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Abstract 

 

The firefly luciferase (Fluc) bioluminescence system has been widely studied and used by 

biomedical researchers for in vitro assays as well as a wide variety of optical imaging 

applications in small animals.  However, Fluc is immunogenic to mice which limits its 

applications, especially in longitudinal experiments requiring time courses extending over 

more than four weeks. 

Murine acyl-CoA synthetases (ACSs) are structurally and functionally similar to Flucs and as 

native mouse proteins are inherently non-immunogenic.  Both ACS and Fluc enzymes are 

composed of N and C-terminal domains (NTD and CTD). 

A strategy of hybridisation between Photinus pyralis (Ppy) Fluc and several medium-chain 

ACSs (ACSMs) was employed with the aim of creating hybrids with minimal immunogenicity 

whilst maintaining brightness when ultimately expressed in BALB/c mice. 

Several hybrid variants were created with regions of importance substituted into an ACSM 

backbone, but all the constructs tested failed to produce any bioluminescence when 

expressed in E. coli. 

Hybrids created containing the NTD of Ppy Fluc and the CTD of murine ACSMs 1, 2, and 3 were  

named PpA1, PpA2, and PpA3 respectively.  Light emission of these hybrids was respectively 

Ḑ0.9%, Ḑ0.004%, and Ḑ0.2% that of WT Ppy Fluc when expressed in E. coli, but PpA1 was 

Ḑ10% and PpA3 was Ḑ0.2% as bright as when expressed in HEK cells.  The PpA1 hybrid was 

selected as the best candidate and was expressed in ƛƳƳǳƴƻŎƻƳǇǊƻƳƛǎŜŘ b{Dϰ ƳƛŎŜ, 

producing Ḑ45% the light output of WT Ppy Fluc. 

Further modifications to PpA1 included a construct which replaced a major epitope in the Ppy 

Fluc NTD (G160 ς V168) of PpA1 with the equivalent sequence from a highly similar luciferase 

with lower predicted immunogenicity; when expressed in HEK cells this construct was 

marginally brighter than PpA1, emitting light with ˂ max 10 nm red-shifted.  
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1 Chapter 1 ς Introduction 

 

1.1 A Brief History of Bioluminescence 

Humans have been fascinated by bioluminescent organisms for millennia.  Perhaps the most 

striking examples are fireflies and glowworms which are native to many parts of Europe, Asia, 

and the Americas.  More subtle examples such as the dim blue glow of decaying fish and the 

dim green glow of decaying wood were both noted by the Greek philosopher Aristotle (384-

322 BC), however it was not until the 18th and 19th centuries that these were attributed to 

bacteria and fungi respectively.  In 1667, the Anglo-Irish chemist Robert Boyle documented 

that bioluminescence required air (oxygen had not yet been discovered).  Since about 500 BC 

it was assumed that bioluminescence was a form of phosphorescence (fluorescence with 

prolonged emission), but in 1885 this was disproven by German scientist Emil du Bois-

Reymond when he extracted two mixtures from bioluminescent clams and found that the 

heat-inactivated mixture could be added to the non-heated mixture to restore 

bioluminescence (McElroy and Strehler 1954); du Bois-Reymond had crudely isolated luciferin 

and active luciferase and correctly assumed that it was a reaction between a chemical moiety 

and an oxidising enzyme.  The first luciferin structure determined was that of bacterial 

luciferin by M.J. Cormier in 1954 (Strehler et al. 1954), and the properties of highly-purified 

bacterial luciferase were determined in 1955 by Green and McElroy (McElroy and Green 

1955).  Firefly luciferases (Flucs) would be studied in depth over the following decades, 

revealing them to be among the most efficient. 

 

.ƛƻƭǳƳƛƴŜǎŎŜƴŎŜ ƻŎŎǳǊǎ ǿƘŜƴ ŀ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜ ΨƭǳŎƛŦŜǊƛƴΩ ƛǎ ƻȄƛŘƛǎŜŘ Ǿƛŀ ŀƴ ŜƴȊȅƳŜ 

ΨƭǳŎƛŦŜǊŀǎŜΩΦ  [ǳŎƛŦŜǊŀǎŜ ƛǎ ŦǊƻƳ ǘƘŜ [ŀǘƛƴ ΨƭƛƎƘǘ ōŜŀǊƛƴƎΩΦ  .ƛƻƭǳƳƛƴŜǎŎŜƴŎŜ ƛǎ ŀ biologically 

enhanced form of chemiluminescence, the defining property is that it must be catalysed by a 

luciferase. 

 

1.2 Bioluminescent Systems in Nature 

Bioluminescence systems are most common in the ocean where the emitted light is often 

within the blue range of ~440-478nm as this allows more efficient transmission through 
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water.  Green-red emission may be achieved indirectly through the use of emitter-bound 

accessory chromophores (such as green fluorescent protein) as is the case in the Aequorea 

genus.  The close proximity between the luciferase and chromophore allows a phenomenon 

known as bioluminescence resonance energy transfer (BRET) to occur, resulting in highly 

efficient red-shifting of the emitted light (Morise et al. 1974).  Green-red emission may also 

be achieved directly by an altered luciferase or entirely different luciferin system. 

 

Despite only ~20% of bioluminescent systems occurring terrestrially (as supposed to ~80% 

in the ocean) they are perhaps the most investigated, characterised, and engineered; this is 

largely due to their greater brightness.  It is also red-shifted compared to its ocean 

counterparts.  In the depths of the ocean, background light is extremely low and 

bioluminescent organisms compete moǎǘƭȅ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΩǎ ŜƳƛǎǎƛƻƴǎΣ ǿƘŜǊŜŀǎ ǘŜǊǊŜǎǘǊƛŀƭ 

bioluminescent organisms must be visible on moonlit nights and at dawn and dusk. 

 

Several bioluminescence systems exist, defined by their different types of luciferin substrates 

(Figure 1.1).  The diversity of bioluminescent systems and their independent occurrence in all 

known phyla of life (except plants and archaea) is an example of convergent evolution and 

suggests that it can be a highly beneficial trait.  Further bioluminescence systems may yet to 

be identified, potentially including the Arachnocampa fungus gnat genus which has cross-

reactivity with beetle luciferin but is believed to use a novel substrate (Watkins et al. 2018), 

and sharks since their luminescence mechanisms remain elusive (Duchatelet et al. 2019). 
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Figure 1.1 taken from (Fleiss and Sarkisyan 2019).  Luciferase systems identified to date.  

The seven luciferins for which at least one luciferase has been identified, namely: firefly, krill, 

dinoflagellate, coelenterazine (used by renilla luciferases), fungal, bacterial, and Cypridina.  

The remaining two luciferins (with no identified luciferase counterpart) are earthworm 

(Diplocardia) and limpet (Latia). 

 

1.3 Beetle Luciferase/Luciferin System 

Despite the name, fireflies (Lampyridae) are actually a family of beetle (Coleoptera) and can 

be found world-wide, especially in North America and East Asia.  Most fireflies emit light in 

the green-to-orange range.  All beetle bioluminescence uses the D enantiomer of the identical 

molecule beetle luciferin (█-LH2) (Figure 1.1), despite this many different colours are possible.  

For instance Phrixothrix hirtus railroad worm can produce both red and green light separately 

using the same luciferin but with separate luciferases, and is also the only known example of 

native (not engineered or bound to a fluorophore) red bioluminescence (Figure 1.2).  The 

most blue-shifted (yet still green) light from beetle luciferin is emitted from Amydetes 

fanestratus fireflies (Viviani et al. 2011). 
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Figure 1.2 taken from (Bechara and Stevani 2018).  Natural orange, green, and red 

bioluminescence.  a. firefly (Macrolampis omissa); b. click beetle (Pyrophorus sp.); c. railroad 

worm (Phrixothrix hirtus). 

 

1.3.1 Beetle Luciferin reaction 

Beetle luciferases are bi-functional enzymes which catalyse both an adenylation and an 

oxidation reaction (Figure 1.3) in the following reaction involving LH2, adenosine tri and 

monophosphate (ATP and AMP respectively), inorganic pyrophosphate (PPi), Luciferyl-AMP 

(LH2-AMP), oxygen (O2), carbon dioxide (CO2), and exited oxyluciferin (LO*). 

 

1. LH2 + !¢t ҭ LH2-AMP + PPi 

2. LH2-!at Ҍ hн Ҧ [hϝ Ҍ /hн Ҍ !at 

 

The excited oxyluciferin (LO*) is electronically excited and highly unstable, visible light 

emission results from the rapid loss of energy via a fluorescence pathway. 

 

3. [hϝ Ҧ [h Ҍ ƭƛƎƘǘ 

 

 

Figure 1.3 taken from (Mofford et al. 2014b).  The two stages of the bioluminescent █-

luciferin reaction.  LH2 is adenylated to LH2-AMP which is then oxidised to LO* giving light. 

 

LH2-AMP or its esters can be oxidised to chemiluminesce in the absence of a luciferase, 

however it is extremely dim and red-shifted in water (Viviani and Ohmiya 2006).  Visible light 
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photons (especially if green rather than red) are of relatively high energy, therefore this 

requires that the excited state oxyluciferin emit in an environment highly favourable to 

photon emission.  The molecular basis for the emitted colour remains an area of active 

research, and there is presently no consensus.  Several hypotheses exist regarding it, one is 

that an oxyluciferin (dioxetanone) intermediate emits as different enantiomeric forms via 

three pathways, with distinctly different colours for each (Figure 1.4).  Thus, different 

luciferases may favour different light-emitting pathways. 

 

Figure 1.4 adapted from (Bechara and Stevani 2018).  Possible paths for luciferin oxidation 

resulting in various colour emission.  1. Luciferase uses ATP to activate the luciferin carboxylic 

group as a luciferyl-adenylate anhydride, this is the first step of the simplified two-step 

ǊŜŀŎǘƛƻƴ ŘƛǎŎǳǎǎŜŘ ŜŀǊƭƛŜǊΦ  нΦ [ǳŎƛŦŜǊŀǎŜ ƛƴǎŜǊǘǎ ƳƻƭŜŎǳƭŀǊ ƻȄȅƎŜƴ ƛƴǘƻ ǘƘŜ ƭǳŎƛŦŜǊƛƴ ʰ-carbion 

ǘƻ ŦƻǊƳ ŀƴ ʰ-hydroperoxide.  3Φ ¢ƘŜ ƪŜǘƻ ŦƻǊƳ ƻŦ ƻȄȅƭǳŎƛŦŜǊƛƴ ŜƳƛǘǎ ƛƴ ǘƘŜ ǊŜŘ ό˂max 615 nm).  

4. The enolŀǘŜ ŦƻǊƳ ƻŦ ƻȄȅƭǳŎƛŦŜǊƛƴ ŜƳƛǘǎ ƛƴ ǘƘŜ ƎǊŜŜƴ ό˂max 540 nm).  5. Enol form of 

ƻȄȅƭǳŎƛŦŜǊƛƴ ŜƳƛǘǎ ƛƴ ǘƘŜ ƎǊŜŜƴ ǘƻ ƻǊŀƴƎŜ ό˂max up to 600 nm).  BET stands for bioluminescence 

(resonance) energy transfer. 
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1.3.2 Firefly luciferase (Fluc) 

During the bioluminescent reaction the enzyme does not merely accelerate the rate of 

oxidation ς the active site of the luciferase protects the emitting species from solvent (water 

molecules).  As a result the emitted photons have higher energy and are thus blueshifted with 

a higher rate of the oxidation reaction, thus the reaction is brighter even when the number 

of luciferin molecules used is controlled for.  The quantum yield of a bioluminescent reaction 

is defined as the probability of photon production per chemical reaction (Ando et al. 2008).  

One general consensus in the literature is that the hydrophobic active site of the Fluc shields 

the luciferin from solvent to improve light yield and blueshift emission (Maghami et al. 2010).  

The active site of Fluc can be viewed below (Figure 1.5). 

 

 

Figure 1.5 taken from (Conti et al. 1996).  Stereo surface representation of firefly luciferase.  

Viewing angle is of the concave molecular surface of the large N-terminal domain of firefly 

luciferase, looking down onto the Y-shaped system of valleys.  The residues highlighted in red 

represent the highly conserved residues (notably clustered around the active site), blue 

represent highly variable residues, and shades in-between these colours indicate a range of 

variability. 

 

Fluc has an open conformation which allows █-LH2 and ATP to bind, this is known as its ground 

state or adenylate-forming conformation, and allows the first (adenylating) step of the 
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reaction to occur.  Then ς through the use of a flexible linker between its N and C-terminal 

domains ς it changes its conformation and closes around the substrate into the oxidising 

conformation, which completes the final (oxidising) step of the reaction (Figure 1.6).  This 

second, closed conformation ensures that solvent (water) is excluded from the active site 

during emission. 

 

 

Figure 1.6 taken from (Sundlov et al. 2012).  Cartoon representations of Fluc in the 

adenylating and oxidising conformations.  A: the adenylating conformation; B. the oxidising 

conformation.  For the purpose of X-ray crystallography of the oxidising conformation the 

residues Y447 and I108 have been covalently cross-linked. 

 

1.4 Applications of Fluc 

Miners have to contend with flammable and explosive atmospheres, and as such jars of 

fireflies and decaying fish skins were used as a safe form of lighting before this was 

superseded by the invention of the safety lamp and later the electric lamp.  Nevertheless this 

probably represents the first systemic harnessing of bioluminescence by humans, and 

although abandoned it was not to be the last such caseΧ 

 

1.4.1 In vitro applications 

The high brightness of terrestrial bioluminescence systems made them attractive for 

researchers with intentions of recombinant expression and as detection kits, these are 

discussed here: 
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1.4.1.1 ATP detection 

As the luciferase reaction requires ATP to proceed, one use for Flucs are as ATP detectors.  

ATP is a biological molecule and can give a direct measure of microbiological concentration in 

food, for instance.  When the constituents of the luciferase reaction (minus ATP) are 

combined with a food sample, the bioluminescence is a direct measure of contamination.  

One notable example of such a detector is the bioluminescent assay in real-time (BART) which 

uses the ATP synthesised by ATP sulfurylase during DNA amplification, which when combined 

with PCR can link light output to amplification of a specific sequence (Gandelman et al. 

2010);(Kiddle et al. 2012). 

 

1.4.1.2 Enzyme-linked immunosorbent assays (ELISAs) 

ELISA relies upon the detection of the secondary antibody ultimately bound to the antigen.  

Commonly this is achieved by tagging it with a fluorescent compound or a peroxidase 

(chemiluminescence), however both of these may suffer from background emission.  When 

even greater sensitivity is required a Fluc may be used in-place of these. 

 

1.4.2 In vivo applications 

As a genetically-encodable reporter, Fluc can be transformed into a wide variety of tissues, 

including animals, insects, and plants.  These applications are often the same which 

fluorescent proteins (another kind of genetically-encodable biomarker) find use for, however 

an advantage that luciferase has over fluorescent proteins is the greater sensitivity.  

Consequently many animal studies which would require that a transformed animal 

tissue/organ be excised, need not be when a Fluc is used as the signal can penetrate through 

to the surface and be captured by the camera (Choy et al. 2003). 

 

One common application is to link the transformed Fluc to a gene-of-interest, this allows light 

emission to directly correlate to the expression of the gene-of-interest.  A second use is as a 

tissue-type marker, in which a small animal is implanted with a transplanted tissue (commonly 

a tumour), Fluc allows longitudinal and spatial monitoring of the transplant.  This second 

application allows ς for instance ς cancer researchers to test the effectiveness of a new 

therapeutic on a Fluc-transformed tumour over the course of several weeks.  
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A further reason that terrestrial bioluminescence systems (like Flucs, as supposed to marine 

luciferases) have found use is that the native organisms tend to emit light of longer 

wavelengths, bringing emission closer to the bio-optical window and accordingly better tissue 

penetration (discussed in further detail below), and therefore makes them more suitable for 

mammalian applications.  It should be noted that there is not a universally-applicable firefly 

luciferase mutant since different applications may require different enzyme properties. 

 

1.5 Engineered Improvements to the Firefly Luciferase System to date for Mammalian 

Applications 

The wild-type Ppy Fluc system can be used for imaging live animals, however it has a number 

of disadvantages including: thermal and pH instability, light output which is strongly 

attenuated by tissue, and immunogenicity.  Alterations to both the substrate and Fluc itself 

have been researched to suit different applications.  Protein engineering techniques ς and 

how they were exploited to achieve the improvements made to Fluc to date ς are also 

discussed in this section. 

 

1.5.1 Generic protein engineering strategies 

There are two approaches to how a protein engineer can set about improving (or otherwise 

altering) the function of an enzyme such as Fluc ς random and rational.  These are briefly 

discussed in further detail below. 

 

1.5.1.1 Directed evolution (random) approach 

Directed evolution mimics how proteins are engineered in nature by Darwinian evolution, i.e. 

through random mutation and natural selection.  The difference is that the researcher 

controls both the degree and the way in which the mutations are delivered, and the criteria 

by which the mutants are selected.  A plethora of implementations exist, with many revolving 

around different utilisations of the polymerase chain reaction (PCR).  It is even possible to 

ƳƛƳƛŎ ǎŜȄǳŀƭ ǊŜǇǊƻŘǳŎǘƛƻƴ ǿƛǘƘ t/w ƛƴ ǿƘƛŎƘ ŀ ƴǳƳōŜǊ ƻŦ άǇŀǊŜƴǘέ ǇǊƻǘŜƛƴǎ ŀǊŜ ǎƘǳŦŦƭŜŘ ǘƻ 

ǇǊƻŘǳŎŜ ŀ ƭƛōǊŀǊȅ ƻŦ άƻŦŦǎǇǊƛƴƎέΦ  ¢ƘŜǎŜ ƳŜǘƘƻŘǎ ƻŦ ƭƛōǊŀǊȅ ƎŜƴŜǊŀǘƛƻƴ ǊŜǉǳƛǊŜ ƘŜǘŜǊƻƎŜƴŜƻǳǎ 

cloning and transformation of the created DNA into cells for expression and high-throughput 

screening (HTS).  Fluc lends itself well to this method as enzyme expression and quantification 
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is extremely simple.  The mutations imparted to a protein through directed evolution tend to 

be small, and thus the improvements made for each round of HTS tend to be incremental.  

Unlike natural Darwinian evolution, protein engineers have the luxury of foresight, and when 

such radical changes are required a less blind approach may be sought. 

 

1.5.1.2 Rational design approach and molecular dynamics 

A rational design approach is typically taken when the protein is already understood to a 

degree, such as the crystal structure being known and thus the effect of modifications (up to 

a point) can be ǇǊŜŘƛŎǘŜŘΦ  CƻǊ ƛƴǎǘŀƴŎŜΣ ŀ ǇǊƻǘŜƛƴΩǎ ǿŀǘŜǊ ǎƻƭǳōƛƭƛǘȅ Ƴŀȅ ōŜ ƛƴŎǊŜŀǎŜŘ ōȅ 

substituting solvent-exposed residues with hydrophobic side chains for those with polar side 

chains ς arginine being the most polar.  It is an assumption of protein engineering (and 

especially of enzyme engineering) that the overwhelming majority of protein sequences will 

be non-functional for a given application, and thus the more drastically a protein is altered, 

the higher the probability that the modification is deleterious.  The crystal structure of Ppy 

Fluc is known, however large mutations may alter its overall structure and it is currently 

implausible to computationally predict how a protein as large as Fluc would fold, which 

greatly limits the scope of rational mutations available to engineers. 

 

1.5.1.3 Semi-rational design approach 

Semi-rational design is a blend of the above two approaches, for instance this could come in 

the form of restricting random mutagenesis to a specific region of the protein, or by creating 

a set of rationally designed candidates and screening then selecting the best for further 

modification. 

 

1.5.2 Engineered luciferins for more efficient tissue penetration (luciferin analogues) ς the 

near-infrared window in biological tissue (bio-optical window) 

Mammalian tissues are virtually all vascular and therefore perfused with blood which contains 

haemoglobin (Hb), and muscle tissue contains myoglobin ς a distant cousin of Hb.  Both Hb 

and myoglobin contain the red pigment haem and thus have similar absorbance spectra and 

strongly absorb light of wavelengths shorter than 600 nm.  Hb (and myoglobin) can be either 

oxygenated (oxyhaemoglobin or oxy-Hb HbO2) or deoxygenated (deoxyhaemoglobin or 
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deoxy-Hb or Hb).  Although Hb can refer to either haemoglobin generally or 

deoxyhaemoglobin, for this thesis Hb refers to the former.  Oxy- and deoxyhaemoglobin are 

both present is varying concentrations in mammalian tissues, but have different absorbance 

spectra (Figure 1.7). 

 

 

Figure 1.7 taken from (Zhao et al. 2005).  Absorption spectra of oxy- and deoxyhaemoglobin.  

Optimal transmission of photons through mammalian tissues occurs between 600 and 900 

nm based on the absorption spectra of tissues.  The peak emission spectra range of well-

characterised luciferases is also shown (shaded in grey) and is greatly influenced by 

haemoglobin absorption. 

 

Water, of which mammals are more than 50% by mass, begins to strongly attenuate light at 

900-1400nm (depending on tissue type) and this therefore sets the upper limit of the bio-

optical window.  Between ˂  = 600-800 nm, the absorption of light by Hb decreases by a factor 
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of approximately 50 (Jathoul et al. 2014).  Further, longer wavelengths of light scatter less as 

they pass through tissue, therefore red-shifted luciferases give sharper resolution BLI of the 

bioluminescent cells, and more reliably represent the structures beneath the skin.  Given 

these advantages of red-emitting bioluminescence it is of great potential interest for 

researchers for in vivo imaging.  Since relatively few naturally occurring beetle luciferases emit 

in this window, two approaches exist to shifting emission to longer wavelengths, namely ς 

engineering the luciferin and/or the luciferase, these are discussed here. 

 

The beetle luciferin biosynthetic pathway remains elusive to researchers and as such the █-

LH2 used by researchers and other end-users is produced chemically.  Chemists are able to 

produce a plethora of synthetic analogues including (but not limited to) 6-amino-█-luciferin 

and infra-luciferin, which have ˂max of 610 nm and 706 nm respectively (Mofford et al. 2014a), 

whereas █-LH2 has an ˂max of 565 nm.  A selection of beetle luciferin analogues is detailed in 

Figure 1.8 and table 1.1. 

 

 

Figure 1.8 taken from (Jathoul et al. 2014).  Structure ŀƴŘ ˂max of beetle luciferin (█-LH2) and 

a selection of analogues.  The full name ς and further details ς of each is listed in table 1.1 

(below). 
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No. if in 
Figure 
1.8 

Luciferin analogue m˂ax 

1 and 2 Beetle luciferin 558 nm 

3a Cyclic aminoluciferin R = H (hydrogen) 599 nm 

3b Cyclic aminoluciferin R = Me (methyl group) 607 nm 

4 seleno-█-aminoluciferin 600 nm 

5 A 4-(dimethylamino)phenyl derivative conjugated to a thiazoline 
group 

675 nm 

6 and 7 infra-luciferin 706 nm* 

- 6-amino-█-luciferin 610 nm 

- !ƪŀ[ǳƳƛƴŜϰ ό¢ƻƪŜhƴƛύ 677 nm 

Table 1.1.  ˂ max of beetle luciferin (█-LH2) and a selection of analogues.  The structure of each 

luciferin is shown in Figure 1.8 (above), with the exception of 6-amino-█-luciferin and 

!ƪŀ[ǳƳƛƴŜϰ.  The asterisk (* ) indicates ǘƘŀǘ ǘƘŜ ˂max was achieved with a mutant Fluc 

engineered for use with iLH2. 

 

Although many of these analogues result in dramatic red-shifting of the ˂ max, they are also   

often patent-protected and are therefore expensive to purchase.  For instance, one of the 

most respected analogues for in vivo applications currently ƛǎ !ƪŀ[ǳƳƛƴŜϰ ό¢ƻƪŜhƴƛύ ǿƘƛŎƘ 

at the time of writing can be purchased for £13,000 per gram from Merck & Co., Inc.  In 

contrast, beetle luciferin can be purchased ς at the time of writing ς for £361 per gram from 

Promega Corporation.  Such luciferin analogues are therefore cost-prohibitive for many 

research projects to depend on, including this one. 

 

With the creation of the beetle luciferin analogues came luciferin-analogue-optimised 

luciferases.  These are enzymes engineered for use with a specific luciferin analogue, which 

can both increase the brightness and further red-shift the light emitted.  A notable example 

of such ŀƴ ŜƴȊȅƳŜ ƛǎ !ƪŀƭǳŎϰΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ƳŀŘŜ ŦƻǊ ǳǎŜ ǿƛǘƘ !ƪŀƭǳƳƛƴŜϰ (Iwano et al. 2018).  

It is also possible to red-shift the emitted light from █-LH2.  The red-shifting of beetle and firefly 

luciferases ς such as Click Beetle Red (CBR) (Zhao et al. 2005), x11 Fluc (Jathoul et al. 2012), 

and DeltaFlucs (Halliwell et al. 2018) ς has typically been achieved through site-directed 

mutagenesis (SDM). 
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1.5.3 Thermal and pH stability 

CƛǊŜŦƭƛŜǎ ŀǊŜ ƛƴǎŜŎǘǎ ŀƴŘ ǘƘǳǎ άŎƻƭŘ-ōƭƻƻŘŜŘέ ς normally emitting light at dawn, dusk, and at 

night when air temperatures are relatively cool.  The firefly biochemistry is accordingly 

adapted to relatively cool temperatures, in contrast to mammals where the optimal 

temperature for enzymes is 37 °C.  Although Flucs may be brighter at elevated temperatures 

ς due to a higher substrate turnover rate (kcat) ς (as is commonly found with other enzymes) 

the enzyme is unstable and denatures relatively rapidly (Kitayama et al. 2003).  Broadly 

speaking, both thermal and pH stability engineering involve increasing the rigidity of the non-

moving parts of the enzyme, and increasing its overall solubility.  Many of the changes are 

difficult to predict and many advances have been made through random mutagenesis.  Fluc 

mutants ƻŦ ǊŜƭŜǾŀƴŎŜ ŀǊŜ άȄммCƭǳŎέ ŀƴŘ άȄмнCƭǳŎέ (Jathoul et al. 2012) these are based on WT 

Ppy Fluc, and the number in the name refers to the number of residue substitution mutations 

between it and WT Ppy CƭǳŎΦ  άȄммCƭǳŎέ ŀƴŘ άȄмнCƭǳŎέ ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǇŀǊǘ ŦǊƻƳ ƻƴŜ 

substitution.  The majority of the mutations (9 out of 12, or 9 out of 11 respectively) occur on 

the surface of the folded protein.  Other technologies to improve stability include the 

circularisation of proteins whereby the N and C termini are bonded (with an isopeptide bond) 

post-translationally (Si et al. 2016). 

 

1.5.4 Gene silencing 

There are multiple mechanisms by which genes can be silenced (Meister and Tuschl 2004) 

such as small interfering RNA and microRNA (miRNA).  As an exogenous gene, this is another 

disadvantage which once reduced the applicability of Fluc in certain models.  Unlike most 

immune responses which occur at the protein level, this occurs at the DNA level.  Thus it 

affects both in vitro and in vivo studies.  There are some enhancements currently available 

for the suppression of gene silencing such as codon optimisation, and the removal of 

regulatory signals and consensus glycosylation sites.  For mammalian expression the 

circumvention of gene silencing has proven relatively simple, however for certain plant 

species expression-specific cDNA sequences may be required (Chou and Moyle 2014). 

 



Chapter 1 - Introduction 

15 
 

1.5.5 Hypoxia resistance 

The reaction catalysed by Fluc requires molecular oxygen and in vivo this is provided by the 

inherent oxygenated nature of tissue in living creatures.  However, tumours ς commonly 

labelled with Fluc by researchers ς are often hypoxic due to their rapid uncontrolled growth 

and thus there is an inability of blood vessels to spawn (angiogenesis) and efficiently transport 

oxygenated blood inside.  As a result, the longitudinal light signal from such a luciferase-

transformed tumour may eventually cease increasing linearly with tumour growth.  As a 

result, unless/until the tumour is excised the researcher may be lead into believing that 

tumour growth has plateaued when it in fact still growing rapidly.  This is an inherent 

limitation of the luciferase system.  Some attempts to alleviate this include promotors for the 

luciferase gene which are linked to hypoxia, i.e. as oxygen decreases, more luciferase is 

produced to compensate (Coulet et al. 2003);(Lehmann et al. 2009). 

 

1.6 Limitations of the Firefly Luciferase System for Mammalian Applications 

So far we have discussed the improvements made to the firefly luciferase system with respect 

to colour, thermal and pH stability, and brightness.  Biocompatibility refers to the 

performance of an agent in a specific biological system and is a broad term with regards to 

luciferases in mammalian systems.  Crucially, it includes compatibility with the host immune 

system ς i.e. not stimulating an unwanted immune response.  Due to the current bio-

incompatibility of the Fluc system, it is often uncompetitive when compared to other imaging 

technologies such as PET (positron emission tomography) / SPECT (single photon emission 

computed tomography) which is more expensive and less safe (for both the researchers and 

animals due to ionising radiation).  PET / SPECT probes are not directly genetically encodable 

ς unlike the luciferase system where the luciferin only emits when in contact with the 

localised luciferase, PET / SPECT radiolabelled probes emit constantly regardless of location 

but can be localised via the use of genetically-encoded probe-binding ligands.  Perhaps the 

most commonly used biocompatible alternatives to Flucs are fluorescent proteins which, 

despite being genetically encodable, have a far reduced signal-to-noise ratio and are thus less 

sensitive. 
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1.6.1.1 Effects upon stem cells 

Stem cells present a particularly sensitive tissue-type for labelling with genetic reporters.  

There is conflicting evidence about whether the current Fluc system may affect the viability, 

growth, and differentiation of implanted stem cells (Brutkiewicz et al. 2007);(Tiffen et al. 

2010);(Lee et al. 2009);(Bradbury et al. 2007), the most serious cases of the latter result in the 

formation of teratomas ς tumours made up of several different types of tissue. 

 

1.6.1.2 Anti-luciferase immune response 

Fluc expression minimally affects cell growth in most cell types commonly used by researchers 

(Tiffen et al. 2010), however in BALB/c and C57/BL6 strains of mice, cells transformed with 

the WT Ppy Fluc gene have been reported to be eventually identified by the adaptive immune 

system, which normally takes approximately four weeks to occur (Podetz-Pedersen et al. 

2014) but can vary on the degree of antigen presentation; some cancers are well-shielded 

from the immune system ǿƘŜǊŜŀǎ ƻǘƘŜǊǎ ŀǊŜ άƭŜŀƪȅέΦ  This response may be noticeable to the 

researcher as a decrease in longitudinal bioluminescence intensity.  The immune response to 

Fluc is noted as άone of the most serious problems preventing Fluc deployment in mammalian 

systemsέ (Zhang and Wu 2007), to date there has been no effort to address it through protein 

engineering. 

 

As an internally-expressed protein, it is solely the TH1 response which is relevant for potential 

immunological rejection of Fluc in mammals.  Accordingly, Fluc is processed via the 

proteasome and presented via άTAPέ on the major histocompatibility complex (MHC) class I 

to naive T cells, which begins the mounting of a TH1 immune response eventually resulting in 

the killing of luciferase-expressing cells by cytotoxic (CD8+) T cells (Dubey 2012) (Figure 1.9).  

A ǇǊƻǘŜƛƴΩǎ ŜƴǘƛǊŜ ǇǊƛƳŀǊȅ ǎŜǉǳŜƴŎŜ Ƴǳǎǘ ōŜ ŦǊŜŜ ƻŦ identifiably-foreign epitopes in order to 

remain undetected by the TH1 pathway.  Several epitopes in WT Ppy Fluc are responsible for 

the immunogenicity in the BALB/c and C57BL/6 mice strains, and have been identified 

(Limberis et al. 2009).  As stated, the length of time post-implantation or post-transformation 

for the response to be noticeable varies between individual mice, but is commonly observed 

from the four-week mark (Podetz-Pedersen et al. 2014). 
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Figure 1.9 taken from (Yamauchi and Moroishi 2019) and adapted from (Kobayashi and Van 

Den Elsen 2012).  Left: activation of the adaptive immune system; right: the MHC class I 

antigen-presentation pathway.  Left boxed: antigen presenting cells (APCs) such as 

macrophages and dendritic cells present processed antigens on the major histocompatibility 

complex (MHC) class I to T cells, initiating an adaptive cellular immune response.  Right boxed: 

intracellular antigens are processed into peptides by the immunoproteasome, these are then 

delivered to the endoplasmic reticulum (ER) by the transporter associated with antigen 

processing (TAP) where they are loaded onto the MHC class I for presentation to T cells via 

the T cell receptor (TCR). 

 

For in vivo imaging applications the immunogenicity of Fluc presents a time-limit beyond 

which most animals in the cohort will become sensitised and destroy any transformed tissue.  














































































































































































































































































































































































































































































