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To activate NAD(P)H oxidase with a brief pulse of
photodynamic action
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Reduced nicotinamide adenine dinucleotide phosphate [NAD(P)H] oxidases (NOX)
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ple subunits, making studies of its activation rather complicated. Here we show
that the single-subunit nonrodent-expressing NOX5, when expressed ectopically in
CHO-K1 cells, is activated by UVA irradiation (380nm, 0.1-12mW/cm?, 1.5 min)
inducing repetitive calcium spikes, as monitored by Fura-2 fluorescent calcium im-
aging. UVA-elicited calcium oscillations are inhibited by NOX inhibitor diphenyle-
neiodonium chloride (DPI) and blocked by singlet oxygen (*O,) quencher Trolox-C
(300puM). A brief pulse of photodynamic action (1.5 min) with photosensitizer sul-
fonated aluminum phthalocyanine (SALPC 2uM, 675nm, 85 mW/cm?) in NOX5-
CHO-K1 cells, or with genetically encoded protein photosensitizer miniSOG fused
to N-terminus of NOX5 (450nm, 85mW/cm?) in miniSOG-NOX5-CHO-K1 cells,
induces persistent calcium oscillations, which are blocked by DPI. In the presence
of Trolox-C, miniSOG photodynamic action no longer induces any calcium in-
creases in miniSOG-NOX5-CHO-K1 cells. DUOX2 in human thyroid follicular cells
SW579 and in DUOX2-CHO-K1 cells is similarly activated by UVA irradiation and
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1 | INTRODUCTION

Reduced nicotinamide adenine dinucleotide phosphate
(NADPH), produced by multiple metabolic pathways,"* is
oxidized by NAD(P)H oxidase (NOX1-5) or dual NOX1,2
(DUOX1,2) to produce superoxide anion (O, ) or hydro-
gen peroxide (H,0,).>” The NOX isoenzymes are a major
source of cellular reactive oxygen species (ROS), to regu-
late innate immunity, cell signaling, chromatin remodeling
and gene expression, stem cell maintenance and differ-
entiation, cell death, organ development, and aging.l’g_lo
Dysregulated reactive oxygen species (ROS) generation
leads to a plethora of diseases including atherosclerosis,
hypertension, diabetic nephropathy, lung fibrosis, neurode-
generative diseases, and cancer.>''™'* Much effort has been
made in the research and development of both pan-NOX
and type-specific NOX inhibitors.'*'> Technologies for
spatially and temporally controlled activation of NOX are,
however, not readily available.

The ultraviolet A band (UVA, 320-400nm) in solar ra-
diation penetrates the skin to the dermis, reaching dermal
fibroblasts, keratinocytes, vascular endothelial cells, and
mast cells.'®*” We have found previously that UVA irradia-
tion activates the multi-subunit NOX2 (gp91Ph°X) in rodent
mast cells (rat peritoneal mast cells, mouse bone marrow-
derived mast cells, and rat mast cell line RBL-2H3), to trig-
ger persistent calcium oscillations and IL6/LTC4 release,
via the O, "-receptor tyrosine kinase-phospholipase Cy-
IP,-1P; receptors (IP;R)-Ca** signaling pathway.*"** The
NOX2 holoenzyme is composed of catalytic NOX2 and
accessory subunits (transmembrane P22, cytosolic P40,
P47, P67, Rac),3’4‘23 rendering the detailed study of NOX2
activation by UVA rather complicated, but the rodent non-
expressing single subunit NOX5>**** seems much better
suited for mechanistic investigations due to simplicity in
holoenzyme composition.

Mammalian cells are endowed with multiple endoge-
nous UVA-absorbing photosensitizers, such as flavin mono-
nucleotide (FMN), flavin adenine dinucleotide (FAD),
B-nicotinamide adenine dinucleotide (NAD), NAD phos-
phate (NADP), tryptophan-derived 6-formylindolo[3,2-b]
carbazole (FICZ), porphyrins and riboflavin,®*** which
would undergo UVA-driven type II photodynamic

SALPC photodynamic action. These data together suggest that NOX is activated
with a brief pulse of photodynamic action.

calcium oscillations, DUOX2, mini-singlet oxygen generator (miniSOG), NAD(P)H oxidase
5 (NOXS5), photodynamic action, sulfonated aluminum phthalocyanine (SALPC), SW579,

action.”*® NOX5 contains both NAD(P)H- and FAD-
binding regions in the cytosolic C-terminal dehydrogenase
domain.>*' The NOX isoenzyme once activated, one elec-
tron is sequentially transferred from NAD(P)H to FAD in
the C-terminal domain, then on to the 2 His pairs-binding
heme molecules in the transmembrane domain, and even-
tually to an extracellular or intraphagosomal molecule of O,
to produce a superoxide anion (0, 7).2*¥*73

Were NAD(P)H and FAD coordinately bound in the
NOX protein microenvironment to absorb UVA photons
to initiate photodynamic action for NOX activation, would
photodynamic action with external photosensitizers sim-
ilarly activate the NOX isozyme? The chemical photosen-
sitizer sulfonated aluminum phthalocyanine (SALPC/
AlPcS4)>%3° (dex Sorret band 350nm, Q band 675nm,
$'0,=0.38),*”*® and the genetically encoded protein pho-
tosensitizer (GEPP) miniSOG with coordinately bound
FMN (A, 450nm, $'0,>0.03),*! could be used for pos-
sible photodynamic activation of NOXS5.

Therefore in this work, the human NOX5 was ex-
pressed in Chinese hamster ovary K1 (CHO-K1) cells, and
the effect of UVA irradiation and photodynamic action
(photosensitizers SALPC and miniSOG) were examined.
Possible activation by UVA irradiation and photodynamic
action of DUOX2 in the human thyroid follicular epithe-
lial cell line SW579 (expressing high levels of DUOX2)
and in CHO-K1 cells ectopically expressing DUOX2 was
also examined. A brief pulse (1.5min) of both UVA irra-
diation and photodynamic action was found to activate
both NOX5 and DUOX2, to elicit persistent calcium os-
cillations. This novel photodynamic biotechnology would
provide a useful toolkit for the functional manipulation
of NOX5, DUOX2, and possibly other NOX isoenzymes in
the future.

2 | MATERIALS AND METHODS

2.1 | Materials

NOX inhibitors diphenyleneiodonium chloride (DPI,
#D2926) and VAS2870 (#492000-M), 'O, quencher Trolox-C
(#238813), NADPH (#N1630), and FAD (#F6625) were
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bought from Sigma-Aldrich (RRID: SCR.008988, St Louis,
MO, USA). Mixed Dulbecco's Modified Eagle Medium and
F12 medium (DMEM/F12) (1/1) (#C11330500BT) and
trypsin 0.25% (#25200056) were purchased from Invitrogen
(RRID: SCR.008410, Shanghai, China). Leibovitz's L-15
medium (#PM151010) was from Procell (Wuhan, China).
Rabbit anti-NOX5 primary antibody (#ab191010) and don-
key anti-rabbit secondary antibody conjugated with tetra-
methylrhodamine isothiocyanate (TRITC) (#ab6799), rabbit
anti-DUOX2 (#ab97266) primary antibody and secondary
antibody Alexa Fluor® 488 goat anti-rabbit IgG (#ab150077),
were all purchased from Abcam (RRID: SCR.012931,
Cambridge, UK). Rabbit anti-DUOXA2 primary anti-
body (#PC23964S) was from Abmart (RRID: AB-3665428,
Shanghai, China), goat anti-rabbit secondary antibody
(IgG) conjugated with Alexa Fluor@568 (#ab175471) were
also from Abcam (RRID: SCR.012931, Cambridge, UK).
The plasmid pcDNA*'*NOX5 (NOX5, AF353088, #69354)
was from AddGene (RRID: SCR.002037, Bristol, UK). The
plasmid pKillerRed,,,,, which we re-named pKillerRedp,,
for its plasma membrane (PM) localization was purchased
from Evrogen (#FP966) (Moscow, Russia). Plasmid pCMV3-
DUOX2 (#HG18317-UT, NCBI code NM_014080.4) was pur-
chased from Sino Biological (Beijing, China). Tetrasulfonated
aluminum phthalocyanine (AlPcS4, C;,H,cAICINGO,,S,,
which we named SALPC for consistency with past pub-
lications) was bought from Frontier Scientific Inc. (RRID:
SCR.000914, West Logan, UT, USA) or from Luminescence
Technology Corp. (LumTech, #LT-D2014) (New Taipei
City, Taiwan, China). Ultrapure grade Fura-2 AM in anhy-
drous dimethylsulfoxidae (DMSO) (1mM) (#21021) was
bought from AAT Bioquest (Sunnyvale, CA, USA). Cell-Tak
(#354241), the cell adhesive for cell attachment to cover
slips, was bought from BD Bioscience (RRID: SCR.013311,
Bedford, MA, USA); alternatively, Matrix-gel was used
(#C0372) (Beyotime, Shanghai, China). The cell transfection
reagent jetPRIME® (#101000046) was bought from Polyplus-
Transfection (Illkirch, France). Kit for plasmid extraction
(#DP118) was bought from TianGen Biochemicals (Beijing,
China). Heme (#SR3331) was bought from Harveybio
(Beijing, China).

2.2 | Cell culture

A growing flask of CHO-K1 (RRID: CVCL-0214) cells was
from the Chinese Academy of Sciences Shanghai Institute
of Life Sciences. Parental and plasmid-transfected CHO-
K1 cells were routinely cultured in mixed medium
DMEM/F12 (1:1), with further supplementation of fetal
bovine serum (FBS, Gibco, Shanghai, China) at 10%, but
without antibiotics, in a humidified CO, incubator (5%
C0,/95% air, 37°C).

;'IC-ASEBJournaI

The human thyroid follicular epithelial cell line SW579
(#1101HUM-PUMCO000264) was from Cell Resource
Center, Peking Union Medical College (http://cellresour
ce.cn, Beijing, China). SW579 cells were cultured in
Leibovitz's L-15 medium supplemented with 10% fetal bo-
vine serum, in a humidified CO, incubator (closed envi-
ronment with tightened flask caps, 37°C).

2.3 | Plasmid constructs

The miniSOG (JX999997) gene was synthesized (Genscript,
Nanjing, China): ATGGAAAAGAGCTTTGTGATTACCGATC
CGCGCCTGCCAGACAACCCGATCATTTTCGCGAGCGATG
GCTTTCTGGAGTTAACCGAATATTCTCGTGAGGAAATTC
TGGGTCGCAATGGCCGTTTCTTGCAGGGTCCGGAAACGG
ATCAAGCCACCGTGCAGAAAATCCGCGATGCGATTCGTG
ACCAACGCGAAATCACCGTTCAGCTGATTAACTATACGA
AAAGCGGCAAGAAATTTTGGAACTTACTGCATCTGCAACC
GATGCGCGATCAGAAAGGCGAATTGCAATATTTCATTGG
TGTGCAGCTGGATGGCTAG. This miniSOG gene sequence
was used to replace the KillerRed gene sequence in plas-
mid pKillerRedp,,, to obtain plasmid pminiSOGy),. The
miniSOG sequence in plasmid pminiSOGp,, was ampli-
fied, cloned, and ligated to the 5’ end of the NOX5 gene
in pcDNA3'1+ (RRID: Addgene-161738)/NOX5, to obtain
plasmid pminiSOG-NOX5 (RRID: SCR.002891, Genscript,
Nanjing, China).

The above plasmids (pminiSOGp,;, pcDNA*'*/NOXS5,
pminiSOG-NOX5) and pCMV3-DUOX2 were sequence
verified. Each specific plasmid (2pg DNA) was mixed
well with transfection reagent (jetPRIME®, 4uL) in a
total transfection buffer volume of 200 uL, before addi-
tion to cell culture plate for transfection (200 uL of the
complete mixture to one 35mm culture plate). Twenty-
four hours after transfection, the transfected CHO-K1
cells were used for immunocytochemistry or calcium
imaging.

2.4 | Immunocytochemistry

The CHO-K1, NOX5-CHO-K1, miniSOG-NOX5-
CHO-K1, SW579, and DUOX2-CHO-K1 cells grown on
cover-slips were fixed (paraformaldehyde 4%, 10min),
before permeabilization (0.2% Triton X-100, 15min).
Nonspecific binding was blocked by bovine serum al-
bumin (BSA 3%, 1h). The processed cells on cover slips
were first incubated with primary antibody (1:150, over-
night at 4°C), before incubation with secondary anti-
body (30min). All washes in between each step were
performed in phosphate-buffered saline (PBS) with 0.2%
Triton X-100 and 2% Tween-20. After the final wash, each
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cell-attached cover slip was placed on a glass slide and
stored at 4°C. Confocal imaging was done in a Zeiss LSM
510 META or Zeiss LSM 710 (Oberkochen, Germany),
under objective 63/1.40 oil.

miniSOG was confocal imaged by its own fluores-
cence, Ao, /Aem 488/501 nm; whereas nuclear DNA-binding
dye 4',6-diamidino-2-phenylindole (DAPI), Ao /Aem
405/495nm. For immunocytochemistry, the primary
antibodies, secondary antibodies and conjugated fluo-
rophores, fluorophore excitation/emission wavelengths
(Aex/Aem)> the Zeiss laser scanning confocal systems used
are listed in Table 1.

2.5 | UVAlight irradiation and
photodynamic action

UVA irradiation of the NOX5-CHO-K1 cells was from
a LED 380nm (width at half height 10nm) source
(LAMPLIC, Shenzhen, China, http://www.szlamplic.
com/), doses (380nm, 0.1, 0.3, 3.5, 6, 12mW/cm? 1.5min)
started from 0.1mW/cm? based on previous work in
RBL-2H3 (RRID: CVCL-0591) cells (380nm, 80 uW/cm?,
1.5min).?

For SALPC photodynamic action, both SALPC concen-
tration (2pM) and light intensity (LED 675nm, 85mW/
cm? 1.5min) were referenced from previous works to
photodynamically activate the cholecystokinin 1 recep-
tor (red light from a halogen light source with a filter at
>650nm, 36.7mW/cm?, 2min).42’44 In the present work,
the red light was from an LED 675nm (width at half
height 10nm) source (LAMPLIC, Shenzhen, Guangdong,
China, http://www.szlamplic.com/).

For miniSOG photodynamic action, the blue light
was delivered at 85 mW/cm? for 1.5min from a blue LED
source 450nm (width at half height 10nm) (LAMPLIC,
Shenzhen, China, http://www.szlamplic.com/); these pa-
rameters were similar to those used for miniSOG photo-
dynamic activation of cholecystokinin 1 receptors (LED
450nm, 85 mW/cm?, 1.5 min).*>* All light intensities were
measured with a power meter model IL-1700 (IL1715,
Serial No. 3688, International Light Inc., Newburyport,
MA, USA).

Primary Secondary Fluorophore
Rabbit anti-NOX5 Donkey anti-rabbit TRITC
Rabbit anti-DUOX2 Goat anti-rabbit IgG Alexa Fluor® 488

Rabbit anti-DUOXA2 Goat anti-rabbit IgG ~ Alexa Flour® 568

2.6 | Calcium imaging

Cytosolic calcium was measured in parental CHO-K1, or
transfected NOX5-CHO-K1, miniSOG-NOX5-CHO-K1,
SW579, and DUOX2-CHO-K1 cells by Fura-2 fluorescent
imaging, as reported previously in other cells expressing
the calcium-mobilizing cholecystokinin 1 receptor.*>™*’
Briefly, Fura-2AM (10pM) was loaded into cells in a
shaking water bath (37°C, 30 min). Fura-2-loaded cells
were attached to Cell-Tak-coated cover-slip (with 1pL
of Cell-Tak 0.6 g/L smeared onto each cover-slip) at the
bottom of a Sykes—Moore perfusion chamber, and peri-
fused at 1mL/min.**" Alternatively, Matrix-gel was
used at the same concentration as Cell-Tak. No differ-
ence was noted between Cell-Tak and Matrix-gel for cell
adherence.

Calcium imaging was done in a Nikon NE 3000 fluo-
rescence microscope, which was equipped with a Photon
Technology International (PTI, now Horiba, Edison, NJ,
USA) calcium measurement system. The intracellularly
loaded Fura-2 was excited with excitation light from
monochromator DeltaRam X, alternately at 340 and
380nm (monochromater slit width 5nm). The alternat-
ing (340/380nm) excitation light intensity at the cell level
was 0.370-1.092 pWatt/cm”. Emitted fluorescent images
were filtered at 510+40nm before capture on a NEO-
5.5-CL-3 CCD (Oxford Instruments, Belfast, UK) (RRID:
SCR.023609). Fluorescence intensity ratios of Fsu)/Fag,
were taken as indicative of intracellular calcium concen-
tration. Fluorescent ratios of Fs,,/Fsg, were then plotted
with Sigmaplot (RRID: 003210) against time, as reported
before.*>™

2.7 | Data analysis

All data obtained, as integrated calcium peak areas above
baseline (per 10min), are presented as bar graphs show-
ing means with 95% CI indicated. Data dots were superim-
posed on the bar columns. A paired two-tailed Student's
t-test was done with Sigmaplot (RRID: 003210). For sta-
tistical analysis, a p value < 0.05 was taken as statistically
significant, and marked with an asterisk (*).

TABLE 1
parameters.

Immunocytochemical
A'EX/A’BD‘I

(nm) LSM

543/573 510
Meta

488/563 710
561/640 710

Abbreviations: LSM, laser scanning microscope; TRITC, tetramethylrhodamine isothiocyanate.
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3 | RESULTS

3.1 | UVAirradiation triggers calcium
oscillations in NOX5-CHO-K1 cells

CHO-K1 cells were transfected in this work with plas-
mid pcDNA*!*/NOX5. Parental CHO-K1 cells were con-
firmed to express no endogenous NOX5 (Figure 1A, left),
but 24 h after transfection with pcDNA*'*/NOXS5, marked
NOXS5 expression was detected (Figure 1A, right). It was
confirmed that when immunocytochemistry was per-
formed in pcDNA*!*/NOX5-transfected CHO-K1 cells
with the primary antibody omitted but with the second-
ary antibody present, no fluorescence was detected (data
not shown). In the transiently transfected NOX5-CHO-K1
cells, NOX5 was found to be located at the plasma mem-
brane and cytosol (red, Figure 1A, right, transfection
rate was 34.7%+0.09%, calculated out of 3 independent
experiments).

UVA irradiation (380nm, 3.5 mW/cm?, 1.5 min) (i.e.,
315mJ/cm?®) had no effect in parental CHO-K1 cells
(Figure 1B) or in CHO-K1 cells transfected with the empty
vector pcDNA3.1" (Figure 1C). The NOX5-CHO-K1 cell
also presented a flat baseline in cytosolic calcium con-
centration without UVA light irradiation (Figure 1D).
UVA (380nm) light irradiation at power densities of 0.1,
0.3, 3.5, 6, and 12mW/cm? (1.5min) (i.e., 9, 27, 315, 540,
1080mJ/cm2), however, elicited conspicuous Ca** spikes
in NOX5-CHO-K1 cells (Figure 1E-I), with very clear
dose-response relationship (Figure 1J).

3.2 | UVA irradiation-induced calcium
oscillations are inhibited by NOX inhibitor
DPI and blocked by singlet oxygen
quencher Trolox-C

In parallel experiments, it was found that the basal cal-
cium concentration remained flat in NOX5-CHO-K1
cells in the dark (Figure 2A), but light (LED 380) at an
intermediate dose of 3.5mW/cm? (1.5min) elicited ro-
bust calcium oscillations (Figure 2B). The perifusion of
NOX inhibitor DPI 10uM alone had no effect on basal
calcium (Figure 2C), but after treatment with DPI 10 pM,
UVA light irradiation (LED 380, 3.5mW/cm? 1.5min)
no longer triggered any calcium oscillations (Figure 2D).
The singlet oxygen quencher Trolox-C 300 pM had no ef-
fect on basal calcium concentration in NOX-5-CHO-K1
cells (Figure 2E), but could block completely the calcium
spikes induced by UVA irradiation (LED 380, 3.5mW/
cm?, 1.5min) (Figure 2F). Statistical analysis of the cal-
cium peak area above baseline showed that the effect
of both DPI and Trolox-C was statistically significant

;'IC-ASEBJournaI

(Figure 2G). These data suggest that UVA irradiation ac-
tivated NOXS5, possibly by 'O, generated in a UVA-driven
type II photodynamic action.

3.3 | Photodynamic activation of NOX5
with photosensitizer SALPC

In this series of experiments, it was found that after peri-
fusion of photosensitizer SALPC 2 pM, red light (675 nm,
85mW/cm?, 1.5min) (i.e., 7.65J/cm?) irradiation elic-
ited no effect in parental CHO-K1 cells (Figure 3A),
which expressed no endogenous NOX5 as shown above
in Figure 1A. Neither NOX5-CHO-K1 cells in the dark
(Figure 3B), nor perfusion of SALPC 2pM without
subsequent light irradiation (Figure 3C), nor red light
(675nm, 85mW/cm? 1.5min) irradiation alone with-
out SALPC exposure (Figure 3D) elicited any change in
baseline calcium concentration in NOX5-CHO-K1 cells.
However, when red light (675nm, 85 mW/cm?, 1.5 min)
was applied after exposure to photosensitizer SALPC
2puM, persistent cytosolic Ca*" oscillation appeared in
NOX5-CHO-K1 cell (Figure 3E). Such persistent cal-
cium oscillation did not appear after photodynamic ac-
tion (SALPC 2uM, 675nm, 85 mW/cm?, 1.5 min) when
NOX5-CHO-K1 cells were preincubated with the irre-
versible NOX inhibitor DPI 30 uM (Figure 3F). Analysis
of calcium peak areas above baseline confirmed that
DPI inhibition was statistically significant (Figure 3G).
These data suggest that SALPC photodynamic action ac-
tivated NOX5 in NOX5-CHO-K1 to elicit persistent Ca**
oscillation.

3.4 | Photodynamic NOX5 activation
with protein photosensitizer miniSOG

To investigate the possible photodynamic action of protein
photosensitizer miniSOG on NOXS5, we made a fusion con-
struct of miniSOG-NOX5 (Figure 4A), with the miniSOG
gene ligated to the 5’ end of the NOX5 gene in pcDNA3.1%/
NOX5. Plasmid pminiSOG-NOX5 was used to transfect
CHO-K1 cells; expression of fusion protein miniSOG-
NOX5 was detected by immunocytochemistry. Plasma
membrane and cytoplasmic co-localization of mini-
SOG and NOX5 was confirmed in the miniSOG-NOX5-
CHO-K1 cells (Figure 4B, transfection rate 21.6% =+ 0.50%,
calculated out of 3 independent experiments).

Blue LED light (450nm, 85 mW/cm?, 1.5 min) (i.e.,
7.65J/cm?) irradiation had no effect on NOX5-CHO-K1
cells (Figure 4C). Therefore with no co-expressed min-
iSOG, blue light showed no effect on NOX5 in NOX5-
CHO-K1 cells—the cytosolic calcium remained flat at
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FIGURE 1 UVA irradiation
triggered calcium oscillations in
NOX5-CHO-K1 cells. (A) The pNOX5-
transfected CHO-K1 cells were fixed
for NOX5 immunocytochemistry. Note
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the baseline level (Figure 4C). Basal calcium was sta-
ble also without light irradiation in miniSOG-NOX5-
CHO-K1 cells (Figure 4D). However, after blue LED-light
(450nm, 85 mW/cm?, 1.5 min) irradiation, persistent
Ca*" oscillation emerged in miniSOG-CCK2R-CHO-K1
cells (Figure 4E). The NOX inhibitor DPI alone had no
effect on basal calcium in miniSOG-CCK2R-CHO-K1
cells (Figure 4F), but previous incubation with DPI
10 M blocked completely the blue LED light-triggered
Ca** oscillation (Figure 4G). Calculation of calcium
peak areas revealed that NOX inhibitor DPI effect was
statistically significant (Figure 3H). These data suggest
that photodynamic action with the in-frame miniSOG
photodynamically activated NOX5 in miniSOG-NOXS5,
to trigger calcium oscillation in miniSOG-NOXS5-
CHO-K1 cells.

In time-matched (i.e., done on the same day with the
same batch of transfected cells) parallel control experi-
ments, it was found that Trolox-C 300puM had no effect
on baseline calcium concentration in miniSOG-NOX5-
CHO-K1 cells (Figure 41). Blue LED light (450 nm, 85 mW/
cm?, 2min) irradiation elicited conspicuous Ca** spikes in
miniSOG-NOX5-CHO-K1 cells (Figure 4J). In contrast,
when Trolox-C 300puM (a dose known to block miniSOG
photodynamic activation of cholecystokinin 1 receptors),
see Refs.*>*® was added to the perfusion buffer, blue LED
light no longer induced any calcium spikes in miniSOG-
NOX5-CHO-K1 cells (Figure 4K). A comparison of inte-
grated calcium peak area indicated that Trolox-C 300 pM
inhibited significantly calcium response triggered by LED
blue light irradiation (Figure 4L, p < 0.05). These data sug-
gest that photodynamic action with in-frame miniSOG
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FIGURE 2 UVA irradiation-induced (A) (B)
calcium oscillations are inhibited by 1.1 -+ 0.9 -
NOX inhibitor DPI and blocked by 'O,
quencher Trolox-C. (A-F) Fura-2 AM- 0g ™ rai “’”"’“’“” 07
loaded NOX5-CHO-K1 cells were e oty 2 R
perifused in the dark alone (A), or exposed [ V=3
to UVA irradiation (380 nm, 3.5 mWatt/ 0.5 T T ‘ 0.5
cm?, 1.5min) (B, D, F); DPI 10uM (C, D) 0 20 40 60
or Trolox-C 300 uM (E, F) were added as (C) (D)
indicated by the horizontal bars. Calcium 1.2 1 [ JDPI10 uM 1.2 [ ] [Light3.5 mW/em’
tracings (each trace corresponds to one £ DPI 10 uM w
cell) shown in each panel (A-F) are < 09 - 0.8 -
from one typical experiment, out of N LT? WVONDTP e
identical ones (N=5-7). (G) Bar graphs 0.6 T T N:_i 0.4
showing means with 95% CI indicated. 0 20 40 60 0
Quantitative analysis of calcium peak (E) (F)
areas above baseline (per 10 min) from 13 - TC 300 uM 12 - TC 300 uM
multiple experiments (N=5-7). The N ’ '
numbers are shown in brackets above Light 3.5 mW/cm’
each column, with each dot representing 0.9 1 s 0.8 1 i
data from one cell. Student's ¢ test was — S o
used for comparison between light alone 0.5 . . N=5 0.4 . . =7
(B) with light + DPI (D) or with light + 0 20 40 60 0 20 40 60
TC (F). *Asterisk indicates p <0.05. (G) Time (min)
% - 5.0 (Z) ®
=g LED 380 nm
& 9 * *
5 8
25 NOX5-CHO-K1

activated the in-frame NOXS5, likely via 'O, as the reactive
intermediate.

Other than NOX2 Ref.>"?? and NOX5 (Figures 1-4,
present work), DUOX2 was activated similarly by UVA
irradiation and photodynamic action, as shown below in
Section 3.5.

3.5 | UVAirradiation triggers calcium
oscillation in thyroid follicular cells SW579

Immunocytochemistry with confocal imaging confirmed
that DUOX2 was present in the plasma membrane and cy-
tosol in SW579 cells (Figure 5B) but no fluorescence was
seen in the absence of the primary antibody (Figure 5A).
Perifused resting SW579 cells showed a stable basal
calcium level (Figure 5C). A very short UVA (380nm,
0.1 mWatt/cm?) pulse of 1s had no effect on the baseline
calcium (Figure 5D) in SW579 cells, but longer pulses
of 10, 30, 60, and 90s all induced robust calcium spikes,

DPI: Diphenyleneiodonium
TC: Trolox-C

dose dependently (Figure SE-H). Pretreatment with NOX
inhibitors DPI (10puM, 10min) or VAS2870 (20pM, for
30min before time 0) was able to inhibit completely the
calcium oscillations induced with UVA 90s in SW579 cells
(Figure 51J), as treatment with 1O2 quencher Trolox-C
(300 pM) (Figure 5K). Quantification of the calcium peak
areas above baseline (per 10min) after UVA exposure
indicated a clear dose-response relationship for UVA ir-
radiation (0, 1, 10, 60, 90s), and statistically significant in-
hibition of the effect of UVA pulse (90s) with DPI (10 pM),
VAS2870 (20 pM), and Trolox-C (300 uM) (Figure 5L).

3.6 | UVA irradiation and SALPC
photodynamic action trigger calcium
oscillations in DUOX2-CHO-K1 cells

The parental CHO-K1 cells did not show significant ex-
pression of DUOX2 (Figure 6A), but did show endogenous
expression of DUOXAZ2 (see Figure 6A’B’), strong DUOX2
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FIGURE 3 Photodynamic activation
of NOX5 with photosensitizer SALPC.
(A-F) Fura-2-loaded CHO-K1 (A), NOX5-
CHO-K1 (B-F) cells were perifused,
SALPC 2uM (A, C, E, F), red light (LED
675nm, 85mW/cm? 1.5min) (A, D, E, F)
or DPI 30 uM (F) were applied as indicated

40 by the horizontal bars. (A-F) Calcium

0 60
(D) tracings (each trace corresponds to one
12 individual cell) shown in each panel
’ (A-F) are from one typical experiment,
out of N repeats (N=5-7). (G) Bar graphs
0.9 showing means with 95% CI indicated.
The integrated calcium peak areas above
0.4 ‘NOXS'CHQ'KI : N= 6‘ 0.6 4 OXS' baseline (per 10 min) were compared
0 20 40 60 0 10 20 30 40 50 60 70 among the different experiments shown
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expression was noted in DUOX2-CHO-K1 cells (Figure6B). 4 | DISCUSSION

Perifused CHO-K1 cells did not respond to UVA irradiation
(Figure 6C), DUOX2-CHO-K1 cells in the dark similarly
showed flat baseline calcium (Figure 6D). A pulse of UVA
(380nm, 3.5 mWatt/cm?, 1.5 min) elicited robust calcium
oscillations in DUOX2-CHO-K1 cells (Figure 6E). The NOX
inhibitor VAS2870 (3puM) had no effect on baseline cal-
cium (Figure 6F), but could suppress completely calcium
spikes elicited by UVA (Figure 6G). Photodynamic action
with SALPC (675nm, 85 mWatt/cm?, 90 s) had no effect in
un-transfected CHO-K1 cells (Figure 6H), as SALPC alone
in the dark in DUOX2-CHO-K1 cells (Figure 6I), or light
alone in the absence of previous incubation with SALPC
in DUOX2-CHO-K1 cells (Figure 6J). Photodynamic action
with SALPC (red LED 675nm), however, trigged persistent
calcium spikes, a hallmark of permanent photodynamic
activation of DUOX2 (Figure 6K). Quantification of the
calcium peak area above baseline (per 10 min) showed the
statistical data from the above experiments performed mul-
tiple times (Figure 6L).

We have found here that the human NOXS5 expressed ec-
topically in the rodent CHO-K1 cell line was activated
dose dependently by a brief pulse of UVA light irradia-
tion (1.5 min) to induce persistent calcium spikes. A brief
pulse of photodynamic action (1.5min) with photosen-
sitizer SALPC or in-frame miniSOG, in NOX5-CHO-K1
or miniSOG-NOX5-CHO-K1 cells, respectively, similarly
triggered persistent calcium oscillations. These calcium
oscillations induced by UVA irradiation or photody-
namic action were all inhibited by the pan-NOX inhibi-
tor DPI and blocked with 'O, quencher Trolox-C. Similar
effects of UVA irradiation and SALPC photodynamic ac-
tion were observed in the human thyroid follicular cell
line SW579 and in DUOX2-CHO-K1 cells. Therefore a
short period (1.5min) of both UVA irradiation and pho-
todynamic action could activate NOX5 and DUOX2,
likely via intermediate 'O,, to ultimately trigger periodic
calcium increases.
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FIGURE 4 The miniSOG
photodynamic activation of NOX5 with
protein photosensitizer miniSOG. (A,

B) Fusion gene for construct miniSOG-
NOXS5 was expressed in CHO-K1

cells, as confirmed by miniSOG-NOX5
immunocytochemistry. Scale bars: 10 pm.
(C-G, I-K) Fura-2-loaded NOX5-CHO-K1
(C) or miniSOG-NOX5-CHO-K1 cells
(D-G, I-K) were perifused, blue light
(LED 450nm, 85 mW/cm?, 1.5min) (C,

(A)

o
LED 450 nm

©)
1.2 E] Light

miniSOG-NOXS5

;'IC-ASEBJournaI

(B)

(D)

1.2 4

85 mW/cm®

E, G,J,K), DP1 10 uM (F, G) or Trolox-C

oo bt

~ ey

300 puM (I, K) were applied (indicated 04 NOXS-CHQ-KI N= 6‘ 0.4 miniSOG-NOXS-CHQ-KI N= 5‘
by horizontal bars). These calcium 0 20 40 60 0 20 40 60
tracings (each trace corresponds to one (E) (F)

individual cell) shown (C-G, I-K) are L1 LT [ ]DPI10O uM

from one typical experiment each, out
of N identical repeats (N=3-7). (H, L)
Bar graphs showing means with 95% CI

indicated. Statistical data were calculated 05 min%SOC%—NO?(S-QHO-ISl N=T7 5 miniSQG-NQXS-CHO-Kl _N=6
from N experiments, to compare calcium G 0 10 20 30 40 50 60 70 (H) 0 10 20 30 40 50
peak area above baseline (per 10 min), ( 1)2 <50 - %)
with N numbers shown on each column ’ [ ] [Light85 mW/cm’ g ’ °
in (H, L). Each dot on the bar column [_5 DPI 10 uM [7 4
represents data from one cell. Student's ¢ ~ 0381 3 2.5 "
test was used for statistical comparison, 2o P/;’ECTGANOXS CHO <l ED 6 5) T'T (6) (7)
between Light (E) and Light + DPI (G) 0.4 fONSOG-NOXS-CHO-K1 N=7 = (0
in panel (H), between Light (J) and Light 0 20 40 60
+ Trolox-C (K), the asterisk (*) indicates (ll) ) l(‘IJS) ) )
statistical significance at p <0.05. ' [ I Trolox-C (300 uM) ' leght 85 mW/cm
0.9
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UVA irradiation was initially found to activate NAD(P)
H oxidase (NOX) in rat peritoneal mast cell, to trigger per-
sistent Ca®* oscillation.”! UVA triggered calcium oscillations
in mast cells of at least three different sources (rat peritoneal
mast cell, mouse bone marrow-derived mast cell, rat mast
cell line RBL-2H3).* Knocked-down expression of NOX2,
P22, or P47 in RBL-2H3 cells effectively inhibited calcium
oscillation triggered by UVA irradiation.”” UVA activation
of NOX2 results in O, generation, to subsequently activate
the signaling pathway of receptor tyrosine kinase-phos-
pholipase Cy-inositol 1,4,5-trisphosphate (IP;)-IP; receptor
(IP;R)-Ca’*, to trigger persistent Ca®* oscillation.*"**

UVA light irradiation has also been shown previ-
ously to activate NOX1 in human keratinocytes®® and
to elicit P67 (a cytosolic subunit for NOX2) membrane
translocation in the human acute monocytic leukemia
cell line THP-1*; in these works the detection endpoint
was production of reactive oxygen species.*®* NOX iso-
zyme activation could also be gauged after cell lysis by
phosphorylation of cytosolic subunit P47°° or P67.°! But
this was a multistep process, unlike the single-step fluo-
rescent measurement of cytosolic calcium or of reactive
oxygen species. Since activation of the single subunit
NOXS5 does not involve any accessory subunits of P22,
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FIGURE 5 UVA irradiation triggered
calcium oscillations in SW579 cells. (A,
B) SW579 cells grown on cover-slips were
fixed for DUOX2 immunocytochemistry.
Note the strong fluorescence in cells
incubated with primary and secondary
antibodies (B), but no fluorescence in
cells with primary antibody omitted

(A). Scale bars 10 pm. (C-K) Fura-2 AM
loaded SW579 cells were attached to
cover-slips and perifused. The SW579

cells were either perifused in the dark (C),

0.4 T T T T 1 0.4 T

(E)
12 1

0.8

or exposed to UVA light (LED 380nm,

0.1 mWatt/cm?) for 1 (D), 10 (E), 30 (F), 60
(G), 90s (H-K). UVA (380nm, 0.1 mWatt/
cm?) (D-K), DPI (10 uM) (I), VAS2870
(20puM, 30min) (preincubated) (J), or
Trolox-C (300 uM) (K), were applied

as indicated by the horizontal bars.

The typical calcium traces (each trace
corresponds to one individual cell) shown
in (C-K) are from one typical experiment,
out of N identical repeats (N=5-7) (L)
Bar graphs showing means with 95% CI
indicated are quantitative analysis of
calcium peak areas above baseline (per

10 min) from multiple experiments (N
numbers shown in brackets), each dot
represent data from one cell. Student's

t test was used for comparison between
Light 90s (H), and Light 90s together
with DPI (I), VAS2870 (J), or Trolox C
(TC) (K). Asterisk (*) indicates statistical
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P40, P47, P67, Racl/2,**%2 P47/P67 phosphorylation or
their membrane transfer will not be indicative of NOX5
activation. In fact, it has been noted that with NOX2,
phosphorylation of the catalytic subunit gp91P"®/
NOX2 itself actually results in inhibited gp91P"**/NOX2
activity.”®

In this work, we expressed the human NOXS5 heterol-
ogously in the rodent CHO-K1 cells, an easy-to-transfect
cell line with a competent calcium signaling pathway.>*
Immunocytochemistry confirmed NOX5 expression in the
cytoplasma and on plasma membrane in NOX5-CHO-K1
cells (Figure 1), similar to NOX5 distribution in transfected

significance at p <0.05.

(7) (Z)

i 0.1 mW/cm®

D@6
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& \%\Q%%Q%@%O)Q%qu‘jé\ &~
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COS-7 cells, cultured human endothelial cells or prostate
cancer cells.” ™ UVA (380nm, 0.1, 0.3, 3.5, 6,12 mW/cm?,
1.5min) was found to trigger dose dependently calcium
transients in the NOX5-CHO-K1 cell, but the high dose of
3.5mW/cm? showed no effect in the parental cell CHO-
K1 or empty vector-transfected pcDNA3.1*-CHO-K1 cells
(Figure 1), or in HEK293 cells (data not shown).

UVA irradiation-induced calcium oscillations were in-
hibited completely by preincubation with the NOX inhib-
itor DPI 10uM, and blocked by 'O, quencher Trplox-C
(Figure 2). DPI inhibits NOX by binding to the “flavin and

heme prosthetic groups to form stable adducts”,™® therefore
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FIGURE 6 UVA irradiation and SALPC photodynamic action triggered calcium oscillations in DUOX2-CHO-K1 cells. (A, A’, B')
Parental CHO-K1 cells. (B) DUOX2-CHO-K1 cells. Cells were fixed for DUOX2 (A, B) or DUOXA2 (A’, B’) immunocytochemistry. No
DUOX2 fluorescence was detected in un-transfected parental cells CHO-K1 (A), but note the strong DUOX2 fluorescence in transfected
DUOX2-CHO-K1 cells (B). DUOXAZ2 was noted in parental CHO-K1 cells (compare A’, B’), primary antibody was omitted from (A").
Scale bars 10 pm. (C-K) Fura-2 AM-loaded CHO-K1 (C, H), DUOX2-CHO-K1 cells (D-G, I-K) were perifused, UVA (380 nm, 3.5 mWatt/
cm?, 1.5min) (C, E, G), VAS2870 (3 uM) (F, G), SALPC 2pM (H, I, K), red LED (675nm, 85 mWatt/cm?, 1.5min) (H, J, K) were applied as
indicated by the horizontal bars. Original calcium tracings (each trace corresponds to one individual cell) shown in panels C-K are each
from one typical experiment, out of N identical repeats (N=5-7). (L) Bar graphs showing means with 95% CI indicated are quantitative
analysis of calcium peak areas above baseline (per 10 min) from multiple experiments (N number are shown in brackets, each dot on column
represents data from one cell). Student's ¢ test was used for comparison between Light (E) and Light+ VAS2870 (G), asterisk (*) indicates
statistical significance at p <0.05.
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DPI could be used by preincubation. These data suggest
that UVA irradiation, likely via type II photodynamic ac-
tion (i.e., via '0,), activated NOXS5 to trigger persistent cal-
cium oscillations. 'O, activation of NOX5 likely triggers the
same electron transfer process of NADPH-FAD-heme-0O,
to produce O, ™ as other stimuli.** O, so produced would
then activate the receptor tyrosine kinase-phospholipase
Cy-IP,-IP,R-Ca”" signaling pathway, to elicit increases
in cytosolic calcium concentration, same as UVA-driven
NOX2 activation-induced persistent calcium oscillations in
mast cells.”***° Unlike with the multi-subunit gp97Ph°X’
NOX2 (NOX2+ P22+ P40+ P47+ P67 + Rac), with the sin-
gle catalytic subunit only NOXS5, it can be concluded that
UVA activation of NOX5 must be due to absorption of UVA
(LED 380 nm) photons by NOX5.

It is known that UVA absorption by unbound free en-
dogenous photosensitizers NAD(P)H and FAD elicits type
II photodynamic action to produce 'O,, with a quantum
yield (®A'0,) of 0.1 and 0.07, respectively.””* The co-
ordinately bound NAD(P)H and FAD in the C-terminal
dehydrogenase domain of NOXS5 after absorption of UVA
photons (LED 380nm) may also undergo similar, al-
though likely somewhat damped, photodynamic action
due to protein caging, to generate 'O, within the NOX5
protein molecule, which in turn may facilitate the trans-
formation of the resting NOXS5 to the activated state. To
verify whether photodynamic action is involved in UVA
activation of NOXS5, photodynamic action with photosen-
sitizer SALPC, with a ®A of 0.38,%”* was used. Note that
brief incubation with SALPC has been used before for
plasma membrane-localized type II photodynamic action,
to activate the cholecystokinin 1 receptor.*>*+

Indeed SALPC photodynamic action (675nm, 85 mW/
cm?, 1.5min) readily triggered persistent cytosolic Ca** os-
cillation in the NOX5-CHO-K1 cells (Figure 3), which was
inhibited completely by pretreatment with NOX5 inhib-
itor DPI 30 pM (Figure 3). Time-matched control experi-
ments showed that SALPC photodynamic effect did not
affect basal calcium in parental CHO-K1 cells which ex-
pressed no endogenous NOXS5 (Figure 3). Neither SAPLC
alone nor light irradiation alone without preincubation
with SALPC had any effect on baseline calcium concentra-
tion in NOX5-CHO-K1 cells (Figure 3). Therefore SALPC
photodynamic action at the plasma membrane activated
NOX35, to trigger persistent calcium oscillations.

Photodynamic action with the protein photosensitizer
miniSOG was found to have a similar effect. The miniSOG
after absorbing blue light (LED 450nm) produces 'O, at
a @A of >0.03.*"°! 10, has a rather limited lifetime (1 ps)
therefore a limited diffusion distance (10-155nm).3>%%63
Tagging miniSOG to NOX5 would ensure spatially delim-
ited photodynamic action, probably around the expressed
miniSOG-NOXS5 construct. Photodynamic action (450 nm,

85mW/cm?, 1.5 min) with the in-frame miniSOG of con-
struct miniSOG-NOX5 was found to similarly elicit per-
sistent Ca®" oscillations, which were inhibited completely
by pretreatment with DPI 10 pM, and blocked completely
by '0, quencher Trolox-C (Figure 4). These data indicate
that miniSOG photodynamic action activated NOX5 in
miniSOG-NOX5-CHO-K1 cells, likely via the reactive in-
termediate of 'O, (Figure 4).

Data obtained in this work (Figures 1-4) therefore
confirm that NOX5 could be activated by a brief pulse of
photodynamic action, executed either with UVA irradia-
tion (1.5min) (via NOX5-bound endogenous photosensi-
tizers) or with blue or red LED irradiation (1.5min) with
exogenous photosensitizer SALPC or in-frame miniSOG,
respectively. During this photodynamic process, the light
sources used were UVA LED 380 nm (Figures 1 and 2), blue
LED 450nm (Figure 4), and red LED 675 nm (Figure 3).

NOXS5, same as the catalytic subunit of all other NOX
isozymes, coordinately binds NADPH, FAD, and two heme
molecules, the absorption spectra of these molecules when
dissolved free in solvent are shown in Figure S1. UVA
380nm is absorbed by all three chromophores, blue 450 nm
by FAD and heme, but red 675nm is not absorbed by any
of them, as reported in the literature®®**” (Figure S1).
However, only UVA 380nm (0.1-12 mWatt/cm?) alone ef-
fectively activated NOX5 (Figures 1E-I and 2B), but red
LED 675nm alone (85mWatt/cm2) (Figure 3D) or blue
LED 450nm alone (85 mWatt/cm2) (Figure 4C) in the ab-
sence of SALPC or miniSOG did not (Figures 3D and 4C).

Of the three NOX5 chromophores of NAD(P)H, FAD,
heme, only FAD and NADPH are effective photosen-
sitizers, with quantum yield (®A'0,) of FAD 0.07 and
NADPH >0.1.*! The absorption extinction coefficient at
380nm is, FAD 8mM 'cm ™', NADPH 1mM ' cm~".%>%
Note that for FAD, absorption peak at 450nm is larger
than at 375nm, whereas NADPH shows no absorption be-
yond 400 nm (Figure S1), as noted previously in the litera-
ture.®>® This may indicate that NADPH alone or NADPH
and FAD in combination or simultaneously are the re-
sponsible photosensitizer(s) to mediate UVA irradiation-
powered photodynamic activation of NOX5.

Other than NOXS5 (Figures 1-4, present work) and
NOX2,2?? it was found in the present work that the na-
tive human DUOX2 in thyroid follicular epithelial cell line
SW579 and in DUOX2-CHO-K1 was also activated by UVA
irradiation (Figures 5 and 6). UVA irradiation triggered cal-
cium oscillations dose dependently, and such oscillations
were inhibited by NOX inhibitors (DPI and VAS2870) and
blocked with '0, quencher Trolox-C (Figure 5). Although
CHO-K1 cells expressed endogenous DUOXA2 (G3HO0S2),
endogenous DUOX2 seemed rather low or undetectible;
UVA irradiation had no effect on basal calcium in CHO-
K1 cells (Figure 6). After plasmid transfection the DUOX2
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expression was markedly increased in DUOX2-CHO-K1
cells (Figure 6). The presence of endogenous DUOXA2
expression may account for the fact that DUOX2-CHO-
K1 cells showed a ready response to UVA irradiation
and SALPC photodynamic action since it is known that
the full functionality of DUOX2 requires the presence of
DUOXA2.®® Human DUOX2 ectopically expressed in ro-
dent CHO-K1 cells was activated by UVA irradiation and
SALPC photodynamic action (Figure 6). UVA irradiation-
induced calcium oscillations were completely blocked by
the NOX inhibitor VAS2870 (3uM) (Figure 6). Further,
SALPC photodynamic action triggered persistent calcium
oscillations in DUOX2-CHO-K1 cells (Figure 6), similar
to those observed in NOX5-CHO-K1 cells (Figure 3). Note
that the human thyroid follicular epithelial tumor cell
SW579 was very sensitive to UVA irradiation; a 10sec LED
380 pulse at 0.1 mWatt/cm® was sufficient to trigger de-
tectable calcium oscillations, a rather low dose similar to
that used in primary rodent mast cells or mast cell line.*?
Even for this very sensitive cell type of SW579, the alter-
nating excitation light (power density: £1.092 pWatt/cm?,
from the monochrometer DeltaRam X) for Fura-2 fluores-
cence calcium imaging, did not seem to interfere with cal-
cium measurement; basal calcium remained completely
flat without extra LED 380nm irradiation (Figure 5C).
!0, at low concentrations is a signaling molecule in
multiple cell types*>®*”' but at higher concentrations
are cytocidal therefore is used for photodynamic therapy
(PDT) of both benign and cancerous lesions.”>”* '0, sus-
ceptible residues (Met, Cys, His, Trp, Tyr) are abundant
in NOXS5, concentrated particularly in the FAD-binding
domain (Y441, )& et W443’459’468) and near the NADPH-
binding domain (M>BY>°) H?7MO%Y*PM%) in the C-
terminal cytosolic dehydrogenase region (Figure S2).”*
Interestingly, the Cys-containing motif of **°Cys-Gly-
Cys*™ in the catalytic NOX2 and Cys residues in P67° 1%
have been found to be important for NOX2-P67 binding/
association and NOX2 activation induced by oxidants.”>”®
NOXS5 is known to regulate cell growth, differentiation,
and migration.”” Excessive ROS production by NOX5 is as-
sociated with coronary atherosclerosis,”” acute myocardial
infarction,”® fetal ventricular septal defect,” or cancer.®
0, -related diseases could be due to either complete loss
of O, generation or overproduction of O, ~.*' DUOX2 as
well, is involved in vital physiological functions. DUOX2
is predominantly expressed in the thyroid follicular epi-
thelial cells for thyroid hormone synthesis,** and in the
gastrointestinal and respiratory epithelial cells proba-
bly for innate immunity.**®* The present work provides
a novel method to experimentally activate NOX5 and
DUOX2 for localized production of O, /H,0,. Since data
from the present work suggest that the catalytic subunit-
only NOX5 alone is activated by a brief pulse of UVA
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irradiation/photodynamic action (1.5min), NOX isoforms
other than NOX2,2"*? NOXS5, and DUOX2 (present work)
may be similarly activated. Focused light-driven perma-
nent photodynamic NOX isozyme activation will provide
a useful means for the study of NOX1-5 and DUOX1,2
physiology, pathophysiology, and related therapeutics.®>%¢

The current understanding of the structural biology
and chemistry*®”~*! of NADPH oxidases and their acti-
vation, together with what we have found in the present
work, will provide a solid background for further investi-
gation and the detailed elucidation of photodynamic acti-
vation of NOX family members of NOX1-5 and DUOX1,2.
Specifically, cellular works with mutated NOXS5, together
with biochemical works with purified NOX5 or DUOX2
proteins, and cryoEM studies of such enzymes with tagged
protein photosensitzers (such as miniSOG) in the future,
will reveal the detailed mechanisms of UVA and photody-
namic activation of NOX enzymes.
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