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hydrogen selenide (H2Se)/
hydrogen diselenide (H2Se2) donors: applied for
protein S-selenylation on PRDX6

Biswajit Roy, †a Eshani Das, †a Meg Shieh, a Seiryo Ogata,b Minkyung Jung,b

Hiroaki Fujita,c Sen Zhang,a Jerome R. Robinson, a Takaaki Akaike b

and Ming Xian *a

Hydrogen selenide (H2Se) is an important metabolite in selenium biochemistry and plays a crucial role in

redox biology. While its significance has become increasingly recognized, research on H2Se is

challenging due to its instability and high reactivity. Suitable compounds (aka donors) that can selectively

produce H2Se in biological systems would facilitate this research field. In this work, we explored photo-

triggered H2Se donors by utilizing two structural templates: 2-nitrobenzyl selenides and 2-methoxy-6-

naphthacyl selenides. The photoreactions of these compounds under light were studied. 2-Nitrobenzyl

selenides were found to release H2Se (and its oxidized form H2Se2) slowly under UV light, but the

released H2Se/H2Se2 could further react with the photoproduct and be consumed. On the other hand,

naphthacyl selenides could undergo clean and fast reactions to produce H2Se/H2Se2, as well as a stable

and fluorescent photoproduct. This self-monitoring and quick releasing ability make naphthacyl

selenides ‛smart donors' for biological applications. Importantly, this donor was found to induce protein

S-selenylation (CysS-SeH) on Cys47 and Cys91 in both recombinant peroxiredoxin-6 (PRDX6) and

PRDX6-overexpressing HEK293T cells. This photo-triggered donor system may serve as a new strategy

to control selenium-based protein post-translational modifications for mechanistic studies into selenium

metabolic pathways and ferroptosis.
Introduction

Selenium is an essential trace element.1 While selenium de-
ciency has been linked to diseases including Keshan disease
and Kashin-Beck disease,2 an overdose of selenium (more than
400 mg per day) can lead to acute selenosis that causes nausea,
hair and nail loss, disorders of the nervous system and skin,
poor dental health, etc.3 Thus, both selenium's health benets
and toxic effects are highly concentration dependent.4 In the
human body, the physiological function of selenium is served
through 25 selenoproteins with selenocysteine at their active
sites.5 These include redox enzymes like glutathione peroxidase
(GPx) and thioredoxin reductases (TrxR). Selenium is accumu-
lated in the body from dietary sources containing selenome-
thionine (SeMet), selenocysteine (Sec), selenite (SeO3

2−), and
selenate (SeO4

2−), all of which are hypothesized to produce
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y the Royal Society of Chemistry
hydrogen selenide (H2Se) in their metabolic pathways.6–8 H2Se is
also known to be the Se source of selenophosphate synthetase
(SPS), which contributes to selenophosphate (SePO3

3−)
production and the subsequent synthesis of Sec and seleno-
proteins. Through different enzymatic and/or redox reactions,
H2Se is believed to play important regulatory roles in biological
systems.8 It should be noted that H2Se is a highly reactive
species and a strong reductant (its reduction potential is
comparable to that of H2).9 Although the implications of H2Se in
vivo have not yet been clearly demonstrated, the administration
of exogenous H2Se (using sodium hydroselenide (NaHSe) as the
equivalent) has shown some interesting activities.10 For
instance, it was found that H2Se can decrease O2 consumption
in the rat soleus muscle and liver and induce transient inhibi-
tion on mitochondrial cytochrome C oxidase. H2Se also showed
cytoprotective effects against H2O2-induced toxicity. Further-
more, H2Se increased the expression of selenoproteins in
human hepatocytes while its oxidized form (e.g. sodium sele-
nite) exhibited opposite effects.

The studies on H2Se so far have led some researchers to
suggest that H2Se may be a possible gasotransmitter,11 analo-
gous to hydrogen sulde (H2S).12 H2S has many physiological
functions related to redox homeostasis. One of the important
functions of H2S is to induce protein persuldation (forming
Chem. Sci.
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Scheme 1 The structures of reported H2Se donors.

Scheme 2 Reported photo-triggered H2Se donors (a and b) and
photo-triggered C–Se bond cleavage reactions (c and d).
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protein-SSH on protein cysteine residues), an important post-
translational modication.13 Similarly, H2Se is likely to induce
protein S-selenylation (forming protein-SSeH). Recently, studies
have reported that S-selenylation can be induced on peroxir-
edoxin 6 (PRDX6), a key regulator of ferroptosis.14,15 Signi-
cantly, this modication enables PRDX6 to act as a selenium-
acceptor protein to facilitate intracellular selenium utilization
and thereby guide ferroptosis sensitivity in cells. In H2S
research, synthetic H2S donors play critical roles, and many
such donors have been developed.16 H2Se donors are also
needed for the exploration of H2Se, but this is a very underde-
veloped eld. To date, only a few H2Se donors (Scheme 1) have
been reported, and the design of these compounds is largely
based on known H2S donors. For instance, Pluth et al. prepared
Se analogs of two popular hydrolysis-based H2S donors
GYY4137 (ref. 17) and FW1256.18 The resulting H2Se donors are
TDN1042 (ref. 19) and 2AP-PSe,20 respectively. The same group
also reported base-mediated donors g-ketoselenocarbamates.21

Lukesh et al. reported pH-controlled H2Se release from bis-g-
keto selenides based on b-elimination.22 Yi et al. reported
cysteine-mediated H2Se release from selenocyclopropenones
and selenoamides under physiological pH.23 These compounds
have been used to reveal some interesting activities of H2Se
such as anticancer and antioxidant effects. Our laboratory seeks
to develop novel H2Se donors with improved spatiotemporal
control in biological settings. To this end, we are particularly
interested in light-triggered donors. Herein, we report the
discovery of a promising, unique template and its application in
inducing protein S-selenylation.

Results and discussion
The idea of photo-triggered and C–Se bond cleavage-based
donors

To date, reliable photo-triggered and C–Se bond cleavage-based
H2Se donors are still missing. While two photo-triggered H2Se
donors have been reported, they do not involve photo-induced
C–Se bond cleavage. In one example, Pluth et al. reported
a photo reaction of o-nitrobenzyl selenocarbamate in which
C–O bond cleavage occurred and subsequently produced H2Se
(Scheme 2a).21 As the authors noted, there were several limita-
tions: (1) the reaction was not clean and needed a very long light
exposure time (72 h) to release H2Se, and (2) the reaction
mechanism was unclear. The release of H2Se did not appear to
Chem. Sci.
involve the formation of COSe, which was different from the
thiocarbamate analogs (generating COS as the key interme-
diate). In another example, Yi et al. employed a photo-triggered
thiol formation to promote an intramolecular reaction with
arylselenoamide to release H2Se (Scheme 2b).24 However, the
H2Se-releasing efficiency of this donor was not high, likely due
to the consumption of the released H2Se by the photo-
byproduct o-nitroso benzaldehyde. In addition, since the aryl-
selenoamide is known to release H2Se in the presence of
cysteine, the specicity of this photo-release process may be
compromised. In the search for photo-triggered C–Se bond
cleavage reactions, we noticed that both Se–Se and C–Se bonds
can break under light irradiation for certain structures. For
example, the photo-irradiation of benzyl diselenide at 350 nm
(Scheme 2c) led both the Se–Se and C–Se bonds to break, which
produced dibenzyl selenide in the absence of oxygen and
benzaldehyde in the presence of oxygen, along with the
elemental selenium Se0.25 Another work by Otting et al. showed
that 4,5-dimethoxy-2-nitrobenzyl group could promote C–Se
bond cleavage under UV light to generate selenocysteine resi-
dues in selenoproteins (Scheme 2d).26 These results suggest that
photo-triggered C–Se bond cleavage to release H2Se is possible,
but suitable photoremovable protecting groups (PRPGs) need to
be identied. As such, we sought to explore direct C–Se bond
cleavage-based strategies to release H2Se.
The study of bis-nitrobenzyl-diselenide and -monoselenide

The o-nitrobenzyl group is one of the most widely used PRPGs
and has been applied in the release of many bioactive mole-
cules, primarily through C–O bond cleavage.27 We rst
attempted to prepare bis-2-nitrobenzyl monoselenide 1 under
the expectation that it would be able to release H2Se. However,
the preparation (treating 2-nitrobenzyl bromide with sodium
selenide, Scheme 3) produced considerable amounts of di-
selenide 2 along with monoselenide 1. Their structures were
characterized by NMR and X-ray crystallography. In theory,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Preparation of o-nitrobenzyl mono- and di-selenides (1
and 2). Thermal ellipsoid plots of 1 and 2 displayed at 50% probability.

Scheme 5 Proposed mechanisms of the photoreactions of 1 and 2.
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compound 1 can be considered a H2Se donor while compound 2
can be considered a H2Se2 donor. However, we realized that
H2Se was highly sensitive to oxygen and would eventually be
oxidized to Se0, likely via H2Se2 as the intermediate. On the
other hand, if H2Se2 was formed, it would disproportionate
quickly to H2Se and Se0, as suggested by Lukesh et al.22 Thus,
both the monoselenide and the diselenide (1 and 2) may lead to
similar outcomes under a photo-triggered release; we decided to
test both compounds in our studies.

The photoreactions of compounds 1 and 2 were carried out
under 365 nm 100W LED light, and the progress wasmonitored
by 1H NMR (Fig. S1 and S2). When diselenide 2 was irradiated
with light, we initially observed a clean conversion to form
monoselenide 1. However, compound 3 (ref. 28) was identied
as the nal product, along with the formation of red elemental
selenium (Scheme 4), which was conrmed by reacting this
species with triphenylphosphine (PPh3) to form tri-
phenylphosphine selenide (Se]PPh3). When monoselenide 1
was irradiated under the same conditions, we did not observe
the formation of diselenide 2 while compound 3 was again
formed along with the elemental selenium Se0. Our observation
of forming 1 from 2 under light was similar to the reported
photoreaction of benzyl diselenide,25 which indicated that
a radical pathway was involved in the conversion of diselenide 2
to monoselenide 1 as described in Scheme 5.

The conversion from 1 to 3 should proceed via the classical
anionic pathway of the nitrobenzyl-PRPG to form o-nitroso
benzaldehyde 4 and H2Se. However, we did not observe 4 in the
reaction mixture likely because H2Se (a strong reducing agent)
reduced the nitroso group of 4 to form 2-aminobenzaldehyde,
which then self-condensated to form compound 3. To validate
the H2Se release from 1, we carried out a trapping experiment
Scheme 4 Photolysis of 1 and 2 under LED light.

© 2025 The Author(s). Published by the Royal Society of Chemistry
with benzyl bromide (BnBr). Interestingly, we only observed
a trace amount of formation of Bn2Se2 and Bn2Se. This indi-
cated that the reduction of 4 with H2Se was much faster than
that of the trapping reaction of H2Se. Therefore, nitrobenzyl was
not a suitable PRPG for the design of H2Se/H2Se2 donors.

Design and synthesis of naphthacyl-derived selenides

Our recent work revealed that naphthacyl-derived sulfur-
containing compounds can undergo clean and fast C–S bond
cleavage to release sulfur species under light (Scheme 6).29–31 We
wondered if this PRPG could also be used to design photo-
triggered H2Se/H2Se2 donors (e.g. monoselenide 5 and di-
selenide 6) and prepared these compounds accordingly.

Our rst attempt was to directly treat a known naphthacyl
bromide 7 with Na2Se (Scheme 7a). However, this reaction gave
Scheme 6 The design of naphthacyl-derived selenides 5 and 6.

Chem. Sci.
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Scheme 7 (A) Reaction of 7 with Na2Se. (B) Synthesis of naphthacyl-
derived diselenide 6. (C) Synthesis of naphthacyl-derived
monoselenide 5 and thermal ellipsoid plot of 5 displayed at 50%
probability.

Scheme 8 Photolysis of compounds 5 and 6.

Fig. 1 Fluorescence spectra of (a) naphthacyl monoselenide 5 and (b)
naphthacyl diselenide 6 (Ex = 320 nm) under irradiation with LED light
at regular intervals of time (10 s).

Fig. 2 Photoreaction of compounds 5/6 under ‘light’ and ‘dark’
conditions for regular intervals of time.
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the diselenide 6 in a low yield (10%) and nomonoselenide 5was
observed. Next, we tried the installation of selenium on
a naphthacyl ketone 9,32 which was prepared via Friedel–Cras
acylation of 2-methoxynaphthalene 8. The TMS silyl enol ether
generated from 9 was treated with Se/SeCl4 which should
provide selenenyl chloride derivative 10 as the intermediate.
The in situ reduction of 10 with sodium bisulte indeed
provided the desired diselenide 6 in 54% yield (Scheme 7b).
Similarly, the enolate of 9 was treated with freshly generated
selenenyl chloride 10 to provide monoselenide 5 in 45% yield
(Scheme 7c). The X-ray crystallography results further
conrmed the structure of 5.

Stability and photophysical properties of compounds 5 and 6

With compounds 5 and 6 in hand, we rst checked their
stability. Their solutions in 1 : 9 DMSO/PBS (pH 7.4) were
prepared and monitored. Under dark conditions, negligible
amounts (<2%) of decomposition were noted aer 3 days.
Under normal indoor light conditions, only ∼5% degradation
aer 24 h was observed, indicating that both compounds were
stable enough for further studies. The photophysical properties
of 5 and 6 were also measured (Fig. S5). The strong absorption
peaks were observed for compounds 5 and 6 at lmax = 321 nm
and lmax = 324 nm, respectively. However, neither appeared to
be uorescent.
Chem. Sci.
Photoreactions of compounds 5 and 6

We next carried out their photoreactions (under 365 nm LED
light). The reactions appeared to be much faster (completed
within 4 min) than that of nitrobenzyl derivatives 1 and 2
(∼300 min for completion) under the same conditions. The
formation of the photoproduct 11 was completed in a few
minutes with 76% or 72% yields (Scheme 8, Fig. S3 and S4) from
compound 5 and 6, respectively. We also observed the forma-
tion of elemental selenium in the reaction, indicating the
formation of H2Se/H2Se2 in the process.

Since photoproduct 11 is a uorescent molecule,29 we could
use uorescence spectroscopy to monitor the photo-uncaging
progress. As shown in Fig. 1, the solutions of compounds 5
and 6 (100 mM in 10% DMSO-PBS at 50 mM, pH 7.4) were
subjected to the 365 nm LED light at regular time intervals
(10 s). A clear time-dependent increase of uorescence intensity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 Trapping experiment with BnBr.

Scheme 10 Radical trapping experiments with TEMPO.
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was noted. The spectra also matched the authentic spectrum of
compound 11.

To further demonstrate the spatiotemporal control of the
photo-uncaging process, we carried out ‘light on–off’ experi-
ments with compounds 5 and 6, in which the compounds were
exposed to ‘light’ and ‘dark’ conditions over regular intervals
of time. The formation of the photoproduct 11 was quantied
by 1H-NMR analysis. As shown in Fig. 2, under the ‘dark’
condition, the photo-uncaging process completely ceased and
Scheme 11 Proposed mechanism of H2Se2/H2Se formation from 5
and 6.

© 2025 The Author(s). Published by the Royal Society of Chemistry
only proceeded under the ‘light on’ condition. These results
indicated that the reaction was solely controlled by the light.

H2Se and H2Se2 trapping studies

To conrm the release of H2Se and H2Se2 from compounds 5
and 6 under light, trapping experiments with benzyl bromide
were performed. Briey, the solutions of 5 and 6were exposed to
light irradiation for 20 min in the presence of BnBr. In both
cases, BnSeSeBn was the main trapped product (isolated yield of
11% and 14%, respectively) with trace amounts of BnSeBn
(Scheme 9). The formation of BnSeSeBn from compound 5 was
probably due to the autooxidation of BnSeH. The formation of
BnSeSeBn provided direct evidence for H2Se/H2Se2 release from
compounds 5 and 6. We also carried out the control experiment
(i.e. treating BnBr with elemental selenium Se0 under the same
condition). However, we did not observe the formation of
BnSeSeBn under such conditions, further conrming the photo-
triggered release of H2Se/H2Se2.

Radical trapping experiment

We envisioned the photoreaction of compounds 5 and 6 was
through a radical process, similar to that of naphthacyl-sulfur
Fig. 3 Representative images of HeLa cells. Cells were treated with (A
and B) compound 5 (30 mM) or (C and D) compound 6 (10 mM) for
30 min at 37 °C, 5% CO2. After incubation, cells were (B and D) washed
three times with PBS and subjected to imaging or (A and C) washed
oncewith PBS, subjected to LED light for 2min, and thenwashed twice
with PBS before fluorescence imaging occurred. Scale bars = 20 mm.

Chem. Sci.
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Fig. 4 Mass spectrometry analyses of the percentage of cysteine
residue post-translational modifications at Cys47 and Cys91 in (A and
B) recombinant PRDX6 treated with a final concentration of 0, 10, and
30 mM of compound 5 ± LED light irradiation for 2 min and (C and D)
PRDX6-overexpressing HEK293T cells treated with 0, 30, or 100 mM of
compound 5, incubated for 30 min at 37 °C, washed with PBS, and
then subjected to ± LED light irradiation for 4 min. PBS was then

Chem. Sci.
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compounds.29–31 To demonstrate this, we carried out radical
trapping experiments using TEMPO (Scheme 10). In both cases,
the naph-TEMPO adduct 12 was obtained in moderate yields.
This conrmed the formation of the carbon radical in the
reaction, also indicating Se radical formation in the process.
Photouncaging mechanism

Upon irradiation, compound 5 or 6 rst reach the singlet excited
state (via n / p* transition), then undergo intersystem
crossing (ISC) to the triplet state. In this state, the carbonyl
group generates a diradical intermediate I (Scheme 11). From
this intermediate, the C–Se bond cleaves, forming intermediate-
II and the Se radical. Intermediate-II subsequently releases
a hydrogen radical, yielding the photoproduct 11. The released
H-radical combines with the selenium radical to produce H2Se
or H2Se2.
Photo-triggered H2Se/H2Se2 release in cells

We next wanted to determine whether compounds 5 and 6
could generate H2Se/H2Se2 in cells aer photoirradiation.
Briey, HeLa cells were treated with the compounds (10 or 30
mM) for 30 min at 37 °C, 5% CO2 and then washed with PBS
before being subjected to LED light irradiation for 2 min. The
cells were then washed with PBS again before being subjected to
uorescence microscopy. Strong blue uorescence was
observed in both treatments with light irradiation (Fig. 3A and
C), thus conrming that the photo uncaging of 5 and 6 (and
subsequent release of H2Se/H2Se2) to form photoproduct 11
could be induced in cellular systems.
Protein S-selenylation on PRDX6 (recombinant protein and in
HEK293T cells)

We next wondered whether our donors could be used to
induce S-selenylation (forming CysS-SeH) on proteins. This
post-translational modication, particularly on peroxiredoxin
6 (PRDX6), has recently received major attention in the
eld.14,15,33 Several studies have found that S-selenylation on
PRDX6's Cys47 is responsible for PRDX6 being a selenium-
acceptor protein that facilitates intracellular selenium utili-
zation and effectively guides ferroptosis sensitivity. In those
studies, recombinant PRDX6 was treated with Na2SeO3+GSH,
or with Na2Se + H2O2 to induce S-selenylation. Those reac-
tions, however, are complex and can also produce other
oxidized selenium/selenide species and in turn affect the
efficacy of S-selenylation. Thus, we wondered whether we
could use our photo-controlled method of producing H2Se to
induce protein S-selenylation in a more controlled and effec-
tive manner.

In our studies, recombinant PRDX6 was treated with 0, 10, or
30 mM of compound 5, irradiated with LED light for 2 min (or
changed to the cell culture media, and cells were incubated for an
additional 30 min at 37 °C before being lysed and alkylated with IAM
followed by immunoprecipitation. Data is represented as mean ± S.D.
(n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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kept in the dark), and then incubated for 30 min at room
temperature in the dark. Samples were subsequently alkylated
with iodoacetamide (IAM), digested with trypsin, and then
subjected to liquid chromatography-electrospray ionization-
quadrupole time-of-ight tandem mass spectrometry (LC-ESI-
Q-TOF MS/MS) according to previously reported procedures.33

Target peptides and modication levels of each cysteine residue
were determined. As shown in Fig. 4A, we observed a concen-
tration-dependent increase in CysS-SeH formation at the
active-site cysteine (Cys47, sequence: DFTPVCTTELGR) of
PRDX6. The percentage of cysteine modication was 6.65% and
14.19% for the 10 and 30 mM treatments of compound 5 under
light irradiation, respectively. These results were similar to the
∼9% reported by Fujita et al.33 through their incubation of
PRDX6 with Na2SeO3 and GSH, indicating our donor's compa-
rable efficiency. Notably, our donor not only modied the active
site cysteine, but also generated CysS-SeH at PRDX6's non-active
site cysteine residue (Cys91, sequence: DINAYNCEEPTEN)
(Fig. 4B). We observed a 4.72% and 9.18% cysteine modication
to CysS-SeH with the 10 and 30 mM compound 5 treatments,
respectively.

As compound 5 could be used for uorescence imaging in
live cells and could induce S-selenylation in recombinant
PRDX6, we next attempted to induce these protein modica-
tions in PRDX6-overexpressing HEK293T cells. Aer 48 hours
post-transfection of HEK293T cells with human PRDX6
plasmid (pcDNA3.2-FLAG-His-PRDX6), cells were treated with
0, 30, or 100 mM of compound 5 in serum- and cystine-free
DMEM for 30 min at 37 °C, washed with PBS, and then sub-
jected to LED light irradiation for 4 min. Cells not irradiated
with light served as the control. Next, the cell media was
changed (DMEM, FBS and cystine-free), and the cells were
incubated for 30 min at 37 °C. They were then lysed with RIPA
buffer containing 10 mM IAM, immunoprecipitation was per-
formed, and samples were analyzed by mass spectrometry
following the samemethod as above. Interestingly, we detected
0.15% and 0.43% of CysS-SeH modications on Cys47 (Fig. 4C)
aer cells were treated 30 mΜ and 100 mM of compound 5,
respectively, under LED light. Similarly, 0.12% and 0.41% of
CysS-SeH was detected at Cys91 (Fig. 4D) aer treatment with
30 mΜ and 100 mM of compound 5, respectively, under light
irradiation conditions. As these percent modications were
not very high, we also quantied the amount of PRDX6
expressed in wild type (WT) and PRDX6-overexpressing
HEK293T cells (8.3 ng for 1 mg of cell lysate) by western blot-
ting (Fig. S6). To the best of our knowledge, this is the rst time
CysS-SeH modications have been induced and detected on
proteins (i.e. PRDX6) expressed in cells.

Conclusions

In this work, we explored light responsive H2Se/H2Se2 donors
by utilizing two different PRPGs: 2-nitrobenzyl selenides and 2-
methoxy-6-naphthacyl selenides. 2-Nitrobenzyl selenides were
found to release H2Se/H2Se2 slowly under UV light. The
released H2Se was also found to react with the photoproduct o-
nitroso benzaldehyde. Therefore, the 2-nitrobenzyl template
© 2025 The Author(s). Published by the Royal Society of Chemistry
was determined to be unsuitable for the design of photo-
triggered H2Se donors. On the other hand, naphthacyl sele-
nides were found to undergo clean and fast photoreactions to
produce H2Se/H2Se2 and a blue uorescent photoproduct. The
radical-based reaction mechanism was proved by TEMPO
trapping studies. This self-monitoring and quick releasing
ability make naphthacyl selenides ‘smart donors’ for biological
applications. We also demonstrated the biological applica-
bility of our compounds by applying them for uorescence
imaging in cells and achieved S-selenylation (CysS-SeH) on
recombinant PRDX6, in accordance with previously reported
studies.14,15,33 Signicantly, we were also able to induce CysS-
SeH on PRDX6 expressed in live HEK293T cells aer treat-
ment with compound 5 and subsequent light irradiation. To
the best of our knowledge, this is the rst report of selenium
incorporation at cysteine residues under such cellular condi-
tions. We believe that our light-responsive donors will serve as
valuable tools and concepts for inducing post-translational
modications on proteins, provide new insights into their
biological functions, and aid in efforts to elucidate the intri-
cacies of cellular selenium metabolism and ferroptosis regu-
lation. It should also be noted that H2Se is a highly reactive and
unstable species. Once it is produced (whether it be from
donors or via endogenous formation pathways), it can be
rapidly oxidized to other selenium species such as Se0. All
these species may lead to biological consequences. Therefore,
understanding the timing of H2Se formation from the donors,
as well as the possible reactions with biomolecules for each Se
species would be helpful for better understanding the appli-
cations of donor compounds.
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