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ABSTRACT The standardization of DNA fragment assembly methods for many tasks of synthetic biology is
crucial. This is necessary for synthesizing a wider repertoire of sequences, as well as for further automation
and miniaturization of such reactions. In this work, we proposed conditions for the assembly of DNA frag-
ments from chemically synthesized oligonucleotides and we identified the errors occurring in the sequence
under these conditions. Additionally, we proposed conditions for further combining synthetic fragments into
larger DNA fragments. We showed that the optimized conditions are suitable for the assembly of a wide

range of sequences.

KEYWORDS DNA synthesis, DNA artificial synthesis, gene synthesis, gene assembly, PCR assembly, polymer-

ase cyclic assembly, spermidine.

INTRODUCTION

Attempts have been made to obtain synthetic DNA
fragments from chemically synthesized short ol-
igonucleotides since the mid-60s of the XX centu-
ry. However, the assembly of the yeast alanine tRNA
gene with a length of 77 bp was successfully com-
pleted only in 1970 [1]. The development of tech-
niques for the chemical synthesis of oligonucleotides,
as well as the assembly and cloning of extended DNA
fragments, currently allows for the creation of entire
genomes of viruses [2], prokaryotes [3, 4], and eu-
karyotes [5], including those designed by research-
ers — with codon transcoding [6], a four-letter genet-
ic code [7]. Synthetic biology is a rapidly developing
field. In many cases, the synthesis of extended DNA
sequences is necessary to achieve its ambitious goals
of creating organisms with desired properties. The
assembly of the whole genome is considered as an
achievement of modern technology and is quite an
undertaking. In biotechnology, medicine, as well as in
fundamental research, the synthesis of de novo DNA
fragments (containing, as usual, sequences of one or
more genes with a length of several kb) with high ac-

curacy and at low cost is of central importance [8], in
particular, for heterologous gene expression [9], and
their modification [10]. Currently, DNA synthesis in
vitro is performed hierarchically: first, oligonucleo-
tides are synthesized chemically, and then DNA frag-
ments ranging in size from 0.5 to several kb are as-
sembled from them. If necessary, these fragments are
combined with each other to form DNA 2-10 kb long
by restriction and ligation, assembly of overlapping
fragments, or site-specific recombination [11].

The chemical synthesis of oligonucleotides is an au-
tomated, well-rotated process. The main goals are to
obtain longer sequences (more than 100 bp), increase
the yield of the reaction at all stages of the synthetic
cycle, and reduce the number of errors by improv-
ing the quality of chemical reagents [12]. Three main
strategies for the assembly of oligonucleotides into
dsDNA fragments have been developed: in vitro as-
sembly using enzymes — ligase cyclic assembly (LCR)
[13, 14] and polymerase cyclic assembly (PCR), as well
as in vivo assembly in yeast cells [15]. The main ad-
vantages of PCR assembly are the smaller concentra-
tion of the oligonucleotides required for the reaction,
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the absence of an oligonucleotide phosphorylation
stage, and lower labor intensity [16, 17]. Various modi-
fications of PCR have been proposed to assemble long
fragments and increase the accuracy of the synthe-
sized sequence [18—20]. At the same time, given the
wide variety of target dsDNAs, determination of the
optimal conditions for PCR remains relevant, which
include the components of the reaction mixture (buf-
fer system, concentrations of salts, magnesium ions,
dNTDP, oligonucleotides, type of DNA polymerase, the
presence of additives), as well as the temperature and
time at each stage of PCR. Amides [21], dimethyl sulf-
oxide [22], betaine [23], glycerin [24], polyethylene gly-
cols, polyamines [25], in particular spermidine [26], are
used as additives. Regardless of the type of assembly
being performed, successful synthesis requires a ra-
tional design of oligonucleotides that takes into ac-
count the thermodynamic characteristics of the se-
quence and the presence of repeating elements and
motifs capable of forming secondary structures. The
purpose of this work was to design universal condi-
tions for the assembly of DNA fragments suitable for
most such tasks.

In this work, we optimized the PCR assembly of
DNA fragments from oligonucleotides and we se-
lected the conditions in which DNA fragments up to
1.5 kb with a diverse repertoire of sequences could
be efficiently assembled, taking into account product
yield and possible errors in the DNA sequence. We
optimized the conditions for combining several ampli-
cons into a fragment of up to 7.5 kb.

EXPERIMENTAL

Design and synthesis of oligonucleotides

for the assembly of DNA fragments

The oligonucleotide design was made using the
SynthBac program [27, 28] with a thermodynamically
optimized method. The synthesis of the oligonucleo-
tides for the 1 000 bp model fragment and the BseRI
gene was carried out on the AFM-800 synthesizer
(Biosset, Russia), and the synthesis of the oligonucle-
otides for the transposase gene and fragments of the
N4 phage was carried out on the Dr. Oligo 768XLc
synthesizer (Biolytic, USA).

PCR assembly of DNA fragments

from the oligonucleotides

The assembly was carried out in two stages. At the
first stage, 2 pl of an oligonucleotide mixture (con-
centration of 1 000, 100, 10, or 1 nM each) was added
to a reaction mixture containing 0.5 pl of polymerase,
and a buffer corresponding to the polymerase used,
0.2 mM dNTP (Evrogen, Russia). Additionally, MgSO,
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(Fermentas, USA) was added to the reaction to a fi-
nal concentration of 5 or 10 mM; formamide, to a fi-
nal concentration of 2%; PEG 4 000 (50%) (Fermentas,
USA) to a final concentration of 7.5%; or spermi-
dine, to a final concentration of 0.5 or 2.5 mM. Taq
polymerases (5 U/ul, Lytech, Russia), Tersus (50X,
Evrogen) with commercial buffers, or Phusion ob-
tained in the laboratory with 1X reaction buffer
(10 mM Tris-HCI, pH 8.8, 50 mM KClI, 2.5 mM MgSO,,
0.1% Triton X-100, 0.2 mg/ml of BSA). The activity
of the obtained Phusion DNA polymerase matched
the activity of commercial Phusion Hot Start II DNA
Polymerase (2 U/ul, Thermo Fisher Scientific). The
main program for the assembly was: 95°C, 3 min, then
20 cycles — 95°C 30 s, 58°C 30 s and 72°C 1 min, final
elongation — 72°C 5 min. Other variants of the pro-
gram were also used in which the temperature gra-
dient was used at the annealing stage (55, 55.9, 57.6,
60.1, 63.2, 65.8, 67.3 or 68°C), 2 minutes of elongation
or 30 reaction cycles.

At the second stage, the completed DNA fragment
was amplified. After the first stage of PCR, 2 pl of the
reaction mixture was transferred to a reaction mix-
ture containing 20 mM Tris-HCI1 pH 8.8, 10 mM KCI,
2 mM MgSO,, 6 mM (NH,),SO,, 0.1% Triton X-100,
0.1 mg/ml BSA, Phusion DNA polymerase, 250 nM of
each primer, 0.2 mM dNTP. PCR program: 95°C 3 min,
then 25 cycles — 95°C 30 s, 58°C 30 s and 72°C 1 min,
final elongation — 72°C 5 min.

The assembly of the transposase gene

The gene was assembled in two stages. At the first
stage, 2 pl of an oligonucleotides mixture (500, 100,
10 or 1 nM each) was added to the reaction mix-
ture with 0.5 pl of polymerase, and a buffer cor-
responding to the polymerase used, 0.2 mM dNTP.
Additionally, 10 mM MgSO, or 2.5 mM spermidine
was present in the reaction. Taq polymerases (5 U/ul,
Lytech) or Phusion obtained in the laboratory with
1% reaction buffer (10 mM Tris-HCI, pH 8.8, 50 mM
KCl], 0.1% Triton X-100, 0.2 mg/ml BSA) were used.
The activity of the obtained Phusion DNA polymer-
ase matched the activity of commercial Phusion Hot
Start II DNA Polymerase (2 U/ul, Thermo Fisher
Scientific). The main program for the assembly was:
98°C 3 min, then 20 cycles — 96°C 15 s, 57°C 20 s and
72°C 1 min.

At the second stage, 2 ul of the resulting reaction
mixture was transferred to 25 pl of the reaction mix-
ture with 50 mM Tris pH 8.8, 100 mM KCl, 2.5 mM
MgSO,, 0.1% Triton X-100, 0.2 mg/ml BSA, DNA
polymerase Phusion, 300 nM of each primer, 0.2 mM
dNTP. PCR program: 96°C 1 min, then 25 cycles —
95°C 15 s, 57°C 20 s and 72°C 1 min.
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Error rate calculations in the

assembled DNA fragment

To determine the extent to which the DNA poly-
merase used affected the frequency of different
types of errors in the assembled DNA fragment, the
transposase gene was assembled under the condi-
tions described below. Taq (5 U/ul, Lytech) or lab-
oratory-obtained Phusion with 1X reaction buffer
(10 mM Tris-HCI, pH 8.8, 50 mM KCI, 0.1% Triton
X-100, 0.2 mg/ml BSA) were used as DNA polymer-
ase. The activity of the obtained Phusion DNA poly-
merase matched the activity of commercial Phusion
Hot Start II DNA Polymerase (2 U/ul, Thermo Fisher
Scientific). The gene was assembled in two stages.
In the first stage, 2 pl of the oligonucleotide mixture
was added to the reaction mixture (0.5 pl of poly-
merase, buffer corresponding to the polymerase used,
0.2 mM dNTP and 2.5 mM spermidine). The main
program for assembly was as follows: 98°C 3 min,
then 20 cycles — 96°C 15 s, 57°C 20 s and 72°C 1 min.

In the second stage, 2 pl of the resulting reac-
tion mixture was transferred to 25 pl of the reaction
mixture with 10 mM Tris-HCl pH 8.8, 100 mM KClI,
2.5 mM MgSO,, 0.1% Triton X-100, 0.2 mg/ml BSA,
DNA polymerase Phusion, 300 nM of each primer,
0.2 mM dNTP. PCR program: 96°C 1 min, then 25 cy-
cles — 95°C 15 s, 57°C 20 s and 72°C 1 min.

The gene assembled using Tag DNA polymerase
was cloned into the pET15 vector using NEBuilder
(NEB, USA) and chemically transformed into E. coli
Topl0 cells. The gene assembled using Phusion DNA
polymerase was cloned into the pTZ57RT vector us-
ing homologous recombination in vivo after chemi-
cal transformation into E. coli strain Topl0 carrying
plasmid pKM200 (Addgene) with the Lambda Red
recombination system. Some 18 clones of each gene
variant were sequenced by the Sanger method on
the Honor 1616 genetic analyzer (Nanjing Superyears
Gene Technology Co., Ltd., China).

Subsequently, the conditions described above and
the laboratory-obtained Phusion DNA polymerase
with a 1X reaction buffer were used to assemble
DNA fragments up to 1 500 bp long.

Combining DNA fragments using PCR

dsDNA fragments with lengths of 1 009 (fragment 1),
1 152 (fragment 2), and 1 254 (fragment 3) bp, ob-
tained after assembly from oligonucleotides, were
combined into pairs (2 and 3) and triples (1, 2 and 3).
The amount of matrix added to the reaction was var-
ied. When combining a pair of fragments, the concen-
tration of each of them in the reaction mixture was
3 nM, 300 pM, 30 pM, and 3 pM,; for triples it was
2 nM, 200 pM, 20 pM, and 2 pM. The concentration of

the fragments was measured using a Qubit fluorim-
eter (Thermo) and a dsDNA BR Assay Kit (Thermo).
During the assembly of three fragments, amplicons
were introduced both without purification (in the
form of a reaction mixture after assembly from ol-
igonucleotides) and purified on magnetic particles
NEBNext Sample Purification beads (NEB) according
to the manufacturer’s protocol. Each sample contained
0.4 pl of Taq polymerase (b U/ul, Lytech) or Tersus
(50X, Evrogen), an appropriate commercial buffer,
0.2 mM dNTP and a pair of primers with a final con-
centration of 0.25 pM in the mixture. The amplifica-
tion reaction was performed at spermidine concentra-
tions of 0, 0.5, and 2.5 mM. Amplification conditions:
95°C 3 min, then 20 cycles — 95°C 30 s, 62°C 30 s and
72°C 5 min, final elongation — 72°C 5 min.

Visualization of the assembly of fragments
Visualization was performed using electrophoret-
ic separation of DNA fragments in a horizontal 1%
agarose gel in 0.1 M Tris-borate buffer at 150 V for
20—40 min.

RESULTS

Condition optimization for the assembly of

DNA fragments from oligonucleotides

To optimize conditions, we used a fragment of the
Muycoplasma gallisepticum S6 ribosomal protein op-
eron, consisting of the rpsJ gene and the first half
of the rplC gene (1016 bp). Using the SynthBac pro-
gram developed by our group (manuscript in prepa-
ration), the fragment was divided into 47 overlapping
thermodynamically optimized oligonucleotides with
an average length of 43 bp [27]. The gene was assem-
bled in two PCR stages: in the first stage, the oligo-
nucleotides were extended to assemble the fragment
with a complete sequence: in the second stage, when
flanked primers were added, the resulting fragment
was amplified.

In this work, the PCR conditions of the first stage
were optimized (Fig. 1). All reaction conditions were
applied to the oligonucleotides included into the reac-
tion at four different concentrations (100, 10, 1 and
0.1 nM each in the reaction mixture). According to the
results obtained, the optimal range of oligonucleotide
concentrations for the assembly of DNA fragments
is in the region of tens of nM and varies slightly de-
pending on the composition of the reaction mixture.
In the reaction mixture, we varied the concentration
of Mg ions (2.5, 5 and 10 mM) and found that it has
a significant effect on the final product — fragments
are much better assembled in the presence of 10 mM
Mg?**, although such high concentrations are no lon-
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ger used for fragment amplification (Fig. 1A,B). The
effect of formamide and PEG 4000 in the reaction
mixture on the assembly of fragments has also been
studied. The addition of these components does not
have a significant effect (Fig. 1A). Interestingly, the
addition of 2.5 mM spermidine to the reaction mixture
significantly improved the assembly of DNA frag-
ments (Fig. 1B). An increase in the elongation time or
the number of cycles in the assembly program also
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Fig. 1. Optimization of assembly conditions for a 1 kb
model fragment. (A) — assembly of the fragment using
additives in the reaction mixture that do not significant-
ly affect the assembly efficiency. (B) — assembly of
fragments by various polymerases using additives in re-
action mixtures that improve the efficiency of assembly.
(C) — assembly at different annealing temperatures.
(D) — assembly with variation in the number of cycles
or elongation time. L is the length marker GeneRuler
100 bp (Thermo), sperm is spermidine, C — each oligo-
nucleotide concentration in the reaction mixture

contributed to a better assembly of the fragments
(Fig. 1D). At high concentrations of oligonucleotides,
the assembly reaction proceeds effectively over a
wide range of annealing temperatures; however, with
a decrease in concentration, a decrease in hybridiza-
tion, usual for PCR, is observed with an increase in
the annealing temperature (Fig. 1B). The effectiveness
of PCR assembly was also investigated when using
different polymerases — Taq, Tersus and Phusion —
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Fig. 2. (A) — Optimization of transposase gene assembly conditions. L is the length marker GeneRuler 1 kb (Thermo),
sperm is spermidine, C — each oligonucleotide concentration in the reaction mixture; (B) — Annotation of the transpo-
sase sequence in the SynthBac program window. The red arrow indicates the coding frame of the transposase, the
yellow one indicates the hairpin, the dark yellow one indicates the motif with a potential G-quadruplex, and the green
line indicates the possibility of formation of a secondary structure. The black line on the bottom panel shows the GC

composition calculated in the window of 20 bp

under optimal assembly conditions (with 10 mM Mg?**
or 2.5 mM spermidine) (Fig. 1B). We showed that all
the studied polymerases efficiently collect DNA frag-
ments from oligonucleotides, but that they possess
different optimal ranges of concentrations of the oli-
gonucleotides used.

Assembly of the transposase gene

The transposase gene (1,476 bp) was divided into 64
oligonucleotides with an average length of 45 bp us-
ing the SynthBac program [27] with an algorithm
for thermodynamically optimized oligonucleotides.
Most of the genes were successfully assembled us-
ing the method we optimized, but the transposase
gene possesses an arduous sequence to assemble. We
experimentally determined that the difficult frag-
ment is located closer to the 3’ end of the gene (data
are not provided). Regions of the gene with heter-
ogeneous GC composition, secondary structures
such as three identified potential hairpins, or the
GGGTGCACTGTGGGAGGGCTGGG motif predicted
[29] as a potential G-quadruplex proved difficult to as-

semble (Fig. 2B). We were able to obtain the required
fragment (full-size (Fig. 24) or divided into two ap-
proximately equal parts) only when carrying out an
assembly reaction in the presence of 2.5 mM spermi-
dine. Thus, spermidine also increases the specificity of
the reaction.

The universality of the proposed conditions for
the assembly of various sequences was confirmed by
successfully assembling 11 different DNA fragments
with a length of about 1.5 kb when adding spermidine
to the reaction mixture at the first stage of the as-
sembly (Fig. 3).

Error rate in the DNA sequence identification
resulting from the assembly of fragments

We studied the effect of the DNA polymerase type
used at the first stage of DNA fragment assembly on
the number of various types of errors in the final as-
sembly of the target fragment. (Table 1). We demon-
strated that the assembly with Taq polymerase yields
fragments with an error rate of 8 per 1 kb; and the
assembly with Phusion polymerase — three errors
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Fig. 3. Validation of the proposed method and conditions for DNA assembly from oligonucleotides on 11 different se-

quences with a length of approximately 1 500 bp

per 1 kb (total errors in Table 1). At the same time,
the frequencies of insertions and deletions occurring
in fragments were a match, and the main difference
when using different polymerases was the number
of substitutions, especially the G/C transitions in A/T.

Combining several DNA fragments using PCR

The BseRI restriction endonuclease gene with a
length of 3 348 bp was divided into three overlap-
ping fragments with lengths of 1 009 (fragment 1),
1 152 (fragment 2), and 1 254 bp (fragment 3). Each of
the fragments was also divided into oligonucleotides
using the SynthBac program [27] with an algorithm
for thermodynamically optimized oligonucleotides and
assembled according to the method optimized by us.
The fragments were combined in two (Fig. 44) and
three fragments in one reaction (Fig. 4B,C). The re-
action of combining fragments after preliminary pu-
rification was also performed (Fig. 4B). In all the se-
lected variants, a full-size product with approximately
the same efficiency was obtained. Various reaction
conditions were analyzed, such as the assembly with
Taq or Tersus polymerase, different concentrations
of oligonucleotides, as well as the addition of 0.5 or
2.5 mM of spermidine to the reaction. In this case,
the reaction substrates had optimum concentrations
of tens of pM for Taq polymerase and hundreds of
pM for Tersus, and spermidine did not optimize the
reaction.

The genome DNA of vibriophage N4, 38.5 bp long,
was divided into fragments about 1.5 kb long using
the SynthBac program [27]. Each such fragment was
pre-assembled from oligonucleotides using a method
optimized by us. It was not possible to assemble lon-
ger fragments of up to 7.5 kb from five fragments us-
ing a technique optimized for smaller fragments; how-
ever, a decrease in temperature and an increase in
elongation time allowed us to reproducibly assemble
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Table 1. Error rates per 1 kb when assembling the trans-
posase gene using Taq or Phusion DNA polymerase’

Assembly using

Assembly using

Type of error Taq DNA Phusion DNA
polymerase polymerase
Substitutions 5.95 + 0.47 0.90 = 0.18
Transitions
G/C to A/T 3.58 = 0.48 0.26 = 0.10
A/T to G/C 0.98 = 0.16 0.08 = 0.05
Transversions
G/C to C/G 0.30 = 0.13 0.19 = 0.07
G/C to T/A 0.30 = 0.13 0.19 = 0.07
A/T to C/G 0.30 = 0.11 0.11 = 0.06
A/T to T/A 0.49 = 0.11 0.08 = 0.05
Deletions
Single base 1.17 £ 0.16 1.09 £+ 0.22
Multiple bases 0.41 = 0.15 0.30 = 0.11
Insertions
Single base 0.56 = 0.15 0.49 = 0.14
Multiple bases 0 0.19 = 0.07
Total errors 8.09 £ 0.66 2.97 £ 0.30

‘The data is presented as mean value for 18 independent
samples with a standard error.
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DNA fragments of up to 7.5 kb (Fig. 5). Fragments of
similar length can also be achieved by amplifying the
matrix after the Gibson reaction [30].

DISCUSSION

We have chosen the PCR assembly method from the
most commonly used methods of DNA assembly from
oligonucleotides. The advantages of the PCR assem-
bly method in comparison with ligase-cyclic assembly
(LCR) are a lower concentration of oligonucleotides in
the reaction, fewer assembly stages, and the use of
only DNA polymerase.

The assembly of DNA fragments by PCR consists of
two stages. In the first stage, the oligonucleotides hy-
bridize with each other and are extended to form the
required fragment, and in the second stage, the full-
size fragment is amplified. In this work, the first stage

of PCR assembly is optimized — the stage of elongation
of the oligonucleotides to a full-size product.

We showed that concentrations of oligonucleotides
of about 10 nM, Mg>* 10 mM or 2.5 mM spermidine
ions are optimal for DNA assembly. The concentra-
tions of oligonucleotides for different polymeras-
es vary slightly. A wide range of concentrations of
the oligonucleotides used in the assembly reaction is
described: from 2.5 pM [16], 10-60 nM [31], or from
10 nM [32], and the importance of choosing a poly-
merase is also indicated [32]. The effect of spermidine
on the results of DNA assembly is interesting. The
addition of spermidine to the reaction mixture avoids
an increase in the concentration of magnesium ions in
the reaction, and it increases the specificity of the as-
sembly. There are reports of both an improvement in
the efficiency of DNA amplification when using sper-
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Fig. 5. Optimization of the conditions for combining five
1.5 kb fragments into one. Fragment 1 and fragment 2
are different fragments of vibriophage N4, L is the length
marker GeneRuler 1 kb (Thermo), 1 is the usual conditions
of combining PCR, 2 is PCR with the addition of 2.5 mM
spermidine, 3 is PCR after the Gibson reaction, and 4 is
PCR with elongation at 65°C and extended elongation
time

midine in the reaction [26, 33] and a lack of an effect
[34]. At the same time, spermidine promotes the am-
plification reaction in complex samples [35, 36]. It has
been shown that phosphates are the main target in
the interaction of spermidine polycation with DNA in
B-form [37]. Presumably, spermidine makes it possible
for oligonucleotides to hybridize in dsDNA, neutral-
izing the negative charge of the phosphate backbone
and stabilizing duplexes.

Currently, errors in the obtained matrix are a fac-
tor limiting de novo DNA assembly, which is associ-
ated with both the quality of the oligonucleotides and
the accuracy of the polymerases [38—41]. Reducing
the number of errors will reduce the complexity that
comes with that work and the cost of screening clones
and sequencing them to achieve error-free variants.
In the case of an optimized technique, the error rate
during the assembly of Phusion polymerase was 3 per
1 kb.

We optimized the conditions for combining several
DNA fragments 1-1.5 kb long with complementary
ends into fragments of up to 7.5 kb long using PCR.
The most suitable and widely used methods for com-
bining extended DNA fragments are the Gibson re-
action [30] and its variations, as well as homologous
recombination in yeast [42, 43]. However, combining
multiple amplicons using PCR is a simpler and faster
method that uses a smaller variety of enzymes. We
showed that a full-size product 2—3 kb long can be
obtained under a wide range of conditions common
for PCR amplification, and that spermidine does not
have a positive effect on reactions of this type, unlike
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the reaction of DNA assembly from oligonucleotides.
With a decrease in temperature and elongation time,
fragments of up to 7.5 kb can be combined by ampli-
fication.

Thus, in this work, we unified the conditions for
the assembly of DNA fragments from oligonucle-
otides by polymerase chain assembly. We showed that
the assembly reaction is efficient at oligonucleotide
concentrations in the range of 10 nM, with the addi-
tion of 10 mM Mg?** or 2.5 mM spermidine to the re-
action mixture. The choice of the oligonucleotide con-
centration depends on the polymerase. The addition
of 2.5 mM spermidine to the reaction mixture makes
it possible to increase the specificity of the assembly.
The use of a more accurate Phusion polymerase for
assembly makes it possible to reduce the number of
errors under optimized conditions to 3 per 1 kb, main-
ly due to fewer substitutions.

To combine DNA fragments obtained from syn-
thetic oligonucleotides, we optimized the conditions
for combining several fragments of dsDNA with a
size of about 1 kb, with overlapping regions at the
ends, into a fragment with a length of up to 7.5 kb. @

Authors contribution.

TA. Semashko — writing the draft; D.V. Evsyutina —
overview in the introduction, bioinformatic data
analysis; TA. Semashko, G.Y. Fisunov, E.A. Tsoy,
D.V. Evsyutina, G.Y. Shevelev — experiments on
the assembly of DNA fragments; D.R. Kharrasov,
G.Y. Fisunov — obtaining recombinant polymerase

Phusion; G.Y. Shevelev — synthests of a part of
oligonucleotides; I. K. Chudinov — sequencing by

Sanger; V.M. Govorun — supervision of the project;
all authors discussed of the work and editing the

manuscript.

Funding.

This work was supported by Russian Foundation
for Basic Research (grant 18-29-08043) in terms
of optimizing the method of assembling DNA
fragments from oligonucleotides and Federal Service
for Surveillance on Consumer Rights Protection
(grant 122030900107-3) in terms of determining the
error rate in the assembly and assembly of large
fragments up to 10 kb.

Conflict of Interest.
Authors declare about the absence of any conflicts of
interests.

Ethics approval.
This article does not describe any research involving
humans or animals as objects.



RESEARCH ARTICLES

REFERENCES

1. Agarwal K.L., Biichi H., Caruthers M.H., Gupta N.,
Khorana H.G., Kleppe K., Kumar A., Ohtsuka E., Rajb-
handary U.L.,, van de Sande J.H., et al. // Nature. 1970.

V. 227. No 5253. P. 27-34.

2. Smith H.O., Hutchison C.A., Pfannkoch C., Venter J.C. //
Proc. Natl. Acad. Sci. USA. 2003. V. 100. Ne 26. P. 15440—
15445.

3. Gibson D.G., Benders G.A., Andrews-Pfannkoch C.,
Denisova E.A., Baden-Tillson H., Zaveri J., Stockwell T.B.,
Brownley A., Thomas DW., Algire M.A,, et al. // Science.
2008. V. 319. Ne 5867. P. 1215-1220.

4. Venetz J.E., del Medico L., Wolfle A., Schiachle P., Bucher
Y., Appert D., Tschan F., Flores-Tinoco C.E., van Kooten
M., Guennoun R, et al. // Proc. Natl. Acad. Sci. USA. 2019.
V. 116. Ne 16. P. 8070-8079

5. Annaluru N., Muller H., Mitchell L.A., Ramalingam S.,
Stracquadanio G., Richardson S.M., Dymond J.S., Kuang
Z., Scheifele L.Z., Cooper E.M, et al. / Science. 2014.

V. 344. No 6179. P. 55—58.

6. Lajoie M.J., Rovner A.J., Goodman D.B., Aerni H.R., Hai-
movich A.D. Kuznetsov G., Mercer J.A., Wang H.H., Carr
P.A., Mosberg J.A,, et al. // Science. 2013. V. 342. Neo 6156.
P. 357-360.

7. Chatterjee A., Lajoie M.J., Xiao H., Church G.M., Schultz
P.G. // Chembiochem. 2014. V. 15. No 12. P. 1782-1786.

8. Jain K.K. // Med. Princ. Pract. 2013. V. 22. Ne 3. P. 209—
219.

9. Peng R.H., Yao Q.H,, Xiong A.S., Cheng Z.M,, Li Y. //
Plant Cell Rep. 2006. V. 25. No 2. P. 124-132.

10. Xiong A.S., Yao Q.H., Peng R.H., Zhang Z., Xu F., Liu
J.G., Han PL., Chen J.M. // Appl. Microbiol. Biotechnol.
2006. V. 72. Ne 5. P. 1039-1047.

11. Casini A., Storch M., Baldwin G.S,, Ellis T. // Nat. Rev.
Mol. Cell. Biol. 2015. V. 16. Ne 9. P. 568-576.

12. Kosuri S., Church G.M. // Nat. Methods. 2014. V. 11.

No 5. P. 499-507.

13. Shevelev G.Y., Pyshnyi D. V. // Vavilov J. Genet. Breed.
2018. V. 22. Ne 5. P. 498-506.

14. Dietrich R., Wirsching F., Opitz T., Schwienhorst A. //
Biotechnol. Techniques. 1998. V. 12. Ne 1. P. 49-54.

15. Gibson D.G. // Nucl. Acids Res. 2009. V. 37.

Noe 20. P. 6984-6990. http:/www.ncbi.nlm.nih.gov/pu-
bmed/19745056.

16. Stemmer W.P.C,, Crameri A., Ha K.D., Brennan T.M,,
Heyneker H.L. // Gene. 1995. V. 164. Ne 1. P. 49-53.

17. Xiong A.S., Yao Q.H., Peng R.H,, Li X,, Fan H.Q., Cheng
Z.M., Li Y. // Nucl. Acids Res. 2004. V. 32. No 12. P. €98

18. Gao X., Yo P, Keith A., Ragan T.J.,, Harris T.K. // Nucl.
Acids Res. 2003. V. 31. Ne 22. P. el43

19. Sandhu G.S., Aleff R.A., Kline B.C. // Biotechniques.
1992. V. 12. Ne 1. P. 14-16.

20. Xiong A.S., Yao Q.H., Peng R.H., Duan H, Li X,, Fan
H.Q.,, Cheng Z.M,, Li Y. // Nat. Protoc. 2006. V. 1. Ne 2.

P. 791-797.

21. Chakrabarti R., Schutt C.E. / Nucl. Acids Res. 2001.
V. 29. Ne 11. P. 2377-2381.

22. Jensen M.A., Fukushima M., Davis RW. // PLoS One.
2010. V. 5. Ne 6. P. e11024

23. Henke W,, Herdel K., Jung K., Schnorr D., Loening S.A.
// Nucl. Acids Res. 1997. V. 25. Ne 19. P. 3957.

24. JuriSi¢ V., Obradovi¢ J., Tosi¢ N., Pavlovi¢ S., Kuli¢ M.,
Djordjevi¢ N. // J. Pharm. Biomed. Anal. 2016. V. 128.

P. 275-279.

25. Karunanathie H., Kee P.S., Ng S.F., Kennedy M.A.,
Chua EW. // Biochimie. 2022. V. 197. P. 130-143.

26. Wan CY., Wilkins T.A. // PCR Methods Appl. 1993. V. 3.
No 3. P. 208-210.

27. https://sysbiomed.ru/upload/SynthBac.zip.

28. Garanina L.A., Fisunov G.Y., Govorun V.M. // Front.
Microbiol. 2018. V. 9. Ne NOV. P. 2827.

29. Kikin O., D’Antonio L., Bagga P.S. // Nucl. Acids Res.
2006. V. 34. Ne suppl 2. P. W676—W682.

30. Gibson D.G., Young L., Chuang R.-Y., Venter J.C.,
Hutchison C.A., Smith H.O. // Nat. Methods. 2009. V. 6.

No 5. P. 343-345.

31. Ye H., Huang M.C,, Li M.H,, Ying J.Y. // Nucl. Acids Res.
2009. V. 37. Ne 7. P. e51

32. Wu G., Wolf J.B,, Ibrahim A.F., Vadasz S., Gunasing-
he M., Freeland S.J. // J. Biotechnol. 2006. V. 124. No 3.

P. 496-503.

33. Ahokas H., Erkkilda M.J. // PCR Methods Appl. 1993.
V. 3. Ne 1. P. 65-68.

34. Blanchard M.M., Taillon-Miller P., Nowotny P., Nowotny
V. // PCR Methods Appl. 1993. V. 2. Ne 3. P. 234-240.

35. Roperch J.P., Benzekri K., Mansour H., Incitti R. / BMC
Biotechnol. 2015. V. 15. doi: 10.1186/s12896-015-0148-6.

36. Kikuchi A., Sawamura T., Kawase N., Kitajima Y.,
Yoshida T., Daimaru O., Nakakita T., Itoh S. // Biochem.
Genet. 2010. V. 48. No 5—6. P. 428—432.

37. Deng H., Bloomfield V.A., Benevides J.M., Thomas G.J.
// Nucl. Acids Res. 2000. V. 28. Ne 17. P. 3379.

38. Smith H.O., Hutchison C.A., Pfannkoch C., Venter J.C. //
Proc. Natl. Acad. Sci. USA. 2003. V. 100. Ne 26. P. 15440—
15445.

39. Sequeira A.F., Bras J.L.A., Guerreiro C.ILP.D., Vincentel-
li R., Fontes C.M.G.A. // BMC Biotechnol. 2016. V. 16. Ne 1.
P. 86.

40. Carr PA,, Park J.S. Lee Y.J,, Yu T, Zhang S., Jacobson
J.M. // Nucl. Acids Res. 2004. V. 32. Ne 20. P. e162—el62.

41. Ma S., Saaem 1., Tian J. / Trends Biotechnol. 2012.

V. 30. Ne 3. P. 147-154.

42. Ma H., Kunes S., Schatz P.J., Botstein D. // Gene. 1987.
V. 58. Ne 2-3. P. 201-216.

43. Gibson D.G., Benders G.A., Axelrod K.C., Zaveri J., Al-
gire M.A., Moodie M., Montague M.G., Venter J.C., Smith
H.O., Hutchison C.A. // Proc. Natl. Acad. Sci. USA. 2008.
V. 105. Ne 51. P. 20404—-20409.

VOL. 16 Ne 1 (60) 2024 | ACTA NATURAE | 85



