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Longer DNA exhibits greater 
potential for cell‑free gene 
expression
Takashi Nishio1, Yuko Yoshikawa1, Kenichi Yoshikawa1 & Shin‑ichi Sato2*

Cell-free gene expression systems have been valuable tools for understanding how transcription/
translation can be regulated in living cells. Many studies have investigated the determining factors 
that affect gene expression. Here we report the effect of the length of linearized reporter DNAs 
encoding the firefly luciferase gene so as to exclude the influence of supercoiling. It is found that 
longer DNA molecules exhibit significantly greater potency in gene expression; for example, the 
expression level for DNA with 25.7 kbp is 1000-times higher than that for DNA of 1.7 kbp. AFM 
observation of the DNA conformation indicates that longer DNA takes shrunken conformation 
with a higher segment density in the reaction mixture for gene expression, in contrast to the stiff 
conformation of shorter DNA. We propose an underlying mechanism for the favorable effect of longer 
DNA on gene expression in terms of the enhancement of access of RNA polymerase to the shrunken 
conformation. It is expected that the enhancement of gene expression efficiency with a shrunken DNA 
conformation would also be a rather general mechanism in living cellular environments.

Gene expression in living cells is strictly self-regulated to ensure that the correct amounts of proteins are made 
at the most appropriate timing and location for maintaining cellular homeostasis. Gene regulation can occur 
at any point in gene expression, from the start of the transcription phase to the translation phase. Due to the 
complexity of gene regulation, unveiling the complete mechanism of gene regulation has been a long-standing 
quest. To elucidate the complex mechanism of gene regulation in living cellular systems, it is necessary to closely 
investigate each phase of gene expression and also to shed light on the cooperative effects between transcription 
and translation. One of the best methods for such an investigation may be the use of a coupled transcription/
translation system which allows artificial control of the experimental conditions in vitro1–3. The methodology of 
cell-free gene expression developed during the last couple of decades in molecular biology is expected to provide 
a useful experimental system for the purpose to gain deeper insights into the coupled transcription/translation 
dynamics1–3. In this regard, cell-free gene expression systems are one of the most widely used techniques in 
molecular biology1–3. The efficiency of cell-free gene expression is known to be affected by various factors such 
as vector type4–7, DNA topology4–7, and reaction components8–11, as well as the template DNA concentration12–14. 
It is noted that there exists a longstanding controversy regarding the topological effect of supercoiling, or linking 
number, in circular DNAs on their genomic activity4–7. Although these factors have been studied extensively, little 
is known about how the length of the DNA template influences gene expression. The aforementioned complex 
factors have made it difficult to investigate the impact of the DNA length on gene regulation, which has been 
an unexplored topic. In the present study, we evaluated the efficiency of protein translation, focusing on the 
effect of DNA templates of different lengths on cell-free protein synthesis using a luciferase assay. To exclude the 
influence of supercoiling, we used linear DNA molecules (PCR amplicons or linearized by restriction enzyme) 
as a template.

Results
We compared the levels of gene expression of reporter DNAs encoding the firefly luciferase gene (luc-gene) 
with different lengths of 1717 bp, 4331 bp, and 25,690 bp; hereafter we may call as luc1.7k, luc4.3k and luc25.7k, 
respectively (Fig. 1a–c and Fig. S1 in the Supplementary Information). We used three different conditions: the 
same luc-gene concentration (Fig. 1d), the same nucleotide-unit concentration (Fig. 1e), and a combination of 
both (the same luc-gene and nucleotide-unit concentration adjusted by the addition of noncoding DNA, nc2.6k) 
(Fig. 1f). The expression level from luc25.7k is 1000-times higher than that with luc1.7k, indicating that the 
protein yield per target gene is increased by 1000-times of magnitude for a longer template, luc25.7k (Fig. 1d). 
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Under the condition of the same nucleotide-unit concentration, where the concentrations of the targets are 
inversely proportional to the length of DNA molecules (Fig. 1e), the expression level from luc25.7k is highest 
despite the fact that luc25.7k has the fewest targets. Interestingly, in a comparison of luc1.7k and luc4.3k, luc4.3k 
induced a 7-times (Fig. 1d) and 2-times (Fig. 1e) increase in the gene expression level, respectively. These find-
ings indicate that deletion of a 2.6-kb noncoding region results in a lower protein yield, i.e., the magnitude of 
gene expression increases when the luciferase-coding region is connected to the noncoding region. To validate 
this result, the level of gene expression was compared under the condition that both the amount of luc-gene 
and the nucleotide concentration were unified by the addition of extra nc2.6k to the reaction buffer (Fig. 1f). It 
is shown that the addition of nc2.6k to luc1.7k and luc4.3k caused an order of magnitude greater protein yields 
(Fig. 1d,f), suggesting the intrinsic effect of nucleotide concentration on gene expression efficiency. Neverthe-
less, it is clear that the expression efficiency per target is enhanced significantly when the length of the template 
DNA molecule is longer (Fig. 1f).

The above results clearly indicate that the level of gene expression markedly increased in response to an 
increase in the length of templates, in addition to the effect of nucleotide concentration in the reaction buffer solu-
tion. It is revealed that the potency of expression is in the order of luc25.7k > luc4.3k > luc1.7k under all conditions 
tested here (Fig. 1). It depends not on the number of targets, but rather on the length of the template DNA. These 
results also suggest that the noncoding region in reporter DNAs is involved in the regulation of gene expression.

The design of the linear DNAs shown in Fig. 1 may not be convincing enough to investigate the influence 
of DNA length on gene expression as the non-specific sequences of both up and down streams of the T7 RNA 
promoter are different in each gene. To address the concern in experimental design, we next designed an in vitro 
translation assay with four kinds of reporter genes of different nucleotide lengths. The four reporter DNAs 
encoding firefly luciferase with a T7 promoter were obtained from an identical 25.7-kbp plasmid DNA cleaved 
with restriction enzyme Sal I, Afl II, Aat II, or ApaL I, respectively (Fig. 2a). Sal I yields a single 25.7-kbp linear 
reporter gene, and the other enzymes generate reporter genes of different lengths with non-coding DNA frag-
ments (Fig. 2b). The resulting DNA mixtures with reporter genes of different lengths (ApaLI 2.8k, AatII 3.3k, AflII 
11.2k and luc25.7k) were used to evaluate their translational efficiency as DNA templates for continuous coupled 
transcription/translation. As expected, reporter gene expression increased in a nucleotide-length-dependent 
manner on the DNA templates while the amount and composition of nucleotides remained identical in each 

Figure 1.   Effects of various factors on the efficiency of gene expression. (a,b) Schematic diagram of the parental 
4.3-kbp and 25.7-kbp plasmid DNAs. The white box on the plasmid DNA represents a firefly luciferase reporter 
gene with a T7 promoter. The red arrow in the white box shows the direction of reporter gene transcription. (c) 
DNA fragments resulting from Sal I digestion of the parental 25.7-kbp plasmid or PCR amplification. Sal I yields 
a single 25.7-kbp linear reporter gene. A 1.7-kbp reporter gene, a 4.3-kbp reporter gene, and a 2.6-kbp non-
coding DNA fragment were prepared by standard PCR. The 25.7-kbp linear reporter gene and the 2.6-kbp non-
coding DNA region are colored in red and gray, respectively. (d–f) Efficiency, I, of the coupled transcription/
translation reaction of luc-gene, as evaluated from the change of luminescence intensity. The same luc-gene 
concentration (0.12 μM, d), the same nucleotide-unit concentration (1.8 μM, e), or a combination of both (the 
same luc-gene and nucleotide-unit concentration) (0.12 μM and 1.8 μM, f) of reporter genes. In (d–f), the 
longitudinal axis shows the relative luminescence intensity normalized to that of luc25.7 k. The relative protein 
expression levels with luc25.7 k are presented as means ± SD of at least five independent experiments.
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reaction (Fig. 2c,d). These results strongly suggest that DNA length positively affects gene activities in a cell-free 
gene expression system.

To determine the effect of reporter gene size on gene expression activity, single-molecule observations of each 
linear reporter gene were performed by AFM. The AFM images of each DNA in 10 mM Tris–HCl buffer (pH7.5) 
revealed a linearized structure, indicating that DNA molecules tend to exhibit a more winding structure as their 
length increases (Fig. 3a). Notably, in a 0.05% reaction mixture for in vitro gene expression, luc25.7k formed a 
shrunken structure with a higher density of DNA segments than that of luc4.3k and luc1.7k (Fig. 3b and Fig. S2 
in the Supplementary Information). Based on these observations, we consider that the sliding and hopping 
behaviors of RNA polymerase, which have been studied extensively, is enhanced with longer DNA. In addition, 
proteins coexisting in the gene expression reaction buffer tend to localize onto the shrunken conformation for the 
larger DNA molecules, suggesting that the effective affinity of RNA polymerase for DNA is enhanced in longer 
DNA (see the schematic representations on the lower pictures in Fig. 3b). In the following discussion, we may 
argue the mechanism on the promotion of gene expression in relation to the physico-chemical characteristics 
of longer DNA molecules.

Cells regulate gene expression to maintain cellular functions. Gene expression starts with transcription and 
is continuously followed by translation events. Hence, the initiation of transcription is an efficient point for 
controlling protein production. In the present study, we demonstrated that DNA length is a crucial factor for 
gene expression by using a coupled transcription/translation system. The positive effects of DNA length on gene 
expression efficiency can mainly be explained by increased transcription activity, while mRNA stability, nucle-
ases’ activity, and template degradation should also be taken into account. In fact, it appeared that mRNA was 
slightly less stable than ribosomal RNA when the stability of mRNA in reticulocyte cell lysates was examined by 
RT-qPCR (Table S1 in the Supplementary Information). Meanwhile, it is noted that the lengths and stabilities 

DNA template 2.5 ng DNA template 15 ng

Figure 2.   Nucleotide-length dependency of the coupled transcription/translation of the luc-gene. (a) Schematic 
diagram of the parental 25.7-kbp plasmid DNA with restriction enzyme digestion sites. The white box on 
the plasmid DNA represents a firefly luciferase reporter gene with a T7 promoter. The red arrow in the white 
box shows the direction of reporter gene transcription. (b) DNA fragments resulting from enzyme digestion 
reactions of the parental plasmid. Sal I yields a single 25.7-kbp linear reporter gene. Afl II, Aat II and ApaL I 
generate a 11.2-kbp reporter gene and three kinds of 4.8-kbp non-coding DNA fragments, a 3.3-kbp reporter 
gene and five kinds of non-coding DNA fragments (7-bp, three 4.8-kbp and 7.9-kbp lengths), and a 2.8-kbp 
reporter gene and four kinds of non-coding DNA fragments (20.7-kbp, 1.2-kbp and two 0.5-kbp lengths), 
respectively. The reporter genes in the DNA fragments are colored red for Sal I, orange for Afl II, green for Aat 
II and light blue for ApaL I treatments, respectively. (c,d) Efficiency, I, of the coupled transcription/translation 
reaction of luc-gene, as evaluated from the luminescence intensity. 2.5 ng (c) and 15 ng (d) of digested DNA 
mixtures were used as DNA templates for the reaction. In (c,d), the longitudinal axis shows the relative 
luminescence intensity normalized to that of luc25.7k. The relative protein expression levels with luc25.7k are 
presented as means ± SD of at least five independent experiments.
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of transcripts from each reporter gene in Fig. 2 are the same as those of nucleotide from the T7 promoter to its 
terminator. It is thus regarded that the translation phase is not involved in controlling gene expression in the 
present experiments in a cell-free system.

Discussion
A plausible mechanism for the promoting effect of DNA length on transcriptional efficiency may be represented 
by the difference in the conformation of DNA molecules. It is getting clearer that the higher-order structure of 
the template DNA molecule plays an important role as a controlling factor on the activity of gene expression. 
To date, not a number of studies have reported that transcriptional condensates with genomic DNA serve as 
regulatory hubs in gene expression15–24. As for the characteristic property of the high-order structure on DNA, 
it has been established that giant DNA above the size of several tens kbp undergoes a large discrete transition 
from an elongate coil state into a tightly compact state, accompanied by the increase of concentration of various 

Figure 3.   AFM images of reporter DNAs with different lengths together with the schematic representations. (a) 
AFM images of each linear reporter DNAs in 10 mM Tris–HCl buffer (pH7.5). (b) AFM images of each linear 
reporter DNA in a 0.05% reaction mixture for in vitro gene expression.
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polycationic species such as polyamines25,26. It is known that transcriptional activity is completely inhibited in 
the tightly compact state27,28. Recently, it has been found that gene expression is promoted at the lower concentra-
tions of polyamines than the concentration that causes compaction9. That is, maximum expression is generated 
in the shrunken state where the density of DNA segments is higher than in the elongated coil state by avoiding 
tight packing. Inspection for the actual structure of the shrunken conformation has indicated enhancement of 
parallel orientation between DNA segments in a shrunken state of long DNA9,10,29. In other words, the basic 
property of the alignment of DNA segments resembles that of liquid crystals, where rod-like elements prefer to 
be arranged in parallel under weak repulsive interactions9.

If we consider the above-mentioned effect of the shrunken conformation in the reaction mixture on gene 
expression, we can expect that formation of the shrunken conformation with a preference for parallel alignment 
accelerates gene expression and that such a promoting effect would be caused by the greater ability of RNA poly-
merase to access shrunken DNA. We denote the length of template DNA as L, corresponding to the ‘contour 
length’ in the definition of polymer physics30. For simplicity, if we assume that the average distance between DNA 
segments is nearly constant, the volume, v, of a DNA molecule in the shrunken state would exhibit a scaling 
relationship with L as v ∼ L , which is different from a polymer chain in a good solvent, v ∼ L

9
5 , and an ideal 

chain, v ∼ L
3
230. The preferential binding of RNA polymerase together with the enhanced location of NTPs would 

be effective in the inner volume of the shrunken state. Thus, we may consider that the effective volume of the 
active region of translation is given by subtracting the infectivity on the surface region: vE ∼ (L− αL

2
3 ) , where 

we used an approximation of scaling relationships; v ∼ L, [SurfaceArea] ∼ L
2
3 , and α is a positive constant. Now, 

we may evaluate the relative activity of gene expression as in the case of Fig. 1e. By taking the variables n (number 
density of DNA) and C (density of DNA in base pair units), the relationship is obtained as in nL = C. From these 
re l a t i on s h ip s ,  t h e  t o t a l  a c t i v e  v o lu m e  o f  D NA  m o l e c u l e s  i s  d e du c e d  t o  b e 
VE ∼ nvE ∼

C

L

(

L− αL
2
3

)

= C(1− αL−
1
3 ) . Thus, the value L−

1
3 corresponds to the degree of the decrease in 

gene expression, which is 2.5, 2.0 and 1.0 for template DNAs of luc1.7k, luc4.3k and luc25.7k, respectively. By 
taking the gene expression of luc1.7k as a control, the increase in activity is estimated from the calculations of 
“2.5–2.0 = 0.5” and “2.5–1.0 = 1.5”, i.e., 0.5 and 1.5, for luc4.3k and luc25.7k, respectively. These expected values 
of the increase in genetic activities correspond to the observed experimental trend, despite the simplicity of the 
theoretical argument.

In the present article, we found that longer DNA enhances the efficiency of gene expression. It is known that 
DNA molecules much larger than the persistence length (150–200 bp) behave as semiflexible polymer chains31–33. 
Here, it has become clear that such relatively long DNA molecules exhibit a shrunken conformation in reaction 
buffer, which increases the opportunity for encountering RNA polymerase and NTPs due to an increase in their 
effective concentration around DNA. Although the discovery of the size effect of DNA on gene expression is still 
in a preliminary stage, it would be promising to extend this insight by shedding light on the actual mechanisms 
of gene regulation in living cells through extensive studies for longer DNA molecules with the sizes of Mbp–Gbp. 
It would also be interesting to examine the effect of DNA length on the activity of other enzymes, such as restric-
tion enzymes, DNA repair enzymes, DNA polymerase, etc.

Methods
Preparation of linear reporter genes by PCR.  A 4.3-kbp plasmid DNA (Luciferase T7 Control DNA: 
4331 bp) was purchased from Promega (Madison, WI, USA). A 1.7-kbp linear reporter DNA, a 4.3-kbp lin-
ear reporter DNA and a 2.6-kbp linear non-coding DNA were amplified by PCR using the following primers: 
for the 1.7-kbp linear DNA (forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GAC​C-3′; reverse 5′-CAA​TTT​GGA​
CTT​TCC​GCC​CTTC-3′); for the 4.3-kbp linear DNA (forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GAC​C-3′; 
reverse 5′-ATT​TCG​ATA​AGC​CAG​CTG​C-3′); and for the 2.6-kbp non-coding DNA (forward 5′-CTG​TAT​TCA​
GCG​ATG​ACG​AAA​TTC​-3′; reverse 5′-ATT​TCG​ATA​AGC​CAG​CTG​C-3′). 1 ng of the 4.3-kbp parental plasmid 
was used as a template for PCR. PCR was performed with KOD FX neo (Toyobo, Tokyo, Japan) using a Thermal 
Cycler Dice (TP600) (Takara Bio Inc, Shiga, Japan), according to the manufacturer’s protocol. The PCR products 
were precipitated with 0.3 M sodium acetate/ethanol, washed with 70% ethanol, and dried. The DNA pellets 
were dissolved in 50 μL of TE buffer (pH 8.0) and stored at − 20 °C until use. Each template DNA was analyzed 
using a DNA ladder marker (1 kbp DNA Ladder One, Nacalai Tesque, Kyoto, Japan) by standard 1% agarose gel 
electrophoresis (Fig. S1b,d in the Supplementary Information).

Preparation of linear reporter genes by restriction enzyme treatment.  A parental 25.7-kbp plas-
mid DNA was purchased from Kazusa Genome Technologies (Chiba, Japan). The whole sequence of the plasmid 
is shown in Supplementary Sequence 1. Restriction enzymes Sal I, Afl II, Aat II and ApaL I were purchased from 
Takara Bio Inc. 2 μg of the 25.7-kbp plasmid was cleaved with 30 U of each restriction enzyme in 100 μL of T 
buffer (Takara Bio Inc) containing 0.1% BSA. The reaction mixtures were incubated for 120 min at 37 °C. After 
enzymatic digestion, the DNA mixtures were precipitated with 0.3 M sodium acetate/ethanol, washed with 70% 
ethanol, and dried. The DNA pellets were dissolved in 50 μL of TE buffer (pH 8.0) and stored at − 20 °C until use. 
Each digested DNA was analyzed using a DNA ladder marker (1 kbp DNA Ladder One, Nacalai Tesque, Kyoto, 
Japan) by standard 1% agarose gel electrophoresis (Fig. S1c,d in the Supplementary Information).

AFM observation.  For AFM imaging using an SPM-9700 (Shimadzu, Kyoto, Japan) with a High-Through-
put Scanner (Shimadzu, Kyoto, Japan), 0.3 μM DNA was dissolved in 10 mM Tris–HCl buffer (pH 7.5) includ-
ing 10 μM spermidine or in 0.05% TnT Quick Master Mix (in vitro gene expressions reaction mixture). The 
DNA solutions were transferred onto a freshly cleaved mica surface and then incubated for 10–30 min at room 
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temperature (24 °C). Subsequently, the samples were rinsed with ultra-pure water, dried with nitrogen gas and 
imaged by AFM. All measurements were performed in air using the tapping mode. The cantilever, OMCL-
AC200TS-C3 (Olympus, Tokyo, Japan), was 200 μm long with a spring constant of 9–20 N/m. The scanning rate 
was 2 Hz and images were captured using the height mode in a 512 × 512 pixel format. The obtained images were 
plane-fitted and flattened by the computer program supplied with the imaging module.

Luciferase reporter assay.  Cell-free in vitro transcription/translation of Luc-gene was performed with a 
TnT T7 Quick Coupled Transcription/Translation System (Promega) according to the manufacturer’s instruc-
tions and previous reports9–11. Reaction mixtures containing the reporter DNAs were incubated for 90 min at 
30 °C on a Dry Thermo Unit (TAITEC, Saitama, Japan). The expression levels of luciferase were evaluated fol-
lowing the addition of luciferin as a luciferase substrate (Luciferase Assay Reagent, Promega) by detecting the 
emission intensity at around 565 nm using a luminometer (MICROTEC Co., Chiba, Japan).

Data availability
The data analyzed in this paper are available from the corresponding author on reasonable request.

Received: 10 January 2021; Accepted: 24 May 2021

References
	 1.	 Katzen, F., Chang, G. & Kudlicki, W. The past, present and future of cell-free protein synthesis. Trends Biotechnol. 23, 150–156 

(2005).
	 2.	 Carlson, E. D., Gan, R., Hodgman, C. E. & Jewett, M. C. Cell-free protein synthesis: Applications come of age. Biotechnol. Adv. 30, 

1185–1194 (2012).
	 3.	 Silverman, A. D., Karim, A. S. & Jewett, M. C. Cell-free gene expression: An expanded repertoire of applications. Nat. Rev. Genet. 

21, 151–170 (2020).
	 4.	 Ballas, N., Zakai, N., Friedberg, D. & Loyter, A. Linear forms of plasmid DNA are superior to supercoiled structures as active 

templates for gene expression in plant protoplasts. Plant Mol. Biol. 11, 517–527 (1988).
	 5.	 Ahn, J.-H. et al. Cell-free synthesis of recombinant proteins from PCR-amplified genes at a comparable productivity to that of 

plasmid-based reactions. Biochem. Biophys. Res. Commun. 338, 1346–1352 (2005).
	 6.	 Youn Jun, S., Hyeon Kang, S. & Lee, K.-H. Continuous-exchange cell-free protein synthesis using PCR-generated DNA and an 

RNase E-deficient extract. Biotechniques 44, 387–391 (2008).
	 7.	 Irobalieva, R. N. et al. Structural diversity of supercoiled DNA. Nat. Commun 6, 1–11 (2015).
	 8.	 Kim, D. M. & Swartz, J. R. Prolonging cell-free protein synthesis by selective reagent additions. Biotechnol. Prog. 16, 385–390 

(2000).
	 9.	 Kanemura, A. et al. Opposite effect of polyamines on in vitro gene expression: Enhancement at low concentrations but inhibition 

at high concentrations. PLoS One 13, e0193595 (2018).
	10.	 Nishio, T. et al. Specific effects of antitumor active norspermidine on the structure and function of DNA. Sci. Rep. 9, 14971 (2019).
	11.	 Nishio, T. et al. K+ promotes the favorable effect of polyamine on gene expression better than Na+. PLoS One 15, e0238447 (2020).
	12.	 Siegal-Gaskins, D., Tuza, Z. A., Kim, J., Noireaux, V. & Murray, R. M. Gene circuit performance characterization and resource 

usage in a cell-free “breadboard”. ACS Synth. Biol. 3, 416–425 (2014).
	13.	 Moore, S. J. et al. Rapid acquisition and model-based analysis of cell-free transcription–translation reactions from nonmodel 

bacteria. Proc. Natl. Acad. Sci. USA 115, E4340–E4349 (2018).
	14.	 Marshall, R. & Noireaux, V. Quantitative modeling of transcription and translation of an all-E. coli cell-free system. Sci. Rep. 9, 

11980 (2019).
	15.	 Golkaram, M., Hellander, S., Drawert, B. & Petzold, L. R. Macromolecular crowding regulates the gene expression profile by limit-

ing diffusion. PLoS Comp. Biol. 12, e1005122 (2016).
	16.	 Harlen, K. M. & Churchman, L. S. The code and beyond: Transcription regulation by the RNA polymerase II carboxy-terminal 

domain. Nat. Rev. Mol. Cell Biol. 18, 263–273 (2017).
	17.	 Hnisz, D., Shrinivas, K., Young, R. A., Chakraborty, A. K. & Sharp, P. A. A phase separation model for transcriptional control. Cell 

169, 13–23 (2017).
	18.	 Hu, Z. & Tee, W.-W. Enhancers and chromatin structures: Regulatory hubs in gene expression and diseases. Biosci. Rep. 37, 

BSR20160183 (2017).
	19.	 Boehning, M. et al. RNA polymerase II clustering through carboxy-terminal domain phase separation. Nat. Struct. Mol. Biol. 25, 

833–840 (2018).
	20.	 Boija, A. et al. Transcription factors activate genes through the phase-separation capacity of their activation domains. Cell 175, 

1842-1855. e1816 (2018).
	21.	 Chong, S. et al. Imaging dynamic and selective low-complexity domain interactions that control gene transcription. Science 361, 

eaar2555 (2018).
	22.	 Sabari, B. R. et al. Coactivator condensation at super-enhancers links phase separation and gene control. Science 361, eaar3958 

(2018).
	23.	 Cramer, P. Organization and regulation of gene transcription. Nature 573, 45–54 (2019).
	24.	 Ide, S., Imai, R., Ochi, H. & Maeshima, K. Transcriptional suppression of ribosomal DNA with phase separation. Sci. Adv. 6, 

eabb5953 (2020).
	25.	 Yoshikawa, K., Yoshikawa, Y. & Kanbe, T. All-or-none folding transition in giant mammalian DNA. Chem. Phys. Lett. 354, 354–359 

(2002).
	26.	 Estévez-Torres, A. & Baigl, D. DNA compaction: Fundamentals and applications. Soft Matter 7, 6746–6756 (2011).
	27.	 Tsumoto, K., Luckel, F. & Yoshikawa, K. Giant DNA molecules exhibit on/off switching of transcriptional activity through con-

formational transition. Biophys. Chem. 106, 23–29 (2003).
	28.	 Estevez-Torres, A. et al. Sequence-independent and reversible photocontrol of transcription/expression systems using a photo-

sensitive nucleic acid binder. Proc. Natl. Acad. Sci. USA 106, 12219–12223 (2009).
	29.	 Nishio, T. et al. Branched-chain polyamine found in hyperthermophiles induces unique temperature-dependent structural changes 

in genome-size DNA. ChemPhysChem 19, 2299–2304 (2018).
	30.	 De Gennes, P.-G. Scaling Concepts in Polymer Physics (Cornell University Press, 1979).
	31.	 Manning, G. S. The persistence length of DNA is reached from the persistence length of its null isomer through an internal elec-

trostatic stretching force. Biophys. J. 91, 3607–3616 (2006).



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11739  | https://doi.org/10.1038/s41598-021-91243-x

www.nature.com/scientificreports/

	32.	 Yoshikawa, Y. et al. Critical behavior of megabase-size DNA toward the transition into a compact state. J. Chem. Phys. 135, 225101 
(2011).

	33.	 Sazer, S. & Schiessel, H. The biology and polymer physics underlying large-scale chromosome organization. Traffic 19, 87–104 
(2018).

Acknowledgements
This work was supported in part by JSPS KAKENHI (JP20H02859 to S.S. and JP20H01877 to K.Y.) and ISHIZUE 
2019 of Kyoto University Research Development Program (to S.S.).

Author contributions
T.N., Y.Y., K.Y. and S.S. conceptualized the study. T.N., Y.Y. and S.S. designed and performed in vitro coupled 
transcription/translation experiments. T.N. performed the AFM imaging. T.N., Y.Y., K.Y. and S.S. interpreted 
the data and wrote the manuscript. S.S. supervised all aspects of this work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​91243-x.

Correspondence and requests for materials should be addressed to S.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-91243-x
https://doi.org/10.1038/s41598-021-91243-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Longer DNA exhibits greater potential for cell-free gene expression
	Results
	Discussion
	Methods
	Preparation of linear reporter genes by PCR. 
	Preparation of linear reporter genes by restriction enzyme treatment. 
	AFM observation. 
	Luciferase reporter assay. 

	References
	Acknowledgements


