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Mining genomes and ‘metagenomes’ for novel catalysts
Manuel Ferrer!, Francisco Martinez-Abarca® and Peter N Golyshin®

Advances in the field of genomics and ‘metagenomics’ have
dramatically revised our view of microbial biodiversity and its
potential for biotechnological applications. Considering the
estimation that >99% of microorganisms in most environments
are not amenable to culturing, very little is known about their
genomes, genes and encoded enzymatic activities. The
isolation, archiving and analysis of environmental DNA (or so-
called ‘metagenomes’) has enabled us to mine microbial
diversity, allowing us to access their genomes, identify protein
coding sequences and even to reconstruct biochemical
pathways, providing insights into the properties and functions
of these organisms. The generation and analysis of
(meta)genomic libraries is thus a powerful approach to harvest
and archive environmental genetic resources. It will enable us
to identify which organisms are present, what they do, and how
their genetic information can be beneficial to mankind.
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Introduction

Enzymes are remarkable catalysts capable of accepting a
wide array of complex molecules as substrates. They are
exquisitely selective and catalyse reactions with unpar-
alleled chiral (enantio-) and positional (regio-) selectiv-
ities, often not achievable by chemical synthesis. They
possess a great potential for sustainable industrial chem-
istry, as biocatalysis does not involve the use of the
polluting reagents that are often characteristic of chemical
synthesis. Biocatalysts therefore offer ‘green’ solutions
for the production of a variety of chiral chemicals that can
be used as basic building blocks for the synthesis of
pharmaceuticals, agrochemicals, pesticides and insecti-
cides [1,2].

Nowadays, many research institutes and companies have
established collections of microorganisms from a variety
of ‘common’ environments (e.g. soil or seawater) and
extreme environments (e.g. hot springs, Antarctic ice,
etc.). These arrays of microorganisms can be screened
and candidates selected for their abilities to synthesize
pharmacologically active metabolites and to deliver novel
biocatalysts. However, the culturable microorganisms
constituting these resources represent only a tiny fraction
of the microbial diversity, which is limiting the spectrum
of search for new enzymes (biocatalysts) for the biopro-
cess industry. By contrast, a large number of protein
sequences deduced from the genomes of these micro-
organisms have no assigned function, as they exhibit low
(or no) homology to the enzymes and/or proteins func-
tionally characterized so far. Thus, one of the major
challenges of current biotechnology is to study the, as
yet uncharacterized, diversity of proteins and, in parti-
cular biocatalysts, that will provide a tangible framework
for the development of novel processes. We can now
access new genes and gene products by exploiting
sequenced genomes and by generating and screening
genomic libraries of culturable organisms. However,
the difficulty of cultivation — the vast majority (>99%)
of microbes are unculturable — makes the isolation,
archiving and analysis of the environmental DNA (or
so-called ‘metagenomes’) one of the best approaches to
mine microbial diversity without the need to culture
particular microbes [3,4,5°°-8°°].

T'hree strategies are currently used to search for novel
biocatalysts from the genomes of organisms and metage-
nomic libraries: homology-driven genome mining, which
is based on the cloning and expression of genes predicted
to code for particular enzyme classes; substrate-induced
gene expression screening, which is designed to select for
clones harboring catabolic genes induced by the sub-
strates in concert with fluorescence-activated cell sorting;
and activity-based analysis, which often reveals proteins
with very unexpected peptide sequences to perform
particular catalytic reactions [9°]. Homology-driven
screening is based on the secarch for genes coding for
conserved protein sequences or motifs. In this approach,
the library is screened for the genes of interest using an
oligonucleotide probe or (in cases of low homology)
through the use of degenerate primers in conjunction
with the polymerase chain reaction, followed by subclon-
ing, expression and characterization of the gene products
[10]. The direct shotgun sequencing of metagenomic
libraries offers an alternative approach for homology-
based screening [11°°]. The idea is to pepper the DNA
with sequence reads such that they overlap and yield,
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when assembled, the complete sequence of the clone.
This approach generates vast amounts of data, reveals
millions of novel genes and can be used to deduce
metabolic pathways from uncultured bacteria. Some of
these novel genes might code for enzymes of industrial
relevance. However, shotgun sequencing is costly and
requires considerable effort, especially when one aims to
discover genes with desired traits. Furthermore, the qual-
ity of annotation of these data when compared with the
individual microbial genomes is rather low; manual open
reading frame curation is not possible for such large
datasets and annotation is therefore limited to automated
methods. Another obvious shortcoming of this approach is
that the assembled scaffolds result from DNA from
different organisms (i.e. are chimeric) [12°°]. Moreover,

Figure 1

the basis of this approach — the identification of con-
served protein motifs and consensus sequences — artifi-
cially limits the survey to known catalyst classes and
filters out possible new non-homologous enzymes. By
contrast, in the activity-based approach clones expressing
desired traits are selected from libraries using appropriate
methods established and optimized to facilitate high-
throughput screening. The enzymes recovered directly
from the library can be expressed and characterized and,
unlike the homology-based approach, their activities are
guaranteed a priori [13,14°%,15°,16-19]. Moreover, activ-
ity-based screening does not limit discovery to the known
classes of enzymes. As a consequence, and as more novel
screening methods become developed, this approach is
likely to flourish (Figure 1la). Whatever approach is
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Mining genomes and metagenomes for novel catalysts. (a) Methodology for the construction and screening of libraries for the activity-based
isolation of novel catalysts; bacteriophage \-based screening for the identification of hydrolases is shown as an example. (b) The contribution
of biotechnological processes to chemical production. Currently, less than 5% of industrial chemical processes involve biocatalysts. This
number is likely to increase in the next five years (low increase scenario). Mining genomes and metagenomes for more robust and selective
enzymes would give biotechnological processes a chance to take over from chemical catalysis (fast increase scenario), making industrial
chemistry more sustainable for mankind.
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adopted to search the metagenome, these new microbial
genetic resources will provide a wealth of potential new
biotechnological applications for biotech enterprises spe-
cialising in biocatalysis, bioremediation, and natural pro-
ducts for the pharmaceutical and agricultural industry. In
this review we discuss recent advances in enzyme dis-
covery through mining of the genome and metagenome.
"T'his approach could help to identify the next generation
of novel biocatalysts.

Environmental genome libraries: advances
and limitations

The high success rate of the activity-based mining of
metagenomes for new enzymatic activities has univocally
demonstrated the importance of microbial diversity in
the discovery of new enzymes and has underlined the
necessity of mining different environments to capture
new activities [8,20,21°,22,23°,24°%,25%]. The first suc-
cessful studies to employ activity-based searches to
retrieve new enzymes utilized the cloning and expression
of short (5-8 kbp) DNA fragments in high copy number
Escherichia coli-based plasmid vectors [26]. However,
these approaches required the mining of relatively large
genomic libraries to obtain one to five positives per
enzymatic screening; for example, 5 Gbp were analyzed
to obtain five 4-hydroxybutyrate-degrading enzymes
[26], approximately 6 Gbp were screened to obtain four
lipolytic enzymes [27], and 150 Mbp were screened to
retrieve one amylase [18]. All of these studies confronted
several limitations. Firstly, the low quality of DNA
(depending largely of the environmental sample) was a
concern and, as a consequence, led to low coverage of the
environmental genome by the library (as a product of the
number of clones and size of the inserts). A second
limitation was host bias, as only proteins that could be
expressed in E. co/i and that were non-toxic to this host
could be detected and characterized. The first issue has
been overcome by improving DNA recovery techniques
and the DNA quality; however, such improvements are
often valid only for the particular environmental sample
type [28°]. The common problem of gene product toxi-
city experienced with high copy number vectors in K. co/i
could be resolved by utilizing bacteriophage A\-based
expression vectors to establish (meta)genome libraries
in E. coli [29°°,30] (i.e. the old methodology that was
successfully used in the 1970-1980s). As the expression
of cloned gene products is accompanied by the lysis of
the host cells, the possible cellular toxicity of expressed
proteins is generally not an issue. A library generated in
this way could readily be screened for particular enzy-
matic activities directly on the phage lawn. In addition,
novel shuttle vectors that will facilitate the expression of
environmental DNA in alternative hosts — for example,
Rhizobium leguminosarum (Alphaproteobacteria), Bacillus sp.
(Firmicutes) or Streptomyces lividans (Actinobacteria) — are
currently under development [31°,32°]. However, it
should be noted that specific activities overexpressed

in heterologous hosts often require the presence of
appropriate chaperones or foldases to facilitate their
functional expression. In this respect, the design of novel
vector—host combinations (i.e. phage vectors harbour-
ing environmental DNA that infect host cells expres-
sing chaperones [33°°]) will be required for library
construction in the near future to promote biocatalyst
discovery.

In summary, approaches to identify new enzymatic activ-
ities in diverse niches will be improved and optimized in
the future through the optimization of screening strate-
gies, through the choice of an appropriate substrate and
screening conditions, and from the establishment of
optimal host-vector combinations. Together, these
advances will allow us to access entirely novel genes
and gene products (i.e. those exhibiting less than 20%
sequence similarity to proteins of known sequence).

Searching for the ‘ideal biocatalyst’ in the

genomes of non-cultured microorganisms

Although the use of enzymes to produce fine chemicals
and pharmaceuticals has enormous potential, practical
application is frequently limited to biocatalysts that are
process-compatible [34]. It is often necessary to tailor
catalyst properties so that they are optimal not only for a
given reaction but also in the context of the industrial
process in which the enzyme is to be applied. Often, the
catalyst of choice could already exist in nature and its
discovery through simple screening might be faster and
more straightforward than engineering routes. Metage-
nomics could be a powerful tool for making such dis-
coveries: for example, marine microbial communities
such as those located in the subtropical Pacific, Antarctic
waters, the Sargasso Sea or Mediterranean Sea [12°°] and
soil communities [24°°], containing both culturable and
unculturable organisms, have been demonstrated to be a
largely untapped genetic reservoir for the discovery of
new biomolecules, including novel biocatalysts [25°°].
First reports on the isolation of biocatalysts from soil
and marine environments were described seven years
ago [26,35]. Since then, thousands of novel biocatalysts
have been identified and characterized and their biotech-
nological features demonstrated by biochemical assays
and/for by genetic complementation. With steadily
improving techniques this number is expected to rise
[8,21°,22,23° 25°°,36°°]. We can assume, therefore, that
the number of available enzymes isolated from metage-
nomic libraries will soon exceed the number isolated by
traditional techniques. Among the most significant bio-
catalysts isolated from metagenomes, we should mention
lipases/esterases, B-lactamases, proteases, nitrilases, poly-
saccharide-modifiying enzymes (including agarases, cel-
lulases, a-amylases, xylanases, 1,4-a-glucan branching
enzymes and pectate lyases), oxidoreductases and dehy-
drogenases, enzymes involved in the biosynthesis of
antibiotics and vitamins and, more recently, enzymes
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involved in the catabolism of aromatic hydrocarbons
[18,19,21°,23°,25°°,29°°,37-41,42°°].

Will this enormous diversity yield new catalysts exhibit-
ing novel reaction mechanisms applicable for chemical
processes? We believe so, as we know that metagenomes
yield unprecedented numbers of genes coding for pep-
tides with low sequence similarity to known proteins,
with new structures and new catalytical properties. How-
ever, it is clear that the environmental conditions or
enrichment with a particular substrate will pre-define
the characteristics and properties of the expected bioca-
talysts. The enzymes selected from an environmental
sample where the enzymatic repertoire is the result of
a natural selection would reflect common activities and
will be biased through the dominance of a few abundant
organisms. In this respect, one of the most exciting
current research endeavours is the exploration of the
biological diversity that exists in the extreme conditions
that occur at the margins of the biosphere and its interface
with the lithosphere [43]. This will not only lead to the
discovery of yet unknown enzymatic activities and reveal
novel molecular structures and biochemistries, but will
provide an understanding of the mechanistic basis of life
under the most hostile conditions on Earth. Environ-
ments with extreme pH and/or temperature, low water
activity and high osmosis, high irradiation, and so on,
serve as natural reservoirs for more robust biocatalysts
that in the future could become indispensable for indus-
trial applications. Combining the activity-based mining
approach with the tailoring of robust and selective
enzymes would give biotechnological processes a chance
to take over from chemical catalysis (Figure 1b), making
industrial chemistry more sustainable for mankind [44°°].
As good examples of this combined approach, several
enzymes (B-lactamases, monooxygenases and esterases)
have been isolated from unusual environments, such as 10
000 year old cold-seep sediments of Edison seamount
[41], Eastern Snake River Plain aquifers [19], aquatic
thermal environments [45], alkaline loessian soil [46],
groundwater contaminated with hydrocarbons [42°°]
and, more recently, the unusual extreme environments
represented by the deep sea hypersaline anoxic basins of
the Eastern Mediterranean [29°°]. These enzymes have
been comprehensively characterized and their activities
against several substrates were subsequently improved
through protein engineering. All of these studies were
primarily aimed at the discovery of new enzymatic activ-
ities pre-determined by the niche specificities of micro-
bial populations thriving in these environments. The
activity-based mining of a metagenome library from
the Urania deep sea hypersaline brine—seawater interface
(Eastern Mediterranean) [29°°] revealed novel enzyme
structures and catalytic properties adapted to this habitat
(high salinity, elevated pressure and anoxia), which
turned out to be good candidates for the synthesis of
optically pure compounds and pharmaceutical intermedi-

ates. This, and many other, as yet very superficial, surveys
suggest that a vast array of new enzymatic diversity is still
waiting to be discovered.

Conclusions

Mining the genetic diversity of the environment is a
‘robust’ and established strategy to increase the enzy-
matic repertoire required for biotechnological applica-
tions. The mining of genomes and metagenomic
libraries will not only provide new enzymes for biotech-
nological processes and a basis to study new protein
structures and catalytic mechanisms, but will also enable
the functional assignment of many proteins found in
abundance in databases and currently designated as
‘hypothetical’ or ‘conserved hypothetical’ proteins. The
identification of novel catalysts will both improve existing
processes and will lead to the design of novel processes for
making innovative products or high-value intermediates.

Update

Two interesting review articles have recently been
reported by Galvao ez a/. [47] and by Schloss and Handels-
man [48]. The authors suggest that metagenomes could
be a valuable resource for a wide variety of genes that
underlie the lifestyles of uncultured microorganisms.
Some of these genes could encode pathways that perform
valuable chemical transformations and, among them, new
pathways for the degradation of recalcitrant and xenobio-
tic molecules.
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