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METHOD FOR INTRODUCING MUTATIONS

Field of the invention

This invention relates to a method for introducing mutations into one or more nucleic
acid molecule(s), a use of a low bias DNA polymerase in a method for introducing
mutations into one or more nucleic acid molecule(s), a group of sample tags, a method
for designing the group of sample tags, a computer readable medium and a method for

preferentially amplifying target nucleic acid molecules.

Background of the invention

DNA polymerases can be used to introduce mutations into nucleic acid sequences. This
can be useful in multiple applications. For example mutagenesis techniques can be
useful in applications including sequencing assisted by mutagenesis (SAM) techniques
and for introducing mutations into protein sequences to find mutations that affect the

activity of the protein.

Mutations may be introduced using DNA polymerases that have low fidelity. Low
fidelity DNA polymerases make mistakes during replication that result in the
introduction of mutations. However, many low fidelity DNA polymerases only
introduce mutations at a rate of less than 2% per mutation reaction (round of
replication), and for some applications higher mutagenesis rates are useful. In addition,
low fidelity DNA polymerases may introduce mutations in a biased manner. Such

DNA polymerases can be referred to as high bias DNA polymerases.

Mutations may be introduced by replicating sequences, using DNA polymerases, in the
presence of nucleotide analogs such as JPTP. DNA polymerases may incorporate the
nucleotide analogs in place of a natural nucleotide. Then, in a subsequent cycle of
replication, the nucleotide analog can pair with a natural nucleotide that was not present
in the original sequence, thereby introducing a mutation. Introducing mutations by
replicating sequences in the presence of nucleotide analogs can be used to achieve

higher mutations rates.
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Commonly used DNA polymerases (such as Taq polymerase) can be used to
incorporate nucleotide analogs in place of a natural nucleotide. However, these
polymerases are high bias polymerases. High bias DNA polymerases may display two

possible biases: mutation bias and template amplification bias.

Some high bias polymerases have high mutation bias, as they do not mutate all four
natural nucleotides (adenine, cytosine, guanine and thymine) uniformly at random. For
example, high bias DNA polymerases may mutate some nucleotides with a greater
frequency than others. Adenine/thymine pairs are connected by two hydrogen bonds,
whereas guanine/cytosine pairs are connected by three hydrogen bonds. Thus, it is
possible that high bias DNA polymerases are more likely to introduce mutations into

adenine/thymine pairs than guanine/cytosine pairs.

High bias polymerases, having high mutation bias, may fail to incorporate nucleotide
analogs randomly. For example, high bias polymerases may favour replacing certain
bases with nucleotide analogs. DPTP can interconvert between two different
tautomeric forms, an imino form and an amino form. The imino tautomer can form
Watson-Crick base pairs with adenine, whilst the amino form can form Watson-Crick
base pairs with guanine (Kong Thoo Lin P, Brown D M (1989). “Synthesis and duplex
stability of oligonucleotides containing cytosine-thymine analogues”. Nucleic Acids
Research. 17: 10373—-10383; Stone M J et al. (1991). “Molecular basis for
methoxyamine-initiated mutagenesis: 'H nuclear magnetic resonance studies of base-
modified oligodeoxynucleotides.” Journal of Molecular Biology. 222: 711-723;
Nedderman A N R et al. (1993). “Molecular basis for methoxyamine initiated
mutagenesis: ' H nuclear magnetic resonance studies of oligonucleotide duplexes
containing base-modified cytosine residues”. Journal of Molecular Biology. 230:
1068-1076; Moore M H et al. (1995). “Direct observation of two base-pairing modes
of a cytosine-thymine analogue with guanine in a DNAZ-form duplex. Significance for
base analogue mutagenesis”. Journal of Molecular Biology. 251: 665-673). This
effectively means that replication in the presence of dPTPs can be used to introduce
substitutions in place of adenine, cytosine, guanine or thymine in a nucleotide sequence.

However, in aqueous solution, the ratio of the imino to amino forms of dPTP has been
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shown to be around 10:1 (Harris V H et al. (2003). “The effect of tautomeric constant
on the specificity of nucleotide incorporation during DNA replication: support for the
rare tautomer hypothesis of substitution mutagenesis”. Journal of Molecular Biology.
326: 1389-1401). Accordingly, when a polymerase such as Taq polymerase is used to
introduce mutations using dPTP, it introduces substitutions of adenine and thymine
much more frequently than substitutions of guanine and cytosine (Zaccolo M et al.
(1996). “An approach to random mutagenesis of DNA using mixtures of triphosphate
derivatives of nucleoside analogues”. Journal of Molecular Biology. 255: 589-603;
Harris V H et al. (2003). “The effect of tautomeric constant on the specificity of
nucleotide incorporation during DNA replication: support for the rare tautomer
hypothesis of substitution mutagenesis”. Journal of Molecular Biology. 326: 1389-
1401).

Secondly, high bias polymerases may demonstrate template amplification bias, i.e. they
may replicate some template nucleic acid molecules with a higher success rate per PCR
cycle than others. Over many cycles of PCR this bias can create extreme differences in
copy number amongst templates. Regions of a template nucleic acid molecule may
form secondary structures or may contain a higher proportion of some nucleotides (for
example guanine or cytosine nucleotides) than others. A high bias polymerase may be
more effective to amplify, for example, guanine and cytosine rich template nucleic acid
molecules compared to adenine and thymine rich template nucleic acid molecules, or
may be more effective to amplify template nucleic acid molecules that do not form

secondary structures.

Many of the applications of mutagenesis are more effective if mutagenesis can be

performed with low bias (both mutation bias and template amplification).

The accurate assembly of genome sequences has proven difficult as many second
generation sequencing platforms are only capable of sequencing short nucleic acid
fragments, and require the target nucleic acid sequences to be amplified during the
sequencing process in order to provide sufficient nucleic acid molecules for the
sequencing step. If the user desires to sequence a larger nucleic acid sequence, this can

be achieved by sequencing regions of the target nucleic acid molecules. The user must
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then computationally assemble the sequence of the full nucleic acid sequence from the

sequences of the regions.

Assembling a nucleic acid sequence using sequences of regions can be difficult. In
particular, where long regions of the sequences are very similar to one another it may be
difficult to determine whether sequences of two regions are both sequences of replicates
of the same original template nucleic acid molecule or correspond to sequences from
two different original template nucleic acid molecules. Similarly, it may be difficult to
determine whether sequences of two regions correspond to sequences of replicates of
the same portion of a template nucleic acid molecule, or actually correspond to two
different repeats within the template nucleic acid molecule. These difficulties can be
circumvented by introducing mutations into the target nucleic acid molecules prior to
amplification. The user may then identify that fragments having the same mutation
patterns are likely to have originated from the same portion of the same original
template nucleic acid molecule. This type of sequencing method is sometimes referred

to as sequencing aided by mutagenesis (SAM).

Summary of the Invention

The sequencing methods described above are more effective when the mutations that
are introduced into the target nucleic acid molecules are uniformly random. If the
mutations are uniformly random, then the likelihood, for example, that any given
portion of a template nucleic acid molecule would have a unique mutation pattern is
higher. Thus, there is a need for the identification of DNA polymerases that are able to

introduce mutations uniformly at random (have low mutation bias).

In addition, sequencing methods using DNA polymerases having high template
amplification bias may be limited. DNA polymerases having high template
amplification bias will replicate and/or mutate some target nucleic acid molecules better
than others, and so a sequencing method that uses such a high bias DNA polymerase

may not be able to sequence some target nucleic acid molecules well.
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The present inventors have identified polymerases that are low bias polymerases (have
both low template amplification bias and low mutation bias), and so are particularly
useful in a method for introducing mutations into at least one target nucleic acid

molecule.

The user may wish to use the methods of the invention on more than one sample at
once. In such cases, it would be advantageous for the user to be able to identify which
target nucleic acid molecule came from which original sample. Such identification
could be achieved by labelling the target nucleic acid molecules with sample tags.
However, the sample tags may, themselves, be mutated during the method and so the
present inventors have determined how to design sample tags that can be distinguished

from one another even if they are mutated.

The user may also wish to ensure that the methods of the invention are used to mutate
and amplify long target nucleic acid molecules in preference compared to short nucleic
acid molecules. The present inventors have found that this can be achieved by
introducing special primer binding sites into each end of the target nucleic acid

molecules.

Thus, in a first aspect of the invention, there is provided a method for introducing
mutations into at least one target nucleic acid molecule comprising:

a. providing at least one sample comprising at least one target nucleic acid
molecule; and

b. amplifying the at least one target nucleic acid molecule using a low bias DNA

polymerase.

In a second aspect of the invention, there is provided a use of a low bias DNA
polymerase in a method for introducing mutations into at least one target nucleic acid

molecule.

In a third aspect of the invention, there is provided a method for determining a sequence
of at least one target nucleic acid molecule comprising the method for introducing

mutations of the invention.
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In a fourth aspect of the invention, there is provided a method for engineering a protein

comprising the method for introducing mutations of the invention.

In a fifth aspect of the invention, there is provided a group of sample tags, wherein each
sample tag differs from substantially all other sample tags in the group by at least one
low probability mutation difference or at least three high probability mutation

differences.

In a sixth aspect of the invention, there is provided a method for designing a group of
sample tags suitable for use in a method for introducing mutations into at least one

target nucleic acid molecule comprising:

a. analysing the method for introducing mutations into at least one target nucleic
acid molecule and determining the average number of low probability mutations that
take place during the method for introducing mutations into at least one target nucleic
acid molecule; and

b. determining sequences for a group of sample tags wherein each sample tag
differs from substantially all sample tags in the group by more low probability
differences than the average number of low probability mutations that take place during

the method for introducing mutations into at least one target nucleic acid molecule.

In a seventh aspect of the invention, there is provided a method for introducing
mutations into at least one target nucleic acid molecule comprising:
a. providing at least one sample comprising at least one target nucleic acid
molecule; and
b. introducing mutations into the at least one target nucleic acid molecule
by amplifying the at least one target nucleic acid molecule using a DNA
polymerase to provide a mutated at least one target nucleic acid
molecule,

wherein step b. is carried out using dNTPs at unequal concentrations.

In an eighth aspect of the invention, there is provided a group of sample tags obtainable

by the method for designing a group of sample tags of the invention.
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In a ninth aspect of the invention, there is provided a computer readable medium

configured to perform the method for designing a group of sample tags of the invention.

In a tenth aspect of the invention, there is provided a method for preferentially

amplifying target nucleic acid molecules that are larger than 1 kbp in length

comprising:
a. providing at least one sample comprising target nucleic acid molecules;
b. introducing a first adapter at the 3’ end of target nucleic acid molecules and a

second adapter at the 5° end of target nucleic acid molecules; and
c. amplifying the target nucleic acid molecules using primers that are
complementary to a portion of the first adapter,

wherein the first adapter and the second adapter can anneal to one another.

Brief description of the Figures

Figure 1 shows the level of mutation achieved with three different polymerases in the
presence or absence of dPTP. Panel A shows data obtained using Taq (Jena
Biosciences), panel B shows data obtained using LongAmp (New England Biolabs) and
panel C shows data using Primestar GXL (Takara). The dark grey bars show the results
obtained in the absence of dPTP and the pale grey bars show the results obtained in the
presence of 0.5 mM dPTP.

Figure 2 describes the mutation rates obtained obtained by dPTP mutagenesis using a
Thermococcus polymerase (Primestar GXL; Takara) on templates with diverse G+C
content. The median observed rate of mutations was ~7% for low GC templates from

S. aureus (33% GC), while the median for other templates was about 8%.

Figure 3 is a sequence listing,

Figure 4 depicts self annealing of nucleic acid molecules when a first primer binding

site and a second primer binding site that anneal to one another are used.
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Figure 6 depicts the sizes of target nucleic acid molecules amplified using adapters that

anneal to one another (right line) or using standard adapters (left line).

Figure 7 provides a pictorial representation of mutation using the nucleotide analog

dPTP (referred to as “P” in Figure 7.

Detailed Description of the Invention

General definitions

Unless defined otherwise, technical and scientific terms used herein have the same
meaning as commonly understood by a person skilled in the art to which this invention

belongs.

In general, the term “comprising” is intended to mean including, but not limited to. For
example, the phrase “a method for introducing mutations into at least one target
nucleic acid molecule comprising” certain steps should be interpreted to mean that the

method includes the recited steps, but that additional steps may be performed.

In some embodiments of the invention, the word “comprising” is replaced with the
phrase “consisting of’. The term “consisting of” is intended to be limiting. For
example, the phrase “a method for introducing mutations into at least one target
nucleic acid molecule consisting of certain steps should be understood to mean that the

method includes the recited steps, and that no additional steps are performed.

For the purpose of this invention, in order to determine the percent identity of two
sequences (such as two polynucleotide sequences), the sequences are aligned for
optimal comparison purposes (e.g., gaps can be introduced in a first sequence for
optimal alignment with a second sequence). The nucleotide or amino acid residues at
each of the positions are then compared. When a position in the first sequence is
occupied by the same residue as the corresponding position in the second sequence,
then the residues are identical at that position. The percent identity between the two

sequences is a function of the number of identical positions shared by the sequences



WO 2019/162657 PCT/GB2019/050443

(i.e., % identity = number of identical positions/total number of positions x 100).
Typically the sequence comparison is carried out over the length of the reference
sequence. For example, to assess whether a test sequence is at least 95% identical to
SEQ ID NO. 2 (the reference sequence), the skilled person would carry out an
alignment over the length of SEQ ID NO. 2, and identify how many positions in the test
sequence were identical to those of SEQ ID NO. 2. If at least 80% of the positions are
identical, the test sequence is at least 80% identical to SEQ ID NO .2. If the sequence
is shorter than SEQ ID NO. 2, the gaps should be considered to be non-identical

positions.

The skilled person is aware of different computer programs that are available to
determine the homology or identity between two sequences. For instance, a
comparison of sequences and determination of percent identity between two sequences
can be accomplished using a mathematical algorithm. In an embodiment, the percent
identity between two amino acid or nucleic acid sequences is determined using the
Needleman and Wunsch (1970) algorithm which has been incorporated into the GAP
program in the Accelrys GCG software package (available at
http://www.accelrys.com/products/gcg/), using either a Blosum 62 matrix or a PAM250
matrix, and a gap weight of 16, 14, 12, 10, 8, 6, or 4 and a length weightof 1, 2, 3, 4, 5,

or 6.

A method for introducing mutations into at least one target nucleic acid molecule

In one aspect, the invention provides a method for introducing mutations into at least
one target nucleic acid molecule. In a further aspect, the invention provides a use of a
low bias DNA polymerase in a method for introducing mutations into at least one target

nucleic acid molecule.

The mutations may be substitution mutations, insertion mutations or deletion mutations.
For the purposes of the present invention, the term “substitution mutation” should be
interpreted to mean that a nucleotide is replaced with a different nucleotide. For
example, the conversion of the sequence ATCC to the sequence AGCC is a substitution
mutation. For the purposes of the present invention, the term “insertion mutation”

should be interpreted to mean that at least one nucleotide is added to a sequence. For
9
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example, conversion of the sequence ATCC to the sequence ATTCC is an example of
an insertion mutation (with an additional T nucleotide being inserted). For the purposes
of the present invention, the term “deletion mutation” should be interpreted to mean
that at least one nucleotide is removed from a sequence. For example, conversion of
the sequence ATTCC to ATCC is an example of a deletion mutation (with a T

nucleotide being removed). Preferably the mutations are substitution mutations.

For the purposes of the present invention, a “nucleic acid molecule” refers to a
polymeric form of nucleotides of any length. The nucleotides may be
deoxyribonucleotides, ribonucleotides or analogs thereof. Preferably, the target nucleic
acid molecule is made up of deoxyribonucleotides or ribonucleotides. Even more
preferably, the target nucleic acid molecule is made up of deoxyribonucleotides, i.e. the

target nucleic acid molecule is a DNA molecule.

The at least one “target nucleic acid molecule” can be any nucleic acid molecule into
which the user of the method would like to introduce mutations. The target nucleic acid
molecule may form part of a larger nucleic acid molecule such as a chromosome. The
target nucleic acid molecule may comprise a gene, multiple genes or a fragment of a
gene. The target nucleic acid molecule may be greater than 1 kbp, greater than 1.5 kbp,
greater than 2 kbp, greater than 4 kbp, greater than 5 kbp, greater than 7 kbp, greater
than 8 kbp, between 1 kbp and 50 kbp, or between 1 kbp and 20 kbp in size.

The term “at least one target nucleic acid molecule” is considered to be

interchangeable with the term “af least one target nucleic acid molecules”.

The “at least one target nucleic acid molecule” can be single stranded, or may be part
of a double stranded complex. For example, if the at least one target nucleic acid
molecule is made up of deoxyribonucleotides, it may form part of a double stranded
DNA complex. In which case, one strand (for example the coding strand) will be
considered to be the at least one target nucleic acid molecule, and the other strand is a
nucleic acid molecule that is complementary to the at least one target nucleic acid

molecule.

The method for introducing mutations into at least one target nucleic acid molecule may
comprise:

10
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a. providing at least one sample comprising at least one target nucleic acid
molecule; and
b. amplifying the at least one target nucleic acid molecule using a low bias DNA

polymerase.

Providing at least one sample comprising at least one target nucleic acid molecule

The method for introducing mutations into at least one target nucleic acid molecule may
comprise a step of providing at least one sample comprising at least one target nucleic

acid molecule.

The at least one sample may comprise any sample that comprises at least one target
nucleic acid molecule. The at least one sample may be obtained from any source. For
example, the at least one sample may comprise a sample of nucleic acids derived from a
human, for example a sample extracted from a skin swab of a human patient.
Alternatively, the at least one sample may be derived from other sources such as a
sample from a water supply. Such a sample could contain billions of template nucleic
acid molecules. It would be possible to mutate each of these billions of target nucleic
acid molecules simultaneously using the methods of the invention, and so there is no
upper limit on the number of target nucleic acid molecules which could be used in the

methods of the invention.

In an embodiment, step a. comprises providing more than one sample. For example,
step a. may comprise providing 2, 3,4, 5, 6,7, 8, 9, 10, 11, 15, 20, 25, 50, 75, or 100
samples. Optionally, step a. comprises providing less than 2000, less than 1000, less
than 750, or less than 500 samples. In a further embodiment, step a. comprises
providing between 2 and 100, between 2 and 75, between 2 and 50, between 2 and 25,

between 5 and 15, or between 7 and 15 samples.

Amplifying the at least one target nucleic acid molecule using a low bias DNA

polymerase

The methods of the invention may comprise amplifying the at least one target nucleic

acid molecule using a low bias DNA polymerase.

11
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Amplifying the at least one target nucleic acid molecule refers to replicating the at least
one target nucleic acid molecule to provide at least one nucleic acid molecule that is
complementary to the at least one target nucleic acid molecule and/or replicates of the
at least one target nucleic acid molecule. Amplifying the at least one target nucleic acid
molecule using a low bias DNA polymerase, increases the number of replicates of the at
least one target nucleic acid molecule, and introduces mutations into the at least one
target nucleic acid molecule. Since mutations are introduced, the replicates are not
necessarily identical to the original at least one target nucleic acid molecule. The
original at least one target nucleic acid molecule and the replicates of the at least one
target nucleic acid molecule may be referred to collectively as “af least one mutated

target nucleic acid molecule”.

For example, amplifying the at least one target nucleic acid molecule using a low bias
DNA polymerase may comprise incubating the sample comprising the at least one
target nucleic acid molecule with the low bias DNA polymerase and suitable primers
under conditions suitable for the low bias DNA polymerase to catalyse the generation

of replicates of the at least one target nucleic acid molecule.

Suitable primers comprise short nucleic acid molecules complementary to regions
flanking the at least one target nucleic acid molecules or to regions flanking nucleic
acid molecules that are complementary to the at least one target nucleic acid molecule.
For example, if the target nucleic acid molecule is part of a chromosome, the primers
may be complementary to regions of the chromosome immediately 3’ to the 3° end of
the target nucleic acid molecule and nucleic acid molecules complementary to regions
immediately 5’ to the 5" end of the target nucleic acid molecule, or the primers will be
complementary to regions of the chromosome immediately 3’ to the 3° end of a nucleic
acid molecule complementary to the target nucleic acid molecule and nucleic acid
molecules complementary to regions immediately 5° to the 5° end of a nucleic acid
molecule complementary to the target nucleic acid molecule. Alternatively, the user
may introduce primer binding sites (short nucleic acid sequences) into regions flanking
the at least one target nucleic acid molecules. This is described in more detail in the

section entitled “barcodes, samples and adapters”.

12
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Suitable conditions include a temperature at which the low bias DNA polymerase can
catalyse the generation of replicates of the at least one target nucleic acid molecule. For
example, a temperature of between 40°C and 90°C, between 50°C and 80°C, between

60°C and 70°C, or around 68°C may be used.

The step of amplifying the at least one target nucleic acid molecule may comprise
multiple rounds of replication. For example, the step of amplifying the at least one

target nucleic acid molecule preferably comprises:

1) a round of replicating the at least one target nucleic acid molecule to provide
at least one nucleic acid molecule that is complementary to the at least one
target nucleic acid molecule; and

ii) a round of replicating the at least one target nucleic acid molecule to provide
replicates of the at least one target nucleic acid molecule.

Optionally, the step of amplifying the at least one target nucleic acid molecule
comprises at least 2, at least 4, at least 6, at least 8, or at least 10 rounds of replicating
the at least one target nucleic acid molecule. Some of these rounds of replicating the at
least one target nucleic acid molecule may take place in the presence of nucleotide
analogs. Optionally, the step of amplifying the at least one target nucleic acid molecule
comprises at least 1, at least 2, at least 3, at least 4, at least 5, or at least 6 rounds of

replication at a temperature between 60°C and 80°C.

Optionally, the step of amplifying the at least one target nucleic acid molecule is carried
out using the polymerase chain reaction (PCR). PCR is a process that involves multiple

rounds of the following steps for replicating a nucleic acid molecule:

a) melting;
b) annealing;
¢) extension; and

d) elongation.

The nucleic acid molecule (such as the at least one target nucleic acid molecule) is
mixed with suitable primers and a polymerase, such as a low bias DNA polymerase of
the invention. In the melting step, the nucleic acid molecule is heated to a temperature

above 90°C such that a double-stranded nucleic acid molecule will denature (separate
13
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into two strands). In the annealing step, the nucleic acid molecule is cooled to a
temperature below 75°C, for example between 55°C and 70°C, around 55°C, or around
68°C to allow the primers to anneal to the nucleic acid molecule. In the extension step,
the nucleic acid molecule is heated to a temperature greater than 60°C to allow the
DNA polymerase to catalyse primer extension, the addition of nucleotides
complementary to the template strand. In the elongation step, the nucleic acid molecule
is heated to a temperature at which the DNA polymerase has high activity, such as a
temperature between 60°C and 70°C, to catalyse addition of further complementary

nucleic acids in order to complete the new nucleic acid strand.

Optionally, the method of the invention comprises multiple rounds of PCR using the

low bias DNA polymerase.
The low bias DNA polymerase

The methods of the invention may comprise a step of amplifying the at least one target

nucleic acid molecule using a low bias DNA polymerase.

According to the present invention, a “/ow bias DNA polymerase” is a DNA
polymerase that (a) exhibits low mutation bias, and/or (b) exhibits low template

amplification bias.

Low mutation bias

A low bias DNA polymerase that exhibits low mutation bias is a DNA polymerase that
is able to mutate adenine and thymine, adenine and guanine, adenine and cytosine,
thymine and guanine, thymine and cytosine, or guanine and cytosine at similar rates. In
an embodiment, the low bias DNA polymerase is able to mutate adenine, thymine,

guanine, and cytosine at similar rates.

Optionally, the low bias DNA polymerase is able to mutate adenine and thymine,
adenine and guanine, adenine and cytosine, thymine and guanine, thymine and cytosine,
or guanine and cytosine at a rate ratio of 0.5-1.5:0.5-1.5, 0.6-1.4:0.6-1.4, 0.7-1.3:0.7-
1.3,0.8-1.2:0.8-1.2, or around 1:1 respectively. Preferably, the low bias DNA

14
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polymerase is able to mutate guanine and adenine at a rate ratio of 0.5-1.5:0.5-1.5, 0.6-
1.4:0.6-1.4,0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2, or around 1:1 respectively. Preferably, the
low bias DNA polymerase is able to mutate thymine and cytosine at a rate ratio of 0.5-

1.5:0.5-1.5, 0.6-1.4:0.6-1.4, 0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2, or around 1:1 respectively.

In such embodiments, in a step of amplifying the at least one target nucleic acid
molecule using a low bias DNA polymerase, the DNA polymerase mutates adenine and
thymine, adenine and guanine, adenine and cytosine, thymine and guanine, thymine and
cytosine, or guanine and cytosine nucleotides in the at least one target nucleic acid
molecule at a rate ratio of 0.5-1.5:0.5-1.5, 0.6-1.4.0.6-1.4, 0.7-1.3:0.7-1.3, 0.8-1.2:0.8-
1.2, or around 1:1 respectively. Preferably, the low bias DNA polymerase mutates
guanine and adenine nucleotides in the at least one target nucleic acid molecule at a rate
ratio of 0.5-1.5:0.5-1.5, 0.6-1.4:0.6-1.4, 0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2, or around 1:1
respectively. Preferably, the low bias DNA polymerase mutates thymine and cytosine
nucleotides in the at least one target nucleic acid molecule at a rate ratio of 0.5-1.5:0.5-

1.5,0.6-1.4:.0.6-1.4,0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2, or around 1:1 respectively.

Optionally, the low bias DNA polymerase is able to mutate adenine, thymine, guanine,
and cytosine at a rate ratio of 0.5-1.5:0.5-1.5:0.5-1.5:0.5-1.5, 0.6-1.4:0.6-1.4:0.6-
1.4:.0.6-1.4,0.7-1.3:0.7-1.3:0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2:0.8-1.2:0.8-1.2, or around
1:1:1:1 respectively. Preferably, the low bias DNA polymerase is able to mutate
adenine, thymine, guanine and cytosine at a rate ratio of 0.7-1.3:0.7-1.3:0.7-1.3:0.7-1.3.

In such embodiments, in a step of amplifying the at least one target nucleic acid
molecule using a low bias DNA polymerase, the DNA polymerase may mutate adenine,
thymine, guanine, and cytosine nucleotides in the at least one target nucleic acid
molecule at a rate ratio of 0.5-1.5:0.5-1.5:0.5-1.5:0.5-1.5, 0.6-1.4:0.6-1.4:0.6-1.4:0.6-
1.4,0.7-1.3:0.7-1.3:0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2:0.8-1.2:0.8-1.2, or around 1:1:1:1
respectively. Preferably, the low bias DNA polymerase mutates adenine, thymine,
guanine, and cytosine nucleotides in the at least one target nucleic acid molecule at a

rate ratio of 0.7-1.3:0.7-1.3:0.7-1.3:0.7-1.3.
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The adenine, thymine, cytosine, and/or guanine may be substituted with another
nucleotide. For example, if the low bias DNA polymerase is able to mutate adenine,
amplifying the at least one target nucleic acid molecule in the presence of the low bias
DNA polymerase may substitute at least one adenine nucleotide in the nucleic acid
molecule with thymine, guanine, or cytosine. Similarly, if the low bias DNA
polymerase is able to mutate thymine, amplifying the at least one target nucleic acid
molecule in the presence of the low bias DNA polymerase may substitute at least one
thymine nucleotide with adenine, guanine, or cytosine. If the low bias DNA
polymerase is able to mutate guanine, amplifying the at least one target nucleotide in
the presence of the low bias DNA polymerase may substitute at least one guanine
nucleotide with thymine, adenine, or cytosine. If the low bias DNA polymerase is able
to mutate cytosine, amplifying the at least one target nucleotide in the presence of the
low bias DNA polymerase may substitute at least one cytosine nucleotide with thymine,

guanine, or adenine.

The low bias DNA polymerase may not be able to substitute a nucleotide directly, but it
may still be able to mutate that nucleotide by replacing the corresponding nucleotide on
the complementary strand. For example, if the target nucleic acid molecule comprises
thymine, there will be an adenine nucleotide present in the corresponding position of
the at least one nucleic acid molecule that is complementary to the at least one target
nucleic acid molecule. The low bias DNA polymerase may be able to replace the
adenine nucleotide of the at least one nucleic acid molecule that is complementary to
the at least one target nucleic acid molecule with a guanine and so, when the at least one
nucleic acid molecule that is complementary to the at least one target nucleic acid
molecule is replicated, this will result in a cytosine being present in the corresponding
replicated at least one target nucleic acid molecule where there was originally a thymine

(a thymine to cytosine substitution).

In an embodiment, the low bias DNA polymerase mutates between 1% and 15%,
between 2% and 10%, or around 8% of the nucleotides in the at least one target nucleic
acid. In such embodiments, the step of amplifying the at least one target nucleic acid
molecule using a low bias DNA polymerase is carried out in such a way that between

1% and 15%, between 2% and 10%, or around 8% of the nucleotides in the at least one
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target nucleic acid are mutated. For example, if the user wishes to mutate around 8% of
the nucleotides in the target nucleic acid molecule, and the low bias DNA polymerase
mutates around 1% of the nucleotides per round of replication, the step of amplifying
the at least one target nucleic acid molecule using a low bias DNA polymerase may

comprise 8 rounds of replication.

In an embodiment, the low bias DNA polymerase is able to mutate between 0% and
3%, between 0% and 2%, between 0.1% and 5%, between 0.2% and 3%, or around
1.5% of the nucleotides in the at least one target nucleic acid molecule per round of
replication. In an embodiment, the low bias DNA polymerase mutates between 0% and
3%, between 0% and 2%, between 0.1% and 5%, between 0.2% and 3%, or around
1.5% of the nucleotides in the at least one target nucleic acid molecule per round of
replication. The actual amount of mutation that takes place each round may vary, but
may average to between 0% and 3%, between 0% and 2%, between 0.1% and 5%,

between 0.2% and 3%, or around 1.5%.

Whether a DNA polymerase is able to mutate a nucleotide and, if so, at what rate

Whether the low bias DNA polymerase is able to mutate a certain percentage of the
nucleotides in the at least one target nucleic acid molecule per round of replication can
be determined by amplifying a nucleic acid molecule of known sequence in the
presence of the low bias DNA polymerase for a set number of rounds of replication.
The resulting amplified nucleic acid molecule can then be sequenced, and the
percentage of nucleotides that are mutated per round of replication calculated. For
example, the nucleic acid molecule of known sequence can be amplified using 10
rounds of PCR in the presence of the low bias DNA polymerase. The resulting nucleic
acid molecule can then be sequenced. If the resulting nucleic acid molecule comprises
10% nucleotides that are different in corresponding nucleotides in the original known
sequence, then the user would understand that the low bias DNA polymerase is able to
mutate 1% of the nucleotides in the at least one target nucleic acid molecule on average
per round of replication. Similarly, to see whether the low bias DNA polymerase
mutates a certain percentage of the nucleotides in the at least one target nucleic acid

molecule in a given method, the user could perform the method on a nucleic acid
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molecule of known sequence and use sequencing to determine the percentage of

nucleotides that are mutated once the method is completed.

The low bias DNA polymerase is able to mutate a nucleotide such as adenine, if, when
used to amplify a nucleic acid molecule, it provides a nucleic acid molecule in which
some instances of that nucleotide are substituted or deleted. Preferably, the term
“mutate” refers to introduction of substitution mutations, and in some embodiments the

term “mutate” can be replaced with “introduces substitutions of”.

The low bias DNA polymerase mutates a nucleotide such as adenine in at least one
target nucleic acid molecule in the method of the invention if, when the step of
amplifying the at least one target nucleic acid molecule using a low bias DNA
polymerase is carried out, this step results in a mutated at least one target nucleic acid
molecule in which some instances of that nucleotide are mutated. For example, if the
low bias DNA polymerase mutates adenine in the at least one target nucleic acid
molecule, when the step of amplifying the at least one target nucleic acid molecule
using a low bias DNA polymerase is carried out, this step results in a mutated at least
one target nucleic acid molecule in which at least one adenine has been substituted or

deleted.

To determine whether a DNA polymerase is able to introduce certain mutations, the
skilled person merely needs to test the DNA polymerase using a nucleic acid molecule
of known sequence. A suitable nucleic acid molecule of known sequence is a fragment
from a bacterial genome of known sequence, such as E.coli MG1655. The skilled
person could amplify the nucleic acid molecule of known sequence using PCR in the
presence of the low bias DNA polymerase. The skilled person could then sequence the
amplified nucleic acid molecule and determine whether its sequence is the same as the
original known sequence. If not, the skilled person could determine the nature of the
mutations. For example, if the skilled person wished to determine whether a DNA
polymerase is able to mutate adenine using a nucleotide analog, the skilled person could
amplify the nucleic acid molecule of known sequence using PCR in the presence of the
nucleotide analog, and sequence the resulting amplified nucleic acid molecule. If the

amplified DNA has mutations in positions corresponding to adenine nucleotides in the
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known sequence, then the skilled person would know that the DNA polymerase could

mutate adenine using a nucleotide analog.

Rate ratios can be calculated in a similar manner. For example, if the skilled person
wishes to determine the rate ratio at which guanine and cytosine nucleotides are
mutated, the skilled person could amplify a nucleic acid molecule having a known
sequence using PCR in the presence of the low bias DNA polymerase. The skilled
person could then sequence the resulting amplified nucleic acid molecule and identify
how many of the guanine nucleotides have been substituted or deleted and how many of
the cytosine nucleotides have been substituted or deleted. The rate ratio is the ratio of
the number of guanine nucleotides that have been substituted or deleted to the number
of cytosine nucleotides that have been substituted or deleted. For example, if 16
guanine nucleotides have been replaced or deleted and 8 cytosine nucleotides have been
replaced or deleted, the guanine and cytosine nucleotides have been mutated at a rate

ratio of 16:8 or 2:1 respectively.

Using nucleotide analogs

The low bias DNA polymerase may not be able to replace nucleotides with other
nucleotides directly (at least not with high frequency), but the low bias DNA
polymerase may still be able to mutate a nucleic acid molecule using a nucleotide
analog. The low bias DNA polymerase may be able to replace nucleotides with other
natural nucleotides (7.e. cytosine, guanine, adenine or thymine) or with nucleotide

analogs.

For example, the low bias DNA polymerase may be a high fidelity DNA polymerase.
High fidelity DNA polymerases tend to introduce very few mutations in general, as
they are highly accurate. However, the present inventors have found that some high
fidelity DNA polymerases may still be able to mutate a target nucleic acid molecule, as

they may be able to introduce nucleotide analogs into a target nucleic acid molecule.
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In an embodiment, in the absence of nucleotide analogs, the high fidelity DNA
polymerase introduces less than 0.01%, less than 0.0015%, less than 0.001%, between
0% and 0.0015%, or between 0% and 0.001% mutations per round of replication.

In an embodiment, the low bias DNA polymerase is able to incorporate nucleotide
analogs into the at least one target nucleic acid molecule. In an embodiment, the low
bias DNA polymerase incorporates nucleotide analogs into the at least one target
nucleic acid molecule. In an embodiment, the low bias DNA polymerase can mutate
adenine, thymine, guanine, and/or cytosine using a nucleotide analog. In an
embodiment, the low bias DNA polymerase mutates adenine, thymine, guanine, and/or
cytosine in the at least one target nucleic acid molecule using a nucleotide analog. In an
embodiment, the DNA polymerase replaces guanine, cytosine, adenine and/or thymine
with a nucleotide analog. In an embodiment, the DNA polymerase can replace guanine,
cytosine, adenine and/or thymine with a nucleotide analog.

Incorporating nucleotide analogs into the at least one target nucleic acid molecule can
be used to mutate nucleotides, as they may be incorporated in place of existing
nucleotides and they may pair with nucleotides in the opposite strand. For example
dPTP can be incorporated into a nucleic acid molecule in place of a pyrimidine
nucleotide (may replace thymine or cytosine); please see Figure 7. Once in a nucleic
acid strand, it may pair with adenine when in an imino tautomeric form. Thus, when a
complementary strand is formed, that complementary strand may have an adenine
present at a position complementary to the dPTP. Similarly, once in a nucleic acid
strand, it may pair with guanine when in an amino tautomeric form. Thus, when a
complementary strand is formed, that complementary strand may have a guanine

present at a position complementary to the dPTP.

For example, if a dPTP is introduced into the at least one target nucleic acid molecule
of the invention, when an at least one nucleic acid molecule complementary to the at
least one target nucleic acid molecule is formed, the at least one nucleic acid molecule
complementary to the at least one target nucleic acid molecule will comprise an adenine
or a guanine at a position complementary to the dPTP in the at least one target nucleic
acid molecule (depending on whether the dPTP is in its amino or imino form). When

the at least one nucleic acid molecule complementary to the at least one target nucleic
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acid molecule is replicated, the resulting replicate of the at least one target nucleic acid
molecule will comprise a thymine or a cytosine in a position corresponding to the dPTP
in the at least one target nucleic acid molecule. Thus, a mutation to thymine or cytosine

can be introduced into the mutated at least one target nucleic acid molecule.

Alternatively, if a dPTP is introduced in at least one nucleic acid molecule
complementary to the at least one target nucleic acid molecule, when a replicate of the
at least one target nucleic acid molecule is formed, the replicate of the at least one target
nucleic acid molecule will comprise an adenine or a guanine at a position
complementary to the dPTP in the at least one nucleic acid molecule complementary to
the at least one target nucleic acid molecule (depending on the tautomeric form of the
dPTP). Thus, a mutation to adenine or guanine can be introduced into the mutated at

least one target nucleic acid molecule.

In an embodiment, the low bias DNA polymerase can replace cytosine or thymine with
anucleotide analog. In a further embodiment, the low bias DNA polymerase introduces
guanine or adenine nucleotides using a nucleotide analog at a rate ratio of 0.5-1.5:0.5-
1.5,0.6-1.4:.0.6-14,0.7-1.3:0.7-1.3, 0.8-1.2:0.8-1.2, or around 1:1 respectively. The
guanine or adenine nucleotides may be introduced by the low bias DNA polymerase
pairing them opposite a nucleotide analog such as dPTP. In a further embodiment, the
low bias DNA polymerase introduces guanine or adenine nucleotides using a nucleotide

analog at a rate ratio of 0.7-1.3:0.7-1.3 respectively.

The skilled person can determine, using conventional methods, whether the low bias
DNA polymerase is able to incorporate nucleotide analogs into the at least one target
nucleic acid molecule or mutate adenine, thymine, guanine, and/or cytosine in the at
least one target nucleic acid molecule using a nucleotide analog using conventional

methods.

For example, in order to determine whether the low bias DNA polymerase is able to
incorporate nucleotide analogs into the at least one target nucleic acid molecule, the
skilled person could amplify a nucleic acid molecule using a low bias DNA polymerase

for two rounds of replication. The first round of replication should take place in the
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presence of the nucleotide analog, and the second round of replication should take place
in the absence of the nucleotide analog. The resulting amplified nucleic acid molecules
could be sequenced to see whether mutations have been introduced, and if so, how
many mutations. The user should repeat the experiment without the nucleotide analog,
and compare the number of mutations introduced with and without the nucleotide
analog. If the number of mutations that have been introduced with the nucleotide
analog is significantly higher than the number of mutations that have been introduced
without the nucleotide analog, the user can conclude that the low bias DNA polymerase
is able to incorporate nucleotide analogs. Similarly, the skilled person can determine
whether a DNA polymerase incorporates nucleotide analogs or mutates adenine,
thymine, guanine, and/or cytosine using a nucleotide analog. The skilled person merely
need perform the method in the presence of nucleotide analogs, and see whether the
method leads to mutations at positions originally occupied by adenine, thymine,
guanine, and/or cytosine.

If the user wishes to mutate the at least one target nucleic acid molecule using a
nucleotide analog, the method may comprise a step of amplifying the at least one target
nucleic acid molecule using a low bias DNA polymerase, where the step of amplifying
the at least one target nucleic acid molecule using a low bias DNA polymerase is
carried out in the presence of the nucleotide analog, and the step of amplifying the at
least one target nucleic acid molecule provides at least one target nucleic acid molecule

comprising the nucleotide analog.

Suitable nucleotide analogs include dPTP (2’deoxy-P-nucleoside-5’-triphosphate), 8-
Ox0-dGTP (7,8-dihydro-8-oxoguanine), SBr-dUTP (5-bromo-2’-deoxy-uridine-5’-
triphosphate), 20H-dATP (2-hydroxy-2’-deoxyadenosine-5’-triphosphate), dKTP (9-
(2-Deoxy-p-D-ribofuranosyl)-N6-methoxy-2,6,-diaminopurine-5’-triphosphate) and
dITP (2’-deoxyinosine 5’-trisphosphate). The nucleotide analog may be dPTP. The
nucleotide analogs may be used to introduce the substitution mutations described in

Table 1.

Table 1

Nucleotide Substitution
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8-ox0-dGTP A:TtoC:Gand T:A to G:C
dPTP A:TtoG:Cand G:Cto AT
5Br-dUTP A:Tto G:Cand T:A to C:G
20H-dATP ATtoC:G,G:CtoT:A and A:T to G:C
dITP A:TtoG:Cand G:Cto AT
dKTP A:TtoG:Cand G:Cto A:T

The different nucleotide analogs can be used, alone or in combination, to introduce
different mutations into the at least one target nucleic acid molecule. Accordingly, the
low bias DNA polymerase may introduce guanine to adenine substitution mutations,
cytosine to thymine substitution mutations, adenine to guanine substitution mutations,
and thymine to cytosine substitution mutations using a nucleotide analog. The low bias
DNA polymerase may be able to introduce guanine to adenine substitution mutations,
cytosine to thymine substitution mutations, adenine to guanine substitution mutations,

and thymine to cytosine substitution mutations, optionally using a nucleotide analog.

The low bias DNA polymerase may be able to introduce guanine to adenine substitution
mutations, cytosine to thymine substitution mutations, adenine to guanine substitution
mutations, and thymine to cytosine substitution mutations at a rate ratio of 0.5-1.5:0.5-
1.5:0.5-1.5:0.5-1.5, 0.6-1.4:0.6-1.4:0.6-1.4:0.6-1.4, 0.7-1.3:0.7-1.3:0.7-1.3:0.7-1.3, 0.8-
1.2:0.8-1.2:0.8-1.2:0.8-1.2, or around 1:1:1:1 respectively. Preferably, the low bias
DNA polymerase is able to introduce guanine to adenine substitution mutations,
cytosine to thymine substitution mutations, adenine to guanine substitution mutations,
and thymine to cytosine substitution mutations at a rate ratio of 0.7-1.3:0.7-1.3:0.7-
1.3:0.7-1.3 respectively. Suitable methods for determining whether the low bias DNA
polymerase is able to introduce substitution mutations and at what rate ratio are
described under the heading “whether a DNA polymerase is able to mutate a nucleotide

and, if so, at what rate”.

In some methods the low bias DNA polymerase introduces guanine to adenine
substitution mutations, cytosine to thymine substitution mutations, adenine to guanine
substitution mutations, and thymine to cytosine substitution mutations at a rate ratio of

0.5-1.5:0.5-1.5:0.5-1.5:0.5-1.5, 0.6-1.4:0.6-1.4:0.6-1.4:0.6-1.4, 0.7-1.3:0.7-1.3:0.7-
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1.3:0.7-1.3, 0.8-1.2:0.8-1.2:0.8-1.2:0.8-1.2, or around 1:1:1:1 respectively. Preferably,
the low bias DNA polymerase introduces guanine to adenine substitution mutations,
cytosine to thymine substitution mutations, adenine to guanine substitution mutations,
and thymine to cytosine substitution mutations at a rate ratio of 0.7-1.3:0.7-1.3:0.7-
1.3:0.7-1.3 respectively. Suitable methods for determining whether substitution
mutations are introduced and at what rate ratio are described under the heading

“whether a DNA polymerase is able to mutate a nucleotide and, if so, at what rate”.

Generally, when a low bias DNA polymerase uses a nucleotide analog to introduce a
mutation, this requires more than one round of replication. In the first round of
replication the low bias DNA polymerase introduces the nucleotide analog in place of a
nucleotide, and in a second round of replication, that nucleotide analog pairs with a
natural nucleotide to introduce a substitution mutation in the complementary strand.
The second round of replication may be carried out in the presence of the nucleotide
analog. However, the method may further comprise a step of amplifying the at least
one target nucleic acid molecule comprising nucleotide analogs in the absence of
nucleotide analogs. The step of amplifying the at least one target nucleic acid molecule
comprising nucleotide analogs in the absence of nucleotide analogs may be carried out

using the low bias DNA polymerase.

Optionally, the method provides a mutated at least one target nucleic acid molecule and
the method comprises a further step of amplifying the mutated at least one target

nucleic acid molecule using the low bias DNA polymerase.

Low template amplification bias

The low bias DNA polymerase may have low template amplification bias. A low bias
DNA polymerase has low template amplification bias if it is able to amplify different
target nucleic acid molecules with similar degrees of success per cycle. High bias DNA
polymerases may struggle to amplify template nucleic acid molecules that comprise a
high G:C content or contain a large degree of secondary structure. In an embodiment,

the low bias DNA polymerase of the invention has low template amplification bias for
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template nucleic acid molecules that are less than 25 000, less than 10 000, between 1

and 15 000, or between 1 and 10 000 nucleotides in length.

In an embodiment, to determine whether a DNA polymerase has low template
amplification bias, the skilled person could amplify a range of different sequences using
the DNA polymerase, and see whether the different sequences are amplified at different
levels by sequencing the resultant amplified DNA. For example, the skilled person
could select a range of short (possibly 50 nucleotide) nucleic acid molecules having
different characteristics, including a nucleic acid molecule having high GC content, a
nucleic acid molecule having low GC content, a nucleic acid molecule having a large
degree of secondary structure and a nucleic acid molecule have a low degree of second
structure. The user could then amplify those sequences using the DNA polymerase and
quantify the level at which each of the nucleic acid molecules is amplified to. In an
embodiment, if the levels are within 25%, 20%, 10%, or 5% of one another, then the

DNA polymerase has low template amplification bias.

Alternatively, in an embodiment, a DNA polymerase has low template amplification
bias if it is able to amplify 7-10 kbp fragments with a Kolmolgorov-Smirnov D of less
than 0.1, less than 0.09, or less than 0.08. The Kolmolgorov-Smirnov D with which a
particular low bias DNA polymerase is able to amplify 7-10 kbp fragments may be

determined using an assay provided in Example 4.

The low bias DNA polymerase may be a high fidelity DNA polymerase. A high
fidelity DNA polymerase is a DNA polymerase which is not highly error-prone, and so
does not generally introduce a large number of mutations when used to amplify a target
nucleic acid molecule in the absence of nucleotide analogs. High fidelity DNA
polymerases are not generally used in methods for introducing mutations, as it is
generally considered that error-prone DNA polymerases are more effective. However,
the present application demonstrates that certain high fidelity polymerases are able to
introduce mutations using a nucleotide analog, and that those mutations may be
introduced with lower bias compared to error-prone DNA polymerases such as Taq

polymerase.
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High fidelity DNA polymerases have an additional advantage. High fidelity DNA
polymerases can be used to introduce mutations when used with nucleotide analogs, but
in the absence of nucleotide analogs they can replicate a target nucleic acid molecule
highly accurately. This means that the user can mutate the at least one target nucleic
acid molecule to high effect and amplify the mutated at least one target nucleic acid
molecule with high accuracy using the same DNA polymerase. If a low fidelity DNA
polymerase is used to mutate the target nucleic acid molecule, it may need to be

removed from the reaction mixture before the target nucleic acid molecule is amplified.

High fidelity DNA polymerases may have a proof-reading activity. A proof-reading
activity may help the DNA polymerase to amplify a target nucleic acid sequence with
high accuracy. For example, a low bias DNA polymerase may comprise a proof-
reading domain. A proof reading domain may confirm whether a nucleotide that has
been added by the polymerase is correct (checks that it correctly pairs with the
corresponding nucleic acid of the complementary strand) and, if not, excises it from the
nucleic acid molecule. The inventors have surprisingly found that in some DNA
polymerases, the proof-reading domain will accept pairings of natural nucleotides with
nucleotide analogs. The structure and sequence of suitable proof-reading domains are
known to the skilled person. DNA polymerases that comprise a proof-reading domain
include members of DNA polymerase families I, IT and III, such as Pfu polymerase
(derived from Pyrococcus furiosus), T4 polymerase (derived from bacteriophage T4)

and the Thermococcal polymerases that are described in more detail below.

In an embodiment, in the absence of nucleotide analogs, the high fidelity DNA

polymerase introduces less than 0.01%, less than 0.0015%, less than 0.001%, between

0% and 0.0015%, or between 0% and 0.001% mutations per round of replication.

In addition, the low bias DNA polymerase may comprise a processivity enhancing
domain. A processivity enhancing domain allows a DNA polymerase to amplify a
target nucleic acid molecule more quickly. This is advantageous as it allows the

methods of the invention to be performed more quickly.

Thermococcal polymerases
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In an embodiment, the low bias DNA polymerase is a fragment or variant of a
polypeptide comprising SEQ ID NO. 2, SEQ ID NO. 4, SEQ ID NO. 6 or SEQ ID
NO.7. The polypeptides of SEQ ID NO. 2, 4, 6 and 7 are thermococcal polymerases.
The polymerases of SEQ ID NO. 2, SEQ ID NO. 4, SEQ ID NO. 6 or SEQ ID NO. 7
are low bias DNA polymerases having high fidelity, and they can mutate target nucleic
acid molecules by incorporating a nucleotide analog such as dPTP. The polymerases of
SEQ ID NO. 2, SEQ ID NO. 4, SEQ ID NO. 6 or SEQ ID NO. 7 are particularly
advantageous as they have low mutation bias and low template amplification bias.

They are also highly processive and are high fidelity polymerases comprising a proof-
reading domain, meaning that, in the absence of nucleotide analogs, they can amplify

mutated target nucleic acid molecules quickly and accurately.

The low bias DNA polymerase may comprise a fragment of at least 400, at least 500, at
least 600, at least 700, or at least 750 contiguous amino acids of’
a. asequence of SEQ ID NO. 2;
b. asequence at least 95%, at least 98%, or at least 99% identical to SEQ
ID NO. 2;
c. asequence of SEQ ID NO. 4;
d. asequence at least 95%, at least 98%, or at least 99% identical to SEQ
ID NO. 4,
e. asequence of SEQ ID NO. 6;
f asequence at least 95%, at least 98%, or at least 99% identical to SEQ
ID NO. 6;
g. asequence of SEQ ID NO. 7; or
h. asequence at least 95%, at least 98%, or at least 99% identical to SEQ
ID NO. 7.

Preferably, the low bias DNA polymerase comprises a fragment of at least 700
contiguous amino acids of’
a. asequence of SEQ ID NO. 2;
b. asequence at least 98%, or at least 99% identical to SEQ ID NO. 2;
c. asequence of SEQ ID NO. 4;
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d. asequence at least 98%, or at least 99% identical to SEQ ID NO. 4;
e. asequence of SEQ ID NO. 6;

f asequence at least 98%, or at least 99% identical to SEQ ID NO. 6;
g. asequence of SEQ ID NO. 7; or

h. asequence at least 98%, or at least 99% identical to SEQ ID NO. 7.

The low bias DNA polymerase may comprise:

a sequence of SEQ ID NO. 2;

a sequence at least 95%, at least 98%, or at least 99% identical to SEQ ID
NO. 2;

a sequence of SEQ ID NO. 4;

a sequence at least 95%, at least 98%, or at least 99% identical to SEQ ID
NO. 4;

a sequence of SEQ ID NO. 6;

a sequence at least 95%, at least 98%, or at least 99% identical to SEQ ID
NO. 6;

a sequence of SEQ ID NO. 7; or

a sequence at least 95%, at least 98%, or at least 99% identical to SEQ ID
NO. 7.

Preferably, the low bias DNA polymerase comprises:

IS

e o

e oo

a sequence of SEQ ID NO. 2;

a sequence at least 98%, or at least 99% identical to SEQ ID NO. 2;
a sequence of SEQ ID NO. 4;

a sequence at least 98%, or at least 99% identical to SEQ ID NO. 4;
a sequence of SEQ ID NO. 6;

a sequence at least 98%, or at least 99% identical to SEQ ID NO. 6;
a sequence of SEQ ID NO. 7; or

a sequence at least 98%, or at least 99% identical to SEQ ID NO. 7.

The low bias DNA polymerase may be a thermococcal polymerase, or derivative

thereof. The DNA polymerases of SEQ ID NO 2, 4, 6 and 7 are thermococcal

polymerases. Thermococcal polymerases are advantageous, as they are generally high
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fidelity polymerases that can be used to introduce mutations using a nucleotide analog

with low mutation and template amplification bias.

A thermococcal polymerase is a polymerase having the polypeptide sequence of a
polymerase isolated from a strain of the Thermococcus genus. A derivative of a
thermococcal polymerase may be a fragment of at least 400, at least 500, at least 600, at
least 700, or at least 750 contiguous amino acids of a thermococcal polymerase, or at
least 95%, at least 98%, at least 99%, or 100% identical to a fragment of at least 400, at
least 500, at least 600, at least 700, or at least 750 contiguous amino acids of a
thermococcal polymerase. The derivative of a thermococcal polymerase may be at least
95%, at least 98%, at least 99%, or 100% identical to a thermococcal polymerase. The
derivative of a thermococcal polymerase may be at least 98% identical to a

thermococcal polymerase.

A thermococcal polymerase from any strain may be effective in the context of the
present invention. In an embodiment, the thermococcal polymerase is derived from a
thermococcal strain selected from the group consisting of 7. kodakarensis, T. celer, T.
siculi, and T. sp KS-1. Thermococccal polymerases from these strains are described in
SEQ ID NO. 2, SEQ ID NO. 4, SEQ ID NO. 6 and SEQ ID NO. 7.

Optionally, the low bias DNA polymerase is a polymerase that has high catalytic
activity at temperatures between 50°C and 90°C, between 60°C and 80°C, or around

68°C.

Barcodes, sample tags and adapters

The method may further comprise introducing barcodes into the target nucleic acid
molecules. For the purposes of the present invention, a barcode is a degenerate or
randomly generated sequence of nucleotides. The term “barcode” is synonymous with
the terms “unique molecular identifiers” (UMIs) or “unique molecular tags” (UMTs).
The method may comprise introducing 1, 2 or more barcodes into the target nucleic
acid molecules. In a preferred embodiment, the method comprises introducing a variety

of barcodes into the target nucleic acid molecules, such that, after the barcodes are
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introduced, most of the original target nucleic acid molecules comprise unique barcodes

compared to other original target nucleic acid molecules.

Introducing barcodes into the target nucleic acid molecules may be useful if the method
for introducing mutations of the invention is used as part of a method for determining a
sequence. The use of barcodes may help the user to identify which of the original at
least one target nucleic acid molecules each sequence of at least one of target nucleic
acid molecule (or amplified or fragmented at least one target nucleic acid molecule)
was derived from. If the barcodes used in each original target nucleic acid molecule are
different, the user can sequence the barcodes or the target nucleic acid molecules, and
sequences of target nucleic acid molecules comprising the same barcodes are likely to
be sequences of target nucleic acid molecules that originated from the same original

target nucleic acid molecule.

The method for introducing mutations into at least one target nucleic acid molecule may
comprise introducing sample tags into the target nucleic acid molecules. A sample tag
is a short series of nucleic acids of known (specified) sequence. For example, the
method of the invention may be performed on multiple target nucleic acid molecules
taken from different samples. Those samples may be pooled, but prior to pooling, a
sample tag may introduced into the target nucleic acid molecules in a sample (the target
nucleic acid molecules are labelled with a sample tag). Target nucleic acid molecules
from different samples may be labelled with different sample tags. Optionally, target
nucleic acid molecules from the same sample are labelled with the same sample tag or a
sample tag from the same sub-group of sample tags. For example, if the user decides to
use two samples, the target nucleic acid molecules in the first sample may be labelled
with a first sample tag having a specified sequence and the target nucleic acid
molecules in the second sample may be tagged with a second sample tag having a
second specified sequence. Similarly, if the user decides to use two samples, the target
nucleic acid molecules in the first sample may be labelled with a sample tag from a first
sub-group of sample tags and the target nucleic acid molecules in the second sample
may be labelled with a sample tag from a second sub-group of sample tags. The user
would understand that any target nucleic acid molecules comprising the first sample tag

or a sample tag from the first sub-group of sample tags originated from the first sample,
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and any target nucleic acid molecules comprising the second sample tag or a sample tag
from the second sub-group of sample tags originated from the second sample. It is
possible to determine which tag has been used to label a target nucleic acid sequence by
sequencing the target nucleic acid sequence. Suitable sequencing methods are

described in more detail below.

In an embodiment, the sample tags are introduced (the target nucleic acid molecules are
labelled with a sample tag) prior to the step of amplifying the at least one target nucleic
acid molecule using a low bias DNA polymerase. This is advantageous as it means that
samples may be pooled at an early stage in the method, reducing handling time, the
number of reagents required and the possibility of introducing sample handling
mistakes. However, if the sample tags are introduced prior to the step of amplifying the
at least one target nucleic acid molecule using a low bias DNA polymerase, it is
possible that the sample tags will be mutated by the low bias DNA polymerase. The
present inventors have designed groups of samples tags that are designed such that they

may be distinguished from one another even if they have been mutated.

In an embodiment, a group of sample tags is used and target nucleic acid molecules
from different samples are labelled with different sample tags from the group. Target
nucleic acid molecules from the same sample may be labelled with the same sample tag
from the group or with a sample tag from the same sub-group of samples tags from the
group. For example, if the group of sample tags comprises sample tags named A, B, C
and D, all target nucleic acid molecules in a first sample may be labelled using A or
A/B, and all the target nucleic acid molecules in a second sample may be labelled using
C or C/D. Each sample tag in the group of sample tags may differ from substantially all
other sample tags in the group by at least 1 low probability mutation difference. Each
sample tag in the group of sample tags may differ from all other sample tags in the

group by at least 1 low probability mutation difference.

In an aspect, the invention provides a group of sample tags, wherein each sample tag in
the group differs from substantially all other sample tags in the group by at least 1 low
probability mutation difference. Each sample tag may differ from all other sample tags

in the group by at least 1 low probability mutation difference.
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By the term “differs from substantially all other sample tags in the group by at least 1
low probability mutation difference” we mean that each tag has been designed such that
if the sample tags are mutated by at least 1 low probability mutation, the tags will still
be different to one another almost (substantially all or all other tags). In an
embodiment, the term “substantially all other sample tags” refers to at least 90%, at
least 95%, or at least 98% of the other sample tags. A low probability mutation is a
mutation that occurs infrequently in the method for introducing mutations of the
invention. For example, a low probability mutation may be a transversion mutation, or
an indel mutation. Transversion mutations and indel mutations occur infrequently
when the method for introducing mutations of the invention is performed using dPTP as
a nucleotide analog. A transversion mutation is a replacement of a purine nucleotide
with a pyrimidine nucleotide (adenine to cytosine, adenine to thymine, guanine to
cytosine or guanine to thymine), or a pyrimidine nucleotide with a purine nucleotide
(cytosine to adenine, cytosine to guanine, thymine to adenine, or thymine to guanine).
An indel mutation is a deletion mutation or an insertion mutation. Suitable tags may be
designed computationally using statistical methods. For example, the skilled person
would be able to determine what type of mutation is a low probability mutation in a
method for introducing mutations of the invention. The skilled person can perform the
method for introducing mutations of the invention, and determine the types of
mutations that have been introduced by sequencing the nucleic acid molecule product.
The mutations that occur most frequently are high probability mutations, and the

mutations that occur least frequently are low probability mutations.

The user could generate suitable sample tags using the method for designing a group of

sample tags of the invention.

Optionally, each sample tag differs from substantially all other sample tags in the group
by at least 2, at least 3, at least 4, at least 5, between 3 and 50, between 3 and 25, or
between 3 and 10 low probability mutation differences. Optionally, each sample tag
differs from all other sample tags in the group by at least 2, at least 3, at least 4, at least
5, between 3 and 50, between 3 and 25, or between 3 and 10 low probability mutation

differences.
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Each sample tag may differ from substantially all other sample tags in the group by at
least 2 high probability mutation differences. A high probability mutation difference, is
a mutation that occurs frequently in a method for introducing mutations of the
invention. For example, a high probability mutation difference may be a transition
mutation. A transition mutation is a replacement of a purine nucleotide with another
purine nucleotide (adenine to guanine or guanine to adenine), or a pyrimidine
nucleotide with another pyrimidine nucleotide (cytosine to thymine or thymine to

cytosine).

Each sample tag may differ from all other sample tags in the group by at least 2 high
probability mutation differences, i.e. each sample tag has been designed such that if the
sample tags are mutated by at least 2 high probability mutations, the tags will still be
different to one another.

Optionally, each sample tag differs from substantially all other sample tags in the group
by at least 3, between 2 and 50, between 3 and 25, or between 3 and 10 high probability
mutation differences. Optionally, each sample tag differs from all other sample tags in
the group by at least 3, between 2 and 50, between 5 and 25, or between 5 and 10 high

probability mutation differences.

In an embodiment, each sample tag is at least 8 nucleotides, at least 10 nucleotides, at
least 12 nucleotides, between 8 and 50 nucleotides, between 10 and 50 nucleotides, or

between 10 and 50 nucleotides in length.

Suitable sample tags are those of SEQ ID NOs: 8-136.

The method may further comprise introducing adapters into each of the target nucleic
acid molecules. The adapters may comprise a primer binding site. For the purposes of
the invention, primer binding sites are known sequences of nucleotides that are
sufficiently long for primers to specifically hybridise to. Optionally, the primer binding
sites are at least 8, at least 10, at least 12, between 8 and 50, or between 10 and 25

nucleotides in length.
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The method may comprise introducing a first adapter at the 3” end of the at least one
target nucleic acid molecule and a second adapter at the 5’ end of the at least one target
nucleic acid molecule, wherein the first adapter and the second adapter can anneal to

one another.

In an aspect, the invention provides a method for preferentially amplifying nucleic acid
molecules that are larger than 1 kbp in length comprising:

a. providing at least one sample comprising target nucleic acid
molecules;

b. introducing a first adapter at the 3° end of the target nucleic acid
molecules and a second adapter at the 5° end of the target nucleic
acid molecules; and

c. amplifying the target nucleic acid molecules using primers that are
complementary to a portion of the first adapter,

wherein the first adapter and the second adapter can anneal to one another.

The second adapter may comprise a portion that is complementary to a first primer

binding site and the first adapter may comprise the first primer binding site.

The present inventors have found that by introducing a first adapter and a second
adapter that can anneal to one another into the at least one target nucleic acid molecule,
they can ensure that the methods of the invention preferentially amplify and/or mutate
long target nucleic acid molecules. If the first adapter can anneal to the second adapter,
then they may do so in the methods of the invention resulting in a self-annealed at least
one target nucleic acid molecule (as indicated in Figure 5). Self-annealed target nucleic
acid molecules are not replicated and so will not be amplified and/or mutated by the
methods of the invention. The likelihood that the first adapter and the second adapter
anneal to one another during the methods of the invention will be higher for shorter
target nucleic acid molecules than for longer target nucleic acid molecules. For these
reasons, the addition of a first adapter and a second adapter to the at least one target
nucleic acid molecule of the invention can be used to preferentially amplify larger at

least one target nucleic acid molecules.
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The method for preferentially amplifying nucleic acid molecules may be a method for
preferentially amplifying target nucleic acid molecules that are longer than 1.5 kbp.

The method may further comprise a step of sequencing the target nucleic acid
molecules. Examples of possible sequencing methods include Maxam Gilbert
Sequencing, Sanger Sequencing, nanopore sequencing or sequencing comprising bridge
PCR. In atypical embodiment, the sequencing steps involve bridge PCR. Optionally,
the bridge PCR step is carried out using an extension time of greater than 5, greater than
10, greater than 15 or greater than 20 seconds. An example of the use of bridge PCR is

in lllumina Genome Analyzer Sequencers.

It is possible for a user to determine whether a first adapter and a second adapter can
anneal to one another. In an embodiment, the user may identify whether a first adapter
and a second adapter can anneal to one another by providing a nucleic acid molecule
comprising the first adapter, and seeing whether a primer comprising the second adapter

is capable of initiating replication of the nucleic acid molecule under PCR conditions.

Alternatively, in an embodiment, the first adapter and the second adapter can be
considered to be able to anneal to one another if they hybridise under the following
conditions: equimolar concentrations of the two primers are combined (e.g. 50 uM),
then incubated at a high temperature such as 95°C for 5 minutes to ensure that the
primers are single-stranded. The solution is then slowly cooled to room temperature

(25°C) over a period of approximately 45 minutes.

The methods may comprise amplifying the target nucleic acid molecules using primers
that are identical to one another, or substantially identical to one another. The primers
may be complementary to a portion of the first adapter. Two primers are “substantially
identical” to one another if they have an identical sequence, or a sequence that differs
by 1, 2 or 3 nucleotides. In a preferred embodiment, the methods of the invention
comprise amplifying the target nucleic acid molecules using primers that are identical

in sequence or differ by a single nucleotide difference.

In an embodiment, the first adapter and the second adapter comprise sequences that are

complementary to one another, or substantially complementary to one another. The
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first adapter may be substantially complementary to the second adapter if the first
adapter is complementary to a nucleic acid molecule that is at least 80%, at least 90%,

at least 95%, or at least 99% identical to the second adapter.

The user may use primers that comprise primer binding sites, and these primers may be
used to preferentially amplify replicates of the at least one target nucleic acid molecule
that were generated in the last round of replication. For example, a first set of primers
comprising a third primer binding site may be used in a round of replication. In a
further round of replication a second set of primers may be used that bind to the third
primer binding site. The second set of primers will only replicate replicates of the at
least one target nucleic acid molecule that were generated in a previous round of

replication, using the first set of primers.

Third and further sets of primers may be used. Preferentially replicating replicates of a
previous round of replication is advantageous as it can ensure that each amplified target
nucleic acid molecule comprises a high level of mutation (since only at least one target
nucleic acid molecules that have been exposed to at least one round of amplification by

the low bias DNA polymerase will be replicated).

Accordingly, the methods of the invention may comprise:

(a) introducing a first adapter comprising a first primer binding site at the 3’
end of the at least one target nucleic acid molecule or target nucleic acid molecules and
a second adapter comprising a portion that is complementary to the first primer binding
site at the 5° end of the at least one target nucleic acid molecule or target nucleic acid
molecules, wherein the first adapter and the second adapter can anneal to one another;

(b) amplifying the target nucleic acid molecules using a first set of primers
that are complementary to the first primer binding site and comprise a second primer
binding site, optionally using a low bias DNA polymerase; and

(c) amplifying the target nucleic acid molecules using a second set of
primers that are complementary to the second primer binding site, optionally using a

low bias DNA polymerase.
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The second set of primers may comprise a third primer binding site, and further
amplification steps may be carried out using a third or further sets of primers that are

complementary to the third or further primer binding sites.

The barcodes, sample tags and/or adapters may be introduced using any suitable
method including PCR, tagmentation and physical shearing or restriction digestion of
target nucleic acids combined with subsequent adapter ligation (optionally sticky-end
ligation). For example, PCR can be carried out on the at least one target template
nucleic acid molecule using a first set of primers capable of hybridising to the at least
one target nucleic acid molecule. The barcodes, sample tags and adapters may be
introduced into each of the at least one target nucleic acid molecules by PCR using
primers comprising a portion (a 5 end portion) comprising a barcode, a sample tag
and/or an adapter, and a portion (a 3’ end portion) having a sequence that is capable of
hybridising to (optionally complementary to) the at least one target nucleic acid
molecule. Such primers will hybridise to a target nucleic acid molecule, PCR primer
extension will then provide a nucleic acid molecule which comprises a barcode, sample
tag and/or an adapter. A further cycle of PCR with these primers can be used to add a
barcode, sample tag and/or an adapter to the other end of the at least one target nucleic
acid molecule. The primers may be degenerate, i.e. the 3’ end portion of the primers

may be similar but not identical to one another.

The barcodes, sample tags and/or adapters may be introduced using tagmentation. The
barcodes, sample tags and/or adapters can be introduced using direct tagmentation, or
by introducing a defined sequence by tagmentation followed by two cycles of PCR
using primers that comprise a portion capable of hybridising to the defined sequence,
and a portion comprising a barcode, a sample tag and/or an adapter. The barcodes,
sample tags and/or adapters can be introduced by restriction digestion of the original at
least one target nucleic acid molecule followed by ligation of nucleic acids comprising
the barcode, sample tag and/or an adapter. The restriction digestion of the original at
least one nucleic acid molecule should be performed such that the digestion results in a
nucleic acid molecule comprising the region to be sequenced (the at least one target
template nucleic acid molecule). The barcodes, sample tags and/or adapters may be

introduced by shearing the at least one target nucleic acid molecule, followed by end
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repair, A-tailing and then ligation of nucleic acids comprising the barcode, sample tag

and/or an adapter.

A method for determining a sequence of at least one target nucleic acid molecule

One aspect of the invention relates to a method for determining a sequence of at least
one target nucleic acid molecule comprising the method for introducing mutations of

the invention.

As described above, the method for introducing mutations of the invention can be
useful as part of a method for determining a sequence of at least one target nucleic acid

molecule, as the mutations can enable the skilled person to assemble sequences.

As described in the background section, sequencing methods can be improved by
incorporating steps that introduce mutations into at least one target nucleic acid
molecule that is to be sequenced. A user will often amplify and/or fragment the at least
one target nucleic acid molecule prior to sequencing it. The user will then assemble a
consensus sequence for at least one of the target nucleic acid molecules from the
sequences of regions of the amplified or fragmented at least one target nucleic acid
molecule. Introducing mutations into the at least one target nucleic acid molecules
prior to amplification or fragmentation can help the user to identify which of the
original at least one template nucleic acid molecules each sequence of regions of
amplified or fragmented at least one target nucleic acid molecule was derived from, and

so improve the accuracy of the consensus sequences.

The more random the mutations that are introduced, the easier it is to identify which of
the original at least one target nucleic acid molecule each sequence of amplified or
fragmented at least one target nucleic acid molecule was derived from. The method of
introducing mutations of the invention, which utilises a low bias DNA polymerase, can
be used to introduce mutations in a substantially random way, and so is ideal for
inclusion in a method for determining a sequence of at least one target nucleic acid

molecule.
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The method for determining a sequence of at least one target nucleic acid molecule may

comprise steps of:

a.  performing the method for introducing mutations into at least one target nucleic
acid molecule of the invention to provide at least one mutated target nucleic acid
molecule;

b.  sequencing regions of the least one mutated target nucleic acid molecule to
provide mutated sequence reads; and

c.  assembling a sequence for at least a portion of the at least one target nucleic acid

molecule using the mutated sequence reads.

In general, sequencing steps can be carried out using any method of sequencing,
Examples of possible sequencing methods include Maxam Gilbert Sequencing, Sanger
Sequencing, nanopore sequencing, or sequencing comprising bridge PCR. In a typical
embodiment, the sequencing steps involve bridge PCR. Optionally, the bridge PCR
step is carried out using an extension time of greater than 5, greater than 10, greater
than 15 or greater than 20 seconds. An example of the use of bridge PCR is in Illumina

Genome Analyzer Sequencers.

The method may comprise sequencing regions of at least one mutated target nucleic
acid molecule to provide mutated sequence reads. The regions may correspond to a
fragment that may comprise a substantial portion of the at least one mutated target
nucleic acid molecule. It may be that the entire at least one mutated target nucleic acid
molecule cannot be sequenced for some reason, but the user may still find the sequence
of a portion of the at least one mutated target nucleic acid molecule to be useful. The
regions of the at least one mutated target nucleic acid molecule may comprise the entire

length of the at least one mutated target nucleic acid molecule.

The method may comprise assembling a sequence for at least a portion of the at least
one target nucleic acid molecule from the mutated sequence reads. The sequence may
be assembled by aligning the mutated sequence reads and grouping together reads that
share the same mutation pattern. A sequence will be assembled from mutated sequence
reads in the same group. The assembly may be carried out using software such as
Clustal W2, IDBA-UD or SOAPdenovo.
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The method for determining a sequence of at least one target nucleic acid molecule may
comprise steps of:

a. performing the method for introducing mutations into at least one target nucleic
acid molecule of the invention to provide at least one mutated target nucleic acid
molecule;

b. fragmenting and/or amplifying the at least one mutated target nucleic acid
molecule to provide at least one fragmented and/or amplified mutated target
nucleic acid molecule;

c. sequencing regions of the at least one fragmented and/or amplified mutated target
nucleic acid molecule to provide mutated sequence reads; and

d. assembling a sequence for at least a portion of the at least one target nucleic acid
molecule using the mutated sequence reads.

A step of amplifying the at least one mutated target nucleic acid molecule could be
performed by any suitable amplification technique such as PCR. Suitably, the PCR is
carried out using the low bias DNA polymerase under conditions such as those
described under the heading “amplifying the at least one target nucleic acid molecule

using a low bias DNA polymerase”.

A step of fragmenting the at least one mutated target nucleic acid molecule could be
carried out using any appropriate method. For example, fragmentation can be carried
out using restriction digestion or using PCR with primers complementary to at least one
internal region of the at least one mutated target nucleic acid molecule. Preferably,
fragmentation is carried out using a technique that produces arbitrary fragments. The
term “arbitrary fragment” refers to a randomly generated fragment, for example a
fragment generated by tagmentation. Fragments generated using restriction enzymes
are not “arbitrary” as restriction digestion occurs at specific DNA sequences defined by
the restriction enzyme that is used. Even more preferably, fragmentation is carried out
by tagmentation. If fragmentation is carried out by tagmentation, the tagmentation
reaction optionally introduces an adapter region into the at least one mutated target
nucleic acid molecule. This adapter region is a short DNA sequence which may
encode, for example, adapters to allow the at least one mutated target nucleic acid

molecule to be sequenced using [llumina technology.
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The fragmentation step may comprise a further step of enriching the at least one
mutated fragmented target nucleic acid molecule. The step of enriching the at least one
mutated fragmented target nucleic acid molecule may be carried out by PCR. Suitably,
the PCR is carried out using the low bias DNA polymerase under conditions such as
those described under the heading “amplifying the at least one target nucleic acid

molecule using a low bias DNA polymerase”.

A method for engineering a protein

The method for introducing mutations of the invention may be useful as part of a
method for engineering a protein. For example, protein engineering may involve
searching for mutations that increase or decrease the activity of a protein, or change its
structure. As part of protein engineering, a user may wish to randomly mutate the
protein and see how the mutations effect the activity or structure of the protein. The
present method is a method that results in highly random mutagenesis, and so can

advantageously be used as part of a method for engineering a protein.

Accordingly, in one aspect of the invention there is provided a method for engineering a

protein comprising the method for introducing mutations of the invention.

The method may comprise steps of

a. performing a method for introducing mutations of the invention to provide at least
one mutated target nucleic acid molecule;

b. inserting the at least one mutated target nucleic acid molecule into a vector; and

c. expressing a protein encoded by the at least one mutated target nucleic acid

molecule.
The method may comprise steps of:

a. performing a method for introducing mutations of the invention to provide at

least one mutated target nucleic acid molecule;
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b. amplifying the at least one target nucleic acid molecule using a low bias DNA
polymerase in the presence of a nucleotide analog to provide target nucleic acid
molecules comprising a nucleotide analog;

c. amplifying the target nucleic acid molecules comprising a nucleotide analog in
the absence of nucleotide analogs to provide at least one mutated target nucleic
acid molecule;

d. inserting the at least one mutated target nucleic acid molecule into a vector; and

e. expressing a protein encoded by the at least one mutated target nucleic acid

molecule.

Any suitable vector can be used. Optionally the vector is a plasmid, a virus, a cosmid or
an artificial chromosome. Typically, the vector further comprises a control sequence
operably linked to the inserted sequence, thus allowing for expression of a polypeptide.
Preferably, the vector of the invention further comprises appropriate initiators,
promoters, enhances and other elements which may be necessary and which are

positioned in the correct orientation, in order to allow for expression of a polypeptide.

Optionally, the step of expressing the at least one mutated target nucleic acid molecule
is achieved by transforming bacterial cells, transfecting eukaryotic cells or transducing
eukaryotic cells with the vector. Optionally, the bacterial cells are Escherichia coli

(E.coli) cells.

For example, the step of expressing the at least one mutated target nucleic acid
molecule may comprise inserting the at least one mutated target nucleic acid molecule
into a plasmid vector and transforming E.coli with the plasmid. The plasmid may
comprise control elements suitable for expressing in £.coli such as a lac or T7 promoter
(Dubendorff JW, Studier FW (1991). "Controlling basal expression in an inducible T7
expression system by blocking the target T7 promoter with lac repressor”. Journal of
Molecular Biology. 219 (1): 45-59.)). Suitable expression techniques are described in
Sambrook, J. et al., (1989) Molecular Cloning: A Laboratory Manual Second Ed., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York.
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Alternatively, the step of expressing the at least one mutated target nucleic acid
molecule may comprise expressing fragments produced directly from the step of

amplifying the target nucleic acid molecules using an in vitro method.

The method may further comprise a step of testing the activity or assessing the structure

of the protein encoded by the at least one mutated target nucleic acid molecule.

The step of testing the activity or assessing the structure of the protein encoded by the
at least one mutated target nucleic acid molecule may be carried out using any number
of well-known techniques. For example, the skilled person would be aware of suitable
techniques for assessing the structure of a protein, including nuclear magnetic
resonance (NMR) techniques, microscopy techniques such as cryo-electron

microscopy, small angle x-ray scattering techniques, or X-ray crystallography.

Similarly, the skilled person would be aware of techniques that could be used for
assessing the activity of a protein. The method used will depend on the protein that is
encoded by the at least one mutated target nucleic acid molecule. For example, if the
protein that is encoded by the at least one mutated target nucleic acid molecule is a
blood clotting factor, the skilled person would test the protein for clotting activity, for
example using a chromogenic clotting assay. Alternatively, if the protein that is
encoded by the at least one mutated target nucleic acid molecule is an enzyme, the
skilled person could test the activity of the enzyme by measuring the rate at which it
catalyses its reaction, for example by measuring reduction in concentration of a starting
product or increase in concentration of an end product of the reaction catalysed by the

enzyme.

A method for designing a group of sample tags

In an aspect, the invention further provides a method for designing a group of sample
tags suitable for use in a method for introducing mutations into at least one target

nucleic acid molecule comprising:

a. analysing the method for introducing mutations into at least one target

nucleic acid molecule and determining the average number of low
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probability mutations that take place during the method for introducing
mutations into at least one target nucleic acid molecule; and

b. determining sequences for a group of sample tags wherein each sample
tag differs from substantially all sample tags in the group by more low
probability mutation differences than the average number of low
probability mutations that take place during the method for introducing

mutations into at least one target nucleic acid molecule.

For example, the user may generate a first putative sample tag by using a computer
programme to generate a random sequence. The first putative sample tag is added to
the group of sample tags. The user may then generate a second putative sample tag in
the same manner, and compare the sequence of the second putative sample tag to the
first putative sample tag to see whether the second sample tag differs from the first
sample tag such that even if the relevant number of low probability mutations were
introduced into the second putative sample tag it would still differ from the first
putative sample tag. If yes, then the second putative sample tag is added to the group of
sample tags. If no, then the second putative sample tag is discarded. This may be

repeated for third and further putative sample tags.

As discussed above, it is advantageous for sample tags to be added to at least one target
nucleic acid molecule in a method for introducing mutations into at least one target
nucleic acid molecule. However, if the sample tags are added prior to the mutations
being introduced, this may mean that the sample tags are mutated and cannot then be
used to distinguish target nucleic acid molecules that originated from the same or
different samples. This can be avoided by designing the sample tags such that even if
they are mutated they are sufficiently different from one another for the user to be able

to distinguish between them.

The method may further comprise:
a. (i) analysing the method for introducing mutations into at least one target
nucleic acid molecule and determining the average number of high
probability mutations that take place during the method for introducing

mutations into at least one target nucleic acid molecule; and
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(ii) determining sequences for a group of sample tags wherein each
sample tag differs from substantially all sample tags in the group by
more high probability mutation differences than the average number of
high probability mutations that take place during the method for

introducing mutations into at least one target nucleic acid molecule.

A low probability mutation may be a transversion mutation or an indel mutation. A

high probability mutation may be a transition mutation.

The method may be a computer implemented method.

In a further aspect of the invention, there is a provided a computer-readable medium
configured to perform the method for designing a group of sample tags suitable for use
in a method for introducing mutations into at least one target nucleic acid molecule.

In a further aspect of the invention, there is provided a group of sample tags obtainable
by the method for designing sample tags of the invention. Optionally, the group of

sample tags are obtained by the method for designing sample tags of the invention.

Using dNTPs at unequal concentrations

The step of amplifying the at least one target nucleic acid using a low bias DNA

polymerase may be carried out using dNTPs at unequal concentrations.

In an aspect of the invention, there is provided a method for introducing mutations into
at least one target nucleic acid molecule comprising;
a. providing at least one sample comprising at least one target nucleic acid
molecule; and
b. introducing mutations into the at least one target nucleic acid molecule
by amplifying the at least one target nucleic acid molecule using a DNA
polymerase to provide a mutated at least one target nucleic acid molecule,

wherein step b. is carried out using dNTPs at unequal concentrations.
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In order to be able to amplify the at least one target nucleic acid using a DNA
polymerase (such as a low bias DNA polymerase), the target nucleic acid may be
exposed to the DNA polymerase and dNTPs under conditions suitable for DNA
replication to take place, for example in a PCR machine. If a step of amplifying the at
least one target nucleic acid is carried out using dNTPs at unequal concentrations, the
target nucleic acid is exposed to a DNA polymerase (such as a low bias DNA
polymerase) and dNTPs, wherein the concentrations of the INTPs are different relative

to one another.

The term dNTPs is intended to refer to deoxynucleotides. Specifically, in the context of
the present application, the term “dN7Ps” is intended to refer to a solution comprising
dTTP (deoxythymidine triphosphate) or dUTP (deoxyuridine), dGTP (deoxyguanidine
triphosphate), dCTP (deoxycytidine triphosphate), and dATP (deoxyadenosine
triphosphate). Optionally, “dN7Ps” refers to a solution comprising dTTP
(deoxythymidine triphosphate), dGTP (deoxyguanidine triphosphate), dCTP
(deoxycytidine triphosphate), and dATP (deoxyadenosine triphosphate).

By the phrase “dNTPs at unequal concentrations” is meant that the four INTPs are
present in solution at different concentrations relative to one another. For example, one
dNTP may be present at a higher concentration compared to (than) the other three
dNTPs, two dNTPs may be present at a higher concentration compared to (than) the
other two ANTPS, or three INTPs may be present at a higher concentration compared to

(than) the other one dNTP.

DGTP may be present at a higher concentration compared to (than) dCTP, dTTP and
dATP, dGTP may be present at a higher concentration compared to (than) dTTP and
dATP, dGTP may be present at a higher concentration compared to (than) dATP, dGTP
may be present at a higher concentration compared to (than) dTTP, dCTP may be
present at a higher concentration compared to (than) dGTP, dTTP and dATP, dCTP
may be present at a higher concentration compared to (than) dTTP and dATP, dCTP
may be present at a higher concentration compared to (than) dJATP, dCTP may be
present at a higher concentration compared to (than) dTTP, dTTP may be present at a

higher concentration compared to (than) dGTP, dCTP and dATP, dTTP may be present
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at a higher concentration compared to (than) dGTP and dCTP, dTTP may be present at
a higher concentration compared to (than) dCTP, dTTP may be present at a higher
concentration compared to (than) dGTP, dATP may be present at a higher concentration
compared to (than) dGTP, dTTP and dCTP, dATP may be present at a higher
concentration compared to (than) dGTP and dCTP, dATP may be present at a higher
concentration compared to (than) dGTP, dATP may be present at a higher concentration
compared to dGTP, dCTP and dATP may be present at a higher concentration
compared to (than) dGTP and dCTP, or dGTP and dCTP may be present at a higher
concentration compared to (than) dATP and dTTP.

The user may prepare solutions of dNTPs at unequal concentrations in any convenient
manner. DATP, dTTP, dGTP and dTTP solutions are readily commercially available,

and the user merely needs to mix these in an appropriate ratio.

Optionally, the method:

1) comprises a further step of amplifying the at least one target nucleic acid
molecule comprising nucleotide analogs in the absence of nucleotide
analogs and the further step of amplifying the at least one target nucleic acid
molecule comprising nucleotide analogs in the absence of nucleotide
analogs is carried out using dNTPs at unequal concentrations; or

(i)  provides a mutated at least one target nucleic acid molecule, and comprises a
further step of amplifying the mutated at least one target nucleic acid
molecule using the low bias DNA polymerase and the further step of
amplifying the mutated at least one target nucleic acid molecule using the
low bias DNA polymerase is carried out using dNTPs at unequal

concentrations.

Optionally, introducing mutations into the at least one target nucleic acid molecule by
amplifying the at least one target nucleic acid molecule using a DNA polymerase to
provide a mutated at least one target nucleic acid molecule is carried out in the presence
of a nucleotide analog. Optionally, the method for introducing mutations into at least

one target nucleic acid molecule comprises a step of amplifying the mutated at least one
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target nucleic acid molecule in the absence of the nucleotide analog, and optionally this

step is carried out using dNTPs at unequal concentrations.

When a nucleotide analog is used to introduce mutations into at least one target nucleic
acid molecule, this will generally involve two amplification steps. In the first
amplification step, the nucleotide analog is incorporated into the target nucleic acid
molecule (a mutation step). In the second amplification step, the nucleotide analog pairs
with a natural nucleotide, thereby introducing a mutation into one strand of the target
nucleic acid molecule (a recovery step). When the target nucleic acid molecule is
further amplified, this mutation will be transmitted to both strands of the target nucleic
acid molecule. Optionally, both the first (mutation) amplification step and the second
(recovery) amplification step may be carried out using dNTPs at unequal
concentrations. Optionally the dNTPs at unequal concentrations are different in the first
(mutation) amplification step and the second (recovery) amplification step. For
example, the INTPs at unequal concentrations may comprise dTTP at a lower
concentration than other dNTPs in the first (mutation) amplification step and the dNTPs
at unequal concentrations may comprise dATP at a lower concentration than other
dNTPs in the second (recovery) amplification step. The step of amplifying the at least
one target nucleic acid molecule using a low bias DNA polymerase or steps that
provide a mutated at least one target nucleic acid molecule may correspond to one or
more “mutation steps”. A further step of amplifying the at least one target nucleic acid
molecule comprising nucleotide analogs in the absence of nucleotide analogs or a
further step of amplifying the mutated at least one target nucleic acid molecule may

correspond to one or more “recovery steps’.

Optionally, the nucleotide analog is dPTP.

In an embodiment, dNTPs at unequal concentrations are used to alter the profile of
mutations that are introduced. The dNTPs at unequal concentrations are used in
methods comprising introducing mutations into at least one target nucleic acid
molecule. Thus, the methods result in target nucleic acid molecules comprising
mutations (such as the mutated target nucleic acid molecules described herein). The

number of mutations, type of mutations, and position of each mutations that are
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introduced into a given target nucleic acid molecule by the methods may be referred to
as the “profile of mutations” that is introduced. The term “type of mutation™ is intended
to refer to the nature of the mutation, 7.e. is it a substitution mutation, an addition
mutation or a deletion mutation, and if it is a substitution mutation what was the starting
nucleotide and what was the starting nucleotide mutated to (e.g. an A to G mutation has

an A starting nucleotide which is mutated to G)?

The user may determine the “profile of mutations” that is introduced by a given method
by replicating a test target nucleic acid molecule, then subjecting some of the replicates
to the methods comprising introducing mutations of the invention, but reserving some
of the replicates (without mutating them). The user may then sequence the replicates
that have been subjected to the methods comprising introducing mutations of the
invention, and the reserved replicates. Finally, the user can align the sequences of the
replicates that have been subjected to the methods comprising introducing mutations of
the invention, and the reserved replicates to determine the number of mutations, type of
mutations and position of each mutation that have been introduced. Alternatively, the
user may use a test target nucleic acid molecule of known sequence. The user will then
merely need to subject the test target nucleic acid molecule to the methods comprising
introducing mutations of the invention, and then sequence the resultant mutated target

nucleic acid molecule to see what profile of mutations has been introduced.

The user may wish to alter the mutation profile in a number of ways. For example, as
discussed above, it is advantageous to be able to reduce mutation bias. Accordingly, in
an embodiment, dNTPs at unequal concentrations are used to reduce bias in the profile
of mutations that are introduced. In a further embodiment, the method is a method for

introducing mutations in a low bias mutation profile.

The present application demonstrates that using dNTPs at unequal concentrations can
be used to reduce bias in the profile of mutations that are introduced. For example, if a
DNA polymerase (such as a low bias DNA polymerase described above) is used to
mutate a target nucleic acid molecule, and introduces a higher number of Gto A

mutations compared to other mutations, the user can reduce the concentration of dATPs
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relative to other ANTPs, and this may decrease the frequency at which A nucleotides are

incorporated in place of dGTPs and so decrease the number of G to A mutations.

Similarly, if a nucleotide analog is used when introducing mutations into a target
nucleic acid molecule, altering the relative concentrations of the dNTPs can be used to
alter the mutation profile. For example, dPTP can be used to introduce Gto A, Cto T,
Ato G and T to C mutations. As described in more detail above, dPTP can replace a T
nucleotide or a C nucleotide, and depending on whether the dPTP is in its amino or
imino form, it can subsequently pair with an A nucleotide or a G nucleotide. This leads
to two scenarios. In the first scenario, the dPTP replaces T in (for example) the sense
strand (mutation step), it can then pair with A (no mutation) or G (A to G mutation) in
the antisense strand. If dPTP replaces T and pairs with G in the antisense strand, the
mutant G will pair with a C to introduce a T to C mutation in a replicate of the sense
strand (recovery step). Conversely, dPTP may replace T in the antisense strand, which
may lead to an A to G mutation in the sense strand and a T to C mutation in a replicate
of the antisense strand. In the second scenario, the dPTP replaces C in the (for example)
sense strand, it can then pair with A (G to A mutation) or G (no mutation) in the
antisense strand (mutation step). If dPTP replaces C and pairs with A in the antisense
strand, the mutant A will pair with a T to introduce a C to T mutation in a replicate of
the sense strand (recovery step). Conversely, dPTP may replace C in the antisense
strand, which may lead to a G to A mutation in the sense strand and a C to T mutation

in a replicate of the antisense strand.

The present application demonstrates that if the rate of G to A and C to T mutations is
higher than the rate of A to G and T to C mutations, then reducing the concentration of
dTTPs compared to the other ANTPs (and preferably compared to the concentration of
dCTP) will encourage dPTP to be incorporated in place of dTTP, increasing the
instances of the first scenario set out above relative to the second scenario, meaning that
the A to G and T to C mutations introduced in the first scenario will be increased.
Similarly, the present application demonstrates that if the level of dATPs is reduced
during the recovery step, then the level of Gto A and C to T mutations increases. This
is because in scenario 2 above, if dATP is present at a lower concentration compared to

the other ANTPs (and preferably compared to the concentration of dGTP), this will
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mean that dPTP that has incorporated in place of a C nucleotide will pair more
frequently with G and fewer G to A or C to T mutations will be introduced. The two

scenarios are set out in Figure 7.

Even the low bias DNA polymerases disclosed herein introduce mutations into a target
nucleic acid molecule with a small bias. The present application demonstrates that using
unequal concentrations of dNTPs with a low bias DNA polymerase can virtually

eliminate any mutation bias.

Based on the information provided in the present application, it is within the abilities of
the skilled person to determine how altering the concentrations of various dNTPs will
affect the mutation profile depending on whether a nucleotide analog is used, and if so
which one. Accordingly, in some embodiments, the methods which use dNTPs at
unequal concentrations comprise a step of identifying a INTP whose level should be
increased or decreased in order to reduce bias in the profile of mutations that are

introduced.

Optionally, the dNTPs at unequal concentrations comprise dTTP at a lower
concentration than other dNTPs. As described above, this can increase the rate of T to C
and A to G mutations that are introduced when dPTP is used as a nucleotide analog.
Optionally, the dNTPs at unequal concentrations comprise dTTP at a concentration less
than 75%, less than 70%, less than 60%, less than 55%, between 25% and 75%,
between 25% and 70, between 25% and 60%, or around 50% of the concentration of
dATP, dCTP or dGTP. Optionally, the dNTPs at unequal concentrations comprise
dTTP at a concentration less than 60% of the concentration of dCTP. Optionally, the
dNTPs at unequal concentrations comprise dTTP at a concentration between 25% and
60% of the concentration of dCTP.

Optionally, the dNTPs at unequal concentrations comprises dATP at a lower
concentration compared to other INTPs. As described above, this can decrease the rate
of Gto A or C to T mutations that are introduced when dPTP is used as a nucleotide
analog. Optionally, the dNTPs at unequal concentrations comprises dATP at a

concentration less than 75%, less than 70%, less than 60%, less than 55%, between
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25% and 75%, between 25% and 70, between 25% and 60%, or around 50% of the
concentration of dTTP, dCTP or dGTP. Optionally, the INTPs at unequal
concentrations comprises dATP at a concentration less than 75%, less than 70%, less
than 60%, less than 55%, between 25% and 75%, between 25% and 70, between 25%
and 60%, or around 50% of the concentration of dGTP. Optionally, the dNTPs at
unequal concentrations comprises dATP at a concentration less than 60% of the
concentration of dGTP. Optionally, the dNTPs at unequal concentrations dNTPs
comprises dATP at a concentration between 25% and 60% of the concentration of

dGTP.

As set out in the two scenarios above, when using dPTP as a nucleotide analog,
reducing dTTPs increases T to C and A to G mutations by encouraging the replacement
of T nucleotides in the target nucleic acid molecule with dPTP. Thus, dNTPs at unequal
concentrations which comprise dTTP at a lower concentration than other INTPs are
preferably used in a mutagenesis step (for example a step of PCR in the presence of
dPTPs). Similarly, when using dPTP as a nucleotide analog, reducing dATPs reduces
the number of dPTPs that have replaced C nucleotides and pair with dJATP and so
increases G to A and C to T mutations. Since dPTP pairing with dATP tends to occur
during a recovery step, reducing dATPs during the recovery step increases the number
of G to A and C to T mutations. Optionally, therefore, the step of amplifying the at least
one target nucleic acid molecule comprising nucleotide analogs in the absence of
nucleotide analogs or amplifying the mutated at least one target nucleic acid molecule
in the absence of the nucleotide analog is carried out using dNTPs at unequal
concentrations, and the dNTPs at unequal concentrations comprises dATP at a lower

concentration compared to other dNTPs.
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Examples

Example 1 — Mutating nucleic acid molecules using PrimeStar GXL of other

polymerases

DNA molecules were fragmented to the appropriate size (e.g. 10 kb) and a defined

sequence priming site (adapter) was attached on each end using tagmentation.

The first step is a tagmentation reaction to fragment the DNA. 50 ng high molecular
weight genomic DNA in 4ul or less volume of one or more bacterial strains was
subjected to tagmentation under the following conditions. 50 ng DNA is combined
with 4 ul Nextera Transposase (diluted to 1:50), and 8 ul 2X tagmentation buffer
(20mM Tris [pH7.6], 20mM MgCl, 20% (v/v) dimethylformamide) in a total volume of
16 ul. The reaction was incubated at 55°C for 5 minutes, 4ul of NT buffer (or 0.2%
SDS) was added to the reaction and the reaction was incubated at room temperature for

5 minutes.

The tagmentation reaction was cleaned using SPRIselect beads (Beckman Coulter)
following the manufacturer's instructions for a left side size selection using 0.6 volume

of beads, and the DNA was eluted in molecular grade water.

This was followed by PCR with a combination of standard dNTPs and dPTP for a
limited 6 cycles. Using Primestar GXL, 12.5 ng of tagmented and purified DNA was
added to a total reaction volume of 25ul, containing 1 x GXL buffer, 200 uM each of
dATP, dTTP, dGTP and dCTP, as well as 0.5 mM dPTP, and 0.4 uM custom primers
(Table 2).

Table 2:
e R
7 custom index CAAGCAGAAGACGGCA NNN X GTCTCGTGG
 primer TACGAGAT NNN X GCTCGG
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| N
i5 custom index AATGATACGGCGACCA XXX NéTCGTCGGCA
primer CCGAGATCTACAC XXX NEGCGTC

Table 2. Custom primers used for mutagenesis PCR on 10kbp templates.
XXXXXX is a defined, sample-specific 6-8nt barcode sequence. NNNNNN is a

6nt region of random nucleotides.

The reaction was subject to the following thermal cycling in the presence of Primestar
GXL. Initial gap extension at 68°C for 3 minutes, followed by 6 cycles of 98°C for 10

seconds, 55°C for 15 seconds and 68°C for 10 minutes.

The next stage is a PCR without dPTP, to remove dPTP from the templates and replace
them with a transition mutation (“recovery PCR”). PCR reactions were cleaned with
SPRIselect beads to remove excess dPTP and primers, then subjected to a further 10
rounds (minimum 1 round, maximum 20) of amplification using primers that anneal to

the fragment ends introduced during the dPTP incorporation cycles (Table 3).

Table 3

CAAGCAGAAGAC
i7 flow cell primer éGGCATACGA :

| AATGATACGGCG
i5 flow cell primer ACCACCGA

This was followed by a gel extraction step to size select amplified and mutated
fragments in a desired size range, for example from 7-10 kb. The gel extraction can be
done manually or via an automated system such as a BluePippin. This was followed by

an additional round of PCR for 16-20 cycles ( “enrichment PCR”).

After amplifying a defined number of long mutated templates, random fragmentation of
the templates was carried out to generate a group of overlapping shorter fragments for

sequencing. Fragmentation was performed by tagmentation.
54



WO 2019/162657 PCT/GB2019/050443

Long DNA fragments from the previous step were subject to a standard tagmentation
reaction (e.g. Nextera XT or Nextera Flex), except that the reaction was split into three
pools for the PCR amplification. This enables selective amplification of fragments
derived from each end of the original template (including the sample barcode) as well
as internal fragments from the long template that have been newly tagmented at both
ends. This effectively creates three pools for sequencing on an Illumina instrument

(e.g. MiSeq or HiSeq).

The method was repeated using a standard Taq (Jena Biosciences) and a blend of Taq

and a proofreading polymerase (DeepVent) called LongAmp (New England Biolabs).
The data obtained from this experiment is depicted in Figure 1. No dPTP was used a
control. Reads were mapped against the £. coli genome, and a median mutation rate of

~ 8% was achieved.

Example 2 — Comparison of mutation frequencies of different DNA polymerases

Mutagenesis was performed with a range of different DNA polymerases (Table 4).
Genomic DNA from £. coli strain MG1655 was tagmented to produce long fragments
and bead cleaned as described in the method of Example 1. This was followed by
“mutagenesis PCR” for 6 cycles in the presence of 0.5 mM dPTP, SPRIselect bead
purification and an additional 14-16 cycles of “recovery PCR” in the absence of dPTP.
The resulting long mutated templates were then subjected to a standard tagmentation
reaction (see Example 1) and “internal” fragments were amplified and sequenced on an

Illumina MiSeq instrument.

The mutation rates are described in Table 4, which normalized frequencies of base
substitution via dPTP mutagenesis reactions as measured using Illumina sequencing of
DNA from the known reference genome. For Taq polymerase, only ~12% of mutations
occur at template G+C sites, even when used in buffer optimised for Thermococcus
polymerases. Thermococcus-like polymerases result in 58-69% of mutations at
template G+C sites, while polymerase derived from Pyrococcus gives 88% of mutations

at template G+C sites.
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Enzymes were obtained from Jena Biosciences (Taq), Takara (Primestar variants),

Merck Millipore (KOD DNA Polymerase) and New England Biolabs (Phusion).

Taq was tested with the supplied buffer, and also with Primestar GXL Buffer (Takara)

for this experiment. All other reactions were carried out with the standard supplied

buffer for each polymerase.

Table 4
Mutation frequency (% of total observed
mutations)
Polymerase! Origin A— |T-C|[G— |C—T|Other
G A (transversi

on)
Taq (standard Thermus 43.1 41.7 6.3 6.1 2.7
buffer) aquaticus
Taq Thermus 48.9 47.5 29 0.7 0.0
(Thermococcus aquaticus
buffer?)
Primestar GXL Thermococcus 215 20.1 29.5 28.9 0.0
Primestar HS Thermococcus 163 152 30.1 384 0.0
Primestar Max Thermococcus 16.5 14.6 33.2 35.7 0.0
KOD DNA Thermococcus 20.5 16.1 31.8 31.5 0.0
polymerase
Phusion Pyrococcus 54 6.4 44.1 44.1 0.0
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Example 3 — determining dPTP mutagenesis rates

We performed dPTP mutagenesis on a range of genomic DNA samples with different
levels of G+C content (33-66%) using a Thermococcus polymerase (Primestar GXL;
Takara) under a single set of reaction conditions. Mutagenesis and sequencing was
performed as described in the method of example 3, except that 10 cycles of “recovery
PCR” were performed. As predicted, mutation rates were roughly similar between

samples (median rate 7-8%) despite the diversity of G+C content (figure 2).

Example 4 — measuring template amplification bias

Template amplification bias was measured for two polymerases: Kapa HiFi, which is a
proofreading polymerase commonly used in Illumina sequencing protocols, and
PrimeStar GXL, which is a KOD family polymerase known for its ability to amplify
long fragments. In the first experiment Kapa HiFi was used to amplify a limited
number of E. coli genomic DNA templates with sizes around 2kbp. The ends of these
amplified fragments were then sequenced. A similar experiment was done with
PrimeStar GXL on fragments around 7-10kbp from £. coli. The positions of each end
sequence read were determined by mapping to the F. coli reference genome. The
distances between neighboring fragment ends was measured. These distances were
compared to a set of distances randomly sampled from the uniform distribution. The
comparison was carried out via the nonparametric Kolmolgorov-Smirnov test, D.

When two samples come from the same distribution, the value of D approaches zero.
For the low bias PrimeStar polymerase, we observed D=0.07 when measured on 50,000
fragment ends, compared to a uniform random sample of 50,000 genomic positions. For

the Kapa HiFi polymerase we observed D=0.14 on 50,000 fragment ends.

Example 5 - Using two identical primer binding sites and a single primer sequence for

preferential amplification of longer templates

As described above, tagmentation can be used to fragment DNA molecules and
simultaneously introduce primer binding sites (adapters) onto the ends of the fragments.

The Nextera tagmentation system (Illumina) utilises transposase enzymes loaded with
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one of two unique adapters (referred to here as X and Y). This generates a random
mixture of products, some with identical end sequences (X-X, Y-Y) and some with
unique ends (X-Y). Standard Nextera protocols use two distinct primer sequences to
selectively amplify “X-Y” products containing different adapters on each end (as
required for sequencing with Illumina technology). However, it is also possible to use a
single primer sequence to amplify “X-X” or “Y-Y” fragments with identical end

adapters.

To generate long mutated templates containing identical end adapters, 50 ng of high
molecular weight genomic DNA (£. coli strain MG1655) was first subjected to
tagmentation and then cleaned with SPRIselect beads as described in Example 1. This
was followed by 5 cycles of “mutagenesis PCR” with a combination of standard INTPs
and dPTP, which was performed as detailed in Example 1 except that a single primer

sequence was used (Table 5).

The PCR reaction was cleaned with SPRIselect beads to remove excess dPTP and
primers, then subjected to a further 10 cycles of “recovery PCR” in the absence of
dPTP to replace dPTP in the templates with transition mutations. Recovery PCR was
performed with a single primer that anneals to the fragment ends introduced during the
dPTP incorporation cycles, thereby enabling selective amplification of mutated

templates generated in the previous PCR step.

Table 5:

Primer name | Step Sequence

single_mut mutagenesis | TCGGTCTGCGCCTC | NNN | XXXXXXX | GTCTCGTGG

TAGC XXXXXX GCTCGGAG
single_rec recovery CAAGCAGAAGACG | TCGGTCTGCGCCTCTAGC
GCATACGAGAT

Table 5. Primers used to generate mutated templates with the same basic adapter
structure on both ends. Primer “single mut” was used for mutagenesis PCR on DNA
fragments generated by Nextera tagmentation. This primer contains a 5° portion that
introduces an additional primer binding site at the fragment ends. Primer “single_rec” is

capable of annealing to this site, and was used during recovery PCR to selectively
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amplify  mutated templates generated with the  single mut  primer.
XXXXXXXXXXXXX is a defined, sample-specific 13nt barcode sequence. NNN is a

3nt region of random nucleotides.

As a control, mutated templates with different adapters on each end were generated
using an identical protocol to that described above, except that two distinct primer
sequences were used during both mutagenesis PCR (shown in Table 2) and recovery
PCR (Table 3). Final PCR products were cleaned with SPRIselect beads and analysed
on a High Sensitivity DNA Chip using the 2100 Bioanalzyer System (Agilent). As
shown in Figure xxx, the templates generated with identical end adapters were
significantly longer on average than the control sample containing dual adapters.
Control templates could be detected down to a minimum size of ~800 bp, while no

templates below 2000 bp were observed for the single adapter sample.

Mutated templates with identical end adapters (blue) and control templates with dual
adapters were run on an Agilent 2100 Bioanalyzer (High Sensitivity DNA Kit) to
compare size profiles. The use of identical end adapters inhibits the amplification of

templates < 2kbp. The data is presented in Figure 6.

Example 8 - Further reducing the mutation bias of 7hermococcus polymerases by

altering natural dNTP levels during PCR

Although Thermococcus polymerases generate a much more balanced mutation profile
compared to other DNA polymerases, they do exhibit a small amount of bias towards
mutations at G and C sites (see Table 4). To eliminate this residual bias, we tested the
effect of altering the concentrations of natural dNTPs during the mutagenesis and
recovery PCR steps to influence the relative incorporation rates of the different

nucleotides.

First, long mutated templates were prepared from bacterial genomic DNA (£. coli strain
MG1655) using the approach outlined in Example 5, except that the concentration of
individual nucleotides in the PCR reactions were varied. This was achieved by adding
individual solutions of the four natural nucleotides (purchased from New England

Biolabs) separately to the PCR mixture, either at a standard final concentration of 200
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UM or at a lower concentration of 160 uM (80% relative to standard) or 100 uM (50%).
Only one nucleotide was varied per reaction. As a control, all natural nucleotides were
added to the same final concentration of 200 pM, using an equimolar ANTP mixture
provided with the Primestar GXL polymerase (Takara). Five mutagenesis PCR cycles
and twelve recovery cycles were performed using primers shown in Table 5. The
resulting long mutated templates were then subjected to a standard tagmentation
reaction (see Example 1) and “internal” fragments were amplified and sequenced on an
Illumina MiSeq instrument. Mutation frequencies were determined by comparison

against the known reference sequence.

As shown in Table 6 changes in the concentration of individual ANTPs during
mutagenesis and/or recovery PCR altered the observed profile of mutations.
Importantly, limiting the amount of dTTP by 50% during mutagenesis was found to
produce virtually identical mutation frequencies for each nucleotide (Table 3). This
confirms that the residual mutation bias of 7hermococcus polymerases can be

eliminated through changes in NTP levels.

Table 6.
Mutation frequency
(% of total observed mutations)

Treatment A—-G T—-C G—A C—-T
Equimolar dNTP control

17.4 16.8 321 337
80% dTTP (mutagenesis) 139 13.8 36.1 36.2
50% dTTP (mutagenesis) 23.7 249 253 26.2
80% dATP (recovery) 13.4 12.5 36.7 373
50% dATP (recovery) 189 19.1 314 30.6
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80% dTTP (mutagenesis) and
80% dATP (recovery) 17.8 15.0 34.0 33.2

50% dTTP (mutagenesis) and
50% dATP (recovery) 344 347 15.4 15.5
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