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3.1
Introduction

The interest in using enzymes as synthetic chemistry tools continues to grow
rapidly [1, 2]. Among various classes of enzymes, oxidoreductases represent a
highly versatile class of biocatalysts for specific reduction, oxidation and oxy-
functionalization reactions, and are currently used for the production of a wide
variety of chemical and pharmaceutical products. Examples of such products in-
clude l-tert-leucine, 6-hydroxynicotinic acid, 5-methylpyrazine-2-carboxylic acid,
(R)-2-hydroxyphenoxypropionic acid, and steroids [3]. Oxidoreductases are gener-
ally employed in whole-cell biotransformations or fermentation-based processes
because they require expensive cofactors and coenzymes (e.g. NAD(H) or
NADP(H)) to donate or accept the chemical equivalents for reduction or oxida-
tion. To facilitate their applications in vitro, a large number of cofactor regenera-
tion systems have been developed [4, 5].

As with most enzyme biocatalysts, the discovery and engineering of oxidore-
ductases with improved stability, catalytic activity, and substrate specificity are
highly desirable for many applications. Thanks to recent advances in recombi-
nant DNA technology, new enzymes can now be isolated directly from microor-
ganisms that are difficult to cultivate by high-throughput screening of expressed
libraries of environmental DNA [6], whereas improved enzymes with desired
functions may be engineered rapidly by directed evolution approaches [7]. Iden-
tifying new or improved oxidoreductases by these routes requires the develop-
ment of high-throughput screening methods that are sensitive, efficient, and
simple to implement.

This chapter focuses on various high-throughput screening methods recently
developed for the discovery and directed evolution of oxidoreductases. For the
purposes of this chapter, oxidoreductases have been classified into four catego-
ries: dehydrogenases, oxidases, oxygenases, and laccases. Each section begins by
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discussing the general uses for each oxidoreductase, then explains the details of
various high-throughput screening assays, and ends with specific examples of
how these methods have been used to date.

3.2
High-throughput Methods for Various Oxidoreductases

3.2.1
Dehydrogenases

Dehydrogenases catalyze the removal and transfer of hydrogen from a substrate
in an oxidation-reduction reaction and are widely used to reduce carbonyl
groups of aldehydes or ketones and carbon/carbon double bonds. The reduction
reactions carried out by dehydrogenases often introduce chirality into a prochir-
al center, which may represent a key step in pharmaceutical and fine chemical
synthesis. The majority of dehydrogenase enzymes require nicotinamide cofac-
tors (NAD(P) and NAD(P)H), while other cofactors such as pyrroloquinoline
quinone (PQQ) and flavins (FAD, FMN) are encountered more rarely [1]. The
production or depletion of the nicotinamide cofactors has enabled scientists to
measure the kinetics of several dehydrogenases. These reactions can be moni-
tored colorimetrically by combining the redox reaction with a dye-forming reac-
tion. High-throughput screening methods based on this approach have been de-
veloped and used to identify dehydrogenase variants with improved characteris-
tics in various directed evolution studies.

3.2.1.1 Colorimetric Screen Based on NAD(P)H Generation
The absorbance of NAD(P)H at 340 nm is commonly used to measure the activ-
ity of dehydrogenases. Unfortunately, this approach is generally not suitable for
high-throughput methods due to background noise created by cell lysates and
the 96-well plate itself. Special plates designed so that they do not absorb in the
UV range can be used, but tend to be very expensive when considering a large-
scale screening effort. Colorimetric assays resolve most of these difficulties and
are quite amenable to high-throughput screening methods. Thus an indirect
method requiring either a synthetic compound or a secondary enzyme must be
applied. Tetrazolium salts such as nitroblue tetrazolium (NBT) (1) are useful be-
cause they can be reduced to formazan dyes such as 2, which absorb light in
the visible region. These reactions are essentially irreversible under biological
conditions and the increase in color can be easily monitored visually on filter
discs or on a standard 96-well plate reader. A cascade reaction leading to the for-
mation of a colored formazan links the production of NAD(P)H to the catalytic
activity of a dehydrogenase.

An NBT/phenazine methosulfate (PMS) assay has been developed that works
well under several different high-throughput formats. Dehydrogenase activity on
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nitrocellulose membranes, electrophoretic gels, and in liquid phase has been
successfully monitored using the NBT/PMS assay. The dehydrogenase cofactor
NAD(P)H reacts with NBT (1) in the presence of PMS (3) to produce an insol-
uble blue-purple formazan (2) (Figure 3.1). Other transferring agents besides
PMS may be used such as the enzyme diaphorase or Meldola’s Blue (8-di-
methylamino-2-benzophenoxazine, 4) [8]. Compared with PMS, Meldola’s Blue
has a superior proton transfer rate and is far less sensitive to light. In addition,
the cost of Meldola’s Blue is approximately US$4 per gram, while the price of
PMS is nearly US$16 per gram (Sigma catalog, 2004, St. Louis, MO, USA). De-
spite these disadvantages, PMS is used as the primary transferring agent in the
NBT colorimetric assay. For the liquid-phase NBT/PMS assay, 0.1% gelatin is of-
ten added to the assay mix to help prevent precipitation of the insoluble blue-
purple formazan (2) [9]. When scanned spectrophotometrically (range 400–
700 nm), the blue-purple formazan (2) shows a maximal absorption at 555 nm.

By measuring the increase in formazan (2) production at 580 nm in a micro-
plate reader, the NBT/PMS assay has been used to identify E. coli 6-phosphoglu-
conate dehydrogenase (6PGDH) variants with higher activity and thermostabil-
ity [10]. This assay can also be used to screen dehydrogenase variants on a nitro-
cellulose membrane. Briefly, a library of variants is transferred to a nitrocellu-
lose filter followed by lysis of the colonies by washing in a lysozyme solution. A
NBT/PMS cocktail is then sprayed onto the membrane to detect dehydrogenase
activity. Active mutants produce a blue halo on the nitrocellulose filters. This
approach has been successfully used by Holbrook and coworkers to produce a
lactate dehydrogenase that no longer requires the expensive activator fructose-
1,6-bisphosphate (FBP) [11]. The same group also used this approach to create
new substrate specificities for lactate dehydrogenase [12].

The NBT/PMS assay has been used to identify novel alcohol dehydrogenases
(ADH) in a high-throughput format without enzyme purification [13]. This new
screening approach uses bioinformatics, polymerase chain reaction (PCR) tech-
niques, and the direct in vitro expression of enzymes to rapidly detect and char-
acterize novel ADHs. A pool of 18 novel thermoactive ADHs with a broad sub-
strate range was discovered and characterized.

The compound p-rosaniline (5) can also be used as an alternative to NBT (1).
No transferring agents are necessary when using p-rosaniline (5), however bisul-
fite must be added to help convert the dye into its rose-colored form. Dehydro-
genase activity can be monitored by observing the formation of a red color on
solid agar media and this allows the rapid screening of thousands of colonies
[14].

3.2.1.2 Screens Based on NAD(P)H Depletion
NAD(P)H consumption can be monitored either directly or indirectly, similar
to NAD(P)H generation in the previous section (see Section 3.2.1.1). Enzyme
kinetics can be directly monitored by observing the decrease in absorbance
at 340 nm as NAD(P)H is depleted. Coupling NAD(P)H depletion to a liquid- or
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solid-phase colorimetric assay such as NBT/PMS (described in Section 3.2.1.1) al-
lows for an indirect method for monitoring enzyme activity. Residual NAD(P)H
can be titrated with NBT (1) in the presence of PMS (3) to produce an insoluble
blue-purple formazan 2 (Figure 3.1).

High-throughput methods involve use of a microplate reader to measure the
decrease in absorption at 580 nm or screening bacterial colonies on agar plates
by visually identifying white spots on a purple background. Instead of focusing
on NAD(P)H, the oxidized form NAD(P)+ provides an alternative. The basis for
this method relies on the instability of NAD(P)H in a strong alkali environ-
ment. Under these conditions NAD(P)H breaks down to form highly fluores-
cent products [15]. Recently this method has been adapted to a high-throughput
screening method using microtiter plates [16]. In general, any oxidoreductase
that utilizes either NADH or NADPH as a cofactor can potentially be screened
using this method.

3.2.2
Oxidases

Oxidases catalyze the removal of hydrogen from substrates and transfer it to
molecular oxygen to form either hydrogen peroxide or water. These fundamen-
tal synthetic reactions have made oxidases a prime target for directed evolution.
Some oxidases are currently being used on a large scale, such as the food anti-
oxidant d-glucose oxidase, but unfortunately the vast majority of oxidases re-
main economically unattractive due to their poor biocatalytic performance such
as low catalytic activity [1]. Thus, several high-throughput screening methods
have been developed for directed evolution studies of these oxidases with the
goal of overcoming the limitations of naturally occurring enzymes.

3.2.2.1 Galactose Oxidase
Galactose oxidases catalyze the oxidation of primary alcohols to yield aldehydes
and hydrogen peroxide. These synthetically useful chemical transformations
have made galactose oxidases an attractive target of directed evolution in recent
years [17, 18]. Standard chemical methods for oxidizing primary alcohols rely
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on environmentally unfriendly heavy metals and organic solvents, whereas ga-
lactose oxidase provides an environmentally friendly alternative. Galactose oxi-
dase has broad substrate specificity as well as strict regioselectivity and stereose-
lectivity which make it widely applicable in chemical synthesis, diagnostics, and
biosensors [17]. For example, the enzyme can be used to detect a disaccharide
tumor marker, Gal-GalNAc, in certain types of colon cancer [19]. Galactose oxi-
dase isolated from its natural host has insufficient expression and activity to be
economically used in a large-scale industrial process. Liquid- and solid-phase
high-throughput screening methods have been developed to help analyze galac-
tose oxidase libraries to identify variants with improved expression and specific
activity.

HRP/ABTS/H2O2 Assay
Galactose oxidase activity can be monitored by coupling the production of hy-
drogen peroxide (H2O2) to a horseradish peroxidase (HRP)/2,2�-azinobis(3-ethyl-
benzthiazoline)-6-sulfonic acid (ABTS)/H2O2 reaction [19]. The enzyme HRP
catalyzes the polymerization of ABTS (6) to produce a soluble end-product (7)
that is green in color and can be measured spectrophotometrically at 405 nm
(Figure 3.2). The high solubility of ABTS (6) in aqueous solutions combined
with its high extinction coefficient and reproducibility make this assay well suit-
ed for a 96-well plate format.

Other advantages of ABTS (6) are its low toxicity, stability at high temperature
(for sterilization), and the resulting green dye is relatively stable once oxidized.
However, problems such as autooxidation, instability, and a lack of sensitivity
have been reported [20]. This method has been used to create a galactose oxi-
dase enzyme with enhanced thermostability and improved expression in E. coli
[17]. It has also been successfully used to screen fungal sugar oxidases [21].

HRP/4CN/H2O2 Assay
In addition to traditional 96-well plate screening methods, a relatively new tech-
nology involving digital imaging shows great potential in screening large en-
zyme libraries. The efficiency of digital imaging technology provides a distinct
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advantage over its traditional counterpart [18]. This system combines simple
well-known colorimetric activity assays with single-pixel imaging spectroscopy
on a solid-phase screening format. The assay is performed in the solid phase,
and 4-chloronaphthol (4CN, 7) is used to generate an insoluble compound (8)
which absorbs visible light maximally around 550 nm. As the color develops on
the solid support due to oxidase activity, digital imaging equipment is used to
track the absorbance versus time for each pixel in the image. Delgrave and co-
workers used this technology to isolate a galactose oxidase variant that showed a
16-fold increase in activity and a threefold lower Km compared with the wild-
type enzyme [18].

3.2.2.2 D-Amino Acid Oxidase
The flavoprotein d-amino acid oxidase (D-AO) catalyzes the deamination of d-
amino acids to their corresponding �-imino acids. This reaction has drawn sig-
nificant attention recently due to its potential to deaminate cephalosporin C in
a sequential enzymatic route to form 7-amino cephalosporanic acid [22]. 7-Ami-
no cephalosporanic acid is a basic building block used in the synthesis of many
important semi-synthetic cephalosporin antibiotics. Moreover, D-AO has been
used to resolve racemic amino acid mixtures and prepare �-keto acids. A high-
throughput screening method based on the oxidation of the chromogen, o-diani-
sidine (9), has been used to detect the activity of D-AO and identify new micro-
bial D-AO producers [20].

Peroxidase/o-Dianisidine Assay
The flavin cofactor FADH2 is oxidized by molecular oxygen to form oxidized
FAD and H2O2. The product H2O2 can then be coupled with HRP and a chro-
mogen to form a colored compound. ABTS (6) was found to be unsuitable with
D-AO due to problems such as autooxidation, instability, and a lack of sensitiv-
ity. Another chromogen o-dianisidine (9) has been successfully used as an alter-
native to ABTS (6) [20]. HRP reacts with o-dianisidine (9) and H2O2 to form a
red-colored compound (10) under acidic conditions. The o-dianisidine reagent
(9) has the added benefit of being a competitive inhibitor of catalase, an enzyme
that competes in vitro with HRP for the substrate H2O2. This assay might be
adaptable to screening other oxidases by simply changing to the particular oxi-
dase’s substrate.

3.2.2.3 Peroxidases
Peroxidases catalyze the oxidation of a wide variety of molecules utilizing H2O2

as the oxidant. Many peroxidases have an iron protoporphyrin IX prosthetic
group in the active site, while others have a vanadium or, in the case of some
bacterial peroxidases, no metal cofactor [23]. Peroxidases catalyze reactions that
are potentially useful in both industrial and biotechnological applications. For
example, HRP has been used as a reporter in diagnostic assays, biosensors, and
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histochemical staining [24]. HRP has also been suggested as a catalyst for
chemical synthesis as it catalyzes polymerization and dehydration of aromatic
compounds, heteroatom oxidations, and epoxidation reactions [24, 25]. Further-
more, peroxidases have shown potential in bioremediation for removal of phe-
nols and aromatic amines [26]. However, many peroxidases are not stable en-
ough under the oxidative conditions created by high peroxide concentration and
there are many substrates that peroxidases do not react with. Therefore, a num-
ber of activity assays have been developed that can be used in a high-throughput
fashion for the discovery and engineering of new and improved peroxidases.

ABTS and o-Dianisidine Assays
As mentioned above in the galactose oxidase and D-AO sections, ABTS (6) and
o-dianisidine (9) can both be used to assay peroxidases. ABTS (6) is oxidized by
peroxidases in the presence of H2O2 to form a radical cation with intense green
color (7) as shown in Figure 3.2, whereas the oxidation of o-dianisidine (9) re-
sults in the formation of a red dye (10). These types of assays are carried out
similarly to those described in the oxidase section, except that hydrogen perox-
ide is now provided as a substrate.

ABTS screening has been used to find cytochrome c peroxidase mutants with
altered specificity [27]. Using a combination of DNA shuffling and saturation
mutagenesis, Iffland and coworkers were able to obtain variants of the cyto-
chrome c peroxidase with a 70-fold increased specificity toward ABTS (6) com-
pared with the natural substrate (cytochrome c) [27]. The ABTS assay has also
been used to screen a library of HRP variants created by random mutagenesis
[28], which resulted in a mutant that is more thermally stable, resistant to a
variety of chemical and physical denaturants, and has a higher activity towards
other organic substrates. The ABTS-based assay was also utilized to find mu-
tants of HRP that can be functionally expressed in E. coli by directed evolution
[29], to find mutants with 174-fold higher thermostability and 100-fold higher
oxidative stability in Coprinus cinereus heme peroxidase by directed evolution
[30], and to enhance the peroxidase activity of horse heart myoglobin by directed
evolution [31]. The usefulness of the o-dianisidine (9) assay has been demon-
strated in determining HRP mutants with expanded substrate activity [28]. The
convenience of the high-throughput o-dianisidine (9) assay was further demon-
strated when it was used to measure the total plasma peroxidase activity to as-
sess the clinical severity of sickle cell anemia and citrulline therapy [32].

TMB Assay
Among the numerous colorimetric assays available for peroxidases, one of the
most sensitive ones is based on the colorless compound 3,3�,5,5�-tetramethylben-
zidine (TMB) (11). Upon oxidation of this substrate by the peroxidase, TMB
(11) forms a blue charge-transfer complex (12) initially, followed by a stable yel-
low final product (13) (Figure 3.3) [33].

A typical cell lysate screen is performed by monitoring the production of the
blue charge-transfer product (12) at 650 nm on a microplate reader after mixing
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a solution of the TMB (11) substrate, H2O2, and the cell lysate. This assay is
commonly used in HRP-based biosensors to determine the effects of mutations
on peroxidases, and would be a reasonable assay for directed evolution of a per-
oxidase.

Guaiacol Assay
The guaiacol peroxidase assay is another colorimetric assay that is amenable to
high-throughput screening. In this case, the colorless guaiacol (2-methoxyphe-
nol, 14) is oxidized to the phenoxy radical (15) in the presence of the peroxidase
and H2O2. The phenoxy radical subsequently undergoes polymerization to form
tetraguaiacol (16), which is brown and can be measured at 470 nm. This assay
can be performed in microplate format or in solid media format. Removal of
background activity can be achieved by the addition of a small amount of ascor-
bate, which will scavenge the phenoxy radicals until all the ascorbate has re-
acted. The guaiacol assay has been successfully applied in identifying cyto-
chrome c peroxidase mutants with altered substrate specificity from a library of
mutants created by combinatorial mutagenesis [34]. Additionally, cytochrome c
peroxidase mutants were created by directed evolution and screened for activity
with this nonnatural substrate with a final mutant displaying a 1000-fold
change in substrate preference [35].

MNBDH Assay
4-(N-Methylhydrazino)-7-nitro-2,1,3-benzooxadiazole (MNBDH, 17) has been
demonstrated to be a good substrate for peroxidase screening. The hydrazine por-
tion of MNBDH (17) is oxidized by peroxidases in the presence of hydrogen per-
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Fig. 3.3 Colorimetric assay for
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3,3�,5�,5-tetramethylbenzidine
(TMB).

11

12

13



oxide to yield the strongly fluorescent nitroaniline (18) [36]. When measured with
a fluorescent plate reader, this assay gives a very sensitive readout and is superior
to chromogenic assays such as ABTS (6). However, application of this assay in di-
rected evolution or discovery of peroxidases has yet to be demonstrated.

3.2.3
Oxygenases

There are several families of oxygenase enzymes whose members fall into one
of two groups: those that introduce one oxygen atom into their substrate are
generically referred to as monooxygenases, while those that introduce two oxy-
gen atoms are referred to as dioxygenases. These enzymes typically catalyze the
hydroxylation of nonactivated carbons or epoxidations of organic substrates and
therefore have potential applications in synthetic chemistry, environmental re-
mediation, toxicology, and gene therapy [37]. Examples of oxygenases are the
omnipresent cytochrome P450 heme monooxygenases, di-iron enzymes such as
methane and toluene monooxygenases, and Rieske nonheme iron dioxygenases
such as naphthalene dioxygenase [38]. Molecular oxygen often serves as the oxi-
dant, while reducing equivalents typically come from NAD(P)H-dependent re-
ductase proteins via electron transfer.

Since reducing equivalents are transferred from a separate protein in most
oxygenases (excluding those with a fused reductase domain), they typically func-
tion as large multimeric protein complexes. As such, oxygenases are often not
stable enough or inadequately active towards the substrate of interest in vitro.
Therefore, protein engineering of mono- and dioxygenases and the discovery of
new oxygenases has received much interest in the hopes of discovering or evolv-
ing oxygenases for use in organic synthesis or biotechnology. Discovery of new
or improved oxygenases from large random libraries requires an efficient and
sensitive high-throughput screening method for desired enzyme function. Many
such screening methods have been developed and used. In this section some of
these methods and their applications will be discussed. Assays based on
NADPH depletion have been discussed previously. However, these assays can
yield misleading results with oxygenases, since uncoupling of the reductase and
oxygenase activity can occur, especially for unnatural substrates.

3.2.3.1 Assays Based on Optical Properties of Substrates and Products
Many substrates of mono- and dioxygenases are aromatic and upon oxidation be-
come colored or have a shifted absorbance spectrum. In other cases, the reaction
products will autooxidize further to form colored products under the proper con-
ditions. Although this is not applicable to all oxygenase products, it is the most
convenient method of assaying oxygenase activity in a high-throughput manner.

2-Hydroxybiphenyl-2-monooxygenase (HpbA), in addition to its natural activ-
ity, catalyzes at low efficiency the regioselective o-hydroxylation of many differ-
ent 2-substituted phenols to form the corresponding catechols. Random muta-
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genesis of HpbA was used to create mutants with enhanced monooxygenase ac-
tivity with 2-substituted phenolic substrates [39]. Screening was accomplished
by the formation of color when the reaction products autooxidize [39]. Using
this method, mutants were discovered with greater than eightfold improvement
in catalytic efficiency of hydroxylation of 2-methoxyphenol and a fivefold im-
provement in turnover rate with 2-tert-butylphenol [39].

Biphenyl (19) dioxygenase (BPDO) was screened in a somewhat different
manner. BPDO is important industrially for the degradation of polychlorinated
biphenyls (PCBs) and directed evolution was utilized to broaden its substrate
specificity [40]. Screening was achieved by coexpressing dihydrodiol dehydrogen-
ase (BphB) and 2,3-dihydroxybiphenyl-1,2-dioxygenase (BphC), which converted
the BPDO reaction product (20) to a diol (21) and finally into a ring meta cleav-
age product (22) that was yellow in color (Figure 3.4). This method was first de-
veloped to screen a BPDO library created by DNA shuffling for enhanced PCB
degradation capabilities [41] and later used to obtain dioxygenase variants with
enhanced activity towards monocyclic aromatic hydrocarbons such as toluene
and benzene [42]. In another example, hybrid genes of catechol-2,3-dioxygenase
were screened for enhanced thermostability based on the color of the product
[43, 44]. In this case, the substrate, catechol, is colorless, while the product,
2-hydroxymuconic semialdehyde, is bright yellow. Using this method of screen-
ing, mutant dioxygenases with 26-fold enhancement in thermostability were iso-
lated. Finally, mutants of toluene 4-monooxygenase were screened for enhanced
activity on o-cresol and o-methoxyphenol based on the formation of the red-
brown autooxidation products [45]. Mutants created by saturation mutagenesis
were identified that had sevenfold and twofold higher catalytic rate with o-meth-
oxyphenol and o-cresol as substrates, respectively [45].

3.2.3.2 Assays Based on Gibbs’ Reagent and 4-Aminoantipyrine
4-Aminoantipyrine (4AAP, 23) and 2,6-dichloroquinone-4-chloroimide (Gibbs’
reagent, 24) are very similar in the products they are able to detect. They both
react strongly with ortho- and meta-substituted phenolic compounds to produce
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Fig. 3.4 Colorimetric assay for biphenyl dioxygenase (BDPO) activity.
BphB= dihydrodiol dehydrogenase; BphC= 2,3-dihydroxybiphenyl-
1,2-dioxygenase.
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strongly colored products (e.g. 25). Additionally, they react well with para-substi-
tuted compounds if the substituent is a halide or alkoxy moiety to form colored
products (e.g. 26) [46]. Since many oxygenases produce such compounds, these
are useful assays for measuring their activity. Additionally, dioxygenase cis-dihy-
drodiol products can be assayed by this method if the cis-dihydrodiol is first con-
verted to a phenol by treatment with acid or cis-dihydrodiol dehydrogenase. Both
of the reagents form adducts with the products, which can then be measured
with a spectrophotometer. Both reagents are added at the end of the biotransfor-
mation (end-point assay) and the colored product develops in several minutes
[47]. In the case of 4AAP (23) this occurs under basic conditions in the presence
of potassium persulfate or similar oxidant.

Although 4AAP (23) has infrequently been used for high-throughput screen-
ing, Gibbs’ reagent (24) has been applied in directed evolution experiments. The
Gibbs’ assay was used to isolate toluene dioxygenases that accept 4-methylpyri-
dine as a substrate. After several rounds of mutagenesis and screening, a mu-
tant in which the stop codon was replaced with a threonine was found to have
sixfold higher activity with 4-methylpyridine and enhanced activity towards the
natural substrate [48].

3.2.3.3 para-Nitrophenoxy Analog (pNA) Assay
The chemical methods available for linear chain hydrocarbon oxidation are en-
ergy intensive and hazardous to the environment. Several monooxygenases such
as the P450s can catalyze alkane hydroxylation, but at slow rates. An ingenious
assay involving the release of para-nitrophenolate from a para-nitrophenoxy ana-
log (pNA, e.g. 25) of a linear chain hydrocarbon has been developed and uti-
lized. When the analogs are hydroxylated by the oxygenase, an unstable hemi-
acetal (26) is formed that dissociates into an aldehyde and para-nitrophenolate
(27); the latter is bright yellow (Figure 3.5). The obvious disadvantage of this
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assay is that the pNA (25) substrate is not the desired substrate and may result
in the evolved enzyme only acting on pNA (25). However, when compared with
other alternatives, this is the easiest assay for long-chain hydrocarbon hydroxyla-
tion by monooxygenases. The assay is accomplished by the addition of pNA
(25) and NADPH (or use of a regenerative system) and then monitoring the in-
crease in absorbance at 410 nm.

P450 monooxygenase BM-3 mutants were screened using an octane pNA
(25). Typically this monooxygenase only has activity on longer chain hydrocar-
bons (at least 12 carbons), but after two rounds of mutagenesis and screening
with the analog, the activity of this enzyme on octane was improved fivefold
[49]. Another group used site-specific saturation mutagenesis and pNA screen-
ing to create mutants of the same enzyme with similarly enhanced activity to-
ward smaller substrates [50]. Recently this P450 was optimized for activity in or-
ganic cosolvents by directed evolution using a pNA assay [51]. Activity of the
P450 was increased 10-fold in the presence of 2% tetrahydrofuran (THF) and
sixfold in the presence of 25% DMSO. Overall, this assay has proved to be very
useful for screening monooxygenases that act on long-chain hydrocarbons.

3.2.3.4 Horseradish Peroxidase-coupled Assay
The use of HRP/H2O2 to detect the reaction products of oxygenases has shown
promise [52]. This assay can be used when the products of the oxygenase reac-
tion on aromatic substrates, e.g. naphthalene (28), are or can be converted into
hydroxylated aromatic compounds. These hydroxylated aromatic compounds
(e.g. naphthol, 29) are then converted by oxidation into colored or fluorescent
compounds (e.g. 30 in the presence of HRP and H2O2) (Figure 3.6). Mono- and
dihydroxylated aromatic compounds form dimers (e.g. 30) and polymers in this
assay and, depending on their structure, they will display different colorimetric
and fluorescent properties, allowing determination of the desired product. This
assay can be carried out in cell strains expressing HRP either on solid phase or
in liquid assay by adding H2O2 to the solid media or cell culture. The positive
mutants will then display an enhanced fluorescent or colorimetric signal.

This assay has been suggested for use in screening toluene dioxygenase in
combination with cis-dihydrodiol dehydrogenase [52]. Additionally, this assay
was used to screen for improved activity of P450cam on naphthalene (28) using
H2O2 as the oxidant. Mutants were found with a 20-fold improvement in activ-
ity with differences in regioselectivity of hydroxylation in some cases [53].
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3.2.3.5 Indole Assay
Indole (31) can be oxidized by mono- and dioxygenases to various 2 and 3 posi-
tion hydroxyl and epoxide indoles. Upon exposure to air, the generated com-
pounds further oxidize and dimerize to form indigo (32) and indirubin (33)
(Figure 3.7). Both of the formed compounds are intensely colored and are easily
monitored colorimetrically.

This assay, coupled to site-specific saturation mutagenesis, was used to en-
hance the activity of P450 BM-3 on indole (31) from a level that was too low to
detect up to a turnover rate of 2.7 s–1 [54]. This assay was recently used to
broaden the substrate specificity of toluene dioxygenase such that it would ac-
cept p-xylene as a substrate. One round of mutagenesis and screening resulted
in a 4.3-fold activity improvement on p-xylene as well enhancements with sev-
eral other unnatural substrates [55]. This method of assaying oxygenases is well
suited for removing inactive clones from a library or for evolution of altered
substrate specificity.

3.2.4
Laccases

Laccases (EC 1.10.3.2) belong to the blue copper oxidase family and are multi-
copper enzymes capable of oxidizing phenols, polyphenols, substituted phenols,
diamines, anilines, and other similar compounds. Electrons are removed one at
a time from the substrate by a type 1 blue copper ion and transferred to a tri-
nuclear copper cluster and molecular oxygen is utilized as the electron acceptor
[56]. The product radical can undergo further oxidation catalyzed by the laccase
or it may undergo a nonenzymatic reaction such as hydration or polymerization
[56]. Laccases are common enzymes in nature, but are primarily produced by
fungi and plants.

Laccases are currently receiving a lot of attention as industrial enzymes with
proposed applications including textile dye bleaching, pulp bleaching, effluent
detoxification, and bioremediation [57]. However, a common hurdle that must
be overcome with these enzymes is their low expression level in native hosts.
Additionally, laccases can catalyze the oxidation of polycyclic hydrocarbons (very
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Fig. 3.7 Indole-based assay for oxygenase activity.
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toxic pollutants) in the presence of primary substrates such as 1-hydroxy benzo-
thiazole (HBT) [58, 59]. These primary substrates are often toxic, expensive, and
result in side-reactions [60]. Therefore, high-throughput screening applied to the
discovery and/or directed evolution of laccases is critical to overcome these hur-
dles. Several screening methods have been developed and are described below.

3.2.4.1 ABTS Assay
The ABTS (6) assay is a very flexible assay applicable to many oxidases, peroxi-
dases as well as laccases. Again the production of the green radical cation (7) is
observed spectrophotometrically. This assay has been utilized to improve the
functional expression of a fungal laccase in Saccharomyces cerevisiae [61]. Direct-
ed evolution was utilized to improve protein expression by eightfold to the high-
est level yet reported with an additional increase of 22-fold in the turnover num-
ber. The ABTS assay has also been used to screen for functional expression of
another laccase from Trametes versicolor into the heterologous host Yarrowia lipo-
lytica [62]. This assay is well suited for development of functional selection and
enhanced stability screening, and should prove useful in the future.

3.2.4.2 Poly R-478 Assay
Poly R-478 is a polymeric dye that can act as a surrogate substrate for lignin
degradation by laccases in the presence of a mediator such as HBT. Upon oxida-
tion by laccases the dye is decolorized, making it easy to follow the activity. The
activity of laccases on this substrate has been correlated to the oxidation of poly-
cyclic aromatic hydrocarbons (PAHs) [63]. The assay is performed simply by
mixing the water-soluble polymeric dye with the library members to be screened
and measuring the decrease in absorbance at 520 nm. Notably, this assay has
been utilized recently to discover novel laccases from cultivable fungal strains
[64] and to find PAH-degrading strains [63].

3.2.4.3 Other Assays
Several other assays have been described for laccases that have not yet seen sig-
nificant application as high-throughput screening methods [65, 66]. In one such
assay, anthracene is converted to 9,10-anthroquinone by the laccase enzyme, fol-
lowed by subsequent chemical reduction to 9,10-anthrahydroquinone, which is
orange in color and can be measured at 419 nm. Another assay is the produc-
tion of triiodide in acidic conditions from sodium iodide [66]. In this assay the
activity of the laccase can be monitored at 353 nm as the formed triiodide is yel-
low. Both of these assays require the use of mediators like HBT or ABTS (6)
and might be useful in the directed evolution of laccases that have the desired
activity in their absence by screening with progressively less mediator.
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3.3
Conclusions

High-throughput screening methods for oxidoreductases represent a key step in
identifying variants with improved catalytic function by directed evolution as
well as discovering new oxidoreductases by expression of environmental DNA.
In this chapter, we have discussed many effective high-throughput screening
methods for various oxidoreductases and their successful applications in discov-
ering and engineering new or improved oxidoreductases. The resulting oxidore-
ductases are not only important for many potential applications such as biocata-
lysis, bioremediation, diagnostics, and gene therapy, but also are critical to in-
crease our understanding of cellular metabolism and protein structure/function
relationships. No doubt in the years to come, these high-throughput screening
methods will be used increasingly to isolate oxidoreductases with new or im-
proved characteristics.
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Abbreviations

4AAP 4-aminoantipyrine
4CN 4-chloronaphthol
ABTS 2,2-azinobis(3-ethylbenzthiazoline)-6-sulfonic acid
ADH alcohol dehydrogenase
BPDO biphenyl dioxygenase
D-AO d-amino oxidase
DH dehydrogenase
HpbA 2-Hydroxybiphenyl 2-monooxygenase
HRP horseradish peroxidase
MNBDH 4-(N-methylhydrazino)-7-nitro-2,1,3-benzooxadiazole
NBT nitroblue tetrazolium
NAD(H) nicotinamide adenine dinucleotide (reduced form)
NADP(H) nicotinamide adenine dinucleotide phosphate (reduced form)
PCR polymerase chain reaction
PMS phenazine methosulfate
PQQ pyrroloquinoline quinone
pNA para-nitrophenoxy analog
TMB 3,3�,5,5�-tetramethylbenzidine
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