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ABSTRACT:

Fluorescent RNA aptamers are an increasingly used tool for quantifying transcription and for
visualising RNA interactions, both in vitro and in vivo. However when tested in the

commercially available, E. coli extract based Expressway™ cell-free expression system, no
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fluorescence is detected. The same experimental setup is shown to successfully produce
fluorescent RNA aptamers when tested in another buffer designed for in vitro transcription,
and RNA purification of the Expressway™ reaction products show that transcription does
occur, but does not result in a fluorescent product. In this paper we demonstrate the
incompatibility of a narrow selection of RNA aptamers in one particular cell-free expression
system, and consider that similar issues may arise with other cell-free expression systems,

RNA aptamers, and their corresponding fluorophores.

INTRODUCTION:

Fluorophore-binding RNA aptamers are effective tools for investigating RNA synthesis and
function.! They consist of single stranded RNA sequences that have been selectively evolved
and designed to bind and activate a fluorophore in their solution?, which can then be detected
by fluorescence spectrophotometry or fluorescence microscopy.® These sequences can be
used as a direct fluorescent reporter of transcription without the need for translation®, or can
be included as a tag on other RNA transcripts and visualised in vivo to locate an RNA

molecule within a live cell.> ¢

Commonly used examples of fluorophore-binding RNAs include Broccoli’ and Spinach,®
which use 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) as a fluorophore.’
Once transcribed, Broccoli and Spinach fold to form G-quadruplex structures that allow them
to interact with DFHBI.!® DFHBI is non-toxic and has a structure that mimics that of the
fluorophore within Green Fluorescent Protein (GFP).!! As such, DFHBI is non-fluorescent
when unbound, but upon binding to RNA aptamers such as Broccoli or Spinach, has a

fluorescent activity similar to that of GFP.!? There are many other varieties of fluorophore-


https://doi.org/10.1101/2021.08.10.455838
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.10.455838; this version posted August 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

binding RNA aptamers such as Mango, which binds TO1-Biotin'3, Pepper, which binds
HBC'", and Corn, which binds DFHO.!®> Having these various options makes fluorophore-
binding RNA aptamers a versatile tool, offering different wavelengths for excitation and
emission, different RNA lengths and structures, and different properties such as

photostability and sensitivities to ion concentrations.®

As fluorescence directly correlates with the quantity of RNA-fluorophore complexes, RNA
aptamers can be used to quantify gene expression, both in vivo and in vitro when used in cell-
free expression systems.? Cell free expression systems are solutions made from purified or
reconstituted cell extracts and biological components (E.g, RNA polymerases, ribosomes,
etc.).!”- 8 These allow for a gene to be expressed in vitro, by transcribing and translating a
desired gene from provided DNA.!” However, we have discovered that some commercial cell
free expression systems are incompatible for use with some fluorophore-binding RNA
aptamers. We attempted to synthesise and detect two different DFHBI-binding RNA
aptamers using Invitrogen’s Expressway™ cell-free expression system, which is based on E.
coli extract and T7 polymerase. These aptamers were iSpinach, a more stable and brighter
derivative of Spinach optimised for in vitro synthesis?®, and Broccoli. We found that we were
unable to detect any fluorescence produced by our RNA aptamers when using Expressway™.
We confirmed that RNA was being produced, and demonstrated that both aptamers do
display fluorescent activity when made in a different buffer, but we were unable to make

either iSpinach or Broccoli that functioned as intended when using Expressway™.
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METHODS:

Linear DNA templates were designed to contain a T7 promoter, a downstream fluorophore-
binding RNA aptamer sequence, and a T7 terminator region (sequences in supplementary
information), which were supplied by Integrated DNA Technologies (IDT). As a non-
fluorescent control, 500ng of T7 calmodulin plasmid (Invitrogen, #454002) was also used in
the following cell free expression reactions. Linear DNA templates from IDT were amplified
by PCR using Q5 High fidelity DNA polymerase (NEB, #M0491S) and dNTPs (NEB,
#N04478S), before being purified using a Qiaquick PCR purification kit (Qiagen, #28104).
PCR was performed using primers from IDT (sequences in supplementary information),
starting with approximately 100ng of DNA amplified for 16 cycles. With the exception of the

calmodulin control, approximately 2000ng of DNA template was included in each reaction.

100 uL Expressway™ mini cell-free synthesis kit (Invitrogen, #K990100) reactions were set
up in accordance with the user manuals and literature provided by Invitrogen and
supplemented with DFHBI (Sigma, #SML1627-5MG) which was dissolved in DMSO
(Fisher, #D/4121PB08) and included in the Expressway™ reaction solution at a
concentration of 40pM. A previously optimised RNA aptamer transcription buffer (OTB)?!
modified to be acetate based (AceOTB) was also tested. AceOTB was produced as a 10X
stock containing 63mM MgCl,+6(H>0) (Sigma, #M2670), 100mM DTT (Melford,
#MB1015), 400mM Tris Base (Sigma, #T1503), 20mM Spermidine (Alfa Aesar,
#A19096.03) and adjusted to pH 7.5 using 3M Acetic Acid (ACROS Organics, #423225000).
This was then diluted to 1X and supplemented with DNA template, INTPs (2.5mM of each)
(NEB, #N04665S), 200U (4uL) of T7 RNA polymerase (NEB, #M0251S), and 40uM DFHBI
to the final volume of 100uL. Additional reactions were performed with both Expressway™

and AceOTB that included 100U (5uL) of SUPERase RNase inhibitor (Invitrogen,
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#AM?2696) to prevent any potential RNA degradation that could interfere with aptamer
fluorescence. Reactions were performed at room temperature, and upon assembly were
loaded into microcuvettes (BioRad, #1702416) positioned in a custom, 3D printed cuvette
size adapter (design and photos in supplementary information), and placed in an Agilent Cary
Eclipse fluorescence spectrophotometer to detect fluorescence over time (excitation
wavelength = 480nm, emission wavelength = 520nm, scanning every 30 seconds. Full
parameters in supplementary information). Reactions were scanned for 24 hours to allow for

RNA aptamer synthesis.

RNA purification was performed using a Reliaprep™ RNA Miniprep System (Promega,
#7.6010), according to the included user manual, with Expressway™ reactions as a source of
RNA. For use with the Reliaprep™ kit, individual Expressway™ reactions were set up using
150ng and 1200ng of T7-Broccoli template DNA, and 500ng of calmodulin control plasmid.
These were prepared in accordance with the Expressway™ user manuals to a total volume of
50uL and incubated at 37°C for 3 hours, before using the entire volume for purification.
Purified RNA was then measured and quantified using a Nanodrop™ UV-visible
spectrophotometer (Thermofisher, #ND-2000C) on pedestal mode using 2uL of purified

product. Each Nanodrop™ measurement was repeated in triplicate.

RESULTS AND DISCUSSION:

Using Expressway™ to synthesise either DFHBI based fluorophore-binding RNA aptamer
yielded no apparent fluorescence. Both iSpinach (Figure 1a) and Broccoli (Figure 1b)
produce fluorescence in the dedicated RNA aptamer AceOTB, but neither aptamer appears to

produce fluorescence in Expressway™. A low level of background fluorescence is observed
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in the Expressway buffer when DFHBI is present, yet it is substantially lower than the
fluorescence produced by the same aptamers in AceOTB. It also shows no increase over time
as would be expected with cumulative RNA aptamer synthesis. Based on these results it
seems that Expressway™ is not suitable for DFHBI based aptamer synthesis. The inclusion
of SUPERase also has no effect on the Expressway™ reactions, while its effect in AceOTB
is negligible. SUPERase was included to test whether RN Ase contamination or endogenous
RNases within the E.coli extract were degrading the RNA aptamers, however this does not

appear to be the issue.
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Figure I: Fluorescence produced by synthesis of DFHBI-binding RNA aptamer, with

2000ng of DNA template. Note different y-axis scales. Both graphs show fluorescence over

time in Expressway™ solution and in AceOTB in vitro transcription buffer, both with and

without RNase inhibitor (SUPERase). Both graphs also feature control runs with no DNA

template added and a non-fluorescent RNA template (Calmodulin). (a) Fluorescence

produced by iSpinach transcription.(b) Fluorescence produced by Broccoli transcription.

To investigate if the lack of detectable fluorescence was due to insufficient RNA being

synthesised, Expressway™ reactions were set up and purified to extract any RNA produced
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(Figure 2b). RNA purification results showed that a low starting mass of Broccoli aptamer
template DNA (150ng) yielded negligible amounts of RNA. Including a larger quantity of
DNA (1200ng) produced greater quantities of RNA (Figure 2b) even more than the
calmodulin control plasmid. The RNA purification data demonstrates that the Expressway
mixture is able to transcribe RNA from the Calmodulin control, and that while starting DNA
quantity heavily affects RNA yield, the amount of DNA aptamer template required to
produce detectable levels on par with the control were well below those used included in the
fluorescence spectrophotometry experiments (2000ng of template DNA). Consequently, the

issue is not due to an inability to produce Broccoli or iSpinach RNA.
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Figure 2: UV-visible spectroscopy of RNA purification products. UV-visible absorbance
was used to quantify the amount and relative purity of RNA produced by Expressway™
reactions using different templates after purification. (a) Workflow of RNA production from

DNA template. (b) Absorbance spectra of purified RNA from each template. (c) Ratio of
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absorbance at 260nm / 280nm for RNA purified from each template. Absorbance

measurements were repeated in triplicate.

The reason for this lack of fluorescence is unclear, but based on the low level fluorescence
that is present in the DFHBI supplemented Expressway™, and not in the optimised RNA
aptamer buffer, one could speculate that a component of Expressway™ is binding the DFHBI
in a way that prevents RNA aptamers from binding to produce optimal fluorescence. Given
that Expressway™ is primarily used for protein synthesis, it could also be that additional
components required during protein synthesis could be binding to the RNA aptamers in a way
that prevents the folding and secondary RNA structures required to bind DFHBI. However,

as DFHBI-binding aptamers are functional in vivo in E.coli’, it is difficult to say with

certainty which mechanism may be preventing their fluorescence in Expressway™.

This issue does not appear to be limited to Expressway™ cell-free expression systems. It has
been reported that a similar lack of fluorescence occurs when attempting to synthesise
Spinach2 aptamers using the Promega™ FE.coli S30™ extract system, using a prokaryotic
polymerase and DFHBI-1T, a brighter derivative of DFHBI.?? This suggests that the problem
is not limited to systems using any particular polymerase, Spinach aptamer variant, or
fluorophore derivative, but is potentially caused by something more fundamental in some
commercial cell-free expression solutions. While we have only studied one particular kit in
this paper, researchers who are attempting to use fluorophore-binding RNA aptamers in vitro
should be aware that commercial cell free expression systems may not be compatible with
their chosen aptamer or fluorophore, and that a custom produced expression solution may be

required.


https://doi.org/10.1101/2021.08.10.455838
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.10.455838; this version posted August 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Conflict of interest: the authors declare no conflict of interest.

Acknowledgements:

A.J.S. is funded by a PhD studentship from the University of Edinburgh. Additional funding
was provided from the Wellcome Trust Institutional Strategic Support Fund. We would like
to thank Professor Chris French and Felipe Millacura for their advice on using fluorescent

RNA aptamers and OTB for in vitro transcription reactions.

Author contribution statement

Both authors contributed to development of methodology, performed analysis and
contributed to preparation of the manuscript. AJS — performed all experimental work. KED —

conceived, supervised and managed the study.

References:

1. Dolgosheina EV, Unrau PJ. Fluorophore-binding RNA aptamers and their
applications. Wiley Interdisciplinary Reviews RNA. 2016;7(6):843-51.

2. Holeman LA, Robinson SL, Szostak JW, Wilson C. Isolation and characterization of
fluorophore-binding RNA aptamers. Folding and Design. 1998;3(6):423-31.

3. Ouellet J. RNA Fluorescence with Light-Up Aptamers. Frontiers in Chemistry.
2016;4(29).

4. LiZ, Guo H, Xu F, Tang W, Duan X. Sensitive monitoring of RNA transcription by

optical amplification of cationic conjugated polymers. Talanta. 2019;203:314-21.


https://doi.org/10.1101/2021.08.10.455838
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.10.455838; this version posted August 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

5. Trachman RJ, Truong L, Ferré-D'Amaré AR. Structural Principles of Fluorescent
RNA Aptamers. Trends in Pharmacological Sciences. 2017;38(10):928-39.

6. Okuda M, Fourmy D, Yoshizawa S. Use of Baby Spinach and Broccoli for imaging of
structured cellular RNAs. Nucleic Acids Research. 2016;45(3):1404-15.

7. Filonov GS, Moon JD, Svensen N, Jaffrey SR. Broccoli: Rapid Selection of an RNA
Mimic of Green Fluorescent Protein by Fluorescence-Based Selection and Directed
Evolution. Journal of the American Chemical Society. 2014;136(46):16299-308.

8. Pothoulakis G, Ceroni F, Reeve B, Ellis T. The Spinach RNA Aptamer as a
Characterization Tool for Synthetic Biology. ACS Synthetic Biology. 2014;3(3):182-7.

0. Paige JS, Wu KY, Jaffrey SR. RNA Mimics of Green Fluorescent Protein. Science.
2011;333(6042):642.

10. Ageely EA, Kartje ZJ, Rohilla KJ, Barkau CL, Gagnon KT. Quadruplex-Flanking
Stem Structures Modulate the Stability and Metal Ion Preferences of RNA Mimics of GFP.
ACS Chemical Biology. 2016;11(9):2398-406.

11. You M, Jaffrey SR. Structure and Mechanism of RNA Mimics of Green Fluorescent
Protein. Annual Review of Biophysics. 2015;44(1):187-206.

12. Fernandez-Millan P, Autour A, Ennifar E, Westhof E, Ryckelynck M. Crystal
structure and fluorescence properties of the iSpinach aptamer in complex with DFHBI. RNA.
2017;23(12):1788-95.

13. Dolgosheina EV, Jeng SCY, Panchapakesan SSS, Cojocaru R, Chen PSK, Wilson
PD, et al. RNA Mango Aptamer-Fluorophore: A Bright, High-Affinity Complex for RNA
Labeling and Tracking. ACS Chemical Biology. 2014;9(10):2412-20.

14. Chen X, Zhang D, Su N, Bao B, Xie X, Zuo F, et al. Visualizing RNA dynamics in
live cells with bright and stable fluorescent RN As. Nature Biotechnology. 2019;37(11):1287-

93.


https://doi.org/10.1101/2021.08.10.455838
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.10.455838; this version posted August 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

15. Song W, Filonov GS, Kim H, Hirsch M, Li X, Moon JD, et al. Imaging RNA
polymerase III transcription using a photostable RNA—fluorophore complex. Nature
Chemical Biology. 2017;13(11):1187-94.

16. Swetha P, Fan Z, Wang F, Jiang J-H. Genetically encoded light-up RNA aptamers
and their applications for imaging and biosensing. Journal of Materials Chemistry B.
2020;8(16):3382-92.

17. Tuckey C, Asahara H, Zhou Y, Chong S. Protein synthesis using a reconstituted cell-
free system. Current Protocols in Molecular Biology. 2014;108:16.31.1-16.31.22.

18. Kigawa T, Yabuki T, Matsuda N, Matsuda T, Nakajima R, Tanaka A, et al.
Preparation of Escherichia coli cell extract for highly productive cell-free protein expression.
Journal of Structural and Functional Genomics. 2004;5(1):63-8.

19. Nakano H, Yamane T. Cell-free protein synthesis systems. Biotechnology Advances.
1998;16(2):367-84.

20. Autour A, Westhof E, Ryckelynck M. iSpinach: a fluorogenic RNA aptamer
optimized for in vitro applications. Nucleic Acids Research. 2016;44(6):2491-500.

21. Millacura F, Li M, Valenzuela-Ortega M, French C. TXO: Transcription-Only genetic

circuits as a novel cell-free approach for Synthetic Biology. bioRxiv; 2019.

22. Oltmanns J. Biosensors for heavy metals. PhD thesis, University of Edinburgh. 2017.

Available from: https://era.ed.ac.uk/handle/1842/22854


https://doi.org/10.1101/2021.08.10.455838
http://creativecommons.org/licenses/by/4.0/

