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Artificial metalloenzymes, based on the incorporation of a catalytically active organometallic
moiety within a host protein, lie at the interface between organometallic and enzymatic catalysis.
In terms of activity, reaction repertoire, substrate range and operating conditions, they take
advantage of the versatility of the organometallic chemistry. In contrast, the enantioselectivity is
determined by the biomolecular scaffold, which provides a well defined second coordination
sphere to the organometallic moiety, reminiscent of enzymes. The attractive feature of such
systems is their optimization potential, which combines chemical and genetic methods (i.e.
chemogenetic) to screen diversity space. This feature article describes the implementation of such
an optimization protocol for artificial transfer hydrogenases, for which we have the most detailed

understanding.

Introduction

In the area of high value-added chemicals, enantioselective
catalysis plays an ever-increasing role."* Catalysis has tradi-
tionally been divided into three distinct fields: heterogeneous,
homogeneous and enzymatic catalysis. The latter two have
found most applications in enantioselective catalysis.>* De-
spite intensive computational, structural and mechanistic stu-
dies, predicting the outcome of an enantioselective catalytic
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transformation remains very challenging. This is due to the
fact that a difference in free energy of only 2.0 kcal mol™! for
the two diastereomeric transition states affords an enantio-
meric excess (ee) of 95%.> Thus, subtle, weak non-bonding
contacts between the substrate and the catalytic environment
often play a decisive role in the enantioselection. This has led
to the implementation of combinatorial strategies in homo-
geneous catalysis’ optimization.®® For this purpose, a library
of ligands is combined with a suitable metal precursor and
screened in the presence of various additives, counter ions, co-
solvents erc.'”

In contrast to homogeneous catalysts, enzymes offer an
exquisitely tailored and well-defined second coordination sphere,
which often leads to outstanding selectivities for an enzyme’s
native substrate.!! Broadening an enzyme’s substrate scope
or inverting its enantioselectivity often requires a major
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Fig. 1 (a) Computed transition state structure for the transfer
hydrogenation of aromatic ketones using Ru d® piano-stool complexes
(adapted from ref. 33). The CuromaicH—T attraction between the 1°-
arene and the aromatic substituent is at the origin of enantioselectivity.
(b) Structure of the active site of an alcohol dehydrogenase containing
a substrate molecule. The oxygen atom of the substrate is directly
coordinated to the zinc atom, while the side chain interacts with the
hydrophobic cavity of the protein, PDB refcode 1QV7. (c) Artificial
metalloenzymes for the transfer hydrogenation of prochiral ketones
based on supramolecular anchoring. The host protein displays high
affinity for the anchor; chemical optimization is performed by intro-
duction of a spacer and variation of the d® piano-stool moiety;
site-directed mutagenesis of the host protein allows the genetic
optimization.

optimization effort. This is best achieved by directed evolution
strategies, which however require screening of large li-
braries.">'* In many ways (optimization, substrate scope, sol-
vent tolerance, reaction repertoire efc.), enzymes and
homogeneous catalysts are often considered as complementary.

In addition to metal-mediated (e.g. homogeneous) and
enzymatic catalysis, organocatalysis (minimal enzymes)'
and artificial metalloenzymes'®!'® have attracted renewed
interest in recent years.

The creation and optimization of artificial metalloenzymes,
which are the focus of this feature article, aim at combining the
most appealing features of homogeneous and enzymatic cataly-
sis. Their design is based on the chemical modification of a
protein with a catalytically active organometallic moiety. Such
systems offer the possibility of optimizing both the first and the
second coordination sphere around the catalytically active metal
(Fig. 1). The first coordination sphere, provided by the organo-
metallic moiety itself by-and-large determines the activity of the
catalyst and may readily be optimized by chemical means, using
methods reminiscent of homogeneous catalyst optimization. The
second coordination sphere, provided by the host protein may, in
turn, be optimized with genetic means.'®**2? Ideally, one could
envision creating an artificial metalloenzyme for nearly any
water-compatible transition metal-catalyzed reaction,”* thus
broadening the scope of enzymatic catalysis.

Inspired by Whitesides® early report,>® we focused on arti-
ficial metalloenzymes based on the biotin—(strept)avidin

technology. Here, (strept)avidin refers to either avidin or
streptavidin, where (strept)avidin is a tetrameric protein pos-
sessing four identical binding pockets, which have a very high
affinity for biotin. A well-tailored hydrogen-bonding net, as
well as precise hydrophobic interactions with aromatic resi-
dues are responsible for the biotin-(strept)avidin binding,
which ranks among the strongest non-covalent interactions
known (Kq ~ 107" M).%® Most importantly, modification of
the valeric acid side chain of biotin does not lead to a
significant decrease in the affinity constant.?® In the context
of organometallic catalysis, we speculated that non-covalent
anchoring of a biotinylated organometallic fragment into the
host protein should ensure the integrity of the organometallic
species and may occur with a tolerable erosion in the affinity
constant.?’

The potential of these hybrid catalysts was initially tested
for the hydrogenation of a-acetamidoacrylic acid using
rhodium—diphosphine complexes, which proceeded with high
enantioselectivities (96% ece (R)).>® Following this initial
breakthrough, we extended this methodology to transfer
hydrogenation,? allylic alkylation®® as well as alcohol®' and
sulfide®? oxidation reactions. In this feature article, we outline
our efforts towards the creation of artificial transfer hydro-
genases for which we have the most detailed understanding.

Artificial transfer hydrogenases: a case study

Enantiopure alcohols are important intermediates in the
synthesis of various high value-added chemicals.** The asym-
metric reduction of prochiral ketones is perhaps the most
straightforward route to access this class of compounds. Both
enzymatic®>*® and homogeneous catalysis***"3 have been
widely used to achieve this transformation.

The asymmetric transfer hydrogenation based on d° piano-
stool complexes is an attractive alternative to reduction
systems using molecular hydrogen.’* * Mechanistic studies
suggest that both the hydride and the proton transfer proceed
through a concerted six-membered transition state, without
coordination of the prochiral substrate to the metal
(Fig. 1(a)).*** In nature, oxidoreductases such as liver alcohol
dehydrogenase catalyze the reduction of carbonyl compounds
with remarkable enantioselectivities using organic cofactors
such as NAD(P)H.* In these enzymatic systems, enantio-
discrimination is controlled by the second coordination sphere
interactions between the substrate and the enzyme (Fig. 1(b)).

With the aim of creating new hybrid systems for enantio-
selective reduction, we chose the Noyori-type asymmetric
transfer hydrogenation of ketones as a model reaction, which
relies on d® piano-stool complexes as catalysts. Considering
the nature of the critical non-covalent interactions within the
transition state (Fig. 1(a) and (c)), we reasoned that the second
coordination sphere contacts between the host protein and the
substrate may lead to good selectivities, even for challenging
substrates. Most importantly, recent examples in the field of
chemo-enzymatic catalysis demonstrated the compatibility
between d® piano-stool metal complexes and enzymatic
systems at elevated temperatures, thus suggesting that bioti-
nylated piano-stool complexes may perform their task in the
presence of streptavidin acting as a host protein.*¢
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Scheme 1 General structure of the ortho-, meta- and para-biotiny-
lated ligands (Biot-g-LH) used in this study.

The catalytic system

The first step in the implementation of the new artificial
transfer hydrogenation system was the identification of the
suitable reaction conditions for the enantioselective reduction
of acetophenone used as a model substrate.”’

In conjunction with d® piano-stool complexes, Noyori and
co-workers have shown that aminosulfonamides are among
the most effective ligands for the enantioselective transfer
hydrogenation of aromatic ketones.*®*! Thanks to their water
compatibility and stability,*’ they represent attractive candi-
dates for our purposes. Derivatization of an aromatic amino-
sulfonamide with a biotin anchor can readily be achieved via
an amide functionality to afford the biotinylated ligands
Biot-g-LH (¢ = ortho-, meta- or para-, Scheme 1). These
ligands were mixed with [n®(p-cymene)RuClL,], in the
presence of a base to afford the catalyst precursor
[n%-(p-cymene)Ru(Biot-¢g-L)CI]. In the absence of streptavidin,
these complexes catalyzed the aqueous transfer hydrogenation
of acetophenone to yield (rac)-phenylethanol in quantitative
yield. Addition of streptavidin to the catalytic system intro-
duces a delicate component against which the influence of
every reagent present was evaluated. For this purpose, we used
[n°-(p-cymene)Ru(Biot-p-L)Cl]c WT Sav as a model artificial
transfer hydrogenase. Throughout the paper, WT Sav refers to
wild-type streptavidin and the inclusion symbol < indicates
the non-covalent incorporation of the biotinylated catalyst
within streptavidin. All the results presented herein were
obtained using homo-tetrameric Sav and mutants thereof.

Hydrogen source. Isopropanol (iPrOH), formic acid-triethyl-
amine azeotropic mixture or aqueous sodium formate
(HCOONa) are the most common hydrogen sources for
transfer hydrogenation. Non-denaturing gel electrophoresis
of the reaction mixture carried out in the presence of these
hydrogen donors revealed the presence of monomeric strepta-
vidin, suggesting that they denature the protein. Since it had
been shown that the reduction rates are considerably faster
using HCOONa than the HCOOH-Et;N azeotrope or
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Fig. 2 Variation of the conversion (red circles) and of the ee (blue
squares) as a function of the initial pH for the reduction of aceto-
phenone using [n°®-(p-cymene)Ru(Biot-p-L)CI|c WT Sav. Reaction
conditions: WT Sav (tetrameric) 45 pM; Ru 130 uM; HCOONa 1.5
M; acetophenone 0.013 M; temperature 45 °C; reaction time 45 h.

iPrOH,*® the former was selected for further optimization.
Decreasing the formate concentration from 1.5 to 0.5 M
suppressed the denaturation of the host protein, ensuring
that the chiral environment remained unaltered throughout
catalysis.

pH. Studies by the groups of Ogo and Xiao had shown that
both the reaction rate and the enantioselectivity of aqueous
transfer hydrogenation reactions critically depend on the pH
of the reaction.*>® A study of the activity and selectivity of
the reaction as a function of the initial pH allowed us to
identify pH = 6.25 as the optimum for catalysis in the
presence of artificial transfer hydrogenases (Fig. 2).>* Given
the pK,' = 3.75 of formic acid and bearing in mind that the
pH of an ampholyte at its isoelectric point is given by
pH = 0.5 (pK,' + pK,?), we screened various acids with a
pK,> ~ 8.75. This allowed to identify HCOONa-B(OH); as
the best combination both in terms of activity and of selectiv-
ity (Table 1, entry 1). The addition of MOPS buffer contrib-
uted to further stabilize the pH throughout catalysis (pH;pial
= 6.25; pHgna <7.3), thus increasing the selectivity at the
expense of a slightly lower conversion (Table 1, entry 2).

Temperature. With the aim of increasing the conversion, the
temperature and the reaction time were increased. Using
the mixed HCOONa-B(OH); + MOPS buffer at 55 °C, the

Table 1 Optimization of the reaction conditions for the asymmetric transfer hydrogenation of acetophenone 1 catalyzed by [n°-(p-cymene)-

Ru(Biot-¢-L)Cl]|« WT Sav*

Entry Ligand Buffer system (pHinigiai = 6.25) T/°C t/h Conv. (%) ee (%)
1 Biot-p-L HCOONa-B(OH); 45 40 55 57 (R)
2 Biot-p-L HCOONa-B(OH); + MOPS? 45 40 40 66 (R)
3 Biot-p-L HCOONa-B(OH); + MOPS” 55 64 82 68 (R)
4 Biot-p-L HCOONa-B(OH); + MOPS’ 65 64 76 66 (R)
5 Biot-m-L HCOONa-B(OH); 45 40 20 6 (S)

6 Biot-0-L HCOONa-B(OH); 45 40 18 3(S)

@ Conditions: WT Sav (tetrameric) 45 uM; Ru 130 pM; HCOONa 0.5 M; B(OH); 0.47 M; acetophenone 1 0.013 M. ® WT Sav (tetrameric) 36 pM;
Ru 104 pM; HCOONa 0.48 M; B(OH); 0.41 M; MOPS 0.16 M; acetophenone 1 0.01 M.

This journal is © The Royal Society of Chemistry 2008
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Table 2 Selected results for the chemogenetic optimization of the performance of [n°-(arene)Ru(Biot-p-L)CI] = Sav for the transfer hydrogenation

of acetophenone derivatives 1-3“

Entry n®-Arene Protein Substrate Conv. (%) ee (%)
1 p-Cymene WT Sav 1 82 68 (R)
2° p-Cymene WT Sav 2 93 87 (R)
3b p-Cymene WT Sav 3 86 91 (R)
4° Benzene WT Sav 1 54 48 (S)
5 p-Cymene P64G Sav 1 90 85 (R)
6 p-Cymene P64G Sav 3 92 94 (R)
7¢ p-Cymene S112G Sav 1 90 28 (R)
¢ Conditions: WT Sav (tetrameric) 36 uM; Ru 104 uM; HCOONa 0.48 M; B(OH); 0.41 M; MOPS 0.16 M; substrate 0.01 M; pHipiia = 6.25;

temperature 55 °C; reaction time 64 h. ® WT Sav (tetrameric) 36 pM; Ru 120 pM; substrate 0.012 M.  HCOONa 0.5 M; B(OH); 0.47 M;

temperature 45 °C; reaction time 40 h.

conversion was raised to 82% within 64 h, with little influence
on the enantioselectivity (Table 1, entry 3). Further increasing
the temperature to 65 °C did not improve the outcome of the
reaction (Table 1, entry 4).

Organic co-solvent. The typical reaction was carried out in a
buffer solution containing less than 1.5% DMF (v/v), required
to dissolve the ruthenium complex and the substrate. Other
water-miscible solvents such as DMSO or iPrOH worked
equally well. Increasing the percentage of organic solvent
above 5% had a negative effect on the conversion however.

Using the conditions identified above, the reduction of
acetophenone 1 in presence of [n°(p-cymene)Ru(Biot-
p-L)CIlcWT Sav proceeded with moderate conversion
(82%) and enantioselectivity (68% (R), Table 1, entry 3).
para-Bromoacetophenone 2 and para-methylacetophenone 3
afforded higher conversions and selectivities (see Scheme 3 and
Table 2, entries 2-3).

Ligand structure. The position of the biotinylated catalyst
within streptavidin, which was determined by the substitution
pattern of Biot-¢-L had a dramatic effect on the outcome of
the reaction. The para-anchored ligand outperformed the
meta- and ortho-substituted counterparts both in terms of
conversion and of selectivity (Table 1, entries 1, 5 and 6). It
is tempting to speculate that the meta- and ortho-anchoring
localize the ruthenium centre in a position that is not easily
accessible for the substrate.

Nature of the capping arene. In addition to the position of
the biotin-anchor with respect to the aromatic aminosulfon-
amide moiety, the nature of the capping arene was found to
play a crucial role in determining both the activity and the
selectivity of [n°®-(arene)Ru(Biot-p-L)CI]c WT Sav. Most
unexpectedly, substitution of the m°-(p-cymene) by a n°-
(benzene) cap produced the opposite enantiomer of pheny-
lethanol, under otherwise identical reaction conditions.
(Table 2, entries 1 and 4). This initial finding suggests an important
interaction between the protein and the ruthenium complex.

To rationalize this observation, two complementary enantio-
selection mechanisms can be envisaged. First, the absolute
configuration at ruthenium in the hydride piano stool complex
may be controlled by second coordination sphere interactions
with streptavidin. This differs from classical Noyori-type
catalysts where the Ru-configuration is determined by the

chirality of the chelating ligand scaffold.’' Second, additional
contacts between the substrate and the protein may compete
(matched or mismatched) with interactions between the sub-
strate and the n®-capping arene to favour the approach of one
enantiotopic face of the substrate. These two possible enantio-
discriminating events are outlined in Scheme 2 for the (R)-
selective

[n%-(p-cymene)Ru(Biot-p-L)CI]lc WT Sav combination. For
simplification, only the monomer containing the biotinylated
Ru complex was represented, although interactions of the
adjacent monomer with the Ru complex or the substrate may
also be involved.

Protein variants. The optimization potential by introduction
of point mutations within the host protein was evaluated next.
For this purpose, a glycine residue was introduced in several

OH

‘ = J\\ - streptavidin -

= \
\ 16 e” planar complex /
(R)-product / achiral (
\

streptavidin

transition state structure

®) - 18 & hydride complex

h— (8)-Ru

(a)
o]

streptavidin

Scheme 2 Suggested weak contacts critical for the observed enantio-
selectivity in the reduction of acetophenone catalyzed by [n°®-(p-
cymene)Ru(Biot-p-L)H]=WT Sav. (a) The absolute configuration at
Ru may be determined by second coordination sphere contacts
between the biotinylated catalyst and streptavidin. (b) The preferential
delivery of one enantiotopic face of the substrate may be biased by
second coordination sphere interactions between the substrate and
streptavidin.
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Scheme 3 Chemical, genetic and substrate diversity used for the chemogenetic optimization of enantioselective artificial transfer hydrogenases.

positions to yield single-point mutants (K80G Sav, S112G Sav,
V47G Sav and P64G Sav). Interestingly, the protein with the
most remote site of mutation (P64G Sav) significantly increased
enantioselectivity, while the closest lying mutation (S112G Sav)
afforded the greatest variation in enantioselectivity as well as
the highest conversions (Table 2, entries 5-7).

This first screening round suggested that both chemical and
genetic methodologies could be implemented for the optimiza-
tion of the artificial transfer hydrogenases.

First round of evolution: exploring the active site

With the aim of broadening the substrate scope and gaining
mechanistic insight into the new system, a library of chemically
and genetically modified catalyst variants was produced and
screened for activity and selectivity for the reduction of pro-
chiral ketones. As no high-throughput methodology was im-
plemented, we focused on minimal modifications at the active
site, likely to dramatically affect the reaction outcome: the
position of the biotin-anchor, the capping arene and the metal,
as well as the residues predicted to lie close to the active site.?

Screening strategy. In order to limit the number of screening
experiments, we opted for a representational search strategy
(positional scanning)® to optimize the activity and selectivity

of the artificial metalloenzymes. Three variables are expected
to have an important effect on the reaction outcome: chemical
diversity (catalyst structure), genetic diversity (protein envir-
onment) and substrate (Scheme 3). Successive optimization
rounds were carried out by modifying a single parameter at a
time. The influence of the biotinylated catalyst structure on the
asymmetric transfer hydrogenation for the three acetophenone
derivatives 1-3 was evaluated first. Then, changes of the host
protein through targeted mutations were explored by screen-
ing with the most promising organometallic scaffolds. Finally,
the scope of the reaction was assessed using the best cata-
lyst = protein combinations. While this approach does not take
into account the possible cooperativity effects between the
different factors (metal complex, protein and substrate), it
allows the identification of selective catalysts using a modest
screening effort.

Chemical optimization. The biotinylated metal complex was
modified by varying the capping arene, the position of the
biotin anchor and the metal centre. A total of twenty-one
catalyst precursors was generated by combining the three
different ligands (ortho-, meta- and para-biotinylated sulfon-
amides Biot-g-LH) with seven d® piano-stool fragments
containing five arene caps and three different metals

This journal is © The Royal Society of Chemistry 2008
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(n°-(CsMes)RhCI, °~(CsMes)IrCl and n®-(arene)RuCl, arene
= p-cymene, benzene, durene, mesitylene, hexamethyl-
benzene, Scheme 3). Screening of these catalysts in the pre-
sence of streptavidin allowed rapid identification of the most
promising metal complexes for the reduction of acetophenone
derivatives 1-3. Two different streptavidin isoforms (WT Sav
and P64G Sav) were used in these experiments and the
complexes displayed similar trends in both cases. These results
suggest that the chemical optimization brings more diversity
than the genetic counterpart.’! The screening experiment
further confirmed the initial trends outlined above:

(1) The localization of the catalytic centre, dictated by the
position of the biotin anchor, determines the activity of the
resulting artificial metalloenzyme: only the para-anchored
ligands afforded significant levels of conversion.

(ii) The nature of the capping arene plays a critical role in
the enantioselectivity: (n°(p-cymene)-bearing Ru-complexes
are mostly (R)-selective and n°-(benzene)-containing Ru-
complexes are mostly (S)-selective).

Based on these observations, five out of the twenty one
biotinylated complexes were selected for further optimization
by genetic means: [n°(p-cymene)Ru(Biot-p-L)CI], [n°-(benzene)-
Ru(Biot-p-L)CI], [n°-(durene)Ru(Biot-p-L)CI], [n°-(CsMes)-
Ir(Biot-p-L)CI] and [n°(CsMes)Rh(Biot-p-L)CI].

Genetic optimization. To minimize the number of experi-
ments required for an efficient optimization, we focused on
modifications close to the active site, assuming that these bring
more diversity than the distant ones.’>> In the absence of
crystallographic information on the exact localization of the
catalytic centre, docking studies were performed to obtain a
qualitative model of the hybrid catalyst. The most stable
docked structure of the ruthenium hydride catalyst [n%(p-
cymene)Ru(Biot-p-L)H]cWT Sav reveals that the two C,
atoms of serine S112 and S122 are the closest lying to the
ruthenium moiety. However, the S112 side chain points to-
wards the piano-stool fragment while the S122 side chain is
directed away from the complex. These observations and
previous results obtained with the S112G Sav mutant, showing
the most pronounced changes in conversion and selectivity
(Table 2, entry 7), led us to select position S112 for the genetic
optimization through saturation mutagenesis. The five biotiny-
lated ruthenium complexes were screened in conjunction with
the twenty streptavidin isoforms, S112X Sav. General trends
emerged from this second optimization step:

(1) The nature of the capping arene by-and-large determines
the preferred enantiomer: (R)-reduction products for n®(p-
cymene)- and n°(durene)-bearing complexes and (S)-
reduction products for the n°(benzene)-bearing complex
(Table 3, entries 1-3 and Fig. 3(a)). The overall performance
of the rhodium- and iridium-containing metalloenzymes is
modest and depends very much on the host protein (Fig. 3(a)).

(if) Sav-mutants bearing a potentially coordinating amino
acid side chain at position S112 (cysteine, methionine, aspartic
or glutamic acid, histidine) inhibit the catalytic performance of
the artificial transfer hydrogenases (Table 3, entry 4).

(iii) Introduction of cationic residues at position S112
favours (S)-reduction products.

10 20 30 40 50 60 70

Catalysis number
(a)

1 -100 J
) o 2 4 6 8 10 12 14 16

Catalysis number
(b)

Fig. 3 Summary of the enantioselectivity trends for the first round of
chemogenetic optimization, arranged according to: (a) the nature of
the complex: [n®(p-cymene)Ru(Biot-p-L)CI] (@), [n°-(benzene)Ru-
(Biot-p-L)C1] (M), [n°(durene)Ru(Biot-p-L)CI] (), [n°-(CsMes)Ir-
(Biot-p-L)CI] (A) and [1n°-(CsMes)Rh(Biot-p-L)CI] (O); (b) the Sav
isoform: S112Y (@), S112F (#), S112A (), S112V (4), SII2R (1))
and SI112K (O).

(iv) Introduction of hydrophobic residues at position S112
favours (R)-reduction products.

The latter two trends can act either in a matched or
mismatched fashion with either [n°-(p-cymene)Ru(Biot-p-
L)CI] or [n%(benzene)Ru(Biot-p-L)CI] to afford good levels
of selectivity for (R)-reduction products or moderate (S)-
selectivities (Table 3, entries 5-9 and Fig. 3(b)).

The three acetophenone derivatives display similar trends
(up to 92% (R) and 62% (S), Table 3, entries 2 and 9).

Substrate scope. Having identified the most efficient hybrid
catalysts, we proceeded to test substrates 4-8 which are known
to be challenging in terms of selectivity for classical transfer
hydrogenation reactions (Scheme 3).>* Dialkyl ketones are
challenging as the postulated critical enantiodiscriminating
CromaticH-T interaction between the n’-arene ligand and
the substrate’s aryl group is absent for substrates 6-8.3%°
The five substrates were tested in the presence of the
(R)-selective catalyst [n°®-(p-cymene)Ru(Biot-p-L)CI] and the

4244 | Chem. Commun., 2008, 4239-4249
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Table 3 Selected results for the chemogenetic optimization of the transfer hydrogenation of ketones 1-8¢

Entry Protein Complex Substrate Conv. (%) ee (%)
1 S112Y Sav % (p-cymene)Ru(Biot-p-L)CI] 1 95 90 (R)
2 S112Y Sav [n®-(durene)Ru(Biot-p-L)Cl] 2 88 92 (R)
3 S112T Sav [n%-(benzene)Ru(Biot-p-L)Cl] 2 90 55(S)
4 S112D Sav [M%-(p-cymene)Ru(Biot-p-L)CI] 1 0 —

5 S112A Sav % (p-cymene)Ru(Biot-p-L)CI] 3 98 91 (R)
6 S112A Sav [n°-(benzene)Ru(Biot-p-L)Cl] 3 74 41 (R)
7 S112K Sav [n°®-(p-cymene)Ru(Biot-p-L)Cl] 1 50 20 (S)
8 S112K Sav [n°-(benzene)Ru(Biot-p-L)Cl] 1 37 55(S)
9 S112R Sav [n%-(benzene)Ru(Biot-p-L)Cl] 3 23 62 (S)
10 S112A Sav [n%-(p-cymene)Ru(Biot-p-L)CI] 6 98 48 (R)
11 S112A Sav [n%-(p-cymene)Ru(Biot-p-L)Cl] 7 71 30 (R)
12 S112A Sav % (p-cymene)Ru(Biot-p-L)CI] 8 97 69 (R)
13 S112F Sav [n®-(p-cymene)Ru(Biot-p-L)Cl] 4 70 96 (R)
14 S112K Sav [n6-(benzene)Ru(Biot-p-L)Cl] 5 97 70 (S)

“ Conditions: WT Sav (tetrameric) 36 uM; Ru 120 uM; HCOONa 0.48 M; B(OH); 0.41 M; MOPS 0.16 M; substrate 0.012 M; pHiuiiu = 6.25;

temperature 55 °C; reaction time 64 h.

(S)-selective catalyst [n°®-(benzene)Ru(Biot-p-L)CI]. These
were combined with ten representative S112X Sav isoforms
(X = A, G and L: aliphatic residues with increasing bulk; F
and W: aromatic residues with increasing bulk; S and T: polar
residues; E: coordinating anionic residue; R: cationic residue;
N: neutral amidic residue) and the best results are summarized
in Table 3. The selectivity and conversion trends are similar to
those obtained for the acetophenone derivatives 1-3. Only
modest activities and enantioselectivities are obtained with the
non-aromatic ketones (Table 3, entries 10—12), suggesting that
the 112 position has little influence on determining the orien-
tation of the approaching dialkyl substrates 6-8. Good selec-
tivities are obtained for o-tetralone (Table 3, entry 13).
Interestingly, 2-acetylpyridine 5 afforded the best (S)-
selectivity in the presence of a cationic residue at the 112
position (up to 70% ee (S), Table 3, entry 14). It appears that
the presence of a positive charge at this position is particularly
beneficial for this substrate. We speculate that the presence of
a hydrogen bond between the cationic residue and the pyridine
moiety plays a key role in this context.

These results suggest that the chemical modification of the
organometallic fragment combined with saturation mutagen-
esis of a residue close to the computed position of the
ruthenium is a powerful tool for the optimization of the
artificial transfer hydrogenases. Using this strategy, high
(R)- and moderate (S)-enantioselectivities are obtained for
the reduction of several aromatic ketones.

Second round of evolution: X-ray guided designed evolution

Considering the widely accepted enantioselection mechanism
(see Fig. 1(a)) between the substrate and the n°-bound arene,
dialkyl ketones are very challenging substrates.*>> To cir-
cumvent this limitation, Woggon and co-workers tethered a
ruthenium piano-stool complex to a P-cyclodextrin, thus
providing a pre-organized cavity for the enantioselective
transfer hydrogenation of dialkyl substrates (ee up to
95%).5% Some alternative systems for the asymmetric reduc-
tion of selected dialkyl ketones have been developed.’’
Undoubtedly however and thanks to directed evolution stra-
tegies, alcohol dehydrogenases represent one of the most

versatile alternatives to the asymmetric reductions using dihy-
drogen for the synthesis of optically active aliphatic alcohols.
The second coordination sphere of such NAD(P)H-dependent
alcohol dehydrogenases is exquisitely tailored to perform
regio- and enantioselective reactions of this type.®?

With the aim of further evolving artificial metalloenzymes by
combining structural insight with random mutagenesis to
perfect those elements which cannot be predicted—a method-
ology which we coin designed evolution®—we invested a
significant effort into crystallizing the most promising
artificial transfer hydrogenases. The crystal structure of the
(S)-selective [n°-(benzene)Ru(Biot-p-L)Cl]=S112K Sav was
determined and provides a fascinating insight on the organiza-
tion of the active site and of close contacts between the Ru
complex and amino acid residues in several loop regions.®’
Interestingly, despite the use of a racemic ruthenium piano-
stool complex for crystallization, only the (S)-enantiomer of
[n%-(benzene)Ru(Biot-p-L)CI] was localized in the crystal struc-
ture. In homogeneous systems, the (S)-Ru configuration is
predicted to afford (S)-reduction products. The [1n°-(benzene)-
Ru(Biot-p-L)Cl]=S112K Sav was the most (S)-selective hybrid
catalyst identified during the first screening round (see Fig.
3(b)). This observation supports our hypothesis that second
coordination sphere interactions enforce a preferential config-
uration at ruthenium (Fig. 4). In addition, the short contact
between the Ru moieties incorporated into two adjacent
monomers suggests that substituting the capping n°®-benzene
by a bulkier n%p-cymene may force the latter biotinylated
complex to adopt a different position and/or configuration at
the metal to avoid steric hindrance.

This structure confirms the docking results suggesting that
S112 position lies in the immediate vicinity of the ruthenium
atom. A close contact between the capping arene and the K112
residue of monomer B can also be identified and suggests that the
1125 amino acid might have an influence on the spatial arrange-
ment of the Ru complex inside the host protein. Moreover, in the
case of 2-acetylpyridine, the presence of a cationic residue at the
1125 position might lead to hydrogen-bonding contacts between
the protein and the substrate, thus privileging the preferred
transition state favoured by the C,;omaicH-—7 interaction (Fig. 4).

This journal is © The Royal Society of Chemistry 2008
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Substrate

Fig. 4 Close up view of the structure of [n°®(benzene)Ru(Biot-p-
L)Cl]=S112K Sav determined by X-ray crystallography (only one
dimer of the tetramer depicted for clarity). Only monomer A was
occupied by the biotinylated Ru complex. Residues K112, K121 and
L124 of monomer A (yellow) and K112, K121 of monomer B (blue)
are highlighted. A possible trajectory of the incoming prochiral
substrate is also indicated by an arrow. It should be noted that the
occupancy of the metal moiety is only 20%.%°

A comparison between the computed Ru-C, distances for
the docking model ([n°-(p-cymene)Ru(Biot-p-L)H] = WT Sav)
and for the X-Ray structure ([n°-(benzene)Ru(Biot-p-
L)Cl]=S112K Sav) shows that, although different Ru com-
plexes and Sav isoforms were used, the metal moiety displays
the same close contacts with the host protein in the two cases
(Fig. 5). Two additional close lying amino acid residues are
identified: K121 and L124. The first one is of particular
interest, as the K121 residues of both monomers A and B
can interact either with the n°-arene (monomer B) or with the
expected trajectory of incoming substrate (monomer A). The
side chain of the L124 amino acid may influence the position
of the biotinylated complex inside the hydrophobic pocket as
it lies close to the sulfonamide moiety of Biot-p-L (Fig. 4).

Guided by the X-ray structure presented above, we
implemented a designed evolution protocol to optimize the
selectivity for dialkyl ketone substrates as well as to improve
the (S)-selectivity for acetophenone derivatives. Starting from
the previously identified (R)- and (S)-selective variants, an
additional mutation was introduced in the vicinity of the active
site. Given the difficulty to predict the effect of a particular
amino acid residue on the reaction outcome, once more
saturation mutagenesis was performed. The procedure was
applied to two different amino acid residues, which we spec-
ulate could alter the position of the metal complex within the
binding pocket or could steer the delivery of the substrate, thus
influencing the enantioselectivity of the reaction.®’

The two positions selected for the second round of saturation
mutagenesis are K121 and L124. They are combined with either
the SI12A Sav, S112K Sav ((R)-, respectively (S)-selective
mutants), or WT Sav as background. A total of 114 new Sav
mutants (K121X; L124X; S112A-K121X; S112A-L124X;
S112K-K 121X and S112K-L124X) were produced and tested
in combination with [n°(p-cymene)Ru(Biot-p-L)CI] and
[n®-(benzene)Ru(Biot-p-L)Cl] complexes. Dialkyl ketone 6 was
chosen as a model substrate, as well as the aromatic substrate 2.

40 %

w
(=1

c" - Ru distance (A)
[+
(=]

=]

40 60 80 100 120
Residue Number

Fig. 5 Comparison between the computed Ru-C, average distances
for [n°-(p-cymene)Ru(Biot-p-L)H] = WT Sav resulting from 135 dock-
ing simulations with rms <1 A (black solid line) and the Ru-C,
distances extracted from the X-Ray structure of [n°(benzene)Ru-
(Biot-p-L)Cl]=S112K Sav (red dotted line); only monomer A contain-
ing the Ru complex is represented.

Although the attempts to use Sav-containing cellular
extracts in catalysis were unsuccessful, rapid screening of the
Sav mutants was achieved using a straightforward extractio-
n-immobilization protocol with biotin-sepharose. Owing to
the high affinity of biotin for streptavidin, one biotin-binding
site was used for immobilization, leaving up to three free sites
to accommodate the biotinylated catalyst.

Using this immobilization strategy, semi-quantitative trends
were rapidly obtained for the reduction of 4-phenyl-2-buta-
none 6 as well as for p-bromoacetophenone 2. The best results
using the immobilized hybrid catalysts were subsequently
reproduced using a purified Sav mutant in a homogeneous
phase. These catalysts were evaluated with substrates 1-8.
From these experiments, the following tendencies emerge:

(i) The enantioselectivity of the reaction is mainly dictated
by the chemical moiety (n°p-cymene vs. n°-benzene), with
notable exceptions in the case of the metalloenzymes bearing
the S112A mutation ([n°-(benzene)Ru(Biot-p-L)CI]=S112A—
KI121W 84% ee (R), Table 4, entry 1).

(ii) Overall, the systems incorporating the S112K mutation
are least selective, suggesting that the lysine side chain at

Table 4 Selected results obtained for the designed evolution of
artificial transfer hydrogenases for substrates 1-8 using purified and
homogeneous artificial oxido-reductases”

Metal Conv. ee
Entry Sav mutant moiety Substrate (%) (%)
1 S112A- [n®(benzene)Ru] 6 99 84 (R)
KI121W
2 SI2A-KI21T [n®(p- 6 99 88 (R)
cymene)Ru]
3 SI2A-KI21T [n®(p- 7 100 90 (R)
cymene)Ru]
4 SI2A-KI21T [n®(p- 8 50 46 (R)
cymene)Ru]
5 S112A-KI2IN [n°(benzene)Ru] 6 100 72 (S)
6 S112A-KI12IN [n°(benzene)Ru] 2 98 75 (S)
7 S112A-KI12IN [n®(benzene)Ru] 4 54 92 (S)
8 S112A-KI12IN [n°(benzene)Ru] 5 100 92 (S)

“ Conditions: WT Sav (tetrameric) 36 uM; Ru 120 pM; HCOONa
0.48 M; B(OH);3 0.41 M; MOPS 0.16 M; substrate 0.012 M; pHjpigial =
6.25; temperature 55 °C; reaction time 64 h.
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Fig. 6 (a) Enantioselectivity trends for the transfer hydrogenation of
substrates 2 and 6 with the immobilized Sav isoforms bearing the 121X
(grey bars) and the 124X (blue bars) mutations. (b) Difference in
enantiomeric excess (|Aee|) between the aromatic and the aliphatic
reduction products, calculated for all the immobilized Sav isoforms.

position 112 may cancel the influence of beneficial K121X or
L124X mutations.

(iii) In terms of site of mutation, saturation mutagenesis at
position K121 is more effective and creates more diversity than a
mutation in position L124 (Fig. 6(a)). It is tempting to speculate
that this effect is due to the influence of the K121X side chains
both on the piano-stool moiety (K121X from the A monomer)
and on the trajectory of the incoming prochiral substrate
(K121X from the B monomer, Fig. 4). In the case of the dialkyl
substrate, this latter contact may be crucial, as it provides a
second coordination sphere interaction with the substrate, re-
miniscent of the natural enzymes. Using the most efficient
protein—ruthenium complexes, the aliphatic ketones 6-8 are
reduced with good enantioselectivities (up to 90% ee (R) for
substrate 7 and 72% ee (S) for substrate 6, Table 4, entries 2-5).

(iv) The designed evolution protocol allows raising the (S)-
selectivity for the reduction of aromatic substrates from 70%
ee (S) to 92% ee for substrate 5.

(v) While a single point mutation is sufficient to generate
selective catalysts for the aromatic ketones (>90% ee), double

mutants obtained by a designed evolution protocol are re-
quired to identify hybrid catalysts for the reduction of dialkyl
substrates (up to 90% (R)).

(vi) The enantioselectivity obtained for the dialkyl sub-
strates is greater or opposite to the selectivity of aromatic
products in more than half of the cases, reaching a |Aee|
(difference in enantioselectivity) of up to 65% (Fig. 6(b)). This
suggests that protein—substrate interactions, reminiscent of
keto-reductases are intimately involved in the enantioselection
mechanism as the classical C,;omaticH—T interaction cannot be
implied for dialkyl substrates.

Conclusion

In 1978, Wilson and Whitesides published a visionary, but
nearly unnoticed, paper entitled: “Conversion of a protein to a
homogeneous asymmetric hydrogenation catalyst by site spe-
cific modification with a diphosphinerhodium(i) moiety™.?
Inspired by this, we have implemented a chemogenetic scheme
for the optimization of artificial metalloenzymes based on the
biotin streptavidin technology.

Thus far, this strategy has been successfully applied to the
hydrogenation of N-protected dehydroaminoacids, the allylic
alkylation, alcohol and sulfide oxidation as well as transfer
hydrogenation reactions.

In the latter case, and inspired by the X-ray structure of an
(S)-selective variant, we have implemented an additional de-
signed evolution step that has allowed us to further optimize
transfer hydrogenases for the reduction of dialkyl ketones.

Compared to the directed evolution techniques,® the de-
signed evolution of artificial metalloenzymes using chemo-
genetic tools offers new possibilities for protein engineering.
Introducing a chemical dimension not only enriches the
functionalities of the protein sequence space to be explored,
but also represents a variable with a significant impact on the
reaction outcome. Variation of the chemical moiety results in a
dramatic change in reactivity, as we have demonstrated by
implementing very different reactions such as hydrogenation,
transfer hydrogenation, oxidation and allylic alkylation using
the biotin—streptavidin technology.

The choice of an appropriate host = guest couple, the compat-
ibility between the chemical and genetic fragments, as well as the
setting up of the reaction conditions are crucial steps for the
success of the methodology. Supramolecular anchoring® "> ap-
pears more promising than either covalent”’” or dative™
strategies, since it allows separate variation and characterization,
followed by straightforward combination of the chemical and the
genetic moieties. A robust protein scaffold and a high affinity
between the protein and the organometallic guest are essential
parameters. When designed evolution is applied to hybrid metal-
loenzymes, crystallographic information represents an important
input in the system. The general procedure for the designed
evolution protocol of an artificial keto-reductase is presented in
Scheme 4. The activity and selectivity trends of the reaction are
ensured by the choice of the chemical fragment in a first screening
round. Since several interactions are involved in the enantioselec-
tion mechanism (protein—organometallic fragment and protein—
substrate), successive rounds of saturation mutagenesis at

This journal is © The Royal Society of Chemistry 2008
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Scheme 4 Designed evolution of an artificial keto-reductase. A search strategy that does not require examination of all possibilities is used to
accelerate the chemogenetic optimization procedure.® Rational design (choice of mutation sites) and combinatorial methods (structural variation
of the chemical component combined with saturation mutagenesis) are used to evolve artificial metalloenzymes with the desired properties.

carefully selected positions of the host protein are necessary to
fine-tune the selectivity.

At this stage, the practical use of artificial metalloenzymes is
limited due to the high cost of their development and the low
activities compared to biocatalysts evolved from natural enzymes.
However, their general scope, as well as the rapid optimization
procedure makes their application attractive for reactions that are
not possible with biocatalysts or for challenging substrates for
homogeneous catalysts. The combination of chemical and genetic
optimization techniques may result in a quick expansion of
protein functionalities and their range of applications. Therefore,
we believe that the hybrid catalysts represent a real potential for
applications in white biotechnology processes.

All the data accumulated in the past five years demonstrate
that such artificial metalloenzymes combine attractive features
reminiscent of both homogeneous and enzymatic catalysts.
Most notably, the power of exploiting both chemical and
genetic optimization allows to rapidly probe the enzyme’s
fitness landscape.

Current efforts in the group are aimed at extending the
concept of artificial metalloenzymes to in-vivo catalysis. On
one hand, this may allow the use of selection rather than
screening to evolve the systems.®® On the other hand, this may
open fascinating perspectives for red biotechnology applica-
tions (i.e. biomedical applications).
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