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a b s t r a c t 

Single-stranded circular oligonucleotides are heavily utilized in rolling circle amplification and rolling circle 

transcription technologies. Although various reported methodologies are available to synthesize circular, single- 

stranded DNA (ssDNA), the unduly complicated protocols and the associated cost minimize the utility of these 

methodologies to a non-expert or a beginner in the field. Our protocol provides the simplest yet robust synthesis 

of circular ssDNA templates to be utilized in various applications, using minimal resources. 

• In this manuscript, we describe the most basic approach to synthesize circular ssDNA. 
• Our method utilizes the minimal resources, yet it is robust. 
• The utility of the methodology is very high for a non-expert or a beginner in the field. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

a r t i c l e i n f o 

Method name: Development of single stranded circular DNA templates for rolling circle transcription assays 

Keywords: Rolling circle amplification, Transcription assays, RNA polymerase, Splint, Circular DNA, Tuberculosis 

Article history: Received 26 May 2020; Accepted 4 March 2021; Available online 8 March 2021 

S

h

2

(

∗ Corresponding author. 

E-mail address: Irosha.nawarathne@lyon.edu (I.N. Nawarathne). 
1 Current Address for Jordan Trant: University of Kansas Medical Center, 3901, Rainbow Boulevard, Kansas City, KS, United 

tates 

ttps://doi.org/10.1016/j.mex.2021.101300 

215-0161/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.mex.2021.101300
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mex
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mex.2021.101300&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Irosha.nawarathne@lyon.edu
https://doi.org/10.1016/j.mex.2021.101300
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 A. Ford, L. Miller and J. Trant et al. / MethodsX 8 (2021) 101300 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specifications table 

Subject Area: Biochemistry, Genetics and Molecular Biology 

More specific subject area: Applied biochemistry to medicinal chemistry 

Method name: Development of single stranded circular DNA templates for rolling circle transcription 

assays 

Name and reference of original 

method: 

Diegelman, A. M.; Kool, E. T., Chemical and Enzymatic Methods for Preparing Circular 

Single-Stranded DNAs. Current Protocols in Nucleic Acid Chemistry 20 0 0 , 00 (1), 

5.2.1–5.2.27 

Resource availability: Unless otherwise specified, all reagents were purchased from Sigma-Aldrich (St- Louis, 

MO). The 5 ′ -phosphorylated linear DNA substrate of Kool TM NC-45 TM Universal RNA 

Polymerase template [ 11 ] and splint DNA substrates were purchased from Integrated 

DNA Technologies (see the supporting information for the specific sequences; the 

DNA sequence for Kool TM NC-45 TM Universal RNA Polymerase template [ 5,11 ], was 

provided by epicentre (Madison, WI) once the company discontinued the product, 

Kool TM NC-45 TM Universal RNA Polymerase template). T4 DNA Ligase and 

Exonuclease I ( E. coli ) were purchased from New England Biolabs (Ipswich, MA). S1 

Nuclease ( Aspergillus oryzae ) was purchased from Promega (Madison, WI). The 

dialysis device (Tube-O-DIALYZER TM , Medi, 1 K MWCO, 20) was purchased from 

G-Biosciences (St. Louis, MO). The purified wild-type E. coli RNA polymerase [ 6,7,13 ] 

was a generous gift from George A. Garcia laboratory of University of Michigan (Ann 

Arbor, MI). 

Method details 

One of the simplest yet most widely used methods of nucleic acid amplification is the rolling

circle approach that includes rolling circle amplification (RCA) and rolling circle transcription (RCT) 

[1] . Small single-stranded circular oligonucleotides, considerably smaller than RNA polymerase, can 

efficiently initiate and elongate RNA sequences, therefore, are utilized in aforementioned technologies 

[ 2,10 ]. The increasing demand for circular, single-stranded DNA (ssDNA) is apparent based on the

number of citations on related topics over the last 19 years (see Fig S1 for an elaboration).

Development of circular ssDNA with [ 1–3,10,11 ] oligo “bridges” (often referred as splints) is heavily

studied; however, many of these protocols are documented in a sophisticated manner that minimizes

the broader use of this simple technique. Development of circular ssDNA without oligo “bridges”

is also reported [ 4,12 ], but this process requires costly reagents. Due to the discontinuation of the

product Kool TM NC-45 TM Universal RNA Polymerase template [5] , we were faced with the challenge of

generating a circular ssDNA template for an in-vitro transcriptional activity assay for Escherichia coli ( E.

coli ) RNA polymerase [ 6,13 ], by adapting previous literature. The sophistication of previously reported

circular ssDNA synthesis was quite discouraging and authors’ background as bioorganic/medicinal 

chemists was definitely not availing. Persistent effort of the authors resulted in circular ssDNA using

minimal resources with 82% average efficiency of circularization (Step 11 of the method), after 

common DNA purification steps of ethanol precipitation and dialysis. The basic steps of our simple

protocol: heat activation of linear ssDNA and the splint, ligation, and isolation and quantification of

circular ssDNA, are presented in Fig. 1 to provide a quick overview. 

The circularized DNA template was utilized in rolling circle transcription assays [ 6,13 ] with and

without purified wild-type E. coli RNA polymerase [7] ( Fig. 2 A) and also compared to the template

that was synthesized using the original protocol ( Fig. 2 B) [3] . It is important to note that circular

DNA template that had any utility in the rolling circle transcription assay was nominal, when original

protocol was used as described [3] . However, when Exonuclease I was used in place of S1 Nuclease,

the amount and the quality of circular DNA template synthesized through our method and the

original method were comparable ( Fig. 2 B). S1 Nuclease from Aspergillus oryzae that is used in the

original protocol [3] is a single-stranded specific endonuclease; thus, it degrades both linear and

circular ssDNA [ 8,14 ]. Accordingly, replacement of Exonuclease I with S1 Nuclease in the 6th step

of our protocol resulted in nominal amounts of circular DNA ( Fig. 2 B). In conclusion, we are reporting

a minimalistic approach to synthesize circular DNA templates of 45 nucleotides for rolling circle 

transcription assays. Our simple method utilizes minimal resources, yet it is robust. The simplicity 
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Fig. 1. A flowchart of reported protocol for synthesizing circular ssDNA for rolling circle applications. 
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Fig. 2. The results from ten independent rolling transcription assays with circularized DNA templates synthesized using our 

method (O) and original circularization method (K), with ( + RNAP) and without RNA polymerase. (A) The templates O1 and 

K1 are treated with Exonuclease I. (B) The templates O1 and K1 are treated with Exonuclease I, while the templates O2 and 

K2 are treated with S1 Nuclease. Notes: The assays were conducted using previously published experimental procedure [ 6,13 ]. 

Each assay contained an exact same amount of DNA template based on the DNA quantification through NanoDrop spectrometric 

analysis. All DNA templates were isolated, quantified, and utilized in these assays without continuing through the dialysis (Steps 

9 and 10 in the method). 
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f our protocol will provide high utility for non-experts and/or beginners in the field attempting to

enerate circular ssDNA templates for various applications. 

aterials and methods 

Unless otherwise specified, all reagents were purchased from Sigma-Aldrich (St- Louis, MO).

he 5 ′ -phosphorylated linear DNA substrate of Kool TM NC-45 TM Universal RNA Polymerase template

3] and splint DNA substrates were purchased from Integrated DNA Technologies (see the supporting

nformation for the specific sequences; the DNA sequence for Kool TM NC-45 TM Universal RNA

olymerase template [3 , 5] was provided by epicentre (Madison, WI) once the company discontinued

he product, Kool TM NC-45 TM Universal RNA Polymerase template). T4 DNA Ligase and Exonuclease

 ( E. coli ) were purchased from New England Biolabs (Ipswich, MA). S1 Nuclease ( Aspergillus oryzae )
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was purchased from Promega (Madison, WI). The dialysis device (Tube-O-DIALYZER 

TM , Medi, 10 0 0 Da

MWCO, 20) was purchased from G-Biosciences (St. Louis, MO). The purified wild-type E. coli RNA

polymerase [ 6,7,13 ] was a generous gift from George A. Garcia laboratory of University of Michigan

(Ann Arbor, MI). 

1. The 5 ′ -phosphorylated linear DNA substrate (1 μL, 100 pmol ∗), long splint (3 μL, 300 pmol ∗)

and 2X ligation buffer ∗∗ (50 μL) were combined in a polymerization chain reaction (PCR) tube.

A batch of ten reactions was run at a given time to collect sufficient circular ssDNA. 

2. The final volume of each tube was adjusted to 100 μL using sterilized water using the following

equation. 

Volume of sterile water = 100 μL – (total volume used in Steps 1, 4, and 6) 

3. Using the ARKTIK Thermal Cycler (Thermo Scientific, Waltham, MA), each sample tube was 

heated to 90 °C for 10 min and cooled to 25 °C within 30 s. The circular DNA synthesis was

continued without any further waiting. 

4. DTT (10 μL, 100 mM), ATP (10 μL, 1 mM), and T4 DNA Ligase (0.6 μL, 240 units) were added to

each PCR tube and incubated at room temperature (~25 °C) for 16 h. ∗∗∗

5. After 16 h, the T4 DNA ligase was deactivated using the manufacture’s protocol (heated at

65 °C for 10 min). 

6. Exonuclease I (1 μL, 20 units) was added to each reaction tube and incubated at 37 °C using

the ARKTIK Thermal Cycler (Thermo Scientific, Waltham, MA). After 60 min of incubation, 

Exonuclease I was deactivated using manufacture’s protocol (heated at 80 °C for 20 min). 

7. All ten reactions in the PCR tubes were combined in a centrifuge tube and ssDNA was purified

using ethanol precipitation method 

∗∗∗∗. 

8. The resultant DNA residue from the ethanol precipitation followed by the speed-vacuum drying 

was dissolved in sterilized water and directly utilized in the subsequent transcription assays 

(the quantity of DNA in each transcription assay was not significant to our work that primarily

involved comparison of RNA polymerase activities and inhibitions as long as the same volume 

of the synthesized DNA batch was utilized in a set of assays that were directly compared to

each other). 

9. Optional Step 1 ## : When exact quantification of synthesized DNA was necessary (for 

preliminary confirmations and reporting purposes in this manuscript), purified DNA was 

quantified using UV/Vis absorbance protocol specific for nucleic acids through ND-10 0 0 

NanoDrop 

R © spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE). 

10. Optional Step 2 ## : The resultant ssDNA was further purified using dialysis with MWCO 10 0 0 Da

dialysis tubing against 2 L of milliQ water for 3 h at room temperature. The dialysis was

repeated with a fresh batch of milliQ water to obtain the purified ssDNA. 

11. Optional Step 3 ## : The resultant ssDNA sample (presumably circular) was dried to a residue

using speed-vacuum. The residue was suspended in sterilized water before quantifying the 

amount of DNA using ND-10 0 0 NanoDrop 

R © spectrophotometer (NanoDrop Technologies, Inc., 

Wilmington, DE). 

12. The efficiency of the circularization of ssDNA was determined by following calculations based 

on the DNA quantities from NanoDrop analysis immediately after Step 10. We assumed that 

Steps 6, 7, and 9 ensured the absence of any linear ssDNA or their remnants and the presence

of circular ssDNA only. 

Percent efficiency of circularization of ssDNA = 

Total amount of DNA recovered after steps 1 through 10 

T otal amount of DNA utilized in step 1 

Notes : 
∗The DNA quantities provided by the vendor were used for the calculations without further 

quantification. 
∗∗2X ligation buffer recipe: 20 mM MgCl 2 and100 mM Tris-Cl in milliQ water at pH 7.5. 
∗∗∗ Although authors did not consider utilizing further efficient ligation techniques in place of 

overnight ligation using T4 DNA ligase, faster ligation is claimed possible using higher concentration 
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f T4 DNA ligase (ligation in 10 min) or using quick ligation kits available from various manufacturers

 9,15,16 ]. 
∗∗∗∗See supporting information for ethanol precipitation protocol. 
## Optional Steps 9, 10, and 11 are required only when exact circular ssDNA quantification is

esired. 

dditional notes 

The rolling circle transcription assays were conducted using previously published assay protocol

 6,13 ]. The exact same quantity of each DNA template was used in the assays shown in Fig. 2 based

n the DNA quantities from NanoDrop analysis immediately after Step 8, without following optional

urification step of dialysis. 

upplementary material 

The Supporting Information is available. Included are Fig. S1: The number of citations on the

opic “Circular DNA for Rolling Circle Technologies” in PubMed database, over the last 19 years,

NA sequences for Kool TM NC-45 TM Universal RNA Polymerase template, and the splints and ethanol

recipitation protocol for the DNA concentration and de-salting. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal

elationships that could have appeared to influence the work reported in this paper. 

cknowledgments 

Authors would like to acknowledge epicentre (Madison, WI) for providing the DNA sequence of

ool TM NC-45 TM Universal RNA Polymerase template and Prof. George A. Garcia and his current

ab members for providing purified wild-type E. coli RNA polymerase. Authors would also like to

cknowledge the editor-in-chief and the reviewers of this manuscript for their useful suggestions for

mprovement. This project was supported by the Arkansas INBRE program, with a grant the National

nstitute of General Medical Sciences , (NIGMS), P20 GM 103429 from the National Institutes of Health.

upplementary materials 

Supplementary material associated with this article can be found, in the online version, at doi: 10.

016/j.mex.2021.101300 . 

eferences 

[1] M.G. Mohsen , E.T. Kool , The discovery of rolling circle amplification and rolling circle transcription, Acc. Chem. Res. 49 (11)
(2016) 2540–2550 . 

[2] Daubendiek, S.L.; Ryan, K.; Kool, E.T., Rolling-circle RNA synthesis: circular oligonucleotides as efficient substrates for T7
RNA polymerase. J. Am. Chem. Soc. 1995 , 117 (29), 7818–7819; 

[3] Diegelman, A.M.; Kool, E.T., Chemical and enzymatic methods for preparing circular single-stranded DNAs. Curr. Protoc.
Nucleic Acid Chem. 20 0 0 , 0 0 (1), 5.2.1-5.2.27; 

[4] Polidoros, A.N.; Pasentsis, K.; Tsaftaris, A.S., Rolling circle amplification-RACE: a method for simultaneous isolation of 5 ′
and 3 ′ cDNA ends from amplified cDNA templates. Biotechniques 2006 , 41 (1), 35–42; 

[5] http://www.epibio.com/docs/default-source/protocols/kool- nc- 45- rnap- activity- inhibitor- screening- kit- kool- nc- 45- 

universal- rna- polymerase- template.pdf?sfvrsn=8 (accessed June 23rd, 2019). 
[6] Gill, S.K.; Garcia, G.A., Rifamycin inhibition of WT and Rif-resistant Mycobacterium tuberculosis and Escherichia coli RNA

polymerases. Tuberculosis 2011 , 91 (5), 361–369; 
[7] V. Molodtsov , N.T. Scharf , M.A. Stefan , G.A. Garcia , K.S. Murakami , Structural basis for rifamycin resistance of bacterial RNA

polymerase by the three most clinically important RpoB mutations found in Mycobacterium tuberculosis, Mol. Microbiol.

103 (6) (2017) 1034–1045 . 
[8] Vogt, V.M., Purification and further properties of single-strand-specific nuclease from Aspergillus oryzae. Eur. J.

Biochem. 1973 , 33 (1), 192–200; 

https://doi.org/10.13039/100000057
https://doi.org/10.1016/j.mex.2021.101300
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0001
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0001
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0001
http://www.epibio.com/docs/default-source/protocols/kool-nc-45-rnap-activity-inhibitor-screening-kit-kool-nc-45-universal-rna-polymerase-template.pdf?sfvrsn=8
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0007
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0007
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0007
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0007
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0007
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0007


6 A. Ford, L. Miller and J. Trant et al. / MethodsX 8 (2021) 101300 

 

 

 

 

 

 

[9] https://www.neb.com/protocols/0 0 01/01/01/quick- ligation- protocol (accessed May 20th); 

[10] S.L. Daubendiek , E.T. Kool , Generation of catalytic RNAs by rolling transcription of synthetic DNA nanocircles, Nat.
Biotechnol. 15 (1997) 273 . 

[11] Rapidly screen bacterial RNA polymerase inhibitors using innovative Kool TM NC-45 TM technology. In www.EpiBio.com ,
Epicentre Forum: Vol. 11-6. 

[12] Make circular ssDNA in 1h without using oligo “bridges”. In www.EpiBio.com , Epicentre R © Biotechnologies Forum: Vol.
14-1. 

[13] V. Molodtsov , I.N. Nawarathne , N.T. Scharf , P.D. Kirchhoff, H.D.H. Showalter , G.A. Garcia , K.S. Murakami , X-ray crystal

structures of the Escherichia coli RNA polymerase in complex with benzoxazinorifamycins, J. Med. Chem. 56 (11) (2013)
4758–4763 . 

[14] T.M. Roberts , R. Kacich , M. Ptashne , A general method for maximizing the expression of a cloned gene, Proc. Natl. Acad. Sci.
USA 76 (2) (1979) 760–764 . 

[15] https://www.neb.com/protocols/0 0 01/01/01/dna- ligation- with- t4- dna- ligase- m0202 (accessed May 18th); 
[16] https://www.lucigen.com/Ampligase- Thermostable- DNA- Ligase/#subcat- tabs2 (accessed May 19th). 

https://www.neb.com/protocols/0001/01/01/quick-ligation-protocol
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0011
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0011
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0011
https://www.EpiBio.com
https://www.EpiBio.com
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0015
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0015
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0015
http://refhub.elsevier.com/S2215-0161(21)00093-5/sbref0015
https://www.neb.com/protocols/0001/01/01/dna-ligation-with-t4-dna-ligase-m0202
https://www.lucigen.com/Ampligase-Thermostable-DNA-Ligase/#subcat-tabs2

	Generating single-stranded DNA circles with minimal resources
	Method details
	Materials and methods
	Additional notes
	Supplementary material
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


