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ABSTRACT

Photolyases are flavoenzymes responsible for the re-
pair of carcinogenic DNA damage caused by ultravio-
let radiation. They harbor the catalytic cofactor flavin
adenine dinucleotide (FAD). The light-driven electron
transfer from the excited state of the fully-reduced
form of FAD to the DNA lesions causes rearrange-
ment of the covalent bonds, leading to the restora-
tion of intact nucleobases. In addition to the catalytic
chromophore, some photolyases bear a secondary
chromophore with better light absorption capability
than FAD, acting as a light-harvesting chromophore
that harvests photons in sunlight efficiently and
transfers light energy to the catalytic center, as ob-
served in natural photoreceptor proteins. Inspired by
nature, we covalently and site-specifically attached a
synthetic chromophore to the surface of photolyase
using oligonucleotides containing a modified nucle-
oside and a cyclobutane-type DNA lesion, and suc-
cessfully enhanced its enzymatic activity in the light-
driven DNA repair. Peptide mapping in combination
with theoretical calculations identified the amino acid
residue that binds to the chromophore, working as an
artificial light-harvesting chromophore. Our results
broaden the strategies for protein engineering and
provide a guideline for tuning of the light perception
abilities and enzymatic activity of the photoreceptor
proteins.

GRAPHICAL ABSTRACT

INTRODUCTION

Photolyases (PLs) are flavoproteins responsible for repair
of carcinogenic UV-induced DNA damage (i.e. cyclobutane
pyrimidine dimers (CPDs) and pyrimidine(6–4)pyrimidone
photoproducts (6–4PPs)) by using blue light in sunlight
(1). PLs exist in all domain of life except mammals (1),
thus they have played a key role in the maintenance of
genetic integrity against UV since the very beginning of
the Earth history. The catalytic DNA repair by DNA pho-
tolyases requires the light-driven electron transfer from the
excited state of fully reduced flavin adenine dinucleotide
(FADH−) to the lesions (Figure 1A), inducing the struc-
tural rearrangement to the intact nucleobases within a few
nano-seconds for CPD repair (2,3). The absorption band
of FADH− is distributed in the range of 350–500 nm, and
one can estimate that FADH− perceives 0.4 photons s−1 per
molecule by solar light (4). Considering the reported quan-
tum yield of the CPD repair by PL (50–100%) (5–8), the
CPD repair by PL proceeds in a highly efficient manner in
vitro. Even in vivo, expression of the PL gene in transgenic
mice reportedly increased the tolerance against UV (9), thus
implying PLs work as a UV protectant.

Although the catalytic reaction of PLs exclusively re-
lies on the FADH− excitation by blue light, living tis-
sues are poorly permeable to blue light. To gain the
photoreception ability, some PLs utilize secondary aux-
iliary chromophores that absorb blue light much more
strongly than FADH−. The excitation energy of the sec-
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Figure 1. Antenna chromophores of DNA photolyases. (A) Schematic illustration of the light-driven DNA repair of PL enhanced by the energy transfer
from a natural or an artificial chromophore to FADH– via Förster resonance energy transfer. The model structure was created with the CPD photolyase
from Thermus thermophilus (PDB ID: 2J09 (22)). The natural light-harvesting chromophore is embedded in the second chromophore binding pocket,
whereas the artificial chromophore conjugated to an amino acid residue is exposed to the solvent. (B) Five natural antenna chromophores in PLs. These
molecules commonly absorb blue light much more strongly than FADH–.

ondary chromophores is transferred to the ground state
of FADH−, leading to the enhanced DNA repair by
PLs. As the secondary chromophores harvest photon en-
ergy for the catalytic reaction, they are called as light-
harvesting chromophores or antenna chromophores (Fig-
ure 1A). Contrary to the exclusively conserved FAD chro-
mophore in PLs, the antenna chromophores in PLs are di-
verse. So far, five natural antenna chromophores with a
pteridine architecture have been reported for PLs (Figure
1B): (i) 5,10-methenyltetrahydrofolate (MTHF) for bacte-
rial (10,11) and algal PLs (12), (ii) flavin mononucleotide
(FMN) (13) or (iii) FAD (14) for thermophilic bacte-
rial PLs, (iv) 8-hydroxy-7,8-didemethyl-5-deazariboflavin
(8-HDF) for class II CPD-repairing PLs (CPD-PL) (15),
Synechococcus elongatus (also known as Anacystis nidu-
lans) PL (16), 6–4PP-repairing PLs ((6–4)PLs) (17), and (v)
6,7-dimethyl-8-ribityllumazine (DMRL) for bacterial (6–
4)PL (18). These molecules are well recognized in the bind-
ing site at the cleft between the N-terminal �/� domain
and the catalytic C-terminal domain in PLs (Figure 1A)
and emit fluorescence that overlaps with the absorption of
FADH−, allowing them to transfer the energy presumably
via the Förster mechanism (Förster resonance energy trans-
fer, FRET) (19–21). Although such energy transfer using
antenna chromophores is elegantly utilized in the photosyn-
thesis, these antenna chromophores in PLs, the fluorescence
of which overlaps with the red edge of FADH− absorption
spectrum, function as a supplement of FADH−.

One can, therefore, expect that tuning of the spectral
properties of the antenna chromophore would afford the
modulation of the photoreception ability and enzymatic
activity of PL. Such a spectral tuning of PL using artifi-
cial flavin derivatives has been investigated in a crystallo-
graphic study (22), by soaking crystals of Thermus ther-
mophilus CPD-PL (TthCPD) into solutions of the flavin
derivatives. Among the tested derivatives, however, only 8-
iodoflavin was obviously incorporated into the binding site,
but its spectral tuning ability was not tested. Since that re-
port, to our best knowledge, no successful trials for the tun-
ing of PL activity using artificial molecules have been re-

ported, presumably due to the difficulties in the uptake of
artificial molecules into the binding site. An alternative way
to introduce artificial molecules into proteins is covalent at-
tachment of a small molecule containing a reactive moiety,
such as the N-hydroxysuccinimide ester, to the amino acid
side chain of lysine in this case (23). The drawback in the
modification of proteins using small molecules is the un-
controllable labeling positions and the numbers of labeled
residues, in addition to the unexpected occupation of the
active site due to the labeling reaction, which would lead to
inactivation of the enzyme.

Here, we report a ligand-directed labeling of PL with an
artificial coumarin chromophore, the fluorescence spectrum
of which overlaps with the FADH− absorption. This strat-
egy allowed us to modify PL chemically with a fluorophore
and to produce the active and labeled PLs. Remarkably,
one of the labeled PLs exhibited an enhanced light-driven
DNA repair activity, indicating the synthetic fluorophore
functions as a light harvesting chromophore. Peptide map-
ping and theoretical calculations identified the amino acid
residue that binds to the chromophore, which is functional
in the energy transfer. This work, thus, provides the first step
for the tuning and modulation of the enzymatic activities of
PLs using various types of fluorophores.

MATERIALS AND METHODS

General

Reagents for DNA synthesis were purchased from Glen Re-
search. All other reagents and solvents were purchased from
FUJIFILM Wako Pure Chemical Corporation, Sigma-
Aldrich, Tokyo Chemical Industry, or Thermo Fisher
Scientific. HPLC analyses were performed on a Gilson
gradient-type analytical system equipped with a Waters
2998 photodiode-array detector. DNA samples were ana-
lyzed and purified by using a Waters �Bondasphere C18
5 �m 300Å column (3.9 mm × 150 mm), at a flow rate
of 1.0 ml min−1 with a linear gradient of acetonitrile in
0.1 M triethylammonium acetate (TEAA) (pH 7) gener-
ated over 20 min. Peptide samples were analyzed by using
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a GL Sciences Inertsil ODS-3 5 �m column (4.6 mm ×
250 mm), at a flow rate of 1.0 ml min−1 with a linear gra-
dient of acetonitrile in 0.1% trifluoroacetate (TFA) gener-
ated over 45 min. Absorption and fluorescent spectra were
measured on a PerkinElmer Lambda 35 UV/Vis spectrom-
eter and a JASCO FP-6500 spectrofluorometer, respectively.
Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI TOF MS) was performed with
a Bruker ultraflex III using the negative mode for oligonu-
cleotides. MALDI TOF MS and MS/MS analyses of pep-
tides were performed on the same device using the positive
mode.

Synthesis of protein-labeling oligonucleotides

Oligonucleotides containing both an amino linker and the
cis-syn CPD were synthesized on an Applied Biosystems
3400 DNA synthesizer, using the phosphoramidite building
blocks of amino modifier C2-dT (Glen Research), cis–syn
CPD with the natural internucleotide linkage (synthesized
as previously described (24)), and protected deoxyribonu-
cleosides for ultra-mild DNA synthesis (Glen Research),
which were assembled on the solid support. Phenoxyacetic
anhydride, tetrazole and iodine were used as capping, ac-
tivation, and oxidation reagents, respectively. The synthe-
sized oligonucleotides were cleaved from the support by
treatment with 28% ammonia water at room temperature
for 1 h and deprotected by heating at 55◦C for 4 h. The prod-
ucts were purified by HPLC with an acetonitrile gradient
from 6% to 13%. The purified oligonucleotides (40 nmol)
were dissolved in 28.8 �l of 100 mM carbonate/bicarbonate
buffer (pH 8.5), and then 3.2 �l of a 0.1 M DMSO solu-
tion of NHS-DEAC, which was prepared as described pre-
viously (25), was added to the oligonucleotide solutions.
The mixtures were incubated at room temperature for 4 h.
After ethanol precipitation, the obtained protein-labeling
oligonucleotides were analyzed and purified by HPLC with
an acetonitrile gradient from 9.5% to 32%. The purified
oligonucleotides were analyzed by MALDI-TOF MS using
recrystallized 3-hydroxypicolinic acid as a matrix (Supple-
mentary Table S1). The amounts of these oligonucleotides
were determined by the absorption of DEAC moiety using
its molar extinction coefficient of 18 800 M−1 cm−1 at 428
nm.

Preparation of recombinant T. thermophilus CPD photolyase

The codon-optimized cDNA of TthCPD was purchased
from Genewiz and was subcloned into the NdeI/BamHI re-
striction enzyme site of the modified pET-16b vector, which
carries a FLAG-tag 5′ upstream of the N-terminal His-
tag. After the DNA sequencing of the obtained plasmid,
Escherichia coli C41(DE3) cells were transformed with the
plasmid and cultured in 4 l of Luria-Broth medium with
50 �g ml−1 ampicillin at 25◦C until the turbidity mea-
sured at 600 nm reached 0.8. Then, isopropyl 1-thio-�-D-
galactopyranoside was added to the medium at a final con-
centration of 0.1 mM. After incubation at 25◦C for 24 h, the
cells were harvested and resuspended in 40 ml of buffer A
(50 mM phosphate, 200 mM NaCl, 5 mM imidazole, and
10% glycerol (pH 8)) plus lysozyme at a final concentration

of 1 mg ml−1. The cells were disrupted by sonication, and
the mixture was treated at 65◦C for 15 min to remove en-
dogenous proteins derived from E. coli. The mixture was
centrifuged at 12 000 rpm for 1 h, and the supernatant was
poured into an open column filled with the TALON metal
affinity resin (Clontech) equilibrated with buffer A. The
resin was washed with 4 column volumes (CVs) of buffer
B (50 mM phosphate, 200 mM NaCl, 10 mM imidazole,
5% glycerol (pH 8)), and the His-tagged protein was eluted
with 4 CVs of buffer C (50 mM phosphate, 200 mM NaCl,
500 mM imidazole, 5% glycerol (pH 8)). The deep green
elute was loaded onto a HiTrap Heparin HP column (GE
Healthcare). The column was washed with a stepwise gra-
dient of 100–500 mM NaCl in a buffer containing 50 mM
Tris-HCl and 5% glycerol (pH 8). The fractions eluted from
the columns were analyzed by 10% SDS-PAGE, and the
deep green colored fractions were concentrated with Ami-
con Ultra-4 centrifugal filter unit (Merck Millipore, molec-
ular weight cutoff: 30 kDa). The amounts of the obtained
proteins were quantified by the Bradford assay using bovine
serum albumin as a standard.

Evaluation of the labeling yields by protein-labeling oligonu-
cleotides

Purified TthCPD (20 �M) was incubated with protein-
labeling oligonucleotides (20 �M) in 60 �l of 100 mM phos-
phate buffer (pH 8) at 37◦C. After 0, 1, 2, 4, 8 and 24 h,
aliquots (10 �l) of the samples were mixed with an equal
volume of 2× SDS-PAGE loading buffer, and then applied
to 10% SDS-PAGE. After running at a constant voltage
(150 V) for 1.5 h, the gel was analyzed by in-gel fluores-
cence imaging. The 2:1 DNA–photolyase sample was also
run through the gel and used as an internal standard to cal-
ibrate the fluorescence intensities of each sample. After the
fluorescence detection, the gel was stained with Coomassie
Brilliant Blue (CBB). The gel images were obtained with a
ChemiDoc MP imager (Bio-Rad). The in-gel fluorescence
images were analyzed using Image Lab software (Bio-Rad),
and the band intensities were quantified by subtracting the
background from the detected band intensities. The exper-
iments were independently performed in triplicate, and the
mean values and standard deviations were plotted over the
reaction times.

Recovery of the fluorescently-labeled TthCPD

Purified TthCPD (20 �M) was incubated with protein-
labeling oligonucleotides (20 �M) in 600 �l of 100 mM
phosphate buffer (pH 8) at 37◦C. After 24 h, 15 �l of
200 mM L-cysteine was added to the solution to give a fi-
nal concentration of 5 mM. The mixture in the test tube
was illuminated with white light to dissociate the DNA–
protein complexes. After 2 h of illumination, the protein
was purified using the HiTrap Heparin HP column as
above mentioned. The colored fractions were concentrated
with Amicon Ultra-0.5 centrifugal filter unit (Merck Milli-
pore, molecular weight cutoff: 30 kDa), and the concentra-
tion of the fluorescently-labeled TthCPD was quantified by
the absorption of semiquinoid flavin adenine dinucleotide
(FADH•) using its molar extinction coefficient of 4700 M−1
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cm−1 at 579 nm. Notably, the concentration determined by
the FADH• absorption was comparable with that obtained
by the Bradford assay.

DNA repair experiments

The purified enzyme (2 �M) in reaction buffer (94 �l, 20
mM phosphate, 500 mM NaCl, and 10% glycerol (pH 7.5))
was placed in a 10 mm × 2 mm × 8 mm (length × width
× height) inner volume quartz cuvette (Starna, 16.160-
F/4/Q/10 GL 14/2/Z15) and purged with nitrogen through
both PTFE-coated silicone and rubber septa. L-Cysteine
was added to the solution in a glovebox to give a final con-
centration of 5 mM. After 10 min irradiation with UV-
light at 365 ± 5 nm from a UV-LED light source LC-LIV3
(Hamamatsu Photonics) through a 10 mm × 8 mm win-
dow, in order to photoreduce FAD to fully-reduced flavin
adenine dinucleotide (FADH−), the single-stranded 14-mer
substrate (5′-ATCGGCTTCGCGCA-3′) was added to the
solution at a final concentration of 40 �M under dark and
anaerobic conditions. The final volume of the sample solu-
tion was 100 �l. The mixture was illuminated on ice with ei-
ther white light (430–800 nm, 10 s) or monochromatic light
(380 or 428 nm, 10 s) from a MAX-150 xenon lamp (Asahi
Spectra) through the 10 mm × 8 mm window for a total
illumination time of 60 s, with an interval resting time of
3 min. After each illumination, aliquots (10 �l) of the mix-
ture were sampled through the septa and deproteinized with
phenol/chloroform/isoamyl alcohol (25:24:1). After recov-
ery of DNA by ethanol precipitation, the samples were an-
alyzed by HPLC with an acetonitrile gradient from 5% to
13% to determine the numbers of repaired substrates per en-
zyme. The experiments were performed in triplicate, and the
mean values and the standard deviations were plotted over
either the irradiation times under the white light conditions
or the photon fluences under the monochromatic light con-
ditions. The data were fitted with a linear model, and the
slope was defined as the repair activity. The relative repair
activities of the tested enzymes are shown with bar graphs,
using non-labeled TthCPD (PL) as a standard.

Evaluation of FMN contents of tested TthCPD in the repair
experiments

Fluorescently-labeled and non-labeled TthCPDs (340
pmol) were deproteinized with phenol/chloroform/isoamyl
alcohol (25:24:1), and the supernatants were analyzed by
HPLC with an acetonitrile gradient from 7% to 11% to
investigate the presence of FAD and FMN. The FMN
contents of tested TthCPDs were calculated by stipulating
the FAD content as the protein amount.

Determination of the photorepair quantum yield

From the data of the PL repair experiments using
monochromatic light at 380 nm, the numbers of re-
paired substrates per enzyme were plotted over irradia-
tion times, and the linear regression of the data indi-
cated the reaction rate constant of 0.074 s−1. Accord-
ing to a previously reported chemical actinometry method
(5), p-(dimethylamino)-benzenediazonium tetrafluorobo-
rate (DMAD) was used as a chemical actinometer to deter-

mine the photorepair quantum yield of TthCPD. The sam-
ple solution (200 �l) consisting of 2 �M DMAD and 50
mM H2SO4 was placed in the same cuvette as described in
the repair experiment section and illuminated on ice with
monochromic light at 380 nm from the MAX-150 xenon
lamp (Asahi Spectra) through the 10 mm × 8 mm window.
After each illumination for 1 s, the absorption spectrum of
the sample was measured through the 10 mm path on the
UV/Vis spectrometer. The natural logarithms of the ob-
tained absorbances at 378 nm were plotted over the illumi-
nation times, and the data were fitted with a linear model.
By taking into account the rate constants of PL, the slope
of the DMAD photoreaction, the molecular extinction co-
efficients of FADH− (5600 M−1 cm−1) and DMAD at 380
nm (5), and the quantum yield of the chemical actinome-
ter, we determined a photorepair quantum yield of 54%. In
the case of the 428 nm illumination, we obtained a reaction
rate constant of 0.038 s−1 from the regression of the data
and an excitation rate of 0.067 s−1, which was calculated
using the molecular extinction coefficient of FADH− (2100
M−1 cm−1 at 428 nm) and the incident photon flux in the re-
pair experiment. From the parameters, we also determined
a photorepair quantum yield of 57% at 428 nm.

Peptide mapping of fluorescently-labeled TthCPDs

Purified TthCPD (20 �M) was incubated with modified
oligonucleotides (20 �M) in 1.2 ml of 100 mM phos-
phate buffer (pH 8) at 37◦C for 24 h. The mixture was
buffer-exchanged to the denaturing buffer (50 mM Tris–
HCl and 8M urea (pH 8)) using Amicon Ultra-0.5 cen-
trifugal filter unit (Merck Millipore, molecular weight cut-
off: 30 kDa), and 20 �l of 500 mM dithiothreitol was
added to the solution to give a final concentration of 20
mM. After incubation at 95◦C for 10 min, the resulting
solution was again buffer-exchanged to 50 mM Tris–HCl
buffer (pH 8). To this solution, 16 �l of trypsin dissolved
in 50 mM acetic acid at a concentration of 1 �g �l−1

was added at a trypsin/photolyase ratio of 1/75 (w/w).
After incubation overnight at 37◦C, peptides were passed
through Pierce C18 spin columns (Thermo Fisher Scien-
tific). The fluorescently-labeled fragments were purified by
HPLC with an acetonitrile gradient from 20% to 60% and
analyzed by MALDI-TOF MS/MS using recrystallized 4-
hydroxy-α-cyanocinnamic acid as a matrix.

Molecular dynamics simulations

To explore the behavior of TthCPD modified with DEAC,
we performed molecular dynamics (MD) simulations. As
the amino acid residues of His97, His123, Asp128, and
His257 were found to be labeled with DEAC in PLODN1,
these residues in the TthCPD structure (PDB ID: 2J09 (22))
were modified with DEAC through the linker. In the case of
the histidine side chain (His97, His123 and His257), DEAC
was added to the ε- and �-N atoms (termed as type1 and
type2, respectively). In the case of the aspartic acid side
chain (Asp128), DEAC was added to either of the two
oxygen atoms in the carboxy group (termed as type1 and
type2). The initial structures of the calculation systems con-
taining these modified amino acids are shown in Supple-
mentary Figure S1.
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To create the force field of each amino acid residue
with the DEAC moiety, we performed the geometry op-
timization of the molecules using Gaussian16 (26) at the
B3LYP/6–31G(d) level of theory and consecutively per-
formed the electronic structure calculation at the HF/6–
31+G(d) level of theory. The geometry optimization and
the electronic structure calculation of FADH– and FMN
were also performed at the B3LYP/6–31G(d) and MP2/6–
311++G(2d,2p) levels of theory, respectively. The amber
force field of each modified amino acid residue, FADH−,
and FMN were created from the results of the electronic
structure calculation using the antechamber module of the
AMBER16 program package (27). Then, we applied the
amber force field ff14SB (28) and the TIP3P water model
(29) for the protein and the water molecules, respectively,
and the created force fields were also applied to each modi-
fied amino acid residue, FADH− and FMN, using the tLeap
module of the AMBER16 program package. The systems
were then neutralized with counter ions. The final systems
consisted of 58 784 (His97-type1), 58 862 (His97-type2), 58
799 (His123-type1), 58 841 (His123-type2), 58 777 (Asp128-
type1), 58 885 (Asp128-type2), 58 829 (His257-type1) and
58 883 (His257-type2) atoms including 17 281, 17 307,
17 286, 17 300, 17 278, 17 314, 17 296 and 17 314 water
molecules and 3, 3, 3, 3, 4, 4, 3 and 3 chloride ions, respec-
tively.

The AMBER topology files and the coordinate files
(prmtop file and inpcrd file, respectively) were converted to
the GROMACS topology files and the coordinate files (top
file and gro file) using the ACPYPE program (30). Then,
we performed the energy minimization for 5000 steps, fol-
lowed by the heating process from 0 to 5 K during 10 ps
under an NVT ensemble and from 5 to 298 K during 90 ps
under an NPT ensemble (P = 1 bar, T = 5, 50, 100, 150,
200, 225, 250, 275 and 298 K, with each simulation time
of 10 ps). The total simulation time of the heating process
was 100 ps. Finally, the production run was performed un-
der the NPT ensemble (P = 1 bar and T = 298 K) dur-
ing 1 �s. In all MD simulations, the linear constraint solver
(LINCS) algorithm (31) was adopted for constraints of the
hydrogen atoms, and the Nosé–Hoover thermostat (32–34)
and the Berendsen barostat (35) were adopted for the tem-
perature and pressure regulations, respectively. The periodic
boundary condition was applied by the particle mesh Ewald
method (36), and the direct space cut-off distance was set to
10 Å. The van der Waals interactions were calculated using
a switched cut-off between 8 and 10 Å. The simulation time
step was set to 2 fs, and the coordinate data were recorded
every 100 ps. All MD simulations were performed using the
GROMACS version 5.0.4 program (Abraham, M.J., van
der Spoel, D., Lindahl, E., Hess, B. and the GROMACS de-
velopment team (2014) GROMACS User Manual version
5.0.4, www.gromacs.org). The last 500 ns MD trajectories
were exclusively used for the following calculation.

Calculation of electronic coupling between FADH− and
DEAC

To theoretically estimate the orientation factor (κ), 200
snapshots in the last 500 ns MD trajectories were ran-
domly chosen, and the coordinate data of the isoallox-

azine moiety of FADH− and DEAC in each snapshot were
extracted, in a similar manner to the previous literature
(37). The N10 of isoalloxazine was capped with a methyl
group, while the linker and the amino acid residue moi-
eties of DEAC were replaced with an H atom. The geome-
try optimization and the excited state calculation were per-
formed using Gaussian16 (see Supplementary Figure S2
and Supplementary Tables S2 and S3), at the polarizable
continuum model (PCM-) density functional theory (DFT)
with B3LYP/6–311++G(2d,2p) and PCM- time-dependent
(TD-) DFT with B3LYP/6–311++G(2d,2p) levels of the-
ory, respectively, and the transition dipole moment magni-
tude of the donor (μD) and the acceptor (μA) vectors were
calculated for each snapshot. The angles of the obtained μA
and μD vectors were used for calculation of κ. The distance
RDA between the center of the mass of FADH− and DEAC
was also extracted from each snapshot. In all calculations,
PCMs for FADH− and DEAC were set up to the protein en-
vironment (ε = 4.0) and the water environment (ε = 78.4),
respectively, where ε represents the dielectric constant.

Because the spectral overlap between FADH− and
DEAC in the modified TthCPDs should be common even
though the modified amino acid residue is different, the
difference in the FRET efficiency among the modified
TthCPDs is expectedly derived from the electronic cou-
pling (V) in Supplementary Equation S1 (see Supplemen-
tary Computational details). The V value for each snapshot
was calculated by substituting the obtained κ, μA, μD and
RDA values in Supplementary Equation S3.

RESULTS AND DISCUSSION

Design of protein-labeling oligonucleotides

We designed protein-labeling oligonucleotides, in which a
UV lesion and a labeling nucleoside bearing a dye, through
a reactive tosylate linker (25), were incorporated into the
center of the oligonucleotides and the side part of the le-
sion, respectively, so the chromophore can be conjugated
to an amino acid residue proximal to the active site of the
PL, where FADH− is buried. Upon the formation of the
DNA–protein complex, the active site is occupied by the le-
sion, whereas the flanking oligonucleotides with the label-
ing nucleoside can move around the active site. In the bound
state, the chromophore on the labeling nucleoside is trans-
ferred from the DNA to a residue in the protein through an
SN2-type reaction (Figure 2A). The advantage of this label-
ing strategy is that (i) the recovery of the labeled proteins
can be achieved by light illumination, because the affinity
of DNA photolyases to non-damaged (namely, repaired)
DNA is 7.5 × 104 times lower than that to UV-damaged
DNA (38) and (ii) unlike conventional protein labeling us-
ing small molecules, undesirable labeling of the active site,
which would lead to a reduction in the affinity of the pro-
tein to the damaged DNA, is avoidable. For the efficient
FRET reaction, 7-diethylaminocoumarin (DEAC) was se-
lected as the light-harvesting chromophore, as the emission
spectrum of DEAC overlaps with the absorption spectrum
of FADH− (Figure 2B). To search for the appropriate la-
beling positions proximal to FADH−, we synthesized a se-
ries of oligonucleotides containing the cis-syn CPD as a

http://www.gromacs.org
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Figure 2. Labeling of DNA photolyase with 7-diethylaminocoumarin (DEAC). (A) Schematic illustration of the site-specific protein labeling strategy upon
the complex formation of the protein-labeling oligonucleotides and TthCPD, the structure of which was created with the reported TthCPD structure (PDB
ID: 2J09 (22)). The separation of the oligonucleotides from the protein is triggered by the DNA repair reaction. (B) Spectral overlap between the absorption
spectrum of FADH− and the fluorescence spectrum of DEAC. (C) Design of the site-specific protein-labeling oligonucleotides containing the modified
nucleoside (X) bearing DEAC through the tosylate group and cys-syn CPD (TT). (D) In-gel fluorescence imaging (FL) and Coomassie Brilliant Blue (CBB)
staining in the SDS-PAGE analysis of the labeling reaction. TthCPD (20 �M) was incubated with each oligonucleotide (ODN1, 2, 3 and 4) (20 �M) in 100
mM phosphate buffer (pH 8) at 37◦C, and aliquots of the reaction mixtures after 0–24 h reaction times were withdrawn and subjected to 10% SDS-PAGE.
To calibrate the relative labeling yield internally, TthCPD (20 �M) incubated with ODN3 (40 �M) for 48 h (S) was also analyzed as a standard. (E) Relative
labeling yields of ODN1–4. The relative fluorescence intensity was obtained from the in-gel fluorescence images shown in Figure 2D and plotted over the
reaction times. The experiments were performed in triplicate (n = 3), and the mean values and standard deviations are shown.

ligand for CPD-PL, in which the labeling nucleoside con-
taining DEAC through the tosylate group was incorporated
at different positions in the sequence (ODN1, 2, 3 and 4)
(Figure 2C), by using the NHS-DEAC molecule (Supple-
mentary Figure S3). We chose TthCPD as a target pro-
tein, because (i) its crystal structure with the natural an-
tenna chromophore FMN has been reported (22), (ii) it is
a thermostable enzyme allowing us to safely elevate the re-
action temperature and (iii) the cysteine residue, which is
a strong nucleophile and thus would potentially inhibit the
site-selective reaction, is not present on the surface of the
protein.

Preparation and characterization of coumarin-attached pho-
tolyase

To evaluate the labeling reactions using ODN1–4, TthCPD
was incubated with ODN1–4 over a 0–24 h time course in
the dark. The samples were subjected to SDS-PAGE, and
the products were visualized by in-gel fluorescence imag-

ing and CBB staining (Figure 2D). As a result, all of these
oligonucleotides were able to react with TthCPD. Among
them, ODN3 showed the highest labeling yield after 24
h (69 ± 3%), whereas ODN2 had the lowest efficiency
(36±9%) (Figure 2E). The different labeling yields were as-
cribed to the differences in the relative distances between the
tosylate linkers in ODN1–4 and the reactive residues around
the active site. The labeled TthCPDs were recovered by
white light illumination and purified on an affinity column
to separate the labeling reagents from the protein (Figure
2A). To assess the enzymatic activities of the non-labeled
TthCPD (PL) and the TthCPDs fluorescently-labeled by
ODN1, 2, 3 and 4 (PLODN1, PLODN2, PLODN3 and PLODN4),
we performed the repair experiments with another single-
stranded 14-mer substrate containing the cis-syn CPD. The
mixture of TthCPD and the substrate was illuminated with
continuous light (430–800 nm) under anaerobic conditions,
and the repair reaction was monitored by HPLC (Supple-
mentary Figure S4). The numbers of repaired substrates
per enzyme were evaluated and plotted against the irradi-
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Figure 3. Repair activity of the fluorescently-labeled TthCPDs. (A) The
numbers of repaired substrates per enzyme for non-labeled TthCPD
(PL) and fluorescently-labeled TthCPDs (PLODN1, PLODN2, PLODN3 and
PLODN4). The enzyme containing FADH− was prepared anaerobically
and illuminated with white light (430–800 nm) in the presence of the single-
stranded 14-mer substrate (5′-ATCGGCTTCGCGCA-3′). The progress
of the repair reaction was monitored by HPLC. The experiments were per-
formed in triplicate (n = 3), and the mean values and standard deviations
are shown. (B) Relative repair activities of PL and the fluorescently-labeled
TthCPDs. The data shown in Figure 3A were fitted with a linear model,
and the repair activity of PL was used as the standard to determine the
relative repair activities of the fluorescently-labeled TthCPDs. The statisti-
cal significance was evaluated by the two-sided Student’s t-test, where the
significance was set to P < 0.05. The asterisk indicates P = 0.00040. (C)
The numbers of repaired substrates per PL and PLODN1 plotted over the
photon fluences (�mol cm–2) upon illumination at either 380 nm or 428
nm. The experiments were performed in triplicate (n = 3), and the mean
values and standard deviations are shown. (D) Relative repair activities of
PL and PLODN1 upon illumination at either 380 nm or 428 nm. The data
shown in Figure 3C were fitted with a linear model, and the repair activity
of PL at 380 nm was used as the standard to determine the relative repair
activities of PL at 428 nm and PLODN1 at 380 and 428 nm. The statisti-
cal significance was evaluated by the two-sided Student’s t-test, where the
significance was set to P < 0.05. The asterisk indicates P = 0.0325.

ation times (Figure 3A). The slopes of the linear regres-
sion were defined as the repair activities (Figure 3B). Conse-
quently, all fluorescently-labeled TthCPDs showed a higher
repair activity than PL. Among the tested enzymes, PLODN1
exhibited a 1.8-fold larger repair activity than PL, even
though PLODN3 was labeled with the chromophore in the
highest yield (Figure 2E), implying that the fluorescently-
labeled residue in PLODN1 contributed remarkably to the ef-
ficient FRET from DEAC to FADH−, as compared to that
in PLODN2–4. It is, however, known that TthCPD expressed
in E. coli also loosely binds FMN at the secondary chro-
mophore binding site (22), and therefore the enhancement
of the repair activity of the fluorescently-labeled TthCPDs
may be ascribed to the presence of the natural secondary

Table 1. FMN contents of TthCPD used for the repair experiment

Entry FMN content

PL 28%
PLODN1 22%
PLODN2 18%
PLODN3 17%
PLODN4 30%

chromophore. To verify the possibility, the FMN content of
the tested enzymes was analyzed by HPLC. FMN occupan-
cies in the fluorescently-labeled TthCPDs were found to be
approximately 20–30%, at almost the same FMN amount
of PL (Table 1). This result indicates that contribution of
FMN to the enhanced DNA repair by PLODN1–4 is almost
identical and thus safely excludes the possibility that the en-
hanced repair activity of PLODN1 was caused by the biased
FMN occupation.

Additional repair experiments were performed under
monochromatic light, at either 380 ± 5 nm or 428 ± 5 nm.
If the energy transfer from DEAC to FADH− does occur,
then PLODN1 would be expected to repair the CPD more
efficiently than PL upon illumination at 428 nm, which
is close to the DEAC absorption maximum (Supplemen-
tary Figure S5). The obtained numbers of repaired sub-
strates per enzyme with the monochromatic light sources
were plotted over the incident photon fluences (Figure 3C
and Supplementary Figure S6), and the repair activities of
PL and PLODN1 were evaluated (Figure 3D). As expected,
PLODN1 showed a 1.5-fold higher DNA repair activity with
the 428 nm excitation, as compared to PL, whereas the re-
pair activities of PL and PLODN1 were comparable with
the 380 nm excitation, where the extinction coefficients of
FADH− and DEAC are similar. The results clearly demon-
strated that the DNA repair activities of the fluorescently-
labeled TthCPDs were enhanced via the energy transfer
from DEAC to FADH−. Although the relative repair ac-
tivity of PL at 428 nm was apparently reduced by 60% from
that at 380 nm, this was caused simply by the difference in
the extinction coefficients of FADH− at each wavelength
(5600 and 2100 M−1 cm−1 at 380 and 428 nm, respectively),
as the repair quantum yields of PL with the 380 and 428
nm excitations estimated by chemical actinometry (Supple-
mentary Figures S6 and S7) were identical (54% and 57%,
respectively).

To gain further insights into the origin of the enhanced re-
pair activity via FRET, the positions of the labeled residues
were determined by mass spectrometric peptide mapping,
according to the procedure shown in Figure 4A. Peptides
obtained after trypsin-digestion of the fluorescently-labeled
TthCPDs were analyzed by HPLC (Figure 4B), and the
fractions with DEAC absorption were collected and ana-
lyzed by tandem mass spectrometry (Supplementary Fig-
ures S8–S23 and Table 2). In the case of PLODN1, the tan-
dem mass analysis identified H123 as the major labeled
residue, and H97, D128, and H257 as minor ones (Figure
4B). From the peak areas in the HPLC chromatograms,
the relative labeling selectivities for the respective residues
were found to be 6% for H97, 74% for H123, 8% for D128,
and 12% for H257. The same procedure was applied to
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Figure 4. Peptide mapping of the fluorescently-labeled PLs. The structures in these figures came from the TthCPD structure (PDB ID: 2J09 (22)). (A)
Schematic view of the experimental procedure. (B) Analytical HPLC chromatograms of the digested products derived from fluorescently-labeled TthCPDs.
The presence of DEAC was monitored by absorption at 428 nm. The numbered peaks were collected and analyzed by MALDI TOF MS/MS. (C) Heat
maps of the residues labeled with ODN1–4. DEAC occupancies for the respective amino acid residues were calculated by multiplying the labeling yield
(Figure 2) and the residue selectivity (Table 1) and were visualized using heat maps.

PLODN2–PLODN4, and the relative labeling selectivities were
also obtained (Table 2). In the MS/MS analysis of the
fluorescently-labeled peptides, carbamylation of the N ter-
minus of the peptide, the ε-amino group of lysine, and
the guanidine moiety of arginine were observed. This was
caused by the production of isocyanic acid during protein
denaturation at high temperatures in the presence of urea
(39–41), and therefore carbamylation of the labeled and re-
covered proteins was unlikely. As observed in the HPLC
analysis of the sample with no enzyme, the products derived
from the protein-labeling oligonucleotides were detected in
the PLODN2 and PLODN4 samples (Figure 4B). This was con-
sistent with the low labeling yields of ODN2 and ODN4
(Figure 2E) and indicated that the collision frequency of the
tosylate and reactive amino acid side chain in the PL-ODN2
and PL-ODN4 complexes was much smaller than that in the
PL-ODN3 complex.

By taking into account the relative labeling yields and
residue selectivities, the occupancies of the DEAC-labeled
residues in PLODN1–PLODN4 were evaluated and displayed
using heat maps on the TthCPD structure (Figure 4C). Ob-
viously, the DEAC-labeled residues were clustered close to-
gether, depending on the position where the reactive to-
sylate linker was incorporated into the labeling oligonu-
cleotides. This meant that our protein labeling strategy pro-
ceeded successfully, in a site-specific manner. As PLODN1 ex-
hibited the enhanced DNA repair activity, certain amino
acid residues bearing DEAC in PLODN1 would function
as the light harvesting chromophore, and the involvement
of the DEAC-attached residues in PLODN2–PLODN4 in the
FRET would be negligible.

Theoretical investigation of energy transfer from DEAC to
FADH−

According to the Förster theory, the FRET rate from donor
to acceptor is expressed with i) the electronic coupling be-
tween donor and acceptor and ii) the spectral overlap in-
tegral between donor fluorescence and acceptor absorp-
tion (Supplementary Equation S1). In this study, the spec-
tral overlaps between DEAC and FADH− were common in
PLODN1–PLODN4, and therefore the electronic coupling be-
tween DEAC and FADH− would be the origin of the dif-
ference in the repair activities. To estimate the electronic
coupling theoretically, we prepared model structures of
TthCPD bearing DEAC at the positions identified by the
MS analysis, and performed 1 �s molecular dynamics (MD)
simulations. As two imidazole nitrogens (N� and Nε) of his-
tidine and two carboxy oxygens of aspartic acid can be con-
jugated with the DEAC moiety (termed type1 and type2,
respectively, as shown in Figure 5A), the possible DEAC–
amino acid conjugation patterns were considered (Supple-
mentary Figure S1). After the MD simulations, 200 snap-
shots in the last 500 ns MD trajectories were randomly cho-
sen and used for the electronic coupling calculations (Fig-
ure 5B). The distribution of the ingredients of the electronic
coupling, namely amplitudes of transition dipole moments
of donor and acceptor (μD and μA), distance between the
donor and the acceptor (RDA), and orientation factor κ2

are summarized in Supplementary Figure S24. Among the
tested systems, DEAC-attached H123 exhibited the high-
est electronic coupling (0.18 meV) regardless of the con-
jugation manner (Figure 5C), in good agreement with the
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Table 2. Fluorescently-labeled peptides shown in Figure 4

aRed and green letters represent the fluorescently-labeled residues and the possible carbamylated residues, 

respectively.
bCarbamylated at either of the two positions in the sequence.
cCarbamylated at the two positions in the sequence.

Entry
Digested 
protein

Peak # Sequencea Labeled residue Peak area

P1-1

PLODN1

i DFSYHLLYHFPWMAERPLDPR H257 12%

P1-2 ii EALPVPLHLLPAPHLLPPDLPR H123 74%

P1-3 iii EALPVPLHLLPAPHLLPPDLPRb D128 8%

P1-4 iv AVYALTSHTPYGR H97 6%

P2-1

PLODN2

i DFSYHLLYHFPWMAERPLDPR H257 19%

P2-2 ii EALPVPLHLLPAPHLLPPDLPR H123 52%

P2-2 iii EALPVPLHLLPAPHLLPPDLPRb H123 29%

P3-1

PLODN3

i DPVVDLEEAR E404 3%

P3-2 ii VFNPVLQGER E375 52%

P3-3 iii WAPEYPSYAPKDPVVDLEEARb E404 22%

P3-4 iv WAPEYPSYAPKDPVVDLEEARc E404 4%

P3-5 v VFNPVLQGERa E375 18%

P4-1

PLODN4

i VFNPVLQGER E375 59%

P4-2 ii WAPEYPSYAPKDPVVDLEEARb E405 22%

P4-3 iii WAPEYPSYAPKDPVVDLEEARc E404
19%

P4-4 iii VFNPVLQGERb E375

0.2 meV value of the electronic coupling between FADH−
and the natural light-harvesting chromophore MTHF in
the E. coli DNA photolyase structure (42). This would be at-
tributable to the smaller RDA and larger κ2 than the others.
In contrast, the DEAC-attached D128 exhibited the lowest
electronic coupling among all conjugation systems regard-
less of the conjugation patterns, implying that DEAC-D128
would hardly contribute to the FRET. Indeed, the center
value of κ2 for DEAC-attached D128 was much smaller
than the others. Unlike DEAC-attached H123 and D128,
the estimated electronic couplings of DEAC-attached H97
and H257 dramatically varied depending on the conjuga-
tion patterns. This implied that these molecules would pos-
sibly contribute to the FRET depending on the relative
configuration between FADH− and DEAC. Given their
low DEAC occupancy, their contribution would be limited.
Considering the fact that H123 in TthCPD was labeled by

ODN1 with the highest occupancy (Figure 4C), we con-
cluded that the DEAC-labeled H123 is the main contributor
to the enhancement of the DNA repair activity of PLODN1.

CONCLUSION AND PERSPECTIVES

We successfully enhanced the enzymatic activity of DNA
photolyase by the introduction of an additional dye. As ob-
served in the investigations of dye-sensitized solar cells, dye
molecules have the potential to enhance the energy con-
version efficiency (43). However, the direct involvement of
an artificial dye in the conversion of light energy to chem-
ical energy in biological phenomena has scarcely been re-
ported to date. Thus, this work provides an example of the
involvement of an artificial light-harvesting antenna chro-
mophore in the enhancement of an enzymatic reaction. One
may suppose that the 1.5-folds increase of the DNA re-
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Figure 5. Calculated properties of the fluorescently-labeled residues. (A)
Labeling patterns in the histidine and aspartic acid side chains. DEAC was
covalently conjugated with either of the two imidazole nitrogens (N� and
Nε) in histidine and either of the two oxygen atoms in aspartic acid (termed
type1 and type2). (B) Transition dipole moments of FADH– and DEAC
illustrated in our model structure. A representative snapshot was extracted
from the MD simulation of H123-type1. By using μD, μA and RDA val-
ues shown in this panel, electronic coupling between DEAC and FADH–

was calculated for each snapshot. (C) The electronic couplings between
FADH– and DEAC, calculated using 200 snapshots in the last 500 ns MD
trajectories. Each dot represents the result from each snapshot, and the
overall results are shown in box-chart presentations, where the line in the
boxes, the upper and lower limits of the boxes, and the whiskers represent
the center value, the upper and lower quartiles, and the interquartile range,
respectively. Note that the median values of the data set were similar to the
center value.

pair activity caused by the coumarin modification is ap-
parently weak. As observed in the tandem MS analysis,
the coumarin-attached enzymes tested for the DNA repair
were obtained as mixtures by the affinity-based labeling
method (Table 1). We have suggested that H123 would be
the main contributor of the enhanced DNA repair (Figure
5C), and therefore further improvement of the DNA repair
activity of DNA photolyases will potentially be achieved
by site-selective conjugation of various molecules at this
position.

Since DNA binding proteins specifically bind their DNA
substrates, the oligonucleotide-based protein modification
shown in this study is widely applicable to labeling of
proteins of interest. For instance, the pull-down assay us-
ing oligonucleotides is a powerful way to screen proteins
that specifically bind to certain nucleic acids, such as UV-

damaged DNA, G-quadruplex, and i-motif DNA (44–46),
but this strategy relies on high affinity of the proteins to
these nucleic acids. Contrary to the canonical strategy, the
reaction-based labeling of the protein would afford screen-
ing of proteins that exhibit relatively-weak affinity. Once the
labeling reaction takes place and the proteins are tagged
with the molecule during the association/dissociation pro-
cess, the labeled proteins are traceable through the subse-
quent immunopurification step. Therefore, there are pos-
sibilities that unidentified nucleic acid-binding proteins
that exhibit weak affinity could be found through this
process.

Unlike conventional protein engineering, such as protein
design and directed evolution (47,48), one of the advan-
tages of the dye-assisted engineering of biological functions
is that the expansion of the light absorbing property can be
achieved by synthetic molecules. This method is expected
to lead to the development of next-generation protein engi-
neering and optogenetic tools by chemical approaches.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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