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Preface

In order to meet the ever-increasing demands for enantiopure compounds, heterogene-
ous, homogeneous and enzymatic catalysis evolved independently in the past. Although
all three approaches have yielded industrially viable processes, the latter two are the
most widely used and can be regarded as complementary in many respects. Despite the
progress in structural, computational and mechanistic studies, however, to date there is
no universal recipe for the optimization of catalytic processes. Thus, a trial-and-error
approach remains predominant in catalyst discovery and optimization.

With the aim of complementing the well-established fields of homogeneous and
enzymatic catalysis, organocatalysis and artificial metalloenzymes have enjoyed a recent
revival. Artificial metalloenzymes, which are the focus of this book, result from combin-
ing an active but unselective organometallic moiety with a macromolecular host.

Kaiser and Whitesides suggested the possibility of creating artificial metalloen-
zymes as long ago as the late 1970s. However, there was a widespread belief that
proteins and organometallic catalysts were incompatible with each other. This
severely hampered research in this area at the interface between homogeneous and
enzymatic catalysis. Since 2000, however, there has been a growing interest in the
field of artificial metalloenzymes for enantioselective catalysis.

The current state of the art and the potential for future development are pre-
sented in five well-balanced chapters. G. Roelfes, B. Feringa et al. summarize
research relying on DNA as a macromolecular host for enantioselective catalysis.
T. Ueno, Y. Watanabe et al. delineate the potential of exploiting the void space
present in apoenzymes. R. Kazlauskas et al. outline the potential of replacing zinc
in carbonic anhydrase with manganese to yield an artificial peroxidase. In the spirit
of the directed evolution of enzymes, M. Reetz describes his efforts towards the
application of Darwinian protocols to artificial metalloenzymes. Finally,
J. Steinreiber and T. Ward summarize the progress in the field of artificial metal-
loenzymes based on biotin-avidin technology.

The results presented in this book highlight the enormous synergistic potential
of combining organometallic moieties with protein scaffolds to yield artificial met-
alloenzymes for enantioselective catalysis.

Basel, October 2008 Thomas R. Ward
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DNA in Metal Catalysis

Ewold W. Dijk, Ben L. Feringa, and Gerard Roelfes

Abstract The DNA molecule, which contains the blueprint of life, has played a
pivotal role in the biological revolution. In recent years, many non-biological appli-
cations of this remarkable molecule have been explored. In this chapter we will
review the use of DNA in metal catalysis. Three general approaches will be dis-
cussed: metal-dependent DNAzymes, DNA-templated catalysis, and the recently
introduced concept of DNA-based asymmetric catalysis

Key words: DNA, DNA-based asymmetric catalysis, DNA-templated catalysis,
Hybrid catalysis, Metal-dependent DNAzymes
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Abbreviations

A Adenosine

bpy 2,2’-Bipyridine

C Cytidine

D-A Diels—Alder

dA Deoxyadenosine
dC Deoxycytidine
DCM Dichloromethane
dG Deoxyguanosine
ds-DNA  Double-stranded DNA
dT Deoxythymidine
DTT Dithiothreitol

G Guanosine

HRP Horseradish peroxidase

MMPP  Magnesium bis(monoperoxyphthalate)
MPIX Mesoporphyrin IX

NMM N-Methylmesoporphyrin

Nu Nucleophile

PNA Peptide nucleic acid

ss-DNA  Single-stranded DNA

st-DNA  Salmon testes DNA

tpy 2,2":6”,2"-Terpyridine
TSA Transition state analog
8] Uridine

1 Introduction

The very special properties of DNA, one of the icons of modern science, make it
one of the most versatile molecules in chemistry. In nature, it serves as the carrier
of genetic information and as such is one of the cornerstones of life [1]. In vitro, a
very diverse set of applications have been explored, ranging from programmable
building blocks in bionanotechnology [2] to scaffolds for catalysis. In this review,
we will focus on this last aspect, with a particular emphasis on metal catalysis.
Three approaches will be discussed: DNAzymes, DNA-templated catalysis, and
DNA-based asymmetric catalysis (Fig. 1). Artificial DNA-metal base pairing [3]
will not be covered, as no catalysis using these systems has been reported to date.

2 DNAzymes

The discovery [4, 5] of naturally occurring ribozymes — RNA molecules with cata-
Iytic activity — made it clear that proteins are not the only biopolymers capable of
catalysis in nature. At present, a large number of natural RNAzymes are known,
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Mn+
mn*
mn+
DNA-based
DNA-templated enantioselective
DNAzymes catalysis catalysis

Fig. 1 The three approaches to DNA-based catalysis described in this chapter

including tetrahymena, hairpin and hammerhead ribozymes [6]. In addition, the
ribosome has been established to be a ribozyme [7]. Inspired by these natural sys-
tems, synthetic ribozymes were created using in vitro selection and amplification
schemes [8]. The catalytic repertoire of synthetic ribozymes obtained in this way
ranges from nucleotide-modifying reactions to more synthetically useful C—C bond
forming reactions such as the aldol, Michael, and Diels—Alder reactions [9, 10].

Although no catalytically active DNAs are known in nature, the chemical simi-
larity between DNA and RNA led to the fundamental scientific question whether
DNA could catalyze reactions. Furthermore, from a practical point of view, DNA
has several advantages over RNA. These include a higher chemical stability and its
availability at low cost by means of automated DNA synthesis.

Herein, a brief discussion on DNAzymes will be given, with a focus on the role
of metal ions for their activity. The term DNAzyme (or deoxyribozyme, DNA
enzyme) will only be used for single-stranded DNAs that possess catalytic activity
due to folding into complex tertiary structures [11]. Analogously to RNAzymes,
DNAzymes are usually obtained by means of in vitro selection schemes. Typically,
this selection procedure results in DNAzymes that are cis-acting (Fig. 2a); the
substrate and catalyst strands are covalently linked together in the same polynucleotide
backbone. This implies that the catalyst is modified during the reaction and,
hence, only single turnover can be obtained. Sometimes it is attempted to convert
an active cis-acting catalyst into a trans-acting one (Fig. 2b) by rational design.
This entails that the covalent link between the catalytic part and the substrate is
removed, and multiple turnovers may occur.

2.1 The Role of Metal Ions

Because of the limited functional diversity of the available building blocks for
polynucleotides the intrinsic reactivity of DNA is in principle restricted, especially
in comparison to enzymes. It has been suggested that metal ion cofactors could be
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Fig. 2 Schematic representation of cis-acting (a) and trans-acting DNAzymes (b). The cis-acting
DNAzymes contain a covalent link between the catalyst (solid line) and substrate (dashed line)
domains, whereas frans-acting DNAzymes do not. The arrows indicate the site where a cleavage
reaction generally takes place

important in overcoming this limitation and in increasing the scope of DNA-
mediated catalytic transformations, their catalytic efficiency and their selectivity
[12]. Although our understanding of the role of metal ions in DNAzyme catalysis
is still rather limited, two modes of action are generally recognized. The first is
direct assistance in the chemical reaction, either as a Lewis acid, or as a result of
the redox activity of the metal center. Alternatively, metal ions can play a structural
role and may induce a catalytically active tertiary structure in the DNAzyme, e.g.,
by minimizing electrostatic repulsions between backbones or by (weak) chelation
between two distal metal binding sites. These roles can be exerted via several bind-
ing modes, such as (i) nonspecific binding to the backbone phosphates, neutralizing
their negative charge; (ii) binding in localized pockets of concentrated negative
electrostatic potential; (iii) inner-sphere coordination (direct interactions between
the metal ion and functional groups at the polynucleotide); and (iv) outer-sphere
binding (interactions between the metal-coordinated water molecules and the poly-
nucleotide) [13]. Often it is difficult to distinguish between these different roles.

Exact identification of the metal binding sites, which might facilitate the speci-
fication of the role of a particular metal ion, has not been reported in DNAzyme
systems to date. In some examples, the metal ion was shown to induce global fold-
ing in the system, but only for specific metals [14]. Other studies revealed an over-
all correlation between reaction rate and the pK, of the hydrated metal ions,
suggesting an assisting function in a rate-determining proton transfer step [15-20].
However, the existence of DNAzymes that function independently of any divalent
metal ions at all [21-23] indicates that although metal ions generally greatly facili-
tate catalysis, some oligonucleotide structures are active enough by themselves and,
therefore, divalent metal ions are not an absolute requirement for reactivity.

Two classes of DNAzymes will be discussed in more detail here, namely the
DNAzymes catalyzing the cleavage of RNA and the metallation of porphyrins.
Other transformations catalyzed by DNAzymes include oxidative DNA cleavage
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and the ligation of RNA and DNA. For more general information about DNAzymes
the reader is referred to a number of excellent reviews [24-29].

2.2 RNA-Cleaving DNAzymes

The first DNAzymes reported were capable of cleaving RNA substrates (Fig. 3) [8,
30]. This is still the most prevalent activity for DNAzymes found to date. From a
starting pool of ~10' ss-DNA molecules, using an in vitro selection strategy, Pb*-
dependent DNAzymes capable of hydrolyzing a single RNA phosphodiester bond
embedded in a DNA strand were identified by Breaker and Joyce [31]. After five
rounds of selection with progressively decreasing reaction times, the pool of
DNAzymes exhibited a reaction rate of ~0.2 min~!, which is around 10*-fold faster
than the background cleavage rate under the same conditions.

An intermolecular (trans) version of the reaction was achieved by identification
and subsequent redesign of the most active DNAzyme. This resulted in site-specific
cleavage of a 19-nucleotide chimeric substrate by a 38-nucleotide Pb**-dependent
DNAzyme with a turnover rate of 1 min™' at 23 °C. However, all-RNA substrates
were left untouched by this system.

In a subsequent study, a similar in vitro selection strategy was applied towards
Mg?*-, Mn**-, and Zn**-dependent DNAzymes with RNAse activity [32]. Although
the reaction with the resultant DNA enzymes proceeded around 17 times slower
than with the Pb*-based system, focus remained on the Mg**-dependent systems,
as they might eventually be active under intracellular conditions. Next, a trans-
acting catalyst capable of 17 turnovers of a chimeric substrate within 5 h was
developed. The most active clone was suggested to contain a three-stem junction,
based on the sequence. This makes the structure more complex than that of its Pb**-
dependent analog.

¢
$ (0] 0] Base
(0] o) Base
\g 2'-3'-cyclic
\ / phosphate - -
N “ o, O
? OH Metal- PO
0=P-0" dependent o o
|
o o Base DNAzyme
\(_7/ HO e} Base
R " 5'-hydrm
(e} OH S
8 (g) OH

Fig. 3 Cleavage of RNA by a metal-dependent DNAzyme
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Santoro and Joyce devised an in vitro selection procedure for the development of
DNA enzymes capable of cleaving longer RNA strands at a specific position between
a purine and a pyrimidine in the substrate [33]. In earlier studies, only a single cleav-
able ribonucleotide linkage, flanked by deoxyribonucleotides, had been present in the
substrate domain during selection. After eight to ten selection rounds, two classes of
active DNAzymes were found that cleaved the target RNA at two distinct positions.
They were named 8-17 and 10-23, after the selection round and clone number
(Fig. 4). After reselection and under optimal conditions (50 mM MgCl,, pH 8.0,
37 °C), values for catalytic efficiency (k /K ) reached 4.5 x 10° M~ min™', which is
at least as good as that of ribonuclease enzymes [34]. The high substrate affinity due
to specific Watson—Crick base pairing interactions contributes significantly to cata-
Iytic efficiency. Both DNAzymes were transformed into a frans-active form by
removing the loop region between catalyst and substrate strand, resulting in multiple
turnovers under simulated physiological conditions. Reselection from a pool of
8-17-related DNA sequences broadened the substrate scope, resulting in DNAzymes
capable of cleavage at junctions between any two nucleotides [35].

Mechanistic studies on the 10-23 DNAzyme [18] revealed a metal-assisted
deprotonation of the 2’-hydroxyl of the ribose moiety in the RNA strand adjacent
to the cleavage site of the substrate. This was based primarily on the observed
dependence of the rate on the concentration and the nature of the divalent metal ion,
and on pH-dependence studies. Between pH 6.5 and 8.5, the log of k_ increased
linearly with pH, with a slope of 0.94, which suggests a single deprotonation event
in the rate-determining step. Substrates containing a single base mismatch gave rise
to a three- to >12,000-fold reduction in catalytic efficiency. The X-ray structure of
the 10-23 DNAzyme/RNA substrate complex shows five double-helical domains
separated by two four-way junctions, stabilized by metal ions coordinated to the
nucleotides at these junctions [36]. However, it was concluded that this structure
did not reflect the active conformation in solution. The sequence requirements of
the catalytic core, consisting of 15 nucleotides, were studied by systematic muta-
genesis [37, 38]. The extremities of the core were very sensitive to mutations,
which led to dramatic loss of activity. The importance of specific hydrogen-bond
acceptors and donors in the structure was also assayed by introduction of unnatural
nucleotides like inosine, deoxypurine, and 2-aminopurine in the core. Thus, the
keto and exocyclic amino groups essential for catalysis were identified.

8-17 ‘ 10-23
3’ A 5 37 YR 5
5'IIIIIIIICT IIIIIIII3,5,IIIIIIIIG'I:‘ AIIIIIIIIT
\,
G -

AGE;\GGA C CG GC A=A G
G ~C T A Y=U_C

C AG A

CTAC

Fig. 4 Schematic representation of the metal-dependent 8-17 and 10-23 DNAzymes. The cleavage
site in the RNA substrate strand (gray) is indicated by an arrow
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The importance of backbone-phosphates in the catalytic core of 10-23 was
assayed by systematic modification of each core phosphate with a phophorothioate
analog, showing the importance of specific oxygen atoms in the core for metal
binding [39]. Several phosphate oxygen atoms and a carbonyl oxygen at a central
guanosine showed an interaction with the metal ion, indicated by a decrease in cata-
Iytic activity upon substitution at these positions with a sulfur atom. In conclusion,
although the metal ion plays an important role for catalysis by the 10-23 DNAzyme,
it is not yet clear whether this role is structural or catalytic.

Detailed studies of the 8-17 DNAzyme showed that its catalytic activity in the
presence of Ca** was up to 20-fold higher than in the presence of Mg?* [40]. The
nucleotides positioned at both ends of the single-stranded ACGA loop in its core
were shown to be responsible for this greater rate for the Ca**-catalyzed reaction
relative to Mg?, indicating a possible metal ion binding site at that position. Studies
on the rate dependence of 8-17 on pH and metal ions, similar to those performed
for 10-23, again indicated the presence of a single binding site for activating ions
and the metal-assisted deprotonation of the reactive 2’-hydroxyl group [15].
Mutational analysis of the catalytic core revealed two residues in the loop of the
DNAzyme that form a network of hydrogen bonds with some other part of the
structure [41]. Other, less crucial residues might be exposed to solvent molecules.
The need for a stable stem in the core was confirmed; the presence of three G—C
residues in the stem resulted in highest activity.

FRET studies with an 8-17 variant containing fluorophores at all three branches
[42] revealed a two-step folding process with both steps induced by a zinc ion.
Later studies [14] showed a different folding behavior of 8-17 with different metal
ions; Zn* and Mg?** ions induced folding of the DNAzyme into a more active,
compact conformation at low metal ion concentration, and cleavage only occurred
at higher concentrations of the metal ions. In contrast, Pb** did not induce a change
in conformation, although catalysis in the presence of Pb** was more efficient than
with either Zn** or Mg?". Apparently, the binding mode of Pb** to the DNAzyme is
different and no global conformational change, which is proposed to take place
prior to binding of Zn** or Mg*, is needed for catalysis to occur. Alternatively, the
DNAzyme might be pre-folded into a Pb*-binding structure, and no further struc-
tural changes are necessary to induce efficient cleavage of the RNA substrate.
A single-molecule FRET investigation into the metal-dependent folding, cleavage,
and product release of the fluorophore-labeled DNAzyme showed a different reac-
tion pathway in the presence of Pb?* than in the presence of Zn** or Mg?* [43].

Some effort has been invested in identifying the mechanistic similarities
between DNAzymes and ribozymes. Comparison of both systems in terms of
dependence on metal ions, stem length, pH, solvent isotope effects, and cleavage
activity against a full-length messenger RNA showed evidence for a closely
related mechanism of action for both RNAzymes and DNAzymes [16, 17, 19, 44].
This was proposed to involve a rate-determining metal-assisted deprotonation at
the 2 -hydroxyl in the substrate during the chemical cleavage step, with a large
influence of the binding helix between the substrate and (deoxy)ribozyme on the
overall cleavage activity.
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Further derivatization of the 8-17 DNAzyme resulted in catalysts that could be
activated [45, 46] or switched on and off by light [47, 48], or allosterically activated
by ATP [9, 49-51] or oligonucleotides [52-55]. Many more variations of RNA-
cleaving DNAzymes have been reported since the original discovery by Santoro
and Joyce, as recently reviewed [56].

2.3 Applications of RNA-Cleaving DNAzymes

RNA-cleaving DNAzymes have found a variety of different applications. Selective
targeting of mRNA in vivo, in order to suppress the expression of specific genes
that cause disease, is an obvious field of application of deoxyribozymes. Efforts in
this direction have been reviewed [57, 58].

Since some DNAzymes depend on specific metal ions for activity, they can be
employed for the detection of those ions. In the first example, a previously reported
[59] DNAzyme was labeled with a Dabcyl fluorescence quencher at the 3’-end and the
corresponding RNA substrate with a TAMRA fluorophore at the 5-end [60]. Upon
addition of Pb* ions, the substrate was cleaved, resulting in dissociation from the
DNA enzyme strand. This led to spatial separation of the fluorophore—quencher pair,
resulting in fluorescence (Fig. 5). The sensor system was over 80 times more respon-
sive to Pb?* than to other metal ions, and had a quantifiable detection range of 10 nM
to 4 uM. A similar strategy was developed for the detection of Cu?* by a DNAzyme
that oxidatively cleaves DNA [61]. The system showed a dynamic range of 35 nM to
20 uM and had a metal ion selectivity of a factor of 2000 for Cu** over other metal
ions. A comparable system was reported for the detection of the uranyl cation (UO,*),
with millionfold selectivity over other metal ions and parts-per-trillion sensitivity.

A different approach to DNAzyme sensors relies on the visual properties of aggre-
gated gold nanoparticles [62—64]. The substrate for the DNAzyme is designed so that

(F) Fluorophore-labeled RNA substrate

H H H H L 1 1 H @

Quencher-labeled metal-dependent DNAzyme
Cleavage only
by specific M™*

| Dequenching of fluorescence

Fig. 5 Schematic representation of a fluorophore (F)- and quencher (Q)-labeled DNAzyme-—
substrate complex serving as a selective sensor for metal ions
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Fig. 6 Representation of metal ion sensors based on DNAzymes and gold nanoparticles

it can hybridize to DNA strands that are attached to nanoparticles. This causes aggrega-
tion of the gold nanoparticles, giving rise to a characteristic blue color. In the presence
of Pb* ions, however, the DNAzyme catalyzes the cleavage of the substrate strand and
aggregates of nanoparticles do not form. This results in a characteristic red color
(Fig. 6). Quantitative analysis of Pb* could be achieved by UV-Vis spectroscopy. This
concept has been improved further and expanded to other analytes [65-67].

In addition to chemical sensors, DNAzymes have found applications in molecu-
lar logic gates [68—70] and molecular motors [71, 72].

2.4 Other Oligonucleotide Modifications Catalyzed
by DNAzymes

Not only RNA substrates can be cleaved by DNAzymes: oxidative DNA cleavage by
metal-dependent deoxyribozymes has also been reported. A cis-acting Cu**-dependent
DNAzyme was obtained, showing a millionfold rate enhancement relative to the
uncatalyzed rate of DNA cleavage [73]. The DNAzymes were engineered into a trans-
acting “restriction enzyme”, capable of targeting any desired nucleotide sequence [74,
75]. Cleavage occurred at several closely grouped sites, suggesting the oxidative
cleavage pathway involves diffusible radical species, e.g., hydroxyl radicals.

The first DNAzyme capable of the ligation of DNA, using an activated DNA
substrate, was dependent on Zn?* or Cu?* and gave a 3400-fold rate increase relative
to a simple, nonfolded complementary template [76]. With the exception of DNA-
templated ligation of DNA [77], only a limited number of DNAzymes capable of
DNA ligation have been reported to date. In one case, metal ions were not required
to achieve activity [78], whereas another DNAzyme performed ligation in two
separate steps, the first being pyrophosphate activation at the 5" end of one DNA
fragment, and the second step being the actual 3’-5 ligation step [79, 80].

In contrast, RNA ligation by DNAzymes has been well documented [81]. The
first Ca?* or Mg?*-dependent system gave nucleophilic opening of the 2’-3" cyclic
phosphate of one RNA strand by the 5’-hydroxyl group of the other, resulting in an
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unnatural 2°-5" linkage [82]. It had very stringent requirements for the nucleotides
immediately surrounding the ligation site. For the corresponding trans-acting sys-
tem, rate constants up to 0.18 min~' were observed. However, only single turnovers
could be achieved due to product inhibition. Evolution of ligating DNAzymes from
the 8-17 and 10-23 motifs (which exclusively cleave 3’-5" RNA linkages) only gave
rise to 2’-5" linkages of RNA substrates using divalent metal ions (Mg?*, Ca?,
Mn?*) for activity [83]. Further optimization resulted in a DNAzyme that accepted
almost any RNA substrate, albeit with a specifically required sequence around the
ligation site [84]. Lariat RNA, a key intermediate in biological splicing, could also
be obtained using this system [20, 85]. Modifications in the selection strategy [86,
87] or the DNAzyme [88] resulted in DNAzymes capable of performing native
3’-5’ ligation rather than unnatural 2°-5" ligation.

Other modification reactions of (oligo)nucleotides catalyzed by DNAzymes
include kinase (5’-phosphorylation) [89-92], DNA capping [93], self-depurination
[94], and RNA tagging [95].

2.5 DNAzymes for the Metallation of Porphyrins

Very few examples of DNAzymes not using (oligo)nucleotides as their substrates
have been reported. This is presumably because of the strong Watson—Crick inter-
actions between the DNA catalysts and oligonucleotide substrates, which facilitates
the design of selection schemes. Notable exceptions are DNAzymes that catalyze
the metallation of porphyrins [96]. By the use of a transition state analog (TSA) for
this reaction, an efficient DNAzyme was isolated that gave a 1400-fold rate
enhancement in the metallation of mesoporphyrin IX (MPIX, Fig. 7a). Clones that
strongly bound N-methylmesoporphyrin (NMM, a TSA in the metallation of
MPIX) were tested for their ability to catalyze the insertion of Zn** and Cu?* into
MPIX. Several clones were indeed active in this reaction and kinetic measurements
showed a rate enhancement of up to 1400 over the background reaction. The cata-
Iytic efficiency (k_ /K, ) of the best system was 79 M~ min™', about 40 times lower
than that of a catalytic antibody capable of performing the same reaction [98].
No evidence was found for a metal-binding site close to the active site of the
DNAzyme. The observed dependence of the catalytic activity on the metal ion
composition of the medium (specifically K*, and not Na*) indicated the presence of
guanine quartets in the enzyme’s folded structure. A minimized and optimized
system for porphyrin metallation, which showed a 3700-fold rate enhancement,
was subjected to a detailed mechanistic analysis [99, 100]. It was established that
the DNAzyme’s activity was due to an increase of the basicity of the porphyrin
substrate by 3—4 pH units. It was speculated that this is caused by a DNAzyme-
induced distortion of the planar structure of MPIX, facilitating its metallation.

A simple 18-meric DNA sequence known to form a G-quartet structure in the
presence of monovalent cations like K* or Na* showed efficient porphyrin
metallation with Zn** ions, giving a k_ of 1.0 min™" [101]. Circular dichroism
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Fig. 7 (a) Porphyrin metallation catalyzed by DNAzymes. (b) Proposed mechanism for the per-
oxidation reaction catalyzed by the DNAzyme/hemin complex [97]

measurements indicated that a parallel G-quartet structure, with four or more
strands, should be responsible for efficient catalysis.

Metallated porphyrins proved to be efficient cofactors in DNA-based catalysis.
Fe**-protoporphyrin (hemin) gave significantly higher peroxidase activity when
bound to a known porphyrin-binding DNA aptamer than when free in solution [97]
(Fig. 7b). A combination of a hydrophobic binding pocket, which increases the
solubility and prevents aggregation of hemin, tentative donation of an axial ligand
to the Fe** center, and the presence of a relatively polar site close to the iron-oxo
center presumably facilitates the peroxidation reaction. The DNAzyme’s regio-,
enantiomeric, and diastereomeric selectivity for the oxidation of various chiral
phenolic substrates, compared to free hemin and the enzyme horseradish peroxi-
dase (HRP) was determined [102]. Although oxidation rates with the DNAzyme as
the catalyst were higher than with HRP in some cases, the kinetic discrimination
between enantiomers, diastereomers, and regioisomers in a mixture was generally
lower than that of HRP.

3 DNA-Directed and DNA-Templated Metal Catalysis

In DNA-directed catalysis, the primary role of DNA is that of substrate binding
moiety responsible for bringing the (metal) catalyst into contact with the substrate,
usually an oligonucleotide. In contrast to DNAzymes, a direct involvement of the
oligonucleotide in catalysis is not a priori envisioned. The catalyst comprises a
synthetic ligand for binding a catalytically active metal ion and a DNA strand that
is complementary to a target oligonucleotide (Fig. 8a). The DNA strand brings the
active metal ion in close proximity of the substrate. Furthermore, sequence-specific
binding between the substrate and the template results in a highly selective reac-
tion; mismatches in the sequence give rise to a strongly decreased reactivity.
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Fig. 8 Schematic representation of the concepts of DNA-directed catalysis (a) and DNA-
templated catalysis (b)

In contrast, DNA-templated catalysis involves an oligonucleotide-bound metal
catalyst that is brought into contact with an oligonucleotide-bound substrate by
hybridization of both modified oligonucleotides on a DNA template strand, resulting
in a high effective molarity and, as a result, increased reactivity (Fig. 8b). In this case,
DNA, RNA, or PNA (peptide nucleic acids; synthetic DNA analogs with a peptide
backbone) have a dual role as both template and as template binding moiety.

3.1 DNA-Directed Catalysis

DNA-directed catalysis was first reported by Vlassov and coworkers [103], who
attached EDTA covalently to octathymidylate and showed that the modified oligo-
nucleotide in the presence of Fe?* and dithiothreitol (DTT) cleaved poly(A) and
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poly(dA) substrates more efficiently than a noncomplementary poly(dT) substrate
(Fig. 9a). This concept was extended further by attachment of EDTA to the 5’-terminal
phosphate [104] or to an internal thymidine [105] of ss-DNA sequences. Upon
addition of Fe** and DTT to the oligonucleotide-EDTA conjugate, complementary
ss-DNA sequences were cleaved within 4-16 residues, both upstream and down-
stream of the EDTA-modified nucleotide.

Sequence-specific ds-DNA cuts were achieved by aligning an Fe*/EDTA-
modified oligonucleotide along a DNA duplex via Hoogsteen pairing, resulting in
the formation of a triple helix [106]. The addition of cations like spermine or
Co(NH,),** was needed to overcome charge repulsion resulting from triplex forma-
tion. Single-base mismatches in the EDTA-modified oligonucleotide lowered the
cleavage efficiency by at least an order of magnitude.

The concept of DNA-directed catalysis has been applied to many metal binding
ligands other than EDTA, giving rise to catalysts capable of oxidative and/or hydro-
Iytic cleavage of polynucleotide substrates.

Similar to the original system by Vlassov and coworkers, Fe**-porphyrin
attached to heptathymidylate showed effective cleavage of poly(A) and poly(dA),
but not poly(dT) [107]. In addition to cleavage reactions, nucleobase oxidation and
crosslinking reactions could also be achieved using similar catalysts, depending on
the reaction conditions chosen [108]. Other systems with porphyrin-bound metal
ions, including Mn** [109, 110], Eu** [111], and Dy** [112], proved active and site-
selective in either RNA or ss-DNA cleavage. Cu?*-dependent, sequence-specific
oxidative cleavage of RNA and both ss- and ds-DNA was obtained by a catalyst in
which 1,10-phenantroline was attached to internal [113] or terminal [114-118]
positions in oligonucleotides.

Although iron-bleomycin itself is well known for its sequence-specific ds-DNA
cleaving abilities, it was also covalently bound to oligonucleotides, leading to
cleavage of DNA [119], with the capability of performing multiple turnovers when

a
DNA

WN/RNA Catalytically active

metal complex

b
DNA g Localized acridine

o AN

Fig. 9 Schematic representation of DNA-directed catalytic RNA scission. a The catalytically
active metal ion is attached to the DNA via a ligand. b The metal ion is not localized, but site-
specific cleavage is achieved by local perturbation caused by an acridine moiety covalently linked
to the DNA template
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the target DNA substrate was added in excess [120]. Ni-salen, introduced as nucle-
otide substitute in a DNA strand via template-directed synthesis, proved active in
oxidative strand scission at dG sites in Watson—Crick complementary DNA [121].
After duplex formation between the catalyst and substrate strands, scission was
achieved by treatment with the oxidant MMPP and piperidine. Even when dG in
the substrate was not located directly opposite the Ni-salen, cleavage still occurred
at dG, if it was not more than three residues away from the metal center.

Other ligands incorporated into oligonucleotides that showed cleavage activity
upon addition of metal ions include bpy (2,2’-bipyridine) [122-124], tpy (2,2":6",2"-
terpyridine) [122, 124—127], and 2,6-dicarboxypicoline or N,N-bis(2-picolyl)amine
[128, 129].

An intruiging approach to site-selective RNA cleavage was reported by Kuzuya
et al. [130]. In contrast to the previous examples, in this system the metal complex is
free in solution (not localized). Site-selective activation for hydrolysis at single posi-
tions in a target RNA strand is achieved by covalent attachment of an acridine moiety
to the template DNA strand, which causes local perturbation in the hybridized RNA
strand opposite this position [131]. RNA strand scission is very site-specific for the
localized perturbation (Fig. 9b). This approach was optimized for various metal ions
including Ca** and Mg?", transition metal ions, and lanthanide ions [132, 133]. Two
sites in a single RNA could be activated by incorporation of two acridines in the DNA
template [134], and the rate of the process was further enhanced by the attachment of
a ligand for Lu* in close proximity to the acridine activator [135].

3.2 DNA-Templated Catalysis

The first example of DNA-templated metal catalysis was reported by the group of
Kriamer [136]. In this approach, metal-catalyzed hydrolysis of an ester attached to a
DNA template was performed. The catalytic system consisted of three parts: a DNA
template strand, a ligand for Cu®* attached to a PNA strand complementary to half of the
template, and an ester substrate connected to a PNA strand complementary to the other
half of the DNA template (Fig. 10). Complexation of both PNA strands to the template
brings the catalytic center and the substrate in close proximity, and hydrolysis of the
ester group is accelerated approximately 150-fold relative to the background hydrolysis
rate, which makes it suitable as a detection method for DNA sequences [137].

Using an excess of the PNA-bound substrate, turnover numbers of up to 35
could be reached, although the background rate was substantial. Mismatches in the
PNA/DNA combinations led to a considerable decrease in reaction rates, especially
if the mismatch was near the site where the reaction occurred. This method was
used to detect as little as 10 fmol of template DNA from a mixture of four similar
DNAs that differed at a single position.

The first examples required a 2-picolyl ester for efficient cleavage because of its
chelation of copper. By introducing a Cu?*-binding group in the linker between the
PNA strand and the target ester, it was shown that (in principle) any ester could be
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Fig. 10 Schematic representation of DNA-templated metal-catalyzed ester cleavage. Upon binding
of the target DNA sequence, the PNA-bound metal complex and the PNA-bound ester substrate
are brought into close proximity, resulting in hydrolysis of the ester (“signal”)

cleaved [138]. The concept of DNA-templated metal catalysis is not limited to
single-stranded templates. It was found that the copper-binding and ester-substrate
PNAs of the previous system could locally form triple-helix structures in a
sequence-specific fashion on a ds-DNA template, resulting in efficient ester hydrol-
ysis catalyzed by the nearby Cu** center. However, turnover numbers were rather
low (up to 1.65) and rate enhancement relative to the background reaction was
modest with values of up to 12 [139].

A related system using DNA-templated organocatalysis rather than metal cataly-
sis was reported in 2000, with an imidazole group linked to a DNA strand that
cleaved an ester moiety on another DNA strand when both were annealed to a tem-
plate DNA sequence [91]. Many other DNA-templated reactions have been
described, mostly not using metal ions for catalysis [140-142].

In a different approach, a combination of metal catalysis and DNA hybridization
was reported [143]. A Cu?* ion tightly bound to both ends of an ss-DNA molecule via
two terpyridine ligands was released upon hybridization of a complementary “signal”
DNA strand, because of spatial separation of the two upon hybridization (Fig. 11).
The released Cu?* then bound to a 1,10-phenantroline pre-catalyst that was also
present, making it an active catalyst for oxidation of a nonfluorescent substrate into a
fluorescent product. Thus, binding of a signal DNA strand led to a signal transduction
cascade with eventual signal amplification in the catalytic reaction. The same system
was used in combination with Zn?*, which activated the apoenzyme carbonic anhy-
drase at the end of the signal cascade [144]. The progress of the reaction was followed
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Fig. 11 Schematic representation of sequence-specific DNA detection by catalytic signal ampli-
fication. tpy 2,2:6",2”-terpyridine, phen 1,10-phenantroline

by colorimetric pH readout using phenol red as the indicator. The signal amplification
factor was around 10* (one molecule of target DNA triggers the conversion of 10,000
CO, molecules) and response times of 28 (+5) s were reached.

4 DNA-Based Asymmetric Catalysis

In DNA-based asymmetric catalysis, DNA’s role is that of a chiral scaffold, i.e., as
the source of chirality for the catalyzed reaction. In this concept, it is assumed that
if the catalyzed reaction takes place close to the DNA double helix, the chirality
of DNA can be transferred to the reaction product, resulting in an enantiomeric
excess. This can be achieved by binding of the catalyst to the DNA. Analogously
to hybrid enzymes [145], two general approaches can be followed: (i) the supramo-
lecular approach, in which the catalyst is bound using noncovalent interactions,
and (ii) the covalent approach, in which the catalyst is attached to the DNA via a
covalent linkage.

Double-stranded DNA represents an ideal scaffold for supramolecular anchoring
of catalysts, due to the propensity of small molecules to bind to DNA with high
affinity through intercalation or groove binding [146]. The concept of the supramo-
lecular approach towards DNA-based catalysis is outlined in Fig. 12. The DNA-
based catalyst is prepared via self-assembly from DNA, generally salmon testes
DNA (st-DNA), and a catalyst that is based on a racemic or nonchiral ligand that is
capable of binding to DNA. The advantage of this approach is that it is modular,
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i.e., no synthesis of DNA derivatives is required and, hence, the catalyst can be
optimized rapidly.

To date, two general designs of the ligand for the catalytically active metal ion
have been investigated. The ligands of the first class (A in Fig. 12) contain three
key structural features: (i) a metal binding domain, e.g., a bidentate chelating ami-
nomethylpyridine, attached via (ii) a short spacer to (iii) the DNA intercalating
moiety, e.g., a 9-amino acridine [147]. This design has two structural variables that
can be used for optimization and fine-tuning of the catalyst: the spacer length n,
which determines the distance of the catalyst from the DNA helix, and the side
chain R, which is an important contributor to the steric environment provided by
the catalyst. The corresponding DNA-based catalysts are prepared in situ by com-
plexation of the ligand with Cu?, followed by binding to st-DNA.

The catalysts of the second generation are based on polyaromatic ligands (B-D
in Fig. 12). These ligands are known to bind to DNA, although the mode of binding
has not yet been established for all members of this class [148]. In this design, the
DNA binding moiety is integrated into the metal binding domain. As a result, the
metal center can be brought into much closer contact with the DNA helix compared to
the first generation of ligands. The main difference between the ligands of the second
class is the number of aromatic groups they contain; the coordination environment
provided by the ligands is the same. A smaller polyaromatic moiety results in lower
DNA binding strength and, most likely, a smaller distance of the metal center to the
DNA helix. In this approach, the corresponding Cu?** complexes were synthesized
independently, followed by self-assembly of the DNA-based catalyst.

To date, the focus has been on Lewis acid catalyzed reactions in water [149,
150]. In particular, Cu*-catalyzed Diels—Alder (D-A), Michael addition, and
fluorination reactions have been investigated (Fig. 13).

Using catalysts of class 1 resulted in moderate to good enantioselectivities for both
stereoisomers of the product of the D—A reaction of cyclopentadiene with azachal-
cone. However, the results proved to be very dependent on the design of the ligand.
Both the side chain R and the length of the spacer n were varied to optimize the catalyst.
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Fig. 13 DNA-based asymmetric Diels—Alder, Michael, and fluorination reactions

Screening of different R groups using a fixed spacer length of n = 3, revealed that R
preferably is an arylmethyl group. Increasing the spacer length resulted in a rapid
decrease in enantioselectivity. Interestingly, the R groups that resulted in the highest
enantioselectivities (i.e., I-naphthylmethyl and 3,5-dimethoxybenzyl) gave rise to the
formation of opposite enantiomers of the D—A product. Furthermore, using a shorter
spacer (i.e., n = 2) the (—) enantiomer of the product was obtained invariably, whereas
with a ligand containing a longer spacer (i.e., n = 3 or more) the formation of the (+)
enantiomer was observed. These findings demonstrate nicely that both enantiomers
of the product are accessible by judicious design of the achiral ligand.

Catalysts of class 2 gave rise to a significant increase in enantioselectivity.
Interestingly, it was observed that Cu*/ligand complexes that gave the highest
enantiomeric excess had only a moderate affinity for DNA. With 2,2’-bipyridine as
the ligand, >80% of the substrate was converted into the D—A product, which was
obtained in a 98:2 endo:exo ratio, with the endo diastomer having 90% ee. A further
increase in enantioselectivity up to 99% was obtained with 4,4’-dimethyl-2,2"-
bipyridine as the ligand.

The use of o,B-unsaturated 2-acylimidazoles [151] as the dienophile increased
the practicality of the approach, since the imidazole group can be removed readily
from the product. The substrate scope is quite broad; substituents at the alkene
moiety (e.g., alkyl, aryl and 2-furanyl) were very well tolerated. In all cases good
to excellent enantioselectivies and diastereoselectivities were obtained, i.e.,
80-98% ee for the endo isomer and endo:exo > 94:6, in the case of the 4,4’-dimethyl-
2,2"-bipyridine ligand [152]. Moreover, the D—A reaction was successfully per-
formed on a preparative scale (1 mmol), making it attractive from a synthetic point
of view.

o,B-Unsaturated 2-acylimidazoles are not only good dienophiles, they can also
undergo 1,4-addition reactions. This was applied successfully in the DNA-based
asymmetric Michael addition [153]. The same catalytic system was used as for the
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D-A reactions, comprising st-DNA and the Cu** complex of 4,4’-dimethyl bipyri-
dine. Nitromethane and dimethyl malonate, both of which enolize readily, were
employed as the nucleophiles. With 100 equivalents of dimethyl malonate, a clean
and quantitative conversion into the Michael adduct was observed after 3 days,
with an ee of 91%. The addition of nitromethane was slower; using 1000 equiva-
lents 97% conversion and an ee of 85% were obtained in the same time. The
substrate scope proved to be broad; a series of derivatives of the substrate were
tested in the Michael reaction and generally gave high conversions (typi-
cally > 75%) and ees (86-99% with dimethylmalonate as the nucleophile, and
82-94% with nitromethane as the nucleophile). Only in the case of the Michael
addition to the enone with R = Me instead of aryl, did the ee drop to ~60%. Again,
it was shown that the reaction could be performed on a preparative scale (1 mmol),
and that the catalyst solution could be recycled without loss of activity or enanti-
oselectivity over at least two runs.

Using the same catalytic system, the electrophilic fluorination of aromatic
B-ketoesters was also reported [154]. After optimization of the reaction conditions,
the products could be isolated with ees up to 74%, the (R) enantiomer being in
excess.

The absolute configurations of both the Diels—Alder and the Michael adducts
with R = Ph were elucidated by transformation into known compounds. In the case
of the D-A reaction, the (25,3S5) enantiomer was formed in excess, indicating that
cyclopentadiene attacks from the Si face of the dienophile. Similarly, nucleophilic
attack to the enone in the Michael reaction was shown to occur from the Si face.
These results suggest that the Re face of the bound substrate is shielded efficiently
by the DNA in both reaction classes (Fig. 14).

Chirality transfer from the helical DNA to the reaction can occur via two distinct
mechanisms [155]. First, DNA can dictate directly the prochiral face from which
the diene or nucleophile attacks, e.g., by shielding of one face of the substrate. In
this case, the reaction should take place in close proximity to the chiral environment
of the DNA. Therefore, this is the most likely mechanism for class 2 ligand/Cu?*
complexes. Alternatively, DNA can first impose a chiral conformation on the cata-
lyst, which then directs the reaction towards one enantiomer of the product. Several
observations indicate that this mechanism applies to the first-generation catalytic
system. Since the copper complex of the ligand A is chiral, DNA can dictate the
formation of only one of the enantiomeric complexes. Furthermore, the observation
that both enantiomers of the product are accessible by only a slight variation in the
design of the ligand argues for this mechanism.

The covalent approach towards DNA-based catalysis involves direct attach-
ment of the catalytically active metal complex to the DNA via a covalent bond.
The presumed advantage of this approach over the supramolecular variant is the
greater control over both the geometry around the metal center and the exact
microenvironments (i.e., the DNA sequence) in which the metal complex is
located. So far, two reports have been published in which transition metals were
anchored to deoxyribonucleotides via covalently linked phosphine ligands
(Fig. 15).



20 E.W. Dijk et al.

Re attack hindered —‘ o4

diene or Nu~

NS

Si attack favoured

Fig. 14 Schematic representation of the stereochemistry of the attack of the diene and the nucle-
ophile in the DNA-based catalytic asymmetric Diels—Alder and Michael reactions, respectively

a j\ b
X _ (PPh
HN N Y ( 2)n o
!
z Ph,P
j‘\ | 2 N
(0] N N/go
(@) (e}
0 OR!
\\ 17 2
/P\\O O/P\ OR
5" v Q o- ()’_ [0) 3
R' = H, Ac, dA-3'-phosphate;
X,Y = spacer; n=1,2 R2 = H, Ac, dT-5"-phosphate

Fig. 15 a, b Phosphine-modified oligonucleotides used in the covalent approach towards DNA-
based catalysis

The first example (Fig. 15a) involves post-synthetic modification of an
amino-functionalized oligonucleotide by attachment of various mono- and bidentate
phosphines via an amide linker [156]. No catalysis by metal complexes of the
phosphines has been reported yet. In the other example (Fig. 15b), commercially
available 5-iodo-2’-deoxyuridine was transformed into the 5-diphenylphosphino-
2’-deoxyuridine using a palladium-catalyzed coupling [157]. Using the mononucle-
otide-based diphenylphosphine as a ligand in the palladium-catalyzed asymmetric
allylic amination in THF, up to 80% ee was obtained. Interestingly, the opposite
enantiomer of the product was obtained when a different solvent (CH,CN-THF,
DME, or DCM) was used in the reaction. Unfortunately, incorporation of the modi-
fied nucleotide into a trinucleotide resulted in a significant drop in both the conver-
sion and enantioselectivity for the reaction. Moreover, a further decrease in
conversion was observed when the solvent was changed to water.
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5 Summary and Outlook

This chapter has presented an overview of applications of DNA in metal ion cataly-
sis. Three general approaches were outlined: metal-dependent DNAzymes, DNA-
directed and templated catalysis, and DNA-based asymmetric catalysis.

DNAzymes often rely on metal ions for their activity, possibly to compensate for
the limited functional diversity of DNA. The role of the metal ions can be either
catalytic or structural, but in most cases this remains to be established. To date, the
synthetic potential of DNAzymes is rather limited and their main application has
been in nucleotide modification. However, since DNAzymes can be selected from
large libraries using in vitro evolution and selection methodologies, metallo-
DNAzymes for a wide range of synthetically relevant reactions (e.g., C—C bond
forming reactions) will undoubtedly become available in the future.

In DNA-directed and DNA-templated synthesis, the role of DNA is to direct the
catalytic metal ion towards the substrate. This implies automatically that the sub-
strates are polynucleotides. Applications of this concept are typically found in DNA
modification reactions (e.g., DNA cleavage) and sensing.

Finally, the new concept of DNA-based asymmetric catalysis in which DNA
serves as a chiral scaffold for catalyst design was described. To date, DNA-based
asymmetric catalysis has been applied successfully to Lewis acid catalyzed reac-
tions in water. This concept shows much promise for application in organic synthe-
sis as it is inexpensive, experimentally straightforward, can be performed at a
synthetically relevant scale, and the catalyst can be recycled readily.

In conclusion, DNA is rapidly claiming a prominent position in the field of
catalysis and due to its special properties and unique structure many new applica-
tions of DNA in catalysis can be envisioned for the future.
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1 Introduction

Construction of artificial metalloproteins has been intensively studied and applied
to catalysts and biomaterials bearing electronic, magnetic, and medical properties
[1-6]. In particular, topics on the composites of metal complexes or materials in
protein vacant space are becoming the most important subjects in the field of
bioinspired materials. In early works of this research area, Akabori et al. reported
that the artificial metalloenzyme constructed by the deposition of Pd particles on
silk protein fibers was able to catalyze asymmetric hydrogenation of oximes and
oxazolones [7]. Whiteside et al. prepared the first artificial organometalloenzyme,
which catalyzed asymmetric olefin hydrogenations using an avidin—biotin interaction
[8]. However, at that time, it was difficult to characterize and improve the catalytic
activities of the composites due to the lack of structural information and the limitations
on molecular design using computational methods.

Recently, protein mutagenesis and X-ray structural analysis of proteins have
become familiar tools for inorganic chemists in constructing artificial metallopro-
teins. Thus, the number of reports on the preparation and crystal structures of metal
complex/protein hybrids have been increasing since 2000 [1, 3, 5, 6, 9-20]. Proteins
and metal complexes utilized intensively for artificial metalloproteins are listed in
Table 1. In these studies, the main subject is conjugation of metal complex catalysts
with protein scaffolds for catalytic reactions [1, 3, 5]. On the other hand, some
researchers have utilized nanoscaled protein cages for deposition of metal nanopar-
ticles and encapsulation of functional nanomaterials [4, 5]. For the last few years,
the direction of this research has been shifting toward biomineralization, design of
metal-drugs, and fine-tuning of artificial enzymes.

In this chapter, the key topics of artificial metalloproteins utilizing protein vacant
space are reviewed, outlining recent studies since 2000. Section 3 shows the approaches
for construction of the metal complex/protein composites and their crystal structures
and, further, describes the interactions between metal-drugs and proteins. Section 4
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Table 1 Summary of proteins and metal complexes for the preparation of artificial metallopro-
teins and their functions

Protein Metal complexes Function References
Myoglobin Heme derivatives Catalyst/O, storage/ [13, 21, 22]
electron transfer

Cr and Mn Schiff base complexes Catalyst [17, 23, 24]
Avidin Biotinated Rh and Ru complexes Catalyst [8, 25, 26]
Albumin Heme, Cu, and Rh complexes Catalyst/O, storage [27-30]
Lysozyme Ru and Cu complexes Metal drug [14, 31]
Kinase Ru complex Inhibitor [12]
Ferritin Pd, Ag, CdS, Fe,O,, ZnSe Catalyst/material [32-37]

clusters and Gd complex

Virus Au, CoPt, and FePt clusters Material [38—41]

provides the coordination structures of metal multinuclear clusters binding on protein
scaffolds. Section 5 shows the direct observation of reaction intermediates in the
active sites of some oxygenases. Section 6 describes how the self-assembled nano-
protein cages are utilized for deposition of metal nanoclusters and metal complexes
for their application to catalysts, and to magnetic and medical materials.

2 Protein Structures Utilized for Artificial Metalloproteins

For the construction of artificial metalloproteins, protein scaffolds should be stable,
both over a wide range of pH and organic solvents, and at high temperature. In addi-
tion, crystal structures of protein scaffolds are crucial for their rational design. The
proteins reported so far for the conjugation of metal complexes are listed in Fig. 1.
Lysozyme (Ly) is a small enzyme that catalyzes hydrolysis of polysaccharides and
is well known as a protein easily crystallized (Fig. 1a). Thus, lysozyme has been
used as a model protein for studying interactions between metal compounds and
proteins [13, 14, 42, 43]. For example, [Ru(p-cymene)]*, [Mn(CO)B]*, and cisplatin
are regiospecifically coordinated to the N* atom of His15 in hen egg white lysozyme
[14, 42, 43]. Serum albumin (SA) is one of the most abundant blood proteins, and
exhibits an ability to accommodate a variety of hydrophobic compounds such as
fatty acids, bilirubin, and hemin (Fig. 1b). Thus, SA has been used to bind several
metal complexes such as Rh(acac)(CO),, Fe-and Mn-corroles, and Cu-phthalocyanine
and the composites applied to asymmetric catalytic reactions [20, 28-30].

Avidin is a glycoprotein and consists of four identical subunits. Avidin shows
a very strong affinity to biotin with a K of approximately 10> M™' (Fig. 1c).
The affinity of avidin for biotin can be utilized to introduce metal complexes in-
to the avidin cavity by a covalent bond with biotin. In fact, hybrids of avidin
and biotin conjugated with Rh diphosphine and Ru diamine moieties have been
shown to allow asymmetric hydrogenations of olefin and ketone substrates [8, 25, 26].
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Fig. 1 Ribbon diagrams of protein architectures: a lysozyme, b serum albumin, ¢ avidin, d
myoglobin, and e ferritin taken from PDB ID: 2VB1, 1BJ5, 1AVD, 4MBN, and 1DAT, respectively

Myoglobin (Mb) is a small hemoprotein that functions as an oxygen storage, and
has been used as a model for many heme enzymes by modifying the heme prosthetic
group and/or replacing some amino acids near the heme (Fig. 1d) [44—46]. Thus,
Mb is a good candidate for a host protein scaffold to incorporate synthetic metal
complexes such as M"(Schiff base) (M = Fe, Cr, and Mn) and iron porphycene
[22-24]. Ly, SA, avidin, and Mb have been used to fix a single metal complex in
their cavities. On the other hand, self-assembled protein cages are capable of accom-
modating many metallic compounds and inorganic materials [4, 5, 47, 48].

Ferritin (Fr) is a spherical protein composed of 24 subunits with a cavity where
iron atoms are accumulated as a cluster of ferric oxyhydroxide (Fig. le) [49]. Some
metal ions and organic molecules are able to penetrate through the hydrophilic
channels of the threefold axis to the inside of Fr, which has an internal diameter of
8 nm [50]. Fr is stable both at high temperature (<80°C) and in a pH range of 3—11.
Fr has been used for the deposition of monodisperse metal particles such as FeS,
CdS, CdSe, Pd, and Ag in the cage [35, 37, 40, 48, 51-55]. Thus, it is possible to
use the Fr cage to incorporate and fix many metal complexes [32, 56, 57]. Self-
assembled supermolecular proteins have different size of cages, such as cowpea
chlorotic mottle virus (CCMV) with 28 nm diameter cages, small heat shock protein
(sHsp) with 12 nm, and DNA binding protein (Dps) with 9 nm. Huge supermolecular
assemblies such as tobacco mosaic virus, M-13 bacteriophage, and chaperonins
have also been utilized as well-defined spaces for the encapsulation of metal compounds
and organic materials [4, 33, 47, 58-65].
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3 Functions and Structures of Metal Complexes
in Protein Cavities

3.1 Preparation of Artificial Metalloproteins

There have been many reports that described protein composites containing metal
complexes [1-3, 5, 6]. Three different approaches for the incorporation of synthetic
metal complexes into protein cavities have been reported: (i) modification of natu-
ral substrates, (ii) covalent anchoring, and (iii) non-covalent insertion. For example,
Whiteside et al. constructed artificial metalloenzymes by the conjugation of a Rh
diphosphine complex with biotin, which strongly binds to avidin [8]. Ward et al.
have improved this method to increase the reaction activities [25]. They optimized
the reaction conditions by screening the structures of metal complexes and protein
environments. Finally, optimized composites catalyzed asymmetric hydrogenation
with up to 97% ee (Fig. 2a) [2, 3, 26].

Covalent anchoring is an attractive approach for conjugation of metal complexes
directly to specific sites of protein scaffolds. Several metal complexes such as Cu,
Pd, and Rh complexes have been incorporated into protein cavities by covalent
anchoring of the thiol group of Cys or the amine group of Lys with metal complexes
[66—68]. On the other hand, Lu et al. have succeeded in dual covalent attachment
of a Min(salen) complex bearing two thiosulfonate moieties to apo-myoglobin (apo-Mb)
mutant L72C/Y103C Mb to restrict the conformational freedom of the metal complex
in the cavity [23]. The dual covalent attachment also improved the enantioselectivity
of thioanisole sulfoxidation up to 51% ee while a single attachment exhibited only
12% ee (Fig. 2b) [23].

Non-covalent insertion of several modified metal cofactors and synthetic metal
complexes into protein cavities such as serum albumin (SA) and Mb has been
reported [5, 24, 28, 30, 69]. If synthetic metal complexes, whose structures are very
different from native cofactors, can be introduced into protein cages, the bioconjuga-
tion of metal complexes will be applicable to many proteins and metal complexes.
Mn(corrole) and Cu(phthalocyanine) are inserted into SA by non-covalent interac-
tions and the composites catalyze asymmetric sulfoxidation and Diels-Alder reac-
tions with up to 74 and 98% ee, respectively (Fig. 2c¢) [28, 30]. Since the heme is
coordinated to Tyr161 in the albumin cavity, determined by X-ray crystal structure
[20], it is expected that both Mn(corrole) and Cu(phtalocyanine) are also bound to
albumin with the same coordination. The incorporation of synthetic metal com-
plexes in protein cavities using these methods is a powerful approach for asymmetric
catalytic reactions. However, there are still some difficulties in further design of the
composites for improving reactivities and understanding reaction mechanisms
because detailed structural analyses are not available for most of the composites.

Successful structural analyses of artificial metalloproteins have been reported [35,
6, 17, 22]. Hayashi et al. have determined the crystal structure of a reconstituted
apo-Mb with the iron porphycene derivative 13,16-dicarboxyethyl-2,7-diethyl-
3,6,12,17-tetramethylporphycenato-Fe™ (iron porphycene) [22]. The structure shows
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Fig. 3 Crystal structures of active site of artificial metalloproteins: a Fe(Porphycene) *apo-Mb,
and b Cr(Schiftbase)*apo-A71G Mb taken from PDB ID: 2D6C, and 1V9Q), respectively

that the iron porphycene is located in the apo-Mb cavity by coordinating to N® of
His93 and an external imidazole ligand. The specific interactions such as hydrogen
bonding with Lys96 and His97 are also observed (Fig. 3a). The composite showed
higher peroxidase and peroxygenase activities than native Mb due to stronger coor-
dination of iron porphycene to His93 than that of heme.

Crystal structures of a series of metal Schiff base complexes in the apo-Mb cavity
have been determined by Watanabe et al. [16, 17]. The crystal structures of apo-Mb
reconstituted with M"™(3,3’-salophen) (salophen = N,N’-bis(salicylidene)-1,2-
phenylenediamine, M = Cr, Mn, Fe) complexes show that the metal salophen com-
plexes are tightly ligated to the N* atom of His93 in the apo-Mb cavity with the same
coordination geometry as that of heme, i.e., planar four coordinate ligands and the use
of proximal histidine as an axial ligand (Figs. 3b and Fig. 4) [16, 17]. The metal salo-
phen complexes fixed in the apo-Mb cavity are further stabilized by several n—m and
CH-r interactions with surrounding amino acid residues (Fig. 3b). Ueno et al. also
succeeded in controlling the enantioselectivity of sulfoxidation by design of metal
complexes based on the crystal structures [17, 69]. They have extended this method to
other metal complexes with different coordination geometries from heme and salo-
phen complexes.

The group reported two novel coordination structures of Cu"(Sal-X) (Sal-X = N-
salicylideneaminoacidato) and organometallic rhodium 2,6-bis(2-oxazolinyl)-phenyl
(Rh+Phebox) complexes, whose structures are completely different from heme, in the
Mb cavity (Fig. 4). The crystal structure of Cu"(Sal-Phe)+apo-Mb shows that the Cu”
complexes are coordinated to the nitrogen of His64 with a square-planar coordination
geometry with the assistance of CH—rt and m—m interactions between a benzene ring
in the salicylidene moiety of the ligand and the surrounding hydrophobic amino acid
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Fig. 4 Various binding geometries of incorporated metal complexes in the apo-Mb cavity

LN

Fig. 5 Crystal structures of active site of artificial metalloproteins: a Cu(Sal-Phe)*apo-Mb, and
b RhePhebox *apo-A71G Mb taken from PDB ID: 2EBS, and 2EF2, respectively

residues (Fig. 5a). The crystal structure of Rh™+Phebox <apo-A71G Mb reveals that
the Rh+Phebox complex is fixed in the apo-Mb cavity with an unprecedented arrangement
that is almost perpendicular to the heme (Fig. 5b). These results suggest that apo-Mb
is capable of accommodating various metal complexes having different coordination
structures and functions from the native metal cofactors.



Artificial Metalloproteins Exploiting Vacant Space 33

3.2 Interaction of Metal-Drugs with Proteins

There is increasing importance of metal-based drugs in the field of medicinal chemis-
try. Structural study of metal-drug/protein interactions is of upmost importance for
understanding the molecular fragments interacting with proteins, their locations, and
their binding affinities. There have been an increasing number of reports describing the
X-ray crystal structures of metal-drug/protein composites in recent years [11-13, 42].
For example, the interactions of cisplatin, known as an anticancer drug, with proteins
such as copper—zinc superoxide dismutase (SOD) and lysozyme have been reported
[11,42]. The crystal structure of SOD interacting with cisplatin shows that the Pt atom
is selectively bound to N¢ of His19. Two chloride atoms also ligate to the Pt atom with
a distorted square-planar geometry (Fig. 6a) [11]. The crystal structure of cisplatin and
lysozyme adducts reveals selective platination of N® of His15 [42], which is also found
to ligate to the organometallic complexes Ru(p-cymene) and Mn(CO), (Fig. 6b) [14,
43]. Meggers et al. have designed an organometallic RuCp(CO) complex as a protein

Fig. 6 Crystal structures of metal-drug/protein composites. a cisplatin/SOD, b cisplatin/lysozyme,
and ¢ Ru complex/Pim-1 taken from PDB ID: 2AEO, 216Z, and 2BZI, respectively
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kinase inhibitor on the basis of the structure of staurosporine, a well-known organic
inhibitor of protein kinases. The RuCp(CO) complex exhibits more than two orders of
magnitude higher activity than that of staurosporine for Pim-1 (Human serine/threo-
nine protein kinase), which is one of the protein kinases. The crystal structure of the
RuCp(CO) complex and Pim-1 adduct shows the binding mode of the Ru complex to
be completely identical to that of staurosporine (Fig. 6¢) [12].

4 Direct Observation of Metal Accumulation
on Protein Surfaces

To understand the molecular mechanism of biomineralization, it is very important
to study the initial metal binding process as well as the process of metal cluster
formation. However, little is known so far on the interactions between amino acids
and metal clusters. Ferritin and other ferritin-like spherical proteins are known to
catalyze biomineralization in the protein cages [4, 49]. For example, Fe"" ions incor-
porated in these protein cages are oxidized to Fe" at the ferroxidase center and
deposited in the protein large cavities as iron oxides [49].

Zeth et al. have reported biomineralization processes by crystallographic analy-
sis of Dps-like (Dps, DNA-protecting protein during starvation) ferritin proteins
containing various amounts of Fe' ions [65]. Fe" ions penetrate channels composed
of acidic amino acid residues (Glul3, Glul5, Asp18, Glu167, Glul71, and Asp173),
which are expected to act as an electrostatic guide for incorporating Fe'', and travel
to three translocation sites within the DpsA pore (Fig. 7a). Fe"" is oxidized to Fe™
at the ferroxidase center and iron oxide clusters are formed at two nucleation sites.
Five iron atoms are accommodated at one of the nucleation sites and [4Fe-30]
clusters are created using glutamic acid (Fig. 7b).

Sadler et al. have shown multinuclear Hf and Zr clusters formed in a ferric-ion-
binding protein, Fbp [10, 19]. The crystal structure of Fbp containing Hf atoms shows
that three types of Hf clusters are formed by utilizing a di-tyrosyl cluster nucleation
motif (Tyr195-Tyr196) in an interdomain cleft. Two types of trinuclear clusters and
one pentanuclear oxo-Hf cluster are generated at this site (Fig. 7c, Fig. 7d) [10]. These
results show that a Tyr—Tyr motif is very important for the metal mineralization.

Miiller and Ermler et al. have observed various types of polynuclear tungsten
oxide clusters in the cavity of a Mo/W-storage (Mo/WSto) protein [70], i.e., five types
of polyoxotungstates such as W, W, W W, and, W, are formed in the pockets
of Mo/WSto protein. The W, cluster shown in Fig. 7e consists of ten O atoms and N
atoms of three His139 in different subunits, described as WBOl JHLNG.

Although we are able to observe coordination structures in metal accumulation proc-
esses on the protein surfaces, it is still difficult to design the coordination structures and
functions of artificial metal clusters formed in protein scaffolds. If we are able to over-
come the problems, we could construct metal clusters having desired coordination
structures and functions. Furthermore, it may help us in understanding the formation
processes of metal clusters prepared in natural proteins such as FeMoco, Fe-S clusters,
and Mn clusters in nitrogenase, ferredoxins, and photosystem II [71-73].
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Fig. 7 Crystal structures of proteins that interact with metal minerals. a iron-oxide clusters on the
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36 S. Abe et al.

5 Direct Observation of Enzymatic Reaction Processes

Direct observation of enzymatic reaction processes by X-ray crystallographic
analysis is very important because the resulting structures are direct evidence for
the intermediates of the reactions. There are a series of independent studies showing
intermediates of enzymatic reactions of some oxygenases elucidated by X-ray crys-
tallographic analyses [74—78]. For instance, the intermediate structures in hydroxy-
lation of d-camphor by cytochrome P450cam show the ferrous dioxygen adduct
and oxyferryl species [77]. The crystal structures of naphthalene dioxygenase
(NDO) show that a molecular oxygen is bound to the mononuclear iron atom in a
side-on fashion in the active site (Fig. 8a) [74]. The structure containing a substrate
(indole) and molecular oxygen in the NDO active site shows that the dioxygen
molecule bound to the iron atom is at an appropriate position to attack the double
bond of the substrate. The structure clearly shows how the enzyme oxidizes the
substrate with high stereospecificity (Fig. 8b). The crystal structures of Fe?* con-
taining 2,3-homoprotocatechuate dioxygenase show three intermediate states in the
O, activation and oxygen insertion reaction by the dioxygenase [76]. Figure 8c
shows the dioxygen molecule bound to iron in a side-on fashion at the active site,
having the substrate near to the oxygen. The dioxygen bound to the iron then
attacks the substrate to afford an iron-peroxide-substrate intermediate (Fig. 8d) fol-
lowed by formation of an aromatic ring-opened product (Fig. 8e). These crystal
structures provide the actual reaction mechanisms, including the origin of high
selectivity. By considering these structures, we could design artificial metalloen-
zymes having high activities.

6 Introduction of Functional Metal Materials
in Protein Nanocages

Self-assembled protein cages have been utilized for the introduction of functional
materials on interior or exterior surfaces of spherical proteins since they are ther-
mally stable and it is easy for us to chemically and genetically modify the protein
interior and exterior surfaces [4, 69]. For example, Fr, a small heat shock protein
(sHsp), and cowpea chlorotic mottle virus (CCMV) are available for the deposition
and modification of inorganic metal particles and organic materials [4, 35, 37, 39,
40, 47, 48, 51-55, 58, 64]. sHsp consists of 24 subunits and affords an interior cav-
ity of 6.5 nm in diameter. sHsp has large pores (3 nm) at the intersections of subu-
nits, which permit easy access into the cavity [40, 64]. CCMYV is an RNA-containing
plant virus composed of 180 coat protein subunits and provides an outer diameter
of 28 nm and an interior cavity of 18-24 nm. CCMV exhibits an ability both to
encapsulate organic polymers and metalloenzymes and to regulate metal incorpora-
tion in the cavity by controlling the pH-dependent gating behavior of its pores or
dissociation of the viral assembly [47, 58]. Tobacco mosaic virus (TMV) [59, 63],
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Fig. 8 Active site structures of O, adducts of NDO and HPCD. The O, adducts of NDO in the
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hydrogen-bonds. Black lines indicate bonds or potential bonds to iron
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chaperonins composed of two stacked supermolecular protein cages [33, 61], and
the gene product 27—-gene product 5 component from bacteriophage T4 [79, 80]
have also been utilized as biological templates for preparation, deposition, and
encapsulation of metal nanoparticles in their vacant spaces.

6.1 Preparation of Metal Particles in Protein Cages

Naik et al. and Douglas et al. have prepared Ag and CoPt clusters having a precise crystal
phase in the Fr and sHsp cages, respectively, by the introduction of metal binding pep-
tides identified from phage-display screening on protein interior surfaces [35, 40]. The
AGH4 peptide introduced in the ferritin interior acts as a binding site of silver ions and
helps to reduce them to Ag’ nanoparticles whose size and crystal phase are highly
restricted (Fig. 9a) [35]. A CoPt bimetallic particle was also prepared by the reduction of
Co and Pt ions incorporated in the sHsp interior cavity having the CoPt binding peptide.
The peptide provided the growth of a tetragonal L10 phase of a CoPt particle in the Hsp
cage (Fig. 9b). The particle shows a ferromagnetic property at room temperature [40].

6.2 Application to Biomedicines

Protein nanocages are utilized not only for the deposition of metal nanoparticles,
but also for the entrapment of chemotherapeutic agents. For example, Gd-HPDO3A
(gadlinium-[10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane- 1,4,7-triacetic
acid]), which is known to be a magnetic resonance imaging (MRI) contrast agent,
is entrapped in the apo-ferritin (apo-Fr) cage by an acid-dissociation method
(Fig. 10) [32]. The Gd complexes entrapped in the apo-Fr cage exhibit high relaxiv-
ity of water protons, thus, the complex is a potent candidate for its use in MRI.

a Ag Binding Peptide (NPSSLFRYLPSD} b CoPt Binding Peptide (KTHEIHSPLLHK)
Ferritin Subunit / / Hsp Subunit
NH, | I COOH NH,, [ ] COOH

Fig. 9 Representative structures of a Ag particle in L-ferritin captured by the Ag binding peptide,
and b CoPt particle in Hsp on the CoPt binding peptide



Artificial Metalloproteins Exploiting Vacant Space 39

A o o L0
S 4 Ly HOOC= /= /—cocH
5 R N
© o o (&)
[ 5 j J% HOOC —" \—/ “—COOH
o - & GDHPDO3A

Fig. 10 Schematic drawing of incorporation of a GDHPDO3A complex into apo-ferritin by an
acid-dissociation method
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Fig. 11 Schematic representation of a preparation of cell targeted ferritin with the binding RGD-4C

peptide on the exterior surface of apo-Fr including Fe,O,, b preparation of a Pd nanoparticle in apo-Fr

and olefin hydrogenation, ¢ hydrogen production reaction using Pt»apo-Hsp, and d encapsulation of
horseradish peroxidase (HRP) in the cavity of CCMV and an enzymatic reaction

Douglas et al. have reported the introduction of multifunctional molecules to
apo-Fr. They introduced a cell-specific targeting peptide, RGD-4C on the exterior
surface of apo-Fr, where the peptide is capable of binding particular tumor proteins
[81]. Indeed, the transmission electron microscopic images of RGD-4C Fr containing
a magnetite nanoparticle of Fe,O, show that electron-dense particles corresponding
to Fe,O, were observed on the surface of the C32 melanoma cells (Fig. 11a). These
results show how nanoscale protein containers serve to accommodate a variety of
functional metal complexes and metal clusters.
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6.3 Application to Catalysts

Protein nanocages can be used as a catalytic reaction space of metal particles [54,
64]. For example, Ueno et al. have succeeded in the preparation of monodispersed
Pd nanoparticles and the size-selective olefin hydrogenation catalyzed by the com-
posite (Fig. 11b) [54]. Olefin substrates must penetrate the threefold channels of
apo-Fr to react with the Pd particle, thus, larger substrates are less reactive than
smaller substrates.

Varpness et al. prepared a biomimetic material, aiming for artificial hydroge-
nase, by employing small heat shock protein (sHsp) including Pt particles [64]. The
composite catalyzes hydrogen production in the presence of EDTA, Ru(2,2 -
bioyridine),*, methyl viologen as a reductant, photocatalyst, and electron-transfer
mediator, respectively (Fig. 11c). The system in the protein cage architecture can
provide a new concept for hydrogen production [64].

Engelkamp et al. have reported the incorporation of horseradish peroxidase in
the interior cage of CCMV by using its disassembly/assembly property to elucidate
a single molecule study of enzyme behaviors (Fig. 11d). They showed that CCMV
permits easy access of substrates and products through the pores of CCMV and that
this permeability can be controlled by pH [58]. These results show that protein
nanocages are very useful templates for the entrapment of functional materials and
provide chemical reaction space.

7 Summary

The recent examples described in this chapter demonstrate that the construction
of artificial metalloproteins is an active field in bioinorganic chemistry. We are
able to use small protein cavities as well as large protein cages such as ferritin
and virus molecules as molecular templates for incorporating synthetic metal
complexes and materials into the scaffolds. The metal complex/protein compos-
ites are able to function as asymmetric catalysts, electron transfer materials, and
magnetic and electronic materials. It is possible to modify the functions of the
composites by changing the metal complexes and/or protein cavities. This
progress has been achieved by cooperation of molecular and structural biology
and inorganic chemistry. In particular, X-ray crystal structure analyses of the
composites provide coordination structures and non-covalent interactions between
metal complexes and protein scaffolds. Structural information is very important
for improving catalytic activities, to understand their reaction mechanisms, and
to design novel metal-drugs and metal inhibitors. Furthermore, dynamic proc-
esses of mineralization and catalytic reactions on the metal binding sites through
structural studies of intermediates have just started. We believe that these results
will provide intriguing implications for their application in catalysts, sensors,
electronics devices, and so on.
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Manganese-Substituted o-Carbonic Anhydrase
as an Enantioselective Peroxidase

Qing Jing, Krzysztof Okrasa, and Romas J. Kazlauskas

Abstract Carbonic anhydrase binds a zinc ion in a hydrophobic active site using
the imidazole groups of three histidine residues. The natural role of carbonic anhy-
drase is to catalyze the reversible hydration of carbon dioxide to bicarbonate, but
it also catalyzes hydrolysis of esters with moderate enantioselectivity. Replacing the
active-site zinc with manganese yielded manganese-substituted carbonic anhydrase
(CA[Mn]), which shows peroxidase activity with a bicarbonate-dependent mechanism.
In the presence of bicarbonate and hydrogen peroxide, CA[Mn] catalyzed the effi-
cient oxidation of o-dianisidine with k /K, = 1.4 x 10°M~'s™!, which is comparable
to that for horseradish peroxidase, k_/K,, = 57 x 10° M~'s™'. CA[Mn] also cata-
lyzed the moderately enantioselective epoxidation of olefins to epoxides (E =5 for
p-chlorostyrene). This enantioselectivity is similar to that for natural heme-based
peroxidases, but has the advantage that CA[Mn] avoids formation of aldehyde side
products. CA[Mn] degrades during the epoxidation, limiting the yield of the epoxi-
dations to <12%. Replacement of active-site residues Asn62, His64, Asn67, GIn92,
or Thr200 with alanine by site-directed mutagenesis decreased the enantioselectiv-
ity showing that the active site controls enantioselectivity of the epoxidation.

Key Words Carbonic anhydrase, Enantioselective epoxidation, Hydrogen peroxide,
Manganese, Peroxidase

Contents

I INOAUCHION.c...eiiiiiieiccce et ne 47
1.1  Metal with Ligands Attached to Protein..........ccccceviririninininenencieiecececscseene 47
1.2 Proteins as Direct Ligands for Catalytic Metal Ions..........ccccooevviiniiiiniincnienenncns 48

2 Carbonic Anhydrase 49
2.1 SHIUCHUTE ...ttt ettt ettt et e bt et e s bt et e e st e bt enbesaeenbeennesseenseenaenaes 49
2.2 Catalytic Promiscuity: Enantioselective Hydrolysis of Esters..........cccccoecevviniienennns 50

Q. Jing, K. Okrasa, and R.J. Kazlauskas ([)

Department of Biochemistry, Molecular Biology & Biophysics and the Biotechnology
Institute,University of Minnesota, 1479 Gortner Avenue, Saint Paul, MN 55108, USA
e-mail: rjk@umn.edu

© Springer-Verlag Berlin Heidelberg 2008. Published online: 12 November 2008



46 Q. Jing et al.

3 Replacement of the Active-Site Zinc in Carbonic Anhydrase with Manganese.................. 51
3.1 Removal of the Active-Site Zinc Ion ...........c.c........ 51
3.2 Binding Manganese lon to apo-Carbonic Anhydrase...........ccccceeevercnenenne e 52
4 Oxidation Reactions Catalyzed by Manganese-Substituted Carbonic Anhydrase............... 52
4.1 Oxidations Catalyzed by Free Manganese lons in Solution...........c.ccceeveevincnencnne. 52
4.2 Oxidation of the Dyes with Hydrogen Peroxide with CA[Mn].................... 53
5 Enantioselective Epoxidation of Olefins with Hydrogen Peroxide with CA[Mn].... 54
5.1 Possible Mechanism of Epoxidation.............cccceeveririeniinieininincnceceeene 57
6 Limitations and New DITreCtiOnS ......c..cccoeriiiiiiiiiiiiniscnesteseeeeeree ettt 58
6.1 Oxidative Degradation Limits the Turnover Number ..............ccccceviivininininciinennns 58
6.2 Potential to Bind Second and Third Row Transition Metals . 58
6.3 Other Carbonic ANNYAIASESs.......c.ceirieruirieriiieieieieteie ettt 59
RELETENCES ...ttt 59

Abbreviations

Ala Alanine

Asn Asparagine

Asp Aspartic acid
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CAII[Mn] Manganese-substituted bovine carbonic anhydrase isoenzyme II

CiP Peroxidase from Coprinus cinereus

CPO Chloroperoxidase from Caldariomyces fumago
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ESI-MS Electrospray ionization mass spectrometry
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HRP Horseradish peroxidase
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1 Introduction

Combining proteins with metals creates catalysts not likely to be found in nature.

The ligands bound to a catalytic metal control that metal’s reactivity by adjusting
the electron density at the metal, opening and closing coordination sites for the
substrates and creating a shape to orient the substrate. Organic ligands often require
complex syntheses and are difficult to optimize.

Nature’s ligands for catalytic metals are proteins. Although proteins are hun-
dreds of times larger and more complex than organic ligands, proteins are easy to
prepare by fermentation and modern methods of molecular biology allow creation
of hundreds, even millions, of variants for rapid optimization of proteins. Proteins
create complex chiral surfaces that can orient unfunctionalized substrates and
impart high stereoselectivity, including enantioselectivity. This review will focus on
using one protein as a ligand, a-carbonic anhydrase.

But why make this artificial combination of protein and metal catalyst? Doesn’t
nature already contain all the catalysts we need? Couldn’t we just search nature for the
one we want? Although nature contains a vast array of catalysts, there are many cata-
lysts that would be useful for organic synthesis, but are unlikely to be found in nature.

Nature’s catalysts solve biochemical problems using biochemical building
blocks, but the problems in organic synthesis may differ. For example, hydrogen
peroxide is an ideal oxidant because it has high active oxygen content and produces
water as the reduction product [1, 2]. Nature rarely encounters hydrogen peroxide
so it did not evolve catalysts that use it as the oxidant. (Peroxidases seem to be an
exception to this statement, but the natural role of peroxidases remains uncertain.
At least some peroxidase-catalyzed reactions are likely examples of catalytic pro-
miscuity and do not represent the biochemical function of the enzymes.) Nature
further links redox reactions via cofactors so that an oxidation in one metabolic
pathway can be linked to a reduction elsewhere. In contrast, organic synthesis pre-
fers direct oxidation or reduction of the substrate without using complex and unsta-
ble cofactors. Nature also prefers solutions using abundant materials, i.e., using
existing metabolic intermediates for synthesis and avoiding rare metals that may be
hard to find in nature.

The combination of proteins as nature’s versatile ligands with chemistry’s cata-
Iytic metals, including metals not abundant in nature, has the potential to solve
current problems in advanced organic synthesis (for a recent review see [3]).

1.1 Metal with Ligands Attached to Protein

The first approach to combine proteins and metal catalysts was to covalently link a
protein with a metal-organic ligand complex (for reviews see [4, 5]). For example,
three research groups created hybrid hydrogenation catalysts by covalently attach-
ing a phosphorus ligand to biotin, which binds tightly to the protein avidin. In 1978
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Wilson and Whitesides first embedded an achiral biotinylated rhodium—diphos-
phine moiety within the protein avidin [6]. This protein—phosphine-rhodium con-
struct catalyzed the asymmetric hydrogenation of N-acetamindoacrylate with
quantitative conversion and 41% ee. In 1999, Chan used an enantiopure bioti-
nylated pyrphos—Rh(I) complex with avidin to catalyze enantioselective hydro-
genation of itaconic acid with up to 48% ee [7]. In 2003 Ward and coworkers
optimized this system and achieved high enantioselectivity (94% ee) [8]. They
changed from avidin to strepavidin, which binds the biotin in a deeper pocket, and
optimized the chemical linker to biotin. Ward and coworkers demonstrated the
hydrogenation of a-acetamidoacrylic acid and o-acetamidocinnamic acid [9-11]
and the enantioselective transfer hydrogenation of ketones with a different rhodium
complex [12, 13]. Ward and coworkers also showed that mutagensis of the strepa-
vidin could increase the activity and enantioselectivity of the catalyst [14]. While
these experiments clearly demonstrate that attaching metal complexes to proteins
can extend the catalytic range of enzymes, this approach still requires a phosphorus
ligand and extensive optimization.

Complexes of metal + ligand + protein or DNA can also catalyze the Diels Alder
cycloaddition or oxidations with hydrogen peroxide. Copper complexes bound to
DNA catalyzed the Diels—Alder cycloaddition with up to 99% ee [15, 16].
Cu(phthalocyanine) complexed to serum albumin also catalyzed the enantioselec-
tive (98% ee) Diels—Alder reaction, but only with very high catalyst loading
(10 mol%) and only with pyridine-bearing dienophiles (presumably to complex the
copper) [17]. Achiral Cr(IIl) complexes or Mn(Schiff-base) complexes inserted
into the active site of apomyoglobin variants catalyzed the sulfoxidation of thio-
anisole with up to 13 and 51% ee, respectively [18, 19]. A copper phenanthroline
complex attached to the adipocyte lipid-binding protein catalyzed the enantioselec-
tive hydrolysis of esters and amides [20].

1.2 Proteins as Direct Ligands for Catalytic Metal Ions

In principle, binding a catalytic metal ion directly to a protein places it closer to the
protein so that the protein can better control selectivity. In practice, binding a cata-
Iytic metal ion directly to a protein has rarely yielded an enantioselective catalyst.
Rhodium complexed nonspecifically to human serum albumin (likely through the
histidine side chains) catalyzed efficient hydroformylation (>500,000 turnovers), but
without mention of enantioselectivity [21]. A Pd cluster trapped into the cavity of
apo-ferritin (a complex of 24 subunits forming a hollow cage-like structure 12 nm
in diameter that normally stores iron) catalyzed the size-selective hydrogenation of
acrylamide derivatives, but was not enantioselective [22]. Yamamura and Kaiser
replaced the zinc in carboxypeptidase with copper(Il) to catalyze the slow air oxida-
tion of ascorbate [23]. Da Silva and Ming replaced the two zinc ions in an ami-
nopeptidase with copper ions to yield a good catalyst (k_ ~ 1 s™) for the air oxidation
of 3,5-di-tert-butylcatechol [24]. No enantioselective reactions were reported.
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Bakker et al. [25] replaced the zinc in thermolysin with anions such as molybdate,
selenate, or tungstate to give an enzyme that catalyzed the nonenantioselective oxida-
tion of thioanisoles with hydrogen peroxide. Van de Velde et al. [26] added a vanadate
ion to the active site of phytase to create a catalyst for enantioselective oxididation of
thioanisole to the sulfoxide in 66% ee. Selenosubtilisin (protease subtilisin where a
selenoserine replaces the active-site serine) catalyzes the enantioselective reduction
of hydroperoxides [27] with enantioselectivity >100 for one substrate.

Nature has also replaced a catalytic metal to create a new function. For example,
rubredoxin oxidase contains an iron in the active site and catalyzes electron trans-
fer. The amino acid sequence of B-lactamase is related to that of rubredoxin oxi-
dase, indicating that they evolved from a common ancestor. B-Lactamase contains
a zinc ion in the active site and detoxifies B-lactam antibiotics by hydrolysis of the
B-lactam ring. Evolutionary pressure from the use of B-lactam antibiotics likely
caused rubredoxin oxidase to bind a different metal to create a new function [28].

2 Carbonic Anhydrase

2.1 Structure

Carbonic anhydrases, also known as carbonate dehydratase and placed in enzyme
classification 4.2.1.1, are zinc metalloproteins that catalyze the reversible hydration
of carbon dioxide to bicarbonate (Eq. 1):

CA

CO, +H,0 HCO,” +H" (1)

The zinc ion activates a water molecule that reacts with carbon dioxide, or desta-
bilizes bicarbonate in the reverse reaction. A hydrogen bond donor near the zinc ion
positions the substrate water or bicarbonate ion.

Convergent evolution has yielded three different classes of carbonic anhydrases.
Mammals contain o-CA, plants and certain bacterial contain B-CA, while archea
contain y-CA. The three classes of carbonic anhydrases differ in amino acid
sequence and in their protein fold. Nevertheless, the active sites all contain a zinc
ion (held by three histidine residues in the o- and y-CA, and by one histidine and
two cysteines in the B-CA) and a hydrogen bond donor near the zinc and presum-
ably catalyze the reaction in a similar manner.

The best-studied carbonic anhydrases are the bovine and human o-carbonic
anhydrases. They exist as isozymes (enzymes with the same function, but slightly
different amino acid sequence) and the focus is on the most abundant one —isozyme II,
abbreviated oi-CAII The bovine enzyme, isolated from red blood cells, is a byprod-
uct of the meat industry. The human enzyme is a current drug target for glaucoma
and a possible target for several other diseases (for a review see [29]). Fierke and
coworkers cloned human a-CAII and expressed it in E. coli. Numerous mutants
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have been created in the effort to dissect the role of the amino acid residues forming
the active site.

a-CAll is a stable zinc metalloprotein containing no cysteine residues in a mostly
[B-sheet structure with a three-histidine binding site for the zinc ion (Fig. 1).

The active site of o-CAIl is larger (~15 A wide) than carbon dioxide (~4 A) and
contains a hydrophobic patch that binds a range of aromatic inhibitors as well as
ester substrates (see below). The hydrophobic patches contribute 100- to1000-fold
to the binding of hydrophobic ligands, regardless of their structure [32].

2.2 Catalytic Promiscuity: Enantioselective Hydrolysis of Esters

hCAII also shows a catalytically promiscuous activity — hydrolysis of activated
esters such as P-nitrophenyl acetate (PNPA). The hydrolysis shows low enantiose-
lectivity toward some esters, but high enantioselectivity (£ > 100) toward N-acetyl

His119

[ »
-

Fig. 1 Structure of the active site of human carbonic anhydrase isozyme II (hCAII) as revealed
by X-ray crystallography [30]. Three histidine residues (His119, His94, His96) bind the zinc ion
(green ball). Selected residues in the active site are shown as sticks, while the rest of protein is
shown as gray balls. The hydrophobic patch lies on the bottom left, formed by Leul98, Trp209,
Vall43, and Vall21. The X-ray structure of the CA[Mn] is similar [31]. Mutations at Asn62,
His64, Thr200, or Thr199 (bottom right) decreased the enantioselectivity of hCAII[Mn]-catalyzed
epoxidations of styrene or p-chlorostyrene, suggesting that the olefin and/or peroxybicarbonate
may bind in these regions
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phenylalanine methyl ester and several related compounds [33, 34]. This promiscuous
esterase activity probably stems from the mechanistic similarity between hydration
of carbon dioxide and hydrolysis of an ester (i.e., nucleophilic attack by a zinc-
coordinated OH™ ion and the stabilization of the resulting oxyanionic intermediate).
Indeed, many amidases and peptidase are zinc metallohydrolases with catalytic
centers similar to carbonic anhydrase.

This ability of carbonic anhydrase to bind larger substrates and catalyze non-
physiological reactions makes it likely that a carbonic anhydrase with a new metal
ion could also bind substrates and catalyze new chemical reactions.

3 Replacement of the Active-Site Zinc in Carbonic
Anhydrase with Manganese

3.1 Removal of the Active-Site Zinc lon

Dialysis of carbonic anhydrase against a zinc chelate, 2,6-pyridinedicarboxylate,
removes the active-site zinc leaving apo-carbonic anhydrase (Scheme 1) [35-37].
In our experiments [38], dialysis of carbonic anhydrase from bovine erythrocytes
(a mixture of isoenzymes) against 2,6-pyridinedicarboxylate in acetate buffer at
pH 5.5 removed 90-95 mol% of the zinc as shown by inductively coupled plasma
atomic emission spectrometry (ICP-AES). This amount is similar to that removed
previously for bovine [35-37] and human [39] carbonic anhydrase. Consistent with
this removal of the active-site zinc, the apo-carbonic anhydrase lost 93-97% of the
original catalytic activity for the hydrolysis of p-nitrophenyl acetate. Similar treat-
ment of bovine carbonic anhydrase isoenzyme II (available commercially) and
human carbonic anhydrase isoenzyme II gave the corresponding apo-enzymes.

COO~ CO0~

< < N-—Zn2+
MnC|2

COO‘ celen
HisS6 - . His96 X Hiso6. o
His94 His94 dialysis His94—
H|s1 19 dlaIySIS His119 His119
native carbonic apo carbonic Mn-substituted carbonic
anhydrase, CA [Zn] anhydrase, apoCA anhydrase, CA [Mn]

Scheme 1 Dialysis of carbonic anhydrase against a zinc chelate (2,6-pyridinedicarboxylate)
removed 90-95% of the active-site zinc. Subsequent dialysis against Mn(II) yielded manganese-
substituted carbonic anhydrase, CA[Mn]. Similar procedures yielded manganese-substituted car-
bonic anhydrase isoenzyme 1I (CAII[Mn]) and manganese-substituted human carbonic anhydrase
isoenzyme II (hCAII[Mn])
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The zinc ion does not contribute to protein folding or to protein stability of car-
bonic anhydrase.

3.2 Binding Manganese Ion to apo-Carbonic Anhydrase

Adding metal ions to apo-carbonic anhydrase creates a metal-substituted carbonic
anhydrase. We focused on manganese-substituted carbonic anhydrase (CA[Mn] or
CAII[Mn] for isoenzyme II and hCAII[Mn] for human carbonic anhydrase).

Metal analysis showed that manganese-substituted carbonic anhydrase con-
tained up to 80 mol% manganese and 5—10 mol% zinc. The remaining 10-15 mol%
was likely apo-carbonic anhydrase since manganese binds to apo-carbonic anhy-
drase less tightly than zinc (pK; =< 3.4-4.0 for Mn(II) vs. 12.0 for Zn(ID)) [39] and
dissociates rapidly in the presence of zinc (¢, = 27 min at pH 6.8) [35]. The sam-
ples showed 10-15% of original hydrolytic activity toward p-nitrophenyl acetate,
likely due both to the remaining zinc and to hydrolytic activity of CA[Mn], which
is 7-8% of the native carbonic anhydrase [40].

The X-ray crystal structure of native carbonic anhydrase shows a tetrahedral
arrangement of ligand around the zinc ion — three histidines and one water mole-
cule. In contrast, the X-ray crystal structure of hCAII[Mn] shows an octahedral
coordination geometry with a bound water and sulfate ion [31].

4 Ogxidation Reactions Catalyzed by Manganese-Substituted
Carbonic Anhydrase

4.1 Oxidations Catalyzed by Free Manganese Ions in Solution

Manganese(II) salts catalyze a bicarbonate-mediated epoxidation of olefins with
hydrogen peroxide [41-44]. No chiral ligands are involved, so the reactions are not
enantioselective. The proposed mechanism is formation of peroxybicarbonate, fol-
lowed by a manganese-catalyzed reaction with olefins to form epoxides. Support
for this mechanism includes the analogous reaction of peroxycarboxylic acids with
olefins to form epoxides. Manganese salts in bicarbonate buffer can also form
hydroxyl and other radicals from hydrogen peroxide [45], but these are not believed
to be prevalent in these epoxidations. The concentration of Mn(I) is approximately
tenfold higher than the concentration of manganese-substituted carbonic anhydrase
used in the experiments below.

The apo-carbonic anhydrase, as well as other manganese-chelating agents, inhibit
this epoxidation. Adding apo-carbonic anhydrase to a manganese-catalyzed epoxi-
dation of 4-vinylbenzoic acid inhibited the reaction [46]. This observation is consist-
ent with the binding of free manganese by the apo-enzyme and a slower epoxidation
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by CA[Mn] (440-fold slower, see below). The inhibition corresponded to an appar-
ent dissociation constant of 6.5 x 1077 M, which is approximately 100-fold tighter
binding than reported previously for Mn(II) ions (pK, ~ 3.4-4.0 according to [40]).
Hydrogen peroxide may oxidize the manganese to a higher oxidation state during
the epoxidation, thereby leading to tighter binding of the manganese.

4.2 Oxidation of the Dyes with Hydrogen Peroxide with CA[Mn]

CA[Mn] efficiently catalyzed the oxidation of o-dianisidine to the red quinonedi-
imine with hydrogen peroxide (Scheme 2). This o-dianisidine oxidation is a com-
mon assay for peroxidase [47-50] or for peroxidase-based detection of hydrogen
peroxide [51]. As control reactions, native zinc carbonic anhydrase showed <1% of
the activity of CA[Mn], while the same concentrations of manganese(II) chloride
and bicarbonate alone showed only 5% of the activity of CA[Mn]. Unlike other
peroxidases [47-50], the CA[Mn]-catalyzed oxidation of o-dianisidine required
bicarbonate and showed only 1.5% of the activity in the absence of bicarbonate.

Solutions of CA[Mn] inevitably contain some free manganese. At the same
concentrations, CA[Mn] oxidizes o-dianisidine faster than free manganese, likely
because carbonic anhydrase holds both reactants together. Adding up to ten equiva-
lents of free manganese to solutions of CA[Mn] did not change the reaction rate or
the product distribution.

This oxidation of o-dianisidine by hydrogen peroxide catalyzed by CA[Mn] is
only 60- to 75-fold less efficient than the hydration of carbon dioxide catalyzed by
native carbonic anhydrase (Table 1). The kinetic constants for the oxidation show
an unexceptional catalytic constant (k_) of 17 s, but a low apparent Michaelis
constant (K,) of 15 uM. These values give an apparent specificity constant (k_/K,,)
of 1.1 x 10° M™'s™". Similarly CAII[Mn] showed a k_ of 140 s, and a K|, of

NH, NH

OCHj
‘ CA [Mn]
O HCOE, H202
HaCO H;CO

NH, NH
red color

OCH,

Il + other products

Scheme 2 CA[Mn] catalyzes the oxidation of o-dianisidine by hydrogen peroxide. Reaction
conditions: 25 °C, BES buffer (0.1 M, pH 7.2), CA[Mn] (20 uM), sodium bicarbonate (8§ mM),
o-dianisidine (43 uM) and H,O, (400 uM). The red color was monitored at 460 nm and is apparent
by eye after a few seconds
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Table 1 Kinetic constant for reactions catalyzed by carbonic anhydrase and peroxidases

KM kcm kcal/KM
Enzyme Substrate (mM) (s M 57! x 109
CA Co, 12,000 1,000,000 83
CA HCO, 26,000 400,000 15
CA[Mn] o-Dianisidine? 15 17 1.1
CAII[Mn] o-Dianisidine® 98 140 1.4
HRP o-Dianisidine 11 630 57

CA carbonic anhydrase, HRP horseradish peroxidase
*Apparent kinetic constants for o-dianisidine were measured at fixed concentrations of 0.4 mM
hydrogen peroxide for CA[Mn] (1.2 mM H,0O, for CAII[Mn]) and 8 mM sodium bicarbonate

98 uM, which corresponds to a specificity constant of 1.4 x 10° M~'s~!. For com-
parison, carbonic anhydrase shows a high catalytic constant for hydration of carbon
dioxide (10° s™), but a low affinity for carbon dioxide (K, = 12 mM) [51]. These
values correspond to a specificity constant of 83 x 10° M~'s™!, which is only 60- to
75-fold higher than the value for the CA[Mn] or CAII[Mn]-catalyzed oxidation of
o-dianisidine. In the reverse direction (dehydration of bicarbonate), the specificity
constant is lower at 15 x 10° M~!s! [52]. This is only 11-14 times higher than the
value for the CA[Mn] or CAII[Mn]-catalyzed oxidation of o-dianisidine. The tight
binding of o-anisidine is likely due to the hydrophobic patch in the active site.
Carbon dioxide is a much smaller and more polar molecule so it interacts more
weakly with this hydrophobic patch.

The peroxidase activity of CA[Mn] is comparable to that for true peroxidases.
For horseradish peroxidase (HRP)-catalyzed oxidation of o-dianisidine [49],
k., =630s"and k_/K, =57 x 10° M's™', which is approximately 50-fold higher
than for the CA[Mn]-catalyzed reaction. Another peroxidase, vanadium chloroper-
oxidase (VCIPO), showed a lower k /K, of 0.31 x 10° M™'s™" (approximately
threefold lower than for CA[Mn]), but this comparison is imperfect since the
VCIPO data is for a different substrate, 2,2 -azino-bis-(3-ethylbenzthiazoline-6-
sulfonic acid) [53].

A related example of a hydrolase that also show redox activity is arginase.
Arginase contains two manganese ions in the active site and catalyzes hydrolysis of
the guanidinium group of arginine to ornithine and urea. Arginase also catalyzes a
redox reaction — the disproportionation of hydrogen peroxide to water and oxygen
[54]. This example does not require changing the metal ion since the hydrolase
already contained manganese.

5 Enantioselective Epoxidation of Olefins with Hydrogen
Peroxide with CA[Mn]

In 2006, two groups reported the enantioselective epoxidation of olefins by manga-
nese-substituted carbonic anhydrase [38, 46]. In the presence of bicarbonate,
hydrogen peroxide, and BES buffer, CA[Mn] also catalyzed the enantioselective
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epoxidation of p-chlorostyrene (Scheme 3). This epoxidation was moderately enan-
tioselective (E = 5 favoring the (R)-enantiomer) suggesting that oxygen transfer
occurs in the active site. Like the oxidation of o-dianisidine above, the epoxidation
required bicarbonate.

Replacing sodium bicarbonate with sodium phosphate or sodium acetate gave
no epoxidation. Native zinc carbonic anhydrase containing zinc also showed no
epoxidation. On the other hand, with a tenfold higher concentration of manganese(II)
chloride than CA[Mn], about 1% conversion to racemic epoxide was observed after
16 h (see Table 2).

CA[Mn] also catalyzes the enantioselective epoxidation of other olefins (not
shown in Table 2). Expoxidation of styrene (56% ee), 5-bromobutene (45% ee), and
trans-B-methyl styrene (46% ece) was less enantioselective than epoxidation of
p-chlorostyrene (67% ee) [38]. Epoxidation with CAII[Mn] (pure isoenzyme CAIIL
instead of a mixture of isozymes) gave slightly higher enantioselectivity for
5-bromobutene (52% ee) and trans-B-methyl styrene (50.5% ee), but no change
for styrene (57% ee) and p-chlorostyrene (66.5% ee).

CA[Mn], BES buffer o

Cl 67% ee

Cl
4% conversion

Scheme 3 Epoxidation of p-chlorostyrene catalyzed by CA[Mn]. Reaction conditions: 30 °C,
16 h, 0.1 M BES buffer, pH 7.2, 41 uM CA[Mn], 147 mM sodium bicarbonate, 7.4 mM p-chlo-
rostyrene, and 7.4 mM H,0,

Table 2 Epoxidation of styrene and p-chlorostyrene by manganese-substituted carbonic anhydrases®

Time ee (config.) Conversion
Substrate Catalyst (h) (%) (%) TTN®
AN - 16 0 0 -
/©/\ MnClL* 16 0 1 -
cl CA[Zn] + MnCl¢ 16 0 2 3.5
CA[Mn] 4 66.5 (R) 1.8 4
CA[Mn] 16 67 (R) 4 7
CAII[Mn] 16 66.5 (R) 12.5 22
hCAII[Mn]¢ 16 55 (R) 6.5 9.5
Cip [55, 56] 16 21(S) 43 21.5
X CA[Mn] 16 56 (R) 6 10.5
CAII[Mn] 16 57.5 (R) 12 21
Cip [53] 16 35(S) 18 9
CPO [56, 57] 5 49 (R) 40 1,500

Cip peroxidase from Coprinus cinereus, CPO chloroperoxidase from Caldariomyces fumago
*Reaction conditions as in Scheme 3

"Total turnover is number of micromoles of epoxide formed per micromole of enzyme

€412 uM MnCl,

450 uM hCAII[Mn]



56 Q. Jing et al.

Two advantages of CA[Mn] are a broader substrate range and the lack of aldehyde
side products. CA[Mn] catalyzed epoxidation of trans-B-methyl styrene (46% ee), but
this substrate was not oxidized by CPO [57]. We did not detect any aldehyde side
products in the CA[Mn] catalyzed epoxidations. In contrast, the CPO and CiP-
catalyzed epoxidation of styrene formed 24% [57] and 52% [55] benzaldehyde side
product. These aldehyde side products form simultaneously with epoxide during sty-
rene epoxidation catalyzed by heme peroxidases [55]. Although the mechanism of
aldehyde formation is unknown, this simultaneous formation of aldehyde suggests that
it forms from a reaction intermediate of epoxidation. Since the mechanism of epoxida-
tion for the CA[Mn] percarbonate reaction differs from that for the heme peroxidases,
this different mechanism may account for the lack of aldehyde side products.

The two groups reported different effects of buffer on enantioselectivity. Fernandez-
Gacio et al. found no effect of buffer on enantioselectivity [46], but our group found
that epoxidation was enantioselective only with an amino alcohol buffer [38]. A pos-
sible explanation is that our preparations contained traces of free manganese that
catalyzed a nonenantioselective epoxidation. (Ferndndez-Gacio et al. used only half
an equivalent of manganese relative to apo-carbonic anhydrase, while we used a full
equivalent.) The amino alcohol could bind the free manganese and inhibit the non-
enantioselective epoxidation. This hypothesis has not been tested.

An alternative hypothesis is that the amino alcohol induces enantioselectivity by
binding to the active site and changing its shape. An X-ray structure shows that Tris
buffer (an amino alcohol) binds to the hydrophobic patch in the active site of car-
bonic anhydrase [58]. Similar binding of other amino alcohols could restrict the
orientation of p-chlorostyrene in the active site. This second hypothesis does not
explain why Fernandez-Gacio et al. found no effect of buffer on enantioselectivity.

The slower initial rate of epoxidation suggests that protein hinders access to
manganese. The initial rate of the CA[Mn]-catalyzed epoxidation of p-chlorosty-
rene was slower than that for nonenzymatic manganese-dependent epoxidation
catalysts (Table 3). The CA[Mn]-catalyzed formation of p-chlorostyrene epoxide is
constant initially (time<4 h) and corresponds to a turnover frequency (TOF) of
0.013 min’'. This value is 440-fold lower than the corresponding manganese/bicar-
bonate catalyst without the carbonic anhydrase ligand (5.7 min™ ). This slower
reaction of the CA[Mn] catalyst is consistent with the notion that the protein
hinders access of the olefin to the manganese reaction center, thereby imparting
enantioselectivity to the epoxidation. Jacobsen’s enantioselective epoxidation cata-
lyst is also slower than free manganese/bicarbonate, 0.06 min™' [59], but about 4.6
times faster than CA[Mn].

The conversion of all the CA[Mn]-catalyzed epoxidations were disappointingly
low, with a maximum of 12.5%, which corresponds to a turnover number of 22
(22 moles of p-chlorostyrene epoxide formed per mole of CAII[Mn]). These turno-
ver numbers are similar or higher than peroxidase from Coprinus cinereus (Cip)
(p-chlorstyrene TTN = 21.5; styrene TTN = 9) [55], but not as high as those for
chloroperoxidase from Caldariomyces fumago (CPO) (styrene TTN = 1500) [57].
Importantly, we did not observe any aldehyde byproducts during epoxidation,
but heme peroxidases Cip and CPO formed up to 50% aldehyde byproducts.
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Table 3 Turnover frequency during epoxidation of styrenes catalyzed by
different catalysts with hydrogen peroxide as a source of oxygen

TOF*
Substrate Catalyst (min™)

/©/\ CA[Mn]/bicarbonate 0.013
Cl

©/\ Chiral complex Mn(III)-salen 0.06°
m Mn(II)/bicarbonate 5.7¢
HOOC

“Turnover frequency is number of millimoles of epoxide formed per millimole
of enzyme per minute

°From Kureshy et al. [59]

“Calculated from data in Lane and Burgess [41], Lane et al. [43], Tong et al.
[44] and Yim et al. [45]; reaction conditions: 0.2 mM MnSO,, 20 mM
4-vinylbenzoic acid, 100 mM bicarbonate, 10 equiv of H,0,

The timecourse of the CA[Mn]-catalyzed epoxidation of olefins showed good
activity over the first 4 h, followed by a rapid decrease. For example, the turnover
number of CA[Mn] was 4 over the first 4 h, but increased to only 7 over the next
12 h. This result and the mass spectral analysis suggest that CA[Mn] degrades
during epoxidation.

5.1 Possible Mechanism of Epoxidation

The likely mechanism of the CA[Mn]-catalyzed epoxidation of olefins is similar to
that proposed by Burgess for free manganese involving peroxycarbonate as the key
intermediate [41, 43—45]. CA[Mn] forms a stable manganese—bicarbonate complex
in the active-site [60]. Hydrogen peroxide may add to carbonyl of this bicarbonate
complex and displace water thereby forming a peroxycarbonate, which then may
epoxidize a bound olefin. In contrast, heme peroxidases catalyze epoxidations
either by a radical mechanism or by a ferryl-oxygen transfer mechanism [55].

Site-directed mutagenesis supports the proposal that epoxidation occurs in the
active site of hCAII[Mn]. Changing three amino acid residues in the active site to a
smaller amino acid residue (alanine) decreased the enantioselectivity of epoxidation.
hCAII[Mn] variants containing an Asn62Ala, His64Ala or a Thr200Ala substitution
showed lower enantioselectivity (0—13% ee) than the wild type (55% ee). This drop
in enantioselectivity suggests that these three residues may orient p-chlorostyrene
during catalysis. Mutations at Thr199 either decreased catalytic activity (Thr199Glu,
Thr199Asp) or decreased enantioselectivity (Thre199Ser, Thr199Ala).
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Computer modeling shows that both the olefin and peroxycarbonate can fit into
the active site of carbonic anhydrase in an orientation consistent with the observed
enantioselectivity [38]. Thus, the working hypothesis is that peroxybicarbonate
forms from hydrogen peroxide and bicarbonate in the active site of CA[Mn] and
then the manganese-bound peroxybicarbonate transfers an oxygen to the olefin
bound in the active site.

6 Limitations and New Directions

6.1 Oxidative Degradation Limits the Turnover Number

As the epoxidation proceeds, the ESI-MS spectrum of CA[Mn] broadens and after
16 h shows no clear protein peak [38]. This disappearance suggests oxidation of the
protein during epoxidation. CA[Mn] was stable to added m-chloroperoxybenzoic acid
or hydrogen peroxide (0.01 M, 8 h) and showed no mass increase corresponding to
added oxygen atoms. This concentration of oxidants was twice as high as during
epoxidation. This stability to added oxidant suggests that intermediates generated dur-
ing catalysis, possibly radicals, cause the degradation of bovine carbonic anhydrase.

Soluble manganese complexes are powerful bleaching agents using hydrogen
peroxide and may involve radical intermediates [61, 62]. Such radical intermediates
may also form in the CA[Mn]-catalyzed epoxidation and damage the protein. It
may be possible to eliminate this degradation using protein engineering, since pro-
tein engineering yielded a more than 100-fold stabilization of a heme peroxidase
toward oxidative degradation [63].

Because of this catalyst degradation, organometallic catalysts are currently the
best synthetic reagents for enantioselective epoxidation of olefins. Chiral Mn(III)-
salen complexes yield up to 99% ee for cis-disubstituted, tri- and tetra-substituted
alkenes [62], but the best results require less desirable oxidants — iodosyl benzene
or hypochlorite. Other catalysts accept a more limited substrate range: the
Sharpless—Katsuki titanium-tartrate ester [65] for allylic alcohols and the Julid—
Colonna epoxidation for o,-unsaturated ketones [66].

6.2 Potential to Bind Second and Third Row Transition Metals

Although the atomic number of second and third row transition metals is much
higher than zinc, the atomic radii are remarkably similar. Zinc has an atomic radius
of 1.35 A, while the second row transition elements ruthenium, rhodium, and pal-
ladium have atomic radii of 1.30, 1.35, and 1.40 A, respectively. The third row
transition element iridium has an atomic radius of 1.35 A. These similar atomic
radii suggest that a binding site that binds a zinc ion will also bind some second
and third row transition metals. In comparison, manganese has an atomic radius
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of 1.40 A. Second and third row transition metal catalyze a wide range of reactions
including hydrogenation, hydroformylation, and olefin metathesis.

Preliminary results indeed show that ruthenium, rhodium, and iridium bind to
apo-carbonic anhydrase, but they bind to many sites on the protein since we meas-
ured a metal-to-protein ratio of approximately seven. We hypothesize that the met-
als bind both to the active site and to the protein surface. Removing amino acids
with electron donor atoms in the side chain (e.g., histidine) may restrict the binding
to the active site and permit stereoselective catalysis [67].

6.3 Other Carbonic Anhydrases

The other structural classes of carbonic anhydrases may also serve as protein lig-
ands. The active site of the 3-CA is the approximate mirror image of that for o-CA.
Nature’s substrates, carbon dioxide and biocarbonate, are achiral so this mirror-
image relationship is only an accident of convergent evolution. However, for enan-
tioselective reactions, these two enzymes may form an enantiocomplementary pair
and may catalyze reactions with opposite enantioselectivity.

Other metalloenzyme proteins are also candidates for metal substitutions to cre-
ate new catalytic activities.
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Directed Evolution of Stereoselective Hybrid
Catalysts

Manfred T. Reetz

Abstract Whereas the directed evolution of stereoselective enzymes provides a
useful tool in asymmetric catalysis, generality cannot be claimed because enzymes
as catalysts are restricted to a limited set of reaction types. Therefore, a new concept
has been proposed, namely directed evolution of hybrid catalysts in which proteins
serve as hosts for anchoring ligand/transition metal entities. Accordingly, appropriate
genetic mutagenesis methods are applied to the gene of a given protein host, providing
after expression a library of mutant proteins. These are purified and a ligand/transi-
tion metal anchored site-specifically. Following en masse ee-screening, the best hit
is identified, and the corresponding mutant gene is used as a template for another
round of mutagenesis, expression, purification, bioconjugation, and screening. This
allows for a Darwinian optimization of transition metal catalysts.

Key words Bioconjugation, Directed evolution, Enantioselectivity, Hybrid catalysts,
Hydrogenation, Transition metal catalysis
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Abbreviations

BINOL Binaphthol

BSA Bovine serum albumin

CAST Combinatorial active-site saturation test

cod 1,5-Cyclooctadiene ee Enantiomeric excess

epPCR Error-prone polymerase chain reaction

ESI-MS Electro-spray ionization mass spectrometry

ESI-TOF MS Electro-spray ionization time of flight mass spectrometry
HSA Human serum albumin

IPTG Isopropyl-f-p-thiogalactopyranoside

ISM Iterative saturation mutagenesis

L-BAPNA N-Benzoyl-l-arginine-p-nitroanilide

LB-medium Luria—Bertani medium

MALDI-TOF-MS  Matrix assisted laser desorption ionization time of flight mass
spectrometry

MS Mass spectrometry

PCR Polymerase chain reaction

SDS PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis
TB-medium Terrific broth

WT Wild-type

1 Introduction

Asymmetric catalysis is a challenging field of research in synthetic organic chem-
istry. When applying this form of catalysis, chemists have several options, namely
transition metal catalysis [1-5], organocatalysis [6—10] or biocatalysis [11-14]. The
best choice depends on a number of factors, including the nature of the immediate
goal, cost of catalysts, catalyst activity, enantioselectivity, and stability under oper-
ating conditions as well as recyclability. When engaging in the challenging research
directed towards developing new synthetic chiral catalysts, success depends upon
the quality of design, but also on experience, trial-and-error, and serendipity.
Combinatorial asymmetric catalysis, based on the design and use of modular ligands,
has been implemented experimentally with some degree of success [15-23],
including the use of mixtures of monodentate P-ligands [24-26]. This approach
was reviewed recently [25].

The exploitation of enzymes in synthetic organic chemistry, both in academic
and industrial laboratories, has increased dramatically during the past 20 years
[11-14]. The realization that many of them can be used in organic solvents is one
of the important advances [27]. Moreover, rapid progress in biotechnological engi-
neering and microbiology has contributed heavily to success in making biocatalysis
practical, and more progress can be expected in the near future [28]. Nevertheless,
the traditional problem in applied enzymology was not solved until the 1990s,
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namely the limited substrate scope and poor enantioselectivity that enzymes often
display. Rational design based on site-specific mutagenesis had been shown to be
successful in some cases, but the process is far from general due to the structural
complexity of proteins [29-33].

In 1997, a fundamentally new approach to asymmetric catalysis was proposed
and implemented experimentally, namely the directed evolution of enantioselective
enzymes for use in synthetic organic chemistry [34-37]. It is based on the appropriate
combination of random gene mutagenesis, expression, and high-throughput screening.
Previous efforts in directed evolution had focused on engineering thermostability
and stability toward hostile solvents [38—44]. In the case of directed evolution of
enantioselective enzymes, high-throughput ee-assays had to be developed first [19,
45-47]. Using the known molecular biological methods such as error-prone
polymerase chain reaction (epPCR), saturation mutagenesis, and/or DNA shuffling,
the hits of the initial mutant libraries are used as templates for another round of
mutagenesis/expression/screening. The process can be repeated as many times as
necessary until the desired degree of enantioselectivity has been reached (Fig. 1)
[34-37]. Typically, in each cycle several thousand mutants are generated, but larger
libraries are possible.

(1= 0O

gene (DNA) wild-type enzyme

random
mutagenesis

library of mutated genes

repeat J expression

oJoJoJoJOoRE:

library of mutated enzymes

for enantioselectivity

/G

positive mutant (hit)

j screening (or selection)

Fig. 1 Strategy for directed evolution of an enantioselective enzyme [34-37]
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This new approach to asymmetric catalysis was applied to a variety of enzymes,
including lipases, esterases, epoxide hydrolases, nitrilases, hydantoinases, aldolases,
and monooxygenases, as summarized in a recent review [37]. However, it became
apparent that the efficiency in probing protein sequence space had to be improved,
as in the directed evolution of other catalyst properties such as stability [38—44].
A recent development is iterative saturation mutagenesis (ISM) [48, 49],
which is a symbiosis of rational design and combinatorial saturation mutagenesis.
Accordingly, a Cartesian view of the protein is considered in which predetermined
sites composed of one, two, or three amino acid positions are chosen for saturation
mutagenesis, based on rational considerations using structural information (X-ray
or homology model) [48, 49]. Saturation mutagenesis is a molecular biological
method with which amino acid randomization at one, two, three, or more positions
is induced simultaneously, meaning the introduction of all 20 proteinogenic amino
acids [38—44]. The principle of ISM is illustrated schematically in Fig. 2, in which
four sites A, B, C, and D are shown (arbitrarily). Each site may be composed of
one, two, or three (or more) amino acid positions. Following the generation of the
original saturation mutagenesis libraries, the upward climb in the fitness landscape
can proceed in several pathways by using the gene of a given hit from one library
as a template to perform another cycle of saturation mutagenesis at the other sites,
and so on. The nature of the to-be-improved catalytic property determines the
criterion for choosing the appropriate sites A, B, C, D etc.

The crucial criterion for choosing the saturation mutagenesis sites in the case of
enantioselectivity or substrate scope is the so-called combinatorial active-site satura-
tion test (CAST) [48, 50]. Accordingly, all sites having amino acids with side-chains
next to the binding pocket are considered, not just one or two sites as in previous
studies regarding focused libraries [35, 38—44]. Thus, CASTing is the systematic
generation of focused libraries around the complete binding pocket. Consequently,
iterative CASTing is an embodiment of ISM that is useful for enhancing enantiose-
lectivity and influencing the substrate scope of enzymes. CASTing has been used to
evolve enantioselective hydrolases [48, 49] and mono-oxygenases [50].

DTCTDTBTCTBDTCD Al C| A| Dl B|D|l Al B ACTBTC ABTAT

Cc\ b/ B\ D/ B\ C/ C\ D/ A\ D/ A\ C/ B\ D/ A\ D/ A\ B/ B\ C/ A\ C/ A B

WT

Fig. 2 [Iterative saturation mutagenesis (ISM) employing four sites A, B, C, and D, each site in a
given upward pathway being visited only once [48, 49]
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Nowadays directed evolution of enantioselective enzymes is well established as
a method to create biocatalysts for asymmetric organic transformations [34-37,
48-50]. Numerous academic and industrial studies have appeared. Nevertheless,
this novel approach has clear limitations, the most important one being the fact that
enzymes cannot catalyze numerous synthetically important transformations known
to be possible by transition metal catalysis [1-5, 51, 52]. Due to these limitations,
the notion of directed evolution of hybrid catalysts was proposed in 2001/2002
[53-61] (Fig. 3). It had been known for decades that achiral ligand/metal moieties
can be anchored covalently or non-covalently to proteins acting as a host [62-77].
Accordingly, a given system provides a single chiral catalyst, the wild-type (WT)
protein providing a defined local environment around the synthetic catalytically
active transition metal center.

chemical
transcription translation modification \ /
then catalysis
\ . ) L\
mutagenesis —> DNA > RNA > protein —— protein /M
(gene) S __ L
230853588 38l /
00399333333 sjststeete
repeat 99999999%¢ 3 >

identify hit by screening
for enantioselectivity |

Fig. 3 Concept of directed evolution of hybrid catalysts showing the flow of genetic information
from the gene to transition metal hybrid catalysts [53-61]

There are three ways to introduce an appropriate transition metal center into a host
protein, which can be an enzyme or a protein having no catalytic function (Fig. 4):

1. Covalent attachment utilizing an appropriate ligand/metal moiety, usually at a
cysteine thiol function by S 2-reaction or Michael addition, which are known
bioconjugation techniques [78, 79]

2. Non-covalent anchoring ,as for example in the Whitesides system utilizing avidin
(or streptavidin) and a biotinylated Rh/diphosphine moiety [80, 81]

3. Direct interaction of a transition metal salt with a designed binding site composed
of appropriate amino acid side-chains in a host protein (Reetz et al., unpublished
results).

The general concept of directed evolution of hybrid catalysts as illustrated schemati-
cally in Fig. 3 offers exciting perspectives, but also entails challenges when attempt-
ing to implement it experimentally. Among the perspectives is not only the control
of enantio-, diastereo-, and/or regioselectivity, but also the possibility of enhancing
the activity of a transition metal catalyst as such. Relevant is Pauling’s postulate that
the appropriate protein environment stabilizes the transition state of enzyme-cata-
lyzed transformations. Among the serious challenges (problems!) inherent in apply-
ing the concept in Fig. 3 is the need to choose a host protein that can be expressed
in large amounts. In contrast to classical directed evolution, which requires only



68 M.T. Reetz
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SH covalent s< M
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D direct D\
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Fig. 4 Three strategies for introducing transition metals (M) site-specifically in protein hosts

small amounts of enzymes in the 1-2 mL wells of microtiter plates [34—44], much
larger amounts of protein are needed in the hybrid protein system because synthetic
catalysts are much less active than enzymes. Moreover, a purification step prior to
bioconjugation is necessary, because foreign protein is present in the supernatants.
Finally, bioconjugation should be a smooth and (ideally) quantitative step. Due to these
problems, it has taken 5 years from the date of conception [53, 54] to the first exam-
ple of proof-of-principle [82]. Most of the research has been devoted to establishing
appropriate platforms for applying the process of directed evolution. This chapter
reviews the recent efforts in this new area of catalysis.

2 Covalent Anchoring of Ligands/Transition Metals
in the Cavities of Proteins

As already pointed out, prior to the suggestion of directed evolution of enantioselec-
tive hybrid catalysts (Fig. 4) [53—-61], numerous studies regarding the introduction of
cofactors in foreign proteins had already appeared [62—77]. The most popular
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anchoring point is the nucleophilic thiol function of cysteine, as shown by the seminal
studies of Kaiser [70], Hilvert [71], Distefano [62] and others, generally using wild-
type (WT) papain, which is a cystein-protease. This and similar important work has
been reviewed earlier [62], and only new developments relevant to the directed evolu-
tion concept will be treated here. However, the older papain-based systems as well as
other proteins that have previously been shown to be scaffolds for bioconjugation
with ligands/metals [62] can also be considered for directed evolution, the intriguing
systems of Watanabe [75] and of Lu [83—-86] being one of several possibilities.

2.1 Papain as the Host Protein

Papain is a commercially available cysteine-protease isolated from the papaya fruit
Carica papaya [87]. The crystal structure of papain is shown in Fig. 5, featuring the
catalytic triad Cys25, His159, and Asnl75 as well as the C- and N-termini [87].
Mechanistically, Asn175 activates His159, which in turn activates Cys25 by depro-
tonation via a proton shuttle. The activated Cys25 then attacks the amide bonds of
proteins with formation of the respective oxyanion, which is followed by cleavage
of the protein chain. In addition to Cys25, papain harbors six other cysteines that
are not catalytically active. Thus, appropriate electrophiles react exclusively at
Cys25, as shown by older publications. When working with papain, it is important

Fig. 5 Crystal structure of papain [87], showing the catalytic triad composed of cysteine 25
(Cys), histidine 159 (His) und asparagine 175 (Asn) as well as the C-and N-termini
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to remember that most commercial forms occur as a mixture of two forms. Cys25
can either occur as a free thiol or in the disulfide form (dimer). Therefore, the
material needs to be activated, e.g., by the addition of an excess of a water-soluble
thiol such as cystein, which cleaves the disulfide bond. Gel filtration or affinity chro-
matography then delivers active papain in pure form. In order to check whether the
desired bioconjugation is effective, a simple photometric test for proteolytic activity
using N-benzoyl-1-arginine-p-nitroanilide (I-BAPNA) can be applied [53-61].
Two recent examples of papain bioconjugation with formation of potential
hybrid catalysts are shown in Figs. 6 and 7, featuring a manganese salen catalyst
and dipyridyl complexes of copper, palladium, and rhodium, respectively [53, 58].

S
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(90%) | LiCl, O,
CH,Cl,/MeOH
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Fig. 6 Papain-based bioconjugation involving a Mn-salen complex [53, 60]
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Fig. 7 Papain-based bioconjugation involving Cu-, Pd-, and Rh-dipyridyl complexes [53, 58]

In all cases it was demonstrated that reaction at Cys25 had occurred essentially
quantitatively, as proven by the photometric I-BAPNA test. However, this does not
prove that bioconjugation has occurred in the expected form. For example, it is
conceivable that cysteine attacks the metal directly. Thus, further characterization,
especially of the manganese salen hybrid catalyst (Fig. 6), was performed carefully
using ESI-MS, UV/Vis spectroscopy and capillary electrophoresis, which proved to
be successful [58].

The manganese salen hybrid catalyst was then tested in the sulfoxidation of
thio-ether 10 and epoxidation of olefin 12 employing dilute aqueous H,O, [57].

i
S< papain-conjugate 5 S 1)
©/ buffer (pH = 7.5) ©/ :
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papain-conjugate 5 2)
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In both cases conversions of about 30% were observed under set conditions, which
were not optimized, the products 11 and 13 showing no significant enantiomeric
enrichment (ee <10%) [57]. The lack of significant ee does not surprise, because there
is no reason to expect the WT papain to provide the proper local environment for high
enantioselectivity in these reactions. However, it was shown that the respective bio-
conjugates are in fact active catalysts. For example, a control experiment in which the
saturated succinyl analog of 4 was added to papain and the mixture used as a catalyst
showed that only 12% conversion occurs in a slower reaction [57]. Apparently the
Mn-salen complex positioned site selectively via covalent bioconjugation constitutes
a more active catalyst than a freely moving analog. Thus, several reasons speak for
the potential use of papain as a host protein for the concept of directed evolution of
hybrid catalysts (Fig. 3), including the availability of an adequate expression system.
However, a system for en masse purification needs to be developed before libraries of
mutant hybrid catalysts can be produced by bioconjugation of mutant papains.

Irrespective of the latter problem, papain has been used recently as a host for a
Rh-complex (Fig. 8) [88]. The complex comprises a monophosphite, a type of ligand
that had previously been shown to be well suited for asymmetric Rh-catalyzed
olefin-hydrogenation (as BINOL derivatives) [24, 89, 90]. Bioconjugate 15 was
characterized by ESI-MS, and then treated with an excess (8 equivalents) of
Rh(cod),BF, to form complex 16 as indicated by ESI-MS analysis [88]. However,
other products were also shown to be present. Indeed, an excess of rhodium was
used because it had been reported earlier that histidine, methionine, tryptophan, and
cysteine bind Rh(II). This state of affairs underlines the potential problems that may
arise when working with hybrid catalysts. The ligand system chosen should bind
the metal so strongly that other donor sites in the protein cannot compete. In the
present case an active hydrogenation system was created, but it was not unambigu-
ously shown that a single Rh-species is in fact present (even after purification).
Moreover, once the second cod-ligand has been cleaved by H, leading to the actual
active catalyst, further Rh migration may occur. It was reported that racemic product
is formed when hydrogenating a prochiral olefin [88].

Me(OCH,CH;):0 I OO0
Q. o] papain O o o
PO —_— .
O o O)‘\,BT H0O O O,P OO)fvs_papain
Me(OCH,GH,}50 oOCH G0
14 15
in-link OI/:’O
[Rh{cod);]BF, papain- m?e;h/ \0
H0 I‘_§ oH
16

Fig. 8 Bioconjugation of papain with formation of an Rh-based hybrid catalyst [88]
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2.2 Lipases as Host Proteins

A different and potentially likewise attractive strategy for bioconjugation was
originally proposed in 2002, based on the use of lipases as host proteins [53].
Site-specific conjugation to ligand/metal moieties can be achieved by appropriate
enzyme inhibitors. Activated phosphonates (or sulfonates) are known to be effec-
tive lipase inhibitors, reacting specifically at serine of the catalytically active triad
Ser/His/Asp with formation of covalently bonded phosphonates [78, 79, 91]. In
this covalent form they mimic the transition state of lipase-catalyzed hydrolysis
of esters. Keeping the concept of Fig. 3 in mind, activated phosphonate 17 was
reacted with several lipases (Fig. 9), including the lipase from Bacillus subtilis
(LipA) [53, 59].

It was demonstrated that the envisioned site-specific bioconjugation had occured
quantitatively as proven by a lipase-activity test based on the reaction of p-nitrophenyl
acetate. No release of p-nitrophenolate was observed. However, within one day
lipase activity was slowly restored, signaling that the covalently bound inhibitor in
18 was “washed” out [53, 59]. Such effects are known in some systems, and in the
present case it is due to the presence of a good leaving group in 18, namely the
second p-nitrophenol moiety. Therefore, it was concluded that phosphonate 17 is
not the optimal building block, and that one of the p-nitrophenol groups needs to
be replaced by a less active leaving group such as ethanolate [59].

Later, this strategy was put into practice using another lipase [92], namely
cutinase, a 21 kDa lipase isolated from the fungus Fusarium solani pisi lacking the
usual lid found in most other lipases. The active site is accessible for hydrophilic or

o,N
o Q 2 2
,P\/\)J\ PPh
I/ + g N

lipase /©/O
O,N

17 PPh,

O/(FI; 'E\/PphZ

lipase PPh;
18

Fig. 9 Site-specific bioconjugation of a diphosphine-modified phosphonate 17 with a lipase acting
as an enzyme inhibitor at the serine of the catalytic triad Ser/His/Asp [53, 59, 60]
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hydrophobic substrates in aqueous medium, making this protein scaffold attractive
for the purpose at hand. Metallopincer complexes 19, 20, and 21 were anchored
covalently to cutinase at Ser120 (Fig. 10). The bioconjugates were carefully char-
acterized by ESI-MS and shown to be stable with respect to undesired hydrolysis
and release of the phosphonate functionality [92]. Thus, the stage is set for catalysis
and perhaps directed evolution, provided en masse purification and bioconjugation
can be implemented.

1]
EtO- 1] N, ElO\ il ElO:P SMey
At / o’ & o
d\_ Pd Pd.
/ Br
ez sph Shie,
NO,

21

Fig. 10 Upper: Organometal-adapted lipase inhibitors. Lower: Space-filling models of the respec-
tive bioconjugates of cutinase [92]

2.3 Thermostable Enzyme tHisF as the Host Protein

Since progress in developing an appropriate platform for performing directed
evolution of hybrid catalysts was slow, specifically based on the proteins featured
in Sects. 2.1 and 2.2, alternatives were sought [53-61]. In doing so, one of the foci
of research was solving the problem of en masse purification and bioconjugation of
the mutant proteins (Fig. 3). As already pointed out in the Introduction, the presence
of “foreign” proteins in addition to the chosen scaffold cannot be tolerated, because
bioconjugation can then occur with many different proteins, leading to an undesired
mixture of hybrid catalysts.

The thermostable enzyme tHisF from Thermotoga maritima [93-98] seems to
fulfill these requirements. Recent research using this host protein is reviewed here
more closely, because the details offer some insight into what factors need to be
considered in general when developing platforms for directed evolution of hybrid
catalysts. The enzyme tHisF constitutes the synthase subunit of the glutaminase-
synthase bi-enzyme complex, which catalyzes the formation of imidazole glycerol
phosphate in histidine biosynthesis [93, 94]. Monomeric tHisF contains 253 amino
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acid residues, corresponding to a molecular mass of 27.7 kDa. In the canonical
(Bov)-barrel fold, the eight strands form a central parallel 3-sheet, the barrel, which
is surrounded by the eight o-helices (Fig. 11). In all known (Bov),-barrels, the active
site residues are located at the C-terminal ends of the 3-strands and in the Bo-loops
that connect the strands with the following o-helices (““catalytic face”). In contrast,
the of-loops connecting the o-helices with the following B-strands form the
“stability face” of the barrel.

There are several reasons why this protein is an appropriate candidate for hosting
synthetic catalysts such as ligand/metal entities or organocatalysts [57-59, 61].
Firstly, protein expression in E. coli in a 38-L fermenter has already been estab-
lished [93-98], delivering approximately 12 mg of pure monomeric protein per liter
of culture medium following purification [98]. An alternative procedure optimized
in 3-L shaking flasks produces 100 mg of protein per liter of culture medium [98].
Secondly, the pronounced thermostability of tHisF allows a heat treatment as a
straightforward way to parallelize purification, because such a process leads to the
denaturation and precipitation of undesired proteins [57, 98]. Thirdly, the X-ray
structure of tHisF [95] suggests the wide upper rim at the catalytic face of the
enzyme as a convenient site for covalent anchoring of synthetic transition metal
catalysts or organocatalysts (see next section). Site-specific introduction of cysteine
at appropriate sites allows the predictable positioning of such catalytic entities.

As an initial step toward establishing a platform for performing directed evolu-
tion of hybrid catalysts based on tHisF, laboratory-scale fermentation of the WT
protein was optimized [57]. State-of-the-art fermentation protocols allowed the
production of 400-500 mg of essentially pure tHisF within 1.5 days using a 5-L
fermentation unit. Subsequent miniaturization and parallelization, first in a
19-fold fermentation unit and then in 24-deep-well plate format, was successfully

catalytic
face

| stability
face

Fig. 11 X-ray structure of tHisF [95]. Left: top view onto the C-terminal face of the central
[-barrel containing the active site; right: side view. The central B-barrel is depicted in cyan, and
the surrounding o-helices are depicted in red. In the bioconjugation study [61], the positions suitable
for potential bioconjugation following the introduction of cysteine are 11, 50, and 171 (blue),
whereas Cys9 (yellow) was mutated to Ala. In the side view, the N- and C-termini of the polypeptide
chain are marked
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performed in addition to a simple but efficient purification step [57, 58]. Since
tHisF is unusually robust, heat treatment of the well plates for 30 min at 72 °C,
preferably in a PCR-block, leads to complete denaturing of all foreign proteins
while not decomposing the desired tHisF host (Fig. 12).

The OD,, range in which induction with IPTG in LB-medium results in good
levels of expression turned out to be narrow (see Fig. 12). The individual wells were
unlikely to reach this range simultaneously, making the procedure less suitable for
high-throughput. Previously, Studier reported facile and reproducible expression of
proteins encoded on a pET vector (by making use of catabolite repression) [99].
Indeed, in the case of tHisF, this auto-induction system allowed high-density parallel
fermentation without the additional induction step. However, the resulting tHisF
preparation contained significant amounts of impurities even after prolonged heat
treatment, which cannot be tolerated. This serious problem was finally solved by
inducing protein expression permanently from the beginning of the fermentation
(instead of the more tedious induction at a certain cell density using a buffered
medium supplemented with additional glycerol TB-medium instead of LB-medium).
The workup after protein expression was performed according to the procedure
shown in Fig. 12, except that the ammonium sulfate precipitation was deleted
because the protein was already essentially pure (~95% as judged by SDS PAGE).
It turned out that this very straightforward parallel fermentation on 12.8-mL scale
(4 x 3.2 mL) in 24-deep-well plates provides an average of 1.2 mg (0.044 mmol)
of pure tHisF. Thus, reproducible expression and purification can be achieved by
this improved protocol [61].

It can be concluded by this recent work that the development of the optimized
24-well fermentation unit and the successful parallelized purification procedure
taken together constitute a potential platform for performing directed evolution of
selective hybrid catalysts [61] (Fig. 3). Indeed, the parallelization on 24-well plates
offers the possibility of using robotics in order to achieve higher throughput.
Moreover, further parallelization following the fermentation step, for example in a
96-well format, can be achieved easily by the use of pipetting robots. These details
are included in this review because the tHisF study provides a guideline for devel-
oping other platforms that may be equally viable or even better suited [61].

Following this important work, bioconjugation studies of tHisF were carried out
[61], specifically by S, 2 or Michael reactions at the thiol function of an appropriate
cysteine. The WT tHisF contains only one cysteine at amino acid position 9, which
is located deep inside the barrel structure (Fig. 11). Exploratory experiments had
shown that chemical reactions at the respective thiol function occur sluggishly, if at
all [57]. Therefore, this cysteine residue was exchanged for alanine (Cys9Ala) in
the WT and, guided by the crystal structure of tHisF [93, 95], a different cysteine
was introduced at various positions that could be expected to be spatially accessible.
One option was to perform site-directed mutagenesis with introduction of cysteine
at positions in the region of the lower (narrow) rim at the so-called “stability face”
of the central B-barrel, where the flexible C- and N-termini are located (Fig. 11)
[95]. However, the other option was chosen, namely to focus on the upper (relatively
wide) rim at the “catalytic face” of the barrel where the natural cyclization reaction
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19-fold fermentation unit

19 x 40 mL sterile LB-medium

Inoculation with 0.5 mL preculture,
incubation at 37 °C

Induction with 40 uL 1 M IPTG at ODgqq
=04-07

Centrifugation after 6 h at
3200 g/10 min/4 °C in rotor for 30
tubes

Rinsing of cell pellet with 1 mL
phosphate buffer (100 mm, pH = 7.8)

Resuspension in 400 pL phosphate
buffer (10 mm, pH = 7.8 containing
2mmM DTT and 12.5 units/mL
benzonase)

24-deep-well plate

24 x 5 mL sterile LB-medium

Corresponds to 576 cultures per
incubator

Inoculation with 0.1 mL preculture,
incubation at 37 °C

Induction with 5 uL 1 M IPTG at ODgqq =
0.4-0.7

Centrifugation after 6 h at
3200 g/40 min/4 °C using rotor for 4
plates

Rinsing of cell pellet with 200 pL
phosphate buffer (100 mm, pH = 7.8)

Resuspension in 100 puL phosphate
buffer (10 mm, pH = 7.8 containing 2 mm
DTT and 12.5 units/mL benzonase)

e Transfer into 96-well plates suitable for PCR-block

e 30 min heat treatment at 72 °C in PCR-block (combined cell lysis and
thermoprecipitation of E. coli host proteins)

e Centrifugation at 3200 g/ 120 min/4 °C in rotor for plates

¢ Collecting supernatant and freezing at —78 °C for storage

Yield: approx. 3 mg in 200 uL Buffer

e Yield: approx. 0.3 mg in 40 uL Buffer

Immediately before chemical modification: precipitation with 400 / 80 puL sat. ammonium
sulfate, centrifugation, 2 x rinsing with 200 / 40 uL ammonium sulfate, resuspension of
protein precipitate in phosphate buffer (10 mm, pH = 7.0).

Fig. 12 Parallelized fermentation and purification of tHisF. Comparison of the 19-fold fermen-
tation and purification unit and the 24-deep well plate format, which connects to 96-well plate
units [57, 61]
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catalyzed by tHisF is known to occur. Consequently, positions 11, 50, and 171 were
thought to be appropriate sites for the introduction of cysteine (Fig. 11). Three
tHisF mutants were generated as potential proteins for bioconjugation, namely
Cys9Ala/Aspl1Cys, Cys9Ala/LeuS0Cys, and Cys9Ala/Thr171Cys [57]. Most of
the efforts were concentrated on the mutant Cys9Ala/Asp11Cys as the host protein
to which synthetic catalysts were then anchored by Michael additions to chemically
modified maleimides or S 2-reactions of a~halo ketones (Fig. 13).

A collection of maleimides 22—-30 harboring ligands, ligand/metals, or organo-
catalysts were chosen for Michael additions [57-59, 61]. In the case of bioconju-
gation based on appropriately modified o-halo ketones, compound 31 was
synthesized. Ligands 22, 25, and 31 were designed for potential transition metal
coordination (see also complex 23), whereas 24 constitutes a potential flavin-
dependent organocatalyst for possible Baeyer—Villiger reactions [100-107] (also
sulfoxidation and/or oxidation of dihydro-nicotinamides). Finally, 26-30 pave the
way to potential organocatalysis in benzoin reactions similar to those catalyzed by
pyruvate decarboxylase and/or Stetter-type reactions [108—112].
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Mutant Cys9Ala/Asp11Cys was then employed as a host protein, bioconjugation
being performed with compounds 22-31 under standard conditions described in the
literature for other systems [78, 79]. The bioconjugates were characterized by mass
spectrometry (MS) and in some cases by limited proteolysis using trypsin followed
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Fig. 13 Chemical modification of the tHisF mutant Cys9Ala/Aspl11Cys by means of Michael
additions leading to bioconjugates A and by S, 2-reactions providing bioconjugates B [57, 61]

by MS analysis [61]. For example, the bioconjugate derived from tHisF mutant
Cys9Ala/Aspl1Cys and 5-iodoacetamide-1,10-phenanthroline (31) was characterized
by a combination of ESI-TOF MS and limited proteolysis with trypsin. Trypsin is
a serine protease that cleaves peptide bonds only on the C-terminal side of the basic
amino acids lysine and arginine, thereby allowing for predictable selectivity. The
amino acid sequence of tHisF comprises 7% lysine and 5% arginine [93-98]. In a
denaturated or highly flexible protein one would expect complete digestion by
trypsin. However, it was previously shown that tHisF is accessible to trypsin digestion
only at two positions due to its pronounced stability [94]. Therefore, a combination
of limited tryptic digestion and MS analysis was performed in order to demonstrate
that the chemical modification occurs in the desired part of the host protein. The
reported cleavage positions are located at Arg27 and Lys58, the reaction occurring
much faster at Arg27. The cysteine in position 11, which was modified with a variety
of ligands, is part of the N-terminal region that was cleaved off, and the remaining
protein was analyzed by MS. The results correspond to the expectations. Similar
analyses were performed for bioconjugates of the other mutants Cys9Ala/Leu50Cys
and Cys9Ala/Thr171Cys [57-59, 61].

It was also shown that the chemical modification of the host protein does not
alter its behavior towards trypsin, a conclusion that is corroborated by following the
progress of the tryptic digestion by SDS-PAGE [57, 61] (Fig. 14). Had undesired
denaturation of the host protein occurred upon chemical modification, more extensive
fragmentation in the tryptic digestion would have resulted. In further experiments,
the other bioconjugation reactions were also shown to proceed in the expected way
with the host protein. In addition to the tHisF mutant, Cys9Ala/Asp11Cys, variants
Cys9Ala/Leu50Cys, and Cys9Ala/Thr171Cys also proved to be suitable for selective
modification [57, 61].

In bioconjugation experiments followed by tryptic digestion, it was found in the
case of mutant Cys9Ala/Aspl1Cys, for example, that the mass of the resulting
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high molecular weight fragment is the same as for the unmodified protein. This
shows that chemical modification occurs within the first 27 amino acids. In
the case of the mutant Cys9Ala/Leu50Cys, the bioconjugate derived from maleimide
22 shows after tryptic digestion a higher mass than the digested unmodified
mutant (Table 1) [58, 61]. Here, the mass difference corresponds directly to the
incorporated ligand, demonstrating that in this case tryptic digestion also leads to
removal of the first 27 amino acids. Thus, cleavage in this mutant does not remove
the modified region, as expected.

Various organocatalyst-based hybrid catalysts were also prepared in this study [61].
For example, flavin 24 was used for the selective cysteine modification of the tHisF
mutant Cys9Ala/Aspl1Cys. This compound allows for direct quantification of chemi-
cal modification because it has chromophoric properties. In view of future en masse
parallelized bioconjugation of mutant libraries in the process of directed evolution
experiments (Fig. 3), the course of the chemical modification process was studied more

modified unmodified
kDa M 240° 15 & 240" 15 5 M
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Fig. 14 SDS-PAGE (12.5% acrylamide) of samples from limited proteolysis (5, 15, and 240 min)
of the unmodified tHisF mutant Cys9Ala/Asp11Cys and its bioconjugate with 5-iodacetamido-
1,10-phenanthroline (31) [61]. The observed fragmentation pattern shows that modification does
not significantly change the susceptibility of the tHisF mutant to selective trypsin digestion

Table 1 ESI-TOF MS analysis before and after tryptic digestion of chemical unmodified
and modified tHisF mutants Cys9Ala/Asp11Cys and Cys9Ala/Leu50Cys [57, 61]

Protein Modification Undigested Digested A

Cys9Ala/Aspl11Cys None 27,683 24,678 3005
With 22 27,948 24,676 3272

Cys9Ala/Leu50Cys None 27,682 24,669 3013
With 22 27,951 24,933 3018

Numbers refer to mass units
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closely. In the bioconjugation experiments, 0.5, 1.0, and 2.0 equivalents of the flavin
catalyst 24 were used. In order to check for possible unspecific modification of the host
protein, the cysteine-free tHisF mutant Cys9Ala was studied under the same set of
conditions. Two crucial results were noted. Firstly, bioconjugation occurs very selec-
tively as evidenced by the extremely low degree of modification of the cysteine—free
protein. MALDI-TOF MS corroborated this conclusion [61]. Secondly, it appears that
the use of stoichiometric or slightly substoichiometric amounts of the flavin 24 in an en
masse chemical modification of mutant libraries is feasible without subsequent purifica-
tion. This finding is important with regard to achieving maximum throughput in future
screening processes. In conclusion, the tHisF-based system appears to constitute a
viable platform for performing directed evolution studies [61]. Of course, other ther-
mophiles are probably just as well (or even better) suited, perhaps those with a larger/
deeper anchoring pocket. Once a platform has been established, as in the case of the
tHisF-system, the next step is to test catalysis.

3 Non-Covalent Anchoring of Ligands/Transition Metals
in the Cavities of Proteins

Non-covalent bioconjugation has potential advantages over covalent versions
described in Sect. 2, provided binding is strong and site-specific. Two of a number
of possibilities are described here, one of them leading to the first case of proof-
of-principle of the concept of directed evolution of hybrid catalysts (Fig. 3).

3.1 Serum Albumins as Host Proteins

Serum albumins are robust and easy to handle proteins that are present at high
concentrations in blood plasma, functioning as transport carriers for a variety of
compounds such as fatty acids, bile acids, bilirubin, and hemin [113]. It was known
from X-ray work that iron-protoporphyrin dimethyl ester binds in the subdomain
IB of human serum albumin (HSA) and that weak axial coordination by Tyr161
contributes to the binding [114-116]. Moreover, Gross had previously anchored
water-soluble sulfonylated Fe- and Mn"-corroles to various serum albumins and
used these conjugates as catalysts in the H O, -based asymmetric sulfoxidation of
prochiral thioethers (up to 74% ee using WT) [117]. In addition, it had been
reported that the sodium salts of di-, tri-, and tetrasulfonic acid derivatives of por-
phyrins, phthalocyanines, and corroles bind strongly to serum albumins [117-121],
analogously to iron-protoporphyrin dimethyl ester [113].

Therefore, the use of the commercially available Cu"-phthalocyanine complex
32 was considered [122], expecting it to bind strongly to the IB subdomain of HSA
or to analogous regions of other serum albumins such as bovine serum albumin
(BSA), which is also a cheap and robust protein.
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In order to get a better picture of the probable binding-mode, the X-ray data
of HAS [114] was used to model the desired 32/HSA complex (Fig. 15) [122].
Absolute proof that binding occurs in this manner was not obtained, but it is a
good model.

Fig. 15 Model of 32/HSA [122] based on the X-ray structure of hemin/HSA [114-116]

The model reaction to be mediated by hybrid catalysts comprised of 32/serum
albumins, was the Diels—Alder reaction of the H20-soluble aza-chalcone 33 with
cyclopentadiene 34 with formation of chiral adducts 35. This reaction had been
originally devised by Engberts [123, 124], who used Cu"-complexes of amino acids
in aqueous medium (ee up to 74%). Later it was employed by Feringa in the study
of Cu"-conjugates of DNA as catalysts [125].
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Surprisingly, high enantioselectivities were observed when using BSA as the
host harboring 32 (85-98% ee in favor of the endo-products 35) [122]. In the case
of 32/HSA (Fig. 15), the reaction of 33a with 34 led to an ee-value of only 85%.
BSA or HSA alone did not catalyze the reaction. Since a good expression system
for HSA has been reported [126, 127], this system could be employed in a future study
regarding the directed evolution of enantioselective hybrid catalysts. Iterative
CASTing (Fig. 2) based on the model in Fig. 15 could then be used to increase the
enantioselectivity of the present Diels—Alder cycloaddition or of other Cu'-catalyzed
processes. However, a procedure for en masse purification of HSA mutants needs
to be developed first.

3.2 Avidin or Streptavidin as the Host Protein

The first platform that provided proof-of-principle regarding the idea of directed
evolution of hybrid catalysts (Fig. 3) was based on the so-called Whitesides system
[128, 129] utilizing a biotinylated Rh-diphosphine of the type 36 (Fig. 16) [130].
Whitesides actually used avidin in combination with the analogous complex in
which norbornadiene takes the place of cod. The respective complex was used as a
single catalyst in the Rh-catalyzed hydrogenation of a-acetamido-acrylic acid, the
observed ee ranging between 33 and 44% depending upon the conditions used [128,
129]. Ward has elegantly used chemical tuning (variation of spacer length in 36 and
rational protein design (site-specific mutagenesis) to improve the enantioselectivity
significantly in the same reaction using streptavidin, achieving ees of >95% [131-
135]. This is fundamentally different from the Darwinistic approach shown in Fig. 3.
In the directed evolution study [130], the Rh-complex 36 was also employed, but the
ester 37 instead of the acid was chosen as the substrate, because this facilitates easy
extraction and medium-throughput analysis by gas chromatography [59, 130]. The
reaction product 38 can be extracted with ethyl acetate in a parallel manner.
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Fig. 16 Rh-catalyzed asymmetric hydrogenation of o-acetamido-acrylic acid ester 37 using
streptavidin mutants as hosts for complexing 36 [130]

Avidin is not the ideal host protein, because production of eukaryotic proteins is
both time consuming and low yielding. Therefore, streptavidin was chosen, a geneti-
cally unrelated bacterial protein that also binds biotin with high affinity. Several
expression systems for streptavidin have been described [136-140], and some of
them were compared. Unfortunately, problems with the insufficient expression level
and purification in parallel form had to be dealt with. The best solution turned out to
be based on pET11b-sav [141], which encodes 12 residues of T7-tag followed by
Asp and GlIn and residues 15 to 159 of the mature streptavidin. E. coli strain
BL21(DE3) transformed with this plasmid and grown in Studier’s autoinduction
media [99], ZYP5052, requires less monitoring than conventional induction with
IPTG at mid-log phase. Therefore, this allows multiple unattended overnight cul-
tures [59]. Before reaction with 36, streptavidin mutants were purified using stand-
ard agarose/iminobiotin affinity column chromatography. Streptavidin or streptavidin/
biotin themselves do not catalyze the hydrogenation reaction. Unbound complex 36
does not occur because an excess of free binding site of streptavidin was present. Per
tetramer of streptavidin, 3.8-3.9 free binding sites were determined by standard
titration using fluorescence quenching of biotin/4-fluorescein [130].

This optimized adaptation was crucial in simplifying the screening task.
However, the system is still not fully suited for screening thousands of mutants
since it requires a 150-mL culture scale in order to provide a sufficient amount of
streptavidin. Typically 1.04 x 107" mol of binding site was used, which is equivalent
to ~1.7 mg protein (based on a MW of 16.5 kDa per monomer, and expecting
3.8-3.9 free binding sites per tetramer as obtained for the WT) [130]. Sometimes
lower amounts of streptavidin were obtained for a given mutant. Then the culture
scale had to be increased by up to fivefold and/or the amount of hybrid catalyst used
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in the reaction decreased from 0.2 to 0.1%. Following titration of the mutant
streptavidins for the purpose of determining the amount present, they were trans-
ferred into glass vessels of an in-house adapted reactor block [59, 130], which was
used in the Chemspeed Accelerator SLT 100 Synthesizer. It is important to point
out that traces of O, need to be removed from the reactors or it would otherwise
destroy the Rh-catalyst. Enantioselectivity was determined by conventional gas
chromatographic analysis of the reaction mixtures.

It became clear that this system fails to fulfill the technological requirements for
implementing the concept of directed evolution of hybrid catalyst efficiently. Thus,
two options were possible: (i) Invest more time in improving the (over) expression
system for streptavidin, which would subsequently allow the practical formation of
large libraries of mutant protein hosts (each mutant in sufficiently large quantities);
or (ii) Use the partially optimized expression system described above, and then
produce fairly small libraries. The latter strategy was chosen. Only a few hundred
mutants in each mutagenesis experiment were generated and screened in what can
be termed as “mini” directed evolution. Although still labor-intensive, this proce-
dure led to proof-of-principle [130].

In an initial experiment, it was observed that WT streptavidin/36 is a poor catalyst
in the hydrogenation of 37, leading to an ee of only 23% in favor of (R)-38. Rather
than targeting the whole protein for amino acid substitution by error-prone PCR
[38—44], CASTing [48-50] was applied. Unfortunately, an X-ray structure of the
conjugate was not available. Therefore, the CAST sites for amino acid randomization
were chosen on the basis of a model. The biotinylated Rh-complex 36 was modeled
into the X-ray structure [142] of streptavidin/biotin using Moloc and Accelerys DS
visualizer. Two major conformers were identified, meaning two slightly different
positions of Rh. Figure 17 shows an excerpt of the modeled structure and the amino
acid sites that appeared to be appropriate for CAST experiments [130].

Leul24

Fig. 17 Selected close (purple) and distal (blue) sites from Rh(I) centers (red) of two important
calculated conformers of the complex streptavidin/36 [130] based on the X-ray structure of
streptavidin/biotin
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Two types of sites for saturation mutagenesis were considered: The first are
“close” positions, specifically Asn49, Leul10, Serl12, and Leul24. These are located
about 4-6 A away from the Rh(I) of the two calculated major conformers, which
could influence directly the conformation of the catalyst or catalyst/substrate
complex [130]. The second type of sites are more “distal”: Glu51, Tyr54, Trp79,
Asn81, Arg84, Asn85, His87, which are located further away from Rh(I). These
second sphere CAST-positions could influence the structure of the enzyme as a
whole because they are involved in hydrogen bonding between secondary elements.
Saturation mutagenesis was initiated at positions 110, 112, and 124 using the
QuikChange method (Stratagene) and pET11b-sav. In each saturation experiment
about 200-300 clones were harvested and screened, which corresponds to an
oversampling of about 95% coverage of the respective protein sequence space [49].
The best mutant I (Serl112Gly) led to 35% ee (R).

It is clear that a single round of saturation mutagenesis does not yet constitute
an evolutionary process. Therefore, iterative CASTing [48], which is an embodiment
of ISM, was performed using the gene that encodes mutant I and saturating at posi-
tion 49. This led to a double mutant IT having mutations Asn49His/Ser112Gly and
showing an ee value of 54% (R) in the model reaction (Fig. 18) [130]. Finally, a
third-generation saturation experiment was performed using the gene which
encodes mutant II and focusing once more on position 112. This experiment was

R (% ee)
+65%
60 4 " W (Asndgval)
+54% -~
s
50 4 // Il (Asn49Val/Ser112Gly)
40 1 +35%,”
//_/
30 A /// I (Ser112Gly)
Wt "
204 oo
+23% "~
.. IV (Asn49His)
10 -
+8%
Racemic - \\\
“\_ V (Asn49His/Leu124Phe)
10 A 7%
S (% ee)

Fig. 18 Directed evolution of hybrid catalysts comprising mutants of streptavidin/36, the
Rh-catalyzed hydrogenation 37—38 serving as the model reaction (40-90% yield) [130]
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designed to test whether glycine at position 112 is really the best choice when
combining with histidine at position 49. This provided the improved mutant III
leading to an ee of 65% (R). Thus, the original mutation Serl12Gly was reverted
back to serine (Fig. 18). This means that the best variant is characterized by a single
mutation (Asn49Val). Thus, positions 51, 54, 79, 81, 84, 85, and 87 were considered.
Unfortunately, saturation mutagenesis experiments were not successful because no
soluble protein was obtained. In contrast, saturation mutagenesis at position 49 on
WT template led directly to mutants III and IV. The latter is characterized by
Asn49His. This variant has lower enantioselectivity than the WT, ee = 8% (R),
suggesting the possibility of inverting stereoselectivity. Therefore, the plasmid
encoding variant I'V was utilized as a template for saturation mutagenesis at another
site. Indeed, upon focusing on position 124, mutant V (Asn49His/Leul24Phe) was
identified, which is (S)-selective, although not by a great degree (ee = 7%) [130].
It would be interesting to extend the present study by applying iterative saturation
mutagenesis to residues in the second shell around the close amino acid positions
already considered (49, 110, 112, and 124).

This work demonstrates for the first time that it is possible to apply the methods
of directed evolution to increase and/or to invert enantioselectivity of a hybrid
catalyst composed of a synthetic achiral transition metal catalyst anchored to a host
protein [130]. Due to the technical problems associated with the inefficient expres-
sion system, only very small mutant libraries could be generated, which in itself
was labor-intensive. Nevertheless, proof-of-principle has been provided [130].

4 Direct Binding of Transition Metal Salts to Designed
Sites in Proteins

It can be argued that efforts of the type described in Sects. 1-3 can be replaced, at
least in some cases, by metalloenzymes that nature already provides. Indeed, proteins
such as P450 enzymes have been used as catalysts in organic chemistry, and
directed evolution has been demonstrated to be useful in controlling regioselectivity
of CH-activating hydroxylation [143—-146]. It is also conceivable that directed evo-
lution of other metalloenzymes can induce promiscuous behavior. A hypothetical
example is to turn a natural Cu(Il)-metalloenzyme into a stereoselective Diels—
Alderase by the techniques of directed evolution. Such strategies are certainly logical
and worthy of testing. However, an alternative concept can also be considered
(Fig. 4, bottom): The construction by site-specific mutagenesis of a complexation
site, which is specific for transition metal salts. In doing so, the potentially com-
plexing amino acids should be placed in the protein appropriately so that the transi-
tion metal, but subsequently also a substrate, can bind, leading to a reaction.
Moreover, it is advisable to be guided by nature, e.g., to see how the side-chains of
amino acids in natural metalloenzymes bind transition metals. For example, in
preliminary work two histidines and one aspartate were introduced in a geometrically
correct manner into a thermostable protein in order to bind Cu(Il) (Reetz et al.,
unpublished results). Such binding motifs are well known in certain metalloenzymes.
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This “semi-synthetic” metalloenzyme was found to catalyze enantioselective
Diels—Alder reactions (ee up to 30%) (Reetz et al., unpublished results). Following
this initial step with the WT, directed evolution for optimizing the ee may prove to
be a viable alternative strategy for putting the concept of directed evolution of
hybrid catalysts into practice.

5 Conclusions and Perspectives

Directed evolution of hybrid catalysts in which transition metals are anchored to
appropriate protein hosts is a novel concept, which in principle allows the optimization
of a synthetic catalyst by genetic methods, specifically by relying on the Darwinistic
principle [53-61]. It is thus fundamentally different from traditional (chemical)
ways to optimize homogeneous transition metal catalysts in terms of activity and
selectivity [1-5, 15-23]. Proof-of-principle was recently provided by utilizing the
Whitesides system [128, 129] based on the supramolecular interaction of a bioti-
nylated Rh/diphosphine complex and streptavidin [130]. Three rounds of iterative
CASTing increased the enantioselectivity of the Rh-catalyzed hydrogenation of a
prochiral olefin from ee = 23% to ee = 65% [130]. However, due to the insufficient
expression system of streptavidin, other host proteins have to be considered. Serum
albumins [122] or the thermostable tHisF [61] may prove to be acceptable. More
work is needed to fulfill all requirements for constructing viable platforms upon
which directed evolution can be performed in a practical manner. The idea of utilizing
a thermostable protein as a host allows in principle the difficult problem of en
masse purification of thousands of mutants to be solved by a simple heat treatment
[61]. Ligand types should be chosen that bind transition metals so tightly that they
do not move indiscriminately in the host protein. Once such practical platforms are
available, chemists will have a fascinating tool in hand with which they can create
active as well as regio-, enantio-, and diastereoselective hybrid catalysts for use in
synthetic organic chemistry.
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Artificial Metalloenzymes for Enantioselective
Catalysis Based on the Biotin—Avidin
Technology

Johannes Steinreiber and Thomas R. Ward

Abstract Artificial metalloenzymes can be created by incorporating an active metal
catalyst precursor in a macromolecular host. When considering such artificial metal-
loenzymes, the first point to address is how to localize the active metal moiety within
the protein scaffold. Although a covalent anchoring strategy may seem most attrac-
tive at first, supramolecular anchoring strategy has proven most successful thus far.

In this context and inspired by Whitesides’ seminal paper, we have exploited
the biotin—avidin technology to anchor a biotinylated active metal catalyst precur-
sor within either avidin or streptavidin. A combined chemical and genetic strategy
allows a rapid (chemogenetic) optimization of both the activity and the selectivity
of the resulting artificial metalloenzymes. The chiral environment, provided by sec-
ond coordination sphere interactions between the metal and the host protein, can be
varied by introduction of a spacer between the biotin anchor and the metal moiety
or by variation of the ligand scaffold. Alternatively, mutagenesis of the host protein
allows a fine tuning of the activity and the selectivity.

With this protocol, we have been able to produce artificial metalloenzymes
based on the biotin—avidin technology for the enantioselective hydrogenation of
N-protected dehydroaminoacids, the transfer hydrogenation of prochiral ketones
as well as the allylic alkylation of symmetric substrates. In all cases selectivities
>90% were achieved. Most recently, guided by an X-ray structure of an artificial
metalloenzyme, we have extended the chemogenetic optimization to a designed
evolution scheme. Designed evolution combines rational design with combinatorial
screening. In this chapter, we emphasize the similarities and the differences between
artificial metalloenzymes and their homogeneous or enzymatic counterparts.
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Abbreviations
ee Enantiomeric excess
WT Wild-type
Sav Streptavidin
Avi Avidin
(strept)avidin  Either avidin or streptavidin
K, Michaelis—Menten constant
at Number of substrate molecules handled by one active site per second
Voo Maximum velocity of the enzyme under the conditions of the
experiment
DMSO Dimethyl sulfoxide
EtOAc Ethyl acetate
NBD Norbornadiene
COD Cyclooctadiene
MES 2-(N-morpholino)ethanesulfonic acid
MOPS 3-(N-morpholino)propanesulfonic acid

PYRPHOS (3R.4R)-3,4-bis(diphenylphosphino)pyrrolidine

1 Introduction

In 1958 Frederick Sanger was awarded his first Nobel Prize in Chemistry for his
studies on insulin [1]. He had determined its complete amino acid sequence, which
proved that proteins have definite structures. Fifty years later, we have dramatically
broadened our understanding of proteins and their role in vivo. Starting from amino
acid building blocks, complex proteins have evolved to perform a variety of
complex catalytic tasks. In addition to the amino acid’s side chain reactivity, Nature
often exploits cofactors and/or metal ions to complement its catalytic repertoire.
It is estimated that one third of all enzymes are metalloproteins and that some of
the most difficult biological transformations are mediated by these [2].
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1.1 Background of Artificial Metalloenzymes

Artificial metalloenzymes, as reviewed here, are hybrid catalysts resulting from the
introduction of a metal complex with catalytic activity into a macromolecular host,
avidin or streptavidin (referred to as (strept)avidin hereafter). This provides a well-
defined enantiopure second coordination sphere, thus potentially inducing selectiv-
ity in the catalyzed reaction [2—16]. The incorporation of an organometallic moiety
within a protein may combine the advantages of both catalytic strategies, which are,
in many regards, complementary (Table 1).

Enzymes can be improved by various protocols to overcome most of their inherent
limitations, listed in Table 1. In particular, directed evolution, combined with an effi-
cient screen or selection tool, has proven particularly versatile [17-20]. However, the
ex nihilo creation of novel activities remains extremely challenging [21, 22].

We reasoned that one could mimic Nature by incorporating cofactors and metal
ions to broaden the scope of accessible reactions catalyzed by protein scaffolds.
Different approaches for the generation of artificial metalloenzymes have recently
been reviewed [2-16]. Herein, we present the developments in the field of artificial
metalloenzymes for enantioselective catalysis based on the biotin—avidin technol-
ogy. The discussion includes a short introduction on the biotin—avidin technology
followed by several examples of chemogenetic optimization of the performance of
artificial metalloenzymes based on this technology.

1.2 Biotin-Avidin Technology

The biotin—avidin technology has found numerous applications both in fundamental
and in applied research [23, 24]. This widespread technology relies on the affinity of
biotin towards avidin (K, ~ 1 x 10" M™") and the homotetrameric nature of the pro-
tein, which allows binding of up to four (different) biotinylated probes. It has been

Table 1 Typical features of enzymatic and homogeneous catalysis

Features Enzymes Homogeneous catalysts
Enantiomers Single Both

Reaction conditions Mild Harsh

Substrate scope Limited Large

Functional group tolerance Large Small

Typical substrates Flexible Apolar

Reaction repertoire Small Large

Solvent compatibility Aqueous > organic Organic > aqueous
Optimization Genetic Chemical

Second coordination sphere Well-defined [1l-defined
Turnover numbers Large Modest
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shown that derivatization of the valeric acid side chain of biotin does not decrease too
significantly the affinity of avidin for the biotinylated probe. Both avidin (Avi, from
egg-white) and its bacterial relative streptavidin (Sav, from Streptomyces avidinii,
32% sequence homology with avidin) display similar quaternary structures (homote-
trameric eight-stranded B-barrel) as well as comparable affinities towards biotinylated
probes. In the past 40 years, the biotin—avidin technology has been applied to affinity
chromatography, diagnostics, immunoassays, drug targeting, etc. [25].

Most applications of the biotin—avidin technology do not rely on the incorpora-
tion of the biotinylated probe within the protein environment provided by (strept)
avidin. Typically, the introduction of a long spacer (at least five atoms) between the
biotin anchor and the probe is recommended (Fig. 1). The biotin—avidin technology
can thus be regarded as a molecular velcro that allows the bringing together of up
to four biotinylated probes.

With the aim of creating enantioselective catalysts, we wished to exploit the chiral
environment provided by (strept)avidin upon incorporation of an achiral biotinylated
metal catalyst. For this purpose, short spacers between the biotin anchor and the metal
center should ensure that the latter is embedded within the protein (cf. Fig. 2).

1.3  Whitesides’ Seminal Idea

Asymmetric hydrogenation is the archetype of homogeneous catalysis [26]. Wilkinson
and Osborn reported that [RhCI(PPh,),] catalyzes the homogeneous hydrogenation
of olefins [27]. This hydrogenation catalyst was rapidly adapted to an enantioselective

target molecule

:

@

biotinylated
binder

conjugated probe

homo-tetramer of
(strept)avidin

Fig. 1 Basic principle of the biotin—avidin technology. The homotetrameric nature of the protein
allows binding of up to four (different) biotinylated probes
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XH

Fig. 2 Biotin—avidin technology: Artificial metalloenzymes [M(L )(biotin-ligand)](strept)avidin
for enantioselective catalysis are based on the anchoring of a catalytically active metal fragment
within a host protein via a ligand, a spacer, and biotin. Chemical optimization can be achieved
either by varying the spacer or the metal chelate moiety (ML, ). Saturation mutagenesis at a position
close to the metal moiety (*) can be used for genetic optimization

version by replacement of the achiral phosphine ligands [28] with enantiopure ana-
logs (e.g. CAMP [29]) as well as chelating diphosphines (DIPAMP [30], DIOP [31],
BINAP [32] and DuPhos [33]).

Rather than exploiting the first coordination sphere to induce selectivity, Whitesides
suggested the introduction of an achiral homogeneous biotinylated catalyst within
avidin, to form a hybrid catalyst where chirality is present in the second coordination
sphere (Fig. 2 and Scheme 1a) [34].

Anchoring of a biotinylated rhodium-diphosphine in avidin resulted in an artifi-
cial metalloenzyme for the reduction of N-acetamidoacrylate. Using 0.2 mol%
catalyst at 0 °C and 1 bar H,, N-acetamidoalanine was produced quantitatively in
41% ee (S) (Scheme 1a) [34]. In 1999, Chan et al. relied on an enantiopure bioti-
nylated PYRPHOS-ligand to hydrogenate itaconic acid (Scheme 1b) [35].
Depending on the configuration of the ligand (S,S or R,R) and the operating condi-
tions, the ee of the product varied between 48% (R) and 26% (S).

Inspired by the visionary paper of Whitesides, we adapted and extended the
concept of artificial metalloenzymes (or hybrid catalysts) based on the biotin—avidin
technology to enantioselective hydrogenation, transfer hydrogenation, and allylic
alkylation reactions, which are summarized herein.

2 Results of the Chemogenetic Optimization of Artificial
Metalloenzymes Based on the Biotin—Avidin Technology

Inspired by the pioneering work of Whitesides [34], we endeavored to use the
modern tools of genetic and chemical engineering to control the second coordina-
tion sphere of the homogeneous catalyst for hydrogenation [36—42]. The main
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a COH [Rh(NBD)(Biot-1)]* (0.5 umol)
2 avidin (0.5 umol), H, (1.5 atm) CO,H
pr— o oy H
NHCOCH,4 Na,HPO, buffer (0.1 M, pH 7.0) NHCOCHS
0°C,48h
250 pmol yield quant.
ee 41% (S)
b [Rh(COD)(Biot-PYRPHOS]* (0.10 umol)
CO,H avidin (0.11 umol), H, (1.0 atm) CO,H
p— ’ gy H
CH,CO,H Na,HPO, buffer (0.1 M, pH 7.0) CH,CO,H
22°C,48 h
7.7 umol conv. 40%
ee 48% (R)

Scheme 1 Artificial metalloenzymes based on the biotin—avidin technology for the hydrogena-
tion of alkenes. Operating conditions used by a Whitesides [34] and b Chan [35]

stages are (i) mutation and overexpression of the (strept)avidin isoform in a suitable
host, (ii) isolation and quantification of the activity of the mutated (strept)avidin,
(iii) synthesis of the biotinylated catalyst precursor and incorporation within
(strept)avidin, (iv) catalysis, and (v) product isolation and analysis.

For optimization purposes, we rely on both chemical and genetic diversity (Fig. 2).
The chemogenetic diversity matrix consists of a ligand scaffold, a spacer, and genetic
mutations performed on the (strept)avidin host protein [4]. Whereas genetic engineer-
ing has been very successful in elucidating and modifying an enzyme’s activity and
selectivity, we showed that an artificial metalloenzyme could be modified either
genetically or chemically (Fig. 3) [36] to improve its enantioselectivity, thus paving
the way for further directed evolution of artificial metalloenzymes [43].

The general strategy that we employed initially was a chemogenetic approach
— a term initially coined by Distefano [12] — whereby both the various components
of the metal complex (e.g., the metal, the first coordination sphere, and the “spacer”
linking it to the biotin anchor) as well as the protein “scaffold” were subjected to
optimization. The chemogenetic approach to artificial enzymes has the potential for
providing hybrid protein catalysts “made to order” [4]. Our preferred methodology
is a combination of rational design and combinatorial screening leading to the
“evolution” of the enzyme, for which we borrow the term “designed evolution”
(Fig. 4) [44].

Designed evolution incorporates the need for rational decisions on choices
of scaffolds and elements to combine, followed by several rounds of screening
to perfect those elements that cannot be predicted a priori. It is noteworthy that
the reaction conditions, such as a requirement for high temperatures or extreme
pH, may impose evolutionary restrictions on the protein scaffold and that for
extensive screening it is preferable to start with an appropriately robust scaf-
fold [45, 46]. Due to the number of possible combinations of protein hosts, it
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typical biotinylated hydrogenation catalyst

HN NH PPh, [
2 (\ H ®Rh ~
. N N !
s \/Y PPhy
Biot o} O
Biot-1V,-1
chiral spacer
N i
N .
Biot” Biot Biot” E)J\ ligand
. li
o ligand (0] igand Ph/
| Il ]
achiral spacer Biot Biot
H 0 NH NH
N (\d)k (0]
iot” ; X X
Biot N ligand C < | il 3\02
= ligand = ligand
Ivn n=1-5 vortho,meta,para Vlortho,meta,para
ligand scaffolds Ispacer
[ Plf’hz PFih2 N N
'YI /\“‘ ’ M N - M
N PPh, PPh,
spacer © \__~ spacer —NH H
1 2 3

metals

{Rh(n*-COD)}*, {RuH(n® -arene)}, {Pd(m>3-allyl)}*

Fig. 3 Chemical diversity generated by different spacers, ligands, and metals as applied in the
chemogenetic designed evolution described herein

is also convenient to limit the variations to a few designed choices, e.g.,
avidin and streptavidin. The latter provides a deeper binding pocket for the
biotinylated metal complex. It is envisaged that as we learn more about the
reaction mechanisms of these particular hybrid catalysts, particularly as con-
cerns the second coordination sphere, we will be able to make wiser choices
for designed evolution, optimally leaving the really fine-tuning to genetic,
evolutionary approaches.
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chemical diversity chemo
AL diversity
/spacer ligand scaffold\

8—.— ML, X,
% avidin gene "N M, N N
s-@- -ML, \_x " activity & selectivity gg_._ L,

screen
streptavidin gene 8 ML, e X : . :

+ mutants 8-@-ligand-ML, “ diversity matrix
; N ificial metalloenzyme
s-@-ligand-ML, —N__wm, artific
8 biofi catalyti(n: =X with improved property
iotin - spacer
moiety )
ligand designed structural
scaffold information

evolution

8—@-ligand-ML, iterate

optimized
artificial metalloenzyme

Fig. 4 Starting with a subset of appropriate protein scaffolds and chemically diverse homogene-
ous catalysts, a chemogenetic diversity matrix can be used to screen for improved characteristics.
Designed evolution consists of iterative rounds of screening and selection of the chemogenetic
diversity that is introduced, at least partially, according to the structural information available

2.1 Hydrogenation

Applying this designed evolution strategy we were able to improve the artificial
hydrogenases of Whitesides and Chan significantly [36—42]. Using wild-type
streptavidin (WT Sav) combined with Biot-1 (Fig. 3) as a starting point, two steps
of evolution of the artificial enzyme (first step is chemical optimization; second
step is genetic optimization) lead to reversal and improvement of enantioselectivity
for the hydrogenation of a-acetamidocinnamic acid from 96% ee in favor of (R) to
88% ee in favor of () (Fig. 5) [38, 40].

Further studies showed that introduction of chiral amino acid spacers — proline
I or phenylalanine IIT — between the biotin anchor and the flexible aminodiphos-
phine moiety 1, combined with saturation mutagenesis at position S112 of strepta-
vidin, affords second generation artificial hydrogenases displaying improved organic
solvent tolerance, reaction rates, and selectivities (=95% ee for both enantiomers)
(Scheme 2) [36, 39].

Many organic substrates are only poorly soluble in water, thus limiting the scope
of aqueous phase catalysis. The addition of either an organic co-solvent or a
surfactant often allows this serious limitation to be overcome. In order to investigate
the robustness and performance of artificial metalloenzymes in organic solvents,
we tested them in the presence of increasing amounts of dimethyl sulfoxide
(DMSO) or ethyl acetate under biphasic conditions [39, 41]. The first generation
catalyst [Rh(COD)(Biot-1)]* performs poorly in the presence of organic solvents
(Table 2, entry 1 vs. entries 2 and 3). In strong contrast, for the catalyst [Rh(COD)
(Biot-I-1)]* including a constrained proline spacer, the conversion and ee remained
high (entries 4-6) in the presence of organic solvents. Although the catalyst affords
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nearly racemic product in the absence of host protein, the chirality of the product
is dictated by the absolute configuration of the spacer upon incorporation within
(strept)avidin (entry 4 vs. 6, R or S). In addition, the immobilization of the artificial
metalloenzyme using commercially available biotin-sepharose gave comparable
results to the homogeneous counterparts [Rh(COD)(Biot-1)]* (entry 7 vs. 1).

The kinetic parameters for selected artificial hydrogenases were determined and
the Michaelis—Menten parameters are listed in Table 3. The reactions were carried
out at 2 bars hydrogen pressure and room temperature, with the more soluble sub-
strate N-acetamidoacrylic acid.

ligand/spacer (1.0 mol%)
[Rh(COD),]BF, (0.9 mol%)

COH Sav (0.33 mol%) CHOZH
P NHAc MES buffer (0.1 M, pH 5.5) Ph’  NHAc
H, (5 bar), RT, 15 h
(R) % ee
100 —[Rh(COD)(Biot-1)]*cWT Sav
80 | +94 % ee v
60 —
i [ chemical screening: 18 ligands |
w0 L/
20 — .
0 —— Racemic '
20 — :
— : enetic screening: 20 variants
40 '[Rh(COD)(Biot-V™-1)]*CWT Sav /J 9 g |
60 [— -55 % ee |
80 — . [Rh(COD)(Biot-V™"4-1)]*S112K
100L— Sav -88 % ee
(S) % ee

Fig. 5 Two steps of evolution of [Rh(COD)(Biot-1)]*cWT Sav (first step is chemical optimiza-
tion; second step is genetic optimization) [38, 40]

(R): yield quant.

Biot-1 (1.0 mol%) ee 96%
S112G Sav (0.33 mol%) CO.H
acetate buffer (0.1 M, pH 4) Nl:'Ac
CO,H [Rh(COD),]BF, (0.9 mol%)
"~ WHAc  Ha(8bar), RT, 15 hours Biot-1-1 (1.0 mol%)
S112W Sav (0.33 mol%) CO.H
MES buffer (0.1 M, pH 5.5) NHAC

(S): yield quant.
ee 95%

Scheme 2 Summary of selected results of the asymmetric hydrogenation improved by designed
evolution [36, 39]
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All catalytic systems studied display Michaelis—Menten behavior. Compared to
the protein-free catalyst (Table 3, entry 1) all artificial hydrogenases display higher
affinity for the substrate (i.e., smaller K, entries 2-4) and increased turnover
frequencies (i.e., larger k). It thus appears that incorporation of a biotinylated
catalyst within streptavidin contributes to improve both its selectivity and its activ-
ity. We hypothesize that this latter feature may be caused by the accumulation of
the hydrophobic substrate and H, in the vicinity of the active site, which bears
hydrophobic amino acid residues.

In summary, relying on a chemogenetic optimization procedure, we have
produced artificial hydrogenases based on the biotin—avidin technology for the
enantioselective reduction of N-protected dehydroaminoacids [up to 96% ee (R)
and 95% ee (S)] [36, 39]. Next, we outline our recent findings in artificial allylic
alkylases based on a similar strategy.

2.2 Allylic Alkylation

C-C bond-forming reactions play an important role in asymmetric synthesis.
In homogenous catalysis, palladium-catalyzed reactions are used for the construction

Table 2 Selected results for the synthesis of N-acetyl alanine in the presence of organic
solvents or with immobilized artificial metalloenzyme (on sepharose) [39]*

Entry Ligand Protein Organic solvent ee® (conv.)

1 Biot-1 WT Sav DMSO 9% 94 (quant.)
2 Biot-1 WT Sav DMSO 45% 16 (71)

3 Biot-1 WT Sav EtOAc 30 (56)

4 Biot-(5)-I-1 S112M Sav DMSO 45% 69 (quant.)
5 Biot-(S)-I1-1 S112M Sav EtOAc 64 (quant.)
6 Biot-(R)-I-1 WT Sav DMSO 45% —87 (quant.)
7 Biot-1 + Biot- WT Sav DMSO 9% 83 (quant.)

sepharose

*Conditions: [Rh(COD),]BF, (0.9 mol%), Biot-1 (1.0 mol%), WT Sav (0.33 mol%), MES
buffer (0.1 M, pH 5.5), H, (5 bar), RT, 15 h

"Positive- and negative ee values correspond to the (R)- and (S)-enantiomers, respectively

Table 3 Michaelis—Menten parameters for the reduction of N-acetamidoacrylic acid with
selected artificial hydrogenases at 2 bars H, and room temperature®

DMSO Vi Ko Ky,
Entry Ligand Protein (%) (mM min™") (min") (mM)
1 Biot-1 - 9 0.173 3.06 7.38
2 Biot-1 WT Sav 9 0.254 4.49 3.18
3 Biot-(R)-I-1 WT Sav 30 0.695 12.30 4.36
4 Biot-(R)-I-1 WT Avi 30 0.634 11.23 4.80

“*Conditions: [Rh(COD),]BF, (0.62 pmol), ligand (0.62 pmol), protein (0.207 umol), MES
buffer (0.1 M, pH 5.5, 10 mL), H, (2 bar), RT
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of complex organic molecules via C—C bond-forming reactions [47]. As this versa-
tile precious metal is absent in natural enzymes, Nature has implemented different
strategies to create C—C bonds using enzymes (C—C lyases) [48].

Among asymmetric bond-forming reactions, the metal-catalyzed asymmetric
allylic alkylation (AAA) is versatile and has found numerous applications [49].
While palladium involves a net retention via a double inversion mechanism with
“soft” nucleophiles and a net inversion path with “hard” nucleophiles, many other
metals also catalyze allylic alkylation (e.g., Rh, Ru, Ir, Mo, W, and Cu), which may
involve different stereochemical courses [49].

Since the AAA in aqueous solution has been most studied with Pd(diphosphine)-
bearing catalysts, we screened the library of biotinylated diphosphine ligands that
were initially used in the hydrogenation study (Sect. 2.1). Our initial experiments
focused on symmetric 1,3-diphenylallyl acetate and dimethylmalonate as soft
nucleophiles (Scheme 3) [50]. It is widely accepted that the enantiodiscrimination
event occurs through the external attack of a soft nucleophile on a palladium n?3-
allyl intermediate. The AAA thus bears resemblance to enzymatic reactions, in
which a reactant need not necessarily bind to the active site of the enzyme for the
reaction to proceed with high stereoselectivity [51]. The second coordination
sphere may thus play an important role in ensuring selectivity.

In order to favor the alkylation over the hydrolysis of the acetate-bearing sub-
strate in aqueous media, the addition of a cationic surfactant proved beneficial
(Table 4, entries 1-3). Having identified suitable reaction conditions for the AAA
catalyzed by artificial metalloenzymes, we proceeded to screen the diversity matrix
provided by combining 22 (strept)avidin isoforms with 13 [Pd(n*allyl)
(Biot-spacer-1)]* type complexes. The results are summarized as a fingerprint in
Fig. 6 and selected results are listed in Table 4 (entries 4-8).

In contrast to artificial hydrogenases, only selected biotinylated catalystc(strept)
avidin combinations yielded active catalysts. In this context, rigid spacers bearing

~ +
Yo X | ph -~ pn
Pd
Ph_X_Ph
de r B 2 MeO,C~ > CO,Me
MeO,C~ ~CO,Me

+

Ph\(\/Ph H
2 hc Ph (Sl Ph
\ ~ + j\/\/
XY) Y%X—| MeO,C~ ~CO,Me

/
Ph"C D “Ph

e
2

A and D: nucleophilic attack to form the (R)-enantiomer
B and C: nucleophilic attack to form the (S)-enantiomer

Scheme 3 Asymmetric allylic alkylation of symmetric 1,3-diphenylallyl acetate by malonic
dimethylester
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3

Ph Y\/Ph . [Pd(n™-allyl)Cl], cat. 0.02 eq. Ph xPh
oA + MeO,C CO,Me ligand 0.048 eq., protein 0.013 eq.

C K,CO, 5 eq., surfactant (DMB) 2 eq.

MeO,C CO,Me
1eq. 5eq.

5 mM H,0/DMSO 10/1, RT, 16 h
5o
£ £t 5
2 > z > _
SO« >d_u>3 8 -r0O=QWIXCEZOoOOO >
Q_NNNNNNNN”’NNNNNNNNNNNN<
e e
O r mmrrrrr o+ r1r - T = = =
SO OONOOOONSOONOOOOODOdOO OO S
Biot-1
Biot-IV,-1
Biot-1V2-1
Biot-1V3-1

100% conv. 0%

Biot-1Va-1
Biot-V°°.1
Biot-V™®*-1

Biot-VP2.1
Biot-(S)-lI-1
Biot-(R)-ll-1

Biot-(S)-1-1

Biot-(R)-1-1

Biot-(S)-II-1
Biot-(R)-II-1

Fig. 6 Fingerprint of the chemoenzymatic screening for improved activity (color depth) and
selectivity (color change). DMB didocyldimethylammonium bromide [50]

Table 4 Selected results for the AAA using different spacers and
Sav isoforms [50]*

Entry Spacer Sav isoform ee (conv.)°
1 I - —(<5)

2 No spacer WT Sav 14 (<5)¢

3 No spacer WT Sav 29 (21)

4 yertho S112A 90 (95)

5 Vertho S112A 93 (20)°

6 Vertho S112Q =31 (96)
7 (R)-1I S112M —73 (88)
8 (R)-1 S112G-V47G —-82 (82)

9 Vertho S112A 95 (94)¢

“Reaction conditions: The catalyst precursor was prepared in situ
from [PdCl(Tﬁ—th allyD)], (0.02 equiv) and the biotinylated ligand
(0.048 equiv) in DMSO, and an aqueous solution of (strept)avidin
(binding sites: 0.054 equiv), K,CO, (5 equiv), DMB (2 equiv),
H,C(CO,Me), (5 equiv), and allylic acetate (1 equiv, final concen-
tration 4 mM) was added. Final volume 435 uL, DMSO/
H,O = 1:10. The reaction mixture was stirred for 16 h at RT
"Positive- and negative ee values correspond to the (R)- and (S)-
enantiomers, respectively

‘No DMB was added

4At 40 °C for 1 h, 50% DMSO, no DMB added (Lo and Ward,
unpublished results)
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one or two carbon atoms between the amino-acid functionalities proved most
active: the ortho-substituted aromatic amino acid spacer Vo yielded mostly (R)-
alkylation products, except when combined with S112Q Sav (entries 4-6). The
most (S)-selective catalysts included an (R)-piperidine and proline spacer (Biot-(R)-
II-1 and Biot-(R)-I-1) (entries 7, 8). Initially, the use of surfactant with these artifi-
cial lyases was essential as the yield dropped to 20% in its absence (entry 5).
However, since the selectivities of the catalytic runs performed in their presence
were comparable to those performed without DMB, we hypothesize that the struc-
ture of the protein is not significantly affected by the presence of surfactant. Most
recently, we have shown that the artificial alkylases can operate in 50% DMSO
without addition of DMB, affording alkylation products in up to 95% ee (entry 9)
(Lo and Ward unpublished results).

In contrast to other reactions implemented so far with artificial metalloenzymes
there is, to the best of our knowledge, no enzyme known that catalyzes such C—C
bond-forming allylic alkylations. The final section of this chapter focuses on carbo-
nyl reduction via a transfer hydrogenation mechanism.

2.3 Transfer Hydrogenation

The reduction of C=0 and C=N bonds is a fundamental reaction that has been inves-
tigated with both enzymatic [48] and homogeneous [52] catalysis. Both systems
achieve high levels of enantioselectivity. However, enzymes such as alcohol dehydro-
genase need precious cofactors like NAD(P)H, which have to be regenerated (mostly
done using whole cell fermentations). Homogeneous transfer hydrogenation
(Meerwein—Ponndorf—Verley reduction) based on d®-piano-stool complexes has
proven to be efficient and selective by regenerating the organometallic hydride by a
[B-H abstraction between the catalyst precursor and a sacrificial hydrogen donor (e.g.,
isopropanol or formate, Scheme 4) [53, 54]. The transfer hydrogenation mechanism
by d-piano-stool complexes is well-studied and it is generally accepted that the
prochiral substrate does not bind to the metal. Instead, it proceeds via a second coor-
dination sphere mechanism where a hydride and a proton are delivered to the C=0
(or C=N) moiety (Scheme 4). In this context, acetophenone derivatives are preferred
substrates as C—H---1 interactions occur between the substrate’s aryl group and the
nS-capping arene [55]. The asymmetric transfer hydrogenation of dialkyl ketones thus
remains challenging for such catalysts [56]. Alcohol dehydrogenases solve this prob-
lem with an exquisitely tailored second coordination sphere of the active site [48].
Assuming that the enantioselection mechanism for artificial transfer hydroge-
nases using biotinylated d®-piano-stool complexes should be similar to the homo-
geneous systems, we initially focused on the reduction of prochiral acetophenone
derivatives [57-59]. Systematic variation of the pH revealed that these systems
perform best at pH 6.25. As the pH rises during catalysis, we used a mixed buffer
consisting of a sodium formate and boric acid mixture. Addition of MOPS further
contributed to stabilization of the pH and improved the selectivity of the system.
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Having identified suitable conditions, we proceeded to screen 21 biotinylated d°-
piano-stool complexes with the 20 Sav isoforms (S112X) resulting from saturation
mutagenesis at position S112. The reduction of several acetophenone derivatives
was achieved with [RuH(n¢-arene)(Biot-spacer-3)]cSav with good activities and
selectivities (Table 5). Most remarkably, the choice of capping arene (benzene or
p-cymene) was shown to exert a strong influence on the enantiomer produced pref-
erentially (entries 1 vs. 2, 3 vs. 4). This propensity can partially be overruled by
introduction of cationic residues at position S112 (e.g., S112K), favoring (S)-
products with modest conversions and selectivity (entry 5 vs. 6). With this first

(o}
Biot-VI._
co, </ N\
RuH
HCO,H 7/CH attraction

R

Ru

Biot-VI-N"  “NH
/

OH

Ph)\

Scheme 4 Catalytic cycle for the Ru-catalyzed transfer hydrogenation of acetophenone and
reduction of the Ru-catalyst by formate to form the Ru-hydride RuH

generation artificial transfer hydrogenases, dialkyl alcohols were produced with
only modest enantioselectivity (entries 7, 8).

After many unsuccessful attempts, we were fortunate to crystallize the most
promising (S)-selective artificial transfer hydrogenase: [RuCl(n’-benzene)(Biot-
VIr-3)]cS112K Sav (Fig. 7) [57]. Several noteworthy features are apparent from
this X-ray structure:

i. The Ru-occupancy in the refined structure is only 20%.

ii. The absolute configuration of the metal is (§)-Ru. This configuration is pre-
dicted to afford (S)-reduction products in the homogeneous system. Interestingly,
(S)-reduction products are produced preferentially with [RuCl(n°®-benzene)
(Biot-VI'*“-3)]cS112K Sav.
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Table 5 Selected results for the transfer hydrogenation of prochiral ketones by artificial
metalloenzymes [59]

RuH (n%-arene) (Biot-VIP#2-3)] (120 uM)

[
j\ Sav isoform (0.36mol%)
R MOPS buffer (0.15 M) pHi,itial = 6-25 R

HCOONa (0.48 M), B(OH)g (0.41 M)

Ol

12 mM

55°C, 64 h

Entry R n°-arene Sav isoform ee (conv.)* (%)
1 4-Bromophenyl p-Cymene S112N 82 (94)

2 4-Bromophenyl Benzene S112T =55 (90)

3 2-Pyridyl p-Cymene S112F 76 (95)

4 2-Pyridyl Benzene S112R =70 (95)

5 Phenyl p-Cymene S112Y 90 (95)

6 Phenyl p-Cymene S112K =20 (64)

7 CH,CH,Ph p-Cymene S112A 48 (98)

8 CH,CH,Ph Benzene S112A 52 (58)

Positive- and negative ee values correspond to the (R)- and (S)-enantiomers, respectively

Incoming prochiral
substrate

Fig. 7 X-ray crystal structure of [RuCl(n®benzene)(Biot-VIP**-3)]cS112K Sav [57]. a Only
monomer B (blue) is occupied by the biotinylated catalyst (ball and stick representation).
Monomer A is shown in green, C orange, and D yellow. b Highlight of close contacts between the
structure of [RuCl(benzene)(Biot-VI*“-3)] and amino acid residues of both monomers A and B
of S112K Sav

iii. Residues K112 and K121 are in the close proximity of the Ru-center.
Importantly, both residues from monomers A and B contribute to encapsulate
the piano-stool moiety in a well-defined chiral environment.

iv. Residue L124 of monomer B (where the biotinylated catalyst is located) dis-
plays a close contact to the SO, group of the ligand.
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biotinylated M
iotinylate: .
sepharose BiotHN
o= , -H
MLy, ML, AR
- NH,
homo-tetramer of
(strept)avidin
O OH
L124V Sav, catalyst ML, ;
NaO,CH-B(OH); /©/\
Br MOPS buffer (p Hijjyia 6.25) Br
55 °C, 64h

immobilized: ee 83 % (conv. 90 %)
non-immobilized: ee 91 % (conv. 96%)

Fig. 8 Overcoming the purification bottleneck via immobilization of streptavidin isoforms using
biotin-sepharose [57]

Based on these observations, we designed a second round of Sav isoforms bearing
mutations at either position 121 or 124. These two positions were subjected to
saturation mutagenesis using either S112A, which is (R)-selective; S112K Sav,
which is (S5)-selective; or WT Sav as the background. These 120 Sav isoforms were
combined with either [RuH(m°-benzene)(Biot-VI*-3)] or with [RuH(Mn®%p-
cymene)(Biot-VI*““-3)] and tested for the reduction of p-bromoacetophenone and
4-phenyl-2-butanone, thus yielding a total of 480 catalytic runs.

In contrast to enzymatic catalyst optimization, artificial metalloenzymes require
purified protein samples in milligram quantities. These requirements severely slow
down the screening process, the bottleneck being the protein purification by affinity
chromatography, followed by dialysis and lyophilization. To accelerate this proc-
ess, a straightforward extraction—immobilization protocol with biotin-sepharose
was implemented to capture functional Sav from crude cellular extracts (Fig. 8) [39,
57]. This procedure significantly hastened the optimization process, at the cost of a
slight erosion in selectivity.

The result of the screening of the immobilized artificial transfer hydrogenases is
displayed as a fingerprint in Fig. 9. The most promising results of artificial transfer
hydrogenases were subsequently reproduced using the purified non-immobilized
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Table 6 Summary of selected results for the catalytic experiments with purified homogeneous
artificial metalloenzymes [n°-(arene)RuH(Biot-VIP*“-3)]cSav

(0] [RuH(n®-arene)(Biot-VIP#2-3)] (120 uM)
R, Sav isoform (0.36 mol%) R
Ry R4 2
MOPS buffer (0.15 M) pHjjitia = 6.25
12mM HCOONa (0.48 M), B(OH)3 (0.41 M)
55 °C, 64 h

Entry R/R, Arene Sav isoform ee (conv.)* (%)
1 4-Bromophenyl/H p-Cymene L124V 91 (96)
2 4-Bromophenyl/H Benzene S112A KI12IN =75 (98)
3 4-Bromophenyl/H p-Cymene S112A KI121IN 70 (89)
4 4-Tolyl/H p-Cymene L124V 96 (97)
5 2-Pyridyl/H Benzene S112A KI121IN —92 (quant.)
6 CH,CH,Ph/H p-Cymene S112A K121S 77 (98)
7 CH,CH,Ph/H Benzene S112A K121W 84 (99)
8 CH,CH,OCH,Ph/H p-Cymene S112A KI121T 90 (quant.)
9 CH,Ph/CH, p-Cymene S112A KI121T 46 (50)

“Positive- and negative ee values correspond to the (R)- and (S)-enantiomers, respectively

catalysts in the presence of various substrates (Table 6). From this extensive screen-

ing

i.

il.

iii.

iv.

several interesting trends emerge:

For acetophenone derivatives, selectivities of up to 96% (R) and 92% (S) were
obtained (entries 1-5). Strikingly the substitution of benzene for p-cymene in
the presence of the double mutant S112A K121N gives near mirror images for
the reduction of acetophenone derivatives (entries 2 vs. 3).

The best Sav isoforms originate from the S112A background. We speculate that
a small side chain at position S112 may allow increased influence of beneficial
K121X or L124X mutations.

Saturation mutagenesis at position K121 is more effective for the optimization
of enantioselectivity than at position L124. We hypothesize that the double
interaction with the piano-stool complex itself and the substrate may be benefi-
cial. Interaction with the substrate seems to play an important role for the enan-
tioselective reduction of dialkyl ketones. Since no CH:--x interaction is possible
with the dialkyl substrate, the enantiodiscrimination must arise from interac-
tions with the protein, as in the case of natural enzymes.

While the enantioselectivity for acetophenone derivatives can be improved to
>90% with Sav isoforms bearing single point mutations, a designed evolution
protocol was required to identify double mutants for dialkyl ketones with similar
selectivities (entries 1 vs. 8). As the CH--m interaction cannot operate for
dialkylketones, the influence of the n®-arene on the enantioselectivity is much less
pronounced than with acetophenone derivatives (entries 6, 7). Thus, the improved
selectivity relies mostly on the evolved secondary coordination sphere and not on
the n®-arene---substrate interactions, which is typical for homogeneous catalysts.

. Interestingly, substitution of a methyl by an ethyl group in the substrate affords

low reaction yields. Such substrate specificity is similar to that of yeast alcohol
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dehydrogenases which, in general, only accept aldehydes and methyl ketones as
substrates [48].

3 Conclusion and Perspectives

This chapter summarizes the development of artificial metalloenzymes for enanti-

oselective catalysis based on the biotin—avidin technology. In the past 5 years and

relying on a chemo-genetic optimization procedure, we have been able to produce

hybrid catalysts for hydrogenation, transfer hydrogenation as well as for allylic

alkylation reactions, with selectivities exceeding 90% ee. As outlined, these systems

combine attractive features both of homogeneous catalysts as well as of enzymes.
The next challenges in the field of artificial metalloenzymes include:

i. Increasing the turnover number and turnover frequency of these systems to render
these systems cost-competitive with the best enzymatic or homogeneous cata-
lysts. Much along the lines of enzyme optimization, one should develop a rapid
activity screen and apply it in combination with a directed evolution scheme.

ii. Investigating reactions that are challenging both for homogeneous and enzy-
matic catalysts. In this context, most of our current effort focuses on selective
oxidation reactions. We speculate that, in the spirit of methane monooxygenase,
the second coordination sphere interactions may prevent the thermodynami-
cally favored over-oxidation of the product.

iii. Extending the concept of artificial metalloenzymes towards red biotechnology
applications. For this purpose, we are currently testing artificial hydrolases for
phosphodiester hydrolysis (restriction enzymes) as well as amide hydrolysis
(proteases). We speculate that the large contacts between the streptavidin host
and the macromolecule (DNA or protein) may allow the achievement of unri-
valled levels of selectivity.
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