
ligand-binding extracellular region, which indi-
cates that this domain shows the greatest degree
of amino acid diversification and evolves faster
than the highly conserved intracellular kinase
domain (29). The high sequence divergence in
the extracellular domain of FER may contribute
to reproductive isolation between two species,
as has been proposed for other genes involved
in recognition at fertilization (30).

Our data suggest that FER acts in the filiform
apparatus to control the behavior of the pollen
tube to achieve fertilization. We propose that the
interaction between the putative male ligand and
the extracellular domain of the FERRLK triggers
a signal transduction cascade inside the synergid
cell. A subsequent signal then feeds back from
the synergid to the pollen tube, causing growth
arrest and the release of the sperm cells. Con-
ceptually, this process is similar to the signaling
events occurring during the self-incompatibility
reaction in Brassica spp. (31). In an incompatible
pollination, a pollen ligand interacts with a stigma-
expressed RLK, inducing a signaling cascade in
female papillar cells, which then signal back to the
pollen and inhibit its germination. Further studies
of the FER signaling pathwaywill help to uncover
the molecular mechanism of fertilization and
reproductive isolation in plants. Furthermore, the
manipulation of the FER pathway might allow
the generation of hybrids between otherwise
incompatible species.
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Quantitative Mass Spectrometry
Identifies Insulin Signaling
Targets in C. elegans
Meng-Qiu Dong,1 John D. Venable,1 Nora Au,2,3 Tao Xu,1 Sung Kyu Park,1 Daniel Cociorva,1
Jeffrey R. Johnson,1 Andrew Dillin,2 John R. Yates III1*

DAF-2, an insulin receptor–like protein, regulates metabolism, development, and aging in
Caenorhabditis elegans. In a quantitative proteomic study, we identified 86 proteins that were
more or less abundant in long-lived daf-2 mutant worms than in wild-type worms. Genetic studies
on a subset of these proteins indicated that they act in one or more processes regulated by DAF-2,
including entry into the dauer developmental stage and aging. In particular, we discovered a
compensatory mechanism activated in response to reduced DAF-2 signaling, which involves the
protein phosphatase calcineurin.

The insulin signaling pathway and insulin-
like growth factor–1 (IGF-1) signaling
pathway are conserved from invertebrates

tomammals (1, 2). DAF-2, the sole homolog of the
insulin receptor or IGF-1 receptor in C. elegans,
controls the expression of presumably a large
number of downstream targets by negatively

regulating DAF-16, a FoxO transcription factor
(3–8). In this study, we integrated technological
advancements in quantitative mass spectrometry
(MS) (9–11), including labeling multicellular or-
ganisms with the 15N stable isotope, to identify
DAF-2 signaling targets. We made direct mea-
surements of proteins as opposed to mRNAs,
which are not final gene products. Our method
allows for the identification of targets not regulated
at the transcription level. The MS techniques
demonstrated in this study can be readily used to
determine protein abundance changes as a result
of genetic or pharmacological perturbations.

We prepared lysates from wild-type (WT),
daf-16(mu86) null, or daf-2(e1370ts) worms in
their first day of adulthood, a period important for
regulation of longevity by DAF-2 signaling (8).
These lysate samples were mixed at a 1:1 ratio
with a reference sample in which all proteins
were labeled with 15N (atomic enrichment of
15N ≥ 96%) [(12) and fig. S1]. This reference
sample was a lysate ofWTworms fed with bacte-
ria that were grown in a medium enriched in
15N. Soluble proteins (S100 fraction) from the
lysate mixtures were then digested and analyzed
by MS. A total of 1685 proteins were identified.
Using its 15N-labeled counterpart as a reference,
we determined the relative abundance of each
unlabeled (i.e., 14N-labeled) protein with a mod-
ified version of the RelEx software (10). We also
assessed the relative abundance of individual
proteins by spectral counting (SC), in which we
counted how many times the unlabeled version
of a protein was identified by the fragmentation
spectra of its peptides. Spectral counts corre-
late with protein abundance (11). We detected
little difference between the daf-16 and WT
samples (fig. S2A), reflecting the fact that daf-16
andWTadult wormswere phenotypically similar
under our experimental conditions (3, 4, 6–8). In
contrast, we observed many protein abundance
changes in the daf-2 mutants as compared with
those in WT worms (fig. S2B), with an obvious
correlation (i) between the RelEx and SC
measurements (r = 0.59) and (ii) between the
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two daf-2 samples (r = 0.83, fig. S3). Using
stringent criteria that emphasize high-quality
measurements and consistent changes (table S1),
we identified 86 proteins that were differentially
expressed in the S100 fraction of the daf-2
sample (tables S2 and S3). Of these proteins, 47
were more abundant and 39 were less abundant
than those in the WT sample. A subset of these
proteins corresponds to known DAF-16 target
genes, including superoxide dismutase sod-3
(7, 13).

To assess the quality of the quantitative MS
results, we used selected reaction monitoring
(SRM) to validate a subset of these results. For
SRM, we measured the intensity of a specific
fragment ion from a specific precursor ion (12).
SRM is suitable for monitoring selected peptides at
multiple time points.We reasoned that if a protein
is truly regulated in daf-2 mutants, then the dif-
ference in its abundance between the WT and the
daf-2 mutant animals should increase gradually
during the temperature shift from 15°C (permis-
sive for e1370) to 20°C (semi-permissive) and
25°C (nonpermissive). This was indeed the case
with the three proteins that we monitored (Fig. 1,
A to C). Western blotting results also correlated
directly with MS results for nine proteins tested
(Fig. 1, D to L, and fig. S4). Thus, the SRM and
Western blotting results confirmed the accuracy
of the quantitative proteomic results.

Other researchers have previously identified
DAF-16 target genes that barely overlapped be-
tween studies (13–16). To help clarify this issue,
we compared results (tables S2 and S3) and
found that ours matched best with a microarray
analysis by Murphy et al. (13). In total, only 35
proteins identified in this study were identified
in previous studies (tables S2 and S3). The re-
maining 51 proteins may be previously un-
recognized targets of the DAF-2 signaling
pathway.

To understand the protein abundance changes
in the context of protein function, we adopted
GoMiner software (17) to classify the differen-
tially expressed proteins on the basis of their an-
notation in the gene ontology database (table S2).
Proteins whose abundance decreased in daf-2 mu-
tant animals were enriched for functions in trans-
lation elongation and lipid transport. In contrast,
proteins that became more abundant in daf-2
mutant animals were enriched for functions in
amino acid biosynthesis, oxygen and reactive ox-
ygen species metabolism, and carbohydrate me-
tabolism [including gluconeogenesis and the
glyoxylate cycle (GC), a modified version of the
tricarboxylic acid cycle].

To determine whether the signaling targets iden-
tified in this study function in DAF-2–dependent
processes such as dauer formation, we used RNA
interference (RNAi) to analyze a subset of these
targets (Fig. 2A). We found that npa-1 RNAi
suppressed dauer formation in daf-2 mutants as
strongly as did daf-16 RNAi. npa-1 encodes a
polyprotein precursor for multiple fatty acid–
binding and retinol-binding proteins (www.

wormbase.org). This result suggests that NPA-
1, which has increased abundance in the daf-2
mutant (tables S2 and S3), plays a critical role in

dauer formation. Several genes functioning in
carbohydrate metabolism also seem to be impor-
tant for daf-2 dauer formation (Fig. 2A).
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Given the importance of insulin signaling and
IGF-1 signaling in aging, we asked whether these
targets play a role in life-span regulation, and we
focused on a subset of proteins involved in gluco-
neogenesis, GC, or translation. RNAi of some of the
genes that we tested showed no significant effect
on life span (table S4). However, RNAi of R11A5.4
(phosphoenolpyruvate carboxykinase), fbp-1
(fructose bisphosphatase), gpd-2 (glyceraldehyde-
3-phosphate dehydrogenase), and aco-2 (aconi-
tase) further extended the life span of daf-2
mutants (P < 0.05, log-rank test) (Fig. 2, B and
C) and so did RNAi of gpi-1 (glucose phosphate
isomerase) (18). RNAi of eft-2 (an elongation
factor) or inf-1 (an initiation factor) shortened
the life span of WT worms (P < 0.05, log-rank
test) (Fig. 2D). Because R11A5.4, FBP-1, GPD-2,
ACO-2, and GPI-1 showed increased abundance
in the daf-2 mutant, whereas EFT-2 and INF-
1 showed decreased abundance (table S2), these
results suggest that abundance changes of
proteins involved in carbohydrate metabolism
or translation do not necessarily contribute to the
longevity of daf-2mutants. Instead, such changes
may reflect a compensatory mechanism or
mechanisms activated by a reduction in DAF-2
signaling.

Another protein exemplifying a compensatory
mechanism is TAX-6 or CNA-1, the C. elegans
calcineurin A protein that is the catalytic subunit
of a serine or threonine protein phosphatase. The
activity of calcineurin A requires the regulatory
subunit calcineurin B (CNB-1 inC. elegans) (19).
TAX-6 and CNB-1 are expressed in multiple cell
types (20, 21) including intestinal epithelial cells
(Fig. 3, A to F), a site of action for DAF-16 (22).

Neither tax-6 nor cnb-1 has been implicated in the
DAF-2 signaling pathway. Both genes lack the
DAF-16 binding element (13) in a 1.5-kb region
upstream of the start codon.

Our MS result indicated a higher TAX-6
abundance in daf-2 mutant worms as compared
to WT worms (table S2). This was verified by
Western blotting (Fig. 1L) and by comparing the
green fluorescent protein (GFP) signal in animals
expressing a TAX-6::GFP fusion protein (Fig.
3G) (20). When these worms were treated with
daf-2 RNAi, cytoplasmic as well as nuclear
TAX-6::GFP increased in intestinal cells.

Both tax-6 and cnb-1 loss-of-function mu-
tants displayed phenotypes that were similar to
but weaker than those of daf-2 mutants, such as
an extended life span and increased propensity
to entering the dauer phase (Fig. 3, H to K,
fig. S5, and table S4). tax-6(p675) acted syn-
ergistically with daf-2(RNAi) (Fig. 3H), and daf-
16(mu86) partially suppressed tax-6(p675) (Fig.
3, I and J). Thus, the TAX-6 and CNB-1 complex
(i) facilitates DAF-2 signaling in life-span re-
gulation and dauer formation and (ii) acts in par-
allel to DAF-16 or acts both upstream of and in
parallel to DAF-16. Further epistasis analysis
suggested that tax-6 acts upstream of or in parallel
to age-1, which encodes a phosphatidylinositol
3-kinase downstream of daf-2 (see supporting
online material text).

Although TAX-6 facilitates DAF-2 signaling,
TAX-6 itself is regulated by DAF-2 because
reduced DAF-2 signaling results in increased
abundance of TAX-6. Thus, TAX-6 is part of a
feedback loop that acts to maintain DAF-2 sig-
naling at normal levels. This again suggests a

compensatory mechanism. We propose that the
life span of daf-2 mutants results from two types
of changes: One change extends life span (e.g.,
SOD-3) and the other, represented by the com-
pensatory mechanism(s) involving TAX-6 and
several proteins functioning in carbohydrate me-
tabolism or translation, shortens life span. Thus,
inhibition of the compensatory mechanism can
further extend the life span of daf-2 mutants (e.
g., by aco-2 RNAi). Further investigation of the
compensatory mechanism and DAF-2 signaling
targets identified here is likely to aid the research
of diabetes and aging in mammals.
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Forced Unfolding of
Proteins Within Cells
Colin P. Johnson,1*†‡ Hsin-Yao Tang,2* Christine Carag,1†‡
David W. Speicher,2† Dennis E. Discher1,2†‡¶

To identify cytoskeletal proteins that change conformation or assembly within stressed cells, in
situ labeling of sterically shielded cysteines with fluorophores was analyzed by fluorescence imaging,
quantitative mass spectrometry, and sequential two-dye labeling. Within red blood cells, shotgun
labeling showed that shielded cysteines in the two isoforms of the cytoskeletal protein spectrin were
increasingly labeled as a function of shear stress and time, indicative of forced unfolding of specific
domains. Within mesenchymal stem cells—as a prototypical adherent cell—nonmuscle myosin IIA
and vimentin are just two of the cytoskeletal proteins identified that show differential labeling in
tensed versus drug-relaxed cells. Cysteine labeling of proteins within live cells can thus be used to
fluorescently map out sites of molecular-scale deformation, and the results also suggest means to
colocalize signaling events such as phosphorylation with forced unfolding.

Force-induced changes in protein confor-
mation have long been postulated to con-
tribute to the deformability of cells (1, 2).

Likewise, in cell adhesion, forces of pico-Newton
magnitude that result from cells pulling on
matrix (3) are believed to induce conformational
changes that initiate essential anchorage signals
(4–8). Single-molecule measurements indeed
show that domain unfolding occurs in reversible
extension of purified cytoskeletal, motor, and
matrix adhesion proteins (9–12), and simula-
tions of the molecular dynamics of protein
extension have helped to clarify mechanisms
(13–15). Direct cell-level evidence is lacking
or even contrary to forced unfolding (16), al-
though cytoskeletal association of a large and
rare conformation-sensitive antibody has sug-
gested extension of a proline-rich region in
one protein within spread, fixed cells (17).
The more broadly directed “shotgun” approach
here is applied to live cells under physiolog-
ical stresses and exploits small thiol-reactive
probes that permanently label force-sensitive
domains.

Cysteine (Cys) is a moderately hydrophobic
amino acid that is frequently shielded by tertiary
or quaternary protein structure. Labeling of cys-

teine’s SH moiety has been exploited in solution
denaturation studies on a few small purified pro-
teins (18, 19), as well as in an anemia-causing
proline mutation in the red blood cell (RBC)
protein spectrin (20). In addition, forced unfold-
ing of single proteins with core-sequestered di-
sulfides demonstrates reduction of the S-S
within seconds by reactive thiols in the medium
(21, 22). We show here, in intact cells, that force-
induced changes in protein structure can also
expose—for relatively rapid reaction—specific
buried Cys (Fig. 1) in a number of key cyto-
skeletal proteins. Sequential n-dye–labeling
with different color fluorophores (n = 2 here)
proves to be a facile approach to amplifying
signals from shielded sites relative to prela-
beled surface sites (23). We illustrate the range
of this in situ “Cys shotgun” approach, first,
with the relatively simple human RBC, which
allows for the most direct demonstration of

forced unfolding in fluid-stressed cells, then, with
human mesenchymal stem cells (MSCs) under
cell-generated tension.

Red blood cells deform under the incessant
stresses of blood flow, and the spectrin mem-
brane cytoskeleton has proven central to cell
deformability (24). Spectrin’s a and b chains
interact to cross-link F-actin in this cell, and in
single-molecule studies, spectrin’s tandem array
of helical bundle domains (Fig. 1) are found to
unfold at low forces [~picoNewton (25–27)]
that could be generated by just a few myosin
motor molecules. There are 20 Cys in a-spectrin
and 15 Cys in b-spectrin, and some of these
appear buried in crystal structures (Fig. 1) and
homology models. To assess exposure of Cys in
unfolding of spectrin and all of the other RBC
membrane proteins, cells were reversibly lysed
to make hemoglobin-depleted pink “ghosts” that
were resealed with entrapment of the Cys-
reactive fluorophore IAEDANS. Dye-loaded cells
were then either held static in suspension at vari-
ous temperatures or else sheared over a physio-
logical range of stresses with a standard fluid
shearing device. After 5 min or more, cells were
relysed, excess dye was quenched, and cells were
imaged to assess membrane labeling (Fig. 2A).

Solubilized cells were denatured, and all Cys
that were not dye-labeled were alkylated with
iodoacetamide (IAM). Separation of mem-
brane proteins by one-dimensional (1D) SDS–
polyacrylamide gel electrophoresis (SDS-PAGE),
followed by densitometry, showed 50% more
IAEDANS fluorescence in the bands of a- and
b-spectrin from the shear samples (Fig. 2A: 15
runs at 37°C); sequential two-dye labeling mag-
nifies this difference to >500%, as described
below. Labeling under shear is only enhanced
for spectrin: Labeling of the other major mem-
brane proteins (ankyrin, protein 4.1, actin, etc.)
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Fig. 1. Force-induced changes in
protein structure within cells are hy-
pothesized to expose novel binding
sites for ligands. This example of a
molecular dynamics simulation shows
that Cys1167 in b-spectrin exposes 0 Å2

surface area (of 224 Å2) until forced
extension [e.g., (15)] exposes the -SH
for reaction with a thiol-reactive fluo-
rescent dye.
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