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ABSTRACT
Synthetic genes have many advantages over natural ones. Gene synthesis strategies that
are cost-effective, simple, time-saving and accurate are often developed. Many previous works
have suggested the use of numerous short oligonucleotides to improve accuracy. In this study,
the prediction of secondary structure, shape and interaction of nucleic acids was studied in a
gene synthesis with longer oligonucleotides. The oligonucleotides were designed for the Escherichia coli codon-optimized 318-bp gene coding for the HIV-1 protease and the extra seven
amino acids located upstream and function as an auto-processing site. All the designed oligonucleotides were then analyzed for their interactions with NUPACK to predict synthesis, and
with gquad and DNAShapeR to predict G-quadruplexes and shape, respectively. To test the
prediction, the optimal number of thermal cycling rounds in the assembly step was determined.
It was found that this synthesis could be done in a single step without errors as verified by
sequencing. This report shows that analysis of minimum free energy secondary structures of
the interacting oligonucleotides is useful for checking whether the components can hybridize
correctly.
Keywords: DNAShapeR; Gene synthesis; Gquad; Minimum free energy secondary structure;
NUPACK

1. Introduction
In this work, the synthesis of a gene
encoding HIV-1 protease and its additional
seven amino acids upstream, using long oligonucleotides, was studied. The G-quadruplex, other structures, and general DNA
*Corresponding author: somchais@nu.ac.th

shape were examined. The predictive minimum free energy (MFE) structures and their
interactions were calculated to help in designing a single-step synthesis. With this
careful design for specificity of the oligonucleotides, the synthesis of this gene could be
doi: 10.14456/scitechasia.2022.19
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achieved in one step. Emerging and reemerging pathogens have become more common in past years. Many of them have neither
specific treatments, nor prophylactic
measures. Synthesis of genes, rather than
cloning natural sequences, would allow molecular study of these virulent pathogens in a
laboratory setting without the required high
biosafety-level containment measures. In addition, propagation and genome extraction of
the microorganisms would no longer be
needed. Indeed, research on functional synthetic viral genes and genomes has increased,
some of which has been used to redesign viruses to produce a new class of live vaccines,
to study gene function and pathogenic potential and, quite controversially, to weaponize
for military purposes [1].
Various strategies, protocols, and procedures for the synthesis of genes have been
published [2-5]. The less complicated, more
cost-effective and less labor-intensive methods appear to be the ones which use DNA
polymerase. The pioneering works were performed in 1984 using in vivo DNA polymerase in the bacterial repair system by Rink, H.
and colleagues to synthesize eglin c [6], and
in 1988 by Adam, S.E. and colleagues, to
synthesize tat gene from oligonucleotides of
greater than 100 bp in length, which were
connected to each other with linkers and to a
vector with end adapters [7]. A much more
simplified approach, however, was demonstrated using recursive PCR in 1992 by Prodromou and Pearl [8]. They used ten 54- to
86-nt long oligonucleotides with 17- to 20-nt
overlaps to synthesize the 522-bp human lysozyme gene with Vent DNA polymerase,
and had a satisfactory result with only one
clone with a G to A transition out of 12 sequenced clones. Then, in 1995 Stemmer et
al. [9] assembled fifty-six 40-nt long oligonucleotides with 20-nt overlaps in a 55-cycle
PCR to synthesize a 1.1-kb TEM-1 bla gene,
and also used 134 oligonucleotides with the
same length and overlap as above, except for
two, in a three-step (40-, 25-, 20- cycle) PCR
to synthesize a 2.7-kb plasmid. In 2004,

Young, L. and Dong, Q. synthesized a 470bp DNA sequence containing a pro-insulin
gene from twelve 50-nt long oligonucleotides with 10-nt overlaps on both ends, and
another three 1.1-1.2 kb genes from up to
ninety-four oligo-nucleotides with the same
size and the overlapping length [10]. These
two steps were called dual asymmetrical
(DA) PCR and overlap extension (OE) PCR
giving them only one correct gene out of four
clones for the 470-bp gene and none for the
other three longer genes. Moreover, the average deletion rate was estimated to be about
one deletion per 200 nt. However, they
showed that using ninety-four 25-nt long oligonucleotides without gaps between the oligonucleotides, which covered the whole
length of both the sense and anti-sense
strands with the use of T7 endo-nuclease-I,
gave the correct products. For the synthesis
of larger genes, oligonucleotides were assembled into fragments and the fragments,
which were designed to have overlap, were
then assembled into a full-length DNA sequence [11-12].

2. Materials and Methods
2.1 Gene design and synthesis strategy
The HIV-1 protease-coding DNA sequence (Accession Number AJ307332) was
obtained from GenBank. The sequence was
modified in some positions as required for
our ongoing study. Furthermore, the DNA
sequence for the viral auto-processing site,
containing seven amino acids: (Gly-Thr-ValSer-Phe-Asn-Phe), was added upstream to
the HIV-1 protease DNA sequence. The synthesis strategy was to combine the step of assembly of overlapping oligonucleotides into
a gene using polymerase chain assembly
(PCA) with the step of amplification. The
program, GeneGenie [13], was used to design all oligonucleotides containing the overlaps with similar melting temperatures (Tm =
62 ˚C) and with the Escherichia coli codon
usage. The outcome was checked and modified before use. The DNA sequences of the
amplifying oligonucleotides (herein called
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adapters) containing a restriction site were
designed manually.

temperatures, ranging from 95 to 50 ˚C, at an
interval of 5 ˚C, were compared and interpreted.

2.2 DNA shape and G-quadruplex analyses
All of the designed oligonucleotides
from 2.1 (Table 1) were analyzed for likeliness of forming non-B DNA structures with
the R package, gquad [14]. Only four long oligonucleotides were also examined for general shape parameters with the package
DNAShapeR [15].

2.4 Oligonucleotides and adapters
All oligonucleotides were purchased
as synthesized at 2 nmoles and purified with
PAGE-200 polyacrylamide gel (Biobasic,
Inc., Canada). The two adapters, one as a forward amplifying oligonucleotide and another
as a reverse amplifying oligonucleotide, were
also ordered from the above company, but at
25 nmoles.

Table 1. Designed oligonucleotides*.
Name

Size

Sequence (5’-3’)

Adapter1

21

Oligonucleotide1

94

Oligonucleotide2

95

Oligonucleotide3

94

Oligonucleotide4

99

Adapter2

23

AAAGGATCCGGAACTGTAT
CC
GGAACTGTATCCTTTAACTT
CCCTCAGATCACTCTTTGGA
AACGTCCGCTGGTTACCATT
AAAATTGGTGGTCAATTGA
AAGAAGCACTGCTTG
CACCAATCATTTTCGGTTTC
CAACGACCCGGCAGATTCA
TTTCTTCAATAACGGTATCA
TCTGCACCGGTATCAAGCAG
TGCTTCTTTCAATTGA
TTGGAAACCGAAAATGATT
GGTGGTATTGGTGGTTTTAT
TAAAGTTCGTCAGTATGATC
AGATTATTGTTGAAATTTGT
GGTCATAAAGCCATT
AAAATTTAAAGTGCAGCCA
ATCTGGGTCAACAGATTACG
ACCAATAATATTAACCGGG
GTCGGACCAACCAGAACGG
TACCAATGGCTTTATGACCA
CA
AAACTCGAGAAAATTTAAA
GTGC

2.5 Determination of optimal thermal cycle number
Determination of the optimal number
of thermal cycles was accomplished by varying the number of cycles in the reaction of
assembly step. The PCR master-mix was
prepared using the 10xPCR buffer from the
i-TaqTM plus DNA polymerase (Cat. No.
25152, Intron Biotechnology, Inc.) and 1 nM
each of all four oligonucleotides, 10 mM
dNTPs, and Taq-DNA polymerase. The
master-mix was allocated into 8 tubes for reactions of 0, 1, 2, 3, 4, 5, 10, and 20 thermal
cycle(s). For the synthesis without a prior assembly step (0 cycles), the tube was kept on
ice. The thermal cycling conditions were 95
˚C 2', N x (94 ˚C 30s, 20%Ramp, 58 ˚C 30s,
72 ˚C 1'), 72 ˚C 2', (N = positive integer) and
performed with the Applied Biosystems Veriti® 96-well thermocycler. After the end of
each cycling, all reactions were kept on ice.
Then, 1 µl of the product from each reaction
was used as a template for the amplification
step. The two adapters, each at the final concentration of 0.8 µM, were used as amplifying oligonucleotides. The conditions for the
amplification step were 95 ˚C 2', 35 x (94 ˚C,
30s, 52 ˚C 30s, 72 ˚C 1'), 72 ˚C 5', 4 ˚C ∞.
The amplified products then were visualized
using agarose gel electrophoresis.

Note: *in the order as used in the NUPACK program.

2.3 Prediction of MFE secondary structures and the interaction
To predict the hybridization at the
range of temperatures in the synthesis, all six
oligonucleotides were used as an input in
NUPACK version 3.0.5 [16]. The function
MFE and the following parameters were
used, material: DNA, sodium: 0.250, magnesium: 0.035. The output structures were visualized with VARNA version 3.93 [17] and
the structures and interactions from different
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3. Results and Discussion

2.6 Synthesis reaction, agarose gel electrophoresis and DNA Sequencing
Equimolar solutions (1 nM) of each oligonucleotide were prepared. The synthesis
reaction was prepared in the same way as
stated in section 2.5, except the two adapters
were added into the reaction in order to combine the assembly and amplifying steps into
one single step. The conditions were 95 ˚C
2', 35 x (94 ˚C, 30s, 52 ˚C 30s, 72 ˚C 1'), 72
˚C 5', 4 ˚C ∞. The synthesized gene was detected with 0.8% agarose gel electrophoresis,
stained with ethidium bromide, then visualized and photographed with gel doc systems
and Genesnap software (Syngene). The electrophoresis buffer was 1xTAE. The 1-kb
standard DNA ladder M11 was from SibEnzymes Ltd., Russia. Then, the synthesized
products were purified from the agarose gel
using QIAEXII (QIAGEN) and used for sequence verification. The nucleotide sequencing was performed in-house with the reverse
adapter as the primer.

The Bioinformatics tool, GeneGenie, gave five oligonucleotide sequences with the shortest one being at the end
of the target DNA sequence. The codons and
sequences of the designed oligonucleotides
were examined. The shortest one was then
excluded in this study and the sequence of the
fourth one was then extended to cover the
rest of the gene sequence. The sequences of
the two adapters were designed manually to
include the desired restriction site at the 5'- or
3'-end for a downstream recombination process in another study. The sequences of all
oligonucleotides and adapters used in this
study are shown in Table 1.
The result of the prediction with the
gquad() function in gquad package is shown
in Table 2. A-phased DNA repeats, triplexes,
slipped motifs, tandem repeats, and Z-DNA
motifs are not found in any of the six sequences. However, weak G-quadruplexforming sequences were predicted in oligonucleotides-1, 3, and 4.

Table 2. G-quadruplexes predicted by gquad.
Input_ID
1
2
3
4

Sequence_
position
38
3
24

5
6

-

Sequence
ggaaacgtccgctggttaccattaaaattggtgg
ggaaaccgaaaatgattggtggtattggtgg
gggtcaacagattacgaccaataatattaac
cggggtcggaccaaccagaacgg
-

Sequence_
length
34
31
56

Likeliness

-

-

*
*
*

Note: * weak G-quadruplex-forming

In general, quadruplexes can be
formed from one, two, or four separate DNA
strands [18] and G-quadruplex-forming sequence can lead to the blocking of DNA synthesis [19].
Fig.1 shows the plots of the mean minor groove width generated with the getShape() and plotShape() functions in
DNAShapeR package. Parameters determining the DNA shape were predicted directly
from the sequence of the four long oligonucleotides. The widths of the minor groove are

less than 5 angstroms in some regions of oligonucleotides-1 to -4 and greater than 5 angstroms in almost the entire length of oligonucleotide-5. The narrow groove width has
lower electrostatic potential due to the backbone phosphates being close to the center of
the groove[20]. Whether this electrostatic potential is involved in the process of gene synthesis is unknown.
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To better understand the nature and
behavior of the nucleic acids in the synthesis
reaction, and to examine whether the hybridization would occur correctly, the oligonucleotide components were analyzed thermodynamically. The sequences, structures, and
their interactions from the executable MFE in
NUPACK at the different temperatures were
visualized, annotated, and titled using
VARNA and are shown in Fig 2.
Fig. 1. The mean minor groove widths (in angstroms) of four long oligonucleotides predicted
by DNAShapeR.

Fig. 2. The MFE secondary structures and interaction. All oligonucleotides fold into various secondary
structures and hybridize with other oligonucleotides to different extents. The structures and interactions
are shown for the temperatures 95 ˚C (A), 90 ˚C (B), 85 ˚C (C), 80 ˚C (D), 75 ˚C(E), 70 ˚C(F), 65 ˚C(G),
60 ˚C(H), 55 ˚C(I), and 50 ˚C(J). Each oligonucleotide is labeled in Roman numerals I to VI which are
Adapter1 (in green), Oligonucleotide1 (in blue), Oligonucleotide2 (in violet), Oligonucleotide3 (in red),
Oligonucleotide4 (in yellow), and Adapter2 (in navy), respectively.

All the assembly reactions with different numbers of thermal cycles and without
thermal cycling gave the same size amplified
DNA product on agarose gel, as shown in

Fig. 3A. The one-step synthesized gene also
appeared as a single band on a 0.8% agarose
gel as shown in Fig. 3B. When compared
with the standard DNA marker, their sizes
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measured approximately 300 bp. The DNA
sequencing showed that the product was the
desired gene and there were no mutations in
the synthetic gene (Fig. 4).
The comprehensive aspects on nucleic
acid structural energetics are available [21].
There are many prediction tools for nucleic
acid structures and some tools work better
than the others [22]; however, only MFOLD,
UNAFOLD, and NUPACK have a specific
algorithm to be used with DNA.
NUPACK was used in this study because it not only incorporates Santa Lucia's
work (reference therein) in its algorithm, but
it also allows the analysis of many oligonucleotides (more than two) at once.
The MFE secondary structures and interactions were predicted for the range of
temperatures used in the synthesis reaction
(95 ˚C to 50 ˚C). The concentrations of sodium and magnesium were equivalent to
those in the reaction. The predicted free energy decreased proportionally with temperature from -25.073 kcal/mol at 95 ˚C to 70.970 kcal/mole at 50 ˚C (data not shown).
The oligonucleotides barely hybridized at 95
˚C (Fig. 2A) and DNA polymerase would not
function at this temperature. At 90-80 ˚C, the
oligonucleotide-1 hybridizes with oligonucleotide-2 (Fig. 2B, C, D). This allows Taq
DNA polymerase, which works best at high
temperatures, to fill in nucleotides in the 5' to
3' direction. The newly formed DNA duplex
eliminates the secondary structure and frees
the adapter1, which hybridizes weakly.
When the temperature goes down to 75 ˚C or
lower (Fig. 2 E-J), the oligonucleotide-3 hybridized to oligonucleotide-2 at the 5'-end,
and to oligonucleotide-4 at the 3'-end. This
showed the correct hybridization had occurred. The DNA polymerase then synthesizes the nucleotides on the hybrid sequence.
Again, the duplex DNA strand will free the
adapter2. Therefore, based on this minimum
free energy prediction, the assembly of the
first copy of the gene could occur before the
first round of thermal cycling. This explanation, therefore, hypothesizes that a separate

step for PCA is not necessary as previously
thought, because thermo-stable DNA polymerase will begin to synthesize immediately
while the oligonucleotide components move
into the right geometry adopting the structure
with minimum free energy.
The above prediction was concordant
with the result of the optimal thermal cycle
number determination experiment. As shown
in Fig. 3A, the product could be amplified
even in a reaction without a PCA step (thermal cycle = 0). This suggested that the PCA
step could be omitted. When the adapters
were added in the assembly reaction, and the
two-step synthesis was reduced to one-step,
the results appeared no different from those
of other reactions (Fig. 3B). After sequencing
the amplified product and examining its sequence with Artemis (Sanger Institute), it
was found that the gene was synthesized successfully and without error. The sequence
was aligned with all four oligonucleotides as
shown in Fig. 4. Although Taq DNA polymerase has as high of an error rate as 2x10-4
[23], for sequences less than 1 kb, the probability of error is sufficiently low for synthesis. This, therefore, simplifies two steps into
one. The strategy for synthesis in this work is
different from that used in recursive PCR [8],
by using adapters in place of the outermost
oligonucleotides, and is different from that
used in the two-step PCR method [2] as well,
by integrating the two steps together.
As discussed above, when the free energy was taken into account, the actual process of gene synthesis might not be as explained before. In fact, unifying the two steps
has been reported [24]. However, many mutations and deletions were found in that
study, which may be partly due to the use
of many (ten to forty-six) shorter oligonucleotides (40 bp long).
In this study, longer oligo- nucleotides
were used and as such, the deletions and errors were able to be avoided. Because the
synthesized gene showed no mutations, it
therefore implies that the size of the oligonu-
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lane 2 was the DNA ladder. The size of the synthetic gene was around 300 bp.

cleotides used in this study might be the appropriate size for producing the right geometry in the ensemble of synthesis. Further
works would be required to confirm this.

4. Conclusion
This study shows that the accurate
synthesis of a gene can be done in a single
step by integrating the assembly and amplification steps together. The well-designed
specificity and appropriate sizing of the oligonucleotides appear to promote error-free
synthesis. The recently available R packages
(DNAShapeR and gqud) are easy and useful
to examine the general structure of the molecule and the possibility of forming interfering
G-quadruplex structure. The designed oligonucleotides are less likely to form into any
undesired structures, thus they are easy to assemble into the desired gene. The analysis of
MFE secondary structures and the interactions among them can be used to examine the
synthesis experiment and to design oligonucleotides.

Fig. 4. The sequence was aligned with all four
sequences using SnapGene® software (from GSL
Biotech; available at snapgene.com).
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