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 DNA conformation may be an important factor affecting gene transcription. 

In this study, we examined how DNA sequences with unusual conformations affect 

transgene expression. A30 and (CG)15 sequences that can adopt the B' and Z 

conformations, respectively, were introduced into a β-actin promoter. Luciferase 

plasmids containing the manipulated promoter were transfected into NIH3T3 cells by 

electroporation and were delivered into mouse livers with a hydrodynamics-based 

injection. Expression from plasmid with the (CG)15 sequence was multiple times higher 

than expression from control plasmid DNA. The A30 sequence also tended to enhance 

expression. These results suggest that non-B DNA sequences could improve transgene 

expression in cells. 
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 DNA conformation potentially affects various DNA functions such as 

transcription and replication. DNA is most commonly found in the B form under normal 

cellular conditions (1). The presence of DNA sequences that adopt conformation(s) 

other than the B form might enhance/suppress transcription when they are located 

near/in regulatory regions. 

 In this study, we investigated the effects of non-B DNA sequences on 

transgene expression in cultured cells and mouse livers. We examined two kinds of 

plasmid DNA containing non-B DNA sequences (Fig. 1 and Table 1). These sequences 

were inserted between the CCAAT and TATA boxes, which are important recognition 

sequences for transcription factors. Since BglII and XhoI sites were available for 

plasmid construction, plasmid DNA containing the human β-actin promoter was used as 

the parental plasmid. In addition, the length of these sequences was fixed at 30 to avoid 

changes in transgene expression due to varying distances between the CCAAT and 

TATA boxes in the promoter. 

 Previously, Shimizu et al. showed that poly(dA)•poly(dT) tracts adopt a B' 

conformation (2). The B' conformation is rigid and heteronomous with two 

sugar–phosphate geometries and a narrow groove (3-5). In addition, it was 

demonstrated that the poly(dA)•poly(dT) tract structure exists in living cells (6). In this 

study, an A30 sequence was inserted between the CCAAT and TATA boxes (Fig. 1 and 

Table 1). The Z conformation is found in crystalline oligodeoxyribonucleotides like 

d(CGCGCG)•d(CGCGCG) and is stabilized by high concentrations of MgCl2, NaCl or 

ethanol in solution (7). In Z-DNA conformations, G bases adopt the unusual 

syn-glycoside and C3'-endo sugar pucker, alternating regularly along the DNA 

backbone. In this study, (CG)15 sequences, which are capable of converting to the 

Z-conformation under appropriate conditions, were used (Table 1). We found that the 
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non-B DNA sequences A30 and (CG)15 located between the CCAAT and TATA boxes 

affected transgene expression, implying that transcriptional factors have different 

accessibility to plasmids. This result suggests that the presence of non-B DNA 

sequences improves transgene expression. 

 

 

MATERIALS AND METHODS 

 

Materials 

Oligodeoxyribonucleotides were purchased from Sigma Genosys Japan 

(Ishikari, Japan) and Invitrogen Japan (Tokyo, Japan) in purified forms. The plasmid 

containing the CCAAT and TATA boxes of the β-actin promoter and the luciferase 

gene was constructed by replacement of the cytomegalovirus promoter (the BglII-SacII 

fragment) of pYK-CMV-luc (8) with the DNA fragment for the β-actin promoter, which 

was amplified from human genomic DNA. 

Two plasmids containing non-B DNA sequences were constructed by 

insertion of these sequences between the CCAAT and TATA boxes in the human 

β-actin promoter (Fig. 1 and Table 1). Since the wild-type β-actin promoter contains the 

serum response element (CCTTTTATGG) that enhances transcription (9) between the 

CCAAT and TATA boxes, we used the plasmid without this sequence as the control (no 

plasmid DNA examined in this study contain this element sequence). The plasmids 

were constructed by DNA cassette mutagenesis using the BglII and XhoI sites (Table 1). 

Oligodeoxyribonucleotide duplexes containing the CCAAT box and non-B DNA 

sequences were inserted into the region upstream of the TATA box in plasmid DNA 

containing the β-actin promoter and the luciferase gene (Table 1 and Fig. 1). These 
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plasmids were amplified in Escherichia coli strain DH5α and purified with a Qiagen 

(Hilden, Germany) EndoFree Plasmid Mega kit. 

 

Electroporation 

The luciferase plasmid DNA (5 µg) was introduced into NIH3T3 cells (2 X 

106 cells) by electroporation (0.3 kV, 500 µF, 0.4 cm gap) with a Gene Pulser II 

(Bio-Rad, Hercules, CA, USA). The cells were suspended in 10 ml of warm Dulbecco's 

modified Eagle medium with 10% fetal calf serum and transferred into a 10-cm dish. 

The cells were incubated under 5% CO2 / air at 37°C for 24 hr. The cells were washed 

with phosphate-buffered saline (PBS) twice and then resuspended by trypsinization. 

After centrifugation at 800 g for 3 min at 4°C, the pellet was washed three times with 

PBS. Luciferase activity and amount of exogenous DNA were measured as described 

below. 

 

Hydrodynamics-based injection 

Plasmid DNA (10 µg in 2 ml of saline) was injected into the tail vein of male 

five week-old Balb/c mice within 5 sec (10,11). The livers were harvested from the 

injected mice after 24 hr, and luciferase activity and amount of exogenous DNA were 

measured as described below. 

 The experimental protocols were approved by the institutional animal care 

and research advisory committee at the Faculty of Pharmaceutical Sciences, Hokkaido 

University, Sapporo, Japan. 

 

Luciferase activity 
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The pellet of cells transfected by electroporation was resuspended in Reporter 

Lysis Buffer (Promega, Madison, Wisconsin, USA) (150 µl per 10-cm dish) and was 

frozen and thawed. After centrifugation at 13,000 g for 2 min at 4°C, the supernatant 

was examined for luciferase activity using the Luciferase Assay Systems kit (Promega). 

A 20 µl aliquot of the supernatant (total 600 µl) was mixed with the Luciferase Assay 

Reagent (50 µl) and luminescence was measured for 9 sec with a Luminescencer PSN 

(Atto, Tokyo, Japan). 

 Mice livers were minced with scissors and homogenized completely in Lysis 

Buffer (100 mM Tris-HCl, 2 mM EDTA, 0.1% Triton X-100, pH 7.8) (1 ml per 0.2 g of 

liver). After centrifugation at 13,000 g for 10 min at 4°C, a 20 µl aliquot of the 

supernatant was diluted 100-fold and examined for luciferase activity using the 

Luciferase Assay Systems kit as described above. 

 

Isolation of nuclear DNA and quantitative PCR 

For the electroporated cells, the pellet was resuspended in DNA Lysis Buffer 

(10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, 0.5% (w/v) IGEPAL-CA630, pH 7.4) 

(800 µl per 10-cm dish) (12). After centrifugation at 1,400 g for 5 min at 25°C, the 

pellet was washed three times with DNA Lysis Buffer and stored at –80°C. Intranuclear 

DNA was extracted with a SepaGene reagent (Sanko Jun-yaku, Tokyo, Japan). 

 Mice livers (0.1 g) were homogenized in a solution containing 30 mM 

Tris-HCl, 100 mM EDTA and 250 mM sucrose at pH 7.4 (1 ml). After centrifugation at 

800 g for 5 min at 4°C, the pellet was again washed with PBS (1 ml) and resuspended in 

DNA Lysis Buffer (500 µl). After centrifugation at 1,400 g for 5 min at room 

temperature, the pellet was washed three times with DNA Lysis Buffer. Intranuclear 

DNA was extracted with a SepaGene reagent. 
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Quantitative PCR (Q-PCR) was performed using an ABI 7500 real time PCR 

system (Applied Biosystems, Foster City, CA, USA) and SYBR-Green chemistry, as 

described previously (8). A portion of the recovered DNA was analyzed by Q-PCR. The 

luciferase gene in the isolated nuclei was detected using the following primers: Luc (+), 

5'-GGTCCTATGATTATGTCCGGTTATG; Luc (-), 

5'-ATGTAGCCATCCATCCTTGTCAAT. 

 

Statistical analysis 

Statistical significance was determined with the Student’s t-test. P<0.05 was 

considered significant. 

 

 

RESULTS 

 

Effects of non-B DNA sequences on transgene expression in cultured cells 

Non-B DNA sequences were inserted between the CCAAT and TATA boxes, 

important sequences for recognition by transcriptional factors, in the human β-actin 

promoter (Fig. 1). The plasmids were constructed by DNA cassette mutagenesis using 

the BglII and XhoI sites. Twenty-three nucleotides were present between the 3'-end of 

these sequences and the 5'-T of the TATA box. The luciferase gene was used as the 

reporter gene. Naked plasmids (5 µg) containing non-B DNA sequences were 

introduced into NIH3T3 cells by electroporation, and luciferase activities and amounts 

of plasmid DNA were examined after 24 hr. 

 As shown in Table 2, luciferase expression levels from A30 and (CG)15 

plasmids were several times higher than from the control plasmid, and the amounts of 
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the plasmid DNA were similar. To account for variations in DNA delivery efficiency in 

each transfection experiment, expression efficiencies (luciferase activities divided by 

the amount of plasmid DNA) were normalized relative to expression efficiency of the 

control plasmid in each experiment. The relative values were used for comparison. 

Relative expression efficiencies for A30 and (CG)15 plasmids were also higher than for 

the control plasmid, indicating that the introduction of these sequences between the 

CCAAT and TATA boxes enhanced transgene expression. 

 

Effects of non-B DNA sequences on expression in mouse livers 

The results obtained with NIH3T3 cells prompted us to examine the effects of 

non-B DNA sequences on transgene expression in vivo. We delivered naked plasmids 

(10 µg) to the livers of male Balb/c mice by hydrodynamics-based injection. This is a 

rapid, high-volume injection method, and is one of the most efficient transgene 

expression methods in vivo (10,11). The livers were harvested after 24 hr, and luciferase 

activities and amounts of plasmid DNA were examined. 

 Luciferase was expressed from the plasmid DNA containing the (CG)15 

sequence more efficiently than from the control plasmid DNA in the liver (Table 3). 

The expression also seemed to be higher for the plasmid DNA containing the A30 

sequence, although the difference was statistically insignificant due to data variations, 

as often reported for hydrodynamics-based administrations (10,11). This result shows 

that these non-B DNA sequences could activate transgene expression in vivo. 

 

 

DISCUSSION 
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 The objective of this study was to examine how DNA sequences that adopt 

non-B conformations influence transgene expression. Naked plasmids containing A30 

and (CG)15 sequences between the CCAAT and TATA boxes were introduced into 

NIH3T3 cells and mouse livers. As shown in Tables 2 and 3, the (CG)15 sequence 

enhanced transgene expression in the cultured cells and the livers. The A30 sequence 

also positively affected the expression in the cultured cells and seemed to function in 

vivo. Thus, these non-B DNA sequences worked in both dividing cells (NIH3T3) and in 

non-dividing cells (mouse hepatocytes). 

 The increased transgene expression induced by A30 and (CG)15 sequences 

might be due to enhanced binding of transcriptional factor(s) to the promoter region 

used in this study. Transcription is initiated by the binding of transcriptional factor(s) to 

DNA. Since DNA conformation potentially affects the binding, it could be important 

for transcription regulation (13,14). Ohyama and colleagues showed that eukaryotic 

promoters have common characteristic mechanical properties (15,16). Unusual DNA 

conformations could affect mechanical properties, and the unusual local structure near 

the A30 and (CG)15 sequences might enhance the binding of transcriptional factors to the 

CCAAT and/or TATA boxes. 

 Alternatively, the effects of the A30 and (CG)15 sequences might be attributed 

to the binding of proteins to these sequences. For example, it has been shown that 

human double-stranded RNA adenosine deaminase (ADAR1) binds to Z-DNA, and 

expression of the Z-DNA-binding domain induces substantial transcription of a reporter 

gene in yeast (17,18). These putative proteins might be transcriptional factors and/or 

proteins that facilitate the access of transcriptional factors. 

 Another possibility is that the enhanced transgene expression is caused by 

nucleosome exclusion. A30 and (CG)15 sequences can adopt the B' and Z conformations, 
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respectively. It has been shown that nucleosomes were excluded on poly(dA)•poly(dT) 

tracts in eukaryotic cells (2). The B' conformation might inhibit histone binding and 

consequently increase gene expression. It was also shown that (CG)n in the Z 

conformation is not incorporated into nucleosomes (19-21). This unusual structure 

might inhibit nucleosome formation, resulting in an increase in gene expression. 

 In this study, we introduced naked plasmids into NIH3T3 cells by 

electroporation and compared luciferase gene expression (Table 2). We also observed 

similar results in NIH3T3 cells transfected with plasmids complexed with cationic 

lipids (data not shown). 

 It was previously shown that a left-handed curved DNA sequence (bent DNA) 

could activate mammalian promoters in cultured cells and mouse livers (22-24). Thus, 

various DNA sequences with unusual conformations could act as regulatory sequences 

for transgene expression. Low (and transient) transgene expression is a problem in gene 

therapy with plasmids (8,25-27). Thus, improved transgene expression (“controlled 

intranuclear disposition”) by the introduction of functional DNA sequence(s) could be 

important for creating practical gene therapies and efficient transfection (25). 

 Recently, Morohashi et al. reported the effects of poly(dA)•poly(dT) and 

poly(dCdG)•poly(dCdG) located upstream of the TATA box of the BAR1 promoter in 

yeast genomic DNA (28). They found that the insertion of An and (CG)n sequences 

increased the expression of BAR1, in agreement with our present results. Since similar 

results were obtained with yeast genomic DNA (Morohashi et al.) and with plasmid 

DNA (this study), the introduction of non-B DNA sequences could generally enhance 

expression of a target gene. 
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 In conclusion, the presence of non-B DNA sequences enhanced transgene 

expression in cells and mouse livers. This finding suggests that these sequences could 

be important for controlling transgene expression. 
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FIGURE LEGENDS 

 

FIG. 1. Structure of the luciferase-plasmids containing a non-B DNA sequence and a 

β-actin promoter. The hatched box corresponds to the non-B DNA sequence shown in 

Table 1. CCAAT, CCAAT box; TATA, TATA box; luc, luciferase gene; ampr, E. coli 

ampicillin resistance gene; ori, E. coli replication origin. 
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Fig. 1



TABLE 1.  Double-stranded oligodeoxyribonucleotides used for construction of plasmid DNAs with non-B

        DNA sequences

----------------------------------------------------------------------------------------------------------------------------------

plasmid sequencea)

----------------------------------------------------------------------------------------------------------------------------------

A30 GATCTCCCGGGCCAATCGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAC
     AGGGCCCGGTTAGCGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAGCT

(CG)15 GATCTCCCGGGCCAATCGCCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGC
     AGGGCCCGGTTAGCGGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGAGCT

control GATCTCCCGGGCCAATCGCGGATCCCGCCGGGTATTTTTTTCTAGTATTC
     AGGGCCCGGTTAGCGCCTAGGGCGGCCCATAAAAAAAGATCATAAGAGCT

----------------------------------------------------------------------------------------------------------------------------------
a) The 30mer sequences corresponding to non-B DNA sequences are shown in bold. The CCAAT

  box is underlined. The double-stranded oligodeoxyribonucleotides contain ends that are compatible

  with the BglII- and XhoI-cleaved ends within the cloning site (GATC and TCGA, respectively).

6. Table 1



TABLE 2.  Effects of non-B DNA sequences on luciferase expression upon electroporationa

----------------------------------------------------------------------------------------------------------------------------

plasmid    luciferase activity amount of luciferase DNA relative expression

(X 104 RLU/mg protein) (X 108 copies/µg total DNA) efficiencyb

----------------------------------------------------------------------------------------------------------------------------

control         3.36 ± 2.00      1.88 ± 2.20     1

A30       14.96 ± 11.82       2.17 ± 2.65 3.67 ± 2.20 *

(CG)15       17.80 ± 7.28 **       1.18 ± 1.29 8.66 ± 6.03 *

----------------------------------------------------------------------------------------------------------------------------

aVarious plasmid DNAs were introduced into NIH3T3 cells by electroporation. The cells were harvested, 

and the luciferase activities and the amounts of the exogenous DNA were measured. The values represent 

the averages ± SD of five separate experiments. (*P<0.05, **P<0.01)

bThe ratio of the luciferase activity to the amount of the exogenous DNA was normalized relative to that 

for the control plasmid in each experiment.

6. Tables 2 and 3



TABLE 3.  Effects of non-B DNA sequences on luciferase expression upon hydrodynamics-based 

injectiona

----------------------------------------------------------------------------------------------------------------------------

plasmid    luciferase activity amount of luciferase DNA relative expression

(X 104 RLU/mg protein) (X 108 copies/µg total DNA) efficiencyb

----------------------------------------------------------------------------------------------------------------------------

control         2.94 ± 3.01       2.97 ± 2.67     1

A30       12.60 ± 7.73       5.26 ± 2.12 3.07 ± 2.24

(CG)15       10.13 ± 3.21 *       4.67 ± 3.96 3.44 ± 1.96 *

----------------------------------------------------------------------------------------------------------------------------

a Various plasmid DNAs were introduced into mouse liver by hydrodynamics-based injection. The livers 

were harvested, and the luciferase activities and the amounts of the exogenous DNA were measured. The 

values represent the averages ± SD of four to five separate experiments. (*P<0.05)

bThe ratio of the luciferase activity to the amount of the exogenous DNA was normalized relative to that 

for the control plasmid in each experiment.




