

highlighted residues are the same as in (a). c) Ribbon representation of bcPadR1 (pdb 4ESB). d) 

Ribbon representation of BSA (pdb 4F5S). 
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The reaction was also tested with two different proteins, namely bcPadR1 

and bovine serum albumin (BSA) (Figure 3c, 3d). bcPadR1 is a family member of 

LmrR, with 26% of structural identity, however is known not to contain an open 

pocket at its dimer interface.
24

 BSA is a protein with a hydrophobic binding site in 

the structure, containing two lysines known to act as general bases or nucleophiles 

in a number of reactions.
25

 Both of the proteins tested in the hydrazone forming 

reaction gave very low yields (4-6%), similar to the uncatalyzed reaction (Table 2, 

entries 18,19). These results suggest that the reaction is specific to LmrR and its 

large hydrophobic cavity in combination with pAF as catalytic residue.  

 

Table 2. Results of the catalysis of the hydrazone forming reaction.a 

Entry Catalyst 
Conc. of 

catalyst (µM) 
Yield (%) 

1 - - 7 ± 3 

2 Aniline 1000 46 ± 4 

3 p-aminophenylalanine 1000 45 ± 1 

4 Aniline 10 7 ± 1 

5 LmrR_LM_V15pAzF 10 54 ± 2 

6 LmrR_LM_V15pAF 10 80 ± 3 

7 LmrR_LM_V15pAF 2 36 ± 2 

8 LmrR_LM_V15pAF 1 20 ± 2 

9 LmrR_LM_N19pAzF 10 42 ± 0 

10 LmrR_LM_N19pAF 10 52 ± 2 

11 LmrR_LM_M89pAzF 10 38 ± 0 

12 LmrR_LM_M89pAF 10 41 ± 2 

13 LmrR_LM_F93pAzF 10 44 ± 1 

14 LmrR_LM_F93pAF 10 64 ± 1 

15 LmrR_LM 10 51 ± 5 

16 LmrR_LM_W96A 10 12 ± 3 

17 LmrR_LM_V15K 10 27 ± 3 

18 BSA 10 6 ± 2 

19 bcPadR1 10 4 ± 1 

    
aConditions: 18 μM NBD-H, 1 mM 4-nitrobenzaldehyde, 1/2/10 µM catalyst in phosphate buffer (pH 7.4) 

Yields were determined by monitoring the increase in absorbance at 528 nm and determined after 120 min. 

All data are the average of 3-5 independent experiments. Errors are calculated as standard deviations. 
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As a control, we investigated the catalysis of LmrR mutants still containing 

the pAzF amino acid, before they undergo the reduction to pAF. It was observed 

that the yields are significantly lower in the reactions catalyzed by 

LmrR_LM_X_pAzF compared to those achieved by LmrR_LM_X_pAF (Table 2, 

Figure 4) (X representing all pAF-containing mutants prepared in this study). The 

most significant difference was observed in the case of V15pAF mutant, while the 

lowest was observed in the case of M89pAF. The yields observed with the LmrR 

mutants containing pAzF are comparable, or lower, than the results obtained by 

LmrR_LM. These results confirm that the LmrR hydrophobic pocket itself is 

important, but that the amino group of pAF gives an additional contribution to 

catalysis.  

 
Figure 4. Formation of the hydrazone product over time in the absence of catalyst (blue line) and in 

the presence of LmrR_LM_V15pAzF (grey/orange line) and LmrR_LM_V15pAF (yellow/green 

line). The reaction was followed at 528 nm.  

 

To confirm the formation of an iminium ion during the catalytic cycle, we 

attempted to trap this reactive species by reduction with NaCNBH3. Toward this 

end, LmrR_LM and LmrR_LM_X_pAF were incubated with 4-nitrobenzaldehyde, 

treated with a reducing agent and subsequently dialyzed. In case a protonated 

Schiff base intermediate is formed, NaCNBH3 will reduce it to an amine, thus 

creating an irreversible covalent bond between the aldehyde and the protein 

(Scheme 1b). High-resolution mass spectrometry was performed on the resulting 

samples (Table 3). For LmrR_V15pAF, one dominant peak was found that 

corresponded to the single modified protein. The variants N19pAF, M89pAF and 

F93pAF featured prominent peaks for both the unmodified protein and the 

corresponding single modification product. Traces of double modified protein were 
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observed in all four samples, indicating that modification can happen 

unspecifically also at other positions. Indeed, the reaction with LmrR_LM showed 

mainly the mass of unmodified protein, accompanied by traces of the mass of the 

protein with a single modification. This confirms that modification could possibly 

happen on other amino acids in the scaffold. To investigate further where the 

observed modification happens, trypsin digestion and LC-MS/MS analysis were 

performed. This analysis was performed with LmrR_LM and LmrR_LM_V15pAF 

protein variants. The results were evaluated using PEAKS software
26

. It was 

observed that the LmrR_LM was modified at lysines in multiple positions. This 

trend was observed both in the case of LmrR_LM and LmrR_LM_V15pAF. 

However, in the case of LmrR_LM_V15pAF, the major modification was observed 

at positions 15 corresponding to the mass of the covalently attached nitrobenzyl 

moiety at the pAF. These results support the formation of an iminium ion 

intermediate.  

Table 3. Exact mass results of LmrR and its variants after the reduction with NaCNBH3.  

Protein Masscalculated 
Masscalculated 

with modification 

Massfound 

with modification 

LmrR_LM 14970.80 15105.85 
14970.62, 

15105.62 

LmrR_LM_V15pAF 15033.84 15168.89 
15168.65 

15303.71 

LmrR_LM_N19pAF 15018.87 15153.92 

15018.65 

15152.67 

15287.70 

LmrR_LM_M89pAF 15001.78 15136.83 

15001.65 

15136.67 

15271.64 

LmrR_LM_F93pAF 14985.79 15120.84 
14985.63 

15119.63 
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Figure 5. Hydrazone-forming reaction followed over time, catalyzed by the LmrR_LM_V15pAF 

(orange circle), modified LmrR_LM_V15pAF (green square), LmrR_LM (purple cross) and modified 

LmrR_LM_V15pAF (blue circle).  

 

A notable observation was made when following the hydrazone-forming 

reaction by UV-VIS spectroscopy. In all protein-catalyzed reactions, an initial lag-

phase up to 40 minutes (depending on the protein variant) was observed (Figure 

5). Efforts have been made to understand this lag-phase. It was observed that the 

length of the lag phase is dependent on the set-up of the experiment as well as on 

the concentration of the substrates. It was discovered, that when 10 µM 

concentration of protein was used, with the varying concentrations of the 

substrates, the reaction accelerated after approximately 10-20% of the yield of the 

product. When this amount of product was added to the reaction from the 

beginning, no lag-phase was observed. This can tentatively be explained by 

conformation changes in the protein upon the binding of the substrate. However, it 

is not clear why exactly this concentration, since it is not a 1:1 ratio to the 

concentration of the protein. More research is needed to better understand and 

explain this phenomenon. 

A kinetic study was performed with LmrR_LM_V15pAF.  The analysis had 

to be performed with lower concentration of the catalyst, so the data could be fitted 

with the Michaelis-Menten equation. For this, the reaction was tested with 1 or 2 

µM concentration of the protein (Table 2, entries 7,8). Since a significant catalytic 

effect was still present using 1 µM, this concentration was used for the kinetic 

measurements. The catalytic parameters were determined by monitoring the 

formation of the product over the time as a function of the various concentration of 

the substrate NBD-H (18-180 µM) at a fixed concentration of the 4-

nitrobenzaldehyde (1 mM). Saturation kinetics was observed, so the results were 
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fitted to the Michaelis-Menten equation resulting in an apparent kcat value of 0.184 

± 0.018 min
-1

 and KM of 0.136 ± 0.022 mM. (Figure 6). The catalytic efficiency 

(kcat/KM) was calculated to be 22.5 M
-1

s
-1

. 

The hydrazone-forming reaction is a multisubstrate reaction so performing 

the Michaelis-Menten analysis at a fixed concentration of one of the substrates 

gives us only the apparent kinetic values. More kinetic measurements have to be 

performed to obtain exact numbers and more detailed insight into the mechanism 

by varying the concentration of 4-nitrobenzaldehydes as well. 

 

Figure 6. Saturation kinetics profile of LmrR_LM_V15pAF. The red line represents the fit obtained 

using the Michaelis-Menten equation. 

5.3 CONCLUSIONS 

In conclusion, a novel type of artificial enzyme has been created, utilizing 

the unnatural amino acid p-aminophenylalanine as catalytic residue. The artificial 

enzymes were capable of catalyzing the formation of a hydrazone by reaction 

between a hydrazine and an aldehyde. The presented artificial enzymes can 

catalyze the reaction faster than traditional aniline-based catalysts, with 

significantly lower catalyst loading, i.e. as low as 1 µM concentration. Different 

positions in the scaffold of LmrR were explored for the incorporation of pAF and it 

was shown that position 15 gave rise to the highest yields. Interestingly, LmrR 

itself could catalyze the reaction, most like because of the hydrophobic pocket. In 

contrast, other proteins, BSA and bcPadR1, were not able to catalyze the reaction. 

The catalysis is therefore a combination of concentration of reagents in the 

hydrophobic pore of LmrR (effective molarity) and iminium ion formation 
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(nucleophilic catalysis). To the best of our knowledge, this represents a novel type 

of the catalysts for a reaction not known to nature and which has not been 

described to be catalyzed by an enzyme so far. Genetic optimization of 

LmrR_X_pAF via directed evolution techniques will be performed, making use of 

the fact that activity is easily screened by UV/VIS spectroscopy.  

5.4 EXPERIMENTAL SECTION  

5.4.1 General remarks 

E. coli strains NEB5α and BL21(DE3) (New England Biolabs) were used for 

cloning and expression. DNA sequencing and primer synthesis were carried out by Eurofins 

MWG Operon (Ebersberg, Germany). Restriction endonucleases were purchased from New 

England Biolabs. Plasmid Purification Kit was purchased from QIAGEN. Pfu Turbo 

polymerase was purchased from Agilent. Strep-tactin columns were purchased from Iba-

lifesciences. Chemicals were purchased from Sigma Aldrich and Acros and used without 

further purification. Unnatural amino acids pAzF and pAF were purchased as racemic 

mixtures from Bachem. Plasmid pEVOL-pAzF was purchased from Addgene (pEVOL-

pAzF was a gift from Peter Schultz, Addgene plasmid #31186).
27

 Concentrations of DNA 

and protein solutions were estimated based on the absorption at 260 nm or 280 nm on 

Thermo Scientific Nanodrop 2000 UV-Vis spectrophotometer. 

5.4.2 Molecular Biology 

Site-directed mutagenesis 

Site-directed mutagenesis was used to prepare the LmrR_LM_V15K mutant. The 

plasmid pET17b_LmrR_LM (LM refers to lysine mutants K55D, K59Q) was used as a 

starting DNA. The primers required for the mutagenesis are summarized in the Table 4. 

The following PCR cycles were used: initial denaturation at 95 ⁰C for 1 min, denaturation 

at 98 ⁰C for 30 s, annealing at 55 ⁰C for 30 s and extension at 72 ⁰C for 4 min 30 s. The 

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

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

transformed into the chemically competent E. Coli NEB5α cells. A single colony was 

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

confirmed by sequencing. 
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Table 4. PCR primers used for site-directed mutagenesis. 

Primer* Sequence 5’  3’ 

LmrR_LM_V15K_fw GCT CAA ACC AAT AAA ATC CTG CTG AAT 

LmrR_LM_V15K_rv ATT CAG CAG GAT TTT ATT GGT TTG AGC 
*In bold, mutation which was introduced by the particular primers set.  

5.4.3 Expression and purification 

The plasmids pEVOL-pAzF and pET17b_LmrR_LM_X were cotransformed into E. 

coli BL21(DE3) and a single colony was used to inoculate an overnight culture of 10 mL of 

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

37 °C. 2 mL (500x dilution) of overnight culture was used to inoculate at 37 °C 500 mL of 

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

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

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

Arabinose (final concentration 0.02%) and 100 mg/L of pAzF was added as solid. 

Expression was done overnight at 30 °C. Cells were harvested by centrifugation (6000 rpm, 

JA10, 20 min, 4 °C, Beckman), resuspended in washing buffer (50 mM NaH2PO4, 150 mM 

NaCl, pH 8.0) and sonicated (70% (200 W) for 7 min, 10 sec on, 15 sec off). The lysed 

cells were incubated with DNAseI (final concentration 0.1 mg/mL with 10 mM MgCl2) and 

PMSF solution (final concentration 0.1 mM) for 30 min at 4 °C. After centrifugation 

(15000 rpm, JA-17, 1h, 4 °C, Beckman), the supernatant was loaded on a Strep-Tactin 

column (Strep-Tactin®Superflow® high capacity) and incubated for 1 h at 4 °C. The 

column was washed with 3 x 1 CV (column volume) of resuspension buffer (same as wash 

buffer used before), and eluted with 6 x 0.5 CV of resuspension buffer containing 5 mM 

desthiobiotin. The fractions were analysed by SDS-PAGE electrophoresis on 12% 

polyacrylamide SDS-Tris-Tricine gel followed by Coomassie staining (InstantBlueTM, 

Expedeon). The most concentrated fractions were pooled, concentrated and the protein 

containing LmrR_LM_X_pAzF was reduced with a 10 mM solution of TCEP. The 

reduction was done for 2 hours at 4 °C and the solution was then dialyzed against 

phosphate buffer (50 mM NaH2PO4, 150mM NaCl, pH 7.4) overnight at 4 °C. The 

concentration of the proteins was determined by using the calculated extinction coefficient 

for LmrR corrected for the absorbance of the pAF (ε = 1333 M
-1

 cm
-1

). 

5.4.4 Characterization  

Analytical size-exclusion chromatography  

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

GL column (GE Healthcare). 100 μL of the sample was injected using 50 mM NaH2PO4, 

150 mM NaCl pH 7.4, as buffer (flow 0.5 mL/min). The column was calibrated using the 

standard Gel Filtration LMW Calibration Kit of GE Healthcare.  
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Exact mass measurement  

High resolution mass spectrometry (HR-MS) was used to determine the exact mass 

of the prepared proteins. It was performed using an LTQ Orbitrap XL mass spectrometer 

(Thermo Fisher Scientific) with electrospray ionization as a source of ions. The mass of 

proteins was calculated using the expasy peptide mass calculator 

(http://web.expasy.org/peptide_mass/). 

Sodium cyanoborohydride reduction 

LmrR_LM_X (10 µM concentration) was incubated with 1 mM 4-

nitrobenzaldehyde in a final volume of 500 µL in 50 mM NaH2PO4, 150 mM NaCl buffer 

(pH 7.4) for 2 h at 4 °C. Next, 100 µL of a 120 mM stock solution of NaCNBH3 in water 

was added. After incubation for 2 h at 4 °C, the solution was dialyzed against the same 

buffer with 2x buffer exchange. The proteins were tested for the activity using the assay 

described in 5.4.5. To determine the extent and specificity of the covalent labeling, the 

purified proteins underwent trypsin digestion and were analyzed by ESI-MS and LC-

MS/MS. This analysis was performed by Ing. M.P. de Vries at the Mass Spectrometry Core 

Facility, UMCG, Groningen.  

5.4.5 Catalysis  

The hydrazone forming reaction was monitored spectroscopically for two hours at 

495 nm (observed Absmax when reaction is catalyzed with aniline), 528 nm (observed 

Absmax when the reaction is catalyzed with 10 µM concentration of proteins) or 504 nm 

(observed Absmax when the reaction is catalyzed with 1 µM concentration of catalyst) using 

a Jasco V-660 spectrophotometer. Reactions were carried out in 480 μL solutions (buffer 

50 mM Na2HPO4, 150 mM NaCl, 5% DMF pH 7.4) in quartz cuvettes (path length 1 cm). 

The final concentration of the protein in the solution was 10 µM (concentration of the 

dimer), unless noted otherwise. To the 464 μL solution of buffer and protein, 8 μL of 1.08 

mM NBD Hydrazine 1 in DMF was added (final concentration 18 μM). The reaction was 

started by the addition 8 μL of a 60 mM solution of 4-nitrobenzaldehyde in DMF (final 

concentration 1 mM). The absorbance data was converted to concentration (in μM) of 

hydrazone 2 by dividing by the extinction coefficient of 2 (16319 L mol
−1

 cm
−1

 (A495, only 

buffer), 16545 L mol
−1

 cm
−1 

(A504, buffer, 1 µM protein), 15675 L mol
−1

 cm
−1 

(A528, buffer, 

10 µM protein), path length 1 cm) and the yield was determined by dividing the 

concentration at the given time point by 18 μM. All experiments were performed at least as 

triplicate independent measurements. The final product 2 was prepared as previously 

reported.
14
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5.4.6 Kinetics    

The catalytic parameters were determined for LmrR_LM_V15pAF. The reaction 

setup was the same as described above. 1 µM final concentration of V15pAF has been 

used. Series of concentrations of NBD-H substrate (1) have been studies from 18 to 180 

µM. The uncatalyzed reaction was initially followed for each measurement, enzyme was 

added at t = 30 min and the catalyzed reaction was followed for next 60 minutes. Initial 

rates (vo) were determined from the linear part of the curve, subtracted with the rate of the 

uncatalyzed reaction and divided by enzyme concentration. The values of vo/[E] were 

plotted against substrate concentrations and the kinetic parameters were obtained by fitting 

the data to the Michaelis-Menten equation (Equation 1) using Origin 8.5. All data are the 

average of 3-5 independent measurements.                         

                              
v0

[E]
=

𝑘cat[S]

𝐾𝑀+[S]
      

                                                                           (Equation 1) 
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