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Chapter 5

Multidrug resistance regulators (MDRs) as
scaffolds for the design of artificial metalloenzymes
In this chapter we introduce Multidrug Resistance Regulators (MDRs) from
the TetR family as a new class of protein scaffolds for artificial
metalloenzyme design. Supramolecular anchoring of a Cu2+ phenanthroline
complex and in vivo incorporation of the metal binding amino acid
(2,2-bipyridin-5yl)alanine (BpyA) by stop codon suppression methods were
used to create artificial metalloenzymes from three members of the TetR
family of MDRs: QacR, CgmR and RamR. The metalloproteins were tested
in enantioselective vinylogous Friedel–Crafts alkylation and Friedel–Crafts
conjugate addition/enantioselective protonation reactions.

Parts of this chapter have been published:
M. Bersellini and G. Roelfes, Org. Biomol. Chem., 2017, 15, 3069–3073.

Chapter 5

5.1 Introduction
5.1.1 Metalloenzymes – selection of biomolecular scaffolds
Artificial metalloenzymes have emerged as a powerful approach to expand the
repertoire of chemical reactions performed by enzymes.1–4 The design comprises a
transition metal catalyst embedded into a protein scaffold that provides interactions
in a chiral second coordination sphere to achieve enzyme-like selectivities and
activities. Hence, the choice of the protein scaffold is a key aspect of the design of
artificial metalloenzymes. For the selection of an appropriate biomolecular scaffold
structural information is desirable. Moreover, a large and accessible binding pocket
of sufficient size is generally required to accommodate the transition metal catalyst
and the substrates of the reaction. To date, a variety of artificial metalloenzymes
with new-to-nature activities have been developed based on different biomolecular
scaffolds, most of which rely on pre-existing binding pockets in the protein
structure.5 The use of an existing binding pocket is attractive for designing artificial
metalloenzymes as an initial second coordination sphere is already present, which
facilitates engineering efforts to optimize the performance of the metalloenzyme.
Several successful examples have been presented in literature involving a variety
of biomolecular scaffolds such as avidin and streptavidin,6–11 albumins,12–16
carbonic anhydrase,17–23 heme binding proteins such as P45024,25 and
myoglobin,26–29 lipases30–33 and papain.34–37 The internal cavities of large spherical
scaffolds as ferritin,38,39 prolylpeptidase40 and MjHSP,41 have also been harnessed
for the incorporation of abiotic metal complexes, as well as deep cavities formed
by β-barrels.42–45
The incorporation of the artificial cofactor can be obtained either by covalent
anchoring of the metal complex to the protein scaffold, by dative anchoring or by
supramolecular interactions. The supramolecular anchoring can further be divided
into two categories; the transition metal complex is either recruited directly to a
specific binding pocket in the protein structure, as in the case of heme binding
proteins, or it is functionalized with a recognition moiety that shows high affinity
toward a specific binding pocket in the protein, as exploited for (strept)avidin or
carbonic anhydrase.
5.1.2 Multidrug Resistance Regulators (MDRs)
Our previous work on LmrR (Lactococcal multidrug resistance Regulator), a
protein belonging to the PadR family of multidrug resistance regulators
(MDRs),46,47 suggested that MDRs could be promising biomolecular scaffolds for
the design of artificial metalloenzymes. MDRs are regulatory proteins that enable
drug resistance mechanisms in bacteria where they regulate the expression of
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multidrug (MD) efflux pumps. MDRs are typically homodimeric proteins and
respond to the presence of structurally diverse small molecules that are substrates
for the efflux pump of interest, such as antibiotics, polyaromatic compounds,
lipophilic cations or disinfectants.48 A common feature of MDRs that makes them
attractive for the design of artificial metalloenzymes is the presence of a
promiscuous, mostly hydrophobic, binding pocket used for multidrug recognition.
As described in Chapter 4, this feature has been successfully exploited for
LmrR-based artificial metalloenzymes and a variety of anchoring approaches for
ligands or metal complexes could be pursued to create hybrid catalysts for several
enantioselective transformations.49–52 Expanding artificial metalloenzyme design to
other MDRs would allow building an ensemble of hybrid catalysts with different
features that are readily accessible and can be evaluated for a specific reaction
using similar experimental protocols.
Among the different approaches used for incorporation of active transition
metal complexes into the LmrR scaffold, the supramolecular anchoring and the in
vivo incorporation of unnatural metal binding amino acids are of particular interest
as they can be easily transferred to other proteins belonging to other MDR families.
Anchoring of a transition metal catalyst to LmrR by the supramolecular
approach is based on the binding of Cu2+ complexes of planar aromatic ligands
inside the hydrophobic pocket between the two tryptophan residues at positions 96
and 96’.52 As all proteins belonging to the MDR family present hydrophobic
pockets typically rich in aromatic residues to promote the binding of aromatic
drugs, it is conceivable that this strategy could be applied to a wide variety of
proteins belonging to this family.
The in vivo incorporation of unnatural metal binding amino acids makes use of
the amber stop codon suppression methodology (also known as expanded genetic
code method) introduced by the Schultz group.53 It offers several advantages
compared to classical anchoring strategies, including excellent control over the
positioning of the ligand and the fact that no post-translational modification or
additional purification of the artificial metalloenzyme is required.54,55 This strategy
has been successfully applied to LmrR to catalyze enantioselective vinylogous
Friedel–Crafts alkylation of indoles51 and enantioselective conjugate addition of
water to enones (unpublished results). Similar to the supramolecular anchoring,
this strategy should be easily transferrable to other protein scaffolds.
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5.2 Aim
This chapter aims to expand the scope of biomolecular scaffolds that can be used
for the design of artificial metalloenzymes to different multidrug resistance
regulators. Three proteins belonging to the TetR family of MDRs were selected for
this study: QacR,56–59 CgmR60,61 and RamR62 (Figure 2). Given our experience
with LmrR-based artificial metalloenzymes we explored the use of these three
MDRs for two Cu2+-catalyzed enantioselective reactions, namely the vinylogous
Friedel–Crafts alkylation of indoles and the tandem Friedel–Crafts conjugate
addition/enantioselective protonation (Figure 1). We evaluated two different
anchoring strategies for incorporation of the active transition metal complex: the
supramolecular approach and the genetic incorporation of unnatural metal binding
amino acids.

Figure 1: Reaction scheme of vinylogous Friedel–Crafts alkylation and tandem Friedel–Crafts
conjugate addition/enantioselective protonation of 2-methyl-1H-indole (2) with 1-(1-methyl-1H
imidazol-2-yl)but-2-en-1-one (1) and 2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (4), respectively.

5.3 Results and discussion
The TetR family represents a large class of MDRs that can bind a wide variety of
different small molecules. Crystal structures in complex with a number of
hydrophobic ligands, such as ethidium bromide, are available for several members
of this family including QacR, CgmR and RamR (Figure 2). These proteins are
homodimers with a size of around 20 kDa per subunit. They share a common
quaternary structure consisting of nine helices; the first three helices contain the
DNA-binding domain and the last six comprise of the dimerization interface and
the multidrug binding pocket. The hydrophobic pockets of TetR proteins are rich in
aromatic residues. Different from proteins belonging to the PadR family (like
LmrR), TetR proteins present two drug binding pockets per protein dimer, as the
hydrophobic cavity is predominantly formed between the helices of one monomer,
with only a few interactions from amino acids belonging to the second
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subunit.58,60,62 The volume of these pockets is around 1000 Å3 and binding
stoichiometries of the drugs with these proteins are variable: QacR only binds one
drug molecule per protein dimer, while CgmR and RamR have been crystallized
either with one or two drug molecules per dimer.57,61,62 The promiscuity of QacR,
which is one of the most studied members of the TetR family, is thought to be
related to the fact that its binding pocket consists of multiple distinct overlapping
“minipockets” that can host differently shaped ligands.63 This mode-of-action is
different from LmrR, which can bind structurally unrelated compounds by using
the same binding pocket and adapting its overall conformation.
a)

b)

5
Figure 2: Helix representations of: a) LmrR in complex with daunomycin (PDB 3F8F47) b) from
left to right QacR, CgmR and RamR in complex with ethidium bromide (PDB 1JTY57, 2ZOZ61
and 3VVY,62 respectively)

5.3.1 Supramolecular approach
Supramolecular anchoring of transition metal complexes to the hydrophobic
cavities of the protein scaffolds was investigated as the first strategy for the
creation of artificial metalloenzymes based on QacR, CgmR and RamR. This
approach was already applied for creating hybrid catalysts based on LmrR, in
which the wild type protein recruits an active Cu2+ phenanthroline complex, for
example [Cu(phen)NO3)2], to its hydrophobic pocket. The corresponding
metalloenzymes were applied to catalyze the enantioselective Friedel–Crafts
alkylation of α,β-unsaturated imidazoles to indoles obtaining good conversions and
excellent enantioselectivities of >90%.52 The same metalloenzymes were also
tested in the tandem Friedel–Crafts conjugate addition/enantioselective protonation
of indoles to α-substituted enones to obtain good yields and moderate
enantioselectivities (unpublished results). Active site mutagenesis studies on LmrR
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and bcPadR1 - another member of the PadR family of transcriptional regulators proved that these two similar, but mechanistically distinct reactions occur in
different positions within the protein scaffold. While the Friedel–Crafts alkylation
appears to be catalyzed inside the hydrophobic pocket, the tandem Friedel–Crafts
alkylation/enantioselective protonation seems to take place on the protein surface,
in proximity to the hydrophobic pocket, but not necessarily inside.
Inspired by these results, we envisioned that similar Cu2+ complexes could also
be recruited to the drug binding pockets of QacR, CgmR and RamR. The
hydrophobic and aromatic amino acid side chains that line their pockets could
provide the necessary interactions to host the metal complex. As a result, hybrid
catalysts created by this supramolecular anchoring strategy could catalyze the same
enantioselective reactions as those performed by LmrR.
Toward this end, plasmids encoding for QacR, CgmR and RamR containing a
C-terminal Strep-tag were ordered from a commercial source as codon optimized
genes for expression in E. coli. A double mutant of QacR was prepared by standard
site-directed mutagenesis techniques with the mutations C72A and C141S (here
simply referred to as wt-QacR) to prevent disulfide bond formation and
precipitation of the protein. This mutant is reported to show enhanced in vitro
stability compared to the original protein, while retaining the wild type drug- and
DNA-binding abilities.64 The plasmids were transformed into E. coli BL21 DE3
(C43) cells and large scale expression was performed in LB media. The target
proteins were obtained in good yield, between 25 and 30 mg/L, and purity after
affinity chromatography (Strep-Tactin Sepharose column), as judged by
Tricine-SDS-PAGE and UPLC-MS (Table 6). As wt-QacR eluted from the
Strep-Tactin column with high amount of residual bound DNA, the protein was
further subjected to ion exchange chromatography (Heparin column). All wild type
proteins eluted as single peaks in the analytical size exclusion chromatography
consistent with the molecular weight of the corresponding dimers.
The presence of more than one tryptophan in each binding pocket of QacR,
CgmR and RamR prevented a detailed study of the binding of [Cu(phen)(NO3)2] to
the protein scaffolds, for example by fluorescence spectroscopy. Instead, it was
envisioned that the catalytic activities of the conjugates in our model reactions
would report on successful formation of these hybrid catalysts. Therefore, the
potential of these proteins as artificial metalloenzymes was evaluated in the
Cu2+-catalyzed enantioselective vinylogous Friedel–Crafts alkylation of
2-methyl-1H-indole (2) with 1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one
(1)52,65-67 and in the Friedel–Crafts conjugate addition/enantioselective protonation
of 2-methyl-1H-indole (2) with 2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (4)68–70
(Figure1).
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The artificial metalloenzymes were prepared in situ by self-assembly of
[Cu(phen)(NO3)2] (90 μM) with a slight excess (1.3 equivalents) of each protein
(120 μM in dimer) in 20 mM MOPS pH 7.0, 500 mM NaCl. The mixtures were
incubated at 4 °C for 30 minutes and the catalytic reactions were initiated by
addition of substrates 1 and 2 or 1 and 4 at a final concentration of 1 mM each. The
reactions were incubated under continuous inversion at 4 °C for 72 hours, after
which the products were extracted and analyzed by chiral HPLC. Substrate 4 was
prepared from the corresponding alcohol (2-methyl-1-(thiazol-2-yl)prop-2-en-1-ol
5) by oxidation with MnO2 immediately prior to catalysis to avoid dimerization via
a hetero Diels-Alder reaction.70
As previously reported, the reaction between 1 and 2 is catalyzed by both
Cu(NO3)2 and [Cu(phen)(NO3)2] in absence of any protein and gives rise to a
racemic mixture of the products in 72% and 42% yield, respectively (Table 1,
entries 2 and 3).51,52 In contrast to the results obtained for LmrR, addition of
Cu(NO3)2 to wild type QacR, CgmR and RamR resulted in the formation of
products with low to moderate enantiomeric excess (Table 1, entries 4, 6 and 8).
These results suggest that Cu2+ ions can bind to amino acid side chains in these
protein scaffolds and that these interactions give rise to enantioselective catalysts.
The nature of this interaction, however, could not be discerned by UV-visible
spectroscopy.
Table 1. Results of Cu2+-catalyzed vinylogous Friedel–Crafts alkylation and tandem Friedel–
Crafts conjugate addition/enantioselective protonation
Friedel– Crafts/
Friedel– Crafts
enantioselective
alkylation
protonation
Entry
Catalyst
Yield (%)a
ee (%)b
Yield (%)a
ee (%)c
4±2
n.d.
12±2
<5
1
uncatalyzed
2
Cu2+
72±12
<5
<5
n.d.
3
[Cu(phen)(NO3)]2
42±10
<5
<5
n.d.
4
RamR_Cu2+
68±3
14±0 (-)
25±5
53±4
5
RamR_[Cu(phen)(NO3)]2
16±6
13±1 (-)
10±2
9±2
6
CgmR_Cu2+
>95
17±2 (-)
19±4
<5
7
CgmR_[Cu(phen)(NO3)]2
17±10
5±3 (-)
16±1
-10±2
8
QacR_Cu2+
83±22
42±2 (-)
33±12
-37±14
9
QacR_[Cu(phen)(NO3)]2
23±12
15±3 (-)
11±3
7±1
Typical conditions: 9 mol% Cu(NO3)2 or [Cu(phen)(NO3)2] (90 μM) loading with 1.3 eq. of protein (120
μM, dimer), 1 mM of substrate 1 or 4 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, at 4 °C for 72 h.
All the results listed correspond to the average of two independent experiments, each carried out in
duplicate. Errors listed are standard deviations. aYields were determined by HPLC and using 2phenylquinoline as an internal standard. bSign of rotation was assigned based on the elution order in
chiral HPLC by comparison to previous reports.65,67 cSign indicates the order of elution of the
enantiomers in chiral HPLC.
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When compared to the activities in presence of Cu2+ ions, the addition of the
[Cu(phen)(NO3)2] complex to all three protein scaffolds resulted in marked
decrease of catalytic activities (Table 1, entries 5, 7 and 9).
These observations suggest that the Cu2+ phenanthroline complex does bind to
the protein scaffolds, but the interaction does not lead to acceleration of the
reaction as observed for LmrR. Although the observed enantioselectivities in the
reactions are low, they are indicative that [Cu(phen)(NO3)2] is recruited, as
envisioned, to the hydrophobic pockets of the proteins, yet the substrates might be
unable to interact with the metal complex. It is conceivable that the size of the
binding pockets and/or the small openings toward the hydrophobic pores could
hinder the entrance of the substrate, resulting in the low activities observed.
For the Friedel–Crafts conjugate addition/enantioselective protonation of 4 with
2, low to moderate yields were obtained in presence of each protein scaffold with
Cu(NO3)2 (Table 1, entries 4, 6 and 8) and [Cu(phen)(NO3)2] (Table 1, entries 5, 7
and 9). Given that neither Cu(NO3)2 nor [Cu(phen)(NO3)2] yielded appreciable
levels of conversion in absence of any protein (Table 1, entries 2 and 3), the
activity in presence of all the three MDRs suggests that favorable interactions
occur between Cu2+ and the protein scaffolds that accelerate the reaction. The
presence of RamR and QacR also resulted in moderate enantioselectivities while
addition of CgmR led to the formation of the racemic mixture of products (Table 1,
entries 4, 6 and 8). Reactions performed with [Cu(phen)(NO3)2] resulted in reduced
activities for all three MDRs when compared to results obtained with Cu(NO3)2
and also yielded a significant decrease in enantioselectivities for RamR and QacR
(Table 1, entries 5, 7 and 8). Even though it is known from studies on LmrR- and
bcPadR1-based metalloenzymes that this reaction does not necessarily need to
occur inside the hydrophobic pocket, these results indicate that the Cu2+
phenanthroline complex, when recruited to the hydrophobic pockets of proteins
belonging to the the TetR family, does not give rise to an efficient catalyst for the
tandem Friedel–Crafts conjugate addition/enantioselective protonation of the
substrates.
5.3.2 Unnatural amino acid incorporation
To circumvent the crowding of the active site observed in the supramolecular
anchoring approach, it was envisioned that installing a ligand into the binding
pockets of all three proteins by genetic incorporation of an unnatural metal binding
amino acid could be a promising strategy. In this scenario, the bulky metal
complex inside the pocket will be replaced by the unnatural amino acid side chain,
located close to the protein backbone, thereby leaving enough space for the
substrates to enter the pore and interact with the Cu2+ complex.
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Based on the X-ray crystal structures of the three MDRs, four positions inside
the hydrophobic pore of each protein were selected for the introduction of the
unnatural metal binding amino acid (2,2-bipyridin-5yl)alanine (BpyA).51,54,55,71–74
For QacR, positions W61, Q96, Y103 and Y123 were chosen, for CgmR positions
W63, L100, W113 and F147 and for RamR positions Y59, W89, Y92 and F155
(Figure 3). The synthesis of the metal binding amino acid BpyA was performed as
described in Chapter 3.75,76
Protein mutants containing the amber stop codon in the selected positions were
prepared from the plasmids encoding for the wild type proteins by standard
site-directed mutagenesis (Table 4). These plasmids were co-transformed with
pEVOL-BpyA, the plasmid containing the required orthogonal aminoacyl tRNA
synthetase (aaRS) and tRNA gene for incorporation of the unnatural amino acid,
into E. coli BL21 DE3 (C43) cells. Large scale expression was performed in LB
media in presence of 0.5 mM BpyA.
a)

b)

5
c)

Figure 3 Surface representations of RamR, CgmR and QacR in complex with ethidium bromide.
Positions for the introduction of BpyA are highlighted: a) RamR (PDB 3VVY). Y59 (pink), W89
(purple), Y92 (light blue), F155 (green). b) CgmR (PDB 2ZOZ). W63 (light blue), L100 (pink),
W113 (purple), F147 (green). c) QacR (PDB 3PM1). Y103 (light blue), Q96 (green), Y123
(purple), W61 (red).
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With the exception of two CgmR mutants (W63BpyA and W113BpyA) and
one RamR variant (W89BpyA), which did not show any appreciable expression,
all target proteins were obtained in good yield (15-20 mg/L) and purity after
affinity chromatography (Strep-Tactin Sepharose column), as judged by
Tricine-SDS-PAGE and UPLC-MS (Table 6). For the proteins that did not show
appreciable expression levels, the Tricine-SDS-PAGE gels showed bands that
corresponded to truncated proteins, indicating that suppression of the TAG codon
at these positions was unsuccessful under the experimental conditions and it was
read as a stop codon. For all QacR variants, cation exchange chromatography
(Heparin column) was also performed to remove residual bound DNA.
BpyA-containing variants for all three MDRs eluted as single peaks in analytical
size exclusion chromatography corresponding to the molecular weight of the
dimers, indicating that the quaternary structure of the proteins was not significantly
altered by the introduction of the unnatural amino acid. Notably, three QacR
mutants, Q96BpyA, Y103BpyA and Y123BpyA, eluted from the cation exchange
column displaying a distinct pink color and the UV-visible spectra of these three
QacR variants showed absorption maxima around 500 nm that are typical of Fe2+
bipyridyl complexes, as well as an unidentified band around 360 nm (Figure
4a).78,79,77,72,74 Indeed, it is possible that proteins comprising BpyA bind Fe2+
present in the medium used for bacterial growth during protein expression.
Alternatively, it is plausible that a Fe(II)(BpyA)3 complex is formed in the medium
and it then binds to these QacR variants in such a way that it is not removed during
purification and dialysis, resulting in the spectroscopic signature observed.
Treatment of the purified proteins with up to 50 mM EDTA followed by extensive
dialysis, did not lead to the disappearance of the absorption maxima around 500
nm. However, titration studies with Cu2+ showed that this iron contamination is
very small and does not interfere with Cu2+ binding (vide infra).
The Cu2+ binding properties of the BpyA variants of QacR, CgmR and RamR
were investigated by UV-visible titrations. Upon addition of Cu(NO3)2 to the
proteins, the appearance of a characteristic shoulder between 310 and 315 nm was
observed, indicative of a change in the π–π* transition of the bipyridine moiety
upon metal coordination (Figure 4a).51,54,77,80 The titration curves were fitted to a
1:1 binding model (Figure 4b) that corresponds to the binding of one Cu2+ ion per
bipyridine moiety and therefore, the binding of two Cu2+ ions per protein dimer.
RamR variant Y59BpyA precipitated upon addition of Cu2+, therefore it was not
possible to either perform UV-visible titrations with it or to use this mutant for
catalytic studies.
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b)
Entry

Protein

KD (µM)

1
2
3
4
5a
6
7a
8

RamR Y92BpyA
RamR F155BpyA
CgmR L100BpyA
CgmR F147BpyA
QacR W61ByA
QacR Q96ByA
QacR Y103ByA
QacR Y123ByA

0.4±0.1
0.12±0.04
0.39±0.07
0.05±0.02
0.04±0.03
0.4±0.1

Figure 4: a) UV-visible titrations of QacR W61BpyA (left) and QacR Y123BpyA (right) with
Cu(NO3)2 .3H2O Titrations were performed in 50 mM NaH2PO4 pH 7.0, 500 mM NaCl with 10
and 20 µM protein (monomer), respectively and subsequent additions of aliquots from a 0.5 mM
solution of Cu(NO3)2.3H2O in milliQ water. Insets show the fitting of the titration data obtained
by non-linear regression. b) Dissociation constants for BpyA variants of RamR, CgmR and QacR
with Cu2+ determined by UV-visible titrations. Fitting of the titration curves for RamR Y92BpyA
and CgmR L100BpyA was not performed due to precipitation of the protein after addition of
more than 1 eq. of Cu2+ or difficulties with reliability of fitting the data, respectively.

5.3.2.1 Friedel–Crafts alkylation
As for the supramolecular approach, the catalytic activity of the metalloproteins
was first evaluated in the Cu2+-catalyzed enantioselective vinylogous
Friedel-Crafts
alkylation
of
2-methyl-1H-indole
(2)
with
51,52,65–67
1- (1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1) (Figure 1).
The artificial metalloenzymes were prepared in situ as described previously by
mixing Cu(NO3)2 (90 μM) with a slight excess (1.3 equivalents) of
BpyA-containing proteins (120 μM in monomer) in 20 mM MOPS pH 7.0, 500
mM NaCl. As indicated in the previous paragraph, the combination of Cu(NO3)2
with wild type QacR, RamR and CgmR, proteins without BpyA, resulted in the
formation of products with low to moderate enantiomeric excess (Table 2, entries
3, 6 and 9).
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Table 2 Results of Cu2+-catalyzed vinylogous Friedel–Crafts alkylation reactions.
Entry
1
252
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Catalyst
Cu(NO3)2
LmrR M89BpyA_Cu2+
RamR_Cu2+
RamR Y92BpyA_Cu2+
RamR F155BpyA_Cu2+
CgmR_Cu2+
CgmR L100BpyA_Cu2+
CgmR F147BpyA_Cu2+
QacR_Cu2+
QacR W61BpyA_Cu2+
QacR Q96BpyA_Cu2+
QacR Y103BpyA_Cu2+
QacR Y123BpyA_Cu2+
QacR W61BpyA
QacR Y103BpyA
QacR Y123BpyA
QacR Q96BpyA

Yield (%)a
67±10
92±4c
68±3
42±6
28±5
>95
10±2
9±1
83±22
62±12
58±11
55±10
82±5
<5
6±4
59±5
6±2

ee (%)b
<5
80± 2 (-)d
14±0 (-)
38±4 (-)
<5
17±2 (-)
10±7 (+)
13±4 (-)
42±1 (-)
5±1 (-)
56±2 (-)
39±2 (-)
94±1 (+)
n.d.
<5
70±7 (+)
10±2 (-)

Typical conditions: 9 mol % Cu(NO3)2 (90 µM) loading with 1.3 eq of protein (120 µM, monomer), 1
mM of substrate 1 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, at 4 °C for 72 h. All the results listed
correspond to the average of two independent experiments, each carried out in duplicate. Errors listed
are standard deviations. aYields were determined by HPLC and using 2-phenylquinoline as internal
standard. bSign of rotation was assigned based on the elution order in chiral HPLC by comparison to
previous reports.65,67 cThis value corresponds to conversion of the substrate.52 dSign of the optical
rotation of the major enantiomer obtained with this artificial metalloenzyme was assigned erroneously in
a previous report.5

A stark difference in activities and enantioselectivies between the wild type
proteins and the corresponding BpyA variants was observed. This observation
demonstrates that in presence of the bidentate metal binding moiety (i.e.
2,2’-bipyridine) the positioning of the Cu2+ ions in the protein scaffolds changed
and different active sites, characterized by distinct second coordination spheres,
were created. As for the previous approach, the BpyA variants of RamR and CgmR
all showed inferior activities and enantioselectivities when compared to the
corresponding wild type proteins (Table 2, entries 4, 5, 7 and 8). Notably though,
the CgmR mutant L100BpyA afforded the opposite enantiomer of the product.
Nevertheless, for CgmR and RamR variants the created novel active sites are not
optimal for catalyzing this reaction. In the case of QacR, three of the
BpyA-containing variants showed similar or lower levels of activity and selectivity
when compared to the wild type protein (Table 2, entries 9-12). However, one
mutant, QacR Y123BpyA, displayed superior catalytic behavior, affording the (+)
enantiomer in 82% yield and with an excellent enantioselectivity of 94% (Table 2,
entry 13). To date, this is the highest level of enantioselectivity obtained for any
metalloenzyme created by genetic incorporation of an unnatural amino acid in the

118

Multidrug resistance regulators (MDRs) as scaffolds for the design of artificial metalloenzymes

Friedel–Crafts alkylation. Notably, this QacR-based artificial metalloenzyme also
results in formation of an excess of the opposite enantiomer when compared to
other QacR- and LmrR-based metalloenzymes, for which the (−) enantiomer was
the preferred product.51 Although addition of Cu(NO3)2 significantly improved the
catalytic activity of QacR Y123BpyA, it was intriguing to notice that this mutant but none of the other ones tested in this study - also displayed considerable activity
in absence of additional Cu2+ ions (Table 2, entries 14-17). This intrinsic activity of
QacR Y123BpyA will be discussed in Chapter 6.
A limited substrate scope study of the Friedel–Crafts alkylation catalyzed by
QacR Y123BpyA_Cu2+ was performed using a selection of indole derivatives
(Table 3). The catalyzed Friedel–Crafts alkylation proved to be accelerated in the
presence of wt-QacR for all the substrates tested (Table 3, entries 2, 5, 8 and 11).
Table 3 Scope of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR
Y123BpyA_Cu2+

Catalyst

Product Yield (%)a

R1=H
R2=H

Cu(NO3)2
QacR_Cu2+
QacR Y123BpyA_Cu2+

3a

2b

R1=Me
R2=H

Cu(NO3)2
QacR_Cu2+
QacR Y123BpyA_Cu2+

7
8
9

2c

R1=H
R2=OMe

10
11
12

2d

R1=H
R2=Cl

Entry

Indole R

1
2
3

2a

4
5
6

ee (%)c

14±3
33±13
14±3

<5
27±3 (-)
<5

3b

6±2
20±9
3±0

<5
58±2 (-)
56±6 (+)

Cu(NO3)2
QacR_Cu2+
QacR Y123BpyA_Cu2+

3c

26±1
58±17
26±3

<5
<5
12±5 (+)

Cu(NO3)2
QacR_Cu2+
QacR Y123BpyA_Cu2+

3d

3±1
21±7
5±2

<5
47±7 (-)
33±3 (+)

Same reaction conditions as in Table 2 a Yields were determined by HPLC and using 2-phenylquinoline as
internal standard. Errors listed are standard deviations. bSign of rotation was assigned based on the elution
order in chiral HPLC by comparison to previous reports65,67

Moderate enantioselectivities were obtained in all cases, except for 5-methoxy
indole (2c) (Table 3, entries 1–2, 4–5, 7–8 and 10–11). Indole (2a), 1-methyl
indole (2b) and 5-chloro indole (2d) proved to be poor substrates for QacR
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Y123BpyA_Cu2+, showing either no enantioselectivity (Table 3, entry 3) or hardly
any conversion to the product (Table 3 entries 6 and 12), respectively. In the case
of 2b and 2d, the opposite enantiomer was obtained. Interestingly, the fact that
2-methyl indole (2) gives the best results in the Friedel–Crafts alkylation reaction,
both in terms of activity and enantioselectivity, is similar to LmrR-based
metalloenzymes.51,52
5.3.2.2 Tandem Friedel–Crafts/enantioselective protonation
The catalytic potential of these novel metalloproteins was also evaluated in the
Cu2+-catalyzed Friedel–Crafts conjugate addition/enantioselective protonation of 2
with 4 (Figure 1).70 The artificial metalloenzymes were prepared as previously
described for the Friedel–Crafts alkylation reaction and substrate 4 was prepared
freshly prior to each experiment. Reactions were initially performed in 20 mM
MOPS pH 7.0, 500 mM NaCl and, as described above, the combination of
Cu(NO3)2 with wild type RamR and QacR resulted in the formation of products
with moderate yield and enantiomeric excess (Table 4, entries 4 and 10).
Conversely, reactions performed in presence of Cu(NO3)2 and wt-CgmR resulted in
the formation of the racemic mixture of products (Table 4, entry 7). As previously
observed for the Friedel–Crafts alkylation reaction, the BpyA mutants of RamR
and CgmR all showed inferior activities when compared to the wild type proteins
and afforded low to moderate enantioselectivities. Interestingly though, the BpyA
mutants of RamR gave rise to the opposite enantiomer than all the CgmR variants
(Table 4, entries 5-6 and 8-9). BpyA mutants of QacR also showed lower activities
and enantioselectivities than the wild type protein, but they all afforded the
opposite enantiomer with respect to the wt-QacR (Table 4, entries 11-14).
Since previous reports on DNA-based catalysts displayed a strong pH
dependence of the tandem Friedel–Crafts alkylation/enantioselective protonation,
the reaction was also performed in 20 mM MES pH 5.0, 500 mM NaCl. For the
DNA-based metalloenzymes more acidic conditions resulted in higher activity and
gave rise to improved enantioselectivities.70 While lowering the pH also increased
activity of the LmrR-based artificial metalloenzyme, the effect on the
enantioselectivity was not significant (unpublished results). Wild type RamR and
CgmR proved to be unstable under these acidic conditions as indicated by partial
precipitation. Therefore, the reactions at pH 5 were not performed with BpyA
variants of these proteins. Wild type QacR and the corresponding BpyA variants,
on the other hand, were not affected by the acidic conditions. As expected,
reactions at lower pH resulted in higher activities for all metalloenzymes tested,
although increases varied from 9-35% for different mutants (Table 4). More
intriguingly, we observed strong effects on the enantioselectivity for the wild type
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proteins, but not for the BpyA-containing variants of QacR. While wt-RamR gave
rise to a racemic mixture of products, the enantioselectivity obtained with wt-QacR
was significantly increased (Table 4, entries 4 and 10). The loss of selectivity of
RamR might reflect a partial unfolding of the protein at pH 5 as indicated by the
observed precipitation during the reaction. Conversely, the increased
enantioselectivity obtained with QacR can be rationalized considering than in the
wild type protein Cu2+ ions might be bound in different positions on the protein
scaffold, possibly even on the surface, therefore being more exposed to pH changes
in the solution. The positioning of the Cu2+ ions might change with lowering of the
pH, with subsequent formation of different active sites. In the BpyA-containing
variants, on the other hand, the active Cu2+ species is located inside the
hydrophobic pocket, a microenvironment that is probably less influenced by
changes in the pH in the solution.
Table 4 Results of Cu2+-catalyzed
enantioselective protonation

tandem

Friedel–Crafts

pH 7.0
20 mM MOPS 500 mM NaCl

conjugate

addition/

pH 5.0
20 mM MES 500 mM NaCl

Entry

Catalyst

Yield (%)a

ee (%)b

Yield (%)a

ee (%)b

1
2
3
4
5
6
7
8
9
10
11
12
13
14

uncatalyzed
Cu(NO3)2
LmrR M89BpyA_Cu2+
RamR_Cu2+
RamR Y92BpyA_Cu2+
RamR Y155BpyA_Cu2+
CgmR_Cu2+
CgmR L100BpyA_Cu2+
CgmR F147BpyA_Cu2+
QacR_Cu2+
QacR W61BpyA_Cu2+
QacR Q96BpyA_Cu2+
QacR Y103BpyA_Cu2+
QacR Y123BpyA_Cu2+

12±2
<5
28±4
25±5
12±2
14±3
19±4
19±2
20±2
38±11
20±4
<5
11±3
21±3

<5
n.d.
-29±8
53±4
10±4
27±9
<5
-11±5
-10±1
-47±17
12±2
14±9
22±7

24±3
<5
42±3
48±6
37±2
48±5
37±9
18±3
20±4
56±7

<5
n.d.
-26±1
<5
13±0
-75±1
10±4
34±1
32±6
33±3

Same reaction conditions as in Table 2 aYields were determined by HPLC and using 2-phenylquinoline
as internal standard. Errors listed are standard deviations. bSign indicates the order of elution of the
enantiomers in chiral HPLC.
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5.4 Conclusions
In this chapter we have explored the possibility of expanding the scope of
bioscaffolds that can be applied for the design of artificial metalloenzyme to MDRs
from the TetR family. We have demonstrated that, due to their large hydrophobic
and promiscuous binding pockets, proteins from this family are viable scaffolds for
the creation of novel artificial metalloenzymes. We have studied the reactivity in
two different Lewis acid catalyzed reactions, the vinylogous Friedel–Crafts
alkylation of indoles and Friedel–Crafts conjugate addition/enantioselective
protonation. Two different anchoring strategies for incorporation of the active
transition metal complex were explored: supramolecular approach and in vivo
incorporation of unnatural metal binding amino acids. For the protein scaffolds
examined in this study the latter strategy proved to be superior for creating active
artificial metalloenzymes. The supramolecular approach presumably yielded less
active catalysts due to the limited size of the hydrophobic pores. Conversely, by
incorporating the metal binding amino acid BpyA, several Cu2+-based
metalloenzymes were created, which displayed good levels of activity in the
enantioselective vinylogous Friedel–Crafts alkylation reaction. Among the new
artificial metalloenzymes developed one QacR mutant, QacR Y123BpyA_Cu2+,
showed outstanding performance resulting in good conversion and excellent
enantioselectivity up to 94%. Interestingly this mutant afforded the opposite
enantiomer when compared to other QacR variants as well as to previously
described LmrR-based metalloenzymes.51,52
When combined with our earlier work on LmrR the presented results illustrate
that MDRs are a readily available class of bioscaffolds for the design and
construction of hybrid enzymes that can catalyze diverse reactions. Given that all
MDRs present large hydrophobic pockets, of distinct sizes and shapes, it might be
envisioned that the diversity of possible active sites could offer a general platform
of hybrid catalysts. Based on the reaction of interest, which is not limited to
Cu2+-catalyzed reactions, or the anchoring strategy for the metal complex of
choice, different MDRs from different families could be readily tested and possibly
an optimal candidate can be identified.

5.5 Experimental section
5.5.1 General remarks
Chemicals were purchased from Sigma Aldrich or Acros and used without further purification.
1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz in CDCl , DMSO-d6 or
3
D2O. Chemical shifts (δ) are denoted in ppm using residual solvent peaks as internal standard.
Enantiomeric excess determinations were performed by HPLC analysis using UV-detection
(Shimadzu SCL-10Avp) on Chiralpak AD, n-heptane:iPrOH 90:10, 1.0 ml/min. UPLC-MS on
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protein samples was performed on a Acquity TQ Detector (ESI TQD- MS) coupled to Waters
Acquity Ultra Performance LC using a Acquity BEH C8 (1.7 µm 2.1 x 150 mm). Water (solvent
A) and acetonitrile (solvent B) containing 0.1% v/v formic acid, were used as the mobile phase at
a flow rate of 0.3 mL/min. Gradient: 90% A for 2 min, linear gradient to 50% A in 2 min, linear
gradient to 20% A in 5 min, followed by 2 min at 5% A. Re-equilibration of the column with 2
min at 90% A. UPLC-MS chromatograms were analyzed with MassLynx V4.1 and
deconvolution of spectra was obtained with the algorithm MagTran. 81 UV-visible spectra were
recorded on Jasco V-660 spectrophotometer. E. coli strains NEB5α and BL21 (DE3) C43 were
used for cloning and protein prouction, respectively. PCR reactions were carried out using an
Eppendorf Mastercycler Personal apparatus. DNA sequencing was carried out by GATC
Biotech. Primers were synthesized by Eurofins. Pfu Turbo polymerase was purchased from
Agilent and DpnI was purchased from New England Biolabs. Plasmid Purification Kit was
purchased from Qiagen. Äkta Purifier 900 (GE Healthcare) was used for Fast Protein Liquid
Chromatography (FPLC). FPLC columns were purchased from GE Healthcare (Heparin HP and
Superdex 75 10/300 GL). Strep-tag purification was performed on Strep-Tactin superflow resin
(IBA) and dialysis membranes were purchased by SpectrumLabs. Tricine-SDS-PAGE were
performed in minigel BioRad apparatus and Coumassie staining was obtained with InstantBlue
(Expedeon). PageRuler™ prestained 10-1180 KDa (Thermo Scientific) was used and marker for
SDS-PAGE. Ultra-centrifugation was performed with Vivaspin-Turbo-15 or Vivaspin-500
(Sartorius). The concentration of the proteins was measured with Nanodrop 2000 (Thermo
Scientific). Extinction coefficients of protein (ε280) were calculated by the Protparam tool on the
Expasy server (contribution of bipyridine moiety was accounted for by addition of the measured
extinction coefficient obtained for 2,2’-bipyridine (ε=14800 M-1cm-1) to the extinction coefficient
of the proteins. Plasmid pEVOL-BpyA was kindly provided by Professor P. G. Schultz (The
Scripps Research Institute).
5.5.2 Synthesis
(2,2-bipyridin-5yl)alanine (BpyA) was synthesized according to literature procedures as
described in Chapter 3.76,82 The synthesis of [Cu(phen)(NO3)2],83 (E)-1-(1-Methyl-1H
imidazole-2-yl)-but-2-en-1-one (1)65 and the general procedure for the synthesis racemic
mixtures of the Friedel–Crafts alkylation products (3, 3a-d)52,84 are described in Chapter 4.

2-methyl-1-(thiazol-2-yl)prop-2-en-1-one (4) was synthesized in two steps according to
literature procedures.70 2-methyl-1-(thiazol-2-yl)prop-2-en-1-ol (6) was prepared starting from
1.4 mL of 2-trimethylsilylthiazole (8.8 mmol) with a 32% yield (449 g, 2.9 mmol). 20 mg of 6
(0.13 mmol) were used for the synthesis of 4 prior to catalysis. The product was obtained with
quantitative yield.
(6) 1H NMR (400 MHz, CDCl3) δ (ppm): 7.71 (d, J=3.3 Hz, 1H), 7.30 (d, J=3.3 Hz, 1H), 5.43 (s,
1H), 5.23 (s, 1H), 5.03 (s, 1H), 3.92 (br, 1H), 1.70 (s, 3H).
(4) 1H NMR (400 MHz, CDCl3) δ (ppm): 7.99 (d, J=3.1 Hz, 1H), 7.64 (d, J=3.1 Hz, 1H), 6.93 (s,
1H), 6.14 (s, 1H), 2.09 (s, 3H).
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Racemic mixtures of the Friedel–Crafts products (3a-d) as reference
materials were synthesized adapting a literature procedure52,84 as
described in Chapter 4 starting from 50 mg of (E)-1-(1-methyl-1H
imidazole-2-yl)-but-2-en-1-one (0.33 mmol). Products were obtained
with yields between 50 and 65%.
3a (R1=R2=H) 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.41 (d, J=6.9 Hz,
3H), 3.4-3.5 (m, 2H), 3.8-3.8 (m, 1H), 3.92 (s, 3H), 7.00 (d, J=12.2 Hz,
2H), 7.06 (t, J=8.0 Hz, 1H), 7.1-7.2 (m, 2H), 7.30 (d, J=8.0 Hz, 1H), 7.65
(d, J=8.0 Hz, 1H), 8.34 (s, 1H).
3b (R1=Me R2=H) 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.43 (d, J=6.9
Hz, 3H), 3.45 (dd, J1=9.2 Hz, J2=15.7 Hz, 1H), 3.56 (dd, J1=6.4 Hz,
J2=15.7 Hz, 1H), 3.72 (s, 3H), 3.81-3.86 (m, 1H), 3.92 (s, 3H), 6.94 (s, 1H), 6.98 (s, 1H),
7.06-7.10 (m, 1H), 7.14 (s, 1H), 7.19-7.21 (m, 1H), 7.25-7.27 (m, 1H), 7.65 (d, J=8.0 Hz, 1H).
3c (R1=H R2=OMe) 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.41 (d, J=6.9 Hz, 3H), 3.4-3.5 (m,
2H), 3.8-3.8 (m, 1H), 3.92 (s, 3H), 7.00 (d, J=12.2 Hz, 2H), 7.06 (t, J=8.0 Hz, 1H), 7.1-7.2 (m,
2H), 7.30 (d, J=8.0 Hz, 1H), 7.65 (d, J=8.0 Hz, 1H), 8.34 (s, 1H).
3d (R1=H R2=Cl) 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.38 (d, J=6.9 Hz, 3H), 3.39-3.51 (m,
2H), 3.72-3.81 (m, 1H), 3.93 (s, 3H), 7.00 (dd, J1=9.4 Hz, J2=2.0 Hz, 2H), 7.00 (dd, J1=8.3 Hz,
J2=2.0 Hz, 1H), 7.1-7.2 (m, 2H), 7.53 (d, J=2.0 Hz, 1H), 8.67 (s, 1H).
2-methyl-3-(2-methyl-1H-indol-3-yl)-1-(thiazol-2-yl)propan-1-one
(5) as reference material was synthesized according to a literature
procedure.70 1H NMR (400 MHz, CDCl3) (δ, ppm): 1.23 (d, J=6.9 Hz,
3H), 2.39 (s, 3H), 2.80 (dd, J1=14.1 Hz, J2=8.9 Hz, 1H), 3.32 (dd,
J1=14.2 Hz, J2=5.7 Hz, 1H), 4.31-4.16 (m, 1H), 7.08-7.11 (m, 2H),
7.20-7.26 (m, 1H), 7.63 (d, J=3.0 Hz, 1H), 7.66-7.68 (m, 1H), 7.78 (br, 1H), 8.00 (d, J=3.0 Hz,
1H),
5.5.3 Site-directed mutagenesis
pET17b plasmids encoding for wt-QacR, wt-CgmR and wt-RamR were purchased from
Genescript (USA) as codon optimized sequences for E. coli expression and included a C-terminal
Strep-tag for purification purposes. Site-directed mutagenesis (Quik-Change) was performed to
remove cysteines from the QacR gene (C72A and C141S) and to introduce the TAG codon for
the incorporation of BpyA-containing protein variants prepared in this work. The primers used
for the mutagenesis are listed in Table 5. Standard Pfu Turbo DNA polymerase protocol was
used with an initial denaturation at 95 °C for 1 min. The following cycle was repeated 16 times:
denaturation at 95 °C for 30 s, annealing at 52 °C for 1 min, elongation at 72 °C for 4 minutes.
Final elongation was performed at 72 °C for 10 min. The resulting PCR products were digested
with restriction endonuclease DpnI for 1 h at 37 °C and 5 µL of the mixture were directly
transformed into the E. coli NEB5α. Cells were spread onto an agar plate containing 100 μg/mL
of ampicillin. Single colonies were selected after overnight growth and used to inoculate 5 mL of
LB medium containing the same antibiotic. Plasmids were isolated using a plasmid purification
kit and the sequence was confirmed by Sanger sequencing (T7 forward primer).
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Table 5 Primers used for site directed mutagenesis (fw: forward primer, rv: reverse primer). Single point
mutations in bold.
Primer
Sequence (5’ → 3’)
RamR Y59X_fw
ATT AAC ACC CTG TAG CTG CAC CTG AAA
RamR Y59X_rv
TTT CAG GTG CAG CTA CAG GGT GTT AAT
RamR W89X_fw
ACC CGT TTC ATC TAG AAC AGC TAC ATT
RamR W89X_rv
AAT GTA GCT GTT CTA GAT GAA ACG GGT
RamR Y92X_fw
ATC TGG AAC AGC TAG ATT AGC TGG GGC
RamR Y92X_rv
GCC CCA GCT AAT CTA GCT GTT CCA GAT
RamR Y155X_fw
GAT GGC CTG TAG CTG GCG CTG
RamR Y155X_rv
CAG CGC CAG CTA CAG GCC ATC
CgmR W63X_fw
CTT GCA GAT GAT TAG GAC AAA GAA CTT
CgmR W63X_rv
CAG TTC TTT GTC CTA ATC GTC CGC CAG
CgmR L100X_fw
CCG GAA CTG CTG CTG TAG ATT GAT GCG CCG AGC
CgmR L100X_rv
GCT CGG CGC ATC AAT CTA CAG CAG CAG TTC CGG
CgmR W113X_fw
TTC CTG AAC GCG TAG CGT ACC GTG AAC
CgmR W113X_rv
GTT CAC GGT ACG CTA CGC GTT CAG GAA
CgmR F147X_fw
GCG GAC GGT CTG TAG GTT CAC GAT TAT
CgmR F147X_rv
ATA ATC GTG AAC CTA CAG ACC GTC CGC
QacR C72A_fw
GAA CAG ATT AAG GCG AAA ACC AAC CGT
QacR C72A_rv
ACG GTT GGT TTT CGC CTT AAT CTG TTC
QacR C141S_fw
AAC GGC GAA TGG TCT ATT AAC GAT GTG
QacR C141S_rv
CAC ATC GTT AAT AGA CCA TTC GCC GTT
QacR W61X_fw
GAG GAA AGC AAG TAG CAG GAG CAA TGG
QacR W61X_rv
CCA TTG CTC CTG CTA CTT GCT TTC CTC
QacR Q96X_fw
TAT TAC CCG CTG TAG AAC GCG ATC ATC
QacR Q96X _rv
GAT GAT CGC GTT CTA CAG CGG GTA ATA
QacR Y103X_fw
ATC ATC GAG TTC TAG ACC GAA TAC TAC
QacR Y103X_rv
GTA GTA TTC GGT CTA GAA CTC GAT GAT
QacR Y123X_fw
CTG GAA AAC AAG TAG ATC GAC GCG TAC
QacR Y123X_rv
GTA CGC GTC GAT CTA CTT GTT TTC CAG

5.5.4 Expression and purification
pET17b plasmids encoding for wt-QacR, wt-CgmR and wt-RamR were transformed into E. coli
BL21 (DE3) C43, which were spread onto an agar plate containing 100 μg/mL of ampicillin.
Single colonies were selected after overnight growth and used to inoculate 5 mL of LB medium
containing the same antibiotic. This starter culture was grown at 37 °C overnight and used to
inoculate 500 mL fresh LB medium with the same antibiotic. The culture was grown at 37 °C
until OD600 = 0.8 (approximately 2 h) and then isopropyl β-D-1-thiogalactopyranoside (IPTG) at
final concentration of 1 mM was added to induce the expression of target proteins. pET17b
plasmids encoding for QacR, CgmR and RamR mutants containing the amber stop codon were
co-transformed with pEVOL BpyA into BL21 (DE3) C43 were spread onto an agar plate
containing 100 μg/mL of ampicillin and 34 μg/mL chloramphenicol. Single colonies were
selected after overnight growth and used to inoculate 5 mL of LB medium containing the same
antibiotics. This starter culture was grown at 37 °C overnight and used to inoculate 500 mL fresh
LB medium with the same antibiotics. The culture was grown at 37 °C and when OD 600 reached
0.8, BpyA (final concentration of 0.5 mM), L-arabinose (1 mM) and IPTG (1 mM) were added to
induce the expression of the target proteins. Protein expression was performed at 30 °C
overnight. Cells were harvested by centrifugation (6000 rpm, JLA‐10.5, 20 min, 4 °C) and the
pellet was resuspended in 50 mM NaH2PO4 pH 8.0, 150 mM NaCl and protease inhibitor
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cocktail (Complete, Roche). Cells were sonicated (70% (200W) for 10 min (10 sec on, 15 sec
off) after which PMSF solution (final concentration 0.1 mM) and DNaseI (0.1 mg/mL,
containing 10 mM MgCl2) were added. The cell-free extract obtained after centrifugation (10000
rpm, 45 min, 4 °C, Eppendorf) was loaded onto columns containing 3 mL of pre‐equilibrated
slurry of Strep-Tactin column material (50% high capacity Strep-Tactin in storage buffer) for 1 h
at 4 °C (mixed at 200 rpm on a rotary shaker). Columns were washed three times with 1 column
volume (CV) of resuspension buffer and eluted with seven fractions of 0.5 CV of resuspension
buffer containing 5 mM desthiobiotin. Elution fractions were analyzed on a 12% polyacrylamide
Tricine-SDS gel followed by Coumassie staining. Fractions containing protein were pooled and
concentrated. When A260/A280 was between 0.9-1.0, cation exchange chromatography was
performed on a Hitrap Heparin HP column elution with a gradient of NaCl concentration from 0
to 1 M in 5 min with a flow of 1 mL/min. Elution fractions were analyzed on a 12%
polyacrylamide Tricine-SDS gel, followed by Coumassie staining. Fractions containing protein
were pooled and concentrated
5.5.5 Analytical size exclusion chromatography
100 µL of protein sample was injected in a Superdex 75 10/300 GL in 20 mM MOPS pH 7.0,
500 mM NaCl as buffer (flow 0.5 mL/min). Analytical size exclusion chromatograms were
recorded for the proteins before and after incubation with 1 equivalent of Cu(NO3)2 per
monomer. No significant deviations from the dimeric structure of the wild type proteins were
observed upon introduction of BpyAla, as well as after coordination to Cu 2+.
5.5.6 UPLC-MS chromatograms and ESI(+) mass traces
Table 6 ESI (+) of proteins prepared in this study from UPLC-MS
Protein
RamR
CgmR
QacR (C72A, C141S)
RamR Y59BpyA
RamR F155BpyA
RamR Y92BpyA
CgmR L100BpyA
CgmR F147BpyA
QacR W61BpyA
QacR Q96BpyA
QacR Y103BpyA
QacR Y123BpyA

Massobserved (Da)
23036
21456
23266
23101
23122
23099
21528
21574
23306
23363
23330
23326

Masscalculated (Da)
– Met 23036
21455
23268
23097
23113
23097
21532
21566
23305
23363
23328
23328

5.5.7 UV-visible titrations and dissociation constants
0.5 mM solution of Cu(NO3)2·3H2O in milliQ water was prepared by dilution of a 5 mM stock
solution. Protein solutions (20 µM, 200 µL) in 50 mM NaH 2PO4 pH 7.0, 150 mM NaCl were
added to a 0.5 mL cuvette and titrated with 0.5 mM working solutions of the metal salt (2 µL
each addition, 0.2 eq). UV-visible spectra were recorded at 25 °C from 220 nm to 800 nm.
Apparent dissociation constants KD were obtained assuming a 1:1 binding stoichiometry using
non-linear regression analysis (Origin) employing the following equation:
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The reported apparent dissociation constants are the average of two independent experiments
performed with two independent batches of protein. Fitting of the titration curves for RamR
Y92BpyA and CgmR L100BpyA was not performed due to precipitation of the protein after
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addition of more than 1 eq. of Cu(NO3)2 or difficulties with reliability of fitting the data,
respectively.
5.5.8 Catalysis
Catalytic reactions were performed in 150 µL total volume containing 90 µM [Cu(phen)(NO3)2]
(9 mol%) and 120 µM proteins (dimer, 1.3 equivalents) for the supramolecular approach or 90
µM Cu(NO3)2 (9 mol%) and 120 µM proteins (monomer, 1.3 equivalents) for the proteins
containing BpyA genetically incorporated in 20 mM MOPS pH 7.0, 500 mM NaCl. The final
concentration of substrates 1 or 4 and 2 was 1 mM each. Reactions were incubated under
continuous inversion at 4 °C for 72 h after which 50 µL of a 1 mM solution of 2-phenylquinoline
in 20 mM MOPS buffer pH 7.0, 500 mM NaCl, 20% CH 3CN were added. Reactions were
extracted 3 times with 500 µL diethylether and the organic layers were dried over Na2SO4 and
evaporated in vacuo. The resulting products were redissolved in 150 µL heptane:isopropanol 9:1
and analyzed by chiral HPLC. Yields of all the catalytic reactions are based on peak areas at 275
nm using 2-phenylquinoline as internal standard.
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