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Assembly of long DNA sequences using a new synthetic
Escherichia coli-yeast shuttle vector
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Synthetic biology is a newly developed field of research focused on designing and rebuilding novel
biomolecular components, circuits, and networks. Synthetic biology can also help understand
biological principles and engineer complex artificial metabolic systems. DNA manipulation on a
large genome-wide scale is an inevitable challenge, but a necessary tool for synthetic biology. To
improve the methods used for the synthesis of long DNA fragments, here we constructed a novel
shuttle vector named pGF (plasmid Genome Fast) for DNA assembly in vivo. The BAC plasmid
pCC1BAC, which can accommodate large DNA molecules, was chosen as the backbone. The
sequence of the yeast artificial chromosome (YAC) regulatory element CEN6-ARS4 was
synthesized and inserted into the plasmid to enable it to replicate in yeast. The selection sequence
HIS3, obtained by polymerase chain reaction (PCR) from the plasmid pBS313, was inserted for
screening. This new synthetic shuttle vector can mediate the transformation-associated
recombination (TAR) assembly of large DNA fragments in yeast, and the assembled products can
be transformed into Escherichia coli for further amplification. We also conducted in vivo DNA
assembly using pGF and yeast homologous recombination and constructed a 31-kb long DNA
sequence from the cyanophage PP genome. Our findings show that this novel shuttle vector would
be a useful tool for efficient genome-scale DNA reconstruction.

KEYWORDS synthetic biology; DNA fragment assembly; shuttle vector pGF; transformation-
associated recombination (TAR)

INTRODUCTION long DNA sequences are necessary tools for this innovat-
ive research field (Merryman and Gibson, 2012).
Following the development of molecular cloning and
PCR, the synthesis of DNA constructs less than 10 kb
became easier. Nowadays, DNA fragments less than 20
kb can be constructed conveniently using SOEing PCR
(splicing by overlap extension PCR) (Hou and Xiao,
2011; Shevchuk et al., 2004). However, a problem fre-
quently encountered in PCR is the introduction of ran-
dom errors during polymerization (Keohavong and

Thilly, 1989), especially during the amplification of long

Synthetic biology aims to create small artificial biologic-
al circuits and networks, which will benefit the develop-
ment of new biomedical therapeutics, metabolic engin-
eering, and energy supply (Cameron et al., 2014; Khalil
and Collins, 2010). Synthetic biology originates from
and progresses with technological advancements in gene
manipulation (Cameron et al., 2014). Thus, it is obvious
that convenient and effective methods for assembling
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and complex sequences. In the early 2000s, researchers
built a circular DNA by assembling 500—-800 bp seg-
ments using type IIS restriction enzymes (Bsa I and Bbs
I) and DNA ligase (Kodumal et al., 2004). This ligation-
based method had been improved to assemble as many
as six DNA fragments at once. Later, another in vitro as-
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sembly method was developed by Gibson and cowork-
ers (Gibson et al., 2008a), which eliminated the need for
restriction enzyme sites within the DNA fragments.
Small DNA molecules were synthesized with 20—40 bp
overlapping sequences for assembly. First, exonuclease
was used to chew back the 5’ ends, and DNA polymerase
was then used to fill gaps in the annealed products. Fi-
nally, DNA ligase was used to covalently seal the nicks
in the assembly. Based on this method, Gibson further
developed a one-step, isothermal assembly method and
successfully synthesized an entire 16.3-kb long mouse
mitochondrial genome (Gibson et al., 2010b). Another
assembly method reported by Li and Elledge (2007) was
based on in vitro homologous recombination using RecA
recombinase.

The construction of long DNA through homologous
recombination in vivo in yeast (Stemmer et al., 1995) is
an alternative method. This method was first used to lig-
ate DNA fragments with a plasmid vector and was re-
ferred to as transformation-associated recombination
(TAR) by Larionov et al. (1996). Gibson et al. applied
this method to assemble large DNA molecules. Several
large DNA fragments were simultaneously assembled
using a yeast artificial chromosome (YAC) and yielded
the Mycoplasma genitalium genome (Gibson et al.,
2008a; Gibson et al., 2008b). The 1.08-Mb long Myco-
plasmamycoides genome was also chemically synthes-
ized using this method (Gibson et al., 2010a). Unlike the
in vitro assembly methods, TAR-based assembly re-
quires no enzymes and takes advantage of the homolog-
ous recombination pathway in yeast to achieve a seam-
less ligation of the DNA fragments. This method espe-
cially facilitates the assembly of long DNA sequences.

To improve this method, we constructed an E. coli-
yeast shuttle vector for the effective assembly of long
DNA fragments. The YAC regulatory and selection se-
quences were introduced into the BAC plasmid to gener-
ate the novel plasmid named pGF (plasmid Genome
Fast), which can mediate the homologous recombination
reaction, plasmid replication in yeast, and plasmid ampli-
fication in E. coli. This novel shuttle vector derived from
the BAC plasmid can accommodate large DNA mo-
lecules. The assembled plasmids containing the long
DNA sequences can also be easily transformed into E.
coli for large-scale amplification.

Cyanophage PP is widely distributed in freshwater
and may play an important role in freshwater microbial
loops (Zhou et al., 2013). Using our developed shuttle
vector, we assembled 10 DNA fragments from the cyan-
ophage PP genome and produced a ~31-kb long DNA
sequence. Thus, the pGF plasmid was successfully ap-
plied for the synthesis of large DNA molecules. pGF and
the associated TAR assembly method will promote de-
velopment in the field of synthetic biology, including
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viral reverse genetics and bacterial metabolic engineer-
ing (Dueber et al., 2009; Lee et al., 2013).

MATERIALS AND METHODS

Strains and media

The yeast, Saccharomyces cerevisiae strain VL6—48
(ATCC), which is highly transformable and has HIS3 de-
letions, was used for transformation and in vivo homo-
logous recombination. The yeast strain was cultured in
standard rich medium containing yeast extract, peptone
and dextrose (YEPD) or minimal medium CM with or
without HIS. Medium supplemented with 1 mol/L D-sor-
bitol (Sigma Aldrich, St Louis, MO, USA) was used for
spheroplast transformation. The BAC plasmid CopyCon-
trol™ pCCIBAC™ (Epicentre, Madison, WI, USA),
which can accommodate large DNA fragments, was used
as the vector backbone. YAC plasmid pRS313 (ATCC)
was used as the PCR template to obtain the HIS3 se-
quence. Plasmids were electroporated into the electro-
competent cells of the E. coli strain EP1300 (Epicentre)
and selected using chloramphenicol at a concentration of
25 pg/mL and ampicillin at a concentration of 50 pg/mL.

Isolation of plasmid DNA from yeast or E. coli
Small-scale isolation of supercoiled plasmids from yeast
cells was performed using a TIANprep yeast plasmid
DNA kit (Tiangen, Beijing, China). Briefly, the yeast
cells were lysed by treatment with Lyticase. Proteins
were then precipitated and eliminated, and the plasmids
were further purified by affinity absorption columns. For
large YACs, the circular plasmids from a large volume
of yeast culture were isolated according to the protocol
described by Noskov et al. (2011). Plasmid DNA from
E. coli was isolated from a 5-mL overnight culture using
a Plasmid Miniprep Kit (Omega Bio-tek, Doraville, GA,
USA).

Co-transformation of the DNA fragments into
yeast

To prepare the yeast spheroplast, the cells collected from
4 mL of yeast culture grown overnight were treated with
zymolyase and B-mercaptoethanol to remove the cell
wall. The DNA fragments and vector were then mixed
with the prepared spheroplasts as described previously
(Kouprina and Larionov, 2008). Positive yeast colonies
were selected on histidine-deficient (—His) plates after
incubation at 30 °C for 2-3 days.

Electroporation of E. coli

The purified plasmids were added into 100 pL of com-
petent E. coli cells. After incubation on ice for 5 min, the
cells were gently mixed and transferred into a 0.2 cm
pre-chilled electroporation cuvette and pulsed with 2.5
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kV, 25 pF, 200 Q. The contents of the cuvette were then
transferred into an Eppendorf tube, 1 mL SOB medium
was added and incubated at 37 °C for 1 h while shaking
at 225 rpm. All the recovered cells were then plated on
LB-kanamycin plates.

Construction of the E. coli-yeast shuttle vector,
pPGF

To construct a shuttle plasmid that can replicate both in
yeast and in E. coli cells, the yeast centromere sequence
(CEN) and autonomously replicating sequence (4RS)
were inserted into the BAC plasmid pCCIBAC, which
formed the backbone. The yeast HIS3 gene was also in-
serted to work as a selectable marker in yeast.

The HIS3 selection marker was PCR amplified with
specific primers using plasmid pRS313 as the template.
The CEN6-ARS4 sequence was manually synthesized by
Sangon Biotech Co. Ltd., based on the GenBank plas-
mid sequence with the accession number U03439. The
HIS3 and CEN6-ARS4 sequences were then ligated and
amplified by overlapping extension PCR. For the first
step, 25 pL of PCR mixture containing 2.5 pL 10x
KOD-Plus buffer, 2.5 uL 2 mmol/L dNTPs, 1.25 pL 25
mmol/L MgSO,, 0.5 uL KOD-Plus polymerase, 1.5 uLL
HIS3, and 1.5 uL CEN6-ARS4 templates was used
without primers. The PCR conditions were as follows:
94 °C for 2 min, followed by 35 cycles of 94 °C for 15 s,
55 °C for 25 s, and 68 °C for 2 min, and a final incuba-
tion at 68 °C for 5 min. For the second round of PCR, the
products obtained from the first round were used as the
template and the primer pairs were designed to contain 5’
end overlapping sequences with ends of Afe I-linearized
pCCIBAC. The PCR mixture (25 pL) contained 2.5 pL
10x KOD-Plus buffer, 2.5 uLL 2 mmol/L dNTPs, 1.25 uL
25 mmol/L MgSO,, 0.5 pL KOD-Plus polymerase, 1 pL
template, and 1 pL of each primer. The PCR conditions
were as follows: 94 °C for 2 min, followed by 28 cycles
of 94 °C for 15 s, 58 °C for 25 s, and 68 °C for 2 min,
and a final incubation at 68 °C for 5 min. The pCCIBAC
plasmid was linearized with the restriction endonuclease
Afe 1, dephosphorylated using alkaline phosphatase
FastAP (Thermofisher), purified, and then recovered us-
ing the E.Z.N.A. Gel Extraction Kit (Omega).

The CEN6-ARS4-HIS3 sequence and the linearized
pCCIBAC plasmid were co-transformed into yeast
VL6-48 spheroplasts. The positive homologous recom-
binants were selected on —His plates after incubation at
30 °C for 2-3 days. After streaking in selective media,
colonies were cultured in 5 mL —His medium and the
plasmids were mini-prepared. The constructed novel
shuttle plasmid was verified by sequencing and named as
pGF (plasmid Genome Fast).
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Preparation of the assembly vector and
cyanophage PP fragments

The shuttle plasmid pGF was then used for the prepara-
tion of the assembly vector. This vector was PCR ampli-
fied using primers containing an approximate 20 bp
overlap with ends of the BamH I-linearized vector and a
40-60 bp overlap with the target DNA fragments. A
rare-cutting restriction site Not I (5'-GCGGCCGC-3")
was additionally added in the middle of the primers for
the easy release of the assembled products from the cir-
cular plasmids.

The DNA fragments used for the assembly were amp-
lified by PCR using the cyanophage PP genome as the
template (Zhou et al., 2013). Each assembly unit of the
DNA fragments (A1, A2, A3, A4, B1, B2, B3, B4 and
C1 of ~3 kb each and C2 of ~4 kb) was amplified with
specific primers containing 40—60 bp overlapping se-
quences with the adjacent fragments (as listed in Supple-
mentary Table S1). The PCR products were then separ-
ated using 0.6% agarose gel electrophoresis and purified
using the E.Z.N.A. Gel Extraction Kit (Omega).

The DNA fragments and pGF vector were co-trans-
formed into yeast VL6—48 spheroplasts to achieve as-
sembly of the long DNA sequence. The positive colon-
ies were selected on —His plates after incubation at 30 °C
for 2-3 days.

Restriction digestion and PCR analysis of the
assembled long DNA sequences

Since the rare-cutting restriction site Not I was intro-
duced in the linearized pGF shuttle plasmid, the as-
sembled intermediates or the full 31-kb DNA sequence
could be released by Not I digestion. EcoR 1, which also
exist as the unique restriction site in pGF and the as-
sembly products, could be used to linearize the circular
plasmid for determining the length of the synthetic DNA
sequences.

The assembled plasmids were isolated from the yeasts
or E. coli cells as described before. PCR analyses were
performed using the 2x Taq PCR MasterMix kit with the
specific pairs of primers (as listed in the Supplementary
material) designed to amplify all the initial DNA frag-
ments or the sequences across the neighboring DNA
fragments. The PCR mixture (10 pL) contained 1 puL ex-
tracted DNA, 1 pL each of the forward and reverse
primers, and 5 puL. 2x Taq PCR mixture. The PCR condi-
tions were as follows: 94 °C for 2 min, followed by 32
cycles of 98 °C for 15 s, 58 °C for 30 s, and 72 °C for 1
min, and a final incubation at 72 °C for 5 min. The PCR
products were loaded on 1% agarose gels and the gels
were run at 100 V for 30 min.
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RESULTS

Construction of the shuttle plasmid pGF

As shown in Figure 1, the shuttle plasmid was construc-
ted based on the BAC plasmid pCCI1BAC and YAC plas-
mid pRS313. pCCIBAC normally replicates as a single
copy under the regulation of the F-factor, and SopA4, B,
and C are all important for plasmid partitioning during
cell division in E. coli. When an inducer is added, the
number of plasmid copies could be increased to 10-20 in
the EPI300 strain under the control of oriV. Besides, the
phage COS sequence in the plasmid enables it to accom-
modate large-size DNA sequences. The YAC plasmid

Synthetic CEN/ARS HIS3 (PCR)
EcoR |

BamH |
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pRS313 contains CENG6 and the ARS associated with
HIS3 elements. The yeast centromere CEN6 and the
autonomous replicating sequence ARS enable the plas-
mid to replicate in yeast cells, while the HIS3 is a select-
able marker for positive colony screening. The yeast reg-
ulatory component CEN6-ARS4 and the HIS3 sequences
were introduced into the appropriate sites of pCCIBAC.
This novel synthetic plasmid can mediate the homolog-
ous recombination of DNA fragments and stably main-
tain the assembled plasmids in the yeast. Further, the as-
sembled plasmids purified from the yeast cells could be
transformed into E. coli for amplification.

To construct the shuttle plasmid pGF described above,

EcoR|  BamH|I

pCC1BAC
8128 bp

Afe | pRS313
l PCR
sythetic PCCTBAC
CEN/ARS HIS3
1) Afe |
(—0.5 kb) (—1.5kb) 1 linearize
I I l 2) dephosphlarate
overlapping by FastAP
extension PCR Linearized
CEN-ARS-HIS3 pCC1BAC
(—2 kb) (—8 kb)

I

co-transformation 1 recombination in yeast

pGF ‘
(—10 kb)

Figure 1. The construction of pGF shuttle plasmid used for in vivo TAR assembly of DNA fragments. The BAC plasmid
pCC1BAC used as the backbone allows the replication of the assembled DNA in E. coli for amplification. CEN6-ARS4
and HIS3 sequences introduced at the Afe | sites of pCC1BAC allow the propagation of plasmids and positive colony

selection in yeast.
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the CEN6-ARS4 and HIS3 sequences were inserted into
the Afe 1 site of the BAC plasmid pCCIBAC. Specific-
ally, the HIS3 sequence (~1.5 kb) was PCR amplified
from the YAC plasmid pRS313, and the CEN6-ARS4 se-
quence (~0.5 kb) was obtained by DNA synthesis based
on the GenBank sequence with the accession number
U03439. These two sequences were tandemly linked by
overlapping extension PCR to generate the CEN6-ARS4-
HIS3 sequence (~2 kb). Then, the CEN6-ARS4-HIS3 se-
quence was co-transformed with the Afe I-linearized
pCCI1BAC vector (~8 kb) into yeast and ligated by TAR
homologous recombination. The positive colonies were
selected and plasmids were isolated and sequenced. The
successful assembly of the pGF vector (~10 kb) by TAR
cloning indicated that this in vivo homologous recombin-
ation system in yeast could effectively ligate the DNA
fragments into the vector with the 5’ end overlapping se-
quences.

Assembly of the 31-kb long DNA from the
cyanophage PP genome

Figure 2 shows the flowchart for the assembly of 10 cy-
anophage PP DNA fragments into a ~31-kb DNA mo-
lecule. In the first step, the DNA fragments of Part A
(A1, A2, A3 and A4, each of ~3 kb), Part B (B1, B2, B3
and B4, each of ~3 kb), or Part C (C1 of ~3 kb and C2 of
~4 kb) with the pGF vector were co-transformed into
yeast. The neighboring fragments with overlapping ends
could be ligated together by homologous recombination
to generate pGF-Part A, Part B, or Part C, respectively.
These plasmids were then digested by Not I so that the
three intermediates Part A, Part B, and Part C could be
released and recovered by agarose gel separation and ex-
traction. Next, the assembled intermediates Part A (~12
kb), Part B (~12 kb) and Part C (~7 kb) with the vector
pGF (~10 kb) were co-transformed into yeast cells and
further assembled to form the 31-kb long DNA se-
quence.

According to the homologous recombination strategy,
the pGF vector and the cyanophage PP DNA fragments
should be prepared by PCR amplification to add the spe-
cific overlapping ends. The 5’ ends of the primers were
designed to contain 20—40 bp extension sequences ho-
mologous to the neighboring fragments. A rare-cutting
restriction site Not I (5'-GCGGCCGC-3') adjacent to the
overlaps needed to be added to the primers for the ampli-
fication of the pGF vector for the convenient release of
the assembly products. The products of PCR amplifica-
tion of the pGF vector performed using high fidelity
polymerase were exhibited as the main electrophoresis
bands approximately 10 kb in size (Figure 3A). The Part
A (A1, A2, A3 and A4, each of ~3 kb), Part B (B1, B2,
B3 and B4 each of ~3 kb), and Part C (C1 of ~3 kb and
C2 of ~4 kb) DNA fragments were also PCR amplified
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Figure 2. Scheme for the assembly of the ~31-kb DNA
sequence. In the first stage of assembly, four DNA frag-
ments of Part A and Part B and two DNA fragments of
Part C were ligated together to generate the intermedi-
ates pGF-Part A, Part B, and Part C. In the next step,
the assembled Part A, Part B, and Part C were re-
leased by digestion by the endonuclease Notl and re-
covered. The three intermediates together with pGF
were then co-transformed into yeast cells to generate
the complete ~31-kb PartABC integrated sequence in
the pGF vector.

A Kb pGF-vector B

A1AZ A3A4B1B2B3B4C1C2

Figure 3. Preparation of the pGF vector and cyano-
phage PP DNA fragments. (A) The ~10-kb pGF vector
was amplified using PCR and the homologous 5’ ends
bracketing the inserted DNA fragments were inserted.
(B) The DNA fragments A1-C2 were amplified using
PCR from the cyanophage PP genome. Similarly, the 5’
end overlapping sequences were introduced using
primer pairs.

and purified using the Gel Extraction Kit (Figure 3B).
Alternatively, these ~3-kb long DNA fragments also
could be obtained by chemical synthesis as described be-
fore (Hou and Xiao, 2011).

Next, the Part A, Part B, and Part C intermediates
were assembled individually by transforming the PCR-
amplified DNA fragments and pGF vectors into yeast
protoplasts. The potential positive colonies were selec-
ted on His plates. As shown in Figure 4A, the assembled
products of Part A, Part B, and Part C were isolated from
the yeast cells and identified by restriction digestion.
When the positive plasmids were digested with unique
cut sites for EcoR 1, the linearized pGF-Part A, -Part B,
and -Part C separated on 0.6% agarose gels were exhib-
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Figure 4. Restriction digestion analysis of the as-
sembled DNA sequences. (A) Verification of the as-
sembled intermediates of Part A, Part B, and Part C.
Yeast colonies containing positive assemblies were
verified by digestion with the endonucleases EcoR |
(lanes 2, 4 and 6) and Not | (lanes 3, 5 and 7). A mo-
lecular weight marker was loaded in lane 1. (B) Analys-
is of the ~41-kb assembled pGF-PartABC by digestion
with the endonucleases EcoR | (lane 2) and Not | (lane
3). Standard and high molecular weight markers were
loaded in lane 1 and lane 4, respectively.

ited as single bands significantly larger than 10 kb in size
(the maximum size of the Marker). Not I digestion was
used to clearly resolve the inserted fragments in the as-
sembly products. The electrophoresis of the assembled
intermediates treated with Not I showed separated bands.
The ~10 kb and ~12 kb bands in lane 3 corresponded to
the free pGF vector and the assembled intermediate Part
A, respectively. Similarly, the ~10 kb and ~12 kb bands
in lane 5 corresponded to the free pGF vector and the as-
sembled Part B intermediate, and the ~10 kb and ~7 kb
bands in lane 7 corresponded to the free pGF vector and
the assembled intermediate Part C, respectively. These
results indicated that the in vivo recombination-based as-
sembly method could effectively join 2—4 DNA frag-
ments, each of ~3 kb. Moreover, the assembled products
could be amplified using the shuttle vector pGF in E.
coli and could be conveniently released from the vector
by endonuclease digestion. The sequencing of the as-
sembled intermediates by Sangon Biotech Co. Ltd. indic-
ated that the sequences were accurate, which meant this
in vivo recombination method using the shuttle vector
pGF exhibited higher accuracy and greater convenience
compared with conventional PCR-based methods.

The three assembled DNA intermediates together with
the pGF vector were then co-transformed into yeast cells
to generate pGF-Part ABC. As indicated in Figure. 4B,
the EcoR I-linearized pGF-Part ABC was about 41 kb in
size (lane 2), as determined using the high molecular
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weight marker, which was in accordance with the full
length of the target product. As mentioned above, the
plasmid pGF-Part ABC could release the inserted as-
sembled long DNA sequence upon treatment with Not 1.
Lane 3 in Figure 4B shows that two bands of ~10 kb and
~31 kb were separated on a 0.6% agarose gel, which cor-
responded to the free pGF vector and the assembled Part
ABC, respectively.

To further verify the positive colonies, the assembled
plasmids were extracted and analyzed by PCR. As
shown in Figure 5A, the PCR performed using the
primer pairs of each DNA fragment all generated
products with target sizes (A1, A2, A3, A4, B1, B2, B3,
B4 and C1, each of ~3 kb and C2 of ~4 kb), which indic-
ated that all the 10 cyanophage PP DNA fragments were
present in pGF-Part ABC. Next, specific primer pairs
(FV/RA1, FA1/RA2, FA2/RA3 and so on; Figure 5B)
were designed to amplify the sequences across the two
adjacent DNA fragments (as listed in Supplementary Ta-
ble S2). The correct order of the assembly was verified
by PCR amplification using these primers. The result
showed that all the PCR products separated on the
agarose gel exhibited molecular sizes consistent with
those of the designed target products (indicated below
the amplified fragments in Figure 5B). This result fur-
ther confirmed the fact that the 10 cyanophage PP DNA
fragments were assembled in the desired order and
formed the 31-kb long DNA sequence.

One-step assembly of the 31-kb long DNA from
the cyanophage PP genome

To investigate the assembling capability of the in vivo re-
combination system in yeast, we also tried to co-trans-
form all the 10 cyanophage PP DNA fragments and the
pGF vector into yeast protoplasts at once to achieve one-
step assembly. The ~41-kb pGF-Part ABC, which con-
tained the ~31-kb assembled Part ABC sequence and the
10-kb pGF vector, was successfully obtained by in vivo
recombination. The assembled plasmids were isolated
from the yeast cells and transformed into E. coli EP1300.
The plasmids amplified in EPI300 were then extracted
using a Plasmid Miniprep Kit and analyzed by endonuc-
lease digestion and PCR as described above. As shown
in Figure 6, after the plasmid was digested with Not I,
the vector pGF and the released assembled DNA se-
quence were separated on a 0.6% agarose gel. The ob-
served two bands corresponded to the ~10-kb free pGF
vector and the ~31-kb assembled Part ABC. In addition,
the PCR analyses further revealed the orderly assembly
of all the fragments in pGF-Part ABC. These results
were similar to those shown in Figure 5 and not shown
anymore.
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DISCUSSION

The assembly of long DNA molecules requires a more
accurate and effective scheme rather than a routine liga-
tion-based cloning method. Although PCR enzymes with
high fidelity have been developed, the random errors in-
troduced during the amplification process are an obvious
limitation of long sequence PCR. The complexity of dif-
ferent DNA templates influences the accuracy of PCR,
especially in the case of amplification of long DNA se-
quences (Kumar and Kaur, 2014; Varadaraj and Skinner,
1994). The in vitro Gibson assembly method can ligate
several DNA fragments to produce large DNA se-
quences by using single-strand DNA 3’ overhangs.
However, this method needs exonucleases to chew back
from the DNA 5’ end, DNA polymerase to fill the gaps,
and DNA ligase to remove nicks, which increases the
cost of using this method. In addition, the concentrations
of the DNA fragments and enzymes must be regulated
accurately in order to achieve successful assembly. In
addition, the yield of positive colonies may decrease
when assembling more than 5 DNA fragments at once.
The shuttle plasmid pGF and in vivo TAR assembly
method described here provides an alternative way to
combine DNA fragments to form large DNA sequences.

i
@ P
A & K

bp < Q

FV FA1 FA2 FA3 FA4 FB1FB2 FB3 FB4 FC1 FC2
RA1 RA2 RA3RA4 RB1RB2 RB3 RB4RC1RC2 'R\a’\
)

/ 568 736 782 795 783 611 724 696 833 958 735 (bp)

_ Y,

Figure 5. PCR analysis of the assembled ~41-kb long
DNA sequence. (A) Amplicons of all the 10 cyano-
phage PP DNA fragments were present in the com-
plete assembled product pGF-PartABC. (B) Amplifica-
tion of the DNA sequences across the adjacent frag-
ments. To ensure the correct order of the assembled
DNA fragments, specific primers located on the inner
side of each fragment were designed. The forward
primers of the pGF vector (FV) and the reverse primer
of A1 (RA1) were used in pairs to amplify the se-
quences across the vector and A1. Similarly, FA1/RA2,
FA2/RA3, and so on were used in pairs to amplify the
sequences across two adjacent fragments. The precise
sizes of the target PCR products are marked.

pGF
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The shuttle plasmid pGF containing the YAC regulatory
elements could be ligated with several DNA fragments
with overlapping ends through homologous recombina-
tion in yeast. Moreover, the assembled products could be
amplified in E. coli.

Using the yeast recombination system, the appropriate
DNA fragments with 5" end overlapping sequences could
be assembled in the yeast cells. Notably, the 5" overlap-
ping sequences could be introduced into the DNA frag-
ments by PCR using synthetic specific primers, thus
eliminating the need for the chewing back step by exo-
nuclease, which was required in the Gibson model. The
homologous recombination-based TAR method is very
helpful especially for the assembly of long DNA se-
quences. Using this method, the assembly and the modi-
fication of a viral genome from small DNA fragments
could be conveniently achieved. The fidelity of the as-
sembled large DNA molecule was only associated with
the fidelity of the assembly units (relatively small DNA
fragments). The sizes of the small DNA fragments used
for the assembly were designed to be below 5 kb, so that
the fidelity of the synthetic large DNA molecule could
be guaranteed. Alternatively, DNA fragments less than 5
kb in size can also be easily obtained by using the DNA
synthesizer.

Genomes of living organisms will always contain
some gene regulatory elements such as long terminal re-
peat (LTR) sequences. It should be noted that these se-
quences always have a high G + C content and may form
complex secondary structures, thus influencing effective
assembly. To ensure the fidelity of such DNA fragments,
a specific high-fidelity polymerases (such as Q5 High-
Fidelity DNA polymerases from NEB) designed to amp-
lify the high G + C template should be used, and DMSO
and other reagents should be added at appropriate con-
centrations to lower the T, value. In addition, the se-

Not |

bp
- Part ABC

10 000 - pGF vector

6 000

3 000
2000
1500

1000
750

500

Figure 6. Verification of the one-step assembly of the
plasmid pGF-Part ABC by digestion with the endonuc-
lease Not |.
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quences that readily form complex secondary structures
should be arranged to be in the middle of the DNA frag-
ments, and not at the 5’ or 3’ ends. Regulatory sequences
may also sometimes be toxic for E. coli. The recombina-
tion-based assembly in yeast could circumvent the tox-
icity to E. coli, but the assembled products could be pre-
pared only from large-scale culture of yeast cells in this
case.

In conclusion, the present work provided a novel syn-
thetic E. coli-yeast shuttle plasmid pGF and a TAR-
based assembly method for the construction of large
DNA sequences. Using this method, the reconstruction
of a mini genome of various viruses from the relatively
small torque teno virus (TTV) and adeno-associated vir-
us (AAV) to the large baculovirus like autographa cali-
fornica multicapsid nucleopolyhedrovirus (AcMNPV)
could be achieved efficiently. The novel synthetic shuttle
plasmid pGF and the associated DNA assembly method
will not only aid in the design of artificial biological sys-
tems like in bacterial metabolic engineering, but will also
accelerate the progress of synthetic virology including
mini-genome construction and vaccine research and de-
velopment against new recombination viruses.
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