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ABSTRACT 

Spectroscopic and photophysical properties of firefly luciferin and oxyluciferin analogues with an 

amine substituent (NH2, NHMe and NMe2) at the C6’ position were studied based on absorption and 

fluorescence measurements. Their π-electronic properties were investigated by DFT and TD-DFT 

calculations. These compounds showed fluorescence solvatochromism with good quantum yields. An 

increase in the electron donating strength of the substituent led to the bathochromic shift of the 

fluorescence maximum. The fluorescence maxima of the luciferin analogues and the corresponding 

oxyluciferin analogues in a solvent were well correlated to each other. Based on the obtained data, the 

polarity of a luciferase active site was explained. As a result, the maximum wavelength of 

bioluminescence for a luciferin analogue was readily predicted by measuring the photoluminescence 

of the luciferin analogue in place of that of the corresponding oxyluciferin analogue. 

 

INTRODUCTION 

Firefly bioluminescence produces photons by a luciferin−luciferase (L−L) reaction, in which firefly 

luciferin (LH2) reacts with ATP and O2 under the enzymatic action of luciferase, to give oxyluciferin 

(OLH), CO2 and pyrophosphate (PPi) (Schemes 1A and B) (1,2). It is one of the characteristics of 

firefly bioluminescence to generate light that varies from green to red colors. The emission colors are 

dependent on different varieties of luciferases and conditions surrounding the reaction site, such as 

pH, coexisting metal ions, and temperature (3−13). It has been revealed that the light emitter is OLH. 

The luminescence properties of OLH and its analogues have been investigated to understand the color 
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modulation mechanism (14−34). Breakthrough evidence for the mechanism was reported using a 5,5-

dimethylluciferin adenylate, that is, the light emitter in the excited singlet (S1) state generated by the 

L−L reaction has a structure of the keto-phenolate anion (OL−, Scheme 1B) (35,36). Further studies 

on the spectroscopic properties of the phenolate anion of 5,5-dimethyl analogue of OLH supported the 

proposed mechanism (37). It was clarified that the physical properties of OL− in the S1 state were 

modulated both by the strength of the bonding interaction with a counter cation in the luciferase active 

site and the polarity of the active site environment. 

<Scheme 1> 

     To confirm the color modulation mechanism, we have been paying attention to aminoluciferin 

(1a), which is bioluminescence active and shows red emission by the L−L reaction with Photinus 

pyralis (Ppy) luciferase in a pH-independent manner (38). Our previous studies of the 5,5-dimethyl 

analogue of 1a (Scheme 1C) led to the conclusion that the S1 state of aminooxyluciferin (2a) in the 

keto form is the light emitting center of the L−L reaction of 1a (39,40). Because 2a will mainly exist 

as the enol form in solutions like OLH (31), 5,5-dimethyl analogue 3a is useful for predicting the 

spectroscopic property of the keto form of 2a (39). Based on the spectroscopic property of 3a, it was 

suggested that the amino (NH2) group of 2a works as an electron donating substituent toward the π-

electronic system for the polarized property of the S1 state showing fluorescence solvatochromism. 

Because the NH2 group is basic contrast to the acidic hydroxy (OH) group, the physical properties of 

the S1 state of 2a will be modulated only by the polarity of the luciferase active site (41). To support 

the suggested mechanism, it is required to understand the accurate photophysical property of the keto 

form of 2a by using 3a. 

     Furthermore, a variety of amine-substituted luciferin analogues such as amine-functionalized 

analogues (42,43), fluorophore conjugated analogues (44−46), π-modified analogues (47−50) and 

cyclic amine-fused analogues (51,52) were recently prepared, and their luminescence properties were 

investigated for imaging applications. For these studies, luciferin analogues 1b and 1c with the 

methylamino (NHMe) and dimethylamino (NMe2) groups, respectively, were investigated as standard 

substrates for the L−L reactions (44,45,51,52). Interestingly, the emission maxima (λbl) of the L−L 
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reactions of 1b and 1c with Ppy luciferase are red-shifted compared to that of 1a. While the emitting 

site on the L−L reaction of a luciferin analogue was the S1 state of the corresponding oxyluciferin 

analogue, the λbl value was evaluated based on the fluorescence property of the luciferin analogue in 

place of the oxyluciferin analogue (44, 52) considering the similarity of LH2 and OLH in the 

spectroscopic behaviors (16, 53). In fact, it was found that the fluorescence emission maxima (λfl) of 

the cyclic amine-fused luciferin analogues are linearly correlated with their λbl values (52). To confirm 

the relationship between the λbl and λfl values of a luciferin analogue, we require deep understanding 

of the spectroscopic properties of a luciferin analogue and the corresponding oxyluciferin analogue. In 

the present work, we investigated the spectroscopic and photophysical properties of luciferin 

analogues 1a-c and 5,5-dimethyloxyluciferin analogues 3a-c having the amine substituent. The 

Hammett σp values of the NH2, NHMe, and NMe2 groups are −0.66, −0.70, and −0.83, respectively, 

indicating the order of the electron donating strength of the substituent is NH2<NHMe<NMe2 (54). 

We were, therefore, able to systematically evaluate the spectroscopic and photophysical data for 1a-c 

and 3a-c based on the amine substituent effect on the electronic properties of their S1 states. The 

results were applicable to analyzing the λbl values of the L−L reactions of 1a-c with Ppy luciferase. 

 

MATERIALS AND METHODS 

General. Melting points were determined with a Yamato MP-21 apparatus. IR spectra were obtained 

with a Nicolet 6700 spectrometer with an ATR attachment. High-resolution electro-spray ionization 

(ESI) mass spectra were recorded on a JEOL JMS-T100LC mass spectrometer. 1H NMR spectra were 

obtained with a JEOL ECA-500 instrument (500 MHz). UV/visible absorption spectra were measured 

with Agilent Technologies Cary 60 spectrophotometer (scan speed, 600 nm/min; data interval, 1 nm). 

Fluorescence spectra and fluorescence quantum yields were measured with a Hamamatsu Photonics 

Quantaurus-QY absolute PL quantum yields measurement system. Fluorescence lifetimes (τf) were 

measured with a Hamamatsu Photonics Tau time-correlated single-photon counting fluorimeter 

system. Spectroscopic measurements were performed with sample solutions (1.0 × 10−5 mol/L) in a 

quartz cuvette (1 cm path length) at 25 ± 1 °C. Spectral-grade solvents were used for the 
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measurements of UV/visible absorption and fluorescence. Bioluminescence spectra were measured 

with an ATTO AB-1850 spectrophotometer (data interval, 1 nm). Density functional theory (DFT) 

calculations were performed with the Gaussian 09 program (Rev. D.01) (55). DFT includes the 

B3LYP functional with the 6-31+G(d) basis set (56−58). Molecular graphics were made with 

GaussView, Version 5 (59). 

     Preparation of luciferin analogues 1a-c and oxyluciferin analogues 3a-c. Luciferin analogues 1a-c 

and oxyluciferin analogues 3a and 3c were prepare according to the literatures (38,39,44,51). 

Oxyluciferin analogue 3b was synthesized from 2-cyano-6-methylaminobenzothiazole as followed. 

     Oxyluciferin analogue 3b. Ethyl 2-(ethoxycarbonothioylthio)-2-methylpropanoate (187 mg, 0.55 

mmol) was dissolved in ethylenediamine (2.8 ml) under Ar, and the reaction mixture was stirred at 

room temperature for 2 h. The reaction was quenched by adding saturated NH4Cl aqueous solution, 

and ethyl 2-mercapto-2-methylpropanoate was extracted with dichloromethane (50 mL × 2). The 

organic layer was washed with brine, dried over Na2SO4, and concentrated in vacuo. The yellow oily 

residue containing ethyl 2-mercapto-2-methylpropanoate (141 mg) was dissolved in dehydrated 

ethanol (4 mL) under Ar, and 2-cyano-6-methyaminobenzothiazole (50 mg, 0.27 mmol) and 

triethylamine (120 μL, 8.8 mmol) were added to the solution. After heating at reflux for 3 h, the 

cooled reaction mixture was concentrated in vacuo. The residue was purified by silica gel TLC twice 

[hexane/chloroform (1:2) and chloroform/ethyl acetate (2:1)], to give 3b (14 mg, 18%) as reddish 

brown crystals: mp 257−260 °C. δH (CDCl3) 1.72 (6 H, s), 2.95 (3 H, d, J 4.6 Hz), 4.36 (1 H, br s), 

6.86 (1 H, dd, J 2.3 Hz, J 8.9 Hz), 6.97 (1 H, d, J 2.3 Hz), and 7.94 (1 H, d, J 9.2 Hz). ν /cm−1 3384, 

2965, 2917, 1712, 1614, and 1552. m/z (ESI) Found: 292.0577 ([M+H]+). C13H14N3OS2 requires 

292.0578; Found: 314.0408 ([M+Na]+). C13H13N3NaOS2 requires 314.0398. 

 

RESULTS AND DISCUSSION 

Spectroscopic properties of luciferin analogues 1a-c and oxyluciferin analogues 3a-c. 

UV/visible absorption and fluorescence spectra of luciferin analogues 1a-c were measured in DMSO, 
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acetonitrile, 2-propanol, methanol, and water (Figure 1). Unfortunately, 1a-c showed low solubility in 

chloroform and benzene. UV/visible absorption and fluorescence spectra of oxyluciferin analogues 

3a-c were measured in p-xylene, benzene, chloroform, DMSO, acetonitrile, 2-propanol, and methanol 

(Figure 2). The analogues 3a-c were insoluble and unstable in water. The spectroscopic data of the 

absorption maxima (λab) of the lowest energy bands of the absorption and the fluorescence emission 

maxima (λfl) for 1a-c and 3a-c are summarized in Tables 1 and 2, respectively. In the case of luciferin 

analogues, the ranges of the λfl values in the used solvents are 472−520 nm for 1a, 486−534 nm for 

1b, and 500−562 nm for 1c, and their Φf values are over 0.23. In the case of oxyluciferin analogues, 

the ranges of the λfl values in the used solvents are 494−607 nm for 3a, 511−623 nm for 3b, and 

535−656 nm for 3c, and their Φf values are over 0.16. Interestingly, the λab and λfl values of 1a-c and 

3a-c show small red shifts with increasing the electron donating strength of the amine substituent, 

indicating that the amine substituents play a role in modulating the energy levels of the frontier 

orbitals of 1a-c and 3a-c. The solvent dependent variations of the λfl values of 1a-c and 3a-c are larger 

than those of λab values, indicating that the excited singlet (S1) states of both 1a-c and 3a-c have 

polarized character more than the corresponding ground (S0) states (39). 

<Figure 1> 

<Figure 2> 

<Table 1> 

<Table 2> 

     The energy values of Efl (in kcal mol−1) estimated from the λfl values of 1a-c and 3a-c were 

correlated with the ET(30) values (60) (Figure 3). The data for all compounds in DMSO show a 

significant deviation from the linear correlations, suggesting that strong solvating interactions 

between the solvent and the excited molecules affect the π-electronic stabilities of 1a-c and 3a-c. 

Thus, the correlations between the Efl and ET(30) values were analyzed by linear regression without 

the data in DMSO (dotted lines in Figure 3) expressed with equation (1). 

Efl = a ET(30) + b                                                            (1) 
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From the slope and the intercept of the line, the coefficients (a and b) were determined, respectively, 

and summarized in Table 3. The negative correlations (a < 0) indicate that the S1 states of 1a-c and 

3a-c have dipole character more than the corresponding S0 states. The electron donating strengths of 

the amine substituents of 1a-c and 3a-c clearly determine the Efl values and have an insignificant 

effect on the slopes of the linear correlations. 

<Table 3> 

<Figure 3> 

     Figure 4A shows the Efl values of 1a-c and 3a-c in acetonitrile plotted as a function of the 

Hammett σp values. Since the plots showed straight lines with positive slopes, it is shown that the Efl 

values of both 1a-c and 3a-c linearly decrease with an increase of the electron donating strength of the 

amine substituent. Therefore, the Efl values of 1a-c and 3a-c in a solvent will have linear correlation. 

Figure 4B shows the Efl values of 3a-c in acetonitrile, 2-propanol and methanol plotted as the 

functions of the Efl values of 1a-c in the same solvents. The plots showed straight lines as expressed 

with equation (2). 

Efl(3) = c Efl(1) + d                                                            (2) 

From the slope and intercept of the line, the values of c and d were, respectively, determined to be 1.2 

and −21 kcal mol−1 for acetonitrile, 1.4 and −35 kcal mol−1 for 2-propanol, and 1.1 and −18 kcal mol−1 

for methanol. The obtained c values are similar among these solvents. 

<Figure 4> 

 

Fluorescence lifetimes of luciferin analogues 1a-c and oxyluciferin analogues 3a-c. 

Fluorescence lifetimes (τf) of 1a-c in acetonitrile and water and 3a-c in benzene and acetonitrile are 

listed in Table 4. By using the τf and Φf values, the rate constants (kf) of the fluorescence emission 

process were estimated using the equation, kf = Φf τf
−1. The quantum yields (Φnr) and rate constants 

(knr) of the nonradiative decay processes were estimated with the equations, Φnr = 1−Φf and knr = Φnr 
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τf−1, respectively. The kf values of 1a-c and 3a-c are similar to each other (ca. 1−2 × 108 s−1), while the 

knr values are slightly varied by the difference in the amine substituents and in the solvents. Because 

the kf values of 3a-c are slightly greater than the knr values, 3a-c show great Φf values compared to 1a-

c. 

<Table 4> 

 

DFT calculations of luciferin analogues 1a-c and oxyluciferin analogues 2a-c and 3a-c. 

To analyze the relationship between the spectroscopic and the π-electronic properties of 1a-c and 3a-

c, DFT and TD-DFT calculations of 1−3 were carried out with the B3LYP/6-31+G(d) method (Table 

5). The NHMe group at the C6’ position of 1b, 2b and 3b provide two conformations I and II. The 

example for 1b is illustrated in Scheme 2. Thus, the data of the conformers I and II for 1b, 2b and 3b 

were also shown in Table 5. The heats of formation of I and II for 1b, 2b and 3b are similar to each 

other. The data are deposited in ESI as listed in Table S1. 

<Table 5> 

<Scheme 2> 

     The S0→S1 transitions of all the compounds are of π,π* for the main contribution of the HOMO→

LUMO configurations. The energy differences (ΔEH−L) between HOMO and LUMO and the 

wavelengths (λtr) estimated from the calculated transition energies support the observations that the λab 

and λfl values of 1a-c and 3a-c are red-shifted with an increase in the electron donating strength of the 

amine substituent. The increase of the electron donating strength of the substituent raises both the 

energy levels of HOMO and LUMO. In particular, the HOMO levels exhibit significant increases 

compared with the LUMO levels, resulting in decreases of the ΔEH−L value. 

     The calculated ΔEH−L values of 1a-c are greater than those of 3a-c. This result matches the 

observation that the λab and λfl values of 1a-c are blue-shifted compared to those of 3a-c. The 

difference in the ΔEH−L values is caused by the reason that the 4,5-dihydrothiazole ring of 1a-c have a 
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π-electronic conjugation smaller than the 4(5H)-thiazolone ring of 3a-c. To compare the π-electronic 

character of 1a-c and 3a-c, electronic distributions of the HOMOs and LUMOs of 1a-c and 3a-c are 

deposited in ESI (Figure S3). The HOMO and LUMO energy levels of 1a-c are higher than those of 

3a-c. In particular, the difference in the LUMO energy levels of 1a-c and 3a-c is greater than that in 

the HOMO energy levels. This difference in the LUMO energy levels is caused by the reason that the 

π-electronic distributions in the LUMOs of 3a-c are largely contributed from the thiazolone ring, 

whose π-conjugation is larger than the 4,5-dihydrothiazole ring of 1a-c. 

     The analogues 2a-c and 3a-c show similar values in each term of the calculated data (Table 5), 

indicating that the introduction of the two methyl groups at the C5 position of 2a-c has little effect on 

the π-electronic character of 2a-c as explained in the previous report on the 5,5-dimethyl analogue of 

OLH (37). In fact, the difference in the λtr values of 2a-c and 3a-c are less than 2 nm, supporting that 

the 5,5-dimethyl analogues 3a-c are useful compounds for predicting the spectroscopic properties of 

the keto form of 2a-c. 

     For the NHMe analogues 1b, 2b, and 3b, the difference in the π-electronic character of the 

conformers I and II were investigated. We regard the differences in the ΔEH−L and λtr values between 

I and II as being small. For instance, the conformers I and II of 1b have the λtr values being 368 and 

373 nm, respectively. 

 

Bioluminescence properties of luciferin analogues 1a-c. 

Bioluminescence properties of 1a-c with Ppy luciferase have been reported by several groups, 

showing that the emission maxima (λbl) of the L−L reactions of 1a-c are red-shifted with increasing 

the electron donating ability of the amine substituent (44,45,51,52). We reinvestigated the L−L 

reactions of 1a-c with Ppy luciferase in GTA buffer at pH 8.0 and 6.0, and obtained the reproduced 

result deposited in ESI (Figure S4). The λbl values are 595, 610, and 620 nm for 1a, 1b, and 1c, 

respectively, at pH 8.0 and 6.0. Because the excited light emitters generated by the reactions of 1a-c 

are the keto form of 2a-c (39,40), the λbl values of 1a-c are reasonably evaluated by the λfl values of 

3a-c in place of 2a-c. The λbl values are similar to the λfl values of 3a in 2-propanol (593 nm), 3b in 2-
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propanol (604 nm), and 3c in acetonitrile (621 nm), respectively. This result indicates that the S1 

states of 2a-c generated from 1a-c are stabilized by the microenvironments of the luciferase active site 

as they are by the solvation in 2-propanol and acetonitrile. Thus, the Efl−ET (30) plots in Figure 3 are 

useful as rulers for evaluating the polarity of a luciferase active site as proposed in the previous 

reports (39−41). 

     Figure 5 shows the energy values of Ebl (in kcal mol−1) estimated from the λbl values on the L−L 

reactions of 1a-c plotted as a function of the Efl value for 1a-c and 3a-c in acetonitrile. The plots 

showed straight lines as expressed with equation (3). 

Ebl = e Efl(1) + f                                                            (3) 

From the slope and intercept of the line, the values of e and f were, respectively, determined to be 

0.52 and 17 kcal mol−1 for 1a-c, and 0.43 and 26 kcal mol−1 for 3a-c. Because the Efl values of 1a-c 

and 3a-c in a solvent are linearly correlated to each other (Figure 4B), it is reasonable for the Ebl−Efl 

plots in Figure 5 to show good linear correlations. This result indicates that the S1 states of 2a-c 

generated from 1a-c locate at the similar position in the active site of Ppy luciferase, whose 

microenvironments provide a polarity equally stabilizing the π-electron systems of the excited 

molecules. Similar result was obtained for the cyclic amine-fused luciferin analogues (52). The results 

obtained in this work are adoptable for predicting the λbl value of bioluminescence from a luciferin 

analogue with the λfl of the photoluminescence in a particular solvent based on the similarity in the 

spectroscopic behaviors of luciferin analogues and the corresponding oxyluciferin analogues. 

<Figure 5> 

 

CONCLUSION 

We investigated the spectroscopic properties of luciferin analogues 1a-c and oxyluciferin analogues 

3a-c having the amine substituent (NH2, NHMe and NMe2) with the different electron donating 

strength. Their photophysical properties were analyzed by fluorescence lifetime measurements. All of 

1a-c and 3a-c show fluorescence solvatochromism with appreciably large Φf values. The fluorescence 
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solvatochromism is originated from strongly polarized character of the S1 state. The increase in the 

electron donating strength of the amine substituent for 1a-c and 3a-c leads to the bathochromic shift 

in the λfl value. The Efl values estimated from the λfl values of 1a-c and 3a-c are linearly correlated to 

the Hammett σp values. In addition, it was confirmed that the Efl values of 1a-c are linearly correlated 

to those of 3a-c. The substituent effect of the amine family on the π-electronic properties of the 

luciferin and oxyluciferin skeletons were reasonably explained by the DFT and TD-DFT calculation 

data. Based on the obtained spectroscopic data of 1a-c and 3a-c, we confirmed that the Ebl values 

estimated from the λbl values on the L−L reactions of 1a-c with Ppy luciferase are shown to be 

expressed with equation (3) as a function of the Efl value for 1a-c and 3a-c (Figure 5). The result 

supports the usefulness of the method to predict the λbl values of luciferin analogues with the λfl values 

of the luciferin analogues themselves in a particular solvent, when the S1 states of oxyluciferin 

analogues produced by the L−L reactions locate at a similar position in the luciferase active site. The 

conclusion of this study provides a theoretical guarantee to design a novel luciferin analogue for a 

desired purpose based on the fluorescence property of the luciferin analogue in place of the 

corresponding oxyluciferin analogue. 
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SUPPORTING INFORMATION 

Additional Supporting Information may be found in the online version of this article: 

Figure S1. Fluorescence decay curves of 1a (a and b), 1b (c and d) and 1c (e and f) in acetonitrile and 

water at 295 K. 

Figure S2. Fluorescence decay curves of 3a (a and b), 3b (c and d) and 3c (e and f) in benzene and 

acetonitrile 295 K. 
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Figure S3. HOMOs and LUMOs of 1a-c and 3a-c. The data of 1b and 3b are for the conformers I. 

Figure S4. Bioluminescence spectra for the L−L reactions of 1a-c with Ppy luciferase at (A) pH 8.0 

and (B) pH 6.0 at room temperature. 

Table S1. Heats of formation of 1−3 with DFT using B3LYP/6-31+G(d). 

Table S2. Cartesian Coordinates (in Å) of luciferin analogue 1a (R = NH2). 

Table S3. Cartesian Coordinates (in Å) of luciferin analogue 1b-I (R = NHMe). 

Table S4. Cartesian Coordinates (in Å) of luciferin analogue 1b-II (R = NHMe). 

Table S5. Cartesian Coordinates (in Å) of luciferin analogue 1c (R = NMe2). 

Table S6. Cartesian Coordinates (in Å) of oxyluciferin analogue 2b-I (R = NHMe). 

Table S7. Cartesian Coordinates (in Å) of oxyluciferin analogue 2b-II (R = NHMe). 

Table S8. Cartesian Coordinates (in Å) of oxyluciferin analogue 3b-I (R = NHMe). 

Table S9. Cartesian Coordinates (in Å) of oxyluciferin analogue 3b-II (R = NHMe). 

 

REFERENCES 

1. McElroy, W. D. and M.  DeLuca (1978) Chemistry of firefly luminescence. 

Bioluminescence in Action (Edited By P. J. Herring), pp. 109−127. Academic Press, 

London. 

2. Shimomura, O. (2012) The fireflies and luminous insects. Bioluminescence: Chemical 

Principles and Methods, rev. ed., pp. 1−30. World Scientific Publishing, Singapore. 

3. Seliger H. H. and W. D. McElroy (1964) The Colors of firefly bioluminescence: enzyme 

configuration and species specificity. Proc. Natl. Acad. Sci. USA 52, 75−81. 

4. DeLuca, M. (1969) Hydrophobic nature of the active site of firefly luciferase. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Biochemistry 8, 160−166. 

5. Wood, K. V., Y. A. Lam, H. H. Seliger and W. D. McElroy (1989) Complementary 

DNA coding click beetle luciferases can elicit bioluminescence of different colors. 

Science 244, 700−703. 

6. Viviani, V. R. (2002) The origin, diversity, and structure function relationships of insect 

luciferases. Cell. Mol. Life Sci. 59, 1833−1850. 

7. Nakatsu, T., S. Ichiyama, J. Hiratake, A. Saldanha, N. Kobashi, K. Sakata and H. Kato 

(2006) Structural basis for the spectral difference in luciferase bioluminescence. Nature 

440, 372−376. 

8. Viviani, V. R.,  F. G. C. Arnoldi, A. J. S. Neto, T. L. Oehlmeyer, E. J. H. Bechara and 

Y. Ohmiya (2008) The structural origin and biological function of pH-sensitivity in 

firefly luciferases. Photochem. Photobiol. Sci. 7, 159−169. 

9. Ando, Y., K. Niwa, N. Yamada, T. Enomoto, T. Irie, H. Kubota, Y. Ohmiya and H. 

Akiyama (2008) Firefly bioluminescence quantum yield and colour change by pH-

sensitive green emission. Nature Photonics 2, 44−47. 

10. Wang, Y., H. Kubota, N. Yamada, T. Irie and H. Akiyama (2011) Quantum yields and 

quantitative spectra of firefly bioluminescence with various bivalent metal ions. 

Photochem. Photobiol. 87, 846−852. 

11. Hosseinkhani, S. (2011) Molecular enigma of multicolor bioluminescence of firefly 

luciferase. Cell. Mol. Life Sci. 68, 1167−1182. 

12. Mochizuki, T., Y. Wang, M. Hiyama and H. Akiyama (2014) Robust red-emission 

spectra and yields in firefly bioluminescence against temperature changes. Appl. Phys. 

Lett. 104, 213704/1−213704/4. 

13. Hirano, T. (2016) Molecular origin of color variation in firefly (beetle) bioluminescence: 

a chemical basis for biological imaging. Curr. Top. Med. Chem., 16, 2638−2647. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

14. White, E. H., E. Rapaport, T. A. Hopkins and H. H. Seliger (1969) Chemi- and 

bioluminescence of firefly luciferin. J. Am. Chem. Soc. 91, 2178−2180. 

15. Suzuki, N., M. Sato, K. Nishikawa and T. Goto (1969) Synthesis and spectral properties 

of 2-(6-hydroxy-2-benzothiazolyl)-4-hydroxythiazole, a possible emitting species in the 

firefly bioluminescence. Tetrahedron Lett. 4683−4684. 

16. White, E. H., E. Rapaport, H. H. Seliger and T. A. Hopkins (1971) Chemi- and 

bioluminescence of firefly luciferin. Efficient chemical production of electronically 

excited states. Bioorg. Chem. 1, 92−122. 

17. Suzuki, N., M. Sato, K. Okada and T. Goto (1972) Firefly bioluminescence. I.  Synthesis 

and spectral properties of firefly oxyluciferin [2-(6'-hydroxybenzothiazol-2'-yl)-4-

hydroxythiazole], a possible emitting species in firefly bioluminescence. Tetrahedron 28, 

4065−4074. 

18. White, E. H., M. G. Steinmetz, J. D. Miano, P. D. Wildes and R. Morland (1980) 

Chemi- and bioluminescence of firefly luciferin. J. Am. Chem. Soc. 102, 3199−3208. 

19. Suzuki, N., T. Ueyama, Y. Izawa, Y. Toya and T. Goto (1983) Fluorescence and 

phosphorescence spectra of firefly and Cypridina oxyluciferins: a question for the 

multiplicity of the excited states produced in the bioluminescent systems. Heterocycles , 

20, 1027−1030. 

20. Gandelman, O. A., L. Y. Brovko, N. N. Ugarova and A. A. Shchegolev (1990) The 

bioluminescence system of firefly. A fluorescence spectroscopy study of the interaction 

of the reaction product, oxyluciferin, and its analogs with luciferase. Biokhimiya 

(Moscow) 55, 1052−1058. 

21. White, E. H. and D. F. Roswell (1991) Analogs and derivatives of firefly oxyluciferin, 

the light emitter in firefly bioluminescence. Photochem. Photobiol. 53, 131−136. 

22. Gandelman, O. A., L. Y. Brovko, N. N. Ugarova, A. Y. Chikishev and A. P. Shkurimov 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

(1993) Oxyluciferin fluorescence is a model of native bioluminescence in the firefly 

luciferin-luciferase system. J. Photochem. Photobiol. B 19, 187−191. 

23. Gandelman, O. A., and L. Y. Brovko, A. Y. Chikishev, A. P. Shkurinov and N. N. 

Ugarova (1994) Investigation of the interaction between firefly luciferase and 

oxyluciferin or its analogs by steady state and subnanosecond time-resolved fluorescence. 

J. Photochem. Photobiol. B 22, 203−209. 

24. Orlova, G., J. D. Goddard and L. Y. Brovko (2003) Theoretical study of the amazing 

firefly bioluminescence: The formation and structures of the light emitters. J. Am. Chem. 

Soc. 125, 6962−6971. 

25. Vlasova, T. N., O. V. Leontieva and N. N. Ugarova (2006) Interaction of dimethyl- and 

monomethyloxyluciferin with recombinant wild-type and mutant firefly luciferases. 

Biochemistry (Moscow) 71, 555−559. 

26. Ugarova, N. N. (2008) Interaction of firefly luciferase with substrates and their analogs: 

a study using fluorescence spectroscopy methods. Photochem. Photobiol. Sci. 7, 

218−227. 

27. Naumov, P., Y. Ozawa, K. Ohkubo and S. Fukuzumi (2009) Structure and spectroscopy 

of oxyluciferin, the light emitter of the firefly bioluminescence. J. Am. Chem. Soc. 131, 

11590−11605. 

28. Navizet, I., Y.-J. Liu, N. Ferre, H.-Y. Xiao, W.-H. Fang and R. Lindh (2010) Color-

tuning mechanism of firefly investigated by multi-configurational perturbation method. J. 

Am. Chem. Soc. 132, 706−712. 

29. Naumov, P. and M. Kochunnoonny (2010) Spectral-structural effects of the keto-enol-

enolate and phenol-phenolate equilibria of oxyluciferin. J. Am. Chem. Soc. 132, 

11566−11579. 

30. Solntsev, K. M. and S. P. Laptenok and P. Naumov (2012) Photoinduced dynamics of 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

oxyluciferin analogues: unusual enol "super"photoacidity and evidence for keto-enol 

isomerization. J. Am. Chem. Soc. 134, 16452−16455. 

31. Rebarz, M., B.-M. Kukovec, O. V. Maltsev, C. Ruckebusch, L. Hintermann, P. Naumov 

and M. Sliwa (2013) Deciphering the protonation and tautomeric equilibria of firefly 

oxyluciferin by molecular engineering and multivariate curve resolution. Chem. Sci. 4, 

3803−3809. 

32. Maltsev, O. V., N. K. Nath, P. Naumov and L. Hintermann (2014) Why is firefly 

oxyluciferin a notoriously labile substance? Angew. Chem. Int. Ed. 53, 847−850. 

33. Ghose, A., M. Rebarz, O. V. Maltsev, L. Hintermann, C. Ruckebusch, E. Fron, J. 

Hofkens, Y. Mely, P. Naumov, M. Sliwa and P. Didier (2015) Emission properties of 

oxyluciferin and its derivatives in water: revealing the nature of the emissive species in 

firefly bioluminescence. J. Phys. Chem. B 119, 2638−2649. 

34. Cheng Y.-Y. and Y.-J. Liu ( 2015) What exactly is the light emitter of a firefly? J. 

Chem. Theory Comput. 11, 5360−5370. 

35. Branchini, B. R., M. H. Murtiashaw, R. A. Magrar, N. C. Portier, M. C. Ruggiero and J. 

G. Stroh (2002) Yellow-green and red firefly bioluminescence from 5,5-

dimethyloxyluciferin. J. Am. Chem. Soc. 124, 2112−2113. 

36. Branchini, B. R., T. L. Southworth, M. H. Murtiashaw, R. A. Magrar, S. A. Gonzalez, 

M. C. Ruggiero and J. G. Stroh (2004) An alternative mechanism of bioluminescence 

color determination in firefly luciferase. Biochemistry 43, 7255−7262. 

37. Hirano, T., Y. Hasumi, K. Ohtsuka, S. Maki, H. Niwa, M. Yamaji and D. Hashizume 

(2009) Spectroscopic studies of the light-color modulation mechanism of firefly (beetle) 

bioluminescence. J. Am. Chem. Soc. 131, 2385−2396. 

38. White, E. H., H. Wörther, H. H. Seliger and W. D. McElroy (1966) Amino analogs of 

firefly luciferin and biological activity thereof. J. Am. Chem. Soc. 88, 2015−2019. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

39. Hirano, T., H. Nagai, T. Matsuhashi, Y. Hasumi, S. Iwano, K. Ito, S. Maki, H. Niwa and 

V. R. Viviani (2012) Spectroscopic studies of the color modulation mechanism of firefly 

(beetle) bioluminescence with amino-analogs of luciferin and oxyluciferin. Photochem. 

Photobiol. Sci. 11, 1281−1284. 

40. Viviani, V. R., D. Rodrigues, D. Amaral, R. A. Prado, T. Matsuhashi and T. Hirano 

(2014) Bioluminescence of beetle luciferases with 6’-amino-D-luciferin analogues 

reveals excited keto-oxyluciferin as the emitter and phenolate/luciferin binding site 

interactions modulate bioluminescence colors. Biochemistry 53, 5208−5220. 

41. Viviani, V. R., A. F. Simoes, V. R. Bevilaqua, G. V. de Mello Gabriel, F. G. C. Arnoldi 

and T. Hirano (2016) Glu311 and Arg337 stabilize a closed conformation and provide a 

critical catalytic base and countercation for green bioluminescence in beetle luciferases. 

Biochemistry in press. 

42. Shinde, R., J. Perkins and C. H. Contag (2006) Luciferin derivatives for enhanced in 

vitro and in vivo bioluminescence assays. Biochemistry 45, 11103−11112. 

43. Woodroofe, C. C., J. W. Shultz, M. G. Wood, J. Osterman, J. J. Cali, W. J. Daily, P. L. 

Meisenheimer and D. H. Klaubert (2008) N-Alkylated 6'-aminoluciferins are 

bioluminescent substrates for Ultra-Glo and QuantiLum luciferase: new potential 

scaffolds for bioluminescent assays. Biochemistry 47, 10383−10393. 

44. Takakura, H., K. Sasakura, T. Ueno, Y. Urano, T. Terai, K. Hanaoka, T. Tsuboi and T. 

Nagano (2010) Development of luciferin analogues bearing an amino group and their 

application as BRET donors. Chem. Asian J. 5, 2053−2061.  

45. Takakura, H., R. Kojima, Y. Urano, T. Terai, K. Hanaoka and T. Nagano (2011) 

Aminoluciferins as functional bioluminogenic substrates of firefly luciferase. Chem. 

Asian J. 6, 1800−1810. 

46. Kojima, R., H. Takakura, T. Ozawa, Y. Tada, T. Nagano and Y. Urano (2013) Rational 

design and development of near-infrared-emitting firefly luciferins available in vivo. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Angew. Chem. Int. Ed. 52, 1175−1179. 

47. Conley, N. R., A. Dragulescu-Andrasi, J. Rao and W. E. Moerner (2012) A selenium 

analogue of firefly D-luciferin with red-shifted bioluminescence emission. Angew. Chem. 

Int. Ed. 51, 3350−3353. 

48. Miura, C., M. Kiyama, S. Iwano, K. Ito, R. Obata, T. Hirano, S. Maki and H. Niwa 

(2013) Synthesis and luminescence properties of biphenyl-type firefly luciferin analogs 

with a new, near-infrared light-emitting bioluminophore. Tetrahedron 69, 9726−9734. 

49. Iwano, S., R. Obata, C. Miura, M. Kiyama, K. Hama, M. Nakamura, Y. Amano, S. 

Kojima, T. Hirano, S. Maki and H. Niwa (2013) Development of simple firefly luciferin 

analogs emitting blue, green, red, and near-infrared biological window light. Tetrahedron 

69, 3847−3856. 

50. Jathoul, A. P., H. Grounds, J. C. Anderson and M. A. Pule (2014) A Dual-color far-red 

to near-infrared firefly luciferin analogue designed for multiparametric bioluminescence 

imaging. Angew. Chem. Int. Ed. 53, 13059−13063. 

51. Reddy, G. R., W. C. Thompson and S. C. Miller (2010) Robust light emission from 

cyclic alkylaminoluciferin substrates for firefly luciferase. J. Am. Chem. Soc. 132, 

13586−13587. 

52. Mofford, D. M., G. R. Reddy and S. C. Miller (2014) Aminoluciferins extend firefly 

luciferase bioluminescence into the near-infrared and can be preferred substrates over D-

luciferin. J. Am. Chem. Soc. 136, 13277−13282. 

53. Morton, R. A., T. A. Hopkins and H. H. Seliger (1969) Spectroscopic properties of 

firefly luciferin and related compounds; an approach to product emission. Biochemistry 8, 

1598−1607. 

54. Hansch, C., A. Leo and R. W. Taft (1991) A survey of Hammett substituent constants 

and resonance and field parameters. Chem. Rev. 91, 165−195. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

55. Frisch, M. J., G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. 

Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, 

M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. 

Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, 

M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. 

Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, 

N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. 

Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, 

J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, 

J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. 

Cioslowski and D. J. Fox (2009) GAUSSIAN 09 (Revision D.01). Gaussian, Inc., 

Wallingford CT. 

56. Becke, A. D. (1993) Density-functional thermochemistry 3. The role of exact exchange. 

J. Chem. Phys. 98, 5648−5652. 

57. Lee, C. T., W. T. Yang and R. G. Parr (1988) Development of the Colle-Salventti 

correlation-energy formula into a functional of the electron-density. Phys. Rev. B 37, 

785−789. 

58. Stephens, P. J., F. J. Devlin, C. F. Chabalowski and M. J. Frisch (1994) Ab-initio 

calculation of vibrational absorption and circular-dichroism spectra using density-

functional force-fields. J. Phys. Chem. 98, 11623−11627. 

59. Dennington, R., T. Keith and J. Millam (2009) GaussView, Version 5. Semichem Inc., 

Shawnee Mission KS. 

60. Reichardt, C. and T. Welton (2011) Solvents and Solvent Effects in Organic Chemistry, 

4th updated and enlarged ed. Wiley-VCH, Weinheim. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Tables 

 

Table 1. Electronic absorption properties of luciferin analogues 1a-c and oxyluciferin analogues 3a-c 

in various solvents at 298 K.  

Solvent [ET(30)a] λab / nm (ε / 104 dm3 mol−1 cm−1)b 

1a (NH2) 1b (NHMe) 1c (NMe2) 3a (NH2) 3b (NHMe) 3c (NMe2) 

p-Xylene [33.1] --- --- --- 415 (1.8) 443 (1.9) 465 (2.6) 

Benzene [34.3] --- --- --- 417 (1.7) 446 (2.0) 469 (2.6) 

Chloroform [39.1] --- --- --- 423 (1.5) 455 (1.8) 483 (2.7) 

DMSO [45.1] 375 (1.6) 386 (1.3) 388 (1.8) 470 (2.2) 483 (2.0) 492 (2.4) 

Acetonitrile [45.6] 359 (1.3) 378 (1.1) 386 (1.5) 434 (2.0) 458 (2.0) 476 (2.5) 

2-Propanol [48.4] 360 (1.3) 381 (1.3) 379 (1.7) 467 (1.9) 479 (2.1) 480 (2.5) 

Methanol [55.4] 362 (1.4) 382 (1.2) 387 (1.7) 455 (1.9) 473 (2.0) 486 (2.5) 

Water [63.1] 351 (1.4) 373 (0.98) 383 (1.2) --- --- --- 

a ET(30) in kcal mol−1. b Absorption maximum (λab) and extinction coefficient (ε) in parenthesis. 

 

Table 2. Fluorescence properties of luciferin analogues 1a-c and oxyluciferin analogues 3a-c in 

various solvents at 298 K. 

Solvent [ET(30)a] λfl / nm (Φf)
b 

1a (NH2) 1b (NHMe) 1c (NMe2) 2a (NH2) 2b (NHMe) 2c (NMe2) 

p-Xylene [33.1] --- --- --- 494 (0.44) 511 (0.81) 535 (0.85) 

Benzene [34.3] --- --- --- 495 (0.54) 517 (0.85) 541 (0.87) 

Chloroform [39.1] --- --- --- 511 (0.85) 534 (0.90) 567 (0.90) 

DMSO [45.1] 498 (0.49) 513 (0.64) 514 (0.71) 593 (0.79) 611 (0.74) 640 (0.39) 

Acetonitrile [45.6] 472 (0.33) 486 (0.50) 503 (0.57) 567 (0.84) 587 (0.81) 621 (0.50) 

2-Propanol [48.4] 481 (0.54) 489 (0.63) 500 (0.70) 593 (0.69) 604 (0.67) 634 (0.46) 

Methanol [55.4] 491 (0.58) 503 (0.67) 519 (0.67) 607 (0.42) 623 (0.39) 656 (0.16) 

Water [63.1] 520 (0.57) 534 (0.57) 562 (0.23) --- --- --- 

a ET(30) in kcal mol−1. b Fluorescence maximum wavelengths (λfl) and quantum yields (Φf) in parenthesis. 
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Table 3. Coefficients (a and b) for equation (1). 

Compounds a b / kcal mol−1 

1a (NH2) −0.32 76 

1b (NHMe) −0.31 74 

1c (NMe2) −0.36 74 

2a (NH2) −0.54 76 

2b (NHMe) −0.48 72 

2c (NMe2) −0.46 68 

 

Table 4. Photophysical properties of 1a-c and 3a-c at 295 K. 

Compound 

( b i )

Solvent Φf τf / ns kf 
a /108 s−1 Φnr 

b knr
c / 108 s−1 

1a (NH2) acetonitrile 0.33 3.8 0.87 0.67 1.8 

H2O 0.57 4.8 1.2 0.43 0.9 

1b (NHMe) acetonitrile 0.5 3.9 1.3 0.5 1.3 

H2O 0.57 4.5 1.3 0.43 0.96 

1c (NMe2) acetonitrile 0.57 4.6 1.2 0.43 0.93 

H2O 0.23 1.9 1.2 0.77 4.1 

3a (NH2) benzene 0.41 2.3 1.8 0.59 2.6 

acetonitrile 0.84 4.6 1.8 0.16 0.35 

3b (NHMe) benzene 0.85 3.5 2.4 0.15 0.43 

acetonitrile 0.81 4.8 1.7 0.19 0.4 

3c (NMe2) benzene 0.87 3.9 2.2 0.13 0.33 

acetonitrile 0.5 3.3 1.5 0.5 1.5 
a Determined by kf = Φf τf−1. b Determined by Φnr = 1−Φf. 

c Determined by knr = Φnr τf−1. 

 

Table 5 Calculation data of 1−3 with DFT and TD-DFT using B3LYP/6-31+G(d). 

Compound HOMO LUMO ΔEH−L 
a Transitions b λtr 

c/ nm (f) Configuration d,e 

1a (NH2) −5.91 −2.12 3.80 S0 → S1 354 (0.46) H → L (0.68) 

1b-I (NHMe) −5.69 −2.04 3.65 S0 → S1 368 (0.50) H → L (0.69) 

1b-II (NHMe) −5.66 −2.06 3.61 S0 → S1 373 (0.49) H → L (0.69) 

H 1 L ( 0 10)1c (NMe2) −5.54 −2.02 3.52 S0 → S1 383 (0.51) H → L (0.70) 

2a (NH2) −6.19 −2.87 3.31 S0 → S1 403 (0.46) H → L (0.69) 

H 1 L ( 0 12)2b-I (NHMe) −5.95 −2.78 3.16 S0 → S1 419 (0.53) H → L (0.70) 

2b-II (NHMe) −5.92 −2.80 3.11 S0 → S1 428 (0.49) H → L (0.70) 

H 1 L ( 0 10)2c (NMe2) −5.80 −2.76 3.03 S0 → S1 439 (0.53) H → L (0.70) 
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3af (NH2) −6.13 −2.80 3.33 S0 → S1 401 (0.49) H → L (0.69) 

H 1 L ( 0 12)3b-I (NHMe) −5.90 −2.71 3.19 S0 → S1 418 (0.55) H → L (0.70) 

3b-II (NHMe) −5.87 −2.73 3.14 S0 → S1 426 (0.52) H → L (0.70) 

H 1 L ( 0 10)3cf (NMe2) −5.75 −2.69 3.06 S0 → S1 438 (0.55) H → L (0.70) 
a Energy difference between HOMO and LUMO. b The π,π* transition to the excited singlet state with the lowest excitation 
energy. c Wavelengths estimated from transition energies. d Configuration of excitation. e H, H−1, and L denote the HOMO, 
HOMO−1, and LUMO, respectively. f Ref. 39. 

Figure Captions 

 

Scheme 1. (A) The luciferin−luciferase (L−L) reaction of firefly bioluminescence. (B) The molecular 

structures of luciferin (LH2), oxyluciferin (OLH) and keto-phenolate anion of OLH (OL−). (C) 

Amine-substituted luciferin analogues 1 and oxyluciferin analogues 2 and 3. 

 

Scheme 2. Conformers I and II of luciferin analogue 1b. 

 

Figure 1. UV/visible absorption (Abs) and fluorescence (Fl) spectra of 1a (A), 1b (B), and 1c (C) in 

DMSO (a), acetonitrile (b), 2-propanol (c), methanol (d), and H2O (e) at 298 K. 

 

Figure 2. UV/visible absorption (Abs) and fluorescence (Fl) spectra of 3a (A), 3b (B), and 3c (C) in 

p-xylene (a), benzene (b), chloroform (c), DMSO (d), acetonitrile (e), 2-propanol (f), and methanol 

(g) at 298 K. 

 

Figure 3. Efl values of 1a (●), 1b (○), 1c (⊗), 3a (■), 3b (□), and 3c (⊞) plotted as a function of ET(30). 

The data in DMSO are marked with an asterisk. 
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Figure 4. (A) Efl values of 1a-c (■) and 3a-c (□) in acetonitrile plotted as a function of the Hammett 

σp values. (B) Efl values (Efl(3)) of 3a, 3b, and 3c plotted as a function of Efl values (Efl(1)) of 1a, 1b, 

and 1c in acetonitrile (■), 2-propanol (⊞) and methanol (□). 

 

Figure 5. Ebl values of 1a-c plotted as functions of Efl values of 1a-c (■) and 3a-c (□) in acetonitrile. 
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