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The unique catalytic properties of oxygenases (the regio-
specific and/or enantio-specific hydroxylation of non-activated
carbons) are of undisputed biosynthetic value. Factors that
govern the economics of their industrial use include a low kcat,
a frequently decreased kcat in recombinant strains, limiting
oxygen transfer rates in bioreactors, product inhibition, and the
demanding discovery (screening) process.
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Abbreviation
PCR polymerase chain reaction

Introduction
The past decade has seen tremendous progress in the use of
enzymes, not only in food production and detergents but also
in the production of fine chemicals. Of most note in this respect
is the use of lipases and proteases for the production of chiral
building blocks by enantio-selective hydrolysis (resolution) of
racemic mixtures of esters [1]. Many organic chemists have
been willing to use (partially) purified enzyme preparations, as
they are as easy to handle as ‘normal’ heterogeneous catalysts
and generally show higher (enantio)-, chemo- and regio-selec-
tivity. In some cases, however, the removal of enzymes from
their natural environment (i.e. the microbial cell) offers no
advantages or, worse, has adverse consequences for the
enzyme. This is especially true for oxygenases. There are four
main reasons to use whole cells rather than purified enzymes. 

First, if the presence of other enzymes has no negative impact
on the purity of the product, the use of whole (dead or live)
cells is simply more economical; enzyme isolation and purifica-
tion are significant cost-factors. In addition, the ‘packaging’ of
enzymes in small ‘bags’ of membranes and cell walls (as nature
does) protects the enzyme from shear forces, and might result
in a longer half-life of enzyme activity in stirred bioreactors. 

Second, the membrane-bound nature of the target enzyme
may be a reason to use whole cells. Removal of an enzyme
from a membrane environment often leads to full or nearly
complete loss of activity. Alkane hydroxylase is a well-
known example of such an integral membrane protein.

Third, cascades of enzymatic reactions (e.g. in the biosyn-
thesis of secondary metabolites like penicillin or
cephalosporin) may be too complicated to perform in vitro

because of the number of enzymes, cofactors and sub-
strates that are involved. 

Fourth, the stoichiometric consumption of NAD(P)H,
NAD(P)+, ATP or other cofactors during the enzymatic
reaction or chain of reactions may make the use of whole
cells attractive. Important NAD(P)H-dependent processes
include hydroxylations/epoxidations and the reduction of
ketones to chiral alcohols. 

In this review, we discuss the potential and limitations of
hydroxylations and epoxidations. In addition, a small 
number of recently developed/discovered biocatalysts is
discussed. For a more detailed review on enzymatic
hydroxylation reactions, we refer to a recent article of
Holland and Weber [2••] 

Hydroxylations and epoxidations: promises
and constraints
Chemical oxidative processes that involve the introduction
of oxygen atoms are often non-specific and/or depend 
stoichiometrically on toxic and expensive reagents (e.g.
selenium dioxide or 3-chloroperbenzoic acid). The poten-
tial of enzymes in this area has been recognized for decades
and the number of biocatalysts available for oxidative
bioprocesses is growing steadily ([2••] for examples see
Table 1). Biochemically, epoxidations and hydroxylations
are very similar and many oxygenases catalyze both reac-
tions; however, the number of these processes established
in industry is still quite limited. Below, we highlight a num-
ber of factors that limit the industrial implementation of
whole-cell hydroxylations and epoxidations, and discuss
how and to what extent these limitations can be alleviated.

Limitation 1: turnover numbers of oxygenases 
Most oxygenases are dependent on NADH or NADPH.
NAD(P)H-dependent bacterial oxygenases generally show
kcat values in the range 0.2 to 75 s–1 (Table 2). There is a
widespread perception that cytochrome P450 enzymes
have relatively low kcat values; however, Table 2 shows that
the kcat values of bacterial P450 hydroxylases, like cam-
phor-5-monooxygenase (kcat = 20 s–1) and BM-3 from
Bacillus megaterium (kcat = 26–75 s–1), can be higher than
those of bacterial non-heme iron hydroxylases that act on
non-activated carbons, like the toluene and alkane
monooxygenases (kcat = 0.5–20 s–1; Table 2). 

The underlying reasons for the relatively low kcat values of
NAD(P)H-dependent bacterial oxygenases (in comparison
with hydrolases, for example, which often have a kcat exceed-
ing 100,000 s–1) are not well known, and may be different for
various oxygenases. It has been suggested (e.g. [3]) that the
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electron transfer step of oxygenase reactions is a relatively
slow step. The observation that monooxygenases and 
dioxygenases that do not involve NAD(P)H show a
10-fold–1000-fold higher kcat value (Table 2) provides some
support for this assumption. Protocatechuate-3,4-dioxygenase
(kcat = 758 s–1), gentisate-1,2-dioxygenase (kcat = 642 s–1) and
nitropropane dioxygenase (kcat = 6400 s–1) are the most 
illustrative examples in this respect (Table 2). 

The NAD(P)H-dependent oxygenases with the highest
kcat values (5–75 s–1; Table 2) enable theoretical specific
activities of intact cells of 150–4500 U (g dry wt)–1 (where
1 U is defined as 1 µmol of product formed per minute),
assuming that the size of the oxygenase is 50 kDa per
active site and represents 5–10% (w/w) of total cell protein.
The lower end of this range of theoretically possible
whole-cell activities has been reached in several instances;
for example, the dihydroxylation of toluene by toluene
dioxygenase expressed in Escherichia coli, the epoxidation
of styrene, and the hydroxylation of the methyl group of

toluene by xylene monooxygenase (Table 1). Activities
significantly higher than 500 U (g dry wt)–1 have so far not
been reached in practice — this may be for several reasons.

Lower kcat values in recombinant strains
Heterologous expression in a foreign host may lead to a
lower kcat so that more enzyme needs to be produced in the
recombinant to obtain the same specific whole-cell activi-
ty as in the wild-type strain. This has been found to be the
case for alkane monooxygenase from Pseudomonas putida
GPo1 [4•]. Expression of this alkane monooxygenase in
E. coli W3110 resulted in a maximal specific activity of
30 U (g dry wt)–1, which is identical to the activity in the
wild-type strain although the oxygenase content was six-
fold higher in the recombinant. Another example is
provided by xylene monooxygenase (also an integral mem-
brane protein); until now, its overexpression in E. coli has
not resulted in enhanced specific activities (maximally
~100 U [g dry wt]–1 [5] in comparison with the optimally
induced wild-type strain P. putida mt-2 185 U [g dry wt]–1
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Table 1

Examples of hydroxylases from bacterial catabolic pathways applicable for the preparation of fine-chemicals using whole cells.

Enzyme system Organism Activity (U[g dry wt]–1) Reference Example of an industrially relevant 
(substrate)* reaction†

Alkane monooxygenase (A) Pseudomonas putida GPo1 30 (Nonene) [4]
E. coli 30 (Nonene) [4]

Toluene dioxygenase (B) Pseudomonas putida F1 750 (Toluene) Unpublished
data 

E. coli 235 (Toluene) [34]

Xylene monooxygenase (C) Pseudomonas putida mt-2 185 (Toluene) [6]
E. coli 100 (Styrene) [5]

Styrene monooxygenase (D) Pseudomonas putida S12 200 (Styrene) [7]
(blocked mutant)

E. coli (styA, styB) 90–180 (Styrene) [8]

Toluene dioxygenase (E) Rhodococcus opacus PWD4 15 (D-Limonene) [36]

D-Limonene

OH

(+)-trans-carveol 

Styrene S-Styrene oxide 

O

N

N
N

N

COOH

N

N

OH

2,5-Dimethyl
pyrazine

5-Methylpyrazine
2-carboxylic acid [35] 

Toluene Toluene cis-glycol 
OH

OH

Benzyl Hydroxy benzyl
pyrrolidine pyrrolidine [33] 

N
bn

OH

N
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*If available, specific activities for the original host strain and for E. coli recombinants are given. †Reference included if different from previous column.



[6]). Also, if one compares the activity of styrene monooxy-
genase in P. putida S12, in which the enzyme was originally
discovered (200 U [g dry wt]–1 [7]), with the activity of the
best E. coli construct carrying the genes encoding a similar
styrene monooxgenase (90–180 U [g dry wt]–1 [8]), it is
clear that heterologous overexpression does not necessari-
ly lead to higher activities. This may be because of the
different membrane properties of the artificial host (such
as the absence or presence of cyclopropane groups or
mycolic acids; length, degree of saturation, and conforma-
tion [cis-trans] of fatty acid moieties of phospholipids),
instability of the electron-transfer component (e.g. as
found for naphthalene dioxygenase [9]), the requirement
for a reactivating component (as found for catechol-2,3-
dioxygenase [10]) or a shorter protein half-life (as found for
the alkane monooxygenase system [4•,11]). High-level
expression in the natural host (‘self-cloning’) may be a suit-
able solution for most of these problems but, surprisingly,
there are no examples of this approach. 

Regeneration rates of NAD(P)H
For oxygenases that stoichiometrically consume NADH or
NADPH, the rate of their regeneration may limit the appar-
ent kcat above a certain expression level. Assuming that the
reduction equivalents are derived from glucose (consumed
in cells growing with a yield of 50% at a rate of maximally 2 g
cells (g glucose)–1 h–1), the rate of NADH regeneration is
approximately 720 U [g dry wt]–1 if ammonium is used as a
nitrogen source and the elemental ratio of biomass is
assumed to be CH1.67N0.2O0.27. There are no major reasons
to assume that the potential maximal activity is significantly
lower in cells used for the biotransformation, in which the
NADH is channelled mainly to the oxygenase rather than to
the electron-transfer chain. Therefore, although limitations
may occasionally occur under suboptimal conditions, natural
NADH regeneration rates may not be expected to limit oxy-
genase activities in the order of 100 U (g dry wt)–1. However,
if the higher end of the theoretical oxygenase activity range
(1000–4500 U [g dry wt]–1) were to come within reach,
NADH regeneration rates may become limiting. This issue
might be addressed by overexpression of enzymes involved
in the generation of reduction equivalents from glucose or
another source of reduction equivalents.

Limitation 2: oxygen-transfer rates in reactor systems
For many oxygenases, the Km for oxygen is in the order of
10–60 µM [12], which is one or two orders of magnitude
higher than that of the electron-transfer chain (~1 µM [13]).
As a result, oxygen-limited conditions may lead to a drastic
decrease in space-time yields because the oxygenase cannot
compete successfully for the available oxygen. To obtain
80% saturation of an oxygenase with a typical Km of 30 µM,
oxygen must be maintained in excess of 100 µM. In practice,
this requirement calls for a careful adaptation of the bacteri-
al cell density to its specific oxygen demand (endogenous
respiration plus oxygenase activity) and the oxygen-transfer
rates in the bioreactor used. Large-scale bioreactors (>10 m3)
have mass-transfer coefficient (kLa) values in the order of
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Table 2

kcat values of oxygenases. 

Enzyme Substrate kcat Ref.
(s–1)

Heme iron/NAD(P)H-consuming

BM-3 Pentadecanoic acid 75 [37]

Arachidonate 53 [38]

Laureate 26 [39]

Camphor-5-monooxygenase Camphor 20 [40]

Camphor 18 [41]

Narbomycin hydroxylase Narbomycin 1.4 [42]

Dihydrodaunorubicin oxygenase Dihydrodaunorubicin 0.6 [43]

CYP2C18 2-Aroylthioophene 2.1 [44]

CYP2C19 Mephenytoin 0.3 [45]

CYP2F2 2-Methylnaphthalene 1.1 [46]

CYP2C9 Diclofenac 0.5 [47]

CYP2E1 Ethanol 0.3 [48]

Non-heme iron/NAD(P)H-consuming/acting on non-activated
carbons

Phenylalanine Phenylalanine 14 [49]
4-monooxygenase

Toluene dioxygenase Toluene 9.4 [50]

Methane monooxygenase Butane 8.8 [51]

Biphenyl dioxygenase Biphenyl 7.3 [52]

Alkane monooxygenase Nonene 3.8 [4]

Octane 3.9 [53]

Toluene 4-monooxygenase Toluene 2.0 [54]

Naphthalene dioxygenase Naphthalene 1.8 [55]

Toluene 2-monooxygenase Toluene 0.5 [56]

Benzoate 4-monooxygenase Benzoate 0.2 [57]

Non-heme iron/NAD(P)H-consuming/acting on activated carbons

3-Hydroxybenzoate 3-Hydroxybenzoate 29 [58]
4-monooxygenase

4-Hydroxybenzoate 4-Hydroxybenzoate 20 [59]
1-monooxygenase

Cyclohexanone monooxygenase Cyclohexanone 17 [60]

Phenol 2-monooxygenase Phenol 13 [61]

Hydroxybiphenylhydroxylase Hydroxybiphenyl 6.2 [53]

Cyclopentanone Cyclopentanone 4.2 [62]
monooxygenase

Non-heme iron/no NAD(P)H consumption 

2-Nitropropane dioxygenase 2-Nitropropane 6400 [63]

2-Nitropropane 1224 [64]

Protocatechuate-3,4- Protocatechuate 758 [65]
dioxygenase

Gentisate-1,2-dioxygenase Gentisate 642 [66]

Catechol-2,3-oxygenase Catechol 187 [67]

1-Hydroxy-2-naphthoate 1-Hydroxy- 114 [68]
dioxygenase 2-naphthoate

L-Lactate monooxygenase L-Lactate 104 [69]

6-Chlorohydroxyquinol 6-Chlorohydroxyquinol 72 [70]
1,2-dioxygenase

The kcat values have been categorized according to the absence or
presence of heme moieties and their dependence on reduction
equivalents (e.g. NAD(P)H).



200 h–1 [14]. In such a bioreactor, an average air pressure of
2.5 atm and a desired residual oxygen concentration of
100 µM (corresponding to ~0.5 atm air pressure) results in an
oxygen-transfer rate of 90 mmol L–1 h–1. This oxygen-trans-
fer rate corresponds to 1500 U L–1 which allows a maximal
cell density of 10 g dry wt L–1 at a specific oxygen consump-
tion rate of 150 U (g dry wt)–1 (assuming an endogenous
respiration of 100 U [g dry wt]–1 and an average oxygenase
activity of 50 U [g dry wt]–1). These figures correspond to an
upper limit of the space-time yield of 30 mol m–3 h–1 or
4.5 kg m–3 h–1 (108 kg m–3 day–1) if the product has a molec-
ular weight of 150 Da. From these calculations, we also
conclude that space-time yields of whole-cell hydroxylations
and epoxidations using cells with activities above 100 U
(g dry wt)–1 become primarily constrained by the bioreactor
configuration (rather than by the biocatalyst). Another impli-
cation is that at relatively low specific activities (e.g. ~10 U
[g dry wt]–1) the space-time yields cannot simply be
enhanced by increasing the cell density: above a certain cell
density endogenous respiration will lead to oxygen limita-
tion. In such cases (if specific activities cannot be increased
by mutagenesis or genetic engineering), it could be useful to
develop special hosts in which the flux of reduction equiva-
lents (e.g. from glucose) to the terminal electron chain is
minimized, leading to reduced endogenous respiration and
thus to the possibility of using higher cell densities.
Technical solutions to increase oxygen-transfer rates (and
thus the maximally attainable space-time yields) include the
use of oxygen-enriched air and/or an increased pressure.
Also, the presence of a second dispersed organic phase has
been shown to be beneficial for oxygen-transfer rates [15].

Limitation 3: product inhibition
Space-time yields in the order of 30 mol m–3 h–1 (as calculated
in the previous section to be the upper limit in large bioreac-
tors with kLa values of 200 h–1) are only relevant if they can be
maintained for a significant period of time. For many process-
es yielding alcohols or epoxides, product inhibition, which
already occurs in the low millimolar range, would start to have
a negative impact within 10 min. One approach to handle this
problem is to continuously remove the product in situ. If inhi-
bition is exerted at the enzyme level, mutant enzymes that are
not inhibited can often be generated. In other cases, especial-
ly with lipophilic alcohols and epoxides (e.g. styrene epoxide),
the product is toxic to the whole cell and causes disruption of
the cell membrane [16]. The use of host cells with a higher sol-
vent resistance may partially alleviate this problem and allow
higher product concentrations to accumulate. For example,
cis-trans isomerases [17] and efflux systems [18•,19] may 
supply a host strain with an increased tolerance to membrane-
disruptive products. A more promising approach is the use of
a two-phase fermentation systems that allows the in situ extrac-
tion of lipophilic products, thus keeping the aqueous
concentration of the product at non-toxic levels [20].

Discovery of new enzymes
The discovery of new oxygenases requires screening 
methods that are essentially different from those used for

enzymes such as hydrolases. Whereas hundreds of hydro-
lytic enzymes (e.g. lipases and proteases) are commercially
available, only a few oxygenases can be purchased on the
market: a number of P450 enzymes (Gentest Inc., Human
Biologics International, Oxford Biomedical Research Inc.,
PanVera Inc., Research Diagnostics Inc., Sigma-Aldrich,
Xenometrics Inc., XenoTech llc) primarily used to predict
the metabolic fate of pharmaceuticals, small amounts of a
few Baeyer–Villiger monooxygenases, and hydroxybiphenyl
monooxygenase. Furthermore, expression cloning tech-
niques (i.e. the selection of clones from gene expression
libraries prepared from DNA isolated from environmental
samples or individual strains, for example, used by Diversa
Inc.), which have proven to be a strong tool in the discovery
and improvement of hydrolases and other uncomplicated
enzymes, are generally inefficient for oxygenases. This is
possibly because the genes encoding the various subunits of
oxygenases may not be clustered and/or expressed well in
hosts like E. coli. Therefore, the traditionally laborious
screening of large collections of wild-type strains is often the
best option to discover a desired oxygenase activity. The
recent development of a system for the parallel handling of
large collections of wild-type strains on microtiter plates has
eased and speeded up this task significantly [21•,22] and
resulted in the discovery of a number of new hydroxylation
reactions (Table 1; A and D). New enzymes belonging to
oxygenase classes of which at least a few have been cloned
and sequenced can also be obtained using the polymerase
chain reaction (PCR) with highly degenerate primers on
template DNA, which is likely to yield novel oxygenases
[23•]. PCR typically yields internal gene fragments which
can be used as probes to clone complete genes, as used for
alkane hydroxylases [24], or combined with the 5′- and
3′-ends of a well-characterized member of the same gene
family, as for catechol-2,3-dioxygenases [25].

What are the main sources of industrially relevant oxyge-
nases? The presently available microorganisms useful in
biohydroxylations can be roughly divided into two classes.
The first class comprises bacterial strains with hydroxylases
involved in catabolic pathways. In some cases an intermedi-
ate in the degradation of the natural substrate is the desired
product (e.g. toluene cis-glycol or styrene epoxide; Table 1
reactions B and D). Because the desired compounds do not
usually accumulate, blocked mutants of the natural strain or
genetic constructs in other strains are required. In other
cases, catabolic hydroxylases appear to show a desired (co-
metabolic) activity on unnatural substrates (examples A, C
and E; Table 1). In these cases, the hydroxylated product is
usually not further converted, enabling the screening of
wild-type strains. The second class of microorganisms that
are useful in biohydroxylation includes fungi from genera
like Cunninghamella, Beauveria and Aspergillus. These fungi
produce P450 enzymes with a broad substrate range and in
general show much lower whole-cell activities than the bac-
terial strains expressing catabolic enzymes. The rapid
increase in knowledge regarding the heterologous expres-
sion of P450 enzymes is likely to boost the discovery and use

422 Protein technologies and commercial enzymes



of such enzyme systems for new biocatalytic processes.
Recent examples in this respect are the cloning of P450
enzymes from Cunninghamella elegans [26] and Aspergillus
parasiticus [27]. The number of potential sources for new
P450 enzymes is massive, especially as there is little reason
to exclude eukaryotic P450 enzymes from potential biocat-
alytic applications. A literature search yielded recent articles
on the cloning of P450 enzymes from organisms as diverse
as cockroaches, eels, silkworms, hamsters, chickens, and a
wide range of plants. The SWISSPROT database contains
almost 800 sequences of P450 enzymes (May 2001).
Nowadays, the cloning of P450 enzymes is often possible by
PCR using degenerate primers [28]. New sequences of
whole genomes invariably result in the discovery of new
genes encoding P450 enzymes. An interesting example is
the large number (at least 20) of P450 sequences in the
genome of Mycobacterium tuberculosis [29]. A recent article of
Sakaki and Inouye [30] reviews the potential practical 
applications of human cytochromes P450. The potential for
protein engineering P450 enzymes in order to increase the
activity and/or specificity for unnatural substrates was
recently reviewed by Miles et al. [31]. 

Economic analysis
It remains to be seen for which categories of chemicals 
biohydroxylation and epoxidation processes will prove to be
economically viable. A detailed cost calculation for various
potential processes for the hydroxylation of octane to octanol
was prepared by Mathys [32•]. For a more general cost esti-
mation one can make use of a rule of thumb that assumes the
cost of running an (existing) large bioreactor to be around
50 $ m–3 day–1. Using this value, and the assumption that
average costs for the generation of cell mass are 2.5 $ (kg dry
wt)–1, we have calculated the minimum cost per kilogram
product (molecular weight 150 kDa) for a number of hypo-
thetical biocatalysts and process conditions (Table 3). This
table shows that continuous processes in which cell

growth/induction are combined with biotransformation are
preferable from the economic point of view, partially because
the costs for the generation of cell mass decrease at relative-
ly low dilution rates. From Table 3, we conclude that, for
bulk processes, biotransformation costs well below 1 $ kg–1

product may become feasible in the future. However, much
of the total process costs will often result from product recov-
ery. For this cost-factor, the final product concentration is the
most important determinant. Therefore, important future
research challenges will be the extension of the half-life of
the oxygenase involved and the decrease in its sensitivity
(and that of the host strain) to product inhibition.

Conclusions
Presently, the integration of oxygenases in synthetic process-
es for fine-chemicals is hindered by the instability of these
enzymes, the vulnerability of the microbial host cells, and
the special skills required for handling these biocatalysts.
Practical challenges include the development of robust host
strains with low endogenous oxygen respiration rates, high
NADH regeneration rates, a long oxygenase half-life (stable
activity for a prolonged period of time), combined with a low
sensitivity of the host and the enzyme to organic solvents and
product inhibition. Large-scale biotransformation costs
below 1 $ per kg product will come within reach when these
conditions have been met to a sufficient degree.
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