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ABSTRACT

Researchers in applied biocatalysis are now reaping the rewards of intensive effort and technological
developments in the sequencing of the genomes of microbial and plant species. The genomic resource
contains the sequences of millions of new genes with potential application in industrial biotechnology
and includes families of enzymes within discrete genomes that potentially catalyze equivalent chemical
reactions. One of the key emerging characteristics of these intragenomic complements of enzymes is
the impressive breadth of catalytic diversity that is observed within them. This diversity may have been
acquired either in order to combat the spectrum of metabolic challenges with which the organism may

Iéiegz;:;j;is be presented in its natural environment or as part of the biosynthetic machinery evolved to produce a
Enzyme discovery spectrum of secondary metabolites that will prove to be advantageous in establishing a niche. Attempts
Genomics have been made to functionally characterize the intragenomic complements of enzyme families cat-
High-throughput alyzing diverse reactions including carbonyl reduction, ester hydrolysis and Baeyer-Villiger oxidation,
Oxidoreductase in Gram-positive bacteria, yeasts, filamentous fungi and the plant Arabidopsis thaliana. These studies are
beginning to describe in detail for the first time the impressive range of catalytic potential within single
organisms for attributes such as substrate range, enantioselectivity or thermostability, each of which is

of interest from an enzyme discovery perspective.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

will assist greatly in the improved exploitation of these organisms
for the production of bulk biochemicals such as amino acids and

At the time of writing, the Genomes OnLine Database (GOLD,
http://genomesonline.org/) lists over eight thousand genome
sequencing projects with over 1300 publicly-accessible completed
genomes. It is noteworthy that approximately a quarter of these
have been listed as having a ‘funding relevance’ in the Biotech-
nology Sector. The reasons for this are clear: Understanding the
biochemistry of industrial organisms such as Corynebacterium glu-
tamicum [1], Aspergillus niger [2], and Streptomyces avermitilis [3]
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citric acid, or fine chemicals such as antibiotics, respectively. The
other beneficial consequence of such genome sequences is that
they reveal multitudes of related genes encoding enzymes that
are of particular interest in the area of applied biocatalysis, such
as hydrolases (proteases, esterases, nitrilases, lipases), oxidore-
ductases (cytochromes P450, ketoreductases, flavin-dependent
oxygenases) transferases (glycosyltransferases and aminotrans-
ferases) as well as open-reading frames that potentially encode
enzyme chemistries that have not been previously described [4]. In
this review, we explore the extent to which the intragenomic diver-
sity of catalytic activity within a single species has been explored,
and how this might impact on enzyme discovery for biocatalysis.
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Initial studies reveal that there is a surprising amount of diver-
sity in sequence and catalytic properties within these small groups
of enzymes, which constitute a readily accessible discrete pool of
catalysts that are remarkably complementary in terms of reaction
chemistry, substrate specificity, and regio- and enantioselectivity.

2. The genomes of ‘biocatalytic’ organisms and their
enzyme complements

Over the last forty years, certain microbial genera have emerged
as the most frequently encountered during screening and enrich-
ment selection experiments conducted in an effort to identify and
exploit a particular biocatalytic reaction. These organisms would
be well-known to scientists practicing in the area of applied bio-
catalysis, and some representative strains were early targets for
genome sequencing, including for example, strains of the bacte-
ria Pseudomonas [5,6], Bacillus [7], Rhodococcus [8], Nocardia [9],
Arthrobacter [10], various Streptomyces spp. [3,11-13] and also fil-
amentous fungi, for which strains of Aspergillus [2,14,15] are the
most notable. Strains from these genera have been applied as
whole-cell biocatalysts to a host of chemical reactions ranging
from ester, epoxide and nitrile hydrolysis to the hydroxylation
of non-activated carbon centres and other oxidations. In some
cases, protein purification, followed by protein sequence analysis
and ‘classical’ cloning resulted in the identification of some of the
enzymes responsible for the activity observed in the whole-cells.
However, the sequences of genomes now inform us that multiple
enzymes catalyzing the relevant reaction may exist in the same
organism and might theoretically contribute to the behaviour of
the behaviour of the wild-type whole-cell biocatalyst. The intrage-
nomic complement of that enzyme class within the organism can
now in many cases be readily identified after genome sequencing
through, for example, sequence homology-based searching such
as BLAST [16], often making use of enzyme-specific amino-acid
sequence motifs which have roles in catalytic function. Cloning,
expression and functional assay of the individual members of the
intragenomic complement can then provide information of the
contribution of that enzyme to the whole-cell activity.

In many cases the number of enzymes capable of catalyzing
an equivalent chemical reaction in an organism can be directly
related toits natural biochemical context. Plant genomes, for exam-
ple, have been shown to contain a large amount of homologues
of glycosidases and glycosyltransferases, essential for the break-
down and synthesis of sugars that form part of the cell wall [17].
Microorganisms such as Streptomyces [3,11-13], which are active
in the biosynthesis of secondary metabolites, are rich in sequences
encoding polyketide synthases (PKS), non-ribosomal peptide syn-
thases (NRPS) and enzymes such as cytochromes P450 (CYPs) for
the decoration of secondary metabolites resulting from PKS or
NRPS activity. Soil organisms of the genus Pseudomonas [5] and
Rhodococcus [8] contain multiple sequences for enzymes that are
active in the oxygenation of hydrocarbons, commensurate with
their abilities to break down a wide range of structurally diverse
carbon sources in order to derive energy for growth. Filamentous
fungi such as Aspergillus [2,14,15] are rich in hydrolase and oxidase
enzymes that assist in the breakdown of biopolymers, consonant
with their natural context as saprophytic organisms needing the
relevant metabolic armoury to break down cellulose and lignin.
In each case the common factor is the evolutionary advantage
bestowed on the organism by enzymatic diversity in the face of the
wide-ranging chemical challenges that encounter the organism in
its natural environment, either in the synthesis or breakdown of
natural products.

The functional analysis of intragenomic enzyme complements
is being driven in part by the desire of the biocatalysis community

to unearth new enzymes displaying diverse properties, in order to
create a pool on which to draw for application. The summary below
focuses primarily on reports where an attempt has been made
to characterize, through genome sequence analysis, followed by
heterologous expression and functional assay, the catalytic prop-
erties of enzyme families within individual genomes. Examples of
ketoreductase, hydrolase, glycosyltransferase and oxygenase com-
plements reveal a pleasing range of catalytic diversity within a
small number of targets that may constitute a readily accessible
library of pre-evolved diversity as a starting point for biocatalyst
discovery.

3. Ketoreductases

Baker’s yeast (Saccharomyces cerevisiae) is very well known
as a biocatalyst, primarily for its usefulness in the reduction
of prochiral ketones to give chiral alcohols [18]. Whilst many
successful carbonyl reductions using this and other yeasts con-
tinue to be reported, it is still evident that for many of these
reactions, the enantioselectivity is compromised by the opposing
selectivity of more than one ketoreductase (KRED, alcohol dehy-
drogenase or carbonyl reductase) enzymes within the wild-type
organism. This inherent disadvantage prompted one of the first
systematic studies of an intragenomic complement by Stewart and
co-workers, who reported the cloning, expression and character-
isation of all the open-reading frames encoding KREDs in baker’s
yeast, in an effort to create ‘designer’ catalysts that displayed
improved selectivity [19]. The genome of S. cerevisiae, first pub-
lished in 1996 [20] appeared to contain forty-nine open reading
frames that might be predicted to catalyse carbonyl reductions.
Twenty-two were selected that, as a group, included homologs of
aldosereductases (AR), short chainreductases (SDR), medium chain
reductases (MDR) and p-hydroxyacid dehydrogenases (HAD). The
zinc-containing yeast alcohol dehydrogenases were excluded from
the study on the basis of being likely to exhibit poor selectivities.
In the first instance, eighteen of the twenty-two selected genes
were expressed in E. coli as GST-fusion tagged proteins and assayed
against five representative 3-keto ester substrates. It was observed
that complementary selectivities were displayed for the reduction
of 1 by, for example, YJRO96w and YDR368w, each representatives
of the aldose reductase superfamily to give (S)-2 and (R)-2 respec-
tively (Scheme 1); Complementary selectivities were also exhibited
by enzymes from different superfamilies: YGL185c (p-hydroxyacid
dehydrogenase) and YALO60w (medium-chain reductase) again
giving (S5)-2 and (R)-2 respectively (Scheme 1). Another spectrum of
activities was described for a short series of a-keto esters including
3 (Scheme 2), for which YALO60w (MDR) gave (S)-4 and YPL113c
(p-hydroxyacid dehydrogenase) gave (R)-4.

In addition to confirming that the moderate enantioselectivity
of whole-cell reductions catalysed by yeast was certainly due to
the competing activities of diverse reductases, the study revealed
a valuable family of enzymes of complementary selectivities for
further application. However, not all the reactions described for
whole-cell reactions could be attributed to the activity of these
eighteen enzymes. For example, 5 was reduced to (5)-6 by whole
cells (Scheme 3), yet none of the GST-fusions of the individual
KREDs was able to catalyse that reduction with equivalent selec-
tivity. The study also demonstrated that the relationship between
amino acid sequence of the KREDs studied and both the sub-
strate specificity and enantioselectivity was complex, suggesting
questionable predictive value in the data for genome mining for
catalysts of a particular selectivity in this instance.

A range of substrate spectrum and enantioselectivity was
also observed amongst the ketoreductase domains of polyke-
tide synthase modules from Saccharopolyspora erythrea, such as
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Scheme 2. Enantiocomplementary reductions of a a-keto ester 3 by ketoreductases
from Saccharomyces cerevisiae.

that which catalyses the assembly of the erythromycin pre-
cursor 6-deoxyerythronolide B (DEB synthase or DEBS) [21].
KREDs from modules 1, 2, 5 and 6 were cloned and expressed
as GST-fusion proteins, and their extended substrate specificity
towards linear aliphatic ketones and cycloalkanones such as
cyclohexanone 7 was assessed (Scheme 4) [22]. Each displayed
activity towards 7, racemic 2-allyl cyclohexanone 8, dicyclohexyl
ketone 9 and trans-decalone 10. The KRED from module 1 dis-
played exceptionally broad substrate specificity, encompassing
cyclohexane-1,2-dione 11, 2-methylcyclohexanone 12, 2-octanone

served amongst these SDR family members, and also that enzymes
displaying p-selectivity possessed an aspartate as part of an LDD
motif that was absent from the L-selective members including the
KRED domain of DEBS module 4 [25]. Using the N-acetyl cysteamide
(SNAC) analogues 15 of their natural substrates, the module 1 KRED
was confirmed to be L-specific (Scheme 5), but similar studies with
KREDs from modules 2, 5, and 6 gave 2-20% of the p-form of the
product 16, suggesting that the known absolute stereoselectivity
was due in part to the anchoring of the natural substrate to the acyl
carrier protein domain in DEBS.

4. Hydrolases

Hydrolytic enzymes, most notably lipases and esterases, form
the most important class of enzymes for biocatalytic applica-
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Scheme 3. Asymmetric reduction of a B-keto ester 5 by whole-cells of Saccharomyces cerevisiae. No isolated enzyme from that organism was described that possessed the
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Scheme 4. Compounds tested as substrates for KREDs from deoxyerythronolide B synthase (DEBS) modules from Saccharopolyspora erythrea.
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Scheme 5. Reduction of N-acetyl cysteamide derivative 15 by the module 1 ketoreductase (KRED) from Saccharopolyspora erythrea.

tion and it is no surprise that single species contain multiple
relevant sequences within their genome. The genome of Bacillus
subtilis, for example, has been reported to contain eight genes
encoding lipases or esterases [26]. Tools for identifying both
lipase and esterase enzymes based on sequence motifs have been
established [27,28] and have led to the cloning and functional
characterization of multiple targets from the same organism,
however, some attempts to characterize the whole intragenomic
complement of, for example, esterase targets have fallen down
because of variable expression and activity. For example, Chung
and co-workers identified, cloned and expressed six carboxyl
esterases from Salmonella typhimurium, yet only two showed sig-
nificant activity with the standard tributyrin test and only one
yielded to detailed analysis [29]. More recently Dherbécourt and
co-workers cloned and expressed twelve esterases from Propi-
onibacterium freudenreichii, six of which hydrolysed 1-naphthyl
acetate, although further exploration of their catalytic diversity
was not presented [30]. However, Soror has recently described
the cloning and soluble expression of three lipase/esterases from
Streptomyces coelicolor [31]. SCO7131 was active towards acetate
esters (as measured by UV assay), but not larger substrates, was
moderately thermostable, and yet non-enantioselective. SCO6966
was active against short-chain fatty acid esters SCO3644 and was
not thermostable, indicating that a range of thermostability can be
encountered within enzyme families within one genome.

Multiple epoxide hydrolase (EH) genes are also encountered
within single genomes. Some of these interesting complements,
such as the eight EHs from Mycobacterium tuberculosis, are reported
to be recalcitrant to expression as a whole [32] although structures
of two of those enzymes have been reported [33,34]. However, the
expression and functional analysis by GC assay of three EHs from
Erythrobacter litoralis HTCC2594 hints at the diversity extant within
EH families within a single genome [35]. When racemic styrene
oxide was used as the substrate, enzyme EEH1 preferentially
hydrolysed the (R)-enantiomer EEH2 was not enantioselective
and EEH3 preferentially hydrolysed the (S)-enantiomer. Differ-
ences in pH (6.5, 7.5 and 8.0 respectively) and temperature (50°C,
55°C and 45°C) optima were also reflective of a spectrum of
catalytic properties within the EH complement of this organism
overall.

Zhu and co-workers cloned, expressed and assayed using UV
spectrophotometry, 22 of the 23 family GH92 a-mannosidases
from Bacteroides thetaiotamicron [36], a human gut symbiont
which uses a vast array of carbohydrate active enzymes to secure
sugars from dietary polysaccharides. The diversity of both sub-
strate specificity and regio- and stereospecificity was notable in
this example, with different targets exhibiting a-1,2-mannosidase
activity (Bt2199, Bt3962 and Bt3990), or hydrolytic activity
towards «-1,3-mannobiose (Bt1769, Bt3858 and Bt3991) or a-
1,4-mannobiose (Bt3965, Bt4073 and Bt4093). Catalytic behaviour
towards high-mannose N-glycans was also diverse and revealed
an array of complex structural requirements of the substrates
for recognition by different enzymes. In this case, the diversity
observed is again reflective of the catalytic capacity required by
the organism to make the most of its available carbon resources for
survival.

5. Baeyer-Villiger monooxygenases

Baeyer-Villiger monooxygenases (BVMOs) are flavin-
containing enzymes that catalyze the oxygenation of ketones
to esters or lactones, using reduced nicotinamide coenzyme
NADPH to furnish reduced flavin, which reacts with molecular
oxygen to form a flavin hydroperoxidate anion that serves as the
oxidant in a Baeyer-Villiger reaction [37]. An amino acid sequence
motif was identified in 2002 by Janssen and co-workers [38] for
identifying Baeyer-Villiger enzymes, and this was successful in
identifying, for example, a thermostable BVMO in the genome of
Thermobifida fusca [39]. It has also proved useful in identifying
intragenomic BVMO complements in nocardioform actinomycetes
such as Mycobacterium tuberculosis [40,41], which contains at least
seven BVMO genes, and Rhodococcus jostii [8,42].

The genome sequence of the bacterium Rhodococcus jostii RHA1
was revealed to encode at least nineteen open-reading frames
encoding enzymes with the BVMO motif [8]. Szolkowy and co-
workers cloned these, and an additional four related targets from
Rhodococcus and twelve of them were successfully expressed in
the soluble fraction [42]. A screen of substrate acceptance using
a GC assay showed that the enzymes accepted a wide range of
aliphatic, alicyclic and bicyclic ketones. For the most part, and in
contrast to the situation with KREDs from S. cerevisiae, amino acid
sequence correlated strongly not only with substrate specificity,
but also enantioselectivity, for which a spectrum was observed
amongst the thirteen targets screened (Scheme 6). For example,
groups of BVMOs displayed either (R)- or (S)-selectivity for the res-
olution of 2-methylcyclopentanone 17, mostly with poor E values,
but one of the targets, termed MO18, catalysed the (S)-selective
resolution with an E value of 25. Bicyclic substrate 19 (Scheme 6)
was converted to a range of lactone products by the different
enzymes and one of these, termed MO14, was able to catalyse a
resolution of the substrate, to give optically pure residual ketone
substrate and lactone product. This study also revealed novel fam-
ilies of BVMOs, including those more divergently related to those
enzyme previously studied, which featured significant variations
in the established amino acid sequence motif.

6. Glycosyltransferases

It has been well documented that, given the fundamental
importance of carbohydrate metabolism in biology, that as much
as 2% of an organism’s genome can encode enzymes involved
in either carbohydrate synthesis (glycosyltransferases) or break-
down (glycosidases) [17]. The genome of the plant Arabidopsis
thaliana, for example, contains at least 356 glycosyltransferases
from 27 families [43]. Developments in high-throughput screening
of enzyme activity have allowed the synthetic potential of some
of this reservoir of enzymes to be investigated. Bowles and co-
workers identified a family of 99 genes (including 11 pseudogenes)
encoding UDP-glycosyl transferases in Arabidopsis thaliana using a
C-terminal consensus sequence as an identifier, and with sequence
similarities varying between 30 and 95% in 12 major groups [44].
Functions, based on similarity to known enzymes, were proposed
which included the glucosylation of anthocyanidins and the plant
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hormone zeatin. The biocatalytic potential of these enzymes was
realized by expressing them in soluble form in E. coli [45], leading to
a library of 96 active biocatalysts that could be screened in 96-well
plate format for the reaction of interest; in that case, the regiose-
lective glucosylation of the flavonoids scopoletin 22, diadzein 23
and the stilbene derivative trans-resveratrol 26 (Scheme 7). In the
method described, mixtures of the glycoside products 23,25, and 27
formed were subjected to enzymatic hydrolysis and the resultant
glucose detected by a coupled enzyme assay involving glucose oxi-
dase, horseradish peroxidase and a peroxide sensitive dye. Using
this method, the library screening revealed that forty-five Gtases
from A. thaliana demonstrated the ability to glycosylate scopoletin
22, and twenty-five were competent for the glycosylation of trans-
resveratrol 26. Complementary regioselectivities of glycosylation,
and also di-glycosylation were observed amongst this intragenomic
complement, and those selectivities verified by HPLC analysis. The
genome of A. thaliana has also allowed the identification of com-
plementary transferases that deliver rhamnose to aglycones such
as quercetin [46].

7. Cytochromes P450

Cytochromes-P450 (CYPs) are heme-containing monooxyge-
nases catalyzing a range of oxidation reactions with enormous
potential for biocatalytic processes [47]. The ‘CYPomes’ (intrage-
nomic complement of CYPs) of organisms have therefore already
proved to be a popular target for accessing catalytic diversity,

with groups having studied the catalytic competence of the rele-
vant complements from bacteria, fungi and also humans. However,
in contrast to the other enzyme classes of interest to prepara-
tive biocatalysis described above, CYPs are remarkably divergent
in reaction chemistry, catalyzing reactions as diverse as carbon
hydroxylation, epoxidation, heteroatom dealkylation and oxi-
dation, phenolic couplings and reductive denitrations [48,49].
This catalytic heterogeneity presents challenges when screening
CYPomes for reactions of interest, as no ‘generic’ substrate for their
activity has been described. A further challenge is presented by the
dependence of CYPs on auxiliary electron transport proteins for
activity. For these reasons, whilst the identification of open reading
frames encoding CYPs within genomes is relatively simple, based
on sequence homology, there is little information on the function
of many of the associated gene products. Some studies of CYPomes,
such as those of Mycobacterium tuberculosis [50] and Streptomyces
coelicolor [51] have been stimulated by interests in the relevant
organism as pathogens or as antibiotic producers respectively, but
we focus largely on those CYPomes that have been investigated
from the biocatalysis perspective.

The common soil and water bacterium Rhodopseudomonas
palustris [52] has seven CYPs encoded within its genome, which
are very sequence diverse, representing seven different fami-
lies. Bell and co-workers cloned and expressed in soluble form
in E. coli four of these (CYP195A2, CYP199A2, CYP203A1 and
CYP153A5) in addition to a ferredoxin associated with CYP199A2,
and assessed their ligand binding behaviour with an assay that
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monitors the spectroscopic shift from 418 nm to 390 nm associ-
ated with substrate binding at the heme [53]. Whilst no substrates
were observed to bind to CYP153A5, CYP199A2 displayed the char-
acteristic shift with aromatic aldehydes and carboxylic acids such
as 4-ethylbenzoic acid and 4-isopropylbenzaldehyde. No aliphatic
acids were accepted by either CYP199A2 or CYP203A1. An in
vitro oxidation system of CYP199A2, a ferredoxin from R. palustris
termed palustrisredoxin, and putidaredoxin reductase was suc-
cessfully reconstituted for the oxidation of 4-ethylbenzoic acid.
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Table 1
Summary of intragenomic enzyme complements catalysing different reactions.
Organism Enzyme type No. of targets  No. targets expressed in No. of Notes Reference
in genome soluble form targets
active

S. cerevisiae Ketoreductase (SDR) 49 18 (of 22 cloned) 18 (S) and (R)-selectivity observed [19]

Propionibacterium freudenreichii Esterase 23 11 (of 12 cloned) 6 - [30]

S. coelicolor A3(2) Lipase/Esterase 31 3 (of 11 cloned) 3 Different thermostabilities observed  [31]

Erythrobacter litoralis Epoxide Hydrolase 3 3 3 Both (R) and (S) selectivity observed  [35]
for styrene oxide hydrolysis

Bacteroides thetaiotamicron a-Mannosidase 23 22 22 Different regiospecificities for bond [36]
cleavage

R. jostii Baeyer-Villiger 23 12 12 Different regioselectivities and [42]

monooxygenase enantioselectivities observed

Arabidopsis thaliana UDP-Glycosyltransferase 99 96 96 Different regioselectivities towards [45]
flavonoid glycosylation

R. palustris Cytochrome P450 7 7 4 - [53]

Nostoc PCC 7120 Cytochrome P450 7 Data not reported 4 Four CYPs with different [54]
regioselectivties for testosterone
hydroxylation

Nocardia farcinica Cytochrome P450 23 12 (cloned and expressed 3 - [55]

as fusion proteins)

6[3- positions respectively. Sabbadin and co-workers have further
explored the activities of the CYPome from Nocardia using a generic
fusion enzyme strategy, and uncovered complementary substrate
specificities amongst the complement, including enzymes that oxi-
dize testosterone and ethoxycoumarin [55].

The CYPomes of eukaryotes present additional challenges
in respect of functional expression and characterization, being
membrane bound in their natural state, and dependent on the
activity of CYP reductase proteins that are responsible for trans-
ferring reducing equivalents from NADPH to the heme domain.
Filamentous fungi, widely used for industrial hydroxylation reac-
tions, are proving to be rich sources of genes encoding CYPs
[56]. Whilst there are a few reports of the characterization
of fungal CYPomes in silico including that of Aspergillus nidu-
lans [57] attempts at the functional characterisation of fungal
CYPomes are limited. Wariishi and co-workers recently cloned
121 CYPs from Aspergillus oryzae although functional characteri-
zation of the enzymes is outstanding [58]. More work has been
accomplished on plant CYPomes, however, which constitute a
compelling array of potential activities for biocatalysis when one
considers the multiple roles for CYPs in the biosynthesis of, for
example, bioactive alkaloids and flavonoids, The CYPome of Ara-
bidopisis thaliana has been the most extensively studied, and
contains at least 272 CYPs containing members of over 45 fam-
ilies (http://www.p450.kvl.dk/Arab_cyps/family.shtml). Whilst a
comprehensive description of the activities of Arabidopsis CYPs is
frustrated by the practical problems associated with the expression
and assay of these enzymes, some clues in respect of func-
tional annotation have been provided by large-scale co-expression
analysis [59] using a large set of publicly available databases.
This analysis allowed Werck-Reichhart and co-workers to sug-
gest roles for some of the Arabidopsis CYPs in some metabolic
pathways, notably the biosynthesis of steroids, isoprenoids and
triterpenoids. The biochemical role of some individual Arabidop-
sis CYPs has been unambiguously demonstrated using individual
cloning and functional characterisation experiments. CYP71A13
catalyses the oxidation of indoleacetaldoxime 28 to form indole-
3-acetonitrile 29 (Scheme 8) in the biosynthetic pathway towards
the alkaloid camalexin [60]; CYP77A4 catalyses the epoxidation of
fatty acids such as oleic acid 30 and linoleic acid [61]; CYP707A
catalyses the 8'-hydroxylation of abscisic acid 32 [62]. CYP79A2
catalyses the transformation of phenylalanine 34 to phenylacetal-
doxime 35 as part of the pathway towards benzylglucosinate [63].
Other Arabidopsis CYPs have been shown to have activity towards
xenobiotics, such as CYP71A12 which metabolises the herbicide

pyrazoxyfen 36 [64]. A genomics project designed to collate infor-
mation on the functional assignment of Arabidopsis CYPs can be
found at http://arabidopsis-p450.biotec.uiuc.edu/, including a reg-
ularly updated list of functions which have been unambiguously
defined. It is already clear that such a vast range of sequences
encodes a suitably diverse spectrum of CYP activity for Arabidopsis
to fulfil its metabolic and biosynthetic roles.

8. Conclusion - smart libraries for biocatalyst discovery?

The data emerging from the functional expression of fami-
lies of enzymes catalyzing equivalent chemical reactions in single
genomes are beginning to confirm the existence of a wide range of
catalytic properties that might be expected as a result of evolution-
ary adaptation of each organism to the demands of its environment.
In many examples it is the drive to discover new biocatalysts that
is helping to reveal this new information on the catalytic capac-
ity of organisms, and is throwing up some examples of interesting
new selectivities along the way. The intragenomic complements
studied thus far (some of which are summarized in Table 1) might
be considered subsets of activities that can be targeted as discrete
pools of ‘pre-evolved’ sequences from which to begin a search for
enzymes of new and useful activities for novel application. For
example, in the case of Saccharomyces KREDs, Erythrobacter EHs
and Rhodococcus BVMOs, these small complements have certainly
revealed enzymes of contrasting enantioselectivities, each of which
may serve as a valuable starting point for in vitro enzyme evolu-
tion for catalytic optimization and process suitability. There are
of course be limitations to an enzyme discovery approach based
only on an intragenomic complement: The enzyme family must
have several members within the genome, and one must be fairly
confident that each member has at least the potential to catal-
yse the desired chemical reaction of interest. This can be difficult
to predict, as illustrated by the case of low-sequence ID super-
families such as the CYPs in Arabidopsis. Also, the expression or
activity of the homologues, once cloned can prove to be variable
as with all gene targets, as shown with the esterases of S. coeli-
color or the CYPs of Nocardia (Table 1). Certainly a choice of twenty
sequence-diverse targets from one organism may not be supe-
rior to twenty targets from twenty different organisms, or to the
diversity accessible through metagenomics approaches. However,
an intragenomic complement of enzymes is attractive, particularly
from the academic research perspective, in employing a single DNA
sample required for amplification of the relevant targets, and, pos-
sibly generic PCR and expression protocols, allowing rapid access
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to a starting pool of diversity and both practical and economical
advantages. In the future, such advantages might be made redun-
dant by inexpensive gene synthesis technology, but it is interesting
nevertheless at this time to observe how the discipline of applied
biocatalysis and the search for new enzymes is helping to shed light
on the power and diversity of enzymatic catalysis within individual
species.
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