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ABSTRACT: Although selenocysteine selenenic acids (Sec—SeOHs) have been recognized as key intermediates in the catalytic
cycle of glutathione peroxidase (GPx), examples of the direct observation of Sec—SeOH in either protein or small-molecule systems
have remained elusive so far, mostly due to their instability. Here, we report the first direct spectroscopic ('H and "’Se NMR)
evidence for the formation of Sec—SeOH in small-molecule selenocysteine and selenopeptide model systems with a cradle-type
protective group. The catalytic cycle of GPx was investigated using NMR-observable Sec—SeOH models. All the hitherto proposed
chemical processes, i.e., not only those of the canonical catalytic cycle but also those involved in the bypass mechanism, including the
intramolecular cyclization of Sec—SeOH to the corresponding five-membered ring selenenyl amide, were examined in a stepwise

manner.

lutathione peroxidase (GPx)' is one of the most

important selenoenzymes™® due to its role in the
antioxidant defense in mammalians,*™® where it catalyzes the
reduction of reactive oxygen species such as H,0,.” In the
widely accepted catalytic cycle of GPx (Process I in Figure 1a),
selenocysteine selenenic acids (Sec—SeOHs),” generated by
the oxidation of selenocysteine selenols (Sec—SeHs), in the
catalytic site (Step A in Figure 1a), have been proposed as key
intermediates. The Sec—SeH form is assumed to be
regenerated by the reaction of the Sec—SeOH intermediate
with glutathione (GSH)” to produce the selenenyl sulfide
(Sec—SeSG) form (Step B),' followed by reduction with
another molecule of GSH (Step C).

However, examples of the direct observation of Sec—SeOHs
in either protein or small-molecule model systems remain
elusive. Even the trapping of Sec—SeOHs in a protein by
chemical probes has been limited to very few examples.'' ™"
One possible reason for this dearth of information is the
tendency of Sec—SeOHs to undergo thermal deselenation,
which affords the corresponding dehydroalanines (Step
D)."”'® For example, it has been reported that the Sec
residues in some selenoproteins (including GPx1) are
converted into dehydroalanine in the presence of H,0,.">"”
The mechanism by which GPx maintains its catalytic activity
despite the thermal instability of the Sec—SeOH intermediates
remains to be determined. Flohe et al. have recently postulated
a bypass mechanism to explain the above question (Process
I1)."" They proposed that Sec—SeOHs could undergo
intramolecular cyclization to the corresponding cyclic
selenenyl amides,”” > with either a five-membered ring or
an eight-membered ring (Step E), to prevent the thermal
deselenation (Step D) under GSH-deficient conditions. Their
proposal was based on LC-MS/MS analysis of the oxidized
forms of bovine GPx1 and rat GPx4, which was found to be
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consistent with the formula of the cyclic selenenyl amides, and
DFT calculations of Process II using a Sec-Gly-Gly tripeptide
model. Neither the direct detection nor trapping of the Sec—
SeOH forms was achieved in their study. For the chemical
elucidation of the mechanistic aspects of the GPx cycle, a
model compound for Sec—SeOH with sufficient stability to
allow its observation is thus strongly desirable.

In small-molecule model systems, selenenic acids undergo
facile dehydrative self-condensation (Figure 1b).”* Further-
more, selenenic acids generated during the oxidation of
selenols readily form diselenides by the reaction with
unreacted selenols.”> Our and other groups have reported on
the observation**~** and isolation”” ™" of nonselenocysteinyl-
derivative selenenic acids by either kinetic or thermodynamic
stabilization techniques. However, these nonselenocysteinyl
derivatives do not adequately reproduce the characteristic
reactivity of Sec—SeOH in proteins.

Recently, we have reported the synthesis of a stable cysteine
sulfenic acid that uses a large molecular cavity as a protective
cradle.*® The molecular cradle is also expected to be effective
for the protection of reactive selenocysteine derivatives, thus
enabling model experiments of reaction processes involving
Sec—SeOHs (Figure 1c). Herein, we report the first direct
spectroscopic evidence for Sec—SeOHs that are generated via
the oxidation of a selenocysteine and selenopeptide bearing the
molecular cradle by H,0,. The thermal behavior and reactivity
of these Sec—SeOHs were investigated using NMR spectros-
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a) Catalytic cycle of GPx including the bypass process proposed by Flohé et al.
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Figure 1. (a) Proposed catalytic cycle of GPx. (b) Bimolecular
reactions of selenenic acids. (c) Conceptual illustration of this study.

models, la and 1b, are expected to be prevented from
bimolecular decomposition (Figure 1b) by the protective
cradle.

The Sec—SeH form of the Sec model (3a) was synthesized
by the reduction of selenocysteine derivative 2 (Scheme 1a).

Scheme 1. Synthesis of the Selenols of the Sec Model (a)
and the Sec-Gly-Gly Model (b)
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The analogous form of the Sec-Gly-Gly model (3b) was
synthesized from selenopeptide 4°°~*' via the route shown in
Scheme 1b, which involves selenenyl iodide § as a synthetic
intermediate.

Selenocysteine-derived selenenyl iodides (Sec—Sels) have
been recognized as important intermediates in the thyroid
hormone deiodination by iodothyronine deiodinases,*”*’
albeit that examples of the synthesis of a selenenyl iodide
with a selenocysteine backbone remain elusive.** Sec—Sel 5
was isolated in the form of reddish-purple crystals, and its
structure was determined by a single-crystal X-ray diffraction
analysis (Figure 3, Tables S9 and S10).

copy, and all hitherto proposed chemical processes in the
catalytic cycle of GPx shown in Figure la, including those
involved in the bypass mechanism, were documented in a
stepwise manner.

We designed two model systems. One is the Sec model
(Figure 2A), in which a selenocysteine methyl ester is
protected by a cradle-type benzoyl group (henceforth denoted
as Bpsc), and the other is the Sec-Gly-Gly model (Figure 2B),
which corresponds to the §7enerahzed form of the tripeptides in
the catalytic site of GPx.””*® The Sec—SeOH forms of both

(A) (8)
SeOH SeOH o
Bpsc\N/E'(OMe Bpsc~. /[,(N\)LN/\I{OMS
H o
Bpsc
1a 1b
Sec model Sec-Gly-Gly model
SeOH SeOH
H
;\N%OH S\N/[WN\)LNYE
H H H
(¢} (o} (0]
Sec Secd6 Gly47 Gly = =

Selenocysteine Generalized active site of GPx

Figure 2. Cradled selenocysteine (A) and selenopeptide (B) model
compounds.

Figure 3. Crystal structure of § (one of two independent molecules).

Treatment of Sec—SeH 3a with H,0, (1 equiv) at room
temperature without any additives resulted in the formation of
dehydroalanine 8a in 89% yield together with a small amount
of diselenide 9a (Scheme 2). Although the formation of Sec—
SeOH 1la was not observed directly in this reaction, its
intermediacy was supported by trapging experiments using
dimedone (10) or acetylacetone (11)” to produce 12a or 13a,
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Scheme 2. Oxidation of 3a with H,0, and Trapping
Experiments with 1,3-Diketones

Se%
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respectively. It is likely that, in the absence of trapping agents,
the majority of 1a undergoes thermal deselenation to form 8a,
while a fraction reacted with the substrate 3a to produce
diselenide 9a. To suppress the formation of 8a and 9a, the
following protocol was examined (Figure S1). A THF-d,
solution of 3a was added dropwise to a THF-dg/D,O solution
of H,0, (10 equiv) and NaOH™* at —65 °C. The mixture was
transferred to a J-Young NMR tube via a tube cooled to the
same temperature, and the 'H and 7’Se NMR spectra were
recorded at —20 °C (Figure 4a). The formation of Sec—SeOH

a)

SeOH

H0, (10 eq)
NaOH (1 eq)
3a S BpscHN OMe + 9a
THF-dg/D,0/H,0 - 20 °C (8%")
-85 °C, 15 min 1a ©

(92%*) *Estimated by 'H NMR spectroscopy.

®le
SeOHC
A
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(0]
¢ B
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uuuuuuuuu TT T T T T T T T T T T T T T T T T T Tr1T11
6.0 5.0 4.0
3/ppm
<)
1298 ppm
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1500 1000 Sfppm 500 0

Figure 4. (a) Observation of 1a via the oxidation of 3a. (b) 'H NMR
spectrum (500 MHz) of la in THF-dg/D,0 at —20 °C. (c) 7’Se
NMR spectrum (95 MHz) of 1a in THF-dg/D,0 at —20 °C.

1a in 92% NMR vyield was observed in the '"H NMR spectrum
(Figure 4b).* In the ’Se NMR spectrum, 1a showed a signal
at 1298 ppm (Figure 4c), which is in good accordance with
those of recently reported arylmethyl-substituted selenenic
acids (Table $4).*"***" This is the first experimental evidence
for the formation of Sec—SeOHs, as well as the first direct
evidence for the oxidation of a Sec—SeH to a Sec—SeOH with
H,0, (Step A in Figure la). Reactions with 1,3-diketones
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further confirmed the identification of 1a as Sec—SeOH. After
1la was generated by the above protocol, diketone 10 or 11 was
added at —20 °C. '"H NMR monitoring indicated that 1a was
gradually converted to 12a or 13a, respectively, in good
conversion yield (Schemes S18 and S19).

Then, we investigated the thermal deselenation of Sec—
SeOH to form a dehydroalanine (Step D). After la was
generated by the above protocol, the solution was warmed
from —20 to 15 °C. "H NMR monitoring confirmed that 84%
of 1a was converted into dehydroalanine 8a (Scheme 3).

Scheme 3. Thermal Deselenation of 1a to 8a

SeOH

H20, (10 eq)
NaOH (1 eq)
3a BpscHN OMe
THF-dg/D,0/H,0 20 °C i

-65 °C, 15 min

BpscHNJ}(OMe
o

8a (84%*)
*Estimated by "H NMR spectroscopy.

warmed to 15 °C
1a (87%*)

In contrast, when la was generated by the same protocol
and subsequently treated with cysteine thiol 6 (2 equiv) at —20
°C, 1a was rapidly converted into selenenyl sulfide 7a in 91%
conversion yield, and the formation of 8a was not observed
(Scheme 4). These results demonstrate that the reaction of a

Scheme 4. Reaction of 1a with 6

SeOH

H,0, (10 eq)
NaOH (1 e
3a (1eq) BpscHN OMe . g, (8%*)
THF-dg/D,0/H,0  -20 °C o
-65 °C, 15 min 1a (92%") C{S-OSH ()6)
.0eq
SeSCys -20°C, 10 min

BpscHN/(n/OMe + 9a (9%

o
7a(91%*) *Estimated by "H NMR spectroscopy.

Sec—SeOH with a thiol to produce a selenenyl sulfide (Step B)
is rapid, even at low temperature, where the thermal
deselenation to a dehydroalanine (Step D) does not proceed.

On the basis of these experiments, the reactivity of a Sec—
SeOH is summarized as follows: a Sec—SeOH can be
generated as a stable compound by oxidation of a Sec—SeH
with H,O, at low temperatures (below —20 °C in the present
case). Under these conditions, a Sec—SeOH readily reacts with
a thiol to produce the corresponding selenenyl sulfide.
However, in the absence of a thiol, it undergoes thermal
deselenation to a dehydroalanine upon warming; this reaction
can thus be expected to proceed readily at physiological
temperature. These properties of a Sec—SeOH strongly suggest
that, in the catalytic cycle of GPx, a protective bypass
mechanism to prevent its inactivation through deselenation
should be operative when the concentration of GSH is
insufficient.

Based on the protocol established using the Sec model
(Figure 2A), we then conducted model studies of the bypass
mechanism (Process II in Figure 1a) using the Sec-Gly-Gly
model (Figure 2B). In the oxidation of Sec—SeH 3b with
H,O, using the above protocol, the formation of Sec—SeOH
1b in 90% NMR vyield was observed at —30 °C (Figure Sa and
5b), where 1b was found to be stable for at least 24 h. In the
77Se NMR spectrum, the signal of 1b was observed at 1082
ppm (Figure S10). The derivatization of 1b with acetylacetone
(11) to produce the corresponding selenide 13b (Scheme
S24) also confirmed the identification of 1b as a Sec—SeOH.
To investigate the intramolecular cyclization of a Sec—SeOH

https://doi.org/10.1021/jacs.1c02383
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Figure 5. (a) Generation of 1b. (b) 'H NMR spectrum (500 MHz) of 1b in THF-dg/D,0 at —30 °C. (c) VT NMR spectra (400 MHz, — 20 up to

0 °C) for a solution containing 1b in THF-dg/D,0.

to the corresponding cyclic selenenyl amide (Step E), the
thermal behavior of 1b was examined by monitoring the
temperature-dependent change in the ratio of 1b to its
products (Figure Sc). When a solution of 1b generated in 87%
NMR yield by the above protocol was warmed from —20 to
—10 °C, the formation of cyclic selenenyl amide 14** with a
five-membered ring in 6% yield was observed, while the ratio of
1b decreased from 87% to 79% (Table 1). Notably,
dehydroalanine 8b was not detected at —10 °C. At 0 °C, the
ratio of 14 increased to 12%, while that of 1b decreased to
70%, and only 2% of 8b was detected. These results
demonstrate that a Sec—SeOH undergoes an intramolecular
cyclization to the cyclic selenenyl amide (Step E), which
proceeds faster than the thermal deselenation to the
dehydroalanine (Step D).

When cysteine thiol 6 (50 equiv) was added at —20 °C to a
solution of 1b generated in 75% NMR yield, selenenyl sulfide
7b was formed in a conversion yield of 83% (Scheme S). In
this reaction, the generation of 14 or 8b was not detected.

The preference among the three possible reaction processes
of a Sec—SeOH, i.e., Steps B, D, and E, is summarized as
follows: Of the two thermal reaction processes, the intra-
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Table 1. Intramolecular Cyclization of 1b to 14

SeOH Se 0
H,0; (10 eq) [0} \
H
NaOH (1 eq) N\)L
BpscHN/(ﬂ/N\)J\R + BpscHNJ/\« R
THF-dg/D,0/H,0 2010 0 °C o o
-65 °C, 15 min 1b 14
o T o |
H ‘ H 1
* BpscHNJ\”/N\)LR 'R= %ZL/N\)J\OMEE
e} [
8b
NMR yield
temp (°C) 1b 14 8b
-20 87 n.d. n.d.
-10 79 6 n.d.
0 70 12 2

molecular cyclization (Step E) proceeds faster than the
deselenation (Step D). In the presence of a sufficient
concentration of thiol, the reaction of a Sec—SeOH with the
thiol (Step B) proceeds faster than Steps D and E. These
results are consistent with the bypass mechanism as proposed
by Flohé et al."®
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Scheme S. Reaction of 1b with 6

H
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i 0o \ /Q(H
‘ N ; N\)J\
1 N ! BpscHN R+ 8 + 14 ~—
{R="% \)LOMei P o (nd* (nd.*)
,,,,,,,,,,,,,,,,,,,, b n
(83%*) *Estimated by 'H NMR spectroscopy.

Cyclic selenenyl amide 14 was converted into selenenyl
sulfide 7b by treatment with thiol 6 in 86% yield (Scheme 6),

Scheme 6. Reaction of 14 with 6 Followed by Reduction
with DTT

%
N A
BpscHN

o
OM
N/\g( e
o

14

Cys-SH (6) X b oo
(1.2 eq)
_ 0200w N%N/\Irowle
THF, t, 6 h X CI

DTT (1.5 eq) 7b (X = SeSCys, 86%)

Et3N (3.8 eq)
THF, rt,45h

3b (X = SeH, 68%)

indicating that the cyclic selenenyl amide form can be
reintegrated into the canonical catalytic cycle by reaction
with a thiol (Step F). The reduction of 7b with DTT afforded
Sec—SeH 3b, which corresponds to Step C. Thus, using the
Sec-Gly-Gly model, all the chemical processes proposed for the
catalytic cycle of GPx, i.e., Steps A—C (Process I) and Steps E
and F (Process 1I), have been experimentally documented in a
stepwise manner.

In conclusion, we have presented the first direct observation
of selenocysteine selenenic acids (Sec—SeOHs) using cradled
selenocysteine and selenopeptide models. The reactivity of the
Sec—SeOHs was experimentally examined by 'H and 7’Se
NMR monitoring, and all chemical processes that have
previously been proposed for the catalytic cycle of GPx,
including the bypass mechanism, were documented and
confirmed.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c02383.

Experimental procedures and spectral data (PDF)

Accession Codes

CCDC 2063205 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author
Kei Goto — Department of Chemistry, School of Science, Tokyo
Institute of Technology, Tokyo 152-8551, Japan;
orcid.org/0000-0002-5422-1074; Email: goto@
chem.titech.ac.jp

6349

Authors

Ryosuke Masuda — Department of Chemistry, School of
Science, Tokyo Institute of Technology, Tokyo 152-8551,
Japan

Ryutaro Kimura — Department of Chemistry, School of
Science, Tokyo Institute of Technology, Tokyo 152-8551,
Japan

Takafumi Karasaki — Department of Chemistry, School of
Science, Tokyo Institute of Technology, Tokyo 152-8551,
Japan

Shohei Sase — Department of Chemistry, School of Science,
Tokyo Institute of Technology, Tokyo 152-8551, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c02383

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was partly supported by Grants-in-Aid for Scientific
Research (B) (No. 1SH03776 and 19H02698) from the
Ministry of Education, Culture, Sports, Science, and
Technology (Japan).

B REFERENCES

(1) Mills, G. C. Hemoglobin catabolism 1. Glutathione peroxidase,
an erythrocyte enzyme which protects hemoglobin from oxidative
breakdown. J. Biol. Chem. 1957, 229, 189—197.

(2) Flohé, L.; Giinzler, W. A.; Schock, H. H. Glutathione Peroxidase:
A Selenoenzyme. FEBS Lett. 1973, 32, 132—134.

(3) Kraus, R. J.; Foster, S. J.; Ganther, H. E. Identification of
Selenocysteine in Glutathione Peroxidase by Mass Spectroscopy.
Biochemistry 1983, 22, 5853—5858.

(4) Kryukov, G. V.; Castellano, S.; Novoselov, S. V.; Lobanov, A. V.;
Zehtab, O.; Guigd, R.; Gladyshev, V. N. Characterization of
Mammalian Selenoproteomes. Science 2003, 300, 1439—1443.

(5) Lubos, E.; Loscalzo, J.; Handy, D. E. Glutathione Peroxidase-1 in
Health and Disease: From Molecular Mechanisms to Therapeutic
Opportunities. Antioxid. Redox Signaling 2011, 15, 1957—1997.

(6) Flohé, L. Looking Back at the Early Stages of Redox Biology.
Antioxidants 2020, 9, 1254.

(7) Rotruck, T. J; Pope, L. A,; Ganther, E. H,; Swanson, B. A;
Hafeman, G. D.; Hoekstra, G. W. Selenium: Biochemical Role as a
Component of Glutathione Peroxidase. Science 1973, 179, 588—590.

(8) Brigelius-Flohé, R.; Maiorino, M. Glutathione Peroxidases.
Biochim. Biophys. Acta, Gen. Subj. 2013, 1830, 3289—3303.

(9) Maiorino, M. F.; Brigelius-Flohé, R.; Aumann, K. D.; Roveri, A;
Schomburg, D.; Flohé, L. [S] Diversity of Glutathione Peroxidases.
Methods Enzymol. 1995, 252, 38—53.

(10) Mauri, P.; Benazzi, L.; Flohé, L.; Maiorino, M.; Pietta, G. P.;
Pilawa, S.; Roveri, A.; Ursini, F. Versatility of Selenium Catalysis in
PHGPx Unraveled by LC/ESI-MS/MS. Biol. Chem. 2003, 384, 575—
588.

(11) Liu, J; Rozovsky, S. Contribution of Selenocysteine to the
Peroxidase Activity of Selenoprotein S. Biochemistry 2013, 52, 5514—
5516.

(12) Liu, J; Zhang, Z.; Rozovsky, S. Selenoprotein K Form an
intermolecular diselenide bond with unusually high redox potential.
FEBS Lett. 2014, 588, 3311—-3321.

(13) Payne, N. C.; Barber, D. R.; Ruggles, E. L.; Hondal, R. J. Can
dimedone be used to study selenoproteins? An investigation into the
reactivity of dimedone toward oxidized forms of selenocysteine.
Protein Sci. 2019, 28, 41-5S.

(14) Scinto, S. L.; Ekanayake, O.; Seneviratne, U.; Pigga, . E.; Boyd,
S.J.; Taylor, M. T.; Liu, J.; Am Ende, C. W.; Rozovsky, S.; Fox, J. M.
Dual-Reactivity trans-Cyclooctenol Probes for Sulfenylation in Live

https://doi.org/10.1021/jacs.1c02383
J. Am. Chem. Soc. 2021, 143, 6345—6350


https://pubs.acs.org/doi/10.1021/jacs.1c02383?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02383/suppl_file/ja1c02383_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2063205&id=doi:10.1021/jacs.1c02383
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kei+Goto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5422-1074
https://orcid.org/0000-0002-5422-1074
mailto:goto@chem.titech.ac.jp
mailto:goto@chem.titech.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryosuke+Masuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryutaro+Kimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takafumi+Karasaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shohei+Sase"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02383?ref=pdf
https://doi.org/10.1016/S0021-9258(18)70608-X
https://doi.org/10.1016/S0021-9258(18)70608-X
https://doi.org/10.1016/S0021-9258(18)70608-X
https://doi.org/10.1016/0014-5793(73)80755-0
https://doi.org/10.1016/0014-5793(73)80755-0
https://doi.org/10.1021/bi00294a026?ref=pdf
https://doi.org/10.1021/bi00294a026?ref=pdf
https://doi.org/10.1126/science.1083516
https://doi.org/10.1126/science.1083516
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.3390/antiox9121254
https://doi.org/10.1126/science.179.4073.588
https://doi.org/10.1126/science.179.4073.588
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.1016/0076-6879(95)52007-4
https://doi.org/10.1515/BC.2003.065
https://doi.org/10.1515/BC.2003.065
https://doi.org/10.1021/bi400741c?ref=pdf
https://doi.org/10.1021/bi400741c?ref=pdf
https://doi.org/10.1016/j.febslet.2014.07.037
https://doi.org/10.1016/j.febslet.2014.07.037
https://doi.org/10.1002/pro.3390
https://doi.org/10.1002/pro.3390
https://doi.org/10.1002/pro.3390
https://doi.org/10.1021/jacs.9b01164?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02383?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02383?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02383?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02383?fig=sch6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02383?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

Cells Enable Temporal Control via Bioorthogonal Quenching. J. Am.
Chem. Soc. 2019, 141, 10932—10937.

(15) Ma, S.; Caprioli, R. M,; Hill, K. E.; Burk, R. F. Loss of Selenium
from Selenoproteins: Conversion of Selenocysteine to Dehydroala-
nine in Vitro. J. Am. Soc. Mass Spectrom. 2003, 14, 593—600.

(16) Walter, R; Roy, J. Selenomethionine, a Potential Catalytic
Antioxidant in Biological Systems. J. Org. Chem. 1971, 36, 2561—
2563.

(17) Cho, S.-C; Lee, S; Lee, G. T.; Woo, A. H.; Choi, J.-E.; Rhee,
G. S. Irreversible Inactivation of Glutathione Peroxidase 1 and
Reversible Inactivation of Peroxiredoxin II by H,O, in Red Blood
Cells. Antioxid. Redox Signaling 2010, 12, 1235—1246.

(18) Orian, L.; Mauri, P.; Roveri, A.; Toppo, S.; Benazzi, L.; Bosello-
Travain, V.; De Palma, A.; Maiorino, M.; Miotto, G.; Zaccarin, M.;
Polimeno, A.; Flohé, L.; Ursini, F. Selenocysteine Oxidation in
Glutathione Peroxidase Catalysis: An MS-Supported Quantum
Mechanics Study. Free Radical Biol. Med. 2015, 87, 1—14.

(19) Reich, H. J; Jasperse, C. P. Organoselenium Chemistry. Redox
Chemistry of Selenocysteine Model Systems. J. Am. Chem. Soc. 1987,
109, 5549—5551.

(20) Fischer, H.; Dereu, N. Mechanism of the Catalytic Reduction
of Hydroperoxides by Ebselen: A Selenium — 77 Nmr Study. Bull. Soc.
Chim. Belg. 1987, 96, 757.

(21) Sarma, B. K; Mugesh, G. Glutathione Peroxidase (GPx)-like
Antioxidant Activity of the Organoselenium Drug Ebselen: Un-
expected Complications with Thiol Exchange Reactions. J. Am. Chem.
Soc. 2005, 127, 11477—11485.

(22) Bhowmick, D.; Srivastava, S.; D’Silva, P.; Mugesh, G. Highly
Efficient Glutathione Peroxidase and Peroxiredoxin Mimetics Protect
Mammalian Cells against Oxidative Damage. Angew. Chem., Int. Ed.
2015, 54, 8449—8453.

(23) Ungati, H.; Govindaraj, V.; Narayanan, M.; Mugesh, G. Probing
the Formation of a Seleninic Acid in Living Cells by the Fluorescence
Switching of a Glutathione Peroxidase Mimetic. Angew. Chem., Int. Ed.
2019, 58, 8156—8160.

(24) Reich, H. J; Hoger, C. A; Willis, W. W. Organoselenium
Chemistry: A Study of Intermediates in the Fragmentation of
Aliphatic Ketoselenoxides. Characterization of Selenoxides, Selenena-
mides and Selenolseleninates by 'H-,"*C-and 7’Se-NMR. Tetrahedron
198S, 41, 4771—-4779.

(25) Kice, J. L; Chiou, S. Rates of Oxidation of o-Nitro-
benzeneselenenyl Compounds by m-Chloroperoxybenzoic Acid and
the Rate of Reaction of o-Nitrobenzeneselenol with o-Nitro-
benzeneselenenic Acid. J. Org. Chem. 1986, S1, 290—294.

(26) Reich, H. J.; Willis, W. W., Jr.; Wollowitz, S. Stable” selenenic
acids. Tetrahedron Lett. 1982, 23, 3319—3322.

(27) Reich, H. J.; Jasperse, C. P. Organoselenium Chemistry.
Preparation and Reactions of 2,4,6-Tri-tert-butylbenzeneselenenic
Acid. J. Org. Chem. 1988, 53, 2389—2390.

(28) Iwaoka, M.; Tomoda, S. A Model Study on the Effect of an
Amino Group on the Antioxidant Activity of Glutathione Peroxidase.
J. Am. Chem. Soc. 1994, 116, 2557—2561.

(29) Saiki, T.; Goto, K; Okazaki, R. Isolation and X-ray
Crystallographic Analysis of a Stable Selenenic Acid. Angew. Chem,,
Int. Ed. Engl. 1997, 36, 2223—2224.

(30) Goto, K; Nagahama, M., Mizushima, T.; Shimada, K;
Kawashima, T.; Okazaki, R. The First Direct Oxidative Conversion
of a Selenol to a Stable Selenenic Acid: Experimental Demonstration
of Three Processes Included in the Catalytic Cycle of Glutathione
Peroxidase. Org. Lett. 2001, 3, 3569—3572.

(31) Sase, S; Kakimoto, R; Goto, K. Synthesis of a Stable
Selenoaldehyde by Self-Catalyzed Thermal Dehydration of a Primary-
Alkyl-Substituted Selenenic Acid. Angew. Chem., Int. Ed. 2015, 54,
901—-904.

(32) Sase, S.; Kakimoto, R.; Kimura, R,; Goto, K. Synthesis of a
Stable Primary-Alkyl-Substituted Selenenyl Iodide and Its Hydrolytic
Conversion to the Corresponding Selenenic Acid. Molecules 2015, 20,
21415-21420.

6350

(33) Sase, S.; Kimura, R;; Masuda, R;; Goto, K. Model Study on
Trapping of Protein Selenenic Acids by Utilizing a Stable Synthetic
Congener. New J. Chem. 2019, 43, 6830—6833.

(34) Ishii, A; Matsubayashi, S; Takahashi, T.; Nakayama, J.
Preparation of a Selenenic Acid and Isolation of Selenoseleninates. J.
Org. Chem. 1999, 64, 1084—108S5.

(35) Zielinski, Z.; Presseau, N.; Amorati, R.; Valgimigli, L.; Pratt, D.
Redox Chemistry of Selenenic Acids and the Insight It Brings on
Transition State Geometry in the Reactions of Peroxyl Radicals. J. Am.
Chem. Soc. 2014, 136, 1570—1578.

(36) Sano, T.; Masuda, R.; Sase, S; Goto, K. Isolable Small-
Molecule Cysteine Sulfenic Acid. Chem. Commun. 2021, 57, 2479—
2482.

(37) Epp, O.; Ladenstein, R.; Wendel, A. The Refined Structure of
the Selenoenzyme Glutathione Peroxidase at 0.2-nm Resolution. Eur.
J. Biochem. 1983, 133, 51—69.

(38) Scheerer, P.; Borchert, A.; Krauss, N.; Wessner, H.; Gerth, C.;
Héhne, W.; Kuhn, H. Structural Basis for Catalytic Activity and
Enzyme Polymerization of Phospholipid Hydroperoxide Glutathione
Peroxidase-4 (GPx4). Biochemistry 2007, 46, 9041—9049.

(39) Shimodaira, S.; Iwaoka, M. Synthesis of selenocysteine-
containing dipeptides modeling the active site of thioredoxin
reductase. Phosphorus, Sulfur Silicon Relat. Elem. 2019, 194, 750—752.

(40) Kunishima, M.; Kawachi, C.; Iwasaki, F.; Terao, K,; Tani, S.
Synthesis and Characterization of 4-(4,6-Dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium Chloride. Tetrahedron Lett. 1999, 40,
5327-5330.

(41) Kunishima, M.; Kawachi, C.; Hioki, K,; Terao, K,; Tani, S.
Formation of carboxamides by direct condensation of carboxylic acids
and amines in alcohols using a new alcohol- and water-soluble
condensing agent: DMT-MM. Tetrahedron 2001, 57, 1551—1558.

(42) Berry, M. J.; Banu, L, Larsen, P. R. Type I iodothyronine
deiodinase is a selenocysteine-containing enzyme. Nature 1991, 349,
438—440.

(43) Kohrle, J. Local activation and inactivation of thyroid
hormones: the deiodinase family. Mol. Cell. Endocrinol. 1999, 151,
103—119.

(44) Salzen, A. M.-v.; Meyer, H.-U.; du Mont, W.-W. Diselenides
and Iodine: Influence of Solution Equilibria Between Covalent
Compounds and Charge — Transfer Complexes. Phosphorus, Sulfur
Silicon Relat. Elem. 1992, 67, 67—71.

(45) To accelerate the rate of oxidation of Sec—SeH, a base was
needed.

(46) Sec—SeOH 1la exhibited a singlet corresponding to the OH
proton at 5.35 ppm.

(47) 7Se NMR chemical shifts of previously reported arylmethyl-
substituted selenenic acids: S12 (1243 ppm) and S13 (1261 ppm);
for details, see Table S4.

(48) Cyclic selenenyl amide 14 was also obtained by the
intramolecular cyclization of Sec—Sel $ in the presence of NaOH
(Scheme S26). The five-membered ring structure of 14 was
determined by 2D NMR spectroscopy (Figure S12). Compound 14
was found to be less susceptible to oxidative deselenation than Sec—
SeH 3b (Scheme S30, Tables S7 and S8).

B NOTE ADDED AFTER ISSUE PUBLICATION

This article was initially published with an incorrect copyright
statement and was corrected on or around May 28, 2021.

https://doi.org/10.1021/jacs.1c02383
J. Am. Chem. Soc. 2021, 143, 6345—6350


https://doi.org/10.1021/jacs.9b01164?ref=pdf
https://doi.org/10.1016/S1044-0305(03)00141-7
https://doi.org/10.1016/S1044-0305(03)00141-7
https://doi.org/10.1016/S1044-0305(03)00141-7
https://doi.org/10.1021/jo00816a045?ref=pdf
https://doi.org/10.1021/jo00816a045?ref=pdf
https://doi.org/10.1089/ars.2009.2701
https://doi.org/10.1089/ars.2009.2701
https://doi.org/10.1089/ars.2009.2701
https://doi.org/10.1016/j.freeradbiomed.2015.06.011
https://doi.org/10.1016/j.freeradbiomed.2015.06.011
https://doi.org/10.1016/j.freeradbiomed.2015.06.011
https://doi.org/10.1021/ja00252a055?ref=pdf
https://doi.org/10.1021/ja00252a055?ref=pdf
https://doi.org/10.1002/bscb.19870961006
https://doi.org/10.1002/bscb.19870961006
https://doi.org/10.1021/ja052794t?ref=pdf
https://doi.org/10.1021/ja052794t?ref=pdf
https://doi.org/10.1021/ja052794t?ref=pdf
https://doi.org/10.1002/anie.201502430
https://doi.org/10.1002/anie.201502430
https://doi.org/10.1002/anie.201502430
https://doi.org/10.1002/anie.201903958
https://doi.org/10.1002/anie.201903958
https://doi.org/10.1002/anie.201903958
https://doi.org/10.1016/S0040-4020(01)96716-X
https://doi.org/10.1016/S0040-4020(01)96716-X
https://doi.org/10.1016/S0040-4020(01)96716-X
https://doi.org/10.1016/S0040-4020(01)96716-X
https://doi.org/10.1021/jo00353a003?ref=pdf
https://doi.org/10.1021/jo00353a003?ref=pdf
https://doi.org/10.1021/jo00353a003?ref=pdf
https://doi.org/10.1021/jo00353a003?ref=pdf
https://doi.org/10.1016/S0040-4039(00)87604-2
https://doi.org/10.1016/S0040-4039(00)87604-2
https://doi.org/10.1021/jo00245a056?ref=pdf
https://doi.org/10.1021/jo00245a056?ref=pdf
https://doi.org/10.1021/jo00245a056?ref=pdf
https://doi.org/10.1021/ja00085a040?ref=pdf
https://doi.org/10.1021/ja00085a040?ref=pdf
https://doi.org/10.1002/anie.199722231
https://doi.org/10.1002/anie.199722231
https://doi.org/10.1021/ol016682s?ref=pdf
https://doi.org/10.1021/ol016682s?ref=pdf
https://doi.org/10.1021/ol016682s?ref=pdf
https://doi.org/10.1021/ol016682s?ref=pdf
https://doi.org/10.1002/anie.201409485
https://doi.org/10.1002/anie.201409485
https://doi.org/10.1002/anie.201409485
https://doi.org/10.3390/molecules201219773
https://doi.org/10.3390/molecules201219773
https://doi.org/10.3390/molecules201219773
https://doi.org/10.1039/C9NJ01072F
https://doi.org/10.1039/C9NJ01072F
https://doi.org/10.1039/C9NJ01072F
https://doi.org/10.1021/jo982039g?ref=pdf
https://doi.org/10.1021/ja411493t?ref=pdf
https://doi.org/10.1021/ja411493t?ref=pdf
https://doi.org/10.1039/D0CC08422K
https://doi.org/10.1039/D0CC08422K
https://doi.org/10.1111/j.1432-1033.1983.tb07429.x
https://doi.org/10.1111/j.1432-1033.1983.tb07429.x
https://doi.org/10.1021/bi700840d?ref=pdf
https://doi.org/10.1021/bi700840d?ref=pdf
https://doi.org/10.1021/bi700840d?ref=pdf
https://doi.org/10.1080/10426507.2019.1603721
https://doi.org/10.1080/10426507.2019.1603721
https://doi.org/10.1080/10426507.2019.1603721
https://doi.org/10.1016/S0040-4039(99)00968-5
https://doi.org/10.1016/S0040-4039(99)00968-5
https://doi.org/10.1016/S0040-4020(00)01137-6
https://doi.org/10.1016/S0040-4020(00)01137-6
https://doi.org/10.1016/S0040-4020(00)01137-6
https://doi.org/10.1038/349438a0
https://doi.org/10.1038/349438a0
https://doi.org/10.1016/S0303-7207(99)00040-4
https://doi.org/10.1016/S0303-7207(99)00040-4
https://doi.org/10.1080/10426509208045820
https://doi.org/10.1080/10426509208045820
https://doi.org/10.1080/10426509208045820
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02383/suppl_file/ja1c02383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02383/suppl_file/ja1c02383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02383/suppl_file/ja1c02383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02383/suppl_file/ja1c02383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02383/suppl_file/ja1c02383_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02383?rel=cite-as&ref=PDF&jav=VoR

