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(57) ABSTRACT 

We describe a method of selecting an enzyme having repli 
case activity, the method comprising the steps of: (a) provid 
ing a pool of nucleic acids comprising members each encod 
ing a replicase or a variant of the replicase; (b) subdividing the 
pool of nucleic acids into compartments, such that each com 
partment comprises a nucleic acid member of the pool 
together With the replicase or variant encoded by the nucleic 
acid member; (0) alloWing nucleic acid replication to occur; 
and (d) detecting ampli?cation of the nucleic acid member by 
the replicase. Methods for selecting agents capable of modu 
lating replicase activity, and for selecting interacting 
polypeptides are also disclosed. 
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METHODS OF INCREASING THE 
CONCENTRATION OF A NUCLEIC ACID 

[0001] This application is a divisional of US. utility appli 
cation Ser. No. 10/387,387, ?led Mar. 13, 2003, Which is a 
continuation-in-part of international application PCT/GB01/ 
04108, ?led Sep. 13, 2001, Which claims the priority of each 
of Great Britain application GB 0022458.4, ?led Sep. 13, 
2000, US. provisional application 60/283 ,77 1, ?led Apr. 13, 
2001 and US. provisional application 60/285,501, ?led Apr. 
20, 2001 . Each of these priority documents is expressly incor 
porated herein in its entirety, including tables and draWings. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods for use in 
in vitro evolution of molecular libraries. In particular, the 
present invention relates to methods of selecting nucleic acids 
encoding gene products in Which the nucleic acid and the 
activity of the encoded gene product are linked by compart 
mentalisation. 

BACKGROUND TO THE INVENTION 

[0003] Evolution requires the generation of genetic diver 
sity (diversity in nucleic acid) folloWed by the selection of 
those nucleic acids Which encode bene?cial characteristics. 
Because the activity of the nucleic acids and their encoded 
gene product are physically linked in biological organisms 
(the nucleic acids encoding the molecular blueprint of the 
cells in Which they are con?ned), alterations in the genotype 
resulting in an adaptive change(s) of phenotype produce ben 
e?ts for the organism resulting in increased survival and 
offspring. Multiple rounds of mutation and selection can thus 
result in the progressive enrichment of organisms (and the 
encoding genotype) With increasing adaptation to a given 
selection condition. Systems for rapid evolution of nucleic 
acids or proteins in vitro must mimic this process at the 
molecular level in that the nucleic acid and the activity of the 
encoded gene product must be linked and the activity of the 
gene product must be selectable. 
[0004] In vitro selection technologies are a rapidly expand 
ing ?eld and often prove more poWerful than rational design 
to obtain biopolymers With desired properties. In the past 
decade selection experiments, using eg phage display or 
SELEX technologies have yielded many novel polynucle 
otide and polypeptide ligands. Selection for catalysis has 
proved harder. Strategies have included binding of transition 
state analogues, covalent linkage to suicide inhibitors, prox 
imity coupling and covalent product linkage. Although these 
approaches focus only on a particular part of the enzymatic 
cycle, there have been some successes. Ultimately hoWever it 
Would be desirable to select directly for catalytic turnover. 
Indeed, simple screening for catalytic turnover of fairly small 
mutant libraries has been rather more successful than the 
various selection approaches and has yielded some catalysts 
With greatly improved catalytic rates. 
[0005] While polymerases are a prerequisite for technolo 
gies that de?ne molecular biology, i.e. site-directed mutagen 
esis, cDNA cloning and in particular Sanger sequencing and 
PCR, they often suffer from serious shortcomings due to the 
fact that they are made to perform tasks for Which nature has 
not optimized them. FeW attempts appear to have been made 
to improve the properties of polymerases available from 
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nature and to tailor them for speci?c applications by protein 
engineering. Technical advances have been largely periph 
eral, and include the use of polymerases from a Wider range of 
organisms, buffer and additive systems as Well as enzyme 
blends. 

[0006] Attempts to improve the properties of polymerases 
have traditionally relied on protein engineering. For example, 
variants of Taq polymerase (for example, Stoffel fragment 
and Klentaq) have been generated by full or partial deletion of 
its 5'-3' exonuclease domain and shoW improved thermosta 
bility and ?delity although at the cost of reduced processivity 
(Barnes 1992, Gene 112, 29-35, LaWyer et al., 1993, PCR 
Methods and Applications 2, 275). In addition, the availabil 
ity of high-resolution structures for proteins has alloWed the 
rational design of mutants With improved properties (for 
example, Taq mutants With improved properties of dideoxy 
nucleotide incorporation for cycle sequencing, Li et al., 1999, 
Proc. Natl. Acad. Sci. USA 96, 9491). In vivo genetic 
approaches have also been used for protein design, for 
example by complementation of a polA strain to select for 
active polymerases from repertoires of mutant polymerases 
(Suzuki et al., 1996 Proc. Natl. Acad. Sci. USA 93, 9670). 
HoWever, the genetic complementation approach is limited in 
the properties that can be selected for. 
[0007] Recent advances in molecular biology have alloWed 
some molecules to be co-selected in vitro according to their 
properties along With the nucleic acids that encode them. The 
selected nucleic acids can subsequently be cloned for further 
analysis or use, or subjected to additional rounds of mutation 
and selection. Common to these methods is the establishment 
of large libraries of nucleic acids. Molecules having the 
desired characteristics (activity) can be isolated through 
selection regimes that select for the desired activity of the 
encoded gene product, such as a desired biochemical or bio 
logical activity, for example binding activity. 
[0008] WO99/02671 describes a method for isolating one 
or more genetic elements encoding a gene product having a 
desired activity. Genetic elements are ?rst compartmentalised 
into microcapsules, and then transcribed and/ or translated to 
produce their respective gene products (RNA or protein) 
Within the microcap sules. Alternatively, the genetic elements 
are contained Within a host cell in Which transcription and/or 
translation (expression) of the gene product takes place and 
the host cells are ?rst compartmentalised into microcapsules. 
Genetic elements Which produce gene product having desired 
activity are subsequently sorted. The method described in 
WO99/02671 relies on the gene product catalytically modi 
fying the microcapsule or the genetic element (or both), so 
that enrichment of the modi?ed entity or entities enables 
selection of the desired activity. 

SUMMARY OF THE INVENTION 

[0009] According to a ?rst aspect of the present invention, 
We provide a method of selecting a nucleic acid-processing 
(NAP) enzyme, the method comprising the steps of: (a) pro 
viding a pool of nucleic acids comprising members encoding 
a NAP enzyme or a variant of the NAP enzyme; (b) subdi 
viding the pool of nucleic acids into compartments, such that 
each compartment comprises a nucleic acid member of the 
pool together With the NAP enzyme or variant encoded by the 
nucleic acid member; (c) alloWing nucleic acid processing to 
occur; and (d) detecting processing of the nucleic acid mem 
ber by the NAP enzyme. 
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[0010] There is provided, according to a second aspect of 
the present invention, a method of selecting an agent capable 
of modifying the activity of a NAP enzyme, the method 
comprising the steps of: (a) providing a NAP enzyme; (b) 
providing a pool of nucleic acids comprising members encod 
ing one or more candidate agents; (c) subdividing the pool of 
nucleic acids into compartments, such that each compartment 
comprises a nucleic acid member of the pool, the agent 
encoded by the nucleic acid member, and the NAP enzyme; 
and (d) detecting processing of the nucleic acid member by 
the NAP enzyme. 

[0011] Preferably, the agent is a promoter of NAP enzyme 
activity. The agent may be an enzyme, preferably a kinase or 
a phosphorylase, Which is capable of acting on the NAP 
enzyme to modify its activity. The agent may be a chaperone 
involved in the folding or assembly of the NAR enzyme or 
required for the maintenance of replicase function (eg 
telomerase, HSP 90). Alternatively, the agent may be a 
polypeptide or polynucleotide involved in a metabolic path 
Way, the pathWay having as an end product a substrate Which 
is involved in a replication reaction. The agent may moreover 
be any enzyme Which is capable of catalysing a reaction that 
modi?es an inhibiting agent (natural or unnatural) of the NAP 
enzyme in such a Way as to reduce or abolish its inhibiting 
activity. Finally the agent may promote NAP activity in a 
non-catalytic Way, e. g. by association With the NAP enzyme 
or its substrate etc. (e.g. processivity factors in the case of 
DNA polymerases, e.g. T7 DNA polymerase & thioredoxin). 
[0012] We provide, according to a third aspect of the 
present invention, a method of selecting a pair of polypeptides 
capable of stable interaction, the method comprising: (a) pro 
viding a ?rst nucleic acid and a second nucleic acid, the ?rst 
nucleic acid encoding a ?rst fusion protein comprising a ?rst 
subdomain of a NAP enzyme fused to a ?rst polypeptide, the 
second nucleic acid encoding a second fusion protein com 
prising a second subdomain of a NAP enzyme fused to a 
second polypeptide; in Which stable interaction of the ?rst 
and second NAP enzyme subdomains generates NAP enzyme 
activity, and in Which at least one of the ?rst and second 
nucleic acids is provided in the form of a pool of nucleic acids 
encoding variants of the respective ?rst and/or second 
polypeptide(s); (b) subdividing the pool or pools of nucleic 
acids into compartments, such that each compartment com 
prises a ?rst nucleic acid and a second nucleic acid together 
With respective fusion proteins encoded by the ?rst and sec 
ond nucleic acids; (c) alloWing the ?rst polypeptide to bind to 
the second polypeptide, such that binding of the ?rst and 
second polypeptides leads to stable interaction of the NAP 
enzyme subdomains to generate NAP enzyme activity; and 
(d) detecting processing of at least one of the ?rst and second 
nucleic acids by the NAP enzyme. 

[0013] Moreover, the NAP enzyme domains referred to in 
(a) above may be replaced With domains of a polypeptide 
capable of modifying the activity of NAP enzymes, as dis 
cussed in the second aspect of the present invention, and NAP 
enzyme activity used to select such modifying polypeptides 
having desired properties. 
[0014] Preferably, each of the ?rst and second nucleic acids 
is provided from a pool of nucleic acids. 

[0015] Preferably, the ?rst and second nucleic acids are 
linked either covalently (eg as part of the same template 
molecule) or non-covalently (eg by tethering onto beads 
etc.). 
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[0016] NAP enzymes may for example be polypeptide or 
ribonucleic acid enzyme molecules. In a highly preferred 
embodiment, the NAP enzyme according to the invention is a 
replicase enzyme, i.e. an enzyme, Which is capable of ampli 
fying nucleic acid from a template, such as for example a 
polymerase enzyme (or ligase). The invention is described 
herein beloW With speci?c reference to replicases; hoWever, it 
Will be understood by those skilled in the art that the invention 
is equally applicable to other NAP enzymes, such as telom 
erases and helicases, as further set out beloW, Which process 
nucleic acids in Ways not limited to ampli?cation but Which 
are nevertheless selectable by detecting nucleic acid ampli? 
cation, i.e. Which promote replication indirectly. 
[0017] In a preferred embodiment of the invention, ampli 
?cation of the nucleic acid results from more than one round 
of nucleic acid replication. Preferably, the ampli?cation of 
the nucleic acid is an exponential ampli?cation. 
[0018] The ampli?cation reaction is preferably selected 
from the folloWing: a polymerase chain reaction (PCR), a 
reverse transcriptase-polymerase chain reaction (RT-PCR), a 
nested PCR, a ligase chain reaction (LCR), a transcription 
based ampli?cation system (TAS), a self-sustaining sequence 
replication (3SR), NASBA, a transcription-mediated ampli 
?cation reaction (TMA), and a strand-displacement ampli? 
cation (SDA). 
[0019] In a highly preferred embodiment, the post-ampli 
?cation copy number of the nucleic acid member is substan 
tially proportional to the activity of the replicase, the activity 
of a requisite agent, or the binding af?nity and/or binding 
kinetics of the ?rst and second polypeptides. 
[0020] Nucleic acid replication may be detected by assay 
ing the copy number of the nucleic acid member. Altema 
tively, or in addition, nucleic acid replication may be detected 
by determining the activity of a polypeptide encoded by the 
nucleic acid member. 

[0021] In a highly preferred embodiment, the conditions in 
the compartment are adjusted to select for a replicase or agent 
active under such conditions, or a pair of polypeptides 
capable of stable interaction under such conditions. 

[0022] The replicase preferably has polymerase, reverse 
transcriptase or ligase activity. 
[0023] The polypeptide may be provided from the nucleic 
acid by in vitro transcription and translation. Alternatively, 
the polypeptide may be provided from the nucleic acid in vivo 
in an expression host. 

[0024] In a preferred embodiment, the compartments con 
sist of the encapsulated aqueous component of a Water-in-oil 
emulsion. The Water-in-oil emulsion is preferably produced 
by emulsifying an aqueous phase With an oil phase in the 
presence of a surfactant comprising 4.5% v/v Span 80, 0.4% 
v/v TWeen 80 and 0.1% v/v Triton X100, or a surfactant 
comprising Span 80, TWeen 80 and Triton X100 in substan 
tially the same proportions. Preferably, the Water:oil phase 
ratio is 1:2, Which leads to adequate droplet size. Such emul 
sions have a higher thermal stability than more oil-rich emul 
sions. 

[0025] As a fourth aspect of the present invention, there is 
provided a replicase enzyme identi?ed by a method accord 
ing to any preceding claim. Preferably, the replicase enzyme 
has a greater thermostability than a corresponding unselected 
enzyme. More preferably, the replicase enzyme is a Taq poly 
merase having more than 10 times increased half-life at 97.50 
C. When compared to Wild-type Taq polymerase. 
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[0026] The replicase enzyme may have a greater tolerance 
to heparin than a corresponding unselected enzyme. Prefer 
ably, the replicase enzyme is a Taq polymerase active at a 
concentration of 0.083 units/ [1.1 or more of heparin. 
[0027] The replicase enzyme may be capable of extending 
a primer having a 3' mismatch. Preferably, the 3' mismatch is 
a 3 purine-purine mismatch or a 3' pyrimidine-pyrimidine 
mismatch. More preferably, the 3' mismatch is an A-G mis 
match or the 3' mismatch is a CiC mismatch. 

[0028] We provide, according to a ?fth aspect of the present 
invention, a Taq polymerase mutant comprising the mutations 
(amino acid substitutions): F73S, R205K, K219E, M236T, 
E434D and A608V. 
[0029] The present invention, in a sixth aspect, provides a 
Taq polymerase mutant comprising the mutations (amino 
acid substitutions): K225E, E388V, K540R, D578G, N583S 
and M747R. 
[0030] The present invention, in a seventh aspect, provides 
a Taq polymerase mutant comprising the mutations (amino 
acid substitutions): G84A, D144G, K314R, E520G, A608V, 
E742G. 
[0031] The present invention, in a eighth aspect, provides a 
Taq polymerase mutant comprising the mutations (amino 
acid substitutions): D58G, R74P, A109T, L245R, R343G, 
G370D, E520G, N583S, E694K, A743P. 
[0032] In a ninth aspect of the present invention, there is 
provided a Water-in-oil emulsion obtainable by emulsifying 
an aqueous phase With an oil phase in the presence of a 
surfactant comprising 4.5% v/v Span 80, 0.4% v/v TWeen 80 
and 0.1% v/v Triton X100, or a surfactant comprising Span 
80, TWeen 80 and Triton X100 in substantially the same 
proportions. Preferably, the Water:oil phase ratio is 1:2. This 
ratio appears to permit diffusion of dNTPs (and presumably 
other small molecules) betWeen compartments at higher tem 
peratures, Which is bene?cial for some applications but not 
for others. Diffusion can be controlled by increasing Water: oil 
phase ratio to 1:4. 
[0033] In another aspect, the NAP enzyme is a replicase 
enzyme that has an enhanced capability to replicate substrates 
23 kb in size or greater in the absence of processivity factors 
or a 3'-5' exonuclease proof-reading domain. 
[0034] As used herein, the phrase “variant of a nucleic acid 
processing enzyme” means a NAP enzyme With an amino 
acid sequence (for polypeptide enzymes) or nucleotide 
sequence (for ribozymes) differs from a naturally occurring 
sequence of that NAP enzyme by at least one amino acid (for 
polypeptide enzymes) or nucleotide (for ribozymes). A vari 
ant NAP enzyme catalyzes a reaction catalyzed by the corre 
sponding Wild-type NAP enzyme. 
[0035] As used herein, the phrase “modifying the activity 
of a NAP enzyme” means causing the activity of a NAP 
enzyme to increase or decrease, or changing another aspect of 
the enzyme’s activity, such as substrate identity or substrate 
speci?city, the reaction catalyzed, cofactor dependence, opti 
mal salt, buffer or temperature conditions, temperature sta 
bility, proofreading capacity, interaction With other proteins 
or enzymes, or sensitivity to inhibition. 

[003 6] As used herein, the phrase “enhancing the activity of 
a NAP enzyme” or “increasing the activity of a NAP enzyme” 
means increasing the amount of a product of a reaction cata 
lyzed by a NAP enzyme in the presence of an enhancing 
stimulus under a particular set of conditions by at least 10% 
relative to the amount formed under similar conditions in the 
absence of the enhancing stimulus. 
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[0037] As used herein, the phrase “promoter of NAP 
enzyme activity” refers to an agent that increases the activity 
of a given NAP enzyme. 
[0038] As used herein, the phrase “polypeptide that pro 
duces a substrate in a nucleic acidprocessing reaction” means 
a polypeptide enzyme that catalyzes a reaction resulting in the 
production of a substrate for a NAP enzyme. A non-limiting 
example of a polypeptide that produces a substrate in a 
nucleic acid processing reaction is a nucleoside diphosphate 
kinase, Which catalyzes the phosphorylation of deoxynucleo 
side diphosphates to deoxynucleoside triphosphates, Which 
are substrates for NAP enzymes such as DNA polymerases. 
[0039] As used herein, the phrase “polypeptide that con 
sumes an inhibitor in a nucleic acid processing reaction” 
means a polypeptide enzyme that catalyzes a reaction result 
ing in the inactivation of an inhibitor of a NAP enzyme 
reaction. A non-limiting example of a polypeptide that con 
sumes an inhibitor in a nucleic acid processing reaction is a 
heparinase. Heparin is an inhibitor of polymerase activity, 
and heparinase enzymes break doWn heparin, thereby con 
suming the inhibitor molecule. 
[0040] As used herein, the phrase “polypeptide that modi 
?es a nucleotide primer or nucleoside triphosphate substrate 
used in a nucleic acid processing reaction” means a polypep 
tide enzyme that catalyzes a chemical modi?cation of a 
nucleotide primer or a nucleoside triphosphate substrate for a 
NAP enzyme, the modi?cation permitting the nucleotide 
primer or nucleoside triphosphate to participate in a reaction 
catalyzed by the NAP enzyme. 
[0041] As used herein, the phrase “substrate appendage 
added to a nucleotide primer or nucleoside triphosphate” 
means a chemical moiety, added to a nucleotide primer or 
nucleoside triphosphate, that is acted upon by an enzyme that 
“modi?es a nucleotide primer or nucleoside triphosphate” as 
that term is de?ned herein above. Most often, such a “sub 
strate portion” is inhibitory to the activity of a NAP enzyme 
on that primer or nucleoside triphosphate. 
[0042] As used herein, the phrase “stable interaction” 
means a physical interaction betWeen tWo polypeptides. As 
the term is used herein, a “stable interaction” betWeen tWo 
polypeptide sequences fused to respective, separate NAP 
enzyme subdomain polypeptides is an interaction that per 
mits the respective NAP enzyme subdomains that do not 
alone catalyze a reaction catalyzed by the intact NAP enzyme 
to together catalyze a reaction that is catalyzed by the intact 
NAP enzyme. 
[0043] As used herein, the phrase “subdomain of a NAP 
enzyme” means a portion of a NAP enzyme polypeptide, 
Which portion, separate and on its oWn does not have catalytic 
activity, but Which, When brought into physical contact With 
another polypeptide comprising another portion of that NAP 
enzyme, reconstitutes a functional NAP enzyme capable of 
catalyzing a reaction catalyzed by the intact NAP enzyme that 
is not catalyzed by either portion of the NAP enzyme on its 
oWn. Non-limiting examples of subdomains of a NAP 
enzyme are described by Vainshtein et al., 1996, Protein 
Science 5: 1785. 
[0044] As used herein, the phrase “stable interaction of ?rst 
and second NAP subdomains generates processing activity” 
means that the physical interaction of tWo separate subdo 
mains of a NAP enzyme, as the term is de?ned herein, recon 
stitutes a catalytic activity of the intact NAP enzyme that is 
not possessed by either the ?rst or second NAP subdomains 
on their oWn. 
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[0045] As used herein, the phrase “subdomain of a 
polypeptide that enhances the activity of a NAP enzyme” 
means a portion of a polypeptide that, When intact, enhances 
the activity of a NAP enzyme. As it is used herein, the “sub 
domain” of such a polypeptide is a portion that does not, on its 
oWn, enhance the activity of a NAP enzyme, but When in 
physical contact With another portion of that enhancing 
polypeptide, reconstitutes NAP activity enhancement. 
[0046] As used herein, the phrase “stable folding” means 
that a polypeptide assumes a tertiary structure that exhibits a 
sigmoidal thermal denaturation curve. A “a non-folded or 
improperly folded polypeptide” is non-functional relative to a 
properly folded polypeptide and tends to aggregate and pre 
cipitate. 
[0047] As used herein, the phrase “poorly folding polypep 
tide” means a polypeptide that tends to aggregate and precipi 
tate unless it is permitted to fold in the presence of a chaper 
one. Fusion of a “poorly folding polypeptide” Will inhibit the 
activity of a NAP enzyme unless the fusion polypeptide is 
folded in the presence of a chaperone. 

[0048] As used herein, the phrase “replication of a nucleic 
acid member” means the template-directed addition of at 
least one nucleotide to a nucleic acid substrate of a NAP 
enzyme. That is, “replication” as the term is used herein 
encompasses template-directed replication of an entire 
nucleic acid molecule, as Well template-directed replication 
of less than an entire nucleic acid molecule. 

[0049] As used herein, the term “proportional” refers to a 
direct numerical relationship betWeen tWo measurable quan 
tities, such as the activity of an enzyme and the amount of 
product of the reaction catalyzed by that enzyme. The phrase 
“substantially proportional” encompasses a proportional 
relationship betWeen tWo measurable quantities as Well as a 
relationship that varies from direct proportion by 20% or less. 
For example, Where a doubling of the rate of enzyme activity 
Would result in a doubling of the amount of product produced 
per unit time in a directly proportional relationship (100% 
increase in each of enzyme activity and product produced), an 
increase of 80% to 120% Would be considered “substantially 
proportional.” 
[0050] As used herein, the phrase “tagging of the nucleic 
acid member” means covalently or non-covalently appending 
a detectable moiety to a nucleic acid. Non-limiting examples 
of tags include radiolabels, ?uorescent moieties, antibodies 
and stretches of nucleotide sequence that permit detection 
With a nucleic acid probe, antibody, speci?c binding partner 
or enzyme. 

[0051] As used herein, the phrase “unnatural 3' base” 
means a nitrogenous base structure, comprised by the 3' 
nucleotide of a nucleic acid, that does not occur on a nucle 
otide in nature. 

[0052] As used herein, the phrase “enhanced capability to 
replicate substrates 23 kb in size” means that a mutated rep 
licase enzyme replicates a substrate 23 kb in size at least 10% 
more ef?ciently than the non-mutated version of that repli 
case enzyme. 

[0053] As used herein, the term “processivity factor” 
means a polypeptide that increases the amount of polymer 
ization catalyzed by a polymerase each time the polymerase 
initiates. Processivity factors are Well knoWn in the art. Non 
limiting examples of processivity factors include thioredoxin 
(increases processivity of bacteriophage T7 polymerase), 
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PCNA (increases processivity of eukaryotic Pol 6) and the [3 
subunit of DNA Pol III (DnaN; increases the processivity of 
bacterial Pol III). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0054] FIG. 1A is a diagram shoWing an embodiment of a 
method according to the present invention as applied to selec 
tion of a self-evolving polymerase, in Which gene copy num 
ber is linked to enzymatic turnover. 
[0055] FIG. 1B is a diagram shoWing a general scheme of 
compartmentalised self-replication (CSR): 1) A repertoire of 
diversi?ed polymerase genes is cloned and expressed in E. 
coli. Spheres represent active polymerase molecules. 2) Bac 
terial cells containing the polymerase and encoding gene are 
suspended in reaction buffer containing ?anking primers and 
nucleotide triphosphates (dNTPs) and segregated into aque 
ous compartments. 3) The polymerase enzyme and encoding 
gene are released from the cell alloWing self-replication to 
proceed. Poorly active polymerases (White hexagon) fail to 
replicate their encoding gene. 4) The “offspring” polymerase 
genes are released, rediversi?ed and recloned for another 
cycle of CSR. 
[0056] FIG. 2 is a diagram shoWing aqueous compartments 
of the heat-stable emulsion containing E. coli cells expressing 
green ?uorescent protein (GFP) prior to (A, B), and after 
thermocycling (C), as imaged by light microscopy. (A, B) 
represent the same frame. (A) is imaged at 535 nm for GFP 
?uorescence and (B) in visible light to visualize bacterial 
cells Within compartments. Smudging of the ?uorescent bac 
teria in (A) is due to BroWnian motion during exposure. 
Average compartment dimensions as determined by laser 
diffraction are given beloW. 
[0057] FIG. 3A is a diagram shoWing crossover betWeen 
emulsion compartments. TWo standard PCR reactions, differ 
ing in template size (PCR1 (0.9 kb), PCR2 (0.3 kb)) and 
presence of Taq (PCR1 : +Taq, PCR 2: no enzyme), are ampli 
?ed individually or combined. When combined in solution, 
both templates are ampli?ed. When emulsi?ed separately, 
prior to mixing, only PCR1 is ampli?ed. M: (pX174 HaeIII 
marker. 
[0058] FIG. 3B is a diagram shoWing crossover betWeen 
emulsion compartments. Bacterial cells expressing Wild-type 
Taq polymerase (2.7 kb) or the Taq polymerase Stoffel frag 
ment (poorly active under the buffer conditions) (1.8 kb) are 
mixed 1:1 prior to emulsi?cation. In solution, the shorter 
Stoffel fragment is ampli?ed preferentially. In emulsion, 
there is predominantly ampli?cation of the Wt Taq gene and 
only Weak ampli?cation of the Stoffel fragment (arroW). M: 
kHindIII marker. 
[0059] FIG. 4 is a diagram shoWing details of an embodi 
ment of a method according to the present invention as 
applied to selection of a self-evolving polymerase. 
[0060] FIG. 5 is a diagram shoWing details ofan embodi 
ment of a method according to the present invention to select 
for incorporation of novel or unusual substrates. 
[0061] FIG. 6 is a diagram shoWing selection of RNA hav 
ing (intermolecular) catalytic activity using the methods of 
our invention. 

[0062] FIG. 7 is a diagram shoWing a model of a Taq-DNA 
complex. 
[0063] 
reaction. 

[0064] Nucleoside diphosphate kinase (ndk) is 
expressed from a plasmid and converts deoxinucleoside 

FIG. 8: A: General scheme of a cooperative CSR 
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diphosphates Which are not substrates for Taq poly 
merase into deoxinucleoside triphosphates Which are. 
As soon as ndk has produced suf?cient amounts of sub 
strate, Taq can replicate the ndk gene. 

[0065] B: Bacterial cells expressing Wild-type ndk (0.8 
kb) or an inactive truncated fragment (0.5 kb) are mixed 
1:1 prior to emulsi?cation. In solution, the shorter trun 
cated fragment is ampli?ed preferentially. In emulsion, 
there is predominantly ampli?cation of the Wt ndk gene 
and only Weak ampli?cation of the truncated fragment 
(arroW) indicating that in emulsion only active ndk 
genes producing substrate are ampli?ed. M: HaeIII 
<|>X174 marker. 

DETAILED DESCRIPTION OF THE INVENTION 

[0066] The practice of the present invention Will employ, 
unless otherWise indicated, conventional techniques of chem 
istry, molecular biology, microbiology, recombinant DNA 
and immunology, Which are Within the capabilities of a per 
son of ordinary skill in the art. Such techniques are explained 
in the literature. See, e.g., J. Sambrook, E. F. Fritsch, and T. 
Maniatis, 1989, Molecular Cloning: A Laboratory Manual, 
Second Edition, Books 1-3, Cold Spring Harbor Laboratory 
Press; B. Roe, J. Crabtree, andA. Kahn, 1996, DNA Isolation 
and Sequencing: Essential Techniques, John Wiley & Sons; J. 
M. Polak and James O’D. McGee, 1990, In situ Hybridiza 
tion: Principles and Practice; Oxford University Press; M. J. 
Gait (Editor), 1984, Oligonucleotide Synthesis: A Practical 
Approach, Irl Press; and, D. M. J. Lilley and J. E. Dablberg, 
1992, Methods of EnZymology: DNA Structure Part A: Syn 
thesis and Physical Analysis of DNA Methods in EnZymol 
ogy, Academic Press. Each of these general texts are herein 
incorporated by reference. 

Compartmentalised Self Replication 

[0067] Our invention describes a novel selection technol 
ogy, Which We call CSR (compartmentalised self-replica 
tion). It has the potential to be expanded into a generic selec 
tion system for catalysis as Well as macromolecular 
interactions. 
[0068] In its simplest form CSR involves the segregation of 
genes coding for and directing the production of DNA poly 
merases Within discrete, spatially separated, aqueous com 
partments of a novel heat-stable Water-in-oil emulsion. Pro 
vided With nucleotide triphosphates and appropriate ?anking 
primers, polymerases replicate only their oWn genes. Conse 
quently, only genes encoding active polymerases are repli 
cated, While inactive variants that cannot copy their genes 
disappear from the gene pool. By analogy to biological sys 
tems, among differentially adapted variants, the most active 
(the ?ttest) produce the most “offspring”, hence directly cor 
relating post-selection copy number With enZymatic tumover. 
[0069] CSR is not limited to polymerases but canbe applied 
to a Wide variety of enZymatic transformations, built around 
the “replicase engine”. For example, an enZyme “feeding” a 
polymerase Which in turn replicates its gene may be selected. 
More complicated coupled cooperative reaction schemes can 
be envisioned in Which several enzymes either produce rep 
licase substrates or consume replicase inhibitors. 

[0070] Polymerases occupy a central role in genome main 
tenance, transmission and expression of genetic information. 
Polymerases are also at the heart of modern biology, enabling 
core technologies such as mutagenesis, cDNA libraries, 
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sequencing and the polymerase chain reaction (PCR). HoW 
ever, commonly used polymerases frequently suffer from 
serious shortcomings as they are used to perform tasks for 
Which nature had not optimiZed them. Indeed, most advances 
have been peripheral, including the use of polymerases from 
different organisms, improved buffer and additive systems as 
Well as enZyme blends. CSR is a novel selection system 
ideally suited for the isolation of “designer” polymerases for 
speci?c applications. Many features of polymerase function 
are open to “improvement” (e. g. processivity, substrate selec 
tion etc.). Furthermore, CSR is a tool to study polymerase 
function, e. g. to probe immutable regions, study components 
of the replisome etc. Moreover, CSR may be used for shotgun 
functional cloning of polymerases, straight from diverse, 
uncultured microbial populations. 
[0071] CSR represents a novel principle of repertoire selec 
tion of polypeptides. Previous approaches have featured vari 
ous “display” methods in Which phenotype and genotype 
(polypeptide and encoding gene) are linked as part of a 
“genetic package” containing the encoding gene and display 
ing the polypeptide on the “outside”. Selection occurs via a 
step of af?nity puri?cation after Which surviving clones are 
groWn (ampli?ed) in cells for further rounds of selection 
(With resulting biases in groWth distorting selections). Further 
distortions result from differences in the display ef?ciencies 
betWeen different polypeptides. 
[0072] In another set of methods both polypeptide and 
encoding gene(s) are “packaged” Within a cell. Selection 
occurs in vivo through the polypeptide modifying the cell in 
such a Way that it acquires a novel phenotype, e.g. groWth in 
presence of an antibiotic. As the selection pressure is applied 
on Whole cells, such approaches tend to be prone to the 
generation of false positives. Furthermore, in vivo comple 
mentation strategies are limited in that selection conditions, 
and hence selectable phenotypes, cannot be freely chosen and 
are further constrained by limits of host viability. 
[0073] In CSR, there is no direct physical linkage (covalent 
or non-covalent) betWeen polypeptide and encoding gene. 
More copies of successful genes are “groWn” directly and in 
vitro as part of the selection process. 
[0074] CSR is applicable to a broad spectrum of DNA and 
RNA polymerases, indeed to all polypeptides (or polynucle 
otides) involved in replication or gene expression. CSR can 
also be applied to DNA and RNA ligases assembling their 
genes from oligonucleotide fragments. 
[0075] CSR is the only selection system in Which the turn 
over rate of an enZyme is directly linked to the post-selection 
copy-number of its encoding gene. 
[0076] There is great interest in polynucleotide polymers 
With altered bases, altered sugars or even backbone chemis 
tries. HoWever, solid-phase synthesis can usually only pro 
vide relatively short polymers and naturally occurring poly 
merases unsurprisingly incorporate most analogues poorly. 
CSR is ideally suited for the selection of polymerases more 
tolerant of unnatural substrates in order to prepare polynucle 
otide polymers With novel properties for chemistry, biology 
and nanotechnology (e.g. DNA Wires). 
[0077] Finally, the heat- stable emulsion developed for CSR 
has applications on its oWn. With >109 microcompartments/ 
ml, emulsion PCR (ePCR) offers the possibility of parallel 
PCR multiplexing on a unprecedented scale With potential 
applications from gene linkage analysis to genomic repertoire 
construction directly from single cells. It may also have appli 
cations for large-scale diagnostic PCR applications like 
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“Digital PCR” (Vogelstein and Kinzler, 1999, PNAS 96, 
9236-9241). Compartmentalizing individual reactions can 
also even out competition among different gene segments that 
are ampli?ed in either multiplex or random primed PCR and 
leads to a less biased distribution of ampli?cation products. 
ePCR may thus provide an alternative to Whole genome DOP 
PCR (and related methodologies) or indeed be used to make 
DOP-PCR (and related methodologies) more effective. 
[0078] The selection system according to our invention is 
based on self-replication in a compartmentalised system. Our 
invention relies on the fact that active replicases are able to 
replicate nucleic acids (in particular their coding sequences), 
While inactive replicases cannot. Thus, in the methods of our 
invention, We provide a compartmentalised system Where a 
replicase in a compartment is substantially unable to act on 
any template other than the templates Within that compart 
ment; in particular, it cannot act to replicate a template Within 
any other compartment. In highly preferred embodiments, the 
template nucleic acid Within the compartment encodes the 
replicase. Thus, the replicase cannot replicate anything other 
than its coding sequence; the replicase is therefore “linked” to 
its coding sequence. As a result, in highly preferred embodi 
ments of our invention, the ?nal concentration of the coding 
sequence (i.e. copy number) is dependent on the activity of 
the enzyme encoded by it. 
[0079] Our selection system as applied to selection of rep 
licases has the advantage in that it links catalytic turnover 
(km/Km) to the post-selection copy-number of the gene 
encoding the catalyst. Thus, compartmentalisation offers the 
possibility of linking genotype and phenotype of a replicase 
enzyme, as described in further detail beloW, by a coupled 
enzymatic reaction involving the replication of the gene or 
genes of the enzyme(s) as one of its steps. 

[0080] The methods of our invention preferably make use 
of nucleic acid libraries, the nature and construction of Which 
Will be explained in greater detail beloW. The nucleic acid 
library comprises a pool of different nucleic acids, members 
of that encode variants of a particular entity (the entity to be 
selected). Thus, for example, as used to select for replicases, 
the methods of our invention employ a nucleic acid library or 
pool having members, Which encode the replicase or variants 
of the replicase. Each of the entities encoded by the various 
members of the library Will have different properties, e.g., 
varying tolerance to heat or to the presence of inhibitory small 
molecules, or tolerance for base pair mismatches (as 
explained in further detail beloW). The population of nucleic 
acid variants therefore provides a starting material for selec 
tion, and is in many Ways analogous to variation in a natural 
population of organisms caused by mutation. 
[0081] According to our invention, the different members 
of the nucleic acid library or pool are sorted or compartmen 
talised into many compartments or microcapsules. In pre 
ferred embodiments, each compartment contains substan 
tially one nucleic acid member of the pool (in one or several 
copies). In addition, the compartment also comprises the 
polypeptide or polynucleotide (in one or preferably several 
copies) encoded by that nucleic acid member (Whether it is a 
replicase, an agent, a polypeptide, etc. as discussed beloW). 
The nature of these compartments is such that minimal or 
substantially no interchange of macromolecules (such as 
nucleic acids and polypeptides) occurs betWeen different 
compartments. As explained in further detail beloW, highly 
preferred embodiments of our invention make use of aqueous 
compartments Within Water-in-oil emulsions. As explained 
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above, any replicase activity present in the compartment 
(Whether exhibited by the replicase, modi?ed by an agent, or 
exhibited by the polypeptide acting in conjunction With 
another polypeptide) can only act on the template Within the 
compartment. 
[0082] The conditions Within the compartments may be 
varied in order to select for polypeptides active under these 
conditions. For example, Where replicases are selected, the 
compartments may have an increased temperature to select 
for replicases With higher thermal stability. Furthermore, 
using the selection methods described here on fusion proteins 
comprising thermostable replicase and a protein of interest 
Will alloW the selection of thermally stable proteins. 
[0083] A method for the incorporation of thermal stability 
into otherWise labile proteins of commercial importance is 
desirable With regards to their large-scale production and 
distribution. A reporter system has been described to improve 
protein folding by expressing proteins as fusions With green 
?uorescent protein (GFP) (Waldo et al., 1999, Nat. Biotech 
nol. 17, 691-695). The function of the latter is related to the 
productive folding of the fused protein in?uencing folding 
and/or functionality of the GFP, enabling the directed evolu 
tion of variants With improved folding and expression. 
According to this aspect of our invention, proteins are fused to 
a thermostable replicase (or an agent promoting replicase 
activity) and selecting for active fusions in emulsion as a 
method for evolving proteins With increased thermostability 
and/or solubility. Unstable variants of the fusion partner are 
expected to aggregate and precipitate prior to or during ther 
mal cycling, thus compromising replicase activity Within 
respective compartments. Viable fusions Will alloW for self 
ampli?cation in emulsion, With the turnover rate being linked 
to the stability of the fusion partner. 
[0084] In a related approach, novel or increased chaperonin 
activity may be evolved by coexpression of a library of chap 
erones together With a polymerase-polypeptide fusion pro 
tein, in Which the protein moiety misfolds (under the selection 
conditions). Replication of the gene(s) encoding the chapero 
nin can only proceed after chaperonin activity has rescued 
polymerase activity in the polymerase-polypeptide fusion 
protein. 
[0085] Thermostability of an enzyme may be measured by 
conventional means as knoWn in the art. For example, the 
catalytic activity of the native enzyme may be assayed at a 
certain temperature as a benchmark. Enzyme assays are Well 
knoWn in the art, and standard assays have been established 
over the years. For example, incorporation of nucleotides by 
a polymerase is measured, by for example, use of radiola 
beled dNTPs such as dATP and ?lter binding assays as knoWn 
in the art. The enzyme Whose thermostability is to be assayed 
is preincubated at an elevated temperature and then its activity 
retained (for example, polymerase activity in the case of 
polymerases) is measured at a loWer, optimum temperature 
and compared to the benchmark. In the case of Taq poly 
merase, the elevated temperature is 97.50 C.; the optimum 
temperature is 72° C. Thermostability may be expressed in 
the form of half-life at the elevated temperature (i.e. time of 
incubation at higher temperature over Which polymerase 
loses 50% of its activity). For example, the thermostable 
replicases, fusion proteins or agents selected by our invention 
may have a half-life that is 2x, 3x, 4x, 5x, 6x, 7x, 8x, 9x, 10>< 
or more than the native enzyme. Most preferably, the thermo 
stable replicases etc. have a half-life that is 11x or more When 
compared this Way. Preferably, selected polymerases are pre 
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incubated at 95° C. or more, 97.5° C. or more, 1000 C. or 
more, 105° C. or more, or 110° C. or more. Thus, in a highly 
preferred embodiment of our invention, We provide poly 
merases With increased therrnostability Which display a half 
life at 97.5° C. that is 11x or more than the corresponding 
Wild-type (native) enzyme. 
[0086] Resistance to an inhibitory agent, such as heparin in 
the case of polymerases, may also be assayed and measured 
as above. Resistance to inhibition may be expressed in terms 
of the concentration of the inhibitory factor. For example, in 
preferred embodiments of the invention, We provide heparin 
resistant polymerases that are active in up to a concentration 
of heparin betWeen 0.083 units/pl to 0.33 units/pl. For com 
parison, our assays indicate that the concentration of heparin 
Which inhibits native (Wild-type) Taq polymerase is in the 
region of betWeen 0.0005 to 0.0026 units/pl. 
[0087] Resistance is conveniently expressed in terms of the 
inhibitor concentration, Which is found to inhibit the activity 
of the selected replicase, fusion protein or agent, compared to 
the concentration, Which is found to inhibit the native 
enZyme. Thus, the resistant replicases, fusion proteins, or 
agents selected by our invention may have 10x, 20x, 30x, 
40x, 50x, 60x, 70x, 80x, 90x, 100><, 110><, 120x, 130><, 140x, 
150><, 160x, 170><, 180x, 190><, 200><, or more resistance 
compared to the native enzyme. Mo st preferably, the resistant 
replicases etc. have 130>< or more fold increased resistance 
When compared this Way. The selected replicases etc. prefer 
ably have 50% or more, 60% or more, 70% or more, 80% or 
more, 90% or more, or even 100% activity at the concentra 
tion of the inhibitory factor. Furthermore, the compartments 
may contain amounts of an inhibitory agent such as heparin to 
select for replicases having activity under such conditions. 
[0088] As explained beloW, the methods of our invention 
may be used to select for a pair of interacting polypeptides, 
and the conditions Within the compartments may be altered to 
choose polypeptides capable of acting under these conditions 
(for example, high salt, or elevated temperature, etc.). The 
methods of our invention may also be used to select for the 
folding, stability and/or solubility of a fused polypeptide 
acting under these conditions (for example, high salt, or 
elevated temperature, chaotropic agents etc.). 
[0089] The method of selection of our present invention 
may be used to select for various replicative activities, for 
example, for polymerase activity. Here, the replicase is a 
polymerase, and the catalytic reaction is the replication by the 
polymerase of its oWn gene. Thus, defective polymerases or 
polymerases Which are inactive under the conditions under 
Which the reaction is carried out (the selection conditions) are 
unable to amplify their oWn genes. Similarly, polymerases 
Which are less active Will replicate their coding sequences 
Within their compartments more sloWly. Accordingly, these 
genes Will be under-represented, or even disappear from the 
gene pool. 
[0090] Active polymerases, on the other hand, are able to 
replicate their oWn genes, and the resulting copy number of 
these genes Will be increased. In a preferred embodiment of 
the invention, the copy number of a gene Within the pool Will 
be bear a direct relation to the activity of the encoded polypep 
tide under the conditions under Which the reaction is carried 
out. In this preferred embodiment, the most active poly 
merase Will be most represented in the ?nal pool (i.e., its copy 
number Within the pool Will be highest). As Will be appreci 
ated, this enables easy cloning of active polymerases over 
inactive ones. The method of our invention therefore is able to 
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directly link the turnover rate of the enZyme to the resulting 
copy-number of the gene encoding it. 
[0091] As an example, the method may be applied to the 
isolation of active polymerases (DNA-, RNA-polymerases 
and reverse transcriptases) from thermophilic organisms. 
Brie?y, a thermo stable polymerase is expressed intracellular 
ily in bacterial cells and these are compartmentalised (e. g. in 
a Water-oil emulsion) in appropriate buffer together With 
appropriate amounts of the four dNTPs and oligonucleotides 
priming at either end of the polymerase gene or on plasmid 
sequences ?anking the polymerase gene. The polymerase and 
its gene are released from the cells by a temperature step that 
lyses the cells and destroys enZymatic activities associated 
With the host cell. Polymerases from mesophilic organisms 
(or less thermostable polymerases) may be expressed in an 
analogous Way except cell lysis should either proceed at 
ambient temperature (eg by expression of a lytic protein 
(e.g. derived from lytic bacteriophages, by detergent medi 
ated lysis (e. g. BugbusterTM, commercially available) or lysis 
may proceed at elevated temperature in the presence of a 
polymerase stabiliZing agent (e. g. high concentrations of pro 
line (see example 27) in the case of KlenoW or trehalose in the 
case of RT). In such cases background polymerase activity of 
the host strain may interfere With selections and it may be 
preferable to make use of mutant strains (e.g. polA'). 
[0092] Alternatively, polymerase genes (either as plasmids 
or linear fragments) may be compartmentalised as above and 
the polymerase expressed in situ Within the compartments 
using in vitro transcription translation (ivt), folloWed by a 
temperature step to destroy enZymatic activities associated 
With the in vitro translation extract. Polymerases from meso 
philic organisms (or less thermostable polymerases) may be 
expressed in situ in an analogous Way except in order to avoid 
enZymatic activities associated With the in vitro translation 
extract it may be preferable to use a translation extract recon 
stituted from de?ned puri?ed components like the PURE 
system (ShimiZu et al., 2001, Nat. Biolech. 19, 751). 
[0093] PCR thermocycling then leads to the ampli?cation 
of the polymerase genes by the polypeptides they encode, i.e. 
only genes encoding active polymerases, or polymerases 
active under the chosen conditions Will be ampli?ed. Further 
more, the copy number of a polymerase gene X after self 
ampli?cation Will be directly proportional to the catalytic 
activity of the polymerase X it encodes. (see FIGS. 1A and 
1B). 
[0094] By varying the selection conditions Within the com 
partment, polymerases or other replicases With desired prop 
erties may be selected using the methods of our invention. 
Thus, by exposing repertoires of polymerase genes (diversi 
?ed through targeted or random mutation) to self-ampli?ca 
tion and by altering the conditions under Which self-ampli? 
cation can occur, the system can be used for the isolation and 
engineering of polymerases With altered, enhanced or novel 
properties. Such enhanced properties may include increased 
thermostability, increased processivity, increased accuracy 
(better proofreading), increased incorporation of unfavorable 
substrates (e.g., ribonucleotides, dye-modi?ed, general bases 
such as 5-nitroindole, or other unusual substrates such as 
pyrene nucleotides (Matray and K001, 1999, Nature 399, 
704-708) (FIG. 3) or resistance to inhibitors (e.g. Heparin in 
clinical samples). Novel properties may be the incorporation 
of unnatural substrates (e.g. ribonucleotides), bypass reading 
of damaged sites (e.g. abasic sites (PaZ-EliZur T. et al., 1997, 
Biochemistry 36, 1766), thymidine-dimers (Wood R. D., 
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1999, Nature 399, 639), hydantoin-bases (Duarte V. et al., 
199, Nucleic Acids Res. 27, 496) and possibly even novel 
chemistries (e.g. novel backbones such as PNA (Nielsen P. E., 
1999, Curr. Opin. Biolechnol. 10(1), 71-5) or sulfone (Benner 
S. A. et al., 1998 Feb., Pure Appl. Chem. 70(2), 263-6) or 
altered sugar chemistries (A. Eschenmoser, 1999, Science 
284, 21 18-24)). It may also be used to isolate or evolve factors 
that enhance or modify polymerase function such as proces 
sivity factors (like thioredoxin in the case of T7 DNA poly 
merase (Doublie S. et al., 1998, Nature 391, 251). 
[0095] However, other enzymes besides replicases, such as 
telomerases, helicases etc. may also be selected according to 
our invention. Thus, telomerase is expressed in situ (in com 
partments) by for example in vitro translation together with 
Telomerase-RNA (either added or transcribed in situ as well; 
e.g. Bachand et al., 2000, RNA 6, 778-784). 
[0096] Compartments also contain Taq Pol and dNTPs and 
telomere speci?c primers. At low temperature Taq is inactive 
but active telomerase will append telomeres to its own encod 
ing gene (a linear DNA fragment with appropriate ends). 
After the telomerase reaction, thermocycling only ampli?es 
active telomerase encoding genes. Diversity can be intro 
duced in telomerase gene or RNA (or both) and could be 
targeted or random. As applied to selection of helicases, the 
selection method is essentially the same as described for 
telomerases, but helicase is used to unwind strands rather than 
heat denaturation. 
[0097] The methods of our invention may also be used to 
select for DNA repair enzymes or translesion polymerases 
such as E. coli Pol IV and Pol V. Here, damage is introduced 
into primers (targeted chemistry) or randomly by mutagen 
treatment (e. g. UV, mutagenic chemicals etc.). This allows for 
selection for enzymes able to repair primers required for 
replication or own gene sequence (information retrieval) or, 
resulting in improved “repairases” for gene therapy etc. 
[0098] The methods of our invention may also be used in its 
various embodiments for selecting agents capable of directly 
or indirectly modulating replicase activity. In addition, the 
invention may be used to select for a pair of polypeptides 
capable of interacting, or for selection of catalytic nucleic 
acids such as catalytic RNA (ribozymes). These and other 
embodiments will be explained in further detail below. 

Nucleic Acid Processing Enzymes 

[0099] As referred to herein, a nucleic acid processing 
enzyme is any enzyme, which may be a protein enzyme or a 
nucleic acid enzyme, which is capable of modifying, extend 
ing (such as by at least one nucleotide), amplifying or other 
wise in?uencing nucleic acids such as to render the nucleic 
acid selectable by ampli?cation in accordance with the 
present invention. Such enzymes therefore possess an activity 
which results in, for example, ampli?cation, stabilisation, 
destabilisation, hybridisation or denaturation, replication, 
protection or deprotection of nucleic acids, or any other activ 
ity on the basis of which a nucleic acid can be selected by 
ampli?cation. Examples include helicases, telomerases, 
ligases, recombinases, integrases and replicases. Replicases 
are preferred. 

Replicase/Replication 

[0100] As used here, the term “replication” refers to the 
template-dependent copying of a nucleic acid sequence. 
Nucleic acids are discussed and exempli?ed below. In gen 

Jul. 10, 2008 

eral, the product of the replication is another nucleic acid, 
whether of the same species, or of a different species. Thus, 
included are the replication of DNA to produce DNA, repli 
cation of DNA to produce RNA, replication of RNA to pro 
duce DNA and replication of RNA to produce RNA. “Repli 
cation” is therefore intended to encompass processes such as 
DNA replication, polymerisation, ligation of oligonucle 
otides or polynucleotides (e. g. tri-nucleotide (triplet) 5'triph 
osphates) to form longer sequences, transcription, reverse 
transcription, etc. 
[0101] The term “replicase” is intended to mean an enzyme 
having catalytic activity, which is capable of joining nucle 
otide, building blocks together to form nucleic acid 
sequences. Such nucleotide building blocks include, but are 
not limited to, nucleosides, nucleoside triphosphates, deoxy 
nucleosides, deoxynucleoside triphosphates, nucleotides 
(comprising a nitrogen-containing base such as adenine, gua 
nine, cytosine, uracil, thymine, etc., a 5-carbon sugar and one 
or more phosphate groups), nucleotide triphosphates, deoxy 
nucleotides such as deoxyadenosine, deoxythymidine, 
deoxycytidine, deoxyuridine, deoxyguanidine, deoxynucle 
otides triphosphates (dNTPs), and synthetic or arti?cial ana 
logues of these. Building blocks also include oligomers or 
polymers of any of the above, for example, trinucleotides 
(triplets), oligonucleotides and polynucleotides. 
[0102] Thus, a replicase may extend a pre-existing nucleic 
acid sequence (primer) by incorporating nucleotides or 
deoxynucleotides. Such an activity is known in the art as 
“polymerisation”, and the enzymes, which carry this out, are 
known as “polymerases”. An example of such a polymerase 
replicase is DNA polymerase, which is capable of replicating 
DNA. The primer may be the same chemically, or different 
from, the extended sequence (for example, mammalian DNA 
polymerase is known to extend a DNA sequence from an 
RNA primer). The term replicase also includes those enzymes 
which join together nucleic acid sequences, whether poly 
mers or oligomers to form longer nucleic acid sequences. 
Such an activity is exhibited by the ligases, which ligate 
pieces of DNA or RNA. 

[0103] The replicase may consist entirely of replicase 
sequence, or it may comprise a replicase sequence linked to a 
heterologous polypeptide or other molecule such as an agent 
by chemical means or in the form of a fusion protein or be 
assembled from two or more constituent parts. 

[0104] Preferably, the replicase according to the invention 
is a DNA polymerase, RNA polymerase, reverse tran 
scriptase, DNA ligase, or RNA ligase. 
[0105] Preferably, the replicase is a thermostable replicase. 
A “thermostable” replicase as used here is a replicase, which 
demonstrates signi?cant resistance to thermal denaturation at 
elevated temperatures, typically above body temperature (370 
C.). Preferably, such a temperature is in the range 420 C. to 
160° C., more preferably, between 60 to 100° C., most pref 
erably, above 90° C. Compared to a non-thermostable repli 
case, the thermostable replicase displays a signi?cantly 
increased half-life (time of incubation at elevated temperature 
that results in 50% loss of activity). Preferably, the thermo 
stable replicase retains 30% or more of its activity after incu 
bation at the elevated temperature, more preferably, 40%, 
50%, 60%, 70% or 80% or more of its activity. Yet more 
preferably, the replicase retains 80% activity. Most prefer 
ably, the activity retained is 90%, 95% or more, even 100%. 
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Non-thermostable replicases Would exhibit little or no reten 
tion of activity after similar incubations at the elevated tem 
perature. 

Polymerase 

[0106] An example of a replicase is DNA polymerase. 
DNA polymerase enzymes are naturally occurring intracel 
lular enzymes, and are used by a cell to replicate a nucleic acid 
strand using a template molecule to manufacture a comple 
mentary nucleic acid strand. Enzymes having DNA poly 
merase activity catalyze the formation of a bond betWeen the 
3' hydroxyl group at the groWing end of a nucleic acid primer 
and the 5' phosphate group of a nucleotide triphosphate. 
These nucleotide triphosphates are usually selected from 
deoxyadenosine triphosphate (A), deoxythymidine triphos 
phate (T), deoxycytidine triphosphate (C) and deoxygua 
nosine triphosphate (G). HoWever, DNA polymerases may 
incorporate modi?ed or altered versions of these nucleotides. 
The order in Which the nucleotides are added is dictated by 
base pairing to a DNA template strand; such base pairing is 
accomplished through “canonical” hydrogen-bonding (hy 
drogen-bonding betWeen A and T nucleotides and G and C 
nucleotides of opposing DNA strands), although non-canoni 
cal base pairing, such as G:U base pairing, is knoWn in the art. 
See e. g., Adams et al., The Biochemistry of the Nucleic Acids 
14-32 (11th ed. 1992). The in-vitro use of enzymes having 
DNA polymerase activity has in recent years become more 
common in a variety of biochemical applications including 
cDNA synthesis and DNA sequencing reactions (see Sam 
brook et al., (2nd ed. Cold Spring Harbor Laboratory Press, 
1989) hereby incorporated by reference herein), and ampli 
?cation of nucleic acids by methods such as the polymerase 
chain reaction (PCR) (Mullis et al., US. Pat. Nos. 4,683,195, 
4,683,202, and 4,800,159, hereby incorporated by reference 
herein) and RNA transcription-mediated ampli?cation meth 
ods (e.a., Kacian et al., PCT Publication No. WO91/01384). 
[0107] Methods such as PCR make use of cycles of primer 
extension through the use of a DNA polymerase activity, 
folloWed by thermal denaturation of the resulting double 
stranded nucleic acid in order to provide a neW template for 
another round of primer annealing and extension. Because the 
high temperatures necessary for strand denaturation result in 
the irreversible inactivations of many DNA polymerases, the 
discovery and use of DNA polymerases able to remain active 
at temperatures above about 370 C. to 420 C. (thermostable 
DNA polymerase enzymes) provides an advantage in cost 
and labor e?iciency. Thermostable DNA polymerases have 
been discovered in a number of thermophilic organisms 
including, but not limited to T hermus aquaticus, T hermus 
thermophilus, and species of the Bacillus, T hermococcus, 
Sulfolobus, Pyrococcus genera. DNA polymerases can be 
puri?ed directly from these thermophilic organisms. HoW 
ever, substantial increases in the yield of DNA polymerase 
can be obtained by ?rst cloning the gene encoding the enzyme 
in a multicopy expression vector by recombinant DNA tech 
nology methods, inserting the vector into a host cell strain 
capable of expressing the enzyme, culturing the vector-con 
taining host cells, then extracting the DNA polymerase from 
a host cell strain Which has expressed the enzyme. 
[0108] The bacterial DNA polymerases that have been 
characterized to date have certain patterns of similarities and 
differences Which has led some to divide these enzymes into 
tWo groups: those Whose genes contain introns/inteins (Class 
B DNA polymerases), and those Whose DNA polymerase 
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genes are roughly similar to that of E. coli DNA polymerase 
I and do not contain introns (Class A DNA polymerases). 
[0109] Several Class A and Class B thermostable DNA 
polymerases derived from thermophilic organisms have been 
cloned and expressed. Among the class A enzymes: LaWyer et 
al., 1989, .1. Biol. Chem. 264, 6427-6437, and Gel?md et al., 
US. Pat. No. 5,079,352, report the cloning and expression of 
a full length thermostable DNA polymerase derived from 
T hermus aquaticus (Taq). LaWyer et al., 1993, PCR Methods 
and Applications 2, 275-287, and Barnes, PCT Publication 
No. WO92/06188 (1 992), disclose the cloning and expression 
of truncated versions of the same DNA polymerase, While 
Sullivan, EPO Publication No. 0482714A1 (1992), reports 
cloning a mutated version of the Taq DNA polymerase. 
Asakura et al., 1993, .1. Ferment. Bioeng. (Japan) 74, 265-269, 
have reportedly cloned and expressed a DNA polymerase 
from T hermus thermophilus. Gelfund et al., PCT Publication 
No. WO92/06202 (1992), have disclosed a puri?ed thermo 
stable DNA polymerase from T hermosipho a?’icanus. A ther 
mostable DNA polymerase from T hermus ?avus is reported 
by Akhmetzjanov and Vakhitov, 1992, NucleicAcids Res. 20, 
5839. Uemori et al., 1993, J. Biochem. 113, 401 -410 and EPO 
Publication No. 0517418A2 (1992) have reported cloning 
and expressing a DNA polymerase from the thermophilic 
bacterium Bacillus caldotenax. lshino et al., Japanese Patent 
Application No. HEI 4[1992]-1 31400 (publication date Nov. 
19, 1993) report cloning a DNA polymerase from Bacillus 
stearothermophilus. Among the Class B enzymes: A recom 
binant thermostable DNA polymerase from T hermococcus 
litoralis is reported by Comb et al., EPO Publication No. 0 
455 430 A3 (1991), Comb et al., EPO Publication No. 
0547920A2 (1993), and Perler et al., 1992, Proc. Natl. Acad. 
Sci. USA 89, 5577-5581. A cloned thermostable DNA poly 
merase from Sulfolobus solofatarius is disclosed in Pisani et 
al., 1992, Nucleic Acids Res. 20, 2711-2716 and in PCT 
Publication WO93/25691 (1993). The thermostable enzyme 
of Pyrococcusfuriosus is disclosed in Uemori et al., 1993, 
Nucleic Acids Res. 21, 259-265, While a recombinant DNA 
polymerase is derived from Pyrococcus sp. as disclosed in 
Comb et al., EPO Publication No. 0547359A1 (1993). 
[0110] Many thermostable DNA polymerases possess 
activities additional to a DNA polymerase activity; these may 
include a 5'-3' exonuclease activity and/or a 3'-5' exonuclease 
activity. The activities of 5'-3' and 3'-5' exonucleases are Well 
knoWn to those of ordinary skill in the art. The 3'-5' exonu 
clease activity improves the accuracy of the neWly-synthe 
sized strand by removing incorrect bases that may have been 
incorporated; DNA polymerases in Which such activity is loW 
or absent, reportedly including Taq DNA polymerase (see 
LaWyer et al., J. Biol. Chem. 264, 6427-6437), have elevated 
error rates in the incorporation of nucleotide residues into the 
primer extension strand. ln applications such as nucleic acid 
ampli?cation procedures in Which the replication of DNA is 
often geometric in relation to the number of primer extension 
cycles, such errors can lead to serious artifactual problems 
such as sequence heterogeneity of the nucleic acid ampli? 
cation product (amplicon). Thus, a 3'-5' exonuclease activity 
is a desired characteristic of a thermostable DNA polymerase 
used for such purposes. 

[0111] By contrast, the 5'-3' exonuclease activity often 
present in DNA polymerase enzymes is often undesired in a 
particular application since it may digest nucleic acids, 
including primers, that have an unprotected 5' end. Thus, a 
thermostable DNA polymerase With an attenuated 5'-3' exo 
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nuclease activity, or in Which such activity is absent, is also a 
desired characteristic of an enzyme for biochemical applica 
tions. Various DNA polymerase enzymes have been 
described Where a modi?cation has been introduced in a DNA 
polymerase, Which accomplishes this object. For example, 
the KlenoW fragment of E. coli DNA polymerase I can be 
produced as a proteolytic fragment of the holoenzyme in 
Which the domain of the protein controlling the 5'-3' exonu 
clease activity has been removed. The KlenoW fragment still 
retains the polymerase activity and the 3'-5' exonuclease 
activity. Barnes, supra, and Gelfund et al., U.S. Pat. No. 
5,079,352 have produced 5'-3' exonuclease-de?cient recom 
binant Taq DNA polymerases. Ishino et al., EPO Publication 
No. 0517418A2, have produced a 5'-3' exonuclease-de?cient 
DNA polymerase derived from Bacillus caldolenax. On the 
other hand, polymerases lacking the 5'-3' exonuclease 
domain often have reduced processivity. 

Ligase 

[0112] DNA strand breaks and gaps are generated tran 
siently during replication, repair and recombination. In mam 
malian cell nuclei, rejoining of such strand breaks depends on 
several different DNA polymerases and DNA ligase 
enzymes. The mechanism for joining of DNA strand inter 
ruptions by DNA ligase enzymes has been Widely described. 
The reaction is initiated by the formation of a covalent 
enzyme-adenylate complex. Mammalian and viral DNA 
ligase enzymes employ ATP as cofactor, Whereas bacterial 
DNA ligase enzymes use NAD to generate the adenylyl 
group. In the case of ATP-utilising ligases, the ATP is cleaved 
to AMP and pyrophosphate With the adenylyl residue linked 
by a phosphoramidate bond to the e-amino group of a speci?c 
lysine residue at the active site of the protein (Gumport, R. I. 
et al., 1971, PNAS 68, 2559-63). ReactivatedAMP residue of 
the DNA ligase-adenylate intermediate is transferred to the 5' 
phosphate terminus of a single strand break in double 
stranded DNA to generate a covalent DNA-AMP complex 
With a 5'-5' phosphoanhydride bond. This reaction interrne 
diate has also been isolated for microbial and mammalian 
DNA ligase enzymes, but is shorter lived than the adenyly 
lated enzyme. In the ?nal step of DNA ligation, unadenyly 
lated DNA ligase enzymes required for the generation of a 
phosphodiester bond catalyze displacement of the AMP resi 
due through attack by the adjacent 3'-hydroxyl group on the 
adenylylated site. 
[0113] The occurrence of three different DNA ligase 
enzymes, DNA Ligase I, II and III, is established previously 
by biochemical and immunological characterization of puri 
?ed enzymes (Tonikinson, A. E. et al., 1991, .1. Biol. Chem. 
266, 21728-21735, and Roberts, E. et al., 1994,.]. Biol. Chem. 
269, 3789-3792). 

Ampli?cation 

[0114] The methods of our invention involve the templated 
ampli?cation of desired nucleic acids. “Ampli?cation” refers 
to the increase in the number of copies of a particular nucleic 
acid fragment (or a portion of this) resulting either from an 
enzymatic chain reaction (such as a polymerase chain reac 
tion, a ligase chain reaction, or a self-sustained sequence 
replication) or from the replication of all or part of the vector 
into Which it has been cloned. Preferably, the ampli?cation 
according to our invention is an exponential ampli?cation, as 
exhibited by for example the polymerase chain reaction. 
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[0115] Many target and signal ampli?cation methods have 
been described in the literature, for example, general revieWs 
of these methods in Landegren, U. et al., 1988, Science 242, 
229-237, and LeWis, R., 1990, Genetic Engineering News 
10: 1, 54-55. These ampli?cation methods may be used in the 
methods of our invention, and include polymerase chain reac 
tion (PCR), PCR in situ, ligase ampli?cation reaction (LAR), 
ligase hybridization, Q bacteriophage replicase, transcrip 
tion-based ampli?cation system (TAS), genomic ampli?ca 
tion With transcript sequencing (GAWTS), nucleic acid 
sequence-based ampli?cation (NASBA) and in situ hybrid 
ization. 

[0116] Polymerase Chain Reaction (PCR) 
[0117] PCR is a nucleic acid ampli?cation method 
described inter alia in Us. Pat. Nos. 4,683,195 and 4,683, 
202. PCR consists of repeated cycles of DNA polymerase 
generated primer extension reactions. The target DNA is heat 
denatured and tWo oligonucleotides, Which bracket the target 
sequence on opposite strands of the DNA to be ampli?ed, are 
hybridized. These oligonucleotides become primers for use 
With DNA polymerase. The DNA is copied by primer exten 
sion to make a second copy of both strands. By repeating the 
cycle of heat denaturation, primer hybridization and exten 
sion, the target DNA can be ampli?ed a million fold or more 
in about tWo to four hours. PCR is a molecular biology tool, 
Which must be used in conjunction With a detection technique 
to determine the results of ampli?cation. An advantage of 
PCR is that it increases sensitivity by amplifying the amount 
of target DNA by 1 million to 1 billion fold in approximately 
4 hours. 

[0118] The polymerase chain reaction may be used in the 
selection methods of our invention as folloWs. For example, 
PCR may be used to select for variants of Taq polymerase 
having polymerase activity. As described in further detail 
above, a library of nucleic acids each encoding a replicase or 
a variant of the replicase, for example, Taq polymerase, is 
generated and subdivided into compartments. Each compart 
ment comprises substantially one member of the library 
together With the replicase or variant encoded by that mem 
ber. 

[0119] The polymerase or variant may be expressed in vivo 
Within a transformed bacterium or any other suitable expres 
sion ho st, for example yeast or insect or mammalian cells, and 
the expression ho st encapsulated Within a compartment. Heat 
or other suitable means is applied to disrupt the host and to 
release the polymerase variant and its encoding nucleic acid 
Within the compartment. In the case of a bacterial host, timed 
expression of a lytic protein, for example protein E from 
CI>X174, or use of an inducible 7t lysogen, may be employed 
for disrupting the bacterium. 
[0120] It Will be clear that the polymerase or other enzyme 
need not be a heterologous protein expressed in that host (e. g., 
a plasmid), but maybe expressed from a gene forming part of 
the host genome. Thus, the polymerase may be for example 
an endogenous or native bacterial polymerase. We have 
shoWn that in the case of nucleotide dipho sphate kinase (ndk), 
endogenous (uninduced) expression of ndk is su?icient to 
generate dNTPs for its oWn replication. Thus, the methods of 
selection according to our invention may be employed for the 
direct functional cloning of polymerases and other enzymes 
from diverse (and uncultured) microbial populations. 
[0121] Alternatively, the nucleic acid library may be com 
partmentalised together With components of an in vitro tran 














































