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a b s t r a c t 

The potential of artificial metalloenzymes has led to an increase in interest for the design of novel metal- 

binding sites in proteins. Metal-chelating unnatural amino acids offer an auspicious solution to engineer 

active metal sites in a defined way. Herein, we describe the introduction of four metal-chelating unnat- 

ural amino acids into HaloTag, an attractive scaffold for the assembly of functional artificial metalloen- 

zymes. HaloTag, engineered with 2-amino-3-(8-hydroxyquinolin-5-yl)propanoic acid (HQ-Ala-1) was used 

to assemble an artificial metalloenzyme for improved allylic deamination upon complementation with 

[( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ . 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Artificial Metalloenzymes (ArMs) are versatile tools in bioengi- 

eering. They can be obtained by introducing an abiotic tran- 

ition metal cofactor into a protein scaffold, thus leading to a 

erging of the reactivity of transition metals with the selec- 

ivity and specificity of enzymes [1–5] . Several scaffolds have 

een used to assemble ArMs. The most widely studied host pro- 

eins include: (strept)avidin [6–8] , LmrR [ 9 , 10 ], myoglobin [11–

7] , human carbonic anhydrase II [18] , cytochromes [19–24] , 

zurin [25] , prolyl oligopeptidase [26] , nitrobindin [ 27 , 28 ], hu-

an serum albumin [29] , designer scaffolds [30–34] etc. [1] . Re- 

ently, our group has used HaloTag as scaffold for the genera- 

ion of an artificial metalloenzyme that catalyzes olefin metathe- 

is [35] . HaloTag is a self-labeling protein that forms a cova- 

ent bond with linear haloalkanes to generate an ester. It is de- 

ived from a bacterial enzyme, Rhodococcus dehalogenase (DhaA) 

36] . 

While the selection of an appropriate scaffold has drawn much 

ttention, the plethora of available ArMs has also been expanded 

y the incorporation of unnatural amino acids (UAAs) [37] . The 

anonical DNA-encoded amino acids provide broad, yet limited 

unctionalities. To date, more than 200 structurally different UAAs 
Abbreviations: ArM, Artificial Metalloenzyme; UAA, Unnatural Amino Acid. 
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ave been incorporated into proteins in E. coli [38] , mammalian 

ells [39] and animals [40] . A few reported UAAs can chelate 

etal ions. Recent years have, therefore, witnessed the incor- 

oration of metal-chelating UAAs into protein hosts to geneti- 

ally incorporate metal binding sites [30,41–55] . In this work, 

e set out to capitalize on the HaloTag (version 7) for the as- 

embly of an artificial deallylase resulting from the incorporation 

f a metal-chelating UAA and subsequent incubation with [( η5 - 

 5 H 5 )Ru(MeCN) 3 ] 
+ to afford a hybrid catalyst for the deallylation 

f carbamates ( Fig. 1 ) [56–59] . Such a system offers several at- 

ractive features including: i) the metal binding site can be intro- 

uced (nearly) anywhere within the protein, ii) the metal bind- 

ng site is genetically encoded, thus simplifying the assembly of 

n ArM with a well-localized and defined metal site, and iii) it 

s possible to create enzymes bearing more than one active site 

60] . 

. Materials and methods 

.1. Reagents and chemicals 

For the synthesis of 2-amino-3-(8-hydroxyquinolin-5- 

l)propanoic acid and 2-amino-3-[4–hydroxy -3-(1H- pyrazol -1- 

l ) phenyl ]propanoic acid and for information on commercially 

vailable reagents and chemicals please refer to the supplemen- 

ary information. 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. An artificial deallylase based on the incorporation of a Lewis-basic unnatural amino acid in HaloTag. a) Metal-chelating UAAs are incorporated into HaloTag by amber 

stop codon suppression to assemble an artificial deallylase after incubation with [( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ ; b) deallylation reaction performed with the ArMs where an O-allyl 

carbamate-protected coumarin 1 is deprotected to afford the fluorescent product 7-aminocoumarin 2 ; c) cartoon representation of a crystal structure of HaloTag (PDB: 5Y2Y 

[61] ) highlighting the three residues selected for UAA incorporation (red); d) structures of the four metal-chelating UAAs used in this project. 
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.2. Cloning and expression 

To genetically incorporate the UAAs into HaloTag the wildtype 

aloTag gene (C-terminally tagged with a factor Xa enzymatic 

leavage site followed by a His 6 -tag) was modified by site-directed 

utagenesis to obtain gene variants with the amber stop codon 

AG replacing the codons encoding positions F144, A145 and M175. 

 pEVOL (Cam 

R ) plasmid containing the tRNA and tRNA synthetase 

enes for incorporation of HQ-Ala1 was kindly provided by the 

iangyun Wang group at the Chinese Academy of Sciences (pEVOL- 

RNA-UAAtRNAsyn) [51] . The tRNA synthetase sequence was modi- 

ed by Gibson assembly for the incorporation of HQ-Ala2, Bpy-Ala- 

nd PyTyr. The plasmids containing the modified HaloTag genes 

ere transformed into the competent BL21 (DE3) cells carrying 

he respective pEVOL-tRNA-UAAtRNAsyn. Expression tests in small 

ulture tubes were carried out in LB media supplemented with 

anamycin and chloramphenicol. A preculture was used to inoc- 

late 5 mL cultures which were subsequently incubated at 37 °C 

or 30 min prior to the addition of the UAA (2 mM for HQ-Ala1,

 mM for HQ-Ala-2, 1 mM for BpyAla and 0.5 mM for PyTyr). The 

ultures were incubated further at 37 °C and expression was in- 

uced at an OD 600 of 0.5 by the addition of 1 mM IPTG and 0.2%

rabinose. 

Medium scale expressions were carried out by inoculating 

50 mL autoinduction media containing the respective UAA in a 

affled shake flask and incubating the culture for 24 h at 37 °C 

Table S3). Please refer to the supplementary information for more 

etailed information on the described procedures. 

.3. Protein purification and analysis 

After pelleting and a freeze-thaw cycle, B-PER cell lysis reagent 

as added to the cell pellets and incubated for 2 h at room 

emperature. The cell lysates were cleared by centrifugation 

14,0 0 0 rpm, 30 min). Ni-NTA resin was equilibrated in Ni- 

TA equilibration/binding/wash buffer (20 mM imidazole, 50 mM 

ris, 300 mM NaCl, pH 7.4) and subsequently added into PD-10 

olumns (TELOS) for gravity flow protein purification. The lysates 
2 
ere mixed with 2x Ni-NTA equilibration/binding/wash buffer 

nd loaded onto the column. The unspecifically-bound protein 

as washed off using ten column volumes of Ni-NTA equilibra- 

ion/binding/wash buffer. The protein was eluted using Ni-NTA elu- 

ion buffer (250 mM imidazole, 20 mM Tris, 300 mM NaCl, pH 

.4) and dialyzed into Tris buffer (20 mM Tris, pH 7.4). The so- 

ution was concentrated with centrifugal concentrators (Sartorius, 

0 K MWCO) to a concentration of 2 mg/mL and flash frozen in 

iquid nitrogen for storage at – 80 °C. Small-scale purification were 

urified by a pull-down assay in Eppendorf tubes using the same 

ysis procedure, resin and buffers. Protein expression was verified 

y SDS-PAGE with purified protein sample (30 μL) mixed with the 

ample loading dye (6 μL, 160 mM Tris, 0.04% bromophenol blue, 

0% glycerol, 4% SDS). For mass spectrometry analyses, solutions of 

.1 mg/mL protein were prepared in water containing 0.1% formic 

cid. 

.4. Catalysis 

After His 6 -tag removal, catalysis was performed in 96-well 

lates using purified protein (5 μM), [( η5 -C 5 H 5 )Ru(MeCN) 3 ]PF 6 
5 μM), substrate 1 (1 mM) and GSH (10 mM) in phosphate buffer 

H 7 (100 mM, 57.7 mL of 1 M Na 2 HPO 4 , 42.3 mL 1 M NaH 2 PO 4 

n water in a total volume of 1 L). Subsequently, GSH and the sub- 

trate were added to a total reaction volume of 100 μL. Fluores- 

ence measurements were carried out for 6 h with measurements 

very 15 min ( λexcitation = 395 nm and λemission = 460 nm). 

.5. ICP-MS 

For ICP-MS measurements, HaloTag-WT and HaloTag-M175-HQ- 

la1 without His 6 -t ag, BSA, HSA and lysozyme (all 10 μM) were 

ncubated with [( η5 -C 5 H 5 )Ru(MeCN) 3 ]PF 6 (50 μM) for 45 min. 

ubsequently, the buffer was exchanged on centrifugal concen- 

rators by five cycles of dilution-concentration with Tris buffer 

25 mM). Final protein concentration was adjusted to 1 μM. For 

he measurements, protein solution (20 μL) was added to ICP-MS 

uffer (1980 μL, 1% isopropanol, 0.25% ammonia, 20 mg Rhodium 
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Fig. 2. Incorporation of metal-chelating UAAs into HaloTag at position F144, A145 and M175. Incorporation of a) PyTyr; b) HQ-Ala2; c) HQ-Ala1 and d) BpyAla into HaloTag 

with ( + ) or without (-) the addition of the respective UAA. 
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Table 1 

Mass spectrometry data for the purified HaloTag variants. 

HaloTag Variant Expected Mass (Da) Measured Mass (Da) 

HaloTag-F144-HQ-Ala1 34,367 34,367 

HaloTag-A145-HQ-Ala1 34,443 34,443 

HaloTag-M175-HQ-Ala1 34,384 34,383 

HaloTag-F144-HQ-Ala2 34,367 34,367 

HaloTag-M175-HQ-Ala2 34,384 34,383 

HaloTag-M175-BpyAla 34,394 34,394 
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0 mg Rhenium in 500 mL water). As a calibration, a ruthenium 

tandard solution (1 μM) was prepared. 

. Results 

To explore UAA-templated catalysis in HaloTag, four metal- 

helating UAAs were selected for the incorporation into HaloTag: 

Q-Ala1, HQ-Ala2, PyTyr and BpyAla ( Fig. 1 d). Within HaloTag, 

hree positions that lie in proximity of the binding-cleft of HaloTag 

ere evaluated for the incorporation of the four UAAs: F144, A145 

nd M175 ( Fig. 1 c). For the incorporation of UAAs by amber stop

odon suppression, the codons for the selected residues were re- 

laced by a UAG stop codon by site-directed mutagenesis. For each 

f the four UAAs, small-scale expression tests were carried out to 

etermine the robustness of incorporation ( Fig. 2 ). In each expres- 

ion test, the protein production was assessed with and without 

he addition of the respective UAA. Full-length HaloTag was puri- 

ed by affinity chromatography in the presence of all four UAAs 

ith low background in the absence of the UAA ( Fig. 2 ). These re-

ults reveal that each of these UAAs can be readily incorporated at 

ny of these three sites. 

To further characterize the incorporation of selected mutants, 

ve variants were expressed in 200 mL cultures and purified with 

i-NTA columns with yields up to 12 mg from a 200 mL cul- 

ure. Following purification by affinity chromatography, the sam- 

les were subjected to mass spectrometry (MS) analysis, thus con- 

rming the incorporation of the UAAs into these mutants ( Table 1 ). 

mportantly, the MS spectra also confirmed that background ex- 

ression in the absence of UAA does not lead to the incorporation 

f alternative amino acids in the presence of the UAA, since the 

pectra reveal exclusively the UAA-containing protein (Figure S1). 

Next, HaloTag with an engineered HQ-Ala1 at either F144, A145 

r M175 were selected for medium scale protein expression and 

urification. The resulting samples were evaluated as host for 
3 
atalysis. As the in vivo CpRu-catalyzed deallylation is markedly 

ore efficient in the presence of hydroxyquinoline-based biden- 

ate ligands [57] , we selected HQ-Ala1 –which is significantly 

asier to synthesize than HQ-Ala2– as UAA to assemble an ar- 

ificial deallylase based on the Halotag host protein [58] . Posi- 

ions F144, A145 and M175 of HaloTag were selected for the in- 

roduction of HQ-Ala1 as they lie in the proximity of the hy- 

rophobic HaloTag binding cleft [61] . To assess the catalytic per- 

ormance, an O-allyl carbamate-protected coumarin 1 was depro- 

ected by the ArMs bearing the Lewis-basic UAA following the ad- 

ition of [( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ . The deallylation reaction con- 

erts the non-fluorescent substrate 1 to the fluorescent product 7- 

minocoumarin 2 which can conveniently be monitored by fluo- 

escence spectroscopy. 

For the catalytic reactions, the HaloTag variants with a fac- 

or Xa recognition site between HaloTag and the His 6 -tag were 

xpressed and purified using an Ni-NTA resin. Following affin- 

ty purification, the His 6 -tag was removed by enzymatic cleavage 

ith factor Xa. Complete His 6 -tag removal was verified by MS for 

aloTag-F144-HQ-Ala1 (Figure S2). Catalysis was carried out upon 

ixing the protein (5 μM), [( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ (5 μM), glu- 

athione (GSH, 10 mM) and substrate 1 in phosphate buffer at pH 

.0. The progress of the reaction was monitored in a Tecan plate 
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Fig. 3. Deallylation with UAA-HaloTag. a) HaloTag (PDB: 6U32 [62] ) with labelled positions F144, A145 and M175 where the HQ-Ala1 was incorporated; b) fluorescence 

monitoring of the 7-aminocoumarin 2 formation ( λexcitation = 395 nm and λemission = 460 nm) for HaloTag-WT, HaloTag-F144-HQ-Ala1, HaloTag-A145-HQ-Ala1 and HaloTag- 

M175-HQ-Ala1. 

Table 2 

Ruthenium concentrations determined by ICP-MS for different proteins. 

Protein [a] Ru ( μM) Protein ( μM) Molar Ratio of Ru to Protein 

HaloTag-WT 0.742 ± 0.026 1.0 0.742 ± 0.026 

HaloTag-M175-HQ-Ala1 0.926 ± 0.031 1.0 0.926 ± 0.031 

BSA 0.903 ± 0.028 1.0 0.903 ± 0.028 

HSA 0.856 ± 0.025 1.0 0.856 ± 0.025 

Lysozyme 0.503 ± 0.027 1.0 0.503 ± 0.027 

[a] Protein (10 μM) were incubated with 50 μM [( η5 -C 5 H 5 )Ru(MeCN) 3 ]PF6 for 45 min. Buffer 

was exchanged by repeated cycles of dilution-concentration with 25 mM Tris buffer and the 

final protein concentration was adjusted to 1 μM and these samples were analyzed by ICP-MS. 
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eader with an excitation at 360 nm and an emission at 470 nm, 

iagnostic for the formation of the uncaged 7-aminocoumarin 

 . 

All three UAA-containing HaloTag variants outperform HaloTag- 

T with up to 9 turnovers for HaloTag-M175-HQ-Ala1 ( Fig. 3 ). 

o determine if the UAA indeed binds the CpRu-moiety in 

he HaloTag variants, the ruthenium content was determined 

or the best performing ArM as well as the HaloTag-WT 

i.e. [( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ •HaloTag-M175HQ-Ala1 and [( η5 - 

 5 H 5 )Ru(MeCN) 3 ] 
+ •HaloTag-WT) by ICP-MS. For this purpose, 

( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ was incubated with HaloTag (10 μM) for 

5 min; the buffer was exchanged on a spin concentrator column 

y five cycles of dilution-concentration with Tris buffer (25 mM). 

s anticipated, HaloTag-M175-HQ-Ala1 contained more ruthenium 

han HaloTag-WT. The same procedure was applied to samples of 

uman serum albumin (HSA), bovine serum albumin (BSA) and 

ysozyme. Ruthenium bound to HaloTag-WT likely corresponds 

o unspecific binding as the concentrations are similar to those 

btained with HSA, BSA and lysozyme ( Table 2 ). Previous studies 

evealed that Lewis-basic residues including histidine [63–67] and 

spartate [68] bind ruthenium ions. Accordingly, we hypothesize 

hat these residues bind to ruthenium ions thus accounting for the 

Ru] accumulation and the background catalysis in the presence 

aloTag-WT. For comparison, HaloTag-WT contains six surface 

istidines, seventeen surface aspartates and 20 surface glutamates 

ompared to lysozyme (9 Asp, 8 Glu, 1 His-on surface), HSA (26 

sp, 49 Glu, 9 His-on surface) and BSA (37 Asp, 49 Glu, 11 His-on

urface). Unfortunately, attempts to monitor the site-specific co- 

rdination of {CpRu} 2 + to the hydroxyquinoline moiety by either 

V–Vis or CD-spectroscopy did not reveal any specific spectro- 

copic signature, that would have enabled the determination 

f the metal-binding affinity to the HQ-Ala1 (versus the other 
4 
ccessible Lewis-basic residues of either HaloTag-M175-HQ-Ala1 or 

aloTag-WT). 

. Conclusion 

HaloTag is a promising new scaffold for the assembly of ArMs. 

iang et al. recently reported its use as host protein for the as- 

embly of an ArM for olefin metathesis [35] . Herein, we report on 

he introduction of four metal-chelating UAAs into HaloTag. Each 

f these UAAs could be incorporated at the three selected HaloTag 

mino acid positions, in the immediate proximity of the hydropho- 

ic cleft. Upon addition of [( η5 -C 5 H 5 )Ru(MeCN) 3 ] 
+ to three vari- 

nts containing HQ-Ala1, the resulting ArM performed slightly bet- 

er than HaloTag-WT for the uncaging of alloc-protected coumarin 

 , to afford the corresponding fluorescent coumarin derivative 2 

 Fig. 3 ). This result highlights the potential for engineering defined 

ransition metal-containing active sites into HaloTag equipped with 

AAs. Further studies are currently underway to improve the cat- 

lytic performance by directed evolution and cofactor design. To 

ecure the position of the metal cofactor, we envisage adding a 

aloalkane on the Cp moiety leading to a covalent anchor of the 

ofactor to the reactive Asp 106 residue of HaloTag. In the cur- 

ent study, only HQ-Ala1 was investigated in catalysis while the 

ther four UAAs were selected to probe their incorporation poten- 

ial. Further studies are under way to investigate catalysis with the 

ther UAAs. The presented ArM does not yet reach the turnover 

evels of WT-streptavidin which has been employed as an artifi- 

ial deallylase yielding up to > 60 TON [ 69 , 70 ]. However, to the

est of our knowledge, streptavidin has not been used to cre- 

te an ArM containing UAAs. We have shown that different UAAs 

an be readily incorporated into HaloTag. In combination with di- 

ected evolution, a UAA-containing HaloTag therefore has the po- 
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