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1. Drug-induced photosensitivity of KP
Nonsteroidal anti-inflammatory drugs (NSAIDs) have 

been used in the medical treatment for reducing fever 
and minor pain. However, drug-induced photosensitivity, 
which is classified under the phototoxic and photoallergic 
types, has been reported as an adverse effect. [1-4] 
Ketoprofen (2−(3−benzoylphenyl)propionic acid, KP), 
one of the most widely used NSAIDs, is clinically well 
known to induce the photoallergic type of drug-induced 
photosensitivity. [5-8] There are two major theories 
for formation of allergens; prohapten and photohapten 
theories. In the prohapten theory, a drug takes place 
photoreaction by UV irradiation to form a hapten, which 
binds to proteins. In the photohapten theory, a drug is 
docked into a protein, and a covalent bond is formed 
between the drug and a protein by UV light irradiation, 
leading to production of an allergen. It has been reported 
that KP in vivo produces an allergen by UV irradiation 
with the photohapten theory. [9-11] In this review, our 
recent works for the photochemistry of KP by transient 
absorption spectroscopy and transient grating method 
coupled with theoretical calculations are summarized.

2. Photochemical reaction of KP
The photochemistry of KP has been extensively studied 

to understand drug-induced photosensitivity. Fig. 1 shows 
the scheme of the photochemical reaction of KP, proposed 
from results of the study by the product analysis, [12,13] 
nano- or pico-second transient absorption spectroscopy, 
[14-23] time-resolved Raman spectroscopy, [24-27] time-
resolved laser-induced optoacoustic spectroscopy, [28] 

and quantum chemical calculations. [29-31] KP is weak 
acid (pKa = 4.7) and forms an acid-base equilibrium with 
the deprotonated KP (KP–). The excited triplet KP, 3KP*, 
produces through intersystem crossing from 1KP* by UV 
irradiation. The 3KP* abstracts a hydrogen atom from a 
surrounding molecule to yield a KP ketyl radical (KPH) 
and a counter radical. On the other hand, in the neutral 
or basic solution, the carboxylate anion of KP (KP–) 
with the UV irradiation yielded a carbanion through the 
decarboxylation to form a 3-ethylbenzophenone ketyl 
biradical (3-EBPH) or 3-ethylbenzophenone (3-EBP) by a 
proton transfer from a surrounding molecule. 

3. Photochemical reaction of KP with 
triethylamine

The photochemistry of KP with and without 
triethylamine (TEA) in methanol was investigated by 
transient absorption spectroscopy and transient grating 
method. [21,32] The acid-base equilibrium between KP 
and TEA was found to be formed: KP + TEA ⇄ KP− + 
TEAH+. Here, TEAH+ is protonated TEA. From transient 
absorption spectra, it was found that the excitation of KP− 
rapidly produces the carbanion through decarboxylation 
reaction following the carbanion takes place a proton 
abstraction from TEAH+ to produce 3-EBPH. Furthermore, 
3-EBPH was found to make a 1:1 complex with TEA. 
These results imply that an amino group in a protein 
should have important role for initial photoreaction of KP. 
[21]

Since the diffusion process of transient species should 
be related to reactivity, information on the translational 
diffusion dynamics in photoreaction of KP is essential 
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for understanding the photoreaction of KP with various 
biomolecules in vivo. The diffusion coefficients for pho-
tochemical species in methanol with and without TEA 
were obtained by transient grating method. The diffusion 
coefficients for the KPH, the carboxylate anion, and the 
EBPH…TEA complex were obtained to be  (6.9 ± 0.1) 
× 10−10 m2 s−1, (8.1 ± 0.1) × 10−10 m2 s−1, and (5.6 ± 0.2) 
× 10−10 m2 s−1, respectively. It was found these values are 
smaller than that for neutral KP obtained to be (9.8 ± 0.2) 
× 10−10 m2 s−1. The contribution of slow diffusion for these 
species would be due to larger molecular volume and/or a 
specific attractive interaction with solvent. [32] Nishiyama 
et al. recently reported photochemical reaction of KP− in 
aqueous solutions at neutral pH investigated by transient 
grating method. The aggregation dynamics of 3-EBP was 
observed and it was driven in water-rich solutions. [33]

Photochemistry and diffusion dynamics of KP in 
biosystem will be probed by transient grating coupled 
with the transient absorption spectroscopy.

4. Photochemical reaction of KP with indoles
The photoreaction of neutral KP with indole and 

3-methylindole, which are a side chain of the Trp residue, 
in acetonitrile were intensively studied by transient 
absorption spectroscopy. The reaction rate constants of 
the hydrogen atom abstraction rate constants of 3KP* by 
indole and 3-methylindole were obtained to be (1.4 ± 0.1) 
× 109 M−1 s−1 and (3.7 ± 0.1) × 109 M−1 s−1, respectively. The 
value for 3-methylindole was larger than that for indole. 
The transient absorption spectra of KP and 3-methylindole 
at 4 µs after the laser included the absorption bands of 
KPH and an indolyl radical. In addition, the absorption 
band in the transient spectra was observed at around 350 
nm, assigned to the corresponding C-centered radical with 
quantum chemical calculations. These results indicate 
that 3KP* abstracts a hydrogen atom in the methyl group 

as well as that of N–H in the indole frame, producing an 
indolyl or a C-centered radical (Fig. 2). From the peaks 
of transient absorption spectra for indole radicals, the 
formation rate constants by 3-methylindole producing the 
indolyl and the C-centered radicals were estimated to be 
(3.1 ± 0.2) × 109 M−1 s−1 and (0.6 ± 0.4) × 109 M−1 s−1, 
respectively. [22]

5. Photochemical reaction of KP with 
proteinogenic amino acids

The photochemical reaction of KP with twenty kinds 
of proteinogenic amino acids in phosphate buffer solution 
at pH 7.4 was intensively studied by transient absorption 
spectroscopy. The amino acids were classified into three 
groups on the reactivity. Three kinds of amino acids 
(His, Trp, and Tyr) were found excessively to accelerate 
the proton transfer reaction producing 3-EBPH from the 

Fig. 1. Reaction scheme of KP and its carboxylate anion (KP−) with UV irradiation.

Fig. 2. The hydrogen atom abstraction and its rate constants of 
KP in the triplet state with 3-methylindole, which is a side chain 
of the Trp residue.
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carbanion (Table 1). It was concluded that the reactivity 
of the carbanion with the amino acids strongly depends on 
the pKa value of the amino acid side chains. [23]

To understand the photochemistry of KP− in a protein, 
the structures of the complexes for KP− docked in human 
serum albumin (HSA) were investigated. [23,34-39] It 
was found that Tyr411 and Arg410, which are the amino 
acid residues having high reactivity with the carbanion, 
would locate in the vicinity of KP− in the binding site Ⅱ 
on HSA by molecular mechanics and molecular dynamics 
calculations (Fig. 3). The main initial process for drug-
induced photosensitivity by KP docked in the binding site 
Ⅱ of HSA was discussed. [23] The proton transfer reaction 
with Tyr411 or Arg410 in HSA would yield 3-EBPH from 
the carbanion, produced through a photodecarboxylation 
reaction of KP−. The covalent bond between 3-EBPH and 
HSA would be formed finally to generate an allergen. We 
can examine the initial processes of photochemistry in the 
other proteins by performing the docking simulation of 
complexes for KP with these proteins. This approach can 
be applied to many other NSAIDs causing drug-induced 
photosensitivity.

6. Conclusion
In this review, photochemistry of KP reported 

by experimental and computational methods was 
summarized. The photochemical reaction of KP docked 
in a protein should lead to generation of allergen. Thus, 
the photochemical reaction of KP with the side chain of 
amino acids should be a key for understanding of the 
initial reaction process for drug-induced photosensitivity. 
The approach will be effective to clarify drug-induced 
photosensitivity caused by other NSAIDs as well as KP.
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1. Introduction
Erythropoietic protoporphyria (EPP; OMIM #177000) 

results from pathogenic variants in the ferrochelatase 
(FECH) gene, which encodes an enzyme that catalyzes 
iron insertion into protoporphyrin (PP) to form heme. 
We reviewed the clinical, genetic, and epidemiological 
findings of EPP patients in the Japanese population.

2. Clinical and laboratory findings of typical EPP
EPP presents in early childhood with severe, 

nonblistering phototoxicity preceded by characteristic 
prodromal symptoms, often including tingling, burning, 
or itching. Continued exposure leads to severe phototoxic 
pain that can be associated with erythema and swelling of 
sun-exposed skin, primarily the dorsum of the hands and 
face. In addition to phototoxic episodes, these disorders 
have multisystemic manifestations including hepatopathy, 
iron deficiency anemia, and vitamin D deficiency. Partial 

deficiency in FECH activity results in the accumulation 
of PP in the skin, blood cells, and skin blood vessels. 
The accumulation of phototoxic PP in superficial vessels 
is activated by blue light (400–410 nm), triggering 
singlet oxygen free-radical reactions that lead to severe 
neuropathic pain that lasts for hours to days. PP is released 
from erythroid cells into the circulation, gains access 
to the vascular endothelium and liver, and is excreted 
through the biliary system. Laboratory investigations have 
revealed increased PP concentrations. A large number of 
fluorocytes were observed in the peripheral blood (Fig. 
1A). The characteristics of photosensitivity in EPP are 
first a burning, stinging sensation appearing immediately 
upon sun exposure, followed by erythema, edema, and 
petechiae (1-3). Repeated sun exposure can lead to more 
chronic skin changes, such as circular or linear scarring and 
waxy thickening (1, 3). PP is cleared by the hepatobiliary 
system and has a concentration-dependent hepatotoxic 
effect; as such, its accumulation in the liver can impair the 
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ABSTRACT
Erythropoietic protoporphyria (EPP) is a rare autosomal dominant disorder of heme biosynthesis, and results from a partial 

decrease in ferrochelatase activity leading to the excess accumulation of protoporphyrin. In typical EPP, photosensitivity 
usually initially appears after the first exposure to the sun in early infancy or childhood. In addition to phototoxic episodes, 
these disorders have multisystemic manifestations, including hepatopathy and anemia. Physicians occasionally experience 
Japanese EPP patients with mild symptoms and no FECH gene mutations. Patients who are homozygous for the c.315-
48T>C polymorphism may develop a mild phenotype of EPP via a slight increase in protoporphyrin. We reviewed 10 
reported EPP patients who were homozygous for the c.315-48T>C polymorphism and had no FECH gene mutation. The 
frequency of the homozygous c.315-48T>C polymorphism in the Japanese population is higher than that observed in 
European countries. Therefore, there may be more patients with a mild phenotype of EPP who have not been diagnosed 
in Japan. Erythropoietic protoporphyria has been reported worldwide, but there is regional variation in its epidemiology. 
To examine the characteristics of EPP in the Japanese population, we reviewed 127 Japanese EPP cases reported from 
1980 to 2022 that were identified using Ichushi-Web. The median age of these Japanese EPP patients at onset was 6 years. 
Approximately 20% of Japanese patients are recognized to have symptoms of erythropoietic protoporphyria after 10 
years of age. Japanese erythropoietic protoporphyria shows a characteristic phenotype of late onset and mild symptoms 
in comparison to Caucasian erythropoietic protoporphyria. This review describes the characteristics of erythropoietic 
protoporphyria in Japanese patients.
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hepatobiliary system in <10% of patients and potentially 
lead to liver failure (4-6). Mild hypochromic microcytic 
anemia may also develop (7). 

3. Genetic findings of EPP and other porphyrias
The phenotypic expression of protoporphyria occurs 

due to decreased activity of FECH or increased activity of 
aminolevulinic acid synthase (ALAS) in red blood cells. 
EPP is an autosomal-dominant inherited disorder. More 
than 200 different mutations of the FECH gene have been 
reported (8). However, EPP has low clinical penetrance, 
with <10% of mutation carriers developing overt clinical 
symptoms (9). Gouya et al. (10-12) revealed that the intronic 
single nucleotide polymorphism (SNP) (rs: 2272783) of C 
at c.315-48 in trans to a mutated FECH gene allele results 
in the development of the EPP phenotype via the low 
expression of FECH. Although approximately 4% of EPP 
patients have two rare pathogenic FECH gene variants, 
approximately 96% of EPP patients have a rare pathogenic 
FECH gene variant in trans of a common intronic FECH 
gene variant c.315-48T>C (rs2272783, historically called 
IVS3-48T>C), which is known to increase the use of an 
aberrant splice site. Some SNPs in the coding region of 
the FECH gene have been reported. It has been shown 
that the c.68–23C>T variant (rs: 2269219) causes exon 
skipping (13). In addition, the functional significance of 
c.1-251A>G (rs: 17063905) on the transcriptional activity 
of the FECH gene lies in decreasing promoter activity 
(14). Recently, a novel deep intronic variant c.464–1169 
A>C (p.Ala155ValfsTer22) located in intron 4 was also 
reported (8).

In a few cases, the accumulation of PP has been reported 
to be a consequence of a gain-of-function mutation in an 
erythroid variant of the delta-aminolaevulinate synthase 
2 (ALAS2) gene, the first enzyme of erythroid heme 
biosynthesis (X-linked erythropoietic protoporphyria, 
XLEPP; OMIM #300752) (15). More recently, an increase 
in the activity of ALAS2 protein has been reported to result 
from a point mutation in the caseinolytic mitochondrial 
matrix peptidase chaperone subunit (CLPX) gene, 
which encodes a regulatory protein responsible for the 
activation of ALAS2 (EPP2; OMIM #618015) (16, 17). 
Although EPP usually presents at childhood, adult-

onset cases secondary to hematological disease (usually 
myelodysplastic syndrome) have rarely been reported. 
It has been reported that most cases of EPP with MDS 
have an abnormality in chromosome 18, which encodes 
the FECH gene. An abnormal chromosome 18, possibly 
deletion of the FECH gene, in clones of myelocytes and 
peripheral blood cells induces EPP (18, 19). 

4. Homozygous c.315-48T>C polymorphism may 
cause EPP with a mild phenotype

We previously reported that the homozygous c.315-
48T>C polymorphism develops a mild phenotype of EPP 
via a slight increase in PP. We referred to this condition as 
incomplete EPP. There have been 10 reported EPP patients 
with both homozygous c.315-48T>C polymorphism 
and no FECH gene mutation (Table 1). Schneider-Yin 
et al. also reported an Ashkenazi Jewish patient with 
homozygous c.315-48T>C polymorphism and no FECH 
gene mutation, who showed both clinical and biochemical 
indications of a mild phenotype of EPP (no.5) (20). 
Saruwatari et al. reported an EPP patient with 3 SNPs, 
homozygous c.315-48T>C polymorphism and no FECH 
gene mutation; those SNPs did not affect the mRNA 
structure (no. 4) (21). Another 5 EPP patients (nos. 6-10) 
showed classical clinical features. In addition, Suzuki et 
al. reported a case of late-onset EPP associated with MDS 
that was suspected to have been caused by homozygous 
c.315-48T>C polymorphism in the FECH gene allele. No 
deletion or mutation in the FECH gene was detected in this 
patient (19). In contrast, six noncarriers of the FECH gene 
mutation who were homozygous for the c.1-251A>G, 
c.68-23C>T, and c.315-48T>C variants did not show 
biochemical or clinical symptoms of the disease (10).

The FECH activity in EPP patients has been reported to 
be decreased in comparison to normal subjects, although 
the values are variable, ranging widely from 8% to 45% (4, 
22). Tahara et al. examined FECH activity in subjects with 
no FECH gene mutations. Consequently, the FECH activity 
in subjects with homozygous and heterozygous c.315-
48T>C polymorphism was 38% and 50–60%, respectively, 
of that observed in patients with homozygous c.315-48T 
polymorphism (23). Interestingly, in their analysis of the 
percentage of aberrantly inserted FECH mRNA in patients 

Fig. 1. Fluorocytes. A. Fluorocytes in a typical EPP patient. B. Only a few fluorocytes were observed in the peripheral blood of an 
incomplete EPP patient (white arrow). C. No fluorocytes were observed in control subjects.
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with nonclassical EPP (with homozygous c.315-48T>C 
and no FECH gene mutation), Brancaleoni et al. (24) 
found that the levels were comparable to those in classical 
EPP patients (with c.315-48T>C and the FECH gene 
mutation). Furthermore, the expression of the FECH gene 
in nonclassical EPP was comparable to that in classical 
EPP patients (24). Two other variants in the FECH gene 
(c.1–252A > G and c.68–23C > T) have been found to 
be associated with the intron 3 variant (13, 14). However, 
the presence of the G base at position c.1–252 and the 
T base at position c.68–23 did not seem to influence the 
total expression of the FECH gene (24). Therefore, the 
homozygous c.315-48T>C polymorphism was identified 
as pathological. These findings support the hypothesis 
that the slight decrease in FECH activity is caused by the 
homozygous c.315-48T>C polymorphism, resulting in a 
mild clinical appearance of EPP. In previous studies, it 
was speculated that the genotypic frequency of the splice 
site modulator c.315-48T>C may affect the penetrance 
of the EPP phenotype in affected families as well as the 
prevalence of the disease in a population. However, a 
recent study reported that the c.464–1169 A>C intronic 

substitution (p. Ala155ValfsTer22) disrupts an exonic 
splicing silencer site, causing the insertion of a “cryptic 
exon” containing a stop codon in the mature FECH gene 
transcript (8). Further studies are required to clarify the 
variability in the clinical manifestations of EPP.  

The frequency of the homozygous c.315-48T>C 
polymorphism in the Japanese population is >10 times 
that in individuals from European countries (25). 
Therefore, there may be more patients with incomplete 
EPP who have not been diagnosed in Japan. Furthermore, 
this may explain the late age of onset in Japanese EPP 
patients, which we mentioned in the next chapter. Indeed, 
three Japanese incomplete EPP patients developed their 
disease at 5–6 years of age (Table 1: nos. 1-3) (26). Of 
the 127 Japanese EPP patients we mentioned in the next 
chapter, 8 had mild photosensitivity and showed a slight 
increase in their PP levels (<400 μg/dl). Their median 
age of onset was 3 years (range: 1–15 years), and their 
median age at diagnosis was 15 years (range: 1–45 years). 
However, those patients did not undergo genetic analyses, 
so the precise details of their condition remain unclear. 
Nevertheless, we speculate that some or all of them may 

Table 1. EPP patients with homozygous c.315-48T>C polymorphism and no FECH gene mutation

* The three single nucleotide polymorphisms (SNPs) are A316G, G827C and G950A; they did not affect the mRNA structure.
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have incomplete EPP.

5. The clinical features and course of Japanese 
EPP with a mild phenotype

We previously reported three Japanese patients with 
a mild phenotype of EPP (Table 1: nos. 1-3). They had 
mild photosensitivity associated with a slight increase in 
the PP concentration and the formation of a small number 
of fluorocytes (Fig. 1B). The FECH gene mutation was 
not detected by direct sequencing analyses in any of the 
patients. However, all patients had homozygous c.315-
48T>C polymorphism (26). The three abovementioned 
Japanese incomplete EPP patients (patient nos. 1-3) were 
advised to avoid exposure to sunlight. They were followed 
up for their clinical symptoms and PP levels every year for 
5–10 years. Their PP levels have also slightly increased 
over time. Patient no. 3 occasionally suffered from slight 
painful photosensitivity in the summer. Nevertheless, 
in patient nos. 1-3, the frequency and severity of 
photosensitivity gradually decreased with age, although 
they were unable to avoid sun exposure completely and 
sometimes developed mild sunburn. The PP level of 
patient no. 2 decreased to close to the normal limit. These 
findings suggest that the symptoms of incomplete EPP 
patients may improve with age. Careful follow-up of the 
PP levels of patients with incomplete EPP is needed. 

A previous report found that 40% of EPP patients showed 
an improvement in their symptoms following a build-up 
of sunlight tolerance after repeated exposure (27). EPP 
patients seem to benefit from UV ‘desensitization’ therapy, 
and anecdotal evidence suggests that natural sunlight 
exposure improves light tolerance (28). Narrow-band 
UV-B therapy was reported to increase light protection 
via epidermal thickening and hyperpigmentation and to 
suppress the skin immune system in EPP patients with 
mild symptoms (29). Oral β-carotene (60–180 mg/day) 
seems to be effective for clearing singlet oxygen generated 
by the photochemical reaction of porphyrin (30) or in 
protecting the skin from sunlight by skin discoloration 
due to carotenemia (31). Afamelanotide, a potent 
α-melanocyte-stimulating hormone (α-MSH) analog, was 
recently approved as a treatment for EPP by the European 
Medicines Agency in 2014. Afamelanotide can darken 
the skin color and increase tolerance to sunlight exposure 
without pain (27, 28). Afamelanotide-induced eumelanin 
synthesis provided photoprotection and decreased the 
consequences of phototoxicity (32). Furthermore, a novel 
oral melanocortin 1 receptor agonist, dersimelagon, 
induces melanogenesis in vitro and in vivo, suggesting 
its potential application for the prevention of phototoxic 
reactions in patients with photodermatoses, such as EPP 
and XLEPP (33). Clinical trials of dersimelagon are 
currently underway. These findings support the hypothesis 
that increased epidermal melanin production and 
distribution caused by suntan reduces damaging UV and 
visible light penetration. Although the precise mechanism 

underlying the improvement of EPP symptoms remains 
unclear, we speculate that having a slight suntan can help 
to improve photosensitivity.

6. Epidemiology and clinical features of Japanese 
EPP patients

EPP is considered to occur across races and ethnic 
groups. However, we often experience a difference 
between Japanese patients and those from other countries 
regarding the epidemiology and clinical symptoms of EPP.

In a recent report from Italy, the minimum prevalence 
of EPP was reported to be 3.15 cases per million 
population, and the incidence was reported to be 0.13 
cases per million population/year (34). This report 
mentioned that the incidence significantly increased after 
2009 due to the availability of alfa-melanotide, which 
effectively limits skin photosensitivity. A prevalence of 
1 per 180,000 population has been reported in Sweden 
(35), and a slightly higher prevalence has been reported 
in the European immigrant populations of South Africa 
(1/152,000) (36), the United Kingdom (1/143,000) (37), 
Northern Ireland (1/79,000) (38), and the Netherlands 
(1/75,000) (39). The exact prevalence of EPP in Japan has 
not been precisely determined. However, the penetrance of 
the EPP phenotype in the Japanese population is expected 
to be higher than that in Western countries due to the 
high frequency of the c.315-48T>C polymorphism (43%) 
(25). The reported frequency of the c.315-48T>C allele in 
different populations is as follows: Chinese (Han), 41% 
(40); Southeast Asians, 31%; French Caucasians, 6.4% 
(5); British, 13% (41); Ashkenazi Jews, 8% (20); Swiss, 
7% (42); Czechs, 5.5% (43); Spanish, 5% (44); North 
Africans, 2.7%; West Africans, <1% (5); and Italians, 1% 
(45). Conversely, EPP is rare in West Africans because 
of the extremely low frequency of the c.315-48T>C 
polymorphism in West Africans (5, 25).

The initial clinical symptoms of EPP usually appear at 
the first exposure to the sun in early infancy or childhood. A 
previous review of 223 EPP cases in the United Kingdom 
demonstrated that the median age of onset was 1 year 
(range: 0–12 years) (37). In Sweden, the onset of symptoms 
most frequently occurred in the first year of life, and the 
median age was 3 years (range 0–25 years) (35). In North 
American patients with EPP, the mean age at the onset 
of symptoms was reported to be 4.1 (standard deviation 
3.0) years (n=158) (46). To examine the characteristics 
of EPP in the Japanese population, we reviewed 127 
Japanese EPP cases reported from 1980 to 2022, which 
were identified using Ichushi-Web (Table 2). Of the 78 
papers reviewed, 68 were written in Japanese, and 10 were 
written in English (19, 21, 47-54). The median age at onset 
was 6 years (range: 1–37 years; n=84), including 2 patients 
with acquired EPP with myelodysplastic syndrome (Fig. 
2). Surprisingly, approximately 20% of all patients were 
recognized as having symptoms of EPP after 10 years of 
age. We hypothesize that the onset of EPP in the Japanese 
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Fig. 2. The age at the onset of EPP symptoms of 84 patients reported in Japan from 1980 to 2022.
Of the 127 EPP patients, the data of 84 patients whose age of onset could be identified were included in the 
analysis.

Table 2. Summary of EPP in the Japanese population
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population is later than that in Caucasian populations. 
The median age at diagnosis was reported to be 12 

years in the United Kingdom (37), 22 years in Sweden 
(35), and 28 years in Italy (34). In Japan, the median age 
at diagnosis is 15 years, with only 24 patients (19.4%) 
diagnosed before 10 years of age. Similarly, it has been 
reported that only 12.2% of EPP patients are diagnosed 
before 10 years of age in Italy (34). Although patients 
are symptomatic in early childhood, there was a lag in 
the diagnosis, with many patients going undiagnosed or 
misdiagnosed for several years or even decades. 

It was reported that male patients with EPP had 
significantly higher PP levels than female patients in the 
United Kingdom, Sweden and North America (35, 37, 
46). However, among Japanese patients, there was no 
significant difference in the PP levels between males and 
females.

The incidence of cholelithiasis in EPP patients has 
been reported to be as high as 20% and can occur at a 
young age (9, 55). Conversely, hepatic failure is much less 
common. The incidence rates have been reported to range 
from 2% to 5% (9, 56). In Japanese population studies, 58 
patients (50.9%; n=114) had liver dysfunction, including 
slight abnormalities in AST, ALT, ALP, and GGT levels, 
which were higher than previously reported (3, 21, 37). 
Fifteen patients (13%) had protoporphyric liver failure. 
Among them, two patients died, and one received a liver 
transplant. A total of 5 patients (4.4%) had gallstones. 
Among EPP patients, abnormal liver function test results 
were reported in 8% of patients in the United Kingdom 
(37), 25% of patients in Sweden (35) and 26.5% of patients 

in North America (46). Patients with liver dysfunction had 
significantly higher median PP levels (median: 3310 μg/
dl [range: 159-21809]; n=54) than patients without liver 
dysfunction (median: 1141 μg/dl [range: 138.4-5250]; 
n=55) (P<0.001). In addition, patients with severe liver 
dysfunction had significantly higher median PP levels 
(median: 8808 μg/dl [range: 1147-21809]; n=12) than 
patients with liver dysfunction (without severe) (median: 
2398 μg/dl [range: 159-10225]; n=42) (P<0.001) (Fig. 
3A). The percentage of liver dysfunction in Japanese EPP 
patients was found to be higher than that in other countries. 
However, the prevalence of liver dysfunction in other 
countries is the result of a cohort study. On the other hand, 
the percentage of liver dysfunction in Japanese patients 
was only determined based on a review of reported cases. 
Thus, the comparison of the data is associated with some 
limitations. 

Microcytic anemia is estimated to be found in 20–60% 
of patients (57). It was reported to be detected in 21% of 
Swedish EPP patients (35) and 46.6% of North American 
EPP patients (46). Anemia was reported in 44 Japanese 
patients with EPP (47.8%; n=92). The PP levels of patients 
with and without anemia did not differ to a statistically 
significant extent (Fig. 3B). 

There seem to be regional differences in the age at the 
onset EPP. The exact mechanism underlying the onset 
of EPP symptoms remains unclear. Interestingly, few 
published reports have included adult-onset EPP cases with 
the FECH gene mutation (41, 58). Late-onset EPP patients 
developed photosensitivity after strong sun exposure in a 
tropical climate in middle-age despite not experiencing 

Fig. 3. A. Relationship between PP levels and liver dysfunction. In 109 of the 127 EPP patients, the presence or absence of liver 
dysfunction, its severity and PP levels could be identified. Their data were used for analysis (n=109). Patients with severe liver dysfunction 
had significantly higher median PP levels (median: 8808 μg/dl [range: 1147-21809]; n=12) than patients with liver dysfunction (without 
severe) (median: 2398 μg/dl [range: 159-10225]; n=42) (P<0.001).

Fig. 3. B. Relationship between PP levels and anemia. In 90 of the 127 EPP patients, the presence or absence of anemia and PP levels 
could be identified. Their data were used in the analysis (n=90). There was no significant difference in PP levels between patients with 
(median: 2101 μg/dl [range: 159-21809]; n=43) or without anemia (median: 2178 μg/dl [range: 138.4-13011]; n=47).
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any symptoms in Northern Europe, where they were only 
exposed to weak sunlight (41, 58). We also encountered 
a case in which photosensitivity initially appeared at 13 
years of age in a Japanese patient, although the patient had 
been found to have fluorocytes, an increased PP level and 
a FECH gene mutation when she was 7 years of age (59). 
In this Japanese patient, we speculate that avoiding sun 
exposure may have delayed the onset of EPP. Thus, the 
dose of sun exposure may play an important role in the 
induction of EPP symptoms. 

We can propose several possible reasons for the 
late age of onset in Japanese EPP patients. First, most 
of the Japanese population tends to avoid strong sun 
exposure, as recommended by the Japanese Ministry of 
the Environment since 1998. Second, the melanin and 
carotene content in Japanese skin is greater than that in 
Caucasian skin (60-62). This greater amount of melanin 
and carotene imbues superior natural photoprotection 
(30, 60, 62). Finally, Japanese EPP patients include a 
proportion of incomplete EPP patients, who have a mild 
phenotype and whose symptoms may be less obvious in 
comparison to patients with typical EPP.

7. Conclusion
This review demonstrates the clinical appearance, 

genetic features and epidemiology of Japanese EPP 
patients. Japanese EPP shows a characteristic phenotype, 
including late onset and mild symptoms, in comparison to 
Caucasian EPP. This may be explained by the existence 
of incomplete EPP patients in Japan. Further studies are 
required to clarify the characteristics of Japanese EPP.  
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INTRODUCTION
Phthalocyanine is a well-known singlet oxygen (1O2) 

generator [1,2].  Phthalocyanine can be photoexcited 
by long wavelength visible light, which can penetrate 
human tissue deeply, and the molar absorption coefficient 
of phthalocyanine is relatively large [1,2].  Therefore, 
phthalocyanine is considered to become an effective 
photosensitizer for photodynamic therapy (PDT), 
a less-invasive cancer treatment [1-4].  In addition, 
phthalocyanine is applied as the photosensitizer of 
photoimmunotherapy (PIT) [5].  The process by which 
PIT is triggered by phthalocyanine has been explained 
as being an oxygen-independent mechanism, the 
aggregation of phthalocyanine derivative molecules on 
the cell membrane (not 1O2 production) [6,7].  Relevantly, 
the damaging effect of several photosensitizers on 
photosensitized biomolecules can be explained by an 
oxygen-independent mechanism, for example, the electron 
transfer-supported oxidation of biomolecules in addition to 
the 1O2 production [8,9].  The electron-transfer mechanism 
depends on the redox potential of the photosensitizer 
and biomaterials.  Tryptophan (Trp) residue of protein 
[8,9] and nicotinamide adenine dinucleotide (NADH) 

[9,10], the oxidation potential of which is relatively low, 
can be easily oxidized by photoexcited drugs through 
electron transfer.  In this study, the possibility of electron 
transfer-mediated protein oxidation by phthalocyanine 
was examined.  Phthalocyanines can form various metal 
complexes, change their photochemical properties, and 
induce electron-transfer reaction [11].  As a photosensitizer, 
zinc phthalocyanine (ZnPc), which has been extensively 
studied as a 1O2 generator [1-4], was used to examine the 
photooxidation of human serum albumin (HSA), a water-
soluble protein [12].

EXPERIMENTAL
ZnPc and HSA were purchased from Sigma-Aldrich 

Co. LLC. (St. Louis, MO, USA).  Dimethyl sulfoxide 
(DMSO) and sodium azide (NaN3) were purchased from 
FUJIFILM Wako Pure Chemical Co., Ltd. (Osaka, Japan).  
Spectroscopic-grade water was purchased from Dojin 
Chemicals Co. (Kumamoto, Japan).  Methylene blue was 
obtained from Kanto Chemical, Co., Inc. (Tokyo, Japan).  
Sodium phosphate buffer (0.1 M, pH 7.6) was obtained 
from Nacalai Tesque Inc. (Kyoto, Japan).  These chemical 
agents were used as received.

Mechanism of Photosensitized Protein Damage by Zinc Phthalocyanine

Kazutaka Hirakawa1,2,3,4*, Ayano Katayama1, Shinya Yamaoka2, and Shigetoshi Okazaki5

1 Department of Applied Chemistry and Biochemical Engineering, Faculty of Engineering, Shizuoka University, Johoku 3-5-1, 
Naka-ku, Hamamatsu, Shizuoka 432-8561, Japan

2 Applied Chemistry and Biochemical Engineering Course, Department of Engineering, Graduate School of Integrated Science 
and Technology, Shizuoka University, Johoku 3-5-1, Naka-ku, Hamamatsu 432-8561, Japan

3 Department of Optoelectronics and Nanostructure Science, Graduate School of Science and Technology, Shizuoka University, 
Johoku 3-5-1, Naka-ku, Hamamatsu, Shizuoka 432-8561, Japan

4 Cooperative Major in Medical Photonics, Shizuoka University, Johoku 3-5-1, Hamamatsu 432-8561, Japan
5 Preeminent Medical Photonics Education and Research Center, Hamamatsu University School of Medicine, Handayama 

1-20-1, Higashi-ku, Hamamatsu, Shizuoka 431-3192, Japan

*Corresponding author: 
Prof. Dr. Kazutaka Hirakawa
Department of Applied Chemistry and Biochemical Engineering, Faculty of Engineering, Shizuoka University, Johoku 
3-5-1, Naka-ku, Hamamatsu, Shizuoka 432-8561, Japan
Tel: (+)81-53-478-1287, Fax: (+)81-53-478-1287, E-mail: hirakawa.kazutaka@shizuoka.ac.jp

ABSTRACT
Zinc phthalocyanine (ZnPc) bound to the surface of human serum albumin (HSA), a water-soluble protein.  

Photoirradiated ZnPc oxidized the tryptophan residue of HSA.  The inhibitory effect of sodium azide, a singlet oxygen (1O2) 
quencher, showed that the 1O2-mediated mechanism partly contributes to this protein photodamage.  However, only 20% 
of the protein photodamage was inhibited by sodium azide.  Because the Gibbs energy of photoinduced electron transfer 
from tryptophan to the photoexcited ZnPc is negative, electron-transfer oxidation is possible in terms of thermodynamics.  
Fluorescence lifetime measurement also supported the electron-transfer quenching of photoexcited ZnPc by HSA.  These 
results suggest that photoexcited ZnPc can damage protein through amino acid oxidation by electron extraction.

Keywords: Zinc phthalocyanine; Human serum albumin; Photodamage; Singlet oxygen; Electron transfer



– 18 –

The absorption spectra of samples were measured with 
the UV-VIS spectrophotometer UV-1650PC (Shimadzu, 
Kyoto, Japan).  The fluorescence spectra of samples were 
measured with an F-4500 fluorescence spectrophotometer 
(Hitachi, Tokyo, Japan).  The fluorescence lifetime (τf), 
which equals the singlet excited-state (S1) lifetime, 
of ZnPc and HSA was measured with a Fluorescence 
Lifetime System TemPro (HORIBA, Kyoto, Japan).  The 
excitation wavelength for the τf measurements for ZnPc 
and HSA were 402 nm and 294 nm, respectively.  The 
fluorescence quantum yield of ZnPc (Φf) was measured 
with an absolute photoluminescence quantum yield 
measurement system (C9920-20, Hamamatsu Photonics 
KK, Hamamatsu, Japan).  The 1O2 production was directly 
measured by near-infrared luminescence at around 1,270 
nm from 1O2 relaxation, which corresponds to the 1O2 
(1Δg)-3O2(3Σg

-) transition, as reported previously [13].
To evaluate the protein damage, the sample solution 

containing ZnPc and HSA was prepared in a 10 mM 
sodium phosphate buffer (pH 7.6) including 10% DMSO.  
The sample solution was irradiated with a light emitting 
diode (LED, λmax= 659 nm, 2.0 mW cm−2, CCS Inc., 
Kyoto, Japan).  The intensity of the LED was measured 
with an 8230E optical power meter (ADC Corporation, 
Tokyo, Japan).  The fluorescence intensity of HSA at 350 

nm was measured with a fluorescence photometer 650-60 
(Hitachi).  The excitation wavelength for this assay was 
298 nm.  The amount of damaged HSA was estimated 
from the results of fluorometry based on the diminishment 
of the intrinsic fluorescence of Trp residue of HSA by 
photooxidation, as reported previously [8,9,14].

RESULTS AND DISCUSSION
Interaction between ZnPc and protein

Typical absorption peaks of ZnPc were clearly 
observed in DMSO (Fig. 1A).  However, the absorption 
spectrum of ZnPc was broadened, and a hypochromic 
effect was observed in an aqueous solution (a 10 mM 
sodium phosphate buffer (pH 7.6) including 10% DMSO).  
This result suggests that hydrophobic ZnPc forms a self-
aggregation.  The absorption spectrum of ZnPc was slightly 
changed by the addition of HSA, a water-soluble protein, 
in a dose-dependent manner (Fig. 1B).  This absorption 
spectral change can be explained by the interaction 
between ZnPc molecules and HSA.  ZnPc is believed to 
bind to the hydrophobic pocket or surface of HSA.  In the 
presence of a relatively small concentration of HSA, it is 
suggested that the aggregated ZnPc molecules bind to the 
HSA surface.  The apparent binding constant (K) between 
ZnPc and HSA was calculated from an analysis of their 
absorbance change, as was previously reported [8,9,14].  
In the case of a relatively small concentration of HSA, the 
estimated K value was 4.1×105 M−1, assuming that two 
ZnPc molecules (ZnPc dimer) bind to the HSA surface 
(2:1 complex of ZnPc and HSA).  In the presence of a large 
concentration of HSA, the absorbance of ZnPc reached a 
plateau at 10 μM HSA (Fig. 1B).  This absorption spectral 
change could be analyzed with an assumption of a 1:1 
complex formation, and the obtained K value was 1.1×106 
M−1.  These findings show that 86% of ZnPc molecules 
are binding on HSA in the experimental condition of 5 μM 
ZnPc and 10 μM HSA.  The binding position of ZnPc on 
HSA in the 1:1 complex (5 μM ZnPc and 10 μM HSA) 
was examined by the Fӧrster resonance energy transfer 
(FRET) method based on the energy transfer theory [15] 
with a previously reported procedure that uses the average 
τf value of the Trp residue of HSA [9].  The critical 
distance of the FRET from the Trp to ZnPc, which was 
calculated from the fluorescence spectrum of Trp and the 
absorption spectrum of ZnPc, was 23.8 Å.  The average 
τf of the Trp residue of HSA without ZnPc (6.35 ns) was 
decreased to be (5.15 ns) by the binding ZnPc molecules 
through the FRET.  The estimated distance between the 
binding ZnPc molecule and the Trp residue of HSA, which 
is located almost at the center of HSA [12], was 30.3 Å.  
Since the average diameter of HSA is about 80 Å [16], the 
obtained value suggests that ZnPc molecules bind to the 
HSA surface.

The fluorescence of ZnPc was barely observed in the 
aqueous solution in this experimental condition (a 10 mM 
sodium phosphate buffer including 10% DMSO).  In the 

Fig. 1. The absorption spectra of ZnPc (A) and the absorbance 
change of ZnPc by HSA (B).  The sample solution contained 5 
μM ZnPc in DMSO or a 10 mM sodium phosphate buffer (pH 
7.6) plus 10% DMSO (PB in this figure) with or without 10 μM 
HSA (A).  For the absorbance change measurement, sample 
solutions containing 5 μM ZnPc and the indicated concentration 
of HSA were prepared in PB (B).  The presented curves were 
simulated by reported previously, under the assumption of 2:1 
(Low concentration of HSA) or 1:1 (High concentration of HSA) 
complex of ZnPc and HSA [8,14].
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presence of HSA, the fluorescence intensity increased as 
the HSA concentration increased (Fig. 2).  The Φf of ZnPc 
was recovered from a trace (without HSA) to 0.04 (with 
10 μM HSA).  The τf value of ZnPc was also increased 
from 0.01 ns (without HSA) to 5.95 ns (29%), 2.46 ns 
(59%), and 0.25 ns (12%) (with 10 μM HSA).  The longest 
lifetime component (5.95 ns) can be assigned to the ZnPc 
monomer binding to the HSA surface.  The other observed 
components of τf values can be explained by the ZnPc 
molecules binding to other positions of the HSA surface 
and the aggregation of ZnPc molecules.  The fluorescence 
measurements demonstrate that the photoexcited state 
of ZnPc is quenched through self-aggregation, and the 
interaction with HSA resolves the aggregation state, 
resulting in the recovery of the photosensitizer activity of 
ZnPc.

Photosensitized protein oxidation by ZnPc
The photosensitized protein damage by ZnPc was 

evaluated using a fluorescence intensity of the Trp residue 
of HSA, which shows the typical fluorescence as being 
around 350 nm, as reported previously [8,9,14].  The 
protein damage photosensitized by ZnPc increased in a 
dose-dependent manner (Fig. 3).  The total quantum yield 
of protein damage (ΦD: 2.0×10–4) was estimated from the 
initial decomposition rate and the absorbed photon fluence 
by ZnPc.  This protein damage was partially inhibited by 
NaN3, a physical quencher of 1O2 [17].  ZnPc is a well-
known 1O2 generator [1,2].  It has been reported that the 
quantum yield of 1O2 production (ΦΔ) photosensitized 
by ZnPc is 0.67 in DMSO [18].  In this study, the near 
infrared emission at around 1270 nm assigned to the 1O2 
was detected during photoirradiation to ZnPc.  The ΦΔ was 
estimated by comparison with the near infrared emission 
intensity using methylene blue (ΦΔ of methylene blue: 0.52, 
[19]).  The estimated ΦΔ of ZnPc in a 10 mM phosphate 
buffer includi ng 10% DMSO was 0.04 and increased to 
0.13 in the presence of 10 μM HSA, suggesting that the 
self-aggregation of ZnPc was resolved through interaction 
with HSA.

The addition of NaN3 could not completely inhibit 
the HSA damage photosensitized by ZnPc, and an 
excess amount of NaN3 (10 mM) inhibited the protein 
photodamage by only 20%.  It is possible that HSA damage 
photosensitized by ZnPc with NaN3 is an electron transfer-
supported oxidation.  Photoexcited ZnPc may extract an 
electron from the amino acid residue of HSA.  In this study, 
the Trp residue of HSA was damaged by photoirradiation 
with ZnPc.  The oxidized Trp residue is decomposed into 
further damaged products such as N-formylkynurenine 
[20,21].  Other amino acids, for example, tyrosine, 
histidine, and cysteine, are also considered to be oxidized 
through these mechanisms [22].  The Gibbs energy (ΔG) 
of Trp oxidation by the photoexcited state of ZnPc (S1 of 
ZnPc) was roughly calculated by the redox potentials of 
the one-electron oxidation of Trp (0.78 V vs. saturated 
calomel electrode; SCE) [23], the one-electron reduction 
of ZnPc (0.86 V vs. SCE) [24,25], and the S1 energy of 
ZnPc (1.93 eV, calculated from the fluorescence peak), 
similar to previous reports [8,9,14].  The estimated ΔG 
value was negative (-0.29 eV), supporting the possibility 
of electron transfer-mediated oxidation.  The above-
mentioned τf value of ZnPc also supports the electron-
transfer mechanism.  The shorter τf values of ZnPc with 
10 μM HSA, 2.46 ns (τf(short1)) and 0.25 ns (τf(short2)), can 
be explained by the quenching of S1 of ZnPc through 
electron transfer.  The difference in the two observed 
shorter τf values can be explained by the difference in 
the binding position of the ZnPc molecule on the HSA 
surface.  The τf values of chromophores binding on HSA 
depend on the microenvironment of binding position and 
to be complex [26].  A previous report suggests that the 
multi-components of τf values are due to the difference in 
the binding position of the photosensitizer molecules on 
the HSA surface [27].  One of the possible factors to affect 
the τf values is the difference of the distance between the 
binding ZnPc molecule and the Trp residue of HSA.  The 
electron-transfer rate constant (kET) can be calculated by 
the following equation using the longest τf value (τf(long): 
5.95 ns):

Fig. 2. Fluorescence spectra of 5 μM ZnPc with the indicated 
concentration of HSA in a 10 mM sodium phosphate buffer 
(pH 7.6) plus 10% DMSO.  The excitation wavelength for 
fluorescence measurement was 590 nm.

Fig. 3. The time profile of photosensitized HSA damage by ZnPc.  
The sample solution contained 5 μM ZnPc and 10 μM HSA with 
(□) or without (■) 10 mM NaN3 in a 10 mM sodium phosphate 
buffer (pH 7.6) plus 10% DMSO.  The sample solution was 
irradiated with an LED (λmax= 659 nm, 2.0 mW cm−2).
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 kET = 1
𝜏𝜏f(short1)

− 1
𝜏𝜏f(long)

 or 1
𝜏𝜏f(short2)

− 1
𝜏𝜏f(long)

 (1). 

 

� (1).

The calculated values using τf(short1) and τf(short2) were 
2.4×108 s–1 and 3.8×109 s–1, respectively.  These rate 
constants are markedly larger than the diffusion-
controlled process (7.4×104 s–1), which is calculated from 
the diffusion-controlled rate coefficient in water at 298 K 
(7.4×109 M–1 s–1).  These findings kinetically support the 
association of ZnPc with HSA and the electron transfer-
mediated oxidation of HSA by the S1 of ZnPc.  On the 
other hand, the triplet excited-state (T1) energy of ZnPc 
(1.1 eV) [28] is small, and the estimated ΔG of the electron 
transfer from Trp to the T1 of ZnPc becomes a positive 
value (+0.41 eV).  Therefore, the possibility of electron-
transfer oxidation of Trp by the T1 of ZnPc is negligible.  
The quantum yields of HSA damage photosensitized by 
ZnPc through 1O2 production (ΦD(Δ)) and electron-transfer 
(ΦD(ET)) mechanisms can be estimated by the following 
equation:

1 
 

 ΦD = ΦD(Δ) + ΦD(ET) (2). � (2).

ΦD(ET) equals the HSA photodamaging quantum yield by 
ZnPc in the presence of NaN3.  The estimated values of 
ΦD(Δ) and ΦD(ET) are 4.0×10–5 and 1.6×10–4, respectively.  
The obtained values suggest that the electron-transfer 
mechanism is important in the photosensitized protein 
oxidation by ZnPc.

CONCLUSIONS
Hydrophobic ZnPc bound to the HSA surface.  In the 

experimental condition (5 μM ZnPc and 10 μM HSA), 
most ZnPc molecules (86%) can associate with the surface 
of HSA.  Therefore, photosensitized protein oxidation by 
ZnPc can be evaluated using HSA.  Photoirradiated ZnPc 
effectively oxidized the Trp residue of HSA.  Analysis of 
the effect of NaN3 showed that the contribution of the 1O2-
mediated mechanism is relatively small.  The calculation 
of the ΔG value and τf measurement supported the 
oxidation of Trp residue of HSA through electron transfer.  
The relaxation process of photoexcited ZnPc and the 
proposed mechanism of protein damage photosensitized 
by ZnPc are shown in Fig. 4.  The S1 of ZnPc induces the 
oxidation of protein through electron transfer, and several 
parts of the S1 of ZnPc change to the T1, leading to the 
production of 1O2.  In the presence of enough oxygen, 

1O2 should be the important reactive species to oxidize 
biomolecules by photoirradiated ZnPc.  The 1O2-mediated 
mechanism of phototoxicity of phthalocyanines has been 
generally accepted; however, this study suggests that the 
electron transfer-supported oxidation mechanism also 
contributes to the phototoxic effect of phthalocyanine 
metal complexes.
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INTRODUCTION
Artificial oligodeoxynucleotides (ODNs) have been 

used as functional materials in living cells and tissues.1–3 
For example, modification of cell membranes, drug 
delivery, and genetic manipulation have all been achieved 
using these functional oligonucleotides.4–6 One of thier 
most useful applications is as molecular probes.7,8 Because 
of the high water solubility and biocompatibility of ODNs, 
reporter molecule-labeled ODNs have been utilized to 
visualize a variety of biological factors.

Raman spectroscopy provides a structural fingerprint of 
the target molecule by detecting the vibrations of chemical 
bonds.9 Recently, Raman probes with alkyne tags have 
shown promise for detecting biomolecules. Our group and 
others have applied various Raman probes to visualize a 
series of biofunctional molecules, including molecular 

oxygen, specified enzymes, and specified DNAs.10–14

Herein, we attempted to apply artificial ODNs to detect 
metal ions using Raman spectroscopy. We designed an 
artificial nucleobase bearing ligand unit for Cu2+ ion, the 
complexation of which could be tracked by monitoring the 
Raman spectra. We employed a pyridine derivative15 as a 
ligand for Cu2+ and modified it with an alkyne as a Raman 
tag because alkynes exhibit a characteristic and robust 
Raman signal. The resulting ligand with an acetylene unit 
was incorporated into a nucleobase, 2’-deoxyuridine, at 
the 5-position to form dPyU (Figure 1), which was further 
introduced into ODNs. Eventually, a monomeric dPyU 
derivative and its corresponding ODN with dPyU showed 
strong binding and complexation with Cu2+, which led to 
a signal shift in the Raman spectrum. Thus, the Cu2+ ion 
could be detected by Raman spectroscopy.

Copper Ion Trapping by Artificial Oligonucleotides Identified using Raman 
Spectroscopy

Kousuke Meisho, Tatsuya Nishihara, and Kazuhito Tanabe*

Department of Chemistry and Biological Science, College of Science and Engineering, Aoyama Gakuin University, 5-10-1 
Fuchinobe, Chuo-ku, Sagamihara, Kanagawa 252-5258, Japan

ABSTRACT
Raman spectroscopy has been applied to measure molecular vibrational modes and obtain structural fingerprints. In 

this study, we aimed to identify metal ion-ligand complexes by tracking Raman scattered light and applied the system to 
the detection of copper ions (Cu2+). We employed oligodeoxynucleotides (ODNs) as molecular probes for the detection 
of metal ions in biological systems because of their high water solubility and biocompatibility. Initially, we synthesized 
monomeric uridine derivative (dPyU) bearing phenylacetylene unit as a Raman tag, and ligand unit for complexation 
with Cu2+. The dPyU showed strong signal at 2209 cm–1, which were shifted to 2215 cm–1 in the presence of Cu2+ ion. 
Then, we prepared ODNs bearing ligand unit for Cu2+ ion complexation. The ODN showed a strong Raman signal at 
approximately 2210 cm–1 attributed to the acetylene unit. In addition, when Cu2+ ions were added, the signal shifted to 
the high wavenumber side due to complex formation. Thus, Cu2+ could be detected by monitoring the Raman band shift.

Figure 1. Outline for detection of Cu2+ by measurement of Raman spectra and chemical structure of 2'-deoxyuridine 
derivative bearing ligand unit (dPyU). 
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MATERIALS AND METHODs
General Method. Reagents were purchased from Wako 

pure chemical industries, Tokyo chemical industries and 
Sigma Aldrich. Compound 116 and 217 were synthesized 
by the methods reported previously. NMR spectra were 
recorded on JEOL JIN-ECX500 Ⅱ (1H: 500 MHz,13C: 125 
MHz) spectrometer and chemical shifts were expressed 
in ppm downfield from tetramethylsilane, using residual 
protons in solvents as internal standards. Raman spectrum 
measurement was carried out on a RENISHAW in Via 
Raman Microscope.

Synthesis of Ac2-dPyU. To the mixture of Compound 
2 (126.8 mg 0.289 mmol), Et3N (330 µL 2.38 mmol) 
and Pd(PPh3)4 (36.5 mg 0.0316 mmol) in THF (1 mL), 
compound 1 (137.5 mg 0.314mmol) and CuI (13.4 mg 
0.074 mmol) were added and the resulting mixture was 
stirred for 7 h at ambient temperature. After the reaction, 
the solvent was removed under reduced pressure, and 
then, the crude product was purified by by column 
chromatography (Hex/EtAc=5:1) to give Ac2-dPyU as 
yellow solid (33.2 mg, 19%). 1H NMR (CDCl3, 500 MHz) 
 8.58 (dd, J = 1.0, 4.0 Hz, 2H), 7.78 (s, 1H), 7.62 (ddd, J 
= 1.5, 7.0, 7.0 Hz, 2H), 7.25 (d, J = 9.5 Hz, 2H), 7.20 (q, J 
= 7.5 Hz, 2H), 7.17 (dd, J = 5.0, 7.5 Hz, 2H), 6.62 (d, J = 
9.5 Hz, 2H), 6.31 (dd, J = 5.5, 8.0 Hz, 1H), 5.22 (ddd, J = 
2.5, 2.5, 6.0 Hz, 1H), 4.82 (s, 4H), 4.34 (d, J = 2.5 Hz, 2H), 
4.26 (ddd, J = 3.0, 3.0, 3.0 Hz, 1H), 2.51 (ddd, J = 2.0, 5.5, 
14.5 Hz, 1H), 2.20 (ddd, J = 7.0, 7.5, 14.5 Hz, 1H), 2.14 (s, 
3H), 2.09 (s, 3H); 13C NMR (CDCl3, 125 MHz)  170.6, 
161.2, 158.2, 158.1, 150.0, 149.4, 140.3, 137.2, 133.2, 
131.1, 129.0, 126.8, 122.4, 121.1, 112. 5, 102.0, 95.0, 
85.5, 82.7, 74.3, 64.1, 57.3, 38.3, 21.1; FABMS (NBA) 
m/z 609 [(M + H)+]; HRMS (NBA) calcd for C33H31N5O7 
[(M + H)+], 609.2223; found 609.2228; mp 79–81 ˚C.

Synthesis of compound 3. To the solution of Ac2-dPyU 
(120.3 mg, 0.198 mmol) in MeOH (1.5 mL), NaOH (2 M, 
0.5 mL) was added, and then the resulting solution was 
stirred for 2 h at ambient temperature. After the reaction, 
the solvent was removed under reduced pressure, and the 
crude product was purified by column chromatography 
(CHCl3/MeOH=20:1) to give 3 as yellow solid (85.9 mg, 
83%). 1H NMR (CD3OD, 500 MHz)  8.53 (dd, J = 1.0, 
4.0 Hz, 2H), 8.30 (s, 1H), 7.78 (ddd, J = 1.5, 7.5, 7.5 Hz, 
2H), 7.35 (d, J = 8.0 Hz, 2H), 7.31 (dd, J = 5.5, 7.5 Hz, 
2H), 7.27 (d, J = 9.0 Hz, 2H), 6.65 (d, J = 9.5 Hz, 2H), 
6.26 (t, J = 6.5 Hz, 1H), 4.89 (s, 4H), 4.40 (ddd, J = 3.5, 
3.5, 6.5 Hz, 1H), 3.93 (ddd, J = 3.5, 3.5, 3.5 Hz, 1H), 3.82 
(dd, J = 3.0, 12.0 Hz, 1H), 3.73 (dd, J = 3.0, 12.0 Hz, 
1H), 2.30 (ddd, J = 3.3, 6.0, 13.8 Hz, 1H), 2.24 (ddd, J 
= 6.5, 6.5, 13.5 Hz, 1H); 13C NMR (CD3OD, 125 MHz) 
 173.0, 171.4, 159.7, 158.1, 157.0, 150.7, 150.4, 139.1, 
137.7, 127.5, 124.0, 122.9, 114.1, 96.1, 89.9, 71.6, 62.5, 
57.9, 43.0, 30.9, 23.9; FABMS (NBA) m/z 525 [(M + 
H)+]; HRMS (NBA) calcd. for C29H27N5O5 [(M + H)+], 
525.2012 ; found 525.2012; mp 194–196 ˚C.

Synthesis of compound 4. To the solution of compound 
3 (28.7 mg 0.0546 mmol) in pyridine (0.5 mL), DMTrCl 
(22.2 mg, 0.0655 mmoL) was added. The resulting mixture 
was stirred for 4 h at ambient temperature, and then heated 
to 80 ˚C for 12 h. After the reaction, the mixture was 
extracted with ethyl acetate, washed with water then brine, 
dried over anhydrous magnesium sulfate and concentrated 
in vacuo. The crude product was purified by column 
chromatography (hexane / EtOAc = 2:1) to give 4 as light 
yellow solid (12.8 mg, 3.5%). 1H NMR (DMSO-d6, 500 
MHz)  8.52 (d, J = 4.0 Hz, 2H), 7.85 (s, 1H), 7.70 (ddd, 
J = 2.0, 7.5, 7.5 Hz, 2H), 7.27–7.16 (10H), 7.06 (t, J = 7.5, 
7.5 Hz, 1H), 6.85 (d, J = 9.0 Hz, 2H), 6.76 (dd, J = 7.5, 9.0 
Hz, 4H), 6.52 (d, J = 9.0 Hz, 1H), 6.08 (t, J = 7.0 Hz, 1H), 
5.29 (d, J = 4.5 Hz, 1H), 4.81 (s, 4H), 4.24 (ddd, J = 3.5, 
3.5, 8.5 Hz, 1H), 3.90 (ddd, J = 3.0, 3.0, 6.0 Hz, 1H), 3.68 
(ddd, J = 3.0, 3.0, 6.0 Hz, 1H), 3.57 (s, 3H), 3.56 (s, 3H), 
2.24–2.12 (2H); 13C NMR (DMSO-d6, 125 MHz)  162.0, 
159.0, 158.6, 149.9, 148.5, 145.2, 142.2, 137.3, 136.1, 
135.8, 132.7, 130.2, 130.1, 128.4, 128.1, 127.2, 122.8, 
121.6, 113.7, 112.5, 109.7, 99.9, 93.6, 86.4, 85.5, 79.9, 
71.0, 70.3, 64.2, 57.3, 55.4; FABMS (NBA) m/z 827 [(M 
+ H)+]; HRMS(NBA) calcd for C50H45N5O7 [(M + H)+], 
827.3319; found 827.3343; mp 110–112 ˚C.

Synthesis of ODN 1. N,N-diisopropylethylamine 
(41 µl, 0.24 mmol) and 2-cyanoethyldiisoproryl-
chlorophosphoramidite (21 µl, 0.094 mmol) were added 
to compound 4 (38.5 mg, 0.047 mmol) in anhydrous 
acetonitrile (580 µl) and stirred for 1.5 h at room 
temperature. After the reaction, the mixture was filtered 
and placed on DNA synthesizer. After automated DNA 
synthesis, ODN 1 was purified by reversed phase 
HPLC. The purity and concentration of the oligomers 
were determined by complete digestion with AP, P1 
and phosphodiesterase I at 37 ˚C for 15 h. Identities of 
synthesized oligomers were identified by MALDI-TOF 
mass spectrometry (ODN 1: [M - H]– calcd. 6234.1, found 
6234.2.

Measurement of Raman Spectra. Ac2-dPyU and ODN 
1 were solved in designated solvents and measured their 
Raman spectra (Ex. 532 nm).

RESULTS AND DISCUSSION
The synthesis of the ligands bearing an acetylene 

unit on 2’-deoxyuridine is illustrated in Figure 2A. 
Phenylacetylene 1 and iodo-deoxyuridine derivative 2 
were coupled to give Ac2-dPyU.16,17

Initially, we measured the absorption spectra of 
monomeric Ac2-dPyU to characterize the complexation 
with the Cu2+ ion. As shown in Figure 2B, we observed 
absorption at 360 nm in the absence of Cu2+. The addition 
of Cu2+ resulted in a decrease of the absorption at 360 
nm, whereas an increase in absorption at 310 nm was 
observed. An isosbestic point was located, which indicates 
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Figure 2. (A) Synthesis of Ac2-dPyU. (B) Absorption spectra of Ac2-dPyU (25 µM) in the presence of CuCl2 (0 (solid line), 5 (chain 
line), 10 (long dashed line), 15 (dashed line) and 25 µM (dotted line)). (C) Raman spectra of Ac2-dPyU (500 µM) in the presence 
or absence of CuCl2 (500 µM), MgCl2 (500 µM) or CaCl2 (500 µM). (D) Raman spectra of Ac2-dPyU in the presence of CuCl2. The 
Raman spectra of various concentration (500 µM: solid line, 300 µM: chain line, 100 µM: dashed line, 50 µM: dotted line) of the 
complex consisted of Cu2+ and Ac2-dPyU were measured. (E) Plot of Raman signal intensity at 2227 cm–1 vs concentration of complex 
consisted of Cu2+ and Ac2-dPyU. The Raman spectra were measured using 532 nm excitation.
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a quantitative change from Ac2-dPyU to the Ac2-dPyU-Cu2+ 
complex. From this ultraviolet titration, we estimated the 
apparent dissociation constant, Kd (2.5 µM). Thus, dPyU 
retained the binding ability with Cu2+, even when the 
ligand moiety was on the nucleobase.

We next measured the Raman spectra in the presence 
of Cu2+ ions. As shown in Figure 2C, Ac2-dPyU showed a 
typical band arising from the acetylene group at 2209 cm–

1. When 1 equiv of Cu2+ was added to Ac2-dPyU, the band 
shifted from 2209 to 2215 cm–1. These results indicate 
that the binding of Cu2+ caused a shift in the vibrational 
frequency of the acetylene unit in Ac2-dPyU. In separate 
experiments, similar treatment of Ac2-dPyU by other metal 
ions such as Mg2+ or Ca2+, which exhibit diverse function 
in the cells, was conducted, but a negligible change in 
the Raman band at 2209 cm–1 was observed (Figure 2C). 
Thus, Ac2-dPyU showed selective binding with Cu2+. The 
sensitivity of this system was also evaluated. The Raman 
spectra of Ac2-dPyU were measured in the presence of 
various concentrations of Cu2+. As shown in Figure 2D, 
the signal of acetylene units was clearly observed at 
concentrations above 100 µM. In addition, concentration 
and signal intensity were found to be almost proportional 
(Figure 2E).

As shown above, the complexation of Cu2+ and modified 
nucleobase resulted in a signal shift and thus, it is most 
likely that the detection and quantification of metal ion 
by Raman spectra is feasible, but the detailed mechanism 
for the signal shift is unclear. Recent study revealed that 
the protonation at conjugated cytosine caused shrinkage 
of C-C triple bond, leading to Raman signal shift of 
acetylene.12 We speculate that a similar conformational 
change may have occurred in this nucleobase, resulting in 
the Raman signal shift. 

In light of these basic properties of Ac2-dPyU, we next 
characterized the specific complexation of Cu2+ with dPyU 
in DNA. For this purpose, we prepared ODNs bearing 
dPyU as shown in Figure 3A. After hydrolysis of Ac2-dPyU 
under basic conditions to remove two acetyl groups, 
the hydroxyl group at the 5’-side of compound 3 was 
selectively alkylated by DMTrCl. The resulting compound 

4 was incorporated into DNA via phosphoramidite, 
using a DNA synthesizer. We prepared ODN 1 bearing 
one modified uridine bearing ligand unit at the center 
of the strand. The synthesized ODN 1 was identified by 
measurement of MALDI-TOF mass spectrometry. After 
the synthesis, we measured the Raman spectra of ODN 
1 in aqueous solution (Figure 3B). In the Raman spectra, 
one robust band was observed around 2210 cm–1, which 
was assigned to acetylene units of dPyU in the ODN. 
Thus, this spectrum supports the incorporation of dPyU 
in the strand, and indicates that dPyU could show a clear 
Raman signal even in the DNA strand. We also measured 
its Raman spectra in the presence of Cu2+ ions. When 1 
equiv of Cu2+ was added to the solution of ODN 1, the 
signal shifted to the high wavenumber side, as with the 
monomeric Ac2-dPyU. These results strongly indicate that 
ODN 1 is bound with Cu2+ ion at the dPyU ligand unit to 
show its shifted Raman signal.

CONCLUSION
In conclusion, complexation between ligand and 

Cu2+ cations was tracked by monitoring changes in 
molecular vibrations. The nucleobase with Cu2+-binding 
ligand, dPyU, was designed and prepared, in which an 
acetylene unit was introduced as a reporter tag for the 
measurement of Raman spectra. Acetylated derivatives 
of dPyU showed a band at 2209 cm–1 typical of acetylene, 
and its complexation with Cu2+ resulted in a Raman band 
shift, whereupon the wavenumber was increased by 6 
cm–1. Thus, the complexation with metal ions resulted in 
a band shift. We also prepared ODNs bearing dPyU and 
applied them to the capture of Cu2+. The ODNs showed 
a signal shift in the presence of Cu2+, thus, we found that 
the ODNs also complexed with target metal ions to show 
a characteristic Raman signal. Modified ODNs have been 
used as functional biomolecules, which can be applied to 
molecular imaging, gene technologies, and gene therapies. 
The present system is promising as Raman probes for 
metal ions, and therefore, the application of the system to 
Raman imaging for cellular metal ions is in progress.

Figure 3. (A) Synthesis of ODN 1. (B) Raman spectra of ODN 1 (500 µM) in the presence (solid line) or absence (dotted line) 
of CuCl2 (500 µM). The Raman spectra were measured using 532 nm excitation.
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INTRODUCTION
  Fluorescent probes are very powerful and convenient 

tools for detection and investigation of biomolecules, such 
as DNA, RNA, and proteins. Therefore, numerous efforts 
have been made to develop useful fluorescent probes. Since 
natural nucleobases are not fluorescent, the development 
of fluorescent nucleobase analogs is one of the important 
research subjects in chemical biology. Especially, the 
fluorescent isomorphic nucleobases that have fluorescent 
properties while maintaining a structural similarity as that 
of natural nucleobases have received much attention from 
the perspective of expanding the artificial genetic alphabet 
with various functions (1-7). In 1969, Stryer reported that 
a nucleobase analog, 2-Aminopurine (2AP, Figure 1), 
had a red-shifted absorption spectrum compared to the 
absorption spectrum of natural nucleobases, and that its 
fluorescence properties were strongly dependent on its 

surrounding environment (8). In the double-stranded DNA 
structure, the fluorescence of 2AP is apt to be quenched 
by interaction with neighboring bases, but its fluorescence 
increases when it becomes single-stranded or flips out of 
the double helix by interaction with proteins. 2AP has been 
widely used as a fluorescent probe to detect conformational 
changes and energy transfer within nucleic acids as well as 
the interactions between nucleic acids and proteins due to 
its similar structure and reactivity to enzymes compared to 
the natural adenine base. Starting with 2AP, large numbers 
of fluorescent nucleobase analogs have been developed.

This review is organized as personal account about 
fluorescent isomorphic nucleobase analogs based on the 
thieno[3,4-d]-pyrimidine. Thus, we summarize our work 
on the synthesis and utilization of DNA nucleoside derived 
from thieno[3,4-d]-pyrimidine and address the prospects 
of future application. 
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ABSTRACT
Fluorescent nucleobases are receiving attention as robust and useful probes to study nucleic acid structures and 

interactions with proteins. We have a long been engaged in the development and application of emissive isomorphic 
nucleobases. In this review, we introduce our research results focusing on fluorescent isomorphic nucleobase analogs 
based on the thieno[3,4-d]-pyrimidine and discuss their characteristic and application.

Figure 1. The chemical structure of adenine, 2-aminopurine (2AP) and hydrogen bonding of 2AP to T in Watson-Crick 
base pairing
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1. thdG, 2-aminothieno[3,4-d]pyrimidine G-mimic 
deoxyribonucleoside

Original structures of nucleobases emit pointless 
fluorescence to use a chemical biology tool. Thus, chemical 
modification is necessary to endow fluorescence property. 
For this purpose, various fluorescent nucleobase analogs 
have been developed to gratify useful photophysical 
properties and isomorphic characteristic such as Watson–
Crick base pairing. Recently, Tor and coworkers have 
developed the highly emissive and isomorphic RNA 
nucleosides derived from thieno[3,4-d]-pyrimidine 
and reported their remarkable photophysical features 
including visible light emission and a high quantum 
yield (9-11). This inspired us to exploit fluorescent DNA 
nucleosides based on a thienopyrimidine heterocycle 
(Figure 2). We turned on a guanine derivative because of 

its important role in the structural dynamics of DNA such 
as the transition between B-DNA and Z-DNA. As scheme 
1, we synthesized thdG, 2-aminothieno[3,4-d]pyrimidine 
G-mimic deoxyribonucleoside (12). The thienopyrimidine 
heterocycle was synthesized from the commercially 
available methyl 4-aminothiophene-3-carboxylate 
hydrochloride. Friedel–Crafts C-glycosylation at the C9 
position of the thienoguanine afforded isomorphic guanine 
nucleoside analog. The fundamental photophysical 
properties of the thdG monomer are shown in Table 1. 
Similar to thG RNA nucleoside, thdG deoxyribonucleoside 
showed an absorption maximum at 349 nm and visible 
emission at 455 nm with a high quantum yield (0.58) in 
water. The phosphoramidite of thdG could be incorporated 
into DNA oligonucleotide and thermal denaturation 
experiment indicated that thdG could replace a G base 
with comparable thermodynamic stability and base pairing 

Figure 2. The chemical structures of thieno[3,4-d]pyrimidine, guanine and thdG

a b a b

Scheme 1. Synthesis of thdG
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Table 1. Photophysical properties of thdG

Figure 3. Thermal stability and selectivity of base pairing of thdG
Reproduced with permission from ref. 12. Copyright 2014 The Royal Society of Chemistry

selectivity (Figure 3).
It is known that Z-DNA has characteristic zigzag 

structure (four-base p-stacks). In 2003, we reported that 
B-Z transition could be detected by using the fluorescence 
change of 2-aminopurine within discrete four-base p-stacks 
in Z-DNA (13-14). Based on the isomorphicity and the 
photophysical properties of thdG, we exploited the utility 
of thdG to monitor the conformational changes between 
right-handed B-DNA and left-handed Z-DNA. Since thdG 
displays a tendency to prefer the anti-conformation and 
stabilizes B-form DNA in DNA duplex, we prepared the CG 
repeat DNA sequences containing m8G as a Z-stabilizing 
unit (15-17). The fluorescence of the self-complementary 

dodecamer d(CGCXCYCGCG)2 increased proportionally 
as the salt concentration increased (Figure 4). In addition, 
fluorescence of thdG could be applied to monitor DNA–
protein interactions. Z-DNA-binding domain-containing 
proteins such as RNA adenosine deaminase (ADAR1) 
have received attention with relevance to their biological 
significance in gene regulation, innate immunity, and 
cancer diseases (18-23). We utilized a Zab domain of 
ADAR1. As shown in Figure 4c, when we added Zab into 
the solution of thdG-containing Z-DNA sequence, strong 
blue emission was observed with the naked eye. This 
indicates thdG can be used as a useful probe to detect the 
conformational changes and protein interactions. 

Encouraged by practical photophysical properties 
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Figure 4. Detection of the conformational changes from B-DNA to Z-DNA through changes in fluorescence intensity (a) 
observation of the B–Z transition by CD spectroscopy. (b) Change of fluorescence of NaClO4 at 5 °C. Samples contained 5 
μM of oligonucleotides in 20 mM sodium cacodylate buffer (pH 7.0). The photo was taken under UV irradiation. (c) Visual 
detection of B–Z transition by Zab interaction. 4 eq. (left) or 0 eq. (right) of Zab was added to 1.3 μM of ODN9 and 100 mM 
of NaCl in 20 mM Tris-HCl buffer (pH 7.5). After incubation at 37 °C for 30 min, the photo was taken under UV irradiation. 
Reproduced with permission from ref. 12. Copyright 2014 The Royal Society of Chemistry 

of thdG, we investigated to enzymatic incorporation by 
naturally occurring enzymes and replication systems. 
We have synthesized a visible fluorescent nucleoside 
triphosphate, thdGTP based on published procedures 
(Scheme 2).

Primer extension assays with KF polymerase showed 
that thdGTP could be incorporated into the opposite site to 
cytosine like native GTP (24). Full-length products were 
observed as blue bands in the unstained gel without the aid 
of the FAM-labeled primer (Figure 5). We also investigated 
the performance of thdGTP for PCR amplification of much 
longer templates which contain numbers of cytosines. We 

found that it was difficult to incorporate proximal thdGTP 
into the DNA strand consecutively and thus conducted 
PCR amplification using a mixture of dGTP and thdGTP. 
PCR amplification of 298-, 480-, and 761-mer DNA using 
pGEM or pUC18 plasmids afforded the desired length of 
fluorescent PCR product labeled by thdGTP (Figure 6). 
The results demonstrate that highly emissive thdGTP can 
be recognized by natural DNA polymerases and amplified 
as a surrogate of natural dGTP. Further application of 
thdGTP is expected such as the construction of fluorescent 
DNA nanostructures and in vivo fluorescent imaging.
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Scheme 2. Synthesis of thdGTP

Figure 5. (a) Primer extension experiments with 17-mer templates 1–3, in the presence of either natural dGTP or thdGTP 
and three dNTPs (dATP, dTTP, and dCTP). (b) Analyses by denaturing gel electrophoresis of primer-extended products with 
each template after 30 min incubation at 37 °C. Lane ‘control’ corresponds to incubation with a mixture of template, primer, 
and dNTPs without the Klenow fragment. (c) Analyses by denaturing gel electrophoresis of primer-extended products using 
primer without FAM labeling.
Reproduced with permission from ref. 24. Copyright 2014 The Royal Society of Chemistry 
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2’-OMe-thG, highly emissive 2’-O-methylated G 
analog

2’-O-methylation is a naturally occurring modification 
of RNA and it could be found in tRNA and small RNAs. 
2’-O-Methyl-modification of oligonucleotides is the 
most commonly used strategy for antisense medicinal 
chemistry, aptamer-based diagnostics and therapeutics 
because 2’-O-methyl-modified RNA afforded higher 
nuclease resistance and binding affinity to target 
compared to unmodified oligonucleotides. In this context, 
we synthesized a highly emissive 2’-O-methylated G 
analog, 2’-OMe-thG according to our previous study (25). 
The photophysical properties of 2’-OMe-thG is similar 
to thdG and shows absorption maximum at 320 nm and 
visible emission at 457 nm with a high quantum yield 
of 0.652 in water. The phosphoramidite of 2’-OMe-thG 
could be incorporated into DNA oligonucleotides of 
5’-d(CGTCCGTCXTACGCACGC)-3’ by automated 
solid-phase synthesis. DNA duplexes containing 2’-OMe-
thG–C base pair showed almost identical thermal stability 
(Tm 72.1 °C) compared with that of native a G–C base pair 
(Tm 72.1 °C). The base pairing selectivity was also observed 
through thermal denaturation experiment (Figure 7). For 
thdG, we found that the B–Z transition became more 
difficult when thdG was incorporated in place of a dG and 

used a Z-stabilizing unit such as 8-methylguanine (m8G) 
to induce B-Z transition. The oligonucleotide containing 
2’-OMe-thG could convert to Z conformation without the 
help of a Z-DNA inducer and increase the fluorescence 
with increasing NaClO4 concentration. Interestingly, 
B-Z transition could be modulated by temperature as 
well as high salt conditions and these features have been 
applied to develop DNA-based switching devices (13-
14). Since 2’-OMe-thG outperformed in B-Z transition 
with useful photophysical properties, we thought out 
that the equilibrium between B-DNA and Z-DNA could 
be controlled by temperature leading to change in 
fluorescence. We devised a visible DNA nanothermometer 
and observed that the fluorescence intensity of 2’-OMe- 
thG-containing oligonucleotides changed relying on the 
temperature as its B–Z transition occurred (Figure 8). 
Strong fluorescence enhancement was observed at 5 °C 
by Z-conformation, whereas the fluorescence intensity 
decreased at 40 °C by the increased B-conformation. The 
fluorescence change could be reproducible according 
to the change in the proportion of Z- and B-DNA under 
repetitive temperature cycles. A visible nanothermometer 
based on photophysical property of 2’-OMe-thG and 
DNA conformational change will be exploited for the 
development of biocompatible nanodevices to monitor the 
temperature in an intracellular environment. 

Figure 6. thdG labeling for long fluorescent DNA. Analyses by agarose gel electrophoresis of PCR-amplified products; 
thdGTP (5 equiv, 1 mM) was added to 200 μM dNTPs (dCTP, dTTP, dATP, and dGTP) and standard PCR reaction mixture. 
Photograph taken (top) under 254 nm irradiation before staining, and (bottom) after staining with ethidium bromide.
Reproduced with permission from ref. 24. Copyright 2014 The Royal Society of Chemistry
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Figure 7. Fidelity of 2’-OMe-thG against canonical bases. (a) Thermal melts of oligonucleotides: 5’–
CGTCCGTCXTACGCACGC–3’ (X = 2’-OMe-thG) and complementary strand, 5’–GCGTGCGTAYGACGGACG–3’ (Y = 
C, T, A, G, or dSpace, 2’-OMe-thG). (b) Comparison of Tm values. All samples contained 5 μM of each oligonucleotide strand, 
20 mM Na cacodylate (pH 7.0), and 100 mM NaCl.
Reproduced with permission from ref. 25. Copyright 2015 The Royal Society of Chemistry

Figure 8. Visible nanothermometer using 2’-OMe-thG. (a) Chemical structure of 2’-OMe-thG (b) Change in fluorescence 
intensity by temperature. (c) Repeated experiments showing fluorescence emission at 5 °C and 40 °C. (d) Photo of visible 
nanothermometer. Samples contained 5 μM of ODN9 in 20 mM sodium cacodylate buffered (pH 7.0) 3.5 M NaClO4. The 
photo was taken under UV (365 nm) irradiation.
Reproduced with permission from ref. 25. Copyright 2015 The Royal Society of Chemistry

’
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Scheme 3. Synthesis of thdT and thdTTP

Table 2. Photophysical properties of thdT
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3. thdT, thieno[3,4-d]pyrimidine T-mimic 
deoxyribonucleoside

The comparable resemblance and noteworthy 
photophysical properties of thdG and 2’-OMe-thG to 
the native nucleosides steered us to expand the utility 
of the emissive DNA nucleoside analogs containing a 
thieno[3,4-d]-pyrimidine core. We synthesized thieno[3,4-
d]-pyrimidine T-mimic deoxynucleoside, thdT, and a 
thio-analogue of thymidine triphosphate, thdTTP, as 
shown scheme 3 (26). The fundamental photophysical 
properties of thdT were summarized in Table 2. The thdT 
deoxyribonucleoside has an absorption maximum at 303 
nm and the emission maxima are shifted toward a shorter 
wavelength as a visible fluorescence at 420 nm in water. 
thdT phosphoramidite could be readily incorporated into 
oligonucleotides by the automated solid-phase synthesis. 
In thermal denaturation assays, DNA duplexes including 
the thdT-A base pair indicated a comparable thermal 
stability to that of a duplex with a native T-A base pair 
and competent base pairing selectivity (Figure 9a and 9b). 
We investigated fluorescence features of DNA duplexes 

containing thdT and found that the fluorescence intensity 
significantly increased when a thdT-containing DNA 
strand was hybridized with a complementary strand 
having an abasic site opposite thdT (Figure 9c). It suggests 
that thdT can be used as a fluorescent probe to monitor a 
formation of an abasic site in DNA duplexes related with 
base-excision repair system. Based on the previous study 
of thdTTP we verified the utility of thdTTP for enzymatic 
incorporation. The primer extension assays showed 
that thdTTP could be incorporated as a complementary 
nucleotide to an adenine residue by using KF polymerase 
(Figure 10). Like thdGTP, the result indicated that the 
incorporation of thdT was difficult in the presence of 
consecutive adenine residues. Therefore, we performed 
PCR amplification using a mixture of dTTP and thdTTP to 
complement the inadequate incorporation of thdT. A 298-
mer PCR amplification using KOD Plus polymerase gave 
a desired PCR product with assistance from native dTTP 
and the content of thdTTP was confirmed by the enzyme 
digestion and HPLC analysis (Figure 11). This suggests 
show the potential of thdT as a fluorescent thymidine 
surrogate for further applications.
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Figure 9. Thermal stability and selectivity of base pairing. (a) Thermal melts of thdT containing DNA. Oligonucleotides: 
5’-CGTCCGTCthdTTACGCACGC-3’ paired with complementary strand: 5’-GCGTGCGTAYGACGGACG-3’ Y = A, T, C, 
G, or dSpacer. (b) Comparison of Tm values. (c) Absorbance (dashed lines) and fluorescence properties (solid lines) of DNA 
duplexes containing matched or mismatched bases. All samples contained 5 μM of each oligonucleotide strand, 20 mM Na 
cacodylate (pH 7.0) and 100 mM NaCl. Excitation at 325 nm.
Reproduced with permission from ref. 26. Copyright 2017 The Chemical Society of Japan
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Figure 10. (a) Primer extension experiments with a FAM-labeled primer and template 1 to 3, in the presence of the natural 
dTTP or thdTTP, and three dNTPs (dATP, dGTP and dCTP). (b) Analyses of primer-extended products by denaturing gel 
electrophoresis.
Reproduced with permission from ref. 26. Copyright 2017 The Chemical Society of Japan



– 38 –

Figure 11. (a) Analyses by agarose gel electrophoresis of amplified 298 bp products. PCR amplification was performed with 
dATP, dCTP, and dGTP (200 μM each) and a combined total of 200 μM dTTP and thdTTP mixture (100/0, 50/50, 25/75, 10/90, 
5/95, 3/97, 1/99, and 0/100). (b) Fluorescence spectra of purified DNA solutions obtained as described in (a) from dTTP/
thdTTP ratios. All samples contained 30 ng/μL DNA. The excitation wavelength was 303 nm. (c) Relationship between the 
dTTP/thdTTP ratio and the extent of thdT incorporation. Averages of more than two runs.
Reproduced with permission from ref. 26. Copyright 2017 The Chemical Society of Japan

dTTP/thdTTP
left: 100/0  
right: 3/97

thdTTP ratio (%)

4. Application of thdG as a donor in FRET pair 
Förster resonance energy transfer (FRET) is a physical 

phenomenon in which the energy of an excited fluorescent 
molecule (donor) is transferred nonradiatively to another 
fluorescent molecule (acceptor). In the case of the 
fluorescence spectrum of the donor and the absorption 
spectrum of the acceptor significantly overlap, when 
two fluorescent molecules are in close proximity, the 
energy emitted by the excited donor is transferred and 
the fluorescence of the acceptor is observed instead of 
the fluorescence from the donor. The FRET efficiency 
depends on the distance between the donor and acceptor 
and the orientation factor. It is inversely proportional to 
the sixth power of the distance if the orientation factor 
is not considered, and this makes FRET a useful tool for 
measuring intermolecular distance and conformational 
changes (27-29). In the general FRET system to study 

nucleic acids, the fluorophores are introduced through 
flexible linkers, and the orientation factor cannot be 
subjected to the calculation of FRET efficiency due 
to the free rotation of the fluorophore. In this context, 
researchers have developed useful approaches to construct 
orientation-dependent FRET system in DNA helixes. 
For instance, Kato et al. developed a FRET system by 
incorporation of pyrene and perylene as a donor–acceptor 
pair using a D-threoninol linker and reported orientation-
controlled FRET efficiency (30). Wilhelmsson and co-
workers reported on the first nucleobase-analogue FRET 
pair which consists of 1,3-diaza-2-oxophenoxazine 
(tCO) as the energy donor and 7-nitro-1,3-diaza-2-
oxophenothiazine (tCnitro) as the energy acceptor (31). 
Despite of its remarkable orientation-dependent FRET 
efficiency, the lack of fluorescence of tCnitro arouses the 
need for improvement. We focused on the practical 
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• thdG 1 - 4

• tC 1 - 5

Ex 325nm
Em 450nm

Ex 380nm
Em 505nm

Figure 12. (A) Designed oligonucleotides for FRET study. (b) Conceptual illustration of thdG- and tC-containing duplexes for 
0 and 14 base pair separations. (c) Chemical structures of thdG (donor) and tC (acceptor). (d) Orientation factors between thdG 
and tC were calculated as either fixed transition dipole moments obtained by Gaussian 09W (blue line with circle symbols) or 
as freely rotating transition dipole moments (orange line with square symbols).
Reproduced with permission from ref. 32. Copyright 2017 John Wiley and Sons.

Figure 13. (a) Fluorescence spectra of thdG- and tC-modified DNAs excited at 325 nm. (b) FRET efficiency calculated from 
steady-state fluorescence (orange dots) and time-resolved fluorescence (gray dots). The theoretical value was derived from the 
calculated orientation factors (yellow line) and the averaged orientation factors (blue line). (c) Photograph of samples excited 
at 365 nm. The samples with 0, 3, 5, 7, 9, 11, and 13 base pair separations are arranged from left to right. All samples contained 
5 μM of each oligonucleotide strand, 25 mM phosphate buffer (pH 7.5), and 100 mM NaCl.
Reproduced with permission from ref. 32. Copyright 2017 John Wiley and Sons.
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Figure 14. (a) CD spectroscopy about conformational changes from B-DNA to Z-DNA at various NaClO4 concentrations (0 
M, 1 M, 2 M, 3 M, 5 M, 7 M, and 9 M). (b) fluorescence intensity and photograph of samples under UV (365 nm) irradiation 
for 6-base-pair separations. All samples were prepared at 5 μM in 20 mM sodium cacodylate buffer (pH 7.0) at 5 °C.
Reproduced with permission from ref. 32. Copyright 2017 John Wiley and Sons.
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photophysical property and isomorphicity of thdG and 
2’-OMe-thG for the establishment of a new FRET system 
with nucleobase analogs. We utilized two fluorescent 
isomorphic nucleobase analogs, thdG as the energy donor 
and tC as the energy acceptor and devised a Watson–Crick 
base-pairable FRET pair based on their satisfiable spectral 
overlap (32). We synthesized 31-mer oligonucleotides 
containing thdG and tC in different positions to 
systematically control donor and acceptor separations 
from 0 to 14 base pairs (Figure 12). After confirmation 
of thermal stability of DNA duplexes containing thdG-tC 
pair, we measured fluorescence spectra and fluorescence 
lifetime to study the FRET efficiency of the thdG –tC pair 
inside DNA.

Fluorescence spectra of thdG- and tC-modified DNA 
showed green fluorescence of tC acceptor when the 
base-pair separation was short. Whereas the fluorescence 
gradually changed from green to blue fluorescence of 
thdG donor as the distance between donor and acceptor 

increased. We calculated FRET efficiency from steady-
state fluorescence and time-resolved fluorescence. 
Theoretical values were calculated considering the 
averaged orientation factors and variable orientation of 
thdG and tC, respectively (Figure 13). Although there 
were some unconformities between the experimental 
FRET efficiencies and the theoretical values, the results 
indicated that devised thdG–tC FRET pair in DNA helix 
was obviously controlled by orientation factors as well 
as distance. Furthermore, we utilized the thdG–tC FRET 
pair for in situ visualization of the B–Z transition. When 
we used hairpin type oligonucleotide with a 6-base-pair 
separation between 2’-OMe-thG and tC, we observed 
the emission maximum shift from 480 nm to 458 nm as 
NaClO4 concentration increased (Figure 14). This result 
indicated that the FRET efficiency varied depending on the 
contribution of orientation factor by DNA conformational 
change from B- to Z-form. 
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EFRET = 0.10 0.01 EFRET = 0.25 0.03 

D 40th

A 41th

D 40th

A 27th

Figure 15. Schematic illustration of positions of donor and acceptor on nucleosome (Protein Data Bank code 3LZ0). Donor 
and acceptor are shown in a blue and green CPK representation. Calculated FRET efficiencies of two nucleosome (D 40th + A 
41st or D 40th + A 27th) with mean errors. The FRET efficiencies were checked in triplicate.
Reproduced with permission from ref. 32. Copyright 2018 John Wiley and Sons.

Conclusion and Perspectives
We started our step to develop practical fluorescent 

nucleobases to fulfil both comparable resemblance and 
significant photophysical properties. For this purpose, 
thieno[3,4-d]-pyrimidine heterocycle was very attractive 
structural motif and enabled us to establish various 
fluorescent approaches for the investigation of nucleic 
acids of interest. Hundreds of fluorescent nucleobases 
have been reported; however, this research area requires 
new nucleobase probes possessing high quantum yields 
and red-shifted absorption and emission wavelength for in-
vivo study. We continue our efforts to design and synthesis 
new highly emissive isomorphic nucleobases with in-
depth implementations supported by computational 
approach (34-38). 
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INTRODUCTION
Porphyrin is a well-known endogenous photosensitizer 

that can produce singlet oxygen (1O2) under visible-
light irradiation [1-3].  Various metal complexes of 
porphyrins can be formed [1], and the zinc ion is one of 
the most important intrinsic metal ions [4].  Porphyrin zinc 
complexes can be easily formed, and the synthesis of zinc 
porphyrins is relatively easy [5].  Therefore, porphyrin 
zinc complexes have been studied as photosensitizers, 
including for use in photodynamic therapy (PDT) of 
cancer [1,6-8].  In general, 1O2 production is an important 
mechanism of biomolecule oxidation by photoexcited zinc 
porphyrins [6].  Photoinduced electron transfer is another 
important mechanism of photosensitized biomolecule 
oxidation [9-11].  A photosensitizer molecule’s high 
redox potential is advantageous for its photooxidative 
activity through electron transfer [9-11].  However, the 
redox potential of zinc porphyrins is relatively low and 
is not appropriate for the photooxidation of biomolecules 

through electron transfer [12].  Because tumor tissue exists 
in hypoxic conditions [13], the effect of the 1O2 mechanism 
is restricted, and the effect of the electron transfer 
mechanism may be preserved in the tumor environment 
[9-11].  Previous reports have demonstrated that the 
fluorination of zinc porphyrins can increase the redox 
potential [14].  In this study, the possibility of electron 
transfer–mediated protein oxidation by a fluorinated 
porphyrin zinc complex was examined.  Non-fluorinated 
and fluorinated porphyrins were used as photosensitizers 
(Fig. 1).
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ABSTRACT
Photosensitized protein-damaging activity of tetraphenylporphyrins was examined.  Tetrakis(pentafluorophenyl)

porphyrin zinc complex (ZnT5FPP) photosensitized the oxidation of human serum albumin (HSA), whereas zinc 
complexes of tetraphenylporphyrin (ZnTPP) and tetrakis(4-fluorophenyl)porphyrin (ZnT1FPP) did not show protein-
photodamaging ability.  Fluorination enhanced the oxidative activity of zinc porphyrin through the electron transfer 
mechanism; the redox potential of one-electron reduction of ZnT5FPP (-0.84 V vs. SCE) was significantly higher than that 
of ZnTPP (-1.25 V) and ZnT1FPP (-1.21 V).  The singlet oxygen (1O2)–generating activity of these zinc porphyrins was 
also confirmed; and their quantum yields were almost the same.  The inhibition of protein photodamage by sodium azide, 
a 1O2 quencher, showed that the 1O2-mediated mechanism partly contributes to the protein photodamage by ZnT5FPP.  
However, the protein photodamage was not completely inhibited by an excess amount of sodium azide.  Because the 
Gibbs energy of photoinduced electron transfer from tryptophan to the photoexcited ZnT5FPP is negative (-0.47 eV), 
electron-transfer oxidation is possible in terms of thermodynamics.  These results suggest that fluorination can enhance 
the protein-photodamaging activity of tetraphenylporphyrin zinc complexes through the electron transfer mechanism.
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Fig. 1. Structures of zinc porphyrins.
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EXPERIMENTAL
Tetraphenylporphyrin (TPP) was purchased from 

Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). 
Tetrakis(4-monofluorophenyl)porphyrin (T1FPP) and 
tetrakis(pentafluorophenyl)porphyrin (T5FPP) were 
synthesized according to the Adler method [15].  These 
zinc complexes, ZnTPP, ZnT1FPP, and ZnT5FPP were 
obtained by the treatment of the corresponding free-
base porphyrin with zinc acetate (FUJIFILM Wako 
Pure Chemical Co., Ltd. (Osaka, Japan) according to 
the previous report [14].  Human serum albumin (HSA) 
was purchased from Sigma-Aldrich Co. LLC.  Dimethyl 
sulfoxide (DMSO) and sodium azide (NaN3) were 
purchased from FUJIFILM Wako Pure Chemical Co., 
Ltd. (Osaka, Japan).  Spectroscopic-grade water was 
purchased from Dojin Chemicals Co. (Kumamoto, Japan).  
Methylene blue was obtained from Kanto Chemical, Co., 
Inc. (Tokyo, Japan).  Sodium phosphate buffer (0.1 M, 
pH 7.6) was obtained from Nacalai Tesque Inc. (Kyoto, 
Japan).  These chemical agents were used as received.

Redox potential of zinc porphyrins in benzonitrile 
was measured with a potentiostat/galvanostat (HA-301, 
Hokuto Denko Co., Tokyo, Japan), a digital function 
generator (DF1906, NF Co., Yokohama, Japan), and 
a midi logger (GL900-4, Graphtec Co., Yokohama, 
Japan), using a platinum working electrode (BAS Inc., 
Tokyo, Japan), a platinum counter electrode (BAS Inc.), 
and saturated calomel electrode (SCE, BAS Inc.).  The 
absorption spectra of samples were measured with the 
UV-VIS spectrophotometer UV-1650PC (Shimadzu, 
Kyoto, Japan).  The fluorescence spectra of samples were 
measured with an F-4500 fluorescence spectrophotometer 
(Hitachi, Tokyo, Japan).  The fluorescence lifetime (τf), 
which equals the singlet excited-state (S1) lifetime, of zinc 
porphyrin and HSA was measured with a Fluorescence 
Lifetime System TemPro (HORIBA, Kyoto, Japan).  
The excitation wavelength for the τf measurements for 
zinc porphyrins and HSA were 402 nm and 294 nm, 
respectively.  The fluorescence quantum yield (Φf) was 
measured with an absolute photoluminescence quantum 
yield measurement system (C9920-20, Hamamatsu 
Photonics KK, Hamamatsu, Japan).  The 1O2 production 
was directly measured by near-infrared luminescence at 
around 1,270 nm from 1O2 relaxation, which corresponds 
to the 1O2 (1Δg)-3O2(3Σg

-) transition, as reported previously 
[16].

To evaluate the HSA damage, the sample solution 
containing 5 μM zinc porphyrins and  10 μM HSA was 
prepared in a 10 mM sodium phosphate buffer (pH 7.6) 
including 5% ethanol.  The sample solution was irradiated 
with a light-emitting diode (LED, λmax= 585 nm, 2.0 mW 
cm−2, CCS Inc., Kyoto, Japan).  The intensity of the LED 
was measured with an 8230E optical power meter (ADC 
Corporation, Tokyo, Japan).  The fluorescence intensity 
of HSA at 350 nm was measured with a Hitachi 650-60 
fluorescence photometer.  The excitation wavelength for 
this assay was 298 nm.  The amount of damaged HSA was 

estimated from the results of fluorometry based on the 
diminishment of the intrinsic fluorescence of tryptophan 
residue of HSA by photooxidation, as reported previously 
[9-11].

RESULTS AND DISCUSSION
Electrochemical properties of zinc porphyrins

The cyclic voltammograms are shown in Fig. 2.  Typical 
oxidation and reduction peaks were observed.  The redox 
potentials of one-electron oxidation (Eox) of ZnTPP, 
ZnT1FPP, and ZnT5FPP are listed in Table 1.  The redox 
potential of ZnT5FPP was relatively large, suggesting 
strong oxidative ability through photoinduced electron 
transfer.  The redox potentials of one-electron reduction 
(Ered) of these zinc porphyrins in water were roughly 
calculated using dielectric continuum theory [17] using 
the following equation:

Ered = Eox + 𝑒𝑒
8𝜋𝜋𝜖𝜖0𝑟𝑟

( 1
𝜀𝜀bz

− 1
𝜀𝜀w
) - E0-0 � (1)

where e is the elementary charge (1.602×10-19 C), ε0 is 
the permittivity of the vacuum, r is the radius of zinc 
porphyrins, εbz is the dielectric constant of benzonitrile 
(25.2), εw is that of water (78.5), and E0-0 is the excitation 
energy of zinc porphyrins, which was calculated from 
the fluorescence maximum. The r was calculated by the 
density functional theory at the ωB97X-D/6-31+G* level 
(ZnTPP: 5.38 Å; ZnT1FPP: 5.43 Å; and ZnT5FPP: 5.62 
Å), utilizing the Spartan’20 (Wavefunction Inc., Irvine, 
CA, USA).  The calculated volumes of ZnTPP, ZnT1FPP, 
and ZnT5FPP were 651.25 Å3, 651.25 Å3, and 651.25 
Å3, respectively, and the r values were estimated under 
the assumption that these zinc porphyrins are sphere.  
The obtained values of E0-0 are listed in Table 1.  The 
tryptophan residue of protein is easily oxidized through 
photoinduced electron transfer.  Thus, the Gibbs energy 
(ΔG) for the electron-transfer oxidation of tryptophan 
by photoexcited zinc porphyrins was roughly calculated 
using the following equation:

ΔG = - e(Ered - Eox’) – E0-0 � (2),

20

Fig. 2. Cyclic voltammograms of zinc porphyrins.
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where Eox’ is the redox potential of one-electron oxidation 
of amino acid (tryptophan) (0.78 V vs. SCE in an aqueous 
solution) [18]. The estimated ΔG values are listed in 
Table 1.  These results demonstrate the relatively strong 
oxidative activity of ZnT5FPP through electron transfer in 
the photoexcited state.

Singlet oxygen production photosensitized by 
zinc porphyrins

A typical near-infrared emission at around 1270 nm 
assigned to the 1O2 was detected during photoirradiation 
of these zinc porphyrins.  The quantum yield of 1O2 
production (ΦΔ) was estimated by comparison with the 
near-infrared emission intensity using methylene blue 
(ΦΔ of methylene blue: 0.52, [19]).  The estimated ΦΔ of 
ZnTPP, ZnT1FPP, and ZnT5FPP in ethanol were 0.90, 
0.91, and 0.93, respectively (Table 2).  The ΦΔ of ZnT5FPP 
is slightly larger than that of ZnTPP and ZnT1FPP.  The 
triplet excited (T1) state energy of ZnT5FPP (1.70 eV) [20] 
is also larger than that of ZnTPP and ZnT1FPP (1.61 eV) 
[21].  The large values of these ΦΔ suggest that these zinc 
porphyrins can photooxidize biomolecules through 1O2 
production.

Interaction between human serum albumin and 
zinc porphyrins

The absorption spectra of the zinc porphyrins were 
changed by the addition of HSA, a water-soluble protein 
(Fig. 3), similarly to other previously reported porphyrin 
cases [9].  This absorption spectral change can be explained 
by the interaction between zinc porphyrin molecules and 
HSA.  The apparent binding constant (K) between zinc 
porphyrin molecules and HSA was calculated using the 
Benesi-Hildebrand equation [22] under the assumption 
that one zinc porphyrin molecule binds to the HSA 
surface (1:1 complex).  The estimated K values for ZnTPP, 
ZnT1FPP, and ZnT5FPP were 9.5×104 M-1, 9.6×104 M-1, 
and 7.1×104 M-1, respectively.  These results suggest that 
pentafluorophenyl groups slightly decrease the interaction 
between zinc porphyrin molecules and HSA.

The binding position of zinc porphyrins on HSA was 

roughly estimated using the Fӧrster resonance energy 
transfer (FRET) method based on the energy-transfer 
theory [23] with a previously reported procedure [10]. 
The average diameter of HSA is about 80 Å [24], and 
the tryptophan residue is located almost at the center of 
HSA [25].  The critical distances of the FRET from the 
tryptophan to the zinc porphyrin molecules, which were 
calculated from the fluorescence spectrum of tryptophan 
and the absorption spectrum of these zinc porphyrins, 
were 29.8 Å (ZnTPP), 26.1 Å (ZnT1FPP), and 33.0 Å 
(ZnT5FPP). However, the τf of the tryptophan residue of 
HSA, which was not decreased by these zinc porphyrins. 
These results suggest that these zinc porphyrin molecules 
bind to the HSA surface.

Photosensitized HSA oxidation by zinc porphyrins
The photosensitized HSA damage by these zinc 

porphyrins was evaluated using the fluorescence intensity 
of the tryptophan residue of HSA, which shows the 
typical fluorescence as being around 350 nm, as reported 
previously [9-11].  HSA photodamage by ZnTPP and 
ZnT1FPP was barely observed, whereas ZnT5FPP 
photosensitized the HSA damage (Fig. 4).  The quantum 
yield of HSA photodamage by ZnT5FPP (ΦD: 4.3×10-4) 
was estimated from the initial decomposition rate and the 
absorbed photon fluence by ZnT5FPP (Table 2).  Since 
the apparent binding constants of ZnTPP and ZnT1FPP 
were rather larger than that of ZnT5FPP, the difference 
in binding position may affect the photosensitized HSA–
damaging activity of these zinc porphyrins.  The HSA 
photodamage by ZnT5FPP was partially (44%) inhibited 
by the addition of NaN3, a 1O2 quencher [26]; suggesting 
the contribution of 1O2.  The 1O2 production activity of 
ZnT5FPP was confirmed as mentioned above.  However, 
HSA damage was observed in the presence of NaN3.  The 
HSA damage photosensitized by ZnT5FPP with NaN3 
can be explained by the electron transfer mechanism.  
The contribution of the electron transfer mechanism 
was speculated to be 56%.  The calculated ΔG (Table 
1) supported tryptophan oxidation by the photoexcited 
ZnT5FPP through electron transfer.

The analyzed fluorescence lifetimes (τf) of ZnT5FPP 

Fig. 3. Absorption spectra of zinc porphyrins with or without HSA.  The sample solution contained 5 μM zinc porphyrins with or without 
10 μM HSA in a 10 mM sodium phosphate buffer (pH 7.6) plus 5% ethanol.
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without HSA were as follows: 0.05 ns (85%), 0.40 ns 
(13%), and 2.15 ns (2%).  The shortest lifetime species 
can be explained by the self-aggregation of ZnT1FPP 
molecules.  These values suggest that the photoexcited 
state of most ZnT5FPP molecules was deactivated through 
self-aggregation.  In the presence of HSA, the τf values 
were changed to 0.23 ns (45%), 1.40 ns (38%), and 5.21 ns 
(17%).  The longest lifetime can be explained by the fact 
that the vibrational deactivation of photoexcited ZnT5FPP 
was inhibited by interaction with HSA, as previously 
reported [27].  The shortest and middle lifetimes may 
be explained by the electron transfer quenching of 
photoexcited ZnT1FPP molecules.  The electron-transfer 
rate constant (kET) from tryptophan to photoexcited 
ZnT5FPP can be speculated by the following equation:

kET = 1
𝜏𝜏f1

− 1
𝜏𝜏f2 � (3).

where τf1 is the shortest (0.23 ns) or middle (1.40 ns) 
lifetime, and τf1 is the longest lifetime (5.21 ns).  The 
calculated values of kET were 4.2×109 s-1 and 5.2×108 

s-1.  The rate constant of the diffusion-controlled process 
(7.4×104 s-1), which is calculated from the diffusion-
controlled rate coefficient in water at 298 K (7.4×109 
M-1 s-1) and the concentration of ZnT5FPP, was much 
smaller than that of the estimated values.  These findings 
kinetically support the association of ZnT5FPP molecules 
with HSA and the electron transfer-mediated oxidation of 
HSA by the S1 of ZnT5FPP.  The T1 state energy level 
of ZnT5FPP is relatively low (1.70 eV) [20], and the 
estimated ΔG value is small (-0.07 eV).  Therefore, the 
possibility of electron transfer oxidation of HSA by the T1 
state of ZnT5FPP can be excluded.

HSA has one tryptophan residue [25], which can be 
easily damaged by 1O2 and electron transfer mechanism 
[9,10,27,28].  Tryptophan oxidation could be used as 
an indicator to evaluate the extent of protein damage. 
However, other amino acids of HSA can be damaged 
through 1O2 production and the electron transfer 
mechanism. A previous report showed that P(V)
porphyrins photosensitize the oxidation of tyrosine, 
methionine, histidine, cysteine, and arginine through these 
mechanisms [28].  It can be speculated that ZnT5FPP 
photosensitize the oxidation of tyrosine (Eox’ = 0.84 V vs. 
SCE [29], ΔG = -0.38 eV), methionine (Eox’ = 1.01 V vs. 
SCE [30], ΔG = -0.21 eV), and cysteine (Eox’ = 0.80 V vs. 
SCE [31], ΔG = -0.42 eV) through the electron transfer 
from the thermodynamic point of view. These ΔG values 
were roughly calculated using the equation (1). Other 
amino acids, histidine and arginine, may be oxidized by 
ZnT5FPP through 1O2 mechanism.

CONCLUSIONS
ZnTPP, ZnT1FPP, and ZnT5FPP could photosensitize 

1O2 production in ethanol.  These zinc porphyrins bound 
to HSA, a water-soluble protein.  However, ZnTPP and 
ZnT1FPP could not induce HSA photodamage, the 
oxidation of tryptophan residue.  These results can be 
explained by the fact that the binding position of ZnTPP 
and ZnT1FPP is not appropriate for the photooxidation 

Table 1 Redox potential of zinc porphyrins and the Gibbs energy of the electron-transfer oxidation of tryptophan

Porphyrin Eox / V a Ered / V b E0-0 / eV c ΔG / eV
ZnTPP 0.77 -1.25 2.06 -0.03
ZnT1FPP 0.80 -1.21 2.05 -0.06
ZnT5FPP 1.22 -0.84 2.10 -0.47

a: Redox potential of one-electron oxidation in benzonitrile. b: Redox potential of one-electron reduction in an aqueous solution. c: S1 
energy in an aqueous solution.

Table 2 Quantum yield of photosensitized HSA damage by zinc porphyrins

Porphyrin ΦD ΦD(ET) 
a ΦD(SO) 

b ΦΔ
d

ZnTPP ND c ND ND 0.90
ZnT1FPP ND ND ND 0.91
ZnT5FPP 4.3×10-4 2.4×10-4 1.9×10-4 0.93

a: Quantum yield of HSA damage through electron transfer mechanism. b: Quantum yield of HSA damage through 1O2 mechanism. c: 
HSA damage was not observed. d: in ethanol.

Fig. 4. The time profile of photosensitized HSA damage by 
ZnT5FPP.  The sample solution contained 5 μM ZnT5FPP and 
10 μM HSA with (□) or without (■) 10 mM NaN3 in a 10 mM 
sodium phosphate buffer (pH 7.6) plus 5% ethanol.  The sample 
solution was irradiated with an LED (λmax= 585 nm, 2.0 mW 
cm−2).  Data represents the mean ± SD (n = 3).
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of tryptophan.  The calculated ΔG values show that the 
possibility of electron transfer–mediated oxidation by 
ZnTPP and ZnT1FPP is very small.  ZnT5FPP could 
oxidize HSA under photoirradiation.  HSA damage by 
ZnT5FPP could be explained by the mechanisms of 1O2 
production and electron transfer (Fig. 5).  The quantum 
yields of relaxation process of photoexcited zinc 
porphyrins are listed in Table 3.  The observed values of 
ΦΔ are comparable to the quantum yield of intersystem 
crossing (Φisc) of zinc porphyrin [32,33].  Therefore, it 
can be speculated that the Φisc is almost the same as the 
ΦΔ.  Because the fluorescence intensity of zinc porphyrins 
was barely decreased by HSA, the determination of 
electron transfer quantum yield (ΦET) was difficult.  
However, this value must be greater than the ΦD(ET).  
The pentafluorophenyl groups of ZnT5FPP significantly 
increase the redox potential, leading to the enhancement 
of electron-transfer oxidation activity of zinc porphyrins 
in the S1 state.  In general, zinc porphyrins are recognized 
as a 1O2 generator under visible-light irradiation.  This 
study showed that fluorination can improve the activity 
of biomolecule oxidation by zinc porphyrins through the 
electron transfer mechanism.
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4.効能・効果
　○帯状疱疹
　○再発性の単純疱疹
5 ．効能・効果に関連する注意
〈再発性の単純疱疹〉
5.1 単純疱疹（口唇ヘルペス又は性器ヘルペス）の同じ病型の再発を繰り返す患者である
ことを臨床症状及び病歴に基づき確認すること。
5.2 患部の違和感、灼熱感、そう痒等の初期症状を正確に判断可能な患者に処方すること。
5.3 口唇ヘルペス又は性器ヘルペス以外の病型に対する臨床試験は実施されていない。
[17. 1. 2、17. 1. 3 参照］
6.用法・用量
〈帯状疱疹〉
　通常、成人にはアメナメビルとして1回400mgを1日1回食後に経口投与する。
〈再発性の単純疱疹〉
　通常、成人にはアメナメビルとして1200mgを食後に単回経口投与する。
7.用法・用量に関連する注意
〈効能共通〉
7.1 空腹時に投与するとアメナメビルの吸収が低下し、効果が減弱するおそれがあるので、
食後に服用するよう患者に指導すること。食前又は食間のタイミングで服用する必要が
ある場合は、軽食等を摂取した上で服用させること。[16.2.1 参照］

〈帯状疱疹〉
7.2 本剤の投与は、発病初期に近いほど効果が期待できるので、早期に投与を開始すること。
なお、目安として皮疹出現後5日以内に投与を開始することが望ましい。
7.3 本剤は、原則として7日間使用すること。改善の兆しが見られないか、あるいは悪化する
場合には、速やかに他の治療に切り替えること。

〈再発性の単純疱疹〉
7.4 初期症状発現後速やかに本剤を服用することが望ましい。初期症状発現から6時間経過
後に服用した患者、また口唇ヘルペスでは皮疹（水疱、膿疱、びらん、潰瘍、痂皮）発現後に
服用した患者に対する有効性を裏付けるデータは得られていない。［8．参照］
7.5 次回再発分の処方は1回分に留めること。
8 ．重要な基本的注意
〈再発性の単純疱疹〉
　次回再発分として処方する場合は、次のことを患者に十分説明し、患者が理解したことを
確認すること。[7.4参照］

・ 初期症状（患部の違和感、灼熱感、そう痒等）出現後6時間以内に服用すること。また、口
唇ヘルペスでは皮疹（水疱、膿疱、びらん、潰瘍、痂皮）発現前に服用すること。

・ 妊婦又は妊娠している可能性のある女性、授乳中の女性は、服用せずに医療機関を受
診すること。

9．特定の背景を有する患者に関する注意（一部抜粋）
9.1 合併症・既往歴等のある患者
9.1.1 免疫機能の低下を伴う患者
　悪性腫瘍や自己免疫性疾患など免疫機能の低下を伴う患者に対する有効性及び安全性
は確立していない。
10.相互作用
　アメナメビルはCYP3Aで代謝される。またCYP3A 及び2B6 を誘導する。［16.4参照]
10.1 併用禁忌（併用しないこと）
　リファンピシン（リファジン）
10.2 併用注意（併用に注意すること）
　CYP3Aの基質となる薬剤（ミダゾラム、ブロチゾラム、ニフェジピン等）、CYP3Aを阻害す
る薬剤（リトナビル、クラリスロマイシン等）、グレープフルーツジュース、シクロスポリン、
CYP3Aを誘導する薬剤（リファブチン、カルバマゼピン、フェノバルビタール等）、セイヨウ
オトギリソウ（St.John’s Wort、セント・ジョーンズ・ワート）含有食品、CYP2B6の基質とな
る薬剤（エファビレンツ）
11.副作用
　次の副作用があらわれることがあるので、観察を十分に行い、異常が認められた場合には
投与を中止するなど適切な処置を行うこと。
11.1 重大な副作用
11.1.1 多形紅斑（頻度不明）
11.2 その他の副作用（一部抜粋）
　NAG増加、α1ミクログロブリン増加
承認条件：医薬品リスク管理計画を策定の上、適切に実施すること。

2.禁忌（次の患者には投与しないこと）
2.1 本剤の成分に対し過敏症の既往歴のある患者
2.2 リファンピシンを投与中の患者［10.1、16.7.1 参照］
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ヤンセンが目指すのは、
病が過去のものになる未来を作ることです。
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