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Calorie restriction (CR) promotes longevity. A prevalent
mechanistic hypothesis explaining this effect suggests that
protein degradation, including mitochondrial autophagy, is
increased with CR, removing damaged proteins and im-
proving cellular fitness. At steady state, increased catabo-
lism must be balanced by increasing mitochondrial biogen-
esis and protein synthesis, resulting in faster protein
replacement rates. To test this hypothesis, we measured
replacement kinetics and relative concentrations of hun-
dreds of proteins in vivo in long-term CR and ad libitum-fed
mice using metabolic 2H2O-labeling combined with the Sta-
ble Isotope Labeling in Mammals protocol and LC-MS/MS
analysis of mass isotopomer abundances in tryptic pep-
tides. CR reduced absolute synthesis and breakdown rates
of almost all measured hepatic proteins and prolonged the
half-lives of most (�80%), particularly mitochondrial pro-
teins (but not ribosomal subunits). Proteins with related
functions exhibited coordinated changes in relative con-
centration and replacement rates. In silico expression path-
way interrogation allowed the testing of potential regulators
of altered network dynamics (e.g. peroxisome proliferator-
activated receptor gamma coactivator 1-alpha). In summary,
our combination of dynamic and quantitative proteomics
suggests that long-term CR reduces mitochondrial biogen-
esis and mitophagy. Our findings contradict the theory that
CR increases mitochondrial protein turnover and provide
compelling evidence that cellular fitness is accompanied by
reduced global protein synthetic burden. Molecular &
Cellular Proteomics 11: 10.1074/mcp.M112.021204, 1801–
1814, 2012.

Calorie restriction (CR)1 is a dietary intervention in which
calorie intake is reduced without malnutrition. CR is consid-

ered the most robust nongenetic method for increasing life
span and has been shown to be effective in yeast (1), worms
(2), flies (3), mice, rats (4), and nonhuman primates (5, 6). CR
induces a host of physiological changes, including reduced
reactive oxygen species (ROS) production (7), reduced core
body temperature (8), and reduced global cell proliferation
rates (9, 10). It is unknown whether these physiological
effects are connected to the CR-dependent prevention of
age-related diseases such as cancer, diabetes, hyperten-
sion, and cardiovascular disease in mammalian model sys-
tems (11). Beyond the prevention of disease, CR reduces
age-related declines in cognitive function and the develop-
ment of sarcopenia (5). Although CR-dependent reductions
in disease and increased longevity were first demonstrated
in rats 75 years ago (4), the underlying cellular mechanisms
are not fully understood.

Two apparently contradictory mechanisms have been pro-
posed to explain how CR reduces the accumulation of dam-
aged proteins: 1) increased protein replacement resulting in
less oxidative damage, or 2) decreased protein turnover due
to lower demand for protein replacement. The first suggests
that CR is similar to short-term starvation, which induces
autophagy and lysosomal proteolysis in cells (12). Several
researchers have reported that chronic CR increases protein
degradation, including autophagic digestion of mitochondria,
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removing damaged proteins while increasing mitochondrial
biogenesis and replacement with new proteins (13–18). Con-
sistent with this hypothesis, CR-dependent increases in mi-
tochondrial biogenesis (15, 18) and increased autophagy or
protein catabolism (16, 19–21) have been reported. Yet, to
date, no study has assessed the turnover of autophagic sub-
strates (e.g. mitochondrial proteins) in calorie-restricted
mammals.

The second mechanistic theory is supported by studies in
yeast and C. elegans that demonstrated that a reduction in the
rate of synthesis without a change in total abundance (i.e.
reduced protein turnover) extends the maximal lifespan of
these organisms (22–24). These reports are consistent with
findings that the repression of protein synthetic signaling
pathways leads to increased longevity in mice (25). It is hy-
pothesized that reducing the rate of protein synthesis leads to
improved translational fidelity, reduced proteolytic burden,
increased chaperone capacity, and, ultimately, reduced gen-
eration of damaged proteins (26).

In this study, we directly measure how CR affects hepatic
protein replacement (turnover). By measuring protein synthe-
sis and degradation in vivo, we can directly address the core
supposition of each mechanistic theory. To accomplish this,
we combined stable isotope metabolic labeling (27) with ex-
ogenously labeled Stable Isotope Labeling in Mammals
(SILAM) standards (28, 29) to concurrently measure fractional
replacement rates (half-lives) and concentrations via LC-MS/
MS. This combination of dynamic and quantitative proteomics
allows, for the first time, absolute synthesis and breakdown
rates of hundreds of proteins to be measured in vivo (Fig. 1).
We compared age-matched long-term CR and ad libitum-fed
(AL) C57BL6 mice from the CR colony maintained by the
National Institutes on Aging (NIA). We found that CR reduced
global protein synthesis and breakdown rates and prolonged
the half-lives of the great majority of cellular proteins in the
liver. Interestingly, we found that the turnover of mitochondrial
proteins was disproportionately affected, with greatly in-
creased half-lives. Concentrations of mitochondrial proteins
were also reduced, resulting in dramatically slower absolute
synthesis rates. The production of ribosomal proteins was
also greatly affected, with markedly reduced concentrations,
although these proteins had minimal changes in half-life. Se-
lected functional groups of proteins had increased replace-
ment rates, and others had the same concentrations in AL and
CR conditions, but almost no protein measured showed in-
creased absolute synthesis rates. Similar to an earlier report,
we found that the turnover and concentration of functionally
related proteins are regulated coordinately (30). Through the
application of relational database software programs, pertur-
bations in the dynamic proteome network were tested against
expected patterns based on the published gene and protein
regulatory literature. The role of selected transcription factors
and co-activators was interrogated in this manner, and the
changes were consistent with the previously proposed role for

peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha (PGC-1�) in the hepatic response to CR (31).
These findings suggest that protein categories are selectively
regulated by coordinated mechanisms in CR to reduce abso-
lute protein synthesis, reduce proteolytic flux rates, and pro-
long half-lives of proteins throughout the proteome. Proteo-
lytic editing is not increased in either a relative or an absolute
manner in long-term CR. These findings suggest that the
reduced protein synthetic burden, rather than increased
global proteolytic quality control, might play an important role
in mediating the beneficial effects of CR.

EXPERIMENTAL METHODS AND PROCEDURES

Animals—Eighteen-month-old CR male C57/BL6 mice (n � 12) and
age-matched AL controls (n � 12) were purchased from Charles River
(Wilmington, MA), where the NIA Caloric Restricted Mouse Colony is
maintained (supplemental Fig. S1). Following 1 week of acclimation,
animals in each group were labeled with an intraperitoneal injection of
100% 2H2O saline (0.35 ml/10 g body weight) and were subsequently
provided with 8% 2H2O drinking water for the remainder of the study
to maintain body 2H2O enrichments of �5%, as described elsewhere
(32). Animals in the CR group were fed 3.0 g of the NIH-31/NIA
fortified diet at 5:00 p.m. daily, and animals in the AL group were
provided unrestricted access to the NIH-31 diet (supplemental Fig.
S1). Animals were sacrificed following 0.5, 1, 4, 8, 15, or 32 days of
heavy water labeling. Body weight and food intake were monitored on
a weekly basis and at the time of euthanasia. Animals were anesthe-
tized with isoflurane and euthanized by means of cardiac puncture. All
experiments were performed under the approval of the Institutional
Animal Care and Use Committees of the University of California at
Berkeley.

Measurement of 2H Enrichment in Body Water—Enrichment of
2H2O in body water (blood) was measured via chemical conversion to
tetrabromoethane as described elsewhere (32, 33). Briefly, the hydro-
gen atoms in H2O were transferred to acetylene via the addition of 2
to 5 �l water via syringe to a chip of calcium carbide in a sealed vial
equipped with a 3-ml syringe inserted into the septum. The resulting
acetylene gas was drawn into the 3-ml syringe and expelled into
another sealed vial containing 0.5 ml Br2 (0.1 mM) dissolved in CCl4.
After 2 h of incubation at room temperature, the remaining Br2 was
reacted with cyclohexene dissolved in CCl4 (10% solution). This so-
lution was injected into the GC/MS for analysis. GC/MS analysis was
performed with a DB-225 30-m column at 220 °C using methane
chemical ionization with selected ion monitoring. The C2H2Br3

� frag-
ment (m/z 265 and 266, representing the M0 and the M1 ions of the
79Br79Br81Br isotopologue) was used for calculating 2H enrichment by
means of comparison to standard curves generated by mixing 100%
2H2O with natural abundance H2O in known proportions.

In Vivo Cell Proliferation Measurement—Liver cell proliferation was
measured to confirm the previously established effects of shorter-
term CR on the liver (9, 10). DNA was extracted from 30 to 50 �g liver
tissue using the DNeasy kit (Qiagen, Valencia, CA) and was enzymat-
ically hydrolyzed to free deoxyribonucleosides via overnight incuba-
tion at 37 °C with S1 nuclease and potato acid phosphatase. Hydro-
lysates were reacted with pentafluorobenzyl hydroxylamine and
acetic acid and then acetylated with acetic anhydride and 1-methyl-
imidazole. Dichloromethane extracts were dried, resuspended in ethyl
acetate, and analyzed via GC/MS on a DB-17 column with negative
chemical ionization, using He as a carrier and CH4 as the reagent gas.
The fractional molar isotope abundances at m/z 435 (M0 mass iso-
topomer) and 436 (M1) of the pentafluorobenzyl triacetyl derivative of
purine dR were quantified using ChemStation software. Excess frac-
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tional M�1 enrichment (EM1) is the normalized change in isotopomer
intensity, calculated as

EM1 � ��M1�sample/(M0 � M1)sample]

� [(M1)standard/(M0 � M1)standard] (Eq. 1)

where “sample” and “standard” refer to the sample and an unen-
riched pentafluorobenzyl triacetyl purine derivative, respectively. The
fractional replacement rate f was calculated based on a comparison
of EM1 to the theoretical maximum EM1 of a fully turned over tissue
at the measured body water enrichment according to the following
equation: f � (EM1)sample/(EM1)max.

Protein Isolation and In-gel Trypsin Digestion—At each collection
time point, two mice were anesthetized under isoflurane gas and were

then euthanized via cardiac puncture and cervical dislocation. Tis-
sues were harvested and snap-frozen in liquid nitrogen. Liver samples
were thawed and homogenized for 75 s in PBS containing 1 mM

PMSF and 5 mM EDTA using a Mini-BeadBeater 8 (BioSpec, Bartles-
ville, OK) placed on ice for 1 min. This procedure was repeated twice,
and the resulting homogenate was diluted to 10% (w/v) in PBS
containing 1 mM PMSF. Cultured cells were homogenized in 1 ml of
M-PER reagent (Pierce, Rockford, IL) containing protease inhibitors.
Protein from prepared homogenates was uniformly reduced via incu-
bation in 10 mM DTT and SDS-PAGE sample loading buffer for 5 min
at 95 °C. The reduced samples were then alkylated via incubation in
15 mM iodoacetamide for 1 h at room temperature. Proteins were then
fractionated by SDS-PAGE (Invitrogen). Using in-gel molecular weight
markers, each sample was divided into 10 molecular weight regions

FIG. 1. Dynamic proteomics workflow. A, Mice were labeled with 2H2O via bolus injection followed by intake in drinking water. Tissues were
harvested, and protein homogenates, with the addition of SILAM protein standards to selected samples, were separated via SDS-PAGE
followed by in-gel trypsinization. LC-MS/MS was performed on tryptic peptides, and peptide isotopomer distributions were then analyzed
using mass isotopomer distribution analysis to quantify the fractional replacement rates (f) of hundreds or thousands of newly synthesized
peptides and, thus, their parent proteins. B, Two independent isotopic labeling approaches were used to concurrently measure protein
concentration and protein turnover. Turnover was measured by utilizing AA metabolism to isotopically label (purple) the tRNA-amino acid
precursor pool (tRNA-AA). Protein concentration was measured through the addition of exogenous labeled proteins (green). C, for each lysine
containing peptide, ratios of SILAM-labeled peptides (green) to endogenous peptides (black) allowed differences in protein concentrations to
be measured. For clarity, a curve joining the peak of each isotopomer is shown. D, Replacement of old, unlabeled proteins by newly
synthesized proteins causes distinct changes in the isotope pattern of each peptide. These time-dependent changes allowed f and k to be
measured for each protein from multiple peptides. For clarity, only curves joining the peak of each mass isotopomer are shown.
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and subjected to overnight trypsin digestion at 37 °C (Trypsin Gold,
Promega, Madison, WI). The peptides from the resulting 280 samples
were extracted from the gel, dried, reconstituted in 5% acetoni-
trile/5% formic acid, and desalted using disposable C18 tips (spec-
PT-C18, Fisher Scientific) according the manufacturer’s recommen-
dations. Briefly, the tips were activated using methanol and then
washed three times with 5% acetonitrile/5% formic acid; the ex-
tracted peptide solution was then passed through the tip, washing three
times with 5% acetonitrile/5% formic acid between each pass of the
sample. The tip was then washed three times with 5% acetonitrile/5%
formic acid. Desalted peptides were eluted from the tip using 80%
acetonitrile/5% formic acid. The solvent was evaporated off from the
sample in a SpeedVac, after which the sample was reconstituted in 25
�l 5% acetonitrile/5% formic acid for analysis via LC/MS.

LC/MS Data Acquisition—The isotopic distributions of peptides
were measured using an Agilent 6520 QToF with Chip Nano source
(Agilent, Santa Clara, CA). For optimal data acquisition, we sought to
add approximately the same amount of peptide to the LC/MS column
from each sample. To accomplish this, injection volumes of extracted
peptides were normalized according to the staining density of the
original regions of the gel. Stain density was quantitated using Image
J (National Institutes of Health).

Each sample was injected two times per analysis. The mobile
phase for the LC was 3% v/v acetonitrile and 0.1% formic acid in 18
M� water (Buffer A) and 95% acetonitrile and 0.1% formic acid in 18
M� water (Buffer B). Samples were eluted 0.25 �l/min over a 20-min
gradient, starting at 5% B and increasing to 40% B over 11 min; the
gradient then rapidly went to 80% B for the next 6 min, after which
time it returned to 5% B. During the first injection, data-dependent
MS/MS fragmentation spectra were collected with the instrument set
to collect four MS scans per second with up to 6 MS/MS spectra from
each scan. No MS/MS fragmentations were performed during the
second injection, and a longer dwell time (one spectrum per second)
was used in the full scan acquisition. The longer dwell time increased
the signal-to-noise ratio for the observed isotopomer patterns. Raw
data are available upon request.

Extraction of Kinetic Labeling Information—For analysis of the raw
data, the mass tolerance for the precursor ion was initially set to 15
ppm, and the fragments were 30 ppm. MS/MS fragmentation data
were analyzed using the Agilent software package Spectrum Mill
(B0.3), and protein identifications were based on the Uniprot/Swis-
sprot database (August 2010). We used species � mouse; trypsin
digest; and carbamidomethylation of cysteine (fixed), oxidized methi-
onine (variable), and pyroglutamic acid (variable) as restrictions on the
search (16,201/510,076 entries searched). Up to two missed trypsin
(Lys/Arg) cleavage sites were allowed in the search. Restricting the
database to those proteins observed in the first Spectrum Mill
search, a second search of the fragmentation data was performed,
allowing for nonspecific cleavage of the protein. Following general
recommendations from Agilent, peptides with a score greater than
7 and greater than 60% scored peptide intensity were used for
further analysis (supplemental Table S2).

The kinetic information in the isotopomer patterns was extracted
from the MS scan data using the Mass Hunter software package
(B0.4) from Agilent. The peptide list with calculated neutral mass,
elemental formula, and retention time was used to filter the observed
isotope clusters. A visual basic application was used to calculate the
peptide elemental composition from lists of peptide sequences and
calculate isotopomer patterns over a range of precursor body 2H2O
enrichments (p) for the number (n) of C-H positions actively incorpo-
rating (H/D proton or deuterium) from body water (see below). Sub-
sequent data handling was performed using Microsoft Excel.

Measurement of Amino Acid Enrichments via GC/MS—To confirm
the number (n) of C-H positions actively incorporating H/D from body

water in peptides measured via LC/MS, we measured by means of
GC/MS the 2H-content of individual amino acids (AAs) present in liver
tissue. Perchloric acid (6% final) was added to liver tissue homoge-
nate (10% w/v). AAs in the supernatant from this mixture were iso-
lated using ion exchange (AG 50W-X8, Bio-Rad). The AA solution was
dried under reduced pressure. Dried AAs were resuspended in 1 ml of
50% acetonitrile, 50 mM K2HPO4, pH 11. Pentafluorobenzyl bromide
(20 �l) was added, and the sample was sealed and incubated at
100 °C for 1 h. After the sample had been cooled to room tempera-
ture, ethyl acetate (600 �l) was added to each sample, and this was
followed by mixing. The top layer was then transferred to a fresh tube
containing Na2SO4. The anhydrous organic solution was injected
directly onto a DB-17MS (30 m 	 0.25 mm inner diameter 	 0.25 �m
film thickness) (J&W Scientific, Santa Clara, CA). The data were
acquired on an Agilent 6890N using a chemical ionization source
maintained at 280 °C. The oven temperature was cycled from 140 °C
to 280 °C over a 7.5-min run. Data were collected in selected ion
monitoring mode with a 15-s dwell time using the ions listed in
supplemental Table S1.

Calculation of Turnover Rate—The fractional replacement (f) is the
proportion of newly synthesized proteins in a population, expressed
as a fraction of the total pool. The kinetic interpretation of the time-
dependent replacement of preexisting protein molecules by newly
synthesized molecules requires knowledge of the mass isotopomer
pattern of newly synthesized species as compared with unlabeled
species (27, 34). The mass isotopomer pattern of peptides synthe-
sized in the presence of a stable-isotope enriched precursor pool can
be calculated based on the elemental composition of the peptide and
combinatorial probabilities. Each protein (and, by extension, each
tryptic peptide) acquires isotopic enrichment from the precursor 2H2O
pool at the rate of protein replacement (k), the 2H-isotopic enrichment
in the body water (p), and the number of sites in the peptide capable
of incorporating H/D from water (n). Accordingly, p and n must both
be known in order for one to calculate k. In these experiments, we
measured p directly (supplemental Fig. S2). At the 2H enrichments
used in this study, the mass spectra of newly synthesized protein
occupy the same general m/z range as the unlabeled species, but if
one knows or estimates n and p, one can deconvolute the isotopomer
patterns to calculate f and k.

Previous estimates of n have been calculated for each AA from
3H2O administered in utero through adult life (35). We confirmed these
literature values of nAA for each AA in two ways: first by directly
measuring the relative deuterium incorporation in soluble AAs, and
then by comparing measured mass isotopomer patterns of peptides
isolated from the labeled tissue to theoretical patterns for different
values of n and establishing the best fit value (supplemental Fig. S3).

Because of the rapid equilibration of water in the body (supple-
mental Fig. S2A), p can be measured from any accessible bodily fluid.
In this study we used blood plasma collected from each mouse at
each time point. Because the body water enrichment was slightly
different for each animal (supplemental Fig. S2B), the amino acid
precursor pool 2H-enrichment used to calculate the fractional re-
placement was different in each animal.

For values of f between 0% and 100% (i.e. a mixed protein pool),
deconvoluting the two subpopulations is carried out by treating each
peptide as a biochemical polymer and calculating quantitative
changes in the relative isotopic abundance pattern using mass iso-
topomer distribution analysis (MIDA) (34). As described elsewhere
(27), abundances of individual mass isotopomers in each peptide
were normalized to the total intensity of the isotopomer envelope
(typically four masses) (M0–M3; Fig. 2). Peptides with a mass greater
than �2,400 Da exhibit a larger isotopomer envelope, in which cases
five masses (M0–M4) were used. We calculated f based on the
change in intensity of the normalized monoisotopic peak (EM0), as the
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signal-to-noise is most favorable for EM0 because of the larger
change in fractional abundance for this isotopomer (each 2H-label
incorporated decreases the relative abundance of EM0 but may dis-
tribute from EM1 to EM4). Peptides that met our criteria for inclusion
required a signal intensity 
 30,000 counts, a root mean square error
against the theoretical natural abundance spectra of less than 1.5%
for the day 0 (D0) sample, and an LC elution time within 30 s of the
unlabeled control. The f of each peptide was calculated using the n
specific for that sequence and the p measured for the mouse. Each
peptide was considered as an internal replicate measurement of the
fractional replacement for the parent protein of origin. Therefore, the
protein f in each mouse was calculated as the median f of the peptide
population from that protein. A time-dependent fractional replace-
ment curve was constructed for each protein by plotting the median
protein f for each mouse in each feeding regime against the time of
exposure to 2H2O (supplemental Fig. S4). Proteins that were observed
in fewer than three mice were removed from the data set. The k for
each protein was calculated using a regression fit for the single pool
model (f � 1 � e(�kt)) in the Prism software package (Graph Pad, La
Jolla, CA). A coefficient of variation (CV) was calculated to assess
analytical and biological variability for each protein as the ratio of
standard deviation reported for the regression over the rate constant.
Proteins that had a CV of more than 30% for the fit in either the CR or
AL feeding regime were removed from the data set.

SILAM Quantitation—The relative concentration of proteins in the
tissue was measured via comparison to exogenous labeled standards
mixed into tissues (SILAM) (28, 29, 36). Importantly, the exogenous
labeled peptides optimally do not have overlapping isotopomer dis-
tributions with the metabolically labeled isotopomers (Fig. 1C). 13C6-
lysine labeled mouse liver (MouseExpress Liver, Cambridge Isotope,
Andover, MA) was used as the heavy standard for LC-MS/MS quan-

titation. Chronic CR mice (18 months old) were used to test the effects
of adapted, weight stable CR versus age matched AL controls. Be-
cause a single tissue standard was used in the quantitation of both
experimental groups, the SILAM sample simply acts as a standard for
comparison, making it unnecessary to age-match the SILAM stand-
ard. In order to validate the LC-MS/MS-based quantitation method,
test the range of quantifiable relative concentration differences, and
assess the variability within the measurements, a standard curve of
labeled cell lysate was also constructed. Rat neural stem cells (EMD
Millipore, Billerica, MA) were grown as a mono-layer in flasks coated
with poly-ornithine and laminin. Two different media containing
DMEM/F-12 medium with B-27 serum-free supplement and 20 ng/ml
FGF (EMD Millipore, Billerica, MA) were used—either unlabeled lysine
and arginine (light) or 13C6 lysine and 13C6 arginine (heavy), as de-
scribed elsewhere (37). The total protein content of cell lysates from
these cultures was measured using bicinchoninic acid (BCA) (Pierce,
Rockford, IL). Light and heavy cell lysates were mixed to form a curve
of protein isotopic ratios at 1:1, 1:3, 1:6, and 1:10 light:heavy protein.
The mixtures of crude cell lysates were fractionated using SDS-
PAGE. The 37–50 kDa molecular weight range of the gel was digested
using trypsin and analyzed via LC/MS as described above. The same
peptide identification and isotopomer extraction methods described
for the kinetic analysis were used in this experiment. Relative protein
concentrations were calculated as the average values of ratios of
light/heavy isotopomer intensity measured for all peptides belonging
to the same protein.

For relative liver tissue protein concentration measurements, the
protein was quantified in day 0 (D0) experimental tissue from each
feeding group. Total protein contents of the experimental and SILAM
tissue lysates were measured using BCA (Pierce, Rockford, IL).
Sample and standard proteins were mixed in a 1:1 ratio of total
protein content prior to SDS-PAGE and trypsinization. Our protocol
was patterned after literature reports (28, 29). Ratios of light to
heavy peptides were calculated independently using two different
software packages: (a) MassHunter Qualitative Analysis (Agilent)
and (b) the Trans-Proteomic Pipeline (Seattle Proteome Center,
Seattle, WA).

The MassHunter quantitation relied upon the peptide identifica-
tions from the SpectrumMill analysis described above. Paired light/
heavy isotopomer envelopes were extracted from the same elution
time frame of the raw data. The sum of extracted ion intensities was
calculated for each molecule, and relative quantitation was calculated
as the light-to-heavy ratio of the summed intensity in Microsoft Excel.
Protein quantitation ratios were calculated as the average ratio for the
peptide population. In the TPP (Trans-Proteomic Pipeline) analysis,
raw data files were searched against two databases, the X!Tandem
and SpectraST databases. The X!Tandem database uses a spectrum
interpretation algorithm that attempts to match sample spectra with
hypothetical peptide sequences predicted from a sequence data-
base. Next, the data were searched against the SpectraST database,
which contains previously identified MS/MS spectra contained within
a spectral library. Searches were performed using carbamidomethy-
lation as a fixed modification and oxidized methionine pyroglutamic
acid and 13C6-lysine as variable modifications. Search results were
then validated using the PeptideProphet algorithm, which performs
statistical validation of each peptide spectrum match by assigning
a probability to each identified match. The results of each database
search were then combined using iProphet and finally quantified
using the XPRESS algorithm to identify SILAC (stable isotope la-
beling in cell culture) peptide pairs and determine the relative
expression levels of peptides from 13C6-Lysine isotopically labeled
samples in comparison with unlabeled controls. Peptide quantifi-
cation results were then combined into parent proteins using
ProteinProphet.

FIG. 2. Endogenous kinetic labeling. Sample spectral data show-
ing the incorporation of 2H over time in glutathione S-transferase Mu
1 tryptic peptides: A, FEDGDLTLYQSNAILR; B, ADIVENQVMDTR. At
each time point the spectral contribution from the population of newly
synthesized peptide (fraction new peptide, or f) can be calculated.
This isotopically labeled population of peptide has a very different
isotope pattern, with the intensity of heavy isotopic masses increas-
ing relative to the monoisotopic peak (M0) intensity.
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The relative protein concentration was calculated as the weighted
average of the measurements from both software packages, and the
number of peptides measured for a given protein was used as the
weighting factor.

Calculation of Absolute Synthesis Rates—In the kinetic labeling
experiment we calculated the turnover rate constant (k) from the
change in f over time using the relationship f � 1 � e(�kt). In order to
directly compare the CR and AL experiments, we also calculated the
absolute synthesis and breakdown rates (flux in and out) of each
specific protein pool. Protein absolute synthesis and breakdown were
calculated as the turnover rate constant (k) multiplied by the pool size
(V): Flux � kV. For this calculation we assumed steady-state in protein
concentrations in these 18-month-old mice during the �1-month
labeling period (i.e. although V might be different between the AL and
CR experiments, it is constant over the duration of the experiment). In
keeping with this assumption, the mass of each mouse (supplemental
Fig. S1B) and presumably the mass of the organ were essentially
unchanged over the course of the experiment. Flux into each protein
(synthesis) is therefore calculated to be equal to the flux out (degra-
dation). For these calculations, we normalized all concentration meas-
urements to the AL pool size. This resulted in a unitless (relative mass
per day) synthesis rate that was directly comparable between exper-
imental groups.

Gene Ontology and Pathway Analysis—Gene annotation, gene on-
tology information, and biochemical pathway information were ob-
tained from the Database for Annotation, Visualization and Integrated
Discovery, v6.7, from the National Institute of Allergy and Infectious
Diseases at the National Institutes of Health (NIH) (38, 39). Mitochon-
drial proteins were cross-referenced against the Mitocarta database
(40). The network analysis testing expression control of protein dy-
namics was done using both the Ingenuity IPA (version 12402621)
and the GeneGo Metacore (version 6.11) databases. Parallel pathway
analysis methods were used to assess the correlation between the
predicted transcriptional control of protein and measured changes in
the replacement rate and relative concentration. For this analysis we
considered a 5% difference in replacement rate and 10% in concen-
tration necessary in order for a change to be considered significant.
Special emphasis was placed on testing the recently proposed hy-
pothesis that PGC-1� is a central regulator of the mitochondrial
adaptation to CR (31).

RESULTS

CR Model and Confirmation of Reduced Liver Cell Prolifer-
ation—CR mice gained weight at a rate similar to that of the
AL controls maintaining the �30% difference in total mass
(supplemental Fig. S1B). AL mice consumed an average of
5 g, whereas CR mice were administered 3 g daily, as per the
NIA protocol.

Liver cell proliferation was measured to confirm the previ-
ously established effects of short-term CR on the liver (9, 10).
Cell proliferation rates were measured following 15 and 32
days of 2H2O labeling (supplemental Fig. S1C). The rate of
new cell production was reduced by �50% in the CR animals
relative to the AL group, resulting in proliferation rates of
0.0023 � 0.0003 and 0.0047 � 0.0004 d�1, respectively.

Body Water Labeling—The bolus injection protocol used to
initiate isotopic labeling results in a rapid equilibration of body
water (BW) at the target isotopic enrichment of �5% (supple-
mental Fig. S2). In order to measure the rate of isotopic
equilibration, in a separate experiment we serially sampled the

BW enrichment in C57BL6 mice every 60 min for a total of 240
min following a fixed volume bolus injection of H2

18O. We
confirmed that in vivo labeled H2O isotopic equilibrium was
established within 60 min, and isotopic enrichment was de-
pendent on body weight (supplemental Fig. S2A). Assuming
approximately five half-lives are required in order for a kinetic
process to achieve equilibrium, this suggests that the body
water equilibration has a half-life of at most 12 min in a mouse,
or a BW equilibration rate constant of 
86 d�1 in our exper-
iment. A similar bolus injection was used to initiate labeling of
the CR and AL mice. BW enrichments were measured at the
time of tissue collection and throughout the duration of the
experiment (supplemental Fig. S2B). The BW enrichments
observed were comparable between CR and AL mice. We
also observed that the enrichment was very stable within the
CR group, whereas the AL group enrichment declined slightly
as the experiment progressed, perhaps reflecting the greater
food consumption (metabolic water production) or lower lean
body mass in the AL mice.

Validation of Literature n—Each peptide n is the sum of its
individual AA n values (nAA). As previously described in hu-
mans (27), we used literature values for 3H2O labeled AAs (35)
to calculate n as a ratio of the validated n for alanine (4). We
tested the validity of these n values in two different ways.
First, we isolated free AAs from tissue that had been labeled
for 32 d to measure maximal deuterium incorporation (sup-
plemental Table S1). We observed a strong linear correlation
between the measured isotopic enrichment and the theoreti-
cal value from the literature n at corrected values for the
measured p (supplemental Fig. S3A).

Next, we tested theoretical estimates of n by comparing
experimental peptide spectra to theoretical predictions for
mass isotopomer patterns from protein pools expected to be
fully replaced by newly synthesized protein molecules (sup-
plemental Fig. S3B). Measured mass isotopomer patterns for
tryptic peptides from these proteins were compared with a
family of theoretical spectra, for which n was varied around
the literature value. We found that for most peptides the best
fit n for measured patterns of isotopomer abundances closely
matched the summed literature value (35) for nAA (supplemen-
tal Table S1). Some random variation was observed, but the
minimum root mean square error (RMSE) typically occurred at
between 90% and 100% of the expected value for n.

Rate of Precursor Pool Enrichment—AA metabolism and
the intracellular tRNA-AA pool are the link between the BW
isotopic enrichment and peptide isotopic enrichment (Fig. 1).
In order to determine whether the isotopic content and en-
richment of the true biosynthetic precursor pool were chang-
ing over time, we measured the stability of peptide n over
time. To do this, the best fit n values for several different
peptides were calculated at each time point of the labeling
experiment (supplemental Fig. S3C). We targeted peptides
from multiple proteins with measurable labeled peptide pop-
ulations beginning at the 9-h time point (k 
 30% d�1), and
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which were observed in both AL and CR animals. Comparing
each peptide at each time point against a family of theoretical
spectra (as per supplemental Fig. S3B), we found that the
observed best fit n value was within 10% of the literature value
throughout the time course. Observing the stable n at 9 h
suggests that the true AA precursor pool had achieved equi-
librium. If, as suggested by these data, 9 h is 
�5 half-lives
for precursor pool turnover, the half-life of the precursor pool
is at most 1.8 h. These results are consistent with literature
values for intracellular AA turnover (41).

Liver Proteome Dynamics—Accurate and reproducible
quantitation of relative mass isotopomer abundances (isotope
ratios) is required to measure the dynamics of proteins via
LC-MS/MS of tryptic peptides. This represents a much higher
bar analytically than the simple identification of peptides via
LC-MS/MS. Ion trap instruments that are commonly used in
proteomic studies are not optimal for the study of isotope
labeling on multiple analytes (42, 43). As a practical conse-
quence, data acquisition using a TOF-based instrument fol-
lowed by application of strict analytic criteria is required to
filter static proteome identifications into reliable dynamic
measurements. These filtering criteria reduce the number of
usable peptides. We used four selection criteria to remove low
confidence protein information from the kinetic analyses: pep-
tide measurement signal intensity (
30,000 counts), RMSE
for peptide mass isotopomer abundance measurements (un-
labeled sample, RMSE � 1.5% compared with natural abun-
dance values), observation of the protein in at least three mice
per experimental group, and a rate constant that could be
defined with less than 30% coefficient of variation from the
incorporation curve. We identified 2,769 peptides in AL and
3,939 peptides in CR after filtering. These peptides were
heterogeneously distributed among proteins, with up to 120
peptides measured for individual proteins. The AL group had
kinetic information for somewhat fewer proteins (384) than CR
(447). There were 288 shared proteins that could be com-
pared from both groups (supplemental Fig. S5).

The proteomic data demonstrate that CR induced a general
increase in half-life (reduction in k) of hepatic proteins (Figs. 3
and 4). Of proteins observed in both AL and CR, �85% had
longer half-lives in CR. We calculated the half-life ratio (CR/
AL) and divided proteins into three broad categories (supple-
mental Table S2): shorter (CR/AL � 0.90), unchanged (0.90 �

CR/AL � 1.10), and longer half-lives (CR/AL 
 1.10).
Various regions of the cell were enriched for proteins from

these categories (Fig. 4). Proteins associated with the mi-
tochondria were changed most significantly with 70% (58/
84) proteins having half-lives increased more than 20% (p �

0.0005). In keeping with this observation, we measured
significantly lower replacement rates (longer t 1⁄2) for pro-
teins associated with TCA, fatty acid metabolism, and ATP
synthesis. Although the median replacement rates of pro-
teins from the endoplasmic reticulum and the nucleus were
also slower in CR, neither shift was statistically significant

(Fig. 4B, supplemental Table S3). Interestingly, although
fewer than 15% of observed proteins had replacement rates
that were faster in CR (i.e. shorter half-lives; supplemental
Table S2), half of the observed 40S ribosomal proteins had
either the same or a faster replacement rate (Figs. 4 and 5,
supplemental Table S3).

SILAM Quantitation—A standard curve of heavy to light cell
lysates was used to validate the quantitation method. We
measured the ratios for �50 peptides belonging to seven
different proteins throughout a series of dilutions from 1:1 to
1:10 light-to-heavy ratios (supplemental Table S4). Every pro-
tein and all associated peptides showed a highly linear rela-
tion between the measured and expected ratios.

Initial analysis of the experimental liver samples used the
Agilent Mass Hunter software program, which identified 2,832
peptides with high confidence; of these only 36% contained
lysine, as the majority were arginine terminal peptides. This
resulted in SILAM ratios for 223 proteins in CR and 203 in AL.
These data were then analyzed again using the Trans Pro-
teomic Pipeline software package, which measured SILAM
ratios for 2,010 peptides yielding 163 proteins observed in
both AL and CR groups. There were 123 proteins that were
reported in both analysis methods, with 41 unique to the TPP
analysis and 72 to the Agilent analysis. For proteins common
to both analyses, there was good agreement of the measure-
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FIG. 3. CR results in broad and substantial reductions in hepatic
protein synthesis and breakdown rates and prolongation of pro-
tein half-lives. A, Direct comparison of half-lives for all observed
proteins shows that CR (black) prolonged the half-lives relative to AL
(open) for 85% of proteins. B, Absolute synthesis rates for each
protein were calculated from the replacement rate and the SILAM
concentration measurements. Differences between CR and AL mice
were enhanced on this absolute scale, with CR mice producing
substantially less of almost all proteins.
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ments, with a median deviation of 10%. For the shared pro-
teins, an average quantitation measurement was calculated,
weighted by the number of peptides observed in each

method. To facilitate data analysis, all CR protein measure-
ments were normalized to the AL pool. This resulted in quan-
titation ratios (CR/AL) for 236 proteins in total.

FIG. 4. Protein half-lives are longer (turnover is slower) throughout the cell in CR mice than in AL. A, Selected functional classes like
the 40S ribosomal subunit and some classes of cytosolic proteins are less perturbed than the average, whereas the mitochondrial proteins are
affected to a greater degree. B, Comparison of the half-life (t 1⁄2, calculated as ln(2)/k) for proteins associated with specific organelles. Boxes
show the interquartile range for protein turnover in the organelle. Bars extend to 5% and 95% of the data, with outliers as points. Only proteins
that were solely and unambiguously assigned to the indicated organelle were used. Although the median half-life was systematically longer in
CR, only the mitochondrial proteins were statistically significant (Student’s two-tailed heteroscedastic t test, ** p � 0.005).
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We observed a general shift toward lower relative protein
concentrations in the CR mice, with 82% (194/236) of the
proteins measured exhibiting a 
20% decrease in pool size
(supplemental Table S2). Based on the 10% deviation ob-
served in the standard curve, any ratios between 0.9 and 1.1
were designated as unchanged. Within this group of un-
changed proteins, there was a significant enrichment (p �

0.008) for the proteins involved in carboxylic acid and valine
metabolism (supplemental Table S3). There were a number of
proteins (19% of total) with markedly reduced relative con-
centrations (�50% CR/AL), and ribosomal proteins were en-
riched (p � 0.04) among this group.

Calculation of Absolute Synthesis Rates—Having measured
fractional replacement (measured here by means of heavy
water labeling) and relative concentration (measured via
SILAM), we were able to calculate absolute synthesis and
breakdown rates. Flux calculations could be performed, how-
ever, only for proteins that were observed in both the kinetic
and SILAM proteomic analyses (Figs. 1C and 1D, supplemen-

tal Table S2). The calculation of protein absolute synthesis
rates magnified the contrasts between the AL and the CR
groups (Fig. 3B, supplemental Table S2). We observed that
the CR concentrations were on average 70% of those of the
AL pool. When half-life (degradation efficiency) was plotted
against relative protein concentrations, there was no pattern
or significant correlation (Fig. 5A). For the same subset of
proteins, the average replacement rate constant in CR was
81% of the rate observed in the AL group, resulting in an
average flux for the CR group that was 55% of the flux
observed in the AL group. When the changes in absolute
synthesis rates were plotted against changes in pool size in a
four-quadrant graph (Fig. 5B), the great majority of proteins
fell in the same quadrant (low production rate, low concen-
tration), indicating that the decline in relative concentration for
most proteins could be explained by reduced production, not
increased degradation. Conversely, proteins belonging to
specific ontological groups tended to have similar changes in
half-life and relative concentration (Fig. 5C).

FIG. 5. A, Distribution and comparison of change in half-lives to the change in concentration for each protein (open circles). The great
majority of proteins detected exhibited lower concentrations in liver from CR than from AL mice, and these were almost all associated with
longer half-lives, not shorter half-lives. There was no correlation between t 1⁄2 and protein concentrations. B, Distribution and comparison of
change in total synthesis rates (calculated as the product of k and concentration) to the change in concentration for each protein (open circles).
As noted in A, the great majority of proteins detected exhibited lower concentrations in liver from CR than from AL mice, and almost all were
associated with lower total synthesis rates rather than increased degradation. Thus, most proteins were in the lower left quadrant (lower
concentration, lower total synthesis rate). C, Proteins belonging to selected Gene Ontology (GO) categories showed clustering, with similar
changes in both concentration and half-life. D, Changes in total synthesis rates for CR/AL mice for proteins within functionally related selected
GO categories. Proteins within a pathway tended to exhibit coordinated changes in total synthesis rates in response to CR.
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Gene Ontology—In order to identify protein networks with
differentially regulated flux, we analyzed both functional and
spatial interconnectivity between proteins in groups. Changes
in relative concentration and replacement rate clustered at
three distinct levels: the organelle, the multi-protein complex,
and the protein itself (Figs. 3, 4, and 5).

Expression Pathway Analysis—We adopted a hypothesis-
driven approach to the initial interrogation of the proteome
dynamic network using relational database software pro-
grams. First we asked whether, as proposed (31), PGC-1�

control of transcription could account for many of the pro-
teome dynamic changes observed in CR. Both pathway anal-
ysis databases suggested that four transcription factors
(MYC, HNF4A, PPAR�, and MYCN) were connected to ap-
proximately half of the proteins for which we measured re-
placement rates (Fig. 6). The predicted directionality of the
expression profiles (supplemental Table S5) was significantly
negatively correlated for MYC (z � �2.3), HNF4A (z � �2.1),
MYCN (z � �3.0), and PPAR� (z � �3.1). MYC, MYCN, and
PPAR� also showed negative correlations in terms of changes
in relative protein concentrations (z � �2.9, �2.2, and �2.1,
respectively) and absolute synthesis (z � �2.7, �2.3, and
�2.1). HNF4A and PPAR� are known targets of PGC-1�,

whereas MYC and MYCN are known to be under the control
of HNF4A. PGC-1� is also involved in transcriptional regula-
tion of proteins known to alter mitochondrial biogenesis, in-
cluding ERR1, ERR3, NRF1, and NRF2 (supplemental Fig.
S6). These findings are consistent with the model (31) stating
that reduced PGC-1� activity might be linked to or participate
in the reduced general protein synthesis and mitochondrial
protein flux in CR (Fig. 6). Because the intervention tested
here (CR) resulted in a relatively monotonic reduction in global
protein synthesis rates rather than a variety of specific in-
creases or decreases, an unsupervised approach to identify-
ing underlying causal factors for the proteome dynamic net-
work was unlikely a priori to revealing fingerprints of specific
underlying factors and is not reported here.

DISCUSSION

The cell regulates protein metabolism through changes in
synthesis rates, proteolysis, and concentrations of proteins. In
order to understand the effect of CR on protein metabolism
in vivo, we have used a new quantitative technology, dynamic
proteomics, wherein for the first time absolute protein synthe-
sis and breakdown rates, as well as half-lives and relative
concentrations, are measured across the proteome. Using

FIG. 6. Significant expression networks within the dynamic proteome data set. Predicted expression patterns for proteins (colored icons)
regulated by MYC, HNF4A, PPAR�, and MYCN (white) were significantly negatively correlated with measured directional changes, consistent
with reduced effects (inhibition) of these transcription factors. These transcription factors are also linked (highlighted connection), and PGC-1�
is known as an upstream regulator influencing all of these expression patterns. Green indicates longer measured t 1⁄2, red indicates shorter
measured t 1⁄2, and white indicates an absence of half-life information.

Measuring Proteome Dynamics during CR

1810 Molecular & Cellular Proteomics 11.12

http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1


this methodology, we directly tested a whether CR-depend-
ent mitochondrial fitness (44) occurs through stimulation of
mitochondrial biogenesis (1, 15, 18) and mitophagy (14, 16,
20, 21). We show here clearly that absolute rates of general
proteolysis throughout the cell, including mitophagy, are
markedly reduced in CR relative to AL feeding. In addition, the
pattern of changes in protein turnover was consistent with a
hypothesized role for PGC-1� (31).

One of the assumptions in our analysis is that protein con-
centrations and kinetics are stable during the experiment
(steady-state). To ensure that the experimental groups were at
a condition of protein steady-state, our study used healthy
adult mice of stable weight, and the CR mice had been
maintained for 14 months on the diet at the NIA (supplemental
Fig. S1). The stable body mass indicates that the mice were in
a condition of protein steady-state over the labeling period
(homeostasis). Individual proteins might fluctuate briefly due
to diurnal cycling and/or feeding, but our kinetic values reflect
the entire labeling time course, and therefore fluctuations
due to short-term cycling will be measured as the average
rate. The heavy water labeling period spanned 32 d, with
tissue collection starting at �0.5 d. This protocol was chosen
to detect kinetics of proteins with half-lives ranging from
hours to months. Proteins with half-lives of �12 h will not yield
an accurate characterization of kinetics with this approach,
but maximally labeled proteins at the first collection time point
were very unusual.

Proper interpretation of kinetic processes such as protein
turnover requires the measurement of the isotopic enrichment
of the true precursor pool and the protein concentration. The
methods described here provide some important technical
advantages over previous approaches for measuring protein
synthesis and breakdown with isotopes (27, 30, 42, 45, 46).
The technique is operationally simple, involving the adminis-
tration of 2H2O-enriched water, and provides a rigorous so-
lution to the major technical barrier that has long confounded
isotopic measurement of protein synthesis (estimation of pre-
cursor pool enrichment (34, 41)). We have recently shown that
by using this technique we can measure protein turnover in
humans (27). Now, by using both exogenously labeled pro-
teins (13C6-lysine, SILAM mouse) and metabolically labeled
proteins (2H2O), relative protein concentrations and replace-
ment rates were measured for the first time in a single proto-
col. Metabolic labeling with water has a number of advan-
tages compared with diets incorporating a heavy AA labeled
diet for long-term experiments, particularly for translation into
humans. Labeled drinking water is inexpensive, stable, and
very simple to formulate; also, we avoid manipulation of the
experimental diet, an important consideration in CR studies.
Deuterated water labeling also allows the independent direct
measurement of label enrichment via the sampling of acces-
sible body fluids (47), as well as the stability in the true
biosynthetic precursor pool in vivo, by use of mass isoto-
pomer patterns (MIDA) (34) in the peptides themselves

(supplemental Fig. S3). Here, we confirm literature values for
2H-labeling of amino acids from labeled H2O in vivo (supple-
mental Table S1) showing that each AA has its unique value
for n (the number of 2H atoms incorporated from BW) (27, 35,
42, 45). Moreover, the LC/MS results show nicely that the true
precursor pool for protein synthesis (the charged intracellular
tRNA-AA pool) rapidly achieves plateau values during heavy
water labeling in mouse liver. The long-term n value was
established by 9 h, the earliest point within our experimental
time course (supplemental Fig. S3). This fast rate of precursor
enrichment is a distinct advantage over the use of 15N-labeled
algae proteins, for example, with which a lag in the delivery of
isotopic label has been observed (48).

The effect of CR on protein metabolism and mitochondrial
biogenesis has been controversial. Several studies propose
that CR induces autophagy and mitochondrial biogenesis
(13–21), whereas others suggest that total cell metabolism is
slower (22–24). In a study conducted in vitro and in vivo, CR
induced proliferation of mitochondria with reduced membrane
potential and rates of ROS production (49), whereas in an-
other investigation CR promoted increases in oxidative ca-
pacity concomitant with decreases in triglyceride content in
rat skeletal muscle (13). A third study reported that CR pro-
moted mitochondrial biogenesis in mice by activating endo-
thelial nitric oxide synthase (18), whereas in humans CR
promoted increased mitochondrial DNA (15). These investi-
gations appear to support the hypothesis that CR pro-
motes bioenergetic efficiency via increases in mitochondrial
biogenesis.

Other investigators, however, have challenged the view that
CR increases mitochondrial biogenesis (50). In our study,
mitochondrial proteins showed a significant decrease in ab-
solute synthesis and absolute proteolytic rates, resulting in
consistently longer half-lives (58/84 mitochondrial proteins
measured). This provides strong evidence that mitochondrial
biogenesis, mitochondrial protein turnover, and mitochondrial
protein concentration are reduced in response to CR. Inter-
estingly, multiple groups of functionally related proteins
showed coordinated changes in turnover rate and pool size
(Fig. 5C), suggesting that a broader investigation of the pro-
teome might elucidate mechanisms of CR-induced benefits.

Finally, we explored the use of network relational database
expression pathway approaches to interrogate these kinetic
data sets. Our initial approach has been to apply a hypothe-
sis-driven interrogation of the proteome dynamic network. We
chose this approach because the intervention (CR) resulted in
a relatively monotonic reduction in protein synthesis rates,
rather than heterogeneous changes, so that an unsupervised
approach to identifying underlying causal factors for the pro-
teome dynamic network changes was unlikely to reveal a
priori specific fingerprints for underlying factors.

The first question we asked was whether PGC-1� control of
transcription could account for many of the proteome dy-
namic changes observed in CR (31) and, more specifically,

Measuring Proteome Dynamics during CR

Molecular & Cellular Proteomics 11.12 1811

http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1
http://www.mcponline.org/cgi/content/full/M112.021204/DC1


whether PGC-1� was involved in the transcriptional regulation
of proteins involved in mitochondrial biogenesis. It should be
recognized that catabolic control of half-life might be equally
as important as synthesis. With that caveat, our data suggest
that HNF4A, MYC, PPAR�, and MYCN, which are all associ-
ated with cellular proliferation, exhibit reduced activity in long-
term CR. These factors were connected to approximately half
of the proteins with measured replacement rates (Fig. 6), and
the predicted directionalities of the expression profiles (sup-
plemental Table S5) were significantly negatively correlated
for all four factors. PGC-1� activation of HNF4A and PPAR� is
known, which in turn activates MYC and MYCN (Fig. 6).
PGC-1� also activates transcription factors responsible for
mitochondrial biogenesis (supplemental Fig. S6), and proteins
whose expression is known to be stimulated by these tran-
scription factors showed significantly down-regulated synthe-
sis in CR (Fig. 6). In contrast, protein synthetic patterns ex-
pected for other putative targets of PGC-1� (such as PPAR�)
were not strongly correlated with our protein kinetic data.
Taken as a whole, these proteome dynamic results can sug-
gest testable hypotheses regarding the control of selected or
general proteins of interest.

The literature suggests that CR-extended life span results
from multiple interacting processes. CR has been shown to
protect from oxidative stress, but in mice overexpression of
antioxidant proteins is insufficient to extend lifespan (51). CR
slows cell proliferation (9) and protein turnover (this study) and
lowers core body temperature (8), all of which suggest that
general cellular metabolism is slower. Yet studies have shown
that CR improves the liver’s ability to recover from injury,
showing significantly increased cell proliferation during tissue
repair relative to AL controls (52, 53). We have shown here
that hepatic protein turnover is slower, whereas in vitro activ-
ity assays of proteasome activity show that CR increases the
activity of the proteasome relative to age matched controls
(54). These dissonant findings suggest that although we have
shown that the global cellular metabolism is slower in CR, the
capacity for dynamic adaptation of cellular response to out-
side stimuli might be more sensitive.

It is of interest to speculate based on our findings that
dramatically reduced global protein synthesis rates represent
an indirect “quality control” mechanism. A global reduction in
protein synthesis rates might permit more efficient chaperone
function, less generation of unfolded proteins, and reduced
induction of the unfolded protein response. These alterations
might then explain the longer half-lives of proteins that are
present. The dynamics of ribosomal proteins appear to rep-
resent a different strategy. The reduced relative concentra-
tions and total synthesis rates of ribosomal proteins are con-
sistent with slower operation of the protein synthetic
machinery, but S40 ribosomal subunits had essentially un-
changed half-life in CR. The ribosome is a first response
element in the production of new proteins, and the relatively
short half-lives of ribosomal subunits suggest that the pool is

prepared to expand rapidly under the right conditions to en-
sure a rapid response to newly expressed mRNA. A similar
strategy has been shown to regulate the hypoxia response
through the degradation of the HIF-1� transcription factor (55,
56).

CONCLUSION

In summary, we investigated the effect of CR on the abso-
lute rates of protein synthesis and breakdown in vivo and
provide compelling evidence that hepatic mitochondrial bio-
genesis and mitophagy, as well as general protein metabolic
rates, are dramatically reduced in response to chronic CR.
Global interrogation of proteome dynamics also revealed that
the cell modulates protein concentration, protein half-life, and
protein synthesis at the level of the functional group, as well
as of the individual protein, and that the role of specific
transcription factors can be quantitatively evaluated in the
context of broad proteostasis. This approach to the identifi-
cation of dynamic proteomic signatures and regulatory nodes
in disease states holds great promise for wider application.
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