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An enantioselective artificial metallo-hydratase†

Jeffrey Bos, Ana Garćıa-Herraiz and Gerard Roelfes*

Direct addition of water to alkenes to generate important chiral alcohols as key motif in a variety of natural

products still remains a challenge in organic chemistry. Here, we report the first enantioselective artificial

metallo-hydratase, based on the transcription factor LmrR, which catalyses the conjugate addition of

water to generate chiral b-hydroxy ketones with enantioselectivities up to 84% ee. A mutagenesis study

revealed that an aspartic acid and a phenylalanine located in the active site play a key role in achieving

efficient catalysis and high enantioselectivities.
Introduction

The enantioselective addition of water to alkenes is a highly
attractive reaction since it gives direct access to chiral alcohols
with perfect atom economy. Yet, enantioselective hydration of
alkenes is still an unsolved problem in synthetic chemistry to
date. This is not in the least due to the challenges associated
with using water as a reagent in asymmetric catalysis, which
include its small size, modest nucleophilicity and the fact that
hydration reactions are generally reversible. Indirect catalytic
methods, resulting in a formal hydration reaction, are some-
times used to circumvent these issues.1–3 While some progress
has been made in asymmetric transition metal catalysis with
water, in particular for allylic hydroxylation and carbene O–H
insertion reactions,4–11 the high activity and selectivity achieved
by hydratase enzymes is still unrivalled. For example, fumarase
and enoyl-CoA hydratase catalyse the formation of chiral
b-hydroxy acids and thioesters, respectively, with very high
(enantio)selectivity.12–15 However, most hydratase enzymes are
part of the metabolic pathway and therefore exhibit a very
narrow substrate scope.16 Recently some intriguing examples of
promiscuous enzymes that catalyse asymmetric hydration have
been reported, which seem to bemore exible with regard to the
substrates that are accepted, albeit that modest ee's were ach-
ieved at best.17,18 We have reported the rst non-enzymatic
catalytic asymmetric syn-hydration of enones using a DNA-
based catalyst, which gave rise to promising ee's for a variety of
a,b-unsaturated ketones.19

A key element in the mechanism of hydratases and, also
most likely, the DNA-based catalyst are the second coordination
sphere interactions used to activate the water nucleophile and
direct it to the alkene substrate. The eld of articial metal-
loenzymes is aiming to exploit these second coordination
y of Groningen, Nijenborgh 4, 9747 AG
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sphere interactions to confer enzyme-like properties to transi-
tion metal catalysts.20,21 This is achieved by the anchoring of a
catalytically active transition metal complex to a biomolecular
scaffold such as a protein or DNA. Articial metalloenzymes
have been employed successfully in a variety of reactions with
excellent enantioselectivities in many cases, including some
reactions for which there are no alternatives using conventional
transition metal catalysis.22–31

Recently, we have reported a new design of articial metal-
loenzymes, that involved the creation of a novel active site in the
hydrophobic pocket that is present at the dimer interface of the
transcription factor Lactococcal multidrug resistance Regulator
(LmrR), by covalently anchoring a Cu(II)-phenanthroline
complex.32 The resulting articial metalloenzyme was employed
successfully in the catalytic asymmetric Diels–Alder reaction,
with up to 97% ee obtained for the product. Based on this
concept, we now report the rst articial metallo-hydratase,
which catalyses the conjugate addition of water to give chiral
b-hydroxy ketones with up to 84% ee. Moreover, by a site-directed
mutagenesis study we have identied the residues in the catalytic
pocket that are of key importance to the observed catalysis.

Results and discussion

The articial metalloenzyme used in this study was created by
covalent anchoring of a Cu(II)-phenanthroline complex in the
hydrophobic pocket of the LmrR scaffold.33,34 For this purpose a
LmrR mutant was produced that contained a handle for
conjugation, i.e. a cysteine at position 89, by anM89Cmutation,
and a C-terminal Strep-tag for purication purposes. Addition-
ally, in an improvement to the previously reported design,32 the
DNA-binding capability of the LmrR was removed by
substituting two lysine residues (K55 and K59) in the DNA
binding region of the protein by the negatively charged aspartic
acid and neutral glutamine, respectively (referred to as lysine
mutants, LmrR_LM). This design resulted in a simplication of
the purication protocol compared to our previously reported
approach as it obviates the need for a heparin column to remove
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) Schematic representation of the artificial metalloenzyme hydratase
and general reaction scheme of the catalytic enantioselective hydration of a
variety of a,b-unsaturated ketones. (b) Pymol representation of dimeric LmrR in a
space-filling model (protein data bank (pdb) code: 3F8B). (c) Cartoon represen-
tation of a manual docked phenantroline unit in which residues 11, 15, 93 and
100, which are highlighted, are used in mutagenesis study.

Edge Article Chemical Science

Pu
bl

is
he

d 
on

 2
7 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

20
/0

8/
20

13
 0

9:
54

:4
0.

 
View Article Online
bound DNA. The new mutant was prepared by standard site-
directed mutagenesis techniques (Quick-Change), expressed in
E. coli BL21(DE3)C43 and signicantly improved yields of pure
protein (�20 mg L�1 culture) were obtained aer a single
affinity chromatography step (Strep-Tactin Sepharose column).
The conjugation of phenanthroline to LmrR_LM_M89C was
achieved by selective alkylation of C89 with 2-bromo-N-(1,10-
phenanthrolin-5-yl)acetamide, with coupling efficiencies
ranging from 90–95%, as determined by the Ellman's test. Due
to the homodimeric nature of LmrR, the articial metal-
loenzyme thus comprises two phenanthroline moieties. The
quaternary structure of the LmrR-phenanthroline conjugate
was evaluated by analytical size exclusion chromatography. The
LmrR conjugate eluted as a single band from a Superdex-75
10/300 GL size exclusion column with an apparent molecular
weight of 29 kDa, which is consistent with a homodimer.35

The catalytic potential of LmrR_LM_M89C_1_CuII in the
enantioselective hydration of enones was initially evaluated in
the 1,4 addition of water to a,b-unsaturated 2-acyl pyridine 2a to
give the corresponding b-hydroxy ketone product 3a (Fig. 1a).
The substrate contains a pyridine moiety to ensure bidentate
binding to the Cu(II) ion.36,37 The reaction was performed with
3 mol% of Cu(NO3)2$3(H2O) (30 mM) and a slight excess
(1.1 equiv. based on monomer) of the LmrR-phenanthroline
conjugate, to ensure that all Cu(II) ions were bound, in 3-(-N-
morpholine)propanesulfonic acid buffer (MOPS) (20 mM,
pH 7.0), containing 150 mM NaCl at 4 �C.

A conversion of 29% was found aer 16 hours and 3a was
obtained with an ee of 79% (Table 1, entry 1). Longer reaction
times resulted in higher conversions, up to a maximum of 82%
aer 64 hours. Most likely, this represents the equilibrium
composition of the reaction, since at longer reaction time
(112 hours) the conversion did not further increase, but the ee
was starting to erode (Table 1, entries 1–4).

The substrate scope of the enantioselective hydration was
investigated by varying the substituents at the b-position of the
a,b-unsaturated 2-acyl pyridine 2a–d. A relationship was
observed between the steric bulk of the substituent and the
enantioselectivity of the reaction product: the enantiomeric
excess followed the order n-pentyl < cyclohexyl < i-propyl <
t-butyl (Table 1, entries 1–9). The highest ee, i.e. 84%, was
obtained with R0 ¼ t-butyl (3b). With substrate 2e, which
contains an N-methyl-2-imidazolyl moiety instead of the 2-pyr-
idyl moiety, no conversion was found aer 40 h (Scheme 1 and
Table 1, entry 10). It is proposed that the N-methyl-2-imidazolyl
moiety is structurally not compatible with the active site of the
articial metalloenzyme. This is supported by the observation
that also in the Diels Alder reaction of 2e with cyclopentadiene
in the presence of LmrR_LM_M89C_1_CuII no conversion was
found (see ESI, Table S3†).

The effect of the protein scaffold on the reaction rate proved
to be substrate dependent: in the case of 2a,b, higher conver-
sions were obtained using a Cu(II) phenanthroline complex
compared to LmrR_LM_M89C_1_CuII (Table 1, entries 21–23).
Thus the protein scaffold caused a deceleration of the reaction.
In contrast, higher conversions of 2c,d were reached in with
LmrR_LM_M89C_1_CuII compared to the reaction carried out
This journal is ª The Royal Society of Chemistry 2013
with a Cu(II) phenanthroline complex as catalyst, suggesting
protein accelerated catalysis in these cases (Table 1, entries 24
and 25). The reactions run in the absence of copper give rise to
signicantly lower, albeit non-negligible, conversions both in
the presence of LmrR and without (Table 1, entries 26 and 27).

A mutagenesis study was carried out to explore the role of the
amino acids in the hydrophobic pocket of LmrR in the enan-
tioselective hydration of 2a to give 3a. The selection of residues
for mutation was based on visual inspection of the X-ray
structure of LmrR with a manually docked phenanthroline.32

The residues A11, V15, F93 and D100 were chosen, since these
residues are most likely situated in close proximity to the Cu(II)
complex (Fig. 1c). The mutants were prepared using standard
QuickChange mutagenesis methods and the corresponding
conjugates with 1 were prepared and characterised as described
above for LmrR_LM_M89C_1 (see ESI†). The reaction was
Chem. Sci., 2013, 4, 3578–3582 | 3579
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Table 1 Results of 1,4 addition of water to a,b-unsaturated ketones catalyzed by LmrR_LM_M89C_1_CuIIa

Entry Catalyst Substrate Product
Reaction time
(hours) Conversion (%) ee (%)

1 LmrR_LM_M89C_1_CuII 2a 3a 16 29 � 0 79 � 0
2 LmrR_LM_M89C_1_CuII 2a 3a 40 67 � 9 77 � 2
3 LmrR_LM_M89C_1_CuII 2a 3a 64 82 � 8 75 � 2
4 LmrR_LM_M89C_1_CuII 2a 3a 112 82 � 6 55 � 3
5 LmrR_LM_M89C_1_CuII 2b 3b 16 17 � 4 72 � 9
6 LmrR_LM_M89C_1_CuII 2b 3b 64 80 � 9 84 � 2
7 LmrR_LM_M89C_1_CuII 2c 3c 16 57 � 3 67 � 3
8 LmrR_LM_M89C_1_CuII 2c 3c 40 90 � 8 57 � 5
9 LmrR_LM_M89C_1_CuII 2d 3d 40 40 � 5 64 � 5
10 LmrR_LM_M89C_1_CuII 2e 3e 40 <5 nd
11 LmrR_LM_M89C_A11V_1_CuII 2a 3a 40 73 � 13 70 � 4
12 LmrR_LM_M89C_V15A_1_CuII 2a 3a 40 50 � 16 37 � 1
13 LmrR_LM_M89C_F93A_1_CuII 2a 3a 40 45 � 18 11 � 4
14 LmrR_LM_M89C_F93Y_1_CuII 2a 3a 40 49 � 4 71 � 1
15 LmrR_LM_M89C_F93I_1_CuII 2a 3a 40 42 � 8 71 � 5
16 LmrR_LM_M89C_F93W_1_CuII 2a 3a 40 17 � 3 41 � 5
17 LmrR_LM_M89C_D100A_1_CuII 2a 3a 40 28 � 1 <5
18 LmrR_LM_M89C_D100E_1_CuII 2a 3a 40 63 � 9 62 � 1
19 LmrR_LM_M89C_D100N_1_CuII 2a 3a 40 32 � 10 <5
20 LmrR_LM_M89C_D100H_1_CuII 2a 3a 40 18 � 8 <5

Control experimentsb

21 CuII-Phenc 2a 3a 40 81 � 2 —
22 CuII-Phenc 2b 3b 16 67 � 1 —
23 CuII-Phenc 2b 3b 40 88 � 3 —
24 CuII-Phenc 2c 3c 40 27 � 2 —
25 CuII-Phenc 2d 3d 40 37 � 4 —
26 LmrR_LM_M89C_1 (no CuII) 2a 3a 40 8 � 1 —
27 none 2a 3a 40 12 � 3 —

a Typical conditions: 90% Cu(H2O)6(NO3)2 (3 mol%, 30 mM) loading with respect to LmrR_LM_X in 20mMMOPS buffer (pH 7.0), 150 mMNaCl, at 4
�C. Conversions and ee values are determined by np-HPLC (conversions are corrected for the difference in molar absorption coefficient of starting
material and product, see ESI†). Results are obtained as an average of two independent experiments, both carried out in duplicate. b Reactions
performed with Cu(H2O)6(NO3)2 without LmrR generated signicant amounts of side products. c [Cu(Phen)(NO3)2].

Scheme 1 Hydration of 2e.
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stopped before the equilibrium was reached, that is, aer 40
hours, to ensure that the highest possible ee's were obtained.

The A11V mutation did not have a signicant inuence on
the ee of the hydration of 2a (Table 1, entry 11), whereas the
V15A mutation did result in a decrease of the enantioselectivity
to 37% (entry 12). Substituting F93 with an alanine (F93A)
caused a dramatic decrease in both conversion and ee of the
reaction (Table 1, entry 13). Mutation to tyrosine (F93Y) or
isoleucine (F93I), however, gave rise to similar ee's as achieved
with phenylalanine at this position (Table 1, entry 14 and 15).
Replacement by a tryptophan (F93W) led to a decrease in
both conversion and a lower, albeit still signicant, ee (Table 1,
entry 16).

Mutagenesis of the aspartic acid at position 100 proved to
have dramatic consequences. The D100A mutant gave rise to a
3580 | Chem. Sci., 2013, 4, 3578–3582
signicantly lower conversion and a complete loss of enantio-
selectivity (Table 1, entry 17). The D100E mutant did give rise to
some degree of enantioselectivity (Table 1, entry 18), but
mutation of aspartic acid to the structurally similar asparagine
(D100N) again resulted in no enantioselectivity (Table 1, entry
19). Also, mutation to histidine (D100H) did not give rise to an
ee in the catalyzed reaction (Table 1, entry 20).

The results of the mutagenesis study suggest that A11 is not
involved in catalysis. V15, which in contrast to the other resi-
dues is located at the back entrance of the pore, does have some
effect on catalysis, which could be related to the structure of the
pore and/or the positioning of the substrate in the catalytic
pocket. However, the most pronounced effects were observed by
the mutation of F93 and D100, situated at the front entrance.
The results clearly show the importance of a residue with a large
side chain at position 93 to achieve high enantiomeric excess in
the hydration of enones. The fact that aromatic, i.e. phenylala-
nine and tyrosine, and aliphatic amino acids, i.e. isoleucine,
have similar effects on the outcome of the reaction suggest that
the steric bulk is more important than particular interactions
with the substrate. Some selectivity was lost by the F93W
mutation. However, it is likely that the tryptophan is simply too
large and thus is affecting both activity and selectivity.
This journal is ª The Royal Society of Chemistry 2013
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Even more intriguing is the role of D100 in catalysis. Almost
all tested mutations at position 100 resulted in a strongly
diminished activity and a complete loss of enantioselectivity.
The only exception was the D100Emutant, which did give rise to
reasonable activity and enantioselectivity, albeit signicantly
lower than obtained with the D100 variant. Combined, these
data show the importance of a precisely positioned carboxylate
moiety in the active site. While at this time it is not possible to
unambiguously assign the role of this carboxylate, two possible
hypotheses can be put forward. First, the carboxylate directly
interacts with the water molecule, e.g. through hydrogen bond
interactions, and thus activates and/or positions the nucleo-
phile with respect to the substrate.16,38 However, the fact that
low activity and no enantioselectivity was obtained with the
D100N mutant, which would also be expected to engage in
hydrogen bond interactions with a water molecule, suggests
that this is maybe less likely. Alternatively, the carboxylate
moiety could act as a ligand for the Cu(II) ion. This can be
expected to have an effect on catalysis by changing the elec-
tronic properties of the Cu(II) ion and/or by xing the position of
the catalytically active Cu(II) centre in the active site, which also
would result in a more dened second coordination sphere.
Additional spectroscopic and X-ray structural studies are
needed to support this hypothesis.
Conclusions

In conclusion, we have presented the rst enantioselective
articial metallo-hydratase. This articial metalloenzyme is
based on the transcription factor LmrR and contains a catalyt-
ically active Cu(II) complex on the dimeric interface. Enantio-
selective hydration of a,b-unsaturated ketones was achieved
with up to 84% ee. A mutagenesis study has revealed that D100
and F93 are very important residues for catalysis. The result of
these studies suggests that the interplay between the Cu(II)–
phenanthroline complex and the second coordination sphere
provided by the protein scaffold is a key aspect to achieve good
catalytic activity and enantioselectivity in this challenging
reaction.
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