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研究成果の概要（和文）：光解離型ケージドルシフェリンは、光照射によりホタル生物発光は基質であるルシフ
ェリンを生成する化合物である。本研究では、当研究室にて独自に開発したケージドルシフェリンの合成方法を
改良し、これまでよりも多く、さらに、純度の高い化合物の合成に成功した。この化合物への光照射から生成し
たD-ルシフェリンの分子数を発光量絶対値測定系により定量することで、ケージド化合物の定量的な評価方法を
確立した。ケージドルシフェリンへの光照射実験を実施し、光開裂量子収率を決定した。また、ルシフェリンの
脱プロトン化に対するX線吸収測定と、理論計算による帰属から、軟X線吸収計測の反応追跡への利用の可能性を
示した。

研究成果の概要（英文）：Photocleaving type of caged luciferin is a compound that produces a 
substrate for firefly bioluminescence luciferin by irradiation. In this study, we improved the 
synthesis method of DEACM-caged luciferin, which was originally developed in our laboratory. It was 
succeeded in synthesizing a larger amount and higher purity of this compound than ever before. A 
quantitative method for evaluating the feature of caged compounds was established by obtaining the 
number of molecules of D-luciferin produced from the irradiation of this compound with the absolute 
photon-yield measurement system. The photocleavage quantum yield of DEACM-caged luciferin were 
determined from the irradiation experiments for this compound. Moreover, the X-ray absorption 
spectra (XAS) measurements for luciferin were performed and the characteristics of XAS for the 
protonation/deprotonation structure of luciferin were shown by the assignment of these spectra using
 theoretical calculations.

研究分野： 物理化学

キーワード： ケージドルシフェリン　光開裂量子収率　光開裂断面積　光褪色量子収率　光褪色断面積

  １版

令和

研究成果の学術的意義や社会的意義
本研究で確立した方法により、新たに開発される光解離型ケージドルシフェリンの統一的な性能評価が可能にな
った。また、ホタル生物発光は薬剤動態やがんの転移経路観測のための生体内の分子イメージングに用いられて
いる。光解離型ケージドルシフェリンは、光照射のタイミングによりルシフェラーゼを含む細胞内で発光する時
刻を制御することができる。本研究で開発したDEACMケージドルシフェリンは、今後、生体内分子イメージング
への利用が期待される。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



 

 

様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
１．研究開始当初の背景 
 ホタル生物発光は、励起光を必要としない・発光波長の範囲が広い・高い発光量という特徴を
生かし、腫瘍増殖や病原菌感染を観測する生体内分子イメージングから食品衛生検査まで，幅広
く使われている[1]。この発光は、タンパク質酵素中で基質であるルシフェリンとアデノシン三
リン酸(ATP)とが反応し、生成される発光体（オキシルシフェリン）の励起状態から基底状態へ
遷移する際におこる。その発光色や発光強度は温度・溶媒の pH・タンパク質の種類などに依存
し[2-7]、ホタル生物発光の反応過程を詳細に調べることが求められている。 
 化学反応過程を追跡する有効な実験方法として、はじめに照射するポンプ光により反応を開
始し、時間差を置いて照射するプローブ光により反応途中の分子のスペクトル測定を行う超高
速時間分解測定が有効である[8]。現在ではこの超高速時間分解測定法のタンパク質反応への応
用が進んでいる。しかし、ホタル生物発光のようにタンパク質酵素中でおこる化学反応は、基質・
補因子・タンパク質を混ぜると反応がはじまるため、反応開始時刻を正確に決定できない。そこ
で、光切断によりルシフェリンを生成するケージドルシフェリンの開発を目指した。 
 
２．研究の目的 
 既存のケージドルシフェリン[9]は解離速度が遅く，ホタル生物発光の反応追跡には向いてい
ない。さらに、光照射によりルシフェリンをより多く生成するために必要な、照射光の波長・強
度・時間に関する情報はほとんどなかった。それは、ケージドルシフェリンの光安定性について
の評価方法が定まっていないためである。そこで、本研究では光照射型ケージドルシフェリンに
対して、光照射によるケージド基開裂過程の詳細な情報を明らかにし、ケージド化合物の評価方
法を確立する。独自に開発した (7-diethylaminocoumarin-4-yl)methyl-caged D-luciferin 
(DEACM-ケージドルシフェリン) [10]を用いて、ケージルシフェリンの評価方法を確立するとと
もに、DEACM-ケージドルシフェリンの化学結合開裂のメカニズムを明らかにする。 
 
３．研究の方法 
 図 1 に本研究での DEACM-ケージドルシフェリンの合成経路を示す。合成した DEACM-ケージド
ルシフェリンの純度は qNMRにより決定した。先行研究[10]の合成方法とは異なり、化合物 1 を
出発物質とすることにより、これまでよりも多く（112mg）、さらに純度が約 94%の DEACM-ケージ
ドルシフェリン 4の合成に成功した[11]。 

 先行研究[10]では、水銀ランプを用いた光照射により、ケージドルシフェリンから生成するル
シフェリンが、さらに照射光を吸収して壊れる可能性が示唆された。水銀ランプは複数の波長を
含む光となっているため、ルシフェリンを壊す波長の光を含む可能性がある。そこで、ケージド
ルシフェリンの光開裂研究に先立ち、照射波長を選択し、ルシフェリン分子の光照射強度・光照
射波長・光照射時間に対する安定性の特徴（光褪色量子収率、光褪色断面積）を調べることとし
た[12]。 
 図 2 に pH 8 でのルシフェリンの吸収スペクトルおよび水銀ランプの相対強度を示す。光照射
波長はルシフェリンの吸収スペクトルおよびケージドルシフェリンの理論吸収スペクトル[13] 
から、405nm、 365 nmおよび 325 nmとした。先行研究と同じ水銀ランプを用いて、波長選択に
はバンドパスフィルターを使った。 
 光褪色量子収率を決定するためには、各波長における光照射強度の情報が必要である。そこで、
パワーメータを用いて、各波長における光照射強度を測定した。今回の実験で用いる照射光 325, 
365, 405 nmの強度はそれぞれ 8.12, 27.45, 12.49 mW/cm2であることがわかった。 
 標準的なホタル生物発光の発光量子収率は 41%[5]であることから、光照射後のルシフェリン
溶液と北米産ホタルルシフェラーゼ を用いた生物発光スペクトルを測定すれば、スペクトル積

 
図１ 7-diethylaminocoumarin-4-yl)methyl-caged D-luciferin (DEACM-ケージドルシフェ

リン)の合成経路 [11] 
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Fig. 1. Synthesis scheme and photo-cleaving process of coumarin-caged luciferin 4.

Fig. 2. Scheme of UV irradiation for coumarin-caged luciferin 4.

d-luciferin [6]. The aim of our present study is to apply it to coumarin-
caged luciferin, and evaluate its photo-cleaving quantum yields and
cross sections quantitatively. We aim to obtain the quantum yields
and cross sections for not only the photo-cleaving process but also the
photo-bleaching process of coumarin-caged luciferin.

Fig. 2 shows the photo-reaction process of coumarin-caged luciferin
4 and d-luciferin 5 found by Kurata et al. [5]. Irradiation of UV
light causes photoexcitation from the ground states to excited states
in coumarin-caged luciferin and in d-luciferin with absorption cross-
sections �A,4 and �A,5, respectively. There are three kinds of photo-
reaction processes: the photo-cleaving process of coumarin-caged lu-
ciferin to produce d-luciferin with a photo-cleaving quantum yield of
�C , the photo-bleaching process of coumarin-caged luciferin decompos-
ing it to form side products with a photo-bleaching quantum yield of
�B,4, and the photo-bleaching process of d-luciferin converting it to side
products with a photo-bleaching quantum yield of �B,5.

Note that the photo-bleaching quantum yield �B and photo-cleaving
quantum yield �C are defined by

�B = NB_NA, (1)

and

�C = NC_NA, (2)

where NA, NB , and NC are respectively the total number of ab-
sorbed photons, the number of photo-bleached molecules, and the
number of photo-cleaved molecules. The photo-bleaching cross section
�B can be obtained using the photo-bleaching quantum yield �B and
photo-absorption cross section �A as

�B = �A ù �B . (3)

The photo-cleaving cross section �C can be obtained using the photo-
cleaving quantum yield �C and photo-absorption cross section �A as

�C = �A ù �C . (4)

In this study we synthesized sufficient amounts of coumarin-caged
luciferin for series of quantitative measurements, including the purity
characterization of coumarin caged-luciferin. We measured the absorp-
tion spectra for coumarin-caged luciferin to obtain the absorption cross
sections �A,4 at various wavelengths. The quantitative bioluminescence
was used to evaluate the amounts of d-luciferin formed in the irradiated



 

 

算値から光照射により破壊されずに残ったルシフェリンの分子数を見積もることができる。そ
こで、水銀ランプを用いて光照射したルシフェリン 溶液に、北米産ホタルルシフェラーゼ 、ア
デノシン三リン酸、Mg2+、GTA緩衝液を加え、pH 8 において発光量を測定した。 
 図 3 に光照射による DEACM-ケージドルシフェリンの光開裂過程を示す。DEACM-ケージドルシ
フェリンは照射光を吸収することにより、励起状態を
経由して結合を開裂させ、ルシフェリンを生成する。
同時に、DEACM-ケージドルシフェリンから副生成物に
なる光褪色過程と、生成するルシフェリンの光褪色過
程もあるため、これらの反応過程を考慮する必要があ
る。 
 ルシフェリンの光褪色量子収率を決定する際に用
いた方法と同様に、北米産ホタルルシフェラーゼを用
いた生物発光スペクトル測定を利用し、光照射した
DEACMケージドルシフェリンから生成した D-ルシフェ
リンの分子数を定量した。照射光には、水銀ランプと
405nmおよび 325nmのフィルターを組み合わせ、405nm
と 325nmの光を用いた。405nmと 325nmにおけるモル
吸光係数は、DEACM-ケージドルシフェリンの pH 8 に
おける吸収スペクトルから決定した。 
 研究開始当初は、検出用の光源として紫外光を想定
していたが、近年、X 線時間分解分光法の開発が進ん
だ[14]ことから、X 線の利用も検討すべきであると考
えた。軟 X線を用いた吸収計測では、分子の結合状態
を反映したスペクトルを得られることが知られてい
る。しかし、気相中の孤立分子や、比較的構成原子数
の少ない有機分子とは異なり、緩衝液中のケージドル
シフェリンのような環境中の有機分子の X 線吸収スペ
クトルは、かなり複雑になると予想される。そのため、
結合の開裂や脱プロトン化などの結合の違いに対し
て、異なる X 線吸収スペクトルが得られるかどうかは
自明ではない。そこで、まず X線吸収計測により、ル
シフェリンの脱プロトン化による構造の違いについ
て区別できるか検証した[15]。 
 ルシフェリンの pKaは 8.7[16]であることから、pH 8以下でアニオン、pH 9以上で水酸基か
らプロトン脱離したジアニオンの構造が主な化学種であることが知られている[17,18]。そこで、
本研究では、分子科学研究所の長坂らにより開発された厚さ可変の溶液セルシステム[19,20]を
用いて、高エネルギー加速器研究機構にて、pH 5, 7, 10のルシフェリン炭素原子 X 線吸収スペ
クトルを測定した。pH ごとに得られた X 線吸収スペクトルピークが、どの炭素の励起状態に対
応するかを調べるため、ルシフェリンアニオンとジアニオンに対して、時間依存密度汎函数法
(TDDFT)計算を実施した。 

 
 

 
図 2  (a) pH 8 でのルシフェリンの

吸収スペクトル(b)水銀ランプの相対

強度および 405（一点破線）、365(破

線）、325（点線）nmのバンドパスフィ

ルターにより選択される実際の波長

範囲[12] 
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solution of the estimated concentration of 2 × 10−5 M was prepared by 
deriving 1 mg of Photinus pyralis luciferase (Sigma-Aldrich Co. LLC. 62 
kDa) with 1 mL of 0.15 M GTA and 10% glycerol (Wako). A 1.0 × 10−3 

M ATP solution was prepared by ATP disodium salt trihydrate (Wako) 
dissolved in the 0.15 M GTA buffer. All reagents were stored frozen at 
–20 ◦C. MgSO4⋅7H2O (Wako) was diluted in 0.15 M GTA buffer to obtain 
a 0.1 M Mg2+ solution and stored at 10 ◦C. 

2.2. Absorption measurement 

For the UV/Vis absorption spectrum measurement, 2.0 × 10−4 M D- 
luciferin was dissolved in a GTA/DMSO 4/1 v/v solution. The final 
concentration of D-luciferin solution to obtain the absorption spectra at 
pH 8 was 5.0 × 10−5 M. The final concentrations of D-luciferin solution 
to determine the molar extinction coefficient of D-luciferin at pH 8 were 
1.0 × 10−5, 3.0 × 10−5, 5.0 × 10−5, 7.0 × 10−5, and 9.0 × 10−5 M. These 
solutions were poured into a 10-mm quartz cell and measured with a 
commercial UV–vis absorption spectrometer (JASCO V-730) at 25 ◦C. 

2.3. UV irradiation for photo-bleaching 

The UV irradiation device was a multipurpose exposure unit (Mul-
tilight; Ushio Inc.) equipped with standard irradiation optics (ML-251A/ 
B, PM-25C-100) and a Super High Pressure UV lamp (USH-250BY). 
Fig. 1 shows the measurement system for the intensity of the UV lamp 
with a filter. The intensity of the UV lamp with a 405-, 365-, and 325-nm 
filter coming through a mask (4 mm diameter) was estimated using the 
Si sensor S130VC (THORLABS) and the Power meter PM100D (THOR-
LABS). The filters for the 405-, 365-, and 325-nm irradiation were 
HB0405, HB0365, and SH0325 of ASAHI SPEC. A 2.0 × 10−4 M D- 
luciferin solution was irradiated with UV-light using these three filters 
and without a filter. 

2.4. Quantitative luminescence measurement 

We dissolved 300 μL of the 2.0 × 10−4 M irradiated D-luciferin so-
lution with 900 μL of a GTA/DMSO 4/1 v/v solution. We then used 20 μL 
of this D-luciferin solution dissolved with 980 μL of the GTA/DMSO 4/1 
v/v solution to prepare the irradiated D-luciferin solution for biolumi-
nescence measurements. Table 1 lists the bioluminescence parameters 
and experimental conditions. A 5-μL D-luciferin solution with and 
without UV irradiation, a 5-μL luciferase solution, a 5-μL Mg2+ solution, 
and a 35-μL GTA buffer were mixed before the bioluminescence mea-
surements, and a 50-μL ATP solution was added to trigger the reaction. 
The pH values of all solutions were reexamined after the reaction. The 
standard deviation of the pH was 0.1. 

The quantitative bioluminescence spectra were obtained with a 
calibrated total-photon flux spectrometer consisting of an Acton 
Research Spectra Pro 300i monochromator and a Princeton Instruments 
Spec-10:400BR back-illuminated charge-coupled-device (CCD) detector 
[14–16]. The CCD was cooled to –120 ◦C with liquid nitrogen during 
operation. The estimated relative uncertainty of the calibration was 17% 

as one standard deviation. The measurement time for the biolumines-
cence spectrum of each sample was 40–60 min, after which the lumi-
nescence intensity became the same level as background noise. 

We measured the quantitative bioluminescence spectra and then 
converted them into molar photon spectra and quantum yield by using 
the molar extinction coefficient of D-luciferin obtained from the ab-
sorption spectra for various concentrations of D-luciferin. 

3. Results and discussion 

3.1. Absorption spectrum of D-luciferin and UV irradiation wavelength 

Fig. 2(a) shows the absorption spectrum of 5.0 × 10−5 M D-luciferin 
solution at pH 8. The measured spectrum is consistent with our previous 
studies on the absorption feature of D-luciferin aqueous solution at 

Fig. 1. Measurement system for intensity of UV lamp with filter.  

Table 1 
Parameters for firefly bioluminescence measurements.  

Reagent Concentration (M) Volume 
(μL) 

Final concentration 
(M) 

GTA (pH 8) 0.15 35 – 
Mg2+ 0.1 5 5.0 × 10−3 

D-luciferin 1.0 × 10−6 (before 
irradiation) 

5 5.0 × 10−8 

Luciferase 2 × 10−5 5 1 × 10−6 

ATP 1.0 × 10−3 50 5.0 × 10−4  

Fig. 2. (a) Absorption spectrum of 5.0 × 10−5 M D-luciferin solution at pH 8, 
(b) relative intensity of UV lamp (%), and transmittance (%) of the selected 
wavelength range by band-pass filters: 405-nm (long-dotted line), 365-nm 
(dashed line), and 325-nm (dotted line). 

R. Kumagai et al.                                                                                                                                                                                                                               

 
図 3 光照射による DEACM-ケージドルシフェリンの光開裂過程[11] 
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Fig. 1. Synthesis scheme and photo-cleaving process of coumarin-caged luciferin 4.

Fig. 2. Scheme of UV irradiation for coumarin-caged luciferin 4.

d-luciferin [6]. The aim of our present study is to apply it to coumarin-
caged luciferin, and evaluate its photo-cleaving quantum yields and
cross sections quantitatively. We aim to obtain the quantum yields
and cross sections for not only the photo-cleaving process but also the
photo-bleaching process of coumarin-caged luciferin.

Fig. 2 shows the photo-reaction process of coumarin-caged luciferin
4 and d-luciferin 5 found by Kurata et al. [5]. Irradiation of UV
light causes photoexcitation from the ground states to excited states
in coumarin-caged luciferin and in d-luciferin with absorption cross-
sections �A,4 and �A,5, respectively. There are three kinds of photo-
reaction processes: the photo-cleaving process of coumarin-caged lu-
ciferin to produce d-luciferin with a photo-cleaving quantum yield of
�C , the photo-bleaching process of coumarin-caged luciferin decompos-
ing it to form side products with a photo-bleaching quantum yield of
�B,4, and the photo-bleaching process of d-luciferin converting it to side
products with a photo-bleaching quantum yield of �B,5.

Note that the photo-bleaching quantum yield �B and photo-cleaving
quantum yield �C are defined by

�B = NB_NA, (1)

and

�C = NC_NA, (2)

where NA, NB , and NC are respectively the total number of ab-
sorbed photons, the number of photo-bleached molecules, and the
number of photo-cleaved molecules. The photo-bleaching cross section
�B can be obtained using the photo-bleaching quantum yield �B and
photo-absorption cross section �A as

�B = �A ù �B . (3)

The photo-cleaving cross section �C can be obtained using the photo-
cleaving quantum yield �C and photo-absorption cross section �A as

�C = �A ù �C . (4)

In this study we synthesized sufficient amounts of coumarin-caged
luciferin for series of quantitative measurements, including the purity
characterization of coumarin caged-luciferin. We measured the absorp-
tion spectra for coumarin-caged luciferin to obtain the absorption cross
sections �A,4 at various wavelengths. The quantitative bioluminescence
was used to evaluate the amounts of d-luciferin formed in the irradiated



 

 

４．研究成果 

 図4に光照射した後のルシフェリンを用いた生物
発光における光子数を示す。光の波長を選択した場
合に比べて、選択せずに水銀ランプの光を直接照射
した場合(no filter)、光照射時間に対してルシフ
ェリン分子の壊れる量が最も多い結果となった。一
方、ルシフェリンの吸収ピークに近い 325-nm光は、
365-nm 光よりもルシフェリンを壊すと予想された
が、実際には、365-nm光のほうがルシフェリン分子
を多く壊すという結果になった。405-nm光は照射時
間が長くなってもあまりルシフェリンを壊さない
ことがわかった。 
 図 4の光子数から、光照射時間に対するルシフェ
リンの分子数を得て、光安定性の特徴を定量的に示
す物理量である光褪色量子収率および光褪色断面
積を見積もった。その結果、ルシフェリン の光褪色
断面積はおよそ 1.0–5.0×10-20 cm2であることがわ
かった。また、ルシフェリン の光褪色量子収率は 8×10-4 であり、照射波長に依存しないこと
がわかった。以上の結果より、ルシフェリン の光破壊量をもっとも少なくする波長は、405 nm
の光照射であると言える。 
 上記の生物発光測定によるルシフェリン分子の定量計測と合成した高純度のケージドルシフ
ェリンを用いて、ケージドルシフェリンの光開裂過程を調べた。純度 94%を考慮した DEACM-ケー
ジドルシフェリンの濃度（0.9× 10−5、 1.9× 10−5、 
2.7 × 10−5、 3.6 × 10−5、 および 4.5 × 10−5 M）
と pH 8 における吸光度の関係を図 5に示す。光開裂
量子収率を得るためには 325 nmおよび 405 nmにお
ける吸収断面積が必要である。そこで、図 5の 325 nm
および 405 nmのモル吸光係数（2.12 × 104 L/mol 
cm、1.88 × 104 L/mol cm）から吸収断面積を決定し
た。 
 図 6 に光照射した後の DEACM-ケージドルシフェリ
ンを用いた生物発光におけるルシフェリン生成率
（DEACM-ケージドルシフェリン分子数に対する生成
したルシフェリン分子数）を示す。325-nm光の場合、
照射時間と共にルシフェリン生成率は増加するが、照
射時間が 10分を超えると減少に転じた。この減少は、
生成したルシフェリンが、光照射によりさらに破壊さ
れることにより起きていると考えられる。一方、405-
nm 光の場合は、照射時間と共にルシフェリン生成率
は増加した。ただし、405-nm光よりも 325-nm光の方
が、ルシフェリンの最大生成率が大きいという結果になった。 
 モル吸光係数、照射強度、照射波長および図 6から、DEACM-ケージドルシフェリンから光開裂
によりルシフェリンが生成する速度定数𝛾!、DEACM-ケージドルシフェリンが光褪色を起こし、ル
シフェリン以外の副生成物が生成する速度定数𝛾"、およびルシフェリンが光褪色を起こす速度定
数𝛾#を見積もることができる。DEACM-ケージドルシフェリンの光解離過程から，反応式は 

DEACM−ケージドルシフェリン
$!→ 	ルシフェリン														(1) 

DEACM−ケージドルシフェリン
$"→ 	副生成物																				(2) 

ルシフェリン
$#→ 	副生成物																																																								(3) 

となる。DEACM-ケージドルシフェリンの分子数を𝑐%&、ルシフェリンの分子数を𝑐'&とすると、反

応速度式は 
𝑑𝑐%&
𝑑𝑡 = −𝛾!𝑐%& − 𝛾"𝑐%&																				(4) 

 
𝑑𝑐'&
𝑑𝑡 = 𝛾!𝑐%& − 𝛾#𝑐'&																				(5) 

となる。 

 (4)(5)式から、DEACM-ケージドルシフェリンからルシフェリンが生成する速度定数𝛾!は、325-

nm光の場合は 5.8× 10−4 s-1、405-nm光の場合は 1.2× 10−4 s-1であることがわかった。また光

開裂量子収率は、325-nm 光の場合は 5.41×10-4、405-nm 光の場合は 6.27×10-5 と決定するこ

とができた。すなわち、ケージド化合物の定量的な評価方法を確立することができたと言える。 

 
図 5 DEACM-ケージドルシフェリンの濃

度と pH 8 における吸光度の関係[11] 
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Table 1
Parameters for the bioluminescence measurements.

Concentration Volume Final concentration
[M] [�L] [M]

GTA (pH 8) 0.15 35 –
Mg2+ 0.1 5 5.0 ù 10*3
coumarin-caged luciferin 9.4 ù 10*7a 5 4.7 ù 10*8
Luciferase 2.0 ù 10*5 5 1.0 ù 10*6
ATP 1.0 ù 10*3 50 5.0 ù 10*4

aConcentration of coumarin-caged luciferin before irradiation.

measurements: (1)300 �L of the irradiated sample was diluted by
adding 900 �L of a GTA/DMSO 4/1 v/v solution. (2)20 �L of this
solution was further diluted by adding 980 �L of the GTA/DMSO 4/1
v/v solution. This sample was used in bioluminescence measurements.
Table 1 lists the bioluminescence parameters and experimental condi-
tions. A 5-�L sample, a 5-�L luciferase solution, a 5-�L Mg2+ solution,
and a 35-�L GTA buffer were mixed before the bioluminescence mea-
surements, and a 50-�L ATP solution was added to trigger the reaction.
The number of coumarin-caged luciferin molecules in this solution was
2.8 ù 1012.

3. Results

3.1. Synthesis of coumarin-caged luciferin

Synthesis of coumarin-caged luciferin 4 was carried out as outlined
in Fig. 1 [5]. Treatment of 4-hydroxymethyl-substituted coumarin 1
with 5-hydroxybenzothiazole 2 under the Mitsunobu reaction condi-
tions using DIAD and PPh3 in THF produced the corresponding coupling
product 3. Installation of the carboxylated dihydrothiazole moiety was
done by condensation of 3 with d-cysteine in dichloromethane/MeOH
to furnish the desired coumarin-caged luciferin 4 as pale-yellow solid.
Thus obtained 4 was pure enough and no signals of impurity was
observed in the 1H NMR spectrum except for water. The purity was es-
timated by the qNMR technique with 1,4-bis(trimethylsilyl)benzene-d4
as an internal standard to be 94% (See Supplementary Material).

3.2. Molar extinction coefficients of coumarin-caged luciferin

Fig. 3 shows the absorption spectra for coumarin-caged luciferin 4,
d-luciferin 5, and coumarin 1 at pH 8. There are 330-nm and 400-nm
peaks in the absorption spectrum for coumarin-caged luciferin at pH 8.
The 330-nm peak is assigned as the absorption due to the d-luciferin
group and the 440-nm peak is assigned as the absorption due to the
coumarin group of coumarin-caged luciferin [7]. Indeed, the absorption
peaks of d-luciferin 5 and coumarin 1 were at 330 nm and 387 nm,
respectively.

The measured absorption spectrum of coumarin-caged luciferin in
Fig. 3 was for a 2.8ù10*5 M solution. We also measured the absorption
spectra for 9.4ù 10*6, 1.9ù 10*5, 2.8ù 10*5, 3.8ù 10*5, and 4.7ù 10*5 M
coumarin-caged luciferin at pH 8 (see Figure S3), and confirmed that
the spectra of " are the same.

Fig. 4 shows the relationship between the absorbance at 325 and
405 nm and the concentration of coumarin-caged luciferin solutions.
From these data, the molar extinction coefficients of coumarin-caged
luciferin at 325 and 405 nm have been determined as 2.12 ù 104 and
1.88ù104 L/mol cm, respectively. We estimated the k = 2 uncertainties
for molar extinction coefficients at 325 and 405 nm (2u") as 177 and 63,
respectively. The relative uncertainties 2u"_" of the molar extinction
coefficients were less than 0.01 at both wavelengths.

Table 2 lists the molar extinction coefficients and absorption cross
sections for coumarin-caged luciferin. The absorption cross section �A
is evaluated by �A = 1000 ù " ù ln 10_Nav, where Nav is the Avogadro
constant. We also listed values of d-luciferin [6] in Table 2 .

Fig. 3. Absorption spectra for coumarin-caged luciferin, coumarin 1, and d-luciferin at
pH 8.

Fig. 4. Relationship between absorbance at 325 nm (full triangle) and 405 nm (open
box) and the concentration of coumarin-caged luciferin solutions.

Table 2
Molar extinction coefficients " and absorption cross sections �A for coumarin-caged
luciferin and d-luciferin.

� [nm] 325 405

" [L/mol cm] 2.124 ù 104 1.884 ù 104
coumarin-caged luciferin 4 2u" [L/mol cm] 1.8 ù 102 6 ù 10

�A [cm2] 8.1 ù 10*17 7.2 ù 10*17

" [L/mol cm] 1.660 ù 104 3.33 ù 103
d-luciferin 5 [6] 2u" [L/mol cm] 8 ù 10 5 ù 10

�A [cm2] 6.3 ù 10*17 1.3 ù 10*17

3.3. Yield of d-luciferin molecule

We can obtain the amount of d-luciferin from the total photons of
bioluminescence by using a bioluminescence quantum yield of 41% [8].
The yield of d-luciferin is evaluated as the amount of d-luciferin divided
by the initial amount of coumarin-caged luciferin. The amount of d-
luciferin were obtained from the total photons in the quantitative
bioluminescence spectra (See Supplementary Material).

 
図 4 光照射後のルシフェリンを用いた

生物発光における光子数[12] 
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various pH [17–19]: the absorption maxima at pH 10 is located at 390 
nm, which was assigned as that of D-luciferin mono-anion (see Fig. S1 
(a)). The absorption maxima at pH 7 is located at 330 nm, which was 
assigned as that of D-luciferin di-anion (see Fig. S1(b)). Therefore, the 
main peak at 330 nm and the shoulder at 390 nm in the absorption 
spectrum at pH 8 shown in Fig. 2(a) were assigned as the absorption of D- 
luciferin mono-anion and di-anion, respectively [18–19]. 

Fig. 2 (b) shows the relative intensity of the UV lamp (%) and the 
transmittance (%) of the selected wavelength range by 325-, 365-, and 
405-nm band-pass filters. The 325-nm irradiation causes the excitation 
of D-luciferin mono-anion, which is the most abundant chemical species 
at pH 8. The 405-nm irradiation causes the excitation of D-luciferin di- 
anion, which is the second-most abundant chemical species at pH 8. 
The 365-nm irradiation causes the excitation of both D-luciferin mono- 
anion and di-anion. These results demonstrate that the three irradia-
tions cause the excitation of different chemical forms of D-luciferin. 

3.2. Measurement of number of undamaged D-luciferin molecules 

Fig. 3 shows the bioluminescence spectra for D-luciferin after 0-, 4-, 
and 20-min irradiation with 365-nm light. The peak intensity of the 
bioluminescence spectra irradiation decreased with irradiation time, 
which indicates that D-luciferin molecules were photo-bleached by UV 
irradiation. Because the luminescence can be measured with D-luciferin 
but not with L-luciferin [20], the photo-bleaching D-luciferin (photo- 
destructed or L-luciferin isomerized from D-luciferin) does not work as a 
substrate of firefly bioluminescence. The integrated value of the biolu-
minescence spectral area in Fig. 3 is the total photon number of this 
spectra, which corresponds to the amount of undamaged D-luciferin. 
Thus, the total photons for irradiation wavelength and irradiation time 
were estimated from the bioluminescence spectra with D-luciferin after 
irradiation with and without a filter. 

Fig. 4 shows the total photons of bioluminescence spectra for D- 
luciferin after irradiation with 405-, 365-, and 325-nm filters and 
without a filter at irradiation times of 0.7, 2, 3, 4, 10, 15, and 20 min (see 
Fig. S2). The logarithm of the value of total photons for these spectra 
seems to be the linear function of radiation time. These results indicate 
that the decrease of D-luciferin by irradiation can be analyzed using 
certain model equations. The parameters for the irradiation are listed in 
Table 2. 3.3. Analysis of photo-bleached D-luciferin 

We define the photo-bleaching rate constant as γ. The logarithm of 
the value of total photons R shown in Fig. 4 can be represented by 

R = R0exp( − γt), (3)  

where t corresponds to the irradiation time and R0 corresponds to the 
total photons at t = 0. 

The photo-bleaching rate constants γ and the coefficients of deter-
mination (r2) for the total photons of bioluminescence spectra for D- 
luciferin after irradiation with 405-, 365-, and 325-nm filters and 
without a filter are listed in the second and third lines of Table 2, 
respectively. The coefficients of determination (r2) for the total photons 
of bioluminescence spectra for D-luciferin after irradiation with the 405- 
nm filter were slightly smaller than those with the others, but these r2 

values close to 1 indicate that the single exponential function, or Eq. (3), 
is a good model for fitting. 

The photoreceiver area of our system (Fig. 1) is 0.126 cm2. The in-
tensities of UV irradiation with the 325-, 365-, and 405-nm filters were 
measured as 1.02, 3.45, and 1.57 mW. From these intensities and the 
photoreceiver area, the photon intensities per unit area I for the 325-, 
365-, and 405-nm irradiation were estimated to be 8.12, 27.45, and 
12.49 mW/cm2, which are listed in Table 2. We confirmed that the UV 
lamp light flux at each wavelength was stable, and intensity fluctuations 
or changes during our measurements were negligible. Note that the 
photo-bleaching rate constants can be written with the photo-bleaching Fig. 3. Bioluminescence spectra for D-luciferin after 0-, 4-, and 20-min irradi-

ation with 365-nm light. 

Fig. 4. Total photons of bioluminescence spectra for D-luciferin after irradia-
tion with 405-, 365-, and 325-nm filters and without a filter. 

Table 2 
Parameters for destructed D-luciferin and UV lamp.  

λ [nm]  325 365 405 no filter 
γ [1/min]  0.036 0.052 0.013  0.120 
2 uγ [1/min]  0.005 0.006 0.004  0.006 
r2 0.9726 0.9831 0.8533  0.9968 
I [mW/cm2] 8.12 27.5 12.5  – 
ε [L/mol cm]  1.660 × 104 5.99 × 103 3.33 × 103  – 
2 uε [L/mol cm]  8 × 10 5 × 10 5 × 10  – 
σA [cm2]  6.3 × 10−17 2.3 × 10−17 1.3 × 10−17  – 
σB [cm2]  4.5 × 10−20 1.7 × 10−20 8.3 × 10−21  – 
ϕ = γ/(σAI/hν) 7.0 × 10−4 7.5 × 10−4 6.5 × 10−4  – 
2 uϕ  1.0 × 10−4 0.8 × 10−4 2.2 × 10−4  –  
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 図 7 に pH 5,7,および 10の pH 5, 7, 10のルシフェリン炭素原子 X 線吸収スペクトルをを示

す。どのスペクトルにも特徴的なピークが４つあることがわかった。量子化学計算より、ヒドロ

キシ基の脱プロトン化は、炭素原子 X 線吸収スペクトルのピーク a とピーク b のエネルギー差

に反映されることがわかった。このエネルギー差は

pH 7 では 1.0eVであったが、pH 10では 2.3eVであ

った。これは、ヒドロキシ基の脱プロトン化に伴い、

ヒドロキシ基に結合した C原子の 1s 軌道からの励起

エネルギーがレッドシフトするためである。 

 本研究では、OH または O-に結合した C原子の 1s 軌

道からの励起に注目した。ルシフェリンのベンゾチ

アゾール環の一部であるこの炭素原子に関連する炭

素原子 X 線吸収スペクトルは、共鳴によって記述さ

れる電子の非局在化の影響を受ける可能性がある。

特にルシフェリンジアニオンで顕著であると考えら

れる。ケージドルシフェリンの光開裂の様に C-O 単

結合が直接切断される場合は、非局在化の影響は少

ないと予想されるため、炭素原子 X 線吸収スペクト

ルはより大きく変化することが予想される。 

 今回の研究ではルシフェリンの光褪色過程を調

べ、次に DEACM-ケージドルシフェリンの光開裂過程を調べることにより、DEACM-ケージドルシ

フェリンの化学結合開裂機構を定量的に明らかにすることができた。本研究で確立した方法に

より、今後新たに開発される光解離型ケージドルシフェリンの統一的な性能評価が可能になっ

た。さらに、時間分解測定における検出方法の一つとして、軟 X線を用いた吸収計測利用につい

ての検討を行い、軟 X線をプローブ光に用いる可能性を示した。 
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図 7 pH 5, 7, 10のルシフェリン炭素

原子 X 線吸収スペクトル[15] 

e!ects. To determine the most suitable basis set for the
assignments, we measured N K-edge spectra, of which the
assignments are simpler than C K-edge spectra, and compared
the experimental spectra with the theoretical spectra obtained
in the following calculations.
2.2.1. Geometry Optimization. The structures of the

luciferin anion and dianion were optimized with B3LYP-D3/
6-31+G(d,p), and the solvent e!ects were approximated by the
polarizable continuum model (PCM).34 The Cartesian
coordinates of the optimized geometries are given in Tables
S1 and S2. The optimized structures for luciferin anion and
dianion have a benzothiazole ring and thiazoline ring on the
same plane, and similar structures were obtained at di!erent
computational levels such as with B3LYP/AUG-cc-pVTZ.25
The TDDFT CAM-B3LYP/SMD calculations for these
structures using 6-31+G(d), IGLO-III, D95+(d,p), and
AUG-cc-pVTZ were carried out (Figures S5 and S6). It
became di"cult to distinguish the excitations contributing to
each peak in the experimental spectra, making it impossible to
select an appropriate basis set through comparison of the
theoretical and experimental spectra. From these results, we
focused on N K-edge spectra (Figure S8).
2.2.2. Method/Basis Set Optimization (N 1s). The

oscillator strengths as well as energies for the nitrogen core
excitations of the optimized structures were evaluated in the
following TDDFT calculations. The B3LYP functional35-37
with the Coulomb Attenuating Method (CAM)38 and four
types of basis sets, 6-31+G(d), cc-pCVDZ, D95+(d,p), and
AUG-cc-pVTZ, were used for the calculations. Gaussian0939
was used for geometry optimization and method/basis set
optimization. We found that the theoretical N 1s absorption
spectra with AUG-cc-pVTZ were in good agreement with the
N K-edge spectra for luciferin (see Supporting Information).
Thus, AUG-cc-pVTZ was used for the theoretical C 1s
absorption spectra.
2.2.3. Functional Development for Matching C 1s Energy

Scale. The energies for the peaks, which corresponded to the
excitation from the C 1s orbitals, in the CAM-B3LYP/AUG-cc-
pVTZ absorption spectra for the D-luciferin anion and dianion
were 275−280 eV (see Figures S5d and S6d), which were 10
eV lower than those of the experimental ones in Figure 2.

Thus, a hybrid functional, which reproduces C 1s inner-shell
excitations, was newly designed following the method by
Besley and Asmuruf.29 This hybrid functional is called B3LYP
(a0 = 0.56, ax = 0.36) in this paper (see Supporting
Information). The energies for the C 1s peaks in the
theoretical spectra calculated with B3LYP (a0 = 0.56, ax =

0.36) were 284−289 eV, which was closer to those of the
experimental ones.

2.2.4. TDDFT Calculations for C 1s Excitations. Because a
luciferin molecule includes two S atoms, three O atoms, two N
atoms, and 11 C atoms, the first and second MOs correspond
to S 1s orbitals, the third−fifth MOs correspond to O 1s
orbitals, the sixth−seventh MOs correspond to N 1s orbitals,
and the eighth−18th MOs correspond to C 1s orbitals (see
Figures S3 and S4). Functional development and TDDFT
calculations for carbon K-edge excitations with B3LYP (a0 =
0.56, ax = 0.36) instead of CAM-B3LYP were carried out using
Gaussian16.40 The core excitation spectra for the luciferin
anion can be assigned using the oscillator strengths for
excitations of which the main configurations are from these
orbitals.

3. RESULTS AND DISCUSSION
3.1. C K-Edge Spectra for Luciferin. Figure 2 shows the

C K-edge spectra for luciferin in pH 5 (Milli-Q), 7, and 10
solutions. There are four characteristic peaks (a, b, c, and d) in
the C K-edge spectra for luciferin. Table 1 lists the energies of

these peaks. The largest and second largest peak (a and d)
energies for pH 10 (285.1 and 288.7 eV) were similar to those
for pH 7 (284.9 and 288.6 eV), respectively. On the other
hand, the energies of the other two peaks (peaks b and c)
between peak a and peak d shifted to a higher energy region,
going from a pH 7 to a pH 10 solution.
Although the peak intensities for pH 5 were di!erent from

those for pH 7, the peak energies for pH 5 were the same as
those for pH 7 because the most abundant chemical species
both in pH 5 and in pH 7 solutions is luciferin anion.24,25 The
reason for the di!erence in peak intensities for pH 5 and 7 may
be the di!erence in concentration, the di!erence in optical
path length, or solvent e!ects.

3.2. Theoretical C 1s Spectra for D-Luciferin.
3.2.1. Theoretical Peaks for D-Luciferin. Figure 3 shows the
theoretical C 1s absorption spectra for D-luciferin anion and
dianion calculated using B3LYP (a0 = 0.56, ax = 0.36). These
theoretical spectra were obtained from the oscillator strengths
with a 0.3 eV artificial full width at half-maximum (fwhm).
There were five characteristic peaks that appeared between 284
and 289 eV for both the D-luciferin anion and dianion.

3.2.2. Characteristics of Theoretical Peaks. Table 2 lists the
energies of these five peaks in Figure 3 and the main
configurations of the corresponding excitations. The character-
istics of these peaks are as follows. Peak (A′) for the luciferin
anion consists mainly of the transition from the 4′C 1s orbital
to the lowest unoccupied molecular orbital (LUMO) and
LUMO + 2. The peak (A′) for luciferin dianion consists
mainly of the transition from the 4′C 1s orbital to LUMO and
the transitions from the 5′C 1s orbital to LUMO and LUMO +
4. Peak (A) for the luciferin anion mainly corresponds to the
transition from the out-of-phase mixing of the 2′C and 2C 1s
orbital. In the case of luciferin dianion, peak (A) is mainly the

Figure 2. C K-edge spectra for luciferin in pH 5 (Milli-Q), 7, and 10
solutions.

Table 1. Peak Energies (eV) of C K-Edge Spectra

a b c d
pH 5 284.9 285.9 286.9 288.6
pH 7 284.9 285.9 287.1 288.6
pH 10 285.1 287.4 287.9 288.7

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article
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図 6 光照射時間に対する生成したルシ

フェリン生成率[11] 
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Fig. 5. Yield of d-luciferin from coumarin-caged luciferin after irradiation with 325-
and 405-nm light for 240, 600, 900, 1200, 1500, and 1800 s.

Fig. 5 shows the yield of d-luciferin from coumarin-caged luciferin
after irradiation with 325- and 405-nm light for 240, 600, 900, 1200,
1500, and 1800 s. The yields for 325-nm irradiation were larger than
those for 405-nm irradiation. The yield for 325-nm irradiation reached
a maximum at 10-min irradiation time. After that, the yield gradually
decreased. On the other hand, the yield for 405-nm irradiation in-
creased with irradiation time and saturated. These results indicate that
not only photo-cleavage but also photo-bleaching of coumarin-caged
luciferin and d-luciferin occur.

4. Discussion

4.1. Estimation of rate constants

We introduce rate constants �C , �B,4, and �B,5 for three photoreac-
tion process shown in Fig. 2 as follows.

coumarin-caged luciferin 4
�C
,,,,,,,,,,,ô d-luciferin 5 (5)

coumarin-caged luciferin 4
�B,4
,,,,,,,,,,,,,,,,ô side product (6)

d-luciferin 5
�B,5
,,,,,,,,,,,,,,,,ô side product (7)

The reaction rate equation for the number of coumarin-caged luciferin
molecules (c4) and that for the number of d-luciferin (c5) molecules are
given by
dc4
dt

= *�Cc4 * �B,4c4 (8)

and
dc5
dt

= �Cc4 * �B,5c5, (9)

respectively. Then, the ratio P4 of coumarin-caged luciferin molecules
at t (c4) to coumarin-caged luciferin molecules at t = 0 (c04) is given by

P4 =
c4
c04

= exp (*(�C + �B,4)t). (10)

Then, the ratio P5 of d-luciferin molecules (c5) to c04 is written as

P5 =
c5
c04

=
�C

�C + �B,4 * �B,5
[exp(*�B,5t) * exp (*(�C + �B,4)t)] (11)

P5 corresponds to the yields of d-luciferin shown in Fig. 5. The least
squares fittings for the data in Fig. 5 with Eq. (12) were performed to
obtain the rate constants �C , �B,4, and �B,5. Table 3 lists these three rate
constants.

The �B,5 for 405-nm irradiation was excluded in the fitting because,
as shown in Fig. 5, the yield of d-luciferin for 405-nm irradiation has

Table 3
Photo-cleaving and photo-bleaching rate constants of coumarin-caged luciferin and
d-luciferin.

325 nm 405 nm

�C [s*1] 0.58ù10*3 ± 0.02 ù 10*3 0.12ù10*3 ± 0.01 ù 10*3
�B,4 [s*1] 4.17ù10*3 ± 0.13 ù 10*3 1.07ù10*3 ± 0.16 ù 10*3
�B,5 [s*1] 0.21ù10*3 ± 0.03 ù 10*3 –

Table 4
Photo-cleaving and photo-bleaching cross sections and quantum yields of coumarin-
caged luciferin and d-luciferin.

I [mW/cm2] 325 nm 405 nm
8.12 12.5

�C 5.41 ù 10*4 6.27 ù 10*5= �C_(�A,4I_h⌫)

coumarin-caged �C [cm2] 4.40 ù 10*20 4.52 ù 10*21

luciferin 4 �B,4 3.87 ù 10*3 5.83 ù 10*4= �B,4_(�A,4I_h⌫)

�B,4 [cm2] 3.14 ù 10*19 4.20 ù 10*20

�B,5 2.47 ù 10*4(7.02 ù 10*4)a – (6.53 ù 10*4)ad-luciferin 5 = �B,5_(�A,5I_h⌫)

�B,5 [cm2] 1.57 ù 10*20(4.45 ù 10*20)a – (8.31 ù 10*21)a

aThe values in brackets are results by Kumagai et al. [6].

no downward trend. The evaluation of �B,5 for 405-nm irradiation is
possible with data for longer irradiation time. These values are different
from those in Ref. [5]. Note, however, that � depends on the intensity
and wavelength of irradiation as well, as shown below.

4.2. Quantum yields and cross sections

The rate constant �C in Eq. (8) corresponds to the probability per a
unit time of cleaving a chemical bond between a coumarin group and
a luciferin group. �C for the irradiation intensity I can be obtained by
using the absorption cross section �A,4 and the photo-cleaving quantum
yield �C as follows:

�C = �C ù �A,4 ù I_h⌫ (12)

where h is the Planck constant and ⌫ is the wavenumber of UV light.
Note that �C is the probability of cleavage after a single photon-
absorption event, and that �A,4 ù I_h⌫ corresponds to the number
(frequency) of photon-absorption events per a unit time for a molecule
because I_h⌫ is the number of incident photons per a unit time and per
unit area.

Table 4 lists the photo-absorption, photo-cleaving and photo-
bleaching cross sections and their quantum yields of coumarin-caged lu-
ciferin and d-luciferin using �C , �B,4, and �B,5. The irradiation intensities
I are also listed in Table 4.

For 325-nm irradiation, the photo-cleaving quantum yield of
coumarin-caged luciferin �C was 5.41 ù 10*4. This value indicates that
coumarin-caged luciferin is cleaved once in 1800 times absorption
of photon. On the other hand, the photo-bleaching quantum yield of
coumarin-caged luciferin �B,4 was 3.87ù10*3. This value indicates that
coumarin-caged luciferin is damaged to form side products once in
260 times absorption of photon. Note, unfortunately, that the photo-
cleaving quantum yield was smaller than the photo-bleaching quantum
yield. Note also that the photo-cleaving quantum yield �C (5.41 ù
10*4) was only twice as large as the photo-bleaching quantum yield
of d-luciferin �B,5 (2.47 ù 10*4). For caged compounds, in general,
it is preferred that photo-cleaving quantum yields are much larger
than photo-bleaching quantum yields of themselves and products. We
should admit that the photo-cleaving quantum yield �C (5.41ù 10*4) is
comparable to photo-bleaching quantum yields of robust dyes such as
coumarins (10*3) and rhodamines (10*5) [10,11]. From these points of
view, we need to improve this caged luciferin.
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