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ABSTRACT: Artificial metalloenzymes enable the engineering of
the reaction microenvironment of the active metal catalyst by
modification of the surrounding host protein. We report herein
the optimization of an artificial imine reductase (ATHase) based
on biotin−streptavidin technology. By introduction of lipophilic
amino acid residues around the active site, an 8-fold increase in
catalytic efficiency compared with the wild type imine reductase
was achieved. Whereas substrate inhibition was encountered for
the free cofactor and wild type ATHase, two engineered systems
exhibited classical Michaelis−Menten kinetics, even at substrate
concentrations of 150 mM with measured rates up to 20 min−1.
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■ INTRODUCTION

Artificial metalloenzymes result from incorporation of an
organometallic catalyst precursor within a host protein.1−10 In
analogy to natural metalloenzymes, both the metal coordination
and the substrate-binding sphere around the catalytic site can
be defined and are amenable to optimization. In the past 10
years, we and others have relied on the biotin−(strept)avidin
technology for the creation of artificial metalloenzymes.
Artificial metalloenzymes offer new opportunities to improve

catalytic efficiency and selectivity. For this purpose, both
chemical modification of the first coordination sphere and
mutation of the host protein (i.e., the reaction environment)
can be used to optimize the performance of the artificial
metalloenzyme.11 Although highly enantioselective artificial
metalloenzymes have been reported for a variety of trans-
formations, they often display lower activity than the “protein-
free” metal cofactor.
To overcome this challenge, approaches relying on fine-

tuning of the first or second coordination sphere around the
metal may be envisaged. We recently described first
coordination sphere engineering approaches whereby a
biotinylated catalyst precursor was activated upon incorpo-
ration within streptavidin. This was achieved thanks to the
introduction of a coordinating amino acid capable of binding
and activating the artificial cofactor.12,13

Herein, we present our efforts to improve catalytic efficiency
by genetically fine-tuning the reaction environment in direct
proximity of the metal catalyst in an artificial imine reductase
based on biotin−streptavidin technology, Scheme 1.

■ RESULTS AND DISCUSSION

With the aim of quantifying the effect of streptavidin isoforms
(hereafter, Sav) on the catalytic performance of the biotinylated
d6 piano stool complex [Cp*Ir(biot-p-L)Cl], we set out to
determine the saturation kinetic behavior for the asymmetric
transfer hydrogenation of 1-methyl-3,4-dihydroisoquinoline 1
to the corresponding enantioenriched amine 2 (Scheme 1),
striving for a higher catalytic efficiency14 rather than an
improved enantioselectivity.15,16

As a starting point, we determined the kinetic profiles for the
isolated catalyst precursor [Cp*Ir(biot-p-L)Cl] as well as for
the artificial metalloenzyme resulting from its incorporation
within WT Sav, Figure 2 and Table 1 (see the Supporting
Information, SI, for details). As can be appreciated from these
data, compared with the free [Cp*Ir(biot-p-L)Cl] cofactor, the
artificial metalloenzyme based on WT Sav displays a 20-fold
decrease in rate, as reflected by kobs and kcat, respectively (21 ±
7 vs 1 ± 0.1 min−1), accompanied by a decrease in KM (34 ± 16
vs 5.0 ± 1.6 mM). In addition, both systems suffer from
substrate inhibition (Ki = 45 ± 20 vs 131 ± 27 mM).17 Similar
inhibition effects have been reported for the transfer hydro-
genation of carbonyl compounds.18−20 Because the initial rates
are determined at low conversion, we speculate that the binding
of a second substrate molecule in the active site of the ATHase
is responsible for the observed rate decrease, rather than
product or CO2 inhibition.21 A possible explanation for the
inhibition of the free metal cofactor might be found in the
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reversible coordination of the imine substrate to the 16-electron
intermediate.22,23

To enable efficient catalysis at very low substrate concen-
trations, as encountered in a prospective physiological context
(<1 mM), we hypothesized that increasing the hydrophobicity
in the biotin-binding vestibule, where the {Cp*Ir} moiety is
located, may increase the local concentration of substrate 1.24

Inspection of the X-ray structure of [Cp*Ir(biot-p-L)-
Cl]·S112A Sav (Figure 1) reveals three cationic (R84, H87,
and K121), one anionic (D67), and six polar (N49, S69, N85,
T114, T115, N118) residues located in the proximity of the
piano stool moiety.16 In previous studies, we identified position
S112 as particularly propitious for the optimization of
enantioselectivity: [Cp*Ir(biot-p-L)Cl]·S112A Sav yields up
to 96% ee for the reduction of cyclic imines.16 In addition,
mutations attempted at H87 suggest that this residue is critical
to the proper folding of Sav.25,26 On the basis of these
considerations and with the aim of deconvoluting individual
contributions, lipophilic mutations were introduced sequen-
tially. Starting from WT Sav, two series were designed: (i) WT

Sav → S112A → S112A-K121A → R84A-S112A-K121A and
(ii) WT → S112A → S112A-K121L → D67V-S112A-K121L.
The mutations were introduced using the QuikChange site-
directed mutagenesis protocol (Stratagene, modified by Zheng
et al.27). The Sav isoforms were recombinantly expressed in
Escherichia coli and purified using affinity chromatography on a
2-iminobiotin sepharose column.28

The saturation kinetic behavior for all artificial imine
reductases was determined in triplicate. To quench the reaction
prior to analysis, L-glutathione (final concentration: 83 mM)
was added to the reaction mixture. Analysis was performed by
reversed phase HPLC using 2-(3,4-dimethoxyphenyl)ethanol as
internal standard. An excess of free biotin-binding sites vs Ir
cofactor was employed in all cases; the possible effect caused by
a variation in ratio was not investigated. The kinetic results are
presented in Figure 2 and are collected in Table 1.
Substitution of the cationic residue at position K121 for a

hydrophobic residue (e.g., alanine, K121A) has a dramatic
effect on the catalytic efficiency: it significantly improves the kcat
(20 ± 3 vs 1 ± 0.1 min−1 for WT ATHase), nearly restoring
that of the isolated cofactor. The KM, however, increases
compared with WT ATHase (12 ± 3 vs 5.0 ± 1.6 mM).
Although substrate 1 may appear hydrophobic at first sight, we
and others assume that it is partly protonated under catalytic

Scheme 1. Reduction of a Cyclic Iminea with ATHases
Based on Streptavidin Isoformsb

aAsymmetric transfer hydrogenation of 1-methyl-3,4-dihydroisoquino-
line 1 with the engineered metalloenzymes. MOPS = 3-morpholino-
propanesulfonic acid. bArtificial imine reductase (ATHase), resulting
from incorporation of a biotinylated cofactor [Cp*Ir(biot-p-L)Cl]
within streptavidin. Genetic optimization (*) allows improvement of
the catalytic performance of the artificial metalloenzyme.

Table 1. Kinetic Parameters of the Reduction of Imine 1, Using ATHases Based on Streptavidin Isoforms

entry mutation kcat (min
−1) KM (mM) Ki

a (mM) kcat/KM (min−1 mM−1) eeb (%) (R) enantiomer

1 no protein 20.9 ± 6.5c 34.4 ± 15.6 45.1 ± 19.9 0.61 rac.
2 wild type 0.95 ± 0.09 5.04 ± 1.59 131 ± 27 0.19 60
3 S112A-K121A 23.7 ± 0.8 14.9 ± 2.1 1.59 47
4 S112A-K121L 17.8 ± 0.4 12.4 ± 1.1 1.44 45
5 R84A-S112A-K121A 37.6 ± 4.6 29.3 ± 6.0 187 ± 53 1.28 51
6 D67 V−S112A-K121L 12.2 ± 2.3 12.9 ± 5.8 411 ± 324 0.94 30
7 K121A 19.7 ± 3.0d 11.5 ± 2.6d 19.6 ± 4.4d 1.71 48

aDetermined by applying the Haldane equation for substrate inhibition.17 bDetermined by chiral phase HPLC at 4.8 mM initial substrate
concentration and >85% conversion (see the Supporting Information, for details). cTermed kobs instead of kcat.

dValues taken from Köhler et al.15

Figure 1. X-ray structure (PDB ID 3PK2) of homotetrameric
streptavidin mutant S112A with the bound cofactor [Cp*Ir(biot-p-
L)Cl]. The close-up view of the surface representation highlights the
symmetry-related artificial cofactor (stick representation; Ir, orange
sphere) and close-lying amino acid residues (color code: red = acidic,
blue = basic, green = polar, white = apolar).
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conditions at pH 7.8, and in fact, it is the iminium ion that is
involved in the transition state.29−35

Having identified a favorable substitution at position K121,15

an additional mutation at position S112 was introduced. The
ATHase derived from both double mutants S112A-K121A and
S112A-K121L (Table 1, entries 3 and 4) display similar kcat
values (23.7 ± 0.8 and 17.8 ± 0.4 min−1, respectively) and KM

values (15 ± 2 and 12 ± 1 mM, respectively). We thus
conclude that it is the nature (cationic vs hydrophobic) but not
the size of the amino acid residue at position K121 (alanine or
leucine) that plays a determining role in the catalytic
performance. The catalytic efficiency (kcat/KM) of both double
mutants is significantly higher than that of either the free
cofactor or of the WT ATHase. Although slightly lower than
the theoretical catalytic efficiency of [Cp*Ir(biot-p-L)-
Cl]·K121A Sav, no substrate inhibition is observed for the
double mutants, which accordingly show higher effective rates.
Next, triple mutants were prepared. Substitution of the

cationic arginine for a hydrophobic alanine at position R84
affords the corresponding ATHase [Cp*Ir(biot-p-L)Cl]·R84A-
S112A-K121A (Table 1, entry 5). In this case, a kcat = 38 ± 5
min−1 and KM = 29 ± 6 mM is computed. The kcat is thus
significantly improved compared to the free cofactor,
accompanied by a reduction in substrate inhibition (Ki = 187
± 53 vs 45 ± 20 mM for the free cofactor). Substitution of an

aspartate residue by a valine at position D67 is less effective at
improving catalytic efficiency (Table 1, entry 6).
Considering the ratio kcat/KM as a widely used, albeit

imperfect, measure of catalytic efficiency of an enzyme,14 it was
shown that all lipophilic mutants are more efficient than the
WT Sav-based ATHase (between 5 and 9 times higher
efficiency). The best efficiency in the absence of substrate
inhibition is obtained for the double mutant S112A-K121A
(Table 1, entry 3) with a ratio of 1.59 min−1 mM−1, compared
with 0.19 min−1 mM−1 for WT Sav.
The hypothesis that the reduction of imine 1 takes place via

an iminium ion lends support to the increase in catalytic
efficiency when the cationic lysine residue at position K121 is
substituted by an apolar residue.29−32 Furthermore, it allows
rationalization of the observation that the triple mutant D67V-
S112A-K121L displays a lower kcat than the corresponding
double mutant S112A-K121L. Indeed, the aspartate residue
may stabilize the cationic transition state. In contrast,
substitution of the arginine at position R84 decreases
electrostatic repulsion with the iminium ion, leading to a
higher rate (Table 1, entry 5). It should be noted that mutant
S112K, investigated previously, displays also a higher kcat than
WT Sav ATHase (5.4 ± 0.21 min−1 for S112K vs 1 ± 0.1 min−1

for WT).15 The reaction, however, leads preferentially to the
formation of the S enantiomer, whereas all ATHases
investigated in this study yield preferentially the R enantiomer.

Figure 2. Saturation kinetic profiles of ATHases based on incorporation of [Cp*Ir(biot-p-L)Cl] in various streptavidin isoforms for the reduction of
imine 1 (reaction scheme is illustrated in the top left corner of the figure). Error bars show ±1 standard deviation. The kinetic parameters (kcat, KM,
and Ki) are collected in Table 1.
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This suggests a different arrangement of the complex in the
active site as supported by inspection of mutant ATHase X-ray
structures.16,36

In this exploratory study, we have achieved a nearly 40-fold
increase in kcat, but only a 6-fold increase in KM for the triple
mutant R84A-S112A-K121A when compared to [Cp*Ir(biot-p-
L)Cl]·WT Sav. As a result, the catalytic efficiencies (kcat/KM) of
the lipophilic ATHases are, despite the modest increase in KM,
significantly improved compared with either the free cofactor or
the wild-type ATHase [Cp*Ir(biot-p-L)Cl]·WT Sav. Impor-
tantly, the introduction of an additional mutation S112A in the
double mutants S112A-K121A and S112A-K121L allowed
overcoming of the substrate inhibition, encountered, for
example, with the free cofactor or the K121A single-mutant-
based ATHase. As a result, substantially increased effective rates
are achieved, a feature reminiscent of natural enzymes.

■ OUTLOOK
Genetic optimization of the second coordination sphere around
the {Cp*Ir} moiety allows improvement of the catalytic
performance of an artificial imine reductase based on the
biotin−streptavidin technology. Increasing the lipophilic
character of the active site leads to a significant increase in
the kcat, accompanied by a less pronounced increase in the KM
of the resulting artificial metalloenzymes. This optimization was
achieved by screening only a handful of mutants and limited
structural knowledge. We anticipate that computing the
structure and energetics of both the [enzyme·substrate] and
the corresponding transition state of the reaction will allow
further rational improvement of the catalytic performance of
such artificial metalloenzymes.
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