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Abstract 
Light-oxygen-voltage (LOV) photoreceptors are ubiquitous blue light sensing domains that 

regulate the activity of various effectors, such as DNA binding domains. Illumination of a LOV 

domain results in the formation of a cysteinyl-flavin adduct between the protein and the 

chromophore. This signal is propagated to adjacent effectors and modulates their activity. 

LOV domains have been used for optogenetic tools, to control biological processes non-

invasively with high spatiotemporal resolution. This thesis focuses on the study and 

engineering of LOV domain-based transcription factors for the development of optogenetic 

tools. 

Straightforward evaluation of function is necessary in protein engineering to assess novel 

constructs. Fluorescent RNA aptamers are RNA sequences that selectively bind and enhance 

the fluorescence of small molecules. They overcome some of the limitations of fluorescent 

proteins as reporter systems. In Chapter 2, the use of the Pepper aptamer as a reporter of 

transcription in optogenetic systems was explored. An improved synthesis of the fluorogen 

was established and photoinduced isomerisation was observed, deeming this system 

unsuitable to work in combination with LOV domain-based tools. 

The photoactivatable transcription factor EL222 has been extensively used to control gene 

expression by placing a gene after its cognate promoter. In Chapter 3, a novel approach was 

used to design EL222 chimeras with different DNA binding affinity that maintained 

photoactivation. EL222 was engineered to mimic the master biofilm regulator CsgD. One 

EL222 variant was able to bind the CsgD promoter naturally present in E. coli and induce 

biofilm formation under illuminated conditions. 

Rational design of optogenetic tools requires detailed knowledge of the signal transduction 

mechanism between adduct formation and effector activation. Seven variants of 

aureochrome LOV domain were analysed to understand the role of Asn194, hypothesised to 

be involved in the hydrogen bond network that links chromophore and effector. Changes in 

photocycle kinetics were recorded and the need for a hydrogen bond donor and acceptor 

amino acid in position 194 to maintain light induced dimerisation was identified. Additionally, 

three novel crystal structures of AuLOV variants were obtained. 
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Chapter 1  - Introduction 
1.1 Photocontrol 

Controlling biological processes requires either harnessing natural stimuli and the associated 

feedback or engineering novel responses to natural or unnatural applied signals. Exogenous 

addition of chemical inducers such as isopropyl β-D-1-thiogalactopyranoside (IPTG), L-

arabinose or L-rhamnose has primarily been used to activate inducible systems. However, 

their high cost is a major drawback in large scale processes.1 The widely used inducer IPTG 

often amounts to 50% of total media costs, similar or higher than the carbon sources 

necessary for cell growth.2 Additionally, chemical inducers may present a toxicity hazard if 

present in the final product.3 Other constraints include diffusion effects, irreversibility of 

induction and unwanted interactions with the host organism. These limitations have led to 

the development of systems that respond to other extracellular factors, such as light. The use 

of light as an inducer presents several advantages: 

- Temporal control: light offers a rapid response as the time required for optical activation is 

frequently on the order of milliseconds – seconds, while chemical inducer activation is 

typically minutes – hours. This is particularly useful when studying fast-acting signalling 

pathways and cellular processes.4 The rate at which chemical inducers act is usually limited 

by diffusion and any metabolisation steps needed to convert the inducer to the active form 

and by the potential degradation by the organism. Additionally, the use of small molecules as 

inducers generally originates irreversible responses since their removal can be challenging or 

unfeasible. In contrast, the exposure to light is highly tuneable, its intensity can be modulated, 

and illumination can be easily stopped or used intermittently.5  

- Spatial control: light can be applied to bulk populations or focused on a small area to induce 

single cells or subcellular compartments. This high spatial resolution can be achieved using 

photomasks or digital projection systems. Most chemical inducers are small diffusible 

molecules, which hinders spatial control.6  

- Orthogonal input: for non-photoresponsive organisms, light allows a remote and non-

invasive activation method that does not interfere with other biological processes. Light is 

broadly biocompatible, although there is a risk of phototoxicity when high intensities and 
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prolonged exposure are used. Alternatively, many chemical inducers are metabolised by the 

organism and exhibit off-target effects.5,7 

These unique features of light make optical activation and the development of novel 

optogenetic tools desirable for control of biological processes in complex environments. 

Photocontrol of biological systems can be attained by employing naturally photo-responsive 

proteins or by attaching photo-switchable moieties to proteins, DNA or RNA of interest. The 

latter photochromic compounds undergo a reversible transformation upon photoirradiation 

and later revert to the initial state thermally and/or photochemically.8 When coupled with 

proteins, they can serve as activators/deactivators of molecular function and interactions as 

their electronic and geometrical changes affect the conjugated biomolecule.9 Examples of 

existing photochromic molecules capable of altering protein function include spiropyrans10, 

stilbenes11, diarylethenes12 and azobenzenes13 (Figure 1). 

 

Figure 1. Examples of photochromic molecules and the structural changes they undergo upon 
absorption of light. 

Light sensing proteins contain chromophores that, when irradiated with light of a suitable 

wavelength, undergo a photochemical change that affects the whole protein. Several families 

of photoreceptors can be distinguished depending on the chromophore they contain and the 

photochemical mechanism by which they react to light and include rhodopsins, 

phytochromes, xanthopsins, UVR8, cryptochromes, LOV (light-oxygen-voltage) domains and 

BLUF (blue light using FAD sensor) proteins (Figure 2).14 Phytochromes are plant 

photoreceptors with a linear tetrapyrrole cofactor that are responsible for red light induced 

responses in  gene expression, tactic responses or resetting of the circadian clock.15 The green 
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light photoreceptors rhodopsins contain the polyene retinal cofactor and are found in both 

prokaryotic and eukaryotic organisms, where they are involved in phototaxis and enabling 

vision in dim light.16 Xanthopsins utilise coumaric acid as a cofactor and initiate a negative 

phototactic response to blue light.17 The photoactivation of phytochromes, rhodopsins and 

xanthopsins causes the cis-trans isomerisation of their cofactor.14 Cryptochromes, LOV 

domain and BLUF are blue light sensing flavoproteins.18 Cryptochromes can be found in 

animals and plants, where they are involved in regulation of the circadian clock and in plant 

photomorphogenesis.19 LOV domains appear in prokaryotic and eukaryotic organisms, and 

they play a key role in environmental adaptation and cellular signalling. BLUF domains are 

primarily bacterial photoreceptors that can be involved in a variety of functions including 

photophobic responses or regulation of photosynthesis.18 UVR8 is an unusual photoreceptor 

that does not contain an external chromophore but interacts with UV-B light through a series 

of tryptophan residues in its structure and induces photomorphogenic response and 

protection against UV and other stresses.20 

 

Figure 2. Absorption wavelengths of the major photoreceptor protein families. 

1.2 LOV domains 

LOV domains are photosensors that absorb blue and UVA light through a flavin cofactor;21 

either riboflavin, flavin mononucleotide or flavin adenine dinucleotide.22 They belong to the 

Per-ARNT-Sim (PAS) superfamily, signalling proteins that sense oxygen, redox potential, light, 

and some other stimuli and are widely distributed across the different kingdoms.23 LOV 

domains were originally discovered in phototropins,24 a class of proteins present in plants and 

algae that control responses related to photosynthesis and plant growth in low light 

environments.25 LOV photoreceptors have also been found in bacteria,26 fungi27 and 

archaea.28 Although some standalone LOV domains exist in bacteria,29 they are usually 

located at the N-terminus of larger proteins and have one or more effector domains linked to 

their C-terminus. A great variety of effector domains have been identified, including kinases,30 

DNA binding domains,27 sulphate transporter anti- antagonists31 and phosphodiesterases.32 
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LOV domains therefore confer the ability to control a diverse range of functions by light in 

nature and demonstrate a potential for expanding this to novel functions. 

1.2.1 Structure of LOV domains 

The structures of LOV domains are highly conserved between species and comprise a classical 

PAS fold. LOV domains consist of around 110 amino acids in an antiparallel β-sheet with five 

strands (Aβ, Bβ, Gβ, Hβ and Iβ) and four α-helices (Cα, Dα, Eα and Fα). The PAS fold creates a 

pocket for binding the flavin cofactor through hydrogen bonds, electrostatic interactions, and 

Van der Waals contacts (Figure 3). The flavin-binding pocket is nonpolar around the 

dimethylbenzene side of the isoalloxazine ring and polar on the pyrimidine side and the ribityl 

phosphate chain.33 The cofactor is oriented so that the C4a position of the flavin ring system 

is close to the sidechain of a highly conserved cysteine residue of the Eα helix.34 The LOV core 

is usually linked to N- or C- terminal helical extensions that can be undocked or packed against 

it.35 There is a recurring motif on the C-terminal end of LOV domains, an α helix (Jα) with a 

conserved amphipathic pattern that forms hydrophobic interactions with the solvent exposed 

side of the β-sheet, directly underneath the flavin cofactor.36 

 

Figure 3. Structure of a LOV domain core in the light state with α-helices shown in light blue, β-
strands in dark blue and loops in grey (adapted from EL222 PDB ID: 3P7N). 

1.2.2 Interaction with light 

Exposing LOV domains to blue light results in the formation of a covalent adduct between C4a 

of the flavin cofactor and the sulphur atom of the conserved cysteine sidechain of the LOV 

domain (Figure 4).37 This bond formation and concurrent protonation of N5 causes a change 
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in hydrogen bonding around the cofactor binding pocket. A larger scale conformational 

change propagates, resulting in signal transduction to the effector domain. The formation of 

the cysteinyl-flavin C4a adduct changes the absorption spectrum of the protein (Figure 5).38 

The dark state has three absorbance maxima between 400 and 500 nm (approximately at 425, 

450 and 475 nm) which are lost upon illumination and replaced with a new absorbance 

maximum at 390 nm. 

 

Figure 4. Formation of the cysteinyl-flavin C4a adduct upon blue light illumination. 

 

Figure 5. Absorption of a LOV domain in dark (black) and light (blue) states. Spectra obtained from 
measurements of AuLOV N194Y. 

The formation of the adduct occurs by excitation of the flavin cofactor followed by 

intersystem crossing (ISC) to give the triplet state (S1→T1).39 From this point, the proposed 

mechanism is a radical formation of the adduct40 of which there are two possibilities. Firstly, 

an electron transfer to give a radical anion followed by ISC and bond formation, with a proton 

transfer to give the final adduct (Figure 6).41 Secondly, a hydrogen transfer to generate a 

neutral radical pair and the subsequent ISC and recombination to yield the adduct  (Figure 

7).41, 42 
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Figure 6. Adduct formation by radical anion mechanism. 

 

Figure 7. Adduct formation by neutral radical pair mechanism.  

The adduct undergoes thermal decay to the dark state though a base catalysed deprotonation 

of the N5 of the flavin cofactor by an internal (amino acid) or an external (solvent) base. The 

S–C4a bond breaks and the C4a–N5 double bond is regenerated. The kinetics of this step 

depend on the temperature and the amino acid sequence of each LOV domain.43 

1.2.3 Signalling mechanisms 

The formation of the cysteinyl-flavin adduct disrupts the planarity of the isoalloxazine ring 

and leads to a ~10 tilting of the flavin ring (Figure 8 left), which in turn affects neighbouring 

amino acids and modifies the H-bonding network.44 A noteworthy change is the rotation of a 

glutamine residue in Iβ strand of the β-sheet (Figure 8 right); in the dark, the amine sidechain 

forms a H-bond with O4 of the flavin ring but upon illumination it is lost, and a H-bond 
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between the carbonyl oxygen with the protonated N5 is formed. This rearrangement in the 

hydrogen bond network triggers further structural changes, initiating downstream signalling. 

Residues that interact with the nonpolar side of the ring display smaller changes following 

adduct formation.45 Additionally, there is an increase in electronic density in the flavin ring, 

especially around the N5 and C4a positions, which affects nearby residues with diffuse electron 

clouds.46 Following this, there are five main mechanisms of signal transduction from the LOV 

domain to the effector domain via large-scale conformational changes that follow adduct 

formation. 

 

Figure 8. Tilting of the flavin ring system (left) and rotation of glutamine residue (right) from the dark 
state (grey) to the light state (blue). Adapted from crystal structures of YtvA in dark (PDB ID: 2PR5) 

and light (PDB ID: 2PR6) states. 

Unfolding 

The first mechanism involves unfolding of a segment of the protein and the consequent 

release and activation of an effector. This behaviour has been observed in phototropins, 

which consist of two LOV domains (LOV1 and LOV2) near the N-terminus followed by a kinase 

domain in the C-terminus.22 LOV2 plays a more important role in the regulation of the kinase 

domain.47 The formation of the adduct leads to unfolding of the Jα helix and subsequent 

activation of the kinase effector domain.48 The most studied example is the phototropin-1 

LOV2 domain of Avena sativa (AsLOV2), where photoactivation of the kinase domain 

produces autophosphorylation and induces responses including phototropism,49 stomatal 

opening,50 chloroplast movement51 and leaf positioning.52  
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Figure 9. Unfolding mechanism of LOV domain activation, represented by AsLOV2. 

Dimerisation 

The conformational changes that occur after illumination can enable interactions between 

two monomers and cause dimer formation. The protein vivid (VVD) from fungus Neurospora 

crassa undergoes homodimerisation when illuminated. VVD is a short cytosolic protein that 

contains a LOV domain53 and a N-terminal extension formed by an α-helix (aα) and a β strand 

(bβ) that, in the dark state, is packed against the LOV core β-sheet.54 Photoactivation leads to 

conformational changes in the N-cap, dissociating from the LOV domain core, which allows 

homodimerisation of the VVD protein.55 It regulates the response of the organism to varying 

intensities of light by controlling the activity of White Collar Complex, the main photoreceptor 

for the  circadian system of Neurospora crassa.56 

   

Figure 10. Homodimerisation mechanism of LOV domain activation, represented by VVD. 

Conformational changes can also make available a binding region selective to a certain 

biomolecule, leading to heterodimerisation. This is observed in partner proteins FKF1 and 

GIGANTEA in Arabidopsis thaliana.57 FKF1 consists of a N-terminal LOV domain, an F-box 

(related to ubiquitin-mediated degradation) and a Kelch repeat (involved in protein-protein 

interactions).58 Illumination causes conformational changes that allow the FKF1 protein to 

bind to GIGANTEA, a nuclear membrane protein. This heterodimer is involved in flowering 

regulation depending on daylight length.59 

 

Figure 11. Heterodimerisation mechanism of LOV domain activation, represented by FKF1. 
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Dissociation 

Although less frequent, the opposite response has also been observed, for example in the 

gram-negative bacterium Rhodobacter sphaeroides, where RsLOV is a small protein that 

contains a LOV domain, an N-terminal a helix and a C-terminal helix-turn-helix (HTH) 

dimerisation motif which includes the J helix. It is a dimer in the dark state, with the HTH 

motive as the interaction surface; upon illumination, the conformational changes affect the 

dimerisation interface, and the dimer dissociates into monomers.60 RsLOV is involved in 

regulation of responses to photooxidative stress and chemotaxis and in photosynthesis and 

carbohydrate metabolism.61  

 

Figure 12. Dissociation mechanism of LOV domain activation, represented by RsLOV2. 

Unfolding and dimerisation 

The first two behaviours can appear in combination when the formation of the adduct causes 

the release of an effector, which makes possible the interactions needed for dimerisation.34 

This behaviour occurs in protein EL222 from bacterium Erythrobacter litoralis HTCC2594. It is 

formed by an N-terminal LOV domain linked by a Jα helix to a C-terminal HTH DNA binding 

domain. In the dark state, there are interactions between the LOV core β-sheet and a HTH 

helix that inhibit the DNA binding ability of the protein.62 The light-induced changes in 

conformation disrupt the interactions between the β-sheet and the α helix that holds both 

domains together. The unfolded monomer can dimerise by forming LOV-LOV and HTH-HTH 

interactions and bind to DNA, although the proportion of dimer is very low in absence of DNA. 

Once illumination is ceased, the protein reverts to the dark state and the DNA is released.63 

EL222 is believed to be involved in photoprotection and repair of photodamaged DNA.64 

 

Figure 13. Unfolding and dimerisation mechanism of LOV domain activation, represented by EL222. 
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Tilting and rotation 

Light can also induce conformational changes in a segment of the protein that causes rotation. 

An example of this response appears in the YtvA protein found in Bacillus subtilis, which acts 

as a positive regulator of the general stress response.65 YtvA contains an N-terminal segment 

and a LOV domain linked to a C-terminal STAS (sulphate transporter anti-sigma antagonist) 

domain by a Jα helix.45 YtvA is dimeric in solution in both dark and light states. Blue light 

exposure causes structural changes in the linker Jα helices where the two monomers rotate 

relative to each other.45 This causes a conformational change in the nucleotide binding pocket 

of the STAS domain, which can now bind ATP or GTP.66 

 

Figure 14. Tilting and rotation mechanism of LOV domain activation, represented by YtvA. 

1.3 Optogenetic tools 

Natural photoswitches can be engineered and introduced into organisms to control biological 

processes; using a technique known as optogenetics.67 The performance of optogenetic tools 

is influenced by the nature of the photosensor. LOV photoreceptors are versatile thanks to 

their small size and the possibility to modulate parameters such as the dynamic range, the 

quantum efficiency of photoexcitation and the kinetics of the photocycle by introducing 

certain mutations.68 This can optimise the performance of the original photoswitch for 

specific tasks and give way to a great variety of tools with different properties. However, the 

light-induced conformational changes within the LOV domain and the mechanism of signal 

transduction that leads to effector activation have not been fully elucidated. Progress in 

solving these questions is still needed to improve the scope of novel optogenetic tool design. 

Current LOV domain based optogenetic tools mainly derive from a few model proteins. Avena 

sativa LOV2 domain has been used to photocage different effectors that are not naturally 

associated with the protein. These engineered variants exploit the unfolding of the J-helix 

to activate the linked effectors with illumination (Figure 15). For instance, AsLOV2 was fused 

with E. coli tryptophan repressor protein (TrpR) to confer optical control of transcription in 

LovTAP (LOV and tryptophan activated protein). In the dark, the contacts between the LOV 

domain and TrpR render it inactive. Upon illumination, the unfolding of the J-helix allows 
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TrpR to bind DNA.69 Initially, the difference in DNA affinity between light and dark states was 

modest (5-fold) but, by stabilising the docked conformation of the J-helix, undesired DNA 

affinity in the dark state was reduced and the dynamic range was improved (70-fold 

difference).24 Similarly, a fusion protein of AsLOV2 and E. coli dihydrofolate reductase (LOV-

DHFR) was made to control the reduction of dihydrofolate to tetrahydrofolate. However, the 

chimera catalytic rate was significantly slower than the natural enzyme and only achieved a 

2-fold activation with light due to the interference with a region critical for enzymatic 

function.70 Bacillus subtilis YtvA LOV domain has also been used to achieve photocontrol of 

different effector domains. This LOV domain was fused to the histidine kinase domain of the 

oxygen-sensing protein FixL from nitrogen fixing bacterium Bradyrhizobium japonicum 

(BjFixL). FixL consists of two PAS domains and a histidine kinase that comprises a 

phosphoacceptor (DHp) and a catalytic (CA) subdomain. In absence of oxygen, FixL first 

undergoes autophosphorylation at a conserved histidine in the DHp subdomain and then 

transfers the phosphate moiety to the response regulator FixJ. This in turn activates the 

expression of genes involved in nitrogen metabolism. Kinase activity of BjFixL is strongly 

repressed in the presence of oxygen; by substituting the oxygen-sensing for a light-sensing 

domain, the engineered chimera YF1 attained a 1000-fold reduction of kinase activity upon 

illumination.35 

 

Figure 15. Optogenetic tools based on the undocking (top) or rotation (bottom) of J helix. 

Another approach to designing optogenetic tools involves the photocontrol of formation or 

disruption of intermolecular interactions. Several light inducible dimers (LIDs) have been 

designed based on LOV domains, including AsLOV2, VVD and FKF1.71 TULIPs (tuneable, light 

controlled interacting protein tags) was developed based on the interaction of an engineered 

PDZ domain with a peptide recognition sequence that was linked to AsLOV2 (LOVpep).72 The 

peptide is caged in the dark state by the docking of the J helix into AsLOV2. Illumination 
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causes the peptide to become exposed so that it can interact with its PDZ binding partner 

(Figure 16). PDZ are small globular domains that bind to specific sequences on the C-terminus 

of other proteins, playing an important role in signal transduction.73 This system can be used 

to recruit proteins to specific regions of a cell and to control signalling pathways.72 

 

Figure 16. Mode of operation of TULIPs. The light activation of the LOV domain releases the caged 
peptide for interaction with its binding partner PDZ. 

Another example of LIDs that exploit the natural affinity of binding partners is ‘improved light 

inducible dimer’ (iLID). This tool is based on the fusion of AsLOV2 and SsrA,71 a short peptide 

degradation tag found in E. coli that binds the protein SsrB, which then stimulates degradation 

of the tagged protein.74 In the dark state, steric hinderance prevents SsrA and SsrB from 

interacting, and the undocking of the Jα-helix with illumination allows them to bind (Figure 

17). The initial system only showed a twofold increase in affinity in the light state. By 

stabilising the docking of the J helix in the dark and introducing other mutations followed by 

screening, the system was optimised to achieve a 50-fold change in affinities between dark 

and light states. The recognition between its components can be used to sequester molecules 

to the organelle of choice and, as a result, to control their function through localisation.71  

 

Figure 17. Mode of operation of iLID (adapted from 75). Illumination leads to the release of ssrA, 
which can then interact with its binding partner ssrB. 

‘Magnets’ are alternative LIDs based on the protein VVD where the N-caps have been 

modified to give two distinct variants which heterodimerise.76 The use of the natural 

photoswitch to control interactions between two distinct proteins (P1, P2) had a reduced 

yield due to the homodimerisation that also took place. The N-cap interaction surfaces were 

modified with positively charged amino acids (pMag) or negatively charged amino acids 
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(nMag) to promote heterodimerisation through electrostatic interactions (Figure 18). The 

reversion kinetics of VVD were originally too slow to be precisely controlled so the LOV 

domain was optimised, resulting in a remarkably fast and efficient photoswitch that allows 

excellent spatiotemporal control. 

 

Figure 18. Mode of operation of magnets. Illumination allows selective electrostatic interactions 
between the N-caps of the two variants of VVD. 

An instance of dissociation-based LOV domain control is LOVTRAP, which is based on the 

interaction between AsLOV2 and Zdk.77 Zdk (Zdark) derives from the Z domain of protein A, a 

protein present in Staphylococcus that binds immunoglobulin. Zdk was optimised to 

selectively bind the dark state of AsLOV2. Illumination causes a 150-fold decrease affinity of 

Zdk for AsLOV2 and therefore dissociation.  To use this system, one member should be linked 

to a protein of interest (POI) and the other anchored to a site away from where POI acts. In 

the dark state, the interactions between AsLOV2 and Zdk do not allow the POI to get to its 

site of action. Upon illumination and subsequent dissociation, the POI can migrate to exert its 

function (Figure 19). 

 

Figure 19. Mode of operation of LOVTRAP. The affinity of Zdk for AsLOV2 is greatly reduced upon 
illumination. 

In addition to directly controlling protein activity and localisation of certain proteins, LOV 

photoreceptors can be exploited to control transcription. For example, the use of plasmids 

pDusk and pDawn allows for light-regulated gene expression (Figure 20).78 The two systems 

are based on fusion protein YF1, consisting of the LOV domain of YtvA and the histidine kinase 

domain of FixL35 (Figure 15). In pDusk YF1 and FixJ are constitutively expressed, and target 

genes can be introduced downstream of the FixK2 promoter using the multiple-cloning site. 
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In the dark, YF1 is active and phosphorylates FixJ. The phosphorylated FixJ binds to the FixK2 

promoter and induces transcription of the desired gene. In the presence of light, YF1 does not 

phosphorylate FixJ, which cannot bind to the promoter to induce transcription. The system 

pDusk represses gene transcription upon illumination. To achieve the activation of 

transcription in the presence of light instead, a gene-inversion cassette was introduced into 

pDusk to create pDawn. In this modified system, FixJ is also phosphorylated in the dark but, 

when it binds to the promoter, it induces transcription of the gamma phage repressor cI. This 

represses the expression from the strong gamma promoter pR. When illuminated, the 

repressor is not expressed, and transcription of the desired gene occurs. 

 

Figure 20. pDusk and pDawn systems designed to control gene expression with blue light.  

1.4 Transcription 

Transcription is the process whereby RNA polymerases synthesise RNA from DNA templates. 

Regulation of transcription is vital for cellular response to stimuli and tissue specific gene 

expression in higher organisms.79 Transcription factors are proteins that control recruitment 

of RNA polymerase and transcription of individual genes in relation to external stimuli. They 

have DNA-binding domains to recognise specific sequences (enhancers or promoters). Some 

of them bind to a promoter sequence close to the start site and are involved in the formation 

of the transcription initiation complex; others bind to regulatory sequences and modulate 

transcription by stimulating or repressing transcription of the gene.80 The regulation of 

transcription is critical for the correct functioning of an organism, as misregulation can result 

in diseases, whether caused by a mutation in DNA encoding the transcription factor, a 

mutation in the target DNA sequence that prevents the transcription factor from binding 

effectively or from incorrect regulation of transcription factor synthesis or activity. 
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The recognition of DNA by a transcription factor is a complex process dictated by the structure 

of the transcription factor and on the chemical interactions the amino acids can form with the 

DNA. Most proteins bind in the major groove of DNA since its deeper and wider character 

allows differentiation between the hydrogen bond pattern of each distinct base pair and 

consequently more specific interactions. These interactions can include hydrogen bonds, 

hydrophobic interactions, van der Waals forces and salt bridges. However, most DNA binding 

proteins recognise a family of DNA rather than a unique DNA sequence.81 Transcription 

factors are classified according to the topology of the DNA binding domains and the mode of 

interacting with DNA. Several LOV photoreceptors are found in nature linked to DNA binding 

domains and act as light regulated transcription factors. The main classes of transcription 

factors found coupled to LOV domains are helix-turn-helix, zinc finger and basic domains. 

Helix-turn-helix (HTH) domains are the predominant class of transcription factors in 

prokaryotes and are also present in eukaryotic organisms. The basic HTH domain comprises 

three -helices with a sharp turn between the second and third helices. The third helix has 

amphipathic character, with a hydrophobic face that forms interactions with the other two 

helices, and a hydrophilic face that recognises the DNA and fits into the major groove. HTH 

domains typically bind DNA as dimers, with each monomer recognising a half-site.82 Due to 

the open configuration of the tri-helical core, HTH domains can have one or more additional 

helices83 or contain a -strand hairpin unit84 which can provide additional interface for contact 

with the minor groove of DNA. (Figure 21 left). EL222, the model protein for the unfolding 

and dimerisation signal transduction mechanism, contains a C-terminal HTH DNA binding 

domain linked to an N-terminal LOV domain via the Jα helix (Figure 21 right). Apart from the 

three -helices of a basic HTH domain, EL222 contains a fourth -helix that interacts with the 

LOV domain in the dark state, hindering dimerisation and DNA binding.62 

 

Figure 21. HTH DNA binding domain from quorum sensing protein TraR from Agrobacterium 
tumefaciens bound to its DNA target (PDB ID: 1H0M) and domain architecture of EL222. 

EL222
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The zinc finger DNA binding domain is the most commonly found in the eukaryotic kingdom, 

although it is also widespread in prokaryotes. Eukaryotic zinc finger motifs consist of a two 

stranded -sheet hairpin and an -helix held together by a zinc ion,85 which is coordinated 

either by cysteine residues or by a combination of cysteine and histidine residues. The 

classical  motif consists of two cysteines from the hairpin turn and two histidines (C2H2) 

from the inside face of the -helix tetrahedrally coordinated to a zinc ion. They are usually 

found in tandem, as the repeated units achieve more specific binding. The polar residues of 

the -helix interact with three base pairs in the major groove of DNA and they are arranged 

forming an almost continuous stretch of -helices around the DNA molecule (Figure 22 left).86 

White Collar-1 (WC-1) is the main photoreceptor for the Neurospora genus and is involved in 

the regulation of the circadian rhythm. This protein contains a LOV domain and two other PAS 

domains, along with a nuclear localisation signal (NLS) and a Cys4 zinc finger DNA binding 

domain (Figure 22 right). WC-1 heterodimerises with WC-2 to form the White Collar Complex 

and initiate transcription of genes related to carotenogenesis, phototropism, asexual 

development of spores and shifts in the circadian rhythm of sporulation.87–89  

 

Figure 22. Classical C2H2 zinc fingers from early growth response protein 1 (Zif268) from Mus 
musculus bound to its cognate DNA (PDB ID: 1A1L) and domain architecture of WC-1. 

Basic transcription factors exist in both prokaryotic and eukaryotic organisms and interact 

with DNA in dimeric form through a region that is rich in basic amino acids. This region is 

unstructured in solution but, when the positive charges are neutralised by the phosphate 

backbone of the DNA, the protein adopts an α-helical structure that inserts into the major 

groove of DNA.90 Basic region leucine zipper (bZIP) motifs are a simple example of this class, 

consisting of a contiguous α-helix with two structural features, a basic region in the N-

terminus that binds DNA and a repeating heptad region rich in leucine in the C-terminus that 

is involved in the dimerisation (Figure 23 left). To bind DNA, two subunits dimerise through 

hydrophobic interactions between the leucine residues to create a coiled coil structure. This 

WC-1
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positions each basic region in contact with half of the palindromic site in the DNA major 

groove.91 Aureochromes are blue-light regulated transcription factors found in Stramenopile 

algae. They contain an unstructured N-terminal region, a bZIP domain and a C-terminal LOV 

domain (Figure 23 right); an inversion of the usual effector-sensor topology, where an A’α 

helix is linking the sensor and effector instead of the Jα helix.92 Aureochromes play an 

important role in photomorphogenesis, acclimation to bright light and development of sexual 

reproduction organs. 

 

Figure 23. bZIP domain of the proto-oncogene Jun from Homo sapiens bound to its DNA target (PDB 
ID: 1JNM) and domain architecture of Aureochrome. 

1.5 Bacterial biofilm formation 

Biofilm formation is an example of an important response to external stimuli and has a very 

complex regulation that utilises numerous transcription factors. Biofilm formation occurs as 

a response to environmental stress factors such as extreme temperature, extreme pH, limited 

nutrients, UV radiation or antimicrobial agents and confers bacteria an increased chance of 

survival. It can also occur as a means to remain in a favourable habitat, such as a nutrient rich 

environment or a host.93 

Biofilms are complex structured three-dimensional bacterial communities held together by a 

self-produced extracellular polymeric substance (EPS) matrix that are attached to abiotic or 

biological surfaces.94 The formation of bacterial biofilms is a complex process that typically 

includes four phases: reversible and irreversible attachment, maturation and dispersal (Figure 

24). In the initial step, planktonic bacteria are transported to a suitable surface, where motility 

Aureochrome
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and adhesion organelles allow interactions by overcoming the effects of repulsive forces.95 

The properties of the surface can affect bacterial attachment and biofilm development, 

including hydrophobicity, surface charge and whether the surface is biotic or abiotic.  

These surface-bacteria interactions strengthen until they become irreversible, a process 

mediated mainly by three types of organelles.96 Type 1 fimbriae are filamentous proteins 

found in the outer membrane of some E. coli. They bind to mannose present in eukaryotic 

cells, abiotic surfaces and the EPS, therefore promoting cell-cell and cell-surface 

interactions.96 Curli fimbriae are amyloid fibres that aggregate at the cell surface and interact 

with certain host proteins of the EPS, promoting colonisation of host cells. They also 

contribute to cell aggregation and interactions with abiotic surfaces.97 Conjugative pili are 

protein filaments that enable horizontal gene transfer by forming efficient contacts between 

donor and recipient cells. They also promote binding to abiotic surfaces and stabilise the 

biofilm structure.98 During this step, cell to cell interactions strengthen, with a self-recognising 

outer membrane protein named Antigen 43 playing an important role in auto-aggregation 

and interspecies cell aggregation.99 

Biofilm maturation consists of the production of an extracellular polymeric substance (EPS) 

matrix and the structured three-dimensional growth of the biofilm. The matrix is an essential 

feature of biofilms as it promotes structure, stability and intracellular interactions; provides 

protection against desiccation, toxic molecules and host immune responses; and enables 

nutrient accumulation and transport for the survival of the cells.96 

Dispersion is the last phase in biofilm formation, where the immobilised bacteria are 

separated from the biofilm and return to the planktonic mode of growth, and can occur 

through a passive or an active route.100 Detachment is the passive release of cells due to 

mechanical stress and can appear as abrasion (loss of cells caused by collision of particles with 

the biofilm), erosion (removal of small portions of the biofilm by liquid friction), sloughing 

(removal of large sections of the biofilm by friction) and grazing (loss of biofilm mass by 

feeding of eukaryotic organisms).101 Active dispersal occurs as a response to steep gradients 

formed within the biofilm or environmental changes such as nutritional availability, oxygen 

depletion, concentration of toxic products and quorum sensing. The responses originated 

from such stresses may include enzymatic degradation of the matrix, induction of motility, 

production of surfactants or cell lysis of subpopulations.102 
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Figure 24. Stages of biofilm formation. First, planktonic cells reversibly attach to a surface. This 
attachment becomes irreversible as the extracellular matrix starts being produced. The biofilm then 

grows in a structured three-dimensional manner. Finally, cells detach and become planktonic. 

1.5.1 The biofilm matrix 

The matrix is the main component of a biofilm rather than the microbial cells, which can 

account for as little as 5%. The matrix is a highly hydrated heterogeneous substance that 

contains polysaccharides, proteins, amyloids, nucleic acids and lipids. The exact composition 

of EPS varies depending on the environmental conditions, bacterial motility and 

communication, and what microorganisms are present.103 

Polysaccharides are a major constituent of the EPS matrix that provide structural support to 

the biofilm. In E. coli, three main exopolysaccharides play an important role in biofilm 

formation. The polymer -1,6-N-acetyl-D-glucosamine (PGA) is involved in cell-cell and cell-

surface adhesion and therefore stabilises the biofilm.104 Colanic acid is a polyanionic 

heteropolysaccharide of glucose, fucose, galactose, and glucuronic acid that is involved in the 

development of the three-dimensional architecture upon initial surface attachment.105 

Cellulose, a -1,4 D-glucose homopolymer, is found in only certain strains of E. coli. When 

present, cellulose closely interacts with curli fibres, conferring cohesion and elasticity and 

allowing the formation of complex morphologies. In the absence of cellulose, biofilms are 

more brittle and form less complex structures.106 

Considerable amounts of proteins are also present in the biofilm matrix, and play roles in 

scaffolding, adhesion and degradation. In addition to their role in the attachment phase, curli 

fibres are the main structural component of the EPS matrix in E. coli, providing structural 

support and cell– cell and cell–surface adhesion.97 Carbohydrate binding proteins also provide 
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structural integrity by stabilising the polysaccharide network. Enzymatic degradation of 

biopolymers can take place to create smaller carbon and energy sources for uptake or for 

biofilm dispersion. Enzymes can also act as virulence factors during host colonisation and 

infection.107 

Extracellular nucleic acids have been found in the biofilm matrix of many bacteria, although 

the amount, its origin, and its localisation vary between species. While they are generally 

involved in the cell-surface interactions during initial attachment and provide structural 

stability through cell-cell interaction, in some cases they also take part in biofilm defence by 

serving as a nutrient source, chelating cationic antimicrobial substances and promoting 

horizontal gene transfer.108,109 

Along with these hydrophilic constituents, hydrophobic molecules are present in the biofilm 

matrix. Lipids can be present on their own, as phospholipids or as glycolipids and they are 

usually involved in initial attachment, especially to hydrophobic surfaces.103 Due to their 

biosurfactant properties, glycolipids can participate in the conservation of nutrient channels, 

therefore maintaining the biofilm architecture.110 

The architecture of the biofilm is dependent on the microorganisms present and their state, 

the EPS composition, the availability of nutrients and the environmental conditions.111 These 

factors determine either a smooth or rough morphology, the level of porosity and the three-

dimensional distribution of the cell dense areas, pores and channels. The presence of 

channels allows the flow of nutrients, enzymes, metabolites and waste through the biofilm. 

Due to bacterial metabolic activity, gradients of oxygen, nutrients, waste product and 

signalling molecules can develop, leading to varying levels of heterogeneity.112 

1.5.2 Curli biogenesis in E. coli 

Curli fimbriae are nonbranching fibres rich in β-sheet that, when present in E. coli, are located 

on the surface of the cells. They are essential for initial surface attachment in the biofilm 

formation process and form a network around the immobilised bacteria, anchoring the cells 

to the surface and mediating cell-cell interactions in the mature biofilm.113 The process of curli 

assembly in the surface of the cell is very complex and highly regulated by the action of many 

stress-sensing proteins.114 
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There are seven curli subunit genes (csg) from two oppositely transcribed operons, csgDEFG 

and csgBAC, involved in curli production (Figure 25).115 The major curli constituent CsgA is 

secreted from the cell in monomeric soluble form and polymerises at the cell surface.116 CsgB, 

the minor curli subunit, is anchored to the bacterial surface after secretion and acts as a 

nucleator for the polymerisation of CsgA into the fibers.117, 118 

The other five proteins are involved in the regulation, secretion and assembly of the curli 

subunits. CsgC is a periplasmic protein that interacts with CsgA to maintain it in soluble form 

before its secretion as intracellular amyloid fibre formation would cause cytotoxicity.119 CsgD 

is a transcriptional regulator located in the cytoplasmic membrane that controls the 

transcription of the csgBAC operon115 and of more than twenty other genes for adaptation to 

the biofilm mode of life, favouring biofilm formation and repressing cell motility.120, 121 Due to 

its importance regulating biofilm formation, the transcription of CsgD itself is regulated by 

various transcription factors that monitor different environmental conditions.114 CsgE is found 

in the periplasmic side of the outer membrane forming interactions with CsgG. It acts as a 

specificity factor for secretion of curli related proteins through the CsgG channel.122 CsgF is 

secreted to the outer surface of the outer membrane123 where it interacts with CsgG and 

stabilises and promotes the anchoring of CsgB to the membrane, thus acting as a chaperone 

in the nucleation process.124 CsgG is a lipoprotein located in the outer membrane125 that 

oligomerises forming a channel that transports CsgA, CsgB and CsgF from the periplasm to 

the extracellular space.123 

 

 

Figure 25. Curli csgDEFG and csgBAC operons (top). Schematic representation of the curli assembly 
process across the outer membrane (bottom).  
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Curli fibres are composed of two subunits, CsgA and CsgB (Figure 26). Both subunits contain 

a 22 amino acid long N-terminal recognition motif for interaction with CsgG and CsgE in the 

secretion process,123 and an amyloidogenic motif that folds to form five repeats of β-sheet-

turn-β-sheet.116 The same amino acid can be found at the same point of the motif in all five 

stacked repeats. In CsgB, the fifth repeating unit is somewhat different from the other four as 

it contains charged amino acids that are essential for its interaction with the outer 

membrane.118   

    

Figure 26. Amino acid alignment of the amyloidogenic motif of CsgA and CsgB (left) and structure of 

CsgA with five repeats of -sheet-turn--sheet from a top and side view (right). PDB ID: 8ENQ. 

1.5.3 Controlling biofilm formation 

Biofilms confer microorganisms an increased protection from external factors, including UV 

radiation, oxidation, absence of water and oxygen, changes in temperature and pH and 

presence of metal ions and antibiotics.93 Due to these properties, biofilm formation can be 

detrimental when it occurs in healthcare settings, in the food industry or in drinking water 

distributions systems. However, they also present beneficial roles in a variety of fields126. 

Biofilms have been used in agriculture to promote plant growth and increase the yield of crops  

and ornamental flowers by increasing nutrient availability or protecting roots from pathogens 

and abiotic stresses.127, 128 Bioremediation employing biofilms can reach high efficiency due 

to the increased adaptability and tolerance to contaminants. Algal, fungal and bacterial 

biofilms have been employed to remove pollutants such as xenobiotics, heavy metals, oil spills 

or pesticides.129,130 Also due to their high resistance and activity, biofilms have gained 

importance in the production of biochemicals in industrial manufacturing.131 The treatment 

of wastewater with biofilms is being studied in hospital settings for removal of 

pharmaceuticals132 and in domestic settings mainly for removal of phosphorous and 
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nitrogen.133 Biofilms also serve as anticorrosion agents in marine environments by acting as a 

physical barrier and producing secondary metabolites that inhibit steel corrosion.134 

Understanding the biofilm formation process is essential for controlling their growth and 

dispersal. Several approaches have been developed to promote biofilm growth for 

biotechnological applications, including modifying the environmental conditions, adding 

signalling molecules or manipulating genes.135 Due to the dynamic nature of the biofilm 

formation process, a control method capable of achieving high spatial and temporal precision 

is needed. The use of light as an inducer of biofilm formation presents several advantages, as 

it provides reversible, non-invasive and spatiotemporal control that can be tuned by adjusting 

the time, area, and intensity of illumination.  

Optogenetic tools for biofilm formation can lead to an improved understanding of naturally 

existing biofilms, and to the improvement and design of new devices.  Several examples of 

light-controlled biofilm formation have been described in the literature. The optogenetic tool 

‘Magnets’ has been used to promote specific bacterial adherence to substrates with high 

spatiotemporal control (Figure 27 top). One binding partner was expressed in the surface of 

E. coli cells while the other was immobilised on a substrate. Illumination led to the 

heterodimerisation of pMag and nMag and the surface interaction promoted biofilm 

formation.136 The ‘Magnets’ tool has also been employed to promote bacterial aggregation, 

where nMag and pMag were expressed in the surface of different bacteria (Figure 27 bottom). 

Upon illumination, both binding partners interact, bringing the bacteria close and causing cell 

aggregation and consequent biofilm formation. Under dark conditions, nMag and pMag 

dissociate from each other, and the biofilm formation process is reversible unless the 

illumination time surpasses two hours, due to the secondary interactions formed between 

the bacteria.137 This photocontrolled aggregation has been used to improve the efficiency of 

biochemical production. L-threonine is an essential amino acid that is widely produced by 

fermentation. By utilising the ‘Magnets’ system to induce biofilm formation, a significant 

improvement in L-threonine production was achieved and the duration of the fermentation 

cycle and the batch numbers were reduced.131 
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Figure 27. Biofilm formation tools based on ‘Magnets’ that promote surface interaction (top) or 
bacterial aggregation (bottom) upon illumination. 

A technique named ‘Biofilm Lithography’ was developed to control biofilm structure by 

projecting illumination patterns in engineered bacteria to induce biofilm formation only in 

the illuminated regions. This patterning tool is based on the light dependent expression of the 

adhesin Antigen 43 under the control of the pDawn system. This protein promotes cell -

substrate interaction, which facilitates biofilm formation (Figure 28). This method allows very 

high spatial resolution (micrometre scale) on a variety of surfaces, with no surface pre-

treatment or patterning necessary. This technique can help understand and explore the 

dynamics of natural biofilms and lead to the development of new biomaterials or microbial 

communities that could be used in diagnostic and microfluidic devices.138 

 

Figure 28. Biofilm lithography technique based on light dependent expression of the adhesin Ag43. 

The biofilm lithography method was used to control the expression of the aggregation 

proteins CdrAB and induce biofilm formation in the electrochemically active bacteria 

Shewanella oneidensis. The photoinduced patterning of conductive biofilms on electrode 

surfaces enables further study in the field of bioelectronic devices, where biological systems 

are integrated as electrical components in circuits.139 
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Optical control of biofilm formation has also been achieved utilising the EL222 photoreceptor 

to control the exopolysaccharide production in the soil bacteria S. meliloti. It was 

accomplished by introducing constitutive expression of EL222 and placing the wgaAB gene 

under the transcriptional control of EL222 (Figure 29). This gene is required for EPS synthesis, 

which promotes autoaggregation of S. meliloti and the formation of structured biofilms. This 

system enables spatial control of biofilm formation, regulating its thickness, biomass, and 

structure.140 

 

Figure 29. Plasmid map of the system used to introduce light controlled expression of wgaAB genes in 
S. meliloti, which leads to EPS synthesis and biofilm formation. 

1.6 Fluorescent markers 

In protein engineering, straightforward assessment of protein expression, localisation and 

function is necessary to rapidly evaluate novel designs. Genetically encodable fluorescent 

markers enable non-invasive and sensitive monitoring of such processes and can allow for 

high-throughput methods. 

1.6.1 Green Fluorescent Protein (GFP) 

Green fluorescent protein (GFP) is a versatile tool that enables the study of molecular 

processes in biological systems including gene expression, protein localisation and protein–

protein interactions.141 It was first discovered in the bioluminescent jellyfish Aequorea 

victoria.142 It was later cloned143 and expressed in living organisms,141 which gave rise to many 

biological applications including reporting gene expression, monitoring of protein localisation 

and dynamic interactions and as an active indicator of the cellular or organelle environment. 

GFP consists of a 238 amino acid polypeptide folded to form an 11-stranded -barrel with a 

single -helix inside the cylinder, which is capped with short helical and loop segments144,145 

(Figure 30). The fluorescence of GFP originates from the p-hydroxybenzylidene-2,3-dimethyl-

imidazolinone (HBI) chromophore encapsulated in the centre of the -barrel and rigidly 
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stabilised by hydrogen bonds.146 The intramolecular cyclisation of Ser65-Tyr66-Gly67 from the 

central -helix followed by oxidation and dehydration gives the mature chromophore143 

(Figure 31). As the protein folds, the amino group of Gly is brought close to the carbonyl 

carbon of Ser, allowing the nucleophilic attack to form a cyclic intermediate. The carbonyl 

carbon of Ser then undergoes oxidation and formation of a double C=N bond followed by 

dehydration to form the mature chromophore.147 The order of the oxidation and dehydration 

is disputed and may be reversed depending on the available oxygen concentration.148 

   

Figure 30. Side (left) and top (right) view of the GFP -barrel structure (PDB ID: 1EMA). 

 

 

Figure 31. Mechanism of formation of the GFP chromophore. The oxidation and dehydration steps 
may be reversed depending on the oxygen concentration available. The neutral chromophore can be 

deprotonated into the anionic form. 

The protonation state of the phenol group of the GFP chromophore dictates the absorbance 

properties.149 The neutral chromophore absorbs with a max of 395 nm and emits at 508 nm, 
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whereas the anionic form absorbs at 475 nm and emits at 503 nm.141 Both ionisation forms 

exist in an equilibrium in native GFP giving rise to two excitation peaks, with the one 

corresponding to the neutral phenol being the major peak.150 The relative sizes of the 

excitation peaks vary with conditions such as pH, temperature and UV irradiation.151 

The mutation of Serine to Threonine (S65T) causes a fourfold increase in the speed of 

chromophore formation (120 min for WT  GFP to 27 min for S65T), which mitigates the effects 

of the slow forming chromophore for in vivo applications.152 This mutation also abolishes the 

first excitation peak, while amplifying sixfold and slightly shifting the second excitation peak 

(489 nm) due to the stabilisation of the anionic form of the chromophore through hydrogen 

bonds. This increased brightness is a further improvement compared to WT GFP.151 Ten 

additional mutations identified by a directed evolution approach gave rise to superfolder GFP, 

a variant with increased brightness and stability and more robust folding that displays higher 

resistance to chemical denaturation.153 

Mutagenesis of GPF in the chromophore or adjacent amino acids leads to significant changes 

in the excitation and absorption wavelength (Figure 32). These variants have been used as 

distinct markers to monitor multiple biochemical processes simultaneously or as 

donors/acceptors for Förster-resonance energy transfer (FRET). The tyrosine that becomes 

part of the chromophore can be mutated to other aromatic amino acids to obtain variants 

with excitation and emission peaks at shorter wavelengths. A histidine in position 66 leads to 

blue fluorescent protein (ex = 380 nm, em = 445 nm) and a tryptophan, to cyan fluorescent 

protein (ex = 440 nm, em = 475 nm).149, 154 Additionally, the mutation of threonine 203 to a 

polar aromatic residue (Tyr) results in -stacking with the phenol group of the chromophore. 

This lowers the energy of the excited state causing a red shift, giving yellow fluorescent 

protein (ex = 515 nm, em = 525 nm).155 However, the fluorescence intensity of these variants 

is significantly lower than that of WT GFP, and other mutations were needed to increase their 

brightness and stability. 

A new fluorescent protein containing a GFP-like core with an additional double C=N bond was 

later discovered in the corallimorpharian Discosoma. Due to the extended π-electron 

conjugation, the absorbance and emission wavelengths are significantly red-shifted (ex = 558 

nm, em = 583 nm) and the protein was named red fluorescent protein (RFP).156, 157 
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Figure 32. Chromophore structures of GFP and its derivatives along with their wavelengths of 
excitation and emission in nm. 

Green fluorescent protein and its derivatives have been extensively used to monitor gene 

expression.158 Many characteristics of GFP and its improved variants make them ideal for use 

as a reporter system. GFP is a small and compact protein that is able to generate its internal 

chromophore without the need for external cofactors or substrates other than molecular 

oxygen.143 It is non-toxic to cells, stable at physiological ranges of temperature and pH and 

resistant to the presence of detergents, some organic salts and many proteases. It is easy to 

visualise in cells and generally stays active when fused to other proteins.153 However, it also 

has some disadvantages that have encouraged the search for alternative reporter systems. 

The correct folding and forming of the chromophore are dependent on the presence and 

concentration of oxygen, which prevents its use in anaerobic conditions.143 Although small in 

size (~26 kDa), it can have detrimental effects on the function or localisation of some co-

expressed proteins.159 For applications which require low quantities of GFP, the sensitivity is 

limited due to lack of signal amplification since each molecule of GFP produces only one 

chromophore. Therefore, strong promoters are needed to achieve sufficient fluorescence.150 

Additionally, the wavelength necessary for GFP excitation also causes autofluorescence, from 

other components that are naturally present in the cell, or the media used.160 While 

fluorescent proteins with different excitation wavelengths do not have this problem, their 

brightness is lower than that achieved with GFP. GFP also has a tendency to oligomerise, 

which may lead to incorrect protein localisation or function.161  
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1.6.2 Fluorescent RNA aptamers 

The fluorescence of GFP stems from the rigidity of the chromophore confined in the protein 

-barrel. The isolated HBI chromophore is not fluorescent in solution due to the rotation of 

the phenyl group and the E-Z isomerisation of the double bond. By mimicking this rigidity 

effect, chromophore analogues have been developed through different methods over the 

past few years. This results in improved fluorescence, increased range of emission 

wavelengths, and introduces new potential applications.162 These methods for increasing 

rigidity include introducing covalent bonds, 163 complexation with metal ions,164 fusing to 

macromolecules such as polymers165 or nucleic acids166 to achieve organised stacking, and 

constraining in a scaffold such as metal organic frameworks167 or nucleic acids168. 

This latter method using nucleic acids as scaffolds has given rise to the promising field of 

fluorescent aptamers. Aptamers are short, single-stranded oligonucleotides or peptides that 

can selectively bind to a specific target, such as ions, small molecules, carbohydrates, proteins 

or even living cells. Depending on their tertiary structure, they bind targets with high 

selectivity and specificity since they can wrap tightly around small molecules and serve as a 

scaffold or fit into gaps of much bigger molecules.169 Typical motifs present in nucleic acid 

aptamers are stems, loops, hairpins, knots or G-quadruplex structures and the intermolecular 

interactions between aptamer and bases are mainly shape complementarity, stacking 

interactions, electrostatic interactions, or hydrogen bonds.170 The role of the scaffold is to 

increase the rigidity of the ligand and therefore favour the radiative fluorescence decay 

pathway and prevent the non-radiative decay that was caused by the bond rotation when in 

solution. 168 This emerging field has found many applications in RNA imaging. 

RNA plays a key role in cellular metabolism, being involved in a broad range of processes such 

as protein translation, gene regulation and catalysis of chemical reactions. Therefore, RNA 

imaging in living cell is essential to better understand the variety of RNA functions. Until 

recently, this remained a challenging task due to the drawbacks of the traditionally used 

techniques (Figure 33). Fluorescence in situ hybridisation enables the detection of single RNA 

molecules in fixed cells with the use of fluorescent complementary probes, but the need to 

fix the cells and remove unhybridised probes narrows the application to static 

measurements.171 The MS2-GFP system consists of the MS2 RNA binding protein fused to 

GFP, and the MS2 binding stem-loop sequence introduced into the target RNA.172 Even 
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though it allows spatiotemporal measurements in live cells, it generates background 

fluorescence and the large modifications introduced could interfere with the normal function 

of the target RNA.173 Molecular beacons exploit the use of FRET, where an RNA bound 

fluorophore, quenched when in a stem-loop structure, fluoresces after binding to target RNA 

sequence and separating from the quencher.174 Although due to their small size they are 

unlikely to disturb normal function, they are exogenous probes that need to be generated in 

vitro and then introduced into cells. 

 

Figure 33. Three traditional techniques of RNA imaging: fluorescence in situ hybridisation, MS2-GFP 
system and molecular beacons. 

The use of endogenously produced RNA would be optimal for live imaging but, since 

intrinsically fluorescent RNAs are not known, a fluorogen acts as the fluorescent reporter. 

Fluorescent RNA aptamers have gained importance in this field. The RNA aptamer sequences 

can bind cell-permeable small molecules and significantly enhance their fluorescence upon 

binding (Figure 34). Ideally, the fluorogen would be non-toxic and have low intrinsic 

fluorescence, a large fluorescence enhancement and high affinity and selectivity for the 

specific RNA sequence.168 The aptamer sequences are selected through Systematic Evolution 

of Ligands by Exponential Enrichment (SELEX) (Figure 34). A large pool of RNA sequences is 

tested for binding to the fluorogen. Those RNA sequences that bind are amplified and 

enriched, and a new cycle is started. Multiple cycles results in the exponential increase of 

binding ligands.175,176 

Fluorescence in situ hybridisation MS2-GFP system Molecular beacons
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Figure 34. In fluorescent RNA aptamers, the fluorescence of a fluorogen is enhanced upon binding to 
the RNA (left). SELEX selection protocol for RNA sequences with high affinity to the fluorogen (right).  

The first fluorescence aptamer was selective for the triphenylmethane dye malachite green 

(MG). This aptamer enhanced the fluorescence of malachite green (Figure 35) by three orders 

of magnitude. Although the nonspecific binding to other cell components and its cytotoxicity 

prevented in vivo applications, it paved the way for developing biologically compatible 

fluorescent aptamers.177 

 

Figure 35. Structure of the dye malachite green. 

The next fluorescent aptamers were developed using fluorogens derived from the GFP 

chromophore (Figure 36), since the ability of a tightly binding RNA should restrict molecular 

motions and restore their fluorescence. The aptamer Spinach168 consists of DFHBI (3,5-

difluoro-4-hydroxybenzylidene imidazolinone) and a 98-nucleotide long RNA sequence, which 

constrains the fluorogen in a planar conformation between a G-quadruplex, a base triple and 

solvent molecules.178,179 While it has been successfully used in E. coli and mammalian cells, 

Spinach needs a tRNA scaffold to fold correctly in vivo and shows significantly lower 

brightness than in vitro. Six mutations lead to Spinach2, an aptamer with almost identical 

photophysical properties that shows increased melting temperature and improved folding in 

vivo, leading to a higher brightness in cell imaging.180 

N N
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A modified SELEX protocol, which includes expression in E. coli and FACS screening in the 

presence of the fluorogen at 37C, was used to create the Broccoli aptamer. It is made of a 

49 nucleotide RNA that folds forming a G-quadruplex structure, and the improved fluorogen 

DFHBI-1T, with an additional trifluoromethyl group that increases brightness and causes a 

slight redshift in fluorescence excitation and emission. These improvements in the selection 

process ensure increased fluorescence upon binding, compatibility with cellular expression, 

high thermostability and low magnesium dependence.181 

A new fluorogen was later developed to contain an oxime, a stable version of the N-acyl imine 

from the RFP fluorophore, to avoid the photoisomerisation that decreased the photostability 

of DFHBI based aptamers.182 Corn aptamer was obtained by applying the modified SELEX 

protocol on DFHO (3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime), resulting in a 

36-nucleotide long RNA sequence that stabilises DFHO in the interface of an RNA homodimer, 

with a four-tiered G-quadruplex on each side flanked by adenine flaps.183 Corn exhibits 

significantly red-shifted fluorescence and increased photostability. However, due to its 

dimeric nature and low thermostability, it is not suitable for imaging in live cells.184 

The fluorophores of Spinach, Broccoli and Corn are mostly deprotonated at physiological pH, 

but HBI derivatives with higher pKa can be present as the phenol form and show large red 

shifts. An RNA derived from the selection process of Spinach aptamer was optimised to bind 

3,5-dimethoxy-4-hydroxybenzylidene imidazolinone (DMHBI), giving rise to the Chili 

aptamer.185 A positively charged trimethylammonium phenyl derivative (DMHBI+) greatly 

increases fluorescence enhancement by preventing the non-radiative deactivation of the 

excited state. The introduction of an oxime (DMHBO+) does not vary the fluorescence 

enhancement compared to Chili-DMHBI but causes a bathochromic shift, leading to the 

longest wavelength emitting aptamer in the HBI-binding family.186 This RNA aptamer forms a 

two-tiered G-quadruplex that holds the ligand in a slightly twisted conformation. The oxime 

moiety forms additional hydrogen bonds with the phosphate backbone, causing a higher 

affinity and thermostability in Chili-DMHBO+.187 

To avoid the complex G-quadruplex folding, a new approach consisting in evolving a naturally 

occurring well-folding RNA aptamer using SELEX was developed. This resulted in Squash, 

evolved from an adenine-binding aptamer to bind DFHBI-1T without a G-quadruplex. Squash 
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exhibits a high folding efficiency in vivo, and improved photostability and fluorophore affinity 

compared to Broccoli and Corn, and it also induces the fluorescence of DFHO.188,189 

 

Figure 36. HBI derivatives used in fluorescent aptamers. 

Fluorescent aptamers based in distinct fluorogens instead of GFP mimics have also been 

developed (Figure 37). Thiazole Orange (TO1) is a small, non-toxic, cell permeable cyanine 

fluorophore that exhibits very low fluorescence in solution but becomes strongly fluorescent 

when the structure is rigidified. A PEG-Biotin moiety was added to destabilise nucleic acid 

intercalation and decrease cellular background fluorescence. An RNA sequence was then 

selected, aiming for very tight binding and high fluorescent enhancement.190 The resulting 

Mango aptamer forms a three-tiered G-quadruplex that stabilises the TO1-Biotin fluorogen in 

its top face.191 

A GFP inspired synthetic dye, (4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-cyanophenyl-

acetonitrile (HBC), containing a rigid electron acceptor and a strong electron donor that 

fluoresces upon constraint was used to select a RNA sequence that greatly enhanced its 

fluorescence. The optimisation of this sequence lead to the Pepper aptamer, which shows 

remarkable fluorescence enhancement both in vitro and in vivo and increased thermal and 

folding stability.192 By tuning the -conjugation and modifying the electron donor/acceptor 

ability of the dye, a series of analogues covering a broad spectral range that maintained high 

affinity for Pepper RNA were designed. The Pepper aptamer binds all analogues in a similar 

manner, it forms a four-sided box binding pocket in the centre of the overall structure that 

holds the fluorogen in a quasi-planar conformation. It does not contain G-quadruplexes, 

leading to the increased stability and folding efficiency in live cells.193 
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Figure 37. Other fluorogens used in fluorescent aptamers. 

The nature of fluorescent aptamers gives them certain advantages over the use of fluorescent 

proteins for imaging applications: they have low background fluorescence in the absence of 

RNA, they tend to have low to no interference with cellular function due to their small size, 

they can be reversibly thermally denatured, and they are easy and quick to produce inside 

the cell. Thanks to these benefits, in addition to being used for direct imaging of RNA 

transcripts,168 they have also been exploited as the recognition element in biosensors for in 

vivo monitoring of small molecule metabolites or of bimolecular interactions (RNA–RNA or 

RNA–protein) utilising FRET based systems.194,195 The improvement in photostability of the 

more recent aptamers warrants further investigation on their ability to assess the activity of 

novel engineered constructs in optogenetic systems. 

1.7 Project aims 

The overall aim of the project was to harness light as a stimulus using LOV domain-based 

transcription factors as tools. These proteins, key players in the field of optogenetics, allow 

the study and control of biological processes in a non-invasive and precise manner. In this 

work, the LOV domain-containing protein EL222 was engineered to alter its affinity for DNA 

and be able to activate the transcription of a target gene. Additionally, the fluorescent RNA 

aptamer Pepper was evaluated as a reporter of transcription in optogenetic systems. Finally, 

the signal transduction mechanism of Aureochrome LOV domain was studied to achieve a 

better understanding of the light activated structural changes, which could assist with the 

rational design of novel and improved optogenetic tools 
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Chapter 2  - Investigating the use of 
pepper RNA aptamer as a reporter of 
transcription in optogenetic systems 

2.1 Introduction 

Fluorescent RNA aptamers consist of a fluorogen, and an RNA sequence selected to enhance 

its fluorescence.168 In vitro applications of fluorescent RNA aptamers include identification of 

ligands/metabolites in a solution, visualisation of RNA in native gels and affinity purification 

of tagged RNA or proteins. In vivo applications encompass real time monitoring of gene 

transcription, interaction studies of RNA with RNA, proteins or small molecules; detection of 

RNA sequences; or monitoring the localisation and dynamics of metabolites and aptamer-

tagged proteins.195 While fluorescent RNA aptamers overcome some limitations of 

fluorescent proteins, some key properties need to be considered (Table 1) such as brightness, 

thermal and photostability, affinity, wavelength of emission, and robust expression and 

correct folding in cells. Limited brightness, thermostability or photostability would hinder 

their use for general imaging applications in vivo, particularly for low abundance RNAs. To 

avoid this, a strong interaction between the RNA and the fluorogen is desired. A broad 

spectral range coverage is desired in aptamers to avoid overlap with cell autofluorescence, 

which falls in the blue-green range, and to be able to use two distinct systems 

simultaneously.160 

Many aptamers contain G-quadruplexes in their structure, which consist of two or more tiers 

of planar guanine tetrads coordinated to potassium ions. Their planar arrangement is 

beneficial for binding the fluorogen and restricting conformational changes, inducing the 

activation of fluorescence.196 However, the presence of these motifs in aptamers can lead to 

difficulties in folding due to their tendency to be polymorphic.197 This, along with the high 

dependence on potassium ions, can affect their use for in vivo applications. 
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 Length 
(nt) 

Fluorogen 
λex max 
(nm) 

λem max 
(nm) 

Fold 
activation 

Kd (nM) 
Photosta 
bility (s) 

Tm 
(C) 

Year 

MGA177 38 MG 630 650 2360 117 n.d. 45 2003 

Spinach168 98 DFHBI 467 501 2000 537 <1 34 2011 

Broccoli181 49 DFHBI-1T 472 507 960 360 <1 48 2014 

Corn184 36 (x2) DFHO 505 545 420 70 10 33 2017 

Chili185 
52 DMHBI+ 400 540 625 63 n.d. 43 2019 

52 DMHBO+ 455 592 125 12 n.d. 50 2019 

Squash188 
83 DFHBI-1T 452 503 1000 45 <1 48 2021 

83 DFHO 495 562 500 54 3 50 2021 

Mango190 
29 TO1-Biotin 510 535 1100 3 5 40 2014 

29 TO3-Biotin 637 658 35 7 n.d. 40 2014 

Pepper192 

43 HBC485 443 485 691 8.0 >3600 66 2019 

43 HBC497 435 497 16601 6.7 <1 58 2019 

43 HBC508 458 508 9091 27.0 <1 45 2019 

43 HBC514 458 514 4748 12.0 <1 54 2019 

43 HBC525 491 525 585 3.8 <1 63 2019 

43 HBC530 485 530 3595 3.5 <1 55 2019 

43 HBC599 515 599 708 18.0 >4700 55 2019 

43 HBC620 577 620 12600 6.1 >30000 66 2019 

Table 1. Properties of different fluorescent RNA aptamer systems. The colour of each row represents 
the emission wavelength of that aptamer system. 

2.1.1 Pepper aptamer system 

Among the aptamer systems developed and described in Table 1, Pepper stands out for its 

broad range of emission maxima, high affinity between RNA and fluorogen, high fold 

activation, lack of G-quadruplex in its structure, high melting temperature and, for three of 

the fluorogens, remarkable photostability. The Pepper aptamer system (Figure 38) is 

comprised of a fluorogen, (4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-cyanophenyl 

acetonitrile or HBC530, that has a rigid electron acceptor and a strong electron donor; and a 

43 nucleotide long RNA oligo identified by SELEX to bind said fluorogen.192 
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Figure 38. Pepper aptamer system. Structure of (4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-
cyanophenyl acetonitrile and secondary structure of the Pepper RNA. 

Tuning the -conjugation and modifying the electron donor/acceptor ability of the fluorogen 

gives rise to a series of analogues covering a broad spectral range (Figure 39). Increasing the 

conjugation of the system reduces the HOMO-LUMO gap, and therefore produces a redshift. 

This approach yielded HBC599 and HBC620. On the contrary, decreasing the electron density of 

the π-conjugation system and the increase in the HOMO-LUMO gap causes a blueshift (HBC497 

and HBC508). This latter effect can also be achieved by decreasing the electron withdrawing 

capability of the electron acceptor group (HBC525) or decreasing the electron donating ability 

of the electron donor (HBC485 and HBC514). These analogues maintained high affinity for 

Pepper RNA, and some even showed improved fluorescence activation, photostability and 

thermostability.192 

 

Figure 39. Strategies of fluorogen modification to obtain analogues with different spectral properties. 
The colour of the arrows indicates a redshift (red) or blueshift (blue) in emission wavelength. 

The pepper RNA adopts a helical structure with one protruded region and includes several 

magnesium ions that participate in the tertiary folding. It contains three stems connected by 
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three junctions (Figure 40).193 Junction 3/2 extrudes from the helix and is positioned by the 

major groove of stem P2. The fluorogen is intercalated in the middle of the structure in a 

quasiplanar conformation. It binds at the intersection of P2 and the junctions, in a four-sided 

box shaped binding pocket formed by eight nucleobases: the top face is a noncanonical base 

pair (G10, U40), the bottom face is a tetrad (G41, C43, U8, U42), one side is a guanine (G9) 

and a cytosine (C33), and the other side is a phosphate. Those analogues containing a terminal 

–OH group form a hydrogen bond with a nitrogen of the guanine 41. However, the longer 

length of thienothiophene disrupts that hydrogen bond formation in HBC620. The substitution 

of the hydroxy group for an amine makes the ligand lose that hydrogen bonding interaction. 

 

Figure 40. Tertiary structure of Pepper aptamer in complex with HBC620 (PDB ID: 7EOP). 

Apart from direct reporting of transcription, this aptamer system has been used to visualise 

protein tethering and trans-localisation in mammalian cells,192 as a biosensor to recognise 

specific sequences of endogenous intracellular RNA198 and to measure the dynamic changes 

in the levels of SAM and other metabolites in real time in live cells.199 

2.1.2 Aim 

The aim of the work described in this chapter was to study the ability of the Pepper aptamer 

system to report transcription initiated by a LOV-domain based transcription factor, namely 

EL222. The presence of FMN in LOV domains grants them a weak intrinsic fluorescence that 

is lost upon adduct formation.200 The excitation (ex = 450 nm, 475 nm) and emission (em = 

490 nm, 535 nm) peaks overlap with GFP autofluorescence. While GFP has successfully been 

used for reporting on LOV based optogenetic tools,5,72,140,201 the use of RNA aptamers may 
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improve results by avoiding fluorescence overlap and overcoming the previously mentioned 

limitations of fluorescence proteins. 

The HBC620 – Pepper RNA system possesses excitation and emission wavelengths that do not 

overlap with cell autofluorescence and the intrinsic fluorescence of LOV domains. The system 

also presents high affinity between fluorogen and RNA, remarkable fluorescence activation 

upon binding and increased photostability, necessary when illumination is required to 

activate transcription.192 These properties make it worth investigating for reporting 

transcription in optogenetic systems. 

2.2 Results 

2.2.1 Synthesis of HBC620 

The synthesis of fluorogen 5-[(2-hydroxyethyl)methylamino]thieno[3,2-b]thiophene-2-(p-

cyanophenylacetonitrile) (compound 9, HBC620) was initially attempted following the 

synthetic route outlined in by Chen et al,192 using thieno[3,2-b]thiophene as a starting 

material and introducing the substituents to the aromatic system as depicted in Figure 41. 

 

Figure 41. Synthetic route to HBC620 described by Chen et al.192 
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The first substituent is introduced on the alpha carbon of thieno[3,2-b]thiophene, the most 

reactive position towards electrophilic substitution. This can be illustrated by the position of 

the negative charge in the resonance forms (Figure 42).202 

 

Figure 42. Resonance forms of thieno[3,2-b]thiophene. 

The result of the bromination of compound 1 was analysed by GC-MS (Figure 43). Compound 

2 (11.57 min) was obtained as the main product of this reaction (69% yield). However, a small 

amount of starting material 1 (7.51 min) was left unreacted and a small fraction of the 

reaction progressed further to yield the dibrominated compound (15.23 min).  

 

Figure 43. GC-MS spectrum after bromination of compound 1 without further purification. 

The Ullmann type C-N coupling reaction resulted in a very low yielding (5%) formation of 

compound 4. A possible cause for the reduced yield is the light, air, and moisture sensitivity 

of copper iodide. The purification of CuI by boiling in NaI solution203 before performing the 

coupling reaction increased the yield to 25%, but this was still distant from the 79% reported 

in the literature.192 The inert atmosphere required for this reaction was achieved by using an 

argon balloon since a Schlenk line was not available. It has been proven that air slowly diffuses 

into the balloon over time, not fully maintaining the inert atmosphere204 and this non-optimal 

set up could be the cause of the low yield. 

The protection of the alcohol group was required due to incompatibility with the Vilsmeier-

Haack reagents, as their addition in the presence of the deprotected alcohol would lead to its 

chlorination.205 Acetic anhydride was used to convert the primary alcohol into an ester to 

avoid this undesired reactivity. 
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The fourth step was a Vilsmeier-Haack formylation to introduce an aldehyde onto the 

aromatic system. After multiple attempts and testing different conditions, the aldehyde group 

could not be directed to the position described in the literature.192 Instead, it was mainly 

being directed to the carbon adjacent to the amino substituent (Figure 44). This was identified 

by NMR thanks to the multiplicity of the aromatic protons, doublets with a coupling constant 

of 5.25 Hz, characteristic of adjacent protons in thienothiophene.206 (Figure 45). A small 

amount of dialdehyde product, with the additional aldehyde group in the  position of the 

second thiophene ring was also formed (Figure 46). The amino substituent has an activating 

effect of the aromatic system due to the presence of the free electron pair, and it mainly 

directs electrophiles to its adjacent carbon in the aromatic system. The slight excess of POCl3 

allowed the formation of the dialdehyde product, with the additional aldehyde group on the 

next most reactive position ( carbon of the second ring). 

 

Figure 44. Results of the Vilsmeier-Haack formylation on compound 5. 

 

Figure 45. 1H-NMR spectrum (7 – 10 ppm) of compound 10. The multiplicity and coupling constant of 
the aromatic hydrogens indicates the remaining protons are adjacent. 
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Figure 46. 1H-NMR spectrum (7 – 10 ppm) of compound 11. The two peaks at ~10ppm mark the 
presence of two aldehyde groups. 

This problem led to the design of a new synthetic route (Figure 47), beginning with a 

Vilsmeier−Haack formylation, followed by a bromination to achieve the correct positioning of 

the substituents. The aldehyde group has a deactivating effect on the aromatic system due to 

its electron withdrawing character, the adjacent carbon is disfavoured, and the bromine atom 

can be introduced in the desired position. The reversion of the order of these two steps would 

result in an incorrect product. While the bromine atom also has a deactivating effect, it 

favours electrophilic substitution in the adjacent carbon thanks to its ability to donate a free 

electron pair to form a pi bond. Once the substituents have been correctly positioned, they 

can be modified to obtain the final product. The order of the next two reactions is likely to be 

irrelevant but it was decided to perform the amination reaction first as it might be beneficial. 

Since the reagent (2-methylamino)ethanol is in excess, an equivalent could form an iminium 

ion with the aldehyde before the amination occurs and favour the reaction due to the 

aromatic system now being less electron rich. The final Knoevenagel condensation adds p-

cyanophenylacetonitrile (8). 
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Figure 47. New synthetic route to compound HBC620. 

This new synthetic route gave better results than the previous reported synthesis. It 

comprised only four steps instead of six since the protection and deprotection steps were no 

longer needed, and the substituents were directed to the correct positions (characterisation 

in Appendix). However, the yield for the amination of the brominated substrate was still low 

due to the limitations in the inert atmosphere set up. Additionally, some degradation could 

be seen on silica plates due to the appearance of additional spots with time. It is therefore 

possible that, while purifying via silica column, part of the product was lost, contributing to 

the low yield. 

The purification of the target compound 9 proved challenging due to the recurrent coelution 

of the starting material and product in multiple solvent systems. Compounds 7 and 9 were 

separated in TLC using 3% MeOH in DCM as the mobile phase, but they coeluted in flash 

chromatography with the same solvent system. Methanol is a protic solvent and the 

formation of hydrogen bonds with the compounds can lead to an unpredictable elution in 

flash chromatography that does not always correlate to the results seen on TLC. Acetonitrile 

has been described as an effective replacement for methanol in normal phase 

chromatography due to its polar and aprotic character, that results in a higher predictability 

when creating a flash chromatography method based on TLC results.207 Ultimately, the 

solvent system 5% MeCN in DCM was able to separate compounds 7 and 9 both in TLC and 

flash chromatography. However, the duplicated appearance of the signals on the 1H-NMR 

spectrum of the purified compound indicated the presence of two species which were 

identified as isomers (Figure 48). 
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Figure 48.  1H-NMR spectrum (6 – 8 ppm) of the two isomers and their chemical structures. The 
duplication in the expected NMR signals indicated the presence of isomers. 

Initially, attempts were made to isomerise 9b (E) to 9 (Z), to utilise the amount of 9b that had 

already been synthesised. Iodine and p-toluenesulfonic acid, known to catalyse isomerisation 

reactions,208,209 were individually added to a solution of the isomer mixture and the changes 

were monitored by NMR. However, no changes in isomer ratio were visible. Secondly, the 

reaction conditions of the final step of the synthesis were varied to reduce the proportion of 

9b obtained. Different temperatures (0°C, 5°C, 25°C and 50°C) and different quantities of 

catalytic piperidine (0.5 and 1 drops) were tested. For the reactions at 0°C, no product was 

visible on TLC after 1h, so one reaction was carried out at 5°C overnight. The results obtained 

from these reactions could not be rationalised (Table 2). 

 5°C r.t 50°C 

0.5 drop - 35% Z - 

1 drop 50% Z 80% Z 60% Z 

Table 2. Percentage of 9 obtained in Knoevenagel reaction in different conditions. 
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After failing to obtain exclusively compound 9, separation of the two isomers became the 

objective. This separation could not be achieved using standard TLC, so silver coated TLC, 

shown to be effective in separation of complex isomeric mixtures, was tested.210 Though silver 

coated TLC led to visible albeit small separation of the isomers, this was not reproducible in 

silver coated microscale (pipette) column chromatography. 

Since the isomers could not be manually separated, HPLC was next attempted. The sample 

was first analysed by a preliminary run using a rapid 0-100% gradient of acetonitrile in water 

(Figure 49 left). The presence of a shoulder on the peak implied that separation by HPLC would 

be possible after narrowing the gradient. An optimised run was carried out with a gradient of 

60-100% acetonitrile in water, which resulted in baseline separation of the two isomers 

(Figure 49 right). 

 

Figure 49. Chromatograms of the separation of 9 and 9b in gradients of water and acetonitrile. Left: 
0-100%, right: 60-90%. 

The fractions of each isomer were collected separately, with the first fraction presenting a red 

colour and the second, a light pink. The solvents were removed, and the samples were 

analysed by 1H-NMR in d6-DMSO. Both fractions showed a mixture of isomers with different 

proportions rather than the expected single isomers (Figure 50 left). For simplicity, the Z/E 

isomer ratio was compared in the 6.0 – 6.5 ppm region in 1H-NMR. After being exposed to 

ambient light overnight, both samples had the same colour and had reached the same Z/E 

ratio (Figure 50 middle). This suggested that isomerisation was taking place over time. To 

investigate if light was causing the cis/trans isomerisation, both samples were kept in the dark 

(covered in foil) overnight. The increased proportion of the Z isomer (9) in both samples 

(Figure 50 right) indicated that the compound photoisomerised. The E isomer was favoured 

under white light conditions and the Z isomer was favoured in the dark. 
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Figure 50. Isomer ratio on both HPLC fractions after solvent removal (left). Illumination with ambient 
light overnight (middle) led to an increase in E isomer, reaching similar levels in both samples. After 

relaxation in the dark overnight (right), the amount of E isomer was reduced. 

The activity of this photoswitch was further studied using 1H-NMR spectroscopy. Solutions of 

9 kept in the dark were illuminated with red (Figure 51) and blue (Figure 52) light and the 

extent of isomerisation was compared. Both red and blue light had an effect on the 

isomerisation upon illumination. Complete isomerisation to 9a (E) was not observed but a 

maximum Z : E ratio (1 : ~1.2) was reached in all tested conditions (red light, blue light and 

ambient light). Red light induced isomerisation more rapidly as illumination for one hour was 

enough to reach the maximum ratio, whereas ambient or blue light necessitated multiple 

hours to reach this level of isomerisation. 

 

Figure 51. Change in isomer ratio after one hour of red-light illumination. A significant amount of E 
isomer was observed, almost reaching the maximum Z : E ratio. 
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Figure 52. Change in isomer ratio after one hour of blue-light illumination. A small proportion of E 
isomer was formed, showing a slower conversion than with red light. 

The rate of the conversion from the maximum isomeric mixture to the Z isomer in the dark 

was followed by NMR and the half-life was found to be 6.5 h (Figure 53). After 70h in the dark 

at room temperature, the sample had been completely converted to the Z isomer. Therefore, 

to isolate the isomer of interest after performing the final reaction and purification, it was 

needed to leave the isomeric mixture in a small amount of solvent system in the dark for three 

days before completing solvent removal, also in dark conditions. 

The effect of an acid on the speed of the conversion was analysed by addition of acetic acid 

and followed by 1H-NMR (Figure 53). The presence of acetic acid in the solution slowed the 

conversion to the Z isomer, with a half-life of 20 h and only reaching complete conversion 

after over 190 hours (8 days). Due to the acidic pH of the solution, the nitrogen atom is likely 

to be protonated, which slows the isomerisation and suggests that the lone pair of electrons 

of the nitrogen is involved in the photoisomerisation mechanism. 

 

Figure 53. Relaxation from E/Z isomer mixture (illuminated solution) to Z isomer (dark conditions) in 
the presence and absence of acetic acid in d6-DMSO. The thermal conversion to the Z isomer is 

slowed in the presence of acid. 
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The isomerisation data obtained in the polar aprotic solvent DMSO could not be extrapolated 

to the biological assays since a water-based solution is used in the measurement of 

fluorescence. Unfortunately, the limited solubility of 9 in water did not allow NMR spectra to 

be recorded in D2O solution. To assess the effect of light on 9 in water, the biological assays 

were carried out. They would better indicate whether it is possible to use the Pepper aptamer 

as a reporter of transcription in E. coli and the effect of light on its fluorescence enhancement. 

2.2.2 Reporting transcription in vivo 

A reporter system based on the rhamnose promoter was established to test the use of Pepper 

aptamer as a reporter of transcription. The rhamnose promoter is tightly regulated, with a 

low basal level of expression in the absence of L-rhamnose that can be further repressed by 

the addition of glucose. It is also tuneable and varying concentrations of inducer result in 

different levels of expression.211 

Golden Gate Assembly was used to introduce the Pepper RNA sequence into a plasmid 

containing the rhamnose promoter (Figure 54). Firstly, primers were designed to amplify the 

plasmid backbone to give a double stranded linear product with the rhamnose promoter and 

the rrnB terminator on separate ends. A BsaI restriction site was introduced on each end. The 

pepper fragment was designed to contain a BsaI restriction site on each end and four tandem 

repeats of the Pepper RNA sequence, as this has been shown to increase the fluorescence. 192 

The two fragments were joined using Golden Gate assembly. This technique is a one pot 

cloning method that uses BsaI, a type IIS restriction enzyme which cleaves outside its 

recognition sequence leaving an overhang. T4 ligase then links segments with complementary 

overhangs with the absence of the restriction site in the product.212 The resulting circular 

plasmid was transformed, amplified and sequenced to verify the correct addition of the 

Pepper gene. 

 

Figure 54. Golden Gate Assembly procedure used to introduce the Pepper gene into a plasmid 
backbone. 
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In vivo experiments were carried out in the E. coli cloning cell line XL1-blue. Cells transformed 

with the plasmid were grown either in the presence or absence of L-rhamnose and the cell-

permeable fluorogen 9 was added before fluorescence measurements. The fluorescence of 

the cells was normalised against the fluorescence of XL1-blue cells with HBC620. The cells 

induced with L-rhamnose show considerably higher fluorescence than those not induced 

(Figure 55). The low fluorescence of the uninduced cells indicates only a minimal amount of 

Pepper RNA was produced, whereas the high fluorescence of the induced culture corresponds 

to a high degree of RNA transcription. This experiment corroborates the validity of the 

Pepper-HBC620 system to detect the presence of Pepper RNA produced in cells. 

 

Figure 55. Fluorescence measurements of the pepper aptamer system with and without L-rhamnose 
induction, showing a low and high level of fluorescence respectively. 

To investigate the sensitivity of the aptamer system for following the transcriptional changes 

within XL1-blue cells, fluorescence was measured after induction with different L-rhamnose 

concentrations. A linear increase of fluorescence was observed until 0.09% w/v of L -

rhamnose, at which point the fluorescence plateaued due to the promoter reaching 

maximum activation of transcription (Figure 56). This indicates that the fluorescence of the 

Pepper aptamer system is dependent on the amount of RNA transcribed inside the cells. 
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Figure 56. Induction of RNA production with different chemical inducer concentrations. A linear 
increase of fluorescence with increasing rhamnose concentration was observed until saturation. 

The Pepper aptamer system has only been described to bind the Z isomer (9). It was 

hypothesised that the photoisomerisation of the fluorogen could affect the fluorescence 

signal and therefore the pepper aptamer may not be an adequate reporter of gene expression 

for light induced systems. To test this hypothesis, the fluorescence signal was measured 

before and after illumination in induced and uninduced samples in the presence of HBC620 

(Figure 57). 

 

Figure 57. Effect of blue light and ambient light illumination in induced (rhamnose) or uninduced (no 
rhamnose) cultures of the pepper aptamer system. Illumination causes a reduction in fluorescence in 

both induced and uninduced samples. 

Illumination of the samples with ambient (white) light or blue light caused a similar and 

noticeable reduction in fluorescence intensity. When comparing samples that have the same 
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illumination treatment, Pepper RNA production can be assessed. The rhamnose induced 

sample showed higher fluorescence than the noninduced sample for each of the illumination 

conditions. However, comparing samples kept in different illumination conditions does not 

provide useful information regarding the expression of the Pepper RNA sequence. For 

instance, uninduced light and dark samples display a substantial difference in response 

independent of Pepper RNA expression, and the fluorescence of the uninduced dark sample 

and the induced light samples are comparable due to the photoisomerisation. 

Next the Pepper aptamer system was tested using a plasmid where expression of the RNA 

sequence was under the control of the EL222 promoter (Figure 58). EL222 is constitutively 

expressed via the Anderson promoter J23106 of medium strength. EL222 is activated upon 

blue light illumination and can then bind to its promoter to induce Pepper RNA transcription. 

The Pepper gene was introduced in place of RFP in the pEBLindv2 plasmid213 utilising Golden 

Gate assembly. 

 

Figure 58. Plasmid map for the light-controlled expression of Pepper aptamer. 

For these experiments, XL1-blue cells without the plasmid were used as a blank. Cells 

transformed with the plasmid were grown both in the dark (covered with foil) and constantly 

illuminated with blue light and the fluorescence was measured in the presence of HBC620. The 

cells grown in the dark were expected to give low fluorescence as the Pepper RNA was not 

anticipated to be transcribed without light activation of EL222. Those grown under 

illumination were expected to give significantly higher fluorescence due to the activation of 

the transcription factor and production of the Pepper RNA. However, the results obtained 

(Figure 59) displayed the opposite behaviour. The fluorescence intensity was higher for the 

dark sample than the blue light, likely due to the photoisomerisation of 9 to 9b. The 

illumination needed for activation of EL222 likely lead to the isomerisation of the fluorogen, 

which could result in a decrease in the fluorescence of the illuminated sample that the results 

are reversed. To check this, a sample of the dark culture was briefly illuminated prior to 
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fluorescent measurement (Figure 59). Upon illumination, the fluorescence of the dark sample 

was reduced to a similar level to that of the induced sample. 

 

Figure 59. Fluorescence of the pepper aptamer system with (blue light) and without (dark) induction 
of RNA transcription. The sample induced with blue light showed lower fluorescence. Illumination of 

an uninduced sample caused a reduction in fluorescence. 

This reduction in fluorescence upon illumination indicates that the photoisomerisation of the 

fluorogen is limiting when measuring RNA transcription under different illumination 

conditions. However, other potential causes for this opposite behaviour of the system were 

assessed. Correct aptamer activity (fluorescence production upon RNA and fluorogen binding) 

had been confirmed by exploiting the rhamnose promoter. EL222 expression was 

corroborated by growing cultures on a larger scale (500 mL) and centrifuging. The bright 

yellow colour of the cell pellet indicated its presence. Finally, a different plasmid was tested 

to ensure the transcription of Pepper RNA from the EL222 promoter or the concentration of 

EL222 produced from the constitutive promoter were not the cause for the unexpected 

behaviour of the reporter. The Pepper gene was introduced using Golden Gate Assembly into 

the plasmid backbone pAP05.140 In this plasmid, the weaker Anderson promoter J23105 leads 

to the constitutive expression of EL222. Blue light illumination activates EL222 and induces 

Pepper RNA transcription. Due to the tetracycline resistance gene present on this plasmid, 

XL1-blue cells could not be used, and experiments were carried out using DH5 cells. 

However, The fluorescence measurements gave similar results to the previous plasmid, 

showing higher fluorescence for the dark sample (Figure 60). 
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Figure 60. Fluorescence of the pepper aptamer system with (blue light) and without (dark) induction 
of RNA transcription. The sample induced with blue light showed lower fluorescence. 

2.3 Conclusions and future work 

In this chapter, the Pepper-HBC620 aptamer system was studied as a reporter of transcription. 

The fluorogen HBC620 was synthesised from thieno[3,2-b]thiophene. The route described in 

the literature did not yield the indicated product and a new synthetic route to the HBC620 

fluorogen was successfully performed. Aside from generating the correct product, this new 

route required two less steps by avoiding requiring protection and deprotection of the alcohol 

intermediate. 

Once synthesised and purified, the fluorogen was found to be a photoswitch. 1H-NMR studies 

in DMSO indicated that the Z isomer, described to bind the Pepper RNA, was favoured in the 

dark. Illumination with red, blue or ambient light caused conversion to the E isomer, reaching 

a maximum Z/E ratio of 1/1.2. Addition of acetic acid to the illuminated isomeric mixture 

slowed the thermal conversion to the Z isomer, pointing to the involvement of the lone pair 

of the nitrogen atom in the isomerisation mechanism. 

The effect of illumination in reporting of transcription was studied due to the intent of using 

the Pepper-HBC620 aptamer system in a blue-light induced system that would require 

different illumination states for different samples. In vivo assays utilising the rhamnose 

promoter corroborated the ability of the Pepper-HCB620 aptamer system to detect RNA 

transcription in cells. However, the use of a blue-light dependent promoter based on protein 

EL222 indicated that this system is not a valid reporter of gene expression for light induced 

systems due to the photoisomerisation of the fluorogen and concurrent loss of fluorescence. 

Due to this outcome, GFP was used with its known limitations as a reporter of gene expression 

in the work described in Chapter 3. 
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Chapter 3  - Engineering the DNA 
binding domain of EL222 to create 

photoresponsive transcription factors 
3.1 Introduction 

The protein EL222 is one of the smallest light-induced transcription factors, containing only 

the essential photosensory LOV domain and helix-turn-helix DNA binding domain linked via 

the J helix (Figure 61). The small size and simple structure of this protein is advantageous 

for protein engineering, and its quick activation and deactivation kinetics are important for 

optogenetic control of processes that require precise temporal control of gene expression.214 

In EL222, the Jα helix serves as a linker between both domains but interacts more closely with 

the HTH domain.62 Within the tri-helical core of HTH domains, the recognition of a specific 

sequence of DNA is mainly mediated by two α helices. The 3α helix binds to the major groove 

of DNA through hydrogen bonds and Van der Waals interactions with exposed bases. The 2α 

helix stabilises the interaction between protein and DNA but does not play a significant role 

in its recognition.215 The 4α helix, which typically comprises the dimerisation interface for HTH 

domains, interacts with the outer surface of the LOV -sheet in the dark state, interfering with 

DNA binding.62 Light-induced conformational changes cause a reorientation of the domains 

relative to each other that frees the 4α helix and allows dimerisation and DNA binding.63 

 

Figure 61. Structure of EL222 in the dark state showing the LOV domain in blue and the helix-turn-

helix domain in pink linked by the J helix. The 4 helix of the DNA binding domain and the -sheet 
of the LOV domain form interactions that prevent DNA binding in the dark state (PDB ID: 8A5R). 
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HTH DNA binding domains are widespread amongst bacteria and regulate a multitude of 

valuable processes,83 including nitrogen fixation (FixJ), antibiotic resistance (TetR), biofilm 

formation (CsgD) and carbohydrate metabolism (HexR). The formation of biofilms is key in 

the survival of bacterial communities under environmental stresses. Achieving spatial and 

temporal control of this process can be beneficial for a variety of biotechnological 

applications.126 Such control can be attained using light as an inducer, with the development 

of photoresponsive transcription factors. The existence of direct methods of measuring 

biofilm formation, and therefore straightforward evaluation of novel constructs, makes this  

process suitable for development of optogenetic tools.  

CsgD is the transcriptional regulator that controls biofilm development. It contains an N-

terminal regulatory domain216 and a C-terminal HTH DNA binding domain115 (Figure 62). The 

regulatory domain contains a conserved aspartate residue that is susceptible to 

phosphorylation, although the cognate histidine kinase sensor has not been found yet. The 

unphosphorylated transcription factor has high affinity for its DNA targets, but 

phosphorylation of the aspartate residue reduces its DNA binding affinity.216,217 

CsgD is a key regulator of the transition between planktonic to biofilm lifestyle in E. coli. It 

directly activates the transcription of the csgBAC operon leading to the formation of curli, the 

main component of E. coli biofilms. It also positively regulates genes that favour biofilm 

adaptation such as cellulose production121 and stress resistance.218 Additionally, it represses 

negative determinants for biofilm formation,120 including genes related to cell motility114 and 

metabolism.121 CsgD regulation is complex and occurs both at transcriptional and post-

transcriptional level, depending on external and internal factors such as temperature,219 

osmolarity,220 nutrient availability,221 and growth phase222. 
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Figure 62. Predicted structure of CsgD showing the N-terminal regulatory domain in light green and 
the C-terminal helix-turn-helix domain in dark green (AlphaFold prediction P52106). 

Evaluation of biofilm formation can be performed through visualisation of biomass after its 

staining with an appropriate dye such as crystal violet (CV). CV is a triphenylmethane dye 

(Figure 63), which is basic and positively charged, and interacts with negatively charged 

molecules in the bacterial cell wall and in the biofilm extracellular matrix. 

 

Figure 63. Structure of the dye crystal violet. 

This crystal violet assay involves growing bacterial cultures in static conditions in microtiter 

plates, allowing the formation of biofilms. The removal of the liquid culture followed by 

extensive washing ensure the complete removal of planktonic bacteria. An aqueous CV 

solution is then applied to bind to the remaining biofilm. Following removal of excess CV, 30% 

acetic acid can be used to solubilise the CV that stayed bound to the biofilm (Figure 64). 

Measuring the absorbance at 570 nm allows the evaluation of the biofilm formation; a higher 

absorbance signifies a higher level of biofilm formation.223 
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Figure 64. Steps of the crystal violet biofilm formation assay. 

This assay is widely used224–227 to evaluate the early stages of bacterial biofilm formation since 

it is easy to use, rapid, low cost and relatively high throughput. However, care should be taken 

when carrying out the washing steps228 as washing too vigorously can lead to detachment of 

the biofilm and insufficient washing can lead to incomplete removal of planktonic cells (1st 

wash) or excess crystal violet (2nd wash). To overcome these shortcomings, it is essential to 

have positive and negative controls on each test plate, to do at least four replicate wells, and 

primarily compare results within a plate or plates set up at the same time.229 

3.1.1 Aim 

The aim of this project was to determine whether the DNA specificity of the HTH domain in 

EL222 could be altered to create novel photoresponsive transcription factors. It was 

hypothesised that this would establish the structural requirements of EL222 DNA binding and 

photoactivation and establish synthetic rules by which HTH domains can be exchanged to 

introduce optical control. By comparing the DNA binding domain of EL222 to other HTH 

transcription factors, the CsgD transcription factor and promoter were selected as a model 

system. The goal was to regulate curli expression, an essential step in biofilm formation, with 

blue light by replacing the DNA binding region of EL222 for that of CsgD. To assess DNA 

binding and transcription under different illumination states, GFP expression and biofilm 

formation assays were used. 

3.2 Results 

3.2.1 HTH domain alignments 

It has previously been shown that the sequences of the different HTH motifs are poorly 

conserved. The orientation of the 3 helix in the major groove of DNA is also variable amongst 

different complexes and depends on the structure of the rest of the protein.81 The HTH 

domains of ten LuxR-type proteins were aligned for comparison. The sequences aligned 

include EL222 (photoprotection), CsgD (biofilm formation), FixJ (nitrogen fixation), LuxR 
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(bioluminescence), CarR (biosynthesis of carbapenem antibiotics), PhzR (biosynthesis of 

phenazine antibiotics), TetR (tetracycline resistance), MalT (catabolism of malto-

oligosaccharides), NarL (nitrate assimilation) and AlkS (alkene degradation). 

The twenty amino acid long DNA binding region was the most conserved region of the full 

helix-turn-helix domain. These similarities in the region crucial for recognition of DNA 

sequences may allow for manipulation of the affinity for DNA by performing amino acid 

substitutions. However, these substitutions are likely to affect protein structure and stability 

due to poor conservation in the rest of the domain and optimisation may be required.  

 

Figure 65. Alignment of helix-turn-helix domains of ten LuxR-type proteins with the DNA binding 
region highlighted. The intensity of blue indicates the degree of conservation per amino acid. 

Sequences are generally most conserved in the DNA binding region. 

The sequences of the domains were obtained from UniProt KnowledgeBase: EL222 from 

Erythrobacter litoralis (Q2NB98), CsgD from Escherichia coli (P52106), FixJ from Rhizobium 

meliloti (P10958), LuxR from Aliivibrio fischeri (P12746), CarR from Pectobacterium 

carotovorum (Q46751), PhzR from Pseudomonas chlororaphis (P54303), TetR from 

Escherichia coli (P0ACT4), MalT from Escherichia coli (P06993), NarL from Escherichia coli 

(P0AF28) and AlkS from Pseudomonas oleovorans (P17051).  

3.2.2 Comparison of the DNA binding domains of EL222 and CsgD 

EL222 and CsgD contain HTH domains with four helices, although in EL222, the Jα helix linker 

to the LOV domain interacts closely with the DNA binding domain. The twenty amino acids 

from helices 2α and 3α comprise the region involved in the recognition of DNA. Comparing 

the amino acid sequence of the DNA binding region of both proteins shows 50% identity, with 

only a ten amino acid difference between CsgD and EL222 (Table 3). The high identity 

between the DNA recognition region of the two proteins and the existing direct assays for 

measuring biofilm formation make CsgD suitable for the study of this novel method of EL222 

engineering. 



Chapter 3 

 60 

 

Table 3. Comparison of the sequences in the DNA binding regions of EL222 and CsgD. Highlighted in 
red are the amino acids that differ. 

Since the DNA binding domain of CsgD has not been structurally determined, an 

AlphaFold230,231 prediction was used to compare with the structure of EL222 (Figure 66). There 

is a high similarity in the tertiary structure of both domains, indicating that the contacts of 

the external amino acid sidechains with DNA, and not the protein conformation, are what 

cause the affinity for different DNA sequences. 

 

Figure 66. Superposed structures of the HTH domain of CsgD (green, AlphaFold ID: P52106) and of 
EL222 (pink) including the Jα helix (blue, PDB ID: 3P7N). On the right, the DNA binding region is 

highlighted with the differing amino acid sidechains displayed for comparison.  

3.2.3 Optimisation of the reporter assays 

Prior to engineering the DNA binding domain of EL222, two methods for studying the 

transcription factor activity were tested and optimised. Firstly, GFP expression was used as a 

reporter of transcription. The plasmid used for this assay (pAP05) was a gift from Prof. Yong 

Ku Cho and Dr. Azady Pirhanov, University of Connecticut.140 It provides the constitutive 

expression of EL222 from the moderate-strength promoter J23105, and the light-regulated 

expression of GFP, controlled by the EL222 promoter (Figure 67). EL222 is produced both in 

dark and light conditions due to the constitutive expression. However, it only binds to the 

promoter to initiate GFP expression when illuminated with blue light. By substituting the 

EL222 promoter for the CsgD promoter and mutating the DNA binding domain of EL222, a 
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comparison of the GFP expression in dark and light conditions would indicate the ability of 

the variants to bind the CsgD promoter and initiate transcription. 

  

Figure 67. Plasmid pAP05 used for light dependent GFP expression. It provides the constitutive 
expression of EL222 and the light-regulated expression of GFP. 

To obtain a satisfactory dynamic range in GFP fluorescence when using the pAP05 plasmid to 

report EL222 activity between illuminated cells and those kept in the dark, the cell growth 

conditions were first optimised (Figure 68, Table 4). All trial experiments were performed 

using WT EL222, one set of cells was constantly illuminated with blue light (L), and another 

was covered in foil (D). Two different cell lines were tested (BL21 Star DE3 and DH5α) and 

grown in two sets of conditions (37°C until OD600 = 1.7, and 37°C until OD600 = 0.4 + 20°C for a 

further 20 h). The effect of lysozyme addition prior to imaging was tested in cells grown at 

37°C since the lysis of the cell wall and release of GFP could affect the fluorescence L/D ratio. 

 

Figure 68. Optimisation of the GFP fluorescence assay using WT EL222. Two cell lines were grown in 
dark (black) and light (blue) conditions at different temperatures (37°C left, 20°C right) and the effect 

of lysozyme was analysed. 
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Temperature 37°C 20°C 

Cell line DH5 DH5 BL21* BL21* DH5 BL21* 

Additional  lysozyme  lysozyme   

Ratio L/D 1.44  0.03 1.31  0.05 1.25  0.13 1.20  0.06 1.09  0.01 1.88  0.09 

Table 4. Fluorescence light/dark ratios obtained in the different conditions tested. 

For the first set of conditions, growth at 37°C, the use of DH5α cells gave a better L/D 

fluorescence ratio than BL21 Star DE3. The addition of lysozyme did not improve the L/D 

fluorescence ratio as, aside from increasing the fluorescence of cells grown under blue light, 

it also increased the fluorescence of cells grown in the dark. Overall, the best fluorescence 

L/D ratio was obtained from the second set of conditions, growth at 20°C, using BL21 Star DE3 

cells. However, OD600 measurements indicated that the growth of BL21 Star DE3 cells under 

blue light for 24h was impaired as those cultures reached an OD600 of 1.25, considerably lower 

than those grown in the dark. Due to the detrimental effect of long-term exposure of BL21 

Star DE3 to blue light, these conditions were not deemed appropriate. Instead, growth of 

DH5α cells at 37°C until OD600 = 1.7 was considered the best alternative and used for the 

following GFP expression experiments, since there was no apparent effect on growth rate due 

to illumination. 

The second reporter method relies on detection of biofilm formation via the crystal violet 

assay (Figure 64). Two E. coli strains were used, BW25113 as a positive control since it has all 

the necessary machinery to produce biofilm; and JW1023-1 as a negative control, where the 

CsgD gene has been knocked out so that it is unable produce biofilm. The activity of the 

controls did not depend on illumination conditions. A successful EL222 variant capable of 

mimicking CsgD would restore biofilm formation ability in JW1023-1 when grown under 

illumination since it would bind to the CsgD promoter naturally present in the cells and induce 

transcription of the curli biogenesis genes. However, if the engineered variant was not able 

to bind to the CsgD promoter, there would be no increase in biofilm formation in the 

illuminated sample. 

It has been shown that the capability of E. coli to form biofilm is dependent on the growth 

medium used.232 To determine the most adequate conditions for cell growth, the crystal violet 

assay was initially performed on the positive and negative controls grown in four different 

media (Figure 69). Growth in minimal media (M9 and M63) resulted in a higher measured 

absorbance for the positive control than for the negative control, indicating biofilm formation 
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occurred in the positive control. In contrast, growth in rich media (LB and LB supplemented 

with glucose) did not lead to a difference in biofilm formation between positive and negative 

controls, suggesting that the use of rich media is not suitable for this assay. These results 

agree with previous studies that show biofilm formation increases at low-nutrient 

conditions.233 Since there was no substantial difference between the minimal media, M9 

medium was chosen for ensuing experiments. 

 

Figure 69. Crystal violet assay of positive (purple) and negative (green) controls in different media. 
Minimal media was suitable for this assay as the positive control produced more biofilm.  

3.2.4 Ruling out interactions between WT EL222 with pCsgD 

The EL222 promoter sequence comprises 12 nucleotides64 G
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not be expected to bind to the CsgD promoter. However, the ability of wild type EL222 to bind 

to the CsgD promoter and activate transcription was tested to confirm this hypothesis. 

For the GFP reporter assay, the EL222 promoter was substituted for the CsgD promoter using 

KLD cloning (Figure 70). The DNA was amplified to contain the CsgD promoter sequence 

(CGGGTGATCGA) instead of the EL222 promoter sequence (AGCCTTTAGTCC). The KLD 

enzyme mix, containing kinase, ligase and DpnI, was used on the amplified fragment with 

blunt ends. The process involved phosphorylation and circularisation of the amplified DNA 

and removal of the template DNA. 
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Figure 70. KLD cloning method used for the change in promoter. 

  

Figure 71. Resulting plasmid containing WT EL222 and pCsgD. It provides the constitutive expression 
of EL222 and the expression of GFP under the CsgD promoter. 

The resulting plasmid (Figure 71) was used on the GFP assay alongside pAP05 for comparison 

(Figure 72 left). Wild type EL222 was not able to induce GFP expression under control of the 

CsgD promoter in light conditions and therefore supports that WT EL222 is not able to interact 

with the CsgD promoter. 

The ability of WT EL222 to induce biofilm formation was tested in cell strain JW1023 

transformed with pAP05, containing WT EL222. The biofilm formation assay was performed 

along with the positive and negative controls for comparison in dark conditions and under 

blue light illumination (Figure 72 right). No increase in biofilm formation was observed in the 

illuminated sample of JW1023 cells containing WT EL222, confirming that the native protein 

was not able to bind to the CsgD promoter present in JW1023 to induce biofilm formation. 
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Figure 72. GFP expression (left) and biofilm formation (right) assays testing the capacity of WT EL222 
to bind to the CsgD promoter. WT EL222 was not able to initiate GFP transcription or biofilm 

formation upon illumination, indicating it was not able to activate the CsgD promoter. 

3.2.5 Engineering and testing the EL222 variants 

The twenty amino acid long DNA binding region of EL222 HTH domain was exchanged to that 

of CsgD using HiFi DNA assembly. The DNA was amplified to remove the twenty amino acids 

long DNA recognition region from the HTH domain of EL222, and an insert was created to 

contain the recognition region from CsgD with complementary overlaps on both ends. The 

HiFi assembly method (Figure 73) relies on three different enzymes for seamless assembly of 

multiple DNA fragments with varied overlaps. First, an exonuclease creates single-stranded 

3´ overhangs that facilitate the annealing of fragments that share complementarity at one 

end. Then, the polymerase fills in gaps within each annealed fragment and finally, the DNA 

ligase seals nicks in the assembled DNA. This resulted in a double-stranded fully sealed DNA 

molecule that contains the engineered EL222 (Figure 74). 

 

Figure 73. HiFi DNA assembly procedure used to exchange the DNA binding region of EL222 for that 
of CsgD. 
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Figure 74. Resulting plasmid containing engineered EL222 and pCsgD. It provides the constitutive 
expression of engineered EL222 and the expression of GFP under the CsgD promoter. 

The activity of this EL222 variant containing 10 mutations, termed EL222::CsgD, (Table 5) was 

tested using the two described assays (Figure 75). In both assays, the EL222 chimera showed 

no difference in response between light and dark conditions. EL222::CsgD showed no 

evidence of binding to the CsgD promoter to activate transcription.  

 

Figure 75. GFP expression (left) and biofilm formation (right) assays testing the ability of EL222::CsgD 
to bind to the CsgD promoter. This variant showed no evidence of binding to the CsgD promoter since 

there was no light induced GFP expression or biofilm formation. 

Since this chimera was unable to activate transcription upon illumination, further engineering 

was needed. The exchange of the HTH region in EL222 with CsgD may result in either 

destabilisation of the HTH domain or of the interactions with the LOV domain. The amino acid 

sidechains that point towards the interior of the protein are likely to be a significant factor in 

the destabilisation of the protein tertiary structure (Figure 76). Such destabilisation could lead 

to inefficient folding and solubility problems that would lead to an inactive protein. 
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Figure 76. Comparison of the HTH domains of EL222 and CsgD with the differing amino acids in the 
DNA binding region represented. The three amino acids thought to be involved in protein 
stabilisation because of their position towards the interior of the protein are highlighted. 

There are three mutated amino acids which point towards the interior in EL222::CsgD (I186, 

S189, L201) and differ to WT EL222 (V186, R189 and R201). The change of valine for isoleucine 

is unlikely to impact activity due to the sidechain similarity in size and non-polar character. 

Conversely, the introduction of serine, a small polar neutral amino acid, and leucine, a 

medium sized non-polar amino acid in the place of arginine, a large positively charged amino 

acid are more likely to cause significant disruptions in the protein. Reverting S189 or L201 to 

arginine could improve the stability of the domain without affecting the DNA binding affinity 

for the CsgD promoter. Two new variants were created using site directed mutagenesis (SDM) 

on the chimera, the first containing the mutation S189R and the second containing L201R. 

These EL222::CsgDR1 and EL222::CsgDR2 variants contain nine mutations respective to WT 

EL222, as one amino acid from the EL222::CsgD variant was reverted to its original identity in 

EL222 (Table 5). The single point mutations were performed using site directed mutagenesis. 

Primers containing the desired mutation were designed and the DNA was amplified. This 

resulted in a circular plasmid containing the mutation (Figure 77). 
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Figure 77. Site directed mutagenesis process used to introduce point mutations in EL222.  

The two variants were tested for activity alongside the controls (Figure 78). EL222::CsgDR1 was 

able to induce biofilm formation under illumination conditions. Therefore, the EL222 protein 

was successfully engineered to target the CsgD promoter present in JW1023 cells. However, 

the activation of transcription was not seen with the GFP expression assay. It has been shown 

that EL222 only effectively binds to DNA at a concentration of 0.25−0.75 μM.64 The significant 

mutations of the DNA binding region of EL222 could have affected transcription and protein 

folding, which could lead to a protein concentration outside of the dynamic range. If the 

concentration of EL222 in the cells was too low, transcription would not be activated even in 

the presence of light. On the other hand, if the concentration of EL222 was too high, it would 

be activated both in dark and light conditions. Both scenarios would lead to the loss of light 

activated GFP expression. Unfortunately, this means that the GFP expression assay may not 

give a positive response even in the event of the engineered transcription factor having 

affinity for the promoter. 

 

Figure 78. GFP expression (left) and biofilm formation (right) assays testing the ability of two EL222 
variants to activate the CsgD promoter. EL222::CsgDR1 induced biofilm formation upon illumination. 
EL222::CsgDR2 induced a small degree of biofilm formation in both conditions and a small increase in 

GFP expression upon illumination.  
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The variant EL222::CsgDR2 produced measurable biofilm under both light and dark states. The 

GFP expression assay displayed a small increase in fluorescence for the illuminated sample, 

which may indicate some affinity for the CsgD promoter but a small dynamic range of light 

activation. To investigate this result further, another variant was created via SDM where both 

amino acids (S189 and L201) were reverted to the WT amino acid. This new variant, referred 

to as EL222::CsgDRR (Table 5), contained eight mutations from WT EL222. This variant was not 

able to bind to the CsgD promoter and induce transcription since it showed no difference in 

response between light and dark conditions in any of the assays (Figure 79). 

 

Figure 79. GFP expression (left) and biofilm formation (right) assays testing the ability of 
EL222::CsgDRR to bind to the CsgD promoter. This variant showed no evidence of binding to the CsgD 

promoter since there was no light induced GFP expression or biofilm formation. 

3.2.6 Isolating the variants 

The expression vector pETM11 containing EL222 or its engineered variants was used in BL21 

DE3 cells with the intention of isolating the four EL222 variants tested for activity (Table 5). 

Expression and purification of the variants could provide information on their stability and 

analysis could provide structural insight. The expression plasmid, containing His6-tagged 

EL222 under the control of the T7 promoter (Figure 80) was modified by HiFi DNA assembly 

and site directed mutagenesis to obtain the four variants. 

 

Table 5. DNA binding region sequences of the engineered EL222 variants with mutations highlighted. 
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Figure 80. Plasmid used for expression of EL222 and its engineered variants. Expression of His6-
tagged EL222 and variants is controlled with the T7 promoter. 

The four variants were expressed in BL21 DE3 cells, the cells were lysed, and the soluble 

fraction was purified using immobilised metal chelate affinity chromatography. The resulting 

fractions were analysed by SDS-PAGE (Figure 81). The three variants that were not able to 

induce biofilm formation were not successfully expressed or were found in the insoluble 

fractions of E. coli. This lack of expression or solubility is likely to play a part in their inability 

to induce transcription from the CsgD promoter and likely indicates that protein folding is 

compromised. Conversely, the active variant EL222::CsgDR1 was successfully isolated, its His6-

tag was cleaved using TEV protease, and further purification was carried out via size exclusion 

chromatography. 

 

Figure 81. SDS-PAGE gels after attempts at purification of the four EL222 variants. EL222::CsgDR1 was 
soluble and able to be purified. Small amounts of protein could be seen in the insoluble fraction (P) 

for EL222::CsgD and EL222::CsgDR2. No EL222::CsgDRR was observed. 
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The amino acid Arg189 is therefore thought to be important for the stabilisation and solubility 

of EL222. Structural insight into the active variant would provide information about the 

requirements for structural stabilisation of the DNA binding domain. This would aid the goal 

of successfully engineering EL222 to target different DNA sequences while maintaining light 

dependent activation. To study the structure of EL222::CsgDR1, attempts to crystallise it were 

carried out using the vapour diffusion sitting drop method and two commercial screens: PACT 

Premier, a systematic screen that tests the effect of pH and ions using PEG as the precipitant, 

and JCSG Plus, a sparse-matrix screen based on previously successful crystallisation conditions 

of various proteins. These two screens are complementary, comprising a thorough strategy 

to identify new crystallisation conditions.234 Unfortunately, these attempts did not yield 

protein crystals in any of the conditions tested. Since precipitation was not observed, the 

protein concentration used (6.5 mg/mL) was likely too low for successful crystallisation. 

3.3 Conclusions and future work 

In this chapter, the LOV photoreceptor EL222 was engineered to bind to the promoter 

sequence of CsgD, the master regulator of biofilm formation. Four variants, with eight to ten 

amino acid mutations, were created and tested. One variant, EL222::CsgDR1, was successfully 

modified to have affinity for the promoter sequence of CsgD. Introduction of this engineered 

variant into an E. coli strain equipped with the necessary machinery for biofilm formation 

excluding the CsgD gene, lead to light-induced biofilm formation. 

This engineered variant contains nine mutations in the helix-turn-helix domain, specifically in 

the region responsible for DNA recognition, that result in the change of the DNA sequence it 

is able to bind to in order to induce transcription. Directly modifying the DNA binding affinity 

of EL222 through mutations in the DNA recognition region provides a new method of 

achieving light control of gene expression that exploits the protein directly, in contrast to 

utilising its existing promoter to express a gene of interest. 

Attempts to isolate the four engineered variants were carried out. However, only the variant 

able to induce biofilm formation was soluble, which suggested instability or folding problems 

for the other variants. Structural studies of EL222::CsgDR1 would be useful to better 

understand the role of the mutated amino acids in structural stabilisation of the DNA binding 

domain and DNA affinity. Using a higher protein concentration in crystallisation studies would 

increase the likelihood of obtaining protein crystals. Co-crystallisation of EL222::CsgDR1 with 
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the CsgD promoter in the presence of blue light could lead to crystals of the transcription 

factor-DNA complex. 

By optically controlling the activity of the newly designed CsgD mimic, control of biofilm 

formation was achieved. This optogenetic tool for biofilm formation can allow further studies 

of E. coli biofilms and lead to the design of new devices for beneficial uses of biofilms, such as 

biocatalysis, bioremediation or waste-water treatment. 

Furthermore, this method of engineering EL222 serves as a proof of concept and opens the 

possibility of modifying EL222 to mimic other existing helix-turn-helix domains to target their 

cognate promoters. However, the biofilm formation process targeted in the present work 

possesses direct measuring assays. Analysing the DNA binding capability of other EL222 

variants to initiate processes that do not have direct assays would be more complex. In these 

scenarios, the GFP reporter system would need to be improved to expand its dynamic range 

or a new method would need to be devised that is not as dependent on the concentration of 

engineered proteins. 
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Chapter 4  - Elucidating the role of 
Asn194 in aureochrome1a LOV domain 

signal transduction 

4.1 Introduction 

The combination of a LOV photoreceptor with a bZIP DNA binding domain in aureochromes 

allows the possibility of controlling gene expression using light, making this protein 

noteworthy in the field of optogenetics. Signal transduction is driven by light catalysed 

cysteinyl-flavin adduct formation and concurrent protonation of the N5 position. 

Understanding the structural rearrangements that occur in the protein in response to the 

changes in the chromophore is needed to establish the mechanism of light activation, 

improve photoreceptor activities and employ LOV domains in biotechnology. 

In aureochromes, the usual effector-sensor topology is inverted and an A’α helix links the 

sensor and effector instead of the Jα helix.92 Aureochromes are dimeric both in dark and light 

states due to the interactions between the bZIP domains. However, in the dark, the A’α helix 

partially obscures the LOV dimerisation site and the affinity for DNA is reduced due to the 

interactions between the LOV and bZIP domains. Blue light illumination causes the stepwise 

unfolding of A′α and Jα helices and the dissociation of the LOV domain from the bZIP domain. 

This leads to dimerisation of the LOV domain and an increase in affinity of the bZIP domain 

for DNA (Figure 82).235 Isolated aureochrome LOV domains containing the surrounding A’α 

and Jα helices have been reported to dimerise upon blue light illumination.236 

 

Figure 82. Blue light activation mechanism and DNA binding of aureochrome. 

The formation of the cysteinyl flavin adduct upon illumination and the rotation of a glutamine 

residue to maintain the hydrogen bond with the flavin cofactor have been established in LOV 
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domains.45 However, further rearrangements in sidechain orientation through the hydrogen 

bond network leading to effector activation are still unclear. Previous studies on the 

aureochrome 1a LOV domain from the alga Ochromonas danica (AuLOV) indicate that an 

asparagine residue (Asn194) is involved in the hydrogen bond network that links the flavin and 

the key glutamine residue (Gln293) with the A’α helix.237 X-ray structures obtained from 

crystals grown in dark conditions, grown in the dark and illuminated before harvesting, and 

grown in blue light, revealed changes in sidechain orientation of these two key amino acids 

(Figure 83). 

 

Figure 83. Crystal structures of AuLOV in three different states: dark (left), illuminated (middle) and 
light (right). PDB IDs: 6i20, 6i21 and 6i22. 

Thanks to these crystal structures, the effect of the adduct formation was observed on the 

first two amino acids of the hydrogen bond network (Figure 84).237 In the dark state, Gln293 

acts as a hydrogen bond donor to O4 and N5 of FMN, and Asn194 forms a hydrogen bond with 

the carbonyl group of the peptide chain of Gln293. Upon illumination and adduct formation, 

the Gln293 sidechain flips to maintain the hydrogen bond with the now protonated N5. This 

affects the neighbouring amino acid Asn194, which also alters its sidechain orientation to form 

a new hydrogen bond between its carbonyl group and the amino group of Gln293. These 

sidechain rotations likely cause the conformational changes in the A′α helix that result in 

effector activation. Another state, thought to be an intermediate in activation, was observed 

in the crystals harvested following illumination. The Gln293 ‘swings’ away from the flavin but 

the conformation of Asn194 is not changed. However, crystal lattice constraints may not allow 

widespread conformational changes in the A’α or Jα helices in these structures and more 

research is needed to follow the sidechain rotations in more distal amino acids.237 

Dark Illuminated Light
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Figure 84. Change in orientation of the first two amino acids in the hydrogen bond network after 
illumination (Gln293 in green and Asn194 in blue). 

4.1.1 Aim 

The aim of the work described in this chapter was to characterise the role of asparagine 194 

in signal transduction between the chromophore and the A’α helix of aureochrome 1a LOV 

domain from O. danica (AuLOV). This key amino acid was substituted for other residues with 

different properties and the effect of these substitutions on relaxation kinetics (UV-vis 

spectroscopy), oligomeric state (size exclusion chromatography) and sidechain orientation 

(protein crystallography) was studied. These techniques were performed in the presence and 

absence of blue light to understand how the conserved hydrogen bond network acts to 

transduce the signal from the chromophore to distal regions of the protein. 

4.2 Results 

4.2.1 Protein synthesis 

To investigate the mechanism of signal transduction of O. danica aureochrome1a, AuLOV 

N194 variants were produced. The expression vector pETM11 containing AuLOV with a His6-

tag was used for protein expression. 

Asparagine is a polar uncharged amino acid with the capacity to accept and donate hydrogen 

bonds. Seven mutations were chosen to investigate the effect of size, polarity, charge and 

hydrogen bonding ability on signal transduction between the chromophore and the A’a helix 

(Table 6). 
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Amino acid Size Polarity Charge H-bond ability 

Asparagine (N) medium polar neutral donor/acceptor 

Aspartate (D) medium polar negative acceptor 

Histidine (H) medium polar positive donor/acceptor 

Lysine (K) large polar positive donor 

Leucine (L) large nonpolar neutral none 

Glutamine (Q) large polar neutral donor/acceptor 

Serine (S) small polar neutral donor/acceptor 

Tyrosine (Y) large polar neutral donor/acceptor 

Table 6. Characteristics of asparagine and the seven amino acids it was substituted by in AuLOV. 

The point mutations at position 194 were performed using site directed mutagenesis. Primers 

containing the desired mutation were designed and the DNA was amplified, leading to the 

modified circular plasmids. The resulting DNA was sequenced to confirm correct introduction 

of the mutations (Figure 85). The extra point mutation observed in N194H (cytosine to 

adenine) was silent as the modified codon also coded for alanine. 

 

Figure 85. Sequencing results of the site directed mutagenesis performed on AuLOV to substitute 
N194 for seven different amino acids. 

Wild type AuLOV and the seven variants were expressed and purified using BL21(AI) E. coli 

cells grown in autoinduction media. The variants were purified by Ni2+-NTA affinity 

chromatography. The His6-tag was removed from the fractions containing protein using TEV-

His6 protease before performing a second column for separation from the cut His6-tag and 

TEV protease. Presence of protein could be assessed visually due to the characteristic yellow 

colour of LOV domains and the purity was determined by SDS-PAGE (Figure 86). 
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Figure 86. Example SDS-PAGE gels of Ni-NTA column purification of AuLOV N194Y (left) and second 
Ni-NTA column after His6-tag removal using TEV-protease (right). 

Following purification of the AuLOV variants, the protein purification buffer was exchanged 

for assay buffer (20 mM MES, 0.3 mM TCEP, 5 mM NaN3, 1 mM EDTA, pH 6). The 

photochemical behaviour, oligomeric state and macromolecular structure were then 

assessed to determine the effect of the amino acid substitution on signal transduction. 

4.2.2 UV-vis spectroscopy 

The flavin-cysteinyl adduct thermally decays to regenerate the dark state at a rate that can 

vary by several orders of magnitude between LOV domains from different species. The 

thermal relaxation rate is limited by the deprotonation of the N5 position of the FMN cofactor, 

which depends on the availability of a base.68 The base can be internal, a basic amino acid, or 

external, such as the solvent or a base added to the buffer.238 Due to this, changes in the 

chromophore environment vary the rate of thermal reversion. The conserved glutamine and 

the neighbouring asparagine, Gln293 and Asn194 in AuLOV, have been shown to have a 

significant effect on the photocycle kinetics in other LOV domains.239 The asparagine is 

thought to control water access and coordination in the vicinity of the chromophore.38 

Photocycle reversion kinetics were measured by UV-vis spectroscopy in the range 300-600 

nm. The spectra were recorded periodically until the variant reached the dark state (Figure 

87). The kinetics of the variants were monitored at 450 nm, the characteristic maximum of 

the non-covalently bound flavin in the dark state. Relaxation of the WT AuLOV takes place 

with a half-life of 112 min. The AuLOV variants remained photoreactive, they were able to 

form the flavin-cysteinyl adduct when illuminated with blue light and then relax to the ground 
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state when kept in dark conditions for sufficient time. However, the substitution of asparagine 

for other amino acids caused changes in the rate of reversion to the dark state (Figure 88). 

  

Figure 87. Absorption spectra of AuLOV N194Y. The sample was illuminated with blue-light and 
spectra were taken at 5 – 15 min intervals. The light state maximum at 390 nm decreases and the 

dark state maximum at 450 nm increases along with relaxation. 

 

Figure 88. Relaxation kinetics of AuLOV WT and the seven variants followed at 450 nm (the dark 
state maximum) starting immediately after blue-light illumination with a 450 nm LED light.  

The presence of aspartate slowed the thermal decay (t1/2 > 112 min). Due to the acidic 

character of aspartate, a base was less available for deprotonation of the flavin, which 

hindered the rate limiting step. 

The remaining variants showed a quicker relaxation (t1/2 < 112 min), indicating that a base 

was able to deprotonate the N5 position more readily than in the wild-type protein and/or 
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solvent exposure of the chromophore was altered by the changes. The basic character of 

lysine and histidine likely facilitated the deprotonation of the cofactor. The hydroxy 

sidechains of serine and tyrosine possibly aided in the deprotonation through proton transfer. 

The inability of leucine to form hydrogen bonds and the larger size of glutamine were likely 

to render water molecules more accessible for deprotonation.  

4.2.3 Size exclusion chromatography 

Size exclusion chromatography was used to assess the capacity of the variants to dimerise in 

response to blue light illumination. SEC allows the separation of molecules in terms of size 

and is sensitive to changes in oligomeric state and shape. The Superdex 75 10/300 GL column, 

able to separate molecules with molecular weights between 3 and 70 kDa, is suitable for the 

AuLOV variants that have a molecular weight of ~15 kDa. Samples of 50 µM were used for all 

the variants to avoid concentration effects. The absorbance was monitored at 390 nm for the 

light state maximum of the cysteine-FMN adduct. 

Attempts to generate a calibration curve using assay buffer were unsuccessful, possibly due 

to its acidic character (pH 6.0) or low salt concentration that increased the likelihood of 

aggregation of the protein standard mixture. A calibration curve was generated using the 

phosphate buffer recommended by the manufacturer (100 mM sodium phosphate, 100 mM 

sodium sulphate, 0.05 % sodium azide, pH 6.7). However, this meant that the apparent sizes 

of the samples could not be calculated accurately since the use of a different buffer can affect 

the elution volumes. Due to this, the elution volumes of the variants were compared to those 

of wild type in dark and light conditions. 

The protein standard mixture contained four proteins and a low molecular weight marker. 

Thyroglobulin represented the void volume of the column and was not included in the 

calculation of the calibration curve (Table 7, Figure 89). 

Protein MW (Da) Log (MW) Ve 

Thyroglobulin bovine 670000 5.826 9.00 

y-globulins from bovine blood 150000 5.176 9.41 

Albumin chicken egg grade VI 44300 4.646 11.67 

Ribonuclease A type I-A from bovine pancreas 13700 4.137 14.18 

p-aminobenzoic acid 137 2.137 29.61 

Table 7. Protein standards of known molecular mass and elution volumes in phosphate buffer. 
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Figure 89. Chromatogram (left) and calibration curve (right) of protein standard mixture in 
phosphate buffer. The calculated equation does not include thyroglobulin as it represents the void 

volume. 

 Isolated aureochrome LOV domains are involved in a rapidly exchanging equilibrium between 

fully monomeric and fully dimeric form.240 Dark-state WT AuLOV eluted at 11.97 mL, whereas 

the light-state elution maxima shifted to 11.34 mL. This 0.63 mL change in elution volume 

agrees with the shifting of the equilibrium towards the dimeric state upon illumination (Figure 

90).237 

 

Figure 90. Size exclusion chromatogram of AuLOV in dark (black) and light (blue) states. The dark 
state maximum at 11.97 mL shifted to 11.34 mL when sample was illuminated for analysis, 

confirming an increase in apparent mass (dimerisation). 

The AuLOV variants eluted at different volumes both in dark and light states. The difference 

in elution volumes between illumination states within each variant (Ve) also changed, 

indicating different oligomerisation abilities due to effects of the amino acid substitutions on 

the signal transduction mechanism (Figure 91).  
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Figure 91. Elution volumes of the AuLOV variants in dark (black) and light (blue) conditions and ΔVe 
for each of the variants. Higher difference in elution volumes between dark and light states indicates 

a higher degree of dimerisation upon illumination.  

The presence of medium or large amino acids capable of acting as a hydrogen bond donor 

and acceptor was necessary to observe notable changes in elution volumes upon illumination 

(Figure 92). Since histidine, tyrosine and glutamine have similar H-bonding abilities to 

asparagine, they were able to participate in the network that connects the chromophore with 

the A’α helix and induce a change in oligomerisation state. The histidine and tyrosine variants 

have smaller elution volumes than wild type in both states, this higher apparent mass of the 

proteins signifies that the equilibrium is further shifted towards the dimeric form. AuLOV 

N194Q has a similar light elution volume as WT, but a smaller dark elution volume, indicating 

a smaller dynamic range that could be caused by the difference in size of the two amino acids. 

The change in elution volume for the histidine variant was larger than that of wild type. This 

increased dynamic range could potentially be exploited if it translated to a larger fold 

activation of DNA binding in the full aureochrome protein. 
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Figure 92. Size exclusion chromatogram of three AuLOV variants in dark (black) and light (blue) 
states. Amino acids with H-bond donor and acceptor ability maintain light dependent dimerisation. 

The amino acid serine in position 194 abolished the ability of the AuLOV to dimerise, showing 

only a 0.15 mL change in elution volume between light and dark states. Although the hydroxy 

sidechain can be both a hydrogen bond donor and an acceptor, its small  size is likely to 

prevent hydrogen bonding and the signal cannot be communicated to the A’α helix. Both 

these states were intermediate to the WT in dark and light and corresponded to an 

equilibrium intermediate between monomer and dimer. 

 

Figure 93. Size exclusion chromatogram of AuLOV N194S variant in dark (black) and light (blue) 
states. An amino acid with hydrogen bond donor and acceptor capability but small size leads to loss 

of light dependent dimerisation. 

The presence of residues with nonpolar sidechains (leucine) or only able to act as H-bond 

donor (lysine) or acceptor (aspartate) abolished the light induced oligomerisation. Aside from 

the small ΔVe, these three variants had different elution volumes. The equilibrium in AuLOV 

N194K was mostly towards the monomeric state due to the higher elution volumes observed, 
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similar to the dark elution volume of WT AuLOV. On the other hand, the aspartate and leucine 

variants had an oligomeric state between WT dark and light conditions, representing a more 

balanced ratio of monomer and dimer in the equilibrium. 

   

Figure 94. Size exclusion chromatogram of three AuLOV variants in dark (black) and light (blue) 
states. Amino acids without both H-bond donor and acceptor capability abolish the light dependent 

dimerisation ability. 

4.2.4 Protein crystallography 

X-ray crystallography was used to investigate the structural differences in the hydrogen bond 

network and sidechain orientation in different illumination states with atomic resolution. 

Crystallisation was attempted for the seven variants under different illumination conditions 

using the sitting drop method. Crystals were grown under dark conditions and harvested 

either in dark conditions (dark state) or illuminated with blue light prior to harvesting 

(illuminated state). A screen containing 15 to 20 % w/v PEG 2000, 0.1 M NH4Cl and 0.1 M 

sodium acetate (pH 4 to 5.5) or 0.1 M disodium citrate (pH 4 to 5.5) was prepared based on 

dark crystallisation conditions of WT AuLOV.237,241 Crystals were also grown and harvested 

under blue light conditions (light state) using a crystallisation screen based on one that yielded 

light state crystals. 237,241 This screen contained 0.1 M tris-acetate buffer (pH 6.5 to 8.0) and 

1.5 to 3.0 M disodium malonate and was supplemented with hexamminecobalt (III) chloride 

(10 mM) as an additive. 

An additional AuLOV N194D variant containing 2,6-difluorotyrosine in place of Tyr182 (AuLOV 

N194D*) was used in the crystallisation trials. This variant had previously been created to 

study the role of the A’α helix using 19F-NMR but was found not be a suitable method for 

assessing the oligomeric state of the protein.  Due to its availability in the laboratory, it was 
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set to crystallise in light and dark conditions using the aforementioned screens for each 

illumination condition. 

Although all variants were set to crystallise both in dark and light conditions, not all yielded 

crystals (Table 8). Crystals of variant N194D were obtained both in dark and light growth 

conditions. In addition, crystals of variants N194D*, N194Q and N194Y were obtained in dark 

conditions and crystals of variants N194H and N194S in light conditions. Two variants (N194L 

and N194K) were not successfully crystallised in any of the conditions. AuLOV N194K formed 

microcrystals that were used as seeds in subsequent trials. 

Variant D D* H K L Q S Y 

Dark ✓ ✓    ✓  ✓ 

Light ✓  ✓    ✓  

Table 8. Summary of the crystals obtained from the crystallisation trials of all variants in both 
crystallisation conditions. 

The crystals obtained in dark conditions were harvested in dim red light conditions (dark 

state) and upon blue light illumination (illuminated state). Those grown under blue light were 

harvested whilst illuminated (light state). The harvested crystals were frozen in liquid nitrogen 

and sent to Diamond Light Source (DLS) for data collection. Cryoprotection was not required 

during the harvesting process due to the presence of PEG and sodium malonate in the 

crystallisation screens. The X-ray diffraction and data processing that took place in DLS was 

successful for some of the samples and led to different resolutions (Table 9). 

Variant D D* H Q S Y 

Dark ✓, ~2Å ✗  ✗  ✓, ~3Å 

Illuminated ✓, ~2Å ✓, >1Å  ✗  ✗ 

Light ✓, >3Å  ✗  ✓, ~3Å  

Table 9. Summary of the datasets obtained and their resolution from the crystals sent to Diamond. 
No crystals had been obtained for the variants and conditions in crossed out cells. Crystals from cells 

marked with ✓ led to diffraction datasets and with ✗ did not. 

Only diffraction datasets with resolutions of 2 Å and below were used since high resolution 

was needed to determine the sidechain orientation with certainty. From the six datasets that 

were obtained, those with low resolution (≥ 3 Å) belonging to N194D (light), N194S (light) and 

N194Y (dark) were not used. The datasets that were used corresponded to AuLOV N194D in 

the dark and illuminated states and AuLOV N194D* in the illuminated state (Figure 95). 
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Figure 95. Crystals that led to good quality datasets. 

Initially, the cell parameters obtained from the data processing (Table 10) were compared to 

the three structures of WT AuLOV (Table 11). The three datasets had parameters belonging 

to a hexagonal lattice type, like the wild type illuminated structure. 

  N194D dark N194D illuminated N194D* illuminated 
a, b, c (Å) 10 .1, 10 .1,  7.03 10 .5 , 10 .5 ,   .9  150.1 , 91.51, 99. 4 

h, k, l 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 
Lattice type Hexagonal Hexagonal Hexagonal 
Space group P  2 2 2 P 31 2 1 P 31 2 1 

Table 10. Cell parameters of the datasets obtained.  

  Dark (6i20) Illuminated (6i21) Light (6i22) 
a, b, c (Å)  5.  , 104.04, 105.94 10 .39, 10 .39,  7.49 150.1 , 91.51, 99. 4 

h, k, l 90.0, 90.0, 90.0 90.0, 90.0, 120.0 90.0, 131.34, 90.0 
Cell type Orthorhombic Hexagonal Monoclinic 

Space group P 21 21 21 P  4 2 2 C 1 2 1 
Table 11. Cell parameters of the wild type AuLOV structures.241 

The crystal structures were solved using CCP4i2 and Coot software.242,243 Molecular 

replacement was carried out using aureochrome 1a LOV domain from Ochromonas danica in 

the dark or illuminated state as a template (PDB entries 6i20, 6i21). Structural refinement was 

achieved using alternate cycles of Coot and REFMAC5. The flavin chromophore, solvent 

molecules, ions and, when needed, 2,6-difluorotyrosine were added where positive electron 

density peaks appeared. 

The crystals of N194D variant grown and harvested in dark conditions diffracted with 1.81 Å 

resolution, in space group P 62 2 2 and it contained a monomer per asymmetric unit (Figure 

96). 

N194D dark N194D illuminated N194D* illuminated
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Figure 96. Structure of dark state AuLOV N194D. The asymmetric unit contains one monomer. The 

A' helix (green) and J helix (blue) are positioned along the -sheet surface. 

The N194D variant crystals grown in the dark and illuminated while harvesting diffracted with 

2.06 Å resolution, in space group P 31 2 1 and contained two monomers per asymmetric unit 

(Figure 97). 

 

Figure 97. Structure of illuminated state AuLOV N194D. The asymmetric unit contains two 

monomers. The A' (green) and J helices (blue) are positioned along the -sheet surface. 
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Crystals of AuLOV N194D*, containing 2,6-difluorotyrosine in position 182, grown in dark 

conditions and illuminated before harvesting diffracted with 1.26 Å resolution, in space group 

P 31 2 1 and contained two monomers per asymmetric unit (Figure 98). 

 

Figure 98. Structure of illuminated state AuLOV N194D*. The asymmetric unit contains two 

monomers. The A' (green) and J helices (blue) are positioned along the -sheet surface. 

The LOV domain core of the three structures appeared to be identical, with the exception of 

2,6-difluorotyrosine in AuLOV N194D* being in a slightly different conformation than Tyr182. 

The three structures were most similar to the illuminated state of the wild type although two 

changes were visible. Firstly, there was no H-bond between the sidechain of Asp194 and main 

chain of Gln293 since the measured distance was larger than 3.3 Å. Secondly, the Gln293 did not 

swing away from the flavin in the illuminated states (Figure 99). Since the carboxylic group of 

the aspartate was not able to form the hydrogen bond with the amine group of the glutamine, 

this change in sidechain orientation cannot take place. The “swing” state is thought to be an 

intermediate and if it cannot form, it may not be able to proceed to the light state 

conformation, explaining the inability of this variant to dimerise upon illumination. 

A’α helix
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Figure 99. Crystal structures of three AuLOV variants: N194D dark (left), N194D illuminated (middle) 
and N194D* illuminated (right). The illuminated structures do not have the “swing” glutamine 

conformation that was present in WT AuLOV. 

Further attempts to crystallise N194D in light conditions were not successful in yielding 

crystals big enough for single crystal diffraction but produced microcrystals. Since this variant 

showed impaired dimerisation upon illumination, being able to obtain and compare crystal 

structures for all three illumination states with the wild-type protein would provide more 

insight into signal transduction and why it does not occur for this aspartate variant. Due to 

the interest in obtaining a high-resolution crystal structure for AuLOV N194D in light state, 

the microcrystals were measured in the state-of-the-art VMXm beamline in DLS (Figure 100). 

This beamline enables data collection from crystals 2-10 µm in size, too small for single crystal 

diffraction experiments. The samples were prepared on transmission electron microscopy 

grids that had been modified to hold a negatively charged surface. The crystal suspensions 

were applied to the grid and blotted to remove excess liquid, which improved the signal to 

noise ratio and reduced the presence of ice rings. The loaded grids were cooled using a plunge 

freezing instrument and mounted on special holders to load onto the beamline. Data was 

collected under vacuum and at low temperatures to reduce background noise. Each 

microcrystal was individually focused, and data was recorded at different angles. Diffraction 

data from different microcrystals were then combined to provide complete datasets. 

Unfortunately, this data collection did not yield better results than the single crystal 

diffraction experiments and the resolution reached was > 3 Å. 

N194D dark N194D Illuminated N194D* Illuminated
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Figure 100. Small crystals obtained from AuLOV N194D under blue light conditions that were taken to 
VMXm beamline at DLS for data collection. 

4.3 Conclusions and future work 

Previous studies have shown the involvement of Asn194 in the hydrogen bond network linking 

the chromophore with the A’α helix. Hence, further investigation on the mechanism of signal 

transduction was warranted utilising site directed mutagenesis.237,241 Seven variants of 

aureochrome1a LOV domain from O. danica with substitutions of N194 were isolated. The 

amino acids were selected to test the effect of size, charge and hydrogen bonding ability in 

signal transduction. 

All the variants were able to interact with blue light, forming the cysteinyl-flavin adduct and 

decaying to the dark state. However, the rate of the relaxation varied greatly. An amino acid 

of acidic character in position 194 slowed the photocycle kinetics, whereas the rest of amino 

acids accelerated the thermal relaxation due to increased basicity, hydrogen transfer ability 

or solvent accessibility. This supports the importance of Asn194 in the rate limiting 

deprotonation step.38,239 

Size exclusion chromatography assays illustrated the need for the amino acid in position 194 

to be medium to large size and be able to act as a hydrogen bond donor and acceptor for 

successful light induced dimerisation. A small amino acid able to act as hydrogen bond donor 

and acceptor (serine) abolished the ability to dimerise upon illumination, highlighting the 

importance in size for signal transduction. The presence of a nonpolar residue or a residue 

only able to act either as a H-bond donor or acceptor also supressed the light induced 

dimerisation. 

The AuLOV variant N194H showed a larger degree of dimerisation in light conditions than WT 

AuLOV. The N194H variant of the full aureochrome1a would need to be studied to see if this 
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increased ΔVe translated to a larger fold activation of DNA binding upon illumination. 

Improved dynamic ranges of activity in the dark and light states are key for the success of LOV 

domain-based optogenetic tools. 

Crystals of six variants were obtained, harvested and sent for data collection. Three datasets 

were obtained with high resolution, suitable to observe the changes in sidechain orientation 

that are to be followed. Crystal structures were obtained of N194D in dark and illuminated 

states and of N194D* (containing 2,6-difluorotyrosine) in illuminated state. They showed that 

the hydrogen bond between the sidechain of amino acid 194 and the main chain of Gln293 had 

been broken and that the glutamine did not have a “swing” conformation in the illuminated 

states. Since this conformation is thought to be an intermediate, it would hinder formation of 

the light state conformation. This is consistent with the inability of N194D to dimerise upon 

illumination seen with SEC. 

Due to difficulties in the crystallisation process, a structure of AuLOV N194D could not be 

obtained in blue light conditions. Achieving this would be beneficial as it would show whether 

undergoing any conformational changes upon illumination is possible for this variant. 

Additionally, obtaining crystal structures of the N194H variant in the different illumination 

states would also provide more insight into the signal transduction mechanism. Since this 

variant dimerised upon illumination with a bigger dynamic range than WT, crystal structures 

would reveal if the changes in sidechain orientation that take place are the same as in WT or 

if there is more than one possible mechanism. 

Elucidating the mechanism of signal transduction in AuLOV could lead to the development of 

new optogenetic tools and improvements on the dynamic ranges of DNA binding affinities. 

The slow cycling character of this protein would be excellent for applications where an 

extended light activation was needed with small amounts of light. 

  



Chapter 5 

 91 

Chapter 5  - Materials and methods 

5.1 General 

Chemicals were purchased from Sigma-Aldrich UK, Fisher Scientific Ltd, Apollo Scientific UK, 

Fluorochem Ltd or Melford Laboratories Ltd and were used without further purification unless 

otherwise specified.  

SYBR safe DNA gel stain, FastDigest Green buffer (10x), and DNA ladder were obtained from 

Thermo Fisher Scientific Ltd. PrimeSTAR HS DNA polymerase (premix) was obtained from 

Takara Bio Europe. Golden Gate cloning reagents (T4 reaction buffer, T4 DNA ligase, BSA and 

BsaI-HFv2), KLD reaction buffer, Dpn1 and enzyme mix and HiFi DNA assembly Master Mix 

were purchased from New England BioLabs Inc. Easy Pure® Plasmid MiniPrep Kit was obtained 

from TransGen Biotech. Oligonucleotide primers and all other biological reagents were 

obtained from Sigma-Aldrich UK. DNA sequencing was completed by Eurofins Genomics. 

PACT Premier and JCSG Plus crystallography screens, 2-drop crystallisation plates and 

mounted LithoLoops for protein crystallisation were purchased from Molecular Dimensions. 

Biofilm assays were performed in U bottom 96 well microtiter plates from Thermo Fisher 

Scientific (Part no. 612U96). Fluorescence was measured in black flat-bottomed 96 well plate 

from Thermo Scientific (Part no. 137101). 

PCR and Golden Gate assembly were performed indistinctively in Techne Touchgene Gradient 

Thermal Cycler or Biometra Thermocycler T-Gradient Thermoblock. Gel images were 

visualised using a BioRad ChemiDoc MP imaging system. DNA concentration was measured 

via a Thermo Fisher Scientific NanoDrop 3300 Fluorospectrometer. UV/vis spectroscopy was 

completed with a Shimadzu UV-2600 UV-Vis spectrophotometer. Fluorescence was measured 

using a VICTOR X5 Multilabel Plate Reader (PerkinElmer) or a FLUOstar Omega Microplate 

Reader (BMG Labtech). Size exclusion chromatography was performed in a Cytiva ÄKTA pure 

protein purification system. Crystallisation trials were performed using an Oryx 4 robot 

(Douglas Instruments). 

1H and 13C-NMR spectra were measured on a Bruker DRX 600 MHz with cryoprobe, Bruker 

Avance 500 MHz and Bruker Ascend 400 MHz NMR spectrometers. GCMS was performed 

using a PerkinElmer Clarus 680 gas chromatograph and a Clarus SQ 8 C mass spectrometer. 

LCMS was carried out by the university service, using a Waters Synapt G2-Si mass 
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spectrometer with electrospray ionisation and time of flight detection. HRMS was carried out 

by the university service, using a Xevo G2-Xs QTof mass spectrometer. Flash chromatography 

was performed on a Biotage Isolera™ Four using Biotage® SNAP Ultra HP-Sphere™ 25 µM 

columns 10 – 100 grams. HPLC was carried out on a Shimadzu preparative scale HPLC system 

equipped with a C18 column, an FRC-10A Fraction collector and an SPD-M40 photo diode array 

detector. 

Different illumination conditions for dark/light experiments were achieved using LED lamps. 

For dark conditions, samples were covered in aluminium foil. Dim red light conditions were 

used when handling dark samples, working in a room without windows whenever possible 

and using a red LED lamp (623 nm). Illumination of samples with blue light was achieved with 

a blue LED lamp (450 nm). 

5.2 Chemical methods 

5.2.1 Synthesis of HBC620 (Adapted from 192) 

2-Bromothieno[3,2-b]thiophene (2) 

 

Figure 101. Synthesis of compound 2. 

N-bromosuccinimide (0.64 g, 3.57 mmol, 1 eq.) was added to a solution of thieno[3,2-

b]thiophene (0.5 g, 3.57 mmol, 1 eq.) in dimethylformamide (20 mL). The mixture was stirred 

at room temperature for 5 hours under inert atmosphere. It was then poured into water (100 

mL) and extracted with dichloromethane (3 x 100 mL). The combined organic phases were 

dried with anhydrous sodium sulfate, filtered and the solvent evaporated. The light purple 

solid obtained (69% yield, 2) was used without further purification. 

GC-MS: 11.57 min, m/z = 217.98; calculated 217.89 for C6H3BrS2. 

2-[(2-hydroxyethyl)methylamino]thieno[3,2-b]thiophene (4) 

 

Figure 102. Synthesis of compound 4. 
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2-Bromothieno[3,2-b]thiophene (~0.5 g) was dissolved in 2-methylaminoethanol (10 mL) and 

copper (I) iodide (76 mg, 0.4 mmol, cat.), potassium phosphate (0.829 g, 6 mmol) and (L)-

proline (92 mg, 0.8 mmol, cat.) were added. The mixture was stirred overnight at 90 °C. The 

reaction mixture was cooled down to room temperature and water (50 mL) was added. It was 

extracted with dichloromethane (3 x 500 mL), dried with anhydrous sodium sulfate and 

filtered. The solvent was removed, and the product was purified by silica column (Hex/EA = 

1:1, Rf = 0.5), giving compound 4 (65 mg, 24 %) as a yellow liquid that turns blue with time. 

1H NMR (500 MHz, CDCl3) δ 7.07 (dd, J = 5.2, 0.6 Hz, 1H), 7.03 (d, J = 5.2 Hz, 1H), 6.17 (d, J = 

0.5 Hz, 1H), 3.82 (t, J = 5.5 Hz, 2H), 3.39 (t, J = 5.5 Hz, 2H), 2.99 ppm (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 1 0.4, 13 .9, 12 .7, 121.0, 119.5, 9 .3, 59.9, 5 .3, 41.2 ppm. 

HRMS (TOF AP+) calculated 214.04; found 214.04 for C9H12NOS2 [M+H]+. 

5-[(2-acetoxyethyl)methylamino]thieno[3,2-b]thiophene (5) 

 

Figure 103. Synthesis of compound 5. 

Acetic anhydride (29 µL, 0.31 mmol, 1 eq.) was added to a solution of compound 4 (65 mg, 

0.31 mmol, 1 eq.) and 4-dimethylaminopyridine (44.7 mg, 0.37 mmol, 1.2 eq.) in dry 

dichloromethane (1 mL) at 0 °C. The mixture was allowed to reach room temperature and 

stirred for 1 hour. The reaction mixture was quenched with water (1 mL) and extracted with 

dichloromethane (3 x 5 mL). The organic phase was dried with anhydrous sodium sulfate, 

filtered and the solvent evaporated under vacuum. It was purified by silica column (DCM, Rf 

= 0.74) to give a yellow compound (5, 48.3 mg, 61% yield). 

1H NMR (500 MHz, CDCl3) δ 7.0  (dd, J = 5.2, 0.6 Hz, 1H), 7.02 (d, J = 5.2 Hz, 1H), 6.12 (d, J = 

0.5 Hz, 1H), 4.30 (t, J = 5.7 Hz, 2H), 3.52 (t, J = 5.4 Hz, 2H), 3.05 (s, 3H), 2.03 ppm (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 171.0 , 159. 2, 139.17, 12 .39, 120.7 , 119.49, 95.45,  1.42, 

54.46, 40.81, 21.03 ppm. 

5-[(2-acetoxyethyl)methylamino]thieno[3,2-b]thiophene-2-carbaldehyde (6) 
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Figure 104. Synthesis of compounds 10 and 11. 

A solution of compound 13 (128 mg, 0.5 mmol, 1 eq.) in dry dichloromethane (5 mL) and 

dimethylformamide (0.5 mL, 6.5 mmol, 13 eq.) under inert atmosphere was cooled to 0 °C, 

and phosphorus oxychloride (57 µL, 0.6 mmol, 1.2 eq.) was added. The mixture was warmed 

to room temperature and stirred for 5 hours. The reaction mixture was quenched with a 

saturated aqueous solution of sodium carbonate (5 mL), extracted with dichloromethane (3 

x 10 mL), dried with anhydrous sodium sulfate and filtered. The solvent was removed, and 

the crude product was purified by silica column (Hex/EA = 1:2). Compounds 10 and 11 were 

obtained from this reaction. 

Monoaldehyde (10): 1H NMR (500 MHz, CDCl3) δ 10.00 (s, 1H), 7.19 (d, J = 5.2 Hz, 1H), 7.01 

(d, J = 5.2 Hz, 1H), 4.33 (t, J = 5.6 Hz, 2H), 3.73 (t, J = 5.6 Hz, 2H), 3.27 (s, 3 H), 1.98 ppm (s, 3H). 

Dialdehyde (11): 1H NMR (500 MHz, CDCl3) δ 10.02 (s, 1H), 9.79 (s, 1H), 7. 4 (s, 1H), 4.3  (t, J 

= 5.5 Hz, 2H), 3.83 (t, J = 5.5, 2H), 3.38 (s, 3H), 1.98 ppm (s, 3H); LRMS (TOF ES+) calculated for 

C13H13NO4S2 [M+H]+: 312.03, found 312.04. 

5.2.2 Improved synthesis of HBC620 

Thieno[3,2-b]thiophene-2-carbaldehyde (12) (Adapted from 244) 

 

Figure 105. Synthesis of compound 12. 

A solution of thieno[3,2-b]thiophene (500 mg, 3.57 mmol, 1 eq.) in DMF (3 mL) was cooled to 

0 °C. A mixture of phosphorus oxychloride (1 mL, 10.7 mmol, 3 eq.) and DMF (3 mL) was 

cooled to 0 °C and added dropwise to the previous solution. The reaction mixture was allowed 

to reach room temperature and consequently stirred at 60 °C overnight under inert 

atmosphere. The reaction mixture was poured over ice and water. Saturated aqueous sodium 

carbonate solution was added until pH reached 8-9. The mixture was extracted with 

dichloromethane (3 x 75 mL) and the organic phase was washed with water (3 x 150 mL), 

dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under vacuum 
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with the help of heptane to give compound 12 (560 mg, 3.32mmol, 93%) as an orange-brown 

solid.  

1H NMR (500 MHz, CDCl3) δ 9.97 (s, 1H), 7.95 (d, J = 0.7 Hz, 1H), 7.70 (d, J = 5.3 Hz, 1H), 7.34 

ppm (dd, J = 5.3, 0.7 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 1 3.77, 145.90, 145.58, 139.34,134.05, 129.27, 120.33 ppm.  

HRMS (TOF ES+) Calculated for C7H4OS2 [M+H]+: 167.97, found 167.97 

5-bromothieno[3,2-b]thiophene-2-carbaldehyde (13) (Adapted from 245) 

 

Figure 106. Synthesis of compound 13. 

To a solution of thieno[3,2-b]thiophene-2-carbaldehyde (263 mg, 1.56 mmol, 1 eq.) in 

chloroform (5 mL) was added sodium bicarbonate (155 mg, 1.84 mmol, 1.2 eq.) and the 

solution was cooled to 0 °C. Bromine (80 µL, 1.56 mmol, 1 eq.) was added dropwise and the 

mixture was stirred at room temperature for 2 hours under inert atmosphere. The reaction 

mixture was extracted with water (20 mL) and the aqueous phase was washed with 

dichloromethane (3 x 15 mL). The organic extracts were combined, dried with anhydrous 

magnesium sulfate and filtered. The solvents were evaporated under vacuum and the grey-

orange residue was purified by recrystallisation in cyclohexane to give product 13 (207 mg, 

0.84 mmol, 54%) as an orange solid.  

1H NMR (500 MHz, CDCl3) δ 9.97 (s, 1H), 7.84 (d, J = 0.7 Hz, 1H), 7.36 ppm (d, J = 0.7 Hz, 1H) 

13C NMR (126 MHz, CDCl3) δ 1 3.42, 144.  , 144.  , 139.4 , 12 .31, 123.05, 121.0  ppm. 

HRMS (TOF ES+) Calculated for C7H3BrOS2 [M+H]+: 246.88, found 246.87. 

5-[(2-hydroxyethyl)methylamino]thieno[3,2-b]thiophene-2-carbaldehyde (7) (Adapted 

from 192) 

 

Figure 107. Synthesis of compound 7. 

Compound 13 (207 mg, 0.84 mmol, 1 eq.) was dissolved in 2-methylaminoethanol (5 mL) and 

copper (I) iodide (17.5 mg, 0.09 mmol, 0.11 eq.), potassium phosphate (302 mg, 1.42 mmol, 
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1.7 eq.) and (L)-proline (21.2 mg, 0.18 mmol, 0.22 eq.) were added. The mixture was stirred 

at 90 °C for 24 hours under inert atmosphere. After the reaction mixture was cooled to room 

temperature, water (20 mL) was added. It was extracted with dichloromethane (3 x 150 mL), 

dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under vacuum 

and the residue was purified by silica column (Hex/EA = 1:2, Rf = 0.35), giving compound 7 

(31.5 mg, 0.13 mmol, 15%) as a yellow solid. 

1H NMR (500 MHz, CDCl3) δ 9.72 (s, 1H), 7.66 (s, 1H), 6.08 (s, 1H), 3.92 (t, J = 5.4 Hz, 2H), 3.54 

(t, J = 5-4 Hz, 2H), 3.14 ppm (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 1 1.51, 1 5.71, 150.22, 13 .02, 130.10, 12 .01, 93.92 ppm. 

HRMS (TOF ES+) Calculated for C11H12N1O2S2 [M+H]+: 242.02, found 242.03. 

HBC620 (9) (Adapted from 192) 

 

Figure 108. Synthesis of compound 9. 

Compound 7 (31.5 mg, 0.13 mmol, 1 eq.) and 4-cyanophenylacetonitrile (8) (40.8 mg, 0.29 

mmol, 2.2 eq.) were dissolved in dry methanol (5 mL). Piperidine (1 drop, cat.) was added and 

the reaction mixture was stirred for 1 hour at 50 °C. The mixture was cooled to room 

temperature and the solvent was evaporated under vacuum. The solid was purified by silica 

column (5% MeCN in DCM, Rf = 0.36) and the fractions containing product were kept in the 

dark overnight before evaporating to give the product (9) as a red solid (14.24 mg, 0.039 

mmol, 30%). 

1H NMR (600 MHz, d6-DMSO) δ 8.39 (s, 1H), 7.89 (d, J = 0.7 Hz, 2H), 7.85 (s, 1H), 7.80 ppm (d, 

J = 0.7 Hz, 2H), 6.36 (s, 1H), 4.88 (t, J = 5.4 Hz, 1H), 3.66 (q, J = 5.4 Hz, 2H), 3.46 (t, J = 5.4 Hz, 

2H), 3.10 ppm (s, 3H). 

13C NMR (151 MHz, d6-DMSO) δ 165.32, 148.50, 139.32, 138.51, 132.88, 130.85, 130.23, 

125.06, 124.97, 118.82, 118.75, 108.98, 96.40, 93.35, 58.01, 57.05, 40.42 ppm. 

HRMS (TOF ES+) Calculated for C19H15N3OS2 [M+]+: 365.07, found 365.07. 

Piperidine
MeOH

HBC620

1h 50oC S

S

N
HO

NC

CN

S

S

N
HO

O

7 9

8



Chapter 5 

 97 

5.2.3 Silver coated chromatography 

Thin layer chromatography 

A TLC plate was dipped in 1% silver nitrate solution in acetonitrile three times, drying in 

between, and kept in the dark. The compound was loaded and eluted in 5% acetonitrile in 

dichloromethane. 

Column chromatography 

Silica was added to a round bottom flask that contained 5% silver nitrate solution in 

acetonitrile and evaporated under vacuum. The silica was azeotroped with acetone four 

times. The column was packed, the isomer mixture was loaded in DCM and the column was 

run. 

5.2.4 HPLC 

HBC620 isomer mixture was dissolved in water/acetonitrile (1:1) and 10 mL were injected. A 

gradient run was performed (60-100% acetonitrile in water in 15 min with a 10 mL/min 

flowrate). The fractions were collected and transferred to a round-bottom flask. Solvents 

were removed before analysing with NMR. 

5.2.5 Isomerisation studies of HBC620 

Samples were prepared in the dark by dissolving HBC620 (1 mg/mL) in d6-DMSO. 1H-NMR 

spectra were recorded in the dark and following illumination of the sample with red (623 nm) 

and blue (450 nm) LED light. Bruker DRX 600 MHz and Bruker Ascend 400 MHz NMR 

spectrometers were used for this experiment. 

Thermal reversion in the dark was followed by 1H-NMR in the absence or presence of acetic 

acid (6 L). A spectrum was recorded every 2 h until full thermal conversion to the Z isomer 

(9) was achieved using a Bruker Ascend 400 MHz NMR spectrometer. Data was fitted to a first 

order decay using Prism10 software. 

5.3 Biological methods 

5.3.1 Polymerase Chain Reaction (PCR) 

PrimeSTAR premix (25 µL), plasmid (1 µL), 10 µM solution of forward (3-5 µL) and reverse 

primers (3-5 µL) and DMSO (0-3 µL) were added to a PCR tube. The solution was topped up 

to 50 µL with deionised water. The following program was used on the thermocycler: 
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Step Temperature (°C) Time (s) Cycles 

Initial denaturation 98 120-180 1 

Denaturation 98 10-30 

35 Annealing 50-65 5-15 

Elongation 72 70s per kbp of DNA 

Final extension 72 600 1 

Table 12. Thermocycler protocol followed for PCR reactions. 

The annealing temperature depends on the melting temperature of the primers (around 5°C 

below the Tm). The elongation temperature depends on the DNA polymerase used, in this 

case PrimeSTAR HS DNA Polymerase. The elongation time depends on the size of the desired 

PCR product. 

When primers had a melting temperature higher than 72°C, two-step PCR was carried out. In 

this method, the annealing and elongation steps are combined. 

Step Temperature (°C) Time (s) Cycles 

Initial denaturation 98 180 1 

Denaturation 98 10 
30 

Annealing + Elongation 68 60s per kbp of DNA 

Final extension 72 600 1 

Table 13. Thermocycler protocol followed for two-step PCR reactions. 

The result of the PCR reaction was digested with DpnI (0.5 μL) for 2 h at 37°C to eliminate the 

parental plasmid from the mixture. No further purification was performed for SDM 

applications, and 5 μL of the reaction mixture was used to transform XL1-Blue cells.  

5.3.2 Agarose gel electrophoresis 

Tris-acetate EDTA (TAE) buffer (50x) 

Tris-Base (242 g, 2 M), glacial acetic acid (57.1 mL, 1 M) and disodium EDTA (100 mL, 5 mM) 

were dissolved in deionised water (80% of the appropriate volume). The pH was adjusted to 

8 and the solution was topped up to the final volume (1 L) with deionised water. 

TAE (1x) buffer was prepared by diluting 50xTAE buffer (20 mL) in deionised water (980 mL).  

Agarose gel 1% 

Agarose powder (1 g, 1%) was dissolved in 1xTAE buffer (100 mL) while heating. SYBR safe 

dye (5 µL) was added once the solution was at ~50°C. The solution was poured into the casting 

tray (Bio-Rad Sub Cell GT Mini) containing a well comb and was allowed to solidify at room 

temperature (30 min). 
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Protocol 

The solidified gel was placed in the electrophoresis unit (Bio-Rad) and the later was filled with 

1xTAE buffer until the gel was covered. DNA samples (5 µL) were mixed with FastDigest Green 

Buffer (1 µL) and carefully loaded into the gel wells. DNA ladder (5 µL) was loaded in one of 

the wells to identify the size of DNA samples. The gel was run at a constant amplitude of 85 

mA for 60 minutes. The gel was visualised using a BioRad ChemiDoc MP imaging system. 

5.3.3 Gel extraction of DNA 

The QIAquick Gel Extraction using a Microcentrifuge protocol was followed. A DNA fragment 

was cut from the gel using a scalpel and transferred into a weighted Eppendorf tube. QG 

buffer (300 µL/100 mg gel) was added, and the samples were incubated at 50°C for 10 min or 

until the gel was dissolved. Isopropanol (100 µL/100 mg gel) was added, and the sample was 

inverted five times. The sample was transferred to a spin column, centrifuged (1 min, 13000 

rpm) and the flowthrough was discarded. PE buffer (750 µL) was added, left to stand for 5 

min, centrifuged (1 min, 13000 rpm) and the flowthrough discarded. This step was repeated. 

After discarding the flowthrough, the column was centrifuged (1 min, 13000 rpm) to 

completely remove residual ethanol. The column was placed on an Eppendorf tube and 

deionised water (30 µL) was added carefully to the centre of the membrane. The column was 

left for 1 min and centrifuged (1 min, 13000 rpm). The Eppendorf tube containing the DNA 

was stored at -20°C. 

5.3.4 Golden Gate Assembly 

BSA (1.5 µL), T4 buffer (1.5 µL), DTT 0.1M (0.1 µL), backbone DNA (75 ng) and insert DNA (75 

or 150 ng) were added to a PCR tube. The solution was topped up to 14 µL with deionised 

water. Lastly, the enzymes BsaI-HFv2 (0.5 µL) and T4 ligase (0.5 µL) were added, giving a total 

volume of 15 µL. The reaction mixture was subjected to the following program on the 

thermocycler: 

Step Temperature (°C) Time (min) Cycles 

Incubation 37 60 1 

Activation of BsaI 37 5 
26 

Activation of ligase 16 5 

Inactivation of BsaI 50 5 1 

Inactivation of ligase 80 5 1 

Table 14. Thermocycler protocol used for Golden Gate Assembly. 
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5.3.5 KLD ligation 

PCR product (1 µL), KLD reaction buffer (5 µL), KLD enzyme mix (1 µL) and deionised water (3 

µL) were added to a PCR tube. The reaction mixture was incubated at 25°C for 5 min. The 

product is suitable for immediate transformation or storage at -20°C. 

5.3.6 HiFi DNA assembly 

Linear vector, obtained from PCR amplification (0.1 pmol); insert, from reverse complement 

primer dimer (0.2 pmol), HiFi assembly Master Mix (5 L) and dH2O (final volume 10 L) were 

mixed in a PCR tube and incubated at 50°C for 45 min. The product is suitable for immediate 

transformation or storage at -20°C. 

5.3.7 Site Directed Mutagenesis (SDM) 

PrimeSTAR premix (25 µL), plasmid (0.2 µL), 10 µM solution of forward primer (0.2 µL), 10 µM 

solution of reverse primer (0.2 µL) and DMSO (2 µL) were added to a PCR tube. The solution 

was topped up to 50 µL with deionised water. The following protocol was used on the 

thermocycler: 

Step Temperature (°C) Time (s) Cycles 

Initial denaturation 98 120-180 1 

Denaturation 98 15-30 

30 Annealing 50-65 10-20 

Elongation 72 60s per kbp of DNA 

Final extension 72 600 1 

Table 15. Thermocycler protocol used for site directed mutagenesis. 

The result of the PCR reaction was digested with DpnI (1 µL) in presence of 10x Fast Digest 

Buffer (5 µL) to eliminate the template plasmid from the mixture. 10 µL of the mixture were 

used with no further purification to transform in a cloning cell line (DH5 or XL1-Blue). 

5.3.8 Plasmids and primers specifications 

Gene(s) Vector Antibiotic resistance 

Pepper pRham Kanamycin 

EL222 pEBLindv2 Kanamycin 

EL222, sfGFP pAP05 Tetracycline 

His6-EL222 pETM11 Kanamycin 

His6-TEV pET28a Kanamycin 

His6-AuLOV pETM11 Kanamycin 
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Table 16. List of plasmids used in this project.  

 

Name Sequence 

Pepper 

uugccauguguauguggguucgcccacauacucugaugauccccaaucguggcgugucggccucuccc

aaucguggcgugucggccucucccaaucguggcgugucggccucucccaaucguggcgugucggccucu

cuucggagaggcacuggcgccggagaggcacuggcgccggagaggcacuggcgccggagaggcacuggc

gccgggaucauucauggcaa 

EL222 

(pAP05, 

pEBLindv2) 

MLDMGQDRPIDGSGAPGADDTRVEVQPPAQWVLDLIEASPIASVVSDPRLADNPLIAIN

QAFTDLTGYSEEECVGRNCRFLAGSGTEPWLTDKIRQGVREHKPVLVEILNYKKDGTPFR

NAVLVAPIYDDDDELLYFLGSQVEVDDDQPNMGMARRERAAEMLKTLSPRQLEVTTLV

ASGLRNKEVAARLGLSEKTVKMHRGLVMEKLNLKTSADLVRIAVEAGI 

sfGFP 

MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTL

VTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTL

VNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLAD

HYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 

His6-EL222 

MKHHHHHHPMSDYDIPTTENLYFQGAMGADDTRVEVQPPAQWVLDLIEASPIASVVSD

PRLADNPLIAINQAFTDLTGYSEEECVGRNCRFLAGSGTEPWLTDKIRQGVREHKPVLVEI

LNYKKDGTPFRNAVLVAPIYDDDDELLYFLGSQVEVDDDQPNMGMARRERAAEMLKTL

SPRQLEVTTLVASGLRNKEVAARLGLSEKTVKMHRGLVMEKLNLKTSADLVRIAVEAGI 

His6 -

AuLOV 

MKHHHHHHPMSDYDIPTTENLYFQGAMDYSLVKALQTAQQNFVISDPSIPDNPIVYASQ

GFLTLTGYALSEVLGRNCRFLQGPETDPKAVEKVRKGLERGEDTTVVLLNYRKDGSTFWN

QLFIAALRDGEGNVVNYLGVQCKVSEDYAKAFLKNEENEK 

Table 17. Gene sequences of Pepper RNA (lowercase) and proteins (uppercase) used in this project. 
His6-tags are underlined when present. 

Name Sequence 

Pepper 4x 

insert 

aagtccggtctcctgttgccatgtgtatgtgggttcgcccacatactctgatgatccccaatcgtggcgtgtcg

gcctctcccaatcgtggcgtgtcggcctctcccaatcgtggcgtgtcggcctctcccaatcgtggcgtgtcggc

ctctcttcggagaggcactggcgccggagaggcactggcgccggagaggcactggcgccggagaggcact

ggcgccgggatcattcatggcaagggagaccggactt 

Table 18. Pepper insert used for Golden Gate Assembly. The BsaI sites are underlined. 

Oligonucleotide primers were designed in the online software Benchling following these 

criteria when possible: 

- Primers should be 20 to 45 bp-long 

- Primers should start and end with G or C and ideally have a GC content of 40 to 60% 

- The melting temperature should be lower than 72°C, ideally between 55 and 65°C 

- Forward and reverse primer should have similar melting temperatures 

- Primers should contain at least 15 base pairs matching the plasmid. 

- Primers for SDM should have 15 bp overlap with each other and contain the mutation in the 

centre of the overlapping area. 
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- Specificity and secondary structure should be checked for unwanted interactions 

Plasmid FWD primer REV primer 

pRham cgatgtggtctcccaagccaggcatcaaataaaacga cgatgtggtctccaacacagttccctactctcgca 

pEBLindv2 tgtccggtctcccaagctgaaggtcgtcactccacc 
aagtccggtctccaacatatttattcgactataaca

aaccat 

pAP05 agggaaggtctcccaaggggatcctctagagtcga 
agggaaggtctccaacaggtaccatatctccttctt

aatga 
Table 19. Primers used in Golden Gate Assembly to introduce the Pepper 4x insert in pRham, 

pEBLindv2 and pAP05. The BsaI recognition sites are underlined. 

Name FWD primer REV primer 

pCsgD GAGTTAatgttagcgaagaaaatggtttg ACCCGaccggctctgtgtgaaattg 

Table 20. Primers used in KLD cloning to exchange EL222 promoter for CsgD promoter. In capital 
letters are the bases belonging to the modified promoter. 

Name FWD primer REV primer 

pAP05 
ccgtcaagaCgcaccTcTATctggtgatggaaaa

gctc 

GAACGcgcGaTttcGttgttgcgcaagcccgat

gccacc 

Insert 
CgaaAtCgcgCGTTCgctcTTcAtCtcggagaa

TaccgtcaagaCgcacc 

ggtgcGtcttgacggtAttctccgaGaTgAAgag

cGAACGcgcGaTttcG 

Table 21. Primers used in HiFi DNA assembly to substitute EL222 DNA binding region for CsgD DNA 
binding region. Capital letters represent the mutations and underline represents the overlap needed 

for assembly. 

Name Variant FWD primer REV primer 

EL222::CsgDR1 S189R cgaaatcgcgcgtAGGctcttcatctcggag ctccgagatgaagagCCTacgcgcgatttcg 

EL222::CsgDR2 L201R ccgtcaagacgcacCGCtatctggtgatgg ccatcaccagataGCGgtgcgtcttgacgg 

Table 22. Primers used for site-directed mutagenesis (5’ to 3’) of EL222::CsgD with the mutations in 
bold and the corresponding codon in capital letters. The primers for EL222::CsgDR2 were used on 

EL222::CsgDR1 to obtain the double mutation variant EL222::CsgDRR. 

Variant FWD primer REV primer 

N194D cagcagGACttcgttatctctgatccgagc aacgaaGTCctgctgagcggtttgcagggcc 

N194H cagcagCACttcgttatctctgatccgagc aacgaaGTGctgctgagcggtttgcagggcc 

N194K cagcagAAGttcgttatctctgatccgagc aacgaaCTTctgctgagcggtttgcagggcc 

N194L cagcagCTCttcgttatctctgatccgagc aacgaaGAGctgctgagcggtttgcagggcc 

N194Q cagcagCAGttcgttatctctgatccgagc aacgaaCTGctgctgagcggtttgcagggcc 

N194S cagcagAGCttcgttatctctgatccgagc aacgaaGCTctgctgagcggtttgcagggcc 

N194Y cagcagTACttcgttatctctgatccgagc aacgaaGTActgctgagcggtttgcagggcc 

Table 23. Primers used for site-directed mutagenesis (5’ to 3’) of AuLOV with the mutations in bold 
and the corresponding codon in capital letters. 
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5.3.9 Antibiotic stock solution preparation 

Antibiotics were prepared as sterile stock solutions and were diluted 1:1000 into media to 

yield the correct concentrations. 

Kanamycin 

Kanamycin sulphate (0.5 g) was dissolved in deionised water (10 mL). The solution was filter 

sterilised through a 0.2 µm syringe filter into Eppendorf tubes and stored at -20°C. 

Tetracycline  

Tetracycline sulphate (0.1 g) was dissolved in ethanol (3 mL) and deionised water (7 mL). The 

solution was filter sterilised through a 0.2 µm syringe filter into Eppendorf tubes and stored 

at -20°C. 

Chloramphenicol 

Chloramphenicol (0.25 g) was dissolved in ethanol (10 mL). The solution was filter sterilised 

through a 0.2 m syringe filter into Eppendorf tubes and stored at -20°C. 

Ampicillin 

Ampicillin (1 g) was dissolved in deionised water (10 mL). The solution was filter sterilised 

through a 0.2 m syringe filter into Eppendorf tubes and stored at -20°C. 

5.3.10   Media preparation 

LB medium 

Sodium chloride (10 g/L), tryptone (10 g/L) and yeast extract (5 g/L) were dissolved in 

deionised water. The solution was autoclaved (120°C, 20 min) and allowed to cool down to 

room temperature before use. 

M9 medium 

Disodium hydrogen phosphate (64 g/L), potassium dihydrogen phosphate (15 g/L), sodium 

chloride (2.5 g/L) and ammonium chloride (5 g/L) were dissolved in deionised water. The M9 

salts solution was autoclaved (120°C, 20 min) and allowed to cool down to room temperature 

before use. 

Filter sterilised solutions of glucose (2 M, 1.1 mL), trace metals (1 mL), magnesium sulphate 

(1 M, 200 µL) and calcium chloride (1 M, 10 µL), and autoclaved water (78 mL) were added to 

M9 salts solution (20 mL) immediately before use. 
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M63 medium 

Ammonium sulphate (2 g/L), potassium dihydrogen phosphate (13.6 g/L) and iron (II) sulphate 

(0.5 mg/L) were dissolved in deionised water. The M63 salts solution was autoclaved (120°C, 

20 min) and allowed to cool down to room temperature before use. 

Filter sterilised solutions of glycerol (50%, 400 µL) and magnesium sulphate (1 M, 100 µL) 

were added to M63 salts solution (100 mL) immediately before use. 

Autoinduction medium 

Sodium chloride (0.5 g/L), tryptone (10 g/L), yeast extract (5 g/L), magnesium sulfate (2 g/L), 

ammonium chloride (0.5 g/L) and glycerol (5 mL/L) were dissolved in deionised water. The 

solution was autoclaved (120°C, 20 min) and allowed to cool down to room temperature 

before use. Disodium hydrogen phosphate (6 g/L), potassium dihydrogen phosphate (3 g/L), 

glucose (1 g/L) and arabinose (2 g/L) are added in solid form immediately before use. 

5.3.11  LB agar plate preparation 

Sodium chloride (10 g/L), tryptone (10 g/L), yeast extract (5 g/L) and agar (15 g/L) were 

dissolved in deionised water. The suspension was autoclaved (120°C, 20 min) and allowed to 

cool down to ~50°C before use. 1 µL/mL of each antibiotic necessary was added and the 

solution was poured into sterile Petri dishes. The plates were stored at 4°C. 

5.3.12  Bacterial strains 

Several E. coli strains were used during the course of this project, present in the Allemann 

group library. XL1-Blue and DH5 cloning strains were used for DNA amplification and cloning. 

BL21 (AI), BL21 (DE3) and BL21 (DE3) Star were used for protein expression. XL1-Blue, BL21 

(DE3) Star and DH5 cell lines were used for fluorescence experiments. BW25113 and 

JW1023 were used in the biofilm formation assays. 

It is important to note that XL1-Blue and BL21 (AI) strains are resistant to tetracycline and 

JW1023 is resistant to kanamycin. 

5.3.13  Competent cell preparation 

CM1 buffer 

Sodium acetate (10 mM) and sodium chloride (5 mM) were dissolved in deionised water (80% 

of desired volume) and the pH adjusted to 5.6 using acetic acid. Manganese chloride (II) (20 
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mM) was added, and the solution made up to the desired volume with deionised water. The 

solution was filter sterilised through a 0.2 µm syringe filter before use.  

CM2 buffer 

Sodium acetate (10 mM), calcium chloride (20 mM), manganese chloride (II) (5 mM) and 

glycerol (5% v/v) were dissolved in deionised water. The solution was filter sterilised through 

a 0.2 µm syringe filter before use. 

Protocol 

A colony from an agar plate of the cell strain was inoculated into a Sterilin tube containing LB 

(10 mL). If needed, 10 µL of antibiotic stock were added. It was incubated overnight at 37°C, 

275 rpm. The overnight culture (2 mL) was used to inoculate LB media (50 mL) containing 50 

µL of the required antibiotic(s). The resulting culture was incubated for two hours at 37°C, 

275 rpm. The cells were placed on ice for 10 min, transferred to a Falcon tube and centrifuged 

at 4000 rpm for 10 min at 4°C. The supernatant was discarded, and the cell pellet was 

resuspended in CM1 buffer (20 mL) added through a syringe filter. Cells were left on ice for 

20 min and centrifuged at 4000 rpm for 5 min at 4°C. The cell pellet was resuspended in CM2 

buffer (1.5 mL) added though a syringe filter. The solution was distributed in 50 µL aliquots 

into Eppendorf tubes and flash-frozen by submerging in liquid nitrogen. These aliquots were 

stored at -80°C. 

5.3.14  Super-competent cell preparation 

Tfb1 buffer 

Potassium acetate (30 mM), rubidium chloride (100 mM), calcium chloride (10 mM) and 

glycerol (15% v/v) were dissolved in deionised water (80% of desired volume) and the pH 

adjusted to 5.8 using dilute acetic acid. Manganese chloride (II) (50 mM) was added and the 

solution was made up to the final volume with deionised water. The solution was filter 

sterilised through a 0.2 µm syringe filter before use. 

Tfb2 buffer 

3-(N-morpholino)propanesulfonic acid (MOPS, 10 mM), calcium chloride (75 mM), rubidium 

chloride (10 mM) and glycerol (15% v/v) were dissolved in deionised water (80% of desired 

volume) and the pH adjusted to 6.5 using dilute sodium hydroxide. The solution was made up 

to the final volume with deionised water. The solution was filter sterilised through a 0.2 µm 

syringe filter before use. 
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Protocol 

A colony from an agar plate of the cell strain was inoculated into a Sterilin tube containing LB 

(10 mL). If needed, 10 µL of antibiotic stock were added. It was incubated overnight at 37°C, 

275 rpm. The overnight culture (0.5 mL) was used to inoculate LB media (50 mL) containing 

50 µL of the required antibiotic(s). The resulting culture was incubated at 37°C, 275 rpm to an 

OD600 of 0.6 – 0.7. The cells were placed on ice for 15 min, transferred to a Falcon tube and 

centrifuged at 5000 rpm for 5 min at 4°C. The supernatant was discarded, and the cell pellet 

was resuspended in Tfb1 buffer (20 mL) added through a syringe filter. Cells were left on ice 

for 15 min and centrifuged at 5000 rpm for 5 min at 4°C. The cell pellet was resuspended in 

Tfb2 buffer (2 mL) added though a syringe filter. The solution was left on ice for 15 min and 

distributed in 50 µL aliquots into Eppendorf tubes and flash-frozen by submerging in liquid 

nitrogen. These aliquots were stored at -80°C. 

5.3.15  Transformation of (super)competent cells 

To transform E. coli, 2 µL (10 µL for KLD, Golden Gate and SDM products) of the appropriate 

plasmid were added to a microcentrifuge tube of competent cells under sterile conditions. 

The cells were left on ice for 1 hour. The cells were then placed in a water bath at 42°C for 45 

seconds and placed back on ice for 5 minutes. Under sterile conditions, LB medium (1 mL) 

was added, and the microcentrifuge tube was placed in a shaker at 37°C for 1.5 h to allow the 

cells to grow. It was centrifuged for 1 min at 6000 rpm and, immediately after, the majority 

of the supernatant was poured off under sterile conditions. The cells were resuspended in the 

remaining liquid and the solution was spread onto an agar plate with appropriate antibiotics. 

The agar plates were incubated at 37°C overnight and then stored at 4°C. 

A negative control of an aliquot of competent cells which contained no plasmid was subjected 

to the same protocol and spread on agar plates with and without the appropriate antibiotic 

to ensure no microbial contamination.  

A positive control of a known plasmid was added to an aliquot of competent cells and 

subjected to the same protocol and plated on the appropriate antibiotic agar plate to ensure 

cell competency. 
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5.3.16  Glycerol stock preparation 

A colony was picked from the agar plate and added to LB medium (10 mL) that contained 10 

µL of required antibiotic stock. This was incubated overnight at 37°C, 275 rpm. 0.5 mL of the 

overnight culture was added to a sterile Eppendorf tube along with 0.5 mL of 50% v/v glycerol 

solution. The Eppendorf tubes were stored at -80°C. 

5.3.17  Bacterial plasmid DNA isolation 

DNA was purified using the TransGen Biotech ‘EasyPure® Plasmid MiniPrep  it’ following the 

protocol provided by the manufacturers. LB media (10 mL) containing appropriate antibiotic 

(10 µL) was inoculated with a single colony from the agar plate (or an aliquot of glycerol stock) 

and incubated overnight at 37°C, 275 rpm. This starter colony was centrifuged at 4000 rpm 

for 10 min at 4°C and the supernatant was discarded. Resuspension buffer (250 µL) was added 

to the cell pellet and the suspension was transferred to an Eppendorf tube. Lysis buffer (250 

µL) was added, and the sample was mixed by inversion. Neutralisation buffer (350 µL) was 

added, and the sample was inverted 5 times and left for 5 min. The sample was centrifuged 

(10 min, 12000 rpm) and the supernatant was transferred to a spin column. The column was 

centrifuged (1 min, 12000 rpm) and the flowthrough discarded. Wash buffer (800 µL) was 

added to the column, left to stand for 5 min, centrifuged (1 min, 12000 rpm) and the 

flowthrough discarded. This step was repeated. After discarding the flowthrough, the column 

was centrifuged (1 min, 12000 rpm) to completely remove residual wash buffer. The column 

was placed on an Eppendorf tube and deionised water (50 µL) was added carefully to the 

centre of the membrane. The column was left for 1 min and centrifuged (1 min, 12000 rpm). 

The Eppendorf tube containing the plasmid was stored at -20°C. 

5.3.18  Protein expression 

BL21 (DE3) E. coli cells were used to express TEV protease. A starter culture (5 mL) was used 

to inoculate LB media (500 mL) supplemented with kanamycin (500 µL) and was grown at 

37°C, 275 rpm. The cell cultures were induced with arabinose when they reached an OD600 of 

0.6 and incubated overnight at 20°C. The culture was then centrifuged at 4000 rpm for 15 min 

and, if needed, the cell pellets were stored at -20°C before purification. 

BL21 (AI) E. coli cells were used to express AuLOV and EL222 variants. 5 mL of a starter culture 

were added to 500 mL of autoinducing media supplemented with the appropriate antibiotics 
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(500 µL) at 20°C. The cells were incubated at 20°C for 24 h. The cells were harvested and, if 

needed, stored at -20°C before purification. 

5.3.19  Protein purification 

Protein Lysis buffer Elution buffer Assay buffer 

EL222 

50 mM Tris-HCl 

100 mM NaCl 

 

pH 8 

50 mM Tris-HCl 

100 mM NaCl 

500 mM imidazole 

pH 8 

 

AuLOV 

20 mM HEPES 

20 mM NaCl 

0.3 mM TCEP 

 

pH 7.8 

20 mM HEPES 

20 mM NaCl 

0.3 mM TCEP 

500 mM imidazole 

pH 7.8 

20 mM MES 

0.3mM TCEP 

5mM NaN3 

1mM EDTA 

pH 6 

TEV 

protease 

50 mM TRIS base 

500 mM NaCl 

5% glycerol 

0.3 mM TCEP 

 

pH 8 

50 mM TRIS base 

500 mM NaCl 

5% glycerol 

0.3 mM TCEP 

500 mM imidazole 

pH 8 

 

Table 24. Buffers used in protein purification and analysis. 

A protease inhibitor (PMSF), lysozyme and ~20 ml of lysis buffer were added to the cell pellet 

and the cells were suspended. They were sonicated at 40% power for five minutes (5 seconds 

pulse on and 15 seconds off, with a total time of 20 min) using a sonicator Sonic Vibra-cell. 

The lysate was centrifuged for 45 minutes at 16000 rpm to remove the insoluble components 

of the cell. The supernatant, containing the protein, was purified using a Ni2+-NTA column. 

The column, kept in 20% ethanol solution, was washed with deionised water and lysis buffer 

before loading the protein solution. Buffer with increasing concentrations of imidazole was 

used to wash (50 mL 20 mM, 20 mL 40 mM) and elute (10 mL 250 mM, 10 mL 500 mM) the 

protein. The fractions were assessed by SDS-PAGE and, if needed, TEV-His6 protease was 

added to the fractions that contained the >95% pure protein to remove the histidine tag. The 

solution was dialyzed overnight to remove the imidazole from the solution using a 7000Da 

cut-off dialysis membrane. 

When TEV-His6 protease was used, a second Ni2+-NTA column was performed on the dialyzed 

solution to separate the protein from the histidine tag and the protease. It was eluted using 

a step gradient buffer with 0, 20 and 500 mM imidazole. SDS-PAGE was used to verify the 
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presence of protein in the flow-through. Once confirmed, the protein was concentrated using 

Vivaspin centrifugal concentrators with a 10 kDa molecular weight cut off membrane. 

Vivaspins were used in a centrifuge forcing the buffer across the membrane, decreasing the 

volume of the protein solution and concentrating it. The Vivaspin was also used for buffer 

exchange into the assay buffer for AuLOV variants. 

5.3.20  SDS-PAGE 

Resolving buffer 

1.5M TRIS-HCl pH 8.8 

Resolving gel (12% bisacrylamide) 

- 1.7 mL H2O 

- 1.25 mL resolving buffer 

- 50 µL 10% Sodium dodecyl sulfate 

- 2 mL 30% bisacrylamide (w/v) 

- 50 µL 10% (w/v) ammonium persulfate 

- 10 µL TEMED 

Loading dye 

- 4% SDS 

- 20% glycerol 

- 10% β-mercaptoethanol 

- 0.004% bromophenol blue 

- 0.125 M TRIS-HCl pH 6.8 

Stacking buffer 

0.5 M TRIS-HCl pH 6.8 

Stacking gel (6% bisacrylamide) 

- 1.3 mL H2O 

- 0.65 mL resolving buffer 

- 25 µL 10% Sodium dodecyl sulfate 

- 0.5 mL 30% bisacrylamide (w/v) 

- 50 µL 10% (w/v) ammonium persulfate 

- 10 µL TEMED 

Cathode buffer (middle tank) 

- 0.1 M TRIS 

- 0.1 M Tricine 

- 0.1% SDS 

Anode buffer (outer tank) 

- 0.2 M TRIS, pH 8 

Protocol 

The resolving gel solution was made in a universal tube and poured between the two glass 

plates on a casting frame, leaving some space at the top. A small volume of propan-2-ol was 

added to remove bubbles and to level the resolving gel. After the gel solidified, the propan-

2-ol was poured off. The stacking gel was then prepared and poured on top of the resolving 

gel. The gel comb was placed immediately after. 

The samples were prepared by mixing protein sample and loading dye in 1:1 ratio and heating 

to 80°C for five minutes. The gel was placed in the electrophoresis tank and filled with cathode 

buffer (middle tank) and anode buffer (outer tank). The comb was removed and 5-10 μL 
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samples were loaded with a micropipette in each well, including a protein ladder to indicate 

the molecular weights. A voltage was applied to run the gel (60 V for 10 min, 180 V for 50 

min). Once run, the gel was boiled in water to destain the loading dye and then placed in 

Coomassie brilliant blue R250 stain. The stain was poured off and water was added to destain 

and make the protein bands visible. Pictures of the gels were taken with a Bio-Rad ChemiDoc 

MP Imaging System. 

5.3.21  UV-Vis spectroscopy 

The concentration of the protein solution and the transition between light and dark states 

were measured by UV-vis spectroscopy, using a Shimadzu UV-2600 spectrophotometer with 

a CPS-100 temperature-controlled cell positioner set at 20°C and the software UVProbe. 

AuLOV variants 

Assay buffer (1 mL) was used to record the baseline (600 nm to 200 nm). 20 µL of protein 

solution in assay buffer were added before illuminating the cuvette with blue light (450 nm) 

for one minute and the spectra were recorded. The absorption at 388 nm (light state 

maximum, ε = 9135 M-1 cm-1) was used to calculate the concentration. 

To measure the relaxation of the protein from the light to the dark state, the spectra were 

recorded from 600 to 200 nm every 5, 10 or 15 minutes one hundred times. The absorption 

at 450 nm (dark state maximum) over time was used to determine the relaxation kinetics. 

Data was fitted using Prism10 software. 

EL222 

Due to the short relaxation time of this protein, it was not possible to measure it in the light 

state. The protein sample was kept in the dark overnight before measuring and the room was 

kept in dim red light conditions. The absorption at 450 nm (ε=13 00 M-1 cm-1) was used to 

calculate the concentration. 

5.3.22  Size exclusion chromatography 

The analysis of AuLOV by size exclusion chromatography (SEC) was carried out using a Cytiva 

ÄKTA pure chromatography system equipped with a SuperdexTM 75 10/300 GL column and 

UNICORNTM 7 software. 100 µL (50 µM) of protein solution were injected each time and 

analysed by a two-step program (sample application and elution at 0.8 mL/min for 1.5 column 

volumes). Degassed AuLOV assay buffer was used for elution. The detection took place at 
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three different wavelengths: 280 nm due to the aromatic amino acids in proteins, 390 nm for 

the light state maximum of the cysteine-FMN adduct, and 450 nm is the maximum of the 

oxidised-FMN in the dark state. The fractions were collected in a 96 deep well plate.  

When analysing the protein in the light state, the sample was exposed to blue light for a 

minute immediately before injecting and the column was continuously illuminated with blue 

light. For the analysis of the dark state, the sample was left to relax overnight covered in 

aluminium foil. The room was kept in dim red-light conditions and the column was covered in 

aluminium foil. Four repeats were done for each condition. 

Analysis of the protein standard mixture took place in the buffer recommended by the 

manufacturer (100 mM sodium phosphate, 100 mM sodium sulphate, 0.05 % sodium azide, 

pH 6.7) due to the incompatibility with AuLOV assay buffer. 

5.3.23  Protein crystallisation 

Dark state crystals of AuLOV were set up under dim red-light conditions and grown in the dark 

at 20°C by the sitting-drop vapor diffusion method. 80 µL of precipitant (0.1 M sodium 

acetate/citrate pH 4.0 to 5.5, 0.1 M ammonium chloride, 15-20% polyethylene glycol 2000) 

were placed in each well (Figure 109 left). 1 µL of protein (3 – 5 mg/mL) was mixed with 1 – 2 

µL of precipitant in the drop. In some cases, crushed crystals obtained from N194KF-tyr (0.5 µL) 

were used as nucleation points. 

Crystallisation trials for AuLOV light state crystals were performed using an Oryx 4 robot 

(Douglas Instruments) and WaspRun software. Protein solution was illuminated with 450 nm 

light prior to and during crystallisation by sitting-drop vapor diffusion. 80 µL of precipitant 

(1.5 to 3.0 M disodium malonate pH 7, 0.1 M Tris.OAc pH 6.5 to 8.0) were placed in each well 

(Figure 109 right). 0.5 µL of protein in crystallography buffer (5 – 10 mg/mL) was mixed with 

0 .5 to 1.0 µL precipitant in each drop. 0.1 µL of 100 mM Co3+(NH3)6 was used as an additive. 
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Figure 109. Crystallisation conditions for AuLOV variants in dark (left) and light (right) states. 

Crystal harvesting was carried out with the help of Dr. Pierre Rizkallah, senior lecturer in 

Structural Biology. The well containing crystals was opened using a scalpel and 1 µL of 

precipitant was transferred from the well to the drop to avoid drying. Crystals were extracted 

with 0.1 – 0.3 mm mounted LithoLoops, flash frozen using liquid nitrogen and placed on a 

frozen puck. Once a puck was filled, it was placed into a shipping cane in a cryogenic Dewar. 

Harvested crystals were sent to Diamond Light Source (Oxfordshire, UK) for data collection. 

Dark state crystals were harvested under dim red light. Illuminated state crystals were 

obtained by illuminating dark state crystals with blue light for one minute before harvesting. 

Lit-state crystals were harvested while being illuminated with blue light. 

Diffraction datasets were collected at Diamond Light Source (Oxfordshire, UK). Crystals were 

kept at 100 K during data collection in a cold nitrogen stream. Data reduction was completed 

with Xia2 using XDS, or DIALS or Autoproc at Diamond Light Source. Crystal structures were 

solved using CCP4i2 and Coot software. Molecular replacement was carried out using 

Aureochrome 1a LOV domain from Ochromonas danica in the dark, illuminated or light state 

as a template (PDB entries 6i20, 6i21 and 6i22 respectively). Structural refinement was 

achieved using alternate cycles of Coot and REFMAC5. The unnatural amino acid, FMN, 

solvent molecules or ions were added where positive electron density peaks appeared. 

Crystallisation trials for EL222::CsgDR1 were performed using the Oryx 4 robot under dim light 

conditions and grown in the dark at 20°C by the sitting-drop vapor diffusion method. PACT 

Premier and JCSG Plus commercial screens were used. 80 µL of precipitant were placed in 

each well. 0.75 µL of protein in crystallography buffer (6.5 mg/mL) was mixed with 0.5 or 0.75 

µL precipitant in each drop. Upon plate preparation, the protein was kept in dark conditions. 
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Seeding protocol (adapted from246) 

Crystals too small for harvesting were used to make seed stocks. The well was opened with a 

scalpel and reservoir solution was transferred to an Eppendorf tube (50 µL) and to the drop 

(5 µL). The crystals were crushed using a crystal crusher. The crystal crusher was washed in 

the Eppendorf with precipitant and the solution with the crushed crystals was transferred to 

the Eppendorf tube. The seed stock was kept on ice and used immediately or stored at -80°C 

to avoid redissolution of the microcrystals. 

Microcrystals in VMXm beamline 

The sample preparation and data collection took place in Diamond Light Source Versatile 

Macromolecular Crystallography microfocus (VMXm) beamline facilities.247 CryoTEM grids 

were glow discharged to ensure the sample distributes evenly throughout the grid and 

mounted in the plunge freezer. 2 µL of reservoir solution were added to the back of the grid 

and 2 µL of the crystal solution were added to the front of the grid. The sample was blotted, 

plunge-freezed in liquid ethane and transferred to liquid nitrogen. For the diffraction 

experiments, the grids were loaded onto the sample holder and transferred to the VMXm 

endstation. The beam was focused and aligned on each crystal for measurements. 

5.3.24 In-vivo Pepper aptamer experiments 

Imaging buffer 

HEPES (40 mM), potassium chloride (100 mM) and magnesium chloride (5 mM) were 

dissolved in deionised water (80% of desired volume) and the pH adjusted to 7.4. The solution 

made up to the desired volume with deionised water. The solution was stored at 4°C.  

HBC imaging buffer 

HBC620 (1 mg) was dissolved in the minimum quantity of DMSO, and imaging buffer (100 mL) 

was added. The solution was aliquoted and stored at -80°C. 

Protocol 

A colony/glycerol stock aliquot was grown in LB medium (10 mL) that contained 10 µL of the 

required antibiotic(s). It was incubated overnight at 37°C, 275 rpm. The overnight culture (5 

mL) was used to inoculate LB media (50 mL) supplemented with the appropriate antibiotic(s) 

(50 µL) in a conical flask or a 75 cm3 cell culture flask for light dependent experiments. The 

cells were incubated at 37°C, 275 rpm until all flasks had reached OD600 of 1.5. When 
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necessary, the culture was induced using rhamnose (0.2% w/v) or light (constant blue light 

illumination during growth) when it reached OD600 of 0.6. 

The cultures were diluted with deionised water to an OD600 of 1.5 and the contents of each 

flask were transferred to Falcon tubes (25 mL on each). The Falcon tubes were centrifuged 

for 5 min at 4000 rpm, the supernatant was discarded, and the pellet was resuspended in HBC 

imaging buffer (1 mL). 

The solution was incubated for 60 min at room temperature and loaded on a black 96 well 

plate (100 µL/well). The fluorescence was measured using a VICTOR X5 Multilabel Plate 

Reader (PerkinElmer) with a 531/25 excitation filter and a 610 emission filter. 

Experiments were conducted in triplicate and data was presented in graph form as arithmetic 

mean ± standard deviation. 

5.3.25  In-vivo green fluorescence protein production assay 

Cell culture flasks 

A colony/glycerol stock aliquot was grown in LB medium (10 mL) that contained 10 µL of the 

required antibiotic(s). It was incubated in dark conditions overnight at 37°C, 275 rpm. The 

overnight culture (5 mL) was used to inoculate LB media (50 mL) supplemented with the 

appropriate antibiotic(s) (50 µL) in a conical flask or a 75 cm3 cell culture flask for light 

dependent experiments. When needed, cultures were grown in dark (covered in aluminium 

foil) or light (constant blue light illumination) conditions. The cells were incubated at 37°C, 

275 rpm until all flasks had reached OD600 of 1.5. 

The cultures were diluted with deionised water to an OD600 of 1.5 and the contents of each 

flask were transferred to Falcon tubes (25 mL on each). The Falcon tubes were centrifuged 

for 5 min at 4000 rpm, the supernatant was discarded, and the pellet was resuspended in 

imaging buffer (1 mL). The solution was incubated for 60 min at room temperature and loaded 

on a black 96 well plate (100 µL/well). The fluorescence was measured using a VICTOR X5 

Multilabel Plate Reader (PerkinElmer) with a 485 excitation filter and a 535 emission filter. 

Experiments were conducted in triplicate and data was presented in graph form as arithmetic 

mean ± standard deviation. 
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96 well plate 

A colony/glycerol stock aliquot was grown in LB medium (10 mL) that contained 10 µL of the 

required antibiotic(s). It was incubated overnight in dark conditions at 37°C, 275 rpm. The 

starter culture was diluted 1:100 into a black flat-bottomed 96 well plate and incubated for 

24h at 37°C in dark (covered in aluminium foil) or blue light (constant illumination during 

growth) conditions. The fluorescence was measured using a VICTOR X5 Multilabel Plate 

Reader (PerkinElmer) with a 485 nm excitation filter and a 535 nm emission filter. 

5.3.26  Crystal violet assay for biofilm formation (adapted from 223) 

This microtiter dish assay measures the extent of biofilm formation using the dye crystal 

violet. The positively charged crystal violet dye interacts with negatively charged molecules 

found in the extracellular matrix of biofilms. 

A starter culture grown in dark was diluted 1:100 into a U-bottomed 96 well plate and 

incubated for 24h at 37°C in dark (covered in aluminium foil) or blue light (constant 

illumination during growth) conditions. The multiwell plates were sealed with Breathe Easier 

sealing membranes during incubation. After incubation, the plate was emptied by shaking out 

the liquid. The plate was gently washed with deionised water by submerging in a small tub of 

water and shaking out the water. This step was carried out twice. Crystal violet solution (125 

µL, 0.1%) was added into each well and incubated at room temperature for 15 min. The plate 

was washed three times and dried at room temperature for a few hours. Acetic acid solution 

(125 µL, 30%) was added to each well and incubated at room temperature for 15 min. 100 µL 

of the solubilised crystal violet were added to a new flat bottomed 96 well plate and the 

absorbance (570 nm) was quantified using a FLUOstar Omega Microplate Reader (BMG 

Labtech). Positive and negative controls were included on each plate for comparison. Five 

replicate wells were done per control and sample. Data was presented in graph form as 

arithmetic mean ± standard deviation.
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Chapter 2. Studying pepper RNA aptamer as a reporter of transcription 

in optogenetic systems 

Synthesis of HBC620 

Characterisation of compounds from original HBC620 synthetic route192 

Mass spectrum of 2-Bromothieno[3,2-b]thiophene (2) 
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1H-NMR, 13C-NMR and MS of 2-[(2-hydroxyethyl)methylamino]thieno[3,2-b] thiophene (4) 
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Calculated mass for 
C9H12NOS2 [M+H]+: 214.04
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1H-NMR and 13C-NMR of 5-[(2-acetoxyethyl)methylamino]thieno[3,2-b]thiophene (5) 
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MS of 5-[(2-acetoxyethyl)methylamino]thieno[3,2-b]thiophene-2,4-dicarbaldehyde (11) 
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C13H13NO4S2 [M+H]+: 312.03
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Characterisation of compounds from the improved synthetic route 

1H-NMR and 13C-NMR of thieno[3,2-b]thiophene-2-carbaldehyde (12) 
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1H-NMR, 13C-NMR and MS of 5-bromothieno[3,2-b]thiophene-2-carbaldehyde (13) 

 

S

S

O

Calculated mass for 
C7H4OS2 [M+H]+: 167.97

S

S

Br

O



Appendix 

 VIII 

 

 

 

 
  

S

S

Br

O

S

S

Br

O

Calculated mass for 
C7H3BrOS2 [M+H]+: 246.88
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1H-NMR, 13C-NMR and MS of  5-[(2-hydroxyethyl)methylamino]thieno[3,2-b]thiophene-2-

carbaldehyde (7) 
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1H-NMR, 13C-NMR and MS of HBC620 (9) 
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Calculated mass for 
C19H15N3OS2 [M+H]+: 365.07
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Purification of HBC620 (9) 

 

Study of HBC620 isomers (9 and 9a) 
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Relaxation of illuminated HBC620 to the dark state. 
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Relaxation of illuminated HBC620 to the dark state with acetic acid. 
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Chapter 3. Engineering the DNA binding domain of EL222 to create 

photoresponsive transcription factors 

Mass spectrum of EL222::CsgDR1 

 

Please note there is a 1 AMU error for this experiment. 

Statistical analysis of optimisation of GFP fluorescence 

One-way ANOVA followed by Tukey HSD (Honestly Significant Difference) test were 

performed on the light/dark ratios (Figure 68, Table 4) to analyse the effect of cell strain and 

growth conditions on GFP fluorescence. This statistical analysis supports the conclusions 

drawn from the optimization of fluorescence experiments. 

ANOVA       

Source of 
Variation SS df MS F P-value F crit 

Between Groups 1.179243 5 0.235849 63.44557 3.28E-08 3.105875 

Within Groups 0.044608 12 0.003717    

       

Total 1.223851 17         

 

Calculated mass
23552.86
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The P-value, lower than 0.05, indicated there was statistical significance between the groups. 

Tukey HSD test was used to determine which factor had statistical significance on 

fluorescence ratio. There is a statistical significance when the absolute difference of the 

means is higher than the calculated HSD value. 

Tukey HSD test 

Groups 6 Degrees of freedom 12 

Exp per group 3 q value (table) 4.75 

Total exp 18 HSD 0.167205 
 

Comparison Mean difference Significance Effect 

C1-C2 0.122687194 no Effect of lysozyme on DH5α at 37°C 

C1-C3 0.184018883 yes Effect of cell strain at 37°C 

C3-C4 0.056315686 no Effect of lysozyme on BL21* at 37°C 

C1-C5 0.349418532 yes Effect of temperature on DH5 α 

C3-C6 0.629265094 yes Effect of temperature on BL21* 

C5-C6 0.794664743 yes Effect of cell strain at 20°C 
 

Two-way ANOVA on biofilm formation assays 

A two-way ANOVA was performed to analyse the effect of light and EL222 variant on biofilm 

formation. This statistical analysis supports the conclusions drawn from the biofilm assays. 

WT EL222 

There was not a statistically significant interaction between the effects of light and EL222 

variant (p = 0.642, p > 0.05). Illumination conditions (sample) did not have a statistically 

significant effect on biofilm formation (p = 0.209, p > 0.05). The EL222 variant (columns) had 

a statistically significant effect on biofilm formation (p = 8.27·10-18, p < 0.05). 

ANOVA       

Source of Variation SS df MS F P-value F crit 

Sample 0.001599 1 0.001599 1.665746 0.209125 4.259677 

Columns 0.587789 2 0.293895 306.2199 8.27E-18 3.402826 

Interaction 0.000867 2 0.000434 0.451784 0.641794 3.402826 

Within 0.023034 24 0.00096    

       

Total 0.613289 29         

 

EL222::CsgD 

There was not a statistically significant interaction between the effects of light and EL222 

variant (p = 0.637, p > 0.05). Illumination conditions (sample) did not have a statistically 
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significant effect on biofilm formation (p = 0.154, p > 0.05). The EL222 variant (columns) had 

a statistically significant effect on biofilm formation (p = 2.64·10-12, p < 0.05). 

ANOVA       

Source of Variation SS df MS F P-value F crit 

Sample 0.006208 1 0.006208 2.215225 0.153966 4.413873 

Columns 0.925418 2 0.462709 165.1058 2.64E-12 3.554557 

Interaction 0.002591 2 0.001295 0.462191 0.637172 3.554557 

Within 0.050445 18 0.002803    

       

Total 0.984662 23         

 

EL222::CsgDR1 

There was a statistically significant interaction between the effects of light and EL222 variant 

(p = 2.06·10-4, p < 0.05). Illumination conditions (sample) had a statistically significant effect 

on biofilm formation (p = 2.82·10-3, p < 0.05). The EL222 variant (columns) had a statistically 

significant effect on biofilm formation (p = 5.53·10-8, p < 0.05). 

ANOVA       

Source of Variation SS df MS F P-value F crit 

Sample 0.235853 1 0.235853 11.07228 0.002816 4.259677 

Columns 1.546458 2 0.773229 36.29969 5.53E-08 3.402826 

Interaction 0.52584 2 0.26292 12.34294 0.000206 3.402826 

Within 0.51123 24 0.021301    

       

Total 2.819381 29         

 

EL222::CsgDR2 

There was not a statistically significant interaction between the effects of light and EL222 

variant (p = 0.848, p > 0.05). Illumination conditions (sample) did not have a statistically 

significant effect on biofilm formation (p = 0.879, p > 0.05). The EL222 variant (columns) had 

a statistically significant effect on biofilm formation (p = 3.89·10-7, p < 0.05).Table 

ANOVA       

Source of Variation SS df MS F P-value F crit 

Sample 0.000644 1 0.000644 0.02366 0.87904 4.259677 

Columns 1.581695 2 0.790848 29.05297 3.89E-07 3.402826 

Interaction 0.009035 2 0.004518 0.165962 0.848042 3.402826 

Within 0.653301 24 0.027221    

       

Total 2.244676 29         
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EL222::CsgDRR 

There was not a statistically significant interaction between the effects of light and EL222 

variant (p = 0.485, p > 0.05). Illumination conditions (sample) did not have a statistically 

significant effect on biofilm formation (p = 0.080, p > 0.05). The EL222 variant (columns) had 

a statistically significant effect on biofilm formation (p = 8.12·10-23, p < 0.05). 

ANOVA       

Source of Variation SS df MS F P-value F crit 

Sample 0.002952 1 0.002952 3.279435 0.080178 4.170877 

Columns 0.774982 2 0.387491 430.455 8.12E-23 3.31583 

Interaction 0.001334 2 0.000667 0.741079 0.485122 3.31583 

Within 0.027006 30 0.0009    

       

Total 0.806274 35         
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Chapter 4. Elucidating the role of Asn194 in aureochrome LOV domain 

signal transduction 

Mass spectra of the AuLOV variants 

AuLOV WT 

 

AuLOV N194D 

 

 

Calculated mass
for AuLOV WT

14997.93

Calculated mass
for AuLOV N194D

14998.92
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AuLOV N194H 

 

AuLOV N194K 

 

 

 

 

 

 

Calculated mass
for AuLOV N194H

15020.97

Calculated mass
for AuLOV N194K

15012.00
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AuLOV N194L 

 

AuLOV N194Q 

 

 

 

 

Calculated mass
for AuLOV N194L

14996.99

Calculated mass
for AuLOV N194Q

15011.96
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AuLOV N194S 

 

AuLOV N194Y 

 

Calculated mass
for AuLOV N194S

14970.91

Calculated mass
for AuLOV N194Y

15047.01
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Complete UV-vis spectra of AuLOV variants relaxation followed at 450 nm 

 

Estimated masses of AuLOV variants from calibration curve 

Variant Ve Light MW light Ve Dark MW dark ΔVe ΔMW 

N194K 11.90 44447 12.01 42851 0.11 1596 

N194S 11.67 47979 11.83 45493 0.15 2486 

N194L 11.52 50433 11.71 47345 0.19 3087 

N194D 11.62 48783 11.82 45645 0.19 3139 

N194Q 11.30 54260 11.71 47345 0.41 6915 

WT 11.34 53721 11.96 43569 0.63 10153 

N194Y 11.02 59554 11.64 48460 0.62 11094 

N194H 11.01 59752 11.74 46875 0.72 12877 

The apparent masses obtained using the calibration curve are different to the theoretical 

masses of AuLOV monomer (~15 kDa) and dimer (~30 kDa). This can be explained by the use 

of different buffers due to the incompatibility of the protein standard mix with AuLOV assay 

buffer. 
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Table of parameters of crystal structures 

 N194D dark N194D illuminated N194D* illuminated 

Data Collection 

Diamond Beamline i24 i24 i24 

Wavelength (Å) 0.6199 0.6199 0.9763 

Crystallisation 

conditions 

0.1 M NaOAc 

0.1 M NH4Cl 
16% PEG 2000 
pH 4.5 

0.1 M NaOAc 

0.1 M NH4Cl 
16% PEG 2000 
pH 4.5 

0.1 M NaOAc 

0.1 M NH4Cl 
18% PEG 2000 
pH 4.8 

Crystal Data 

a, b, c (Å) 105.79, 105.79,  7.1  10 .5 , 10 .5 ,   .9  104.01, 104.01,   .90 

h, k, l 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 

Space group P  2 2 2 P 31 2 1 P 31 2 1 

Resolution (Å) 54.10 – 1.81 38.00 – 2.06 66.90 – 1.26 

Outer shell 1.84 – 1.81 2.10 – 2.06 1.28 – 1.26 

Rmerge 0.159 (10.419) 0.172 (4.350) 0.049 (1.552) 

Rmeas 0.160 (10.483) 0.176 (4.457) 0.051 (1.690) 

CC1/2 1.000 (0.313) 0.999 (0.319) 0.999 (0.377) 

I/i 11.5 (0.1) 11.95 (0.74) 17.6 (1.0) 

Completeness (%) 100.0 (100) 100.0 (100) 99.38 (88.99) 

Multiplicity 78.8 (82.0) 20.55 (21.02) 10.5 (6.4) 

Total measurements 1635505 (83371) 564714 (29242) 1169714 (31568) 

Unique reflections 20757 (1017) 27477 (1391) 111689 (4949) 

Refinement 

Non-H atoms 1084 2148 2100 

Rwork reflections 17955 27453 111648 

Rfree reflections 1736 1397 5522 

Rwork/Rfree 0.210/0.239 0.192/0.254 0.174 / 0.190 

Rms deviations 

Bond lengths (Å) 0.0138 0.0110 0.0159 

Bond angles () 2.483 1.82 2.127 

Mean B value (Å2) 55.3 52.51 17.4 

Ramachandran outliers 

Favoured  (96.99 %)  (99.25 %) 251 (98.05 %) 

Allowed  (3 %) 1 (0.37 %) 4 (1.56 %) 

Outliers 0 (0%) 1 (0.38 %) 1 (0.39 %) 

 


