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Abstract

A huge database resulted from whole genome sequencings has provided a possibility of new information that is likely
to extent the scope and thus changes the way of approach for the functional assigning of putative open reading frames an-
notated by whole genome sequence analyses. These are mainly realized by ease, one-step identification of putative genes
using genomics or proteomics tools. A major challenge remained in biotechnology may translate these informations into
better ways to screen or select a gene as a representative sequence. Further attempts to mine the related whole genes
or partial DNA fragments from whole genome treasure, and then the incorporation of these sequences into a represen-
tative template, will result in the use of genetic information that can be translated into functional proteins or allowed
the generation of new lineages as a valuable pool. Such screens enable rapid biochemical analysis and easy isolation of
the target activity, thereby accelerating the screening of novel enzymes from the expanded library with related sequences.
Information-based PCR amplification of whole genes and reconstitution of functional DNA fragments will provide a plat-
form for expanding the functional spaces of potential enzymes, especially when used mixed- and metagenome as gene
resources.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Biocatalyst-mediated, mainly by enzymes, vari-
ous reactions are attractive for a lot of purposes
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due to their efficiency and selectivity in the reaction
chemistry [1]. Functionally precise enzymes have
a good performance and their versatilities provide
an extremely diverse pool of activities or functional
clues for tailoring the enzyme by protein engineer-
ing, thereby well-matching with most reactions found
naturally or exploited industrially[2]. In this context,
naturally occurring enzymes steadily attract attentions
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for finding a known or new activity. Genetic mate-
rials encoding either intact open reading frames or
their fragments, therefore, are being pursued to sat-
isfy the increasing demands for new biocatalysts,
which focus on novel functions to break current bar-
riers [3]. Although various approaches have been
continued to annotate protein function in vitro, or in
vivo, and thus used to screen the potential enzymes
with new functions, a challenge still be remained be-
cause the searching spaces are mainly within whole
cell enzymes enriched from natural niches suspected
[4].

The established screening or selection methods, in
general, find a candidate from a pool of enzymes
that constitutively expressed or high-levelly induced
in enriched conditions. Therefore, lower activities in
screening step do not mean that such enzyme has a
relatively low potential, because various factors can
not permit all enzymes to be expressed equally due to
tight regulation or repression in vivo. Therefore, for
the selection of indeed potential enzymes, it is ideally
necessary to express all related enzymes as a library
format, or, at least, genetic information encoding the
relevant sequences is strictly required prior to screen-
ing the activity from natural resources[5,6]. Fortu-
nately, with the advent of high-throughput molecular
biology, it is now possible, within weeks, to assign
responsible genes as representative sequences for li-
brary construction. This is currently an easy step, be-
cause the genome projects of more than 70 strains
have been completed to date and a lot of draft se-
quences are also available in the projects progressed
[7,8]. Thus, if a strain is chosen as a possible source
for an activity, a responsible or plausible sequence
is readily identified or deduced from its own or re-
lated genomes due to the conservative evolution of
whole or consensus regions through the evolutionary
procedure. These genome-based screens and bioin-
formatic analyses open new windows for the screen-
ing of novel biocatalysts and then library construction
[5,9].

We here summarize a systematic approach that ex-
pand functional spaces of enzymes by combination of
preexisting tools in screening and engineering steps
of potential enzymes. The principles and applicable
strategies of this approach are discussed briefly, based
on previous reports that successfully applied the ap-
proach for practical cases[10,11].

2. Selection of representative sequences by
information-based whole genome approach

2.1. Basic principle

An organized systematic approach for the selection
of representative sequences from whole genome se-
quences is consisted of the following steps (Fig. 1).
(1) Strain pools are enriched from natural niches by
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Fig. 1. The summarized typical procedures for the selection of
potential enzyme pool. In this procedure, cell enrichment and
activity screening provide a pool of diverse strains from nature.
After strain identification, a strain pool is chosen and then analyzed
for the properties of traced enzyme at protein level. Gathered
information will be a basis for the mining of probable gene(s)
from gene or genome databases.
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typical procedures and analyzed for their potential
with whole cells or crude extracts, which can result
in a pool of strains as candidates. (2) The candidate
strains are taxonomically identified, especially using
strain- or genus-specific molecular marker(s). Among
these strains identified, a whole genome sequenced
strain is chosen as a source for the selection of a rep-
resentative gene. (3) The traced activity as the target
is proven at protein level by peptide mass fingerprint-
ing, N-terminal- or internal protein sequencing after 1
or 2D gel electrophoresis of fractionated enzyme solu-
tion, thus a representative gene is readily selected from
predetermined ORFs by whole genome sequencing.
(4) After functional identification of the selected gene,
related sequences are searched on protein and gene
data bank, thereby yielding a relevant gene family.
Based on this information, various sources of genomes
from cultivable and uncultivable strains (metagenome)
are used for expanding functional spaces of the repre-
sentative by information-based PCR cloning and func-
tional reconstitution. In step (1), all cultivable cells,
if possible, should be enriched for further analyses.
Step (2) uses current techniques, such as RAPD, RFLP
and RDA, which can classify reasonably the positive
strains suspected. Along with this, direct protein se-
quencing tools permit an easy identification of a re-
sponsible gene. As for general use, the critical point
in summarized procedure lies in designing of a sim-
ple and rapid detection method of the activity in either
solution or solid culture.

2.2. Strain enrichment and activity screening

For activity screening, the cells, in general, are en-
riched in typical or selective media that optimally
formulated for a high cell growth and protein ex-
pression, by considering various culture conditions
[12,13]. From diverse ecological niches, an aliquot is
sampled and then suspended in a specified medium or
saline buffer solution. In this step, solution or solid
cultures are incubated at various temperatures for ap-
propriate times to maximize the enriched strain pools.
According to the expected strain pools, the specific
chemicals that inhibit selectively to a genus or had a
broad range of inhibitory spectrum are also included
[14]. Using well-isolated colonies under enriched con-
ditions, strain pools are analyzed for their activity us-
ing a solution or solid culture, according to the sen-

sitivity and procedure of enzyme assay. Primary se-
lection or screening is also performed in an enriched
medium supplemented with a substrate as an inducer.
The addition time and interval to the medium strictly
depend on the inhibitory effect of an inducer to cell
growth.

In order to select potential enzymes with high selec-
tivity or activity to the target chemical, all suspected
strains should be compared repeatedly, and a tedious,
but confirmatory, biochemical assay using whole cell
enzymes or crude extracts must be incorporated into
the final consideration.

2.3. Identification and classification of enriched
strains

The next step is further analyses in the phenotypic
and genotypic characters for strain classification into
a genus (Fig. 2). With a pool of selected strains, the
apparent phenotypes, such as a motility, Gram stain-
ing, fluorescence emission and oxygen demand, are
considerable as basic properties. More specific traits,
including an enzyme activity and carbon source uti-
lization, are also included to be criteria. The optimal
growth temperature and pH, as well as fatty acid com-
position of cell wall, may be a considerable factor.

At the molecular level, some techniques, including
ribosomal DNA analyses, can provide a rapid protocol
as the determinant. First, the DNA fingerprinting tech-
nique, random amplified polymorphic DNA (RAPD),
is used as the most sensitive method for distinguish-
ing different strains within natural isolates. RAPD uti-
lizes a single short primer of arbitrary sequence in a
reaction of PCR[15]. The amplified DNA fragments
are subjected to gel electrophoresis, and then analyzed
for the patterns and sizes as determinants. For repro-
ducible results, it is vital that the template DNA can be
prepared by a consistent and reliable method for high
purity, reducing a level of contaminants that inhibit
PCR or degrade the template DNA. In addition, the
quantity of template DNA is also an important crite-
rion for establishing reliable RAPD patterns[16]. Al-
though PCR for RAPD is performed generally under
standard conditions, in some cases, annealing at a low
stringency (<45◦C) for an appropriate cycle and the
subsequent annealing at a high stringency (45–60◦C)
for remaining cycles are proposed to reduce nonspe-
cific amplification. The resulting DNA fragments are,
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Fig. 2. The classification step of enriched strains. Both biochemical and molecular biological markers are all considerable as indicators.
Critical determinants are readily prepared for cell sorting by some techniques, such as RAPD, RFLP and RDA, using prevalent tools PCR
and hybridization.

occasionally, used for the template of other technique,
termed RFLP (restriction fragment length polymor-
phism). This combined protocol can ensure the result
to identify the strains precisely[17].

The technique, termed multiplex PCR with mixed
primers spanning strain- or genus-specific genes, can
also be utilized for strain identification. This comprises
the successive step composed of PCR amplification
and proving the specific band by hybridization or re-
sulting sizes[18], and currently provides a method
that differentiates the presence of a species in isolates.
Another approach that utilizes one of a variety of sub-
tractive techniques to recover genes present in one iso-
late but not the other is also proposed to identify a
strain in isolates. Such technique, termed representa-
tional difference analysis (RDA), can be adapted as
a way for identifying a genome of related strains or
different genus[19].

Among the classified strains, either whole-genome
sequenced strain(s) or closely related strain to a whole
genome sequenced strain, is chosen for the selection
of a representative sequence as the template for library
construction.

2.4. Selection of a representative gene

The subsequent step is direct and simple identifi-
cation of a responsible gene in the chosen strain by
analyzing the property at protein level (Fig. 3). For
the purpose, the identical, or closely related ones, to
the chosen strain is obtained from culture collection
as positive controls. The chosen candidate is first an-
alyzed as a possible source for a representative gene,
by activity staining (if possible) on native PAGE using
crude extracts. If it is impossible to assign the activity
to a resolved band on PAGE, there is a need for sepa-
rating the protein band from other contaminants. This
fractionation is also required to exclude the possibility
that more than an enzyme could act on the identical
substrate, due to the shared substrate spectrum When
a distinct band corresponding to the expected enzyme
is appeared in a fraction, the resulting solution can be
used for protein identification. The critical information
for gene mining must be resulted from the following
steps of protein sequencing.

The N-terminal sequence analysis of a protein is
a prevalent tool performed according to the general
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Fig. 3. Rapid identification of a protein as the template for library construction. The traced enzyme as the target is assayed and then identified
by protein sequencing tools, such as peptide mass fingerprinting, N-terminal and internal protein sequencing, using MS spectrophotometer
after a gel electrophoresis. Therefore, a representative gene is readily selected from open reading frames predicted from whole genome
sequence analyses.

protocol of the Edman degradation[20]. The protein
sample runs on PAGE and transblots onto polyvinyli-
dene difluoride (PVDF) membrane, and then sliced
with a resolved band for sequencing. Currently, 20–25
residues can be assigned accurately by using about
10–30 pmol of proteins or peptides. This technique al-
lows us to directly analyze the peptide sequence of
the target protein from a complex mixture. A modified
technique that uses the passively eluted sample from a
sliced gel is directly applied to the sequencer cartridge
without the need for the protein blotting onto PVDF
membrane[21]. Direct sequencing of peptides bound
to the synthetic or immobilized resin is also possible
[22].

Internal protein sequencing is one of the most
useful techniques to get amino acid sequences from
N-terminally blocked or complex proteins[23]. In

this procedure, the protein is first subjected to proteol-
ysis that cleaves the protein into peptides of different
lengths. After separation step using HPLC or other
compatible tools, the resulting peptide(s) is applied
to the typical step of N-terminal sequencing. Alterna-
tively, peptide mass fingerprinting is also possible in
many cases to identify a protein by subjecting the di-
gested peptides, either separated or not from reaction
mixture, to nanospray mass spectrometry[24]. It is
also possible to obtain additional sequence informa-
tion by fragmenting the peptide mass in a technique
called ESI-MS/MS used in conjunction with tandem
mass spectrometry[25]. The obtained mass is com-
pared to the calculated molecular mass of annotated
sequences for gene identification.

With current tools, the scan on a whole genome
sequence for gene mining can be succeed even with
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partial sequences of protein. In this step, the perfect
assignment (∼100%) of genes to their activity by
technical combination between PAGE and protein
sequencing is possible if ORF is predicted accurately
from whole genome sequencing.

2.5. Functional identification and database search
for structural information

To verify the encoded activity, the next step is a
PCR-amplification of the mined gene from genomic
DNA of a whole genome sequenced strain. When per-
formed with a related strain and degenerated primers,
a low stringent PCR is also applied to enhance the
amplification of related genes. The amplified genes
are cloned and analyzed for protein expression and
activity. It is notify that the cloned gene as a repre-
sentative does not mean that its encoded enzyme has
a plentiful activity, thus purification of the expressed
enzyme to apparent homogeneity is occasionally re-
quired. To avoid the risk that causes different read-
ing frames by a low stringent PCR with degenerated
primers, the amplified genes are also cloned and ex-
pressed in other vectors, utilizing a different reading
frame. Analyses in terms of solubility, localization and
expression level will be a basis for further selection
or engineering. As a criterion for successful mining,
crude extracts or purified enzymes are analyzed for
the tracing activity using the target chemical and its
derivatives.

To search the related family for library construc-
tion, the representative sequence is compared automat-
ically on annotated sequences of protein pools from
various gene and protein data banks. Currently, the
GenBank database is the most well known one acces-
sible freely through NCBI[26]. Data submission and
query are linked with a retrieval system Entrez, which
integrates data from the major DNA and protein se-
quence databases, along with information on taxon-
omy, genome, protein structure and organization. The
BLAST family of programs as searching tools for se-
quence similarity is steadily improved and provided
the conserved positions in close or distant family mem-
bers[27], which enables us to select better positions
that may play key roles in determining the related se-
quences.

As an important hub for public access, the PIR web
site also provides data mining and sequence anal-

ysis tools for finding related sequences, with func-
tional information for submitted sequences[28]. This
database is consisted of the three major databases,
PSD, NREF and iProClass, all of which form a ba-
sis for providing the searching results with retrieval
lists. These results are strictly dependent on se-
quence unique identifiers of all underlying databases
(PIR, SWISS-PROT and RefSeq). When submitted
a query sequence, it returns protein entries listed in
summary lines with information on protein name
including ID, matched field, taxonomy, superfamily,
domain and motif[28]. A computer based sequence
search and analysis protocol, DomainFinder, based
on PSI-BLAST and IMPALA, has been developed for
integrating gene sequences from GenBank into their
respective structural families within the CATH do-
main database[29], thereby assigning a new sequence
to a CATH homologous superfamily. As for further
detailed analyses in substructural annotation, the
structural classification of proteins (SCOP) and SUP-
FAM databases provide a comprehensive description
of the relationships between known protein structures
[30].

The resulting sequences with functional or struc-
tural relatedness are aligned, mainly, by hierarchical
clustering of the individual sequences based on the
pairwise similarity scores. The conserved pattern of
amino acid residue in related genes is usually ana-
lyzed by Clustal W program[31] and then proofed by
other similar programs. Subsequently, the conserved
regions and patterns resulted from sequence align-
ment tools are analyzed again by BLAST and FASTA
search, or related programs including phylogenetic
tree analysis [32], hidden Markov model (HM-
MER) domain [33] and conserved domains (CDD)
search[34].

The structure–function information and searching
results for the related sequences will play key roles in
further cloning and library construction to the subse-
quent step for expanding functional spaces. Available
current tools and resources for library construction
are partly unsatisfactory due to their narrow scope
and limited sequence spaces, although considerable
results are being reported[4]. Therefore, to broaden
functional spaces, the mined sequences are further
extended into new sequence spaces by utilizing lim-
itless resources (mixed or metagenome) and novel
approaches for protein engineering.
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3. Utilization of metagenome as a source for new
functional sequence spaces

As an emerging field for new biological (or func-
tional) space, recent studies have revealed that only
a tiny fraction of microbes in nature are accessed
by traditional cultivation methods, thus almost all
fraction (>99%) of microbes might be remained to
be explored[35]. This problem is mainly due to the
fact that enrichment or pure culture is traditionally
preceded prior to the selection or screening of re-
sponsible genes for the expected activity. Attempts to
investigate the full extent of microbial diversity are,
therefore, conducted by using a bacterial artificial
chromosome (BAC) or in vitro packaging cosmid sys-
tem as cloning vectors for DNA pools (metagenome)
of uncultivated strains[36,37]. However, an inherent
shortcoming is existed in current vector systems that
are unable to guarantee the expression and indepen-
dency of cloned inserts. Therefore, information-based
PCR cloning of whole ORF or minimum functional
domain from metagenome is currently adapted as new

Fig. 4. Information-based expression cloning by PCR for library construction. After functional identification of gene(s) as representative(s),
the related sequences are searched on protein and gene data banks. Based on this information, various sources of mixed or metagenome
are employed as resources for new functional spaces. In this library, consistent information about whole ORF or minimum functional
domains is guarantee the success of expression cloning.

routes, and the related fields will grow rapidly to ac-
cess uncultured bacteria as genetic resources (Fig. 4).
Using PCR with degenerated primers that spanned
either a whole ORF or minimum functional domain,
related DNA fragments are amplified and cloned into
an expression vector, followed by analyzing the in-
serts as controls for further strategy. It is noted that
the amplification of all possible relatives is a crucial
factor for information-based library construction us-
ing metagenome. Therefore, a strategy using RNA to
suppress the reamplification of known members of
related family is presumed as a valuable tool[38].

The advent of powerful engineering tools, such
as in vitro recombination using PCR for sexual re-
combination (DNA shuffling), domain reconstitution
and back crossing, have ensured DNA fragments to
serve as potential genetic materials, thereby broad-
ening functional spaces into more diverse sequences
[39]. Therefore, fragments (domain or region) based
in vitro reconstitution, instead of whole ORF based
approach, will appear dominantly in the related fields
of metagenome (Fig. 5). During this procedure,
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Fig. 5. Information-based in vitro reconstitution of functional enzymes for library construction. Based on the structural information about
the conserved patterns, the related DNA fragments are amplified by PCR using degenerated primers from mixed or metagenome, and then
reconstituted by sexual recombination (DNA shuffling) or domain swapping. During this procedure, reconstituted regions, domains and
whole ORF occasionally can backcross with the original representative. The critical point in library construction lies in designing of a
simple and rapid detection method of enzyme activity in either solution or solid culture, which guarantees the strategy for general use.

reconstituted genes occasionally can backcross with
the original representative, concomitantly producing
both novel gene fragments and engineered enzymes.
This procedure should also adapt a strategy that
specifically inhibited the reamplification of dominant
gene fragments. The two independent approaches of
both information- and activity-based screening tools
will provide considerable ways to discover novel
enzymes with functionally new sequence spaces,
and will be necessary equally to access molecular
treasures uncovered in nature. Preliminary steps for
isolation and fractionation of complex chromosome
mixtures primarily guarantee the successful applica-
tions of metagenome as potential resources.

4. Expanding functional spaces of representative
sequences by FSS

Recent advances in protein engineering over preva-
lent tools have accelerated the understanding of a num-
ber of intrinsic questions regarding protein evolution
in nature, and also provided an effective tool to gen-
erate the proteins with new sequence spaces of dif-

ferent functions. The new concepts are mainly based
on the incorporation or deletion of random sequences
into a terminus or internal region of the target gene,
providing enzyme lineages that frequently occurred
in vivo but scarcely in vitro[40,41]. In this context,
a novel approach, termed functional salvage screen
(FSS), to generate protein lineages with new sequence
spaces through functional or structural salvage of a
defective enzyme has been designed and evaluated for
its potential[42]. As shown inFig. 6, the FSS starts
with a construction of the defective template express-
ing no activity by genetically disrupting a predeter-
mined region(s). The defective template is designed
to be unable to recover the function in vivo by sim-
ple insertion or deletion of base(s). Thus, only a re-
combination between a defective template in an ar-
bitrary region(s) and gene segments derived from a
pool of genomes, including metagenome, could res-
cue the protein function. These events are realized by
the incorporation of a gene fragment through a se-
quence specific insertion resembling a shotgun cloning
strategy[43] or homologous recombination using a
PCR-like process[44]. For both cases, various pools
of diverse genomic DNA that pretreated with either an
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Fig. 6. Schematic diagram of the generation of new protein lin-
eages by functional salvage process (FSS). The defective genes
expressing no activity are first constructed by genetically disrupt-
ing a predetermined region(s) of the protein as starting templates.
For the functional salvage process, two independent approaches,
PCR-coupled and sequence-directed methods, are attempted to pre-
pare new sequence- and/or functional spaces of enzyme for library
construction.

enzyme (Sau3AI or DNaseI) or physical shearing are
provided and reassembled with each (or mixed) of the
defected template for FSS. They can also utilize ran-
domly or specifically amplified pool of DNA for the
identical purpose. As an interesting proposal, the de-
fected variants will be expected to recover their func-
tion by complementing the defective gene at multiple
sites. Therefore, more diverse protein lineages with
lower homology, compared with the parent protein,
are expected as the number of salvage points increase
[42].

The FSS relies on the screening of the protein
variants with appropriately reorganized structures
complementing a defective trait. Either non-essential
or essential regions of a protein should be the target
sites for FSS, and these defects can be functionally
and/or structurally complemented by utilizing huge
genetic materials originated from any genetic re-
sources, including metagenome. In this context, the
FSS can be a valuable tool for the generation of an
enzyme library with extreme diversity in sequence
spaces, which may adapt a different evolutionary path
from the parent enzyme. The resulting library can be
further subjected to directed evolution for functional
tuning.

5. Conclusions

A systematic approach for mining a representative
sequence and then library construction is summarized
here. Basically, the typical, but still important, pro-
cesses for screening of enzymes from natural sources
are preceded prior to further analyzing the suspected
strain pool at protein level for the rapid identification
of responsible genes. Either a low or high activity in
a potential pool of strains should be the target for the
representative sequence. After choosing a sequence as
the representative, a number of programs and search-
ing tools for data mining are well matched with our
intention to gather related genes from huge databases.
Thus, the subsequent steps eventually rely on bioin-
formatic tools, which can lead us to set the criteria
for mining the related sequences. These steps may
play essential roles in the identification and cloning
of relevant genes or their fragments to the subsequent
step of the library construction, by employing mixed
or metagenome in information- and activity-based ap-
proaches. The incorporation of these resources with
new functional spaces into a library can provide a plat-
form for utilizing whole genome treasures.
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