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Changes of Protein Turnover in Aging
Caenorhabditis elegans*s

Ineke Dhondtt|, Vladislav A. Petyuk§|, Sophie Bauert, Heather M. Brewer§,
Richard D. Smith§, Geert Depuydtt], and Bart P. Braeckmant**

Protein turnover rates severely decline in aging organ-
isms, including C. elegans. However, limited information
is available on turnover dynamics at the individual protein
level during aging. We followed changes in protein turn-
over at one-day resolution using a multiple-pulse '>N-
labeling and accurate mass spectrometry approach. Forty
percent of the proteome shows gradual slowdown in turn-
over with age, whereas only few proteins show increased
turnover. Decrease in protein turnover was consistent for
only a minority of functionally related protein subsets,
including tubulins and vitellogenins, whereas randomly
diverging turnover patterns with age were the norm. Our
data suggests increased heterogeneity of protein turn-
over of the translation machinery, whereas protein turn-
over of ubiquitin-proteasome and antioxidant systems
are well-preserved over time. Hence, we presume that
maintenance of quality control mechanisms is a protective
strategy in aging worms, although the ultimate proteome
collapse is inescapable. Molecular & Cellular Proteomics
16: 10.1074/mcp.RA117.000049, 1621-1633, 2017.

The downturn of protein homeostasis (proteostasis), includ-
ing the commonly observed slowdown of protein synthesis
and degradation (protein turnover), is a major hallmark of
aging (1, 2). Proteome mismanagement along with age-de-
pendent protein aggregation, oxidation and misallocation,
likely leads to the overall functional decline in senescent or-
ganisms (3).

The nematode Caenorhabditis elegans (C. elegans)’ is one
of the best-studied model organisms in aging research be-
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cause of its relatively short lifespan and the extensive molec-
ular toolbox available for this organism. Microarray experi-
ments (4, 5) and proteomic analyses (6—10) have been used to
profile the changes in gene expression and protein abun-
dance levels of aging C. elegans, respectively. Overall, these
studies report an age-dependent decline in ribosomal pro-
teins and an increase of proteasome complexes and small
heat shock proteins (6, 9), corroborating the link between the
aging process and proteostasis.

Recently, we found a drastic decrease of protein turnover
rates in aging C. elegans using a classical *°S pulse-chase
labeling (11). Liang et al. (2014) profiled changes in the pool of
de novo synthesized proteins in old versus young worms,
whereas another recent study has used a single pulse-chase
SILAC technique to estimate protein appearance at proteomic
scale during adult lifespan (12). A similar approach was used
by another group, which reports protein half-lives for devel-
oping L4 and day 5 old worms (13). Although these studies
point out shifts in protein synthesis rates in old worms, the
gradual change in turnover of individual proteins with increas-
ing chronological age has not been investigated previously.
Do aging worms display a heterogeneous decline in proteome
turnover or do specific subsets of proteins exhibit distinct
trends in protein turnover with age?

To address this question, we analyzed the change of indi-
vidual protein half-lives in aging worms using a multiple-pulse
metabolic '*N-labeling method. Hereto, subsamples of an
aging C. elegans cohort were taken daily and pulse-chased
individually. These series of timed samples were subse-
quently analyzed with high-resolution mass spectrometry to
estimate protein half-lives. Our data indicates that turnover of
aging proteome slows down partially, although this pattern
cannot be generalized for all proteins. Instead, it seems that
most protein turnover rates are affected in a heterogeneous
way as clear patterns are absent within functionally or spa-
tially related protein groups, which indicates a nonorches-
trated collapse of proteome management in aging worms.
On the other hand, some distinct protein pools do show
specific tendencies in protein turnover with age, such as the

Template Matching; ROS, reactive oxygen species; SILAC, stable
isotope labeling with amino acids in cell culture; SILeNCe, Stable
Isotope Labeling by Nitrogen in Caenorhabditis elegans; TCA, tricar-
boxylic acid cycle; UPS, ubiquitin-proteasome system.
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proteasomal proteins which maintain their fast turnover rates
and the consistent slowdown observed for all tubulins and
vitellogenins. In summary, increased heterogeneity in protein
turnover occur during normal aging in C. elegans.

EXPERIMENTAL PROCEDURES

Strains—In this study, we used the strain GA153 glp-4(bn2ts)!
daf-16(mgDf50)I; daf-2(e1370)Ill which was kindly provided by David
Gems at the University College of London. Worms were maintained
as described previously (14).

Metabolic "°N- and "*N-labeling of the Escherichia coli Bacteria—
E. coli K12 was freshly grown overnight at 37 °C at shaking at 120
rpm in minimal medium, containing 42 mm Na,HPO,, 22 mm KHPO,,
9 mm NaCl, trace elements (17 mm EDTA, 3.1 mm FeCl4-6H,0, 0.62
mM ZnCl,, 0.076 mm CuCl,-2H,0, 0.042 mm CoCl,-6H,0, 0.16 mm
H3;BO4, 0.0068 mm MnCl,6H,0), glucose 20% (w/v), 1 mm MgSO,,
0.3 mm CaCl,, 0.0041 mm biotin, 0.0033 mm thiamin, and 93 mm "°N-
or '“N-containing NH,CI (sterilized over 0.22 um filter). Overnight
cultures were concentrated 50-fold.

Culturing and Sampling of C. elegans—Synchronized L1 nema-
todes were plated on nitrogen-free agarose (1.2%) plates containing
NaCl (0.3%), cholesterol (0.0005%), 1 mm CaCl,, 1 mm MgSO, and 25
mm K,HPO,/KH,PO, (pH 6.0) and a lawn of freshly grown '*N-labeled
E. coli K12 cells. Worms were grown at 17 °C until the third larval
stage (L3) and then switched to 24 °C for the remainder of the
experiment. Worms that had freshly molted to adults (adult day 0)
were washed three times and transferred into a Fernbach flask (not
exceeding 1500 worms/ml) containing S-basal (100 mm NaCl, 50 mm
potassium phosphate, pH 6.0), 12.93 um cholesterol, 75 um 5-fluoro-
2'-deoxyuridine (Acros Organics, Geel, Belgium), and '“N-labeled
E. coli K12 cells (Asso = 1.0). Starting from day one of adulthood, daily
subcultures were collected and washed thoroughly (2X S-basal, 1X
S-basal containing 2.5 mm EDTA, 2X S-basal) to remove bacteria.
Next, worms were pulsed in new culture flasks containing S-basal,
12.93 um cholesterol, 75 um 5-fluoro-2'-deoxyuridine, and '°N-la-
beled E. coli K12 cells (Asso = 1.0). Samples were taken at 20 and
40 h labeling for three independent aging cohorts. Worms were
washed thoroughly (2X S-basal, 1X S-basal containing 2.5 mm EDTA,
2X S-basal) to remove bacteria, after which dead worms were re-
moved via Percoll (Sigma-Aldrich, St. Louis, MO) washing. The worm
pellet was resuspended in 200 ul denaturing solution (8 M urea, 1 mm
EDTA, 10 mm DTT, 50 mm TrisHCI, pH 8.0) and immediately dropwise
frozen in liquid nitrogen and stored at —80 °C. The sample size was
chosen based on a previously published study (14).

Experimental Design and Statistical Rationale—Samples (54 in to-
tal) were processed in blocked groups comprising all daily samples
(day 1 till day 7) from one specific post-labeling time point (0 h, 20 h,
or 40 h). Per time point, three biological replicates were used to
achieve statistically valid results. Samples within a batch were ana-
lyzed blindly and in random order (Fig. 1B).

Preparation of the Tryptic Peptide Samples—The frozen worm
beads (~1500 worms in denaturing solution) were homogenized us-
ing a BioPulverizer (BioSpec, Bartlesville, OK) pre-conditioned in lig-
uid nitrogen. The fine powder was recovered into 1.5 ml tube, thawed,
centrifuged (2 min, 5000 rpm), and sonicated for 30 s in a 5510
Branson ultrasonic water bath (Branson Ultrasonics, Soest, Nether-
lands). Protein concentrations were determined using Coomassie
assay. For further processing steps we took the aliquots containing
150 pg of protein and readjusted the volume with denaturation buffer.
The samples were subjected to cysteine alkylation by 40 mm iodo-
acetamide for 1 h at 37 °C in dark shaking conditions (900 rpm), 4-fold
dilution with 50 mm ammonium bicarbonate (pH 7.8), and digestion
with trypsin (3 wg per sample, Promega, Madison, WI) for 12 h at

37 °C shaking conditions (400 rpm). Next, tryptic peptide samples
were cleaned-up via C-18 SPE columns (Discovery DSC-18, SU-
PELCO, 52601-U) and concentrations were adjusted to 0.2 ng/ul (14,
15).

LC/MS Analysis and Peptide Identification— Each individual sample
was analyzed with a constant-pressure capillary HPLC system cou-
pled online to an LTQ Orbitrap mass spectrometer (Thermo Fisher,
San Jose, CA) using an electrospray ionization interface. Instrument
settings were described previously by Depuydt et al. (2013). The
resulting 54 data sets were converted to the mzXML format using
MSConvert (3.0.7680) (settings: -mzXML -32 -z), a part of the
ProteoWizard software suite (16). Peptide identification was per-
formed by preprocessing data sets with DeconMSn (2.3.1.3) (17),
DtaRefinery (v1.2.0.1) (18) followed by the search tool MS-GF+ (v
1.1.0) (19) against the WormBase V238 database (20) containing
26248 WormPep entries with added human keratins and pig trypsin
as contaminants. The search was aimed at only light *N-peptides as
we did not anticipate more than 50% label incorporation in such a short
labeling pulse. The key MS-GF + settings are: PMTolerance = 10 ppm;
NumMods = 3; StaticMod = C2H3N101, C, fix, any, Carbamidomethyl;
DynamicMod = None; EnzymelD = 1 (trypsin); IsotopeError = 0.1;
NTT = 2 (no nonspecific cleavages allowed); minLenght = 6; max-
Lenght = 50; minCharge = 1, maxCharge = 4. The results of the
MS/MS searches were saved as mzldentML files. Peptide and protein
identification information is listed in supplemental Table S1.

Processing 15N/14N LC-MS/MS Data—The analysis of the LC-
MS/MS data sets and the estimation of protein half-lives is described
in recently accepted work by our group (21). In brief, the processing
of the data was carried out in the R computing environment (version
3.0.2), using a package N14N15 for the analysis of the 15N/14N
isotopic data (available from GitHub, https://github.com/vladpetyuk/
N14N15). Two files were required as an input: (1) mzXML with raw MS
spectra and (2) mzldentML containing peptide identifications. The
peptide-to-spectrum matches were considered confident if they
passed 5 ppm parent ion mass measurement tolerance and
SpecEvalue < 10~ ° thresholds. Peptide identification false discovery
rate (FDR) was estimated using a reverse protein sequence approach
(22). The FDR was estimated to be 0.11% on average per data set or
1.7% in total at unique peptide sequence across all 110 LC-MS/MS
data sets. Extracted ion chromatograms were generated for the par-
ent ions in the vicinity of the MS? spectrum that yielded identification.
After chromatographic peak detection, MS' spectra within full width
half maximum intensity were summed. Further, given the known
elemental composition of the peptide, the summed MS' spectrum
intensities were fitted with the mixed isotopic distribution assuming
one natural and one nonnatural proportion of the '°N isotope. The
peptides that fitted to the "*N/'®N isotopic distribution were filtered
based on the following criteria: (1) the proportion of '°N isotope in the
heavy component was constrained from 55% to 90% and (2) the R?
value between the theoretical and experimental intensities in the
isotopic envelopes (that primarily result from ~1% natural presence
of 13C) for light and heavy components had to be at least 0.9 and 0.5,
correspondingly. Deviation of peptide mass derived from the exper-
imental data from the theoretical was limited with 5 ppm (after zero-
centering the mass measurement error histogram to account for
imperfect mass spectrometer instrument calibration). Peak picking
was performed using wavelet-based approach (23). The signal-to-
noise ratio of detected peaks was required to be at least 3.

The proportion of '*N-labeled peptide was log-transformed for

convenience of visualization (/og2< ) further denoted as x).

] ) "“\Pa + Pis )
Calculation of the protein half-lives included following steps:

We assumed that, during the two-day pulse labeling, the total
protein abundance did not change significantly in the sterile adult
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worms, whereby protein synthesis equals degradation, collectively
designated as protein turnover:

d[Pyis] | alPwidl
Po = Pyia + Pusand — > + — = = 0

The change in "*N-labeled proteins with time is:

d[Py1a
d/;/m = _kdp[PN14]

or

Ppig = Py X ke xat

In this equation, P, is the total protein concentration right before
the labeling pulse, kg, is the protein degradation kinetic constant and
At is pulse length. According to the previous assumption, protein
concentration does not change during pulse labeling. Therefore:

PNM

P S — e*kupXAt
Prnia + Pyis

Plugging-in the proportion of '®N as x and log-transforming the
equations results in:

In(1 — Xx) = —kgp X At

Protein half-life could be estimated using following equation:

()
tip = ﬁ
o

Protein half-life was calculated using the weighted average from
20- and 40- hour incorporation values, in which the 40 h incorporation
value was assigned double the weight as its protein half-life estima-
tion is more accurate.

Pavlidis Template Matching and Functional Analysis—Protein turn-
over patterns were analyzed with Pavlidis template matching (PTM),
implemented in the MultiExperiment Viewer, part of the TM4 microar-
ray software suit (24, 25). The data set was searched for proteins with
increasing or decreasing protein half-lives with age using a defined
template profile. The PTM algorithm is based on the Pearson corre-
lation between the template and the proteins in the data set and
protein turnover patterns were allowed to match one of the defined
templates when p values were lower than 0.05 (corresponding to a
regression coefficient R of more than 0.75). Patterns that did not
match both templates were considered not unchanged over age. p
values were adjusted for multiple testing using FDR-based (False
Discovery Rate) correction. The Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID 2015) (26) and Wormbase
(Version WS246) were used for protein annotation and evaluation of
functionally and spatially related proteins (supplemental Table S5). In
addition, tissue specificity of expression was predicted using an
online bioinformatic tool (http://worm-tissue.princeton.edu) (27).
Graphs and statistical tests (including tests for normality) were per-
formed with Graphpad Prism version 6.05 for Windows (Graphpad
Software, La Jolla, CA).

Label-free Quantification—Along with the '®>N-labeled worm sam-
ples, we collected aliquots of worm cultures prior to labeling. This
allowed us to estimate relative changes in protein abundance over
lifetime. Quantification was performed using a label-free LFQ ap-
proach (28). The MS/MS searches and quantitative analysis was
performed using the MaxQuant tool (29) with default settings with
exception that trypsin was not allowed to cleave after proline and the
number of missed cleavages was restricted to two.

RESULTS

Experimental Design to Monitor Progressive Changes in
Protein Turnover—To investigate the change of protein half-
lives in the aging proteome, we used the normal-lived gip-
4(bn2) daf-16(mgDf50); daf-2(e1370) mutant strain. We chose
this reference strain in line with our previous proteomic stud-
ies (14, 21, 30), to enable convenient comparison between the
resulting data sets. The DAF-16 dependent lifespan-extend-
ing daf-2 mutation is completely nullified by the daf-
16(mgDf50) knockout allele present in this worm. In addition,
we took advantage of working with a temperature-sensitive
sterile mutant background (glp-4) to avoid the elimination of
5N label via egg laying and to focus on the somatic cells of
the aging worms. It has been shown that germline-ablated
animals increase lifespan via DAF-16 activation (31-33).
Hence, effects of glp-4 will be minimal because these worms
carry the daf-16(mgDf50) mutation. To monitor age-depend-
ent changes in protein turnover, we used Stable /sotope La-
beling by Nitrogen in Caenorhabditis elegans (SILeNCe), a
metabolic labeling approach that has been shown to be effi-
cient in C. elegans (21, 34, 35). The experimental study design
is shown in Fig. 1. Synchronized L1 worms were grown at
17 °C on nitrogen free agar plates seeded with "“N-labeled
E. coli bacteria. At the third larval stage, worms were switched
to 24 °C in liquid Fernbach culture, shaken at 120 rpm. From
the first day of adulthood daily subcultures were taken and
pulsed with '>N-labeled E. coli after which samples were
taken at 20 and 40 h of incubation. Pulsing of new subcultures
was continued until day 7 and the last sample was collected
at day 9, which coincides with mean lifespan of the population
under these culture conditions (Fig. 1A, supplemental Table
S2). Blocked groups based on sampling time were analyzed
using accurate mass spectrometry (MS)-based quantitative
proteomics in a randomized and blind manner (Fig. 1B). Mo-
lecular proportions of heavy (*°N) and light (**N) isotope
peaks of the peptides were extracted using a custom R pack-
age and the estimated protein half-lives represent the
weighted average from 20- and 40-hour incorporation values.

Diverse Impact of Aging on Protein Turnover—We were
able to monitor the age-dependent changes in turnover of 878
peptides, corresponding to 546 unique proteins, of three in-
dependent aging cohorts. All estimated protein half-lives are
listed in supplemental Table S3. Median protein half-life in-
creases gradually with chronological age, starting from 69 h at
the first day of adulthood and reaching 132 h at day 7 (Fig. 2).
These findings are in line with previous results from classical
35S pulse-chase labeling, showing decreased protein turnover
in old worms (11). In addition, variation of protein half-lives
escalates with age as is reflected by the expansion of the
interquartile ranges over time.

To investigate whether turnover rates are affected differ-
ently in several subsets of proteins according to their function
or subcellular location, we discriminated proteins of which
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Fic. 1. Experimental study design. A multiple-pulse "°N-labeling approach was performed to analyze the daily changes of individual protein
half-lives in aging C. elegans. A, Subsamples of three independent aging cohorts were individually pulse-chased starting from day 1 until day
7 of adulthood (old worms). Survival was estimated daily by manual counting of live worms in culture subsamples and expressed as the
percentage of the initial population. B, Samples were blocked based on the pulse-time, randomized and blindly analyzed using LC-MS/MS.
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Fic. 2. Increasing variability of protein turnover in aging C.
elegans. Three independently sampled replicate cultures showing
gradual increase in median protein half-life over time.

turnover was decreased or increased via Pavlidis Template
Matching (PTM) (36). Turnover rate of 40% of the identified
proteins gradually slows down with age (Fig. 3A, 3B), whereas
only 7% shows an increase in turnover (Fig. 3A, 3C). Un-
matched protein turnover trends (291 proteins) were further
divided into three subgroups using the quartiles of the overall
average half-life over age as cutoff values, representing pro-
teins that have a steady slow (average half-life > 129 h, Fig.

3A, 3D), median (average half-life between 55 and 129 h, Fig.
3A, 3E) or fast (average half-life < 55 h, Fig. 3A, 3F) turnover
during aging (supplemental Table S4 for a detailed overview).
It has been proposed that protein aggregation actively con-
tributes to a decrease in proteolysis with age (37). We there-
fore considered protein aggregation as a possible driving
force in the slowdown of protein turnover. To evaluate this
hypothesis, we compared our data set with a list of C. elegans
proteins prone to aggregation at advanced age (38). We found
comparable aggregation propensity for proteins with un-
changed and decreased protein turnover during aging, inde-
pendent of their absolute turnover rates. This finding contra-
dicts our proposition that fast turnover is sufficient to counter
late onset aggregation. However, in the small group of pro-
teins of which turnover rate increases with age, aggregation-
prone proteins are significantly underrepresented (Fig. 3A,
Fisher’s test, p value 0.003). This observation suggests
that, in some proteins, either turnover is actively increased at
advanced age to avoid aggregation, or that decreased aggre-
gation is a side effect of these increased protein dynamics.
Proteostasis-related Proteins Display Disparate Turnover
Trends with Age—Proteome management relies on a complex
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Fic. 3. Protein turnover patterns with age. (A) Overview of proteins per trend based on PTM-analysis, with indication of aggregation
propensity (38). Detailed overview of proteins with slower (B), faster (C), unchanged slow (D), unchanged median (E) and unchanged fast (F)
protein turnover with advancing age. Each dot represents a half-life estimation based on the weighted average of 20- and 40-hour incorporation
values. Thick line with error bars (indicating S.E.) visualizes the overall tendency per group. (log,-y axis) ** p = 0.003. Summary of the data from

replicate experiments is included in supplemental Table S4.

network of biological processes, including mRNA translation,
folding and degradation by the ubiquitin/proteasomal and
autophagosomal pathways (39). Recent work showed in-
creased proteome imbalance with age in C. elegans (9), pos-
sibly resulting from impaired turnover of proteostasis ma-
chinery components. To verify this idea, we performed a
functional annotation analysis (supplemental Table S5). Ag-
gregation propensity (38) of these groups was also monitored
(supplemental Fig. S1).

The protein synthesis machinery, including ribosomal sub-
units and initiation and elongation factors, display very hetero-
geneous patterns of turnover with age. Turnover of half of the
identified ribosomal proteins slows down with age, whereas

the other half remains unchanged (Fig. 4A, 4B). Half-lives of all
identified ribosomal proteins in young worms are all close to
100 h, whereas over about 1 week, these figures drastically
fan out over a range of about 600 h (Fig. 4A). The fact that
63% of these proteins tend to aggregate with age (supple-
mental Fig. S1), supports the notion of an overall dysregula-
tion of the translation machinery in old worms.

A completely contrasting scenario is observed for proteins
involved in proteolytic processes. The ubiquitin-proteasome
system (UPS) machinery for protein degradation retains its
high turnover rate, even in old worms (Fig. 4C). The same
pattern is observed for two lysosomal proteases, ASP-1 and
ASP-4, although turnover of most lysosomal enzymes does
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Fic. 4. Proteins of the proteostasis network show divergent protein turnover patterns with age. Patterns are shown for mRNA
translation components, including ribosomal subunits (A) and translation regulation proteins (B); degradation-associated proteins including
UPS-machinery (C) and lysosomal-related proteins (D); chaperones responsible for protein folding (E) and proteins associated with oxidative
stress defense (F). Each dot represents a half-life estimation based on the weighted average of 20- and 40-hour incorporation values. Protein
half-lives of three independent replicate samples are shown in different gray tones. The average trend (= S.E.) is indicated in red. The blue
dotted line indicates the average lifespan of the experimental population. Summary of the data is included in supplemental Table S5.

slowdown when worms get older (Fig. 4D). Subunits of the
V-ATPases, proton pumps responsible for lysosomal acidifi-
cation, display a clear shortening in protein half-life in old
animals (day 7) despite considerable variation among biolog-
ical replicates. Surprisingly, more than half of the detected
UPS components are consistently found in protein aggre-
gates in aging worms, regardless of their maintained fast
turnover rates. Lysosome-related proteins show less aggre-
gation propensity, with only ASP-4 and two V-ATPase sub-
units being consistently found in aggregates (supplemental
Fig. S1). Taken together, these observations raise the possi-
bility that aging-induced proteome perturbations trigger in-
creased protein turnover of proteolytic key players to maintain
a functionally intact degradation machinery with age.

Another important group of proteins implicated in proteome
management comprises the chaperones, as they support pro-
tein folding and refolding under normal and stressful condi-
tions (39). Protein turnover of folding chaperones, such as the
cytosolic chaperonin CCT (Chaperonin Containing TCP-1 or
TRIC homolog) proteins and endoplasmic protein disulfide
isomerases, resembles the pattern of the translation machin-
ery (Fig. 4E), although with milder fanning. Likewise, 75% of
these assisted protein folding components and all detected
HSP70/HSP90 molecular chaperones tend to aggregate with
age (supplemental Fig. S1).

Interestingly, we found that SOD-1, a superoxide dismutase
known to protect cells from oxidative damage, shows in-
creased protein turnover with age. A similar trend was de-
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tected for the peroxidase PRDX-3 in 5-day old worms.
Catalases, with exception of CTL-2, display fast turnover
rates, which remain steady over age (Fig. 4F). Moreover,
these antioxidant enzymes are barely found in protein ag-
gregates (supplemental Fig. S1). This suggests an overall
attempt to cope with the age-associated oxidative damage
accumulation.

No Consistent Turnover Pattern of Proteins Involved in En-
ergy Metabolism—In C. elegans, metabolic rate declines ex-
ponentially with age (40, 41). Earlier, it was suggested that
slowdown of protein turnover causes conformational changes
in metabolic enzymes, resulting in an overall progressive de-
cline in metabolic performance with age (42, 43). The relatively
high aggregation propensity of these proteins (supplemental
Fig. S1) points in the same direction. Nevertheless, no con-
sistent pattern in the turnover rates of these proteins could be
observed in aging worms, with highly varying half-lives with
age (Fig. 5). Nevertheless, we found turnover of some proteins
involved in glycolysis and the TCA cycle tend to slow down
with age (Fig. 5A, 5C). In contrast, we found unchanged and
increased protein turnover tendencies for fatty acid metabolic
proteins (Fig. 5D). In line, analysis of tissue-specific expres-
sion scores (27) shows an overrepresentation of proteins with
increased turnover rates for the intestine, the primary site of
fat metabolism (Fig. 6A).

Strong and Consistent Slowdown of Tubulins and Vitelloge-
nin Turnover—Although proteins of many functional groups

show mixed protein turnover patterns with age, some func-
tional groups show very consistent patterns. The basic struc-
tural units of microtubules, «- and B-tubulins, display a 10-
fold increase in protein half-life in old compared with young
worms (Fig. 7A). Remarkably, none of these proteins are
consistently found in protein aggregates (supplemental Fig.
S1). Vitellogenins (yolk proteins) show the same pattern (Fig.
7B). Although we used a germ-line deficient strain, these yolk
proteins are detected by the mass spectrometer as they are
produced in the intestine. As in fertile worms vitellogenins are
translocated to oocytes, and thus considered germ line pro-
teins by the tissue prediction tool, this results in a relative
over-representation of slowed-down proteins in the germ line
(Fig. 8D). In contrast to the microtubular proteins, we found
that all detected vitellogenins are likely to aggregate with age
(supplemental Fig. S1). Based on these two contrasting ex-
amples, it can be argued that protein aggregation is not the
determining factor for protein turnover decline during aging.

Body Wall Muscle and the Pharyngeal Proteins Follow Dis-
tinct Turnover Tendencies with Age—Aging worms, like hu-
mans, suffer from the progressive age-related muscle deteri-
oration (44). During aging, it might be possible that protein
degradation rates exceed protein synthesis, leading to sar-
copenia in old worms. Yet, no extensive alterations in protein
half-lives could be observed for muscle-specific proteins
(Fig. 7C), as most of them rarely turn over during lifespan
(Fig. 6F), which is consistent with earlier findings (21). Inter-
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estingly, we noticed strong representation of proteins with
increased or fast protein turnover rates in the pharynx,
whereas these groups are under-represented in body wall
muscle (Fig. 6E, 6F).

Changes in Protein Half-lives Do Not Consistently Relate
to Protein Abundance Over Time—The balance between
protein synthesis and degradation likely dictates protein
expression changes (45). We wondered what contribution
changing protein half-lives make to protein abundance
changes in aging worms. Therefore, we compared the rel-
ative protein abundance with protein half-lives over time
(Fig. 8, supplemental Table S6). Ribosomal protein levels
consistently decrease in aging worms, whereas both increas-
ing and decreasing trends in protein turnover occur (Fig. 8A).
A similar pattern was observed for mitochondrial proteins
(Fig. 8B). In contrast, proteolytic proteins, show no clear time-

dependent relation between relative protein abundance and
turnover (Fig. 8C, 8D). The protein levels of chaperones seem
to be lower in older worms, whereas their protein half-lives
remain unchanged or even decrease (Fig. 8E). In accordance
with previous findings (14, 46), it is not surprising to find stable
levels of cytoskeletal and muscle related proteins over age.
Increased turnover is only observed for pharynx-associated
muscle proteins, whereas the majority of other proteins in this
group shows minor changes in protein turnover (Fig. 8F).
Protein half-lives consistently increase for vitellogenins and
tubulins in aging worms. The increase of vitellogenin abun-
dance seems to be tightly linked to a general slowdown of
their turnover rates (Fig. 8G). In contrast, slowdown of tubulin
turnover does not result in clear alterations in its abundance
(Fig. 8H). Although several groups of functionally related pro-
teins show consistent patterns, there seems no general trend
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in the relation between protein abundance and turnover in
aging C. elegans.

DISCUSSION

The overall downturn in protein turnover is a common ob-
servation in senescent organisms, including nematodes (2, 3,
42). Because of increased protein dwell times with age, it is
likely that proteins have ample time to undergo oxidation,
aggregation and misallocation. It is still unclear whether the
age-related decrease in protein turnover is consistent over the
entire proteome or whether groups of functionally related
proteins show specific patterns. Using a pulse labeling
method, we have monitored the change in individual protein
turnover in aging C. elegans. Our findings are consistent with
a previous study applying a single SILAC-based label-chase
approach in aging worms over time (12) and a second study
testing protein half-lives of young developing animals and day
5 old worms (13). However, our experimental setup with daily
pulses and chases provided much more detail on individual
protein turnover dynamics over adult age. We report the grad-
ual slowdown of the turnover of a considerable part of the
aging proteome, whereas only a minor fraction shows in-
creased turnover with age. One may assume that worms tend
to eat less E. coli with increasing age, resulting in a reduced
uptake of '>N. Because differences in feeding rate and/or
label uptake can confound the turnover estimates, we
checked the atomic proportion of >N in newly synthesized

peptides over time. Overall, we observed a slight, but very
slow decline of "*N proportion (70% at day 1, 65% at day 7),
which indicates no substantial confounding effect of label
incorporation in aging worms (supplemental Fig. S2). Dispar-
ate protein turnover changes within the majority of functionally
and spatially related protein groups indicate the heteroge-
neous impact of aging on protein turnover. Notably, these
trends are consistently observed across the studied aging
cohorts, indicating that functionally or spatially related pro-
teins become less stable with advancing age. Therefore, it is
likely that the variable change of protein turnover might be
one of the important components underlying the age-depend-
ent deterioration. Conceivably, the protein synthesis machin-
ery itself might be a key player driving this dysregulation, as it
shows an escalation in variation of turnover with age. This
idea is further corroborated in overall decline in ribosomal
protein abundances with age, with a prominent imbalance in
the relative ribosomal subunit stoichiometry (9). Thus, dys-
regulation of protein turnover of the translation machinery in
addition with slower turnover of the aggregation-prone folding
chaperones (9), likely promote the ultimate collapse of the
aging proteome.

Nevertheless, consistent trends over time within functional
subsets of proteins do exist. Our data shows high mainte-
nance of the degradation apparatus in aged worms, which
highly contrasts the hampered turnover of the translation
machinery. Moreover, an up-regulation in proteasomal sub-
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units has been observed earlier in aging C. elegans (9). Not-
withstanding their fast turnover rates, these components likely
get trapped into aggregates with age. Thus, the sustained
protein turnover of proteasomal subunits at advanced age is
likely the ongoing endeavor to keep up the degradation ma-
chinery to further deal with the proteome imbalance. How-
ever, chronic proteotoxicity will eventually exceed the protea-
somal capacity (47).

No uniform slowdown in turnover of enzymes involved in
energy metabolism could be observed, because only one-
fourth shows a significant decline in protein turnover with age.
As mitochondria are main producers of ROS, proteins with
slow turnover are liable to oxidative modification, resulting in
the accumulation of altered enzymes. Although the turnover of
only minor fraction of mitochondrial proteins slows down with
age, these damage-prone enzymes may be the driving force
of the functional decline in metabolic performance with age
(40, 41). Interestingly, fatty-acid B-oxidation proteins, that
primarily reside in the intestine (48), exhibit increased turnover
with age, which is also reflected in the tissue enrichment
analysis. These findings may point to a shift from carbohy-
drate metabolism to fatty-acid B-oxidation in the intestine of
old worms. Alternatively, the fatty-acid B-oxidation machinery
may need improved turnover compared with enzymes in-
volved in carbohydrate metabolism because of its specific
location in the mitochondria and peroxisomes, which are well-
known ROS generation sites that may impose excessive ox-
idative damage to residing proteins (49, 50).

Tubulins and vitellogenins show consistent slowdown of
turnover rates with age. Because the latter groups have op-
posite aggregation propensities, protein aggregation cannot
be the sole underlying mechanism responsible for the decel-
eration of protein turnover with age and vice versa. Microtu-
bules are responsible for a variety of functions, including
cellular transport (51). Aged cells frequently display the accu-
mulation of cell organelles probably because of insufficient
organelle transport along disrupted microtubules (52). Hence,
we presume that attenuation of tubulin turnover may underlie
the changing microtubule organization and dynamics during
aging. On the other hand, protein aggregation might be a
driving force in slowing down the turnover of vitellogenins,
as these macromolecules, irrelevant to post-reproductive
worms, accumulate throughout the body cavity in old worms
(44). Vitellogenins, trapped into accumulating protein aggre-
gates over time, likely show increased protein half-lives with
age as they become less susceptible for protein degradation
in aging worms.

Aging nematodes are characterized by a progressive loco-
motory decline (53). Muscle-specific proteins are very stable
proteins, showing barely any turnover during a worm’s life-
span (this study and previous findings (21)). Therefore, the
lack of protein turnover may be associated with the age-
related structural loss of sarcomere integrity (44). Interest-
ingly, in pharyngeal muscle cells, proteins with increased and

fast turnover rates are relatively over-represented, compared
with other muscle tissues. One possibility is that the pharyn-
geal muscle cells are, besides general deterioration, more
susceptible to microbial attacks than body wall muscles (54).
Hence, proteins with higher turnover rates might be more
flexible to cope with this additional stress.

In conclusion, our data suggests that senescent C. elegans
is characterized by a variety of changes in protein turnover
rates. Diverging dwell times of proteins involved in translation,
consistently observed over three independent biological rep-
licates, are likely responsible for a collapse of the translation
machinery over time. Intriguingly, we found that aging worms
seem to preserve their (protein) quality control mechanisms,
especially the UPS and antioxidant machinery, possibly to
cope with the increasing proteotoxic and oxidative stress with
age. However, this maintenance fights a losing battle, even-
tually resulting in the ultimate collapse of the proteome.
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