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In recent years, [Cp*RhCl2]2, where Cp* is pen-
tamethylcyclopentadienyl, has emerged as a
versatile catalyst for electrophilic aromatic C–H
activation reactions (20). Elegant work by the
groups of Fagnou and Glorius showed that
pivaloyl-protected benzhydroxamic acids may
be efficiently coupled with alkenes to access
dihydroisoquinolones in good yield at room tem-
perature (21, 22). An exogeneous base is required
for the orthometallation step (23). Computations
suggest that the C–H activation process occurs
via a concerted metalation-deprotonation (CMD)
mechanism (24). The presence of a base signif-
icantly lowers the activation energy of this step.
As three coordination sites are required around
the Cp*Rh moiety for catalysis (25), it has been
difficult to introduce an asymmetric ligand, and
no enantioselective version of this attractive
benzannulation reaction has been reported thus
far. In a biomimetic spirit, we hypothesized that
incorporation of a biotinylated [Cp*RhX2]2 com-
bined with an engineered aspartate or glutamate
residue might yield an asymmetric catalyst for
the production of enantioenriched dihydroisoqui-
nolones (Fig. 1).

We initially examined the viability of the
[RhCp*Cl2]2-catalyzed reaction between pivaloyl-
protected benzhydroxamic acid (1a) and methyl
acrylate (2a) to dihydroisoquinolone (3a) under
aqueous conditions. Although this reaction is
typically performed in MeOH or EtOH (22, 23),

we were pleased to find that the reaction pro-
ceeds to completion in a 4:1 mixture of H2O/MeOH
under basic conditions (200 mole % CsOAc), de-
spite the sparing solubility of the substrates in this
solvent mixture. Next, we designed a biotinylated
analog [RhCp*biotinCl2]2 (26) for incorporation
within streptavidin (Sav) (Fig. 1). Two equivalents
of [RhCp*biotinCl2]2 were required to displace
weakly bound 2-(4-hydroxyphenylazo)benzoic
acid (HABA) in tetrameric streptavidin (27). This
suggests that the dimeric catalyst precursor dis-
sociates in aqueous solution to RhCp*biotinCl2(H2O)
and that the four biotin-binding sites of Sav can
be loaded with the monomeric biotinylated cat-
alyst precursor (28).

When we combined benzhydroxamic acid 1a
with 1.1 equivalents of methyl acrylate 2a in a 4:1
mixture of H2O:MeOH in the presence of tetra-
meric wild-type (WT) Sav and [RhCp*biotinCl2]2,
only a trace amount of product was observed
after 36 hours at room temperature (Table 1,
entry 3). To increase conversion, we introduced
a basic residue in the proximity of the rhodium
moiety. As highlighted in an Auto-Dock (29) mod-
eling study (Fig. 1D), residues S112A and K121B
(of the adjacent Sav monomer B) lie closest to
the metal center upon incorporation within WT
Sav. We thus introduced by site-directed muta-
genesis a basic residue at either of these positions.
The presence of a glutamate residue at position
112 (S112E) has a marginal effect on the activ-

ity of the catalyst (Table 1, entry 5). Introduction
of a glutamate residue at position 121 (i.e.,
K121E) again gives low conversion (Table 1, en-
try 7). Mutation to an aspartate at position 121
(i.e., K121D) improved the conversion to 89%
after 72 hours (Table 1, entry 8). To confirm that
this increase in activity was indeed caused by
the presence of a carboxylate residue, we intro-
duced an asparagine residue (i.e., K121N). As-
paragine is sterically and electronically similar
to aspartic acid but lacks the ability to facil-
itate the critical C–H activation step. As antici-
pated, K121N gave low conversion after 36 hours
(Table 1, entry 9). The data thus suggest that the
reaction is critically dependent on the precise
localization of a carboxylate residue provided
by Sav. We speculated that if the position of
the carboxylate residue at position 121 could be
further fine-tuned, increased conversions might
result. This was realized upon combining a glu-
tamate at position 121 with a lysine at position
118 (i.e., N118K-K121E). In addition to increased
activity, this catalyst also gave enhanced levels
of regioselectivity for alkene insertion (15:1)
by comparison to the reaction in the absence
of protein (4:1) (compare Table 1, entry 1 versus
entry 10).

With a mutant exhibiting superior activity in
hand, we were eager to determine whether the
transformation could be rendered asymmetric
thanks to the chiral nature of the active site. A
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Fig. 1. (A) Synergistic action of a basic residue introduced by site-directed
mutagenesis and a biotinylated RhCp*biotinCl2 moiety acting as catalyst for
an abiotic reaction. (B) Benzannulation reaction catalyzed by the artificial me-
talloenzyme for the synthesis of enantioenriched dihydroisoquinolones. (C)

Postulated transition state for the C–H activation step. (D) Auto-Dock model
of biotinylated RhCpbiotin(OAc)2 complex anchored in the proposed active site
of the streptavidin tetramer with key residues highlighted (adjacent complex
in Sav monomer B omitted for clarity).
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Transi#on	metal	complexes	and	their	sphere	of	influence		
	

2	

Ligands	around	the	metal	modulate	electronic	proper3es	and	provide	the	
architecture	for	steric	influence.	
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ABSTRACT: Transition metal catalysts and enzymes possess unique and
often complementary properties that have made them important tools for
chemical synthesis. The potential practical benefits of catalysts that combine
these properties and a desire to understand how the structure and reactivity
of metal and peptide components affect each other have driven researchers
to create hybrid metal−peptide catalysts since the 1970s. The hybrid
catalysts developed to date possess unique compositions of matter at the
inorganic/biological interface that often pose significant challenges from design, synthesis, and characterization perspectives.
Despite these obstacles, researchers have developed systems in which secondary coordination sphere effects impart selectivity to
metal catalysts, accelerate chemical reactions, and are systematically optimized via directed evolution. This perspective outlines
fundamental principles, key developments, and future prospects for the design, preparation, and application of peptide- and
protein-based hybrid catalysts for organic transformations.
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1. INTRODUCTION
Catalytic chemistry plays an essential role in the production and
functionalization of an enormous range of chemicals,
biomolecules, and materials.1 The resulting products have a
direct impact on human health, quality of life, and the global
economy. Given this scope and importance, a range of different
systems, including heterogeneous solids, homogeneous small
molecules and metal complexes, and enzymes, have been
developed as catalysts for chemical synthesis.2 Each of these
catalyst classes possesses a number of defining characteristics
that differentiate their potential utility for problems in organic
synthesis.
Homogeneous Transition Metal Catalysis. Homoge-

neous transition metal complexes catalyze a broad range of
challenging chemical transformations, including cross-coupling
reactions,3 C−H bond functionalization,4 and olefin polymer-
ization5 and metathesis.6 In general, such catalysts consist of a
metal ion bound to some number of ligands that comprise the
primary coordination sphere of the metal.7 These ligands can
be readily and rationally modulated to alter the reactivity of the
metal center and to generate chemoselective catalysts that react
with a particular functional group, ideally, regardless of its
molecular context. Such catalysts are said to have broad
substrate scope. Ligand substituents proximal to the metal
center can be used to modulate the interaction of the metal
with substrates to impart stereo- and site selectivity.
Importantly, ligand substituents distal to metal centers, those
comprising the secondary coordination sphere of the metal, are
increasingly appreciated to impact catalyst reactivity and
selectivity.8−11 Hydrogen bonding, hydrophobic, electrostatic,
and steric interactions have been invoked in this regard,12 as
exemplified by two classes of catalysts. The first includes a

number of Ni−salicylaldiminato complexes that exploit bulky
substituted terphenyl groups on the salicylaldiminato core to
control polyethylene molecular weight, branching, and micro-
structure through both steric and electrostatic (C−F···H−C
hydrogen bonding) effects (Scheme 1A).13,14 The second
involves a carboxylic acid-substituted Mn−terpyridine complex
that uses hydrogen bonding to position suitable carboxylic acid-
substituted substrates for selective oxo-insertion into C−H and
CC bonds (Scheme 1B).15,16 Altering such structures to fine-
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Scheme 1. Structures of Substituted (A) Ni−
Salicylaldiminato13,14 and (B) Mn−Terpyridine15,16
Catalysts Whose Activity Depends on Secondary
Coordination Sphere Effects
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The	2nd	Coordina#on	Sphere	
	

In	conven#onal	homogenous	
catalysts,	the	design	of	this	2nd	
coordina#on	sphere	is	generally	
challenging.	Since	the	architecture	
is	also	connected	to	the	primary	
binding	ligands,	only	a	limited	
control	is	possible.		
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2nd	coordina#on	sphere	in	Enzymes.	
	

Apart	from	the	reac#ve	residues,	influence	from	amino	acid	side	chains	in	the	
surrounding	microenvironment	aid	in	catalysis	and	selec#vity.	In	a	sense,	subtle	
contribu#ons	from	the	en#re	protein	structure	provide	enzymes	with	their	
exquisite	selec#vity.	

hQps://en.wikipedia.org/wiki/Oro#dine_5%27-phosphate_decarboxylase#/media	



The	Amino	Acid	Arsenal	
	

The	21	natural	amino	acids	
provide	a	paleQe	of	
coordina#ng	and	scaffolding	
ligands	for	engineering	the	
protein	microenvironment.	
	
Decades	of	seminal	advances	in	
molecular	biology	allow	site	
specific	modifica#ons	of	
enzymes.		

hQp://ccsb2.dfci.harvard.edu/workshop/amino-acid/	



Protein	Expression	and	Engineering	
	

•  Proteins	are	always	produced	by	their	synthesis	in	different	expression	systems.	
Most	commonly,	bacteria	are	used.	

•  The	protein	sequence	is	controlled	by	the	input	gene	(DNA)	sequence.	By	
manipula#ng	the	DNA	sequence,	various	modifica#ons	in	the	target	protein	can	be	
achieved.	

•  Small	molecules	are	modified	synthe#cally;	proteins	are	modified	gene3cally.	



Protein	Expression	and	Engineering	
	

•  Protein	modifica#ons	can	includes	amino	acid	subs#tu#ons,	muta#ons	and	
dele#ons.	Non-natural	amino	acids	can	be	incorporated.		

•  An	extended	pep#de	sequence	can	also	be	inserted	or	deleted.		

•  However,	the	effect	of	such	modifica#ons	on	protein	func#on	is	generally	
challenging	to	predict.	

hQp://biomedicalcomputa#onreview.org/content/compu#ng-beQer-enzymes-op#mizing-directed-evolu#on	



Enzymes	in	Industry	and	Organic	synthesis	
	

(2013)	

•  A	number	of	industrial	transforma#ons	use	
enzymes.	

•  Environmently	friendly	and	extremely	mild	
reac#on	condi#ons	addi#onally	favour	their	use	
in	industry.		



Comparing	Homogenous	Catalysis	to	Enzyme	Catalysis	

A	desirable	goal	 is	to	combine	the	 large	reac3on	repertoire	of	organometallic	
catalysis	 with	 the	 specificity	 and	mild	 reac3on	 condi3ons	 offered	 by	 enzyme	
catalysis.	

talysis. In particular, directed evolution (i.e., genetic optimiza-
tion) combined with high-throughput screening has significantly
facilitated the optimization of customized enantioselective
enzymes.13-18
Perhaps most relevant to this study, and in contrast to

organometallic catalysts, is that enzymes exquisitely tailor both
the first and the second coordination sphere of their active site
to afford efficient and selective catalytic systems (Table 1).
From these considerations, it appears that homogeneous and

enzymatic catalyses are in many respects complementary. By
anchoring an organometallic catalyst precursor into a host
protein, we hoped to create artificial metalloenzymes with
properties reminiscent of both kingdoms.
To be able to readily deconvolute the influence of the organo-

metallic fragment from the influence of the protein, we focus
on enantioselective catalysis. Incorporation of an achiral catalyst
precursor in the host protein ensures that any level of enanti-
oselection is induced by the second coordination sphere provided
by the protein. Such an approach offers several appealing
features: (i) the possibility of dissociating the activity (primarily
dictated by the organometallic catalyst precursor) from the
selectivity (governed by the host protein); (ii) the use of
orthogonal diversity-generating procedures (molecular biology
for the protein optimization as well as parallel synthesis for the
organometallic fragment); and (iii) a novel approach to exploit
weak interactions in enantioselective homogeneous catalysis.
Inspired by the seminal work of E. T. Kaiser,19 several groups

have recently developed methods to covalently modify proteins
by incorporating transition-metal catalysts to yield hybrid
catalytic systems with promising properties.15,20-23
The approach we focus on relies on a noncovalent incorpora-

tion (i.e., supramolecular) of the organometallic catalyst precur-
sor in the protein. Since no chemical coupling step is required

upon addition of the catalyst precursor to the protein, we
reasoned that the integrity of the organometallic species would
be warranted. To ensure the localization of the organometallic
catalyst precursor within the protein, however, a very strong
noncovalent host⊂guest (i.e., a protein inhibitor) system should
be selected. The biotin-avidin system naturally comes to
mind.24 The principle of the biotin-avidin technology (often
referred to as molecular velcro) relies on the extraordinary
affinity of biotin for either avidin or streptavidin (Ka ∼ 1 ×
1014 M-1).25 Most importantly, it is generally accepted that
derivatization of the valeric acid side chain of biotin does not
affect significantly the strength of the biotin-avidin interaction
as most stabilizing contacts are located on the bicyclic frame-
work of (+)-biotin.25 In the past 20 years, the biotin-avidin
technology has found numerous applications in various fields
of biotechnology, including ELISA, immunolabeling, affinity
targeting, drug delivery, and so forth.26 Whitesides was the first
to suggest the use of the avidin as a host for enantioselective
catalysis.27,28 In the same spirit, Watanabe recently reported on
the apomyoglobin as a host for Cr(III) Schiff base complexes
in the oxidation of sulfides.29
Herein, we report on the use of avidin and streptavidin

(abbreviated hereafter (strept)avidin) as a host protein for
biotinylated rhodium-diphosphine complexes. The resulting
artificial metalloenzymes are tested in the enantioselective
hydrogenation of acetamidoacrylic acid. Both chemical and
genetic methodologies (i.e., chemogenetic optimization)20 are
used to optimize the enantioselectivity of the hybrid catalyst
(Scheme 1).30

Results and Discussion
Ligand Synthesis. The approach used in this study relies on

amide bond coupling reactions for the synthesis of the bioti-
nylated ligands. Two different amino-diphosphine skeletons

(13) Powell, K. A.; Ramer, S. W.; del Cardayré, S. B.; Stemmer, W. P. C.;
Tobin, M. B.; Longchamp, P. F.; Huisman, G. W. Angew. Chem., Int. Ed.
2001, 40, 3948-3959.

(14) Reetz, M. T. Angew. Chem., Int. Ed. 2002, 41, 1335-1338.
(15) Reetz, M. T. Proc. Natl. Acad. Sci. U.S.A. 2003, 101, 5716-5722.
(16) Fong, S.; Machajewski, T. D.; Mak, C. C.; Wong, C.-H. Chem. Biol. 2000,

7, 873-883.
(17) May, O.; Nguyen, P. T.; Arnold, F. H. Nat. Biotechnol. 2000, 18, 317-

320.
(18) DeSantis, G.; Wong, K.; Farwell, B.; Chatman, K.; Zhu, Z.; Tomlinson,

G.; Huang, H.; Tan, X.; Bibbs, L.; Chen, P.; Kretz, K.; Burk, M. J. J. Am.
Chem. Soc. 2003, 125, 11476-11477.

(19) Kaiser, E. T.; Lawrence, D. S. Science 1984, 226, 505-511.
(20) Qi, D.; Tann, C.-M.; Haring, D.; Distefano, M. D. Chem. ReV. 2001, 101,

3081-3111.
(21) Reetz, M. T.; Rentzsch, M.; Pletsch, A.; Maywald, M. Chimia 2002, 56,

721-723.
(22) Nicholas, K. M.; Wentworth, P., Jr.; Harwig, C. W.; Wentworth, A. D.;

Shafton, A.; Janda, K. D. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 2648-
2653.

(23) Davis, B. G. Curr. Opin. Biotechnol. 2003, 14, 379-386.

(24) Kuntz, I. D.; Chen, K.; Sharp, K. A.; Kollman, P. A. Proc. Natl. Acad.
Sci. U.S.A. 1999, 96, 9997-10002.

(25) Methods in Enzymology: AVidin-Biotin Technology; Wilchek, M., Bayer,
E. A., Eds.; Academic Press: San Diego, CA, 1990; Vol. 184.

(26) Wilchek, M.; Bayer, E. A. Biomol. Eng. 1999, 16, 1-4.
(27) Wilson, M. E.; Whitesides, G. M. J. Am. Chem. Soc. 1978, 100, 306-307.
(28) Lin, C.-C.; Lin, C.-W.; Chan, A. S. C. Tetrahedron: Asymmetry 1999, 10,

1887-1893.
(29) Ohashi, M.; Koshiyama, T.; Ueno, T.; Yanase, M.; Fujii, H.; Watanabe,

Y. Angew. Chem., Int. Ed. 2003, 42, 1005-1008.
(30) Collot, J.; Gradinaru, J.; Humbert, N.; Skander, M.; Zocchi, A.; Ward, T.

R. J. Am. Chem. Soc. 2003, 125, 9030-9031.

Table 1. Comparing Homogeneous to Enzymatic Catalysis: Pros
and Cons

homogeneous
catalysis

enzymatic
catalysis

substrate scope large limited
enantiomers both enantiomers

accessible
single enantiomer

functional group tolerance small large
reaction repertoire large small
turnover numbers small large
solvent compatibility large small (aqueous)
optimization chemical genetic
second coordination sphere poorly-defined well-defined

Scheme 1. Artificial Metalloenzymes for Enantioselective
Hydrogenation Reactionsa

a The host protein (violet) displays high affinity for the anchor, biotin
(green); introduction of a spacer (blue) and variation of the ligand scaffold
(red) allow one to chemically optimize the enantioselectivity. Site-directed
mutagenesis allows a genetic optimization of the host protein.

A R T I C L E S Skander et al.

14412 J. AM. CHEM. SOC. 9 VOL. 126, NO. 44, 2004

Ward,	T.	R.	et	al.,	JACS.,	2004,	126,	14411.	



Metal	Complexes	with	Protein	Cloaks?	
	

Envisioning	an	ar3ficial	metalloenzyme	with	various	parameters	amenable	to	
modifica3on.	

G.	Roelfes,	Curr.	Opin.	Chem.	Biol.,	2014,	19,	135-143.	



The	First	Modified	Metalloenzyme-	Carboxypep#dase	A	

•  Carboxypep#dase	A	is	a	zinc-
containing	pep#dase.	

	
•  Specifically	hydrolyzes	the	C-

terminus	of	a	polypep#de.	

•  Par#cipa#on	of	side	chain	groups	in	
the	ac#ve	site	and	the	precisely	
posi#oned	zinc	ion	provides	a	
general	acid-base	catalyzed	
mechanism.	

Figure:	Chem.	Soc.	Rev.	2013,	42,	8360.		
12	
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redox potential, stabilizing the ligation of the alkanethiolate to
the iron–porphyrin. The hydrogen bonds also contribute to
achieving the best compromise between stabilization of the
thiolate ligand and electron donation from sulfur to iron,
which is advantageous for catalysis.

Metallohydrolases catalyze the cleavage of some of the most
stable bonds in nature, such as peptide amides and phosphate
esters. Carboxypeptidase A11 (CPA) is a zinc-containing peptidase
that specifically hydrolyzes the hydrophobic C-terminal peptide.
It is generally believed that the peptide substrate is hydrolyzed by
a general acid–base mechanism (Fig. 1B). Tyr248 provides
specificity for the substrate via hydrophobic interactions, while
it hydrogen bonds with the substrate carboxylate group to
promote the desolvation and orientation for a favorable cata-
lytic conformation.12 Arg145 donates double hydrogen bonds to
the carboxylate group to anchor the substrate and to neutralize
the negative charges, partly contributing to the substrate speci-
ficity. Glu270 acts as a proton relay: it abstracts a proton from
the zinc-bound water to activate the nucleophile and then
transfers the proton to the substrate to polarize the amide
bond and promote the expulsion of the leaving group.13 Arg127
stabilizes the proposed tetrahedral intermediate in the transi-
tion state through hydrogen bonds to the carbonyl oxygen.

Staphylococcal nuclease (Fig. 1C) catalyzes the hydrolysis
of DNA and RNA at the 30-site. The acceleration of the rate of
DNA hydrolysis reaches up to 1016 fold, which is probably the
highest enhancement for enzymatic phosphodiester cleavage. A
general acid–base catalytic mechanism involving Arg35, Glu43
and Arg87 has been proposed.14 The guanidinium of Arg35 is
hydrogen-bonded to the tetrahedral phosphate in the ground
state to neutralize the negative charge, enabling the subsequent
nucleophilic attack. The carboxylate of Glu43 is postulated to
be a general base to abstract a proton from the metal-bound
water, activating the calcium-bound hydroxo nucleophile.
As opposed to the mechanism of CPA, the proton is not
transferred to the leaving group, owing to the presence of
Arg87, whose positively charged guanidinium stabilizes the

trigonal-bipyramidal phosphorane in the transition state and
promotes the expulsion of the leaving group.

2.2 Generalization

The above subsection exemplifies how amino acids in
the second coordination sphere participate in metalloenzyme
catalysis, from which the effects of these secondary interactions
can be drawn. The first of these effects gives rise to active
species. The assumed oxidant compound I (Fe(IV)-oxo
porphyrin+!) derives from the heterolysis of dioxygen, which
is regulated by the hydrogen bond networks in an isolated
pocket. In addition, the nucleophiles employed by metallo-
hydrolases are always modulated by adjacent residues. The
second effect is to stabilize the transition state. Natural sub-
strates, such as dioxygen, peroxides, peptides and phosphate
esters, have electron-rich transition states. Metalloenzymes
have cationic residues to tightly bind these transition states,
substantially decreasing the activation energy barrier. Thirdly,
second coordination spheres enhance specificity. Enzyme spe-
cificities, including substrate specificity and regio- and stereo-
selectivity, are closely related to the binding site. Through a
collection of non-covalent interactions, the binding site adopts
only those reactants of the appropriate shape, chirality and
electronic profile. The fourth effect is to promote the release of
the product. This is underscored in reactions yielding products
with a poor tendency to leave, such as the hydrolysis of nucleic
acids. The alkoxide products have high pKas (413), which
means that their expulsion proceeds smoothly only when the
anionic alkoxide groups can be stabilized. For instance, the
Arg87 residue in staphylococcal nuclease (Fig. 1C) plays such
a role.

The weak and reversible nature of non-covalent bonds
enables the restoration of second coordination spheres after a
catalytic cycle. Among the various types of non-covalent inter-
actions, hydrogen bonds, electrostatic attractions and hydro-
phobic interactions are the most prevalent. These interactions
are implemented mainly through lysine, arginine, glutamate,

Fig. 1 Illustrations of metalloenzyme active sites of cytochrome P450cam (A), carboxypeptidase A (B) and staphylococcal nuclease (C). In this review, the metal
cofactor, the second coordination spheres and the substrate are marked in black, in blue and in red, respectively.
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Kaiser	(1976),	replaced	the	zinc	ion	by	Cu(II).	The	wild	type	pep#dase	ac#vity	was	
completely	destroyed	but	surprisingly,	an	oxidase	ac#vity	was	gained!		

Yamamura,	K.	and	Kaiser,	ET.	J.C.S.	Chem.	Comm.,	1976,	107.		
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“Our	observa#ons	demonstrate	that	the	replacement	of	one	ac#ve-site	metal	ion	by	
another	in	a	given	protein	matrix	can	result	in	the	conversion	of	a	powerful	hydroly#c	
catalyst	into	an	oxidase.”		
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tune catalyst−substrate interactions can be synthetically
challenging, and small molecule ligands offer limited control
over the orientations of distal substituents in both a static and
dynamic sense. The effects of these interactions also tend to be
quite substrate-dependent,8,9 which compromises catalyst
generality. Given such limitations, the need persists for
transition metal catalysts with well-defined secondary coordi-
nation environments that can be readily and extensively fine-
tuned for particular applications.
Enzyme Catalysis. Enzyme catalysis is typically lauded for

the extreme levels of rate acceleration and exquisite selectivity
exhibited by many natural enzymes17 on their native
substrates.18 Unlike small molecule catalysts, enzymes can
differentially bind substrates and their associated activated
complexes in three dimensionally defined yet dynamically
fluxional19 active sites to reduce barriers to chemical
reactions.20,21 Amino acid residues and cofactors are precisely
oriented by the entire enzyme structure to modulate reaction
energy surfaces through a combination of coordinated
hydrogen bonding, hydrophobic, electrostatic, steric, and
other interactions. Of course, this control arose through
evolutionary processes (natural selection, neutral drift, etc.),22

which can be mimicked in the laboratory using iterative rounds
of catalyst diversification and functional screening or selection,
to engineer enzymes with improved efficiency.23,24 Thus,
although a given enzyme may not catalyze a particular reaction
or do so with sufficient selectivity or substrate scope, it can be
evolved to increasingly extreme extent25 to do so.26

Furthermore, these catalysts can be genetically incorporated
into living organisms to enable direct synthesis of complex
molecules without the need for isolation and purification of
intermediates.27 However, whereas laboratory evolution has
been used to create enzymes from noncatalytic scaffolds,28,29 it
is most effective at optimizing activities that are already
present,23 and despite exciting progress toward the design of
enzymes for new reactions,30−32 many reactions, particularly
those catalyzed by nonbiological metals, are likely not possible
without the introduction of such species.

2. HYBRID METAL−PEPTIDE CATALYSTS
As can be appreciated from the discussion above, transition
metal catalysts and enzymes possess unique and often
complementary33 properties that have made them important
tools for chemical synthesis. The potential practical benefits of
catalysts that combine these properties and a desire to
understand how the structure and reactivity of metal and
peptide components affect each other have driven researchers
to create hybrid metal−peptide catalysts since the 1970s
(Scheme 2A).34−37 Central to these efforts are robust methods
to incorporate transition metals into peptides or proteins,
hereafter collectively referred to as scaffolds. These can be
broadly classified as involving coordination of metal atoms by
scaffold residues (scaffold−M, where M is a free ion or
complexed with other nonprotein ligands), covalent scaffold
modification using functionalized catalysts (scaffold−cat), or
noncovalent catalyst binding, either to the catalyst itself or to a
catalyst substituent (cat⊂scaffold) (Scheme 2B−D).34 Combi-
nations of these classes are possible; the latter two can also
involve the introduction of ligands that can be subsequently
metalated, and each has advantages and disadvantages that
make it more or less suitable for particular applications. The
hybrid catalysts developed to date using these methods possess
unique compositions of matter at the inorganic/biological

interface that often pose significant challenges from design,
synthesis, and characterization perspectives. Despite these
obstacles, researchers have developed systems in which
secondary coordination sphere effects38 impart selectivity to
metal catalysts,39,40 accelerate chemical reactions,41 and are
systematically optimized via directed evolution.39,40 Although
much work will be required to enable practical application of
hybrid catalysts, these capabilities have the potential to impact
chemical synthesis in ways not readily achieved using small
molecule catalysts.
This perspective outlines a number of fundamental principles

and key developments in the design, preparation, and
application of peptide-based hybrid catalysts for organic
transformations. Catalysts derived from both peptide and
protein scaffolds are covered and will be referred to as
metallopeptide catalysts and artificial metalloenzymes (ArMs),
respectively. A practical division between these two scaffold
classes of ∼50 residues in a single peptide chain, the upper
range available directly via solid phase synthesis,42 was selected.
Related catalysts and materials based on DNA43 and PNA44 or
describing only metal binding,45−48 probe bioconjugation,38 or
inorganic redox chemistry49 are generally not covered, despite
the importance of these advances. The many interesting
examples in which natural metalloenzymes have been used to
catalyze unnatural reactions or modified via mutagenesis using
natural amino acids to do so are not broadly discussed because
of the different challenges encountered in such efforts relative
to incorporating nonnative metal catalysts into scaffolds.50−53

Even with these limitations, a large body of work has emerged
regarding peptide-based hybrid catalysts for chemical synthesis.
These will be discussed in terms of the classifications noted
above, but as will be evident, these are not always absolute and
serve only as a means of organization.

3. ARTIFICIAL METALLOENZYMES
3.1. Binding Metal Ions and Complexes (Scaffold−M).

Preparing a homogeneous transition metal catalyst typically
involves combining a metal catalyst precursor (M) with one or
more small molecule ligands (L) to form a complex via one or
more metal−ligand bonds (L−M).7 The ligands employed can
range from simple, low-molecular-weight, monodentate species
(e.g., halides, carboxylic acids, amines, phosphines, etc.) to
complex, polydentate, high-molecular-weight structures, such as
the substituted salicylaldiminato and terpyridine ligands noted
above.13−15 Proteins, which contain a range of metal-binding N,
O, and S functional groups within well-defined, three-
dimensional, chiral structures, can be viewed as yet another
step along this ligand complexity continuum and have therefore

Scheme 2. (A) General Hybrid Catalyst Structure and
Structures of Hybrid Catalysts Formed via (B) Coordination
of Metal Ions or Catalysts, (C) Covalent Scaffold
Modification, and (D) Noncovalent Scaffold Modificationa

aScaffold linkage sites for each method are highlighted in red.
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Figure 1. Approaches to designed enzymes. Genes of interest are mutated before or after they are cloned into expression cassettes for the respective expression host. Transcription, translation, and protein
folding usually occur in the expression host. If the 3D structure of an enzyme and/or the reaction mechanism is known, specific amino acids can be rationally exchanged by defined base exchanges in the
coding sequence, leading to designed enzymes (A). Randommutagenesis followed by functional screening of the resulting enzyme variants leads to evolved enzymes (B). The coding sequence found to be
optimal in one round of screening may be the starting point for further mutagenesis/screening cycles. Mutations identified by rational and random approaches are the basis for site-saturation mutagenesis,
yielding insertion of all possible amino acids at defined position(s), or for genetically combining two or several mutations in one coding sequence and, therefore, creating enzyme variants with two or
multiple amino acid exchanges (C). The best suited novel enzyme variants are identified by functional screenings.

Screen	

Figure	from	ACS	Catal.,	2013,	3,	2954.				

Subsequent studies using Mb-T39C/L72C-12 showed that
improved enantioselectivity (up to 60% ee) and exclusive
selectivity for sulfoxidation over sulfone formation could be
achieved.106 Polar, protic residues in the ArM active site were
proposed to increase sulfoxidation efficiency based on solvent
effects observed for small-molecule Mn−salen-catalyzed re-
actions. The hydrophobicity of the channel leading to the active
site was believed to inhibit sulfoxide entry and thus reduce
sulfone formation, and this conclusion was supported by
increased levels of sulfone formation upon introduction of polar
residues in the channel. Examining the effect of pH on this
reaction revealed that the protein scaffold improved sulfox-
idation rates at low pH relative to free cofactor and provided
further increases in ArM enantioselectivity (up to 67% ee).107

These effects were rationalized by invoking the involvement of
specific active site residues (i.e., His-64) in catalysis via
hydrogen bonding. This proposition was supported by
mutagenesis studies and again highlights the potential for
control over secondary coordination sphere effects using ArMs.
Eppinger explored the use of cofactors substituted with both

noncovalent recognition elements (amino acids) and a reactive
electrophile (epoxide) to better position substituted d6-
transition metal piano stool cofactors (13, Scheme 8) within
papain for enantioselective ketone transfer hydrogenation.108

Notably, the cofactors were not chiral at metal (vide infra), and
previous studies by Salmain using only covalent attachment of
such cofactors to papain109,110 led to low enantioselectivities
(up to 15% ee).111 In Eppinger’s work, different amino acids
appeared to play only a minor role in modulating
enantioselectivity, but an 82:18 enantiomeric ratio was
observed in the reduction of p-chloroacetophenone. Finally,
Roefles demonstrated that LmrR, a dimeric transcription
repressor, could be alkylated at cysteine residues installed at
the hydrophobic dimer interface using phenanthroline 1 (Table
1, entry 2, Scheme 8).112 This approach allows for cofactor
encapsulation within the scaffold complex. The apo-scaffolds
were metalated with Cu(II), and the resulting ArMs catalyzed
the Diels−Alder reaction between azachalcones and cyclo-
pentadiene with up to 97% ee (Scheme 9A). Interestingly, an
ArM derived from a bipyridine analogue of 1 provided the
opposite product enantiomer in the single example reported,

and in several reactions, significant rate increases were observed
in ArM-catalyzed reactions relative to those catalyzed by
Cu(II)−phenanthroline. These same ArMs catalyzed hydration
of azachalcones with up to 84% ee, demonstrating that different
reactions may be feasible using a given class of ArMs in analogy
to small molecule catalysts (Scheme 9B).113 Substrate-depend-
ent scaffold acceleration was also observed in these reactions,
and the importance of an active site aspartic acid (Asp-100) to
ArM efficiency suggested that this residue plays a critical role in
catalysis, perhaps as a general base to activate water for
nucleophilic attack or as a ligand for Cu. These results stand
among the highest selectivities reported to date using covalent
scaffold modification and, along with the improved selectivities
observed for dual-point cofactor attachment, suggest that
additional cofactor−scaffold interactions can better position
cofactors substituted with flexible linkers within ArM scaffolds
for selective catalysis.

3.3. Noncovalent Linkage of Metal Catalysts and
Ligands (Cat⊂Scaffold). Noncovalent interactions have also
been extensively used to incorporate metal cofactors into
scaffold proteins without the need for direct coordination of the
metal by the scaffold (Scheme 2D). This approach eliminates
the need for covalent scaffold modification while still allowing
the use of diverse cofactors for ArM formation, but requires
specific scaffold−cofactor interactions that restrict the range of
scaffold proteins that can be used. Binding both to catalysts
directly or to pendant anchor groups on the desired catalyst has
been used (Scheme 10). Although cofactor synthesis is also

required, this is often less challenging than the preparation of
cofactors for covalent scaffold modification because reactive
functional groups are not required.
Heme proteins, particularly myoglobin (Mb), have enjoyed a

long history as ArM scaffolds because of the ability of their
heme-binding pockets to accommodate synthetic metal
catalysts, including substituted porphyrin and Schiff base
complexes.114,115 In native heme proteins, the heme cofactor
is tightly bound via extensive hydrophobic interactions with the
porphyrin ring, hydrogen bonding to heme carboxylic acid
substituents, and coordination of the metal atom by an axial
ligand (e.g., His-93 in Mb), and all of these can be exploited to
incorporate synthetic cofactors. Watanabe and others have
reported extensive studies on the peroxidase activity of Mb
mutants116 and ArMs derived from Mb via reconstitution with
chemically altered heme cofactors.108,110,111 Watanabe then
demonstrated that reconstitution of Mb with Mn(III)− and
Cr(III)−salophen complexes was also possible (14, Scheme
11) and that Cr(III)salophen⊂Mb ArMs catalyzed thioanisole
sulfoxidation in the presence of hydrogen peroxide with up to
13% ee (Scheme 11).117 Similar studies on Mn− and Cr−salen
(15 and 16, Scheme 11),118 Fe−salophen and −Schiff base,119

and Ru−phebox complexes120 have since been reported
(Scheme 11), in some cases specifically investigating the

Scheme 9. (A) Diels−Alder and (B) Hydration Reactions
Catalyzed by LmrR Covalently Modified Using 1 and
Subsequently Metalated with Cu(II)112

Scheme 10. Noncovalent ArM Formation via Binding (A)
Directly to a Catalyst or (B) to a Ligand (blue)-Substituted
Catalyst; Red Denotes Scaffold−Catalyst/Ligand Binding
Interactions
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General	Strategy	A.	Replacement	of	Na#ve	ion.	

•  Kaiser’s	results	demonstrated	a	simple	approach	to	engineer	metalloenzymes	
by	replacing	the	original	metal	ion	by	a	new	one.	

Figure	adapted	from	ACS	Catal.,	2013,	3,	2954.				

•  This	approach	was	explored	in	some	detail	recently	by	various	groups	by	using	
the	Carbonic	Anhydrase	enzyme	as	the	protein	scaffold.		
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attracted attention as scaffolds for ArM formation via metal
coordination (Scheme 2B).49,54

Of course, binding sites for catalytically active metal ions and
cofactors have evolved in naturally occurring metalloen-
zymes,55,56 and these have been investigated as ligands for
nonnative metal ions commonly used to catalyze organic
transformations (Scheme 3A).54 This approach requires that

the desired protein can be expressed without the native metal
ion (as an apoprotein) or that an efficient method, such as
dialysis against a metal chelator, can be used to remove the
native metal ion. Furthermore, the apoprotein must be stable,
and efficient reconstitution of this protein with the nonnative
metal ion, often via dialysis against this species, must be
possible. This approach was first used by Kaiser and co-workers
in 1976 at the University of Chicago to convert carboxypepti-
dase A (CPA), which naturally contains a Zn(II) ion, to a
Cu(II) CPA oxidase.57 Spectroscopic studies of the resulting
ArM indicated that the coordination environment about Cu(II)
was significantly perturbed from that observed with Zn(II). The
ArM completely lacked the peptidase and esterase activities of
the native enzyme but gained the ability to oxidize ascorbic acid
to dehydroascorbic acid following Michaelis−Menten kinetics.
These results showed that although natural enzymes offer a
means to create ArMs, care must be taken in generalizing the
structure (and thus activity) of the resulting ArM on the basis
of the coordination environment of the original enzyme. In
analogy to this work, the tris-histidine-ligated active site Zn(II)
of human carbonic anhydrase (hCA) or carbonic anhydrase II
(hCAII) was removed using dialysis with 2,6-pyridinedicarbox-
ylate and reconstituted with both Mn(II) and Rh(I). The

resulting ArMs catalyze enantioselective alkene epoxidation (up
to 66.5% ee, 12.5% conversion, Scheme 4A),54,58,59 chemo-
selective alkene hydrogenation (Scheme 4B),60 and regiose-
lective alkene hydroformylation (up to 8:1 L/B, Scheme 4C),61

demonstrating a clear impact of the scaffold on catalyst
selectivity in each case. Crystal structures of hCAII substituted
with Co(II), Cu(II), Ni(II), and Mn(II) have been solved,62

and as described for metal-substituted CPA, the primary
coordination sphere of each of these is uniquely perturbed (e.g.,
residue distances, bond angles, and water/sulfate ligands)
relative to the native Zn(II) CA,63 although the overall metal
binding motif remains intact (Figure 1).

Ferritin, a spherical iron storage protein assembly consisting
of 24 subunits, can be recombinantly expressed in the apo form
and reconstituted with a range of metal ions and
complexes.64−67 Watanabe has reported that apo-ferritin
(Figure 2A) reacts selectively with [PdCl(η3-C3H5)]2 to form
dinuclear Pd(η3-C3H5) adducts at two unique Pd-binding sites
(Figure 2B) on each subunit (4 Pd atoms per subunit), leading
to a total of 96 Pd atoms on the ferritin interior.64 Site-directed
mutagenesis was used to replace different histidine residues
involved in the two Pd-binding sites with alanine, which led to
alternate Pd coordination environments and stoichiometry, as
confirmed by X-ray crystallography (Figure 2C). Each of these
species catalyzed a Suzuki coupling between 4-iodoaniline and
phenylboronic acid with efficiencies that roughly correlated
with the ArM Pd loading. Potential effects of the different Pd
binding sites on catalysis and on substrate entry into the ArM

Scheme 3. Different Approaches to ArM Formation via
Scaffold Metallationa

a(A) Reconstituting metalloenzymes, (B) engineering metal binding
sites into proteins, and (C) exploiting fortuitous metal binding by
native residues in proteins.

Scheme 4. Representative Examples of Reactions Catalyzed by Metal-Substituted CA Variantsa

a(A) Enantioselective olefin epoxidation.54,58,59 (B) Olefin hydrogenation: variable ratios of olefin hydrogenation and isomerization were observed
(data not shown).60 (C) Olefin hydroformylation: significantly improved B/L ratio observed for ArM-catalyzed process.61.

Figure 1. Overlay of structures of CA substituted with Co (red), Cu
(yellow), Mn (green), and Ni (blue) showing different primary
coordination sphere orientations of water, O2 (Co and Cu), and
sulfate (Mn and Ni) ligands. Arcs indicate the general positions of the
ligands indicated.62
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•  The	wild	type	Zn(II)-enzyme	catalyzes		
decomposi#on	of	carbonic	acid.	

•  The	metal	ion	has	been	subs#tuted	by	
Mn(II)	and	Rh(I)	to	invoke	alternate	
reac#vi#es.	
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Carbonic	Anhydrase		

attracted attention as scaffolds for ArM formation via metal
coordination (Scheme 2B).49,54

Of course, binding sites for catalytically active metal ions and
cofactors have evolved in naturally occurring metalloen-
zymes,55,56 and these have been investigated as ligands for
nonnative metal ions commonly used to catalyze organic
transformations (Scheme 3A).54 This approach requires that

the desired protein can be expressed without the native metal
ion (as an apoprotein) or that an efficient method, such as
dialysis against a metal chelator, can be used to remove the
native metal ion. Furthermore, the apoprotein must be stable,
and efficient reconstitution of this protein with the nonnative
metal ion, often via dialysis against this species, must be
possible. This approach was first used by Kaiser and co-workers
in 1976 at the University of Chicago to convert carboxypepti-
dase A (CPA), which naturally contains a Zn(II) ion, to a
Cu(II) CPA oxidase.57 Spectroscopic studies of the resulting
ArM indicated that the coordination environment about Cu(II)
was significantly perturbed from that observed with Zn(II). The
ArM completely lacked the peptidase and esterase activities of
the native enzyme but gained the ability to oxidize ascorbic acid
to dehydroascorbic acid following Michaelis−Menten kinetics.
These results showed that although natural enzymes offer a
means to create ArMs, care must be taken in generalizing the
structure (and thus activity) of the resulting ArM on the basis
of the coordination environment of the original enzyme. In
analogy to this work, the tris-histidine-ligated active site Zn(II)
of human carbonic anhydrase (hCA) or carbonic anhydrase II
(hCAII) was removed using dialysis with 2,6-pyridinedicarbox-
ylate and reconstituted with both Mn(II) and Rh(I). The

resulting ArMs catalyze enantioselective alkene epoxidation (up
to 66.5% ee, 12.5% conversion, Scheme 4A),54,58,59 chemo-
selective alkene hydrogenation (Scheme 4B),60 and regiose-
lective alkene hydroformylation (up to 8:1 L/B, Scheme 4C),61

demonstrating a clear impact of the scaffold on catalyst
selectivity in each case. Crystal structures of hCAII substituted
with Co(II), Cu(II), Ni(II), and Mn(II) have been solved,62

and as described for metal-substituted CPA, the primary
coordination sphere of each of these is uniquely perturbed (e.g.,
residue distances, bond angles, and water/sulfate ligands)
relative to the native Zn(II) CA,63 although the overall metal
binding motif remains intact (Figure 1).

Ferritin, a spherical iron storage protein assembly consisting
of 24 subunits, can be recombinantly expressed in the apo form
and reconstituted with a range of metal ions and
complexes.64−67 Watanabe has reported that apo-ferritin
(Figure 2A) reacts selectively with [PdCl(η3-C3H5)]2 to form
dinuclear Pd(η3-C3H5) adducts at two unique Pd-binding sites
(Figure 2B) on each subunit (4 Pd atoms per subunit), leading
to a total of 96 Pd atoms on the ferritin interior.64 Site-directed
mutagenesis was used to replace different histidine residues
involved in the two Pd-binding sites with alanine, which led to
alternate Pd coordination environments and stoichiometry, as
confirmed by X-ray crystallography (Figure 2C). Each of these
species catalyzed a Suzuki coupling between 4-iodoaniline and
phenylboronic acid with efficiencies that roughly correlated
with the ArM Pd loading. Potential effects of the different Pd
binding sites on catalysis and on substrate entry into the ArM

Scheme 3. Different Approaches to ArM Formation via
Scaffold Metallationa

a(A) Reconstituting metalloenzymes, (B) engineering metal binding
sites into proteins, and (C) exploiting fortuitous metal binding by
native residues in proteins.

Scheme 4. Representative Examples of Reactions Catalyzed by Metal-Substituted CA Variantsa

a(A) Enantioselective olefin epoxidation.54,58,59 (B) Olefin hydrogenation: variable ratios of olefin hydrogenation and isomerization were observed
(data not shown).60 (C) Olefin hydroformylation: significantly improved B/L ratio observed for ArM-catalyzed process.61.

Figure 1. Overlay of structures of CA substituted with Co (red), Cu
(yellow), Mn (green), and Ni (blue) showing different primary
coordination sphere orientations of water, O2 (Co and Cu), and
sulfate (Mn and Ni) ligands. Arcs indicate the general positions of the
ligands indicated.62
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were proposed, but no mention was made of possible catalysis
by dissociated Pd.68 Watanabe also showed that selective
reaction of apo-ferritin with [Rh(NBD)Cl2]2 was possible, and
crystal structure analysis revealed three unique Rh-binding sites
per subunit, one of which involved covalent attachment of
NBD to a cysteine thiol (Figure 2D).65 Notably, the ferritin−
Rh complex catalyzed phenylacetylene polymerization, and
differences in the properties of polymer produced by this ArM
versus [Rh(NBD)Cl]2, including increased polymer solubility,
narrowed polydispersity, and a maximum polymer molecular
weight that did not increase with extended reaction time or
excess monomer, led the authors to conclude that catalysis
occurred within the ArM interior in this case.
Althugh naturally occurring metal binding sites can facilitate

ArM formation, they also limit the range of primary
coordination environments, metal ions, and catalytic activities
that can be used. Researchers have therefore explored the
metal-binding capabilities of proteins that do not naturally bind
metals (Scheme 3C). For example, serum albumins, which
naturally bind and transport hydrophobic substrates in blood
serum, can also bind catalytically active metal ions and
complexes. In an early example exploiting this capability,
researchers generated a complex between bovine serum
albumin (BSA) and OsO4.

69 On the basis of comparison of
the absorption spectra for this complex and related small-
molecule osmate complexes, a primary amine (i.e., lysine)
linkage was inferred, but no further structural details were
provided. The BSA−OsO4 ArM catalyzed enantioselective cis-
dihydroxylation of alkenes using t-butyl hydroperoxide (up to
68% ee, Scheme 5A). A human serum albumin (HSA) complex
with Rh(CO)2(acac) provided up to 500 000 turnovers for
hydroformylation of styrene (99% conversion, 9:1 B/L, Scheme
5B), and this efficiency was attributed to exclusion of O2 and
other poisons from the Rh center by the ArM scaffold.70

Maximal activities were observed using >5:1 Rh/HSA,
suggesting that multiple nonspecific binding sites existed (no
enantioselectivity data were presented), but similar adducts
with papain and egg albumin led to variable B/L ratios on 1-
octene, 45:55 and 0:100, respectively, indicating that scaffold
control of catalyst selectivity was possible. Albumins and several
other proteins have also been used to bind vanadate ions to
generate ArMs for enantioselective sulfoxidation.71 Notably,
vanadate-loaded streptavidin (Sav) catalyzes enantioselective
thioether sulfoxidation with up to 90% ee at 96% conversion
(Scheme 5C),72 and this same scaffold binds OsO4 to generate
ArMs that catalyze enantioselective olefin cis-dihydroxylation
(>90% ee at ∼20 TON, Scheme 5D).73 In this later case, ArMs
selective for either product enantiomer were identified, and

although X-ray crystallography revealed three Os-binding sites
in Sav, the actual catalytic site(s) could not be confirmed.
Although novel metal binding capabilities of proteins can

certainly be exploited for ArM formation and catalysis, different
metal species can bind to proteins with varying degrees of
stoichiometry and selectivity, as illustrated in the Sav−OsO4
and ferritin−Pd and −Rh examples outlined above, which can
lead to catalyst mixtures with varying selectivity. To expand the
range of coordination environments that can be used to
selectively bind metals, researchers have turned to engineering
metal binding sites into proteins (Scheme 3B). Whereas metal
binding sites have been designed, selected, or evolved in a
number of proteins,36,49,74 few of these were intended for
catalysis. Of the examples for which catalysis was a goal,
reactions of oxygen75−77 or ROS78 but no organic substrate are
the most common. More relevant to organic synthesis, Reetz
and co-workers engineered a copper-binding site (His/His/
Asp, HHD) near the top rim of the α/β-barrel protein tHisF,
the thermostable synthase subunit of the glutaminase synthase
enzyme complex from Thermotoga maritima.79 Following
removal of a native cysteine residue, the resulting protein was
metalated with CuSO4, and the resulting ArM (tHisF-HHD−

Figure 2. (A) Structure of apo-ferritin−Pd with Pd(η3-C3H5) fragments shown as red spheres.
64 (B) One of the two Pd binding sites in apo-ferritin−

Pd. Pd and water are shown as turquoise and red spheres, respectively. (C) H114A (red) causes a change in Pd binding and stoichiometry at the
binding site shown in B. (D) Covalent norbornyl adduct formed at a Rh binding site in apo-ferritin−Rh generated upon addition of [Rh(NBD)Cl]2
to apo-ferritin.65

Scheme 5. Selective Catalysis Using ArMs Generated from
Coordination of Metal Complexes to Scaffold Proteins
Whose Native Function Is Not Primarily Metal Bindinga

aEnantioselectivity was observed in A,69 C,72 and D,73 but only
regioselectivity was reported for B.70.
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Metal clusters such as the Mn cluster of photosystem II, FeMoco
of nitrogenase, and iron-sulfur clusters of ferredoxins play essential
roles in many biological systems.1–4 The coordination geometries
and the functions of these clusters are influenced by amino acid
residues in the active sites. Recently, preparation of non-native
multinuclear metal clusters in the protein scaffolds have been
reported.5–8 Tri- or pentanuclear oxo-clusters of Zr(IV) and Hf(IV)
have been identified within the dityrosyl cluster nucleation motif
of ferric-ion-binding protein.6,7 Several types of polynuclear
tungsten oxide clusters are formed in the binding cavity of a Mo/
W-storage protein.8 We have also previously reported the utilization
of the apo-ferritin (apo-Fr) cage for preparing a single Pd nano-
cluster as well as size selective olefin hydrogenation catalyzed by
this composite.9 These results suggest that multinuclear metal
complexes with various coordination structures could be formed
by designing amino acid residues on the protein surface. In this
report, we describe the preparation of various organometallic
multinuclear Pd complexes in the protein cages of apo-Fr and its
mutants (Figure 1a) by their reactions with [PdII(allyl)Cl]2 (allyl
) η3-C3H5), which catalyze organic reactions such as C-C bond
formation reactions.10,11 More importantly, we have successfully
controlled the coordination structures of these multinuclear PdII

complexes by replacing histidine residues at the binding sites.
Ferritin (Fr), an iron storage protein composed of 24 subunits,

is a spherical protein assembly which has interior space with 8 nm
in diameter (Figure 1b).12,13 The space has been utilized for the
deposition of metal particles and metal complexes such as FeS,
CdS, CdSe, Pd, Ag, Gd-HPDO3A (gadolinium-[10-(2-hydroxypro-
pyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid]), and
hexacyanoferrate(III).9,14–19 These metal ions are incorporated into
the Fr cage through the 3-fold channels located at the intersections
of the three subunits (Figure 1c) and accumulated in the interior
space to form metal nanoparticles by self-assembly or redox
reactions.9,14–16,19

Recombinant L-chain apo-Fr from horse liver (10 µM, 5 mL in
50 mM Tris/HCl (pH8.0), 0.15 M NaCl) was treated with 100 equiv
of [PdII(allyl)Cl]2 (10 mM, 0.5 mL) in acetonitrile and the reaction
mixture (9% acetonitrile aqueous solution) was stirred for 1 h at
25 °C. After dialysis against a 0.15 M NaCl aqueous solution, apo-
Fr assembly containing Pd(allyl) complexes (Pd(allyl) ·apo-Fr) was
purified by a size exclusion column (ÄKTA design, Superdex
G-200) to remove unbound Pd complexes. Inductively coupled

plasma-optical emission spectrometry (ICP-OES) and bicinchoni-
nate (BCA) analyses of the purified composite indicate that the
number of Pd complexes incorporated in Pd(allyl) ·apo-Fr is 103
( 1.

The composite was crystallized by a hanging drop vapor diffusion
method in the presence of cadmium ions, which are essential for
the crystallization of apo-Fr, as reported previously.13,20 The crystal
structure of Pd(allyl) ·apo-Fr was refined to 1.7 Å resolution as
shown in Figure 2a.21 The root-mean-square deviation (rmsd) of
the CR atoms of Pd(allyl) ·apo-Fr from that of apo-Fr is 0.47.13

This indicates that the folding of apo-Fr is preserved even in the
presence of the Pd complexes on the interior surface of apo-Fr.

The anomalous difference Fourier maps show that dinuclear
Pd(allyl) complexes are formed at two Pd binding sites per single
Fr subunit. In other words, there are 48 Pd binding areas on the
interior surface of Pd(allyl) ·apo-Fr that contribute to the capture
of 96 Pd atoms (Figure 2a-c). The total number of Pd atoms
observed in the crystal structure is almost identical to that of Pd
atoms determined by quantitative analyses by ICP and BCA
methods.

The two binding areas are located at the 3-fold axis channel and
at a metal binding domain called as the “accumulation center”
(Figure 2a).13 Pd1 of wild type apo-Fr (PdW1) and PdW2 located
at the 3-fold axis channel have a thiol-bridged dinuclear structure
stabilized by the coordination of Nϵ of His114 and the O atom of
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Figure 1. (a) Reaction scheme for the preparation of Pd(allyl) · apo-Fr; (b)
entire structure of apo-Fr viewed down a 3-fold axis (PDB ID: 1DAT); (c)
close up view of the 3-fold axis channel.
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•  Ferri#n	is	a	ubiqitous	Iron	storage	protein	made	up	of	24	subunits.	
•  Watanabe	(2008,	2009)	incorporated	Pd	complexes	(4	Pd	atoms	per	subunit).	

Pd	is	coordinated	by	Cys,	His	side	chains.	Resultant	assembly	showed	cataly#c	
proper#es	for	a	Suzuki	reac#on	and	alkene	polymeriza#on.		
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Self-assembled molecular cages provide powerful platforms for
recognition, storage, and catalytic reactions.1 Many types of
molecules,suchasproteins,2-7polymers,8,9andmetalcomplexes,10-12

have been utilized as components of systems designed to regulate
the functions of the cages. Proteins are able to form large spherical
cages ranging from several tens to hundreds of nanometers. The
protein cages provide the capabilities of preparation and/or storage
of nanosized molecular materials such as metal nanoparticles,
enzymes, and polymers.4,13-15 For example, it has been demon-
strated that small heat shock protein (sHsp) containing a Pt
nanoparticle catalyzes the production of hydrogen gas.13 When one
horseradish peroxidase (HRP) molecule was encapsulated within
the cage of Cowpea chlorotic mottle virus (CCMV), the composite
maintained the oxidation activity of HRP.4 These results suggest
that protein cages could provide useful reaction spaces through
introduction of molecular catalysts into the cages.

Ferritin (Fr), a spherical protein composed of 24 subunits with
an 8 nm diameter interior space (Figure 1a,b), is capable of
accumulating up to 4500 iron atoms as ferric oxyhydroxides within
the cage.16,17 Metal ions and small organic molecules are able to
penetrate the 3-fold axis channels located at the intersections of
three subunits of apo-Fr (Figure 1c).18 apo-Fr has been used to
prepare inorganic materials such as quantum dots as well as
magnetic and catalytic nanoparticles.2,14,19-23 More recently, we
have demonstrated redox and Suzuki coupling reactions catalyzed
by ferrocene and Pd(allyl) complexes, respectively, with these
complexes deposited on the interior surface of apo-Fr.24,25 The
crystal structure of the Pd(allyl) · apo-Fr composite shows that
the Pd(allyl) complexes form thiol-bridged dinuclear complexes on
the interior surface of apo-Fr. These results suggest that apo-Fr is
a good candidate for immobilizing synthetic metal complex catalysts
and serving as a catalytic reaction space. In this paper, we present
polymerization reactions of phenylacetylene and its derivatives
catalyzed by Rh(nbd) (nbd ) norbornadiene)26,27 complexes
immobilized within the apo-Fr cage. Such polymerization reactions
occurring within a discrete space could provide polymers with
restricted molecular weight and a narrow molecular weight
distribution.

An acetonitrile solution of [Rh(nbd)Cl]2 (1 mL, 10 mM) was
treated with a recombinant L-chain apo-Fr from horse liver [10

mL, 10 µM in 50 mM Tris/HCl (pH 8.0), 0.15 M NaCl], and the
reaction mixture (9% acetonitrile aqueous solution) was stirred for
1 h at 25 °C. A small amount of acetonitrile was added to increase
the solubility of [Rh(nbd)Cl]2 in the reaction medium, as reported
previously.25 After dialysis against a 0.15 M NaCl aqueous solution,
the apo-Fr-containing Rh(nbd) complex (Rh(nbd) · apo-Fr) was
purified with a size-exclusion column (ÄKTA design, Superdex
G-200) to remove unbound Rh complexes. The quantity of Rh
atoms incorporated into Rh(nbd) ·apo-Fr was estimated by induc-
tively coupled plasma-optical emission spectrometry (ICP-OES)
and bicinchoninate (BCA) analyses. These analyses showed that
57.5 ( 3.5 Rh atoms per apo-Fr were maintained within the cage.
When apo-Fr was treated with 200 equiv of RhCl3 instead of
[Rh(nbd)Cl]2 (100 equiv) under the same conditions, only 4.8 (
0.6 Rh atoms remained within apo-Fr. The large difference between
[Rh(nbd)Cl]2 and RhCl3 is expected to be due to an extremely slow
ligand-exchange rate of RhCl3 with water molecules.28 [Rh(nbd)Cl]2

complexes are expected to penetrate more smoothly into the cage
by the decomposition to mononuclear Rh(nbd) aqua complexes in
water.29

A crystal of Rh(nbd) · apo-Fr was obtained by a hanging-drop
vapor diffusion method in the presence of cadmium ions, as reported
previously.25,30,31 The crystal structure of Rh(nbd) ·apo-Fr was
refined to 1.80 Å resolution, as shown in Figure 2a. The X-ray
data and refinement statistics are summarized in Table S1 in the
Supporting Information.32 The root-mean-square deviation of the
CR atoms of Rh(nbd) ·apo-Fr from that of apo-Fr (0.42 Å) indicates
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Figure 1. (a-c) Ribbon diagrams of L-ferritin taken from PDB entry
1DAT: (a) the 24-subunit assembled cage; (b) the inner cavity; (c) the 3-fold
axis channel. (d) Schematic representation of insertion of [Rh(nbd)Cl]2 into
the apo-Fr cage and polymerization catalyzed by the Rh(nbd) · apo-Fr
composite.
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Human	Serum	Albumin-Rh	

Marcheo	et.	al.,	Adv.	Synth.	Cat.,	2002,	,	344,	556.	

•  Serum	albumin	does	not	contain	any	metal	ions	but	binds	non	selec#vely	to	
hydrophobic	compounds.	Highly	abundant	and	available	commercially.	

•  Marcheo	and	coworkers	(2002)	showed	excep#onal	efficiency	for	HSA-Rh	
complex	in	styrene	hydroformyla#on	with	TON	>	500,000.	

•  Although	not	demonstrated,	immobilized	albumin	may	be	amenable	to	easy	
recovery	and	recyclability.	

			

were proposed, but no mention was made of possible catalysis
by dissociated Pd.68 Watanabe also showed that selective
reaction of apo-ferritin with [Rh(NBD)Cl2]2 was possible, and
crystal structure analysis revealed three unique Rh-binding sites
per subunit, one of which involved covalent attachment of
NBD to a cysteine thiol (Figure 2D).65 Notably, the ferritin−
Rh complex catalyzed phenylacetylene polymerization, and
differences in the properties of polymer produced by this ArM
versus [Rh(NBD)Cl]2, including increased polymer solubility,
narrowed polydispersity, and a maximum polymer molecular
weight that did not increase with extended reaction time or
excess monomer, led the authors to conclude that catalysis
occurred within the ArM interior in this case.
Althugh naturally occurring metal binding sites can facilitate

ArM formation, they also limit the range of primary
coordination environments, metal ions, and catalytic activities
that can be used. Researchers have therefore explored the
metal-binding capabilities of proteins that do not naturally bind
metals (Scheme 3C). For example, serum albumins, which
naturally bind and transport hydrophobic substrates in blood
serum, can also bind catalytically active metal ions and
complexes. In an early example exploiting this capability,
researchers generated a complex between bovine serum
albumin (BSA) and OsO4.

69 On the basis of comparison of
the absorption spectra for this complex and related small-
molecule osmate complexes, a primary amine (i.e., lysine)
linkage was inferred, but no further structural details were
provided. The BSA−OsO4 ArM catalyzed enantioselective cis-
dihydroxylation of alkenes using t-butyl hydroperoxide (up to
68% ee, Scheme 5A). A human serum albumin (HSA) complex
with Rh(CO)2(acac) provided up to 500 000 turnovers for
hydroformylation of styrene (99% conversion, 9:1 B/L, Scheme
5B), and this efficiency was attributed to exclusion of O2 and
other poisons from the Rh center by the ArM scaffold.70

Maximal activities were observed using >5:1 Rh/HSA,
suggesting that multiple nonspecific binding sites existed (no
enantioselectivity data were presented), but similar adducts
with papain and egg albumin led to variable B/L ratios on 1-
octene, 45:55 and 0:100, respectively, indicating that scaffold
control of catalyst selectivity was possible. Albumins and several
other proteins have also been used to bind vanadate ions to
generate ArMs for enantioselective sulfoxidation.71 Notably,
vanadate-loaded streptavidin (Sav) catalyzes enantioselective
thioether sulfoxidation with up to 90% ee at 96% conversion
(Scheme 5C),72 and this same scaffold binds OsO4 to generate
ArMs that catalyze enantioselective olefin cis-dihydroxylation
(>90% ee at ∼20 TON, Scheme 5D).73 In this later case, ArMs
selective for either product enantiomer were identified, and

although X-ray crystallography revealed three Os-binding sites
in Sav, the actual catalytic site(s) could not be confirmed.
Although novel metal binding capabilities of proteins can

certainly be exploited for ArM formation and catalysis, different
metal species can bind to proteins with varying degrees of
stoichiometry and selectivity, as illustrated in the Sav−OsO4
and ferritin−Pd and −Rh examples outlined above, which can
lead to catalyst mixtures with varying selectivity. To expand the
range of coordination environments that can be used to
selectively bind metals, researchers have turned to engineering
metal binding sites into proteins (Scheme 3B). Whereas metal
binding sites have been designed, selected, or evolved in a
number of proteins,36,49,74 few of these were intended for
catalysis. Of the examples for which catalysis was a goal,
reactions of oxygen75−77 or ROS78 but no organic substrate are
the most common. More relevant to organic synthesis, Reetz
and co-workers engineered a copper-binding site (His/His/
Asp, HHD) near the top rim of the α/β-barrel protein tHisF,
the thermostable synthase subunit of the glutaminase synthase
enzyme complex from Thermotoga maritima.79 Following
removal of a native cysteine residue, the resulting protein was
metalated with CuSO4, and the resulting ArM (tHisF-HHD−

Figure 2. (A) Structure of apo-ferritin−Pd with Pd(η3-C3H5) fragments shown as red spheres.64 (B) One of the two Pd binding sites in apo-ferritin−
Pd. Pd and water are shown as turquoise and red spheres, respectively. (C) H114A (red) causes a change in Pd binding and stoichiometry at the
binding site shown in B. (D) Covalent norbornyl adduct formed at a Rh binding site in apo-ferritin−Rh generated upon addition of [Rh(NBD)Cl]2
to apo-ferritin.65

Scheme 5. Selective Catalysis Using ArMs Generated from
Coordination of Metal Complexes to Scaffold Proteins
Whose Native Function Is Not Primarily Metal Bindinga

aEnantioselectivity was observed in A,69 C,72 and D,73 but only
regioselectivity was reported for B.70.
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Streptavidin-V	

transfer hydrogenation,31–33 allylic alkylation,34 and Diels-
Alder35–37 and Michael additions.38 In addition, artificial
enzymes devoid of metal cofactors have been reported, for
example, based on aspartate-containing peptides,39 bovine serum
albumin (BSA),40–43 or chymotrypsin44 as protein templates.45

Results and Discussion

With the aim of identifying suitable reaction conditions, we
selected thioanisole 1 as a model substrate for the enantiose-
lective sulfoxidation by a vanadyl source in conjunction with
streptavidin (abbreviated [VO]2+ ⊂ WT Sav hereafter). To
maximize the incorporation of [VO]2+ inside the binding pocket
of tetrameric streptavidin (which has four binding pockets per
tetramer), an excess of streptavidin binding sites was employed,

so that two binding sites were available per molecule of VOSO4.
When a stoichiometric amount of binding sites versus vanadium
was used, comparable conversions but slightly lower selectivities
were obtained. In the absence of vanadium, very little conversion
was observed, while in the absence of Sav, the activity of the
catalyst was only modest (Table 1, entries 1 and 2). Variation
of the initial pH and of the oxidizing agent revealed that an
HCl/KCl buffer (0.05 M) at pH ) 2.2 combined with t-BuOOH
(5 equiv versus substrate) worked best in terms of both activity
and selectivity, while the vanadyl source had no influence on
the reaction outcome (Table 1, entries 3-8). On the basis of
these results, and in consideration of the speciation of vanadyl
ions in acidic media,46 we suggest that the vanadium species
interacting with streptavidin is the pentahydrated vanadyl ion,
[VO(H2O)5]2+. Under optimized conditions with 2 mol %
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Scheme 1. Vanadium-Dependent Artificial Peroxidase for Enantioselective Sulfoxidation Reactions

Table 1. Selected Results for the [VO]2+ ⊂ WT Sav-Catalyzed
Oxidation of Sulfidesa

entry protein
vanadium

source substrate oxidant
conv
(%)

eeb

(%)

1 WT Sav 1 t-BuOOH 7 4
2 VOSO4 1 t-BuOOH 55 0
3 WT Sav VOSO4 1 t-BuOOH 94 46
4 WT Sav VO(acac)2 1 t-BuOOH 99 46
5 WT Sav VO(OiPr)3 1 t-BuOOH 99 46
6 WT Sav Na3VO4 1 t-BuOOH 92 46
7 WT Sav VOSO4 1 HOOH 39 0
8 WT Sav VOSO4 1 cumylOOH 82 -15c

9 WT Sav VOSO4 2 t-BuOOH 96 87
10 WT Sav VOSO4 3 t-BuOOH quant 90
11 WT Sav VOSO4 4 t-BuOOH 53 93
12 WT Sav VOSO4 5 t-BuOOH 96 90
13 WT Sav VOSO4 6 t-BuOOH quant 73
14 WT Sav VOSO4 7 t-BuOOH 61 86
15 WT Sav + biotin

(4.25 equiv)
VOSO4 3 t-BuOOH 96 0

16 D128A Sav VOSO4 3 t-BuOOH 97 0
17 avidin VOSO4 3 t-BuOOH 78 7
18 BSA VOSO4 3 t-BuOOH quant 0
19 Aviloop VOSO4 1 t-BuOOH quant 60
20 Aviloop VOSO4 7 t-BuOOH 54 90

a All catalytic runs were performed at room temperature in 0.05 M
KCl/HCl buffer at pH 2.2, with 0.0001 M WT Sav, 0.0002 M vanadium,
0.01 M sulfide, and 0.05 M oxidant. b R-configuration assigned according
to ref 47 except as noted. c S-configuration assigned according to ref 47.
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vanadium and 1 mol % tetrameric streptavidin, the sulfoxidation
of thioanisole 1 afforded the corresponding sulfoxide in 94%
conversion and 46% ee (R) (Table 1, entry 3).

Next, we screened prochiral sulfides 2-7 (Scheme 1), which
are typical substrates for homogeneous sulfoxidation reactions.47

For all substrates, very little overoxidation to the corresponding
sulfone could be detected by HPLC (<2%). It is interesting to
note that increasing the steric bulk of the aromatic moiety of
the sulfide leads to an increase in selectivity: up to 93% ee for
the sulfoxidation of methyl-2-naphthylsulfide 4 (Table 1, entries
9-12). Oxidation of dialkylsulfides produced the corresponding
sulfoxides with reasonable enantioselectivity (up to 86% ee;
Table 1, entries 13 and 14).

In order to test whether the vanadyl moiety is incorporated
in the biotin-binding pocket, 4.25 equiv of biotin versus
tetrameric Sav were added to the reaction mixture. Under these
conditions, the sulfoxidation of 4-methoxythioanisole 3 afforded
racemic product (Table 1, entry 15). Most interestingly, the
presence of biotin-free streptavidin contributes to accelerate the
sulfoxidation rate {Vinit([VO]2+⊂WT Sav)/Vinit([VO]2+) ) 3}.
In contrast, biotin-loaded streptavidin accelerates the rate of the
[VO]2+-catalyzed sulfoxidation very little {Vinit([VO]2+ + biotin
⊂ Sav)/Vinit([VO]2+) ) 1.5}. This observation further supports
the hypothesis that the oxidation indeed occurs within the biotin
binding pocket. However, due to the poor solubility of the
substrate, no saturation kinetics could be achieved (see Sup-
porting Information for details). It is noteworthy that upon using
a range of amounts of substrate 3 (50, 100, or 150 equiv of
4-methoxythioanisole versus vanadium), the reaction proceeded
with nearly quantitative conversion in all cases. These results
suggest that there is no extensive product inhibition under these
conditions, although further kinetic studies with a more soluble
substrate are required.

X-band EPR experiments performed with [VO]2+ ⊂ WT Sav
at pH 2.2 yielded a spectrum very similar to that of
[VO(H2O)5]2+ (Figure 1). Frozen solutions of [VO(H2O)5]2+-
containing complexes display powder pattern electron para-
magnetic resonance (EPR) spectra dominated by the hyperfine

coupling of the vanadium ion (S ) 1/2; I ) 7/2). The spin
Hamiltonian parameters used to simulate the experimental data
are analogous to those found previously for [VO(H2O)5]2+,48

suggesting that the vanadium interacts only via second coor-
dination sphere contacts with streptavidin. In nature, similar
examples are provided by molybdate or tungstate anion-binding
proteins, in which oriented hydrogen bonds provided by the
protein play a major role in conferring exquisite specificity of
the proteins toward MO4

2- (M ) Mo, W).49,50 Interestingly,
the intensity of the EPR spectrum in the presence of streptavidin
is noticeably higher than in its absence, suggesting a shielding
of the vanadium complex within the binding site.

In order to gain an insight on the localization of
[VO(H2O)5]2+ within streptavidin, docking experiments were
carried out with a rigid monomeric Sav (PDB code 2IZG;51

biotin ⊂ streptavidin at pH ) 2.0, the biotin was removed prior
to docking; see Supporting Information for computational
details). The resulting docked structure [VO(H2O)5]2+ ⊂ Sav,
with the vanadium moiety located within the biotin-binding
pocket, was subsequently allowed to relax in a molecular
dynamics simulation on a tetrameric Sav model. The optimized
structure is depicted in Figure 2. As can be appreciated, H-donor
residues critical for biotin binding (e.g., D128, N23, S27, and
S45) are also involved in interactions with [VO(H2O)5]2+.

It is widely recognized that Asp128 is the most critical residue
for the biotin-streptavidin affinity.4,5,7,52 In the docked structure,
Asp128 displays the closest contact to the vanadyl moiety. On
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Figure 1. Frozen aqueous solution X-band EPR spectra (s) of (A) VOSO4
and (B) VOSO4 ⊂ Sav in a buffer solution at pH ) 2.2. [VOSO4] ) 0.2
mM (A, B) and [Sav] ) 0.1 mM (B). Powder simulation spectra (---) have
been calculated with the following EPR spin Hamiltonian parameters: (A)
g| ) 1.932 cm-1, g⊥ ) 1.978 cm-1, A| ) 183 cm-1, A⊥ ) 70 × 10-4

cm-1, W| ) 22 G, and W⊥ ) 19 G; (B) g| ) 1.933 cm-1, g⊥ ) 1.976
cm-1, A| ) 182 cm-1, A⊥ ) 69 × 10-4 cm-1, W| ) 25 G, and W⊥ )
25 G.

Figure 2. Superimposition of the docked structure [VO(H2O)5]2+ (ball-
and-stick representation) ⊂ WT Sav (monomers A and D, light blue
schematic secondary structure) with the structure of biotin ⊂ WT Sav at
pH ) 2.0 (PDB code 2IZG; biotin, yellow stick and yellow transparent
surface; monomers A and D, yellow schematic secondary structure). Close-
lying D128, N23, S27, and S45 residues are highlighted, as is residue W120
from monomer D, which closes the biotin-binding site of subunit A, as
well as the flexible L3,4-loop (green), which was replaced by the
corresponding avidin L3,4-loop.
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were proposed, but no mention was made of possible catalysis
by dissociated Pd.68 Watanabe also showed that selective
reaction of apo-ferritin with [Rh(NBD)Cl2]2 was possible, and
crystal structure analysis revealed three unique Rh-binding sites
per subunit, one of which involved covalent attachment of
NBD to a cysteine thiol (Figure 2D).65 Notably, the ferritin−
Rh complex catalyzed phenylacetylene polymerization, and
differences in the properties of polymer produced by this ArM
versus [Rh(NBD)Cl]2, including increased polymer solubility,
narrowed polydispersity, and a maximum polymer molecular
weight that did not increase with extended reaction time or
excess monomer, led the authors to conclude that catalysis
occurred within the ArM interior in this case.
Althugh naturally occurring metal binding sites can facilitate

ArM formation, they also limit the range of primary
coordination environments, metal ions, and catalytic activities
that can be used. Researchers have therefore explored the
metal-binding capabilities of proteins that do not naturally bind
metals (Scheme 3C). For example, serum albumins, which
naturally bind and transport hydrophobic substrates in blood
serum, can also bind catalytically active metal ions and
complexes. In an early example exploiting this capability,
researchers generated a complex between bovine serum
albumin (BSA) and OsO4.

69 On the basis of comparison of
the absorption spectra for this complex and related small-
molecule osmate complexes, a primary amine (i.e., lysine)
linkage was inferred, but no further structural details were
provided. The BSA−OsO4 ArM catalyzed enantioselective cis-
dihydroxylation of alkenes using t-butyl hydroperoxide (up to
68% ee, Scheme 5A). A human serum albumin (HSA) complex
with Rh(CO)2(acac) provided up to 500 000 turnovers for
hydroformylation of styrene (99% conversion, 9:1 B/L, Scheme
5B), and this efficiency was attributed to exclusion of O2 and
other poisons from the Rh center by the ArM scaffold.70

Maximal activities were observed using >5:1 Rh/HSA,
suggesting that multiple nonspecific binding sites existed (no
enantioselectivity data were presented), but similar adducts
with papain and egg albumin led to variable B/L ratios on 1-
octene, 45:55 and 0:100, respectively, indicating that scaffold
control of catalyst selectivity was possible. Albumins and several
other proteins have also been used to bind vanadate ions to
generate ArMs for enantioselective sulfoxidation.71 Notably,
vanadate-loaded streptavidin (Sav) catalyzes enantioselective
thioether sulfoxidation with up to 90% ee at 96% conversion
(Scheme 5C),72 and this same scaffold binds OsO4 to generate
ArMs that catalyze enantioselective olefin cis-dihydroxylation
(>90% ee at ∼20 TON, Scheme 5D).73 In this later case, ArMs
selective for either product enantiomer were identified, and

although X-ray crystallography revealed three Os-binding sites
in Sav, the actual catalytic site(s) could not be confirmed.
Although novel metal binding capabilities of proteins can

certainly be exploited for ArM formation and catalysis, different
metal species can bind to proteins with varying degrees of
stoichiometry and selectivity, as illustrated in the Sav−OsO4
and ferritin−Pd and −Rh examples outlined above, which can
lead to catalyst mixtures with varying selectivity. To expand the
range of coordination environments that can be used to
selectively bind metals, researchers have turned to engineering
metal binding sites into proteins (Scheme 3B). Whereas metal
binding sites have been designed, selected, or evolved in a
number of proteins,36,49,74 few of these were intended for
catalysis. Of the examples for which catalysis was a goal,
reactions of oxygen75−77 or ROS78 but no organic substrate are
the most common. More relevant to organic synthesis, Reetz
and co-workers engineered a copper-binding site (His/His/
Asp, HHD) near the top rim of the α/β-barrel protein tHisF,
the thermostable synthase subunit of the glutaminase synthase
enzyme complex from Thermotoga maritima.79 Following
removal of a native cysteine residue, the resulting protein was
metalated with CuSO4, and the resulting ArM (tHisF-HHD−

Figure 2. (A) Structure of apo-ferritin−Pd with Pd(η3-C3H5) fragments shown as red spheres.
64 (B) One of the two Pd binding sites in apo-ferritin−

Pd. Pd and water are shown as turquoise and red spheres, respectively. (C) H114A (red) causes a change in Pd binding and stoichiometry at the
binding site shown in B. (D) Covalent norbornyl adduct formed at a Rh binding site in apo-ferritin−Rh generated upon addition of [Rh(NBD)Cl]2
to apo-ferritin.65

Scheme 5. Selective Catalysis Using ArMs Generated from
Coordination of Metal Complexes to Scaffold Proteins
Whose Native Function Is Not Primarily Metal Bindinga

aEnantioselectivity was observed in A,69 C,72 and D,73 but only
regioselectivity was reported for B.70.
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•  Ward	(2008)	demonstrated	that	streptavidin,	which	has	no	na#ve	cataly#c	
ac#vity	can	be	transformed	into	an	enan#oselec#ve	biocatalyst	for	
sulfoxida#on.	

•  Binding	studies	indicated	that	outer-sphere	interac#ons	were	responsible	for	
inducing	selec#vity.	

Ward,	T.	et	al.,	JACS.,	2008,	,	130,	8085.	
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tune catalyst−substrate interactions can be synthetically
challenging, and small molecule ligands offer limited control
over the orientations of distal substituents in both a static and
dynamic sense. The effects of these interactions also tend to be
quite substrate-dependent,8,9 which compromises catalyst
generality. Given such limitations, the need persists for
transition metal catalysts with well-defined secondary coordi-
nation environments that can be readily and extensively fine-
tuned for particular applications.
Enzyme Catalysis. Enzyme catalysis is typically lauded for

the extreme levels of rate acceleration and exquisite selectivity
exhibited by many natural enzymes17 on their native
substrates.18 Unlike small molecule catalysts, enzymes can
differentially bind substrates and their associated activated
complexes in three dimensionally defined yet dynamically
fluxional19 active sites to reduce barriers to chemical
reactions.20,21 Amino acid residues and cofactors are precisely
oriented by the entire enzyme structure to modulate reaction
energy surfaces through a combination of coordinated
hydrogen bonding, hydrophobic, electrostatic, steric, and
other interactions. Of course, this control arose through
evolutionary processes (natural selection, neutral drift, etc.),22

which can be mimicked in the laboratory using iterative rounds
of catalyst diversification and functional screening or selection,
to engineer enzymes with improved efficiency.23,24 Thus,
although a given enzyme may not catalyze a particular reaction
or do so with sufficient selectivity or substrate scope, it can be
evolved to increasingly extreme extent25 to do so.26

Furthermore, these catalysts can be genetically incorporated
into living organisms to enable direct synthesis of complex
molecules without the need for isolation and purification of
intermediates.27 However, whereas laboratory evolution has
been used to create enzymes from noncatalytic scaffolds,28,29 it
is most effective at optimizing activities that are already
present,23 and despite exciting progress toward the design of
enzymes for new reactions,30−32 many reactions, particularly
those catalyzed by nonbiological metals, are likely not possible
without the introduction of such species.

2. HYBRID METAL−PEPTIDE CATALYSTS
As can be appreciated from the discussion above, transition
metal catalysts and enzymes possess unique and often
complementary33 properties that have made them important
tools for chemical synthesis. The potential practical benefits of
catalysts that combine these properties and a desire to
understand how the structure and reactivity of metal and
peptide components affect each other have driven researchers
to create hybrid metal−peptide catalysts since the 1970s
(Scheme 2A).34−37 Central to these efforts are robust methods
to incorporate transition metals into peptides or proteins,
hereafter collectively referred to as scaffolds. These can be
broadly classified as involving coordination of metal atoms by
scaffold residues (scaffold−M, where M is a free ion or
complexed with other nonprotein ligands), covalent scaffold
modification using functionalized catalysts (scaffold−cat), or
noncovalent catalyst binding, either to the catalyst itself or to a
catalyst substituent (cat⊂scaffold) (Scheme 2B−D).34 Combi-
nations of these classes are possible; the latter two can also
involve the introduction of ligands that can be subsequently
metalated, and each has advantages and disadvantages that
make it more or less suitable for particular applications. The
hybrid catalysts developed to date using these methods possess
unique compositions of matter at the inorganic/biological

interface that often pose significant challenges from design,
synthesis, and characterization perspectives. Despite these
obstacles, researchers have developed systems in which
secondary coordination sphere effects38 impart selectivity to
metal catalysts,39,40 accelerate chemical reactions,41 and are
systematically optimized via directed evolution.39,40 Although
much work will be required to enable practical application of
hybrid catalysts, these capabilities have the potential to impact
chemical synthesis in ways not readily achieved using small
molecule catalysts.
This perspective outlines a number of fundamental principles

and key developments in the design, preparation, and
application of peptide-based hybrid catalysts for organic
transformations. Catalysts derived from both peptide and
protein scaffolds are covered and will be referred to as
metallopeptide catalysts and artificial metalloenzymes (ArMs),
respectively. A practical division between these two scaffold
classes of ∼50 residues in a single peptide chain, the upper
range available directly via solid phase synthesis,42 was selected.
Related catalysts and materials based on DNA43 and PNA44 or
describing only metal binding,45−48 probe bioconjugation,38 or
inorganic redox chemistry49 are generally not covered, despite
the importance of these advances. The many interesting
examples in which natural metalloenzymes have been used to
catalyze unnatural reactions or modified via mutagenesis using
natural amino acids to do so are not broadly discussed because
of the different challenges encountered in such efforts relative
to incorporating nonnative metal catalysts into scaffolds.50−53

Even with these limitations, a large body of work has emerged
regarding peptide-based hybrid catalysts for chemical synthesis.
These will be discussed in terms of the classifications noted
above, but as will be evident, these are not always absolute and
serve only as a means of organization.

3. ARTIFICIAL METALLOENZYMES
3.1. Binding Metal Ions and Complexes (Scaffold−M).

Preparing a homogeneous transition metal catalyst typically
involves combining a metal catalyst precursor (M) with one or
more small molecule ligands (L) to form a complex via one or
more metal−ligand bonds (L−M).7 The ligands employed can
range from simple, low-molecular-weight, monodentate species
(e.g., halides, carboxylic acids, amines, phosphines, etc.) to
complex, polydentate, high-molecular-weight structures, such as
the substituted salicylaldiminato and terpyridine ligands noted
above.13−15 Proteins, which contain a range of metal-binding N,
O, and S functional groups within well-defined, three-
dimensional, chiral structures, can be viewed as yet another
step along this ligand complexity continuum and have therefore

Scheme 2. (A) General Hybrid Catalyst Structure and
Structures of Hybrid Catalysts Formed via (B) Coordination
of Metal Ions or Catalysts, (C) Covalent Scaffold
Modification, and (D) Noncovalent Scaffold Modificationa

aScaffold linkage sites for each method are highlighted in red.
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A:	
	
Direct	coordina#on	
of	metal	ion	or	
catalyst		
	

B:	
	
Covalent	aQachment	
of	metal	complex	via	
a	linker.	
	

C:	
	
Non-Covalent	
aQachment	of	a	
metal	complex.	

•  Metal	is	directly	coordinated	to	a	nucleophilic	
sidechain	in	the	protein	interior.	

•  Pros:	
-Technically	straighsorward	protocol.	
-Minimal	perturba#on	of	the	enzyme	
microenvironment	
	
•  Cons:	
-Mul#ple	binding	sites	possible	
-Electronic	proper#es	of	the	metal	centre	may	be	
affected	in	an	adverse	way.	
	
•  Since	the	metal	is	directly	modified	by	the	

enzyme	architecture,	original	purpose	of	
delinking	reac#vity	(metal)	and	scaffolding	
(protein)	is	lost.		



Strategy	B:	Covalent	Anchoring	

•  Methods	have	been	developed	to	covalently	link	synthe#c,	cataly#cally	ac#ve	
transi#on	metal	ligands/cofactors	to	proteins.	

•  At	a	minimum,	such	bioconjuga#on	requires	a	scaffold	protein	containing	a	uniquely	
reac#ve	residue	(typically	a	nucleophile)	and	the	corresponding	reac#on	partner	
(typically	an	electrophile).		

•  Cysteine	alkyla#on	is	the	most	u#lized	method.	
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Cu) catalyzed enantioselective Diels−Alder reaction between
an azachalcone and cyclopentadiene with 35% enantioselectiv-
ity (Scheme 6A). Notably, mutating to alanine (A4) four

histidine residues that could also bind Cu to generate
nonselective catalysts increased reaction selectivity (up to
46% ee, 13:1 endo/exo). To eliminate the design challenges
associated with engineering metal-binding sites into proteins,
Schultz used unnatural amino acid (UAA) mutagenesis80 to
install specific metal-binding amino acids into proteins. Initially,
(2,2′-bipyridin-5-yl)alanine (BpyAla) was incorporated into T4
lysozyme, which was then selectively metalated using Cu(II) to
generate the corresponding Cu(II)−BpyAla metalloprotein.81

Cu(II)Bpy and other Cu(II) and Fe(II) complexes react with
O2 in the presence of sulfide reducing agents to generate ROS
(e.g., hydroxyl radical) that randomly cleaves nucleic acids and
proteins. Several groups have developed hybrid catalysts
exploiting this reactivity for selective nuclease and protease
activity (vide infra).82 Indeed, Schultz found that incorporating
BpyAla into the Escherichia coli catabolite activator protein
(CAP) at a site proximal to the CAP−DNA interface led to the
formation, after metalation with Cu(II), of a site-specific ArM
nuclease (Scheme 6B).83 A hydroxyquinone-based UAA
(HQAla) was also incorporated into proteins and metalated
with Zn(II), but no catalysis has been described to date.84

3.2. Covalent Linkage of Metal Catalysts and Ligands.
Coordinating metals with proteins can enable ArM formation
in much the same way that metals and ligands are mixed
together to form small molecule catalysts; however, this
approach is generally limited to coordination by the 20 natural
amino acids, and many reactions are catalyzed by metals with
ligands not found in nature (e.g., carbenes, phosphines, etc.).
Although UAA mutagenesis can be used to expand this scope,
this process itself requires extensive engineering for each
desired amino acid and is limited to complexes that can be
formed in the presence of a protein. To more readily expand
the range of catalysts that can be incorporated into proteins,
researchers have developed methods to covalently link
synthetic, catalytically active transition metal cofactors to
proteins (Scheme 2C).85,86 At a minimum, covalent ArM
formation (bioconjugation) requires a scaffold protein contain-
ing a uniquely reactive residue (typically a nucleophile) and a

cofactor substituted with the corresponding reaction partner
(typically an electrophile), both of which present unique
synthetic challenges (Scheme 7).

Of the many bioconjugation reactions developed to date,87

cysteine alkylation has found the most application in ArM
formation (Table 1, entries 1−6). Cysteine mutations can be
readily introduced into proteins, but any additional reactive
cysteine residues must also be removed, which is time-
consuming and can be problematic if these residues are
structurally important. The native activity of some enzymes can
simplify the bioconjugation process. For example, many
hydrolase enzymes contain uniquely nucleophilic serine or
cysteine residues in their active sites that can react selectively
with suitable electrophiles (Table 1, entry 8). This eliminates
the need for scaffold engineering (e.g., installing or removing
cysteine residues) but limits the approach to hydrolase
enzymes. Several other bioconjugation reactions have been
used to form ArMs, and these will be discussed below (Table
1). In addition to facilitating bioconjugation, a scaffold’s native
function can be exploited for ArM catalysis (Scheme 2A). For
example, substrate binding by an antibody or nuclease can be
used to convey selectivity to ArMs generated from these
scaffolds, and native electron transport proteins can be used to
reduce synthetic cofactors to enable new chemistry in an
ArM.88 Regardless of their native function, scaffolds must be
sufficiently large to contain both the cofactor linker and metal
complex. This has led to the exploration of enzymes and
complexes that contain significant amounts of “vacant space,”37

including α/β-barrel proteins, apo-heme proteins, and protein
dimer interfaces as ArM scaffolds. Because vacant space also
provides room for different linker conformations and cofactor
positioning within the ArM, a balance must be struck between
providing room for cofactor introduction and restricting
cofactor movement for selective catalysis.
Althuogh the range of potential bioconjugation reactions

available provides some flexibility for scaffold preparation,
cofactor synthesis is often complicated by the need to
incorporate a reactive metal center for catalysis and a reactive
functional group for bioconjugation in the same molecule
(Table 1). The number of potential catalyst/functional group
combinations makes any generalization of cofactor synthesis
impossible. In some cases, it may be possible to metalate an
otherwise complete cofactor, but in other cases, it may be
preferable to install a reactive functional group on a substituted
metal catalyst. If neither of these is possible, apo-cofactors can
be covalently linked to proteins and subsequently metalated in
analogy to the metal coordination approaches outlined above.
Kaiser provided seminal examples of cofactor bioconjugation

to generate artificial enzymes in his work on flavopapain
oxidoreductases.89 In these systems, the active site cysteine of
papain, a cysteine protease, was alkylated by bromomethyl- and
α-bromoacetyl-substituted flavins (Table 1, entries 1 and 2).90

The resulting flavopapains catalyzed oxidation of dihydronico-
tinamides with up to 50-fold rate acceleration over the
uncatalyzed air oxidation reactions and exhibited kcat/Km values
similar to those of natural flavin oxidases (e.g., glucose oxidase).
Although no metals were involved in these examples, they

Scheme 6. (A) Enantioselective Catalysis Using an ArM
Generated from a Designed Metal Binding Site79 and (B)
Cartoon Representation of Hybrid Catalyst Nuclease
Generated from Incorporation of the Metal Binding Amino
Acid BpyAla into the Transcription Factor CAP83

Scheme 7. Representative Covalent Attachment Methods
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showed that bioconjugation could be used to generate hybrid
catalysts and paved the way for incorporation of metal
cofactors. One of the earliest examples of covalent ArM
formation involved modifying the primary amines (4 lysine
residues) on the E. coli Trp repressor protein (trp) with
iminothiolane followed by sulfur alkylation with 5-iodoaceta-
mide-1,10-phenanthroline (1, Scheme 8) and metalation using
Cu(II) (Table 1, entry 7).91 The resulting ArM-catalyzed site-

specific cleavage of a DNA fragment containing the aroH
transcription unit naturally recognized by the trp in the
presence of Trp and 3-mercaptopropionic acid in a manner
analogous to the later work described above (Figure 6B). Since
this example, a number of related efforts have utilized
haloacetamide-substituted phenanthroline ligands (subse-
quently metalated with Cu(II)) or similarly substituted
Fe(III)−EDTA complexes (either preformed or generated

Table 1. A Summary of Bioconjugation Methods Used To Covalently Link Synthetic Cofactors to Protein Scaffolds

Scheme 8. Representative Cofactors and Ligands Used To Generate ArMs via Covalent Scaffold Modification
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Cu) catalyzed enantioselective Diels−Alder reaction between
an azachalcone and cyclopentadiene with 35% enantioselectiv-
ity (Scheme 6A). Notably, mutating to alanine (A4) four

histidine residues that could also bind Cu to generate
nonselective catalysts increased reaction selectivity (up to
46% ee, 13:1 endo/exo). To eliminate the design challenges
associated with engineering metal-binding sites into proteins,
Schultz used unnatural amino acid (UAA) mutagenesis80 to
install specific metal-binding amino acids into proteins. Initially,
(2,2′-bipyridin-5-yl)alanine (BpyAla) was incorporated into T4
lysozyme, which was then selectively metalated using Cu(II) to
generate the corresponding Cu(II)−BpyAla metalloprotein.81

Cu(II)Bpy and other Cu(II) and Fe(II) complexes react with
O2 in the presence of sulfide reducing agents to generate ROS
(e.g., hydroxyl radical) that randomly cleaves nucleic acids and
proteins. Several groups have developed hybrid catalysts
exploiting this reactivity for selective nuclease and protease
activity (vide infra).82 Indeed, Schultz found that incorporating
BpyAla into the Escherichia coli catabolite activator protein
(CAP) at a site proximal to the CAP−DNA interface led to the
formation, after metalation with Cu(II), of a site-specific ArM
nuclease (Scheme 6B).83 A hydroxyquinone-based UAA
(HQAla) was also incorporated into proteins and metalated
with Zn(II), but no catalysis has been described to date.84

3.2. Covalent Linkage of Metal Catalysts and Ligands.
Coordinating metals with proteins can enable ArM formation
in much the same way that metals and ligands are mixed
together to form small molecule catalysts; however, this
approach is generally limited to coordination by the 20 natural
amino acids, and many reactions are catalyzed by metals with
ligands not found in nature (e.g., carbenes, phosphines, etc.).
Although UAA mutagenesis can be used to expand this scope,
this process itself requires extensive engineering for each
desired amino acid and is limited to complexes that can be
formed in the presence of a protein. To more readily expand
the range of catalysts that can be incorporated into proteins,
researchers have developed methods to covalently link
synthetic, catalytically active transition metal cofactors to
proteins (Scheme 2C).85,86 At a minimum, covalent ArM
formation (bioconjugation) requires a scaffold protein contain-
ing a uniquely reactive residue (typically a nucleophile) and a

cofactor substituted with the corresponding reaction partner
(typically an electrophile), both of which present unique
synthetic challenges (Scheme 7).

Of the many bioconjugation reactions developed to date,87

cysteine alkylation has found the most application in ArM
formation (Table 1, entries 1−6). Cysteine mutations can be
readily introduced into proteins, but any additional reactive
cysteine residues must also be removed, which is time-
consuming and can be problematic if these residues are
structurally important. The native activity of some enzymes can
simplify the bioconjugation process. For example, many
hydrolase enzymes contain uniquely nucleophilic serine or
cysteine residues in their active sites that can react selectively
with suitable electrophiles (Table 1, entry 8). This eliminates
the need for scaffold engineering (e.g., installing or removing
cysteine residues) but limits the approach to hydrolase
enzymes. Several other bioconjugation reactions have been
used to form ArMs, and these will be discussed below (Table
1). In addition to facilitating bioconjugation, a scaffold’s native
function can be exploited for ArM catalysis (Scheme 2A). For
example, substrate binding by an antibody or nuclease can be
used to convey selectivity to ArMs generated from these
scaffolds, and native electron transport proteins can be used to
reduce synthetic cofactors to enable new chemistry in an
ArM.88 Regardless of their native function, scaffolds must be
sufficiently large to contain both the cofactor linker and metal
complex. This has led to the exploration of enzymes and
complexes that contain significant amounts of “vacant space,”37

including α/β-barrel proteins, apo-heme proteins, and protein
dimer interfaces as ArM scaffolds. Because vacant space also
provides room for different linker conformations and cofactor
positioning within the ArM, a balance must be struck between
providing room for cofactor introduction and restricting
cofactor movement for selective catalysis.
Althuogh the range of potential bioconjugation reactions

available provides some flexibility for scaffold preparation,
cofactor synthesis is often complicated by the need to
incorporate a reactive metal center for catalysis and a reactive
functional group for bioconjugation in the same molecule
(Table 1). The number of potential catalyst/functional group
combinations makes any generalization of cofactor synthesis
impossible. In some cases, it may be possible to metalate an
otherwise complete cofactor, but in other cases, it may be
preferable to install a reactive functional group on a substituted
metal catalyst. If neither of these is possible, apo-cofactors can
be covalently linked to proteins and subsequently metalated in
analogy to the metal coordination approaches outlined above.
Kaiser provided seminal examples of cofactor bioconjugation

to generate artificial enzymes in his work on flavopapain
oxidoreductases.89 In these systems, the active site cysteine of
papain, a cysteine protease, was alkylated by bromomethyl- and
α-bromoacetyl-substituted flavins (Table 1, entries 1 and 2).90

The resulting flavopapains catalyzed oxidation of dihydronico-
tinamides with up to 50-fold rate acceleration over the
uncatalyzed air oxidation reactions and exhibited kcat/Km values
similar to those of natural flavin oxidases (e.g., glucose oxidase).
Although no metals were involved in these examples, they

Scheme 6. (A) Enantioselective Catalysis Using an ArM
Generated from a Designed Metal Binding Site79 and (B)
Cartoon Representation of Hybrid Catalyst Nuclease
Generated from Incorporation of the Metal Binding Amino
Acid BpyAla into the Transcription Factor CAP83

Scheme 7. Representative Covalent Attachment Methods
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following bioconjugation) to alkylate various proteins that bind
specific nucleic acids or proteins.85 Bioconjugation was typically
conducted using either 2-iminothiolane-modified lysine resi-
dues as outlined above or, more commonly, using genetically
encoded cysteine residues. The resulting ArMs uniquely
enabled site-specific cleavage of DNA, RNA, and protein
substrates and clearly illustrate the potential for substrate
recognition imparted by protein scaffolds to impact reaction
selectivity and substrate specificity.82

Following these successes, researchers began to utilize
covalently generated ArMs for organic synthesis. Distefano
and co-workers established that adipocyte lipid binding protein
(ALBP), a small globular protein containing a unique cysteine
residue within a large (600 Å3) cavity, could be used as a
scaffold for covalent attachment of 1 (Scheme 8; Table 1, entry
2).92 The resulting conjugate was metalated with Cu(II) and
used to catalyze amide bond hydrolysis or kinetic resolution of
amino acid esters via ester bond hydrolysis. Although up to
86% ee was observed in the hydrolytic resolution of L-tyrosine
methyl ester, a maximum of only 7.6 turnovers was possible.
Analysis of the ArM crystal structure indicated that the
phenanthroline ligand was completely buried within the globular
protein and that little structural perturbation resulted from
cofactor bioconjugation (Figure 3).93 A broad range of

chemistries have since been examined in different ArM
constructs. Reetz demonstrated that maleimide-substituted
Mn-salen (2) and Cu-, Pd-, and Rh-bipyridine (3) cofactors
could be linked to papain94 and tHisF95 via cysteine alkylation
(Scheme 8; Table 1, entry 4), but low enantioselectivities
(<10% ee) were reported for unspecified epoxidation and
hydrogenation reactions catalyzed by these ArMs. Both Reetz94

and van Koten96,97 demonstrated that phosphonate-substituted
cofactors, including bisphosphine ligand 4 and Pt− and Pd−
pincer complexes 5 (Scheme 8), could be covalently linked to
various serine hydrolases in analogy to known inhibitors of
these enzymes,98 but no catalysis was reported. Ward and
Hilvert demonstrated that the G41C mutant of a small heat

shock protein from Methanococcus jannashii could be alkylated
using the substituted Grubbs−Hoveyda catalyst 6 (Scheme 8;
Table 1, entry 2) to generate ArMs for olefin metathesis (up to
33 TON).99 We have also demonstrated that unnatural amino
acid mutagenesis can be used to incorporate p-azidophenyla-
lanine into proteins to enable bioorthogonal click reactions of
bicyclononyne-substituted cofactors via strain-promoted azide−
alkyne cycloaddition (SPAAC; Table 1, entry 9).100 The
bioorthogonality of this reaction eliminates the need to remove
native amino acid residues in the scaffold and should facilitate
ArM formation under a variety of reaction conditions.101

Indeed, we demonstrated that BCN-substituted Mn− and Cu−
terpyridine (7) and dirhodium tetracarboxylate (8) cofactors
could all be incorporated into different scaffold proteins using
this approach (Scheme 8). The dirhodium ArMs catalyzed
cyclopropanation of p-methoxystyrene using ethyl diazoacetate
and carbene insertion into the Si−H bond of diphenylme-
thylsilane using methyl phenyldiazoacetate.
Given the importance of phosphorus-based ligands in

transition metal catalysis, covalent modification of proteins
using substituted phosphine ligands and complexes has received
significant attention. In addition to the reports from Reetz
noted above (4), Feringa and co-workers demonstrated that
papain could be alkylated with phosphite 9, which could
subsequently be metalated with [Rh(COD)2]BF4 (Scheme
8).102 The resulting ArM-catalyzed hydrogenation of methyl 2-
acetamidoacrylate, but low enantioselectivities (<10% ee) were
reported for all reactions studied. More recently, Kamer has
shown direct modification of the unique cysteine residue in
photoactive yellow protein (PYP) using phosphines (10,
Scheme 8) substituted with a 1,1′-carbonyldiimidazole-
activated carboxylic acid moiety (Table 1, entry 5).103

Phosphine-substituted PYP was metalated with [PdCl(η3-
C3H5)]2, and the resulting ArM-catalyzed allylic amination of
1,3-diphenylprop-2-enyl acetate with benzylamine, but no
enantioselectivity was reported. Because of the reactivity of
phosphine ligands toward the maleimide anchor often used for
covalent cysteine modification, these researchers also developed
a two-step protocol involving initial bioconjugation of a
hydrazine-substituted maleimide cross-linker followed by
imine formation between the hydrazine and aldehyde-
substituted phosphine ligands (11, Scheme 8), but no catalysis
was reported (Table 1, entry 6).104

These examples show that whereas ArMs generated via
covalent modification of scaffold proteins have been used for
selective biomolecule cleavage, selective reactions on small-
molecule substrates have proved challenging. Low ArM
selectivity has been rationalized in terms of poor control over
cofactor/scaffold (secondary coordination sphere) interactions,
resulting from large active site volumes,37 linker length,100,102

and linker flexibility.105 In most cases, wild-type proteins or
cysteine mutants thereof were used as scaffolds, and few
attempts were made to improve selectivity via scaffold
mutagenesis, which Reetz pointed out would likely be required
for selectivity (vide infra). However, different linkage strategies
have been explored to correct these problems. For example,
although all the examples outlined above involve single covalent
bond between cofactor and scaffold, Lu found that a dual-point
attachment of the doubly methane thiosulfonate-substituted
Mn−salen complex 12 to a cysteine double mutant (L72C/
Y103C) of apo-myoglobin (apo-Mb) led to improved
selectivity (51% ee) for thioanisole sulfoxidation relative to
the analogous single-point mutant (Y103C, 12% ee).105

Figure 3. Crystal structure of ALBP−phenanthrene bioconjugate
showing location of the phenanthrene ligand deep within the protein
interior, sequestered from bulk solvent.93
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•  An	early	example	was	provided	by	Distefano	and	coworkers	who	u#lized	the	single	
Cys	containing	Adipocyte	Lipid	Binding	Protein	(ALBP)	for	Phenanthroline	
conjuga#on	and	subsequent	Cu(II)	catalyzed	hydrolysis.	

•  ALBP	is	a	small	(130aa)	protein	with	a	large	600A3	hydrophobic	cavity.	It	was	hoped	
that	the	resul#ng	scaffolding	environment	around	the	Cu(II)	centre	would	provide	
basis	for	selec#ve	transforma#ons.	



Covalent	anchoring	

following bioconjugation) to alkylate various proteins that bind
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bioorthogonality of this reaction eliminates the need to remove
native amino acid residues in the scaffold and should facilitate
ArM formation under a variety of reaction conditions.101

Indeed, we demonstrated that BCN-substituted Mn− and Cu−
terpyridine (7) and dirhodium tetracarboxylate (8) cofactors
could all be incorporated into different scaffold proteins using
this approach (Scheme 8). The dirhodium ArMs catalyzed
cyclopropanation of p-methoxystyrene using ethyl diazoacetate
and carbene insertion into the Si−H bond of diphenylme-
thylsilane using methyl phenyldiazoacetate.
Given the importance of phosphorus-based ligands in
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Scheme 8) substituted with a 1,1′-carbonyldiimidazole-
activated carboxylic acid moiety (Table 1, entry 5).103

Phosphine-substituted PYP was metalated with [PdCl(η3-
C3H5)]2, and the resulting ArM-catalyzed allylic amination of
1,3-diphenylprop-2-enyl acetate with benzylamine, but no
enantioselectivity was reported. Because of the reactivity of
phosphine ligands toward the maleimide anchor often used for
covalent cysteine modification, these researchers also developed
a two-step protocol involving initial bioconjugation of a
hydrazine-substituted maleimide cross-linker followed by
imine formation between the hydrazine and aldehyde-
substituted phosphine ligands (11, Scheme 8), but no catalysis
was reported (Table 1, entry 6).104

These examples show that whereas ArMs generated via
covalent modification of scaffold proteins have been used for
selective biomolecule cleavage, selective reactions on small-
molecule substrates have proved challenging. Low ArM
selectivity has been rationalized in terms of poor control over
cofactor/scaffold (secondary coordination sphere) interactions,
resulting from large active site volumes,37 linker length,100,102

and linker flexibility.105 In most cases, wild-type proteins or
cysteine mutants thereof were used as scaffolds, and few
attempts were made to improve selectivity via scaffold
mutagenesis, which Reetz pointed out would likely be required
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bound to Cu(II). Nevertheless, it is clear that Cu(II) remains
bound to the phenanthroline in the presence of excess picolinate.
Similar results were obtained upon titration of ALBP-Phen-Cu-
(II) with alanine. As shown in Figure 11A,B, a small diminution
in the 336 nm fluorescence is observed upon addition of alanine,
but no increase in 406 nm fluorescence occurs. Thus, in contrast
to phenanthroline-Cu(II), ALBP-Phen-Cu(II) does not appear
to release Cu(II) in the presence of picolinate or alanine.
Activated Ester Hydrolysis. With a well characterized

conjugate in hand, the ability of ALBP-Phen-Cu(II) to hydrolyze
an activated ester substrate was examined; the bidentate ligand/
substrate picolinic acid nitrophenyl ester (PNPE) was employed
in this study since the production of nitrophenol (5) could be
followed spectrophotometrically. Hydrolysis reactions were

performed with excess 3 in PIPES buffer, pH 6.1, at 25 °C.
Incubation of ALBP-Phen-Cu(II) with 3 resulted in the hy-
drolysis of of at least 2 equivs of 3 in 2 h. As shown in Figure
12, the rate of hydrolysis for the ALBP-Phen-Cu(II)-containing
reaction is 5-fold greater than the background hydrolysis rate
and is linear over 6 h (6 turnovers, data not shown). In contrast,
Figure 12 also shows that reactions containing free Cu(II) give
biphasic progress curves.18b In the early part of the reaction, 1
equiv of 3 is hydrolyzed rapidly. This is followed by a decrease
in the hydrolysis rate to that of the background rate. The rapid
phase of the reaction is likely due to the hydrolysis of 3 bound
to free Cu(II), while the slow phase is attribuable to hydrolysis
of 3 promoted by a picolinate-Cu(II) complex or simply
background hydrolysis. Thus, these experiments demonstrate
that ALBP-Phen-Cu(II), but not free Cu(II), can promote the
catalytic hydrolysis of PNPE with a modest (5-fold) increase
in rate relative to background. However, beacause of the high
rates for the background reaction, this substrate was not studied
further.
Stereoselective Ester Hydrolysis. To obtain a lower rate

for background hydrolysis, unactivated alkyl esters of amino

acid substrates were studied next. These compounds also
allowed the enantioselectivity of hydrolysis catalyzed by ALBP-
Phen-Cu(II) to be assessed; data for these experiments are

tabulated in Table 2. Hydrolysis reactions were performed with
racemic amino acid esters in PIPES buffer, pH 6.1, at 25 °C
and monitored by derivatizing the amino acid products with
o-phthaldialdehyde and N-acetyl-L-cysteine. The resulting di-
astereomers were separated by reversed phase HPLC and
quantified by fluorescence detection.23 A chromatogram show-
ing the separation of the two diastereomeric alanine derivatives
is shown in Figure 13A. Reaction of ALBP-Phen-Cu(II) with

(23) (a) Nimura, N.; Kinoshita, T. J. Chromatogr. 1986, 352, 169-177.
(b) Buck, R. H.; Krummen, K. J. Chromatogr. 1987, 387, 255-265. (c)
Koh, J. T. L. D.; Breslow, R. J. Am. Chem. Soc. 1994, 116, 11234-11240.

Figure 10. Fluorescence of ALBP-Phen-Cu(II) in the presence of
picolinic acid. (A) Emission spectra of ALBP-Phen-Cu(II) (1), ALBP-
Phen-Cu(II) in the presence of 4 equivs of picolinic acid (2), and ALBP-
Phen-Cu(II) in the presence of excess EDTA (3). (B) Fluorescence at
336 nm (b) and 406 nm (O) of ALBP-Phen-Cu(II) in the presence of
picolinate. The fluorescence at 336 nm (9) and 406 nm (0) of ALBP-
Phen-Cu(II) upon the addition of excess EDTA.

Figure 11. Fluorescence of ALBP-Phen-Cu(II) in the presence of
alanine. (A) Emission spectra of ALBP-Phen-Cu(II) (1), ALBP-Phen-
Cu(II) in the presence of 4 equivs of alanine (2), and ALBP-Phen-Cu-
(II) in the presence of excess EDTA (3). (B) Fluorescence at 336 nm
(b) and 406 nm (O) of ALBP-Phen-Cu(II) in the presence of alanine.
The fluorescence at 336 nm (9) and 406 nm (0) of ALBP-Phen-Cu-
(II) upon the addition of excess EDTA.

Figure 12. Hydrolysis of PNPE (3) by ALBP-Phen-Cu(II) and Cu-
(II). Concentration of p-nitrophenol (5) produced by 10 µM ALBP-
Phen-Cu(II) (O), 10 µM Cu(II) (b) or buffer alone (4).
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•  Amino	acid	esters	were	used	as	substrates.	Modest	enan#oselec#vi#es	(30	–	92%	
ee)	were	observed.	The	catalyzed	rate	was	>100	#mes	faster	than	background	
hydrolysis	and	selec#ve	for	the	L-isomer.	

•  A	low	TON	of		~7.5	was	seen	that	was	aQributed	to	the	highly	buried	posi#on	of	the	
phenanthroline	ligand	and	possible	product	inhibi#on.			



Other	examples	
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potassium phosphate buffer (50 mM, pH 7) containing 25%
t-butanol as a co-solvent (Fig. 2). The extent of reaction was
conveniently monitored by titration of free thiols with
5,50-dithiobis-(2-nitrobenzoic acid).10 After 4 h at room
temperature, more than 95% of the cysteines had reacted.
Excess catalyst was removed by ultrafiltration and the sample
was exhaustively dialyzed against potassium phosphate buffer
at pH 2.2. Reverse-phase HPLC analysis of the alkylated
product, [Ru]MjHSP, confirmed that the dialyzed sample
contained less than 2% free 3 (Fig. S2, ESIw). The modified
capsid eluted largely as a single peak from a Phenomenex
BioSep size exclusion column, contaminated by a small
amount of higher order aggregates (Fig. S3, ESIw); it has an
absorption band at 395 nm, consistent with covalent addition
of the ruthenium complex to the protein. Moreover, its ESI-MS
spectrum shows a peak at 17,121.0 Da (Fig. S4, ESIw), which
corresponds to the mass expected for [Ru]MjHSP after the loss
of two chloride ligands from the complex. It was not possible
to resolve whether fragmentation of the complex occurred
during the ionization process or results from prior ligand
exchange with a coordinating group on the protein.

The catalytic properties of [Ru]MjHSP were examined using
the model ring closing metathesis reaction (RCM) of
N,N-diallyl-4-toluenesulfonamide to give N-(p-toluene-sulfonyl)-
3-pyrroline in aqueous solution (Fig. 3). As a control, analogous
reactions were carried out in parallel with the free ruthenium
complex 3. In both cases, reactions were monitored by RP-HPLC
(Fig. S5, ESIw). At neutral pH, neither catalyst afforded significant
amounts of product at catalyst loadings of 2% and 4%, respec-
tively (Table 1, entries 1 and 4). This finding is in line with
previous observations that coordinating solvents and Lewis basic
groups adversely affect metathesis reactions.11 Since activation can
often be achieved by simple protonation of the coordinating
species, we lowered the pH of the reactionmedium. As summarized
in Table 1, the turnover number (TON) of both catalysts
increased significantly and to similar extents as pH was
decreased. The highest yields were observed at pH 2, with 3
and [Ru]MjHSP affording 33 ! 1 and 25 ! 2 turnovers,
respectively. These results show that the hybrid enzyme

functions as a true catalyst for olefin metathesis. Nevertheless,
the protein structure itself exerts little influence on the reaction,
presumably because the ruthenium complex is relatively
exposed on the surface of the scaffold rather than embedded
in a pocket that can also accommodate substrate. However, if
the quaternary capsid structure could be stabilized at low pH
by mutagenesis, ring opening metathesis polymerization
(ROMP) reactions could conceivably be used to fill the
luminal space and generate monodisperse polymer particles.
In summary, these experiments establish the feasibility of

performing multi-turnover RCM catalysis with a protein-
bound ruthenium complex. Although the protein provides
water solubility and prevents aggregation, these hybrid catalysts
are not yet practical. Identifying more robust metathesis
complexes that retain their activity under neutral conditions
will be crucial to enable exploration of a wider range of protein
scaffolds and to allow fine-tuning of reactivity and selectivity
of these artificial metalloenzymes.
This work was generously supported by the Schweizerischer

Nationalfond and the ETH Zürich. C.M. is grateful for a
predoctoral fellowship from Novartis. D.G.G. was supported
by aMarie Curie International Incoming Fellowship with the 7th
European Community Framework Programme (IIF-AEOM).
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Fig. 2 Modification reaction of G41C MjHSP (monomer shown).

A loop region that participates in subunit interactions (residues

85–100) and the C-terminus (residues 142–147) are omitted from the

graphic for simplicity; neither is expected to interact significantly with

the appended ruthenium complex.

Fig. 3 Model RCM reaction, used in activity assays for the artificial

metalloenzyme (monitored by HPLC).

Table 1 RCM of N,N-diallyl-4-toluenesulfonamidea

Entry Catalyst Cat. loading pH Buffer TONc

1 3b 2% 7.0 50 mM phosphate 2 ! 0.2
2 3b 2% 3.9 50 mM MES 16 ! 0.4
3 3b 2% 2.0 10 mM HCl 33 ! 0.5
4 [Ru]MjHSP 4% 7.0 50 mM phosphate 3 ! 0.1
5 [Ru]MjHSP 4% 3.9 50 mM MES 12 ! 1.5
6 [Ru]MjHSP 4% 2.0 10 mM HCl 25 ! 2.1

a Reactions were carried out with 5 mM substrate. b 20% t-butanol
was included in these reactions to ensure catalyst solubility; control
experiments with and without this co-solvent confirmed that it does
not have an adverse effect on reaction efficiency. c Turnover number,
average of two separate experiments, both carried out in triplicate.

Pu
bl

ish
ed

 o
n 

12
 O

ct
ob

er
 2

01
1.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f I

lli
no

is 
- U

rb
an

a 
on

 1
4/

05
/2

01
6 

22
:4

7:
59

. 

View Article Online

This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 12068–12070 12069

potassium phosphate buffer (50 mM, pH 7) containing 25%
t-butanol as a co-solvent (Fig. 2). The extent of reaction was
conveniently monitored by titration of free thiols with
5,50-dithiobis-(2-nitrobenzoic acid).10 After 4 h at room
temperature, more than 95% of the cysteines had reacted.
Excess catalyst was removed by ultrafiltration and the sample
was exhaustively dialyzed against potassium phosphate buffer
at pH 2.2. Reverse-phase HPLC analysis of the alkylated
product, [Ru]MjHSP, confirmed that the dialyzed sample
contained less than 2% free 3 (Fig. S2, ESIw). The modified
capsid eluted largely as a single peak from a Phenomenex
BioSep size exclusion column, contaminated by a small
amount of higher order aggregates (Fig. S3, ESIw); it has an
absorption band at 395 nm, consistent with covalent addition
of the ruthenium complex to the protein. Moreover, its ESI-MS
spectrum shows a peak at 17,121.0 Da (Fig. S4, ESIw), which
corresponds to the mass expected for [Ru]MjHSP after the loss
of two chloride ligands from the complex. It was not possible
to resolve whether fragmentation of the complex occurred
during the ionization process or results from prior ligand
exchange with a coordinating group on the protein.

The catalytic properties of [Ru]MjHSP were examined using
the model ring closing metathesis reaction (RCM) of
N,N-diallyl-4-toluenesulfonamide to give N-(p-toluene-sulfonyl)-
3-pyrroline in aqueous solution (Fig. 3). As a control, analogous
reactions were carried out in parallel with the free ruthenium
complex 3. In both cases, reactions were monitored by RP-HPLC
(Fig. S5, ESIw). At neutral pH, neither catalyst afforded significant
amounts of product at catalyst loadings of 2% and 4%, respec-
tively (Table 1, entries 1 and 4). This finding is in line with
previous observations that coordinating solvents and Lewis basic
groups adversely affect metathesis reactions.11 Since activation can
often be achieved by simple protonation of the coordinating
species, we lowered the pH of the reactionmedium. As summarized
in Table 1, the turnover number (TON) of both catalysts
increased significantly and to similar extents as pH was
decreased. The highest yields were observed at pH 2, with 3
and [Ru]MjHSP affording 33 ! 1 and 25 ! 2 turnovers,
respectively. These results show that the hybrid enzyme

functions as a true catalyst for olefin metathesis. Nevertheless,
the protein structure itself exerts little influence on the reaction,
presumably because the ruthenium complex is relatively
exposed on the surface of the scaffold rather than embedded
in a pocket that can also accommodate substrate. However, if
the quaternary capsid structure could be stabilized at low pH
by mutagenesis, ring opening metathesis polymerization
(ROMP) reactions could conceivably be used to fill the
luminal space and generate monodisperse polymer particles.
In summary, these experiments establish the feasibility of

performing multi-turnover RCM catalysis with a protein-
bound ruthenium complex. Although the protein provides
water solubility and prevents aggregation, these hybrid catalysts
are not yet practical. Identifying more robust metathesis
complexes that retain their activity under neutral conditions
will be crucial to enable exploration of a wider range of protein
scaffolds and to allow fine-tuning of reactivity and selectivity
of these artificial metalloenzymes.
This work was generously supported by the Schweizerischer

Nationalfond and the ETH Zürich. C.M. is grateful for a
predoctoral fellowship from Novartis. D.G.G. was supported
by aMarie Curie International Incoming Fellowship with the 7th
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Fig. 2 Modification reaction of G41C MjHSP (monomer shown).

A loop region that participates in subunit interactions (residues

85–100) and the C-terminus (residues 142–147) are omitted from the

graphic for simplicity; neither is expected to interact significantly with

the appended ruthenium complex.

Fig. 3 Model RCM reaction, used in activity assays for the artificial

metalloenzyme (monitored by HPLC).

Table 1 RCM of N,N-diallyl-4-toluenesulfonamidea

Entry Catalyst Cat. loading pH Buffer TONc

1 3b 2% 7.0 50 mM phosphate 2 ! 0.2
2 3b 2% 3.9 50 mM MES 16 ! 0.4
3 3b 2% 2.0 10 mM HCl 33 ! 0.5
4 [Ru]MjHSP 4% 7.0 50 mM phosphate 3 ! 0.1
5 [Ru]MjHSP 4% 3.9 50 mM MES 12 ! 1.5
6 [Ru]MjHSP 4% 2.0 10 mM HCl 25 ! 2.1

a Reactions were carried out with 5 mM substrate. b 20% t-butanol
was included in these reactions to ensure catalyst solubility; control
experiments with and without this co-solvent confirmed that it does
not have an adverse effect on reaction efficiency. c Turnover number,
average of two separate experiments, both carried out in triplicate.
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A General Method for Artificial Metalloenzyme Formation
through Strain-Promoted Azide–Alkyne Cycloaddition
Hao Yang, Poonam Srivastava, Chen Zhang, and Jared C. Lewis*[a]

Strain-promoted azide–alkyne cycloaddition (SPAAC) can be
used to generate artificial metalloenzymes (ArMs) from scaffold
proteins containing a p-azido-l-phenylalanine (Az) residue and
catalytically active bicyclononyne-substituted metal complexes.
The high efficiency of this reaction allows rapid ArM formation
when using Az residues within the scaffold protein in the pres-
ence of cysteine residues or various reactive components of
cellular lysate. In general, cofactor-based ArM formation allows
the use of any desired metal complex to build unique inorgan-
ic protein materials. SPAAC covalent linkage further decouples
the native function of the scaffold from the installation process
because it is not affected by native amino acid residues; as
long as an Az residue can be incorporated, an ArM can be gen-
erated. We have demonstrated the scope of this method with
respect to both the scaffold and cofactor components and es-
tablished that the dirhodium ArMs generated can catalyze the
decomposition of diazo compounds and both Si!H and olefin
insertion reactions involving these carbene precursors.

Controlling the selectivity of metal catalysts[1] and incorporat-
ing metal complexes into biological systems, where they could
have a transformative impact on our ability to manipulate life
processes,[2] stand as key challenges in synthetic chemistry. A
number of researchers have developed artificial metalloen-
zymes (ArMs) comprised of synthetic metal catalysts and
enzyme or protein scaffolds to achieve these goals by combin-
ing the reactivity of the former with the adaptability and effi-
ciency of the latter.[3] Several different approaches to link cata-
lysts and scaffolds have been described. Most of these can be
broadly classified as involving dative binding of scaffold resi-
dues to metal atoms (as free ions or in complex with other
ligands),[4] noncovalent binding of metal complexes,[5] or cova-
lent modification using a functionalized metal complex.[6]

Efforts to date have demonstrated the potential of ArMs for
a range of applications,[5b, 7, 8] but they have also highlighted
the importance of flexibility with respect to the scaffold pro-
teins,[9] bioconjugation methods,[6] and linker structures[10] used
for their preparation. The catalytic activity of ArMs need not
depend on the original function of the scaffold protein, so one
can instead focus on other properties that improve biocatalyst
utility, including expression level, thermostability, and organic
solvent tolerance.[11] Furthermore, because scaffold engineering

will likely be required to achieve high selectivity,[12] and be-
cause a given scaffold protein might provide a better starting
point for such efforts,[9] the ability to select from different scaf-
folds offers a significant advantage.

Of the methods outlined above, covalent linkage places the
fewest limitations on the nature of the metal catalyst and scaf-
fold protein that can be used for ArM formation.[6] Both metal
ion/complex binding and noncovalent linkage require molecu-
lar recognition by specific proteins.[4, 5] However, selective cova-
lent modification of natural amino acids[6] requires uniquely re-
active residues within a protein. Herein, we demonstrate that
strain-promoted azide-alkyne cycloaddition (SPAAC)[13] provides
a simple means to introduce metal catalysts into proteins
(Scheme 1) with the broad scaffold scope of covalent modifica-

tion while eliminating the constraints of naturally occurring
anchor residues (poor reactivity, selectivity, etc.). Several differ-
ent ArMs were readily constructed by using this approach,
which should provide an efficient means for generating cata-
lysts for a range of reactions.

SPAAC-based modification of proteins involves expressing
a target protein with a genetically encoded azide- or alkyne-
bearing amino acid[14] and reacting this protein with an alkyne-
or azide-bearing reagent.[15] The high rate, bioorthogonality,
and site-specificity of this reaction have led to its wide adop-
tion in chemical biology,[16] but incorporating metal catalysts
into proteins has not been described. In general, this requires
that the SPAAC reaction occur on the interior of the protein,
rather than its surface,[17] to allow interactions between the
protein and the metal secondary coordination sphere
(Scheme 1).[18] This is not typically required for the chemical
biology applications noted above and demands robust biocon-
jugation methodology. We envisioned that the central pore of
an a,b-barrel protein could provide a suitable environment for
azide or alkyne incorporation.[19] Because SPAAC cofactors

Scheme 1. ArM preparation through SPAAC.
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version was higher due to decreased ArM denaturation and
precipitation over the course of the reaction, so these condi-
tions were utilized for a preparative scale bioconjugation reac-
tion for ArM isolation and characterization. After maximum

conversion was observed by MALDI mass spectrometry, the
ArM/scaffold mixture was purified by preparative HPLC to
remove all traces of unreacted cofactor. While the ArM could
not be separated from the scaffold, this has no impact on cat-
alysis, as only the ArM contains the cofactor required for cata-
lytic activity. The isolated ArM/scaffold mixture was then char-
acterized by ESI mass spectrometry and HPLC to confirm the
composition of the ArM (Figure 1 C) and the absence of free
cofactor. Analysis of the ArM/scaffold mixture by fluorescence
and circular dichroism (CD) spectroscopy also showed no no-
ticeable difference from a sample of pure scaffold, again indi-
cating little if any perturbation to the scaffold structure as a
result of bioconjugation (Figures 1 D and S5).

To demonstrate the generality of our SPAAC ArM approach,
we also covalently linked cofactor 3 to sites 176 and 199 of
tHisF (Figure 1) and to Az104 in the central pore of the engi-
neered phytase scaffold. Cofactors 6 and 7 were then linked to
tHisF-Az50. In all cases, formation of the desired ArM was con-
firmed by MALDI mass spectrometry following purification
(Table 1). Together, these examples are the first in which the
SPAAC reaction has been used to link metal catalysts to pro-
teins. The mild conditions required for this reaction are ideally
suited for transition metal cofactors, which might react under
other bioconjugation conditions. Also, unlike most SPAAC reac-
tions,[16] which are typically conducted on the surface of pro-
teins, these reactions are conducted within the barrel of the
protein, illustrating the high efficiency of this reaction, even
when the azide is not exposed to bulk solvent.

We next evaluated the catalytic activity of purified tHisF-
RhBCN ArMs toward a number of dirhodium-catalyzed carbene
insertion reactions.[26] Qualitatively, ArM-dependent diazo (e.g. ,
ethyl diazoacetate) decomposition was readily apparent based
on visual inspection of the disappearance of the yellow diazo
color. Both intermolecular cyclopropanation and Si!H insertion
reactions were catalyzed by tHisF-Az50, -Az176, and -Az199
(see Scheme 3 for representative examples), with decreasing
conversions observed as the cofactor linkage site was lowered
within the scaffold (see Table S3).

Unfortunately, the ArMs provided lower conversions than co-
factor alone (2-OAc provided 99 % and 80 % yields for cyclo-
propanation and Si!H insertion, respectively), negligible enan-
tioselectivity, and significant amounts of diazo insertion into
the water O!H bond (see Table S3).[27] Although a number of

Scheme 2. Syntheses of cofactors 3, 6, and 7; structure of probe 8.

Table 1. Mass spectrometry and conversion data for ArMs.

Scaffold (Mw)[a] Cofactor (Mw) Mw,ArM
[a] Mw,obs

[b] Conv. [%][b]

tHisF-Az50 (28 859) 3 (792) 29 651 29 614 70
tHisF-Az176 (28 857) 3 (792) 29 649 29 630 80
tHisF-Az199 (28 857) 3 (792) 29 649 29 620 50
tHisF-Az176 (28 857) 6 (560) 29 417 29 435 90
tHisF-Az176 (28 857) 7 (550) 29 407 29 392 80
phytase-Az104 (40 040) 3 (792) 40 832 40 846 90

[a] Protein Mw calculated by using tools at http://www.expasy.org/.
[b] Observed Mw and approximate conversion from MALDI mass spec-
trometry.

Scheme 3. tHisF-RhBCN-catalyzed A) cyclopropanation and B) Si!H insertion.
a) tHisFAz176-RhBCN (1 mol %), 10 % THF/KPi (100 mm, pH 7.5) ; b) tHis-
FAz176-RhBCN (4 mol %), 15 % THF/KPi (100 mm, pH 7.5).
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version was higher due to decreased ArM denaturation and
precipitation over the course of the reaction, so these condi-
tions were utilized for a preparative scale bioconjugation reac-
tion for ArM isolation and characterization. After maximum

conversion was observed by MALDI mass spectrometry, the
ArM/scaffold mixture was purified by preparative HPLC to
remove all traces of unreacted cofactor. While the ArM could
not be separated from the scaffold, this has no impact on cat-
alysis, as only the ArM contains the cofactor required for cata-
lytic activity. The isolated ArM/scaffold mixture was then char-
acterized by ESI mass spectrometry and HPLC to confirm the
composition of the ArM (Figure 1 C) and the absence of free
cofactor. Analysis of the ArM/scaffold mixture by fluorescence
and circular dichroism (CD) spectroscopy also showed no no-
ticeable difference from a sample of pure scaffold, again indi-
cating little if any perturbation to the scaffold structure as a
result of bioconjugation (Figures 1 D and S5).

To demonstrate the generality of our SPAAC ArM approach,
we also covalently linked cofactor 3 to sites 176 and 199 of
tHisF (Figure 1) and to Az104 in the central pore of the engi-
neered phytase scaffold. Cofactors 6 and 7 were then linked to
tHisF-Az50. In all cases, formation of the desired ArM was con-
firmed by MALDI mass spectrometry following purification
(Table 1). Together, these examples are the first in which the
SPAAC reaction has been used to link metal catalysts to pro-
teins. The mild conditions required for this reaction are ideally
suited for transition metal cofactors, which might react under
other bioconjugation conditions. Also, unlike most SPAAC reac-
tions,[16] which are typically conducted on the surface of pro-
teins, these reactions are conducted within the barrel of the
protein, illustrating the high efficiency of this reaction, even
when the azide is not exposed to bulk solvent.

We next evaluated the catalytic activity of purified tHisF-
RhBCN ArMs toward a number of dirhodium-catalyzed carbene
insertion reactions.[26] Qualitatively, ArM-dependent diazo (e.g. ,
ethyl diazoacetate) decomposition was readily apparent based
on visual inspection of the disappearance of the yellow diazo
color. Both intermolecular cyclopropanation and Si!H insertion
reactions were catalyzed by tHisF-Az50, -Az176, and -Az199
(see Scheme 3 for representative examples), with decreasing
conversions observed as the cofactor linkage site was lowered
within the scaffold (see Table S3).

Unfortunately, the ArMs provided lower conversions than co-
factor alone (2-OAc provided 99 % and 80 % yields for cyclo-
propanation and Si!H insertion, respectively), negligible enan-
tioselectivity, and significant amounts of diazo insertion into
the water O!H bond (see Table S3).[27] Although a number of
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Table 1. Mass spectrometry and conversion data for ArMs.

Scaffold (Mw)[a] Cofactor (Mw) Mw,ArM
[a] Mw,obs

[b] Conv. [%][b]

tHisF-Az50 (28 859) 3 (792) 29 651 29 614 70
tHisF-Az176 (28 857) 3 (792) 29 649 29 630 80
tHisF-Az199 (28 857) 3 (792) 29 649 29 620 50
tHisF-Az176 (28 857) 6 (560) 29 417 29 435 90
tHisF-Az176 (28 857) 7 (550) 29 407 29 392 80
phytase-Az104 (40 040) 3 (792) 40 832 40 846 90

[a] Protein Mw calculated by using tools at http://www.expasy.org/.
[b] Observed Mw and approximate conversion from MALDI mass spec-
trometry.

Scheme 3. tHisF-RhBCN-catalyzed A) cyclopropanation and B) Si!H insertion.
a) tHisFAz176-RhBCN (1 mol %), 10 % THF/KPi (100 mm, pH 7.5) ; b) tHis-
FAz176-RhBCN (4 mol %), 15 % THF/KPi (100 mm, pH 7.5).
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LmrR gene for purification purposes. The resulting constructs
were expressed in E. coli BL21(DE3)C43 and subsequently
purified by affinity chromatography (Strep-Tactin Sepharose
column). Because LmrR is a transcription factor, an addi-
tional ion-exchange chromatography step using a Heparin
column was necessary to remove residual bound DNA. The
purity of the protein samples was determined by analytical
SDS-PAGE (Figure S2). Typical yields of purified protein
were 5–10 mg L!1 culture.

Phenanthroline- and bipyridine-based ligands (1 and 2,
Figure 1b), containing a bromo acetamide group for selective
conjugation to cysteine, were synthesized. Ligand 1 was
prepared by reaction of 1,10-phenanthroline-5-amine with
bromoacetyl bromide (Scheme S1). For the synthesis of
ligand 2 a classical Krçhnke synthesis was employed to
make 5-methyl-2,2’-bipyridine, which was converted into 5-
(aminomethyl)-2,2’-bipyridine by bromination, reaction with
hexamethylenetetramine, and hydrolysis. Finally, reaction
with bromoacetyl bromide resulted in ligand 2 (Scheme S1).

The conjugation of the phenanthroline- or bipyridine-
based ligands to the LmrR mutants was achieved by treating
LmrR with an eight-fold excess of ligand 1 or 2. The reaction
was carried out in the dark in degassed potassium phosphate

buffer (50 mm, pH 7.75) containing 150 mm NaCl
under nitrogen at 4 8C. After the reaction, excess of
ligand was removed by preparative size exclusion
chromatography. The coupling efficiencies were
determined by the Ellman!s test.[13] Typical coupling
efficiencies were in the range of 80–90 %. The
conjugation of compound 1 or 2 to LmrR M89C/
N19C was further supported by electrospray ioniza-
tion (ESI) mass spectrometry (Figure S4). In addi-
tion, the selective conjugation of ligand 1 to LmrR
M89C was confirmed by a trypsin digest experiment,
which shows that only the Cys89 residue was func-
tionalized with ligand 1 (Figure S5).

The effect of the conjugation of ligands 1 or 2 to
the LmrR scaffold on the quaternary structure was
evaluated by analytical size exclusion chromatogra-
phy. The LmrR ligand conjugates (LmrR_X) eluted
as single band from a Superdex-75 10/300 GL size
exclusion column with an apparent size of 29 kDa
comparable to wild-type LmrR containing a Strep-
tag. Also LmrR M89C_1 containing CuII (LmrR
M89C_1_CuII), in 3-(N-morpholine)propanesulfonic
acid buffer (MOPS) containing 150 mm NaCl and in
the presence of substrate 3a (catalytic conditions)
eluted with the same apparent size (Figure S3). These
data show that the quaternary structure does not
change significantly upon functionalization and thus
LmrR_X is still dimeric.

The catalytic potential of LmrR_X_CuII was
evaluated in the Diels–Alder reaction of azachalcone
(3a) with cyclopentadiene as a benchmark reaction
(Scheme 1).[14] The reactions were performed with
3 mol% of Cu(H2O)6(NO3)2 (30 mm) and with a slight
excess (1.1 equiv) of the LmrR_X conjugate (taking

into account the coupling efficiency) in MOPS buffer solution
(20 mm, pH 7.0) containing 150 mm NaCl. These catalyst
concentrations are significantly lower than what was used
before in our DNA- [15] and peptide-based catalytic asymmet-
ric Diels–Alder reactions.[9] The reaction was carried out for
3 days at 4 8C, and the Diels–Alder product 4a was obtained
as a mixture of endo and exo isomers as the only detectable
products.

The conversion of 3a using a CuII phenanthroline complex
without the presence of LmrR was 20 %. When the reaction

Scheme 1. Asymmetric Diels–Alder reaction catalyzed by LmrR_X/
Cu(NO3)2 complexes in a MOPS buffered solution.

Figure 1. a) Schematic representation of the proposed artificial metalloenzyme in
which a CuII complex is grafted on the dimer interface of a protein scaffold.
b) Ligands used for grafting on the dimer interface. c) Pymol representations of
dimeric LmrR in a ribbon and a space-filling model (protein data bank (pdb)
code: 3F8B). Either position 89 (red) or 19 (yellow) were used for the covalent
attachment of ligand 1 or 2.

Angewandte
Chemie

7473Angew. Chem. Int. Ed. 2012, 51, 7472 –7475 ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

LmrR gene for purification purposes. The resulting constructs
were expressed in E. coli BL21(DE3)C43 and subsequently
purified by affinity chromatography (Strep-Tactin Sepharose
column). Because LmrR is a transcription factor, an addi-
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which shows that only the Cys89 residue was func-
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•  Roelfes	and	coworkers	u#lized	the	Lactococcal	mul#drug	resistance	regulator	
(LmrR),	a	dimeric	protein	to	prepare	a	Cu(II)	modified	metalloenzyme	for	a	
representa#ve	Diels-Alder	reac#on.	The	dimer	interface	provides	the	chiral	
microenvironment	for	catalysis.	
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purity of the protein samples was determined by analytical
SDS-PAGE (Figure S2). Typical yields of purified protein
were 5–10 mg L!1 culture.

Phenanthroline- and bipyridine-based ligands (1 and 2,
Figure 1b), containing a bromo acetamide group for selective
conjugation to cysteine, were synthesized. Ligand 1 was
prepared by reaction of 1,10-phenanthroline-5-amine with
bromoacetyl bromide (Scheme S1). For the synthesis of
ligand 2 a classical Krçhnke synthesis was employed to
make 5-methyl-2,2’-bipyridine, which was converted into 5-
(aminomethyl)-2,2’-bipyridine by bromination, reaction with
hexamethylenetetramine, and hydrolysis. Finally, reaction
with bromoacetyl bromide resulted in ligand 2 (Scheme S1).

The conjugation of the phenanthroline- or bipyridine-
based ligands to the LmrR mutants was achieved by treating
LmrR with an eight-fold excess of ligand 1 or 2. The reaction
was carried out in the dark in degassed potassium phosphate

buffer (50 mm, pH 7.75) containing 150 mm NaCl
under nitrogen at 4 8C. After the reaction, excess of
ligand was removed by preparative size exclusion
chromatography. The coupling efficiencies were
determined by the Ellman!s test.[13] Typical coupling
efficiencies were in the range of 80–90 %. The
conjugation of compound 1 or 2 to LmrR M89C/
N19C was further supported by electrospray ioniza-
tion (ESI) mass spectrometry (Figure S4). In addi-
tion, the selective conjugation of ligand 1 to LmrR
M89C was confirmed by a trypsin digest experiment,
which shows that only the Cys89 residue was func-
tionalized with ligand 1 (Figure S5).

The effect of the conjugation of ligands 1 or 2 to
the LmrR scaffold on the quaternary structure was
evaluated by analytical size exclusion chromatogra-
phy. The LmrR ligand conjugates (LmrR_X) eluted
as single band from a Superdex-75 10/300 GL size
exclusion column with an apparent size of 29 kDa
comparable to wild-type LmrR containing a Strep-
tag. Also LmrR M89C_1 containing CuII (LmrR
M89C_1_CuII), in 3-(N-morpholine)propanesulfonic
acid buffer (MOPS) containing 150 mm NaCl and in
the presence of substrate 3a (catalytic conditions)
eluted with the same apparent size (Figure S3). These
data show that the quaternary structure does not
change significantly upon functionalization and thus
LmrR_X is still dimeric.

The catalytic potential of LmrR_X_CuII was
evaluated in the Diels–Alder reaction of azachalcone
(3a) with cyclopentadiene as a benchmark reaction
(Scheme 1).[14] The reactions were performed with
3 mol% of Cu(H2O)6(NO3)2 (30 mm) and with a slight
excess (1.1 equiv) of the LmrR_X conjugate (taking

into account the coupling efficiency) in MOPS buffer solution
(20 mm, pH 7.0) containing 150 mm NaCl. These catalyst
concentrations are significantly lower than what was used
before in our DNA- [15] and peptide-based catalytic asymmet-
ric Diels–Alder reactions.[9] The reaction was carried out for
3 days at 4 8C, and the Diels–Alder product 4a was obtained
as a mixture of endo and exo isomers as the only detectable
products.

The conversion of 3a using a CuII phenanthroline complex
without the presence of LmrR was 20 %. When the reaction

Scheme 1. Asymmetric Diels–Alder reaction catalyzed by LmrR_X/
Cu(NO3)2 complexes in a MOPS buffered solution.

Figure 1. a) Schematic representation of the proposed artificial metalloenzyme in
which a CuII complex is grafted on the dimer interface of a protein scaffold.
b) Ligands used for grafting on the dimer interface. c) Pymol representations of
dimeric LmrR in a ribbon and a space-filling model (protein data bank (pdb)
code: 3F8B). Either position 89 (red) or 19 (yellow) were used for the covalent
attachment of ligand 1 or 2.
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was carried out with LmrR_N19C_1 an ee value of 50 % was
observed of the endo product (endo/exo 92:8), albeit also with
a low conversion. Anchoring of the phenanthroline ligand to
the 89 position, that is, using LmrR_M89C_1, resulted in
a conversion of 93 % and an excellent ee of 97 % for the
(+) enantiomer of the endo product (endo/exo 95:5) (entry 2,
Table 1). Performing the reaction at room temperature only
caused a small decrease in ee value (entry 3, Table 1).

The higher conversions obtained with the artificial
metalloenzyme compared to CuII-phenanthroline alone indi-
cate that the reaction is accelerated by the protein scaffold.
Indeed, following the consumption of 3 a by UV/Vis spec-
troscopy showed that the reaction catalyzed by the artificial
metalloenzyme is significantly faster than the reaction
catalyzed by CuII phenanthroline alone (Figure S7). Addition
of a fresh aliquot of reagents after the reaction was complete
showed that LmrR_M89C_2 was still active, albeit slightly less
than before, indicating a small degree of inactivation over
time (Figure S7b).

Interestingly, LmrR_M89C_2, which contains a conju-
gated 2,2’-bipyridine instead of a phenanthroline ligand, gave
rise to 66% ee of the opposite, that is, the (!) enantiomer of
the endo isomer of the Diels–Alder product 4a (entry 6,
Table 1). Hence, by judicious choice of the CuII binding
ligand, both enantiomers of the Diels–Alder product can be
accessed. Furthermore, with this artificial metalloenzyme
significant amounts of the exo product were obtained also
(endo/exo 63:37), with the exo product having 90% ee. No
significant enantioselectivity was found in the control reac-
tion performed with LmrR M89C having a free cysteine
(without ligand 1 or 2, entry 10, Table 1). Additionally, low
enantioselectivities and conversions were found with wild-
type LmrR supplemented with an analogue of 1, that is, the
propionamide derivative of 1,10-phenantroline-5-amine (9),

and CuII phenanthroline (entry 12 and 13, Table 1).
This result demonstrates that the covalent linkage of
the ligand to the protein scaffold is required for
selective catalysis. Using an excess of Cu(H2O)6-
(NO3)2 with respect to LmrR_M89C_1 (ratio 2:1
CuII/monomer LmrR_M89C_1) resulted in precip-
itation of the protein.

Two residues in the pocket of LmrR_M89C_1,
that is, Val15 and Asp100, were selected for a limited
mutagenesis study because these residues are most
likely situated in close proximity to the CuII com-
plex. This selection was based on an X-ray structure
of LmrR with a manually docked phenanthroline
(Figure S6). The LmrR_M89C_V15A and
LmrR_M89C_D100E mutants were prepared using
standard QuickChange mutagenesis methods and
the corresponding conjugates with ligand 1 were
prepared and characterized as described above. The
V15A mutation did not have an influence on the
enantioselectivity of the catalyzed Diels–Alder
reaction (entry 7, Table 1). In contrast, with the
structurally conservative D100E mutation a signifi-
cantly decreased conversion and ee value was
obtained (entry 8 and 9, Table 1) suggesting that
the catalyzed reactions are sensitive to the structure

of the microenvironment of the pore of the LmrR scaffold.
The tolerance towards variation in the structure of the

substrate was investigated using the a,b-unsaturated 2-acyl
pyridine substrates 3 b and 3 c. When R = m-methoxyphenyl
(3b) the same trend was observed as with azachalcone (3a):
excellent ee values with LmrR_M89C_1 and a significantly
lower ee values with the D100E mutant (entries 4 and 9,
Table 1). Using 3c, which contains a methyl group at the b-
position, full conversion was achieved but the Diels–Alder
product was obtained without any significant ee value. The
data obtained with this limited set of substrates suggests some
substrate selectivity of artificial metalloenzyme, but more
research is required to understand its structural origin.

The results show that the protein scaffold is not only
a source of chirality for the reaction, but that it also causes an
acceleration of the reaction rate, that is, the reaction is protein
accelerated. Moreover, there appears to be a correlation
between the rate and the enantioselectivity of the reaction,
that is, the most enantioselective enzymes also gave rise to the
highest conversions. Furthermore, both the conversion and
ee values depend on the nature of the ligand, the position at
which the ligand is anchored to the protein scaffold, and is
also sensitive to mutation in the hydrophobic pocket. This
demonstrates that the catalysis is dependent on the structure
of the microenvironment around the catalytic CuII ion and
these combined data strongly suggest that the reaction indeed
takes place in the newly created active site in the hydrophobic
pocket at the LmrR dimer interface. At present, the effect of
the individual changes on the catalysis is difficult to ration-
alize, since LmrR shows some plasticity.[10] For this reason we
are currently performing a detailed structural study of the
LmrR-based artificial metalloenzyme.

In conclusion, we have presented a novel strategy towards
the creation of an artificial metalloenzyme, which involves

Table 1: Results of Diels–Alder reactions catalyzed by copper LmrR_X complexes
(Scheme 1).[a]

Entry Catalyst Product Conversion
[%]

endo :exo ee (endo)
[%]

1 LmrR_N19C_1_CuII 4a 24"3 92:8 53"5 (+)
2 LmrR_M89C_1_CuII 4a 93"4 95:5 97"1 (+)
3[b] LmrR_M89C_1_CuII 4a 98"1 90:10 95"1 (+)
4 LmrR_M89C_1_CuII 4b 56"9 96:4 93"1 (+)
5 LmrR_M89C_1_CuII 4c 97"1 n.a.[c] <5
6 LmrR_M89C_2_CuII 4a 55"8 63:37[d] 66"2 (!)
7 LmrR_M89C_V15A_1_CuII 4a 89"4 96:4 97"1 (+)
8 LmrR_M89C_D100E_1_CuII 4a 38"4 88:12 40"2 (+)
9 LmrR_M89C_D100E_1_CuII 4b 14"2 84:14 21"3 (+)
10 LmrR_M89C_CuII 4a 30"5 90:10 <5
11[e] LmrR_9_CuII 4a 23"1 88:12 13"4 (+)
12[f ] LmrR_Phenanthroline_CuII 4a 29"8 90:10 28"7 (+)
13 Phenanthroline_CuII 4a 20"5 93:7 0
14 Phenanthroline_CuII 4c full 95:5 0

[a] Typical conditions: 90% Cu(H2O)6(NO3)2 (3 mol%; 30 mm) loading with respect
to LmrR_X in 20 mm MOPS buffer (pH 7.0), 150 mm NaCl, for 3 days at 4 8C.
Conversions and ee values are an average of two independent experiments, both
carried out in duplicate. [b] Reaction carried out at room temperature. [c] exo peak
could not be observed. [d] ee exo 90"2%. [e] Compound 9 was added 2:1 with
respect to LmrR (wild-type). [f ] Copper phenanthroline was added 2:1 with respect
to LmrR (wild-type).
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bound DNA. The new mutant was prepared by standard site-
directed mutagenesis techniques (Quick-Change), expressed in
E. coli BL21(DE3)C43 and signicantly improved yields of pure
protein (!20 mg L"1 culture) were obtained aer a single
affinity chromatography step (Strep-Tactin Sepharose column).
The conjugation of phenanthroline to LmrR_LM_M89C was
achieved by selective alkylation of C89 with 2-bromo-N-(1,10-
phenanthrolin-5-yl)acetamide, with coupling efficiencies
ranging from 90–95%, as determined by the Ellman's test. Due
to the homodimeric nature of LmrR, the articial metal-
loenzyme thus comprises two phenanthroline moieties. The
quaternary structure of the LmrR-phenanthroline conjugate
was evaluated by analytical size exclusion chromatography. The
LmrR conjugate eluted as a single band from a Superdex-75
10/300 GL size exclusion column with an apparent molecular
weight of 29 kDa, which is consistent with a homodimer.35

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

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

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

The effect of the protein scaffold on the reaction rate proved
to be substrate dependent: in the case of 2a,b, higher conver-
sions were obtained using a Cu(II) phenanthroline complex
compared to LmrR_LM_M89C_1_CuII (Table 1, entries 21–23).
Thus the protein scaffold caused a deceleration of the reaction.
In contrast, higher conversions of 2c,d were reached in with
LmrR_LM_M89C_1_CuII compared to the reaction carried out

with a Cu(II) phenanthroline complex as catalyst, suggesting
protein accelerated catalysis in these cases (Table 1, entries 24
and 25). The reactions run in the absence of copper give rise to
signicantly lower, albeit non-negligible, conversions both in
the presence of LmrR and without (Table 1, entries 26 and 27).

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

The residues A11, V15, F93 and D100 were chosen, since these
residues are most likely situated in close proximity to the Cu(II)
complex (Fig. 1c). The mutants were prepared using standard
QuickChange mutagenesis methods and the corresponding
conjugates with 1 were prepared and characterised as described
above for LmrR_LM_M89C_1 (see ESI†). The reaction was

Fig. 1 (a) Schematic representation of the artificial metalloenzyme hydratase
and general reaction scheme of the catalytic enantioselective hydration of a
variety of a,b-unsaturated ketones. (b) Pymol representation of dimeric LmrR in a
space-filling model (protein data bank (pdb) code: 3F8B). (c) Cartoon represen-
tation of a manual docked phenantroline unit in which residues 11, 15, 93 and
100, which are highlighted, are used in mutagenesis study.
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•  The	Roelfes	group	(2013)	
demonstrated	that	the	same	
system	could	afford	a	
hydra#on	reac#on	with	high	
conversions	(>90%)	and	
moderate	enan#oselec#vi#es	
(upto	86:	14	e.r.)	

•  Mutagenesis	studies	indicated	
that	amino	acids	in	the	inner	as	
well	as	outer	sphere	
par#cipated	in	reac#vity	and	
selec#vity.	

Subsequent studies using Mb-T39C/L72C-12 showed that
improved enantioselectivity (up to 60% ee) and exclusive
selectivity for sulfoxidation over sulfone formation could be
achieved.106 Polar, protic residues in the ArM active site were
proposed to increase sulfoxidation efficiency based on solvent
effects observed for small-molecule Mn−salen-catalyzed re-
actions. The hydrophobicity of the channel leading to the active
site was believed to inhibit sulfoxide entry and thus reduce
sulfone formation, and this conclusion was supported by
increased levels of sulfone formation upon introduction of polar
residues in the channel. Examining the effect of pH on this
reaction revealed that the protein scaffold improved sulfox-
idation rates at low pH relative to free cofactor and provided
further increases in ArM enantioselectivity (up to 67% ee).107

These effects were rationalized by invoking the involvement of
specific active site residues (i.e., His-64) in catalysis via
hydrogen bonding. This proposition was supported by
mutagenesis studies and again highlights the potential for
control over secondary coordination sphere effects using ArMs.
Eppinger explored the use of cofactors substituted with both

noncovalent recognition elements (amino acids) and a reactive
electrophile (epoxide) to better position substituted d6-
transition metal piano stool cofactors (13, Scheme 8) within
papain for enantioselective ketone transfer hydrogenation.108

Notably, the cofactors were not chiral at metal (vide infra), and
previous studies by Salmain using only covalent attachment of
such cofactors to papain109,110 led to low enantioselectivities
(up to 15% ee).111 In Eppinger’s work, different amino acids
appeared to play only a minor role in modulating
enantioselectivity, but an 82:18 enantiomeric ratio was
observed in the reduction of p-chloroacetophenone. Finally,
Roefles demonstrated that LmrR, a dimeric transcription
repressor, could be alkylated at cysteine residues installed at
the hydrophobic dimer interface using phenanthroline 1 (Table
1, entry 2, Scheme 8).112 This approach allows for cofactor
encapsulation within the scaffold complex. The apo-scaffolds
were metalated with Cu(II), and the resulting ArMs catalyzed
the Diels−Alder reaction between azachalcones and cyclo-
pentadiene with up to 97% ee (Scheme 9A). Interestingly, an
ArM derived from a bipyridine analogue of 1 provided the
opposite product enantiomer in the single example reported,

and in several reactions, significant rate increases were observed
in ArM-catalyzed reactions relative to those catalyzed by
Cu(II)−phenanthroline. These same ArMs catalyzed hydration
of azachalcones with up to 84% ee, demonstrating that different
reactions may be feasible using a given class of ArMs in analogy
to small molecule catalysts (Scheme 9B).113 Substrate-depend-
ent scaffold acceleration was also observed in these reactions,
and the importance of an active site aspartic acid (Asp-100) to
ArM efficiency suggested that this residue plays a critical role in
catalysis, perhaps as a general base to activate water for
nucleophilic attack or as a ligand for Cu. These results stand
among the highest selectivities reported to date using covalent
scaffold modification and, along with the improved selectivities
observed for dual-point cofactor attachment, suggest that
additional cofactor−scaffold interactions can better position
cofactors substituted with flexible linkers within ArM scaffolds
for selective catalysis.

3.3. Noncovalent Linkage of Metal Catalysts and
Ligands (Cat⊂Scaffold). Noncovalent interactions have also
been extensively used to incorporate metal cofactors into
scaffold proteins without the need for direct coordination of the
metal by the scaffold (Scheme 2D). This approach eliminates
the need for covalent scaffold modification while still allowing
the use of diverse cofactors for ArM formation, but requires
specific scaffold−cofactor interactions that restrict the range of
scaffold proteins that can be used. Binding both to catalysts
directly or to pendant anchor groups on the desired catalyst has
been used (Scheme 10). Although cofactor synthesis is also

required, this is often less challenging than the preparation of
cofactors for covalent scaffold modification because reactive
functional groups are not required.
Heme proteins, particularly myoglobin (Mb), have enjoyed a

long history as ArM scaffolds because of the ability of their
heme-binding pockets to accommodate synthetic metal
catalysts, including substituted porphyrin and Schiff base
complexes.114,115 In native heme proteins, the heme cofactor
is tightly bound via extensive hydrophobic interactions with the
porphyrin ring, hydrogen bonding to heme carboxylic acid
substituents, and coordination of the metal atom by an axial
ligand (e.g., His-93 in Mb), and all of these can be exploited to
incorporate synthetic cofactors. Watanabe and others have
reported extensive studies on the peroxidase activity of Mb
mutants116 and ArMs derived from Mb via reconstitution with
chemically altered heme cofactors.108,110,111 Watanabe then
demonstrated that reconstitution of Mb with Mn(III)− and
Cr(III)−salophen complexes was also possible (14, Scheme
11) and that Cr(III)salophen⊂Mb ArMs catalyzed thioanisole
sulfoxidation in the presence of hydrogen peroxide with up to
13% ee (Scheme 11).117 Similar studies on Mn− and Cr−salen
(15 and 16, Scheme 11),118 Fe−salophen and −Schiff base,119

and Ru−phebox complexes120 have since been reported
(Scheme 11), in some cases specifically investigating the

Scheme 9. (A) Diels−Alder and (B) Hydration Reactions
Catalyzed by LmrR Covalently Modified Using 1 and
Subsequently Metalated with Cu(II)112

Scheme 10. Noncovalent ArM Formation via Binding (A)
Directly to a Catalyst or (B) to a Ligand (blue)-Substituted
Catalyst; Red Denotes Scaffold−Catalyst/Ligand Binding
Interactions
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•  In	general,	covalent	anchoring	has	
shown	limited	success	in	producing	
useful	reac#vi#es.	

•  Examples	from	the	Roelfes	group	are	
rare	cases	where	appreciable	selec#vity	
and	reac#vity	was	seen.	

•  The	factors	resul#ng	in	low	selec#vi#es	
have	been	ra#onalized	in	terms	of	poor	
control	over	cofactor/scaffold	
(secondary	coordina#on	sphere)	
interac#ons,	resul#ng	from	large	ac#ve	
site	volumes,	linker	length,	and	linker	
flexibility.	

Cu) catalyzed enantioselective Diels−Alder reaction between
an azachalcone and cyclopentadiene with 35% enantioselectiv-
ity (Scheme 6A). Notably, mutating to alanine (A4) four

histidine residues that could also bind Cu to generate
nonselective catalysts increased reaction selectivity (up to
46% ee, 13:1 endo/exo). To eliminate the design challenges
associated with engineering metal-binding sites into proteins,
Schultz used unnatural amino acid (UAA) mutagenesis80 to
install specific metal-binding amino acids into proteins. Initially,
(2,2′-bipyridin-5-yl)alanine (BpyAla) was incorporated into T4
lysozyme, which was then selectively metalated using Cu(II) to
generate the corresponding Cu(II)−BpyAla metalloprotein.81

Cu(II)Bpy and other Cu(II) and Fe(II) complexes react with
O2 in the presence of sulfide reducing agents to generate ROS
(e.g., hydroxyl radical) that randomly cleaves nucleic acids and
proteins. Several groups have developed hybrid catalysts
exploiting this reactivity for selective nuclease and protease
activity (vide infra).82 Indeed, Schultz found that incorporating
BpyAla into the Escherichia coli catabolite activator protein
(CAP) at a site proximal to the CAP−DNA interface led to the
formation, after metalation with Cu(II), of a site-specific ArM
nuclease (Scheme 6B).83 A hydroxyquinone-based UAA
(HQAla) was also incorporated into proteins and metalated
with Zn(II), but no catalysis has been described to date.84

3.2. Covalent Linkage of Metal Catalysts and Ligands.
Coordinating metals with proteins can enable ArM formation
in much the same way that metals and ligands are mixed
together to form small molecule catalysts; however, this
approach is generally limited to coordination by the 20 natural
amino acids, and many reactions are catalyzed by metals with
ligands not found in nature (e.g., carbenes, phosphines, etc.).
Although UAA mutagenesis can be used to expand this scope,
this process itself requires extensive engineering for each
desired amino acid and is limited to complexes that can be
formed in the presence of a protein. To more readily expand
the range of catalysts that can be incorporated into proteins,
researchers have developed methods to covalently link
synthetic, catalytically active transition metal cofactors to
proteins (Scheme 2C).85,86 At a minimum, covalent ArM
formation (bioconjugation) requires a scaffold protein contain-
ing a uniquely reactive residue (typically a nucleophile) and a

cofactor substituted with the corresponding reaction partner
(typically an electrophile), both of which present unique
synthetic challenges (Scheme 7).

Of the many bioconjugation reactions developed to date,87

cysteine alkylation has found the most application in ArM
formation (Table 1, entries 1−6). Cysteine mutations can be
readily introduced into proteins, but any additional reactive
cysteine residues must also be removed, which is time-
consuming and can be problematic if these residues are
structurally important. The native activity of some enzymes can
simplify the bioconjugation process. For example, many
hydrolase enzymes contain uniquely nucleophilic serine or
cysteine residues in their active sites that can react selectively
with suitable electrophiles (Table 1, entry 8). This eliminates
the need for scaffold engineering (e.g., installing or removing
cysteine residues) but limits the approach to hydrolase
enzymes. Several other bioconjugation reactions have been
used to form ArMs, and these will be discussed below (Table
1). In addition to facilitating bioconjugation, a scaffold’s native
function can be exploited for ArM catalysis (Scheme 2A). For
example, substrate binding by an antibody or nuclease can be
used to convey selectivity to ArMs generated from these
scaffolds, and native electron transport proteins can be used to
reduce synthetic cofactors to enable new chemistry in an
ArM.88 Regardless of their native function, scaffolds must be
sufficiently large to contain both the cofactor linker and metal
complex. This has led to the exploration of enzymes and
complexes that contain significant amounts of “vacant space,”37

including α/β-barrel proteins, apo-heme proteins, and protein
dimer interfaces as ArM scaffolds. Because vacant space also
provides room for different linker conformations and cofactor
positioning within the ArM, a balance must be struck between
providing room for cofactor introduction and restricting
cofactor movement for selective catalysis.
Althuogh the range of potential bioconjugation reactions

available provides some flexibility for scaffold preparation,
cofactor synthesis is often complicated by the need to
incorporate a reactive metal center for catalysis and a reactive
functional group for bioconjugation in the same molecule
(Table 1). The number of potential catalyst/functional group
combinations makes any generalization of cofactor synthesis
impossible. In some cases, it may be possible to metalate an
otherwise complete cofactor, but in other cases, it may be
preferable to install a reactive functional group on a substituted
metal catalyst. If neither of these is possible, apo-cofactors can
be covalently linked to proteins and subsequently metalated in
analogy to the metal coordination approaches outlined above.
Kaiser provided seminal examples of cofactor bioconjugation

to generate artificial enzymes in his work on flavopapain
oxidoreductases.89 In these systems, the active site cysteine of
papain, a cysteine protease, was alkylated by bromomethyl- and
α-bromoacetyl-substituted flavins (Table 1, entries 1 and 2).90

The resulting flavopapains catalyzed oxidation of dihydronico-
tinamides with up to 50-fold rate acceleration over the
uncatalyzed air oxidation reactions and exhibited kcat/Km values
similar to those of natural flavin oxidases (e.g., glucose oxidase).
Although no metals were involved in these examples, they

Scheme 6. (A) Enantioselective Catalysis Using an ArM
Generated from a Designed Metal Binding Site79 and (B)
Cartoon Representation of Hybrid Catalyst Nuclease
Generated from Incorporation of the Metal Binding Amino
Acid BpyAla into the Transcription Factor CAP83

Scheme 7. Representative Covalent Attachment Methods
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tune catalyst−substrate interactions can be synthetically
challenging, and small molecule ligands offer limited control
over the orientations of distal substituents in both a static and
dynamic sense. The effects of these interactions also tend to be
quite substrate-dependent,8,9 which compromises catalyst
generality. Given such limitations, the need persists for
transition metal catalysts with well-defined secondary coordi-
nation environments that can be readily and extensively fine-
tuned for particular applications.
Enzyme Catalysis. Enzyme catalysis is typically lauded for

the extreme levels of rate acceleration and exquisite selectivity
exhibited by many natural enzymes17 on their native
substrates.18 Unlike small molecule catalysts, enzymes can
differentially bind substrates and their associated activated
complexes in three dimensionally defined yet dynamically
fluxional19 active sites to reduce barriers to chemical
reactions.20,21 Amino acid residues and cofactors are precisely
oriented by the entire enzyme structure to modulate reaction
energy surfaces through a combination of coordinated
hydrogen bonding, hydrophobic, electrostatic, steric, and
other interactions. Of course, this control arose through
evolutionary processes (natural selection, neutral drift, etc.),22

which can be mimicked in the laboratory using iterative rounds
of catalyst diversification and functional screening or selection,
to engineer enzymes with improved efficiency.23,24 Thus,
although a given enzyme may not catalyze a particular reaction
or do so with sufficient selectivity or substrate scope, it can be
evolved to increasingly extreme extent25 to do so.26

Furthermore, these catalysts can be genetically incorporated
into living organisms to enable direct synthesis of complex
molecules without the need for isolation and purification of
intermediates.27 However, whereas laboratory evolution has
been used to create enzymes from noncatalytic scaffolds,28,29 it
is most effective at optimizing activities that are already
present,23 and despite exciting progress toward the design of
enzymes for new reactions,30−32 many reactions, particularly
those catalyzed by nonbiological metals, are likely not possible
without the introduction of such species.

2. HYBRID METAL−PEPTIDE CATALYSTS
As can be appreciated from the discussion above, transition
metal catalysts and enzymes possess unique and often
complementary33 properties that have made them important
tools for chemical synthesis. The potential practical benefits of
catalysts that combine these properties and a desire to
understand how the structure and reactivity of metal and
peptide components affect each other have driven researchers
to create hybrid metal−peptide catalysts since the 1970s
(Scheme 2A).34−37 Central to these efforts are robust methods
to incorporate transition metals into peptides or proteins,
hereafter collectively referred to as scaffolds. These can be
broadly classified as involving coordination of metal atoms by
scaffold residues (scaffold−M, where M is a free ion or
complexed with other nonprotein ligands), covalent scaffold
modification using functionalized catalysts (scaffold−cat), or
noncovalent catalyst binding, either to the catalyst itself or to a
catalyst substituent (cat⊂scaffold) (Scheme 2B−D).34 Combi-
nations of these classes are possible; the latter two can also
involve the introduction of ligands that can be subsequently
metalated, and each has advantages and disadvantages that
make it more or less suitable for particular applications. The
hybrid catalysts developed to date using these methods possess
unique compositions of matter at the inorganic/biological

interface that often pose significant challenges from design,
synthesis, and characterization perspectives. Despite these
obstacles, researchers have developed systems in which
secondary coordination sphere effects38 impart selectivity to
metal catalysts,39,40 accelerate chemical reactions,41 and are
systematically optimized via directed evolution.39,40 Although
much work will be required to enable practical application of
hybrid catalysts, these capabilities have the potential to impact
chemical synthesis in ways not readily achieved using small
molecule catalysts.
This perspective outlines a number of fundamental principles

and key developments in the design, preparation, and
application of peptide-based hybrid catalysts for organic
transformations. Catalysts derived from both peptide and
protein scaffolds are covered and will be referred to as
metallopeptide catalysts and artificial metalloenzymes (ArMs),
respectively. A practical division between these two scaffold
classes of ∼50 residues in a single peptide chain, the upper
range available directly via solid phase synthesis,42 was selected.
Related catalysts and materials based on DNA43 and PNA44 or
describing only metal binding,45−48 probe bioconjugation,38 or
inorganic redox chemistry49 are generally not covered, despite
the importance of these advances. The many interesting
examples in which natural metalloenzymes have been used to
catalyze unnatural reactions or modified via mutagenesis using
natural amino acids to do so are not broadly discussed because
of the different challenges encountered in such efforts relative
to incorporating nonnative metal catalysts into scaffolds.50−53

Even with these limitations, a large body of work has emerged
regarding peptide-based hybrid catalysts for chemical synthesis.
These will be discussed in terms of the classifications noted
above, but as will be evident, these are not always absolute and
serve only as a means of organization.

3. ARTIFICIAL METALLOENZYMES
3.1. Binding Metal Ions and Complexes (Scaffold−M).

Preparing a homogeneous transition metal catalyst typically
involves combining a metal catalyst precursor (M) with one or
more small molecule ligands (L) to form a complex via one or
more metal−ligand bonds (L−M).7 The ligands employed can
range from simple, low-molecular-weight, monodentate species
(e.g., halides, carboxylic acids, amines, phosphines, etc.) to
complex, polydentate, high-molecular-weight structures, such as
the substituted salicylaldiminato and terpyridine ligands noted
above.13−15 Proteins, which contain a range of metal-binding N,
O, and S functional groups within well-defined, three-
dimensional, chiral structures, can be viewed as yet another
step along this ligand complexity continuum and have therefore

Scheme 2. (A) General Hybrid Catalyst Structure and
Structures of Hybrid Catalysts Formed via (B) Coordination
of Metal Ions or Catalysts, (C) Covalent Scaffold
Modification, and (D) Noncovalent Scaffold Modificationa

aScaffold linkage sites for each method are highlighted in red.
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Covalent	aQachment	
of	metal	complex	via	
a	linker.	
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Subsequent studies using Mb-T39C/L72C-12 showed that
improved enantioselectivity (up to 60% ee) and exclusive
selectivity for sulfoxidation over sulfone formation could be
achieved.106 Polar, protic residues in the ArM active site were
proposed to increase sulfoxidation efficiency based on solvent
effects observed for small-molecule Mn−salen-catalyzed re-
actions. The hydrophobicity of the channel leading to the active
site was believed to inhibit sulfoxide entry and thus reduce
sulfone formation, and this conclusion was supported by
increased levels of sulfone formation upon introduction of polar
residues in the channel. Examining the effect of pH on this
reaction revealed that the protein scaffold improved sulfox-
idation rates at low pH relative to free cofactor and provided
further increases in ArM enantioselectivity (up to 67% ee).107

These effects were rationalized by invoking the involvement of
specific active site residues (i.e., His-64) in catalysis via
hydrogen bonding. This proposition was supported by
mutagenesis studies and again highlights the potential for
control over secondary coordination sphere effects using ArMs.
Eppinger explored the use of cofactors substituted with both

noncovalent recognition elements (amino acids) and a reactive
electrophile (epoxide) to better position substituted d6-
transition metal piano stool cofactors (13, Scheme 8) within
papain for enantioselective ketone transfer hydrogenation.108

Notably, the cofactors were not chiral at metal (vide infra), and
previous studies by Salmain using only covalent attachment of
such cofactors to papain109,110 led to low enantioselectivities
(up to 15% ee).111 In Eppinger’s work, different amino acids
appeared to play only a minor role in modulating
enantioselectivity, but an 82:18 enantiomeric ratio was
observed in the reduction of p-chloroacetophenone. Finally,
Roefles demonstrated that LmrR, a dimeric transcription
repressor, could be alkylated at cysteine residues installed at
the hydrophobic dimer interface using phenanthroline 1 (Table
1, entry 2, Scheme 8).112 This approach allows for cofactor
encapsulation within the scaffold complex. The apo-scaffolds
were metalated with Cu(II), and the resulting ArMs catalyzed
the Diels−Alder reaction between azachalcones and cyclo-
pentadiene with up to 97% ee (Scheme 9A). Interestingly, an
ArM derived from a bipyridine analogue of 1 provided the
opposite product enantiomer in the single example reported,

and in several reactions, significant rate increases were observed
in ArM-catalyzed reactions relative to those catalyzed by
Cu(II)−phenanthroline. These same ArMs catalyzed hydration
of azachalcones with up to 84% ee, demonstrating that different
reactions may be feasible using a given class of ArMs in analogy
to small molecule catalysts (Scheme 9B).113 Substrate-depend-
ent scaffold acceleration was also observed in these reactions,
and the importance of an active site aspartic acid (Asp-100) to
ArM efficiency suggested that this residue plays a critical role in
catalysis, perhaps as a general base to activate water for
nucleophilic attack or as a ligand for Cu. These results stand
among the highest selectivities reported to date using covalent
scaffold modification and, along with the improved selectivities
observed for dual-point cofactor attachment, suggest that
additional cofactor−scaffold interactions can better position
cofactors substituted with flexible linkers within ArM scaffolds
for selective catalysis.

3.3. Noncovalent Linkage of Metal Catalysts and
Ligands (Cat⊂Scaffold). Noncovalent interactions have also
been extensively used to incorporate metal cofactors into
scaffold proteins without the need for direct coordination of the
metal by the scaffold (Scheme 2D). This approach eliminates
the need for covalent scaffold modification while still allowing
the use of diverse cofactors for ArM formation, but requires
specific scaffold−cofactor interactions that restrict the range of
scaffold proteins that can be used. Binding both to catalysts
directly or to pendant anchor groups on the desired catalyst has
been used (Scheme 10). Although cofactor synthesis is also

required, this is often less challenging than the preparation of
cofactors for covalent scaffold modification because reactive
functional groups are not required.
Heme proteins, particularly myoglobin (Mb), have enjoyed a

long history as ArM scaffolds because of the ability of their
heme-binding pockets to accommodate synthetic metal
catalysts, including substituted porphyrin and Schiff base
complexes.114,115 In native heme proteins, the heme cofactor
is tightly bound via extensive hydrophobic interactions with the
porphyrin ring, hydrogen bonding to heme carboxylic acid
substituents, and coordination of the metal atom by an axial
ligand (e.g., His-93 in Mb), and all of these can be exploited to
incorporate synthetic cofactors. Watanabe and others have
reported extensive studies on the peroxidase activity of Mb
mutants116 and ArMs derived from Mb via reconstitution with
chemically altered heme cofactors.108,110,111 Watanabe then
demonstrated that reconstitution of Mb with Mn(III)− and
Cr(III)−salophen complexes was also possible (14, Scheme
11) and that Cr(III)salophen⊂Mb ArMs catalyzed thioanisole
sulfoxidation in the presence of hydrogen peroxide with up to
13% ee (Scheme 11).117 Similar studies on Mn− and Cr−salen
(15 and 16, Scheme 11),118 Fe−salophen and −Schiff base,119

and Ru−phebox complexes120 have since been reported
(Scheme 11), in some cases specifically investigating the

Scheme 9. (A) Diels−Alder and (B) Hydration Reactions
Catalyzed by LmrR Covalently Modified Using 1 and
Subsequently Metalated with Cu(II)112

Scheme 10. Noncovalent ArM Formation via Binding (A)
Directly to a Catalyst or (B) to a Ligand (blue)-Substituted
Catalyst; Red Denotes Scaffold−Catalyst/Ligand Binding
Interactions
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•  The	inherent	binding	capabili#es	of	an	enzyme	to	a	ligand	or	cofactor	can	be	
u#lized	for	non-covalently	anchoring	a	metal	centre.	

•  This	eliminates	the	need	for	scaffold	modifica#on.	The	idea	is	to	modify	a	known	
binding	partner	of	the	enzyme	with	a	metal	centre	so	as	to	aid	its	localiza#on	to	
the	ac#ve	site.	

•  Such	an	approach	naturally	brings	a	restric#on	on	the	enzyme-cofactor	
combina#ons	that	can	be	used	but	presumably	leads	to	minimal	structural	
perturba#on	at	the	aQachment	site.	

	

Figure	adapted	from	ACS	Catal.,	2013,	3,	2954.				



Avidin-Bio#n	

•  Avidin	(or	streptavidin)	is	a	protein	derived	from	birds	and	amphibians	which	
shows	an	extremely	high	affinity	for	bio#n	(vitamin	B7).	

•  With	a	Kd~	10-15	M,	this	is	among	the	strongest	non-covalent	interac#on	
known.	For	all	prac#cal	purposes,	the	binding	can	be	considered	irreversible.	

•  The	distant	carboxylate	can	be	deriva#zed	without	affec#ng	these	binding	
proper#es.	

31	



Avidin-Bio#n	

32	

Whitesides demonstrated the first example of enantioselective
ArM catalysis using biotinylated Rh−bisphosphine complex 24
(Scheme 14) bound to Avi for hydrogenation of 2-
acetamidoacrylate (∼40% ee, S enantiomer).140 Chan later
demonstrated that Avi binding could alter and even invert the
selectivity of chiral biotinylated Rh−Pyrphos complexes (26)
toward hydrogenation of itaconic acid.141 More recently, Ward
showed that the COD derivative of 24 (25), when bound to
Sav, catalyzed hydrogenation of 2-acetamidoacrylate with 92%
ee (R) and quantitative conversion.142 This was improved to

96% ee using Sav variant S112G, Ser-112 being located
proximal to the bound metal catalyst, and this same variant, in
combination with cofactor 27, provided 57% ee for the S
product enantiomer.143 The S selectivity of Avi-based ArMs was
also improved to (up to 80% ee) using cofactor 28. Further
improvements in selectivity for both product enantiomers and
substrate scope were realized through the use of cofactors
containing enantiopure amino acid linkers.144 Kinetic analysis
of representative ArM-catalyzed reactions established that the
(strept)avidin scaffolds accelerate these reactions relative to
those catalyzed by cofactor alone, and this was attributed to a
hydrophobic effect conveyed by the ArM active site.41

Ward then established that a range of biotinylated diamine-d6
transition metal piano stool complexes (Ru, Rh, and Ir)145,146

could be used to generate analogous ArMs for ketone transfer
hydrogenation.147 Examining a number of cofactor (Scheme
14) and scaffold (Ser-112 mutants) combinations led to the
identification of ArMs that catalyzed selective reduction of a
range of substrates, including dialkyl ketones, with moderate to
excellent enantioselectivity (Scheme 15A).148 Additional
improvements to ketone transfer hydrogenation efficiency
were made by introducing point mutations at scaffold sites
(Lys-121 and Leu-124) proximal to the metal catalyst based on
analysis of the crystal structure of 31⊂Sav-S112K.149
Furthermore, Ir-based ArMs 29⊂Sav-S112X also catalyzed
transfer hydrogenation of salsolidine with good to excellent
enantioselectivity for both R (86% conv., 96% ee) and S
(quant., 78% ee) product enantiomers.150 Related piano stool
cofactor⊂(strept)avidin ArMs were used by the Ward group to
catalyze alcohol oxidation151 and (in collaboration with Rovis)
enantioselective benzannulation (33, Scheme 15B),152 and a
biotin-substituted Grubbs catalyst (34) was used to generate an
ArM for olefin metathesis153 (Scheme 15C). The latter two
examples highlight the potential utility of ArMs for C−C bond
formation, which remains a relatively unexplored.
Given the success of (strept)avidin-based ArMs for

enantioselective catalysis, it is worth considering what structural
features might impart their efficacy and whether these features
might inform ArM design more broadly. The Sav quaternary
structure is a dimer of dimers in which the biotin-binding

Scheme 13. Enantioselective Catalysis Using ArMs
Generated from Scaffolds Binding Known Ligands
Substituted with Metal Catalystsa

a(A) Estradiol−Fe(porphyrin) conjugate used to bind to an
antiestradiol antibody.133 (B) sulfonamide-substituted complexes
used to bind to human carbonic anhydrase.134,135 (C) Alkane-
substituted complex used to bind to β-lactoglobulin.136 Blue portions
denote scaffold binding elements as in Scheme 10.

Figure 5. Crystal structure showing location of cofactor 22 in
22⊂hCA (PDB ID 3PYK).127

Scheme 14. Representative Biotinylated Cofactors Used To
Generate (Strept)avidin-based ArMs
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Avidin-Bio#n	

•  Whitesides	(1978)	provided	the	first	proof	of	principle	example	u#lizing	the	
avidin-bio#n	combina#on	for	design	of	an	ar#ficial	metalloenzyme.		

•  A	ca#onic	Rh(I)	complex,	aided	by	the	chiral	environment	in	the	enzyme	
pocket,	provided	moderate	enan#oselec#vity	for	hydrogena#on.		

•  No	other	substrates	were	tested	and	the	exact	geometrical	restrains	imposed	
by	the	protein	scaffold	were	not	analyzed.	

33	

Whitesides demonstrated the first example of enantioselective
ArM catalysis using biotinylated Rh−bisphosphine complex 24
(Scheme 14) bound to Avi for hydrogenation of 2-
acetamidoacrylate (∼40% ee, S enantiomer).140 Chan later
demonstrated that Avi binding could alter and even invert the
selectivity of chiral biotinylated Rh−Pyrphos complexes (26)
toward hydrogenation of itaconic acid.141 More recently, Ward
showed that the COD derivative of 24 (25), when bound to
Sav, catalyzed hydrogenation of 2-acetamidoacrylate with 92%
ee (R) and quantitative conversion.142 This was improved to

96% ee using Sav variant S112G, Ser-112 being located
proximal to the bound metal catalyst, and this same variant, in
combination with cofactor 27, provided 57% ee for the S
product enantiomer.143 The S selectivity of Avi-based ArMs was
also improved to (up to 80% ee) using cofactor 28. Further
improvements in selectivity for both product enantiomers and
substrate scope were realized through the use of cofactors
containing enantiopure amino acid linkers.144 Kinetic analysis
of representative ArM-catalyzed reactions established that the
(strept)avidin scaffolds accelerate these reactions relative to
those catalyzed by cofactor alone, and this was attributed to a
hydrophobic effect conveyed by the ArM active site.41

Ward then established that a range of biotinylated diamine-d6
transition metal piano stool complexes (Ru, Rh, and Ir)145,146

could be used to generate analogous ArMs for ketone transfer
hydrogenation.147 Examining a number of cofactor (Scheme
14) and scaffold (Ser-112 mutants) combinations led to the
identification of ArMs that catalyzed selective reduction of a
range of substrates, including dialkyl ketones, with moderate to
excellent enantioselectivity (Scheme 15A).148 Additional
improvements to ketone transfer hydrogenation efficiency
were made by introducing point mutations at scaffold sites
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Given the success of (strept)avidin-based ArMs for

enantioselective catalysis, it is worth considering what structural
features might impart their efficacy and whether these features
might inform ArM design more broadly. The Sav quaternary
structure is a dimer of dimers in which the biotin-binding

Scheme 13. Enantioselective Catalysis Using ArMs
Generated from Scaffolds Binding Known Ligands
Substituted with Metal Catalystsa

a(A) Estradiol−Fe(porphyrin) conjugate used to bind to an
antiestradiol antibody.133 (B) sulfonamide-substituted complexes
used to bind to human carbonic anhydrase.134,135 (C) Alkane-
substituted complex used to bind to β-lactoglobulin.136 Blue portions
denote scaffold binding elements as in Scheme 10.

Figure 5. Crystal structure showing location of cofactor 22 in
22⊂hCA (PDB ID 3PYK).127

Scheme 14. Representative Biotinylated Cofactors Used To
Generate (Strept)avidin-based ArMs

ACS Catalysis Perspective

dx.doi.org/10.1021/cs400806a | ACS Catal. 2013, 3, 2954−29752963

Whitesides demonstrated the first example of enantioselective
ArM catalysis using biotinylated Rh−bisphosphine complex 24
(Scheme 14) bound to Avi for hydrogenation of 2-
acetamidoacrylate (∼40% ee, S enantiomer).140 Chan later
demonstrated that Avi binding could alter and even invert the
selectivity of chiral biotinylated Rh−Pyrphos complexes (26)
toward hydrogenation of itaconic acid.141 More recently, Ward
showed that the COD derivative of 24 (25), when bound to
Sav, catalyzed hydrogenation of 2-acetamidoacrylate with 92%
ee (R) and quantitative conversion.142 This was improved to

96% ee using Sav variant S112G, Ser-112 being located
proximal to the bound metal catalyst, and this same variant, in
combination with cofactor 27, provided 57% ee for the S
product enantiomer.143 The S selectivity of Avi-based ArMs was
also improved to (up to 80% ee) using cofactor 28. Further
improvements in selectivity for both product enantiomers and
substrate scope were realized through the use of cofactors
containing enantiopure amino acid linkers.144 Kinetic analysis
of representative ArM-catalyzed reactions established that the
(strept)avidin scaffolds accelerate these reactions relative to
those catalyzed by cofactor alone, and this was attributed to a
hydrophobic effect conveyed by the ArM active site.41

Ward then established that a range of biotinylated diamine-d6
transition metal piano stool complexes (Ru, Rh, and Ir)145,146

could be used to generate analogous ArMs for ketone transfer
hydrogenation.147 Examining a number of cofactor (Scheme
14) and scaffold (Ser-112 mutants) combinations led to the
identification of ArMs that catalyzed selective reduction of a
range of substrates, including dialkyl ketones, with moderate to
excellent enantioselectivity (Scheme 15A).148 Additional
improvements to ketone transfer hydrogenation efficiency
were made by introducing point mutations at scaffold sites
(Lys-121 and Leu-124) proximal to the metal catalyst based on
analysis of the crystal structure of 31⊂Sav-S112K.149
Furthermore, Ir-based ArMs 29⊂Sav-S112X also catalyzed
transfer hydrogenation of salsolidine with good to excellent
enantioselectivity for both R (86% conv., 96% ee) and S
(quant., 78% ee) product enantiomers.150 Related piano stool
cofactor⊂(strept)avidin ArMs were used by the Ward group to
catalyze alcohol oxidation151 and (in collaboration with Rovis)
enantioselective benzannulation (33, Scheme 15B),152 and a
biotin-substituted Grubbs catalyst (34) was used to generate an
ArM for olefin metathesis153 (Scheme 15C). The latter two
examples highlight the potential utility of ArMs for C−C bond
formation, which remains a relatively unexplored.
Given the success of (strept)avidin-based ArMs for

enantioselective catalysis, it is worth considering what structural
features might impart their efficacy and whether these features
might inform ArM design more broadly. The Sav quaternary
structure is a dimer of dimers in which the biotin-binding

Scheme 13. Enantioselective Catalysis Using ArMs
Generated from Scaffolds Binding Known Ligands
Substituted with Metal Catalystsa

a(A) Estradiol−Fe(porphyrin) conjugate used to bind to an
antiestradiol antibody.133 (B) sulfonamide-substituted complexes
used to bind to human carbonic anhydrase.134,135 (C) Alkane-
substituted complex used to bind to β-lactoglobulin.136 Blue portions
denote scaffold binding elements as in Scheme 10.

Figure 5. Crystal structure showing location of cofactor 22 in
22⊂hCA (PDB ID 3PYK).127

Scheme 14. Representative Biotinylated Cofactors Used To
Generate (Strept)avidin-based ArMs

ACS Catalysis Perspective

dx.doi.org/10.1021/cs400806a | ACS Catal. 2013, 3, 2954−29752963

NHCOCH3

CO2H Avidin-RhL2+Tf- (0.2 mol%)

H2 (1.5 atm),
Phosphate Buffer, pH 7

0 oC, 48 h

NHCOCH3

CO2H
H

quantitative
70:30 e.r.

Whitesides,	G.	M.	et	al.,	JACS.,	1978,	100,	306.	



Improvements	in	Hydrogena#on	

Whitesides demonstrated the first example of enantioselective
ArM catalysis using biotinylated Rh−bisphosphine complex 24
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•  Ward	and	coworkers	made	significant	improvements	in	selec#vity	by	
modifying	the	ligand,	linker	length	and	amino	acids	proximal	to	the	metal	
centre.	
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Improvements	in	Hydrogena#on	

•  Three	parameters	can	be	varied	for	systema#c	screening	of	candidate	
enzymes:		

	
1.  Ligand	on	the	metal	
2.  Spacer	between	metal/bio#n	
3.  Amino	acid	muta#ons	in	the	metal	vicinity.	
	
•  The	Ward	group	systema#cally	explored	the	resul#ng	‘chemogene#c’	space	to	

come	up	with	successful	hits.	
			

talysis. In particular, directed evolution (i.e., genetic optimiza-
tion) combined with high-throughput screening has significantly
facilitated the optimization of customized enantioselective
enzymes.13-18
Perhaps most relevant to this study, and in contrast to

organometallic catalysts, is that enzymes exquisitely tailor both
the first and the second coordination sphere of their active site
to afford efficient and selective catalytic systems (Table 1).
From these considerations, it appears that homogeneous and

enzymatic catalyses are in many respects complementary. By
anchoring an organometallic catalyst precursor into a host
protein, we hoped to create artificial metalloenzymes with
properties reminiscent of both kingdoms.
To be able to readily deconvolute the influence of the organo-

metallic fragment from the influence of the protein, we focus
on enantioselective catalysis. Incorporation of an achiral catalyst
precursor in the host protein ensures that any level of enanti-
oselection is induced by the second coordination sphere provided
by the protein. Such an approach offers several appealing
features: (i) the possibility of dissociating the activity (primarily
dictated by the organometallic catalyst precursor) from the
selectivity (governed by the host protein); (ii) the use of
orthogonal diversity-generating procedures (molecular biology
for the protein optimization as well as parallel synthesis for the
organometallic fragment); and (iii) a novel approach to exploit
weak interactions in enantioselective homogeneous catalysis.
Inspired by the seminal work of E. T. Kaiser,19 several groups

have recently developed methods to covalently modify proteins
by incorporating transition-metal catalysts to yield hybrid
catalytic systems with promising properties.15,20-23
The approach we focus on relies on a noncovalent incorpora-

tion (i.e., supramolecular) of the organometallic catalyst precur-
sor in the protein. Since no chemical coupling step is required

upon addition of the catalyst precursor to the protein, we
reasoned that the integrity of the organometallic species would
be warranted. To ensure the localization of the organometallic
catalyst precursor within the protein, however, a very strong
noncovalent host⊂guest (i.e., a protein inhibitor) system should
be selected. The biotin-avidin system naturally comes to
mind.24 The principle of the biotin-avidin technology (often
referred to as molecular velcro) relies on the extraordinary
affinity of biotin for either avidin or streptavidin (Ka ∼ 1 ×
1014 M-1).25 Most importantly, it is generally accepted that
derivatization of the valeric acid side chain of biotin does not
affect significantly the strength of the biotin-avidin interaction
as most stabilizing contacts are located on the bicyclic frame-
work of (+)-biotin.25 In the past 20 years, the biotin-avidin
technology has found numerous applications in various fields
of biotechnology, including ELISA, immunolabeling, affinity
targeting, drug delivery, and so forth.26 Whitesides was the first
to suggest the use of the avidin as a host for enantioselective
catalysis.27,28 In the same spirit, Watanabe recently reported on
the apomyoglobin as a host for Cr(III) Schiff base complexes
in the oxidation of sulfides.29
Herein, we report on the use of avidin and streptavidin

(abbreviated hereafter (strept)avidin) as a host protein for
biotinylated rhodium-diphosphine complexes. The resulting
artificial metalloenzymes are tested in the enantioselective
hydrogenation of acetamidoacrylic acid. Both chemical and
genetic methodologies (i.e., chemogenetic optimization)20 are
used to optimize the enantioselectivity of the hybrid catalyst
(Scheme 1).30

Results and Discussion
Ligand Synthesis. The approach used in this study relies on

amide bond coupling reactions for the synthesis of the bioti-
nylated ligands. Two different amino-diphosphine skeletons
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Table 1. Comparing Homogeneous to Enzymatic Catalysis: Pros
and Cons

homogeneous
catalysis

enzymatic
catalysis

substrate scope large limited
enantiomers both enantiomers

accessible
single enantiomer

functional group tolerance small large
reaction repertoire large small
turnover numbers small large
solvent compatibility large small (aqueous)
optimization chemical genetic
second coordination sphere poorly-defined well-defined

Scheme 1. Artificial Metalloenzymes for Enantioselective
Hydrogenation Reactionsa

a The host protein (violet) displays high affinity for the anchor, biotin
(green); introduction of a spacer (blue) and variation of the ligand scaffold
(red) allow one to chemically optimize the enantioselectivity. Site-directed
mutagenesis allows a genetic optimization of the host protein.
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pockets from alternating pairs of Sav monomers face one
another (Figure 6A).154 Biotin binds deep within these pockets
such that suitably designed biotin-substituted metal complexes
typically project from the Sav scaffold via only a couple
rotatable bonds (Figure 6B,C).149,150 The tetrameric Sav
structure also leads to a proximal orientation of biotin-
substituted complexes in the corresponding ArMs when all
binding sites are occupied, and consistent with this proximity,

cofactor loading can impact ArM selectivity.41,144 The relative
orientation of the piano-stool arene (Cp*, benzene, etc.) and
diimine ligands varies in the different structures: in some cases
the arene is projected toward the solvent, and in others, it is
projected toward the scaffold (Figure 7). Perhaps most

importantly, the metal complexes are solvent-exposed and lie
in a shallow cleft formed at the dimer interfaces (Figure 6B,C).
These structural features suggest that relatively subtle scaffold/
cofactor/substrate interactions, rather than substrate binding
deep within the scaffold in analogy to many natural
metalloenzymes50 and some ArMs,93 could play a significant
role in the selectivity of Sav-based ArMs.
Much of Ward’s work has focused on biotin-substituted

cofactors derived from either fluxional, bidentate bisphos-
phine−Rh(I) complexes or racemic, readily racemized, chiral-
at-metal d6 transition metal piano stool complexes (Scheme
14).137 In the former case, a relay of chirality from the scaffold
to the bisphosphine ligand to generate a chiral Pd(II)−
bisphosphine complex was used to explain the enantioselectiv-
ity of ArM-catalyzed hydrogenation of acetamidoacrylate.142 A
similar mechanism was invoked to rationalize the enantiose-
lectivity of ArMs employing analogous Pd(II)−bisphosphine

Scheme 15. Cofactor⊂(Strept)avidin-Catalyzed
Enantioselective (A) Transfer Hydrogenation of Ketones148

and (B) Salsolidine,150 (C) Hydroarylation of Olefins,152

and (D) Olefin Metathesis153

Figure 6. (A) Ribbon structure of tetrameric WT Sav with 1 biotin (red) bound to each monomer (PDB ID 1STP).154 Alternating subunits (e.g., 1
and 3) possess proximal biotin binding sites. (B) Proximal subunits of 31⊂Sav-S112K (PDB ID 2QCB) with Lys-112 highlighted in red.149 (C)
Proximal subunits of 29⊂Sav-S112A (PDB ID 3PK2).150

Figure 7. Overlay of structures for (A) 33⊂Sav (green carbon atoms)
and (B) 33⊂Sav-S112H (cyan carbon atoms) showing differing
orientations of metal fragment as a result of histidine ligation (PDB
IDs 4GJS and 4GJV).156
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Whitesides demonstrated the first example of enantioselective
ArM catalysis using biotinylated Rh−bisphosphine complex 24
(Scheme 14) bound to Avi for hydrogenation of 2-
acetamidoacrylate (∼40% ee, S enantiomer).140 Chan later
demonstrated that Avi binding could alter and even invert the
selectivity of chiral biotinylated Rh−Pyrphos complexes (26)
toward hydrogenation of itaconic acid.141 More recently, Ward
showed that the COD derivative of 24 (25), when bound to
Sav, catalyzed hydrogenation of 2-acetamidoacrylate with 92%
ee (R) and quantitative conversion.142 This was improved to

96% ee using Sav variant S112G, Ser-112 being located
proximal to the bound metal catalyst, and this same variant, in
combination with cofactor 27, provided 57% ee for the S
product enantiomer.143 The S selectivity of Avi-based ArMs was
also improved to (up to 80% ee) using cofactor 28. Further
improvements in selectivity for both product enantiomers and
substrate scope were realized through the use of cofactors
containing enantiopure amino acid linkers.144 Kinetic analysis
of representative ArM-catalyzed reactions established that the
(strept)avidin scaffolds accelerate these reactions relative to
those catalyzed by cofactor alone, and this was attributed to a
hydrophobic effect conveyed by the ArM active site.41

Ward then established that a range of biotinylated diamine-d6
transition metal piano stool complexes (Ru, Rh, and Ir)145,146

could be used to generate analogous ArMs for ketone transfer
hydrogenation.147 Examining a number of cofactor (Scheme
14) and scaffold (Ser-112 mutants) combinations led to the
identification of ArMs that catalyzed selective reduction of a
range of substrates, including dialkyl ketones, with moderate to
excellent enantioselectivity (Scheme 15A).148 Additional
improvements to ketone transfer hydrogenation efficiency
were made by introducing point mutations at scaffold sites
(Lys-121 and Leu-124) proximal to the metal catalyst based on
analysis of the crystal structure of 31⊂Sav-S112K.149
Furthermore, Ir-based ArMs 29⊂Sav-S112X also catalyzed
transfer hydrogenation of salsolidine with good to excellent
enantioselectivity for both R (86% conv., 96% ee) and S
(quant., 78% ee) product enantiomers.150 Related piano stool
cofactor⊂(strept)avidin ArMs were used by the Ward group to
catalyze alcohol oxidation151 and (in collaboration with Rovis)
enantioselective benzannulation (33, Scheme 15B),152 and a
biotin-substituted Grubbs catalyst (34) was used to generate an
ArM for olefin metathesis153 (Scheme 15C). The latter two
examples highlight the potential utility of ArMs for C−C bond
formation, which remains a relatively unexplored.
Given the success of (strept)avidin-based ArMs for

enantioselective catalysis, it is worth considering what structural
features might impart their efficacy and whether these features
might inform ArM design more broadly. The Sav quaternary
structure is a dimer of dimers in which the biotin-binding

Scheme 13. Enantioselective Catalysis Using ArMs
Generated from Scaffolds Binding Known Ligands
Substituted with Metal Catalystsa

a(A) Estradiol−Fe(porphyrin) conjugate used to bind to an
antiestradiol antibody.133 (B) sulfonamide-substituted complexes
used to bind to human carbonic anhydrase.134,135 (C) Alkane-
substituted complex used to bind to β-lactoglobulin.136 Blue portions
denote scaffold binding elements as in Scheme 10.

Figure 5. Crystal structure showing location of cofactor 22 in
22⊂hCA (PDB ID 3PYK).127

Scheme 14. Representative Biotinylated Cofactors Used To
Generate (Strept)avidin-based ArMs
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•  The	Ward	group	(2005)	then	
extended	their	reac#on	
discovery	methodology	to	
transfer	hydrogena#on	using	
Ru(II)	catalysts.	

•  A	number	of	alkyl-aryl		and	alkyl-
alkyl	ketones	were	reduced	in	
good	yields	and	good	to	
excellent	enan#oselec#vi#es.	

	
			

{72% ee (R), 54% conversion for [!6-(p-cymene)Ru(Biot–p–
L)Cl]!P64G Sav; 58% ee (S), 30% conversion with [!6-
(benzene)Ru(Biot–p–L)Cl]!P64G Sav; Table 2, entries 5 and 10}.

(iii) The double mutant P64G S112G Sav (Table 2, entry 6)
combines the features of both single mutants P64G (increased
selectivity vs. WT Sav) and increased activity S112G (increased
activity vs. WT Sav).

With the aim of further stabilizing the pH !6.25, various
buffers were screened. Addition of 0.15 M Mops [3-(N-
morpholino)propanesulfonic acid sodium salt, pHfinal "7.0] to
the formate!boric acid mixture has a beneficial effect on the
enantioselectivity, at the cost of a slightly lower conversion,
however (compare Table 3, entries 1 and 2 with Table 1, entries
2 and 6). To overcome this drawback, the temperature was raised
from 45°C to 55°C, and the reaction time was extended to 64 h
(Table 3, entry 3). In the presence of Mops at 55°C, [!6-(p-
cymene)Ru(Biot–p–L)Cl]!P64G Sav affords (R)-phenylethanol
in 85% ee (R) in 90% conversion (Table 3, entry 4, compare with
Table 2, entry 5).

Next, p-bromoacetophenone 2b and p-methylacetophenone 2c
were tested in conjunction with [!6-(p-cymene)Ru(Biot–p–
L)Cl]!P64G Sav and [!6-(benzene)Ru(Biot–p–L)Cl]!P64G
Sav. Again with these substrates, the p-cymene-capped and the
benzene-capped catalysts afford the opposite enantiomers
within the same host protein (Table 3, entries 4–6 and 10–11).
For example, the reduction of p-methylacetophenone 2c affords
p-tolylethanol in 94% ee (R) with 92% conversion and in 44%
(S) with 44% conversion by using [!6-(p-cymene)Ru(Biot–p–

L)Cl]!P64G Sav and [!6-(benzene)Ru(Biot–p–L)Cl]!P64G
Sav, respectively (Table 3, entries 6 and 11).

It is interesting to note that increasing the temperature has a
beneficial effect on both the conversion and enantioselectivity
for the p-cymene-capped catalyst; in contrast, it has a detrimen-
tal effect on enantioselectivity for the benzene-capped catalyst
(Table 3, compare entries 10 and 11).

At 55°C, the double mutant [!6-(p-cymene)Ru(Biot–p–
L)Cl]!P64G S112G Sav produces quantitatively all three phe-
nylethanol derivatives (2 a-c) within 40 h with selectivities
intermediate between the WT Sav and P64G Sav (Table 3,
entries 7–9).

Outlook
The study of artificial transfer hydrogenases based on biotin-
avidin technology reveals several noteworthy features:

(i) Having identified a source of hydrogen compatible with
streptavidin, biotinylated three-legged piano-stool complexes
are versatile enantioselective transfer hydrogenation catalysts.

(ii) As the first coordination sphere around ruthenium is
achiral, enantioselection is determined by second coordination
sphere interactions. In this context, the choice of capping arene
(either !6-p-cymene or !6-benzene) plays a critical role in
determining which enantiomer of the product is produced
preferentially. To rationalize this observation, two complemen-
tary enantioselection mechanisms can be envisaged. On one
hand, protein–substrate interactions may favor the preferential
approach of one prochiral face of the substrate. On the other
hand, streptavidin–[!6-(arene)Ru(Biot–q–L)Cl] contacts may
enforce one configuration at ruthenium [(RRu) or (SRu)] (45).
This configuration, in turn, could determine which prochiral face
of the substrate undergoes reduction. These two possibilities are
summarized in Scheme 4.

(iii) Both chemical and genetic methodologies [i.e., chemoge-
netic (46)] can be efficiently combined to optimize the activity
and selectivity of the artificial metalloenzymes [up to 94% ee (R)
with 92% conversion with 1 mol% catalyst loading]. This ap-
proach thus adds another dimension to catalyst discovery and
optimization.

In the spirit of enzymatic catalysis, providing a well defined
second coordination sphere for a transition state that does not
involve coordination of the substrate to the metal (see 1, Fig. 1)
is a promising approach. Additional efforts in this area should be
centered on the microscopic reverse reaction: the kinetic reso-
lution of secondary alcohols by Oppenauer oxidation.

We thank Belovo Egg Science and Technology (Bastogne, Belgium) for
a generous gift of avidin and C. R. Cantor (Boston University, Boston)

Scheme 4. Postulated second coordination sphere interactions between
streptavidin and either [!6-(arene)Ru(Biot–p–L)Cl] or the substrate. Depend-
ing on the !6-arene cap, SRu!streptavidin or RRu!streptavidin may be favored.

Table 3. Selected results for the optimization of the performance of ["6-(arene)Ru(Biot–p–L)Cl]#(strept)avidin as an artificial
metalloenzyme for the transfer hydrogenation of acetophenone derivatives 2a-c by using formate!boric acid as a reducing agent in
0.15 M Mops buffer

Entry Ligand !6-arene Protein Substrate Temperature, °C Time, h Conversion, % ee, %

1 Biot–p–L p-cymene Sav 2a 45 40 40 66 (R)
2 Biot–p–L Benzene Sav 2a 45 40 30 63 (S)
3 Biot–p–L p-cymene Sav 2a 55 64 82 68 (R)
4 Biot–p–L p-cymene P64G Sav 2a 55 64 90 85 (R)
5 Biot–p–L p-cymene P64G Sav 2b 55 64 97 89 (R)
6 Biot–p–L p-cymene P64G Sav 2c 55 64 92 94 (R)
7 Biot–p–L p-cymene P64G S112 G Sav 2a 55 40 Quantitative 67 (R)
8 Biot–p–L p-cymene P64G S112 G Sav 2b 55 40 Quantitative 88 (R)
9 Biot–p–L p-cymene P64G S112 G Sav 2c 55 40 Quantitative 90 (R)

10 Biot–p–L Benzene P64G Sav 2c 45 64 34 57 (S)
11 Biot–p–L Benzene P64G Sav 2c 55 64 44 44 (S)

All catalytic runs were carried out at pHinitial # 6.25 by using the mixed buffer HCO2Na (0.5 M) $ B(OH)3 (0.47 M) combined with Mops (0.15 M) with a
Ru!substrate 2 a-c!formate ratio of 1:100:4,500. Conversions and enantioselectivity were determined by HPLC on Chiralcel OB-H.

4686 " www.pnas.org!cgi!doi!10.1073!pnas.0409684102 Letondor et al.
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•  The	Ward	group	(2012)	
demonstrated	how	ra#onal	
tuning		of	the	protein	
microenvironment	can	enable	
design	of	a	cataly#c	asymmetric	
C-H	ac#va#on	reac#on	which	
had	no	methodological	
counterpart	in	mainstream	
organic	synthesis.	

Benzannula#on	

In recent years, [Cp*RhCl2]2, where Cp* is pen-
tamethylcyclopentadienyl, has emerged as a
versatile catalyst for electrophilic aromatic C–H
activation reactions (20). Elegant work by the
groups of Fagnou and Glorius showed that
pivaloyl-protected benzhydroxamic acids may
be efficiently coupled with alkenes to access
dihydroisoquinolones in good yield at room tem-
perature (21, 22). An exogeneous base is required
for the orthometallation step (23). Computations
suggest that the C–H activation process occurs
via a concerted metalation-deprotonation (CMD)
mechanism (24). The presence of a base signif-
icantly lowers the activation energy of this step.
As three coordination sites are required around
the Cp*Rh moiety for catalysis (25), it has been
difficult to introduce an asymmetric ligand, and
no enantioselective version of this attractive
benzannulation reaction has been reported thus
far. In a biomimetic spirit, we hypothesized that
incorporation of a biotinylated [Cp*RhX2]2 com-
bined with an engineered aspartate or glutamate
residue might yield an asymmetric catalyst for
the production of enantioenriched dihydroisoqui-
nolones (Fig. 1).

We initially examined the viability of the
[RhCp*Cl2]2-catalyzed reaction between pivaloyl-
protected benzhydroxamic acid (1a) and methyl
acrylate (2a) to dihydroisoquinolone (3a) under
aqueous conditions. Although this reaction is
typically performed in MeOH or EtOH (22, 23),

we were pleased to find that the reaction pro-
ceeds to completion in a 4:1 mixture of H2O/MeOH
under basic conditions (200 mole % CsOAc), de-
spite the sparing solubility of the substrates in this
solvent mixture. Next, we designed a biotinylated
analog [RhCp*biotinCl2]2 (26) for incorporation
within streptavidin (Sav) (Fig. 1). Two equivalents
of [RhCp*biotinCl2]2 were required to displace
weakly bound 2-(4-hydroxyphenylazo)benzoic
acid (HABA) in tetrameric streptavidin (27). This
suggests that the dimeric catalyst precursor dis-
sociates in aqueous solution to RhCp*biotinCl2(H2O)
and that the four biotin-binding sites of Sav can
be loaded with the monomeric biotinylated cat-
alyst precursor (28).

When we combined benzhydroxamic acid 1a
with 1.1 equivalents of methyl acrylate 2a in a 4:1
mixture of H2O:MeOH in the presence of tetra-
meric wild-type (WT) Sav and [RhCp*biotinCl2]2,
only a trace amount of product was observed
after 36 hours at room temperature (Table 1,
entry 3). To increase conversion, we introduced
a basic residue in the proximity of the rhodium
moiety. As highlighted in an Auto-Dock (29) mod-
eling study (Fig. 1D), residues S112A and K121B
(of the adjacent Sav monomer B) lie closest to
the metal center upon incorporation within WT
Sav. We thus introduced by site-directed muta-
genesis a basic residue at either of these positions.
The presence of a glutamate residue at position
112 (S112E) has a marginal effect on the activ-

ity of the catalyst (Table 1, entry 5). Introduction
of a glutamate residue at position 121 (i.e.,
K121E) again gives low conversion (Table 1, en-
try 7). Mutation to an aspartate at position 121
(i.e., K121D) improved the conversion to 89%
after 72 hours (Table 1, entry 8). To confirm that
this increase in activity was indeed caused by
the presence of a carboxylate residue, we intro-
duced an asparagine residue (i.e., K121N). As-
paragine is sterically and electronically similar
to aspartic acid but lacks the ability to facil-
itate the critical C–H activation step. As antici-
pated, K121N gave low conversion after 36 hours
(Table 1, entry 9). The data thus suggest that the
reaction is critically dependent on the precise
localization of a carboxylate residue provided
by Sav. We speculated that if the position of
the carboxylate residue at position 121 could be
further fine-tuned, increased conversions might
result. This was realized upon combining a glu-
tamate at position 121 with a lysine at position
118 (i.e., N118K-K121E). In addition to increased
activity, this catalyst also gave enhanced levels
of regioselectivity for alkene insertion (15:1)
by comparison to the reaction in the absence
of protein (4:1) (compare Table 1, entry 1 versus
entry 10).

With a mutant exhibiting superior activity in
hand, we were eager to determine whether the
transformation could be rendered asymmetric
thanks to the chiral nature of the active site. A
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Fig. 1. (A) Synergistic action of a basic residue introduced by site-directed
mutagenesis and a biotinylated RhCp*biotinCl2 moiety acting as catalyst for
an abiotic reaction. (B) Benzannulation reaction catalyzed by the artificial me-
talloenzyme for the synthesis of enantioenriched dihydroisoquinolones. (C)

Postulated transition state for the C–H activation step. (D) Auto-Dock model
of biotinylated RhCpbiotin(OAc)2 complex anchored in the proposed active site
of the streptavidin tetramer with key residues highlighted (adjacent complex
in Sav monomer B omitted for clarity).
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pated, K121N gave low conversion after 36 hours
(Table 1, entry 9). The data thus suggest that the
reaction is critically dependent on the precise
localization of a carboxylate residue provided
by Sav. We speculated that if the position of
the carboxylate residue at position 121 could be
further fine-tuned, increased conversions might
result. This was realized upon combining a glu-
tamate at position 121 with a lysine at position
118 (i.e., N118K-K121E). In addition to increased
activity, this catalyst also gave enhanced levels
of regioselectivity for alkene insertion (15:1)
by comparison to the reaction in the absence
of protein (4:1) (compare Table 1, entry 1 versus
entry 10).

With a mutant exhibiting superior activity in
hand, we were eager to determine whether the
transformation could be rendered asymmetric
thanks to the chiral nature of the active site. A

Minimally Active
Artificial

Metalloenzyme

Active Site 
Tailoring

 Highly Active
Artificial 

Metalloenzyme

Metal Metal

Base

H
Rh O

O

Sav

N

O

OPv

Cp* 1-2
BiotinNH

O

N
H

OPiv [RhCp*biotinCl2]2
Streptavidin

with engineered
carboxylate

O

NH

R

S
H
N

O

Me

MeMe
Me

Rh
Cl Cl 2[RhCp*biotinCl2]2

HN
NH

O

H

H

R

+

Ser 112A
Lys 121A

Asn 118A

Ser 112B

Lys 121B

Asn 118B

A

B

C

D

Fig. 1. (A) Synergistic action of a basic residue introduced by site-directed
mutagenesis and a biotinylated RhCp*biotinCl2 moiety acting as catalyst for
an abiotic reaction. (B) Benzannulation reaction catalyzed by the artificial me-
talloenzyme for the synthesis of enantioenriched dihydroisoquinolones. (C)

Postulated transition state for the C–H activation step. (D) Auto-Dock model
of biotinylated RhCpbiotin(OAc)2 complex anchored in the proposed active site
of the streptavidin tetramer with key residues highlighted (adjacent complex
in Sav monomer B omitted for clarity).
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In recent years, [Cp*RhCl2]2, where Cp* is pen-
tamethylcyclopentadienyl, has emerged as a
versatile catalyst for electrophilic aromatic C–H
activation reactions (20). Elegant work by the
groups of Fagnou and Glorius showed that
pivaloyl-protected benzhydroxamic acids may
be efficiently coupled with alkenes to access
dihydroisoquinolones in good yield at room tem-
perature (21, 22). An exogeneous base is required
for the orthometallation step (23). Computations
suggest that the C–H activation process occurs
via a concerted metalation-deprotonation (CMD)
mechanism (24). The presence of a base signif-
icantly lowers the activation energy of this step.
As three coordination sites are required around
the Cp*Rh moiety for catalysis (25), it has been
difficult to introduce an asymmetric ligand, and
no enantioselective version of this attractive
benzannulation reaction has been reported thus
far. In a biomimetic spirit, we hypothesized that
incorporation of a biotinylated [Cp*RhX2]2 com-
bined with an engineered aspartate or glutamate
residue might yield an asymmetric catalyst for
the production of enantioenriched dihydroisoqui-
nolones (Fig. 1).

We initially examined the viability of the
[RhCp*Cl2]2-catalyzed reaction between pivaloyl-
protected benzhydroxamic acid (1a) and methyl
acrylate (2a) to dihydroisoquinolone (3a) under
aqueous conditions. Although this reaction is
typically performed in MeOH or EtOH (22, 23),

we were pleased to find that the reaction pro-
ceeds to completion in a 4:1 mixture of H2O/MeOH
under basic conditions (200 mole % CsOAc), de-
spite the sparing solubility of the substrates in this
solvent mixture. Next, we designed a biotinylated
analog [RhCp*biotinCl2]2 (26) for incorporation
within streptavidin (Sav) (Fig. 1). Two equivalents
of [RhCp*biotinCl2]2 were required to displace
weakly bound 2-(4-hydroxyphenylazo)benzoic
acid (HABA) in tetrameric streptavidin (27). This
suggests that the dimeric catalyst precursor dis-
sociates in aqueous solution to RhCp*biotinCl2(H2O)
and that the four biotin-binding sites of Sav can
be loaded with the monomeric biotinylated cat-
alyst precursor (28).

When we combined benzhydroxamic acid 1a
with 1.1 equivalents of methyl acrylate 2a in a 4:1
mixture of H2O:MeOH in the presence of tetra-
meric wild-type (WT) Sav and [RhCp*biotinCl2]2,
only a trace amount of product was observed
after 36 hours at room temperature (Table 1,
entry 3). To increase conversion, we introduced
a basic residue in the proximity of the rhodium
moiety. As highlighted in an Auto-Dock (29) mod-
eling study (Fig. 1D), residues S112A and K121B
(of the adjacent Sav monomer B) lie closest to
the metal center upon incorporation within WT
Sav. We thus introduced by site-directed muta-
genesis a basic residue at either of these positions.
The presence of a glutamate residue at position
112 (S112E) has a marginal effect on the activ-

ity of the catalyst (Table 1, entry 5). Introduction
of a glutamate residue at position 121 (i.e.,
K121E) again gives low conversion (Table 1, en-
try 7). Mutation to an aspartate at position 121
(i.e., K121D) improved the conversion to 89%
after 72 hours (Table 1, entry 8). To confirm that
this increase in activity was indeed caused by
the presence of a carboxylate residue, we intro-
duced an asparagine residue (i.e., K121N). As-
paragine is sterically and electronically similar
to aspartic acid but lacks the ability to facil-
itate the critical C–H activation step. As antici-
pated, K121N gave low conversion after 36 hours
(Table 1, entry 9). The data thus suggest that the
reaction is critically dependent on the precise
localization of a carboxylate residue provided
by Sav. We speculated that if the position of
the carboxylate residue at position 121 could be
further fine-tuned, increased conversions might
result. This was realized upon combining a glu-
tamate at position 121 with a lysine at position
118 (i.e., N118K-K121E). In addition to increased
activity, this catalyst also gave enhanced levels
of regioselectivity for alkene insertion (15:1)
by comparison to the reaction in the absence
of protein (4:1) (compare Table 1, entry 1 versus
entry 10).

With a mutant exhibiting superior activity in
hand, we were eager to determine whether the
transformation could be rendered asymmetric
thanks to the chiral nature of the active site. A
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of biotinylated RhCpbiotin(OAc)2 complex anchored in the proposed active site
of the streptavidin tetramer with key residues highlighted (adjacent complex
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•  Lys121	was	mutated	to	glutamic	
acid	to	provide	a	proximal	
carboxylate.	

•  Further	fine	tuning	by	S112Y	
muta#on	provided	a	superior	
metalloenzyme.	
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Benzannula#on	

survey of our arsenal of Sav mutants revealed
that the mutant with superior activity was also
reasonably enantioselective (Table 1, entry 10).
Because position 121 was identified as the best
location for the carboxylate residue, we focused
on position 112 to modify the chiral environ-
ment. A screen of nine mutants at position 112
using an acetate buffer revealed that aromatic
residues gave superior reactivity by comparison
to nonaromatic residues (30 to 50% yield), as
well as enhanced enantioselectivity (Table 1,
entries 12 to 20). Prolonged reaction times were
required to achieve enhanced conversion. The
best mutant under our conditions proved to be
S112Y with 30% yield, 12:1 regioselectivity,
and 88:12 enantiomeric ratio (er) (Table 1, entry
19). We hypothesized that if the superior ac-
tivity imparted by the carboxylate mutation at
position 121 could be combined in a synergistic
way with the improved selectivity provided by
S112Y, a highly active and selective artificial
metalloenzyme might result (30). The use of
S112Y-K121D gave good er but only in fair yield
(Table 1, entry 21). Substituting the aspartic acid
residue with glutamic acid resulted in a su-
perior mutant that gave 80% yield with 20:1
regiomeric ratio and 90:10 enantiomeric ratio
(Table 1, entry 22). The yield and er could be
further improved by exchanging H2O with 3-(N-
morpholino)propanesulfonic acid buffer to yield
the desired product in 95% yield, 19:1 regioiso-
meric ratio (rr), and 91:9 er (Table 1, entry 23).

This transformation proved applicable to a
variety of substrates (Fig. 2). Ethyl vinyl ketone
was highly reactive under the reaction conditions,
resulting in benzannulated product in good yield,
high regioselectivity, but poor enantioselectivity.
When methyl acrylate was replaced with benzyl
acrylate, yield and enantioselectivity were di-
minished. Substitution on the benzamide was better
tolerated under the reaction conditions. Bromo-
substituted and naphthyl benzamides delivered
product in good yield, with a modest erosion of
er in comparison to the parent system. The enan-
tioselectivity increased with para-substituted nitro-
benzamides, albeit at the expense of lower yield.
The remaining mass balance is represented by
unreacted starting material.

The data presented above argue for the syn-
ergistic action of both the carboxylate side
chain and the chiral cavity inside the metallo-
enzyme for optimal reactivity and selectivity.
We sought further support for the role of the
critical basic amino acid residue by conduct-
ing mechanistic studies. Using the monodeu-
terated benzamide d1-1a, we observed a kinetic
isotope effect (kH/kD) (KIE) value of 3.8 for the
reaction with [RhCp*biotinCl2]2 under buffered
conditions [1:4 MeOH:acetate buffer (pH = 5.9,
0.69 M) for the internal competition KIE study]
(figs. S1 to S3). In the presence of WT Sav un-
der identical conditions, a KIE value of 2.8 was
obtained. With the most active mutant, N118K-
K121E, a KIE value of 4.8 was found under
acetate-free conditions (4:1 H2O:MeOH). These

Table 1. Optimization of the performance of the artificial benzannulase.

N
H

O
OPiv

[RhCp*biotinCl2]2 (1 mol %)
Sav Mutant (0.66 mol %)

Solvent/MeOH (4:1)
23 °C, 72h

CO2Me NH

O

CO2Me

entry Sav Mutant Solvent yield (%)*

1a 2a

4 Acetate Buffer 46

11 N118K-K121E†,‡ 8

10 99

12 S112A Acetate Buffer 12

regioisomeric 
ratio (rr)

9:1

6:1

15:1

6:1

enantiomeric 
ratio (er)

75:25

52:48

82:18

75:25

WT†

13 S112C Acetate Buffer 6 10:1 71:29

14 Acetate Buffer 50 6:1 86:14

15 Acetate Buffer 6 6:1 76:24

16 S112M Acetate Buffer 1 6:1 81:19

17 Acetate Buffer 35 6:1 79:21

18 S112V Acetate Buffer 4 5:1 81:19

19 Acetate Buffer 30 12:1 88:12

20 Acetate Buffer 32 12:1 86:14

N118K-K121E

S112F

S112K

S112T

S112Y

S112W

21 H2O 30 20:1 90:10

22 S112Y-K121E H2O 80 20:1 90:10

S112Y-K121D

H2O

H2O

23 S112Y-K121E MOPS Buffer 95 19:1 91:9

9 < 5% - -K121N† H2O

8 89 15:1 78:22K121D H2O

7 7 15:1 78:22K121E† H2O

6 < 5% - -S112D† H2O

5 10 15:1 78:22S112E† H2O

1 Acetate Buffer 80 4:1 51.5:48.5-

3 < 5% - -WT† H2O

2 < 5% - -- H2O

NH

O

3a'
CO2Memajor minor

3a

*Yield determined by gas chromatography integration. 
†Reaction conducted for 36 hours. 
‡Sav preloaded with excess biotin for 10 min and then treated with [RhCp*biotinCl2]2. 

N
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O
OPiv

[RhCp*biotinCl2]2 (1 mol %)
S112Y-K121E (0.66 mol %)

MOPS Buffer/MeOH (4:1)
23 °C, 72h

R
NH

O

R1a-d 2a-c 3b-f

yield (%)
r.r.
e.r.

NH

O

O95% yield 
10:1
56:44

Et
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O

OBn

61% yield
15:1
73:27
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O

64% yield
14:1
88:12

O

OMe
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22:1
89:11

OMe
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O30% yield 
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93:7
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Fig. 2. Substrate scope.
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•  The	proximal	carboxylate	and	the	specific	microenvironment	assist	in	a	100	fold	
higher	rate	than	the	background	benzannula#on.	

•  Convincing	demonstra#on	of	the	poten#al	of	a	tunable	protein	scaffold	in	
affec#ng	reac#vity.	
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pockets from alternating pairs of Sav monomers face one
another (Figure 6A).154 Biotin binds deep within these pockets
such that suitably designed biotin-substituted metal complexes
typically project from the Sav scaffold via only a couple
rotatable bonds (Figure 6B,C).149,150 The tetrameric Sav
structure also leads to a proximal orientation of biotin-
substituted complexes in the corresponding ArMs when all
binding sites are occupied, and consistent with this proximity,

cofactor loading can impact ArM selectivity.41,144 The relative
orientation of the piano-stool arene (Cp*, benzene, etc.) and
diimine ligands varies in the different structures: in some cases
the arene is projected toward the solvent, and in others, it is
projected toward the scaffold (Figure 7). Perhaps most

importantly, the metal complexes are solvent-exposed and lie
in a shallow cleft formed at the dimer interfaces (Figure 6B,C).
These structural features suggest that relatively subtle scaffold/
cofactor/substrate interactions, rather than substrate binding
deep within the scaffold in analogy to many natural
metalloenzymes50 and some ArMs,93 could play a significant
role in the selectivity of Sav-based ArMs.
Much of Ward’s work has focused on biotin-substituted

cofactors derived from either fluxional, bidentate bisphos-
phine−Rh(I) complexes or racemic, readily racemized, chiral-
at-metal d6 transition metal piano stool complexes (Scheme
14).137 In the former case, a relay of chirality from the scaffold
to the bisphosphine ligand to generate a chiral Pd(II)−
bisphosphine complex was used to explain the enantioselectiv-
ity of ArM-catalyzed hydrogenation of acetamidoacrylate.142 A
similar mechanism was invoked to rationalize the enantiose-
lectivity of ArMs employing analogous Pd(II)−bisphosphine

Scheme 15. Cofactor⊂(Strept)avidin-Catalyzed
Enantioselective (A) Transfer Hydrogenation of Ketones148

and (B) Salsolidine,150 (C) Hydroarylation of Olefins,152

and (D) Olefin Metathesis153

Figure 6. (A) Ribbon structure of tetrameric WT Sav with 1 biotin (red) bound to each monomer (PDB ID 1STP).154 Alternating subunits (e.g., 1
and 3) possess proximal biotin binding sites. (B) Proximal subunits of 31⊂Sav-S112K (PDB ID 2QCB) with Lys-112 highlighted in red.149 (C)
Proximal subunits of 29⊂Sav-S112A (PDB ID 3PK2).150

Figure 7. Overlay of structures for (A) 33⊂Sav (green carbon atoms)
and (B) 33⊂Sav-S112H (cyan carbon atoms) showing differing
orientations of metal fragment as a result of histidine ligation (PDB
IDs 4GJS and 4GJV).156

ACS Catalysis Perspective

dx.doi.org/10.1021/cs400806a | ACS Catal. 2013, 3, 2954−29752964

Whitesides demonstrated the first example of enantioselective
ArM catalysis using biotinylated Rh−bisphosphine complex 24
(Scheme 14) bound to Avi for hydrogenation of 2-
acetamidoacrylate (∼40% ee, S enantiomer).140 Chan later
demonstrated that Avi binding could alter and even invert the
selectivity of chiral biotinylated Rh−Pyrphos complexes (26)
toward hydrogenation of itaconic acid.141 More recently, Ward
showed that the COD derivative of 24 (25), when bound to
Sav, catalyzed hydrogenation of 2-acetamidoacrylate with 92%
ee (R) and quantitative conversion.142 This was improved to

96% ee using Sav variant S112G, Ser-112 being located
proximal to the bound metal catalyst, and this same variant, in
combination with cofactor 27, provided 57% ee for the S
product enantiomer.143 The S selectivity of Avi-based ArMs was
also improved to (up to 80% ee) using cofactor 28. Further
improvements in selectivity for both product enantiomers and
substrate scope were realized through the use of cofactors
containing enantiopure amino acid linkers.144 Kinetic analysis
of representative ArM-catalyzed reactions established that the
(strept)avidin scaffolds accelerate these reactions relative to
those catalyzed by cofactor alone, and this was attributed to a
hydrophobic effect conveyed by the ArM active site.41

Ward then established that a range of biotinylated diamine-d6
transition metal piano stool complexes (Ru, Rh, and Ir)145,146

could be used to generate analogous ArMs for ketone transfer
hydrogenation.147 Examining a number of cofactor (Scheme
14) and scaffold (Ser-112 mutants) combinations led to the
identification of ArMs that catalyzed selective reduction of a
range of substrates, including dialkyl ketones, with moderate to
excellent enantioselectivity (Scheme 15A).148 Additional
improvements to ketone transfer hydrogenation efficiency
were made by introducing point mutations at scaffold sites
(Lys-121 and Leu-124) proximal to the metal catalyst based on
analysis of the crystal structure of 31⊂Sav-S112K.149
Furthermore, Ir-based ArMs 29⊂Sav-S112X also catalyzed
transfer hydrogenation of salsolidine with good to excellent
enantioselectivity for both R (86% conv., 96% ee) and S
(quant., 78% ee) product enantiomers.150 Related piano stool
cofactor⊂(strept)avidin ArMs were used by the Ward group to
catalyze alcohol oxidation151 and (in collaboration with Rovis)
enantioselective benzannulation (33, Scheme 15B),152 and a
biotin-substituted Grubbs catalyst (34) was used to generate an
ArM for olefin metathesis153 (Scheme 15C). The latter two
examples highlight the potential utility of ArMs for C−C bond
formation, which remains a relatively unexplored.
Given the success of (strept)avidin-based ArMs for

enantioselective catalysis, it is worth considering what structural
features might impart their efficacy and whether these features
might inform ArM design more broadly. The Sav quaternary
structure is a dimer of dimers in which the biotin-binding

Scheme 13. Enantioselective Catalysis Using ArMs
Generated from Scaffolds Binding Known Ligands
Substituted with Metal Catalystsa

a(A) Estradiol−Fe(porphyrin) conjugate used to bind to an
antiestradiol antibody.133 (B) sulfonamide-substituted complexes
used to bind to human carbonic anhydrase.134,135 (C) Alkane-
substituted complex used to bind to β-lactoglobulin.136 Blue portions
denote scaffold binding elements as in Scheme 10.

Figure 5. Crystal structure showing location of cofactor 22 in
22⊂hCA (PDB ID 3PYK).127

Scheme 14. Representative Biotinylated Cofactors Used To
Generate (Strept)avidin-based ArMs

ACS Catalysis Perspective

dx.doi.org/10.1021/cs400806a | ACS Catal. 2013, 3, 2954−29752963

•  The	Sav	quaternary	structure	is	a	dimer	of	dimers	in	which	the	bio#n	binding	pockets	
from	alterna#ng	pairs	face	each	other.		Bio#n	binds	deep	within	these	pockets.	

•  The	metal	complexes	project	from	the	scaffold	via	only	a	couple	of	rotatable	bonds.	

•  Bio#n	cofactor	loading	can	affect	selec#vity.	

•  The	metal	complexes	are	solvent	exposed	and	lie	in	a	shallow	clez	at	the	dimer	
interface.	

	
Ward,	T.	R.	et	al.,	ACIE.,	2011,	50,	3026.	
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Subsequent studies using Mb-T39C/L72C-12 showed that
improved enantioselectivity (up to 60% ee) and exclusive
selectivity for sulfoxidation over sulfone formation could be
achieved.106 Polar, protic residues in the ArM active site were
proposed to increase sulfoxidation efficiency based on solvent
effects observed for small-molecule Mn−salen-catalyzed re-
actions. The hydrophobicity of the channel leading to the active
site was believed to inhibit sulfoxide entry and thus reduce
sulfone formation, and this conclusion was supported by
increased levels of sulfone formation upon introduction of polar
residues in the channel. Examining the effect of pH on this
reaction revealed that the protein scaffold improved sulfox-
idation rates at low pH relative to free cofactor and provided
further increases in ArM enantioselectivity (up to 67% ee).107

These effects were rationalized by invoking the involvement of
specific active site residues (i.e., His-64) in catalysis via
hydrogen bonding. This proposition was supported by
mutagenesis studies and again highlights the potential for
control over secondary coordination sphere effects using ArMs.
Eppinger explored the use of cofactors substituted with both

noncovalent recognition elements (amino acids) and a reactive
electrophile (epoxide) to better position substituted d6-
transition metal piano stool cofactors (13, Scheme 8) within
papain for enantioselective ketone transfer hydrogenation.108

Notably, the cofactors were not chiral at metal (vide infra), and
previous studies by Salmain using only covalent attachment of
such cofactors to papain109,110 led to low enantioselectivities
(up to 15% ee).111 In Eppinger’s work, different amino acids
appeared to play only a minor role in modulating
enantioselectivity, but an 82:18 enantiomeric ratio was
observed in the reduction of p-chloroacetophenone. Finally,
Roefles demonstrated that LmrR, a dimeric transcription
repressor, could be alkylated at cysteine residues installed at
the hydrophobic dimer interface using phenanthroline 1 (Table
1, entry 2, Scheme 8).112 This approach allows for cofactor
encapsulation within the scaffold complex. The apo-scaffolds
were metalated with Cu(II), and the resulting ArMs catalyzed
the Diels−Alder reaction between azachalcones and cyclo-
pentadiene with up to 97% ee (Scheme 9A). Interestingly, an
ArM derived from a bipyridine analogue of 1 provided the
opposite product enantiomer in the single example reported,

and in several reactions, significant rate increases were observed
in ArM-catalyzed reactions relative to those catalyzed by
Cu(II)−phenanthroline. These same ArMs catalyzed hydration
of azachalcones with up to 84% ee, demonstrating that different
reactions may be feasible using a given class of ArMs in analogy
to small molecule catalysts (Scheme 9B).113 Substrate-depend-
ent scaffold acceleration was also observed in these reactions,
and the importance of an active site aspartic acid (Asp-100) to
ArM efficiency suggested that this residue plays a critical role in
catalysis, perhaps as a general base to activate water for
nucleophilic attack or as a ligand for Cu. These results stand
among the highest selectivities reported to date using covalent
scaffold modification and, along with the improved selectivities
observed for dual-point cofactor attachment, suggest that
additional cofactor−scaffold interactions can better position
cofactors substituted with flexible linkers within ArM scaffolds
for selective catalysis.

3.3. Noncovalent Linkage of Metal Catalysts and
Ligands (Cat⊂Scaffold). Noncovalent interactions have also
been extensively used to incorporate metal cofactors into
scaffold proteins without the need for direct coordination of the
metal by the scaffold (Scheme 2D). This approach eliminates
the need for covalent scaffold modification while still allowing
the use of diverse cofactors for ArM formation, but requires
specific scaffold−cofactor interactions that restrict the range of
scaffold proteins that can be used. Binding both to catalysts
directly or to pendant anchor groups on the desired catalyst has
been used (Scheme 10). Although cofactor synthesis is also

required, this is often less challenging than the preparation of
cofactors for covalent scaffold modification because reactive
functional groups are not required.
Heme proteins, particularly myoglobin (Mb), have enjoyed a

long history as ArM scaffolds because of the ability of their
heme-binding pockets to accommodate synthetic metal
catalysts, including substituted porphyrin and Schiff base
complexes.114,115 In native heme proteins, the heme cofactor
is tightly bound via extensive hydrophobic interactions with the
porphyrin ring, hydrogen bonding to heme carboxylic acid
substituents, and coordination of the metal atom by an axial
ligand (e.g., His-93 in Mb), and all of these can be exploited to
incorporate synthetic cofactors. Watanabe and others have
reported extensive studies on the peroxidase activity of Mb
mutants116 and ArMs derived from Mb via reconstitution with
chemically altered heme cofactors.108,110,111 Watanabe then
demonstrated that reconstitution of Mb with Mn(III)− and
Cr(III)−salophen complexes was also possible (14, Scheme
11) and that Cr(III)salophen⊂Mb ArMs catalyzed thioanisole
sulfoxidation in the presence of hydrogen peroxide with up to
13% ee (Scheme 11).117 Similar studies on Mn− and Cr−salen
(15 and 16, Scheme 11),118 Fe−salophen and −Schiff base,119

and Ru−phebox complexes120 have since been reported
(Scheme 11), in some cases specifically investigating the

Scheme 9. (A) Diels−Alder and (B) Hydration Reactions
Catalyzed by LmrR Covalently Modified Using 1 and
Subsequently Metalated with Cu(II)112

Scheme 10. Noncovalent ArM Formation via Binding (A)
Directly to a Catalyst or (B) to a Ligand (blue)-Substituted
Catalyst; Red Denotes Scaffold−Catalyst/Ligand Binding
Interactions

ACS Catalysis Perspective

dx.doi.org/10.1021/cs400806a | ACS Catal. 2013, 3, 2954−29752961

C:	
	
Non-Covalent	
aQachment	of	a	
metal	complex.	

•  The	Ward	group	has	systema#cally	
explored	the	Sav-Bio#n	plasorm	as	a	
new	paradigm	in	metalloenzyme	
scaffold	development.	

•  Bio#n	incorpora#on	in	the	
organometallic	structure	is	generally	not	
synthe#cally	challenging.	

•  The	Sav	binding	has	been	well	
characterized	and	structural	data	can	
help	in	ra#onal	engineering	of	the	ac#ve	
site	microenvironment.	

Key	Strategies	for	Metal	Incorpora#on	
	



42	

Other	Related	Examples	
	

products, 3b–d, with good (79–83 % de) to excellent (98–
99.9% de) selectivity in the presence of PPh3 and AsPh3,
respectively (Table 3). In combination with 2c,
Mb(F43V,V68F) gave the highest TON value (4,920) and
conversion ratio (49 %), whereas the use of the
Mb(F43V,V68F)/2d/AsPh3 system provided an optimal com-
bination of high catalytic activity (4,230 TON) with excellent
stereocontrol (99.9 % de). As such, the latter system was
maintained for further studies on the scope of this hemopro-
tein across different aldehydes (see below). Under these
optimized reaction conditions, the TONs supported by
Mb(F43V,V68F) in water and at room temperature are one
to two orders of magnitudes higher than those previously
reported for similar transformations catalyzed by organome-
tallic complexes in organic solvent and at elevated temper-
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Table 3: Catalytic activity and selectivity of Mb(F43V,V68F) variants in
benzaldehyde olefination with different a-diazo esters.[a]

Entry Product Y TON de [%] Conv. [%][b]

1
2
3[c]

PPh3

AsPh3

AsPh3

160
40
175

79
99.9
99.9

32
8
1.7

3
4
5[c]

PPh3

AsPh3

AsPh3

185
155
4,920

83
98
94

37
31
49

5
6
7[c]

PPh3

AsPh3

AsPh3

155
205
4,230

79
99.9
99.9

31
41
42

[a] Reaction conditions as described in Table 1 using 20 mm catalyst
(0.2 mol%). [b] GC conversion. [c] Using 1 mm catalyst (0.01 mol%).

Scheme 1. Substrate scope for Mb(H64V,V68A)-catalyzed aldehyde
olefination. Reaction conditions: 10 mm aryl aldehyde, 1 mm
Mb(F43V,V68F), 10 mm cyclohexyl a-diazo-acetate (2d), 10 mm AsPh3,
10 mm Na2S2O4.
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Myoglobin-Catalyzed Olefination of Aldehydes
Vikas Tyagi and Rudi Fasan*

Abstract: The olefination of aldehydes constitutes a most
valuable and widely adopted strategy for constructing carbon–
carbon double bonds in organic chemistry. While various
synthetic methods have been made available for this purpose,
no biocatalysts are known to mediate this transformation.
Reported herein is that engineered myoglobin variants can
catalyze the olefination of aldehydes in the presence of a-
diazoesters with high catalytic efficiency (up to 4,900 turn-
overs) and excellent E diastereoselectivity (92–99.9% de). This
transformation could be applied to the olefination of a variety
of substituted benzaldehydes and heteroaromatic aldehydes,
also in combination with different alkyl a-diazoacetate
reagents. This work provides a first example of biocatalytic
aldehyde olefination and extends the spectrum of synthetically
valuable chemical transformations accessible using metallo-
protein-based catalysts.

The Wittig reaction[1] represents one of the most valuable
and broadly adopted routes for the construction of olefinic
bonds during the synthesis of organic molecules.[2] Classically,
this method involves the reaction between carbonyl com-
pounds and phosphonium ylides, which are prepared by
deprotonation of the corresponding phosphonium salts.[3]

Because of the basic conditions required for the latter
process, there has been a significant interest toward develop-
ing alternative methods to enable the olefination of aldehydes
under milder, neutral reaction conditions. In this regard, the
transition metal catalyzed transformation of carbonyls in the
presence of diazo compounds and tertiary phosphines has
provided a particularly attractive strategy because of the
ready accessibility of these reagents.[4] Over recent years,
a number of organometallic catalysts including Mo,[4a] Re,[4b–d]

Rh,[4e] Ir,[4f] Ru,[4g,h] Cu,[4i] and Fe[4j–o] complexes, have proven
useful in this transformation, yielding E-configured olefins
with modest to good catalytic activity (typically, 50-300
turnovers) and moderate to high E selectivity (typically, 70–
98% de). In contrast to the important progress made in the
development of synthetic catalysts for aldehyde olefination,
no natural enzyme or artificial biocatalysts[5] has been
reported to promote this valuable transformation. An alde-
hyde olefination biocatayst would thus represent a valuable
addition to the toolbox of currently available enzymes for
asymmetric synthesis[6] .

We and others have recently reported the ability of heme-
dependent metalloproteins such as cytochrome P450s[7] and
myoglobin[8] to engage diazo-containing reagents in carbene-
transfer reactions. In particular, we recently discovered that
engineered variants of myoglobin can provide particularly
efficient catalysts for olefin cyclopropanation,[8a] carbene NH
insertion,[8b] and carbene SH insertion reactions[8c] in the
presence of a-diazo ester reagents. Our mechanistic studies
supported the intermediacy of an electrophilic heme/carbene
complex[8a] which reacts with a nucleophilic olefin, amine, or
mercaptan to yield the carbene insertion adduct. These
studies also showed the possibility to generate a transient
sulfonium ylide intermediate upon attack of a thiol substrate
to the myoglobin-bound carbenoid species.[8c] Building upon
these findings and inspired by pioneering studies conducted
by Woo and co-workers with metalloporphyrins,[4j,l] we
hypothesized that an analogous process could be exploited
in the presence of tertiary phosphine nucleophiles to yield
a myoglobin-bound phosphonium ylide. We further envi-
sioned the latter could react with an aldehyde to yield an
olefin through a Wittig reaction, with the active site of the
protein potentially furnishing an asymmetric environment to
influence the stereoselectivity of the reaction. Herein, we
report that engineered variants of myoglobin can mediate
aldehyde olefination reactions across a range of aldehydes
and a-diazoacetates with high catalytic activity and E selec-
tivity. This transformation proceeds in buffer and at room
temperature, thus providing an extremely mild biocatalytic
route for the olefination of aryl and benzylic aldehydes.

Guided by the hypothesis outlined above, we began our
studies by testing the ability of wild-type sperm whale
myoglobin to promote the conversion of benzaldehyde (1 a)
and ethyl a-diazo acetate (EDA; 2a) to ethyl cinnamate (3 a)
in the presence of triphenylphosphine (PPh3). To our delight,
we observed formation of the desired product 3a with good
diastereoselectivity (76% de for E isomer), albeit with only
modest activity [31 turnovers (TON); Table 1, entry 3]. Both
reducing (Na2S2O4) and oxygen-free conditions were found to
be required for the observed Mb-dependent aldehyde olefi-
nation activity, indicating that the ferrous form of the
hemoprotein is involved in the activation of the diazo
compound. Additional experiments showed that hemin can
also promote this transformation, but with reduced catalytic
efficiency (22 TON) and lower diastereoselectivity (65% de)
as compared to Mb (Table 1, entry 1). In addition, the hemin
reaction is much less chemoselective, yielding larger amounts
of the carbene dimerization byproducts, diethyl fumarate, and
diethyl maleate (TON(3a)/TON(4a): 0.4 vs. 2.8 with Mb,
Table 1). In an effort to improve the efficiency and selectivity
of the Mb-mediated olefination reaction, a variety of trialkyl
phosphines [e.g., PEt3, P(tBu)3, P(nBu)3] as well as heavier
congeners of PPh3 (i.e., AsPh3, SbPh3, and BiPh3) were tested
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also promote this transformation, but with reduced catalytic
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Synthetic cascades are enabled by combining
biocatalysts with artificial metalloenzymes
V. Köhler1, Y. M. Wilson1, M. Dürrenberger1, D. Ghislieri2, E. Churakova3, T. Quinto1, L. Knörr1,
D. Häussinger1, F. Hollmann3*, N. J. Turner2* and T. R. Ward1*

Enzymatic catalysis and homogeneous catalysis offer complementary means to address synthetic challenges, both in
chemistry and in biology. Despite its attractiveness, the implementation of concurrent cascade reactions that combine an
organometallic catalyst with an enzyme has proven challenging because of the mutual inactivation of both catalysts. To
address this, we show that incorporation of a d6-piano stool complex within a host protein affords an artificial transfer
hydrogenase (ATHase) that is fully compatible with and complementary to natural enzymes, thus enabling efficient
concurrent tandem catalysis. To illustrate the generality of the approach, the ATHase was combined with various NADH-,
FAD- and haem-dependent enzymes, resulting in orthogonal redox cascades. Up to three enzymes were integrated in the
cascade and combined with the ATHase with a view to achieving (i) a double stereoselective amine deracemization, (ii) a
horseradish peroxidase-coupled readout of the transfer hydrogenase activity towards its genetic optimization, (iii) the
formation of L-pipecolic acid from L-lysine and (iv) regeneration of NADH to promote a monooxygenase-catalysed
oxyfunctionalization reaction.

Cellular biochemistry requires the orchestration of metabolic
pathways in which many enzyme-catalysed processes are
able to function simultaneously, resulting in the production

of a wide range of primary and secondary metabolites within the
cell. In an attempt to construct artificial cells using the principles
of synthetic biology, compartmentalization of cellular processes
will need to be mimicked to allow cascade reactions to take place
in parallel in an efficient manner1–6. Whereas enzymes have
evolved in concert and in complex media, and are therefore well
suited for cascade reactions, compatibility problems and mutual
inactivation are often encountered upon combining chemocatalysts
with biocatalysts7–9. Such incompatibility may be circumvented by
performing cascades in sequential steps or by site-isolation of the
individual catalysts through immobilization, heterogeneous or
biphasic reaction conditions, encapsulation, and so on10–24.

Recently, we have described one approach to cellular compart-
mentalization in which an Escherichia coli cell was engineered to
simultaneously express an intracellular enzyme (monoamine
oxidase) and also bind palladium nanoparticles in its outer mem-
brane, thereby allowing efficient chemo-enzymatic deracemization
of amines24. Artificial metalloenzymes resulting from the encapsula-
tion of an organometallic catalyst within a protein scaffold have
been shown to combine attractive features of both chemocatalysts
and biocatalysts for single-step transformations25–32. In the context
of concurrent cascade reactions, we reasoned that the artificial
cofactor may be effectively shielded by its host protein, thus prevent-
ing the mutual inactivation commonly encountered when combin-
ing an organometallic catalyst with an enzyme (Fig. 1). To test the
validity of the concept, we examined the combination of an artificial
transfer-hydrogenase (ATHase) and an oxidase, a catalase, an
amino-acid oxidase and a monooxygenase (Fig. 2). For this
purpose, we rely on the incorporation of a biotinylated
[Cp*Ir(Biot-p-L)Cl] complex within streptavidin (Sav hereafter) as
ATHase using sodium formate as hydride source (Figs 1 and 2).

Results and discussion
Double stereoselective deracemization of amines. In recent years,
evolved monoamine oxidases (MAO-N from Aspergillus niger) have
found widespread applications in the synthesis of enantiopure
amines33,34. For this purpose, a highly (S)-selective MAO is combined
with a stoichiometric reducing agent (for example, H3N.BH3)34 or
with a heterogeneous reduction catalyst24. Efforts to combine MAO
with a homogeneous imine reduction catalyst have proven
challenging thus far: indeed, on combining the transfer
hydrogenation catalyst [Cp*Ir(Biot-p-L)Cl] with MAO, we observed
mutual inactivation (Fig. 1). Only modest levels of amine could be
detected starting from the imine, nor could imine be detected in
significant amounts starting from the racemic amine (Table 1,
entries 1, 2). These observations suggest that the biocatalyst and
chemocatalyst are incompatible. In the chemo-enzymatic dynamic
kinetic resolution of alcohols and amines, as pioneered by Bäckvall,
inactivation may be circumvented by performing the cascade reaction
in an organic solvent21,22. This strategy effectively provides a phase
separation between the highly robust and enantioselective enzyme
(for example, CALB) and the organometallic racemization catalyst.

In a biomimetic spirit, we speculated that molecular compart-
mentalization of the organometallic imine reduction catalyst
within a protein scaffold might shield it from the biocatalyst, thus
preventing mutual inactivation. With this goal in mind, we set out
to investigate the potential of cascade reactions in the presence of
ATHase based on the supramolecular incorporation of a catalyti-
cally active [Cp*Ir(biot-p-L)Cl] complex within streptavidin (Figs
1, 2). Initially, the individual reaction steps were performed with
a 1-red and 1-ox (1-methyl-1,2,3,4-tetrahydroisoquinoline and
1-methyl-3,4-dihydroisoquinoline) couple. This led to the identifi-
cation of [Cp*Ir(biot-p-L)Cl].Sav S112T (59% enantiomeric excess
(e.e.) (R)-red-1) and [Cp*Ir(biot-p-L)Cl].Sav S112K (46% e.e.
(S)-red-1) as well as MAO-N-9 for the oxidation of (S)-red-1
(Table 1, entries 3 and 4; Supplementary Tables S2,S5)35,36.
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K121A displayed kinetic constants of kcat(app)¼ 20 min21

(+3 min21), KM(app)¼ 12 mM (+3 mM) and Ki¼ 20 mM
(+4 mM) (Supplementary Fig. S19).The relative order of activities
in the assay was in good agreement with the rates determined by
high-performance liquid chromatography (HPLC), although for
high activities the relative activity was underestimated by the assay
(Supplementary Fig. S20).

Combination of ATHase with amino acid oxidases for the
formation of L-pipecolic acid. Encouraged by the results with
MAO, we sought to combine ATHases in more complex cascades
with other oxidases. For this purpose, we selected L-lysine (4),
which, upon oxidation with an L-amino acid oxidase (LAAO) and
reduction with the ATHase, yields pipecolic acid (5). The
enantiomeric excess of 5 can be upgraded by combining the
LAAO/ATHase/catalase with a D-selective amino acid oxidase
(DAAO) (Fig. 5a)40,41.

In a first round of screening, the performances of a range of
ATHase mutants were screened for the reduction of D1-piper-
idine-2-carboxylic acid generated in situ by oxidation of L-lysine
with LAAO (from snake venom, Crotalus atrox). The Ir-cofactor
[Cp*Ir(biot-p-L)Cl] in the absence of Sav showed only a low conver-
sion (TON¼ 11, turnover number (TON) = moles product/moles
catalyst) and led to racemic product, highlighting again the inacti-
vation of the naked catalyst (Table 1, entry 15). In contrast, the
ATHase demonstrated promising conversions (up to 90%; TON¼
48), albeit with low enantioselectivity. The most (S)-selective
mutant (Sav S112A; TON¼ 47; 29% e.e.) was selected for further
studies (Table 1, entry 16; Supplementary Table S8). Combining
the system with a DAAO (from porcine kidney) allowed the
enantiomeric excess of the L-pipecolic acid to be upgraded by re-
oxidizing the D-enantiomer; under the chosen conditions, an enan-
tiomeric excess of 86% in favour of L-4 was obtained (Fig. 5a;
Table 1, entry 17). The formation of pipecolic acid was unambigu-
ously established by 2D NMR analysis of the reaction mixtures using
L-lysine-2-13C as substrate (Supplementary Fig. S22).

NADH regeneration for monooxygenases. The chemical and
electrochemical recycling of NAD(P)H and analogues has been
intensively investigated as an alternative to enzymatic
regeneration12,42–49. In this context, [Cp*Rh(bipy)Cl] has emerged
as the redox mediator or catalyst of choice. However, in the
presence of the downstream enzyme, mutual inactivation is

commonly encountered44,45. To test the validity of the molecular
compartmentalization concept outlined in Fig. 1, we investigated
the regeneration of NADH in the presence of an NADH-
dependent enzyme using an ATHase. Although significantly more
active than [Cp*Rh(bipy)Cl] for NADH regeneration in the
absence of an NADH-dependent enzyme, [Cp*Ir(biot-p-L)Cl] was
rapidly deactivated in the presence of 2-hydroxybiphenyl
monooxygenase (HbpA from Pseudomonas azaleica, an NADH-
and FAD-dependent enzyme). In the presence of Sav, however,
the mutual inactivation of [Cp*Ir(biot-p-L)Cl] and HbpA was
efficiently prevented, and robust hydroxylation activity was
achieved (Table 1, compare entries 18 and 19; Fig. 5b). We
conclude that Sav shields the ATHase from the downstream
enzyme, allowing NADH regeneration with formate as the
hydride source (KM(app)¼ 165 mM [+6 mM], kcat(app)¼ 1.37 min21

[+0.01 min21]; Supplementary Fig. S27). Full conversion of
2-hydroxybiphenyl (6) to 2,3-dihydroxybiphenyl (7) was
accomplished in 2 h with a crude enzyme extract (Fig. 5b,
Table 1, entries 18 and 19; Supplementary Fig. S25).

The system could be run either in the pure aqueous phase or as a
biphasic system with 1-decanol functioning as a substrate reservoir
and product sink, thereby highlighting the applicability of the
ATHase under a variety of reaction conditions. The biphasic
system again displayed strong inactivation in the absence of Sav,
whereas a TON of .100 (versus [Cp*Ir(biot-p-L)Cl]) was achieved
when Sav was present (Supplementary Fig. S26).

Outlook
We have demonstrated herein that an ATHase consisting of
[Cp*Ir(biot-p-L)Cl] anchored within a streptavidin isoform is
complementary and compatible with a variety of redox enzymes
relying on NADH, FADH2 and haem cofactors. Such artificial
metalloenzymes display attractive features that are reminiscent of
both biocatalysts and chemocatalysts: precious metal reactivity,
genetic optimization potential and well-defined second coordi-
nation sphere provided by a protein scaffold. This last feature
could be further exploited with a view to achieving the immobiliz-
ation of the entire enzyme cascade.

To optimize such cascades, directed evolution protocols are
highly desirable. With this goal in mind, we have shown that the
ATHase can be integrated with a colorimetric coupled assay,
leading to the identification of a genetically improved ATHase.
These proof-of-principle examples open fascinating perspectives
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De novo proteins provide a unique opportunity to investigate the structure–function relationships of metalloproteins in a
minimal, well-defined and controlled scaffold. Here, we describe the rational programming of function in a de novo
designed di-iron carboxylate protein from the Due Ferri family. Originally created to catalyse the O2-dependent, two-
electron oxidation of hydroquinones, the protein was reprogrammed to catalyse the selective N-hydroxylation of
arylamines by remodelling the substrate access cavity and introducing a critical third His ligand to the metal-binding
cavity. Additional second- and third-shell modifications were required to stabilize the His ligand in the core of the protein.
These structural changes resulted in at least a 106-fold increase in the relative rate between the arylamine N-hydroxylation
and hydroquinone oxidation reactions. This result highlights the potential for using de novo proteins as scaffolds for future
investigations of the geometric and electronic factors that influence the catalytic tuning of di-iron active sites.

Nature uses a limited set of metal ions and amino acids to cat-
alyse a remarkable array of chemical reactions. Not surpris-
ingly, the identity of the metal ion is a relatively poor

predictor of functionality. Iron enzymes, for example, function as
oxidases1–4, hydroxylases5, hydrogenases6, peroxidases7–9 and in
electron transfer10,11. Even within the smaller subgroup of non-
haem di-iron enzymes, the reactivity can vary from peroxidation
to oxidation, and even to NO reduction12. Often, these vast differ-
ences in chemical reactivity are orchestrated by seemingly subtle
changes in the identity or position of first- and second-shell
active-site amino-acid residues. To better understand nature’s
ability to modulate function through structural changes, we repro-
grammed the reactivity of a de novo designed di-iron carboxylate
protein from hydroquinone oxidation to N-hydroxylation through
a few specific structural alterations.

Originally, the Due Ferri (DF) family of de novo designed four-
helix bundle di-iron carboxylate proteins was developed to mimic
the properties of naturally existing dioxygen-activating di-iron
enzymes, such as methane monooxygenase, ribonucleotide
reductase and alternative oxidase13,14. In these small de novo pro-
teins, the catalytic centre (two iron atoms coordinated by two His
and four carboxylate residues) is located in the interior of a four-
helix bundle, as in natural enzymes15,16. The DF proteins bind diva-
lent metal ions and catalyse the oxidation of select hydroquinones to
their corresponding quinones17,18. It is hypothesized that the oxi-
dation reaction mediated by the DF proteins proceeds via a mechan-
istic pathway similar to that proposed for the natural di-iron
carboxylate enzymes (Supplementary Fig. S1)19,20.

The success of earlier designs suggested that it would be feasible
not only to transfer a functional active site from a natural enzyme
onto a minimal scaffold, but also to alter its chemical reactivity

through specific amino-acid substitutions at the active site. The
structural simplicity and stability of these de novo proteins make
them a logical choice for such structure–function correlation
studies. In the current study, we first concentrated on the expansion
of the substrate access channel of a single-chain version of the DF
protein21 to improve the binding and oxidation of 4-aminophenol
to the corresponding quinone immine (Fig. 1a,c). These changes
to the substrate access channel also minimized the formation of
an off-pathway tyrosinate–iron complex that occurred in previous
versions of the designed protein22,23.

We next sought to alter the reactivity of our de novo protein from
the two-electron oxidation of activated quinols to the N-oxygen-
ation of anilines. Such reactions are catalysed by p-aminobenzoate
N-oxygenase (AurF)24,25, the only structurally characterized
N-oxygenase known to contain a di-iron catalytic centre. The
rarity of this type of chemical reaction in natural enzymes coupled
with the potential to expand the range of possible enzymatic reactions
catalysed by de novo designed proteins made AurF an excellent target
protein to test our ability to mimic full-length proteins in a minimal
scaffold. A third metal-binding His residue was incorporated into the
active site, analogous to that found in AurF, and ultimately three
additional mutations were required to stabilize this buried His
ligand near the protein core (Fig. 1b,c). Remarkably, these simple
changes altered the reactivity of the resulting protein from hydro-
quinone oxidation to selective arylamine N-hydroxylation.

This successful tuning of chemical reactivity represents a
striking example of rational reprogramming of function in a
de novo metalloprotein. From a comparison of the spectroscopic
and electronic properties of the structurally similar but functionally
distinct proteins, we can begin to delineate the roles (geometric
and electronic) of individual amino acids in endowing catalytic
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of the substrate access channel of a single-chain version of the DF
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to the corresponding quinone immine (Fig. 1a,c). These changes
to the substrate access channel also minimized the formation of
an off-pathway tyrosinate–iron complex that occurred in previous
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the two-electron oxidation of activated quinols to the N-oxygen-
ation of anilines. Such reactions are catalysed by p-aminobenzoate
N-oxygenase (AurF)24,25, the only structurally characterized
N-oxygenase known to contain a di-iron catalytic centre. The
rarity of this type of chemical reaction in natural enzymes coupled
with the potential to expand the range of possible enzymatic reactions
catalysed by de novo designed proteins made AurF an excellent target
protein to test our ability to mimic full-length proteins in a minimal
scaffold. A third metal-binding His residue was incorporated into the
active site, analogous to that found in AurF, and ultimately three
additional mutations were required to stabilize this buried His
ligand near the protein core (Fig. 1b,c). Remarkably, these simple
changes altered the reactivity of the resulting protein from hydro-
quinone oxidation to selective arylamine N-hydroxylation.
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activities. These results can be extrapolated to provide insight
into the structural and electronic properties that govern functional-
ity (for example, oxidation versus N-hydroxylation) in natural
di-iron enzymes.

Results
Design. The scaffold for our functional redesign was the single-
chain DF protein DFsc (Fig. 1). Unlike other members of the DF
family (such as DFtet (ref. 18) and DF3 (refs 7,26)), DFsc mimics
the asymmetry of natural proteins, which allows for single
mutations to the protein sequence21. DFsc has native-like folding
characteristics and is monomeric, stable and highly water
soluble21. Additionally, DFsc binds divalent cations tightly in the
desired 2:1 stoichiometry and exhibits modest ferroxidase activity21.

Previous optimizations of other DF proteins established that
placing smaller Gly residues along the active-site channel improved
the efficiency of substrate oxidation14,17,18,27. To examine this
effect in the single-chain scaffold, a quadruple Ala ! Gly mutant
(G4DFsc) was constructed by incorporating analogous Gly
mutations (A10G, A14G, A43G, A47G) into the DFsc sequence.
These changes are expected to result in a large increase in the
hydration and size of the active-site cavity14,17,18,27 (Fig. 1a), the
functional consequences of which are explored below and
contrasted with a version of the protein that contains a third His
ligand in the active site.

Inspection of the AurF active site (PDB 2JCD (ref. 24)) revealed
a nearly identical structure to that of DFsc (PDB 2HZ8 (ref. 28)),
with the exception of an additional metal-binding His residue
in AurF. The corresponding residue in G4DFsc is Ile100 (see
Supplementary Fig. S2). Using a recently developed software
package (Molecular Software Library29), we investigated various

mutations to stabilize the histidine at position 100. We built a
histidine at this position in a similar conformation to that in
AurF and found, as expected, a favourable ligand interaction
with the metal ion cofactor (N–Fe distance "2.3 Å). As AurF
and G4DFsc differ significantly in sequence outside the active site,
the histidine mutation resulted in a clash with Tyr18 in G4DFsc.
To alleviate this steric interaction, the Tyr18 position was scanned
computationally with smaller hydrophobic amino acids (Ile, Val,
Leu, Phe) (see Supplementary Methods). We characterized exper-
imentally two mutations at position 18: phenylalanine, because it
is smaller than yet structurally similar to tyrosine (Y18F/I100H),
and leucine, because it is calculated to have the lowest total energy
(Y18L/I100H, see Supplementary Table S1). The Y18F/I100H con-
struct exhibited weak metal binding and significant aggregation and
was not pursued further. The Y18L/I100H construct did not aggre-
gate, but also had weak metal binding, which suggested that it might
be necessary to introduce a second-shell interaction to stabilize
His100. Potential second-shell side chains were examined at the
neighbouring buried positions (40, 80, 81 and 96). L81H proved
to be the only mutation that could provide both the appropriate
distance and favourable energy for a second-shell interaction to
His100 (see Supplementary Table S2). However, this mutation
failed to restore stability and metal binding, possibly because one
of its imidazole nitrogens was buried without a compensating
hydrogen bond.

To stabilize and terminate the designed polar network (Fe-H100-
H81), a third-shell interaction within hydrogen-bonding distance to
H81 was required, and also had to be partially exposed to water.
The position I37 met the criteria and was scanned computationally
for a potential third-shell interaction using polar amino acids
(Thr, Ser, Tyr, His, Asn, Gln). The I37N mutation was selected
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Figure 1 | Important structural features of amino-acid sequences for the original and redesigned DFsc proteins. a, Surface models of DFsc (top) and
G4DFsc (bottom) based on the initial DFsc computational design21. The four Ala to Gly substitutions (shown in white) significantly open the substrate access
channel. b, Illustration of the structure of 3His-G2DFsc variant (PDB 2LFD) that highlights the added active-site His residue (H100) and supporting mutations
(I37N and L81H). The helix closest to the viewer is shown as transparent to allow a view of the ligands. The structure shown is for a variant with two Ala
and two Gly residues along the substrate access channel, which proved more stable during the extended data-collection times required for the structure
determination. This variant still exhibited N-oxygenase activity, but to a lesser extent than 3His-G4DFsc. c, Amino-acid sequences for DFsc, G4DFsc and
3His-G4DFsc. Metal-binding residues are in bold and the mutations introduced are underlined.
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time and is identified as 4-nitroso-4′-methoxydiphenylamine, a
diaryl product that probably arises from a nucleophilic aromatic
substitution reaction between the p-nitrosoanisole intermediate
and unreacted p-anisidine (Fig. 6b).

We postulate that the p-nitrosoanisole intermediate arises from the
disproportionation of N-hydroxyaminoanisole (Fig. 6b), which is the
expected product of the initial hydroxylation reaction in the proposed
AurF mechanism, but is not stable under these conditions25,38,41.

To support this hypothesis, a second substrate, p-aminobenzoni-
trile, was incubated with apo-3His-G4DFsc and two equivalents of
Fe(II). Importantly, p-aminobenzonitrile lacks the electrophilic site
responsible for the secondary product formation observed with
p-anisidine. Although the UV-vis absorption spectra collected
over several hours were complicated by overlapping absorption
features of the reactant and products, analysis of the product
mixture by analytical HPLC revealed the formation and decay
of a p-N-hydroxybenzonitrile intermediate (see Supplementary
Fig. S7). This intermediate proved to be highly reactive and resulted
in the formation of a wide variety of products that could not be
identified definitively. A corresponding reaction mixture with
G4DFsc showed no appreciable formation of any products
or intermediates.

Additional substituted anilines, including o-anisidine, m-anisi-
dine, 2,4-dimethoxyaniline, p-chloroaniline, p-toluidine and
p-aminobenzoic acid were also assayed for their reactivity with
3His-G4DFsc, but only p-chloroaniline and p-toluidine exhibited
any appreciable product formation. The inherent chemical reactiv-
ities varied widely for the reactive small-molecule substrates,
which raises the possibility that specific substrate–protein inter-
actions play a role in directing substrate recognition and reactivity.
Detailed kinetic and mechanistic studies of these substrates, along
with p-anisidine and p-aminobenzonitrile, are currently underway.
These studies should yield insight into the factors that tune the
specificity of 3His-G4DFsc.

It is important that no appreciable levels of substrate oxidation
by Fe(II) were observed in the absence of 3His-DFsc. Similarly, no
products were formed on the addition of substrates to 3His-DFsc
in the absence of Fe(II) or on the substitution of Mn(II) for Fe(II)
in the reaction mixtures. In all cases, reaction rates were maximized
when Fe(II) was the last reactant to be added to the reaction mix-
tures. Control reactions indicated that this rate enhancement did
not result from direct Fe(II)–substrate interactions, which were
equivalent to background levels. Additional control reactions were
performed, which included the addition of superoxide dismutase,
catalase and a radical trap (1-hydroxy-2,2,5,5-tetramethyl-3-imida-
zoline-3-oxide), to rule out the contribution of superoxide, peroxide
or diffusible radicals in the catalytic mechanisms (data not shown).
These results imply that the substrates must undergo oxidation only
when bound to the active site of 3His-G4DFsc.

Discussion
Advances in protein-design research made it possible to create func-
tional proteins from first principles and to explore how nature tunes
active sites for specific chemical reactivities. With the goal to rede-
sign rationally the functionality of DFsc from hydroquinone oxi-
dation to N-oxygenation, two new members of the DF family
were produced, G4DFsc and 3His-G4DFsc.

In G4DFsc, four glycine residues were incorporated along the
substrate access channel, which facilitated the access of oxygen
and substrates to the di-iron centre. These changes also inhibited
the formation of a non-productive tyrosinate-bound Fe(III)
complex. Crystallographic studies of a dimeric version of the DF
protein (DF3) showed that mutations equivalent to the A14G and
A47G mutations introduced into DFsc led to small but significant
changes in the helix–helix packing that improved the solvation
and binding of the dimetal cofactor27. Similar effects might help
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Olefin Cyclopropanation via Carbene
Transfer Catalyzed by Engineered
Cytochrome P450 Enzymes
Pedro S. Coelho,1* Eric M. Brustad,2* Arvind Kannan,1 Frances H. Arnold1†

Transition metal–catalyzed transfers of carbenes, nitrenes, and oxenes are powerful methods
for functionalizing C=C and C–H bonds. Nature has evolved a diverse toolbox for oxene transfers,
as exemplified by the myriad monooxygenation reactions catalyzed by cytochrome P450
enzymes. The isoelectronic carbene transfer to olefins, a widely used C–C bond–forming reaction
in organic synthesis, has no biological counterpart. Here we report engineered variants of
cytochrome P450BM3 that catalyze highly diastereo- and enantioselective cyclopropanation of
styrenes from diazoester reagents via putative carbene transfer. This work highlights the capacity
to adapt existing enzymes for the catalysis of synthetically important reactions not previously
observed in nature.

The many strategies for functionalizing
C=C and C–H bonds that have evolved
in nature have captivated the imagina-

tions of chemists and form the foundation of
biomimetic chemistry (1, 2). The reverse of this,
using inspiration from synthetic chemistry to dis-
cover and develop new biocatalysts, is a nascent
frontier in molecular engineering, whose recent
highlights include C–H activation by artificial
rhodium enzymes (3) and the de novo design of
Diels-Alderases (4). Synthetic chemists have de-
veloped powerful methods for direct C=C and
C–H functionalization based on transition metal–
catalyzed carbenoid and nitrenoid transfers, re-
actions that are widely used to synthesize natural
product intermediates and pharmaceuticals (5).
The asymmetric cyclopropanation of olefins with
high-energy carbene precursors (e.g., acceptor-
substituted diazo reagents) is a hallmark reaction
that generates up to three stereogenic centers in
a single step to make the important cyclopropane

motif, featured in many natural products and ther-
apeutic agents (6). Limited to using physiologically
accessible reagents, nature catalyzes intermolecular
cyclopropane formation through wholly different
strategies, typically involving olefin addition to
the methyl cation of S-adenosyl methionine or
through cyclization of dimethylallyl pyrophosphate–
derived allylic carbenium ions (7). As a result, the
diverse cyclopropanation products that can be
formed by metallocarbene chemistry cannot be
readily accessed by engineering natural cyclo-
propanation enzymes. We hypothesized that a
natural metalloenzyme, the iron-heme–containing
cytochrome P450, could be engineered to cata-
lyze formal carbenoid transfers, thereby combin-
ing the high levels of regio- and stereoselectivity of
enzymes with the synthetic versatility of carbene-
based strategies.

Members of the cytochrome P450 enzyme
family catalyze myriad oxidative transformations,
including hydroxylation, epoxidation, oxidative
ring coupling, heteroatom release, and heteroatom
oxygenation (8). Most transformations encom-
passed by this broad catalytic scope manifest
the reactivity of the same high-valent iron-oxene
intermediate, compound I (Fig. 1). Inspired by the
impressive chemo-, regio-, and stereoselectivities
with which cytochrome P450s can insert O atoms
into C–H and C=C bonds, we investigated whether

these enzymes could be engineered to mimic this
chemistry for isoelectronic carbene transfer reac-
tions via a high-valent iron-carbenoid species (Fig.
1). Here we report that variants of the cytochrome
P450 from Bacillus megaterium (CYP102A1, or
P450BM3) are efficient catalysts for the asym-
metric metallocarbene-mediated cyclopropanation
of styrenes.

Because iron porphyrins catalyze carbene-
based cyclopropanations (9, 10), we first probed
whether some common heme proteins display
measurable levels of cyclopropanation activity
in aqueous media (phosphate buffer, with 5%
methanol cosolvent). We chose the reaction be-
tween styrene and ethyl diazoacetate (EDA) (Fig. 2),
a well-recognized model system for validating
new cyclopropanation catalysts. Initial experi-
ments showed that optimal formation of the de-
sired cyclopropanation products occurred in the
presence of a reducing agent (e.g., sodium dithi-
onite, Na2S2O4) under anaerobic conditions (tables
S1 to S4). Horseradish peroxidase (HRP), cytochrome
c (cyt c), myoglobin (Mb), and P450BM3 all dis-
played multiple turnovers toward the cyclopropane
products, with HRP, cyt c, and Mb showing neg-
ligible enantioinduction, and formed the trans cy-
clopropane with over 90% diastereoselectivity,
which is comparable to the diastereoselectivity
induced by free hemin (table S1). P450BM3, de-
spite forming the cyclopropane products in low
yield, catalyzed the reaction with different
diasteroselectivity (cis:trans 37:63) and slight
enantioinduction (Table 1), showing that carbene
transfer and selectivity are dictated by the heme
cofactor bound in the enzyme active site.

We then explored whether the activity and
selectivity of heme-catalyzed cyclopropanation
could be enhanced by engineering the protein se-
quence. P450BM3 is a well-studied, soluble, self-
sufficient (heme and diflavin reductase domains
are fused in a single polypeptide, ~120 kD), long-
chain, fatty acid monooxygenase. More than a
decade of protein engineering attests to the func-
tional plasticity of this biocatalyst (11). From our
work using directed evolution to engineer cyto-
chrome P450BM3 for synthetic applications, we
have accumulated thousands of variants that
exhibit monooxygenase activity on a wide range
of substrates (12). We tested some of these variants
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Transition metal–catalyzed transfers of carbenes, nitrenes, and oxenes are powerful methods
for functionalizing C=C and C–H bonds. Nature has evolved a diverse toolbox for oxene transfers,
as exemplified by the myriad monooxygenation reactions catalyzed by cytochrome P450
enzymes. The isoelectronic carbene transfer to olefins, a widely used C–C bond–forming reaction
in organic synthesis, has no biological counterpart. Here we report engineered variants of
cytochrome P450BM3 that catalyze highly diastereo- and enantioselective cyclopropanation of
styrenes from diazoester reagents via putative carbene transfer. This work highlights the capacity
to adapt existing enzymes for the catalysis of synthetically important reactions not previously
observed in nature.

The many strategies for functionalizing
C=C and C–H bonds that have evolved
in nature have captivated the imagina-

tions of chemists and form the foundation of
biomimetic chemistry (1, 2). The reverse of this,
using inspiration from synthetic chemistry to dis-
cover and develop new biocatalysts, is a nascent
frontier in molecular engineering, whose recent
highlights include C–H activation by artificial
rhodium enzymes (3) and the de novo design of
Diels-Alderases (4). Synthetic chemists have de-
veloped powerful methods for direct C=C and
C–H functionalization based on transition metal–
catalyzed carbenoid and nitrenoid transfers, re-
actions that are widely used to synthesize natural
product intermediates and pharmaceuticals (5).
The asymmetric cyclopropanation of olefins with
high-energy carbene precursors (e.g., acceptor-
substituted diazo reagents) is a hallmark reaction
that generates up to three stereogenic centers in
a single step to make the important cyclopropane

motif, featured in many natural products and ther-
apeutic agents (6). Limited to using physiologically
accessible reagents, nature catalyzes intermolecular
cyclopropane formation through wholly different
strategies, typically involving olefin addition to
the methyl cation of S-adenosyl methionine or
through cyclization of dimethylallyl pyrophosphate–
derived allylic carbenium ions (7). As a result, the
diverse cyclopropanation products that can be
formed by metallocarbene chemistry cannot be
readily accessed by engineering natural cyclo-
propanation enzymes. We hypothesized that a
natural metalloenzyme, the iron-heme–containing
cytochrome P450, could be engineered to cata-
lyze formal carbenoid transfers, thereby combin-
ing the high levels of regio- and stereoselectivity of
enzymes with the synthetic versatility of carbene-
based strategies.

Members of the cytochrome P450 enzyme
family catalyze myriad oxidative transformations,
including hydroxylation, epoxidation, oxidative
ring coupling, heteroatom release, and heteroatom
oxygenation (8). Most transformations encom-
passed by this broad catalytic scope manifest
the reactivity of the same high-valent iron-oxene
intermediate, compound I (Fig. 1). Inspired by the
impressive chemo-, regio-, and stereoselectivities
with which cytochrome P450s can insert O atoms
into C–H and C=C bonds, we investigated whether

these enzymes could be engineered to mimic this
chemistry for isoelectronic carbene transfer reac-
tions via a high-valent iron-carbenoid species (Fig.
1). Here we report that variants of the cytochrome
P450 from Bacillus megaterium (CYP102A1, or
P450BM3) are efficient catalysts for the asym-
metric metallocarbene-mediated cyclopropanation
of styrenes.

Because iron porphyrins catalyze carbene-
based cyclopropanations (9, 10), we first probed
whether some common heme proteins display
measurable levels of cyclopropanation activity
in aqueous media (phosphate buffer, with 5%
methanol cosolvent). We chose the reaction be-
tween styrene and ethyl diazoacetate (EDA) (Fig. 2),
a well-recognized model system for validating
new cyclopropanation catalysts. Initial experi-
ments showed that optimal formation of the de-
sired cyclopropanation products occurred in the
presence of a reducing agent (e.g., sodium dithi-
onite, Na2S2O4) under anaerobic conditions (tables
S1 to S4). Horseradish peroxidase (HRP), cytochrome
c (cyt c), myoglobin (Mb), and P450BM3 all dis-
played multiple turnovers toward the cyclopropane
products, with HRP, cyt c, and Mb showing neg-
ligible enantioinduction, and formed the trans cy-
clopropane with over 90% diastereoselectivity,
which is comparable to the diastereoselectivity
induced by free hemin (table S1). P450BM3, de-
spite forming the cyclopropane products in low
yield, catalyzed the reaction with different
diasteroselectivity (cis:trans 37:63) and slight
enantioinduction (Table 1), showing that carbene
transfer and selectivity are dictated by the heme
cofactor bound in the enzyme active site.

We then explored whether the activity and
selectivity of heme-catalyzed cyclopropanation
could be enhanced by engineering the protein se-
quence. P450BM3 is a well-studied, soluble, self-
sufficient (heme and diflavin reductase domains
are fused in a single polypeptide, ~120 kD), long-
chain, fatty acid monooxygenase. More than a
decade of protein engineering attests to the func-
tional plasticity of this biocatalyst (11). From our
work using directed evolution to engineer cyto-
chrome P450BM3 for synthetic applications, we
have accumulated thousands of variants that
exhibit monooxygenase activity on a wide range
of substrates (12). We tested some of these variants
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for altered cyclopropanation diastero- and enan-
tioselectivity by analysis of product distributions
using gas chromatography (GC) with a chiral sta-
tionary phase. A panel of 92 P450BM3 variants,
chosen for diversity of activity and protein se-
quence, was screened in Escherichia coli lysate
for the reaction of styrene and EDA under aerobic
conditions in the presence of Na2S2O4 (tables S5
and S6). The 10 most promising hits were selected
for purification and characterization under stan-
dardized anaerobic reaction conditions (Table 1 and
table S7).

Five of the 10 selected P450s showed im-
provements in activity as compared to the wild
type [total turnover numbers (TTNs) > 100], a
comprehensive range of diastereoselectivities, with
cis:trans ratios varying from 9:91 to 60:40, and
up to 95% enantioselectivities (table S7). For
example, variant H2-5-F10, which contains 16
amino acid substitutions, catalyzes 294 total turn-
overs, equivalent to ~58% yield under these con-
ditions (0.2% enzyme loading with respect to
EDA). This represents a 50-fold improvement over
wild-type P450BM3. Furthermore, mutations af-
fect both the diastereo- and enantioselectivity
of cyclopropanation: H2-5-F10 favors the trans
cyclopropanation product (cis:trans 16:84) with
63% enantiomeric excess (eetrans), whereas H2A10,
with a TTN of 167, shows reversed diastereo-
selectivity (cis:trans 60:40) with high enantioselec-
tivity (95% eecis).

We used H2A10 to verify the role of the en-
zyme in catalysis and identify optimal conditions
(table S8 and figs. S1 and S2). Heat inactivation
produced diastereo- and enantioselectivities sim-
ilar to those obtained with free hemin, consistent
with protein denaturation and release of the
cofactor. Complete inhibition was achieved by
preincubating the reaction mixture with car-
bon monoxide, which irreversibly binds the re-
duced P450 heme, confirming that catalysis occurs
at the active site. Air inhibited the cyclopropana-
tion reaction by about 50%, showing that dioxygen

and EDA compete for reduced FeII. Cyclopro-
panation was also achieved with NADPH (reduced
nicotinamide adenine dinucleotide phosphate) as
the reductant, confirming that the activity can
also be driven by the endogenous electron trans-
port machinery of the diflavin-containing reduc-
tase domain. The presence of a reducing agent in
substoichiometric amounts proved essential for
cyclopropanation (table S9), implying that the ac-
tive species is FeII rather than the resting-state FeIII.

Highly active P450BM3 variants H2A10, H2-
5-F10, and H2-4-D4 have three to five active-site
alanine substitutions with respect to 9-10A-TS-
F87V (12 mutations from P450BM3, supplemen-
tary materials text), which itself shows negligible
cyclopropanation activity. These variants ex-
hibit a range of TTNs, diastereoselectivity, and
enantioselectivity (Table 1). To better understand
how protein sequence controls P450-mediated
cyclopropanation, we constructed 12 variants to

Fig. 2. Absolute stereose-
lectivity of select P450BM3
cyclopropanation catalysts.
Reaction conditions were
as follows: 20 mM catalyst,
30 mM styrene, 10 mM
EDA, 10 mM Na2S2O4, un-
der argon in aqueous po-
tassium phosphate buffer
(pH 8.0) and 5% MeOH
cosolvent for 2 hours at
298 K. Enzyme loading was
0.2 mol % with respect
to EDA. The structures of
each product stereoisomer
are shown above the reac-
tion gas chromatograms.

Ph COOEt
SS

Ph COOEt
S R

COOEt
R R

Ph
R S

COOEtPh

OEt

O

N
N

+

cis trans
catalyst  (0.2 mol%)

styrene EDA

Hemin

P450BM3-T268A

BM3-CIS 

BM3-CIS-T438S 

Fig. 1. (Left) Canonical mode of reactivity of cytochrome P450s. Monooxygenation of olefins and C-H bonds to epoxides and alcohols catalyzed by the ferryl
porphyrin radical intermediate (compound I). (Right) Artificial mode of formal carbene transfer activity of cytochrome P450s, using diazoester reagents as
carbene precursors.

18 JANUARY 2013 VOL 339 SCIENCE www.sciencemag.org308

REPORTS

 o
n 

M
ay

 1
7,

 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 
assess the contributions of individual alanines to
catalysis and stability [table S10 (13)]. T268A
is key for achieving high cyclopropanation ac-
tivity, and this mutation alone converts inactive
9-10A-TS-F87V into an active cyclopropanation
catalyst. Variant 9-10A-TS-F87V-T268A (here
called BM3-CIS) is a competent cyclopropana-
tion catalyst (199 TTNs), displays strong prefer-
ence for the cis product (cis:trans 71:29), forms
both diastereomers with over 90% ee, and is as
stable as wild-type P450BM3. Other active site
alanine mutations tune the product distribution.
The addition of I263A to BM3-CIS reverses di-
astereoselectivity (cis:trans 19:81). We also inves-
tigated the effects of similar mutations introduced
in the poorly active wild-type P450BM3 (table
S11). P450BM3-T268A, with a single mutation,
is an active cyclopropanation catalyst (323 TTNs,

Table 1) with exquisite trans-selectivity (cis:trans
1:99) and high enantioselectivity for the major
diastereomer (–96% eetrans, Fig. 1). Whereas
BM3-CIS is a cis-selective cyclopropanation cat-
alyst, identical active-site mutations in wild-type
P450BM3 result in a trans-selective enzyme (table
S11), demonstrating that mutations outside of
the active site also influence the stereochemical
outcome.

Because the design of cis-selective small-
molecule catalysts for diazocarbonyl-mediated
cyclopropanations has proven more challeng-
ing than that of their trans counterparts (14),
we investigated whether active-site engineering
of P450BM3 could provide robust cis-selective
water-compatible catalysts to complement exist-
ing organometallic systems (15). We chose five
active site residues (L181, I263, A328, L437,

and T438) for individual site-saturation muta-
genesis (13). The A328G, T438A, T438S, and
T438P variants exhibited enhanced cis-selectivity
(table S12). A328G also reversed the enantiose-
lectivity for the cis-diastereomer (Table 1). BM3-
CIS-T438S displayed the highest diastereo- and
enantioselectivities (cis:trans 92:8 and –97% eecis)
and maintained TTNs comparable to those of
BM3-CIS (Table 1).

BM3-CIS exhibits Michaelis-Menten kinet-
ics (fig. S3 and table S13) with relatively high
Michaelis constant values for the olefin (~1.5 mM)
and the diazoester (~5 mM), reflecting the lack
of evolutionary pressure for this enzyme to bind
these substrates. BM3-CIS exhibits a notable cat-
alytic rate constant (kcat) for cyclopropanation of
100 min−1, comparable to the kcat of many na-
tive P450s for hydroxylation, but about 50 times
less than P450BM3-catalyzed fatty acid hydrox-
ylation (table S14). Free hemin does not exhibit
saturation kinetics and displays slower initial
rates than BM3-CIS (only 30 min−1 at 10 mM
styrene and 15 mM EDA), indicating that the
protein scaffold enhances kcat as compared to the
free cofactor in solution. When used at 0.2 mole %
(mol %) equivalent, BM3-CIS–catalyzed cyclo-
propanations reached completion after 30 min.
Adding more EDA enhanced turnovers for cy-
clopropanes and preserved BM3-CIS stereose-
lectivity (table S15), confirming catalyst integrity
and implying that the reaction stops because of
EDA depletion rather than inactivation.

To assess the substrate scope of P450BM3-
catalyzed cyclopropanation, we investigated the
activities of six variants against a panel of ole-
fins and diazo compounds (Table 2 and tables
S16 to S20). P450 cyclopropanation is robust
to both electron-donating ( p-vinylanisole and
p-vinyltoluene) and electron-withdrawing ( p-
trifluoromethylstyrene) substitutions on styrene,
and variant 7-11D showed consistent cis-selectivity
for these substrates. The P450s were also active
on 1,1-disubstituted olefins (i.e., a-methyl styrene),
with chimeric P450 C2G9R1 forming cyclopro-
panes in 77% yield (with respect to EDA). The
P450s were only moderately active with t-butyl
diazoacetate as substrate (<30% yield), forming
the trans product with >87% selectivity and of-
fering no advantage over free hemin (table S20).
For reactions involving EDA and aryl-substituted
olefins, however, the P450s consistently out-
performed the free cofactor in both activity and
stereoselectivity.

Screening natural enzymes against synthetic
reagents chosen based on chemical intuition of-
fers a simple strategy for identifying enzymeswith
basal levels of non-native activity. As we have
shown, a single mutation can be enough to pro-
mote such activity and achieve synthetically useful
stereoselectivities. The accumulation of beneficial
mutations by directed evolution or other protein
engineering strategies can generate a spectrum
of highly active catalysts for desired substrate
and product specificities. The established reaction
promiscuity of natural enzymes (16, 17) and the

Table 2. Scope of P450-catalyzed cyclopropanation of styrenyl substrates. Ar = p-X-C6H4. Reaction
conditions were as follows: 20 mM catalyst, 30 mM olefin, 10 mM diazoester, 10 mM Na2S2O4,
under argon in aqueous potassium phosphate buffer (pH 8.0) and 5% MeOH cosolvent for 2 hours
at 298 K. Enzyme loading was 0.2 mol % with respect to diazoester. N/A, not available when
enantiomers did not separate to baseline resolution.

X

R1
O

N2

O
R2

Reagents P450 catalyst

R1 = H, X= Me, R2 = Et                  BM3-CIS                228        78 : 22       -81           N/A

R1 = H, X= OMe, R2 = Et                H2-5-F10               364        11 : 89       38            N/A

R1 = H, X= CF3, R2 = Et                   7-11D                   120        76 : 24        31            59

R1 = Me, X= H, R2 = Et                     7-11D                  157         41 : 49       42            N/A

R1 = H, X= H, R2 = t-Bu                    H2A10                 120          3 : 97        N/A          N/A

0.2 mol% P450BM3 
5% MeOH

0.1 M KPi pH 8.0+

TTN Z : E %eeZ %eeE

Ar COOR2

R1

R1

Ar

COOR2

Z E

Table 1. Stereoselective P450BM3 cyclopropanation catalysts. Reactions were run in aqueous phosphate
buffer (pH 8.0) and 5% MeOH cosolvent at room temperature under argon with 30 mM styrene, 10 mM
EDA, 0.2 mol % catalyst (with respect to EDA), and 10 mM Na2S2O4. Yields, diastereomeric ratios, and
enantiomeric excess were determined by GC analysis. Yields are based on EDA. See the supplementary
text for protein sequences indicating mutations from wild-type P450BM3.

Catalyst % yield TTN cis:trans % eecis* % eetrans†

Hemin 15 73 6:94 –1 0
P450BM3 1 5 37:63 –27 –2
P450BM3-T268A 65 323 1:99 –15 –96
9-10A-TS-F87V 1 7 35:65 –41 –8
H2-5-F10 59 294 16:84 –41 –63
H2A10 33 167 60:40 –95 –78
H2-4-D4 41 206 53:47 –79 –33
BM3-CIS 40 199 71:29 –94 –91
BM3-CIS-I263A 38 190 19:81 –62 –91
BM3-CIS-A328G 37 186 83:17 52 –45
BM3-CIS-T438S 59 293 92:8 –97 –66
*(R,S) – (S,R). †(R,R) – (S,S).
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Summary	and	Outlook	
	

•  Protein	scaffolds	provide	a	method	to	introduce	a	well	defined	2nd	
coordina#on	sphere	around	an	organometallic	complex.	

•  The	resul#ng	ar#ficial	metalloenzyme	has	the	promise	to	combine	metal	
reac#vity	with	enzyme	selec#vity	under	mild	reac#on	condi#ons.	

•  Three	major	anchoring	strategies	have	been	used	to	introduce	the	
organometallic	mo#f	in	the	enzyme	ac#ve	site.	

•  Protein	engineering	methods	can	enable	precise	tailoring	of	the	ac#ve	site	
microenvironment.	

•  The	overall	development	pipeline	is	highly	interdisciplinary	and	borrows	from	
exper#se	in	synthesis,	molecular	biology,	protein	structure	and	computa#onal	
modeling.				
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Summary	and	Outlook	
	

•  The	Sav-bio#n	system	has	been	iden#fied	as	a	plasorm	amenable	to	
metalloenzyme	design.	Thousands	of	protein	systems	exist	in	nature	which	
have	the	poten#al	to	be	even	beQer	suited	for	these	applica#ons.	

•  Advances	in	protein	engineering	technologies	and	directed	evolu#on	methods	
will	aid	the	field	in	the	future.	

•  Computa#onal	approaches	to	iden#fy/predict	lead	structures	is	expected	to	
play	a	crucial	role	going	forward.	

•  A	collabora#ve	effort	among	synthe#c	chemists	and	molecular	biologists	is	
necessary	to	effec#vely	u#lize	the	specialized	exper#se	needed	from	both	
fields.	

•  Impressive	lead	results	have	been	obtained	in	this	decade	and	methods	to	
systema#cally	screen	for	successful	catalysts	have	been	ar#culated.	With	
more	researchers	entering	the	field,	the	full	poten#al	of	the	ar#ficial	
metalloenzyme	approach	seems	to	have	a	promising	future.	
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