


















DISCUSSION

NeuCode is a versatile strategy well-suited for robust and
accurate protein quantification in a variety of paradigms (34,
39, 44, 104–108). By using mass resolving power to reveal or
conceal quantitative information when desired, NeuCode

SILAC affords greater sampling depth than traditional SILAC,
while retaining comparable accuracy. Here we have extended
this approach to nematode labeling, quantifying changes in
both the proteome and phosphoproteome of adult animals in
response to small molecule chemical signals. We quantified

FIG. 6. Protein-protein interaction network. Generated using predictions from STRING version 9.1 with default parameters at high
confidence for A, ascr #2. B, ascr#5.

Phosphoproteomic Impact of Ascarosides in C. elegans With NeuCode

Molecular & Cellular Proteomics 14.11 2931



3,053 localized phosphoisoforms in at least two biological
replicates, 741 of which were up- or down-regulated in re-
sponse to at least one ascaroside treatment. This demon-
strates the broad applicability of NeuCode SILAC for the
quantitative analysis of proteins and PTMs.

Our data from two ascaroside family members did not
reveal any significant ascaroside-induced changes in overall
protein expression, suggesting that, at the time scale of this
experiment, ascarosides may act primarily via translation-
independent mechanisms. In contrast, we observed a vast
array of changes in protein phosphorylation, suggesting an
important role for PTMs in pheromone activity. The lack of
significant changes in protein expression may also be be-
cause of technical limitations in the reproducibility of experi-
mental conditions (e.g. ascaroside exposure time, tempera-
ture, or variation in synchronizing a large population of adults).
In addition, small but nonetheless biologically relevant fold
changes in protein levels may escape detection simply be-
cause of the relatively small number of replicates in this study
(109).

Our global phosphoproteomic data reflect post-transla-
tional changes in stress response and longevity proteins from
multiple pathways. The most phosphorylated protein from
each data set is LEA-1, a protein with an emerging role in
these two processes. Furthermore, LEA-1 is dysregulated at
the transcript and protein level in long-lived daf-2 mutants (66,
99). Consistent with global phosphoproteomic studies in
other organisms (110), we found that individual phosphoryla-
tion sites on the same protein were often regulated differently.
Proteins with multiple regulated phosphorylation sites may
represent key signaling hubs, integrating crucial inputs to
effect increases in longevity and stress tolerance. The regu-
lated phosphoproteins also include RNA-binding proteins, ri-
bosomal proteins, and transcriptional regulators, suggesting
that ascaroside signaling impacts many levels of gene regu-
lation. In addition, phosphorylation likely works in synergy
with other PTMs. Recent work implicates a sirtuin (NAD�

dependent deacetylase) in ascaroside-mediated longevity
and stress resistance in adult animals (111). Our data indicate
a role for post-translational modification by select kinases.

Systems-level analyses expanded our view to consider
possible relationships between regulated phosphoproteins.
Some of the proteins suggested by our data set to exhibit
ascaroside-dependent changes in phosphorylation patterns
already have established roles in stress responses and/or
aging (Table I). For example, IRE-1 is a master regulator of the
endoplasmic reticulum (ER) stress response pathway and
plays a key role in the unfolded protein response (UPR). IRE-1
is also necessary for the increase in lifespan that is induced by
dietary restriction or by hypoxia inducible factor-1 (hif-1) (60,
76). The AMP-activated protein kinase isoform AAK-2 is a
metabolic sensor that is activated by AMP, stress (oxidative,
hypoxic, ischemic, or thermal), or other conditions that per-
turb the normal AMP:ATP ratio. Activated AAK-2 can increase

lifespan and broadly increase stress resistance (55, 71).
PPTR-1 is a phosphatase that regulates longevity and stress
response in part by modulating DAF-16/FOXO (63). NOL-1 is
a conserved nucleolar tRNA and rRNA cystosine-C5-metylase
and knockdown of NOL-1 significantly increases lifespan in
adult animals (79). TRAP-1 and FRM-1 show increased ex-
pression in stressed wild-type animals (61). NPA-1 (increased
abundance in daf-2 animals) is critical for dauer formation and
thus plays a role in longevity (66). These marks of post-
translational modification on stress- and longevity-related
proteins may increase stress tolerance and lifespan. Further,
known modulators may interact with a broad net of other
diverse proteins, including those with emerging significance in
stress response and longevity or with as yet undiscovered
roles.

Our phosphorylation data align with recent phenotypic and
molecular studies of ascaroside exposure in adult animals
(111). We found differential phosphorylation of many proteins
associated with stress and longevity, some of which were
identified by previous work on the daf-2 and daf-16 pathways
and others that were not, although our experiments did not
specifically target for the daf-2 and/or daf-16 pathways or
known phosphorylation events in these two pathways. Our
data help elucidate the molecular details of how ascaroside
sensing is manifested phenotypically. However, our general
understanding of stress response and lifespan at the level of
protein phosphorylation and protein-protein interactions is
still in its infancy. Phosphorylation can have many conse-
quences in the cell (e.g. activate or deactivate a protein,
modulate its stability, target it for degradation, or alter its
localization) and it is unclear how the phosphorylation events
in our data relate to these outcomes. Further in vivo studies on
specific phosphorylation sites detected here will shed light on
this and increase our understanding of pheromone responses
in C. elegans and other animals, which remains largely unex-
plored.
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