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(57) Abstract: There is provided a method of synthe-
sizing a nucleic acid molecule and in one aspect, the
method comprises assembling a full length template
nucleic acid molecule by PCR in a PCR reaction
mixture comprising a set of assembly oligonu-
cleotides having a first average melting temperature
and a set of outer amplification primers having a sec-
ond average melting temperature that is lower than
the first average melting temperature, wherein said
assembling comprises subjecting the PCR reaction
mixture to a first annealing temperature that is higher
than the second average melting temperature and;
amplifying the full length template nucleic acid
molecule by PCR in the PCR reaction mixture
wherein said amplifying comprises subjecting the
PCR reaction mixture to a second annealing tempera-
ture that permits annealing of the outer amplification
primers to the full length template nucleic acid
molecule.
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PCR-BASED METHOD OF SYNTHESIZING A NUCLEIC ACID
MOLECULE

FIELD OF THE INVENTION

[0001]  The present invention relates to PCR methods for synthesizing a nucleic acid

molecule.

BACKGROUND OF THE INVENTION

[0002] De novo gene synthesis is a powerful molecular tool for creating and
modifying genes. De novo gene synthesis has broad applications including protein
engineering (1, 2), development of artificial gene networks (3), and creation of synthetic
genomes (4-6). Molecular biology techniques such as gene cloning often involve a PCR
step to generate the desired gene, and thus require a DNA template (12). However,
natural occurring template DNA is not always available for numerous reasons including
lack of access to the relevant source organism, limited environmental or archaeological
samples, and degradation of DNA samples or hazards aésociated with the natural source
organism (4). With the ability to synthesize genes de novo in a laboratory, scientists no

longer have to rely on the availability and accessibility of natural DNA.

[0003] De novo gene synthesis also enables the precise manipulation of genes. By
specifying the nucleotide sequence, scientists can readily introduce mutations,
incorporate restriction sites for cloning purposes or alter the codon usage to match the
known codon preferences of a host cell system (9, 13). Such manipulation can facilitate
the study of gene function, structure and expression and improve the expression,
localization, detection and purification of proteins as compared to using a template

containing a naturally occurring gene sequence (10, 16).

[0004] Chemical synthesis of a gene can be achieved through the assembly of
mliltiplc oligonucleotides. A longer DNA molecule can be constructed by assembling a
pool of oligonucleotides into a larger DNA molecule using a variety of methods
including de novo polymérase chain reaction (PCR) (6, 7) or ligase chain reaction (LCR)
based (4, 8) synthesis methods. Of the various methods, PCR-based methods appear to be
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the most efficient and cost-effective (16).

[0005] The most reported methods for synthesizing long molecules of DNA are PCR
based methods that rely on the use of overlapping oligonucleotides to construct genes.
Various methods have been proposed in attempt to optimize the PCR process for long
DNA sequences, and to enhance the accuracy of assembly. These methods include the
thermodynémically balanced inside-out (TBIO) method (9), successive PCR (10), ‘dual
asymmetrical PCR (DA-PCR) (11), overlap extension PCR (OE-PCR) (12, 13), PCR-
based two-step DNA synthesis (10, 14, 15), and one-step gene synthesis (16).

[0006] The known methods of PCR based gene synthesis often result in the formation
of spurious products of higher molecular weights than the desired gene product that
reduce the purity of the synthesized products (9-12, 16-19). Furthermore, successful
gene synthesis cannot be accurately detected utilizing known PCR based methods, and
thus verification of the production of the desired PCR product is typically confirmed by
gel electrophoresis. Gel electrophoresis involves manually visualizing the full length
PCR products via gel electrophoresis with the help of fluorescence imager. This method
involves additional equipment, which is tedious and does not integrate well with lab-on-
a-chip methods useful for the development of automated gene synthesis. In addition, gel
electrophoresis can only provide end-point analysis of DNA amplification, that is, it can
only be used to visualize the DNA products present at the end of the PCR method. PCR
amplification of a DNA product is at first stochastic, then exponential and finally

stagnant (28).

SUMMARY OF THE INVENTION

[0007] The present invention provides a single reaction method for synthesis of
double stranded DNA, including longer DNA molecules that can’t practically be
synthesized by chemical methods. The method involves synthesizing a gene or nucleic
acid molecule by assembling overlapping oligonucleotides and amplifying the assembled
product by PCR using a single PCR reaction with distinct oligonucleotides and annealing

temperatures for the PCR assembly and amplification processes.
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[0008] By using a set of assembly oligonucleotides that have a higher average
melting temperature than the outer amplification primers used to amplify the desired gene
or nucleic acid molecule, the present method reduces the competition between PCR
assembly and PCR amplification processes that can occur during conventional one-step
PCR-based assembly methods of gene synthesis and thus can provide a more efficient

and accurate method for synthesizing long double-stranded genes.

[0009] In addition, the present invention provides a method of assembling a full
length nucleic acid molecule by real-time PCR (RT-PCR), which may facilitate
optimization of reaction conditions for efficient and accurate synthesis of the desired
gene product and may permit automated verification and characterization of the gene

product that can be readily integrated into a system of automated gene synthesis.

[0010] In one aspect, there is provided a method of synthesizing a nucleic acid
molecule comprising assembling a full length template nucleic acid molecule by PCR in
a PCR reaction mixture comprising a set of assembly oligonucleotides having a first
average melting temperature and a set of outer amplification primers having a second
average melting temperature that is lower than the first average melting témperature,
wherein said assembling comprises subjecting the PCR reaction mixture to a first
annealing temperature that is higher than the second average melting temperature and,;
amplifying the full length template nucleic acid molecule by PCR in the PCR reaction
mixture wherein said amplifying comprises subjecting the PCR reaction mixture to a
second annealing temperature that permits annealing of the outer amplification primers to

the full length template nucleic acid molecule.

[0011] In one embodiment, the second annealing temperature is lower than or equal

to the second average melting temperature.

[0012] In various embodiments, the first average melting temperature may be no less
than about 5°C higher than the second average melting temperature, or may be from

about 5°C to about 25°C higher than the second average melting temperature.

[0013] In various embodimenté, the PCR reaction mixture may comprise the set of
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assembly oligonucleotides at a concentration from about 5 nM to about 80 nM or at a

concentration from about 10 nM to about 60 nM.

[0014] In various embodiments, the PCR reaction mixture may comprise the set of
outer amplification primers at a concentration from about 120 nM to about 1uM or from

about 200 nM to about 800 nM.

[0015] In various embodiments, the assembling may comprise conducting from about
5 to about 30 PCR cycles using the first annealing temperature; and the amplifying may
comprise conducting from about 10 to about 35 PCR cycles using the second annealing

temperature.

[0016] In certain embodiments, the full length template may be about 750 base pairs,
the assembling may comprise conducting about 15 PCR cycles using the first annealing
temperature for the annealing stage, and the amplifying may comprise conducting about
15 PCR cycles using the second annealing temperature. The PCR reaction mixture may
comprise the set of assembly oligonucleotides at a concentration of about 10 nM, and

may comprise the set of outer amplification primers at a concentration of about 400 nM.

[0017] In various embodiments, the PCR may be real-time and the PCR reaction
mixture may comprise a fluorescent probe, wherein an increase in fluorescent intensity is
linearly proportional to the quantity of the full length template nucleic acid molecule.
The fluorescent probe may be LCGreen I. The method méy further comprise optimizing
the assembling according to fluorescent intensity detected. For example, optimizing may
comprise adjusting one or more of (i) time or temperature of denaturing, annealing or
elongating; (ii) concentration of the set of assembly oligonucleotides of the set of ouer

amplification primers; and (iii) number of PCR cycles. The method may be automated.

[0018] In another aspect, there is provided a kit comprising a set of assembly
oligonucleotides that anneal to form a long double stranded DNA having a gap between
adjacent pairs of oligonucleotides and a set of outer amplification primers; wherein the
set of assembly oligonucleotides has an average melting temperature that is higher than

an average melting temperature of the set of outer amplification primers.
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[0019] In another aspect, there is provided a method of synthesizing a nucleic acid
molecule comprising assembling a full length template nucleic acid molecule by real-

time PCR in a PCR reaction mixture comprising a set of assembly oligonucleotides.

[0020] As above, the PCR reaction mixture may comprise a fluorescent probe,
wherein an increase in fluoréscent intensity is linearly proportional to the quantity of the
full length template nucleic acid molecule. The fluorescent probe may be LCGreen L.
The method may further comprise optimizing the assembling according to fluorescent
intensity detected. For example, optimizing may comprise adjusting one or more of (i)
time or temperature of denaturing, annealing or elongating; (ii) concentration of the set of
assembly oligonucleotides; and (iii) number of PCR cycles. The method may be

automated.

[0021]  Other aspects and features of the present invention will become apparent to
those of ordinary skill in the art upon review of the following description of specific

embodiments of the invention in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] In the figures, which illustrate, by way of example only, embodiments of the

present invention:

[0023] Figure 1. Schematic illustration of the PCR-based method of gene
synthesis using oligonucleotide melting temperature variation (“Top Down one-step
gene synthesis”). A schematic depiction of one embodiment of the present method,
referred to as TopDown (TD) one-step gene synthesis, combines PCR assembly and
amplification into a single reaction with different annealing temperatures designed for
assembly and amplification. In this embodiment, assembly oligonucleotides and outer
ampliﬁcati.on primers are designed to have a melting temperature difference of > 15°C to

minimize potential interference during PCR.

[0024] Figure 2. Agarose gel electrophoresis results of one-step (30 cycles of
assembly/amplification together), TD one-step (40 cycles, 20 assembly followed by
20 amplification), and two-step (PCA: 30 cycles; PCR: 30 cycles) gene synthesis. The
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TD one-step process involves 20 cycles of PCR assembly performed with an annealing
temperature of 67°C, followed by 20 cycles of PCR amplification with an annealing
temperature of 49°C, all within a single reaction mixture. The concentrations of assembly

oligonucleotides and outer amplification primers are 10 nM and 400 nM, respectively.

[0025] Figure 3. Continuous fluorescence monitoring of real-time PCR gene
synthesis with 1x LCGreen I. The first 20 cycles are conducted with an annealing
temperature of 67°C, and the next 20 cycles are conducted with an annealing temperature
of 49°C. The concentrations of assembly oligonucleotides and outer amplification

primers are 10 nM and 400 nM, respectively.

[0026] PFigure 4. The assembly oligonucleotide concentration is critical in the
successful gene synthesis. S100A4 (752 bp) was synthesized with various assembly
oligonucleotide concentrations ranging from 5 nM to 80 nM, and annealing temperatures
of 67°C for the first 20 cycles and 49°C for the next 20 cycles. (a) Fluorescence as a
function of PCR cycle number for oligonucléotide concentrations of 5 nM (¢),7 nM
(0),10 nM (A), 13 nM (+),17 nM (%), 20 nM (o), 40 nM (e), 64 nM (A ), and 80 nM (¢).
The slopes of fluorescence intensity in the early cycles and cycle 21 to approximately 33
indicate the efficiencies of the assembly and amplification processes, respectively. (b)

The corresponding agarose gel electrophoresis results.

[0027]  Figure 5. S100A4 (752 bp) is successfully synthesized with various outer
amplification primer concentrations ranging from 60 nM to 1 pM. (a) Fluorescence
as a function of PCR cycle number for outer primer concentrations of 60 nM (0), 120 nM
(), 200 nM (A), 300 nM (x), 400 nM (+), and 1 uM (o). The inset shows the
fluorescence signal of the first 20 cycles. (b) The corresponding agarose gel
electrophoresis results. The successful synthesis of S100A4 is indicated by the sharp,
narrow gel band of the desired length.

10028]  Figure 6. S100A4 is synthesized with various assembly cycles (6-20
cycles), followed by another 20 cycles for amplification. Agarose gel electrophoresis

results indicate that full-length assembly is achieved within 11 cycles.
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[0029] Figure 7. S100A4 (752 bp) synthesized with various assembly annealing
temperatures ranging from 58°C to 70°C for the first 20 cycles, followed by an
annealing temperature of 49°C for the next 20 cycles. (a) Fluorescence as a function of
PCR cycle number for annealing temperatures of 58°C (0), 60°C (1), 62°C (A), 65°C (x),
67°C (1), and 70°C (o). The inset shows the middle 15 cycles (13-27). (b) The
corresponding agarose gel electrophoresis results. Higher synthesis yield was obtained

with a stringent assembly annealing temperature (> 67°C).

[0030] Figure 8. Concentration effects of SYBR Green I and LCGreen I for TD
one-step real-time gene synthesis of S100A4. (a) 0.25x to 5x SYBR Green I. The
fluorescence intensity of 1x LCGreen [ is also included in this plot for comparison. The
fluorescence curves of SYBR Green I are insensitive to the number of PCR cycles, and
fail to indicate the DNA length extension during gene synthesis. (b) 0.25x to 5x LCGreen
I. The annealing temperatures for assembly and amplification are 58°C and 49°C, |
respectively. The concentrations of assembly oligonucleotides and outer primers are 64

nM and 400 nM, respectively.

[0031] Figure 9. The MgSO, concentration is critical for successful gene
synthesis. (a) Fluorescence of 1x LCGreen I as a function of PCR cycle number for
various concentrations of MgSOy: 1.5 mM (0), 2.5 mM (o), 3.0 mM (A), 3.5 mM (x), 4.0
mM (e), and 5.0 mM (o). (b) The corresponding agarose gel electrophoresis results. The
TD one-step gene synthesis is conducted with annealing temperatures of 58°C and 49°C
for assembly and amplification, respectively, 1 mM each of ANTP, 10 nM of assembly
oligonucleotides, and 400 nM of outer amplification primers. Gene synthesis with 4 mM
of MgSOy provides the best yield of full-length product.

[0032] Figure 10. Analysis of the products of gene synthesis using RT-PCR and
melting peak analysis. (a) Melting peak analyses of the assembled products for S100A4
from one-step and two-step syntheses; two replicas were performed for each
oligonucleotides set. The melting curves analyses of assembled genes were acquired
using the Roche’s LightCycler 1.5 real-time thermal cycling machine with a ramp of

0.05°C/sec for 72-99°C. (b) The corresponding agarose gel electrophoresis results of the
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assembled products.
[0033] Table 1. Data of assembly oligonucleotides.

[0034] Table 2. PCR conditions for one-step, two-step, and TD one-step gene
synthesis.

[0035] Table 3. Some reported optimal gene synthesis conditions.

[0036] Table 4. Set of oligonucleotides designed for SI00A4.

DETAILED DESCRIPTION

[0037] In PCR-based assembly methods for gene synthesis, a pool of short
oligonucleotides is mixed together. Each oligonucleotide contains part of the sequence of
either the sense or antisense strand of the desired nucleic acid sequence. In the mixture,
oligonucleotides with overlapping complementary sequences anneal to form segments
having a double stranded annealed segment and a single stranded overlap segment at one
or both ends of the double stranded segment. The end of a strand at the double stranded
segment acts as a primer for extension while the single stranded segment acts as a
template for the polymerase reaction to create extended double stranded DNA
molecules. The extended DNA molecules are then melted and reannealed to form new
double/single stranded DNA molecules which then act as new primer/templates which
can anneal with other extended complementary template DNA, and generate longer DNA
molecules in the next PCR cycle. By repeating this process, the DNA length is gradually
increased, and the full length template of the desired sequence is gradually created. The
quantity of the assembled full length template DNA is then amplified by a PCR
amplification step. Such gene assembly PCR methods can be performed either as a one-
step process that combines PCR assembly and PCR amplification in one reaction mixture
using a single set of PCR cycles or as a two-step process that involves separate reactions
and PCR cycling for the assembly and amplification stages. The one-step gene synthesis
process is simple and quick in that it requires only one PCR reaction, but inclusion of the
outer amplification oligonucleotides and assembly oligonuceiotides together in the same

PCR reaction often results in a low yield, and may sometimes fail to produce the desired
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product. Two-step processes provide better yield of the desired product, but such
processes require two distinct PCR reactions, with intervening reagent addition and

isolation steps.

[0038]  As stated above, in previously described one-step PCR-based assembly
methods of gene synthesis, outer amplification primers are mixed in the same PCR
reaction mixture together with assembly oligonucleotides. The assembly oligonucleotides
and amplification primers are commonly designed with homologous melting
temperatures to balance the PCR assembly and amplification processes that occur
together in the reaction mixture as the PCR progresses. As a result, the outer
amplification primers, which are present in excess, tend to preferentially anneal with
oligonucleotides that have been extended by the assembly process but which are not full
length templates, resulting in a potentially large portion of outer amplification primers
participating in the initial gene assembly process, depleting the supply of outer primers
available to amplify the full length template once it has been assembled. As well, the
supply of deoxynucleotide triphosphates (INTPs) may be depleted and the PCR reaction
may be prematurely halted (17, 21). In addition, internal assembly oligonucleotides
which can only be extended in the normal 5°-3” direction may be inhibitory to the
amplification of the full length gene product during the amplification PCR‘(13). This
competitive effect between assembly oligonucleotides and outer amplification primers
reduces the yield of the full length gene product and results in the formation of spurious
products. This competitive effect is more critical for DNA with high GC content or
length (9, 10), and is eliminated in the two-step PCR process whereby the amplification
and assembly are performed separately but with the extra cost and effort of fresh PCR

mixture and intervening reagent addition and isolation steps.

[0039] The present method is based in part on the finding that melting temperature
variation can be used to control the efficiencies of the processes of oligonucleotide
assembly and full-length template amplification in a single reaction PCR-based method
of gene synthesis. Utilizing assembly oligonucleotides and outer amplification primers
designed to have different average melting temperatures in a PCR method that includes at

least two different annealing temperatures temporally separates the processes of assembly



WO 2010/071602 PCT/SG2008/000493

and amplification, and thus reduces the interference between PCR assembly and
amplification processes in a single reaction gene synthesis. Thus, the present invention
provides a PCR-based method of single reaction gene synthesis that combines the
simplicity and cost-effectiveness of known one-step processes with the efficiency of

separate assembly and amplification as in known two-step processes.

[0040] The present method involves conducting a polymerase chain reaction (PCR)
in a single reaction mixture that contains a set of assembly oligonucleotides and a set of
outer amplification primers, the set of assembly oligonucleotides having a higher average
melting temperature than the set of outer amplification primers. The PCR reaction is
conducted in at least two stages, with the first stage using a first annealing temperature
that is higher than the average melting temperature of the set of outer amplification
primers and that facilitates assembly of the assembly oligonucleotides into a template
nucleic acid sequence. The second stage uses a second annealing temperature that
permits annealing of the outer amplification primers to the template nucleic acid

sequence and amplification of the full length template nucleic acid sequence.

[0041] By strategic design of the assembly oligonucleotides and outer amplification
primers and selection of suitably different average melting temperatures for the assembly
oligonucleotides as compared to the outer amplification primers, it is possible to perform

a PCR-based assembly method of gene synthesis as described in the present methods.

[0042] Thus, there is provided a method of synthesizing a nucleic acid molecule
comprising assembling a full length template nucleic acid molecule by PCR in a PCR
reaction mixture comprising a set of assembly oligonucleotides having a first average
melting temperature and a set of outer amplification primers having a second average
melting temperature that is lower than the first average melting temperature, wherein said
assembling comprises subjecting the PCR reaction mixture to a first annealing
temperature that is higher than the second average melting temperature and; amplifying
the full length template nucleic acid molecule by PCR in the PCR reaction mixture
wherein said amplifying comprises subjecting the PCR reaction mixture to a second

annealing temperature that permits annealing of the outer amplification primers to the full

10
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length template nucleic acid molecule.

[0043]  Figure 1 is a schematic depiction of an embodiment of the present single

reaction assembly and amplification PCR method.

[0044] PCR methods, conditions and reagents are known in the art (see for example
U.S. Pat Nos. 4,683,195, 4,683,202, and 4,965,188). Generally, PCR amplification is
conducted in a PCR reaction mixture that includes a template nucleic acid molecule
encoding the sequence that is sdught to be amplified, primers designed to anneal to
particular complementary target sites on the template, deoxyribonucleotide triphosphates
(dNTPS), and a DNA polymerase, all combined in a suitable buffer that allows for
annealing of the primers to the template and provides conditions and any cofactors or
ions necessary for the DNA polymerase to extend the primer to result in new DNA

product.

[0045] Briefly, PCR comprises subjecting the PCR reaction mixture to at least one
cycle of varying temperatures and for pre-determined times that allow for the stages of
denaturing, annealing and elongating. Generally the denaturing, annealing and
elongating stages of the PCR cycle each occur at a different specific temperature and it is
known in the art to conduct the PCR in a thermal cycler to achieve the required
temperature for each step of the PCR cycle. Denaturing is typically performed at the
highest temperature to melt any double stranded DNA (either template or amplified
product formed in a previous cycle), for example 95°C if a heat resistant DNA
polymerase such as Taq polymerase is used. The annealing stage is performed at a
temperature that allows for the oligonucleotides to specifically anneal to a
complementary DNA strand, and is typically chosen to facilitate specific annealing while
reducing non-specific base pairing. It will be appreciated that the precise annealing
temperature chosen depends on the sequences of the oligonucleotides included in the
PCR reaction mixture. The elongation stage is performed at a temperature suitable for
the particular DNA polymerase enzyme used, to allow the DNA polymerase to synthesize
amplified product.

[0046] In PCR-based methods of gene synthesis that involve gene assembly, a |

11
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template nucleic acid molecule is generally not provided in the PCR mixture prior to the
commencement of the PCR. Rather, the template is formed during the PCR assembly
stage by annealing of the pool of overlapping assembly nucleotides and extension of the
overlap by the DNA polymerase to gradually synthesize longer fragments of the desired
template, eventually producing a full length unbroken template after a number of PCR
cycles, the number of which will depend at least in part on the length of the full length

template and the number of overlapping oligonucleotides used to assemble the template.

[0047] Thus, in the present methods, it will be appreciated that the PCR reaction
mixture includes the necessary components to conduct PCR (including the dNTPs, DNA
polymerase and buffer), and that the template and primers are supplied in the initial
reaction mixture as the set of assembly oligonucleotides and the set of outer amplification
primers, respectively, as described below. It will also be understood that each of
assembling and amplifying by PCR as described herein comprises the steps of

denaturing, annealing and elongating.

[0048] As would be understood, the term “oligonucleotide” refers to a single-
stranded nucleic acid molecule comprising at least two nucleotides. The suitable length of
an oligonucleotide for use in PCR will be known or can be readily determined. In various
embodiments, the length may be from about ten to about one hundred nucleotides. It will
be understood by a person skilled in the art that oligonucleotides can be purchased or

chemically synthesized by standard known procedures.

[0049] The present PCR method involves the use of two types of oligonucleotides in
the single PCR reaction mixture: assembly oligonucleotides and outer amplification

primers.

[0050] A set of assembly oligonucleotides is any group of overlapping
oligonucleotides that when annealed together produce a full-length template of a desired

" nucleic acid sequence or gene but having breaks or gaps along the template on
alternating strands of the template, between where one oligonucleotide stops and the next
oligonucleotide encoding sequence for the same strand starts. Thus, the set of assembly

oligonucleotides is generally designed to cover at least the length of both strands of a

12
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double stranded DNA template, such that when all of a complete set of assembly
oligonucleotides are annealed together, an annealed double stranded broken template is
formed. Each of the assembly oligonucleotides is complementary to either the sense or
antisense strand of a portion of a desired nucleic acid sequence or gene and each
assembly oligonucleotide partially hybridizes to a least one other assembly
oligonucleotide such that when the overlapping assembly oligonucleotides are assembled
in the assembly stage of the PCR, a full-length template of the desired nucleic acid

sequence or gene is created.

[0051] The set of assembly oligonucleotides may be designed to produce a template
having a naturally occurring sequence of a gene, or may be designed to introduce
mutations or restriction sites into the final template, or to change codons to suit the codon
usage of an organism in which the template DNA is ultimately to be expressed. As well,
the set of assembly oligonucleotides may be designed to produce novel DNA sequences,
'such as DNA encoding novel fusion proteins or to insert a tag or DNA target sequence or

sequence encoding a protein tag into the template DNA.

[0052] A set of outer amplification primers is a group of at least two oligonucleotides
that act as primers to anneal to either strand of the full length intact template once
assembled from the set of assembly oligonucleotides. The set of outer amplification
primers facilitate PCR amplification of all or part of the full length template during the
amplification stage of the present methods. In the set of outer amplification primers, at
least one primer is complementary to a region at the 3’ end of a coding (or upper) strand
of the double stranded full length template and at least one outer amplification primer is
complementary to a region at the 3’ end of a complementary (or lower) strand of the
double stranded full length template. When hybridized to the full length template in a
PCR, the outer amplification primers can facilitate PCR amplification of a selected

portion or all of the desired nucleic acid sequence or gene.

[0053] An “average melting temperature” refers to the arithmetic mean of the melting
temperatures of the oligonucleotides within a set of oligonucleotides, either the assembly

oligonucleotides or the outer amplification primers, to which the average melting

13
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temperature applies. Thus, the average melting temperature of the assembly
oligonucleotides is determined by averaging the melting temperatures of all the assembly
oligonucleotides and the average melting temperature of the outer amplification primers
is determined by averaging the melting temperatures of all the outer amplification
primers. Those skilled in the art will understand the melting temperature of an
oligonucleotide to be the temperature at which 50% of a population of that same
oligonucleotide will form a stable double stranded helix and the other 50% will be

separated into single stranded molecules.

[0054] The assembly oligonucleotides and outer amplification primers are designed
such that the average melting temperature of the assembly oligonucleotides is higher than
the average melting temperature of the outer amplification primers and that the difference
in the average melting temperatures is sufficient to reduce the competition between PCR
assembly and PCR amplification during single reaction PCR-based gene synthesis. The
melting temperature of an oligonucleotide is dependent on various factors including
length of the oligonucleotide and the specific nucleic acid sequence of the
oligonucleotide, and as such the melting temperatures of each of the assembly
oligonucleotides may differ and the melting temperatures of each of the outer
amplification primers may differ. However, the oligonucleotides may be designed to
minimize the deviation in the melting temperatures of the assembly oligonucleotides and

the deviation in the melting temperatures of the outer amplification primers.

[0055] The melting temperature for any given oligonucleotide can be calculated using
known formulas and known programs, including commercially available software. The
use of computer software to design oligonucleotides is known in the art (see for example
US Patent Application Pub. No. 2008/0182296, 19). Oligonucleotides can be designed to
be optimized for increased gene expression, minimized hairpin formation and
homogeneous melting temperatures (9, 19). For example, to design a set of assembly
oligonucleotides with minimized deviation between the melting temperatures of each
oligonucleotide a computer program may be used which first divides the desired nucleic
acid sequence into oligonucleotides of approximately equal lengths by markers, and

computes the average and deviation in melting temperatures among the overlapping
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regions using the nearest neighbour model with Santa Lucia's thermodynamic parameter
(23), corrected with salt and oligonucleotide concentrations. The oligonucleotide lengths
can then be adjusted through shifting the marker positions to minimize the deviations in

the melting temperatures.

[0056] Without being limited to any particular theory, it appears that the difference in
the average melting temperature of the assembly oligonucleotides and the average
melting temperature of the outer amplification primers prevents mis-pairing among the
outer amplification primers and the assembly oligonucleotides while facilitating efficient
template assembly when an annealing temperature higher than the average melting
temperature of the outer amplification primers is used. The difference in average melting
temperature should not be too small so as to eliminate any benefit in having different
average melting temperatures, while at the same time if the difference is too great, the
assembly efficiency may be reduced. When designing primers, it may be advantageous
to design the average melting temperature of the outer amplification primers to be greater

than about 50°C in order to enhance specificity.

[0057] Insome embodiments, the difference in the average melting temperature of
the assembly oligonucleotides and the average melting temperature of the outer
amplification primers is no less than about 5°C, no less than about 6 °C, no less than
about 7°C, no less than about 8°C, no less than about 9°C, no less than about 10°C, no
less than about 11°C, no less than about 12°C, no less than about 13°C, no less than about
14°C, no less than about 15°C, no less than about 16°C, no less than about 17°C, no less
than about 18°C, no less than about 19°C, no less than about 20°C, no less than about
21°C, no less than about 22°C, no less than about 23°C, no less than about 24°C or no less
than about 25°C. In particular embodiments, the difference in the average melting
temperature of the assembly oligonucleotides and the average melting temperafure of the
outer amplification primers is from about 5°C to about 25°C, from about 7°C to about

19°C.

[0058] A person skilled in the art will recognize that the size of the difference

between the average meltiﬁg temperature of the assembly oligonucleotides and of the
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outer amplification primers required for successful gene synthesis using the present
method will vary depending on the annealing conditions, such as the pH and salt
concentration of the PCR mixture, and the specific oligonucleotides. For example,
stringent annealing conditions that reduce the likelihood of non-specific oligonucleotide

annealing may permit a smaller difference in melting temperatures.

[0059] The PCR is conducted in two stages, as described above. The first stage is an
assembly stage and comprises one or more cycles of denaturing, annealing and
elongating, using an annealing temperature designed to allow for assembly of the set of
the assembly oligonucleotides but to reduce annealing of the outer amplification primers
to any available complementary nucleic acid molecules that may be present. Specifically,
in the assembly stage, the annealing temperature is higher than the melting temperature of
the outer amplification primers to permit assembly of the assembly oligonucleotides into
the full length template of the desired nucleic acid sequénce, while reducing annealing of

the outer amplification primers at this stage.

[0060]  As used herein, the term “annealing temperature” refers to the temperature
used during PCR to allow an oligonucleotide to form specific base pairs with a
complementary strand of DNA. Typically, the annealing temperature for a particular set
of oligonucleotides is chosen to be slightly below the average melting temperature, for
example about 1°C, about 2°C, about 3°C or about 5°C below, although it may in some
instances be equal to or slightly above the average melting temperature for the particular

set of oligonucleotides. -

[0061] For example, the annealing temperature during the assembly stage of gene
synthesis may be chosen to be no less than about 5°C, no less than about 6 °C, no less
than about 7°C, no less than about 8°C, no less than about 9°C, no less than about 10°C,
no less than about 11°C, no less than about 12°C, no less than about 13°C, no less than
about 14°C, no less than about 15°C, no less than about 16°C, no less than about 17°C, no
less than about 18°C, no less than about 19°C, no less than about 20°C, no less than about
21°C, no less than about 22°C, no less than about 23°C, no less than about 24°C or no less

than about 25°C higher than the average melting temperature of the outer amplification
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primer set.

[0062] The annealing temperature during the assembly stage of gene synthesis may
be slightly higher than the average melting temperature of the assembly oligonucleotides.
Setting the assembly annealing temperature higher than the average melting temperature
of the set of the assembly oligonucleotides may provide several advantages, including: (i)
reducing potential competition between the assembly and amplification reactions, (ii)
reducing the possibility of truncated oligonucleotides participating in the assembly
process and the resulting errors, (iii) providing a more selective annealing condition to
reduce the potential for forming secondary structures, and (iv) increasing the
specialization of oligonucleotides hybridization, all of which would prevent the
generation of faulty sequence, especially for genes with high GC content. It will be
appreciated that the extension efficiency of some DNA polymerases is highest at 72 °C
and that setting the assembly annealing temperature higher than 72 °C in the present |
method may reduce the assembly efficiency of the assembly oligonucleotides depending

on the DNA polymerase used.

[0063] The amplification stage of the PCR is performed using an amplification
annealing temperature that permits annealing of the outer amplification primers to the
assembled full length template to allow for amplification of some or all of the full length
template, depending on where the outer amplification primers are designed to anneal to
the template. Generally, the amplification annealing temperature will be closer to the
average melting temperature of the outer amplification primers than to the average
melting temperature of the assembly oligonucleotides. For example, the amplification
annealing temperature may be less than or equal to the average melting temperature of

the outer amplification primer set.

[0064] As stated above, PCR conditions are generally known in the art. It will be
appreciated that the reaction conditions, including for example the oligonucleotide
concentration, INTP concentration, time for each step of a cycle, number of PCR cycles,
type of DNA polymerase, pH and the salt concentration of the PCR mixture, required for
successful PCR will differ depending on the specific oligonucleotides and polymerase
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used in the reaction (see for example US Patent Application Pub. No. 2008/0182296).
Thus it will be appreciated that the conditions required to achieve successful gene
synthesis using the present method will vary depending on the specific assembly
oligonucleotides and outer amplification primers used and may need to be optimized for a

particular reaction.

[0065] DNA polymerases that may be suitable for PCR are known in the art (2, 16,
41-43), including for example Taq DNA polymerase, PFU DNA polymerase, hot start
DNA polymerase and ProofStart™ DNA polymerase. In a particular embodiment, the
KOD Hot start DNA polymerase (2, 16, 41) is used in the PCR of the present method.

[0066] In some embodiments the concentration of the set of assembly
oligonucleotides in the PCR reaction mixture required for successful gene synthesis is
from about 5 nM to about 80 nM, about 5 nM, about 7 nM, about 10 nM, about 13 nM,
about 15 nM, about 17 nM, about 20 nM, about 30 nM, about 40 nM, about 50 nM, about
60 nM of about 80 nM. |

[0067] In some embodiments, the concentration of the set of outer amplification
primers in the PCR mixture is from about 120 nM to about 1 uM, about 120 nM, about
300 nM, about 400 nM, about 500 nM, about 750 nM or about 1 uM.

[0068] The number of cycles required for the assembly stage of the PCR will depend
at least in part on the number of oligonucleotides, the length of the template to be
assembled and the uniformity of the oligonucleotides within the pool. The theoretical
minimum number of cycles (x) needed in order to construct a dsDNA molecule of length

(L) from uniform oligonucleotide length (n) and overlapping size (s) is given by:
2Xn-(2*-1)s>L

[0069] Insome embodiments, the number of PCR cycles for assembly of the
assembly oligonucleotides is from about 5 to about 30 cycles, no less than about 5 cycles,
no less than about 6 cycles, no less than about 10 cycles, no less than about 11 cycles, no
less than aboutv 15 cycles, no less than about 16 cyclés, no less than about 20 cycles, no

less than about 25 cycles, or no less than about 30 cycles.
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[0070] - In some embodiments, the number of PCR cycles for the amplification stage
for amplification of the full length template is from about 10 to about 35 cycles, no less
than about 10 cycles, no less than about 15 cycles, no less than about 20 cycles, no less

than about 25 cycles, no less than about 30 cycles, or no less than about 35 cycles.

[0071]  If desired, the PCR method may begin with a “hot start”, meaning that some
reagent is withheld from the reaction mixture which is then incubated at a high
temperature, for éxample 95°C, for a short period of time before addition of the missing
reagent. Hot start methods are used to reduce non-specific amplification during the initial
set up stages of the PCR by restricting DNA polymerase activity until after the
oligonucleotide sample has been heated to or above the oligonucleotides’ melting

temperature.

[0072] As well, if desired, the PCR method may end with a final extended incubation
at 72 °C (see for example US Patent Application Pub. No. 2008/0182296).

[0073] In one embodiment of the present invention, the PCR method comprises
providing 10 nM of assembly oligonucleotides with an average melting temperature of
about 65°C and 400 nM of outside amplification primers with an average melting
temperature from about 50 to about 55°C in a PCR reaction with the following
temperature settings: 2 minutes of initial denaturation at 95°C; followed by 15 cycles of
95°C for S seconds, 67-70°C for 30 seconds, 72°C for 30 seconds; followed by 15 cycles
of 95°C for 5 seconds, 50-55°C for 30 seconds, 72°C for 30 seconds; and final extension

at 72°C for 10 minutes.

[0074] In another embodiment, a 90 second annealing step is provided in the
assembly stage of the PCR reaction such that thé PCR reaction comprises: 2 minutes of
initial denaturation at 95°C; followed by 15 cycles of 95°C for 5 seconds, 67-70°C for 90
seconds, 72°C for 30 seconds; followed by 15 cycles of 95°C for 5 seconds, 50-55°C for

30 seconds, 72°C for 30 seconds; and final extension at 72°C for 10 minutes.

[0075] The present method may be used to synthesize desired nucleic acid molecules

or genes including long and short genes as well as nucleotide molecules encoding part of
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a gene sequence. The nucleic acid molecules produced using the present method may be
used for a variety of purposes including but not limited to the construction of
recombinant DNA, optimization of codons for increased gene expression in a particular
host, mutation of promoters or transcriptions terminators, and generation of DNA for

cell-free or in vitro protein synthesis.

[0076] The nucleic acid molecules synthesized by the present methods may be used
to express polypeptides or proteins encoded by the synthesized nucleic acid molecules.
For example, the nucleic acid sequences synthesized by the present method may be used
for recombinant protein expression, construction of fusion proteins and in vitro
mutagenesis. Proteins have a wide range of valuable applications in a variety of fields
includirig medicine, pharmaceuticals, research and industry. Standard methods of in vitro
protein expression are known in the art. One known method of protein expression, for
example, is recombinant protein expression which involves the use of expression vectors,
such as plasmids or viral vectors, containing the synthesized nucleic acid sequence to

achieve protein expression in an appropriate host cell.

[0077]  As stated above, the optimal conditions for achieving gene synthesis differ for
different oligonucleotides. Factors such as annealing temperature, concentration of
oligonucleotides and number of PCR cycles can affect the success of a PCR method, and
thus it may be desirable to detect and quantify the synthesized product in order to
optimize conditions. To date there has been no means to accurately predict the conditions
that will facilitate successful gene assembly by PCR-based methods using a particular set
of oligonucleotides. Verification of gene assembly by PCR based-methods is generally
done by Visualizing,the final PCR product using gel electrophoresis. Using this method,
verification of gene assembly is delayed until the end of the PCR and the efficiency of

gene synthesis after each PCR cycle cannot be determined quantitatively.

[0078] Real-time PCR (RT-PCR) is a known technique that involves the use of
fluorescence to quantify DNA amplification after each PCR cycle thus permitting
continuous monitoring of PCR products throughout the PCR. (28). Generally, for RT-

RCR, a PCR reaction is carried out with the addition of a fluorescent marker to the PCR
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mixture. After each PCR cycle, the level of fluorescence in the mixture is measured to
quantify the amount of double stranded DNA product produced. Fluorescent markers
that are used for RT-PCR are known in the art including sequence specific RNA or DNA
fluorescent probes and double stranded DNA specific dyes (28). RT-PCR is commonly
used to monitor gene amplification from template DNA, for example in disease diagnosis

(7-8). However to date, RT-PCR has not been used in gene assembly.

[0079] The inventors have found that using RT-PCR methods during gene assembly
processes allows for optimization of conditions, including the number and length of
assembly cycles. Thus, there is further contemplated using real time PCR (RT-PCR) in

gene synthesis methods.

[0080] Thus there is presently provided a method comprising assembling a full length
template nucleic acid molecule by RT-PCR in a PCR reaction mixture comprising a set
assembly oligonucleotides. A fluorescent probe may be chosen, such that the fluorescent
intensity detected throughout gene assembly is linearly proportional to the.length and
thus the quantity of full length DNA template molecules.

[0081] This method enables optimization of the conditions for PCR-based methods of
gene synthesis, verification of the synthesis of the desired nucleic acid molecule or
characterization of the synthesized product. Furthermore, the use of RT-PCR enables
such optimization, verification and characterization to be integrated into automated

methods of gene synthesis.

[0082] Thus, by monitoring fluorescent intensity throughout the RT-PCR gene
assembly reaction, it is possible to determine the amount of assembled full length DNA
template after each cycle and to see the effect of adjusting denaturing, annealing,
‘elongation temperatures, the length of denaturing, annealing, elongation segments of a
reaction cycle and the number of cycles performed. In this way, an optimal amount of

assembled DNA template may be made.

[0083] RT-PCR may be conducted to detect and quantify the products synthesized by

PCR-based gene assembly by providing fluorescent markers with particular properties
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and by optimizing the concentration of such markers. In RT-PCR in gene synthesis, use
of a fluorescent marker that binds equally to short and long double stranded DNA
molecules results in the fluorescent intensity detected throughout gene assembly being
linearly proportional to the length, and thus the quantity, of the full length assembled

DNA template molecules.

[0084] RT-PCR is commonly conducted using the double stranded DNA specific dye
SYBR Green I. However, this dye binds preferentially to long DNA fragments (25, 26)
and tends to redistribute from short DNA molecules to longer DNA molecules. During
the assembly step of PCR-based gene synthesis, the PCR mixture contains double
stranded DNA molecules of various lengths. Thus, during thermal cycling, the SYBR
Green I dye bound to shorter pieces of DNA will translocate to the longer DNA
molecules as they are synthesized (27), not reflecting accurate results for gene assembly
methods. As such, SYBR Green I is not a suitable fluorescent dye for RT-PCR when
used in combination with PCR-based methods of gene synthesis. Despite the increase in
length of the synthesized DNA molecules, the fluorescent intensity detected using SYBR
Green I will remain relatively unchanged throughout the PCR cycles of the assembly
step. Thus, RT-PCR has not previously been employed with gene assembly techniques.

[0085] The present inventors have found that appropriate fluorescent markers for RT-
PCR can be advantageously selected to combine RT-PCR quantification with gene
assembly methods in order to optimize the gene assembly PCR methods. The fluorescent
markers used to conduct RT-PCR during gene assembly should have a higher affinity for
double stranded DNA then single stranded DNA and should not redistribute from short

DNA molecules to long DNA molecules during thermal cycling.

[0086] Particular fluorescent dyes used to conduct RT-PCR in gene assembly may
include for example, LCGreen I (24).

[0087]  Further, the amount of fluorescent marker used may be optimized to account
for the large initial quantity of DNA molecules present in PCR-based methods of gene
synthesis, compared to conventional PCR. The initial quantity of DNA molecules present

in PCR-based gene synthesis may be larger, by greater than 6 orders of magnitude, than
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that in conventional PCR gmpliﬁcation methods. The amount of fluorescent dye used to
conduct gene synthesis by RT-PCR may be increased to enable detection of synthesized
DNA molecules. For example, gené synthesis may be conducted by providing a

fluorescent dye, including LCGreen L, at two times the concentration normally provided

in standard PCR amplification methods.

[0088] By performing PCR gene assembly methods of gene synthesis using RT-PCR,
there is provided a method for optimizing gene synthesis. Continuous monitoring of PCR
products throughout the assembly and amplification steps facilitates the determination of
optimal conditions for gene synthesis for a particular set of oligonucleotides. For
‘example, gene assembly PCR methods performed with RT-PCR may permit the
determination of an optimal number of cycles required to complete template assembly,
thus enabling the tailoring of the PCR method to reduce unnecessary additional PCR
cycling that can result in the production of spurious products (32). In another example,
the RT-PCR based methods of gene assembly may be used to determine the optimal
annealing temperature for efficient assembly of the assembly oligonucleotides. In
addition, RT-PCR gene assembly methods facilitate verification of gene synthesis
products after each PCR cycle and thus verification need not be delayed until after the

PCR is complete.

[0089] Furthermore, when gene synthesis is performed using RT-PCR, the
synthesized products may be characterized by DNA melting curve analysis. DNA melting
curve analysis, in combination with RT-PCR and DNA melting simulation software (31,
39), can be used to estimate the purity and quantity of PCR products. Methods of
performing DNA melting curve analysis are known in the art (25) and generally involve
detecting the/level of fluorescence while slowly heating a PCR product in order to
determine the melting temperature. As each double stranded DNA has its own specific
melting temperature, it will be understood by one skilled in the art that successful gene
synthesis using the present method would yield a product with a single, sharp melting
peak, while incomplete synthesis would result in a broad melting curve. In addition, the
integrated area of the melting peak in the negative derivative of the fluorescence with

respect to temperature would give the quantity of the desired full—length product (38).
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[0090] RT-PCR eliminates the need for manual visualization using gel
electrophoresis to verify gene synthesis and to quantify and characterize the synthesized
products. Thus using RT-PCR in gene synthesis permits the use of automated methods
for optimizing gene synthesis and verifying and characterizing synthesized products. For
example, optimization of the number of cycles in the gene assembly step may be
automated such that when a level of fluorescence indicative of assembly of the full
nucleic acid molecule of the desired sequence is detected the thermocycler automatically
switches to the amplification step of gene synthesis. The level of fluorescence indicative
of complete assembly of a particular nucleic acid molecule may be pre-determined using
RT-PCR. In another example, melting curve analysis, facilitated by the use of RT-PCR,
can be performed by automated methods such as a computer program thus enabling
automated characterization of synthesized products that can be readily integrated into
systems of automated gene synthesis including for example, lab-on-a—chip methods (U.S.

Provisional Application 60/963,673).

[0091]  As described above, RT-PCR may be applied in the present single reaction
mixture PCR-based method of gene synthesis. Furthermore, the method of RT-PCR
described herein may also be used in other PCR-based method of gene synthesis. For
example, RT-PCR may be used to optimize and automate the known one-step and two-

step PCR-based methods of gene synthesis.

[0092]  Also contemplated are kits and commercial packages that combine a set of
amplification oligonucleotides and a set of outer amplification primers as described
above, the outer amplification primers having an average melting temperature lower than

the average melting temperature of the set of the assembly oligonucleotides.

[0093] The present methods are further exemplified by way of the following non-

limited examples.

EXAMPLES

[0094] Materials and Methods

[0095]  Design of oligonucleotides for gene synthesis
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[0096]  Gene sequence for the promoter of human calcium-binding protein A4
(S100A4, 752 bp; chrl:1503312036-1503311284) (22) was selected for synthesis via
assembly PCR. Assembly oligonucleotides were derived by a custom-developed
program, which first divided the given sequence into oligonucleotides of approximately
equal lengths by markers, and computed the average and deviation in melting
temperatures among the overlapping regions using the nearest neighbour model with
Santa Lucia's thermodynamic parameter (23), corrected with salt and oligonucleotide
concentrations. Next, the oligonucleotide lengths were adjusted through shifting the
marker positions to minimize the deviations in the overall overlapping melting
temperature. The summary of the assembly oligonucleotide set is shown in Table 1 with

the detail information provided in Table 4.
[0097]  Non-competitive one-step real-time gene synthesis

[0098] Non-competitive one-step process was optimized using real-time PCR
conducted with Roche's LightCycler 1.5 real-time thermal cycling machine with a
temperature transition of 20°C/s. Real-time gene synthesis was conducted with 20 ul of
reaction mixture including 1x PCR buffer (Novagen), 1 pl of 0.25x to 5x SYBR Green I
(1x =1/20,000 dilution; Invitrogen) or LCGreen I (Idaho Technology Inc.), 4 mM of
MgSOy, 1 mM each of ANTP (Stratagene), 500 ug/ml of bovine serum albumin (BSA), 5-
80 nM of assembly oligonucleotides, 60 nM-1 uM of outer amplification primers, and 1
U of KOD Hot Start (Novagen). The PCR were conducted under the following
conditions: 2 min of initial denaturation at 95°C; 20 cycles of 95°C for 5 s, 58-70°C for
30 s, 72°C for 30 s; followed by 20 cycles of 95°C for 5 s, 49°C for 30 s, 72°C for 30 s;
and final extension at 72°C for 10 min. Desalted oligonucleotides were purchased from

Research Biolabs (Singapore) and Proligo (Singapore) without additional purification.
[0099] One-step and two-step PCR-based gene synthesis

[00100] Conventional gene synthesis via PCR was performed either as a one-step
process, combining PCR assembly and amplification into a single stage, or as a two-step
process with separate stages for assembly and amplification. All PCR reactions, whether

for assembly or amplification, were run in standard 0.2-ml PCR tubes with a commercial
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thermal cycler (DNA Engine PTC-200, Bio-Rad) using the same assembly
oligonucleotides set and outer amplification primers as in the non-competitive one-step
PCR. The one-step process was performed with 50 pl of reaction mixture including 1x
PCR buffer (Novagen), 4 mM of MgSOs, 1 mM each of ANTP (Stratagene), 500 pg/ml of
BSA, 10 nM of assembly oligonucleotides, 400 nM of outer amplification primers, and
1U of KOD Hot Start (Novagen). The one-step PCR was conducted under the following
conditions: 2 min initial denaturation at 95°C; 30 cycles of 95°C for 5 s, 58°C for 30 s,
72°C for 30 s; and final extension at 72°C for 10 min. The PCR protocol of the two-step
process was essentially the same as that for one-step process except for the concentration
of oligonucleotides and annealing temperature. For PCR assembly, 10 nM of assembly
oligonucleotides were used without outer amplification primers. For gene amplification, 2
ul of the assembled product was diluted in 25 pl of amplification reaction mixture with
outer amplification primers at a concentration of 400 nM each, and an annealing
temperature of 49°C was employed. The PCR conditions of the three types of gene
synthesis are summarized in Table 2. Some reported optimal gene synthesis conditions

are set out in Table 3.
[00101] Agarose gel electrophoresis

[00102] The synthesized products were analyzed by 1.5% agarose gel (NuSieve®
GTG®, Cambrex Corporation), stained with ethidium bromide (Bio-Rad Laboratories) or
SYBR Green (Invitrogen), and ivisualized using Typhoon 9410 variable imager
(Amersham Biosciences). Gel electrophoreses were performed at 100 V for 45 min with

100 bp ladder (New England) and 5 ul of DNA samples.
[00103] Results
[00104] Performance of TD one-step gene synthesis

[00105] Successful gene synthesis was achieved using TD one-step process and the
conventional two-step process, while no obvious full-length gene product was obtained in
the conventional one-step PCR process, as shown by gel electrophoresis (Figure 2). The

TD one-step process was conducted with an annealing temperature (Tan) of 67°C
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(average Ty, of assembly oligonucleotides = 66°C) for the first 20 cycles, followed by an
annealing temperature of 49°C (average Tr, of outer amplification primers =50.1°C) for
another 20 cycles. The continuous fluorescence monitoring revealed the efficiency of the
gene synthesis process (Figure 3). Unlike the exponential nature of PCR amplification,

the assembly efficiency was more likely linear in nature.
[00106] Performance of gene synthesis using real-time gene synthesis

[00107] Two intercalating fluorescent dyes (SYBR Green I and LCGreen I) were
investigated for real-time gene synthesis (Figure 8). The LCGreen I (24) was more
suitable for studying the real-time gene synthesis. LCGreen I has a fluorescence
spectrum similar to the commonly adopted SYBR Green I in real-time PCR and is
compatible with most real-time thermal cyclers. The SYBR Green I binds preferentially
to long DNA fragments (25,26), and redistributes from short DNA molecules to long
DNA molecules during thermal cycling (27). This makes it difficult to analyie the
fluorescence signal since the PCA mixture contains various lengths of dsDNA. The
fluorescent intensity remains unchanged during the PCR as shown in Figure 8(a). In
contrast, the use of LCGreen I provides a fluorescent intensity curve that demonstrates
the increase in number and the extension in length of the synthesized DN A molecules

as the assembly reaction proceeds (see Figure 8(b)).

[00108] The initial quantity of DNA molecules (~ 6 pmol; 10 nM x 20 ul x 30
oligonucleotides) in the PCA mixture was much larger, by > 6 orders of magnitude, than
that in standard PCR amplification(< 10° copies of template DNA) (28). The real-time
PCR conditions were adjusted for this factor. The optimal concentration of LCGreen I
was studied and increased to 2 times the concentration used in standard PCR (Figure 8).
The ANTPs concentration was adjusted from 0.2 mM each for standard PCR to 1 mM
each to prevent the depletion of dNTPs. The Mg?* ion (MgSO4) concentration was
empirically optimized (at 4 mM) based on the concentration of ANTP, which could
chelate with Mg®*and affect the polymerase activity (29,30). (Figure 9). The
manufacturer's recommended Mg?* ion concentration was 1.5 mM for standard PCR with

0.2 mM of dNTPs each.
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[00109] Analysis of real-time gene synthesis

[00110] Mechanistically, gene synthesis took place in several phases, as revealed
by the variation in slopes with the number of PCR cycles (Figure 4). This phenomenon
was remarkable with an assembly oligonucleotide concentration of 10-20 nM. In the
early cycles of PCA, most annealing between paired oligonucleotides formed an
extendable duplex, which could undergo extension by polymerase (phase 1; cycles < 7).
The fluorescence signal revealed a linear increment of DNA length extension with each
cycle. In contrast to that reported by Wu et al. (16) and Lee et al. (21), the assembly
efficiency increased with further PCR cycles (phase 2; cycles - 7-14). Our hypothesis was
that the assembly process switched in favor of full-length template amplification as the
full-length fragments emerged, and was promoted by the excess outer primers. The PCA
reaction then reached the first plateau (phase 3; cycles 15-20) whereby the outer primers
priming was limited by the elevated annealing conditions (Tan - Tm = 15°C). At cycle #21,
the annealing temperature was reduced to 49°C to match with the Ty, of primers (phase 4;
cycles - 21-29). The exponential amplification was boosted, and caused a sudden jump in
fluorescence signals. Finally, the process reached the second plateau, presumably due to
the depletion of outer primers or non-specific products annealing (phase 5). The plateau
stages were delayed or completely missing for low oligonucleotide concentration (< 7

nM) due to its low assembly efficiency.

[00111] For gene synthesis with > 64 nM of assembly oligonucleotides, the PCR
process reached the plateau within 15 cycles. Additional cycles would most likely favor
non-specific PCR, and lead to the generation of spurious bands and the build-up of high
molecular weight products in gel electrophoresis (Figure 4b), as observed in most
reported gene synthesis results (9-12,16-19). The consistent gel results and real-time PCR
curves suggested that the optimal assembly oligonucleotide concentration was 10-20 nM
for TD gene synthesis, which coincided with that of both the one-step (16,17) and two-

step (18) processes.

[00112] The effect of outer amplification primers was further investigated by

varying the outer amplification primer concentration from 60 nM to 1 uM while keeping
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the assembly oligonucleotide concentration at 10 nM. The highest full-length quantity
was obtained with 400 nM of outer amplification primers (Figure 5), which was |
consistent with observations in one-step (16) and two step (18) processes. Assembly
efficiencies, depicted by the slopes of fluorescence increment, were indifferent in the
early cycles (<cycle 7), even though the outer amplification primer concentration was
varied by 16-fold (inset in Figure 5a). This demonstrated the non-interference feature of
the TD process, wherein the outer amplification primers did not intervene with the
assembly process. The assembly efficiencies started to deviate at around cycle 8 as the
full-length products emerged, in favor of full-length template amplification. Unlike the
assembly oligonucleotide concentration, which dominated the assembly reaction and
critically influenced the success of gene synthesis, the outer amplification primer
concentration was less critical. It presumably controlled the late amplification process
and the quantity of desired DNA. The optimal PCR cycles depended on the initial
assembly oligonucleotide concentration and target gene length. This was clearly
demonstrated by the experiment on assembly oligonucleotide concentration (Figure 4).
As assembly oligonucleotide concentration increased from 20 nM to 80 nM, the full-

length band gradually disappeared and became widened.

[00113] The overlapping assembly was a parallel process. Relatively few PCR
cycles were needed to complete the assembly. The theoretical minimum number of cycles
(x) needed in order to construct a dsDNA molecule of length (L) from uniform

oligonucleotide length (n) and overlapping size (s) is given by:
2*n-(2¥-1)s>L

[00114] Theoretically, six PCA cycles were sufficient for assembling S100A4 (752
bp) from a pool of 40mer oligonﬁcleotides with an overlap of 20 nucleotides. To
determine whether excess cycling was necessary for gene assembly, the optimal
conditions determined in previous experiments were used with various PCA cycles of 6-
20, followed by 20 amplification cycles. Gene synthesis was fairly efficient. Indeed, full-
léngth assembly was achieved within 11 PCA cycles (Figure 6).

-[00115] The gene synthesis was insensitive to the variation in assembly annealing
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temperature (Tah) from 58°C to 70°C, as visualized in both gel results and fluorescence
signals (Figure 7). The fluorescence intensity curves were indiscriminate to the annealing
temperatures during the assembly phase (first 13 cycles), and began to deviate only after
the first phase (see inset in Figure 7a). The indifference in fluorescence intensity during
the first 13 cycles implied that the outer amplification primers did not intervene with the
assembly reaction. The outer amplification primers were designed with an average T, of
50.9°C, which meant that the primers encountered an annealing stringent of 7.1-19.9°C
(Tan - Tn) during the PCA process. This suggested that the melting temperature window
(AT, of primers and oligonucleotides) could potentially be reduced to 7.1 °C, and ensure
the non-competitive feature of TD gene synthesis method. Interestingly, a higher yield of
the desired DNA was obtained with a stringent annealing temperature (> 67°C) higher

than the average Ty, of the assembly oligonucleotides (66°C).
[00116] Melting curve analysis of synthesized DNA molecules

[00117] Melting curve analysis was conducted on products synthesized using RT-
PCR in the conventional one-step and two-step PCR-based assembly methods of gene
synthesis (Figure 10). Successful synthesis generated a single, sharp melting peak in the
melting curve, which corresponded to a distinct band in gel electrophoresis for the two-
step process. In contrast, for the one-step process, the melting curve was broad, indicating
that the product was a mixture of DNA molecules with intermediate lengths, as reflected
in the smeared gel electrophoresis. The majority of one-step products were incomplete

products with lengths of approximately 200-300 base pairs.

[00118] All publications and patent applications cited in this specification are
_herein incorporated by reference as if each individual publication or patent application
were specifically and individually indicated to be incorporated by reference. The citation
of any publication is for its disclosure prior to the filing date and should not be construed
as an admission that the present invention is not entitled to antedate such publication by

virtue of prior invention.

[00119] Concentrations given in this specification, when given in terms of

percentages, include weight/weight (w/w), weight/volume (w/v) and volume/volume
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(v/v) percentages.

[00120] As used in this specification and the appended claims, the singular forms
“a”, “an” and “the” include plural reference unless the context clearly dictates otherwise.

As used in this specification and the appended claims, the terms “comprise”,

b 1Y

“comprising”, “comprises” and other forms of these terms are intended in the non-
limiting inclusive sense, that is, to include particular recited elements or components
without excluding any other element or component. Unless defined otherwise all
technical and scientific terms used herein have the same meaning as commonly

understood to one of ordinary skill in the art to which this invention belongs.
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WHAT IS CLAIMED IS:

1. A method of synthesizing a nucleic acid molecule comprising:

assembling a full length template nucleic acid molecule by PCR in a PCR reaction
mixture comprising a set of assembly oligonucleotides having a first average
melting temperature and a set of outer amplification primers having a second
average melting temperature that is lower than the first average melting
temperature, wherein said assembling comprises subjecting the PCR reaction
mixture to a first annealing temperature that is higher than the second average

melting temperature and;

amplifying the full length template nucleic acid molecule by PCR in the PCR
reaction mixture wherein said amplifying comprises subjecting the PCR reaction
mixture to a second annealing temperature that permits annealing of the outer

amplification primers to the full length template nucleic acid molecule.

2. The method according to claim 1 wherein the second annealing temperature is

lower than or equal to the second average melting temperature.

3. The method according to claim 1 or claim 2 wherein the first average melting
temperature is no less than about 5°C higher than the second average melting

temperature.

4. The method according to any one of claims 1 to 3 wherein the first average
melting temperature is from about 5°C to about 25°C higher than the second average

melting temperature.

5. The method according to any one of claims 1 to 4 wherein the PCR reaction
mixture comprises the set of assembly oligonucleotides at a concentration from about 5

nM to about 80 nM.

6. The method according to any one of claims 1 to 4 wherein the PCR reaction
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mixture comprises the set of assembly oligonucleotides at a concentration from about 10

nM to about 60 nM.

7. The method according to any one of claims 1 to 6 wherein the PCR reaction
mixture comprises the set of outer amplification primers at a concentration from about

120 nM to about 1uM.

8. The method according to any one of claims 1 to 6 wherein the PCR reaction
mixture comprises the set of outer amplification primers at a concentration from about

200 nM to about 800 nM.

9. The method according to any one of claims 1 to 8 wherein said assembling
comprises conducting from about 5 to about 30 PCR cycles using the first annealing

temperature.

10. The method according to any one of claims 1 to 8 wherein said amplifying
comprises conducting from about 10 to about 35 PCR cycles using the second annealing

temperature.

11.  The method according to any one of claims 1 to 4 wherein the full length template
is about 750 base pairs, said assembling comprises conducting about 15 PCR cycles using
the first annealing temperature for the annealing stage, and said amplifying comprises

conducting about 15 PCR cycles using the second annealing temperature.

12. The method according to claim 11 wherein the PCR reaction mixture comprises

the set of assembly oligonucleotides at a concentration of about 10 nM.

13.  The method according to claim 11 or 12 wherein the PCR reaction mixture

comprises the set of outer amplification primers at a concentration of about 400 nM.

14.  The method according to any one of claims 1 to 13 wherein the PCR is real-time
PCR.
15. The method of claim 14 wherein the PCR reaction mixture comprises a

fluorescent probe and wherein an increase in fluorescent intensity is linearly proportional
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to the quantity of the full length template nucleic acid molecule.
16. The method of claim 15 wherein the fluorescent probe is LCGreen 1.

17.  The method according to any one of claims 14 to 16 further comprising

optimizing said assembling according to fluorescent intensity detected.

18. The method of claim 17 where said optimizing comprises adjusting one or more

of:
a. time or temperature of denaturing, annealing or elongating;

b. concentration of the set of assembly oligonucleotides or the set of outer

amplification primers; and
c. number of PCR cycles .
19.  The methods of any one of claims 14 to 18 wherein the method is automated. -

20. A kit comprising a set of assembly oligonucleotides that anneal to form a long
double stranded DNA having a gap between adjacent pairs of oligonucleotides and a set
of outer amplification primers; wherein the set of assembly oligonucleotides has an
average melting temperature that is higher than an average melting temperature of the set

of outer amplification primers.

21. A method of synthesizing a nucleic acid molecule comprising assembling a full
length template nucleic acid molecule by real-time PCR in a PCR reaction mixture

comprising a set of assembly oligonucleotides.

22.  The method of claim 21 wherein the PCR reaction mixture comprises a
fluorescent probe and wherein an increase in fluorescent intensity is linearly proportional

to the quantity of the full length template nucleic acid molecule.
23.  The method of claim 22 wherein the fluorescent probe is LCGreen I.

24.  The method of any one of claims 21 to 23 further comprising optimizing said
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assembling according to fluorescent intensity detected.

25.  The method of claim 24 wherein said optimizing comprises adjusting one or more

of
a. time or temperature of denaturing, annealing or elongating;
b. concentration of the set of assembly oligonucleotides; and
c. number of PCR cycles.

26.  The method of any one of claims 21 to 25 wherein the method is automated.
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Table 1. Data of oligonucleotide set.
Gene Length  AverageT,, ~  Numberof Overlap Oligonucleotide
(bp)  (min, max) (°C) oligonucleotides  length (nt) . Iength (nt)
- S$100A4 752 66.0 30 19-33 19, 41-66

(61.1, 69.8)

Table 2. PCR conditions for one-step, two-step, and TD one-step gene syntheses.

PCA* : PCR
Method Annealing # of cycles Annealing # of cycles
temperature temperature
One-step 58°C" 30 - -
Two-step 58°C 30 49°c* 30
TD one-step 58-70°C 20 49°C? 20

* Average melting temperature of oligonucleotide set = 66.0°C.
t Melting temperature of outer primers = 59.4°C and 63.4°C.
*_Melting temperature of outer primers = 49.4°C and 50.9°C.

Table 3. Some reported optimal gene synthesis conditions.

Name of Length [Oligos] [Primer] # of PCR cycles Method
synthesized DNA (bp) (nM) (aM) :
PDK1 gene 1712 20 200 25-35/25-35 2-Step PCR (9)
PDKI1 gene 1712 40-200 200 25/25 TBIO (9)
Various DNAs 470-1200 40 200 20/15 2-Step PCR (12)
vip3al gene 2370 30 600 25125 2-Step PCR (10)
Various DNAs 209-936 10-25 ~ 400-800 25 1-Step PCR (16)
Pur operon 12000 60 600 ' 25725 PCR-based (15)
Various DNAs 327993 10-25 500 35-45 . 1-Step PCR (17)

GFP segment 752 5-15 400 30/30 2-Step PCR (18)
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Table 4. Oligonucleotides set designed for $100A4,
Label  Oligonucleotide sequence (5' to 3') . Tm Overlap Length SEQ ID
©°C) (bp) (ut) NUM

0 GTTTTTGTITCTGAATCTTTATTITTTTAAGAGACAAGGTCCTCTGTGTTG | 626 | 21 59 SEQID NUM: 1
CTCAGGCT

RO TGCTCAAGCCACTGCTCTCCAGCCTGAGCAACACAGAGGAC 62.8 | 20 41 SEQID NUM: 2

Fl GGAGAGCAGTGGCTTGAGCATAGCCAACTGCAGTCTCGAACT 62.0 | 22 42 SEQID NUM: 3

RI AGGAGGATCATTTGAGCCCAGGAGTTCGAGACTGCAGTIGGCTA 62.1 | 22 44 SEQ ID NUM: 4

F2 CCTGGGCTCAAATGATCCTCCTGTCTCAGCTTCCTGACTAGCTGG 626 | 23 45 SEQ ID NUM: 5

R2 GCATGGCTGTAGCCTGTAGTCCCAGCTAGTCAGGAAGCTGAGAC 61.1 | 21 44 SEQID NUM: 6

F3 GACTACAGGCTACAGCCATGCTGCCCAGCTAATTAAAAAAAAAAATTGT [ 61.2 | 33 54 SEQID NUM: 7
TTTTC

R3 GCAACATAGAGAGACTTCTGTCTCTATAAAAAGGAAAAACAATTTTTTT | 622 | 33 66 SEQID NUM: 8
TTTTAATTAGCTGGGCA

F4 CTTTTTATAGAGACAGAAGTCTCTCTATGTTGCCTAGGCTGGTCTTGAAC | 625 | 23 56 SEQID NUM: 9
TCCTGG

R4 GAGATGGGAGGATCGCCTGAGGCCAGGAGTTCAAGACCAGCCTAG 64.2 | 22 45 SEQID NUM: {0

FS CCTCAGGCGATCCTCCCATCTCCCCCCTAGCTTTTGTGTCACCACATTT 65.8 | 27 49 SEQID NUM: 11

R5 TGACAGGTGGGAGATTGCCCTGGAAATGTGGTGACACAAAAGCTAGG 66.6 | 23 50 SEQID NUM: 12
GG .

F6 CCAGGGCAATCTCCCACCTGTCACCCACCACCCCCTGCATCTCC 67.2 | 21 44 SEQID NUM: 13

R6 GGAGTAGTCCCATGGGGACCTAGGAAAGGAGATGCAGGGGGTGGTGGG | 66.8 | 27 48 SEQID NUM: 14

F7 TTTCCTAGGTCCCCATGGGACTACTCCCTGTCCCCCATGCTCCAGGCAC 67.7 | 22 49 SEQID NUM: 15

R7 AGGTGGAGGAAGGGGCAGCCTGTGCCTGGAGCATGGGGGACAG 67.9 | 21 43 SEQ ID NUM: 16

F8 AGGCTGCCCCTTCCTCCACCTCTCTAAAACTCAGGCTGAGCTATGTACAC | 67.8 | 33 54 SEQID NUM: 17
TGGG

RS GGGGACTGGATGAGATGGGCACCACCCAGTGTACATAGCTCAGCCTGA 68.3 | 24 57 SEQ ID NUM: 18
GTTTTAGAG

F9 TGGTGCCCATCTCATCCAGTCCCCTGCTAGTAACCGCTAGGGCTTACCCG | 69.2 | 20 54 SEQID NUM: 19
TTAC

R9 TTCCCAGGTGGGCACCCGTGGGTAACGGGTAAGCCCTAGCGGTTACTAG | 69.4 | 21 51 SEQ ID NUM: 20
CA

Fl10 CCACGGGTGCCCACCTGGGAACAGGAGGCTTGGTTCCACGGCTGG 69.8 | 24 45 SEQ ID NUM: 2]

R10 GCCACAGCACCCTCCACCAGCCCAGCCGTGGAACCAAGCCTCCTG 68.5 | 21 45 SEQ ID NUM: 22

Fil GCTGGTGGAGGGTGCTGTGGCACTTACCGCATCAGCCCACAGCAG 67.6 | 2 45 SEQID NUM: 23

R1l1 GACAGGGGAGAGCGGATACTGCCTTCCTGCTGTGGGCTGATGCGGTAAG | 683 | 26 50 SEQ ID NUM: 24
T

Fi2 GAAGGCAGTATCCGCTCTCCCCTGTCCCCTGCTATGGGCAGGGCCTG 67.6 | 21 47 SEQ ID NUM: 25

R12 GCCCAGAGGTCTGACCTATTTATACCCCAGCCAGGCCCTGCCCATAGCA | 69.2 | 31 52 SEQ ID NUM: 26
GGG

F13 GCTGGGGTATAAATAGGTCAGACCTCTGGGCCGTCCCCATTCTTCCCCTC | 68.0 | 28 59 SEQ ID NUM: 27
TCTACAACC

R13 AGATCTTGATGAAGAAGCGCTGAGGAGAGAGGGTTGTAGAGAGGGGAA | 67.5 { 31 59 SEQ ID NUM: 28
GAATGGGGACG

Fi4 CTCTCTCCTCAGCGCTTCTTCATCAAGATCTGGCCTCGGCGGCCAAGCTT | 68.7 | 19 50 SEQ ID NUM: 29

R14 AAGCTTGGCCGCCGAGGCC 19 SEQ ID NUM: 30

1-Step | GTTTTTCTTTCTGAATCTTTATITTTTTAAGAGACAAG 594 38 SEQID NUM: 31

F -

Primer

[-Step | AAGCTTGGCCGCCGAGGCC 634 19 SEQ ID NUM: 32

R A

Primer -

TD1- | GTTTTTGTTTCTGAATCTTTATTTT 49.4 25 SEQ ID NUM: 33

step F

Primer

D I- | AAGCTTGGCCGCCG 509 14 SEQ ID NUM: 34

step R .

Primer
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Box No. II  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons: '

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international-application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. I::I Claims Nos.: . . ' ,

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See Supplemental Box

As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims. :

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite
payment of additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

HRERN

4. D No required additional search fees were timely paid by the applicant, Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest : D The additional search fees were accompanied by the applicant's protest and, where applicable,
the payment of a protest fee.

|:| The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.

, |:| No protest accompanied the payment of additional search fees.

Form PCTARA/ IO {eantimmation of first cheet £\ (Tnlv 200R)
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Supplemental Box ,
(To be used when the space in any of Boxes I to IV is not sufficient)

Continuation of Box No: 1II

The international application does not relate to one invention or to a group of inventions so linked as to form a single
general inventive concept. The requirement of unity of invention under Rule 13.2 shall be fulfilled only when there is a
technical relationship among those inventions involving one or more of the same corresponding special technical
features. The expression “special technical feature” relates to those technical features that define a contribution which
each of the claimed inventions, considered as a whole, makes over the prior art. The ISA considers that there are 2

different inventions as follows: ' '

Invention 1: Claims 1-20 are directed towards methods and kits for generating a nucleic acid molecule wherein a set
of assembly oligonucleotides has an average melting temperature that is higher than the average melting temperature
of the set of outer amplification primers.

Invention 2: Claims 21-26 are directed towards methods for generating a nucleic acid molecule via assembling a full
length template by real-time PCR in a PCR reaction mixture that comprises a set of assembly oligonucleotides.

These groups are not so linked as to form a single inventive concept. That is, they do not have any common
inventive features, which define a contribution over the prior art. The common concept linking these groups
together is the generation of a nucleic acid molecule via PCR using a set of assembly oligonucleotides, however this
concept is not new. See for example: '

a) - US 2008/0182296 Al (CHANDA et al) 31 Jul 2008
This document teaches PCR-directed gene synthesis using overlapping oligonucleotides (assembly
oligonucleotides) followed by PCR amplification using two outer primers. S

'b) WU, G. et al, Journal of Biotechnology, 2006, Vol. 124, pages 496-503
This document teaches a method of PCR-based gene synthesis using assembly oligonucleotides and outer
amplification primers. '

Consequently the common feature does not constitute a “special technical feature” within the meaning of PCT Rule
13.2, since it makes no contribution over the prior art. Since there is no other common feature which can be
considered as a special technical feature within the meaning of PCT Rule 13.2, no technical relationship between the
different inventions can be seen. - ‘

Therefore, a posteriori, the claims do not satisfy the requirements of unity of invention,

Form PCT/ISA/210 (extra sheet)(July 2008)
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This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars
which are merely given for the purpose of information.

Patent Document Cited in . Patent Family Member
Search Report

US  2008/0182296  NONE

Due to data integration issues this family listing may'not include 10 digit Australian applications filed since May 2001.
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