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Abstract 
A simple method for constructing polymerized genes using only restriction enzymes and commer-
cially available cloning systems was established. In this system, gel isolations or purifications of 
target genes after restriction enzyme digestions or PCR amplifications, which often cause errors 
and mutations in the target gene sequence, are not necessary. To verify the usefulness of this me- 
thod, one, two, four, eight, and sixteen tandem-repeats of the Green Fluorescent Protein (GFP) ex- 
pression gene in Escherichia coli were sequentially constructed. Efficacies of the GFP gene expres- 
sion of those plasmids in E. coli showed an increasing trend in accordance with the copy numbers 
of the gene. On SDS polyacrylamide gel electrophoresis with Coomassie blue staining, no express- 
ed protein could be seen in E. coli cells harboring plasmids that contained one or two copies of the 
gene. However, expressed protein bands in E. coli cells were clearly detected with 4 copies of the 
gene. In quantitative analyses involving green fluorescence intensities per culture volume, the ex- 
pression level in E. coli with 16 copies of the gene was 36.3-fold higher than that in E. coli with one 
copy at 22 hours after induction. 
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1. Introduction 
There have been many methods reported for the production of target proteins by genetic engineering. Typical 
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systems usually involve bacteria [1]-[3], yeast [3]-[6], fungi [3] [7], insect cells [8], mammalian cells [9], trans- 
genic insects [10], animals [11], and plants [12]-[14]. Those expression systems are basically built up with simi- 
lar genetic constructs, as follows: 

1) Placing a transcriptional promoter with well-controlled and high-transcriptional activity at 5’ upstream, and 
a transcriptional terminator sequence to prevent transcriptional read-through at 3’ downstream of the target pro- 
tein’s genes [1]. 

2) Inserting sequences to improve the translation of target genes, such as a 5’ cap structure, IRES (internal ri- 
bosome entry sites) [15], SD (Shine-Dalgarno) sequence, etc., upstream of the gene [16]. 

3) Optimizing codons of the target gene to improve translation efficiency in host cells [17]. 
Besides those components, the gene-dosage is also important. The copy number of target genes often influ- 

ences the amount of target proteins produced in host cells [9] [18]. 
Two methods have generally been reported for increasing the copy number of target genes, i.e., in vivo and in 

vitro methods. In in vivo methods, a DNA construct that contains target and drug-resistant marker genes is made, 
and inserted into host cells. Then, more drug-resistant clones that are deemed to harbor increased copy numbers 
of drug-resistant genes are selected. A few of those more drug-resistant clones also contain increased copy num- 
bers of target genes along with the multiplication of drug-resistant genes [9]. However, it remains uncertain 
whether or not we can always obtain clones that contain amplified target genes, and finding amplified clones of- 
ten requires simple assay methods for identification.  

On the other hand, in vitro methods for increasing copy numbers of target genes in expression vectors are 
more reliable than in vivo ones, and have been typically described as follows: cutting a target gene and vector 
with restriction enzymes that generate the same cohesive or blunt ends, and separating the target gene from the 
vector, and then putting the target gene into a restriction site again with the same cohesive or blunt ends in the 
expression vector by ligation [18]. These methods are reliable ways to multiply the target gene in plasmid vec-
tors by genetic engineering. However, they are time-consuming and laborious. 

In this report, we describe a simple new method for increasing copy numbers of a target gene in an expression 
vector in vitro using commercially available cloning kits, which could be applied for many recombinant protein 
production systems as well as genetic reorganizations. 

2. Materials and Methods 
2.1. Bacterial Strains 
JM 109 competent cells were purchased from Toyobo Biochemicals (Japan) and used for the construction of 
plasmids. BL21 (DE3) competent cells were purchased from BioDynamics Laboratory Inc. (Japan), and used for 
protein expression. 

2.2. Media 
LB agar medium (Life Technology, USA) supplemented with Kanamycin (Meiji Pharmaceuticals) at 15 mg/L 
(LB agar Km) was used for the construction of plasmids and expression experiments. M9 Minimal Salt medium 
containing 2% Casamino acid, 1 mM CaCl2, 1 mM MgSO4, 1% glucose, and Kanamycin at 15 mg/L (M9 Km) 
was used for expression experiments in liquidcultures. 

2.3. Reagents 
Restriction enzymes were purchased from New England Biolabs (USA). Iso-propyl-β-D-galactopyranoside (IPTG) 
was from Sigma (USA). 

An expression vector, pET28a, was from Novagen (USA). A plasmid, pEU-E01, containing the Green Fluo- 
rescent Protein (GFP) gene was described previously [19]. 

Oligo DNAs used in this study are listed. They were ordered from and synthesized by Medical & Biological 
Laboratories Co., LTD. (Japan). 

The cloning kit, which uses unique properties of the 3’→5’ exonuclease activity of Poxvirus DNA polyme- 
rase [20], was from Clonetech (Infusion cloning kit, USA), and used according to the manufacturer’s protocol. 
PCR was performed with hi-fidelity DNA polymerase (Prime Max PCR Kit, Clonetech, USA), according to the 
supplier’s manual. DNA purification kits were purchased from Nippon Genetics, Gbm (Japan) (Table 1). 
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Table 1. A list of synthetic DNAs.                                                                          

 Sequence 
1st PCR:  

SD + GFP (F)1) 5-’cgacTAGGAGGTTTAAATTTATGGTTTCtAAGGGCGAGGAGCTGTTCACC-3’ 
GFP + Term + TSR (R)2) 5’-gtgctcgaGATATCATCTAGAGGATCCGACTAGTGATAAGCTTACTTGTACAGCTCGTCC3-’ 

2nd PCR:  
NcoI + TSL + SD + Met (F)3) 5’-aggagatataccatgGATATCACTAGTCGGATCGTCGACTAGGAGGTTTAAATTTATGG-3’ 

TSR + XhoI (R) 5’-ggtggtggtgctcgaGATATCATCTAGAGG-3’ 
1)&3)The underlined sequences are the Shine-Dalgarno sequence, and the ATG sequences (bold letters) are the start codon of the GFP gene. The italic 
sequence is TSL. 2)The italic sequence is TSL/R BH, and the TTA sequence (bold letters) is the termination codon of the GFP gene. 

2.4. Construction of a GFP Expression Plasmid That Contains a Sequence for the  
Creation of Tandem Repeats 

The GFP expression gene (unit) for E. coli was constructed in two steps using PCR. In the 1st PCR step, the GFP 
gene with sequences required for expression in E. coli cells was amplified from pUE-E01 using primers, SD + GFP 
(F) and GFP + Term + TSR (R) listed in Table 1. In the 2nd PCR step, the 1st PCR fragment was further amplified 
using primers, Nco I + TSL + SD + Met (F) and TSR + Xho I (R) in Table 1, to attach sequences for cloning in the 
vector. The final DNA fragment was purified with a DNA purification kit to remove the polymerase and primers. 

pET 28a was completely digested with Nco I and Xho I, and purified with the DNA purification kit. The puri- 
fied GFP expression unit for E. coli was mixed with the linearized vector, and joined by the cloning system us- 
ing Poxvirus DNA polymerase. JM 109 competent cells were transformed with the reaction mixture, and se- 
lected on LB agar Km. Plasmids in two transformants had their insert checked by digestion with Nco I and Xho I. 
All clones showed correct insertion of the GFP gene. The plasmid pETTSLR (GFP)1 was prepared from one of 
the clones with a plasmid midi prep. kit (Nippon Genetics, Japan). 

2.5. Construction of Plasmids That Contain Tandem-Repeated GFP Expression Units 
pETTSLR (GFP)1 was completely digested with Eco R V and Bam H I, independently. Each digest was purified 
by the DNA purification kit, mixed, and joined with the cloning kit using Poxvirus DNA polymerase to construct 
a plasmid, pETTSLR (GFP)2, with the insertion of two repeated GFP expression units. JM 109 was transformed 
by the reaction mixture, and selected on LB Km. The transformants had their plasmids checked by Eco R V di- 
gestion to obtain pETTSLR (GFP)2. 

In the same manner, pETTSLR (GFP)2 was digested with Eco R V and Bam H I separately, and they were 
then mixed and treated with the cloning kit to construct a plasmid, pETTSLR (GFP)4, containing four tandem- 
repeated GFP expression units. Thus, we sequentially constructed the plasmids pETTSLR (GFP)8 from pETTSLR 
(GFP)4 and pETTSLR (GFP)16 from pETTSLR (GFP)8, containing eight and sixteen tandem-repeated GFP 
expression units, respectively. 

2.6. Expression of GFP 
The plasmids constructed in the previous section were introduced into BL21 (DE3) to produce GFP. BL21 (DE3) 
harboring those plasmids was cultured overnight in 1 mL of LB medium supplemented with 15 mg/mL of Ka- 
namicin at 37˚C. Aliquots of 0.05 mL of the cultures were streaked on a paper filter (a coffee filter) on an LB 
agar Km plate, and incubated at 30˚C for 2 hours. Then, the filter was transferred to an LB agar Km plate sup- 
plemented with 1 mM IPTG for the induction of the GFP gene, and incubated at 30˚C for 22 hours. The expres- 
sion was monitored bygreen fluorescence from the GFP produced in E. coli harboring each plasmid. Green flu- 
orescence of E. coli cells emitted on irradiation with a blue light LED (L = 550 nm) (Biocraft, Japan) was de- 
tected through an orange filter, and photos were taken at 3 and 22 hours after induction. 

2.7. GFP Production Levels Monitored by Sodium Dodecyl Sulfate (SDS) Polyacyl  
Amide Gel Electrophoresis 

E. coli cells possessing each plasmid were cultured overnight in M9 km at 30˚C. Aliquots of 0.1 mL were used 
to inoculate 10 mL of fresh M9 Km in flasks, and incubated at 30˚C with rotary shaking at 230 rounds per 
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minute (r.p.m). After 2 hours, IPTG was added at a final concentration of 1 mM for induction. At 3 and 22 hours 
after induction, cells were harvested by centrifugation at 5000 r.p.m. for 10 minutes at 4˚C. The supernatants 
were removed, and cell pellets were stored at −20˚C until use. Those time-points were selected based on data 
from the previous Section 2.6. 

Cells from 10 mL culture were resolved in a sample buffer, and incubated at 98˚C for 10 minutes. Then, the 
samples underwent SDS-15% polyacrylamide gel electrophoresis (PAGE). The proteins were stained by Coo- 
massie Brilliant Blue (Wako Chemicals Corporation, Japan). 

2.8. Measuring Green Fluorescent Intensity in Cell Extracts 
E. coli cell pellets prepared and stored in the previous section were suspended in 1/10 culture volumes of PBS 
(10 mM Sodium phosphate, pH 7.5, and 150 mM NaCl), and cells were lysed by ten freeze-and-thaw cycles. 
Cell supernatants were prepared by removing the cell debris with centrifugation at 15,000 r.p.m. for 10 minutes. 
The relative fluorescent activity of GFP in each cell lysate was measured with emission light at 535 nm caused by 
excitation light at 485 nm using a fluorescence spectrophotometer (ARVO MX, Perkin Elmer). All fluorescence 
spectra were analyzed after a 10 to 100-fold dilution of the supernatants with PBS, and measured in triplicate. 

3. Results and Discussion 
3.1. The Sequences Required for Creating Tandem-Repeated Genes 
The cloning kit used in this study is ligation-independent, using the unique properties of the 3’ → 5’ exonuc- 
lease activity of Poxvirus DNA polymerase [20]. When incubated with linear duplex DNAs with homologous 
ends, the 3’ → 5’ proofreading activity of Poxvirus DNA polymerase progressively removes nucleotides from 
the 3’ end in the presence of Mg2+ and low concentrations of dNTPs. Complementary regions of substrate DNAs 
that can then spontaneously anneal through base pairing are exposed. This results in joined molecules containing 
a hybrid region flanked by nicks, gaps, or short overhangs. Their introduction into E. coli repairs any single- 
stranded gaps. Thus, one copy of the overlap is present in the final DNA product. 

Considering the above characteristics of the cloning systems, we designed a sequence that could make target 
sequences tandem without PCR amplification or separation of the fragment from vectors. An example sequence 
for this purpose is illustrated in Figure 1(a). A sequence recognized by Eco R V was chosen for separation of 
the target genes from their vector. In order to mimic the conditions described in the cloning kit’s protocol, we 
selected Eco R V, since digestion with Eco R V produces blunt-ended DNA fragments similar to the ones am- 
plified by PCR. Any sequences recognized by restriction enzymes that could generate blunt-ended DNA frag- 
ments upon digestion could be used for this purpose, unless they do not exist in the target gene. Since the clon- 
ing system requires 15 base-pair (bp) homologous sequences at both ends of the target DNA fragment and the 
cloning vector, we put TSL and TSLR sequences at both ends of the target DNA. In this study, we chose Bam H 
I for cloning the fragment in the vector. Thus, the 3’ end sequence of the target gene was designed as TSLR/BH, 
shown in Figure 1. Since the cloning systems with Poxvirus DNA polymerase 3’ → 5’ exonuclease activity use 
15 bp homologous sequences, the cloning systems excel in the directional cloning of the target genes compared 
to traditional cloning systems using ligase. 

3.2. Polymerization of Target Gene 
With Eco R V and Bam H I digestions, and a cloning system using Poxvirus DNA polymerase 3’ → 5’ exonuc- 
learase activity, pluralized genes could be sequentially constructed in a vector containing TSLR/BH, as shown in 
Figure 1. In our designed sequence, since there is always one Bam H I site in vectors, any DNA fragments that 
have TSL at 5’ and TSLR BH at 3’ ends could be inserted into the Bam H I site in the vector. The limit of the copy 
number of the pluralized target gene is considered to depend on the DNA-uptake ability of competent E. coli cells. 
We found it difficult to obtain transformed cells when plasmids were over 25 kbp (data not shown). In our GFP 
expression unit, we could produce sixteen repeats of the expression unit. Since the length of 16 repeated GFP ex-
pression units is 12.4 kbp and that of pET28a is 5.1 kbp (see Figure 2), we concluded that 16 copies in the expres-
sion vector (total: 17.5 kbp) is almost the maximum size for the transformation of chemical- or electro-competent E. 
coli cells. On using bacteriophage packaging systems like λ and cos (λ phage packaging sequence) to introduce the 
desired plasmids, plasmids that contain higher copy-number insertions than using typical competent cells can be 
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(a) 

 
(b) 

Figure 1. A nucleotide sequence designed for the construction of repeated genes, and its 
application for a GFP expression unit in E. coli. (a) Illustration of a target gene sandwiched in 
the designed sequence. TSL and TSR indicate 5’ and 3’ end-overlapped sequences (15 bp) for 
creating tandem genes, respectively; (b) A GFP expression unit flanked by TSL and TSL/R- 
BH in an expression vector, pET28a. TSL and TSR: Left and right end-sequences required for 
construction of the tandem-repeated gene, respectively. TSL/R-BH: A cloning site-sequence 
of the target gene with Bam H I digestion. SD: Shine-Dalgarno (ribosome binding) sequence. 
GFP: Green fluorescent protein gene.                                                     

 

 
Figure 2. Agarose gel electrophoresis analysis of the constructed plasmids. pETTSLR (GFP)1, 
2, 4, 8, and 16 were digested with Eco R V, and analyzed by 1% agarose gel electrophoresis. 
Arrows A, B, C, D, and E indicate the GFP expression unit DNA fragments in each plasmid 
and 1, 2, 4, 8, and 16 copies of the unit DNA, respectively.                               

 
obtained. Alkali-SDS methods for the isolation of plasmids also tend to work inefficiently with plasmids over 15 
kbp.  

rec A mutant E. coli hosts, like JM109, are also important for the stable construction of plasmids with tan- 
dem-repeat sequences. We could not obtain plasmids with tandem-repeat sequences in rec A wild-type strains, 
like MC1061. However, the reason is unclear. Once these plasmids had been constructed in rec A mutant strains, 
they could be introduced and stably maintained in rec A wild-type strains. Thus, we were able to use the rec A 
wild-type strain, BL21 (DE3), in expression experiments. 

Before joining the fragment and vector using the kit, the digested fragment and vector were separately puri- 
fied with a DNA purification kit using a silica gel membrane. When we mixed the two digests and purified them 
together in one column in order to reduce time and cost, and then joined them using the kit, no colonies appear- 
ed in transformation. The homologous sequences may interact with each other upon purification before being 
treated with the cloning kit, and this may have adverse effects on the kit’s reaction. 

3.3. Effects of Polymerized Expression Units on Protein Production 
Expression units in the expression vectors are not transcribed in JM109, since a T7 promoter in the expression 
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vector controls their transcriptions, and JM109 does not contain a T7 RNA polymerase gene. Hence, those plas- 
mids containing the GFP expression units were introduced into BL21(DE3), which possesses a T7 RNA polyme- 
rase gene whose expression is under the control of the lacL8UV5 promoter, and induced by adding isopropyl- 
β-D-galactopyranoside (IPTG) to the medium. 

The expression levels of GFP were firstly monitored by culture on an LB Km plate using a blue light LED. 
The levels increased according to the copy number of the expression unit with IPTG induction (Figure 3). The 
expression showed toxicity for E. coli cells: when we streaked cells directly on the LB Km plate containing 
IPTG instead of prior incubation for 3 hours without IPTG, no cells grew on the plate. 

The protein expression levels in M9 Km liquid cultures were also checked by SDSPAGE and a fluorescence 
spectrophotometer. Although the expressed protein band could not be observed in cells with 1 or 2 copies of the 
units by Coomassie staining of the gel, it was recognized with4 copies of the expression unit (Figure 4). With 
this tandem gene method, even if expressed protein bands cannot be observed using a plasmid with one copy 
insert by Coomassie staining, strains producing sufficient levels of the target protein for detection by Coomassie 
staining can be obtained. 

The expression level was also analyzed by fluorescence spectrophotometry. E. coli harboring 4, 8, and 16 
copies of the GFP expression unit showed high fluorescence intensities per culture volume (Figure 5). In E. coli 
cells with 16 copies, the fluorescence intensity reached a level 36.3-times higher than that of one-copy holders at 
22 hours after induction. 

4. Conclusions 
• A sequence for the construction of tandem-repeat genes by a cloning system using Poxvirus DNA polyme- 

rase 3’ → 5’ nuclease activity was designed. 
 

 
Figure 3. GFP expression in BL21 (DE3) harboring pETTSLR (GFP)1, 2, 4, 8, and 16. C: 
Negative control (pET28a), 1: pETTSLR (GFP)1, 2: pETTSLR (GFP)2, 3: pETTSLR (GFP)4, 
4: pETTSLR (GFP)8, 5: pETTSLR (GFP)16. Cells incubated at 30˚C for 3 hours after in- 
duction. Cells incubated at 30˚C for 22 hours after induction. Cells were irradiated with a blue 
LED (550-nm wavelength), and their fluorescence was recorded with a digital camera through 
an orange filter.                                                                 

 

 
Figure 4. SDS-PAGE patterns of BL21(DE3) harboring pETTSLR (GFP)1, 2, 4, 8, and 16. M: 
Molecular weight markers, C: Negative control (pETTSLR (GFP)1 without induction), 1: 
pETTSLR (GFP)1, 2: pETTSLR (GFP)2, 3: pETTSLR (GFP)4, 4: pETTSLR (GFP)8, 5: 
pETTSLR (GFP)16. In 1 - 5, cells were cultured in M9 Km at 30˚C for 22 hours after in- 
duction by 1 mM IPTG. Cells from 10-μLculture underwent 15% SDS-PAGE. The gel was 
stained with Coomassie blue. The arrow indicates the GFP position.                       
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Figure 5. Relative fluorescent intensities of BL21(DE3) harboring pETTSLR (GFP)1, 2, 4, 8, 
and 16. □: Cells were cultured in M9 Km at 30˚C without induction. ■: Cells were cultured in 
M9 Km at 30˚C for 3 or 22 hours after induction by 1 mM IPTG. Cell lysate was prepared and 
fluorescent intensities were measured as described in Materials and Methods.                

 
• The sequence worked well for the construction of tandem-repeat genes. 
• With an expression gene for GFP, up to 16 copies of the gene were successfully introduced into the pET28a 

vector. 
• The expression levels of GFP in E. coli harboring vectors increased in accordance with the copy number of 

the expression gene in the vector. 
• E. coli cells containing plasmids with 16 tandem-repeats of the expression gene produced 36.3-fold higher 

levels of GFP than those with one copy of the gene in M9 liquid culture for 22 hours under an induced con- 
dition. 
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