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Oxidation of cysteine thiols by physiological reactive oxygen
species (ROS) initiates thermogenesis in brown and beige adipose
tissues. Cellular selenocysteines, where sulfur is replaced with
selenium, exhibit enhanced reactivity with ROS. Despite their
critical roles in physiology, methods for broad and direct detection
of proteogenic selenocysteines are limited. Here we developed a
mass spectrometric method to interrogate incorporation of selenium
into proteins. Unexpectedly, this approach revealed facultative
incorporation of selenium as selenocysteine or selenomethionine
into proteins that lack canonical encoding for selenocysteine.
Selenium was selectively incorporated into regulatory sites on key
metabolic proteins, including as selenocysteine-replacing cysteine at
position 253 in uncoupling protein 1 (UCP1). This facultative utiliza-
tion of selenium was initiated by increasing cellular levels of organic,
but not inorganic, forms of selenium. Remarkably, dietary selenium
supplementation elevated facultative incorporation into UCP1, ele-
vated energy expenditure through thermogenic adipose tissue, and
protected against obesity. Together, these findings reveal the exis-
tence of facultative protein selenation, which correlates with impacts
on thermogenic adipocyte function and presumably other biological
processes as well.
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Thermogenesis in brown and beige adipose tissues can combat
obesity and diabetes, encouraging investigation of mecha-

nisms that control this process. Recently, interventions that
modify physiological reactive oxygen species (ROS) levels in
brown adipose tissue (BAT) and beige fat have illustrated an
important role for redox signaling in thermogenesis in vivo (1–4).
Redox signaling by ROS drives activation of thermogenic gene
programs (2), potentiates thermogenic respiration (1–3), and
involves oxidative modification of sensitive cysteine (Cys) thiol
residues on protein targets (1–3). Selenocysteine (Sec) is one of
the rarest proteogenic amino acids and differs from Cys by a
single atom, containing selenium instead of sulfur on its side
chain. This difference renders Sec much more reactive due to a
lower side-chain pKa and stronger nucleophilicity compared to
Cys (5). Sec incorporation into proteins is thought to be limited
to the so-called selenoproteins, the 24 to 25 proteins (depending
on species) in mammals, in which Sec is exclusively encoded at a
particular site by cotranslational cis- and trans-acting elements
(6). In this small number of mammalian selenoproteins, Sec
typically exists in enzyme active sites to facilitate catalytic redox
reactions. The physiological action of these selenoproteins de-
pends strictly on the presence of Sec, with mutagenesis to Cys
leading to decreased or abrogated functionality (6). The exis-
tence of currently identified selenoproteins is accounted for by
nucleotide sequence analysis of cotranslational cis elements.
Because of the enhanced redox sensitivity encoded by Sec, and

the importance of redox signaling in adipose tissue thermo-
genesis, we investigated whether selenoprotein status modifies

thermogenic function in BAT. To begin examining this possi-
bility, we first developed a targeted mass spectrometry (MS)
approach to identify selenium insertion into proteins. In addition
to identifying well-established obligate selenoproteins, this ap-
proach unexpectedly revealed heterogeneous but nonrandom
incorporation of selenocysteine and selenomethionine into other
proteins. We term these newly found selenation events “facul-
tative,” as they do not represent the cognate amino acid position
in the entire pool of individual proteins and are not required for
basic protein functionality. We found that selenation of these
facultative sites increases in response to elevating selenome-
thionine levels. Sites where this heterogeneous incorporation
was observed included the regulatory amino acid 253 of UCP1,
which until now has only been observed as a Cys and is a major
effector of adipose tissue thermogenesis. This unexpected evi-
dence of Sec incorporation into UCP1 was indicative of a distinct
pool of protein rendered exquisitely sensitive to redox modifi-
cation, more so than the corresponding cysteine form. Moreover,
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we found that increasing protein selenation through increased
dietary selenium coincided with significant elevation in whole-
body energy expenditure driven by thermogenic adipose tissue,
and protection from obesity.

Results
Mass Spectrometric Method for Identification of Selenocysteine-Containing
Proteins.Our recent examinations of redox regulation of adipose tissue
thermogenesis have relied on the use of quantitative MS to identify
redox-sensitive regulatory cysteine residues (1). Sec enhances protein
redox sensitivity, but the role of selenium status in thermogenesis has
not been systematically investigated. Although systematic methods for
assessment of Sec-containing peptides by MS have not been widely
employed, recent studies have shown that these species should be
amenable to detection using standard peptide preparations, and that
selenium could potentially be more broadly incorporated into proteins
than previously appreciated (7, 8). To test this, we analyzed the mouse
brown fat proteome for modifications corresponding to the mass of
Sec. As expected, this approach successfully identified peptides cor-
responding to well-established selenoproteins (e.g., glutathione per-
oxidase 1 [Gpx1]; SI Appendix, Fig. S1 A–C). Unexpectedly, we also
identified a number of peptides predicted to contain a Cys with ad-
ditional mass corresponding exactly to the mass difference between
Cys and Sec. An example of this was identified on the UCP1 tryptic
peptide containing Cys253, which was identified as a second form
shifted in mass by +47.94445 Da (Fig. 1A). This mass shift was ob-
served exclusively for the Cys253 peptide and was never observed in
the other six UCP1 tryptic peptides containing Cys (SI Appendix, Fig.
S2). This intriguing finding led us to examine if a portion of the total
pool of UCP1 and other proteins may facultatively incorporate Sec at
particular Cys sites.
We first developed a targeted-MS approach for determination

of Sec-containing peptides. Like Cys, Sec reacts efficiently and
irreversibly with thiol derivatizing agents, such as
N-ethylmaleimide (NEM) and iodoacetamide (IAM), which are
typically used in redox-proteomic workflows (9). Therefore, in
principle, Sec-containing peptides can be readily identified by a
distinct mass shift corresponding to the mass of Sec + the co-
valent conjugate of the derivatizing agent (9, 10). Importantly,
selenium exhibits a distribution of naturally occurring stable
isotopes not found in any other element. In addition to the most
abundant isotope, 80Se (∼50% total), four other stable isotopes
exhibit sufficient natural abundance to be distinguished by MS,
thus generating a unique isotopic signature (SI Appendix, Fig.
S1A). Therefore, a peptide containing bona fide cysteine-to-
selenocysteine replacement exhibits the following distinct fea-
tures upon MS analysis. They must have a fragment spectrum
mass attributable to Sec at a Cys locus (Fig. 1B, Bottom) that can
be shifted in mass by derivatization with Sec-reactive nucleophiles
to the mass of Sec + the derivatizing agent (Fig. 1B, Middle).
Additionally, this peptide must exhibit the unique Sec mass isotope
fingerprint (Fig. 1B, Top).
We first validated the analytic framework described above by

MS analysis of Gpx1, a classic selenoprotein that is abundant in
mouse BAT. As expected, we readily identified the Gpx1 Sec site
by a unique mass shift and fragment spectrum attributable to Sec
derivatization with NEM (SI Appendix, Fig. S1A). The expected
Sec mass isotope fingerprint was also observed (SI Appendix, Fig.
S1A). We next applied this approach to targeted MS profiling of
BAT UCP1. MS identified UCP1 peptides containing six of
seven UCP1 cysteine residues in the protein following de-
rivatization with NEM (SI Appendix, Fig. S2). Uniquely, a UCP1-
Sec253 peptide was identified that exhibited the molecular fea-
tures unique to Sec-containing tryptic peptides. The major pre-
cursor ion mass corresponded to Sec alkylated with NEM
(Fig. 1C), indicating Sec derivatization. Moreover, this precursor
peptide mass exhibited the unique selenium isotope fingerprint
(Fig. 1C). Additionally, high-accuracy peptide fragment ions

demonstrated that the Sec mass addition was localized to posi-
tion 253 (Fig. 1D). As the UCP1 peptide spanning position 253
contains two methionines, the form of this peptide containing
oxidized methionines can also be present. We additionally
identified the UCP1-Sec253 peptide in the methionine oxidized
form. This peptide also exhibited all key unique features of a Sec
replacement of Cys (Fig. 1 E and F). Notably, none of the Sec-
specific features described for these peptides were present in the
Cys form of the UCP1-253 peptide (SI Appendix, Fig. S2).

Validation and Quantification of UCP1-Sec253. To confirm the
identity of the putative UCP1 selenium-containing peptide, we
generated a synthetic peptide identical to the endogenous UCP1
Cys253 peptide with a selenocysteine replacement at position
253 and an isotopically heavy tyrosine (AQUA [Absolute
Quantification] peptide + 10.0272 Da; SI Appendix, Fig. S3 A
and B). This molecule allows for both identification and quan-
tification of the endogenous selenated peptide. To determine the
presence of UCP1 Sec253 in the brown fat proteome, the AQUA
standard was derivatized with a distinct isobaric tandem mass tag
(TMT) reporter. In this way the AQUA peptide allows for en-
dogenous peptide identification by multiplexing (SI Appendix,
Fig. S3D). We found that the endogenous UCP1 peptide dis-
played physiochemical properties identical to the AQUA stan-
dard, confirming the presence of Sec in position 253 of UCP1 (SI
Appendix, Fig. S3D).
Use of the AQUA internal standard allowed estimation of the

stoichiometry of the selenation replacement of cysteine at posi-
tion 253. We examined the stoichiometry of selenation in BAT of
wild-type (WT) male mice under standard housing conditions. In
this case, selenium incorporation was estimated at ∼4–5% of the
total UCP1 protein (Fig. 2A). Thus, under these conditions it
appears that a small but substantial proportion of UCP1 exists in
selenated form.
We previously found that UCP1 Cys253 thiol can become

oxidatively modified to a sulfenic acid upon activation of ther-
mogenesis in vivo, a physiological stimulus that increases ROS
levels in BAT. Moreover, based on mutagenesis and pharma-
cological manipulation of this residue, modification of this site is
sufficient to affect UCP1 function. Sec exhibits extraordinary
sensitivity to oxidative modification compared to Cys, so we ex-
amined whether selenated UCP1 was more sensitive to oxidative
modification. Remarkably, we found that, under baseline con-
ditions when Cys253 is predominantly unmodified, Sec253 is
substantially oxidized to a selenenic acid (Fig. 2B). Therefore,
the Sec253 form of UCP1 represents a substantial and distinct
pool of the protein that is highly sensitive to oxidation.

Facultative Incorporation of Selenium into Proteins Occurs via a
Noncanonical Pathway. We next examined how selenium could
be incorporated into proteins such as UCP1, whose sequence
contains no apparent coding for Sec incorporation via estab-
lished cotranslational pathways. Cotranslational incorporation of
selenium as Sec is facilitated by a distinct transfer RNA (tRNA)
charging mechanism that utilizes inorganic selenite as the source
for selenium. In addition, organic forms of selenium can con-
tribute to this cotranslational pathway via the release of selenide
or its derivatives. This mode of incorporation can be observed by
protein autoradiography following supplementation with 75Se-
selenite. 75Se-selenite–treated brown adipocytes exhibited ro-
bust labeling of proteins with molecular masses corresponding
to well-established selenoproteins, but no signal was observed
at the molecular mass corresponding to UCP1 (Fig. 2C). De-
spite this, Sec253 incorporation in UCP1 was readily apparent by
MS of the brown adipocyte protein, suggesting that facultative
Sec incorporation occurs independent of this cotranslational
pathway.
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Fig. 1. Selenocysteine incorporation into 253 locus of UCP1. (A) MS1 spectrum of UCP1 tryptic peptide spanning position 253 with a mass shift corresponding
to the exact mass difference between cysteine and selenocysteine. This peptide is +3, so them/z shift indicates a mass difference of 47.94 Da. (B) MS criteria for
identification of a facultative selenocysteine site; (Top) presence of MS1 selenium isotope signature; (Middle) mass shift corresponding to addition of sele-
nocysteine derivatization agents; (Bottom) fragment mass spectrum localizing selenium mass to cysteine locus. (C) Presence of selenium stable isotope sig-
nature on mass-shifted UCP1 peptide spanning position 253. Colors indicate peaks matching the stable isotope signature of selenium shown in B. (D)
Fragment spectrum of UCP1 peptide localizing the mass difference between sulfur and selenium to position 253. (E) Presence of selenium stable isotope
signature on methionine-oxidized form of mass-shifted UCP1 peptide spanning position 253. Colors indicate peaks matching the stable isotope signature of
selenium shown in B. (F) Fragment spectrum of UCP1 methionine-oxidized peptide localizing the mass difference between sulfur and selenium to position
253. (G) Fragment spectrum of synthetic AQUA peptide with selenocysteine at position 253.
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To test this further, we treated primary brown adipocytes with
increasing concentrations of sodium selenite throughout differ-
entiation, when UCP1 protein is generated de novo at high
levels. As expected, sodium selenite increased the abundance of
classical selenoproteins for which Sec incorporation occurs
cotranslationally (SI Appendix, Fig. S3E). However, under these
conditions sodium selenite had no effect on the levels of UCP1-
Sec253 (Fig. 2D). We next considered whether other forms of
selenium may contribute to facultative incorporation into pro-
teins. Organic forms of selenium are a major source of selenium
and can be generated from selenite via systemic metabolism by
microbes and many other organisms. Among the most prevalent
forms of organic selenium is selenomethionine. When brown
adipocytes were supplemented with selenomethionine through-
out differentiation, the proportion of the Sec253 form of UCP1
increased substantially (Fig. 2E). Interestingly, this was not ob-
served when cells were supplemented with the other major or-
ganic form of selenium, selenocysteine (in the form of
selenocystine, which is the oxidized form of selenocysteine)
(Fig. 2F).
Importantly, the tryptic peptide of UCP1 that contains Sec253

also contains two methionines. Therefore, the observed increase
in selenation of this peptide following selenomethionine treat-
ment could be attributable to selenomethionine incorporation
instead of selenocysteine. To distinguish between these two
possibilities, we examined the fragment spectra of the selenated
UCP1 tryptic peptide. By examining the b and y ions spanning
the Cys and Met locus, we found that the selenium addition was
attributable exclusively to position 253 (Fig. 1 D–G and SI Ap-
pendix, Fig. S3E).

Dietary Selenium Supplementation Modifies Both Obligate and
Facultative Selenoproteins but at Different Dietary Concentrations.
Modulation of the classic selenoproteins can be readily achieved
by dietary supplementation of sodium selenite (11). Dietary
selenite is assimilated from the diet and converted by endoge-
nous metabolism to generate organic selenium-containing me-
tabolites including selenomethionine and selenocysteine. The
mechanisms through which this occurs are not clear, but appear
to involve utilization by multiple tissues, including the liver and
gut. Interestingly, there is evidence that dietary selenium status
may play a role in modulating energy homeostasis, but the
mechanisms that underlie this are unclear (12, 13). Moreover,
there has been no systematic determination of selenium

incorporation into adipose tissue proteins following modulation
of dietary selenium. We therefore made use of diets containing
defined amounts of selenite to investigate this (11). A selenium-
deficient diet (<0.03-ppm selenium) is below the minimal
threshold to generate basal levels of obligate selenoproteins.
Selenium at 0.1 ppm corresponds to the daily recommended
intake of selenite and the minimal amount required to achieve
maximal expression of obligate selenoproteins (11, 14). Selenite
at 0.4 ppm corresponds to the common dose used in human
clinical studies (11, 15), and 2.25-ppm selenite corresponds to a
safe high level well above the amount required for maximal
obligate selenoprotein synthesis (11). Diets were provided to
mice for 8 wk prior to isolation of BAT and analysis by MS.
As expected, we found that expression of obligate selenopro-

teins in BAT depended on dietary selenite and that expression
was saturated by dietary supplementation between 0.1-and 0.4-
ppm selenite (Fig. 3A). We additionally used MS to examine the
breadth of facultative selenium incorporation across the BAT
proteome. Using the criteria described in Fig. 1B, we observed
several apparent facultative Sec sites (Fig. 3B). Our findings
suggest that selenium is incorporated more broadly into proteins
than previously appreciated. Remarkably, across four biological
replicate experiments facultative protein selenation was highly
specific to certain residues, indicating nonrandom incorporation.
Most of these sites were localized within core metabolic proteins
such as aconitase, malate dehydrogenase, and fatty acid synthase
(Fig. 3B). Notably, some of these sites have established func-
tional roles in controlling protein function. For example, cysteine
451 in mitochondrial aconitase is critical for Fe-S coordination
and enzymatic activity, and is known to be subject to redox
modification (16). Numerous other sites are not known to be
sites of redox regulation, but the reproducible and specific fac-
ultative selenation signature suggests that these sites may be
previously unappreciated regulatory sites.
We also identified numerous instances of selective, non-

random incorporation of selenium as selenomethionine into
methionine-encoding loci (Fig. 3C). The majority of targets of
selenomethionine insertion were also major metabolic enzymes
and fatty acid–handling proteins. Moreover, some proteins, such
as fatty acid-binding protein 4, exhibited separate instances of
selenocysteine and selenomethionine incorporation (Fig. 3 B and
C). In parallel, we examined subcutaneous white adipose tissue
for the presence of facultative selenomethionine and selenocys-
teine sites. We identified one facultative selenocysteine site and
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one selenomethionine site (Fig. 3D). We next investigated
whether transcripts encoding proteins that contain facultative
selenocysteine and selenomethionine sites exhibited any struc-
tural features suggestive of cotranslational regulatory elements.

Genomic Features of Genes Encoding Proteins with Facultative
Selenation. We next investigated whether transcripts encoding
proteins that contain facultative selenocysteine and selenome-
thionine sites exhibited any structural features suggestive of the
selenation mechanism. First, we searched for potential SECIS
(selenocysteine insertion sequence) elements. We scanned gene
sequences with SECISearch3 (17) with default parameters,
which returned no SECIS hit. We thus ran an extended search
with maximum sensitivity settings, and identified a number of
potential candidates. We analyzed them for the presence of
known functional features of SECIS, which led to dismissal of
the majority of candidates (SI Appendix, Fig. S4). Only one gene
encoding a protein with facultative selenomethionine (26S

proteasome non-ATPase regulatory subunit 2 [PSMD2]) and
one with facultative selenocysteine (GWL) contain potentially
functional SECIS elements. Based on their sparse occurrence
and inconsistent positioning within gene structures (SI Appendix,
Fig. S5), SECIS elements are likely not relevant to the facultative
selenation mechanism. Next, we explored the possibility of other
cotranslational regulatory elements, searching these genes for
any RNA structures conserved across mammals. While we
identified a number of candidate structures, we found no com-
mon motifs across structures in different genes, suggesting no
link with selenation. Analogously, the search for peptide motifs
in proteins with facultative selenation found no significantly
enriched sequence pattern. We noted, however, that proteins
with facultative selenation are involved in recurrent biological
pathways. Indeed, our analysis identified a number of signifi-
cantly enriched functional annotations (SI Appendix, Table S1),
including various metabolic processes, and localization to mito-
chondria and exosomes.
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Fig. 3. Dietary selenium differentially modifies canonical and facultative selenation of proteins. (A) Expression of canonical selenoproteins mapped in this
study of BAT and modulated by 0.1- to 0.4-ppm dietary sodium selenite; n = 5. (B) Identification of selective facultative selenocysteine insertion into BAT
metabolic proteins; n = 5. (C) Identification of selective facultative selenomethionine insertion into BAT metabolic proteins; n = 5. (D) Identification of se-
lective facultative selenomethionine and selenocysteine insertion into s.c. white adipose tissue proteins; n = 5. (E) 2.25-ppm dietary selenium increases the
amount of Sec253 UCP1; n = 5.
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Dietary Selenium Status Regulates Adipose Tissue Thermogenesis and
Modifies Obesogenesis.Notably, between 0.1- and 0.4-ppm dietary
selenium was sufficient to maximize classical selenoprotein ex-
pression in BAT. However, through quantification of UCP1-
Sec253 we found selenation of this site was elevated only by
2.25-ppm selenite (Fig. 3E). Therefore, the threshold for obli-
gate selenoprotein synthesis and facultative selenation of UCP1
appear to be distinct.
Based on our analysis of adipose tissue protein selenation

following dietary selenium modification, we were able to distin-
guish between the following physiological states: 1) low total
protein selenation with low levels of obligate selenoproteins and
low facultative UCP1 selenation driven by <0.03-ppm dietary
selenium (Fig. 3 A and C); 2) high levels of obligate selenopro-
teins and low levels of facultative UCP1 selenation driven by 0.1-
to 0.4-ppm dietary selenium (Fig. 3 A and C); 3) high levels of
obligate selenoproteins and high levels of facultative UCP1
selenation driven by 2.25-ppm dietary selenium (Fig. 3 A and C).
Under these conditions, we examined whether modification of
obligate or facultative selenium status affects metabolic physi-
ology regulated by thermogenic adipose tissue.
Following 8-wk supplementation with defined selenium diets

(Fig. 4 A–C), mice were subjected to acute pharmacological
stimulation of BAT and beige adipose tissue thermogenesis us-
ing the β3-agonist CL-316 243 (CL; Fig. 4 D–F). Importantly,
mice on the 2.25-ppm selenium diet exhibited enhanced β3-
adrenoreceptor–stimulated oxygen consumption and CO2 re-
lease compared to all other groups (Fig. 4 D–F). Interestingly, no
difference in energy expenditure was observed between the
selenium-depleted group and 0.1-ppm and 0.4-ppm supple-
mented groups (Fig. 4 D–F). Together, these data suggest that
modification of obligate selenoprotein status does not affect
BAT and beige thermogenesis. However, further elevation of
selenium status at 2.25 ppm, which coincides with elevated fac-
ultative UCP1 selenation, enhances thermogenesis (Fig. 4 A–F).
Since elevating dietary selenium was sufficient to potentiate

BAT thermogenesis by β3-adrenoreceptor agonism, we explored
whether this intervention could modify the physiological re-
sponse to high-fat feeding. We compared 1) mice ingesting a
high-fat diet (HFD) supplemented with 0.1-ppm dietary sele-
nium, a level sufficient for expression of selenoproteins in BAT
(Fig. 3A) and having no effect on BAT thermogenesis
(Fig. 4 D–F); and 2) mice ingesting an HFD supplemented with
2.25-ppm dietary selenium, a level sufficient to elevate faculta-
tive UCP1 selenation in BAT (Fig. 3C) and stimulate BAT
thermogenesis (Fig. 4 D–F). As shown in Fig. 4G and H, mice on
2.25-ppm selenium diets exhibited robust protection against
weight gain upon high-fat feeding over 14 wk. Moreover, this
effect was specifically attributable to a decrease in fat mass
(Fig. 4I). Notably, this protection against obesity occurred de-
spite there being no detectable changes in food intake (Fig. 4J),
and absent elevation in liver inflammation or fibrosis (Fig. 4K
and SI Appendix, Fig. S6).

Discussion
In humans, elevated dietary selenium intake has been linked to
protection against obesity and diabetes (12, 13), although the
underlying mechanisms remain unknown. Because of the estab-
lished role of selenium as a regulator of redox and ROS me-
tabolism, here we systematically investigated its role in regulating
thermogenic adipose tissue function in mice. Remarkably, we
found that modification of selenium status has robust and sub-
stantial effects on energy expenditure and adipose tissue ther-
mogenesis. These effects coincide with previously unappreciated
modes of selenium use in thermogenic adipose tissue. Specifi-
cally, we showed that selenium is selectively encoded into cys-
teine and methionine sites of a class of facultative (as opposed to
obligate) selenoproteins. While the mechanism of facultative

selenation remains unclear, it occurs in nonrandom fashion in
proteins involved in specific pathways, prominently metabolic
processes, suggesting that this phenomenon may have a bi-
ological function. Importantly, nonrandom incorporation is ob-
served in the case of both selenocysteine and selenomethionine,
suggesting that both events mark protein regulatory sites. The
exemplar is UCP1, which we showed can incorporate Sec at
position 253 as an alternative to Cys. We also demonstrated that
UCP1-Sec253 is highly sensitive to redox modification, and that
increasing the pool of this type of facultative selenoprotein co-
incides with BAT-dependent energy expenditure in vivo. The
high propensity for UCP1-Sec253 to be oxidatively modified may
be indicative of a pool of UCP1 that is highly sensitive to acti-
vation by elevated ROS, as observed in previous studies. It is
therefore also possible that physiological effects attributable to
shifts in dietary selenium are mediated by facultative protein
selenation on these proteins. It is worth noting that, in brown
adipocytes, selenomethionine can increase facultative selenation
of UCP1 but selenocysteine cannot. This suggests privileged
access of the selenium in selenomethionine to the facultative
protein selenation pathway. In addition to UCP1, other major
metabolic proteins display signatures indicative of selenation at
either cysteine or methionine. It is therefore likely that physio-
logical effects attributable to facultative protein selenation occur
in response to modification of many of these proteins.
Taken together, these findings suggest a noncanonical para-

digm for encoding enhanced redox sensitivity and functionality in
proteins. Moreover, they demonstrate that modification of se-
lenium status in the diet may be a relatively simple means of
enhancing thermogenic function in adipose tissues and modify-
ing obesity in humans.

Methods
Animal Experiments. Animal experiments were performed as described
previously (3), according to procedures approved by the Institutional
Animal Care and Use Committee of the Beth Israel Deaconess Medical
Center. Mice were male C57BL/6J (age 12 wk; Jackson Laboratories) and
were housed in a temperature-controlled (23 °C) room on a 12-h light–
dark cycle.

Primary Brown Adipocyte Preparation and Differentiation. Interscapular brown
adipose stromal vascular fraction was obtained as described previously (3).

Sample Preparation for Mass Spectrometry. Samples were homogenized in
50-mM Tris base containing 100-mM NaCl, 100-μM diethylenetriamine pen-
taacetate (DTPA), 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxy-
cholate, 0.5% Triton X-100, 10-mM tris(2-carboxyethyl)phosphine (TCEP),
and 50-mM iodoacetamide or 50-mM NEM depending on the experiment.
Following incubation for 15 min, SDS was added to a final concentration of
1% and samples were incubated for a further 15 min.

Protein Digestion. Protein pellets were dried and resuspended in 8-M urea
containing 50-mM Hepes (pH 8.5). Protein concentrations were measured by
bicinchoninic acid assay (ThermoFisher Scientific) before protease digestion.
Protein lysates were diluted to 4-M urea and digested with LysC (Wako,
Japan) in a 1/100 enzyme/protein ratio overnight. Protein extracts were di-
luted further to a 1.0-M urea concentration, and trypsin (Promega) was
added to a final 1/200 enzyme/protein ratio for 6 h at 37 °C. Digests were
acidified with 20-μL 20% formic acid (FA) to a pH ∼2, and subjected to
C18 solid-phase extraction (50-mg SepPak, Waters).

LC–MS/MS Parameters for Peptide Analysis. All spectra were acquired using an
Orbitrap Fusion mass spectrometer (ThermoFisher Scientific) in line with an
Easy nLC 1000 (ThermoFisher Scientific) ultrahigh-pressure liquid chroma-
tography (LC) pump as described previously (3, 18).

Assessment of Protein Thiol Sulfenic Acids. BAT was prepared adapting a
protocol used previously to stabilize endogenous protein sulfenic acids (18).
Briefly, samples were homogenized in 50-mM Tris base containing 100-mM
NaCl, 100-μM DTPA, 0.1% SDS, 0.5% sodium deoxycholate, 0.5% Triton-X
100, and 5-mM dimedone. To minimize lysis-dependent oxidation, buffers
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were bubbled with argon before use. Samples were incubated for 15 min at
room temperature, at which point SDS was added to a final concentration of
1% and samples were incubated for a further 15 min. After dimedone
treatment, 10-mM TCEP and 50-mM NEM were added and samples were
incubated for a further 15 min at 37 °C to reduce and alkylate all nonsulfenic
acid protein cysteine residues. Samples were then subjected to protein di-
gestion and LC-MS/MS as described above.

Determination of Peptides Containing Selenocysteine and Selenomethionine. A
compendium of software developed in-house was used to convert mass
spectrometric data (raw file) to the mzXML format, as well as to correct
monoisotopic mass-to-charge ratio (m/z) measurements (19). All experiments
used the Mouse UniProt database (downloaded March 2019), where re-
versed protein sequences and known contaminants such as human keratins
were appended. SEQUEST searches were performed using a 50-ppm pre-
cursor ion tolerance, while requiring the peptide amino/carboxy (N/C) ter-
minus to have trypsin protease specificity and allowing up to two missed
cleavages. Ten-plex TMT tags on peptide N termini and lysine residues
(+229.162932 Da) and carbamidomethylation (+57.02146 Da) or NEM
(+125.047679) of cysteine residues were set as static modifications while
methionine oxidation (+15.99492 Da) and selenium replaced sulfur
(+47.9444) set as variable modifications. An MS2 spectra assignment false

discovery rate (FDR) of less than 1% was achieved by applying the target-
decoy database search strategy (19). Filtering was performed using an in-
house linear discrimination analysis (LDA) method to create one combined
filter parameter from the following peptide ion and MS2 spectra metrics:
SEQUEST parameters XCorr and ΔCn, peptide ion mass accuracy and charge
state, in-solution charge of peptide, peptide length, and miscleavages. Lin-
ear discrimination scores were used to assign probabilities to each MS2

spectrum for being assigned correctly, and these probabilities were further
used to filter the dataset with an MS2 spectra assignment FDR of smaller
than 1% at the protein level (20).

Quantification of UCP1 Sec253 Peptide Using Heavy Standard AQUA Peptides.
The AQUA peptides employed in this study are as follows, where U* =
selenocysteine and Y = heavy tyrosine 10.027228): AQUA peptide/sequence/
mass (Da) Heavy; UCP1 240–261/FINSLPGQYPSVPSU*AMSMYTK/2477.20; and
UCP1 240–261/FINSLPGQYPSVPSCAMSMYTK/2430.149.

Skyline version 19.1.0.193 was used to quantify absolute and relative
amounts of UCP1 253 selenocysteine and cysteine in all experiments, with
heavy AQUA peptides used as a reference (21).

Genomic Analyses of Facultatively Selenated Proteins. The mRNA sequences of
genes encoding proteins with facultative selenation at cysteine or
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methionine sites were scanned for the presence of SECIS elements using
SECISearch3 (17). A first search with default parameters returned no results,
so a subsequent run was performed activating all built-in search methods
and deactivating the SECIS filter. Candidates were thus manually inspected
and assessed considering the known functional features of SECIS (17). To
search for any conserved RNA structure, whole-genome alignments
encompassing 60 vertebrates were downloaded from ref. 22, and the re-
gions corresponding to mRNAs of mouse genes with facultative selenation
were extracted and searched with RNAz v2.1 (23). The coordinates of can-
didate RNA structures were plotted in respect to gene structures and sele-
nation sites, and no consistent patterns across genes were found.
Furthermore, the program MEME v5.1.0 (24) was used to assess the presence
of significantly enriched nucleotide sequence motifs in the predicted RNA
structures, considering the set of genes with selenation at cysteines or at
methionines, or combining the two categories. We found no such motifs.
We also used MEME in an analogous fashion to detect peptide motifs
enriched in these genes, also with no results. Lastly, functional enrichment
was assessed using DAVID (25). Three functional analyses were run, one for
each of the gene sets (with selenation at cysteines, at methionines, or their
union). In order to control for the gene expression profile of our cells, the
lists of all genes with any (nonselenated) peptides detected in the same MS
experiments were used as background to calculate enrichment. An FDR
cutoff of 5% was applied.

Determination of Selenite Incorporation Using Sodium 75Se-Selenite. Brown
adipocytes were differentiated as described above. Freshly neutralized 75Se-
selenite was added to cells (5-mCi/mL medium) from day 0 and on each
media change throughout differentiation to day 7. After labeling, cells were
harvested, lysed, proteins quantified, and separated on SDS/polyacrylamide

gel electrophoresis. The separated proteins were transferred onto poly-
vinylidene fluoride membranes and analyzed with a Typhoon Phosphor-
Imager as described previously (26).

Sodium Selenite Dietary Intervention and High-Fat Feeding. All mouse dietary
and high-fat feeding experiments were performed with age matched lit-
termate controls. At age 8 wk, mice were switched to chow [Envigo
99256–selenium deficient (SD; 99257–0.1-ppm Se; 01390–0.4-ppm Se;
01391–2.25-ppm Se)] or high-fat diet (Envigo SD 170392; 2.25-ppm Se
170441) containing defined amounts of sodium selenite. Dietary in-
tervention proceeded for 8 wk prior to molecular analyses.

Body Composition Analysis. Body composition was examined with Echo MRI
(Echo Medical Systems) using the 3-in-1 Echo MRI Composition Analyzer.

Metabolic Phenotyping.Whole-body energy metabolism was evaluated using
a Comprehensive Lab Animal Monitoring System (CLAMS; Columbia Instru-
ments). CO2 and O2 levels were collected every 30 s. CL 316,243 (1 mg kg−1;
Sigma-Aldrich;) was injected intraperitoneally into mice at the indicated
times.

Data Availability Statement. Data are available via ProteomeXchange with
identifier PXD018225.
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