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Enzymes are able to perform a multitude of chemical and
biochemical transformations with efficiencies that are typically
unrivalled by chemical catalysts. However, these evolved
systems may lack breadth or utility in other non-natural
applications. Altering enzyme and protein scaffolds through
covalent modification can expand the usefulness of native
biocatalysts not only for synthetic application but also for
therapeutic use. This review summarizes recent developments
in the field of chemical modification of enzymes and how they
can be applied to synthesis and biological research.
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Introduction

T'he design of novel biocatalysts is of major importance
for biotechnological and pharmaceutical applications such
as the investigation of more effective or new catalysts, the
detection of biological analytes or the study of complex
biomolecular interactions. Covalent alteration of these
biomolecules can modulate their native functions and
properties [1]. For instance, changes at some positions
of an enzyme may alter substrate specificities, product
distribution, stereoselectivity or even switch the
enzyme’s fundamental catalytic action.

The introduction of complex chemical reporters or modu-
lators into a protein solely through expression methods is
a complicated task. The main difficulties of such
approaches are that the direct incorporation depends
on the tolerance for the non-natural amino acid substrate
and the variable efficiency of incorporation. For this
reason, innovative combination of orthogonal reaction
of amino acid sidechains and molecular biological tech-
niques are gaining ground in the field of protein modi-
fication. Morcover, efforts in protein engineering and
microbiology have been combined to both probe and

make use of enzymes in living systems through the
alteration of specific residues.

Herein, we provide a select overview of new chemical
techniques to create more stable, more useful and more
potent biocatalysts. First, we focus on nonspecific protein
bioconjugation reactions. Then, we move to the devel-
opment of novel selective bioorthogonal transformations
on enzymes including methods which combine the
incorporation of unnatural amino acid or artificial groups.

This review is intended as an update to our previous
review on the chemical modification of biocatalysts [2]
and will cover the period from late 2003 onwards.

Nonspecific chemical modification

The exploitation of biocatalysts in synthetic organic
chemistry, both in academia [3] and in industry [4], has
increased dramatically during the past 20 years. Although
some enzymes can be used in organic solvents, the main
drawback of using biocatalysts is that enzymes may have
evolved to work with a narrow substrate class in aqueous
media. Therefore, many of these nonspecific approaches
to enzyme modification are focused on understanding the
effects of modifications on protein stability as well as on
designing novel strategies to enhance selectivity, activity,
and lifetime [5].

The modification of carboxylate groups in Asp and Glu
residues in several immobilized lipases by chemical ami-
dation using ethylenediamine has been described as one
such method to modulate lipase activity (Scheme 1). This
modification causes significant increase in enzyme
activity in the case of Candida antarctica B (CAL-B)
and  Thermomyces lanuginose (TLL) lipases. However,
the effect of this indiscriminate modification on the
activity of immobilized Pseudomonas fluorescens (PFL)
was the opposite. Surprisingly, enantioselectivity of
modified CAL-B in the hydrolysis of (+)-2-hydroxyphe-
nyl acetic acid methyl ester was increased from an £ =2
to £ > 100 (ee > 99%) [6]. The unpredictable and diffi-
cult-to-explain nature of these results highlights that the
undoubted utility of some nonspecific alterations can also
on occasion be associated with little or no mechanistic
insight.

T'he nonspecific modification of amino groups of papain
with dicarboxylic anhydrides of citraconin, maleic, phtha-
lic, and succinic acids shifted the optimum operating pH
of this enzyme from 7 to a more alkaline pH of 9. This pH
shift is due to the change in the surface charge distri-
bution. This modification also resulted in a slight
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Chemical amidation of Asp and Glu residues [6].

decrease in activity [7]. Such changes of optimum pH may
be useful for performing reactions only possible in
alkaline media or in helping to solubilise particular sub-
strates. This same strategy has been used to modify lysine
residues of Bacillus licheniformis a-amylase (BLLA). Such a
modification causes fundamental changes in its specificity
(increasing maltosidase activity). Furthermore, this
chemical modification alters the pattern of cleavage of
enzyme substrates to an exo-type instead of the native
endo-type [8]. Again, both are striking results, the
mechanistic cause of which remains unclear.

Another example of nonspecific modification has been
reported by Villalonga and co-workers. Glycoconjugation
of Bacillus badius phenylalanine dehydrogenase (PheDH)
with different monoactivated cyclodextrins [containing
seven a-1,4-linked D-glucopyranose units (3-CD)] was
achieved using 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide as coupling agent. Conjugates increased in oper-
ating temperature by around 10°C and displayed
enhanced affinity for L-phenylalanine by 1.4-fold [9].
However, the enzyme activity fell to 60% of wild type
(WT).

An important covalent attachment often used in thera-
peutics is PEGylation and some recent stability studies
have been focused on the application of these methods to

Scheme 2

biocatalysts. For instance, chymotrypsin was modified
with poly(ethylene glycol) (PEG) creating conjugates
in different molar ratios (from 0.4 to 96). The stability
of these aggregates was investigated during encapsulation
in poly(lactic-co-glycolic) microspheres by determining
the specific enzyme activity. An increase in the number of
PEG chains destabilized the system and residual enzyme
activity in the hydrolysis of succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide decreased. Thermal stability appears to be
maximal in this system when an average of 6.3 molecules
of PEG are bound to the enzyme [10].

Immobilization strategies

Covalent chemical immobilization of enzymes is a simple
method to positively alter activity, specificity or stability.
Grazi et al., for instance, have developed a two-step
method for the preparation of multipoint-thiolated
immobilized Penicillin G acylase from Escherichia coli
(PGA) and lipase from Riizomucor miehei (RML) [11°].
The first step in this procedure is the chemical introduc-
tion of thiol group through treatment with N-succinimi-
nimidyl-3-(2-pyridyldithio)propionate ~ (SPDP)  and
subsequent reaction of the protein with previously thio-
lated Eupergit®C or EP-Sepabeads support (Scheme 2).
Those supports consist of polymethacrylate-based resin
functionalized with oxirane groups. These multipoint
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Two-step strategy for multipoint covalent attachment onto epoxy support [11°].
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enzyme support attachments increase the enzyme ther-
mal stability between 12-fold and 15-fold.

An alternative approach, which also addresses stability
and activity, has been explored by Sheldon and co-
workers. This relies on the preparation of cross-linked
enzyme aggregates (CLLEA) and expands related work on
cross-linked crystals and precipitates developed over
several years. The cross-linking reaction consists of the
coupling of free amino groups present on the surface of
the enzyme with a dialdehyde, commonly glutaralde-
hyde; such methods have also been used by several
groups previously. For instance, chloroperoxidase
(CPO)-CLEA [12] were synthesized by precipitation
with 1,2-dimethoxyethane, albumin, and pentaethylene-
hexamine. CLEA showed higher temperature and pH
stability compared to the free enzyme. Although the
activity was lower (68%), these results proved to be
important because, by using this methodology, the
enzyme’s tolerance to H,O, was greatly increased. In a
previous report, Linum usitatissimum hydroxynitrile lyases
were immobilized as ‘LuCLEA’ [13] in a similar fashion
and these aggregates showed high enantioselectivity in
the addition of cyanide to the prochiral butanone sub-
strate in microaqueous media: 87% ee was obtained,
although activity was quite low. The possibility of recy-
cling these supported-enzymes makes them potentially
suitable for industrial applications.

Scheme 3

Villalonga and co-workers [14] took advantage of the
Ugi-four component reaction to prepare trypsin—polysac-
charide neoglycoenzymes. Lysine amino groups located on
the trypsin surface react in the presence of formaldehyde
and zerr-butyl isocyanide with carboxylate groups of O-
carboxymethylcellulose (CMC) or sodium alginate (ALG).
Catalytic properties of these polyglycoconjugated enzymes
decreased to 61-69% compared to the native counterpart.
Despite this decrease in activity, the conjugates showed a
noticeable increase in thermal stability. Autolysis studies
revealed that modified enzymes are around 16 times more
stable. The authors hypothesized that this stabilization is
caused by the formation of isopeptide structures.

Couplings mediated by 1-ethyl-3-(3-dimethylaminopro-
pylcarbodiimide (EDC) have been used to attach Fe,O5-
chitosan nanoparticles to papain [15]. This conjugated
system was analyzed by transmission electron microscopy
and X-ray diffraction after conjugation and revealed the
presence of spherical and monodisperse nanoparticles
with a mean diameter of 9.6 nm. This superparamagnetic
system exhibited better tolerance to reaction conditions
(pH and temperature) and an enhanced enzyme activity.

Cross-linking strategies have been used to covalently
tether DNA to enzymes for the fabrication of potential
biosensors. For instance, horseradish peroxidase
(HRP)-DNA conjugates were synthesized by chemical
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Synthesis of HRP-DNA conjugates by cross-linking [16].
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cross-linking using thiolated oligonucleotides and bifunc-
tional sulfo-succinimidyl-4-(N-maleimido-methyl)-cyclo-
hexan-1-carboxylate (sSMCC, Scheme 3) [16]. This
reaction was not specific and several conjugates were
obtained with different ratios of DNA per enzyme since
at least four lysine residues are relatively accessible at the
HRP surface. The HRP-DNA conjugates were then
immobilized on gold electrodes through DNA hybridiz-
ation methodologies. As amperometric currents were low,
a redox mediator such as ortho-phenylendiamine was
necessary. However, the Ky, of covalent conjugates was
higher than that of reconstituted-noncovalent HRP con-
jugates, presumably due to changes in the relative orien-
tation of the active site at the electrode surface. The
authors demonstrated that a weak catalyst in oxidation
reactions such as myoglobin can have its activity tuned by
30-fold to 280-fold simply by changing the attached DNA
sequence, although they did not find a general trend for
this behavior [17]. Other examples of electrochemical
biosensors based on enzyme immobilization have been
reported [18,19].

An clegant bioluminescence system that can be applied
for molecular imaging /7 vivo has been reported by Rao
and co-workers [20°]. EDC was also used to couple CdSe/
ZnS quantum dots and a mutant of R. reniformis luciferase
generating carboxylate-quantum dot conjugates. This
bioconjugate can be imaged in cells, small animals and
is even detectable in deep tissues. Such semiconductor
quantum dot conjugates provide potential for enhanced
bioluminescence imaging, therapeutics, and other appli-
cations. These techniques are based on energy transfer
that takes place between a luminescent or fluorescent
donor and a fluorescent acceptor. The convenience of
these systems is their sensitivity and stability. Moreover,
the ability to tune the optical properties of quantum dots
can make them appealing for monitoring biological pro-
cesses. Other examples in this field have been recently
reported [21].

When considering such nonselective approaches, it is
undeniable that these strategies have proven to be prac-
tically useful since simple groups or even complex bio-
molecules can be easily introduced for a variety of
applications. However, limitations remain. Since in most
cases there is not a well-defined structure after modifi-
cation, reproducibility of these reactions can be question-
able. Thus, these examples may not be as applicable to
cases where the modification is intended to occur in a
particular region of the enzyme. Moreover, when striking
changes are observed their causes and origins may remain
opaque.

Site-specific chemical modification

Targeting proteinogenic amino acids

To better control the fidelity of structure and function of
modified biocatalysts, a selective approach may be

employed. Consequently, specific bioconjugation reac-
tions in enzymes have provided valuable information to
elucidate their roles and modulate activities in biological
processes.

Lysine and cysteine have been broadly used for the
modification of proteins since they can easily react with
a variety of electrophiles. Of the canonical proteogenic
amino acids, cysteine is the most versatile residue for
selective modification due to its relatively low abundance
and high nucleophilicity [22].

The key to these approaches is to selectively modify a
single residue in the presence of a plethora of other
functional groups within a protein. Therefore, an equally
important factor is the rate (relative and absolute) of the
chemical reaction to be used. Several interesting studies
have examined methods for determining the kinetics of
some chemoselective reactions of amino acids in proteins,
especially with electrophiles [23-25].

As a result, new strategies have emerged not only for the
modification of thiols and amines but also for tyrosine and
tryptophan residues in enzymes, and other proteins, in a
chemoselective fashion (Scheme 4). For a detailed dis-
cussion of chemoselective protein modifications we direct
the reader to recent and interesting reviews [26°,27].

The serine protease mutant subtilisin Bacillus lentus
(SBL) with a cysteine residue at position 156 has been
modified through a two-step methodology. In a first step,
the cysteine is transformed into dehydroalanine by using
O-mesitylenesulfonylhydroxylamine (MSH) and then
treatment of SBLL.156-Dha with different thiol nucleo-
philes yields a variety of thioether modified proteins.

Scheme 4
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Common proteinogenic amino acid targets for site-selective enzyme
modification.
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Modification of SBL by addition of thiol reagents to a Dha-protein intermediate [28].

Phosphorylated, farnesylated, and glycosylated proteases
can all be obtained by using this methodology (Scheme 5)
[28]. In all cases these reactions proved mild enough to
maintain and even modulate the proteolytic activity of
SBL. Moreover, use of excess MSH allowed removal of
modifications and the subsequent reinstallation of other
groups in an iterative process.

A selective reaction on a tyrosine residue has been used to
introduce novel functionalities into several glutathione
transferases such as fluoro-derivatives, aldehydes, and
fluorescent probes. A wide range of ligands react through
a site-directed acylation on a single tyrosine residue Y9
using a set of thioesters of glutathione (GS-thioesters).
More than 70% of tested GS-thioesters were accepted
[29]. While this method is applicable only to modify Y9 at
the active site of this class of GSH transferases, it is one of
only few reported examples of Tyr modification.

Another Tyr-selective modification has been reported by
Francis and co-workers. A three-component Mannich
reaction was used for the installation of several functional
groups in tyrosine residues in chymotrypsinogen A and
other enzymes bearing accessible tyrosine residues such
as lysozyme and RNase A (Scheme 6). Yields were de-
pendent on the nature of the coupling partners. No

reaction was observed when a given protein substrate
has less accessible tyrosine residues such as in horse heart
myoglobin [30].

Recent studies have begun to explore the possibility of
using transition metal complexes as promising reagents to
carry out protein modification in aqueous media. Some of
these methodologies have been applied to the introduc-
tion of new functionalities in biocatalysts. In this context,
Francis and co-workers have reported that chymotrypsi-
nogen can rapidly react via a T'yr residue with rhodamine
allyl acetate to yield the monoalkylated product in 50%
yield using a water-soluble phosphine ligand in the pre-
sence of Pd(OAc), [31°]. The selectivity of this protein
T'suji—Trost reaction was determined via tryptic diges-
tion. Allylation of Y171 was the major pathway and a
minor second modification site was also observed at Y146.
This study highlighted the great potential of palladium,
especially if a method could be found to exclusively direct
this modification to a single residue on more complex
protein targets.

Since T'rp residues are quite rare on protein surfaces, their
single-site modification is plausible. Francis and co-
workers have modified Trp residues to obtain Subtilisin
Carlsberg and myoglobin conjugates by using rhodium
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Scheme 6
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Two strategies to modify tyrosine residues [30,31°].

carbenoids. However, the insertion reaction proceeds in
acidic conditions which may be incompatible for many
enzymes. Crude reaction mixtures at pH <4 revealed that
the major product of this reaction comes from the O-H
insertion of the carbenoid with H,O, a competing side
reaction that erodes reagent. However, this limitation can
be resolved by adding /BuNHOH as additive instead of
H,NOH. With this additive, they were able to selectivity
modify hen egg white lysozyme under thermal denatur-
ing condition (>75°C) at pH 6. Additionally, for this
modification to occur, tryptophan should be placed at
the surface [32].

Unnatural amino acids come into play

An alternative methodology to biologically incorporate
novel functionalities into proteins has been pioneered by
Tirrell and co-workers [33]. Through this method cells
are able to metabolize unnatural amino acids in depleted
media by using aminoacyl-tRNA synthetase machinery.
Following this methodology, surrogates for Met, Phe, and
Trp can be replaced by analogues within an enzyme,
allowing incorporation of amino acids containing, for
example, alkenyl-groups, alkynyl-groups or azido groups
that can then undergo further reactions.

In this way using a ‘tag-and-modify’ approach [34], it is
then possible to chemically modify an enzyme contain-
ing such amino acids. Such a strategy has been used
through the introduction of azidohomoalanine (Aha) as
a methionine surrogate into a relevant industrial enzyme
lipase. In this way, a C. antarctica lipase B variant was
engineered in a methionine auxotrophic K. co/i strain.
Aha-containing Cal-B was treated with alkyne-function-
alized ligands in order to obtain potential fluorescent

conjugates; dansyl derivatives only reacted when the Aha
residue was placed at the N-terminus [35]. After the
entire modification procedure, some catalytic hydrolysis
activity was lost. This was attributed to both the incorp-
oration of the nonproteinogenic amino acid and the
reaction conditions used (CuSQy, ascorbate, and ligand).
Such examples also highlight the need for reaction
optimization.

Although an important number of examples of site-se-
lective modification for enzymes have been described in
the literature, most of them are limited to a single reac-
tion/modification. Davis and co-workers have reported
examples in which two chemical reporters are introduced
into a beta-glycosidase from the archaeon Sulfolobus solfa-
taricus (SSPBG) in an efficient and compatible manner.
This multi-site modification strategy combined the
incorporation of Cys and unnatural amino acids such as
Aha and homopropargylglycine (Hpg) as sites for sub-
sequent modification. In a first step, they used metha-
nethiosulfonates to target the Cys residue and then
Huisgen cycloaddition was achieved at the noncanonical
amino acid. This second reaction not only was compatible
with the first one but also proceeded in good conversion
(>95%). These modified SSBG enzymes were shown to
be active, allowing the innate glycosidase activity to be
exploited as chemical reporter for the tracking of the
protein. Additionally, suitably modified enzymes were
able to bind lectins, which led to the conclusion that a
plausible application will be to track natural modification
of these substrates 7z vivo during pathological diseases
[36°°]. Indeed, the authors tested this system in the
detection of inflammation in Plasmodium-induced brain
disease.

Current Opinion in Chemical Biology 2011, 15:211-219
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Budisa and co-workers have recently published the
incorporation of different fluorinated amino acids into a
lipase from 7hermoanaerobacter thermohydrosulfuricus [37°).
The resulting so-called ‘teflon proteins’ could be an
important step forward for designing novel catalysts with
interesting properties.

De novo biocatalysts through chemical modification
Enzymes are capable of performing a wide range of
chemical reactions yet high substrate specificity often
limits synthetic applications. For these reasons chemists
have also focused their attention on the construction of
completely artificial enzymes, especially metalloen-
zymes. This has often involved searching for unusual
functions not found in nature. Inspired by this idea,
several groups have recently explored methods to cova-
lently modify proteins by anchoring metal complexes for
achieving enantioselective catalysis [38]. Among these,
Ward and co-workers have reported the creation of an
artificial metalloenzyme based on biotin—avidin technol-
ogy to perform enantioselective hydrogenation of acet-
amidoacrylic acids. Although essentially based on a
noncovalent modification, these systems nonetheless
allow the alteration of catalytic properties by modifying
the attached metal complex, the protein, or both. Thus,
enantioselectivities of these reduction processes are
increased up to 96% ce in a modified-variant of strepta-
vidin mutant S112G [39°°]. During these studies, it
became apparent that the efficiency of this system
depends highly on the affinity of the substrate for the
active site. To overcome this problem, Reetz has pro-
posed an approach that unifies this concept of synthetic
achiral metal-ligand centers and the concept of directed
evolution for tuning the enantioselectivity of the so-
called ‘hybrid catalyst system’ [40]. In this last case, they
also employed a biotinylated diphosphine—Rh complex
but used the esterified substrate to facilitate work-up and
subsequent analysis by gas chromatography. They
applied CASTing [41] methodology where amino acid
sites around the complete binding site are randomly
mutated in an iterative manner. The best variant
obtained after a single round of saturation mutagenesis
shows onlya35% (R) ee. However, iterative processes led
to a single mutant (Asn49Val) with an ee of 65% (R). In
subsequent work, they applied the same selection pro-
cess to generate a library of mutants of a thermophilic
synthase tHisF from T/ermotoga maritima. In this work,
the mutant Cys9Ala/Asp11Cys was treated with malei-
mides or a-halo carbonyl derivatives to form bioconju-
gates for potential metal ligation. This protein appears to
be a robust system [42°].

An intriguing example in this field has been reported by
Lu and co-workers [43]. In this paper, a two-point
covalent attachment approach has been performed to
introduce a Mn(salen) complex into sperm whale myo-
globin. This transformation involves the use of two

methanethiosulfonate groups and a mutant with cysteine
at two positions (L.72Y/Y103C). Comparison of this dual
modified myoglobin with WT or single modification
proteins demonstrates that this metalloprotein shows a
relevant increase in ee (51%) and rate (0.390 min ') in the
sulfoxidation of thioanisole.

Conclusions

The classical view of biocatalysts is changing. Enzyme
capacities are not fully explored by nature and engin-
eering native enzyme or protein scaffolds to create new
functions is opening a myriad of possibilities. Through-
out this review we have highlighted a number of advan-
tages that exist for modified biocatalysts that are limited
or lacking in native systems: first, chemical alteration of
enzymes can change affinity, specificity or stability.
Second, selective modifications enable the tagging of
enzymes which can allow insight into complex biological
processes. Significant improvement has been made in
the field of chemical modification/trapping strategies for
proteome analysis. These methodologies have emerged
to enable the profiling of enzyme activities iz vivo and
the chemistries used are often active site-directed var-
iants of those chemistries used more generally to modify
proteins and enzymes. In this way, activity-based protein
profiling (ABPP) can help to unpick the role that these
proteins are playing in pathological processes [44,45] and
provides a rich example of conceptual cross-fertilization
of strategies in this field. Finally, enzyme scaffolds can
be tuned through expression techniques and by introdu-
cing non-natural groups to create enzymes that can act as
valuable starting points for further modification. In this
way it iIs starting to become possible to obtain more
potent biocatalysts or to generate entirely novel protein
catalysts.

It is clear that the combination of novel chemical modifi-
cation and sophisticated biochemical technologies will
continue to be in the spotlight. It is likely that additional
orthogonal reactions will emerge to enhance selectivity and
kinetics of transformations. For instance, metal-catalyzed
reactions have proven to be feasible in water and will likely
become a widespread tool for enzyme engineering. The
introduction of more complicated chemical reporters to
track small metabolites or recognition processes is another
focus of research. Undoubtedly, future efforts on the
design of modified biocatalysts should be channelled to
create enzyme-based constructions with unique properties
and functions not found in nature and/or chemistry not
easily achieved by traditional methods. It should not be
forgotten that these principle could be applied equally to
other biocatalysts such as modified ribozymes.

This attractive field is also open to the arrival of specifi-
cally designed chemical modification to study the largely
unknown /7 situ behavior of enzymes in a cellular
environment.

www.sciencedirect.com

Current Opinion in Chemical Biology 2011, 15:211-219



218 Biocatalysis and Biotransformation

Acknowledgements

Financial support from Fundacién Ramén Areces is gratefully
acknowledged by ADR. BGD is a recipient of a Royal Society Wolfson
Research Merit Award and an EPSRC LSI platform grant. We thank J.M.
Chalker for critical reading of the manuscript.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

10.

Walsh CT: Posttranslational Modification of Proteins: Expanding
Nature’s Inventory Englewood, CO: Roberts and Co.; 2005.

Davis BG: Chemical modification of biocatalysts. Curr Opin
Biotechnol 2003, 14:379-386.

Koeller KM, Wong C-H: Enzymes for chemical synthesis. Nature
2001, 409:232-240.

Schmid A, Dordick JS, Hauer B, Kiener A, Wubbolts M, Witholt B:
Industrial biocatalysis today and tomorrow. Nature 2001,
409:258-268.

Polizzi KM, Bommarius AS, Broering JM, Chaparro-Riggers JF:
Stability of biocatalysts. Curr Opin Chem Biol 2007,
11:220-225.

Palomo JM, Fernandez-Lorente G, Guisan JM, Fernandez-
Lafuente R: Modulation of immobilized lipase
enantioselectivity via chemical amination. Adv Synth Catal
2007, 349:1119-1127.

Sangeetha K, Abraham TE: Chemical modification of papain
for use in alkaline medium. J Mol Catal B: Enzym 2006,
38:171-177.

Habibi AE, Khajeh K, Nemat-Gorgani M: Chemical modification
of lysine residues in Bacillus licheniformis «-amylase:
conversion of an endo- to an exo-type enzyme. J Biochem Mol
Biol 2004, 37:642-647.

Villalonga R, Tachibana S, Cao R, Ramirez HL, Asano Y:
Supramolecular-mediated thermostabilization of
phenylalanine dehydrogenase modified with B-cyclodextrin
derivatives. Biochem Eng J 2006, 30:26-32.

Castellanos IJ, Al-Azzam W, Griebenow K: Effect of the covalent
modification with poly(ethylene glycol) on a-chymotrypsin
stability upon encapsulation in poly(lactic-co-glycolic)
microspheres. J Pharm Sci 2005, 94:327-340.

Grazu V, Abian O, Mateo C, Batista-Viera F, Fernandez-
Lafuente R, Guisan JM: Stabilization of enzymes by multipoint
immobilization of thiolated proteins on new epoxy-thiol
supports. Biotechnol Bioeng 2005, 90:597-605.

This study suggests a new pragmatic mechanism for the immobilization
of proteins by the addition of thiol groups to an epoxy support and to the
enzyme. Disulfide bonds are formed between the enzyme and the
support while remaining epoxy groups react with lysines under basic
conditions.

12.

13.

14.

15.

Perez DI, van Rantwijk F, Sheldon RA: Cross-linked enzyme
aggregates of chloroperoxidase: synthesis, optimization and
characterization. Adv Synth Catal 2009, 351:2133-2139.

Cabirol FL, Tan PL, Tay B, Cheng S, Hanefeld U, Sheldon RA:
Linum usitatissimum hydroxynitrile lyase cross-linked
enzyme aggregates: a recyclable enantioselective catalyst.
Adv Synth Catal 2008, 350:2329-2338.

Garcia A, Hernandez K, Chico B, Garcia D, Villalonga ML,
Villalonga R: Preparation of thermostable trypsin-
polysaccharide neoglycoenzymes through Ugi
multicomponent reaction. J Mol Catal B: Enzym 2009,
59:126-130.

Liang Y-Y, Zhang L-M: Bioconjugation of papain on
supermagnetic nanoparticles decorated with
carboxymethylated chitosan. Biomacromolecules 2007,
8:1480-1486.

16.

17.

18.

19.

20.

Fruk L, Mdller, Weber G, Narvaez A, Dominguez E, Niemeyer CM:
DNA-directed immobilization of horseradish peroxidise-DNA
conjugates on microelectrode arrays: towards
electrochemical screening of enzyme libraries. Chem Eur J
2007, 13:5223-5231.

Glettenberg M, Niemeyer CM: Tuning of peroxidise activity by
covalently tethered DNA oligonucleotides. Bioconjug Chem
2009, 20:969-975.

Alwarappan S, Liu C, Kumar A, Li C-Z: Enzyme-doped graphene
nanosheets for enhanced glucose biosensing. J Phys Chem C
2010, 114:12920-12924.

Delvaux M, Walcarius A, Demoustier-Champagne S: Bienzyme
HRP-GOx-modified gold nanoelectrodes for the sensitive
amperometric detection of glucose at low overpotentials.
Biosens Bioelectron 2005, 20:1587-1594.

So M-K, Xu C, Loening AM, Gambhir SS, Rao J: Self-illuminating
quantum dots conjugates for in vivo imaging. Nat Biotechnol
2006, 24:339-343.

This paper describes the generation of bioluminescent quantum dot
conjugates with great potential for tracking biomolecular interactions in
vivo. These conjugates generate long-wavelength emissions which are
detectable in deep tissues.

21.

22.

23.

24.

25.

26.

DuJ, YuC, PanD, LiJ, Chen W, Yan M, Segura T, Lu Y: Quantum-
dot-decorated robust transductable bioluminescent
nanocapsules. J Am Chem Soc 2010, 132:12780-12781.

Chalker JM, Bernardes GJL, Lin YA, Davis BG: Chemical
modification of proteins at cysteine: opportunities in
chemistry and biology. Chem Asian J 2009, 4:630-640.

Weerapana E, Wang C, Simon GM, Richter F, Khare S, Dillon MBD,
Bachovchin DA, Mowen K, Baker D, Cravatt BF: Quantitative
reactivity profiling predicts functional cysteines in proteomes.
Nature 2010, 468:790-795.

Underbakke ER, Zhu Y, Kiessling LL: Isotope-coded affinity tags
with tunable reactivities for protein footprinting. Angew Chem
Int Ed 2008, 47:9677-9680.

Patel MK, Vijayakrishnan B, Koeppe JR, Chalker JM, Doores KJ,
Davis BG: Analysis of the dispersity in carbohydrate loading of
synthetic glycoproteins using MALDI-TOF mass
spectrometry. Chem Commun 2010, 46:9119-9121.

Sletten EM, Bertozzi CR: Bioorthogonal chemistry: fishing for
selectivity and functionality. Angew Chem Int Ed 2009,
48:6974-6998.

A recent review that discusses bioorthogonal chemical reactions devel-
oped to date in important biomolecules such as proteins and how they
can be used to study complex systems.

27.

28.

29.

30.

31.

Hackenberger CPR, Schwarzer D: Chemoselective ligation and
modification strategies of peptides and proteins. Angew Chem
Int Ed 2008, 47:10030-10074.

Bernardes GJL, Chalker JM, Errey JC, Davis BG: Facile
conversion of cysteine and alkyl cysteines to dehydroalanine
on protein surfaces: versatile and switchable access to
functionalized proteins. J Am Chem Soc 2008, 130:
5052-5058.

Viljanen J, Tegler L, Broo KS: Combinatorial chemical
reengineering of the alpha class glutathione transferases.
Bioconjug Chem 2004, 15:718-727.

Joshi NS, Whitaker LR, Francis MB: A three-component
Mannich-type reaction for selective tyrosine bioconjugation.
J Am Chem Soc 2004, 126:15942-15943.

Tilley SD, Francis MB: Tyrosine-selective protein alkylation
using w-allylpalladium complexes. J Am Chem Soc 20086,
128:1080-1081.

This early example of transition-metal mediated modification highlighted
the potential of such approaches in performing unusual protein reactions.

32.

33.

Antos JM, McFarland JM, lavarone AT, Francis MB:
Chemoselective tryptophan labelling with rhodium
carbenoids at mild pH. J Am Chem Soc 2009, 131:6301-6308.

Link AJ, Mock ML, Tirrell DA: Non-canonical amino acids in
protein engineering. Curr Opin Biotechnol 2003, 14:603-609.

Current Opinion in Chemical Biology 2011, 15:211-219

www.sciencedirect.com



Chemical modification in the creation of novel biocatalysts Diaz-Rodriguez and Davis 219

34. Davis BG: Sugars proteins: new strategies in synthetic biology.
Pure Appl Chem 2009, 81:285-298.

35. Schoffelen S, Lambermon MHL, van Eldijk MB, van Hest JCM:
Site-specific modification of Candida antarctica lipase B via
residue-specific incorporation of a non-canonical amino acid.
Bioconjug Chem 2008, 19:1127-1131.

36. van Kasteren S|, Kramer HB, Jensen HH, Campbell SJ,
ee Kirkpatrick J, Oldham NJ, Anthony DC, Davis BG: Expanding
the diversity of chemical protein modification allows
post-translational mimicry. Nature 2007, 446:1105-1109.
This study illustrates the therapeutic potential of a multi-site modified
biocatalyst. This example describes the creation of an active synthetic
protein with additional binding capabilities to profile complex PTM inter-
actions in vivo.

37. Merkel L, Schauer M, Antranikian G, Budisa N: Parallel
e incorporation of different fluorinated amino acids: On
the way to ‘teflon’ proteins. ChemBioChem 2010, 11:
1505-1507.
This study describes the generation of highly fluorinated enzymes as a
type of ‘Teflon’ protein with great potential for industrial applications as
well as synthetic biology.

38. Thomas CM, Ward TR: Artificial metalloenzymes: proteins as
hosts for enantioselective catalysis. Chem Soc Rev 2005,
34:337-346.

39. Collot J, Gradinaru J, Humbert N, Skander M, Zocchi A,

ee Ward TR: Artificial metalloenzymes for enantioselective
catalysis based on biotin-avidin. J/ Am Chem Soc 2003,
125:9030-9031.

Although a noncovalent strategy, this excellent paper highlights the
remarkable potential of proteins even simply as scaffolds for novel
catalysts with powerful properties.

40. Reetz MT, Peyralans JJ-P, Maichele A, Fu Y, Maywald M:
Directed evolution of hybrid enzymes: evolving
enantioselectivity of an achiral Rh-complex anchored to a
protein. Chem Commun 2006:4318-4320.

41. Reetz MT: Directed evolution of enantioselective enzymes: an
unconventional approach to asymmetric catalysis in organic
chemistry. J Org Chem 2009, 74:5767-5778.

42. Reetz MT, Rentzsch M, Pletsch A, Taglieber A, Hollmann F,

. Mondiere RJG, Dickmann N, Hocker B, Cerrone S, Haeger MC,
Sterner R: A robust protein host for anchoring chelating
ligands and organocatalysts. ChemBioChem 2008, 9:552-564.

This study explored the use of libraries of thermostable enzyme tHisF as

scaffolds to chelate ligands forming potential ‘hybrid catalysts’ for orga-

nocatalytic reactions.

43. Carey JR, Ma SK, Pfister TD, Garner DK, Kim HK, Abramite JA,
Wang Z, Guo Z, Lu Y: A site-selective dual anchoring strategy
for artificial metalloprotein design. J Am Chem Soc 2004,
126:10812-10813.

44. Speers AE, Cravatt BF: Profiling enzyme activities in vivo using
click chemistry methods. Chem Biol 2004, 11:535-546.

45. Willems LI, Verdoes M, Florea Bl, van der Marel GA, Overkleeft HS:
Two-step labeling of endogenous enzymatic activities by
Diels-Alder ligation. ChemBioChem 2010, 11:1769-1781.

www.sciencedirect.com

Current Opinion in Chemical Biology 2011, 15:211-219



	Chemical modification in the creation of novel biocatalysts
	Introduction
	Nonspecific chemical modification
	Immobilization strategies
	Site-specific chemical modification
	Targeting proteinogenic amino acids

	Unnatural amino acids come into play
	De novo biocatalysts through chemical modification

	Conclusions
	Acknowledgements
	References and recommended reading


