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Summary

In the nematode, Caenorhabditis elegans, inactivating mutations in the insulin/IGF-1 receptor,
DAF-2, result in a 2-fold increase in lifespan mediated by DAF-16, a FOXO-family transcription
factor. Downstream protein activities that directly regulate longevity during impaired Insulin/
IGF-1 signaling (I1S) are poorly characterized. Here, we use global cysteine-reactivity profiling to
identify protein-activity changes during impaired I1S. Upon confirming that cysteine reactivity is a
good predictor of functionality in C. elegans, we profiled cysteine-reactivity changes between
aaf-2and daf-16;daf-2 mutants, and identified 40 proteins that display a >2-fold change.
Subsequent RNAi-mediated knockdown studies revealed that /bp-3and K02D~7.1 knockdown
caused significant increases in lifespan and dauer formation. The proteins encoded by these two
genes, LBP-3 and K02D7.1, are implicated in intracellular fatty-acid transport and purine
metabolism, respectively. These studies demonstrate that cysteine-reactivity profiling can be
complementary to abundance-based transcriptomic and proteomic studies, serving to identify
uncharacterized mediators of C. efegans longevity.
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Introduction

The insulin/insulin-like growth factor (IGF) signaling (11S) pathway has been shown to
modulate lifespan across phylogeny. The life-extending properties of impaired 11S have been
observed in organisms including Caenorhabditis elegans (C. elegans) (Kenyon et al., 1993),
Drosophila melanogaster (Clancy et al., 2001; Tatar et al., 2001) and Saccharomyces
cerevisiae (Kaeberlein et al., 2005). Furthermore, studies in humans revealed that genetic
variations within components of the 11S pathway, in particular FOXO3A, were strongly
associated with longevity (Anselmi et al., 2009; Flachsbart et al., 2009; Li et al., 2009;
Willcox et al., 2008), implicating the 1S pathway as a common mediator of lifespan in both
invertebrates and vertebrates.

C. elegans provides an ideal model organism for investigating the mechanistic basis of
lifespan regulation due to their short and relatively invariant lifespan that enables rapid
evaluation of genetic and environmental factors that affect longevity (Olsen et al., 2006). In
C. elegans, the IS pathway is initiated by activation of the single insulin/IGF-1-like tyrosine
kinase receptor, DAF-2, which results in phosphorylation and activation of a series of
downstream protein kinases including phosphoinositide 3-kinase (AGE-1), 3-
phosphoinositide dependent protein kinase-1 (PDK-1), and AKT/protein kinase B (PKB).
AKT/PKB phosphorylation ultimately results in inactivation of a forkhead box O (FOXO)
transcription factor, DAF-16 (Mukhopadhyay et al., 2006). Inactivation of DAF-2, or other
kinases in the 11S pathway, result in DAF-16 translocation to the nucleus where DAF-16
targets genes that mediate 11S-regulated processes including longevity, fat storage and dauer
formation (Jensen et al., 2006; Oh et al., 2006; Ookuma et al., 2003). Dauer formation is a
well-characterized alternative developmental pathway triggered by unfavorable growth
conditions. Growth-arrested dauer larva exhibits increased stress resistance, altered
metabolism, increased longevity, and has the ability to survive without food for several
months (Riddle et al., 1997). Many of the components of the 1S pathway were originally
identified in genetic screens for genes that modulate dauer formation (Kenyon et al., 1993).
Therefore, reduction of function mutations in genes in the I1S pathway, such as daf-76 and
aaf-2, also modulate dauer diapause.
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Inactivating mutations in the C. elegans daf-2 gene results in a 2.3-fold increase in lifespan
compared to wild-type (WT) animals (Kenyon et al., 1993). All daf-2phenotypes are
suppressed when in combination with a reduction of function mutation in darf-16. Therefore,
DAF-16 activity is critical to the observed longevity and daf-16,;adaf-2 double mutants are
devoid of the long-lived phenotype (Kenyon et al., 1993). Downstream transcriptional
targets of DAF-16 have been investigated using global transcriptomic and proteomic
methods. Targeted transcriptomic studies have focused on genes involved in stress resistance
due to the increased resistance to oxidative stress, heat, and heavy metals (Barsyte et al.,
2001) that is characteristic of daf-2mutants. These targeted studies identified the
upregulation of transcripts for superoxide dismutase (sod-3), metallothionein (mt/-1), and
heat-shock proteins (/1sp-16) (Barsyte et al., 2001; Honda and Honda, 1999; Walker et al.,
2001). Global transcriptomic analysis identified upregulated genes that encode proteins
involved in metabolism, steroid and lipid synthesis, and dauer formation. Downregulated
genes were involved in translation elongation, protein degradation, apolipoproteins, and
peptide and lipid transport (Jensen et al., 2006; Lamitina and Strange, 2005; Murphy et al.,
2003; Oh et al., 2006; Tullet, 2015; Yu et al., 2008). In addition to transcriptomic profiling,
global proteomic analyses of gaf-2 mutants using stable isotope labeling and quantitative
mass spectrometry (MS) identified several protein-abundance changes that were not detected
in the microarray analyses (Depuydt et al., 2013; Dong et al., 2007), underscoring the
complementarity of different global profiling techniques such as transcriptomics and
proteomics.

Due to a plethora of protein posttranslational modifications, protein-protein interactions and
endogenous inhibitors, protein abundance is not a direct measure of activity state (Walsh et
al., 2005). To complement abundance-based global profiling methods such as
transcriptomics and proteomics, the field of activity-based protein profiling (ABPP) has
evolved to directly measure protein activity in complex proteomes (Adam et al., 2002; Evans
and Cravatt, 2006). Here, we apply the tools of ABPP, specifically reactivity-based
proteomics, to profile changes associated with impaired 1S in C. elegans.

ABPP studies typically focus on a particular enzyme class of interest, and here, we focus on
cysteine-mediated protein activities by applying cysteine-reactivity profiling, which
monitors changes in cysteine reactivity across two or more proteomes (Deng et al., 2013;
Pace and Weerapana, 2014; Wang et al., 2014; Weerapana et al., 2010). Cysteine residues on
proteins serve critical functions in catalysis and regulation (Pace and Weerapana, 2013).
Diverse protein families, including proteases, kinases and oxidoreductases, contain cysteine
residues that are essential for protein function. These functional cysteines demonstrate
elevated reactivity, allowing for enrichment of proteins with functional cysteines by using
cysteine-reactive electrophilic probes (Weerapana et al., 2010). In C. elegans, proteins
involved in stress resistance, such as heat-shock proteins (Hsu et al., 2003), oxidoreductases
(e.g. peroxiredoxins) (Zarse et al., 2012), and detoxifying enzymes (e.g. glutathione S-
transferases) (Ayyadevara et al., 2007), are regulated by the 11S pathway and rely on critical
cysteine residues for function. Several of these and other cysteine-containing proteins are
low abundant and intractable to standard abundance-based proteomic analyses. Cysteine-
reactivity profiling can allow for monitoring abundance changes amongst these 11S-relevant
proteins by enriching low-abundance proteins within this class for enhanced detection.
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Dysregulated reactive oxygen species (ROS) is a characteristic feature of impaired 11S
(Honda and Honda, 1999; Zarse et al., 2012). ROS can target cysteine residues within
proteins {Couvertier, 2014 #125}%, resulting in changes to the oxidation state and subsequent
function of diverse cysteine-mediated proteins. The relationship between ROS and lifespan
extension through IS is complex and multifaceted. Acute inhibition of DAF-2 results in a
transient increase in ROS levels due to an increase in metabolic rate to compensate for
decreased glucose uptake; this spike in ROS then triggers the activation of a variety of
antioxidant systems and the subsequent lowering of ROS levels (Zarse et al., 2012).
Therefore, chronic inactivation of DAF-2 results in sustained increases in expression of
antioxidant enzymes such as superoxide dismutase 3 (SOD3) and catalase that render lower
ROS levels in daf-2 mutants (Honda and Honda, 1999). Due to the sensitivity of cysteine-
mediated protein activities to changes in ROS, the abundance of these proteins is not a true
representation of activity state. Cysteine-reactivity profiling can therefore serve to identify
cysteine oxidation events that occur during I1S. Previous studies have applied redox-
proteomic methods to identify C. elegans proteins that are oxidized upon exposure to
peroxide (Kumsta et al., 2011), but similar studies have not been utilized to explore
endogenous oxidative events associated with impaired IIS.

Importantly, comparing changes in cysteine reactivity across gaf-2and gaf-16,daf-2 mutants
allows identification of changes in protein abundance and/or oxidation driven by impaired
I1S. We applied a promiscuous cysteine-reactive chemical probe, coupled with quantitative
mass spectrometry (MS), (Qian et al., 2013; Weerapana et al., 2010) to globally quantify
cysteine-reactivity changes between daf-2and daf-16;daf-2 mutants. Our studies identified
40 cysteine-containing proteins that show a greater than two-fold change in cysteine
reactivity upon impaired 11S. Subsequent RNAi-mediated knockdown of 17 genes identified
Ibp-3and K02D7. 1 as novel modulators of C. elegans lifespan and dauer formation.
Importantly, our studies represent one of the first applications of the tools of ABPP in C.
elegans and highlight the ability of chemical proteomics to complement traditional
transcriptomic and proteomic methods used to study 11S.

Reactive-cysteine profiling reveals functional cysteines in C. elegans

Cysteine is one of the most intrinsically nucleophilic amino acids, and this nucleophilicity
can be modulated by the protein microenvironment to enable diverse biochemical functions
(Giles et al., 2003; Pace and Weerapana, 2013). A global proteomic evaluation of cysteine
reactivity demonstrated that functional cysteines involved in catalysis and regulation display
elevated reactivity relative to non-functional cysteines in the proteome (Weerapana et al.,
2010). In this previous study, the intrinsic reactivity of hundreds of cysteines in human
proteomes was monitored using a promiscuous cysteine-reactive iodoacetamide-alkyne (1A)
probe. Comparison of the extent of cysteine labeling as a function of time or IA
concentration, revealed a subset of hyperreactive cysteines that saturated labeling at low time
points, or low IA concentrations. This subset of hyperreactive cysteines was enriched in
functional cysteines (Weerapana et al., 2010). To determine if a similar strategy would allow
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identification of functional cysteines in C. elegans lysates, a concentration-dependent
analysis of cysteine labeling by the IA probe was performed.

Lysates from daf-16,daf-2 mutants were used for these studies. These lysates were treated
with either 10 pM or 100 uM IA probe prior to conjugation to isotopically labeled,
chemically cleavable biotin tags (Azo-tags) (Qian et al., 2013) using copper(l)-catalyzed
azide-alkyne cycloaddition (CUAAC) (Rostovtsev et al., 2002). The Azo-tags are comprised
of an azide for CUAAC-mediated conjugation to 1A-labeled proteins, a biotin for enrichment
of labeled proteins on streptavidin beads, a chemically cleavable azobenzene linker for
selective release of probe-labeled peptides, and an isotopically light or heavy valine residue
for quantitation of labeled peptides in two different proteomes. C. elegans lysates, treated
with 10 pM and 100 uM IA, were conjugated to heavy and light Azo-tags, respectively.
These samples were then combined and subjected to streptavidin enrichment, on-bead
trypsin digestion and treatment with sodium dithionite to release the probe-labeled peptides
for analysis by high-resolution LC/LC-MS/MS (Figure 1A). MS analysis identified 816
unique cysteine-containing peptides in the garf-16,daf-2 lysates with calculated light:heavy
ratio (R) values in at least two out of four replicates (Table S1). The R values reflect the
degree of cysteine labeling between the 10 uM and 100 uM IA-treated samples. A cysteine
that is hyperreactive and saturates labeling at the low IA concentration will display R values
of ~1, whereas less reactive cysteines will display R values >> 1. The 816 cysteine-
containing peptides that were identified displayed a wide range of R values (Figure 1B and
S1), with 46 cysteines demonstrating R values < 3 (Figure 1B; inset).

To determine if those cysteines with low ratio values (R < 3) were enriched in known
functional residues, the C. elegans UniProt database was mined for functional annotation of
the identified cysteines as catalytic or regulatory residues. However, the C. elegans UniProt
entries have poor annotation of residue and protein functions. Therefore, a BLAST search
was performed for each identified C. efegans protein against the human UniProt database,
identifying cysteine residues that were conserved in the corresponding human homolog and
were functionally annotated to be involved in catalysis and regulation (Table S1). Comparing
functional annotation with the observed R values for each cysteine demonstrated that
cysteines with low R values (i.e. hyperreactive cysteines) were enriched in known functional
residues (Figure 1C), similar to what was observed in human proteomes (Weerapana et al.,
2010). Approximately 30% of all cysteines identified with ratios < 3 are known to be
functional in either C. efegans or the corresponding human homolog (Figure 1D), in contrast
to <5% of cysteines with R > 6 that were annotated to be functional. A similar trend in
cysteine conservation was also observed (Figure 1D), albeit with lower enrichment amongst
the hyperreactive subset of cysteines, suggesting that cysteine reactivity rather than
conservation, is a more effective predictor of cysteine functionality. Functionally annotated
hyperreactive cysteines in C. elegans include active-site cysteines in glutathione S-
transferases, aldehyde dehydrogenase and acetyl-CoA acyltransferases (Table 1). These
studies constitute the first evaluation of cysteine reactivity in C. elegansand provide a list of
annotated and unannotated hyperreactive cysteines for future functional characterization.
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Chemical-proteomic analysis identifies changes in cysteine reactivity between daf-2 and
daf-16;daf-2 mutants

Given that the 1A probe labels a large number of functionally relevant cysteine residues in C.
elegans, cysteine reactivity was compared across daf-2and daf-16,daf-2 mutants. These
studies will reveal variations in protein abundance and cysteine posttranslational-
modification state in the long-lived daf-2 mutants relative to the gaf-16,daf-2 mutants.
Initially, to confirm the longevity phenotype of the daf-2 mutants, a lifespan assay was
performed on WT (N2), daf-2and daf-16,daf-2 mutants cultured under identical conditions.
As expected, gaf-2 mutants demonstrated an almost 100% lifespan extension (Figure S2A)
(Kenyon et al., 1993). To quantify cysteine-reactivity changes between daf-2and
daf-16;aaf-2 mutants, lysates from daf-2and daf-16,;daf-2 animals were treated with 100 pM
IA, appended to Azo-L and Azo-H, respectively, and subjected to the MS workflow utilized
previously (Figure 2A). The higher concentration of 1A (100 pM) was utilized for these
comparative studies to maximize the number of cysteine residues identified, and is
consistent with previous cysteine-reactivity profiling experiments in lysates treated with
oxidants (Deng et al., 2013), Zn(ll) ions (Pace and Weerapana, 2014), and lipid-derived
electrophiles (Wang et al., 2014). MS analysis provided R-values for 338 cysteine-
containing peptides on 254 proteins (Figure 2B and S2B; Table S2) from two biological
replicates.

High R-values are indicative of cysteines with increased reactivity in daf-2 mutants, whereas
low R-values represent cysteines with decreased reactivity in gaf~2 mutants. The majority of
identified cysteines (84.9%) demonstrated R-values in the range 0.5 < R < 2, demonstrating
less than 2-fold change across the daf-2and daf-16;daf-2 proteomes (Table S2). In total, 50
cysteine residues on 40 proteins displayed a = 2-fold change (Table 2 and Table 3), with 36
showing increases and 14 showing decreases in gaf-2 mutants. These top 40 proteins were
compared to transcriptomic data available for daf-2and daf-16,;daf-2 mutants (McElwee et
al., 2003; McElwee et al., 2004), to determine if the changes we observed were also present
at the transcript level. Transcriptomic data was available for 25 of the 40 proteins and in
terms of the general trend (increase vs. decrease in gaf-2animals), all but one hit (protein
Y39E4A.3) agreed with the previously reported transcriptomic data (Table 2 and Table 3).
Further comparison of these 40 proteins to proteomic studies that measured protein
abundance changes in daf-2 mutants {Depuydt, 2013 #119} demonstrated poor overlap
between the proteins identified in unenriched proteomics compared to cysteine enrichment.
Specifically, only 19 of the 40 (48%) were identified in these previous global proteomic
studies {Depuydt, 2013 #119} (Table 2 and Table 3). This poor overlap underscores the
ability of cysteine enrichment to promote the identification of low-abundant proteins that are
typically suppressed in unenriched proteomic analyses. Of the 19 proteins identified in both
cysteine enrichment and unenriched proteomic analyses, 13 showed the same changes
(increase vs. decrease in daf-2animals), whilst the remaining 6 (PES-9, RPS-12, RPS-17,
DHS-25, HEL1, and INF-1) showed changes that were not statistically significant in the
unenriched proteomic studies {Depuydt, 2013 #119}. Lastly, the cysteines identified in our
study were also compared to a redox-proteomic study in wild-type C. elegansthat utilized
the OxiCAT method to identify sites of cysteine oxidation upon hydrogen peroxide exposure
(Kumsta et al., 2011). Only 13 of the 338 cysteine residues from our study were identified in
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the OXiCAT data (Table S3), and only one of these cysteine residues (on RPS-17) were
within the 40 proteins that demonstrated a = 2-fold change between daf-2and daf-16,daf-2
mutants.

Several of the protein targets we identified have been previously characterized using RNAI
knockdown and phenotypic analysis, including the vitellogenins (V1T-2/5/6) and the
DJR-1.2 glyoxalase (Fischer et al., 2013; Lee et al., 2013; Murphy et al., 2003; Yuan et al.,
2012). The vitellogenins showed the largest decrease in daf-2 mutants, and DJR-1.2 showed
the largest increase in gaf-2 mutants according to our cysteine-profiling data (Table 2 and
Table 3). Vitellogenesis is the process of egg yolk, or vitellogenin, production that provides
the major nutrient source for developing embryos. Vitellogenesis is suppressed in the daf-2
mutant, possibly extending lifespan by using those resources to maintain somatic cells
(DePina et al., 2011). Vitellogenins are among the most downregulated proteins in gaf-2
mutants according to previous transcriptomic and proteomic analyses {Depuydt, 2013
#119;Dong, 2007 #120;McElwee, 2003 #131;McElwee, 2004 #132}, and RNAi-mediated
knockdown lengthened the lifespan of daf-2 (+) animals (Murphy et al., 2003). DJR-1.2 is
homologous to the human DJ-1 protein and defects in the gj-7 gene are a cause of autosomal
recessive early-onset Parkinson’s disease (Bonifati et al., 2003). DJ-1 is a multifunctional
redox-sensitive protein that plays roles in dampening mitochondrial oxidative stress and
regulation of anti-apoptotic and anti-oxidant gene expression. DJ-1 also regulates toll-like
receptor signaling, suggesting a role in innate immunity (Cornejo Castro et al., 2010).
DJR-1.2 has been found to be upregulated in both gaf-2and dauer larva, and shows a
DAF-16-dependent decrease in stress resistance and viability upon knockdown (Lee et al.,
2013). These well-characterized lifespan-modulating effects for vitellogenins and DJR-1.2,
the two most significantly changed proteins from our data, serves as validation of our
platform to identify potential mediators of 11S and lifespan.

RNAi-mediated knockdown of Ibp-3 and K02D7.1 results in modulation of lifespan and
dauer formation

To determine if other proteins identified in our cysteine-reactivity profiling studies were
implicated in 11S-mediated lifespan regulation, RNAi-mediated knockdown studies were
performed followed by subsequent lifespan analyses. For these RNAI studies, we focused on
a set of 20 genes, corresponding to the 10 proteins that showed the largest decrease (Vit-6,
Vit-2, vit-5, ZK228.3, C17H12.13, K02D?7.1, pes-9, Ibp-3, F32D1.5, eef-2) and the 10
proteins with the largest increase (ajr-1.2, F20G2.2, sodh-1, pck-1, moc-2, rab-14, ZK829.7,
gspa-1, inf-1, F20D6.11) in gaf-2 mutants, consistent across the two biological replicates
from our cysteine-profiling data (Table S2). Of these 20 genes, in addition to the vitellogenin
(vit-6/2/5) and djjr-1.2 genes discussed previously, four other genes had already been
subjected to RNAI and phenotypic analysis (sodh-1 (Murphy et al., 2003); eef-2 (Li et al.,
2011); inf-1 (Curran and Ruvkun, 2007); and pck-1 (Yuan et al., 2012). The remaining 12
genes with no previous RNAI and phenotypic data related to lifespan were targeted for
RNAi-mediated knockdown using bacterial strains from the Ahringer RNAI library (Kamath
et al., 2003), and lifespan assays were performed with respect to vector-treated controls
(Table S4, Figure S3). We observed a greater than 15% increase in lifespan for four of the
genes tested (K02D7.1, pes-9, Ibp-3and gspa-1).
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To determine if inactivation of these four genes would further augment dauer formation in
gaf-2 mutants, dauer-arrest assays were performed upon RNAi-mediated knockdown.
Reduction of levels of both LBP-3 and K02D7.1 increased dauer formation by 23% and
37%, respectively (Figure 3C and Table S4). In contrast, knockdown of pes-9and gspd-1
showed a decrease in dauer formation (Table S4). Therefore, these data implicate C. elegans
LBP-3 and K02D7.1 proteins in both lifespan regulation (Figure 3A and B, Table S5) and
entry into the dauer state (Figure 3C, Table S4). RT-PCR was used to confirm knockdown of
Ibp-3and K02D7. 1, and compared against the control gene pmp-3, which demonstrates
unusually stable expression levels with little variation between adults, dauers, and L3 larvae,
or between wild-type and daf-2 or daf-16 mutant adults (Figure 3D) (Hoogewijs et al.,
2008). To determine if the observed effects on lifespan were dependent on the presence of
functional DAF-2 and DAF-16, lifespan assays were repeated in the background of daf-16
mutants, daf-16,daf-2 double mutants, and WT (N2) animals (Figure S4). Knockdown of
Ibp-3 only affected the lifespan of daf-2 mutants, whereas K02D7. 1 knockdown extended
lifespan in all mutant backgrounds.

Discussion

Global profiling techniques, such as transcriptomics and proteomics, can provide valuable
insight into changes in mRNA and protein across multiple biological samples. These studies
are complemented by chemical-proteomic methods that apply chemical probes to enrich
specific subsets of the proteome. Chemical-proteomic platforms, such as ABPP, can enrich
low-abundant proteins that are intractable to whole-proteome analyses, and can additionally
provide insight into posttranslational modifications that can activate or inactive proteins.
Despite the application of chemical-proteomic methods such as ABPP to identify
dysregulated protein activities in a variety of human, mouse and bacterial proteomes, these
tools are yet to be applied in C. elegans. Here, we apply cysteine-reactivity profiling to
uncover hyperreactive and functional cysteines in C. elegans and identify proteins
dysregulated during impaired 11S. We identified a subset of hyperreactive cysteines in C.
elegans and demonstrate that ~30% of these cysteines are known to perform essential roles
in catalysis and regulation in the corresponding human homologs. Further studies into the
unannotated hyperreactive cysteines that we identified are likely to reveal novel functional
cysteine residues and serve to further annotate the C. elegans proteome.

Comparing cysteine-reactivity in daf-2and daf-16,daf-2 proteomes revealed 40 proteins that
displayed a >2-fold change. The majority of these changes have been previously reported in
transcriptomic studies, serving to verify the accuracy of our platform to identify changes
across agaf-2and daf-16:daf-2 proteomes. Importantly, several of these proteins, such as the
vitellogenins and DJR-1.2, have also been functionally characterized to be important
mediators of 11S and lifespan, further alluding to the promise of global profiling studies to
reveal functional components of the I1S pathway. Importantly, many of the proteins
identified were not detected in previous unenriched proteomic studies, alluding to the
promise of ABPP and cysteine reactivity-profiling studies to enrich for low abundant
proteins inaccessible to unenriched proteomics. To investigate previously uncharacterized
proteins that were identified in our studies, we performed RNAi-mediated knockdown and
subsequent phenotypic assays to monitor lifespan and dauer formation. These studies
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revealed that RNAi-mediated knockdown of /gp-3and K02D7.1 results in significant
increases in both lifespan and dauer formation, implicating these proteins as important
components of the IIS pathway.

LBP-3 is an intracellular lipid chaperone in the fatty-acid-binding protein (FABP) family.
FABPs are conserved from C. elegansto humans and are involved in fatty-acid uptake,
transport and oxidation (Storch and Corsico, 2008). The C. elegans genome contains nine
LBP genes and the exact functions of these individual LBPs remains unclear (Plenefisch et
al., 2000). Of the C. elegans LBPs, LBP-5 appears to be the most extensively studied,
whereby RNAi-mediated knockdown of /gp-5results in fat accumulation in the intestine (Xu
et al., 2011). The putative role of the C. elegans LBPs in fat accumulation is notable because
a characteristic feature of the daf-2 mutants and long-lived dauers is increased fat content
(Ogg et al., 1997). Previous studies have also shown that mutational inactivation of other
lipid transport proteins, such as the intramembrane transporters, NDG-4 and NRF-5/6,
increase stress resistance and lifespan through the 11S pathway (Brejning et al., 2014). These
previous studies into the LBP family and related proteins supports a potential role for LBP-3
in C. elegans lipid metabolism and I1S.

Given the lack of functional characterization of the C. elegans LBPs, we probed the
mammalian FABPs for insight into the function and regulation of this class of proteins.
There are at least nine human FABPs and these have distinct tissue localization patterns. All
FABPs are small intracellular proteins that can localize to the nucleus, (Furuhashi and
Hotamisligil, 2008; Smathers and Petersen, 2011) and bind long-chain fatty acids, albeit
with different binding affinities. In our cysteine-profiling studies, we identified Cys154 as
labeled by the A probe; this cysteine is not annotated as functional in the C. efegans
UniProt database, but is conserved in several of the human FABPs (Figure S5A). C. elegans
LBP-3 shares the most homology with human FABP-5 (27% sequence identity), which
contains a disulfide bond between Cys120 and Cys127 that regulates protein structure and
function under reducing/oxidizing conditions (Hohoff et al., 1999). In fact, several FABPs
have been shown to be oxidized, glutathionylated and/or modified by oxidized lipid species
such as 4-hydroxynonenal (HNE) at cysteine with effects on the lipid-binding ability and
proteolytic stability (Bennaars-Eiden et al., 2002; Smathers et al., 2012; Smathers et al.,
2013; Yang et al., 2014). It is therefore likely that Cys154 in C. elegans LBP-3 is similarly
regulated through redox modifications. Interestingly, the 2.2-fold decrease in 1A-labeled
LBP-3 that we observed in the daf-2animals is significantly less than the change reported
for /bp-3 using transcriptomic analyses (~5-fold decrease). This suggests that either there is
poor correlation between /6p-3 mRNA and protein levels, or there is reduced enrichment due
to partial oxidation of Cys154 jn daf-16,daf-2 mutants. The higher levels of ROS observed
in daf-16,daf-2 double mutants supports the possibility of increased protein oxidation in this
strain compared to the single daf-2mutants (Honda and Honda, 1999; Zarse et al., 2012).

K02D7.1 is an uncharacterized protein in C. elegansbut homologous to human purine
nucleoside phosphorylase (PNP) with 47% sequence identity. The IA-modified cysteines
have no known functional annotation, but one of these cysteines are located in a highly
conserved region (IIC*GSGLG), with conservation seen throughout humans, mice, flies, and
yeast (Figure S5B). PNP catalyzes cleavage of the glycosidic bond of
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(deoxy)ribonucleosides, forming the corresponding free purine base and pentose-1-
phosphate in the purine salvage pathway (Bzowska et al., 2000). Although PNP has not been
directly implicated in 11S and lifespan regulation, the purine nucleotide synthesis pathway
has been shown to be regulated by PI3K/AKT signaling, suggesting that enzymes within this
pathway are under I1S control (Wang et al., 2009). Furthermore, a downstream enzyme
involved in purine metabolism, xanthine dehydrogenase (XDH), was identified in a
systematic screen for longevity genes in C. elegans. RNAI knockdown of XDH in C. elegans
caused a ~12% increase in median lifespan (Hamilton et al., 2005), suggesting that
perturbations in purine metabolism can modulate longevity. These previous studies indicate
that K02D7.1, similar to XDH, is a regulator of C. elegans lifespan and is a promising target
for further characterization to determine the exact biochemical function and role of this
protein in 11S.

Significance

Collectively, these studies constitute the first reported application of ABPP in C. elegans.
Specifically, a cysteine-reactive chemical probe was applied to identify hyperreactive
cysteines in C. elegans, revealing that these hyperreactive cysteines are enriched in
functional residues critical to catalysis and regulation. Amongst the subset of hyperreactive
cysteines were several unannotated cysteines for future functional characterization in C.
elegans and other organisms in which these cysteines are conserved. Given the wide utility
of C. elegans as a model organism for aging, and the well-characterized role of impaired 11S
in regulating longevity in this organism, we applied chemical proteomics to identify
dysregulated protein activities with potential implications in 11S-mediated longevity
regulation. Importantly, chemical-proteomic approaches such as ABPP have the advantage
of identifying changes in posttranslational modifications as well as low-abundance proteins,
which are intractable to abundance-based transcriptomic and proteomic approaches.
Comparison of cysteine reactivity across gaf-2and daf-16,daf-2 mutants, identified 40
proteins with >2-fold change across these proteomes. The majority of these changes were
previously identified in transcriptomic studies and validated to regulate lifespan, serving to
substantiate our chemical-proteomic data. Previously uncharacterized proteins were also
identified, underscoring the complementarity of chemical-proteomic techniques to existing
global transcriptomic and proteomic studies. Coupling chemical-proteomic tools with RNA.-
mediated knockdown and phenotypic assays resulted in the identification of two proteins,
LBP-3 and K02D7.1, as novel mediators of C. elegans lifespan and dauer formation.

Experimental Procedures

C. elegans culture and maintenance

Worm strains were grown on OP50 £. coli-seeded nematode growth medium (NGM) stock
plates using standard C. efegans culturing techniques (Girard et al., 2007). C. elegans strains
were provided by the Caenorhabditis Genetics Center (CGC) and details on the specific C.
elegans strains are provided in the Supplemental Information.
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Preparation of 4-day daf-2 and daf-16;daf-2 worm lysates for MS analysis

Synchronized worm populations for MS analysis were obtained by shaking ~3000 gravid
adult worms in a solution of sterile water (5.0 mL), KOH (1.0 mL, 5 M), and bleach (4.0
mL) for 5 minutes until only the eggs remained. The eggs were pelleted, washed with S
Medium (5 x 10 mL), resuspended in S Medium (8 mL) and allowed to hatch overnight in a
15 °C incubator. The hatched L1 worms (~100,000) were aliquoted onto 10 NGM plates for
synchronized growth with the addition of OP50 £. co/i (100 L, 100 mg/mL) at 15 °C. At the
L4 larval stage, the worms were trans ferred to 25 floxuridine-containing plates (FUDR,
0.05 mg/mL) to prevent reproduction and transferred to a 25 °C incubator. After 4 days of
growth, worms were harvested and sonicated to provide lysates for MS analysis. Detailed
protocols for growth, synchronization, FUDR-treatment, harvesting and lysis are provided in
the Supplemental Information.

Quantitative mass-spectrometry analysis

For cysteine-reactivity studies, daf-16,;aaf-2 C. elegans lysates (2 x 500 L, 2 mg/mL) in PBS
were treated with either 10 M or 100 M IA for 1 hour at room temperature. For daf-2and
aaf-16,daf-2 comparative studies, both lysates were treated with 100 M IA for 1 hour at
room temperature. The IA-labeled samples were conjugated to either the heavy or light
azobenzene tags (100 uM) (Qian et al., 2013) using CUAAC by addition of TCEP (1.0 mM
from fresh 50X stock in water), TBTA ligand (100 uM from 17X stock in DMSQO:t-Butanol
1:4) and CuSOy4 (1.0 mM from 50X stock in water), and allowed to react at room
temperature for 1 hour. For reactivity studies, 10 M |A-treated samples were conjugated to
the heavy tag, and 100 M IA-treated samples were conjugated to the light tag. For daf-2and
aaf-16,daf-2 comparative studies, dar-2lysates were conjugated to the light tag, and
aaf-16,daf-2 lysates were conjugated to the heavy tag. After click chemistry, the 1A-labeled
proteins were enriched on streptavidin beads and subjected to on-bead trypsin digestion and
sodium dithionite treatment, and LC-MS/MS analysis was performed on an LTQ-Orbitrap
Discovery mass spectrometer (ThermoFisher) as detailed in the Supplemental Information.
The generated tandem MS data were searched using the SEQUEST algorithm against the
Uniprot C. elegans database. A static modification of +57.02146 on cysteine was specified to
account for alkylation by iodoacetamide and differential modifications of +443.2897 (Azo-L
tag) and +449.3035 (Azo-H tag) were specified on cysteine to account for probe
modifications. SEQUEST output files were filtered using DTASelect2.0.5 and quantification
of light:heavy ratios was performed using the CIMAGE quantification package as previously
described (Weerapana et al., 2010).

RNAi-mediated knockdown

RNAI bacterial clones were obtained from the Ahringer Lab RNAI feeding library
(Timmons et al., 2001) and feeding plates were prepared as described in Supplemental
Information.

Lifespan and dauer assays

Lifespan assays were performed using L4 animals at 20 °C (30 animals per plate x 4), and
scored every 2-3 days. Dauer asays were performed at 22.5 °C and scored for dauer larva
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after 4 days. Detailed protocols for the assays, as well RT-PCR experiments to verify
knockdown are provided in the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Hyperreactive and functional cysteines were identified in C. elegans
lysates

. Comparing gaf-2and daf-16,daf-2 mutants revealed 40 proteins with
>2 fold change

. RNAi-mediated knockdown characterized /bp-3and K02D7.1 as
regulators of lifespan

. These lifespan regulators are involved in fatty-acid transport and purine
metabolism
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Figure 1. Identifying hyperreactive cysteines in C. elegans lysates
(A) Workflow to identify hyperreactive cysteines in the daf-16,daf-2 mutant proteome. C.

elegans lysates were treated with either 10 M or 100 M 1A probe and conjugated to the
heavy (10 M 1A) or light (100 M IA) Azo-tags via click chemistry (CuAAC). The samples
were combined and then enriched with streptavidin beads, subjected to on-bead trypsin
digestion and Na,S,0,4 treatment to release the probe-labeled peptides from the beads for
quantitative LC/LC-MS/MS analysis. (B) 816 cysteine-containing peptides in order from
high (light:heavy ratio < 3) to low (light:heavy ratio >>3) reactivity. Singleton peptides that
are only detected in the Azo-L sample are designated an arbitrary R value of 20.
Chromatograms and isotopic envelopes of representative peptides are shown above the plot
with high (ALH-8, R=1.0), medium (SDHB-1, R=3.6), and low (EMC-2, R=20) cysteine
reactivity. Chromatograms and isotopic envelopes for the light peptides are in red, the heavy
peptides in blue. Inset displays 46 peptides with the lowest light:heavy ratio values
representing the most reactive cysteines in the darf-2 mutant proteome. Cysteines with
annotated biological function shown in Table 1 are labeled. (C) Cysteines with an annotated
biological function in either C. efegans or the corresponding human homolog are highlighted
in white along the ratio plot. (D) Cysteine-containing peptides were sorted into 3 groups of
light:heavy ratios: R < 3 (hyperreactive), R = 3-6 (medium reactivity), R > 6 (low reactivity).
The percentages of cysteines in each grouping that are conserved in humans (black) or have
annotated biological function (gray) are shown.
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Figure 2. Identifying cysteine reactivity changes between daf-2 and daf-16;daf-2 mutants
(A) Workflow to quantify cysteine reactivity changes between daf-2and daf- 16,daf-2

mutants. Lysates from each mutant were treated with 100 M IA probe, conjugated to either
the light (daf-2) or heavy (daf-16,daf-2) Azo-tags, and subjected to streptavidin enrichment,
tryptic digest, and Na,S,04 cleavage as before. (B) 338 cysteine-containing peptides were
identified and the logyq value of each light;heavy ratio were plotted; log;q values less than 0
indicate cysteines that have decreased reactivity in daf-2 mutants, whereas logq values
greater than O indicate cysteines with increased reactivity in daf-2 mutants. Insets display
peptides with cysteines that show at least a 2-fold increase (upper) or decrease (lower) in
reactivity in gaf-2 mutants. Proteins with a previously observed role in lifespan regulation
(DJR-1.2, Vit-2,5,6) and those that we demonstrate to affect lifespan upon RNAi-mediated
knockdown (LBP-3, K02D7.1) are specifically indicated.
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Figure 3. RNAi-mediated knockdown and phenotypic analysis
Survival plots of gaf-2 mutants treated with (A) /6p-3siRNA or (B) KO2D7.1 siRNA and

compared to a vector-treated control. (C) Dauer-arrest assay comparing the percent dauer
formation of daf-2 mutants with RNAi-mediated knockdown of /bp-3and K02D7.1
compared to a vector-treated control. (D) RT-PCR of gaf-2 mutants treated with /gp-3or
K02D7.1siRNA using primers for /bp-3, KO2D7.1, or pmp-3as a control.
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Table 1

Functional cysteines identified in C. elegans

Page 20

Hyperreactive cysteines identified in the gaf-2 mutant proteomes with an annotated biological function in
either C. elegans or human Uniprot databases.

Transcriptomic

Proteomic

Gene ID Symbol Description Sequence Average Ratio data data
VIC*PIAEVGTK 0.185 + 0.005
TEEGLIC*R 0.185 £ 0.025
K07H8.6 Vvit-6 Vitellogenin-6 EC*NEEQLEQIYR 0.195 + 0.005 decreased decreased
SYANNESPC*EQTFSSR 0.21+0.01
NQFTPC*YSVLAK 0.25+0.02
C42D8.2 Vit-2 Protein VIT-2, isoform b VAIVC*SK 0.215 +0.005 decreased . no_t.
identified
CO04F6.1 vit-5 Vitellogenin-5 APLTTC*YSLVAK 0.22£0.01 decreased decreased
ZK228.3 ZK228.3 Protein ZK228.3 DGVVYSVAC*STHQFV 0.355 +0.015 decreased i e;‘g}i od
Protein C17H12.13, not
C17H12.13 | C17H12.13 isoform b DLVQDSLQC*SSTCVIR 0.37+£0.01 identified
ADLGIIC*GSGLGPIGDTVQDATILPYSK 0.425 + 0.025 not
K02D7.1 K02D7.1 Protein K02D7.1 identified
TVGADALGMSTC*HEVTVAR 0.49+0.05
R11H6.1 pes-9 Protein PES-9 EGC*SIPITLTFQELTGK 0.445 + 0.035 decreased no change
Fatty acid-binding not
F40F4.4 Ibp-3 protein homolog 3 MVNNGITC*R 0.465 £ 0.015 decreased identified
F32D1.5 F32D1.5 Probable GMP reductase SAC*TYTGAK 0.49 £0.02 decreased

# .
Human homologue of unannotated C. elegans proteins.
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Table 3
Cysteine residues identified with increased reactivity (= 2-fold) in daf-2 relative to
daf-16;daf-2 mutants

The 36 cysteines on 31 proteins that demonstrated increased reactivity in daf-2 (R = 2) are shown.
Transcriptomic changes (decreased or increased in daf-2) of the corresponding genes previously identified in
microarray analysis of gaf-2and daf-16,;daf-2 are shown {McElwee, 2003 #131;McElwee, 2004 #132}.
Proteomic changes for these proteins in unenriched proteomic analyses (decreased, increased or no change in
aar-2) are also indicated {Depuydt, 2013 #119}. “Not identified” indicates a protein that was not present in the

unenriched proteomic datasets.

Gene : . .
Symbol Protein Name Sequence Ratio Function
Thioredoxin domain- - Redox-active
YSTAL0A.23 containing protein 12# K. SWCTHACK.A 0.805 disulfide
Methylmalonate- A
alh-8 semialdehyde RC*MALTTAVLVGEARA | 0808 | ACivestte
dehydrogenase p
Aldehyde " Active Site
alh-12 dehydrogenase* -AMLANFLNQGQVC*TNATR.V 1.03 Nucleophile
: Acetyl-CoA " Acyl-thioester
acas-2 acyltransferase 2 RLC*GSGFQAVVNAAQAIK.L 1.15 intermediate
Gamma-interferon- Red ti
ZK669.3 inducible lysosomal thiol R.C*SDTSYWMK.W 1.44 ed.ox'a?c lve
" isulfide
reductase
. . Active site
- #
upb-1 Ureidopropionase beta’ R.IGINIC*YGR.H 1.92 nucleophile
Glutathione transferase Active Site
gsto-1 omega-1 R.FC*PWAER.A 1.96 Nucleophile
: Acetyl-CoA " Acyl-thioester
kat-1 acetyltransferase K.VC*3SGLKA 2.55 intermediate
aco-1 Aconitate hydratase K.IGFNIAGYGC*MTCIGNSGP- 2.66 Iron-binding
Active site
Thioredoxin domain- - nucleophile/
Y71H2AR.1 containing protein 17 K.ILTTGESWC*PDCVVAEPVV- | 2.76 Redox-active
disulfide
. Formyltetrahydrofolate " I
alh-3 dehydrogenase K.GENC*IAAGR.V 2.79 Active site
Acetyl-CoA « s
acaa-2 acyltransferase 2 K.YGIGSAC*IGGGQGIAILFEK- 2.98 Active site
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