
Production of Nucleic Acid Field of invention The
present invention relates to a process for the
production of nucleic acid encoding a target protein
and target protein obtainable thereby, including
enzymes such as nucleic acid processing enzymes, and
in particular reverse transcriptase. Background of the
invention Protein evolution is a known technology for
selection and directed evolution of proteins from
large libraries. The basic principle of selection is
to ensure that there is a linkage between a specific
phenotype (protein) and its encoding genotype. This
phenotype-genotype linkage can be realized in three
different ways:  covalent linkage such as mRNA
display, and to some extent phage display, bacterial
display, yeast display etc.,  non-covalent linkage
which use affinity interaction. Examples are ribosome
display, CIS display, plasmid display etc.,
compartmentalization such as in vitro
compartmentalisation (IVC), compartmentalized
self-replication (CSR), simple bacterial screening,
high throughput screening etc. As indicated in the
above paragraph, one example of covalent
phenotype-genotype linkage is achieved using mRNA
display. As described by Roberts and Szostak (1997)
covalent fusions between an mRNA and the peptide or
protein that it encodes can be generated by in vitro
translation of synthetic mRNAs that carry puromycin, a
peptidyl acceptor antibiotic, at their 3' end.
Non-covalent linkage between phenotype and genotype
can be achieved with ribosome display. In ribosome
display, an array of RNAs including one or more
encoding a target protein is subjected to an in vitro
translation system so as to form a non-covalent
ternary complex of ribosome, mRNA and protein coupled
to tRNA. This array of ternary complexes must be
stabilized. Accordingly, each ternary complex formed
during in vitro translation uses mRNA lacking a STOP
codon at the end. The ternary complexes are further
stabilized at low temperature (40C) and high
concentration of magnesium (5OmM). In the stable
complex the linkage between phenotype and genotype is
preserved. A selection step follows whereby
targetprotein is selected on the basis of a property
of the protein whilst still attached to the ternary
complex. Selected ternary complexes may then be
disassembled and the mRNA associated with the target
protein is amplified by RT-PCR. In general, ribosome
display is successfully applied for the selection of
peptides (Mattheakis et al, 1994; Matsuura and
Pluckthun, 2003) and proteins (Hanes and Pluckthun,
1997; He and Taussig, 1997; Irving et al., 2001),
which bind to different targets. In some cases it is
possible to use ribosome display to select for
enzymatic activities, performing affinity selection of
proteins with suicide inhibitor (Amstutz et al., 2002)
or active site ligand (Takahashi et al., 2002). In in
vitro compartmentalization (IVC) phenotype and
genotype linkage is realized by in vitro
compartmentalization of genes in a water-in-oil
emulsion. The number of genes used to prepare the
emulsion is calculated such that most of water
compartments contain no more than a single gene. The
compartmentalized genes are transcribed and
translated. The activity of the synthesized proteins
is then assessed. Subsequent selection on the basis of
protein activity results in amplification of DNA
encoding active proteins with desired properties.
Water droplets used in most IVC applications are 2-3
mm in size, giving ~5 femtolitres reaction volume and
~1010 water-in-oil compartments (50 ml water phase)
per 1ml of emulsion. The first successful example of
IVC selection system was based on target-specific DNA
methylation activity (Tawfk and Griffiths, 1998).
Genes of HaeIII methyltransferase were
compartmentalized, transcribed and translated. In
vitro synthesized methyltransferase in the presence of
a cofactor was able to methylate its own DNA. Based on
methylated DNA (reaction product) resistance to
digestion with HaeIII restriction endonuclease, genes
encoding methyltransferase were selected from a 107
fold excess of other DNA molecules. To date many more
modifications of IVC have been designed and realized.
The easiest way to perform IVC selection is to use
DNA-modifying enzymes, in particular
DNA-methyltransferases (Lee et al., 2002; Cohen et
al., 2004). A similar experimental strategy was
applied in order to select for active variants of Fold
restriction endonuclease (Doi et al., 2004).
Compartmentalized DNA, encoding active restriction
endonucleases, wasdigested and selected by subsequent
incorporation of biotin-dUTP and binding to
streptavidin beads. A different IVC selection strategy
was applied for evolution of DNA polymerases (Ghadessy
et al., 2001; Ghadessy et al., 2004; Ong et al.,
2006). This new selection method is based on
'compartmentalized self-replication' (CSR) of genes
encoding active DNA polymerase. Contrary to usual IVC,
where proteins of interest are expressed in situ, CSR
is performed by compartmentalization of bacterial
cells expressing thermophilic DNA polymerase. Cells
resuspended in PCR buffer, supplemented with primers
and dNTP's, are emulsified yielding compartments -15
mm in size. Each water droplet serves as a separate
PCR compartment. During the initial PCR denaturation
step the bacterial cells are broken releasing the
expressed thermophilic DNA polymerase and its encoding
gene into the reaction mixture, allowing
self-replication to proceed meanwhile other bacterial
proteins are denatured by high temperature. A
modification of IVC is the use of double
water-in-oil-in- water emulsions. Water droplets
surrounded by an oil layer can be analyzed and sorted
in a FACS at a rate of >104 variants per second
(Bernath et al., 2004; Mastrobattista et al., 2005).
Selection of proteins for binding may also be
performed by IVC. A protein of interest expressed in
water-in-oil compartments is coupled covalently
(Bertschinger and Neri, 2004) or non-covalently (Doi
and Yanagawa, 1999; Yonezawa et al., 2003; Sepp and
Choo, 2005) to the gene that encodes it. Other
applications of IVC are known where microbeads
entrapped into compartments are used as intermediators
for protein and gene coupling. Single genes attached
to microbeads are transcribed and translated in water
droplets. Newly synthesized protein is captured onto
the same bead within reaction compartment. After
emulsion is broken isolated beads can be used further
for affinity selection (Sepp et al., 2002). Emulsions
usually are broken using organic solvents (hexane,
ether, chloroform), which can also decrease activity
of certain enzymes displayed on the beads, limiting
the application of this technology. For selection of
catalytic activity microbeads can be easily washed,
resuspended in different reaction buffer
andcompartmentalized again by second emulsification
step (Griffiths and Tawfik, 2003). However sometimes
rigid enzyme-bead-gene complexes (because of sterical
hindrance and enzyme mobility limitations) can not
fulfil essential reaction requirements and the
activity of the attached enzymes may be lower than
that of the free enzyme. In addition, such methods are
technically complicated since many additional
components have to be used (i.e. affinity tags,
antibodies, and beads). The composition of emulsions
used in IVC is designed to ensure stability of water
compartments and efficient in vitro transcription of
mRNA and subsequent translation of target proteins. In
vitro evolution has a broad range of targets to be
improved. Some proteins and enzymes of interest are
robust hard-workers and can be active enough in
different buffers, in particular in reaction mixtures
used in IVC. However there are many complicated
enzymes, which can work only under optimized or
specific conditions. In addition to that the first law
of in vitro evolution says - "you will evolve what you
are selecting for". That means, an enzyme evolved and
optimized in transcription/translation reaction
mixture will work well in that particular mixture and
most likely will perform much worse in its own buffer.
In some cases enzyme working conditions are
incompatible with in vitro transcription and
translation mixture used for protein expression in
compartments. A partial solution is a nano-droplets
delivery system (Bernath et al., 2005) used to
transport different solutes into emulsion
compartments. Even more sophisticated manipulations
with water-in-oil compartments can be done employing
microfluidics devices. Highly monodisperse single or
double emulsions (Thorsen et al., 2001; Okushima et
al., 2004) can be prepared at a rate of up to 10000
aqueous droplets per second. Generated water
compartments can be transported in microfluidic
channels, fused, subdivided and sorted (Song et al.,
2003; Link et al., 2006). Nevertheless full buffer
exchange in the compartments is still a problem.
Reverse transcriptases are very important commercial
enzymes used to synthesize cDNA from an mRNA target. A
lot of research has been done in order to improve
properties of reverse transcriptases. However no
properly working selection system suitable for in
vitro evolution of reverse transcriptase was known to
date. Almost all improvements are made and mutants of
reverse transcriptase selected using high throughput
screening and rational design.Neither ribosome display
(RD)3 nor in vitro compartmentalization (IVC) may be
used for selection of fully active reverse
transcriptase. Ternary complexes used in ribosome
display usually are not stable at higher temperatures
required to perform reverse transcriptase selection
and as a consequence linkage between phenotype and
genotype will be lost. Whilst relatively stable
ternary complexes used in ribosome display can be
produced using synthetic in vitro translation extract
WakoPURE (Matsuura et al., 2007), in vitro translated
reverse transcriptase immobilized to ribosome and mRNA
will encounter significant steric hindrance during
synthesis of full-length cDNA. There is also the
possibility that immobilized enzyme will act in trans
as well as in cis, which again is incompatible with
protein evolution strategy, because the
phenotype-genotype linkage will not be preserved. IVC
generally employs DNA as genetic material. In vitro
transcription of mRNA and target protein translation
is performed in spatially separated emulsified water
compartments in the presence of the DNA. In the case
of reverse transcriptase in vitro evolution, the
presence of coding DNA sequence abolishes the main
prerequisite of selection for reverse transcriptase
activity - cDNA has to be synthesized de novo. In
other words, selection for better reverse
transcriptase variants is based on enzyme ability to
synthesize their own coding cDNA from mRNA. Newly
synthesized cDNA has to be amplified by PCR, therefore
cDNA should be the only source of DNA in the reaction.
DNA used in IVC selection will amplify together with
cDNA canceling basic selection scheme. More
sophisticated variants of in vitro
compartmentalization, such as usage of microbeads
entrapped in water compartments (Sepp et al., 2002;
Griffiths and Tawfik, 2003), allow complete exchange
of reaction buffer. In this approach the
phenotype-genotype linkage is realized via microbeads
yielding a rigid selection unit
mRNA-microbead-protein, which, in case of reverse
transcriptase selection, again can cause steric
hindrance and as a result inefficient cDNA synthesis.
Taq DNA polymerase able to synthesize -300 nucleotides
long cDNA was selected using modification of phage
display technology (Vichier-Guerre et.al, 2006).
Although this approach works, it has some
shortcomings: 1) not all proteins can be displayed on
phages; 2) absolute requirement to use biotin labeled
nucleotides for selection; 3) displayed enzyme can
work intrans as well as in cis; 4) because of steric
hindrance and enzyme mobility limitations phageenzyme-
DNA/KNfA complex can interfere with efficient
synthesis of cDNA. The possibility of selection for
reverse transcriptase is also mentioned in WO0222869,
which is related to the compartmentalized self
replication (CSR) method. CSR technology is used to
select thermophilic DNA polymerases, in particular Taq
DNA polymerase (Ghadessy et al., 2001; Ghadessy et
al., 2004; Ong et al., 2006). Bacterial cells,
expressing mutants library of thermophilic DNA
polymerase are suspended in PCR mixture and emulsified
yielding separate PCR compartments for in vitro
selection of more active polymerases. Real selection
for reverse transcriptase activity will be prevented
by the presence of bacterial RNases, which remain
active at moderate temperatures and will degrade
target mRNA. There will also be DNA contamination from
non-selected plasmid DNA (released from bacterial
cell) as well as the presence of all E.coli enzymes,
structural proteins, ribosomes, NTP, RNases, DNases
and small molecular weight molecules. Summary of the
Invention 



The present invention aims to provide an improved
method of protein evolution which does not suffer from
drawbacks of the prior art methods. Accordingly, in a
first aspect, the present invention provides a process
for the production of nucleic acid encoding a target
protein, which comprises: (a) providing an array of
RNA or DNA molecules including one or more encoding
the target protein; (b) generating a target protein
from the array to form RNA-protein or DNA-protein
complexes in which the RNA or DNA molecule is
non-covalently or covalently bound to the complex; (c)
separating the complexes into compartments wherein
most or all of the compartments contain no more than
one complex; (d) subjecting the complexes to reaction
conditions which allow target protein activity; and(e)
selecting nucleic acid encoding the target protein on
the basis of the activity associated therewith,
wherein when the complex is a DNA-protein complex in
which the DNA is non-covalently bound, step b) is
performed in the absence of separate compartments for
each complex. The present inventors have devised a
method which utilizes two distinct types of
phenotypegenotype linkage and achieves a new selection
system for use in methods of protein evolution within
the laboratory. The new features of the method,
described further below, allow it to be applied to an
extended range of target proteins in comparision to
the methods of the prior art, with increased ease of
use and flexibility. In particular, the present
invention provides for the first time the possibility
of evolving and improving the properties of reverse
transcriptase enzymes - one of the most important
enzyme groups in the toolbox of molecular biologists.
In one embodiment of this aspect the invention
provides a process for the production of nucleic acid
encoding a target protein, which comprises: (a)
providing an array of RNA or DNA molecules including
one or more encoding the target protein; (b)
generating a target protein from the array to form
RNA-protein or DNA-protein complexes; (c) separating
the complexes into compartments wherein most or all of
the compartments contain no more than one complex; (d)
subjecting the complexes to reaction conditions which
allow target protein activity; and (e) selecting
nucleic acid encoding the target protein on the basis
of the activity associated therewith, wherein in the
RNA-protein complex the RNA is non-covalently or
covalently bound thereto and in the DNA-protein
complex the DNA is covalently bound thereto. In a
second embodiment of this aspect the invention
provides process for the production of nucleic acid
encoding a target protein, which comprises: (a)
providing an array of RNA or DNA molecules including
one or more encoding the target protein;(b) generating
a target protein from the array to form RNA-protein or
DNA-protein complexes in which the RNA or DNA molecule
is non-covalently or covalently bound to the complex;
(c) separating the complexes into compartments wherein
most or all of the compartments contain no more than
one complex; (d) subjecting the complexes to reaction
conditions which allow target protein activity; and
(e) selecting nucleic acid encoding the target protein
on the basis of the activity associated therewith,
wherein step b) is performed in the absence of
separate compartments for each complex. Covalent
linkages between DNA or RNA and the target protein can
be generated by any technique known in the art, for
example, mRNA display, phage display, bacterial
display or yeast display. In particular, a covalent
RNA-protein linkage can be generated using the
technique of mRNA display, while a covalent
DNA-protein linkage can be generated using the
technique of covalent antibody display (CAD) (Reiersen
et al., 2005), performing translation in compartments
by covalent DNA display (Bertschinger and Neri, 2004),
or using similar covalent display techniques such as
those described by Stein et al., (2005). Non-covalent
linkages between DNA or RNA and the target protein can
also be generated by any technique known in the art,
for example, ribosome display, CIS display, or plasmid
display. In particular, a non-covalent DNA-protein
linkage can be generated in the absence of a
compartment using CIS display (Odergrip et al., 2004),
while a non-covalent RNA-protein linkage can be
generated using the technique of ribosome display. As
indicated above, when the complex is a DNA-protein
complex in which the DNA is noncovalently bound, step
(b) of the process of the invention is performed in
the absence of separate compartments for each complex.
In other words, step (b) is un-compartmentalised.
Specifically, when the complex generated is a
DNA-protein complex in which the DNA is noncovalently
bound, the generation step is performed without
separating each member of the array from one another.
In particular, the generation step is performed
without separating each member of the array by in
vitro compartmentalization (IVC). In a particularly
preferredembodiment the generation step is performed
without separating each member of the array in a
water-in-oil emulsion. Compartmentalisation can also
be performed by any method known in the art which
enables the complexes to be generated or separated
such that all or substantially all of the compartments
contain no more than one complex. In particular, it is
preferred that at least 70%, at least 80% or at least
90% of the compartments contain no more than one
complex. For example, compartmentalization can be
performed by separating members of the array or each
complex into different wells on a microtitre or
nanotitre plate, or by in vitro compartmentalization
(IVC). In particularly, separation by IVC can involve
separation into aqueous droplets in a water-in-oil
emulsion or a water-in-oil-in- water emulsion. The
method of the present invention combines at least two
different types of genotypephenotype linkage selected
from the list: covalent linkage, non-covalent linkage
and compartmentalization. In a preferred aspect of the
invention the method utilized no more than two of
these linkages. Thus in a particularly preferred
embodiment the method utilizes the covalent or
non-covalent linkage as the only genotype-phenotype
linkage in step b). In other words, in this embodiment
there is no compartmentalization in step b).
Covalent/non-covalent linkages between DNA or RNA and
the protein in the absence of a compartment can be
established in many different ways, for example, by
ribosome display, mRNA display (Roberts and Szostak,
1997), CIS display (Odergrip et al., 2004) or covalent
antibody display (CAD) (Reiersen et al., 2005).
Specifically, covalent DNA-protein linkage can be
realized in the absence of compartments by using CAD
technique, while covalent RNAprotein linkage and
non-covalent RNA-protein linkage can be established by
mRNA display and ribosome display, respectively. The
present invention can be realized through a
combination of many different linkages. For example,
the present invention can be realized through a
compbination of ribosome display and in vitro
compartmentalization, or through a combination of mRNA
display, CIS display, or CAD display and IVC.In a
preferred aspect the process for the production of
nucleic acid encoding a target protein is realized
through a combination of ribosome display and in vitro
compartmentalization. In particular such an process
comprises: (a) providing an array of mRNAs including
one or more encoding the target protein; (b)
incubating the array of mRNAs under conditions for
ribosome translation to generate an array of ternary
complexes each comprising an mRNA, a ribosome and
protein translated from the mRNA; (c) incorporating
the array of ternary complexes into aqueous phase
droplets of a water-in-oil or a water-in-oil-in-water
emulsion, wherein most or all of the aqueous phase
droplets contain no more than one ternary complex; (d)
subjecting the aqueous phase droplets to reaction
conditions which allow protein activity; and (e)
selecting nucleic acid encoding the target protein on
the basis of the enzyme activity associated therewith.
Such a process according to the present invention may
be termed "compartmentalized ribosome display" (CRD).
CRD is applicable to a wide range of target proteins,
including enzymes. CRD has the advantage that the
linkage between the enzyme and the mRNA is
noncovalent. Thus if the reaction conditions used in
step (d) involve a raised temperature the ternary
complexes generated in step (b) will fall apart and
the enzyme will be released. This avoids the problems
associated with enzyme mobility described above for
prior art methods in which the enzyme is immobilized
on a bead. Emulsion droplets with ribosome display
complexes inside can be sorted or selected in step (e)
in many ways. Preferably they are sorted by
fluorescence activated cell sorting (FACS) or using
microfluidic techniques. Both techniques mainly
exploit fluorescence based droplet sorting. However,
droplets can also be searpated by size, light
diffraction or light absorption, depending on the
reaction conditions used in step (d) and the protein
activity that is being selected for.Fluorescent based
sorting methods are preferably used when the target
protein is an enzyme. In this embodiment the reaction
conditions employed in step (d) include a
non-fluorescent substrate capable of being converted
to a fluorescent product. Activity by the enzyme
generates the fluorescent product, allowing FACs to be
used to distinguish between fluorescent droplets
containing an active enzyme and non- or less
fluorescent droplets which contain no active enzyme or
a less active enzyme. In particular, CRD is applicable
to nucleic acid processing enzymes such as reverse
transcriptases, and allows for fast and efficient in
vitro evolution. In a further aspect the present
invention provides a process for the production of
nucleic acid encoding a target protein, which
comprises: (a) providing an array of mRNAs including
one or more encoding the target protein, wherein the
mRNAs comprise a substrate for an enzyme comprising
the target protein or a co-enzyme thereof; (b)
incubating the array of mRNAs under conditions for
ribosome translation to generate an array of ternary
complexes each comprising an mRNA, a ribosome and
protein translated from the mRNA; (c) incorporating
the array of ternary complexes, and optionally the
co-enzyme, into aqueous phase droplets of a
water-in-oil or a water-in-oil-in-water emulsion,
wherein most or all of the aqueous phase droplets
contain no more than one ternary complex; (d)
subjecting the aqueous phase droplets to reaction
conditions which allow enzyme activity; and (e)
selecting nucleic acid encoding the target protein on
the basis of the enzyme activity associated therewith.
In one embodiment of this aspect of the invention,
where the nucleic acid processing enzyme is a DNA
dependent DNA polymerase, the mRNA of step (a) can be
ligated to a double stranded DNA adaptor molecule to
provide the substrate. CRD diversity is ~109-1010
variants and is limited by IVC step. The new method is
much more efficient, less time consuming and cheaper
compared to high throughput screening (HTS),which can
be used to screen ~105-10 mutant variants of reverse
transcriptase. CRD diversity is about four orders of
magnitude higher compared to HTS; thus many more
beneficial mutants missed by HTS can be easily
fished-out by compartmentalized ribosome display
selection. According to step (a), an array of mRNAs
which are typically synthesized mRNAs is provided 



which includes one or more members of the array
encoding the target protein. Where the target protein
is reverse transcriptase the mRNAs comprise a
substrate for an enzyme comprising the target protein
or a co-enzyme thereof. In the subsequent selection
step (e), the nucleic acid encoding the target protein
is selected on the basis of the enzyme activity
associated therewith. In this way, two embodiments of
the invention are contemplated: one in which the
enzyme activity is provided by the target protein and
one in which the enzyme activity is provided by a
co-enzyme of the target protein in the presence of the
target protein. In the embodiment requiring the
co-enzyme, this is incorporated into aqueous phase
droplets of the water-in-oil emulsion of step (c), as
is the array of ternary complexes. Where the enzyme
comprises the target protein, no additional co-enzyme
need to be incorporated into the aqueous phase
droplets. In step (b) of the process, the array of
mRNAs is treated with ribosomes to generate an array
of ternary complexes, each comprising an mRNA, a
ribosome and protein translated from the mRNA. This
step may be performed under any conditions suitable
for typical in vitro translation of mRNA, as used for
example in the technique of ribosome display. At this
point, the ternary complexes may be purified, although
this is not essential. The ternary complexes may be
supplemented at this point with any co-substrates
necessary for the subsequent enzyme activity whereupon
the reaction mixture is typically emulsified to give
approximately 10 water-in-oil compartments each
typically having a mean diameter of approximately 2 to
3 mm. Even a small volume (25 ml) of in vitro
translation reaction generates approximately 10 to 10
12 molecules of stored ribosomal complexes. A typical
ribosome display method uses mRNAs lacking STOP
codons, although STOP codon may be present (Matsuura
et al., 2007). In order to achieve aqueous phase
droplets in which most or all contain no more than one
ternary complex the concentration of ternary complexes
would have to be reduced by about two orders of
magnitude as compared with corresponding concentration
used in a typicalribosome display technique. Only a
very small concentration of ternary complexes is used
in this step of the process. The enzyme may comprise a
nucleic acid processing enzyme, which may be an RNA
processing enzyme. The nucleic acid processing enzyme
may comprise the target protein and may be selected
from a nucleic acid polymerase, a nucleic acid ligase
and a terminal deoxynucleotidyl transferase. As
decribed in further detail herein, the nucleic acid
polymerase may comprise a reverse transcriptase. In
this embodiment, the mRNA encoding the reverse
transcriptase is itself the substrate for the reverse
transcriptase. Step (e) of selecting nucleic acid
encoding the target protein, comprises selecting cDNA
produced by the action of the reverse transcriptase,
which cDNA encodes reverse transcriptase. Where the
target protein is a nucleic acid ligase, selection for
RNA (DNA) ligases able to ligate RNA to RNA or DNA to
RNA can be performed. Preferably, the reaction
conditions which allow enzyme activity include a
co-substrate comprising a nucleic acid linker or
adaptor, which co-substrate further comprises an
affinity ligand for attachment to a ligand binding
partner or sequence tag for specific amplification of
processed mRNA in RT-PCR. In the first case, the mRNA
encoding the target protein is ligated to the
co-substrate in those aqueous phase droplets which
incorporate mRNA encoding a nucleic acid ligase.
Preferably, the affinity ligand comprises biotin and
the ligand binding partner comprises streptavidin. The
step of selecting nucleic acid encoding the target
protein comprises selecting mRNA incorporating the
co-substrate by attachment to a solid phase comprising
the ligand binding partner. In a typical process, a
mutant library of ligase is translated in vitro and
purified ternary complexes are diluted and emulsified
in reaction buffer with biotin labeled DNA/RNA linker
and/or adaptor. After bringing the emulsion to a
temperature of 370C ribosome ternary complexes
disassemble. Ligase will be released and the 3' end of
the mRNA will become accessible for the biotin labeled
adaptor and subsequent ligation reaction. Biotin
labeled mRNA encoding only active (or more active)
variants of ligase will be purified on the
streptavidin beads and may be amplified by RT-PCR.In
the second case the step of selecting nucleic acid
encoding the target protein comprises selecting mRNA
with attached sequence specific tag, which can be used
for selective annealing site of primer for reverse
transcription and subsequent PCR. In a typical
process, a mutant library of ligase is translated in
vitro and purified ternary complexes are diluted and
emulsified in reaction buffer with DNA/RNA linker
and/or adaptor. After bringing the emulsion to a
temperature of 370C ribosome ternary complexes
disassemble. Ligase will be released and the 3' end of
the mRNA will become accessible for the adaptor and
subsequent ligation reaction. RNA encoding only active
(or more active) variants of ligase will have specific
linker sequence required for specific annealing of
primer used in reverse transcription and may be
efficiently amplified by RT-PCR. It is also possible
to select for terminal deoxynucleotidyl transferase
(TdT). This enzyme works on RNA and incorporates
deoxyribonucleotides, ribonucleotides, nucleotide
analogues and similar. In this embodiment, the
reaction conditions which allow enzyme activity
include a co-substrate comprising dNTP which further
comprises an affinity ligand for attachment to a
ligand binding partner. As with the nucleic acid
ligase, the affinity ligand may be biotin and the
ligand binding partner streptavidin. Selecting nucleic
acid encoding the target protein may comprise
selecting mRNA incorporating the co-substrate by
attachment to a solid phase comprising the ligand
binding partner. A mutant library of TdTs may be
translated in vitro and purified ribosome ternary
complexes may have to be diluted and emulsified in
reaction buffer with biotin labeled nucleotides, such
as biotin-dUTP. The optimal working temperature for
wild type enzyme is 370C. At this temperature the
ribosome ternary complexes will disassemble and the 3'
end of mRNA will become accessible for template
independent polymerization reaction. TdT-encoding mRNA
incorporating biotin labeled nucleotide is selected on
the streptavidin beads and may subsequently be
reversed transcribed and amplified by RT-PCR. In a
further embodiment, the target protein comprises a
reverse transcriptase helper enzyme such as a
helicase, pyrophosphatase, processivity factor, RNA
binding protein or other protein able to improve a
reverse transcription reaction in the presence of
reverse transcriptase. In this embodiment, the nucleic
acid processing enzyme comprises a reverse
transcriptase, which isthe co-enzyme incorporated into
the aqueous phase droplets of the water-in-oil
emulsion. In step (e) of selecting nucleic acid target
protein, cDNA is selected, which cDNA is produced by
the action of the reverse transcriptase and which
encodes the reverse transcriptase helper enzyme. The
presence of the reverse transcriptase helper enzyme in
the aqueous phase facilitates reverse transcription of
the mRNA which encodes the helper. Thus, mRNA which is
reverse transcribed forms cDNA which encodes the
helper and this may be PCR amplified. In a further
embodiment, the target protein comprises an RNase
inhibitor. In this embodiment, the nucleic acid
processing enzyme comprises an RNase. The step (e) of
selecting nucleic acid encoding the target protein
comprises selecting mRNA undegraded by RNase. In this
embodiment, the RNase is incorporated as the co-enzyme
into the aqueous phase droplets of the water-in-oil
emulsion. Once reaction conditions allow enzyme
activity, any droplets not containing effective RNase
inhibitor would exhibit RNase activity whereby the
mRNA would be degraded. Thus, mRNA encoding RNase
inhibitor effective at the reaction conditions used
would survive. Typically, a mutant library of RNase
inhibitors is translated in vitro and purified
ribosome ternary complexes are diluted and emulsified
in reaction buffer with appropriate RNase. In an
alternative arrangement RNase can be delivered later
by emulsion micro droplets. mRNA encoding only active
(or more stable) RNase inhibitor will be purified and
amplified by RT-PCR. Compartmentalized ribosome
display can also be used for reaction buffer exchange
in in vitro compartmentalization where selection
buffer is incompatible with in vitro translation
mixture and substrate conversion to product has to be
performed under strictly controlled reaction
conditions. The nucleic acid encoding the target
protein which has been selected on the basis of the
enzyme activity associated therewith may be DNA or
RNA, as discussed herein. The array may be converted
or amplified to form DNA or RNA. In a preferred
arrangement, the array is converted or amplified to
form the array of mRNAs of step (a) of the process and
is subject to one or more further cycles of steps (b)
to (e) so as to enrich further the array with
increasing amounts of mRNAs encoding the target
protein.The step (d) of subjecting the aqueous phase
droplets to reaction conditions which allow enzyme
activity provides the basis for selection step (e)
where those nucleic acids encoding the target protein
are selected. A wide range of reaction conditions may
be used in step (d) to provide selection pressure. In
one example, the reaction conditions include a
temperature above the optimum temperature for a wild
type enzyme. These reaction conditions may be used to
select a mutant enzyme which is more thermostable than
wild type enzyme or which has a greater reaction
velocity at that temperature or an altered
temperature-activity profile. Mutant enzymes may have
to operate at higher sensitivities than wild type
enzymes because concentrations of mRNA in the aqueous
phase droplets are approximately 40OpM. Mutant enzymes
may also have to perform more accurately. AU of these
selection pressures are particularly important in
relation to reverse transcriptases. As well as
physical conditions, the reaction conditions may
include alterations in buffer, concentrations of other
factors such as metal ions and pH. Many more different
selection pressures can be applied in CRD selecting
for better reverse transcriptases: 1) selection for
more soluble enzymes which are less prone to
aggregation - ternary complexes (before
emulsification) have to be preincubated with
hydrophobic material in order to eliminate proteins
with surface exposed hydrophobic residues; 2)
selection for very fast enzymes - reverse
transcription reaction times have to be gradually
reduced during selection cycles; 3) selection for
enzymes synthesizing long cDNA - gradual prolongation
of mRNA library used in CRD and as a consequence
synthesis of longer cDNA; 4) selection for enzymes
able to transcribe through secondary structures -
secondary structure forming sequences have to be
introduced into mRNA library used in CRD; 5) selection
for enzymes working in buffers which are different
from RT buffer (for example in PCR, one step RT-PCR
buffer or with denaturing agents) - CRD selection has
to be performed in buffer of our choice; 6) selection
for enzymes able to incorporate nucleotide analogues -
selection has to be performed in RT buffer with biotin
labeled nucleotide analogues with subsequent cDNA
purification on streptavidin beads. Compartmentalized
ribosome display (CRD) is also suitable for many
fluorescence activated cell sorting (FACS)
applications. Protein of interest has to be displayed
in ribosome display format. Optionally purified (or
just diluted many times) ternary complex comprising
mRNAribosome-protein (tRNA) mixed with non fluorescent
substrate (S) in reaction buffer should be emulsified
producing double water-in-oil-in-water emulsions
(Bernath et al., 2004; Mastrobattista et al., 2005).
Active variants of compartmentalized enzymes will
convert substrate (S) to fluorescent product (P)
allowing FACS to distinguish between fluorescent
(active enzyme inside) and "dark" (inactive enzyme
inside) droplets. Contrary to previously published
examples, where enzymatic reaction has to be performed
in transcription/translation mixture, CRD allows for
complete buffer exchange and selection for active
enzymes in more native (required) conditions (FIG 10.)
Selection and evolution of thermostable DNA
polymerases using CRD is also possible (FIG 11.).
Polymerase of interest has to be displayed in ribosome
display format. Optionally purified (or just diluted
many times) ternary complex comprising
mRNA-ribosome-polymerase can be used to prepare
reaction mixture with reverse transcriptase (helper
enzyme), dNTP's and primer set in PCR buffer. Reaction
solution should be emulsified producing water-in-oil
emulsion. In first RT step - reverse transcriptase has
to synthesize cDNA, which subsequently will serve as a
target for second PCR step - cDNA amplification by
ribosome displayed DNA polymerase. One of the primers
used in PCR can have biotin for optional subsequent
purification with streptavidin beads and
non-complementary 5' end. After RT-PCR emulsions
should be broken, newly synthesized DNA fragment can
be purified via biotin and reamplified 



using new primer set, which will contain one primer
with sequence non-complementary to cDNA, but identical
to 5' part of primer used in first amplification
reaction (selective amplification of DNA over cDNA
background). More active variants of DNA polymerase
will be enriched over less active variants and can be
used for further analysis or next selection round (FIG
11.). Important features of the compartmentalized
ribosome display technology are: 1) the genotype is
maintained by an mRNA library, which is especially
useful in selecting RNA processing enzymes; 2) the
selection unit is a ternary complex of
mRNA-ribosome-protein (tRNA) and this can readily
purified by ultracentrifugation, gel-filtration,
affinity tag purification and other simple means;3)
the reaction buffer can be exchanged thereby enabling
the selection unit to be transferred (with or without
purification) to a new reaction mixture and at the
same time be diluted by a factor of 100 to 200 (in
order to adjust the number of ribosome complexes after
emulsification to less than one molecule per reaction
compartment); 4) the mRNA library diversity of CRD is
limited only by the diversity of the in vitro
compartmentalization and is less than 1010 different
variants; 5) once emulsified, the selection reaction
can be performed at a broad range of temperatures from
4 to 940C because emulsions are stable over these
temperatures; 6) if selections performed at elevated
temperatures (3O0C and above), the ternary complexes
will dissociate but remain compartmentalized so as not
to lose the genotype-phenotype link, releasing mRNA
and in vitro translated protein. The compartmentalized
ribosome display process of the present invention has
been found to work particularly well in promoting
evolution of new reverse transcriptase enzymes. As an
example, M-MuLV reverse transcriptase (Gerard et al.,
1986, pRT601) may be used for selection (the enzyme
including a N terminal His tag for purification). This
reverse transcriptase has a temperature optimum for
activity at 420C and is active at temperatures up to
5O0C. An array of mRNAs encoding the M-MuLV reverse
transcriptase may be subjected in step (d) of the
process of the present invention to reaction
conditions which include primer and dNTPs required for
cDNA synthesis at an incubation temperature in the
range of from 5O0C to 6O0C. At these elevated
temperatures stored ribosomal complexes stable at 40C
quickly dissociate releasing into solution a reverse
transcriptase substrate (mRNA) and enzyme. In one
embodiment, in vitro translated reverse transcriptase
M-MuLV released from ribosomal complex has C terminal
fusion with phage lambda outer surface protein D used
in ribosome display construct as a spacer to remain in
ribosomal tunnel (Matsuura and Pluckthun, 2003) and
covalently bound tRNA, because translation was not
terminated properly. Protein D is very well expressed,
soluble, stable protein with unfolding transition
temperature -57 0C (Forrer and Jaussi, 1998) and
therefore is good fusion partner for selection of
thermostable reverse transcriptase.In
compartmentalized ribosome display selection method
only fully active variants of reverse transcriptase
can perform synthesis of cDNA, which encodes the same
active enzyme. In 1 hr, after the reverse
transcription reaction is completed, emulsion is
broken, cDNA is purified and amplified by nested PCR.
Because of the selection nature of CRD only cDNA,
which encodes active variants of reverse
transcriptase, able to perform full length cDNA
synthesis, will be amplified and if necessary
transferred to the next selection round. In order to
eliminate undesirable mutations in T7 polymerase
promoter region, ribosome binding site (RBS) and
protein D sequence, amplified DNA, encoding only
M-MuLV sequence, may be ligated to native 5' and 3'
terminal fragments in such way that original ribosome
display construct is restored and next selection round
can be performed. In five selection rounds enzyme
variants with specific activities at 50 have been
identified, which are 2-4 times better as compared to
the activity of the primary enzyme used for library
preparation. Some of proteins are faster, some - more
thermostable. Many selected M-MuLV variants have
mutations D524G or D583N, which turn off RNase H
activity of reverse transcriptase and improve cDNA
synthesis as well as thermostability (Gerard et al.,
2002). Many more variants of selected M-MuLV reverse
transcriptases have other different beneficial
mutations (H204R; H638R; T197A; M289V; E302K; T306A;
N454K; Y64C; E69G; Q190R; V223M; F309S; L435P; E562K)
mentioned and described before (US7056716;
US20060094050A1; US7078208; US20050232934A1;
WO07022045A2). In addition to that we have found many
new hot spots in reverse transcriptase amino acids
sequence. Some mutations repeat very frequently and
are of very high importance, what was shown analyzing
purified mutants (Example 2). Thus we can state, that
our CRD technology is very fast and robust selection
method, efficiency of which was confirmed by direct
evolution and improvement of M-MuLV reverse
transcriptase. As proof of principle we have selected
variants of M-MuLV reverse transcriptase working
better at higher temperatures. In a further aspect,
the present invention provides a reverse transcriptase
enzyme obtainable by the process as described herein.
In a further aspect, the present invention provides a
reverse transcriptase enzyme having an optimum
activity at a temperature above 420C, preferably at
least 5O0C and more preferably inthe range of from
5O0C to 6O0C. Reverse transcriptase enzymes may be
selected according to the process described herein by
applying reaction conditions having an elevated
temperature, preferably of at least 5O0C. In this
aspect of the invention, a reverse transcriptase
enzyme may be selected which has an
activity-temperature profile which is shifted in
comparison with wild type enzyme to increase the
temperature at which optimum activity is observed. In
a further aspect, the invention provides a reverse
transcriptase enzyme which comprises a MMLV reverse
transcriptase amino acid sequence with a mutation at
one or more of the following amino acid positions:
D200, D653, L603, T330, L139, Q221, T287, 149, N479,
H594, F625, H126, A502, E607, K658, P130, Q237, N249,
A307, Y344, Q430, D449, A644, N649, L671, E673, M39,
Q91, M66, W388, 1179 E302 L333 R390 0374 and E5 Where
the mutation is at D653 it is preferred that the
mutation is not D653N. Where the mutation is at L603
it is preferred that the mutation is not L603A.
Further, where the mutation is at H594 it is preferred
that the mutation is not H594A. It is preferred that
the mutations at the above positions are point
mutations. Preferably, the reverse transcriptase has
one or more of the following mutations: D200N,A or, G,
D653N,G,A,H or, V, L603WorM, T330P, L139P, Q221R,
T287A, I49V orT, N479D, H594Ror Q, F625S orL, H126S
orR, A502V, E607K, G or A, K658Ror Q P130S, Q237R,
N249D, A307V, Y344H, Q430R, D449G orA, A644V or T,
N649S, L671P, E673G orK, M39V orL, Q91RorL, M66L,
W388R, I179T orV E302K L333Q R390W Q374Rand E5KEach of
these mutations is found, for example, in mutant
enzymes having a higher activity at 5O0C as compared
with the corresponding wild type enzyme. Further
details of these mutations are described in the
specific examples. In particularly preferred aspect of
the invention the mutant enzyme has at least two
mutations. In one embodiment the two mutations are at
D200 and at L603. For example the mutations are D200N
and L603W. In an alternative embodiment the mutations
are at N479 and H 594. For example the mutations are
N479D and H594R. In a further aspect, the invention
provides a reverse transcriptase enzyme having an
optimum activity at a temperature above 370C, wherein
the activity at 5O0C is at least 120% of the activity
at 370C. Preferably, the activity at 5O0C is at least
130%, more preferably at least 160% of the activity at
370C. In a further aspect, the present invention
provides a mutant reverse transcriptase enzyme having
an activity at 5O0C which is at least twice that of
the corresponding wild type enzyme. In a further
aspect, the present invention provides a mutant
reverse transcriptase enzyme having a specific
activity at 370C which is at least 130% of the
corresponding wild type enzyme. Preferably, the
specific activity of the mutant reverse transcriptase
enzyme is at least 140%, more preferably at least 150%
and particularly preferably at least 160% of the
specific activity of the corresponding wild type
enzyme. It has been found as described herein that
partially purified wild type enzyme specific activity
at 370C is approximately 200000U/mg. Specific mutant
reverse transcriptase enzymes obtainable in accordance
with the present invention are discussed in further
detail in the specific examples. In a further aspect,
the present invention provides a mutant reverse
transcriptase enzyme having a thermostability of at
least 1.5 times that of the corresponding wild type
enzyme. Thermostability is measured in the present
application as residual activity at 370C following
treatment at 5O0C for 5 minutes. Preferably, the
thermostability of the mutant reverse transcriptase
enzyme is at least 1.5 times, more preferably at least
2 times, still more preferably at least 2.5 times that
of the corresponding wild type enzyme. Typically,
residual activity at370C of the wild type reverse
transcriptase enzyme is approximately 11% as compared
with untreated enzyme. It is preferred that the
reverse transcriptase enzyme according to the
invention comprises an MMLV reverse transcriptase. In
a further aspect, the present invention provides a
polynucleotide, such as an mRNA or DNA, encoding a
reverse transcriptase as described herein. The reverse
transcriptases according to the present invention may
be used in a variety of molecular biology techniques
such as RT-PCR (qRT-PCR, etc). A kit for RT-PCR may be
provided in which the reverse transcriptase of the kit
is a reverse transcriptase according to the present
invention. Detailed Description of Invention The
invention will now be described in further detail, by
way of example only, with reference to the
accompanying figures and appendices: Figure 1. The
experimental scheme of Example 1. Two plasmids
pET_his_MLV_pD (encoding Moloney Murine Leukemia Virus
(M-MLV) reverse transcriptase fused to protein D
spacer) and pET_his_del_pD (encoding inactivated (57
amino acids deletion in pol domain) Moloney Murine
Leukemia Virus (M-MLV) reverse transcriptase fused to
protein D spacer) were used to synthesize PCR
fragments. PCR fragments furtheron are used in
transcription reaction and synthesis of mRNA lacking
STOP codon at the 3' end. Purified mRNA is mixed with
ratio 1 : 50 = MLV (active RT) : del (inactive RT) and
used for in vitro translation reaction. During
translation reaction ribosomal complex synthesizes
protein and stops at the end of mRNA lacking STOP
codon. Mixture of ternary complexes (TC) is purified
by ultracentrifugation on sucrose cushions. Purified
ternary complexes (<3 *109 molecules taken) already
containing mRNA linked to in vitro translated MLV
reverse transcriptase are used to prepare reverse
transcription reaction mix supplemented with external
dNTP set and primer for RT reaction. Ice-cold RT
reaction mixture is emulsified giving -1*1 010 water
in oil compartments ~2mm in size. Emulsified RT
reaction mixture (less than one TC (mRNA +MLV RT) per
compartment is incubated for 1 hr at 420C in order to
perform RT reaction. After the temperature of
compartmentalized RT reaction mixture is raised most
of TC dissociate releasing mRNA and reverse
transcriptase. Successful RT reaction is performed
only in compartments containing active MLV reverse
transcriptase (MLV_pD) and no cDNA is synthesized in
compartments with inactive reverse transcriptase
(del_pD). Subsequent PCR amplifies cDNA and enrichment
of active reverse transcriptase (MLVjpD) genes over
inactive reverse transcriptase (del_pD) is observed.
Figure 2. The structural scheme of pET_his_MLV_pD
plasmid. Figure 3. Example 1 - the agarose gel
electrophoresis of first PCR performed on cDNA
synthesized during CRD selection. Primers used: RD Nde
(SEQ ID No: 9) and pD_55 (SEQ ID No: 10). Expected
length of PCR fragments was 2185 bp for MLV_pD and
2014 bp for 



del_pD. Amplification was analyzed on 1% agarose gel
loading 10 ml of PCR mix per well. Figure 4. Example 1
- the agarose gel electrophoresis of nested PCR for
partial gene amplification performed on first PCR
product. Primers used: M F (SEQ ID No: 11) and M_2R
(SEQ ID No: 12). Expected length of PCR fragments was
907 bp for MLV_pDa and 736 bp for del_pD.
Amplification was analyzed on 1% agarose gel loading
10 ml of PCR mix per well. Figure 5. Example 1 - the
agarose gel electrophoresis of nested PCR for full
gene amplification performed on first PCR product.
Primers used: M_Esp (SEQ ID No: 13) and MJEri (SEQ ID
No: 14). Expected length of PCR fragments was 2077 bp
for MLV_pDa and 1906 bp for del_pD. Amplification was
analyzed on 1% agarose gel loading 10 ml of PCR mix
per well. Figure 6. The experimental scheme of CRD
selection in Example 2. PCR fragments encoding mutants
library of reverse transcriptase (in fusion with
protein D) MLV_pD was used to synthesize mRNA.
Purified mRNA was used for in vitro translation
reaction. Ternary complexes (TC) of
mRNA-ribosome-MLV_pD(tRNA) were formed in translation
mixture and stabilized by low temperature and high
concentration OfMg2+ ions. Mixture of TC was purified
by ultracentrifugation on sucrose cushions.
Precipitated TC was dissolved in ice-cold buffer(5OmM
Mg +) and used to prepare reverse transcription
reaction mix supplemented with external dNTP set and
primer for RT reaction. Ice-cold RT reaction mixture
was emulsified giving -1*10 water in oil compartments
~2mm in size. Optimal reaction temperature of MLV RT
is ~42C. In order to select for reverse transcriptase
variants, which are working better at higher
temperatures emulsified RT reaction mixture (less than
one TC (mRNA + MLV RT) per compartment) was incubated
for 1 hr at 5O0C. At this temperature successful
synthesis of full length cDNA was performed better in
compartments containing more active or thermostable
MLV reverse transcriptase variants. Subsequent PCR was
used to amplify full length cDNA and enrichment of
more active and thermostable reverse transcriptase
genes was performed. By PCR amplified genes were moved
back to CRD format restoring intact 5' (START fragment
- T7 polymerase promoter, SD and his-tag coding
sequences) and 3' (END fragment - gs linker, protein D
and second gs linker) sequences by ligation PCR.
Reconstructed PCR fragment, containing enriched
library of reverse transcriptase genes, was used for
subsequent mRNA transcription and next CRD selection
round. Each selection round was performed at higher
and higher temperatures of RT reaction: 5O0C ( 1st
round); 52.5C (2nd round); 550C (3rd round); 57.5C
(4th round) and 6O0C (5th round). Figure 7. The scheme
of PCR fragment reconstruction before new round of CRD
selection. Mutated MLV RT library was digested with
Esp3I (Ncol compatible end) and EcoRJ and ligated with
START (244 bp) and END (398 bp) fragments in order to
get PCR fragment suitable for CRD selection. START
fragment (containing T7 polymerase promoter, SD and
his-tag coding sequences) was constructed by PCR
amplification of initial 983 bp START fragment (target
- plasmid pET_his_del_pD (SEQ ID No: 2), primers -
pro-pIVEX (SEQ ID No: 3) and M_1R (SEQ ID No: 15)) and
subsequent digestion with Ncol (recognition sequence
CJ.CATGG) giving 244 bp DNA fragment. END fragment
(containing gs linker, protein D and second gs linker
sequences) was constructed by PCR amplification of
initial 1039 bp END fragment (target - plasmid
pET_his_del_pD (SEQ ID No: 2), primers - M_3F (SEQ ID
No: 16) and pD-ter (SEQ ID No: 4)) and subsequent
digestion with EcoRI (recognition sequence GJ.AATTC)
giving 398 bp DNA fragment. Figure 8. Reverse
transcriptase activities of mutant RT variants
measured at 370C, 5O0C and residual activity at 37C
after 5 min incubation at 500C. Reverse transcriptase
activity at 37Cis normalized to be always 100% and is
omitted. Thus only two types of columns (percents of
RT activity at 50C and residual RT activity at 370C
after 5 min incubation at 5O0C) are shown. As a
control is given wt M-MuLV reverse transcriptase used
for mutants library construction. This primary enzyme
is expressed in the same vector and purified in the
same way as mutant variants of RT. An average value of
mutant RT activity at 5O0C for all tested mutants is
about -92% and is more than 2 times higher comparing
to wt enzyme (45%). An average residual activity of
mutant RT variants at 37C after 5 min preincubation at
5O0C is 12% (wt enzyme - 11%). Figure 9 . Specific
activity (u/mg of protein) of partially purified wt
and mutant RT variants measured 10 min at 37C. Figure
10. The proposed experimental scheme of CRD selection
using FACS. Protein of interest is displayed in
ribosome display format. Purified (or just diluted
many times) ternary complex comprising
mRNA-ribosome-protein (tRNA) is mixed with non
fluorescent substrate (S) in reaction buffer and
subsequently emulsified producing double
water-in-oil-in-water emulsions. Active variants of
compartmentalized enzymes will convert substrate (S)
to fluorescent product (P) allowing FACS to
distinguish between fluorescent (active enzyme inside)
and "dark" (inactive enzyme inside) droplets. Figure
11. The proposed experimental scheme for selection and
evolution of thermostable DNA polymerases using CRD.
Polymerase of interest has to be displayed in ribosome
display format. Optionally purified (or just diluted
many times) ternary complex comprising mRNAribosome-
polymerase can be used to prepare reaction mixture
with reverse transcriptase (helper enzyme), dNTP's and
primer set in PCR buffer. Reaction solution should be
emulsified producing water-in-oil emulsion. In first
RT step - reverse transcriptase has to synthesize
cDNA, which subsequently will serve as a target for
second PCR step - cDNA amplification by ribosome
displayed DNA polymerase. One of the primers used in
PCR can have biotin for optional subsequent
purification with streptavidin beads and
non-complementary 5' end. After RT-PCR emulsions
should be broken, newly synthesized DNA fragment can
be purified via biotin and reamplif ed using new
primer set, which will contain one primer with
sequence noncomplementary to cDNA, but identical to 5'
part of primer used in first amplification
reaction(selective amplification of DNA over cDNA
background). More active variants of DNA polymerase
will be enriched over less active variants and can be
used for further analysis or next selection round.
Figure 12. The experimental scheme of Example 4. In
this experimental setup M-MuLV reverse transcriptase
is used as DNA dependent DNA polymerase. Two plasmids
pET_his_MLV_D583N_pD (encoding RNase H minus Moloney
Murine Leukemia Virus (M-MLV) reverse transcriptase
fused to protein D spacer) and pET_his_del_pD
(encoding inactivated reverse transcriptase fused to
protein D spacer - 57 amino acids deletion in pol
domain and point mutation D583N in RNase H domain)
were used to synthesize PCR fragments. PCR fragments
furtheron are used in transcription reaction. Purified
mRNA is mixed with ratio 1 : 20 = MLV_D583N_pD (active
RT) : del_pD (inactive RT) and used to prepare
mRNA/dsDNA complex by dsDNA ligation to mRNA mix using
T4 DNA ligase. mRNA/dsDNA complex was used for in
vitro translation reaction. During translation
reaction ribosomal complex synthesizes protein and
stops at the end of mRNA (at the beginning of mRNA/DNA
hybrid). Mixture of ternary complexes (TC) is purified
by ultracentrifugation on sucrose cushions. Purified
ternary complexes (<3*109 molecules taken) already
containing mRNA/dsDNA linked to in vitro translated
polymerase (M-MuLV reverse transcriptase) are used to
prepare elongation reaction mix supplemented with
external biotin-dUTP. Ice-cold reaction mixture is
emulsified giving -1*1 010 water in oil compartments
~2mm in size. Emulsified elongation reaction mixture
(less than one TC (mRNA/dsDNA + polymerase) per
compartment is incubated for 30 min at 37C in order to
incorporate biotinylated nucleotide. After the
temperature of compartmentalized reaction mixture is
raised most of TC dissociate releasing mRNA/dsDNA
complex and polymerase. Successful incorporation
reaction in to dsDNA substrate is performed only in
compartments containing active polymerase (reverse
transcriptase - MLV_D583N_pD) and no cDNA is
synthesized in compartments with inactive polymerase
(del_pD). After the emulsions are broken excess of
biotin-dUTP is removed using gel-filtration
mini-column. Biotinylated mRNA/dsDNA complex is
purified on streptavidin beads and used to synthesize
cDNA. Subsequent PCR amplifies cDNA and enrichment of
active polymerse (reverse transcriptase -
MLV_D583N_pD) genes over inactive polymerase (del_pD)
is observed.Figure 13. Determination of biotin-dUTP
incorporation efficiencies into mRNA/dsDNA complex and
into self primed mRNA. Picture of RT-PCR performed on
samples of mRNA/dsDNA (MLV_D583N_pD) and mRNA (del_pD)
after the incorporation of dTTP or biotin-dUTP.
Predicted amplicons size are 907 bp for MLV_D583N_pD
and 736 bp for del_pD cDNA. PCR products were analyzed
on 1% agarose gel loading 10 ml of PCR mix per well.
Figure 14. General control of mRNA/dsDNA complex
existence by incorporation of dTTP (biotin-dUTP) and
[a-P33]dATP. Radioactive dATP should be introduced
into dsDNA substrate subsequentialy after the
incorporation of initial dTTP or biotin-dUTP. A -
etidium bromide visualized agarose gel (mRNA or
mRNA/dsDNA bands -2.5 kb). B - the same gel as in A
dried on filter paper and visualized using Cyclone
Phosphor Imager (Perkin-Elmer, Wellesley, MA).
Labelled mRNA/dsDNA complex and/or only dsDNA bands
are observed. C - structure and sequence of dsDNA
counterpart in mRNA/dsDNA complex. Figure 15. The
resultant final RT-PCR fragments analysis of Example
4. Predicted amplicons size are 907 bp for
MLV_D583N_pD and 736 bp for del_pD cDNA. PCR products
were analyzed on 1% agarose gel loading 10 ml of PCR
mix per well. RT-PCR samples before streptavidin beads
corresponds to the ratio of active and inactive
polymerase genes 1:20 (almost only del_pD fragment
-736 bp is visibile). RT-PCR samples after the
purification on streptavidin beads corresponds to the
ratio of active and inactive polymerase genes after
the single selection round - 1:1. An enrichment factor
of -20 is observed in this selection. Figure 16. Some
examples of alkaline agarose gels used to determine
highest temperature of 1 kb and 4.5 kb cDNA synthesis
reaction. PCR machine - Eppendor Mastercycle Gradient.
A-D - 1 kb cDNA synthesis (M-MuLV (wt), D200N, L603W
and Q221R); temperature gradient 41.9C, 43.6C, 45.5C,
47.8 0C, 50.4C, 53.1C, 55.80C, 58.1C, 60.1 0C, 62.1
0C; size standart - DNA Fast Ruler Middle Range
(Fermentas). E-G - 4.5 kb cDNA synthesis (M2, M3 and
M4); temperature gradient 49.8C, 51.5C, 53.4C, 55.7C,
58.3 0C, 61.00C, 63.7C, 66.1 0C, 68.O0C, 70.00C; size
standart - Zip Ruler Express DNA ladder 2
(Fermentas).Appendix 1. The general scheme of
mutations found in initial MLV RT library (sequence
between Ncol and EcoRI restriction sites - SEQ ID No.
24). 23 nucleotide mutations were found among 10
sequenced genes ( 1 transversion, 20 transitions -
mutated positions are underlined, mutations indicated
above the sequence, 2 deletions - underlined and
indicated as dashed line above the sequence) giving 15
amino acids exchanges, 6 silent mutations, 1 stop
codon and 2 frame shifts of coding frame - on average
1-2 amino acids substitutions per gene. Appendix 2.
The CLUSTALW alignment of all 104 protein sequences
without N terminal His tag in order to have the same
numeration of amino acids as is usually used in
literature. Wild type sequence denoted as MLV (SEQ ID
No: 25) is always given as first sequence (mutated
sequences represent SEQ ID Nos: 26 to 128 based on the
order in which they are shown). Mutations are marked
using white font color in black background. Amino
acids positions, mutations of which somehow improve
M-MuLV reverse transcriptase properties and are
described in different patent applications are marked
in the alignment as columns of amino acids (white
font) highlighted in grey. Mutations originating from
our selection and located in grey columns indicate
that our selection procedure precisely targeted the
beneficial hot spot or even exact amino acid mutations
described elsewhere. Sequences of analyzed proteins,
activity of which at 5O0C was substantially better as
compared to the primary wt M-MuLV (70% and more as
compared to 45% of wt activity) are highlighted in
grey. Appendix 3. List of mutations found in all
selected RT variants. Proteins are sorted by
decreasing number of mutations. Appendix 4. Mutations
frequency (in decreasing order) of selected RT
variants. Names of analyzed proteins, which activity
at 50C was substantially better as compared to primary
wt M-MuLV (70% and more comparing to 45% of wt
activity) are highlighted in grey. Appendix 5.
Summarized table of data on M-MuLV (wt) reverse
transcriptase and single mutants, which contains: name
of protein; selection frequency (number of sequenced
mutants, 



which had exact mutation and the number in the
parentheses indicates total number of particular amino
acid mutations found in selection); protein
concentration (mg/ml); reverse transcriptase specific
activity at 37C (u/mg); relative activity at 500C (%);
relative residualactivity at 37C after 5 min enzyme
incubation at 5O0C (%); specific KNase H activity of
protein (u/mol); relative RNase H activity (%) and
highest temperature of 1 kb cDNA synthesis reaction.
Appendix 6. Summarized table of data on M-MuLV (wt)
reverse transcriptase and single mutants, which
contains: name of protein; protein concentration
(mg/ml); reverse transcriptase specific activity at
37C (u/mg); relative activity at 5O0C (%) and highest
temperature of 1 kb and 4.5 kb cDNA synthesis
reaction. Appendix 7. Sequence and information
relating to SEQ ID Nos: 1 to 23. Example 1 - CRD
-proof of principle To provide proof of principle for
Compartmentalized Ribosome Display selection system
test selection was performed. Typical proof of
principle experiment should give positive signal for
active enzyme (in our case RT-PCR fragment for
original MLV reverse transcriptase) and no signal for
inactive enzyme (no RT-PCR fragment for inactivated
MLV reverse transcriptase). More sophisticated
experiment is to use mixture of genes with defined
ratio encoding active and inactive enzymes. As a
result of successful experiment genes encoding active
enzyme should be enriched over genes encoding inactive
enzyme. General scheme of experiment is shown in FIG
1. Two plasmids pET_his_MLV_pD (encoding Moloney
Murine Leukemia Virus (M-MLV) reverse transcriptase
fused to protein D spacer) and pET_his_del_pD
(encoding inactivated (57 amino acids deletion in pol
domain) Moloney Murine Leukemia Virus (M-MLV) reverse
transcriptase fused to protein D spacer) were used to
synthesize PCR fragments. Further PCR fragments were
used in transcription reaction for synthesis of mRNA,
which lacks STOP codon at the 3' end. Purified mRNAs
resulting from the two abovementioned PCR fragments
were mixed with a ratio 1 : 50 = MLV (active RT) : del
(inactive RT) and used for in vitro translation
reaction. During translation reaction ribosomal
complex synthesizes protein and stops at the end of
mRNA lacking STOP codon. Translation reaction was
stopped by dilution with ice-cold buffer containing 50
mM Mg2+. Low temperature, high concentration of Mg2+
ions and absence of STOP codon at the end of mRNA
stabilize ternary complexes (TC) of
mRNA-ribosome-protein(tRNA). Mixture ofternary
complexes (TC) was purified by ultracentrifugation on
sucrose cushions. Ultracentrifugation was optimized in
such a way that TC (-3.5 MDa) were precipitated at the
bottom of ultracentrifugation tube, meanwhile small
molecular weight molecules, proteins and most of free
mRNA (~0.9 MDa) remained in the supernatant.
Precipitated TCs were dissolved in the ice-cold buffer
(5OmM Mg ) . Purified ternary complexes (<3*10
molecules taken) already containing mRNA linked to in
vitro translated MLV reverse transcriptase were used
to prepare reverse transcription reaction mix
supplemented with external dNTP set and primer for RT
reaction. Ice-cold RT reaction mixture was emulsified
yielding -1*1 010 water in oil compartments ~2mm in
size. Emulsified RT reaction mixture (less than one TC
(mRNA + MLV RT) per compartment was incubated for 1 hr
at 42C in order to perform RT reaction. After the
temperature of compartmentalized RT reaction mixture
is raised most of TCs dissociate releasing mRNA and
reverse transcriptase. Successful RT reaction is
performed only in compartments containing active MLV
reverse transcriptase (MLV_pD) and no cDNA is
synthesized in compartments with inactive reverse
transcriptase (del_pD). Subsequent PCR ensures the
amplification of synthesized cDNA and enrichment of
active reverse transcriptase (MLV_pD) genes over
inactive reverse transcriptase (del_pD) is observed.
Methods and materials Initial plasmid pET_his_MLV_pD
(SEQ ID No: 1 and FIG 2) was constructed by
modification of pET type plasmid in T7 polymerase
promoter and Shine-Dalgarno sequences region and
insertion of MLV H+ reverse transcriptase coding
sequence (306-2363 on SEQ ID No: 1) with N-terminal
His-tag (258-305 on SEQ ID No: 1) and C-terminal
fusion with glycine-serine (gs) linker (2364-2393 on
SEQ ID No: 1), part of protein D (pD) from phage
lambda (2394-2669 on SEQ ID No: 1) and second
glycine-serine (gs) linker (2670-2759 on SEQ ID No:
1). N-terminal His-tag is used for protein express
purification. C-terminal fusion has to remain in
ribosome tunnel during protein in vitro translation
and formation of mRNA-ribosome-MLV(tRNA) ternary
complex. M-MuLV reverse transcriptase has two main
enzymatic activities: RNA dependent DNA polymerase and
RNase H. Reverse transcriptase RNase H activity was
turned off introducing point mutation D583N (single
nucleotide G to A exchange at position 2055 in plasmid
pET_his_MLV_pD, SEQ ID No: 1). Aspartate 583 is
located in RNase H active site, isinvolved in Mg ion
binding and is crucial for RNase H activity. New
plasmid is identified as pET_his_MLV_D583N_pD and was
used for further construction of next plasmid
pET_his_del_pD (SEQ ID No: 2), which encodes
inactivated reverse transcriptase. Plasmid
pET_his_MLV_D583N_pD was digested with restriction
endonuclease XmaJI (recognition sequence CjCTAGG -
positions 1047 and 1218 on SEQ ID No: 1). Gene
fragment 171bp in length was removed and digested
plasmid was self - ligated, yielding plasmid
pET_his_del_pD (SEQ ID No: 2), which encodes reverse
transcriptase gene shorter by 171 nucleotides or 57
amino acids, without shift in protein translation
frame. It was important to have the same reverse
transcriptase gene: 1) shorter in length (for easy PCR
detection); 2) inactive (it was confirmed
experimentally that deletion of 57 amino acids in
polymerase domain completely inactivated polymerase
activity and mutation D583N inactivated RNase H
activity); and 3) without frameshift (any frameshift
will result in appearance of STOP codons, which are
not compatible with ribosome display format).
Preparation of PCR fragments for in vitro
transcription. PCR mixture was prepared on ice: 20 ml
- 1OX Taq buffer with KCl (Fermentas); 20 ml - 2 mM of
each dNTP (Fermentas); 12 ml - 25 mM MgCl2
(Fermentas); 16 ml - DMSO (D8418 - Sigma); 4 ml - 1
u/ml LC (recombinant) Taq DNA Polymerase (Fermentas);
1 ml - 100 mM pro-pIVEX primer (SEQ ID No: 3); 1 ml -
100 mM pD-ter primer (SEQ ID No: 4); 122 ml water -
mixture divided into two tubes 2x 98 ml . To 2x 98 ml
of PCR master mix were added either 2 ml of
pET_his_MLV_pD (diluted to ~ 1 ng/ml) or 2 ml of
pET_his_del_pD (diluted to ~ 1 ng/ml). The cycling
protocol was: initial denaturation step 3 min at 94C,
30 cycles (45 sec at 94C, 45 sec at 530C, and 2 min at
72C) and final elongation 5 min at 72C. Amplification
was ~7000 fold from 2 ng of plasmid (7873 bp) target
to ~5 mg (50 ng/ml) of amplified product (2702 bp PCR
fragment for pET_his_MLV_pD; 2531 bp PCR fragment for
pET_his_del _pD). Transcription mixture was prepared:
40 ml - 5x T7 transcription buffer ( 1 M HEPES-KOH pH
7.6; 150 mM Mg acetate; 10 mM spermidin; 0.2 M DTT);
56 ml - 25 mM of each NTP (Fermentas); 8 ml - 20 u/ml
T7 RNA polymerase (Fermentas); 4 ml - 40 u/ml RiboLock
RNase inhibitor (Fermentas); 52 ml nuclease-free water
- mixture divided into two tubes 2x 80 ml andadd 20 ml
- 50 ng/ml of MLV_pD(pro-pIVEX//pD-ter) or 20 ml 50
ng/ml of del_pD(pro-pIVEX//pD-ter) PCR mixture.
Transcription was performed 3 hr at 37C. Both
transcription mixtures were diluted to 200 ml with
ice-cold nuclease-free water and 200 ml of 6 M LiCl
solution were added. Mixtures incubated 30 min at +4C
and centrifuged for 30 min at +4C in cooling
centrifuge at max speed (25'00O g). Supernatant was
discarded and RNA pellet washed with 500 ml of
ice-cold 75% ethanol. Tubes again were centrifuged for
5 min at +40C in cooling centrifuge at max speed and
supernatant was discarded. RNA pellet was dried for 12
min at room temperature and subsequently resuspended
in 200 ml of nuclease-free ice-cold water by shaking
for 15 min at +4C and 1400 rpm. Tubes again were
centrifuged for 5 min at +4C in cooling centrifuge at
max speed in order to separate not dissolved RNA.
About 180 ml of supernatant were moved to new tube
with 20 ml of 10x DNase I buffer (Mg2+) (Fermentas); 1
ml - 1 u/ml DNaseI (RNase-free) (Fermentas) and
incubated for 20 min at +37C in order to degrade DNA.
To each tube were added 20 ml of 3 M Sodium acetate pH
5.0 solution and 500 ml of ice-cold 96% ethanol.
Finally RNA was precipitated by incubation for 30 min
at -200C and centrifugation for 30 min at +4C in
cooling centrifuge at max speed (25'00O g).
Supernatant was discarded and RNA pellet washed with
500 ml of ice-cold 75% ethanol. Tubes again were
centrifuged for 5 min at +4C in cooling centrifuge at
max speed and supernatant was discarded. RNA pellet
was dried for 12 min at room temperature and
subsequently resuspended in 43 ml of nuclease-free
ice-cold water by shaking for 15 min at +4C and 1400
rpm. RNA solution was aliqouted 4x 10 ml and liquid
nitrogen frozen. Concentration of mRNA was measured
spectrophotometrically and double checked on agarose
gel using RiboRuler(tm) RNA Ladder, High Range
(Fermentas) - MLV_pD mRNA -1.2 mg/ml; del_pD mRNA -1.2
mg/ml. Purified mRNA is mixed with ratio 1:50 = MLV
(active RT) : del (inactive RT). MLV_pD mRNA was
diluted 25 times to -48 ng/ml and 1 ml (-48 ng) was
mixed with 2 ml -1.2 mg/ml del_pD mRNA (2.4 mg) giving
mRNA mixture -0.8 mg/ml with ratio 1:50. In vitro
translation was performed using two translation
systems RTS 100 E.coli HY Kit (03 186 148 001 - Roche)
and synthetic WakoPURE (295-59503 - Wako). Proteins
translation sequences are given in SEQ ID No: 6 for
MLV_pD and SEQ ID No: 7 for del_pD.Translation mixture
for RTS HY system (25 ml): 6 ml - E.coli lysate
(Roche); 5 ml - Reaction Mix (Roche); 6 ml - amino
acids (Roche); 0.5 ml - 10O mM Met (Roche); 0.5 ml -
40 u/ml RiboLock RNase inhibitor (Fermentas); 0.4 ml -
200 mM assrA oligonucleotide (SEQ ID No: 5); 0.25 ml -
1M DTT; 2.5 ml reconstitution buffer (Roche); 2.5 ml
nuclease-free water and 1.5 ml - 0.8 mg/ml mRNA
mixture l:50=MLV_pD:del_pD (-1200 ng). In vitro
translation was performed for 20 min at 30C.
Translation mixture for WakoPURE system (25 ml): 12.5
ml - A solution (Wako); 5 ml - B solution (Wako); 0.5
ml - 40 u/ml RiboLock RNase inhibitor (Fermentas); 0.4
ml - 200 mM assrA oligonucleotide (SEQ ID No: 6); 0.25
ml - 1M DTT; 5 ml nuclease-free water and 1.5 ml - 0.8
mg/ml mRNA mixture l:50=MLV_pD:del_pD (-1200 ng). In
vitro translation was performed for 30 min at 37C.
Both translations (-25 ml) were stopped by adding 155
ml of ice-cold stopping buffer WBK 5oo+DTT+triton (50
mM tris-acetate pH 7.5 at 25C; 50 mM NaCl; 50 mM
Mg-acetate; 500 mM KCl; 10 mM DTT; 0.1% (v/v) - triton
x-100 (T8787 - Sigma)) and centrifuged for 5 min at
+4C and 25'00O g. Very carefully 160 ml of centrifuged
translation mixture was pippeted on the top of 840 ml
35% (w/v) sucrose solution in WBK 50o+DTT+triton (50
mM trisacetate pH 7.5 at 25C; 50 mM NaCl; 50 mM
Mg-acetate; 500 mM KCl; 10 mM DTT; 0.1% (v/v) - triton
x-100 (T8787 - Sigma); 35% (w/v) - sucrose (84097 -
Fluka)). In order to purify ternary complexes (TC) of
mRNA-ribosome-protein(tRNA) ultracentrifugation was
performed using TL-100 Beckman ultracentrifuge;
TLA100.2 fixed angle rotor (Beckman); transparent 1 ml
ultracentrifugation tubes (343778 - Beckman) for 9 min
at +4C and lOO'OOO rpm. In order to keep small
transparent pellet of TC at the bottom of
ultracentrifugation tube intact tubes were handled
with care. Initially 750 ml of solution was removed
from the very top of the centrifugation tube. Then
(very carefully) tube walls were washed with 750 ml of
WBK5O0 (50 mM tris-acetate pH 7.5 at 25C; 50 mM NaCl;
50 mM Mg-acetate; 500 mM KCl). Finally all solution
was removed starting from the very top of the
centrifugation tube and pellet was dissolved in 30 ml
of ice-cold stopping buffer WBKsoo+DTT+triton (50 mM
tris-acetate pH 7.5at 250C; 5OmM NaCl; 5OmM
Mg-acetate; 50O mM KCl; 1OmM DTT; 0.1% (v/v) - triton
x-100 (T8787 - Sigma)). As it was determined using
radioactively labeled mRNA after ultracentrifugation
5% - 30 % of input mRNA is located in ternary complex
pellet. Therefore it was expected to have less than
360 ng (30% from 1200 ng mRNA used in translation
reaction) of mRNA in 30 ml of buffer (-12 ng/ml or 9*1
09 molecules/ ml of ternary complex). Reverse
transcription reaction mixture for selection was
prepared on ice: 60 ml - 5X reaction buffer for
Reverse Transcriptase (Fermentas); 7.5 ml - 40 u/ml
RiboLock RNase inhibitor (Fermentas); 15 ml - 20 mM
pD_42 oligonucleotide (SEQ ID No: 8); 188 ml
nuclease-free water - mixture divided into two tubes
2x 135 ml and 0.9 ml of purified (<8*109 molecules) TC
(translation in Roche - RTS HY kit) or 0.9 ml of
purified (<8*109 molecules) TC (translation in Wako -
WakoPURE) were added. Each reaction mixture (-135 ml)
again was divided into two tubes 45 ml and 90 ml. To
the first part - 45 ml of RT mixture 5 ml of
nuclease-free water were 



added. This sample is considered to be the negative
selection control (without dNTP) and has to prove that
there is no DNA contamination in the reaction mixture
and cDNA synthesis is strictly linked to reverse
transcriptase functional activity coming from MLV RT
in ternary complex. To the second part - 90 ml of RT
mixture 10 ml - 10 mM each dNTP Mix (Fermentas) were
added and reaction mixture again was divided into two
tubes - 50 ml for selection control and 50 ml
supplemented with 1 ml - 200 u/ml of RevertAid H-
M-MuLV Reverse Transcriptase (Fermentas) for positive
selection control. According to the protocol each
reverse transcription reaction mix contains <2.7*109
molecules of ternary complex in 50 ml volume.
Oil-surfactant mixture for emulsification was prepared
by mixing ABIL EM 90 (Goldschmidt) into mineral oil
(M5904 - Sigma) to final concentration of 4% (v/v)
(Ghadessy and Holliger, 2004; US2005064460). Emulsions
were prepared at +4C in 5 ml cryogenic vials (430492 -
Corning) by mixing 950 ml of oil-surfactant mixture
with 50 ml of RT mixture. Mixing was performed using
MS-3000 magnetic stirrer with speed control (Biosan)
at -2100 rpm; Rotilabo(r)- (3x8 mm) magnetic followers
with centre ring (1489.2 - Roth); water phase was
added by 10 ml aliquots every 30 sec, continuing
mixing for 2 more minutes (total mixing time- 4 min).
According to optical microscopy data compartments in
our emulsions vary from 0.5 mm to 10 mm in size with
average diameter of ~2 mm. Therefore it was expected
to have -1*1 010 water in oil compartments after the
emulsification of 50 ml reverse transcription reaction
mixture, which contains less than 2.7 I O9 molecules
of ternary complex (about 1 mRNA and reverse
transcriptase molecules per 3-4 compartments). All six
emulsions representing RT reactions with TC,
translation in Roche - RTS HY kit (negative selection
control, selection control and positive selection
control) and with TC, translation in Wako - WakoPURE
(negative selection control, selection control and
positive selection control) were incubated 1 hr at
+42C. To recover the reaction mixtures emulsions were
moved to 1.5 ml tube, centrifuged for 1 min at room
temperature and 25'00O g. Oil phase was removed
leaving concentrated (but still intact) emulsion at
the bottom of the tube and 250 ml of PB buffer (Qiagen
PCR purification kit) were added. Finally emulsions
were broken by extraction with 0.9 ml water-saturated
ether; 0.9 ml water-saturated ethyl-acetate (in order
to remove ABIL EM 90 detergent) and again 0.9 ml
water-saturated ether. Water phase was dried for 5 min
under vacuum at room temperature. Synthesized cDNA was
purified with Qiagen PCR purification kit and eluted
in 30 ml of EB buffer (Qiagen PCR purification kit).
Amplification of cDNA was performed by nested PCR.
Initial PCR mixture was prepared on ice: 16 ml - 1OX
Taq buffer with KCl (Fermentas); 16 ml - 2 mM of each
dNTP (Fermentas); 9.6 ml - 25 mM MgCl2 (Fermentas);
3.2 ml - 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 0.8 ml - 100 mM RD_Nde primer (SEQ ID No:
9); 0.8 ml - 100 mM pD_55 primer (SEQ ID No: 10); 74
ml water - mixture was divided into 6 samples x 15 ml
(6x15 ml) and 30 ml . To 6x 15 ml of PCR master mix
were added 5 ml of cDNA (1-6 RT samples); to 30 ml of
PCR master mix were added 9 ml water and mixture again
divided into two tubes 2x 19.5 ml for negative PCR
control (plus 0.5 ml water) and positive PCR control
(plus 0.5 ml - 1:1 mixture (~lng) of pET_his_MLV_pD
and pET_his_del_pD plasmids). The cycling protocol
was: initial denaturation step 3 min at 940C, 25
cycles (45 sec at 94C, 45 sec at 580C, and 2 min at
72C) and final elongation 5 min at 720C. Expected
length of PCR fragments was 2185 bp forMLV_pD and 2014
bp for del_pD. Amplification was analyzed on 1%
agarose gel loading 10 ml of PCR mix per well (FIG 3).
Nested PCR was performed using two different sets of
primers, giving either partial gene amplification (for
better resolution of MLV:del cDNA ratio in RT samples)
or full gene amplification (to prove possibility of
full gene recovery). Nested PCR mixture for partial
gene amplification was prepared on ice: 28 ml - 1OX
Taq buffer with KCl (Fermentas); 28 ml - 2 mM of each
dNTP (Fermentas); 16.8 ml - 25 mM MgCl2 (Fermentas);
5.6 ml - 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 1.4 ml - 100 mM M_F primer (SEQ ID No:
11); 1.4 ml - 100 mM M_2R primer (SEQ ID No: 12); 185
ml water - mixture divided 2x 19 ml and 6x 38 ml . To
2x 19 ml of PCR master mix was added 1 ml of positive
or negative controls of first PCR (primers set
RD_Nde//pD_55) - 30 PCR cycles amplification; to 6x 38
ml of PCR master mix were added 2 ml of first PCR
(primers set RD_Nde//pD_55) (1-6 samples) - each
sample again was divided into two 2x 20 ml for 23 or
30 PCR cycles amplification. The cycling protocol was:
initial denaturation step 3 min at 940C, 23 or 30
cycles (45 sec at 94C, 45 sec at 570C, and 1 min at
72C) and final elongation 5 min at 72C. Expected
length of PCR fragments was 907 bp for MLV_pD and 736
bp for del_pD. Amplification was analyzed on 1%
agarose gel loading 10 ml of PCR mix per well (FIG 4).
Nested PCR mixture for full gene amplification was
prepared on ice: 28 ml - 1OX Taq buffer with KCl
(Fermentas); 28 ml - 2 mM of each dNTP (Fermentas);
16.8 ml - 25 mM MgCl2 (Fermentas); 5.6 ml - 1 u/ml LC
(recombinant) Taq DNA Polymerase (Fermentas); 1.4 ml -
100 mM M_Esp primer (SEQ ID No: 13); 1.4 ml - 100 mM
M_Eri primer (SEQ ID No: 14); 185 ml water - mixture
divided 2x 19 ml and 6x 38 ml. To 2x 19 ml of PCR
master mix was added 1 ml of positive or negative
controls of first PCR (primers set RD_Nde//pD_55) - 30
PCR cycles amplification; to 6x 38 ml of PCR master
mix were added 2 ml of first PCR (primers set
RD_Nde//pD_55) (1-6 samples) - each sample again was
divided into 2x 20 ml for 23 or 30 PCR cycles
amplification. The cycling protocol was: initial
denaturation step 3 min at 940C, 23 or 30 cycles (45
sec at 94C, 45 sec at 55C, and 2 min at 72C) and final
elongation 5 min at720C. Expected length of PCR
fragments was 2077 bp for MLV_pD and 1906 bp for
del_pD. Amplification was analyzed on 1% agarose gel
loading 10 ml of PCR mix per well (FIG 5). Results To
demonstrate proof of principle for Compartmentalized
Ribosome Display (CRD) method selection was performed
using starting l:50=MLV:del mixture of two mRNA
encoding active (MLV) and inactive (del) reverse
transcriptases fused to protein D spacer (FIG 1). In
vitro translation was performed using two different
translation systems Roche - RTS 100 E.coli HY or Wako
- WakoPURE in order to understand which translation
system is better in our experimental setup. For each
translation system three compartmentalized RT
reactions were performed: negative selection control
without dNTP, which has to prove that there is no DNA
contamination in the reaction mixture; selection
control, which has to demonstrate the enrichment of
genes encoding active (MLV) reverse transcriptase over
genes encoding inactivated enzyme (del), because only
active enzyme can synthesize cDNA; and positive
selection control supplemented with external RevertAid
H- commercial reverse transcriptase, which has to
serve as positive RT control synthesizing cDNA from
both MLV_pD and del_pD mRNA in all compartments,
showing real ratio of genes in reaction mixture
without selection pressure applied. Synthesyzed cDNA
was amplified by nested PCR. The picture of agarose
gel electrophoresis of initial PCR (25 cycles) (FIG 3)
shows weak PCR fragments bands only in case of both
positive selection controls (translation systems -
Roche and Wako). This is normal, because these samples
contain external RT enzyme, which synthesizes cDNA
much more efficiently comparing to reactions
containing only one in vitro synthesized reverse
transcriptase molecule per compartment. The picture of
agarose gel electrophoresis of nested PCR (partial
gene amplification) is shown in FIG 4. Amplification
results after 23 and 30 PCR cycles are consistent: 1)
there is no amplification (no DNA contamination) in
negative selection controls (w/o dNTP);2) very
efficient amplification of del_pD cDNA (736 bp DNA
fragment) is observed in positive selection controls
(external RT enzyme) and no MLV_pD cDNA amplification
is visible, because initial ratio of MLV_pD to del_pD
mRNA is 1:50; 3) amplification of both cDNA MLV_pD
(907 bp DNA fragment) and del_pD (736 bp DNA fragment)
are observed in case of selection controls; 4) ratio
of MLV_pD:del_pD ~ 1:1 is observed in case of reverse
transcriptase synthesized by Roche in vitro
translation system, what means ~50 times enrichment of
MLV_pD genes over del_pD genes starting from initial
1:50 ratio; 5) ratio of MLV_pD:del_pD ~ 1:3 is
observed in case of reverse transcriptase synthesized
by Wako in vitro translation system, what means ~16
times enrichment of MLV_pD genes over del_pD genes
starting from initial 1:50 ratio. The picture of
agarose gel electrophoresis of nested PCR (full gene
amplification) is shown in FIG 5. Amplification
results after 23 and 30 PCR cycles are consistent in
between and comparing to results of nested PCR used
for partial gene amplification (FIG 5): 1) there is no
amplification (no DNA contamination) in negative
selection controls (w/o dNTP); 2) very efficient
amplification of del_pD cDNA (1906 bp DNA fragment) is
observed in positive selection controls (external RT
enzyme) and no MLV_pD cDNA amplification is visible,
because initial ratio of MLV_pD to del_pD mRNA is
1:50; 3) amplification of both cDNA MLV_pD (2077 bp
DNA fragment) and del_pD 1906 bp DNA fragment) are
observed in case of selection controls; 4) it is
difficult to determine ratio of MLV_pD:deljpD in case
of full gene amplification, because relative
difference between 2077 bp (MLV_pD) and 1906 bp
(del_pD) DNA fragments is not big enough, but in
general ratios are similar to results of nested PCR
used for partial gene amplification. As a result of
this example we can conclude that during reverse
transcription reaction performed in CRD format we have
enriched genes encoding active MLV reverse
transcriptase over the genes encoding inactive enzyme
by a factor of 50 in case of Roche translation system
or by a factor of 16 in case of Wako translation
system used to synthesize enzymes in vitro.Example 2 -
CRD - selection for reverse transcriptase, which shows
improved performance at higher temperatures In order
to understand, how efficiently Compartmentalized
Ribosome Display (CRD) selection works, evolution
experiment of Moloney Murine Leukemia Virus reverse
transcriptase (M-MuLV RT) was performed. General
scheme of experiment is shown in FIG 6. Initial
mutants library of reverse transcriptase was
constructed by error-prone PCR using nucleotide
analogues dPTP and 8-oxo-dGTP. Whole gene (~2 kb)
mutagenesis was performed introducing 2-3 nucleotides
or 1-2 amino acids mutations per gene. PCR fragment
encoding mutants library of reverse transcriptase (in
fusion with protein D) MLV_pD was used to synthesize
mRNA. Purified mRNA was used for in vitro translation
reaction. Ternary complexes (TC) of
mRNA-ribosome-MLV_pD(tRNA) were formed in translation
mixture and stabilized by low temperature and high
concentration of Mg ions. Mixture of TC was purified
by ultracentrifugation on sucrose cushions.
Precipitated TC was dissolved in ice-cold buffer (5OmM
Mg2+) and used to prepare reverse transcription
reaction mix supplemented with external dNTP set and
primer for RT reaction. Ice-cold RT reaction mixture
was emulsified giving ~l*10 10 water in oil
compartments ~2mm in size. Optimal reaction
temperature of MLV RT is ~42C. In order to select for
reverse transcriptase variants, which are working
better at higher temperatures emulsified RT reaction
mixture (less than one TC (mRNA + MLV RT) per
compartment) was incubated for 1 hr at 50C. At this
temperature successful synthesis of full length cDNA
was performed better in compartments containing more
active or thermostable MLV reverse transcriptase
variants. Subsequent PCR was used to amplify full
length cDNA and enrichment for more active and
thermostable reverse transcriptase genes was
performed. By PCR amplified genes were moved back to
CRD format restoring intact 5' (START fragment - T7
polymerase promoter, SD and his-tag coding sequences)
and 3' (END fragment - gs linker, protein D and second
gs linker) sequences by ligation-PCR. Reconstructed
PCR fragment, containing enriched library of reverse
transcriptase genes, was used for subsequent mRNA
transcription and next CRD selection round. Each
selection round was performed at higher and higher
temperatures of RT reaction: 500C ( 1st round); 52.5C
(2nd round); 55C (3rd round); 57.50C (4th round) and
6O0C (5th round).Amplified library of reverse
transcriptase genes (without C terminal pD linker)
after 5th selection round was cloned into plasmid
vector. Individual clones were sequenced and analyzed.
Pool of evolved proteins as well as individual mutants
were purified via his-tag using 



affinity chromatography. MLV reverse transcriptase
specific activities at 37C, 5O0C and residual activity
at 37C after 5 min enzyme incubation at 5O0C were
determined. Methods and materials Initial plasmid
pET_his_MLV_pD (SEQ ID No: 1 and FIG 2) was used as a
starting material for error-prone PCR. Mutations were
introduced using nucleotide analogues dPTP and
8-oxo-dGTP. PCR mixture for error prone PCR was
prepared on ice: 10 ml - 1OX Taq buffer with KCl
(Fermentas); 10 ml - 2 mM of each dNTP (Fermentas); 6
ml - 25 mM MgCl2 (Fermentas); 2 ml - 1 u/ml LC
(recombinant) Taq DNA Polymerase (Fermentas); 0.5 ml -
100 mM M_Esp primer (SEQ ID No: 13); 0.5 ml - 100 mM
M_Eri primer (SEQ ID No: 14); 1 ml - 10 mM dPTP
(TriLink BioTechnolgies); 5 ml - 100 mM 8-oxo-dGTP
(TriLink BioTechnolgies); 3.75 ml - 40 ng/ml (totally
150 ng) of pET_his_MLV_pD plasmid; 61.25 ml water. The
cycling protocol was: initial denaturation step 3 min
at 94C, 30 cycles (30 sec at 940C, 30 sec at 550C, and
2 min at 72C) and final elongation 5 min at 72C.
Amplification was 150-300 fold from 150 ng of plasmid
(7873 bp) target to -6-12 mg of amplified product
(2077 bp PCR fragment for pET_his_MLV_pD). PCR
fragment was purified using Qiagen PCR purification
kit, digested with Esp3I (recognition sequence CGTCTC
(1/5)) and EcoRI (recognition sequence GjAATTC) and
fnaly purified from agarose gel using Qiagen Gel
extraction kit giving DNA concentration ~50 ng/ml .
Mutagenesis efficiency and library quality was checked
by sequencing of individual clones subcloned back into
original pET__his_MLV_pD plasmid digested with Ncol
and EcoRI. As it was expected mutations were
distributed randomly all over the amplified sequence
of MLV RT gene (Appendix 1). Among 10 sequenced genes
23 nucleotide mutations ( 1 transversion, 20
transitions, 2 deletions - labelled red in Appendix 1)
were found giving 15 amino acids exchanges, 6 silent
mutations, 1 stop codon and 2 frame shifts of coding
frame - on average 1-2 amino acids substitutions per
gene.Mutated library was ligated with START (244 bp)
and END (398 bp) fragments in order to get PCR
fragment suitable for CRD selection (FIG 7). START
fragment (containing T7 polymerase promoter, SD and
his-tag coding sequences) was constructed by PCR
amplification of initial 983 bp START fragment (target
- plasmid pET_his_del_pD (SEQ ID No: 2), primers -
pro-pIVEX (SEQ ID No: 3) and M_1R (SEQ ID No: 15)) and
subsequent digestion with Ncol (recognition sequence C
CATGG) giving 244 bp DNA fragment. END fragment
(containing gs linker, protein D and second gs linker
sequences) was constructed by PCR amplification of
initial 1039 bp END fragment (target - plasmid
pET_his_del_pD (SEQ ID No: 2), primers - M_3F (SEQ ID
No: 16) and pD-ter (SEQ ID No: 4)) and subsequent
digestion with EcoRI (recognition sequence GjAATTC)
giving 398 bp DNA fragment. Ligation reaction (150ml)
was prepared at room temperature: 15 ml - 1OX ligation
buffer for T4 DNA Ligase (Fermentas); 15 ml - 1 u/ml
T4 DNA ligase (Fermentas); 26 ml - 50 ng/ml mutated
MLV RT library digested with Esp3I (Ncol compatible
end) and EcoRI (~1300ng or -5.9* 10 1 1 molecules);
9.4 ml - 35 ng/ml START fragment digested with Ncol
(-329 ng or ~1.2*1012 molecules); 15.7 ml - 35 ng/ml
END fragment digested with EcoRI (-548 ng or ~1.2*1012
molecules); 68.9 ml - water. Ligation was performed
overnight at +4C. Reaction mixture was treated once
with phenol and twice with chloroform, precipitated
and dissolved in 53 ml of water. Approximate ligation
yield -20% was determined comparing amplification
efficiency of ligation mixture and known amount of
plasmid pET_his_MLV_pD. Taking into account 20%
ligation yield diversity of MLV RT mutants library was
defined as -1.2*1 011 molecules (50 ml). Ligated MLV
RT library was amplified by PCR ( 1 ml - prepared on
ice): 100 ml - 1OX Taq buffer with KCl (Fermentas);
100 ml - 2 mM of each dNTP (Fermentas); 60 ml - 25 mM
MgCl2 (Fermentas); 80 ml - DMSO (D8418 - Sigma); 20 ml
- 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 5 ml - 100 mM pro-pIVEX primer (SEQ ID
No: 3); 5 ml - 100 mM pDter- primer (SEQ ID No: 17);
20 ml - ligated MLV RT library (~5*10 10 molecules);
610 ml - water. The cycling protocol was: initial
denaturation step 3 min at 940C, 15 cycles (30 sec at
94C, 30 sec at 53C, and 3 min at 72C) and final
elongation 5 min at 72C. Amplificationwas -200 fold
from ~5*10 10 molecules (corresponds to -150 ng) of
final ligation fragment 2702 bp in size target to -30
mg (30 ng/ml) of amplified product (2702 bp PCR
fragment). 1st selection round Transcription mixture
(100 ml) was prepared: 20 ml - 5x T7 transcription
buffer ( 1 M HEPESKOH pH 7.6; 150 mM Mg acetate; 10 mM
spermidin; 0.2 M DTT); 28 ml - 25 mM of each NTP
(Fermentas); 4 ml - 20 u/ml T7 RNA polymerase
(Fermentas); 2 ml - 40 u/ml RiboLock RNase inhibitor
(Fermentas); 30 ml - 30 ng/ml of mutants library
(pro-pIVEX//pD-ter-) PCR mixture (-900 ng or ~3*10 n
molecules); 16 ml nuclease-free water. Transcription
was performed 3 hr at 37C (library diversity ~5*10 10
molecules). Transcription mixture was diluted to 200
ml with ice-cold nuclease-free water and 200 ml of 6 M
LiCl solution were added. Mixture incubated 30 min at
+4C and centrifuged for 30 min at +4C in cooling
centrifuge at max speed (25'00O g). Supernatant was
discarded and RNA pellet washed with 500 ml of
ice-cold 75% ethanol. Tube again was centrifuged for 5
min at +4C in cooling centrifuge at max speed and
supernatant was discarded. RNA pellet was dried for 12
min at room temperature and subsequently resuspended
in 200 ml of nuclease-free ice-cold water by shaking
for 15 min at +4C and 1400 rpm. Tube again was
centrifuged for 5 min at +4C in cooling centrifuge at
max speed in order to separate not dissolved RNA.
About 180 ml of supernatant were moved to new tube
with 20 ml of 10x DNase I buffer (Mg2+) (Fermentas); 1
ml - 1 u/ml DNaseI (RNase-free) (Fermentas) and
incubated for 30 min at +37C in order to degrade DNA.
To reaction mixture were added 20 ml of 3 M Sodium
acetate pH 5.0 solution and 500 ml of ice-cold 96%
ethanol. Finally RNA was precipitated by incubation
for 30 min at -200C and centrifugation for 30 min at
+4C in cooling centrifuge at max speed (25'0OO g).
Supernatant was discarded and RNA pellet washed with
500 ml of ice-cold 75% ethanol. Tube again was
centrifuged for 5 min at +4C in cooling centrifuge at
max speed and supernatant was discarded. RNA pellet
was dried for 12 min at room temperature and
subsequently resuspended in 33 ml of nuclease-free
ice-cold water by shaking for 10 min at +40C and 1400
rpm. RNA solution was aliqouted 3x 10 ml and liquid
nitrogen frozen. Concentration of mRNA was measured
spectrophotometrically and double checked on
agarosegel using RiboRuler(tm) RNA Ladder, High Range
(Fbmientas) - MLV RT library mRNA -2.1 mg/ml In vitro
translation was performed using RTS 100 E.coli HY (03
186 148 001 - Roche) translation system (25 ml): 6 ml
- E.coli lysate (Roche); 5 ml - Reaction Mix (Roche);
6 ml - amino acids (Roche); 0.5 ml - 100 niM Met
(Roche); 0.5 ml - 40 u/ml RiboLock RNase inhibitor
(Fermentas); 0.4 ml - 200 mM assrA oligonucleotide
(SEQ ID No: 5); 0.25 ml - 1M DTT; 3 ml reconstitution
buffer (Roche); 2.5 ml nuclease-free water and 0.6 ml
- 2.1 mg/ml mRNA (~1200 ng). Reaction mixture was
incubated for 20 min at 300C. Translation was stopped
adding 155 ml of ice-cold stopping buffer
WBK500+DTT+triton (50 mM tris-acetate pH 7.5 at 25C;
50 mM NaCl; 50 mM Mg-acetate; 500 mM KCl; 10 mM DTT;
0.1% (v/v) - triton x-100 (T8787 - Sigma)) and
centrifuged for 5 min at +40C and 25'00O g. Very
carefully 160 ml of centrifuged translation mixture
was pippeted on the top of 840 ml 35% (w/v) sucrose
solution in WBK5oo+DTT+triton (5O mM tris-acetate pH
7.5 at 250C; 5OmM NaCl; 5OmM Mgacetate; 500 mM KCl; 10
mM DTT; 0.1% (v/v) - triton x-100 (T8787 - Sigma); 35%
(w/v) - sucrose (84097 - Fluka)). In order to purify
ternary complexes (TC) of mRNA-ribosome- MLV(tRNA)
ultracentrifugation was performed using TL- 100
Beckman ultracentrifuge; TLAl 00.2 fixed angle rotor
(Beckman); transparent 1ml ultracentrifugation tubes
(343778 - Beckman) for 9 min at +4C and 100OOO rpm. In
order to keep small transparent pellet of TC at the
bottom of ultracentrifugation tube intact tubes were
handled with care. Initially 750 ml of solution was
removed from the very top of the centrifugation tube.
Than (very carefully) tube walls were washed with 750
ml of WBK500 (50 mM tris-acetate pH 7.5 at 25C; 50 mM
NaCl; 50 mM Mg-acetate; 500 mM KCl). Finally all
solution was removed starting from the very top of the
centrifugation tube and pellet was dissolved in 30 ml
of ice-cold stopping buffer WBK5oo+DTT+triton (50 mM
tris-acetate pH 7.5 at 25C; 50 mM NaCl; 50 mM
Mg-acetate; 500 mM KCl; 10 mM DTT; 0.1% (v/v) - triton
x-100 (T8787 - Sigma)). As it was determined
experimentally, using radioactively labeled mRNA,
ultracentrifugation yields 5% - 30 % of input mRNA in
ternary complex pellet. Therefore it was expected to
have less than 360 ng (30% from 1200 ng mRNA used in
translation reaction) of mRNA in 30 ml of buffer (-12
ng/ml or 9*1 09 molecules/ ml of ternary
complex).Reverse transcription reaction mixture for
selection was prepared on ice: 60 ml - 5X reaction
buffer for Reverse Transcriptase (Fermentas); 7.5 ml -
40 u/ml RiboLock RNase inhibitor (Fermentas); 15 ml -
20 mM pD_42 oligonucleotide (SEQ ID No: 8); 186 ml
nuclease-free water and 1.8 ml of purified (<1.8*1010
molecules) TC (translation in Roche - RTS HY kit).
Reaction mixture was divided into two tubes 45 ml and
225 ml . To first part - 45 ml of RT mixture were
added 5 ml of nuclease-free water. This sample was
considered to be negative selection control (without
dNTP) and has to prove that there is no DNA
contamination in the reaction mixture and cDNA
synthesis is strictly linked to reverse transcriptase
functional activity coming from MLV RT in ternary
complex. To second part - 225 ml of RT mixture were
added 25 ml - 10 mM each dNTP Mix (Fermentas) and
reaction mixture again was divided into two tubes -
200 ml (4x 50 ml) for selection control (<1.2*1010
molecules of TC totally) and 50 ml supplemented with 1
ml - 200 u/ml of RevertAid H- M-MuLV Reverse
Transcriptase (Fermentas) for positive selection
control. According to protocol each reverse
transcription reaction mix contains <3*109 molecules
of ternary complex in 50 ml volume. Oil-surfactant
mixture for emulsification was prepared by mixing ABIL
EM 90 (Goldschmidt) into mineral oil (M5904 - Sigma)
to final concentration of 4% (v/v) (Ghadessy and
Holliger, 2004; US2005064460). Emulsions were prepared
at +4C in 5 ml cryogenic vials (430492 - Corning) by
mixing 950 ml of oil-surfactant mixture with 50 ml of
RT mixture. Mixing was performed using MS-3000
magnetic stirrer with speed control (Biosan) at -2100
rpm; Rotilabo(r)- (3x8 mm) magnetic followers with
centre ring (1489.2 - Roth); water phase was added by
10 ml aliquots every 30 sec, continuing mixing for 2
more minutes (total mixing time - 4 min). According to
optical microscopy data compartments in our emulsions
vary from 0.5 mm to 10 mm in size with average
diameter of ~2 mm. Therefore it was expected to have
~l*10 10 water in oil compartments after the
emulsification of 50 ml reverse transcription reaction
mixture, which contains less than 3 109 molecules of
ternary complex (about 1 mRNA and reverse
transcriptase molecules per 3-4 compartments). All
emulsions were incubated 1 hr at +5O0C in order to
select for reverse transcriptase variants, which work
better at higher temperatures. To recover the reaction
mixtures emulsions weremoved to 1.5 ml tube,
centrifuged for 10 min at room temperature and 25'00O
g. Oil phase was removed leaving concentrated (but
still intact) emulsion at the bottom of the tube.
Emulsions were broken by extraction with 0.9 ml
water-saturated ether; 0.9 ml water-saturated
ethyl-acetate (in order to remove ABIL EM 90
detergent) and again 0.9 ml water-saturated ether.
Water phase was dried for 5 min under vacuum at room
temperature and 250 ml of PB buffer (Qiagen PCR
purification kit) were added. Four selection samples
were merged into two tubes. Synthesized cDNA was
further purified with Qiagen PCR purification kit and
eluted in 30 ml of EB buffer (Qiagen PCR purification
kit) in case of negative and positive selection
controls and 2x 30 ml in case of selection control.
Amplification of cDNA was performed by nested PCR.
First of all small PCR amplification was performed in
order to check negative and positive selection
controls and determine minimal number of PCR cycles
required for efficient amplification of cDNA in
selection samples. PCR mixture (200 ml) was prepared
on ice: 20 ml - 1OX Taq buffer with KCl (Fermentas);
20 ml - 2 niM of each dNTP (Fermentas); 12 ml - 25 mM
MgCl2 (Fermentas); 2.5 ml - 1 u/ml LC (recombinant)
Taq DNA Polymerase (Fermentas); 1 ml - 2.5 u/ml Pfu
DNA Polymerase (Fermentas); 1 ml - 100 mM RD_Nde
primer (SEQ ID No: 9); 1 ml - 100 mM pD_55 primer (SEQ
ID No: 10); 50 ml - purified cDNA of selection
controls; 92 ml water. The cycling protocol for 2185
bp PCR fragment was: initial denaturation step 3 min
at 94C, 25 cycles (45 sec at 94C, 45 sec at 580C, and
2 min at 720C) and final elongation 5 min at 720C. 



Nested PCR mixture (500 ml) for full gene
amplification was prepared on ice: 50 ml - 1OX Taq
buffer with KCl (Fermentas); 50 ml - 2 mM of each dNTP
(Fermentas); 30 ml - 25 mM MgCl2 (Fermentas); 6.25 ml
- 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 2.5 ml - 2.5 u/ml Pfu DNA Polymerase
(Fermentas); 2.5 ml - 100 mM M_Esp primer (SEQ ID No:
13); 2.5 ml - 100 mM M_Eri primer (SEQ ID No: 14); 50
ml of first PCR (primers set RD_Nde//pD_55); 306 ml
water. The cycling protocol for 2077 bp PCR fragment
was: initial denaturation step 3 min at 94C, 22 cycles
(45 sec at 94C, 45 sec at 55C, and 2 min at 72C) and
final elongation 5 min at 72C.Final PCR fragment of
selection sample was agarose-gel purified using Qiagen
gel extraction kit (elution in 60 ml -50 ng/ml).
Purified PCR fragment was digested with EcoRI and
Esp3I for 1 hr at 37C and again agarose-gel purified
(elution in 30 ml -50 ng/ml). Recovered MLV reverse
transcriptase library after 1st selection round was
ligated with START and END fragments (construction
described earlier in this example) in order to get PCR
fragment (FIG 7) suitable for 2nd round of CRD
selection (FIG 6). Ligation reaction (40ml) was
prepared at room temperature: 4 ml - 1OX ligation
buffer for T4 DNA Ligase (Fermentas); 2 ml - 1 u/ml T4
DNA ligase (Fermentas); 4 ml - 50 ng/ml selected
library digested with Esp3I and EcoRI (~200ng or
~0.9*10 n molecules); 1.1 ml - 35 ng/ml START fragment
digested with Ncol (-35 ng or ~1.5*10 p molecules);
1.76 ml - 35 ng/ml END fragment digested with EcoRI
(-61 ng or ~1.5*10 n molecules); 27.2 ml - water.
Ligation was performed 1 hr at room temperature.
Ligated MLV RT library was amplified by PCR (300 ml -
prepared on ice): 30 ml - 1OX Taq buffer with KCl
(Fermentas); 30 ml - 2 rnM of each dNTP (Fermentas);
18 ml - 25 mM MgCl2 (Fermentas); 24 ml - DMSO (D8418 -
Sigma); 3.7 ml - 1 u/ml LC (recombinant) Taq DNA
Polymerase (Fermentas); 1.5 ml - 2.5 u/ml Pfu DNA
Polymerase (Fermentas); 1.5 ml - 100 mM pro-pIVEX
primer (SEQ ID No: 3); 1.5 ml - 100 mM pD-ter- primer
(SEQ ID No: 17); 25.5 ml - ligated MLV RT library
(<0.6*10 10 molecules); 164.3 ml - water. The cycling
protocol for 2702 bp PCR fragment was: initial
denaturation step 3 min at 94C, 15 cycles (45 sec at
94C, 45 sec at 53C, and 3 min at 72C) and final
elongation 5 min at 72C. PCR fragment was agarose-gel
purified using Qiagen gel exraction kit (elution in 30
ml -100 ng/ml). 2nd selection round Second selection
round was performed following general setup of 1st
selection round of experimental scheme with minor
modifications in PCR cycles, emulsified RT reaction
temperature and few more details. AUmodifications are
given below: transcription - 10 ml - lOO ng/ml
(~1000ng) of agarose-gel purified PCR fragment were
taken; final concentration of mRNA used in 2n slection
round was 1.5 mg/ml;  translation - 0.8 ml - 1.5 mg/ml
(~1 .2 mg) of mRNA were taken;  emulsified RT reaction
was performed 1 hr at 52.50C;  1st PCR (RD_Nde//pD_55)
- 24 cycles were performed;  2nd (nested) PCR
(M_Esr//M_Eri) - 23 cycles were performed;  final
concentration of digested PCR fragment - 80 ng/ml;
ligation - 200 ng (-0.9* 101 1 molecules ) of MLV RT
library were taken;  PCR (on ligation mix) - <0.6* 10
molecules of selected library were taken and 15 PCR
cycles were performed; concentration of final
agarose-gel purified PCR fragment was 200 ng/ml . 3rd
selection round Third selection round was performed
following general setup of 1st selection round of
experimental scheme with minor modifications in PCR
cycles, emulsified RT reaction temperature and few
more details. All modifications are given below:
transcription - 5 ml - 200 ng/ml (~1000ng) of
agarose-gel purified PCR fragment were taken; final
concentration of mRNA used in 3rd slection round was
1.5 mg/ml; " translation - 0.8 ml - 1.5 mg/ml (~1 .2
mg) of mRNA were taken;  emulsified RT reaction was
performed 1 hr at 55C;  1st PCR (RD_Nde//pD_55) - 25
cycles were performed;  2nd (nested) PCR
(M_Esp//M_Eri) - 22 cycles were performed;  final
concentration of digested PCR fragment - 70 ng/ml;
ligation - 200 ng (-0.9* 101 molecules ) of MLV RT
library were taken;  PCR (on ligation mix) - <0.6*1010
molecules of selected library were taken and 15 PCR
cycles were performed; concentration of final
agarose-gel purified PCR fragment was 100 ng/ml .4th
seleetion round Fourth seleetion round was performed
following general setup of 1st selection round of
experimental scheme with minor modifications in PCR
cycles, emulsified RT reaction temperature and few
more details. All modifications are given bellow:
transcription - 10 ml - lOO ng/ml (~1000ng) of
agarose-gel purified PCR fragment were taken; final
concentration of mRNA used in 4th slection round was
1.8 mg/ml; translation - 0.67 ml - 1.8 mg/ml (-1.2 mg)
of mRNA were taken;  emulsified RT reaction was
performed 1 hr at 57.5C;  1st PCR (RD_Nde//pD_55) - 25
cycles were performed;  2nd (nested) PCR
(M_Esp//M_Eri) - 24 cycles were performed;  final
concentration of digested PCR fragment - 50 ng/ml;
ligation - 200 ng (-0.9* 101 molecules ) of MLV RT
library were taken;  PCR (on ligation mix) - <0.6* 10
10 molecules of selected library were taken and 15 PCR
cycles were performed; concentration of final
agarose-gel purified PCR fragment was 100 ng/ml . 5th
selection round Fith selection round was performed
following general setup of 1st selection round of
experimental scheme with some modifications in PCR
cycles, emulsified RT reaction temperature and final
stage of analysis. All modifications are given bellow:
transcription - 10 ml - 100 ng/ml (~1000ng) of
agarose-gel purified PCR fragment were taken; final
concentration of mRNA used in 5th slection round was
1.1 mg/ml;  translation - 1.1 ml - 1.1 mg/ml (-1.2 mg)
of mRNA were taken;  emulsified RT reaction was
performed 1 hr at 60C; 1st PCR (RD_Nde//pD_55) - 25
cycles were performed; * 2nd (nested) PCR
(M_Esp//M_Eri) - 33 cycles were performed; Nested PCR
mixture (500 ml) for full gene amplification was
prepared on ice: 50 ml - 1OX Taq buffer with KCl
(Fermentas); 50 ml - 2 mM of each dNTP (Fermentas); 30
ml - 25 mM MgCl2 (Fermentas); 6.25 ml - 1 u/ml LC
(recombinant) Taq DNA Polymerase (Fermentas); 2.5 ml -
2.5 u/ml Pfu DNA Polymerase (Fermentas); 2.5 ml - 100
mM M_Esp primer (SEQ ID No: 13); 2.5 ml - 100 mM
M_Hind3+ primer (SEQ ID No: 18); 50 ml of first PCR
(primers set RD_Nde//pD_55); 306 ml water. The cycling
protocol for 2077 bp PCR fragment was: initial
denaturation step 3 min at 94C, 22 cycles (45 sec at
94C, 45 sec at 55C, and 3 min at 720C) and final
elongation 5 min at 72C. Final PCR fragment of
selection sample was agarose-gel purified using Qiagen
gel extraction kit (elution in 60 ml ~60 ng/ml).
Purified PCR fragment was digested with HindIII and
Esp3I for 1 hr at 370C and again agarose-gel purified
(elution in 40 ml ~50 ng/ml). Recovered MLV reverse
transcriptase library after 5th selection round was
ligated into plasmid vector prepared from
pET_his_MLV_pD (SEQ ID No: 1 and FIG 2) digested with
Ncol and HindIII, giving new 7474 bp plasmid
pET_his_MLV (SEQ ID No: 19) encoding MLV RT with
N-terminal his-tag and no pD fusion on C-terminus for
fast protein purification using affinity
chromatography. Ligated MLV RT library after 5l
selection round was electroporated into T7 expression
strain ER2566. Individual clones were sequenced and
analyzed. Pool of evolved proteins as well as
individual mutants and primary wt M-MuLV reverse
transcriptase in the same construction were grown in
200 ml of LB to A590 ~0.7 and purified via his-tag by
affinity chromatography using 2 ml of Qiagen - Ni-NTA
Superflow resin (all purification was performed under
native conditions according to suppliers
recommendations). Elution was performed in 1ml of EB
(50 mM - NaH2PO4, 300 mM - NaCl, 250 mM - imidazol, pH
8.0, 10 mM - b-mercaptoethanol and 0.1% of triton
X-100). All proteins were dialyzed against 50 times
excess of storage buffer (50 mM Tris-HCl (pH 8.3 at
25C), 0.1 M NaCl, 1mM EDTA, 5 mM DTT, 0.1% (v/v)
TritonX-IOO and 50% (v/v) glycerol). Protein purity
was checked on SDS-PAGE (usually -40-80% of target
protein). Protein concentration was determined using
Bredford method based Bio-Rad protein assay
(500-0006). MLV reverse transcriptase specific
activities were measured at 37C, 50C (enzyme diluted
in special dilution buffer: 30 mM Tris-HCl pH 8.3 at
25C, 10 mM DTT, 0.5 mg/ml BSA) and rest of activity at
37C after 5 min enzyme incubation at 500C (enzyme
diluted and its stability measured in Ix RT reaction
buffer: 50 mM Tris-HCl pH 8.3 at 25C, 4 mM MgCl2, 10
mM DTT, 50 mM KCl). Enzyme activity in all cases was
assayed in the following final mixture: 50 mM Tris-HCl
(pH 8.3 at 25C), 6 mM MgCl2, 10 mM DTT, 40 mM KCl, 0.5
mM dTTP, 0.4 MBq/ml [3H]-dTTP, 0.4 mM polyA oligo(dT)
12-18 . Activity units were determined measuring
incorporation of dTMP into a polynucleotide fraction
(adsorbed on DE-81) in 10 min at particular reaction
temperature and comparing to known amounts of
commercial enzyme. Results During analysis of
selection data we have accumulated 104 sequences
expressing full length M-MuLV reverse transcriptase.
The total CLUSTALW alignment of all proteins (Appendix
2) is compiled without N terminal His tag in order to
have the same numeration of amino acids as is usually
used in literature. Wild type sequence denoted as MLV
is always given as the first sequence. Mutations are
marked using white font color in black background
(Appendix 2). Amino acids positions, mutations of
which somehow improve M-MuLV reverse transcriptase
properties and are described in different patent
applications are marked in the alignment as columns of
amino acids (white font) highlighted in grey.
Mutations originating from our selection and located
in grey columns serve as proof that our selection
procedure precisely targeted the beneficial hot spot
or even exact amino acid mutations described
elsewhere. Out of 104 sequenced clones we found 98
unique sequences and 1 wt (L5_87) sequence. Five
sequences are repeated twice (L5_21 and L5_l l l ;
L5_43 and L5_1 12; L5_49 and L5_63; L5 64 and L5 93;
L5_85 and L5_96). In total we had randomly expressed
55 proteins. Out of 55 expressed proteins 40
enzymaticaly active mutant variants (including control
wt) of M-MuLV reverse transcriptase were successfully
purified to 40-80% homogeneity according to SDS-PAGE.
Total protein concentration in purified RT samples was
in range of 0.6-5.5 mg/ml. Mutant RT variants were
tested for reverse transcriptase activity at 37C,
500Cand residual activity at 370C after 5 min
incubation at 500C (FIG 8). Reverse transcriptase
activity at 37C is normalized to be 100% and is
omitted in FIG 8. Thus only two types of columns
(percents of RT activity at 5O0C and residual RT
activity at 37C after 5 min incubation at 500C) are
shown. As a control wt M-MuLV reverse transcriptase
used for mutants library construction is presented.
This primary enzyme was expressed in the same vector
and purified in the same way as mutant variants of RT.
An average value of wt enzyme RT activity at 500C is
about 45% comparing to activity at 37C. Almost all
tested proteins, with few exceptions, have higher than
45% activity at 5O0C. An average value of RT activity
at 5O0C for all tested mutants is about -92% and is
more than 2 times higher comparing to wt enzyme (45%).
Some mutants are 100% or even more active at 500C as
they are at 37C: 20, 23, L5_16, L5_24, L5_30, L5_35,
L5_37, L5_43, L5_46, L5_47, L5_49, L5_52, L5_55, 



L5_64, L5 65, L5_68, L5_72. The best mutants found
have RT activity at 5O0C about 140% and more (3 times
higher than 45% of wt): 20 (165%), L5_37 (162%), L5_43
(156%), L5_46 (135%), L5_47 (179%), L5_52 (137%),
L5_64 (142%) and L5_68 (153%). Even though majority of
mutants have very high RT activities at 5O0C, they are
not as thermostable. Residual RT activity at 370C
after 5 min incubation at 500C of wt control is 11%.
The same average residual activity of selected enzymes
is also similar -12%. Although some tested RT variants
are substantially more thermostable and have residual
activity 2-3 times higher than wt enzyme ( 11%): L5_8
(25%), L5_43 (32%), L5_46 (27%), L5_64 (28%), L5_65
(25%), L5_68 (31%). Specific activity (u/mg of
protein) for partially purified wt enzyme is -200O00
u/mg (FIG 9). Selected RT variants were expressed and
purified in very diverse manner and an average
specific activity (-1 55'00O u/mg) is slightly lower
as for wt control (FIG 9). In some cases specific
activity is decreased, in some - increased (20 - ~274
5OOO u/mg; L5_ll - ~273'000 u/mg; L5_28 - -230 OOO
u/mg; L5_30 - -224 OOO u/mg; L5_35 - ~316'000 u/mg;
L5_43 - ~328'000 u/mg; L5_46 - - 304OOO u/mg; L5_52 -
~310'000 u/mg; L5_64 - -256O00 u/mg; L5_65 - -247O00
u/mg). It is obvious that our selection system works
well. Using increased temperature of RT reaction as a
selection pressure factor, we have managed to evolve
faster (specific RT activity at 500Cis higher) and
more thermostable (residual RT activity at 37C after 5
min preincubation at 5O0C) reverse transcriptases. The
source of valuable information is an alignment of
selected protein sequences (Appendix 2). Sequences of
analyzed proteins, whose activity at 500C was
substantially better as compared to primary wt M-MuLV
(70% and more comparing to 45% of wt activity) are
highlighted in grey (Appendix 2). Number of
mutagenized amino acids varied in range of 0 (wt or
L5_87) to 12 (L5_9). List of mutations found in all
selected RT variants is given in Appendix 3. Proteins
are sorted by decreasing number of mutations. Most
mutants (53 out of 104) had 4-6 mutations per
sequence. It is obvious that reverse transcriptase
sequence has some hot spots, which are very important
and beneficial for the RT reaction in general and for
the thermostability of enzyme. Those hot spots can be
easily identified in multiple sequence alignment
(Appendix 2) as conglomeration of mutations at
particular position. Especially important are
mutations found in better performing variants of
M-MuLV reverse transcriptase (sequences are
highlighted in grey - Appendix 2). Summarized
information about the most frequent mutations (in
decreasing order) is given in Appendix 4. As in
previous appendix mutant proteins with substantially
higher activity at 500C are highlighted in grey. If
same mutation repeats for many times and tested
reverse transcriptases with this mutation are better
performing at 500C, that means this mutation is
somehow beneficial for reverse transcription reaction.
According to the frequency with which mutations are
found they can be divided into five classes: 21-31
repeats; 14-18 repeats; 4-7 repeats; 2-3 repeats and 1
repeat. The first group of the most frequent mutations
comprises four amino acids D524 (31 repeats); D200 (30
repeats); D653 (23 repeats) and D583 (21 repeats). Two
amino acids (D524 and D583) are known to complex
magnesium ions in active centre of ribonuclease H
domain. Mutants D524G, D583N and E562Q are used to
turn off RNase H activity of M-MuLV reverse
transcriptase (Gerard et al., 2002), what improves
synthesis of cDNA. Results of our selection are
strikingly similar. Mutation of aspartate 524 is found
in 3 1 sequences out of 98. Moreover, D524N
substitution is found once, D524A - 10 times and
finally D524G - 20 times. Thus our selection not only
precisely targeted important amino acids, but also the
same amino acid substitutions, which are known to be
the best. Exactly the same situation is with mutation
of aspartate 583, which isrepeated in 2 1 selected
proteins out of 104. Substitution D583E is found once,
D583A - 3 times, D583G - 7 times and finally D583N -
10 times. Again, same amino acid and same substitution
(D583N), which is known to be the best is selected
most frequently. Commercial enzyme SUPERSCRIPT II from
Invitrogen has three mutations: D524G, D583N and E562Q
(WO2004024749). An interesting thing is that mutation
of the third amino acid substitution E562 in our
selection is found only once (E562K in L5_71). This
result suggests that most likely glutamate 562 is not
as important as aspartates 524 and 583, or for some
reasons exchange of this amino acid can cause some
side effects and is not beneficial for RT reactions
performed at increased temperatures (>50C). Further
analysis of selected proteins sequences allowed to
identify many more hot amino acids positions,
mutations of which are described in other patent
applications for improved M-MuLV reverse
transcriptase: H204R - 7 repeats (US7078208); H638R -
4 repeats (US20050232934A1); T197A - 2 repeats
(US7056716); M289V(L), T306A(M) - 2 repeats
(US7078208); E302K, N454K - 2 repeats (WO07022045A2);
E69G, L435P - 1 sequence (WO07022045A2); Y64C, Q190R,
V223M, F309S - 1 sequence (US7056716); E562K - 1
sequence (US7078208). There are also two selected
sequences of reverse transcriptases which have
combination of three amino acids substitutions
described in literature (30 - D200N, T306M, D524N,
D583G ; L5_28 - T306A, F309S, D524A H594R, F625S). In
addition to known mutations we have identified many
more amino acids positions which are mutated quite
often: D200N(A, G) - 30 repeats; D653N(G, A, H, V) -
23 repeats; L603W(M) - 18 repeats; T330P - 15 repeats;
L139P - 14 repeats; Q221R - 6 repeats; T287A - 6
repeats; 149V(T) - 5 repeats; N479D - 5 repeats;
H594R(Q) - 5 repeats; F625S(L) - 5 repeats; P65S - 4
repeats; H126S(R) - 4 repeats; L333Q(P) - 4 repeats;
A502V - 4 repeats; E607K(G, A) - 4 repeats; K658R(Q) -
4 repeats; H8P(R) - 3 repeats; P130S - 3 repeats;
E233K - 3 repeats; Q237R - 3 repeats; N249D - 3
repeats; A283D(T) - 3 repeats; A307V - 3 repeats;
Y344H - 3 repeats; P407S(L) - 3 repeats; M428L - 3
repeats; Q430R - 3 repeats; D449G(A) - 3 repeats;
A644V(T) - 3 repeats; N649S - 3 repeats; L671P - 3
repeats; E673G(K) - 3 repeats; N678I - 3 repeats
(Appendix 4).Best performing variants of RT usually
have mutations of amino acids, which are modified most
frequently: 20 (50C - 123%) - D200N (30 repeats),
L603W (18 repeats) and slightly modified C terminus -
N678I, S679P, R680A; L5_35 (500C - 125%) - D200N (30
repeats), T330P (15 repeats), N479D (5 repeats); L5_37
(50C - 162%) - H123S (4 repeats), L149F ( 1 sequence),
D200N (30 repeats), N454K (2 repeats), D583N (21
repeats); L5_43 (500C - 160%) - D200N (30 repeats),
Q237R (3 repeats), T330P (15 repeats), D524G (31
repeats), F625S (5 repeats), D653N (23 repeats); L5_46
(500C - 135%) - D200N (30 repeats), T330P (15
repeats), D583N (21 repeats), T644T (3 repeats); L5_47
(5O0C - 179%) - N107S ( 1 repeat), H126R (4 repeats),
T128A ( 1 repeat), I l 79V (2 repeats), D200N (30
repeats), H642Y (2 repeats), D653N (23 repeats); L5_52
(500C - 137%) - D200N (30 repeats), T330P (15
repeats), Q374R (2 repeats), (D583N (21 repeats);
L5_64 (5O0C - 142%) - D200N (30 repeats), D216G (2
repeats), D524G (31 repeats), E545G (2 repeats); L5_65
(5O0C - 127%) - D200N (30 repeats), Q238H ( 1 repeat),
L570I ( 1 repeat), L603W (18 repeats); L5_68 (500C -
153%) - M39V (2 repeats), I49V (2 repeats), Q91R (2
repeats), H204R (7 repeats), T287A (6 repeats), N454K
(2 repeats), F625L (5 repeats), D653H (23 repeats).
The combined data set of measured RT activities and
sequence alignment analysis of mutant proteins allowed
us to determine many beneficial mutations (and
combinations thereof) in the sequence of M-MuLV
reverse transcriptase sequence. Example 3 - Analysis
of Moloney Murine Leukemia Virus reverse transcriptase
mutants In vitro evolution experiment described in 2nd
example was very efficient. Gradually increased
temperature of reverse transcription reaction was used
as a selection pressure and generated a lot of
different mutant variants of M-MuLV RT. Most of them
were able to perform better at elevated temperatures
comparing to primary enzyme. Sequence analysis
ofevolved reverse transcriptases indicates hot spots
and most important amino acids positions
(replacements), responsible for complex improvement of
enzyme properties. In order to elucidate individual
impact of different mutations single and multiple
mutants of M-MuLV RT were constructed, partially
purified and analyzed. Starting point for mutants
construction was 7474 bp plasmid pET_his_MLV (SEQ ID
No: 19) encoding M-MuLV RT with N-terminal his-tag for
fast protein purification using affinity
chromatography. M-MuLV reverse transcriptase specific
activity at 370C, relative activity at 5O0C and
relative residual activity at 37C after 5 min enzyme
incubation at 500C were determined. In some cases
RNase H activity was checked and cDNA synthesis
reaction at different temperatures on lkb or 4.5kb RNA
was performed. Methods and materials Initial plasmid
pET_his_MLV (SEQ ID No: 19) was used as a starting
material for mutagenic PCR. Mutations were introduced
using mutagenic primers. Individual clones were
sequenced and analyzed. M-MuLV RT mutants were
expressed in T7 expression strain ER2566. Individual
proteins and primary wt M-MuLV reverse transcriptase
in the same construction were grown in 200 ml of LB to
A590 -0.7 and purified via his-tag by affinity
chromatography using 2 ml of Qiagen - Ni-NTA Superflow
resin (all purification was performed under native
conditions according to suppliers recommendations).
Elution was performed in 1ml of EB (50 mM - NaH2PO4,
300 mM - NaCl, 250 niM - imidazol, pH 8.0, 10 mM -
b-mercaptoethanol and 0.1% of triton X-100). All
proteins were dialyzed against 50 times excess of
storage buffer (50 mM Tris-HCl (pH 8.3 at 25C), 0.1 M
NaCl, 1mM EDTA, 5 mM DTT, 0.1% (v/v) Triton X-100 and
50% (v/v) glycerol). Protein purity was checked on
SDS-PAGE (usually -40-80% of target protein). Protein
concentration was determined using Bradford reagent
(Fermentas #R1271). MLV reverse transcriptase
activities were measured at 370C, 5O0C (enzyme diluted
in special dilution buffer: 30 mM Tris-HCl pH 8.3 at
250C, 10 mM DTT, 0.5 mg/ml BSA) and rest of activity
at 37C after 5 min enzyme incubation at 500C (enzyme
diluted and its stability measured in Ix RT reaction
buffer: 50 mM Tris-HCl pH 8.3 at 250C, 4 mM MgCl2, 10
mM DTT, 50 mM KCl). Enzyme activity in all cases was
assayed in the following final mixture: 50 mM Tris-HCl
(pH 8.3 at 25C), 6 mM MgCl2, 10 mM DTT, 40 mM KCl, 0.5
mM dTTP, 0.4 MBq/ml [3H]-dTTP, 0.4 mM polyA
oligo(dT)12-18 . Activity units were determined
measuringincorporation of dTMP into a polynucleotide
fraction (adsorbed on DE-81) in 10 min at particular
reaction temperature and comparing to known amounts of
commercial enzyme. RNase H activity of M-MuLV reverse
transcriptase variants was measured according to US
patent US5405776. RNase H activity of purified enzymes
was assayed in reaction mixtures (50 ml) containing
5OmM Tris-HCl pH 8.3, 2 mM MnCl2, 1 niM DTT and
[3H](A)n*(dT)n (5 mM [3H](A)n, 35 cpm/pmol; 20 mM
(dT)n). Reactions were incubated at 37C for 10 min and
were stopped by adding 10 ml of tRNA ( 1 mg/ml) and 20
ml of cold 50% TCA. After 10 minutes on ice, the
mixture was centrifuged for 10 minutes in an Eppendorf
centrifuge (at 2500Og). Forty ml of the supernatant
was counted in a LSC-universal cocktail (Roth -
Rotiszint eco plus). One unit of RNase H activity is
the amount of enzyme required to solubilize one mole
of [3H](A)n in [3H](A)n*(dT)n in 10 min at 37C.
"RevertAid(tm) First Strand cDNA Synthesis Kit"
(#K1622 - Fermentas) and its control 1.1 kb RNA with a
3'-poly(A) tail in combination with oligo(dT) 1 primer
was used to check purified reverse transcriptases for
their ability to synthesize cDNA at different
temperatures. Alternatively 4.5 kb RNA (synthesized
from Eco31I linearized pTZ19R plasmid, which
additionally contains piece of phage lambda DNA
5505-8469bp) was used to test reverse transcription
reaction. cDNA was synthesized 1 hr in 20 ml reaction
volume using kit's components 1 mg of synthetic RNA,
following provided protocol with only some minor
modifications (without 5min preincubation at 37C).
Reverse transcription reactions were performed in 96
well PCR plate in Eppendorf Mastercycler gradient PCR
machine applying corresponding temperature gradient.
Synthesized cDNA was analyzed by alkaline agarose gel 



electrophoresis (staining with ethidium bromide).
Samples of cDNA synthesis analysis on alkaline agarose
gels are given in FIG 16. Results According to the
frequency, with which mutations are found during the
evolution of M-MuLV reverse transcriptase, they can be
divided into five classes: 21-31 repeats; 14-18
repeats; 4-7 repeats; 2-3 repeats and 1 repeat.
Construction of individual reverse transcriptase
mutants in general was performed according to this
information. Most frequently found mutations were
tested first. Reverse transcriptase specific activity
at 370C, relative activity at 500C and relative
residual activity at 37C after 5 min enzyme incubation
at 500C were determined. In somecases RNase H activity
was checked and cDNA synthesis reaction at different
temperatures on lkb or 4.5kb RNA was performed. All
experimental data on individual mutants are presented
in Appendix 5. Second column ("Selection frequency")
indicates the number of sequenced mutants, which had
exact mutation and the number in the parentheses
indicates total number of particular amino acid
mutations found in selection. For example D200N - 25
(30) means, that aspartate 200 replacement to
asparagine was found 25 times out of 30 total D200
mutations. Reverse transcriptase specific activity
measured at 37C is given in units per mg of protein.
Relative enzyme activity at 50C and relative residual
RT activity at 37C after 5 min incubation at 5O0C are
given in percents normalized to specific activity
(100%) of the same enzyme measured at 37C. As a
control (first line) is given wt M-MuLV reverse
transcriptase used for mutants library construction.
This primary enzyme is expressed in the same vector
and purified in the same way as mutant variants of RT.
Specific activity of wt enzyme is about 200'0OO u/mg
at 37C, relative activity at 50C (comparing to
activity at 370C) - 45-50% (90'000-100'OOO u/mg) and
relative residual RT activity at 37C after 5 min
incubation at 5O0C (comparing to activity at 37C) is
about 11% (~22'000 u/mg). Wild type enzyme has about
160-200 u/mol of RNase H activity and can synthesize
full length lkb cDNA at 480C. It is known, that M-MuLV
reverse transcriptase is protected from thermal
inactivation by the binding to template-primer
substrate and contrary, enzyme is less thermostable in
solution alone (Gerard et al., 2002). Relative
residual RT activity at 37C after 5 min incubation at
5O0C directly indicates enzyme thermostability in
solution without substrate. Meanwhile relative
activity at 500C represents enzyme thermostability in
complex with RNA/DNA substrate and speed of cDNA
synthesis. Fast mutant variant of reverse
transcriptase will give increased numbers of
polymerase units at 5O0C, even if it's thermostability
will be the same as wild type enzyme. Highest
temperature of cDNA synthesis (in our case 1 kb or 4,5
kb) is the most comprehensive parameter, which
represents general ability of enzyme to synthesize
cDNA at increased temperatures. Reverse transcriptase
mutants, which have at least 10% increased: specific
activity at 37 (>220'000 u/mg, 200O00 u/mg - wt),
relative activity at 500C comparing to mutant activity
at 37C (>54%, 45-50% - wt) or relative residual
activity at 37C after 5 min incubation at 500C
comparing to mutant activity at 370C (>13%, 11% -
wt),- are shadowed in gray and considered as
significantly improved enzymes. Mutants able to
synthesize full length lkb cDNA at temperatures higher
than 48C are also shadowed in gray.Reverse
transcriptase mutants with increased specific activity
(>220'000 u/mg) at 37C are (Appendix 5): D200 (D200N -
254'00O u/mg; D200G - 276'00O u/mg; D200H - 234'00O
u/mg), T330 (T330N - 223'00O u/mg; T330D - 240'0OO
u/mg), Q221 (Q221R - 268'00O u/mg), H594 (H594K -
270'0OO u/mg; H594Q -231'0OO u/mg), D449 (D449E -
224'00O u/mg; D449N - 221O00 u/mg), M39 (M39N -
349'00O u/mg), M66 (M66L - 237'00O u/mg; M66V -
227'00O u/mg; M66I - 240O00 u/mg), H126 (H126R -
227'00O u/mg), W388 (W388R - 266'00O u/mg), 1179
(1179V - 251O00 u/mg). Reverse transcriptase mutants
with increased relative activity (>54%) at 50C
(comparing to activity at 37C) are (Appendix 5): D200
(D200N - 84%; D200A - 87%; D200Q - 103%; D200E - 79%;
D200V - 131%; D200W - 103%; D200G - 88%; D200K - 102%;
D200R - 68%; D200H - 54%), L603 (L603W - 105%; L603F -
104%; L603Y - 95%; L603M - 77%), D653 (D653N - 93%;
D653K - 106%; D653A - 99%; D653V - 98%; D653Q - 93%;
D653L - 83%; D653H - 116%; D653G - 90%; D653W - 93%;
D653E - 80%), T330 (T33OP - 80%; T330N - 69%; T330D -
55%; T330V - 65%; T330S - 67%), 0221 (Q221R - 94%;
Q221K - 77%; Q221E - 64%; Q221M - 58%; Q221Y - 77%),
E607 (E607K - 84%; E607A - 98%; E607G - 72%; E607D -
69%), L139 (L139P - 59%), T287 (T287S - 68%), N479
(N479D - 81%), H594 (H594R - 69%; H594K - 80%; H594Q -
75%; H594N - 61%), D449 (D449G - 79%; D449E - 77%;
D449N - 75%; D449A - 99%; D449V - 83%), M39 (M39V -
54%; M39N - 71%), M66 (M66L - 79%; M66V - 73%; M66I -
80%), L333 (L333Q - 54%),H126 (H126R - 58%), PBO (PBOS
70%), 091 (09 IR - 56%\ W388 (W388R - 72%), R390
(R390W - 64%), 0374 (Q374R - 56%), E5 (E5K - 67%).
Reverse transcriptase mutants with increased relative
residual activity (>13%) at 37C after 5 min incubation
at 50C (comparing to activity at 37C) are (Appendix
5): D200 (D200N - 15%; D200A - 18%; D200Q - 23%; D200R
- 27%; D200H - 27%), L603 (L603W - 23%; L603Y - 13%;
L603P - 15%), D653 (D653N - 21%; D653K - 15%; D653A -
18%; D653V - 16%; D653Q - 18%; D653H - 13%; D653G -
13%; D653W - 13%; D653E - 19%), T330 (T330P - 21%;
T330N - 13%; T330D - 16%; T330S - 15%), T287 (T287A -
13%; T287F - 13%), H594 (H594R - 14%; H594Q - 13%),
D449 (D449G - 13%), M39 (M39V- 13%), M66 (M66L - 13%),
Y344 (Y344H - 13%), 091 (0 9IR - 13%), N649 (N649S -
16%), W388 (W388R - 14%). Mutants able to synthesize
full length lkb cDNA at temperatures higher than 48C
are (Appendix 5): D200 (D200N - 50.4C; D200H -
50.40C), L603 (L603W - 53.1 0C; L603F - 50.40C; L603Y
- 47.8-50.4 0C), D653 (D653N - 50.4-53.1 0C; D653K -
50.4-53.1 0C; D653A - 50.40C; D653V - 50.40C; D653Q -
50.40C; D653L - 50.40C; D653H - 50.4-53.1 0C; D653G -
50.40C; D653W - 50.40C), 0221 (Q221R - 50.40C),E607
(E607K - 47.8-50.4 0C), H594 (H594K- 47.8-50.4 0C;
H594Q - 47.8-50.4 0C). Samples of 1 kb cDNA synthesis
analysis on alkaline agarose gels are given in FIG 16
A-D. According to collected biochemical data most
important positions in M-MuLV reverse transcriptase
sequence, which can impact cDNA synthesis at increased
temperatures, are: D200, L603, D653, T330, Q221, E607,
L139, T287, N479, H594, D449, M39, M66, L333, H126,
Y344, P130, Q91, N649, W388, R390, 1179, Q374, E5. In
general mutations of interest can be combined in
between and M-MuLV reverse transcriptase
thermostability with and without substrate, velocity,
processivity and overall ability to synthesize cDNA at
increased temperatures can be further improved. Some
data, which illustrates enzyme improvement by
combinatorial approach are presented in Appendix 6.
Single mutants D200N and L603W have relative activity
at 5O0C 84% and 105%. Highest temperatures of lkb cDNA
synthesis are 50.40C and 53.1 0C. Double mutant D200N;
L603W has relative activity 131% at 500C and can
synthesize lkb cDNA at 56C. Triple mutant D200N;
L603W; T330P (80% at 500C; lkb cDNA at 47.80C) is
improved further and has relative activity 175% at
500C and can synthesize lkb cDNA at 56-58C. Quadruple
mutant D200N; L603W; T330P; E607K (84% at 500C; lkb
cDNA at 47.8-50.1 0C) has relative activity 174% at
500C and can synthesize lkb cDNA at 60-620C. Quintuple
mutant D200N; L603W; T330P; E607K; L139P (59% at 500C;
lkb cDNA at 47.8C) has relative activity 176% at 500C
and can synthesize lkb cDNA at 62C and that is about
14C higher temperature comparing to wild type M-MuLV
reverse transcriptase (lkb cDNA at 47.80C). Additive
character of thermostability is also observed in case
of: N479D, H594R mutants (D200N; L603W - 131% at 5O0C,
lkb cDNA at 56C versus D200N; L603W; N479D; H594R -
182% at 500C, lkb cDNA at 56-58C, 4.5kb cDNA at
56-58C), T330P mutant (D200N; L603W; D653N; D524G -
155% at 5O0C, lkb cDNA at 58-600C versus D200N; L603W;
D653N; D524G; T33OP - 180% at 500C, lkb cDNA at
60-620C).Samples of 4.5 kb cDNA synthesis analysis on
alkaline agarose gels are given in FIG 16 E-G. Example
4 - Modification of CRD -selection for DNA dependent
DNA polymerase activity using biotin-dUTP (proof of
principle). This example illustrates activity-based
selection strategy of reverse transcriptase as DNA
dependent DNA polymerase, which is able to incorporate
modified nucleotides into DNA-DNA substrate. The
principle scheme of selection is schematically
illustrated in FIG 12. Two plasmids
pET_his_MLV_D583N_pD (encoding RNase H minus Moloney
Murine Leukemia Virus (M-MLV) reverse transcriptase
fused to protein D spacer) and its derivative
pET_his_del_pD (encoding inactivated reverse
transcriptase; 57 amino acids deletion in pol domain
and mutation D583N in RNase H domain, Example 1, SEQ
ID No: 2) were used as a starting material in this
example. Initial DNA fragments encoding active and
inactive reverse transcriptases were synthesized in
two separate polymerase chain reactions using plasmids
pET_his_MLV_D583N_pD and pET_his_del_pD as a target.
Synthesized PCR fragments were used in transcription
reaction for synthesis of mRNA, which lacks STOP codon
at the 3' end. Purified mRNAs were mixed to a ratio of
1:2O=MLV (active RT):del (inactive RT). Double
stranded DNA adapter (required for selection of DNA
dependent DNA polymerase activity) was ligated to 3'
mRNA by T4 DNA ligase. This mRNA-dsDNA complex is used
for in vitro translation reaction. The ribosome moving
along the mRNA stops translation at the site of
RNA-DNA hybridization (Tabuchi et al., 2001).
Ribosome-mRNA/dsDNA-protein complexes were stabilized
(as in conventional ribosome display) by dilution of
translation mixture with ice-cold buffer containing 50
mM Mg2+. Mixture of ternary complexes (TC) was
purified by ultracentrifugation on sucrose cushions.
Purified ternary complexes (<3*109 molecules taken)
containing mRNA-dsDNA linked to in vitro translated
M-MuLV (RNase H-) reverse transcriptases were used to
prepare reaction mixture additionally supplemented
with biotin-dUTP and reaction buffer. Ice-cold
reaction mixture was emulsified yielding -1*1 010
water in oil compartments ~2mm in size. Emulsified
reaction mixture (less than one TC,
ribosome-mRNA/dsDNA-protein per compartment) was
incubated for 30 min at 37C. After the temperature of
compartmentalized reaction mixture is raised most of
TCs dissociate releasing mRNA/dsDNA and reverse
transcriptase. Successful incorporation reaction can
occur only in compartments containing active M-MuLV
(RNase H-) reverse transcriptase resulting in
biotinylation of mRNA/dsDNA complex. Biotinylated
complex can be selectively immobilizedon streptavidin
coated magnetic beads and specifically amplified by
RT-PCR. As a result of 



successful experiment genes encoding active enzyme (in
our case RT-PCR fragment of MLV_D583N_pD reverse
transcriptase) should be enriched over genes encoding
inactive enzyme (del_pD). Methods and materials
Production of mRNA/dsDNA complex. (1) Determination of
ligation efficiency. Efficiency of ligation reaction
was determined by ligation of MLV_pD mRNA (synthesized
from pET_hisJVlLV_pD plasmid, Example 1) with primer
Long+Tb (SEQ ID No: 23) using ddC-Long2 primer (SEQ ID
No: 22) as a splint. The 5' end of Long+Tb was
previously phosphorylated using T4 Polynucleotide
Kinase (Fermentas). Annealing mix of 36ml was prepared
by mixing of 8.5 pmol (~10mg) of purified MLV_pD mRNA
with 4 times of molar excess of Long+Tb (SEQ ID No:
23) and 4.2 times of molar excess of ddC-Long2 (SEQ ID
No: 22) in nuclease free water. The mixture was
incubated at 700C for 5 min and then cooled to room
temperature for 20 min. Before adding ligation
reaction components mixture was moved to cooling stand
for 2 min. 4.5 ml of 10x ligation buffer and 4.5ml of
T4 DNA ligase (5v/ml) (Fermentas) were added to 36ml
of annealing mixture. Ligation reaction was performed
for 30min at 37C and followed extraction once with
equal volume of Roti(r) Phenol/chloroform (ROTH) and
twice with equal volume of chloroform. Assuming that
mRNA amount was close to initial amount taken for
ligation reaction ~5mg of ligation products mix was
diluted to 43ml by nuclease free water. Aliquot of 2ml
of resultant mixture was left for analysis on agarose
gel before immobilization on Dynabeads M-280
Streptavidin beads (Dynabeads(r) kilobase BINDER(tm)
Kit (DYNAL Biotech)). l Oml of resuspended Dynabeads
was transferred to a 1.5 ml microcentrifuge tube,
washed with 50 ml of Binding Solution provided in the
kit. The tube was placed on the magnet for 1-2 min
until beads settled at the tube and solution was
removed. Dynabeads were gently resuspended by
pipetting in 38 ml of Binding Solution supplemented
with 2ml of aqueous tRNA (tRNA from yeast (Roche))
solution (l mg/ml) to minimize non-specific mRNA
binding. 40ml of Dynabeadsin Binding solution was
added to solution (~40ml) containing ligation products
mix. The tube was incubated shaking at the +22C in
termomixer (Eppendorf) for 60 min. After the binding
of ligated mRNA/dsDNA, supernatant was removed and the
beads were washed three times with 50 ml of Washing
Solution (supplied in the kit). Collected Dynabeads
with immobilizes ligated mRNA/dsDNA complex was
resuspended in 26ml of nuclease free water and
followed extraction once with 40 ml of Roti(r)
Phenol/chloroform (ROTH) and twice with 40ml volume of
chloroform to release mRNA/dsDNA complex from magnetic
beads. 1; 2 and 5ml of final mix were analysed on
agarose gel along with sample (2 ml) left before
immobilization and Mass Ruler(tm)High Range DNA
ladder. Amount of mRNA in mRNA/DNA complex purified on
streptavidin beads was determined comparing mRNA
amounts before and after the immobilization. The yield
of recovered mRNA was ~60%, what means that at least
60% of mRNA was successfully ligated with DNA duplex,
resulting in mRNA/dsDNA complex. (2) Determination of
biotin-dUTP incorporation efficiencies into mRNA/dsDNA
complex and into self primed mRNA. As it was shown in
first mRNA to dsDNA ligation experiment ligation
reaction efficiency is -60% and more. Free mRNA left
in ligation mixture can self prime and participate in
extension reaction using M-MuLV reverse transcriptase
and biotindUTP. This experiment was performed in order
to demonstrate that mRNA/dsDNA complex (ligation
product) is better substrate than free self primed
mRNA. MLV_D583N_pD mRNA was ligated with long+
oligonucleotide (SEQ ID No: 21) according procedure
described above (construction of initial plasmids
pET_his_MLV_D583N_pD and pET_his_del_pD in details is
described in Example 1). -12,5 ng of prepared
(MLV_D583N_pD mRNA/long+) substrate was combined with
-12,5 ng of del_pD mRNA previously incubated at 70C
for 5 min, then cooled to room temperature for 20 min
in nuclease free water, in total volume of 12.5 ml .
The second mix for dTTP or biotin-dUTP incorporation
by reverse transcriptase was prepared: 8 ml of 5x
Reaction buffer for reverse transcriptase; 1 ml - 40
u/ml RiboLock(tm) RNase inhibitor (Fermentas); 18.6 ml
nuclease-free water; 0.4 ml - 200 u/ml RevertAid(tm)
Minus M-MuLV Reverse transcriptase (Fermentas).
Prepared mix was divided to two tubes 2x 15 ml and 1
ml of 1mM dTTP (Fermentas) or 1 ml of 1mM biotin-dUTP
(Fermentas) was added. Subsequentially 5 ml of
substrate (from the first mix) was added to dTTP and
biotin-dUTP containing mixtures. Reactions were
carried out at37C for 60 min. After that 1 ml of 0.5M
EDTA (pH 8.0) was added to both samples and reaction
mixtures were extracted once with equal volume of
Roti(r) Phenol/chloroform (ROTH) and once with equal
volume of chloroform followed by purification on G-50
Microcolumns (GE Healthcare). 2ml of resultant
reaction products were left for direct RT reaction
(without streptavidin beads purification) and the
remaining part of solutions were used for biotinylated
mRNA-dsDNA complex immobilization on Dynabeads M-280
Streptavidin beads (Dynabeads(r) kilobase BINDER(tm)
Kit (DYNAL Biotech)). 10 ml of resuspended Dynabeads
was transferred to a 1.5 ml microcentrifuge tube,
washed with 25 ml of provided Binding Solution. The
tube was placed on the magnet for 1-2 min until beads
settled at the bottom of the tube and solution was
removed. Dynabeads were gently resuspended by
pipetting in 90 ml of Binding Solution and 2 ml of
aqueous tRNA (tRNA from yeast (Roche)) solution (l
mg/ml) was added to minimize non-specific mRNA
binding. 40 ml of Dynabeads in Binding solution was
added to solution (-40 ml) containing the elongated by
dTTP and biotin-dUTP RNA-DNA fragments. The tubes were
incubated at the +22C in termomixer (Eppendorf) for 40
min by shaking (1400 rpm). After the binding step,
supernatant was removed and the beads were washed
three times with 50 ml of Washing Solution (provided
in the kit) shaking (1400 rpm) for 5 min at +220C.
Collected Dynabeads with immobilizes elongated
mRNA-dsDNA complex was resuspended in reverse
transcription reaction mixture. Reverse transcription
reaction mixture was prepared on ice: 20 ml - 5X
reaction buffer for Reverse Transcriptase (Fermentas);
10 ml - 10 niM dNTP (Fermentas); 2.5 ml - 40 u/ml
RiboLock RNase inhibitor (Fermentas); 5 ml - 20 mM
pD_42 oligonucleotide (SEQ ID No: 8); 2,5 ml
RevertAid(tm) Minus M-MuLV Reverse transcriptase (200
u/ml)(Fermentas); 55 ml nuclease-free water. Prepared
mix was divided to five 19 ml (5x19 ml) aliquots: two
were used to resuspend Dynabeads with immobilized
elongated mRNA/dsDNA complex or mRNA, the other two
were transferred to the tubes with samples left
without streptavidin beads purification and to the
rest of 19 ml aliquot was added 1ml of nuclease free
water - negative reaction control to prove, that
reaction mixture is not contaminated by DNA. All
reaction mixtures were incubated by shaking (1000 rpm)
at the +420C in termomixer (Eppendorf) for 1 hour
until cDNA synthesis reaction was finished.
Amplification of cDNA was performed by nested PCR.
Initial PCR mixture was prepared on ice: 14 ml - 1OX
Tag buffer with KCl (Fermentas); 14 ml - 2 niM of each
dNTP (Fermentas);8,4 ml - 25 niM MgCl2 (Fermentas);
2.8 ml - 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 0.7 ml - 100 mM M_F primer (SEQ ID No:
11); 0.7 ml - 100 mM M_2R primer (SEQ ID No: 12); 92.4
ml water - mixture was divided into 7 samples for 19
ml (7x19 ml). To 5x 19 ml of PCR master mix were added
1 ml of cDNA (1-5 RT samples); to the 6th tube of PCR
master mix 1 ml of water was added - negative PCR
control; to the 7th tube (positive PCR control) - 1 ml
of pET_his_MLV_D583N_pD plasmid (~1 ng) was added. The
cycling protocol was: initial denaturation step 3 min
at 940C, 25 cycles (45 sec at 94C, 45 sec at 57C, and
1 min at 72C) and final elongation 3 min at 72C.
Predicted amplicons size 907 bp for MLV_D583N_pD and
736 bp for del_pD cDNA. PCR products were analyzed on
1% agarose gel loading 10 ml of PCR mix per well (FIG
13). As it was expected efficient cDNA amplification
is observed only in elongation reaction with
biotin-dUTP. Very faint bands of amplified cDNA can be
detected in elongation reaction with dTTP and can be
explained by weak nonspecific binding of mRNA to
streptavidin beads. After purification on streptavidin
beads DNA encoding MLV_D583N__pD gene (907 bp) is
enriched over DNA of del_pD (736 bp). That means
mRNA/dsDNA complex is elongated by biotin-dUTP much
more efficiently than self primed del_pD mRNA. (3)
Preparation of mRNA mixture (MLV_D583N_pD:del_pD=l:20)
and RNA/dsDNA complex. Preparation of PCR fragments
for in vitro transcription. PCR mixture was prepared
on ice: 20 ml - 1OX Taq buffer with KCl (Fermentas);
20 ml - 2 mM of each dNTP (Fermentas); 12 ml - 25 mM
MgCl2 (Fermentas); 16 ml - DMSO (D8418 - Sigma); 4 ml
- 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 1 ml - 100 mM pro-pIVEX primer (SEQ ID
No: 3); 1 ml - 100 mM pD-ter- primer (SEQ ID No: 20);
122 ml water - mixture divided into two tubes 2x 98 ml
. To 2x 98 ml of PCR master mix were added either 2 ml
of pET_his_MLV_D583N_pD (diluted to ~ 1 ng/ml) or 2 ml
of pET_his_del_pD (diluted to ~ 1 ng/ml) (construction
of initial plasmids pET_his_MLV_D583N_pD and
pET_his_del_pD in details is described in Example 1).
The cycling protocol was: initial denaturation step 3
min at 94C, 30 cycles (45 sec at 940C, 45 sec at 53C,
and 2 min at 720C) and final elongation 5 min at 72C.
Amplification efficiency was -7000 fold from 2 ng of
plasmid (7873 bp) target to ~5 mg (50 ng/ml) of
amplified product(2702 bp PCR fragment MLV_D583N_pD
from pET_his_MLV_D583N_pD; 2531 bp PCR fragment del_pD
from pET_his_del_pD). Transcription mixture was
prepared: 80 ml - 5x T7 transcription buffer ( 1 M
HEPES-KOH pH 7.6; 150 mM Mg acetate; 10 mM spermidin;
0.2 M DTT); 56 ml - 112 mM of each NTP (Fermentas); 16
ml - 20 u/ml T7 RNA polymerase (Fermentas); 8 ml - 40
u/ml RiboLock RNase inhibitor (Fermentas); 114 ml
nuclease-free water - mixture divided into two tubes
2x 165 ml and add 35 ml - 20 ng/ml of PCR fragment
MLV_D583N_pD (unpurified PCR mixture) or 35 ml - 20
ng/ml of PCR fragment del_pD PCR (unpurified PCR
mixture). Transcription was performed 2 hr at 37C.
Both transcription mixtures were diluted to 200 ml
with ice-cold nuclease-free water and 200 ml of 6 M
LiCl solution were added. Mixtures incubated 25 min at
+4C and centrifuged for 25 min at +4C in cooling
centrifuge at max speed (25'00O g). Supernatant was
discarded and RNA pellet washed with 500 ml of
ice-cold 75% ethanol. Tubes were centrifuged again for
5 min at +4C at max speed and supernatant was
discarded. RNA pellet was dried for 5 min at room
temperature and subsequently resuspended in 400 ml of
nuclease-free ice-cold water by shaking for 15 min at
+40C and 1400 rpm. Tubes were centrifuged again for 5
min at +4C at max speed to separate not dissolved RNA.
About 380 ml of supernatant were transferred to new
tube with 42 ml of 10x DNase I buffer (Mg2+)
(Fermentas); 3 ml - 1 u/ml DNaseI (RNase-free)
(Fermentas) and incubated for 20 min at +370C to
degrade DNA. Reaction mixtures were extracted once
with equal volume of Roti(r) Phenol/chloroform (ROTH)
and twice with equal volume of chloroform to remove
DNaseI. 43 ml of 3 M Sodium acetate pH 5.0 solution
and 1075 ml of ice-cold 96% ethanol were added to each
tube. Finally RNA was precipitated by incubation for
30 min at -200C and centrifugation for 25 min at +40C
at max speed (25'00O g). Supernatant was discarded and
RNA pellet washed with 500 ml of ice-cold 75% ethanol.
Tubes were centrifuged again for 4 min at +4C at max
speed and supernatant was discarded. RNA pellet was
dried for 5 min at room temperature and subsequently
resuspended in 150 ml of nuclease-free ice-cold water
by shaking (1400 rpm) for 15 min at +40C. RNA solution
was aliquot for 10 ml and liquid nitrogen frozen.
Concentration of mRNA was
measuredspectrophotometrically and double-checked on
agarose gel along with RiboRuler(tm) RNA Ladder, High
Range (Fermentas). mRNA/dsDNA complex was produced by
ligation of long+ oligodeoxynucleotide to mRNA using
ddC-Long2 oligodeoxynucleotide as a splint. The 5' end
of long+ was previously phosphorylated using T4
Polynucleotide Kinase (Fermentas).
Oligodeoxynucleotide ddCLong2 has 3' end modification
(ddC) in order to prevent possibility of 3' end
extension by reverse transcriptase on its natural
RNA-DNA substrate. Annealing mix of 50ml was prepared
by mixing of 17 pmol of purified mRNA mixture at ratio
of 1:20=MLV_D583N_pD (active RT) : del_pD (inactive
RT) with 4.3 time of molar excess of long+ and 4.1
time of molar excess of ddC-Long2 in nuclease free
water. The mixture was incubated at 7O0C for 5 min and
then cooled to room temperature for 20 min. Before
adding 



ligation reaction components mixture was moved to
cooling stand for 2 min. 5 ml of 1Ox ligation buffer
and 5ml of T4 DNA ligase (5v/ml) (Fermentas) were
added to 40ml of annealing mixture. Negative ligation
reaction was carried out using the same annealing
mixture in Ix ligation buffer without T4 DNA ligase.
Prepared ligation reaction mixtures were incubated at
37C for 30min. To stop ligation l ml of 0.5M EDTA (pH
8.0) was added to both tubes and reaction mixtures
were extracted once with equal volume of Roti(r)
Phenol/chloroform (ROTH) and twice with equal volume
of chloroform followed by concentration of reaction
products at 300C for 10 min in vacuum Concentrator
5301 (Eppendorf). Desalting was performed using
illiustra ProbeQuant G-50 Microcolumns (GE
Healthcare). Concentrations of ligation products were
determined on agarose gel along with RiboRuler(tm) RNA
Ladder, High Range (Fermentas) - mRNA mixture
(MLV_D583NjpD:del_pD=l:20) ligated to long+/ddC-Long2
oligodeoxynucleotides -0.24 mg/ml (sample with T4 DNA
ligase) and simple mRNA mixture with long+/ddC-Long2
oligodeoxynucleotides -0.06 mg/ml (sample without T4
DNA ligase). (4) General control of mRNA/dsDNA complex
by incorporation of [a-P33]dATP. Prepared mRNA/dsDNA
complex (substrate) was tested for dTTP (or
biotin-dUTP) and subsequent [a- P33JdATP incorporation
by reverse transcriptase. Reaction mixture: 16ml of 5x
Reaction buffer for reverse transcriptase; 4 ml - 40
u/ml RiboLock (tm) RNase inhibitor (Fermentas); 2 ml
[(X-P33JdATP (10mCi)/ml, SRF-203 (Hartmann Analytic));
35 ml nuclease free water; l ml - 200 u/ml
RevertAid(tm) Minus M-MuLV Reverse transcriptase
(Fermentas). Prepared mix wasdivided to two tubes 2x
28 ml and 2ml of ImM dTTP (Fermentas) or 2ml of ImM
biotin-dUTP (Fermentas) was added. Resultant mixtures
were divided to two tubes 2x 15ml . To first tube 1.25
ml (-0.3 mg) of ligation products plus 3.75 ml of
nuclease free water were added. To second tube 5 ml
(~0.3mg) of negative ligation reaction products were
added. Reaction mixtures were incubated at 37C for 30
min. After that, l ml of 0.5M EDTA (pH 8.0) was added
to all tubes and reaction mixtures were extracted once
with equal volume of Roti(r) Phenol/chloroform (ROTH)
and twice with equal volume of chloroform followed by
purification on illiustra ProbeQuant G-50 Microcolumns
(GE Healthcare). Reactions products were analyzed on
agarose gel along with RiboRuler(tm) RNA Ladder, High
Range (Fermentas) FIG 14A. In all samples (with and
without ligase) we can see discreet band (~2500b) of
del_pD mRNA (20 times smaller amount of MLV_D583N_pD
mRNA -2700b, which was present in mRNA mixture can not
be distinguished). Subsequently agarose gel was dried
on filter paper and radiolabeled mRNA/dsDNA complex
(at the same position as mRNA) was detected only in
case of positive ligation samples (with ligase) and
not in case of negative ligation samples (without
ligase) FIG 14B. (5) Selection for DNA dependent DNA
polymerase activity using biotin-dUTP. Previously
prepared mRNA/dsDNA complex (mRNA mix MLV_D583N_pD
(active RT):del_pD (inactive RT)=I: 20) was used for
in vitro translation employing synthetic WakoPURE
system (295-59503 - Wako). Translation mixture for
WakoPURE system (25 ml): 12,5 ml - A solution (Wako);
5 ml - B solution (Wako); 0,5 ml - 40 u/ml RiboLock
RNase inhibitor (Fermentas); 0.25 ml - 1M DTT; 1,75 ml
nuclease-free water and 5 ml - 0.24 mg/ml mRNA/dsDNA
substrate (-1200 ng). In vitro translation was
performed for 120 min at 370C. Translations (-25 ml)
was stopped by adding 155 ml of ice-cold stop buffer
WBK500+DTT+triton (50 niM Tris-acetate pH 7.5 at 250C;
50 mM NaCl; 50 mM Mg-acetate; 500 mM KCl; 10 mM DTT;
0.1% (v/v) - Triton X-100 (T8787 - Sigma)) and
centrifuged for 5 min at +40C and 25'00O g. Very
carefully 160 ml of centrifuged translation mixture
was transferred on the top of 840 ml 35% (w/v) sucrose
solution in WBK500+DTT+Triton X-100 (50 mM
Tris-acetate pH 7.5 at 25C; 50 mM NaCl; 50 mM
Mg-acetate; 500 mM KCl; 10 mM DTT; 0.1% (v/v) - Triton
X-100 (T8787 - Sigma); 35% (w/v) - sucrose (84097 -
Fluka)) to transparent 1ml ultracentrifugation tubes
(343778 - Beckman). Ternary complexes (TC) consisted
of mRNA/dsDNA-ribosome-protein(tRNA) were purified by
ultracentrifugation atTL-100 Beckman ultracentrifiige
in TLA100.2 fixed angle rotor (Beckman) at 100'0OO rpm
for 9 min at +4C. Initially 750 ml of solution was
removed from the very top of the centrifugation tube.
Then (very carefully to keep small transparent pellet
of TC at the bottom of ultracentrifugation tube
intact) tube walls were washed with 750 ml of WBK50O
(50 mM trisacetate pH 7.5 at 25C; 50 mM NaCl; 50 mM
Mg-acetate; 500 mM KCl). Finally all solution was
removed starting from the very top of the
centrifugation tube and pellet was dissolved in 30 ml
of ice-cold stop buffer WBK5oo+DTT+triton (50 mM
Tris-acetate pH 7.5 at 250C; 5OmM NaCl; 5OmM
Mg-acetate; 50O mM KCl; 1O mM DTT; 0.1% (v/v) - Triton
X-100 (T8787 - Sigma)). As it was determined using
radioactively labeled mRNA after ultracentrifugation
5% - 30 % of input mRNA is located in ternary complex
pellet. Therefore it was predicted to have less than
360 ng (30% from 1200 ng mRNA used in translation
reaction) of mRNA in 30 ml of buffer (~12 ng/ml or 9*1
09 molecules/ ml of ternary complex). Modified
nucleotide incorporation reaction mix was prepared on
ice by mixing: 5 ml - 5X reaction buffer for Reverse
Transcriptase (Fermentas); 1.25 ml - 40 u/ml RiboLock
RNase inhibitor (Fermentas); 2.5 ml - ImM biotin-dUTP
(Fermentas); 40.95 ml nuclease-free water and 0.3 ml
of purified (<2.7*10 9 molecules) TC. According to the
protocol 50 ml of nucleotide incorporation reaction
mix contains <2.7*10 9 molecules of ternary complex.
Oil-surfactant mixture was prepared by mixing ABIL EM
90 (Goldschmidt) into mineral oil (M5904 - Sigma) to
final concentration of 4% (v/v) (Ghadessy and
Holliger, 2004; US2005064460). Emulsions were prepared
at +4C in 5 ml cryogenic vials (430492 - Corning) by
mixing 950 ml of oil-surfactant mixture with 50 ml of
RT mixture. Mixing was performed using MS-3000
magnetic stirrer with speed control (Biosan) at -2100
rpm; Rotilabo (r)- (3x8 mm) magnetic bar with centre
ring (1489.2 - Roth); water phase was added in 10 ml
aliquots every 30 sec, continuing mixing for 2 more
minutes (total mixing time - 4 min). According to
optical microscopy data compartments in prepared
emulsions vary from 0.5 mm to 10 mm in size with
average diameter of ~2 mm. Therefore it was expected
to have ~l*10 10 water in oil compartments after the
emulsification of 50 ml reverse transcription reaction
mixture, whichcontains less than 2.7*1 09 molecules of
ternary complex (about one mRNA-dsDNA complex and
reverse transcriptase molecules per 3-4 compartments).
Prepared emulsion was incubated 30 min at +370C. To
recover the reaction mixture from emulsion 20ml of
0.1M EDTA was added to emulsion, stirred for 10 sec,
then 50ml phenol/chloroform mix was added and stirred
for additional 10 sec. After that, emulsion was
transferred to 1.5 ml microcentrifuge tube, 0.5ml of
watersaturated ether was added mixed by vortexing and
centrifuged for 10 min at room temperature for 16'0OO
g. Oil-ether phase was removed leaving concentrated
(but still intact) emulsion at the bottom of the tube.
Finally emulsions were broken by extraction with 0.9
ml water-saturated ether; 0.9 ml water-saturated
ethyl-acetate (in order to remove ABIL EM 90
detergent) and twice 0.9 ml water-saturated ether.
Water phase was dried for 12 min under vacuum at room
temperature followed removal of incorporated
nucleotides on illiustra ProbeQuant G-50 Microcolumns
(GE Healthcare). 2 ml aliquot of resultant mixture was
left for direct RT reaction (without streptavidin
beads purification) and the remaining part of solution
was used for biotinylated mRNA/dsDNA complex
immobilization on Dynabeads M- 280 Streptavidin beads
(DYNAL Biotech). Dynabeads(r) kilobase BINDER(tm) Kit
(DYNAL Biotech) was used for isolation of biotinylated
mRNA-dsDNA complex according provided product
description. 5ml of resuspended Dynabeads was
transferred to a 1.5 ml microcentrifuge tube, washed
with 20 ml of provided Binding Solution. The tube was
placed on the magnet for 1-2 min until beads settled
at the tube and solution was removed. Dynabeads were
gently resuspended by pipetting in 50 ml of Binding
Solution and l ml of aqueous tRNA (tRNA from yeast
(Roche)) solution (l mg/ml) was added to minimize
non-specific mRNA binding. 50ml of Dynabeads in
Binding solution were added to solution (~50 ml)
containing the biotinylated RNA-DNA fragments. The
tube was incubated shaking at the +22C in termomixer
(Eppendorf) for 1 hour. After the binding of
mRNA/dsDNA, supernatant was removed from the beads,
and the beads were washed two times with 50 ml of
Washing Solution (provided in the kit) shaking (1400
rpm) for 5 min at +22C and once with 50 ml of Washing
Solution shaking (1400 rpm) for 12 min at
+22C.Collected Dynabeads with immobilized biotinylated
mRNA/dsDNA complex were resuspended in reverse
transcription reaction mixture. Reverse transcription
reaction mixture for selected mRNA/dsDNA complex was
prepared on ice: 12 ml - 5X reaction buffer for
Reverse Transcriptase (Fermentas); 6 ml - 1OmM dNTP
(Fermentas); 1.5 ml - 40 u/ml RiboLock RNase inhibitor
(Fermentas); 0,3 ml - 20 mM pD_42 oligonucleotide (SEQ
ID No: 8); l,5 ml RevertAid(tm) Minus M-MuLV Reverse
transcriptase (200 u/ml)(Fermentas); 35.7 ml
nuclease-free water. Prepared mix was divided to three
19 ml aliquots: one was used to resuspend Dynabeads
with immobilized biotinylated mRNA/dsDNA complex, the
other aliquot of 19 ml was transferred to the tube
with sample of elongated mRNA/dsDNA complex left
without streptavidin beads purification and to the
rest of 19 ml aliquot was added 1ml of nuclease free
water (negative reaction control - to prove that
reaction mixture is not contaminated). All reaction
mixtures were incubated by shaking (1000 rpm) at the
+42C in termomixer (Eppendorf) for 1 hour.
Amplification of cDNA was performed by nested PCR.
Initial PCR mixture was prepared on ice: 10 ml - 1OX
Taq buffer with KCl (Fermentas); 10 ml - 2 mM of each
dNTP (Fermentas); 6 ml - 25 mM MgCl2 (Fermentas); 2 ml
- 1 u/ml LC (recombinant) Taq DNA Polymerase
(Fermentas); 1 ml - 2,5 u/ml Pfu DNA Polymerase
(Fermentas); 0.5 ml - 100 mM RD_Nde primer (SEQ ID No:
9); 0.5 ml - 100 mM pD_55 primer (SEQ ID No: 10); 65
ml water - mixture was divided into 5 samples for 19
ml (5x19 ml). To 3x 19 ml of PCR master mix were added
1 ml of cDNA (1-3 RT samples); to one tube with 19 ml
of PCR master mix 1 ml water was added - negative PCR
control. For positive PCR control 1 ml of
pET_his_MLV_pD plasmid (~lng) was added. The cycling
protocol was: initial denaturation step 3 min at 94C,
30 cycles (45 sec at 94C, 45 sec at 580C, and 3 min at
72C) and final elongation 5 min at 72C. Nested PCR
mixture for partial gene amplification (for better
resolution of MLV_D583N_pD:del_pD cDNA ratio in RT
samples) was prepared on ice: 20 ml - 1OX Taq buffer
with KCl (Fermentas); 20 ml - 2 mM of each dNTP
(Fermentas); 12 ml - 25 mM MgCl2 (Fermentas); 0.9 ml -
5 u/ml Taq DNA Polymerase (Fermentas); 1.0 ml - 100 mM
M_F primer(SEQ ID No: 11); 1.0 ml - 100 mM M_2R primer
(SEQ ID No: 12); 135.1 ml water - mixture was divided
5x 38 ml. 2 ml of first PCR (primers set
RD_Nde//pD_55) product were added to prepared nested
PCR mixture. Master mix was mixed again and divided
into two tubes (2x 20 ml) for 30 or 35 PCR cycles
amplification. The cycling protocol was: initial
denaturation step 3 min at 94C, 30 or 35 cycles (45
sec at 94C, 45 sec at 57C, and 1 min at 72C) and final
elongation 3 min at 72C. Expected length of PCR
fragments was 907 bp for MLV_D583N_pD and 736 bp for
del_pD. Amplification was analyzed on 1% agarose gel
loading 10 ml of PCR mix per well (FIG 15). Results 1.
Double stranded (dsDNA) adaptor was successfully
ligated to mRNA using T4 DNA ligase. Ligation
efficiency is about 60% as it was determined by
ligation of dsDNA-biotin adapter. mRNA/dsDNA complex
can be specifically purified on streptavidin beads,
providing an opportunity to discriminate between
biotin labelled and unlabelled substrates. Free mRNA
is much worse substrate for DNA dependent DNA
polymerase comparing to mRNA/dsDNA. As a consequence
60% ligation efficiency of dsDNA to mRNA is good
enough and such a substrate can be successfully used
in evolution scheme. 2. General selection experiment
using mRNA/dsDNA complex (mRNA mixture
MLV_D583N_pD:del_pD=l:20) was performed. In vitro
translation was performed using WakoPURE protein
translation system and compartmentalized biotin-dUTP
incorporation reaction in to dsDNA was carried out to
demonstrate the enrichment of genes encoding active
(MLV_D583N_pD) reverse transcriptase over genes
encoding inactivated enzyme (del_pD). According to
selection scheme (FIG 12) incorporation reaction of
biotin-dUTP should occur 



only in aqueous compartments containing active
(MLV_D583N_pD) reverse transcriptase resulting in
biotinylation of mRNA/dsDNA complex. DNA dependent DNA
polymerase is selected by binding of the biotinylated
complex to streptavidin immobilized on magnetic beads,
and then the selected gene is amplified by RT-PCR.
Genes encoding active enzyme (in our case RT-PCR
fragment for MLV_D583N_pD reverse transcriptase) were
enriched over genes encoding inactive enzyme (FIG 15).
Initial ratio of genes MLV_D583N_pD:del_pD was 1:20
and final ratio (after enrichment) was ~1:1.
Respectively an enrichment factor in this particular
experiment was ~20 folds. Enrichment factors
calculated from different experiments varied in range
from 5 to 200. And it was confirmed that DNA dependent
DNA polymerase could be selected for modified
nucleotide incorporation applying
CompartmentalizedRibosome Display (CRD) method.
Selection of conventional DNA dependent DNA
polymerases can be performed straight away.
Biotin-dUTP can be exchanged to different nucleotide
analogues of interest including nucleotide analogues
having 3' modifications. After the incorporation of
such nucleotide analogues into DNA strand 3' end is
blocked, can't be extended and elongation reaction
will be terminated. This approach is used in
sequencing by synthesis (SBS) scheme and DNA
polymerase suitable for SBS can be easily evolved
using compartmentalized ribosome display (CRD)
technique.Method of displaying market data when
applying a mark-up to net fares FIELD OF THE INVENTION
The present invention relates generally to the
publishing and distribution of air fares and more
specifically to a method to mark-up negotiated fares.
BACKGROUND OF THE INVENTION The airline tariff
publishing company (ATPCO) is an organization owned by
a number of domestic and international airlines that
collects and distributes the latest airfares of most
airlines around the world on a multi-daily basis.
ATPCO provides fare data in an electronic form
suitable for computer processing including all the
rules associated with those fares. Fares and rules
provided by airlines and coded by ATPCO are
electronically transmitted to the affiliated companies
including the global distribution systems or GDSs that
serve all the actors of the travel industry around the
world and more specifically airlines and travel
agencies. Such a GDS is for example AMADEUS, a
European travel service provider with headquarters in
Madrid, Spain. An airline fare received from ATPCO
includes among other things:- A fare record which
consists of an origin and destination, a fare amount,
a routing number. . . - The rules governing the
restrictions applicable to a fare such as
minimum/maximum stay, day of the week (ATPCO record 1,
record 2, record 3, etc.). - Any additional rule
restrictions specific to the fare and referred to as
footnotes. - The general rules, i.e., the additional
rule restrictions applicable to many fares. - A
routing map including the allowable cities between the
origin and destination. A fare distributed by ATPCO
belongs to one of the following types: - A public
fare, i.e., a fare filed by an airline at a published
tariff, also known as a published fare. This type of
fares is distributed to all GDSs. - A private fare is
a fare filed by an airline with limited use. It is
generally a 'selling fare' with no updates or
redistribution permitted by sellers. A private fare is
distributed to selected GDSs and secured under ATPCO
category 15 (CAT 15) rules. - A negotiated fare is a
subset of a private fare with limited distribution and
conditions unique to the seller. They are distributed
using ATPCO negotiated fares rule category 35 (CAT
35). - A net fare is the net amount due to the airline
from the seller. - A sell fare is the fare amount the
passenger pays to the seller. It is obtained by adding
an amount or percentage, i.e., a mark-up, to the
corresponding net fare. Since their introduction by
ATPCO as an integral part of their automated process
to collect and distribute fares and fare-related data,
negotiated fares have been largely adopted by airlines
and travel service providers. They now represent a
very significant part of all fares produced by
airlines. It is worth noting here that ATPCO is not
actually the only provider of negotiated fares.
Airfare providers like consolidators may use their own
tools and means (software tools and specialized
graphic user interfaces) to createand distribute
negotiated fares directly to the GDSs. GDSs themselves
have possibly their own proprietary tools to let third
party airfare providers create negotiated fares too.
However, whichever channel is actually used to create
and distribute negotiated fares, their structure still
adhere in all cases to the fares and rules structure
set by ATPCO even though the electronic distribution
process can possibly take other forms such as of being
distributed in the form of XML (extended markup
language) files to the GDSs. In a very competitive
environment, airlines must reduce their operating
costs to stay profitable or just to survive. To help
achieving this objective all major airlines have among
other things drastically reduced the commissions paid
to travel agencies when they are not already
practicing a 'zero based travel agency commission'
policy. While travel agencies have long been used to
rely only on commissions paid by airlines on each sold
ticket to secure a significant part of their gross
income, they have now to find new sources of revenue.
To this end, negotiated fares, i.e.: ATPCO category 35
fares are convenient both to airlines and sellers of
airline tickets such as the travel agencies. Indeed
they allow the airlines to sell their seat inventory
at guaranteed net amounts through an automated and
secured single point of distribution (ATPCO), and
possibly, as noted above, through third parties or
consolidators buying tickets in bulk. Even though
negotiated fares are lower than published fares they
contribute to secure airlines revenues. Also, the use
of negotiated fares let seller add a mark up to the
net amount due to the airline or fare provider so that
travel agency businesses can remain profitable.
Although sell fares are thus higher than net fares
they remain generally below the published fares
publicly advertised thus are still competitive for the
end-customer. Hence, if negotiated fares are
commercially attractive both to airlines and travel
agencies it remains that the establishment of air
fares in general is a very complex matter subject to
the application of a plethora of rules to obtain a
validated fare. At this point of view, the
introduction of negotiated fares by ATPCO has not
eased whatsoever this problem since the rules attached
to those fares (not publicly advertised) become
specific to a seller: a consolidator, a travel service
provider, a network of travel agencies or a specific
branchoffice. Because all have then the freedom of
adding their own mark-ups and restrictions that must
however still comply with the rules attached to the
net fares by their issuers, e.g., the airlines, this
further contributes to the complexity of the overall
fare generation process. While the distribution of
airline fares has been gradually automated over the
years, following the development of the commercial
aviation, the complexity of the fare structure put in
place by ATPCO still renders full automation
difficult. In the field of negotiated fares the
mark-up of net fares by the sellers remains
problematic essentially because the fare amounts and
all the rules attached to the fares originally issued
by the airlines dispersed in various data entities
(records, tables, etc.) are not readily made available
to them at that time. Sellers have then generally to
go through a cut-and-try process, e.g., using a fare
quote application, to check and determine what level
of mark-up is acceptable over the net fares. It is
therefore a general object of the invention to further
automate and simplify the issuance of selling fares.
In particular, it is an object of the invention to
permit sellers, when adding a mark-up and, possibly,
further restrictions to the net fares (i.e., ATPCO
category 35 fares ) , to acquire a full knowledge of
all the data originally attached to them by their
issuers (e.g., the airlines) so that sellers (e.g.,
the travel agencies) can make informed decisions on
the level of the mark-ups to apply and on the possible
further restrictions to attach to their final selling
fares, i.e., the fares paid by the customers. Further
objects, features and advantages of the present
invention will become apparent to the ones skilled in
the art upon examination of the following description
in reference to the accompanying drawings. It is
intended that any additional advantages be
incorporated herein. SUMMARY OF THE INVENTION The
invention describes a method of applying a mark-up to
a net fare from an agency selling record received by a
selling updater, and referring to the net fare. Upon
request of the selling updater the method includes
enabling the display of market data corresponding to
the agency selling record. The display of market data
includes first requesting a list of city pairs to be
built on the basisof default search criteria. The city
pairs matching the default search criteria are then
retrieved from a fares database and returned to the
selling updater. After the selling updater has
selected some or all city pairs of the list a list of
net fares is further requested then retrieved from the
fares database. Rule records for the retrieved net
fares are also retrieved from a rules database.
Retrieved net fares and rule records are associated
and returned to the selling updater to be further
associated with each matching item of the agency
selling record. The invention also describes a client
application to mark-up and distribute net fares
including a graphical user interface (GUI), wherein
the GUI is adapted to allow an end-user of the client
system to request a display of market data
corresponding to an agency selling record; the GUI
further including: means adapted for first requesting
a display of a list of city pairs; means adapted for
selecting some or all city pairs of the list; means
adapted for further requesting a display of a list of
net fares; and, means adapted for further filtering
the display of the list of net fares. BRIEF
DESCRIPTION OF THE DRAWINGS FIG. 1 describes the life
cycle of a negotiated fare. FIG. 2 describes the
overall environment in which the invention is
operated. FIG. 3 further discusses the problem solved
by the invention. FIG. 4 shows the steps of the method
to retrieve the market data corresponding to a selling
fare. FIG. 5a to 5e further describe the steps of the
method to retrieve the market data. FIG. 6 shows
exemplary windows displayed by the client application
of the mark-up and distribution module. DETAILED
DESCRIPTION The following detailed description of the
invention refers to the accompanying drawings. While
the description includes exemplary embodiments, other
embodiments are possible, and changes may be made to 



the embodiments described without departing from the
spirit and scope of the invention.In the following
detailed description of the invention the term 'net
fare' broadly refers to the category of fares that are
negotiated between airlines and other fare providers
and a particular distribution channel. For this
category of air fares, end-sellers are authorized to
add a mark-up so that the sale amount is higher than
the net amount due to the fare provider. FIG. 1
describes the life cycle of a negotiated fare. Fares
are generated by airlines (100) and other fare
providers. A negotiated fare results of an agreement
between a fare provider and a particular distributor,
e.g., a network of travel agencies or even a
particular branch office. A fare provider can be a
consolidator, i.e., any travel service business buying
seats from airlines in bulk. The terms and conditions
of the agreement translates in amounts and rules
attached to the negotiated fare which are either
communicated to ATPCO which acts as a point of
distribution for the fares published by most airlines
in the world or possibly coded with proprietary tools
and forwarded directly to GDDs. Also, GDSs may have
their own tools to let third party fare providers code
their negotiated fare. ATPCO codes ( 1 10) all the
communicated information in its standard data
structure made of numerous records and tables, a
simplified example of which is shown (120). This
includes an 'agency selling record' or 'table 980' (
122) which is mainly destined to the travel agencies
in charge of selling the corresponding fare. If coded
through an alternate channel ( 115) the fare data
structure used still adhere to the data structure set
by ATPCO (120) though. Once coded, the fare
information is electronically transmitted to the GDSs
( 130). Transmission by ATPCO of the new coded fares
occurs on a multidaily basis so that new fares can be
used immediately. This includes the negotiated fares
or category 35 fares to which the invention apply.
They are imbedded by GDSs into their reservation
system so that their affiliated travel agencies can
start using them. Obviously, since category 35 fares
result of an agreement between an airline or an
alternate fare provider and a particular distributor
only the agencies of the distribution channel are
authorized to use them. They are thus allowed to
mark-up the net fares (140) before starting to
actually offer and sell the corresponding fares to
their customers.FIG. 2 describes the overall
environment in which the invention is operated. The
publishing and distribution of the air fares generated
by the airlines and other fare providers is done in a
highly computerized and networking environment. Data
exchanges between the various parties involved are
possibly achieved by enabling all modern standard
communication means and protocols over any combination
of private and public networks (200) including what is
broadly referred to as the Internet. GDSs are setting
up large computing and storing resources (21 0) to
serve their affiliated customers including the
traditional travel agencies (240). Travel agencies are
either individual travel agencies or branch offices of
larger travel service providers that however all use,
directly or through their headquarter computing
resources, the booking, reservation and pricing tools
(fare quote) of the GDS(s) to which they are
affiliated. As already discussed in the background
section ATPCO is the main point of distribution for
the fares generated by most of the airlines in the
world. ATPCO also implements large computerized and
communication means (230) to be able of handling the
new fares that are constantly generated by the
airlines along with their distribution to the GDSs.
All the travel service providers and other
participants to the distribution of fares (i.e.,
airlines, consolidators, etc.) also generally carry
out their own computing resources often under the form
of large travel sites possibly serving individual
customers and that can be also remotely controlled by
authorized agents and operators (250). Those sites,
essentially using the most spread application of the
Internet, i.e., the world-wide-web or web, set up web
servers (220) that are made remotely accessible
through the Internet to customers and agents (250)
using any of the available web navigator or browser,
the standard web client application, on their personal
computer or terminal equipment. FIG. 3 further
discusses the problem solved by the invention. The
negotiated fares are created under the form of net
fares (320) by a net updater, e.g., an authorized
agent of an airline company or fare provider (31 0).
Net fares include the fares information (330) and
distribution restrictionsso that only those of the
sellers concerned by the negotiated agreement receive
the net fares. As already discussed, airline fares are
mainly distributed through ATPCO. Other distribution
channels exist including the possibility to file
directly into the GDS system. The selling updater
(350) is an authorized agent, e.g., at headquarter of
a large travel service provider using the resources
and services provided by the GDS to which they are
affiliated. Agent is responsible to mark-up (360) the
distributed net fares for all the affiliated
individual travel agencies and branch offices which
are going to propose the fare at a higher sell price
to their customers. To do so, the selling updater who
receives a new net fare in the form of an agency
selling record (also called table 980) previously
shown in FIG. 1, is however only made aware of the
rules information (370) attached to the new fare by
the net updater. Selling updater has no other
knowledge of the fares generated by the net updater
that were negotiated between an airline or a fare
provider and the particular distribution channel
considered (other than the documents possibly
exchanged while the agreement was discussed and that
the selling updater may have keep track of: paper
documents, faxes, E-mails, etc). Indeed, ATPCO data
structure has two distinct domains: the fares and the
rules which are associated thanks to a rule number.
However, a single rule number can be referenced by
thousands of fares. It is thus the purpose of the
invention to retrieve (360) from the appropriate ATPCO
records that are transmitted and updated in the GDS
computing resources on a multi-daily basis the fares
information (330), i.e., the market data corresponding
to the new or updated net fares. Knowing the market
for which fare was generated, and all the rules
attached to it by the net updater, the selling updater
(350) is then in a much better position to mark-up the
received net fares. Especially, the selling updater
has not to go through a cut-and-try process to obtain
the selling price. In a typical implementation of the
invention the selling updater is running the client
side of a mark-up & distribution software module (355)
whose server side is run either directly from a GDS
(21 0) or a separate server (220) ina computing and
networking environment as shown in FIG. 2 . The market
display function giving access to the market data is
part of the mark-up and distribution software module
which is enabled through a standard graphic user
interface (GUI) whose exemplary windows are shown in
FIG. 6 . FIG. 4 shows the steps of the method to
retrieve the market data corresponding to a net fare.
Through the GUI (402) of the mark-up and distribution
client application shown in FIG. 3 a selling updater
(400) can thus mark-up and update the net fares and
distribute the selling amounts to the selling points
of which updater is in charge. The market display
function is a help to the selling updater as it can
show the net fares forwarded by the net updater on the
basis of the sequence number of the agency selling
record associated with each net fare. Invoking the
market display function is done on demand by the
selling updater. The request (41 0) is processed
immediately by the mark-up and distribution
application however in two steps, as further discussed
in the following, to be able to handle the large
amounts of data that the request may potentially
involve. No batch or deferred process is needed
though. In response to the market display request (41
0) the selling updater is proposed a set of default
search criteria (41 2) that are possibly narrowed to
further reduce the amount of data to be retrieved
(414). They are based on the restrictions already
filled by the net updater in the corresponding records
of the ATPCO data structure (i.e., record 2, table
979). Criteria include fare class, geography
(locations 1 and 2) and directionality. Then, the
selling updater can request (420) the whole list of
markets, i.e., the city pairs involved (those for
which a fare record has been created). The request to
retrieve the list of city pairs (422) is handled by
the standard fare quote system of the GDS (404). The
city pairs are retrieved from the GDS fares database
(406) on the basis of the fares keys (424) and
filtered according to the criteria selected at
previous step (414). Fare quote detects the city pairs
that have been recently updated (426). Fare quote
system possibly restricts the list of city pairs (428)
before returning it to the selling updater (430) if
too many of them have to be displayed.Once the list is
viewable on the GUI (432) the selling updater can then
perform a choice of city pairs (434) for which the net
fares are eventually requested (440). The request to
retrieve the corresponding net fares are forwarded
(442) to the GDS fare quote system (404) which
retrieves them from the fares database (444). When the
fare quote system has got the net fares it must also
retrieves (450) the corresponding rules that were
attached by the net updater, i.e., the corresponding
ATPCO records (Record 1) from the rules database (408)
so that net fares and ATPCO records can be associated
(452). Also the list is restricted if too many net
fares have been retrieved before it is returned to the
GUI (456). Finally, on the client side of the mark-up
and distribution module each net fare is associated
with the items of the agency selling record (table
980) that match the fare (458). The items include:
geography, directionality, fare class, day of week,
effective date, discontinue date, etc. Once done, the
market data associated to the agency selling record
are displayed to the selling updater (460). In the
market display interface net fares with no selling
amount yet specified are highlighted and are thus
easily identifiable. Also, the net fares having had
some of their characteristics changed since the last
update of the agency selling record are highlighted
too. Moreover, pieces of information associated to the
net fare in the record 1 are also displayed,
including: fare type code, season type, day of week
and prime booking codes. Finally, the market display
interface permits the user to restrict the view on
specific geographic zones and fare classes. Thus,
obtaining a comprehensive market display, the selling
updater is in a position to enter in the agency
selling record a selling amount well adapted to the
city pairs and market considered. The selling amount
can be obtained, e.g., by adding a fixed amount or a
percentage to the net fare amount while 



specifying other constraints such as a passenger type
code (PTC) or a validity period. FIG. 5a to 5e further
describe the steps of the method to retrieve the
market data.FIG. 5a shows the different steps followed
by the process that retrieves the list of city pairs
associated to the owner, carrier, tariff number and
rule matching with the geography and fare class
specified in the search criteria. The process starts
(510) from an agency selling record, i.e., a table
980. Controls are first performed (51 2) to check the
consistency of the possible changes made by the
selling updater to narrow the search criteria. On the
basis of the ID of the table 980, the owner ID, the
carrier, the tariff number and the rule can then be
easily retrieved (514) from background data stored in
the client environment. The owner ID, carrier, tariff
number and rule are used as entry keys to the fares
database to retrieve the list of fare class and city
pairs (51 6). Those matching the fare class and the
geographic search criteria are further filtered (51
8). The update date time of each city pair fare class
is also retrieved in order to detect those that have
been modified since the last update of the table 980.
FIG. 5b shows how city pairs candidate for update are
detected. This process detects, for each fare class
city pair (524), if it has been updated after the last
update of the table 980 currently in use (527). The
process is preferably executed on the server side of
the application after the list of city pairs fare
class and the creation date and time of the table 980
have been retrieved (520, 522). The process loops
(526) until all city pairs have been gone through
(525). A flag indicating that fare has changed since
table was created is set accordingly (528). FIG 5c
describes the process that retrieves the matching net
fares for the selected list of city pairs. The process
starts from the list of fare class and city pairs
selected by the net updater (530). It loops (531 )
until all fare class and city pairs have been gone
through. Purpose of the loop is to retrieve (532) the
record 1 data associated to the owner ID, carrier,
tariff number, rule fare class, etc. A record 1
includes items such as: two locations (loci and Ioc2,
e.g., a departure and an arrival city or other
geographies), routing information (one-way,
stop-over), some dates (effective and discontinue
dates), fare type code, season type, day of week,
etc.For each loop (531 ) the matching fares are
retrieved (533) from the fares database shown in FIG.
4 until all fare families (identified by currency
codes) are gone through (534). Directionality (535)
and fare family fields (536) are matched against
record 2 family fields including: directionality,
oneway/ return, footnote 1 and 2, routing, currency.
The next step (537) that merges fares and record 1
that match with record 2 data is detailed in FIG. 5d.
Then, a filtering of dates is carried out at step
(538). Because fares and record 1 have their own
evolution over time (fares and constraints change at
specified dates) only the dates matching with the
record 2 are kept. All remaining fares are added to
the list of retrieved net fares (539). FIG. 5d shows
details of step (537) from previous figure which is
aimed at merging fares and record 1. First, this step
first searches among the record 1 families (540) the
one that matches (541 ) with the fare currently
considered. Matching is done on the basis of following
fields: locations 1 and 2, one-way/round trip,
footnote and routing. Then, for the record 1 retained,
each evolution of the record 1 (542) which matches
with the fare type code, season type and day of week
fields of the record 2 sequence is kept (543). All
others are removed (544). After which, the evolutions
of the association fare-record 1 are actually built by
merging the evolutions of the fare with the evolutions
of the record 1 while keeping the information of the
record 1 that needs to be send back to the client
(545). FIG. 5e describes the association of net fares
with the items of the current table 980. This process
is performed on the client side of the mark-up and
distribution application. Each net fare (550) that has
been retained as a result of the execution of the
previous selection process is compared to each item
(552) of the current table 980. The process ends when
all net fares have been exhaustively compared to each
item of the table 980. Matching with the items of the
table 980 (554) is performed on following fields:
locations 1 and 2, directionality, fareclass, season
type, day of week, fare type code, currency and dates.
Net fares that match are associated with the
corresponding table 980 item (556). FIG. 6 shows
exemplary windows displayed by the client application
of the mark-up and distribution module. In the entry
window of the application (600) the agency selling
records (table 980) to be reviewed are identified with
a sequence number (61 0). For each of them the selling
updater may request the application to retrieve and
display the corresponding market by clicking on the
appropriate button (620). Then, window is updated with
a proposed default set of search criteria (630) as
discussed in FIG. 4 . Optionally, the selling updater
can change them to narrow the search (restrict market)
in order to limit the amount of data to be retrieved.
In the example of FIG. 6 the default market to search
is between London (UK) and Australia, for both
directions in full-fare economy class (Y). Then, upon
request of the selling updater, the list of city pairs
concerned are retrieved, as explained in FIG. 4 and
FIG. 5a, and displayed (640). In this example all city
pairs from London to Australian cities are listed by
their IATA (international air transport association)
codes, e.g.: LON for LONDON, SYD for Sydney, etc. From
this window (640) all city pairs that the selling
updater does not want to consider can be optionally
deselected to further limit the amount of net fares to
retrieve. Once done, the selling updater can finally
request (650) the display of the net fares
corresponding to the market addressed by the agency
selling record considered (660). Display includes all
the necessary information (rules, restrictions, etc.)
so that the selling updater can proceed and mark-up
the net fare. Optionally, the selling updater can also
request a further filtering of the displayed market
data by entering options among a predetermined list of
filtering options (665).WHAT IS CLAIMED IS: 1. A
method of applying a mark-up to net fares from agency
selling records ( 122) received by a selling updater
(400) and referring to the net fares, the method
characterized in that it includes: upon request of the
selling updater (41 0), enabling the display of market
data corresponding to the agency selling record, the
enabling step further comprising: first requesting a
list of city pairs (420) to be built on the basis of
default search criteria; retrieving from a fares
database (406) city pairs matching the default search
criteria (424); and, returning to the selling updater
the requested list of city pairs (432); after the
selling updater has selected some or all city pairs of
the list (434), further requesting a list of net fares
for the selected city pairs (440); retrieving from the
fares database net fares for the selected city pairs
(444); retrieving from a rules database (450) rule
records for the retrieved net fares; associating the
rule records with the retrieved net fares (452);
returning to the selling updater the requested list of
net fares associated with the rule records (456); and,
further associating the net fares and the rule records
that match with each item of the agency selling record
(458); thereby, allowing the display of the requested
market data (480) that permits the selling updater to
decide on what mark-up to apply on the net fares.2 .
The method of claim 1 wherein the default search
criteria include: a fare class, a first location and a
second location (41 2). 3 . The method of claim 1 or 2
wherein the default criteria are possibly narrowed by
the selling updater (414). 4 . The method of claim 1
wherein the step of retrieving city pairs further
includes detecting city pairs recently updated (426).
5 . The method of claim 1 wherein the step of
retrieving city pairs further includes restricting
city pairs to be added to the list retrieved city
pairs (428). 6 . The method of claim 1 wherein the
step of retrieving net fares further includes
restricting net fares to be added to the list of
retrieved net fares (454). 7 . The method of claim 1
and claim 4 wherein the display of market data for
city pairs recently updated is highlighted. 8 . The
method of claim 1 wherein the display of market data
is optionally further filtered (665). 9 . The method
of claim 8 wherein the optional filtering of the
displayed market data is made on the basis of a
predetermined set of filtering options to be filled by
the selling updater (665). 10 . A client application
(355) of a computer program product stored on a
computer readable storage medium, comprising computer
readable code means for causing at least one computer
(240, 250) to operate the method of applying a mark-up
to a net fare according to any one of the claims 1 to
9 . 11. The client application of claim 10 including a
graphical user interface (GUI), wherein the GUI is
adapted to allow an end-user of the client application
to request a display of market data (620)
corresponding to an agency selling record (61 0); the
GUI further including: means adapted for first
requesting a display of a list of city pairs (630);
means adapted for selecting some or all city pairs of
the list (640); means adapted for further requesting a
display of a list of net fares (650); and, means
adapted for further filtering the display of the list
of net fares (665). 12 . A server application of a
computer program product stored on a computer readable
storage medium, comprising computer readable code
means for causing at least one computer (220, 2 10) to
operate the method of applying a mark-up to a net fare
according to any one of the claims 1 to 9 . 


