
REVIEW

Molecular enigma of multicolor bioluminescence
of firefly luciferase

Saman Hosseinkhani

Received: 21 October 2010 / Revised: 29 November 2010 / Accepted: 29 November 2010 / Published online: 28 December 2010

� Springer Basel AG 2010

Abstract Firefly luciferase-catalyzed reaction proceeds

via the initial formation of an enzyme-bound luciferyl

adenylate intermediate. The chemical origin of the color

modulation in firefly bioluminescence has not been

understood until recently. The presence of the same lucif-

erin molecule, in combination with various mutated forms

of luciferase, can emit light at slightly different wave-

lengths, ranging from red to yellow to green. A historical

perspective of development in understanding of color

emission mechanism is presented. To explain the variation

in the color of the bioluminescence, different factors have

been discussed and five hypotheses proposed for firefly

bioluminescence color. On the basis of recent results, light-

color modulation mechanism of firefly luciferase propose

that the light emitter is the excited singlet state of OL-

[1(OL-)*], and light emission from 1(OL-)* is modulated

by the polarity of the active-site environment at the phenol/

phenolate terminal of the benzothiazole fragment in

oxyluciferin.
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Introduction

Bioluminescence, the phenomenon of light emission in liv-

ing organisms, has been observed in wide ranges of luminous

organisms (both prokaryotes and eukaryotes) including

bacteria, fungi, algae, fish, squid, shrimp, and insects [1–5].

Luminous organisms produce light by an enzymatic reaction

of a luciferase with a luciferin substrate. Luminescent reac-

tions are quite distinct among luminous organisms, but in

each case the reaction is an oxidation process with molecular

oxygen and is a conversion of chemical energy into light

[6–11]. In insects, the luminous species are mainly found in

three families: fireflies (Lampyridae), railroad worms

(Phengodidae), and click beetles (Elateridae) [12–14]. The

bioluminescence systems of these insects are essentially the

same with identical substrates (luciferin, ATP, and Mg2?)

and with almost similar luciferases. Firefly luciferases cat-

alyze a two-step oxidation of luciferin to produce light,

oxyluciferin, CO2, and AMP as described in Fig. 1 [15, 16].

The most important characteristics of the firefly biolumi-

nescence system are the requirement of ATP, large quantum

yields of light production, and photon generation over a wide

range of colors from green to red (emission maxima in the

range 530–640 nm) [17–21]. According to these important

properties, applications of firefly (beetle) bioluminescence in

biological investigation are growing [22–25]. For further

application, its fundamental chemistry should be investi-

gated. Some important properties, including the quantum

yield [26] and the complex structures of luciferase and

substrates [27, 28] have recently been clarified. Moreover,

regeneration of luciferin in light-emitting organs of fireflies

(lantern) has been shown [29, 30]. In contrast, the light color

modulation mechanism is still unclear.

Since even a few photons can be detected using avail-

able light measuring technology (such as a luminometer or

charged-coupled devices), bioluminescence-based assays

have been exploited as a powerful technology for numer-

ous applications in different aspects of biotechnology and

biological investigation over the last decade. They have

been used as sensitive tools for monitoring gene expres-

sion, protein localization, and protein–protein interactions,
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detection of infections, monitoring of cell death and

apoptosis, tumor growth and metastasis in whole animals

[31, 32], reporter gene assays in a wide area of application

[33], protein trafficking [32], drug screening [34], and

detection of environmental contamination [35, 36]. The

major advantages of techniques based on bioluminescence

are the very low background in biological systems, versa-

tility, noninvasiveness, reproducibility, high rate, and ease

of assay performance with high sensitivity and low cost

[31–33].

Luciferase-based in vivo imaging (bioluminescence

imaging) enables and facilitates real-time analysis of dis-

ease development at the molecular level in living

organisms, monitoring throughout the course of disease,

and progression and tracking of infection. In addition,

serial quantification of biological processes in intact ani-

mals is possible by bioluminescence imaging [31, 37].

Lack of intrinsic bioluminescence in mammalian tissues

makes bioluminescence imaging a sensitive tool for in vivo

imaging [31]. Photons are both scattered and absorbed as

they exceed through mammalian tissues. Shorter wave-

lengths of light (blue and green) are largely absorbed by

tissues, whereas longer wavelengths (red light) are less

affected [37, 38]. Furthermore, hemoglobin is the main

absorber of light in the body, with strong absorption peaks

in the blue and green part of the visible spectrum, but

absorption is reduced for wavelengths longer than 600 nm

(red region) [39]. Therefore, red light can be transmitted

through several centimeters of tissue and be detected

externally more easily than absorbed blue or green light

[31].

This property is an important consideration in the selec-

tion of appropriate luciferases for use in bioluminescence

imaging [31]. Moreover, red-emitting variants of luciferase

are also desirable for multiple tagging systems in whole cells

as well as for dual-reporter systems [32, 33, 40]. Sample

medium or environmental conditions produce high vari-

ability in the response, which is the main negative aspect

encountered in an assay using luciferase as a reporter. To

prevail over this problem, dual-reporter systems are

designed in which, rather than a main reporter (e.g., a green

emitting luciferase), a second control reporter (e.g., a red-

emitting luciferase or another luciferase from other biolu-

minescent systems) to improve the analytical signal and

distinguish the main signal from non-specific interference

signals is used [33]. Consequently, red-emitting luciferase is

also appropriate for multiplex analysis and dual-reporter

systems in biosensor application and for minimizing light

absorption by tissue in whole animals. Due to the importance

of color variation of bioluminescence systems in wide ranges

of applications in biotechnology and bioscience research, the

mechanism of color variation has attracted much interest.

The bioluminescence color of fireflies has a broad range

from green to red, depending on the luciferase species:

fireflies emit in the yellow–green light [41, 42], click

beetles emit in the green–orange [42, 43], and rail-road

worms emit in a wide range from green to red [44, 45].

Even though chemical reaction catalyzed by all beetle

luciferases and the used substrate (luciferin) are identical;

still these varieties in color of emission are observed [46].

One of the main basis for differences in the luciferases

bioluminescence color is the property of the emitter

microenvironment localized in the enzyme active site. The

observed bioluminescence color of pH-sensitive luciferases

(but not in click beetle and rail-road worm luciferases) is

performed with a clear shift to the red region in acidic

Fig. 1 Two-step oxidation of

luciferin during firefly luciferase

reaction to produce light,

oxyluciferin, CO2, and AMP.

Oxyluciferin emits light through

keto or enol tautomer
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conditions [47, 48]. The variety of bioluminescence color

is also attributed to the luciferase structure [49]. The con-

struction of chimeric proteins using click beetle luciferases

[50] and firefly luciferase [51, 52], site-directed and ran-

dom mutagenesis studies have revealed some important

residues and regions involved in bioluminescence color

[46, 47, 51, 53–55]. Moreover, in spite of the presence of

an identical substrate in different mutant form and emission

of different color, much attention has been paid to the

structure and properties of the emitter.

The proposed candidates for the light-emitter structure

are the keto form of oxyluciferin phenolate anion (OL-),

its enol isomer, and the dianion having phenolate and

enolate moieties [15].

To reveal the light-color modulation mechanism with

reference to these previous studies, much attention has

been paid to the fluorescence properties of OL- [56–60].

Although the elucidation of the spectroscopic properties of

OL- may contribute to understanding the light-color

modulation mechanism, its spectroscopic properties have

not been investigated directly because of its low thermal

stability.

The majority of critical residues in color determination

and also substrate-binding residues are conserved among

firefly luciferases. In substitution of three specific amino

acids using site-specific mutagenesis in Lampyris turkes-

tanicus luciferase [61], the color of emitted light was

changed to red concomitant with a decreasing decay rate

[62]. Different specific mutations (H245N, S284T, and

H431Y) led to changes in the bioluminescence color.

Mutation of the corresponding residues in other luciferases

brought about a similar color shift in bioluminescence

emission spectra [63]. Change in the color of emitted light

indicates the critical role of some conserved residues in

bioluminescence color determination among firefly

luciferases.

Knowing these results, the mechanism of color shift in

firefly luciferase has always been considered as an enigma

in the bioluminescence story [64]. Based on all experi-

mental observations, different mechanisms have been

proposed to make clear color variations in beetle

luciferases.

Enol-keto tautomerization of oxyluciferin

Original observation in color shift of firefly luciferase was

found under application of broad ranges of pH for assay

medium. It was based on analogy to the chemiluminescence

of active esters in solutions. According to changes in the

bioluminescence color of firefly luciferase at different pH, it

was proposed that the excited state of the keto-form of the

OxyLH2 anion can relax by emitting red light, while the

excited state of the enol-form of the OxyLH2 anion emits

yellow–green light [15, 65]. It was suggested that the

resulting color would then depend on the keto-enol equi-

librium, as Fig. 1 shows. It was proposed that red light

emission from Luc at acidic pHs consequences from the

keto form of the emitter oxyluciferin (Fig. 1). On the other

hand, yellow–green emission of native firefly luciferases

(kmax at 560 nm) was attributed to the enol tautomer of

excited-state oxyluciferin formed by a presumed Luc-

assisted tautomerization. Among the beetle luciferases, pH-

sensitivity of bioluminescence color observed in the firefly

does not occur in the families of click beetles or railroad

worms. Color modulation of the tautomeric emitters, which

represent the approximate extremes in wavelength, may

occur through changes in the polarity of the emitter binding

site. In fact, the pioneering studies by Seliger and coworkers

[66] and DeLuca [65] emphasize that the polarity of the

active-site environment is operative in modulating the

bioluminescence color. However, as will be discussed later,

recent experiments and theoretical calculation [67, 68]

demonstrated that the multicolor luminescence requires

only the keto-form OxyLH2. Additionally, small alteration

or lack of spectral shifts have been observed for firefly

luciferase mutants and variants with many residue differ-

ences [69–71], which could not be explained by the

mechanism proposed by White et al. Meanwhile, the role of

active site polarity in bioluminescence color has recently

been considered as one of the most influent environmental

factors in charge stabilization on phenolate ion of oxyluc-

iferin. According to recent experimental observation and

theoretical calculations, the light emitter of all color is the

excited singlet state of the keto form of oxyluciferin phe-

nolate anion [68]. However, the active site polarity as the

main source of enol-keto tautomerization equilibrium is the

common part of White hypothesis and recent findings.

Twisted intramolecular charge-transfer mechanism

On the basis of theoretical calculations and semi-empirical

investigation, another mechanism was proposed by

McCapra et al. [72]. In spite of the White group, they had

proposed that the presence of only one emitter form (keto

tautomer) is sufficient to support emission of both green

and red color emission. It was suggested that color varia-

tion is mainly associated with conformations of the keto

form of excited-state oxyluciferin related by rotation about

the C2–C20 bond (Fig. 2). At the extremes, red emission

was attributed to a minimum energy conformation of a

twisted intramolecular charge-transfer (TICT) excited state

with Ø = 90� (Fig. 2) and green to a higher-energy con-

former with Ø \ 90�. According to their postulation, the

keto-form OxyLH2 in the first singlet excited state (S1)

perform a twisted structure rather than a planar one. The

planar species is regarded as a saddle point on the S1
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potential energy surface. The color of the light emission

should depend on the rotation around the C–C bond of the

–N=C–C=N– moiety. In addition, it has been proposed that

the excited singlet state of OL- [1(OL-)*] has a twisted

structure with intramolecular charge transfer (ICT) char-

acter, where the benzothiazole and thiazolone rings are

perpendicular as a result of rotation around the C2–C20

bond.

This hypothesis was found mystifying, since the envi-

ronment around the C–C bond is strongly conjugative and

this bond should have a certain amount of double bond

character (a partial double bond) on the S1 potential energy

surface [67]. Therefore, due to less freedom of rotation, the

turning around of this C–C bond has to override a large

barrier. It was confirmed that the planar keto-form and

enol-form OxyLH2 are minima on the S1 potential energy

surface by means of semiempirical and configuration

interaction singles (CIS) calculations, respectively [73, 74].

Therefore, it seems that a mechanism involving ‘twisted’

conformation to explain color changes in the firefly bio-

luminescence is non-feasible. Further, luciferase–emitter

interactions are proposed to maintain specific conformers

of the excited state, thus influencing color [72]. Since the

minimum energy conformer is the red emitter, perturba-

tions that disrupt luciferase–luciferin interactions through

changes in protein tertiary structure, e.g., acid or heat

denaturation, would be expected to give red light. How-

ever, recent findings support the presence of only a keto

form in the bioluminescence reaction but without rotation

about the C2–C20 bond [68].

Polarization of the OxyLH2 microenvironment

Comparison of the bioluminescence spectra of WT and

mutant forms of L. mingrelica luciferase and their depen-

dence on the pH lead to explanation of a hypothesis.

Accordingly, the shifts in the spectral maximum are either

due to proton transfer between the phenolate group of

OxyLH2 and the positively charged arginine residue

(Arg218), or to the keto-enol-enolate equilibrium of the

hydroxythiazole ring (Fig. 3) directed by interaction with

His247 and Thr345 [75]. It has also been reported [76] that

green bioluminescence of in situ produced DMOxyLH,

which is constrained to the keto form, can emit both red

and yellow–green light. This observation was later

employed by Hirano et al. [68] to develop a more explicit

model of the color change based on the interaction with the

environment. This result is in agreement with the TICT

mechanism, but as carefully shown by the Branchini

results, the keto-enol tautomerization mechanism of White

is not required to explain red and green firefly biolumi-

nescence [77].

In fact, this hypothesis assumes that the color of the bio-

luminescence depends on the extent of polarization of the

OxyLH2 in the microenvironment of the enzyme–OxyLH2

complex; that is to say, larger red shift of bioluminescence

color depends on the higher polarizability [72, 75, 76]. This

hypothesis is apparently supported by the time-dependent

density functional theory (TD-DFT) calculations [74].

According to the computed data, the various enol-form of the

oxyluciferin anions, enol-s-trans(-1), enol-s-trans(-2),

and enol-s-trans(-1)’ (Figs. 7 and 8 in Ref. [74]), are

responsible for the emitted light change from green to red,

which is the beetle’s naturally displayed light [78], whereas,

the keto-s-trans, keto-s-cis(-1), and keto-s-trans(-1) forms

of oxyluciferin (Fig. 10 in Ref. [74] and the corresponding

structures in Chart 1 in Ref. [74]) emit light from violet to

blue. This is not in agreement with the experimental con-

clusion that the multicolor luminescence can be obtained

only from the keto-forms [68, 77]. It was finally concluded

Fig. 2 TICT excited state of

oxyluciferin with u = 90�
(right). The structure of

dimethyl oxyluciferin (left)

Fig. 3 Structure of a stable analogue of luciferin adenylate interme-

diate structure; 5-O-[N-(dehydroluciferyl) sulfamoyl] adenosine

(DLSA)
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that the participation of the enol forms of oxyluciferin in

bioluminescence is plausible but not required to explain the

multicolor emission [74]. However, in spite of the good

contribution of this hypothesis in explaining the environ-

mental effect on bioluminescence color, it failed to

explain the role of the chemical origin of multicolor

bioluminescence.

Resonance-structure mechanism

According to a recently elucidated mechanism, luciferase

modulates emission color by controlling the resonance-

based charge delocalization of the anionic keto form of

the oxyluciferin excited state [79]. Resonance stabiliza-

tion of the anion I (Scheme 1) would extend the

p-electron skeleton, producing a resonance hybrid of the

excited state of lower energy than if the oxyluciferin

anion were constrained as species I. A resonance stabi-

lized excited state more nearly resembling species II

would be the red emitter. According to this hypothesis,

the appearance of bimodal spectra of bioluminescence for

some luciferase mutant or under acidic pH would be

described by resonance hybrids comprised of structures

resembling species I and II in the approximate proportion

that are found in the respective emission spectra. This

proposal is quite similar to the keto-enol mechanism of

White, with the recognition that species I alone have the

same degree of stabilization as does the enol form

of oxyluciferin that was previously identified as the

green light emitter. In fact, one excited state showing a

–N=C–C=N– moiety would relax by emitting green light,

another one showing a –N–C=C–N– moiety would emit

red light. This solution for the problem of the light-

emitter structure was reported by Branchini et al. [79].

The hypothesis was raised when they found that the

bioluminescence of the adenylate of 5,5-dimethylluciferin

can generate various colors of light. The product of the

bioluminescence reaction of 5,5-dimethylluciferin aden-

ylate must be 5,5-dimethyloxyluciferin (1-OH), which is

unable to provide its enol and enolate species. On the

basis of this finding, 1(OL-)* becomes the most plausible

candidate for the light-emitter structure in the excited

singlet state during firefly (beetle) bioluminescence. This

conclusion is also consistent with the reaction mechanism

in which 1(OL-)* is the primary product of the che-

miexcitation process from the anionic dioxetanone

intermediate (Dx-), as shown in Scheme 2 [80–83]. It

has also been proposed that the position of a basic moiety

(such as an arginine residue) in the vicinity of the excited

singlet state of OL- [1(OL-)*] is a factor affecting the

resonance properties of OL- [79].

Therefore, it is reasonable to postulate that the color

variation originates from modulation of the emission

properties of 1(OL-)* in the active site of firefly lucifer-

ase. Changes in the 1(OL-)* emission properties have

been explained by the use of the resonance structures of

OL-, which have electron conjugation between the ben-

zothiazole and thiazolone rings [79]. Furthermore,

environmental factors surrounding 1(OL-)* must be

considered.

Size of the luciferase protein cavity

The first crystal structure of Photinus pyralis firefly

luciferase has been solved in the absence of substrate or

transition state analogues [27, 84]. A 2.0 Å
´

cocrystal

structure of P. pyralis firefly luciferase with an unusually

potent inhibitor (PTC124) revealed the inhibitor to be the

acyl-AMP mixed-anhydride adduct PTC124-AMP [85].

The crystal structures of wild-type and red mutant

(S286N) luciferases from the Japanese Genji-botaru

(Luciola cruciata) in complex with a high-energy inter-

mediate analogue, 5-O-[N-(dehydroluciferyl)-sulfamoyl]

adenosine (DLSA) have been obtained [86]. Comparing

these structures to those of the wild-type luciferase com-

plexed with AMP plus oxyluciferin (products) reveals a

significant conformational change in the wild-type enzyme

but not in the red mutant. They replaced luciferyl-AMP by

the stable analogue 5-O-[N-(dehydroluciferyl) sulfamoyl]

adenosine (DLSA, see Fig. 3) and captured three key

‘snapshots’ of the reaction: (1) luciferase bound to the

reactants (ATP-Mg2?), (2) luciferase bound to the DLSA,

and (3) luciferase bound to the products oxyluciferin-AMP

(OxyLH2-AMP). The structures of luciferase bound to the

reactants and the products were found to be similar: both

possess an active site that the authors qualified as ‘‘open’’

Scheme 1 Charge delocalization of the anionic oxyluciferin Scheme 2 Chemiexcitation process of the anionic dioxetanone

intermediate of oxyluciferin
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since the substrate is less packed by the environ-

ment surrounding the protein compared to that for the

luciferase-DLSA complex. When the protein is bound to

DLSA, Ser286 in L. cruciata luciferase (corresponding to

Ser284 of P. pyralis luciferase) forms hydrogen bonds

with Tyr257 and Asn231 via a water molecule. This

conformational change is also accompanied by a 6� rota-

tion of the side chain of Phe249 toward DLSA and

rotation of the side chain of Ile288 by 131� (see Fig. 3a in

Ref. [86]). The result is a ‘‘closed’’ form of the active site,

creating a structure in which the benzothiazole ring of

DLSA is tightly sandwiched in a hydrophobic pocket

including Ile288. Nakatsu et al. have proposed that con-

trolling the hydrophobic microenvironment of the first

excited single state (S1) of the oxyluciferin (OxyLH2)

molecule [1(OL-)*] is a key to understanding the biolu-

minescence color variations. To confirm this, they have

linked the observed color modulation to the size of the

protein pocket surrounding OxyLH2. They have suggested

that the ‘‘open’’ form allows some energy loss in the

OxyLH2 excited state; leading to the emission of low-

energy red light, while the ‘‘closed’’ form, with its much

more rigid microenvironment, minimizes this energy loss,

thereby emitting a yellow–green light.

This conformational change involves movement of the

hydrophobic side chain of Ile288 towards the benzothia-

zole ring of DLSA. According to crystallographic data, it

has been postulated that the degree of vibrational energy

loss of 1(OL-)*, which is controlled by a transient move-

ment of Ile288, determines the color of bioluminescence

during the emission reaction. They have suggested a con-

trol mechanism of the amount of energy loss based on the

size of the luciferase protein cavity. In this case, a non-

relaxed form of keto OxyLH2 should emit yellow–green

light, while after geometrical relaxation it should emit red

light. The geometrical relaxation is controlled by the size

of the cavity of luciferase, which has been site-specific

modified. It remains to be demonstrated if the different

cavity allows more freedom to the luciferin substrate, or

constrains it in a different structure. This hypothesis leads

to new challenges in the color emission hypothesis and

leads to recent suggestions and experiments. It should be

noted that the solvent perturbation method (solvent engi-

neering) usually makes proteins more rigid and stable.

However, more rigid protein induced by the presence of

osmolytes [87, 88] or immobilization [89] of luciferase did

not bring any shift in the bioluminescence color of firefly

luciferase. That is to say, if local rigidity of luciferase

cavity was the reason, at least minor shifts in spectra due to

global stabilization would have been observed. This study

and related crystal structures revealed important issues

involving luciferin–luciferase intermediate structures that

have not been reported earlier and will be discussed later.

Role of capping the flexible loop: a lesson from nature

Among all reported beetle luciferases [90, 91], the Phrixotrix

rail-road worm luciferase is the only luciferase that naturally

emits red light through two cephalic lanterns (kmax =

628 nm) in addition to the yellow–green bioluminescence

(kmax = 542 nm) emitted through 11 pairs of lateral lanterns

along the body. Phrixothrix hirtus red (PhRE) luciferase

shows 46–49% identity with firefly luciferases. PhRE

luciferase with naturally red-emitting ability is a unique

model to investigate the relationship of luciferase structure

with BL color [44, 92]. The sequence multiple alignment

among P. hirtus, the only native species with red biolumi-

nescence, and the other green-emitter luciferases showed

multiple differences. Among them, in green-emitter lucif-

erases an Arg residue (Arg356 in P. pyralis luciferase)

corresponding to Arg353 in P. hirtus is missed. It is located

in an important flexible loop capping the active site. Insertion

of this residue (Arg356) in a green-emitter luciferase

(Lampyris turkestanicus) brought about with change of

emitted color from green to red and increase of optimum

temperature [93]. For further clarification of the effect of this

position and geometry of loop-containing residues from 352

to 359 on the light color, four different residues including

Arg, Lys, Glu, Gln were inserted at position 356 of P. pyralis

luciferase [94]. These residues were considered similar in

side-chain length, but different charges at optimum pH of

luciferase activity (pH 7.8). The comparison of biolumi-

nescence emission spectra revealed that insertion of positive

residues (Arg356, Lys356) had more effect in biolumines-

cence color shift to red, and insertion of these residues

resulted in a spectrum with a major peak in 608 nm and a

minor shoulder in 557 nm (Fig. 4). Meanwhile, insertion of

Glu354 in Photinus pyralis luciferase leads to a minor shift in

bioluminescence spectra. The emission spectrum of Glu354

was bimodal with a major and minor peak at 557 nm and

591 nm, respectively. The insertion of Gln354 did not have an

effect on emission spectra and its bioluminescence spectra

were similar to native (Ppy) luciferase. According to the loop

conformation (based on a model, Fig. 5), it was concluded

that the insertion of positive residues (Arg356, Lys356)

could induce new ionic and H-bonds and as a result displace

the flexible loop and exposes the active site to water and

therefore result in red light emission, and a similar result was

obtained for L. turkestanicus luciferase [93]. This is closer to

reality, as according to the hypothesis of long range inter-

action in production of phenolate anion of oxyluciferin, the

key luciferase residues for the luciferin binding site are

absolutely conserved among the luciferases, and therefore

have major roles in this mechanism. The natural red biolu-

minescence of P. hirtus is interesting, as this luciferase also

contains all of the essential proposed residues for green light

emission and even deletion of the mentioned critical residue
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(Arg353) did not have an effect on the its emission color [95].

Insertion of these residues plus the previous findings may

explain the importance of this position in diversion of

luciferases to red and green emitters.

In order to better understand the importance of the

mentioned flexible loop in color emission, mutagenesis of

L. turkestanicus luciferase at position 354 along with

insertion of Arg356 were performed [96]. E354R and E354K

exhibit a bimodal bioluminescence spectrum with a maxi-

mum in the red region and a smaller shoulder in the green

region, while E354K/Arg356 and E354Q/Arg356 display a

bimodal spectrum with a maximum in the green region and

a smaller shoulder in the red region. A similar spectrum was

also reported for a similar mutant of Hotaria parvula

luciferase at pH 7.2, and pH 9 suggested that a single sub-

stitution at this position (corresponding to the E354 in

L. turkestanicus) is sufficient to cause a shift to the red

region of the spectrum in firefly luciferase. It is worthwhile

to note that mutant of L. turkestanicus luciferase (with

insertion of Arg356) performed a bimodal spectrum with a

major peak in the red region, but introduction of two Arg in

the same protein (E354R and Arg insertion at 356) produced

a bioluminescence spectra with a single peak at the red

region. It should be noted that addition of two Arg in the

same loop brought about with decrease in decay time of

luminescence. A similar result was obtained for a single

mutant of P. pyralis firefly luciferase. That is to say, in most

of the reported mutations, a relation between color shift to

red and decrease of decay rate have been seen. From the

above-mentioned investigation, it may be concluded that

conformational displacement of a loop containing residues

352 to 359 due to positive charge saturation make emitter

site more solvent accessible which is suggested in similar

reports [22, 68].

Crystal structure, absorption, and emission spectra

of oxyluciferin

The structure of the pure luciferase substrate, D(-)–LH2,

was determined about 30 years ago [97–99], but due to

marked instability and associated impediments with puri-

fication and crystallization [100] of the real light-emitting

molecule, OxyLH2, very little is known about its structure,

and its crystal structure has not been determined until

recently [101]. With consideration of only the more stable

trans conformations around the C2–C20 bond, by means of

triple chemical equilibrium (deprotonation of the two

hydroxyl groups and keto-enol tautomerism of the 4-hy-

droxythiazole ring) OxyLH2 can exist as six chemical

forms, as shown in Fig. 6 [101]. The detailed systematic

investigation of the solvent/pH effects on the absorption

and emission spectra of OxyLH2 was not reported. In fact,

the exact chemical form in which OxyLH2 exists at various

conditions during the chemiluminescence and biolumines-

cence reactions, as well as the structures, absorption, and

emission spectra of its forms outlined in Fig. 6 have long

remained a subject of speculation. Moreover, the ultrafast

dynamics of the first singlet excited state (S1) of the emitter

and its ions as free species or as a complex with luciferase

were also not investigated in detail either, although the

spectroscopy of the reactant LH2 was reported [102–104].

According to a detailed and comprehensive study on the

absorption and emission spectra, and the crystal structure

Fig. 4 Bioluminescence emission spectra produced by the native

form Photinus pyralis (1) and mutant (2, Arg356; 3, Lys356; 4, Glu356;

5, Gln356) luciferases by a luciferase-catalyzed reaction at pH 7.8.

Reprinted from [94] with permission from American Chemical

Society (ACS)

Fig. 5 Superposition of flexible loop (residues 350–365) models

from native (green) and mutant (Lys356, red; Arg356, orange; Glu356,

yellow; Gln356, blue) luciferases. The insertion of new residues forms

a longer flexible loop in comparison to native luciferase. Reprinted

from [94] with permission from American Chemical Society (ACS)

Enigma of bioluminescence color 1173

123



of oxyluciferin, it was shown that the triple chemical

equilibrium of the unsubstituted emitter can provide a

range of emission energies, spanning wavelengths from the

blue to the red region of the visible spectrum, without the

necessity of constraining its molecular structure to the keto

form [101]. Based on experimental and theoretical spec-

troscopic data, assignment of the absorption and emission

spectra of the firefly emitter oxyluciferin at different

wavelengths are shown in Fig. 7.

According to information obtained through steady-state

and time-resolved spectral analysis, the structure of pure

oxyluciferin and its 5-methyl analogue indicate that the enol

group of the hydroxythiazole ring can be notably stabilized

in the protein scaffold, and the phenolate ion of the enol

form was considered as the closest species to the properties

of the green–yellow emission observed in the wild-type

luciferase (yellow–green-emitting system). Evaluation of

the spectrum–pH relationship showed that within a rela-

tively narrow pH region, including conditions that are close

to the physiological conditions, a complex mixture of sev-

eral species with distinct spectral properties exist, which

interpret severe shifts in the equilibrium and the emitted

wavelength in small pH changes. This important finding is

in favor of original observation and suggestions raised by

White et al. [15]. As discussed earlier, according to the

appearance of red–green emitter forms of firefly luciferase

under different pH, the presence of enol-keto tautomer form

were interpreted [15, 79]. In addition to pH, the polarity of

the environment, presence of ionic species in close prox-

imity to the emitter, intramolecular charge redistribution

Fig. 6 Possible trans-C2–C20

bond chemical forms of the

firefly emitter oxyluciferin,

OxyLH2

Fig. 7 Assignment of the

absorption and emission spectra

of the firefly emitter

oxyluciferin, based on

experimental and theoretical

spectroscopic data (*Unstable

species; **Difficult to be

determined experimentally

because of the small

concentration in mixture with

other species). The figures in the

middle show the color change of

oxyluciferin (from left to right)
in DMSO without added base,

in water with and without base,

and in DMSO in presence of

base. Reprinted from [101] with

permission from American

Chemical Society (ACS)
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caused by directional intermolecular interactions, and p–p
stacking have been considered as the main effectors on the

interplay among the three equilibrium states [101]. There-

fore, it may be suggested that due to the environmental

condition, preference to one of those structures under real

biological conditions may occur. Having considered the

possible interplay of multiple factors based on model

solutions of oxyluciferin or its analogues, a clear preference

to any of these factors as the primary controlling aspect to

apply to the real biological system in vivo has not been

found [101].

Solvent-critical effect on light-color modulation

On the other hand, with consideration of the spectroscopic

properties of excited state of oxyluciferin in different

organic solvents, multicolor behavior of bioluminescence

by considering only one species in the excited singlet state,
1(OL-)* is explained [68]. Phenolate anion 1-O- was used

as a model compound of the keto form of wild-type oxy-

luciferin phenolate anion (OL-), which is postulated to be

the most plausible candidate for the structure of the light

emitter of the bioluminescence [78]. The spectroscopic

properties of the neutral form 1-OH and the methyl ether

derivative 1-OCH3 were also investigated for comparison.

It was found that the fluorescence emission maximum (kF)

of 1-O- varied in the range from 541 to 640 nm depending

on the solvent polarity and the bonding interaction between
1(1-O-)* and a countercation (the conjugate acid of the

organic base). In a polar solvent, 1(1-O-)* and the coun-

tercation form an SSIP (solvent separated ion-pair) or a

free ion couple, and the polarity of the solvent modulates

the kF values of 1-O- in the range from 625 to 640 nm. In a

less polar solvent, a CIP (contact ion pair) of 1(1-O-)* and

the countercation was formed. In the CIP, the solvent

polarity and the strength of the covalent character of the

O80� � �H bond between 1(1-O-)* and the countercation

modulate the kF value of 1-O- in the range from 540 to

625 nm [68].

According to this study, it was concluded that: (1) the

light emitter is the excited singlet state of the keto form of

oxyluciferin phenolate anion, 1(OL-)*, and (2) the emission

maximum of OL- is modulated by two main factors: the

polarity of the active-site environment of the luciferase

surrounding 1(OL-)* and the properties of the bonding

interaction between the O80 atom of 1(OL-)* and a

hydrogen atom of a countercation, which will be the pro-

tonated form of a basic moiety of an amino acid residue in

the active site. Meanwhile, an important recent study claims

the phenolate ion of the enol form was considered as the

closest species to the properties of the green–yellow emis-

sion observed in the wild-type luciferase (yellow–green-

emitting system) [101]. It should be noted, pioneering

studies were emphasized on the polarity of the active-site

environment in modulating the bioluminescence color [16].

In fact, color modulation of the tautomeric emitters, which

represent the approximate extremes in wavelength, may

occur through changes in the polarity of the emitter binding

site [15]. On the other hand, this postulation agreed with

experimental observations that implicate displacement of a

flexible loop in firefly luciferase, which cause more solvent

accessibility to the emitter binding site [93–96].

On the basis of the spectroscopic properties of 1-O-, a

road map for understanding the bioluminescence color

variation as a function of a solvent-polarity parameter,

ET(30), was obtained (Fig. 8). According to the proposed

road map, the mechanism of the in vivo bioluminescence

colors was attributed to the polarities of the active-site

environments of luciferases and the bonding characters of

the interactions between 1(OL-)* and protonated basic

moieties. It was predicted that stronger acidity of the pro-

tonated basic moiety in a luciferase leads to expansion of

the color variation range. The potential basic moiety may

consist of multiple amide carbonyls in the active site. For

example, in L. cruciata luciferase, the active site has a non-

polar character similar to p-xylene and benzene solutions,

and the amide carbonyls of Ser316 and Gln340 (corre-

sponding to Gln338 of P. pyralis) play an important role as

basic moieties (Fig. 9). Additionally, the structure of
1(OL-)* for the firefly (beetle) bioluminescence is postu-

lated to be the s-trans planar conformer.

Fig. 8 Road map for understanding the bioluminescence color

variation as a function of a solvent-polarity parameter. Reprinted

from [68] with permission from American Chemical Society (ACS)
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QM/MM calculations and classical molecular dynamics

simulations

The result of both recent experimental studies [68, 101]

was further supported by an important theoretical investi-

gation by Navizet et al. [105]. In a recent study, quantum

mechanics/molecular mechanics (QM/MM) calculations

and classical molecular dynamics (MD) simulations based

on the ‘‘open’’ and ‘‘closed’’ x-ray structures of firefly

L. cruciata luciferase was used. It should be noted that the

crystal structures of native firefly L. cruciata luciferase and

its red mutant have been obtained in combination with an

intermediate state (DLSA). According to QM/MM studies,

the proposed mechanism of controlling the amount of

energy loss based on the size of the luciferase protein

cavity (in firefly L. cruciata luciferase) contrasts with the

conclusion of recent experimental reports [68, 101] in

which the color modulation of the light emission as a

function of various base/solvent combinations of an Oxy-

LH2 analog has been studied. It has been suggested that the

color tuning might not be regulated by the rigidity of the

active site but rather by the changes of polarity near

the phenolate oxygen of the keto form of OxyLH2. It

should be noted that according to a recent report, it was

concluded that the enol form of OxyLH2 can play a role in

the emission and that several factors (pH, polarity of the

microenvironment, presence of ionic species in the cavity,

etc.) can act collectively in the protein scaffold during the

tuning of the emission color [101].

It is noteworthy that most of the earlier theoretical

studies dealing with the emission spectrum of the OxyLH2

have been reported in vacuo without attention to the steric

and electrostatic contributions arising from the protein [67,

68, 75, 106–109]. Some of them were done at the density

functional level of theory [68, 75, 107, 109] using standard

functional which are unable to treat correctly the charge-

transfer states [110, 111]. Some theoretical studies have

already been performed using the x-ray structures of firefly

luciferase from Photinus pyralis determined without sub-

strates and Luciola cruciata as discussed earlier [86].

The two proposed models for the active site in P. py-

ralis, introduced by the Branchini [80] and Ugarova groups

[59], were later confirmed by their similarities to the more

current L. cruciata data. Two quantum-mechanics/mole-

cular mechanics (QM/MM) studies have recently been

reported [107–112] and in both cases, single reference

methods were employed for the QM subsection, and the

red-to-green shift was not well reproduced. Furthermore,

the microenvironmental contributions were not analyzed in

detail with respect to the H-bonding network around

OxyLH2.

According to QM/MM data of luciferase reaction two

important findings were obtained: (a) the phenomenon of

multicolor bioluminescence is mainly related to the

polarization of the close surroundings of OxyLH2 (in

support of other experimental findings) [68, 101] and (b)

the deduced luciferase cavity size (according to crystal

structure of Japanese firefly luciferase) does not force the

relative structures of the oxyluciferin substrate sufficiently

to account for the observed color modulation [105]. The

emphasis is on the importance of the H-bond networks

formed between the water molecules, keto-1, and the res-

idues involved in the protein cavity. Keto-1 is actually the

same structure reported as 1(OL-)* in excited state in

another recent study [68]. All energy calculations were

performed on the keto-1 form of OxyLH2, which is broadly

considered to be the species responsible for light emission

inside the wild firefly.

It should be noted that all mutations in a flexible loop of

firefly luciferases were accompanied with displacement of

the loop and probably higher solvent accessibility to ben-

zothiazole moiety of oxyluciferin. Formation of new ionic

and H-bonds were also reported. Therefore, it may be

suggested that the mutations of the residues involved in the

H-bond network can lead to different polarizations acting

on the benzothiazole moiety and change the color of the

emitted light accordingly.

According to molecular modeling, transition from S1 to

S0 leads to an internal negative charge transfer from the

thiazolone ring near the AMP to the benzothiazole ring

(phenolate) (see graphic HOMO and LUMO model in

Fig. 10). Hence, any factor favoring the stabilization of the

charge on the benzothiazole moiety will induce a stabil-

ization of the ground state relative to the excited state, i.e.,

blue shifting of the transition energy.

On the other hand, water orientation and residue

arrangements have different external electrostatic potentials

on the QM keto-1 moiety, particularly the benzothiazole

fragment. Therefore, if the external potential on the benzo-

thiazole part stabilizes a charge there, due to luciferase

Fig. 9 The active site model of firefly luciferase. The amide

carbonyls of Ser316 and Gln340 play an important role as basic

moieties similar to non-polar solvents. Reprinted from [68] with

permission from American Chemical Society (ACS)

1176 S. Hosseinkhani

123



conformational changes, then the transition energy should

increase. However, the extension of the QM/MM studies to

the other conformers suggested by recent experiments

[101] and also mutant proteins will be suitable for more

analysis.

Conclusions

In spite of the long history of work on firefly luciferase and

the extensive experimental work towards production and

application of red-emitter firefly luciferases, the chemical

origin of multicolor bioluminescence have not been clearly

understood through experimental investigation. Besides the

classical observation and original interpretation, in recent

years, combinations of theoretical and experimental

investigations have shed light on the origin of color dif-

ferences in firefly emission.

Considering all recent experimental and theoretical

investigation and original observations, to explain the color

tuning of the bioluminescence, the limitation of the envi-

ronmental effects to any single factor would represent an

oversimplification. This is an important issue when minor

modification in luciferase primary structure is accompanied

by global conformational changes, and especially consid-

ering that even the presence of a single water molecule in

the protein scaffold could result in drastic change of the

properties of the environment. Moreover, unlike other

fluorescent proteins, most notably the green fluorescent

protein, where the emitter is attached to the protein, in the

case of the firefly luciferase the emitter has larger freedom

of movement inside the active pocket, and thus the

dynamic aspects of the emitter-environment interaction

need to be considered for color tuning mechanism. Instead,

it seems viable to accept that several factors can act col-

lectively in the protein scaffold during the tuning of the

emission color, until direct evidence is obtained about the

structural changes that occur upon the color change.

Therefore, it may be concluded that all point mutations of

firefly luciferase with changes of color emission have

effective roles in redirection of oxyluciferin or dynamic of

water molecules around the emitter site. On the other hand,

the interplay among luciferase structure rigidity, protein

stability, and conformational changes should also be con-

sidered effective in controlling the water content and

proximity around the oxyluciferin emitter site [113].

Meanwhile, in vivo bioluminescence color tuning may be

attributed to some other factors which are mainly out of

control dissimilar to in vitro conditions. Among those,

matrix protein and protein–protein interactions, the pres-

ence of proteases may be mentioned, as their effect on

luciferase structural stability and flexibility has been shown

[114–116]. Decrease of protease-prone regions of firefly

luciferase by site-directed mutagenesis brought about with

more structural stability, higher and more stable biolumi-

nescence signal in cell culture [117].

Overall, according to different investigations, seeking

the origin of the different bioluminescence colors includes

two different points: identical emitter structure and envi-

ronmental factors that affect the deexcitation energy of

the emitter. Environmental factors make a series of

intramolecular properties of luciferase structure and

solution properties. Both factors have been discussed and

considered clearly [101]. The neutral form of oxyluciferin

is a blue emitter under all conditions where it remains

neutral in S0 as well as in S1 [101]. Therefore, due to the

lack of blue emission in the real biological system, the

emitter in the excited state should be ionized. The titra-

tion results showed larger acidity of the phenol hydroxyl

group, and thus the excited emitter exists as a phenolate

ion.

This does not rule out the possibility that the ion is

created in the excited state, after a proton transfer has

occurred from the neutral form. However, the comparative

study of the emitter fluorescence in aqueous solutions and

emitter-luciferase bioluminescence spectra confirmed that

the emitting species exists as phenolate ion even in the

ground state.

This is followed by another question on the emitting

phenolate ion if it exists as enol or keto form. Although the

Fig. 10 Graphic HOMO and LUMO model of oxyluciferin. Accord-

ing to molecular modeling, transition from S1 to S0 leads to an

internal negative charge transfer from the thiazolone ring near the

AMP to the benzothiazole ring. Reprinted from [105] with permission

from American Chemical Society (ACS)
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data obtained on molecules similar to OxyLH2 are very

useful, it seems difficult to answer this question solely from

the spectra-structural data obtained from model compounds

other than the real emitter. Fluorescence and biolumines-

cence spectra of the un-substituted emitter in various

solvents, the pH dependence of the spectra, the crystal

structures of the emitter, and the model theoretical calcu-

lations are all consistent with the yellow–green emitter in

the luciferase existing as the phenolate ion of the enol

form, phenolate-enol-OxyLH- [101]. On the other hand,

according to another recent experimental study, the light

emitter is the excited singlet state of the keto form of

oxyluciferin phenolate anion, 1(OL-)* and the emission

maximum of OL- is controlled by polarity of the active-

site environment of the luciferase surrounding 1(OL-)* and

the properties of the bonding interaction between 1(OL-)*

and a countercation like a basic amino acid [68]. However,

based on quantum mechanics/molecular mechanics (QM/

MM) calculations and classical molecular dynamics (MD)

simulations based on the ‘‘open’’ and ‘‘closed’’ x-ray

structures of firefly L. cruciata luciferase the emission of

various colors by only a keto form was confirmed [105].

Moreover, the red shift observed upon interaction with

luciferase shows in the active pocket, the ground-state

phenolate ion is enclosed in a less polar environment than

the aqueous solution [101]. This implies that there are no

water molecules proximate to the phenolate group of the

emitter, which would otherwise greatly affect the envi-

ronment polarity, or that the effect from the eventual water

molecule(s) to the overall polarity is overweighed by

interaction with hydrophobic protein residues, including

alkyl residues (Ile) and phenyl rings (Phe).

The excited state of the phenolate ion decays before

significant reorganization of the protein matrix has occur-

red, that is, the protein dynamics are slower relative to the

deexcitation. A second proton transfer from the hydroxy-

thiazole ring is not likely to occur. Thus, the emitter

appears as a monoanion, a conclusion which is in agree-

ment with the above discussion and is also supported by the

comparison of the fluorescence lifetimes.

As discussed earlier, the color tuning phenomenon of the

firefly luciferase is affected by intramolecular or intermo-

lecular factors. Intramolecular factors, mainly the TICT

mechanism, were ruled out by theoretical models [107,

118]. Therefore, only the intermolecular factors (lucifer-

ase–emitter interactions) are mainly considered. The

crystal structure of L. cruciata luciferase in complex with

an intermediate structure of emitter (DLSA) provided

valuable information into the nature of the binding site of

the emitter [86]. Accordingly, it was concluded that the

color change can be caused by reversible closing/opening

of the pocket around the emitter by conformational adjust

of the proximate isoleucine residue (Ile288), which is

induced by point mutation [86]. Conclusion was ruled out

by recent QM/MM studies, which implicates that the

deduced luciferase cavity size does not oblige the relative

structures of the oxyluciferin substrate sufficiently to

account for the observed color modulation [105].

Meanwhile, the crystal structure of the unbound emitter

(of L. cruciata) in the same pocket shows that in the WT

enzyme, the emitter does not slip far from the product

AMP. There are several possible factors that are respon-

sible of the ligand remaining close to the AMP in the active

pocket, and each of these could change during the color

tuning. The most apparent reason is the hydrogen bond of

the thiazole oxygen atom to a water molecule that further

bonds to the protein scaffold (Gly318 and Lys531; corre-

sponding to Lys 529 of P. pyralis) through two additional

hydrogen bonds [86].

Moreover, according to the mentioned crystal structure,

the thiazole oxygen is close to the negative phosphate res-

idue and fixed by a strong hydrogen bond to the phosphate

thereby exist as enol form. Displacement of AMP relative to

the emitter and the water molecule would weaken or destroy

these hydrogen bonds, which would destabilize the enol

form and the emitter could switch to its keto form [101].

The corresponding change of the hydrogen-bonding net-

work will unavoidably result in redistribution of the

negative charge within the ion and thus it will affect the

emitted color. However, as it is recently stated, the excited

singlet state of the keto form of oxyluciferin phenolate

anion, 1(OL-)* could produce all emitted colors from green

to red [68, 105].

Additional detail that had not been pointed out in pre-

vious studies, but became apparent from crystal structure,

is that the phenyl ring from the residue Phe 249 (from

L. cruciata luciferase) approaches the planar molecule

laterally and could p–p interact with its p system. Being

attached by a flexible bond, this phenyl group could

reversibly approach or retreat from the ligand during the

bioluminescence reaction. Changes of the p–p stacking

distance as small as 0.02–0.10 Å are expected to result in

significant shifts in the emission maxima by modulation of

the deexcitation pathways. In turn, the orange emitter

OxyL2-, the yellow–orange emitter enolate-OxyLH-, or

perhaps even the yellow–green emitter phenolate-enol-

OxyLH- could shift their emission to the orange or red

regions. Moreover, a dynamic water molecule that comes

close to the phenolate group of the emitter during the

process may change the overall situation radically [101].

The critical role of dynamic water molecule were further

credited by the effect of solvent polarity on the biolumi-

nescence color, which shows that more polar region is

responsible for red-color emission and that less polar

region can interpret production of various colors of light

from green to orange–red [68]. In fact, insertion of positive
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side-chain residues into a flexible loop of P. pyralis

luciferase [94] and L. turkestanicus luciferase [93] brought

about with displacement of the loop and probably more

solvent accessibility and red-color emission.

The preceding discussion generally implies that the

emitter is maintained close to the site of its creation by

collective intermolecular interactions, which include

hydrogen bonding (with water molecules, amino acid resi-

dues and/or AMP), Coulomb interactions (with the

phosphate of the AMP), and p–p interactions (with a phenyl

ring). Then, which of these factors is the most important for

the color tuning? Effective factors will be ultimately

determined by the relative positions of the ligand in the

yellow–green– and red-emitting states, and therefore by the

conformational change of the whole protein network [101].

Moreover, microenvironmental modifications (through the

above interactions) may destabilize or stabilize the charge

localized on the benzothiazole moiety. The same modifi-

cations can be induced by mutating some residues during

experimental studies or by controlling the number of water

molecules inside the cavity while performing in silico

investigations [105]. At the present, the structure of the free

(unattached) emitter only in the WT green-emitting protein

is known. However, because the protein framework acts as a

cooperative ensemble, it seems more sensible to suggest

that it will affect the structure of the emitter in a multiple

ways, with the specific and nonspecific interactions partic-

ipating simultaneously. However, according to recent

developments, the H-bond networks in the luciferase cavity

involve water molecules and protein residues that mainly

affects the charge redistribution in the oxyluciferin emitter

during the S1 to S0 transition. This process is experimentally

observed as the color modulation [105].

The effects of environmental polarity on the enolization

of the keto form and the deprotonation of the enol, and the

role of the neutral and ionized 60-OH group in the fluores-

cence of the firefly emitter, oxyluciferin, has been reported

through a detailed study of the structure and absorption and

fluorescence spectra of its 60-dehydroxylated analogue

[119]. It has been shown that the deprotonated 60-O- group

is a necessary factor in accounting for the observed yellow–

green and red emissions of oxyluciferin. Its negative charge

is essential for effective excited-state charge transfer, which

lowers the emission energy and broadens the emission

spectrum. Deprotonation effect of the 60-OH group on the

emission energy from blue- to red in different tautomeric

form has been shown [119]. However, the specific and non-

specific interactions of protein framework as a cooperative

ensemble in the light emission should be considered.

Concluding remark: is it possible to consider the mys-

tery of firefly luciferase being resolved? In fact, according

to recent developments it may be concluded that one of the

main oxyluciferin emitter forms of luciferase reaction is the

oxyluciferin keto form of the phenolate anion and the color

of emitted light exclusively depends on the polarity of the

surrounding area, which is solely attributed to water ori-

entation. Is it the end of story?
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