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ABSTRACT

The equilibrium structures and optical properties of the photolabile caged luciferin, (7-
diethylaminocoumarin-4-yl)methyl caged D-luciferin (DEACM-caged D-luciferin), in
aqueous solution were investigated via quantum chemical calculations. The probable
conformers of DEACM-caged D-luciferin were determined by potential energy curve scans
and structural optimizations. We identified 40 possible conformers of DEACM-caged D-
luciferin in water by comparing the Gibbs free energy of the optimized structures. In spite of
the difference in their structures, the conformers were similar in terms of assignments,
oscillator strengths, and energies of the three low-lying excited states. From the
concentrations of the conformers and their oscillator strengths, we obtained a theoretical
UV/Vis spectrum of DEACM-caged D-luciferin that has two main bands of shape nearly
identical to the experimental UV/Vis spectrum. The absorption bands with maxima ~ 384 nm
and 339 nm were attributed to the electronic excitations of the caged group and the luciferin
moiety, respectively, by analysis of the theoretical UV/Vis spectrum. Furthermore, the
analysis showed that DEACM-caged D-luciferin is excited in the caged group only by light of
wavelength ranging from 400 to 430 nm. This wavelength range should be tested to lower

damage upon photocleavage.
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INTRODUCTION

The firefly luciferin-luciferase systems are bioluminescence-imaging probes frequently used to
detect cellular adenosine triphosphate (ATP), to monitor transgene expression and tumor
growth, and to measure luciferase activity (1-6). The bioluminescent activating reaction of
photolabile caged luciferins, which releases luciferin by light irradiation, must be triggered at
the precise time and/or desired spectral location in order to track accurately the dynamic
properties of luciferase expression in living cells (7, 8). Photolabile caged luciferin may also
be applied in time-resolved spectroscopic studies of the catalytic reaction of the firefly
bioluminescence. This reaction is a two-step reaction of D-luciferin catalyzed by luciferase. In
the first step, D-luciferin reacts with ATP in the presence of Mg to form luciferyl adenylate.
Next, the luciferyl adenylate oxidizes to form a dioxetanone intermediate, which is highly
unstable and is converted subsequently to the excited emitter, oxyluciferin (9-11). The
bioluminescent reaction has been extensively studied theoretically (12-24) and experimentally
(25-37). So far, there are no dynamics studies to prove the above scenario. Although time-
resolved spectroscopic measurements are in general effective to explore the elementary steps
of chemical reactions, their use for the firefly bioluminescent reaction has been hampered by
difficulty in identifying precisely the initial time of the reaction. By using photolabile caged
luciferin instead of D-luciferin, the triggering of the bioluminescence may be controlled by

light.

The 2-nitrobenzyl/nitrophenyl chromophore is used in a variety of photocleavable
caged compounds, (38) including D-luciferin 1-(4,5-dimethoxy-2-nitrophenyl)ethyl ester (39),
1-(2-nitrophenyl)ethyl caged D-luciferin (40), and luciferin/upconversion nanoparticle
conjugates (41). Over recent decades, coumarin derivatives have attracted much attention in
view of their rapid and efficient photolysis (42—44). Photolyses of coumarin-caged cyclic

adenosine monophosphate (AMP) on the nanosecond timescale (45) and of coumarin-caged
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glycine on the microsecond timescale (46) have been reported. We reported recently the
design and synthesis of a coumarin-based caged luciferin, namely (7-diethylaminocoumarin-4-
yl)methyl caged D-luciferin (DEACM-caged D-luciferin) (compound a in Fig. 1) (47).
DEACM-caged D-luciferin dissociates into 7-(diethylamino)-4-(hydroxymethyl)coumarin
(compound b) and D-luciferin (compound ¢) upon light irradiation. To this solution we added
luciferase, ATP, Mg, and O. and measured the bioluminescence quantitatively as a function
of light-irradiation time. Moreover, we measured the absorption spectrum of the irradiated
DEACM-caged D-luciferin solution and characterized the photoproducts by chiral high-
performance liquid chromatography (HPLC). A maximum photocleavage yield of 16.2 % was
obtained after a 4-min irradiation with a 70 mW/cm high-pressure mercury lamp (254—-600
nm). The rather low yield was attributed to the degradation of caged-luciferin and to the
decomposition of luciferin, which are common problems associated with the photocleavage of

caged compound.

The degradation of DEACM-caged D-luciferin and the decomposition of D-luciferin
can be suppressed, or at least alleviated, by careful selection of the wavelength of the
irradiation light. It turns out that it is difficult to know in detail the electronic excitation

responsible for the cleavage of DEACM-caged D-luciferin, since, in aqueous solutions, it

exists in a large variety of conformational isomers. This situation makes it problematic to

<Figure 1>

The purpose of this study is to devise by a theoretical approach to select the optimal
spectral excitation band to photocleave DEACM-caged D-luciferin without damage. We
analyzed the experimental spectrum (47) via quantum chemical calculations, identified all the
conformational isomers of DEACM-caged D-luciferin, and calculated the molecular orbitals
(MOs), excitation energies, and oscillator strengths of each conformer. A detailed analysis of

the theoretical results led to the identification of the electronic excitation bands corresponding
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to the experimental UV/Vis spectrum. Moreover, we predicted the optimal wavelength range

for the photolysis of DEACM-caged D-luciferin.

MATERIALS AND METHODS

The UV photolytic reaction of DEACM-caged D-luciferin (a) in neutral aqueous solution is
presented in Fig. 1. DEACM-caged D-luciferin (a) can exist in the cis- and the trans-forms; in the
cis-isomer form of a, the two sulfur atoms are on the same side of the bond between the thiazoline
ring and the benzothiazole group, whereas in the trans-form of a, they are on the opposite side of
this bond. By analogy with the firefly D-luciferin, known experimentally to adopt the trans-type
structure (48), we excluded the cis-form of a in the calculations. It was assumed that the DEACM-
caged D-luciferin (a) is in the anionic form via deprotonation at the carboxylic acid group since

the pK. of carboxylic acids is usually ~ 4.3 to 4.7.

The Global Reaction Route Mapping (GRRM) program (49-51), which explores chemical
reaction pathways automatically, was used to estimate equilibrium structures. These GRRM
calculations gave several equilibrium structures of a that were used to identify all possible
conformers (see Fig. S1 and Table S1). Subsequently, to determine the structure of all possible
conformers, potential energy curve (PEC) scans were conducted over the relevant dihedral angles
of rotation around all single bonds. Rotations around some single bonds did not lead to new
potential energy minima or gave the same conformations as that obtained by a rotation around
another single bond. We took into consideration only the unique rotations around the bonds shown

in red, blue, and green in Fig. 1.

The structures of the conformers were optimized starting from the energy minima
structures in the PEC scan. CAM-B3LYP density functional theory (DFT) (52) with D3 version of
Grimme’s dispersion (53) added and the cc-pVTZ basis set (54) were used for the scans and

optimizations.
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At chemical equilibrium, the molar concentration of conformer i is given as the Boltzmann

distribution (55);

¢ ocexp(-4G./ RT), (D)

where AG. is the Gibbs free energy of conformer i relative to the most stable conformer, R is the

gas constant, and 7 is the temperature. The free energies of conformers at temperature of 298.15 K
and pressure of 1 atm were estimated by using the standard equations for an ideal gas. In this

estimation, conformers present in concentrations lower than 1% of the most-stable conformer

concentration, i.e., conformers with AG, larger than the free-energy-difference criterion of 2.73

kcal/mol (=AG.), were neglected.

Energies and oscillator strengths of the electronic excitations to singlet excited states in the
conformers were calculated with time-dependent DFT by using CAM-B3LYP-D3/AUG-cc-pVTZ
(56). The UV/Vis spectrum at chemical equilibrium is given by the superposition of the oscillator
strengths of the conformers weighted according to their concentrations, ¢.. To compare this
Boltzmann weighted UV/Vis spectrum with the experimental UV/Vis spectrum, the broadening
effect was taken into account with the assumption that the half-width at half maximum (HWHM)
of the Gaussian band shape is 0.22 eV. This value was estimated from the experimental spectrum
of D-luciferin (¢) (47) by fitting two Gaussian functions to the peak at 329 nm as shown in Fig.

S2.

Throughout this study, GAUSSIANO9 (57) was used for the electronic structure
calculation and the polarizable continuum model (PCM) (58) was applied to the solvent effect in

aqueous solution.

RESULTS AND DISCUSSION
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Classification of the conformers

The PEC was scanned thoroughly by rotation around the colored bonds in Fig. 1. We obtained
ten plane/twist structures, six diethylamino conformations, and three carboxylate
conformations. The structures were classified as described in the following paragraphs. Atoms
related to conformation changes are labeled as indicated in Fig. 2, which shows the structure

of the most-stable conformer mentioned later.

<Figure 2>

planeltwist structures. Rotations around the C1-O, O-C2, or C2-C3 bonds in the
methyleneoxy linker induce conformational isomerism interconverting the planar and twist
structures. These rotations form a plane/twist family of ten conformers as shown in Fig. 3.
Two planar structures, denoted by plane O and plane 1, are interconverted with each other by
rotation around the C1-O bond by about 180°. Eight twist structures are generated by rotation
around the O-C2 or C2-C3 bonds in these two planar structures. The plane-i structure is
converted to the twist i-1 (twist i-2) structure by rotating around the O-C2 bond by about —
100° (+100°), and it is converted to the twist i-3 (twist i-4) structure by rotating around the

C2-C3 bond by about —120° (+120°), where i =0 or 1.

<Figure 3>

diethylamino conformations. Conformations of the diethylamino group are characterized by
the directions of the two ethyl groups on the basis of the rotation angle around the N-C4 and
N-C5 bonds. The six possible structures of the diethylamino group are shown in Fig. 4. The
two types on the bottom of the figure are the gauche-gauche forms, in which the two ethyl
groups project oppositely away from the coumarin plane. They are classified as diethylamino

g.g. or g.g.. The four structures in the top of the figure are the gauche-trans or trans-gauche
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forms, in which one ethyl group projects out of the plane, and the other ethyl group is almost

in the plane. They are classified as diethylamino g.t, g.t, tg., or tg..

<Figure 4>

carboxylate conformations. The thiazoline ring is puckered; thus, the directions of the two
C6-0O bonds and of the two C8-H bonds can change depending on the C6-C7-C8-S dihedral
angle. Scanning the PEC by changing the dihedral angle gave three structure types, the

carboxylates A, B, and C, as shown in Fig. 5.

<Figure 5>

Although the PEC scan calculations with the dispersion correction, which was added to
describe the van der Waals interaction, gave the carboxylate-C structure, those without the
correction demonstrated that this type of structure is not an equilibrium structure and that only
carboxylates A and B are equilibrium structures (See Fig. S3). The stability of the carboxylate-
C structure is highly dependent on the functional used in the DFT calculation. To obtain
further insight into the stability of the carboxylate-C structure, a D-luciferin (¢) molecule,
without caged group, was examined for simplicity (see Supporting Information). The
transition state connecting the carboxylate-B and -C structures for ¢ was determined. The

calculations showed that the potential energy of activation from the carboxylate-C structure is
less than 1 x 10~ kcal/mol as shown in Fig. S5. In consideration of the zero-point energy, this

structure is expected to be unstable. It can be inferred that this conclusion is correct for a.

Therefore, only the carboxylate-A and -B structures of a will be taken into account hereafter.

Gibbs free energies of conformers

As previously shown, a large number of conformers of a can be induced by combinations of
rotations or torsions. Comparison of the Gibbs free energy of the conformers reveals that only

40 conformers among the numerous possible conformers are present at room temperature at a
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concentration higher than 1% of the most stable conformer in aqueous solution. The Gibbs
free energies were calculated using vibrational frequencies obtained by the vibrational
analysis. The vibrational frequencies of the most stable conformer are listed in Table S2 as an
example. The relative Gibbs free energies and the relative molar concentrations (in
parentheses) of the 40 conformers are listed in Table 1. The most stable conformer, marked
with a dagger in Table 1, falls in the plane-O type in the case of plane/twist structures,
diethylamino-g.g., type in the case of diethylamino conformations, and carboxylate-B type in
the case of carboxylate conformations, as shown in Fig. 2. Hereafter, the above conformer is
called “plane-O diethylamino-g.g. carboxylate-B conformer”, and the other conformers are
named in the same manner. For example, the second most stable conformer, with a double

dagger, is called plane-0 diethylamino-g.g. carboxylate-B conformer.

Conformers with a diethylamino group in the gauche-trans or trans-gauche form are
excluded from Table 1 owing to their high relative free energies. Relative free energies for
plane-0 carboxylate-B conformers with different diethylamino conformations are shown in
Fig. 4. According to the figure, the gauche-gauche forms are more stable than the gauche-

trans and trans-gauche forms by approximately 3 kcal/mol, which is higher than the free-

energy-difference criterion, AG.. The free energies of the other conformers in gauche-trans or

trans-gauche forms relative to those in gauche-gauche form also exceed AG.. Therefore, all

conformers in the gauche-trans or trans-gauche form can be neglected.

<Table 1>

UV/Vis spectrum

The oscillator strengths (vertical black lines) and the UV/Vis spectra (solid red lines) of the
carboxylate-A and -B conformers with the plane-0 diethylamino-g.g., structure are shown in

Fig. 6 as typical examples. For both conformers, the oscillator strengths corresponding to the
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first, second, and third excited states (S, S., and §.) are predominant. The assignments of these
excited states are listed in Table 2. The two conformers are similar in their assignments; that
is, S\, 8., and §. are mainly composed of the electronic excitation from HOMO to LUMO+1,
from HOMO-1 to LUMO, and from HOMO-2 to LUMO, respectively, where HOMO
(LUMO) denotes the highest occupied (lowest unoccupied) molecular orbital. These MOs for
the two conformers are shown in Fig. 7. For both conformers, HOMO and LUMO+1 are
delocalized only in the caged group, while HOMO-1, HOMO-2, and LUMO are delocalized
only in the luciferin moiety. Therefore, S, is attributed to the electronic excitation of the caged

group, whereas S. and S. are attributed to the electronic excitation of the luciferin moiety.

<Figure 6>

<Table 2>

<Figure 7>

The shapes of the HOMO-1 and HOMO-2 in Fig. 7 differ according to the
conformation of the carboxylate group. Reflecting the difference in their MOs, the
carboxylates A and B are different in their oscillator strengths of S. and S.. However, the
differences in the oscillator strengths are not observed in the UV/Vis spectra, due to the
broadening effect, with HWHM of 0.22 eV as shown by the solid red lines in Fig. 6.
Therefore, S, corresponds to the first band of the absorption spectrum with a maximum
wavelength at about 320 nm, and the superposition of S. and S. results in the second band
around 290 nm. The other conformers are also similar to each other in terms of assignments,

oscillator strengths, and energies of the three low-lying excited states.

A theoretical UV/Vis spectrum was obtained by the Boltzmann-weighted sum over the
40 conformers. It has two bands (Fig. S4) and its shape agrees well with that of the
experimental spectrum(47) (Fig. 8, solid black spectrum). The bands are centered at 384 nm

and 339 nm in the experimental spectrum, versus 323 nm and 292 nm, respectively, in the

10
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theoretical spectrum. Such discrepancy of band position between experiment and TD-DFT
calculation has been reported in studies of a molecule (59) and on solid state (60). The relative
values of excitation energies are known to be more reliable than the excitation energies
themselves. Accordingly, the theoretical UV/Vis spectrum is often corrected with an offset to
facilitate the comparison of the theoretical and experimental spectra (60, 61). In our work, the
relative band positions in the spectra of D-luciferin (See Fig. 7) as well as DEACM-caged
luciferin are actually in good agreement with the experimental spectra. Therefore, we used an
offset of 0.6 eV for the theoretical UV/Vis spectrum so that the peak position of the first band
of the theoretical spectrum matches to that of the experimental spectrum. The offset of 0.6 eV
around a 300 nm spectral region is not exceptionally large. This theoretical UV/Vis spectrum
with the offset is shown in Fig. 8 (solid red line). The energies of the two peaks in the
theoretical UV/Vis spectrum are consistent with those in the experimental spectrum. The
difference between the theoretical and experimental spectra with regard to the second peak is

partially due to the fact that the two-electron excitation was not taken into account.

<Figure 8>

The theoretical absorption bands (with offset) for the three low-lying excitations are
shown by the dotted red line in Fig. 8. The first band at 384 nm is attributed to the first excited
state, S, corresponding to the electronic excitation of the caged group, while the second band
at 339 nm is attributed to the second and third excited states, S. and S., corresponding to the
electronic excitation of the luciferin moiety. Each absorption band of the three low-lying
excitations is relatively compact although the band consists of oscillator strengths of various
conformers. Therefore, only the caged group or only the luciferin moiety of DEACM-caged
D-luciferin is excited by selecting wavelength. This property is advantageous to study
experimentally the light suitable to the photocleavage of DEACM-caged D-luciferin. We

predict the wavelength range suitable to photocleavage on the basis of the theoretical analysis

11



255
256

257
258
259
260

261

262
263
264
265
266
267

268
269
270
271
272
273

274

275
276

277
278
279

of the electronic excitation of DEACM-caged D-luciferin and inference made from reaction

rates obtained in the previous experimental work (47) in the following.

Irradiation induces the photocleavage of DEACM-caged D-luciferin and the single
bond between the caged group and the luciferin moiety is broken, leading to the formation of
the D-luciferin dianion or the D-luciferin anion following a proton transfer from the

environment. Such a cleavage reaction activates the bioluminescent reaction. At the same time,

irradiation causes the degradation of DEACM-cage D-luciferin, which occurs by all the other

possible reactions, such that the cleavage of bonds other than the target bond and the
formation of side products. Irradiation also causes the decomposition of D-luciferin even after
the successful photocleavage of DEACM-caged D-luciferin. In a previous experimental study
(47), we measured the rates of the following three reactions: DEACM-caged D-luciferin
cleavage to luciferin (rate .= 0.20 /min), DEACM-caged D-luciferin degradation that does

not produce luciferin (rate .= 0.28 /min), and luciferin decomposition (rate y. = 0.20 /min).

The degradation of DEACM-caged D-luciferin is thought to be due to the degradation
of its luciferin moiety, with a rate denoted by 7., and due to the degradation of the other parts,
with a rate denoted by Y., that is, y.= Y.+ V.. Given the similarity between D-luciferin and the
luciferin moiety of DECAM-caged D-luciferin as mentioned later, the rate of degradation of
the luciferin moiety was estimated to be approximately Y. = 0.20 /min like luciferin

decomposition rate Y. = 0.20 /min. Thus, the rate of degradation of the other parts is

approximately v.,— 0.08 /min. Since the rate Yy.is more than twice as large as Y., the

degradation of the luciferin moiety can be a major factor in the degradation of DEACM-caged

D-luciferin.

The similarity between D-luciferin and the luciferin moiety of DEACM-caged D-
luciferin was confirmed by conducting quantum chemical calculations for D-luciferin. The

calculation showed that D-luciferin is similar to the luciferin moiety of DEACM-caged D-

12
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luciferin in terms of structure, molecular orbital, and electronic excitation (See Figs. S6 and S7

and Tables S3 and S4).

Based on these considerations, the light for activating DEACM-caged luciferin should
be selected outside the wavelength range of the §. and S, absorption bands in order to avoid the
degradation of the luciferin moiety of DEACM-caged D-luciferin. In addition, the light should
be out of the luciferin UV/Vis spectrum to avoid decomposition of D-luciferin. The S.
absorption band extends to nearly 400 nm. The experimental UV/Vis spectrum of D-luciferin,
shown by the dotted black line in Fig. 8 (47), lies in a wavelength range shorter than 400 nm;
accordingly, irradiation at wavelength lower than 400 nm can damage the luciferin moiety of
DEACM-caged D-luciferin and D-luciferin. Given that the light should be within the
wavelength range in which a certain amount of absorbance is observed, the best wavelength

range for photolysis of DEACM-caged D-luciferin is expected to be from 400 to 430 nm.

CONCLUSION

The structures and optical properties of DEACM-caged D-luciferin in neutral aqueous solution
were investigated theoretically. All probable conformers of the DEACM-caged D-luciferin
were revealed by PEC scans and structural optimizations. Moreover, comparison of the Gibbs
free energies of optimized structures identified 40 conformers present in aqueous solution. The
40 DEACM-caged D-luciferin conformers were classified according to the structures of their

methyleneoxy linker group, diethylamino group, and carboxylate group.

The analysis of the excited states assignments and MOs showed that for every
conformer, S is attributed to the electronic excitation of the caged group, and S. and S. are
attributed to the electronic excitation of the luciferin moiety. The UV/Vis spectrum was
recovered from the relative concentrations and oscillator strengths of the conformers. The

theoretical UV/Vis spectrum with a Gaussian width has two prominent peaks, whose shape

13
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agrees well with the experimental UV/Vis spectrum. The absorption bands of the three low-
lying excitations in the experimental UV/Vis spectrum were determined by comparison with
the theoretical UV/Vis spectrum. This result indicates that the absorption band at 384 nm in
the experimental UV/Vis spectrum is due to electronic excitation of the caged group, whereas

the band at 339 nm is due to electronic excitations of the luciferin moiety.

It is essential to reduce the degradation of DEACM-caged D-luciferin and the
decomposition of D-luciferin for successful photocleavage of DEACM-caged D-luciferin. We
inferred from experimental reaction rates (47) that the degradation of DEACM-caged D-
luciferin is mainly due to the degradation of its luciferin moiety. As a result, by selective
electronic excitation of the caged-group, it should be possible to reduce considerably the
degradation of DEACM-caged D-luciferin and to avoid the decomposition of D-luciferin.
Atheoretical analysis of the UV/Vis spectrum showed that it is possible to excite selectively
the caged group by light within the 400 to 430 nm wavelength range, wavelength window
outside the UV/Vis spectrum of D-luciferin. Therefore, for high yields of pure luciferin, the
wavelength of the light used to photocleave DEACM-caged D-luciferin is expected within the
400 to 430 nm spectral range,.This light selection will be tested experimentally in a future

study.
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Figures S1-S7 and Tables S1-S4 can be found at DOI: xxxx-xxxxxx.s1.
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TABLES

Table 1. Relative Gibbs free energies in kcal/mol of the DEACM-caged D-luciferin

conformers present in aqueous solution. Values in parentheses are ratios of concentrations.

diethylamino g.g. diethylamino g.g.,

22



carboxylate A carboxylate B carboxylate A carboxylate B

plane 0 052 (041 0.00 (1) plane 0 051 (0.42) 0.09 (0.86)
twist 0-1 034 (0.56) 039 (0.52) twist0-1 046 (0.46) 0.70 (0.30)
twist 0-2 037 (0.54) 037 (0.53) twist0-2  0.78 (0.27) 0.67 (0.32)
twist 0-3  0.82  (0.25) 0.89 (0.22) twist0-3 093 (0.21) 0.82 (0.25)
twist 0-4  0.80 (0.26) 099 (0.19) twist 0-4  0.77 (0.27) 0.73  (0.29)
plane 1 1.14 (0.15) 096 (0.20) plane 1 1.17  (0.14) 0.80 (0.26)
twist -1~ 0.79  (0.26) 149 (0.08) twist -1~ 0.77 (0.27) 1.12  (0.15)
twist 1-2  0.86 (0.23) 0.50 (043) twist 1-2  0.78 (0.27) 1.02 (0.18)
twist 1-3  1.61 (0.07) 1.13  (0.15) twist 1-3  1.62  (0.07) 126 (0.12)
twist 1-4 ~ 1.90 (0.04) 1.58 (0.07) twist 1-4 ~ 1.50 (0.08) 1.71 (0.06)

509

510 Table 2. Assignments of the three low-lying excited states of conformers of DEACM-caged
511  D-luciferin. The assignments are given for the carboxylate-A and -B conformers with the

512 plane-0 diethylamino-g.g., structure as typical examples.

carboxylate A Assignments
S, HOMO—->LUMO+1 94.0 %
S. HOMO-1-LUMO 82.5 %
HOMO-2—->LUMO 8.4 %
S, HOMO-2—-LUMO 79.7 %
HOMO-1-LUMO 7.5 %

carboxylate B Assignments
S, HOMO—->LUMO+1 94.0 %
S. HOMO-1-LUMO 80.3 %
HOMO-2—-»LUMO 9.1 %
S, HOMO-2—-LUMO 73.0 %
HOMO-1-LUMO 9.4 %

513  FIGURE CAPTIONS

514  Figure 1. UV photolytic reaction of DEACM-caged D-luciferin (a) to 7-(diethylamino)-4-
515  (hydroxymethyl)coumarin (b) and D-luciferin (¢). Conformers of DEACM-caged D-luciferin

516  are interconverted by rotation around red, blue and green bonds.

517 Figure 2. Structure of the most-stable conformer of DEACM-caged D-luciferin. It is

518 classified as plane-0 diethylamino-g.g. carboxylate-B conformer. The atoms related to the

519  conformation changes are labeled.
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Figure 3. Plane/twist family for DEACM-caged D-luciferin conformers. All conformers
shown here have diethylamino-g.g., carboxylate-B structure. A similar family exists for each

diethylamino-carboxylate structure.

Figure 4. Structures and relative Gibbs free energies for DEACM-caged D-luciferin isomers
with the plane-0 and carboxylate-B structure and different conformations in the diethylamino

group.

Figure 5. Classification of DEACM-caged D-luciferin with respect to the carboxylate
conformation. The left figure in each panel shows full view of structures of carboxylate-A, -B,
and -C conformers with plane-0 diethylamino-g.g. structure. The right figure shows the

corresponding partial structural formula around the carboxylate group.

Figure 6. Oscillator strength of the conformers of DEACM-caged D-luciferin. Those of
carboxylate-A and -B conformers with plane-O diethylamino-g.g. structure are shown as
typical examples. The vertical black lines show oscillator strengths, and the solid red lines
show the UV/Vis spectra calculated by superposition of the oscillator strengths to account for

the broadening effect.

Figure 7. MOs of conformers of DEACM-caged D-luciferin, exemplified in the case of the
carboxylate-A and -B conformers with plane-O diethylamino-g.g. structure as typical

examples.

Figure 8. UV/Vis spectra of DEACM-caged D-luciferin. The solid black line and the dotted
line shows the experimental UV/Vis spectrum of DEACM-caged D-luciferin and D-luciferin,
respectively (47). The solid red line shows an adjusted theoretical UV/Vis spectrum of
DEACM-caged D-luciferin, which is shifted lower by 0.6 eV in energy from the original
theoretical spectrum. The dotted red lines show S, S., and S. absorption bands from the ground

state (S.).
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