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Expanding the alkane oxygenase toolbox: new enzymes and

applications

Jan B van Beilen and Enrico G Funhoff

As highly reduced hydrocarbons are abundant in the
environment, enzymes that catalyze the terminal or subterminal
oxygenation of alkanes are relatively easy to find. A number of
these enzymes have been biochemically characterized in
detail, because the potential of alkane hydroxylases to catalyze
high added-value reactions is widely recognized. Nevertheless,
the industrial application of these enzymes is restricted owing
to the complex biochemistry, challenging process
requirements, and the limited number of cloned and expressed
enzymes. Rational and evolutionary engineering approaches
have started to yield more robust and versatile enzyme
systems, broadening the alkane oxygenase portfolio. In
addition, metagenomic approaches provide access to many
novel alkane oxygenase sequences.
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Introduction

Oxygenases are enzymes that catalyze the chemo-, regio-
and sterecoselective oxygenation of alkanes and many
other compounds [1,2], producing alcohols, aldehydes,
epoxides and carboxylic acids. Oxygenases have already
enabled new industrial synthetic routes for difficult-to-
synthesize complex molecules, such as secondary meta-
bolites (steroids, polyketides, terpenes, etc.) and pharma-
ceutical and agrochemical intermediates [3-5]. The use of
oxygenases to convert petroleum compounds into acti-
vated intermediates for the polymer and bulk chemical
industries is attractive, because the functionalization of
hydrocarbons by chemical means is difficult, energy
intensive, and environmentally unfriendly. However,
large-scale applications are not yet feasible owing to
the intrinsic properties of oxygenases and the require-
ment for oxygen and cofactors. In general, biotransforma-

tions can be carried out either with whole cells or with
(partly) purified enzymes, depending on the process
requirements and price. The practical application of
oxygenases is complicated by factors that are not a con-
cern for hydrolases, lyases or isomerases. If whole cells are
used, the toxicity of substrates and products, oxygen mass
transfer, and the uptake of lipophilic substrates present
significant engineering challenges. I vitro enzyme appli-
cations are restricted by cofactor requirements and the
sensitive nature of many oxygenases, which are often
multicomponent systems with oxidizing and electron-
shuttling subunits. In recent years, many of these issues
have been explored in detail (for reviews see [5,6°%,7]).
For example, product toxicity can be prevented through
the use of two-phase liquid systems or solid-phase extrac-
tion, and direct electrochemical methods with immobi-
lized or covalently linked oxygenases could eventually
replace expensive cofactor regeneration systems [8°°,9°°].
In addition, genetic engineering might help to overcome
instability or selectivity limitations, thus enabling the
exploitation of the unique catalytic power of alkane
oxygenases for both high added-value and bulk applica-
tions.

The diversity of alkane oxygenase systems

In prokaryotes and eukaryotes several enzyme systems
have evolved to activate aliphatic hydrocarbons under
aerobic conditions: cytochrome P450 enzymes, integral
membrane di-iron alkane hydroxylases (e.g. AlkB), solu-
ble di-iron methane monooxygenases (sMMO), and
membrane-bound copper-containing (and possibly iron-
containing) methane  monooxygenases (pMMO)
(Figure 1; Table 1). It is now recognized that these
enzyme systems are ubiquitous in nature. Recent pro-
gress in the identification and characterization of these
enzymes, in the elucidation of their diversity, and in the
use of these oxygenases in biocatalysis are discussed in
the following sections.

Cytochrome P450 alkane hydroxylases

More than 4000 P450 enzymes are known to date,
approximately 10-15% of which are found in prokaryotes.
The many new P450s discovered in genome sequences
illustrate that the surface has barely been scratched:
bacteria such as Mycobacterium tuberculosis and Streptonyces
coelicolor contain up to 20 different cytochrome P450s
[10]. The most thoroughly researched P450s are
P450cam, an enzyme from Pseudomonas putida that initi-
ates the metabolism of camphor, and P450BM-3, an
enzyme from Bacillus megaterium thought to be involved
in fatty acid metabolism. Only a few alkane-hydroxylating
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Representative reactions catalyzed by alkane hydroxylases. (a) Methane is oxidized to methanol, (b) butane to 1- or 2-butanol, (c) octane to
1-octanol, (d) octane to 2-octanol, (e) farnesol to 1-hydroxyfarnesol, (f) limonene to perillyl alcohol, (g) N-benzyl-pyrrolidine to N-benzyl
3-hydroxy-pyrrolidine, and (h) N-(2-hexylamino-4-phenylimidazole-1-yl)-acetamide to 1-acetylamino-4-phenylimidazol-2-yl-6-aminohexanol.
The enzymes responsible are mentioned in the figure above the arrows: BMO, butane monooxygenase; MMO, methane monooxygenase.
More extensive overviews on the substrate range of the discussed enzymes are available elsewhere [13,42,56].

P450 enzymes have been identified and characterized
thus far. These belong to both the class I P450s (cyto-
plasmic three-component systems comprising cyto-
chrome P450, ferredoxin and ferredoxin reductase
subunits; Figure 2a) and the class I P450s (microsomal
two-component systems comprising a membrane-bound
cytochrome P450 and a reductase).

Class | P450 enzymes

Screening of a collection of Cs—Cio alkane-degrading
strains for the regio- and stereoselective hydroxylation
of N-benzylpyrrolidine showed that 25-30% of the strains
oxidized this substrate to N-benzyl-3-hydroxypyrrolidine
with varying enantiomeric excess (Figure 1g). The most
active and stereospecific strain in this study was Sphingo-
monas sp. HXN-200, isolated from a trickling-bed bior-

eactor. Subsequently, this strain was shown to
hydroxylate many 4-, 5- and 6-ring alicyclic compounds
with rates of up to 10-20 wmol min~" g~ ! cell dry weight
[11-13]. Another strain from the same collection, Myco-
bacterium sp. HXN-1500, converted limonene to perillyl
alcohol (Figure 1f), a compound that was in clinical trials
for the treatment of several types of cancer (inconclusive
results). In both cases, cytochrome P450 enzymes of the
CYP153 family were shown to be responsible for the
hydroxylation reactions [14] (JB Van Beilen, unpub-
lished). The first member of this class I family was cloned
from Acinetobacter calcoaceticus EB104 and characterized as
a likely alkane hydroxylase by Maier ¢z a/. [15]. PCR
screening and sequence databases searches subsequently
revealed other strains (35 at present count) that possess
CYP153 homologs, several of which could be functionally

www.sciencedirect.com

Current Opinion in Biotechnology 2005, 16:308-314



310 Environmental biotechnology

Table 1

Enzymes that are able to oxidize alkanes.

Enzyme Composition and cofactors Examples of host organisms Substrate range Ref.
Class | P450 (CYP153) P450 oxygenase: P450 heme Sphingomonas sp. HXN-200, C4Cqs [15]
Ferredoxin: [2Fe-2S] Mycobacterium sp. HXN-1500,
Ferredoxin reductase: FAD, NADH Acinetobacter sp. EB104
Class Il P450 (CYP52) Microsomal oxygenase: P450 heme Candida maltosa, Candida tropicalis, C10-C16 [19]
Reductase: FAD, FMN, NADPH Yarrowia lipolytica
Class Il P450 (CYP2E, CYP4B) Microsomal oxygenase: P450 heme Humans and rabbits Ce—C1o [20,22,23]
Reductase: FAD, FMN, NADPH
Integral membrane Membrane hydroxylase: dinuclear iron Acinetobacter, Alcanivorax, Burkholderia, Cs—Cqg [32]
alkane hydroxylase Rubredoxin: iron Mycobacterium, Pseudomonas,
Rubredoxin reductase: FAD, NADH Rhodococcus
Soluble methane aoBoy2 structure Methylisinus trichosporium OB3Db, C1—C1o [42]
monooxygenase Hydroxylase: dinuclear iron Methylococcus capsulatus (Bath)
Reductase: [2Fe-2S], FAD, NADH
Regulatory subunit
Particulate methane Putative aB2y, structure All known methanotrophs C1-Cs [45°]
monooxygenase
Propane monooxygenase Putative anBoy» structure Gordonia sp. TY-5 Cs and C43-Cy [50]
Reductase: NADH
Regulatory subunit
Butane monooxygenase asBoy2 structure Pseudomonas butanovora Co—Cg [51]
Hydroxylase: dinuclear iron ATCC 43655
Reductase: [2Fe-2S], FAD, NADH
Regulatory subunit
Engineered P450cam P450 oxygenase: P450 heme Pseudomonas putida ATCC 29607 Cs—Cqo [17°°]
Putidaredoxin: [2Fe-2S]
Putidaredoxin reductase: FAD, NADH
Engineered P450BM-3 Single polypeptide: FAD, FMN, NADPH Bacillus megaterium ATCC 14581 C3—Cs [24°°]

Table adapted from [18].

expressed in P. putida. 'The available data suggest that
most, if not all, CYP153 enzymes oxidize Cs5—Ci, #-
alkanes (JB Van Beilen, unpublished; Figure 1c¢).

One of the ‘work horses’ in cytochrome P450 enzyme
research, CYP101 (better known as P450cam, a camphor
oxidizing enzyme), has recently been engineered to
hydroxylate alkanes. Rational design to reduce the
volume of the substrate-binding pocket improved the
enzyme-substrate fit such that one of the mutant
enzymes had a 1900-fold improved activity towards the
oxidation of butane to 2-butanol (turnover approximately
1000 min ") [16,17°°], while the activity towards propane
increased to a turnover frequency of 170 min~' [17°°].

Class Il P450 enzymes

Several microsomal class II cytochrome P450s are
involved in the metabolism of alkanes or act on alkanes.
Most of these belong to the CYP52 family that are found,
usually in multiple copies, in various yeast strains [18]. As
arecent example, ten CYP52 genes were cloned from the
yeast strain Candida tropicalis ATCC 20336, which oxi-
dizes #-alkanes at the a- and w-positions to yield fatty
acids and dicarboxylic acids [19].

In mammals, CYP2E1 is involved in the metabolism of
endogenous compounds and xenobiotics [20] and is the
key enzyme in the microsomal pathway for ethanol oxi-
dation. Its substrate range includes hexane, farnesol
(Figure 1e) and ethylbenzene, which are hydroxylated
at subterminal positions [21,22]. The CYP4B P450
enzymes hydroxylate several structurally diverse com-
pounds, including linear and branched alkanes, in this
case predominantly at terminal methyl groups [23].

P450BM-3 is a bacterial (soluble) class II P450 that was
cloned from B. megaterium. It is the most active of all P450
enzymes, probably because the hydroxylating- and elec-
tron-transfer subunits are joined in a single polypeptide.
This means that the subunit docking step, which is
possibly rate-limiting in catalysis by P450s [7], is elimi-
nated. To change the specificity of P450BM-3 from fatty
acids (substrates of the wild-type enzyme) to short-chain
alkanes, Arnold and coworkers subjected P450BM-3 to
several rounds of directed evolution. One of the mutants,
139-3, which had 11 amino acid substitutions, hydroxy-
lated octane and other alkanes at the 2-, 3- and 4-positions
with initial rates of up to 4000 min ' [24°°]. Alkenes were
converted to epoxides with rates up to 385 min ' [25,26].
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Structural representations of the alkane-hydroxylating enzyme systems discussed. (a) Soluble class | P450 systems: i) electron shuttling
HXN-1500 ferredoxin modeled on putidaredoxin; ii) model of HXN-1500 ferredoxin reductase using putidaredoxin reductase as the template;
iii) model of heme-containing oxygen-activating CYP153A6 enzyme using the structure of P450cam as a template. (b) Integral membrane
non-heme di-iron alkane hydroxylase systems: i) crystal structure of the C-terminal domain of rubredoxin; ii) rubredoxin reductase modeled

on the structure of putidaredoxin reductase; and iii) a model for the membrane-bound oxygenase AIkB, the W55 residue that blocks the active
site for longer alkanes is indicated (adapted from [39°°] with permission). (c) Soluble methane monooxygenase systems: i) the N-terminal FeS
cluster part of methane monooxygenase reductase (MMOR); ii) crystal structure of the regulatory protein B subunit; iii) crystal structure of the
C-terminal domain of MMOR,; iv) the crystal structure of the di-iron-containing catalytic subunit of SMMO. Protein alignments were performed
with ClustalW. After manual alignment in Deep View/Swiss PdBViewer, models were obtained with Swiss-Model and figures were generated

using the program Pymol.

Subsequent rounds of error-prone PCR and DNA shuf-
fling yielded enzymes with a higher activity towards
shorter alkanes, such as propane. By rational design,
mutant 9-10A-A328V was generated, which primarily
formed 2-alkanols (Figure 1d) but also small amounts
of 1-alkanols from longer alkanes [27°°]. This approach
demonstrated the strength of evolutionary design to
develop a highly active catalyst for future applications
in (sub-)terminal alkane hydroxylation. Two homologs of
P450BM-3 (CYP102A2 and CYP102A3) were recently
cloned [28] and a double-mutant was engineered that
also showed hydroxylating activity towards medium-
chain alkanes and aromatic compounds [29].

Integral membrane non-heme iron alkane hydroxylases
Many alkane hydroxylases are related to the integral
membrane non-heme iron protein AlkB, first discovered
in a hexane-degrading fluorescent pseudomonad now
known as P. putida GPol [30,31] (Figure 2b). To supply
electrons to the integral membrane monooxygenase
(AlkB), the enzyme requires one or two rubredoxins
and the electron-providing NADH-dependent flavopro-
tein rubredoxin reductase. PCR with highly degenerate
primers was used to show that genes encoding AlkB
homologs are present in many alkane-degrading «-,
B- and +y-Proteobacteria and high G+C content Gram-
positive bacteria (Actinobacteria). These strains included
M. tuberculosis, Prauserella rugosa, Rhodococcus erythropolis,
Burkholderia cepacia, Pseudomonas aeruginosa, several

Acinetobacter sp. and Alcanivorax borkumensis. Many of
the cloned AlkB homologs were subsequently shown to
be functional by heterologous expression [32-35]. Similar
to the CYP52 enzymes found in yeasts, many bacterial
strains contain multiple — quite divergent — integral
membrane AlkBs [31,33,36]. There are a number of
possible explanations for this apparent redundancy.
Firstly, the enzymes have different substrate ranges:
some oxidize alkanes from Cs to Ci,, whereas others
oxidize C;o—Ci4 #-alkanes [31,37] (Figure 1c¢). Different
AlkBs might also be active during different growth phases
[38]. Another explanation is that AlkBs could have dif-
ferent affinity constants for different alkanes or some
AlkBs might preferentially oxidize non-linear, branched,
cyclic aliphatic or aromatic compounds. Lastly, it is pos-
sible that some @/#B genes could be pseudogenes. Some
of these issues are still waiting to be explored, because
effective iz vitro assays are only available for short- and
medium-chain length alkane hydroxylases and because
the higher molecular weight hydrocarbon substrates
are often insoluble. In addition, integral membrane AlkBs
are not very stable i vitro. However, a recent protein
engineering and selection experiment study provides
insights into AlkB substrate specificity: as a tryptophan
residue located in the middle of one of six transmembrane
helices limits the length of the alkane substrates [39°°]
(W55 in Figure 2b). Moreover, a conserved eight-
histidine motif indicates that AlkBs are part of a larger
family, which includes desaturases, epoxidases,
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decarbonylases and methyl oxidases [40], providing more
insight into the structure—function relationship of this
class of enzymes.

Methane, propane and butane
monooxygenases

Two types of enzyme systems are known to oxidize
methane (Figure 1a): the thoroughly characterized, but
relatively rare, soluble di-iron methane monooxygenase
(sMMO; Figure 2¢) [41°,42] and the poorly understood
but ubiquitous copper-containing membrane-bound par-
ticulate methane monooxygenase (pMMO) [43,44].
Recent reviews give excellent overviews on the occur-
rence, structure and mechanism of the two different
enzyme systems [41°45°]. Although the heterologous
expression of all three components of the sMMO system
has been achieved [46,47], this has not yet been possible
for the highly unstable pMMO complex. Besides the
activation of methane, sSMMO is able to oxidize saturated
and unsaturated alkanes and halogenated, aromatic and
heterocyclic compounds [42]. By contrast, pMMO has a
much narrower substrate range, which appears to be
restricted to alkanes and alkenes with lengths up to Cs.

Biotechnological applications of the MMOs are restricted
to the biodegradation of chlorinated aliphatics and other
compounds. The application of these enzymes for syn-
thetic purposes is limited owing to the low regio- and
stereoselectivity of these enzymes. A potentially huge
market would be opened up if the conversion of methane
and ethane to methanol and ethanol, respectively,
became feasible (a holy grail of the petrochemical indus-
try). By inhibiting methanol dehydrogenase in Methylosi-
nus trichosporium OB3b with sodium chloride, methanol
production from methane was enhanced and a methanol
concentration of 7 mM was attained in a 36 h batch
reaction [48]. In another potential application of MMO,
Xin ez al. [49] immobilized a mixture of Methylomonas sp.,
Methylococcus capsulatus and Methylosinus trichosporium cells
on diatomite particles for the continuous production of
epoxypropane. This biofilm reactor was run for 53 days
without loss of activity.

Other gaseous alkanes are metabolized by strains expres-
sing propane or butane monooxygenases that are related
to pMMO or sMMO. Gordonia sp. TY-5 is able to use
propane as the sole carbon source, but cannot use any
other gaseous alkane. A complete operon encoding a
putative di-iron-containing multicomponent monooxy-
genase — including large and small hydroxylase subunits,
an NADH-dependent reductase and a regulatory protein
— was cloned and sequenced. Deletion of one of the
subunits abolished the ability to grow on propane, con-
firming its role in propane oxidation [50]. The hydroxy-
lase subunits of propane monooxygenase show relatively
high sequence similarity with butane monooxygenase
isolated from Pseudomonas butanovora, which oxidizes

butane to 1-butanol (Figure 1b). This butane monoox-
ygenase was recently cloned and turned out to be quite
similar to sMMO: the hydroxylase subunits a and 3 and
the regulatory protein B show more than 60%, 50% and
40% amino acid sequence identity, respectively, to the
corresponding subunits of sMMOs [51].

Evidence for other alkane-oxidizing enzyme
systems

A crucial step in the synthesis of imidazol-2-yl amino
acids was accomplished with alkane-grown bacteria [52].
The biotransformation involved oxidation of the alkyl
sidechain of N-(2-hexylamino-4-phenylimidazole-1-yl)-
acetamide to produce l-acetylamino-4-phenylimidazol-
2-yl-6-aminohexanol and the butanoic acid derivative
(Figure 1h). In this study, 15 out of 61 strains were found
to have the desired activity, however, the identity of the
enzymes involved is not known.

Outlook

Metagenomic profiling now provides access to a multi-
tude of genes belonging to known alkane hydroxylase
families that can be screened for the desired stereo-,
regio- and enantioselectivity. Completely novel alkane
hydroxylase systems might be identified by focussing
research on alkane-degrading strains that do not contain
known systems. T'he structural characterization and engi-
neering of these enzymes will provide more insight into
enzymatic alkane activation and will support the devel-
opment of alkane oxygenases for industrial applications.

The ‘ideal’ alkane hydroxylase for industrial applications
is soluble, single-component, stable, has no cofactor
requirements, and is highly stereo-, regio- and enantio-
selective. One particular enzyme, P450BM-3, is already
approaching these goals. This soluble, single-component
enzyme has been engineered for higher temperature
stability [53] and the ability to function as a H,O,-driven
hydroxylase, in theory eliminating the requirement for
NAD(P)H. The instability of this enzyme in the presence
of H,0; [54] might be remedied by investigating recently
discovered natural P450 ‘peroxygenases’ [55], while
further engineering could transfer the excellent regio-
and stereoselectivity of the CYP153 enzymes to P4A50BM-
3. The resulting enzyme would meet all of the above-
mentioned criteria.

Conclusions

Studies on alkane hydroxylases are no longer limited to a
very small number of well-characterized enzyme systems,
as shown by the discovery of a new and promising P450
alkane hydroxylase family and the conversion of P450cam
and P450BM-3 into alkane hydroxylases by protein engi-
neering. At the same time, more structural information
has become available for the integral membrane alkane
hydroxylase, sMMO and, very recently, pMMO enzyme
systems. The combination of new sequence diversity,
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new structures, heterologous expression, and directed
evolution, should speed up the development of these
alkane hydroxylases for industrial biocatalysis.

Update

Lieberman and Rozenzweig recently elucidated the first
crystal structure of pMMO. The structure showed a
trimer with a mononuclear and dinuclear copper center
and a zinc site, providing a solid foundation for further
studies on this intriguing enzyme [57°°].
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