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illustrated in Fig. 1. The experiment begins with a parent protein
and an engineering goal (for example, 10-fold improved catalytic
activity on a particular substrate). The gene for the parent
protein is mutagenized to produce a library of mutant genes.
Proteins encoded by these mutant genes are then produced and
screened (or selected) for the desired function, and the improved
proteins are used as the parents for another round. Beneficial
mutations are accumulated until the goal is reached or no further
improvements are found. The success of the experiment obvi-
ously depends on the feasibility of the target function and
whether measurable improvements can be accumulated to reach
the goal.

There are myriad ways to implement the 3 key steps of this
evolutionary algorithm: mutagenesis, screening/selection, and
the decision on how to choose the parents for the next round.
These choices obviously affect how successfully an experiment
achieves its engineering goal and determine how closely the
experiment mimics the process of natural molecular evolution.
Here, we do not address how the implementation affects the
experiment’s engineering success, because this issue is widely
discussed in the directed evolution literature (suffice it to say that
the reason that many implementations are in use is that no one
approach has been decisively proven to be more effective than
the others). Instead, we simply give a general overview of the
most common implementations, so that a reader from outside of
the field can gain a sense of the extent to which directed and
natural evolution are comparable.

The 2 most common procedures for mutagenizing the parent
genes are error-prone PCR and DNA shuffling (12). As its name
suggests, error-prone PCR copies the parent genes while intro-
ducing a few mutations (usually 1 or 2 per gene), and therefore
mimics imperfect DNA replication. DNA shuffling is a proce-
dure that both mutagenizes and recombines homologous genes
at cross-over points of high sequence identity and therefore
approximately imitates the natural process of homologous re-
combination (although the parents are often more diverged than
naturally-recombining proteins). A common variation on both of
these techniques is to bias the creation of mutant proteins with
the goal of increasing the fraction of improved mutants, for
example, by targeting functionally-important residues for mu-
tagenesis (13) or choosing recombination cross-over points

based on structural information (14). Researchers also some-
times use techniques to specifically change several residues
simultaneously with the goal of finding coupled beneficial
mutations, although (as discussed below) the mutations discov-
ered by such approaches often turn out to have been individually
beneficial, and so presumably could have also been discovered
separately with lower mutation rates.

The procedure used to identify improved mutants depends on
the details of the particular protein and engineering goal. In
some cases, the protein property of interest can be coupled to the
survival of the host cell, thereby allowing for direct genetic
selection of cells carrying improved mutants. Such selections can
often be applied to libraries consisting of millions of different
mutants. More frequently, it is not possible to design an effective
selection, and mutants must be assayed directly in a high-
throughput screen. In these cases, the researcher is typically able
to examine libraries of a few thousand different mutants. Such
screening is nonetheless sufficient to examine most of the possible
individual mutations to a parent protein, because a 200-aa protein
possesses only 19 ! 200 " 3,800 unique single mutants (even fewer
are accessible via single nucleotide changes).

The last step in the evolutionary algorithm is using the results
from the screening/selection to choose the parents for the next
generation. For reasons that are not entirely clear, directed
evolution experiments rarely use schemes in which each mutant
contributes to the next generation with a probability propor-
tional to its measured fitness. (In contrast, fitness-proportionate
selection is widely used in computational genetic algorithms.)
Instead, researchers typically choose one or a few of the best
mutants as parents for the next generation. Proteins undergoing
directed evolution therefore experience a series of population
bottlenecks in which most of the genetic variation is purged. At
the same time, the adaptive-walk nature of these experiments
provides little opportunity for deleterious or neutral mutations
to spread (unless they hitchhike along with beneficial ones).
These experiments therefore typically fail to fully recapitulate
the evolutionary dynamics of either small populations (rapid
genetic drift including the occasional fixation of deleterious
mutations) or large populations (the maintenance of substantial
levels of standing genetic variation). Directed evolution there-
fore probably sheds more light on the question of how beneficial
mutations arise, rather than on how these mutations would
actually spread in a naturally-evolving population.

An Example of Directed Evolution: Converting a Cytochrome
P450 Fatty Acid Hydroxylase into a Propane Hydroxylase
As an example of protein adaptation via directed evolution, we
describe how the substrate specificity of a cytochrome P450
enzyme was dramatically altered (15, 16). The cytochrome P450
monooxygenase superfamily provides a beautiful example of
how nature has generated a whole spectrum of catalysts from one
common framework: #7,000 P450 sequences identified from all
kingdoms of life catalyze the oxidation of a vast array of organic
compounds. We wanted to know how easily we could alter one
of these natural enzymes (P450 BM3, a bacterial fatty acid
hydroxylase) to hydroxylate small alkanes such as propane and
ethane, a reaction that is catalyzed in nature by a different class
of monooxygenase enzymes.

Although wild-type P450 BM3 has only weak activity on
long-chain alkanes (and no measurable activity on short al-
kanes), we hypothesized that mutants of this enzyme displaying
enhanced alkane activity might acquire measurable ability to
hydroxylate slightly shorter alkanes. Further mutagenesis of
active variants, with screening on progressively shorter-chained
substrates, could ultimately generate activity on the smallest,
gaseous alkanes. This approach of breaking down an apparently
difficult problem (such as obtaining activity on a substrate very
different from the native substrate) into a series of smaller

Fig. 1. Schematic outline of a typical directed evolution experiment. The
researcher begins with the gene for the parent protein. This parent gene is
randomly mutagenized by using error-prone PCR or some similar technique.
The library of mutant genes is then used to produce mutant proteins, which
are screened or selected for the desired target property (e.g., improved
enzymatic activity or increased stability). Mutants that fail to show improve-
ments in the screening/selection are typically discarded, while the genes for
the improved mutants are used as the parents for the next round of mutagen-
esis and screening. This procedure is repeated until the evolved protein
exhibits the desired level of the target property (or until the student perform-
ing the experiments graduates).
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illustrated in Fig. 1. The experiment begins with a parent protein
and an engineering goal (for example, 10-fold improved catalytic
activity on a particular substrate). The gene for the parent
protein is mutagenized to produce a library of mutant genes.
Proteins encoded by these mutant genes are then produced and
screened (or selected) for the desired function, and the improved
proteins are used as the parents for another round. Beneficial
mutations are accumulated until the goal is reached or no further
improvements are found. The success of the experiment obvi-
ously depends on the feasibility of the target function and
whether measurable improvements can be accumulated to reach
the goal.

There are myriad ways to implement the 3 key steps of this
evolutionary algorithm: mutagenesis, screening/selection, and
the decision on how to choose the parents for the next round.
These choices obviously affect how successfully an experiment
achieves its engineering goal and determine how closely the
experiment mimics the process of natural molecular evolution.
Here, we do not address how the implementation affects the
experiment’s engineering success, because this issue is widely
discussed in the directed evolution literature (suffice it to say that
the reason that many implementations are in use is that no one
approach has been decisively proven to be more effective than
the others). Instead, we simply give a general overview of the
most common implementations, so that a reader from outside of
the field can gain a sense of the extent to which directed and
natural evolution are comparable.

The 2 most common procedures for mutagenizing the parent
genes are error-prone PCR and DNA shuffling (12). As its name
suggests, error-prone PCR copies the parent genes while intro-
ducing a few mutations (usually 1 or 2 per gene), and therefore
mimics imperfect DNA replication. DNA shuffling is a proce-
dure that both mutagenizes and recombines homologous genes
at cross-over points of high sequence identity and therefore
approximately imitates the natural process of homologous re-
combination (although the parents are often more diverged than
naturally-recombining proteins). A common variation on both of
these techniques is to bias the creation of mutant proteins with
the goal of increasing the fraction of improved mutants, for
example, by targeting functionally-important residues for mu-
tagenesis (13) or choosing recombination cross-over points

based on structural information (14). Researchers also some-
times use techniques to specifically change several residues
simultaneously with the goal of finding coupled beneficial
mutations, although (as discussed below) the mutations discov-
ered by such approaches often turn out to have been individually
beneficial, and so presumably could have also been discovered
separately with lower mutation rates.

The procedure used to identify improved mutants depends on
the details of the particular protein and engineering goal. In
some cases, the protein property of interest can be coupled to the
survival of the host cell, thereby allowing for direct genetic
selection of cells carrying improved mutants. Such selections can
often be applied to libraries consisting of millions of different
mutants. More frequently, it is not possible to design an effective
selection, and mutants must be assayed directly in a high-
throughput screen. In these cases, the researcher is typically able
to examine libraries of a few thousand different mutants. Such
screening is nonetheless sufficient to examine most of the possible
individual mutations to a parent protein, because a 200-aa protein
possesses only 19 ! 200 " 3,800 unique single mutants (even fewer
are accessible via single nucleotide changes).

The last step in the evolutionary algorithm is using the results
from the screening/selection to choose the parents for the next
generation. For reasons that are not entirely clear, directed
evolution experiments rarely use schemes in which each mutant
contributes to the next generation with a probability propor-
tional to its measured fitness. (In contrast, fitness-proportionate
selection is widely used in computational genetic algorithms.)
Instead, researchers typically choose one or a few of the best
mutants as parents for the next generation. Proteins undergoing
directed evolution therefore experience a series of population
bottlenecks in which most of the genetic variation is purged. At
the same time, the adaptive-walk nature of these experiments
provides little opportunity for deleterious or neutral mutations
to spread (unless they hitchhike along with beneficial ones).
These experiments therefore typically fail to fully recapitulate
the evolutionary dynamics of either small populations (rapid
genetic drift including the occasional fixation of deleterious
mutations) or large populations (the maintenance of substantial
levels of standing genetic variation). Directed evolution there-
fore probably sheds more light on the question of how beneficial
mutations arise, rather than on how these mutations would
actually spread in a naturally-evolving population.

An Example of Directed Evolution: Converting a Cytochrome
P450 Fatty Acid Hydroxylase into a Propane Hydroxylase
As an example of protein adaptation via directed evolution, we
describe how the substrate specificity of a cytochrome P450
enzyme was dramatically altered (15, 16). The cytochrome P450
monooxygenase superfamily provides a beautiful example of
how nature has generated a whole spectrum of catalysts from one
common framework: #7,000 P450 sequences identified from all
kingdoms of life catalyze the oxidation of a vast array of organic
compounds. We wanted to know how easily we could alter one
of these natural enzymes (P450 BM3, a bacterial fatty acid
hydroxylase) to hydroxylate small alkanes such as propane and
ethane, a reaction that is catalyzed in nature by a different class
of monooxygenase enzymes.

Although wild-type P450 BM3 has only weak activity on
long-chain alkanes (and no measurable activity on short al-
kanes), we hypothesized that mutants of this enzyme displaying
enhanced alkane activity might acquire measurable ability to
hydroxylate slightly shorter alkanes. Further mutagenesis of
active variants, with screening on progressively shorter-chained
substrates, could ultimately generate activity on the smallest,
gaseous alkanes. This approach of breaking down an apparently
difficult problem (such as obtaining activity on a substrate very
different from the native substrate) into a series of smaller

Fig. 1. Schematic outline of a typical directed evolution experiment. The
researcher begins with the gene for the parent protein. This parent gene is
randomly mutagenized by using error-prone PCR or some similar technique.
The library of mutant genes is then used to produce mutant proteins, which
are screened or selected for the desired target property (e.g., improved
enzymatic activity or increased stability). Mutants that fail to show improve-
ments in the screening/selection are typically discarded, while the genes for
the improved mutants are used as the parents for the next round of mutagen-
esis and screening. This procedure is repeated until the evolved protein
exhibits the desired level of the target property (or until the student perform-
ing the experiments graduates).
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illustrated in Fig. 1. The experiment begins with a parent protein
and an engineering goal (for example, 10-fold improved catalytic
activity on a particular substrate). The gene for the parent
protein is mutagenized to produce a library of mutant genes.
Proteins encoded by these mutant genes are then produced and
screened (or selected) for the desired function, and the improved
proteins are used as the parents for another round. Beneficial
mutations are accumulated until the goal is reached or no further
improvements are found. The success of the experiment obvi-
ously depends on the feasibility of the target function and
whether measurable improvements can be accumulated to reach
the goal.

There are myriad ways to implement the 3 key steps of this
evolutionary algorithm: mutagenesis, screening/selection, and
the decision on how to choose the parents for the next round.
These choices obviously affect how successfully an experiment
achieves its engineering goal and determine how closely the
experiment mimics the process of natural molecular evolution.
Here, we do not address how the implementation affects the
experiment’s engineering success, because this issue is widely
discussed in the directed evolution literature (suffice it to say that
the reason that many implementations are in use is that no one
approach has been decisively proven to be more effective than
the others). Instead, we simply give a general overview of the
most common implementations, so that a reader from outside of
the field can gain a sense of the extent to which directed and
natural evolution are comparable.

The 2 most common procedures for mutagenizing the parent
genes are error-prone PCR and DNA shuffling (12). As its name
suggests, error-prone PCR copies the parent genes while intro-
ducing a few mutations (usually 1 or 2 per gene), and therefore
mimics imperfect DNA replication. DNA shuffling is a proce-
dure that both mutagenizes and recombines homologous genes
at cross-over points of high sequence identity and therefore
approximately imitates the natural process of homologous re-
combination (although the parents are often more diverged than
naturally-recombining proteins). A common variation on both of
these techniques is to bias the creation of mutant proteins with
the goal of increasing the fraction of improved mutants, for
example, by targeting functionally-important residues for mu-
tagenesis (13) or choosing recombination cross-over points

based on structural information (14). Researchers also some-
times use techniques to specifically change several residues
simultaneously with the goal of finding coupled beneficial
mutations, although (as discussed below) the mutations discov-
ered by such approaches often turn out to have been individually
beneficial, and so presumably could have also been discovered
separately with lower mutation rates.

The procedure used to identify improved mutants depends on
the details of the particular protein and engineering goal. In
some cases, the protein property of interest can be coupled to the
survival of the host cell, thereby allowing for direct genetic
selection of cells carrying improved mutants. Such selections can
often be applied to libraries consisting of millions of different
mutants. More frequently, it is not possible to design an effective
selection, and mutants must be assayed directly in a high-
throughput screen. In these cases, the researcher is typically able
to examine libraries of a few thousand different mutants. Such
screening is nonetheless sufficient to examine most of the possible
individual mutations to a parent protein, because a 200-aa protein
possesses only 19 ! 200 " 3,800 unique single mutants (even fewer
are accessible via single nucleotide changes).

The last step in the evolutionary algorithm is using the results
from the screening/selection to choose the parents for the next
generation. For reasons that are not entirely clear, directed
evolution experiments rarely use schemes in which each mutant
contributes to the next generation with a probability propor-
tional to its measured fitness. (In contrast, fitness-proportionate
selection is widely used in computational genetic algorithms.)
Instead, researchers typically choose one or a few of the best
mutants as parents for the next generation. Proteins undergoing
directed evolution therefore experience a series of population
bottlenecks in which most of the genetic variation is purged. At
the same time, the adaptive-walk nature of these experiments
provides little opportunity for deleterious or neutral mutations
to spread (unless they hitchhike along with beneficial ones).
These experiments therefore typically fail to fully recapitulate
the evolutionary dynamics of either small populations (rapid
genetic drift including the occasional fixation of deleterious
mutations) or large populations (the maintenance of substantial
levels of standing genetic variation). Directed evolution there-
fore probably sheds more light on the question of how beneficial
mutations arise, rather than on how these mutations would
actually spread in a naturally-evolving population.

An Example of Directed Evolution: Converting a Cytochrome
P450 Fatty Acid Hydroxylase into a Propane Hydroxylase
As an example of protein adaptation via directed evolution, we
describe how the substrate specificity of a cytochrome P450
enzyme was dramatically altered (15, 16). The cytochrome P450
monooxygenase superfamily provides a beautiful example of
how nature has generated a whole spectrum of catalysts from one
common framework: #7,000 P450 sequences identified from all
kingdoms of life catalyze the oxidation of a vast array of organic
compounds. We wanted to know how easily we could alter one
of these natural enzymes (P450 BM3, a bacterial fatty acid
hydroxylase) to hydroxylate small alkanes such as propane and
ethane, a reaction that is catalyzed in nature by a different class
of monooxygenase enzymes.

Although wild-type P450 BM3 has only weak activity on
long-chain alkanes (and no measurable activity on short al-
kanes), we hypothesized that mutants of this enzyme displaying
enhanced alkane activity might acquire measurable ability to
hydroxylate slightly shorter alkanes. Further mutagenesis of
active variants, with screening on progressively shorter-chained
substrates, could ultimately generate activity on the smallest,
gaseous alkanes. This approach of breaking down an apparently
difficult problem (such as obtaining activity on a substrate very
different from the native substrate) into a series of smaller

Fig. 1. Schematic outline of a typical directed evolution experiment. The
researcher begins with the gene for the parent protein. This parent gene is
randomly mutagenized by using error-prone PCR or some similar technique.
The library of mutant genes is then used to produce mutant proteins, which
are screened or selected for the desired target property (e.g., improved
enzymatic activity or increased stability). Mutants that fail to show improve-
ments in the screening/selection are typically discarded, while the genes for
the improved mutants are used as the parents for the next round of mutagen-
esis and screening. This procedure is repeated until the evolved protein
exhibits the desired level of the target property (or until the student perform-
ing the experiments graduates).
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illustrated in Fig. 1. The experiment begins with a parent protein
and an engineering goal (for example, 10-fold improved catalytic
activity on a particular substrate). The gene for the parent
protein is mutagenized to produce a library of mutant genes.
Proteins encoded by these mutant genes are then produced and
screened (or selected) for the desired function, and the improved
proteins are used as the parents for another round. Beneficial
mutations are accumulated until the goal is reached or no further
improvements are found. The success of the experiment obvi-
ously depends on the feasibility of the target function and
whether measurable improvements can be accumulated to reach
the goal.

There are myriad ways to implement the 3 key steps of this
evolutionary algorithm: mutagenesis, screening/selection, and
the decision on how to choose the parents for the next round.
These choices obviously affect how successfully an experiment
achieves its engineering goal and determine how closely the
experiment mimics the process of natural molecular evolution.
Here, we do not address how the implementation affects the
experiment’s engineering success, because this issue is widely
discussed in the directed evolution literature (suffice it to say that
the reason that many implementations are in use is that no one
approach has been decisively proven to be more effective than
the others). Instead, we simply give a general overview of the
most common implementations, so that a reader from outside of
the field can gain a sense of the extent to which directed and
natural evolution are comparable.

The 2 most common procedures for mutagenizing the parent
genes are error-prone PCR and DNA shuffling (12). As its name
suggests, error-prone PCR copies the parent genes while intro-
ducing a few mutations (usually 1 or 2 per gene), and therefore
mimics imperfect DNA replication. DNA shuffling is a proce-
dure that both mutagenizes and recombines homologous genes
at cross-over points of high sequence identity and therefore
approximately imitates the natural process of homologous re-
combination (although the parents are often more diverged than
naturally-recombining proteins). A common variation on both of
these techniques is to bias the creation of mutant proteins with
the goal of increasing the fraction of improved mutants, for
example, by targeting functionally-important residues for mu-
tagenesis (13) or choosing recombination cross-over points

based on structural information (14). Researchers also some-
times use techniques to specifically change several residues
simultaneously with the goal of finding coupled beneficial
mutations, although (as discussed below) the mutations discov-
ered by such approaches often turn out to have been individually
beneficial, and so presumably could have also been discovered
separately with lower mutation rates.

The procedure used to identify improved mutants depends on
the details of the particular protein and engineering goal. In
some cases, the protein property of interest can be coupled to the
survival of the host cell, thereby allowing for direct genetic
selection of cells carrying improved mutants. Such selections can
often be applied to libraries consisting of millions of different
mutants. More frequently, it is not possible to design an effective
selection, and mutants must be assayed directly in a high-
throughput screen. In these cases, the researcher is typically able
to examine libraries of a few thousand different mutants. Such
screening is nonetheless sufficient to examine most of the possible
individual mutations to a parent protein, because a 200-aa protein
possesses only 19 ! 200 " 3,800 unique single mutants (even fewer
are accessible via single nucleotide changes).

The last step in the evolutionary algorithm is using the results
from the screening/selection to choose the parents for the next
generation. For reasons that are not entirely clear, directed
evolution experiments rarely use schemes in which each mutant
contributes to the next generation with a probability propor-
tional to its measured fitness. (In contrast, fitness-proportionate
selection is widely used in computational genetic algorithms.)
Instead, researchers typically choose one or a few of the best
mutants as parents for the next generation. Proteins undergoing
directed evolution therefore experience a series of population
bottlenecks in which most of the genetic variation is purged. At
the same time, the adaptive-walk nature of these experiments
provides little opportunity for deleterious or neutral mutations
to spread (unless they hitchhike along with beneficial ones).
These experiments therefore typically fail to fully recapitulate
the evolutionary dynamics of either small populations (rapid
genetic drift including the occasional fixation of deleterious
mutations) or large populations (the maintenance of substantial
levels of standing genetic variation). Directed evolution there-
fore probably sheds more light on the question of how beneficial
mutations arise, rather than on how these mutations would
actually spread in a naturally-evolving population.

An Example of Directed Evolution: Converting a Cytochrome
P450 Fatty Acid Hydroxylase into a Propane Hydroxylase
As an example of protein adaptation via directed evolution, we
describe how the substrate specificity of a cytochrome P450
enzyme was dramatically altered (15, 16). The cytochrome P450
monooxygenase superfamily provides a beautiful example of
how nature has generated a whole spectrum of catalysts from one
common framework: #7,000 P450 sequences identified from all
kingdoms of life catalyze the oxidation of a vast array of organic
compounds. We wanted to know how easily we could alter one
of these natural enzymes (P450 BM3, a bacterial fatty acid
hydroxylase) to hydroxylate small alkanes such as propane and
ethane, a reaction that is catalyzed in nature by a different class
of monooxygenase enzymes.

Although wild-type P450 BM3 has only weak activity on
long-chain alkanes (and no measurable activity on short al-
kanes), we hypothesized that mutants of this enzyme displaying
enhanced alkane activity might acquire measurable ability to
hydroxylate slightly shorter alkanes. Further mutagenesis of
active variants, with screening on progressively shorter-chained
substrates, could ultimately generate activity on the smallest,
gaseous alkanes. This approach of breaking down an apparently
difficult problem (such as obtaining activity on a substrate very
different from the native substrate) into a series of smaller

Fig. 1. Schematic outline of a typical directed evolution experiment. The
researcher begins with the gene for the parent protein. This parent gene is
randomly mutagenized by using error-prone PCR or some similar technique.
The library of mutant genes is then used to produce mutant proteins, which
are screened or selected for the desired target property (e.g., improved
enzymatic activity or increased stability). Mutants that fail to show improve-
ments in the screening/selection are typically discarded, while the genes for
the improved mutants are used as the parents for the next round of mutagen-
esis and screening. This procedure is repeated until the evolved protein
exhibits the desired level of the target property (or until the student perform-
ing the experiments graduates).
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Peroxidase enzymes can initiate radical 
polymerization

• Heme-enzyme that catalyzes the reactions of H2O2

• Oxidizes a wide range of organic and inorganic substrates (promiscuous) 
according to: H2O2 + AH2 → 2 H2O + A

Structure of the porphyrin heme
group in horseradish peroxidase. 

3.3. HRP and the plant peroxidase superfamily

Horseradish peroxidase isoenzymes belong to class
III (‘classical’ secretory plant peroxidases) of the plant
peroxidase superfamily, which includes peroxidases of
bacterial, fungal and plant origin (Welinder, 1992a).
The remaining two classes comprise yeast cytochrome c
peroxidase, gene-duplicated bacterial peroxidases and
ascorbate peroxidases (class I), and fungal peroxidases
(class II). This classification was based originally on
comparisons of amino acid sequence but is well-sup-
ported by more recent three-dimensional structural data
obtained for enzymes from each of the classes. Many
structural elements are conserved among peroxidases of
the three classes leading to the definition of a ‘core’
peroxidase fold. The structures of HRP C and of other
class III plant peroxidases contain three a-helices that
are additional to this core peroxidase fold (Gajhede et
al., 1997). Two of these (helices F 0 and F 00) are located
in a long insertion that shows great variation in both
sequence and number of residues (Fig. 2). The overall
integrity of the structure in this region is maintained by
the disulphide linkage from Cys177 to Cys209. What is
particularly interesting in the case of HRP C is the
location of residues in helix F 0 that are involved in sub-
strate access and binding. Some authors have speculated
that this structural region is important for stabilization
or retention of radical species produced in reactions
catalysed by plant peroxidases (Gajhede et al., 1997). A
comparison of structural and functional characteristics
of peroxidases from the three classes of the plant
peroxidase superfamily has been published (Smith and
Veitch, 1998).

4. Mechanism of action

4.1. Functional roles

Most reactions catalysed by HRP C and other horse-
radish peroxidase isoenzymes can be expressed by the
following equation, in which AH2 and AH! represent a
reducing substrate and its radical product, respectively.
Typical reducing substrates include aromatic phenols,
phenolic acids, indoles, amines and sulfonates.

H2O2 þ 2AH2 ##!
HRP C

2H2O þ 2AH! ð1Þ

The conversion of hydrogen peroxide to water is not the
primary function of class III plant peroxidases such as
HRP C. Other enzymes, including ascorbate peroxidase
(class I), are used by plants to regulate levels of intracel-
lular hydrogen peroxide (Mittler, 2002; Shigeoka et al.,
2002). Little is known about the ascorbate peroxidases of
horseradish, but in a recent study the accumulation of
H2O2 in Arabidopsis thaliana plants deficient in cytosolic

ascorbate peroxidase (Apx1) was demonstrated (Pnueli
et al., 2003). An interesting observation in the knock-
out-Apx1 plants was the induction of transcripts
encoding for two class III plant peroxidases, pre-
sumably to compensate for the reduction in peroxide-
scavenging ability.
The formation of radical products in HRP-catalysed

reactions gives an indication of some possible in vivo
functions in the plant. These may involve cross-linking
reactions such as the formation of diferulate linkages
from polymer-attached ferulate groups of poly-
saccharides or pectins, the formation of dityrosine
linkages, the cross-linking of phenolic monomers in the
formation of suberin and the oxidative coupling of
phenolic compounds as part of the biosynthesis of lig-
nin. Peroxidases that catalyse cross-linking reactions
may be expressed in response to external factors such as
the wounding of plant tissue. Water loss and invasion
by pathogens can thus be limited by the formation of a
protective polymeric barrier such as suberin. Although
in vivo roles for HRP isoenzymes have not yet been
determined, it is known that peroxidase activity is
induced when horseradish leaves are wounded
(Kawaoka et al., 1994).

4.2. Catalytic mechanism

The mechanism of catalysis of horseradish peroxidase
and in particular, the C isoenzyme, has been investi-
gated extensively (reviewed in Dunford, 1991, 1999;
Veitch and Smith, 2001). Some important features of
the catalytic cycle are illustrated in Fig. 4 with ferulic acid
as reducing substrate. The generation of radical species
in the two one-electron reduction steps can result in a
complex profile of reaction products, including dimers,

Fig. 4. The catalytic cycle of horseradish peroxidase (HRP C) with
ferulate as reducing substrate. The rate constants k1, k2 and k3 repre-
sent the rate of compound I formation, rate of compound I reduction
and rate of compound II reduction, respectively.
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characteristics, tunable hydrogelation times ranging from sev-
eral seconds to hours, and the possibility of controlling hydro-
gel properties. Hydrogels formed through HRP-mediated cross-
linking are promising candidates for tissue engineering and re-
generative medicine. Further cooperation between medicine
and engineering researchers will accelerate the development
of this field.
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Figure 13. Schematic illustration of single-cell coating by immobilizing HRP
on the cell surface by using a BAM, and the cells coated with a fluorescein
isothiocyanate (FITC)-labeled alginate–Ph hydrogel sheath. Adapted with
permission from ref. [87] . Copyrights 2014 American Chemical Society.
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engineering because of its biocompatible reaction conditions [5e8].
HRP catalyzes the oxidative couplingof phenol derivatives, resulting
in polyphenols linked by CeO and CeC groups, via the consumption
of H2O2 (Fig. 1b). An advantage of HRP-catalyzed hydrogel sheath
formation is the abundance of availablematerials because all water-
soluble polymers that possess moieties that are cross-linkable
through the enzymatic reaction are potential candidates. To date,
hydrogels have been prepared from HRP-containing aqueous solu-
tions of a variety of polymers, unmodified natural polysaccharide
[9], derivatives of polysaccharides [5,10e13] and proteins [14], and
synthetic polymers [15,16]. The abundance of available materials
enables the preparation of hydrogel sheathswith specific properties
that are customized for individual applications. For example,
sheaths with a less cell adhesiveness and non-degradable with
proteolytic enzymes, such as obtained from alginate and polyvinyl
alcohol-derivatives [13,16], would be useful in cell therapies for
isolating cells from the host immune system. Sheaths with a higher
cell adhesiveness and degradablewith proteolytic enzymes, such as
obtained from gelatin derivative [14,17], would be useful for con-
structing tissues in vitro by accumulating individual cells [18,19].
The effectiveness of on-cell surface cross-linking of polymers using
HRP immobilized on the cell surface, but not cell-selective encap-
sulation, was recently reported [20].

2. Materials and methods

2.1. Cell culture

Human hepatoma cell line HepG2 cells and mouse embryo fibroblast-like cell
line 10T1/2 cells (the Riken Cell Bank, Ibaragi, Japan) were cultured in Dulbecco's
modified Eagle's medium (DMEM, Nissui Pharmaceutical, Tokyo, Japan) containing
10% fetal bovine serum (FBS). Human umbilical vein endothelial cells expressing
green fluorescence protein (GFP-Huve cells, Takara Bio, Shiga, Japan) were cultured
in MCDB107medium (Cell Science& Technology Institute, Miyagi, Japan) containing
10% FBS, 10 ng/mL human epidermal growth factor (Sigma, MO, USA) and 10 ng/mL
human recombinant fibroblast growth factor-2 (ReproCELL, Kanagawa, Japan).

2.2. IgCD326- and IgCD31-HRP preparation

Allophycocyanin (APC)-labeled anti-human CD326 antibody from mouse
(IgCD326, Miltenyi Biotec, CA, USA) and anti-human CD31 antibody from mouse
(IgCD31, Diaclone, Besançon Cedex, France) were conjugated with HRP using
commercially available HRP possessing succinimidyl moieties (Peroxidase Labeling
kit eNH2, Dojindo, Kumamoto, Japan) according to the protocol given by the sup-
plier. The resultant specimens were denoted as IgCD326-HRP and IgCD31-HRP,
respectively.

2.3. Alg-fPh and gelatin-rPh synthesis

Derivatives of alginate and gelatin possessing Ph moieties were synthesized by
conjugating sodium alginate (I-1G, MW 70,000, 61% in guluronic acid residues,
Kimica, Tokyo, Japan) or gelatin (type A from porcine skin, 300 Bloom, Sigma) with
tyramine hydrochloride (Tokyo Chemical Industry, Tokyo, Japan) using 1-ethyl-3-(3-
dimethylaminopropyl carbodiimide) (Peptide Institute, Osaka, Japan) and N-
hydroxysulfosuccinimide (NHS, Wako Pure Chemical Industry, Osaka, Japan) based
on previously reported method [13,14]. The contents of Ph moieties in the resultant
alginate and gelatin derivatives determined by measuring the absorbance of 0.1%
(w/w) aqueous solution at 275 nmwas 1.0! 10"4 mol-Ph/g and 1.6! 10"4 mol-Ph/g,

respectively. The alginate and gelatin derivatives were then conjugated with 4-
aminofluorescein (Sigma) and NHS-rhodamine (Thermo Fisher Scientific, MA,
USA) for obtaining alginate derivative possessing Ph and fluorescein moieties (Alg-
fPh) and gelatin derivative possessing Ph and rhodamine moieties (gelatin-rPh)
based on previously reported method [20].

2.4. Floating cell encapsulation using primary antibody

HepG2 cells were stained with Cell Tracker™ Orange (Life Technologies, MD,
USA) according to the protocol given by the supplier. The cells were mixed with
10T1/2 cells at 2.5 ! 105 cells each, and then soaked in 200 mL FBS-free DMEM
containing IgCD326-HRP at 0.55 mg-antibody/mL for 30 min. After rinsing with PBS
twice, the cells were soaked in 200 mL PBS containing 1.0% Alg-fPh and 0.1 mM H2O2
for 10 min. For evaluating the cytotoxicity of the encapsulation method, the via-
bilities of the cells at each encapsulation step was determined by counting viable
cells using a hemocytometer and the trypan-blue exclusion dye. In addition, the
encapsulated cells prepared from HepG2 cells alone were soaked in the medium
containing 0.2 mg/mL alginate lyase (from Flavobacterium multivorum, Sigma) for
removing the hydrogel sheath and then seeded on a 96-well cell culture dish at
5 ! 103 viable cells/well for evaluating the effect of encapsulation on growth of
them. The growth of the cells was evaluated based on mitochondrial activity in-
crease ratio per well during 1e3 days of culture using a colorimetric assay kit (Cell
Counting Kit-8; Dojindo, Kumamoto, Japan) according to the protocol given by the
supplier. Formation of hydrogel sheaths was determined using a fluorescence mi-
croscope (BZ-9000, Keyence, Tokyo, Japan) and a flowcytometer (BDAccuri™ C6, BD
Bioscience, CA) after several rinses with PBS.

Apart from above experiment, GFP-Huve cells and 10T1/2 cells were mixed at
2.5! 105 cells each, and then soaked in 200 mL FBS-free medium containing IgCD31-
HRP at 5 mg-antibody/mL for 30 min. After rinsing several times with FBS-free
medium, the cells were soaked in 200 mL PBS containing 5% gelatin-rPh and
0.1 mM H2O2 for 10 min for evaluating the versatility of the cell-selective encap-
sulation method.

2.5. Effect of factors on hydrogel sheath formation

The effects of concentrations of IgCD326-HRP (0.11, 0.22 and 0.55 mg-antibody/
mL) and Alg-fPh (0.1, 0.5 and 1.0% (w/v)), and the times of soaking in IgCD326-HRP
solution (5, 10, and 30 min) and Alg-fPh solution (5, 10, and 30 min) on the hydrogel
sheath formation were investigated by measuring the fluorescence intensity
attributed to the existence of Alg-fPh on individual cells using a flow cytometer. For
determining the effect of individual parameters, one of the values were changed
from the following condition, 0.55 mg-antibody/mL IgCD326-HRP solution, 30min of
soaking in IgCD326-HRP solution, 1.0% (w/v) Alg-fPh, and 10 min of soaking in Alg-
fPh solution. The concentration of H2O2 in Alg-fPh solution was fixed at 0.1 mM.

2.6. Floating cell encapsulation using primary and secondary antibodies

The HepG2 cells stained with Cell Tracker™ Orange and non-stained 10T1/2
cells were soaked in 200 mL FBS-free DMEM containing 1/20 vol of purchased
IgCD326 solution for 30 min and rinsed several times with FBS-free DMEM. Then,
the cells were soaked in FBS-free DMEM containing 1/10 vol of purchased HRP-
labeled anti-mouse IgG þ IgM (H þ L) from goat (Ig-HRP, Kirkegaard & Perry Lab,
Gaithersburg, MD, USA) for 30 min and rinsed several times with PBS. Subsequently,
the cells were soaked in PBS containing 1.0% Alg-fPh and 0.1 mM H2O2 for 10 min.

2.7. Adhering cell encapsulation

The HepG2 cells stained using Cell Tracker™ Orange and non-stained 10T1/2
cells were seeded in a well of 24-well cell culture dish at 0.5 ! 105 cells/well each.
After overnight culture for allowing adhesion and spreading of the cells, they were
washed several times using PBS and then soaked in 200 mL PBS containing IgCD326-
HRP at 0.55 mg-antibody/mL for 30min. Subsequently, the cells were rinsedwith PBS
and then soaked in 100 mL PBS containing 1.0% Alg-fPh and 0.1 mM H2O2 for 10 min.
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formation is the abundance of availablematerials because all water-
soluble polymers that possess moieties that are cross-linkable
through the enzymatic reaction are potential candidates. To date,
hydrogels have been prepared from HRP-containing aqueous solu-
tions of a variety of polymers, unmodified natural polysaccharide
[9], derivatives of polysaccharides [5,10e13] and proteins [14], and
synthetic polymers [15,16]. The abundance of available materials
enables the preparation of hydrogel sheathswith specific properties
that are customized for individual applications. For example,
sheaths with a less cell adhesiveness and non-degradable with
proteolytic enzymes, such as obtained from alginate and polyvinyl
alcohol-derivatives [13,16], would be useful in cell therapies for
isolating cells from the host immune system. Sheaths with a higher
cell adhesiveness and degradablewith proteolytic enzymes, such as
obtained from gelatin derivative [14,17], would be useful for con-
structing tissues in vitro by accumulating individual cells [18,19].
The effectiveness of on-cell surface cross-linking of polymers using
HRP immobilized on the cell surface, but not cell-selective encap-
sulation, was recently reported [20].

2. Materials and methods
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Human hepatoma cell line HepG2 cells and mouse embryo fibroblast-like cell
line 10T1/2 cells (the Riken Cell Bank, Ibaragi, Japan) were cultured in Dulbecco's
modified Eagle's medium (DMEM, Nissui Pharmaceutical, Tokyo, Japan) containing
10% fetal bovine serum (FBS). Human umbilical vein endothelial cells expressing
green fluorescence protein (GFP-Huve cells, Takara Bio, Shiga, Japan) were cultured
in MCDB107medium (Cell Science& Technology Institute, Miyagi, Japan) containing
10% FBS, 10 ng/mL human epidermal growth factor (Sigma, MO, USA) and 10 ng/mL
human recombinant fibroblast growth factor-2 (ReproCELL, Kanagawa, Japan).
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Allophycocyanin (APC)-labeled anti-human CD326 antibody from mouse
(IgCD326, Miltenyi Biotec, CA, USA) and anti-human CD31 antibody from mouse
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kit eNH2, Dojindo, Kumamoto, Japan) according to the protocol given by the sup-
plier. The resultant specimens were denoted as IgCD326-HRP and IgCD31-HRP,
respectively.

2.3. Alg-fPh and gelatin-rPh synthesis

Derivatives of alginate and gelatin possessing Ph moieties were synthesized by
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tyramine hydrochloride (Tokyo Chemical Industry, Tokyo, Japan) using 1-ethyl-3-(3-
dimethylaminopropyl carbodiimide) (Peptide Institute, Osaka, Japan) and N-
hydroxysulfosuccinimide (NHS, Wako Pure Chemical Industry, Osaka, Japan) based
on previously reported method [13,14]. The contents of Ph moieties in the resultant
alginate and gelatin derivatives determined by measuring the absorbance of 0.1%
(w/w) aqueous solution at 275 nmwas 1.0! 10"4 mol-Ph/g and 1.6! 10"4 mol-Ph/g,

respectively. The alginate and gelatin derivatives were then conjugated with 4-
aminofluorescein (Sigma) and NHS-rhodamine (Thermo Fisher Scientific, MA,
USA) for obtaining alginate derivative possessing Ph and fluorescein moieties (Alg-
fPh) and gelatin derivative possessing Ph and rhodamine moieties (gelatin-rPh)
based on previously reported method [20].

2.4. Floating cell encapsulation using primary antibody

HepG2 cells were stained with Cell Tracker™ Orange (Life Technologies, MD,
USA) according to the protocol given by the supplier. The cells were mixed with
10T1/2 cells at 2.5 ! 105 cells each, and then soaked in 200 mL FBS-free DMEM
containing IgCD326-HRP at 0.55 mg-antibody/mL for 30 min. After rinsing with PBS
twice, the cells were soaked in 200 mL PBS containing 1.0% Alg-fPh and 0.1 mM H2O2
for 10 min. For evaluating the cytotoxicity of the encapsulation method, the via-
bilities of the cells at each encapsulation step was determined by counting viable
cells using a hemocytometer and the trypan-blue exclusion dye. In addition, the
encapsulated cells prepared from HepG2 cells alone were soaked in the medium
containing 0.2 mg/mL alginate lyase (from Flavobacterium multivorum, Sigma) for
removing the hydrogel sheath and then seeded on a 96-well cell culture dish at
5 ! 103 viable cells/well for evaluating the effect of encapsulation on growth of
them. The growth of the cells was evaluated based on mitochondrial activity in-
crease ratio per well during 1e3 days of culture using a colorimetric assay kit (Cell
Counting Kit-8; Dojindo, Kumamoto, Japan) according to the protocol given by the
supplier. Formation of hydrogel sheaths was determined using a fluorescence mi-
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Bioscience, CA) after several rinses with PBS.

Apart from above experiment, GFP-Huve cells and 10T1/2 cells were mixed at
2.5! 105 cells each, and then soaked in 200 mL FBS-free medium containing IgCD31-
HRP at 5 mg-antibody/mL for 30 min. After rinsing several times with FBS-free
medium, the cells were soaked in 200 mL PBS containing 5% gelatin-rPh and
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Fig. 1. Schematics of a) cell-selective hydrogel sheath formation on a target cell surface via cell identification through an antigeneantibody reaction, followed by HRP-catalyzed
cross-linking of Ph moieties in polymer molecules, and b) HRP-catalyzed cross-linking of Ph moieties.
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Evolving GOX activity and stability using gel-
encapsulation system
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Confocal microscopy shows singe cells encapsulated in 
conformal hydrogel

Hydrogel coating is conformal and uniform with diameter <30 µm 
(adequate for flow cytometry)
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SEM Imaging confirms single encapsulated yeast cells or 
budding yeasts
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Optimization of expression, encapsulation, and 
screening conditions

Co-localization of 
fluorescence signals 
for GOx display and 
hydrogel capsules. 



Optimization of expression, encapsulation, and 
screening conditions

Drop-in experiments 
of positive cells into 
large background 
confirms specificity. 

Co-localization of 
fluorescence signals 
for GOx display and 
hydrogel capsules. 



• Cell sorting/flow cytometry
• Cell survival under selective pressure
• Size-based filtration

Methods for isolating/enriching encapsulated cells



Alginate shells do not inhibit cell growth

Healthy EBY100 cells

EBY100 (+) pGAL-GOx cells in reaction mixture lacking HRP

EBY100 (+) pGAL-Gox encapsulated



Cells easily divide after being encapsulated in the alginate 
capsules



GOx mutant library screening
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• Stress condition denatured WT-GOx but 

maintained partial cell viability

• Single-cell sorting of active mutants following 

stress condition provided new stabilized enzymes



Evolved GOx mutants have up to 4-fold faster kcat and are 
more thermostable
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Wt - 19.08 
(±0.34)

99.64 
(±0.83)

5.22

Mut 1 L9P 10.68 
(±1.67)

272.30 
(±15.94)

25.49

Mut 2 L13P-A16T 14.67 
(±1.62)

281.80 
(±13.02)

19.20

Mut 9 L13P 16.76 
(±0.77)

394.30 
(±7.99)

23.52



Thermostability by differential scanning fluorescence

M9

Higher temperature denaturation peak is more prominent for evolved 
mutants. Attributed to dimer form.



Conclusions & outlook

Conclusions
• Enzyme screening is a major bottleneck in the
development of biocatalysts.
• A new high throughput screening method based on
genetically encoded localized hydrogel formation is
under development which is faster, cheaper, and
relevant for industry.
• Valid for screening of enzymes that produce H2O2

Outlook
• Other enzymes to evolve: catalase, dehydrogenase,
other oxidoreductases,
• Applications of cell-gel encapsulation for mammalian
cells (top down)

Chemistry of Materials, DOI: 10.1021/acs.chemmater.8b04348, 2019.
Biotechnology and Bioengineering, DOI: 10.1002/bit.27002, 2019.
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