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Abstract 

Microarray technology has revolutionised the high throughput molecular biology research. 

DNA oligonucleotide probe arrays have been extensively used for transcriptome analysis, 

functional RNA arrays have provided insight into RNA’s biosensing capabilities,  and protein 

arrays have routinely enabled high throughput protein interaction studies. Nonetheless, 

there are still potential areas where the microarray technology can be employed to 

increase the throughput for new research possibilities. One area is the study of post-

transcriptional gene regulation and riboregulatory devices which act post-

transcriptionally. So far, no array-based methods have been described for in vitro post-

transcriptional gene regulation analysis or riboswitch performance screening. The work 

presented here bridges this gap in the field by developing a microarray technology which 

is amenable to post-transcriptional gene regulation studies as well as riboregulatory 

performance screening applications. Building on a recently published RNA array 

fabrication platform (from the Callaghan group), this thesis shows: (I) an optimised method 

for making a DNA array, (II) an optimised method for transcribing the DNA array into an 

RNA array, (III) an efficient novel strategy for translating the RNA array into a protein array, 

(IV) proof of concept for the new platform’s application in high throughput riboregulation 

research. In summary, the presented results describe a highly efficient protocol, in terms 

of time and reagent usage, for the fabrication of protein arrays from DNA array-

programmed RNA arrays. In addition, a group of synthetic post-transcriptional 

riboregulatory devices were successfully tested on the new platform, demonstrating its 

utility in riboregulator development and application studies.        
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Chapter 1: Introduction 

Post-transcriptional gene regulation (PTGR) is a major form of gene regulation in all 

organisms (1). Additionally, PTGR has proven to be a prime target for therapeutic, 

diagnostic, and biotechnological applications in a synthetic biology context (2,3). In order 

to facilitate research into natural PTGR systems and enable the development of robust 

synthetic PTGR-based tools, novel assay platforms capable of monitoring PTGR events are 

needed. The microarray technology is one such platform that can be tailored towards PTGR 

research, serving as an in vitro equivalent for high throughput in vivo assay systems. The 

work presented in this thesis has focused on developing a novel microarray platform which 

is amenable to PTGR research applications, especially with regard to the development of 

synthetic PTGR-based devices. This chapter provides an overview of the microarray 

technology as well as PTGR, with emphasis on RNA/protein arrays and synthetic PTGR 

devices, respectively.        

 

1.1. The microarray technology  
A microarray is typically an organized array of biological samples arranged in a defined 

location on a solid surface, enabling the massively parallel qualitative or quantitative 

analysis of biological samples  (4,5). The microarray technology was born in the 1990s with 

the advent of on-chip DNA synthesis (6,7) and DNA printing (8,9). As the most prevalent 

form of microarrays, DNA microarrays have since found diverse applications in 

transcriptomic analyses (10,11), gene sequencing (12,13), microbial diagnostics (5) and 

protein-binding site mapping (14). In the study described in this thesis three types of 

microarrays are employed: DNA arrays, RNA arrays, and protein arrays. Each containing 

DNA, RNA, and protein samples respectively on a glass slide. Since DNA arrays are well-

established (4) and conventional DNA array fabrication methods are used here, this section 

will only focus on RNA and protein arrays. Special emphasis will be placed on the technical 

aspects of different RNA and protein array fabrication platforms, and their demonstrated 

applications will be briefly discussed.   
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1.1.1. RNA array platforms 
The term ‘RNA array’ refers to micro-patterned RNA samples immobilised on a solid 

substrate, normally a functionalised glass slide. RNA microarrays are a powerful tool for 

the analysis of RNA-related phenomena (4) such as RNA-RNA, RNA-protein, or RNA-small 

molecule interactions. RNA samples are either synthesised ex situ (off the chip) and 

transferred onto the solid substrate or transcribed in situ (on the chip) from a DNA 

template. A number of methodologies have been developed in the past two decades for 

the fabrication of functional and protein-coding RNA arrays, utilising both ex situ and in 

situ RNA synthesis configurations. Non-coding, functional RNA array platforms will be 

discussed in this section, and protein-coding RNA array platforms will be discussed in the 

next section under protein array platforms. Functional RNAs here are taken to refer to 

aptamers, ribozymes, or short RNA sequences all used for biosensing applications for 

example to detect proteins, analytes, or cognate DNA species.  

 

The first demonstration of such RNA arrays was debuted in 2001 (15) when engineered 

RNA switches, consisting of catalytic and allosteric modules, were transcribed ex situ and 

immobilised via a 5’ thiol modification (16) onto gold-coated 96 well microtiter plates 

(Figure 1A). In this prototype demonstration, the authors used the hammerhead ribozyme 

(17) as the catalytic module and a number of aptamers (e.g. against cAMP, Cobalt, and 

theophylline) as the allosteric modules. The authors were able to specifically detect the 

presence of each effector molecule in the buffer environment. The detection method in 

this platform was through the incorporation of 32p-labeled UTPs in the RNA transcript and 

registering the loss of radioactive signal as an indicator of ribozyme activation and RNA 

cleavage. Expanding on this successful demonstration, several other groups used the same 

general principles of solid-phase RNA immobilisation and constructed biosensing RNA 

arrays with diverse technical nuances. McCauley et al. (18) produced a functional RNA 

array with RNA aptamers against three different cancer biomarkers, immobilising 5’ 

biotinylated synthetic RNA sequences on streptavidin-coated glass slides and detecting 

specific analyte binding via fluorescence polarisation of a 3’ Fluorescein moiety on each 

aptamer. Similarly, anti-protein RNA aptamer arrays were produced which relied on RNA 

immobilisation via a 5’ biotin onto streptavidin-coated glass slides, and signal detection via 

fluorescently labelled target proteins (19,20).   
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In a series of novel RNA array fabrication techniques, Corn and colleagues (21) used 

Surface Plasmon Resonance Imaging (SPRI) in conjunction with different RNA capture 

methodologies. These included direct immobilisation via a 5’ thiol modification (22,23) 

(Figure 1A); ligation to ssDNA oligonucleotide arrays by T4 DNA ligase (24) or T4 RNA ligase 

(25,26) (Figure 1B); and hybridisation via specific sequence tags to ssDNA oligonucleotide 

arrays (27,28) (Figure 1C). SPRI RNA arrays utilise gold-coated glass substrates as a solid 

support for the covalent immobilisation of thiol-modified RNA or ssDNA samples. In the 

SPRI platform, the binding of a bioaffinity partner to each functional RNA feature results 

in changes in the local refractive index, which in turn cause a shift in the local reflectivity 

from the gold thin films; by quantitative analysis of the reflectivity difference the binding 

of bioaffinity partners can be monitored (21). These SPRI arrays typically accommodated 

~20 RNA features and were successfully demonstrated to detect femtomolar 

concentrations of target DNA species via hybridisation and subsequent signal amplification 

by RNaseH cleavage (22,23) or gold nanoparticle attachment (27). Allowing detection of 

fM-nM concentrations of clinically relevant biomarkers (such as fIXa, VEGF, hTh) using 

specific RNA aptamers (25,26,28). Significantly, Corn and colleagues made the first 

demonstrations of in situ transcribed RNA arrays from neighbouring, surface-bound DNA 

templates (21,27,28) (Figure 1D). RNA transcription from a surface-bound DNA template 

had previously been reported (29–31), but not in an array context. This was an important 

achievement in the field, since the in situ RNA transcription and immobilisation method 

greatly reduces the risk of RNA degradation and eliminates the need for prior RNA 

purification. 

 

The RNA array platforms described thus far were low throughput and typically 

accommodated less than 100 RNA features. To address this issue, a number of high-density 

RNA arrays have also been developed. For example, Kim and Crooks (32) described a 

method for RNA array fabrication by mechanical transfer from a master DNA array. In this 

platform, a DNA array of up to 2500 ssDNA oligonucleotides is allowed to co-hybridise with 

a 3’ biotinylated ssDNA anchor and a 5’ fluorescently labelled synthetic RNA strand; 

simultaneously adjoining the newly hybridised chimeric DNA/RNA strand by T4 DNA ligase. 

The 3’ biotinylated DNA/RNA chimera is then mechanically transferred onto a streptavidin-

coated slide by physical contact with the DNA master surface. However, this was only a 

proof of concept experiment and no significant applications were demonstrated.  Another 

method for high-density RNA array fabrication is the temperature-controlled microintaglio 
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printing (TC-µIP) (33). In TC-µIP, a polydimethylsiloxane (PDMS) printing mould with 

micropatterned cavities is used to capture streptavidin-coated magnetic beads which carry 

biotinylated DNA templates. The PDMS master is covered in IVT mixture and sandwiched 

with another slide which is uniformly coated with capture ssDNA oligonucleotides. RNA 

transcription (with fluorescently labelled UTP) takes place in situ at 37 °C, by raising the 

temperature to 70 °C and slow cooling, the nascent RNA transcripts immobilise on the 

opposing ssDNA capture slide by hybridisation via a 3’ sequence tag (Figure 1E). The 

authors successfully demonstrated a remarkable density of up to 40,000 spots/mm2 using 

the GFP mRNA. The drawback of TC-µIP is that RNA species are not patterned in an a priori 

addressable fashion. However, for certain applications like directed evolution of functional 

RNAs, TC-µIP is an ideal platform (33) as long as the beads containing respective DNA 

templates can be retained for sequence analysis. 

 

Most recently, a novel method was published (by the Callaghan laboratory) for the 

generation of in situ transcribed, self-assembling, high density functional RNA arrays (34) 

henceforth referred to as DNA Array-Programmed RNA Array (DAPRA) for convenience 

(Figure 1F). In DAPRA, a DNA array is made first by spotting PCR-amplified, 5’ biotinylated 

DNA templates on a streptavidin-coated glass slide. Under the control of a T7 RNA 

polymerase promoter, each DNA template encodes for the RNA of interest conjoined with 

a constant streptavidin aptamer (SAapt) (35) module at the 3’ end. To generate an RNA 

slide, the DNA template slide is assembled in a slide sandwich with another streptavidin-

coated slide i.e. the RNA capture slide, with two Parafilm strips as spacers and 150 µl of 

IVT mixture as the filling. Upon incubation of the IVT slide sandwich at 37 °C for 90 minutes, 

the nascent RNA transcripts diffuse across the slide sandwich and immobilise on the RNA 

capture slide by specific streptavidin-SAapt interaction. RNA slide visualisation is achieved 

by either fluorescent (Cy3-UTP) labelling of RNA transcripts during the IVT reaction, or if 

used for RNA-RNA interaction studies, by probing with a fluorescently labelled cognate 

RNA species. The authors demonstrated DAPRA’s capability in the fabrication of high 

density RNA arrays of up to 1800 features; and its application to the detection of specific 

mRNA-sRNA interactions for ompA-MicA and hapR-Qrr1 cognate pairs; as well as specific 

detection of the triphenylmethane dye molecule malachite green (MG) by the MG RNA 

aptamer (36). DAPRA’s significant advantage is that it can produce in situ transcribed, high-

density, self-assembling RNA arrays with addressable RNA spots, a combination that none 



 20 

of the aforementioned RNA array platforms have achieved. Figure 1.1 provides a schematic 

representation of selected RNA array fabrication approaches.  

 

 

 
Figure 1.1. RNA array fabrication approaches. A) Direct immobilisation of RNA, e.g. via a 5’ thiol modification 

onto a gold-coated substrate. B) Indirect immobilisation of RNA via ligation onto a ssDNA adaptor on the 

solid substrate. C) Indirect immobilisation of RNA via hybridisation with a complementary ssDNA adaptor on 

the solid substrate. D) In situ RNA array generation by in vitro transcription from a surface-bound dsDNA 

template, and RNA self-assembly via hybridisation with a complementary ssDNA adaptor on the solid 

substrate (the SPRI platform). E) In situ RNA array generation by the TC-µIP approach. Bead-bound dsDNA 

templates are evenly distributed across the printing mold, IVT mixture is added and the printing mold is 

sandwiched with the ssDNA-coated slide. IVT occurs at 37 °C where RNA is structured, by raising the 

temperature to 70 °C RNA unfolds. Gradual lowering of temperature allows the unfolded RNA to hybridise 

with the ssDNA probe on the opposite slide, thus forming an RNA array. F) In situ RNA array generation by 

the DAPRA approach. The IVT slide sandwich is highlighted. The DNA slide contains dsDNA template encoding 
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the RNA of interest with a 3’ streptavidin aptamer tag. During IVT, nascent RNA transcripts diffuse across the 

slide sandwich and self-assemble on the opposing RNA capture slide via their 3’ streptavidin aptamer moiety.            

  

1.1.2. Protein array platforms 
Protein microarrays are miniaturised assay systems containing small amounts of 

immobilised proteins on a solid substrate (37), and provide a versatile platform for the 

parallel and high throughput characterisation of hundreds to thousands of proteins in vitro 

(38). Protein microarrays gained popularity following the success of genome sequencing 

projects and the discovery of new, unannotated open reading frames (ORFs); which 

necessitated the development of high throughput assays for analysing the DNA-encoded 

information (39,40). Traditionally, in vivo platforms such as the phage display (41,42) or 

the yeast two hybrid (43,44) methods have been used for the high throughput analysis of 

protein function. However, popular in vitro platforms such as the enzyme-linked 

immunosorbent assays (ELISA) (45,46) are medium throughput, and not capable of 

performing massively parallel protein characterisation assays. Therefore, protein 

microarrays were developed to fill this gap and enable the high throughput, in vitro 

analysis of protein-related phenomena. There are two general approaches for the 

fabrication of protein arrays: 1) protein samples are individually expressed in vivo and 

purified off the chip and then spotted on the slide (38,40,47); 2) protein samples are 

synthesised in situ by cell-free expression and self-assemble in defined locations on the 

slide (48,49). 

 

The ex situ expression purification and spotting approach is well-established and has been 

widely applied in the proteomics field in the past two decades. Examples include: 

MacBeath and Schreiber’s pioneering work to produce a ~11000 feature protein array and 

demonstrate its application in protein-protein and protein-small molecule interaction 

studies (50); Zhu et al.’s proteome chip representing 5800 different yeast proteins and its 

application to the discovery of new protein and lipid interaction partners (51); and 

ThermoFisher’s commercially available ProtoArray with over 9000 human proteins (52). 

However, this approach to protein array fabrication also poses many limitations (37). For 

example, individual expression and purification of thousands of proteins is time-

consuming and requires tremendous logistic effort and expenditure. In addition, protein 

slides must be stored until use which might have adverse effects on protein folding and 



 22 

activity. To overcome these challenges, in situ generated cell-free protein arrays were 

developed. Cell-free protein arrays use cell free expression systems such as the E. coli or 

the rabbit reticulocyte lysates (53) to synthesise proteins fresh at the time of each 

experiment, avoiding individual purification and storage. They have been used increasingly 

over the past decade to study protein-protein interactions and to discover antibody 

biomarkers for a variety of genetic and pathogenic human diseases (49). A number of 

platforms have been introduced for the fabrication of in situ generated cell-free protein 

arrays. This section will describe each platform with special emphasis on the adopted 

methodological approaches. 

 

The first demonstration of a cell free protein array was the Protein In situ Array (PISA), also 

known as DiscernArray (54,55). PISA uses microtiter plates functionalised with nickel 

nitrilotriacetic acid (Ni-NTA) as the solid substrate for protein capture. DNA templates 

containing a x6His tag are PCR amplified and incubated in 25 µl volumes of rabbit 

reticulocyte lysate for cell-free expression, newly expressed proteins then immobilise at 

the bottom of each microtiter well via their x6His tag with detection via 

immunohistochemistry. The authors successfully demonstrated the cell-free expression, 

functional immobilisation, and immunodetection of a fragment of the human 

antiprogesterone antibody using PISA. Valuable as a pioneering demonstration, PISA is 

nevertheless limited by the large volume of 25 µl cell-free reaction per feature, and the 

fact that arrays are assembled in microtiter plates rather than flat glass slides; issues which 

limit PISA’s applicability and throughput.  

 

In an effort to miniaturise and transfer immunoassays from microtiter plates onto glass 

slides, the Multiple Spotting Technique (MIST) was introduced (56–58) and adapted to cell-

free protein synthesis (59). The cell-free MIST array is generated by the deposition of a 

DNA template in a first spotting step, and the deposition of a cell-free expression mixture 

on top of the DNA spot in a second spotting step (60). This confined-spot configuration 

uses extremely low amounts of cell-free reaction and allows spot densities of up to 13000 

features on a single microscope slide. Also, there is no need for DNA modification or 

purification, as the DNA template does not need to be immobilised on the slide, and even 

unpurified PCR products can be used as protein expression templates. The authors 

successfully demonstrated their platform by subjecting 384 cDNAs from a human fetal 

brain library to MIST using an E. coli cell-free system. The expressed proteins immobilised 
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in situ via non-specific ionic interactions on APTES-functionalised slides and were detected 

by immunolabelling.  

 

Most recently, a new MIST array format was introduced with the added capability of on-

chip PCR, eliminating the need for prior cloning or PCR amplification of cDNA fragments 

(61). In the new MIST array, gene-specific forward and reverse primers are covalently 

attached to each spot location on epoxy-functionalised slides. This means that RNA isolates 

can self-assemble into an expression-ready DNA array by just an off-chip reverse-

transcription reaction and an on-chip PCR elongation step. Total cDNA mixtures are spiked 

into a PCR reaction which covers the whole slide surface. cDNAs of interest then hybridise 

to gene-specific primers on each spot, resulting in primer extension and the formation of 

dsDNA products. In a second spotting step, an E. coli cell-free mixture is deposited onto 

same spot locations; with a one-hour incubation at 37 °C for protein expression, and an 

overnight incubation for protein immobilisation. Protein capture is achieved by non-

specific ionic interactions with epoxy groups on the surface. The authors demonstrated 

their platform by applying total RNA extracts from patients with and without chronic 

pancreatitis and detecting splice variants between healthy and disease samples. 

 

In order to extend the utility of microarrays to in vitro evolution studies, a variety of mRNA-

programmed protein array platforms have been developed which rely on the mRNA 

display (PROfusion) technology (62,63). The PROfusion technique utilises the aminoacyl-

tRNA analogue puromycin, and the peptidyl transferase activity of the ribosome to form a 

stable amide linkage between the nascent polypeptides and puromycin (62). By adding a 

puromycin modification to the 3’ end of mRNA ORFs, an mRNA-puromycin-polypeptide 

fusion is achieved, linking the genotype to the phenotype. This configuration is extremely 

useful for screening large libraries of up to 1014 randomised mRNAs for their phenotypic 

characteristics without the need for onerous in vivo procedures such as phage display (64). 

For PROfusion-based protein arrays, the puromycin modification is generally added to the 

mRNAs by ligation to (65–67), or hybridisation with (68), a synthetic ssDNA adaptor which 

contains a puromycin tag for protein capture and an immobilisation tag (e.g. biotin) for 

surface immobilisation. Nevertheless, the PROfusion protein arrays developed to date 

require individual pre-synthesis, modification, and purification of mRNAs, which hinder 

high throughput analysis of a large library. 
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A major advance in the cell-free protein array technology was made in 2004 with the 

introduction of the Nucleic Acid Programmable Protein Array (NAPPA) (69,70). In NAPPA, 

biotinylated plasmid DNA, encoding the protein of interest with a C-terminal glutathione 

S-transferase (GST) tag, is co-spotted on the slide with avidin and an anti-GST antibody. 

Avidin and anti-GST antibody covalently attach to the slide via amine coupling, in turn 

capturing the biotinylated plasmid and the GST-tagged protein, respectively. Protein 

expression is achieved by incubating 100 µl of rabbit reticulocyte lysate over the slide for 

typically two hours. On each spot location, nascent polypeptides self-assemble in situ via 

their GST tag and are detected by immunolabelling. In their first proof of concept 

demonstration, the authors mapped the pairwise interactions among 29 human DNA 

replication initiation proteins and revealed 110 interactions, 63 of them previously 

undiscovered (69). The authors later streamlined the NAPPA protocol and increased its 

throughput from 512 spots per slide originally, to an unprecedented ~2500 spots per slide 

representing over 1000 unique human proteins (71). NAPPA has since emerged as a 

powerful and widely used platform for protein-protein interaction and biomarker 

screening studies (72,73). For instance, NAPPA has been successfully utilized to study the 

humoral response to a variety of autoimmune and cancer antigens (74,75), bacterial 

antigens (76), and viral antigens (77). Several technical variations of the original NAPPA 

platform have also been introduced, these include: the Tus-Ter protein capture system 

(78,79), the SPRI NAPPA (80), the silicon nanowell NAPPA (81), the HaloTag NAPPA (82,83), 

and the Microreactor device NAPPA (84). 

 

Each feature on a NAPPA array contains a complex mixture of avidin, anti-GST antibody, 

plasmid DNA, and the translated GST-tagged protein. This complex mix may interfere with 

some applications where protein purity is essential and also means that each DNA 

template slide can be used only once. To circumvent these issues, the DNA Array to Protein 

Array (DAPA) technology was introduced by the Taussig lab in 2008 (85).  DAPA consists of 

two separate slides, one epoxysilane-coated for DNA capture and the other Ni-NTA-coated 

for protein capture. The DNA templates, encoding double-x6His-tagged proteins, are PCR 

amplified with a 5’ amine modification and immobilised covalently on the DNA slide. 

Translation occurs in a slide sandwich arrangement, with the DNA slide and the protein 

capture slide facing each other. A permeable membrane spacer, which is soaked with ~180 

µl of an E. coli cell-free lysate, serves as a support/reservoir inside the slide sandwich. Upon 

a 4-hour incubation of the cell-free reaction, translated proteins diffuse through the 
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membrane and self-assemble on the protein slide via their His tag and are detected by 

immunolabelling. The authors showed that each DNA template slide can be reused to 

translate up to 20 protein arrays (85) and demonstrated DAPA’s utility by producing 

protein arrays from 116 diverse human proteins (86). Two other technical variations of the 

original DAPA setup were also introduced, which eliminated the use of a permeable 

membrane by a microfluidic device (87), or by two stretched Parafilm spacers at either end 

of the slide sandwich (88,89); the latter reducing the cell-free mixture volume from ~180 

µl down to 90 µl.  

 

Microarray fabrication normally involves stringent wash cycles which might prohibit the 

detection of low-affinity and transient binding events. To enable the detection of low 

affinity interactions, Maerkl and Quake introduced the concept of Mechanically Induced 

Trapping Of Molecular Interactions (MITOMI) (90), later also known as the Protein 

Interaction Network Generator (PING) (91). MITOMI is a microfluidic array platform 

consisting of a conventional glass slide for DNA and protein capture, and a custom 

microfluidic device for compartmentalisation of translation and binding reactions. DNA 

samples are first spotted on an epoxy-coated slide, and the microfluidic device is manually 

aligned to DNA spots and bonded to the slide. A MITOMI device consists of 2400 

compartments, each a dumbbell-like unit cell, corresponding to 2400 DNA spots on the 

slide and isolated by a set of micromechanical valves. After device assembly, protein 

capture antibodies (e.g. anti-x5His) are used to functionalise corresponding locations in 

each unit cell for protein capture. Protein expression is achieved by injecting 25 µl of a 

wheat germ cell-free extract into the device, and incubation for 90 minutes. The in situ 

translated proteins localise to the protein capture compartment in each unit cell, 

immobilising on the slide surface via their x5His tag. Putative interacting partners (mixed 

with the cell-free mixture) are confined in each compartment in an equilibrium binding 

state with the immobilised target protein. Mechanical closing of a button in each 

compartment then causes the expulsion of solution-phase material and trapping of the 

bound material. Binding events can be detected by fluorescence-labelling of interacting 

partners. In their first proof of concept demonstration, the authors used MITOMI to map 

the binding energy characteristics of four eukaryotic transcription factors against 464 

target DNA sequences (90). MITOMI has also been used to study RNA-protein (92) and 

protein-protein interactions (91,93). 
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Finally, a number of special-purpose cell-free protein array platforms have also been 

introduced. For example, to enable the label-free and sensitive detection of protein 

interactions, an SPRI-based protein array was developed (94). The SPRI protein array is 

technically a de-coupled NAPPA, with DNA template and protein capture spots positioned 

adjacent to each other on an SPR chip. Upon incubation with cell-free mixture, translated 

proteins flow from the DNA template spot to the neighbouring protein capture spot, and 

self-assemble via an affinity tag (e.g. x6His tag). These chips can then be used for SPRI 

bioaffinity biosensing applications. Other examples are the microintaglio printing (µIP) 

protein arrays (4,95) and the digitalised protein arrays (96), with reported spot densities 

of ~25 million and ~6 million per slide, respectively. These platforms utilise microchamber 

slides with µm-sized wells to randomly capture bead-bound or free-flowing DNA templates 

encoding the affinity-tagged protein of interest. By sandwiching the cell-free mixture 

between the DNA-loaded microchamber slide and a protein capture slide (coated with 

affinity capture reagent), translation reactions occur in confined chambers and the 

translated proteins self-assemble onto the protein slide. These ultra-high density arrays 

are particularly useful for directed evolution studies where a large library of gene mutants 

have to be screened for favourable phenotypes. Figure 1.2 represents schematics of 

selected cell-free protein array platforms.   
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Figure 1.2. Cell-free protein array platforms. A) PISA. Ni-NTA-coated microtiter plate wells are filled with cell-

free protein expression (CFPE) mixture containing DNA template. During CFPE, nascent proteins immobilise 

on the surface via their x6His tag. B) MIST. The unmodified DNA template is spotted first, followed by a 

second spotting step with CFPE mixture on the same location. During CFPE, nascent proteins immobilise on 

the surface via non-specific ionic interactions. C) PROfusion. mRNA templates are 3’-modified with 

puromycin e.g. via ligation onto a puromycin-ssDNA adaptor. During CFPE, the ribosome translocates along 

the mRNA, translating full-length proteins. Upon confronting the RNA-DNA junction the ribosome stalls, 

allowing the nearby puromycin to enter the ribosomal A site and form a covalent bond with the C-terminal 

of the nascent protein, thus linking each protein to its encoding mRNA. D) NAPPA. Plasmid DNA and anti-GST 

antibody are co-spotted on the solid substrate. Upon incubation with the CFPE mixture, nascent proteins 

self-assemble on the slide via their GST tag. E) DAPA. DNA template encoding x6His-tagged proteins is 
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spotted on the DNA slide, and the protein capture slide is coated with Ni-NTA. The DNA slide and the protein 

capture slide are sandwiched together, separated by a CFPE mixture-soaked permeable membrane. During 

CFPE, nascent proteins diffuse across the slide sandwich and self-assemble on the protein capture slide via 

their x6His tag. 

 

In the preceding sections, major RNA and protein array platforms were elucidated. These 

platforms were designed to study RNA or protein as stand-alone entities. However, to be 

amenable to PTGR research, a microarray platform must provide an opportunity to study 

the link between RNA transcripts and protein outputs, i.e. riboregulation. The following 

sections provide an overview of riboregulation and riboregulatory devices.  

          

1.2. Natural riboregulation mechanisms   
Non-coding RNAs (ncRNAs) have been shown to be important regulators of gene 

expression in prokaryotes and eukaryotes (97,98). In both groups, ncRNAs exert their 

regulatory functions primarily via sequence complementarity with target mRNAs and 

influencing their stability and/or translation efficiency (1,99). However, despite similar 

regulatory outcomes, the mechanism by which ncRNAs are produced and processed differ 

markedly between prokaryotes and eukaryotes. In prokaryotes, small RNAs (sRNAs) are 

recognised as global regulators of important cellular functions such as stress response, 

quorum sensing, virulence, membrane protein biogenesis, etc. (100,101). sRNAs are 

typically 50-250 nucleotides long and mediate the up or down-regulation of their target 

mRNAs by complementary pairing to a region around the Shine-Dalgarno (SD) sequence in 

the 5’ untranslated region (UTR) of the mRNA (102). In most cases, sRNA pairing inhibits 

translation by occluding the ribosome binding site (RBS) and denying access to the 30S 

ribosomal subunit, as in MicF down-regulation of ompF mRNA in E. coli (103,104). Less 

frequently, sRNA pairing can activate translation by relieving secondary structure around 

the SD of target mRNAs, like DsrA and RprA activation of the rpoS mRNA in E. coli (105,106). 

The Hfq protein, a hexameric RNA chaperone protein of the Sm and Sm-like family, is 

perceived to be at the core of bacterial post-transcriptional regulatory networks (102,107). 

Hfq facilitates sRNA-mRNA interaction by acting as a scaffold on which sRNAs and mRNAs 

can be brought in close proximity to interact (102). In cases where sRNA binding causes 

the down-regulation of target mRNAs, Hfq is thought to facilitate mRNA turnover by 

recruiting a degradosome complex involving the general endonuclease RNase E, which 
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degrades mRNAs in an sRNA-induced manner (102,108). Figure 1.3 represents a schematic 

of the sRNA-mediated riboregulation mechanism.  

 

 
 

Figure 1.3. Generalised mechanism of action for trans-encoded sRNAs in prokaryotes. A) Down-regulation 

of the target mRNA. The mRNA can translate normally when its RBS is available for ribosome loading. With 

Hfq’s assistance, the sRNA binds to the RBS of target mRNA, blocking access to ribosome and inhibiting 

translation. The degradosome, including RNaseE, attacks the Hfq-sRNA-mRNA triad and mediates RNA 

turnover. B) Up-regulation of the target mRNA. The mRNA contains secondary structure around its RBS, 

preventing ribosome from translation initiation. A Hfq-loaded cognate sRNA binds to the mRNA and removes 

the constraint on the RBS, allowing access to the ribosome and activation translation.  

 

In eukaryotes, there are two main types of non-coding RNAs that regulate gene expression 

post-transcriptionally, small interfering RNAs (siRNAs) and microRNAs (miRNAs) 

(1,109,110). siRNAs were discovered as mediators of viral surveillance and transposon 

silencing (111), and miRNAs were discovered as regulators of developmental timing in C. 

elegans (112–114). Both siRNAs and miRNAs are typically transcribed as single-stranded 

ncRNAs that possess regions of self-complementarity, resulting in double-stranded stem-

loop structures (110). Through similar processing mechanisms (e.g. cleavage by the RNase 

III endonuclease Dicer), siRNAs and miRNAs mature into ~22 nucleotide duplexes which 

are then recruited to the RNA induced silencing complex (RISC) (110,115). These RISC-
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associated ~22 nucleotide RNA duplexes exert their regulatory function through RNA 

interference (RNAi) (116). RNAi involves antisense pairing of siRNAs or miRNAs with their 

target mRNAs which could lead to translation inhibition or mRNA degradation, depending 

on their degree of complementarity (1). siRNAs typically have perfect complementarity 

with their target mRNAs and result in mRNA degradation by the nucleases associated with 

the RISC complex (e.g. Argonaute) (1,110,115). In contrast, miRNAs typically share partial 

complementarity with their targets which are located within the 3’ untranslated region of 

mRNAs; and result in translation inhibition by impeding the formation of a stable 

translation initiation complex, accelerating deadenylation and decapping, and eventual 

mRNA degradation (1,110,115). A schematic of the RNAi process in provided in Figure 1.4. 

 

 

 
 

Figure 1.4. Generalised mechanism of action for RNA interference in eukaryotes. miRNAs and siRNAs exist 

as double-stranded stem-loop structures. They both undergo maturation by the Dicer complex and are 

recruited to the RISC complex, containing Argonaute (Ago). miRNAs typically guide the RISC complex to the 

3’ UTR of their target mRNAs where they have partial complementarity with, resulting in the destabilization 

of mRNA and preventing the formation of the translation initiation complex. siRNAs typically have full 

complementarity with their targets which could be anywhere on the mRNA transcript. The RISC complex, 

guided by siRNAs, cleaves the target mRNA in the base-paired region, resulting in mRNA degradation and 

down-regulation of protein expression.  
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1.3. Synthetic biology and gene regulation  
Synthetic biology is a young discipline which seeks to forward-engineer biological systems 

to enable novel and complex functions (117,118). It uses functional (regulatory) and 

protein coding sequences as discrete building blocks or “parts” to assemble synthetic gene 

networks with applications in biosensing, therapeutics, pharmaceuticals, and biofuel 

production (2,3,119,120). Synthetic biology was introduced in 2000 with the publication 

of two papers describing the field’s first devices, the genetic toggle switch and the 

replessilator (Figure 1.5) (121). Both devices were made of similar parts (repressible 

promoters) and used GFP as a readout of the circuit’s behaviour in E. coli. The toggle switch 

used two constitutive promoters to drive the expression of mutually inhibitory 

transcriptional repressors and could flip between stable high and low GFP fluorescence 

states upon transient induction of each promoter (122). The replessilator was a cyclic 

negative feedback loop of three repressor genes and their respective promoters and was 

able to induce GFP expression in an oscillatory fashion (123). Inspired by this success in 

genetic circuit engineering, other groups have used synthetic biology to redesign the MAP 

kinase pathway in yeast (124); to create an E. coli system that uses light as an inducer for 

gene expression (125); to engineer E. coli as a probiotic agent for sensing and combating 

cancer (126) and pathogens (127); and to engineer yeast for large scale production of the 

antimalarial drug artemisinin (128). In one of the latest demonstrations of synthetic 

biology, Pardee et al. reported a freeze-dried cell-free expression platform for the 

deployable, custom manufacturing of antimicrobial peptides and vaccines (129).  
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Figure 1.5. Synthetic biology’s first genetic circuits. A) The toggle switch. This device consists of two 

constitutive promoters which express mutually inhibitory transcriptional repressors. Therefore, the activity 

of one promoter would result in the stable inhibition of the other. The circuit can be flipped to the desired 

state, here being either high or low GFP fluorescence, by the transient addition of an environmental input 

(i.e. an inducer). Once the input is removed (e.g. by washing the cells), the behaviour of the circuit persists 

for generations in a monostable fashion. B) The replessilator. This is a more complex circuit that the toggle 

switch but works with a similar logic. Three repressible promoters sequentially deactivate each other 

depending on which environmental input is provided. The resulting GFP fluorescence signal therefore 

oscillates periodically and this pattern persists for multiple generations.  

 

 

The synthetic biological systems referred to thus far relied on DNA-protein components to 

control gene expression primarily at the level of transcription. Many synthetic RNA-based 

devices have also been developed which control gene expression transcriptionally and 

post-transcriptionally. RNA molecules, with their diverse regulatory roles in natural 

systems and the growing appreciation for their sequence-structure-function relationship, 

have become attractive parts in synthetic biology’s toolbox (130,131). Depending on their 

sequence, RNA molecules can assume complex structures which endow them with 

sophisticated functions such as high-affinity binding with nucleic acids, proteins, and small 

molecules (132). RNA-based gene circuits therefore have potential advantages over 

protein-based circuitry for a number of reasons. First, RNA devices are compact (typically 
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<100 nucleotides) and bypass the translation step to execute their regulatory function, 

thus faster signal propagation at a lower cost to the cell (131). Second, with the aid of 

computational structure prediction programs and high throughput screening methods, 

RNA regulators can be designed rapidly with predictable behaviour, and integrated reliably 

in synthetic circuits (132–135). Finally, RNA devices can offer similar regulatory dynamic 

ranges to proteins, with added benefits like composability and lack of immunogenicity 

which is currently unattainable with proteins (136,137). An overview of synthetic RNA 

regulatory elements in provided in 1.4.                   

 

1.4. Aptamers and riboswitches  
 Aptamers are single-stranded, structured oligonucleotides (DNA or RNA) which can bind 

a variety of substrates such as proteins or small molecules with high affinity and specificity 

(138,139). They are selected from a pool of up to 1015 random oligonucleotides through an 

in vitro selection method called the systematic evolution of ligands by exponential 

enrichment (SELEX) (140,141). SELEX has so far yielded an extraordinary range of RNA 

aptamers with diverse functions. For example, the streptavidin aptamer is only 44 

nucleotides long and binds streptavidin, and not the closely related avidin, with a 

dissociation constant (Kd) of ~70 nM (35,142,143). The theophylline aptamer is 38 

nucleotides long, binds the bronchodilator drug theophylline with a Kd of ~100 nM, and 

discriminates against the structurally related caffeine by a factor of 10000, 10x better than 

the best monoclonal antibodies (144,145). RNA aptamers not only offer an alternative to 

protein antibodies, they also have become RNA counterparts for fluorescent proteins. For 

example, the malachite green (MG) aptamer binds the triphenylmethane dye MG with a 

Kd of ~1 µM, inducing conformational changes in MG which increase its fluorescence (at 

655 nm) 2360-fold compared to the non-bound molecule (36,146). The Spinach aptamer 

binds 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) with a Kd of 562 nM and 

confers a green fluorescence property to DFHBI comparable to that of the enhanced green 

fluorescent protein (EGFP) (147). Both MG and Spinach aptamers have been used in E. coli 

cells for live cell imaging of RNA molecules and detection of metabolites, respectively 

(Figure 1.6) (148,149). Due to their ease of construction, malleability, and antibody-like 

sensitivity and specificity, aptamers have great potential for use in biosensing and 

therapeutic applications (150–153). Of note, aptamers have also been extensively applied 
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in microarray-based platforms for the detection of small molecules (16), proteins (e.g. 

cancer biomarkers) (20,154), and even whole cells (155).  

 

 

 
Figure 1.6. The Spinach aptamer for RNA and small molecule biosensing. A) RNA labelling by the Spinach 

aptamer. The aptamer can be fused to an RNA transcript for the quantitative detection of its presence in 

cells. The aptamer forms a highly structured pocket around its ligand (DFHBI) which is a mimic of the GFP 

fluorophore, conferring a green fluorescence property to DFHBI which can be used to infer the concentration 

of RNA in the cellular environment. B) Small molecule biosensing by the Spinach aptamer. The Spinach 

aptamer can be fused, via a transducer module, to another aptamer for a molecule of choice (e.g. adenosine 

monophosphate, ADP). Both aptamers and the transducer module are arranged in a manner that the Spinach 

aptamer cannot bind DFHBI unless the ADP aptamer has already bound to ADP. Therefore, the fluorescence 

of the Spinach aptamer can be used to quantitatively detect the presence of ADP in the environment.  

 

 

Riboswitches are naturally occurring cis-acting RNA regulatory elements typically found in 

the 5’ UTR of mRNAs in all domains of life (156). They are composed of two distinct 

modules, an evolutionarily conserved natural aptamer domain termed the “sensor”, and a 

variable functional sequence termed the “expression platform” (157). Riboswitches sense 

the intracellular concentration of metabolites and modulate the transcription or 

translation of mRNAs whose products are involved in the biogenesis or transport of these 

metabolites (158). Metabolite binding confers conformational changes in the aptamer 

domain which in turn result in the formation of mutually exclusive conformations in the 

expression platform. Consequently, the expression platform might fold into a Rho-
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independent terminator, causing transcription termination, as in the TPP/FMN riboswitch 

of B. subtilis (159). Alternatively, the expression platform might assume a structure that 

sequesters the RBS, inhibiting translation, as in the coenzyme B12 riboswitch of E. coli 

(160). Less frequently, the expression platform is a ribozyme and executes its regulatory 

function by cleaving the mRNA, thus inhibiting translation, as in the glmS riboswitch in 

gram positive bacteria (161). The modular character of riboswitches and the plethora of 

artificial RNA aptamers that can be designed against virtually any molecule has led to the 

widespread adoption of engineered aptamer riboswitches in synthetic biology (162).  

 

 

 
Figure 1.7. Generalised mechanism of action for naturally occurring riboswitches. A) Translational inhibition. 

In the absence of ligand (L), the RBS is available for 30S ribosomal subunit loading and translation initiation. 

Ligand binding by the aptamer platform (blue) results in structural reorganisation in the expression platform 

(the RBS region) so that the RBS is sequestered in a stem loop. As a result, the 30S ribosome cannot initiate 

translation and the downstream gene is down-regulated. B) Transcriptional termination. In the absence of 

ligand, an anti-terminator module forms upstream of a Rho-independent terminator site, allowing 

transcription to continue. Once the aptamer (blue) is bound to its ligand, the expression platform (terminator 

& anti-terminator) restructuring causes the formation of a Rho-independent terminator with a stretch of 

uridine (U) nucleotides at the 3’ end. As a result, the RNA polymerase (RNAP) aborts transcription and the 

down-stream gene is down-regulated.  
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1.4.1. Antisense riboregulators 
Antisense riboregulators are inspired by the natural prokaryotic  sRNA-mRNA 

riboregulation mechanism wherein two complementary fragments of RNA, one trans-

encoded and one cis-encoded, form the basic control elements (99). A variety of antisense 

riboregulators have been developed so far, acting both at the transcriptional and post-

transcriptional levels in E. coli. Isaacs et al. (163) introduced one of the first synthetic post-

transcriptional antisense riboregulators consisting of two modules: a cis-repressed mRNA 

(crRNA) and a trans-activating RNA (taRNA). The crRNA is designed to form a spontaneous 

stem loop structure around the RBS of the nascent mRNA transcript, denying access to the 

30S ribosomal subunit and inhibiting translation. The taRNA is transcribed on a different 

locus and contains a stem loop with a sequence similar to that encompassing the RBS of 

the crRNA, in addition to an unpaired linear sequence complementary to the loop region 

of the crRNA. Upon induction, the taRNA binds and unwinds the stem loop structure of 

crRNA through a linear-loop interaction (164), resulting in translational activation. The 

authors made two orthogonal crRNA-taRNA variant pairs and demonstrated a repression 

efficiency of ~98 % for the crRNA encoding GFP, and up to 19-fold activation upon taRNA 

induction (163). The authors later increased the size of the orthogonal library to four pairs 

and, as proof of concept for biotechnological applications, integrated them into a genetic 

switchboard which could control carbon flux through three E. coli glucose utilisation 

pathways (165). A similar strategy for riboregulator construction was adopted by Green et 

al. who introduced toehold switches (136). Toehold switches differed in two ways form 

the crRNA-taRNA riboregulators. First, the RBS is sequestered within a loop rather than a 

stem, and second, toehold activation occurs via a linear-linear interaction rather than a 

linear-loop interaction. Toehold switches will be described in detail in Chapter 5. 
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Figure 1.8. Cis-repressed RNA (crRNA) and trans-activating RNA (taRNA), an example synthetic antisense 

riboregulator. The crRNA sequence (magenta) is placed upstream of the RBS (blue) and forms 

complementary base-pairing with the RBS, inhibiting translation. The taRNA is transcribed on a different 

locus and pairs with the crRNA via a linear-loop interaction (cyan in the middle image), lifting the constraint 

on the RBS. The RBS is now available for ribosome loading and translation of the down-stream gene is 

activated.  

 

 

Multiple translational antisense riboregulators have also been reported which borrow 

parts of their sequence and/or structure from natural sRNAs (166–168). Rodrigo et al. used 

a computer algorithm based on physiochemical principles to produce six pairs of de novo 

regulatory RNA sequences which could fit into predefined structural constraints, similar to 

natural sRNA-mRNA structures (169). These synthetic de novo designed sRNA-mRNA pairs 

could reach up to 11.2-fold activation for the GFP mRNA (169). A remarkable example was 

introduced by Na et al. who used the MicC sRNA as a scaffold and replaced its seed region 

with sequences targeting  the 5’ UTR of chromosomal targets in E. coli (170). This strategy 

was remarkable in that it obviated the need for separate design and cloning of target genes 

and could target virtually any endogenous gene for knock-down, comparable to RNA 

silencing strategies in eukaryotes (116). The authors demonstrated the metabolic 

engineering capability of their switches by targeting many tyrosine and cadaverine 

repressive genes and achieving tyrosine and cadaverine titres of 2 and 2.15 grams per litre, 

respectively (170). In addition to translational control, synthetic antisense riboregulators 

have also been developed which, relying on natural sRNA-mRNA modules, can terminate 
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(171) or activate (172) the transcription of target mRNAs by utilising Rho-independent 

terminator and anti-terminator structures. 

                 

1.4.2. Aptamer riboswitches 
Aptamer riboswitches are allosteric riboregulators which borrow their design from natural 

metabolite-binding riboswitches (162). They typically couple an artificial aptamer module 

to an expression platform in such manner that ligand binding by the aptamer results in up 

or down regulation of the target mRNA expression. The earliest report of aptamer 

riboswitches was made in 1998 when Werstuck and Green placed two copies of the 

minimal aptamer module of Hoechst dye in the 5’ UTR of the ß-galactosidase gene (173). 

They speculated that ligand binding confers a solid structure to the aptamer modules in 

the 5’ UTR, which can interfere with cap-dependant translation initiation by the eukaryotic 

ribosome. The authors demonstrated a dose-dependent >90 % down-regulation of the 

target mRNA in mammalian cells upon addition of Hoechst to the culture media (173). 

Another example of allosteric riboswitches is provided by “antiswitches” which consist of 

an aptamer module coupled to an antisense module and are trans-acting riboswitches 

(Figure 1.9) (174). Antiswitches are engineered so that the antisense module is 

complementary to the RBS region of a target mRNA and can be sequestered or exposed 

upon ligand binding by the aptamer module, depending on the design. The authors 

coupled the theophylline aptamer to an antisense module against the GFP mRNA and 

demonstrated the functionality of both ON and OFF antiswitches in yeast cells (174). Win 

and Smolke introduced ribozyme switches, a class of ligand-responsive cis-acting 

riboswitches comprised of one or two aptamer modules and a hammerhead ribozyme 

module (Figure 1.9) (175,176). These switches are designed so that ligand binding induces 

a conformational change in the aptamer module(s) which can cause or prevent 

hammerhead-mediated mRNA cleavage, depending on the design. As an example, the 

authors placed a theophylline-responsive ribozyme switch in the 3’ UTR of a survival gene 

(for histidine biosynthesis) in yeast and were able to demonstrate the ligand-dependant 

down-regulation of this gene in vivo (175).  
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Figure 1.9. Antiswitches and ribozyme switches, examples of synthetic aptamer riboswitches. A) Antiswitch 

riboswitches. The riboswitch is transcribed in trans and contains complementarity with the 5’ UTR of the GFP 

mRNA. In the absence of ligand, the complementary region (orange) on the riboswitch is sequestered within 

a stem loop, preventing access to the mRNA. Ligand binding by the aptamer module causes structural 

reorganisation in the riboswitch, exposing the mRNA-complementary region. The riboswitch now binds the 

5’ UTR of the target mRNA and interferes with the G-cap dependant translational initiation by the eukaryotic 

ribosome, inhibiting translation of the target mRNA. B) Ribozyme switches. Here the riboswitch is placed in 

the 3’ UTR of a eukaryotic mRNA and consists of a hammerhead ribozyme module (catalytic) fused to a 

ligand-binding aptamer module (sensory). In the absence of ligand, the hammerhead ribozyme in 

unstructured and cannot self-cleave. Ligand binding by the aptamer module restructures the switch and 

allows the hammerhead ribozyme to self-cleave, resulting in mRNA cleavage and subsequent degradation.         

 

The theophylline aptamer has been extensively applied in synthetic riboswitches as a 

replaceable sensory module. However, the Gallivan lab introduced a series of standalone 

theophylline riboswitches by simply placing the theophylline aptamer upstream of the RBS 

of reporter genes and altering the length and composition of the linker sequence between 

the aptamer and the RBS (134,135,177,178). In the absence of theophylline, the RBS is 

sequestered within a stem loop involving the aptamer and the linker, inhibiting translation. 

Ligand binding by the theophylline aptamer liberates the RBS, resulting in translational 

activation (Figure 1.10). Theophylline riboswitches have successfully been demonstrated 
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to control a motility gene in E. coli (179), to regulate an endogenous virulence gene in the 

intracellular pathogen Francisella (180), and to control a toxic gene in diverse species of 

the biotechnologically important cyanobacteria (181). Importantly, Mishler and Gallivan 

later showed that theophylline riboswitches perform comparably when tested in the E. coli 

cell-free expression mixture and suggested the use of such in vitro systems for riboswitch 

development (182). Besides translational control, there are also examples of OFF (183) and 

ON (184) synthetic aptamer riboswitches which can respectively terminate or activate the 

transcription of target mRNAs in a ligand-inducible manner. Overall, synthetic aptamer 

riboswitches hold great potential for next-generation therapeutics and biotechnological 

applications due to their controllability, specificity, modularity, ease of development, and 

lack of immunogenicity (137,162,185).   

                                           

 

 
Figure 1.10. The theophylline riboswitch. This riboswitch consists of the minimal theophylline aptamer 

module fused to the RBS via a variable linker sequence. In the absence of theophylline, the RBS is 

sequestered within a stem loop and cannot interact with the 30S ribosomal subunit, inhibiting translation. 

theophylline binding restructures the switch and exposes the RBS, turning ON translation. The efficiency of 

the theophylline riboswitch can be adjusted by varying the length and sequence of the linker region, as well 

as the sequence of the RBS.  

 

1.5. Project aims 
The microarray technology has enabled the high throughput analysis of genomes (12), 

transcriptomes (186), and proteomes (51). Various methods have been described for the 

fabrication of DNA arrays, functional RNA arrays (e.g. aptamers), and protein arrays. There 

are also several methods which use a DNA array as the template for in situ generation of 

protein microarrays which serve solely as a platform for proteomic analyses (Figure 1.2) 

(49). However, apart from the cumbersome PROfusion-based arrays (Figure 1.2.C), so far 

there have not been any reports of a microarray platform which uses an RNA array as the 
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template for protein array generation. Specifically, no methods have so far been described 

for using an in situ-transcribed, self-assembling mRNA array for protein array generation. 

In addition, there is no precedence for the use of coding RNA arrays for post-transcriptional 

gene regulation (PTGR) analyses, neither are there any reports of utilising an array 

platform for the development or testing of riboregulatory devices. 

 

The present work aimed to fill this gap in the field by developing a method for translating 

in situ-transcribed, self-assembling mRNA arrays into protein arrays and using this 

platform for PTGR analysis, rather than proteomic analysis. A recently published, in situ-

transcribed, self-assembling RNA array technology (i.e. DAPRA (34), Figure 1.1.F)  was 

adopted and served as a platform for protein array generation. Therefore, the aim of this 

project was to adopt the DAPRA platform and optimise it for translation into a protein 

array. Thus, the predefined structure of this project was to make a DNA array, transcribe 

it into a separate RNA array in an IVT slide sandwich, and translate the resulting RNA array 

into a separate protein array in a cell-free expression slide sandwich; abbreviated to “RNA 

Array to Protein Array” (RAPA). In order to realise this aim, an iterative process of research, 

reagent preparation, and protocol development/optimisation was necessary. This 

involved: identifying a suitable protein immobilisation method, an appropriate reporter 

gene, and an effective visualisation technique; preparing the necessary reagents; and 

developing an efficient protocol for making a protein array under the predefined project 

structure. The second phase of this work was aimed at providing proof of concept for 

RAPA’s utility in PTGR (riboregulation) studies. This involved identifying a suitable PTGR 

system for demonstrating on the array, preparing the necessary reagents, and developing 

an efficient protocol for an array-based PTGR analysis application.         
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Chapter 2: Materials and Methods 

A wide range of molecular biology and biochemical techniques were applied during the 

course of this work. These included gene cloning and expression, protein purification, and 

various analysis/visualization-associated methods. This chapter provides a detailed outline 

of the materials and methods used in this project. General buffer recipes are provided in 

Appendix I.  

 

2.1. Gel electrophoresis 
Gel electrophoresis is a commonly used method for the analysis of biological samples e.g. 

DNA, RNA and proteins. This method uses a gel matrix to separate biomolecules on the 

basis of their size, shape, charge or all three. Depending on the purpose, the gel matrix and 

components can take many forms to provide a native or denaturing environment. Native 

gels separate the biomolecules based on their size and charge, whereas denaturing gels 

separate the biomolecules only on the basis of their size. In this section, a full description 

of different gel electrophoresis types used in this study are provided.  

 

2.1.1. Non-denaturing agarose gel electrophoresis 
Native agarose gels were used at appropriate percentages to analyse the quality of DNA 

constructs throughout this project. For a 1% agarose gel, 1 gram of agarose powder (Fisher 

BP1356) was dissolved in 100 ml of 1x TBE buffer in an Erlenmeyer Flask and brought to 

the boil in a microwave with intermittent mixing for approximately 2 minutes. Ethidium 

bromide was added to a final concentration 10 µg/ml and the solution was poured in a 

casting tray and allowed to set before placing in a gel tank. DNA samples were loaded in 

1x loading dye, and the gels were run in 1x TBE buffer containing 10 µg/ml ethidium 

bromide typically at 12 V/cm of gel length for 30 minutes. A Syngene UV transilluminator 

G-box was then used to visualize the gels.  

 

2.1.2. Formaldehyde agarose gel electrophoresis 
Formaldehyde is a denaturant and formaldehyde agarose gels are used to assess the 

quality of RNA fragments larger than 500 bases, as these gels provide a more accurate 
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indication of the size of larger RNA samples.  In this project, formaldehyde agarose gels 

were used to check the integrity and size of in vitro transcribed mRNA samples prior to 

array experiments. A 1.1% formaldehyde agarose gel in MOPS buffer was prepared as 

follows: 1.1 gram of agarose was dissolved in 72 ml of Milli-Q water and brought to the 

boil. 10 ml of pre-warmed 10x MOPS buffer (pH 7.3) was added to the mixture and allowed 

to cool to just below 60 °C. 18 ml of 37% formaldehyde (F/1501/PB15) was added, and the 

gel mixture was poured in a NovexTM Mini gel cassette (Thermofisher NC2010) and allowed 

to set for 30 minutes before placing in 1X MOPS buffer (pH 7.3) in an XCell SureLock™ Mini-

Cell. RNA samples in 1x ThermoScientific RNA loading dye (R0641) were heated at 70 °C 

for 10 minutes, chilled on ice, and loaded onto the gel. Gels were run at 60 Volts for 80 

minutes or until the bromophenol blue dye front reached approximately 80% down the 

gel length. Gels were then stained for 10 minutes in 1x TBE containing 1x SYBR™ Gold 

(Invitrogen S11494) and visualized in a Syngene UV transilluminator.   

 

2.1.3. Urea polyacrylamide gel electrophoresis (urea-PAGE) 
Urea is a chaotropic denaturant and urea-PA gels have been used in this work to verify the 

quality of in vitro transcribed shorter RNA fragments (<500 bases). A typical 6% urea-PA 

gel, containing 7 M urea, was prepared using the following recipe (adopted from Summer 

et al. (187)): 

 

9.33 M urea stock 6 ml 

AccuGel 29:1 (40%) (National diagnostics) 1.2 ml 

10x TBE 0.8 ml 

TEMED 3.2 µl 

10x APS 80 µl 

     

The gel mixture was cast in a NovexTM Mini gel cassette and allowed to set for 30 minutes 

before placing in 1x TBE running buffer (pH 8.4) in an XCell SureLock™ Mini-Cell. Gels were 

pre-run at a constant 20 Watts for 30 minutes to warm up. RNA samples in 1x 

ThermoScientific RNA loading dye (R0641) were then heated at 70 °C for 10 minutes, 

chilled on ice and loaded onto the gel. Gels were run at 10 V/cm for 60 minutes or until 

the bromophenol blue dye front reached the bottom of the gel, stained and visualized as 

described above in 2.1.2.    
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2.1.4. Native polyacrylamide gel electrophoresis for RNA (RNA 

Native-PAGE) 
RNA Native PAGE provides an environment that preserves the quaternary structure of 

biomolecules. These gels have been used in this work to analyse mRNA-ssDNA fluorescent 

probe hybridization characteristics. A 4% RNA Native PA gel consisted of the following 

materials: 

 

AccuGel 29:1 (40%) (National diagnostics) 1 ml 

10x TBE 1 ml 

TEMED 8 µl 

10x APS 100 µl 

Milli-Q H2O 7.5 ml 

 

The gel mixture was poured into a NovexTM Mini gel cassette and allowed to set for 30 

minutes before placing in 1x TBE running buffer (pH 8.4) in an XCell SureLock™ Mini-Cell.  

RNA samples containing 20% glycerol were loaded onto the gel and the gel was run at 100 

Volts for 60 minutes. Gels were first visualized in a Fuji FLA5000 phosphorimager and then 

stained and visualized as described above in 2.1.2. 

 

2.1.5. SDS polyacrylamide gel electrophoresis (SDS-PAGE)   
SDS is a detergent which is used to break up the tertiary structure of proteins and confer 

an overall negative charge upon them. Laemmli SDS-PA gels (188) are therefore used to 

separate proteins on the basis of their size only. In this work, SDS-PAGE was used to 

monitor the quality of protein samples during protein expression and purification 

experiments. A 12% SDS-PA gel was prepared using the below recipe: 

 

 

 

 

 

 



 45 

Resolving gel 

Milli-Q H2O 3.9 ml 

2 M Tris-HCl pH 8.8 1.95 ml 

20% SDS 50 µl 

ProtoGel 37.5:1 (30%) (National diagnostics) 4 ml 

TEMED 10 µl 

10% APS 100 µl 

Stacking gel 

Milli-Q H2O 4 ml 

2 M Tris-HCl pH 6.8 312 µl 

20% SDS 25 µl 

ProtoGel 37.5:1 (30%) (National diagnostics) 670 µl 

TEMED 5 µl 

10% APS 50 µl 

 

 

The resolving gel mixture was first made and poured into a NovexTM Mini gel cassette, 

filling 80% of the cassette volume. This was then overlaid with 1 ml of isopropanol and 

allowed to set for 20 minutes. The stacking gel mixture was made subsequently and, after 

disposing of the overlaying isopropanol, poured onto the resolving gel interface. The gel 

was allowed to set for 30 minutes before placing in 1x Tris-Glycine SDS Running Buffer in 

an XCell SureLock™ Mini-Cell. For loading, running and staining the gel, protein samples 

were prepared in 1x SDS loading buffer, heated at 95 °C for 7 minutes, and loaded onto 

the gel. The gel was run at 130 Volts for 100 minutes, or until the bromophenol blue dye 

front reached the bottom of the gel. To stain, the gel was rinsed with Milli-Q H2O, 

submerged in a tub of SimplyBlue™ SafeStain solution (Invitrogen LC6060), and boiled 

briefly in the microwave. The gel was incubated in the staining solution with gentle shaking 

for 10 minutes, rinsed multiple times with Milli-Q H2O, and further destained in a tub of 

Milli-Q H2O for another 30 minutes. The gel was then visualized in a Syngene UV 

transilluminator.      
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2.1.6. Native polyacrylamide gel electrophoresis for protein 

(protein Native-PAGE) 
Protein native PA gels don’t contain denaturants and thus preserve the native quaternary 

structure of proteins. Proteins run according their charge as well as their size in native PA 

gels. In this project, native PA gels were used to assess native state protein-protein binding 

interactions. A typical 12% protein native PA gel consisted of the following reagents 

(adopted from (189) and based on (190)):  

 

Milli-Q H2O 4.79 ml 

ProtoGel 37.5:1 (30%) (National diagnostics) 4 ml 

2 M Tris-HCl pH 8.8 1.1 ml 

TEMED 10 µl 

10% APS 100 µl 

 

The gel mixture was poured into a NovexTM Mini gel cassette and allowed to set for 30 

minutes before placing in 1x tris-glycine running buffer (pH 8.3) in an XCell SureLock™ Mini-

Cell. Protein samples were then prepared in 1x native protein loading buffer and loaded 

onto the gel. Gels were run at 130 Volts for 90 minutes, then stained and visualized as 

described for SDS-PA gels in 2.1.5.  

 

2.2. Preparation of chemically competent E. coli cells  
Competent cells are a prerequisite for cloning and protein expression experiments. 

Chemically competent E. coli DH5a and BL21 (DE3) cells were prepared in the 

Transformation and Storage (TSS) buffer as described below (protocol adopted from (191) 

and based on (192,193)). A 5 ml overnight LB culture of E. coli cells was diluted 1/100 in 50 

ml of LB in a 200 ml conical flask and grown at 37 °C until an OD600 of 0.5 was reached. 

Cells were harvested by centrifugation at 4000x g for 10 minutes and thoroughly 

resuspended in 5 ml of chilled TSS buffer. 100 µl aliquots were then prepared in microfuge 

tubes, snap-frozen in liquid nitrogen, and stored at -80 °C.      
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TSS buffer (pH 6.5) 

(made in LB medium) 

31.25 µM PEG-8000 

75 mM MgCl2 

10% DMSO 

 

2.3. E. coli transformation and growth  
Transformation is the process by which exogenous DNA e.g. plasmids are introduced into 

competent bacterial cells. Throughout this work, the following transformation protocol 

was used: depending on the experiment, around 10 ng of plasmid was added to 50 µl of 

freshly thawed competent E. coli BL21 (DE3) or DH5a cells in a microfuge tube. The cells 

were incubated on ice for 15 minutes, followed by heat shock at 42 °C for 45 seconds, and 

another incubation on ice for 5 minutes. 350 µl of LB was added to the tube and cells were 

allowed to recover at 37 °C for one hour. Finally, the contents of the tube were aseptically 

spread on Agar plates containing appropriate antibiotics (50 µg/ml Kanamycin or 100 

µg/ml Ampicillin).    

 

2.4. DNA construct preparation 

2.4.1. In silico primer and overlapping oligonucleotide design 
Primers and overlapping oligonucleotides were manually designed using Microsoft Word 

and the Sequence Massager web server (194). Complementary region melting 

temperatures were typically set in the range of 58 °C to 68 °C using the formula: [(C+G) x4] 

+ [(A+T) x2]. All primer and oligonucleotides were synthesized by the InvitrogenTM custom 

DNA oligonucleotide synthesis service and upon receipt, were reconstituted to 100 nM in 

10 mM Tris (pH 8.5). 

 

2.4.2. Polymerase chain reaction (PCR) 
The polymerase chain reaction is a technique widely used to amplify DNA constructs for 

downstream applications in molecular biology. Depending on the experimental set-up, a 

variety of PCR formats may be chosen. In the current work, two variations of this technique 

were utilized for DNA construct preparation: conventional template amplification via 

flanking forward and reverse primers, and oligonucleotide overlap extension PCR, or a 
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combination thereof. Phusion High Fidelity DNA polymerase (NEB M0530) or KOD Hot Start 

DNA polymerase (Novagen 71086) kits were used throughout this project for PCR 

experiments. Since PCR conditions were modified on a case by case basis, a detailed 

recipe/protocol will be provided under relevant sections in the following chapters. 

 

2.4.3. PCR product purification 
PCR products were purified using 10K MWCO Nanosep® Centrifugal filter Devices (Pall 

Corporation). PCR reactions were brought up to 500 µl with buffers of choice (e.g. 10 mM 

Tris-HCl (pH 8.5) or 1x PBS (pH 7.4)) and applied to a Nanosep column. Columns were spun 

in a benchtop centrifuge at 5000x g for 10-15 minutes or until most (approx. 490 µl) of the 

supernatant has passed through the filter membrane. The centrifugation step was 

repeated again with another 400 µl of buffer and continued until all of the supernatant has 

passed through the membrane. To recover the retained DNA (the PCR product), the 

membrane surface was rinsed twice each time with typically 20 µl of the chosen buffer. 

The concentration and quality of the purified DNA were then assessed first by a 

microvolume UV-VIS NanoDrop 2000 spectrophotometer, and subsequently by running on 

an appropriate percentage agarose gel. 

 

2.4.4. Plasmid DNA minipreparation 

Plasmid DNA was used in this project as a cloning vector for all cloning experiments, as 

well as a PCR template for some PCR experiments. In order to achieve a high purity, 

plasmid DNA minipreparation was performed using the alkaline lysis followed by phenol-

chloroform extraction and ethanol precipitation methods described below (derived from 

Sambrook et al. (195)). 

 

2.4.4.1. Alkaline lysis 
This step crudely purifies plasmid DNA from the rest of the bacterial pellet. The following 

solutions were prepared first: 
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Solution I (resuspension buffer) 

25 mM Tris-HCl (pH 8) 

50 mM Glucose 

10 mM EDTA 

Solution II (lysis buffer) 
200 mM NaOH  

1% SDS 

Solution III (neutralization buffer) 
3 M KOAC  

(pH 5.5 with acetic acid) 

 

To extract the plasmid DNA, 1.5 ml of an overnight LB culture of E. coli DH5a cells was 

pelleted in a microfuge tube by centrifugation at 10000x g for one minute. The supernatant 

was discarded, and the pellet was thoroughly resuspended in 100 µl of ice-cold Solution I. 

200 µl of Solution II was added to the tube and mixed fully by gentle inversion, leaving on 

ice for 5 minutes. Subsequently, 150 µl of ice cold Solution III was added and mixed by 

gentle inversion, incubating on ice for another 5 minutes. Cell debris were then pelleted 

by centrifugation at 12000x g for 10 minutes, and the supernatant containing plasmid DNA 

was transferred to a new tube. To eliminate RNA contamination, 5 µl of 2 mg/ml RNase A 

was added to the supernatant in the new tube, incubating at 37 °C for 10 minutes. The 

solution containing the plasmid DNA was then subjected to phenol-chloroform extraction 

(2.4.4.2) followed by ethanol precipitation (2.4.4.3). 

 

2.4.4.2. Phenol-chloroform extraction 
This step removes residual contaminating proteins from the plasmid DNA solution. An 

equal volume (to the final supernatant in 2.4.4.1, 450 µl) of TE-saturated phenol (pH 7.4) 

was added to the solution in the microfuge tube. The tube was vortexed vigorously for one 

minute and spun at full speed for one minute, creating three phases in the solution: the 

top aqueous phase, a thin middle phase, and the bottom organic (phenol) phase. The top 

aqueous layer containing the plasmid DNA was transferred to a new tube and mixed with 

450 µl of chloroform, vortexing for one minute and spinning for one minute. An aqueous 

layer containing DNA again forms the upper layer while the chloroform sinks to the bottom 

of the tube. The aqueous DNA layer was then transferred to a new tube and subjected to 

ethanol precipitation and wash (2.4.4.3). 
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2.4.4.3. Ethanol precipitation and wash 
This step further purifies and concentrates the plasmid DNA and was performed as follows: 

x2.5 volumes (approx. 1 ml) of 100% ethanol was added to the microfuge tube containing 

the plasmid DNA. A 1/10 volume (approx. 40 µl) of 3 M NaOAc (pH 5.3) was subsequently 

added to the tube and mixed vigorously. The microfuge tube was then incubated at -80 °C 

for 30 minutes, followed by centrifugation at full speed (17000x g) for 30 minutes; the 

plasmid DNA precipitates as a white pellet. The supernatant was discarded and 400 µl of 

70% ethanol was added to the DNA pellet, this removes residual salt in the precipitate. The 

tube was then spun at full speed for 10 minutes, and the supernatant was discarded. 

Residual ethanol was removed from the DNA pellet by drying for 1-3 minutes in a benchtop 

centrifugal vacuum concentrator. The DNA pellet was finally resuspended in 10 mM Tris-

HCl (pH 8.5) and stored at -20 °C until further use. 

 

2.4.5. Cloning of DNA constructs 
In order to be able to proceed to microarray experiments, a number of DNA constructs had 

to be cloned into plasmid vectors. This would make possible in vivo protein expression 

experiments, as well as providing a DNA template for PCR amplification of array constructs. 

In this work two cloning strategies were utilized: cloning by the classical restriction digest 

and cloning by homologous recombination.  

 

2.4.5.1. Cloning by restriction digest 
In this method, specific restriction endonucleases are utilized to cut at restriction sites on 

both the insert and the plasmid DNAs. T4 DNA ligase is subsequently used to ligate 

together the insert and vector. A general protocol is provided here and construct-specific 

details will be provided in Chapter 3 under relevant sections. Typically, 0.5-5 µg each of 

purified Insert and vector DNA sequences were digested using the desired restriction 

enzymes following standard procedures. The insert samples were then purified using 

Nanosep® columns (2.2.3), and vector samples were purified by agarose gel extraction 

(2.4.5.2) followed by purification/concentration by Nanosep® columns. Subsequently, a 

ligation reaction was set up using T4 DNA ligase (NEB M0202s), maintaining a 5:1 insert to 

vector Molar ratio in the reaction. Appropriate insert and vector quantities were 
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determined using the NEB ligation calculator tool (196). 3 µl of the ligation reaction was 

finally transformed into 50 µl of chemically competent E. coli DH5a cells. Recombinant 

clones were then screened for by restriction digest or colony PCR, followed by validation 

with Sanger dideoxy sequencing (197) (Source BioScience). 

 

2.4.5.2. Agarose gel extraction of linear plasmids 
This technique was used in cloning experiments to separate the desired main segment of 

cloning vectors from the shorter fragment after linearization by restriction digest. By doing 

so the chances of vector self-circularization would be reduced and thus a higher cloning 

success rate would be achieved. In general, 20 µl (the whole) of the completed plasmid 

restriction digest reaction was run on a 0.8 % agarose gel in one lane (2.1.1). After 

completion, the gel was transferred to a dark room and visualized on a Dark Reader® UV 

transilluminator (Clare Chemical Research). Subsequently, the desired linear plasmid band 

was precisely cut out using a scalpel and placed into a 12 kD MWCO Spectrum™ 

Spectra/Por™ dialysis membrane tube (cut to 6 cm). The dialysis membrane tube was filled 

with 1.5 ml of 1x TAE and sealed tightly on both ends using fastener clamps. The tube was 

then transferred to a mini agarose gel tank filled with 1x TAE, positioning the tube 

lengthways across the middle of the gel tank. A voltage of 120 V was applied to the tube 

for 10 minutes to run the DNA out of the gel band into the surrounding TAE buffer inside 

the tube. The power supply electrodes were then reversed and turned on again at 120 V 

for 30 seconds, to redissolve any DNA absorbed onto the tubing wall back into the buffer. 

The 1.5 ml 1x TAE was recovered from the dialysis tubing and the tubing was rinsed with 

another 0.5 ml of 1x TAE. Finally, the total 2 ml recovered TAE solution containing the 

purified linear plasmid was concentrated and buffer exchanged into 5 mM Tris-HCl (pH 8.5) 

using Nanosep® columns as described in 2.2.3.  

 

2.4.5.3. Cloning by homologous recombination 
Homologous recombination cloning (198), also known as gap-repair cloning (199) or 

FastCloning (200), is a less widely used but simpler and more economical alternative to 

ligation-dependant cloning, as well as other commercially available cloning approaches 

(reviewed in (201)). In this technique, the endogenous E. coli  DH5a recombination 

enzymes (other than RecA) are taken advantage of to integrate and circularize two pieces 
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of linear DNA containing identical homologous flanking sequences (198–200). This cloning 

technique was used as follows: the host plasmid DNA was first linearized by inverse PCR 

using two specific forward and reverse primers. The insert DNA was also PCR amplified 

using primer/oligonucleotide sequences that were designed to yield a 20-50 base pair 

homologous region on 5’ and 3’ ends respectively to the 3’ and 5’ ends of the linear host 

plasmid DNA. After PCR clean up, 50 fmol of each insert and 5 fmol of the vector DNA were 

separately mixed (volume < 5 µl) and transformed into 50 µl of chemically competent E. 

coli DH5a cells. Recombinant clones were then screened for by colony PCR, followed by 

validation with sequencing. Construct-specific details will be provided under the relevant 

sections in Chapter 5.  

 

2.4.5.4. Colony PCR 
This technique is an efficient approach for screening recombinant E.coli clones. Colony PCR 

was performed as follows: a small portion of a colony on an agar plate was resuspended 

in 30 µl of nuclease-free H2O in a microfuge tube. The solution was boiled at 100 °C for 5-

10 minutes to lyse the cells. Subsequently, 3 µl of the lysate was added to a 10 µl PCR 

reaction with appropriate forward and reverse primers. Finally, the PCR products were run 

on an agarose gel along with an appropriate size marker to determine the presence or 

absence of the desired DNA.   

 

2.5. Preparation of RNA transcripts 

2.5.1. In vitro transcription (IVT) in the tube 
IVTs were performed in order to produce RNA transcripts from the PCR-amplified DNA 

templates for preliminary and control experiments. These experiments included checking 

promoter functionality; assessing the transcript length and homogeneity; ensuring 

transcript translatability for coding RNAs; and demonstrating specific probe hybridization. 

In all instances, the NEB’s HiScribe™ T7 Quick High Yield RNA Synthesis Kit (E2050S) was 

used as described below for a 20 µl IVT: 
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NTP Buffer mix 10 µl (10 mM each NTP final) 

T7 RNA Polymerase mix 2 µl 

PCR amplified DNA template 100-400 nM per final reaction volume 

Nuclease-free H2O to 20 µl 

  

The reaction components were assembled in a microfuge tube and incubated at 37 °C for 

typically two hours (for mRNAs) or 4 hours (for short transcripts). Subsequently, DNaseI 

treatment was performed to dispose of the DNA template. 30 µl of nuclease-free water 

was added to each 20 µl reaction, followed by 2 µl (4 Units) of DNase I, and incubation at 

37 °C for 15 minutes.   

 

2.5.2. IVT clean up 

NucAway™ Spin Columns (Invitrogen AM10070) were used to purify IVT products. The 

columns were first prepared by adding 650 µl of nuclease-free water, mixing and leaving 

on the bench for 15 minutes to rehydrate. To remove excess interstitial water, the columns 

were placed in 2 ml collection tubes and spun at 750x g for 2 minutes. The whole 50 µl IVT 

mixture was then applied onto the columns, followed by centrifugation at 750x g for 2 

minutes, collecting the eluate in a microfuge tube. RNA concentration and quality were 

assessed first by a microvolume UV-VIS NanoDrop 2000 spectrophotometer, and 

subsequently by running on an appropriate percentage urea-PA or formaldehyde agarose 

gel. 

 

2.6. Protein expression and purification 
Preparation of highly purified proteins in-house was required for the protein array 

experiments. In this section, detailed protocols are provided for the production of two key 

proteins in this project: SpyCatcher and mCherry-SpyTag, used respectively for protein 

slide functionalisation and preliminary control experiments (explained in detail in Chapter 

3).  
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2.6.1. SpyCatcher and mCherry-SpyTag expression and purification 
A 5 ml LB culture containing 100 µg/ml ampicillin was inoculated with 5 µl of a glycerol 

stock of E. coli BL21 (DE3) cells transformed with the pDEST14-SpyCatcher plasmid, and 

grown overnight at 37 °C. The overnight culture was diluted next morning 1:200 in 0.5 L of 

LB containing 100 µg/ml ampicillin in a large baffled flask and allowed to grow at 37 °C to 

an OD600 of 0.5 (approximately 3.5 hours). At this point, IPTG was added to a final 

concentration of 1 mM followed by a further 3-4 hours of incubation at 37 °C. Cells were 

then harvested by centrifugation at 12000x g for 30 minutes and resuspended in 50 ml of 

lysis/binding buffer containing 20 mM Na2HPO4, 0.5 M NaCl, 50 mM Imidazole, 1 mg/ml 

Lysozyme, 1 U/ml DNaseI and one CFmplete protease inhibitor tablet. The mixture was 

thoroughly homogenized in a glass homogenizer and then sonicated on ice for 5 minutes 

using the following settings: pulse for 0.5 second ON and 0.5 second OFF at 30% Amplitude. 

The lysate was cleared by centrifugation at 40,000x g for 30 minutes and loaded onto a 

HisTrap FF 5 ml Nickel affinity column (GE Healthcare) on an ÄKTA Purifier. Standard 

manufacturer’s instructions were followed to purify His-tagged SpyCatcher, eluting at a 10 

column-volume gradient to 100% elution buffer containing 20 mM Na2HPO4, 0.5 M NaCl, 

and 0.5 M Imidazole. mCherry-SpyTag was also expressed and purified essentially in the 

same manner as SpyCatcher, except that TEV cleavage was not performed. As the hexa-

histidine tag is needed for Western blotting and immunodetection.   

 

To dispose of the hexa-histidine tag, TEV cleavage was performed on SpyCatcher using 

Promega’s ProTEV Plus kit (V6101). First, the IMAC peak elution fractions were pooled and 

concentrated to 1-2 ml using Vivaspin® 20 (Sartorius) centrifugal concentrators. 

Subsequently, the cleavage reaction was set up using typically 25 µl (125 units) of enzyme 

and incubating at 25 °C for 15 hours. A final size exclusion chromatography (SEC) step was 

then performed on a HiLoad 16.6000 Superdex 75 prep grade gel filtration (GF) column 

(GE Healthcare) on an ÄKTA Purifier following standard procedures. Purified SpyCatcher 

was eluted in 1x PBS (pH 7.4), pooled and concentrated (as above) to at least 10 mg/ml, 

and aliquots were stored at -70 °C until required.  

 

Appropriate percentage SDS-PA gels were run at different stages of protein expression and 

purification for quality assessment purposes. Concentrations of the final purification 

products were determined on a microvolume UV-VIS NanoDrop 2000 spectrophotometer, 
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using the molar extinction coefficient (εmolar) or the percent solution extinction coefficient 

(εpercent) values; both calculated theoretically by the ExPASy ProtPram tool (202). The 

following formulas (from Beer’s Law (203)) were used to calculate protein concentration: 

 

A = ε.c.L   

A / ε = molar concentration 

(A / εpercent) 10 = concentration in mg/ml 

 

Where: 

A = absorbance at 280 nm 

ε = molar extinction coefficient  

c = molar concentration 

L = light path length (1 cm)  

εpercent = percent solution extinction coefficient; the absorbance (A280) value for a 1% (1 

g/100 ml) solution measured in a 1 cm cuvette.  

 

2.6.2. Testing SpyCatcher-SpyTag functionality 
In order to verify if the purified SpyCatcher can effectively bind to SpyTag on the mCherry-

SpyTag fusion protein, electrophoretic mobility shift assays (EMSAs) were performed. 

Since SpyCatcher and SpyTag bind covalently, a denaturing SDS-PA gel was the best gel 

type to demonstrate covalent binding. At the same time, since mCherry underwent self-

hydrolysis under denaturing conditions and thus produced extra bands on the SDS-PA gel, 

a native-PA gel was also run in parallel for comparison. Typically, equal masses of each 

protein were mixed in 1x PBS and incubated at room temperature for 30 minutes, after 

which denaturing and native gels were run as described in 2.1.5 and 2.1.6. Detailed 

descriptions will be provided under the relevant section in Chapter 3. 

 

2.7. Cell-free expression plate reader assays 

Cell-free expression plate reader assays were preliminary performed in order to 1) assess 

if and how in vitro transcribed RNA templates would be translated in vitro, 2) check if the 

chosen cell-free expression system would produce properly folded mCherry with 

detectable fluorescence signal, 3) investigate how the RNA template concentration and 
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incubation time would impact on translation efficiency, and 4) to help interpret microarray 

experiments’ results. Plate reader assays were performed on a Hidex Sense microplate 

reader (Lab Logic), using the Promega S30 T7 High-Yield protein expression system (L1110), 

in black-bottom 384 microtiter plates. In all plate reader assays, S30 Premix Plus and T7 

S30 Extract respectively made up 40% and 36% of the reaction volumes. Fluorescence 

measurements were recorded at regular time points, exciting the samples at 575 nm and 

detecting the emission at 612 nm. Results were exported in an .xlsx format and analysed 

using the Microsoft Excel software.  Variable experiment conditions will be explained 

under the relevant results section in Chapter 3.  

 

2.8. Western blotting 
Western blotting is the process by which specific antibodies are used to label and detect 

minute amounts of proteins of interest (POI) which are run on a gel and transferred onto 

a membrane. In a common approach, a primary antibody (1° Ab) against the POI or a fusion 

tag e.g. x6His tag on the POI is applied first. A HRP-conjugated secondary antibody (2° Ab) 

then specifically binds to the primary antibody. Finally, enhanced chemiluminescence of 

peroxidase-catalysed oxidization of a substrate e.g. luminol (204) is detected by a CCD 

camera. In the present work, Western blotting was utilized in preliminary and control 

experiments to verify x6His tag and antibody functionality. Western blot experiments were 

performed using the following protocol (adapted from Bio-Rad’s website (205)): 

 

Protein samples were run on an appropriate percentage SDS-PA gel as described in 2.1.5. 

At the end of the run, proteins were transferred from the SDS-PA gel onto a Nitrocellulose 

blotting membrane using the transfer apparatus (Mini Trans-Blot® Cell from Bio-Rad). 

Protein transfer was achieved by running the transfer apparatus at 30 mA for 80 minutes 

in the transfer buffer. Upon completion, the blotting membrane was placed in a Falcon 

tube containing 50 ml of 1x TBST with 2% Marvel (blocking buffer) and incubated at 4 °C 

on a roller mill for 1 hour. The membrane was then incubated with the primary antibody 

(HisProbe G-18 rabbit polyclonal IgG 100 µg/ml from Santa Cruz Biotechnology sc-804) 

diluted 1:2000 in 20 ml of 1x TBST containing 2% Marvel, overnight at 4 °C on a roller mill. 

Subsequently, unbound primary antibody was removed by washing the membrane in 20 

ml of 1x TBST containing 2% Marvel, 3 x 15 minutes. The membrane was then incubated 

with the secondary antibody (HRP-conjugated Goat Anti-Rabbit IgG 2 mg/ml from Abcam 
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ab6721) diluted 1:2000 in 20 ml of 1x TBST containing 2% Marvel, for one hour at room 

temperature on a roller mill. Unbound secondary antibody was removed by washing the 

membrane in 20 ml of 1x TBST containing 2% Marvel, 3 x 15 minutes. Subsequently, a final 

wash of 15 minutes in 1x TBST, followed by 5 minutes in 1x PBS was performed. For 

chemiluminescent detection, the blotting membrane was submerged in the enhanced 

luminescence solution and incubated for 1 minute at room temperature, followed by 

imaging on a precooled CCD camera (ImageQuant LAS 4000 from GE Healthcare).  

 

Enhanced luminescence solution 

100 mM Tris-HCl (pH 8.0) 

1.25 mM Luminol 

0.225 mM P-Coumeric acid 

0.009% H2O2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 58 

Chapter 3: RAPA proof of concept 

3.1. The concept of RAPA 
RNA Array to Protein Array (RAPA) represents a novel concept designed to facilitate the 

high throughput investigation of post-transcriptional gene regulation events. The RAPA 

platform requires three separate slides, one each for DNA, RNA, and protein 

immobilization. In this approach, the RNA array produced by the DAPRA method (34) will 

serve as the protein expression template in a separate translation step, also happening in 

a slide sandwich format. Upon translation, the nascent proteins will immobilize on the 

protein slide via an affinity tag capture method. A schematic of the RAPA process is 

provided in Figure 3.1. RAPA is particularly advantageous over other cell-free protein array 

fabrication platforms such as NAPPA (69), DAPA (85), and µIP (4) in that it produces protein 

spots from surface-bound, addressable mRNA spots. This provides a unique opportunity 

for specifically manipulating post-transcriptional gene regulation in high throughput, and 

screening for favourable outcomes of post-transcriptional gene regulation. In realization 

of the RAPA concept, a range of molecular biology and biochemical strategies needed to 

be employed. This chapter focuses on the basic RAPA experimental design as well as proof 

of concept experiments. 

 

 

 
 

Figure 3.1. Schematic representation of the RAPA concept. A template DNA array is used in a slide sandwich 

format to produce RNA transcripts which will immobilize on the RNA array. The resulting RNA array will then 

serve, in a second slide sandwich, as a template to express proteins which will immobilize on the protein 

array.  
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3.2. Immobilization chemistry 
Crucial to every chip-based method is a strategy to immobilize biomolecules on a solid 

support (70,89). Likewise, the proposed RAPA approach necessitates a variety of 

immobilization techniques to ensure efficient immobilization of DNA, RNA and protein on 

their respective slides. This section will describe each technique in detail and provide a 

visual representation of the individual components involved in each strategy.         

 

3.2.1. Choice of slide 
For the purpose of RAPA, the choice of slide ideally satisfied the following requirements:  

 

I. be easy to handle and process i.e. quick immobilization chemistry with minimal 

extra manipulations 

II. have high and tuneable loading capacity i.e. be able to distinctively immobilize 

varying concentrations of biomolecules 

III. preserve the biomolecules’ native structure and functionality after immobilization 

IV. yield homogeneous and regular spot morphology and high signal to background 

ratio 

V. enable irreversible (covalent) attachment of biomolecules to promote stability and 

storability of resulting arrays     

 

With these considerations in mind, Nexterion® Slide H (Schott corporation) was chosen as 

the RAPA slide substrate. Nexterion® Slide H possesses a 3D multicomponent organic 

hydrogel coating consisting of a carbohydrate-based Tween derivative crosslinked with 

polyethylene glycol (PEG), to which amine-reactive NHS ester groups are attached 

(206,207). The hydrophilic 3D hydrogel surface naturally provides a hydrated, solution-like 

environment ideal for the biomolecules’ functionality. The active component on Slide H 

are N- Hydroxysuccinimide (NHS) ester moieties which form spontaneous amide (covalent) 

bonds with amino (NH2) groups of proteins’ N-terminus and Lysine amino acid side chains 

(208). Also, Nexterion® Slide H has already been comparatively tested in two different 

studies along with a range of alternative slide supports (209,210), and its characteristics 

are well established. Overall, it was concluded that Slide H would be the slide of choice for 

RAPA. A schematic of amine coupling chemistry is provided in Figure 3.2. 
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Figure 3.2. Amine coupling chemistry. A) An NHS functional moiety on Nexterion Slide H. NHS esters react 

spontaneously with nucleophilic groups such as uncharged amine groups on lysine residues or at the N-

terminal of polypeptides (207). B) Covalent immobilization of proteins on Nexterion Slide H. Proteins 

immobilize irreversibly via their surface-exposed amine groups in a random orientation.    

      

3.2.2. Selecting a DNA immobilization principle 
The ideal DNA immobilization method has to be robust enough to remain stable during 

downstream applications, and DNA has to be immobilized in an appropriate orientation 

and configuration so that its functionality is unaffected after immobilization (211,212). 

Also, it would ideally be simple and quick to perform and require minimal extra handling 

steps. For these reasons, the well-established streptavidin:biotin immobilization chemistry 

was chosen. Streptavidin is a 60 kDa (4 x 15 kDa) homotetrameric protein isolated from 

the actinobacterium Streptomyces avidini, which has a high affinity for biotin and binds 

one biotin molecule per subunit (213,214). The streptavidin:biotin interaction is among 

the strongest non-covalent bonds in nature with a Kd of approximately 4 x 10-14 M (215). In 

principle, a blank Slide H (the DNA slide) would first be coated with Streptavidin. The 

double stranded DNA molecules, biotinylated at the 5’ end, would be immobilized on the 

DNA slide via specific streptavidin:biotin interaction. This same DNA immobilization 

strategy has been reliably used in previous research (216,217) and therefore was deemed 

appropriate for use in the RAPA platform. A schematic of biotin-DNA immobilization on 

streptavidin is presented in Figure 3.3.   

 
Figure 3.3. DNA immobilization principle. Nexterion Slide H is first coated and functionalized with 

streptavidin to make the DNA capture slide. Upon incubation, 5’ biotinylated DNA molecules will immobilize 

on the DNA capture slide with high affinity via a specific streptavidin:biotin interaction.   
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3.2.3. Selecting an RNA immobilization principle 
RNA immobilization is what sets RAPA apart from other conventional protein array 

fabrication platforms. To achieve maximum efficiency, the RAPA RNA immobilization 

method would meet the following criteria: 

 

I. it should be easy and quick to perform in a RAPA slide sandwich format, without 

extensive manipulation or chemical modifications  

II. it should not interfere with the coding RNAs’ native secondary structure and not 

affect its translation efficiency 

III. it should not be random i.e. the RAPA RNA has to be immobilized in an orientation 

and site-specific manner 

IV. it should be robust and stable, so the RNA does not dissociate from the RNA slide 

during subsequent steps 

 

With these considerations in mind, the streptavidin aptamer was chosen as the RAPA RNA 

immobilization method. Streptavidin aptamer is a 44 nucleotide RNA motif with a Kd of 

approximately 7 x 10-8 M for the streptavidin protein (35). In principle, the streptavidin 

aptamer can be placed on either end of the RAPA coding RNA, in a manner that the 

structure and function of neither the aptamer nor the coding RNA is affected. This can be 

achieved by using an appropriate linker/insulator sequence between the aptamer and the 

coding RNA, and performing structural analysis using RNA structure prediction 

programmes such as Mfold (218). The resulting RNA can then be conveniently immobilized 

on a streptavidin-coated slide (the RNA slide) upon in vitro transcription of the template 

DNA. The same strategy has also been successfully employed for the self-assembly of 

functional RNAs in DARPA (34). A schematic representation of the RAPA RNA 

immobilization technique is provided in Figure 3.4.  
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Figure 3.4. RNA immobilization principle. Nexterion Slide H is first coated and functionalized with 

streptavidin to make the RNA capture slide. RNA transcripts containing a streptavidin aptamer moiety will 

then be able to immobilize on the RNA capture slide through specific streptavidin:streptavidin aptamer 

interaction.   

 

3.2.4. selecting a Protein immobilization principle 
A host of microarray protein immobilization techniques have been conventionally utilized 

in other studies (see section 1.1.2 for examples). RAPA would ideally employ a novel and 

more efficient protein immobilization mechanism that satisfies the following conditions: 

 

I. is convenient in terms of time and complexity, and requires minimal, if any, 

chemical modifications or extra processing steps 

II. is highly specific and does not interfere with the RAPA proteins’ tertiary structure 

or its function 

III. is robust enough to reliably keep translated proteins attached to the protein slide 

during downstream processing/storage steps 

 

The ideal protein immobilization technique would be covalent, specific, depend only on 

the addition of a non-disruptive peptide tag to the protein of interest, and remain 

functional under a wide range of conditions (219). In 2007, Kang et al. (220) discovered a 

new class of protein interactions, the intramolecular isopeptide bonds, in the back-bone 

pilin protein Spy0128 of the Gram-positive human pathogen Streptococcus pyogenes. 

Isopeptide bonds are amide bonds identical in structure to peptide bonds, except that 

isopeptide bonds occur between two amino acid side chains or between an amino acid 

side chain and an a-amino/a-carboxy group on the main chain (221). Analysing the crystal 

structure of the two-domain Spy0128, the authors discovered two autocatalytic 

intramolecular isopeptide bonds, one in each domain (N and C domains) (220). These 

bonds were formed by covalent interaction between lysine (Lys) and asparagine (Asn) side 
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chains and catalysed by a neighbouring glutamic acid (Glu) residue. In a similar effort, the 

crystal structure of the S. Pyogenes fibronectin binding protein FbaB revealed the existence 

of a single intramolecular isopeptide bond in its second immunoglobulin-like collagen 

adhesin domain (CnaB2) (222,223). Here, the covalent interaction occurs between lysine 

(Lys) and aspartic acid (Asp) side chains and is also catalysed by an adjacent glutamic acid 

(Glu) residue (Figure 3.5). These intramolecular isopeptide bonds have been 

experimentally shown to impart extraordinary conformational, thermal, and pH stability 

to their respective protein domains (222).  

 

 

 
 

Figure 3.5. Spontaneous intramolecular isopeptide bond formation mechanism in FbaB. Isopeptide bonds 

involve two reactive residues, a Lys and an Asp, and a catalytic Glu. The unprotonated e-amino of Lys 

nucleophilically attacks the carboxyl carbon of Asp, facilitated by proton shuttling and hydrogen bonding by 

the adjacent catalytic Glu. The reaction results in the formation of an amide bond and release of H2O.    

 

In an innovative bid to develop robust and versatile protein immobilization strategies, 

these naturally occurring intramolecular isopeptide bonds have been exploited. 

Researchers first dissected the C-terminal domain of Spy0128 into a short peptide tag 

termed isopeptag (Spy0128 residues 293-308: TDKDMTITFTNKKDAE), and an interacting 

protein partner termed pilin-C (Spy0128 residues 18-299, with N-terminal His6 tag) (224). 

Isopeptag contributed the reactive Asn, and pilin-C contributed the reactive Lys and the 

catalytic Glu residue. Isopeptag and pilin-C reacted covalently at a similar rate and yield in 

a range of buffers, temperatures (4-37 °C) and at pH 6-8. Although, with 10 μM of each 
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interacting partner present, the reaction required 24 hours to reach near completion 

(224), and therefore this system is not yet fully optimizied. 

 

A similar strategy was also employed to utilize the spontaneous isopeptide bond formation 

in CnaB2. CnaB2 was split, and rationally modified, into a larger N-terminal 116 amino acid 

fragment termed SpyCatcher, and a smaller C-terminal 13 amino acid peptide tag 

(AHIVMVDAYKPTK) termed SpyTag (225). Biochemical and structural studies have revealed 

that SpyTag initially forms an extensive array of parallel hydrogen bonds with the N-

terminal β-strand of SpyCatcher, creating a compact β-sandwich structure and favourably 

arranging the reactive residues inside the hydrophobic core of SpyCatcher (225,226). The 

unprotonated amine of Lys31 on SpyCatcher then nucleophilically attacks the carbonyl 

carbon of Asp7 on SpyTag, facilitated by the SpyCatcher catalytic Glu77 proton shuttling, 

leading to the release of H2O and isopeptide bond formation (222,226). SpyCatcher and 

SpyTag spontaneously and covalently interact under an extraordinarily wide range of 

conditions: temperatures from 4 °C to 37 °C, pH values from 5 to 8, and buffers (e.g. PBS, 

phosphate-citrate, HEPES, Tris), even in the presence of a high concentration of non-ionic 

detergents or reducing agents (225). With each component present at 10 μM at 25 °C and 

pH 7, the SpyCatcher:SpyTag reaction proceeds rapidly and with high yield, with a half-

time of 74s (225). SpyTag can be fused at the N or C-terminus or internally, and the reaction 

still proceeds in vitro or in vivo, in bacterial or mammalian cells (225). Making the 

SpyCatcher-SpyTag system a versatile and superb protein conjugation tool (219,227). A 3D 

representation of the SpyCatcher-SpyTag interaction is provided in Figure 3.6. 
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Figure 3.6. The crystal structure of SpyCatcher-SpyTag complex has been determined at 2.1 Å resolution 

(PDB 4MLI).  A) Ribbon representation of SpyCatcher. The core SpyCatcher protein is 116 amino acids with a 

MW of 12.4 kDa, the first 21 and the last 9 amino acids are not visible in the 3D map due to flexibility. The 

reactive Lys31 and the catalytic Glu77 are labelled in yellow and orange respectively. B) Ribbon 

representation of SpyTag. SpyTag is 13 amino acids long and has a MW of 1.4 kDa, the reactive Asp7 is 

labelled in magenta. C) The reactive triad of SpyCatcher:SpyTag complex in stick format, the resulting 

isopeptide bond fuses SpyTag to SpyCatcher. D) Surface representation of SpyCatcher and the docking of 

SpyTag peptide. SpyTag first docks into SpyCatcher, stabilized by extensive hydrogen bonding with the N-

terminal β-strand of SpyCatcher. This places the reactive Asp7 of SpyTag in the hydrophobic core of 

SpyCatcher, where the reactive triad will form.             

 

Since its development in 2012, the SpyCatcher-SpyTag system has been successfully 

utilized and endorsed in a host of studies. It has been used to synthesize unconventional 

non-linear molecular topologies by conjugation to elastin like proteins (ELPs) (228); to 

develop a novel approach for vaccine production by fusing antigen and antibody 

components to SpyCatcher and SpyTag and assembling an assortment of whole vaccines 

from these pre-prepared components (229); to synthesize multivalent affibody tandem 

repeats for sensitive isolation of low antigen expressing cancer cells (230); to engineer 

tandem modular protein-based hydrogels by fusing globular protein domains (GB1 and 

FnIII) to SpyCatcher and SpyTag, and demonstrating the utility of these hydrogels as a base 

for human lung fibroblast cell culture and as a drug delivery vehicle (231); as well as many 
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other studies (reviewed in (227)). Although, there have been no reports so far about the 

use of this protein immobilization technique in any microarraying studies.   

 

Therefore, the SpyCatcher-SpyTag system was selected as the RAPA protein 

immobilization method. SpyCatcher would be amine-coupled to a blank slide H to make 

the protein capture slide, and SpyTag would be fused to the C terminal of mCherry (or any 

protein of interest) to enable covalent and rapid immobilization of newly translated 

proteins (Figure 3.7). Reassuringly, it has been suggested, and shown by NHS-activated dye 

derivatization, that amine coupling does not interfere with SpyCatcher’s reactive Lys31, 

which is buried in the hydrophobic core of the protein (225).  As an alternative strategy, 

mCherry would also be fused to SpyCatcher. In this case, the protein capture slide would 

be coated with a synthetic SpyTag peptide with an extra 5 Lys residues on its N terminus 

for amine coupling.       

 

 
Figure 3.7. Protein immobilization principle. A blank Nexterion Slide H is first coated and functionalized with 

purified SpyCatcher protein to make the protein capture slide. Upon incubation, the newly translated 

mCherry-SpyTag protein will immobilize on the protein capture slide irreversibly via specific SpyCatcher-

SpyTag interaction.       

 

3.3. mCherry as a reporter POI 
For the purpose of method development, a suitable reporter protein needed to be 

selected. mCherry is a monomeric red fluorescent protein (mRFP) developed through two 

generations of random mutation and directed evolution studies from a parent RFP from 

the Discosoma reef coral (DsRed) (232–234). mCherry is an amenable candidate RAPA 

reporter protein in terms of structural and spectral characteristics:  

 

I. it is a monomeric protein as opposed to the tetrameric parent DsRed protein, with 

a molecular weight of 26.7 kDa 

mCherry-SpyTag

Protein slideSpyCatcher coated slide

SC
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II.  it has an excitation and emission maxima of 587 nm and 610 nm respectively, 

suitable for detection with our in-house slide scanner which has only two Cy3 (532 

nm) and Cy5 (635 nm) laser lines 

III. among the monomeric RFPs, mCherry offers the fastest maturation time (15 

minutes), highest photostability, and the longest wavelengths (red-shifted, ideal 

for multiplexing experiments) 

IV. mCherry is optimized for both N and C-terminal fusions, due to the addition of the 

first and last seven amino acids of GFP to its N and C terminus respectively 

 

mCherry’s red fluorescence is driven by an autocatalytic multi-step reaction in its amino 

acid triplet chromophore (Met66-Tyr67-Gly68), which results in the oxidation of the bond 

between the a-carbon and a-nitrogen of Met66 and its conversion to an acylimine (C=N) 

linkage (235–237). A 3D representation of the mCherry protein as well as its M-Y-G 

chromophore is provided in Figure 3.8.    

 

 

 
Figure 3.8. mCherry as a reporter protein. A) crystal structure of mCherry (PDB 2H5Q). The 3D structure of 

mCherry resembles that of all the other fluorescent proteins discovered thus far. Its cylindrical structure 

contains a central a-helix surrounded by 11 strands of extensively hydrogen bonded b-sheets, and short 

helical segments protect the ends of the cylinder. The active tripeptide chromophore (shown in magenta) of 

mCherry is contained within the central a-helix in the middle of the b-barrel. B) mCherry chromophore. The 

chromophore comprises the tripeptide Met66-Tyr67-Gly68, which undergo spontaneous multi-step post-

translational modifications during fluorophore maturation. As a result of the fluorophore maturation 

process, the peptide bond immediately preceding Met66 is oxidized into an acylimine (C=N) linkage, 

delocalizing the chromophore electron density and imparting characteristic fluorescence properties to 

mCherry.        

A

B

N

N

N

O

O

O
O

F65

M66

S69

mCherry

mCherry chromophore



 68 

3.4. DNA template design 
RAPA DNA templates were designed to carry pre-defined functional and coding modules 

to enable effective DNA immobilization, transcription and RNA immobilization, and 

translation and protein immobilization. DNA immobilization was achieved by the well-

established method of biotin-streptavidin interaction. By using a 5’-biotinylated forward 

primer (biotin-T7 FW) in the PCR reaction, the resulting PCR product will be 5’-biotinylated 

and capable of specifically immobilizing on the Streptavidin-coated DNA slide via biotin-

streptavidin interaction. A 12-bp spacer was included to separate biotin from the rest of 

the DNA sequence, ensuring sufficient distance from the slide surface as well as a foothold 

for the T7 RNA polymerase enzyme. To enable transcription, a T7 promoter sequence was 

placed towards the 5’ end of the RAPA DNA template. Thus high yields of RNA can be 

achieved by using commercially available T7 polymerase IVT kits. Reserved at the 3’ end of 

the DNA template was a sequence encoding for the streptavidin aptamer and a 20-

nucleotide single stranded linker to insulate the aptamer module from the rest of the RNA 

transcript. Once transcribed, RNA transcripts immobilize on the streptavidin-coated RNA 

slide via the streptavidin aptamer module as described in Section 3.2.3.  

 

The RAPA DNA template also bears the sequence components necessary for protein 

expression. These include the ribosome binding site within an optimized 5’ un-translated 

region, an ATG start codon, and the mCherry-SpyTag or mCherry-SpyCatcher coding 

sequence. Thus, high protein yields could be achieved using the commercially available 

S30 T7 cell-free protein expression kits. The SpyTag/SpyCatcher coding sequence towards 

the 3’ end of the DNA template (C-terminus of mCherry) enables protein immobilization. 

Once translated, mCherry-SpyTag (or mCherry-SpyCatcher) will immobilize on the 

SpyCatcher (or SpyTag) coated protein slide via covalent SpyTag-SpyCatcher interaction as 

described in Section 3.2.4. An overview of the RAPA DNA template is shown in Figure 3.9. 
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Figure 3.9. RAPA DNA template design. The RAPA DNA template contains a single biotin molecule attached 

to the 5’ of the coding strand via a 12 bp spacer sequence, enabling DNA immobilization on the streptavidin-

coated DNA capture slide. T7 promoter enables transcription by T7 RNA polymerase and an optimal 5’ UTR 

and Shine-Dalgarno (RBS) sequence allows translation by the E. Coli ribosome. RNA transcripts will contain a 

functional streptavidin aptamer moiety at the 3’ end which is isolated from the coding region by a single-

stranded 20 nt linker sequence, enabling RNA immobilization on the streptavidin-coated RNA capture slide. 

The translated protein of interest (mCherry) will contain an N-terminal x6His tag for possible affinity 

purification and/or antibody detection and a C-terminal SpyTag for protein immobilization on the 

SpyCatcher-coated protein capture slide.  

 

3.5. Reagent preparation and quality control 
Specific DNA, RNA and protein components needed for RAPA experiments were prepared 

and tested to verify their purity and functionality. For example, the mCherry-SpyTagsa DNA 

must be first cloned into a plasmid to allow PCR amplification for array experiments; and 

the SpyCatcher protein must be purified in-house for functionalizing the protein slide. This 

section provides a detailed account of the reagent preparation and quality control 

processes.        

 

3.5.1. Cloning of DNA templates 
For RAPA proof of concept experiments, a set of DNA sequences were prepared and cloned 

into the pET28a plasmid vector (shown in Appendix II) using the conventional restriction 

digest and ligation method, described here separately for each construct. The one main 

construct originally intended for array experiments was the pET28-mCherry-SpyTag. 

However, initially in the project, a set of additional plasmids constructs were also 

prepared. For example, the pET28-mCherry-SpyCatcher construct was intended as an 

alternative strategy if the need arose to use SpyTag peptide for slide functionalization and 

SpyCatcher as the immobilization tag. Also, the other SpyTag-encoding construct variants 

such as pET28-mCherry-SpyTag with different SAapt linker/spacer sequence lengths, as well 

as pET28-SpyTag-MBP, were intended to use if the original mCherry-SpyTag DNA did not 
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perform satisfactorily on the array. A list of plasmid constructs is provided in Table 3.1 and 

all insert sequences are provided in Appendix III.  

 

Table 3.1. A list of RAPA plasmid constructs 

Plasmid construct Insert 

pET28-SpyTag scaffold SpyTag scaffold 

pET28-SpyCatcher scaffold SpyCatcher scaffold 

pET28-mCherry-SpyTag mCherry-SpyTag 

pET28-mCherry-SpyCatcher mCherry-SpyCatcher 

pET28-mCherry-SpyTag with extended SAapt linker mCherry-SpyTag with a 60 bp SAapt linker 

pET28-mCherry-SpyTag-Spacer-SAapt 
mCherry-SpyTag with a 1072 bp spacer between 

SpyTag and SAapt 

pET28-SpyTag-MBP SpyTag-MBP 

    

3.5.1.1. SpyCatcher scaffold and SpyTag scaffold cloning  
These two DNA scaffolds were intended as a cassette suitable for cloning any gene at the 

N-terminal of SpyCatcher or SpyTag. The DNA sequences for SpyCatcher and SpyTag 

scaffolds were ordered as double-stranded DNA from GeneArt (Invitrogen). Provisioned in 

the design of the DNA scaffolds, were restriction sites for downstream cloning experiments 

into the pET28a plasmid. The schematic in Figure 3.10 displays the common restriction site 

map for both constructs. The flanking 5’ BglII and 3’ XhoI restriction sites were designed 

for the initial insertion into the host plasmid, while the internal NdeI and NheI restriction 

sites would serve as insertion sites for the subsequent mCherry cloning. Also, an extra 

HindIII site towards the 3’ end was included to offer more flexibility if further modifications 

were required for the cloned constructs. Figure 3.11 represents the cloning strategy for 

SpyCatcher and SpyTag constructs. 

 

 
Figure 3.10. Schematic representation of SpyCatcher and SpyTag scaffolds. The SpyCatcher and SpyTag 

scaffolds (575 bp and 266 bp respectively) are synthetic double-stranded DNA sequences containing multiple 

cloning sites in addition to other features including: a T7 RNA polymerase promoter, 5’ UTR and Shine-
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Dalgarno (RBS) sequences, SpyCatcher or SpyTag, and the SA aptamer module followed by the T7 terminator 

sequence (not shown). The 5’ BglII and the 3’ XhoI restriction sites are first used to clone the scaffolds 

separately in the pET28a plasmid vector. The PCR amplified mCherry DNA, flanked with a 5’ NdeI and a 3’ 

NheI site, can then be cloned into both the pET28-SpyCatcher scaffold and the pET28-SpyTag scaffold 

plasmids, using the NdeI and NheI restriction sites on the scaffolds. The HindIII restriction site is included to 

offer more flexibility if extra cloning experiments were required.     

 

 

 

 
 

Figure 3.11. Cloning strategy for SpyCatcher and SpyTag constructs. A) The pET28a plasmid vector is first 

double-digested with BglII and XhoI to create compatible sticky ends for the SpyCatcher/SpyTag scaffold 

inserts. B) BglII and XhoI double-digested SpyCatcher (SC) and SpyTag (ST) scaffold inserts are separately 

cloned into the digested pET28a plasmid prepared in A. C) The recombinant pET28-SpyCatcher/SpyTag 

scaffold plasmid is double-digested with NdeI and NheI to create compatible sticky ends for the mCherry 

DNA insert. D) NdeI and NheI double-digested mCherry DNA insert is cloned separately into the digested 

pET28-SpyCatcher scaffold and pET28-SpyTag scaffold recombinant plasmids prepared in C, to yield the final 

pET28-mCherry-SpyCatcher and pET28-mCherry-SpyTag recombinant plasmids.      
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Upon receipt, both DNA samples were reconstituted in 10 mM Tris-HCl (pH 8.5) to 50 ng/µl. 

Restriction digest reactions were set up separately for each sample using the BglII (NEB 

R0144S) and XhoI (NEB R0146S) enzymes as per manufacturer’s instructions using 500 ng 

of DNA sample in each reaction.  At the same time, the pET28a stock plasmid was manually 

prepared as described in 2.4.4 and subjected to restriction digest with the same enzymes 

using 5 µg of plasmid in the reaction. The reactions were then incubated at 37 °C for 1 

hour. Upon completion, digested scaffold DNA samples were purified using Nanosep® 

columns, and the linear plasmid sample was gel purified as described in 2.4.5.2. For ligating 

the inserts into the vectors, NEB’s T4 DNA ligase was used in 20 µl reactions as per 

manufacturer’s instructions, maintaining a 5:1 insert to vector molar ratio calculated by 

NEB’s ligation calculator tool (196). Both ligation reactions were incubated at 22 °C for 30 

minutes. Subsequently, 5 µl of each reaction was separately added to 50 µl of competent 

E. coli DH5a cells, and transformation was performed as described previously in 2.3. 

Putative clones were used to inoculate overnight LB cultures, followed by plasmid 

preparation and restriction digest screening by BglII and XhoI enzymes. Positive clones 

were confirmed by Sanger di-deoxy sequencing. Representative agarose gels for the 

cloning process are presented in Figure 3.12.   

 

 



 73 

 
 

Figure 3.12. SpyCatcher and SpyTag scaffold cloning. A) A 1% agarose gel containing in lane 1: 1 kb DNA 

ladder, lane 2: uncut pET28a plasmid, lane 3: BglII and XhoI double-digested and gel purified pET28 plasmid 

(5126 bp), lane 4: BglII and XhoI double-digested SpyTag DNA string (252 bp), lane 5: 100 bp DNA ladder. B) 

A 1% agarose gel containing in lane 1: 100 bp DNA ladder, lane 2: uncut SpyCatcher DNA string (575 bp), lane 

3:  BglII and XhoI double-digested SpyCatcher DNA string (561 bp). C) Restriction digest screening for 

SpyCatcher scaffold recombinant clones; a 1% agarose gel containing in lane 1: 1 kb DNA ladder, lanes 2 & 

3: BglII and XhoI double-digested putative recombinant pET28-SpyCatcher scaffold plasmids. Both lanes 

contain recombinant clones, producing a lower (faint) band for SpyCatcher scaffold at 561 bp size, and an 

upper band for the linearized pET28 plasmid at 5126 bp size. D) Restriction digest screening for SpyTag 

scaffold recombinant clones; a 1.5% agarose gel containing in lane 1: 1 kb DNA ladder, lane 2: a control 

pET28a plasmid double-digested with BglII and XhoI, producing an upper band at 5126 bp size, and a lower 

band (faint) at 243 bp size, lane 3: BglII and XhoI double-digested putative recombinant pET28-SpyTag 

scaffold plasmid, producing an upper band at 5126 bp size for the linearized pET28 plasmid, and a lower 

band at 252 bp for the SpyTag scaffold insert, lane 4: Low Molecular Weight DNA ladder.      
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3.5.1.2. mCherry-SpyCatcher & mCherry-SpyTag cloning 
The pET28-mCherry-SpyCatcher and pET28-mCherry-SpyTag plasmids were constructed 

by cloning the mCherry gene into the pET28-SpyCatcher scaffold and pET28-SpyTag 

scaffold plasmids respectively. The mCherry gene was first PCR amplified from the P3-

mCherry plasmid (a kind gift from EXRC) using the NdeI-mCherry FW and the NheI-mCherry 

RV primers. The KOD hot start DNA polymerase kit was used for the PCR reaction as per 

manufacturer’s protocol, using the following cycling conditions:    

   

Initial denaturation 95 °C for 2 min 

X35 

cycles 

Denaturation 

Annealing 

Extension 

95 °C for 20 s 

64 °C for 10 s 

70 °C for 15 s 

Final extension 70 °C for 7 min 

              

 

To cut the mCherry PCR product, and the pET28-SpyTag scaffold and pET28-SpyCatcher 

scaffold plasmids, the NdeI and NheI enzymes were used in standard double digest 

reactions. Ligation and subsequent recombinant clone screening reactions were 

performed essentially in the same manner as described in 3.5.1.1. Positive clones were 

also confirmed by Sanger di-deoxy sequencing. Figure 3.13 provides details on the insert 

DNA map, and Figure 3.14 presents agarose gel images for the cloning process.  

 

 

 
Figure 3.13. Schematic of mCherry-SpyCatcher and mCherry-SpyTag DNA (1277 bp and 968 bp respectively, 

as shown). Sequence features are labelled and are the same as described previously in Figure 3.10, except 

that the mCherry sequence has been inserted between NdeI and NheI restriction sites.    
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Figure 3.14. mCherry cloning. A) A 1% agarose gel containing in lane 1: 1 kb DNA ladder, and lane 2: pET28-

SpyTag scaffold double-digested with NdeI and NheI (5363 bp). B) A 1% agarose gel containing in lane 1: 1 

kb DNA ladder, lane 2: uncut pET28-SpyCatcher scaffold plasmid, lane 3: NdeI and NheI double-digested 

pET28-SpyCatcher scaffold plasmid (5672 bp). C) A 1% agarose gel containing in lane 1: 100 bp DNA ladder, 

lane 2: PCR amplified, uncut mCherry DNA (726 bp), lane 3: NdeI and NheI double-digested mCherry DNA 

(713 bp). D) Restriction digest screen for recombinant mCherry clones, lane 1: 100 bp DNA ladder, lane 2: 

putative recombinant pET28-mCherry-SpyCatcher plasmid double-digested with NdeI and XhoI, producing 

an upper band at 5194 bp for the linearized plasmid and a lower band at 1191 bp for the excised mCherry-

SpyCatcher fragment, lane 3: putative recombinant pET28-mCherry-SpyTag plasmid double-digested with 

NdeI and XhoI, producing an upper band at 5194 bp for the linearized plasmid and a lower band at 882 bp 

for the cut-out mCherry-SpyTag fragment.     
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3.5.1.3. mCherry-SpyTag with extended SAapt linker cloning 
The original mCherry-SpyTagsa DNA contains a 20 bp linker sequence between SpyTag and 

the SAapt module. In order to further insulate the aptamer module and increase the 

distance between the slide surface and the coding RNA, the 20 bp linker was extended to 

60 bp. The resulting construct was the same as pET28-mCherry-SpyTag except for an extra 

40 bp in the SAapt linker region. The insert was first produced by oligonucleotide overlap 

extension PCR with 1 µM each of the 60ac SA linker FW and the 60ac SA linker RV 

oligonucleotides, using the KOD kit and thermocycler conditions as described below:   

 

Initial denaturation 95 °C for 2 min 

X30 

cycles 

Denaturation 

Annealing 

Extension 

95 °C for 20 s 

62 °C for 10 s 

70 °C for 20 s 

Final extension 70 °C for 7 min 

     

  

Subsequently, HindIII and XhoI enzymes were used in standard double digest reactions to 

cut the extended SA linker PCR product, and the pET28-mCherry-SpyTag plasmid. Ligation 

and subsequent recombinant clone screening reactions were performed essentially in the 

same manner as described in 3.5.1.1. Positive clones were confirmed by Sanger di-deoxy 

sequencing. A schematic of the insert DNA map is presented in Figure 3.15, and agarose 

gel images for the cloning process are presented in Figure 3.16.  

   

 

 
Figure 3.15. Schematic representing the SA aptamer with an extended linker. The extended linker on this 

construct will increase the distance between the RNA slide surface and the mCherry-SpyTag mRNA by 40 

nucleotides compared to the original 20 nt linker sequence. The PCR-generated construct can be double-

digested with HindIII and XhoI and cloned into the HindIII and XhoI double-digested pET28-mCherry-SpyTag 

plasmid.      
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Figure 3.16. Cloning of the extended SA aptamer linker. A) A 1.5% agarose gel containing in lane 1: PCR 

amplified extended SA aptamer DNA (176 bp), lane 2: HindIII and XhoI double-digested extended SA aptamer 

DNA (158 bp), lane 3: Low Molecular Weight DNA ladder. B) A 1.7% agarose gel containing in lane 1: Low 

Molecular Weight DNA ladder, lane 2: HindIII and XhoI double-digested putative recombinant pET28-

mCherry-SpyTag plasmid with the extended SA aptamer linker, producing an upper band at 5907 bp for the 

linearized plasmid, and a lower (bottom) band at 209 bp for the excised fragment containing the extended 

60 nt linker. The middle band at around 300 bp is not of any known origin and likely due to contamination. 

Lane 3: HindIII and XhoI double-digested control pET28-mCherry-SpyTag plasmid with the normal SA 

aptamer linker, producing an upper band at 5907 bp for the linearized plasmid, and a lower (bottom) band 

at 169 bp for the cut-out fragment containing the normal 20 nt linker. The middle band at around 300 bp is 

not of any known origin and likely due to contamination.     

 

3.5.1.4. mCherry-SpyTag-spacer-SA aptamer cloning  
This construct was made to introduce a significant distance between the coding region and 

the SAapt module/the RNA slide surface. This construct is also the same as the pET28-

mCherry-SpyTag except for a 1073 bp extra untranslated region (junk sequence) between 

the SpyTag stop codon and the SAapt module. The untranslated sequence is intended to act 

as an extra-long spacer between mCherry-SpyTag and the SAapt. Thus increasing the 

distance of mCherry-SpyTag RNA from the slide surface, and possibly facilitating 

translation of the RNA.  For convenience, the mCherry-SpyCatcher sequence, without a 

start codon, was PCR amplified from the pET28-mCherry-SpyCatcher plasmid with the 

HindIII-aTG mCherry FW and the SA RV primers. This PCR yields a product with two HindIII 

restriction sites, one at each the 5’ and 3’ ends. By digesting the PCR product and the 

pET28-mCherry-SpyTag plasmid with HindIII, and upon ligation of the insert and the vector, 

the pET28-mCherry-SpyTag-spacer-SA aptamer plasmid was created. The directionality of 

insertion was not of concern for this purpose, as it was merely intended as a spacer 
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sequence. PCR, restriction digest, ligation and cloning steps were performed essentially in 

the same manner as described previously for the other constructs. Recombinant plasmids 

were screened by colony PCR using the biotin-T7 FW and the SA RV primers and confirmed 

by Sanger di-deoxy sequencing. A schematic of the insert DNA map and cloning strategy is 

provided in Figure 3.17, and agarose gel images for the cloning process are provided in 

Figure 3.18.   

 

 

 
 

Figure 3.17. Schematic of the mCherry-SpyTag-Spacer-SA aptamer DNA construct. This construct is designed 

to provide an extra 1073 nt distance between the RNA slide surface and the mCherry-SpyTag mRNA. The 

spacer (mCherry-SpyCatcher without a start codon) sequence is first PCR amplified using primers which add 

one HindIII restriction site to each (5’ and 3’) end of the sequence. The HindIII digested PCR product can be 

inserted into the HindIII digested pET28-mCherry-SpyTag plasmid to yield the pET28-mCherry-SpyTag-

Spacer-SA aptamer plasmid.    
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Figure 3.18. Cloning of the 1073 bp spacer. A) A 1% agarose gel containing in lane 1: 1 kb DNA ladder, lane 

2: the spacer (mCherry-SpyCatcher without a start codon) sequence digested with HindIII (1073 bp), lane3: 

pET28-mCherry-SpyTag digested with HindIII (6076 bp). B) A 1% agarose gel containing colony PCR screening 

results, lane 1: 1 kb DNA ladder, lanes 2 and 4: non-recombinant clones PCR amplified with Bi-T7 FW and SA 

RV primers, producing a band at 924 bp for mCherry-SpyTagsa, lane 3: putative recombinant clone PCR 

amplified with Bi-T7 FW and SA RV primers, producing a band at 1997 bp for the mCherry-SpyTag-

(xatg)mCherry-SpyCatchersa DNA (the extra lower bands are likely due to nonspecific PCR amplification). C) 

A 1% agarose gel containing PCR amplification (using Bi-T7 FW and SA RV primers) results for the 3 different 

mCherry-SpyTag construct versions (lanes 2, 3 and 4). Lane 1: 100 bp DNA ladder, lane 2: the original 

mCherry-SpyTag with the 20 bp SA aptamer linker (924 bp), lane 3: mCherry-SpyTag with the extended 60 

bp SA aptamer linker (964 bp), lane 4: mCherry-SpyTag with the 1073 bp spacer (1997 bp), lane 5: 1 kb DNA 

ladder.              

 

3.5.1.5. SpyTag-MBP cloning  
This construct was intended as a back-up plan if mCherry-SpyTag did not produce 

satisfactory results on the array. The pET28-SpyTag-MBP plasmid was constructed by 

cloning the SpyTag-MBP insert into the digested pET-SpyCatcher scaffold plasmid. In a 

manner essentially the same as described previously, the SpyTag-MBP insert was first PCR 

amplified from the pET28a-SpyTagMBP plasmid (a kind gift from the Howarth laboratory) 

using the pET-seq FW and pET-seq RV primers. Then, the NdeI and HindIII enzymes were 

used in a standard double digest reaction to cut the SpyTag-MBP insert and the pET28-

SpyCatcher scaffold plasmid. Finally, a ligation reaction was performed, and recombinant 

plasmids were confirmed by colony PCR screening and Sanger di-deoxy sequencing. 

Figures 3.19 and 3.20 represent the insert DNA map and cloning results respectively.  
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Figure 3.19. SpyTag-MBP insert DNA map. This construct is first PCR amplified from the pET28a-SpyTagMBP 

plasmid. The PCR amplified construct contains an NdeI restriction site immediately preceding the 5’ end of 

SpyTag, and a HindIII restriction site immediately succeeding the stop codon of MBP. The NdeI and HindIII 

double digested PCR product can be cloned into the NdeI and HindIII double digested pET28-SpyCatcher 

scaffold plasmid in order to obtain the pET28-SpyTag-MBP-SA aptamer plasmid.  

 

 

 

 
Figure 3.20. Cloning of the SpyTag-MBP insert. A) A 1% agarose gel containing in lane 1: 1 kb DNA ladder, 

lane 2: the SpyTag-MBP insert PCR amplified from the pET28a-SpyTagMBP plasmid with the pET-seq FW and 

pET-seq RV primers (1506 bp), lane 3: NdeI and HindIII double digested SpyTag-MBP PCR product (1178 bp). 

B) A 1% agarose gel representing colony PCR recombinant screening results; lane 1: 1 kb DNA ladder, lane 2: 

the PCR amplified product from the colony PCR of a putative recombinant clone using pET-seq FW and pET-

seq RV primers; producing a band at 1512 bp suggesting a successful recombinant clone.     

 

3.5.2. PCR and IVT of microarray DNA samples  
Phusion High Fidelity DNA polymerase and the biotin-T7 FW primer were used to PCR 

amplify DNA samples (from the pET28-mCherry-SpyTag plasmid) for spotting on the DNA 

slide. To amplify mCherry-SpyTag with the inclusion of the SAapt, the SA RV primer was 

used; and to amplify mCherry-SpyTag excluding the SAapt, the SpyTag RV primer was used. 

Typical PCR reaction components and cycling conditions for the mCherry-SpyTag-SAapt 

(hereon referred to as mCherry-SpyTagsa) DNA are described below: 
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 Phusion HF buffer 1x 

dNTPs 200 µM 

biotin-T7 FW primer 1 µM 

SA RV primer 1 µM 

pET28-mCherry-SpyTag 0.03 ng/µl 

Phusion HF DNA pol. 0.02 U/µl 

   

 

Initial denaturation 98 °C for 30s 

X30 

cycles 

Denaturation 

Annealing 

Extension 

98 °C for 10 s 

62 °C for 15 s 

72 °C for 20 s 

Final extension 72 °C for 7 min 

 

 

Upon completion of the PCR, DNA samples were purified and resuspended in 1x PBS as 

described in 2.4.3. An IVT reaction was also performed on the mCherry-SpyTagsa PCR 

product, to serve as a cell-free expression template in plate reader experiments. The IVT 

reaction was performed as described in section 2.5, at 37 °C for 4 hours and using 400 nM 

of the mCherry-SpyTagsa PCR product as the template. Gel images for the PCR and IVT 

reactions are presented in Figure 3.21.    

 

 

 
Figure 3.21. PCR and IVT of microarray DNA samples. A) A 1% agarose gel containing PCR products; lane 1: 

100 bp DNA ladder, lane 2: mCherry-SpyTag (888 bp), lane 3: mCherry-SpyTagsa (924 bp). B) A 4% denaturing 

urea PA gel containing the IVT product for mCherry-SpyTagsa; lane 1: Low Range ssRNA ladder (NEB N0364), 

lane 2: 50 ng of the mCherry-SpyTagsa IVT product (895 nt).   
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3.5.3. SpyCatcher purification 
The SpyCatcher protein was purified to high purity (>95%) for coating/functionalizing the 

protein capture slides. Expression and purification procedures were carried out as 

described in 2.6.1., and SDS PAGE was performed as described in 2.1.5. Protein samples at 

different stages of expression and purification were run on a 15% SDS PA gel as presented 

in Figure 3.22. For expression timepoint samples, 1 ml of cell culture was withdrawn at 

each 0, 1, 2 and 3-hour timepoints upon induction with 1 mM IPTG. The timepoint samples 

were then pelleted by centrifugation, resuspended in 100 µl of 1x SDS loading buffer and 

heated at 95 °C for 7 minutes, 1 µl of each sample was then run on the SDS PA gel. For 

purification timepoint samples, typically 3 µl of each fraction was mixed with 3 µl of 3x SDS 

loading buffer (minus DTT) and 3 µl of 300 mM DTT. This was the heated at 95 °C for 7 

minutes and run on the SDS PA gel. The Thermofisher BenchMarkÔ protein ladder 

(catalogue number 10747012) was used as size marker on all SDS PA gels.  

   

 3.5.4. mCherry-SpyTag purification 
The mCherry-SpyTag protein was purified to high purity (>95%) for use in preliminary plate 

reader and array experiments. Expression and purification procedures were carried out as 

described in 2.6.1, and SDS PAGE was performed as described in 2.1.5 and 3.5.3. Protein 

samples at different stages of purification were run on a 12% SDS PA gel as presented in 

Figure 3.23. It should be noted that full length mCherry-SpyTag has 259 amino acids and a 

MW of 29.4 kDa. Under the denaturing conditions used for SDS PAGE, a fraction of the 

mCherry-SpyTag protein would undergo autocleavage due to the hydrolysis of the 

fluorophore acylimine linkage. The hydrolysed portion of mCherry-SpyTag will produce 

two fragments: amino acids 1-78 (MW 8.9 kDa, not visible on the 12% gels used here) 

immediately preceding the reactive MYG chromophore, and amino acids 79-181 (MW 20.4 

kDa, seen as a lower band under the main band for the unhydrolyzed portion of mCherry-

SpyTag). Figure 3.24 represents a schematic of the molecular arrangement of the mCherry 

chromophore tripeptide before and after the hydrolysis of the acylimine linkage.   
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Figure 3.22. SpyCatcher purification. A) BenchMark protein ladder reference grade (in kDa). B) A 15% SDS 

PA gel containing SpyCatcher expression timepoint samples; lane 1: BenchMark protein ladder, lane 2, 3,4 

and 5: 0, 1, 2, and 3-hour expression timepoint samples respectively. C) Chromatogram representing the 

process of SpyCatcher IMAC purification on ÄKTA Purifier. Vertical axis on the left represents absorption at 

280 nm (A280), vertical axis on the right represents the percentage of IMAC elution buffer (EB%), and the 

horizontal axis represents buffer volume run through the IMAC column. Flow-through fractions are indicated 

by the orange arrow, and elution peak fractions are indicated by the magenta arrow. D) A 15% SDS PA gel 

containing SpyCatcher IMAC peak fraction samples; lane 1: BenchMark protein ladder, lanes 2-14: 

SpyCatcher IMAC peak fraction samples, before TEV cleavage, SpyCatcher has 139 amino acids and a MW of 

15.3 kDa. E) Chromatogram representing the process of SpyCatcher (post TEV cleavage) SEC purification 

using ÄKTA Purifier. The vertical axis represents absorption at 280 nm (A280), and the horizontal axis 

represents buffer volume run through the GF column. The SpyCatcher peak fractions are indicated by the 

magenta arrow, and the peak fractions for the cleaved x6 His tag are indicated by the orange arrow. F) A 15% 

SDS PA gel containing SpyCatcher SEC peak fraction samples; lane 1: BenchMark protein ladder, lanes 2-13: 

SpyCatcher SEC peak fractions (indicated by the magenta arrow). After TEV cleavage, SpyCatcher has 116 

amino acids and a MW of 12.4 kDa.  Lane 14: x6 His tag peak fraction (indicated by the orange arrow, MW @ 

3 kDa).             
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Figure 3.23. mCherry-SpyTag purification. A) BenchMark protein ladder reference grade (in kDa). B) 

Chromatogram representing the process of mCherry-SpyTag IMAC purification on ÄKTA Purifier. Vertical axis 

on the left represents absorption at 280 nm (A280), vertical axis on the right represents the percentage of 

IMAC elution buffer (EB%), and the horizontal axis represents buffer volume run through the IMAC column. 

Flow-through fractions are indicated by the orange arrow, and elution peak fractions are indicated by the 

magenta arrow. C) A 12% SDS PA gel containing mCherry-SpyTag IMAC fractions. Lane 1: BenchMark protein 

ladder, lane 2: crude cell lysate before loading on the IMAC column, lanes 3-5: IMAC flow-through fraction 

samples, lanes 6-15: IMAC elution peak fraction samples. D) A picture of the mCherry-SpyTag pooled IMAC 

elution fractions, the mCherry magenta fluorescence is readily visible by the naked eye. E) Chromatogram 

representing the process of mCherry-SpyTag SEC purification using ÄKTA Purifier. The vertical axis represents 

absorption at 280 nm (A280), and the horizontal axis represents buffer volume run through the GF column. 

Peak elution fractions are indicated by the magenta arrow. F) A 12% SDS PA gel containing mCherry-SpyTag 

SEC elution fraction samples. Lane 1: BenchMark protein ladder, lanes 2-12: SEC elution fraction samples 

(indicated by the magenta arrow).   
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Figure 3.24. Hydrolysis of the mCherry chromophore upon exposure to denaturing conditions. The 

chromophore comprises the tripeptide Met66-Tyr67-Gly68 (Met79-Tyr80-Gly81 in the mCherry-SpyTag used 

in this study). During fluorophore maturation, the peptide bond immediately preceding Met66 is oxidized 

into an acylimine (C=N) linkage. Acylimines are considered to be unstable linkages prone to nucleophilic 

attack (235). In its native form, the rigid protein b barrel protects the central acylimine linkage from coming 

into contact with H2O. Upon exposure to SDS and boiling, the protective protein shell is denatured and the 

acylimine will be prone to addition of H2O across the C=N linkage. This leads to the conversion of C=N into 

an N-acylcarbinolamine, which will hydrolyse and cleave the polypeptide backbone into two fragments 

between Phe65 and Met66.      

 

3.5.5. SpyCatcher and SpyTag functionality validation 
Denaturing SDS PA and native PA gel shift assays were performed as described in 2.6.2 to 

verify that the purified SpyCatcher covalently binds to SpyTag on mCherry-SpyTag protein. 

Although SpyCatcher and mCherry-SpyTag are the proteins in question, mCherry-

SpyCatcher was also included as a control. 1 µg of each indicated protein was loaded per 

lane of 12% SDS and native PA gels as described previously in 2.1.5 and 2.1.6. Gel shift 

assay results are presented in Figure 3.25 and confirm that mCherry-SpyTag and 

SpyCatcher are both functional and associate specifically via covalent SpyTag-SpyCatcher 

interaction. On the Native PA gel (right panel), samples are from the same stock/reactions 

as used for the SDS PA gel on the left, and the same lane numbering applies to both gels. 

On the native gel, however, no mCherry hydrolysis occurs meaning that mCherry-SpyTag 

and mCherry-SpyCatcher run as single bands. Also, here protein samples run as a function 

of their isoelectric point (PI) as well as their molecular mass. As opposed to SDS PA gels 

where samples run solely based on their molecular mass and have a uniform negative 

charge imparted by the SDS. Therefore, interacting species do not necessarily migrate 

upwards, depending on the combined effect of PI and MW, the gel shift could occur in 

either up or downward direction. The theoretical PI for individual species was calculated 

using the ProtPram web server (202) and is as follows:  SpyCatcher PI= 4.49, mCherry-
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SpyTag PI= 6.23, mCherry-SpyCatcher PI= 5.43. Since the pH of the native gel is adjusted 

to 8.8, SpyCatcher will have an overall negative charge and will migrate further towards 

the positive anode (bottom of the gel); mCherry-SpyTag will be less negatively charged and 

will have a slower migration towards the positive anode; and mCherry-SpyCatcher will be 

less negatively charged than SpyCatcher but more so than mCherry-SpyTag and will 

migrate slower than SpyCatcher but faster than mCherry-SpyTag towards the positive 

anode. The same principle applies for the complexes formed between SpyCatcher and 

SpyTag constructs, each migrating relative to the overall charge and mass of the complex.              
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Figure 3.25. SpyCatcher and SpyTag functionality validation. A) BenchMark protein ladder reference grade 

(in kDa). B) 12% denaturing SDS PA (left panel) and native PA (right panel) gels. On the denaturing SDS PA 

gel, samples are loaded 1 µg each per lane as follows: L: BenchMark protein ladder, lane 1: SpyCatcher (SC, 

12.4 kDa), lane 2: mCherry-SpyTag (mCh-ST, unhydrolyzed portion 29.4 kDa, hydrolysed portion splits into 

two bands at 20.4 kDa and 8.9 kDa), lane 3: SpyCatcher + mCherry-SpyTag, these two interact covalently and 

a gel shift occurs. As SpyCatcher is present at a higher molar ratio to mCherry-SpyTag, 80.6 pmol vs 34 pmol 

respectively, a portion of SpyCatcher remains unshifted whereas almost all of mCherry-SpyTag dislocates to 

a higher position in the lane corresponding to 41.8 kDa for the combined molecular masses. Even after 

binding SpyCatcher, a portion of mCherry-SpyTag still undergoes hydrolysis producing a band at 32.8 kDa, 

corresponding to the combined molecular masses of SpyCatcher and the larger fragment (20.4 kDa) of the 

hydrolysed portion of mCherry-SpyTag. Lane 4: mCherry-SpyCatcher (mCh-SC, 40.35 kDa), which similar to 

mCherry-SpyTag, undergoes partial hydrolysis under denaturing conditions producing a band at 8.9 kDa 

(residues 1-78), and a band at 31.4 kDa (residues 79-362). The extra band immediately above the band at 

31.4 kDa is unaccounted for and requires further investigation to identify its exact composition. Lane 5: 

mCherry-SpyTag + mCherry-SpyCatcher, these two also specifically interact to produce a shifted band at 

69.75 kDa corresponding to the combined molecular masses of unhydrolyzed species. Another shifted band 

at 60.75 kDa corresponds to the complex formed by the full length mCherry-SpyCatcher and the hydrolysed 

portion (20.4 kDa) of mCherry-SpyTag. A fainter band at 51.8 kDa corresponds to the combined molecular 

masses of hydrolysed portions of both mCherry-SpyTag (20.4 kDa) and mCherry-SpyCatcher (31.4 kDa). Lane 

6: SpyCatcher + mCherry-SpyTag. As expected, these two do not interact and no gel shift occurs. These results 

confirm that the interaction between SpyCatcher and SpyTag constructs used in this study is specific and 

covalent.  
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3.5.6. Plate reader assay for mCherry-SpyTagsa mRNA 
Initial plate reader assays were performed to test if in vitro transcribed mCherry-SpyTagsa 

would produce detectable mCherry fluorescence signal when translated in the S30-T7 

high-yield protein expression system. mCherry-SpyTagsa RNA was produced by IVT as 

described in 2.5 and shown in Figure 3.21. Cell-free translation reactions were set up 

separately in 12 µl volumes each containing 0, 0.5, 1, and 2 µg template mCherry-SpyTagsa 

RNA. Also, a control set of wells were filled with 12 µl volumes of purified mCherry-SpyTag 

protein at the following concentrations in 1X PBS: 0.0075, 0.015, 0.03, 0.06, 0.12, 0.25, 0.5, 

and 1 mg/ml. Plate reader experiment was performed as described in 2.7, incubating the 

plate with regular fluorescence measurements at 37 °C for 8 hours. The results are 

presented in Figure 3.26 and show a dose-dependent cell-free translation capacity in the 

mCherry-SpyTagsa mRNA concentration range tested; as well as a dose-dependent 

fluorescence intensity in the purified mCherry-SpyTag protein concentration range tested.     

Subsequent plate reader assays were also performed in parallel with Western blot and 

array optimization experiments, results of which will be presented in the relevant sections.  
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Figure 3.26. Plate reader assay on mCherry-SpyTagsa mRNA. A) Real-time fluorescence measurement for the 

cell-free expression of mCherry-SpyTagsa mRNA. 12 µl cell-free expression reactions were set up, each 

containing the indicated amounts (in µg) of the template mRNA. Fluorescence signal intensities confirm a 

dose-dependent cell-free translational capacity in the mRNA template concentration range tested. B) 

Fluorescence measurement of a concentration range (in mg/ml) of purified mCherry-SpyTag in 12 µl 

volumes. The signal intensity confirms a dose dependent response in the concentration range tested, bars 

indicate a single timepoint measurement for a single replicate. C) Comparison of signal intensities from cell-

free translated mCherry-SpyTag (green bars) vs purified mCherry-SpyTag (blue bars). For cell-free translated 

mCherry-SpyTag, intensities from a single time point at 3 hours are plotted on the graph. Intensities for the 

selected purified mCherry-SpyTag samples are taken as they appear in B. The results indicate that, under 

these experimental conditions, the amount of mCherry-SpyTag translated from 0.5-2 µg of mRNA template 

in a 12 µl reaction corresponds to roughly 90-180 ng (0.0075 mg/ml x 12 µl and 0.015 mg/ml x 12 µl) of 

mCherry-SpyTag protein.   
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3.6. Microarray experiments 
Nexterion Slide H (Schott) was used for all microarraying experiments. All amine blocking 

and slide wash steps were performed in 45 ml volumes in Falcon tubes on a roller mill, and 

Milli-Q H2O was used to prepare nuclease-free buffers throughout this work. All slide 

coating, IVT, translation, and labelling reactions were carried out in humidity chambers 

made of petri dishes filled with 30 ml of H2O; in order to prevent sample drying. An empty 

SPR cartridge was used to raise slides above the water in the humidity chambers. Images 

of Nexterion slide H as well as microarray spotting and scanning equipment are provided 

in Supplementary Appendix IV.    

  

3.6.1. DNA and RNA immobilization validation 
This experiment was performed following the DAPRA protocol laid out in Phillips et al. (34) 

in order to verify if the PCR amplified, 5’-biotinylated DNA templates immobilized on the 

streptavidin-coated DNA capture slide and transcribed efficiently. Also, to verify if the RNA 

transcripts with the 3’ SAapt would bind efficiently to the streptavidin-coated RNA capture 

slide. The experimental setup is described in detail below and summarized in Figure 3.27.        

 

Slide functionalization: DNA and RNA capture slides were covered with 80 µl volumes of 

respectively 1 µM (60 µg/ml) and 16.6 µM (1 mg/ml) streptavidin in 1x PBS using Lifterslip 

coverslips (Thermofisher catalogue number 25X60I24789001LS). Slide coating was 

performed at 37 °C for 60 minutes, and unbound streptavidin was removed by washing 

slides for 5 minutes in 1x PBST, 5 minutes in 1x PBS, 5 minutes in H2O, and a final 

submersion in H2O. Subsequently, the unbound NHS moieties were deactivated by 

incubating slides in amine blocking buffer (50 mM ethanolamine in 1x PBST pH 8.5) for 30 

minutes at room temperature.   

 

Slide washing and drying: Slides were washed for 5 minutes in 1x PBST, for 5 minutes in 

1x PBS, for 5 minutes in H2O, followed by a final submersion in H2O. For drying, slides were 

placed in falcon tubes bottom-lined with Kimwipes and spun in a centrifuge at 45 xg for 5 

minutes.   
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DNA spotting: PCR amplified, 5’-biotinylated mCherry-SpyTagsa and mCherry-SpyTag DNA 

were manually spotted onto the prepared DNA capture slide in 2 µl volumes at 200 and 

300 nM concentrations (in 1x PBS) as shown in Figure 3.27(C). In this experiment, the DNA 

was unlabelled therefore a schematic design is used to represent the DNA slide. DNA slides 

were incubated at 37 °C for 30 minutes to allow DNA binding, followed by slide wash and 

drying as described above.  

 

IVT sandwich set-up: An IVT slide sandwich was set up as follows (and shown in Figure 

3.27(A)). Two Parafilm strips were placed as spacers on both ends of the RNA slide. 150 µl 

of Ambion’s MEGAscriptä T7 IVT mixture (see below recipe) containing Cy3-UTP (GE 

Healthcare PA55026) was pipetted onto the RNA capture slide and the DNA slide was 

gently overlaid on the RNA slide, forming an IVT slide sandwich. The IVT reaction was 

incubated in a humidity chamber at 37 °C for 90 minutes. DNA and RNA slides were then 

washed and dried as described previously.  

 

MEGAscript IVT mixture Volume: [final] 

10X IVT buffer 15 µl 1x 

10 mM rNTPs 7.5 µl 0.5 mM 

5 mM Cy3-UTP 1.5 µl 0.05 mM 

MEGAscript T7 RNA polymerase 20 U/µl 15 µl 2 U/µl 

Nuclease-free H2O 111 µl _ 

 

 

Slide scanning: The Cy3 labelled RNA slide was scanned using a Genetix AQuire microarray 

slide scanner; setting the excitation at 488 nm, emission at 532 nm (Cy3 channel), and 

typically a 65-85% PMT gain. Figure 3.27(C) represents the RNA slide produced as a result 

of this experiment. The results verify that the 5’ biotinylated mCherry-SpyTagsa DNA 

immobilized efficiently on the DNA capture slide, transcribed efficiently in the IVT 

sandwich, and the nascent mCherry-SpyTagsa RNA specifically immobilized on the RNA 

capture slide. The spot pattern on the RNA slide indicates that RNA samples containing the 

SAapt specifically immobilize on the RNA capture slide, whereas there is insignificant (or 

residual, for the samples corresponding to 300 nM DNA template) binding for the RNA 
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samples lacking the SAapt. This might be due to ionic interactions between the negatively 

charged phosphate backbone of RNA and Lys and Arg residues on the SA surface (238).    

                       

 

 

 
 

Figure 3.27. DNA and RNA immobilization validation. A) DAPRA IVT sandwich set-up: two Parafilm strips are 

overlaid across both ends of the RNA capture slide (reactive side facing upwards) as spacers, 150 µl of the 

MEGAscript T7 IVT mix is pipetted onto the centre of the RNA capture slide, and the DNA slide is overlaid 

(reactive side facing down) on the RNA capture slide. B) A schematic representing the DNA slide with 

biotinylated DNA molecules immobilized via specific streptavidin:biotin interaction, the IVT process in the 

slide sandwich format, and the RNA slide with RNAsa molecules immobilized via specific streptavidin:SAapt 

interaction. C) A schematic representing the DNA slide with DNA sample indicators (left panel), and the 

scanned image of the resulting RNA slide. The DNA samples were PCR amplified with the biotin-T7 FW and 

SA RV (for inclusion of the SAapt) or SpyTag RV (for exclusion of the SAapt), therefore it is assumed that all DNA 

spots contain specifically immobilized biotinylated DNA. The RNA slide image has been inverted horizontally 

in order to represent the same sample lay-out as the DNA slide. The results confirm efficient immobilisation 

and transcription of biotinylated DNA template, as well as specific immobilisation of mCherry-SpyTagsa RNA 

via SAapt.  
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3.6.2.  Protein immobilization validation 
Nexterion Slide H is functionalized with amine-reactive NHS moieties. Theoretically, 

SpyCatcher would form a covalent bond to Slide H via its N-terminal or any of its five Lysine 

residues’ amine groups. To assess if SpyCatcher efficiently bound to Slide H, and also to 

verify that mCherry-SpyTag immobilized on the slide via covalent interaction with 

SpyCatcher, on-slide immobilization assays were performed. First, a concentration range 

of SpyCatcher in 1x PBS, as indicated in Figure 3.29 (A), was manually pipetted onto two 

blank slides in 0.4 µl spot volumes. The slides were incubated in a humidity chamber at 37 

°C for one hour to allow amine coupling, followed by wash, amine blocking, wash and 

drying steps as described above in 3.6.1. To guide the interpretation of results, a plate 

reader assay was set up, measuring fluorescence signal from a concentration range of 

purified mCherry-SpyTag and also from cell-free translation of mCherry-SpyTagsa mRNA 

concentration range. The plate reader experiment was run as described in 2.7, at 37 °C for 

8 hours, and is presented in Figure 3.28. A dose dependant cell-free expression capacity 

was observed for the mCherry-SpyTagsa mRNA concentration range tested, and there was 

a purified mCherry-SpyTag concentration-dependant fluorescence signal. 
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Figure 3.28. Plate reader assays to guide the results interpretation for mCherry-SpyTag immobilization 

experiments. A) Fluorescence measurement from cell-free translation of mCherry-SpyTagsa mRNA 

concentration range. Six 20 µl cell-free expression reactions were set up, each containing 0, 1, 2, 3, 4, and 5 

µg in vitro transcribed mCherry-SpyTagsa mRNA template. A single timepoint measurement at 8 hours is 

plotted for each sample. The results indicate that, under these experimental conditions, the fluorescence 

signal intensity correlates with the concentration of the mRNA template in each reaction. B) Fluorescence 

measurement from a concentration range of purified mCherry-SpyTag. Fluorescence signal intensities from 

the indicated concentrations (in mg/ml) of purified mCherry-SpyTag in 20 µl volumes were measured. A dose 

dependent response can also be observed here.                

 

Subsequently, mCherry-SpyTag immobilization assays were performed in two formats:    

  

3.6.2.1. Immobilization of crude in vitro expressed mCherry-SpyTag 
In RAPA, SpyTagged proteins must immobilize on the SpyCatcher functionalized protein 

slides in the milieu of crude cell-free protein expression (CFPE) mixture. In order to verify 

that mCherry-SpyTag in the crude mixture efficiently immobilized onto protein capture 

slides, and also to assess the dependence of fluorescence signal intensity on the amount 

of mCherry-SpyTag in the cell-free mixture, plate reader samples shown in Figure 3.28(A) 

were tested on the slide. 0.25 µl volumes of each cell-free expression reaction were 

pipetted spot-on-spot onto one of the SpyCatcher-functionalized protein capture slides as 

prepared in 3.6.2. The resulting slide was then incubated in a humidity chamber at room 

temperature for 2 hours, followed by wash and dry steps as outlined in 3.6.1. Since 

mCherry excitation/emission spectra overlap in the Cy3 (488/532) and Cy5 (633/647) 

channels, the slide was scanned in both Cy3 and Cy5 channels on the Genetix AQuire 

scanner device. The image obtained in the Cy3 channel has a more pronounced sensitivity 

and is presented in Figure 3.29(B). The results obtained under these experimental 

conditions suggest that functionalizing Slide H with higher concentrations of SpyCatcher 

will increase the mCherry-SpyTag loading capacity and sensitivity of the protein slide.        

 

3.6.2.2. Immobilization of purified mCherry-SpyTag 
To establish the immobilization efficiency of mCherry-SpyTag on protein capture slides, a 

concentration range of purified mCherry-SpyTag was pipetted spot-on-spot in 0.25 µl spot 
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volumes onto one of the SpyCatcher-functionalized slides as prepared in 3.6.2. The 

resulting slide was then incubated in a humidity chamber at room temperature for 2 hours, 

followed by wash and dry steps as described in 3.6.1. This slide was also scanned in both 

Cy3 and Cy5 channels on the Genetix AQuire scanner device, and the image obtained in 

the Cy3 channel is presented below in Figure 3.29(C). It should be noted that mCherry-

SpyTag immobilization efficiency would likely differ depending on the milieu in which it is 

resuspended. The results suggest that the immobilization efficiency might be improved 

when mCherry-SpyTag is resuspended in the CFPE mixture compared to its pure form in 1x 

PBS. In either case, these experiments confirm that mCherry-SpyTag specifically 

immobilizes on SpyCatcher-functionalized Slide H.        

        

 
 

Figure 3.29. Protein immobilization validation. A) A map of the protein capture slides spotted with 0.4 µl 

volumes of SpyCatcher in the concentration range (in mg/ml) shown. B) Immobilization of cell-free translated 

mCherry-SpyTag. The CFPE reactions were deposited in 0.25 µl volumes spot-on-spot onto the SpyCatcher-

functionalized regions of the protein capture slide. The resulting image (in the Cy3 channel) indicates that 

mCherry-SpyTag binding is specific to only SpyCatcher-functionalized regions of the capture slide, as there’s 

no signal in the column where SpyCatcher concentration is 0 mg/ml. The signal intensity observed on each 

spot is a function of SpyCatcher concentration present on the capture slide, as well as the amount of 

mCherry-SpyTag present in the CFPE reactions. For example, looking down the columns where SpyCatcher 

concentration is constant, there does not seem to be a significant mCherry-SpyTag concentration-dependant 

signal intensity response. Likely due to the fact that the immobilized SpyCatcher is already almost saturated 

by the concentration of mCherry-SpyTag obtained from the 2 µg CFPE sample. However, looking across the 

rows, where mCherry-SpyTag concentration is constant, there is a pronounced signal intensity gradient 
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depending on the concentration of SpyCatcher in each spot. C) Immobilization of purified mCherry-SpyTag. 

A concentration range of purified mCherry-SpyTag (between 0.03 and 0.1 mg/ml), deemed to be comparable 

with the concentrations produced by the CFPE reactions, was deposited spot-on-spot on the SpyCatcher 

functionalized regions of the protein capture slide. Here, at mCherry-SpyTag concentrations below 0.06 

mg/ml, there does not seem to be a significant signal. Looking down the columns, where SpyCatcher 

concentration is constant, mCherry-SpyTag signal increases and is significantly brighter at its highest 

concentration of 0.1 mg/ml. looking across the rows where mCherry-SpyTag concentration is constant, at 

SpyCatcher concentrations of 5-20 mg/ml there is not a significant signal increase. Implying that similar levels 

of mCherry-SpyTag have been immobilized, and that the mCherry-SpyTag concentration/immobilization 

efficiency under these conditions is below the saturation threshold of SpyCatcher spots.  

 

3.6.3. Translation of streptavidin-bound mCherry-SpyTagsa mRNA 
In RAPA, proteins must be translated from mRNA templates that have a 3’ SAapt moiety and 

are immobilized on streptavidin-coated RNA slides. In order to verify that streptavidin 

binding does not inhibit protein translation from the template mRNAs, a plate reader assay 

was set up where the template mCherry-SpyTagsa mRNA had been pre-incubated with a 

concentration range of streptavidin. Preincubation reactions were set up as follows: 4 µg 

of mRNA template was separately mixed with 0, 0.5 and 1 µg of streptavidin in 3.5 µl of 

H2O, yielding a final concentration of 3.95 µM mRNA and 0, 2.3 and 4.7 µM streptavidin, 

respectively. Reactions were incubated at 37 °C for 15 minutes to allow streptavidin-SAapt 

interaction, and separately added to the CFPE mixture (6.5 µl S30 Premix Plus + 6 µl T7 

Extract) in final volumes of 16 µl. Real-time fluorescence measurements were recorded on 

the plate reader as described in 2.7, at 37 °C for 3 hours. The results are presented in Figure 

3.30 and indicate that streptavidin binding has no significant effect on the translation 

efficiency of mCherry-SpyTagsa mRNA.    
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Figure 3.30. Translation of streptavidin-bound mCherry-SpyTagsa mRNA. Fluorescence measurements for 

three 16 µl reactions, each containing 4 µg mRNA template and the indicated amounts of streptavidin (in 

µg), are reported. The results show that the translation efficiency of mCherry-SpyTagsa is not significantly 

affected whilst bound to streptavidin.       

 

3.6.4. Preliminary RAPA experiments 
In preparation for a full RAPA experiment, a range of reagents were made and quality 

checked. The 5’ biotinylated mCherry-SpyTagsa DNA was produced by PCR and specifically 

immobilized on the DNA capture slide. A DAPRA style IVT sandwich was set up and the 

resulting mCherry-SpyTagsa mRNA specifically immobilized on the RNA capture slide. Plate 

reader assays demonstrated that the mCherry-SpyTagsa mRNA can be used in cell-free 

expression reactions to produce the functional fluorescent mCherry-SpyTag protein. The 

mCherry-SpyTag protein was shown to specifically and covalently interact with SpyCatcher 

on the protein capture slide. Since all the necessary preliminary and control experiments 

produced the expected and satisfactory results, basic RAPA experiments were next 

performed.  

 

3.6.4.1. Basic RAPA 
As a basic first experiment, DNA and RNA capture slides were functionalized with 

streptavidin as described in 3.6.1. To functionalize the protein capture slide, 2 µl spots of 

SpyCatcher at 5 mg/ml in 1X PBS were spotted in the same positions as the DNA samples 

were spotted in 3.6.1. This was incubated at 37 °C for one hour to allow SpyCatcher binding 

to Slide H, followed by wash, amine blocking, wash and drying steps as in 3.6.1. The IVT 

slide sandwich was set up as described in 3.6.1 except that Cy3-UTP was not added to the 

IVT mixture (volume made to 150 µl with H2O). The resulting RNA slide was washed and 

dried and assembled in a sandwich format, as shown in Figure 3.27(A), with the protein 

capture slide. This time, 150 µl of cell-free expression mixture (Promega’s S30 T7 High-

Yield Protein Expression System) was used as the filling inside the slide sandwich; 

comprising 60 µl S30 Premix Plus, 54 µl T7 S30 Extract, and 36 µl nuclease-free H2O. The 

translation slide sandwich was incubated in a humidity chamber at 37 °C for 90 minutes, 

followed by wash and drying steps as described in 3.6.1. The protein slide, which would 

theoretically have mCherry-SpyTag immobilized on the same spot locations as the RNA 
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slide in Figure 3.31(B), was scanned in both Cy3 and Cy5 channels. However, no detectable 

mCherry fluorescence signal was observed on the protein slide, even after multiple repeat 

experiments. Results are summarized in Figure 3.31.     

 

 

 
 

Figure 3.31. A basic RAPA experiment. A) A schematic of the RAPA process. The DNA slide serves as a 

template in the IVT slide sandwich, and the transcribed RNA molecules immobilize on the RNA slide via their 

3’ SAapt moiety. The RNA slide then serves as a template in the cell-free protein expression (CFPE) slide 

sandwich, and the translated protein molecules immobilize on the protein slide via their C-terminal SpyTag. 

B) Basic RAPA results. The DNA slide is represented by a schematic with the map of DNA sample locations. 

The RNA slide was unlabelled and therefore was not scanned, however, for convenience the labelled RNA 

slide from the RNA immobilisation experiment is presented. A scanned image of the protein slide in the Cy3 

channel is shown, with no detectable signal. This is likely due to the lack of mCherry-SpyTag translation, or 

immobilization, or otherwise levels below the detection limit of the scanner.                   

 

3.6.4.2. RAPA with a modified translation step 

It is suggested in the cell-free expression kit’s instructions that changing reaction time and 

temperature might improve translation levels (239). In order to assess whether cell-free 

expression conditions can be modified to achieve a detectable signal from mCherry, a set 

of three RAPA experiments were performed with modified translation conditions. DNA and 

RNA capture slide functionalization were performed as described in 3.6.1. Protein capture 

slides were functionalized as described in 3.6.4.1, spotting SpyCatcher at matching 
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positions with respect to DNA spots. 2 µl volumes of 300 nM 5’-biotinylated mCherry-

SpyTagsa DNA were spotted manually on the DNA slides in the pattern shown in Figure 

3.32, and following the procedure laid out in 3.6.1. IVT slide sandwiches were set up and 

processed as described in 3.6.1. Cell-free expression slide sandwiches were set up 

following the same procedure as in 3.6.4.1 but incubated for varying times (2-15 hours) 

and temperatures (21-37 °C). Protein slides were washed, dried and visualized as described 

in 3.6.1. Figure 3.32 summarizes the results of these experiments, DNA and RNA slides are 

represented by schematics as they were not labelled. Again, no mCherry fluorescence 

could be detected on the protein slide, likely due to the lack of mCherry-SpyTag 

translation, or immobilization, or otherwise levels below the detection limit of the scanner.             

 

 
Figure 3.32. RAPA with modified translation conditions. A) Schematics of DNA, RNA and protein slides; 

coloured circles mark the expected positions where DNA, RNA, and protein samples would be present. B) 

Scanned images (Cy3 channel) of the resulting protein slides from 3 separate RAPA experiments with 

different translation conditions. The results confirm that no detectable mCherry fluorescence can be 

observed under the indicated experimental conditions.   
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3.6.5. RAPA trouble-shooting experiments 
Preliminary RAPA experiments failed to produce a detectable signal on the protein slide. 

In order to narrow down the exact reason for this lack of signal, which could be due to the 

lack of  mCherry-SpyTag immobilization or translation levels below the detection limit of 

the scanner, a set of control experiments were performed. 

3.6.5.1. Immobilized mRNA translation assay 
To test if immobilized mCherry-SpyTagsa mRNA on the RNA slide was translated into 

fluorescent mCherry-SpyTag, the following single-slide experiment was devised. A blank 

Slide H was functionalized with two 2 µl spots of streptavidin (3 mg/ml in 1x PBS) as 

described previously in 3.6.1 and presented in Figure 3.33 below. One spot was untreated, 

and the other was overlaid with 5 µl of IVT mix containing 200 nM of mCherry-SpyTagsa 

DNA and the slide was incubated in a humidity chamber at 37 °C for 90 minutes. The 

assumption was that the transcribed mCherry-SpyTagsa mRNA would immobilize on the 

streptavidin spot, but the non-biotinylated DNA template would wash off during the slide 

wash and drying step after IVT. Subsequently, 5 µl of cell-free expression mix was overlaid 

on each spot, and the slide was incubated in a humidity chamber at 32 °C for 12 hours. The 

assumption is that no reactions would occur on the control spot, but the spot with 

immobilized mRNA would serve as a template for mCherry-SpyTag protein synthesis. Since 

there is no SpyCatcher to immobilize the nascent mCherry-SpyTag, the slide was not 

washed. Instead it was air dried at room temperature for 10 minutes and then scanned as 

described previously. The results indicate that immobilized mCherry-SpyTagsa mRNA can 

indeed be translated into fluorescent mCherry-SpyTag (Figure 3.33).                            

            

 

 
 

Figure 3.33. Immobilized mRNA translation assay. mCherry-SpyTagsa mRNA was produced in situ by IVT, and 

self-assembled on spot 1 on the streptavidin functionalized Slide H. Spot 2 is untreated and serves as a 

control. Both spots were overlaid with cell-free expression mix, and the slide was air dried without washing. 

The scanned image (in the Cy3 channel) clearly demonstrates that immobilized mRNA can indeed be 

translate into fluorescent mCherry-SpyTag protein. 
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3.6.5.2. In situ translated mCherry-SpyTag immobilization assay 
It was demonstrated that the lack of a detectable signal on protein slides was unlikely to 

be due to the lack of translation of immobilized mCherry-SpyTagsa mRNA. The other 

possible cause for lack of signal was whether the mCherry-SpyTag protein, translated in a 

slide sandwich, could efficiently immobilize on the protein slide. To test this, a protein 

capture slide was prepared by functionalizing a blank Slide H with fifteen 0.5 µl spots of 

SpyCatcher (5 mg/ml in 1x PBS) as described previously. This was covered, using a Lifterslip 

coverslip, with 80 µl of CFPE mixture containing 24 µg of mCherry-SpyTagsa mRNA and 

incubated at 37 °C for 2 hours, followed by 30 minutes at room temperature. The protein 

slide was then washed, dried and imaged. The results are presented in Figure 3.34 and 

show that the mCherry-SpyTag protein translated in situ is indeed functional and 

immobilizes on the protein capture slide. Here, mCherry fluorescence can be easily 

detected by the scanner most likely due to the fact that the levels of template mRNA are 

by far higher than what would be immobilized on the RNA slide in a proper RAPA 

experiment.  

 

 
Figure 3.34. Immobilization of in situ translated mCherry-SpyTag. CFPE mixture containing mCherry-SpyTagsa 

mRNA was incubated over the protein capture slide. The scanned image (Cy-3 channel shown) confirms that 

the nascent, in situ translated mCherry-SpyTag protein efficiently binds to SpyCatcher on the protein capture 

slide. The signal in the middle column is weaker than the two flanking columns, this might be due to uneven 

reagent distribution across the Lifterslip reservoir.                  

 

3.6.6. Protein slide visualization 
It was demonstrated that the lack of a detectable signal on the RAPA protein slide was 

unlikely to be due to failed translation of immobilized mCherry-SpyTagsa mRNA or failed 

immobilization of translated mCherry-SpyTag protein. These observations indicate that 

the most likely cause for this lack of a detectable signal is immobilized mCherry-SpyTag 
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protein levels below the detection limits of the scanner. One strategy to circumvent this 

issue is signal amplification. Signal amplification for microarrays is achieved by using 

target-specific antibodies which can be conjugated to a molecular beacon such as a 

fluorescent molecule e.g. Alexa Fluor, Cyanine, or DyLight. In fact, almost all major protein 

array platforms developed thus far use signal amplification to visualize their protein slides 

(see chapter 1 for examples). In particular, the Tyramide Signal Amplification (TSA) method 

has been a popular option with platforms such as NAPPA and DAPA.  

 

3.6.6.1. Tyramide Signal Amplification (TSA) 
TSA, also known as Catalysed Reporter Deposition (CARD), is a signal amplification method 

wherein the Horseradish peroxidase (HRP) enzyme is used to catalyse the covalent 

deposition of reporter molecules onto the solid phase of immunoassays (240–242). The 

substrate used for this reaction is tyramide, a phenolic compound which can be chemically 

conjugated to a host of hapten (e.g. biotin, Digoxigenin) or fluorogenic molecules. HRP is 

known to catalyse the dimerization of phenolic compounds such as tyramide in the 

presence of H2O2 (243,244). At high tyramide concentrations self-dimerization is the 

preferred reaction, but as the compound is diluted, less self-dimerization occurs and 

instead tyramide reacts with the solid phase of immunoassays (240). It is postulated that, 

in presence of H2O2, HRP oxidizes the phenolic ring of tyramide to produce highly reactive 

free radicals that covalently attach to electron-rich moieties such as tyrosines, 

tryptophans, etc. on the surface (240,242). Since the resulting free radicals are short lived, 

activated tyramide molecules should only interact with the surface in the 

microenvironment where they are generated i.e. nearby proteins such as HRP, antigen and 

antibodies, and proteins used for blocking like BSA. Figure 3.35 represents the reaction of 

Alexa Fluor 647 tyramide with a tyrosine sidechain as well as a schematic of TSA on the 

RAPA protein slide.                            
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Figure 3.35. Tyramide signal amplification. A) Chemical structure representation of HRP-catalysed binding of 

Alexa Fluor 647-labelled tyramide to a tyrosine sidechain. Alexa Fluor 647 is chemically conjugated to a 

tyramide molecule. In the presence of H2O2, HRP catalyses the oxidation of the phenolic ring of tyramide into 

a highly reactive free radical. The activated, labile tyramide intermediate will covalently interact with 

electron rich moieties such as tyrosines in the close vicinity, thus depositing an Alexa Fluor 647 label onto 

the protein surface. B) A schematic of the TSA procedure applied to a RAPA protein slide. The SpyCatcher 

immobilized, x6His-tagged mCherry-SpyTag is first labelled with an anti-x6His tag primary antibody, followed 

by further labelling with an HRP-conjugated secondary antibody. Upon a short incubation with the 

amplification buffer containing H2O2 and Alexa Fluor 647 tyramide, HRP converts the tyramide compounds 

into highly reactive intermediates that form covalent bonds with electron rich moieties such as tyrosine or 

tryptophan sidechains in the microenvironment of the HRP enzyme.         
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3.6.6.2. Western blot analysis 
The TSA procedure is highly reliant on functional and specific antibody detection. To 

validate the functionality of available antibodies, as well as the feasibility of specific x6His 

tag immunodetection, a Western blot experiment was conducted. mCherry-SpyTag was 

first translated from its mRNA template in vitro, monitoring the progress of protein 

synthesis on a plate reader in 20 µl reaction volumes at 37 °C for 8 hours and as described 

previously in 2.7. From the plate reader samples, 3 µl each of the blank reaction and the 

reaction containing 20 µg mRNA template were run on a 12% SDS PA gel. A dilution series 

of purified mCherry-SpyTag protein (0.003, 0.015, 0.3, and 3 µg per lane) was also run on 

the same gel, under the conditions described in 2.1.5. Western blotting and 

immunodetection were performed essentially as described in 2.8. Plate reader, SDS PA gel, 

and Western blot results are presented below in Figure 3.36. The results confirm that the 

N-terminal x6His tag can be used as a  target for immunolabelling the mCherry-SpyTag 

protein.  

 

 
 

Figure 3.36. mCherry-SpyTag protein immunodetection by Western blotting. A) Diagram presenting real-

time fluorescence measurements from cell-free expression of mCherry-SpyTag from its template mRNA. The 
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indicated amounts of mCherry-SpyTagsa mRNA template have been added to each 20 µl reaction. B) 

BenchMark protein ladder reference grade (in kDa). C) A (Coomassie stained) 12% SDS PA gel containing in 

lane 1: BenchMark protein ladder, lane 2: 3 µl of the 0 µg RNA (blank) plate reader sample, lane 3: 3 µl of 

the 20 µg RNA (blank) plate reader sample, lane 4: blank, lanes 5, 6,7 and 8: 0.003, 0.015, 0.3 and 3 µg of 

purified mCherry-SpyTag respectively. D) Western blot image obtained from the immunoblotting of a 

duplicate gel run as in C, false colouring is used for convenience of viewing. In lane 2, the band corresponding 

to the expected size of mCherry-SpyTag has been indicated by a magenta arrow in both C and D panels. From 

the purified mCherry-SpyTag samples, except for the 0.003 µg sample, all can be detected in both C and D 

panels. The results confirm that mCherry-SpyTag can indeed be immunolabelled via its N-terminal x6His tag. 

 

3.6.6.3. Verifying TSA functionality on a control protein slide 
Western blot demonstrated that it is possible to use the N-terminal x6His tag for mCherry-

SpyTag’s immunodetection. However, in a RAPA set up, mCherry-SpyTag had to be 

detected whilst bound to the protein slide in contrast to being absorbed onto a 

nitrocellulose blotting membrane. To verify the TSA method’s functionality in detecting 

signal from mCherry-SpyTag on a slide, a test reaction was performed. A protein capture 

slide was prepared by manually spotting 1 µl volumes of SpyCatcher at 5 mg/ml on a blank 

Slide H as described in 3.6.4.1. 80 µl of cell-free expression mixture containing 24 µg of 

mCherry-SpyTagsa mRNA template was overlaid on the protein capture slide using a 

Lifterslip coverslip. The slide was then incubated in a humidity chamber at 32 °C for 13 

hours, then washed, dried and scanned as described previously. TSA was performed using 

ThermoFisher’s TSA kit with HRP-goat anti-mouse IgG and Alexa Fluor™ 647 Tyramide 

(catalogue number T20916) as per manufacturer’s instructions and essentially as 

described below: 

 

First, the slide was incubated using a Lifterslip coverslip with 80 µl of a 1 µg/ml solution (in 

1% BSA in 1x PBS) of primary antibody (HisProbe G-18 rabbit polyclonal IgG from Santa 

Cruz Biotechnology sc-804) for 3 hours at room temperature; followed by slide washing 

and drying as described in 3.6.1. Next, the slide was incubated using a Lifterslip coverslip 

with 80 µl of a 1 µg/ml solution (in 1% BSA in 1x PBS) of 2° Ab (goat anti-rabbit IgG, 

provided with the TSA kit) for 1 hour at room temperature; followed by slide washing and 

drying as described in 3.6.1. Finally, the slide was incubated using a Lifterslip coverslip with 

80 µl of amplification buffer (containing Alexa Fluor 647 tyramide and 0.0015% H2O2) for 

15 minutes at room temperature; followed by slide washing, drying, and scanning as 
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described in 3.6.1. The experimental setup and results are presented in Figure 3.37. The 

results confirm that the signal from surface-immobilized mCherry-SpyTag can be amplified 

and visualized using the TSA method.          

                   

 

 
Figure 3.37. TSA on a control protein slide. The protein capture slide is spotted with SpyCatcher in the pattern 

shown (purple spots). Scanned images of the slide after cell free protein expression are presented in the 

middle panel; a very faint signal from mCherry’s fluorescence can be seen in the Cy3 channel image. Scanned 

images of the slide after TSA signal amplification are presented in the panel on the right; the amplified signal 

in the form of Alexa 647 fluorescence can now be detected in both Cy3 and Cy5 channels. These results verify 

that the TSA method can be utilized to detect the presence of mCherry-SpyTag on a protein slide.          

 

3.6.6.4. Verifying TSA functionality in a RAPA experiment 
It was demonstrated that TSA can be used to boost the signal for mCherry-SpyTag on a 

control protein slide to detectable levels. To verify if the TSA method can be used to detect 

mCherry-SpyTag in an actual RAPA setup, a full RAPA experiment was performed. DNA and 

RNA capture slides were prepared as described previously in 3.6.1. The protein capture 

slide was prepared by coating a blank Slide H with 80 µl of a 5 mg/ml solution of SpyCatcher 

using a Lifterslip coverslip, following the same procedures as described for DNA and RNA 

slides in 3.6.1. By coating the protein capture slide with SpyCatcher, rather than spotting, 

any nonspecific immunolabelling through the TSA process can be subtracted and cancelled 

out by the scanner. 0.23 µl spots of 300 nM 5’ biotinylated mCherry-SpyTagsa DNA were 

pipetted onto the DNA capture slide in the pattern shown in Figure 3.38. DNA 

immobilization and IVT sandwich steps were performed essentially as described previously 

in 3.6.1. For the translation step, a cell-free expression sandwich was set up as described 

in 3.6.4.1, but the slide sandwich was incubated at 32 °C for 13 hours. After washing and 

drying, the protein slide was scanned and then subjected to the TSA procedure as 

described in 3.6.6.3.  
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Figure 3.38 presents the experimental setup as well as pre and post TSA scanned images 

of the protein slide. The results confirm that the lack of signal on the RAPA protein slide 

observed in preliminary experiments is indeed due to immobilized mCherry-SpyTag levels 

below the detection limits of the scanner; and that the TSA method can be used to 

compensate for the low levels of immobilized mCherry-SpyTag. Looking at the Cy5 channel 

image post TSA, there are a few major problems such as missing spots, irregular spot 

morphology, and non-specific antibody binding (seen as the big circle in the top centre). 

However, as a first proof of concept result, this experiment has set the grounds for further 

optimization and streamlining of the RAPA process.                 

 

 

 
 

Figure 3.38. Application of TSA to a full RAPA experiment. A) Schematics of DNA, RNA and protein slides; 

coloured circles mark the expected positions where DNA, RNA, and protein samples would be present. The 

protein slide is painted in beige to indicate that the whole slide has been coated with SpyCatcher. B) Cy3 and 

Cy5 channel scanned images of the protein slide before TSA (left panel) and after TSA (right panel). The Cy5 

channel images before and after TSA clearly demonstrate that mCherry-SpyTag is present on the protein 

slide; although, at levels where the intrinsic mCherry fluorescence cannot be detected by the scanner.  

 

3.7. Optimization of the slide sandwich    
The experimental setup for IVT and cell-free expression slide sandwiches dictates how 

much reagent is used per experiment, and therefore how much a RAPA experiment costs. 

Further, the slide sandwich setup could have bearings on spot morphology and intensity; 

which are affected by the distance between two slides in the slide sandwich. There are 
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also implications on the time required for reaction incubation steps. In this iteration of the 

process, it takes a minimum of 10 hours, and up to 20 hours depending on translation and 

antibody incubation durations, of incubation and wash steps to complete a RAPA 

experiment. The microarray experimental procedures applied so far were either the same 

as had been used in DAPRA (up to the RNA slide generation stage) or following the same 

setup as DAPRA (RNA to protein slide sandwich). This setup requires 150 µl of reagent per 

slide sandwich, with an ~80 µm distance (volume/(width x length of Slide H)) between the 

two slide surfaces in the sandwich. It was noted that by simply stretching the parafilm 

strips on either end of the slide sandwiches, the required reagent volume could be safely 

reduced to 80 µl; decreasing the distance between the two slides to ~43 µm. To asses if an 

80 µl slide sandwich could yield comparable spot quality two IVT reactions were set up, 

one in a 150 µl and the other in an 80 µl slide sandwich. At the same time, a comparative 

analysis was performed on the effect of streptavidin concentration on DNA and RNA 

capture slides on the RNA signal intensity.  

 

Figure 3.39(A) summarizes the experimental setup. Two DNA and two RNA capture slides 

were prepared by pipetting 0.5 µl volumes of a concentration range of streptavidin, in 

pentadruples, on each set of (DNA/RNA) capture slides. Slide functionalization was 

performed as described previously in 3.6.1. 0.23 µl volumes of 125 nM 5’ biotinylated 

mCherry-SpyTagsa DNA were pipetted spot-on-spot onto both DNA capture slides. DNA 

slide preparation was also performed as described in 3.6.1. Two Cy3-UTP labelled IVT 

reactions were set up, one in 150 µl and the other in 80 µl volumes. IVT mixture 

composition was the same as described in 3.6.1 for the 150 µl reaction, and for the 80 µl 

reaction, components remained the same but proportionally reduced to a total volume of 

80 µl. The IVT slide sandwiches were incubated at 37 °C for 90 minutes, followed by RNA 

slide wash, drying and scanning procedures as described before in 3.6.1. The scanned 

images of both RNA slides are presented below in Figure 3.39(B); to enable a comparative 

analysis, images are presented in grayscale tiff format. The RNA spot intensities on each 

slide were then quantified using the ImageJ software (245), and the mean of pentadruple 

spot intensities was plotted as a bar chart. The quantitative analysis of RNA spot intensity 

in a 150 µl vs 80 µl IVT slide sandwich is presented in Figure 3.39(C).       
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Figure 3.39. Optimizing the slide sandwich setup. A) A schematic of the DNA and RNA capture slides; 

coloured circles represent the positions where varying concentrations of streptavidin have been 

immobilized. Different streptavidin concentrations on the DNA capture slide dictate how much DNA can be 

immobilized and how much of the transcribed RNA can back-stick onto the DNA slide. This will in turn affect 

how much of the transcribed RNA can reach the RNA capture slide and, depending on the streptavidin 

concentration on the RNA capture slide, how much RNA can bind to the RNA capture slide. B) Cy3 channel 

scanned images of the RNA slides obtained from a 150 µl vs 80 µl IVT slide sandwich. To enable comparison, 

images are shown in grayscale. C) Bar chart representing a quantitative analysis of (Cy3-UTP labelled) RNA 

signal intensity on the 150 µl vs 80 µl IVT slide sandwich. Each bar represents the mean of pentadruple spots 

± SD. Overall, the chart demonstrates that an 80 µl IVT slide sandwich enables the immobilization of higher 

quantities of RNA on the RNA slide as compared to a 150 µl IVT slide sandwich. Moreover, the results indicate 

that generally increasing the streptavidin concentration on the RNA capture slide enables the immobilization 

of higher quantities of RNA on the RNA slide.  

 

It is worth noting that the first points in the bar chart (0.06_1 mg/ml SA) represent the 

streptavidin concentrations (on the DNA and RNA capture slides respectively) 

recommended by the original DAPRA platform. Since the last points (3_3) yield the highest 

immobilized RNA signal, 3 mg/ml streptavidin was used to functionalize both DNA and RNA 
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slides from this point on. The results also clearly demonstrate that reducing the IVT slide 

sandwich volume from 150 µl down to 80 µl has no adverse effect on the RNA spot 

intensity on the RNA slide. Rather the opposite, by bringing the DNA and RNA slides closer 

in distance from ~80 µm down to ~43 µm, less RNA diffusion occurs and more RNA can be 

immobilized on the RNA slide.  An empirical approach was hereon adopted to apply the 

same principle to the translation slide sandwich, eliminate the use of Lifterslip coverslips, 

and minimize reagent usage at all stages of the RAPA procedure.     

 

3.8. Troubleshooting the immunolabelling procedure 
A first proof of concept RAPA protein slide was presented in Figure 3.38, however, there 

were a number of major issues that needed addressing. One such issue was non-specific 

binding  during immunolabelling and the TSA procedure. A series of RAPA experiments 

were performed using different anti x6His tag primary antibodies in order to maximize 

signal amplification and minimize non-specific binding. Representative experiments are 

described in the following sections. 

 

3.8.1. Signal detection with the HisProbe polyclonal primary 

antibody           
The HisProbe polyclonal primary antibody is the same primary antibody used first in 

3.6.6.3/4. Since it was not immediately evident that there might be issues with this 

antibody, a number of repeat RAPA experiments were performed using the same antibody. 

One representative experiment is described here (streptavidin and SpyCatcher are spotted 

on slides rather than coating in order to save reagents). Two blank slides were 

functionalized (as described in 3.6.1) by immobilizing 0.5 µl spots of streptavidin at 3 

mg/ml in the pattern shown in Figure 3.40. One slide would be the DNA, and the other the 

RNA capture slide. A protein capture slide was prepared (as described in 3.6.2) by pipetting 

0.5 µl spots of SpyCatcher (5 mg/ml) in the pattern shown in Figure 3.40, with an extra 7 

spots to act as control for non-specific antibody binding. 0.23 µl volumes of 5’ biotinylated 

mCherry-SpyTagsa DNA at 250 nM were pipetted spot-on-spot onto the same positions as 

streptavidin on the DNA capture slide; followed by slide incubation, wash and drying steps 

as described in 3.6.1.  



 111 

An 80 µl IVT slide sandwich was set up as described in 3.7, using NEB’s HiScribe Quick High 

Yield T7 IVT kit as per manufacturer’s instructions (40 µl NTP buffer mix, 16 µl T7 RNA 

polymerase, 24 µl nuclease-free H2O). The IVT slide sandwich was incubated in a humidity 

chamber at 37 °C for 2 hours, followed by wash and drying steps as in 3.6.1. A cell-free 

expression slide sandwich containing 32 µl Premix Plus, 30 µl T7 S30 Extract and 18 µl 

nuclease-free H2O was then set up in the same manner, incubating the slides at 37 °C for 

2 hours followed by wash and drying as in 3.6.1. The resulting protein slide was scanned 

and then subjected to TSA procedure as described in 3.6.6.3, except that cleaned re-used 

slides (using the backside) were employed instead of Lifterslip coverslips to incubate 

antibodies and TSA in 80 µl slide sandwiches, in the same manner as described for 80 µl 

IVT slide sandwiches above. The experimental setup and scanned images of the protein 

slide before and after TSA are presented in Figure 3.40. The results suggest that the 

HisProbe polyclonal primary antibody is unsuitable for an array application due to weak 

and nonspecific binding, and that alternative antibodies should be explored.             

         

 
 

Figure 3.40. TSA with HisProbe polyclonal primary antibody. A) Schematics of DNA, RNA and protein slides; 

coloured circles mark the positions where DNA, RNA and protein samples would be present. Note that on 

the protein capture slide 7 extra SpyCatcher (SC) spots (in beige) are included to act as a control for non-

specific antibody binding.  B) Scanned images of the protein slide before TSA (left panel) and after TSA (right 

panel). Before TSA, no mCherry-SpyTag signal can be detected in either channel. After TSA, the amplified 

mCherry-SpyTag signal can be seen in both channels in the form of Alexa 647 (tyramide) fluorescence. In the 

Cy3 channel, the spectral overlap of Alexa 647 is visible only in positions where mCherry-SpyTag is expected 
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to be present. However, in the Cy5 channel where Alexa 647 has its emission maxima, the signal pattern 

indicates extensive non-specific and weak antibody binding.  

 

3.8.2. Signal detection with the ABfinity™ Oligoclonal primary 

antibody           
The ABfinity™ Rabbit Oligoclonal primary antibody (ThermoFisher Scientific, #710286) is 

made up of a selection of multiple different recombinant monoclonal antibodies; known 

to provide the specificity of a monoclonal antibody as well as the sensitivity of a polyclonal 

antibody. Practically, this antibody should function in the same manner as a polyclonal 

antibody, recognising multiple epitope sites on the target, in this case, the x6His tag. To 

test whether this product might overcome the non-specificity issues experienced with the 

HisProbe primary antibody, a full RAPA experiment was conducted. All steps were 

performed essentially in the same manner as described above in 3.8.1, except that the 

DNA concentration spotted was 500 nM, and the primary antibody’s final concentration 

was 5 µg/ml. Figure 3.41 represents the experimental set up as well as scanned images of 

the resulting protein slide before and after TSA. The results clearly demonstrate that the 

ABfinity™ oligoclonal primary antibody is highly specific and no background binding to the 

slide surface occurs.   
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Figure 3.41. TSA with ABfinity™ oligoclonal primary antibody #1. A) Schematics of DNA, RNA and protein 

slides; coloured circles mark the positions where DNA, RNA and protein samples would be present. Note that 

on the protein capture slide 7 extra SpyCatcher (SC) spots (in beige) are included to act as a control for non-

specific antibody binding. B) Scanned images of the protein slide before TSA (left panel) and after TSA (right 

panel). Before TSA, no mCherry-SpyTag signal can be detected in either channel. After TSA, the specifically 

amplified mCherry-SpyTag signal can be seen in both channels in the form of Alexa 647 (tyramide) 

fluorescence. Looking at the Cy5 channel where Alexa 647 has its emission maxima, a clear difference is 

observed between the performance of the two antibodies tested so far. With the ABfinity™ oligoclonal 

primary antibody producing superior specific signal.    

 

Although the ABfinity™ oligoclonal primary antibody had a satisfactory performance in 

initial experiments, it soon appeared to be unreliable after storage, as it failed to produce 

detectable signals in subsequent experiments. A replacement of the same antibody was 

provided by the manufacturer and tested in real RAPA experiments. Figures 3.42 and 3.43 

present the individual experimental set ups. All steps were performed essentially in the 

same manner as described above for Figure 3.41, except that the protein slides were 

coated with SpyCatcher (at 5mg/ml in 80 µl slide sandwiches) rather than spotting.   

 
Figure 3.42. TSA with ABfinity™ oligoclonal primary antibody #2. A) Schematics of DNA, RNA and protein 

slides; coloured circles mark the positions where DNA, RNA and protein samples would be present. The 

protein slide is painted beige to indicate that the whole slide has been coated with SpyCatcher. B) Scanned 

image of the protein slide after TSA. The antibody appears to bind specifically, although the signal is not as 

strong as what would be ideal on the RAPA protein slide. This issue could be due to low levels of surface-

bound mCherry-SpyTag or poor functioning of the immunodetection procedure component(s). 
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Figure 3.43. TSA with ABfinity™ oligoclonal primary antibody #3. A) Schematics of DNA, RNA and protein 

slides; coloured circles mark the positions where DNA, RNA and protein samples would be present. The 

protein slide is painted beige to indicate that the whole slide has been coated with SpyCatcher. B) Scanned 

image of the protein slide after TSA. Here, a higher spot density was applied and it can be seen that using 

the current RAPA experimental procedures, by the time that mCherry-SpyTag reaches the protein slide 

extensive diffusion has occurred.  

 

The replacement ABfinity™ oligoclonal primary antibody also proved to be intrinsically 

unstable and its performance deteriorated after storage and freeze-thaw, as the slides 

continually appeared blank after the immunolabelling procedure. Another primary 

antibody was obtained from the ICL Lab (rabbit polyclonal anti x6His, catalogue number 

RHIS-45A-Z) and repeat experiments were performed, but this antibody also showed 

extensive nonspecific binding (data not shown). Overall, it was demonstrated that the 

choice of antibody has a significant effect on the quality of final results from a RAPA 

experiment. Nevertheless, proof of concept experiments for RAPA were successfully 

performed and the stage was set for further optimization of the RAPA platform.             

 

3.9. Summary and conclusions   
In this chapter, the concept of RNA Programmable Protein Arrays i.e. RAPA was outlined. 

In addition, all essential reagent preparation, preliminary and proof of concept 

experiments were described in detail. It was established that to realize the concept of 

Protein slide
Cy3 channel Cy5 channel

DNA slide RNA slide Protein slide

mCherry-SpyTagsa DNA mCherry-SpyTagsa RNA mCherry-SpyTag protein

IVT CFPE

A

B



 115 

RAPA, an RNA array produced by the DAPRA method should serve as a template slide to 

translate into a separate protein array in a similar slide sandwich set up. A range of 

molecular biology and biochemistry techniques were applied to prepare and quality check 

the reagents required for preliminary and proof of concept RAPA experiments. This 

included cloning of DNA constructs, PCR, IVT, protein expression and purification, as well 

as their associated quality assurance procedures. The feasibility of the RAPA concept was 

demonstrated through a series of preliminary experiments, where the functionality of 

individual components was validated. For example, it was demonstrated that the mCherry-

SpyTag protein specifically and covalently interacts with SpyCatcher both in solution and 

on a protein capture slide. However, initial attempts at an actual RAPA experiment failed 

to produce a detectable signal on the protein slide. Through a number of troubleshooting 

experiments, it was demonstrated that the reason for this lack of signal was immobilized 

mCherry-SpyTag signal levels below the detection limits of the slide scanner. This issue was 

overcome by using the TSA method to visualize the low-abundance mCherry-SpyTag 

protein immobilized on the slide surface, and the first proof of concept RAPA result was 

obtained. Although, there were still a number of major issues such as signal diffusion, 

antibody performance, and logistic complexities which still needed addressing. 

Nevertheless, the initial proof of concept results obtained were valuable in that they paved 

the way for the step-by-step finetuning and streamlining of the RAPA experimental 

procedure. An overview of RAPA’s initial design considerations and experimental 

approaches in provided in Table 3.2.                    
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Table 3.2. Summary table describing preparatory and preliminary RAPA experiments.  

Design/Question Experiment/ References Outcome/Decision 

1 

Choice of microarray slide and 
immobilization technique for 

DNA, RNA and protein 
 

(Guilleaume et al., 2005; 
Gerdtsson et al., 2016; Phillips 

et al., 2018) 

Use Nexterion Slide H as 
array substrate 

(Ramachandran et al., 2004; 
Phillips et al., 2018) 

Use biotin-SA for DNA 
immobilisation 

(Srisawat and Engelke, 2002; 
Phillips et al., 2018) 

Use SAapt-SA for RNA 
immobilisation 

(Zakeri et al., 2012) Use SpyCatcher-SpyTag for 
protein immobilisation 

2 
Choice of a reporter protein for 
proof of concept experiments 

 
(Shaner et al., 2004) Use mCherry as a reporter 

protein for array experiments 

3 
Preparing DNA constructs 

for preliminary array 
experiments 

Clone DNA templates for 
mCherry-SpyTagsa, mCherry-

SpyCatchersa, mCherry-SpyTagsa 
with variable SAapt linker 

lengths, and SpyTag-MBPsa 

Use mCherry-SpyTagsa as the 
RAPA DNA template 

4 

Validating mCherry-SpyTagsa 
DNA template, RNA transcript, 

and protein product 
immobilization methods 

Perform DAPRA with mCherry-
SpyTagsa as DNA template, 

express and purify SpyCatcher 
and mCherry-SpyTag and 

perform on-slide immobilisation 
and gel-shift assays 

5’-biotinylated mCherry-
SpyTagsa DNA immobilised on 

DNA slide, the mCherry-
SpyTagsa RNA immobilised on 
RNA slide, mCherry-SpyTag 

protein covalently interacted 
with SpyCatcher 

5 

Is RAPA feasible using protocols 
derived from DAPRA and 

scanning for mCherry 
fluorescence 

Perform a basic RAPA 
experiment i.e. DNA array to 
RNA array to Protein array 

The basic RAPA didn’t 
produce a detectable 

mCherry signal on protein 
slide  

6 
Modify RAPA experimental 

conditions and scan for 
mCherry fluorescence 

Modify cell-free expression 
duration and incubation 

temperature 

RAPA with a modified 
translation step still didn’t 

produce a detectable 
mCherry signal on protein 

slide 

7 
Troubleshooting RAPA to 

pinpoint the cause for lack of 
mCherry signal on protein slide 

Translation of slide-immobilised 
RNA The reason for lack of signal 

on the RAPA protein slide 
was insufficient levels of 

immobilised mCherry-SpyTag 

Immobilisation of cell-free 
expressed mCherry-SpyTag on 
SpyCatcher-functionalised slide 

8 

Amplifying the signal from the 
low levels of immobilised 

mCherry-SpyTag on the RAPA 
protein slide 

Western blot with anti-x6His 
tag antibody. Immunolabelling 
and TSA on a control slide and 

on a RAPA protein slide 

Use Immunolabelling and 
TSA with anti-x6His tag 

antibody for visualisation of 
mCherry-SpyTag signal on 

protein slide 

9 
IVT volume optimisation to 

reduce costs and increase RNA 
template levels 

Compare RNA signal from a 
DAPRA-style 150 µl IVT 

sandwich vs an 80 µl IVT 
sandwich 

An 80 µl IVT sandwich 
produced a stronger RNA 
signal, therefore use 80 µl 
IVT sandwiches thereafter 

10 
Optimisation of 

immunolabelling conditions to 
improve protein signal quality  

Try different anti-x6His tag 
antibodies including oligoclonal 

antibodies 

Oligoclonal antibodies 
performed best among the 

tested anti-x6His tag 
antibodies, but lost function 

upon longer storage. Try 
antibodies against mCherry 

itself. 
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Chapter 4: RAPA protocol optimization for high-throughput 

applications  

4.1. Advantages of a high throughput RAPA 
High throughput methods enable the simultaneous processing and analysis of hundreds to 

millions of samples, thus significantly saving on time, cost and effort. A high throughput 

RAPA would provide an ideal platform for monitoring the translational output from 

thousands of individually variable mRNA transcripts. Each mRNA transcript could have a 

different 5’ or 3’ UTR, coding region, ribosome binding site, functional moiety e.g. 

riboswitch, codon variant, etc. Accordingly, the gene expression response of individual 

mRNA templates to different translational (post-transcriptional) conditions could be 

quantitively measured. This could make RAPA a novel and powerful in vitro screening 

platform for favourable gene variants/mutants or favourable post-transcriptional 

regulators of gene expression. For example, RAPA could be utilized to pinpoint the mRNA 

species, out of up to thousands of mRNA candidates, whose expression is regulated by a 

cognate sRNA. Another utility may be screening for riboregulatory device variants which 

exhibit desirable gene regulation behaviours. This chapter provides a detailed description 

of the experimental procedures adopted to develop a RAPA protocol suitable for high 

throughput applications.       

   

4.2. Proposed parameters of an optimized RAPA protocol 
The initial RAPA protocols described in Chapter 3 were good starting points for developing 

a high throughput RAPA but suffered from a number of major experimental and logistic 

drawbacks including: 

 

I. High cost for each transcription and translation reaction in the 150 µl slide 

sandwich. 

II. The long time required to complete a RAPA experiment from slide 

functionalization to protein slide visualization; a minimum of 10 hours and up to 

20 hours depending on translation and immunolabelling incubation durations.                 

III. Lack of a quantitative, non-intrusive method to detect RNA samples on the RNA 

slide. As labelling with Cy3-UTP requires a separate slide sandwich, is not 
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quantitative, and may not necessarily represent the behaviour of non-labelled 

RNA samples due to the possible interfering effects of modified UTP. 

IV.  Issues associated with immunolabelling the protein samples on the protein 

slide.  

V. Extensive signal diffusion across the slide sandwiches (in particular when the 

protein capture slide is coated with SpyCatcher).   

 

An optimized RAPA protocol therefore would have overcome these drawbacks by 

significantly reducing the reaction volumes and times which in turn reduce signal diffusion 

across the slide sandwich. In addition to developing a method for quantitative non-

intrusive visualization of the RNA slide and identifying an optimal antibody for 

immunolabelling the protein slide. These improvements would result in a RAPA protocol 

compatible with high throughput applications.         

         

4.3. A heuristic approach to protocol development  
It should be noted that RAPA is technically more demanding and sophisticated than 

existing similar platforms such as NAPPA (69) and DAPA (85). For instance, there is a 

separate transcription step with a separate RNA slide in RAPA, which adds to the 

complexity. Having this in mind, and to accommodate time and cost constraints, a heuristic 

approach to protocol development was adopted. Since using this approach more results 

could be obtained in a shorter time and at a lower cost to the project. Discretion was made 

at the time of each experiment as to what works best. The ultimate goal being an 

empirically optimized, efficient RAPA protocol suitable for high throughput applications.     

 

4.4. Steps to protocol optimization, and results 
In this section, the experimental procedures as well as the results obtained at each stage 

of protocol optimization are described.     

 

4.4.1. 80 µl vs 30 µl slide sandwich 
It was demonstrated in Section 3.7 that the original 150 µl IVT slide sandwich volume could 

be reduced to 80 µl without compromising the RNA signal quality. In either case, the use 
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of a Parafilm spacer was necessary to stop the slides gliding off the parallel plane of the 

sandwich setup. This is due to the fact that a liquid volume of 150 µl and 80 µl in the slide 

sandwich is far above the level which creates sufficient surface tension to hold the slides 

firm in place without using a spacer. It was postulated that reducing the slide sandwich 

volume to a level low enough to provide sufficient surface tension could be beneficial in a 

number of ways including: lowering the cost of experiments, reducing reaction time and 

signal diffusion, as well as simplifying reaction setup by eliminating the use of Parafilm 

spacers. Through a simple process of applying decreasing volumes of PBS on mock slide 

sandwiches, it was discovered that a buffer volume of 25-30 µl provides sufficient surface 

tension to hold the sandwich setup firmly in place (without Parafilm spacers) when 

subjected to routine manual handling similar to a RAPA experiment. In order to test 

whether a 30 µl slide sandwich could produce comparable transcriptional results to an 80 

µl slide sandwich, two labelled IVT reactions were performed as described below: 

 

Slide functionalization: two separate blank Slide H sandwiches were set up, one containing 

30 µl (with no Parafilm spacer, designated “a”) and the other containing 80 µl (with 

Parafilm spacer, designated “b”) of 3 mg/ml streptavidin in 1x PBS. Here, DNA and RNA 

capture slides were coated with the same streptavidin concentration in the same slide 

sandwich. The higher streptavidin concentration was intended to increase the slide 

capacity for DNA/RNA binding. The slide sandwiches were placed in humidity chambers 

and incubated at 37 °C for 1 hour to allow amine coupling.  This was immediately followed 

by amine blocking at room temperature for 30 minutes.   

 

Slide washing and drying: slides were washed for 5 minutes in 1x PBST, for 5 minutes in 

1x PBS, for 5 minutes in Milli-Q H2O, followed by a final submersion in H2O. For drying, 

slides were placed in falcon tubes bottom-lined with Kimwipes and spun in a centrifuge at 

45 xg for 5 minutes. 

 

Automated DNA spotting: the Genetix QArray2 microarraying robot was used for 

automated DNA spotting. The robot had a 150 µm pin head fitted, depositing spot volumes 

of approximately 8 nl. Typically, the robot’s humidity was set at 55% in order to prevent 

sample drying. The mCherry-SpyTagsa DNA, PCR amplified with the biotin-T7 FW and 

Alexa647-SA RV, at ~1 µM (in 1x PBS) was spotted on both DNA capture slides “a” and “b”. 

Upon the completion of spotting, the slides were placed in humidity chambers and 
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incubated at 37 °C for one hour to allow DNA binding. Note that compared to previous 

experiments, DNA concentration and incubation time are increased in order to maximize 

DNA immobilization and therefore transcription levels. Slides were finally washed and 

dried as described above.     

 

IVT: NEB’s HiScribe Quick High Yield T7 IVT kit was used for microarray experiments from 

this point on. Compared to the MEGAscript IVT kit, the HiScribe kit was preferred as the 

NTPs and buffer are premixed by the manufacturer thus improving consistency, it is also 

much cheaper. A 110 µl labelled IVT master mix was assembled as per manufacturer’s 

instructions for a labelled reaction and described below:   

 

Component: Volume: [final] 

 NTP buffer mix 27.5 µl 5 mM NTPs 

5 mM Cy3-UTP 1.1 µl 0.05 mM 

T7 RNA polymerase mix 11 µl _ 

Nuclease-free H2O 70.4 µl _ 

          

The 30 µl IVT slide sandwich was set up by pipetting 30 µl of the IVT master mix onto the 

centre of the RNA capture slide “a”, and gently overlaying with the DNA slide “a”. The 80 

µl IVT slide sandwich was set up by pipetting 80 µl of the IVT master mix onto the centre 

of the RNA capture slide “b” (with two stretched Parafilm strips at either end), and gently 

overlaying with the DNA slide “b”. The IVT slide sandwiches were placed in humidity 

chambers and incubated at 37 °C for 90 minutes. Finally, all DNA and RNA slides were 

washed and dried as described above followed by scanning. The Alexa Fluor 647-labelled 

DNA slides were scanned in the Cy5 channel, and the Cy3-labelled RNA slides were scanned 

in the Cy3 channel. The scanned images and quantifications for each slide set are 

presented in Figure 4.1.  
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Figure 4.1. 80 µl vs 30 µl IVT slide sandwich. A) The DNA slides prepared for each 80 µl (top) and 30 µl 

(bottom) IVT are shown in the left panel. Note that the DNA slides were scanned after the labelled IVT 

reaction, meaning that the fluorescence signal detected by the scanner is a mix of Alexa Fluor 647 label on 

DNA as well as some overlap from the Cy3 label on the fraction of RNA back-stuck on the DNA slide. The 

resulting RNA slides from each 80 µl (top) and 30 µl (bottom) IVT are shown in the right panel. For clarity, 

the spectral overlap of the Cy3 label in the Cy5 channel is presented here; as the images in the Cy3 channel 

reveal extensive “halo effects” around each spot. This is likely due to the high DNA template concentration 

on the DNA slide as well as the decreased distance between the DNA and RNA slides and can be prevented 

by lowering the DNA template concentration or shortening the IVT incubation time. Nevertheless, the 

relative intensities observed on each image provide a realistic estimate of how much RNA is immobilized on 

each RNA slide and suggest that there is more RNA on the bottom RNA slide (for the 30 µl IVT). B) Histogram 

representing the average of mean intensity values taken from the same spot on each field of 12 across each 

RNA slide i.e. 12 spots per slide (±SD). It is clearly demonstrated by the graph that the quantity of immobilized 

RNA resulting from the 30 µl IVT slide sandwich is almost twice as much as the 80µl IVT slide sandwich. 

 

 

It was concluded that a using a 30 µl slide sandwich for slide functionalization and IVT does 

not compromise the RNA signal quality when compared to an 80 µl slide sandwich. Rather 

the opposite, more RNA is immobilized by the 30 µl sandwich setup without affecting spot 

morphology. This is due to the decreased distance between the DNA and RNA slide 

surfaces from ~43 µm in the 80 µl IVT slide sandwich down to ~16 µm in the 30 µl IVT slide 
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sandwich. Therefore, unless otherwise stated, the volume of all slide sandwiches was set 

to 25-30 µl from this point on.  

                                     

4.4.2. Anti-mCherry primary antibody for immunolabelling 
It was demonstrated in Chapter 3 that the use of superior quality antibodies is crucial for 

the protein signal quality. As an initial protein detection strategy, the N-terminal x6His tag 

on mCherry-SpyTag was labelled with anti-x6His tag primary antibodies. However, on-slide 

protein detection via the x6His tag was hampered by the lack of specificity, sensitivity, or 

stability of anti-x6His tag primary antibodies tested (data not shown). As an alternative 

strategy, it was postulated that an anti-mCherry primary antibody might produce better 

results as its target, the mCherry protein itself, is larger and likely to present multiple 

exposed binding epitopes. Therefore, an anti-mCherry antibody (rabbit polyclonal IgG 

from Abcam, ab167453) was obtained and tested. A blank Slide H was coated with 30 µl 

of SpyCatcher at 3 mg/ml as described in 4.4.1. 0.5 µl spots of purified mCherry-SpyTag 

protein at 0.1 mg/ml were pipetted onto the protein capture slide, followed by incubation 

at room temperature for 10 minutes to allow protein immobilization. The protein slide was 

then washed, scanned and subjected to the TSA procedure (with anti-mCherry antibody at 

10 µg/ml) as in 3.6.6.3, before washing and scanning again. Figure 4.2 presents the 

scanned images of the protein slide before and after TSA. The results suggest that the anti-

mCherry antibody is indeed specific, therefore all RAPA experiments were performed using 

the anti-mCherry antibody from this point on.            

 

 

 
Figure 4.2. Anti-mCherry primary antibody for protein slide immunolabelling. Purified mCherry-SpyTag has 

been spotted in the pattern shown on the SpyCatcher-coated protein slide. Cy3 and Cy5 channel scanned 

images of the protein slide before TSA (left panel) and after TSA (right panel) are presented. Looking at the 

Cy5 channel images, there is barely a visible mCherry fluorescence signal before TSA, whereas after TSA the 

mCherry-SpyTag signal has been specifically picked up by the anti-mCherry antibody and is visible in the form 

of Alexa Fluor 647 (-tyramide) fluorescence.       
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Cy3 channel Cy5 channel Cy3 channel Cy5 channel
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4.4.3. Finetuning towards workable protein signal levels 
RAPA is a complex process with multiple components, stages, and variables. To produce 

satisfactory end results, each component must be present at the optimal level and each 

stage must be performed under optimal conditions. If any of these components and stages 

are not optimal, there will be too much or too little protein signal at the end of the process. 

In order to find the optimal range for each variable, a number of preliminary high 

throughput RAPA experiments were performed. This section provides an overview of each 

experiment, highlighting the sequence of changes that were made to each variable so that 

a workable protein signal could be achieved.  

 

For all RAPA experiments described in this section, slide functionalization was performed 

in the same manner. Briefly, DNA and RNA slides were coated with 3 mg/ml streptavidin, 

and protein slides were coated with 15 mg/ml SpyCatcher in 26 µl slide sandwiches. Slide 

functionalization was achieved by incubation at 37 °C for one hour, followed by amine 

blocking, wash and drying steps as described in 4.4.1. Also, 5’ biotinylated, 3’ Alexa Fluor 

647-labelled, PCR amplified mCherry-SpyTag DNA resuspended in 1x PBS was used for all 

experiments. DNA was spotted on slides using the QArray2 arrayer robot and incubated at 

37 °C for 30 minutes to bind. Wash and drying steps (as in 4.4.1) were performed in all 

experiments after DNA spotting, IVT, translation, primary and secondary antibodies, and 

tyramide incubations.  

 

All IVT reactions were performed at 37 °C in 26 µl slide sandwiches containing 13 µl NTP 

buffer mix, 2.6 µl T7 RNA pol mix, and 10.4 µl nuclease-free H2O. All CFPE reactions were 

also performed at 37 °C in 26 µl slide sandwiches containing 11.85 µl S30 Premix Plus, 9.34 

µl T7 S30 Extract, and 4.81 µl nuclease-free H2O. After all IVT and CFPE reactions, the slide 

sandwiches were gently submerged in a tub of Milli-Q H2O, and tilted to separate after 10-

20 seconds; this was to facilitate slide separation by easing the surface tension between 

two slides via water ingress. In all cases, anti-mCherry primary antibody and the HRP-

conjugated secondary antibody were both used at 10 µg/ml in 1% BSA in 1x PBS. 80 µl slide 

sandwiches with two protein slides or a protein slide and a cleaned, used slide were used 

for all antibody and tyramide incubation steps. Five representative experiments are 

described below, each assigned a number (#1-5) for clarity. The varied condition(s) for 

each experiment are specified in Table 4.1, and the results are presented in Figure 4.3. The 
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results show that through five optimisation experiments, protein signal excess and 

diffusion have been minimised to yield sharply defined spots. Thus successfully finetuning 

the protein signal quality through optimising the indicated experimental conditions.            

 

                      Table 4.1. Varied RAPA experimental conditions 

Experiment# #1 #2 #3 #4 #5 

[DNA] spotted 1 µM 500 nM 250 nM 125 nM 50 nM 

IVT duration 30’ 30’ 25’ 25’ 15’ 

CFPE duration 1:45’ 60’ 25’ 25’ 20’ 

1° Ab duration 60’ 60’ 60’ 60’ 60’ 

2° Ab duration 60’ 60’ 60’ 45’ 30’ 

TSA duration 10’ 5’ 2’ 2’ 1’ 

 

 

 
 

Figure 4.3. Preliminary high throughput RAPA experiments. Cy5 channel scanned images for DNA and protein 

slides are presented. RNA slides are not shown as IVT reactions had to be unlabelled. Through iterative 

adjustment to a set of RAPA experimental variables, the protein signal levels have been finetuned to a 

satisfactory level. Importantly, IVT and translation steps have been performed in 26 µl slide sandwiches at a 
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reduced duration of 15 minutes and 20 minutes respectively (for experiment #5). Thus successfully moving 

towards a cost and time efficient high throughput RAPA protocol.    

      

4.4.4. Fluorescent secondary antibody instead of labelled tyramide 
Immunolabelling the protein slide by the TSA methods is a three-stage process: primary 

antibody incubation, secondary antibody incubation, and labelled tyramide incubation. A 

slide wash and drying step is also required before and after each stage. It was noted that 

using a secondary antibody which is conjugated to a fluorescent label could eliminate the 

need for the TSA procedure. Thence saving time and effort and also reducing variability 

across experiments. To test if a fluorescently labelled secondary antibody could achieve 

comparable signal amplification to the TSA method, a RAPA experiment was performed 

using an Alexa Fluor 647-labelled secondary antibody (Goat anti-rabbit IgG, ThermoFisher 

A-21245) for immunolabelling. All steps were performed essentially as described in 4.4.3 

for Experiment #5, except for the following: DNA immobilization was performed for 20 

minutes, the translation reaction was incubated for 10 minutes, primary and secondary 

antibody incubation steps were performed in 26 µl slide sandwiches for one hour each. 

The final concentrations of primary and secondary antibodies were 15 µg/ml and 30 µg/ml 

respectively. A schematic of the new immunolabelling technique as well as scanned images 

of resulting DNA and protein slides are presented in Figure 4.4. The results confirm that 

the Alexa Fluor 647-labelled secondary antibody does indeed achieve comparable levels 

of specificity and amplification to the previously used HRP-conjugate and TSA. 
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Figure 4.4. Immunolabelling without the need for TSA. A) Schematic representing the immunolabelling 

procedure using the anti-mCherry primary antibody and the Alexa Fluor 647-labelled secondary antibody. B) 

Cy5 channel scanned images of the DNA and protein slides. Here, the protein slide is labelled with Alexa Fluor 

647 directly via the secondary antibody, rather than the previously used tyramide deposition method. Thus 

verifying the effectivity of the new labelling method.  

 

4.4.5. A tailored, practical approach for RNA slide visualization 
The lack of a quantitative, non-intrusive method to detect RNA samples on the RNA slide 

was briefly discussed before. The Cy3-UTP labelling method which has been used in the 

original DAPRA publication and so far in the current work, is not ideal in that it requires a 

separate slide sandwich, is not quantitative, may interfere with the RNA secondary 

structure, and is expensive (£20/µl). To overcome this challenge, a tailored approach was 

devised. In the mCherry-SpyTagsa sequence, there is a stretch of 20 nucleotides 

(acacacacacacacacacac) linking the streptavidin aptamer moiety to the upstream mCherry-

SpyTag gene. This 20-nucleotide linker was designed in the original DAPRA publication to 

act as a buffer between the streptavidin aptamer and its upstream genes. It is predicted 

that the 20-nucleotide linker would normally remain single-stranded regardless of the 

sequence of the upstream gene. Indeed, Mfold analysis confirmed that this is the case with 

the mCherry-SpyTagsa mRNA. Hybridization of a complementary, labelled ssDNA probe is 

common practice for detection of RNA molecules on a gel i.e. Northern blot, in the cell i.e. 

FISH (246,247), and in chip-based platforms (32,248–250). It was postulated that a 

fluorescently labelled ssDNA probe complementary to the 20 nt linker sequence would 

provide an efficient and quantifiable means for visualizing the RNA. Therefore, a synthetic 
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ssDNA probe with a 5’ Dy649 label (Dy649-gtgtgtgtgtgtgtgtgtgt) was obtained from 

Invitrogen and tested by a gel shift assay as well as by hybridization on an RNA slide.     

 

4.4.5.1. EMSA to verify ssDNA probe specificity 
In order to verify that the ssDNA probe, termed the SAapt linker probe, is functional and 

specific, it was tested against eight different mRNA sequences with and without the 3’ 

streptavidin aptamer moiety. The mRNA species were transcribed in vitro as described in 

2.5, from DNA templates PCR amplified from the constructs prepared in 3.5.1.2-5. For all 

constructs containing the SAapt, the T7 FW and SA RV primers were used in the PCR. For 

those lacking the SAapt, the T7 FW and the SpyTag RV (for SpyTag constructs) and the 

SpyCatcher RV (for SpyCatcher constructs) primers were used in the PCR; except for 

SpyTagMBP where the reverse primer was NheI MBP RV. PCR conditions were essentially 

the same as described in 3.5.2. The RNA samples were first run on a urea-PA gel as well as 

a formaldehyde agarose gel to check their quality, and then subjected to a gel-shift assay 

with the SAapt linker probe (for protocols see 2.1.2-4). For the gel-shift assay, mRNA and 

probe samples were incubated in 5 µl of the hybridization buffer (2x SSC, 0.1 % SDS) at a 

final concentration of 70 nM each. The hybridization reaction was incubated for one hour 

at room temperature, mixed with 1 µl of 100 % glycerol, and then loaded on the 4% native 

PA gel. A schematic of the RNA:probe interaction as well as PCR and IVT results are 

presented in Figure 4.5, and the EMSA results are presented in Figure 4.6. The results 

confirm that the SAapt linker probe is a robust tool for specific and efficient detection of its 

target sequence in a variety of RNA sequence contexts. As the probe has only hybridised 

with mRNA samples which include the SAapt linker moiety.     
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Figure 4.5. Preparation for testing the SAapt linker probe functionality. A) Schematic representing the SAapt 

linker probe hybridization to its target. The upstream mRNA is marked in green, the single-stranded SAapt 

linker (the target) is marked in orange, the SA aptamer moiety is marked in blue, and the Dy647-labelled 

SAapt linker probe is marked in brown. B) A 1 % agarose gel containing PCR amplified DNA samples to be used 

as IVT templates; Lane 1: 100 bp DNA ladder, Lane 2: mCherry-SpyTag, Lane 3: mCherry-SpyTagsa, Lane 4: 

mCherry-SpyTagsa with 60 nt SAapt linker, Lane 5: mCherry-SpyCatcher, Lane 6: mCherry-SpyCatchersa, Lane 

7: SpyTag-MBPsa, Lane 8: mCherry-SpyTagsa with 1073 bp spacer, Lane 9: SpyTag-MBP, Lane 10: 1 kb ladder. 

C) A 5 % urea-PA gel containing in vitro transcribed mRNA samples from the DNA templates in B. Lanes 1-5: 

same as Lanes 2-6 in B, Lane 6: SpyTag-MBP, Lane 7: SpyTag-MBPsa, Lane 8: mCherry-SpyTagsa with 1073 nt 

spacer. This gel is meant only to show the quality of RNA samples and not the size, as PA gels are not suitable 

for determining the accurate size of RNA samples >500 nt. D) A 1.1 % MOPS formaldehyde agarose gel for 

verifying the correct size of mRNA samples. Lane 1: RiboRuler High Range RNA ladder (ThermoScientific 

SM1821), Lanes 2-8: same as Lanes 1-7 in C. The mCherry-SpyTagsa with 1073 nt spacer IVT sample was too 

faint on the gel therefore is excluded here. All RNA samples are of the correct size with reference to the 

marker.             
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Figure 4.6. EMSA to verify the functionality of the SAapt linker probe. 70 nM of each sample in a 5 µl volume 

is run per lane of the 4 % native PA gel. A) SybrGold stained image of the EMSA gel. Lane 1: probe alone, 

Lane 2: mCherry-SpyTag, Lane 3: 1+2, Lane 4: mCherry-SpyTagsa, Lane 5: 1+4, Lane 6: mCherry-SpyTagsa with 

60 nt SAapt linker, Lane 7: 1+6, Lane 8: mCherry-SpyCatcher, Lane 9: 1+8, Lane 10: mCherry-SpyCatchersa, 

Lane 11: 1+10, Lane 12: SpyTag-MBP, Lane 13: 1+12, Lane 14: SpyTag-MBPsa, Lane 15: 1+14, Lane 16: 

mCherry-SpyTagsa with the 1073 nt spacer, Lane 17: 1+16. B) Phosphorimager visualised image of the same 

gel (before SybrGold staining). Fluorescence signal from the Dy647 label on the SAapt linker probe is visible 

in the lanes where the probe is present. The probe has specifically interacted with the mRNA samples which 

contain the SAapt moiety, as evident from the up-shifted species. Unbound probe samples are visible at the 

bottom of the gel. Interestingly, in Lane 7, there is a visible reduction in the unbound probe signal levels at 

the bottom of the gel. This is due to the fact that the sample in Lane 7 (mCherry-SpyTagsa with the 60 nt SAapt 

linker) contains 3 copies of the 20 nt target sequence. Therefore, 3 probe molecules have likely bound to the 

sample in Lane 7, resulting in reduced unbound probe levels. C) Image B superimposed on image A for a 

better comparison. These results verify that the SAapt linker probe is functional, specific, and a robust tool 

for detecting its target sequence in a variety of contexts.                          
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4.4.5.2. Testing the ssDNA probe on the RNA slide 
Since the SAapt linker probe proved to be highly specific in binding its 20 nt target sequence 

in a variety of contexts, a DAPRA experiment was set up to assess the probe’s functionality 

on the RNA slide. The experimental procedure was carried out essentially in the same 

manner as described for Experiment #5 in 4.4.3 up to the IVT step, except that the 

concentrations of the spotted DNA were 12.5 nM and 25 nM. After washing and drying, 

the RNA slide was incubated with the SAapt linker probe (at 13 nM) in hybridization solution 

(2x SSC, 0.1% SDS) in a 26 µl slide sandwich. Incubating the slide for 30 minutes at room 

temperature to allow probe hybridization. The RNA slide was then washed and dried as 

described in 4.4.1 and scanned in the Cy5 channel. Scanned images of the resulting DNA 

and RNA slides, as well as a quantitative representation of the RNA signal are presented in 

Figure 4.7. The results verify that the SAapt linker probe is indeed specific and functional on 

the RNA slide. Furthermore, by spotting two different DNA concentrations on the DNA 

slide, two different RNA concentrations are expected to be transcribed and immobilized 

on the RNA slide. The results also verify that the probe can be used for quantitative analysis 

of the RNA slide; as the histogram in Figure 4.7 demonstrates that the RNA signal intensity 

obtained from the 25 nM DNA spots is higher than that obtained from the 12.5 nM DNA 

spots.  

 

 
 

Figure 4.7. Assessing the functionality of the SAapt linker probe on an RNA slide. A) Cy5 channel scanned 

images of the DNA slide and the SAapt linker probe-labelled RNA slide. DNA is spotted at 12.5 nM (left half of 

the slide) and 25 nM (right half of the slide). Looking at the RNA slide, the probe has specifically labelled the 

RNA samples as visible in the grid pattern. Also, it is already evident that the probe has quantitively bound 

to the RNA samples; the signal being less intense on the left half of the slide (12.5 nM template DNA) as 

compared to the right half (25 nM template DNA). B) Histogram representing mean intensities ± SD of all the 

RNA samples transcribed from the 12.5 nM vs 25 nM spotted template DNA. The graph also confirms that 
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the signal obtained by the probe is quantitative, as reflected by the higher intensity of the 25 nM sample 

compared to the 12.5 nM sample.    

       

4.4.6. Halving the cost of IVT, 20 µl slide sandwich 
Through critical analysis of the RNA array results obtained from multiple experiments, it 

was concluded that the IVT mixture components (RNA pol, NTPs) in the slide sandwich 

produce an excess of RNA over what would be favourably immobilized on the RNA slide 

(see the standard IVT RNA slide in Figure 4.8 below for an example of excessive signal). It 

was also noted that the HiScribe T7 IVT kit’s manual specifies that reduced component 

amounts may be used in certain reactions (e.g. short transcripts or 5’ G-capping). A 

tempting possibility was therefore whether the IVT mixture could be diluted to further 

reduce the cost of RAPA, as long as the RNA signal quality wouldn’t be compromised.  

 

To test this hypothesis, two DAPRA reactions were set up, one with a standard IVT reaction, 

and the other with a 2-fold dilution of a standard IVT reaction. Four blank slides were 

functionalised with 2.4 mg/ml streptavidin in x2 25 µl slide sandwiches (as in 4.4.1). DNA 

spotting was performed as in 4.4.1, except that the DNA concentration was 25 nM, and 

immobilization was carried out for 20 minutes. The IVT reaction volume was 20 µl in each 

slide sandwich, the standard IVT containing 10 µl NTP buffer mix, 2 µl T7 Pol mix, and 8 µl 

nuclease-free H2O; and the half-IVT containing 5 µl NTP buffer mix, 1 µl T7 Pol mix, and 14 

µl nuclease-free H2O. Both reactions were incubated at 37 °C for 60 minutes, followed by 

slide wash and drying as in 4.4.1. The RNA slides were then incubated with the SAapt linker 

probe (at 13 nM) in hybridization solution (2x SSC, 0.1% SDS) in a 25 µl slide sandwich, for 

30 minutes at room temperature. The slides were then washed, dried, and scanned as 

described in 4.4.1. The IVT reaction was incubated longer (for 60’) so that a better gauge 

could be obtained from the (predictably excessive) RNA signal intensities under the two 

different conditions.  

 

The results suggested that diluting the standard IVT volume by 2 fold in the slide sandwich 

does not jeopardise the RNA signal quality on the RNA slide. However, a 60-minute 

incubation for IVT was too long and produced excess RNA signal. To optimise the IVT 

incubation time for a workable RNA signal, two other DAPRA experiments were set up as 

described above, except that this time both were half-IVT reactions. One reaction was 
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incubated for 15 minutes, and the other for 30 minutes at 37 °C. Cy5 channel images of 

DNA and RNA slides are presented in Figure 4.8 and show that a half-IVT reaction in a 20 

µl slide sandwich, incubated for only 15 minutes at 37 °C, produces sufficient,  good-quality 

RNA signals on the RNA slide. Thus simultaneously reducing the IVT volume (from the 

previous 26 µl to 20 µl), and halving the IVT cost by diluting 2 fold. Therefore, all RAPA IVT 

reactions were 2-fold dilutions of standard IVTs from this point on.     

 

 
 

Figure 4.8. Halving the cost of IVTs. 20 µl DAPRA experiments to test and optimize two-fold diluted IVT 

reactions. Cy5 channel scanned images of a representative DNA slide and the resulting RNA slides are shown. 

Variable conditions are indicated under each RNA slide. The results demonstrate that a two-fold diluted IVT 

does not jeopardise RNA signal quality compared to a standard IVT, and that a 15 minute incubation is 

sufficient to produce high quality RNA signal from this diluted IVT reaction.            

 

4.4.7. RAPA with 25 µl slide sandwiches 
In this section, a typical RAPA experiment is presented where both IVT and CFPE slide 

sandwich volumes are 25 µl. The SAapt linker probe is used to label the RNA slide, and the 

anti-mCherry primary, and Alexa Fluor 647-labelled secondary antibodies are used to label 

the protein slide. Also, modified slide functionalisation, wash and drying, and labelling 

conditions are used here. The updated experimental procedures are described below. 

 

Slide functionalisation: DNA and RNA capture slides were coated with streptavidin at 1 

mg/ml and 2 mg/ml respectively, and the protein capture slide was coated with SpyCatcher 

at 2 mg/ml, in 30 µl slide sandwiches. Amine coupling was performed for 30 minutes at 37 

°C, followed by amine blocking in blocking buffer for 20 minutes at room temperature.  
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Slide wash and drying: Slides were washed in PBST for 5 minutes, in Milli-Q H2O for 30 

seconds, followed by a final submersion in Milli-Q H2O. For drying, slides were placed in 

empty falcon tubes (with a 1 cm diameter hole made at the bottom) and spun in a 

centrifuge at 180 xg for 30 seconds. Note that the PBS wash was omitted, and the H2O 

wash duration was reduced from 5 minutes to 30 seconds, as they did not seem to make 

any difference to signal quality. Also, the drying step duration was reduced from 5 minutes 

to 30 seconds, facilitated by making a hole at the bottom of the Falcon tube rather than 

bottom-lining with Kimwipes as used to be done previously.  

 

DNA spotting: PCR amplified, 5’ biotinylated, 3’ Alexa Fluor 647-labelled mCherry-SpyTagsa 

DNA at 25 nM was spotted on DNA capture slides using the automated arrayer. DNA 

immobilization was performed for 20 minutes at 37 °C in a humidity chamber, followed by 

slide wash and drying. 

 

IVT: IVT was performed in 25 µl slide sandwiches containing 6.25 µl NTP buffer mix, 1.25 

µl T7 RNA pol mix, and 17.5 µl nuclease-free H2O. IVT reactions were incubated for 15 

minutes at 37 °C in a humidity chamber. To separate, the slide sandwiches were gently 

submerged in a tub full of Milli-Q H2O and tilted open after a 10-20 second pause. The 

slides were then washed and dried. Note that the same RNA slides will be probed after the 

translation step. 

 

Translation: CFPE was performed in 25 µl slide sandwiches containing 12 µl S30 Premix 

Plus, 9 µl T7 S30 Extract, and 4 µl nuclease-free H2O. CFPE reactions were incubated for 10 

minutes at 37 °C in a humidity chamber, followed by slide sandwich separation as 

described above for the IVT step. The slides were then washed and dried.    

 

RNA and protein slide labelling:  RNA slides were incubated in 25 µl slide sandwiches with 

another RNA slide or a cleaned, used slide, and probed with the SAapt linker probe at 40 

nM in hybridization buffer (2x SSC, 0.1 % SDS) at room temperature for 30 minutes. This 

was followed by slide washing and drying. Protein slides were incubated in 25 µl slide 

sandwiches with 16 µg/ml of the anti-mCherry primary antibody, washed and dried, and 

then with 32 µg/ml of the Alexa Fluor 647-labelled secondary antibody, and washed and 

dried. All slides were then scanned in the Cy5 channel of the slide scanner. The resulting 

images are presented in Figure 4.9 and show that RAPA, with 25 µl slide sandwiches and 
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using the optimised protocol, can produce RNA and protein spots with acceptable 

morphology and intensities. It should be noted that due to technical issues with the 

Genetix slide scanner, the signal tends to fade towards the left half of slides.         

 

 
 

Figure 4.9. A typical RAPA experiment with 25 µl IVT and CFPE slide sandwiches. Cy5 channel images for all 

slides are presented, and different colouring has been used for clarity. The results demonstrate that RAPA 

with 25 µl slide sandwiches can yield good quality RNA and protein signals in terms of circular morphology 

and detectable intensity.            

 

4.4.8. RAPA with 12 µl slide sandwiches 
Thus far, in a sequence of successful optimization experiments, the volume of IVT and CFPE 

slide sandwiches has been reduced from the original 150 µl to 25 µl. It was postulated that 

the IVT and CFPE reactions could still produce satisfactory results if the reaction volume in 

the slide sandwiches is reduced even further to the minimum that would be sufficient to 

cover the slide surfaces. Through experiments with mock slide sandwiches (data not 

shown), the minimum liquid volume required to conveniently cover the whole slide 

surfaces was found to be approximately 12 µl. However, a 12 µl slide sandwich with a ~6.5 

µm distance across slide surfaces produces a relatively strong surface tension which is both 

beneficial and challenging. It is beneficial because it holds the slides tightly in place in the 

slide sandwich, preventing slide gliding and abnormalities in spot morphology. It is 

challenging because due to the split-second binding properties of both SAapt and SpyTag, 

the slides have to be separated in a vertically parallel plane, which is almost impossible by 

hand without gliding the slides open.  

DNA slide RNA slide Protein slide
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To overcome this challenge, a simple apparatus was designed, consisting of a handle which 

will be taped to the backside of the top slide in the sandwich, and a weight unit which will 

be taped to the backside of the bottom slide in the sandwich. By holding the handle and 

submerging the assembly in a tub of water, the weigh unit will facilitate water ingress into 

the slide sandwich, promoting a smooth and vertical separation. A schematic of the 

apparatus is presented below in Figure 4.10. The proposed experimental setup was tested, 

and the results (Figure 4.11) demonstrate that a 12 µl slide sandwich can indeed produce 

high quality RNA and protein signals. The results for two representative experiments, 

performed separately, are presented in Figure 4.11. Both experiments were performed 

essentially as described in 4.4.7, except that the IVT reaction volume was 12 µl and 

contained 3.25 µl NTP buffer mix, 0.75 µl T7 RNA pol, and 8 µl nuclease-free H2O. The CFPE 

reaction volume was also 12 µl and contained 6 µl S30 Premix Plus, 4.5 µl S30 T7 extract, 

and 1.5 µl nuclease-free H2O.   

 

 
 

Figure 4.10. Schematic of a simple slide separator apparatus devised for separating 12 µl IVT and CFPE slide 

sandwiches. A) Assembling the slide sandwich. The bottom slide is attached to the weight unit via two strips 

of double-sided mounting tape (Gorilla Tape), and the top slide is attached to the handle unit also using the 

double-sided tape. The tapes provide a firm grip when dry, but upon a brief contact with water, can be easily 

peeled off.  The 12 µl IVT/CFPE mix is pipetted onto the centre of the bottom slide, and the top slide is 

lowered to form a slide sandwich. B) Dissembling the slide sandwich. The assembly is lifted by the handle 

unit and gently submerged in a tub of water; after 30-60 seconds, water ingress facilitated by the gravity of 

the weight unit results in smooth and vertical separation of slides. 
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Figure 4.11. RAPA with 12 µl IVT and CFPE slide sandwiches. The results for two representative experiments 

are presented here. All images are in the Cy5 channel and different colouring is used for clarity. The signal 

on images tends to fade towards the left half of slides due to scanner fault. These results demonstrate that 

the optimized protocol for high throughput RAPA is robust and produces good quality RNA and protein 

signals at the reduced reaction volumes.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA slide

Experiment #1

Experiment #2

RNA slide Protein slide



 137 

4.5. Summary and conclusions  
The work in this chapter aimed at developing an efficient RAPA protocol which is 

compatible with high throughput applications. Through empirical optimization and 

finetuning of multiple aspects of the RAPA process, that aim was successfully achieved. 

The resulting high throughput RAPA protocol boasts a number of significant improvements 

over the initially available protocol: 

 

I. A whole RAPA experiment from slide functionalization to scanning now only takes 

a fixed duration of 4-5 hours (assuming 768 DNA spots are made by the arrayer 

robot, equivalent to 48 fields of 4 x 4 spots on a single slide).  

II. A robust and quantitative approach now exists for labelling the same RNA slide 

which serves as the CFPE template, in only 30 minutes and without the need to do 

extra experiments. 

III. Both IVT (half-IVTs) and CFPE reaction volumes have been reduced to only 12 µl 

(down from the initial 150 µl), greatly saving on time and cost. 

IV. High-performance antibodies have been identified for immunolabelling the protein 

slide, with only two 30-minute incubation steps and using very small amounts of 

antibody.  

 

The optimized RAPA protocol is also more than competitive, in terms of efficiency, with 

the published protocols for major protein array platforms such as NAPPA and DAPA and 

its relevant aspects can be adapted by other systems for increased throughput. It is also 

worth noting that the protein signal quality obtained by the optimised protocols herein 

compare favourably with that reported by a number of publications on DAPA (85–89); as 

DAPA is the most similar platform to RAPA in terms of a slide sandwich setup. 

Nevertheless, there is still room for improvement. For example, the slide separator 

apparatus described in Figure 4.10 is only makeshift, and for total reproducibility and 

robustness, engineering of a precision device is necessary. Also, a fluorescent dye-coupled 

primary antibody might be sufficient to detect protein signals, further reducing the cost.  
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Chapter 5: RAPA utility in PTGR studies 

5.1. RAPA as a high throughput in vitro platform for studying PTGR 
Enabling protein expression from surface-bound, addressable mRNA spots is the 

quintessence of RAPA. This capability sets RAPA apart from conventional protein array 

fabrication platforms such as NAPPA (69) and DAPA (85); because here gene regulation 

can be specifically manipulated at the post-transcriptional level, and the PTGR output can 

be quantitively monitored in the form of immobilized reporter proteins e.g. mCherry on 

the protein slide. PTGR is used as an umbrella term here and covers all forms of post-

transcriptional regulatory mechanisms, be they prokaryotic or eukaryotic, natural or 

synthetic. For instance, sRNA-mRNA (101), siRNA-mRNA (116), and nucleic acid mimic-

mRNA (251) interactions are all possible candidates for studying by RAPA. In addition, 

RAPA is a suitable platform for synthetic biology purposes such as riboswitch development 

and screening (131) where the same mRNA with variable regulatory 5’ UTR sequences 

needs to be scrutinized for favourable regulatory inputs and/or translational outputs. The 

RAPA RNA slide could provide a highly controlled milieu in which the immobilized mRNA 

samples can be individually addressed and, coupled with the RAPA protein slide, 

monitored for translational activity.   

 

The number of PTGR events that can be analysed in a single RAPA experiment is only 

limited by the number of DNA spots that can be accommodated on the DNA slide. Taking 

into consideration the spot spacing constraints to account for signal diffusion from the 

DNA to the RNA slide, and from the RNA to the Protein slide, approximately 1000 DNA 

spots can be conveniently accommodated on a slide using existing inhouse equipment.  

With conventional high throughput in vivo PTGR screens such as robotic colony picking 

(134) or flow cytometry (135), each translated/regulatory gene has to be first cloned into 

a vector and separately transformed into live cells, in a process that is both time-

consuming and expensive, whereas with RAPA, the same genes can be used as PCR 

products without the need for cloning. Further, the PTGR output can be measured in just 

a fraction of the time and cost required for in vivo assays. Therefore, RAPA presents itself 

as a novel, attractive in vitro alternative to traditional high throughput in vivo PTGR assays.   
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5.2. Choosing a viable PTGR system for the array 
A strategic decision had to be made as to which PTGR system to use for RAPA proof of 

concept experiments, taking into consideration time and logistic constraints. A search of 

the relevant literature was performed, assuming any candidate PTGR system for proof of 

principle should ideally meet the following criteria: 

 

I. Compatible with the E. coli cell-free expression system, as a RAPA protocol had 

already been developed using this expression system. 

II. Simple, predictable and quick to set up. For example, it shouldn’t require 

sophisticated ancillary components (e.g. Hfq (102) or RISC (116)) or extensive 

characterization.  

III. Novel and of high scientific and practical impact.  

IV. Compatible with a high throughput platform, i.e. there must be enough possible 

variables to make the high throughput effort worthwhile. For example, if there are 

only a few possible mRNA-regulatory RNA interaction partners, it would be wiser 

to use lower throughput methods for PTGR analysis such as plate reader assays.        

V. Have an acceptable dynamic range, so regulated and non-regulated mRNA species 

can be conveniently distinguished by monitoring their translational output. 

 

In light of these considerations, a special focus was placed on synthetically designed gene 

regulatory mechanisms. Since naturally occurring systems such as the eukaryotic RNAi or 

the bacterial sRNA-mRNA PTGR systems would likely require extensive characterisation 

and optimization beyond the available resources. In fact, most synthetically designed PTGR 

systems are inspired by naturally occurring riboswitches and rely primarily on sequence-

dependant mRNA secondary structure around the ribosome binding site (133,157). Hence 

it can be postulated that if RAPA can produce results with synthetic riboregulators, it can 

also do so with naturally occurring PTGR systems. Therefore, synthetically designed PTGR 

mechanisms satisfy the aforementioned criteria for a proof of concept RAPA experiment.  

 

A number of synthetic post-transcriptional riboregulatory devices are available including 

crRNA-taRNA (163,165), toehold switches (136), antiswitches (174), ribozyme switches 

(175,176), theophylline riboswitches (134,135,177,178), and sRNA derivatives (167–170) 

(see 1.4). All of these synthetic devices were compared against the outlined suitability 
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criteria for RAPA proof of concept application experiments. Antiswitches (174) and 

ribozyme switches (175,176) have been characterised only in yeast cells and were thus not 

considered further. Riboregulators derived from the prokaryotic sRNAs (167–170) were 

also deemed unsuitable as they require Hfq for proper functionality. The crRNA-taRNA 

riboregulators (163,165) would be suitable, as they have been characterised in E .coli cells, 

require only RNA components, exhibit dynamic ranges of up to 200-fold activation, and 

have a demonstrated capability for metabolic engineering in E. coli (165). However, since 

the largest orthogonal library size reported is four crRNA-taRNA pairs (165), these 

riboregulators did not satisfy criteria IV and were also eliminated. Theophylline 

riboswitches (134,135,177,178) were interesting, as they have been demonstrated to 

function in diverse bacterial species including E. coli, require only a small molecule for 

activity, exhibit dynamic ranges of up to ~130-fold activation, and importantly have been 

tested in an E. coli cell-free system (182). However, because the number of theophylline 

riboswitches with an acceptable activation ratio is only eight riboswitches reported across 

three publications (134,135,178), these riboswitches also did not satisfy criterion IV and 

were deemed unsuitable.  

 

In the light of the preceding argument, toehold switches (136) presented themselves as 

the ideal PTGR system to demonstrate by RAPA. These devices have been shown to 

function in both live (136)  and cell-free (252,253) E. coli systems and rely purely on RNA 

components. In addition, there are more than 100 validated toehold switches with 

dynamic ranges of up to >1400-fold activation (136,254). Importantly, toehold switches 

have been successfully demonstrated as robust tools for diagnostic (252,253) and 

bioengineering (254) applications. Therefore, toehold switches satisfied all the 

aforementioned criteria and were used for RAPA proof of concept PTGR experiments, 

which are described in detail below.      

 

5.3. A background on toehold switches 
Toehold switches are a recently introduced class of de novo designed prokaryotic 

riboregulators (136). They consist of two RNA modules: a cis-repressive module (the 

switch) at the 5’ UTR of the regulated mRNA, and a trans-activating cognate module (the 

trigger) which regulates the activity of the switch. These synthetic riboregulators utilize 

the toehold-mediated strand displacement and hybridization chain reaction mechanisms 
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(255,256) that had been demonstrated in vitro with single-stranded DNA molecules. The 

toehold switch consists of a hairpin loop with a single-stranded “toehold” region at its 5’ 

end. The RBS and the start codon are sequestered within the hairpin loop and therefore 

the ribosome cannot initiate translation of the mRNA. Upon “trigger” RNA binding to the 

toehold region, strand displacement is initiated, opening up the hairpin loop, liberating the 

RBS and the start codon, and enabling translation initiation by the ribosome. What sets 

toehold switches apart from other natural and synthetic riboregulators is that these are 

designed so that the RBS is sequestered within the single-stranded loop region and not the 

double-stranded hairpin as is the case with the other systems described in Chapter 1. This 

means that the switch and trigger RNAs don’t have to contain complementarity to the RBS 

for gene regulation (136). As a result, the switch device can be programmed to 

orthogonally activate translation in response to an immense variety of arbitrary trigger 

sequences. Figure 5.1. represents a schematic of the toehold switch regulation 

mechanism. 

 

 
 

Figure 5.1. A schematic of the working mechanism of toehold switches. The toehold switch consists of a 

single-stranded “toehold” region, a hairpin loop, and a linker sequence connecting the switch to the 

downstream coding region. The RBS (blue) is constrained within a 15 nt loop preceding the structured hairpin 

region, preventing access to the ribosome for translation initiation. The AUG start codon (purple) is also 

unpaired to allow more flexibility with switch sequence design. The hairpin module is composed of two 6 bp 

and 9 bp RNA duplexes respectively preceding and succeeding the 3 nt AUG bulge region. A 21 nt linker 

(violet), coding for low molecular weight amino acids, adjoins the switch module to the regulated 

downstream mRNA (mCherry-SpyTagsa shown here in green). To activate the switch, a 30 nt cognate trigger 

(teal) RNA binds to the 15 nt exposed toehold and starts a branch migration through to the end of its 

complementary sequence (orange) within the hairpin module; abolishing the secondary structure and lifting 

the constraint on the RBS and the start codon. The ribosome is then able to bind and initiate translation of 

the regulated mRNA. (sequence specifications refer to the second-generation switches from (136)).   

 

Toehold switches are exceptionally versatile due to their programmability, wide dynamic 

range, and orthogonality (136). Since their advent in 2014, they have featured in high-
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profile publications for their utility as programmable, strain-specific in vitro biosensors for 

Ebola and Zika viral RNA genomes (252,253); as well as their utility in the construction of 

ribocomputing genetic circuits which reliably respond to complex logical (AND, OR, NOT) 

inputs in E. coli (254). Therefore, toehold switches presented themselves as the ideal PTGR 

system to demonstrate on the array for their versatility, great practical impact, and 

suitability for high throughput analyses. Of note, it would also be the first demonstration 

of any riboregulatory device on a microarray platform, hence the novelty.     

 

5.3.1. Toehold switches on the array, the concept 
In a synthetic biology context, the toehold switch module can be regarded as a free-

standing part, suitable for “plug and play” applications. This means that the same switch 

sequence can be placed upstream of any gene and still regulate its expression, albeit at 

varying efficiencies depending on the specific gene (136). mCherry-SpyTagsa is the reporter 

gene used to develop the RAPA protocol, therefore the toehold switch sequences must be 

first placed upstream of mCherry-SpyTagsa to enable microarray analysis. The resulting 

sequences can then be PCR amplified with the biotin-T7 FW and the SA RV primers, and 

spotted on the DNA slide as previously described. Further, the trigger modules are short 

enough (~82 bp) to be ordered as overlapping oligonucleotides and amplified by PCR. By 

immobilizing the switch-mCherry-SpyTagsa DNA on the DNA slide, and transcribing it onto 

the RNA slide, the translational activity for each construct can be monitored by measuring 

the corresponding protein signal intensity on the protein slide.  

 

Since toehold switches downregulate translation it is expected, depending on the 

stringency of each switch, that little or no protein signal can be detected on the protein 

slide in the OFF state. However, if cognate trigger DNA or RNA sequences are added to the 

IVT or the CFPE mixture, it is expected that they (trigger RNA transcripts) will bind to and 

activate their respective switches. Therefore, the activation (ON/OFF) ratio for each switch 

can be measured by quantifying protein signal intensity on the protein slide. Using this 

basic experimental format, a library of switch sequences can be assayed against one or just 

a few trigger sequences; this is ideal for diagnostic/biosensing applications of toehold 

switches. For example, assuming an array of switches have been specifically designed 

against multiple pathogen genomes, adding patient serum samples to the IVT or the CFPE 

mixture on the array should result in the activation of cognate switches and specific 
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diagnosis of the disease(s), as demonstrated by Pardee et. al. (252,253) in an innovative 

paper-based platform. Although this “trigger free in solution” format is suitable for the 

application of toehold switches, it is not as suitable for their high throughput 

development/screening. For example, if one wished to assess the functionality, dynamic 

range (activation ratio), and orthogonality of a library of a thousand switch sequences, a 

thousand cognate trigger sequences must be somehow presented to each switch. 

However, it would not be possible to add a thousand trigger DNA/RNA samples to the 

IVT/CFPE mixtures and still distinguish specific vs non-specific switch activation. 

 

In order to overcome this technical bottleneck, a new experimental format was envisioned 

which could enable the simultaneous analyses of thousands of toehold switches. It was 

postulated that by co-spotting and co-transcribing cognate switch and trigger DNAs on the 

DNA slide, the switch-mCherry-SpyTagsa RNA will immobilize on the RNA slide via the SAapt 

module; whereas the trigger RNA will float free in solution in the immediate vicinity of 

each switch and, if functional/efficient, will bind to the 5’ switch module in situ and activate 

translation. Therefore, array experiments were planned in two formats: “trigger free in 

solution” and “trigger co-spotted with the switch”. A schematic of both experimental 

setups is provided below in Figure 5.2.         
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Figure 5.2. Planned experimental setups for toehold switch demonstration on RAPA. A) Trigger free in 

solution. (i) The switch-mCherry-SpyTagsa DNA samples are spotted on the DNA slide, and the DNA template 

for trigger RNA is presented together with the IVT mixture within the IVT slide sandwich. It is expected that 

upon transcription, the switch-mRNA samples would immobilize on the RNA slide via their 3’ SAapt module, 

while the co-transcribed trigger RNA would float free within the IVT slide sandwich and bind to any cognate 

switch sequences. (ii) In the CFPE slide sandwich, only the trigger-bound switch-mRNA sample (orange) is 

activated and can translate mCherry-SpyTag. By visualising the protein slide, one can find out which switch-

mRNA sample has been activated. B) Trigger co-spotted with the switch. (i) The 5’-biotinylated switch-

mCherry-SpyTagsa and trigger DNA templates are co-spotted on the DNA slide. Upon co-transcription in the 

IVT slide sandwich, it is expected that switch-mRNA samples would immobilize on the RNA slide via their 3’ 

SAapt module. Whereas the co-transcribed trigger RNAs would float in solution in the immediate vicinity of 

each switch-mRNA without cross-talk with neighbouring spots and bind to their cognate switch sequences. 

(ii) In the CFPE slide sandwich, only the trigger-bound switch-mRNA samples (green, blue and magenta) are 

translated; and any switch-mRNA samples (orange) co-spotted with a non-cognate trigger are expected to 

remain translationally inactive. By visualising the protein slide, it will be possible to pinpoint which switch-

trigger combinations have resulted in switch activation.   

            

5.3.2. Selecting candidate Toehold switches 
It was noted that a viable PTGR system had to be chosen for RAPA proof of concept 

experiments to ensure best use of time and available resources. In turn, this means that 

the specific toehold devices to select must be ideally high-performance so a discernible 

signal difference can be detected between triggered and untriggered switches. In the 
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original publication, Green and colleagues (136) developed and tested 168 first-

generation, and 13 optimised second-generation toehold devices all with arbitrary 

sequences. In their assays, all switch sequences were cloned upstream of the GFP coding 

region and co-expressed in E. coli with plasmids encoding respective trigger sequences; 

measuring the activation ratio (ON state fluorescence/OFF state fluorescence) via flow 

cytometry. It was decided to choose a manageable load of six toehold devices for cloning 

upstream of mCherry-SpyTag and subsequent RAPA assays. For best results, the highest 

performance first-generation switch 1 (hitherto termed 1.1) with an activation ratio of 292, 

and second-generation switches 1, 2, 3, 8, and 9 with activation ratios of 665, 586, 557, 

393, and 381 respectively were selected. It should be noted that, according to the authors, 

the activation ratio of each switch will differ depending on the downstream gene i.e. the 

selected switches may exhibit different performances once placed upstream of the 

mCherry-SpyTag. However, they have been theoretically predicted and empirically 

demonstrated to be provide high performance (136). In fact, switches 1, 8 and 9 have been 

additionally cloned upstream of mCherry in a different format experiment in the same 

publication (136).  Therefore, RAPA proof of concept experiments were planned with 

switches 1.1, 1, 2, 3, 8 and 9.     

 

5.4. Reagent preparation 

5.4.1. Toehold switch cloning 
Toehold switch sequences were cloned immediately 5’ to the start codon of mCherry in 

the pET28-mCherry-SpyTag host plasmid. In order to ensure maximum efficiency, the 

cloning by homologous recombination method was adopted (see 2.4.5.3). This method 

does not require restriction enzymes or a commercial cloning kit and is a seamless cloning 

method i.e. no restriction site scars are left in the final construct. DNA sequences for 

switches 1.1, 1, 2, 3, 8 and 9 were taken as are from Green et al. (136). Conveniently, both 

switch and trigger constructs are transcribed from a T7 promoter in the original publication 

and therefore required no adjustments in the promoter region. Overlapping 

oligonucleotides were designed in silico, setting a common forward primer, the pET-T7-

overlap FW, and two specific forward and reverse primers for each switch sequence. The 

pET-T7-overlap FW primer added 49 bp of homologous sequence (including the T7 

promoter) with the pET28-mCherry-SpyTag plasmid to the 5’ end of each switch PCR 
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product. The reverse primers were designed so they added 30 bp of homologous sequence 

with the mCherry coding region to the 3’ end of each switch PCR product. Two primers 

were also designed for linearizing the host plasmid, the BglII pET-linear RV, and the switch-

mCherry-overlap FW. Figure 5.3 represents a schematic of the cloning strategy adopted 

for toehold switch constructs.  

 

Phusion high-fidelity DNA polymerase was used to PCR amplify all constructs to minimise 

induced mutations. 1 µM each of the pET-T7-overlap FW and switch-specific RV primers, 

as well as 50 nM of the switch-specific FW primers were incubated in standard overlap 

extension PCR reactions with the following PCR cycling conditions:   

 

Initial denaturation 98 °C for 1 min 

X35 

cycles 

Denaturation 

Annealing 

Extension 

98 °C for 5 s 

55 °C for 15 s 

72 °C for 10 s 

Final extension 72 °C for 5 min 

  

 The pET28-mCherry-SpyTag host plasmid was also linearized in a standard PCR reaction, 

using 0.5 µM each of the switch-mCherry overlap FW and the BglII pET-linear RV primers; 

setting the following PCR cycling conditions:  

 

Initial denaturation 98 °C for 1 min 

X30 

cycles 

Denaturation 

Annealing 

Extension 

98 °C for 10 s 

66 °C for 15 s 

72 °C for 150 s 

Final extension 72 °C for 5 min 

 

PCR products were purified using Nanosep columns and reconstituted in nuclease-free 

H2O. For cloning, 5 fmol of the linearized vector and 50 fmol of each insert DNA were 

separately mixed and transformed into 50 µl of chemically competent E. coli DH5a cells. 

Putative recombinant clones were subsequently screened by colony PCR and verified by 

Sanger di-deoxy sequencing. Representative agarose gels for the cloning procedure are 

provided in Figure 5.4.  
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Figure 5.3. Cloning strategy for toehold switch constructs. A) The original pET28-mCherry-SpyTag plasmid 

(recombinant cassette highlighted) is first linearized by PCR with the pET-T7-overlap RV, and the switch-

mCherry-overlap FW primers, resulting in a linear construct with the x6 His tag-mCherry coding sequence at 

the 5’ end, and the T7 promoter at the 3’ end. B) The toehold switch insert is also PCR amplified, with primers 
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that yield a PCR product with a 5’ 49 bp homologous sequence to the 3’ end of the linear plasmid, and a 3’ 

30 bp homologous sequence with the 5’ end of the linear plasmid. C) Purified insert and linear vector DNAs 

are then co-transformed into competent E. coli DH5a cells, and undergo homologous recombination aided 

by the bacteria’s endogenous DNA repair machinery (198–200). D) The resulting Switch-mCherry-SpyTag 

construct (recombinant cassette highlighted) will have the original 5’ UTR-RBS replaced with the toehold 

switch sequence (marked in magenta).      

 

 

 

 
 

Figure 5.4. Cloning the toehold switch sequences upstream of mCherry-SpyTag. A) A 1.5% agarose gel 

containing the switch insert PCR products; Lane 1: Low Molecular Weight DNA Ladder, Lanes 2-7: switches 

1.1 (162 bp), 1 (169 bp), 2 (169 bp), 3 (178 bp), 8 (169 bp), and 9 (169 bp) respectively. B) A 1% agarose gel 

containing the pET28-mCherry-SpyTag PCR-linearization product; Lane 1: 1 kb DNA Ladder, Lane 2: the PCR-

linearized plasmid (6048 bp). C) A 1% agarose gel containing the colony PCR products for putative 

recombinant pET28-Switch-mCherry-SpyTag constructs. To increase confidence, two PCR reactions were 

performed on each colony, one with the biotin-T7 FW and the SA RV primers (PCR#1); and the other with 

the switch-mCherry-overlap FW and the SA RV primers (PCR#2). 2 µl of PCR#1 was then mixed with 2 µl of 

PCR#2 and loaded on the same lane. This arrangement produced two bands at 866 bp (PCR#2) and 924 bp 

(PCR#1) for non-recombinant clones which appear as a single bright band on the gel here; and for the 

recombinant clones, a lower band at 866 bp (PCR#2) and higher bands (PCR#1)  at 981 bp (switch 1.1), 988 

bp (switch 1), 988 bp (switch 2), 997 bp (switch 3), 988 bp (switch 8), and 988 bp (switch 9) were expected 

with a conveniently detectable separation on the gel. Lane 1: 1 kb DNA Ladder, Lanes 2-7: PCRs from putative 

switch 1.1, 1, 2, 3, 8, and 9 clones respectively, Lane 8: PCR from a control colony with the non-recombinant 

pET28-mCherry-SpyTag plasmid.  
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5.4.2. PCR amplification of switch and trigger DNAs for RAPA 
For array experiments, switch and trigger DNAs were needed in the form of PCR products. 

Switch-mCherry-SpyTagsa constructs were PCR amplified from their respective plasmids 

with the biotin-T7 FW and the Alexa 647-SA RV (or the DY549-SA RV) primers  as described 

in 3.5.2 for mCherry-SpyTagsa. Cognate trigger DNA sequences were copied as are (barring 

the 3’ T7 terminator) from Green et al. (136), and overlapping oligonucleotides were 

designed in silico setting a forward and a reverse oligonucleotide per trigger. Trigger PCR 

reactions were performed in two formats, with and without the biotin-T7 FW primer. Non-

biotinylated trigger DNAs were to be used for trigger free in solution experiments, and 

biotinylated trigger DNAs were to be used for switch-trigger co-spotting experiments. For 

non-biotinylated PCRs, 1 µM each of the trigger FW and the trigger RV oligonucleotides 

were incubated in a standard overlap extension PCR reaction. For biotinylated PCRs, 1 µM 

of the biotin-T7 FW primer was incubated with 1 µM of the trigger RV and 0.1 µM of the 

trigger FW oligonucleotides in a standard overlap extension PCR reaction. The following 

PCR cycling conditions were used for both reaction:     

 

 

Initial denaturation 98 °C for 30 s 

X35 

cycles 

Denaturation 

Annealing 

Extension 

98 °C for 5 s 

55 °C for 15 s 

72 °C for 10 s 

Final extension 72 °C for 5 min 

   

Representative agarose gels for switch-mCherry-SpyTagsa and trigger PCRs are provided in 

Figure 5.5.  
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Figure 5.5. PCR amplification of switch and trigger DNA constructs for RAPA. A) A 1% agarose gel containing 

PCR amplified switch-mCherry-SpyTagsa DNA samples; Lane 1: 1 kb DNA Ladder, Lanes 2-7: PCR products with 

switch 1.1 (981 bp), switch 1 (988 bp), switch 2 (988 bp), switch 3 (997 bp), switch 8 (988 bp), and switch 9 

(988 bp) respectively. B) A 1.5% agarose gel containing PCR amplified trigger DNAs (5’-biotinylated); Lane 1: 

100 bp DNA ladder, Lanes 2-7: triggers 1.1, 1, 2, 3, 8, and 9 respectively, all at 94 bp.     

  

5.5. RAPA for monitoring toehold switch activity 
In order to demonstrate RAPA’s application in toehold switch PTGR analysis, the 

recombinant switch-mCherry-SpyTagsa constructs were tested on the array in two RAPA 

experimental formats: switch-trigger co-spotting (5.5.1) and trigger free in solution (5.5.2).       

 

5.5.1. Co-spotting switch and trigger DNAs 
This experimental format was designed to allow for the simultaneous analysis of hundreds 

of switch-trigger pairs in a single RAPA. As proof of concept, a RAPA experiment was set 

up using the control mCherry-SpyTagsa DNA and its six switch-conjugated variants. All 

procedures were carried out essentially as described in 4.4.4, spotting DNA samples at 12.5 

nM each. The RNA slide was also labelled using the probe hybridisation method described 

in 4.4.5.1. The results demonstrated successful proof of concept application of the RAPA 

platform to simultaneous analysis of toehold switch-trigger pairs. It was observed that all 

switch constructs translate poorly in the absence of cognate triggers. Whereas the trigger-
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co-spotted switch constructs were translationally active and produced significantly higher 

protein signals than the un-triggered switches. Interestingly, switch 1.1 did not seem to be 

strongly activated in the presence of its cognate trigger, likely due to experimental 

conditions or the presence of mCherry coding sequence downstream which might affect 

its secondary structure. Activation ratios were calculated by dividing the switch-trigger 

spots’ protein signal (ON state) by the respective switch spots’ protein signal (OFF state), 

and are as follows: 1.36, 4.86, 2.66, 5.06, 5.01, 5.47 respectively for switches 1.1, 1, 2, 3, 

8, and 9.  It is worth noting that the activation ratios obtained by RAPA, which is based on 

antibody detection and a visualisation by a slide scanner, are on a different scale than 

those reported by Green et al. (136) in the original publication which used GFP 

fluorescence and flow cytometry. However, it is evident that the ON and OFF states are 

already sharply distinguishable for the switch-trigger pairs tested, except for switch 1.1. 

The experimental results and data are presented in Figure 5.6.   
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Figure 5.6. Preliminary RAPA with co-spotted switch and trigger DNAs. A) Switch-mCherry-SpyTagsa (S), 

trigger (T), and the control mCherry-SpyTagsa (C) samples were spotted in replicate fields as delineated by 

dashed lines on the DNA slide and shown in the DNA spot map. Scanned images of the DNA, RNA, and protein 

slides are presented and confirm the presence of all DNA and RNA samples on the DNA and RNA slides 

respectively. On the protein slide, the spots corresponding to all un-triggered switches are barely visible, 

whereas the spots corresponding to all triggered switches (barring 1.1) are significantly brighter indicating 

switch activation. The control spots are also translationally active in all fields as would be expected. B) 

Quantitative analysis of protein signal intensity for each sample on the protein slide. Bars represent the 

average of mean intensity values from quadruple spots (±SD). Green and orange bars indicate ON and OFF 

state signal intensities, respectively. It is evident from the graph that switches 1, 2, 3, 8, and 9 have been 

activated by their triggers, whereas switch 1.1 does not seem to have been efficiently activated under the 

conditions tested. C) A histogram representing the calculated switch activation (ON/OFF) ratios. The data 

suggest that switch 9 is the strongest switch, followed by switches 3, 8, 1, 2, and 1.1 respectively.  

 

 

The above experiment was performed before the RAPA protocol with 12 µl slide 

sandwiches had been developed and was therefore repeated with the updated protocol. 

Additionally, to further optimise the procedure, an upgraded version of the slide separator 

device was designed. In the upgraded device, a flat steel bar replaced the handle in the 

previous design (Figure 4.10) to increase consistency while submerging the assembly into 

the water tub. As the flat steel bar stands fixed in place and does not need to be manually 
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held for 30-60 seconds. Also, the weigh unit which was made of a steel spatula was 

replaced with a stack of 10 used slides glued together. This was to facilitate assembly of 

the slide sandwiches, and to serve as a convenient handle while manoeuvring the assembly 

into the water tub. A schematic representation of the upgraded device is provided in Figure 

5.7.  

 

 

 

 

Figure 5.7. The upgraded slide separator device. The device consists of a weigh-down unit designed to 

increase the gravity force on the bottom slide in the slide sandwich while separating. The flat steel bar is 

attached onto the back of the top slide in the slide sandwich and keeps the top slide fixed in position as the 

weigh unit pulls the bottom slide down inside the water tub. The double-sided tape is used to firmly attach 

the bottom slide to the weigh unit, and the top slide to the flat steel bar; and can be easily peeled off once 

in (>30’’) contact with water. A) Assembly of the slide sandwich: the bottom and top slides are first attached 

to the weigh unit and the flat steel bar, respectively. 12 µl of the IVT/CFPE mixture is then pipetted onto the 

centre of the bottom slide, and the top slide (attached to the flat steel bar) is gently lowered onto the bottom 

slide to form the slide sandwich. B) Dissembling the slide sandwich: to separate the slides, the sandwich 

assembly is picked up by holding the weigh unit by the sides, and gently lowered into a tub filled with Milli-

Q water until the steel bar touches down on the top edges of the water tub. The slides and the weigh unit 

are 7.5 cm in length and thus can conveniently fit inside the water tub which is 9 cm long. The flat steel bar 

is 10 cm long and therefore remains fixed just above the water level on the edges of the tub. Water ingress 

promoted by the gravity of the weigh unit decreases the surface tension inside the slide sandwich. After 

approximately 30-60 seconds, the weigh unit and the attached bottom slide sink to the bottom of the water 

tub, whilst the top slide is still retained just under the water surface by the steel bar.           

A

Flat steel bar (1 cm x 10 cm)

Double sided tape Weight-down unit (30g) 
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In preparation for the refined trigger co-spotting experiment, a technical issue was 

encountered regarding the arrayer robot which impacted on the DNA spotting 

concentration. Due to recalibration of the arrayer robot’s movement coordinates, the DNA 

spotting conditions had been altered, and this resulted in a reduction in DNA 

immobilisation efficiency. As a consequence, the 12.5 nM DNA concentration used 

previously was no longer practical, and an increased DNA spotting concentration was 

needed to obtain workable protein signal levels. In order to find the optimal DNA 

concentration under the new arraying conditions a RAPA experiment was performed with 

a concentration range of mCherry-SpyTagsa DNA. All procedures were carried out 

essentially as described previously in 4.4.8, except that the new slide separator device was 

used and also slides were scanned using a new GenePix 4300A slide scanner (Molecular 

Devices). The results are presented in Figure 5.8 and help determine a practical DNA 

concentration range for the next set of experiments.  

 

 

 
 

Figure 5.8. Readjusting the DNA spotting concentration with new arrayer robot settings. A) Scanned images 

of the DNA, RNA and protein slides. The indicated concentrations of the mCherry-SpyTagsa DNA were spotted 

on the DNA slide in a 4 x 4 spot arrangement per field (indicated by dashed lines). Looking at the 10-15 nM 

spot locations, the results clearly demonstrate that the previously used 12.5 nM concentration did not 

produce workable spot intensities on any slide. B) A line chart plotting protein signal intensity vs spotted 
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DNA concentration on respective spot locations. Dots represent the average of mean intensity values from 

quadruple spots (±SD) on the protein slide. Qualitative and quantitative analysis of the results suggest that 

the minimum DNA concentration for obtaining a workable protein signal is approximately 20 nM under the 

new arraying settings.  

 

Taking the protein slide in Figure 5.8 as a guideline, it was decided that 50 nM DNA was 

optimal for use in the switch-trigger co-spotting experiment. Also, the protein slide in 

Figure 5.6 in the preliminary co-spotting experiment showed that switches 1.1. and 2 were 

weak performers and were therefore omitted from all future experiments. With these in 

mind, a RAPA co-spotting experiment was performed with switches 1, 3, 8, and 9. This 

time, all possible switch-trigger pairs were co-spotted in order to demonstrate the 

orthogonality of the toehold switches on the RAPA platform. All procedures were 

performed essentially as described previously in 4.4.8. Spotting switch (3’ Dy549-labelled) 

and trigger DNAs at a 50 nM concentration each, using the upgraded slide separator 

device, and scanning the slides using the GenePix 4300A scanner. The results are presented 

in Figure 5.9 and show that only cognate switch-trigger pairs resulted in significant 

translation activation, whereas little protein signal levels were observed on spots 

corresponding to non-cognate switch-trigger pairs. Protein signal intensities for each 

switch-trigger pair were plotted on a shared-control estimation plot (an alternative for the 

ordered groups analysis of variance (ANOVA) significance test) using the Estimation 

Statistics web server (257). The level of probability (P-value) obtained for each switch co-

spotted with its cognate trigger vs any non-cognate trigger was far below 0.05 (P<0.05) for 

all switches, confirming a significant difference in the performance of toehold switches 

when paired with their cognate and non-cognate triggers. Estimation plots and data for 

the co-spotting experiment in Figure 5.9 are presented in Supplementary Appendix VI 

(Figure S3). Reassuringly, the results reproduced the same as was observed with the 

preliminary co-spotting experiment (Figure 5.6), ranking switch 9 as the strongest, 

followed by switches 3, 8, and 1. Therefore, it was clearly demonstrated that RAPA can be 

used as a robust tool for the simultaneous development and functional characterisation of 

a multitude of toehold switches.  
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Figure 5.9. RAPA with co-spotted switch and trigger DNAs. A) The Cy3-channel scanned image of the DNA 

slide; samples are spotted in replicate 4 x 4 fields marked by the dashed lines. B) A histogram representing 

DNA signal intensities on each spot location. The bars represent the average of mean intensity values from 

quadruple spots (±SD). There is some variability in the DNA spot intensities even though the same DNA 

concentration has been used; this could be due to slight errors in sample preparation, the arrayer robot’s 

inconsistency, or different biotinylated switch/trigger immobilization efficiencies. C) The DNA spot map on a 

single field; switch (S) and trigger (T) pairs are spotted so that cognate pairs form a diagonal across each field. 

D) The Cy5-channel scanned image of the RNA slide; it can be seen that all RNA samples have successfully 

transcribed and immobilized on the RNA slide, albeit at varying efficiencies. E) A histogram representing RNA 
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signal intensities on each spot location. The bars represent the average of mean intensity values from 

quadruple spots (±SD). The graph shows that there is an even greater variability when it comes to (switch) 

RNA signal intensities, with the S1T1 location having the lowest intensity, and the S3T9 location having the 

highest intensity. This could be plausibly due to different switch/trigger transcription efficiencies. F) The Cy5-

channel scanned image of the protein slide. A diagonal pattern can be already detected in the spot locations 

corresponding to cognate switch-trigger pairs, demonstrating the orthogonality of the toehold devices 

tested here. G) A bar chart representing protein signal intensities on each spot location. The bars represent 

the average of mean intensity values from quadruple spots (±SD). The chart clearly demonstrates that 

significant protein signal levels have been produced in cognate switch-trigger spot locations, and that non-

cognate pairs produce very low signal levels. The chart also confirms that switch 9 is the highest performing 

switch, followed by switches 3, 8, and 1. H) A bar chart representing respective transcription efficiencies 

(RNA signal intensity/DNA signal intensity) for each sample. According to the data, the S1T1 spot has the 

lowest, and the S3T9 spot has the highest transcription efficiency. I)  A histogram representing respective 

translation efficiencies (protein signal intensity/RNA signal intensity) for each sample. Non-cognate switch-

trigger pairs demonstrate minimal translation efficiencies; whereas the cognate pairs have significantly 

boosted translation efficiencies due to switch activation. Surprisingly, switch 1 displays the highest 

translation efficiency, as its RNA template levels were too low, but its protein levels were comparatively 

modest. Nevertheless, as far as the application of toehold switches is concerned, the most important metric 

would be the raw protein signal intensities (presented in G), as they represent the end result of switch 

activation which may not necessarily correlate with transcription efficiencies (I).                           

 

5.5.2. Trigger free in solution 
This experimental format was designed to demonstrate RAPA’s utility in the application of 

toehold switches e.g. as diagnostic devices. Using this format, one or just a few triggers 

can be screened against a full array of switch sequences; ideal for example for determining 

the type of viral infections via specific viral RNA detection. Since four switches (1, 3, 8 and 

9) were present, four RAPA experiments were set up, adding one trigger at a time to the 

IVT slide sandwich in each experiment. All experimental procedures were performed as 

described previously in 4.4.8; spotting a switch and control mCherry-SpyTagsa DNA (3’ 

Dy549-labelled) concentration range of 20, 60, and 100 nM on the DNA slides. IVT 

reactions were supplemented with 200 nM of a single trigger DNA at a time. Slide 

sandwiches were assembled using the upgraded slide separator device, and imaging was 

performed on the GenePix 4300A scanner. The results are presented in Figure 5.10 and 

demonstrate that each trigger in the IVT solution only activates its cognate switch, 

producing significant protein signal levels for cognate switches and residual signal levels 

for non-cognate switches. Protein signal intensities for each switch (at the 100 nM spot 
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locations) were plotted on a shared-control estimation plot as described above for the co-

spotting experiment. Again, all P-values fell far below 0.05 (P<0.05), confirming a 

significant difference in the performance of switches when challenged with their cognate 

vs non-cognate triggers. Estimation plots and data for the trigger free in solution 

experiment in Figure 5.10 are presented in Supplementary Appendix VI (Figure S4).   This 

experiment therefore confirmed that RAPA is indeed a suitable platform for the 

application of toehold switches to detect free-floating target RNA sequences.   
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Figure 5.10. RAPA with trigger DNA free in the IVT solution. A) Schematics representing the switch (S) and 

control (C) mCherry-SpyTagsa DNA spot and concentration maps. Scanned images of a single field of 

representative DNA and RNA slides are presented, as indicated. All x4 DNA and x4 RNA slides in the four 

RAPA experiments are identical replicates in terms of spot map, except that cognate triggers are expected 

to have bound to respective switches on the RNA slides. B) Scanned images of a representative field on each 

of the x4 protein slides. Each protein slide is translated form a template RNA slide that has been co-

transcribed with a single trigger DNA, as indicated under each image. The control spots have translated on 

all four slides; and on each slide, only the cognate switch spots display significant protein signal levels; 

whereas there is little or no signal on the spot locations corresponding to non-cognate switches. C) Bar charts 

representing protein signal intensities on each spot location on each protein slide, as indicated. The bars 

represent the average of mean intensity values from quadruple spots (±SD). The graphs confirm that on each 

protein slide, only the control and cognate switch spots have translated significantly; and that non-cognate 

switches generally display minimal translational leakage in the presence of a non-cognate trigger. Thereby 

verifying the functionality of RAPA in the application of toehold switches for specific trigger RNA detection.  

 

 

5.6. Summary and conclusions        
The work in this chapter was aimed at demonstrating the utility of RAPA in PTGR analysis. 

First, an informed decision had to be made as to which PTGR system to demonstrate on 

the RAPA platform, considering time and resource constraints. The ideal PTGR system 

would be one that is compatible with the E. coli CFPE mechanism; is robust and does not 

require sophisticated ancillary proteins or chemicals; comprises of multiple possible 

variables to justify the high throughput approach; and is novel and of high impact. A 

literature search was performed, and it was decided that a recently developed class of de 

novo designed riboregulators i.e. the toehold switches were the ideal PTGR system to apply 

in RAPA proof of concept experiments. Toehold switches can be programmed to reliably 

and specifically activate translation upon binding of a cognate trigger among a plethora 

RNA sequences (136). Toehold switches are compatible with the E. coli CFPE mechanism, 

consist of only a switch and a trigger RNA, and are predictable and robust. They also have 

important applications in synthetic biology, biotechnology and diagnostics fields. 

Therefore, toehold switches presented themselves as a superb choice for RAPA proof of 

concept PTGR experiments.        

 

Two experimental formats were envisioned to maximise the impact of RAPA-toehold 

switch experiments. First, trigger and switch DNA co-spotting and second, trigger free in 
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the IVT solution. The former is ideal for the simultaneous screening of an array of switch-

trigger pairs, whereas the latter is suitable for the detection of one or just a few trigger 

RNAs on an array of switches. Possible applications of these RAPA-toehold switch 

combinations include the high throughput characterisation of switch-trigger pairs, and the 

application of toehold switches as pathogenic RNA biosensors. Six high-performance 

toehold switches (1.1, 1, 2, 3, 8 and 9) were adopted from the original publication (136), 

and the switch sequences were cloned into the 5’ UTR of mCherry-SpyTagsa. In an initial 

switch-trigger co-spotting experiment, it was observed that switches 1, 3, 8, and 9 display 

significant translational activation in the presence of cognate triggers. Therefore, the 

refined trigger co-spotting and free in solution experiments were performed using 

switches 1, 3, 8, and 9. The results showed that only cognate switch-trigger pairs were able 

to significantly upregulate mCherry-SpyTag translation, with only residual translational 

leakage for non-cognate switch-trigger pairs. Therefore, both experiments successfully 

demonstrated the utility of RAPA in the high throughput, orthogonal and specific toehold 

switch functional characterisation.  
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Chapter 6: Recapitulation and Perspectives 

The aim of this work was to develop a microarray platform for the in vitro study of post-

transcriptional gene regulation (PTGR) in high throughput. In order to elucidate the 

concepts of “microarrays” and “PTGR”, an overview of both fields was provided in Chapter 

1. Microarrays were classed into three categories: DNA arrays, RNA arrays, and proteins 

arrays. It was stated that DNA arrays, with DNA molecules immobilised on a surface, have 

been the best established array formats especially for their application in transcriptomic 

analyses (10). RNA arrays consisting of RNA molecules immobilised on a substrate, 

however, have been less popular due to the labile nature of RNA as well as the less 

appreciated importance of translational (post-transcriptional) regulation compared to 

transcriptional regulation (4,130). Two general mechanisms for RNA array fabrication i.e. 

pre-synthesis and spotting, as well as in situ transcription and immobilisation of RNA 

molecules were defined, and specific RNA array platforms were described. Protein arrays, 

with surface-immobilised protein molecules, have become a common technique in the 

proteomics field and are well established for their utility in protein interaction studies (38). 

Like RNA arrays, protein arrays were also classed into two types comprising ex situ purified 

and printed, as well as in situ expressed and immobilised protein molecules. The major in 

situ expressed protein array platforms were depicted and discussed from a technical 

viewpoint. 

 

To elucidate PTGR, major natural and synthetic riboregulatory mechanisms were 

described. sRNA-mediated mRNA regulation in prokaryotes (258), and miRNA/siRNA-

mediated RNA interference in eukaryotes (110) were discussed as natural translational 

regulatory processes. It was stated that synthetic biology is a thriving field with promising 

applications in therapeutics, medicine, and biotechnology. Several synthetic gene 

regulatory networks acting transcriptionally, translationally, and even post-translationally 

have been introduced so far (2). Special emphasis was placed on synthetic riboregulatory 

devices acting at the post-transcriptional stage. These devices have been inspired by the 

natural metabolite-sensing riboswitches as well as trans-acting antisense riboregulatory 

elements like the prokaryotic sRNAs (132). Synthetic riboregulators were therefore 

discussed under two categories, antisense-based and aptamer-based devices. The 

concepts of aptamers and natural riboswitches were defined first. Subsequently, an 

illustrated overview of synthetic riboregulatory devices reported so far was provided. 
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Finally, the aims of the project were outlined as the fabrication of protein arrays by 

translation from a template mRNA array which has been itself transcribed from a template 

DNA array; and the subsequent demonstration of this array platform’s utility in the study 

of PTGR related phenomena. For convenience, this novel platform was called RAPA for 

“RNA Array to Protein Array”. Since RNA array fabrication was a prerequisite in this 

process, a recently reported DNA array-programmed RNA array platform (34), here 

referred to as DAPRA, was adopted. DAPRA produces RNA arrays in a slide sandwich 

format by in situ transcription from a template DNA array, and self-immobilisation through 

a streptavidin aptamer tag. A similar slide sandwich strategy, also used in the DAPA (DNA 

Array to Protein Array) platform (85), was adopted for the subsequent translation step. 

Therefore, the predefined structure for RAPA involved three slides (one each for DNA, 

RNA, and protein arrays) and two slide sandwiches (one each for the transcription and 

translation steps). Additionally, a suitable PTGR (riboregulatory) system had to be selected 

for demonstration on RAPA. It was postulated that an iterative process of approach design, 

reagent preparation, and protocol development/optimisation was necessary to achieve 

the stated aims of the project. A process which was thoroughly elucidated in the 

subsequent sections of this work. 

 

In Chapter 2, general materials and methods such as those required for gel electrophoresis, 

cloning, and protein purification were  described. Chapter 3 provided an overview of the 

experimental approaches and the foundation work leading to the first proof of concept 

RAPA-generated protein slide. Specifically, the various immobilisation steps necessitated 

by the RAPA procedure including DNA, RNA, and protein immobilisation principles were 

elucidated first. DNA and RNA immobilisation were achieved by the interaction of surface-

immobilised streptavidin with biotin-tagged DNA and streptavidin aptamer-tagged RNA, 

respectively; an approach which was required by the DAPRA method (34). Protein 

immobilisation relied on the recently introduced SpyCatcher-SpyTag covalent interaction 

partners (225), with SpyCatcher as the surface-immobilised capture agent and SpyTag as a 

C-terminal affinity tag on the reporter protein. However, originally the alternative strategy 

was also envisioned, with SpyTag peptide as the capture agent and SpyCatcher as the 

affinity tag. The mCherry fluorescent protein was selected as the reporter protein due to 

its suitable spectral properties (237), initially intending to use it as both the translational 

output and the protein detection method. Therefore, a range of DNA constructs were 
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assembled by cloning in preparation for preliminary RAPA experiments. In a series of 

quality control assays, the functionality of the capture methods was verified by gel shift 

and on-slide immobilisation assays. In addition, plate reader assays were performed to 

check the functionality of mCherry-SpyTag as produced in vitro by cell-free expression. 

These experiments verified that all the prepared reagents meet the expected performance 

standards in a control environment, warranting a move to experiments in an actual RAPA 

setup. 

 

Initially, RAPA experiments were performed with the expectation that the immobilised 

protein output can be visualised by direct detection of mCherry’s fluorescence. However, 

multiple rounds of repeat experiments failed to yield a detectable signal on the protein 

slide, even after altering the reaction conditions. As a result, a question arose as to what 

might be the reason for the lack of a protein signal. Two troubleshooting experiments 

(described in 3.6.5) provided a definitive answer to this question, the lack of signal on the 

protein slide was not caused by mCherry-SpyTag misfolding or failure to immobilise. 

Rather, the levels of immobilised mCherry-SpyTag in a RAPA experiment were too low to 

produce a fluorescence signal within the detection limits of the slide scanner. Reassuringly, 

a search of the relevant literature revealed that platforms such as MIST (60), DAPA (85), 

and Tus-Ter assembly arrays (79) have also used a fluorescent protein (GFP) as an output 

but not as a detection method. Instead, they have used signal amplification through 

fluorescent antibodies to detect the GFP output, presumably because of immobilised GFP’s 

low abundance. Therefore, a similar signal amplification strategy i.e. TSA was adopted and 

as a result, the first RAPA proof of concept protein slide was generated. However, the 

performance of primary antibodies, which targeted the N-terminal x6His tag on mCherry-

SpyTag, proved suboptimal and called for a more suitable primary antibody. Nevertheless, 

the initial proof of concept results greatly facilitated the process of developing an 

optimised RAPA protocol, further elaborated in Chapter 4.  

 

Throughout the protocol development process in Chapters 3 and 4, substantial effort was 

made to render the final RAPA protocol as efficient as possible in terms of time and cost 

as well as technical complexity. This efficiency was necessary because the predefined RAPA 

procedure, which was based on DAPRA’s IVT slide sandwich protocol, required 150 µl IVT 

and CFPE slide sandwiches and took a minimum of 10 hours to complete. Additionally, no 

quantitative methods had been defined for the direct detection of RAPA’s RNA slide, and 
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as a result, an extra (Cy3-UTP labelled) IVT slide sandwich was required with every RAPA 

experiment to be able to infer the quantity of each RNA spot. These factors caused the 

RAPA platform to be logistically demanding and were targeted for improvement. 

Therefore, through a series of sequential modifications, the volume of IVT and CFPE slide 

sandwiches was reduced from 150 µl down to 80, 30, 20, and finally 12 µl, the minimum 

that could be accommodated on Slide H. Accordingly, the time required for IVT reactions 

was reduced from the initial 90 minutes to just 15 minutes; and the time required for CFPE 

reactions was reduced from the initial 1-15 hours to just 10 minutes. Further, it was 

established that diluting the IVT mixtures 2-fold did not adversely affect the quality of RNA 

spots, further reducing the cost of RAPA. Improvements were also made to the slide 

functionalisation process, eliminating the use of Lifterslip coverslips and reducing the 

volume of streptavidin/SpyCatcher required for slide coating from 80 µl to 15 µl per slide. 

These improvements to the slide coating conditions and sandwich setups also enabled the 

reduction of the required DNA spotting concentration from the initial 200 nM down to 

12.5 nM; although this had to increase later to 50 nM due to arrayer robot technical issues. 

 

As part of the RAPA protocol optimisation process, the volume of IVT and CFPE slide 

sandwiches was reduced to 12 µl. This in turn posed a new challenge as the surface tension 

between the slides in a 12 µl slide sandwich was extremely strong, prohibiting correct 

manual disassembly of the sandwich. The 12 µl slide sandwiches needed to be separated 

vertically and smoothly, otherwise there was a risk of creating star effects (trailing signal)         

on the spots. Presumably due to the presence of highly concentrated RNA/protein around   

each spot and the resulting quick ON rates for RNA/protein immobilisation. To overcome 

this challenge, a simple slide separator apparatus was designed (Figure 4.10) and 

redesigned (Figure 5.7) with off-the-shelf parts. The apparatus achieved smooth and near 

vertical separation of slides based on a simple and non-invasive principle, water ingress 

promoted by the gravitational pull of a weight-down unit. Therefore, IVT and CFPE slide 

sandwiches were assembled on the separator device and after incubation, submerged in 

water to separate. Although this ad hoc separator device was functional as an immediate 

solution, engineering of a precision device would guarantee total reproducibility.    

 

Slide visualisation and signal quantification are of prime importance for the RAPA platform. 

Because the efficiency of transcription and translation processes, and therefore the effect 

of PTGR, for a given coding sequence can only be determined by quantitively visualising 
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the DNA, RNA, and protein slides. DNA visualisation was efficiently achieved by using DNA 

templates which had been PCR amplified with a fluorophore-modified reverse primer and 

thus required no change. RNA visualisation was initially done by internal Cy3-UTP labelling 

of IVT reactions on a control RNA slide and not the actual translation template slide, 

necessitating a change. Therefore, a tailored quantitative RNA visualisation approach was 

devised and successfully verified by gel shift and on-slide assays. The new technique only 

required hybridising a fluorophore-modified 20 nt ssDNA probe to a common linker 

sequence on the RAPA RNA molecules after the translation step and took just 30 minutes 

to complete. Protein visualisation which at the early stages relied on the use of an anti-

x6His tag primary antibody, a HRP-conjugated secondary antibody, and the TSA procedure,  

was also improved. The optimised protein visualisation method utilised a highly specific 

anti-mCherry primary antibody and a fluorophore-labelled secondary antibody, required 

only 0.2 µl of each antibody per protein slide, and took just 30 minutes for each antibody 

incubation step. A full RAPA experiment from slide functionalisation to scanning now took 

a fixed duration of 4-5 hours to complete, reflecting the efficacy of the protocol 

development approach. Collectively, all the aforementioned optimisations to the RAPA 

protocol warranted a move to the next phase of the project, that is, demonstration of 

RAPA’s utility in high throughput PTGR analysis; elucidated in Chapter 5.  

 

The ultimate purpose of the RAPA platform is to study PTGR related phenomena in high 

throughput in vitro. Conventionally, high throughput in vivo assays have been used for the 

study of post-transcriptional gene regulatory devices (134,135). Although, there are also 

instances of such studies in vitro in  cell-free expression systems using plate reader assays 

(182,252). There are drawbacks associated with these conventional platforms. For 

example, in vivo assays require cloning of regulatory and coding sequences, are labour 

intensive and time consuming, and may have toxicity issues associated with exogenous 

regulatory elements. Conventional in vitro assays on the other hand are expensive and of 

medium throughput; 96 and 384 well microplates typically require a minimum of 50 µl and 

20 µl of lysate per reaction, respectively. The optimised RAPA platform combines the high 

throughput of in vivo assays with the flexibility of cell-free systems. Using inhouse arraying 

equipment, 1000 unique sequences can be studied in under 5 hours and using just 12 µl 

each of IVT and CFPE mixtures. To demonstrate this, a proof of concept application of RAPA 

for the study of a representative  PTGR system was required. A set of criteria were 

proposed (in 5.2) for the suitable PTGR system, keeping in mind project-specific 
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requirements as well as the extensibility and potential impact of the selected system. As a 

result, the synthetic toehold switches (136) were deemed most suitable as a 

representative PTGR system to demonstrate on RAPA. 

 

Toehold switches are cis-repressive regulatory elements which rely on a trans-activating 

trigger RNA for translational activation. They have an immense sequence space for 

developing orthogonal switch libraries and have shown promising results in diagnostic 

(252,253) as well as bioengineering (254) applications. It was postulated that RAPA can be 

utilised not only for toehold switch development (performance screening), but also for its 

application e.g. in diagnostic settings. Therefore, RAPA experiments were conducted in 

two formats: a) trigger co-spotted with the switch DNA, suitable for toehold switch 

development; and b) trigger free in solution, suitable for diagnostic applications. Six high 

performance toehold switches were selected from the original publication (136), cloning 

the switch sequences in the 5’ UTR of mCherry-SpyTag. A preliminary co-spotting screen 

revealed that four out of six switches exhibit remarkably high ON/OFF ratios, and therefore 

refined experiments were conducted with the four best-performing switches i.e. RS1, 3, 8, 

and 9. Subsequently, it was shown in a co-spotting experiment that all the tested switch-

trigger cognate pairs exhibit a high degree of orthogonality (Figure 5.9), demonstrating 

RAPA’s utility in toehold switch development. Additionally, four separate trigger free in 

solution experiments revealed that toehold switches can be specifically activated by their 

cognate triggers in the IVT solution, demonstrating RAPA’s utility in toehold switch 

application for diagnostic purposes. 

  

In a technical comparison with other protein array fabrication techniques published to 

date, the RAPA platform offers benefits but also has drawbacks depending on the 

application. If one intends to simply study the interaction of proteins with other 

biomolecules (e.g. proteins or nucleic acids) on the array, platforms such as MIST, NAPPA, 

and DAPA are by far more advantageous. This is due to their lower cost, lighter logistic 

effort, and simplicity. MIST and NAPPA use a single slide in a single translation step to 

produce protein arrays with a high feature density (13000 and 12000 spots per slide, 

respectively). DAPA requires two slides, a separate DNA slide and a separate protein slide 

but still involves a single translation step. It offers a lower spot density (approx. 2000 spots 

per slide) but has the advantage of reusability, with each DNA slide being reused 20 times 

to produce 20 protein slides. RAPA on the other hand, requires three separate slides and 
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two separate transcription and translation steps to produce a protein array with a density 

of up to 800 features per slide. Further, neither of the DNA or RNA template slides can be 

reused with the existing RAPA protocols. Such requirements mean that RAPA is more 

expensive and logistically complex than other protein array platforms. Therefore, for the 

purpose of studying protein interactions, RAPA is not the preferred method.  

 

However, despite the added complexity, RAPA can be advantageous for applications that 

involve monitoring PTGR events. That is, using the protein signal on the protein slide as a 

readout of RNA translation efficiency on the RNA slide. Having the RNA transcripts 

immobilised on the RNA slide, and decoupled transcription and translation steps, can offer 

a window of opportunity unachievable with other protein array platforms. For example, 

one may wish to specifically manipulate RNA transcripts before or during translation in a 

DNA-free environment; by cis or trans-acting riboregulatory elements (e.g. riboswitches, 

sRNAs, siRNAs) or ancillary factors (e.g. Hfq, RISC). In such cases, RAPA can be the ideal 

array platform as was demonstrated in the present work with toehold switch-trigger pairs. 

Next steps for RAPA may include using the platform as a complementary in vitro screening 

system for the development of synthetic riboregulatory devices (like those described in 

Chapter 1), and for elucidating the regulatory effect of a given sRNA on a library of 

candidate target mRNAs.    

 

In conclusion, the data presented within this work show the successful accomplishment of 

the planned objectives of the project. Through multiple rounds of research, strategy 

design, and implementation, an efficient protocol was developed for the concept of RNA 

Array to Protein Array. Further, proof of concept application of RAPA to gene expression 

analysis of synthetic riboregulators was demonstrated. Presenting RAPA as an ideal high 

throughput in vitro platform for studying PTGR related phenomena, with potential 

applications in synthetic biology, therapeutics, diagnostics, and biosensing.   
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Appendices 

Appendix I: Supplementary buffer recipes 
 

 

10x TBE (pH 8.4) (Fisher BP1333) 

 

0.89 M Tris 

0.89 M Borate 

0.02 M EDTA 

 

 

 

10x DNA loading dye 

33 mM Tris HCl (pH 8) 

110 mM EDTA 

0.17 % SDS  

30 % Glycerol 

1.5 % Orange G  

 

 

10x MOPS buffer (pH7.3 with NaOH) 

0.4 M MOPS (Fisher BP308) 

0.1 M NaOAc 

0.01 M EDTA 

 

 

 

2x ThermoScientific RNA loading dye 

95% Formamide 

0.025% SDS 

0.025% bromophenol blue 

0.025% Xylene Cyanol 

0.025% ethidium bromide 

0.5 mM EDTA 

 

 

10x Tris-Glycine-SDS Buffer (pH 8.5) 

 (National diagnostics) 

0.25 M Tris base 

1.92 M glycine 

1% (w/v) SDS 

 

10x Tris-Glycine running buffer (pH 8.3) 
0.25 M Tris base 

1.92 M glycine 
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3x SDS loading buffer 

150 mM Tris-HCl (pH 6.8) 

6% SDS 

0.03% Bromophenol Blue 

30% Glycerol 

300 mM DTT 

 

 

2x Native protein loading buffer 

62.5 mM Tris-HCl (pH 6.8) 

25% Glycerol 

0.02% Bromophenol Blue 

 

10x PBS (pH 7.4) 

(Fisher BP399) 

1.37 M NaCl 

0.027 M KCl 

0.119 M Phosphate buffer 

 

50x TAE (pH 8.3)  

(National diagnostics EC-872) 

2 M Tris-acetate 

100 mM Na2EDTA 

 

1x PBST 1x PBS with 0.02% Tween-20 (pH 7.4) 

 

Amine blocking buffer 
50 mM Ethanolamine (Fisher M251-1) 

in 1x PBST (pH 8.5 with HCl) 

 

 

Transfer buffer (for Western blotting) 

25 mM Tris 

190 mM Glycine 

20% Methanol 

 

 

10X TBST 

100 mM Tris-HCl (pH 8.0) 

1.5 M NaCl 

1% Tween-20 

 

20X SSC pH 7.0 
3 M NaCl 

300 mM trisodium citrate 
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Appendix II: The pET28a plasmid map 
 

 
 

Figure S1. pET28a vector map (from Novagen). All constructs produced in this study have been cloned 

between the BglII and XhoI restriction sites, marked with red arrows.   
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Appendix III: Size markers 
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Appendix IV: The microarray equipment 
 

 
Figure S2. The microarray equipment. A) Nexterion Slide H with standard dimensions of 75.6 mm x 25.0 mm 

x 1.0 mm. B) The Genetix QArray2 microarraying robot. The robot is controlled via specialized software on 

the connected computer. C) The GenePix 4300A microarray slide scanner (blue) and the associated software 

running on the connected computer.   

 

 

 

A

B

C
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Appendix V: Supplementary sequences 
 

Generic primers used in this work 

Primer Sequence 

Biotin-T7 FW Biotin-CGAGGCAGATCTTAATACGACTCACTATAG 

SA RV GCATGCATCCCGGCCCGCGACTATCTTAC 

DY549-SA RV DY549P1- GCATGCATCCCGGCCCGCGACTATCTTAC 

Alexa647-SA RV Alexa647-GCATGCATCCCGGCCCGCGACTATCTTACGCA 

SpyTag RV 
GCTCCGCTCGAGAAACCCCTCCGTTTAGAGAGGGGTTATGCTAGAAGCTTTTACTA

CTTCGTCGGC  

SpyCatcher RV 
GCTCCGCTCGAGAAACCCCTCCGTTTAGAGAGGGGTTATGCTAGAAGCTTTTACTA

AATATGAGCGTC 

pET-seq FW CCAGCAACCGCACCTGTG 

pET-seq RV TTGCTCAGCGGTGGCAGC  

HindIII-aTG mCherry FW CGAGGCAAGCTTTGGTGAGCAAGGGCGAGG 

mCherry FW CGAGGCCATATGATGGTGAGCAAGGGCGAGGA 

mCherry RV GCTCCGGCTAGCCTTGTACAGCTCGTCCATGCCG 

60ac SA linker FW 
CGAGGCAAGCTTACACACACACACACACACACACACACACACACACACACACACA

CACACACACACACACACGCATGCATACCGACCAGAATCATGCA   

60ac SA linker RV 
GCTCCGCTCGAGAAACCCCTCCGTTTAGAGAGGGGTTATGCTAGGCATGCATCCC

GGCCCGCGACTATCTTACGCACTTGCATGATTCTGGTCGGTATG 
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SpyTag/SpyCatcher constructs (All in pET28a between BglII and XhoI) 

Features: BglII, T7 promoter, Start codon, NdeI, NheI, HindIII, SAapt linker, SAapt, T7 terminator, XhoI.  

SpyTag scaffold 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGTCT

GCCGCTAGCGCCCACATCGTGATGGTGGACGCCTACAAGCCGACGAAGTAGTAAAAGCTTACACACACACACACA

CACACGCATGCATACCGACCAGAATCATGCAAGTGCGTAAGATAGTCGCGGGCCGGGATGCATGCCTAGCATAAC

CCCTCTCTAAACGGAGGGGTTTCTCGAG 

SpyCatcher scaffold 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGTCT

GCCGCTAGCGGCGCCATGGTTGATACCTTATCAGGTTTATCAAGTGAGCAAGGTCAGTCCGGTGATATGACAATT

GAAGAAGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAACTATG

GAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATC

CAGGAAAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAA

TGAGCAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGTGACGCTCATATTTAGTAAAAGCTTACACACAC

ACACACACACACGCATGCATACCGACCAGAATCATGCAAGTGCGTAAGATAGTCGCGGGCCGGGATGCATGCCTA

GCATAACCCCTCTCTAAACGGAGGGGTTTCTCGAG  

mCherry-SpyTag 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGATG

GTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTC

CGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAG

CTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGT

GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAA

GGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCT

CCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGG

CGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGT

CAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCG

CCACTCCACCGGCGGCATGGACGAGCTGTACAAGGCTAGCGCCCACATCGTGATGGTGGACGCCTACAAGCCGAC

GAAGTAGTAAAAGCTTACACACACACACACACACACGCATGCATACCGACCAGAATCATGCAAGTGCGTAAGATA

GTCGCGGGCCGGGATGCATGCCTAGCATAACCCCTCTCTAAACGGAGGGGTTTCTCGAG 
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mCherry-SpyTag- extended linker-SAapt 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGATG

GTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTC

CGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAG

CTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGT

GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAA

GGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCT

CCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGG

CGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGT

CAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCG

CCACTCCACCGGCGGCATGGACGAGCTGTACAAGGCTAGCGCCCACATCGTGATGGTGGACGCCTACAAGCCGAC

GAAGTAGTAAAAGCTTACACACACACACACACACACACACACACACACACACACACACACACACACACACACACAC

GCATGCATACCGACCAGAATCATGCAAGTGCGTAAGATAGTCGCGGGCCGGGATGCATGCCTAGCATAACCCCTC

TCTAAACGGAGGGGTTTCTCGAG 

mCherry-SpyCatcher 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGATG

GTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTC

CGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAG

CTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGT

GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAA

GGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCT

CCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGG

CGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGT

CAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCG

CCACTCCACCGGCGGCATGGACGAGCTGTACAAGGCTAGCGGCGCCATGGTTGATACCTTATCAGGTTTATCAAG

TGAGCAAGGTCAGTCCGGTGATATGACAATTGAAGAAGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGA

GGACGGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGGATTTC

AGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTCGAAACCGCAGCACCAGACGGTTAT

GAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGT

GACGCTCATATTTAGTAAAAGCTTACACACACACACACACACACGCATGCATACCGACCAGAATCATGCAAGTGCG

TAAGATAGTCGCGGGCCGGGATGCATGCCTAGCATAACCCCTCTCTAAACGGAGGGGTTTCTCGAG 
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mCherry-SpyTag-spacer-SAapt 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGATG

GTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTC

CGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAG

CTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGT

GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAA

GGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCT

CCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGG

CGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGT

CAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCG

CCACTCCACCGGCGGCATGGACGAGCTGTACAAGGCTAGCGCCCACATCGTGATGGTGGACGCCTACAAGCCGAC

GAAGTAGTAAAAGCTTTGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAA

GGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAG

GGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAG

TTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGG

GCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAG

GACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAG

ACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGA

GGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAG

CTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGT

ACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGGCTAGCGGCGCCATGGTTGAT

ACCTTATCAGGTTTATCAAGTGAGCAAGGTCAGTCCGGTGATATGACAATTGAAGAAGATAGTGCTACCCATATTA

AATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAA

CTATTAGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTCGAAAC

CGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAAT

GGCAAAGCAACTAAAGGTGACGCTCATATTTAGTAAAAGCTTACACACACACACACACACACGCATGCATACCGAC

CAGAATCATGCAAGTGCGTAAGATAGTCGCGGGCCGGGATGCATGCCTAGCATAACCCCTCTCTAAACGGAGGG

GTTTCTCGAG 
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SpyTag-MBP-SA 

AGATCTTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGCACCACCACCACCACCATATGGG

AGCCCACATCGTGATGGTGGACGCCTACAAGCCGACGAAGGGTAGTGGTGAAAGTGGTAAAATCGAAGAAGGTA

AACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATA

CCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATG

GCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCC

GGACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTAC

CCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAG

ATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTC

ACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTG

GGCGTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCA

GACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAAC

CGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAA

ACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTT

ACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATGCCG

AACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTG

TCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTCGTAAAAGCTTACACACACACACACACACACGCATG

CATACCGACCAGAATCATGCAAGTGCGTAAGATAGTCGCGGGCCGGGATGCATGCCTAGCATAACCCCTCTCTAA

ACGGAGGGGTTTCTCGAG 

 

 

 

Toehold switch sequences 

Name Sequence 

Switch 1.1 
GGGTGAATGAATTGTAGGCTTGTTATAGTTATGAACAGAGGAGACATAACATGAACAAGCCTAAC

CTGGCGGCAGCGCAAAAGATG 

Switch 1 
GGGTCTTATCTTATCTATCTCGTTTATCCCTGCATACAGAAACAGAGGAGATATGCAATGATAAAC

GAGAACCTGGCGGCAGCGCAAAAGATG 

Switch 2 
GGGAGTTTGATTACATTGTCGTTTAGTTTAGTGATACATAAACAGAGGAGATATCACATGACTAA

ACGAAACCTGGCGGCAGCGCAAAAGATG 

Switch 3 
GGGATCTATTACTACTTACCATTGTCTTGCTCTATACAGAAACAGAGGAGATATAGAATGAGACA

ATGGAACCTGGCGGCAGCGCAAAAGATGCGTAAAATG 

Switch 8 
GGGACCTCTACTTACTCTCACTCTTACTTCTGCATAGTAGAACAGAGGAGATATGCAATGGTAAGA

GTGAACCTGGCGGCAGCGCAAAAGATG 

Switch 9 
GGGCTTACTACTTTGACACCTGATTCTGACACGATAACAGAACAGAGGAGATATCGTATGAGAAT

CAGGAACCTGGCGGCAGCGCAAAAGATG 
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Primers used for toehold switch overlap extension PCRs 

Primer Sequence 

Switch 1.1 FW 
TAATACGACTCACTATAGGGTGAATGAATTGTAGGCTTGTTATAGTTATGAACAGAGGAGACA

TAACATGAACAAGC 

Switch 1.1 RV 
GCTCACCATCATATGGTGGTGGTGGTGGTGCATCTTTTGCGCTGCCGCCAGGTTAGGCTTGTT

CATGTTATGTCTCC 

Switch 1 FW 
TAATACGACTCACTATAGGGTCTTATCTTATCTATCTCGTTTATCCCTGCATACAGAAACAGAG

GAGATATGCAATG 

Switch 1 RV 
GCTCACCATCATATGGTGGTGGTGGTGGTGCATCTTTTGCGCTGCCGCCAGGTTCTCGTTTATC

ATTGCATATCTCCTCTGTTTC 

Switch 2 FW 
TAATACGACTCACTATAGGGAGTTTGATTACATTGTCGTTTAGTTTAGTGATACATAAACAGAG

GAGATATCACATGACTAAACG 

Switch 2 RV 
GCTCACCATCATATGGTGGTGGTGGTGGTGCATCTTTTGCGCTGCCGCCAGGTTTCGTTTAGTC

ATGTGATATCTC 

Switch 3 FW 
TAATACGACTCACTATAGGGATCTATTACTACTTACCATTGTCTTGCTCTATACAGAAACAGAG

GAGATATAGAATGAGACAATGG 

Switch 3 RV 
GCTCACCATCATATGGTGGTGGTGGTGGTGCATTTTACGCATCTTTTGCGCTGCCGCCAGGTTC

CATTGTCTCATTCTATATCTCC 

Switch 8 FW 
TAATACGACTCACTATAGGGACCTCTACTTACTCTCACTCTTACTTCTGCATAGTAGAACAGAG

GAGATATGCAATG 

Switch 8 RV 
GCTCACCATCATATGGTGGTGGTGGTGGTGCATCTTTTGCGCTGCCGCCAGGTTCACTCTTACC

ATTGCATATCTCCTCTGTTC 

Switch 9 FW 
TAATACGACTCACTATAGGGCTTACTACTTTGACACCTGATTCTGACACGATAACAGAACAGAG

GAGATATCGTATG 

Switch 9 RV 
GCTCACCATCATATGGTGGTGGTGGTGGTGCATCTTTTGCGCTGCCGCCAGGTTCCTGATTCTC

ATACGATATCTCCTCTGTTC 

 

 

Primers used for toehold switch homologous recombination cloning 

Primer Sequence 

pET-T7 overlap FW GATGCGTCCGGCGTAGAGGATCGAGATCTTAATACGACTCACTATAG 

BglII pET-linear RV AGATCTCGATCCTCTACGCCGGACGCATC 

RS-mCherry overlap FW CACCACCACCACCACCATATGATGGTGAGC 
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Toehold SwitchX-mCherry-SpyTag  

AGATCTTAATACGACTCACTATA-SwitchX-CACCACCACCACCACCATATGATGGTGAGCAAGGGCGAGGAGGAT 

AACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAG

ATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCC

CCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGA

CATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGG

CGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAA

CTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGA

GGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTC

AAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACC

TCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGA

CGAGCTGTACAAGGCTAGCGCCCACATCGTGATGGTGGACGCCTACAAGCCGACGAAGTAGTAAAAGCTTACACA

CACACACACACACACGCATGCATACCGACCAGAATCATGCAAGTGCGTAAGATAGTCGCGGGCCGGGATGCATGC

CTAGCATAACCCCTCTCTAAACGGAGGGGTTTCTCGAG 

 

 

Trigger sequences 

Name Sequence 

Trigger 1.1 GGGACCGTGGACCGCATGAGGTCCACGGTAAACATAACTATAACAAGCCTACAATTCATTCAAAC 

Trigger 1 
GGGACTGACTATTCTGTGCAATAGTCAGTAAAGCAGGGATAAACGAGATAGATAAGATAAGATA

G 

Trigger 2 GGGACAGATCCACTGAGGCGTGGATCTGTGAACACTAAACTAAACGACAATGTAATCAAACTAAC 

Trigger 3 GGGTGATGGGACATTCCGATGTCCCATCAATAAGAGCAAGACAATGGTAAGTAGTAATAGATAAG 

Trigger 8 
GGGACTGAGCTGCTATCACGCAGCTCAGTAGAGCAGAAGTAAGAGTGAGAGTAAGTAGAGGTAG

A 

Trigger 9 GGGTCAATTACCCGTGGTAGGGTAATTGAAAGCGTGTCAGAATCAGGTGTCAAAGTAGTAAGTAG 
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Primers used for trigger overlap extension PCRs 

Primer Sequence 

Trigger 1.1 FW TAATACGACTCACTATAGGGACCGTGGACCGCATGAGGTCCACGGTAAAC 
Trigger 1.1 RV GTTTGAATGAATTGTAGGCTTGTTATAGTTATGTTTACCGTGGACCTCATGC 
Trigger 1 FW TAATACGACTCACTATAGGGACTGACTATTCTGTGCAATAGTCAGTAAAGC 
Trigger 1 RV CTATCTTATCTTATCTATCTCGTTTATCCCTGCTTTACTGACTATTGCACAG 
Trigger 2 FW TAATACGACTCACTATAGGGACAGATCCACTGAGGCGTGGATCTGTGAAC 
Trigger 2 RV GTTAGTTTGATTACATTGTCGTTTAGTTTAGTGTTCACAGATCCACGCCTC 
Trigger 3 FW TAATACGACTCACTATAGGGTGATGGGACATTCCGATGTCCCATCAATAAGAGC 
Trigger 3 RV CTTATCTATTACTACTTACCATTGTCTTGCTCTTATTGATGGGACATCG 
Trigger 8 FW TAATACGACTCACTATAGGGACTGAGCTGCTATCACGCAGCTCAGTAGA 
Trigger 8 RV TCTACCTCTACTTACTCTCACTCTTACTTCTGCTCTACTGAGCTGCGTGATAG 
Trigger 9 FW TAATACGACTCACTATAGGGTCAATTACCCGTGGTAGGGTAATTGAAAGCG 
Trigger 9 RV CTACTTACTACTTTGACACCTGATTCTGACACGCTTTCAATTACCCTACCAC 
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Appendix VI: Statistical significance analyses for toehold switch 

performances 
 

 

 reference 
group 

experimental 
group P-value  reference 

group 
experimental 

group P-value 

A 

S1T1 S1T3 0.005864 

C 

S8T8 S8T1 0.00028239 

S1T1 S1T8 0.00816649 S8T8 S8T3 0.00036108 

S1T1 S1T9 0.02946155 S8T8 S8T9 0.00040196 

B 

S3T3 S3T1 0.00063718 

D 

S9T9 S9T1 1.9459E-05 

S3T3 S3T8 0.00087291 S9T9 S9T3 2.2678E-05 

S3T3 S3T9 0.00148115 S9T9 S9T8 2.3956E-05 
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Figure S3. Statistical significance analyses for co-spotting experiments (see Figure 5.9-F). Shared-control 

estimation plots are displayed separately for each switch (S 1, 3, 8 and 9) and represent protein signal 

intensities when each switch is co-spotted witch one of the of triggers (T 1, 3, 8 or 9). The swarmplots provide 

a visual indication of the distribution of all data points (signal intensities on each spot) along the Y-axes. For 

each switch sample, the signal intensities on four spots on the slide are used for measurements (n=4). On 

each plot, the reference group (the shared control) is the switch-cognate trigger sample, comparing the 

performance of the same switch when co-spotted with any of the other non-cognate triggers (experimental 

groups). The aligned (delta) y-axes present the effect size in the form of a bootstrap 95% confidence interval 

of the mean difference between the reference group and each of the experimental groups. A) Estimation 

plot for Switch 1. B) Estimation plot for Switch 3. C) Estimation plot for Switch 8. D) Estimation plot for Switch 

9. The table at the bottom displays respective P-values for each dataset (A, B, C and D). In all cases P<0.05, 

confirming a statistically significant difference between switch performances when co-spotted with a 

cognate or non-cognate trigger and thus orthogonality of toehold switch-trigger pairs.  
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 reference 
group 

experimental 
group P-value  reference 

group 
experimental 

group P-value 

A 

S1 S3 0.00023693 

C 

S8 S1 0.00324339 

S1 S8 0.00017893 S8 S3 0.00387578 

S1 S9 0.00023512 S8 S9 0.00532791 

B 

S3 S1 0.00063894 

D 

S9 S1 7.54E-05 

S3 S8 0.00044776 S9 S3 5.93E-05 

S3 S9 0.00301318 S9 S8 4.41E-05 

 

Figure S4. Statistical significance analyses for trigger free-in-solution experiments (see Figure 5.10-B). 

Shared-control estimation plots are displayed separately for each switch (S1, 3, 8 and 9) and represent 

protein signal intensities (at 100 nM spot positions) when a single trigger (T 1, 3, 8 or 9) is present in the IVT 

solution. For each switch sample, the signal intensities on four spots on the slide are used for measurements 

(n=4). On each plot, the reference group is the switch corresponding to the cognate trigger in the IVT 

solution, comparing its performance with that of the other three non-cognate switches (experimental 
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groups). The aligned (delta) y-axes present the effect size in the form of a bootstrap 95% confidence interval 

of the mean difference between the reference group and each of the experimental groups. A) Estimation 

plot for Switch 1. B) Estimation plot for Switch 3. C) Estimation plot for Switch 8. D) Estimation plot for Switch 

9. The table at the bottom displays respective P-values for each dataset (A, B, C and D). In all cases P<0.05, 

confirming a statistically significant difference between switch performances when challenged with a 

cognate or non-cognate trigger in the IVT solution and thus the orthogonality of toehold switch-trigger pairs.       
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