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ABSTRACT OF THE DISSERTATION 
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The bioluminescence from the luciferase-luciferin reaction has been extensively used in 

biological assays for the detection and visualization of analytes and cell viability in vitro 

and in vivo. Compared to fluorescence, bioluminescence imaging has recently started to 

explore the engineering of novel pairs of luciferase and luciferin that could broaden the 

scope of bioluminescence assays. This dissertation describes the work with three luciferin 

analogues: d2-luciferin, S-luciferin, and F2-luciferin, designed to target: 1. The production 

of inhibitory by-products. 2. A thiol/disulfide redox bioluminescence probe for the 

detection and visualization in intact cells. 3. The pH dependence of the bioluminescence 

reaction. Our results with d2-luciferin showed that the formation of inhibitory by-product, 
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dehydroluciferin, was reduced from 16%, with luciferin, to 8% with d2-luciferin. However, 

these results did not reflect a higher bioluminescence intensity as was expected from the 

reduction of dehydroluciferin formation. Work with S-luciferin showed that the 

substitution of a thiol for the hydroxyl group in luciferin decreases the electron donating 

capacity needed for bioluminescence. Furthermore, results showed that S-luciferin is a 

poor substrate of luciferase with a Ki of 0.07 μM. We target the pH dependence of luciferin 

with F2-luciferin, which has a lower pKA at the 6’-hydroxyl group allowing the molecule 

to be ionized around pH 7. Our results showed that F2-luciferin is a better chromophore 

at pH 7 with 75% more fluorescence emission compared to luciferin. As a substrate of 

luciferase, F2-luciferin showed a bioluminescence intensity optimum at pH 6.5 with a KM 

of 0.73 μM. However, the bioluminescence emission intensity is only 12% of that of 

luciferin. Preliminary docking of S-luciferin and F2-luciferin into luciferase showed the 

potential of in silico experiments that could lead to luciferase engineering. These results 

suggested that further work is needed in order to create novel luciferase-luciferin pairs 

that could broaden the scope of bioluminescence imaging. Therefore, our next work 

focused on studying oxyluciferin analogues before developing luciferin analogues with a 

desired property. Iodinated oxyluciferin analogues were studied for the production of 

singlet oxygen. From the analogues studied Me2-I2-oxyluciferin showed the highest 

production of singlet oxygen. This preliminary work shows that iodinated luciferin 

analogues have the potential to produce singlet oxygen through the luciferase reaction.           
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 Engineering luciferin from the American firefly to create 

novel luciferase-luciferin assay 

 

 

I.1 Bioluminescence from the American firefly 

Numerous organisms utilize the luciferase-luciferin reaction to produce bioluminescence 

(BL). Many of these, including bacteria, fungi, fish, jellyfish, and worms have been 

thoroughly investigated for decades to understand the mechanism and key differences in 

the BL systems.1-4 Of these, the luciferase-luciferin reaction from the American firefly 

(Photinus pyralis, P. pyralis) is one of the most studied and well-characterized systems. The 

American firefly luciferase-luciferin reaction is the focus of the work discussed in this 

dissertation. 

The luciferase-luciferin reaction converts chemical energy into light through the oxidation 

of luciferin catalyzed by luciferase. The BL reaction can be divided in two steps: 

adenylation of luciferin, and generation of the excited state of oxyluciferin (Figure I.1). 

First, luciferin binds into the hydrophobic binding pocket where it gets adenylated by 

luciferase ( Figure I.1, A). Upon binding, luciferase catalyzes the oxidation of luciferyl-

adenylate culminating in BL from the excited state of oxyluciferin (Figure I.1, B). 

Adenylation, which is the first and rate limiting step in the BL reaction, begins by the 
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displacement of the carboxylic group at the C4 carbon of luciferin and the diphosphate 

group of ATP. The adenylation step generates the first enzyme-bound intermediate, 

luciferyl-adenylate.5, 6 Adenylation increases the acidity of the C4 and allows the 

subsequent attack of its enolate on molecular oxygen, which forms the hydroperoxy-

adenylated intermediate.5, 7 This step is followed by the nucleophilic attack of 

hydroperoxide group to create the dioxetanone species. The dioxetanone species is a 

strained energy-rich ring which is unstable and easily breaks to generate the excited state 

of oxyluciferin and carbon dioxide.7-11 Oxyluciferin is the light emitting chromophore in 

the reaction. Finally, the relaxation of oxyluciferin to the ground state emits light at 562 

nm at pH 7.8.12  
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Figure I.1 Scheme for the bioluminescence production by the luciferase-luciferin reaction.  

Luciferase (the enzyme) binds with luciferin (the substrate) (A). Here the crystal structure 

(PDB:4G36) shows the conformation of luciferase with bound luciferyl-adenylate analogue 

intermediate. Graphic developed using Chimera Software. The inset in (A) highlights the 

hydrophobic binding pocket of luciferase. BL is generated by a series of molecular changes of 

luciferin (B). First, luciferase catalyzes the adenylation of luciferin. Then the removal of a proton 

from the C4 carbon of the adenylate and addition of molecular oxygen transforms luciferyl-AMP 

into the very reactive dioxetanone intermediate. The dioxetanone possesses a strained four-

membered ring that easily breaks down to generate the excited state of oxyluciferin and carbon 

dioxide (not shown). Lastly, the excited state returns to the ground state while emitting a photon 

at 562 nm. 

 

 

B A 
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Luciferin has two moieties with equally important roles in the production of BL: the 

benzothiazole and the thiazoline (Figure I.2). The thiazoline moiety is required for the 

enzyme to catalyze the reaction. The benzothiazole moiety assist in positioning luciferin 

within the active site of luciferase and plays a leading role in the BL emission wavelength 

and intensity.6, 13-16 The generally proposed mechanism for the BL emission wavelength 

and intensity relies on charge transfers between the moieties. The benzothiazole moiety 

donates electrons to dioxetanone specie that will break and generate the excited state of 

oxyluciferin. Modifications to the benzothiazole moiety can impact the BL emission 

wavelength and intensity and are the focus of many research groups. However, a 

complete step by step of the BL mechanism that results in the photon emission remains 

unknown.   

 

 

Figure I.2 The two moieties of luciferin: benzothiazole and thiazoline. 

 

benzothiazole
thiazoline
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The BL from luciferase-luciferin is a widely used bioimaging technique with several 

advantages over conventional imaging techniques. For example, conventional 

fluorescence (FL) imaging requires laser excitation which incidentally excites undesired 

chromophores and generates substantial background. Likewise, common FL 

chromophores (e.g., dyes, green fluorescence protein (GFP) and its mutants) are 

susceptible to quenching. Together, the need for an external energy source and quenching 

of the chromophores limits the use of FL for many bioimaging applications. In contrast, 

BL results from the biochemical excitation of only the desired chromophore (i.e., 

oxyluciferin). Furthermore, the quantum yield of the luciferase-luciferin reaction (approx. 

0.41)17 is relatively high compared with the quantum yield of chemiluminescence 

reactions, which are typically around 0.01. 17, 18 On FL molecules and proteins the quantum 

yield can vary significantly from low to close to unity, where most molecules are able to 

emit per excitation. 

BL assays are mostly used as gene reporters due to the ability of luciferase to be expressed 

simultaneously with a desired gene. In the presence of Mg2+, ATP, and molecular oxygen, 

BL from the luciferase-luciferin reaction provides a genetically encoded probe to visualize, 

detect, and quantify biological processes within cells and living organisms. The oxidation 

of luciferin by luciferase generates a quantitative BL signal that is proportional to the 

concentration of luciferase. The concentration of luciferase usually corresponds to a 

protein or analyte of interest, cell viability test, and/or detection of the specific cell.19-21 
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Furthermore, cells can be engineered to express luciferase and will emit BL upon addition 

of luciferin directly into the media or through injection into the organism. This makes BL 

assays extremely useful for both in vitro and in vivo studies. 

 

This chapter will highlight developments in luciferin analogues and mutated luciferases, 

which have been designed to enhance the luciferase-luciferin reaction for novel 

applications. Advances in luciferin analogues are presented first, followed by efforts to 

create luciferase mutants that are efficient with luciferin analogues. 

 

I.2 Developments in luciferin and luciferase to optimize pH dependence for biological 

applications 

The first synthesis for luciferin was described around 60 years ago by White et al.22 Over 

the last few decades, several luciferin analogues have been developed to address some of 

the intrinsic limitations of the luciferase-luciferin reaction to enhance the use of BL for 

biological applications. The luciferase-luciferin reaction is pH dependent, the enzyme is 

not thermostable, has BL emission at 562 nm, and luciferin does not diffuse easily into 

cells. Of these, pH dependence and thermostability are critical for biological applications 

and efforts centered around addressing these limitations will be discussed in this section. 



7 

It is well known that the BL emission wavelength and intensity from the luciferase-

luciferin reaction is pH dependent. Both luciferin and luciferase contribute to the pH 

dependence of the reaction; however, the exact mechanism remains elusive since BL 

results from a multi-step dynamic reaction between a substrate and an enzyme. As a 

result, both luciferin analogues and luciferase mutants have been developed to study the 

pH dependence of the luciferase-luciferin reaction. Most studies investigating the pH 

dependence focused on luciferase mutants rather than luciferin analogues. Likewise, most 

studies investigated the pH dependence of BL emission wavelength instead of intensity. 

 

 Luciferin analogues to improve pH dependence 

The phenol group in the benzothiazole moiety of luciferin is responsible for the pH 

susceptibility of the molecule and has a pKA of 8.7.6, 17 Interestingly, the BL emission 

intensity of the wildtype luciferin-luciferase reaction: is highest at pH 8.5, which is close 

to the pKA of the 6’-hydroxyl group; and decreases with increasing acidity of the solution. 

This behavior can be partially attributed to the multiple ionic forms of the molecule, which 

affect its electronic configuration. Collectively, this indicates that the wildtype luciferase-

luciferin system is best used in applications that require basic pH. Unfortunately, most 

biological applications stipulate neutral pH. 
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The pKA of the benzothiazole moiety from luciferin analogues can potentially serve as an 

indicator of the optimum operating pH. Previous spectroscopic studies showed that the 

ionization of the 6’-hydroxyl group of luciferin produced a higher FL emission intensity 

relative to the protonated state. Therefore, it is reasonable to speculate that lowering the 

pKA of the 6’-group of luciferin could result in higher emission pH values around or below 

the aforementioned pKA. To date, a systematic spectroscopic characterization and pH 

dependence study of luciferin analogues in response to changes in pKA of the 

benzothiazole moiety has not been reported. In fact, the pKA is often overlooked and the 

metric often reported is only BL emission of the analogue with luciferase. Most luciferin 

analogues developed thus far have not managed to increase BL emission intensity at 

neutral pH, but careful substitutions in the benzothiazole moiety could potentially help 

achieve this goal. 

Luciferin analogues with fluorine or chlorine substitutions at the C7’ position were 

developed to address the emission wavelength pH-dependence of the molecule. Takakura 

et al. synthesized 7'-fluoro-luciferin, 7'-chloro-luciferin, and 7'-fluoro-5'-hydroxymethyl-

luciferin, all of which have a more acidic pKA at the 6’-hydroxyl group compared with 

luciferin.23 Spectroscopic analysis of these luciferin analogues showed that absorbance 

λmax in acidic and basic conditions remained similar to luciferin. In contrast, the FL 

emission was pH dependent and showed bathochromic shifts of 10 to 30 nm compared to 
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luciferin, at acidic and basic conditions. These results confirmed that small substitutions 

in the benzothiazole moiety could shift the FL λmax of luciferin. The study did not report 

any emission intensity difference within the analogues or compare to luciferin. 

Interestingly, when evaluated with luciferase, the BL emission wavelength of 7'-fluoro-5'-

hydroxymethyl-luciferin was pH independent, and the relative BL intensity was 2% 

compared with luciferin. 

The luciferin analogue 6’-amino-luciferin addresses the intrinsic pH dependence of 

luciferin. The amine group used for the substitution at the 6’-position has a lone pair that 

is able to donate electrons through physiological pH, thus making 6’-amino-luciferin pH 

independent for biological assays. Interestingly, 6’-amino-luciferin produces a red-shifted 

BL emission lambda max at 605 nm when catalyzed by luciferase from P. pyralis but 

produces an emission λmax at 550-570 nm when catalyzed by luciferase from Pyrophorus 

plagiopthalamus.24 Thus, the interaction between the luciferin analogue and the active site 

of luciferase plays a significant role in dictating the resulting BL properties. 

 

 Luciferase mutants to improve pH and temperature dependence 

Like all enzymes, luciferase has an optimum pH and temperature at which catalytic 

efficiency (kcat/KM) of luciferin oxidation is maximum. For the luciferase-luciferin reaction, 

optimal catalytic efficiency occurs at pH 8.5.17 As mentioned before, basic conditions are 
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favorable for some biological applications, including DNA and ATP assays in vitro. 

However, widespread use of BL for biological applications requires optimal kcat/KM in 

neutral conditions. 

The pH dependence of the BL reaction is influenced by both the catalytic activity and the 

interaction between the active site hydrogen bonding and the electron donating capacity 

of the 6’-group on oxyluciferin. The pH dependence of the catalytic activity of luciferase 

was demonstrated by Takakura et al., who showed varying consumption rates of a pH-

independent luciferin analogue with varying pH of the reaction.23 Specifically, the study 

showed that the pH independent analogue, 6’-amino-luciferin, was consumed more at pH 

8 and consumption decreased with increasing acidity. Furthermore, studies with several 

luciferase mutants have shown that maximum kcat at approximately pH 8 was conserved, 

which shows the challenges associated with luciferase pH dependence.25 Specially, for 

engineering luciferase-luciferin system that would have optimum BL at neutral pH for 

biological applications. Other studies with luciferase mutants showed their ability to 

influence BL emission wavelength in a pH-independent manner but at the cost of lower 

catalytic efficiency and associated lower BL emission intensity.25-27 

Other efforts have focused on developing thermostable luciferase mutants for in vivo 

applications. Physiological conditions dictate a working temperature of 37 °C. At this 

temperature, luciferase loses nearly all activity within 10 minutes.24 Jathoul et al. 
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developed a thermostable P. pyralis luciferase mutant.24 Their results showed that the BL 

activity of the luciferase mutant remained consistent up to 50 °C. Incidentally, the study 

also showed that the BL emission intensity of the luciferase mutant with luciferin was 

consistent for pH 8 to pH 6.8. In contrast, under the same condition, the BL emission 

intensity of luciferase decreased immediately for conditions slightly more acidic than pH 

8. Unfortunately, the BL emission intensities were normalized within each group and a 

comparison between wildtype and mutant was not discussed. Thus, the catalytic 

efficiencies for wildtype and mutant luciferases from this study cannot be compared. 

However, taken together, these results suggest the possibility of further improving 

luciferase mutants for catalytic efficiency at neutral pH for biological and physiological 

applications. 

 

I.3 Luciferin analogues for biological applications 

 Luciferin analogues for in vivo bioimaging 

The yellow-green BL emission at 562 nm from the luciferase-luciferin reaction is not 

natively suited for deep tissue bioimaging applications requiring near-red emission. 

Efforts to develop red-shifted luciferase-luciferin systems have focused in two general 

directions: modifications to the luciferin substrate, and mutations of luciferase. In the first 

approach, the electronic properties of the benzothiazole moiety of the substrate (i.e., 
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precursor to oxyluciferin) is directly engineered to promote a red-shifted emission. In the 

second approach, luciferase mutants are used to change the microenvironment of 

oxyluciferin to influence the emission properties. Despite tremendous efforts and ability 

to obtain red-shifted emissions, the performance of luciferin analogues with luciferase is 

extremely poor.13, 28 Thus, a luciferase-luciferin pair for deep tissue in vivo applications 

remains elusive. BL-based in vivo bioimaging and detection could assist in the 

development of drugs, therapies, and treatments for diseases. In this section, we discuss 

luciferin analogues intended to achieve a red-shifted emission. The rationale behind the 

synthesis of these analogues helped guide the work of luciferin analogues presented in 

this dissertation. Work with luciferase mutants for red-shifted emission has been 

compiled in other review articles.29, 30 

 

I.3.1.a 6’-amino-luciferin 

White and McElroy synthesized 6’-amino-luciferin by late 1950s6, 31 and it was the first 

luciferin analogue to generate a red-shifted emission. The 6’-amino-luciferin has an amine 

substitution for the 6’-hydroxyl group. In contrast to the hydroxyl, the amine group has 

an electron lone pair which it can easily donate to obtain BL emission wavelength 

independent of pH. The BL from 6’-amino-luciferin is redshifted approximately 30 to 40 

nm compared with luciferin, which nearly meets the necessary emission wavelength for 

deep tissue in vivo studies.6, 28, 32 Therefore, several groups have used the 6’-amino-luciferin 
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as the starting point to design and create luciferin derivatives with further redshifted 

emissions to develop BL systems for in vivo deep tissue imaging. The 6’-amino-luciferin is 

routinely used in a variety of biomedical assays and is available as a commercial product. 

 

I.3.1.b Cyclic alkyl-aminoluciferins 

In 2010, the Miller research group synthesized a cyclic alkyl-aminoluciferin (CycLuc1) and 

methylated cyclic alkyl-aminoluciferin (CycLuc2), which are aminoluciferin derivatives 

with a cyclic alkyl-amine substitution at the 6’-position.32 (Figure I.3) Cyclization inhibits 

free rotation of the aryl-amine and ensures a good orbital overlap between the lone pair 

of N and the conjugated system of the benzothiazole. Thus, the cyclic alkyl-amine 

substitution results in a stronger electron donating group compared with 6’-amine. The 

authors reported red-shifted emission wavelengths of: 599 nm for CycLuc1, 607 nm for 

CycLuc2, and 594 nm for 6’-amino-luciferin when measured with luciferase. The authors 

measured the BL emission intensity for CycLuc1 and CycLuc2 compared with luciferin 

and found a significant reduction for both analogs. The authors then compared the 

characteristic initial light burst for CycLuc1, CycLuc2, and luciferin at equal 

concentrations and found that the burst for CycLuc1 was twice as high compared with 6’-

amino-luciferin but CycLuc2 was lower than 6’-amino-luciferin. In the case of CycLuc1, 

the high initial burst together with reduced BL emission intensity suggest a high affinity 

for luciferase followed byproduct inhibition resulting in a mitigated ability to maintain 
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light emission. Therefore, the authors investigated CycLuc1 further using a commercial 

mutant luciferase, Ultra-glow that does not generate the characteristic initial burst yet 

allows continuous light production.32 The results from the Ultra-glow-CycLuc1 pair 

showed a 3 to 6-fold increase in BL intensity compared with the Ultra-glow-luciferin and 

Ultra-glow-6’amino-luciferin control. Collectively, results from the CycLuc1 analogue 

studies suggest that the strategy to develop novel luciferin analogues should also include 

developing a mutant luciferase to maximize catalytic efficiency and BL emission at the 

targeted conditions. Further studies compared luciferin and CycLuc1 for in vivo imaging, 

specifically brain imaging.33   The in vivo results showed superior performance of CycLuc1 

with routinely used luciferase. Currently, CycLuc1 is commercially available.     

 

Figure I.3 Cyclic alkyl-aminoluciferin structures. 

 

I.3.1.c 6’-amino-1-seleno-luciferin 

In 2012, the Moerner research group synthesized 6’-amino-1-seleno-luciferin, which 

contains a selenium atom in exchange of the native sulfur atom at the 1 position.28 The Se 

substitution leverages the heavy atom effect, which provides redshifted emission on FL 

chromophores as a result of substituting an atom in the molecule by a heavier atom, such 
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as replacing oxygen for sulfur or selenium.34, 35 Spectral characterization of 6’-amino-1-

seleno-luciferin analogue showed a 42 nm and 12 nm redshift relative to luciferin and 

aminoluciferin, respectively. Furthermore, the BL emission with wildtype luciferase for 

6’-amino-1-seleno-luciferin showed an increase of 14% and 30% (at wavelengths of 600 

nm and above) when compared with aminoluciferin and luciferin, respectively. In 

contrast, in vitro imaging studies using luciferase and 6’-amino-1-seleno-luciferin showed 

a decrease in BL compared to 6’-amino-luciferin. The authors also investigated the in vivo 

BL emission of 6’-amino-1-seleno-luciferin with cancer cells expressing luciferase and 

found no significant difference when compared with aminoluciferin during a 30-minute 

acquisition period. Future studies with 6’-amino-1-seleno-luciferin suggested the 

possibility of using a 77Se atom to create a stable S = ½ nuclei with chemical shifts 

detectable by magnetic resonance imaging (MRI). Currently, BL and MRI are used as 

separate imaging techniques to study tumor models in mice.21, 36, 37 Thus, 6’-amino-1-

seleno-luciferin could provide a BL/MRI platform for a dual imaging modality of tumor 

models. 

 

I.3.1.d Brominated luciferins 

In 2017, the Prescher research group synthesized three brominated luciferin analogues, 

with a bromo substitution at the C7’, C5’, or C4’positions.38 In silico modeling studies 

showed that the active site of luciferase constricts the luciferin molecule at the C4’ and C7’ 
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positions.38 The authors characterized the FL properties of the three brominated analogues 

and did not observe a significant difference. In contrast, when evaluated with luciferase 

at pH 7.6, the BL emission maximum was red-shifted by 25 nm for C7’-Br, 35 nm for C5’-

Br, and 50 nm for C4’-Br relative to luciferin. The BL emission intensity was 3.4% for C7’-

Br, 46.0% for C5’-Br, and 3.1% for C4’-Br of that produced by luciferin and wildtype 

luciferase. Based on red-shift and emission intensity results, the C5’-Br analogue was 

selected for in vitro and in vivo studies with mice and cells expressing luciferase. Results 

from the in vitro evaluation of C5’-Br showed higher BL intensity at 25 μM compared to 

luciferin. Additionally, the in vivo results showed a slower decay of the emission 

compared with luciferin. However, the total photons emitted by C5’-Br were lower 

compared with luciferin at the same concentration. The authors suggested that the three 

brominated analogues can be used as precursors for the synthesis of other luciferin 

analogues to achieve the desired performance for in vivo bioimaging and/or enhance the 

scope of BL for other applications. 

Despite great progress in the design and synthesis of luciferin analogues that produce red-

shifted emissions, a key contribution is likely to come from careful design of the 

interaction and microenvironment with mutant luciferases. The success of luciferin 

analogues for in vivo applications depends on their ability to: serve as good substrates to 

luciferase, permeate through the cell wall, and be able to emit from luciferase 

microenvironment. The latter been the hardest one to predict. Currently, it is known that 
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the protein microenvironment can affect the BL through deactivation pathways that lead 

to non-radiative decays and/or disruption of the analogue conformation necessary to 

allow the charge-energy transfer that results in BL.38 Thus, development of a luciferin 

analogue suitable for deep tissue in vivo applications should go hand-in-hand with the 

study and design of luciferase mutants able to create a microenvironment conducive to 

BL emission with the desired luciferin analogue.  

 

 Luciferin analogues for bioluminescence-based bioanalytic assays 

In addition to bioimaging applications, luciferase-luciferin systems have also been 

developed for many bioanalytical applications. The first luciferase-luciferin bioanalytical 

assay relied on using purified luciferase and luciferin from firefly extracts to measure ATP 

down to 10 picograms.39 Since then, the luciferase-luciferin ATP assay has been used to 

test for bacterial contamination, antibiotic efficiency, and cells viability, among other 

applications.40-42 The chemical synthesis of luciferin and its analogues, as well as the 

cloning of luciferase, has opened the scope of luciferase-luciferin assays for detection of 

specific environments or analytes.22, 43, 44 A common strategy used in the development of 

BL analyte detection is a caged luciferin. A caged luciferin is the accepted term for a 

luciferin with a 6’-substitution that upon reacting with the desired analyte will generate 

luciferin. The generated luciferin is able to undergo catalysis by luciferase and act as a 

probe for the desired analyte. Numerous examples of caged luciferins can be found in the 
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literature and most of them target a specific molecule, like an enzyme, metal, or fatty acid 

among others. Several luciferin analogues and luciferase pairs used for in vitro and in vivo 

bioanalytical assays are described in a review by Smirnova and Ugarova.45 This section 

highlights two studies that exemplify recent developments in luciferin-luciferase pairs for 

BL-based bioanalytical assays. 

 

I.3.2.a Amide-luciferins for detection of FAAH activity 

Building on the results from the CycLuc1 luciferin analogue (see Section I.3.1.b), the Miller 

research group synthesized a CycLuc1 analogue with an amide substitution for the 

carboxylic acid.46 The fatty acid amide hydrolase (FAAH) enzyme hydrolyzes fatty acid 

amides to their respective fatty acids. (Figure I.4, A) Thus, the authors rationalized that 

FAAH could hydrolyze amide-substituted luciferins back to the native carboxylic acid. 

(Figure I.4, B) In the case of CycLuc1-amide, FAAH would hydrolyze the molecule back 

to the CycLuc1. Similarly, the authors designed and synthesized other amide-substituted 

analogues capable of being hydrolyzed by FAAH. (Figure I.4, C) The authors 

demonstrated that the amide-substituted luciferin analogues were hydrolyzed and 

produced BL in the presence of FAAH but did not produce BL when inhibitors of FAAH 

were added.  
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Figure I.4 Amide-luciferin analogues for detection of FAAH activity.  

FAAH hydrolyses amides to carboxylic acids (A). FAAH can hydrolyze amide-luciferins (B). 

Amide luciferins evaluated for FAAH activity in cells and brain (C). In vivo BL activity from the 

brain of CycLuc1-amide at 400-fold lower dose compared with luciferin (D). Figure adapted from 

Miller et al. J. Am. Chem. Soc. (2015)137, 8684-8687. 

 

Subsequently, CycLuc1-amide, CycLuc1, and luciferin were compared to evaluate in vivo 

FAAH activity in brain cells expressing luciferase. Results showed that CycLuc1-amide 

had a significantly higher BL activity at 400-fold lower dose compared with luciferin. 

(Figure I.4, D) Furthermore, a higher BL was seen from all the amide-luciferin analogues 

compared to their corresponding luciferin on intact cell assays. Presumably, this is due to 

D 
400 µmol/kg 

20 µmol/kg 

1 µmol/kg 
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the lack of ionization from the amide compared to the carboxylic acid that allows the 

luciferins to easily penetrate the cell membrane. Previous studies of CycLuc1 with 

luciferase showed a low KM compared to luciferin.47 The authors understand that the 

results with CycLuc1-amide demonstrate that luciferin analogues with an improved 

biodistribution and a low KM can potentially assist the development of novel in vivo BL 

probes.46, 48  

 

I.3.2.b Hydroxyamino-luciferin for cell-cell contact 

The Prescher research group designed and synthesized a 6’-nitro-luciferin to study cell-

cell interactions.49 The authors rationalized that a nitroreductase enzyme could reduce the 

nitro substitution to a 6’-hydroxyamino-luciferin. Furthermore, the authors demonstrated 

that the cell-permeable 6’-hydroxyamino-luciferin produced BL with wildtype luciferase. 

To demonstrate cell-cell contact based on nitroreductase-mediated BL, the authors 

prepared cells expressing either nitroreductase or luciferase and plated both cell types in 

three configurations: 1) in contact with each other, 2) separated but allowed to grow into 

contact, and 3) 1 mm apart from each other. The 6’-nitro-luciferin analogue was then 

added to the cells with nitroreductase, and the results showed BL emission for 

configurations 1 and 2, but not for 3. However, a weak BL emission intensity from the cell-

cell contact was presumably due to the limited release and diffusion of the reduced 6’-
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hydroxyamino-luciferin. To eliminate these limitations, the authors prepared a cell 

expressing both nitroreductase and luciferase and observed a 40-fold increase BL signal 

when 6’-nitro-luciferin was added. The authors did not provide a BL emission spectrum 

for 6’-hydroxyamino-luciferin analogues, but the reported intensity was lower compared 

with 6’-amino-luciferin. As mentioned previously, obtaining a BL emission intensity 

comparable with luciferin, or even 6’-amino-luciferin, continues to be a challenge for 

luciferin analogues. 

 

 Oxyluciferin as a way to design luciferin analogues for biological applications  

It is well known that luciferin gets oxidized by luciferase to form oxyluciferin, the emitting 

chromophore in the BL reaction. The majority of the work presented in the literature 

corresponds to engineered luciferin analogues, since its synthesis has been established for 

over 50 years. Moreover, luciferin properties as a chromophore serve as a projection of the 

BL intensity, BL wavelength, and behavior of oxyluciferin. Additionally, is not until more 

recently that oxyluciferin analogues have been synthesized and studied to help the 

investigations of the BL reaction and help develop luciferin analogues that could broaden 

the scope of BL. Therefore, these studies will demonstrate the significant role of the 

interactions within the luciferase active site and oxyluciferin, the emitter, which will to 

some extent dictate the final BL outcome. 



22 

Additionally, modifications to luciferin are not trivial. They involved the synthesis, 

characterization, and purification of the molecule without any certainty that they will be 

a good substrate for luciferase. Recently, Naumov et al. established a synthesis route to 

oxyluciferin that allows preliminary studies with oxyluciferin analogues as a guide to 

their optical properties.50, 51 This could help in the development of new analogues with 

their optical potential studied beforehand. 

 

I.4 Luciferase mutants for improved biological performance with luciferin and its 

analogues 

The modest quantum yield of the native luciferin-luciferase reaction indicates there is an 

opportunity to develop luciferase mutants better suited for luciferin or analogues. Back in 

the 1960s, the efficiency of the native luciferase-luciferin reaction was thought to be high 

with a quantum yield of close to unity.43 However, a more recent re-examination with a 

more precise instrument and accounting for a non-emitting enantiomer of luciferin 

showed a much lower efficiency with a quantum yield of 0.41.17 Likewise, many studies 

have shown that wildtype luciferase does not efficiently generate high-intensity BL with 

luciferin analogues.6, 14, 23, 31, 32, 47, 52-55 As mentioned previously, there is a strong relationship 

between the active site of luciferase and the excitation of oxyluciferin, which is also tightly 

related to the catalytic efficiency of the enzyme. Collectively, these constraints can help us 
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to rationally engineer luciferase mutants to improve BL efficiency with luciferin 

analogues. Already, many groups have reported improved BL using mutated luciferases 

to catalyze luciferin analogues.54, 56, 57 Nevertheless, studies have shown that most mutated 

luciferases lose BL activity with luciferin, which may imply that the brute force approach 

of random mutagenesis may be partly necessary. This section highlights a few luciferase 

mutants used to improve BL with luciferin analogues, compared with their performance 

using wildtype luciferase. 

 

 Ultra-GloTM luciferase 

Ultra-GloTM is a luciferase mutant from Photuris pennsylvanica commercialized by 

ProMega Corp. The proprietary enzyme has 62% homology to the P. pyralis, with 86% 

homology in the active site.58 Furthermore, the enzyme is a thermostable luciferase mutant 

that eliminates the characteristic initial BL burst and provides a stable BL emission.24, 58 

Presumably, the initial burst is decreased because the enzyme is less susceptible to 

product inhibition. In a couple of studies, Ultra-Glo and wildtype luciferase were used to 

measure the BL emission with N-alkylated 6’-aminoluciferins, cyclic alkyl-

aminoluciferins: CycLuc1 and CycLuc2, and luciferin.32, 58 Similar to the results with P. 

pyralis luciferase, these studies showed that the BL emission was red-shifted with lower 

intensity when compared with luciferin. However, the results showed higher BL emission 

intensity from Ultra-Glo with CycLuc1 and CycLuc2 when compared with 6’-amino-



24 

luciferin. However, because Ultra-Glo is a commercial product, the gene is not available 

for cell engineering. Thus, the 6’-aminoluciferin derivates cannot fully leverage their red-

shift potential for in vivo applications due to the limitations of the mutant enzyme. 

Nevertheless, the in vitro results with 6’-amino-luciferin derivatives and Ultra-Glo 

showed for the first time that BL efficiency could be improved for luciferin analogues 

using a mutated luciferase. By doing so, the benefits of the luciferin analogues were 

maximized to potentially overcome the challenges of BL for imaging and detection. 

 

 Engineered luciferase for cyclic alkyl-amino-luciferins 

The Miller research group generated mutant luciferase libraries to improve the BL 

emission of CycLuc1 and CycLuc2 cyclic alkyl-amino-luciferin analogues for in vivo 

imaging. The authors focused on six amino acid residues within the active site of luciferase 

to perform site-directed mutagenesis: phenylalanine 247, arginine 218, leucine 286, 

tyrosine 340, threonine 251, and serine 347. Figure I.5 shows the amino acids in relation to 

luciferin within the active site. Phenylalanine 247 plays a role in the π-stacking interaction 

with luciferin; arginine 218 is proximal to the C4’ and C5’ of luciferin and forms part of 

the van der Waals network interacting with luciferin; leucine 286 interacts with alkyl side 

chains on aminoluciferin substrates; tyrosine 340 forms part of the ATP binding site and 

is located at the interface between the ATP and luciferin binding pockets; threonine 251 

side chain makes a van der Waals interaction with the benzothiazole moiety; and, serine 
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347 forms a hydrogen bond to the benzothiazole nitrogen through the intermediacy of a 

water molecule. The authors used the six amino acid residues to create mutants that 

would maintain catalytic activity while giving room and allowing new interactions to help 

accommodate the 6’-amino-luciferin derivatives. Results from this study showed a 

significant increase in BL emission intensity for all aminoluciferin analogues when 

catalyzed by a luciferase mutant with a single lysine substitution for the arginine 218. 

Furthermore, they showed selectivity for CycLuc1 by a double-substituted luciferase 

mutant, with an alanine for serine 347 and methionine for leucine 286. The same double-

substituted luciferase had poor catalysis for luciferin. Collectively, these results gave first 

evidence that engineered luciferase mutants have the ability to improve the potential of 

luciferin analogues for in vivo applications. 
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Figure I.5 Scheme for PHE247, ARG218, LEU286, TYR340, THR251, and SER347 in relation to 

luciferin within the active site of luciferase.  

Illustration was developed in Chimera software using PDB 4G36. Specified amino acids side chains 

shown in white. Luciferin is shown in light purple.  

 

 Coordinated engineering of luciferase and luciferin for multi-imaging modality 

The Prescher research group created luciferase libraries designed for compatibility with 

their luciferin analogues and intended to provide a multi-imaging modality for in vivo 

imaging.57, 59 Previous work on luciferase-luciferin BL using luciferases from P. pyralis and 

Renilla reniformis was attempted, but the substrate for Renilla reniformis has poor cell 

penetration and stability, making the assay unsuitable for in vivo applications.59, 60 Prescher 

and co-workers focused on developing luciferase mutants for C4’ and C7’ substituted 

luciferin analogues. After multiple rounds of mutagenesis and screening, the authors 
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were able to identify luciferase mutants with a 100-fold preference for their C4’ and C7’ 

substituted analogues. However, the BL intensity output from their engineered luciferase-

luciferin pairs was low, and research is being carried further. The ability to engineer 

luciferase-luciferin pairs with potentially unique BL emission signatures could be useful 

to investigate multiple biological processes within a single host, e.g., cells, organs, animal 

model, etc. These results from the Prescher group show the possible impact of engineered 

luciferases to broaden the scope of BL and compete with systems based on the ubiquitous 

GFP. 

 

I.5 The future of luciferin analogues and luciferase mutants for biological applications 

Decades of research have generated multiple FL techniques, many of which can serve as 

roadmaps for the development of equivalent BL-based probes and techniques. Research 

in FL for bioimaging has generated many fluorophores, many of which are the preferred 

method for staining and observing biological events. However, fluorophores have limited 

use because they cannot be genetically encoded to provide a response to biological 

interactions. The discovery of GFP and the ability for genetic encoding made it a very 

attractive solution to confirm biological interactions and was rapidly adopted by the 

scientific community. Probes based on GFP have been developed for applications 

including thiol-disulfide reduction, singlet oxygen production, pH sensors, and analyte 
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detection. However, work with the luciferin-luciferase reaction to create assays is more 

challenging than with GFP due to the intricate interplay that allows catalysis by the 

enzyme while producing excited oxyluciferin with high quantum yield and product 

release. Nevertheless, engineering of luciferin-luciferase pairs to address current 

limitations could leverage the high signal-to-noise ratio, capability for genetic encoding, 

and suitability for long term in vitro and in vivo studies of BL systems, and potentially 

provide an alternative to GFP. 

In the work described in this dissertation, we designed luciferin analogues aimed to 

improve the efficiency of luciferase and promote innovative uses of the luciferase-luciferin 

BL reaction. However, in most cases, the hypothesized outcome of our luciferin analogues 

was very different to the experimental outcome. Nevertheless, the work with the luciferin 

analogues described in this dissertation provided novel information about the enzymatic 

process, interaction, and plasticity of the luciferase-luciferin pairs. The following chapters 

individually describe the motivation, characterization, properties, and findings of each 

luciferin analogue: 5,5-deuterated-luciferin, 6’-thiol-luciferin, 5’,7’-difluoro-luciferin, and 

oxyluciferin analogues: 5’,7’-diiodo-oxyluciferin, 5’,7’-diiodo- 5,5-dimethyl-oxyluciferin, 

7’-iodo-oxyluciferin. 
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 The characterization of 5,5-deuterated-luciferin as a 

luciferase substrate to reduce an inhibitory byproduct, 

dehydroluciferin. 

 

 

II.1 Introduction 

Bioluminescence (BL) from the luciferase-luciferin reaction has become a common 

bioimaging tool that provides high signal-to-noise ratio compared with traditional FL 

bioimaging. The first measurement of quantum yield for BL emitted by the luciferase-

luciferin reaction resulted in a value of 88 ± 25%, which meant that the ratio of reacted 

luciferin to photons of light emitted through the reaction was fairly efficient.1, 2 However, 

the initial apparent quantum yield measurement did not account for optical isomers and 

racemization of luciferin after extraction and purification from fireflies. This showed that 

the measurement was incorrect since it suggest an unrealistic quantum yield greater than 

100%.3 Therefore, the quantum yield was re-evaluated for a pure sample of luciferin using 

a total-photon-flux spectrophotometer. The quantitative evaluation showed a lower 

quantum yield of 41 ± 7.4%.4, 5 Therefore, optimizing the luciferase-luciferin reaction to 

increase the quantum yield from 41% could increase the sensitivity of the BL imaging 

system and benefit traditional BL assays, for in vivo and in vitro applications. The 

molecular structures of the compounds discussed in this chapter are found on Figure II.1.  
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Figure II.1 Molecules in the bioluminescence reaction and luciferin analogues.  

  

One way to achieve a higher quantum yield is to reduce the production of non-emitting 

byproducts from the luciferase-luciferin reaction. The luciferase reaction can produce 

either oxyluciferin or dehydroluciferin following the formation of the luciferyl-adenylate 

intermediate. Oxyluciferin is the light emitting chromophore and the primary product of 

the BL reaction. Dehydroluciferin, a non-emitting byproduct, results from a side reaction 

commonly referred to as the “dark reaction” since no light is produced.6 The detailed 

mechanism governing the “dark reaction” remains unknown. The current accepted 

mechanism suggests a deprotonation at the C5 position, which allows the formation of 



38 

the double bond characteristic of dehydroluciferin. Furthermore, the production of a 

dehydroluciferyl-adenylate intermediate that yields dehydroluciferin as byproducts of 

the luciferase reaction has been confirmed through HPLC and TLC.7-9  The HPLC results 

showed that 16% of the luciferin consumed formed dehydroluciferyl-adenylate and 

dehydroluciferin. Assuming the other 84% of the luciferin is oxidized into oxyluciferin, 

the approximate ratio of dehydroluciferin to oxyluciferin produced by the reaction is 

1:5.25.7, 10-12 Additionally to the studies on dehydroluciferin production, the co-production 

of hydrogen peroxide as a byproduct to the “dark-reaction” was proposed and studied. 

A study by da Silva et al. suggested an equimolar production of hydrogen peroxide and 

dehydroluciferin during the dark-reaction.         

Dehydroluciferyl-adenylate and dehydroluciferin are strong competitive inhibitors of 

luciferase and are key factors that influence the amount of BL produced. The Ki for 

dehydroluciferyl-adenylate with luciferase is 3.8 nM.13 The luciferase inhibition by 

dehydroluciferin has been reported using two different approaches. In the first approach, 

dehydroluciferin was pre-incubated in solution with luciferase and cofactors followed by 

the addition of luciferin. This resulted in a potent inhibition with a Ki of 4 nM. In the 

second approach, both dehydroluciferin and luciferin were added simultaneously to a 

solution containing luciferase and cofactors, and resulted in a Ki of 150 nM.14 In contrast 

to oxyluciferin as an inhibitor (Ki of 500 nM), the inhibition by the “dark reaction” 

byproducts can be as much as 100-fold stronger. Both dehydroluciferyl-adenylate and 
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dehydroluciferin have been associated with the decrease of light emitted after the initial 

BL flash peak in vitro.15 Therefore, Coenzyme A is commonly added to produce 

dehydroluciferyl-Coenzyme A, which is a weaker non-competitive inhibitor  with Ki of 

880 nM.16 Consequently, the amount of free enzyme available for catalysis increases which 

decreases the extreme loss of light after the initial BL flash peak in vitro.16, 17 

 

 

Figure II.2 Oxyluciferin tautomers in its enol and keto form.  

 

The keto-enol tautomerization (Figure II.2) of oxyluciferin could influence the quantum 

yield of the BL reaction. Recent studies consider the keto-phenolate state of oxyluciferin 

as the emitter.18-22 Previously, it was thought that red and yellow-green BL emission was 

produced by oxyluciferin in its keto and enol forms respectively. However, a study used 

5,5-dimethyl-luciferin (Figure II.1) to form only 5,5-dimethyl-oxyluciferin (i.e. 

oxyluciferin in its keto-form). The authors showed that 5,5-dimethyl-oxyluciferin emitted 

at both red and yellow-green regions, indicating that the keto-form could be responsible 

for both emissions.23 A challenge with the double methylation in C5 to produce 5,5-

dimethyl-luciferin was that the substitution inhibited the initial adenylation step of the BL 
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reaction. McElroy et al. showed that excited oxyluciferin can be produced bypassing the 

adenylation step through the luciferase-catalyzed oxidation of pre-formed luciferyl-

adenylate.24 Thus, a follow-up study used 5,5-dimethyl-adenylated-luciferin to analyze 

the color modulation mechanism of the BL reaction.24 The authors were able to investigate 

the BL emission wavelength, however the kinetics of the luciferase reaction were affected 

by steric hindrance and the BL emission was reduced by 85% compared with luciferin. 

Contrary to the expected results of a higher luciferase turn-over, since adenylation is the 

limiting step in the luciferase reaction, the BL did not increase. 

    

In this study, we focused on evaluating the performance of the 5,5-deuterated-luciferin 

(d2-luciferin) with luciferase. The primary isotope effect is the rationale for the double 

deuteration at the C5 position (β to the site of reaction) to potentially slow deprotonation 

and the associated production of dehydroluciferyl-adenylate and hydrogen peroxide. The 

primary isotope effect is based on using a heavier atom, i.e. 2H = deuterium, to reduce the 

rate of the reaction where the atom is involved. We hypothesized that using d2-luciferin 

as the substrate in the luciferase reaction would produce less dehydroluciferyl-adenylate 

and improve the luciferase-luciferin assays. First, a reduction in the formation of the 

potent inhibitor dehydroluciferyl-adenylate and its hydrolyzed product dehydroluciferin 

should increase the amount of free luciferase available for catalysis. Additionally, a 

reduction in the C5 enol-keto tautomerization can limit the enol-form, which has been 
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previously thought could be involved in reducing the BL intensity. The effect of d2-

luciferin on the luciferase-luciferin reaction was determined by the kinetic isotope effect 

on BL emission over time, the catalytic efficiency, the ratio of the production of 

dehydroluciferin to oxyluciferin, and the amount of hydrogen peroxide produced. Our 

results showed that the β-deuteration reduced the ratio of dehydroluciferin to 

oxyluciferin to 1:11 compared with 1:5.25 with luciferin. The isotope effect calculated from 

this result is 2.12. However, the BL emission, catalytic efficiency, and hydrogen peroxide 

production did not show an isotope effect.  

 

II.2 Results  

Our work began by synthesizing luciferin and the deuterated analogue, d2-luciferin. After 

their purification and spectroscopic characterization, we evaluated d2-luciferin absorbance 

and BL emission with respect to luciferin. This was followed by investigating the BL 

emission intensity and kinetics for d2-luciferin using luciferase, with luciferin as a control. 

Then, we quantified the formation of dehydroluciferin and oxyluciferin from the BL 

reactions using a RP-HPLC method established by Da Silva et al.7, 10, 25 Furthermore, the 

established pathway for production of dehydroluciferin shows the simultaneous 

generation of hydrogen peroxide. Thus, we utilized a fluorescence-based assay to detect 

hydrogen peroxide produced from the BL reaction with either d2-luciferin or luciferin. 
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 Absorbance and bioluminescence emission of luciferin and d 2-luciferin. 

After synthesizing a luciferin analogue, our lab evaluates their absorbance and emission 

properties to investigates the molecules’ ability to emit light as a substrate of luciferase 

and use it as a model for the oxyluciferin behavior. Therefore, we obtained an absorbance 

and BL emission spectrum with both molecules at the same concentration at neutral pH. 

The results did not show a significant difference (Figure II.3). These results are expected 

since the deuteration at the C5 position does not affect the properties of luciferin as a 

chromophore. 
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Figure II.3 Absorbance for luciferin (A) and d2-luciferin(B) in water. Bioluminescence emission 

for luciferin (C) and d2-luciferin (D) at pH 7.  
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 Bioluminescence decay of luciferin and d2-luciferin. 

The rationale for creating d2-luciferin is based on utilizing isotopic substitution of the C5 

protons to increase the free luciferase available to catalyze luciferin oxidation by reducing 

byproduct inhibitors. The C5 protons do not actively participate in the formation of 

intermediates that result in BL.11, 23, 26-28 However, the C5 protons play a key role in the 

formation of dehydroluciferin, one of the byproducts of the reaction.8, 16, 29-32 

Dehydroluciferin is a potent inhibitor of luciferase with an inhibitor constant of 4 nM.16 

Therefore, our lab designed d2-luciferin to reduce the formation of dehydroluciferin 

thereby increasing the number of photons produced per time and turnover.  

To investigate the ability of d2-luciferin to produce more BL over time we investigated the 

time dependence of the BL intensity compared to luciferin (Figure II.4). Our results did 

not show a significant BL increase as was expected. Furthermore, our experiments showed 

a decrease in the initial characteristic BL flash peak that could only be explained by subtle 

differences between the synthetic and deuterated luciferin samples. Analyzing the BL 

emission intensity of d2-luciferin compared to luciferin at different time points of the 

reaction reveals that at longer times in the reaction there is slightly less decay of BL 

emission from the d2-luciferin reaction, Figure II.4 and Table II.1. The slight BL increment 

over time at this point was presumably able to occur by a reduction in the production of 

the inhibitor byproduct dehydroluciferin. 
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Figure II.4 Time-dependent bioluminescence from luciferin (  ) and d2-luciferin (  ).   

(A) BL over a period of 900 second (15 minutes), after manual injection of luciferase. The differences 

in the initial flash peak are due to subtle differences in the samples. (B) Accentuates the 200 to 800 

second region to show the slightly lower decay. 

 

 

Table II.1. Bioluminescence from luciferin and d2-luciferin at specific time after initiating the 

reaction.     

luciferin d2-luciferin Rel. BL* 

At initial flash peak+ 55.7 ± 3.44 26.9 ± 2.36 48% 

At minute 15 2.62 ± 0.46 3.19 ± 0.08 122% 

Total BL over 15 minutes 1510.0 ± 5.98 1270.0 ±4.84 84% 

Values show the mean ± SD of triplicates. +Approximately 2 to 3 seconds after manually 

starting the reaction. *Relative bioluminescence of d2-luciferin compared to luciferin 100%. 
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 Luciferase catalytic efficiency with luciferin and d 2-luciferin. 

To evaluate any difference within the BL reaction of the d2-luciferin from luciferin we 

focused on evaluating the steady state kinetics for luciferase with its native substrate 

luciferin and with d2-luciferin (Figure II.5). The kinetic parameters obtained after 

nonlinear regression analysis are shown in Table II.2. Steady state kinetics parameters for 

luciferase with luciferin and d2-luciferin., for luciferin and d2-luciferin.  The calculated KM 

and kcat for d2-luciferin are slightly lower at 0.48 μM and 2.01 (BL·μmol-1) compared to 

luciferin, 0.64 μM and 3.90 (BL·μmol-1). The best method to compare luciferin and d2-

luciferin as a substrate is by determining luciferase catalytic efficiency (kcat / KM) with each. 

There was no significant difference between luciferin and d2-luciferin. The luciferin value, 

6.17 ± 0.78, compared to 4.24 ± 0.41 from d2-luciferin. These are similar, compared to other 

luciferin analogues that show many fold differences. Furthermore, the results are opposite 

to the expectation that the deuterated substrate should be more efficient.  However, these 

data could be affected by the differences within our d2-luciferin sample since its synthesis 

differs from that of luciferin.  

The results discussed above showed a small effect when using d2-luciferin in the BL 

reaction. Therefore, we move on to evaluate the dehydroluciferin production that allows 

a direct measurement of the byproduct from the luciferase reactions.  Since one of our 
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goals with d2-luciferin is to reduce the formation of dehydroluciferin as a byproduct of the 

BL reaction, we used the methods developed by Da Silva et al. to compare 

dehydroluciferin produced from the BL reactions with d2-luciferin and luciferin. 

Furthermore, we analyze the production of hydrogen peroxide, the co-product indicative 

that dehydroluciferin has formed, by a fluorescence probe, Amplex® Red.  

 

Figure II.5 Luciferase steady state kinetics: luciferin (A) or d2-luciferin (B) as substrate.  
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Table II.2. Steady state kinetics parameters for luciferase with luciferin and d2-luciferin. 

 

 Commercial dehydroluciferin RP-HPLC calibration curve 

In order to quantify dehydroluciferin produced by BL reactions using HPLC 

chromatograms, a calibration curve using commercial dehydroluciferin was established. 

The chromatogram obtained with dehydroluciferin concentrations 1 to 100 µM is shown 

in Figure II.6.  The chromatogram from commercial dehydroluciferin shows an impurity 

peak at 8 minutes that corresponds to luciferin. This was verified with an authentic 

sample.  The plots resulting from height and area of the peaks against the moles of 

dehydroluciferin were used as a calibration curve (Figure II.6, B and C). 

 KM [µM] [BL·( μmol )-1] kcat/KM 

luciferin 0.64 ± 0.03
a 3.90 ± 0.32 6.17 ± 0.78 

d2-luciferin 0.48 ± 0.05
a
 2.01 ± 0.23 4.24 ± 0.41 

The assays were performed in triplicate, and the values represent the mean ± SD of 4 

independent experiments. Each experiment was fit to the Michaelis-Menten equation by non-

linear regression (GraphPad 5.0) to determine the KM. The values of kcat were obtained by 

dividing the Vmax values, from the data used to determine the KM, by the final amount of 

luciferase (0.25 μmol).      
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Figure II.6 Calibration standard using commercial dehydroluciferin. 

I. Chromatogram showing peaks obtained from solutions of known concentrations of commercial 

dehydroluciferin at 0.01 nmol (A), 0.02 nmol (B), 0.10 nmol (C), 0.20 nmol (D), 1 nmol (E), and 2 

nmol (F). Commercial dehydroluciferin was eluted with 70% 3 mM phosphate buffer at pH 7.0 and 

30% methanol. Impurity peaks with retention time of 8 minutes showed absorption spectra 

characteristic of luciferin. II. Plot for the calibration curve using peak area and moles. III. Plot for 

the calibration curve using peak height and moles. 
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 Dehydroluciferin produced from bioluminescence reactions with luciferin and  d2-

luciferin. 

The reactions were set up and analyzed as described in the experimental section. The 

observed chromatographic retention times for luciferin, dehydroluciferin, and 

oxyluciferin were 7.2, 9.2, and 17.8 minutes, respectively (Figure II.7). The identities of 

these peaks were verified through the instrument’s UV/Vis spectra (Figure II.8). Peaks at 

retention time 2 minutes correspond to the solvent-front peak and contains the BL co-

factors and EDTA which was used in high concentrations to stop the reaction. Using the 

dehydroluciferin concentration curve, we calculated the amount of dehydroluciferin 

produced to be 11.26 ± 0.04 nmol for the luciferin reaction and 4.57 ± 0.30 nmol for the d2-

luciferin reaction. To calculate the amount of oxyluciferin produced we used the literature 

ratio of 5.25:1 oxyluciferin to dehydroluciferin to establish a correlation between relative 

mols of oxyluciferin to a peak height and area. Consequently, we calculated oxyluciferin 

to be 59.15 ± 0.19 nmol from the luciferin reaction, which is 11.26 nmol times 5.25. The 

obtained oxyluciferin peak area and height from the luciferin reaction in relation to 59.15 

nmol was used to calculate the oxyluciferin produced from the d2-luciferin reaction to be 

51.16 ± 0.64 nmol. Results are tabulated in Table II.3. The obtained ratio of oxyluciferin to 

dehydroluciferin produced from the d2-luciferin was calculated to be 11:1.  

 



51 

 

Originally, our calculations were done with a 1:4 ratio of dehydroluciferin to oxyluciferin 

under the presumption that dehydroluciferin was 20% of oxyluciferin produced. 

However, a recent detailed literature review presented lower dehydroluciferin 

production at 16%, which yields a ratio of 1 to 5.25, dehydroluciferin to oxyluciferin.9 The 

calculations on the publication associated with this chapter are based on the 1:4 

dehydroluciferin to oxyluciferin ratio.33   
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Figure II.7 RP-HPLC Chromatograms of bioluminescence products using luciferin (A) and d2-

luciferin (B). 

Chromatograms are at 347 nm which emphasizes luciferin, dehydroluciferin, and oxyluciferin at 

peaks with retention time of 7.2, 9.2, and 17.8 minutes, respectively. Samples were eluted with 70% 

5 mM phosphate buffer pH 7.0 and 30% methanol for the first 10 minutes, then methanol was 

increased to 85%. Peak with retention time around 2 minutes correspond to solvent, 

bioluminescence cofactors, and EDTA from previous steps.  
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Figure II.8  Absorbance spectra from luciferin, dehydroluciferin, and oxyluciferin from RP-

HPLC.  

The figure shows the absorbance spectrum corresponding to chromatogram peaks with retention 

time of 7.2, 9.2, and 18 minutes. Peaks with retention time of 7.2 minutes showed absorbance λmax 

at 328 nm, corresponding to luciferin. Peaks with retention time of 9.2 minutes showed absorbance 

λmax at 347 nm, corresponding to dehydroluciferin. Peaks with retention time of 18 minutes showed 

absorbance λmax at 414 nm, corresponding to oxyluciferin. The graphs were obtained and 

normalized from integrated peaks by the CHEMSTATION software. 

 

 

Table II.3. Dehydroluciferin and oxyluciferin production by bioluminescence reactions with 

luciferin or d2-luciferin. 

luciferin reaction d2-luciferin reaction 

dehydroluciferin oxyluciferin dehydroluciferin oxyluciferin 

11.31 ± 0.03 59.39 ± 0.15 4.24 ± 0.16 51.39 ± 0.64 

11.22 ± 0.50 58.91 ± 2.60 4.96 ± 0.02 50.28 ±1.42 

11.26 ± 0.07 59.13 ± 0.40 4.50 ± 0.25 51.80 ± 1.09 

11.26 ± 0.04 59.15 ± 0.19 4.57 ± 0.30 51.16 ± 0.64 

The values show the nmols of oxyluciferin and dehydroluciferin from three bioluminescence 

reactions and duplicate RP-HPLC analysis from each reaction. The first 3 rows show the mean 

and SD of the duplicate analysis per reaction and the last row shows the mean and SD of the 3 

reactions.  

Dehydroluciferin 

Luciferin 

Oxyluciferin 
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 Hydrogen peroxide produced from the bioluminescence reactions of luciferin and d 2-

luciferin. 

To investigate the production of hydrogen peroxide we used the molecular probe, 

Amplex Red, in combination with horseradish peroxidase (HRP). In the presence of 

hydrogen peroxide, HRP will oxidize Amplex Red in a 1:1 stoichiometric reaction, to 

resorufin, which is highly fluorescent.34 First, we obtained a calibration curve using 

known quantities of hydrogen peroxide (Figure II.9). This experiment was followed by 

analyzing the hydrogen peroxide produced from the BL reaction with either luciferin or 

d2-luciferin by taking a sample of the reaction (Table II.4). These initial results showed the 

production of hydrogen peroxide from the BL reaction with both substrates. However, 

different than expected, the results did not show a difference in the hydrogen peroxide 

produced from luciferin or d2-luciferin, which quantified to 0.69 to 0.65 nmol, respectively. 

Based on the previous literature which relates hydrogen peroxide to dehydroluciferin 

formed as co-byproducts, we were expecting a significant difference as was seen with the 

dehydroluciferin produced from the d2-luciferin reaction, compared to luciferin. To 

investigate the ratio of hydrogen peroxide to oxyluciferin produced from each substrate 

we evaluated a BL reaction sample for oxyluciferin by RP-HLPC and hydrogen peroxide 

by Amplex Red. The results for oxyluciferin are 17.67 ± 0.28 nmol and 13.23 ± 0.23 nmol 

from the BL reactions of luciferin and d2-luciferin. Results from the hydrogen peroxide 

assay are 0.97 ± 0.04 nmol and 0.84 ± 0.03 nmol, from the BL reactions of luciferin and d2-
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luciferin (Table II.5). These results were unexpected since they do not follow the 

suggested co-production of hydrogen peroxide when dehydroluciferin is formed.10  

Lastly, we calculated the kinetic isotope effect that the beta deuterium substitution exerted 

on the BL reaction from the experiments that have been discussed here.   

 

 

Figure II.9 Calibration curve of fluorescence intensity vs mols of hydrogen peroxide.  

 

 

Table II.4 Hydrogen peroxide produced from the bioluminescence reactions using luciferin or 

d2-luciferin.  

luciferin d2-luciferin no substrate 

0.697 0.657 0.256 

0.694 0.657 0.250 

0.688 0.653 0.253 

0.693 ± 0.004 0.655 ± 0.002 0.253 ± 0.002 

Values in nanomols (mol ×10-9). 
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Table II.5. Hydrogen peroxide and oxyluciferin produced from the bioluminescence reactions 

using luciferin or d2-luciferin.  

luciferin d2-luciferin 

hydrogen peroxide oxyluciferin hydrogen peroxide oxyluciferin 

0.92 ± 0.07 18.06 0.79 ± 0.01 13.94 

0.89 ± 0.02 17.53 0.83 ± 0.03 14.19 

0.93 ± 0.07 17.43 0.83 ± 0.03 13.65 

0.92 ± 0.03 17.67 ± 0.28 0.82 ± 0.01 13.93 ± 0.22 

Values in nanomols (mol ×10-9). 

 

 Beta deuterium isotope effect on the luciferase-luciferin reaction. 

One of the most powerful tools to elucidate the mechanism of enzyme catalyzed reactions 

is isotope effects, where usually the most obvious information revealed is the rate limiting 

step. One of the goals with d2-luciferin was to reduce the known side reaction of luciferase 

that produces dehydroluciferin. Therefore, we calculated the kinetic isotope effect from 

the experiments performed and discussed previously. Our experiments showed a 

substantial reduction in the dehydroluciferin produced when d2-luciferin is used in the BL 

reaction. To determine the isotope effect of the dehydroluciferin per oxyluciferin formed, 

we divided the amounts of oxyluciferin formed per dehydroluciferin produced to obtain 

a ratio of 11.19 (Table II.3).  To calculate the isotope effect, we divided the obtained ratio 

of the d2-luciferin reaction by the established ratio of 5.25, which generates an isotope 

effect of 2.12. We have not observed a significant isotope effect in BL emission intensity, 

luciferase catalytic efficiency, and hydrogen peroxide to oxyluciferin ratio.  
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II.3 Discussion  

We have shown that double deuteration at the luciferin C5 position reduces 

dehydroluciferin formation from BL reaction to 8% from the established 16%, per turn 

over. Over the last 50 years numerous publications have demonstrated the production of 

dehydroluciferyl-adenylate and dehydroluciferin by the luciferase-luciferin reaction and 

their inhibition towards luciferase catalysis. However, there has not been a thorough 

investigation of the mechanism involved in the production of these compounds and some 

suggested intermediates have not been seen.  Although our goal of reducing the formation 

of dehydroluciferin was met, the results did not show a significant increase in BL intensity 

with d2-luciferin, compared to luciferin, as was expected. The d2-luciferin reaction showed 

a slight increment in BL intensity after the initial characteristic flash peak, where we 

presume that it is due to the decrease in dehydroluciferin produced that allows higher 

amounts of free luciferase. This behavior resembles the BL reaction when Coenzyme A is 

added to the reaction mixture and the light emission is higher at later time points. Figure 

II.10 shows the Coenzyme A effect in the BL reactions for the first minute. Coenzyme A is 

usually added to BL assays with cell lysates or purified luciferase at high concentrations 

of 250-500 μM.15, 35 However, there is no alternative to reduce dehydroluciferin inhibition 

on in vitro (intact cell) and in vivo BL imaging assay besides free Coenzyme A available in 

the cell. These studies suggest that d2-luciferin can be of use to decrease dehydroluciferin 

formation that could inhibit luciferase in any intact cell BL assay that will be measured for 
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extended periods of time. Further studies could be needed to investigate d2-luciferin as a 

possible candidate for the common BL imaging assays in vitro and in vivo where luciferase 

amounts are sensitive and long term BL measurements are a must.  

 

 

Figure II.10 The stabilizing effect of coenzyme A on bioluminescence.  

Mixtures containing ATP and luciferin (LH2) were injected into other mixtures containing Hepes, 

MgCl2, and luciferase (20 nM) supplemented ( ) or not supplemented ( ) with coenzyme A (50 

μM). All the indicated quantities are final concentrations. (Figure taken from Da Silva et al., 2005) 

 

Additionally, the work shown here identified the discrepancy in dehydroluciferin 

inhibition constants that have been published from different research groups. Two 

methods have been reported for determining the inhibition constant. The methods vary 

by either previous incubation of dehydroluciferin with luciferase or simultaneous 
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addition that allows both molecules, luciferin and dehydroluciferin, to compete for the 

active site. When the inhibition constant is obtained by incubating luciferase with 

dehydroluciferin the results revealed a inhibition constant in the nM range.13 However, 

when the inhibition constant is obtained through the traditional inhibition assay the 

results show a higher Ki, comparable to oxyluciferin, in the μM range.14, 36 The commonly 

observed drastic light decay after the initial flash peak has been attributed to the inhibition 

of luciferase by its product and byproducts. However, the lack of effect from the decrease 

in dehydroluciferin produced from the BL intensity suggest further investigations on this 

theory.  

An alternative mechanism to the hydrogen peroxide formation, suggested from the small 

kinetic isotope effect caused by the deuterated substitution at the β carbon, is discussed 

in the publication associated to this chapter.  
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II.4 Materials and methods 

Luciferase from firefly (P. pyralis) was purified from BL21(DE3) E. coli cells transformed 

with a pET28(b+)-WTLuc vector, following methods reported by Liao et al.37 Purified 

luciferase was concentrated using Microcon® (30kDa) from EMD Millipore for 

experiments that required high enzyme concentration. The luciferase substrates: luciferin 

and d2-luciferin, used in the experiments describe here were synthesized by Allyson 

Dorsey, M.Sc. Commercial dehydroluciferin was purchased from Regis Technologies and 

used as reference for chromatograms. The purity of synthesized luciferin, d2-luciferin, and 

commercial dehydroluciferin were verified by RP-HPLC. The water used to perform 

experiments, prepare buffers, and solutions was obtained from a BarnsteadTM NanoPureTM 

water purification system with a 18.2 megaohm·cm-1 resistance. Stock solutions of each 

free luciferin acid were prepared by dissolving the compound in water. To assist the 

dissolving of the compound, the stocks solutions were placed in the ultrasonic bath for 10 

to 15 minutes, or until no visible particles were seen. Concentrations of stock solutions for 

luciferase and luciferins were determined using extinction coefficient 45.6 (mM·cm)-1 at 

280 nm and 18.2 (mM·cm)-1 at 362 nm, respectively, before each experiment.10, 38, 39 The 

individual optical measurements for luciferin/d2-luciferin were obtained from the Varian 

Cary 50 UV/VIS spectrophotometer at the Analytical Chemistry Instrumentation Facility 

at UCR. Luciferase was diluted in BSA (1 mg/mL) and Tris-HCl pH 7.8 (20 mM) to desired 

concentrations. The BL reaction cofactors, ATP and MgSO4 were purchased from RPI 



61 

Corp. and Sigma-Aldrich, respectively. Stock solutions of ATP were made at 0.1 M and 

kept at -20 °C until needed. For MgSO4, 1 M solutions were made and kept at room 

temperature. The 3-(N-morpholino)propanesulfonic acid, known as MOPS buffer, was 

purchased from Fisher Scientific. MOPS stocks solutions were made at 1 M and kept at 

room temperature. For all experiments, a working solution of 0.5 M MOPS was made by 

adjusting to pH 7 using sodium hydroxide. The BL and FL photon readings were 

measured by the Synergy Mx BioTek® plate reader. Data for steady state kinetics 

constants were plotted using GraphPad Prism 5 software. For the hydrogen peroxide 

assays, both the horseradish peroxidase (HRP) and the Amplex Red compound were 

purchased from Thermo Scientific. The assay calibration curve was obtained using a 

commercial 3% hydrogen peroxide. Reverse phase high performance liquid 

chromatography (RP-HPLC) analyses were conducted using an Agilent Technologies 

1100 Series instrument with a C18 column from AlltechTM (4.6×255 mm and 10 μm). Using 

eluent A: phosphate buffer 7 mM at pH 7.0, 70% and B: methanol (HPLC grade) 30%.  The 

detector was UV/VIS diode array and was set to collect at 215, 328, 347 and 414 nm. Every 

other run, the HPLC was flushed with water to avoid salt build-up on the column from 

the phosphate buffer. All experiments were performed at room temperature, 25 °C. Light 

sensitive Amplex Red was kept wrapped in aluminum foil and any manipulations were 

done in a dark room. 
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 Absorbance measurements 

The experiments that are discussed here are dependent on the luciferase and luciferin 

concentration. Therefore, to corroborate the luciferin’s concentration, we used quartz 

cuvettes to measure the absorbance from 200 to 400 nm, using 1 mL of the stock solutions, 

and determined the concentration with luciferin’s extinction coefficient 18.2 (mM·cm)-1 at 

328 nm.40 The concentration was recorded and the measured 1 mL sample was directly 

used in the experiments. Luciferase concentration was measured using 3 µL of the sample 

on the NanoDrop spectrophotometer. Absorbance was recorded at 280 nm and 

concentration was calculated using luciferase’ extinction coefficient, 45.6 (mM·cm) -1.10, 38, 39 

  

 Bioluminescence emission intensity assay   

To compare the d2-luciferin BL emission intensity to luciferin, we measured the amount 

of photons produced with both substrates at the same concentration. The samples were 

prepared by making a 220 µL solution containing 34 µM luciferin in a buffer containing 

68 mM MOPS at pH 7.0, 1.7 mM ATP and 11 mM MgSO4. The BL reactions were started 

by manually adding 30 µL of 0.08 µM luciferase in enzyme diluent to a white 96-well plate 

containing the sample solution. Reading started 10 seconds after adding luciferase and 

photons were measured every 30 seconds for a period of 900 seconds, with the integration 

set to 1 second.  
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 Bioluminescence concentration dependence assays  

We used BL concentration dependence assays to investigate the catalytic efficiency of both 

substrates, thus obtaining kcat/KM for each luciferin. For this experiment, the luciferins at a 

specific concentration were added to a solution containing final concentrations of 60 mM 

MOPS buffer pH 7.0, 1.5 mM ATP, and 10 mM MgSO4. The luciferin final concentration 

ranged from 0.5 to 50 µM. Then, reactions were started by manual injection of luciferase 

in enzyme diluent to a final concentration of 1 nM. BL was collected for 15 minutes, with 

integration time of 0.1 second and recording every 30 seconds. To determine each 

luciferin’s KM and kcat, the steady-state initial velocity was taken from light emitted at the 

15 minute time point. GraphPad was used to plot the number of photons produced at 15 

minute versus substrate concentration. The plots were analyzed using the nonlinear 

regression Michaelis-Menten equation fit to determine KM and the enzyme concentration 

was entered in the software to determine kcat.  

 

 RP-HPLC analysis of bioluminescence reactions    

To quantify the amount of dehydroluciferin and oxyluciferin produced we followed a 

method reported by Da Silva et al. where they have identified luciferin, dehydroluciferin, 

and oxyluciferin from BL reactions using RP-HPLC with phosphate buffer pH 7.0 and 

30% methanol as eluents.7, 10, 25, 41 First, we looked at retention times for synthetic luciferin 
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and commercial dehydroluciferin in our instrument. Synthetic luciferin was analyzed by 

manually injecting stock luciferin solution into the HPLC valve (20 µL volume) and 

eluting under isocratic conditions, 5 mM phosphate buffer pH 7.0 and 30% methanol, at a 

constant flow rate of 1 mL/minute. In order to compare and quantify the dehydroluciferin 

produced from the BL reactions, when using luciferin or d2-luciferin, we verified the 

retention time and established a concentration curve for dehydroluciferin. A commercial 

dehydroluciferin stock of 0.1 mM in methanol was diluted to concentrations ranging from 

0.01 to 1 µM that were analyzed by RP-HPLC, with the same conditions as stated for 

luciferin, to record retention time and compose a calibration curve of dehydroluciferin. 

Before analyzing the BL reactions, the cofactors and enzyme were analyzed individually 

and collectively (without substrate) by the conditions stated to identify any peaks that are 

not the products of the BL reaction. Lastly, to analyze the BL reactions for 

dehydroluciferin and oxyluciferin produced, we used high concentrations of luciferase 

and substrate. In detail, 300 µL of purified luciferase were added to a Microcon® (30kDa) 

filter and centrifuged at 10,000 rpm at 4 °C for 30 mins. Luciferase was concentrated before 

each experiment, and absorbance was used to determine the final concentration. The 500 

µL BL reaction solution contained luciferin or d2-luciferin (50 µM), ATP (1.5 mM), MgSO4 

(2 mM), and MOPS pH 7.0 (60 mM). Reactions were initiated by adding concentrated 

luciferase (20 µM). The reactions were incubated for 1.5 hour at room temperature and 

stopped by adding 60 µL of EDTA (300 mM). The reaction vials were vortexed for a couple 
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of seconds and centrifuged for 1 minute at 14,000 rpm. Then, the supernatant was 

manually injected into the RP-HPLC. The reactions were performed in triplicate and each 

reaction was analyzed twice by injecting 200 µL into the RP-HPLC valve. To decrease 

oxyluciferin retention time, after luciferin and dehydroluciferin were eluted (10 minutes 

into the chromatogram) methanol was increased from 30% to 85% and flow rate from 1 to 

1.3 mL/minute. Quantitation of oxyluciferin was done by correlating 1 mol of 

dehydroluciferin to 5.25 mols of oxyluciferin and assigning the peak area and height to 

the correlation value.    

 

 Hydrogen peroxide assays 

The production of dehydroluciferin simultaneously results in the production of hydrogen 

peroxide. Therefore, we wanted to investigate and correlate the production of 

dehydroluciferin and hydrogen peroxide from the luciferin and d2-luciferin BL reactions. 

The methods followed were from Da Silva et al., who analyzed hydrogen peroxide 

formation using horseradish peroxidase and resorufin (Amplex Red reagent).10 First, we 

established a calibration curve to quantify the amount of hydrogen peroxide produced 

from the BL reactions. The assays were developed under manufacturer specifications. A 

working solution of 2 μM hydrogen peroxide in PBS was used to prepare the samples 

with hydrogen peroxide concentration at 0 μM, 0.01 μM, 0.1 μM, 0.6 μM, and 1 μM. The 

amount of hydrogen peroxide was calculated from the concentrations and used to plot 
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the FL of Amplex Red vs mols of hydrogen peroxide for each sample.  To investigate the 

BL reaction for hydrogen peroxide production, the BL reaction solutions were prepared 

and stopped under the same conditions as those for RP-HPLC analysis. The incubation 

time for the BL reaction was either 30 minutes or 2 hours, depending on the experiment. 

The 30 minutes reactions contained luciferase (10 μM), luciferin or d2-luciferin (50 μM), 

ATP (1 mM), MgSO4 (2 mM), and MOPS buffer at pH 7 (60 mM).  The 2 hours reactions 

contained luciferase (20 μM), luciferin or d2-luciferin (50 μM), ATP (1.5 mM), MgSO4 (2 

mM), and MOPS buffer at pH 7 (60 mM). After reactions were stopped, the rest of the 

experiment was performed in a dark room to avoid photooxidation of Amplex Red to 

resorufin by light.30 In the dark room, 12.5 µL of 20 mM Amplex Red stock solution in 

DMSO was added to a 500 µL solution containing horseradish peroxidase (72 U/mL) in 1 

mM PBS. The stopped reactions were added to a 96 black-well plate containing 100 µL 

horseradish peroxidase (0.5 U/mL) and Amplex Red (0.2 mM). After 30 minute incubation 

at room temperature protected from light, the fluorescence of resorufin was measured by 

excitation at 530 nm and reading emission intensity at 590 nm, which is indicative of 

hydrogen peroxide produced.  
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 The characterization of 6’-thioluciferin as a chromophore 

and a substrate of luciferase. 

 

 

III.1 Introduction 

Thiol/disulfide redox reactions within eukaryotic and prokaryotic cells oversee many 

metabolic and biological processes.1-3 Furthermore, it is well known that thiol/disulfide 

redox reactions play an important role in: protecting cells against oxidative stress (i.e. 

reactive oxygen species), signaling, and regulation.2, 4 The thiol concentration and 

thiol/disulfide ratio influence the redox potential of the cell and of specific cellular 

compartments, e.g. mitochondria, endoplasmic reticulum, peroxisomes, and secretory 

vacuoles. An imbalance of the thiol/disulfide state is associated with a variety of human 

diseases including diabetes, renal failure, and neurodegenerative diseases, among 

others.5-7  

The complexity and ubiquity of the thiol/disulfide system makes it challenging to 

investigate. Many assays, tools, and methods have been developed to detect and quantify 

thiols and the disulfide redox-state for in vitro and in vivo applications.3 Most of our 

knowledge about thiol/disulfide biochemical reactions comes from measurements 

obtained from whole cell lysates, which precludes information from specific 
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compartments and from the dynamic equilibrium. Therefore, novel redox biosensors that 

avoid cell lysates are of high importance. 

Genetically encoded probes can help target specific compartments within the cell, thereby 

achieving intact cell measurements and providing information from cellular 

microenvironments. Two green fluorescent protein (GFP) derivatives, redox-sensitive 

yellow-fluorescent protein (rxYFP) and redox-sensitive GFP, generated a great interest for 

monitoring dynamic redox changes in intact cells.8-10 The introduction of two cysteine 

residues to the beta-barrel surface of GFP facilitates the formation of a reversible disulfide 

bridge or oxidized state, which results in a 2.2-fold reduction in emission.11 Later work 

showed that the redox-sensitive GFPs expressed in cells can respond to oxidative stimuli 

through the glutaredoxin (Grx) catalyzed mechanism. Thus, genetically encoded probes 

for glutathione redox potential can function when Grx is present in sufficient 

concentrations in a cell or in a specific compartment.12 

 Engineering of novel luciferin analogues from the American firefly can provide a BL-

based genetically encoded probe for analyte detection and imaging within cellular 

microenvironments.13 BL is obtained when luciferase catalyzes the oxidation of luciferin. 

In the presence of adenosine triphosphate (ATP), Mg2+, and O2, luciferase produces 

oxyluciferin (i.e. oxidized luciferin) in its excited state, which then emits upon relaxation.14 

Luciferin engineering has created novel BL imaging techniques to enable visualization of 

specific analytes, such as metals, carbohydrates, and enzymes.15-23 For analyte detection 
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and visualization, luciferin is usually modified in two ways: (1) alteration of the carboxylic 

acid 18, and/or (2) extension at the 6’ group.14 In both cases, the alterations react selectively 

with the analyte to generate luciferin and emit upon oxidation by luciferase. Benefits of 

BL-based methods for analyte detection include: no need for external energy source, a 

high-signal-to-noise ratio that provides a reliable bio-imaging probe, and the ability to 

perform experiments at different time points. 

Despite recent work on luciferins to broaden the scope of BL, to our knowledge, there has 

not been any investigation to create a luciferase-luciferin pair to monitor thiol/disulfide 

redox-state of biological molecules. The work presented here shows the characterization 

of 6’-thioluciferin (S-luciferin), the first luciferin analogue designed to monitor 

thiol/disulfide redox-state. The publication associated with this chapter discusses the 

synthesis and structural characterization of S-luciferin (manuscript in preparation). The 

rationale behind S-luciferin follows a similar approach to the “caged” luciferin examples, 

where the intensity of the BL emission will depend on the thiol/disulfide redox state of 

the S-luciferin (Figure III.1). We expect that under reductive environment, luciferase will 

catalyze the S-luciferin oxidation that will result in BL. On the contrary, an oxidative 

environment will promote disulfide formation and reduce or inhibit the BL signal. Thus, 

S-luciferin will create a BL system that allows the in vivo detection and bioimaging of 

thiol/disulfide redox-state within specific cellular compartments. 
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Figure III.1 The reduced (A) and oxidized (B) form of the 6’-thioluciferin molecule. 

 

Previous experimental and theoretical work showed that the optical properties of luciferin 

can be an indicator of the optical properties of oxyluciferin, given their similarity. 

Therefore, our work began by evaluating the absorbance and fluorescence of S-luciferin 

in a reductive environment. We then characterized S-luciferin with purified luciferase for 

pH dependence, BL intensity, and steady-state enzyme kinetics. The results showed a 

poor fluorescence emission and BL intensity for S-luciferin compared with luciferin. 

Possible explanations for the observed low emission are provided in the discussion. 

  

A 

B 
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III.2 Results  

We investigated the optical properties and performance of S-luciferin as a substrate for 

luciferase.  Emission intensity of luciferin analogues is highly dependent on the electron 

donating ability of the 6’-group, see Chapter 1. Additionally, the pKA impacts the ability 

of S-luciferin to be reduced/oxidized. Thus, our work started by computing the pKA of the 

6’-thiol group of S-luciferin. 

 

 Computational pKA for S-luciferin 

We computed the pKA of the 6’-thiol group of S-luciferin using the Marvin Sketch Software 

pKA plugin. We first computed the pKA of the 6’-hydroxyl group of luciferin and compared 

it to experimental values to determine a percent error. The results with luciferin produced 

a pKA of 9.22 for the 6’-hydroxyl (Figure III.2, A), which was somewhat in agreement with 

an experimentally determined value of pKA 8.7 found in the literature.24 Taken together, 

these values resulted in a systematic error of 0.52 pKA units. Furthermore, the predicted 

pKA for the 6’-thiol group of S-luciferin was 5.73 (Figure III.2, B), which shows a lower 

pKA of the 6’ group compared with luciferin. These results suggest that ionization of the 

6’-thiol, and the associated electron donating capacity that has been found to be helpful 

for light emission, will occur around biologically-relevant neutral pH. To further 

characterize the emission capacity of S-luciferin, we evaluated the optical properties. 
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Figure III.2 Computational pKA for luciferin (A) and S-luciferin (B). 

Computation was performed using the Marvin Sketch Software. 
 

 

 Characterization of the optical properties of S-luciferin 

We investigated the absorbance and fluorescence of S-luciferin. The substitution of the 6’-

hydroxyl group of luciferin by 6’-thiol was designed to create a luciferin able to detect 

thiol/disulfide redox environments. Moreover, it is known that substitution of the 6’-

hydroxyl group of luciferin can results in a shifted λmax.
25 Results from absorbance and 

fluorescence measurements showed a λmax at 300 nm for S-luciferin, which is a 30 nm blue 

shift compared with luciferin (Figure III.3).  Furthermore, the shape of the absorption 

peak for S-luciferin was broad and did not show the characteristic features of luciferin or 

its analogues (Figure III.3, A). To investigate further, we analyzed our sample through 

HPLC. 

A 

B 
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Figure III.3 Normalized absorbance (A) and fluorescence (B) spectra of luciferin (  ) and S-

luciferin (  ). 

 

HPLC and UV/Vis analysis were used to investigate the absorption of S-luciferin. The 

chromatogram of S-luciferin showed three peaks with retention times at 1.9, 3.6, and 5.5 

min (Figure III.4). The chromatogram peaks were then analyzed by UV/Vis to identify the 

products (Figure III.5). Our results showed that the peaks at 1.9, 3.6, and 5.5 min 

corresponded to the solvent, reduced S-luciferin, and dimerized S-luciferin, respectively. 

Results from UV/Vis analysis showed that the individual absorption peaks for reduced 

and dimerized S-luciferin had the characteristic shape and features of luciferin. Thus, the 

broad absorption peak obtained for the stock solution of S-luciferin (Figure III.3, A) was 

a combined spectrum of reduced and dimerized S-luciferin. Hereafter we refer to “stock 

S-luciferin” to the solutions containing S-luciferin in its reduced and dimerized form.   

Furthermore, the UV/Vis spectrum of stock S-luciferin was used to estimate the extinction 

A B 
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coefficient at absorbance λmax. The results showed that S-luciferin has an extinction 

coefficient of 3.2 (mM·cm)-1 at 300 nm, which is far lower than the 18.2 (mM·cm)-1 at 330 

nm for luciferin.  

 

 

 

Figure III.4 Chromatogram of stock (i.e. as prepared) S-luciferin.  

S-luciferin was eluted with 10% acetonitrile and 90% water under isocratic conditions. The 

chromatogram was obtained at 300 nm.   
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Figure III.5 Absorbance spectra of reduced S-luciferin ( ), and dimerized S-luciferin ( ) 

from RP-HPLC elutes.  

The figure shows the absorbance spectrum corresponding to chromatogram peaks with retention 

time 3.6, and 5.5 minutes. The sample was eluted with 10% acetonitrile and 90% water under 

isocratic conditions. The chromatogram was obtained at 300 nm.  The graphs were obtained and 

normalized with CHEMSTATION software. The y-axis shows normalized absorbance, and x-axis 

wavelength in nm. The solid line shows the absorbance from the solvent peak with retention time 

at 1.9 min.  

 

We then evaluated the fluorescence emission of reduced S-luciferin by adding a 

commonly used reducing agent tris(2-carboxyethyl)phosphine (TCEP) to our sample. The 

fluorescence emission was measured for stock S-luciferin, reduced S-luciferin due to 

addition of TCEP, and for luciferin. Our results showed a 30 nm blue shift for reduced S-

luciferin when compared to luciferin (Figure III.6). Interestingly, the fluorescence 

intensity of reduced S-luciferin was much lower compared with both stock S-luciferin 
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(which contained both reduced and dimerized molecules) and luciferin. We observed a 

75% reduction of fluorescence intensity of reduced S-luciferin compared with luciferin. 

Despite measuring a reduction in fluorescence intensity, we continued to use TCEP to 

obtain reduced S-luciferin since luciferase would not produce enough BL from stock S-

luciferin to be measured. We presumed that luciferase will not accept the disulfide as its 

substrate.  

 

 

Figure III.6 Relative fluorescence intensity of luciferin ( ), reduced S-luciferin ( ), and 

stock S-luciferin ( ).  

All compounds were used at a concentration of 10 μM. Reduced S-luciferin was obtained by 

addition of 0.1 mM TCEP. The excitation source was set to 328 nm for luciferin and 300 nm for S-

luciferin. 
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 Bioluminescence intensity from reduced S-luciferin 

We evaluated the performance of reduced S-luciferin as a substrate for luciferase. We 

started with a control experiment by investigating the influence of TCEP on the BL 

intensity produced by luciferin with luciferase. Our results showed a concentration 

dependent decrease in BL intensity with increasing concentration of TCEP from 5 mM 

concentration (Figure III.7). Specifically, the BL intensity decreased 12% when increasing 

TCEP from 1 to 5 mM, and BL intensity was totally lost when increasing from 10 to 50 

mM. Therefore, we determined that the TCEP at 1 mM during the S-luciferin reaction 

experiments was not affecting the luciferase reaction. After determining the TCEP 

concentration that would not have a negative effect on the BL reaction, we continued to 

determine the pH dependence of the BL reaction of S-luciferin with luciferase. 
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Figure III.7 The TCEP-concentration dependence of the bioluminescence intensity for luciferin 

as substrate for luciferase.    

Readout was performed after manual injection of luciferase with final concentration of 1 nM to the 

reaction mixture. The reaction mixture final concentration was composed of 1 mM ATP, 10 mM 

MgSO4, 50 mM Tris-HCL buffer at pH 7.8, and TCEP at each concentration. The assays were 

performed in triplicate and error bars represent standard deviations within the triplicates. 

 

We evaluated the pH-dependent BL intensity of reduced S-luciferin with luciferase to 

determine an optimum reaction pH and associated steady-state kinetics. (Figure III.8  and 

Figure III.9) Results for pH dependence of the BL reaction with reduced S-luciferin 

showed an optimum at pH 9.4. (Figure III.8) Compared with the optimum pH of luciferin 

which is 8.5 (see Chapter 1), the optimum pH of reduced S-luciferin was more alkaline. 

We then measured the BL intensity of reduced S-luciferin within a concentration range 

with luciferase at pH 9.4 to determine a KM of 0.5 μM (Figure III.9). The plot for saturation 
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kinetics showed a bell-shaped curve that could be indicative of a substrate inhibitor. To 

further investigate the interaction of S-luciferin with luciferase investigate, we treated S-

luciferin as an inhibitor of the BL reaction, discussed in section III.2.4. It should be noted 

that high concentrations of luciferase were used for the steady-state kinetics experiments 

with reduced S-luciferin. Similar concentrations of luciferase cannot be used with luciferin 

because the instrument will saturate, thus the KM of reduced S-luciferin cannot be directly 

compared to its Ki. 

 

 

Figure III.8 Luciferase pH dependence with S-luciferin.  

BL readings were performed after manual injection of luciferase for a final concentration of 1 μM. 

The BL reaction mixture contained 1.5 mM ATP, 10 mM MgSO4, 60 mM Glycine-NaOH buffer at 

the desired pH, and 0.5 μM reduced S-luciferin using 1 mM TCEP. Assays were performed in 

triplicate and the error bars represent standard deviations within the triplicates. Refer to Figure 

IV.4 for luciferase pH dependence with luciferin. 
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Figure III.9 Steady state kinetics with S-luciferin.  

The assay was performed at pH 9.4 with S-luciferin concentrations ranging from 0 to 5 μM, 0.5 μM 

luciferase, and 1.5 mM TCEP. Initial velocities were taken from light emission 3 minutes after 

initiating the reaction to avoid the light flash common with luciferase. The assays were performed 

in triplicate and error bars represent standard deviations. 

 

We compared the BL intensity of reduced S-luciferin with the BL intensity produced by 

luciferin, both at their respective optimum pH and KM concentrations. We utilized a 100-

fold higher concentration of luciferase for measurements with reduced S-luciferin 

compared with measurements for luciferin. Therefore, the BL intensity for luciferin was 

scaled by 100 to account for the difference in enzyme concentration. For the conditions 

evaluated, our results showed that the BL intensity with reduced S-luciferin was 0.01% 

compared with luciferin. (Figure III.10) 
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Figure III.10 Bioluminescence intensity from luciferin ( ) and reduced S-luciferin ( ).  

Each substrate was used at its KM concentration and optimal pH: 0.5 μM and pH 9.4 for reduced S-

luciferin, and 1 μM and pH 7.8 for luciferin. The concentration of luciferase used was 1 and 0.001 

μM for S-luciferin and luciferin, respectively. Value represent the average of triplicates and error 

bars indicate the standard deviation. 

 

 Inhibition constant of reduced S-luciferin 

We investigated the ability of the active site of luciferase to accept reduced S-luciferin to 

determine if reduced BL was due to poor binding as a substrate to the active site. To do 

so, we evaluated the inhibition by reduced S-luciferin against luciferin (Figure III.11). Our 

results showed an increase in the KM of luciferin with increasing concentration of reduced 

S-luciferin (Figure III.12). This result showed reduced S-luciferin is a competitive inhibitor 

of luciferase and confirmed binding of reduced S-luciferin to the active site. We also 

calculated the inhibition constant of reduced S-luciferin and obtained a Ki of 0.07 μM. It 

should be noted that no BL is observed from the inhibitor in this assay.  
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Figure III.11 Competitive inhibition of luciferase by reduced S-luciferin.  

S-luciferin concentration at 0 μM ( ), 0.1 μM ( ), 0.3 μM ( ), 0.6 μM ( ), 1.2 μM ( ), 2.4 μM ( ), and 

5.0 μM ( ). Luciferin concentrations ranged from 0.1 to 57 μM. BL measurements were obtained 

from reactions containing 10 nM luciferase, 1.5 mM TCEP, 1.5 mM ATP, 5 mM MgSO4, and 60 mM 

Tris-HCl buffer at pH 9.4. The lines represent the non-linear regression fit calculated through 

GraphPad software. 
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Figure III.12 The effect of S-luciferin on luciferin apparent KM.  

Graph shows apparent KM corresponding to a specific S-luciferin concentration. The increase in KM 

is characteristic of a competitive inhibitor. Insert emphasizes the S-luciferin concentration from 0 

to 0.6 μM. Apparent KM was calculated using GraphPad software. 

 

  Docking of reduced S-luciferin 

We investigated a simulated binding of reduced S-luciferin towards the active site of 

luciferase using preliminary computational studies. Computational studies to analyze 

protein structures or protein-ligand interactions have become routine in protein and 

enzyme research workflow. We used AutoDock4 software to examine the simulated 

interaction between reduced S-luciferin and the active site of luciferase to further 
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investigate the experimentally observed binding. Our preliminary computational studies 

focused on addressing whether the ionic state of reduced S-luciferin influenced its ability 

to interact with the active site. We performed in silico docking simulations of reduced S-

luciferin in its thiol and thiolate within the active site of luciferin ( 

Figure III.13). Interestingly, our results showed that the thiol-luciferin did not aligned well 

with the active site of luciferase. In contrast, the coordinates of thiolate-luciferin were 

similar to the crystallographic structure of luciferin bound in the active site of luciferase. 

These preliminary simulations suggest that the thiolate S-luciferin binds similar to 

luciferin. 
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Figure III.13 Illustration of thiolate S-luciferin docked within the active site of luciferase.  

Thiolate S-luciferin (shown in color) overlaid with the adenylated-luciferin analogue from the 

crystal strucutre (shown in gray) within the active site of luciferase (gray surface in the 

background). PDB-ID: 4G37 was used to dock luciferin and S-luciferin. Luciferin was run through 

the simulation as reference to evaluate the docking parameters. 

 

III.3 Discussion 

The 6’-thiol substitution has a detrimental effect on the chromophore properties of S-

luciferin. Our results showed that the 6’-thiol substitution decreased the absorbance 

extinction coefficient and the FL intensity compared with luciferin. The 6’-thiol 

substitution also caused a blue-shift in the absorbance and emission of the chromophore 

Thiolate-luciferin
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relative to luciferin. Moreover, our results showed that reduced S-luciferin was a poor 

substrate for luciferase. However, it is not uncommon for luciferin analogues to be poor 

substrates to luciferase.26 

Two thiol-based substituted luciferins, similar to S-luciferin, were recently synthesized 

and characterized by the Miller group. Both 6’-methylthio-luciferin and 6’-methylsulfinyl-

luciferin have sulfur substitutions at the 6’ position. On the one hand, the absorbance of 

the 6’-methylthio-luciferin was slightly redshifted (approximately 10 nm) compared to 

luciferin. Furthermore, 6’-methylthio-luciferin showed a blue shifted emission of 

approximately 40 nm relative to luciferin, and a 70% decrease in the FL quantum yield 

relative to 6’-amino-luciferin.27 On the other hand, the absorbance of the 6’methylsulfinyl-

luciferin was blue shifted 30 nm relative to luciferin, and no FL emission was observed.27 

The absorbance and emission characteristics of 6’-methylsulfinyl-luciferin are similar to 

our results for S-luciferin. Comparison of the electron donating capacity of the methylthio, 

methylsulfinyl, and thiol to the hydroxyl group suggest that the decrease in the electron 

donating capacity of the 6’-S-R substitutions in luciferin directly affects their FL emission. 

We speculate that the poor electron donating ability of the thiol group may result in the 

reduced absorption and FL emission of S-luciferin. The thiol group is a poor electron 

donor relative to hydroxyl, and electron rich donor groups are needed for emission. 

Promega Corporation has a commercial luciferin analogue with no substitution at the 6’ 

position (Figure III.14) with characteristics similar to S-luciferin. The luciferin analogue 
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6’-deoxy-luciferin (Figure III.14, A) is oxidized at the 6’ position to generate luciferin in 

the presence of a cytochrome enzyme. The produced luciferin is then used to generate BL 

and quantify the cytochrome enzymatic activity. Like S-luciferin, 6’-deoxy-luciferin lacks 

an electron donating group at the 6’ position, which also causes the molecule to have an 

approximate 30 nm blue shift in FL emission (Figure III.14, B and C) compared with 

luciferin. White et al. synthesized 6’-methoxy-luciferin to investigate the effect of the 6’-

group on the optical properties of luciferin. The methoxy group is a poorer electron donor 

compared with the hydroxyl. Published values show that the fluorescence quantum yield 

of 6’-methoxy-luciferin decreases significantly compared to luciferin.24 The authors 

showed that the decrease was such that it did not allow a measurement of FL emission. 

Values for optical properties of luciferin and luciferin analogues with poor electron 

donating groups at C6’ were compiled for ease of comparison, Table III.1. Taken together, 

the poor electron donating ability of C6’ groups in luciferin analogues may be responsible 

for the FL emission blue shift and the decrease in intensity observed for S-luciferin and 

these commercial analogues. 
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Figure III.14 Luciferin analogue 6’-deoxy-luciferin sold commercially by Promega Corporation: 

molecular structure (A), and excitation and fluorescence emission spectra in methanol (B) and 

50 mM potassium phosphate pH 7.4 (C).  

Blue and red traces in (B) and (C) represent excitation and fluorescence emission, respectively, for 

5 µM concentration of the substrate. Graphs were obtained from Promega Corporation. 

 

 

 

Table III.1 Compilation of spectroscopic data for luciferin and luciferin analogues with poor 

electron donating groups at the C6’position based on their absorbance and fluorescence 

properties. 

 

Absorbance 

[nm] 

Extinction 

coefficient 

[(mM·cm)-1] 

FL [nm] 
FL 

Quantum 

Yield water methanol 

Luciferin a, b 330 18.2 540 415 0.62 

6’-methylsulfinyl-luciferin c 300 NA NA NA NA 

6’-methylthio-luciferin c 342 NA 494 465 0.33* 

6’-deoxy-luciferin a 295 16.6 382 393 NA 

6’-methoxy-luciferin a, b 325 18.6 NA NA 0.03 

S-luciferin 300 3.2 510 NA NA 
aValues from White et al., 1965 in ethanol. bValues from Seliger et al.,1969 in water.  c Values 

from Miller at al., 2017 in methanol. *Value is relative to aminoluciferin at 1. NA, not available. 

 

B C 

A 
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S-luciferin, like the other 6’-S-R luciferin analogues in the literature,27 show inhibition of 

luciferase. The Miller group did not provide inhibition constants, therefore a comparison 

to our S-luciferin cannot be made. In addition to being a poor chromophore, S-luciferin 

was also a poor substrate for luciferase and its extremely low emission did not allow the 

measurement of BL emission spectra. However, it is not uncommon for luciferin 

analogues to be bad substrates for luciferase. Therefore, synthesis of future luciferin 

analogues should go in parallel with engineering of luciferases to construct a BL-based 

system to monitor the thiol/disulfide redox for imaging and detection of redox 

measurements in cellular compartments. In addition, a detailed photophysics study of S-

luciferin or S-oxyluciferin would be helpful to understand the excitation pathway of the 

luciferin analogue. 
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III.4 Materials and methods 

 Reagents 

General methods are discussed in Chapter 2. Luciferase from firefly (P. pyralis) was 

cloned, expressed, and purified in our lab. Experiments with reduced S-luciferin were 

carried out using the reducing agent tris(2-carboxyethyl) phosphine (TCEP), which was 

acquired from RPI Corp. A solution of 100 mM TCEP was prepared fresh before each 

experiment. The substrate S-luciferin was synthesized, purified, and characterized by 

Andrew Carlson. HPLC grade acetonitrile obtained from Fisher Scientific was used for all 

RP-HPLC measurements. 

For the BL reaction cofactors: ATP was purchased from RPI Corp and MgSO4 was 

purchased from Sigma-Aldrich. For ATP, solutions were prepared at 0.1 M concentration 

and stored at -20 °C until needed. For MgSO4, solutions were prepared at 1 M 

concentration and stored at room temperature. Commercial luciferin used on control 

experiments was obtain from Research Products International.   

 

 Computational pKA  

The pKA of the 6’-group from luciferin and S-luciferin was calculated using the calculator 

plugins from Marvin Sketch 14.7.28, 2014 software.  
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 Absorbance and fluorescence measurements.  

The absorption spectrum for stock S-luciferin was first obtained using a 3 μL solution in 

water and a NanoDrop2000c spectrophotometer. Detailed characterization of stock S-

luciferin was carried out using reverse phase high performance liquid chromatography 

(RP-HPLC). RP-HPLC measurements were conducted using an Agilent Technologies 

1100 Series instrument with a C18 column from AlltechTM (4.6 x 255 mm and 10 μm). The 

detector was a UV/VIS diode array monitoring 300 nm. The retention times were 

determined by manually injecting 20 µL of stock solution into the HPLC valve, flowing at 

a constant rate of 1.5 mL/min, and eluting with 10% acetonitrile in water under isocratic 

conditions. Peaks in the chromatogram was analyzed for UV/Vis absorbance using the 

CHEMSTATION software. 

Fluorescence measurements for stock S-luciferin were obtained using black 384-well 

plates and a Synergy Mx microplate reader (BioTek®) with excitation at 300 nm for S-

luciferin or 328 nm for luciferin. All fluorescence measurements were carried out using an 

integration time of 0.1 second and 10 μM concentration for luciferin and S-luciferin.  

 

 Bioluminescence assays of reduced S-luciferin 

The amount of photons produced by the BL reaction with reduced S-luciferin was 

investigated. A solution of luciferase was prepared in enzyme diluent containing 20 mM 
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Tris-HCL and 1 mg/mL BSA. A reaction cocktail was prepared: 0.5 µM solution of stock 

S-luciferin, 1.5 mM ATP, 10 mM MgSO4, and 1.5 mM TCEP, and added into a white 96-

well plate. To evaluate the pH dependence, 60 mM glycine-sodium hydroxide buffer was 

used for pH 8.6 to pH 10.4. The BL reactions were started by manually injecting 30 µL of 

0.08 μM luciferase into the wells containing 270 μL of reaction mixture that included 

reduced S-luciferin and cofactors. The BL readings, sum of photons over 1 second, were 

measured using a Synergy Mx BioTek® plate reader. The sensitivity of the PMT was 

adjusted as needed. 

We determined the steady-state kinetics of reduced S-luciferin with luciferase. Since the 

BL intensity of S-luciferin was very low, we increased the concentration of luciferase to 

obtain enough BL emission. A 2 μM luciferase solution in enzyme diluent was added to a 

96-well plate containing the reaction cocktail: 0 to 5 μM reduced S-luciferin, 1 mM TCEP, 

and at pH 9.4. BL reactions were started and measured as described above. GraphPad 

Prism 5 software was used to plot the total number of photons as a function of substrate 

concentration and plots were analyzed using a nonlinear regression fit. 

 

To compare the BL intensity of S-luciferin with luciferin we used a 100-fold higher 

concentration of enzyme for the BL reaction with S-luciferin and then scaled the BL by 

100. The following was used for S-luciferin: 1 μM luciferase solution in enzyme diluent; 
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and reaction cocktail with 0.5 μM reduced S-luciferin, 1 mM TCEP, and pH 9.4. The 

following was used for luciferin: 0.001 μM luciferase solution in enzyme diluent; and 

reaction cocktail with 1 μM reduced S-luciferin and pH 7.8, without TCEP. BL reactions 

were started and measured as described above. 

 

 Steady-state kinetic measurements to determine the inhibition constant  

We determined the inhibition constant of reduced S-luciferin by measuring the apparent 

KM of luciferin, with concentrations ranging from 0 μM to 57 μM, in the presence of 0 μM 

to 5 μM of S-luciferin. A reaction cocktail was prepared with: luciferin or S-luciferin at the 

designated concentration, 5 mM ATP, 30 mM MgSO4, 120 mM glycine-sodium hydroxide 

buffer at pH 9.4, and 5 mM TCEP, and added into a white 96-well plate. Water was added 

to each well to make the total volume 258 μL. The BL reactions were started by manually 

injecting 42 μL of 0.07 μM luciferase into the reaction cocktail. BL reactions were measured 

and analyzed with non-linear regression as described above to determine the Ki. 

 

 Docking of reduced S-luciferin 

The crystal structure of luciferase from P. pyralis with an adenylated-luciferin analogue 

was obtained from the Protein Data Bank (PBD code 4G37) and used for docking 

simulations. We delimited the active site of luciferase to the amino acids within 10 Å away 
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from the luciferin structure. The active site of luciferase was modeled without solvents, 

counterions, and substrates. Modeling of the active site was carried out with energy 

minimization using the Amber (PARM99) forcefield in UCSF Chimera Software.30 Affinity 

grids on the active site were constructed using AutoGrid4. The isotropic grid map 

consisted of 40-x, y, z grid points with 0.603 Å spacing. 

AutoDock4 was used to simulate docking of luciferin, thiol S-luciferin, and thiolate S-

luciferin into the active site of luciferase. The amino acids in the active site were kept rigid 

and the bond C2-C2’ in all luciferins was allowed to rotate. The VEGA ZZ Software was 

used to build and calculate partial charges on the luciferins prior to modeling.31 

AutoDock4 Tools interface was used to keep polar hydrogens and add Gasteiger partial 

charges to the active site. Docking was performed using a global genetic algorithm 

combined with local minimization in VEGA ZZ Software and Lamarckian genetic 

algorithm to explore conformational changes of the luciferins within the active site. 

The resulting conformations were clustered into similar binding energy with a root mean 

square deviation (RMSD) clustering tolerance of 2 Å. The conformations were then ranked 

based on lowest binding energy and alignment with the crystallographic structure of the 

adenylated-luciferin analogue. The resulting conformations were used for analysis and 

comparison with luciferin. 
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 The characterization of 5’,7’-difluoroluciferin as a 

chromophore and substrate of luciferase.  

 

 

IV.1 Introduction 

One of the known limitations for the luciferase-luciferin reaction is its pH dependence. 

The optimum pH for the reaction was initially thought to be at pH 7.8; however, a more 

recent evaluation determined the optimum pH to be 8.5.1, 2 Additionally, this result 

showed an approximately 50% decrease of BL  intensity at neutral pH, compared to pH 

8.5.1 Furthermore, numerous studies have shown that a decrease in pH decreases BL 

intensity and causes an emission wavelength shift from the known yellow-green (562 nm) 

to a red emission (616 nm) (Figure IV.1).1, 3 As discussed in Chapter I, oxyluciferin (i.e. 

oxidized luciferin) can be divided into two moieties: benzothiazole and thiazol (Figure 

I.2). The benzothiazole moiety plays a key role in positioning luciferin in the active site, 

and in determining the final BL emission intensity and wavelength.2, 4-7 Therefore, 

perturbations to the benzothiazole moiety, such as oxyluciferin ionic states, can directly 

affect the BL output.  

Early investigations using luciferin analogues were devoted to studying the oxidation and 

kinetic mechanism of the reaction, and the variation of the BL emitted wavelength.2, 3, 8-11  
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For example, field pioneer E. White made substitutions on the benzothiazole moiety of 

initial luciferin analogues and showed redshifted BL emission wavelength from 6’-amino-

luciferin and 4’-hydroxyl-luciferin.2, 12 The amine substitution for the 6’-hydroxyl group 

provides the chromophore with an electron pair readily able to donate into the conjugated 

system. Thus, 6’-amino-luciferin was the first pH independent luciferin analogue that 

provided a redshifted BL emission.2, 13  However, the catalytic activity of luciferase with 

luciferin analogues (including 6’-amino-luciferin) is known to be lower compared to 

luciferin.2, 14 Fewer efforts have been dedicated to decrease the pH dependence of luciferin 

while aiming to recover the BL intensity at neutral pH, which is where most biology 

happens. 
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Figure IV.1 Quantitative measurement for luciferase-luciferin reaction.  

Quantitative luminescence spectra for 2.98 × 1011 luciferin molecules at various pH values: black, 

pH 8.5; blue, pH 8.1; green, pH 7.6; yellow, pH 7.2; orange, pH 7.0; pink, pH 6.7; red, pH 6.4. The 

vertical axis is scaled by the absolute number of emitted photons in units of eV−1. (Figure and caption 

taken from Akiyama et.al, Nature Photonics, 2008) 

 

This chapter discusses the characterization of 5’,7’-difluoroluciferin (F2-luciferin) as a 

chromophore and a substrate for luciferase. The synthesis of F2-luciferin is discussed in 

the publication associated with this chapter. This analogue is designed to target the pH 

dependence of luciferin by decreasing its pKA below neutral pH. We postulate that 

keeping the 6’-hydroxyl group ionized will decrease the pH dependence and increase the 

BL emission intensity for biological assay applications. 
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IV.2 Results 

 

 Computational pKA for luciferin and F2-luciferin. 

The premise of the F2-luciferin focused on decreasing its pKA at the 6’-hydroxyl. Therefore, 

we used computational methods to corroborate a decrease in pKA for luciferin and F2-

luciferin (Figure IV.2). The calculated pKA for the 6’-hydroxyl of luciferin was 9.2. The pKA 

predicted by the Marvin Sketch software was in resonable agreement with an 

experimentally determined value of pKA 8.7 found in the literature.7 As expected, the 

calculated pKA for the 6’-hydroxyl from F2-luciferin was lower at 6.5, which is nearly 3 log 

units below luciferin’s calculated pKA. These results suggest that F2-luciferin will be 

ionized near or at neutral pH, which should produce a higher luminescence. The 

ionization facilitates the electron donating capacity to the conjugated system which 

enhances luminescence. This behavior has been described for other chromophores and 

the fluorescence of luciferin.7, 15, 16 
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Figure IV.2 Computational pKA for luciferin (A) and F2-luciferin (B). 

Computation was performed using the Marvin Sketch Software.    
   

 

 Absorbance and fluorescence spectra of luciferin and F2-luciferin at pH 4 and pH 7. 

Previous studies have shown that the luciferin electronic properties are similar to that of 

the corresponding oxyluciferin. Additionally, investigating luciferin properties as a 

fluorophore can provide experimental insight that could help evaluate if the designed 

analogue will  have the desired BL.17, 18 Therefore, our next step was to carry out FL studies 

at an acidic and neutral pH to evaluate the capacity of F2-luciferin to produce higher 

luminescence intensity compared with luciferin (Figure IV.3). We investigated acidic and 

neutral pH values because in acidic conditions both molecules are protonated, whereas in 

neutral conditions luciferin is protonated while F2-luciferin is mostly ionized. We started 
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by measuring the absorbance of F2-luciferin and luciferin to determine the absorbance 

λmax, which was used to excite each molecule in fluorescence. Our results did not show a 

significant difference in absorbance maximum in the acidic environment; however, the 

fluorescence intensity for F2-luciferin was twice the value compared with luciferin. In 

contrast, at neutral pH there was a 30 nm redshift in the absorbance maximum compared 

to luciferin.  Impressively, the fluorescence intensity of F2-luciferin at neutral pH was 6 

times greater than luciferin. Taken together, these results indicate that F2-luciferin is a 

better fluorophore at neutral pH than luciferin.  
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Figure IV.3 Absorbance and fluorescence spectra of luciferin ( ) and F2-luciferin ( ) at pH 4 

and pH 7. Overlap of absorbance graphs at pH 4 (A), and pH 7 (B). Overlap of fluorescence graph 

at pH 4 (C) and pH 7 (D)  

Measurements were performed with each chromophore at the same concentration in 50 mM MES 

buffer at the designated pH. 
  

A C 

B D 
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 Bioluminescence intensity from luciferin and F2-luciferin. 

After verifying that the 5’,7’ fluorination decreased the pKA and produced a higher 

fluorescence at neutral pH, we evaluated the BL intensity of luciferin and F2-luciferin at 

pH 5.5 to 7.8 using luciferase. (Figure IV.4) The BL intensity of luciferin showed its 

characteristic behavior of decreasing intensity with decreasing pH. In contrast, F2-luciferin 

showed a bell-curve behavior within the pH range evaluated with optimum at 6.5. These 

results highlighted that optimum pH for the BL of luciferin and F2-luciferin is in close 

proximity to their respective pKA values. Furthermore, these results showed 1,000-fold 

drop in BL emission intensity from F2-luciferin compared to luciferin. 

 

Figure IV.4 The pH dependence of the bioluminescence intensity for luciferin (A) and F2-

luciferin (B) with luciferase.  

Readout was performed after manual injection of luciferase (to a final concentration of 1 nM) into 

a reaction mixture containing ATP, MgSO4 buffer and either luciferin or F2-luciferin (to a final 

concentration of 5 μM). Assays were performed in triplicate and error bars represent standard 

deviations within the replicates. The difference in the y-axis units is due to a change in the 

sensitivity of the instrument between the readings to detect lower BL from F2-luciferin. 
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Luciferases that have a 67% to 80% sequence identity to the P. pyralis have the capacity to 

oxidize luciferin and produce BL.19, 20 Among them, the luciferases from Japanese fireflies 

(Luciola cruciate and Luciola lateralis) have been modified to create a thermostable 

luciferase.21, 22 The thermostable luciferase retains 80% of luciferase activity at 50 °C after 

20 min and 65% after 60 min, which makes it a good luciferase alternative for in vivo 

studies. We evaluated the pH dependence of BL intensity of F2-luciferin and luciferin 

using the thermostable luciferase (Figure IV.6). Overall, the results showed the same 

pattern obtained using the luciferase from P. pyralis. Specifically, F2-luciferin had an 

optimum around pH 6 whereas the optimum for luciferin was closer to pH 8. These results 

suggested that the pH dependence of F2-luciferin is consistent within P. pyralis and luciola 

luciferases. 
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Figure IV.5 The pH dependence of the bioluminescence intensity from luciferin (A) and F2-

luciferin (B) with thermostable luciferase from Kikkoman.  

Measurements were made with final concentrations of substrates at 5 μM and luciferase at 25 nM. 

Assays were performed in triplicate and error bars represent standard deviations within the 

replicates. 

 

 

 The pH dependence of bioluminescence emission spectra for luciferin and F 2-luciferin. 

To further characterize F2-luciferin with luciferase we obtained the BL emission spectra at 

pH 5, 6, 7, 8, and compared the results with luciferin (Figure IV.4). At the acidic pH values 

of 5 and 6 the BL emission maxima were at 610 nm for both molecules. However, at pH 7 

the emission maximum for F2-luciferin was redshifted 30 nm relative to the maximum of 

luciferin (600 nm and 570 nm, respectively). At pH 8 the emission maxima coincided for 

both molecules at 560 nm, but F2-luciferin showed a broader redshifted peak.  
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Figure IV.6 Bioluminescence spectra from luciferin ( ) and F2-luciferin ( ) with luciferase at 

pH 5 (A), pH 6 (B), pH 7 (C), pH 8 (D).  

Data was normalized at λmax for each chromophore for easier visualization. 
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 Steady-state kinetic parameters for F2-luciferin. 

Collectively, results from the pH-dependence and BL intensity experiments using F2-

luciferin as a substrate showed a decrease in BL emission compared to luciferin. As 

mentioned in Chapter I, most luciferin analogues in the literature tend to be poor 

substrates for luciferase. To evaluate the enzymatic activity of luciferase with F2-luciferin, 

we determined the affinity constant (KM) and inhibition constant (Ki). Non-linear 

regression analysis was used to determine the KM of F2-luciferase with luciferase (Figure 

IV.7). The KM for F2-luciferin was 0.73 μM at its optimal pH, whereas luciferin had a KM of 

1.34 μM. 

 

Figure IV.7 Saturation plot for determining the KM of F2-luciferin at pH 6.5.  

The line represents the non-linear regression fit calculated through GraphPad Software. 
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To further investigate the interaction of luciferase with F2-luciferin, we decided to study 

it as an inhibitor of luciferase (Figure IV.8). Note that this experiment is possible due to 

the significantly low BL from F2-luciferin at this concentration and allows its used as an 

inhibitor. Our results showed that increased concentrations of F2-luciferin decreased the 

Vmax of the reaction (Figure IV.8.A). The apparent KM increased with increasing 

concentration of F2-luciferin, which indicated that F2-luciferin is a competitive inhibitor to 

luciferin. The calculated Ki for F2-luciferin was 1.56 μM, which shows moderate inhibition 

compared to product inhibitors. 

 

Figure IV.8 F2-luciferin luciferase inhibition plots effect on Vmax (A) and apparent KM (B).  

A) F2-luc concentration at 0.5 μM ( ), 1 μM ( ), 2 μM ( ), 10 μM ( ). Luciferin concentrations ranged 

from 0.1 to 25 μM. Reactions were initiated by adding luciferase to a final concentration of 1 nM to 

wells containing luciferin, cofactors: ATP, MgSO4, and MOPS buffer pH 7 for final concentrations 

of 1.5 mM, 10 mM, and 50 mM, respectively. The lines represent the non-linear regression fit 

calculated through GraphPad Software. B) Plot shows calculated apparent KM with F2-luciferin at 

the specific concentration used, 0.5, 1, and 2 μM. The 10 μM concentration was omitted to facilitate 

calculation since it induced more than 70% inhibition. 
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Using F2-luciferin and luciferin at their respective experimentally determined KM 

concentration and optimum pH, we compared the BL intensity emitted from each 

substrate. Results showed that F2-luciferin produced 12% BL intensity relative to luciferin. 

The measured BL intensity for F2-luciferin was similar to the 11% reported for 7’-fluoro-

luciferin, a fluorinated luciferin analogue reported in the literature.13 In contrast, 5’-fluoro-

luciferin, another fluorinated luciferin analogue, produced 86% BL intensity relative to 

luciferin.23 

 

Table IV.1 Steady state kinetics parameters for luciferase with luciferin and F2-luciferin  

 KM [μM] Ki [μM]* 

luciferin 1.34 --- 

F2-luciferin 0.73 1.56 
* Preliminary inhibition constant determined with four concentrations of F2-luciferin. 

 

 F2-luciferin docking and modeling in luciferase active site.  

To further explain the decrease in catalytic activity of F2-luciferin with luciferase, we 

turned to naïve docking simulations. Initially, we hypothesized that the 5’ and 7’ 

substitution of hydrogen for fluorine would not affect catalysis since both atoms are 

similar in size and these positions are far from to the catalytic site of the molecule 

(thiazoline moiety, Figure I.2) We compared the simulation results, from the docking 

model, to the crystallographic structure from the luciferase-luciferin active site. The 
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computational results confirmed that the 5 most energetically-favorable conformations of 

luciferin aligned with the reference crystal structure (Figure IV.9.A). However, the most 

energetically favorable conformation of luciferin did not directly overlay with the 

luciferin coordinates in the crystal structure (Figure IV.9.A). These results validated the 

model and allowed us to evaluate the docking of F2-luciferin into the active site. The 

preliminary simulation for F2-luciferin showed that the most energetically-favorable 

conformations did not align with the reference crystal structure (Figure IV.9.B). Instead, 

it showed F2-luciferin binding in the opposite direction within the binding site. These 

results suggest an opportunity to design in silico the binding site of luciferase to promote 

F2-luciferin use as its substrate. Further and detailed simulations are needed to evaluate 

the interaction within the active site and F2-luciferin. Furthermore, simulations with F2-

luciferin, adenylated-F2-luciferin and F2-oxyluciferin can potentially be descriptive of the 

overall reaction and assist the engineering of luciferase to accept F2-luciferin as its 

substrate. 
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Figure IV.9 Most favorable docking conformation from luciferin (A) and F2-luciferin (B).  

PDB-ID: 4G36 was used to docked luciferin and F2-luciferin. The gray surface area denotes the 

adenylated-luciferin analogue from the original PDB. 
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IV.3 Discussion 

The work presented here showed the performance of F2-luciferin as a substrate of 

luciferase for higher BL emission intensity, relative to luciferin, at neutral pH. We focused 

on decreasing the pKA of the 6’-hydroxyl group in luciferin to influence the ionization 

behavior of the molecule at neutral pH, to provide pH independent BL emission. We 

verified one of our hypotheses that postulated a higher fluorescence emission intensity 

for F2-luciferin compared with luciferin. Through studies of F2-luciferin as a fluorophore 

we confirmed that F2-luciferin was a better fluorophore at neutral pH compared with 

luciferin. 

We found a correlation between the pKA values of the 6’-hydroxyl groups of F2-luciferin 

and luciferin and their optimum pH for BL. Our results showed that F2-luciferin had an 

acidic shift in optimum (pH 6.5) relative to the luciferin (pH 7.8). Interestingly, the 

optimum pH for F2-luciferin coincided with the computationally determined pKA of its 6’-

hydroxyl group (pKA 6.5). To our knowledge, there is no previous report in literature 

suggesting an association between the pKA of the 6’-hydroxyl group and optimum pH for 

BL emission. We found several luciferin analogues in the literature for which 

experimentally determined pKA values and optimum pH values for BL were reported and 

compiled them in Table IV.2. These values suggest a relationship between pH dependence 

of the luciferase-luciferin reaction and the pKA of 6’-hydroxyl group. Specifically, 
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naphthyl-luciferin and quinolyl-luciferin showed a strong agreement between their pKA 

values (9.4 and 8.5, respectively) and their optimum pH values for BL (9.3 and 8.6, 

respectively).24 Furthermore, studies with mono-fluorinated and -chlorinated luciferin 

analogues prepared for BL assays at acidic conditions showed a similar trend.13 

Collectively, the proposed relationship between pKA of the 6’-hydroxyl group and 

optimum pH of the molecule for BL could be utilized in the development new luciferin 

analogues.  

It has been proposed that hydrogen bonds are responsible for stabilizing the ionized 6’-

hydroxyl group for the characteristic green (562 nm) BL emission from the luciferase-

luciferin reaction.25 Recently, Branchini et al. proposed the role of hydrogen bonds in the 

stability of the ionized 6’-hydroxyl group during the generation of the excited state.26 In 

the context of the proposed pKA-optimum pH relationship, we speculate that the 

hydrogen bond might play a role in the generation of the singlet excited state of 

oxyluciferin when the pKA of the 6’-hydroxyl group and pH of the solution are similar. 

Further investigations could lead to the development of luciferin analogues with high BL 

intensity at desired pH values. 
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Table IV.2 Luciferase substrates with the pKA of the 6’-hydroxyl and the pH for optimum BL 

intensity in close proximity. 

 pKA of 6’-hydroxyl BL optimum pH Reference 

luciferin 

 

8.7 8.5 1 

naphthyl-luciferin 

 

9.4 9.3 24 

quinolyl-luciferin 

 

8.5 8.6 24 

7’-chloro-5’allyl-luciferin 

 

6.7 7.0 13 

7’-fluoro-luciferin 

 

7.1 8.0 13 

7’-chloro-luciferin 

 

6.7 7.4 13 

F2-luciferin 

 

6.5 6.0-6.5 27 
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We highlighted the opportunity for engineering the active site of luciferase to improve 

functionality with luciferin analogues, especially F2-luciferin. Results from recent studies 

using halogenated luciferins suggested that substitutions at the 4’ and 7’ positions were 

in close proximity to the enzyme backbone.28 Analysis of modeling F2-luciferin within the 

active site showed that the 7’ fluorinated substitution is in close proximity to the protein 

and may impact the activity of luciferase (Figure IV.10). Alternatively, the literature 

suggests that a single halogenated substitution at the 5’ position does not cause a drastic 

negative effect on the BL production with wild-type luciferase. Results from the 

evaluation of 5’-F, 7’-F, 5’-Br, and 7’-Br substituted luciferins showed that a substitution 

only at the 5’ position did not have a significant effect (relative to the 7’ substitution) on 

luciferase activity.13, 28 Specifically, the 5’ F and 5’ Br substituted luciferins retained 86% 

and 46% luciferase activity, respectively, compared with 11% and 3% for their respective 

7’ substitution counterparts. We speculate that the proximity of the 7’ position to the 

binding pocket may be involved in the reduced enzymatic activity and should be 

investigated further. Future work should focus on investigating permutations of any 

substitutions (avoiding the 7’ position) in combination with a luciferase library to 

maximize the BL intensity of the designed chromophores. 
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Figure IV.10 Illustration of luciferin (A) and F2-luciferin (B) within luciferase active site. 

The luciferin coordinates on the PBD-ID: 4G36 was used to position F2-luciferin in the active site. 

Illustration was developed in Chimera Software.   
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IV.4 Materials and methods 

 

 Materials and general methods 

Luciferin, MgSO4, and ATP were obtained from Sigma-Aldrich. The luciferin analogue F2-

luciferin was synthesized by Goutam Biswas, Ph.D. in our lab; a detailed synthesis and 

structure characterization can be found elsewhere.27 Prior to BL experiments, the working 

stock concentrations of F2-luciferin or luciferin were determined using a Nanodrop 2000c 

UV-Vis spectrophotometer with 2 μL of solution. The concentrations of each molecule 

were calculated using the extinction coefficient of luciferin (18.2 mM-1·cm-1 at 328 nm). 

Similarly, the concentration of luciferase was determined using a reference value for its 

extinction coefficient (45.6 mM-1·cm-1 at 278 nm).29-31 MOPS and MES buffer stock solutions 

were prepared at 1 M and stored at room temperature. Working buffer solutions were 

made at 0.5 M and adjusted to the designated pH using 5 M NaOH solution. Purified 

water (18.2 MΩ resistance) was used for all experiments. All experiments were carried out 

at room temperature. All experiments were run in triplicate to obtain a mean and standard 

deviation. 
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 Computational pKA  

The pKA of the 6’-hydroxyl from luciferin and F2-luciferin was calculated using the 

calculator plugins from Marvin Sketch 14.7.28, 2014.  

 

 Absorbance and fluorescence measurements 

The absorbance and fluorescence of luciferin and F2-luciferin were measured in 20 μM 

MES at pH 4 (acidic) and in 10 mM MOPS at pH 7 (neutral). Absorbance and fluorescence 

measurements were taken for the same sample. Absorbance measurements were taken 

using standard 10 mm quartz cuvettes in a Cary-Vis spectrophotometer. Fluorescence 

measurements were taken using black 96-well plates at λex = 328 nm and 365 nm, for 

luciferin and F2-luciferin respectively, in a BioTek Synergy Mx microplate reader. 

 

 Assay for pH dependence of bioluminescence emission intensity and spectra  

A cocktail-mix containing the substrate (F2-luciferin or luciferin) and co-factors was 

prepared and aliquoted into white 96-well plates. To evaluate the pH dependence, Tris-

HCl was used for pH 8.0-7.0, MOPS for 6.0-6.9, and MES for pH 5.0-5.9. Final assay 

concentrations were: luciferin or F2-luciferin, 5 μM; ATP, 1 mM; MgSO4, 10 mM; and Tris-

HCl, MOPS, or MES, 50 mM.  
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For BL emission intensity, the reactions in each well were manually initiated immediately 

before measurement by loading 5 μL of luciferase (final concentration, 1 nM). The plates 

were introduced into the Synergy Mx microplate reader, the reaction proceed for 10 

minutes to reach steady state, and the BL was measured using the luminescence end-point 

reading in the software. 

For BL emission spectra, the reactions in each well were manually initiated immediately 

before measurement by loading 5 μL of luciferase (final concentration, 0.2 pM to 50 nM). 

The spectra were collected using a BioTek Synergy Mx microplate reader. Sensitivity of 

the photon-multiplier-tube in the plate reader was adjusted per manufacturer 

specifications to optimize acquisition. 

 

 Steady state kinetics parameters for luciferin and F2-luciferin. 

To investigate luciferin and F2-luciferin affinity and inhibition constants the methods 

followed were the same as Chapter II, Section II.4.3.    

 

 Preliminary docking  

The crystal structure of luciferase and adenylated-luciferin analog from P. pyralis was 

obtained from the Protein Data Bank (PBD code 4G36) and used for docking simulations. 
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The amino acids of luciferase 10 Å away from the luciferin, were modeled without 

solvents, counterions, and substrates. Affinity grids on the active site were constructed 

using AutoGrid4. The isotropic grid map consisted of 40-x, y, z grid points with 0.603 Å 

spacing.  

AutoDock4 was used to simulate docking of luciferin or F2-luciferin into the active site of 

luciferase. The following constraints were used for docking: (i) the active site structure 

was kept rigid and the luciferin bond C3-C6 was allowed to rotate; and, (ii) five amino 

acids (His245, Phe247, Arg218, Ser347, Ala348) within proximity of the benzothiazoline 

moiety were left able to rotate and adjust to simulate some of the enzyme plasticity.30 

Docking was performed using a global genetic algorithm combined with local 

minimization (VEGA ZZ Software) and Lamarckian genetic algorithm to explore the 

ligand conformational space. Final docking conformations were clustered with a 2 Å 

tolerance as root mean square deviation. Of the resulting conformations, we selected those 

which resembled the crystal structure of the bound ligand-receptor pair. 
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 The characterization of iodinated oxyluciferin analogues as 

sensitizers of molecular oxygen. 

 

 

V.1 Introduction 

Efforts in the luciferase-luciferin system are focused on creating versatile luciferase-

luciferin pairs that broaden the scope for cell and molecular research. Currently, most of 

the technology developed for cell and molecular research is based on external energy 

excitation of chromophores. Indeed, there are applications where external energy 

excitation remains the method of choice, e.g. generating singlet oxygen (1O2); however, 

these applications also present an opportunity to implement the luciferase-luciferin 

system. Many studies have shown that 1O2 is an important intermediate in the detrimental 

oxidation of biomolecules, which has great potential for targeted biomolecule removal 

strategies.1, 2 In fact, the generation of 1O2 within cells has been broadly used for cell 

ablation (i.e. selective cell death).3-6 Cell ablation is used to investigate the role of a cell 

within a given environment. This technique expands the knock-out gene strategy where, 

instead of determining the role of an absent gene, the absence of ablated cell(s) is 

investigated. Selective killing of cells has been useful to investigate cell and tissue 

development or function.3, 7-14 Thus, the unprecedented use of the BL reaction to produce 

1O2 could help broaden the scope of BL. 
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Localization of 1O2 is a key challenge in cell ablation studies.  The high reactivity, high 

cytotoxicity, and short life of 1O2 detrimentally reacts with any biomolecule within a 20-

nanometer radius from where it is generated.15-17 Photodynamic therapy (PDT), a cell 

ablation application, relies on generating 1O2 within cells and is currently used to kill 

cancer cells.18-20 PDT uses a photosensitizer that, upon excitation, undergoes intersystem 

crossing to triplet excited state and interacts with molecular oxygen to form 1O2.6, 21, 22 

Known challenges for PDT are target specificity and localized delivery of the 

photosensitizers in order to avoid affecting healthy cells or tissue.23 Furthermore, PDT 

faces the challenge associated with light penetration through tissue to excite the 

photosensitizer, which limits its applications to superficial treatments.   A homolog of 

green fluorescent protein, KillerRed, was the first fully genetically-encoded 

photosensitizer described to kill 40-60% HEK293T cells upon excitation in vitro. Follow-

up studies focused on developing fluorescence-based genetically-encoded probes to 

increase the generation of 1O2 per excitation period.4, 24-27 

Currently, the available probes capable of producing 1O2 to selectively kill cells need an 

external energy source, such as laser excitation or energy transfer, to excite a 

photosensitizer. For example, probes have used the energy from the BL reaction to excite 

hypericin and Rose Bengal photosensitizers.28-31 Carpenter et al. reported that BL induced 

activation of hypericin had an antiviral effect on equine infectious anemia virus. Similarly, 

Theodossiou et al. investigated excitation of Rose Bengal by BL for PDT on cancer cells in 
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vitro. They reported that luciferase-expressing-cancer-cells incubated with Rose Bengal (3 

hours at 10 µM) and subjected to BL for 24 hours showed approximately 75% decrease in 

cell survival. Furthermore, in a more recent study, Yun et al. used a Renilla luciferase 

mutant (RLuc8.6) and Rose Bengal to produce 1O2 through bioluminescence resonance 

energy transfer (BRET). The authors conjugated 2-5 molecules of RLuc8.6 and 2 Rose 

Bengal molecules to bovine serum albumin (BSA), verified the production of 1O2 using 

singlet oxygen sensor green (SOSG), and utilized a cell-penetrating-peptide delivery 

system to facilitate cell internalization of the conjugate. SOSG is commonly used to probe 

1O2 since the FL of SOSG is proportional to 1O2 concentration. The results from this study 

showed a 40% decrease in cell survival from the BRET-produced 1O2. Similarly, Wu et al.  

demonstrated the potential of PDT using BRET with P. pyralis luciferase linked to a 

biodegradable nanoparticle carrying Rose Bengal, which significantly decreased tumor 

growth in vivo.31 Despite the efficacy shown, these systems are limited by the complexity 

of the photosensitizer systems as well as the energy transfer mechanisms. 

Here we take preliminary steps for the concept of luciferase-luciferin reaction system that 

could generate highly localized 1O2 through a genetically encoded probe. To our 

knowledge, the development of a firefly luciferin analogue to produce 1O2 is unknown. 

We envisioned a 5’,7’-diiodo-luciferin (I2-luciferin) to promote intersystem crossing from 

an excited singlet state into a triplet excited state when oxidized to 5’,7’-diiodo-

oxyluciferin (I2-oxyluciferin) by luciferase. We hypothesized that a double iodination to 
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oxyluciferin could provide the “heavy atom effect” that promotes intersystem crossing 

and generate triplet state emission.32 Ideally, the energy from the triplet excited state of I2-

oxyluciferin is transferred directly to molecular oxygen in the triplet ground state, 

resulting in the production of 1O2. Compared with previous strategies that involve BL to 

produce 1O2, our system reduces the convoluted challenges associated with multi-

molecule conjugates and multi-step energy transfer processes. Furthermore, our system 

also avoids known challenges of current 1O2 sensitizers: energy transfer for excitation, 

photobleaching, and intracellular delivery of a conjugated molecules. We started our 

work with I2-oxyluciferin to help pave the road to develop luciferin analogue 5’,7’-

diiodoluciferin (I2-luciferin) and the necessary mutated luciferase to maximize the 

production of 1O2 using a luciferase-luciferin pair.33  

We designed and synthesized additional oxyluciferins to systematically evaluate the 

production of 1O2. First, a known challenge with oxyluciferin is its triple chemical 

equilibrium, where six different ionization states of the molecule are possible. However, 

the current accepted emitter from the BL reaction is the keto-phenolate. Therefore, we 

designed and synthesized 5,5-dimethyl-5’,7’-diiodo-oxyluciferin (Me2-I2-oxyluciferin) 

which constrains the molecule to the keto form. Second, recent studies showed that 

luciferin analogues with bromine substitutions at the C5’ or C7’ lose approximately 97% 

or 54%, respectively, of luciferase activity (see Chapter 4, Section VI.3). Likewise, Prescher 

et al. suggested that luciferin analogues with single C4’ or C7’ substitutions lose 
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approximately 90% of activity with luciferase.34 Thus, there was also motivation to study 

the production of 1O2 caused by a single iodine substitution on oxyluciferin in addition to 

the double-substituted I2-oxyluciferin. We also synthesized 7’-iodo-oxyluciferin (I-

oxyluciferin). The synthesis of 5’-iodo-oxyluciferin and of the dimethylated derivative of 

I-oxyluciferin is more challenging but should also be studied in the future. 

In this study, we systematically evaluated the production of 1O2 by several oxyluciferins 

under UV irradiation to identify key molecular aspects that influence production of 1O2. 

Figure V.1 shows the molecular structure of oxyluciferin and the oxyluciferins discussed 

in this Chapter. We used a photoreactor to irradiate oxyluciferins, rather than using 

luciferase to convert the the luciferin analogues to oxyluciferin, to simplify the production 

of 1O2 and to demonstrate proof-of-concept. Our results showed that I2-oxyluciferin, Me2-

I2-oxyluciferin, and I-oxyluciferin produced 1O2 when irradiated. Furthermore, 1O2 

production was highest with Me2-I2-oxyluciferin compared with the other oxyluciferins 

evaluated. Our results from iodinated oxyluciferins demonstrated a first step towards the 

development of iodinated luciferin analogues.  
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Figure V.1 Chemical structures of oxyluciferin, I2-oxyluciferin, Me2-I2-oxyluciferin, and I-

oxyluciferin.  

 

V.2 Results 

We studied the optical properties of three oxyluciferin analogues: I2-oxyluciferin, Me2-I2-

oxyluciferin, and I-oxyluciferin, to evaluate the heavy atom effect conferred by the iodine 

substitution. The iodine substitution should promote intersystem crossing followed by 

energy transfer to molecular oxygen from the excited triplet state. The effect on the FL 

emission spectra of the oxyluciferin analogues and sensitization of molecular oxygen was 

used to study relaxation from the triplet state. Alternatively, emission from the triplet state 

can occur competitively through phosphorescence. Thus, the emission spectra were also 

analyzed for phosphorescence and the ability to sensitize 1O2. 
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 Keto-enol tautomerization analysis of I2-oxyluciferin and Me2-I2-oxyluciferin by 1H 

NMR. 

We started work with I2-oxyluciferin by verifying its chemical form and by investigating 

the keto-enol tautomerization using the 1H NMR method established by Naumov et al. 

Naumov et al. used the integration of the 5-CH singlet peaks at 4 and 6 ppm for the keto 

and enol forms, respectively, and quantified a keto-to-enol ratio for oxyluciferin.35 In 

acetonitrile, a polar aprotic solvent, Naumov et al. reported 40% keto form of oxyluciferin, 

which was the highest percentage among all solvents evaluated. We obtained 1H NMR 

spectra for I2-oxyluciferin and confirmed single peaks around 4 and 6 ppm (Figure V.2). 

Integration of 2H peak at 4.11 ppm resulted in 0.18 per proton, whereas integration of the 

6.48 ppm peak resulted in 0.97. Thus, the keto-to-enol ratio corresponded to 0.18:0.97 or 

approximately 20% keto to 80% enol form of I2-oxyluciferin in our solution. Since our goal 

was to study the optical properties of the I2-oxyluciferin analogue in its emitter form, we 

also synthesized and characterized Me2-I2-oxyluciferin. The Me2-I2-oxyluciferin enabled 

us to study the molecule in its emitter form. Thus, we characterized the optical properties 

of both I2-oxyluciferin and Me2-I2-oxyluciferin as well as their ability to generate singlet 

oxygen. 
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Figure V.2 1H NMR spectrum of I2-oxyluciferin in acetonitrile-d3. 

 

 Absorbance spectra of oxyluciferin, I2-oxyluciferin, Me2-I2-oxyluciferin, and I-

oxyluciferin. 

We measured the absorbance of our oxyluciferin analogues in acetonitrile since it favors 

the keto form of oxyluciferin, I2-oxyluciferin, and I-oxyluciferin. Our results showed a 

similar trend to oxyluciferin, the absorbance of the iodinated oxyluciferin analogues 

shows a small hypsochromic shift of the analogues relative to oxyluciferin (Figure V.3). 

The absorbance λmax were: 369 nm for oxyluciferin (Figure V.3, A), 368 nm for I2-
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oxyluciferin ((Figure V.3, B), 364 nm for Me2-I2-oxyluciferin (Figure V.3, C), and 366 nm 

for I-oxyluciferin (Figure V.3, D). Thus, the iodinated oxyluciferin analogues did not show 

a significant difference in λmax compared with oxyluciferin. The absorbance intensity of 

Me2-I2-oxyluciferin (Figure V.3, C) showed a decrease compared with the other 

oxyluciferins. To continue characterization of the iodinated oxyluciferin analogues, the 

absorbance maximum for each molecule was used to excite FL emission and 1O2 

production studies. Table V.1 summarizes the absorbance λmax of each molecule.  
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Figure V.3 Absorbance spectra for oxyluciferin (A), I2-oxyluciferin (B), Me2-I2-oxyluciferin (C), 

I-oxyluciferin (D) in acetonitrile.  

The concentration for all molecules was 50 μM. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

200 250 300 350 400 450 500

A
b
s
o
rb

a
n
c
e
 [

a
.u

]
wavelength [nm]

0

0.15

0.3

0.45

0.6

200 250 300 350 400 450 500

A
b
s
o
rb

a
n
c
e
 [

a
.u

]

wavelength [nm]

0

0.1

0.2

0.3

0.4

200 250 300 350 400 450 500

A
b
s
o
rb

a
n
c
e
 [

a
.u

]

wavelength [nm]

D 

C 

0

0.2

0.4

0.6

0.8

1

1.2

200 250 300 350 400 450 500

A
b
s
o
rb

a
n
c
e
 [

a
.u

.]

wavelength [nm]

A B 



143 

 Fluorescence emission of oxyluciferin, I2-oxyluciferin and Me2-I2-oxyluciferin. 

We studied the FL emission of our oxyluciferin analogues for indication of the heavy atom 

effect induced by the iodine substitution. Emission from the triplet state can be identified 

by a bathochromic shift, a phosphorescence signal, and a reduce emission intensity. 

Therefore, we evaluated the FL emission of I2-oxyluciferin and Me2-I2-oxyluciferin in 

acetonitrile. Characterization of the FL emission of I-oxyluciferin was omitted since it was 

synthesized specifically to evaluate 1O2 production. The FL spectra showed that I2-

oxyluciferin and Me2-I2-oxyluciferin lost a significant amount of FL emission intensity 

compared with oxyluciferin. (Figure V.4) Since the FL emission of Me2-I2-oxyluciferin was 

weak, we increased the integration time and slit opening to obtain finer detail of the 

spectral characteristics. The spectrum for each molecule was then normalized to facilitate 

comparison. Results for the normalized spectra showed a bathochromic shift of 34 nm in 

the emission maximum for Me2-I2-oxyluciferin compared with oxyluciferin. (Figure V.5) 

In contrast, the emission maximum for I2-oxyluciferin overlapped with oxyluciferin. 

Furthermore, the emission spectrum for Me2-I2-oxyluciferin had a broader maximum peak 

compared with oxyluciferin and I2-oxyluciferin. A peak at 738 nm was seen for Me2-I2-

oxyluciferin, but not for oxyluciferin, and only an extremely small trace obtained for I2-

oxyluciferin. (Figure V.5) 
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Figure V.4 Fluorescence emission spectra for oxyluciferin (A), I2-oxyluciferin (B), and Me2-I2-

oxyluciferin (C) in acetonitrile.  

The concentration for all molecules was 50 μM. 
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Figure V.5 Normalized fluorescence emission spectra for oxyluciferin (A), I2-oxyluciferin (B), 

and Me2-I2-oxyluciferin (C) in acetonitrile.  

The spectrum for Me2-I2-oxyluciferin was obtained using increased integration time and slit 

opening. The concentration for all molecules was 50 μM. 

 

Subsequently, we investigated the FL emission of I2-oxyluciferin in oxygen-free solvent to 

eliminate the possibility of interaction of the excited triplet state with dissolved molecular 

oxygen, by using acetonitrile that had been bubbled with nitrogen. Results for the FL 

emission of I2-oxyluciferin showed a similar emission peak at 430 nm in both acetonitrile 

and deoxygenated acetonitrile but higher intensity in acetonitrile. (Figure V.6, A) In 

contrast, shoulder peaks at approximate 612 nm and 738 nm had an increase in emission 

intensity when measured in deoxygenated acetonitrile. (Figure V.6, B) We speculate that 

these bathochromic peaks could come from either a weak phosphorescence or an overtone 

from the monochromator of the instrument.  
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Figure V.6 Fluorescence emission spectra of I2-oxyluciferin in acetonitrile (A) and deoxygenated 

acetonitrile (B), bottom graph highlights the peaks above 600 nm.  

The concentration for I2-oxyluciferin was 50 μM in all measurements. Deoxygenated acetonitrile 

was obtained by bubbling acetonitrile with nitrogen for 30 minutes. 

  

0.0

0.5

0.9

1.4

1.8

2.3

400 500 600 700 800 900

R
e
la

ti
ve

 
F

lu
o
re

s
c
e
n
c
e
 U

n
it
s

x 104

wavelength [nm]

A

B

0.0

0.9

1.7

2.6

3.4

4.3

400 500 600 700 800 900

R
e
la

ti
ve

 
F

lu
o
re

s
c
e
n
c
e
 U

n
it
s

x103

wavelength [nm]

A

B



147 

Likewise, we measured the FL emission of Me2-I2-oxyluciferin in acetonitrile and 

deoxygenated acetonitrile. Our results showed a dramatic increase in emission intensity 

of Me2-I2-oxyluciferin at 464 and 738 nm in deoxygenated acetonitrile (Figure V.7. The 

peaks at 464 and 738 nm showed a 40% and 83% emission increase, respectively. These 

results supported our initial hypothesis, where the removal of oxygen from the solvent 

should decrease the possible 1O2 production by triplet state energy transfer to molecular 

oxygen, thereby increasing the FL intensity. Due to the molecular oxygen dependence, we 

speculate that the emission peak at 738 nm in deoxygenated acetonitrile could be 

phosphorescence emission of the oxyluciferin analogue. Comparison of the emission 

intensity at 738 nm for I2-oxyluciferin and Me2-I2-oxluciferin in deoxygenated acetonitrile 

showed a much higher emission for Me2-I2-oxluciferin. This difference could be due to the 

exclusive keto form of Me2-I2-oxluciferin. As discussed in section V.2.1, the keto-to-enol 

ratio of I2-oxyluciferin was 20:80 in acetonitrile. Therefore, it is reasonable to speculate that 

the higher emission intensity for Me2-I2-oxyluciferin compared with I2-oxyluciferin could 

be related to the 100% and 20% keto form percentage for each molecule, respectively. The 

absorbance maxima as well as the emission peaks for oxyluciferin, I2-oxyluciferin, Me2-I2-

oxyluciferin, I-oxyluciferin measured in acetonitrile are tabulated in Table V.1.  
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Figure V.7 Fluorescence emission spectra of Me2-I2-oxyluciferin in acetonitrile and 

deoxygenated acetonitrile.  

The concentration for Me2-I2-oxyluciferin was 50 μM in all measurements. Deoxygenated 

acetonitrile was obtained by bubbling acetonitrile with nitrogen for 30 minutes. 
 

 

 

Table V.1 Summary of absorbance λmax and emission peaks for oxyluciferin, I2-oxyluciferin, 

Me2-I2-oxyluciferin, I-oxyluciferin measured in acetonitrile. 
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 Singlet oxygen formation by I2-oxyluciferin and Me2-I2-oxyluciferin 

To assess the production of 1O2 for our oxyluciferin analogues we used the SOSG assay 

which is highly selective to 1O2. The SOSG reagent has a weak blue FL emission, and upon 

interaction with 1O2 the chromophore yields a strong green (526 nm) FL emission. 

Consequently, is able to quantify the 1O2 produced by sensitizers. We optimized the SOSG 

assay using a known photosensitizer, Rose Bengal, to evaluate the production of 1O2. We 

then use it to measure 1O2 productions with the iodinated oxyluciferin analogues. As a 

first step, we measured the production of 1O2 using SOSG as a function of green LED 

irradiation time and Rose Bengal concentration. Our results showed that the production 

of 1O2 increased with LED irradiation time and concentration of Rose Bengal (Figure V.8). 

The proportional response for Rose Bengal was observed even at low concentrations of 

0.5 μM and much higher for 2.5 to 10 μM. 
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Figure V.8 Singlet oxygen produced by Rose Bengal during irradiation over time.  

Singlet oxygen production was measured by the FL of SOSG, which was at constant concentration 

of 1 μM. Rose Bengal was excited using green LEDs (emission at 510-520 nm) in a photoreactor. 

Rose Bengal used at concentrations: 0 μM (A), 0.5 μM (B), 1 μM (C), 2.5 μM (D), 5 μM (E), and 10 

μM (F).   
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Sensitization of molecular oxygen to produce 1O2 by I2-oxyluciferin and Me2-I2-

oxyluciferin was evaluated using SOSG and UV irradiation within a photoreactor. To 

irradiate I2-oxyluciferin we used UV-black light fluorescence lamps, with a similar setup 

to the irradiation of Rose Bengal, to investigate the concentration dependence and 

irradiation time for 1O2 produced. Like the results for Rose Bengal, results for I2-

oxyluciferin showed that the production of 1O2 increased with increasing analogue 

concentration and irradiation time (Figure V.9). However, the proportional increase with 

irradiation time and concentration of I2-oxyluciferin was only true for concentrations from 

2.5 μM to 10 μM but not for 0.5 and 1 μM. Note that data is not shown for low 

concentrations because the inability to generate 1O2 leaves SOSG unoxidized and 

susceptible to UV irradiation which changes its photochemical properties.36, 37 Results for 

Me2-I2-oxyluciferin also showed an increase in 1O2 with increasing analogue concentration 

and UV irradiation time (Figure V.10). The fact that a lower concentration of Me2-I2-

oxyluciferin can produce 1O2 indicated that Me2-I2-oxyluciferin is a good oxygen sensitizer. 

It should be noted that our results for I2-oxyluciferin and Me2-I2-oxyluciferin cannot be 

directly compared with the results for Rose Bengal due to differences in the irradiation 

source and associated source intensity.  
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Figure V.9 Singlet oxygen produced by I2-oxyluciferin during irradiation.  

Singlet oxygen production was measured by the FL of SOSG, which was at a constant concentration 

of 1 μM. A photoreactor with UV-black light fluorescence lamps was used to excite I2-oxyluciferin 

at concentrations of 0 μM (A), 2.5 μM (B), 5 μM (C), and 10 μM (D). 
 

 

0.0

1.5

3.0

4.5

6.0

7.5

9.0

0 60 120 180 240 300 360 420

F
lu

o
re

s
c
e
n
c
e
 o

f 
S

O
S

G
 e

x
: 

4
8
8
 n

m
 e

m
: 
5
2
6
 n

m

x 103

time [sec]

A

B

C

D



153 

  

Figure V.10 Singlet oxygen produced by Me2-I2-oxyluciferin during irradiation.  

Singlet oxygen production was measured by the FL of SOSG, which was at a constant concentration 

of 1 μM. A photoreactor with UV- black light fluorescence lamps was used to excite Me2-I2-

oxyluciferin at concentrations of 0 μM (A) 0.5 μM (B), 1 μM (C), 2.5 μM (D), 5 μM (B), and 10 μM 

(F).  
 

 

 Evaluation of I-oxyluciferin as a molecular oxygen sensitizer.  

Production of 1O2 by I-oxyluciferin was measured using SOSG and UV irradiation, and 

compared with I2-oxyluciferin to investigate the effect of a single iodine compared with 

double iodination. We first measured the production of 1O2 by both oxyluciferins at 
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showed a much higher production of 1O2 by the double iodinated compound compared 

with the single iodinated analogue at all concentrations (Figure V.11). Specifically, at a 

concentration of 10 μM for both sensitizers, I-oxyluciferin produced 57% of 1O2 compared 

with I2-oxyluciferin. Furthermore, the production of 1O2 by 2 and 5 μM of I-oxyluciferin 

was similar, indicating that the assay is not sensitive enough to distinguish between these 

concentrations. Thus, we evaluated the dependence of 1O2 production on irradiation time 

at a fixed concentration of 10 μM for both oxyluciferins. Our results showed a lower 1O2 

yield for I-oxyluciferin compared with I2-oxyluciferin (Figure V.12). Collectively, these 

results indicated that a double iodination at the 5’ and 7’ positions of oxyluciferin is 

associated with a much higher oxygen sensitization ability compared with the 

oxyluciferin substituted with a single iodine at the 7’ position. However, as discussed in 

Chapter 4, Section IV.3, the double substitutions at the 5’ and 7’ positions of luciferin could 

interfere with the overall activity of the enzyme. Thus, to maximize the heavy atom effect 

demonstrated by the double iodination of oxyluciferin, engineering of luciferase will be 

required to accommodate the luciferin analogue and promote catalysis for sensitization 

of oxygen. 

 



155 

 

Figure V.11 Singlet oxygen produced by I2-oxyluciferin and I-oxyluciferin for fixed irradiation 

time.  

Singlet oxygen production was measured by the FL of SOSG, which was at a constant concentration 

of 1 μM. I2-oxyluciferin (A) and I-oxyluciferin (B) were excited for 300 seconds using UV- black 

light fluorescence lamps in a photoreactor. 
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Figure V.12 Singlet oxygen produced by 10 μM of I2-oxyluciferin and I-oxyluciferin during 

irradiation.  

Singlet oxygen production was measured by the FL of SOSG, which was at a constant concentration 

of 1 μM. I2-oxyluciferin at 0 μM (A), 10 μM (B) and 5 μM (C), and I-oxyluciferin at 10 μM (D) were 

excited using UV- black light fluorescence lamps in a photoreactor.    
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We demonstrated proof-of-concept of the oxyluciferin triplet state energy transfer to 

molecular oxygen to sensitize oxygen. To do so, we systematically evaluated the 
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that the oxyluciferins: I2-oxyluciferin, Me2-I2-oxyluciferin, and I-oxyluciferin, were all able 

to produce 1O2 when irradiated in the photoreactor. The significance of oxyluciferin 

analogue generation of 1O2 demonstrates the feasibility of generating 1O2 through the 

luciferase-luciferin reaction.  

We showed that iodine substitution on oxyluciferin introduces a heavy atom effect that 

allowed the molecule to generate 1O2. From our oxyluciferin analogues, Me2-I2-

oxyluciferin showed the strongest bathochromic shift, reduced emission intensity, and 

highest sensitization of molecular oxygen. We attribute the behavior of Me2-I2-

oxyluciferin to its tautomerization state, which is by design entirely in the keto form. 

Interesting, I2-oxyluciferin, which exists primarily in the enol state, had a poor 

performance at these conditions. Furthermore, although a single iodination is more likely 

to work without the need to modify luciferase, we demonstrated that the heavy atom 

effect is improved for a double iodination compared with a single iodination of 

oxyluciferin. Collectively, we demonstrated successful sensitization of oxygen by our 

oxyluciferin analogues. However, to translate this capability to the luciferase-luciferin 

system, an engineered luciferase will be required to promote catalysis of I2-oxyluciferin 

for maximum sensitization of oxygen. 

We speculate that a luciferase-luciferin system comprised of an iodinated luciferin 

analogue and mutant luciferase can be developed to generate 1O2, thereby broadening the 

use of BL reaction in biomedical or biological research.  Recent advances in the BL field 
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have focused on developing luciferin analogues and mutated luciferase pairs to broaden 

the scope of BL.34, 38-40 Key work with brominated luciferin analogues also showed that 

catalysis from wild-type luciferase can be nearly eliminated 34, suggesting that the iodine-

substituted analogues may have no activity with the wild-type luciferase. Nevertheless, 

an iodinated luciferin and mutant luciferase pair could potentially enable in vivo deep 

tissue ablation studies, which are currently very challenging using the common 

fluorescence-based probes.41-44 Moreover, future work with the iodinated oxyluciferins 

can create the opportunity to selectively target luciferase-expressing cells and permit 

novel investigations using 2D and 3D in vitro assays, and in vivo models.  



159 

V.4 Materials and methods 

 

 General methods 

Solvents were obtained from commercial suppliers and used without purification. 

Oxyluciferin, I2-oxyluciferin, Me2-I2-oxyluciferin and I-oxyluciferin were synthesized and 

spectroscopically characterized by Zhijian Han, Ph.D. Stocks of oxyluciferin and iodinated 

oxyluciferins were prepared at 1 mM in acetonitrile and stored at -20 °C. Before each 

experiment, working stocks for all oxyluciferins were prepared at 0.1 mM with sonication 

to dissolve visible particles, and wrapped in aluminum foil to protect them from light. All 

experiments were carried out at room temperature and away from direct light. 

 

 1H NMR keto-enol tautomerization evaluation.  

The 1H NMR (400 MHz) spectra of I2-oxyluciferin and Me2-I2-oxyluciferin were obtained 

by Dr. Han. For estimation of the keto-enol tautomerization the 5-CH was used following 

a method established by Naumov et al. Briefly, we used the integration of the 5-CH singlet 

peaks at 4 ppm corresponding to the keto and 6 ppm to the enol form. The integration 

was then used to quantify a keto-to-enol ratio of oxyluciferin.35 
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 Optical spectroscopy 

Absorbance measurements for oxyluciferin and iodinated oxyluciferins were obtained as 

described in Chapter II, Section II.4. Each oxyluciferin was diluted in acetonitrile to 50 μM 

from its respective 1 mM solution.  

Fluorescence measurements for oxyluciferin and iodinated oxyluciferin samples were 

obtained using quartz cuvettes in a QM-400 Fluorometer from Horiba. Each oxyluciferin 

was diluted in acetonitrile to 50 μM from its respective 1 mM solution. A separate dilute 

solution of I2-oxyluciferin or Me2-I2-oxyluciferin was bubbled with nitrogen gas for 30 

minutes to prevent the interaction of the triplet state with molecular oxygen. Excitation 

for each oxyluciferin was set based on absorbance λmax of each molecule (Table V.1). 

Fluorescence measurements for oxyluciferin and I2-oxyluciferin were carried out using an 

integration time of 0.1 seconds and 0.5 nm slit. Fluorescence measurements for Me2-I2-

oxyluciferin were carried out using an integration time of 1 second and 2 nm slit. 

 

 Singlet oxygen measurement using SOSG 

We used Singlet Oxygen Sensor Green (SOSG; absorbance λmax = 488 nm) to quantify the 

production of 1O2 by Rose Bengal, I2-oxyluciferin, Me2-I2-oxyluciferin and I-oxyluciferin. 

A stock solution of SOSG was prepared by adding 330 μL of methanol to commercial no-

weigh vials containing 100 μg of SOSG obtained from Thermo Fisher. The stock solution 
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was prepared at an approximate concentration of 500 μM and stored at -20 °C. Stock 

solutions of SOSG were further diluted in methanol to a working solution of 12 μM for 

Rose Bengal experiments or 100 μM solutions for I2-oxyluciferin and Me2-I2-oxyluciferin 

experiments. 

To excite Rose Bengal, we used a box with an array of green LEDs with 510 nm to 520 nm 

emission. Samples were prepared by adding 60 μL solution of 1 mM PBS containing 1 μM 

SOSG and Rose Bengal at the desired concentration into a 384-black well plate. The Rose 

Bengal sample concentrations ranged from 0 to 10 μM. The black plates containing the 

samples were then irradiated by placing the LEDs box on top of the plate for the specified 

time. In contrast, iodinated oxyluciferins were excited using a Rayonet photoreactor with 

UV light provided by eight 8W black light fluorescent lamps (NEC. FL8 BL-B) and fitted 

with a mechanical carousel able to hold and rotate Pyrex-9820 culture tubes. The 

oxyluciferin analogues: I2-oxyluciferin, Me2-I2-oxyluciferin, or I-oxyluciferin 

concentrations ranging from 0.5 to 10 μM and SOSG at a fixed concentration of 1 μM were 

combined into 100 μL of 1mM PBS and added into the Pyrex tubes for irradiation for the 

specified time. After irradiation, the tubes were removed, the samples collected and 

transferred to 384-black well plates. Finally, the FL of SOSG with Rose Bengal, I2-

oxyluciferin, Me2-I2-oxyluciferin or I-oxyluciferin was measured in a plate reader set to an 

excitation of 488 nm and with emission intensity acquired at 525 nm. 
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 Conclusion 

 

Efforts to expand the BL scope through the luciferase-luciferin system from the firefly 

have been describe in this work. We have designed luciferin analogues aimed to improve 

the efficiency of luciferase, use the reaction a for thiol/disulfide redox probe, achieve 

higher BL at neutral pH, and investigated the possibility of 1O2 production from the 

reaction.  These aims were studied with d2-luciferin, S-luciferin, F2-luciferin, and the 

iodinated oxyluciferins analogues, I2-oxyluciferin, Me2-I2-oxyluciferin, I-oxyluciferin, 

which are discussed in the previous chapters.  

More specifically, our results with d2-luciferin showed that the deuteration was successful 

in decreasing the production of dehydroluciferin, a known inhibitor of the BL reaction.1, 2 

The BL reaction with d2-luciferin has a new ratio of 1 to 11 dehydroluciferin to oxyluciferin 

produced, compared to 1 to 5.25 with luciferin. However, these results did not reflect a 

high BL emission intensity as expected, when compared to luciferin. BL emission studies 

showed that over time there is a lower decay in BL from d2-luciferin compared to luciferin. 

Our results suggest that long-term BL in vivo or in vitro, where addition of Coenzyme A is 

not feasible, might benefit from using d2-luciferin.  

Many BL analyte probes have been created over the years using the luciferase-luciferin 

reaction from the firefly.3-11 However, to our knowledge there is no thiol-disulfide BL 
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probe that could be used in intact cell studies. Therefore, we designed S-luciferin which 

possesses the ability to interact with other sulfides within the cells and decrease BL as a 

signal of a reductive environment. Interestingly, S-luciferin proved to be a poor 

chromophore and poor substrate of luciferase. These results were explained through the 

thiol substitution that causes a decrease in the electron donating capacity necessary for 

emission. Furthermore, our results showed that S-luciferin is a strong inhibitor to 

luciferase and its BL intensity is 0.01% to that of luciferin.  

A known challenge of the luciferase-luciferin reaction is the pH dependence of both, the 

enzyme and the substrate. Previous studies have focused on targeting the pH dependence 

through luciferase mutants and luciferin analogues. However, most of them resulted in a 

decrease of enzymatic activity.12-14 Our studies with F2-luciferin, which was designed to 

drastically lower the pKA of the 6’-hydroxyl group and allow the molecule to be ionized 

during neutral pH, showed that it is a better chromophore at neutral pH compared to 

luciferin. However, as a substrate of luciferase, F2-luciferin has a high affinity but has a 

low turn-over rate, which translate to a low BL emission intensity.  

After our experience with the first three luciferin analogues, d2-luciferin, S-luciferin, and 

F2-luciferin, our next aim to broaden the scope of luciferase-luciferin reaction targeted the 

production of 1O2 as a product of the reaction. Our strategy to investigate the production 

of 1O2 through the luciferase-luciferin reaction started by using oxyluciferin analogues for 

proof-of-concept. Therefore, we designed iodinated oxyluciferin analogues and studied 
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their 1O2 production capacity independent of the enzyme environment and by UV 

irradiation. Our results showed that the iodinated oxyluciferin analogues were capable of 

generating 1O2. Furthermore, our overall experience with the luciferase-luciferin reaction 

will help us engineer a novel luciferase-luciferin pair capable of generating 1O2 using 

iodinated luciferin analogues.       
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