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ABSTRACT: Beetle luciferases produce different biolumines- "

. . . Formation | (Bassi~t ST+
cence colors from green to red using the same D-luciferin e e ) S
substrate. Despite many studies of the mechanisms and - a & = I
structural determinants of bioluminescence colors with firefly L SR T Covormation”
luciferases, the identity of the emitters and the specific active A 4
o : ; . . v o, bz j*
site interactions responsible for bioluminescence color P ‘@: L L3 o

modulation remain elusive. To address these questions, we
analyzed the bioluminescence spectra with 6’-amino-D-luciferin
(aminoluciferin) and its S,5-dimethyl analogue using a set of e
recombinant beetle luciferases that naturally elicit different ,, ., ;:E‘:T’E”" fl
colors and different pH sensitivities (pH-sensitive, Amydetes KIH T e vt
vivianii Ay, = 538 nm, Macrolampis sp, An, = 564 nm; pH- oA g Pypeis
insensitive, Phrixotrix hirtus A,,, = 623 nm, Phrixotrix vivianii

Amax = 546 nm, and Pyrearinus termitilluminans A,,,, = 534 nm), a luciferase-like enzyme (Tenebrionidae, Zophobas morio A, =
613 nm), and mutants of C311 (S314). The green-yellow-emitting luciferases display red-shifted bioluminescence spectra with
aminoluciferin in relation to those with D-luciferin, whereas the red-emitting luciferases displayed blue-shifted spectra.
Bioluminescence spectra with S,5-dimethylaminoluciferin, in which enolization is blocked, were almost identical to those of
aminoluciferin. Fluorescence probing using 2-(4-toluidino)naphthalene-6-sulfonate and inference with aminoluciferin confirm
that the luciferin binding site of the red-shifted luciferases is more polar than in the case of the green-yellow-emitting luciferases.
Altogether, the results show that the keto form of excited oxyluciferin is the emitter in beetle bioluminescence and that
bioluminescence colors are essentially modulated by interactions of the 6'-hydroxy group of oxyluciferin and basic moieties under
the influence of the microenvironment polarity of the active site: a strong interaction between a base moiety and oxyluciferin
phenol in a hydrophobic microenvironment promotes green-yellow emission, whereas a more polar environment weakens such
interaction promoting red shifts. In pH-sensitive luciferases, a pH-mediated switch from a closed hydrophobic conformation to a
more open polar conformation promotes the typical red shift.
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eetle luciferases naturally emit a wide range of bio- genes to investigate gene expression and cell and tissue
luminescence colors from green (534 nm) to red (638 markers.”® Because they may emit different bioluminescence
nm) using the same substrates, p-luciferin [p-LH, (Scheme 1)], colors, beetle luciferases are currently used as versatile

ATP, and molecular oxygen." Because p-LH, is the common
substrate for the luciferases of different luminescent beetles,
bioluminescence colors are determined by modulation of the
properties of the emitter, oxyluciferin [OLH (Scheme 1)], in
the active sites of these luciferases. Luciferases are additionally
classified as pH-sensitive or pH-insensitive, according to their
bioluminescence spectral sensitivity to factors such as pH,

multicolor reporter systems.6

Considering that the emission spectrum is determined by the
structure of the emitter and its surrounding luciferase
environment, studies have focused on one side on the structure

1,7,8

and function of luciferase enzymes and on the other side on

added metal ions, temperature, and other denaturing Received: February 6, 2014
conditions.”> During the past decades, beetle luciferases were Revised:  July 7, 2014
extensively applied as bioanalytical reagents and as reporter Published: July 15, 2014
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Scheme 1. Structures of Firefly Luciferin (p-LH,), Firefly
Oxyluciferin (OLH), and Their Analogues and the Keto-
Phenolate Form of OLH
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the identification and photophysical properties of the putative
emitters based on theoretical and spectroscopic properties of D-
LH,, OLH, and their analogues.g_13

To explain the nature of the emitters of different bio-
luminescence colors, White et al. originally proposed that the
structural change of the excited state of oxyluciferin phenolate
anion (Scheme 1) by tautomerization between keto red-
emitting and enol/enolate yellow-green-emitting forms, under
the influence of a basic residue abstracting a CS proton, would
determine red and green bioluminescence in firefly luciferases,
respectively.”'* In addition, the importance of a nonspecific
solvent effect on the emitter in bioluminescence color
determination has been long proposed by many research-
ers.'”'? Later, McCapra et al.”> proposed that rotation of the
C2—C2’ single bond between the thiazole and benzothiazole
rings of the excited keto-phenolate form of OLH could
determine a continuum of bioluminescence spectra in beetle
luciferases. Theoretical studies with TDDFT calculations
reported by Orlova et al.'® suggested that the planar s-trans
structures of the excited states of OLH are the most likely
emitters in beetle bioluminescence, and the twisted structures
with C2—C2’ bond rotation between the thiazole and
benzothiazole rings are unlikely. Branchini et al.'’ showed
definitive experimental evidence that a single structure, the
keto-phenolate form of OLH, can emit both red and green
bioluminescence and that tautomerization is not required for
green-red emission. In this case, the color determination
mechanism would be explained by deprotonation of the
phenolic 6’-hydroxy group as well as 7-electronic conjugation
of the keto-phenolate form of the excited oxyluciferin providing
a variety of colors. While a recent spectroscopic study of wild-
type oxyluciferin reported by Naumov et al.'” still supports the
tautomerization hypothesis based on the results that show the
enol-phenolate and enolate-phenolate forms are the yellow-
green and yellow-orange emitters, Branchini’s hypothesis was
confirmed by other experiments. Spectroscopic studies using
5,5-dimethyloxyluciferin [Me,OLH (Scheme 1)] reported by
Hirano et al. support this conclusion that the keto-phenolate
form of OLH has the potential to efficiently emit light from
green to red depending on the polarity of molecular
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environments and the interaction between the phenolate 6’-
oxido group and a countercation.'* Thus, most of the current
experimental and theoretical studies support the involvement of
the keto-phenolate form of OLH as a single emitter, the
emission properties being modulated by nonspecific polarity,
orientation polarizability, and interactions with specific basic
amino acid residues in the luciferase active sites.'”"®

Several beetle luciferases have been cloned in the past two
decades, most of them from fireflies that emit green-yellow light
(538—580 nm) and are pH—sensitive.w_24 The three-dimen-
sional structure of the luciferase of the North American firefly
Photinus fg’vmlis has been determined in the absence of
substrates™ and that of the luciferase of the Japanese firefly
Luciola cruciata in the presence of the luciferyl-adenylate
analogue DLSA {5'-O-[N-(dehydroluciferyl)sulfamoyl]-
adenosine} or with OLH and AMP,* showing a closed active
site conformation with DLSA and an open conformation with
AMP and OLH. Although these structures provide valuable
information about the identity of the active site, they probably
fail to identify critical interactions during the reacting and
emitting steps. Luciferin binding site residues in firefly
luciferases also have been identified in the three-dimensional
structures by modeling studies,””*® and their function has been
probed by site-directed mutagenesis.*’

Our group has cloned several new beetle luciferases from
click beetles,>**' railroad worms,*>** and fireflies,>* ¢ which
naturally elicit different bioluminescence colors from the
extreme green (534 nm) to red (623 nm) and different pH
sensitivities, and investigated their structure and function.

Residues affecting bioluminescence colors were identified by
site-directed mutagenesis and can be classified into two main
groups: luciferin binding site residues likely interacting with
oxyluciferin®”>” and residues located outside the active site
indirectly affecting the conformation of the active site.”’~**
Almost all the luciferin binding site residues are invariant or
conserved, and although mutations of some these residues were
shown to influence bioluminescence colors in beetle luciferases,
they were not proven to be natural determinants of
bioluminescence colors. Among them, the invariant R218 was
found to be critical for green bioluminescence in railroad worm
and firefly luciferases.””** More recently, the main chain
carbonyls of residues Cys and Thr at position 311 of click
beetles and railroad worm luciferases and Ser314 of firefly
luciferases (314 of P. pyralis firefly luciferase) were shown to be
critically located around the oxyluciferin phenolate for an
interaction that may affect bioluminescence colors.'® Other
residues important for bioluminescence colors, however, were
found spread in other parts outside of the active site of the
luciferase structure. Among them, the loop of residues 223—
235, mainly the ?’F(Y)GN(T)** motif,**** and the loop of
residues 351—360,>>® which interact with invariant E309
(E311) and R337, were suggested to help to keep the
benzothiazolyl side of the luciferin binding site in a closed
conformation favorable for green light emission.’*** These
results led us to the hypothesis that bioluminescence colors are
determined by the active site conformation and compactness
that indirectly modulate the polarity and specific interactions
around the emitter: a closed apolar conformation would be
responsible for green light emission, and an open and/or more
polar conformation would result in red light emission.'®**

An effective approach to understanding the mechanism of
bioluminescence color determination in beetle luciferases is to
use luciferin analogues. One of the important luciferin
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analogues is 6’-amino-p-luciferin [NH,LH (Scheme 1)], which
has an amino group instead of a hydroxy group at position C6’
of p-LH,. White et al. synthesized NH,LH for the first time and
investigated its spectroscopic properties with firefly and click
beetle luciferases, showing that the bioluminescence spectrum
of firefly luciferase is in the orange-red region, independent of
the pH, and that the bioluminescence spectra with Pyrophorus
plagiophthalamus click beetle dorsal and abdominal lanterns
luciferases were in the same region as that of p-LH,.** More
recently, we revisited the spectroscopic properties with NH,LH
and showed that polarity around the 6’-oxido group of OLH is
essential for modulating bioluminescence colors and suggested
that firefly luciferase may lead to conformations displayin
different polarities around the emitter at different pH values.*
In addition, the authors suggested that 6’-aminooxyluciferin
[NH,OL (Scheme 1)] could be a good fluorescent probe for
assessing luciferin binding site polarity around the phenolate
group. Therefore, a study of the bioluminescence properties of
various luciferases with NH,OL will provide valuable
information about our hypothesis for the bioluminescence
color determination mechanism.

Considering the controversial matter of the identity of the
light emitter and whether the critical interactions affecting
bioluminescence colors in beetle are located on the
benzothiazole side or on the thiazolone side of the luciferin
binding site, we decided to investigate the bioluminescence
spectra and kinetics of recombinant beetle luciferases displaying
different bioluminescence colors together with their 311 (314)
mutants and a luciferase-like enzyme using NH,LH and §,5-
dimethylaminoluciferin (Me,NH,LH), in which the resulting
5,5-dimethylaminooxyluciferin (Me,NH,OL) is constrained to
the keto form (Scheme 1).

B MATERIALS AND METHODS

Plasmids and Beetle Luciferase cDNAs. All beetle
luciferase cDNAs were previously cloned in our laborato-
ries.*33*73¢ The cDNAs for Pyrearinus termitilluminans click
beetle luciferase, Phrixotrix hirtus red-emitting luciferases, and
Zophobas morio mealworm luciferase-like enzyme were
subcloned into the pCold vector (Takara). The cDNA of
Macrolampis sp, luciferase and Phrixotrix viviani green-emitting
luciferase were subcloned in pPro and pCAN vectors
(Invitrogen), respectively, and the luciferase from Amydetes
vivianii (a new species previously mistakenly identified as
Amydetes fanestratus®®) was cloned into the pSport vector
(Invitrogen) and expressed in Escherichia coli BL21-DE3 cells.

Luciferase Expression and Purification. For luciferase
expression, transformed E. coli BL21-DE3 cells were grown in
500—1000 mL of LB medium supplemented with ampicillin at
37 °C until the ODyg, reached 0.4 and then induced at 18 °C
with 0.4 mM isopropyl f-p-1-thiogalactopyranoside overnight.
Cells were harvested by centrifugation at 2500g for 15 min at 4
°C and resuspended in extraction buffer consisting of 0.10 M
sodium phosphate buffer, 1 mM EDTA, 1 mM DTT, 1%
Triton X-100, 10% glycerol, and protease inhibitor cocktail
(Roche) (pH 7.0), lysed with a French press or via
ultrasonication, and centrifuged at 15000¢ for 15 min at 4
°C. The N-terminal histidine-tagged Py. termitilluminans,
Phrixotrix spp. and Zophobas recombinant luciferases and
their mutants were further purified by agarose-nickel affinity
chromatography followed by dialysis and anion-exchange
chromatography. Samples were analyzed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and Western
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blotting using primary polyclonal antibodies raised against Py.
termitilluminans click beetle and Ph. hirtus railroad worm
luciferases and the anti-rabbit secondary antibody and detected
using the ECL Western blotting detection kit (GE Healthcare)
and an ATTO (Tokyo, Japan) LightCapture II CCD camera.

Aminoluciferin Synthesis. NH,LH and Me,NH,LH were
synthesized using previously reported procedures.**™**

Measurement of Luciferase Activity. Luciferase bio-
luminescence intensities and kinetics were measured using
AB2200 (ATTO) and TD3000III luminometers as previously
reported.’® The assays were performed by mixing 5—10 uL of a
40 mM ATP/80 mM MgSO, mixture with a solution consisting
of 10 uL of luciferase (0.5—1 mg/mL) and 80—85 uL of 0.5
mM luciferin in 0.10 M Tris-HCI (pH 8.0) at 22 °C. All assays
were measured in triplicate.

Kinetic Measurements and K, Determination. The
effect of pH on the activity was assayed in 0.10 M phosphate
(pH 6.0—8.0) or 0.10 M Tris-HCl (pH 8) buffer. The Ky
assays for NH,LH and Me,NH,LH were performed by mixing
S uL of 40 mM ATP and 80 mM MgSO, in a solution
containing 10 L of luciferase (0.5—1 mg mL™"), 75 uL of 0.10
M Tris-HCl (pH 8.0), and aminoluciferins at final concen-
trations between 0.01 and 1 mM. The K, values were
calculated using Lineweaver—Burk plots taking the peak of
intensity (I,) as a measure of V;. The experimental errors in Ky
estimates were within 10%.

Fluorescence Spectra. Fluorescence spectra were re-
corded in a Hitachi F4500 spectrofluorometer. Scans were
run at a speed of 2400 nm/min. The spectra were automatically
corrected for the spectral sensitivity of the equipment.

2,6-TNS. For 2-(4-toluidino)naphthalene-6-sulfonate (2,6-
TNS) fluorescence, purified luciferases at concentrations
between 50 and 100 pg/mL were mixed with 1 yM 2,6-TNS
in filtered 0.10 M phosphate buffer at pH 8.0 and 6.0. A
standard curve of energy maxima as a function of solvent
polarity index was constructed according to the method of
Viviani et al.,* using the following solvents: formamide (7.3),
methanol (6.6), dimethyl sulfoxide (DMSO) (6.5), ethanol
(5.2), 2-propanol (4.3), ethyl acetate (4.3), and ethyl ether
(2.9). The fluorescence spectra for 2,6-TNS were obtained with
excitation at 320 nm and scanning at 350—600 nm (excitation
slit of 2.5 nm and emission slit of 10.0 nm). The fluorescence
spectra of buffers and solvents were used as blanks.

Protein Fluorescence. The overall protein fluorescence
arising from tryptophans and tyrosines was measured for the
purified luciferases at concentrations between 50 and 100 ug/
mL in 0.10 M prefiltered phosphate buffer (pH 8.0 and 6.0).
Samples were excited at 280 nm and scanned from 300 to 600
nm.
Bioluminescence Spectra. Bioluminescence spectra were
recorded with the same equipment (F4500) described above
with the excitation shutter closed. For the in vitro bio-
luminescence, S0 uL of a purified luciferase was mixed with 450
uL of an assay solution [0.5 mM luciferin or aminoluciferins, 2
mM ATP, and 4 mM MgSO, in 0.10 M Tris-HCI (pH 8.0)].
The effect of pH on bioluminescence spectra was analyzed in
0.10 M phosphate buffer (pH 8.0 and 6.0) and 0.10 M Tris-
HCI (pH 8.0). Each spectrum is the result of at least three
independent measurements.

Bioinformatics: Homology Modeling. Homology-based
models of Py. termitilluminans, Ph. hirtus, and Macrolampis sp,
luciferases were previously constructed using as templates the
closed conformation of the three-dimensional structure of L.

dx.doi.org/10.1021/bi500160m | Biochemistry 2014, 53, 5208—5220
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Table 1. Spectral and Kinetic Bioluminescence Properties of Beetle Luciferases with Firefly Luciferin (D-LH,), 6'-
Aminoluciferin (NH,LH), and §,5-Dimethylaminoluciferin (Me,NH,LH)

Amax [half-bandwidth] (nm) relative activity Ky (uM)
luciferase p-LH, NH,LH  Me,NH,LH NH,LH/p-LH2 Me,NH,LH/p-LH2 p-LH, NHLH Me,NH,LH
pH-sensitive Lampyridae
Macrolampis (pH 6.0) 606 [77] 594 [73] 595 [55] 0.15 0.1 40
Macrolampis (pH 8.0) 563 [99] 594 [70] 598 [54] 0.045 0.045 20 1
P. pyralis (pH 6.0) 611 [85] 598 [71] 594 [77] 0.44 0.36
P. pyralis (pH 8.0) 560 [74] 603 [94] 599 [98] 0.6 0.5 5 1
A. vivianii (pH 6.0) 551 [98] 582 [68] 585 [68] 0.083 0.104
A. vivianii (pH 8.0) 538 [70] 584 [72] 585 [83] 0.6 047 4 1
pH-insensitive
Elateridae
Py. termitilluminans 538 [75] 560 [84] 559 [77] 0.31 0.077 80 1 2
C311A 588 [87] 579 [63] 579 [63] 0.033 0.044 150
Phengodidae
Ph. vivianii (green) 548 [70] 580 [66] 584 [70] 0.17 0.33 64
RE220GR (yellow) 578 [67] 584 [68] 585 [66] 023 027 140
Ph. hirtus (red) 623 [55] 607 [73] 605 [71] 048 0.30 7 2 3
C311T 606 [90] 589 [56] 598 [63] 07 0.8 7
C311A 627 [52] 607 [69] 608 [68] 09 0.85 4
T3451 629 [50] 604 [69] 612 [77] 026 037 79
Tenebrionidae
Zophobas luciferase-like 611 [92] 572 [76] 577 [77] 0.05 0.1 500 3
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Figure 1. Bioluminescence spectra of different color-emitting pH-sensitive firefly luciferases with firefly p-luciferin and aminoluciferin analogues: (A)
Macrolampis sp, at pH 8.0, (B) Macrolampis sp, at pH 6.0, (C) P. pyralis at pH 8.0, (D) P. pyralis at pH 6.0, (E) A. vivianii at pH 8.0, and (F) A.
vivianii at pH 6.0. Black for p-luciferin, dashed for NH,LH, and gray for Me,NH,LH.

cruciata luciferase in the presence of DLSA [Protein Data Bank
(PDB) entry 2D1S] or OLH and AMP (PDB entry 2D1R)."®
Modeler version 9.9 was used to construct 200 three-
dimensional models of each sequence.”” Visualization and
analyses of the best model of each luciferase were performed
using PyMol version 1.4.1.%°

B RESULTS

Bioluminescence Activity and Kinetics with Amino-
luciferin and 5,5-Dimethylaminoluciferin. The biolumi-
nescence activities with NH,LH and Me,NH,LH were
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determined as a percentage of the luminescence intensities of
luciferase reactions with p-LH, as shown in Table 1. The
relative activities with NH,LH and Me,NH,LH were usually
below unity (Table 1). Interestingly, however, for mutants
C311A and C311T of Phrixotrix red-emitting luciferase, the
activities were very close to those with p-LH,. Furthermore, in
almost all luciferases, the Ky values for the amino analogues
were considerably lower than the Ky, for p-LH, (Table 1),
indicating a higher affinity for these analogues than for the

natural bioluminescent substrate.

dx.doi.org/10.1021/bi500160m | Biochemistry 2014, 53, 5208—5220
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Bioluminescence Spectra with Aminoluciferins. We
have measured the bioluminescence spectra of different beetle
luciferases spanning the full bioluminescence spectrum of the
three main families of luminescent beetles, Lampyridae,
Elateridae, and Phengodidae (4., = 534—623 nm), and also
the luciferase-like enzyme of Zophobas mealworm with NH,LH
and Me,NH,LH (Figures 1-3). Then, we systematically
compared the bioluminescence spectra of aminoluciferins
with those of p-LH,,.

Noteworthy is the fact that with Me,NH,LH the bio-
luminescence spectra were essentially similar if not identical to
those with NH,LH (Figures 1—3), providing clear evidence
that the keto form of NH,OL is responsible for all
bioluminescence colors displayed by different beetle luciferases
and that the interaction of the 6’-amino group with the active
site environment of each luciferase determines bioluminescence
colors.

Three luciferases, those of Macrolampis sp,, A. vivianii, and P.
pyralis fireflies, are pH-sensitive with p-LH, and show green-
yellow emission at pH 8.0 and red-shifted emission at pH 6.0.
As reported by White at al.** for P. pyralis firefly luciferase,
these luciferases also show pH-insensitive bioluminescence
spectra with NH,LH. The bioluminescence emission maxima
(Amax) with NH,LH were in general red-shifted in relation to
the respective A, values with p-LH, at pH 8.0, however, to
different degrees (Figure 1). The more green-shifted was seen
in the bioluminescence spectrum with p-LH, at pH 8, and the
larger the red shift was seen with NH,LH (Figure 1) in the
following order: A. vivianii luciferase > P. pyralis luciferase >
Macrolampis luciferase (Figure 1). On the other hand, the A,
values of Macrolampis and P. pyralis luciferases with NH,LH
were blue-shifted compared to the respective 4,,,, values with p-
LH, at pH 6.0, while the 4,,,, value of A. vivianii luciferase with
NH,LH was still red-shifted compared to that with p-LH, at
pH 6.0.

In the case of green-yellow-emitting pH-insensitive luci-
terases, Py. termitilluminans, Ph. vivianii, and Phrixotrix chimera
RE220GR luciferases (Figures 2 and 3), P. viviani luciferase
displayed the largest red shift of the emission maximum (32
nm) with NH,LH in relation to that with p-LH,. The
bioluminescence spectra of Phrixotrix chimera RE220GR
luciferase with p-LH, and NH,LH were similar to each other.

In the case of the red-emitting Ph. hirtus luciferase and its
mutants, and the luciferase-like enzyme of Zophobas mealworm
that also emits red light, the bioluminescence spectra with
NH,LH were always blue-shifted in relation to the spectra with
D-LH,, the largest effect being observed with the luciferase-like
enzyme (39 nm blue-shifted) (Figure 3).

To improve our understanding of the effect of the
environment around the 6’-amino and oxido groups in the
luciferins, we also measured the bioluminescence spectra of
311-residue mutants of Py. termitilluminans (C311) and Ph.
hirtus (C311) luciferases. These are the mutants corresponding
to residue S314 in P. pyralis and Macrolampis firefly luciferases
that were shown to be located near the oxyluciferin phenolate
group and to display an important effect in color modulation.'®
With NH,LH, the orange-emitting C311A mutant (588 nm) of
Py. termitilluminans luciferase also showed a red-shifted
bioluminescence spectrum compared with that of wild-type
luciferase (Figure 2). However, the bioluminescence spectrum
of this orange-emitting mutant with NH,LH was blue-shifted in
relation to that with p-LH,.

5212

120

100 4

60

Relative Intensity

a0

20 A

0 -

aso

120

100

Relative Intensity

600

Wavelength (nm)

Figure 2. Bioluminescence spectra of Py. termitilluminans larval click
beetle green-emitting luciferase with p-luciferin and aminoluciferin
analogues: (A) wild type and (B) C311A mutant. Black for p-LH,,
dashed for NH,LH, and gray for Me,NH,LH.

The bioluminescence spectrum of the Ph. hirtus C313T
mutant (4,,,, = 589 nm) with NH,LH is very similar to that of
the green-emitting Ph. vivianii luciferase (A,,,, = $80 nm), which
naturally displays the C311T substitution (Figure 3), indicating
that this mutation indeed turns the luciferin binding site of the
red-emitting luciferase more similar to that of the green-
emitting one, as previously suggested.18

Although the bioluminescence spectra of the green-yellow-
emitting luciferases with NH,LH show a tendency to be red-
shifted in relation to the spectra with p-LH,, the magnitude of
the shift of the emission maxima with this analogue is not
quantitatively related with that of p-LH,. In fact, a plot between
the wavenumbers v (in inverse centimeters) of the A, values
for NH,LH and p-LH, with the green-yellow luciferases
together with Macrolampis luciferase and P. pyralis and A.
vivianii firefly luciferases at pH 8.0 does not show a clear
correlation (data not shown). Such a lack of correlation may
reflect different interactions between the luciferase active sites
and the excited states of OLH and NH,OL.

Protein Fluorescence. Beetle luciferases have an invariant
tryptophan residue at position 424 (P. pyralis luciferase
sequence numbering), and in some luciferases more than one
tryptophan, which may make an important contribution to the
overall protein fluorescence (Table 2). Therefore, we measured
the overall protein fluorescence as a reasonable indicator of
conformational changes caused by mutations and pH changes.
We verified that the change in pH from 8.0 to 6.0 did not cause
any significant changes in the protein fluorescence of firefly
luciferases without substrates. Similarly, the mutant luciferases
of Py. termitilluminans and Ph. hirtus at position C311 also
display fluorescence spectra essentially similar to those of the
respective wild-type luciferases. These results could be taken as
evidence of the lack of larger conformational changes upon
changes in pH and C311T and -A mutations in the absence of
substrates.

Fluorescence Spectra of 2,6-TNS in Luciferases. We
also measured the fluorescence spectra of 2,6-TNS included in

dx.doi.org/10.1021/bi500160m | Biochemistry 2014, 53, 5208—5220
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Figure 3. Bioluminescence spectra of Phrixotrix railroad worm with firefly p-luciferin and aminoluciferin analogues: (A) Ph. hirtus red-emitting
luciferase, (B) Ph. hirtus C311T mutant, (C) Ph. hirtus C311A mutant, (D) Ph. vivianii green-emitting luciferase, (E) Phrixotrix yellow-emitting
chimeric luciferase, and (F) Z. morio luciferase-like enzyme. Black for p-LH,, dashed for NH,LH, and gray for Me,NH,LH.

Table 2. Summary of Protein and 2,6-TNS Fluorescence
Maxima with Beetle Luciferases and Mutants

protein FL 2,6-TNS
luciferase tryptophans pH8 pH6 pHS8 pH6
pH-sensitive (Lampyridae)
P. pyralis W440 337 333 428 429
pH-insensitive
Elateridae
Py. W77, W400, 336 338 428 429
termitilluminans W424
C313A W77, W400, 336 339 436 434
W424
Phengodidae
Ph. vivianii W424 340 422
Ph. hirtus W424 334 333 438
RE T34S1 w424 335 428
RE C313T W424 339 431
luciferase-like enzyme
Z. morio W227, 347 345 440 440
W432
13278 W227, 348 441
‘W432

luciferases (Table 2), which is considered a classical
fluorescence probe for the polarity of protein active sites and
is a competitive inhibitor with regard to firefly luciferin.
Fluorescence spectra of 2,6-TNS in the Zophobas luciferase-like
enzyme and Ph. hirtus red-emitting luciferase gave more red-
shifted emission maxima, whereas in the green-emitting Ph.
vivianii, Py. termitilluminans, and P. pyralis luciferases, it gave
more blue-shifted emission maxima. These results suggest that
the Zophobas luciferase-like enzyme and Ph. hirtus red-emitting
luciferase have more polar active sites and the green-yellow-
emitting Ph. vivianii, Pyrearinus, and P. pyralis luciferases have
more hydrophobic active sites (Table 2). In the case of the pH-
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sensitive P. pyralis luciferase, there were not considerable
changes in the fluorescence spectrum of 2,6-TNS at pH 8 and
6, despite the bioluminescence spectrum with p-LH, under-
going a dramatic red shift, suggesting that there are not
considerable changes in polarity with this probe at different pH
values.

Upon comparison of the critical mutants at position 311
(314) of Py. termitilluminans and Ph. hirtus luciferases, whose
main chains carbonyls were shown to be close to phenolate, we
found that the fluorescence spectra of 2,6-TNS followed a trend
similar to that of the bioluminescence spectra: red-shifted in the
case of the Py. termitilluminans C311A mutant in relation to
that of its wild type and blue-shifted in the case of the Ph. hirtus
C311T mutant in relation to that of its wild type. Because the
magnitude of the shifts of the fluorescence maxima is smaller
than that of the respective bioluminescence ones, it is difficult
to obtain clear correlations between the wavenumbers of the
bioluminescence emission maxima with p-LH, (and NH,LH)
and those of the fluorescence maxima of 2,6-TNS.

B DISCUSSION

To understand the identity of the emitter(s) of beetle
bioluminescence and the nature of its interactions in the active
sites of luciferases emitting different bioluminescence colors, we
investigated the bioluminescent properties of recombinant
beetle luciferases eliciting distinct bioluminescence colors, their
311 (314 in fireflies) amino acid residue mutants and a
luciferase-like enzyme with NH,LH and Me,NH,LH. NH,LH
is an attractive substrate for mechanistic studies, because its 6'-
amino group is an electron-donating group similar to the 6'-
oxido (O~) group of luciferin phenolate but has basic character
(pKy, of ~9; pK, of the conjugate acid of ~4.6) instead of acidic
character (pK, of ~8.6) of the 6'-hydroxy (OH) group of -
LH,. Our previous study of the bioluminescence properties of
P. pyralis luciferase with NH,LH and Me,NH,LH led us to
suggest that the emitter of the bioluminescence with NH,LH is
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the excited state of the keto form of NH,OL.** The
fluorescence properties of Me,NH,OL indicated that the
excited state of the keto form of NH,OL can efficiently emit
various colors of light from yellow-green to orange depending
on the solvent polarity,*® being a sensitive probe for the polarity
in the luciferin phenolate binding pocket of the luciferase active
site.

The major finding of this work is that the bioluminescence
spectra of the 12 pH-sensitive and pH-insensitive luciferases
tested with Me,NH,LH almost overlap with those of NH,LH,
clearly showing that the structure of the excited state of the
emitter, NH,OL generated from NH,LH, is in its keto form as
previously reported for P. pyralis luciferase.*® These results
provide compelling evidence that the keto form of the excited
oxyluciferin phenolate could be the actual emitter for
bioluminescence of different luciferases with wild-type p-LH,,
because it is unlikely that the keto—enol tautomerism is
specifically involved in the bioluminescence with p-LH,.
Therefore, the differences in the A4, values of the luciferases
with p-LH, and NH,LH are determined mainly by interactions
of 6-oxido and NH, groups in the luciferase active sites
modulating the s-electronic properties of the keto form.

Next, we evaluated the oxyluciferin phenolate binding pocket
environment of different bioluminescence color-emitting
luciferases, by comparing bioluminescence spectra of amino-
luciferin analogues with those of D-luciferin and correlating
them with the polarity indexes. The 4,,,, values for Me,NH,LH
bioluminescence were evaluated with the correlation between
the fluorescence data of Me,NH,OL in various organic solvents
and Rechardt’s solvent polarity garameter E;(30) (in kilo-
calories per mole) (Figure 4).* Similarly, the correlation
between the fluorescence data of the phenolate anion of
Me,OLH generated with tributylamine and the E(30)
parameter was also available (Figure 5)."”

21F p-xylene
”0 - benzene
".'."CHCIS
_ 19 -
[
=
o 1.8F
< . CH3CN0"-.' 2-propanol
<17Fr  bpm
- el X 4 “@CH,0H
16k RS
Hzo
1 .5 _I . 1 N 1 i 1 .
3 40 50 60

E1(30) / keal mol ™!

Figure 4. Plot of wavenumbers v of fluorescence emission maxima of
Me,NH,OL vs solvent parameter E1(30).

The luciferases were classified into three subgroups: (1) pH-
sensitive, (2) pH-insensitive green-yellow-emitting (534—578
nm), and (3) pH-insensitive orange/red-shifted and red-
emitting (>580 nm).

pH-Sensitive Luciferases (group 1). We first evaluated
the bioluminescence of the pH-sensitive Macrolampis and A.
vivianii firefly luciferases. Similar to P. pyralis luciferase,
Macrolampis sp, and A. vivianii luciferases did not show pH-
dependent character of bioluminescence with NH,LH as
reported by White et al,* providing evidence that pH
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Figure S. Plot of wavenumbers v of fluorescence emission maxima of
the phenolate anion of Me,OLH generated with tributylamine vs
solvent parameter E1(30).

sensitivity depends on the presence of the 6'-hydroxy group
of OLH and is related to an acid—base interaction between the
6'-hydroxy group of OLH and a basic moiety of the luciferase
active site.

It was suggested that pH sensitivity in firefly luciferases arises
from a conformational switch between a closed apolar to an
open polar conformation.”**>* Our previous study of P. pyralis
luciferase bioluminescence with p-LH, and NH,LH led us to
propose that the luciferin binding site indeed displays two
different oxyluciferin phenolate binding modes that may arise
from distinct conformations, apolar N and polar P types for
OLH, while NH,OL is able to bind only to a P-type
conformation.*® These binding conformations are illustrated
in Figure 6. The results shown here with the pH-sensitive
luciferases of Macrolampis and A. vivianii fireflies support this
hypothesis.

The difference in the A, values with p-LH, and NH,LH
must be considered with the substituent effects of the oxido and
amino groups of oxyluciferin phenolate and NH,OL,
respectively. Because the electron donating ability strength of
the amino group (Hammett constant ¢, of NH, = —0.66) is
lower than that of the oxido group (6, of O™ = —0.81),>" the
fluorescence emission maximum of NH,OL is blue-shifted in
relation to that of oxyluciferin phenolate in environments with
the same polarity. Therefore, the bioluminescence spectrum of
a beetle luciferase with NH,LH is expected to be blue-shifted
compared to that with p-LH),, assuming that both are found in
the same binding site microenvironment. As in the case of P.
pyralis luciferase, the A, values of Macrolampis sp, luciferase
with NH,LH are blue- and red-shifted compared to those with
D-LH, at pH 6.0 and 8.0, respectively, indicating that the
Macrolampis luciferase active site also displays both N- and P-
type binding conformations with OLH. However, in the case of
A. vivianii green-emitting luciferase with NH,LH at pH 6, the
bioluminescence spectrum is considerably red-shifted com-
pared to that with p-LH,. Because the pH-dependent character
of A. vivianii luciferase is weaker than those of P. pyralis and
Macrolampis luciferases, the bioluminescence spectrum of A.
vivianii luciferase with p-LH, at pH 6.0 still displays a broad
shape with a predominance of green emission over red
emissionf'6 which is indicative of a more stable N-type binding
conformation despite the acidic pH. Thus, we estimated the
Aimax Value (~590 nm) of red emission by decomposition of the
green and red emission spectra using the spectrum at pH 8.0.
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PxRE-C311T, Ph. hirtus C311T mutant; PxRE-C311A, Ph. hirtus C311A mutant; PxRE-T345], Ph. hirtus T34SI mutant; Pte-C311A, Py.

termitilluminans C311A mutant; Zop, Z. morio luciferase-like enzyme.

As seen for other firefly luciferases, the A, of A. vivianii
luciferase with NH,LH (582 nm) is blue-shifted compared to
the maximum of ~590 nm with p-LH, at acidic pH, indicating
that the red-emitting conformation of A. vivianii luciferase with
OLH is also polar. However, the peaks at 590 and 582 nm with
p-LH, and NH,LH, respectively, are slightly blue-shifted in
relation to the corresponding peaks observed for Macrolampis
and P. pyralis luciferases at pH 6.0 (~610 and ~595 nm,
respectively), indicating that the active site environment for the
red-emitting conformation of A. vivianii luciferase is slightly less
polar than the other two luciferases.
Green-Yellow-Emitting pH-Insensitive Luciferases
(group 2). In the case of the green-yellow-emitting Py.
termitilluminans and Ph. vivianii luciferases, the 1,,,, values with
NH,LH at pH 8.0 are always red-shifted compared to those
with p-LH,, like the cases of pH-sensitive firefly luciferases at

5215

pH 8.0. The A, values of these green-yellow-emitting
luciferases with D-LH, are in the range from 538 nm (Py.
termitilluminans luciferase) to 578 nm (Phrixotrix RE220GR
yellow chimera). The polarity of the active sites of the most
blue-shifted luciferases of Py. termitilluminans (538 nm) and A.
vivianii at pH 8.0 (538 nm), predicted from the fluorescence
spectra of the phenolate anion of Me,OLH (Figure S), is
similar to that of solvents like p-xylene [E(30) = 33.1],
whereas the active site of Phrixotrix yellow-emitting chimera
RE220GR (578 nm) displays a polarity similar to that of
chloroform [E1(30) = 39.1]. In contrast, the A,,,, values with
NH,LH and Me,NH,LH for the green-yellow-emitting
luciferases of Py. termitilluminans, Ph. vivianii, and the Phrixotrix
RE220GR chimera together with Macrolampis, P. pyralis, and A.
vivianii firefly luciferases at pH 8.0 are in the ranges of 560—603
and 559-599 nm, respectively. A linear correlation of the
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fluorescence maximum wavenumbers v (in inverse centimeters)
of Me,NH,OL versus the E;(30) [v = —164E1(30) + 25400
(Figure 4)] indicates that the active sites of green-yellow-
emitting luciferases have polarities for Me,NH,OL similar to
the level of solvation of different solvents: acetonitrile [E1(30)
= 45.6] for Py. termitilluminans luciferase (A, = 559 nm,
yellow-green), 1-propanol [Er(30) = 50.7] for Ph. vivianii
green-emitting luciferase (A, = 584 nm) and the Phrixotrix
yellow-emitting chimera (4,,,, = 585 nm), and an 8:2 ethanol/
water mixture [E1(30) = 53.7] for P. pyralis luciferase (pH 8.0)
(Amax = S99 nm, orange). Therefore, the active sites of the
green-yellow-emitting pH-insensitive luciferases and the pH-
sensitive luciferases at pH 8.0 provide apolar environments in
the closed N-type binding conformation for the excited state of
the keto-oxyluciferin phenolate, and more polar environments
for NH,OL and Me,NH,OL with a P-type binding
conformation (Figure 6).

pH-Insensitive Orange- and Red-Emitting Luciferases
(group 3). In the case of the orange-emitting Py.
termitilluminans C311A mutant and the true red-emitting
wild-type Ph. hirtus luciferase and its mutants (C311T,
C311A, and T345]), the A,,,, values with NH,LH were always
blue-shifted compared to those with p-LH,. These differences
in the A, values are consistent with the prediction based on
the electron donating property of the substituents. Thus, both
OLH and NH,OL may experience similar polar environments
in the case of these red-shifted luciferases. To confirm whether
OLH and NH,OL are found in a similar environment in these
orange- and red-emitting luciferases, correlations between the
wavenumbers v (in inverse centimeters) of the A, values for
NH,LH (and Me,NH,LH) and p-LH, for these luciferases
together with the red-emitting forms of Macrolampis and P.
pyralis firefly luciferases at pH 6.0 were estimated (Figure 7).
The linear correlations of the v values for NH,LH and
Me,NH,LH versus those for b-LH, indeed indicate that OLH,
NH,OL, and Me,NH,OL are located in a similar environment
in the active site of these orange- and red-emitting luciferases
corresponding to a polar P-type binding conformation (Figure
6). The correlation between the fluorescence v values of
Me,NH,OL and the E1(30) parameters (Figure 4) shows that
the A, values of the Py. termitilluminans C311A orange-
emitting mutant (579 nm) and the Ph. hirtus T34SI red mutant
(612 nm) display polarities corresponding to E1(30) values of
50 and 55, respectively, which are similar to those of 1-butanol
[E+(30) = 49.7] and methanol [E(30) = 55.4].

In the case of the red-emitting Zophobas luciferase-like
enzyme, the A, values with NH,LH and Me,NH,LH are also
blue-shifted compared to that with p-LH,, while the points of
the v values deviate from the linear lines of Figure 7. This result
indicates that the excited states of oxyluciferin phenolate and
NH,OL or Me,NH,OL are also found in a polar environment
in the enzyme active site, but there is a difference in the
position of OLH and NH,OL or Me,NH,OL in the active site:
polar environments for the excited state of oxyluciferin
phenolate and less polar environments for the excited states
of NH,OL and Me,NH,OL. This behavior is consistent with
previous homology modeling studies that predicted an
environment for the luciferase-like enzyme luciferin binding
site less polar than that with the Phrixotrix red-emitting
enzyme.>

The active site polarities predicted from the A, values are
consistent with those probed with 2,6-TNS and 1,5-ANS, which
show nonpolar environments for the green-emitting and
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yellow-green-emitting luciferases of Py. termitilluminans, P.
viviani, and P. pyralis and more polar environments for the
red-shifted luciferases and mutants (Table 2). The results with
these probes also indicate that mutations C311A in Pyrearinus
luciferase and C311T in Ph. hirtus red-emitting luciferase, and
their main chain carbonyls that are located close to oxyluciferin
phenolate,"® directly influence the polarity of the phenolate
binding pocket, reinforcing a critical role for bioluminescence
colors.

The A, values of pD-LH, with pH-insensitive red-emitting
luciferases and pH-sensitive luciferases at pH 6.0 (<629 nm)
are still considerably blue-shifted in comparison with the
chemiluminescence maximum of luciferyl-adenylate in an
aqueous environment (~640 nm),> indicating that the
luciferin binding site environment in the P-type binding
conformation is still relatively anhydrous and less polar than
an aqueous solution. In fact, the active site polarities of these
red-emitting luciferases were predicted to be in the range of
alcohol solvation.

The variation in the A, values of bioluminescence for
different luciferases and pH-sensitive luciferases at different pH
values with D-LH, can be explained by the three following
mechanisms: (1) a change in polarity around the emitter in the
active site that may have a solvatochromic effect on the
emission maximum, (2) an acid—base interaction between a
basic moiety in the active site and the 6’-hydroxy group of
OLH, which may determine major green—red shifts, and (3)
the compactness and rigidity of the active site cavity, which may
affect the spectral bandwidth. As in the case of p-LH,, a specific
acid—base interaction of the amino group of NH,LH and
Me,NH,LH in the luciferase active site should be considered
for color modulation.

The K, values indicated that both NH,LH and Me,NH,LH
are better bioluminescence substrates for beetle luciferases than
p-LH,. Their higher affinity may reflect a better stabilization of
the amino group in the luciferin binding pocket, due to its
smaller size and hydrogen bond acceptor (basic) character. In
particular, the amino group can make stronger hydrogen
bonding interactions with hydrogen bond donor groups
stabilizing NH,LH and Me,NH,LH in the luciferin binding
sites. This in turn may explain why a single P-type binding
mode is stabilized with amino analogues.

The relationship of the bioluminescence color with p-LH,
(Figure 6) and the ratio of light emission from the excited
oxyluciferin phenolate in the N- and P-type binding
conformations is summarized in Table 3. Because the quantum
yield of green-yellow emission is higher than that of red
emission for the P. pyralis luciferase bioluminescence, red
emission remains hidden by the predominant green-yellow
emission component.”* Thus, the excited state of oxyluciferin
phenolate could be generated in both a closed apolar N-type
and/or open polar P-type binding modes, whose distribution
(n:p) is characteristic of each luciferase. In the case of pH-
sensitive luciferases [(1) in Table 3], the closed apolar N-type
conformation predominates at pH 8.0, with an n:p ratio above
the unity. At this pH, a strong interaction between a basic
moiety at (A) and the 6-hydroxy group of the excited
oxyluciferin is promoted and stabilized in a less polar
environment of the active site, setting the excited oxyluciferin
7 system at a higher energy level, resulting in green-yellow
emission. At pH 6, the closed N-type conformation is disrupted
and the red light emission arising from an open polar P-type
binding conformation becomes dominant. In this case, the 6'-
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Table 3. Ratio of N-Type and P-Type Conformations in
Beetle Luciferases

(1) pH-dependent luciferases Macrolampis sp, luciferase  n:p
P. pyralis luciferase n>p#0
A. vivianii luciferase
(2) pH-independent green-yellow  Py. termitilluminans n:p
luciferases luciferase
Ph. vivianii green luciferase  n>> p
Phrixotrix quimera
RE220GR
(3) pH-independent orange/red  Py. termitilluminans C311A  n:p
luciferases mutant
Ph. hirtus luciferase n<Kp

Ph. hirtus C311T mutant
Ph. hirtus C311A mutant
Ph. hirtus T34S51 mutant

hydroxy group of the excited oxyluciferin could be displaced to
a more polar environment, making a new weaker interaction
with the position (B) setting the oxyluciferin 7z system at a
lower energetic level, resulting in red light emission.

The structural motifs comprising the loops of residues 223—
235 and 352—-361 and interacting residues S284 and E311—
R337 are candidates for the pH-sensitive moiety, although the
exact identity of residues mediating this effect remains to be
elucidated.** At acidic pH values, protonation of residues of this
network may disrupt stabilizing interactions leading to a
conformational switch to the P-type conformation. The pH-
sensitive moieties are also sensitive to metal ions such as Zn**
and temperature.”

In contrast, the 6’-amino group of NH,OL cannot interact
with the basic moieties at (A) and (B) in the active sites of the
pH-sensitive luciferases (Figure 6). In the absence of the
substrate, the basic moieties at (A) and (B) could make an
acid—base interaction with neighboring acidic moieties in the
luciferase active site. Because the binding affinity of NH,LH is
higher than that of p-LH,, the acidic moieties may play an
important role in binding NH,LH. In particular, the acidic
moiety at (B) could selectively make an acid—base interaction
with the 6’-amino group of NH,LH, fixing the excited NH,OL
in a polar P-type binding mode of the active site. In the P-type
binding conformation, the polarity of the active site varies
depending on the luciferase, affecting the stability of the excited
state of NH,OL, which emits light in the range from yellow to
orange.

In the case of pH-insensitive luciferases, only a single
conformation is displayed with D-LH, depending on the
luciferase: a closed apolar N-type for green-yellow-emitting
luciferases or a polar P type for orange- and red-emitting
luciferases [(2) and (3) in Table 3]. In the active sites of the
green-yellow-emitting luciferases of Py. termitilluminans, Ph.
vivianii green, and the Phrixotrix RE220GR chimera, a strong
acid—base interaction between the 6’-hydroxy group of the
excited oxyluciferin and the basic moiety at (A) could be
stabilized (n > p) by a more rigid apolar environment, fixing
the excited oxyluciferin phenolate anion in an N-type binding
mode in a manner similar to that of pH-sensitive luciferases at
pH 8. The polarity of the luciferase active sites for the excited
oxyluciferin phenolate is similar to that between p-xylene and
chloroform. In these luciferases, the pH-sensitive moiety is not
functional and the closed N-type binding conformations are not
affected by pH. In contrast, the acidic moiety at (B) could still
make an acid—base interaction with the 6’-amino group of

5217

NH,LH, giving only the excited state of NH,OL in the P-type
binding conformation (Figure 6). In this case, excited NH,OL
emits yellow-orange light, indicating that the polarity of the
active sites is somewhere between those of acetonitrile and 1-
propanol [E(30) = 46—51].

The orange-emitting Py. termitilluminans C311A mutant and
the true red-emitting Ph. hirtus luciferase and its C311T,
C311A, and T34SI mutants are categorized in group (3) in
Table 3. In these luciferases, the excited states of oxyluciferin
phenolate and NH,OL experience only a polar P-type binding
environment (Figure 6) with a polarity similar to different
alcohol solvations, emitting orange-red light. The pH-
independent character of these luciferases with p-LH, (n <
p) would result from the absence of a pH-sensitive moiety that
could stabilize a more closed apolar N-type conformation. In
the active site of the red-emitting Zophobas luciferase-like
enzyme, the excited states of oxyluciferin phenolate and
NH,OL are also found in the P-type binding conformation,
but their positions could be slightly different.

Currently, we cannot assertively identify the basic groups
involved in phenol stabilization. In enzyme active sites, the
basic moieties could be represented by the neutral form of
imidazoles from histidines, guanidine groups from arginines,
amino groups of lysines, and backbone amide carbonyls. On the
other hand, the acidic moieties are represented by carboxylic
acid groups of aspartic and glutamic acids, sulthydryl groups of
cysteines, phenolic hydroxy groups of tyrosines, and hydroxy
groups of serines. Practically, near physiological pH, the basic
moieties, with the exception of histidine imidazoles, will be in
their conjugate acid forms such as ammonium and
guanidinium, and the acidic moieties will be in their conjugate
base forms such as carboxylates and phenolate. Of course, the
microenvironment of the active site can considerably modulate
the acidity of these groups. A prospect of the beetle luciferase
active sites based on the three-dimensional crystal structures of
L. cruciata and P. pyralis luciferases with DLSA**>® and
modeling studies of P. pyralis luciferase®”*® show that the
following acid—base groups surround the oxyluciferin pheno-
late: guanidine of R218,* hydroxyl from Y257,° carboxylic
acid of E309,35’44 backbone amide carbonyl of T/C311
($314),"® and guanidine of R337.% Arginine residues R218
(R218) and R337 (R339) of P. pyralis luciferase (L. cruciata
luciferase) are located close to the benzothiazole ring of
luciferin, and their main chains may work as putative bases. A
salt bridge between E309 (E311) and R337 (R339) (Figure 8)
was postulated to stabilize a closed conformation of the active
site that would be favorable for green light emission.”*>* One
possibility is that the basic moieties at (A) and (B) of P. pyralis
luciferase (Figure 6) could be the guanidine groups of R218
and R337, respectively, and the corresponding acid for (A)
could be a water molecule and for (B) the carboxylic acid group
of E309 (E311). The main chain carbonyl oxygen of C/T311
(S314 in firefly luciferases) may assist the basic function of
R218. Indeed, the planes of the acid—base moieties at (A) and
(B) are almost perpendicular to each other in relation to the
oxyluciferin phenolic OH group: the R218 guanidine group and
the C/T311 carbonyl face the oxyluciferin phenolate at
opposite sides in one plane, whereas the R337 and E309
functional groups face the oxyluciferin phenolate at a different
angle. R218 has been previously reported to be important for
green bioluminescence in Ph. vivianii railroad worm and P.
pyralis firefly luciferase, whereas it is not essential for red
bioluminescence in Ph. hirtus red-emitting luciferase.*® In
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Figure 8. Model of Macrolampis sp, firefly luciferase showing the
benzothiazolyl side of the luciferin binding site and the putative pH-
sensing moiety, involving the loop of residues 223—235 (green) and its
interactions with residues E311 (E309) and R337, which make a salt
bridge that keeps a closed active site conformation and may also work
as acidic and basic moieties for oxyluciferin phenolate (yellow)
(according to Viviani et al,, 2008*%).

support of the importance of an arginine for green bio-
luminescence, it was shown that guanidine blue-shifts the
spectrum of Phrixotrix red-emitting luciferase to orange and
additionally partially rescues green emission in the orange-
emitting R215S mutant of Ph. vivianii luciferase.***° When
R218 works as a basic moiety at (A) by the interaction with
oxyluciferin phenolate, the salt bridge between R337 and E309
at (B) may stabilize a closed hydrophobic conformation of the
active site that would be favorable for green light emission”%3>-
(Figure 6). While R218 is invariant in beetle luciferases, the
active site models show that its guanidine group is located ~6 A
from phenolate. Thus, R218 could not be easily associated with
green and red bioluminescence, if one does not assume
conformational changes that affect the position of the
guanidinium ion in relation to the excited oxyluciferin
phenolate or the mediation of a water molecule. A water
molecule has indeed been proposed and shown to mediate an
interaction among R218, N229, and phenolate.‘m’s‘7 On the
other hand, the guanidine side chain of R337 (P. pyralis
luciferase), which is normally involved in the active site-
stabilizing interaction with E309, could be a candidate for the
basic moiety at (B). In the case of disruption of the salt bridge
between E309 and R337 by pH-mediated or other structural
changes, the excited oxyluciferin phenolate may switch its
interaction to the basic moiety (B) in a P-type polar
environment arising from the active site opening, resulting in
red emission. In the case of the bioluminescence of NH,LH,
E309 could work as the interacting acidic moiety (B), also
promoting a switch to a P-type binding conformation of the
excited NH,OL (Figure 6), in a manner independent of pH.
These acid—base interactions of the excited oxyluciferin
phenolate and aminooxyluciferin with R337 and E309,
respectively, weaken the salt bridge of R337 and E309 at (B),
resulting in an open P-type binding conformation of the active
site.
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B CONCLUDING REMARKS

Through the use of NH,LH and its 5,5-dimethyl analogue
Me,NH,LH with a set of beetle luciferases spanning the entire
bioluminescence spectrum of beetle bioluminescence, we
revealed compelling evidence that the emitter in beetle
bioluminescence is always in the keto form and that
bioluminescence colors are essentially determined by inter-
actions of the 6’-hydroxy group of the excited OLH with basic
and acidic groups under the influence of the surrounding
polarity of the luciferin binding site of different luciferases.
Accordingly, a closed apolar N-type binding site conformation
that favors a strong interaction of excited oxyluciferin phenol
with a basic group is responsible for green-yellow light
emission, whereas a more polar P-type binding conformation
would be responsible for orange-red light emission. The
presence of basic and acidic residues is essential not only for
binding p-LH, and aminoluciferins but also for making salt
bridges that stabilize closed apolar N-type active site
conformations. In pH-sensitive firefly luciferases at alkaline
pH, a closed hydrophobic N-type conformation is stabilized by
a pH-sensitive moiety, promoting a strong interaction between
excited oxyluciferin phenol and a basic group, whereas at acidic
pH, the breakdown of the N-type active site stabilizing
interactions will promote a switch to a more open and polar
P-type conformation, displacing oxyluciferin phenolate to
another weaker base interaction, resulting in red light emission.
In pH-insensitive luciferases, only a single type of conformation
is found: a rigid closed apolar N-type conformation for yellow-
green-emitting luciferases or a polar P-type conformation for
orange-red-emitting luciferases. In these luciferases, intermedi-
ate color variations from green to yellow and from orange to
red can be explained by solvatochromic effects and also cavity
size variations of these two conformations.
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