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Chapter 6

Toward in vivo catalysis with artificial
metalloenzymes
The QacR mutant incorporating the unnatural amino acid 2,2’-bipyridyl
alanine in position 123, QacR Y123BpyA, described in the previous chapter
is purified from bacterial cultures with metal ions bounds and shows
intrinsic catalytic activity in the vinylogous Friedel–Crafts alkylation of
indoles. In this chapter spectroscopic studies and catalysis are combined to
elucidate the nature of the metal ion bound to the protein responsible for
this catalytic activity. Preliminary studies for the application of artificial
metalloenzymes containing BpyA for in vivo catalysis are also described.

Chapter 6

6.1 Introduction
6.1.1 Artificial metalloenzymes toward directed evolution
A number of successful examples of artificial metalloenzymes able to perform
chemically challenging and asymmetric reactions have been reported to date.1–5
Nevertheless, the screening and optimization of these designer catalysts employing
directed evolution techniques is thus far limited and has been predominantly
focused on repurposing natural metalloenzymes. For example, several directed
evolution studies have been reported for heme containing metalloenzymes, such as
P450s and myoglobin.6–9 These metalloenzymes are assembled in vivo and this
allows measuring the activity for abiotic reactions inside cells or in cell lysates and
the use of standard directed evolution protocols to identify improved variants.
Performing catalytic reactions in cells or cell-free extracts significantly reduces the
workflow and allows screening of larger libraries of mutants. However, most
artificial metalloenzymes reported to date require the installation of a synthetic
metal cofactor after isolation of the host protein. This involves laborious protein
purification steps, cofactor anchoring and, possibly, purification of the
functionalized metalloprotein. Moreover, most transition metal complexes used for
metalloenzyme design are incompatible with cellular components, preventing their
use inside cells or lysates. Yet, the possibility of screening large libraries of
mutants is highly desirable in order to identify mutations that can improve the
catalytic properties of these artificial metalloenzymes.
Clearly, several complications need to be addressed when considering the
possibility of moving towards in vivo catalysis with metalloenzymes. First,
covalent anchoring strategies for incorporation of ligands or transition metal
complexes need to be circumvented. These strategies typically do not offer enough
selectivity for the biomolecule of interest and therefore are incompatible with the
complex composition of the cellular environment. Moreover, chemical
modifications are usually not quantitative and require several equivalents of the
cofactor for efficient functionalization of the protein scaffold. As a result, a
purification step that removes the excess cofactor is necessary to minimize its
background activity in the screen. Dative anchoring of metal ions to natural amino
acids could be possible, but is complicated by the difficulties of engineering a de
novo designed active site into a protein scaffold. Moreover, the biocompatibility of
the metal ion of choice needs to be taken into account, as transition metal ions
might show non-specific binding to other biomolecules or might be poisonous to
the cell. The novel approach of introducing an unnatural metal binding amino
acid10 represents a promising strategy to create artificial metalloenzymes that could
function in presence of cells. Nevertheless, the biocompatibility of the metal ion
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remains an important issue, as well as a specific and strong interaction of the metal
ion with the protein of interest to prevent aspecific binding to other proteins.
Possibly, the use of bidentate ligands might favor the interaction with the protein of
interest over other biomolecules. Up to date, the only anchoring approach that
proved to be successful for incorporation of an abiotic cofactor toward the creation
of an artificial metalloenzyme in a cellular environment is the supramolecular
approach. If the binding between the cofactor and the protein scaffold is specific
and results in a stable complex, this strategy does not require additional reagents,
post-translational protein modification or subsequent purification steps.
Nevertheless, also in this case the biocompatibility of the cofactor should be taken
into consideration, as most transition metal complexes are poisoned by cellular
components that render them inactive in vivo.11
The (strept)avidin-biotin technology proved to be a versatile system for the
creation of artificial metalloenzymes in vitro and a good candidate for in vivo
applications.3 To increase the throughput in their directed evolution strategies the
Ward group has reported a streamlined screen for transfer hydrogenation and
metathesis catalysts that relies on cell-free extracts and partial purification of
Streptavidin mutants. In this work, they significantly accelerated the optimization
of their artificial metalloenzymes by using 24-deep-well plates. They circumvented
the glutathione mediated poisoning of the hydrogenation catalyst by addition of a
diamide scavenger and performed a partial purification of the protein on a
Sepharose iminobiotin resin when screening for metathesis activity.12
To date, there are only two reports that describe the directed evolution of
artificial metalloenzymes assembled in a whole-cell setup. In both studies the
reactions were performed in the periplasm of E. coli. This compartment provides
an attractive reaction environment for artificial metalloenzymes as it does not
contain nucleic acids, is composed of a lower amount and fewer types of
potentially interacting proteins and reduced glutathione is barely present. The first
example from the Tezcan group focuses on a designed, supramolecular tetrameric
protein assembly that is based on a structurally and functionally unrelated
monomeric redox protein. This protein self-assembles upon zinc binding and
presents two catalytic Zn2+ binding sites at the tetramer interfaces that provide in
vivo β-lactamase activity (Figure 1a). The ability to hydrolyze ampicillin enabled
the selection of improved variants when the protein was expressed into the
periplasm of E. coli and optimization by directed evolution without the need for
purification strategies.13 In another recent work the Ward group describes the in
vivo screening and directed evolution of an artificial metalloenzyme based on
streptavidin-biotin technology for olefin metathesis (Figure 1b). In this work
compartmentalization of the metalloenzyme in the periplasm and the use of a
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model fluorescent reaction allowed directed evolution screening in vivo of several
thousand of streptavidin mutants giving rise to improved enzymes.14,15
a)

b)

Figure 1: a) Self-assembly and crystal structure of the tetrameric variant of cytochrome cb562
that shows in vivo β-lactamase activity. The structural Zn2+ sites are highlighted as well as the
four potentially catalytic Zn2+ sites (reproduced with permission from 13) b) Schematic
representation of the streptavidin-biotin metalloenzyme for in vivo metathesis. Streptavidin
(SAV) is fused with an N-terminal signal peptide and is secreted to the periplasm. The
biotinylated transition metal complex for the metathesis reaction interacts with SAV in the
periplasm and the catalytic reaction takes place in the same compartment (adapted from 14).

The limited number of examples of artificial metalloenzymes reported thus far
that can function in a cellular environment shows the need for further research
efforts towards this goal. As mentioned earlier, the genetic incorporation of metal
binding unnatural amino acid is a promising strategy for the assembly of artificial
metalloenzymes in vivo, if the metal ion used for the catalytic reaction is
biocompatible and interacts specifically with the protein of interest.
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6.1.2 The case of QacR Y123BpyA
As described in Chapter 5, the QacR mutant containing the unnatural amino
acid (2,2-bipyridin-5yl)alanine (BpyA) in position 123, QacR Y123BpyA, showed
excellent activity in the Cu2+-catalyzed vinylogous Friedel–Crafts alkylation of
2-methyl-1H-indole (2) with 1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1)16–18
affording the product in high yield and with excellent enantioselectivity of 94%
(Table 1, entry 12). Notably, this metalloenzyme resulted in the formation of the
opposite enantiomer of the reaction product when compared to other QacR- or
LmrR-based artificial metalloenzymes.10,18,19 Another intriguing feature of this
metalloenzyme was its activity in the catalytic Friedel–Crafts alkylation when no
additional metal ion was supplied, resulting in the formation of the reaction product
in 60% yield and an enantiomeric excess of 70% (Table 1, entry 5). Although the
performance of the metalloenzyme was significantly improved in presence of
Cu(NO3)2, this inherent activity suggests a unique Lewis acid behavior of this
mutant that could result from the in vivo incorporation of a catalytically active
metal ion.
Table 1 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and
BpyA-containing variants of QacR

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

Catalyst
uncatalyzed
QacR W61BpyA
QacR Q96BpyA
QacR Y103BpyA
QacR Y123BpyA
QacR Y123BpyA_(EDTA)
Cu2+
QacR_Cu2+
QacR W61BpyA_Cu2+
QacR Q96BpyA_Cu2+
QacR Y103BpyA_Cu2+
QacR Y123BpyA_Cu2+

Yield (%)a
4±2
<5
6±2
6±4
59±5
16±4
67±10
83±22
62±12
58±11
55±10
82±5

ee (%)b
n.d.
n.d.
10±2
<5
70±7 (+)
75±6 (+)
<5
42±1 (-)
5±1 (-)
56±2 (-)
39±2 (-)
94±1 (+)

6

Typical conditions: 9 mol % Cu(NO3)2 (90 µM) loading with 1.3 eq of protein (120 µM), 1 mM of
substrate 1 and 2 in 20 mM MOPS pH 7.0, 500 mM NaCl, for 72 h at 4 °C. 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.16,18

Moreover, the enantioselectivity observed in absence of any additional metal
ion is significantly different compared to the Cu2+-catalyzed reaction, suggesting
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that this activity results from a metal ion other than Cu2+. As highlighted before,
the possibility of obtaining metalloenzymes from bacteria that show intrinsic
catalytic activities for non-natural reactions is very interesting in the context of
performing these reactions in cells or cell-free extracts and could also open new
possibilities for directed evolution of these designer catalysts.

6.2 Aim
In this chapter a study on the reactivity of the artificial metalloenzyme QacR
Y123BpyA (Figure 2) and the possibility to apply QacR-based metalloenzymes for
in vivo catalysis are described. Investigation of the metal binding properties of
QacR Y123BpyA by spectroscopic methods and its performance in the
enantioselective vinylogous Friedel–Crafts alkylation of indoles are used to gain
insight into the reactivity of this metalloenzyme.

Figure 2: Helix and surface representations of QacR, residues Y123 are highlighted in purple.
(PDB 3PM120)

6.3 Results and discussion
6.3.1 Spectroscopic characterization
As previously described in Chapter 5, a number of BpyA variants of QacR
(Q96BpyA, Y103BpyA and Y123BpyA) were isolated after affinity
chromatography with a pink color and the typical UV-visible signature around 500
nm of Fe2+ bipyridyl complexes.21–25 It was presumed that the BpyA-containing
proteins could coordinate Fe2+ that is present in the cytoplasm or in the medium
used for bacterial growth. Nevertheless, another possible interpretation of the
UV-visible signature is that the Fe(II)(BpyA)3 complex is formed in the medium
and binds tightly to the protein in such a way that it is not removed during
purification or dialysis. Even treatment with up to 50 mM EDTA, followed by
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extensive dialysis, did not result in the disappearance of the absorption bands
around 500 nm. Since only QacR Y123BpyA, but none of the other “pink” variants
(Q96BpyA and Y103BpyA), displayed catalytic activity in absence of additional
Cu2+ ions (Table 1, entries 2-4), it was assumed that the protein bound Fe2+ was not
catalytically active. Moreover, UV-visible titrations with Cu(NO3)2 reached a
plateau around one equivalent of Cu2+ per bipyridine unit, suggesting that the Fe2+
contamination is presumably small. However, the possibility that Cu2+ replaces the
Fe2+ bound to the bipyridine moiety during the titration cannot be excluded.
To further investigate the nature of the metal ion(s) bound to QacR Y123BpyA,
responsible for its intrinsic catalytic activity, ICP-AES analysis on the protein after
purification and dialysis was performed. This analysis revealed the presence of
comparable amounts of 10-20% Fe and Zn per monomer in the protein samples.
When QacR Y123BpyA was first treated with EDTA and dialyzed prior to
ICP-AES, the amount of Zn was significantly reduced, while the Fe content
remained constant. No traces of Cu were observed in either sample. These results
suggest that the Zn detected by emission spectroscopy is Zn2+ bound to the
bipyridine ligand, since unspecific binding of Zn2+ ions to the protein scaffold
would be removed during dialysis. At the moment it is not possible to assess
whether the Zn2+ bound to the BpyA is picked up during bacterial expression or
protein purification. On the other hand, from the ICP-AES results it was not
possible to assess whether Fe is coordinated to the unnatural amino acid or it is
present as a tris-bipyridine complex and interacting elsewhere with the protein
scaffold.
UV-visible titrations of QacR Y123BpyA were also performed with Zn2+ and
2+
Fe in order to study the metal binding properties of this protein (Figure 3). Upon
addition of Zn(NO3)2 and FeSO4 to the protein, the appearance of the characteristic
shoulder between 310 and 315 nm was observed, which is indicative of a change in
the π–π* transition of the bipyridine moiety as a result of metal
coordination.10,23,26,27 Contrary to the titration with Cu2+, these curves could not be
fitted to a 1:1 binding model and the titration with Zn2+ reached a plateau before
one equivalent of metal salt was added. This indicated that a part of the bipyridine
ligands available in the protein were already complexed with a metal ion that the
added Zn2+ was not able to displace. Interestingly, when performing the titration
with Fe2+, the same shift of the π–π* transition of the bipyridine moiety was
observed, indicating binding of the metal ion to the BpyA, but no increase in
intensity of the bands at 500 nm was detected.
Combined these results suggest that Zn2+ is the metal ion bound to the BpyA in
position 123, while Fe2+ is present in a different form: either as Fe(II)(BpyA)3
complex that is interacting with the protein or as a mixed complex with Fe2+
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coordinated to the BpyA in position 123 and to other one, or two, exogenous BpyA
recruited from the medium. The latter option has been previously described by
Mills et al. in a computationally designed protein bearing a genetically
incorporated, solvent exposed BpyA.23 This possibility would justify (1) the
unchanged amount the Fe content in the protein upon EDTA treatment, due to the
high stability of the Fe(II)(BpyA)3 and (2) the lower binding ratio observed for
both Zn2+ and Fe2+, since a fraction of the BpyA in position 123 would be involved
in the bis/tris-bpy complex formation.
a)
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Figure 3: UV-visible titrations of QacR Y123BpyA a) Cu(NO3)2·3H2O, b) Zn(NO3)2·6H2O, c)
FeSO4·7H2O. Titrations were performed in 20 mM MOPS pH 7.0, 500 mM NaCl using 20 µM
protein and additions of aliquots of a 0.5 mM solution of metal salts in milliQ water. Insets
represent the change in absorbance at 315 nm over the concentration of corresponding metal
ion.

6.3.2 Catalysis
In order to determine whether the Zn2+ coordinated to the BpyA in position 123 is
responsible for the intrinsic catalytic activity of QacR Y123BpyA the vinylogous
Friedel–Crafts
alkylation
of
2-methyl-1H-indole
(2)
with
1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1) was performed in presence of
additional Zn2+. The artificial metalloenzymes were prepared in situ, as described
previously (Chapter 5), by mixing Zn(NO3)2 (90 μM) with a slight excess of
BpyA-containing proteins (120 μM in monomer) in 20 mM MOPS pH 7.0, 500
mM NaCl. For comparison, reactions were also performed with the wt-QacR
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(QacR C72A C141S, Chapter 5) and with the other BpyA-containing variants of
QacR described previously (Chapter 5).
Interestingly, when the reaction was performed in absence of any additional
metal ion with a sample of QacR Y123BpyA that was incubated with EDTA and
subsequently dialysed, a significant drop in catalytic activity (from 60% to 16%
yield) was observed, while the enantiomeric excess remained unaffected around
70% (Table 1, entries 5 and 6). This result suggests that EDTA can sequester the
catalytically active metal bound to QacR Y123BpyA. When combined with the
significant reduction of the Zn content upon EDTA treatment that was determined
by ICP-AES, this observation is consistent with the hypothesis that Zn2+ is the
metal ion bound to QacR Y123BpyA responsible for its catalytic background
activity (Table 1, entry 5).
While Zn(NO3)2 in solution proved to be a poor catalyst for the Friedel–Crafts
alkylation, the combination of Zn(NO3)2 with wt-QacR led to the formation of a
racemic mixture of products in 40% yield (Table 2, entries 1 and 2). None of the
BpyA-containing variants of QacR (W61BpyA, Q96BpyA and Y103BpyA)
showed significant catalytic activity when supplemented with Zn2+ (Table 2,
entries 3-5) apart from QacR Y123BpyA that resulted in 80% yield and 50% ee
(Table 2, entry 6). Lastly, incubation of QacR Y123BpyA with EDTA and dialysis
prior to the addition of Zn(NO3)2 resulted in a moderate decrease in yield to 40%,
but no significant change in selectivity (Table 2, entry 7).
Table 2 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and
BpyA-containing variants of QacR in presence of Zn2+
Entry
1
2
3
4
5
6
7

Catalyst
Zn2+
QacR_Zn2+
QacR W61BpyA_Zn2+
QacR Q96BpyA_Zn2+
QacR Y103BpyA_Zn2+
QacR Y123BpyA_Zn2+
QacR Y123BpyA_Zn2+(EDTA)

Yield (%)a
11±3
39±8
37±11
12±6
15±5
78±8
42±10

ee (%)b
<5
<5
9±11
<5
<5
52±8 (+)
42±6 (+)

6

Same conditions as in Table 1. 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.16,18

At first sight, the observation that the enantiomeric excess for QacR Y123bpyA
in presence of additional Zn2+ is significantly lower than the one observed for the
same protein when no metal ion is supplied, suggests that Zn2+ is not responsible
for the intrinsic catalytic activity. However, it is also plausible that the decrease in
enantioselectivity is the result of unspecific interactions of Zn2+ with the QacR
protein scaffold. Indeed, the reaction performed with wt-QacR in presence of Zn2+
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resulted in the acceleration of the reaction and formation of a racemic mixture of
products (Table 2, entry 2). Moreover, based on the UV-visible titration, Zn2+
appeared not to bind with a 1:1 stoichiometry to QacR Y123BpyA (considered as a
monomer). Therefore, the results obtained for QacR Y123BpyA in presence of 90
µM Zn2+ could be a combination of Zn2+ bound to the BpyA and extra Zn2+
interacting with the protein in different positions.
To gain further insight into the unique reactivity of QacR Y123BpyA the
catalytic reactions were also performed with other metal ions that are known to
display Lewis acid behavior, namely Fe2+ and Fe3+. When carrying out the
vinylogous Friedel–Crafts alkylation reactions with addition of salts of both ions,
either in presence or absence of wt-QacR no significant activity was observed
(Table 3, entries 1-2 and 7-8). Once again QacR Y123BpyA showed a distinctive
behavior when compared to other BpyA-containing variants: while QacR
W61BpyA, QacR Q96BpyA and QacR Y103BpyA displayed no or low levels of
activity in presence of either Fe2+ or Fe3+ (Table 3, entries 3-5 and 9-11), good
yields and enantiomeric excesses around 70% were obtained for QacR Y123BpyA
(Table 3, entries 6 and 12).
Interestingly, the ee values obtained for the Fe-catalyzed reactions were similar
to the ones observed when the protein was not supplemented with any metal ion
(Table 1, entries 5 and 6). On the one hand, this observation might indicate that the
intrinsic catalytic activity of QacR Y123BpyA is due to Fe present bound to the
protein in vivo.
Table 3 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and
BpyA-containing variants of QacR in presence of Fe2+ and Fe3+
Entry
1
2
3
4
5
6
7
8
9
10
11
12

Catalyst
Fe2+
QacR_Fe2+
QacR W61BpyA_Fe2+
QacR Q96BpyA_Fe2+
QacR Y103BpyA_Fe2+
QacR Y123BpyA_Fe2+
Fe3+
QacR_Fe3+
QacR W61BpyA_Fe3+
QacR Q96BpyA_Fe3+
QacR Y103BpyA_Fe3+
QacR Y123BpyA_Fe3+

Yield (%)a
12±5
8±2
16±1
6±1
10±10
92±21
5±1
<5
5±1
<5
5±3
48+22

ee (%)b
<5
<5
14±1 (-)
20±6 (-)
<5
66+3 (+)
n.d.
n.d.
n.d.
n.d.
<5
69+6 (+)

Same conditions as in Table 1. 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.16,18
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Considering the pH and stability of Fe3+ ions in aqueous solution, it seems more
plausible that Fe2+ is the actual species present in solution. On the other hand, the
possibility of Fe2+ being incorporated in vivo into QacR Y123BpyA and being the
metal ion responsible for the intrinsic catalytic activity of the protein is inconsistent
with the observation that upon incubation with EDTA catalytic activity is
significantly reduced while the Fe content in the protein is not.
The results obtained from the catalytic and spectroscopic studies suggest a
unique reactivity of QacR Y123BpyA when compared to the other proteins tested:
(1) it is the only QacR variant that yields the opposite enantiomer than other QacRand LmrR-based metalloenzymes in the Cu2+-catalyzed Friedel–Crafts alkylation
(2) it is the only BpyA-containing QacR variant that is catalytically active in
absence of any additional metal ion and Zn2+ appears to be the metal ion that gives
rise to this intrinsic activity and (3) it is the only mutant that is able to catalyze the
Friedel–Crafts alkylation in presence of Zn2+ and Fe2+/Fe3+ suggesting that the
introduction of BpyA in position 123 in the QacR binding pocket drastically
increases the Lewis acid behavior of the metal ions bound in this position.
However, the cause for this increased reactivity is yet to be elucidated.
6.3.3 Preliminary experiments for in vivo catalysis
Although elucidating the nature of the catalytically active metal ion that is bound to
the purified QacR Y123BpyA was challenging, the possibility to produce a protein
that binds metal ions in vivo to afford a catalytically active metalloenzyme
represents an ideal case for performing catalysis inside cells. In this scenario, no
active metal ion or metal cofactor needs to be supplemented and the metalloprotein
produced by the cells is directly available to perform catalysis. Before being able to
take advantage of the intrinsic activity of QacR Y123BpyA for performing
catalysis in cells, with the further aim to perform directed evolution of the protein,
some challenges needed to be addressed. First, the fraction of catalytically active
protein expressed is low in comparison to the total amount of protein produced
(10-20% based on ICP-AES analysis). Furthermore, the average expression yield
of QacR Y123BpyA in 500 mL LB culture is around 16 mg/L, which is noteworthy
for a protein containing an unnatural amino acid, but might not be sufficient to
observe activities when the protein is produced in parallel in smaller volumes.
To test the feasibility of performing catalysis in cells with QacR_Y123BpyA
initial catalytic studies were performed from a 5 mL aliquot of cells from the large
scale expression of proteins (500 mL, Chapter 5). The cells were pelleted by
centrifugation and washed three times with the reaction buffer. After the last wash,
cells were resuspended in the reaction buffer (300 µL) and reactions were initiated
by addition of substrates 1 and 2 at a concentration of 1 mM each. The reactions
were incubated under continuous inversion at 4 °C for 72 h, after which the
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products were isolated and analyzed by chiral HPLC. In parallel, reactions were
performed with wt-QacR and other BpyA-containing variants as control (QacR
Q96BpyA and QacR Y103BpyA). Traces of products were observed in all the
reactions, but a comparison between the distinct QacR variants was not possible as
the product concentrations were close to the detection limit of the HPLC method.
Additionally, quantification was complicated by overlapping of the HPLC peaks of
the products with other impurities. Neither performing the reactions with a 10 mL
aliquot of cells or in cell-free extracts significantly improved product formation.
Increasing the reaction times to 6 days resulted in slightly higher yields for QacR
Y123BpyA, but such long reaction times are not desirable for an efficient
screening protocol.
In view of future screening protocols, culture volumes were scaled down from
500 mL to 50 mL. The smaller scale allowed for the use of higher concentration of
BpyA (1 mM instead of 0.5 mM), which was envisioned to increase the expression
yield of the BpyA-containing variants. Increasing the amount of catalyst in the
reaction mixture is indeed desirable to obtain higher yields in the catalytic
reactions. Reactions were still performed in cells obtained from 5 mL aliquots, but
unfortunately product formation remained hardly detectable. Apparently, the
concentration of active catalyst is too low in the number of cells used for catalysis
to afford appreciable product formation.
Even though catalysis in cells with the protein that appears to bind metal ions in
vivo was not successful yet, the presence of a genetically incorporated metal
binding moiety in QacR variants could facilitate the assembly of artificial
metalloenzymes inside cells by supplementing additional metal ions. When
compared to the previous experiments in which no metal salt was added for the
catalysis, the addition of metal ions could increase the number of active sites,
thereby increasing the concentration of the active metalloenzyme. As previously
mentioned, for this approach to be successful, the supplemented metal ion should
interact specifically with the protein of interest and should not be sequestered by
other proteins or cellular components. Moreover, a significant rate acceleration of
the reaction by the protein scaffold is required in order to outperform the
background reaction catalyzed by the metal ion itself.
To test the activity of QacR variants inside cells, initial experiments were
performed as before, but a standard concentration of 90 µM of Cu(NO3)2,
Zn(NO3)2 or FeSO4 was added to the mixture. Detectable and significant
differences were observed between reactions performed with the different metal
ions and the QacR variants. Quantification of products for samples supplemented
with Zn2+ and Fe2+ remained problematic due to low levels of product formation
and the appearance of unidentified side products. Although Zn2+ and Fe2+ would be
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ideal candidates for a potential enzyme engineering approach, as the respective
salts are not catalytically active and therefore would not cause any background
reactivity (Table 2, entry 1 and Table 3, entry 1), these metal ions are probably
sequestered by other proteins or cellular components. Conversely, the reactions
performed in presence of Cu2+ resulted in formation of quantifiable levels of the
products and no significant side products were detected (Figure 4). Moreover, the
enantiopreferences observed with QacR variants in cells are consistent to those
observed with purified proteins: wt-QacR, QacR Q96BpyA and QacR Y103BpyA
resulted in the formation of the (-) enantiomer in excess, while QacR Y123BpyA
afforded higher levels of the opposite enantiomer.
wt-QacR_Cu2+
QacR Q96BpyA_Cu2+
IS

SM

enantiomers

QacR Y103BpyA_Cu2+
enantiomers

enantiomers

QacR Y123BpyA_Cu2+
enantiomers

Figure 4: Chiral HPLC traces of reactions performed with cells expressing the BpyA containing
variants of QacR in presence of additional 90µM Cu(NO3)2. The peaks corresponding to the
reaction products are indicated by arrows. IS: internal standard, SM: starting materials.

The enantioselectivitiy values obtained were lower when compared to the
reactions performed with the purified proteins (Table 4). These differences
presumably reflect the presence of free Cu2+ ions in solution that catalyze the
formation of the racemic mixture of products. In order to increase the
enantioselectivities the minimum amount of Cu2+ to coordinate to the bipyridyl
moiety should be added to the cells. However, quantification of the exact amount
of protein present in the cells is complicated and no efficient methodology was
envisioned thus far.
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Table 4 Results of vinylogous Friedel–Crafts alkylation reactions catalyzed by QacR and
BpyA-containing variants of QacR with additional Cu2+ in presence of cells.
Entry
1
2
3
4

Catalyst
QacR_Cu2+
QacR_Q96BpyA_Cu2+
QacR_Y103BpyA_Cu2+
QacR_Y123BpyA_Cu2+

Yield ee (%)b
11±5
12±4 (-)
(%)a
15±8 24±3 (-)
6±4 16±16 (-)
4±1 69±12 (+)

(+) MOPS pH 7.0,
Typical conditions: 9 mol% Cu(NO3)2 (90 µM), 1 mM of substrate 1 and 2 in 20 mM
500 mM NaCl, for 72 h at 4 °C. All the results listed correspond to the average of two independent
experiments. Errors listed are standard deviations. aYields were determined by HPLC using 2phenylquinoline as internal standard. bSign of rotation was assigned based on the elution order in chiral
HPLC by comparison to previous reports.16,18

Testing the reactions with decreasing amount of Cu2+ can tune the reaction
Sametoconditions
as inbest
Tablebalance
1. aYields
were determined
by HPLC
using 2conditions
obtain the
between
conversion
and and
enantioselectivity.
phenylquinoline as internal standard. bSign of rotation was assigned based on the elution
24,26
Nevertheless, inorder
view
of future
protocols
forreports.
improved
variants, both
in chiral
HPLC screening
by comparison
to previous
increase in yields and enantioselectivity, independently from the actual value, can
be potential useful readouts to be further tested in in vitro assays with purified
proteins.

6.4 Conclusions
In conclusion in this chapter the properties and reactivity of the BpyA-containing
protein QacR Y123BpyA were investigated. Efforts towards elucidating the nature
of the metal ion that binds to the protein and is responsible for the intrinsic
catalytic activity in the vinylogous Friedel–Crafts alkylation reaction were
described. Spectroscopic techniques (ICP-AES and UV-visible titrations) as well
as performing asymmetric reactions with the protein in presence of different metal
ions suggested that Zn2+ bound to BpyA is the catalytically active metal complex.
Nevertheless, further studies will be necessary to corroborate this hypothesis. For
example, a crystal structure could provide information about metal ions bound to
BpyA and their microenvironment, indicating the presence of possible extra BpyA
coordinated. Moreover, information about the second coordination sphere of the
Zn2+ and Fe2+ metalloenzymes based on QacR Y123BpyA could offer further
insight on the apparent increased Lewis acidity that is responsible for the unique
catalytic behavior of these metalloenzymes, when compared to other
BpyA-containing QacR variants.
Unfortunately attempts to perform catalysis with QacR Y123BpyA in cells
were not successful yet. The impossibility of performing catalysis directly in cells
might be due to the low amount of the active metalloenzyme QacR
Y123BpyA_Zn2+, or to the fact that the detected amount of Zn2+ bound to purified
protein is picked up during protein purification and not in the cells. An improved
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protocol to increase protein expression, an optimized setup for the reactions or a
different analytical technique to detect product formation could offer further
insights in the reactivity of this metalloenzyme and lead to more reproducible and
quantifiable results. The possibility of expressing a protein with metal ions bound
inside the cell would offer the ideal scenario for metalloenzyme design and
application and deserves further investigation.
Nevertheless, the preliminary results presented here demonstrate the possibility
to perform catalysis with BpyA-containing QacR variants with supplemented Cu2+
ions in cells. Optimization of the reaction conditions is still required, but these
results represent a significant advance in the field of artificial metalloenzymes. As
mentioned above, to date only two examples of artificial metalloenzymes able to
perform unnatural reactions inside the cells have been reported and both of these
enzymes relied on periplasmic expression of the protein of interest.13,14 The
possibility of creating artificial metalloenzymes based on BpyA-containing QacR
variants that function inside cells open possibilities for optimization by directed
evolution techniques. In the future, protocols for the small scale protein production
and for performing reactions in parallel should be evaluated to increase the
throughput of the envisioned screening platform.

6.5 Experimental section
6.5.1 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
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 and BL21 (DE3) C43 were used for protein
expression. Äkta Purifier 900 (GE Healthcare) was used for Fast Protein Liquid Chromatography
(FPLC). Strep-tag purification was performed on Strep-Tactin superflow resin (IBA) and
Heparin purification was performed in FPLC with Heparin HP (GE Healthcare). 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 (Startorius). The
concentration of the proteins was measured with Nanodrop 2000 (Thermo Scientific). Extinction
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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).
6.5.2 Synthesis
(2,2-bipyridin-5yl)alanine (BpyA) was synthesized according to literature procedures as
described in Chapter 3.29,30 The synthesis of (E)-1-(1-Methyl-1H-imidazole-2-yl)-but-2-en-1
one (1)16 and the general procedure for the synthesis of racemic mixtures of the Friedel–Crafts
alkylation products (3)31 are described in Chapter 4.
6.5.3 Expression and purification
Large scale expression (500 mL of LB) of wt-QacR, QacR W61BpyA, QacR Q96BpyA, QacR
Y103BpyA and QacR Y123BpyA was performed as described in Chapter 5. For testing catalysis
in cells protein expression was performed in smaller scale (50 mL of LB) in the same conditions
as described earlier with the only difference that, just prior to induction, BpyA at a final
concentration of 1.0 mM was added. Cells were harvested by centrifugation (4000 rpm, 10 min,
4 °C, Eppendorf) and the pellets were resuspended in 500 µL of 20 mM MOPS pH 7.0, 500 mM
NaCl. The tubes were centrifuged again (4000 rpm, 5 min, 4 °C, Eppendorf) and pellets washed
twice with the same buffer. For cell-free extract catalysis, after washing steps, the cells were
resuspended in 300 µL of 20 mM MOPS pH 7.0, 500 mM NaCl and sonicated (40% (200 W) for
1 min (5 sec on, 5 sec off). The cell-free extract was obtained after centrifugation (13000 rpm, 5
min, 4 °C, Eppendorf) and used directly for catalysis. Total proteins production was analysed on
a 12% Tricine-SDS-PAGE followed by Coumassie staining after cell lysis with Mg-SDS buffer.
6.5.4 UV-visible titrations
UV-visible titration were performed as described in Chapter 5 from solutions of Cu(NO3)2·3H2O,
Zn(NO3)2·6H2O, FeSO4·7H2O and FeCl3·6H2O in milliQ water.
6.5.5 ICP-AES
QacR Y123BpyA in 20 mM MOPS pH 7.0, 500 mM NaCl after affinity purification (Step-tactin
and heparin purification) was divided in two batches. One batch was incubated with 50 mM
EDTA overnight and dialyzed against 20 mM MOPS pH 7.0, 500 mM NaCl. The samples were
then diluted with 4 mL of 8 M urea in double distilled water and 1 mL to 10% v/v HNO3 and
analyzed by ICP-AES.
6.5.6 Catalysis
Catalytic reactions with purified proteins were performed as described in Chapter 5 in 150 µL
total volume containing 90 µM of Cu(NO3)2, Zn(NO3)2, FeSO4 or FeCl3 (9 mol%), 120 µM
protein (monomer, 1.3 equivalents) and 1 mM of substrates 1 and 2 in 20 mM MOPS pH 7.0,
500 mM NaCl. Catalytic reactions in whole cells or cell-free extracts were performed in 300 µL.
For the reactions performed in presence of additional metal salts, 90 µM final concentration of
the corresponding salt was added. Substrates 1 and 2 were added at a final concentration of 1
mM. Reactions were incubated under continuous inversion at 4 °C for 3 or 6 days after which
100 µL of a 1 mM solution of 2-phenylquinoline in 20 mM MOPS pH 7.0, 500 mM NaCl, 20%
CH3CN were added. Reactions were extracted 3 times with 1 mL diethylether and the organic
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layers were dried over Na2SO4 and evaporated in vacuo. The resulting products were redissolved
in 50 µL heptane:isopropanol 9:1 and analyzed by chiral HPLC (Chiralpak AD).
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