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a b s t r a c t

Mutagenesis and immobilization are usually considered to be unrelated techniques with poten-
tial applications to improve protein properties. However, there are several reports showing that
the use of site-directed mutagenesis to improve enzyme properties directly, but also how enzymes
are immobilized on a support, can be a powerful tool to improve the properties of immobilized
biomolecules for use as biosensors or biocatalysts. Standard immobilizations are not fully random
processes, but the protein orientation may be difficult to alter. Initially, most efforts using this idea
were addressed towards controlling the orientation of the enzyme on the immobilization support,
in many cases to facilitate electron transfer from the support to the enzyme in redox biosensors.
Usually, Cys residues are used to directly immobilize the protein on a support that contains disul-
fide groups or that is made from gold. There are also some examples using His in the target areas
of the protein and using supports modified with immobilized metal chelates and other tags (e.g.,
using immobilized antibodies). Furthermore, site-directed mutagenesis to control immobilization is

useful for improving the activity, the stability and even the selectivity of the immobilized protein, for
example, via site-directed rigidification of selected areas of the protein. Initially, only Cys and disulfide
supports were employed, but other supports with higher potential to give multipoint covalent attach-
ment are being employed (e.g., glyoxyl or epoxy-disulfide supports). The advances in support design and
the deeper knowledge of the mechanisms of enzyme–support interactions have permitted exploration
of the possibilities of the coupled use of site-directed mutagenesis and immobilization in a new way. This

paper intends to review some of the advances and possibilities that these coupled strategies permit.

© 2010 Elsevier Inc. All rights reserved.
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. Introduction

Enzymes are biological catalysts with very good prospects for
pplication in chemical industries due to their high activity under
ild conditions, high selectivity and specificity [1–4]. However,

nzymes do not fulfill all of the requirements of an industrial bio-
atalyst or biosensor [5,6]. They have been selected throughout
atural evolution to perform their physiological functions under
tress conditions and quite strict regulation. However, in indus-
ry, these biocatalysts should be heterogeneous, reasonably stable
nder conditions that may be quite far from their physiological
nvironment [7–9] and retain their good activity and selectivity
hen acting with substrates that are in some instances quite dif-

erent from their physiological ones.
Currently, substantial developments in many different scien-

ific areas have been able to shortcut these enzyme “deficiencies”
s industrial biocatalysts. These advances range from microbiol-
gy and molecular biology (e.g., using enzymes from thermophilic
nvironments or improving enzyme properties via directed evolu-
ion) [10–14] to biochemical engineering (new bioreactors [15–18]
r immobilization supports and protocols [19–23]). These develop-
ents have permitted an increase in the number of enzymes and

roteins used as biosensors or biocatalysts at the industrial level in
ecent years.

Among these techniques, the immobilization of enzymes or
roteins is almost compulsory for most of their practical applica-
ions. The immobilization permits heterogeneous adsorbents (e.g.,
ntibodies) or biocatalysts (e.g., enzymes), as well as the ability
o locate the enzyme in the defined area of the sensor where
he transductor is placed [24]. Therefore, the enzyme can be re-
sed, provided it is stable enough. When properly designed, the

mmobilization of enzymes and proteins has also been a very
owerful tool to improve enzyme or protein stability, and in cer-
ain cases even their activity or selectivity [25–28]. On the other
and, site-directed mutagenesis has been a very useful instru-
ent in improving enzyme features from activity to stability

27,29,30].
Site-directed mutagenesis and immobilization have been tra-

itionally considered to be unrelated tools, even though the
utant enzyme (an improved enzyme) has in many cases

een further immobilized for use in an industrial bioreactor
31–34].

This review will focus on the use of site-directed mutagen-
sis not to directly improve protein features but to obtain an
mmobilized protein with improved properties compared to the
mmobilized native enzyme.

The protein or enzyme orientation on the support surface
ay be critical if the enzyme active center needs to be in a

roper connection with the support, which is the case for redox
nzymes that should receive or transfer electrons from or to the
upport [35–40]. Another issue that makes protein orientation crit-
cal is that when the substrate is very large, the support surface

ay generate steric hindrance in its recognition by the immobi-
ized protein [40–42]. Thus, in many examples, the coupled use
f site-directed mutagenesis and immobilization was addressed
o control the orientation of the protein on the support surface
43–45].

On the other hand, the immobilization of an enzyme involving
ifferent areas of the enzyme may affect all of its proper-
ies (from activity to selectivity or stability) [26]; there are
ome examples where site-directed mutagenesis has been used

o improve some specific catalytic properties of the immobi-
ized enzyme. In some cases, just by orienting the enzyme
n a particular way or by improving the intensity of the
nzyme–support reaction, the protein stability can be improved
26].
d Microbial Technology 48 (2011) 107–122

2. Conventional immobilization of enzymes and proteins

Immobilization of enzymes and proteins using standard proto-
cols is usually called “random immobilization.” However, in most
cases, the controlled immobilization of a protein on a support is
not a completely random phenomenon but results in a determined
protein orientation.

When an enzyme is immobilized using a particular immobi-
lization protocol, the enzyme can interact with some antibodies
and not with others, suggesting that all of the immobilized pro-
tein molecules have a specific inaccessible surface area [46]. The
use of different immobilization protocols changes the protected
area of the same protein [46]. Moreover, if conventional immo-
bilization produced a randomly immobilized enzyme, then the
dramatic changes in enzyme properties caused by the use of differ-
ent immobilization protocols, even inversion of enzyme specificity
[26,47–54], would be hard to explain. A recent paper [55] shows
that the tryptic hydrolysis of penicillin G acylase attached to Euper-
git (via a first hydrophobic adsorption) [56,57] or glyoxyl-agarose
(via the area richest in Lys residues) [58,59] identifies some Lys
residues that are involved in the immobilization while others
remained fully unmodified, showing differences in the protein ori-
entation in the two preparations [55].

Thus, in many cases, a particular controlled immobilization pro-
tocol yields an immobilized enzyme preparation in which most of
the immobilized molecules have a very similar orientation. In fact,
truly random immobilization of a protein on a support may be quite
difficult to achieve, and some authors propose that when this is
required, the best option may be to use different immobilization
protocols and use all these immobilized preparations in a coupled
way [46].

An explanation for this oriented immobilization may be found
in the mechanism of immobilization that follows using different
supports.

First, supports able to covalently immobilize proteins at just one
point (e.g., a primary amino group) will be analyzed. Many authors
consider that the first immobilization of the protein could be pro-
duced mainly via any �-amino group of the most abundant primary
amino groups in the protein, which are the Lys amino acid, lead-
ing to a randomly immobilized enzyme preparation. However, it
should be considered that only non-ionized amino groups will be
good nucleophiles and will take part in the reaction. At pH 7, the
reactivity of an external Lys (with a pKa over 10.5) will be signif-
icantly reduced; less than 10−3.5 of the groups will be reactive.
However, the terminal amino group of the protein will present
a pK value between 7 and 8. That means then even in the least
positive case, the reactivity of this group will be over 102.5 higher
than that of a Lys and much higher than the overall Lys groups
present in a standard protein surface. Thus, when using supports
activated with tosyl chloride [60,61], cyanogen bromide [62,63]
or glutaraldehyde (at high ionic strength or using lowly activated
supports) [64] at a neutral pH value, the proteins will be first immo-
bilized via this terminal amino group (if it is exposed to the surface)
(Fig. 1). After the first immobilization, it may be possible that the
�-amino group of the Lys groups, in a “pseudo-intermolecular”
way, can react with the support groups to give a certain mul-
tipoint covalent attachment. Of course, in some cases, a protein
may have several terminal amino groups that might have similar
pK values and exposure to the medium, being located in different
areas of the protein, which would produce a mixture of protein
orientations. In other cases, this group may not be exposed to the

medium, leaving the Lys residues as the only reactive groups. How-
ever, these cases should be considered to be an exception rather
than a rule.

Another situation arises when the enzyme needs to produce
several simultaneous “weak” interactions with the support to
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Fig. 1. One-point immobilization by th

ecome immobilized (Fig. 2). This situation occurs in most phys-
cal adsorptions of proteins in supports, such as ionic exchange,
ydrophobic adsorptions or interactions with immobilized metal
helates (an exception is when the enzyme has an engineered
is-tag or two wild-type vicinal His residues) [65–68]. In covalent
ttachment, proteins become immobilized on glyoxyl supports in
his way in the absence of reagents able to stabilizing imino bond
ormed between the enzyme and the support [58,69]. In all of these
ases, the immobilization rate depends exponentially on the sur-
ace density of groups on the support and, obviously, on the protein
urface [58]. Moreover, the enzyme–support multi-interaction may

e facilitated if the distance between several reactive groups of the
rotein corresponds to the distance between the reactive groups
n the support. Thus, proteins will become mainly immobilized by
he area where the highest possibility of giving this simultaneous

ultipoint interaction between the enzyme and support exists,

Fig. 2. Multipoint immobilization by the area w
t reactive amino group of the protein.

and immobilization will also be quite far from being random,
resulting in a main orientation of the protein molecules. The ori-
entation of the protein on the support surface can only be changed
by altering the event that produces the first immobilization [70].

Another aspect of immobilization of a protein on a support
is the possibility of establishing multiple enzyme–support inter-
actions. If these interactions are controlled and occur during the
immobilization step, the effects should be mainly beneficial for the
final properties of the biocatalysts [26,71–73]. For example, using
a covalent immobilization, the effects of this controlled multipoint
covalent attachment are a higher stability with a moderate (or even

nonexistent) decrease in enzyme activity [26]. This is the case for
the immobilization of enzymes on glyoxyl agarose. After reduc-
tion, the support is fully inert and hydrophilic. However, reactive
glyoxyl supports are able to produce an intense multipoint cova-
lent attachment [59]. Using some epoxy supports, the remaining

ith the highest density of reactive groups.
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poxy groups can be blocked with hydrophilic compounds to avoid
ovalent reactivity and to enhance support inertness [74]. Both sup-
orts have been successfully used to prepare biocatalysts with high
tabilization values and high activity recoveries [59,75].

An entirely different matter is when the support cannot be
ransformed into an inert one after enzyme immobilization and
s able to establish uncontrolled interactions with the immobi-
ized protein during storage or application. These uncontrolled
nzyme–support interactions are undesired and in many instances
ay lead to enzyme inactivation (Fig. 3). These uncontrolled inter-

ctions are not avoided by using site-directed immobilization of
he protein. Even if the reactivity of the groups in the support is
ot enough to significantly immobilize the protein on the support,
fter immobilization, the surface of the support will be very near
o the surface of the enzyme [76]. That way, the huge increase of
he apparent concentration of the groups in the protein and the
oorly reactive groups in the support facilitates the establishment
f these unwanted interactions. Therefore, the design of the sup-
ort should always consider that having a final surface as inert as
ossible is of interest, even if a first site-directed immobilization is
roduced.

In some cases, immobilization of enzymes or proteins in some
etermined protein orientations may produce severe activity drops
ecause immobilization may distort critical areas of the protein or
lock the active center of the enzyme, especially when using large
ubstrates. For example, �-galactosidase from Aspergillus oryzae
emained fully active when immobilized on amino-epoxy supports
ut lost all of its activity when immobilized on hydrophobic-epoxy
upports [77]. The case of the function of immobilized antibodies
r protein A is another example where immobilization may greatly
lter the final properties of the immobilized biomacromolecule

78–83].

However, protein immobilization via areas near the active site
ay be beneficial in some cases. The interfacial activation of

ipases versus hydrophobic supports produces hyper-activation of
he enzyme using hydrophobic substrates [26,48,84].
-inert supports.

Thus, a controlled immobilization of a protein on a support is not
site-directed control but yields a quite homogenous population of
immobilized protein molecules that may serve many applications.
However, this orientation may be hard to predict and even harder
to alter using a determined immobilization protocol, if it is not the
desired orientation. For this reason, site-directed and completely
controlled immobilization should be very advantageous in many
instances because it ensures obtaining the desired orientation of
the enzyme on the support.

3. Controlling the immobilized enzyme orientation using
site-directed mutagenesis to maintain protein function

As previously stated, the enzyme orientation may be a key point
in certain cases. In some instances, the control of the orientation
may be performed by controlling the support activation. For exam-
ple, the use of a lowly activated amino support may direct the
immobilization of multimeric enzymes to the area that involves
more enzyme subunits [85–86]. The control of the immobilization
conditions, for instance, by employing high ionic strength using
ionic exchange matrices, may also give a specific protein orien-
tation [87,88]. The most obvious way of getting a site-directed
immobilization is to select a specific group on the protein, such
as the sugar chains [42]. However, this method may give a spe-
cific orientation that in certain cases may not be the desired one, or
make the use of a determined support and immobilization protocol
compulsory, which may not be adequate for the specific enzyme or
application under study.

Therefore, site-directed mutagenesis appears to be an elegant
and versatile way of controlling protein orientation, permitting
the immobilization of a protein via different orientations on the

same support and conditions as well as determining the first area
that interacts with the support. Compared to the “controlled”
immobilization in the previous point, some additional requisites
are necessary: the structure of the protein (or some analogous
one) needs to be resolved, and the enzyme needs to be cloned
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Fig. 4. Site-directed mutagenes

n a microorganism where genetic manipulation tools are avail-
ble. Although the use of genetic tools requires some additional
xpenses in biocatalyst development, these tools are already used
o improve enzyme properties, in some cases at the industrial level.
nce the optimal protein is designed, the production cost will be

imilar to the native one. If stability, activity or selectivity of the
nzyme is increased in a significant enough way, the economical
alance of the process should be positive, although a specific
conomic study may be necessary in each case.

To this goal, the research needs to introduce changes in the
equence of the gene of the target protein that, after its expression,
ermits the immobilization of the protein using an immobilization
rotocol that cannot immobilize the native enzyme (Fig. 4).

Butterfield et al. revised these developments to get a site-
irected immobilization of proteins and enzymes to form
iofunctional membranes to be used in different areas [89]. In
ddition, Campàs et al. have recently published a review on the
se of genetically engineered enzymes in electrochemical biosen-
ors to improve the sensor sensitivity [45]. The authors state that
mmobilization of biomolecules on electrodes is a key issue in the
evelopment of electrochemical biosensors. Immobilized proteins
hould retain their function and keep their active sites accessible.
oreover, a close proximity between the bio-recognition molecule

nd the transducer is also desired to obtain an efficient electron
ransfer. Thus, together with the improvements in enzyme activity
nd specificity using mutagenesis, enzyme orientation control on
he support surface is stated in these reviews as one of the main
argets to create an improved sensor by improving the electron
ransference or by improving the substrate accessibility [45].

This joint use of both techniques has been carried out using
ifferent strategies that may permit achieving site-directed immo-
ilization in different situations [45,89].

.1. Use of tagged proteins and antibodies

One of these strategies is somewhat complex, but quite elegant.

t involves the production of antibodies versus a specific tag, the
mmobilization of the antibody and the gene fusion of the target
rotein to incorporate the peptidic tag at the N- or C-terminus
f the enzyme. The tagged enzymes are then attached using the
ffinity tag to the immobilized anti-tag antibodies (Fig. 5). For
a site-directed immobilization.

example, this strategy was employed for the site-specific immo-
bilization of an alkaline phosphatase [90]. First, a fusion protein
of alkaline phosphatase and a polypeptide tag (Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys) was produced. The fusion protein was incubated
in the presence of a monoclonal antibody directed against the tag.
Finally, a membrane containing immobilized protein A was used
to adsorb the protein–antibody complex. This process resulted in
the site-specific immobilization of the enzyme, which permitted
the recovery of over 85% of the enzyme activity [90]. This gene
fusion/affinity immobilization approach is appropriate when either
the N- or C-terminus is exposed and permits the orientation that
the researcher requires. However, it is only valid for orientations
via these two positions.

3.2. Use of enzymes to immobilize proteins via specific tags

Another similar strategy proposes the use of a poly-peptide tag
with transglutaminase-reactive Lys, and the use of transglutami-
nase to achieve site-specific immobilization of the enzyme via this
tag (Fig. 6). The use of transglutaminase to immobilize and cross-
link proteins is a method of immobilization used in some examples
[91–93].

Using alkaline phosphatase from E. coli, two designed specific
peptide tags containing a reactive lysine residue with Gly-Ser
linkers of different lengths for microbial transglutaminase were
genetically attached to the N- or C-terminus of the target enzyme
[94]. �-Casein was immobilized on agarose beads to obtain reac-
tive Gln residues on the support surface. Immobilization was found
to depend on both the position and the length of the peptide
tags incorporated into the enzyme, suggesting steric constraint
upon enzymatic immobilization. This immobilized alkaline phos-
phatase showed comparable activity with the soluble counterpart
and comparable operational stability with the chemically immobi-
lized enzyme [94].

A similar method was used for the site-specific immobilization
of this enzyme on a plastic surface. The researchers used alkaline

phosphatase from E. coli with a specific peptide tag (MKHKGS)
genetically incorporated at the N-terminus, microbial transglu-
taminase and a 96-well polystyrene microtiter plate coated with
casein to produce site-directed immobilization [93]. There are more
examples of the use of this technique to achieve the site-directed
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Fig. 5. Use of chimerical proteins with inserted tags and immobiliz

mmobilization of different enzymes [95,96]. It is a very mild way
o site-directly immobilize an enzyme, but hardly any significant
tabilization may be expected after enzyme immobilization.
.3. Use of biotin/avidin site-modified proteins

Another elegant but complex strategy is the use of molecular
iology to add a single biotin addition in a site-specific manner to

Fig. 6. Use of transglutaminase and chimerical proteins having tags with selec
i-tags to achieve site-directed immobilization of the target protein.

the structure of the target protein [97]. This biotinylated protein
may be attached to a support containing avidin through the strong
interaction between both molecules. This method allows the use

of an avidin spacer between the enzyme and the immobilization
surface, decreasing steric hindrance, but also reducing the pos-
sibility of a controlled multipoint covalent attachment between
immobilized enzyme and support; therefore, the stabilization
resulting from the immobilization process should be low. The

ted sequences to get site-directed immobilization of the target protein.
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ag will again be in two possible positions on the protein (C
r N terminal); therefore, this method is again only valid for
ertain applications. A nice example of this strategy was the
mmobilization of a �-galactosidase (�-Gal). The enzyme was
iotinylated at a single site following expression of a plasmid in
. coli that encodes a fusion protein of �-Gal and a polypeptide
ag at its N-terminus. When this fusion product is expressed in
. coli, one lysine residue on the polypeptide tag is specifically
iotinylated by biotin ligase (a bacteria-resident enzyme) during
he post-translational modification process. The incubation of this
iotinylated enzyme in the presence of poly(ether sulfone) mem-
ranes onto which avidin was already immobilized permitted the
ite-directed immobilization of the �-Gal. A two-fold improvement
n immobilized enzyme activity was observed relative to that of the
ully biotinylated enzyme (that was immobilized in a random way)
97].

In other examples, protein–streptavidin fusion proteins were
repared and immobilized on a biotinylated matrix [98]. For exam-
le, extracellular production of a keratinase–streptavidin fusion
rotein was accomplished by cloning in Bacillus subtilis a transform-

ng plasmid carrying the keratinase–streptavidin fusion gene. The
usion protein was immobilized onto a biotinylated solid matrix by

ixing in the culture medium. The heat stability and pH tolerance
f the enzyme were greatly improved by its immobilization, but its
atalytic efficiency (kcat/Km) was reduced eight-fold, perhaps due
o diffusion problems [98].

.4. Use of site-directed exchanged His residues or His tags

The use of His to immobilize proteins on immobilized metal
helate (IMAC) or gold supports has also been used in many
nstances. In these cases, the support is activated with immo-
ilized transition metal chelates (IMAC) (Ni2+, Co2+, Cu2+, Zn2+,
n2+ or Fe3+) [99]. This immobilization method is based on the

eversible interaction between the transition metal ions and elec-
ron donating groups, mainly His residues (although Cys and Trp

ay also participate) [100,101]. Wild-type proteins are immobi-
ized on IMAC supports only via the interaction between several
helate groups in the support and several groups dispersed on the
rotein surface. However, poly-His tagged proteins may be fixed to
he support by the interaction of two His groups of the tag with

single group in the support [66]. This adsorption via just one
helate also occurs when using wild-type (or mutated) proteins
aving two proximal His residues. The immobilization is reversible
pon addition of a competitive ligand (e.g., imidazole or His) or
emoval of the metal ion via EDTA complexation [68,100,101], a
eversibility that has been exploited both in enzyme purification
nd in the reuse of supports of expensive biosensors or biocata-
ysts after enzyme inactivation. This methodology is more versatile
han the previous ones because the introduction of His pairs in
he middle of the protein structure does not limit the likely ori-
ntations of the protein to those achieved when immobilizing it
y the terminal amino acids, although the introduction of two His
roups may have some impact on the protein properties. However,
n some cases, one His may be presented on the desired area of
he wild-type protein, so that only one additional His needs to be
dded.

For example, a biosensor for organophosphorus insecticides
as been developed, based on the immobilization of a hexa-His-
agged acetylcholinesterase on a nitrilotriacetic acid metal ion
lectrode [102]. The hexa-His tail was incorporated at the position

here the wild-type enzyme presents a glycolipid anchor that

n vivo links the enzyme to the cytoplasmic membrane to preserve
he enzyme conformation and activity. The biosensor showed a
ensitivity, linear range and response time not significantly dif-
erent from those based on trapping into polymers, but showed
d Microbial Technology 48 (2011) 107–122 113

a lower detection limit, probably due to the absence of diffusion
barriers. Although the metal affinity-based biosensor presented
shorter storage stability, it could be restored by desorption of inac-
tivated enzyme and immobilization of fresh enzyme solution on
the electrode. The sensor was tested for the detection of paraoxon,
dichlorvos and chlorpyrifos ethyl oxon, with the detection levels
being 4.1, 0.5 and 0.1 ppb, respectively [103].

In another example, the hexa-His-tagged acetylcholine esterase
was conjugated to Ni2+-iminodiacetic acid modified magnetic
beads for their subsequent immobilization on magnetized supports
[104]. The use of magnetic beads enabled a decrease in the inhibitor
incubation time and provided a 10-fold lower limit of detection
compared to immobilization of the enzyme by entrapment.

Horseradish peroxidase is another enzyme frequently used
in biosensors. The direct electrochemical reduction of wild-type
horseradish peroxidase adsorbed on electrodes is not very efficient.
This finding may be due to the long distance between the active
site of the glycosylated native enzyme and/or an unfavorable ori-
entation of the enzyme [105,106]. The use of a non-glycosylated
recombinant horseradish peroxidase containing a hexa-His tag
accelerated the electron transfer kinetics, improving the sensitivity
of the gold electrodes towards hydrogen peroxide, and provided
more stable biosensors due to the higher binding strength of the
enzyme with gold [107,108]. On the one hand, the deglycosy-
lation of horseradish peroxidase decreases the electron transfer
distance between the active site and the electrode. On the other
hand, the immobilization via the hexa-His tag may be orientating
the enzyme in an optimal configuration for the electron trans-
fer.

The importance of the orientation of the enzyme in the
surface-enzyme electron transfer was also demonstrated using
ferredoxin:nicotinamide adenine dinucleotide phosphate reduc-
tase [109]. The researchers introduced a His pair at two different
positions of the protein surface. The two electrode-bound mutant
enzymes manifested differences in the amount and distribution of
bound molecules, in the kinetic constants of their redox catalytic
steps, and most interestingly, in their ability to transfer electrons
to a redox mediator covalently attached to the self-assembled
monolayer. The authors concluded that the position of the His-
pair determined the orientation of the protein with respect to the
electrode surface and its competence to establish direct electri-
cal communication with the electrode. Atomic force microscopy
confirmed the different orientation of both immobilized mutant
proteins [109]. There are many other examples of this strategy
[110,111], e.g., human neuroglobin [112], laccase [37], cellulase,
[113], firefly luciferase, [114], RNA polymerase [115] and D-xylose
isomerase [116].

3.5. Use of site-directed exchanged Cys residues

The most simple and versatile way of controlling enzyme orien-
tation is the site-directed mutagenesis of the enzyme to introduce
unique Cys residues into the enzyme surface (Fig. 7). The enzymes
are attached on thiol-reactive surfaces (gold, or disulfide activated
supports) through the thiol group on the side chain of the intro-
duced Cys [44,45,89,117,118]. If the wild-type enzyme presents
some surface Cys, a previous change of this (these) residue(s) by
a serine or threonine will be necessary.

Using gold as an immobilization surface, the immobilization is
produced by the binding between thiol groups (although halogen,
hydroxyl or aldehyde functionalities may also be involved) and gold

surfaces [44,45,89]. The main advantages are the simplicity and
mildness of the protocol and the strong and stable biomolecule
attachment. Using disulfide activated supports, immobilization is
produced by a thiol-disulfide interchange, and only the SH in the
Cys will be involved [117,118].
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Fig. 7. Introduction of Cys for site-directed imm

For example, site-directed mutagenesis was used to introduce
Cys into subtilisin, a protein that does not contain Cys [119]. The

esearchers intended in this case to immobilize the enzyme as far as
ossible from the active center. To this purpose, Ser residues located
n the distal side of the protein surface away from the active site
er were changed to Cys (one at a time). The changes of Ser to Cys
ere innocuous to the structure and function of subtilisin. Employ-

ng the unique Cys located away from the active site, the SH group
as reacted with a thiol-reactive membrane. Using this methodol-

gy, an increase in recovered activity from 48 to 83% was observed
or conventionally immobilized and site-specifically immobilized
ubtilisin on PVC-silica membranes [120].

The use of recombinant horseradish peroxidases that, in addi-
ion to the hexa-His tag, contained a Cys residue at different
ositions and were immobilized on gold electrodes demonstrated
hat the electron transfer efficiency depended on the orientation
f the HRP at the electrode surface that, in turn, depended on the
osition of the mutations [121]. This enzyme has been immobilized
sing this strategy in other instances [122,123].

Cys residues have been introduced into protein sequences for
he immobilization of enzymes by the formation of self-assembled

onolayers on gold surfaces. Six mutants of recombinant
onomeric superoxide dismutase were engineered to contain one

r two additional Cys residues for self-assembly on gold electrodes
124]. The one-step immobilization protocol, based on the incu-
ation of the gold electrode into an enzyme solution, not only
implified the construction of the biosensor but also provided more
eproducible results. The biosensor showed a higher sensitivity
owards superoxide radicals than that obtained by conventional
ytochrome C monolayer electrodes, which are also used for this
urpose [125].
A high number of Cys residues involved in the protein inter-
ction with the support may permit a stronger immobilization,
educing enzyme leakage. On the other hand, it can compromise the
unction of the immobilized biomolecule. Thus, stripping voltam-

ograms of an immobilized dimeric nitroreductase containing
ation of proteins via thiol-disulfide interchange.

different numbers of Cys residues per monomer (adjacent to His
tags used for enzyme purification) [126] showed optimal results
at Cys 12 (two Cys6-modified monomers). Because the activity of
all modified enzymes in solution was essentially the same, the
observed effect was likely due to a minimal loss of the native con-
formation upon immobilization with the Cys12-modified enzyme.

In another example, a nitroreductase containing a sequence of
six Cys was genetically engineered. This protein enabled the estab-
lishment of strong thiolate bonds between the enzyme and gold
supports. This enzyme was adsorbed on a gold electrode surface
without the need for pre-treatment of the surface and without
the loss of enzyme activity. The enzyme was directly immobi-
lized on a gold electrode. This technique was used to develop an
amperometric biosensor for the detection of explosives containing
nitroaromatic compounds, with detection levels down to 100 parts
per trillion [126].

There are many other examples of using genetically introduced
Cys to get site-directed immobilization enzymes, including pro-
tein receptor [127], plastocyanin [128], dihydrofolate reductase
[129,130], dehydrogenases [131,132] and immunoglobulin binding
receptors [133].

In general, the replacement of one amino acid on the surface of
the proteins by a Cys presented a negligible effect on the enzyme
features, could be introduced in any region of the enzyme, and per-
mitted a complete site-directed immobilization of the proteins,
mainly when using disulfide-thiol interchange chemistry. Thus,
this seems to be the most promising technique to have a site-
directed orientation at any position of the protein.

3.6. Immobilization of proteins via a cellulose binding domain on
cellulose supports
There are many peptide domains that permit the one-step
purification and immobilization of proteins on different supports,
and an exhaustive revision of all of these technologies may be
beyond the scope of this review because in many cases directed
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mmobilization is not the final target. Nevertheless, we will use the
ellulose-binding domain (CBD) as an example of the usefulness
f these domains because the CBD has found diverse applications
n protein immobilization on carbohydrate supports, particularly
ellulose. Such carbohydrate-binding modules may be artificial as
ell as of natural origin. They are well known and extensively stud-

ed in many prokaryotes as well as eukaryotes, so their genetic
anipulation is relatively straightforward.
One of the simplest applications of this tag is the immobiliza-

ion of protein A or antibodies to achieve a proper orientation of
hese biomacromolecules so that they can be used as biosensors
r in protein purification [134–136]. For example, a novel method
or immobilizing antibodies onto magnetic cellulose microspheres
MCMS) using a cellulose-binding domain-protein A (CBD-ProA)
inkage was reported [137]. Biospecific connection between anti-
odies and MCMS exhibited significant advantages compared to
hemical coupling, including convenient and simple preparation,
limination of toxic compounds, and highly efficient antibody uti-
ization. To evaluate the application of this method, interferon �-2b
IFN �-2b) was chosen as a model target. After optimization and
haracterization, IFN �-2b was successfully purified from crude cell
ysate in a single step by cross-linked anti-IFN �-2b IgG protein A-
BD-MCMS, purifying 106.1 �g IFN �-2b/mL matrix, corresponding
o a 13-fold increase over the chemical coupling method [137].

There are also some examples where CBDs have been used
o purify and immobilize enzymes [138–140]. For example, the
ymomonas mobilis gene invB, encoding an extracellular inver-
ase, was translationally fused with the cellulose-binding domain
ex (CBDCex) from Cellulomonas fimi and expressed in E. coli. The

usion protein obtained, termed INVB-CBD, was easily purified
nd immobilized to Avicel (crystalline cellulose) in a single step
141]. In another example, organophosphorus hydrolase (OPH)
as used. OPH is an enzyme that catalyzes the hydrolysis of
eurotoxic organophosphate nerve agents. To simplify the pro-
uction of the biocatalysts, a fusion between OPH and a CBD was
enerated to allow one-step purification and immobilization of
PH on cellulose, resulting in a preparation useful for degrading
oumaphos [142]. Later, the system was applied for the biodetox-
fication of paraoxon in a continuous flow mode with good results
143].

Finally, this domain has found two specific and elegant appli-
ations. Nahalka and Nidetzky used a novel concept of controlled
recipitation in vivo [144]. To this goal, the target enzyme is fused
ith a CBD of Clostridium cellulovorans, expressed in Escherichia coli,

nd produced under conditions that induce selective pull-down of
he folded fusion protein via intermolecular self-aggregation of the
BD. Aggregates of D-amino acid oxidase from Trigonopsis variabilis
ere produced using this technique with good results. The aggre-

ated CBD retained the ability to bind microcrystalline cellulose and
occulated polysaccharide particles upon attachment to them. The
ellulose-bound oxidase was about 36-fold more stable than the
oluble enzyme [144]. A second specific application is the use of this
omain to generate a thermoswitched immobilization, proposed by
ahálka and Geneminer for thermophilic enzymes in an interest-

ng paper [145]. They fused the mesophilic carbohydrate-binding
omain from Clostridium cellulovorans with thermophilic enzymes
rom Pyrococcus furiosus. Then, they showed that the fusion enzyme
an be reversibly immobilized/released just by thermal denatura-
ion and renaturation of the fused protein. Modular recombinant
nzymes are active and free in the reaction mixture at 80–90 ◦C and
eactivated and immobilized by affinity adsorption on cellulose at

0–30 ◦C. The temperature transition between both the modes is
ather sharp and occurs within the range of 40–50 ◦C. After the reac-
ion, the enzymes are quickly deactivated, adsorbed on the affinity

atrix, removed from the reaction mixture and are ready to be used
n another reaction cycle [145].
d Microbial Technology 48 (2011) 107–122 115

4. Site-directed mutagenesis to improve the enzyme
properties of immobilized enzymes

A deeper knowledge of the protein structure and of the mech-
anism of immobilization on different supports has permitted the
use of site-directed mutagenesis not only to preserve the enzyme
function after immobilization but also to improve it.

The genetic increase in the number of the desired ionized amino
acids on proteins that are unable to become adsorbed on ionic
exchangers has permitted the immobilization of these enzymes
on those supports. This was exemplified using penicillin G acy-
lase from E. coli, where eight Glu residues were introduced on
the enzyme surface by site-directed mutagenesis, decreasing the
Ip of the protein from 6.4 to 4.3 [146]. Thus, from a wild-type
enzyme that cannot be adsorbed on anionic exchangers, it was pos-
sible to prepare an enzyme able to become adsorbed on DEAE or
polyethyleneimine-coated supports. Considering that this is a very
simple immobilization technique and may produce stabilization
versus organic solvent, mainly if using polymeric beads [147], this
is a simple way of improving the enzyme immobilization properties
via site-directed mutagenesis.

An original way of using genetic tools to improve the immo-
bilization was the research developed by Ansorge-Schumacher
et al. to improve the activity recovery of formate dehydrogenase
from Candida boidinii after entrapment of the enzyme in polyacry-
lamide gels [148]. It is not really site-directed mutagenesis to get a
directed immobilization but rather the use of a potent genetic tool
to improve the results of an immobilization protocol.

Enzymes exposed to acrylamide and tetramethylethylenedi-
amine may become inactivated due to chemical modifications of
Lys or the hydrophobicity of the medium [149–152]. Stabilization
resulted from an exchange of distinct amino acids after two cycles
of an error-prone PCR process. Lys 35 was exchanged for Arg and
Glu 53 for Val in the first round. Cys (position 23 exchanged for Ser)
was found in the third round. All residues were remote from the
active site and did not significantly affect the kinetic parameters of
the enzyme. Thermal stability of the mutant enzymes significantly
increased at the exchange of lysine and glutamic acid but decreased
due to the additional exchange of cysteine. This result agreed with
previous findings [153], where an 80% decrease in the half-life of
mutant formate dehydrogenase-C23S at 50 ◦C was found, and con-
firms the special relevance of C23 for enzyme stability. The better
thermal stability of the new formate dehydrogenase variant com-
pared with that of formate dehydrogenase-C23S was obviously a
result of the stabilizing effects of the additional mutations that were
introduced during the first step of evolution [158].

The formate dehydrogenase variants of both generations
retained clearly higher residual activity after entrapment in poly-
acrylamide gels than the wild-type enzyme. The results found
during immobilization were less clear than during screening, where
soluble acrylamide was used, but even with that being the case, the
activity increased by 4.4-fold in the enzyme with three mutations.
This lower impact was explained by diverse causes; for example,
the polymerization process itself affects the enzyme variants in dif-
ferent ways, depending on their respective mutations. In any case,
screening with a mixture of acrylamide and TEMED turned out
to be well-suited for resembling the deactivating forces of poly-
acrylamide gels PAA formation on the enzyme and thus enabling
the identification of variants with considerably improved activ-
ity recovery after immobilization. Thus, two apparently unrelated
strategies, such as immobilization and directed evolution, may

be used in a coupled way to get a final optimized catalyst. The
coupled use of both strategies should become beneficial if high-
throughput screening is utilized to study the immobilization, as
recently described by Brant and co-workers using microtiter plates
and an esterase as a model [154].
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.1. Enrichment in Lys residues on the desired region

The first immobilization of enzymes on glyoxyl agarose is via
multipoint covalent attachment [58]. This attachment causes

nzymes to become immobilized on this support at the areas where
ost of their reactive groups are located [58,59]. On the other hand,

t has been shown that the enrichment of reactive groups on the
rotein surface (using chemical modification) increases the possi-
ility of getting a more intense stabilization by multipoint covalent
ttachment on these supports [155,156]. Thus, if a region on the
rotein surface was created that was very rich in Lys residues, it
ould be expected that the enzyme was mainly immobilized on
lyoxyl-agarose via this area and could be stabilized in a more
ntense way (Fig. 8).

Following this idea, Guisan’s group used the enzyme penicillin
acylase from E. coli and genetically introduced three Lys residues

n the enzyme surface in a region that was already rich in Lys
roups [157]. These mutations did not alter the enzyme stabil-
ty or the kinetic properties of the soluble enzyme. However, the
ate of immobilization on glyoxyl-agarose was increased more than
0-fold when compared to the wild-type enzyme, even though
he number of overall external Lys was not significantly altered
around 10%). This finding confirmed that the immobilization was

ainly performed via the region where the Lys residues had been
ntroduced. The immobilized mutant enzyme showed improved
tability on thermal or cosolvent induced inactivations with stabi-
ization factors ranging from 4 to 11 compared to the native enzyme
mmobilized on glyoxyl-agarose following the same protocol [158].
onsidering the stabilization obtained by the immobilization of the
ild-type enzyme (near to 10,000) [158], the final stabilization

actors achieved with this strategy were impressive.

Terreni and co-workers used a similar strategy to direct the

mmobilization of penicillin G acylase, focusing their efforts on
mproving the catalytic behavior of the enzyme in the kinetically
ontrolled synthesis of antibiotics. For this purpose, they designed

Fig. 8. Site-directed and improved multipoint attachment of enzymes with
d Microbial Technology 48 (2011) 107–122

a mutant protein with a tag of three lysines alternating with three
glycines on the C-terminal end of the � chain of the enzyme. This
modification improved the immobilization efficiency of PGA on
glyoxyl agarose and the catalytic properties of the immobilized
derivative on the kinetic synthesis of antibiotics [159,160]. They
evaluated other Lys enriched mutant enzymes on different regions
of the protein, obtaining different catalytic behaviors of the dif-
ferent mutant enzymes after immobilization on glyoxyl agarose
[161].

Using a similar strategy, but changing glyoxyl agarose to a mod-
ified polyethersulfone matrix presenting aldehyde residues, Ryan
and Ó’Fágáin improved the immobilization of horseradish perox-
idase [162]. The wild-type enzyme presented only two exposed
Lys residues. One triple mutant and one pentuple mutant were
generated by substitution of external arginines on the “back” of
the polypeptide (R118, R159 and R283) and of residues known
to influence enzyme stability (K232 and K241). The immobilized
protein was forced to orientate its active site away from the mem-
brane and towards the bulk solution phase. Mutations presented
a negative effect on enzyme stability that was not regained by
immobilization, perhaps due to the unsuitability of the support for
giving an intense multipoint covalent attachment, and was par-
tially solved by reverting one of the mutations. Optimal values were
achieved with the mutant with R118K, R159K, K232F, K241N and
R283K. Thus, directional, oriented immobilization of horseradish
peroxidase mutants onto an aldehyde-activated polyethersulfone
membrane was achieved with excellent retention of catalytic activ-
ity; however, stability was not good enough due to the negative
effects of the mutations and further studies are necessary [162].

Thus, the incremental addition of Lys residues may permit
site-directed immobilization, as well as bring forth an improved

stability and properties of the final biocatalyst. However, this strat-
egy needs several amino acid replacements on a determined area.
Moreover, this strategy may not be not useful for immobilizing pro-
teins via surface areas lacking in Lys residues because it will be

an area genetically enriched in Lys residues using glyoxyl supports.
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ecessary to reduce the Lys number of other Lys-rich areas and
ntroduce a high number of Lys on the desired area. Thus, although
ery useful, it did not appear to be a general and simple solution.

.2. Use of thiol/disulfide supports to get more stabilized enzyme
reparations

The pioneers of this strategy were Ulbrich, Mansfeld and
o-workers. In a first approximation, studies on the thermal inacti-
ation of immobilized enzymes made the authors propose a novel
onception of protein stabilization [163]. The hypothesis consid-
red that the native protein molecule is characterized by a specific
tructural region where the unfolding process starts. Accordingly,
nzyme stabilization by immobilization could be obtained if this
nfolding nucleus was blocked. Some years later, the researchers
ublished results that reinforced that idea [164–167]. The intro-
uction of Cys residues (just one per mutant) on different areas
f the surface of a cysteine-free mutant of a thermolysin-like pro-
ease from Bacillus stearothermophilus by site-directed mutagenesis
nabled the site-directed immobilization of this protease via a
ingle thiol group onto thiol-Sepharose. With some exceptions,
ntroduction of this surface Cys did not present a significant effect
n the thermal stability of the free mutant enzymes. However, the
osition of the introduced single Cys residues determined the ther-
al stability of the protease after immobilization. The resulting

tabilization effects were higher if the attachment of the enzyme
o the carrier was within the residues 56–69, an area that was

nown to be critical for enzyme stability [167]. Thus, two immo-
ilized mutants (T56C and S65C) having their Cys in the proposed
nfolding region of the enzyme showed a 9- and 12-fold increase in
alf-lives at 75 ◦C compared to the wild-type enzyme. The stabiliza-
ion by immobilization was even larger (33-fold) for the T56C/S65C

Fig. 9. Site-directed rigidification using thiol-epoxy support
d Microbial Technology 48 (2011) 107–122 117

double mutant enzyme, where a two-point immobilization could
be obtained [168]. In contrast, mutants containing Cys in other parts
of the enzyme showed only small increases in half-lives due to
immobilization (a maximum of 2.5-fold). This finding suggested
that the previous hypothesis could be correct: every protein is
characterized by a specific structural region where the unfolding
process starts, and when this unfolding region is bound by covalent
or non-covalent bonds to a support, it produces a high stabilization.
Considering the comparison between the different immobilized
mutant enzymes, where proteolysis is not possible, the reasons for
the stabilization after just one-point immobilization of the enzyme
may not easily be described. It might be founded on the promotion
of some steric hindrance to the movements of the enzyme chains:
the near proximity of the support surface can reduce the mobility
of these chains and thus produce certain stabilization. However,
the fact that a multipoint covalent attachment (in this case a
two-point covalent attachment) on the critical area could greatly
improve the results was a clear message from this work. Using Cys
and disulfide supports, a higher multipoint attachment could be
hard to achieve because it is not simple to have a protein with
many Cys residues concentrated in a reduced area of the protein
surface.

More than 20 years elapsed before a solution was proposed
for coupling thiol-directed immobilization and multipoint covalent
attachment. As a first step to reach the site-directed enzyme rigid-
ification via immobilization, a thiol-epoxy support was designed
[168]. Epoxy groups are very poorly reactive for soluble proteins

[57], so this new support permitted the immobilization of pro-
teins via thiol residues and produced a certain multipoint covalent
attachment between the enzyme and the support by involving
other nucleophiles of the protein surface, mainly the �-amino group
of the Lys residues [169] (Fig. 9). Penicillin G acylase from E. coli

s and a protein with a Cys inserted in the desired area.
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as chosen as a model enzyme. There is no clear information on
he most critical regions of this enzyme for its inactivation, and
esearchers have proposed that, contrary to the preliminary papers,
ultipoint immobilization via different regions could give infor-
ation on the regions critical for the stability of the immobilized

nzyme, and the enzyme stability could be analyzed under differ-
nt inactivation conditions. Thus, six different variants of penicillin
acylase from E. coli (which lacks in Cys residues) were designed,

ntroducing a unique Cys residue via site-directed mutagenesis in
ix different enzyme regions [170]. As the objective was to give an
ntense multipoint attachment around each Cys, areas that were
ich in Lys residues were chosen. All soluble variants exhibited

similar activity and stability compared to those of the native
nzyme, and contrary to the previous reports presented above, all
f the one-point thiol-immobilized enzyme preparations presented
xactly the same stability. However, when the enzymes were
mmobilized on supports having a low concentration of reactive
isulfide moieties and a high concentration of poorly reactive epoxy
roups and incubated under conditions where multipoint attach-
ent between epoxy and protein groups was favored [56,169],

he different derivatives exhibited diverse stabilities against sev-
ral distorting agents. The immobilized derivative of the mutant
nzyme obtained by replacement of GlnB380 by Cys (a group near
he active center of the enzyme) was the most stable biocatalyst
gainst heat and organic cosolvents: it preserved 90% of the initial
ctivity after multipoint covalent attachment and was 30-fold more
table than the soluble enzyme in the presence of dioxane [170].
his derivative also exhibited an improved enantioselectivity in the
ydrolysis of chiral esters (E was improved from 8 to 16) and in the
inetically controlled synthesis of amides (synthetic yields were

ncreased from 31 to 49%) [170]. Thus, the site-directed rigidifica-
ion not only permitted an improvement in the enzyme stability
ut also in other features of the enzyme, as could be expected
fter enzyme modulation using different immobilization protocols
26,37–54]

ig. 10. Optimal site-directed rigidification by improving the protein–support complemen
ovalent attachment.
d Microbial Technology 48 (2011) 107–122

However, the enzyme immobilized using this protocol did not
result as highly stabilized as expected. The reported 30-fold fac-
tor cannot compare with the stabilization obtained on standard
Eupergit C reported by the same research group [56], as the authors
recognize in the paper. A likely reason for these less than satis-
factory results could be the generation of steric hindrance by the
disulfides introduced on the support. They were over the epoxy
groups layer, which could reduce the possibilities of getting an
intense multipoint covalent attachment. One likely solution to this
problem may be to place the disulfide groups under the layer
of epoxy groups. While the one-point interaction is hardly lim-
ited in the immobilization because the enzyme is in soluble form
and its mobility is complete, after immobilization, any steric hin-
drance may result in a very difficult enzyme support multipoint
reaction. Nevertheless, this technique seems to be valid for detect-
ing the areas of the enzyme where a higher stabilization may be
achieved if involved in a multipoint immobilization process, and
these critical areas can be stabilized by other strategies (e.g., protein
engineering). The authors also propose some ways of improving
the stabilization results by this immobilization-stabilization tech-
nique, as the enrichment of this key region with more Lys residues
could achieve a more intense multipoint covalent attachment, as
was previously shown [157] (Fig. 10).

At first glance, one likely problem with this strategy is that one
point did not fully determine the enzyme orientation, However, it
should be considered that the reactivity of the groups in the sup-
port with the nucleophiles on the protein surface surrounding this
Cys should be very different: exposition, reactivity and (perhaps
most importantly) distance may be quite different. Thus, an almost
fully controlled orientation of the enzyme on the support (as is sug-

gested by the differences in the enzyme properties of penicillin G
acylases with very close inserted Cys residues) can be expected. To
be completely sure of that orientation, Cys2 mutants could be used,
although these may generate some problems due to the necessary
proximity of both groups.

tarities support: site-directed immobilization followed by a very intense multipoint
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. Future prospects

The results presented in this review are the first steps on a
ath that may lead to almost complete control of the immobiliza-
ion of an enzyme, such that the orientation and the intensity of
he enzyme–support interaction can be chosen. Some years ago,
esearchers could only try to optimize the support to achieve more
omplementary to the enzyme surface. Currently, site-directed
utagenesis of the protein may be used to improve this com-

lementarity of enzyme and support surface in a more complete
ay. Therefore, perfectly oriented and very rigid enzyme molecules

ould be prepared.
At first glance, the use of site-directed exchanged Cys on the

rotein surface to direct the enzyme immobilization on disulfide
upports is the best way to get an oriented immobilization [170].
n the second step, the further site-directed rigidification should be
einforced by adding nucleophiles on the enzyme surface (e.g., Lys
roups), as this has proven to yield very good results [157].

However, there is still a necessity for improved supports.
isulfide-epoxy-Eupergit C supports have proven to be not suit-
ble for intense multipoint covalent attachment. This result can be
ased on the existence of steric hindrance for the enzyme–support
eaction caused by the disulfides being over the layer of epox-
des, the unsuitability of epoxy groups for giving a very intense
nd rapid multipoint covalent attachment [171] or the inade-
uate internal geometry of the support. Eupergit C offers thin
bers where only a small percentage of the protein surface can

nteract. Regarding this last point, immobilization of proteins on
wo different epoxy-activated supports, such as Eupergit C and
epabeads, has been reported to give very different enzyme sta-
ilizations, even when using similar immobilization protocols
74]. Sepabeads have been described as a support that offers

much better internal geometry than Eupergit to give a good
eometrical congruence between the protein and its internal
urfaces.

Thus, new supports need to be prepared to take full advan-
age of these methodologies and achieve site-directed rigidification
Fig. 10). The new supports should reduce the steric hindrance of
he further multipoint attachment, for example, by presenting the
isulfide groups under the layer of the other reactive groups of the
upport. Moreover, the support should offer good geometrical con-
ruence for the enzyme–support reaction (internal flat surfaces). It
s also necessary to develop a protocol that will produce fully inert
urfaces after enzyme immobilization. Finally, the reactive groups
n the support should have a high reactivity with the enzyme
roups [171], perhaps using glyoxyl groups but obviously, only after
he first site-directed immobilization.
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