ISSN 0912-232X

PHOTOMEDICINE
AND
PHOTOBIOLOGY

Vol.46 2025

&

The Japanese Society for Photomedicine and Photobiology






Photomedicine and Photobiology

Vol.46
2025

Chief Editor
Daisuke Tsuruta, M.D.
Dermatology (Osaka)

Editing Secretaries
Toshiyuki Ozawa, M.D.
Dermatology (Osaka)

Former Editors

Nobuyuki Mizuno, M.D. Dermatology (1978-1990)
Muneo Ohkido, M.D. Dermatology (1991-1993)
Kunihiko Yoshikawa, M.D. Dermatology (11994-1997)
Masamitsu Ichihashi, M.D. Dermatology (1998-2002)
[tsuro Matsuo, M.D. Dermatology (2003-2004)
Takeshi Horio, M.D. Dermatology (2005-2006)
Katsumi Hanada, M.D. Dermatology (2007-2009)
Fujio Otsuka, M.D. Dermatology (2010-2012)
Chikako Nishigori, M.D. Dermatology (2013-2016)

Editorial Board

Hiroyuki Okamoto, M.D. (Moriguchi) Takeshi Toda, Ph.D. (Suita)
Dermatology Radiation Biology
Hiroshi Fukumura, Ph.D. (Sendai) Akimichi Morita, M.D. (Nagoya)
Organic Physical Chemistry Geriatric and Environmental Dermatology
Daisuke Sawamura, M.D. (Hirosaki) Yoshiki Tokura, M.D. (Hamamatsu)
Dermatology Dermatology
Atsushi Ito, Ph.D. (Hiratsuka) Shinichi Moriwaki, M.D. (Takatsuki)
Energy Resources Dermatology
Tadamichi Shimizu, M.D. (Toyama) Chikako Nishigori, M.D. (Kobe)
Dermatology Dermatology
Akira Kawada, M.D. (Sayama) Nobuhisa Naoi, M.D. (Miyazaki)
Dermatology Ophthalmology
Hiroshi Sugiyama, Ph.D. (Kyoto) Yasuteru Urano, Ph.D. (Tokyo)
Chemical Biology Chemical Biology and Molecular Imaging
Shosuke Kawanishi, Ph.D. (Suzuka) Masahide Yasuda, Ph.D. (Miyazaki)
Hygiene Materials Chemistry
Tadashi Suzuki, Ph.D. (Sagamihara) Akihiro Ohira, M.D. (lzui)
Photochemistry Ophthalmology

Tetsuro Majima, Ph.D. (Ibaraki)
Molecular Excitation Chemistry

The Japanese Society for Photomedicine and Photobiology
Founded in 1978

Office : Depaetment of Dermatology, Osaka Metropolitan University Graduate School of Medicine,
1-4-3 Asahimachi, Abeno-ku, Osaka 545-8585, Japan






CONTENTS

[Article]
WA D BEL 725 V2 DI A FIZ A% WL BB A T 1
FHJ51 3t

ERPE O TP

The light sources for phototherapy have advanced from lamps to LEDs ................. 7

Hideyuki Masuda'? and Akimichi Morita®

! Department of Geriatric and Environmental Dermatology, Nagoya City University, Graduate School of Medical
Sciences, Nagoya, Japan

2USHIO INC, Tokyo, Japan

VIRE R~ =2 7 HERE PRSP 50 F O wsh R A L2 v 7z
TRV T = PRBETE T DFEV. ..o 9

B M BAECE] T bk 2R
SRR SR R e R

Enzymatic synthesis of 4-methylumbelliferyl glycopyranoside-based fluorescence
probes with oligosaccharide using the transglycosylation activity of metagenomic
B-glucosidase TA2F2............ociiiiiiiiiii e nrree e 15

Kyohhei Fujital, Mako Kamiya'#, Taku Uchiyama®, Ryosuke Kojima?, Kiyohiko Igarashi®*>® and Yasuteru
Urano!23*

1 Graduate School of Medicine, 2Graduate School of Pharmaceutical Sciences and 3UT7 Next Life Research Group,
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.

4 Department of Life Science and Technology, Institute of Science Tokyo, Yokohama, Kanagawa 226-8501, Japan.

5 Department of Biomaterial Sciences, Graduate School of Agricultural and Life Sciences, The University of Tokyo,
1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan.

6 VTT Technical Research Center of Finland Ltd., Tietotie 2, P.O. Box 1000, Espoo, FI-02044 VTT, Finland.

* e-mail : uranokun@m.u-tokyo.ac.jp

Photocytotoxicity for HeLa cells by tetrakis(alkoxyphenyl)porphyrin
PhOSPNOIUS(V) COMPIEXES ....eiieiieii e 23

Kazutaka Hirakawa,*?*" Hiroko Hasegawa,? and Shiho Hirohara*®

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

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

3 Cooperative Major in Medical Photonics, Shizuoka University, Johoku 3-5-1, Chuo-ku, Hamamatsu, Shizuoka 432-
8561, Japan

4 Department of Chemical and Biological Engineering, National Institute of Technology, Ube College, Tokiwadai, Ube,
Yamaguchi 755-8555, Japan

5 Department of Bioresources Engineering, National Institute of Technology, Okinawa College 905 Henoko, Nago-shi,
Okinawa, Japan 905-2192, Japan



Effect of meso-phenyl substituents on the photochemical and electrochemical properties
of tetrakis(methoxyphenyl)porphyrin phosphorus(V) complexes...........cccccervrnnene. 27

Kazutaka Hirakawa,'?*" Daiki Miyake,* Tomoki Matsui,* Shota Nomura,* and Shigetoshi Okazaki*

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

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

3 Cooperative Major in Medical Photonics, Shizuoka University, Johoku 3-5-1, Chuo-ku, Hamamatsu, Shizuoka 432-
8561, Japan

4 Preeminent Medical Photonics Education and Research Center, Hamamatsu University School of Medicine,
Handayama 1-20-1, Chuo-ku, Hamamatsu, Shizuoka 431-3192, Japan

Effects of pH and solvents on photosensitizer properties of pyridine-connecting
P(V)porphyrin
VY URERIP(V) TN 740 X DFEREHIF TR BT ZpHB XA BRI R ... 33

Yuma Hiraiwa?, Shigetoshi Okazaki?, Kazuhiro Takeda?, and Kazutaka Hirakawa®***

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

2 Preeminent Medical Photonics Education and Research Center, Hamamatsu University School of Medicine,
Handayama 1-20-1, Chuo-ku, Hamamatsu, Shizuoka 431-3192, Japan

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

4 Cooperate Major in Medical Photonics, Shizuoka University, Johoku 3-5-1, Chuo-ku, Hamamatsu, Shizuoka 432-
8561, Japan

Binding interaction between free base porphyrin photosensitizers and human serum
albumin responsible for protein photodamaging activity ...........ccccccevvevieiiieiiiecnenn, 40

Kazutaka Hirakawa,?*" Daiki Machida! and Shigetoshi Okazaki*

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

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

3 Cooperative Major in Medical Photonics, Shizuoka University, Johoku 3-5-1, Chuo-ku, Hamamatsu, Shizuoka 432-
8561, Japan

4 Preeminent Medical Photonics Education and Research Center, Hamamatsu University School of Medicine,
Handayama 1-20-1, Chuo-ku, Hamamatsu, Shizuoka 431-3192, Japan

Identification of trace target molecules by multifunctional diazirine-based
PROTOCIOSSIINKETS ...t bbbt be e 46

Takenori Tomohiro?

1 Laboratory of Biorecognition Chemistry, Faculty of Pharmaceutical Sciences, Academic Assembly, University of
Toyama, 2630 Sugitani, Toyama 930-0194, Japan



Photomedicine and Photobiology, Vol.46, 2025

W-RHU T BEL 72 V2 DT A F3I2 A% 0l L3 2508050 S 2 T3k
FH J5CE A
(e S

*Corresponding author:

HALK AR Be e S E Je 7

T 980-8578 = Sk I 5 717 7 4 X e & - 75 % 6-3
TEL: +81 022-795-6856

E-mail: shinya.tahara.cé@tohoku.ac.jp

ABSTRACT

This review describes microscopy techniques for analyzing liquid-liquid phase separation (LLPS) of proteins. LLPS
is a phenomenon in which a homogeneous solution of biomacromolecules separates into two or more distinct liquid
phases and causes the formation of liquid droplets containing the solutes at a high concentration. The droplet formation
usually promotes the pathological aggregation of the proteins inside, which is recently considered responsible for
neurodegenerative diseases including Parkinson’s disease and amyotrophic lateral sclerosis (ALS). Recent experimental
approaches using microscopy techniques have been revealing the molecular mechanism of LLPS and the following
aggregation, essential for the development of therapeutics for these diseases. This review presents the basic knowledge of
fluorescence recovery after photobleaching (FRAP), Raman microscopy, and autofluorescence microscopy, all of which
provide unique information on the protein dynamics inside the droplets, and how these methods have been contributing
to the progress in the LLPS study.
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Introduction

With the advance of technology and the development
of photobiology research, new light sources have been
applied, making it possible to treat more effectively, more
quickly, and more safely. Phototherapy includes PUVA,
UVAIL-LED therapy, broadband UVB, narrowband UVB,
excimer light, and UVB-LED therapy. In Japan, topical
PUVA therapy was first introduced in 1976. While it was
effective for refractory psoriasis and other conditions,
concerns about carcinogenicity due to the mechanism of
action of psoralen, which cross-links to DNA, and the
necessity for shielding after irradiation created challenges
for broad application in general practice. In 2002, Japan
developed its first narrowband UVB treatment device,
followed by the excimer light treatment device in 2008.
In 2021, the UVA1-LED treatment device was introduced,
and in 2022, the UVB-LED treatment device was
launched. The light sources used for phototherapy have
transitioned from lamps to LEDs.

1. Narrowband UVB

Since the 1970s, research on phototherapy for
psoriasis has progressed. In 1976, Fischer? and
later, in 1981, Parrish? reported that the effective
wavelength was around 313 nm. Narrowband refers
to devices that utilize lamps with a peak wavelength
of approximately 311-312 nm and a very narrow
emission spectrum. Because it does not require the
photosensitizer psoralen, the treatment procedure is
straightforward and can be administered at doses that
do not cause erythema, making it easy to handle.

2. Excimer Light

Excimer light utilizes an excimer lamp, which is a
discharge lamp that emits light generated by excimers
formed from noble gases or noble gas-halogen
combinations. The emission spectrum can be set
according to the discharge gas used. Excimer light uses
XeCl as the discharge gas, with a peak wavelength of
308nm. The peak wavelength of excimer light is 3 nm
shorter than that of narrowband UVB, resulting in a
shorter treatment time due to a lower minimal erythema
dose. However this also increases the likelihood of
erythema reactions. To minimize treatment effect
reduction while suppressing side effects, a short-
wavelength cut filter, known as an excimer filter, was
developed®. As a result, the TheraBeam® UV308 can
safely and effectively irradiate the affected area while

reducing risks to healthy skin. It has been reported to
achieve higher treatment efficacy for vitiligo®.

3. UVA1 Therapy

UVA is divided into UVAL (340-400nm) and UVA2
(320-340nm), with UVA2 having properties similar to
UVB, such as inducing erythema. UVAL penetrates
deeperintotheskincomparedto UVB. Therefore, UVAL
is effective for diseases with dermal pathology, such as
atopic dermatitis, cutaneous T-cell lymphoma, prurigo,
and scleroderma®. Discharge lamps were used as light
sources for UVAL devices, but with improvements in
output, LEDs have become applicable. LEDs have
many advantages, such as wavelength selectivity, long
life, low power consumption, and mercury-free. With
enhanced emission efficiency, LEDs have achieved a
level suitable for use as light sources in phototherapy.
However, the optimal optical characteristics were
not yet clear. Therefore, we researched to develop
more effective UVAL therapy light sources. The
results suggested that the most effective wavelength
for UVAL phototherapy is 365nm, and the use of a
short-wavelength cut filter could suppress immediate
tanning®. Based on these research results, the LED-
based UVAL treatment device (TheraBeam® UVAL)
was launched in Japan and can be used as an insured
treatment. Due to the different treatment mechanisms,
it is expected to be a next step for patients resistant to
existing UVB treatments. Significant treatment effects
have already been reported for refractory palmoplantar
pustulosis” and mycosis fungoides®.

4. UVB-LED Therapy

UVB-LED output significantly increases following
the UVA range, making practical use possible. The
half-width of the spectral distribution of narrowband
UVB and excimer light is less than 5 nm, while UVB-
LEDs have a half-width of approximately 15 nm due to
their design principle. The DNA absorption coefficient
for ultraviolet light around 300nm varies significantly,
leading to substantial differences in clinical effects
with slight wavelength characteristic differences.
Therefore, research was conducted on the optimal
optical characteristics. These results confirmed that
the optimal peak wavelength for using UVB-LEDs
with a half-width of about 15 nm in ultraviolet therapy
devices is around 312nm?, and optical processing



such as narrowing the spectrum can slide the peak
wavelength to about 308nm, similar to excimer light.

UVB-LED treatment device (TheraBeam®
UV308mini LED) was launched as a sustainable
and environmentally friendly device, achieving an
approximately 70% reduction in power consumption
and extending the light source life by about 4-5 times
compared to conventional devices.

Conclusion

The light sources for phototherapy for skin diseases
began with lamps, enabling treatments such as PUVA
therapy and narrowband UVB. Subsequently, they
evolved into LEDs, allowing for more effective, faster,
and safer treatments. In the future, further improvements
in LED efficiency and narrow spectrum are expected to
expand the range of applicable devices. Additionally, new
treatment methods such as photodynamic therapy (PDT)
using visible light and photosensitizers and extracorporeal
photopheresis (ECP), as well as the development of new
light sources such as semiconductor lasers (LD: Laser
Diode), are expected to contribute to solving unmet
medical needs. (4766/5000)
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Abstract

Label-free detection of drug molecules is essential for evaluating the uptake, distribution, and metabolism of drug
molecules introduced into a cell. Fluorescence labeling methods offer high sensitivity; however, they can impair the
properties of small-molecule drugs, making label-free detection crucial. We have established a protocol utilizing Raman
imaging that enables the label-free quantification of drug concentrations within a single cell. This review provides an
overview of methods for introducing poorly water-soluble drugs into cells and detection techniques using Raman imaging.

Key words: Raman imaging, Label-free detection, Drug molecules, Amphiphilic phospholipid polymer
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ABSTRACT

Activatable glycosidase-reactive fluorescence probes with a glycopyranoside structure are effective analytical tools
for the evaluation of various glycosidase activities. However, the chemical synthesis of their substrate moieties is usually
challenging due to the need for complicated protection and deprotection steps. As an alternative, enzymatic synthesis offers
a more facile approach, and the expansion and functional evaluation of available enzymes are essential. Here, we focused
on the B-glucosidase Td2F2 from a compost microbial metagenome, which catalyzes transglycosylation, and evaluated
its characteristic and applicability in enzymatic synthesis of fluorescence probes with oligosaccharide substrate moieties.
As results, we successfully incorporated a second sugar unit into various 4-methylumbelliferyl glycopyranosides with
monosaccharide moiety using Td2F2. Our results suggested that Td2F2 has potential for the applications in enzymatic
synthesis of glycopyranoside-based fluorescence probes with oligosaccharide substrate moieties.

INTRODUCTION

Activatable glycosidase-reactive fluorescence probes
with glycopyranoside structure are effective analytical
tools for understanding glycobiology and for applications
to medical fields.(1-3) For example, 4-methylumbelliferyl
glycopyranosides are widely used fluorescence probes for
the detection of glycosidase activity.(4-6) Specifically,
when the hydroxyl group of 4-methylumbelliferone
(4MU) was masked with substrate sugar, the blue
fluorescence quenches, but it becomes fluorescent upon
the cleavage of the substrate sugar in the presence of the
target glycosidase. (5, 7, 8) These probes are commonly
used to evaluate glycosidase activity in vitro. Chemical
probes, including 4MU glycopyranosides, possessing
oligosaccharides as substrate moieties are also reported
as effective tools to evaluate various glycosidase
activities.(9-13) However, the chemical synthesis of
oligosaccharide substrate moieties usually requires
tedious protection, deprotection and purification steps.
(14, 15) In contrast, enzymatic glycosylation provides
perfect control of the anomeric configurations and high
regio-selectivity without the need for protecting groups
and other complicated manipulations.(16-18) So far,
enzymatic synthesis of several 4MU glycopyranosides

using glycosyltransferases and glycosynthase have
been reported.(7, 10) To synthesize fluorescence probes
with various oligosaccharide substrate moieties, further
expansion and functional evaluation of available enzymes
for enzymatic synthesis are required.

Glycosidases are enzymes that hydrolyze glycosidic
linkages with net retain or inversion of stereochemistry.
(19, 20) It is known that many retaining glycosidase
catalyze both a thermodynamically controlled hydrolysis
and a Kinetically controlled transglycosylation (Figure
1).(16, 21) The enzyme active site of retaining glycosidases
contains two key catalytic residues such as glutamic acid
or aspartic acid. The one side chain acts as a nucleophile,
and the other side chain is responsible for general acid/base
catalysis in a double-displacement mechanism. In the case
of hydrolysis, a covalent glycosyl-enzyme intermediate is
formed at first, and then hydrolyzed with general acid/base
catalytic assistance. On the other hand, transglycosylation
reaction can be achieved by intercepting the reactive
glycosyl-enzyme intermediate with an added acceptor
sugar instead of a nucleophilic water molecule.

The B-glycosidase Td2F2 encoded by the td2f2 gene
was isolated from a compost microbial metagenomics
library.(22, 23) Td2F2 was identified as a member of the
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Figure 1. Hydrolysis and transglycosylation activities of retaining glycosidase based on a double-displacement mechanism.

glycoside hydrolase family 1 (GH 1), and was classified
as a retaining [f-glycosidase catalyzing hydrolysis
at the nonreducing end and in an exo manner. As an
important characteristic of Td2F2, this glycosidase
significantly catalyzes transglycosylation with no
inhibition by high acceptor concentration, in addition to
hydrolysis by a double-displacement mechanism. This
strong transglycosylation activity is activated by using
p-nitrophenyl (pNP) B-glycopyranoside as a donor and
D-glucose or D-galactose as an acceptor, leading to the
formation of B-glycosidic bond.(22) However, little is
known about their acceptor preferences, as well as their
potential applications for enzymatic synthesis.

In this study, we aimed to evaluate characteristics and
preferences of the transglycosylation activity of Td2F2
and demonstrate its utility in the enzymatic incorporation
of oligosaccharide substrate moieties into 4MU
glycopyranoside-based fluorescence probes.

METHODS

Reagents. All organic solvents and reagents were
commercial products of guaranteed grade, and were used
without further purification. Water was doubly distilled
and deionized by a Milli-Q water system before use.

Characterization of compounds. NMR spectra were
recorded on a Bruker AVANCE |1l and 400 Nanobay at
400 MHz for *H NMR. High-resolution mass spectra
(HRMS) were measured with a MicroTOF (Bruker).

Growing E. coli cells and plasmid DNA purification.
Plasmid DNA purifications in this experiment were
performed by QlAprep Spin Plasmid Kit (QIAGEN).
A single colony was picked from a selective antibiotic
LB agar plate using a sterile toothpick and inoculated 3
mL of LB medium containing 100 pg/mL ampicillin in
a 30 mL tube. The culture was grown overnight at 37°C
and then centrifugalized at 12,000 rpm for 1 min. After
removing the supernatant, 250 pL of Buffer P1 was added,
and the sample was vortexed for mixing. The sample was
then added 250 pL of Buffer P2 and tapped for mixing.
Following this, 350 uL of Buffer N3 was added, and the
sample was tapped for mixing and was centrifugalized at

12,000 rpm for 10 min to form debris. The supernatant
(800 pL) was applied to QlAprep spin column, which was
then centrifugalized at 12,000 rpm for 1 min. The sample
was added 750 pL of Buffer PB and was centrifugalized
at 12,000 rpm for 1 min. The sample was added 750 pL
of Buffer PE and centrifugalized at 12,000 rpm for 1
min. After centrifugation at 12,000 rpm for 1 min again
to completely remove wash buffer, 50 uL of EB buffer
was applied to the center of the columns. The spin
columns were centrifugalized at 12,000 rpm for 1 min
to obtain eluted solutions containing each plasmid. The
concentration of plasmid solution was checked by UV-vis
measurements.

Cloning, expression, and purification of the
B-glucosidase Td2F2. E. coli BL21 (DE3) harboring
pJTtd2f2 were grown in 250 mL of Overnight Express
LB Medium (Novagen), supplemented with 100 g
mL ampicillin at 37°C for 18 h. After growth, the cells
were harvested by centrifugation at 4°C and 4,000 g for
20 min. The resulting cell pellet was frozen overnight at
-20°C. The cell pellet was then resuspended in lysis buffer
containing Benzonase (QIAGEN). The crude extract was
incubated on ice for 30 min. Cell debris was removed by
centrifugation at 4°C and 14,000 g for 30 min. The resulting
supernatant was purified using Ni-NTA Fast Start Kit (6)
(QIAGEN) to obtain the recombinant enzyme, Td2F2.
The enzyme fraction was concentrated and substituted
by 1 mL of 100 mM CH;COONa/CH;COOH buffer, pH
5.5 using an ultrafiltration membrane (Amicon Ultra,
Millipore (Billerica, MA)). Expression and concentration
of the enzyme stock were checked by SDS-PAGE analysis
and BCA protein assay, respectively. All samples were
stored at 4°C.

Evaluation of transglycosylation activity in the
presence of acceptor D-glucose. Transglycosylation
activities of Td2F2 (5 pg/mL) was evaluated in the
presence of 1,000 mM acceptor D-glucose and 20 mM
donor pNP-B-D-Gle, pNP-B-D-Gal or pNP-B-D-Fuc,
respectively. The incubations were performed at 70°C for
30 min in 100 mM sodium acetate buffer, pH 5.5-20%
DMSO (v/v). After 10-fold dilution with 1 M Na,COs a.q.,
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the absorbance at 405 nm of each reaction solution was min in 100 mM sodium acetate buffer, pH 5.5. Reactions
evaluated using Envision plate reader (Perkin Elmer Inc.). were monitored by TLC and HPLC analysis.

Evaluation of solvent effects. Transglycosylation TLC analysis. To monitor and evaluate the
activities of Td2F2 (5 pg/mL) in the presence of 10 transglycosylation activity, 2.0 pL of each reaction mixture
mM pNP-B-D-Glc, 500 mM D-glucose and various were applied to silica gel 60 thin layer chromatography
concentrations of acetonitrile (MeCN), dioxane, dimethyl (TLC) plates (5cmx 10 cm) (Merck, Darmstadt, Germany),
sulfoxide (DMSO) or tetrahydrofuran (THF) were which were developed with the solvent (AcOEt : AcOH
evaluated. The incubations were performed at 70°C for 30 :H,0 =3 :2:1 by volume for Figure 2) or (AcOEt :
min in 100 mM sodium acetate buffer, pH 5.5 including MeOH : H,0 =45 :5: 3 by volume for Figures 3 and 4,
each concentration of organic solvent. After 10-fold Table 1). The products on TLC were detected by heating
dilution with 1 M Na,CO; a.q., total activities of Td2F2 at 200°C with 10% H,SO, and exposing them to 365 nm
are evaluated by increase of absorbance at 405 nm derived UV light.

from pNP production using Envision plate reader (Perkin HPLC analysis. Transglycosylation reactions were
Elmer Inc.). analyzed by analytic reverse-phase HPLC (Cis column,
Evaluation of transglycosylation activity using pNPand 250 x 4.6 mm, pore size: 5 um) with a gradient of 2-80%
4MU glycopyranosides. Transglycosylation activities in MeCN in water (0.1% TFA) over 90 min (a flow rate;
the presence of various concentrations of acceptor 4MU 1 mL/min, detection at 254 nm (absorbance) and 400
glycopyranosides (50 mM, 10% DMSO; 100 mM, 20% nm (fluorescence)). For fluorescence chromatograms,
DMSQO; 150 mM, 30% DMSO) and 20 mM donor pNP excitation and emission were set at 350 nm and 400 nm,
glycopyranosides were evaluated with and without Td2F2 respectively.

(5 pg/mL). The incubations were carried out at 70°C for 30 Procedure for the enzymatic synthesis of 4MU-B-D-
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Figure 2. Evaluation of transglycosylation activities of Td2F2. (a) SDS-PAGE of Td2F2 induced by overnight express LB medium
from BL21 (DE3). Lane 1, non-induced; lane 2, induced; lane 3, supernatant; lane 4, wash fraction; lane 5, elution fraction; lane 6
and 7, fraction after buffer substitution, lane 8, molecular marker. (b) TLC analysis of D-glucose and pNP-B-D-Glc with and without
incubation with Td2F2. Lane 1, D-glucose; lane 2, pNP-B-D-Glc; lane 3, sophorose (disaccharide, putative transglycosylation product);
lane4, standards of D-glucose and pNP-B-D-Glc; lane 5, D-glucose and pNP-B-D-Glc incubated with Td2F2; L1, pNP-B-D-Glc; L2,
D-glucose; L3, sophorose or transglycosylation products (enclosed with a dotted line). Incubation was carried out in 200 mM sodium
acetate buffer, pH 5.5 at 70°C for 120 min. [Td2F2] = 5 pg/mL, [pNP-B-D-Glc] = 20 mM, [D-glucose] = 1,000 mM. (c) Absorbance
increase at 405 nm derived from pNP produced by transglycosylation and hydrolysis activities of Td2F2, CH;COONa/CH;COOH
buffer, pH 5.5-20% DMSO (V/V), at 70°C. [Td2F2] = 5 pg/mL, [pNP donor sugar] = 10 mM, [D-glucose] = 0 or 1,000 mM. Gray bar
represents absorbance increase in the absence of acceptor D-glucose. Black bar represents absorbance increase in the presence of 1,000
mM acceptor D-glucose. (d) Absorbance increase at 405 nm derived from pNP produced by hydrolysis and transglycosylation activities
of Td2F2 toward pNP-B-D-Glc and D-glucose in the presence of a various concentration of organic solvents, CH;COONa/CH;COOH
buffer, pH 5.5-0-60% organic solvent (V/V), at 70°C. [Td2F2] = 5 ug/mL, [pNP-B-D-Glc] = 10 mM, [D-glucose] = 500 mM.
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Glc-B-D-Fuc. A mixture of pNP-f-D-Fuc (100 mg, 0.351
mmol), 4MU-B-D-Glc (338 mg, 1.00 mmol) and Td2F2
(46.9 pg) were stirred in 9.00 mL 90% CH;COONa/
CH3;COOH buffer, pH 5.5-10% DMSO (v/v), at 70°C
for 24 h, then the solution was incubated at 95°C for 5
min to quench the reaction. After evaporation, the sample
was dissolved in MeOH, then 5.5 g of silica gel 60 was
added. After evaporation to dryness, the resulting slurry
was subjected to flash column chromatography and eluted
with AcOEt : MeOH : H,O =45 : 10 : 3 solvent to obtain
the product shown in Figure 3, L4 spot (8.00 mg, 0.0165
mmol) as a colorless solid in 1.7 % yield (See RESULTS
AND DISCUSSION). 4MU-B-D-Glc-B-D-Fuc. *H NMR
(400 MHz, DMSO0-d6): 8 7.72 (d, J= 8.4 Hz, 1H), 7.03-
7.07 (m, 2H), 6.26 (s, 1H), 5.18 (d, J= 7.2 Hz, 1H), 4.35
(d, J= 7.2 Hz, 1H), 3.17-3.69 (m, overlaps with HOD),
2.41 (s, 3H), 1.13 (d, J= 10.8 Hz, 3H). ESI-HRMS (ESI
+) m/z calcd. for [M+Na]+, 507.14730; found, 507.14569.

RESULTS AND DISCUSSION

Expressions of Td2F2.
Glycosidase Td2F2 was expressed from E. coli BL21

harboring pJTtd2f2 using Overnight Express LB Medium
(See METHODS). The expression and purity of Td2F2
(52 kDa) were checked by SDS-PAGE analysis (Figure

2 (a)).

Transglycosylation activity of Td2F2 in the
presence of acceptor and donor sugars.

To utilize Td2F2 for enzymatic synthesis, we first
examined the TLC detection method for transglycosylation
products and the acceptor dependence of several donor
sugars. In the TLC analysis, transglycosylation products
were observed only in the presence of acceptor D-glucose
using the procedure described in the METHODS section
(Figure 2 (b)). According to the previous research, the
observed transglycosylation products were considered to
be di-glucose such as sohorose, laminaribiose, cellobiose
and gentiobiose.(22, 23) The previous study reported that
the pNP production from pNP-f-D-Glc were significantly
enhanced as the concentration of the acceptor D-glucose
increased, suggesting that high concentrations of the
acceptor enhance the transglycosylation activity of Td2F2.
(22) When transglycosylation products are produced, pNP

D-Fuc Glec

Cc
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e.C, — 4‘0
e
(+] 0" “o
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4MU-B-D-Glc Hc. Bk

Heated with 10% H,SO,

4MU-B-D-Gle-B-D-Fuc
(Spots, L4-L7)
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20 25 30 35 40 45 50
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Retention time / min

Figure 3. Enzymatic D-fucosylation of 4MU glucopyranoside. (a) Reaction scheme for the enzymatic installation of D-fucose into
4MU-B-D-Glc. (b) TLC analysis of 4MU-B-D-Glc and pNP-B-D-Fuc with and without incubation with Td2F2. Lane 1, standards of
4MU-B-D-Glc and pNP-B-D-Fuc (L2 and L3); lane 2-4, 4MU-B-D-Glc (50 mM, 10% DMSO; 100 mM, 20% DMSO; 150 mM, 30%
DMSO) and pNP-B-D-Fuc (20 mM) incubated with Td2F2 (5 pg/mL); L1, 4MU, pNP; L2, pNP-B-D-Fuc; L3, 4MU-B-D-Glc; L4-L7,
transglycosylation products derived from 4MU-B-D-Glc (enclosed with a dotted line); L8, D-glucose and D-fucose. Incubation was
carried out in 100 mM sodium acetate buffer, pH 5.5 at 70°C for 24 h. (¢) HPLC analysis of the reaction products of Td2F2. The
reaction was performed with 5 pg/mL of Td2F2, 20 mM pNP-B-D-Fuc and 100 mM 4MU-B-D-Glc in 100 mL 90% CH,COONa/
CH3;COOH buffer, pH 5.5-10% DMSO (V/V), at 70°C for 24 h. Chromatograms are given for (A) standard pNP-B-D-Fuc and 4MU-f-
D-Glc (absorbance at 250 nm), (B) pNP-B-D-Fuc and 4MU-B-D-Glc with incubation with Td2F2 (absorbance at 250 nm), and (C) pNP-
B-D-Fuc and 4MU-B-D-Glc with incubation with Td2F2 (fluorescence intensity at 400 nm). a, transglycosylation products from 4MU
sugar; b, 4MU-B-D-Glc; c-f, transglycosylation products from 4MU sugar; g, pNP-B-D-Fuc; h, 4MU; i, pNP. Ex = 350 nm, Em =400 nm.
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production is expected to be promoted in the presence of
the acceptor molecules compared to their absence. We
further examined this characteristic of Td2F2 using other
donor sugars such as pNP-B-D-Gal and pNP-B-D-Fuc. As
well as the case of pNP-B-D-Glc, the same tendency was
observed when these pNP glycopyranosides were used
as donor sugars (Figure 2 (c)). These results indicated
that higher concentrations of acceptor are required to
efficiently catalyze transglycosylation activity of Td2F2

Photomedicine and Photobiology, Vol.46, 2025

in the presence of donors pNP-B-D-Glc, pNP-B-D-Gal and
pNP-B-D-Fuc.

Transglycosylation activity of Td2F2 in
the presence of various concentrations of

organic solvents.
In order to enzymatically synthesize glycopyranoside-
based fluorescence probes with oligosaccharide, high

a b
Td2F2 TdzF2
Gle | oNP-p-D-Glc Gle Gle | Gle | pNP-p-D-Gal Gal Glc t
. — —_— =
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(Spots, L6-LT7) (Spots, L4-L5)
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Heated with 10% H,S0;
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Heated with 10% H,S0,

Heated with 10% H,SO, Exposed to 365 nm UV light

Heated with 10% H,S0,

Figure 4. Enzymatic glucosylation and galactosylation of 4MU glucopyranoside. () Reaction scheme for the enzymatic glucosylation
of 4MU-B-D-Glc (upper). TLC analysis of 4MU-B-D-Glc and pNP-B-D-Glc with and without incubation with Td2F2 (bottom). Lane 1,
standards of 4MU-B-D-Glc (50 mM, 10% DMSO) and pNP-B-D-Glc (L2 and L3); lane 2-4, 4MU-B-D-Glc (50 mM, 10% DMSO; 100
mM, 20% DMSO; 150 mM, 30% DMSO) and pNP-B-D-Glc (20 mM) incubated with Td2F2 (5 pg/mL); L1, 4MU, pNP; L2, pNP-f-
D-Glc; L3, 4MU-B-D-Glc; L4 and L35, transglycosylation products derived from pNP-B-D-Glc; L6 and L7, transglycosylation products
derived from 4MU-B-D-Glc; L8, D-glucose. Incubation was performed in 100 mM sodium acetate buffer, pH 5.5 at 70°C for 24 h. (b)
Reaction scheme for the enzymatic galactosylation of 4MU-B-D-Glc (upper). TLC analysis of 4MU-B-D-Glc and pNP-B-D-Gal with and
without incubation with Td2F2 (bottom). Lane 1, standards of 4MU-B-D-Glc and pNP-B-D-Gal (L2 and L3); lane 2-4, 4MU-B-D-Glc
(50 mM, 10% DMSO; 100 mM, 20% DMSO; 150 mM, 30% DMSO) and pNP-B-D-Gal (20 mM) incubated with Td2F2 (5 pg/mL);
L1, 4MU, pNP; L2, pNP-B-D-Gal; L3, 4MU-B-D-Glc; L4-L5, transglycosylation products derived from 4MU-B-D-Glc; L6, D-glucose
and D-galactose; L7, transglycosylation product. Incubation was performed in 100 mM sodium acetate buffer, pH 5.5 at 70°C for 24 h.

Acceptor 4MU glycopyranosides

" 4MU-B-D-Glc AMU-B-0-Gal  AMU-B-D-Fuc  4MU-B-D-Man  4MU-B-D-GIcNAc  4MU-B-D-Xyl amu
é oNP-p-0-Glc o o ND o ND o ND
g pNP-p-0-Gal o o ND o o o ND
o

8 | pNPpoFuc o o ND o o o ND
‘—% pNP-p-0-Man ND ND ND (@] ND ND ND
DZC-L pNP-f-D-GlcNAc ND ND ND ND ND ND ND
'g pNP--D-GIcUA ND ND ND ND ND ND ND
a pNP-3-D-Xyl ND o ND o ND ND ND

Circles O; transglycosylation products were detected by TLC analysis.
ND; transglycosylation products were not detected by TLC analysis.

Table 1. Donor and acceptor preference of Td2F2.
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concentrations of the acceptor probe molecules must
be dissolved in the buffer solution. However, water
solubilities of these organic molecules are usually poor.
Therefore, addition of certain amounts of organic solvent
to the reaction mixture as a cosolvent is inevitable. Thus,
we next examined the solvent effects on transglycosylation
activity using pNP-B-D-Glc as a donor and D-glucose as an
acceptor in the presence of various non-reactive organic
solvents: MeCN, dioxane, DMSO or THF. These non-
nucleophilic solvents were selected to avoid attacking the
anomeric carbon of donor sugars activated by Td2F2. As
a result, Td2F2 can efficiently catalyze transglycosylation
in 10-20% DMSO or 10% dioxane conditions, whereas
its activity decreased in the presence of 10% MeCN and
THF (Figure 2 (d)). This solvent effect of DMSO also
represented the results of the previous research.(22) The
observed behaviors may reflect their differential effects
on protein structure and hydration. DMSO and dioxane
are moderately polar solvents and are considered to
exert minimal effects on protein structure and hydration
shells. In contrast, MeCN is highly polar, whereas THF is
relatively hydrophobic, both of which may disrupt protein
conformation and hydration structures. These results
suggested that 10-20% DMSO or 10% dioxane conditions
should be useful in enzymatic synthesis using Td2F2.

Enzymatic glycosylation of 4MU
glucopyranoside using transglycosylation
activity of Td2F2.

We next examined whether Td2F2 catalyzes
transglycosylation toward the 4MU glucopyranoside-
based probe. Since Td2F2 especially exhibited significant
transglycosylation in the presence of donor pNP-f-D-Fuc
and acceptor D-glucose, we first evaluated the pair of donor
pNP-B-D-Fuc and acceptor 4MU-B-D-Glc. To dissolved
high concentration of 4MU-B-D-Glc (50-150 mM), 10-30%
DMSO (v/v) was added to the CH;COONa/CH;COOH
buffer, pH 5.5 (Figure 3 (a)), and transglycosylation
reactions were monitored by TLC and HPLC analysis.
In the TLC analysis using the procedure described in the
METHODS section, four fluorescent spots (L4-L7) were
clearly observed after incubation with Td2F2, especially
under 10-20% DMSO conditions (Figure 3 (b)), as we
investigated in Figure 2 (d). In the HPLC analysis, five
fluorescent peaks appeared after incubation with Td2F2
(Figure 3 (c)). These new spots and peaks were considered
to be the transglycosylation products (disaccharides or
trisaccharides) derived from 4MU-B-D-Glc, suggesting
that Td2F2 catalyzes transglycosylation toward 4MU-B-D-
Glc. We also performed this enzymatic reaction on a scale
of hundreds milligrams under 10% DMSO conditions and
purified the reaction mixture to isolate the L4 spot with
1.7% yield (See METHODS). This spot was identified
as D-fucosylated 4MU-B-D-Glc (4MU-B-D-Glc-B-D-Fuc)
by *HNMR and ESI-HRMS. Furthermore, using pNP-
B-D-Glc or pNP-B-D-Gal as a donor, transglycosylation

products derived from 4MU-B-D-Glc were also detected
by TLC (Figures 4 (a) and (b)) and HPLC (data not
shown) analysis. These results suggested that Td2F2 can
preferentially utilize 4MU-B-D-Glc rather than water as
an acceptor for the glycosyl moiety during the catalytic
degradation of pNP donor sugars, thereby providing the
transglycosylation products. The glycosylation positions
of the acceptor sugar were not identified in this study.

Evaluation of donor and acceptor
preference of Td2F2.

Finally, we evaluated the transglycosylation activity
of Td2F2 using various combinations of donor pNP
glycopyranosides and acceptor 4MU glycopyranosides
(Table 1). As a result, Td2F2 was found to catalyze
transglycosylation, especially ~when pNP-B-D-Glc,
pNP-B-D-Gal, pNP-B-D-Fuc, pNP-B-D-Man and pNP-
B-D-Xyl was used as donors, depending on the acceptor
4MU glycopyranosides. Furthermore, we also found
that various 4MU glycopyranosides, such as 4MU-B-D-
Glc, 4MU-B-D-Gal, 4MU-B-D-Man, 4MU-B-D-GIcNAc
and 4MU-B-D-Xyl can be used as acceptor sugars,
depending on the donor sugars. These results suggested
that Td2F2 exhibits broader specificity for donor and
acceptor sugars compared to typical glycosyltransferases
and glycosynthases. It was also suggested that the 4MU
fluorophore does not significantly affect the substrate
affinity of active site in Td2F2. These results indicated
the potential utility of Td2F2 for enzymatic synthesis of
the various oligosaccharide substrate moieties of 4MU
glycopyranoside-based probes or other fluorescence
probes. As a limitation of enzymatic glycosylation using
Td2F2, the yield is low due to the simultaneous hydrolysis
reactions. In order to further optimize the function of Td2F2
in enzymatic synthesis, additional investigations, such as
glycosynthase engineering by genetic modifications, are
required.(24) Furthermore, Td2F2 was unable to directly
transfer pNP donor sugars to the hydroxy group of 4MU,
indicating that 4MU cannot work as an acceptor. This result
indicated that Td2F2 particularly prefers sugar structures
as acceptor molecules. Our results suggested that Td2F2
is a promising enzyme that can be utilized to introduce
sugars into various probes with saccharide moieties.

CONCLUSION

In order to demonstrate the utility of transglycosylation
activity of Td2F2 in enzymatic synthesis of glycosidase-
reactive fluorescence probes with oligosaccharide
substrate moieties, we evaluated the characteristics
of transglycosylation activity of Td2F2. As a result,
Td2F2 exhibited high transglycosylation activity in the
presence of acceptor molecules under 10-20% DMSO
or 10% dioxane conditions. We also found that Td2F2
demonstrated transglycosylation activity with various
combinations of donor pNP glycopyranosides and
acceptor 4MU glycopyranosides. By optimizing the
reaction conditions, we enzymatically incorporated a
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second sugar unit into various 4MU glycopyranosides
with a monosaccharide moiety using Td2F2, and
successfully synthesized various 4MU glycopyranoside-
based probes with a disaccharide moiety without the need
for protecting groups. These results suggested that Td2F2
exhibits uniquely broad substrate specificity toward donor
pNP and acceptor 4MU glycopyranosides, compared
to typical glycosyltransferases and glycosynthases. Its
transglycosylation activity has potential for the application
in enzymatic synthesis of the oligosaccharide substrate
moieties of various glycosidase-reactive fluorescence
probes.

Data Availability
All data and materials are available upon request.

Acknowledgements

This research was supported in part by AMED under
grant number JP19gm0710008 (to Y.U.), by MEXT/
JSPS KAKENHI grants JP16H02606, JP26111012 and
JP19HO05632 (to Y.U.). JSPS KAKENHI grant number
JP22K20528 and JP23K14317 (to K. F.). JST, ACT-X
grant number JPMJAX222G and Masason Foundation (to
K.F).

Author contributions

K.F, M.K. and Y.U. designed the project. K.F.
performed the experimental work. T. U. and K. I. provided
pJTtd2f2. K.F., M.K., R.K. and Y.U. analyzed the results.
K.F. wrote the manuscript with input from all the authors.
The authors declare no competing interests.

References

1. Fujita K, Urano Y. Activity-Based Fluorescence
Diagnostics for Cancer. Chemical Reviews.
2024;124(7):4021-78.

2. Fujita K, Kamiya M, Yoshioka T, Ogasawara A, Hino
R, Kojima R, et al. Rapid and Accurate Visualization
of Breast Tumors with a Fluorescent Probe Targeting
o-Mannosidase 2C1. ACS Central Science.
2020;6(12):2217-27.

3. Burke HM, Gunnlaugsson T, Scanlan EM. Recent
advances in the development of synthetic chemical
probes for glycosidase enzymes. Chemical
Communications. 2015;51(53):10576-88.

4. Park S, Shin I. Profiling of Glycosidase Activities
Using Coumarin-Conjugated Glycoside Cocktails.
Organic Letters. 2007;9(4):619-22.

5 Li Y, Deng B, Chen H, Yang S, Sun B. A
ratiometric fluorescent probe for the detection of
B-galactosidase and its application. RSC Advances.
2021;11(22):13341-7.

6. Chen H-M, Armstrong Z, Hallam SJ, Withers SG.
Synthesis and evaluation of a series of 6-chloro-
4-methylumbelliferyl glycosides as fluorogenic
reagents for screening metagenomic libraries
for glycosidase activity. Carbohydrate Research.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

-21-

Photomedicine and Photobiology, Vol.46, 2025

2016;421:33-9.

Williams GJ, Zhang C, Thorson JS. Expanding the
promiscuity of a natural-product glycosyltransferase
by directed evolution. Nature chemical biology.
2007;3(10):657-62.

Giovannini G, Hall AJ, Gubala V. Coumarin-based,
switchable fluorescent substrates for enzymatic
bacterial detection. Talanta. 2018;188:448-53.
Eneyskaya EV, Ivanen DR, Shabalin KA,
Kulminskaya AA, Backinowsky LV, Brumer
lii H, et al. Chemo-enzymatic synthesis of
4-methylumbelliferyl B-(1—4)-d-xylooligosides:
new substrates for B-d-xylanase assays. Organic &
Biomolecular Chemistry. 2005;3(1):146-51.

Kwan DH, Ernst S, Kotzler MP, Withers SG.
Chemoenzymatic Synthesis of a Type 2 Blood
Group A Tetrasaccharide and Development of
High-throughput Assays Enables a Platform for
Screening Blood Group Antigen-cleaving Enzymes.
Glycobiology. 2015;25(8):806-11.

Foo AY, Bais R. Amylase measurement with
2-chloro-4-nitrophenyl maltotrioside as substrate.
Clinica Chimica Acta. 1998;272(2):137-47.

Malet C, Vallés J, Bou J, Planas A. A specific
chromophoric substrate for activity assays of
1,3-1,4-pB-d-glucan 4-glucanohydrolases. Journal of
Biotechnology. 1996;48(3):209-19.

Singh M, Watkinson M, Scanlan EM, Miller GJ.
Illuminating glycoscience: synthetic strategies for
FRET-enabled carbohydrate active enzyme probes.
RSC Chemical Biology. 2020;1(5):352-68.

Bennett CS. Principles of modern solid-phase
oligosaccharide synthesis. Organic & Biomolecular
Chemistry. 2014;12(11):1686-98.

Das R, Mukhopadhyay B. Chemical
O-Glycosylations: An Overview. ChemistryOpen.
2016;5(5):401-33.

Wang L-X, Huang W. Enzymatic transglycosylation
for glycoconjugate synthesis. Current Opinion in
Chemical Biology. 2009;13(5):592-600.

Hancock SM, Vaughan MD, Withers SG. Engineering
of glycosidases and glycosyltransferases. Current
Opinion in Chemical Biology. 2006;10(5):509-19.
Rich JR, Cunningham A-M, Gilbert M, Withers
SG. Glycosphingolipid synthesis employing a
combination of recombinant glycosyltransferases and
an endoglycoceramidase glycosynthase. Chemical
Communications. 2011;47(38):10806-8.

Bojarova P, Kien V. Glycosidases: a key to
tailored carbohydrates. Trends in Biotechnology.
2009;27(4):199-209.

Vocadlo DJ, Davies GJ. Mechanistic insights into
glycosidase chemistry. Current Opinion in Chemical
Biology. 2008;12(5):539-55.

Vester-Christensen MB, Holck J, Rejzek M, Perrin
L, Tovborg M, Svensson B, et al. Exploration of
the Transglycosylation Activity of Barley Limit



22.

23.

24.

Dextrinase for Production of Novel Glycoconjugates.
Molecules. 2023;28(10):4111.

Uchiyama T, Miyazaki K, Yaoi K. Characterization
of a Novel B-Glucosidase from a Compost Microbial
Metagenome  with ~ Strong  Transglycosylation
Activity*. Journal of Biological Chemistry.
2013;288(25):18325-34.

Matsuzawa T, Jo T, Uchiyama T, Manninen JA,
Arakawa T, Miyazaki K, et al. Crystal structure
and identification of a key amino acid for glucose
tolerance, substrate specificity, and transglycosylation
activity of metagenomic [-glucosidase Td2F2. The
FEBS journal. 2016;283(12):2340-53.

Mackenzie LF, Wang Q, Warren RAJ, Withers
SG. Glycosynthases: Mutant Glycosidases for
Oligosaccharide Synthesis. Journal of the American
Chemical Society. 1998;120(22):5583-4.

- 22—



Photomedicine and Photobiology, Vol.46, 2025

Photocytotoxicity for HelL a cells by tetrakis(alkoxyphenyl)porphyrin
phosphorus(V) complexes

Kazutaka Hirakawa,?%" Hiroko Hasegawa,? and Shiho Hirohara*®

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

Graduate School of Science and Technology, Shizuoka University,

Johoku 3-5-1, Chuo-ku, Hamamatsu, Shizuoka 432-8561, Japan
3 Cooperative Major in Medical Photonics, Shizuoka University,

Johoku 3-5-1, Chuo-ku, Hamamatsu, Shizuoka 432-8561, Japan
4 Department of Chemical and Biological Engineering, National Institute of Technology,
Ube College, Tokiwadai, Ube, Yamaguchi 755-8555, Japan
5 Department of Bioresources Engineering, National Institute of Technology,
Okinawa College 905 Henoko, Nago-shi, Okinawa, Japan 905-2192, Japan

*Corresponding author:

Kazutaka Hirakawa

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

Tel/Fax: +81-53-478-1287, E-mail: hirakawa.kazutaka@shizuoka.ac.jp

Abstract:

Photodynamic therapy is a less invasive cancer therapy based on the cytotoxicity by photoexcited medicines. In
this study, photocytotoxicity of four types of porphyrin phosphorus(V) complexes for HeLa cells were examined. The
reciprocal values of half-maximal inhibitory concentration (IC50) showed the good relationship (correlation coefficient:
0.8622) with the lowest unoccupied molecular orbital energy of these photosensitizers. The relationship between singlet
oxygen production quantum yields and the reciprocal values of IC50 was not significant (correlation coefficient: 0.0199).
These results suggest that electron transfer-mediated mechanism mainly contribute to photocytotoxicity of these porphyrin
phosphorus(V) complexes.

Keywords: Porphyrin phosphorus(V) complex; Photocytotoxicity; HelLa cells; Electron transfer; Singlet oxygen

INTRODUCTION _"f’c]”’ o e o
Porphyrin derivatives and their complexes have been I H°“=°“2‘°‘7\"_
studied as the photosensitizers for photodynamic therapy SN N — I 5 T g
(PDT), whichisaless invasive cancer therapy [1-3]. Singlet HCO= R\N‘hp NHCI oot PO A w{ i
oxygen (*O,) production under visible-light irradiation is De DI S
an important mechanism for PDT. Furthermore, electron N
transfer-mediated oxidation of biomolecules has been also ch:] . 1‘:;’
reported as the mechanism of biomolecules oxidation s
[4,5]. Specifically, porphyrin phosphorus(V) complexes HiCO_~_OCHs HiCO_~_OCH;
can easily oxidize protein [6,7] and DNA [8] through I"i “ HOM;CH,CO, “
electron transfer. Since tumor tissue is under a hypoxic HeO o (3 o _O%Hs HCO_ [\N\ T _OoCHs
condition [9,10], the electron transfer mechanism may be . 2 N‘“\cu 4 aay ¢
an important process to preserve the PDT effect. Recently, ot e S s Qe OCH,
we have reported the photosensitized biomolecule ool Noon, NS bk
oxidation activity of tetrakis(alkoxyphenyl)porphyrin CLDMP Eg-DMP

phosphorus(V) complexes (Fig. 1) through O, production
and electron transfer mechanisms [11]. The photochemical
parameters related to the photooxidation of biomolecules
showed good relationship with photochemical oxidation
guantum yield of nicotinamide adenine dinucleotide

Fig. 1. Structures of porphyrin phosphorus(V) complexes.

derivative [11]. In this study, photocytotoxicity for HeLa
cells by these porphyrin phosphorus(V) complexes was
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examined. The relationship between these photocytotoxic
effects and photochemical parameters, 'O, production
activity, and molecular orbital energy levels, was also
investigated.

EXPERIMENTAL

Chemicals.

Porphyrin  phosphorus(V)  complexes, dichloro-
phosphorus(V)tetrakis(4-methoxyphenyl)porphyrin
(CI-MP)  and  bis(2-hydroxyethoxy)-phosphorus(V)
tetrakis(4-methoxyphenyl)porphyrin (Eg-MP), were
synthesized according to the literature [6]; and
dichloro-phosphorus(V)tetrakis(3,5-dimethoxyphenyl)
porphyrin (CI-DMP) and bis(2-hydroxyethoxy)-
phosphorus(V)tetrakis(3,5-dimethoxyphenyl)porphyrin
(Eg-DMP) were synthesized by the previously reported
method [11]. Ethanol was obtained from FUJIFILM Wako
Pure Chemical Co., Ltd (Osaka, Japan). Spectroscopic-
grade water was purchased from Dojin Chemicals Co.
(Kumamoto, Japan).

Cell Culture.

HelLa human cervical cell line, HeLa (ATCC CCL-2),
was obtained from Sumitomo Pharma Co., Ltd. (Osaka,
Japan). HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Shimadzu Co., Tokyo, Japan)
supplemented with 10% fetal calf serum (FCS, Hyclone
Labratories, Inc., Logan, UT, USA) and 1% Antibiotic-
Antimycotic (Life Technologies Japan Ltd., Tokyo,
Japan).

Cytotoxicity Test.

The cytotoxicity of dark and photocytotoxicity of
porphyrin phosphorus(V) complexes in cancer cells were
examined as follows: Cells (5x10° cells/well) in 100 pL
of culture medium were plated in 96-well plate (Thermo
Fisher Scientific, Inc., Tokyo, Japan) and incubated for
overnight (37 °C, 5% CO,). The plate was then incubated
at 24 h in the presence of the photosensitizers. The
photosensitizer concentration was varied from 0.001 uM
to 0.5 uM in culture medium (final ethanol content was 1%
in all cases). The cells were washed twice with phosphate-
buffered saline, and 100 pL of the fresh culture medium
was added. The cells were exposed to light from a 100-W
halogen lamp (Luminar Ace LA-150UE, Hayashi-Repic
Co., Ltd., Tokyo, Japan) equipped with a water jacket
and a Y-50 cut off filter (A > 500 nm, Toshiba Co., Tokyo,
Japan). The light intensity was measured by using a power
mater (power meter: StarLife Meter RoHS, thermopile
sensor: 2A-BB-9, Ophir Optronics Ltd., Jerusalem,
Israel). The irradiation time was adjusted to obtain
the desired light dose of 15 J cm™. The mitochondrial
activity of NADH dehydrogenase of the cells in each well
was measured at 24 h after photoirradiation using WST-8
reagent (8 puL) from Cell Counting Kit-8 (Dojindo, Tokyo,
Japan) according to the manufacturer’s instructions. The
absorbance at 450 nm was measured using a plate reader
(Multiskan Sky, Thermo Fisher Scientific Co., Yokohama,
Japan). The percentage of cell survival was calculated

by normalization with respect to the value for no drug
treatment.
Calculation.

The optimized structures and molecular orbital energy
levels of these porphyrins were calculated by the density
functional theory (DFT) at ®B97X-D level utilized with
Spartan’20 (Wavefunction Inc., CA, USA).

RESULTS AND DISCUSSION

These porphyrin phosphorus(V) complexes
demonstrated photocytotoxicity to HeLa cells (Fig. 2A).
The observed half-maximal inhibitory concentration
(IC50) values were as follows: 0.058 uM (CI-MP),
0.042 uM (Eg-MP), 0.052 uM (CI-DMP), and 0.033
uM (Eg-DMP).  Therefore, the photocytotoxicity of
these porphyrin phosphorus(V) complexes becomes the
following order: Eg-DMP > Eg-MP > CI-DMP > CI-MP.
These results showed that the photocytotoxicity of these
hydrophobic porphyrin phosphorus(V) complexes for
HelLa cells is smaller than those of highly water-soluble
glycosylated free base porphyrins (IC50: 0.5-1 nM) under
a similar experimental condition [12]. However, these
porphyrin phosphorus(V) complexes showed comparable
photocytotoxicity to 5,10,15,20-tetrakis(pentafluorophen
yl)porphyrins [13]; and showed stronger photocytotoxicity
than those of 5,10,15,20-tetrakis(pentafluorophenyl)
porphyrin bearing 2-hydroxyethylthio groups (IC50: larger
than uM order) [14]. In general, previous reports suggest
that water-soluble porphyrin shows relatively stronger
photocytotoxicity than hydrophobic porphyrins [12-14].
The present results showed the relatively strong PDT
activity of these porphyrin phosphorus(V) complexes,
though these porphins are hydrophobic compounds.
Specifically, newly synthesized porphyrin, Eg-DMP, was
most active photosensitizer in these porphyrins under
the present experimental condition. Dark cytotoxicity of
porphyrin phosphorus(V) complexes was also examined
using relatively high concentration (0.5 uM) (Fig. 2B).
Eg-DMP and Eg-MP showed relatively strong dark
toxicity. The dark toxicity of CI-DMP was lowest in these
porphyrins.

Relationship between the photocytotoxicity of porphyrin
phosphorus(V) complexes and their photochemical
parameters was evaluated (Fig. 3). These porphyrin
phosphorus(V) complexes can oxidize biomolecules
through photoinduced electron transfer [6,11]. The
10, production activity of these porphyrins has been
evaluated. The reported values of *O, production quantum
yield (®,) of these porphyrin phosphorus(V) complexes
in ethanol are as follows: 0.68 (CI-MP) [6], 0.61 (Eg-MP)
[6], 0.24 (CI-DMP) [11], and 0.47 (Eg-DMP) [11]. The
calculated values of the lowest unoccupied molecular
orbital (LUMO) for these porphyrin phosphorus(V)
complexes were as follows: -4.13 eV (CI-MP), -3.97 eV
(Eg-MP), -4.09 eV (CI-DMP), and -3.96 eV (Eg-DMP).
The higher LUMO energy level indicates the higher redox
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potential of photosensitizer; and high redox potential is
effective for the electron transfer-mediated oxidation [15].
To evaluate the photocytotoxic effect of photosensitizers,
the reciprocal value of IC50 was used as an indicator.
Relatively good relationship between the LUMO values
and the reciprocal values of IC50 (correlation coefficient:
0.8622) was observed (Fig. 3A), whereas a significant
relationship between their ®, values and the reciprocal
values of IC50 was not observed (correlation coefficient:
0.0199) (Fig. 3B). These results suggest that electron
transfer mechanism contributes to the photocytotoxic
effect of these porphyrin phosphorus(V) complexes.

CONCLUSIONS

Photocytotoxicity — of  porphyrin  phosphorus(V)
complexes, CI-MP, Eg-MP, CI-DMP, and Eg-DMP,
for HeLa cells were confirmed. Eg-MP and Eg-DMP
showed relatively strong dark toxicity, whereas those of
CI-MP and CI-DMP were relatively small. The reciprocal
values of IC50 showed the good relationship with the
LUMO energy of these photosensitizers. The relationship
between the @, values and the reciprocal values of 1C50
was not significant. These results suggest that electron
transfer-mediated mechanism mainly contribute to
photocytotoxicity of these porphyrin phosphorus(V)
complexes.
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Abstract:

Tetrakis(methoxyphenyl)porphyrin phosphorus(V) complexes were synthesized to investigate the effect of meso-phenyl
substituents on their photosensitizer properties. Redox potentials and photochemical properties, absorption and fluorescence
spectra, and singlet oxygen production activities of these porphyrins were examined. Tetrakis(p-methoxyphenyl)porphyrin
phosphorus(V) complex (p-OCHj5) showed the smallest photoexcitation energy among the porphyrins used in this study
and its redox potential of one-electron reduction was relatively large. The low-excitation-energy photosensitizer is suitable
for photodynamic therapy, since longer wavelength visible light can penetrate deeply into human tissues. The higher
redox potential of one-electron reduction is an effective property of the photosensitizer to photooxidize biomolecules via
the electron transfer mechanism. The quantum yield of protein photodamage by p-OCH; was largest in the porphyrin
phosphorus(V) complexes used in this study. In conclusion, this study suggests that the tetrakis(p-alkoxyphenyl)porphyrin
phosphorus(V) complex, a p-alkoxy substituted derivative of phosphorus(V) tetraphenylporphyrin, is a suitable electron
transfer photosensitizer for photodynamic therapy.

Keywords: Porphyrin phosphorus(V) complex; meso-Substituent; Redox potential; Excitation energy; Protein damage

INTRODUCTION and this type of porphyrin is photochemically stable, and

The molecular design of photosensitizer is one of the
most important topics in the foundation of photodynamic
therapy (PDT), a less invasive form of cancer phototherapy
[1-3]. Porphyrins are clinically used compounds for
PDT photosensitizers and their derivatives have been
extensively studied [4-6]. In general, administered
porphyrin  molecules induce oxidative damage to
biomolecules in cancer cells through production of
reactive oxygen species such as singlet oxygen (*O,) under
illumination. Furthermore, porphyrin  phosphorus(V)
complexes can damage biomolecules through an electron
transfer mechanism as O, production mechanism does [7-
9]. Since the tumor microenvironment is under hypoxia
[10-12], the electron transfer-mediated biomolecule
oxidation should become an important mechanism of
PDT [7]. Tetraphenylporphyrin can be easily synthesized

substitution of the phenyl group of this porphyrin can
improve the photochemical and electrochemical property
of the porphyrin ring [7]. The lower energy level of the
singlet excited (S;) state is an advantageous property for
PDT photosensitizer, since longer wavelength visible light
or near infrared radiation can penetrate deeply into human
tissues [13,14]. In addition, the redox potential of the
photosensitizer is an important factor for the activity of
the photosensitizer to induce biomolecule damage through
electron transfer [7]. The higher redox potential of the one-
electron reduction of the photosensitizer is advantageous
for this electron transfer-induced oxidation. However, the
low S; energy of the photosensitizer is traded off with the
strong photooxidative activity via electron transfer. In this
study, several types of tetraphenylporphyrin phosphorus(V)
complexes (Fig. 1) were synthesized to evaluate their
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photochemical and electrochemical properties. Previously
reported similar types of phosphorus(V) porphyrins [9,15]
were also used in this study.

EXPERIMENTAL

Acetonitrile, ethanol, phosphoryl chloride, pyrrole,
pyridine (anhydrous), and spectroscopic-grade distilled
water were purchased from FUJIFILM Wako Pure
Chemical Co., Ltd., (Osaka, Japan). Human serum albumin
(HSA) was obtained from Sigma-Aldrich Co. LLC. (St.
Louis, MO, USA). Sodium phosphate buffer (0.1 M,
pH 7.6) was obtained from Nacalai Tesque Inc. (Kyoto,
Japan). Porphyrin phosphorus(V) complexes, dichloro
meso-tetraphenylporphyrin phosphorus(V) chloride (H)
[15], dichloro meso-tetrakis(4-methoxyphenyl)porphyrin
phosphorus(V) chloride (p-OCH;) [9], and dichloro meso-
tetrakis(3,5-dimethoxyphenyl)porphyrin  phosphorus(V)
chloride (m-di-OCHj;) [16] were synthesized according to
the reported previously.

Synthesis  of  0-di-OCH;:  meso-Tetrakis(2,6-
dimethoxyphenyl)porphyrin  was synthesized using
2,6-dimethoxybenzaldehyde (Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) and pyrrole according
to the literature [17]. Dichloro meso-tetrakis(2,6-
dimethoxyphenyl)porphyrin  phosphorus(V)  chloride
(0-di-OCHj3) was synthesized by refluxing in 5 mL of
dry pyridine with meso-tetrakis(2,6-dimethoxyphenyl)
porphyrin (100 mg) and phosphoryl chloride (9 g) for
290 h, as the similar method of the literature [18]. The
solvent was removed in vacuo after reaction. The product
was purified by column chromatography on silica gel with
a chloroform-methanol (75/25, vol/vol) as an eluent. The
yield of 0-di-OCH; was 91% (100 mg). *H-NMR (300
MHz, CDCls, & in ppm) & 8.85 (8H, d, Je.s =3.0 Hz, AH),
7.72 (4H, d, Ju-n = 9.0 Hz, p-phenyl-H), 6.66 (8H, d, Ju.n
=9.0 Hz, m-phenyl-H), & 4.13 (12H, s, methoxy-H), 6 2.98
(12H, s, methoxy-H), FAB-MS m/z: 953.2 (calcd.), 953.3
(observed).

Synthesis  of  0,p-di-OCHjs:
dimethoxyphenyl)porphyrin ~ was

meso-Tetrakis(2,4-
synthesized

using

OCH;

2,4-dimethoxybenzaldehyde (Tokyo Chemical Industry
Co., Ltd.) and pyrrole according to the literature
[17].  Dichloro  meso-tetrakis(2,4-dimethoxyphenyl)
porphyrin phosphorus(V) chloride (o,p-di-OCHs;) was
synthesized by refluxing in 5 mL of dry pyridine with
meso-tetrakis(2,4-dimethoxyphenyl)porphyrin (80 mg)
and phosphoryl chloride (1.4 g) for 120 h, as the similar
method of the literature [18]. The solvent was removed in
vacuo after reaction. The product was purified by column
chromatography on silica gel with a chloroform-methanol
(80/20, vol/vol) as an eluent. The yield of o,p-di-OCHj,
was 10% (9 mg). *H-NMR (300 MHz, CDCls, 3 in ppm):
3 8.96 (8H, d, Jp-4=1.5 Hz, pH), 7.28 (4H, d, J..n=10.2
Hz, phenyl-H), 6.90 (4H, d, J..n=8.4 Hz, phenyl-H), 6.79
(4H, s, phenyl-H), 4.03 (12H, s, methoxy-H), 3.99 (12H,
s, methoxy-H), *C-NMR (300 MHz, CDCls, & in ppm)
8 163.08, 159.42, 140.47, 134.88, 132.27, 99.05, 77.24,
55.95, 55.68. ESI-HR TOF-MS m/z: 953.2269 (calcd.),
953.2330 (observed).

Synthesis ~ of  m,p-tri-OCH;:  Tetrakis(3,4,5-
trimethoxyphenyl)porphyrin  was synthesized using
3,4,5-trimethoxybenzaldehyde (Tokyo Chemical Industry
Co., Ltd.) and pyrrole according to the literature [17].
Dichloro 5,10,15,20-tetrakis(3’,4’,5’-dimethoxy)
phenylporphyrin phosphorus(V) chloride (m,p-tri-OCH;)
was synthesized by refluxing in 2 mL of dry pyridine
with tetrakis(3,4,5-trimethoxyphenyl)porphyrin (160 mg)
and phosphoryl chloride (2.4 g) for 96 h, as the similar
method of the literature [18]. The solvent was removed in
vacuo after reaction. The product was purified by column
chromatography on silica gel with a chloroform-methanol
(75/25, vol/vol) as an eluent. The yield of m,p-tri-OCHj,
was 55% (90 mg).*H NMR (300 MHz, CDCLg, 6 in ppm):
§9.01 (8H, d, Jp.h =9.0 Hz, sH), 7.27 (8H, s, 0-phenyl-H),
4.03 (12H, d, Jun =3.0 Hz, methoxy-H), 3.88 (24H, d,
Jn-n =12 Hz, methoxy-H), FAB-MS m/z: 1041.3 (calcd.),
1041.3 (observed).

Measurements: The absorption spectra of samples
were measured with the UV-Vis spectrophotometer UV-
1650PC (Shimadzu, Kyoto, Japan). The fluorescence

Cl

Cr

- Ci -~ A
e Heo NGy oo
—_/OCH;  Hyco-{_) r""'NPN":.‘ {_J-OCH;
HiCO LA I' L "CPOCHS
e ¢ yocH; A
HaCO™ ™ "OCHg v HiCO™ 1" OCH;
OCHy OCH3
m-di-OCHj, o,m-di-OCH, m,p-tri-OCH,

Fig. 1. Structures of porphyrin phosphorus(V) complexes.
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spectra of samples were measured with an F-4500
fluorescence spectrophotometer (Hitachi, Tokyo, Japan).
The fluorescence lifetime (zr), which equals the S, state
lifetime of porphyrin was measured with a Fluorescence
Lifetime System TemPro (HORIBA, Kyoto, Japan).
The excitation wavelength for the z measurements was
402 nm. The sample solutions for the absorption and
fluorescence measurements contained 5 pM porphyrin
phosphorus(V) complexes in ethanol. Redox potentials
of the porphyrin phosphorus(V) complexes (1 mg mL™)
in dry acetonitrile including 0.1 M tetrabutylammonium
hexafluorophosphate  (supporting electrolyte) were
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 (ALS Co., Ltd.,
Tokyo, Japan), a platinum counter electrode (ALS Co.,
Ltd.), and saturated calomel electrode (SCE, ALS Co.,
Ltd). The quantum yield of *O, production (®,) by these
porphyrins (5 pM) in ethanol was examined by the method
reported previously [19].

Calculation: The optimized structure of porphyrin
phosphorus(V) complex was calculated by the density
functional theory (DFT) at the ®B97X-D/6-31G* level
utilizing the Spartan 20” (Wavefunction Inc., CA).

Evaluation of protein photodamage: To evaluate
protein  photodamaging  activity of  porphyrin
phosphorus(V) complexes, the sample solution containing
10 uM porphyrins and 10 uM HSA was prepared in a
10 mM sodium phosphate buffer (pH 7.6) including
5% ethanol. The binding interaction between HSA and
porphyrin phosphorus(V) complex was analyzed by
the absorption spectrum measurement according to the
previous report [9]. The sample solution was irradiated
with a light-emitting diode (LED, Ama= 585 or 659 nm, 2.0
mW cm2, 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, assigned to the emission
from tryptophan [20], was measured with a Hitachi 650-
60 fluorescence photometer (Hitachi, Tokyo, Japan). The
excitation wavelength for this assay was 298 nm. HSA
photodamage was analyzed by the results of fluorometry
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based on the diminishment of the intrinsic fluorescence of
tryptophan residue, as reported previously [9].

RESULTS AND DISCUSSION

The absorption spectra of the phosphorus(V) porphyrins
were affected by the meso-substituents. The wavelengths of
the absorption maxima of these phosphorus(V) porphyrins
are listed in Table 1. The S; energy of p-OCH3 (Eo.o) was
the smallest in these phosphorus(V) porphyrins. The low
excitation energy is suitable for PDT photosensitizer,
since the window region of wavelength is between around
650~900 nm and longer wavelength visible light can
penetrate deeply into human tissues [13,14]. However,
the higher excitation energy is advantageous for the
greater oxidative capacity of photosensitizer through the
electron transfer mechanism [7]. The redox potentials
of photosensitizers are also important characteristics of
PDT photosensitizers. The higher redox potentials of
one-electron reduction (E.q) and oxidation (E.) of the
photosensitizer are advantageous for the electron transfer-
mediated oxidation of biomolecules. In general, the
photosensitizer with the larger gap between E.q and Eq
(larger S; energy) shows stronger photooxidative activity
[7]. The redox potentials and the energy gaps of these
porphyrins are shown in Fig. 2. The large energy gap and
large Erq (small absolute value) should be the important
factors for the electron transfer photosensitizer. The Ereq
values of these phosphorus(V) porphyrins are listed
in Table 1. The E.q value of H is the highest (smallest
absolute value) in these porphyrins. The E.q value of
p-OCH; is also relatively large in these phosphorus(V)
porphyrins. It is suggested that the results for p-OCHjs
can be explained by the electron-donating property of the
methoxy group substituted at the para-position of phenyl
ring. The E.q values of 0-di-OCHj;, m-di-OCHs, o,p-di-
OCH;, and m,p-tri-OCH; were relatively small. These
results demonstrated that the methoxy group in the meta-
position decreases the Eq of the porphyrin ring. Therefore,
the meta-substituted tetraphenylporphyrin phosphorus(V)
complex may not be effective for the electron transfer-
mediated photooxidation of biomolecules. These results
can be explained by the effect of the meta-position
substitutions and suggest that the meta-alkoxy substitution
of the phenyl group suppresses the photooxidative activity

Table 1. Photochemical property and redox potential of porphyrin P(\V) complexes

Porphyrin Jan/ NM? Eoo/ eV?2 Erea/ V vs. SCEP
H 437, 565, 610 2.04 -0.30
p-OCH; 456, 576, 628 1.94 -0.33
0-di-OCH; 436, 563, 604 2.08 -0.47
m-di-OCHj; 446, 569, 614 2.01 -0.46
0,p-di-OCHj; 448,571, 621 2.03 -0.40
m,p-tri-OCHj 433, 557, 605 2.06 -0.49

Aap: @bsorption maximum. & in ethanol. ®: in acetonitrile.
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Fig. 2. Redox potentials and the scheme of energy gap of porphyrin phosphorus(V)
complexes.

of the porphyrin phosphorus(V) complex via the electron
transfer mechanism. Based on the results for the para-
substituted compounds, it was predicted that the ortho-
substituent would also increase the E.q value of the
porphyrins, because of the similar effects of the ortho and
para substitution. However, the observed E.q values of
0-di-OCHj; and o,p-di-OCHj3 were significantly smaller
than those of H and p-OCHj;. Furthermore, the Eqo of
these porphyrins are relatively large. These results can
be explained by the steric effect of the ortho substituent.
The optimized structure of ortho-substituted porphyrin is
shown in Fig. 3. The porphyrin ring and the phenyl ring
of the ortho-substituted porphyrin become orthogonal to
each other due to a steric hindrance of this methoxy-group
at the ortho-position of the phenyl group. This steric effect
should reduce an electronic interaction between these
porphyrins and their phenyl rings. These findings suggest
that the electron-donating interaction from the meso-
phenyl moiety to the porphyrin ring plays an important

Phenyl group

Porphyrin ring
Fig. 3. The optimized structure of o,p-di-OCH;.

role in the decrease of Eq.o; however, this substitution does
not strongly decrease the redox potential of the porphyrin
ring.

The methoxy substitution decreased the fluorescence
quantum yield (®) and fluorescence lifetime (z) (Table
2). The shorter lifetime of the photoexcited state is
not advantageous from a kinetic point of view for the
photooxidation of the biomolecule via the electron
transfer mechanism. The O, production quantum yields

B8
s p-OCH; (A) . (8)
2 6 2 6 P-OCH,
* x
54 4 R?=0.1321
H R =0.0234 i
& il m,p-tri-OCH, g 2 m,p-tri-OCH;. H
® o™ . e .
(0P-di-OCH; 0-di-OCH, 0,p-di-OCH
0 » 0-di-OCH, o . i % t ;
o 200 400 600 800 1000 o 02 04 08 08 1 12
Koo | 10° M @,
8 8
. (C) . (D)
2 6 p-OCH, 2 8 p-OCH;
* RP=0.2747 9
i B
g ” m,p-tri-OCH, H & " mp-ti-OCH; R*=0.0124
o . opdi.OCH, *® ¢ 0,pdi-OCH, .
’ '3—dI-UCH5. . 0-di-OCH; 4 *®
05 045 04 035 03 025 -02 o7 08 09 1
Epq!Vvs. SCE AG eV

Fig. 4. Relationship between the quantum yield of protein photodamage and
the related parameters of porphyrin phosphorus(V) complexes. ®gamage and
Kyind (A), (I)damage and @, (B), q)damage and Ereq (C), and (Ddamage and the Gibbs
energy of electron transfer from tryptophan to photoexcited porphyrin (-AG)
(D). AG = e(Eox — Ered ) — Eo.0. €: elementary charge (1.602x10%° C). Eox:
redox potential of one-electron oxidation of tryptophan (0.78 V vs. SCE)
[22]. R?: correlation coefficient.
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Table 2. The binding constants between HSA and porphyrin phosphorus(V) complexes, their fluorescence quantum yields,
fluorescence lifetimes, quantum yields of O, production, and quantum yields of protein photodamage

Porphyrin Koping / M2 (oY 7/ ns O Deamage®
H 2.6x10° 0.045 5.7 (0.79), 3.6 (0.21)¢ 0.96 1.8x10
p-OCH; 2.1x10° 0.026 2.05° 0.68 6.8x10°°
0-di-OCH; 7.9x10% 0.032 ND 0.24 4.7x10*
m-di-OCHj; ND 0.037 3.73" 0.17 ND
0,p-di-OCH; 6.6x10° 0023  0.63(0.61), 3.43 (0.39)" 0.56 9.4x10
m,p-tri-OCHj; 8.4x108 0.028 ND 0.33 1.7x10°8

& in 10 mM sodium phosphate buffer plus 5% ethanol. ®: in ethanol. ¢ These values were determined using a
reference photosensitizer (methylene blue: 0.52 in ethanol) [21]. % in 10 mM sodium phosphate buffer [16]. ND:

not determined.

(®,) of these phosphorus(V) porphyrins were also
decreased by the methoxy substitution (Table 2). These
results suggest that the methoxy substitution of the phenyl
group of the porphyrin phosphorus(V) complex reduces
its photosensitizing activity. However, the quantum yield
of protein photodamage (®gamage) OF p-OCH; was largest in
these porphyrins (Table 2). The binding constant between
these porphyrins and HSA (Kying), Which can be determined
from the previous report [9], is also listed in Table 2. The
following relationships between “@®gamage and Kiing” and
“@gamage and AG” are not significant, though the “®gamage
and Ereq”, and “@gamage and @,” showed a weak relationship
(Fig. 4). The factors governing the protein photodamage
are complicated. In this study, p-OCH; demonstrated
relatively strong protein photodamaging activity and the
reason for this is unclear; however, these results suggest
that the para-alkoxy-substituted porphyrin phosphorus(V)
complex has superior photosensitizing activity for PDT in
practical use. The observed value of ®gamage By mM,p-tri-
OCHs3, of which the Erq was smallest in these porphyrins,
was relatively large (Fig. 4C). This result may be explained
by that the large Kying between m,p-tri-OCH; and HSA
enhances the possibility of photosensitized tryptophan
oxidation.

CONCLUSIONS

The methoxy-substituted tetraphenylporphyrin
phosphorus(V) complexes were synthesized to evaluate
their redox potentials and photochemical properties.
p-OCH; showed relatively large E.q value and its Eqo
was the smallest among the porphyrins used in this study.
Furthermore, the protein photodamaging activity of
p-OCHj;was greatest in these porphyrins. The large E.qand
small Eq. of the PDT photosensitizer are advantageous for
the mechanism of biomolecule oxidation via photoinduced
electron transfer. These results demonstrate that the
p-alkoxy-substituted tetraphenylporphyrin phosphorus(V)
complex is a suitable electron transfer photosensitizer for
inducing oxidative biomolecule damage.
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Effects of pH and solvents on photosensitizer properties of pyridine-connecting
P(V)porphyrin
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Abstract:

Photodynamic therapy (PDT), a minimally invasive cancer treatment, has attracted attention for its low physical burden
on patients. In this study, we aimed to overcome a phototoxicity for normal tissues, a side effect of PDT, by activity
control of photosensitizers using the acidic environment around tumor tissues. For this purpose, P(\V)porphyrins, in which
a phosphorus atom was introduced into the center of the porphyrin ring, were synthesized. To control the photosensitizer
activity of P(V)porphyrin through intramolecular electron transfer and aggregation, pyridine-connecting P(\V)porphyrin
was designed to evaluate the protein photodamaging activity under different pH conditions. Under an acidic condition, the
protonation of the pyridine moiety, an electron donating group, suppressed the intramolecular electron transfer quenching
of photoexcited P(V)porphyrins, resulting in the enhancement of protein photodamage. In conclusion, a pH-responsive
electron donor can be used to control the photosensitizer activity of P(V)porphyrin in an acidic environment and these

findings show the possibility of developing the tumor tissue-selective photosensitizers using a pyridyl group.

Keywords: P(V)porphyrin; Photodynamic therapy; Aggregation; Electron transfer; Protein photodamage
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Figure 1 Structures of P(V)porphyrins synthesized in this study.
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MHz): 6 9.05 (d, Jo.u = 2.9 Hz, 8H, BH), 7.63 (d, Ju+
= 4.8 Hz, 2H, o-phenyl-H), 7.27 (d, Ju.n = 9.5 Hz,
8H, m-phenyl-H), 4.18 (t, Ju.n = 6.5Hz, 8H, phenyl-
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Figure 2 Absorption spectra of la. (top) and 1b. (bottom) in
ethanol or distilled water including 1% ethanol.
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Figure 3 Absorption (top) and fluorescence (middle) spectra of
1b. and the relationship between the fluorescence quantum yield
and pH in a 10 mM sodium phosphate buffer (pH 10.8 ~ 6.0, 3.0,
2.0, 10 mM, 30% ethanol) or acetate buffer (pH 5.0, 4.0, 10 mM,
30% ethanol).
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Binding interaction between free base porphyrin photosensitizers and human
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Abstract:

Photosensitized protein damage is one of the most important mechanisms of photodynamic therapy (PDT). Porphyrins
and its derivatives are used as the photosensitizers for PDT. Association between photosensitizer and protein is an important
factor of the PDT activity of porphyrin photosensitizer. Thus, a binding interaction between free-base porphyrins and a
water-soluble protein, human serum albumin (HSA), was examined. As porphyrin photosensitizers, a,p,y,0-tetrakis(3,4,5-
trimethoxyphenyl)porphyrin (TMPP; neutral hydrophobic porphyrin), «,f,y,0-tetrakis(4-hydroxyphenyl)porphyrin
(TOHPP; neutral water-soluble porphyrin), a,f,y,0-tetrakis(4-sulphonatophenyl)porphyrin tetrasodium salt (TPPS;
anionic water-soluble porphyrin), and a,,y,0-tetrakis(1-methylpyridinium-4-yl)porphyrin tetrachloride (TMPyP; cationic
water-soluble porphyrin) were used. The thermodynamic analysis showed that the driving forces for the cases of TMPP
and TPPS are Van der Waal’s force and electrostatic force, respectively, and that of OHTPP and TMPyP is the entropy,
possibly due to a release of water molecules from the binding position of protein. The difference of the photosensitized
protein damaging activity of these porphyrins could be explained by the binding constant between HSA and porphyrin
molecules and the singlet oxygen production activity of these porphyrins. These results suggest that the thermodynamic
analysis can be used for the design of porphyrin photosensitizers for PDT.

Keywords: Free base porphyrins; Human serum albumin; Binding interaction; Protein photodamage; Singlet oxygen

INTRODUCTION
Porphyrins are important photosensitizers that

For example, neutral, anionic, and cationic characteristics
are closely related to a water-solubility of compound; and

can produce singlet oxygen (*O,) under visible-light
irradiation [1-3]. Specifically, free base porphyrins, such
as talaporfin sodium [4,5] and porfimer sodium [6] are
clinically used for the photosensitizers of photodynamic
therapy (PDT), which is a less-invasive cancer therapy
[7-9]. Furthermore, PDT can elicit immunogenic effect
on cancer therapy [10]. In general, 'O, production is
an important mechanism of biomolecule oxidation by
photoexcited porphyrins [1,2,11]. An interaction between
porphyrin photosensitizer and target biomolecules,
such as protein, is an important factor for PDT [12-14].
Physical and chemical characteristics affect the PDT
activity of photosensitizer; and the characteristic of free
base porphyrin can be altered by a substituent [1,12]. A
water-solubility and electrostatic characteristics of free
base porphyrins can be controlled by the substituents [1].

an introduction of hydrophilic or hydrophobic groups
also controls the characteristics of neutral porphyrins
[1]. In this study, the binding interaction between human
serum albumin (HSA), a water-soluble protein, and the
following four types of free base porphyrins: neutral
hydrophobic  (a.B,y,0-tetrakis(3,4,5-trimethoxyphenyl)
porphyrin, TMPP), neutral hydrophilic (a,B,y,0-tetrakis(4-
hydroxyphenyl)porphyrin, TOHPP), anionic (a.,p,y,0-
tetrakis(4-sulphonatophenyl)porphyrin tetrasodium salt,
TPPS), and cationic (a.,B,y,0-tetrakis(1-methylpyridinium-
4-yl)porphyrin tetrachloride, TMPyP) porphyrins (Fig.
1) was examined. The thermodynamic analysis of the
binding interaction and photosensitized protein damaging
activity was also performed.
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Fig. 1. Structures of free base porphyrins.

EXPERIMENTAL

TMPP was synthesized using
3,4,5-trimethoxybenzaldehyde and pyrrole (FUJIFILM
Wako Pure Chemical Co., Ltd., Osaka, Japan) according to
the literature [15]. *H NMR (300 MHz, CDCl3) 6 8.96 (s,
8H, pyrrole-H), 7.48 (s, 8H, ortho-phenyl-H), 4.19 (s, 12H,
para-phenyl-OCHs), 3.97 (s, 24H, meta-phenyl-OCHj),
-2.78 (s, 2H, N-H). M/Z =975.5 (M*). HSA, OHTPP, and
TMPyP were purchased from Sigma-Aldrich Co. LLC.
(St. Louis, MO, USA). TPPS was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Ethanol was
obtained from FUJIFILM Wako Pure Chemical Co., Ltd.
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.

Photomedicine and Photobiology, Vol.46, 2025

The absorption spectra of samples were measured with
the UV-Vis spectrophotometer UV-1650PC (Shimadzu,
Kyoto, Japan). The fluorescence lifetime (), which
equals the singlet excited-state (S,) lifetime, of HSA was
measured with a Fluorescence Lifetime System TemPro
(HORIBA, Kyoto, Japan). The excitation wavelength
for the 7z measurements for porphyrins was 402 nm. The
'O, production was directly measured by near-infrared
luminescence at around 1,270 nm from 'O, relaxation,
which corresponds to the 0, (*Ay)-*0,(3Zy) transition, as
reported previously [16].

To evaluate the HSA damage, the sample solution
containing 5 uM porphyrins and 10 pM 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, Amax= 585 nm, 2.0 mW
cm2, 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 (Hitachi, Tokyo, Japan).
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 [13,14].

RESULTS AND DISCUSSION
Interaction between human serum albumin
and porphyrins

The absorption spectra of the porphyrins were changed
by the addition of HSA (Fig. 2). This absorption spectral
change can be explained by the interaction between
porphyrin moleculesand HSA[17,18]. The fitting curves in
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Fig. 2. Absorption spectra of free base porphyrins with or without HSA. The sample solution contained 5 uM porphyrins with (dotted)
or without (straight) 20 uM HSA in a 10 mM sodium phosphate buffer (pH 7.6) including 5% ethanol. Inset: Relationship between the
absorbance of porphyrin at certain wavelength around the Soret band and the concentration of HSA.
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the inset of these figures were calculated by the simple 1:1
complex model [13,14]. The absorbance change of TMPP
and OHTPP with relatively small HSA concentration
(0.5 ~ 2 uM) could not be analyzed by this simple 1:1
model (insert of Fig. 2); and indicates that many porphyrin
molecules bind to one HSA molecule. This result suggests
the aggregation of porphyrin molecules on HSA surface.
However, in the presence of relatively large concentration
of HSA (=5 uM) and in the cases of TPPS and TMPyP,
the absorbance change with HSA concentration was
simple. Therefore, the apparent binding constant (Kping)
between porphyrins and HSA could be estimated from
these absorbance changes under the condition of relatively
large concentration of HSA, according to the reported
previously under the assumption that one porphyrin
molecule binds to HSA (1:1 complex) [13,14]. The
obtained Kyina Values at 298 K for TMPP, OHTPP, TPPS,
and TMPyP were 4.8x10° M1, 1.0x10% M, 2.9x10¢ M,
and 4.0x10* M, respectively. An anionic porphyrin,
TPPS showed the relatively large Kying Value, suggesting
the electrostatic interaction between the positive charge of
HSA surface and TPPS. These Kying Values depended on
the temperature, and the thermodynamic parameters could
be calculated by the van ‘t Hoff plot (Fig. 3, Table 1). The
enthalpy change (AH°) and the entropy change (AS°) of
the binding interaction was calculated by the following
equation:

AH® AS°
RT R

Ln Kpina = — 1)

where R is the gas constant and T is the absolute
temperature. The Gibbs energy of the binding interaction
(AG®) was calculated by the following equation:

AG®*= —RT Ln Kbvind )

The driving force of the binding interaction between
protein and molecules can be speculated from these
thermodynamic parameters [19,20]. The estimated AH®
values of TMPP and TPPS were negative and the AS°
values for these porphyrins were positive and relatively
small, suggesting that the binding interaction between
these porphyrin molecules and HSA is enthalpy driven.
Because TMPP is a neutral molecule, the Van der Waal’s
force should be the main driving force of the binding
interaction. As mentioned above, TPPS is an anionic

(&)
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Fig. 3. The van ‘t Hoff plot of the binding constant between free
base porphyrins and HSA and the temperature.

molecule and an electrostatic interaction may be a driving
force for the binding interaction between TPPS and HSA.
Relevantly, it has been reported that the interaction between
HSA and a,B,y,0-tetrakis(2,6-difluoro-3-sulfophenyl)
porphyrin, an anionic porphyrin, is enthalpically driven
(AH° =-70.1 £ 3.3 kJ mol™") into subdomain 1A of HSA
[21]. In the cases of OHTPP and TMPyP, the obtained
AH° values were positive and relatively large AS® values
were estimated.  Therefore, the binding interaction
between these porphyrins, OHTPP and TMPyP, and HSA
is entropy driven. These results suggest that the repulsive
force between a cationic molecule or a molecule with
hydroxyl group such as OHTPP and the HSA surface
exists. However, relatively large AS® values for these
porphyrins suggest that a release of water molecules in the
pocket of HSA or around the HSA surface becomes the
driving force of the binding interaction.

The binding position of these porphyrins on HSA was
roughly estimated using the Forster resonance energy
transfer (FRET) method based on the energy-transfer
theory [22] with a previously reported procedure [12].
The critical distances of the FRET from the tryptophan
to these porphyrin molecules, which were calculated from
the fluorescence spectrum of tryptophan and the absorption
spectrum of these porphyrins, were 99.6 A (TMPP), 105
A (OHTPP), 114 A (TMPyP), and 115 A (TPPS). The
estimated distance between the tryptophan and these
porphyrins were 117 A (TMPP), 106 A (OHTPP), 114
A (TMPyP), and 115 A (TPPS). The average diameter
of HSA is about 80 A [23], and the tryptophan residue is
located almost at the center of HSA [24]. These results
suggest that these porphyrin molecules mainly bind to
the HSA surface (not subdomain ITA). The difference of

Table 1 The binding constants and thermodynamic parameters of the binding interaction between free base porphyrins and HSA

Porphyrin Kping / M AH® / kJ mol*? AS°/Jmolt K? AG® / kJ mol*? Driving force
TMPP 4.8x10° -24.0 +28.2 -32.4 van der Waal’s force
OHTPP 1.0x108 +67.3 +340.5 -34.0 entropy*
TPPS 2.9x10° -17.8 +63.5 -36.7 electrostatic force
TMPyP 4.0x10* +28.8 +185.0 -26.3 entropy*

*: release of water molecules from HSA.
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the binding potion between the case of abovementioned
a,B,y,0-tetrakis(2,6-difluoro-3-sulfophenyl)porphyrin,
which binds into subdomain IIA of HSA [21], and that of
TPPS is possibly due to the difference of their substituents.

Fluorescence lifetime of porphyrins in the
presence of HSA

The time profile of fluorescence intensity of TMPP
could be analyzed by a triple exponential function (Table
2). The short lifetime components suggest the aggregation
of porphyrins molecules. In the presence of 20 uM HSA,
almost porphyrins are binding on HSA and the three
components were observed for z values. The longest z
value is longer than that without HSA. This result can be
explained by the assumption that the interaction with HSA
resolves the aggregation of porphyrin molecules and an
inhibition of vibrational deactivation of the excited state
of porphyrin through a binding interaction with HSA.
In the case of OHTPP, the time profile of fluorescence
intensity was analyzed by a double exponential function.
The shorter lifetime component suggests an aggregation
of OHTPP molecules, since OHTPP is a neutral molecule
and shows slightly hydrophobic character. Similarly to the
case of TMPP, the z; of OHTPP was elongated through an
interaction with HSA. These results can be explained by
that the interaction with protein environment resolves the
aggregation of OHTPP molecules. In the cases of TPPS

Table 2 Fluorescence lifetime of porphyrins

Photomedicine and Photobiology, Vol.46, 2025

and TMPyP, water-soluble porphyrins, these time profiles
of fluorescence intensity were almost single exponential
functions, however, these decay curves were well fitted by
double exponential function and small components of short
lifetime were observed. These results can be explained
by the difference of conformation of these porphyrins.
In the presence of HSA, these time profiles could be
analyzed by triple exponential functions. The observed
longer lifetime components can be explained by the
abovementioned stabilization of their photoexcited state
in the microenvironment of protein. The shorter lifetime
component showed the enhancement of the deactivation
of photoexcited state through electron transfer interaction
with HSA [13,14].

Photosensitized HSA oxidation by free base
porphyrins

The photosensitized HSA damage by these 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 [13,14]. HSA photodamage by TMPP was
barely observed, whereas OHTPP, TPPS, and TMPyP
photosensitized the HSA damage (Table 3). The quantum
yield of HSA photodamage by these porphyrins (®p),
estimated from the initial decomposition rate and the
absorbed photon fluence, and the *O, production quantum

Porphyrins HSA 7t/ ns (relative amplitude) average value / ns
TMPP - 3.88 (0.41), 1.02 (0.44), 0.23 (0.15) 2.07
+ 6.08 (0.19), 1.09 (0.61), 0.14 (0.20) 1.85
OHTPP - 6.56 (0.32), 0.02 (0.68) 211
+ 10.41 (0.89), 2.32 (0.07), 0.21 (0.04) 9.43
TPPS - 10.69 (0.97), 5.16 (0.03) 10.52
+ 12.21 (0.96), 2.2 (0.03), 0.12 (0.01) 11.79
TMPyP - 5.50 (0.96), 1.93 (0.04) 5.36
+ 9.18 (0.43), 4.62 (0.55), 0.06 (0.02) 6.49

The sample solution contained 5 pM porphyrins with or without 20 uM HSA in a 10 mM sodium phosphate buffer (pH 7.6) including

5% ethanol.

Table 3 Quantum yields of photosensitized HSA damage and 'O, production by porphyrins

Porphyrin ®p D,P°
TMPP ND? 0.052
OHTPP 2.6x10° 0.034
TPPS 4.9x10°% 0.82
TMPyP 5.6x10° 0.96

 HSA damage was not observed. °: in 10 mM phosphate buffer (pH 7.6) including 5% ethanol (reference: methylene blue in water, @,

=0.52 [25]).
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yields (®,) are shown in Table 3. Photooxidation ability of
neutral and anionic free base porphyrins through electron
transfer is small, because of their low redox potentials
[26,27]. Indeed, neutral porphyrins with relatively low
redox potentials barely photooxidize HSA through electron
transfer [28]. Therefore, the 'O, production becomes
an important mechanism of protein photooxidation by
neutral and anionic porphyrins. The non-photodamaging
activity of TMPP is attributed to the small ®, value. The
HSA photodamaging activity of TPPS is possibly due to
the relatively large Kying and @, values. TMPyP showed
the largest values of ®p and ®, in these porphyrins.
These results show that the 'O, production is important
mechanism for free base porphyrins. In the case of
TMPYyP, the electron transfer-mediated mechanism should
also contribute to the HSA photodamage as the previous
report [29]. Because of relatively high redox potential
of TMPyP, a cationic porphyrin [26], this porphyrin has
strong ability of electron transfer-mediated oxidation [30].
Although the ®, of OHTPP is significantly smaller than
those of TPPS and TMPyP, the ®p of OHTPP is relatively
large and of the same order as those of TPPS and TMPYyP.
This result can be explained by the relatively large Kping
value of OHTPP and the fact that the slightly shorter
distance between OHTPP molecule and the tryptophan of
HSA than those of the other porphyrins.

CONCLUSIONS

Free base porphyrins, TMPP, OHTPP, TPPS, and
TMPyP, bind to HSA. The thermodynamic parameters for
the binding interaction were analyzed. The driving force
of the binding interaction depends on the water-solubility
and electrostatic character of these porphyrins. TMPP,
a neutral hydrophobic porphyrin, binds to HSA through
the Van der Waal’s force. TPPS, an anionic porphyrin,
binds to HSA through an electrostatic force. The driving
force of these porphyrins is an enthalpy change. In the
cases of OHTPP, a neutral hydrophilic porphyrin, and
TMPyP, a cationic porphyrin, the driving force of binding
interaction with HSA is an entropy, possibly due to the
release of water molecules from the pocket or surface of
HSA through an association of these porphyrins. The
repulsive force between a cationic TMPyP molecule and
a positive charge of HSA surface may inhibit the binding
interaction. Indeed, the observed Kying Value of TMPYP is
smaller than other three kinds of porphyrins. The FRET
analysis showed the binding positions of these porphyrins
on HSA are almost the same; these porphyrins bind to
the surface of HSA. The photooxidation of tryptophan
residue of HSA by these porphyrins depended on the Kping
and 'O, production activity. This study showed that 'O,
production is the important mechanism for the protein
photooxidation by free base porphyrins and the association
between the porphyrins and target protein becomes the
key factor of photodynamic activity of porphyrin agents.
The thermodynamic analysis may be used for a molecular
design of PDT photosensitizer.
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ABSTRACT

Omics studies have made remarkable progress, and many bioactive molecules have been newly discovered. To elucidate
the relationship between these molecules and biological functions and diseases, it is essential to identify the enzymes or
receptors on which they act. Unfortunately, many of these target proteins are present only in trace amounts, making
their analysis complex and identification difficult. In general, specific interactions between proteins and their substrates
(ligands) are used to identify target proteins. This review outlines an efficient strategy for target identification based on
photoaffinity labeling (PAL), especially using photoreactive crosslinkers with multiple functions such as photocrosslinking,
photocleavage, fluorogenisity, and mass difference in compact structures. These multifunctional crosslinkers greatly
facilitate the identification of ligand-target proteins and obtaining information about their binding structures even in the

presence of large amounts of contaminants.

Key words: photoaffinity label, diazirine, target identification, chemical probe, cinnamate

Introduction

Phenotypic screening using compound libraries is one
of the important methodologies in drug discovery and has
produced many first-in-class drugs to date. Biomolecules
that are highly effective against diseases can have a
significant effect on their signals directly or indirectly, and
such key proteins can be useful targets for drug discovery.
Early identification of interacting proteins, including
unknown proteins, can accelerate structural optimization
and biofunctional analysis of drug candidates. However,
their identification and analysis are generally difficult
because many of the target proteins exist in trace
amounts and are greatly affected by coexisting impurities.
Identification of proteins interacting with bioactive
compounds can be achieved by labeling or non-labeling
methods, the former of which is described here.

Selective labeling of interacting proteins has been
generally achieved by the chemical probe consisting
of their specific substrate or inhibitor with a reactive
group unit and a tag. After crosslinking each other, the
interacting proteins can be introduced a tag, such as a
biotin group for purification and detection, with a covalent
bond. Therefore, it can be applied to proteins with weak
interactions that are difficult to handle with general
affinity purification methods, proteins that are prone to
degradation/aggregation, and proteins expressed in trace
amounts. Since the specificity of the probe is crucial for

the target identification, the appropriate probe design
and selection of crosslinker are essential. To date, some
chemoproteomic protein profiling technologies that utilizes
small molecular probes, for example, known as activity-
based probes to react with the active sites of proteins!!! and
proximity-based probes to react with functional groups
near the ligand binding site of proteinsi?, selectively and
covalently. In the latter method, chemoselective reactions
proceed efficiently when amino or mercapto groups, etc.
are present in proximity. In other words, the proximity
effect (concentration effect) during binding state increases
the specific labeling, and non-specific reactions to other
proteins are suppressed by controlling the chemical
reactivity of the crosslinker. In principle, this method can
capture enzymes and transporters in dynamic processes,
but conversely, it is necessary to consider consumption of
probes by such as carrier proteins existing on the way to
the target protein. This paper focuses on labeling methods
for identifying trace interacting proteins, particularly
photoaffinity labeling (PAL), which introduces a chemical
tag to interacting molecules with a covalent bond, forming
by activation with light irradiationt>-!,

Photoaffinity labeling for identification of target
protein

In addition to chemical crosslinking utilizing the chemo-
selective reactions as described above, there are also
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nonselective crosslinking. The photochemical crosslinking
of diazirine group belongs to the latter category. Upon
photolysis by UV irradiation, the diazirine group
generates a carbene, an extremely electron-poor species,
that instantly inserts into any chemical bond of spatially
closed molecule within a nanosecond, before leaving the
binding pocket. This photoreactive property that allows
to crosslink to the contacting site is a crucial point when
the purpose is to identify interacting proteins (Figure 1).
If the reactive intermediate has a long lifetime or chemo-
selectivity, the probe will diffuse and nonspecifically
crosslink other proteins that are relatively abundant. It is
important to suppress such nonspecific labeling as much
as possible, especially when the expression level of the
target protein is extremely low.

There are three kinds of photoreactive groups have
been used for PAL as crosslinkers, benzophenone, aryl
azide, diazirine as shown in Figure 2. In the case of
benzophenone, an excited carbonyl, the active species
generated by UV irradiation, abstracts hydrogen from a
nearby molecule, and the resulting radical pair couples
to form a crosslinki®l. This active species does not react
with water, and the unreacted excited carbonyl returns
to the original ground state. Therefore, longer irradiation
increases the labeling yield. However, because the excited
carbonyl has a relatively long lifetime and exhibits
chemoselectivity in favor of hydrogens of methionine
and histidine, so prolonged irradiation increases the
risk of nonspecific labeling. Furthermore, long-term
UV irradiation damages cells. On the other hand, aryl
azides, which generate nitrenes as the active species by
photolysis (denitrogenation), are also widely used as
photocrosslinkers!”. The azide group can be directly
and easily introduced to the aromatic ring of the ligand.
However, aryl azides require relatively short wavelength

activation
wavelength advantages
o 0"
benzophenone excited carbonyl

+ easy to derivatize
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I__covalently bind to target by light activation_|

stable in intracellular condition: oxidants, reductants, pH
less steric interference
to maintain similarity to the original ligand in terms of
activity and affinity
generation of extremely high reactive species
for rapid and stable crosslinking at the binding site,
non-selectively.
minimal side reactions during activation
not to give complex products

Figure 1. Ideal properties of photoprobe for identification of
target proteins and the binding sites.

of light (<300 nm), and are easily degraded by biological
reducing agents. Additionally, arylnitrenes undergo
ring expansion reactions and potentially form unstable
crosslinks, complicating the analysis.

Diazirine, another photoreactive group, undergoes
n-* transition when irradiated with UV-A light (around
355 nm) to generate carbene via denitrogenation (Figure
2). Lifetime of singlet carbene is very short, in the
subnanosecond rangel®, and this electrophilic species
inserts into a chemical bond existing in close proximity
to form a stable covalent bond. Carbenes react with both
polar groups such as O-H and N-H and nonpolar groups
such as C-H and C=CP!. Therefore, carbenes are thought
to instantly form a covalent bond at the site where they
are generated. Theoretically, diazirine-based PAL has
the potential to capture transition states during dynamic
structural changes in proteins, but such highly sensitive
snapshot analysis of labeled sites has not been realized so
far. In general, it is difficult to chase dynamic processes
such as enzymes using PAL. When labeling enzymes or
transporters, it is often necessary to prepare probes of
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Figure 2. Properties of commonly used photophores.

* rearrangement

—47 -



their inhibitors to maintain its stable binding state for a
certain period. Generally, after the probe reaches the
target protein, it can be irradiated with light, an external
stimulus, to initiate crosslinking reaction and capture
the protein. Carbenes react with surrounding water and
become deactivated. This property reduces the label
yield, but gives the advantage of suppressing nonspecific
labeling of other proteins with the free probes. In addition
to these excellent reaction properties, the diazirine group
is small in size, stable in the presence of nucleophiles or
under acidic/basic conditions at room temperature and
activated in a short irradiation time. It has become widely
used since improved synthetic methods!'-!?! have led to
the development of many functionalized derivatives,
including amino acid analogues. A serious problem is that
diazirine photolysis also generates the diazo intermediate.
The diazo intermediate is easily protonated to produce the
diazonium ion which reacts with a nucleophilic group to
form crosslink. Diazonium ions are positively charged
and have a relatively long lifetime, so they are often
reported to give products crosslinked with acidic groups in
proteinst'3!. In addition, aliphatic diazirines also undergo
1,2-rearrangement reactions of carbene to generate olefins.
These long-lived reactive species may generate non-
specific labels. Therefore, trifluoromethylphenyldiazirine,
which suppresses the protonation of diazo intermediate
and the rearrangement reactions of carbene species,
appeared in the early stages of development of diazirine
crosslinkers(4,

Identification of trace interacting proteins using
PAL

In affinity labeling methods, not all proteins are
cross-linked even if the probe binds correctly to
the protein (even if it shows biological activity).
Trifluoromethylphenyldiazirine, a common cross-linking
agent, is usually introduced at positions that do not
reduce the affinity of the ligand molecule because of its
bulky size. Therefore, the diazirine group of the probe is
often located outside of the binding pocket and competes
with inactivation by water, resulting in labeling yields of
only a few percent to 10 percent. After purification, the
crosslinked proteins are usually digested and identified
based on peptide mass fingerprinting (PMF) of the peptide
fragments and their amino acid sequence by MS/MS. Since

photophore
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labeled proteins are generally in trace amounts, especially
in cases of target proteins with low expression or weak
interactions, their enrichment/purification is necessary.
For this purpose, biotin-avidin purification system with
an extremely small dissociation constant (K4 ~10** M)
is often used. Nonspecific adsorbates on the purification
support can be washed away under strong conditions,
which is very effective, but some impurities still remain on
the surface. They are eluted under denaturing conditions,
and in many cases their amount is considerably greater
than that of the labeled protein, often making identification
very cumbersome.

Typically, PAL experiments are performed both in the
presence and absence of inhibitors. In the presence of the
inhibitor, the label amount of the interacting protein is
reduced, so the protein with reduced elution is considered
the target protein. Currently, PAL strategy combined with
quantitative proteomics methods such as stable isotope
labeling by amino acids in cell culture (SILAC) is being
promoted as a promising method (Figure 3)!'3. In this
method, cells are cultured in both normal medium (Light)
and medium containing stable isotope-labeled amino
acids such as deuterium (Heavy). Incubation of cells
with both the probe and free ligand/inhibitor reduces the
amount of labeled target protein compared to other cells
incubated with only the probe. Subsequently, these cells
are mixed, and the PAL products are enriched by using
avidin-immobilized support, and then the protein digestion
product is analyzed by LC-MS/MS. The resulting MS
signal intensity ratio (L/H ratio) of the target protein-
derived peptide is greater. The advantage of this method is
that the L/H ratio of nonspecific labels and adsorbates will
be 1, thus eliminating all signals derived from them. This
method has greatly improved the success rate of PAL target
identification. A biotin tag is often introduced into cross-
linked proteins by post-labeling method because of its
large size, low solubility and low membrane permeability.
For this purpose, the Huisgen reaction (click reaction,
bioorthogonal) between the azido and alkynyl groups,
which is not present in natural products, is often used!%!7,
Both groups are widely used as chemical reporters
because they are small, stable, and have low antigenicity.
Interacting proteins are firstly crosslinked with the probe
bearing an azido or an alkynyl group, and then biotin tag
is then introduced after cell lysis'32%, As an alternative

P‘ non-specific
sy adsorbed proteins
= ‘_) \ target

proteins

2. mix’
+ inhibitor

quantitative proteomics (SILAC)

3. trypsin digestion .
4. LC-MS/MS .

volcano plot

Figure 3. PAL-based target identification combined with quantitative proteomics.
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to the biotin-avidin system, a purification method based
on differences in hydrophobicity has been developed.
PAL using diazirine crosslinkers with a perfluoroalkyl
group dramatically changes the physical properties of the
crosslinked products, which can be highly purified using
fluorous solid-phase extraction (FSPE)?!.

Photoreactive crosslinkers with integrated
multiple functions

The MS-based protein identification has been generally
accomplished by amino acid sequencing of peptides with
high signal intensities. However, these are not labeled
peptides. When these signal intensities are small, the
difference between the L and H signals will be unclear,

e., it will be unclear whether these signals are derived
from the target protein or not. If labeled peptides can be
identified along with unlabeled peptides, it will provide
confidence that they are due to the target protein, and the
determination of the labeled amino acid will also provide
information on the ligand binding site. However, PAL
using trifluoromethylphenyldiazirine gave a low label
yield. Conversely, PAL using aliphatic diazirines, which
have smaller and more flexible, gives higher yields but
more complex labeling, making identification of the
labeled amino acid more difficult.

On the other hand, repeated purification/concentration
of trace labeled peptides will result in the loss of a
significant amount of the peptide, depending on its
physical properties, even with the use of highly sensitive
detection using RI label®®. An alternative approach is
multifaceted identification through multifunctionalization
of probes. However, attachment of multiple functions into
probes generally leads enlargement of the structure, alter
physical properties, and complicates probe synthesis and
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MS analysis. Therefore, multifunctional integration of
crosslinker unit has been promoted, and small diazirines
containing alkynyl groups/azide groups for post-labeling
have been developed.

Identification of labeled peptides using
cinnamate-type crosslinkers

By partially modifying the conventional phenyldiazirine
structure, we developed a photocrosslinker that has
cleavability, fluorogenicity, and isotopic functions in
addition to photocrosslinking ability®®l. The multiple
properties allow the target peptide to be identified among
many contaminants through a step-by-step identification
process: capture by light (photocrosslinking), purification
of crosslinked proteins (cleavage) and labeled peptide
fragments (LC, fluorescence), followed by their
identification (MS, mass difference) as shown in Figure
44, Repeating the enrichment procedure using common
biotin-avidin interaction is tedious and often leads to
large losses, but this method does not need to repeat the
procedure. As a result, it leads to clear and multifaceted
identification of the labeled peptides, and we have
succeeded in significantly reducing the amount and time
required for analysis.

This photocrosslinker has a relatively simple structure,
with a cinnamate backbone consisting of conventional
phenyldiazirine crosslinker with one additional double
bond (Figure 5). A hydroxyl group was introduced at
the ortho position and an ethyl group at the o position of
the carbony! group. When this compound was irradiated
with 355 nm light, two photoreactions occurred: diazirine
photolysis and E-Z isomerization of the double bond. In
the latter reaction, the carbonyl group is located close
to the ortho hydroxyl group in the Z-form, inducing an

failure
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Figure 4. Outline of PAL-based identification of labeled peptides with cinnamate-type photocrosslinker.
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Figure 5. Structure and two photoreactions of o-hydroxycinnamate-type crosslinker.

intramolecular nucleophilic substitution reaction to form
a corresponding coumarin ring (coumarinization). In
synthetic chemistry, the o-hydroxycinnamic acid has been
used as a photoreactive protecting group for hydroxyl
groups and used to regulate activity of serine protease!.
Since a ligand molecule is introduced to a carboxy group,
the latter photoreaction removes the ligand via cleavage,
leaving only the fluorescent coumarin derivative on the
protein. In general, a fluorescent group is either directly
introduced into the probe molecule or post-labeled using
a click reaction. In this system, the crosslinker itself can
be converted into a fluorescent group, meaning that there
is little effect on the physical properties of the probe
and the affinity to the protein. This cleavage function is
particularly important for purification of trace proteins(?!.
To utilize the coumarinization reaction to selective elution
from the purification support, it is necessary to regulate
two photoreactions, diazirine photolysis (crosslinking)
and E-Z isomerization. However, these two photoreactions
proceeded simultaneously at 0 °C to produce coumarin
derivatives. Therefore, the cinnamate ester was
then changed to an amide bond. The intramolecular
nucleophilic substitution hardly occurred at 0 °C but
proceeded efficiently at room temperature or higher (37
°C) to give the coumarin product??"..

To evaluate the analytical efficiency, a simple probe was
prepared by coupling the crosslinker and biotin moiety via
an amide bond. The probe was incubated with four proteins
including avidin in a PBS solution. Then, the sample
solution was irradiated with 365 nm light for 30 seconds at
0 °C and was then irradiated for 15 minutes at 37 °C after
removal of non-crosslinked probes by ultrafiltration. The
tryptic digestion products were analyzed by LC-MS/MS.
Although the HPLC profile of the digests showed many
peptide peaks, only two major peaks corresponding to the
coumarin-labeled products were selectively detected by
fluorescence emission at 410 nm (Aex 340 nm). However,
those peaks still contained many contaminants, which was
expected to make it difficult to distinguish the labeled
peptides in analysis using proteome. Therefore, we
decided to apply a quantitative proteomics method using
stable isotopes. In fact, we prepared a probe in which the
ethyl group of the cinnamic acid unit was deuterated. This
enabled us to detect the labeled peptide as a doublet with
Am = 5 units. The coumarin tag has a relatively small
molecular weight of approximately 260, so the mass range
of the analytes does not become large. In addition, MS/MS
data does not become complicated since the coumarin unit

is hardly decomposed by collision-induced dissociation
(CDI). Even in MS/MS signals, the fragments with this tag
appear as doublets, so even tiny peaks at the noise level can
be distinguished as a part of labeled fragment, facilitating
identification of the amino acid sequence and the labeled
amino acids. As a result, two labeled amino acids of avidin
were determined and shown to be in reasonable sites on
the biotin-binding pocket surface. Conventional methods
were limited to the identification of the main labeled sites,
but this multifaceted data evaluation made it possible
to analyze minor labeled peptides as well. Based on the
information on multiple labeled sites, not only detailed
information on the ligand binding structure could be
obtained®?, but also the reliability of the target protein
identification was improved.

Identification of interacting proteins and the
binding sites using cinnamate-type crosslinkers

This method was evaluated using cell extracts and the
biotin probe was employed for targeting biotin-dependent
carboxylases. Using approximately 1-2 mL of cell extract
per run, some interacting proteins were able to be identified
from the amino acid sequences of the labeled peptides in
several weeks, including experiments for optimization of
the PAL conditions. After photocrosslinking, crooslinked/
biotinylated proteins can be enriched on an avidin-
immobilized support. Elution of biotinylated proteins
from an avidin support typically requires high temperature
under denaturing conditions. In this system, after thorough
washing of the avidin support, the coumarin-labeled
proteins were selectively eluted under mild conditions of
light irradiation at 37 °C. Moreover, this step did not elute
biotinylated proteins present in the cells, allowing them
to be excluded. Four proteins were identified including
pyruvate carboxylase (PC) and acetyl-CoA carboxylase
(ACC). Pyruvate carboxylase (PC), a protein with a
molecular weight of 200 kDa, is an enzyme that catalyzes
the biotin-dependent formation of oxaloacetate, and its
X-ray crystal structure has been reported[30]. The labeled
peptide identified as DT*QAMK (Thr1092 indicated
by an asterisk was the labeled site), a part of C-terminal
biotin carboxyl carrier protein (BCCP) domain. Thr1092
is located in the central area of the tetrameric structure,
away from the enzyme active center to where biotin binds.
The carbene, a product of diazirine photolysis, instantly
crosslinks to a chemical bond of protein that is in direct
contact with the diazirine group, including surrounding
water molecule before diffusion. Therefore, this result
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clearly demonstrated the dynamic conformational
change of BCCP domain, an allosteric migration to the
enzyme active center during the enzymatic reaction®'l,
Another fluorescent peak has been identified as IT¥*IGNK
fragment peptide of ACCs, and the labeled amino acid
residue is located in the similar position to that of PC. The
diazirine-based crosslinking makes it possible to prove
the positional relationship with interacting molecules and
dynamic changes in protein substructures based on the
protein crystal structure.

This method was applied for identification of chloride
ion channel. Chloride ion channels are known as volume-
regulated anion channels (VRACs) and are necessary to
maintain a constant cell volume in response to changes in
extracellular or intracellular osmotic pressure. LRRC8A,
leucine-rich repeat containing 8A, was first reported
as an essential component of VRACEZ, In vivo activity
requires at least one other family member. We attempted
identification by PAL using DCPIB (4-[(2-butyl-6,7-
dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-
yl)oxy]butanoic acid), a VRAC-selective inhibitor. The
affinity of the probe was confirmed by membrane potential
analysis using patch clamp. After incubation with KB
cells, the cells were exposed to light, and the concentrated
and purified proteins was digested followed by analysis
by LC-MS/MS. LRRC8B was identified from the labeled
peptide sequence (SKL*VKNAQDK). Based on the
LRRCS8A crystal structure®! and labeled amino acid
(Leu414), it was clearly shown that DCPIB binds to the
hinge region at around the terminal of leucine-rich repeats.

Conclusion

Here, a PAL-based target-protein identification was
introduced, especially using a small, multifunctional
diazirine crosslinker based on hydroxycinnamic acid.
Recently, we have developed new alkyldiazirines bearing
cinnamate groups that have improved fluorescence
properties and enable close-proximity labeling at the
ligand-binding site®* and a coumarin-type crosslinker
utilizing photoinduced electron transfer (PeT) to
regulate two photoreactions®!. Our methodology using
multifunctional crosslinker enabled target protein
identification in a short time with a small sample amount
without the need for repeated enrichment of labeled
proteins, and also successfully identifies ligand-binding
sites efficiently even in membrane proteins. The success
rate of target protein identification has improved due to the
development of combined use with quantitative proteomics
methods, multifunctionalization of photoreactive groups,
and improved instrument performance. Easy identification
of multiple interacting proteins, including off-targets,
will accelerate the optimization of effective bioactive
compounds and contribute to the creation of innovative
medicines such as the antibiotic teixobactin that exhibits a
dual targeting mechanism.

Photomedicine and Photobiology, Vol.46, 2025
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