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Selenoproteins, in particular thioredoxin reductase, have been
implicated in countering oxidative damage occurring during aging
but the molecular functions of these proteins have not been
extensively investigated in different animal models. Here we
demonstrate that TRXR-1 thioredoxin reductase, the sole seleno-
protein in Caenorhabditis elegans, does not protect against acute
oxidative stress but functions instead together with GSR-1 gluta-
thione reductase to promote the removal of old cuticle during
molting. We show that the oxidation state of disulfide groups in
the cuticle is tightly regulated during the molting cycle, and that
when trxr-1 and gsr-1 function is reduced, disulfide groups in the
cuticle remain oxidized. A selenocysteine-to-cysteine TRXR-1 mu-
tant fails to rescue molting defects. Furthermore, worms lacking
SELB-1, the C. elegans homolog of Escherichia coli SelB or mam-
malian EFsec, a translation elongation factor known to be specific
for selenocysteine in E. coli, fail to incorporate selenocysteine, and
display the same phenotype as those lacking trxr-1. Thus, TRXR-1
function in the reduction of old cuticle is strictly selenocysteine
dependent in the nematode. Exogenously supplied reduced gluta-
thione reduces disulfide groups in the cuticle and induces apolysis,
the separation of old and new cuticle, strongly suggesting that
molting involves the regulated reduction of cuticle components
driven by TRXR-1 and GSR-1. Using dauer larvae, we demonstrate
that aged worms have a decreased capacity to molt, and de-
creased expression of GSR-1. Together, our results establish a func-
tion for the selenoprotein TRXR-1 and GSR-1 in the removal of old
cuticle from the surface of epidermal cells.

The life cycles of nematodes, arthropods, tardigrades, onycho-
phoruns, nematomorphs, kinorhynchs, and priapulids all in-

volve distinct stages separated by molts. However, despite the fact
that together these phyla contain the most abundant and diverse
group of animals presently living, much remains to be learned
about the molecular mechanisms by which molting occurs and is
regulated. In insects, molting and metamorphosis is triggered by
ecdysone, whose synthesis is modulated in response to environ-
mental, developmental, and physiological cues (1, 2). However,
precisely how ecdysone leads to the shedding of the old cuticle is
not yet understood. In Caenorhabditis elegans, molting occurs at
the end of each of the four larval stages of the reproductive life
cycle. It also occurs upon entry into and exit from the dauer de-
velopmental diapause. Both cholesterol (3) and nuclear hormone
receptors (4) are required for molting in C. elegans, suggesting
that, although ecdysone itself is not produced, molting may be
regulated by a steroid-derived hormone. A number of different
tissues have been implicated in the control of molting, suggesting
that, as it is in insects, the process is likely to be under complex
regulation (5). Genome-wide screens for molting mutants have led
to the identification of genes encoding proteins involved in a va-

riety of different processes, and established a hierarchy for their
function (5).
Thioredoxin reductases are NADPH-dependent oxidor-

eductases that, together with thioredoxins, form the thioredoxin
system (6, 7). Mammalian thioredoxin reductases are homodi-
meric selenoproteins: The single selenocysteine residue is in a C-
terminal Gly-Cys-Sec-Gly motif (8), the cysteine and selenocys-
teine residues of which constitute one of two redox active sites
in the enzyme (9, 10). Selenocysteine has been shown to be re-
quired for the ability of rat thioredoxin reductase 1 (TrxR1) to
reduce hydrogen peroxide in vitro (11). However, the signifi-
cance of selenocysteine for activity in vivo is presently unclear.
TrxR1 and TrxR2 are essential for mouse embryogenesis (12,
13). Mouse embryos lacking TrxR2 have defects in cell growth,
programmed cell death, and heart function (13). However, the
function of selenium-containing thioredoxin reductases in other
animal models has not been reported. Thioredoxin reductase
activity is induced in epidermal cells in mammals in response to
exposure to UV light (14, 15), but the function of the enzyme in
epidermal cells is not well understood.

Results
Disulfide Groups in the Cuticle Are Reduced During Molting. The
cuticle in C. elegans and other nematodes is a highly ordered
matrix composed of collagens, cuticulins, glycoproteins, and
lipids (16). Collagens, which make up a substantial fraction of
the cuticle, are highly cross-linked, in part through nonreducible
di- and trityrosine cross-links and in part through disulfide bonds
that link cysteine residues in different collagen molecules (16).
Treatment with reducing agents leads to permeabilization of the
cuticle and the release of soluble collagens (17). To investigate
whether cross-linking through disulfides changes during molt-
ing, we stained worms with Alexa Fluor 488 C5-maleimide,
a fluorescently-labeled maleimide derivative that reacts in vivo
with accessible (extracellular) thiol (–SH) groups but not with
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oxidized sulfur atoms within disulfides (18). Worms at intermolt
stages of the cycle (i.e., those that were not molting) showed
staining of the pharyngeal lumen and the buccal cavity (and
weakly of the intestinal lumen) but not of the cuticle (Fig. 1 A–D).
Pretreatment of intermolt worms with the reducing agent DTT
allowed high levels of cuticle staining, demonstrating that re-
duction of cuticle disulfides causes increased staining (Fig. 1 E
and F). Exposure of worms at ecdysis to the label without pre-
treatment with DTT led to strong staining of the cuticle (Fig. 1 G
and H). Cuticles shed at the L1, L2, L3, and L4 molts were all
stained (Fig. S1 A–D). Treatment of detached cuticle with N-
ethylmaleimide, which reacts specifically with thiols in biological
systems, completely blocked staining (Fig. 1 I and J). Thus, di-
sulfide groups in the cuticle are actively reduced during molting.
Diamide is a small diffusible molecule that rapidly and spe-

cifically oxidizes thiol groups in vivo and in vitro (19). We found
that, when L3 larvae that had recently completed the L2 molt
were exposed to 18 mM diamide, they were able to continue
growing. The divisions of six 6 Pn.p cells that form the vulval
equivalence group (P3.p-P8.p), for example, were normal (Fig.
S1 E and F). However, such worms arrested at the L3 molt with
defects in apolysis, the separation of old and new cuticle (n= 10;
Fig. S1G). When late L2 larvae were exposed to diamide, they
arrested at the L2 molt (n = 10), and P3.p-P8.p failed to divide
(Fig. S1H). That diamide can cause a block in molting in C.
elegans without preventing growth strongly suggests that re-

duction of either cuticle components or a regulator of molting is
necessary for molting to occur.

Thioredoxin Reductase 1 and Glutathione Reductase Are Essential for
Molting. Thioredoxin reductases are proposed to be required for
the reduction of oxidized disulfides in metazoans. C. elegans
contains two thioredoxin reductase homologs, TRXR-1 and
TRXR-2, but only TRXR-1 is a selenoprotein (20–22). We
generated a trxr-1 deletion allele, sv47 (Fig. 2A) that is very likely
null for trxr-1 function: no TRXR-1 protein was detected on
Western blots of extracts from sv47 mutants (Fig. 2B). Worms
homozygous for sv47 were not obviously different from the wild-
type strain, N2, when grown under standard laboratory con-
ditions: They grew normally and had normal life spans and brood
sizes (Fig. S2A and Table S1). They did not show increased
sensitivity to oxidative stress (Fig. S2 B–L) or defects in molting.
trxr-1(sv47) worms that were also mutant for a deletion of trxr-2,
tm2047, were also viable and fertile and did not arrest during
molting. Thus, in an otherwise wild-type genetic background,
thioredoxin reductases are dispensable for growth, development,
and molting in C. elegans.
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Fig. 1. Disulfide groups in the cuticle are reduced during molting in
C. elegans. Micrographs of worms stained with Alexa Fluor 488 C5-maleimide
viewed with DIC (D, G, and I) or fluorescence (A–C, E, F, and H) optics. The
large and small arrows in A indicate the lumen of the pharynx and buccal
cavity, respectively. The arrowhead in A and the arrow in B indicate one of
a pair of cell or neuronal exensions lying adjacent to the buccal cavity stained
by the dye. The large arrows in C and D indicate the lumen of the intestine.
The small arrows in D indicate the cuticle, which is not appreciably stained by
the dye in nonmolting worms under normal conditions. (E and F) Nonmolting
worms that had been incubated with 5 mM DTT for 30 min before staining
with the dye. (G andH)Worms atmolt that had not been incubated with DTT.
The arrows indicate cuticle. (I and J) Molted cuticle that had been incubated
with N-ethylmaleimide before staining. (Scale bars, 10 μm.)
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Fig. 2. C. elegans TRXR-1 is required together with GSR-1 glutathione re-
ductase for molting. (A Upper) The exon intron structure of the trxr-1 gene.
Boxes represent exons, and lines represent introns. The sequence of the last
four codons is shown, as is the position of the selenocysteine insertion se-
quence (SECIS) element in the 3′ untranslated region. The lines underneath
denote the regions deleted in the sv43 and sv47 mutant alleles. (A Lower)
Domain structure of the TRXR-1 protein. The sequence of the N-terminal
redox active site is shown above, and the sequence of the C-terminal site is
shown boxed below. (B) Western blot of C. elegans protein extracts probed
with an antibody raised against TRXR-1. N2 indicates wild-type control. The
upper bands result from nonspecific cross-reactivity of the antibody.
(C) Micrographs of molting worms viewed with DIC optics. Old cuticle (in-
dicated by arrows) associated with the buccal cavity (ii), midbody (iii), and
rectum (v) is shown. The other panels show cuticle associated with either the
head or tail regions. (i and iv) Wild-type control worm at molt. The complete
genotype of the trxr-1 worms was trxr-1(sv47); rrf-3(pk1426); gsr-1(RNAi).
(Scale bars, 10 μm.) (D) Graph showing percentage of larvae that arrest
growth before becoming adults. All worms were homozygous for rrf-3
(pk1426).
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Work in yeast (23) and Drosophila (24) has indicated that
enzymes with redox functions can have overlapping functions in
vivo. Therefore, to test whether TRXR-1 functioned together
with other proteins to regulate molting, we performed RNAi in
a trxr-1(sv47) background against a panel of genes encoding
proteins with known or proposed redox functions (Table S2).
RNAi of the single glutathione reductase gene in the worm, gsr-1,
was found to cause a highly penetrant growth arrest specifically
in the absence of trxr-1 function (Fig. 2D). No synthetic effects
were observed with any of the other genes tested. Inspection of
the arrested trxr-1; gsr-1(RNAi) larvae under high magnification
revealed that they had invariably arrested during molting (Fig.
2C). The arrest did not occur specifically at one molt, but oc-
curred at any one of the four larval molts: 71% of trxr-1(sv47);
gsr-1(RNAi) animals arrest at the L1 molt; 18% arrest at the L2
molt, 9% arrest at the L3 molt, and 2% arrest at the L4 molt.
The majority of the trxr-1; gsr-1(RNAi) animals that arrested
were surrounded by partially detached old cuticle, suggesting
that apolysis and ecdysis were defective. When arrested trxr-1;
gsr-1(RNAi) worms were stained with C5-maleimide, they were
either not appreciably labeled or were labeled only at low levels
(Fig. 3 B, C, E, F, and H). Furthermore, in worms in which low
levels of labeling could be seen, the pattern was abnormal: It was
markedly punctate (Fig. 3H) rather than smooth (Fig. 3G).
However, when cuticle from trxr-1; gsr-1(RNAi) worms was first
treated with DTT, it was labeled by C5-maleimide (Fig. 3I),
implying that cuticle in these worms is not lacking thiol groups.
We conclude that worms with decreased trxr-1 and gsr-1 function
are defective in their ability to reduce cuticle components
during molting.

Reduced Glutathione Induces Apolysis. In yeast, oxidative refolding
of proteins containing disulfide bonds requires protein disulfide
isomerase (25), which contains a thioredoxin domain. Further-
more, mutants in C. elegans pdi-2, which encodes a protein
disulfide isomerase, have been shown to have defects in cuticle

synthesis and molting (26). We found that PDI-2 and a second
protein disulfide isomerase in C. elegans, PDI-3, appear to be
required for proper protein folding because RNAi of the pdi-2 or
pdi-3 genes resulted in induction of the unfolded protein re-
sponse (UPR; Fig. S3 E and F). However, the UPR was not
induced in trxr-1(sv47); gsr-1(RNAi) animals (Fig. S3 G and H).
Furthermore, whereas cuticle synthesis is severely disrupted in
pdi-2 mutants (26), this was not the case for trxr-1(sv47); gsr-1
(RNAi) animals. First, formation of both the annuli and the alae
on the L1 cuticle appear normal in animals lacking trxr-1 and gsr-
1 activity (Fig. S3 I–L). In animals with aberrant cuticle secre-
tion, L1 alae are absent or flattened and the annuli are disrupted
(26). Analysis of the cuticle by electron microscopy failed to
reveal any defects in trxr-1; gsr-1(RNAi) larvae (Fig. S3M and N).
Furthermore, the expression of GFP reporters for both QUA-1,
a cuticle protein required for molting (27), and for LON-3,
a cuticle collagen, was normal (Fig. S3 O–R). These observations
argue against a model in which the molting defect seen in trxr-1;
gsr-1 animals is the result of a defect in the proper folding of
cuticle proteins within the secretory pathway.
In both Saccharomyces cerevisiae and Drosophila, the thio-

redoxin system has been shown to promote the reduction of
glutathione (23, 24). Treatment of worms with GSH at a con-
centration of 3 mM, the concentration within eukaryotic cells, led
to apolysis, the separation of old and new cuticle (Fig. 3J). All of
the worms (n = 20) were affected but, at this concentration, the
separation observed was confined to the cuticle in the head re-
gion; cuticle posterior of pharynx was not obviously detached.
Treatment of worms with 10 mM GSH, however, led to de-
tachment of the cuticle along the entire length of the worm (n =
20; Fig. S4 A–C). Such worms were very fragile and frequently
burst during mounting for microscopy, an observation that sug-
gests that GSH can induce apolysis even before the new cuticle is
properly formed. Even at low concentrations, GSH treatment
permitted strong staining by C5-maleimide (Fig. 3 A and D).
Thus, extracellularly administered GSH can promote the re-
duction of disulfide groups in the cuticle, and reduction of cuticle
components leads to detachment of the old cuticle. Consistent
with the possibility that trxr-1; gsr-1(RNAi) animals arrest because
they have reduced levels of GSH, exogenously supplied GSH
promoted the separation and removal of cuticle from arrested
trxr-1; gsr-1(RNAi) larvae (n = 10; Fig. S4 D–G). Furthermore,
a defect in glutathione synthesis blocked molting: Animals with
reduced zygotic and maternal activity of gcs-1, which encodes the
enzyme that catalyses the first step in the synthesis of glutathione,
arrested at the molt (n = 40; Fig. 3 K and L).

TRXR-1 Requires Selenocysteine for Function in Vitro and in Vivo.
Previous work has suggested that trxr-1 is the only gene to encode
selenoprotein in C. elegans (20–22). Consistent with this sug-
gestion, when trxr-1(sv47) homozygous mutant worms [or those
homozygous for a second allele, trxr-1(sv43) (Fig. 2A)] were
grown on Escherichia coli bacteria radioactively labeled with
75Se, no label was detected in protein extracted from the mutants
(Fig. 4A and Fig. S5A). Because the trxr-1 mutants lacked the
closely spaced doublet of bands seen in wild type, trxr-1 encodes
two proteins, both of which contain selenocysteine.
In prokaryotes, archaea, and eukaryotes, selenocysteine is in-

corporated into selenoproteins by the alternate decoding of
UGA stop codons by a selenocysteine tRNA, tRNA[Ser]Sec (28).
Among other factors, incorporation also requires a cis-acting
sequence in the mRNA, selenocysteine insertion element, and
a dedicated translation elongation factor, SelB or EFsec (28). In
rats, in the absence of selenium the UGA codon can code for
cysteine in place of selenocysteine (29). To test the importance
of selenocysteine for TRXR-1 function in C. elegans, we gener-
ated an E. coli strain lacking SelD selenophosphate synthetase,
an enzyme that activates selenium for specific incorporation into

trxr-1; gsr-1 
at moltWT + GSH

WT + GSH

A B

FED

C

trxr-1; gsr-1 
at molt

trxr-1; gsr-1 
at molt

trxr-1; gsr-1 
at molt

G H I

J K L

trxr-1; gsr-1 
at moltWT at molt

WT + 3 mM GSH

trxr-1; gsr-1 + DTT

gcs-1(m-, z-) gcs-1(m-, z-)

Fig. 3. TRXR-1 and GSR-1 are required for the reduction of disulfide groups
in the cuticle during molting, which is promoted by GSH. (A–I) Micrographs
of worms stained with Alexa Fluor 488 C5-maleimide viewed with DIC (B and
C) or fluorescence (A and D–I) optics. The exposure time for the image in H
was 1 s; for all other fluorescence images, exposure time was 100 ms. (A and
D) Intermolt worms that had been incubated with 5 mM GSH for 30 min at
room temperature before staining with the dye. (B, C, and E–H) Worms at
molt that had not been incubated with GSH. The arrows indicate cuticle. (H)
Note the punctate staining seen in some trxr-1; gsr-1(RNAi) worms at longer
exposure times. (I) Cuticle from trxr-1; gsr-1(RNAi) worms that had been
incubated with DTT before staining. (J–L) Partially detached cuticle in worms
exposed to either 3 mM GSH (J) or that lacked maternal (m−) and zygotic (z−)
activity of gcs-1 (K and L). (Scale bars, 10 μm.)

1066 | www.pnas.org/cgi/doi/10.1073/pnas.1006328108 Stenvall et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006328108/-/DCSupplemental/pnas.201006328SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1006328108


bacterial selenoproteins and selenium-containing tRNA species,
and fed worms these bacteria. Genotypically trxr-1(+) worms
were able to develop in to fertile adults on the E. coli selD de-
letion strain. However, when gsr-1 was knocked down by RNAi,
worms raised on this strain arrested growth during molting (Fig.
4B). To study further the requirement for selenocysteine for
thioredoxin reductase function in vivo, we generated a deletion
mutant of the single SelB/EFsec homolog in C. elegans, selb-1
(ref. 30; Fig. S5B). Consistent with a requirement for SELB-1 for
selenocysteine incorporation, no radiolabeled proteins were
detected in protein extracts from selb-1(sv36) mutant worms
grown on 75Se-labeled E. coli wild type with respect to selD (Fig.
4C and Fig. S5C). The sv36 mutants showed no obvious defects
under standard laboratory growth conditions (Fig. S2A and Ta-
ble S1). However, when subjected to gsr-1(RNAi), they arrested
growth during molting displaying phenotypes identical to those
of trxr-1; gsr-1(RNAi) animals (Figs. 2D and 4E).

The TRXR-1 protein present in selb-1 mutants is predicted to
lack the last two amino acids, Sec and Gly (Fig. 2A). The trun-
cation apparently affects TRXR-1 stability or synthesis because
levels of the protein are strongly reduced in selb-1 mutants (Fig.
4D). In the context of the full-length protein, replacement of
selenocysteine with cysteine dramatically reduced the ability to
complement defects in vivo (Fig. 4G) without affecting protein
stability (Fig. S5D). Replacement of selenocysteine with cysteine
also dramatically reduced the ability of C. elegans TRXR-1 to
reduce the C. elegans or human thioredoxin 1 in vitro (Fig. 4F
and Fig. S5F). We conclude that selenocysteine incorporation is
required for TRXR-1 activity in vivo and in vitro.

trxr-1 and gsr-1 Are Expressed and Required in Cells That Secrete
Cuticle. Expression of trxr-1::gfp reporter was seen in the hypo-
dermis, in the pharynx and within the nervous system (Fig. 5C
and Fig. S6 A, B, and E). A gsr-1::gfp reporter was strongly
expressed in the hypodermis and the pharynx (Fig. 5 A and B)
but not in the nervous system. Expression of a selb-1 cDNA
under the control of either pharyngeal- or hypodermal-specific
promoters (but not of a neuronal-specific promoter) partially
rescued the selb-1(sv36); gsr-1(RNAi) arrest phenotype (Fig. 5E),
implying that selb-1 (and consequently trxr-1) activity in the
pharynx and hypodermis promotes molting.

Molting Efficiency Is Reduced in Old Worms. The redox activity of
selenoproteins, in particular of thioredoxin reductases, has led to
the suggestion that these proteins inhibit the changes associated
with aging and promote longevity (31). However, the oxidative
damage theory of aging remains controversial (32). To examine
whether molting is less efficient in older C. elegans worms, we
investigated whether aged dauer larvae have a reduced capacity
to undergo the postdauer molt. When 1-wk-old dauer larvae
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were stimulated to exit dauer by being placed on food, they in-
variably began molting within 13 h (n = 20) and took, at most,
only 15 min to complete ecdysis. In contrast, of 20 3-mo-old
dauer larvae placed on food, none completed the molt within
24 h. Furthermore, 5 of the 20 larvae arrested during the molt
(Fig. S6 G and H) and subsequently died without maturing into
adults. Thus, molting efficiency dramatically decreases with age
in wild-type dauer larvae. The reduced ability to undergo the
molt correlated with a decrease in the amount of reduced thiols
in the cuticle: Unlike wild-type intermolt animals, in which the
cuticle is not strongly stained by C5-maleimide, appreciable
fluorescence is seen when young dauer larvae are stained with
the dye (Fig. S6 I and J). The level of fluorescence, however, is
dramatically reduced in old dauer larvae (Fig. S6 K and L).
Consistent with earlier global studies in which a reduction in
gsr-1 expression was seen with age in dauer larvae (33), we found
that young dauer larvae showed robust expression of a gsr-1::gfp
reporter in hypodermal cells, but fluorescence of the reporter
was almost not detectable in aged larvae (Fig. S6M and N). trxr-1
and gsr-1 are together required for the postdauer molt: Whereas
knockdown of gsr-1 by RNAi in trxr-1(+) animals did not prevent
3-d-old dauer larvae from developing into normal fertile adults
(n = 66), gsr-1(RNAi) in a trxr-1 mutant background caused
a 100% penetrant growth arrest during the postdauer molt
(n = 128; Fig. S6 O–Q). Similar effects were seen with selb-1:
99% (n = 145) of 3-d-old selb-1(sv36); gsr-1(RNAi) dauer larvae
arrested at the molt when stimulated to exit dauer (Fig. S6R).

Discussion
Selenoproteins are found in organisms in all three categories of
life: archaea, prokaryotes, and eukaryotes. Although extensive
work has been done on the functions on eukaryotic selenopro-
teins in vitro, few reports exist on the functions of selenoproteins
in general or of thioredoxin reductases in particular in animal
models. C. elegans represents an attractive system with which to
address the importance of selenocysteine and thioredoxin re-
ductase function in vivo.
Collagens and other components of the cuticle are known to

be cross-linked via disulfide groups both in C. elegans and larger
metazoans, including mammals. However, that disulfide groups
are reduced during molting has not previously been demon-
strated. Our results indicate that the thioredoxin and glutathione
systems are required for the reduction of disulfide groups in the
cuticle during molting. Earlier work identified BLI-3 (a dual
oxidase), MLT-7 (a heme peroxidase), and PDI-2 (a putative
protein disulfide isomerase) as important for molting (26, 34).
BLI-3 and MLT-7 act by promoting the oxidative cross-linking of
collagens via dityrosine groups rather than the reduction of
disulfides. PDI-2, on the other hand, has two separate functions
in cuticle formation: Alone, it acts as a dithiol oxidase to catalyze
the formation of disulfides in cuticle collagens; in complex with
DPY-18/PHY-1 or PHY-2, it acts as a prolyl hydroxylase to
catalyze the hydroxylation of proline residues in collagens,
a modification important for the stability of the triple helical
fold. It is noteworthy that although bli-3, mlt-7 or pdi-2 mutants
display molting defects, they also show severe defects in cuticle
synthesis; many arrest as embryos, and the larvae that escape
embryonic arrest are severely Dpy or otherwise malformed (26,
34). The observations that the UPR is not activated in trxr-1; gsr-
1 larvae, and that the cuticle in such larvae is not severely de-
fective, argue against a model in which the molting defect in trxr-
1; gsr-1 larvae is an indirect result of defects in cuticle synthesis
or secretion.
Our analysis, together with earlier studies (20–22), strongly

suggests that trxr-1 is the only gene in C. elegans encoding sele-
noprotein. Thus, the six or more dedicated proteins and RNAs
thought to be required for the insertion of selenocysteine in
metazoans appear to exist in C. elegans for the sole purpose of

decoding a single codon. Caenorhabditis briggsae TRXR-1 is also
predicted to be a selenoprotein (22). Because the common an-
cestor of C. elegans and C. briggsae is thought to have lived be-
tween 40 and 100 million years ago, there appears to be
considerable evolutionary pressure to maintain selenocysteine in
TRXR-1. One possibility is that, in the wild, neither TRXR-1 nor
GSR-1 alone provides sufficient reducing power during molting
and, therefore, that both proteins are necessary under conditions
found in natural habitats. Notably, the two tissues in which thi-
oredoxin reductase functions to promote molting (the hypoder-
mis and the pharynx) are exposed to molecular oxygen. Molting
might require extra reducing power to overcome the oxidizing
environment of the atmosphere.
That trxr-1 and gsr-1 have overlapping functions during molt-

ing is consistent with the possibility that the thioredoxin and
glutathione systems have a common target or targets. Although
glutathione and thioredoxin reductases are related to one an-
other in sequence, extensive biochemical analyses have revealed
that glutathione reductases are unable to reduce thioredoxins in
vitro. It is noteworthy, however, that the Drosophila thioredoxin
system can catalyze the reduction of GSSG by NADPH in a two-
step, thioredoxin-dependent reaction (24). S. cerevisiae strains
lacking both the thioredoxins present in this organism, Trx1 and
Trx2, have increased levels of GSSG (23). Thus, the genetic re-
dundancy between trxr-1 and gsr-1, and the observation that GSH
can reduce disulfides in the cuticle, suggests that TRXR-1 and
GSR-1 might act in molting by increasing GSH concentrations at
the expense of GSSG. GSH can be exported from cells by certain
proteins in the ATP-binding cassette (ABC) family, including
ABCG2 (35), and thus could potentially exert its molting-
promoting functions extracellularly (e.g., together with secreted
glutaredoxins). However, other models are also consistent with
our results. Although isomerization of disulfides has not, to date,
been shown to be important for molting, TRXR-1 and GSR-1
could potentially act to promote the isomerization of disulfides
by facilitating the reductive step in isomerization.
Thioredoxin reductases are widely thought to be required for

cell proliferation (possibly by supporting ribonucleotide re-
duction) and to provide protection against oxidative stress.
However, worms lacking trxr-1 display no obvious developmental
defects under laboratory growth conditions and are not hyper-
sensitive to acute oxidative stress. It is possible that other un-
related proteins are able to reduce thioredoxins in C. elegans.
Alternatively, thioredoxins may play no or only minor roles in
protecting against acute oxidative stress or supporting cell pro-
liferation in this organism.
Although still controversial (32), the oxidative damage theory

of aging remains one of the theories most often cited in modern
aging studies. Through their ability to affect redox status, thio-
redoxin reductases have been suggested to be important for the
ability of cells and organisms to inhibit processes that occur
during aging. However, experimental evidence supporting a role
for thioredoxin reductases in inhibiting such processes is pres-
ently lacking. One of the most visible signs of aging in many
animals is a change in quality of the skin. The observation that
the efficiency of molting is reduced in aged dauer worms, and
that TRXR-1 (together with GSR-1) promotes molting, high-
lights a function for TRXR-1 in epidermal cells in C. elegans.
Thioredoxin reductase activity is induced in mammalian epider-
mal cells by agents (such as UV light) that cause age-associated
changes to skin (14, 15). Thus, a function for thioredoxin and
glutathione reductases in the removal of old and damaged cuticle
may have been conserved in evolution.

Materials and Methods
Isolation of C. elegans Deletion Mutants. selb-1(sv36), trxr-1(sv43), and trxr-1
(sv47) were isolated by screening a deletion library of wild-type N2 worms
mutagenized with ethyl methanesulfonate. The sequences of the primers
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used for identifying and backcrossing the mutants are described in SI
Materials and Methods.

75Se Labeling of C. elegans Worms. Worms were labeled with 75Se by feeding
them E. coli bacteria that had been grown in the presence of 75Se. A 1.3-mL
culture of E. coli strain OP50 was grown overnight in LB medium supple-
mented with cysteine to a final concentration of 100 μg/mL and 20 μCi of
75Se. Two hundred microliters of the overnight culture was spread onto an
NGM agar C. elegans culture plate and allowed to grow for 24 h at room
temperature (∼21 °C). After this time, the plate was seeded with five L4
hermaphrodite worms of the appropriate strain. The worms were harvested
shortly before they had consumed all of the bacteria.

Staining of Worms with Alexa Fluor 488 C5-Maleimide. Worms were washed
individually in 50 μL of M9 buffer in a depression slide and then left in the
buffer to cool on ice for 15 min. One microliter of dye stock solution was
added to give a final concentration of 5 μM. The worms were left for 15 min
on ice, washed in ice-cold M9, and then mounted for microscopy.

Isolation of the E. coli HT115(DE3) Lacking selD. The plasmids and the
sequences of the primers used create the selD deletion mutation in the
background of E. coli HT115(DH3) are given in SI Materials and Methods.

Generation and Use of anti-CeTRXR-1 Antibodies. An anti-peptide antibody
was raised in rabbits against a peptide with the sequence NH2–CTLEKKEG-

DEEKQAS–CONH2, corresponding to the residues 650–663 of C. elegans
TRXR-1 protein. Immunizations were performed by Agrisera, Vännäs, Sweden.
Western blots were probed with affinity purified anti-TRXR-1 antibody at
a 1:1,000 dilution.

Measurements of Enzymatic Activities in Vitro. The Trx-insulin and 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB) assays were used to determine the
activities of purified wild-type and mutant TRXR-1 proteins in vitro. The
assays were performed as described by Arnér et al. (36).
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