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The covalent immobilisation of enzymes generally involves the use of highly reactive crosslinkers, such
as glutaraldehyde, to couple enzyme molecules to each other or to carriers through, for example, the
free amino groups of lysine residues, on the enzyme surface. Unfortunately, such methods suffer from a
lack of precision. Random formation of covalent linkages with reactive functional groups in the enzyme
leads to disruption of the three dimensional structure and accompanying activity losses. This review
focuses on recent advances in the use of bio-orthogonal chemistry in conjunction with rec-DNA to
affect highly precise immobilisation of enzymes. In this way, cost-effective combination of production,
purification and immobilisation of an enzyme is achieved, in a single unit operation with a high degree
Received 6th May 2022 of precision. Various bio-orthogonal techniques for putting this precision and elegance into enzyme
DOI: 10.1039/d1cs01004b immobilisation are elaborated. These include, for example, fusing (grafting) peptide or protein tags to the
target enzyme that enable its immobilisation in cell lysate or incorporating non-standard amino acids
rsc.li/chem-soc-rev that enable the application of bio-orthogonal chemistry.
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microbial whole cells and (ii) reactions mediated by isolated
enzymes. Whole cell mediated processes have the advantage that
cofactors and fresh enzyme are continuously regenerated if neces-
sary but the disadvantage that contamination by other (iso)
enzymes present in the cells can lead to selectivity losses. Isolated
enzymes are more expensive, owing to the added costs of isolation
and purification, but don’t have the contamination problem.

However, isolated enzymes are soluble in water which is an
environmentally attractive solvent but it presents a problem for
their efficient recovery and recycling. Consequently, isolated
enzymes are generally applied on a single-use, throw-away basis
which is both economically and environmentally unattractive
and not conducive to a circular economy. This problem can be
solved by immobilisation of the enzyme as a free-flowing solid,
ie. as a heterogeneous catalyst.” Immobilisation also sup-
presses unfolding of the enzyme, resulting in increased thermal
stability with the possibility of using the enzyme in continuous
flow operation.®
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2. Enzyme immobilisation

In this review we shall be concerned with the immobilisation
of isolated enzymes. Enzyme immobilisation is divided into two
categories: (i) those involving attachment to an insoluble sup-
port (carrier) (Fig. 1(A)), usually a natural or synthetic organic
polymer or an inorganic solid such as silica or alumina and (ii)
carrier-free self-immobilisation (Fig. 1(B)) by intermolecular
cross-linking of enzyme molecules to form what is effectively
an insoluble cross-linked polymer.

The first method can be subdivided on the basis of the
nature of the bonding of the enzyme to the carrier. The
simplest and least invasive is physical adsorption which
generally works well in reactions in water-free organic media.
The most well-known example of this technique is Novozyme
435 which consists of C. antarctica lipase (CaLB) immobilised
on a macroporous resin.” Alternatively, ionic bonding can be
used by, for example, adsorbing the enzyme on an anionic or
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Fig.1 Random covalent enzyme immobilisation in traditional methods:
(A) carrier immobilisation model (i), glutaraldehyde-mediated; (i), epoxy-
activation; (B), carrier-free immobilisation model.

cationic ion-exchange resin, depending on the overall surface
charge of the enzyme. Simple adsorption and ionic binding are
widely used but they both suffer from the drawback that they are
susceptible to leaching of the enzyme under aqueous conditions,
depending on the pH, ionic strength and temperature, especially
under the harsh conditions of many industrial processes.

Another method of binding to a carrier is affinity immobi-
lisation which makes use of polymers containing surface
chelating functionalities, such as iminodiacetic acid, preloaded
with metal ions - Ni*", Zn**, Fe**, Co** and Cu?" - that exhibit a
strong affinity for the imidazole groups in surface histidine
residues of the enzyme. It has the advantage of high activity
recovery through non-invasive binding.'®'" Moreover, recom-
binant proteins are usually produced containing a so-called
His-tag - a string of six to nine histidine residues - attached to
the N- or C-terminus - to enable purification through affinity
binding. This creates the possibility of combining enzyme
isolation, purification and immobilisation into a single
operation.

Leaching of enzyme from the surface of immobilisates can
be circumvented by forming stronger covalent bonds between
e.g. aldehyde or epoxide functionalities on the carrier surface
and free amino groups in lysine residues present on the surface
of most enzymes (Fig. 1(A)). Immobilisation through covalent
bonding is widely used in industry, for example, using poly-
methacrylates containing epoxide functionalities.'®> Covalent
bonding has the advantage of physically and chemically stable
binding of the enzyme to the carrier but it is not feasible to
regenerate the carrier from a spent catalyst.

Methods for immobilisation of enzymes on carriers have one
serious shortcoming in common: a huge dilution of activity,
ranging from 90% to >99%, accompanied by proportional
reductions in catalyst and volumetric productivities (space-time
yields). This problem is obviated by employing carrier-free
methods in which enzyme molecules are covalently linked
together to form microscopic solid particles. The most widely
used method for carrier-free immobilisation is as cross-linked
enzyme aggregates (CLEAs). The method, first described in
2000," involves precipitation of the enzyme from an aqueous
solution as physical aggregates, without disturbing its tertiary
structure. This could be by addition of, for example, a saturated
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solution of ammonium sulfate at optimum pH. Subsequent
cross-linking by addition of a di-aldehyde (Fig. 1(B)), usually
glutaraldehyde, produces insoluble aggregates with retention of
their tertiary structure and activity.

CLEAs are cost-effective’® and, since precipitation is gener-
ally used to purify enzymes, they can be produced directly from
fermentation broth. They are characterised by high catalyst and
volumetric productivities and improved storage and operational
stability to denaturation by heat, organic solvents and autolysis.
They also have excellent stability towards leaching in aqueous
media and can easily be recovered and recycled. They are highly
porous materials and diffusional limitations are not observed
with the bioconversions commonly used in organic synthesis.
CLEAs have been successfully applied with many enzymes in a
wide range of industrial settings.'*"

The shortcomings of CLEAs are derived from their relatively
fragile and small, non-uniform particles (5-50 um and typically
below 10 um). This is a serious drawback for operation in fixed
bed reactors owing to the high pressure drop over the column.
It can be counteracted by blending with non-compressible
particles such as controlled-pore glass but the size and fragility
of CLEA particles remains an issue for large scale applications.
Alternatively, addition of a cross-linker to a suspension of an
enzyme in a water-in-oil emulsion produces CLEAs as uniform
enzyme microspheres-spherezymes-with a particle size of
50 um and a size distribution of +3%.'® However, because
of the strong and rapid covalent linkage formation using di-
aldehydes, random linkage is inevitable, and some non-target
enzyme proteins can be immobilised in the CLEAs (Fig. 1(B)),
which hinders one-step purification and immobilisation.

More recently, enzyme immobilisation has become even
more important in streamlining the biocatalytic production
of chemicals in bio-refineries as a result of the increasing
emphasis on the development of a circular bio-based economy.
In order to optimise the cost-contribution of enzymes their
immobilisation has become an integral part of biocatalytic
process development that facilitates the integration of production
and downstream processing.'” For example, traditionally enzymes
are optimised using various protein engineering techniques and
when the optimum variant has been selected an immobilisation
procedure is developed. However, it could well be that the
optimum enzyme variant, obtained by protein engineering, does
not afford the optimum immobilised biocatalyst. It makes more
sense, therefore, to integrate enzyme immobilisation into the
screening protocol of the protein engineering.'®"?

Primarily aimed at further streamlining of biocatalytic pro-
cesses, a multitude of methods for the cost-effective in vivo
immobilisation of enzymes have been developed in recent
years”® by combining enzyme production with in vivo immobi-
lisation to afford a one-step, cost-effective production of
an immobilised enzyme. This is achieved by genetic fusion of
a self-assembly promoting protein to the target enzyme.
For example, certain microorganisms produce inclusions of
polyhydroxyalkanoates (PHAs) for energy storage and in vivo
fusion of the central enzyme of PHA biosynthesis, polyester
synthase (PhaC), to the target enzyme affords a method for
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one-step production, from a renewable resource, of an enzyme
immobilised on a bio-based plastic.>"*

In another variation on this theme, protein engineering was
employed to optimise the production of catalytic inclusion
bodies (CatIBs).** Bacterial inclusion bodies (IBs) are usually
encountered as worthless catalytically inactive material formed
as an undesirable consequence of heterologous over-expression
of recombinant genes. Catalytically active IB formation can be
achieved by fusing short peptide tags or aggregation-inducing
protein domains to the target protein, affording cost-effective,
carrier-free immobilised enzymes (CatIBs) in vivo.>* Furthermore,
the activities of CatIBs are comparable with those of the corres-
ponding soluble enzymes, which indicates a lack of diffusion
limitations. A further improvement in the context of large scale
applications is provided by the development of magnetically
recoverable CatIBs.”®> For example, magnetic cross-linked inclu-
sion bodies of the lipase CaLB exhibited 114% activity recovery,
with only 15% loss of activity after recycling 10 times due to
excellent stability.?®

Finally, in the wake of the burgeoning circular bio-based
economy, waste biopolymers®>’*® contained in agricultural,
forestry, marine wastes and food waste, are becoming available
in large amounts as inexpensive carriers for enzymes. Examples
include lignocellulose derived biopolymers®® and magnetic
cellulose.?® We can expect that such renewable, biodegradable
polymers will find broad applications in the cost-effective and
environmentally attractive immobilisation of enzymes in the
future.

Regardless of which covalent approach is used, random
covalent bond formation, with various amino acid residues in
the target enzyme, is a problem that needs to be addressed. It
can lead to loss of tertiary structure and, consequently, loss of
activity. This is a long-standing question that has attracted the
attention of biologists, materials scientists and chemists.*
What is clearly needed to address this problem is more precision
in forming covalent bonds between the enzyme and a carrier or
other enzyme molecules. If this can be successfully integrated
with the isolation and purification of recombinant enzymes
directly from cell lysate, this will lead to cost-effective, broadly
applicable methodologies.

3. Enzyme immobilisation through
genetic modification

Genetic modification of enzymes has been used to facilitate
their immobilisation on carriers. For example, Zpsic, is a silica
binding module (SBM) with a size of ca. 7 kDa and a high
positive charge density resulting from exposed clusters of
multiple arginine residues on one side.** In vivo attachment
of Zyasico to target enzymes, affords chimeric enzymes in which
the positive charge density directs their non-covalent attachment
to a negatively charged support such as silica. Thus, in vivo
fusion of Zsic to a p-amino acid oxidase in E. coli BL21 (DE3)
afforded a chimera that was subsequently non-covalently
attached in a defined orientation to a silica carrier® The

7284 | Chem. Soc. Rev,, 2022, 51, 7281-7304

View Article Online

Chem Soc Rev

technique was also used to immobilise enzymes in the walls of
microfluidic flow reactors.*>*

Similarly, in vivo generation of fusion constructs of cellulose-
binding module (CBM) with the o-transaminase from Bacillus
megaterium enabled immobilisation of the CBM-tagged
enzyme, with ca. 95% activity retention, on macroporous cellu-
lose scaffolds derived from delignified wood.>*

3.1 Genetic modification for affinity immobilisation

The most widely used method is genetic insertion of poly(His)
tags that can bind to metal ions. This forms the basis of the
EziG (EnginZyme AB Sweden) technology for immobilisation of
a broad range of enzymes.'®'**7% It involves fusion of the
His6-tag to target enzymes at the N or C terminus. Following
the fermentation, the His-tagged recombinant enzyme is
separated from cell lysate by affinity binding of the imidazole
groups in His residues to surface Ni**, Co>" or Fe*" ions
coordinated to surface iminodiacetic acid functions on con-
trolled porosity glass (CPG). The immobilised enzymes are
especially suitable for use in packed bed reactors (PBRs).'" In
the case of purified enzymes, the maximum loading on the
EziG™ carrier is 80% (Fig. 2(A)).

However, some enzymes such as P450 monooxygenases''
and o-transaminase, exhibited reduced activities (less than
50% of the free enzymes) which may have resulted from
aggregation of enzymes in the internal pores of EZiG™ and
hidden active sites inaccessible for substrates.

3.2 Genetic amination and modification for directed and
multi-point immobilisation

Genetic amination,®*"' compared to chemical amination using

chemical modification in vitro, refers to techniques for the in vivo
introduction of surface primary amino groups by inserting Lys in
the desirable region or genetic fusion of enzymes to oligomers of
amino acids containing free amino groups, e.g. His, Lys or Arg.
This produces chimeric His-, Lys- or Arg-tagged enzymes. Depend-
ing on these residues, subsequent multi-point immobilisation on
cation exchange resins and/or covalent bond formation with
chemically reactive groups, have also been described.***?

For example, a tag consisting of three Lys alternating with
three Gly residues at the end of the B chain, far from the active
site, was used to efficiently control the immobilisation of
penicillin G acylase from E.coli by covalent attachment to a
glyoxyl agarose support.** The substrate could freely access the
well-protected active site of the enzyme and, therefore, the
immobilised PGA mutant maintained its excellent catalytic
properties in the synthesis of cephalosporins.

3.2.1 Affinity binding-directed covalent attachment to sup-
ports. Metal chelate containing epoxy supports were used to
covalently immobilise His-tagged proteins through a two-step
process of affinity binding followed by covalent bond formation
with surface epoxide groups.**™*” For example a poly-His-tagged
glutaryl acylase, an of-heterodimeric enzyme of significant
industrial interest, was immobilised on such a support.*® The
highest selectivity in specific immobilisation was achieved by
using low-density chelate groups and metals with a low affinity

This journal is © The Royal Society of Chemistry 2022
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immobilisation of enzymes by genetic modification.

(e.g- Co) (Fig. 2(B)). Effective covalent bond formation with the
chelated His-tagged enzymes depends on the reaction time
because of the low reactivity of epoxide group. Alternatively,
the commercial epoxy support is allowed to chelate with metal
ions, e.g. Co and Cu, prior to incubation with a solution of the
crude His-tagged enzyme.*®*’

3.2.2 Cysteine-directed covalent attachment to supports.
Similarly, Guisan and coworkers*® used a novel approach to
promote multipoint covalent attachment of a genetically modified
PGA from E. coli. A single cysteine residue was inserted, using site-
directed mutagenesis, into the PGA at six different regions of the
enzyme that were rich in Lys residues (Fig. 2(C)). This afforded
variants that, following immobilisation on disulphide containing
supports, exhibited excellent stability and selectivity through
additional protein rigidification. Thus, multipoint covalent
attachment*®”° through Lys residues and the cysteine thiol group
derived from replacement of GInB380 with Cys produced an
immobilisate that was 30-fold more stable than the soluble
preparation towards heat and organic co-solvents, and preserved
90% of its initial activity. The remarkable enhancement of
stability was attributed to the increased rigidity resulting from
rational multi-point covalent attachment. Nevertheless, for high
volumetric productivity,” purified enzymes are generally neces-
sary to avoid competing attachment of non-target proteins.

This journal is © The Royal Society of Chemistry 2022
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The same approach was also successfully applied to the
covalent immobilisation of Geobacillus thermocatenulatus
lipase.*® The active site is protected and the enzyme is directed
to form multipoint attachments to the support.

In methods involving poly-His tag chelation in combination
with covalent bond formation, the latter can, at least partially,
be random. This can be avoided by using more precise bio-
orthogonal chemistry, otherwise known as orthogonal bio-
conjugation with nonstandard amino acids insertion.*>™*
Bio-orthogonal chemistry is usually defined as any chemical
reaction that occurs in living systems without interfering with
native biochemical processes,”®™® that is chemical reactions
in vivo.>>®> However, the definition of bio-orthogonal chemistry
has been gradually expanded to include chemical reactions in vitro
as applied in the materials science and medical science.®*™*

This review focuses on biomolecule-mediated covalent
ligation using a variety of so-called Tag/Catcher systems,
enzyme-mediated ligation, incorporation of non-standard
amino acids and tyrosine-mediated oxidation ligation for bio-
orthogonal immobilisation.

4. Tag-mediated bio-orthogonal
covalent immobilisation of enzymes

Protein tags are peptide sequences genetically grafted onto
recombinant proteins. Grafting is usually at either the C- or
N-terminus or sometimes into the coding sequence, with the
specific aim of separating the recombinant protein in pure,
immobilised form directly from cell lysate. A wide variety of
tags are applied in biomolecule-mediated covalent immobilisa-
tion of enzymes directly from cell lysate with excellent precision
and activity retention.®®”°

4.1 Tag-mediated self-catalytic biorthogonal ligation

4.1.1 His-tag. Bio-orthogonal chemical immobilisation of
an enzyme using the His-tag methodology enables the exposure
of its bioactive domain to achieve optimum activity. A stable
covalent bond can be formed, for example, between the imida-
zole group of the terminal His in the His-tag and vinyl sulfone
groups on the surface of the carrier (Fig. 3).”" The imidazole
group is deprotonated at neutral pH to undergo Michael-type
addition.

The method offers two significant advantages compared to
existing covalent linking methods: high density and specificity.
This facilitates the application of recombinant proteins in
biosensor and array fabrication, and drug delivery systems, in
addition to biocatalysis.'”*7?

4.1.2 Cysteine-tags. Bio-orthogonal thiol-ene click chemistry
is suitable for the selective immobilisation of enzymes
(Fig. 4(A)).”>”* Two types of pathways are involved in the ligation:
(i) thiol-ene free-radical addition to carbon-carbon double bonds
and (ii) Michael addition of thiolate anions to electron-deficient
carbon-carbon double bonds. For example, overproduction of
p-sorbitol dehydrogenase (p-SDH) containing a N-His6-Cys (Cys1-
DSDH) or a N-His6-Cys-Cys (Cys2-DSDH) tag was achieved using

Chem. Soc. Rev., 2022, 51, 7281-7304 | 7285
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Escherichia coli BL21 (DE3). These cysteine-tagged enzymes were
site-specifically immobilised on electrode surfaces modified with
4-vinylaniline. The bioelectrode was applied to electro-enzymatic
enantioselective reduction of p-fructose to p-sorbitol.”

The combination of cysteine-tagged proteins with a
thiol—ene click bio-orthogonal reaction opens up perspectives
for site-specific covalent immobilisation of enzymes with
high activity retention. Moreover, positioning a cysteine tag at
different locations in the polypeptide chain should allow a
controllable orientation of the enzyme. The method also demon-
strated good potential in screening of an epidermal growth
factor receptor (EGFR)-tag and its inhibitor ibrutinib.””

When this tag is combined with streptavidin affinity tech-
nology, it can enhance the current streptavidin-based solid-
phase bio-assay systems. Streptavidin (Stv-C) and streptactin
present intrinsic affinity toward Strep II-tag, a synthetic peptide
consisting of eight amino acids (Trp-Ser-His-Pro-GIn-Phe-Glu-Lys),
and can be fused to target recombinant proteins to facilitate their
isolation, purification and immobilisation on solid carriers.”® To
further optimise the affinity and immobilisation, a streptavadin
mutant was constructed by fusing a six-amino acid peptide
(Gly-Gly-Ser-Gly-Cys-Pro) to its C-terminus (Fig. 4(A)).”” This single
cysteine residue functions as a unique immobilisation site for bio-
orthogonal conjugation using sulfhydryl chemistry.

When five tandem cysteine repeats (Cys-tag) have been fused
at termini of enzyme proteins,”® this Cys-tag can facilitate the
covalent attachment of proteins to the surface of a maleimide-
modified support. In high-throughput functional proteomics as
little as 5 pg of the purified Cys-tagged enhanced green fluo-
rescent protein (EGFP) was immunodetected by this enhanced
chemiluminescence system. The bio-orthogonal reaction of the
sulfhydryl moiety of the Cys residue with maleimide enables
the immobilisation of target enzymes on maleimide-coated
surfaces (Fig. 4(B)). The novel immobilised enzyme protein
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Fig. 4 Immobilisation of enzymes through terminal cysteine-tags.

mutants facilitate use in a wide variety of solid-phase diagnostic
tests and biomedical assays.

Cyanobenzothiazole (CBT)-cysteine condensation can also
be used to create a biorthogonal linkage with cysteine-tagged
enzymes.”>®® Thiol addition to the cyano group affords a
thioimidate I, which undergoes intramolecular reaction with
the terminal amino group to form the 2-aminothiazolidine II.
The latter then undergoes deamination to a thiazoline. The
reaction takes place under very mild conditions, and is highly
selective towards terminal cysteine-containing enzymes (Fig. 4(C)).

Most noteworthy is the reversible immobilisation of
enzymes using S-S bond formation via this tag when the Cys
residue is not essential and necessary for the target enzyme.®'
On the one hand, the enzyme is covalently attached on a
functionalised support and presents stronger stability than that
obtained using other immobilisation methods, and on the
other hand, enzymes can be removed from the support using
dithiothreitol (DTT) solution when the enzyme activity has
reached a low to unacceptable level. With this facile chemical
treatment, the support can be regenerated and reused for the
immobilisation of the next fresh batch of enzyme.

4.1.3 SNAP-tag/CLIP-tag. SNAP-tag is a variant of human
DNA repair protein O6-alkylguanine-DNA alkyltransferase
(hAGT) which irreversibly transfers the alkyl group from its
substrate, O6-alkylguanine-DNA, to one of its cysteine residues,
thereby generating a covalent thioether bond with liberation of

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 hAGT-mediated covalent immobilisation of enzyme protein on
supports functionalised using O®-benzylguanine (BG) derivatives.

guanine (Fig. 5).%7®* It is widely used for the labelling of fusion
proteins in vivo.®® In order to convert this to an immobilisation
methodology the SNAP-tag, which is 20 kDa in size is fused
to a target protein and the fusion protein allowed to react via
demethylation with an O°benzylguanine functionalised
resin.%®

CLIP-tag is a mutant of hAGT that was engineered®” for
exclusivity with O-2-benzylcytosine (BC) derivatives. SNAP- and
CLIP-tags have orthogonal substrate specificities. CLIP-tag
is used in conjunction with other bio-orthogonal reactions,
such as BC derivatives with azide or alkynyl groups, to achieve
immobilisation.®”

4.1.4 Halo-tag. Halo-tag is a suicide variant of the haloalk-
ane dehalogenase from Rhodococcus rhodocrous that was speci-
fically designed to recognise terminal chloroalkane moieties
displayed on a support and rapidly (within minutes) undergo
covalent ester bond formation with an aspartate residue in its
active site under physiological conditions (Fig. 6).® Hence,
Halo-tag is a useful fusion partner for enabling one-step
purification and gentle, site-directed immobilisation of
enzymes directly from cell lysate.

For example, Halo-tag was fused to the benzaldehyde lyase
from P. fluorescence (PfBAL) without any negative effect on
soluble expression and activity of the enzyme. It was subse-
quently immobilised on commercially available Halo-Link™
resin (Promega). The immobilisate was successfully reused in
several consecutive batches in the condensation of benzalde-
hyde and acetaldehyde (Fig. 6(A)).*° Halo-tag is also used to
study drug-protein interactions.”

4.2 Tag-mediated extra-enzymatic biorthogonal ligation

4.2.1 Biotin ligase (BirA). E. coli biotin ligase (BirA) cata-
lyses the ATP-dependent covalent attachment of biotin to the
lysine side chain of a 15 amino acid recognition sequence
known as the “Biotin Acceptor Peptide” (BAP).°" It has many
applications in biotechnology, including protein labelling,”**
purification,”"°> and covalent immobilisation.®'**%

In vivo biotinylation was used, for example, to produce bio-
tinylated bacterial magnetic particles (BacMPs),”*'% Streptavidin

This journal is © The Royal Society of Chemistry 2022
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was introduced onto the biotinylated BacMPs by simple mixing to
provide an attractive method for site-directed immobilisation on
BacMPs.”® Fusion of BAP to the C-terminal of beta-glucosidase
from Bacillus licheniformis, and co-expression with BirA in Escher-
ichia coli afforded the biotinylated beta-glucosidase. The latter
was simultaneously isolated from cell lysate and immobilised
on BacMAPs based on the high affinity between streptavidin
and biotin (Fig. 7).">* The immobilised beta-glucosidase showed
excellent specific activity and thermal stability compared to the
free enzyme.
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Fig. 7 Site-specific protein labeling using biotin ligase (A) and protein
immobilisation by the biotinylation system in vivo (B).
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4.2.2 Sortase A (SrtA). Sortase A (SrtA) is a transpeptidase
originating from Gram positive bacteria where it catalyses the
attachment of proteins to the bacterial cell wall. SrtA recognises
the LPXTG (where X is any amino acid except cysteine) motif in
proteins'®* targeted for attachment to the cell wall peptidoglycan.
Proteins expressed with this C-terminal sequence can be
covalently attached to the constructs with an N-terminal glyci-
namide motif.">® This forms the basis of SrtA-mediated meth-
ods for enzyme immobilisation on magnetic nanoparticles'**
silica, graphene,'® and gold surfaces.'®

SrtA acts as a sort of molecular “stapler” that mediates site-
specific cross-linking of enzyme molecules with increased
thermal stability. For example, Staphylococcus aureus SrtA
mediated the cross-linking of (S)-ketoreductase (KRED II) from
C. parapsilosis to produce a thermostable immobilised bio-
catalyst for efficient enantioselective reduction of ketones.'"”
Thus, SrtA mediated conjugation of KRED II subunits, via cou-
pling of a native N-terminal glycine and an added GGGGSLPETGG
peptide at the C-terminus of KRED II to form mainly cross-linked
dimers and trimers. The resulting cross-linked KRED catalysed
the smooth reduction of 2-hydroxyacetophenone to (S)-1-phenyl-
1,2-ethanediol, in 99.9% yield and >99.9% enantioselectivity (Fig. 8).
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The scope of the method was demonstrated in efficient, highly
enantioselective reductions of a series of substituted acetophe-
nones with a further eight KREDs.'”

The S. aureus SrtA also mediated the ligation of a range of
proteins to solid supports, such as polymer beads, and glass
surfaces modified to display an oligoglycine motif.'°**'° This
transpeptidation methodology provides a general, robust, and
gentle approach to the selective covalent immobilisation of
proteins on solid supports. SrtA-mediated ligation was also
used to attach the photosystem I (PSI) complex from Synecho-
cystis sp. PCC 6803 to a conductive gold surface in the desired
orientation for enhancing electron transfer in the conversion of
light energy to electrical energy."""

4.2.3 Lipoic acid ligase (LplA). Lipoic acid ligase A (LplA)'**
mediates the ATP-dependent attachment of carboxylic acids to
an engineered 13 amino acid lipoic acid receptor peptide (LAP)
that can be genetically fused to a target protein of interest.
This can be utilised to introduce functional groups to enable
subsequent immobilisation via biorthogonal reactions. For exam-
ple, a variant of E. coli LplA catalysed the covalent attachment of
10-azidodecanoic acid which provides the possibility of utilising
click chemistry'*® via inverse-electron demand Diels-Alder reac-
tions (IEDDA) to attach the conjugate to solid surfaces (Fig. 9)"*'*>

5. Natural amino acid-mediated
bio-orthogonal covalent
immobilisation of proteins

5.1 Ligation via isopeptide bonds in tag/catcher systems

In covalent immobilisation through intermolecular cross-
linking of enzymes, e.g. in CLEAs, enzyme molecules form solid
state structures with increased stability and facile recovery.
However, building proteins into larger, post-translational
assemblies in a defined and stable way is still a challenging
task. A promising approach relies on so-called tag/catcher sys-
tems (Fig. 10). Tags and Catchers usually consist of peptide/
protein pairs respectively, derived from the cleavage of protein

H,N r
: ATP  PPi N— N l)n
™ o 9 [ ¥ 07 "NH
'R R .B-0 N )
: i oH LplA MELLO o ko# 7 = LAP )
: NH

n=4-10 OHOH °

R = -Ng, etc. Lipoyl-AMP @

0d Solid support
\C!
i\ }ATP,LpIA N \sxﬂ% N i
H c | LAP | H N\)Le/),\ o-
”ﬁ% g S I s

Fig. 9 Site-specific ligation by click reaction of azide groups using lipoic acid ligase and subsequent chemical modification of GFP.
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