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ABSTRACT: Visible light, particularly in the blue region of the spectrum, can cause cell dysfunction through the generation of
singlet oxygen, contributing to cellular aging and age-related pathologies. Although photooxidation of nucleic acids, lipids, and amino
acids has been extensively studied, the magnitude and span of blue-light-induced protein damages within proteome remain largely
unknown. Herein we present a chemoproteomic approach to mapping blue-light-damaged proteins in live mammalian cells by
exploiting a nucleophilic alkyne chemical probe. A gene ontology enrichment analysis revealed that cell surface proteins are more
readily oxidized than other susceptible sets of proteins, including mitochondrial proteins. In particular, the integrin family of cell
surface receptors (ITGs) was highly ranked in the mammalian cells tested, including human corneal endothelial cells. The blue-light-
oxidized ITGB1 protein was functionally inactive in promoting cell adhesion and proliferation, suggesting that the photodamage of
integrins contributes to the blue-light-induced cell dysfunction. Further application of our method to various cells and tissues should

lead to a comprehensive analysis of light-sensitive proteins.

ight exposure is generally detrimental to human cells.

Although visible light has widely been exploited in
biological sciences, especially in optogenetics' and super-
resolution imaging,” its irradiation can cause cell dysfunction.”
The blue region (400—S00 nm) of the visible spectrum is
particularly important because it has a relatively high energy
and is associated with the occurrence of cellular aging and age-
related pathologies.””> Blue-light irradiation causes the
oxidation of nucleic acids, lipids, and proteins by generating
singlet oxygen (10,),° superoxides,” and hydrogen peroxide
(H,0,)*° through blue-light-absorbing endogenous photo-
sensitizers including flavins,” porphyrins,” and melanin."” Such
oxidative stress often modulates intracellular si§nals,11 and
excessive exposure to blue light causes cell death.'” Toward an
understanding of the underlying mechanism, the oxidation of
biomolecules by 'O, has been intensely studied. In nucleic
acids, guanine appears to be particularly susceptible to
oxidation, as exemplified by the 'O, oxidation of the guanine
tracts found in the G4 quadruplex structures of telomeres.'* In
lipids, the primary targets are those with unsaturated double
bonds, such as retinoids, cholesterol, and phospholipids.’ In
the case of proteins, tyrosine, histidine, methionine, cysteine,
and tryptophan are known to be oxidized by blue-light
exposure.” However, the magnitude and span of blue-light-
induced protein damages within a proteome remain largely
unknown. This is in part due to the lack of a systematic and
simple analytical methodology.

Chemoproteomics, in which the cellular proteome is labeled
and identified with chemical probes, have attracted attention as
a robust approach to interrogating the functional states of
cellular proteins.'*™"® On the other hand, the Nakamura'® and
Hamachi™ groups have recently reported proximal labeling of
selective proteins by combining 'O,-generating protein ligands
and nitrogen-containing nucleophilic probes. Inspired by these
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seminal studies, we postulated that it might be possible to
capture and analyze blue-light-oxidized intracellular proteins
with nitrogen-containing nucleophilic probes at proteome
levels.

Chemical probes suitable for proteome analysis need to
combine cell permeability, moderate reactivity, and selectivity.
Although the probes developed by Nakamura and Hamachi are
suitable for selective proximal labeling of proteins, their
electron-rich aromatic properties may also lead to the
modification of nucleophilic amino acids upon oxidation.”"**
To explore probes suitable for photooxidative proteomic
analysis, we set out to screen nonaromatic, low-molecular-
weight alkyne amine probes. The workflow for the screening is
shown in Figure 1A. Proteomic lysates of HeLa cells were
irradiated with blue light (450 nm, 14 mW) for 10 min in the
presence of a nitrogen-containing nucleophilic probe and flavin
mononucleotide (FMN), an intracellular photosensitizer.
Labeled proteins were visualized by a click reaction with the
fluorescent dye TAMRA azide. Fluorescence scanning of SDS-
PAGE gels showed that probes 1 and 2 had comparable levels
of protein labeling (Figure 1B). Secondary and tertiary amine
versions of probe 1 (probes 4 and S) displayed lower levels of
labeling than probe 1 (Figure S1). Next, we compared probes
1—3 in live cells. HeLa cells were maintained in DMEM, which
contains riboflavin, and subsequently irradiated by blue light
(450 nm, 14 mW) in EBSS, a medium lacking riboflavin.
Surprisingly, the simplest probe, probe 1, displayed the highest
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Figure 1. Proteome labeling with amine probes under blue light
irradiation. (A) Workflow of the probe screening. (B) Fluorescence
scanning of SDS-PAGE gels. HeLa cell lysates or cultured HeLa cells
were exposed to each amine probe (2 mM) prior to blue-light
irradiation for 10 min. Labeled proteins were reacted with TAMRA-
N; by a click reaction and separated by SDS-PAGE. (C, D) Blue-light-
dependent protein labeling with probe 1. HeLa (C) or B16F10 (D)
cells were treated with probe 1 in the presence or absence of blue-
light irradiation. (E) Effect of NaN; (10 mM) on the protein labeling
with probe 1.

levels of labeling (Figure 1B). The difference between the in
vitro and in cellulo results may be due to distinct levels of cell
permeability of the probes. These results indicate that, of the
probes screened, probe 1 is the most suitable for further
proteome analysis in living cells. To rule out the possibility that
the blue-light-activated probe 1 reacted with nonoxidized
proteins, we preirradiated the probe and added it to HeLa cell
lysates (Figure S2). The preirradiated probe displayed protein
labeling as low as the nonirradiated sample did, supporting our
notion that the labeled proteins represent blue-light-damaged
proteins.

The protein labeling by probe 1 in HeLa cells was blue-light-
dependent, with little protein labeling without blue light
(Figure 1C and Figures S3A and S4). We selected 10 min blue
light exposure (450 nm, 14 mW) in the presence of 2 mM
probe 1 as a labeling condition for later studies (Figure S4).
When B16F10 pigment cells were used, a higher level of
protein labeling was observed upon the addition of a-MSH, a
hormone that stimulates melanin biosynthesis (Figure 1D and
Figure S3B,C). To verify whether such intracellular protein
labeling is mediated by endogenous photosensitizers, we

performed in vitro labeling experiments using BSA as a
model protein. The addition of flavin derivatives or melanin
increased the probe 1 labeling of BSA in a light-dependent
manner (Figure SSA,B). Porphyrin derivatives had little effect
on the levels of BSA labeling (Figure SSA). Importantly, NaN;,
a singlet oxygen quencher, canceled the protein labeling in vitro
and in HeLa cells (Figure 1E and Figure SSC). Taken together,
the blue light-induced cellular protein labeling by probe 1 is
likely to be mediated primarily by 'O, generated from
photoactivated flavin derivatives and/or melanin.

To identify blue-light-oxidized proteins, we performed a
chemoproteomic LC-MS/MS analysis as outlined in Figure
2A. Cells were treated with probe 1 under blue-light irradiation
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Figure 2. LC-MS/MS analysis of blue-light-oxidized proteins. (A)
Workflow of the proteomic analysis. Cells were treated with probe 1
(2 mM) and blue light (10 min) prior to a click reaction with Dde-
biotin azide. The biotinylated proteins were enriched by streptavidin
agarose resins, eluted by N,H,, and trypsinized before LS-MS/MS
analysis. (B) Volcano plots (ratio [Light/Dark] vs p value) of Hela
cells. Highly oxidized proteins (HOPs, log,[Light/Dark] > 2.5, p
value <0.01) are indicated as red dots. (C) Subcellular localization of
HOPs in HeLa cells. GO enrichment analysis (cellular component)
was conducted for the 98 HOPs. (D) Functional annotation
clustering (biological process) of the HOPs. (E) Pull-down and
Western blot analysis of ITGB1 in HeLa, B16F10, and iHCEC cells
after blue light irradiation for 10 min with probe 1 (2 mM).
Abbreviations: Mat., mature; Pre., precursor.

for 10 min, lysed, and reacted with Dde-biotin azide, a
biotinylated click reagent whose linker is readily cleaved by
N,H,*® The biotinylated proteins were isolated by avidin
agarose, eluted by N,H,, and analyzed by LC-MS/MS for
label-free quantification.”® In HeLa and B16F10 cells, the
numbers of highly oxidized proteins (HOPs, log,[Light/Dark]
> 2.5 and p value <0.01) were 98 and 131, respectively (Figure
2B and Figure S6A) (see also Supporting Excel files 1 and 2).
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A gene ontology (GO) enrichment analysis of HOPs in both
HeLa and B16F10 cells revealed that cell surface proteins were
more readily oxidized than proteins located in other organelles
(Figure 2C and Figure S6B). This finding was unexpected,
since photooxidation is believed to occur primarily in
mitochondria, where flavin enzymes are abundant.” To exclude
the possibility that the preferential labeling of cell surface
proteins was due to the limited cell permeability of the probe,
we conducted Raman microscopy experiments, which
permitted selective detection of an alkyne group in living
cells (Figure $7).**° The Raman signals of the free and
protonated forms of probe 1 at 2119 and 2139 cm™},
respectively, were found more abundantly in the intracellular
region than in the extracellular space.

Functional annotation clustering of GO biological process of
the HOPs revealed that cell adhesion, in particular mediated by
integrins, exhibited high enrichment scores in both HeLa and
B16F10 cells (Figure 2D and Figure S6E). To corroborate this
finding in more physiologically relevant cells, we expanded the
analysis to human corneal endothelial cells (iHCEC)
(Supporting Excel file 3). The cornea is the first tissue in the
eye to be exposed to external light. In the blue-light-exposed
cornea cells, cell surface proteins were again highly oxidized,
and integrin-mediated cell adhesion gave the highest enrich-
ment scores (Figure S6C—E). These results collectively
suggest that the integrin family members are sensitive to
blue-light irradiation.

For an in-depth functional analysis, we focused on integrin
A1 (ITGB1), a major and well-characterized player of the
integrin family that was highly oxidized in HeLa, B16F10, and
iHCEC cells. The blue-light-dependent labeling of ITGB1 was
confirmed by a Western blot analysis of the probe-labeled
proteins from HeLa, B16F10, and iHCEC cells (Figure 2E).
Two ITGB1 bands were detected in the input samples of HeLa
and iHCEC cells: the upper band corresponds to the mature,
glycosylated form of ITGBI located on the cell surface.”’
Interestingly, the cell-surface form of ITGBI was selectively
labeled by probe 1, consistent with the results of the GO
analysis.

ITGB is a cell-surface protein that forms heterodimers with
integrin o family members to control cell adhesion, migration,
and survival.”® Upon binding to the ECM, ITGB1 undergoes a
conformational change from bent to extended forms, thereby
clustering intracellular adaptor proteins to induce phosghor—
ylation of focal adhesion kinase (FAK) (Figure 3A).” To
examine the effects of blue-light irradiation on the activation
status of ITGB1, we performed immunostaining with a 12G10
antibody, which specifically marked the activated, extended
ITGBI forms.”® The results revealed that blue-light exposure
decreased the number of the activated forms of ITGBI to
~30% (Figure 3B). In contrast, addition of H,0, (1 mM) had
little effect on the ITGB1 conformation (Figure S8),
suggesting that a reactive oxygen species other than H,0,,
most likely 'O,, plays a role in the ITGB1 damage.

In line with the immunostaining, the blue-light exposure
suppressed the phosphorylation of FAK in the HelLa cells
cultured on the plate coated with each of the three different
integrin-activating ECMs fibronectin, collagen I, or laminin,
while it had little effects on the protein levels of ITGB1 (Figure
3C). Moreover, when the blue-light-irradiated cells were
reseeded on the plates coated with each ECM, the number
of adhered cells significantly decreased to ~10% compared
with nonirradiated cells (Figure 3D and Figure S9). Addition
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Figure 3. Analysis of ITGB1 function after blue-light irradiation. (A)
Cartoon of ITGBI activation and downstream signaling. (B)
Immunostaining of active ITGB1 in blue-light-irradiated (Light)
and nonirradiated (Dark) HeLa cells. Color code: green, active
ITGB1; cyan, Hoechst 33342. The values represent the mean of
fluorescence + SD (n = 53 in Dark; n = 64 in Light). Significance was
determined using an unpaired two-tailed Student’s t-test. (C) Western
blot analysis of FAK phosphorylation in HeLa cells after blue-light
irradiation for 10 min. (D) Effect of blue-light irradiation on cell
adhesion. HeLa cells were reseeded on Collagen I coated plates after
blue-light irradiation for 10 min. Experiments were replicated in
triplicate. Data represent average & SD. Significance was determined
using an unpaired two-tailed Student’s t-test: *p < 1073 **p < 107%
w5y < 107,

of a singlet oxygen quencher, NaN; or N-acetyl cysteine
(NAC), mitigated the compromised adhesion of cells. In
particular, NAC (2 mM) almost completely blocked the probe
labeling (Figure S10) and restored the adhesion of the blue-
light-irradiated HeLa cells (Figure 3D). Overall, these results
suggest that blue-light-induced 'O, oxidizes ITGBI, thus
blunting its ability to stimulate the ECM-dependent down-
stream signaling.

Next, we attempted to map the amino acid residues oxidized
by blue-light exposure. An analysis of the amino acid residues
of BSA photolabeled with probe 1 showed histidines and
tyrosines as conjugation sites (Figures S11 and S12). Blue-light
exposure of Fmoc-tyrosine or Fmoc-histidine in the presence
of probe 1 generated a conjugated product whose molecular
weight is consistent with the expected oxidized product
(Scheme S1 and Figure S13). These results confirmed that
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probe 1 detects the photooxidation of histidines and tyrosines.
To estimate which histidines and tyrosines in ITGB1 are
oxidized by blue-light irradiation, we treated HeLa cells
overexpressing c-Myc-tagged ITGB1 with blue light for 10
min and used LC-MS/MS to analyze the oxidation status of
trypsinized peptides from immune-purified c-Myc-tagged
ITGB1 (Figure S14). As a result, Y153, Y345, Y783, and
H690 were found to be significantly oxidized in blue-light-
irradiated samples (Figure S15) (Supporting Excel file 4).
Among them, Y783 has been reported to play an important
role in the downstream signaling of ITGB1.>"** However,
other functionally important tyrosines and histidines might be
photo-oxidized in light of the low coverage of the sequenced
peptides (56%) (Figure S16). How the oxidations of histidine
and/or tyrosine oxidations affect the function of ITGBI
remains unclear.

The present study shows that ITGB1 is poised to be
inactivated in mammalian cells, including human corneal
endothelial cells, following exposure to blue light. In eye
tissues, the cornea is the first to be exposed to blue light
emitted by sunlight and electronic devices, thereby being
subject to photooxidative stress.”> Excessive oxidative stress in
corneal endothelial cells is considered to cause Fuchs’ corneal
dystrophy, an ophthalmology disease leading to vision loss.**
The major integrin heterodimers in corneal endothelial cells
are a3f1 and a6f1, which bind to laminin in Descemet’s
membrane to activate downstream signaling.*gs’36 Although
ITGB1 damage has not been reported to contribute to corneal
disease, ITGBI1 conditional knockout mice in keratocytes and
lens cells have been shown to lose the structural integrity of the
cornea and lens tissue.”””® ITGBI is likely to engage in the
maintenance of a healthy cornea and lens. How the
photodamage of ITGB1 and other integrin family members
contributes to the light-induced ocular tissue damage and how
it can pharmacologically be restored remains to be
investigated.

Another revelation by our study is that the probe that best
captured photo-oxidized proteins was a simple primary amine.
A range of primary amine molecules, including lysine,
monoamines, and polyamines, are present inside and outside
the cells. Our findings suggest that these cellular amines might
also nonenzymatically modify photo-oxidized proteins.
Whether photo-oxidized ITGB1 is modified by endogenous
amines remains to be elucidated.

A weakness of our method is that it can detect the
photodamaged side chains of only limited amino acids,
tyrosine and histidine residues. The development of
oxidation-dependent probes selective for other amino acids
would facilitate the study of photodamaged proteins. Never-
theless, given that tyrosine and histidine are often functionally
important, the method may enable us to pinpoint photo-
damaged proteins whose biological functions are modulated, as
exemplified by our case study of ITGB1. Another limitation of
our method is that cells were exposed to 14 mW blue light for
10 min. This intense exposure produces an acute damage to
cellular proteins, which does not necessarily recapture the slow
aging process of cellular proteins under much weaker daily
light conditions. The proteomic dissection of aging-related
pathologies requires experimental conditions that more
faithfully reproduce the daily light-induced chronic aging
process. Nevertheless, further application of our method to
various cells and tissues should lead to a comprehensive
analysis of light-sensitive proteins.
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1. Experimental procedures

(1) Cell culture

HeLa, B16F10 and iHCEC cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, #11995-065 Gibco®™), supplemented with 100 units/mL penicillin (Nacalai Tesque), 100
ug/mL streptomycin sulfate (Nacalai Tesque), and 10% (v/v) fetal bovine serum (FBS, Biowest,
S1820-500) at 37°C in a humidified 5% CO; incubator.

(2) Materials

Chemical reagents were purchased from Sigma Aldrich, Wako, TCI, Enamine, and Click
Chemistry Tools. All probes are commercially available (probe 1 (TCI, P0911); probe 2 (Enamine,
EN300-705939); probe 3 (BLD pharm, BD248153); probe 4 (Wako, 351-38191); probe 5 (TCI,
D2794)). All antibodies are listed below.

Antibody list

Antibody name Supplier Code
GAPDH Santa Cruz SC-25778
ITGBI1 abcam ab52971
ITGBI1 abcam ab30394; 12G10
FAK Cell Signaling Technology 13009
Phospho-FAK BD Transduction 611807
c-Myc Nacalai Tesque 04362-34
c-Myc Agarose Conjugate Nacalai Tesque 04145-55
Anti-rabbit IgG, HRP-linked Cell Signaling Technology 7074
Anti-mouse IgG, HRP-linked Cell Signaling Technology 7076

(3) Plasmid amplification
Escherichia coli Competent Quick DH5a competent cells (TOYOBO) were stored at —80°C and
thawed on ice just before the transformation. The bacterial cells were grown in LB (Lennox,

Nacalai Tesque) growth media at 37°C.

(4) Plasmid construction

Total RNA from cultured HeLa cells was prepared using ISOGEN (NIPPON GENE) according
to the manufacturer’s protocol. cDNAs were then synthesized using PrimeScript 1st strand cDNA
Synthesis Kit (Takara Bio) according to the manufacturer’s protocol. The resulting cDNAs were
PCR-amplified with forward and reverse primers shown below. ITGB1 gene was subcloned into

the Xho I site of the pPCMV_3Tag9 vector (Agilent technology) using Infusion® HD Cloning Kit
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(Takara Bio). The PCR amplified sequence was verified by DNA sequencing.

Primers for ITGB1

ITGB1 Forward | TACCGTCGACCTCGAG ATGAATTTACAACCAATTTTCTG

Reverse | GTTTCTGCTCCTCGAG TTTTCCCTCATACTTCGGATTG

2. Method

(1) In vitro BSA labeling and in-gel fluorescence imaging

For in vitro BSA labeling, Flavin derivatives (1 uM) were used as the flavin concentration in
DMEM is 1 uM. 1 mg/mL of melanin (DNP), which is comparable with the epidermal melanin
concentration, was used.! To 8 pL of BSA solution (2 ug/uL), 10 pL of DNP (2 mg/mL stock in
Milli-Q water) or 10 pL Flavin or Porphyrin derivatives (2 uM in Milli-Q water), and 2 pL of
probe 1 (20 mM stock in Milli-Q water) were added. The mixture was irradiated for the indicated
periods by blue light (450 nm) with an LED illumination array for 96-well plates (LEDA-450,
Amuza Teleopto) equipped with a LAD driver in constant mode (LAD-1, Amuza Teleopto). The
light intensity was set to 14 mW by using a light power meter (LPM-100, Amuza Teleopto). 4
volumes of ice-cold 100% methanol were added to the mixture and precipitated at —80°C for 1 h.
The mixture was centrifuged at 4°C at 20,000 g for 20 min. The protein pellets were washed twice
with 1 mL of ice-cold 100% methanol. Methanol was removed, and the protein pellets were air-
dried at room temperature for LC-MS/MS analysis or fluorescence imaging. For fluorescence
imaging, the pellets were resuspended with RIPA buffer (Nacalai Tesque). Click chemistry was
performed by the addition of 100 uM CuSOs 200 uM THPTA ligand (3 [tris(3-
hydroxypropyltriazolylmethyl)amine), 500 uM sodium ascorbate, and 50 uM TAMRA azide as
final concentrations. Samples were allowed to react at room temperature for 3 h. The reaction was
stopped by adding 6xSDS-PAGE reducing loading buffer (Nacalai Tesque). The proteins were
resolved in a 12% SDS-PAGE acrylamide gel, and fluorescence imaging was obtained using

Typhoon™ FLA 900.

(2) In vitro protein labeling and in-gel fluorescence imaging

To 98 pL of HeLa cell lysates (1 mg/mL), 1 pL of probes (200 mM stock in Milli-Q water), 1 pL
FMN (100 pM in Milli-Q water) were added. The mixture was irradiated by blue light for 10 min
(14 mW, 450 nm). To remove unreacted reagents, the reaction mixture was desalted by G-25
Columns (GE Healthcare) at 735 g for 2 min. Click chemistry was performed by the addition of
100 uM CuSOs, 200 pM THPTA ligand, 500 uM sodium ascorbate, and 50 uM TAMRA azide as
final concentrations in the eluted solution. Samples were allowed to react at room temperature for

3 h. The reaction was stopped by adding 6xSDS-PAGE reducing loading buffer. The proteins
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were resolved in a 12% SDS-PAGE acrylamide gel, and fluorescence imaging was obtained using

Typhoon™ FLA 900.

(3) Protein labeling in non-pigment cells

HeLa or iHCEC cells (2x10° cells) were seeded on 10-cm dishes in complete DMEM for 24 h at
37°C. The cells were washed twice with serum-free DMEM, and incubated in medium containing
probe 1 (2 mM) for 15 min. After washing twice with EBSS buffer (#24010-043, Gibco®), the
cells were treated with probe 1 (2 mM) in EBSS buffer for 10 min at 37°C. Cells were then
illuminated by blue light (450 nm, 14 mW) for 10 min. Next, cells were washed once with ice-
cold PBS (pH 7.4, #10010-023, Gibco®) and lysed by sonication in RIPA buffer containing 1%
protease inhibitor cocktail (Nacalai Tesque). The protein concentration in each lysate was

determined by a BCA protein assay kit (Thermo Scientific).

(4) Protein labeling in B16F10 cells

B16F10 cells (2x10° cells) were seeded on 10-cm dishes in complete DMEM for 12 h at 37°C.
For the preparation of high pigment cells, a-MSH (200 nM) was added to dishes, and the cells
were incubated for 72 h. The cells were washed once with PBS, harvested, and cultured again at
2x10° cells per 10-cm dishes in DMEM for 24 h at 37°C. The cells were washed twice with serum-
free DMEM and treated with probe 1 (2 mM) in serum-free DMEM for 15 min at 37°C. After
washing twice with EBSS buffer, the cells were treated with probe 1 (2 mM) in EBSS buffer, and
illuminated by blue light (450 nm, 14 mW) for 10 min at 37°C. Cells were washed once with ice-
cold PBS and lysed by sonication in RIPA buffer containing 1% protease inhibitor cocktail. The
lysates were centrifuged at 20,000 g for 20 min, and the protein concentration in each lysate was

determined by a BCA protein assay Kkit.

(5) Fluorescence imaging of labeled proteins

Click chemistry was performed by adding 100 uM CuSO4, 200 uM THPTA ligand, 500 uM
sodium ascorbate, and 50 puM TAMRA azide as final concentrations to cell lysates. Samples were
allowed to react at room temperature for 3 h, and the reaction was stopped by adding 6xSDS-
PAGE reducing loading buffer. The proteins were resolved in a 10-12% SDS-PAGE acrylamide

gel, and fluorescence imaging was obtained using Typhoon™ FLA 900.

(6) Preparation of samples for LC-MS/MS analysis
Click chemistry was performed by adding 100 uM CuSO4, 200 uM THPTA ligand, 500 uM
sodium ascorbate, and 50 uM Dde biotin azide as final concentrations to cell lysates. Samples

were allowed to react at room temperature for 3 h. After the reaction, 4 volumes of ice-cold MeOH,
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1 volume of CHCls, and 3 volumes of H,O were added to the reaction mixture respectively to
precipitate proteins. The samples were centrifuged at 15,000 g for 20 min, and washed with ice-
cold MeOH. The pellets were solubilized in PBS containing 1.2% SDS via sonication. The probe-
labeled proteome samples were diluted to 0.2% SDS with 5 mL of PBS and incubated with 100
uL of streptavidin-agarose beads (Pierce™ Streptavidin Agarose, Thermo Scientific) overnight at
4°C. The beads were washed with 5 mL 0.2 % SDS/PBS, 3x5 mL PBS, and 3x5 mL water. The
beads were pelleted by centrifugation (1500xg, 3 min) between washes. The washed beads were
resuspended in elution buffer (100 mM sodium phosphate + 2%(v/v) hydrazine), incubated at

room temperature for 90 min with agitation, and collected by centrifugation (1400%g, 3 min).

(7) LC-MS/MS proteomics and GO enrichment analysis

For the proteins in each gel slice, peptides were extracted by the in-gel digestion protocol as

described previously.? For the protein solutions, the SP3 method was performed to prepare the

peptides for mass spectrometry analysis.’ Mass spectra were obtained on an LTQ-Orbitrap Velos
Pro (Thermo Fisher Scientific) coupled to a nanoflow UHPLC system (ADVANCE UHPLC;

AMR Inc.) with Advanced Captive Spray SOURCE (AMR Inc.). The enriched peptides mixtures

were loaded onto a C18 ID 0.1 mm x 20 mm, 5 um (particle size) trap column (Acclaim PepMap
100 C18, Thermo Fisher Scientific) and then fractionated by C18, ID 0.075 x 150 mm, 3 pum
(particle size) column (CELI). The peptides from in-gel digestion and SP3 were eluted at a flow
rate of 300 nL/min with a linear gradient of 5-35% solvent B over 46 min and 160 min,
respectively. The solvent composition of Buffer A and B is 100% H-O, 0.1% Formic acid and
100% Acetonitrile, respectively. The mass spectrometer was programmed to carry out thirteen
successive scans consisting of, first, a full-scan MS over the range 350—1,600 m/z by orbitrap at
60,000 resolution, and second and thirteenth, automatic data-dependent MS/MS scans of the
twelve most intense ion signals in the first precursor scan by ion-trap detectors. MS/MS spectra
were obtained by setting a normalized collision energy of 35% CID using a 2 m/z isolation width

and exclusion time of 90 s for molecules of the same m/z value range. The raw data files were

searched against the Homo sapiens dataset (Uniprot Proteome UP000005640, 2022 01

downloaded) with the common Repository of Adventitious Proteins (cRAP,

ftp://ftp.thegpm.org/fasta/cRAP) and streptavidin sequence to recognize the contaminant proteins,
using Proteome Discoverer 2.5 software (Thermo Fisher Scientific) with MASCOT ver.2.6 search
engine with a false discovery rate (FDR) set at 0.01. The number of missed cleavage sites was set
as 2. Carbamidomethylation of cysteine was set as a fixed modification, and Met (+O), Cys (+O),
Cys (+03), Cys (+0O3), His (+0O), His (+O>), His (+C3H3NO), Tyr (+0), Tyr (+0O>), Tyr (+C3HsNO»),
Trp (+0O;), and deamination of Asn and GIln were set as variable modifications. Label-free

quantification of proteins was also performed using Proteome discoverer 2.5. The parameters

S6



were as follows: Peptides to Use: Unique + Razor, Consider Protein Groups for Peptide
Uniqueness: True, Use Shared Quan Results: True, Reject Quan Results with Missing Channels:
False, Precursor Abundance Based On: Intensity, Min. #Replicate Features [%]: 0, Normalization
Mode: None, Scaling Mode: On All Average, Protein Abundance Calculation: Summed
Abundances, N for Top N: 3, Protein Ratio Calculation: Pairwise Ratio Based, Maximum Allowed
Fold Change: 100, Imputation Mode: None, Hypothesis Test: ¢-test (Background Based). Highly
oxidized proteins (HOPs, logy[Light/Dark] > 2.5, p value < 0.01) were used for GO enrichment
analysis by DAVID. For DAVID functional annotation clustering (biological process) of HOPs,
classification stringency was set at “Medium”. For oxidation site identification of ITGB1, peptide
identifications were accepted if they contained a peptide threshold less than 10% FDR. To
compare ion intensities of peptides with oxidized His and Tyr between the light and dark samples,

the peptides that exhibited the lowest g (or ¢ < 0.01) and PEP value were used.

(8) Immunostaining of ITGB1

HeLa cells (6.0x10° cells) were seeded on a 96-well plate and incubated for 24 h at 37°C. The
cells were washed with EBSS buffer and irradiated with blue light (450 nm, 14 mW) for 10 min
at 37°C, or treated with H>O, (1 mM) for 10 min at 37°C. After treatment, the cells were washed
with ice-cold PBS and fixed with a 4% (w/v) paraformaldehyde PBS solution (Nakalai) at room
temperature for 10 min. Next, cells were permeabilized with 0.1% Triton X-100 for 15 min at
room temperature, followed by blocking with 0.5% (w/v) BSA/PBS at room temperature for 1 h.
The resulting samples were incubated with the primary antibody (anti-active ITGB1 antibody,
12G10) at 4°C for 3 h, and washed three times with 0.05% PBS-T (containing 0.05% (v/v) Tween
20). The samples were exposed to the secondary antibody (Alexa488 conjugated anti-mouse IgG)
for 1 h at room temperature and washed three times with 0.05% PBS-T. For nuclear staining, the
samples were incubated with Hoechst 33342 (in PBS, 1 pg/mL) for 15 min and washed twice
with PBS. Fluorescence imaging was performed using a CellVoyager™ CQ1 confocal microscope

(Yokogawa Electrical Corporation).

(9) Cell adhesion assay

HeLa cells (4x10° cells) were cultured on 6-cm dishes in complete DMEM for 24 h at 37°C. HeLa
cells were washed twice with serum-free DMEM at 37°C, and incubated in medium containing
NAC (2 mM) for 60 min or NaN3 (10 mM) for 15 min. After washing twice with EBSS buffer,
the cells were then illuminated by blue light (450 nm, 14 mW) for 10 min in EBSS buffer. The
cells were scraped, reseeded on Fibronectin, Collagen I, or Laminin-coated plates (BioCoat™,
COl), and incubated for 1 h at 37°C. The media was aspirated, and cells were washed with ice-

cold PBS. Cells were then incubated in a crystal violet solution (Crystal violet powder: 0.125g,
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in 10 mL methanol and 40 mL H,O) for 15 min, and rinsed four times with PBS. The stained cells
were then treated with a lysis solution (0.1 M sodium citrate, 25% ethanol, pH 4.2) for 30 min
while shaking gently on a rocking shaker. The solution was aspirated and diluted for OD

measurements at 590 nm.

(10) Analysis of ITGB1 downstream signaling

HeLa cells (4x10° cells) were cultured on 6-cm dishes in DMEM for 24 h at 37°C. HeLa cells
were washed twice with EBSS buffer at room temperature and illuminated with blue LED light
(450 nm, 14 mW) for 10 min in EBSS buffer. The cells were scraped, reseeded on Fibronectin,
Collagen I, or Laminin coated plates (BioCoat™, COI), and incubated for 1 h. Cells were then
scraped again, and the pellets were obtained after centrifugation at 1000xg for 20 sec and washed
with ice-cold PBS. Cell lysates were prepared by sonication and centrifugation at 20,000 g for 20
min with RIPA buffer. The concentration of the proteins in lysates was determined by a BCA

protein assay kit before Western blot analysis.

(11) Western blot analysis

HeLa cell lysates or biotin pull-down samples were mixed with 6xSDS-PAGE loading buffer and
boiled at 95°C for 3 min. The proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane (Protoran™, 0.45 um, GE Healthcare) by electroblotting. The
membrane was blocked with 5% (w/v) skim milk for 1 h, washed with 0.05% PBS-T, and then
incubated with primary antibodies overnight at 4°C. After additional washing with PBS-T,
membranes were probed with a horseradish peroxidase-conjugated secondary antibody at room
temperature for 1 h, followed by ECLTM detection (Prime Western Blotting Detection Reagent,
GE Healthcare). The bands were visualized using ImageQuant LAS 500 imaging system (GE
Healthcare).

(12) Purification of 3xc-Myc ITGBI1 after blue light irradiation

HeLa cells (2x10° cells) were seeded on 10-cm dishes in complete DMEM for 24 h at 37°C.
ITGBI1 inserted pPCMV_3Taq9 plasmid was transfected to HeLa cells using Lipofectamine® 3000
Reagent (Thermo Fisher). The transfected cells were incubated at 37°C for 24 h. The cells were
washed once with PBS and incubated for an additional 24 h in DMEM. After washing twice with
EBSS, Cells were illuminated by blue light (450 nm, 14 mW) for 10 min at 37°C. The cells were
washed once with ice-cold PBS, harvested in ice-cold PBS, and homogenized by Dounce
homogenizer. After centrifuging at 20,000 g for 20 min, the supernatant was removed, and RIPA
buffer was added to the pellet. Next, samples were sonicated and centrifuged at 20,000 g for 20

min. The protein concentration from the supernatant was determined by a BCA protein assay kit,
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and diluted to 2 mg/mL by RIPA buffer. The samples (1.0 mL) were mixed with 25 puL of agarose-
conjugated anti-c-Myc antibody (Nacalai Tesque) by gentle rotation at 4°C for 24 h. The beads
were recovered by centrifugation at 1,500 g for 3 min washed once with RIPA buffer, and three
times with PBS (1 mL). After the last washing step, the beads were boiled at 95°C for 5 min with
2xSDS-PAGE loading buffer. The eluted proteins in the sample were separated by SDS-PAGE,
and the bands of interest were cut for LC-MS/MS analysis.

(13) Synthesis of artificial melanin

As reported by Gianneschi et al.,* dopamine (50 mg) was dissolved in 25 mL of Milli-Q water
and transferred to a clean round bottom flask. 63 pL of ammonium hydroxide were added to the
reaction flask under vigorous stirring. The reaction was exposed to air and stirred at room
temperature for 24 h. For purification, the dark brown to black melanin samples were centrifuged
at 11,000 rpm for 10 min. Supernatant was collected and purified by centrifugal filtration (10 kDa,
Amicon® Ultra-15), washing with Milli-Q water. Then, aggregates were removed by
centrifugation at 14,000 rpm for 10 min, followed by 0.22 pm filtration. The mass concentration
of the melanin solution was determined by lyophilizing a known volume of the final solution

overnight and then weighing the sample.

(14) Modification of amino acids with probe 1

As reported by Nakane and Sato et al.,’ Fmoc-His-OMe or Fmoc-Tyr-OMe (final conc. = 1 mM),
probe 1 (final conc. = 1 mM) and FMN (final conc. = 1 mM) in 75% MeCN/PBS buffer (pH7.4)
was added to a 1.5 mL tube. 100 pL of the reaction mixture was incubated at 37°C for 5 min in
the presence of blue light (450 nm, 14 mW). After the reaction, the reaction mixture was diluted
by MeCN, and analyzed by HRMS (JEOL MStation MS-700V).

(15) Calculating the area ratio of propargylamine to propargylammonium ion

The 100 mM probe 1/propargylamine hydrochloride in Milli-Q water containing 1% MeCN, as
an internal standard, was placed on a 4-well glass bottom dish. The Raman spectra of each sample
were measured by using a slit-scanning Raman microscope with 532 nm excitation. The
measurement was repeated 4 times for each test compound. The light intensity at the sample plane
was calculated as 3.0 mW/um?. The exposure time for each line was 10 sec. The background of
water was subtracted from the measured spectra, and obtained spectra were fitted with a Gaussian
function. The peak areas were calculated by “Raman viewer” software (Nanophoton Corp., Japan)
equipped on the Raman microscope. Finally, the relative Raman intensity of propargylamine vs

propargylammonium ion was calculated from the peak areas of alkyne of propargylamine vs

MeCN and MeCN vs alkyne of propargylammonium ion.

S9



(16) Procedures for Raman imaging in HeLa cells

HeLa cells (1.2x10° cells) were seeded on a sterilized ®25 mm quartz substrate in a TPP tissue
culture dish (No. 93040; TPP Techno Plastic Products AG, Switzerland) in DMEM containing
10% FBS for 24 h at 37°C. The cells were washed twice with serum-free DMEM, and incubated
in the medium containing probe 1 (0 or 2 mM) for 15 min. After washing twice with EBSS buffer,
the cells were treated with probe 1 (0 or 2 mM) in EBSS buffer without phenol red for 10 min at
37°C. A quartz substrate was used to observe the Raman spectra with a slit-scanning Raman
microscope at 532 nm excitation. The laser output was focused onto the sample using a 60x/1.27
numerical aperture (NA) water immersion objective lens. The slit width of the spectrograph was
50 um. The exposure time for each line was 10 sec. The light intensity at the sample plane was
calculated as 3.0 mW/um?. To obtain the Raman images, the Raman spectral data set was further
processed using the singular value decomposition (SVD) technique for noise reduction.® We
selected several spectral regions (700-3100 cm™ for C-H bonds, 2000-2300 cm™ for the C=C bond
of probe 1) in the calculation procedure for SVD to avoid artifacts in the constructed images. A
modified polyfit technique was then used at each pixel to determine the autofluorescence baseline
signal, which was subtracted from the original Raman spectrum.’ Finally, the Raman images were
reconstructed using each vibrational band of interest. All data processing was performed using

“Raman Viewer” image processing software.
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3. Supplementary results
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Figure S1. Comparison of primary, secondary, and tertiary amines for protein labeling.
HeLa cell lysates were irradiated by blue light for 10 min with each amine probe (2 mM) and
FMN (1 pM).
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Figure S2. In vitro protein labeling with probe 1 under two different procedures. Procedure A:
HeLa cell lysates (1 mg/mL) were irradiated by blue light for 10 min in the presence of probe 1
(2 mM) and FMN (1 uM) at 37°C. Procedure B: After probe 1 (4 mM) in PBS was irradiated by
blue light for 10 min in the presence of FMN (2 uM), the irradiated sample was added to HeLa
cell lysates (final concentrations: probe 1 (2 mM); FMN (1 uM); cell lysates (1 mg/mL)) and then
incubated for 10 min at 37°C.
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Figure S3. Fluorescent and CBB images of labeled proteins on SDS-PAGE gels. (A, B) HeLa (A)

or B1I6F10 (B) cells were treated with probe 1 in the presence or absence of blue light irradiation.

(C) Melanogenesis in B16F10 cells. Images were captured after centrifugation of B16F10 cell

lysates after blue light irradiation.
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Figure S4. Concentration- and time-dependent protein labeling with probe 1. Fluorescent and
CBB images of labeled proteins on SDS-PAGE gels are shown. (A) HeLa cells were treated with
different concentrations of probe 1 under blue light irradiation for 10 min. (B) HeLa cells were

treated with probe 1 (2 mM) for a varied length of blue light-exposure time.
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Figure S5. BSA labeling with probe 1 in the presence of photosensitizers (PS). The labeled BSA
was click-reacted with TAMRA azide. The status of BSA was monitored by fluorescence scanning
and CBB-staining of SDS-PAGE gels. (A) Flavin derivatives (1 uM), porphyrin derivatives (1
uM), or melanin (1 mg/mL) were used as PS. Reactions were conducted with BSA (0.8 pg/uL),
probe 1 (2 mM), and PS under blue light irradiation for 15 min. (B) BSA (0.8 pg/ul) was
irradiated with blue light for the indicated time in the presence of probe 1 (2 mM), and riboflavin
(1 pM), or melanin (1 mg/mL). (C) BSA (0.8 pg/ulL) was irradiated by blue light irradiation for
15 min in the presence of probe 1 (2 mM), riboflavin (1 pM), and different salts (10 mM).
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Figure S6. Proteomic analysis of probe 1-labeled proteins in B16F10 and iHCEC. (A, C) Volcano
plots (ratio [Light/Dark] vs p value) of B16F10 (A) and iHCEC (C). Highly oxidized proteins
(HOPs, log;[Light/Dark] > 2.5, p value < 0.01) are indicated as red dots. (B, D) Subcellular
localization of HOPs in B16F10 and iHCEC. GO enrichment analysis (cellular component) was
conducted for the HOPs in each cell line. (E) Functional annotation clustering (biological process)
of HOPs in each cell line.

S14



*internal standard

Area ratio of the free

Hsltl /\ MeCN*
and protonated forms

2139 cm™!

HZN/\ MeCN*

2261 cm™! .

1

1

1

1

1

1

:

1

| H,N : HgN
= NS
1

| : 1
1

1

1

1

1

1

1

1

1

1.21

Calculation

____________________

— Extracellular
— Intracellular

Intensity [a.u.]
Intensity [a.u.]

2000 2100 2200 2300 2000 2100 2200 2300
Raman Shift (cm™) Raman Shift (cm™)

0mM

Probe 1
(2105-2147 cm')

C-H bond
(2830-3030 cm'*)

Probe 1
(2105-2147 cm')

Intensity

Figure S7. Detection of probe 1 by Raman microscopy. (A) Alkyne Raman signals of probe 1.
The free and protonated forms of probe 1 display slightly distinct Raman signals in water. MeCN
was used as an internal standard. (B) Averaged Raman spectra of extracellular and intracellular
areas in the presence (right) or absence (left) of 2 mM probe 1. Extracellular and intracellular
regions (30 x 30 pixels each) were selected for the analysis, and their corresponding Raman
spectra are shown in green and red, respectively. (C) Raman imaging in HeLa cells in the presence
or absence of probe 1 (2 mM). The images of probe 1 were obtained from the corrected peak areas
from 2105 to 2147 cm™®, while those of C-H bond were from 2830 to 3030 cm™.
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Figure S8. Immunostaining of active ITGB1 in HeLa cells in the presence of H,O» (1 mM). Color

code: green, active ITGB1; cyan, Hoechst 33342. The values represent the mean of fluorescence

+ SD (n = 53 w/o H,0»; n = 48 w/ H,0»). Significance was determined using an unpaired two-

tailed Student's #-test.
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Figure S9. Effect of blue light exposure on cell adhesion. HeLa cells were reseeded onto Collagen

I coated plates after 10-min blue light irradiation. Data represent averages £ SD from 3

independent experiments. Significance was determined using an unpaired two-tailed Student's #-

test.

S16



NAC

Hela

Blue light

Input Pull-down
-+ -+
IB: ITGB1

e Mature

e» Precursor

Figure S10. Pull-down and Western blot analysis of ITGB1 after blue light irradiation for 10

min with probe 1 (2 mM) in the presence or absence NAC (2 mM).
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Figure S11. BSA labeling experiment with probe 1. LC-MS/MS analysis of trypsin-digested
peptide fragments of labeled BSA by MASCOT Server 2.6 (Matrix Science). MS/MS fragment
assignment of labeled peptide in H27, H63, Y54, and Y357. Cys (+O = OX), Cys (+O,= DI), His
(+CsH3NO = PA), Tyr (+C3HsNO, = PA), and deamination of GIn (DE) were included as variable

modifications, while carbamidomethylation of Cys was set as a fixed modification.

HNTY
(2 mM)
Blue light (14 mW)
<5 FMN (1 pM) o
\ / 37 °C, 15 min
BSA (0.8 pg/pL)

in PBS (pH 7.4)

Figure S12. Proposed probe 1-labeled amino acids in BSA.
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Scheme S1. Modification of amino acids with probe 1 under blue light irradiation.
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Figure S13. ESI-MS analysis of Fmoc-His and Fmoc-Tyr labeled by probe 1.
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Figure S14. A silver-stained SDS-PAGE gel before and after the excision of the ITGB1 bands.

HeLa cells overexpressing c-Myc-tagged ITGB1 were incubated in the presence or absence of

blue-light irradiation for 10 min, and their cell lysates were prepared. c-Myc-tagged ITGB1 was

immunopurified with a c-Myc antibody and separated on an SDS-PAGE gel (8%). The bands

corresponding to ITGB1 were excised for LC-MS/MS analysis.
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Figure S15. Detection of blue light-oxidized peptides from ITGBI1. Trypsin-digested 3xc-Myc-

tagged-ITGBI peptides from untreated or blue light-exposed samples (n = 3) were analyzed by
LC-MS/MS with MASCOT ver.2.6 search engine. Oxidations of Met (+O), His (+O.), Tyr (+0),
Tyr (+0O2), Trp (+02), Cys (+0), and Cys (+0O3) are indicated in red. Data represent average + SD.

Significance was determined using a one-sided ¢-test: *p < 0.1; **p < 0.05.
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Figure S16. Integrin B1 protein sequence coverage of the Dark (A) and Light (B) samples. The

peptide detected by LC-MS/MS analysis were marked in yellow, and the amino acids oxidized by

blue light irradiation were indicated in red.

S23



References

Karsten, A. E. and Smit, J. E. Photochemistry and Photobiology, 2012, 88, 469—474.

Oya, E.; Nakagawa, R.; Yoshimura, Y.; Tanaka, M.; Nishibuchi, G.; Machida, S.; Shirai, A.;
Ekwall, K.; Kurumizawa, H.; Tagami, H. and Nakayama, J. EMBO Reports 2019, 20, e48111.
Hughes, C. S.; Moggridge, S.; Miiller, T.; Sorensen, P. H. Morin G. B. and Krijgsveld, J. Nat.
Protc. 2019, 14, 68-85.

Cao, W.; Mantanona, A. J.; Mao, H.; McCallum, N. C.; Jiao, Y.; Battistella, C.; Caponetti, V.;
Zang, N.; Thompson, M. P.; Montalti, M.; Stoddart, J. F.; Wasielewski, M. R.; Rinehart, J. D.

and Gianneschi, N. C. Chem. Mater. 2020, 32, 5759-5767.

Nakane, K.; Sato, S.*; Niwa, T.; Tsushim, M.; Tomoshige, S.; Taguchi, H.; Ishikawa, M. and
Nakamura, M. J. Am. Chem. Soc. 2021, 143, 7726-7731.

van Manen, HJ.; Kraan, Y. M.; Roos, D. and Otto, C. J. Phys. Chem. B, 2004, 108, 18762—
18771.

Mahadevan-Jansen, A. and Lieber, C. A. Appl. Spectrosc., 2003, 57, 1363—1367.

S24



