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Abstract: Artificial metalloenzymes (ArMs) based on the incorporation of a biotinylated metal cofactor within a
streptavidin (Sav) combine attractive features of both enzymatic and homogeneous catalysis. To speed up their
optimization, we present a directed evolution of an artificial transfer hydrogenase (ATHase) based on a stream-
lined and optimized protocol for the design, overexpression and screening of Sav isoforms. Ten positions have
been subjected to mutagenesis to yield two variants with improved catalytic activity and selectivity for the reduc-
tion of cyclic imines, along with greater stability in a biphasic medium.
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Catalysis represents an essential tech-
nique in synthetic organic chemistry.
Thanks to its extraordinary value, various
synthetic systems, including organocata-
lysts, heterogeneous solids, enzymes and
metal complexes, have been developed.[1]
Biocatalytic use of enzymes, either in the
whole cell format, contained in cell lysates
or as purified proteins, has proved useful in
multiple industries, such as fine and bulk
chemicals, cosmetics, textile, pulp and pa-
per, food and pharmaceuticals.[2]

Chiral amines serve as important in-
termediates in synthesis of fragrances and
flavors, agrochemicals and biologically ac-
tive compounds. Since approximately 40%
of all pharmaceuticals contain at least one
chiral amine building block,[3] the demand
for their enantioselective synthesis is im-
mense and multiple methods are available.
Current strategies to produce enantiopure
amines include resolution of racemates,[4]
organic synthesis[5] or biocatalysis.[6]
Biocatalytic production of chiral amines
can be achieved by direct enzymatic synthe-
sis using phenylalanine ammonia lyases,[7]
transaminases,[8] imine reductases,[9] and
amine dehydrogenases,[10] or by dynamic
kinetic resolution by implementing lipas-
es,[11]or monoamine oxidases.[12] Industrial
use of imine reductases represents a chal-
lenge, which is predominantly caused by
the restricted amount of available enzyme
types, their price, finite substrate scope and
low stability of their substrates in water or
buffer. Development of novel imine reduc-
tases and optimization of their catalytic
performance is therefore highly desirable.

Artificial metalloenzymes (ArMs) are
created by incorporating a synthetic metal

cofactor within a protein or a DNA scaf-
fold.[13] Multiple anchoring strategies are
available:[14] covalent, non-covalent, da-
tive, and metal substitution. Since ArMs
comprise a biological and synthetic part,
the performance of both components canbe
optimized independently. The selection of
the macromolecular protein or DNA scaf-
fold determines the anchoring strategy and
the methods for its genetic optimization,
whereas the rationally designed synthetic
cofactor determines which type of reac-
tion could be performed.[15] The (strept)
avidin-biotin (Sav-biot) technology[16] has
been established as a very versatile anchor-
ing strategy for the preparation of ArMs.
Following the initial reports of ArMs
technology by Wilson and Whitesides in
1978,[13g] multiple catalytic systems have
been realized. These include allylic alkyla-
tion,[17] C–H activation,[15b] metathesis,[18]
dihydroxylation,[19] alcohol oxidation,[20]
sulfoxidation,[21] hydrogenation,[13f,22] and
transfer hydrogenation.[23] Noteworthy,
some of these reactions do not exist in
biological systems, ArMs have therefore
brought new-to-nature chemical trans-
formations into enzymatic catalysis.[24]
Artificial Transfer Hydrogenase (ATHase)
has received an increased amount of atten-
tion, which resulted in their application
in reduction of enones and ketones, and,
more recently, of imines, NAD(P)+ and its
analogs.

To mimic the natural process of en-
zyme evolution, directed evolution[25]
was established by Arnold, Chen,[25h] and
Stemmer[25i] almost two decades ago.
Since then, this powerful method has been
used to fine-tune the selective formation
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using an iminobiotin affinity chromatog-
raphy column and confirmed by screening
in MOPS buffer (3-(morpholino)propane-
sulfonic acid) using sodium formate as the
hydride source. In these experiments, the
ratio between Sav and [Cp*Ir(biot-p-L)Cl]
was fixed to 2:1 to ensure optimal reaction
rate and the selectivity.[28]

The first-generation screening revealed
two mutants with an improved activity. In
the reduction of 1, an (S)-selective mutant

biotin free binding sites in the resulting
cfe was determined by means of a biotin-
4-fluorescein absorption-fluorescence as-
say.[16b,27] The extracts were consequently
treated with DiAm followed by the addi-
tion of [Cp*Ir(biot-p-L)Cl] and screened
for their ATHase activity a cyclic imine
substrate (Fig. 2). After identification of
a successful ‘hit’, the results were repro-
duced, the corresponding mutant over-
expressed in 1L shaking flasks, purified

of enantiomers, broaden the substrate ac-
ceptance of enzymes or to improve their
stability in a targeted manner. This ver-
satile methodology, comprising iterative
cycles of mutagenesis followed by protein
expression and their screening, can also be
applied in the evolution of hybrid catalysts,
allowing for their Darwinistic progression
(Fig. 1).[25e]

The development of high-throughput
screening methods for evolution of ArMs
has a bottleneck; the E. coli cellular en-
vironment contains millimolar concen-
trations of glutathione (GSH) and other
metabolites capable of poisoning the soft
metal-containing catalyst.[26a] Screening
utilizing protein purification is therefore
often necessary. Since the workload in-
creases exponentially with the increasing
library size, a system circumventing the
protein purification stage is highly desir-
able. Our group has recently described a
streamlined optimization protocol[16a] that
allows parallel in vivo expression of Sav
in E. coli in a 24-deep well plate format.
The cells are grown in an autoinduction
medium based on low amounts of glu-
cose and high amounts of lactose. Upon
consuming glucose, the expression of the
recombinant protein is induced by lac-
tose during the exponential growth phase,
which allows for automated protein pro-
duction without the need for manual in-
duction. After cell harvest and lysis, the
resulting cell free extracts (cfe) are treated
with diamide (1,1-azobis(N,N-dimethyl-
formamide, DiAm). This GSH scavenger
capable of oxidizing GSH to glutathione
disulfide (GSSG) notably recovers the
catalytic performance[26b] when applied
to cfe prior to the addition of the metal
cofactor. Building upon this technique,
we selected an area of 10 Å around the
iridium center of the biotinylated cofac-
tor anchored within the Sav active site
and subjected the corresponding amino
acids to targeted mutation. Our efforts in
directed evolution of the ATHase resulted
in four generations of mutant variants,
which showed improved activity in trans-
fer hydrogenation of various cyclic imine
substrates.[23a]

Based on our previous screening re-
sults, mature Sav with alanine at position
121 was selected for the library generation.
In the first round of directed evolution, a
reduced library of amino acids constituting
of A, V, L, D, E, Q, K, H, M, Y, S, P, and
N was introduced at positions T111, S112,
G113, T114, A116, N118, S122, T123
and L124. In the following generations,
all canonical amino acids were individu-
ally introduced relying on precise primers.
The resulting mutants were overexpressed
in E. coli using an autoinduction medium
in 24-deep well plates. The harvested cells
were lysed and the concentration of the

Fig. 1. Workflow for directed evolution of ArMs. Mutagenesis based on precise primers is followed
by expression in E. coli. The lysed cells are treated with DiAm prior to the addition of a biotinyl-
ated cofactor, which leads to the constitution of an active artificial metalloenzyme with an ATHase
activity. After screening and identification of a ‘hit’, the mutation of interest is used as a template
for another round of mutagenesis.

Fig. 2. Directed evolution of ATHase. (A) Structure of the biotinylated pianostool Cp*Ir cofactor. (B)
ATHase is created upon incorporation of the biotinylated cofactor within Sav. (C) Directed evolu-
tion tree of ATHase of a model cyclic imine 1.
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production allows for screening hundreds
of Sav variants contained in cfe, hence
notably improving the throughput of the
process. After only four rounds of directed
evolution, two mutants with an improved
activity and selectivity on the model cyclic
imine substrate were identified. These mu-
tants perform well on a preparative scale
and under biphasic reaction conditions,
thus implying a wide range of application
possibilities.
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cyclic imine selected for screening, ex-
periments in a biphasic set up using 100
mM of substrate were performed. Both
most evolved Sav variants performed bet-
ter in the terms of enantioselectivity and
turnover number (TON) (entries 9 and 13)
compared to mutant K121A, representing
the starting point of our directed evolution
(entry 3).

Analysis of the obtained X-ray struc-
ture of [Cp*Ir(biot-p-L)Cl] · S112A-
N118P-K121A-S122M suggests forma-
tion of the catalytically active hydride form
of Cp*Ir cofactor in (R)-configuration. The
non-concerted transition state grants a for-
mation of a CH∙∙∙π interaction between the
substrate and the Cp* moiety of the cata-
lyst, thus predominantly producing the
(R)-enantiomer of 2. The crystal structure
of [Cp*Ir(biot-p-L)Cl] · S112R-N118P-
K121A-S122M-L124Y revealed that the
introduction of two bulky amino acid
residues at positions 112 and 124 within
the Sav active site resulted in an approxi-
mately 180° rotation of the pianostool moi-
ety around the C

benzene
-S

sulfonamide
bond. The

cofactor becomes more surface-exposed,
which may lead to increased solvent expo-
sure of the substrate.[23a]

In conclusion, introduction of a bioti-
nylated pianostool Cp*Ir catalyst within
Sav variants produces ATHases. Directed
evolution of such hybrid catalysts using the
streamlined optimization protocol for Sav

S112R-K121A (Table 1, entry 5) was iden-
tified along with an (R)-selective mutant
N118P-K121A (entry 4), which was sub-
jected to saturationmutagenesis at position
S112. In the resulting second generation,
mutant S112A-N118P-K121A yielded
(R)-2 in 86% ee and full conversion (entry
6). Introducing an additional substitution
of serine to methionine at position 122 in
the third generation further improved the
selectivity and yielded (R)-2 in 92% ee
(entry 7).

The (S)-selective route was evolved
starting from the arginine-containing mu-
tant S112R-K121A. Upon introducing
proline at position 118 and methionine at
position 122, the selectivity for (S)-2 was
increased to 63% ee (entry 10). In the last
generation, the introduction of tyrosine
at position 124 as a second bulky resi-
due within the Sav active site further im-
proved the (S)-selectivity and the mutant
S112R-N118P-K121A-S122M-L124Y
yielded (S)-2 in 78% ee and full conversion
(entry 11).

Preparative scale experiments, per-
formed in degassed buffer and with >120
mg of substrate, resulted in full conversion
(GC; 70% after purification) and 91% ee
(R) for S112A-N118P-K121A-S122MSav
(entry 8) and 75%conversion (GC; 55%af-
ter purification) and 72% ee (S) for S112R-
N118P-K121A-S122M-L124Y Sav (entry
12). Due to the low water solubility of the

Table 1. Reduction of substrate 1 catalyzed by various ATHases using purified proteins.a

Entry ATHase conv. [%] TON ee [%]

1 [Cp*Ir(biot-p-L)Cl] 17 35 -

2 K121A 99 198 54 (R)

3 K121A [c] 5 100 31 (R)

4 N118P-K121A 96 193 59 (R)

5 S112R-K121A 36 72 –27 (S)

6 S112A-N118P-K121A 100 200 86 (R)

7 S112A-N118P-K121A-S122M 100 200 92 (R)

8 S112A-N118P-K121A-S122Mb 100 (70d) 200 91 (R)

9 S112A-N118P-K121A-S122Mc 19 380 95 (R)

10 S112R-N118P-K121A-S122M 90 179 –63 (S)

11 S112R-N118P-K121A-S122M-L124Y 100 200 –78 (S)

12 S112R-N118P-K121A-S122M-L124Yb 75 (55d) 150 –72 (S)

13 S112R-N118P-K121A-S122M-L124Yc 11 220 –85 (S)

aReactions were carried out with 10 mM substrate, 100 µM biotin binding sites and 50 µM
[Cp*Ir(biot-p-L)Cl] at 37 °C for 48 h in 0.6 M MOPS and 3 M sodium formate at pH 6. bReactions
were carried out on a preparative scale (>120 mg of 1) in 60 ml. cReactions were carried out
using a biphasic set-up with 100 mM substrate at RT for 4 days. dIsolated yield.
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