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MODIFIED TYPE A DNA POLYMERASES

[0001] [Deleted]
BACKGROUND OF THE INVENTION

[0002] DNA polymerases are a family of enzymes that use single-stranded DNA as a
template to synthesize the complementary DNA strand. In particular, DNA polymerases can
add free nucleotides to the 3” end of a newly-forming strand resulting in elongation of the
new strand in a 5'-3' direction. Most DNA polymerases are multifunctional proteins that
possess both polymerizing and exonucleolytic activities (e.g., 3’->5" exonuclease or 5 > 3’

exonuclease activity).

[0003] DNA polymerases, like other natural enzymes, have evolved over millions of
years to be efficient in their natural cellular environment. Many of them are almost perfectly
adapted to work in that environment. In such an environment, the way that the protcin can
evolve is constrained by a number of requirements; the protein has to interact with other
cellular components, it has to function in the cytoplasm (i.e., particular pH, ionic strength, in
the presence of particular compounds, etc.) and it cannot cause lethal or disadvantageous side

effects that detract from the fitness of the parent organism as a whole.

[0004] When DNA polymerases are removed from their natural environment and
used in industrial or research applications, the environment and conditions under which the
enzyme is operating is inevitably vastly different than those in which it evolved. Many of the
constraints that limited the evolutionary direction the protein could take fall away. Therefore,
there is vast potential for improvement of DNA polymerases for use in industrial or research

applications.
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SUMMARY OF THE INVENTION

[0005] The present invention provides improved DNA polymerases, in particular,
type A DNA polymerases, that may be better suited for applications in recombinant DNA
technologies. Among other things, the present invention provides modified DNA
polymerases derived from directed evolution experiments designed to select mutations that

confer advantageous phenotypes under conditions used in industrial or research applications.

[0006] Accordingly, in one aspect, the present invention provides modified type A
DNA polymerases containing one or more amino acid alterations (e.g., one or more
substitutions, deletions, or insertions) corresponding to one or more positions selected from
the positions identified in Table 2 relative to the corresponding parental or wild-type enzyme.
In some embodiments, such amino acid alterations alter (¢.g., increase or decrease) enzyme
activity, fidclity, proccssivity, clongation ratc, stability, primer-dimer formation, salt
resistance, solubility, expression efficiency, folding robustness, thermostability,
polymerization activity, concentration robustness, resistance to impurities, strand-
displacement activity, nucleotide selectivity, altered nuclease activity, resistance to nucleic
acid intercalating dyes and/or other properties and characteristics involved in the process of

DNA polymerization.

[0007] In some embodiments, modified type A DNA polymerases of the invention
contain amino acid alterations at one or more positions corresponding to P6, K53, K56, E57,
K171, T203, E209, D238, L294, V310, G364, E400, A414, E507, S515, E742 or E797 of
Taq polymerase. For example, in some embodiments, the one or more positions includes a

position corresponding to ES07 of Taq polymerase.

[0008] In some embodiments, the amino acid alterations are amino acid substitutions.
In some embodiments, the one or more amino acid substitutions correspond to amino acid
substitutions selected from Table 2. In some embodiments, the one or more amino acid
substitutions correspond to the substitutions selected from the group consisting of P6S,
K53N, K56Q, E57D, K171R, T2031, E209G, E209K, D238N, L294P, V310A, G364D,
G364S, E400K, A414T, E507K, S515G, E742K or E797G, and combinations thcrcof.

[0009] In somc cmbodiments, the DNA polymcrasc is modificd from a naturally-

occurring polymerase, ¢.g., a naturally-occurring polymerase isolated from Thermus
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aquaticus, Thermus thermophilus, Thermus caldophilus, Thermus filiformis, Thermus flavus,
Thermotoga maritima, Bacillus strearothermophilus, or Bacillus caldotenax. In some
embodiments, modified type A DNA polymerases of the invention are modified from a
truncated version of a naturally-occurring polymerase, e.g., KlenTaq which contains a
deletion of a portion of the 5* to 3° exonuclease domain (see, Barnes W. M. (1992) Gene
112:29-35; and Lawyer F.C. et al. (1993) PCR Methods and Applications, 2:275-287). In
some embodiments, modified type A DNA polymerases of the invention are modified from a

chimeric DNA polymerase.

[0010] In some embodiments, modified type A DNA polymerases of the invention are

modified from a fusion polymerase.

[0011] In another aspect, present invention features kits containing modified type A
DNA polymerases described herein. In addition, the present invention provides nucleotide
sequences encoding modified type A DNA polymerases described herein and vectors and/or

cells containing the nucleotide sequences according to the invention.

[0012] In another, related aspect, the present invention features modified Taq DNA
polymerases containing one or more amino acid alterations (e.g., one or more substitutions,
deletions, or insertions) at one or more positions selected from the positions identified in
Table 2 relative to wild-type enzyme. In some embodiments, the one or more amino acid
altcrations incrcasc cnzymce activity, proccssivity, clongation rate, altered nucleasc activity,

resistance to salt, resistance to nucleic acid intercalating dyes or other PCR additives.

[0013] In somc cmbodiments, the modificd Taqg DNA polymcrascs contain amino
acid alterations at one or more positions corresponding to P6, K53, K56, E57, K171, T203,
E209, D238, L.294, V310, G364,E400, A414, E507, S515, E742, or E797.

[0014] In some embodiments, the one or more amino acid alterations are
substitutions. In some embodiments, the one or more amino acid substitutions are selected
from Table 2. In some embodiments, the one or more amino acid substitutions are selected
from the group consisting of P6S, K53N, K56Q, E5S7D, K171R, T2031, E209G, E209K,
D238N, L294P, V310A, G364D, G364S, E400K, A414T, E507K, S515G, E742K or E797G,

and combinations thereof.



[0015] In other, related aspects, the present invention provides modified Taq DNA
polymerases containing an amino acid sequence selected from the group consisting of SEQ ID
NO:2 (A3E), SEQ ID NO:3 (G9S), SEQ ID NO:4 (DS5S), SEQ ID NO:5 (D2), SEQ ID NO:6
(ASE), SEQ ID NO:7 (B6S), SEQ ID NO:8 (E2S), SEQ ID NO:9 (A3), SEQ ID NO:10 (H10),
SEQ ID NO:11 (H1S), SEQ ID NO:12 (F9E), SEQ ID NO:13 (A5S). SEQ ID NO:14 (C10E).
SEQ ID NO:15 (F5S), SEQ ID NO:16 (E7S), SEQ ID NO:17 (G6S), SEQ ID NO:18 (E1E). SEQ
ID NO:19 (C7), SEQ ID NO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID
NO:23 (H7), SEQ ID NO:24 (AS) and combinations thereof.

[0015a] According to a particular aspect, the invention relates to a modified DNA

polymerase that has at least 95% amino acid sequence identity with that of wild type Taq DNA
polymerase set out in SEQ ID NO:1, but differs from wild type Taq DNA polymerase in that it
includes a lysine at a position that corresponds to ES07 of SEQ ID NO:1, and shows increased
salt-resistance and ability to catalyze a DNA-template-dependent DNA polymerization activity

that is improved, relative to that of the wild type Taq DNA polymerase of SEQ D NO:1.

{0015b] According to another particular aspect, the invention relates to a modified Taq
DNA polymerase that has at least 90% amino acid sequence identity with an amino acid
sequence selected from the group consisting of SEQ ID NO:5 (D2), SEQ D NO:6 (ASE), SEQ
ID NO:7 (B6S), SEQ ID NO:8 (E2S), SEQ ID NO:9 (A3), SEQ ID NO : 10 (H10), SEQ ID NO :
11 (H1S), SEQ ID NO : 12 (F9E), SEQ ID NO : 13 (A5S), SEQ 1D NO: 14 (C10E), SEQ ID
NO: 15(F58), SEQ ID NO: 16 (E7S), SEQ ID NO: 17 (G6S), SEQ ID NO: 18 (E1E), SEQ ID
NO: 19 (C7), SEQ IDNO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID NO:23
(H7), and SEQ 1D NO:24 (A5), and is different from that of wild type Tag DNA polymerase as
set forth in SEQ ID NO:1, which polymerase is characterized by: (i) presence of lysine at a
position corresponding to E507 of SEQ 1D NO:1 and (ii) improved ability to catalyze a DNA-
template-dependent DNA polymerization activity relative to that of the wild type Taqg DNA
polymerase of SEQ ID NO:1.

[0015¢] According to another particular aspect, the invention relates to a modified Taq
DNA polymerase having an amino acid sequence that is at least 95% identical to a sequence
selected from the group consisting of SEQ ID NO:5 (D2), SEQ ID NO:6 (ASE), SEQ ID NO:7
(B6S), SEQ ID NO:8 (E2S), SEQ ID NO:9 (A3), SEQ ID NO:10 (H10), SEQ ID NO:11 (H15),
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SEQ ID NO:12 (F9E), SEQ ID NO:13 (A58S), SEQ ID NO:14 (C10E), SEQ ID NO:15 (F5S),
SEQ ID NO:16 (E7S), SEQ ID NO:17 (G6S), SEQ ID NO:18 (E1E), SEQ ID NO:20 (E12),
SEQ ID NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID NO:23 (H7), SEQ ID NO:24 (AS) and is
different from that of wild type Taq DNA polymerase as set forth in SEQ 1D NO:1, which
polymerase (i) has a lysine at a position corresponding to E507 of SEQ ID NO:1 and (ii) shows
increased salt tolerance and improved ability to catalyze a DNA-template-dependent DNA

polymerization activity relative to that of the wild type Taq DNA polymerase of SEQ 1D NO:1.

[0015d] According to another particular aspect, the invention relates to a modified Taq
DNA polymerase whose amino acid sequence is at least 95% identical to an amino acid sequence
selected from the group consisting of SEQ ID NO:5 (D2), SEQ ID NO:6 (ASE), SEQ ID NO:7
(B6S), SEQ ID NO:8 (E2S), SEQ ID NO:9 (A3), SEQ ID NO : 10 (H10), SEQ ID NO : 11
(H1S), SEQ ID NO : 12 (F9E), SEQ ID NO : 13 (A5S), SEQ ID NO: 14 (C10E), SEQ ID NO:
15(F5S), SEQ ID NO: 16 (E7S), SEQ ID NO: 17 (G6S), SEQ ID NO: 18 (EIE), SEQ ID NO: 19
(C7), SEQ IDNO:20 (E12), SEQ 1D NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID NO:23 (H7),
and SEQ ID NO:24 (AS), and is different from that of wild type Taq DNA polymerase as set
forth in SEQ ID NO:1, which polymerase (i) has a lysine at a position corresponding to ES07 of
SEQ ID NO: 1, (ii) is capable of catalyzing a DNA-template-dependent DNA polymerization
activity; and (iii) which displays increased heparin binding affinity relative to the wild type Taq
DNA polymerase of SEQ ID NO: 1 in that it shows improved conductivity when eluted off a

column comprising heparin.

[0015¢] According to another particular aspect, the invention relates to a Tag DNA
polymerase that:

(a) is a mutant of a wild type Taq polymerase of SEQ ID NO:1 in that its amino
acid sequence differs from that of SEQ ID NO:1;

(b) has an amino acid sequence that is at least 95% identical to that of a clone sclected
from the group consisting of: SEQ ID NO:5 (D2), SEQ ID NO:6 (ASE), SEQ ID NO:7 (B6S).
SEQ ID NO:8 (E2S), SEQ ID NO:10 (H10), SEQ ID NO:12 (F9E), SEQ ID NO:13 (ASS),
SEQ ID NO:14 (C10E), SEQ ID NO:15 (F5S), SEQ ID NO:16 (E7S), SEQ ID NO:17 (G6S),
SEQ ID NO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID NO:23 (H7), and
SEQ ID NO:24 (AS);

(c) has a lysine at a position corresponding to E507 of SEQ ID NO: 1; and

281279.00018/104161656.1 4a
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(d) displays high processivity relative to the wild type Taq DNA polymerase of SEQ
ID NO: 1 in that it shows improved ability to amplify DNA fragments of at least 5

kilobases in a PCR reaction.

[0016] The present invention also features kits containing a moditied Taqg DNA
polymerase described herein and uses thereof. In one embodiment the kit comprises: 1) a
modified Taq DNA polymerase whose sequence is at least 95% identical to that of wild type Taq
DNA polymerase of SEQ ID NO:1 and includes a substitution of lysine at a position
corresponding to E507 of SEQ ID NO: 1, wherein the modified Taq DNA polymerase has
improved ability to catalyze a DNA-template-dependent DNA polymerization activity, relative
to the Taq of SEQ ID NO:1; and ii) at least one buffer suitable for use in a PCR reaction. In one
embodiment the modified type A DNA polymerase comprises a sequence which includes a

substitution of lysine at a position corresponding to E5S07 of wild type Tag of SEQ ID NO: 1.

[00164a] In addition, the present invention provides nucleotide molecules encoding
modified Taq DNA polymerases described herein, and vectors and/or cells that include the

nucleotide molecules.

[0017] The invention further provides methods including amplifying a DNA fragment
using a modified type A DNA polymerases (c.g., Taqg DNA polymerase) as described herein.

{0018} In some embodiments, the DNA fragment amplified according to the present
invention is longer than 5kb (e.g., longer than 6kb, 7kb, 8kb, 9kb, 10kb, 12kb, or longer).

[0018a] According to a particular aspect, the invention relates to a method of performing a
DNA polymerization reaction, the method comprising:
a) providing a mixture wherein the mixture comprises:
i) atemplate nucleic acid;
ii) at least one primer;
iii) nucleotides; and
iv) a modified Taq DNA polymerase whose amino acid sequence is at least 95%
identical to that of wild type Taq DNA polymerase set forth in SEQ ID NO:l and
includes a lysine at a position corresponding to ES07 of SEQ ID NO: 1, wherein the
modified Taq DNA polymerase has improved ability to catalyze a DNA-template-
dependent DNA polymerization activity, relative to the Taq of SEQ ID NO:1; and

281279.00018/104161656.1 4b
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b) incubating the mixture under conditions that:
1) permit hybridization of the at least one primer to the template nucleic acid; and
il) permit extension of the at least one primer by polymerization of the nucleotides,

which polymerization is catalyzed by the modified Tag DNA polymerase.

[0018b} According to another particular aspect, the invention relates to a method of
providing an improvement in performance in a polymerase chain reaction (PCR) relative to that
of wild type Taq DNA polymerase of SEQ ID NO:1, which improvement in performance is
selected from one or more of enzyme activity, processivity, resistance to nucleic acid
intercalating dyes, and salt-resistance, the method comprising:

using a modified Tag DNA polymerase whose sequence is at least 95% identical to that
of wild type Taq DNA polymerase set forth in SEQ ID NO:1 and includes a lysine at a position
corresponding to E507 of SEQ ID NO: 1 to perform the PCR, wherein the modified Taq DNA
polymerase has improved ability to catalyze a DNA-template-dependent DNA polymerization

activity, relative to the Taq of SEQ ID NO:1.

[0018c] The invention further relates to the use of a modified type A DNA polymerase as
defined herein for amplifying a DNA fragment.

BRIEF DESCRIPTION OF THE DRAWING
[0019] The drawing is for illustration purposes only not for limitation.

[0020] Figure 1 depicts an alignment of amino acid sequences of naturally-occurring type
A DNA polymerases from thermophilic bacterial species. Exemplary amino acid alterations

discovered by directed evolution experiments are shown above each alignment.

DEFINITIONS

[0021] Amino acid: As used herein, term “amino acid,” in its broadest sense, refers to
any compound and/or substance that can be incorporated into a polypeptide chain. In some

embodiments, an amino acid has the general structure HoON-C(H)(R)-COOH. In some

281279.00018/104161656.1 4¢
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cmbodiments, an amino acid is a naturally-occurring amino acid. In somec cmbodiments, an
amino acid is a synthetic amino acid; in some embodiments, an amino acid is a D-amino acid;
in some embodiments, an amino acid is an L-amino acid. ‘‘Standard amino acid” refers to
any of the twenty standard L-amino acids commonly found in naturally occurring peptides.
“Nonstandard amino acid” refers to any amino acid, other than the standard amino acids,
regardless of whether it is prepared synthetically or obtained from a natural source. As used
herein, “synthetic amino acid” encompasses chemically modified amino acids, including but
not limited to salts, amino acid derivatives (such as amides), and/or substitutions. Amino
acids, including carboxy- and/or amino-terminal amino acids in peptides, can be modified by
methylation, amidation, acetylation, and/or substitution with other chemical without
adversely affecting their activity. Amino acids may participate in a disulfide bond. The term
“amino acid” is used interchangeably with “amino acid residue,” and may refer to a free
amino acid and/or to an amino acid residue of a peptide. It will be apparent from the context
in which the term is used whether it refers to a free amino acid or a residue of a peptide. It
should be noted that all amino acid residue sequences are represented herein by formulae
whose left and right orientation is in the conventional direction of amino-terminus to

carboxy-terminus.

[0022] Base Pair (bp): As used herein, base pair refers to a partnership of adenine (A)
with thymine (T), or of cytosine (C) with guanine (G) in a double stranded DNA molecule.

[0023] Chimeric polymerase: Asused herein, the term “chimeric polymerase” (also
referred to as “chimera”) refers to any recombinant polymerase containing at least a first
amino acid sequence derived from a first DNA polymerase and a second amino acid sequence
derived from a second DNA polymerase. Typically, the first and second DNA polymerases
are characterized with at least one distinct functional characteristics (e.g., processivity,
elongation rate, fidelity). As used herein, a sequence derived from a DNA polymerase of
interest refers to any sequence found in the DNA polymerase of interest, or any sequence
having at least 70% (e.g., at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99%) identical to an amino acid sequence found in the DNA polymerase of
interest. A “chimeric polymerase” according to the invention may contain two or more
amino acid sequences from related or similar polymerases (e.g., proteins sharing similar
sequences and/or structures), joined to form a new functional protein. A “chimeric

olymerase” according to the invention may contain two or more amino acid sequences from
y y
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unrclated polymerases, joinced to form a new functional protcin. For cxamplc, a chimeric
polymerase of the invention may be an “interspecies” or “intergenic” fusion of protein

structures expressed by different kinds of organisms.

10024] Complementary. As used herein, the term “complementary” refers to the
broad concept of sequence complementarity between regions of two polynucleotide strands
or between two nucleotides through base-pairing. It is known that an adenine nucleotide is
capable of forming specific hydrogen bonds (“‘base pairing”) with a nucleotide which is
thymine or uracil. Similarly, it is known that a cytosine nucleotide is capable of base pairing

with a guanine nucleotide.

[0025] DNA binding affinity: As used herein, the term “DNA-binding affinity”
typically refers to the activity of a DNA polymerase in binding DNA nucleic acid. In some
embodiments, DNA binding activity can be measured in a two band-shift assay. For
example, in some embodiments (based on the assay of Guagliardi et al. (1997) J. Mol. Biol.
267:841-848), double-stranded nucleic acid (the 452-bp HindIII-EcoRV fragment from the S.
solfataricus lacS gene) is labeled with *P to a specific activity of at least about 2.5 X 10’
cpm/ug (or at least about 4000 cpm/fmol) using standard methods. See, e.g., Sambrook et al.
(2001) Molecular Cloning: A Laboratory Manual (3rd ed., Cold Spring Harbor Laboratory
Prcss, NY) at 9.63-9.75 (describing cnd-labeling of nuclcic acids). A rcaction mixture is
prepared containing at least about 0.5 pg of the polypeptide in about 10 pl of binding buffer
(50 mM sodium phosphate buffer (pH 8.0), 10% glycerol, 25 mM KCI, 25 mM MgCl,). The
reaction mixture is heated to 37 °C for 10 min. About 1 X 10* to 5 X 10* cpm (or about 0.5-2
ng) of the labeled double-stranded nucleic acid is added to the reaction mixture and incubated
for an additional 10 min. The reaction mixture is loaded onto a native polyacrylamide gel in
0.5 X Tris-borate buffer. The reaction mixture is subjected to electrophoresis at room
temperature. The gel is dried and subjected to autoradiography using standard methods. Any
detectable decrease in the mobility of the labeled double-stranded nucleic acid indicates
formation of a binding complex between the polypeptide and the double-stranded nucleic
acid. Such nucleic acid binding activity may be quantified using standard densitometric
methods to measure the amount of radioactivity in the binding complex relative to the total

amount of radioactivity in the initial reaction mixture.



CA 02742594 2015-01-08

WO 2010/062777 PCT/US2009/063167

[0026] Elongation rate: As used herein, the term “elongation rate” refers to the
average speed at which a DNA polymerase extends a polymer chain. As used herein, a high
elongation rate refers to an elongation rate higher than 50 nt/s (e.g., higher than 50, 55, 60,
65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 130, 135, 140 nt/s). As used in this

application, the terms “elongation rate” and “speed” are used inter-changeably.

[0027] Enzyme activity: As used herein, the term “enzyme activity” refers 1o the
specificity and efficiency of a DNA polymerase. Enzyme activity of a DNA polymerase is
also referred to as “polymerase activity,” which typically refers to the activity of a DNA
polymerase in catalyzing the template-directed synthesis of a polynucleotide. Enzyme
activity of a polymerase can be measured using various techniques and methods known in the
art. For example, serial dilutions of polymerase can be prepared in dilution buffer (e.g., 20
mM Tris.CI, pH 8.0, 50 mM KCI, 0.5% NP 40, and 0.5% Tween-20). For each dilution, 5 pl
can be removed and added to 45 pl of a reaction mixture containing 25 mM TAPS (pH 9.25),
50 mM KCl, 2 mM MgCl,, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM dTTP, 0.1 mM dCTP,
12.5 pg activated DNA, 100 uM [a-P1dCTP (0.05 pCi/nmol) and sterile deionized water.
The reaction mixtures can be incubated at 37 °C. (or 74 °C. for thermostable DNA
polymerases) for 10 minutes and then stopped by immediately cooling the reaction to 4 °C
and adding 10 ul of ice-cold 60 mM EDTA. A 25 pl aliquot can be removed from each
reaction mixture. Unincorporated radioactively labeled dCTP can be removed from each
aliquot by gel filtration (Centri—SegN}[)rinceton Separations, Adelphia, N.J.). The column
eluate can be mixed with scintillation fluid (1 ml). Radioactivity in the column eluate is
quantified with a scintillation counter to determine the amount of product synthesized by the
polymerase. One unit of polymerase activity can be defined as the amount of polymerase
necessary to synthesize 10 nmole of product in 30 minutes (Lawyer ct al. (1989) /. Biol.
Chem. 264:6427-647). Other methods of measuring polymerase activity are known in the art
(sce, c.g. Sambrook et al. (2001) Molccular Cloning: A Laboratory Manual (3.sup.rd ed.,
Cold Spring Harbor Laboratory Press, NY)).

[0028] Fidelity: As used herein, the term “fidelity” refers to the accuracy of DNA
polymerization by template-dependent DNA polymerase. The fidelity of a DNA polymerase
is typically measured by the error rate (the frequency of incorporating an inaccurate
nucleotide, i.e., a nucleotide that is not incorporated at a template-dependent manner). The

accuracy or fidelity of DNA polymerization is maintained by both the polymerase activity
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and thc cxonuclcasc activity of a DNA polymcrasc. The term "high fidelity” refers to an
error rate less than 4.45 X 107 (c.g., less than 4.0 X 10, 3.5 X 10°, 3.0 X 10°, 2.5 X 10,
2.0X10°1.5X10° 1.0 X 10°, 0.5 X 10°) mutations/nt/doubling. The fidelity or error rate
of a DNA polymerase may be measured using assays known to the art. For example, the
error rates of DNA polymerases can be tested using the /ac! PCR fidelity assay described in
Cline, J. et al. (96) NAR 24: 3546-3551. Briefly, a 1. 9kb fragment encoding the laclOlacZa
target gene is amplified from pPRIAZ plasmid DNA using 2.5U DNA polymerase (i.c.
amount of enzyme necessary to incorporate 25 nmoles of total ANTPs in 30 min. at 72°C) in
the appropriate PCR buffer. The /ac/-containing PCR products are then cloned into lambda
GT10 arms, and the percentage of Jac/ mutants (MF, mutation frequency) is determined in a
color screening assay, as described (Lundberg, K. S. , Shoemaker, D. D., Adams, M. W. W.,
Short, J. M., Sorge, J. A., and Mathur, E. J. (1991) Gene 180: 1-8). Error rates are expressed
as mutation frequency per bp per duplication (MF/bp/d), where bp is the number of
detectable sites in the lacl gene sequence (349) and d is the number of effective target
doublings. Similar to the above, any plasmid containing the lac/OlacZa target gene can be
used as template for the PCR. The PCR product may be cloned into a vector different from

lambda GT (e.g., plasmid) that allows for blue/white color screening.

10029] Fusion DNA polymerase: As used herein, the term “fusion DNA polymerase”
refers to any DNA polymerase that is combined (e.g., covalently or non-covalently) with one
or more protein domains having a desired activity (e.g., DNA-binding, stabilizing template-
primer complexes, hydrolyzing dUTP). In some embodiments, the one or more protein
domains are derived from a non-polymerase protein. Typically, fusion DNA polymerases are
generated to improve certain functional characteristics (e.g., processivity, elongation rate,

fidelity, salt-resistance, etc.) of a DNA polymerase.

[0030] Modified DNA polymerase: As used herein, the term “modified DNA
polymerase” refers to a DNA polymerase originated from another (i.c., parental) DNA
polymerase and contains one or more amino acid alterations (e.g., amino acid substitution,
deletion, or insertion) compared to the parental DNA polymerase. In some embodiments, a
modified DNA polymerases of the invention is originated or modified from a naturally-
occurring or wild-type DNA polymerase. In some embodiments, a modified DNA
polymerase of the invention is originated or modified from a recombinant or engineered

DNA polymerase including, but not limited to, chimeric DNA polymerase, fusion DNA
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polymerase or another modified DNA polymerase. Typically, a modified DNA polymerase

has at least one changed phenotype compared to the parental polymerase.

[0031] Mutation: As used herein, the term “mutation” refers to a change introduced
into a parental sequence, including, but not limited to, substitutions, insertions, deletions
(including truncations). The consequences of a mutation include, but are not limited to, the
creation of a new character, property, function, phenotype or trait not found in the protein
cncoded by the parental sequence. Herein, the term “mutation” is used interchangeably with

“alteration.”

[0032] Mutant: As used herein, the term “mutant” refers to a modified protein which

displays altered characteristics when compared to the parental protein.

[0033] Joined: As used herein, “joined” refers to any method known in the art for
functionally connecting polypeptide domains, including without limitation recombinant
fusion with or without intervening domains, inter-mediated fusion, non-covalent association,
and covalent bonding, including disulfide bonding, hydrogen bonding, electrostatic bonding,

and conformational bonding.

[0034] Nucleotide: As used herein, a monomeric unit of DNA or RNA consisting of a
sugar moiety (pentose), a phosphate, and a nitrogenous hetcrocyclic base. The base is linked
to the sugar moiety via the glycosidic carbon (1" carbon of the pentose) and that combination
of base and sugar is a nuclcoside. When the nucleoside contains a phosphate group bonded
to the 3' or 5' position of the pentose it is referred to as a nucleotide. A sequence of
operativcly linked nucleotides is typically referred to herein as a “base sequence” or
“nucleotide sequence,” and is represented herein by a formula whose left to right orientation

is in the conventional direction of 5'-terminus to 3'-terminus.

[0035] Nucleic acid intercalating dyes: As used herein, the term “nucleic acid
intercalating dyes” refers to any molecules that bind to nucleic acids in a reversible, non-
covalent fashion, by insertion between the base pairs of the double helix, thereby indicating
the presence and amount of nucleic acids. Generally, nucleic acid intercalating dyes are
planar, aromatic, ring-shaped chromophore molecules. In some embodiments, intercalating
dyes include fluorescent dyes. Numerou% Ii/?tercalating dyes are known in the art. Some non-

limiting examples include PICO GREEN (P-7581, Molecular Probes), EB (E-8751, Sigma),
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propidium iodide (P-4170, Sigma), Acridine orange (A-6014, Sigma), 7-aminoactinomycin D
) ™ ™ TM ™ T™
(A-1310, Molecular Probes), cyanine dyes (e.g., TOTO, YOYO, BOBO, and POPO), SYTO,
Tlé ™ ™ . ™ Tlé TM
SYBR Green I, SYBR Green 1, SYBR DX, OliGreen, CyQuant GR, SYTOX Green,
TM™ T™ T™ T™ TM _TM - ‘
SYTO9, SYTOI10, SYTO17, SYBR14, FUN-1, DEAD Red, Hexidium lodide,
Dihydroethidium, Ethidium Homodimer, 9-Amino-6-Chloro-2-Methoxyacridine, DAPI,
T
DIPI, Indole dye, Imidazole dye, Actinomycin D, Hydroxystilbamidine, and LDS 751 E/{J.S.
TM ™ TM. . TM
Pat. No. 6,210,885), BOXTO, LC Green, Evagreen, Bebo.

[0036] Oligonucleotide or Polynucleotide: As used herein, the term
“oligonucleotide” is defined as a molecule including two or more deoxyribonucleotides
and/or ribonucleotides, preferably more than three. Its exact size will depend on many
factors, which in turn depend on the ultimate function or use of the oligonucleotide. The
oligonucleotide may be derived synthetically or by cloning. As used herein, the term
“polynucleotide” refers to a polymer molecule composed of nucleotide monomers covalently
bonded in a chain. DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are examples

of polynucleotides.

{0037] Polymerase: As used herein, a “polymerase” refers to an enzyme that
catalyzes the polymerization of nucleotide (i.e.. the polymerase activity). Generally, the
enzyme will initiate synthesis at the 3°- end of the primer annealed to a polynucleotide
template sequence, and will proceed toward the 5° end of the template strand. A “DNA

polymerase” catalyzes the polymerization of deoxynucleotides.

10038 Primer: As used herein, the term “primer” refers to an oligonucleotide,
whether occurring naturally or produced synthetically, which is capable of acting as a point
of initiation of nucleic acid synthesis when placed under conditions in which synthesis of a
primer extension product which is complementary to a nucleic acid strand is induced, ¢.g., in
the presence of four different nucleotide triphosphates and thermostable enzyme in an
appropriate buffer (“buffer” includes pH, ionic strength, cofactors, etc.) and at a suitable
temperature. The primer is preferably single-stranded for maximum efficiency in
amplification, but may alternatively be double-stranded. 1f double-stranded, the primer is
first treated to separate its strands before being used to prepare extension products.
Preferably, the primer is an oligodeoxyribonucleotide. The primer must be sufTiciently long

to prime the synthesis of extension products in the presence of the thermostable enzyme. The
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cxact lengths of the primers will depend on many factors, including tcmpceraturc, source of
primer and use of the method. For example, depending on the complexity of the target
sequence, the oligonucleotide primer typically contains 15-25 nucleotides, although it may
contain more or few nucleotides. Short primer molecules generally require colder

temperatures to form sufficiently stable hybrid complexes with template.

[0039] Processivity: As used herein, “processivity” refers to the ability of a
polymerase to remain attached to the template and perform multiple modification reactions.
“Modification reactions” include but are not limited to polymerization, and exonucleolytic
cleavage. In some embodiments, “processivity” refers to the ability of a DNA polymerase to
perform a sequence of polymerization steps without intervening dissociation of the enzyme
from the growing DNA chains. Typically, “processivity” of a DNA polymerase is measured
by the length of nucleotides (for example 20 nts, 300 nts, 0.5-1 kb, or more) that are
polymerized or modified without intervening dissociation of the DNA polymerase from the
growing DNA chain. “Processivity” can depend on the nature of the polymerase, the
sequence of a DNA template, and reaction conditions, for example, salt concentration,
temperature or the presence of specific proteins. As used herein, the term “high processivity”
refers to a processivity higher than 20nts (c.g., higher than 40nts, 60nts, 80nts, 100nts,
120nts, 140nts, 160nts, 180nts, 200nts, 220nts, 240nts, 260nts,280nts, 300nts, 320nts, 340nts,
360nts, 380nts, 400nts, or higher) per association/disassociation with the template.

Processivity can be measured according the methods defined herein and in WO 01/92501 Al.

[0040] Synthesis: As used herein, the term “synthesis” refers to any in vitro method
for making new strand of polynucleotide or elongating existing polynucleotide (i.e., DNA or
RNA) in a template dependent manner. Synthesis, according to the invention, includes
amplification, which increases the number of copies of a polynucleotide template sequence
with the use of a polymerase. Polynucleotide synthesis (e.g., amplification) results in the
incorporation of nucleotides into a polynucleotide (i.e., a primer), thereby forming a new
polynucleotide molecule complementary to the polynucleotide template. The formed
polynucleotide molecule and its template can be used as templates to synthesize additional
polynucleotide molecules. “DNA synthesis,” as used herein, includes, but is not limited to,
PCR, the labeling of polynucleotide (i.e., for probes and oligonucleotide primers),

polynucleotide sequencing.
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[0041] Template DNA molecule: As uscd hercin, the term “templatc DNA molecule”
refers to a strand of a nucleic acid from which a complementary nucleic acid strand is

synthesized by a DNA polymerase, for example, in a primer extension reaction.

10042] Template dependent manner: As used herein, the term “template dependent
manner” refers to a process that involves the template dependent extension of a primer
molecule (e.g., DNA synthesis by DNA polymerase). The term “template dependent
manner” typically refers to polynucleotide synthesis of RNA or DNA wherein the sequence
of the newly synthesized strand of polynucleotide is dictated by the well-known rules of
complementary base pairing (see, for example, Watson, J. D. et al., In: Molecular Biology of

the Gene, 4th Ed. , W. A. Benjamin, Inc., Menlo Park, Calif. (1987)).

[0043] Thermostable enzyme: As used herein, the term “thermostable enzyme” refers
to an enzyme which is stable to heat (also referred to as heat-resistant) and catalyzes
(facilitates) polymerization of nucleotides to form primer extension products that are
complementary to a polynucleotide template sequence. Typically, thermostable stable
polymerases are preferred in a thermocycling process wherein double stranded nucleic acids
are denatured by exposure to a high temperature (e.g., about 95°C) during the PCR cycle. A
thermostable enzyme described herein effective for a PCR amplification reaction satisfies at
lcast onc criteria, i.c., the cnzyme docs not becomce irrcversibly denatured (inactivated) when
subjected to the elevated temperatures for the time necessary to effect denaturation of double-
stranded nucleic acids. Irreversible denaturation for purposes herein refers to permanent and
complete loss of enzymatic activity. The heating conditions necessary for denaturation will
depend, e.g., on the buffer salt concentration and the length and nucleotide composition of the
nucleic acids being denatured, but typically range from about 90 °C to about 96 °C for a time
depending mainly on the temperature and the nucleic acid length, typically about 0.5 to ten
minutes. Higher temperatures may be tolerated as the buffer salt concentration and/or GC
composition of the nucleic acid is increased. In some embodiments, thermostable enzymes
will not become irreversibly denatured at about 90 °C -100 °C. Typically, a thermostable
enzyme suitable for the invention has an optimum temperature at which it functions that is
higher than about 40 °C, which is the temperature below which hybridization of primer to
template is promoted, although, depending on (1) magnesium and salt, concentrations and (2)
composition and length of primer, hybridization can occur at higher temperature (e.g., 45 °C -

70°C). The higher the temperature optimum for the enzyme, the greater the specificity
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and/or sclectivity of the primer-dirceted cxtension process. Howcever, cnzymcs that arc active
below 40 °C (e.g., at 37 °C) are also with the scope of this invention provided they are heat-
stable. In some embodiments, the optimum temperature ranges from about 50 °C to 90 °C

(e.g., 60°C — 80 °C).

[0044] Wild-type: As used herein, the term “wild-type” refers to a gene or gene
product which has the characteristics of that gene or gene product when isolated from a

naturally-occurring source.

DETAILED DESCRIPTION OF THE INVENTION

[0045] The present invention provides, among other things, modified DNA
polymerases (e.g., type A DNA polymerases) containing amino acid alterations based on
mutations identified in directed evolution experiments designed to select enzymes that are

better suited for applications in recombinant DNA technologies.

[0046] As described in the Examples section, the present inventors have successfully
developed directed DNA polymerase evolution experiments by mimicking the typical or less-
than typical environments and conditions under which an enzyme is usually used or expected

to be used in real-life industrial or research applications.

[0047] As discussed in the Examples, various mutations have been observed during
the selection process (see Table 2). Many mutations confer advantages relating to enzyme
characteristics including, but not limited to, expression efficiency, solubility and folding
robustness, thermostability, polymerization activity, processivity, speed (elongation rate),
concentration robustncss, resistance to impuritics, resistance to chemical additives, fidelity,
avoidance of primer-dimers, strand-displacement activity, altered nuclease activity,
nucleotide selectivity, and other properties and characteristics involved in the process of

DNA polymerization.

[0048] It is contemplated that the mutations identified herein confer a variety of
phenotypes that can make DNA polymerases better suited for applications in recombinant
DNA technologies. For example, mutations identified in accordance with the present

invention may confer enzymatic phenotypes related to the selective advantages described
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herein. Indced, the present inventors have identified or cxpect to identify mutant
polymerases that express well, are more soluble, that display higher activity, fidelity,
processivity and/or speed, that are active over a wide range of concentrations, that are
resistant to salt, PCR additives (e.g., PCR enhancers) and/or inhibitors, that work over a
range of concentrations and have a higher fidelity, and other phenotypes that may not be
immediately measurable. Since many of these phenotypes may depend on the manner in
which the DNA and polymerase interact, it is contemplated that many of the mutations
identified in accordance with the present invention may affect DNA-polymerase binding

characteristics.

[0049] In addition, it is contemplated that mutations identified according to the
present invention may confer enzymatic phenotypes not directly related to the selective
advantages described herein. For example, some phenotypes may confer no advantage, but
merely be a side effect of the advantageous mutation. In addition, some mutants may display
phenotypes that could be considered disadvantageous. For example, some mutations confer
an advantage (for example, high activity), but this advantage comes at a cost (for example,
high error-rate). If the advantage outweighs the disadvantage, the mutation will still be
sclected for. Such mutations may have commercial uscs. For cxample, a low fidclity cnzyme

could be used in error prone PCR (e.g., for mutagenesis).

10050] Exemplary mutations and mutant clones containing combinations of mutations
associated with specific phenotypes are discussed in the Examples section and are shown at

least in Tables 3, 4, 5, 8, 12, and 15.

[0051] It is further contemplated that, since many DNA polymerases have similar
sequences, structures and functional domains, mutations and/or the positions where mutations
occur identified herein can serve as bases for modification of DNA polymerases in general.
For example, same or similar mutations, as well as other alterations, may be introduced at the
corresponding positions in various DNA polymerases to generate modified enzymes that are

better adapted for recombinant use.
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DNA polymerases
[0052] DNA polymerases in accordance with the present invention may be modified

from any types of DNA polymerases including, but not limited to, naturally-occurring wild-
type DNA polymerases, recombinant DNA polymerase or engineered DNA polymerases
such as chimeric DNA polymerases, fusion DNA polymerases, or other modified DNA
polymerases. In particular embodiments, DNA polymerases suitable for the invention are

thermostable DNA polymerases (PCR-able).

Naturally-occurring DNA polymerases

[0053] In some embodiments, naturally-occurring DNA polymerases suitable for the
invention are type A DNA polymerases (also known as family A DNA polymerases). Type
A DNA polymerases are classified based on amino acid sequence homology to E. coli
polymcrasc I (Braithwaitc and Ito, Nuc. Acids. Res. 21:787-802, 1993), and includc E. coli
pol I, Thermus aguaticus DNA pol 1 (Taq polymerase), Thermus flavius DNA pol 1,
Streptococcus pneumoniae DNA pol 1, Bacillus stearothermophilus pol 1, phage polymerase
TS5, phage polymerase T7, mitochondrial DNA polymerase pol gamma, as well as additional

polymerases discussed below.

[0054] Family A DNA polymerases are commercially available, including Taq
polymerase (New England BioLabs), £. coli pol I (New England BioLabs), E. coli pol 1
Klenow fragment (New England BioLabs), and T7 DNA polymerase (New England
BioLabs), and Bacillus stearothermophilus (Bst) DNA polymerase (New England BioLabs).

[0055] Suitable DNA polymerases can also be derived from bacteria or other
organisms with optimal growth temperatures that are similar to the desired assay
temperatures. For example, such suitable bacteria or other organisms may exhibit maximal

growth temperatures of > 80-85°C or optimal growth temperatures of > 70-80°C.

[0056] Sequence information of many type A DNA polymerases are publicly
available. Table 1 provides a list of GenBank Accession numbers and other GenBank
Accession information for exemplary type A DNA polymerases, including species from

which they are derived.
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Table 1. Sequence Accession Information for Certain Type A DNA Polymerases

Geobacillus stearothermophilus

ACCESSION 3BDP_A

VERSION 3BDP_A GI:4389065

DBSOURCE pdb: molecule 3BDP, chain 65, release Aug 27, 2007.

Natranaerobius thermophilus JW/NM-WN-LF
ACCESSION ACB&85463

VERSION ACBS85463.1 GI:179351193
DBSOURCE accession CP001034.1

Thermus thermophilus HBS

ACCESSION P52028

VERSION P52028.2 GI:62298349

DBSOURCE swissprot: locus DPO1T THETS, accession P52028

Thermus thermophilus

ACCESSION P30313

VERSION P30313.1 GI:232010

DBSOURCE swissprot: locus DPO1F_THETH, accession P30313

Thermus caldophilus

ACCESSION P80194

VERSION P80194.2 GI:2506365

DBSOURCE swissprot: locus DPO1_THECA, accession P80194

Thermus filiformis

ACCESSION 052225

VERSION 052225.1 GI:3913510

DBSOURCE swissprot: locus DPO1_THEFI, accession 052225

Thermus filiformis

ACCESSION AARI11876

VERSION AAR11876.1 GI:38146983
DBSOURCE accession AY247645.1

Thermus aquaticus

ACCESSION P19821

VERSION P19821.1 GI:118828

DBSOURCE swissprot: locus DPO1_THEAQ, accession P19821

Thermotoga lettingae TMO

ACCESSION YP 001469790

VERSION  YP 001469790.1 GI:157363023
DBSOURCE REFSEQ: accession NC _009828.1
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Thermosipho melanesiensis BI429

ACCESSION YP 001307134

VERSION  YP_001307134.1 GI:150021780
DBSOURCE REFSEQ: accession NC_009616.1

Thermotoga petrophila RKU-1

ACCESSION YP 001244762

VERSION  YP 001244762.1 GI:148270302
DBSOURCE REFSEQ: accession NC _009486.1

Thermotoga maritima MSB8

ACCESSION NP 229419

VERSION NP 229419.1 GI:15644367
DBSOURCE REFSEQ: accession NC _000853.1

Thermodesulfovibrio vellowstonii DSM 11347
ACCESSION YP 002249284

VERSION  YP _002249284.1 GI:206889818
DBSOURCE REFSEQ: accession NC 011296.1

Dictyoglomus thermophilum
ACCESSION AARI11877

VERSION AARI11877.1 GI:38146985
DBSOURCE accession AY247646.1

Geobacillus sp. MKK-2005
ACCESSION ABB72056

VERSION  ABB72056.1 GI:82395938
DBSOURCE accession DQ244056.1

Bacillus caldotenax

ACCESSION BAA02361

VERSION BAAO02361.1 GI:912445

DBSOURCE locus BACPOLYTG accession D12982.1

Thermoanaerobacter thermohydrosulfuricus
ACCESSION AAC85580

VERSION AACS85580.1 GI:3992153

DBSOURCE locus AR003995 accession AAC85580.1

Thermoanaerobacter pseudethanolicus ATCC 33223
ACCESSION ABY95124

VERSION ABY95124.1 GI:166856716
DBSOURCE accession CP000924.1

Enterobacteria phage T3

ACCESSION AAS77168 CAA04580
VERSION AAS77168.1 GI:45775036
DBSOURCE accession AY543070.1

17
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Fnierobacteria phage 17 (17)

ACCESSION NP_041982

VEERSION NP 041982.1 GI:9627454
DBSOURCE REFSEQ: accession NC _001604.1

[0001] DNA polymerases suitable for the present invention include DNA polymerases

that have not yet been isolated.

Truncated DNA polvmerases

10002] In some embodiments, DNA polymerases suitable for the present invention
include truncated versions of naturally-occurring polymerases (e.g., a fragment of a DNA
polymerase resulted from an N-terminal, C-terminal or internal deletion that retains polymerase
activity). One exemplary truncated DNA polymerase suitable for the invention is KlenTaq
which contains a deletion of a portion of the 5” to 3° exonuclease domain (see, Barnes W. M.
(1992) Gene 112:29-35; and Lawyer F.C. et al. (1993) PCR Methods and Applications, 2:275-
287).

Chimeric DNA polvmerases

[0003] In some embodiments, chimeric DNA polymerases suitable for the invention
include any DNA polymerases containing sequences derived from two or more different DNA
polymerases. In some embodiments, chimeric DNA polymerases suitable for the invention
include chimeric DNA polymerases as described in co-pending application entitled “Chimeric

DNA polymerases” filed on even date.

[0004] Chimeric DNA polymerases suitable for the invention also include the chimeric
DNA polymerases described in U.S. Publication No. 20020119461, U.S. Patent Nos. 0,228,628
and 7,244,602,

18
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Fusion DNA polymerases

[0005] Suitable fusion DNA polymerases include any DNA polymcrases that are
combined (c.g., covalently or non-covalently) with one or more protein domains having a desired
activity (e.g., DNA-binding, dUTP hydrolysis or stabilizing template-primer complexes). In
some embodiments, the one or more protein domains having the desired activity are derived
from a non-polymerase protein. Typically, fusion DNA polymerases are generated to improve
certain functional characteristics (e.g., processivity, elongation rate, fidelity, salt-resistance,
dUTP tolerance etc.) of a DNA polymerase. For example, DNA polymerase has been fused in
frame to the helix-hairpin-helix DNA binding motifs from DNA topoisomerasc V and shown to
increase processivity, salt resistance and thermostability of the fusion DNA polymerase as
described in Pavlov et al., 2002, Proc. Natl. Acad. Sci USA, 99:13510-13515. Fusion of the
thioredoxin binding domain to T7 DNA polymerase enhances the processivity of the DNA
polymerase fusion in the presence of thioredoxin as described in WO 97/29209, U.S. Pat. No.
5.972,603 and Bedford et al. Proc. Natl. Acad. Sci. USA 94: 479-484 (1997). Fusion of the
archacal PCNA binding domain to Taq DNA polymerase results in a DNA polymerase fusion
that has enhanced processivity and produces higher yields of PCR amplified DNA in the
presence, of PCNA (Motz, M., et al., J. Biol. Chem. May 3, 2002; 277 (18); 16179-88). Also,
fusion of the sequence non-specific DNA binding protein Sso7d or Sac7d from Sulfolobus
sulfataricus to a DNA polymerase, such as Pfu or Tag DNA polymerase, was shown to greatly
increase the processivity of these DNA polymerases as disclosed in WO 01/92501 Al.
Additional fusion polymerases are described in US Publication No. 20070190538A1.

[0006] Commercially available exemplary fusion polymerases include, but are not
limited to, Topo’l‘aqTM (Fidelity Systems) which is a hybrid of Taq polymerase fused to a
sequence non-specific Helix—hairpin—helix (HhII) motif from DNA topoisomerase V (Topo V)
(see, US Patent Nos. 5,427,928; 5,656,463; 5,902,879, 6,548,251 ; Pavlov et al., 2002, Proc. Natl.
Acad. Sci USA, 99:13510-13515); Phusion™ (Finnzymes and NEB, sold by BioRad as iProof)
which is a chimeric Deep Vent'/Pfu DNA polymerase fused to a small basic chromatin-like
Sso7d protein (see, U.S. Patent No. 6627424, U.S. Application Publication Nos. 20040191825,
20040081963, 20040002076, 20030162173, 20030148330, and Wang et al. 2004, Nucleic Acids

Research,
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32(3), 1197-1207.); PfuUltra™ II Fusion (Stratagene) which is a Pfu-based DNA
polymerase fused to a double stranded DNA binding protein (U.S. Application No.
20070148671); Herculase 11 FusionT %VIStratagene) which is a Herculase llTél:gzyme fused to a
DNA-binding domain; and PfoOrI&I\[/Invitrogen) which is a DNA polymerase from T. zilligii

fused to an accessory protein that stabilizes primer-template complexes.

Generation of modified DNA polvmerases of the invention

[0063] Modified DNA po]yinerases can be generated by introducing one or more
amino acid alterations into a DNA polymerase at the positions corresponding to the positions

described herein (e.g., positions identified in Tables 2, 3, 4, 5, 8, 12, and 15).

[0064] Corresponding positions in various DNA polymerases can be determined by
alignment of amino acid sequences. Alignment of amino acid sequences can be achicved in
various ways that are within the skill in the art, for instance, using publicly available
computer software such as BLAST?P//{LIGNT(I)\?" Megali gI']I' FDNASTAR) software. Those
skilled in the art can determine appropriate parameters for measuring alignment, including
any algorithms needed to achieve maximal alignment over the full length of the sequences
being compared. Preferably, the WU-BLAST-ZrI;l\gﬁware is uscd to determine amino acid
sequence identity (Altschul et al., Methods in Enzymology 266, 460-480 (1996); URL:
//blast.wustl/edu/blast/README html). WU-BLAST—2TuDges several search parameters, most
of which are set to the default values. The adjustable parameters are set with the following
values: overlap span=1, overlap fraction—0.125, word threshold (T)=11. HSP score (S) and
HSP S2 parameters are dynamic values and are established by the program itself, depending
upon the composition of the particular sequence, however, the minimum values may be

adjusted and are set as indicated above. An cxample of an alignment is shown in Figure 1.

[0065] Alterations may be a substitution, deletion or insertion ot onc or more amino
acid residues. Appropriate alteration for each position can be determined by examining the
nature and the range of mutations at the corresponding position described herein. In some
embodiments, appropriatc amino acid alterations can be determined by evaluating a three-

dimensional structure of a DNA polymerase of interest (e.g., parental DNA polymerase). For
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cxample, amino acid substitutions identical or similar to thosc described in Tables 2, 3, and 4
can be introduced to a DNA polymerase. Alternative amino acid substitutions can be made
using any of the techniques and guidelines for conservative and non-conservative amino acids
as set forth, for example, by a standard Dayhoff frequency exchange matrix or BLOSUM
matrix. Six general classes of amino acid side chains have been categorized and include:
Class I (Cys); Class II (Ser, Thr, Pro, Ala, Gly); Class III (Asn, Asp, Gln, Glu); Class IV
(His, Arg, Lys); Class V (Ile, Leu, Val, Met); and Class VI (Phe, Tyr, Trp). For example,
substitution of an Asp for another class III residue such as Asn, Gln, or Glu, is a conservative
substitution. As used herein, “non-conservative substitution” refers to the substitution of an
amino acid in one class with an amino acid from another class; for example, substitution of
an Ala, a class Il residue, with a class III residue such as Asp, Asn, Glu, or Gln. Insertions or

deletions may optionally be in the range of 1 to 5 amino acids.

[0066] Appropriate amino acid alterations allowed in relevant positions may be
confirmed by testing the resulting modified DNA polymerases for activity in the in vitro

assays known in the art or as described in the Examples below.

[0067] The variations can be made using methods known in the art such as
oligonucleotide-mediated (site-directed) mutagenesis, and PCR mutagenesis. Site-directed
mutagengesis (Carter ct al., Nucl. Acids Res., 13:4331 (1986); Zollcr ¢t al., Nucl. Acids Res.,
10:6487 (1987)), cassctte mutagenesis (Wells et al., Gene, 34:315 (1985)), restriction
selection mutagenesis (Wells et al., Philos. Trans. R. Soc. London SerA, 317:415 (1986)),
inverse PCR with mutations included in the primer sequence, or other known techniques can

be performed on the cloned DNA to produce desired modified DNA polymerases.

[0068] In some embodiments, alterations suitable for the invention also include
chemical modification including acetylation, acylation, amidation, ADP-ribosylation,
glycosylation, GPI anchor formation, covalent attachment of a lipid or lipid derivative,
methylation, myristlyation, pegylation, prenylation, phosphorylation, ubiqutination, or any

similar process.

[0069] Modified DNA polymerases according to the invention may contain one or
more amino acid alterations at one or more positions corresponding to those described in
Tables 2, 3,4, 5, 8, 12, and 15. Modified DNA polymerases according to the invention may

also contain additional substitutions, insertions and/or deletions independent of the mutations
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obscrved or sclected in the dirccted cvolution cxperiments. Thus, in some ecmbodiments, a
modified DNA polymerase according to the invention has an amino acid sequence at least
70%, e.g., at least 70, 71, 72, 73, 74, 75,76, 77,78, 79, 80, 81, 82, 83, 84, &5, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, 99%, identical to a corresponding wild-type (or naturally-
occurring) DNA polymerase. In some embodiments, a modified DNA polymerase has 1, 2,
3,4,5,6,7,8,9,10, 11,12, 13, 14, or 15 amino acid substitutions, deletions, insertions, or a

combination thereof, relative to a wild type form of the polymerase.

[0070] “Percent (%) amino acid sequence identity” is defined as the percentage of
amino acid residues in a modified sequence that are identical with the amino acid residues in
the corresponding parental sequence, after aligning the sequences and introducing gaps, if
necessary, to achieve the maximum percent sequence identity, and not considering any
conservative substitutions as part of the sequence identity. Alignment for purposes of
determining percent amino acid sequence identity are similar to the alignment for purposes of

determining corresponding positions as described above.

[0071] Methods well known in the art may be applied to express and isolate modified
DNA polymerases. Many bacterial expression vectors contain sequence elements or
combinations of sequence elements allowing high level inducible expression of the protein
cncodced by a forcign scquence. For cxample, ¢cxpression vectors are commercially available

from, for example, Novagen (http://www.emdbiosciences.com/html/NVG/AllTables. html#).

[0072] As an example, bacteria expressing an integrated inducible form of the T7
RNA polymerase gene may be transformed with an expression vector bearing a modified
DNA polymerase gene linked to the T7 promoter. Induction of the T7 RNA polymerase by
addition of an appropriate inducer, for example, isopropyl-p-D-thiogalactopyranoside (IPTG)
for a lac-inducible promoter, induces the high level expression of the chimeric gene from the

T7 promoter.

[0073] Appropriate host strains of bacteria may be selected from those available in
the art by one of skill in the art. As a non-limiting example, E. coli strain BL-21 is
commonly used for expression of exogenous proteins since it is protease deficient relative to
other strains of E. coli. For situations in which codon usage for the particular polymerase
gene differs from that normally seen in E. coli genes, there are strains of BL-21 that are

modified to carry tRNA genes encoding tRNAs with rarer anticodons (for example, argU,

22



CA 02742594 2015-01-08

W0 2010/062777 PCT/US2009/063167

ileY, leuW, and proL tRNA genes), allowing high efficiency expression of cloned chimeric
genes (several BL21-CODON PLUSTM cell strains carrying rare-codon tRNAs are available
from Stratagene, for example). Additionally or alternatively, genes encoding DNA
polymerases may be codon optimized to facilitate expression in E. coli. Codon optimized

sequences can be chemically synthesized.

[0074] There are many methods known to those of skill in the art that are suitable for
the purification of a modified DNA polymcrase of the invention. For example, the method of
Lawyer et al. (1993, PCR Meth. & App. 2: 275) is well suited for the isolation of DNA
polymerases expressed in E. coli, as it was designed originally for the isolation of Taq
polymerase. Alternatively, the method of Kong et al. (1993, J. Biol. Chem. 268: 1965,
incorporated herein by reference) may be used, which employs a heat denaturation step to
destroy host proteins, and two column purification steps (over DEAE-Sepharosg lglqnd heparin-

Sepharosg‘%lumns) to isolate highly active and approximately 80% pure DNA polymerase.

[0075] Further, modified DNA polymerase may be isolated by an ammonium sulfate

fractionation, followed by Q Sepharosgg[nd DNA cellulose columns, or by adsorption of
™

contaminants on a HiTrap Q column, followed by gradient elution from a HiTrap heparin

column.

Applications of modified DNA polymerases of the invention

[0076] Modified DNA polymerases of the present invention may be used for any
methods involving polynucleotide synthesis. Polynucleotide synthesis methods are well
known to a person of ordinary skill in the art and can be found, for example, in Molecular
Cloning second edition, Sambrook et al., Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N. Y. (1989). For example, modified DNA polymerases of the present invention
have a variety of uses in recombinant DNA technology including, but not limited to, labeling
of DNA by nick translation, second-strand ¢cDNA synthesis in cDNA cloning, DNA
sequencing, whole-genome amplification and amplifying, detecting, and/or cloning nucleic

acid sequences using polymerase chain reaction (PCR).

[0077] In some embodiments, the invention provides enzymes that are better suited

for PCR used in industrial or research applications. PCR refers to an in vitro method for
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amplifying a specific polynucleotide template sequence. The technique of PCR is described
in numerous publications, including, PCR: A Practical Approach, M. J. McPherson, et al.,
IRL Press (1991), PCR Protocols: A Guide to Methods and Applications, by Innis, et al.,
Academic Press (1990), and PCR Technology : Principals and Applications for DNA
Amplification, H. A. Crlich, Stockton Press (1989). PCR is also described in many U. S.
Patents, including U. S. Patent Nos. 4,683, 195; 4,683, 202; 4,800, 159; 4,965, 188; 4,889,
818; 5,075, 216 ; 5,079, 352; 5,104, 792; 5,023, 171; 5,091, 310; and 5,066, 584.

[0078] Modified DNA polymerases with higher processivity, elongation rate, salt
resistance, and/or (idelity are expected to improve efficiency and success rate of long-range
amplification (higher vield, longer targets amplified) and reduce the amount of required DNA

template.

[0079] Various specific PCR amplification applications are available in the art (for
reviews, see for example, Erlich, 1999, Rev Immunogenet., 1: 127-34; Prediger 2001,
Methods Mol. Biol. 160: 49-63; Jurecic et al., 2000, Curr. Opin. Microbiol. 3: 316-21;
Triglia, 2000, Methods Mol. Biol. 130: 79-83; MaClelland et al., 1994, PCR Methods Appl. 4:
S66-81 ; Abramson and Myers, 1993, Current Opinion in Biotechnology 4: 41-47).

[0080] As non-limiting examples, modified DNA polymerases described hercin can
be used in PCR applications including, but are not {imited to, i) hot-start PCR which reduces
non-specific amplification; ii) touch-down PCR which starts at high annealing temperature,
then decreases annealing temperature in steps to reduce non-specific PCR product; iii) nested
PCR which synthesizes more reliable product using an outer set of primers and an inner set of
primers; iv) inverse PCR for amplification of regions flanking a known sequence. In this
method, DNA is digested, the desired fragment is circularized by ligation, then PCR using
primer complementary to the known scquence extending outwards; v) AP-PCR (arbitrary
primed) /RAPD (random amplified polymorphic DNA). These methods create genomic
fingerprints from species with little-known target sequences by amplifying using arbitrary
oligonucleotides; vi) RT-PCR which uses RNA-directed DNA polymerase (e.g., reverse
transcriptase) to synthesize cDNAs which is then used for PCR. This method is extremely

sensitive for detecting the expression of a specific sequence in a tissue or cells. It may also
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be use to quantify mRNA transcripts ; vii) RACE (rapid amplification of cDNA ends). This
is used where information about DNA/protein sequence is limited. The method amplifies 3'
or 5' ends of cDNAs generating fragments of cDNA with only one specific primer each (plus
one adaptor primer). Overlapping RACE products can then be combined o produce full
length ¢cDNA; viii) DD-PCR (differential display PCR) which is used to identify
differentially expressed genes in different tissues. A first step in DD-PCR involves RT-PCR,
then amplification is performed using short, intentionally nonspecific primers; ix) Multiplex-
PCR in which two or more unique targets of DNA sequences in the same specimen are
amplified simultaneously. One DNA sequence can be use as control to verify the quality of
PCR; x) Q/C-PCR (Quantitative comparative) which uses an internal control DNA sequence
(but of different size) which compete with the target DNA (competitive PCR) for the same
set of primers; xi) Recursive PCR which is used to synthesize genes. Oligonuclcotides used
in this method are complementary to stretches of a gene (>80 bases), alternately to the sense
and to the antisense strands with ends overlapping (-20 bases); xii) Asymmetric PCR; xiii) In
Situ PCR; xiv) Site-directed PCR Mutagenesis; xv) DOP-PCR that uses partially degenerate
primers for whole-genome amplification; xvi) quantitative PCR using SYBliTg{fecn ar
oligonucleotide probes to detect amplification; and xvii) error-prone PCR in which conditions

are optimized to give an increased number of mutations in the PCR product.

[0081] It should be understood that this invention is not limited to any particular
amplification system. As other systems are developed, those systems may benefit by practice

of this invention.

Kits

[0082] The invention also contemplates kit formats which include a package unit
having one or more containers containing modified DNA polymerascs of the invention and
compositions thereof. In some embodiments, the present invention provides kits further
including containers of various reagents used for polynucleotide synthesis, including

synthesis in PCR.

[0083] Inventive Kits in accordance with the present invention may also contain one

or more of the following items: polynucleotide precursors, primers, buffers, instructions, PCR
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additives and controls. Kits may include containers of reagents mixed together in suitable
proportions for performing the methods in accordance with the invention. Reagent containers
preferably contain reagents in unit quantities that obviate measuring steps when performing the

subject methods.

EXAMPLES

Example 1. Directed evolution experiments using Tag polymerase

[0007] To select mutated enzymes that would better be suited for recombinant DNA
technologies, a directed evolution experiment is designed by simply mimicking the normal
conditions under which the enzyme is usually used, or possibly under less than perfect conditions
such as are expected in real-life applications. After conducting enough rounds of selection, an
enzyme (or multiple enzymes) that is better suited for typical applications in recombinant DNA
technologies should appear. Details of directed evolution experiments and exemplary
advantages of associated with selected mutations are described in the co-pending application

entitled “Modified DNA Polymcrascs” filed on cven date.

[0008] In particular, we have performed directed evolution experiments using a type A
DNA polymerase, Taq. Directed evolution experiments were conducted on Taq mutant libraries

created by error-prone PCR.

[0009] Several rounds of selection were conducted. During the course of the ongoing
sclection, it is likely that many different mutations will confer different types of advantage, to
different degrees, either alone or in combination. Typically, during the first rounds of selection,
there are no obvious dominant clones, while the huge numbers of neutral or disadvantageous
mutants are likely to be eliminated. Thereafter, a number of particular mutations typically
appear in higher than expected numbers. These mutations are there because they have some

advantagcs.

[0010] Typically, the selections are considered to have worked when the vast pool of
mutants that are in the starting material have been eliminated and the pool is dominated by a

remaining few types or families of mutants that have out-competed the other mutants and the
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wild typc. At this stage, it is not nccessary to define cxactly the naturc of the improvement
that the mutations confer. The fact that it was selected for is sufficient proof, especially if the

same mutation becomes dominant in independently run selections.

|0088] Further sclection results in the number of some of these mutations increasing
in the pool, while others may be eliminated possibly because they have some advantages but
they are not sufficient to compete with better-adapted clones. At the same time, some
previously unnoticed mutants may appear. The late appearance of these mutants might be
due to the fact that these specific mutations were low in number in the starting pool, or that
the mutation required another (or more than one) mutation in the same clone for the
advantage to manifest. If selections continue even further, eventually, a few clones will
likely to dominate substantially. Typically, it is important to isolate clones before this final

point if it is desirable to isolate a wide range of beneficial mutations.

[0089] In particular experiments, high processivity mutants were generated and
screened for either (1) resistance to high-salt (KCI) in a PCR reaction and/or (2) resistance to
high levels of SYBR Green I intercalating dye in a PCR reaction. Several rounds of selection
were conducted on Taq. During the course of the ongoing selections, many different
mutations were observed either alone or in combination at various positions. Clones that
cxhibitcd higher tolerance than wild-type to cither of thesc pressurcs were sclected and
sequenced. Exemplary mutations and corresponding positions are shown in Table 2.
Exemplary clones containing various mutations or combinations of mutations are shown in
Table 3 (based on resistance to high-salt (KCl)) and Table 4 (based on resistance to high
levels of SYBR Green I). The Enzymes containing one or more of these mutations retain the
enzymatic activity. A general phenotype of these selected clones has higher specific activity
than wild-type Taq and they are further characterized for a variety of phenotypes, as

described in further Examples below.
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Table 2. Mutations Observed in Tag Mutant Clones Selected for Resistance to High Salt
™
or High Levels of SYBR Green

Position Mutation Position Mutation
6 P6S 360 A360T
7 L7P 364 G364D
9 E9K 364 G364S
20 H20Q 368 - P368L
26 T26M 400 E400K
27 F27S 404 E404G
30 L30P 413 F413L
39 E39K | 414 A414T
41 V41A | 419 R419H
50 S50N | 468 A468T
53 | K33N | 4 E471G
56 K56Q | 507 ES07K
57 L57D | 515 $515G
116 Yi16C | 518 V518A

| 151 |  DI5IN | 578 D578N
171 KI71R | 604 W604R
203 T2031 | 631 V631A
209 E209G | 636 R636H
209 | E209K | 649 V649A
225 K225R 651 R651H
238 D238N 684 1684V
245 1.245M 690 Q690R
259 | A259V 717 R717G
262 R262C 730 V730A
274 E274G 732 D732G
292 K292l 742 E742K
294  L294P 744 AT44V
305 A305V 797 E797G
310 V310A 804 K804E
340 K340R 814 A814G
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Table 3. Exemplary Taq Mutant Clones Selected for Resistance to High Salt

Clone Name

L

Mutations

A3E T2031, D578N; E742K
G9S T2031; G364S, D732G; E742K
DsS P6S, T2031, K340R, E742K
D2 E9K, S50N, E209K, ES07K
ASE E39K; V41A; K53N, K56Q, ES7D, V310A, P368L, A468T, E507K
B6S F27S, K53N, K56Q, ES7D, A259V, V310A, E507K, W604R
E2S K53N, K56Q, ES7D, DI15IN, E209G, A360T, ESO7K, Q690R
A3 KS53N, K56Q, ESTD, L245M, R262C, G364D, ES07K, V518A
H10 K53N, K56Q, E57D, E507K, S515G
HIS K53N, K56Q, ES7D, R419H, ESO7K, S515G; V631A
FOE K353N, K56Q, ES7D, ES07K, V649A
AS5S K53N, K56Q, ES7TD, E404G, ESO7K
CIOE H20Q, K53N, K56Q, ES7D, K171R, K225R, K2921, A305V, E471G,
ES07K, A814G
FsS L30P, K53N, K56Q, E57D, K171R, E274G, ES07K
| E7S KS53N, K56Q, ES7D, ESO7K
G6S T26M, KS3N, K56Q, ES7D, E507K, 1684V
E1E K53N, KS6Q, ES7D, F413L, ES07K, R636H

™
Table 4. Exemplary Tag Mutant Clones Selected for Resistance to SYBR Green

Clone Name

Mutations

C7 E507K. A744V, E797G

E12 PGS, L7P, E507K, R651H, V730A, E797G

D9 P6S, ESO7K, E797G, K804E

F10 D238N, L294P, E400K, ES07K

H7 D238N, L294P, E400K, A414T, ES07K

A5 Y116C, D238N, L294P, E400K, A414T, ESO7K, R717G
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Examplc 2. Typcs of sclective advantage

[0090] There are a wide range of advantages that may have been selected for, some of

which arc listcd and discusscd below:
1) Expression cfficiency:

[0091] The clones that express higher levels of the enzyme will have an advantage
over those that express less. The specific activity of the mutated enzyme may not have been
improved but the total activity will have. This characteristics is particularly valuable to a
manufacture of enzymes because this will allow increased production levels and/or reduced

production costs.
2) Solubility and folding robustness:

[0092] When solubility increases, the probability of inclusion bodies forming
decreases. Therefore, in these clones, a higher proportion of useful, correctly folded enzyme

product is cxpressed.
3) Thermostability:

[0093] It is well known that, during the thermocycling required for PCR, a certain
fraction of the enzyme is inactivated due to the heating. An enzyme that is resistant to heat-
inactivation will maintain activity longer. Therefore, less enzyme can be used and/or more

cycles can be conducted.

4) Activity:
[0094] Mutants with increased enzymatic activity provide more efficient
polymerization.

5) Processivity:

[0095] Mutants with increased processivity are able to synthesize long PCR products
and synthesize sequences with complexed secondary structure. Mutant enzymes that can
incorporate more nucleotides/extension step are likely to operate efficiently at lower

conccntrations.
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6) Spced:
[0096] Mutants with increased elongation rate provide more efficient polymerization.

Enzymcs that arc fast can also bc uscd with shortcr cxtension times. This is particularly

valuable for a high-throughput system.
7) Concentration robustness:

[0097] It is known that PCR reactions may not be carried out appropriately if too
much or too little enzyme is used. Under the selection conditions we used, a polymerase that
can generate appropriate products whether it is supplied in excess or at low levels will have

an advantage.
8) Resistance to salts, PCR additives and other inhibitors:

[0098] The selection was conducted in the presence of salts, PCR additives (e.g.,
intercalating dyes), and other impurities. The presence of salts may reduce the DNA binding
affitnity of polymcrascs. The presence of impuritics may interfere with formation of a
desired PCR product. A polymerase that is resistant to salts and inhibitors and can synthesize
desired products is advantageous and will be selected for. The characteristic is particularly

suited for applications in which PCR is used in crude samples.
9) Fidelity:

[0099] All polymerases make mistakes during replication, either by incorporating the
wrong dNTP or by stuttering which causes deletions and insertions. Such mistakes can
eliminate functional genes during selection, so there is a pressure for mistakes not to be

made. A polymerase with higher fidelity is advantageous and will be selected for.
10) Strand-displacement activity:

[0100] Secondary structure in the DNA due to intramolecular self annealing may
inhibit DNA strand-clongation catalyzed by the polymerase. Similarly, partial re-annealing
of the complementary DNA in addition to the primer will inhibit PCR. Any cnzymce with

improved strand-displacement activity will have an advantage in the selection.
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11) Pyrophosphate tolerance:

[0101] Pyrophosphate is released during incorporation of nucleotides into the nascent
strand by polymerases. Accumulation of pyrophosphate may lead to inhibition of the
polymerase activity. Polymerases that were selected for in the Directed evolution example

may have evolved to become less affected by pyrophosphate inhibition.
12) Unknown:

[0102] There many other factors involved in the process of PCR. Enzymes that are

better adapted to PCR for any reason may be selected under our selection conditions.

[0103] Certain selected clones and mutations are further characterized for a variety of
phenotypes. So far, we have conducted tests for a few different phenotypes: processivity,
ability to synthesize large fragments, and tolerance to inhibitors. The tests to examine

phenotypes are described in the following examples.

Example 3. Heparin binding assays

[0104] To test the processivity of the selected Taq mutants, we used heparin binding
assays. Hcparin is a member of the glycosaminoglycan family of carbohydrates (which
includes the closely related molecule heparan sulfate) and consists of a variably sulfated
repeating disaccharide unit. Heparin polymers form a helical structure and it is believed that
DNA processing enzymes bind to heparin at the same contact points that bind double
stranded DNA. Thus, DNA binding affinity can be measured based on heparin binding
assays. Briefly, at physiological pH the sulphate groups are deprotonated. The negative
charge and the helical structure mimic the structure and charge of DNA, enabling binding of
DNA-binding proteins to heparin. DNA polymerases contain a number of positively charged
amino acid residues that are involved in binding of the enzyme to DNA. This property can be
utilized during purification of polymerases whereby the polymerase binds to heparin that is
covalently coupled to agarose beads. The binding affinity of the polymerase is determined by
the number and strength of binding interactions. The polymerase is eluted by increasing the
amount of salt in the elution buffer. Ion-bonds between the polymerase and heparin will be

disrupted by adding an increasing concentration of salt. The salt concentration at which the
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enzyme elutes is, therefore, indicative of the binding affinity of the polymerase for heparin

and DNA.

[0105} In particular, pellets of E. coli cells containing Tag mutants were lysed in 50
mM Tris-HCI pH 8.0, 150 mM NaCl (binding buffer). The lysates were incubated for 30 min
at 75 °C to denature E. coli proteins, followed by centrifugation at 20 000 x g for 20 min at 20
°C. The supernatant was loaded onto a HiTraI;I)‘l\lq{eparin column (GE Healthcare) and eluted
on a0.15 to 2 M NaCl gradient. The conductivity (mS/cm) at the elution peak was recorded
as a measure of salt concentration of the eluate. A high conductivity indicates high affinity of
the polymerase for heparin and DNA. The conductivity at the elution peak of Tag
polymerase was 38.3 mS/cm (see Table 5). The conductivity for low affinity polymerase
mutants was between below 38 mS/ecm. The conductivity of certain high affinity polymerase

mutants was between 46.7 and 54.4 mS/cm (see Table 5) .

[0106] The conductivity is proportional to the amount of salt in a solution. We
empirically detcrmined the correlation between salt concentration and conductivity. We used
the binding buffer and elution buffer at various ratios (final concentrations of 200 to 700 mM
NacCl) and measured the conductivity. We plotted the conductivity vs. NaCl concentration.
Linear regression analysis revealed that the conductivity (Cd) can be expressed as Cd = 0.084
x Cs +7.26 (R2 =0.9995), where Cs is concentration of NaCl. From this we calculated that
Taq polymerase eluted at around 370 mM NaCl, and the mutants eluted at between around

470 and 561 mM NaCl.
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Table 5. Conductivity of Taq Clones

Clone: Conductivity of main peak (mS/cm):
Wild-type Taq 383
A3E 48.2
G9S 46.7
DsS 46.8
D2 544
ASE 50.0
B6S 50.2
E2S 52.7
A3 48.9
HI10 49.5
HIS 49.6
F9E 49.9
ASS 50.7
CI10E 504
F5S 49.7
E7S 49.8
G6S 504
E1E 50.2
C7 47.4
E12 50.0
D9 49.8
F10 504
H7 51.6
A5 51.1

Example 4. Ability to generate long PCR fragments

[0107] Primer pairs were designed to generate either a Skb, 8kb, or 10kb fragment
from a lambda DNA template. Each of the high processivity enzymes, under limiting

enzyme concentration, was tested for their ability to amplify each of the amplicon lengths.
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[0108] Excmplary primers include forward primer
L30350F: 5"-CCTGCTCTGCCGCTTCACGC-3' (SEQ ID NO:28) and reverse primers as
follows:

L-5R: 5’-CGAACGTCGCGCAGAGAAACAGG-3’ (SEQ ID NO:29)
L-8R: 5-GCCTCGTTGCGTTTGTTTGCACG-3' (SEQ ID NO:30)

L-10R: 5'-GCACAGAAGCTATTATGCGTCCCCAGG-3' (SEQ ID NO:31)

[0109] The reaction components for the assays are shown in Table 6. The cycling

profile for these reactions is shown in Table 7.

Table 6. Exemplary Reaction Components

Reaction component Concentration In 20 pL

PCR water - - 16.185

10x Kapa Buffer A with loading dye 10 X 2.00

MgCI2 (supplement to 2 mM for

increased dNTPs) 23 mM 0.40

dNTPs 10 mM each 0.80

Primer L30350-F 100 uM 0.10

Reverse primer 100 uM 0.10

Lambda DNA 300 ng/ul. 0.015

Each DNA polymerase 20 ng/ul 0.40

TOTAL 20.00

Table 7. Exemplary Cycling Profile

Cycling profile:

Cycle No. Temp ('C) Time

Initial denaturation 1 95 2 min
Denaturation 25 95 30 sec
Annealing/Extension 25 72 6 min
Final elongation 1 72 6 min
HOLD 1 4 Indcfinitc

[0110] Reaction products were run on an agarose gel and scored for either a presence

or absence of a band at the appropriate fragment size. Exemplary results are shown in Table

8.
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Clone Name: 5kb 8kb 10kb
Wild type Taq no no no
A3E yes yes no
G9S no no no
DsS no no no
D2 yes yes yes
ASE yes yes no
B6S yes no no
E2S yes yes yes
A3 no no no
H10 yes no no
H1S no no no
FOE yes no no
ASS yes no no
CI10E yes yes yes
F5S yes no no
E7S yes no no
G6S yes no no
E1E no no no
Cc7 no no no
E12 yes yes no
D9 yes yes no
F10 yes yes yes
H7 yes yes yes
A5 yCs yCs no
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Example 5. Tolerance to high salt

[0111] High processivity Taq clones were tested for the ability to amplify a 2kb PCR
amplicon in the presence of high salt. Reactions were performed in a buffer containing
10mM Tris-HCI (pH 8.4 @ 25°C) and either 150mM KCl or 150mM NaCl. Exemplary
reaction components for assays with 150mM KCI and 150mM NaCl are shown in Tables 9

and 10, respectively. Exemplary cycling profile for these assays is shown in Table 11.

[0112] Exemplary primers include forward primer
L30350F: 5'-CCTGCTCTGCCGCTTCACGC-3' (SEQ ID NO:28) and reverse primer
L-2R: 5'-CCATGATTCAGTGTGCCCGTCTGG-3' (SEQ ID NO:32).

Table 9. Exemplary Reaction Components for Assays with 150 mM KCl

150 mM KCI | Reaction volume = 25
Reaction component Concentration In 25 ulL
PCR water - - 15.967
100x Tris-HCI, pHS.4 100 | x 0.250
MgCl2 (supplement to 1.5 mM) 25 | mM 1.50
dNTPs 10 | mM each 0.50
KCl 2500 | mM 1.50
Primer L30350-F 100 | uM 0.125
Primer L-2R 100 | uM 0.125
Lambda DNA 300 | ng/ul. 0.033
Taq DNA polymerase 20 | ng/uL 5.00
TOTAL 25.00
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Table 10. Exemplary Reaction Components for Assays with 150 mM NaCl

150 mM Na(Cl | Reaction volume = 25

Reaction component Concentration In 25 ulL

PCR water - - 15.967

100x Tris-HCL, pH8.4 100 | x 0.25

MgCI2 (supplement to 1.5 mM) 25 | mM 1.50

dNTPs 10 | mM each 0.50

NaCl 2500 | mM 1.50

Primer L.30350-F 100 | uM 0.125

Primer L-2R 100 | uM 0.125

Lambda DNA 300 | ng/ulL 0.033

Taq DNA polymerase 20 | ng/ul 5.00

TOTAL 25.00

Table 11. Exemplary Cycling Profile (High Salt Conditions)

Cycling profile:

Cycle No. Temp ('C) Time

Initial denaturation 1 95 2 min
Denaturation 35 95 30 sec
Annealing/Extension 35 72 2 min
Final clongation 1 72 2 min
HOLD 1 4 Indefinite

[0113] Reaction products were run on an agarose gel and scored for either a presence

or absence of a band at the appropriate fragment size. Exemplary results are shown in Table

12.
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Table 12. Fragments Produced by Taq Clones (High Salt Conditions)

Clone Name: 150mM KCl | 150mM NaCl
Wild type Taq no no
A3E yes no
G9S yCs no
D5S yes yes
D2 yes yes
ASE yes yes
B6S yes yes
E2S yes yes
A3 yes yes
H10 no no
HIS yes no
FOE yes yes
ASS yes yes
CI0E yes yes
F5S yes yes
E7S yes yes
G6S yes yes
E1E yes yes
Cc7 no no
E12 yes yes
D9 yes yes
F10 yes yes
H7 yes yes
A5 yCs yes

Example 6. Resistance to Phenol

[0114] High processivity Taq clones were tested for the ability to amplify a 2kb PCR

amplicon in the presence of 1% phenol. Reactions were performed in a buffer containing
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10mM Tris-HCI (pH 8.4 (@ 25°C) and 1% phcenol. The reaction components for these assays

are shown in Table 13. The cycling profile for these assays is shown in Table 14.

Table 13. Exemplary Reaction Components (High Phenol Conditions)

1% phenol | Reaction volume = 25
Reaction component Concentration In 25 ulL
PCR water - - 16.467
10x Kapa Buffer A with loading dye +

MgCI2 10 | x 2.50
MgCl2 25 | mM 0.00
dNTPs 10 | mM each 0.50
Phenol 100 | % 0.25
Primer L.30350-F 100 | uM 0.125
Primer L-2R 100 | uM 0.125
Lambda DNA 300 | ng/ulL 0.033
Taq DNA polymerase 20 | ng/ul 5.00
TOTAL 25.00

Table 14. Exemplary Cycling Profile (High Phenol Conditions)

Cycling profile:

Cycle No. Temp ('C) Time

Initial denaturation 1 95 2 min
Denaturation 35 95 30 sec
Annealing/Extension 35 72 2 min
Final elongation 1 72 2 min
HOLD 1 4 Indefinite

[0115] Reaction products were run on an agarose gel and scored for either a presence

or absence of a band at the appropriate fragment size. Exemplary results are shown in Table

15.
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Table 15. Fragments Produced by Taq Clones (High Phenol Conditions)

Clone Name: 1% phenol
Wild type Taq no
A3E yes
G9S no
DsS yes
D2 yes
ASE yes
B6S no
E2S no
A3 yes
H10 yes
H1S yes
FOE yCs
ASS yes
CI0E yes
F5S yes
E7S yes
G6S yCs
EIE no
Cc7 yes
Ei12 no
D9 no
F10 yes
H7 yes
A5 no

41



CA 027425924 2011-05-03
WO 2010/062777 PCT/US2009/063167

Table 16. Sequences

Amino acid sequences of Taq and modified Taq polymerases

>Wild-type (SEQ ID NO:1)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDOQWADYRALTGDE SDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKATLRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEETARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTEKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELATIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQGTAADLMKLAMVKLEFPRLEEMGARMLLQVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>A3E (SEQ ID NO:2)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWNEKYGLRPDOWADYRALTGDESDNLPGVKGIGEKIARKLLEEWGSLEALLKNLDRLK
PATIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTEKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRENQTATATGRLSSSNPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVRKAAERMAFN
MPVQGTAADLMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>G9S (SEQ 1D NO:3)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQILALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKIARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALRESLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPENLNSRDOQLERVLEDELGLPAIGKTEKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPGLEARVKSVRKAAERMAFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>D5S (SEQ ID NO:4)
MRGMLSLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPROLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKIARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAARARGGRVHRAPEPYRATRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTEKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVRKAAERMAFN
MPVQGTAADIMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*
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>D2 (SEQ ID NO:5)
MRGMLPLFKPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVOAVYGFAKNLLKALKEDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPROQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDOQWADYRALTGDESDNLPGVKGIGEKTARKLLKEWGSLEALLKNLDRLK
PATREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGEVLSRKEPMWADLLALAAARGGRVIRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPEFNLNSRDQLERVLEDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>AS5E (SEQ ID NO:6)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGKPAQAVYGFAKSLLNALQODDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWNEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFALSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLLPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEITRLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVEFQEGRDIHTETASWMEGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFEFN
MPVQGTAADLMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>B6S (SEQ ID NO:7)
MRGMLPLFEPKGRVLLVDGHHLAYRTSHALKGLTTSRGEPVQAVYGFAKSLLNALQDDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATREKILAHMDDLKLSWDLAKVRTDLPLEVDFVKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFALSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEETARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILOYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGORIRRAFIA
EEGRLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYIFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQGTAADLMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>E2S (SEQ ID NO:8)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
NRIOVLOHPEGYLITPAWLWEKYGLRPDOQWADYRALTGDESDNLPGVKGIGEKTARKLLGEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLTLREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDOQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAIPYEEARAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFEFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOQVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*
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>A3 (SEQ ID NO:9)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDOQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDMAKVRTDLPLEVDFAKRCEPDRERLRAFLERLEFGSLLOEFGLLESPKALEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREDLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAALEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFEFN
MPVQGTAADLMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>H10 (SEQ ID NO:10)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALQDDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALARARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTGAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRENQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>H1S (SEQ ID NO:11)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALQDDGDAVIVVEDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHOVLHPEGYLITPAWLWNEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGHLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDOQLERVLFDELGLPAIGKTKKTGKRSTGAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRAFQEGRDIHTETASWMEGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>F9E (SEQ ID NO:12)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPROLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFILERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAARARGGRVHRAPEPYKATLRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMFGAPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQOGTAADIMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*
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>A5S (SEQ ID NO:13)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIONVLHPEGYLITPAWLWEKYGLRPDOWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGGRAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPEFNLNSRDQLERVLEFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQGTAADLMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>C10E (SEQ ID NO:14)
MRGMLPLFEPKGRVLLVDGQHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALQDDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQILALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWERYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLR
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPIALEEAPWP
PPEGVEVGFVLSRKEPMWADLLALAARARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLGAEVFRLAGHPENLNSRDOQLERVLEFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLGVPLEVEVGIGE
DWLSAKE*

>F5S (SEQ ID NO:15)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHAPKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDIFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWERYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLGRLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKATLRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRENQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMFGVPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>E7S (SEQ ID NO:16)
MRGMLPLFEPKGRVLLVDGHOLAYRTFHALKGLTTSRGEPVOAVYGFAKSLLNALODDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPROQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLNEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYIOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*
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>G6S (SEQ ID NO:17)
MRGMLPLFEPKGRVLLVDGHHLAYRMFHALKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEDAKAPSFRH
EAYGGYKAGRAPTPEDFPROLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLLDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAVPYEEAQAFIERYFQOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFN
MPVOGTAADIMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>E1E (SEQ ID NO:18)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLNALODDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPROQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWNEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLLANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGHDIHTETASWMFGVPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEFN
MPVQGTAADIMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>C7 (SEQ ID NO:19)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPROQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWNEKYGLRPDOQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PATREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPEFNLNSRDQLERVLEFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAVERMAEFN
MPVQGTAADIMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAGAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>E12 (SEQ ID NO:20)
MRGMLSPFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWNEKYGLRPDOQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLIDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVEFQEGRDIHTETASWMEGVPOEAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFTIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYAPDLEARVKSVREAAERMAEFN
MPVQGTAADIMKLAMVKLEFPRLEEMGARMLLOVHDELVLEAPKERAGAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*
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>D9 (SEQ ID NO:21)
MRGMLSLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPROLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDDLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKALEEAPWP
PPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPYKATLRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRENQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKTINFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAGAVARLAEEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>F10 (SEQ ID NO:22)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVOAVYGFAKSLLKALKEDGDAVIVVEDAKAPSEFRH
EAYGGYKAGRAPTPEDFPROQLALIKELVDLLGLARLEVPGYEADDVLASTLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLNEKYGLRPDOQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDNLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKAPEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLIDPSNTTPEGVARRYGGEWTKEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYIOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARTLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>H7 (SEQ ID NO:23)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVEFDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGYEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWNEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDNLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLHEFGLLESPKAPEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLIDPSNTTPEGVARRYGGEWTKEAGERAALSERLFTNLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTKKTGKRSTSAAVLEALREA
HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLSSSDPNLONIPVRTPLGQRIRRAFTIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAEFN
MPVQGTAADLMKLAMVKLEPRLEEMGARMLLOVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*

>A5 (SEQ ID NO:24)
MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPVQAVYGFAKSLLKALKEDGDAVIVVFDAKAPSFRH
EAYGGYKAGRAPTPEDFPRQLALIKELVDLLGLARLEVPGCEADDVLASLAKKAEKEGYEVRILTADKDLYQLLS
DRIHVLHPEGYLITPAWLWEKYGLRPDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEWGSLEALLKNLDRLK
PAIREKILAHMDNLKLSWDLAKVRTDLPLEVDFAKRREPDRERLRAFLERLEFGSLLOEFGLLESPKAPEEAPWP
PPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPML
LAYLILDPSNTTPEGVARRYGGEWTKEAGERAALSERLFTNLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVR
LDVAYLRALSLEVAEETARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPATIGKTKKTGKRSTSAAVLEALREA
HPIVEKILOYRELTKLKSTYIDPLPDLIHPRTGRLHTREFNQTATATGRLSSSDPNLONIPVRTPLGORIRRAFIA
EEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDIHTETASWMEFGVPREAVDPLMRRAAKT INFGVLYGMSA
HRLSQELAIPYEEAQAFIERYFQOSFPKVRAWIEKTLEEGRRGGYVETLFGRRRYVPDLEARVKSVREAAERMAFEFN
MPVQGTAADIMKLAMVKLFPRLEEMGARMLLOVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGE
DWLSAKE*
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EQUIVALENTS

[0116] Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, many equivalents to the specific embodiments of the invention
described herein. The scope of the present invention is not intended to be limited to the

(19" Y4 bl
a

above Description, but rather is as set forth in the appended claims. The articles an”,
and “the” as used herein in the specification and in the claims, unless clearly indicated to the
contrary, should be understood to include the plural referents. Claims or descriptions that
include “or” between one or more members of a group are considered satisfied if one, more
than one, or all of the group members are present in, employed in, or otherwise relevant to a
given product or process unless indicated to the contrary or otherwisc cvident from the
context. The invention includes embodiments in which exactly one member of the group is
present in, employed in, or otherwise relevant to a given product or process. The invention
also includes embodiments in which more than one, or all of the group members are present
in, employed in, or otherwise relevant to a given product or process. Furthermore, it is to be
understood that the invention encompasses variations, combinations, and permutations in
which one or more limitations, elements, clauses, descriptive terms, etc., from one or more of
the claims is introduced into another claim dependent on the same base claim (or, as relevant,
any other claim) unless otherwise indicated or unless it would be evident to one of ordinary
skill in the art that a contradiction or inconsistency would arise. Where elements are
presented as lists, e.g., in Markush group or similar format, it is to be understood that cach
subgroup of the elements is also disclosed, and any element(s) can be removed from the
group. It should it be understood that, in general, where the invention, or aspects of the
invention, is/are referred to as comprising particular elements, features, etc., certain
embodiments of the invention or aspects of the invention consist, or consist essentially of,
such elements, features, etc. For purposes of simplicity those embodiments have not in every
case been specifically set forth herein. It should also be understood that any embodiment of
the invention, e.g., any embodiment found within the prior art, can be explicitly excluded

from the claims, regardless of whether the specific exclusion is recited in the specification.

[0117] It should also be understood that, unless clearly indicated to the contrary, in
any methods claimed herein that include more than one act, the order of the acts of the
method is not necessarily limited to the order in which the acts of the method are recited, but

the invention includes embodiments in which the order is so limited. Furthermore, where the
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claims recitc a composition, the invention encompasses methods of using the composition
and methods of making the composition. Where the claims recite a composition, it should be
understood that the invention encompasses methods of using the composition and methods of

making the composition.
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CLAIMS:

1. A modified Taqg DNA polymerase whose amino acid sequence 1s at least 95% identical to
that of wild type Tag DNA polymerase set out in SEQ ID NO: 1, but difters from that of wild
type Tag DNA polymerase in that it includes a lysine at a position that corresponds to E507 of
SEQ ID NO:1, which polymerase shows increased salt-resistance and improved ability to
catalyze a DNA-template-dependent DNA polymerization activity relative to that of the wild
type Taq DNA polymerase of SEQ ID NO:1.

2. A modified Tag DNA polymerase whose amino acid sequence is at least 95% identical to an
amino acid sequence selected from the group consisting of SEQ ID NO:5 (D2), SEQ ID NO:6
(ASE), SEQ ID NO:7 (B6S), SEQ ID NO:8 (E2S), SEQ ID NO:9 (A3), SEQ ID NO : 10 (H10),
SEQIDNO: 11 (HIS), SEQID NO : 12 (F9E), SEQ ID NO : 13 (A5S), SEQ ID NO: 14
(C10E). SEQ ID NO: 15(F5S), SEQ ID NO: 16 (E7S), SEQ ID NO: 17 (G6S), SEQ ID NO: 18
(E1E), SEQ ID NO: 19 (C7), SEQ IDNO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22 (F10),
SEQ ID NO:23 (H7), and SEQ ID NO:24 (AS), and is different from that of wild type Taqg DNA
polymerase as set forth in SEQ ID NO:1, which polymerase is characterized by: (i) presence of
lysine at a position corresponding to E507 of SEQ ID NO:1 and (ii) improved ability to catalyze
a DNA-template-dependent DNA polymerization activity relative to that of the wild type Taq
DNA polymerase of SEQ [D NO:1.

3. A modified Tag DNA polymerase having an amino acid sequence that is at least 95%
identical to a sequence selected from the group consisting of SEQ 1D NO:5 (D2), SEQ ID
NO:6 (ASE), SEQ ID NO:7 (B6S), SEQ ID NO:8 (E2S), SEQ ID NO:9 (A3), SEQ ID NO:10
(H10), SEQ ID NO:11 (H1S), SEQ ID NO:12 (F9E), SEQ ID NO:13 (A5S), SEQ ID NO:14
(C10E), SEQ ID NO:15 (F5S), SEQ ID NO:16 (E7S), SEQ ID NO:17 (G6S), SEQ ID NO:18
(E1E), SEQ ID NO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID NO:23
(H7), SEQID NO:24 (A5) and is different from that of wild type Taqg DNA polymerase as
set forth in SEQ ID NO:1, which polymerase (i) has a lysine at a position corresponding to

E507 of SEQ ID NO:1 and (ii) shows increased salt tolerance and improved ability to catalyze
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a DNA-template-dependent DNA polymerization activity relative to that of the wild type Taq
DNA polymerase of SEQ ID NO:1.

4. The modified Tag DNA polymerase of claim 1, wherein the amino acid sequence is at

least 96% identical to that of the wild-type Taqg DNA polymerase set forth in SEQ ID NO: L.

5. The modified Taq DNA polymerase of claim 1., wherein the amino acid sequence is at

least 97% identical to that of the wild-type Tag DNA polymerase set forth in SEQ [ NO: 1.

6. The modified Tag DNA polymerase of claim 1, wherein the amino acid sequence is at

least 98% identical to that of the wild-type Tag DNA polymerase set forth in SEQ ID NO: L.

7. The modified Tag DNA polymerase of claim 2 or 3, wherein the percent identity is at

least 96%.

8. The modified Taq DNA polymerase of claim 2 or 3, wherein the percent identity is at

least 97%.

9. The modified Taq DNA polymerase of claim 2 or 3, wherein the percent identity is at

least 98%.

10. A modified Taq DNA polymerase having the amino acid sequence of SEQ ID NO: 16 (E75).

11. The modified Taq DNA polymerase of any one of claims 1 to 10, wherein the polymerase
has improved ability relative to that of SEQ ID NO.: 1, when used in a PCR reaction, to amplify

DNA fragments of 2 kilobases or more in length.
12. A kit comprising:

i) a modified Taq DNA polymerase according to any one of claims 1 to 11; and

ii) at least one buffer suitable for use in a polymerase chain reaction.

13. A nucleic acid molecule whose nucleotide sequence encodes a modified Tag DNA

polymerase according to any one of claims 1 to 11.

14. A vector comprising the nucleic acid molecule of claim 13.
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15. A cell comprising the nucleic acid molecule of claim 13.
16. A cell comprising the vector of claim 14.

17. Use of a modified Taq DNA polymerase according to any one of claims [-11 for amplifying

a DNA fragment.

18. A method of performing a DNA polymerization reaction, the method comprising:
a) providing a mixture wherein the mixture comprises:
i) atemplate nucleic acid;
ii) at least one primer;
111) nucleotides; and
iv) amodified Taq DNA polymerase whose amino acid sequence is at least 95%
identical to that of wild type Taq DNA polymerase set forth in SEQ 1D NO:1 and
includes a lysine at a position corresponding to ES07 of SEQ ID NO: 1, wherein the
modified Tag DNA polymerase has improved ability to catalyze a DNA-template-
dependent DNA polymerization activity, relative to the Taq of SEQ 1D NO:1; and
b) incubating the mixture under conditions that:
i) permit hybridization of the at least one primer to the template nucleic acid; and
i) permit extension of the at least one primer by polymerization of the nucleotides,

which polymerization is catalyzed by the modified Taq DNA polymerase.
19. The method of claim 18, wherein the template nucleic acid is DNA.

20. The method of claim 18 or 19, wherein the conditions comprise presence of one or more of
a nucleic acid intercalating agent, phenol, high salt concentration, an inhibitor of processivity

and an inhibitor of enzyme activity.

21. The method of any one of claims 18 to 20, wherein the product produced is longer than 2

kilobases.
22. The method of any one ot claims 18 to 20, wherein the product produced is longer than 5

kilobases.
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23. The method of any one of claims 18 to 20, wherein the product produced is longer than 8

kilobases.

24. The method of any one of claims 18 to 20, wherein the product produced is longer than 10

kilobases.

25. The method of any one of claims 18 to 24, wherein the method further comprises: labeling of
DNA by nick translation, second-strand ¢cDNA synthesis in ¢cDNA cloning, DNA sequencing,
whole-genome amplification, and amplifying, detecting, and/or cloning nucleic acid sequences

using polymerase chain reaction.

26. In a method of performing a polymerase chain reaction (PCR) using a modified Tag DNA
polymerase, the improvement comprising utilizing a modified Taq DNA polymerase whose
amino acid sequence is at least 95% identical to that of wild type Tag DNA polymerase set
forth in SEQ ID NO:1 and includes a lysine at a position corresponding to E507 of SEQ ID
NO: 1.

27. A method of providing an improvement in performance in a polymerase chain reaction
(PCR) relative to that of wild type Taq DNA polymerase of SEQ ID NO:1, which
improvement in performance is selected from one or more of enzyme activity, processivity,
resistance to nucleic acid intercalating dyes, and salt-resistance, the method comprising:

using a modified Taq DNA polymerase whose sequence is at least 95% identical to that
of wild type Taq DNA polymerase set forth in SEQ ID NO:1 and includes a lysine at a position
corresponding to E507 of SEQ ID NO: 1 to perform the PCR, wherein the modified Taq DNA
polymerase has improved ability to catalyze a DNA-template-dependent DNA polymerization
activity, relative to the Taq of SEQ ID NO:1.

28. A kit comprising:

a modified Taqg DNA polymerase whose sequence is at least 95% identical to that of
wild type Taq DNA polymerase of SEQ ID NO:1 and includes a substitution of lysine at a
position corresponding to E507 of SEQ ID NO: 1, wherein the modified Taq DNA polymerase
has improved ability to catalyze a DNA-template-dependent DNA polymerization activity,
relative to the Tag of SEQ ID NO:1; and
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at least one buffer suitable for use in a PCR reaction.

29. A nucleic acid molecule whose nucleotide sequence encodes a modified Tag DNA
polymerase whose amino acid sequence has at least 95% overall identity with that of wild type
Taq of SEQ ID NO:1 but differs from that of wild type Taq DNA polymerase in that:

a) it includes a lysine at a position corresponding to E507 of wild type Taq of SEQ
ID NO: 1; and

b) it is characterized by ability to catalyze a DNA-template-dependent DNA
polymerization activity that is improved relative to that of the wild type Tag DNA

polymerase.

30. A vector comprising the nucleic acid molecule of claim 29.

31. A cell comprising the nucleic acid molecule of claim 29.

32. A cell comprising the vector of claim 30.

33. A modified Taqg DNA polymerase whose amino acid sequence is at least 95% identical to
an amino acid sequence selected from the group consisting of SEQ 1D NO:5 (D2), SEQ ID
NO:6 (ASE), SEQ ID NO:7 (B6S), SEQ ID NO:8 (E28). SEQ ID NO:9 (A3), SEQIDNO : 10
(H10), SEQ IDNO : 11 (H1S), SEQ ID NO : 12 (FIE), SEQ ID NO : 13 (A5S). SEQ ID NO:
14 (C10E), SEQ ID NO: 15(F5S), SEQ ID NO: 16 (E7S), SEQ ID NO: 17 (G6S), SEQ ID NO:
18 (E1E), SEQ ID NO: 19 (C7), SEQ IDNO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22
(F10), SEQ ID NO:23 (H7). and SEQ ID NO:24 (AS5), and is different from that of wild type
Taq DNA polymerase as set forth in SEQ ID NO:1, which polymerase (i) has a lysine at a
position corresponding to E507 of SEQ ID NO: 1, (ii) is capable of catalyzing a DNA-
template-dependent DNA polymerization activity; and (iii) which displays increased heparin
binding affinity relative to the wild type Taq DNA polymerase of SEQ ID NO: 1 in that it

shows improved conductivity when eluted off a column comprising heparin.
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34. The modified Tag DNA polymerase of claim 33, wherein the percent identity is at

least 96%.

35. The modified Taq DNA polymerase of claim 33, wherein the percent identity is at
least 97%.

36. The modified Taq DNA polymerase of claim 33, wherein the percent identity is at
least 98%. '

37. A kit comprising:
a modified Tag DNA polymerase as set out in claim any one of claims 33 to 36; and

at least one buffer suitable for use in a PCR reaction.

38. A Taq DNA polymerase that:

(a) is a mutant of a wild type Taq polymerase of SEQ ID NO:1 in that its amino
acid sequence differs from that of SEQ ID NO:1;

(b) has an amino acid sequence that is at least 95% identical to that of a clone selected
from the group consisting of: SEQ ID NO:5 (D2), SEQ ID NO:6 (ASE), SEQ ID NO:7 (B6S),
SEQ ID NO:8 (E2S), SEQ ID NO:10 (H10), SEQ ID NO:12 (FOE), SEQ ID NO:13 (A5S),
SEQ ID NO:14 (C10E), SEQ ID NO:15 (F5S), SEQ ID NO:16 (E7S), SEQ ID NO:17 (G6S),
SEQ ID NO:20 (E12), SEQ ID NO:21 (D9), SEQ ID NO:22 (F10), SEQ ID NO:23 (H7), and
SEQ ID NO:24 (A5);

(c) has a lysine at a position corresponding to E507 of SEQ ID NO: 1; and

(d) displays high processivity relative to the wild type Taq DNA polymerase of SEQ

ID NO: 1 in that it shows improved ability to amplify DNA fragments of at least 5

kilobases in a PCR reaction.

39. The Tag DNA polymerase of claim 38 , wherein the polymerase displays high
processivity relative to the wild type DNA polymerase in that it shows improved ability to

amplify long DNA fragments of at least 8 kilobases.
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40. The Taq DNA polymerase of claim 38, wherein the polymerase displays high
processivity relative to the wild type DNA polymerase in that it shows improved ability to

amplify long DNA fragments of at least 10 kilobases.

41. The modified Tag DNA polymerase of any one of claims 38 to 40, wherein the percent

identity is at least 96%.

42. The modified Tag DNA polymerase of any one of claims 39 to 40, wherein the percent

identity is at least 97%.

43. The modified Taq DNA polymerase of any one of claims 39 to 40, wherein the percent

identity is at least 98%.
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